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Company in September 1925. In the report were detailed specifications for a correlated series
of more than a dozen texts and reference books which have since become the McGraw-Hill
Series in Chemical Engineering and which became the cornerstone of the chemical

engineering curriculum.

From this beginning there has evolved a series of texts surpassing by far the scope and
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Processing of biological materials and processing using biological agents such as
cells, enzymes, or antibodies are the central domains of biochemical engineering.
Success in biochemical engineering requires integrated knowledge of governing
biological properties and principles and of chemical engineering methodology and
strategy. Work at the forefront captures the latest, best information and technology
from both areas and accomplishes new syntheses for bioprocess design, operation,
analysis, and optimization. Reaching this objective clearly requires years of careful
study and practice.

This textbook is intended to start its readers on this challenging and exciting
path. Central concepts are defined and explained in the context-of process
applications. Principles of current bioprocesses for reaction and separation are
presented. Special attention is devoted throughout to the central roles of biological
properties in facilitating and enabling desired process objectives. Also, process
constraints and limitations imposed by sensitivities and instabilities of biological
components are highlighted. By focusing on pertinent fundamental principles in
the biological and engineering sciences and by repeatedly emphasizing the impor-
tance of their syntheses, the text seeks to endow its readers with a strong
foundation for future study and practice. Learning fundamental properties and
mechanisms on an ongoing basis is absolutely essential for long-term professional
viability in a technically vibrant area such as biotechnology.

The book has been written for the first course in biochemical engineering for
senior or graduate students in chemical engineering. However, selected portions of
the text can provide bases for other courses in chemical, environmental, civil, or
food engineering. As in the first edition, the book is presented in a systematic,
logical sequence building from the most fundamental biological concepts. It is
therefore well suited for self study by industrial practitioners.

To facilitate the book’s accessibility for mdependent reading and to provide
required background in a one- or two-term course taken as an elective or
introduction, the text includes a self-contained presentation of key concepts from

xix
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- CHAPTER

ONE
A LITTLE MICROBIOLOGY

f { .
~
1
“'_‘.x- .-

Small living creatures called microorganisms interact in numerous ways with
human activities. On the large scale of the biosphere, which consists of all regions
of the earth containing life, microorganisms play a primary role in the capture
of energy from the sun. Their biological activities also complete critical segments
of the cycles of carbon, oxygen, nitrogen, and other elements essential for life.
Microbes are also responsible for many human, animal, and plant diseases.

In this text we concentrate primarily on mankind’s use of microbes. These
versatile biological catalysts have served mankind for milennia. The ancient
Greeks credited the god Dionysus with invention of fermentation for wine mak-
ing, and the “Monument bleu,” which dates from 7000 B.c., shows beer brewing
in Babylon. Fermented foods such as cheese, bread, yoghurt, and soy have long
contributed to mankind’s nutrition. Late in the 19th century, the work of Pasteur
and Tyndall identified microorganisms as the critical, active agents in prior fer-
mentation practice and initiated the emergence of microbiology as a science.
From these beginnings, further work by Buchner, Neuberg, and Weizmann led to
processes for production of ethanol, glycerol, and other chemicals in the early
20th century.

In the 1940s complementary developments in biochemistry, microbial genet-
ics, and engineering ushered in the era of antibiotics with tremendous relief to
mankind’s suffering and mortality. This period marks the birth of biochemical
engineering, the engineering of processes using catalysts, feedstocks, and/or

1



2 BIOCHEMICAL ENGINEERING FUNDAMENTALS

sorbents of biological origin. Biotechnology began to change from empirical art .
to predictive, optimized design. _

A later generation of fermentation processes produced steroids for birth con-
trol and for treatment of arthritis and inflammation. Methods for cultivation of
plant and animal cells made possible mass producticn of vaccines and other
useful biological agents. Clearly, mankind’s successful harnessing and direction of
cellular activities has had many health, social, environmental, and economic im-
pacts on past and contemporary human civilization.

An interwoven fabric of research in molecular biology and microbial genetics
has led to fundamental understanding of many of the controls and catalysts
involved in complex biochemical syntheses conducted by living cells. On this
foundation of basic knowledge, the methods of recombinant DNA technology have
been erected. It is difficult to imagine the scope and magnitude of the eventual
benefits of these marvelous tools. New vaccines and drugs have already been
produced, but these are only the beginnings of revolutionary developments to
come.

Our challenge in learning biochemical engineering is to understand and ana-
lyze the processes of biotechnology so that we can design and operate them in a
rational way. To reach this goal, however, a basic working knowledge of cell
growth and function is required. These factors and others peculiar to biological
systems usually dominate biochemical process engineering. Consider for a mo-
ment that a living microorganism may be viewed in an approximate conceptual
sense as an expanding chemical reactor which takes in chemical species called
nutrients from its environment, grows, reproduces, and releases products into its
surroundings. In instances such as sewage treatment, consumption of nutrients
(here the organic sewage material) is the engineering objective. When microbes
are grown for food sources or supplements, it is the mass of microbial matter
produced which is desired. For a sewage-treatment process, on the other hand,
this microbial matter produced by nutrient consumption constitutes an undesir-
able solid waste, and its amount should be minimized. Finally, the products
formed and released during cellular activity are of major concern in many indus-
trial and natural contexts, including penicillin and ethanol manufacture. The
relative rates of nutrient utilization, growth, and release of products depend
strongly on the type of cells involved and on the temperature, composition, and
motion of their environment. Understanding these interactions requires a foun-
dation built upon biochemistry, biophysics, and cell biology. Since study of these
subjects is not traditionally included in engineering education, a substantial por-
tion of our efforts must be dedicated to them.

Whenever possible we shall extend our study of biological processes beyond
qualitative understanding to determine quantitative mathematical representa-
tions. These mathematical models will often be extremely oversimplified and
idealized, since even a single microorganism is a very complicated system. Nev-
ertheless, basic concepts in microbiology will serve as a guide in formulating
models and checking their validity, just as basic knowledge in fluid mechanics is
useful when correlating the friction factor with the Reynolds number.
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A LITTLE MICROBIOLOGY 3

1.1 BIOPHYSICS AND THE CELL DOCTRINE

Microbiology is the study of living organisms too small to be seen clearly by the
paked eye. As a rough rule of thumb, most microorganisms have a diameter of
0.1 mm or less. Present knowledge indicates that even the simplest microorgan-
ism houses chemical reactors, information and control systems, and mass-transfer
operations of amazing sophistication, efficiency, and organization. These conclu-
s have been reached in numerous experimental studies involving methods
adapted from the physical sciences. Since this approach has proved so fruitful,
the applicability of the principles of chemistry and physics to biological systems
is now a widespread working hypothesis within the life sciences. The term bio-
physics 18 sometimes used to indicate explicitly the union of the biological and
physical sciences.

A development critical to the understanding of living systems started in 1838,
when Schleiden and Schwann first proposed the cell theory. This theory stated
that all living systems are composed of cells and their products. Thus, the con-
cept of a basic module, or building block, for life emerged. This notion of a
common denominator permits an important decomposition in the analysis of
living systems: first the component parts, the cells, can be studied, and then this
knowledge is used to try to understand the complete organism.

The value of this decomposition rests on the fact that cells from a wide
variety of organisms share many common features in their structure and func-
tion. In many instances this permits successful extrapolation of knowledge gained
from experiments on cells from one organism to cells of other types. This ex-
istence of common cellular characteristics also simplifies our task of learning how
microorganisms behave. By concentrating on the apparently universal features of
cellular function, a basic framework for understanding all living systems can be
established.

We should not leave this section with the impression that all cells are alike,
however. Muscle cells are clearly different from those found in the eye or brain.
Equally, there are many different types of single-celled organisms. These in turn
can be classified in terms of the two major types of cellular organization de-
scribed next.

1.2 THE STRUCTURE OF CELLS

Observations with the electron microscope have revealed two markedly different
kinds of cells. Although still linked by certain common features, these two classes
are sufficiently distinct in their organization and function to warrant individual
consideration here. So far as is known today, all cells belong to one of these
groups.

1.2.1 Procaryotic Cells

Procaryotic cells, or procaryotes, do not contain a membrane-enclosed nucleus.
Procaryotes are relatively small and simple cells. They usually exist alone, not
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Figure 1.1 Characteristic dimensions of the universe. The biological world encompasses a broad
spectrum of sizes. (From “Cell Structure and Function,” 2d ed., p. 35, by Ariel G. Loewy and Philip
Siekevitz. Copyright © 1963, 1969 by Holt, Rinehart and Winston Inc. Reprinted by permission of Holt,
Rinehart and Winston.)

associated with other cells. The typical dimension of these cells, which may be
spherical, rodlike, or spiral, is from 0.5 to 3 um.! In order to gain a qualitative
feel for such dimensions, it is instructive to compare the relative sizes of cells with
other components of the universe. As Fig. 1.1 reveals, the size of a procaryote

t 1 m (meter) = 10° mm (millimeter) = 10® ym (micrometer, formerly known as micron) = 10° nm

(nanometer) = 10'° A (angstrom units).
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A LITTLE MICROBIOLOGY §

relative to a man is approximately equal to the size of a man relative to the earth
and less than the size of the hydrogen atom compared with that of a cell. These
size relationships are very significant considerations when the details of cell func-
tjon are investigated, as we shall see later. The volume of procaryotes is on the
order of 10~ 2 ml per cell, of which 50 to 80 percent is water. As a rough esti-
mate, the mass of a single procaryote is 10712 g,

Microorganisms of this type grow rapidly and are widespread in the bio-
sphere. Some, for example, can dopble in size, mass, and number in 20 min.
Typically, procaryotes are biochemically versatile; i.e., they often can accept a
wide variety of nutrients and further are capable of selecting the best nutrient
from among several available in their environment. This feature and others to be
recounted later make procaryotic cells adaptable to a wide range of environ-
ments. Since procaryotes usually exist as isolated single-celled organisms, they
have little means of controlling their surroundings. Therefore the nutrient flexibil-
ity they exhibit is an essential characteristic for their survival. The rapid growth
and biochemical versatility of procaryotes make them obvious choices for biolog-
ical research and biochemical processing. | _

In Fig. 1.2 the basic features of a procaryotic cell are illustrated. The cell is
surrounded by a rigid wall, approximately 200 A thick. This walil lends structural
strength to the cell to preserve its integrity in a wide variety of external surround-
ings. Immediately inside this wall is the cell membrane, which typically has a
thickness of about 70 A. This membrane has a general structure common to
membranes found in all cells. It is sometimes called a plasma membrane. These
membranes play a critical role: they largely determine which chemical species can
be transferred between the cell and its environment as well as the net rate of such
transfer. Within the cell is a large, ill-defined region called the nuclear zone, which
is the dominant control center for cell operation. The grainy dark spots apparent

Cell Nuclear —Ribosome

membrane region

Figure 1.2 Electron micrograph of a procaryote, Bacillus subtilis. This soil bacterium, shown here near
completion of cell division, is used commercially to make several biological catalysts and antibiotics.
'Pypiczfxl cell dimensions are around 1 um diameter and 2 um length. B. subtilis is also an important host
organism for recombinant DNA. (Courtesy of Antoinette Ryter.)
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in the cell interior are the ribosomes, the sites of important biochemical reactions.
The cytoplasm is the fluid material occupying the remainder of the cell. Not
evident here but visible in some photographs are clear, bubblelike regions called
storage granules. We shall explore the composition and function of these struc-
tures within the procaryotic cell in greater detail after establishing the necessary
background and defining some terms.

While sharing many common structural and biochemical features, pro-
caryotes exhibit considerable : diversity. The blue-green algae, for example,
contain membranes which capture light energy for photosynthesis. This complex
process uses light energy from the sun, provides the cells with organic molecules
suitable for its reactions, and releases oxygen into the atmosphere.

1.2.2 Eucaryotic Cells

Eucaryotic cells, or eucaryotes, make up the other major class of cell types. Eu- -

caryotes may be defined most concisely as cells which possess a membrane-
enclosed nucleus. As a rule these cells are 1000 to 10,000 times larger than pro-
caryotes. All cells of higher organisms belong to this family. In order to meet the
many specialized needs of animals, for example, eucaryotic cells exist in many
different forms. By coexisting and interacting in a cooperative manner in a higher
organism, these cells can avoid the necessity for biochemical flexibility and
adaptability so essential to procaryotes. Many important microbial species are
also eucaryotes. In the next section we shall see several examples of eucaryotes
which exist as single-celled organisms.

The internal structure of eucaryotes is considerably more complex than that
of procaryotic cells, as can be seen in Figs. 1.3 and 1.4. Here there is a substantial
degree of spatial organization and differentiation. The internal region is divided
into a number of distinct compartments, which we shall explore in greater detail
later; they have special structures and functions for conducting the activities of
the cell. At this point we shall only consider the general features of eucaryotic
cells.

The cell is surrounded by a plasma, or unit, membrane similar to that found
in procaryotes. On the exterior surface of this membrane may be a cell coat, or
wall. The nature of the outer covering depends on the particular cell. For exam-
ple, cells of higher animals usually have a thin cell coat. The specific adhesive
properties of this coat are important in binding like cells to form specialized
tissues and organs such as the liver. Plant cells, on the other hand, are often
enclosed in a very strong, thick wall. Lumber consists for the most part of the
walls of dead tree cells.

Important to the internal specialization of eucaryotic cells is the presence of
unit membranes within the cell. A complex, convoluted membrane system, called
the endoplasimic reticulum, leads from the cell membrane into the cell. The nucleus
here is surrounded by a porous membrane. Ribosomes, biochemical reaction sites
seen before in procaryotes, are embedded in the surface of much of the endo-
plasmic reticulum. (Ribosomes in procaryotes are smaller, however.)

A major function of the nucleus is to control the catalytic activity at the

e —— ey -
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1 Figure 1.3 A typical eucaryotic cell. Such a typical cell is an imaginary construct, for there are wide
tail variations between different eucaryotes. Still, many of these cells share commcen features and
» (_)f components, making the typical eucaryote a convenient and useful concept.
otic
und ribosomes. Not only are the reaction rates regulated, but the particular reactions
L, or which occur are determined by chemical messengers manufactured in the nucleus.
am- [ The nucleus is one of several interior regions surrounded by unit membranes.
ssive These specialized membrane-enclosed domains are known collectively as organ-
lized elles. Catalyzing reactions whose products are major energy supplies of the cell,
often the mitochondria are organelles with an extremely specialized and organized in-

f the § ternal structure. They are found in all eucaryotic cells which utilize oxygen in the

| process of energy generation. In phototrophic cells, which are those using light as
wce of | a primary energy source, the chloroplast (see Fig. 1.5) is the organelle serving as
called f the major cell powerhouse. Chloroplasts and mitochondria are the sites of many

ucleus § other important biochemical reactions in additi
n sites & duction.

endo-

om" to their role in energy pro-

The Golgi complex, lysosomes, and vacuoles are the remaining organelles

trated in Figs. 1.3 to 1.5. In general, they serve to isolate chemical reactions
at the § O certain chemical comnonnds from the cutanlacm Thie fealafine fn danioali-
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Figure 1.4 Electron micrograph o
University.)

either from the standpoint of reaction efficiency or protection of other cell com-
ponents from the contents of the organelle. -

The discovery of similar organelles in many different eucaryotes allows a
refinement of the major working advantages of the cell doctrine. The activities of
the cell itself can now be decomposed conceptually into the activities of its com-
ponent organelles, which in turn can be studied in isolation. In the absence of
contrary evidence, similar organelles are assumed to perform similar operations
and functions, regardless of the type of cell in which they are found.

Determination of the chemical composition, structure, and biochemical activ-
ities of organelles is a major goal of cell research. Much of the present knowledge
of cell biochemistry came from investigation of these questions. Consequently we
shall briefly examine the centrifugation techniques. widely employed to isolate
components of the cell.




A LITTLE MICROBIOLOGY 9

Figure 1.5 Electron micrograph of the eucaryotic alga, Chamydonomas reinhardii ( x 13,000). Visible are
the chloroplasts (c), wall (w), nucleus (n) and nucleolus (nc), vacuoles (v), and the Golgi complex (g).
( Reprinted from U. R. Goodenough and K. R. Porter, J. Cell Biol., vol. 38, p. 403, 1968.)

1.2.3 Cell Fractionation

A major problem in analyzing the characteristics of a particular organelle from a
given type of cell is obtaining a sufficient quantity of the organelle for subsequent
biochemical analysis. Typically this requires that a large number of organelles be
isolated from a large number of cells, or a cell population. Let us follow a com-
mon procedure for this purpose: First a cell suspension is homogenized in a
special solution using either a rotating pestle within a tube or ultrasonic sound.
Here an attempt is made to break the cells apart without significantly disturbing
or disrupting the organelles within. Fractionation of the resulting suspension,
which now ideally contains a variety of isolated intact organelles, is the next step.
As process engineers, we know that any separation process is based upon
exploitation of differences in the physical and/or chemical properties of the com-
ponents to be isolated. The standard centrifugation techniques for fractionating
cell organelles rely upon physical characteristics: size, shape, and density. A rudi-
mentary analysis of centrifugation is presented in the following example.

Example 1.1: Analysis of particle motion in a centrifuge Suppose that a spherical particle of radius R
and density p, is placed in a centrifuge tube containing fluid medium of density p, and viscosity .. If
this tube is then placed in a centrifuge and spun at angular velocity w (see Fig. 1E1.1), we may

f:alculate the particle motion employing the following force balance (what approximations have been
invoked here?): .

Drag force on particle = buoyancy force

4nR3 '
61 Ru, = —— G(p, — p,) (1EL1)
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Figure 1E1.1 When a centrifuge is spun at high speed, particles suspended in the centrifuge tubes move
away from the centrifuge axis. Since the rate of movement of these particles depends on their size, shape,
and density, particles differing in these properties can be separated in a centrifuge.

where u, is the particle velocity in the r direction

dr X
= (1E1.2)

and G is the accelerétion due to centrifugal forces
G=ow*r (1E1.3)

Stokes’ law has been used in Eq. (1E1.1) to express the drag force since particle velocities (and
therefore particle Reynolds numbers) are usually very low in this situation. The usual gravitational-
force term does not appear in Eq. (1E1.1) because the r direction in Fig. 1E1.1 is normal to the
gravity force. Rotation of the centrifuge at high speed, however, produces an acceleration G usually
many times larger than the acceleration of gravity g; for example, G = 600-600,000 g.

Integration of this expression gives the time required for movement of the particle from position
rytory:

9 He s

=2 2
‘T2, —pp) T,

(1E1.4)

Spheres with different sizes and/or densities will take different times to traverse the same dis-
tance in the centrifuge tube. This is the basis for the method of differential centrifugation. Since the
larger particles such as nuclei and unbroken cells sediment more rapidly, they can be collected as a
precipitate by spinning the suspension for a limited time at relatively low velocities. The supernatant
suspension is then subjected to additional centrifugation at higher rotor speeds for a short time, and
another precipitate containing mitochondria is isolated. By continuing this procedure a series of cell
fractions can be obtained. The overall process is illustrated schematically in Fig. 1E1.2.

More sophisticated centrifugation methods employ liquid media with density gradients along
the centrifuge tube. These techniques are also applicable for continued subdivision and fractionation
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Figure 1E1.2 The steps in a typical differential centrifugation separation of cell constituents. Smaller
components are isolated as the process proceeds.

of smaller cell constituents such as particular types of macromolecules. Distinctions in chemical
properties, also very valuable in such fine-scale separations, will be investigated in greater detail in
Chap. 11. .

There are several limitations in the application and interpretation of centrifu-
gal cell-fractionation results. For an excellent summary the text of Mahler and
Cordes' should be consulted. One difficulty, however, will plague us at almost
every turn in investigating and utilizing microorganisms. In order to obtain a
sufficient quantity of cells, organelles, biological molecules, or the like for analysis
we are compelled to use a population, or a large number, of individual objects. It
is common to assume that this population is homogeneous, i.., that all its mem- _
bers are alike. In such a case the population serves only to amplify the character-
istics of the individual so that it can be more conveniently observed. |

Usually, however, the members of the population are different; the popula-
tion is heterogeneous. For example, a growing cell population typically contains a
mixture of old and young, bigger and smaller cells, often with different biochemi-
cal compositions and activities. On a finer scale, similar organelles such as mito-
chondria within a single cell are generally different in some respects.
Consequently, a cell fraction containing mitochondria, for example, is a heteroge-
neous population. When such a mixture of different components is analyzed,

'H. R. Mahler and E. H. Cordes, Biological Chemistry, 2d ed., Harper & Row, Publishers,
Incorporated, New York, 1971.
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- properties representing some kind of average over the cell population are ob-
tained. Therefore, the measured properties will depend upon the makeup of the
population.

1.3 IMPORTANT CELL TYPES

In this section we shall briefly review the classification of the kingdom of protists,
which consists of all living things with a very simple biological organization
compared to plants and animals. All unicellular (single-celled) organisms belong
to this kingdom, and organisms containing multiple cells which are all of the
same type are also classed as protists. Plants and animals, on the other hand, are
distinguished by a diversity of cell types. A classification of plant and animal cells
that can be grown on solid or in liquid nutrient media is included at the end of
this section. P

Table 1.1 shows a breakdown of the protist kingdom into groupings conven-
ient for our purposes. These classifications show differences in several characteris-
tics including the following: energy and nutritional requirements, growth and
product-release rates, method of reproduction, and capability and means of mo-
tion. All these factors are of great practical importance in applications. Also
significant in classification are differences in the morphology, or the physical form
and structure, between these various types of organisms. The morphology of a
microorganism has an influence on the rate of nutrient mass transfer to it and
also can profoundly affect the fluid mechanics of a suspension containing the
organism. Obviously then we must examine each group in Table 1.1 individually.

Taxonomy is the art of biological classification. The basic unit in this classifi-
cation scheme is the species which is characterized by a high degree of similarity

Table 1.1 Classifications of microorganisms belonging to the kingdom of protists -

PROTIST KINGDOM

Procaryotes Eucaryotes

Bacteria Blue-green algae Fungi Algae Protozoa

Molds Yeasts
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in physical and biochemical properties and significant differences from the prop-
erties of related organisms. Biological species are assigned a two-word latinized
name in which the capitalized first word is the genus or generic name and the
second word is the specific name, often a descriptive term. For example, an
extensively studied bacterium found in the human intestine has the name Escheri-
chia (generic name) coli (specific, descriptive name). The species name 1s itali-
cized, and, if the generic name is clear from context, it is usually abbreviated to
its first letter: E. coli.

In order to organize the cataloging of species and genera. a hierarchical
system of taxonomy has been developed in which related genera first are grouped
into families, then related families collected in orders, orders in turn organized
into classes, next classes gathered in divisions or phyla, and finally phyla grouped
into kingdoms. In Table 1.1, for example, protist designates a kingdom, fungi
constitute a division, and yeasts belong to a common class. Often, gradations in
properties between microorganisms are sufficiently smooth that detailed classifi-
cation becomes somewhat artificial and arbitrary, especially for bacteria and
yeasts.

1.3.1 Bacteria

As seen earlier in our discussion of procaryotes, bacteria are relatively small
organisms usually enclosed by rigid walls. In many species the outer surface of
the cell wall is covered with a slimy, gummy coating called a capsule or slime
layer. Bacteria are typically unicellular, but they may exist in three basic morpho-
logical forms (Fig. 1.6). Most cannot utilize light energy, are capable of motion

- Spirilla
(Spirals).

(Spheres)

T o Figure 1.6 The three forms of
= % bacteria.

Bacilli
(Rods)
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16 BIOCHEMICAL ENGINEERING FUNDAMENTALS

(motile), and reproduce by division into two daughter cells (binary fission). Still,
many exceptions to each of these rules are known. .

There are many subdivisions of bacteria- some of the general groups of bac-
teria and some of their distinguishing characteristics are given in Table 1.2. The
column labeled “Gram reaction” refers to the response of the bacteria to a rela-
tively straightforward and rapid staining test. Cells are first stained with the dye
crystal violet, then treated with an iodine solution and washed in alcohol. Bac-
teria retaining the blue crystal-violet color after this process are called gram-
positive; loss of color indicates a gram-negative species. Many characteristics of
bacteria correlate very well with this test, which also indicates basic differences n
cell-wall structure.

Whether or not oxygen is supplied to the cells is especially important in
commercial exploitation of microorganisms (Chaps. 8, 12, and 14). In an aerobic
process, oxygen is provided, usually as air, for use by the microorganisms. Manu-
facture of vinegar, some antibiotics, and animal-feed supplements are among the
important microbial applications which employ aeration. The sparing solubility
of oxygen in the aqueous media typical of these systems has major implications
in process design (Chap. 8). The protists function without oXygen in an anaerobic
process such as production of some alcohols or digestion of organic wastes.

Especially important in commerical utilization and control of bacteria is
their ability to form endospores under adverse conditions. Spores are dormant
forms of the cell, capable of resisting heat, radiation, and poisonous chemicals.
When the spores are returned to surroundings suitable for cell function, they can
germinate to give normal, functioning cells. This normal, biologically active cell
state is often called the vegetative Jorm in order to distinguish it from the spore
form. As Table 1.2 indicates, there are two major groups of sporeforming bac-
teria. The aerobic Bacillus species are extremely widespread and adaptable.
Several Clostridium species, which normally function under anaerobic conditions,
die in the presence of oxygen in the vegetative state but form spores unaffected by
oxygen. Some bacteria whose vegetative forms are rapidly killed at 45°C can
form spores which survive boiling in water for several hours. Therefore, when we
are attempting to kill microorganisms by heating (heat sterilization) the spore-
forming capability of bacteria demands use of higher temperatures, typically
achieved by boiling under pressure in an autoclave to give T > 120°C.

The blue-green algae will not be discussed here since they are not of great
commerical significance, They are important, however, in the overall operation of
natural aquatic systems since they participate in the nitrogen cycle (Chap. 14).

1.3.2 Yeasts

Yeasts form one of the important subgroups of fungi. Fungi, like bacteria, are
widespread in nature although they usually live in the soi and 1n regions of lower
relative humidity than bacteria. "They are unable to extract energy from sunlight
and usually are free-living. Although most fungi have a relatively complex mor-
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phology, yeasts are distinguished by their usual existence as single, small cells
from 5 to 30 um long and from 1 to 5 um wide.

The various paths of reproduction of yeasts are asexual (budding and fission)
as shown in Fig. 1.7, and sexual. In budding, a small offspring cell begins to grow
on the side of the original cell; physical separation of mature offspring from the
parent may not be immediate, and formation of clumps of yeast cells involving

Fission
Budding

ORI

Con jugation
Sporulation
' Germination
' ' Zygote

Ascospores

""\"0‘ °
i hdan, Mfﬁ o &\

Figure 1.7 Reproduction of yeast by asexual budding is shown in the lower series of photographs.
Numbers denote elapsed time in minutes. As illustrated in the upper sketch, sexual reproduction also
occurs in the yeast life cycle. ( Photographs courtesy of C. F. Robinow.)
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several generations is possible. Fission occurs by division of the cell into two new
cells. Sexual reproduction occurs by conjugation of two haploid cells (each having
a single set of chromosomes) with dissolution of the adjoining wall to form a
diploid cell (two sets of chromosomes per cell) zygote. The nucleus in the diploid
cell may undergo one or several divisions and form ascospores, each of these
eventually becomes an individual new haploid cell, which may then undergo
subsequent reproduction by budding, fission, or sexual fusion again. The asco-
spores, which here are a normal stage in the reproductive cycle of these organisms,
should not be confused with the endospores, discussed above, which are a defense
mechanism against hostile environments.

In the production of alcoholic beverages, yeasts are the only important in-
dustrial microbes. In addition to supplying the consumer market for beer and
wine, anaerobic yeast activities produce industrial alcohol and glycerol. The
yeasts themselves are also grown for baking purposes and as protein supplements
to animal feed (Chap. 12).

1.3.3 Molds

Molds are higher fungi with a vegetative structure called a mycelium. As illus-
trated in Fig. 1.8, the mycelium is a highly branched system of tubes. Within
these enclosing tubes is a mobile mass of cytoplasm containing many nuclei. The
mycelium may consist of more than one cell of related types. The long, thin

Figure 1.8 The mycelial structure of molds. A dense mycelium can cause conditions near its center to
differ considerably from those at the outer extremities.
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filaments of cells within the mycelium are called hyphae. In some cases the myce-
lium may be very dense. This property, coupled with molds’ oxygen-supply re-
quirements for normal function, can cause complexities in their cultivation, since
the mycelium can represent a substantial mass-transfer resistance. This problem
and the unusual flow properties of suspensions of mycelia will be explored in
further detail in Chaps. 4 and 8.

Molds, like yeasts, do not contain chlorophyll, and they are generally non-
motile. Reproduction, which may be sexual or asexual, is typically accomplished
by means of spores. Spore properties form an impdrtant component in fungi
classification.

The most important classes of molds.industrially are Aspergillus and Penicil-
lium (Fig. 1.9). Major useful products of these organisms include antibiotics (bio-
chemical compounds which kill certain mlcroorgamsms or inhibit their growth),
organic acids, and biological catalysts.

The strain Aspergillus niger normally produces oxalic acid (HO,CCO,H).
Limitation of both phosphate nutrient and certain metals such as copper,
iron, and manganese results in a predominant yield of citric acid
[HOOCCH, COH(COOH)CH,COOH]. This limitation method is the basis for
the commercial biochemical citric acid process. Thus A. niger is an interesting ex-
ample differentiating approaches to biochemical-reactor design and optimization
from those of nonbiological reactors: a much greater selectivity can sometimes
be achieved in the biological system by minor alteration of feed composition
to the reactor.

This example (as well as that of penicillin below) should motivate us to learn

Asexual spores

Penicillium Figure 1.9 The hyphae of Aspergillus
and Penicillium, two industrially im-

Aspergillus portant varieties of molds.
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the essentials of cell structure, metabolism, and function which are woven into
the following chapters. Without this background in cellular processes and char-
acteristics, our skills as process engineers, which are well suited to design and
analysis of many aspects of biochemical processes, could be wasted because key
biological features of the System would be ignored. ' - '
Penicillin production offers an example of a second fundamental difference
between microbiological and nonbiological reactors. Major improvement in
production of penicillin has arisen by use of ultraviolet irradiation of Penicillium
spores to produce mutats of the original Penicillium strain (Fig. 1.10). Cell muta-
tion by various techniques may result in orders-of-magnitude improvements in
desired yield. Recombinant DNA technology, summarized in Chap. 6, provides
carefully controlled and novel genetic alterations in certain organisms. This ap-
proach has made possible manufacture of valuable animal products (proteins) in
simple bacteria. These examples indicate the central importance of genetics to the
biochemical engineer. This subject occupies a large fraction of the present efforts
in both university and industrial biological research. The practical importance of
designing genetic modifications (or, in other situations, of avoiding such changes)
emphasizes the need for close cooperation between engineers, biologists, and
biochemists in biochemical process design and evaluation. The history of penicil-
lin production is in itself a story of joint development of new techniques, includ-

10,000

1,000

100

Penicillin, mg/L

] - ] ]
1940 1950 1960 1970
Year

Figure 1.10 Maximum attainable penicillin yields over a 30-yr period. Development of special mold
strains by mutation has produced an exponential increase in yields for the past 25 years. A similar trend
also holds for yields of the antibiotic streptomycin. [Reprinted by permission of A. L. Demain.
Overproduction of Microbial Metabolites due 10 Alteration of Regulation, In T. K. Ghose and A. Fiechter
(eds.), “Advances in Biochemical Engineering 1.” p. 129, Springer- Verlag, New York, 1971.]




A LITTLE MICROBIOLOGY 21

ing deep-submerged production, solvent extraction of a delicate product on a
large scale, air-sterilization procedure for high volumetric flow rates, and isola-
tion of mutants with high penicillin yields. :

Before leaving bacteria and fungi, we should mention the actinomycetes, a
group of microorganisms with some properties of both fungi and bacteria. These
organisms are extremely important for antibiotic manufacture. Although formal-
ly classified as bacteria, actinomycetes resemble fungi in their formation of long,
highly branched hyphae. Also, design of antibiotic production processes utilizing
actinomycetes is very similar to those involving molds. One difference, however,
is the susceptibility of actinomycetes to infection and disease by viruses which
also can attack bacteria. These agents will be examined briefly later in Chap. 6.

1.3.4 Algae and Protozoa

These relatively large eucaryotes have sophisticated and highly organized struc-
tures. For example, Euglena has flagella for locomotion, lacks a rigid wall, and
has an eyespot sensitive to light. The cell, guided by the eyespot, moves in re-
sponse to stimulus by illumination—clearly a valuable asset since most algae
require energy in the form of light. Many diatoms (another kind of algae) have
exterior skeletons of complex architecture which are impregnated with silica.
These skeletons are widely employed as filter aids in industry.

Considerable commercial interest in algae is concentrated on their possible
exploitation as foodstuffs and food supplements. In Japan, several processes for
algae food cultivation are in operation today. Also important in Asia is use of
seaweed in the human diet. While not microorganisms, many seaweeds are ac-
tually multicellular algae. Like the simpler blue-green algae, eucaryotic algae
serve a vital function in the cycles of matter on earth (Chap. 14).

Just as algae may be viewed as primitive plants, protozoa, which cannot
exploit sunlight’s energy, are in a sense primitive animals. The habitats, mor-
phology, and activities of protozoa span a broad spectrum. For example, some
trypanosomes carry serious disease, including African sleeping sickness. The
Trichonympha inhabit the intestines of termites and assist them in digesting
wood. While the amoeba has a changing, amorphous shape, the heliozoa have an
internal skeleton and definite form. ,

Although protozoa are not now employed for industrial manufacture of
either cells or products, their activities are significant among the mIiCroorganisms
which participate in biological waste treatment (Chap. 14). These processes,
widely employed in urban communities and large industrial plants throughout

~ the world, are suprisingly complicated from a microbiological viewpoint. Since a

complex mixture of different nutrients and microbes are present in sewage or
industrial wastes, a correspondingly large collection of different protists are
present and indeed necessary in treatment operations. These diverse organisms
compete for nutrients, devour each other, and interact in numerous ways
characteristic of a small-scale ecological system. A survey and analysis of interac-
tions between different species will be considered in Chap. 13.
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1.3.5 Animal and Plant Cells

Many vaccines and other useful biochemicals are produced by growth of animal
cells in process reactors; i.c., by cell propagation outside of the whole animal.
Improvements in cultivation techniques for these tissue-derived cells and emerg-
ing methods for genetic manipulation of animal and plant cells offer great poten-
tial for expanded commercial utilization of these higher cells. The reactors in
which “tissue” cultures may be propagated may be quite similar to microbial
reactors, admitting a unified treatment of cell kinetics and biochemical reactors
in Chaps. 7 and 9, respectively. We next consider a very condensed summary of
some of the important lines of higher cells which can be propagated “in cul-
ture”—that is, in a process device apart from the animal or plant of origin.

When a piece of animal tissue, perhaps after disruption to break the cells
apart, is placed in appropriate nutrient liquid, many cell types, such as blood
cells, die within a few days, weeks, or months. Other cells multiply and are called
primary cell lines. Often these cells can be “passaged” by transfer to fresh medium
after which further cell multiplication occurs giving a secondary cell line. Some
secondary cells can be passaged apparently indefinitely; these cells are then
dubbed an established, permanent, or stable cell line.

Many cell lines have been developed from the epithelial tissues (skin and
tissues which cover organs and line body cavities), connective tissues, and blood
and lymph of several animals including man, hamster, monkey, and mouse.
Figure 1.11 shows LA-9 cells, a line derived from mouse fibroblasts, growing
attached to a solid surface. A sampling of cell lines and their sources and names
are listed in Table 1.3. As noted there, several cell lines are derived from malig-
nant growths called carcinomas arising from various tissues. Malignant growths
of blood and lymph tissues are usually designated leukemias.

Some cultured tissue cells can be grown suspended in liquid, but growth of
most cell lines requires attachment to a solid surface. This anchorage dependence
poses stringent restrictions on scale-up for production of vaccines and other
biological products from animal cell culture. Microcarrier culture techniques,
which we will investigate in Chap. 9, have greatly increased the volumetric pro-
ductivity of reactors for anchorage-dependent culture cells.

It is also possible to grow certain plant cells in culture, either as a callus (a
lump of undifferentiated plant tissue growing on solid nutrient medium) or as
aggregated cells in suspension. Since plants produce many commercially impor-
tant compounds including perfumes, dyes, medicinals, and opiates, there is signi-
ficant potential for future applications of plant cell culture. Cultured plant cells
can also catalyze highly specific useful transformations. Cultured plant cells have
several potential agricultural applications including whole plant regeneration.
Greater knowledge of plant biology and of requirements and constraints in plant
cell culture are needed before significant commercialization of this approach
occurs. After noting that tissue cells from insects and other invertebrates can be
grown in culture, we will confine discussion in later chapters of eucaryote tissue
cell culture to animal and plant cells. -
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Figure 1.11 Scanning electron micrograph of LA-9 cells grown in culture on a solid surface. These cells,
derived from mouse fibroblasts. are approximately 15 um wide and 75-90 um long. (Courtesy of Jean-
Paul Revel.)

Table 1.3 A sampling of standard animal cell lines
and their origins

Cell line

designation Animal Tissue

HeLa (CCL 2)! Human Cervix carcinoma
HLM Human Fetal liver :
FS-4 Human Foreskin fibroblast
MK2 Monkey Kidney

CHO (CCL 61) Chinese hamster Ovary

L-M (CCL 2) Mouse Connective tissue

' The CCL designation is used by the Cell Culture Re-—
pository, American Type Culture Collection, 12301 Parklawn
Drive, Rockville, Maryland 20852 USA, which maintains and
supplies these lines.
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14 A PERSPECTIVE FOR FURTHER STUDY

In our brief sojourn through cell structure and classification in this chapter, we
have seen the basic importance of the cell doctrine. The importance of basic
biology for understanding biochemical process systems has been emphasized. In
the next few chapters, our attention will continue to be concentrated on funda-
mental cell biology.

Chapter 2 reviews the chemicals which the cell must synthesize for survival
and reproduction; the catalysts used to facilitate reactions within the cell are
examined in Chaps. 3 and 4. Reaction sequences necessary for cellular function
are then studied in Chap. 5, with control of these reactions and genetics the
primary topics of Chap. 6. After investigating the kinetics of microbial systems in
Chap. 7, we direct our remaining efforts to analysis, design, control, and optimi-
zation of biological process systems.

PROBLEMS

1.1 Microbiologists Read a biography of one of the early influential men in microbiology, e.g., Robert
Hooke, Anton van Leeuwenhoek, Lazzaro Spallanzani, Louis Pasteur, Walter Reed, D. Iwanowski,
P. Rous, Theodor Schwann, or M. J. Schleiden. Prepare a short summary indicating what technical
and social obstacles were or were not overcome, what technical achievements did or did not result
from careful quantitation, and the place of induction and deduction in the studies of these men.

1.2 Experimental microbiology Many techniques in microbiology are simple and relatively well es-
tablished but unfamiliar to those who have completed general, organic, and physical chemistry. As
observation and measurement underlie any useful analysis, some appreciation of techniques and their
accuracy is indispensable. Take a microbiology laboratory course in parallel or following this course
if you have not previously done so. Lacking the opportunity, read carefully through a short labora-
tory paperback on this topic as you follow the chapters of this text, e.g., Ref. [7]. As you do this
exercise, remember Claude Bernard: “to experiment without a preconceived idea is to wander aim-
lessly.” For the laboratory course or paperback, summarize the purpose(s) of each experiment. For
each such experimental setup, what other information could you obtain?

1.3 Observation Read a brief account of microscope techniques including dark-field, phase-contrast,
fluorescence, and electron microscopy. Develop a list of relative advantages and limitations for each
technique.

1.4 Definitions Define the following terms and when there is more than one, compare and contrast
their general characteristics with those of others in the same group:

(a) Procaryotes, eucaryotes

(b) Cell wall, plasma membrane, endoplasmic reticulum

(¢) Cytoplasm

(d) Nucleus, nuclear zone

(e) Ribosome, mitochondria, chloroplast

(f) Morphology

(g) Spirilla, cocci, bacilli

(h) Budding, sexual fusion, fission, sporulation

(i) Protozoa, algae, mycelia, amoeba
1.5 Identification and classification (a) Sketch the diagram showing the kingdom of the protists (from
memory).

(b) The taxonomy of microbial species is based largely on visual observation with the optical
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microscope. Using either Bergey's Manual of Determinative Bacteriology ot A Guide to the Identifica-
tion of the Genera of Bacteria. by Skerman, locate the organisms Escherichia coli, Staphylococcus
aureus. Bacillus cereus, and Spirillum serpens. For any two. list the distinguishing characteristics which
would lead to ultimate identification. Begin most generally, passing from family through subgroups
(tribe, genus) to species. -
1.6 *“The view from the ground floor™ Pick a microbial topic of interest (beer fermentation, antibiotic
production, yeast growth, wastewater treatment, soil microbiology. vaccines, pickling. cheese manu-
facture, lake ecology, saltwater microbiology, etc.). Read a descriptive account of the topic in a text
such as the Kirk-Othmer Encyclopedia of Chemical Technology. etc. Sketch a process or natural flow
scheme indicating important microbial species, food sources, and waste or exit streams. Each week
during the course, add one or two pages to the description indicating the (lack of) importance of the
chapter topic to the process. At the end of the course. prepare a short paper on your topic and
present it to the class.
1.7 Industrial microbiology A brief description of the history of industrial microbiology and some
suggestions of developments to come is accessible in “Industrial Microbiology,” A. L. Demain and N.
A. Solomon, Scientific American, 245. 67-75, 1981. Read the article. and prepare a one-page outline of
the historical development of industrial microbiology, highlighting dates, products, and/or processes
and microbial species.
1.8 Protozoan motility You are observing the motion of spherical protozoa through the microscope
and can estimate the sizes of the organisms and their speeds in body lengths per unit time.

(a) For the range of body sizes and speeds shown below, compute the Reynolds number of the
flow around the organism. Assume that the fluid is water at 20°C and that the flow around the
organism is relatively undisturbed by any spines, cilia, or slime.

Sizes: 10 ym, 50 um, 100 um

Speeds. 10 body lengths per second
1 body length per second
0.1 body length per second

What flow regime characterizes these cellular motions? _

(b) Methyl cellulose solution is frequently employed in microscopy to slow motile species and
render them more convenient for observation. Assuming that the organism’s energetic commitment to
motion is constant, what effect on velocity would you expect from a 10* increase in viscosity of the
fluid surrounding the cells?

1.9 Plating of E. coli When growing E. coli for use in experiments it is desirable to have a genetically
homogeneous population. This is usually achieved by diluting the source broth to a concentration
which results in distinct colonies originating from single cells when spread on an agar plate. A single
colony is then used to grow a population.

(a) Given a circular plate of agar with a radius of 4 cm, 1 mL of a broth of 10*° cells/liter, and 1
liter of sterile broth for dilutions, what is the proper dilution of bacterial broth required to give about
100 distinct colonies on a plate? (It takes S mL of solution to properly cover a 4 cm radius plate.)

(b) How would you get colonies from individual cells if you did not know the concentration of
cells in the broth?

1.10 Centrifugal separation Consider a dilute suspension of particles of type 4 and type B. The
initially uniform suspension is spun in a centrifuge at an angular velocity w for a time ¢. In terms of
the initial fraction of type A particles, f,, find an expression for the final fraction of type A4 particles in
the supernatant suspension. Assume that t is sufficiently small that some particles of both types
remain in suspension.

1.11 Centrifugation in an angled rotor Consider the “angled " centrifuge shown below. Given angular
velocity w, particle (spherical) radius R, particle density pp. fluid density p, and viscosity u,, and
angle from the vertical 6, find the time for the particle to move from distance r = r, to r = r,. Note
that the glass wall applies a normal force to the particle.
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Figure 1P11.1
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CHAPTER

TWO

CHEMICALS OF LIFE

The organism must synthesize all the chemicals needed to operate, maintain, and
reproduce the cell. In the following chapters we investigate the kinetics, energet-
ics, and control of the major biochemical pathways for such syntheses. A neces-
sary prerequisite for such studies is familiarity with the reactants, products,
catalysts, and chemical controllers which participate in reaction networks of the
cell.

The present chapter is concerned with the predominant cell polymeric chemi-
cals and the smaller monomer units from which the larger polymers are derived.
The four main classes of polymeric cell compounds are the fats and lipids, the
polysaccharides (cellulose, starch, etc.), the information-encoded polydeoxyribo-
nucleic and polyribonucleic acids (DNA, RNA), and proteins. The physico-
chemical properties of these compounds are important both in understanding
cellular function and in rationally designing processes incorporating living cells.

The various biological polymers may be usefully regarded as being either
repetitive or nonrepetitive in structure. Repetitive biological polymers contain one
kind of monomeric subunit: distinctions between different types of the same
polymers are primarily due to differences in molecular weight and the degree of
branching of the polymer chains. The major function of repetitive polymers in
the cell is to provide structures with the desired- mechanical strength, chemical
inertness, and permeability. Repetitive polymers also provide a means of nutrient
storage. In the latter function, for example, a 1 M glucose solution can be stored

27
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as the polymer glycogen, a cell polysaccharide reserve, with a concurrent reduc-

tion in molarity by a factor of 10,000 or greater. As cells may need to store excess

food supplies without seriously disrupting the intracellular osmotic pressure,
polymer is a useful form for commodity storage.

Nonrepetitive polymers may contain from several up to 20 different monomer
species. Further, each of these biological polymers has a fixed molecular weight
and monomer composition, and the monomers are linked together in a fixed,
genetically determined sequence.

The elemental pool from which the polymers are constructed is exemplified
by the E. coli composition given in Table 2.1. The predominant elements (hydro-
gen, oxygen, nitrogen, and carbon) form chemical bonds by completing their
outer shells with one, two, three, and four electrons, respectively. They are the
lightest elements in the periodic table with such properties, and (except for hy-
drogen) they can form multiple bonds as well. The variety of chemicals which can
be assembled from these four elements include, if we add a little phosphorus and
sulfur, the four major biopolymer classes.

In addition to variety, the biochemical compounds assembled from these
elements are quite stable, reacting only slowly with each other, water, and other
cellular compounds. Chemical reactions involving such compounds are catalyzed
by biological catalysts: proteins which are called enzymes (recall that a catalyst is
a substance which allows an increase in a reaction rate without itself undergoing
a permanent change). Consequently, by controlling both the number and type of
enzymes which the cell contains, the cell regulates both the type and rate of
chemical reactions which occur within it. Details of these control mechanisras are
considered in Chap. 6.

While phosphorus and sulfur occur in the organic matter of all living things,
they aré present in relatively small amounts. The ionized forms of sodium,
potassium, magnesium, calcium, and chlorine are always present, and trace
amounts of manganese, iron, cobalt, copper, and zinc are necessary for proper
activation of certain enzymes. Some organisms also require miniscule amounts of
boron, aluminum, vanadium, molybdenum, iodine, silicon, fluorine, and tin.
Thus, at least 24 different elements are necessary for life.

Table 2.1 The elemental composition of E. coli

Element Percentage of dry weight Element Percentage of dry weight
Carbon 50 Sodium 1

Oxygen 20 Calcium 0.5

Nitrogen 14 Magnesium 0.5

Hydrogen 8 Chlorine 0.5

Phosphorus 3 Iron 0.2

Sulfur 1 All others ~0.3

Potassium 1

Data for E. coli assembled by S. E. Luria, in I. C. Gunsalus and R. Y. Stanier (eds.),
“The Bacteria,” vol. 1, chap. 1, Academic Press Inc., New York, 1960.
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The solvent within which cells live is, of course, water. In addition to its
relatively unusual properties (a high heat of vaporization, a high dielectric con-
stant, the ability to ionize into acid and base, and propensity for hydrogen bond-
ing), water is an extremely important reactant which participates in many
enzyme-catalyzed reactions. Also, the properties which biopolymers exhibit de-
pend strongly on the properties of the solvent within which they are placed: this
fact provides the means of many separation process designs. The biological fit-
ness of water and other common cell chemicals is discussed by Blum [12].

2.1 LIPIDS

By definition, lipids are biological compounds which are soluble in nonpolar
solvents such as benzene, chloroform, and ether, and are practically insoluble in
water. Consequently, these molecules are diverse in their chemical structure and
their biological function. Their relative insolubility leads to their presence pre-
dominantly in the nonaqueous biological phases, especially the plasma and
organelle membranes. Fats, which simply serve as polymeric biological fuel stor-
age, are lipids, as are several important mediators of biological activity. Lipids
also constitute portions of more complex molecules such as lipoproteins and
liposaccharides, which again appear predominantly in biological membranes of
cells and the external walls of some viruses.

2.1.1 Fatty Acids and Related Lipids

Saturated fatty acids are relatively simple lipids with the general formula:

@)
4
CHa“(CHz)rC\

OH

The hydrocarbon chain is constructed from identical two-carbon monomers, so
that fatty acids may be regarded as noninformational biopolymers with a ter-
minal carboxylic group. The value of n is typically between 12 and 20 (even
numbers) in biological systems. "

Unsaturated fatty acids are formed upon replacement of a saturated
(—C—C—) bond by a double bond (—C=C—). For example, oleic acid is the
unsaturated counterpart of stearic acid (n = 16).

CH;—(CH,),,—COOH CH;—(CH,);—HC=CH—(CH,),—COOH
Stearic acid Oleic acid

The hydrocarbon chain is nearly insoluble in water, but the carboxyl group
is very hydrophilic. When a fatty acid is placed at an air-water interface, a small
amount of the acid forms an oriented monelayer, with the polar group hydrated

" Numbers in brackets indicate the reference listed at the end of the chapter.
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Polar carboxyl head .:kaonpolar hydrocarbon tail

Lipid monolayer at an air-water interface

Lipid micelle in water
Figure 2.1 Some stable configurations of fatty acids in water.

in the water and the hydrocarbon tails on the air side (Fig. 2.1). The same
phenomenon occurs in the action of soaps, which are fatty acid salts. The soap-
monolayer formation greatly lowers the air-water interfacial tension, and the
ability of the solution to wet and cleanse confined regions is greatly increased.

0
I

Na® “0—C—(CH,),—HC=CH—(CH,),—CHj
A soap: sodium oleate

These hydrophilic-hydrophobic lipid molecules possess very small solubihi-
ties: elevation of the solution concentration above the monomolecular solubility
limit results in the condensation of excess solutes into larger ordered structures
called micelles (Fig. 2.1). This spontaneous process occurs because the overall free
energy of the resultant (micelle plus solution) mixture is lower than that of the
original solution. The structure of the micelle is dictated by the favorable increase
in the number of hydrophobic-hydrophobic-and hydrophilic-hydrophilic contacts
and concurrent diminution of hydrophilic-hydrophobic associations. Such inter-
actions between hydrophilic and hydrophobic portions of the same biopolymer
are also known to favor the folding of such polymer chains into a single preferred
configuration. This behavior of DNA and proteins will be discussed shortly.

Important as reservoirs of fuel, fats are esters formed by condensation of
fatty acids with glycerol.

o)
CH,OH HO—OC(CH,), —CH, cnzo—g—(CHz)n,*CHs

| .\ o
CHOH + HO—OC(CH,), —CH, -9 CHo—y:—(CHz)nz—CHs

+ o)
;7 _CH,OH  HO—OC(CH,),,—CH, VHCHZO—-QT—(CHz)n;‘CHs

Glycerol Fatty acids A fat
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Fats and other lipids discussed in this subsection are hydrolyzed to glycerol and
soap by heating in alkaline solution, the historical method for making soap from
animal fats. The reverse of the fat synthesis reaction shown above is catalyzed by
fat-splitting enzymes at body temperatures in the digestive tract of animals:
microbes also secrete such enzymes to hydrolyze particulate fats into smaller
fragments, which can then be taken in through the cell membrane.

Closely related to the fats in structure but not function are the phospho-
glycerides. In these molecules, phosphoric acid replaces a fatty acid esterified to
one end of glycerol. The result is again a molecule with strongly hydrophilic and
hydrophobic portions: thus micelle formation is again observable at sufficiently
large phosphoglyceride concentrations. A flat double-molecular layer structure
may be formed across a small aperture in a sheet submerged in a phospholipid
solution (Fig. 2.2a). The resulting planar lipid bilayer has a thickness of about
70 A (7 x 1077 cm). Biological plasma membranes typically contain appreciable
concentrations of phospholipids and other polar lipids. Also, plasma membranes
show an apparent molecular bilayer (Fig. 2.2b) of thickness similar to the spon-
taneously formed phosphoglyceride double layer in Fig. 2.2a. Consequently, it
appears that the bilayer lipid membranes might serve as convenient synthetic
systems for fundamental characterization of thin membrane processes.

&
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Lipid bilayer

Cell membrane

(a) (b)

Figure 22 (a) The spontaneous formation of a stable phosplioglyceride bilayer in the aperture be-
tween two compartments filled with water and lipid. (b) This structure strongly resembles the bilayer
appearance of cell membranes in electron micrographs. [ Electron mzcrograph reprinted by permission
Jrom J. B. Robertson, Membrane Models: Theoretical and Real, in “The Nervous S ystem, vol. 1: The
Basic Neurosciences,” D. B. Tower (ed.), p. 43, Raven Press, New York.]
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Several physical properties of lipid bilayer membranes are similar to those of
plasma membranes. Both lipid and plasma membranes have high passive electri-
cal resistance and capacitance. The resultant impermeability of natural mem-
branes to such highly charged species as phosphorylated compounds is largely a
result of this property. The membrane thereby allows the cell to contain a reser-
voir of charged nutrients and metabolic intermediates, as well as maintaining a
considerable difference between the internal and external concentrations of small
cations such as H*, K*, and Na™.
~ Other membrane components and their influences on material exchange be-
tween the cell environment and interior will be considered in Secs. 2.5 and 5.7.
These barriers and passages for specific biochemicals determine which enter, are
confined, and leave the catalytic reaction network housed inside the cell. These
mass transport regulation functions are critical for life, and they are obviously of
major importance in process applications employing cells as catalysts.

An intriguing similarity between bilayer lipid membranes and plasma mem-
branes is their ability to be modified in their selective ion permeabilities by the
addition of small amounts of various substances. In particular, several antibiotics
and other cation-complexing molecules have been found to markedly increase
passive ion transport in both types of membranes. In more complex processes,
the cell walls of viable organisms can be rendered leaky by mild chemical or heat
treatment. This has been used advantageously in the microbial production of
metabolic intermediates and in the treatment of cells to decrease their nucleic
acid content before use as animal feed.

2.1.2 Fat-soluble Vitamins, Steroids, and Other Lipids

A vitamin is an organic substance which is required 1n trace amounts for normal
cell function. The vitamins which cannot be synthesized internally by an organ-
ism are termed essential vitamins: in their absence in the external medium, the cell
cannot survive. (This fact has been used advantageously by growing microbes in
test media as a probe for the presence or absence of a particular vitamin.) The
water-soluble vitamins such as vitamin C (ascorbic acid) are not lipids by defini-
tion. However, vitamins A, E, K, and D are water-insoluble and dissolve in
organic solvents. Consequently these vitamins are classified as lipids. The ulti-
mate role of the lipid-soluble vitamins appears obscure with the exception of
vitamin A which is necessary to prevent night blindness in humans,

Interest in vitamin supply from microbial and other food derives largely from
the fact that the water-soluble vitamins thiamine, riboflavin, niacin (nicotinic
acid), pantothenic acid, biotin, folic acid, and choline and the lipid vitamins A, D,
E, and K are all essential (or probably essential) for children and/or adults.
Many microorganisms can synthesize a number of these compounds. Yeast, for
example, provides the precursor ergosterol, which_is converted by sunlight to
vitamin D, (calciferol). The fat-soluble vitamin K is synthesized by microbes in
animal and human digestive tracts, an excellent example of mutually assisting

e SN L e
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populations (commensalism, considered further in Chap. 13). Several water-solu-
ble vitamins are known to be necessary for activity of specific enzymes.

Steroids are a class of lipid biochemicals with the general structure shown in
Fig. 2.3a. Of these, a subgroup (hormones) constitutes some of the extremely
potent controllers of biological reaction rates: hormones may be effective at lev-
els of 1078 M in human tissue. Microbes are currently used to carry out re-
latively minor transformations of such active steroids to yield more valuable
products. For example, progesterone can be converted into cortisone in a two-
step process (microbial, then chemical) (Fig. 2.3b). Further examples appear in

(@) General steroid base: perhydroxytyclopentuno
phenanthrene

CH,
|
=0
CH,
CH;,
CH;
> |
o/ =0
Progesterone
| (h)
Cortisone
b CH3
i : | .
CH;

Cholesterol

()
Figure 2.3 Some examples of steroid structure.
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Table 12.15. Evidently, the complexity of the reactant is such that only the action
of an enzyme, produced by perhaps only one or several kinds of microbes, carries
out the reaction with a useful selectivity (minimal side-product generation). The
familiar steroid cholesterol (Fig. 2.3c) occurs almost exclusively in membranes
of animal tissues. Related sterol compounds have been shown to alter cell plasma-
membrane permeabilities.

An important food-storage polymer for some bacteria, including Alcaligenes
eutrophus, is poly-f-hydroxybutyric acid (PHB). The repeating unit is

T i
—CH—CH,—C—0—

The polymer occurs as granules within the cells. In the absence of sufficient food
supply, the cell depolymerizes this reserve to yield the soluble, easily metabolized
p-hydroxybutyric acid. PHB is a possible candidate for large-scale manufacture
because it is biodegradable and has properties adaptable to packaging.

2.2 SUGARS AND POLYSACCHARIDES

The carbohydrates are organic compounds with the general formula (CH,0),,
where n > 3. These compounds are found in all animal, plant, and microbial
cells; the higher-molecular-weight polymers serve both structural and storage
functions. The formula (CH,0), is sufficiently accurate to be useful in calculating
overall elemental balances and energy release in cellular reactions.

In the biosphere, carbohydrate matter (including starches and cellulose) ex-
ceeds the combined amount of all other organic compounds. When photosyn-
thesis occurs, carbon dioxide is converted to simple sugars C; to C, in reactions
driven by the incident sunlight (considered further in Chap. 5, bioenergetics).
These sugars are then polymerized into forms suitable for structure (cellulose) or
sugar storage (starches). By these processes, radiant solar energy is stored in
chemical form for subsequent utilization. The magnitude of this energy transfor-
mation is-estimated to be 10!8 kcal per year, corresponding to storage of 0.1
percent of the annual incident radiant energy. Much of the annual 10'® kcal
stored is of course ultimately released in subsequent oxidation (largely cellular
respiration) to carbon dioxide.

2.2.1 p-Glucose and Other Monosaccharides

Monosaccharides, or simple sugars, are the smallest carbohydrates. Containing
from three to nine carbon atoms, monosaccharides serve as the monomeric
blocks for noninformational biopolymers with molecular weights ranging into
the millions. e

D(+)-Glucose, the optical isomer which rotates polarized light in the +
direction, is a polyhydroxyalcohol derivative like other simple sugars (Table 2.2).
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Table 2.2 Monosaccharides commonly found in biological systems

Ketoses
(ketone derivatives;
Aldoses (aldehyde derivatives; prefix aldo-) prefix keto-)
Triose (three-carbon) (l? HO ? H,0H
H(IZOH Cl’ =0
CH,OH CH,0OH
D-Glyceraldehyde Dihydroxyacetone
Pentose {five-carbon) CIIHO ?HZOH
H(lfOH (',‘ =0
HCOH H? OH
HCIZOH H?OH
CH,0H CH,0H
D-Ribose . D-Ribulose
Hexose (six-carbon) ?HO ?HO (IZHO ?HZOH
H?OH HO(,?H HCOH ?‘—‘O
HO(I.‘H HO(I.‘H HOCH HOCH
H(,?OH H?OH HO?H H(ITOH
H(IZOH H?OH H?OH HCOH
CH,OH CH,0H CH,OH CH,OH
D-Glucose D-Mannose D-Galactose D-Fructose

Although p-glucose is by far the most common monosaccharide, other sim-
ple sugars are also found in living organisms (Table 2.2). These common sugars
are all either aldehyde or ketone derivatives. In sugar nomenclature, prefixes
indicating these functional groups are often combined with a name fixing the
length of the carbon chain. Thus, glucose is an aldohexose; the notation p refer-
ring to a particular optical isomer occurring almost exclusively in living systems
(see optical activity, Sec. 2.4). '

In solution p-glucose is present largely as a ring structure, pyranose, which
results from reaction of the C-1 aldehyde in glucose with the C-5 hydroxyl (note
the standard numbering scheme for six carbons and the a,f labels for the position
of the —OH group on the number 1 carbon).

SCH,OH

5

O, g

4 1
32

OH
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The five-membered sugars D-ribose and deoxyribose are major components of - |
the nucleic acid monomers of DNA and RNA and other biochemicals to be
discussed shortly.

SCH,OH CH,OH
) O
4 1
OH OH
3
OH OH OH
D-Ribose . Deoxyribose

2.2.2 Disaccharides to Polysaccharides o

Because the ringed form of many simple sugars predominates in solution, they do
not exhibit the characteristic reactions of aldehydes or ketones. In the D-gluco-
pyranose ring above, the —OH attached to position 1 is relatively reactive. As
shown below, this hydroxyl group, here attached in the a-position, can condense
with an —OH on the 4 carbon of another sugar to eliminate a water molecule
and form an a-1,4-glycosidic bond: |

CH,OH CH,OH
o) o)

condensation R

HONCH /On " HONQH_/On s

OH , OH
a-D-Glucose x-D-Glucose
CH,OH CH,0OH
O 0)
+ H,0
HONQH O—N\PH /0on
OH [ OH
a-1,4-glycosidic bond
a-Maltose
The condensation product of two monosaccharides is a disaccharide. In addition

to maltose, which is formed from two D-glucose molecules, the following disac-
charides are relatively common:

CH,OH CH,OH
O
HON\QH
"OH OH
2-nD-Glucose B-p-fructose

Sucrose




e

CHEMICALS OF LIFE 37

CH,OH CH,OH
HO © O OH
OH ? NoH
OH OH
p-D-galactose f-D-glucose
Lactose

Table sugar is sucrose, a major foodstuff which is found in all photosynthetic
plants. Among all disaccharides, sucrose is the easiest to hydrolyze: the resulting
mixture of glucose and fructose monosaccharides is called invert sugar. Found
only in milk, lactose is a relatively rare but important disaccharide. Since some
people are lactose-intolerant and therefore cannot digest milk, enzyme processes
to hydrolyze milk lactose are currently under development.

Continued polymerization of glucose can occur by formation of new 1,4-
glycosidic bonds. Amylose is a straight-chain polymer of glucose subunits with
molecular weight which may vary from several thousand to half a million:

N OO,O}OO—

a-1,4-glycosidic linkages
Portion of an amylose chain (—OH groups omitted for clarity)

Amylose typically constitutes about 20 percent of starch, the reserve food in
plants, although this percentage varies widely. Granules of starch are large
enough to be seen in many plant cells examined through a microscope.

While the amylose fraction of starch consists of straight-chain, water-insolu-
ble polymers,' the bulk of starch is amylopectin. Amylopectin, also p-glucose
polymer, is distinguished by a substantial amount of branching. Branches occur
from the ends of amylose segments averaging 25 glucose units in length. Such
structures arise when condensation occurs between the glycosidic —OH on one

"M. M. Green, G. Blankenhorn, and H. Hart, “Textbook Errors. 123; Which Starch Fraction Is
Water-Soluble, Amylose or Amylopectin?,” J. Chem. Educ., B52: 729, 1975.
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chain and the 6 carbon on another glucose:

branch point
o O/Jzﬁﬁn@;ﬁ;

Amylopectin molecules are typically larger than amylose, with molecular weights
ranging up to 1 to 2 million. Amylopectin is soluble in water, and it can form gels
by absorbing water. After partial hydrolysis of starch, by acid or certain enzymes,
many branched remnants of amylopectin called dextrins remain. Dextrins are
used as thickeners and in pastes. Naturally, glucose, maltose, and other relatively
small sugars are also obtained by partial hydrolysis. Corn syrup is derived from
corn starch in this manner.

The glucose reservoirs in animals, especially numerous in liver and muscle
cells, are granules of glycogen, a polymer which resembles amylopectin in that it
is highly branched. Here, the degree of branching is greater as there are typically
only 12 glucose units in the straight-chain segments between branches. Glyco-
gen molecular weights of 5 million and greater are not uncommon. Glycogen
also serves as an energy reserve for some microorganisms, including the enteric
bacteria.

2.2.3 Cellulose

Cellulose, a major structural component of all plant cells from algae to trees, is
the most abundant organic compound on earth. Cotton and wood are two com-
mon examples of materials rich in cellulose. Estimates place the amount of cellu-
lose formed in the biosphere at 10'! tons per year. Each cellulose molecule is a
long, unbranched chain of p-glucose subunits with a molecular weight ranging
from 50,000 to over 1 million.

Although the glycosidic linkage in cellulose occurs between the 1 and 4
carbons of successive glucose units, the subunits are bonded differently than in
amylose (compare the following structural formula with the preceding one for
amylose). This difference in structure is significant. While many microorganisms,
plants, and animals possess the necessary enzymes to break (hydrolyze) the a-1,4-
glycosidic bonds which are found in starch or glycogen, few living creatures can
hydrolyze the f-1,4 bonds of cellulose. One of the common products of enzy-
matic cellulose hydrolysis is cellobiose, a dimer of two glucose units joined by a
B-1,4-glycosidic linkage.

The resistance of cellulose to natural and process degradatlon derives more
from the crystalline structure of cellulose and upon its biological “packaging”
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B-1.4 linkage
The glucose chain of cellulose

than on its use of f-1,4-glycosidic bonds. As shown in Fig. 2.4, intrachain hydro-
gen bonding occurs between the C-3 hydroxyl and the oxygen in the pyranose
ring. Occasional interchain hydrogen bonding is also present. This hydrogen
bonding makes cellulose chains combine to give crystallites, larger structures
which are visible in the electron microscope.

Several different models for the crystalline structure of cellulose have been
proposed; the essential concepts for our purposes can be gleaned from the sche-
matic view given in Fig. 2.5. Most of the cellulose is organized into highly or-
dered crystalline regions, in which cellulose chains or fibrils are so tightly packed
that even water molecules scarcely penetrate. Cellulose is, accordingly, water
insoluble. Less ordered portions of the assembly, called amorphous regions, com-
prise typically about 15 percent of the cellulose microstructure. The amorphous
regions are easily hydrolyzed by, for example, acids; the crystalline regions on the
other hand are much more difficult to decompose.

The cellulose fibrils are clustered in microfibrils which are often depicted in
cross section as in Fig. 2.5a. Here the solid lines denote the planes of the glucose
building blocks, and the broken lines represent orientations of another important
group of polysaccharides called hemicellulose. Hemicellulose molecules are found

H6

Figure 24 Schematic view of hydrogen bonding between g]uc;ose residues in cellulose. Also indicated
by R is a possible position for chemical modification of cellulose. In methyl cellujose, cellulose
acetate, and carboxymethylcellulose, R is —CH,, —(”3CH3, and —CHCOONa, respectively.

O
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| p. 1, 1967.)

in wood and other cellulosic materials surrounding clusters of microfibrils, and
these structures are in turn encased in an extensively cross-linked coating of
lignin.

Because of this packaging, the term lignocellulose is often used to describe
these materials. In Table 2.3, we can see that many types of biomass and cellulose
Wwaste materials contain significant amounts of lignocellulose and that the relative
proportions of cellulose, hemicellulose, and lignin vary considerably. These com-
position data remind us that, in addition to serving as a renewable source of
cellulose feedstock, these biomass resources also contain large quantities of other
potentially useful raw materials. For this reason, we shall examine further the
properties of hemicellulose and lignin.

Hemicelluloses, which vary in specific composition among different plants,
are short, branched polymers of pentoses (xylose and arabinose) and some hex-
oses (glucose, galactose, and mannose). These units, which typically contain a

Table 2.3 Distribution (wt %) of cellulose, hemicellulose,
and lignin in biomass and waste resources

Material % cellulose % hemicellulose % lignin
Hardwoods stems 40-55 24-40 18-25
Softwoods stems 45-50 25-35 25-35
Grasses 25-40 25-50 10-30
Leaves 15-20 80-85 ~0
Cotton seed hairs 80-95 5-20 o ~0
Newspaper 40-55 25-40 18-30
Waste papers 60-70 10-20 5-10

from chemical pulps

Figure 2.5 Diagram of the struc- :
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large number of acetyl groups, are linked by 1,3-, 1,6-, and 1,4-glycosidic bonds.
Many of these features are illustrated in the following representation of hard-
wood hemicellulose: .

TX—X—X—X—X—X—X—X—X—X
3 2 2 3 3 3 2 3
A A x A A A A Al
' 1
GA
4
M
X: xylose M: methoxy group
A: acetyl group —: B-1,4 glycosidic bond

GA: glucuronic acid

Here the numbers denote the carbon numbers of various bonds.

H,COH H,COH
HC co
HCOH CH,
H,COH . qu
HﬁCOH CO " MeOpe Hcon  HC OMe
1 1 t
HE—|-8 3 3 HC @
HC OMe HCO'H,COH @ OMe
MeO H,COH OH H(.f HC H.COH OM«(e) CO/H O\CH
0—CH (OMe), HC co o 2
e HCOH
@ MeO
H,COH'\~ OMe OMC OMe
HC—O0 0 ,

H,C~ ‘CH HC—"O

i
HCO(C¢H,005),H H(|3 CH
HCOCH2 MeO

H,COH oH
O—CH H,COH OMe .

HCOHHC — § | H,COH
diol” 5
|
MeO H,COH _ OMe H,COH
0 OMe '

- HC 0 —CH @
OH HCOH | OMe

MeO ' OMe L OMe

-0 OH - —O

Figure 2.6 Schematic two-dimensional illustration of components and bonds found in spruce lignin.
(Reprinted by permission from K. Freudenberg, “Lignin: Its Constitution and Formation from
p-Hydroxycinnamyl Alcohols,” Science, vol. 148, p. 595. Copyright 1965 by the American Association

for the Advancomont af Srionro )
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Glucuronic acid has not been mentioned before. It is one member of the
family of uromic acids which are obtained by specific oxidation of one of the
primary alcohol groups of a monosaccharide. In particular, glucuronic acid is
one in which a carboxyl group occupies the 6 position.

We can hydrolyze hemicellulose to soluble products relatively easily. This
can be achieved, for example, with dilute sulfuric acid (0.05 to 3 percent) or even
with hot water. Much more recalcitrant, however, is the lignin casing which
encloses the polysaccharide components of biomass.

Lignin is a polyphenolic material of irregular composition. In the model
structure for spruce lignin in Fig. 2.6, we get a clear impression of the chemical
complexity and heterogeneity of this material. This random arrangement of dif-
ferent building blocks strongly resists chemical and enzymatic attack. We shall
briefly examine some of the available techniques in Chap. 4. In closing this over-
view of biomass chemistry and structure, we should note that lignin fragments
are themselves potentially interesting chemicals and feedstocks.

2.3 FROM NUCLEOTIDES TO RNA AND DNA

The informational biopolymer DNA (deoxyribonucleic acid) contains all the cell’s
hereditary information. When cells divide, each daughter cell receives at least one
complete copy of its parent’s DNA, which allows offspring to resemble parent in
form and operation. The information which DNA possesses is found in the se-

quence of the subunit nucleotides along the polymer chain. The mechanism of
" information transfer and the timing of DNA replication in the cell cycle are
discussed in Chap. 6, along with other aspects of cellular controls. The subunit
chemistry, the structure of the DNA polymer, and the information coded in the
subunit sequence are now considered.

2.3.1 Building Blocks, an Energy Carrier, and Coenzymes

In addition to their presence in nucleic acids, nucleotides and their derivatives
are of considerable biological interest on their own. ‘Three components make
up all nucleotides: (1) phosphoric acid, (2) ribose or deoxyribose (five-carbon
sugars), and (3) a nitrogenous base, usually derived from either purine or
pyrimidine.

H H
N4CS N N éC\CH
| I} /CH l I
HC\N/C\E HCy__CH
Purine Pyrimidine

These three components are joined in a similar fashion in two nucleotide
types (Fig. 2.7) which are distinguished by the five-carbon sugar involved. Ribo-

nucleic acid (RNA) is a polymer of ribose-containing nucleotides, while deoxy-

ribose is the sugar component of nucleotides making up the biopolymer
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Deoxyribonucleotides
(general structure)

OH

T

Phosphoric
acid
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Ribonucleotides
(general structure)

OH
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H H
OH OH
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Figure 2.7 (a) The general structure of ribonucleotides and deoxyribonucleotides. (b) The five nitrog-
enous bases found in DNA and RNA.
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deoxyribonucelic acid (DNA). Also shown in Fig. 2.7 are the five nitrogenous
bases found in DNA and RNA nucleotide components. Three of the bases, ade-
nine (A), guanine (G), and cytosine (C), are common to both types of nucleic
acids. Thymine (T) is found only in DNA, while uracil (U), a closely related
pyrimidine base, is unique to RNA. Both series of nucleotides-are strong acids
because of their phosphoric acid groups.

Removal of the phosphate from the 5'-carbon of a nucleotide gives the corre-
- sponding nucleoside. As indicated in Table 2.4, the nomenclature for nucleosides
and nucleotides derives from the names of the corresponding nitrogenous bases.
We should note that alternative designations are sometimes used for the nucleo-
tides. For example, adenylate can also be called adenosine-5-monophosphate. It
is the latter nomenclature that is typically extended to describe derivatives with
diphosphate or triphosphate groups esterified to the nucleoside 5'-hydroxyl; for
example, adenosine 5'-triphosphate (ATP). .

Of particular biological significance is the nucleoside adenosine, made with
ribose and adenine. Sketched in Fig. 2.8, along with its important derivatives, is
adenosine monophosphate (AMP). One or two additional phosphoric acid groups
can condense with AMP to yield ADP (adenosine diphosphate) and ATP, re-
spectively. The phosphodiester bonds connecting the phosphate groups have
especially useful free energies of hydrolysis. For example, the reaction of ATP to
yield ADP and phosphate is accompanied by a standard Gibbs free-energy
change of —7.3 kcal/mol at 37°F and pH 7 [recall that pH = —log (molar H*
concentration)].

Although we are accustomed to thinking primarily in terms of thermal en-
ergy, the cell is essentially an isothermal system where chemical energy transfor-
mations are the rule. As examined in considerable additional detail in Chap. 5,
ATP is the major currency of chemical energy in all cells. That is, ATP is the
means by which the cell temporarily stores the energy derived from nutrients or
sunlight for subsequent use such as biosynthesis of polymers, transport of mate-
rials through membranes, and cell motion. While adenosine phosphates are the
predominant forms of energy carriers, the diphosphate and triphosphate deriva-
- tives of the other nucleosides also serve related functions in the cell’s chemistry.

Table 2.4 Nomenclature of nucleosides and nucleo-
tides. As indicated in the last row, the prefix deoxy- is
used to identify those molecules containing deoxyri-

bose.

Base Nucleoside Nucleotide
Adenine (A) Adenosine Adenylate (AMP)
Cytosine (C) Cytidine Cytidylate (CMP)
Guanine (G) Guanosine Guanylate (GMP)
Uracil (U) Uridine Uridylate (UMP)

Thymine (T) Deoxythymidine Deoxythymidylate (dTMP)
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The cyclic form of AMP, so called because of an intramolecular ring involy-
ing the phosphate group (Fig. 2.8), serves as a regulator in many cellular reac-
tions, including those that form sugar and fat-storage polymers. An inadequacy
of cyclic AMP in tissue is related to one kind of cancer, a condition of relatively
uncontrolled cell growth.

In addition to providing components for nucleic acids, the adenine-ribose
monophosphate is a major portion of the coenzymes shown in Fig. 2.9. Enzyme
kinetics are considered in the following chapter: it suffices here to note that the
coenzyme is the additional organic moiety which is necessary for the activation of
certain enzymes to the catalytically useful form. As essentially all reactions within

Adenosine
monophosphate
(AMP)
OH (I)H
|
HO——ﬁ—O—~IP—O—CH
(o) 0 Adenosine
b diphosphate (ADP)
OH OH
Adenosine HO—P—O—

triphosphate (ATP)

Oo=P

OH

Figure 2.8 The phosphates of adenosine. AMP, ADP, and ATP are important in cellular energy
transfer processes, and cyclic AMP serves a regulatory function.
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Figure 2.9 Three important coenzymes derived from nucleotides.

the cell are catalyzed by enzymes, variations of the coenzyme level provide a
convenient short-term method for ceflular regulation of active enzyme and thus
of the rate of certain intracellular reactions. '

2.3.2 Biological Information Storage: DNA and RNA

As with the polysaccharides, the polynucleotides are formed by condensation of
its monomers. For both RNA and DNA, the nucleotides are connected between
the 3" and 5’ carbons of successive sugar rings. Figure 2.10 illustrates a possible
sequence in a trinucleotide. The DNA molecules in cells are enormously larger:
all the essential hereditary information in procaryotes is contained in one DNA
molecule with a molecular weight of the order of 2 x 10% In eucaryotes, the

AT S

9]




CHEMICALS OF LIFE 47

5" End 5
CH,OH
- OWBaSe}
0
\ Schematic form
“0—P=0
\ _ Base; Base, Base,
CH,O
o Base
Base, —_—
\P \P \P
NOONN
0 5 >3
“0—P=0
P=0 CH,0
P 2
( - -- . ("
& " i o_ Buses
v |
CH, OH!
o. Bases
OH v
3" End 3
OH

Figure 2.10 (a) Condensation of several nucleotides to form a chain linked by phosphodiester bonds.
(b) Another schematic for a nucleotide chain.

nucleus may contain several large DNA molecules. The negative charges on
DNA are balanced by divalent ions (procaryotes) or basic amino acids (eu-
caryotes).

It is important to notice in Fig. 2.10a that the sequence of nucelotides has a
direction or polarity, with one free 5'-end and the other terminus possessing a 3'-
end not_coupled to another nucleotide. As indicated in Fig. 2.10b, it is conven-
tional to write the nucleotide sequence in the 5’ to 3’ direction. More abbreviated
notations are often used. Suppose in the example in Fig. 2.10b, which contains a
phosphate group esterified to the 5'-hydroxyl, that Base, is cytosine, Base, is
adenine, and Base; is thymine. Then the same nucleotide sequence information is
often written pCpApT, or, even more briefly, CAT.

As James Watson and Francis Crick deduced in 1953, the DNA molecule
consists of two polynucleotide chains coiled int6 a double helix (Fig. 2.11). The
regular helical backbone of the molecule is composed of sugar and phosphate
units. In the interior of the double helix are the purine and pyrimidine bases. It is
the sequence of the four different nitrogenous bases along the polynucleotide
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34A
(TEN NUCLEOTIDE
PAIRS PER TURN)

|‘ 20A |

Figure 2.11 Several views of the double-helical structure of DNA. These diagrams show the classical
Watson-Crick structure [7], also called B-DNA, a right-handed helix in which the planes of the base
pairs are perpendicular to the helix axis. The sketch on the right reveals some geometrical parameters
of this structure. (Left-hand and center diagrams reprinted with permission from M. Yudkin and R.
Offord, “ A Guidebook to Biochemistry,” p. 52, Cambridge University Press, London, 1971.)

chains which carries genetic information—namely the instructions for ribonucleic
acid and protein synthesis. We shall investigate the mechanisms for control and
utilization of the genetic information in DNA in Chap. 6.

The nitrogenous base at a particular position on one strand is paired with
the adjacent base on the other strand in a particular and precise fashion: adenine
on one strand pairs with thymine on the other. Guanine-cytosine is the second
base pair found in DNA. Figure 2.12 indictates the remarkable geometric similar-
ity of the two base pair configurations and illustrates the presence of two and
three hydrogen bonds in the A—T and C—G base pairs, respectively.

The two strands of DNA have opposite polarity: they run 5’ — 3’ in opposite

directions. Combining this information with the base pairing rules, we can infer
from the nucleotide sequence of a single deoxyribonucleotide chain, for example

5" CGAATCGTA ¥

that the corresponding fragment of an intact, double-stranded DNA molecule
looks like

5 CGAATCGTA ¥
3 GCTTAGCAT ¥

Similarly, if we have been given only the sequence
5 TACGATTCG ¥
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Figure 2.12 The complementary structures of the ader}infe-thymlne ar}d g;iglngézfslergz r};rz::trss g::e
vide for hydrogen bonding while maintaining very ixmllar geometnes(.iF ,:j-tio,, e dL
pairing within the DNA molecule double helix. ( From “Cell Structure aln . -l,‘,eha,-t ,and W;nsmn. o
Ariel G. Loewy and Philip Siekevitz. Copyright © 1963, 1969 by Holt, Ri ,

printed by permission of Holt, Rinehart, and Winston.)

we would also have deduced the same double-stranded.stru.cturc;. Thuli,3 Iige a;}
informational sense, knowledge of one strand’s se;q:xerfm: tltrlr;p(l;:;e; € seq
strand. Each strand is a template io - i
e ?ﬁlsp lfz;riirrl;a;)fl DNA provides the directions for syntl.1e51's of dalﬁghttet(') Izg:.
from a parent DNA molecule, a process called DNA repllcatzon. If tt e C\:éd o
plementary DNA strands are separated and double helices are constru tod from
each strand following the base-pairing rules, the end products are twl? n i
cules, each identical to the original double-stranded DNA and each co

one new strand and one old strand (Fig. 2.13)-Therefore, base pairing provides a

chemical reader for the biological message c.oded in the DNAfnltlxclec;t:s:ds;;
quence. The overall mechanism depicted in Fig. 2.-13 was successfully pr e
an experiment in which E. coli was grown first in a medium contalmng
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Figure 213 A simplified diagram of
DNA replication. As the parent
strands separate, complementary
strands are added to each parent, re-
sulting in two daughter molecules
identical to the parent. Notice that
each daughter molecule contains one
strand from the parent. (From “Cell
Structure and Function,” 2d ed., p. 145,
/3 Guanine by Ariel G. Loewy and Phlhp
e=—= Cytosine Siekevitz. Copyright © 1963, 1969 by

(.. b—_\ S Adenine Holt, Rm.eh‘art, and Wmstort. Reprinted
Thymine by permission of Holt, Rinehart, and
5 73 B Winston.)

nitrogen, then in a medium with only the normal '*N isotope. DNA containing
the different isotopes could be separated in an ultracentrifuge. Ultracentrifuga-
tion and the use of isotopic labels, including radioisotopes, are major tools in
contemporary biochemistry.

Another important feature of DNA structure is the hydrogen bonding which
occurs between the base pairs (See Fig. 2.12). This helps to stabilize the double-
stranded configuration, but not in a permanent or irreversible fashion. The possi-
bility of unwinding or separating the two strands is crucial to the biological
function of DNA as the replication sketch in Fig. 2.13 illustrates. In further
investigation of molecular genetics in Chap. 6, we will encounter other central
roles for single-stranded DNA segments.

Separation of double-stranded DNA by heat is an important method in
DNA characterization. Because AT base pairs involve two hydrogen bonds and
GC base pairs have three, AT-rich regions of DNA melt (i.c., the two strands
separate) before GC-rich regions. The melting process is readily monitored by
following absorbance of the DNA solution at 260 nm: single-stranded DNA ab-
sorbs more strongly, so that DNA melting is measured as an increase in overall
absorbance. The melting temperature T,, is the temperature at which the ab-
sorbance is midway between the fully double-stranded and completely melted
limits. As expected, the T, value for DNA correlates with its GC content. For
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example, E. coli DNA, which is 50 percent GC, has a T, of 69°C, while DNA
from Pseudomonas aeruginosa, 68 percent GC pairs, gives T,, = 76°C. GC content
of different organisms span a wide range from 23 to 75 percent. Base composition
is one parameter sometimes used in characterizing species.

If a solution of melted DNA is cooled, the separated complementary strands
will anneal to reform the double helix. Similarly, if two different single-stranded
segments of DNA have complementary base pair sequences, these will hybridize
to form a double-stranded segment. Hybridization is a critical experimental tech-
nique in biochemistry and in recombinant DNA technology (Chap. 6). Before
leaving this brief introduction to the physical chemistry of DNA, we should note
that double-stranded DNA can be melted or denatured by addition of alkali or
acid to ionize the bases. Also, double-stranded DNA in solution behaves hydro-
dynamically like a rigid rod, while single-stranded DNA acts like a randomly
coiled polymer.

As mentioned earlier, all of the DNA required for essential functions—
growth and multiplication of cell numbers—in a bacterium like E. coli is con-
tained in a single DNA molecule which is a closed circle. This molecule, which
exists naturally in a highly supercoiled form, is evident in electron micrographs of
bacteria as a distinct but somewhat amorphous nuclear region (recall Fig. 1.2).
This large, essential DNA 1s called the chromosome of the bacterium: this chro-
mosome is 4.7 million, or 4700 kb, base pairs in circumference (kb denotes kilo-
bases or 1000 nucleotides).

The DNA in the membrane-enclosed nucleus of eucaryotes is typically di-
vided among several chromosomes, which may be much larger structures than
the procaryote chromosome. Eucaryotic chromosomes also contain small basic
proteins called histones which account for roughly 50 percent of the chromo-
somes’ mass. The nucleoprotein material in the eucaryotic chromosome is called
chromatin. Eucaryotic cells also contain separate and smaller DNA molecules in
their chloroplast and mitochondria organelles. .

It is very important to recognize that cells may contain additional DNA
molecules. Plasmids are relatively small DNAs which are found in many bacteria
and eucaryotes. Bacterial plasmids, for example, are circular DNA molecules
with sizes ranging from about 4 to 50kb. Plasmids in nature endow their host
cells with useful but nonessential functions such as antibiotic resistance. In the
biochemistry laboratory and the production process, plasmids assume a central
role: they are important vehicles of recombinant DNA technology. As we shall
examine further in Chap. 6, manipulation of plasmids in the test tube and subse-
quent introduction of the recombinant plasmids into living cells genetically re-
programs the cells to produce new compounds or grow more efficiently.

Other small DNA molecules may be inserted into living cells by viruses.
Bacteriophage, or often called simply phage, are small viruses which infect bac-
teria. These can cause problems in large-scale processes utilizing pure bacterial

! Lengths in kilobases may be converted to linear contour lengths using the factor 0.34 umkb
r - Anwhlactranded DNA. 1 kb equals approximately 660 kdal mass.
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cultures. On the other hand, studies of phage have made essential contributions
to molecular genetics, and phage also are used to maintain stable working collec-
tions, or libraries, of DNA segments. The phage 1 of E. coli contains a single
circular double-stranded DNA molecule 48.6 kb in length. The DNA in T2 phage
of E. coli is 166 kb long.

The function of DNA is to store instructions for synthesis of RNA molecules
of specific nucleotide sequence and length, some of which then coordinate synthe-
sis of a variety of specific proteins. A segment of DNA coding for an RN A mole-
cule’s sequence is called a gene. We consider different RNA species briefly next.
and then turn to proteins and their building blocks.

There are three distinct classes of ribonucleic acid (RNAs) in all cells and a
fourth group found in some viruses. RNAs are comprised of ribonucleotides in
which ribose rather than deoxyribose is the sugar component. Like DNA, the
nucleotides in an RNA molecule are arranged in a definite sequence. In fact, the
RNA sequences are constructed using information contained in segments of
DNA. Again, base pairing is the central device in transmission of information
from DNA to RNA. The base pairing rules are similar to those within double-
stranded DNA, except in RNAs uracil substitutes for thymine in base pairing
with adenine:

DNA (template) RNA (being assembled)

Qa>» -
aOQac >

The various RNAs which participate in normal cell function serve the purpose of
reading and implementing the genetic instructions of DNA. Messenger RNA
(mRNA) is complementary to a base sequence from a gene in DNA. Each
mRNA molecule carries a message from DNA to another part of the cell’s bio-
chemical apparatus. Since the length of these messages varies considerably, so do
the size of mRNAs: a chain of 103-10* nucleotides in length is typical. RNAs are
typically single-stranded. However, intermolecular and intramolecular base pair-
ing of RNA nucleotide sequences often play a role in the structure or function of
the RNA.

The message from mRNA is read in the ribosome (Figs 1.2 and 1.3). Up to 65
percent of the ribosome is ribosomal RNA (rRNA), which in turn can be separ-
ated in a centrifuge into several RNA species. For example, the E. coli ribosome
contains three different rRNAs denoted 23S, 16S, and 5S and with characteristic
chain lengths of 3 x 10, 1.5 x 103, and 10? nucleotides, respectively. Ribosomes -
found in the cytoplasm of eucaryotic cells, on the other hand, contain 28S, 18S,
78, and 5S rRNAs. Different still are the ribosomes-found in mitochondria and
chloroplasts. o 1

___—_
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Table 2.5 Properties of E. coli RNAs'

No. of Percent of
Sedimentation nucleotide total cell

Type coefficient mol wt residues RNA
mRNA 6S-258 25,000-1,000,000 75-3000 ~2
tRNA ~4S 23,000-30,000 75-90 16
rRNA 58 ~ 35,000 ~100

16S ~ 550,000 ~ 15000} 82

238 ~ 1,100,000 ~3100

' From A. L. Lehninger, Biochemistry, 2d ed., table 12-3, Worth Publishers, Inc.
New York, 1975.

Transfer RNA species (tRNAs), the smallest type, with only 70 to 95 nucleo-
tide components, are found in the cell’s cytoplasm and assist in the translation of
the genetic code at the ribosome. Table 2.5 characterizes the various RNAs in the
E. coli bacterium. The nucleotide sequences and thereby the structures and func-
tions of the various rRNAs and tRNAs found in the cell are, like mRNA se-
quences, dictated by nucleotide sequences of the corresponding genes in the cell’s
DNA.

The end result of this intricate information transmitting and translating Sys-
tem is a protein molecule. Proteins are the tangible biochemical expression of the
information and instructions carried by DNA. In the terminology of classical
process control, they are the final control elements which implement the DNA
controller messages to the cellular process. The dynamics and properties of these
controllers are considered next and in several later chapters.

- 24 AMINO ACIDS INTO PROTEINS

Proteins are the most abundant organic molecules within the cell: typically 30 to
70 percent of the cell’s dry weight is protein. All proteins contain the four most
prevalent biological elements: carbon, hydrogen, nitrogen, and oxygen. Average
weight percentages of these elements in proteins are C (50 percent), H (7 percent),
O (23 percent), and N (16 percent). In addition, sulfur (up to 3 percent) contrib-
utes to the three-dimensional stabilization of almost all proteins by the formation
of disulfide (S—S) bonds between sulfur atoms at different locations along the
polymer chain. The size of these nonrepetitive biopolymers varies considerably,
with molecular weights ranging from 6000 to over 1 million. The two major types
of protein configuration, fibrous and globular, are shown in Fig. 2.14.

In view of the great diversity of biological functions which proteins can serve
(Table 2.6), the_prevalence of proteins within the cell is not syrprising. A critical
role of many proteins is catalysis. Protein catalysts called enzymes determine the
rate of chemical reactions occurring within the cell. Enzymes are found in a
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Figure 2.14 The two major types of protein structure with variations: (a) fibrous and (b) globular.

variety of cell locales: some are suspended in the cytoplasm and thus dispersed
throughout the cell interior. Some are localized by attachment to membranes or
association with larger molecular assemblies. Other membrane-associated pro-
teins called permeases aid in transport of specific nutrients into the cell.

Still different proteins contribute to the structure of cell membranes. Others
can serve motive functions. Many single-celled organisms possess small, hairlike
appendages called flagella whose motion serves to propel the cell; the flagella are
driven by contractile proteins. Bacterial protein appendages called pili are impli-
cated in the initial attachment of pathogenic bacteria to susceptible tissues.

Proteins are isolated, purified, and characterized 5y several different types of
physical and chemical techniques. Protein separation methods (Chap. 11) are




:'IS
ke
ire
li-

of
\re

CHEMICALS OF LIFE 88

Table 2.6 The diverse biological functions of proteins

Protein

Occurrence or function

Enzymes (biological catalysts):
Glucose isomerase
Trypsin
Alcohol dehydrogenase
RNA polymerase

Regulatory proteins:
lac repressor
Catabolite activator protein
Interferons
Insulin
Bovine growth hormone

Transport proteins:
Lactose permease
Myoglobin
Hemoglobin

Protective proteins in vertebrate blood:
Antibodies
Thrombin

Toxins:
Bacillus thuringiensis toxin
E. coli ST toxin
Clostridium botulinum toxin

Storage proteins:
Ovalbumin
Casein
Zein

Contractile proteins:
Dynein

Structural proteins:
Collagen
Gylcoproteins
Elastin

Isomerizes glucose to fructose
Hydrolyzes some peptides
Oxidizes aicohols to aldehydes
Catalyzes RNA synthesis

Controls RNA synthesis
Catabolite repression of RNA synthesis
Induce virus resistance

- Regulates glucose metabolism

Stimulates growth and lactation

Transports lactose across cell membrane
Transports O, in muscle
Transports O, in blood

Form complexes with foreign molecules
Component of blood clotting mechanism

Kills insects
Causes disease in pigs
Causes bacterial food poisoning

Egg-white protein
Milk protein
Seed protein of corn

Cilia and flagella

Cartilage, tendons
Cell walls and coats
Ligaments

based on differences in molecular properties, which in turn are partly due to the

characteristics of the constituent amino acids, our next topic.

24.1 Amino Acid Building Blocks and Polypeptides

The monomeric building blocks of polypeptides and proteins are the a-amino

acids, whose general structure is

H
!

H,N---C--
|
R

-COOH
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Thus, amino acids are differentiated according to the R group attached to the a
carbon (the one closest to the —COOH group). Since there are generally four
different groups attached to this carbon (the exception being glycine, for which
R = H), it is asymmetrical.

Many organic compounds of biological importance, sugars and amino acids
included, are optically active: they possess at least one asymmetric carbon and
therefore occur in two i1someric forms, as shown below for the amino acids:

i i
HzN---(‘Z---COOH HOOC---(‘}--NHZ
R R
L form D form

Solutions of a pure isomer will rotate plane polarized light either to the right

(dextro- or d-) or left (levo- or I-). This isomerism is extraordinarily important
-since viable organisms can usually utilize only one form, lacking the isomeriza-

tion catalysts needed to interconvert the two. The enzyme catalysts themselves
are typically capable of catalyzing reactions involving one of the two forms only.
This property has been used commercially to resolve a racemic mixture of
acylamino acids, converting one isomer only, so that the final solution consists
of two considerably different and hence more easily separable components. Addi-
tional details on this process follow in Chap. 4. As direct physical resolution of
optical isomers is expensive and slow, such microbial and enzymatic (as well as
other chemical) aids for resolution may become more important.

It is intriguing to note that only the L-amino acid isomers are found in most
proteins. Appearance of D-amino acids in nature is rare: they are found in the cell
walls of some microorganisms and also in some antibiotics.

The acid (—COOH) and base (—NH,) groups of amino acids can ionize in
aqueous solution. The amino acid is positively charged (cation) at low pH and
negatively charged (anion) at high pH. At an intermediate pH value, the amino
acid acts as a dipolar ion, or zwitterion, which has no net charge. This pH is the
isoelectric point, which varies according to the R group involved (Table 2.7). An
amino acid at its isoelectric point will not migrate under the influence of an
applied electric field; it also exhibits a minimum in its solubility. These properties
of amino acids allow utilization of such separation techniques as ion exchange,
electrodialysis, and electrophoresis for mixture resolution (Chap. 11).

Ilustrated in Fig. 2.15 are the 20 amino acids commonly found in proteins.
In addition to the carboxyl and amine groups possessed by all amino acids
(except proline), the R groups of some acids can ionize. Several of the acids
possess nonpolar R groups which are hydrophobic; other R groups are hydro-
philic in character. The nature of ihese side chains is important in determining
both the ultimate role played by the protein and the structure of the protein
itself, as discussed in the next section. o

Simple proteins are polymers formed by condensation of amino acids. In
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protein formation, the condensation reaction occurs between the amino group of
one amino acid and the carboxyl group of another. forming a peptide bond:

H O H O
I | ooy | I —H.0
H—N C—*OH+H—N\ C—OH s
VRN 7\
1 2
O
H ... H |l
| | _C—oOH
H—N_ "/C\ PO
o N Ry
H "H

Since the peptide bond has some double-bond character, the six atoms in the
dashed-box region lie in a plane. Note that every amino acid links with the next
via a peptide bond, thus suggesting that a single catalyst (enzyme) can join all the
subunits provided that some other mechanism orders the subunits in advance of
peptide-bond formation (Chap. 6).

The amino acid fragment remaining after peptide-bond formation is the res-
idue, which is designated with a -yl ending, e.g., glycine, glycyl; alanine, alanyl.
The list of a sequence of residues in an oligopeptide is begun at the terminus
containing the free amino group.

Polypeptides are short condensation chains of amino acids (Fig. 2.16). A little
reflection suggests that as the length of the chain increases, the physicochemical
characteristics of the polymer will be increasingly dominated by the R groups of
the residues while the amino and carboxyl groups on the ends will shrink in
importance. By convention, the term polypeptide is reserved for these relatively
short chains. These molecules have considerable biological significance. Many
hormones such as insulin, growth hormone, and somatostatin are polypeptides.

Larger chains are called proteins, with the diffuse dividing line between these
two classifications ranging from 50 to 100 amino acid residues. Since the average
molecular weight of a residue is about 120, proteins have molecular weights
larger than about 10,000, and some protein molecular weights exceed 1 million.

Determination of the amino acid content of a particular protein or a protein
mixture can be accomplished in an automated analyzer. Total hydrolysis of the
protein can be achieved by heating it in 6 N HCI for 10 to 24 h at 100 to 120°C.
All the amino acids with the exceptions of tryptophan, glutamic acid, and as-
partic acid are recovered intact in the hydrochloric form. These can then be
separated and measured. Alkali hydrolysis can be used to estimate the trypto-
phan content. The result of such experiments on the proteins from E. coli, an
intestinal bacterium, are listed in Table 2.8. From these and other data, it has
been found that not all 20 amino acids in Fig. 2.15 are found in all proteins.
Amino acids do not occur in equimolar amounts in any known protein. For a
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Number of carbon atoms in R-group
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Methionine
(Met)

Phenylalanine
(Phe)

CH3_' CHz_CH_

CH,
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Figure 2.15 The 20 amino acids found in proteins.

Table 2.7 pK (= —log K) values of ter-
minal amino, terminal carboxyl, and R
groups for several amino acids'

pK, PK, PKg
Amino acid «-COOH a-NH, R group
Glycine 2.34 9.6
Alanine 2.34 9.69
Leucine 2.36 9.60
Serine 2.21 9.15
Threonine 2.63 10.43
Glutamine 2.17 9.13
Aspartic acid 2.09 9.82 3.86
Glutamic acid 2.19 9.67 4.25
Histidine 1.82 9.17 6.0
Cysteine 1.7 10.78 8.33
Tyrosine 2.20 9.11 10.07
Lysine 2.18 8.95 10.53
Arginine 2.17 9.04 1248

"From A. L. Lehninger, Biochemistry, 2d ed.,
table 4-2. Worth Publishers, Inc., New York, 1975.
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0 1 2 3 4 Cyclic
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HO—CH,— | HO CH,— ¢
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Serine Threonine Tyrosine
(Sery (Thr) (Tyr)
NH, NH,
\ \ S
C—CH, C—CH,—CH,— =
/Y Y/ - - g
O ) «
Asparagine Glutamine
(Asn) (GlIn) 2
=
~y ’ 8-
\ \ + 2
C—CH,— C—CH,—CH,— H;N—(CH,)y— T
/ ‘ /4 -
O 0
Aspartic acid Glutamic acid Lysine 1)
(Asp) (Glu) (Lys) ‘é’
L S
il
NH,; e
H
Arginine Histidine
(Arg) (His) J J
H,
C 6]
CTN oy
HS—CH,— /C\-— C\ Others
“~n H O
Cysteine Proline
(Cys) (Pro)
{entire molecule)
Figure 2.15 (continued)
given protein, however, the relative amounts of the various amino acids are

fixed.

Amino acids are not the only constituents of all proteins. Many proteins
contain other organic or even inorganic components. The other part of these
conjugated proteins is a prosthetic group. If only amino acids are present, the term
simple protein, already introduced above, is sometimes used. Hemoglobin, the
oxygen-carrying molecule in red blood cells, is a familiar example of a conjugated
protein: it has four heme groups, which are organometallic complexes containing
iron. A related smaller molecule, myoglobin, has oric heme group. Each molecule
of the enzyme L-amino acid oxidase, which catalyzes deamination of a number of
L-amino acids, contains two FAD (Fig. 2.9) units. As discussed above, the pros-
thetic portion of ribosomes is RNA.
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45 +
COO™ HN=\
5 N
COO (l:Hz —
_ 0] CH H O CH, H 0] -CH, H
TH 2 1 H R N
H3N\é/C\N/ (I: \C/N\é/ C\N/ C'\ /N\Cl/ C\N/ (|: \C/N\CI/COO
I | H | | |l H | | | H | I
H H 0 (IZHZ H CIHz H 0o CH,
o g
(I:Hz CH,
(':Hz 10-11 ITIH
NH+ ¢ +12a13
’ H,N~ “NH,

Gly-Asp-Lys-Glu-Arg-His-Ala

Figure 2.16 A hypothetical polypeptide, showing the ionizing groups found among the amino acids.
Notice that the listing sequence for the amino acid residues starts at the N-terminal end. Numbers
near each ionizing group denote the corresponding pK value.

2.4.2 Protein Structure

The many specific tasks served by proteins (Table 2.6) are in large part due to the
variety of forms which proteins may take. The structure of many proteins is
conveniently described in three levels. A fourth structural level must be consid-
ered if the protein consists of more than a single chain. As seen from Table 2.9,
each level of structure is determined by different factors, hence the great range of
protein structures and functions.

Table 2.8 Proportions of amino acids contained in the pro-
teins of E. colit

Amino Relative frequency Amino Relative frequency
acid (Ala = 100) acid (Ala = 100)
Ala 100 Thr 35

GIx(GIn + Glu) 83 Pro 35

Asx(Asn + Asp) 76 Ile 34

Leu 60 Met 29

Gly 60 Phe 25

Lys 54 Tyr 17

Ser 46 Cys 14

Val 46 Trp 8

Arg 41 His 5 T

*From A. L. Lehninger, Biochemistry, 2d ed., table 5.3, Worth Pub-
lishers, Inc., New York, 1975.
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Table 2.9 Protein structure

{. Primary Amino acid sequence, joined through peptide bonds

2. Secondary Manner of extension of polymer chain, due largely to hydrogén bonding
' between residues not widely separated along chain

3. Tertiary Folding, bending of polymer chain, induced by hydrogen,
salt, and covalent disulfide bonds as well as hydrophobic and
hydrophilic interactions

Quaternary How different polypeptide chains fit together; structure stabilized by same
forces as tertiary structure

>

2.4.3 Primary Structure

The primary structure of a protein is its sequence of amino acid residues. The first
protein structure completely determined was that of insulin (Sanger and cowork-
ers in 1955). It is now generally recognized that every protein has not only a
definite amino acid content but also a unique sequence in which the residues are
connected. As we shall explore further in Sec. 6.1, this sequence is prescribed by a
sequence of nucleotides in DNA.

While a detailed discussion of amino acid sequencing would take us too far
from our major objective, we should indicate the general concept employed. By a
variety of techniques, the protein is broken into different polypeptide fragments.
For example, enzymes are available which break bonds between specific residues
within the protein. The resulting relatively short polypeptide chains can be se-
quenced using reactions developed by Sanger and others. The fragmental se-
quences, some of which partially overlap, are then shuffied and sorted until a
consistent overall pattern is obtained and the complete amino acid sequence
deciphered. Automated spinning cup analyzers can determine an amino acid se-
quence up to 100 residues in length; about two hours are required per amino
acid. Recent gas phase protein sequencing technology has greatly reduced the
amount of protein sample required to obtain sequence information. For example,
to obtain the complete amino acid sequence for a 50 residue polypeptide, 50-100
picomoles are required for the gas-phase sequencer, while 1-5 nanomoles of the
protein would be needed for spinning-cup analysis. Also, as discussed further in
Chap. 6, protein sequences may now be deduced from experimentally determmed
nucleotide sequences of the corresponding gene.

The sequence of amino acid residues in many polypeptides and proteins 1s
now known. So far no repeating pattern of residues has been found, although the
available evidence suggests some patterns may exist in fibrous proteins. As an
example, Fig. 2.17 gives the amino acid sequence of an enzyme called lysozyme
found in egg white. As mentioned previously, the sequence is conventionally
numbered starting with the amino-terminal residue, here lysine, and proceedlng
to the carboxyl terminus, occupied in this enzynieby leucine.

The various side chains of the amino acid residues interact with each other
and with the immediate protein environment to determine the geometrical confi-
guration of the protein molecule. The folding of the polypeptide chain into a
precise three-dimensional structure often vields a comblex. convoluted form as
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Figure 2.17 (a) The amino acid sequence, or primary structure,-of.egg white lysozyme, an enzyme.

(b) The corresponding three-dimensional molecular structure (tertiary structure) of crystalline lyso-

zyme. ( By permission of C. C. F. Blake and the editor of Nature. From “ Structure of Hen Eqg-White
Lysozyme,” Nature, vol. 206, p. 757, 1965.)

TR
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seen in Fig. 2.17b for the lysozyme molecule. This elaborate geometrical structure
is dictated primarily by the protein’s amino acid sequence.

When this fact is coupled with knowledge of the cell’s coding system for the
amino acid sequence (Sec. 6.1), the significance of primary protein structure
emerges. It 1s the link between the central DNA controller of the cell and
the elaborate, highly specific protein molecules which mediate and regulate the
diverse biochemical activities essential for growth and survival.

2.4.4 Three-Dimensional Conformation:
Secondary and Tertiary Structure

Secondary structure of proteins refers to the structural configuration of the amino
acid residues which are close neighbors in the linear amino acid sequence. We
recall that the partial double-bond character of the peptide bond holds its neigh-
bors in a plane. Consequently, rotation is possible only about two of every three
bonds along the protein backbone (Fig. 2.18). This restricts the possible shapes
which a short segment of the chain can assume. |

As already sketched in Fig. 2.14, there are two general forms of secondary
structure: helices and sheets. The configuration believed to occur in hair, wool,
and some other fibrous proteins arises because of hydrogen bonding between
atoms in closely neighboring residues. If the protein chain is coiled, hydrogen
bonding can occur between the —C=O group of one residue and the —NH
group of its neighbor four units down the chain. A configuration called the
a-helix is the only one which allows this hydrogen bonding and also involves no
deformation of bonds along the molecular backbone. Collagen, the most abun-
dant protein in higher animals, is thought to contain three such a-helices, which
are intertwined in a superhelix. Rigid and relatively stretch-resistant, collagen is a
biological cable. Found in skin, tendons, the cornea of the eye, and numerous
other parts of the body, collagen is important in enzyme and cell immobilization
and in formulation of biocompatible materials.

Because of the relative weakness of individual hydrogen bonds, the a-helical
structure is easily disturbed. Proteins can lose this structure in aqueous solution
because of competition of water molecules for hydrogen bonds. If wool is

Planar peptide
group

N-terminal end C-terminal end

Figure 2.18 The planar nature of the peptide bond restricts rotation in the peptide chain. { From A L.
Lehninger, “ Biochemistry,” 2d ed., p. 128, Worth Publishers, New York, 1975.)
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steamed and stretched, it assumes a different, pleated-sheet structure. This
arrangement is the naturally stable one in silk fibers. The pleated-sheet configura-
tion is also stabilized by hydrogen bonds which exist between neighboring par-
allel chains. While the parallel sheets are flexible, they are very resistant to
stretching. -

Achievement of the secondary structure of fibrous proteins is of importance
in the food industry. While plant products such as soybeans are valuable sources
of essential amino acids, they lack the consistency and texture of meat. Conse-
quently, in the preparation of “textured protein,” globular proteins in solution
are spun into a more extended, fibrous structure.

The complete three-dimensional configurations, or tertiary structures, of a
few proteins have been determined by painstaking and laborious experiments.
After crystals of pure protein have been prepared, x-ray crystallography is em-
ployed. Each atom is a scattering center for x-rays; the crystal diffraction pattern
contains information on structural details down to 2 A resolution. In order to
obtain this detail, however, it was necessary in the case of myoglobin (Fig. 2.19)
to calculate 10,000 Fourier transforms, a task which had to wait for the advent of
the high-speed digital computer.

Figure 2.19 The three-dimensional structure of myoglobin. Dots indicate the a-carbons of the 121
amino acid residues in this oxygen-carrying protein. A single heme group, with its central iron atom
larger and labeled, is shown in the upper central portion of ‘the.molecule. (Reprinted from N. A.
Edwards and K. A. Hassall. “Cellular Biochemistry & Physiology,” p. 57, McGraw-Hill Publishing
Company Lid., London, 1971.]




CHEMICALS OF LIFE 658

As the diagrams in Figs. 2.17b and 2.19 illustrate, protein tertiary structure,
especially in these globular proteins, is exquisitely complex. Subdomains of heli-
cal secondary structure are clearly evident in these examples, and the lysozyme
molecule also contains regions of sheet secondary structure. How are these con-
yoluted protein architectures stabilized and what purpose is served by a class of
molecules with such widely diverse, elegant shapes?

Interactions between R groups widely separated along the protein chains
determine how the chain is folded or bent to form the compact configuration
typical of globular proteins. Several weak interactions, including ionic effects,
hydrogen bonds, and hydrophobic interactions between nonpolar R groups: (Fig.
2.20), are prime determinants of protein three-dimensional structure. Like micelle
formation by lipids, examined earlier, many globular proteins have their hydro-
phobic residues concentrated in the molecule’s interior with relatively hydrophilic
groups on the outside of the molecule. This configuration, sometimes called the
oil-drop model of protein structure, is presumably the most stable in the protein’s
natural aqueous environment. (What differences in structure would you expect
for a protein embedded in a cell membrane?) .

It is extremely important at many points of our journey into biochemical
engineering to realize that these weak interactions are easily disrupted by
changes of several different kinds in the environment of the protein. In biological
systems, hydrogen bond energies range from 3 to 7 kcal/mol, and 5 kcal/mol is
typical of ionic bond energies. Modest heating can disrupt several of these stabi-
lizing interactions. Changes in pH, ionic strength, physical forces, and addition of

W TVW
CH, CH,
CH
S 2
C=0
3 N~H
CH, (CH, )4
Cys Lys Ala Phe Leu His Asp Arg
Disulf; idel Isopeptide Hydrogen lonic
L Covalent Secondary

Figure 2.20 A summary of the bonds and interactions whi;:}; stabilize protein molecular structure.
(From “Cell Structure and Function,” p. 210 by Ariel G. Loewy and Philip Siekevitz, Copyright ©
1963, 1969 by Holt, Rinehart, and Winston, Inc. Reprinted by permission of Holt, Rinehart, and Win-

ston.)
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organics are other obvious candidates for disturbance of the natural tertiary
structure of a protein.

Also important in protein conformatlonal architecture are covalent bonds
which often exist between two cysteinyl residues. By eliminating two hydrogen
atoms, a disulfide bond is formed between two —SH groups:

O
—NH—C—C— 0
:S —NH——CIT——lC'?—-
I_;_I 28, [« disulfide
s g  linkage
IS -—NH-—(IT—C—
-—NH—(Ii—C— C”)
5

Such bonds are found as cross-links within a polypeptide chain, and they some-
times hold two otherwise separate chains: insulin is actually two subchains of 21
and 30 residues which are linked by disulfide bonds (Fig. 2.21). There is also an
internal cross-link in the shorter subchain. These covalent bonds are more re-
sistant to thermal disruption than the weak interactions mentioned above. How-
ever, disulfide bonds can be reduced by an excess of a sulfhydryl compound such
as f-mercaptoethanol.

Protein conformation is a major determinant of protein biological activity.
There is considerable evidence that in many cases a definite three-dimensional
shape is essential for the protein to work properly. This principle is embodied, for
example, in the lock-and-key model for enzyme specificity. This simple model
suggests why the proteins which catalyze biochemical reactions are often highly
specific. That is, only definite reactants, or substrates, are converted by a particu-
lar enzyme. The lock-and-key model (Fig. 2.22) holds that the enzyme has a
specific site (the “lock™) which is a geometrical complement of the substrate (the
“key”) and that only substrates with the proper complementary shape can bind
to the enzyme so that catalysis occurs. The available information on tertiary
enzyme structure has not only confirmed this hypothesis but also has provided
insights into the catalytic action of enzymes, a topic we consider further in the
next chapter. The direct connection between protein geometry and highly specific
interactions with other reagents is also well established for permeases, hormones,
antibodies, and other proteins.

When protein is exposed to conditions sufficiently different from its normal
biological environment, a structural change, again called denaturation, typically
leaves the protein unable to serve its normal function (Fig. 2.23). Relatively small
changes in solution temperature or pH, for example, may cause denaturation,
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~
Ser—Leu—Tyr
- \
Cys —Val (I;l“““NHz

H. (INTRA)‘ Leu
A Cly—Leu—Val——Clu—-—Clu—(llys ?er ('31u
Cys —— Ala
Phe ITIH 9 Il\ll—ll (INTER)

Bl |
Val—Asp—Glu—His—Leu—Cys

Ser

Ala—Lys—Pro

Figure 2.21 Disulfide bonds link two peptide subchains, denoted A (21 residues) and B (30 residues),
in the beef (shown here) and other species’ insulin molecules. Note also the intrapeptide disulfide
linkage between two residues of the shorter subchain, ( Reprinted from F. J. Reithel, “Concepts in
Biochemistry, p. 237, McGraw-Hill Book Company, New York, 1967.)

which usually occurs without severing covalent bonds. If a heated dilute solution
of denatured protein is slowly cooled back to its normal biological temperature,
the reverse process or, renaturation, with restoration of protein function, often
occurs. As with other transitions, higher temperatures favor the state of greater

entropy (disorder) hence extendedness;

cooling favors the greatest number of

favorable interactions leading to compactness and renaturation.

"

Substrate

|

Enzyme-substrate
complex

Enzyme: active site
on surface

1

End products

Free enzyme

Figure 2.22 Simplified diagram of the lock-and-k;:
catalytically active site (the lock) is complementary
M. J. Pelczar, Jr. and R. D. Reid, “Microbiology,”

Yorl 1079

y model for enzyme action. Here the shape of the
to the shape of the substrate key. ( Reprinted from
3d ed., p. 158, McGraw-Hill Book Company, New
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Native form

Random coil

Denaturati}\

Refolding Figure 2.23 After a protein has been denatured by

\ exposure to an adverse environment, it will often

return to the native, biologically active conforma-

tion following restoration of suitable conditions.

This result indicates that primary protein structure

. determines secondary and tertiary structure.

v (From A. L. Lehninger, * Biochemistry,” 2d ed.,
Native form p. 62, Worth Publishers, New York, 1975.)

The configuration assumed by a protein, and thus which determines its
properties, is the one which minimizes the molecule’s free energy. While we can-
not yet utilize this concept to predict protein structure and function knowing
only its amino acid sequence, this perspective is helpful in thinking about how
proteins work under process conditions (which often differ significantly from the
protein’s native environment) or when their amino acid sequence is altered.
Equipped with this conceptual outlook, we will not be surprised to find, for
example, that an enzyme attached to a solid surface has less catalytic activity
than it does in solution.

After placing so much emphasis on the connection between protein structure
and function, we should remember that most of the forces which stabilize protein
structure are weak, allowing the molecule substantial opportunities to “flex”
about a characteristic average geometry. Just as the biological function of DNA
depends on the separability of its two strands under isothermal, intracellular
conditions, the ability to flex slightly has been implicated in natural function of
several proteins. From a process perspective, the relative ease of thermally or
chemically inducing denaturation of many proteins reminds us that the biochem-
ical engineer may operate enzyme and cellular processes only over a fairly nar-
row range of, for example, pH, temperature, and ionic strength. This knowledge
is also useful in other subjects such as protein recovery (Chap. 11) and sterilizer
design (Chaps. 7 and 9).

2.4.5 Quaternary Structure and Biological Regulation

Proteins may consist of more than one polypeptide chain, hemoglobin being
perhaps the best known example. How these chains fit together in the molecule is
the quaternary structure. As Table 2.10 indicates, a great many proteins,
especially enzymes (usually indicated by the -ase suffix), are oligomeric and con-
sequently possess quaternary structure. The forces -stabilizing quaternary struc-
ture are believed to be the same as those which produce tertiary structure. While
disulfide bonds are sometimes present, as in insulin, most of the proteins in




CHEMICALS OF LIFE 69

Table 2.10 Characteristics of several oligomeric proteins’

Molecular No. of No. of
Protein weight chains —S—S—bonds
Insulin 5,798 I+ 1 3
Ribonuclease 13,683 i 4
Lysozyme 14,400 1 5
Myoglobin 17,000 1 0
Papain 20,900 1 3
Trypsin 23,800 1 6
Chymotrypsin 24,500 3 5
Carboxypeptidase 34,300 1 0
Hexokinase 45,000 2 0
Taka-amylase 52,000 1 4
Bovine serum albumin 66,500 1 17
Yeast enolase 67,000 2 0
Hemoglobin 68,000 2+2 0
Liver alcohol dehydrogenase 78,000 2 0
Alkaline phosphatase 80,000 2 4
Hemerythrin 107,000 8 0
Glyceraldehyde-phosphate dehydrogenase 140,000 4 0
Lactic dehydrogenase 140,000 4 0
y-Globulin 140,000 2+2 25
Yeast alcohol dehydrogenase 150,000 4 0
Tryptophan synthetase 159,000 242
Aldolase 160,000 4N 0
Phosphorylase b 185,000 2
Threonine deaminase (Salmonella) 194,000 4
Fumarase 200,000 4 0
Tryptophanase 220,000 8 4
Formyltetrahydrofolate synthetase 230,000 4
Aspartate transcarbamylase 310,000 4+4 0
Glutamic dehydrogenase 316,000 6 0
Fibrinogen 330,000 2+2+2
Phosphorylase a 370,000 4
Myosin 500,000 243 0
p-Galactosidase 540,000 4
Ribulose diphosphate carboxylase 557,000 24

Y From Cell Structure and Function, 2d ed., p. 221, by Ariel G. Loewy and Philip Siekevi_tZ-
Copyright © 1963, 1969 by Holt, Rinehart, and Winston. Reprinted by permission of Holt,
Rinehart, and Winston.

Table 2.10 are held together by relatively weak interactions. Many oligomeric
proteins are known to be self-condensing; e.g., separated hemoglobin « chains and
B chains in solution rapidly reunite to form intact hemoglobin molecules. This
feature is of great significance, for it indicates that at least in some cases the one-
"dimensional biochemical coding from DNA which specifies primary protein
structure ultimately determines all higher structural levels and hence the specific
biological role of the protein.
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Evidence to date suggests that the subunit makeup of some protein mole-
cules is especially suited for at least two important biological functions: control
of the catalytic activity of enzymes, and flexibility in construction of related but
different molecules from the same collection of subunits. Different proteins
known as isozymes or isoenzymes demonstrate the latter point. Isozymes are
different molecular forms of an enzyme which catalyze the same reaction within
the same species. While the existence of isozymes might seem a wasteful duplica-
tion of effort, the availability of parallel but different catalytic processes provides
an essential ingredient in some biochemical control systems (Chaps. 3 and 5).
Several isozymes are known to be such oligomeric proteins; in one instance
isoenzymes are composed of five subunits, only two of which are distinct. This
might be viewed as an economical device since five different proteins may be
constructed from the two polypeptide components.

2.5 HYBRID BIOCHEMICALS

Many biologically and commercially important biochemicals do not fit clearly
into any of the chemical classes described above. These diverse compounds are
hybrids which contain various combinations of lipid, sugar, and amino acid
building blocks. As indicated in Table 2.11, hybrid biochemicals provide several
different significant functions. In the next subsection, we consider in more detail
the chemistry and organization of the outer surfaces of different types of cells.
Here several hybrid compounds as well as new polysugars and proteins are en-
countered.

Table 2.11 Some examples of the nomenclature, subunit composition,
and biological function of hybrid biochemicals

Name Building blocks Location, function

Peptidoglycans Crosslinked disaccharide and Bacterial cell walls
peptides

Proteoglycans 957 carbohydrate, 5% Connective tissue
protein

Glycoproteins

Glycolipids

Lipoprotein

Lipopolysaccharides

1-309; carbohydrate,
remainder protein

Lipids which contain from
one to seven sugar residues

1-509; protein, remainder
lipid in plasma lipoproteins

Lipid plus a highly variable
oligosaccharide chain

Diverse; includes antibodies,
eucaryotic cell outer
surface components

Membrane components

Membrane, blood plasma
components

Outer portion of gram-
negative bacterial envelope
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2.5.1 Cell Envelopes: Peptidoglycan and Lipopolysaccharides

we have already seen in our perusal of lipids that cell membranes play vital roles
in regulating component fluxes into and out of the cell interior. Other parts of
the outer surfaces of microorganisms and tissue cells are also extremely impor-
tant. From a natural biological viewpoint, microorganisms, such as bacteria that
jive in environments much more diverse and much less controlled than cells in
liver tissue in an animal, must possess greater physical rigidity and resistance to
bursting under large osmotic pressure. Accordingly, bacteria have much different
outer envelopes than animal cells. _

Looking at cell envelopes from a biochemical process engineering perspec-
tive, we find several points of interest. The properties of outer cell surfaces deter-
mine the cells’ tendency to adhere to each other or to walls of reactors, pipes, and
separators. As we shall develop in the following chapters, such phenomena have
important influences in formulation of immobilized cell catalysts, operation of
continuous microbial reactors, and cell separation from liquid. The chemical and
mechanical characteristics of cell envelopes determine the cells’ resistance to dis-
ruption by physical, enzymatic, and chemical methods, essential in recovery of
intracellular products.

As indicated in part by their opposite responses to gram staining, the enve-
lopes of gram-positive and gram-negative cells are very different (Fig. 2.24). In
cach case, the envelope is comprised of several layers, but their disposition, thick-
nesses, and composition are quite distinctive. Not shown in these sketches are a
variety of proteins embedded in and on the surfaces of the cell membranes; these
will be one focus of our discussion of membrane transport in Chap. 5.

While the envelope of a gram-positive bacterium has a single membrane,
there are two membranes of this type in gram-negative cells. The outer and
cytoplasmic membranes in gram-negative bacteria enclose a region called the
periplasmic space or periplasm. The periplasmic space, which may include from 20
to 40 percent of the total cell mass, contains a number of enzymes and sugar and
amino acid binding proteins.

Flagellum (helical,

12-18 nm in diameter)
-

Pilus (4-35 nm
in diameter)

Capsule
(variable thickness)
(usually 15-80 nm thick) PG

N

(about 8 nm thick) CM

Capsule
(variable thickness)

! _OM (about 8 nm thick)
\ PG (about 2 nm thick)
\ PS (about 7 nm thick)
i—CM (about 8 nm thick)
Gram-positive Gram-negative

Figure 2.24 Schematic diagrams of the cell envelope structure of gram-positive and gram-negative
bacteria (CM cytoplasmic membrane, PG peptidoglycan, PS periplasmic space, OM outer mem-
brane). ¢ Adapted from R. Y. Stainer, E. A. Adelberg, J. L. Ingraham, and M. L. Wheelis, “ Introduction
to the Microbial World,” p. 128, Prentice-Hall, Englewood Cliffs, N.J., 1979.)
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Adjacent to the outer surface of the cytoplasmic membrane in both types of
bacteria is a layer of peptidoglycan. The building blocks of peptidoglycan are a -
1,4 linked disaccharide of N-acetylmuramic acid (NAM) and N-acetylglucos-
amine (NAG), a bridging pentapeptide comprised entirely of glycyl residues, and
a tetrapeptide. This last peptide varies from species to species; in Staphylococcus
aureus, for example, the tetrapeptide component consists of L-alanine, p-glu-
tamine, L-lysine, and p-alanine (Fig. 2.25a; note the occurrence here of rare
D-amino acids). These units are extensively cross-linked to give an enormous
single macromolecule which surrounds the entire cell (Fig. 2.25b).

Lysozyme, the enzyme examined in Fig. 2.17, is an effective antibacterial
agent because it catalyzes hydrolysis of the §-1,4 glycosidic linkage between the
NAM and NAG components of peptidoglycan. This causes breakdown and re-
moval of peptidoglycan from the bacterium which results in cell bursting or lysis
in natural hypotonic solutions. Living bacteria cells without their peptidoglycan
walls can be maintained in the laboratory in isotonic media. Under these condi-
tions, lysozyme treatment yields cells which have lost their normal shapes and
become spherical. These forms are called spheroplasts. If it is known that the cell
wall is completely removed, the denuded cells are designated protoplasts.

Lipopolysaccharides (LPS) are important components-of the outer portion of
the outer membrane of gram-negative bacteria. Some of these compounds are
called endotoxins: they produce powerful toxic effects in animals. LPS toxicity
is one reason why an infection by E. coli in the bloodstream is extremely
dangerous. Also, stringent removal of cell envelope endotoxins is a major re-
quirement in purifying proteins sythesized using genetically engineered E. coli.

Outer membrane LPS molecules have three different regions: (1) a hipid-A
component which consists of six unsaturated fatty acid chains, which extend into
the membrane, joined to a diglucosamine head, (2) a core oligosaccharide region
containing ten sugars, some of them rare, and (3) an O side chain comprised of
many repeating tetrasaccharide building blocks. The core region and O side
chain are extended outward, away from the cell. Thus, it is the external O side
chains which interact with the immune system of an infected animal. As part of
their anti-immune system defenses, bacteria can mutate rapidly to change the O
chain structure.

This is not yet the end of the story of envelope layers in bacteria. Beyond the
outer membrane of many species is a capsule or slime layer which consists of
polysaccharide. In one strain of pneumococci, bacteria that cause pneumonia, the
capsule is composed of alternating glucose and glucuronate residues. Mutants
without this polysaccharide capsule are not pathogenic. The capsule polysaccha-
ride of some bacteria dissolves in the surrounding media. Production of extracell-
ular polysaccharides is an important commercial process which is complicated
considerably by the non-Newtonian flow properties of the medium (see Chap. 8).
Slime layers also contribute to bacterial flocculation, an important feature in the
activated sludge wastewater treatment process.

Turning now to cell envelopes of yeast cells, the cytoplasmic membrane con-
sists of lipids, protein, and polysaccharide containing mannose. Moving outward
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N-Acetyl-D-glucosamine N-Acetylmuramic acid

Tetrapeptide side chain,;
its composition varies

(A
(®)
with the species e
(@

(a)

N-Acetylmuramic
acid residue

Tetra ptide
side chain

Pentapeptide

cross-link
N-Acetyl-

D-glucosamine e
residue 7 (6)

Figure 2.25 (a) Structure of the building block for peptidoglycan; (b) schematic illustration of highly
cross-linked peptidoglycan in the cell wall of Staphlococcus aureus, a gram-positive bacterium (From
A. L. Lehninger, “ Principles of Biochemistry,” p. 293, Worth Publishers, N.Y., 1982.)
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from this membrane through the periplasmic space toward the cell exterior, we
find next a cell wall. In baker’s yeast, Saccharomyces cerevisiae, the wall contains
6 to 8 percent protein including several enzymes, and about 30 percent each, by
weight, of glucan, p-glucose residues joined with -1,6 linkages and frequent f-1,3
cross-links, and mannan, whose p-mannose building blocks are «-1,6 linked with
a-1,2 branches. Protoplasts of S. cerevisiae may consequently be prepared using a
glucan hydrolyzing enzyme such as a 1,3 glucanase. This is a common step in
protocols for introduction of recombinant DNA molecules into yeast hosts.

The cell walls of yeasts and many molds contain chitin, a macromolecule
comprised of N-acetyl glucosamine building blocks linked with g-1,4 glycosidic
bonds. '

CH,
CO
CH,OH NH
0
0—,OH
---0—\ OH 0---

o)

NH CH,OH

CO

CH,

Chitin

Animal cells, because they normally live in a well-controlled isotonic envi-
ronment, do not possess cell walls. In their plasma membranes, in addition to
phospholipids and proteins, we find 2 to 10 percent carbohydrate. These sugar
components, which are found on the external membrane surface in all mamma-
lian cells examined to date, are combined with lipids and proteins in the form of
glycolipids and glycoproteins, respectively.

2.5.2 Antibodies and Other Glycoproteins

Proteins with covalently coupled monosaccharides or short oligosaccharide
chains, the glycoproteins, are found in considerable variety in and around eucary-
otic cells. Several enzymes such as glucose oxidase produced by the mold As-
pergillus niger are glycoproteins. Collagen, the biological coaxial cable mentioned
earlier, consists of glycosylated protein. Some interferons, potent antiviral com-
pounds, are glycoproteins. In fact, most eucaryotic proteins which are in contact
with or are secreted into the cell environment are glycosylated. Several glycopro-
teins are currently or likely soon will be important commercial products. We
shall examine their biosynthesis and transport properties in Chaps. 5 and 6.

Antibodies, primary agents in immunological defenses of vertebrates, are gly-
coproteins (Fig. 2.26). Cell fusion techniques discussed in Chap. 6 now enable
production of homogeneous antibody molecules in animals or in bioreactors.
This important technology signals greater future commercial importance of anti-
bodies for diagnosis, drug delivery, and bioseparations. Accordingly, it is appro-
priate to examine briefly the origin, structure, and function of antibodies.
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(a) >Antigen-binding sites
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Figure 2.26 (a) Schematic diagram of the structure of an immunoglobulin. C and V denote constant
and variable regjons, respectively, while subscripts identify heavy (H) and light (L) chains. Disulfide
box?ds are shown, as is the attachment of carbohydrate groups (CHO) to the heavy chains. The stem
region (Fc) and the antigen-binding sites are found at the carboxyl- and amino-termini, respec-
tively, of the heavy chains. Antigen binding specificity and affinity depend on the variable regions of
both the heavy and light chains. (b) Diagram of the molecular structure of immunoglobulin G, or

I8G, an antibody. ( Reprinted by permission from E. W. Silverton, M. A. Navia, and D. R. Davies, Proc.
Natl. Acad. Sci., vol. 74, p. 5142, 1977.)
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As part of the vertebrate immune system, B cells, one of two classes of
lymphoid cells found in the body, differentiate in the presence of a foreign sub-
stance, virus, or cell (the antigen) to form plasma cells which secrete antibodies.
These antibodies bind specifically to the antigen and closely related molecules,
serving to coagulate the invading species for subsequent capture and removal.

Antibodies are members of a class of proteins called immunoglobulins which
have the common structural features indicated in Fig. 2.26. The immunoglobulin
molecule consists of two identical, longer, “heavy” chains linked together by
disulfide bonds and noncovalent interactions to two identical, shorter, “light”
chains. For example, in the most common class of immunoglobulins, designated
IgG, the molecular weights of the light and heavy chains are 23,000 and 53,000,
respectively. The carboxyl-terminal portion of both types of chains, nearly the
same for antibodies of one class, is called the constant region. The Fc region, the
stem of the antibody, is comprised of the carboxyl-terminal ends of the heavy
chain constant regions.

The primary differentiation within a class of antibodies occurs at the amino-
terminal ends of the chains, named the variable regions. The antigen-binding site
of the antibody is formed by the variable regions of the light and heavy chains.
Like enzyme catalytic activities, antigen binding sites in different antibodies may
differ significantly in their specificity and affinity for antigens.

2.6 THE HIERARCHY OF CELLULAR ORGANIZATION

In the previous sections we have reviewed the major smaller biochemicals and
the biopolymers constructed from them. Although the relationships between
chemical structure and cellular functions have already been emphasized, it will
provide a useful perspective to reconsider the dynamic nature and spatial inho-
mogeneity of the structures within which such functions occur. As viable cells
grow, the biopolymers of this chapter must be repeatedly synthesized by the cells.
Usually, the nutrient medium of the cell consists of entities such as sugar, carbon
dioxide, a few amino acids, water, and some inorganic ions, but typically signifi-
cant amounts of the biopolymer starting materials are absent. Thus, from these
simplest of precursors, the cell must synthesize the remainder of the needed
amino acids, nucleic acids, lipids, proteins, etc. The energy-consuming processes
inherent in precursor synthesis and biopolymer formation are considered in
Chap. S.

There are many supramolecular assemblies within the cell. We have already
seen that the cell membrane is a grand collection of a range of molecular varie-
ties. The ribosomes are a separable combination of several different proteins and
nucleic acids. In many cases enzymes catalyzing a sequence of chemical reactions
are maintained in close proximity, presumably to maximize utilization of the
reaction intermediates. The organelles such as mitochondria and chloroplasts
represent the final level of organizational sophistication before the cell itself. The
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The cell

Nucleus
Mitochondria
Chloroplasts

Organelles

Supramolecular

assemblies Enzyme complexes
(particle weight Ribosomes
106-10%) Contractile systems

4

Macromolecules Nucleic Proteins Poly- Lipids
(mol wt 103-109) acids A “saccharides
MAJOR TOPICS OF
CHAPTER 2
Building blocks Mono- Amino Simple Fatty
{mol wt nucleotides acids sugars _ acids.
100-350) glycerol
Intermediates Ribose. a-Keto Phospho- Acetate.
{mol wt carbamyl acids pyruvate, malonate
50-250) phosphate malate
Precursors from co,
" the environment ;
(mol wt 18-44) H,0
N,

Figure 2.27 Ascending order of increasing complexity and organization of the biomolecules described
in this chapter. (From A. L. Lehninger, “ Biochemistry,” Ist ed., p. 19, Worth Publishers, N.Y. 1970.)

different levels of complexity, from elemental components to the cell, are pre-
sented in Fig. 2.27.

The locations of the various biochemicals of this chapter within a procary-
otic microorganism are summarized in Fig. 2.28, and the overall chemical com-
position of E. coli is outlined in Table 2.12. Siriall molecules like amino acids and
simple sugars are dispersed throughout the cytoplasm, as are some larger mole-
cules including certain enzymes and tRNA. Other biopolymers are localized
within the cell or near a surface such as the cell membrane.
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Free ribosome
(protein and rRNAs)

Chromosome (DNA) attached

Polyribosome to cell membrane

Free enzymes
(protein)

Enzymes attached to
cell membrane

Small molecules
Cell wall (amino acids, nucleotides,
(polysaccharide simple sugars, glycerol,
and peptides) fatty acids, acetate,
pyruvate, keto acids, etc.)

Cell membrane
(lipid and protein)

Figure 2.28 A schematic diagram of the intestinal bacterium E. coli, showing the location of the
biomolecules described in this chapter.

Table 2.12 Composition of a rapidly growing E. coli cell'

Percent of total Average Approximate no.  No. of

Component cell weight mol wt per cell different kinds
H,O 70 18 4 x 1010 1
Inorganic ions (Na*. K™,
Mg?*, Ca%*, Fe**, CI-,
PO,*", SO,27, etc) 1 40 2.5 x 108 20
Carbohydrates and
precursors 3 150 2x 108 200
Amino acids and
precursors 0.4 120 3 x 107 100
Nucleotides and precursors 04 300 1.2 x 107 200
Lipids and precursors 2 750 2.5 x 107 50
Other small molecules? 0.2 150 1.5 x 107 200
Proteins 15 40,000 10° 2000-3000
Nucleic acids:
DNA 1 2.5 x 10° 4 1
RNA 6
16S rRNA 500,000 3 x 10* 1
23S rRNA 1,000,000 3 x10% 1
tRNA 25,000 4 x 10° 40
mRNA 1,000,000 103 1000

'J. D. Watson. Molecular Biology of the Gene, table 3.3, W. A. Benjamin, Inc, New York, 1970,
! Heme, quinones, breakdown products of food molecules, etc.
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The ions, nutrients, intermediates, biopolymers and other constituents of the
cell are linked together through reaction networks (Chaps. 5 and 6). Individual
reactions within such networks are catalyzed by enzymes under the mild condi-
tions conducive to maintenance of the native protein forms discussed earlier.
Membranes, catalyst complexes, and organelles (when present) are assembled
by the combination of energy-consuming reactions (Chap. 5) and the natural
(spontaneous) tendency of their constituent molecules to form spatially in-
homogeneous structures rather than a uniform solute sea.

Chapters 3 and 4 examine the kinetics of enzyme-catalyzed reactions and
enzyme applications. Next, Chaps. 5 through 7 consider energy flows and mass
balances in cellular processes, genetics and the control of cellular reaction net-
works, and finally mathematical representations of cell-population kinetics. This
collection is the prelude to biochemical-reactor analysis, a major theme of the
balance of the text.

PROBLEMS

2.1 Chemical structure (a) Write down the specific or general chemical structure, as appropriate, for
the following substances. Comment on the (possible) functional importance of various groups on the
molecule.

1. Fat, phospholipid, micelle, vitamin A

2. o(+)-glucose, pyranose, lactose, starch, amylopectin, cellulose

3. Ribonucleotide, adenosine monophosphate (AMP), adenosine triphosphate (ATP), nicotinamide
adenine dinucleotide (NAD), deoxyribonucleic acid (DNA)

4. Amino acid, lysine, tripeptide, protein

5. Globular and fibrous proteins

(b) Sketch the hierarchy of protein configuration and indicate the important features of each level of
protemn configuration (primary through quaternary).

22 Spectrophotometry Measurements of the amount of light of a specific wavelength absorbed by a
liquid solution are conducted with a spectrophotometer, an instrument of basic importance in bio-
chemical analyses. Spectrophotometric measurements are used to determine solute concentrations

-and to identify solutes through their absorption spectra. Interpretation of the former class of spectro-

photometric data is based on the Beer-Lambert law

Iy
A =log — = a,bc
. 1
where A = absorbancy, or optical density (OD)
I, = intensity of incident light
I = intensity of transmitted light
a, = molar extinction coefficient
b = path length
¢ = molar concentration of solute

Usually the incident-light wavelength is adjusted to the value i,,, at which the solute of interest
absorbs most strongly. Table 2P2.1 gives in,, values for a few substances of biological interest and
the corresponding molar extinction coefficients (for 1-cm light path and pH 7). Additional data are
available in handbooks; notice that many of the 4,,, values lie in the ultraviolet range.
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Table 2P2.1
a, x 1073,
Compound Amax> NIM L/(cm-mol)
Tryptophan 218 335 .
ATP 259 < 154
NAD* 259 18
Riboflavin 260 37
NADH 339 6.22
FAD 450 11.3

(a) An ATP solution in a 1-cm cuvette transmits 70 percent of the incident light at 259 nm.
Calculate the concentration of ATP. What is the optical density of a 5 x 1075 M ATP solution?

(b) Suppose two compounds A and B have the molar extinction coefficients given in Table
2P2.2. If a solution containing both A and B has an OD (l-cm cuvette) of 0.35 at 340 nm and an OD
of 0.220 at 410 nm, calculate the A and B concentrations.

Table 2P2.2

Wavelength, myu A, L/(cm-mol) B, L/(cm-mol)

340 14,000 7100
410 2,900 6600

2.3 Molecular weights Sedimentation and diffusion measurements are often used to provide molec-
ular-weight estimates based on the Svedberg equation

RTs

M=2a =%

where R = gas constant
T = absolute temperature
s = sedimentation coefficient, s
9 = diffusion coefficient, cm?/s

v = partial specific volume of substance, cm3/g
p = solution density, g/cm3

Verify the molecular weights of the substances in Table 2P3.1 (T = 20°C). Assume p = 1.0.

Table 2P3.1

Substance sx 1013 92 x107 v M
Lysozyme 191 11.2 0.703 14,400
Fibrinogen 7.9 2.02 0.706 330,000

Bushy stunt virus 132 1.15 0.74 10,700,000
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2.4 pH and buffering capacity of polymer (a) Calculate the pH of a 02M solution of
serine; serine- HCI; potassium serinate.

(b) Sketch the titration profile for addition of the strong base KOH to the serine- HCI solution;
use scales of pH vs. moles KOH added per mole serine.

(¢) Repeat part (a) for the polypeptides serines, serine,,, and serine, o for solutnons of the same

weight percent solute as 0.2 M serine-HCl. Assume: the dissociation constant is independent of the
degree of polymerization.

(d) Repeat part (c) for lysine- HCI, assuming that protonation of the amino NH has an associa-
tion equilibrium constant K., = 8.91 x 107° L/mol and the side-chain amino acid an association
constant of 2.95 x 107! L/mol.

(¢) Estimate the pH of a 1 wt% solution of cellulose. Repeat for starch (take molecular weight
to be very large. >10°). What influence do storage polymers in general have on cell pH?

2.5 Amino acid separations (a) Answer the following statements true or false; justify your responses:
1. The pK of a simple amino acid is given by

Pl = }(PKcoon + PKnu,)

2. Amino acids are neutral between pKcoon and pKyy,-

(b) In amino acid chromatography, useful chromatographic media are sulfonic acid derivatives
of polystyrene. The basic components of amino acids interact with the negative sulfonic acid groups,
and the hydrophobic portions interact favorably with the aromatic structure of the polymer. At pH
values of 3, 7, and 10, give the (approximate) sequence of amino acids which would elute (appear in
order) from a column containing:

1. Only sulfonic acid groups on inert support
2. Only polystyrene
3. Equal quantities of accessible sulfonic acid and polystyrene

(c) On the same chromatography matrices as in part (b) above, would you expect hydrophobic
or hydrophilic interactjons to be relatively more important in separating mixtures of polypeptides? Of
proteins?

2.6 Macromolecular physical chemistry From your own knowledge, a chemistry text, etc., describe
the general reactions and/or physical conformation changes involved in:

(a) Frying an egg, burning toast, curdling milk, setting Jell-O, blowing a soap bubble, crystalliz-
ing a protein, tanning of leather, whipping meringue.

(b) In the development of substitute foods from microbial or other sources, e.g., single-cell
protein, soyburgers, texture and rheology (flow response to stress) are clearly important parameters.
Outline how you would organize a synthetic-food testing laboratory. (What backgrounds would you
look for in personnel; what kinds of tests would you organize?)

2.7 Mass balances: stoichiometry The major elemental demands of a growing cell are carbon, oxygen,
hydrogen, and nitrogen. Assuming the carbon source to be characterized by (CH,0) and nitrogen by
NH.*

1CH,0 + fNH,* + ¢0, ——— C,H,O.N, + nCO, + yH,0
New cellular
material
(a) Write down the restriction among the coefficients a, , ... from consideration of elemental
conservation. Given the “composition” of a cell, what additional information is needed to solve for
the coefficient values?
(b) Repeat part (a) for photosynthetic systems:

aCO, + fNH,* + yH,0 ——— C,H,0.N, + €0,

(¢) Describe an explicit series of experiments by which you would evaluate the stoichiometric
formula of the cell (a, b, c, d).
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2.8 Stoichiometry: aerobic vs. anaerobic species In order to calculate conveniently nutrient consump-
tion, aeration, and heat-transfer rates (Chaps. 5, 8), a general stoichiometric equation can be formu-
lated by assigning to the cell an apparent molecular formula.

(a) Calculate the cell formula for the growth of yeast on sugar when it is observed to give the
following balance (assume 1 mol of cell is produced):

100 g C6H1206 + 5.1 g NH3 + 46-63 g 02 A—
43.23 g cell mass + 41.08 g H,0 + 6742 g CO,

. (b) If the above reaction produces 0.30017 “mol” of cell, what cell formula results?
(c) Anaerobic fermentations typically produce a variety of partially oxygenated compounds in
addition to cell mass. Keeping the cell “molecular formula™ of part (b) above, calculate the unknown

coefficients for the following typical equation (coefficients are mole quantities, not mass):

0.55556 glucose + « ammonia
- f cell mass
+ 0.05697 glycerol
+ y butanol, (a typical alcoholic product)
+ & succinic acid, (a typical acid product)
+ 0.01164 water + 1.03076 carbon dioxide
+ 1.00380 ethanol

Kinetically, the rates of processes (a) and (c) can conveniently be controlled by changing the aeration
rate, giving yeast and ethanol at any intermediate desired level (Vienna process) (J. B. Harrison, Adv.
Ind. Microbiol., 10, 129, 1971).

2.9 Plasma and bilayer lipid membranes Tien summarized certain properties of natural and bilayer
lipid membranes as shown in Table 2P9.1.

Table 2P9.17

Natural Lipid
membranes bilayers
Thickness, A:
Electron microscopy 40-130 60-90
X-ray diffraction 40-85
Optical methods ~ -------- 40-80
Capacitance technique 30-150 40-130
Resistance, Q-cm? 10%-10° 10%-10°
Breakdown voltage 100 100-550
Capacitance, uF/cm? 0.5-1.3 04-1.3

tH. T. Tien, Bilayer Lipid Membranes: An Experi-
mental Model for Biological Membranes, in M. L.
Hair (ed.), Chemistry of Biosurfaces, vol. 1, p. 239,
Marcel Dekker, New York, 1971.

(@) Why do these membranes have a common range of thicknesses? (Be as specific as possible.)

(b) What cell functions are (possibly) served by membrane resistance and capacitance?

(¢) Compare the breakdown field of the order of 1 V/A with the ionization potential per length
of any C,, or higher hydrocarbon. Comment. :




e

T TR N A T BT By o, 7

CHEMICALS OF LIFE 83

2.10 Concerted-transition model for hemoglobin O, binding The concerted-transition model envisions
an inactive form of protein T, in equilibrium with an active form Ro:

Ry T, equilibrium constant L

In turn, the active form, which i1 the case of hemoglobin has four subunits, may bind one molecule of
substrate S per subunit:

R +5 R +S R +S R +S
0 g 1 TG 2 v 3 _s

Let Kps denote the dissociation constant for S binding in each step above

R,

[S][unbound sites]

Kos = [bound sites]

and evaluate the ratio

concentration of S-occupied subunits

V= total subunit concentration

in terms of s/K g and L. Plot y vs. s/K ps for L =9000. Look up a graph of hemoglobin-bound O, vs.
O, partial pressure in a biochemistry text, and compare it with your plot. Read further in the
reference you have found about cooperative phenomena in biochemistry.

2.11 Moultiunit enzymes: mistake frequency Multiunit proteins, €.g, some allosteric enzymes, may
seem to be more complicated structures than single-chain proteins, yet the percentage of mistakes in
the final structures may be fewer.

(a) Consider the synthesis of two proteins, each with 850 amino acid residues. One is a single
chain; the second is a three-unit structure of 200, 300, and 350 residues. If the probability of error is
the same for each residue and is equal to 5 x 107° per residue, evaluate the fraction of complete
structures with one or more errors when the presence of two mistakes in any chain prevents it from
achieving (or being incorporated in) an active structure.

Convincing as part (a) may be, it has also been observed that (1) small portions of some
enzymes may be removed without loss of activity and that (2) the same function may be accom-
plished by a considerable variety of protein sequences (see, for example, different cytochrome c
structures on p. 136 of A. L. Lehninger, Principles of Biochemistry, Worth Publishers, Inc., New York,
1982.) What other function may be served in the cell by these replaceable or removable residues?
{Look back at the internal cell structure.)

2.12 Mass flows Analysis of correct mass and energy balances in cellular processes requires a careful
appreciation of the sequence of cellular chemical events in time and in space. (More detailed examples
of various metabolic paths appear in subsequent chapters.) For the major biopolymer and higher
structures of this chapter, form composite sketches of F igs. 2.27 and 2.28 which follow, by arrows, the
time-space movement involved in cell-material synthesis from precursors, for example, O,, H,O,
NH," and glucose. Comment where appropriate on the (lack of) restriction in space for particular
species.

2.13 Fitness of biochemicals This chapter has surveyed the major existing biochemicals and bio-
polymers in microbial systems. For an interesting account of why these particular biochemicals may
have arisen, given the history of the earth’s development, read Ref, {12]. Summarize Blum's major
arguments relating to the fitness of water, glucose, and ATP for their biological roles.

214 Gram staining The Gram stain is the most widely used staining procedure in bacteriology.
Transcribe from a manual of microbiology a standard Gram-staining technique. Discuss both basic
aspects of the stain procedure and the mechanism of the Gram t€action.

215 Intracellular concentrations Calculate the molar concentrations of DNA, the different RNA
forms, amino acids and precursors, and lipids and precursors in a single cell of E. coli. Estimate the

total molar concentration in E. coli, and comment on the applicability of ideal, dilute solution ther-
medynamics to the E. coli cytoplasm. '
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2.16 Enzyme structure The three catalytic groups in the 307 amino acid enzyme carboxypeptidase
are arginine 145, tyrosine 248, and glutamic acid 270 (numbers denote position relative to the amino-
terminal residue). Calculate the relative positions of these three residues assuming that the molecule
has only straight, a-helix structure. What structural alternatives are used in the real molecule to bring
these three residues together, within a few tenths of a nanometer, to effect catalysis?

2.17 Protein folding thermodynamics Consider a partially folded protein in aqueous phase which
contains an unfolded sequence with Ser, Thr, Asn, and two nonpolar residues. For each of the three
scenarios below, estimate AG (kcal/mol protein molecules) and determine in which situations folding
will take place.

(a) All polar groups in the sequence form hydrogen bonds.

(b) All but the side-chain polar groups in the sequence form internal hydrogen bonds.

(c) No polar groups in the sequence form internal hydrogen bonds.
Assume that (i) folding of a hydrophobic residue from neutral pH aqueous medium to nonpolar
protein interior gives AG ~ —4 kcal/mol residue and (ii) AG ~ —5 kcal/mol polar groups for hydro-
gen bond formation between any two unbonded polar groups. Remember that unfolded residues may
hydrogen bond with water.

2.18 Protein sequencing Selective hydrolyses of protein chains gives fragments whose sequences can
sometimes be used to deduce the amino acid sequence of the parent protein. The following table lists
agents which hydrolyze specific peptide bonds.

Peptide bond:
y o
T
. R, OO H
Table 2P18.1
Agent R, required R, required
Trypsin Lys, Arg Any
Chymotrypsin Phe, Trp, Tyr Any
Pepsin Any Phe, Trp, Try, Leu, Asp, Glu
Cyanogen bromide Met Any

An important adjunct in sequencing studies is the Sanger reaction, in which 1-fluoro-2, 4-dinitroben-
zene (FDNB) reacts with the NH,-terminal amino acid residue to give the corresponding DNP-
amino acid.

For the experimental data listed below for the A chain of beef insulin, deduce its primary
structure.

Table 2P18.2

Treatment Result

Partial acid hydrolysis Peptide fragments with the following sequences: Gly-lle-Val-Glu-Glu,
Glu-Glu-Cys, Glu-Asp-Tyr, Ser-Val-Cys, Ser-Leu-Tyr, Glu-Cys-Cys, Glu-
Leu-Glu, Cys-Asp, Leu-Tyr-Glu, Cys-Cys-Ala, Tyr-Cys

Pepsin A peptide which when hydrolyzed gave fragments Ser-Val-Cys, Ser-Leu
Sanger reaction DNP-glycine

Analysis to determine ———
terminal —COQH
group Aspartate
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CHAPTER

THREE

THE KINETICS OF
ENZYME-CATALYZED REACTIONS

In the previous chapter we learned that there are many chemical compounds
within the cell. How are they manufactured and combined at sufficient reaction
rates under relatively mild temperatures and pressures? How does the cell select
exactly which reactants will be combined and which molecules will be decom-

posed? The answer is catalysis by enzymes, which, as we already know, are

globular proteins.

A breakthrough in enzymology occurred in 1897 when Biichner first ex-
tracted active enzymes from living cells. Biichner’s work provided two major
contributions: first, it showed that catalysts at work in a living organism could
also function completely independently of any life process. As we shall explore in
the next chapter, isolated enzymes enjoy a wide spectrum of applications today.
Also, efforts to isolate and purify individual enzymes were initiated by Biichner’s
discoveries. The first successful isolation of a pure enzyme was achieved in 1926
by Sumner. Studies of the isolated enzyme revealed it to be protein, a property
now well established for enzymes in general.

Since Sumner’s time the number of known enzymes has increased rapidly,
and the current total is well in excess of 1500. Based upon the known genetic
content of even simple organisms like the E. coli bactenium, it is likely that many
new enzymes will be identified and characterized in the future. For example, the
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Since we shall have an occasion to mention several enzymes in this chapter
and later, a few words on enzyme nomenclature are in order. Unfortunately,
there is no scheme which is consistently applied to all enzymes. In most cases,
however, enzyme nomenclature derives from what the enzyme does rather than
what the enzyme is: the suffix -ase is added either to the substrate name (urease is
the enzyme which catalyzes urea decomposition) or to the reaction which is
catalyzed (alcohol dehydrogenase catalyzes the oxidative dehydrogenation of an
alcohol). Exceptions to this nomenclature system are long familiar enzymes such

et v e

Table 3.1 Enzyme Commission classification system for
| enzymes (class names, Enzyme Commission type
* numbers, and type of reactions catalyzed)'

1. Oxidoreductases 4. Lyases
(oxidation-reduction reactions) (addition to double bonds)
|
i 1.1 Acting on —CH—OH 4.1 __(I:____C'j__
’ |
1.2 Acting on —C=0 42 ___(l::___o
1.3 Acting on —CH==CH— |
| 43 —C=N—
1.4 Actingon —CH—NH, = ... .. .ciiiiiiiiii..,
5. Isomerases
1.5 Acting on —CH—NH— (isomerization reactions)
. 5.1 Racemases
1.6 Acting on NADH;, T T
NADPH 6. Ligases

(formation of bonds

2. Transferases with ATP cleavage)

(transfer of functional groups) 61 C—O
2.1 One-carbon groups 62 C—S
2.2 Aldehydic or ketonic 63 C—N

groups 64 C—C

2.3 Acyl groups
2.4 Glycosyl groups

2.7 Phosphate groups

2.8 S-containing groups
3. Hydrolases

(hydrolysis reactions)

3.1 Esters

3.2 Glycosidic bonds

3.4 Peptide bonds

3.5 Other C—N bonds

3.6 Acid anhydrides

YA L. Lehninger, Biochemistry, 2d ed., iable 8-1, Worth Pub-
lishers, Inc, New York, 1975.
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as pepsin and trypsin in the human digestive tract, rennin (used in cheese mak-
ing), and the “old yellow” enzyme, which causes browning of sliced apples.

There are six major classes of reactions which enzymes catalyze. These units
form the basis for the Enzyme Commission (EC) system for classifying and as-
signing_index numbers to all enzymes (Table 3.1). Although the common enzyme
nomenclature established by past use and tradition is often employed instead of
the “official” names, the EC system provides a convenient tabulation and organi-
zation of the variety of functions served by enzymes.

To be sure there is no confusion, let us remember what a catalyst is. A
catalyst is a substance which increases the rate of a chemical reaction without
undergoing a permanent chemical change. While a catalyst influences the rate of
a chemical reaction, it does not affect reaction equilibrium (Fig. 3.1). Equilibrium
concentrations can be calculated using only the thermodynamic properties of the
substrates (remember that substrate is the biochemist’s term for what we usually
call a reactant) and products. Reaction kinetics, however, involve molecular

Uncatalyzed reaction Catalyzed reaction

Activation energy
is high

Glucose Glucose .
1-phosphate l 1-phosphate 'i:Clt(;‘\’j“O" energy

Standard free energy
change of reaction

AG® = —1.75 keal Glucose Glucose
i 6-phosphate 6-phosphate
Activation Activa'tion
o energy is high energy is low
Minimum energy | —| e

required to react ™

7]
% Minimum energy
§ required to react
°
E
Qs
)
e
2 Mean
S energy Mean
3 energy
content content

N\
, ———————— All these molecules are “hot”

Energy content  enough to react. Therefore
per molecule rate of reaction is high.

Only these molecules are “hot”
enough to react and the reaction
rate is therefore low.

Energy content
per molecule

Figure 3.1 By lowering the activation.energy for reaction, a catalyst makes it possible for substrate
molecules with smaller internal energies to react. (Reprinted with permission from A. L. Lehninger,
“ Bioenergetics,” 2d ed. p. 35, W. A. Benjamin, Inc., Menlo Park, CA, 1971. )
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dynamics and are presently impossible to predict accurately without experi-
mental data.

For design and analysis of a reacting system, we must have a mathematical
formula which gives the reaction rate (moles reacted per unit time per unit vol-
ume) in terms of composition, temperature, and pressure of the rea:tion mixture.
If you have studied catalyzed reactions before, you have seen a strategy for
obtaining a reasonable reaction rate expression. First, an educated guess is made
about the elementary reactions which occur at the molecular scale. Then, invok-
ing certain approximations concerning the dynamics of one or more reactive
intermediates, an expression for the overall reaction rate is derived by some
simple mathematical manipulations. We shall follow precisely this approach in
this chapter’s quest for rate expressions for enzyme-catalyzed reactions.

The similarities between synthetic catalysts and enzymes go beyond the use
of a common technique for modeling reaction kinetics. The rate expressions even-
tually obtained for both types of catalysts are very similar and sometimes of
identical forms. This arises because, in both cases, it is known that the reacting
molecules form some sort of complex with the catalyst. This general phenomenon
in catalysis accounts for such similarity in rate expressions. We shall have more
to say on this shortly.

Although some have already been mentioned, it is important that we remem-
ber the differences between enzymes and synthetic catalysts. Most synthetic cata-
lysts are not specific; i.e. they will catalyze similar reactions involving many
different kinds of reactants. While some enzymes are not very specific, many will
catalyze only one reaction involving only certain substrates. Usually the degree
of specificity of an enzyme is related to its biological role. Obviously it is not
desirable for an enzyme with the task of hydrolyzing proteins into smaller pep-
tides and amino acids to be highly specific. On the other hand, an enzyme cata-
lyzing an isomerization of one particular compound must be very discriminating.
As mentioned earlier in Sec. 2.4.4, enzyme specificity is thought .0 be a conse-
quence of its elaborate three-dimensional conformation which allows formation
of the active site responsible for the catalytic ability of the enzyme.

Another distinguishing characteristic of enzymes is their frequent need for
cofactors. A cofactor is a nonprotein compound which combines with an other-
wise inactive protein (the apoenzyme) to give a catalytically active complex.
While this complex is often called a holoenzyme by biochemists, we shall often
simply call it an enzyme. Two distinct varieties of cofactors exist. The simplest
cofactors are metal ions (Table 3.2). On the other hand, a complex organic mole-
cule called a coenzyme may serve as a cofactor. We have already encountered the
coenzymes NAD, FAD, and coenzyme A (CoA) in the last chapter, and ATP
serves as a cofactor in some instances. Often these cofactors are bound relatively
loosely to the enzyme, and there is equilibrium between enzyme, apoenzyme, and
cofactor. In the strict sense of the word, tightly bound nonprotein structures such
as the heme group found in cytochrome ¢ are coenzymes. However, the name
prosthetic group, introduced previously, is usually reserved for such irreversibly
attached groups. |
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Table 3.2 Some enzymes containing or requiring metal ions as
cofactors '

Ca?* a-Amylase (swine pancreas)
Collagenase
Lipase -
Micrococcal nuclease
Co?* Glucose isomerase (Bacillus coagulans) (also requires
Mg?*)
Cu?*(Cu") Galactose oxidase
Tryosinase
Fe?* or Fe3* Catalase
' Cytochromes
Peroxidase
Mg?* Deoxyribonuclease (bovine pancreas)
Mn2* Arginase
Na* Plasma membrane ATPase (also requires K* and Mg2*)
Zn?* Alcohol dehydrogenase
Alkaline phosphatase
Carboxypeptidase

The listing of enzymes in Table 3.2 introduces a very important point that
will recur frequently in our considerations of enzyme production and application.
Notice in some of the listings that a particular enzyme source is mentioned—for
example, glucose isomerase from the bacterium Bacillus coagulans requires a co-
balt cofactor for maximum activity. Specification of the source is essential in
many cases to define sufficiently the particular enzyme being discussed. Other
organisms, for example, synthesize enzymes that also catalyze the isomerization
of glucose to fructose and hence are called also glucose isomerases. Enzymes with
the same name but obtained from different organisms often have different amino acid
sequences and hence different properties and catalytic activities. While the glucose
isomerase from B. coagulans requires Co?*, the glucose isomerase from a mutant
of this organism does not require cobalt at pH greater than 8. We must be aware
that an enzyme name by itself may not specify a particular protein with a corre-
sponding particular set of catalytic properties and process requirements. Com-
plete identification of the source organism eliminates this possible ambiguity.

Both synthetic and biological catalysts can gradually lose activity as they
participate in chemical reactions. However, enzymes are in general far more fra-
gile. While. their complicated, contorted shapes in space often endow enzymes
with unusual specificity and activity, it is relatively easy to disturb the native
conformation and destroy the enzyme’s catalytic properties. We will examine
different modes of enzyme deactivation and their kinetic representation in
Sec. 3.7.

It is often asserted that enzymes are more active, i.e., allow reactions to go
faster, than nonbiological catalysts. A common measure of activity is the turnover
number, which is the net number of substrate molecules reacted per catalyst site
per unit time. To permit some comparison of relative activities, turnover numbers
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Table 3.3 Some turnover numbers for enzyme- and solid-catalyzed reactions
N = molecules per site per second’

Range of reported

Fnzyme Reaction N values at 0-37°C
Ribonuclease Transfer phosphate of a polynucleotide 2-2 x 10°
Trypsin Hydrolysis of peptides 3x1073-1 x 10?
Papain Hydrolysis of peptides 8 x 1072-1 x 10!
Bromelain Hydrolysis of peptides 4 x1073-5x 10°?
Carbonic anhydrase Reversible hydration of carbonyl compounds 8 x 107!-6 x 10°
Fumarate hydratase L-Malate =fumarate + H,O 1 x 10* (forward)

3 x 10* (reverse)

Solid catalyst Reaction N Temp., °C
Si0,-Al,0, (impregnated) Cumene cracking 3x 1078 25
2 x 10* 420
Decationized zeolite Cumene cracking ~10° 25
o ~108 325
V.0, Cyclohexene dehydrogenation 7x 1071 25
102 350
Treated Cu,Au HCO,H dehydrogenation 2 x 107 25
3 x 10'° 327
AlCl;5-ALO, n-Hexane isomerization (liquid) 1 x 1072 25
1.5x 1072 60

' R. W. Maatman, “Enzyme and Solid Catalyst Efficiencies and Solid Catalyst Site Densities,”
Catal. Rev., 8: 1, 1973.

for several reactions are listed in Table 3.3, which shows that at the ambient
temperatures where enzymes are most active they are able to catalyze reactions
faster than the majority of artificial catalysts. When the reaction temperature is
increased, however, solid catalysts may become as active as enzymes. Unfor-
tunately, enzyme activity does not increase continuously as the temperature is
raised. Instead, the enzyme usually loses activity at quite a low temperature,
often only slightly above that at which it is typically found.

A unique aspect of enzyme catalysis is its susceptibility to control by small
molecules. Several enzymes are “turned off” by the presence of another chemical
compound, often the end product of a sequence of reactions in which the regu-
lated enzyme participates. This feature of some enzymes is essential for normal
cell function. Some aspects of the kinetics of such enzymes will be explored in
Sec. 3.5, and in Chap. 6 we shall learn how altering the normal channels of

_cellular control can improve industrial biological processes tremendously.

Before beginning our efforts to model the kinetics of enzyme-catalyzed reac-
tions, we must review the available experimental evidence on molecular events
which actually occur during reaction. With this foundation, we shall be able to
make reasonable hypotheses about the reaction sequence and apply them to
derive useful reaction rate expressions.
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3.1 THE ENZYME-SUBSTRATE COMPLEX
AND ENZYME ACTION |

There is no single theory currently available which accounts for the unusual
specificity and activity of enzyme ‘catalysis. However, there are a number of plau-
sible ideas supported by experimental evidence for a few specific enzymes. Proba-
bly, then, all or some collection of these phenomena acting together combine to
give enzymes their special properties. In this section we shall outline some of
these concepts. Our review will necessarily be brief, and the interested reader
should consult the references for further details. Since all the theories mentioned
here are at best partial successes, we must be wary of attempting to synthesize a
single theory of enzyme activity.

Verified by numerous experimental investigations involving such diverse
techniques as x-ray crystallography, spectroscopy, and electron-spin .resonance is
the existence of a substrate-enzyme complex. The substrate binds to a specific
region of the enzyme called the active site, where reaction occurs and products
are released. Binding to create the complex is sometimes due to the type of weak
attractive forces outlined in Sec. 2.4.3 although covalent attachments are known
for some cases. As shown schematically in Figs. 2.24 and 3.2, the complex is
formed when the substrate key joins with the enzyme lock. Especially evident in
Fig. 3.2 are the hydrogen bonds which form between the substrate and groups
widely separated in the amino acid chain of the enzyme.

This example also nicely illustrates the notion of an active site. The protein
molecule is folded in such a way that a group of reactive amino acid side chains
in the enzyme presents a very specific site to the substrate. The reactive groups
encountered in enzymes include the R group of Asp, Cys, Glu, His, Lys, Met, Ser,
Thr, and the end amino and carboxyl functions. Since the number of such groups
near the substrate is typically 20 (far less than the total number of amino acid
residues present), only a small fraction of the enzyme is believed to participate
directly in the enzyme’s active site. Large enzymes may have more than one
active site. Many of the remaining amino acids determine the folding along a
chain of amino acids (secondary structure) and the placement of one part of a
folded chain next to another (tertiary structure), which help create the active site
itself (Fig. 3.4). _

While some of the ideas described below are still somewhat controversial, we
should emphasize that the notions of active sites and the enzyme-substrate com-
plex are universally accepted and form the starting point for most theories of
enzyme action. These concepts will also be the cornerstone of our analysis of
enzyme kinetics.

Two different aspects of current thinking on enzyme activity are shown sche-
matically 1 Fig. 3.3. Enzymes can hold substrates so that their reactive regions
are close to each other and to the enzyme’s catalytic groups. This feature, which
quite logically can accelerate a chemical reaction, is known as the proximity
effect. Consider now that the two substrates are not spherically symmetrical mol-
ecules. Consequently, reaction will occur only when-the molecules come together
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Figure 3.2 A view of the active site of lysozyme, showing a hexasaccharide substrate in heavy lines.
Larger and smaller circles denote oxygen and nitrogen atoms, respectively, and hydrogen bonds are
indicated by dashed lines. ( Reprinted with permission from M. Yudkin and R. Offord, “ A Guidebook to
Biochemistry,” p. 48, Cambridge University Press, London, 1571 ).
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Figure 3.3 An enzyme may accelerate reaction by holding two substrates close to each other (proxi-
mity effect) and at an advantageous angle (orientation effect). (Reprinted by permission of D. E.
Koshland.)

at the proper orientation so that the reactive atoms or groups are in close juxta- N
position. Enzymes are believed to bind substrates in especially favorable posi-
tions, thereby contributing an orientation effect, which accelerates the rate of
reaction. Also called orbital steering, this phenomenon has qualitative merit as a
contributing factor to enzyme catalysis. The quantitative magnitude of its effect, ;
however, is still difficult to assess in general.

Before a brief foray into the chemistry of enzyme action, we should mention
one other hypothesis related to enzyme geometry. It is known that for some
enzymes the binding of substrate causes the shape of the enzyme to change
slightly. Studies of the three-dimensional structure of the enzymes lysozyme and
carboxypeptidase A with and without substrates have shown a change in enzyme
conformation upon addition of the substrate. This induced fit of enzyme and
substrate may add to the catalytic process. There are also more sophisticated
extensions of the induced-fit model, in which a number of different intermediate |
enzyme-substrate complexes are formed as the reaction progresses. A slightly
elastic and flexible enzyme molecule would have the ability to make delicate
adjustments in the position of its catalytic groups to hasten the transformation of
each intermediate. Since direct measurements of the influence of substrate bind-
ing on enzyme structure are available only for a few enzymes, it is possible that a
substrate-induced change in active-site configuration may be a general character-
istic of enzyme catalysis. i

Catalytic processes well known to the organic chemist also appear to be at
work in some enzymes. One of these is general acid-base catalysis, where the
catalyst accepts or donates protons somewhere in the overall catalytic process. In
one of the few enzymes for which a reasonable complete catalytic sequence is
proposed (Fig. 3.4), this mode of catalysis is present. Chymotrypsin, derived from
the pancreas, is a proteolytic (protein-hydrolyzing) enzyme with specificity for
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peptide bonds where the carbonyl side is a tyrosine, tryptophan, or phenylalanine
residue. Water is believed to serve as a proton-transfer agent in both the general
acid- and general base-catalyzed portions of the chymotrypsin mechanism. Sev-
eral reactions important to cellular chemistry, including carbonyl addition and
ester hydrolysis, are in principle amenable to general acid-base catelysis.

Participating in enzyme catalysis may be a number of other phenomena such
as covalent catalysis, strain, electrostatic catalysis, multifunctional catalysis, and
solvent effects (recall the oil-drop structure from Chap. 2). Details on these
mechanisms available in the references reveal that, like the notions reviewed here,
they are probably involved in some enzyme-catalyzed reactions. From the possi-
ble involvement of these factors and others, it is not surprising that no one has
yet devised a simple general scheme for assessing their combined influence and
relative importance. Fortunately, armed only with the basic idea of an enzyme-
substrate complex as an essential reaction intermediate, we shall be able to for-
mulate useful rate expressions for enzyme-catalyzed reactions.

3.2 SIMPLE ENZYME KINETICS
WITH ONE AND TWO SUBSTRATES

Our objective in this section is to develop suitable mathematical expressions for
the rates of enzyme-catalyzed reactions. Naturally, the crucial test of a reaction
rate equation is comparison with experimentally determined rates. Since there are
some pitfalls awaiting the unwary, we should first briefly outline some of the
experimental methods employed to measure reaction rates.

Let us be quite clear on what we mean by a reaction rate. If the reaction is

S — P

the reaction rate v, in the quasi-steady state approximation {Sec. 3.2.1), is
defined by

v=— ds = dp 3.1D
dt dt

where lowercase letters denote molar concentration. The dimensions of v are
consequently moles per unit volume per unit time. The reaction rate is an inten-
sive quantity, defined at each point in the reaction mixture. Consequently, the
rate will vary with position in a mixture if concentrations or other intensive state
variables change from point to point. In experimental kinetic studies, well-mixed

reactors are often used so that the reaction rate is spatially uniform.
As usual in our engineering modeling work, the term point in the rate defini-
tion is not used in a strict geometrical sense. Instead, a point is a volume large
enough to contain many molecules but very small relative to the entire reacting
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Figure 3.4 (a) A proposed reaction sequence for chymotrypsin action on a peptide bond, and (b)
structure of chymotrypsin. ( From A. L. Lehninger, “ Biochemistry,” 2d ed., pp. 229, 231. Worth Pub-
lishers, New York, 1975. Structure redrawn from B. W. Matthews, et al., “ Three-Dimensional Structure
of Tosyl-a-Chymotrypsin,” Nature, vol. 214, p. 652, 1976.)

system. It is very important to remember this seemingly minor detail when apply-
ing engineering analysis to biological systems. Since cells may contain only a few
molecules of a given compound A,, the concepts of A; concentration and reac-
tion rate at a point are potentially erroneous idealizations in modeling molecular
processes of an isolated single cell. We shall return to this theme in our consider-
ation of cell kinetics in Chap. 7.

A typical experiment to measure enzyme kinetics (shorthand terminology for
kinetics of reactions catalyzed by enzymes) might proceed as follows. At time zero,
solutions of substrate and of an appropriate purified enzyme are mixed in a well-
stirred, closed isothermal vessel containing a buffer solution to control pH. The
substrate and/or product concentrations are monitored at various later times.
Techniques for following the time course of the reaction may include spectropho-
tometric, manometric, electrode, polarimetric, and sampling-analysis methods.
Typically, only initial-rate data are used. Since the reaction conditions including
enzyme and substrate concentrations are known best at time zero, the initial
slope of the substrate or product concentration vs. time curve is estimated from
the data:

ds

| _ _4ds
t=0- dt

dt

=0
t=0

where e = ey, s = 5g,and p =0 (3.2)

t=0
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Figore 3.5 Batch reactor data for hydrolysis of 30 percent starch by glucoamylase (60°C, ¢, = 11,600
units, reactor volume = 1 L).

Figure 3.5 shows actual data for such an experiment. Notice that some product is
present initially, indicating that the reported zero reaction time is not the actual
time when the reaction started. This is one of the inherent difficulties of the
initial-rate method, and others are described in texts on chemical kinetics. Still,
initial concentrations as well as enzymatic activity are reasonably reproducible,
and these considerations favor the initial-rate approach.

The problem of reproducible enzyme activity is an important one which also
has serious implications in design of reactors employing isolated enzymes. Since
we have already mentioned that proteins may denature when removed from their
native biological surroundings, it should not surprise us that an isolated enzyme
in a “strange” aqueous environment can gradually lose its catalytic activity (Fig.
3.6). Although this gradual deactivation is known to occur for many enzymes, the
phenomenon is scarcely mentioned in many treatments of enzyme kinetics. While
perhaps not important in vivo (in the intact living organism), where enzyme
syn.thesis compensates for any loss of previously active enzymes, enzyme deacti-
vation in vitro (removed from a living cell) cannot be overlooked in either kinetic
studies or enzyme reactor engineering. This topic will surface again in Sec. 3.7.

We see in the caption of Fig. 3.5 another typical feature of much enzyme
kinetic information. Notice that the amount of enzyme catalyst used in this
experiment is given in terms of “units.” What are these mysterious units, and why
isn’t the catalyst quantity stated in more familiar, less ambiguous terms such as
moles or mass?
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Figure 3.6 Loss of activity in solution. At 37°C, aspartase in solution loses more than 5 percent of its
natural activity within 1 h. ( Reprinted from T. Tosa et al., “ Continuous Production of L-Aspartic Acid
by Immobilized Asparatase,” Biotech. Bioeng., vol. 15, p. 68, 1973.) ‘

Let’s first answer the second part of the question: the reason for not using,
say, “mass of enzyme” is that this is rarely known for enzyme preparations, most
of which are (primarily) protein mixtures in which the particular enzyme of inter-
est is one of several components. The fraction of this preparation which consists
of the enzyme we are studying is often unknown, however, and the composition
of this mixture can vary from batch to batch obtained from its manufacturer. To
circumvent this difficulty, we more often find enzyme content specified in terms of
units of catalytic activity per mass of the enzyme preparation.

Units or units of activity designate the amount of enzyme which gives a
certain amount of catalytic activity under a prescribed set of standard conditions
for that particular enzyme. For example, in the starch hydrolysis experiment of
Fig. 3.5, one unit of activity of glucoamylase is defined as the amount of enzyme
which produces 1 umol of glucose per minute in a 4% solution of Lintner starch
at pH 4.5 and 60°C. Thus, we can see that units of activity will be defined
differently for different enzymes, and may have different definitions for the same
enzyme studied in different contexts. Obvious pitfalls lurk here for anyone who
does not carefully check the definition of activity units when interpreting or
utilizing enzyme kinetic data. Greater clarity is possible, of course, when activity
data is available for highly purified enzyme.
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3.2.1 Michaelis-Menten Kinetics

Now let us suppose that armed with a good set of experimental rate data (Fig.
3.7) we face the task of representing it mathematically. From information of the
type shown in Fig. 3.7, the following qualitative features often emerge:

1. The rate of reaction is first order in concentration of substrate at relatively
low values of concentration. [Recall that if v = (const)(s™), n is the order of
the reaction rate.]

2. As the substrate concentration is continually increased, the reaction order in
substrate diminishes continuously from one to zero.

3. The rate of reaction is proportional to the total amount of enzyme present.

Henri observed this behavior, and in 1902 propsed the rate equation

UmaxS
v= ﬁ where v,,,,, = ae, (3.3)
m

which exhibits all three features listed above. Notice that p = Uma/2 When s is
equal to K,,. To avoid confusion of the type found in some of the literature, we
should strongly emphasize that s is the concentration of free substrate in the
reaction mixure, while e, is the concentration of the total amount of enzyme
present in both the free and combined forms (see below).

Although Henri provided a theoretical explanation for Eq. (3.3) using a hy-
pothesized reaction mechanism, his derivation and the similar one offered in 1913
by Michaelis and Menten are now recognized as not rigorous in general. How-

. ever, the general methodology of the Michaelis-Menten treatment will find re-
' peated useful (although still not generally rigorously justified) application in
~ derivation of more complicated kinetic models later in this chapter. Consequent-

ly, we shall provide a brief summary of their development before proceeding to
others.
As a starting point, it is assumed that the enzyme E and substrate S combine

to form a complex ES, which then dissociates into product P and free (or uncom-
bined) enzyme E:

_ k,

S+E == ES (3.42)
k

ES —— P+E . (3.4b)

This mechanism includes the intermediate complex discussed above, as well as
regeneration of catalyst in its original form upon completion of the reaction
sequence. While perhaps considerably oversimplified, Eqs. (3.4) are certainly
reasonable. :

Henri and Michaelis and Menten assumed - that reaction (3.4a) is in
equilibrium which, in conjunction with the mass-action law for the kinetics of
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Figure 3.7 Kinetic data for en-
zyme-catalyzed reactions. (a) En-
zyme concentration is held
constant when studying sub-
strate concentration dependence;
(b) the converse holds for investi-
gation on the influence of en-
zyme concentration. [(a) Re-
printed from K. J. Laidler, “The
Chemical Kinetics of Enzyme Ac-
tion,” p. 64, The Clarendon Press,
Oxford, 1958, Data of L. Oullet,
K. J. Laidler, M. F. Morales,
“Molecular Kinetics of Muscle
Adenosine Triphosphate,” Arch.
Biochem. Biophys., vol. 39, p. 37,
1942; (b) Reprinted by permis-
sion from M. Dixon and E. C.
Webb, “Enzymes,” 2d ed., p. 55,
Academic Press, Inc., New York,
1964.]
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molecular events, gives

S k_ _
L K,, = dissociation constant (3.5)

(es) k1
Here, s, e, and (es) denote the concentrations of S, E and ES, respectively. De-
composition of the complex to product and free enzyme is assumed irreversible:

v= %Itf = k,(es) (3.6)

Since all enzyme present is either free or complexed, we also have
e+ (es) =e, ' (3.7

where e, is the total concentration of enzyme in the system. This is known from
the amount of enzyme initially charged into the reactor. Equation (3.3) with v,
equal to k,e, can now be obtained by eliminating (es) and e from the three
previous equations. We should note here that a reaction described by Eq. (3.3) is
commonly referred to as having Michaelis-Menten kinetics, although certainly
other investigators made equal contributions to the development and justifcation
of this kinetic form. The parameter v, is called the maximum or limiting velocity,
and K,, is known as the Michaelis constant. While the Michaelis-Menten equa-
tion successfully describes the kinetics of many enzyme-catalyzed reactions, it is
not universally valid. We shall explore the extensions and modifications neces-
sary for certain enzymes and reaction conditions in later sections and in the
problems.

Briggs and Haldane have provided the derivation of Eq. (3.3) which later
kinetic studies and mathematical analyses have shown to be the most general.
For reaction in a well-mixed closed vessel we can write the following mass bal-
ances for substrate and the ES complex:

ds
v——a—kse—— 1(es)
and —d%?—) = k,;se — (k_, + k,)(es)

Using Eq. (3.7) in the previous two equations gives a closed set: two simulta-
neous ordinary differential equations in two unknowns, s and (es). The appro-
priate initial conditions are, of course,

s(0) = s, (es)(0) =0

These equations cannot be solved analytically but they can be readily inte-
grated on a computer to find the concentrations of S, E, ES, and P as functions
of time. In calculated results illustrated in Fig. 3.8, it is evident that to a good

approximation
PP d(es) _ =

dt ,, (38)
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Concentration

Figure 3.8 The time course of the

reaction
K.y
E+S
€0 -1
k.
ES —*2, P+E
Time, ¢ withk,, > k_, =k,,.

after a brief start-up period. In the key step in their analysis, Briggs and Haldane
assumed condition (3.8) to be true. This assumption, commonly called the quasi-
steady-state approximation, can be proved valid for the present case of enzyme-
catalyzed reaction in a closed system provided that ey/s, is sufficiently small. If
the initial substrate concentration is not large compared with the total enzyme
concentration, the assumption may break down. In many instances, however, the
amount of catalyst present is considerably less than the amount of reactant, so
that (3.8) is an excellent approximation after start-up.

Proceeding from Eq. (3.8). as Briggs and Haldane did, it is possible to use
Eq. (3.7) to eliminate e and (es) from the problem, leaving

po 95 _ kzo8 (3.9)

dt [(k-y + k3)/k,] + s

Consequently, the Michaelis-Menten form results, where Eq. (3.9) shows now

Umax = k2 eO (310)
and K, =1tk 3.11)
ky

Notice that K,, no longer can be interpreted physically as a dissociation constant.
With the Michaelis-Menten rate expression at hand, the time course of the
reaction can now be determined analytically by integrating

ds  —vg,.s

= K.+ with s(0) = s, (3.12)
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Figure 3.9 Computed time course of batch hydrolysis of acetyl L-phenylalanine ether by chymotryp-
sin. Considerable discrepancies between the exact solution and the quasi-steady-state solution arise
when ey/s, (=a) is not sufficiently small. (Reprinted by permission from H. C. Lim, “On Kinetic
Behavior at High Enzyme Concentrations,” Am. Inst. Chem. Eng. J., Vol. 19, p. 659, 1973.)

to obtain

Umaxl = So — S + K, lns?0 (3.13)

Naturally this equation is most easily exploited indirectly by computing the reac-
tion time t required to reach various substrate concentrations, rather than vice
versa. »

It is instructive to compare the behavior predicted by Eq. (3.13) with that
obtained without the quasi-steady-state approximation. As Fig. 3.9 reveals, the
deviation is significant when the total enzyme concentration approaches s,. Con-
sequently the Michaelis-Menten equation should not be used in such cases. As
another example, we show the dependence of esterase activity on enzyme concen-
tration in Fig. 3.10. The linear dependence predicted by the Michaelis-Menten
model is followed initially but does not hold for large enzyme concentrations.
Remember that the slope at the linear portion is equal to k,s/(K,, + ).

We should consider whether or not the quasi-steady-state approximation can
be justified in some cases of large ey/s,, perhaps with different rate constants.
This could be done if the ES complex tended to disappear much faster than it
- was formed, ie., if K, were very large relative to s,. Since the Michaelis constant
is quite small, with typical values in the range 1072 to 103, this case does not
arise in many situations.

Consequently, if the enzyme concentration is comparable to s,, we usually
have no proper justification for simplifying the kinetic model with the quasi-
steady-state approximation. Situations with relatively large enzyme concen-
tration can occur in several instances. If an enzyme reactor is operated under
conditions where most of the substrate is converted, s falls to a value compar-
able to e, and the Michaelis-Menten equation may be inappropriate for the final
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Figure 3.10 These data on esterase ac-
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stages of reaction. Fortunately, the reaction has become slow here, and this situa-
tion is consequently seldom of interest. Also in the case of enzyme reactions at
interfaces, which we shall investigate in Sec. 4.4, the substrate concentration in
the neighborhood of the enzyme may be quite small. Here, the rate of substrate
transport to the interface must also be considered. Possible pitfalls in the
Michaelis-Menten model have come to light only very recently, and consequently
it is still commonly employed for analyzing and designing enzyme reactors.
Although they lack rigorous justification in some situations, the equilibrium
assumption and the Michaelis-Menten rate equation have proved to be valuable
working tools. We shall often employ them in this spirit.

While on the subject of simple Michaelis-Menten kinetics, we should empha-
size that exactly the same mathematical form is widely used for expressing the
rates of many solid-catalyzed reactions. In chemical engineering practice, kinetics
described by Eq. (3.3) is called Langmuir-Hinshelwood or Hougen-Watson kinetics.
Since reactions involving synthetic solid catalysts are widespread throughout the
chemical and petroleum industries, a large effort has been devoted to the design
and analysis of catalytic reactors. Much of this work has employed Langmuir-
Hinshelwood kinetics and is therefore directly applicable to enzyme-catalyzed
reactions described by Michaelis-Menten kinetics. In the remainder of our
studies, we shall continue to observe analogies, similarities, and identities be-
tween classical chemical engineering and biochemical technology. Also, of course,
we shall encounter many novel features of biological processes.

3.2.2 Evaluation of Parameters in the Michaelis-Menten Equation

The Michaelis-Menten equation in its original fo;m [Eq. (3.3)] is not wéll suited
fqr-_. estimation of the kinetic parameters v,,,, and K. As Fig. 3.7 shows, it is quite
difficult to estimate v, accurately from a plot of v vs. s. By rearranging Eq. (3.3)
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we can derive the following optlons for data plotting and graphical parameter
evaluation:

1 i K, 1

; = ;;a—x + s (3.14)
s K, 1

-—=—4 s (3.15)

p=v. — K, ~ (3.16)

Each equation suggests an appropriate linear plot. In evaluation of the ki-
netic parameters of the model using such plots, however, several points should be
noted. Plotting Eq. (3.14) as 1/v vs. 1/s (known as a Lineweaver-Burk plot) cleanly
separates dependent and independent variables (Fig. 3.11a). The most accurately
known rate values, near v_,,, will tend to be clustered near the origin, while those
rate values which are least accurately measured will be far from the origin and
will tend most strongly to determine the slope K,/v,,, Thus, a linear least-
squares fitting should not be used with such a plot. The second equation, (3.15),
tends to spread out the data points for higher values of v so that the slope 1/v,,
can be determined accurately. The intercept often occurs quite close to the origin,
so that accurate measure of K, by this method is subject to large errors. The
third method uses the Eadie-Hofstee plot: v is graphed against v/s (Fig. 3.115).
Both coordinates contain the measured variable v, which is subject to the largest
erTors.

s
10~ v X 108

(@) )

Figure 3.11 (a) Lineweaver-Burk plot of experimental data for pepsin. (b) Eadie-Hofstee plot of data
for hydrolysis of methyl hydrocinnamate catalyzed by chymotrypsin. ( Reprinted by permission from
K. J. Laidler, “The Chemical Kinetics of Enzyme Action,” pp. 65-66, The Clarendon Press, Oxford,
1958.) S,
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eter f' ¢ ‘ . ] ¥ . v § ) -
param 4 Table 3.4 Kinetic parameters for several enzymes'
34 H = Temp, kUK,
1 Enzyme Substrate °C pH ' . Mt
(3.15) 1 Pepsin Carbobenzoxy-L-glutamyl-L- - 316 40 0.00108 530
3 tyrosine ethyl ester -
Carbobenzoxy-L-glutamyl-L- 316 40 0.00141 560
cio ff e o
- Trypsin Benzoyl-L-argininamide 255 18 210 480
. Chymotrypsinogen 19.6 75 2,900 <770
n of the ki- | Sturin 245- 715 13,100 400
ts should be Benzoyl-L-arginine ester 250 80 . 267 12,500
plof) cleanly | Chymotrypsin ~ Methyl hydrocinnamate -~ 250 738 0026 256
it accurately  §¥ Methyl di-a-chloro-p- © 250 78 0.135 833
,while those  }] phenylpropionate ' C ,
> origin and Methyl d-B-phenyllactate 250 18 0.139 28.6
I least- 1l Methyl-I-f-phenyllactate 250 18 ~ 138 100
inear | Benzoyl-L-phenylalanine 250 18 510 27
ation, (3.13), methyl ester - | ‘ , -
slope 1/0;sc ! Acetyl-L-tryptophan ethyl - 250 78 30.7 588
othe origin, ¥ ester : |
errors. The % Acetyl-L-tyros'ine ethyl.ester 250 18 193.0 31.2
. : 18 Benzoyl-L-o-nitrotyrosine 250 7.8 327 90.9
(Fig. 3.11b). in ethylester =~
o the largest § Benzoyl-L-tyrosine ethyl 250 718 70 250
- 1 ester '
: g Benzoyl-L-phenylalanine 250 78 374 167
-] 1 ethyl ester
» B Benzoyl-L-methionine ethyl 250 78 0.77 1,250
ester ' :
Benzoyl-L-tyrosinamide 250 78 0.625 238
- KL Acetyl-L-tyrosinamide 250 18 0279 123
Carboxypeptidase Carbobenzoxyglycyl-L-‘ 250 75 89 196
tryptophan 250 8.2 9% 164
Carbobenzoxyglycyl-L- 250 5 - 181 154
phenylalanine N
Carbobenzoxyglycyl-L- 250 15 10.6 37
:v...x leucine _
Adenosine ATP 250 10 104 79,000
20 triphosphatase : 7 ‘
‘ 208 11 20,000 250 .
Urease Urea
. - (20.8 8.0 30,800 , 256
fstee plot of data B _ \
» permission from _
m Press, Oxford, "K. J. Laidler, The Chemical Kinetics of Enzyme Aétion, p. 67, Oxford University Press, Lond@n,

1958.




These considerations suggest the following strategy for evaluating v, and
K,,: determine vy, from a plot of Eq. (3.14) (find intercept accurately) or Eq.
(3.15) (find slope accurately). Then return to a graph of v vs. s and find S42, the
substrate concentration where v is equal to v__ /2. Recalling the comment follow-
ing Eq. (3.3), we see that K, is equal in magnitude and dimension to $1/2-

It is important to have a feel for the magnitudes of these kinetic parameters.
Table 3.4 shows the range of values encountered for several different enzymes.
While k, varies enormously, note that K,, has typical values of 2-10 x 10~ M.
‘Almost all the experiments reported were performed at moderate temperatures
and pH values. The exception is pepsin, which has the task of hydrolyzing pro-
teins in the acid environment of the stomach. Consequently, the enzyme has the
greatest activity under the acidic conditions employed in the experimental deter-
mination of its kinetic parameters. Models for representing the effects of pH and
temperature on enzyme kinetics will be explored in Sec. 3.6.

3.23 Kinetics for Reversible Reactions,
Two-Substrate Reactions, and Cofactor Activation

Many reactions catalyzed by enzymes, such as biopolymer hydrolyses, have equi-
libria that greatly favor the products so that the reactions may be considered
irreversible under most circumstances. In other cases, such as conversion of glu-
cose to fructose by the enzyme glucose isomerase, equilibrium conditions are
frequently approached, necessitating consideration of the reverse reaction. In the
simplest model for reversible enzyme kinetics, we begin with the model reaction
sequence

ky
S+E -k=‘ ES (3.17a)
. k,
E —,T—"_" P+E (3.17h)
-2

which is the same as the Henri/Michaelis-Menten sequence in Eq. (3.4) except
that now formation of ES complex from product combination with the free
enzyme E is included in Eq. (3.17b).

Writing the material balances on S, ES, and P in a closed, well-mixed vessel
as before, taking advantage of the mass balance on different enzyme forms in Eq.
(3.7), and invoking the quasi-steady-state approximation Eq. (3.8), we readily
obtain "

ds_dp (v/KJ)s— (v,/K,)p | (3.18)

V= —azd—tz 1+S/Ks+p/Kp

Here, v, and K, are identical to v,,, and K, in Egs. (3.10) and (3.11), respectively,
and

k_,v, k,K

v, = K,=-12 c19 B

g k2 g kr' 2
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The vast majority of enzyme-catalyzed reactions involve at least two sub-
strates. In many, however, one of the substrates is water, the concentration of
which is essentially constant and typically 1000 or more times larger than the
concentration of the other substrates. As our analysis in this section will reveal,
in such a case the reaction may be treated as in the preceding section, where S is
the only substrate considered. Moreover, the kinetic models developed here can

- be applied in some instances to explain the influence of cofactors on enzyme

reaction rates.

In many two-substrate reactions it appears that a ternary complex may be
formed with both substrates attached to the enzyme. One possible sequence in
this situation is . _ |

Dissociation .
equilibrium
- constant |

E+S, =—— E§; K,
E+S, —= E§S, K,
ES, +S, —— ES§;, K,
ES,+S§, —— E§;§, K,

ES,S, ——— P+E
so that

v = k(es,s,). (3.2

As befor.e, lowercase symbols are used to denote concentration, and a lowercase
sympol in ;_)arentheses is the concentation of one species, often a complex. As-
suming equilibria in the first four reactions in (3.20) leads to

.keo - )
b= |
K Ko HKKn+KK) 0P

S 5 5182

Derivation of this expression is straightforward so long as we remember that the
total concentration of enzyme e, must be equal to the sum of the concentration
of free enzyme e plus the concentrations of the three complexes ES,, ES, and
ES,;S,. As for the one-substrate situation, an analysis based on the quasi-steady-
state' approximation can be undertaken. This leads in the general case to a rather
unwieldy equation with too many parameters for practical application. For some
parameter.values, that equation can be well approximated by Eq. (3.22). |
Equation (3.22) can be shortened slightly by noting that equilibrium requires

K1K12 =K2K21 . ) (3.23)

Rearrangement of (3.22) results in the now familiar form

*
- UmaxS1

o= Rt ys - (329)




-kes
L Lt 3.25
max SZ+K12 ( )
K,s,+ KK,
d . Kr="—2102 7 172 3.26
an 1 5, + Ky, (_ )

From the previous three equations it is apparent that if s, is held constant and s,
is varied, the reaction will follow Michaelis-Menten kinetics. However, Egs.
(3.25) and (3.26) show that the apparent maximum rate and Michaelis constant
are functions of S, concentration.

Assuming that the above sequence and the rate expression for a two-sub-
strate reaction are correct, we can verify the original Michaelis-Menten form (3.3)
when one substrate is in great excess. In this case, v¥,, becomes =ke,, while K*
approaches the constant value K ,,. Therefore, the two-substrate reaction can be
treated as though s, were the only substrate when s, > K ,,.

The participation of a cofactor, whether metal ion or coenzyme, in a one-
substrate enzymatic reaction (or a two-substrate reaction with s, » K,) can be
modeled as in Fig. 3.12. Since this situation resembles so closely the two-sub-
strate mechanism just analyzed, the details of the derivation based on the equili-
brium assumption are not necessary. Assuming that substrate complexes only
with the apoenzyme-coenzyme complex, the final result is

_ ke,ycs
“es+K(c+K)

(3.27)

fze

where ¢ is the cofactor concentration. If substrate concentration s is considered
fixed, this rate expression shows a Michaelis-Menten dependence on cofactor

-

Substrate

Apoenzyme Coenzyme Enzyme
(protein) or metal {f
Products
+ 4——— //
free enzyme Figure 3.12 Schematic illustration of a plausible

Enzyme-substrate mechanism for enzyme catalysis requiring a co-
complex factor.
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concentration c¢. Thus, if there is little cofactor present (¢ < K,), the reaction
velocity is first order in c. On the other hand, for ¢ > K, the single-substrate
equation is recovered, and the rate is independent of cofactor concentration.

If 5; and 5, or c and s; must bind to e in an obligatory order, the appropriate
kinetic equation is obtained by letting K;; of the forbidden reaction approach
infinity.

3.3 Determination of Elementary Step Rate Constants -

In Sec. 3.2.2, we explored convenient plotting techniques for determining the parameters v, and K,
which appear in the Michaelis-Menten rate equation. As the Briggs-Haldane derivation reveals, how-
gver, these parameters depend on the elementary step rate constants k;, k_ |, and k,. Examination
of the specific relationships in Egs. (3.10) and (3.11) shows that knowledge of K, and v, is
not sufficient to determine the elementary rate constants. An additional, independent relatlonshlp
petween the elementary step rate constants and experimental data is required.

These more fundamental kinetic parameters are of interest for at least two reasons: (1) They
provide a better picture of what occurs during the process of enzyme catalysis. We can learn, for
example, how rapidly substrate combines with free enzyme and how this rate compares with the
reverse process of ES complex decomposition. (2) We saw earlier that the simplification leading to the
Michaelis-Menten equation is rigorously justified only when the total enzyme concentration is rela-
tively small. In cases where this 1s not true, a careful treatment of enzyme reaction kinetics would
involve integration of the mass balances for s, p, and (es). Such an analysis cannot be undertaken,
however, unless the elementary step rate constants k,, k_,, and k, are known. With these motiva-
tions, we consider experimental techniques for determining these parameters and some of the results
of such measurements.

In the pre-steady-state kinetics method, attention is focused on the short period (~1s or less)
just after the reaction is initiated when the quasi-steady-state approximation does not apply. During
this interval, substrate concentration changes little, allowing approximate solution of the mass bal-
ances for (es) and p. Comparison of the p(t) equation so obtained with experimental data gives, in
conjunction with measured values for v,,,, and K,, and their definitions, all the information needed to
estimate k;, k_,, and k,. The stopped-flow method perfected by Britton Chance and colleagues is the
central experimental component of this method. After rapid mixing of substrate and enzyme solutions
in an absorption cell to initiate the reaction, product composition changes on a time scale down to
milliseconds are monitored by a spectrophotometer.

Relaxation methods, developed and widely applied by Eigen and coworkers, can explore reac-
tions which occur on a time scale of nanoseconds. Although there are several variations of the
method, all are based on the same principles: an external perturbation of some reaction condition
such as temperature, pressure, or electric field density is applied to a reaction mixture at equilibrium
{or steady state). The resulting response of the reaction system is then monitored continuously. As
illustrated schematically in Fig. 3.13, the response following a sudden step change in reaction condi-
tions is a transition to a new, nearly equilibrium or steady state.

33.1 Relaxation Kinetics
Here we shall explore the step-change relaxation method The theory and practice of relaxation
methods has also been developed for oscillatory perturbations in reaction conditions. Let us consider

for the moment only the equilibrium between substrate, enzyme and enzyme-substrate complex:

ES

E+S

For this reaction, we know that

S+ (es) =5,
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and

e+ (es)=ep

so that in a well-mixed batch reactor, the mass balance for s

ds
— =k_,(es) — kyse (3.28)
dt
becomes
& ds
e i k_y(so — 5) — kys(eo + 5 — 50) = f(5) (329)

S

If we let s* denote the s concentration at equilibrium after the step change in reaction condi-
tions, s* can be determined by solving

f%)=0 (3:30)

where f(s) is the right-hand side of Eq. (3.29) and is equal to ds/dt. In any relaxation experiment s will
be close to s*, and so we can approximate f(s) by the first terms in its Taylor expansion

zero because of Eq. (3.30)

df (s*)
ds

fE=f(s*) + (s — s*) + terms of order (s — s*) and higher (3.31)

Letting y be the deviation from the'equilibrium concentration
x=s—s* , (332)

and remembering that s* is time-invariant, we can combine Egs. (3.29) to (3.32) to obtain the linear-
ized mass balance [squared and higher-order terms neglected in (3.31)]

dy : .

periment, a small step change in -
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Table 3.5 Rate constants for several elementary substrate-enzyme

reactions'?
Protein or enzyme Substrate ky, (M-s)y™' k_,s7!
Fumarase Fumarate >10° >45x10*
L-Malate >10°° >4 x10*
Acetylcholinesterase Acetylcholine > 10°
Urease Urea >5 x 10°
Myosin ATPase ATP >8 x 106
on €x- Hexokinase Glucose 3.7 x 108 1.5 x 10°
inge in MgATP >4 x 10° >6 x 10?
n tem- Amylase Amylose >58 x 107
nt ap- p-Amy. 7 mylose .
ate. Liver alcohol dehydrogenase NAD 53 x 10° 74
NADH 1.1 x 107 31
Liver alcohol C,H,OH >12 x 10* >74
dehydrogenase-NAD CH,CHO >3.7 x 10° >3.1
Malate dehydrogenase NADH 6.8 x 10® 24 x 10?
Old yellow enzyme FMN 1.5 x 108 ~10"%
Catalase H,0, 5 x 10°
talase-H,O H,0 1.5 x 107
3.28) Ca 156t 202
Peroxidase H,0, 9 x 106 <14
Peroxidase-H,0,(II) Hydroquinone 2.5 x 10°
Peroxidase Cytochrome ¢ 1.2 x 108
(329) Glutamic-aspartic transaminase,
ﬁ aldehydic Glutamate 33 x 107 28 x10°
a condi- Aspartate > 107 >5x 103
NH,OH 3.7 x 108 38
' Ketoglutarate, >5 x 10® >5 x 104
(3.30) oxalacetate .
athwill Aminic Oxalacetate 7 x 107 1.4 x 102
ats Ketoglutarate ~ 2.1 x 107 0
BSA NR’ 2 x 108 35
NSR’ 3.5 x 10° 25
Anti-R antibodiés? NR' 2.2 x 107 50
(331) Anti-DNP antibodies? DNP-lysine 8.1 x 107 11
HKO,), 0, 2 x 107 36
Globin Carboxyheme 7 x 107
(3.32) '
' H. R. Mahler and E. H. Cordes, Biological Chemistry, 2d ed., p. 322, Harper &
1€ linear- Row, Publishers, Incorporated, New York, 1971.
! FMN, flavin mononucleotide; BSA, bovine serum albumin; NR', 1-naphthol-4-
(4-azobenzene azophenyDarsonic acid; NSR’, [naphthol-3-sulfonic acid 4-(4'-azo-
benzene azo)]phenylarsonic acid; DNP, 2,4-dinitrophenyl; Hb, hemoglobin. N
(3.33) ! bin.
| Rabbit y-globulin. S

: °
PR Ve s




perturbation

20) = Ay, (3.34)
and consequently
x(t) = Ayge~* (3.35)
where
1
;=k..1 +k1(eo “So+2$‘)=k>—1 +kl(e‘ +s‘) (336)

This technique has enjoyed wide application in chemical kinetics research, including investiga-
tions: of enzyme catalysis which we now review.

332 Some Results of Transient-Kinetics Investigation

Listed in Table 3.5 are ky and k_, values for a variety of enzymes and substrates. These numbers
were obtained by the methods Just outlined as well as other specialized approaches described in the
references. Examining the rate Constant k, for combination of €nzyme and substrate, we see that

relatively slow and exhibits considerably wider variation from reaction to reaction. The same com-

34 OTHER PATTERNS OF
SUBSTRATE CONCENTRATION DEPENDENCE

Not all rates of enzyme-catalyzed reactions follow Michaelis-Menten kinetics as

S

Velocity, v ——e

Figure 3.]
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re the step
4l Gubstrate Activation and Inhibition
(3.34) y S gmoidal dependence of reaction rate on substrate concentration exhibited
me enzymes is evidence of a type of activation effect (Fig. 3.14). At low
539 T rate concentrations, the bonding of one substrate molecule enhances the
’ ﬁbs g of the next one (mathematically stated, the increment in v resulting from
, increment in s, dv/ds, is increasing). Such behavior can be modeled by assum-
2 concerted transition of protein subunits: we assume that the enzyme, which
(3.36) obably oligomeric, has multiple binding sites for substrate and that the first
" (rate molecule bound to the enzyme alters the enzyme’s structure so that the
rium state. aining sites have a stronger affinity for the substrate. Since the mathematical
o x()/Bxo. JJysis for this model parallels the hemoglobin model outlined in Prob. 2.10, we
g:fv;ilf' ot pursue it here. .
:_, can b:: Sometimes when a large amount of substrate is present, the enzyme-cata-
wred reaction 1s diminished by the excess substrate (Fig. 3.15). This phenomenon
 investiga- ;Called substrate inhibition. We should note from Fig. 3.15 that the reaction rate
 passes through a maximum as substrate concentration is increased. When s is
wrger than s(v = vp,,), a decrease in substrate concentration causes an increase
 reaction rate. This autocatalytic feature of this type of kinetics can have impor-
e numbers nt implications on the behavior of biochemical reactors.
ibed in the The quantitative relationship between substrate concentration and reaction
'e see that rate for substrate-inhibited reactions can be modeled quite nicely using the
ir-collision Michaelis-Menten approach. In the assumed mechanism here, however, a second
;:;??;: wbstrate molecule can bind to the enzyme. When S joins the ES complex, an
ne (see k, anreactive intermediate results:
-state and Reaction steps at equilibrium: |
s i Diseciation
| one reac- E+S == ES Kl(for example, E) | (3.37)
¢ complex k- k,
? valuadl ES+S —— ES, K,
vm;n
————————————————— U pax
|
f t |
netics as 5 5 :
forms of 3 3 |
gulatory > 3 |
me sub- _ :
sider the e | i/sm.,x
r species b ] : :
roblems Substrate concentration, s —» N Substrate concentration. s —
tures. {¢) Activation (b) Inhibition

Figure 3.14 Substrate activation (a) and inhibition (b).
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log v
Rate

| | 1
3 —2 -1 0.02 0.04 0.06 0.08
Jog s : Substrate concentration, 5, mol /L

(@) (b)

Figure 3.15 Experimental evidence of substrate inhibition. (K. J. Laidler, “The Chemical Kinetics of
Enzyme Action,” p. 71, The Clarendon Press, Oxford, 1958. (a) Data of K-D. Augustinsson, “Substrate
Concentration and Specificity of Choline Ester Splitting Enzymes,” Arch, Biochem. vol. 23, 1] 1, 1949 ;
(b) Data of R. Lumry, E. L. Sn'u'th and R. R. Glantz, “ Kinetics of Carboxypeptidase Action. I. Effect of

Slow step: ES — %, gyp - (3.38)

When the two dissociation-equilibrium relationships and an enzyme balance
analogous to Eq. (3.7) are used, straightforward algebraic manipulations yield

ke,

U:\
1 +K1/S+S/K2

(3.39)

It is not difficult to deduce the necessary parameters in this equation from
experimental data. First, k can be determined by varying €o- Next, by plotting 1/v
against s, a straight line with slope 1/K, keq is obtained at high substrate concen-
trations (Fig. 3.16). Finally, we can evaluate k 1 from Eq. (3.40) where s,
satisfies dv/ds = 0 using Eq. (3.39)

Smax = A Y KIKZ (340)

3.4.2 Multiple Substrates Reacting on 3 Single Enzyme

Many enzymes can utilize more than 3 single substrate. In such cases, the various
reactants compete with each other for the active site, which is here presumed to
be the same for each reaction. The most obvious examples of such enzymes are
hydrolytic depolymerases, which act op many identical bonds, often regardless of
the length of the polymer segment. Whep the substrate takes the form of a dimer,
trimer, or oligomer, the kinetic parameters characten'zing the reaction may
change from the values applicable to large polymeric units, An example of such a
system is lysozyme, the enzyme found ip €gg whites, mucus, and tears. Lysozyme
hydrolyses complex mucopqusaccharides, including the murein cell wall, thereby
killing gram-positive bacteria. The previous comments are reflected in Table 3.6,
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Slope = 1/K ;ke,

Figure 3.16 K, can be determined from
the siope of a 1/v vs. s plot. Data for
hydrolysis of ethyl butyrate by sheep
liver carboxylesterase. (Reprinted by

- I 1 1 permission from M. Dixon and E. C.
—K, 0 10 20 30 40 X 1073 M Webb, “Enzymes” 2d ed, p. 78,
Substrate concentration, s Academic Press, Inc., New York, 1964.)

which summarizes the measured rate and dissociation constants for each lyso-
zyme substrate when it is the only substrate present. The parameter variations
are seen to be greatest with the monomer and oligomers.

In the above examples, as in the following one, each condensation linkage in
the oligomer or polymer can be viewed conceptually as a separate substrate.
Also, a polymeric substrate like starch is not really a single substrate in the
normal sense, for the polymer is a mixture of long chains of different lengths,
which may also contain various monomer-monomer links (Sec. 2.2.2). Shown in

Table 3.6 Kinetic parameters for lysozyme action on bacterial cell wall
(GlcNAc-MurNAc copolymer)?
GlIcNAc = N-acetylglucosamine, MurNAc = N-acetylmurein

Reaction Type
1 S; = (GlcNAc-MurNAc); = i unit oligomer
E+S; = Cy Jj=0,..,i+1 Association
G “"‘k—’ A+ S, j=1,...,i—-1 Hydrolysis of complex
Ci = 4;+H,0 Dissociation of intermediate (j = i)
A+ H,0) —i—* E+5S,; Hydrolysis of intermediate
A+, _k_,_’ E+S,.,; Transglycosylation to yield i + j unit

K11=O.5M—l K21=6.3X10_4M_1 K22=20(X)M_1 K32=3.5X104M—1
ke=175s"0  k,=100s"!  ky =277 x 105(M-5)""

' After D. M. Chipman, A. Kinetic Analysis of thew lieaction of Lysozyme with Oligosaccharides
from Bacterial Cell Walls, Biochemistry, 10: 1714, 1971.
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5

»
I
1

Figure 3.17 Reaction-time curves for
hydrolysis of different amylose frac-
tions using amyloglucosidase (25°C,
PH 4.6, 5, = 0.1 g/100 mL, e, = 6.8 x
1072 M): O mol wt ~ 1,650,000, A
mol wt= 1,100,000, @ mol wta
360,000. /(Reprinted by permission
from K. Hiromi et al, “A Kinetic
Method for the Determination of
Number-Average Molecular Weight of

w
i
1

[ 0%
i

—
I
i

Glucose concentration, X 103 M

0 L 1 1 1 ‘ Linear High Polymer by Using an
0 50 100 150 200 250 Exo-Enzyme” J. Biochem. (Tokyo)
Time, min vol. 60, p. 439, 1966.]

Fig. 3.17 are the differences in the course of enzymatic hydrolysis of several
starches. The kinetic behavior of a better-defined system is illustated in Fig. 3.18.
In commercial processes for thinning of starch solutions by amylases, these reac-
tions are important. Similar effects are expected in analogous reactions, e.g., hy-
drolysis of proteins with proteolytic enzymes. Before proceeding to a quantitative
treatment of competition between different substrates, we should point out that
other phenomena may be involved in the above examples, including variations in
physical size and state and differences in the number of reactive bonds in the
diverse substrates in the reaction mixture.

Some hydrolytic enzymes exhibit selectivity for different regions of a bio-
polymer chain. An exo-enzyme cleaves the chain at or near the chain end, while
endo-hydrolases catalyze hydrolysis of internal bonds in the chain. In kinetic
descriptions of such systems, it is important to consider both types of enzyme
action and the concentrations of internal and end linkages in the biopolymer
mixture. We will encounter such an approach in our examination of enzymatic
hydrolysis of cellulose in the next chapter.

T T T T 2.0
E’ 03+ Amylose “415
al
E
3 S
302 410 %
g Maltotriose =
g Figure 3.18 Reaction-time curves for
2 0.1 705 glucose oligomers and polymers
(15°C, pH 5.5, s, =004 M, ey =
282 x 1077 M). The enzyme is amy-
0 1 | ] 0 loglucosidase. [S. Ono et al., “Kinetic
0 10 20 30 40 Studies of Gluc-amylase,” J. Biochem.
Time, min (Tokyo), vol. 55, p. 315, 1964.]
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To gain a perspective of some of the difficulties involved in kinetic descrip-
tion of reactions of mixtures, we consider next a simple illustrative example.
Suppose that the sequence below describes the reactions of two different sub-
strates catalyzed by one enzyme: ‘

-

Dissociation
constant
E+S, —— ES, K, (3.41)
E+S, =—— ES, K,
k, k
Slow steps: ES, —— E+P, ES, — E+P, (3.42)

Here, each substrate binds a certain fraction of the enzyme present. When we
employ the overall enzyme balance and equilibria, as in our earlier analysis, the
rate expressions are:

ds, _ kieosi/K,

2 = 3.4
&t + 5,/K, + s5,/K, (3.43)
ds, kieos:/K,

d ——= =y, = 3.44

an it~ 2T 1+ s /K, + s,/K, (344)

Equations (3.43) and (3.44) indicate that if two reactions are catalyzed by the
same enzyme, the individual velocities are slower in the presence of both sub-
strates than in the absence of one of the substrates. This fact has been used
advantageously to determine whether the same enzyme in an undefined sample
acts upon both substrates or each substrate’s reaction is catalyzed by a separate
enzyme. '

Often in experiments and process operation, it is neither possible nor practi-
cal to measure and monitor the concentrations of all species present in the reac-
tion mixture. For example, in Fig. 3.18, the plotted glucose production is actually
the net overall effect of many simultaneous reactions, including hydrolysis of
maltose, maltotriose, and so forth. Stated in other terms, the overall reaction
considered in the kinetic analysis is actually

amyloglucosidase
Glucose polymers » glucose

Thus, all the species containing glucose subunits have been lumped together into
one imaginary species whose concentration is relatively easy to measure. Lump-
ing of this type is extremely widespread in all branches of chemical kinetics.
Consider, for example, catalytic cracking of gas oil, which is often usefully repre-
sented as a three-species reaction

Gas oil - gasoline — gases

when designing or analyzing the reactor although each “species” is clearly a
mixture of compounds. Although not often explicitly recognized in the literature
of the life scierrces and biotechnology, lumping is a pervasive practice when inves-
tigating, modeling, or designing biological processes. In this book, we shall watch
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carefully for this and other simplifying asSumptions employed, usually implicitly,
in describing biological systems. An unjustified assumption can cause a break-
down in the analysis and the design.

One possible pitfall of lumping can be illustrated with the present cxémple. If
st is the total concentration of all substrates present

ST = Sl + 82 (3'45)

then the overall rate of disappearance of Sris

_ _dsp ﬁ_i_& __ eolkysy/Ky + ky5,/K )
T dt  dt 1+ s,/K, + 5,/K,

” (3.46)

By varying the relative values of s, and §3, this rate can be changed. For exam-
ple, if the total substrate concentration has a specified value s, the overall rate

vy does not in general have a unique value. Instead, it may lie anywhere in the
range indicated below, depending on the $:/5, ratio:

decrease
_ €okiSro 51 _ eokysto

= - > Up = 7
si=spo K1+ Sro increase 8320 K>+ 510
§2=0 52 52 =570

Ur

(3.47)

Clearly, then, the values of v_,, and K,, we would measure in a kinetic
experiment would depend on the detailed composition (s,/s, ratio) as well as the
total substrate concentration. Equally, the performance of an enzyme reactor fed
a mixture of §; and S, will change if their relative amounts do, even though the
total feed reactant concentration is maintained constant.

3.5 MODULATION AND REGULATION OF
ENZYMATIC ACTIVITY

Chemical species other than the substrate can combine with enzymes to alter or
modulate their catalytic activity. Such substances, called modulators or effectors,
may be normal constituents of the cell. In other cases they enter from the cell’s
environment or act on isolated enzymes. Although most of our attention in this
section will be concentrated on inhibition, where the modulator decreases activity,
cases of enzyme activation by effectors are also known. -

The combination of an enzyme with an effector is itself a chemical reaction
and may therefore be fully reversible, partially reversible, or essentially irrevers-
ible. Known examples of irreversible inhibitors include poisons such as cyanide
ions, which deactivate xanthine oxidase, and a group of chemicals collectively
termed nerve gases, which deactivate cholinesterases (enzymes which are an inte-
gral part of nerve transmission and thus of motor ability). If the inhibitor acts
irreversibly, the Michaelis-Menten approach to inhibitor-influenced kinetics can-
not be used since this method assumes equilibrium between the free and com-
plexed forms. Often, irreversible inhibition increases with time as more and more
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enzyme molecules are gradually deactivated. Other cases, more difficult to detect,
involve the partial deactivation of enzyme. In such an instance, the inhibited
enzyme retains catalytic activity although at a level reduced from the pure form.

Section 2.6 mentioned the remarkable chemical capabilities of most microor-
ganisms which, supplied with only o few relatively simple precursors, manufac-
ture a vast array of complex molecules. In order to perform this feat, it is
necessary for the supply of precursors to be proportioned very efficiently among
the many synthesis routes leading to many end products. Optimum utilization of
the available chemical raw materials in most instances requires that only the
necessary amount of any end product be manufactured. If enough of one
monomer is present, for example, its synthesis should be curtailed and attention
devoted to making other compounds which are in relatively short supply.

Reversible modulation of enzyme activity is one control mechanism em-
ployed by the cell to achieve efficient use of nutrients. (The other major control
device is discussed in Sec. 6.1.) The most intriguing examples of enzyme regula-
tion involve interconnected networks of reactions with several control loops, but
their analysis must wait until we have studied the basic chemistry of cellular
operation in Chap. 5. For present purposes, we shall employ control of a single
sequence of reactions as an example. Figure 3.19 shows a five-step sequence for
the biosynthesis of the amino acid L-isoleucine. Regulation of this sequence is
achieved by feedback inhibition: the final product, L-isoleucine, inhibits the activi-
ty of the first enzyme in the path. Thus, if the final product begins to build up,
the biosynthesis process will be stopped.

Since the reactions catalyzed by enzymes E, through E; are essentially at
equilibrium and the first reaction is “irreversible” under cellular conditions, the
response of this control device is especially fast. Indeed, it is a general property of
most regulatory enzymes that they catalyze “irreversible” reactions. Also, it
should be obvious from the biological context that such “natural” enzyme modu-
lation must be reversible. For example, if L-isoleucine is depleted by its use in
protein synthesis, inhibition of enzyme E, must be quickly relaxed so that the
required supply of the amino acid is restored.

L-threonine L-isoleucine
CH, CH,
E,
HCOH —-I—> P, > P, > Py —> P, —> CH,
l |
HCNH, T HCCH,
|
COOH | HCNH,
I I
| COOH
(N J

Figure 3.19 In this feedback-inhibition system, the activity of enzyme E, (L-threonine deaminase) is
reduced by the presence of the end produtt, L-isoleucine. (P,'= a-ketobutyrate, P, =
a-acetohydroxybutyrate, P; = a,f-dihydroxy-p-methylvalerate, P, = a-keto-p-methylvalerate.)
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Table 3.7 Partial classification of reversible inhibitors’

Type Description Result
Ia Fully competitive ~ Inhibitor adsorbs at substrate binding site  Increase in ;ppatent
value of K,

b Partially competitive  Inhibitor and substrate combine with Increase in apparent
different groups; inhibitor binding value of K,
affects substrate binding

IIa  Noncompetitive Inhibitor binding does not affect ES No change in K,,.,,
affinity, but ternary ' decrease of vp,,

EIS (enzyme-inhibitor-substrate)
complex does not decompose into

products
b Noncompetitive Same as Ila except that EIS decomposes No change in X,,,
into product at a finite rate different decrease of v,,,,
from that of ES
111 Mixed inhibitor Affects both K,

and v,

t M. Dixon and E. C. Webb, Erizymes, 2d ed, table VIIL1, Academic Press, Inc., New York, 1964.

In the case of reversible inhibition, the approaches described in Sec. 3.2 prove
quite fruitful. Since many isolated enzyme-substrate systems exhibit Michaelis-
Menten kinetics, it is traditional to classify inhibitors by their influence on the
Michaelis-Menten equation parameters v,,, and K,.

Reversible inhibitors are termed competitive if their presence increases the
value of K,, but does not alter v,,,. The effect of such inhibitors can be coun-
tered or reversed by increasing the substrate concentration. On the other hand,
by rendering the enzyme or the enzyme-substrate complex inactive, a noncom-
petitive inhibitor decreases the v,,. of the enzyme but does not alter the K,
value. Consequently, increasing the substrate concentration to any level cannot
produce as great a reaction rate as possible with the uninhibited enzyme. Com-
mon noncompetitive inhibitors are heavy-metal ions, which combine reversibly
with the sulfhydryl (—SH) group of cysteine residues.

Several different combinations and variations on the two basic types of re-
versible inhibitors are known. Some of these are listed in Table 3.7. Experimental
discrimination between these possibilities will be discussed shortly. First, how-
ever, we shall briefly review some of the current theories and available data on
the mechanisms of modulator action.

3.5.1 The Mechanisms of Reversible Enzyme Modulation

Many known competitive inhibitors, called substrate analogs, bear close relation-
ships to the normal substrates. Thus it is thought that these inhibitors have the
key to fit into the enzyme active site, or lock, but that the key is not quite right
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so the lock does not work; ie., no chemical reaction results. For example, con-
sider the inhibition of succinic acid dehydrogenation by malonic acid:

COOH COOH COOH
3 catalyzed by l
(|:H2 succinic dehydrogenase ﬁH : CH,
inhibited competitively |
(leZ by malonic acid (le COOH
COOH COOH Malonic
Succinic acid Fumaric acid acid

The malonic acid can complex with succinic dehydrogenase, but it does not react.

The action of one of the sulfa drugs, sulfanilamide, is due to its effect as a
competitive inhibitor. Sulfanilamide is very similar in structure to p-aminoben-
zoic acid, an important vitamin for many bacteria. By inhibiting the enzyme
which causes p-aminobenzoic acid to react to give folic acid, the sulfa drug can
block the biochemical machinery of the bacterium and kill it.

HO 0) H,N 0O
Y/, \ /
o o=s"
NH, NH,
p-Aminobenzoic acid Sulfanilamide

Another mechanism, called allosteric control, yields behavior typical of non-
competitive inhibition and is thought to be the dominant mechanism for non-
competitive inhibition and activation. The name allosteric (other shape) was
originally coined for this mechanism because many effectors of enzymic activity
have structures much different from the substrate. From this fact it has been
concluded that effectors work by binding at specific regulatory sites distinct from
the sites which catalyze substrate reactions. An enzyme which possesses sites for
modulation as well as catalysis has consequently been named an allosteric en-
Zyme.

Allosteric control may either inhibit (reduce) or activate (increase) the cata-
lytic ability of the enzyme. One schematic view of this process is depicted in Fig.

-3.20. Notice that the enzyme here is visualized as having two pieces. Many allo-

steric enzymes are known to be oligomeric.

Experimental studies on one oligomeric allosteric enzyme, aspartyl transcar-
bamoylase (ATCase), have provided the most dramatic evidence to date in sup-
port of the allostery theory of enzyme activity control. The enzyme was
physically separated into two subunits. It was found that the larger subunit,
which is catalytically active, is not influenced by CTP (cytidine triphosphate), an
inhibitor of the intact ATCase enzyme..Theé sinaller subunit, on the other hand,
has no catalytic activity but does bind CTP.
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Catalytic state Allosteric inhibited state
(R stat§) (T state)

0

Binding of substrate (S) and of Binding of allosteric inhibitor (I)
effector (A) stabilizes stabilizes inhibited state
catalytic state

“Symmetry principle” excludes a mixed T-R state
Figure 3.20 In the symmetry model for allosteric control of enzyme activity, binding of an activator A
and substrate S gives a catalytically active R enzyme configuration, while binding of an inhibitor
changes all subunits in the oligomeric protein molecule to an inactive T state, { From “Cell Structure

and Function,” 2d ed., p. 265, by Ariel G. Loewy and Philip Siekevitz. Copyright © 1963, 1969 by Holt,
Rinehart and Winston, Inc. Reprinted by permission of Holt, Rinehart and Winston. )

In the absence of detailed information of the type just mentioned for
ATCase, we cannot be certain that an effector does not bind at the active site.
All that matters from the kinetic viewpoint, however, is that substrate affinity,
unbound enzyme concentration, and/or the rate of complex breakdown are
changed by presence of the modulator. In the following section, we shall seek
mathematical formulas suitable for representing these effects.

3.5.2 Analysis of Reversible Modulator Effects
on Enzyme Kinetics

A major contribution of the Michaelis-Menten approach to enzyme kinetics is
accounting quantitatively for the influence of modulators. To begin our analysis,
we shall assume that the following sequence reasonably approximates the inter-
actions of a (totally) competitive inhibitor and substrate with enzyme. Here E and
S have the usual significance, and I denotes the inhibitor. Also, EI is an enzyme-
inhibitor complex.

Reaction steps at equilibrium:

Dissociation
constant

E+S == ES K, (3.48)
E+1 —— EI K,

Slow step: ' ES —— E+P (3.49)

In this case binding of substrate and inhibitor to eniyfﬁe are mutually exclu-
sive. Because some enzyme is bound in the EI camplex, not all the enzyme is
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available for catalyzing substrate conversion, so the reaction rate is lowered by
the inhibitor.

Making use of the equilibrium relationships indicated in Eq (348) and a
total mass balance on enzyme

e + (es) + (ei) = ¢, (3.50)

we can write the reaction rate in terms of total enyme concentration e, and free
substrate and inhibitor concentrations (s and i, respectively):

k
=5 K. (ioi 7K) (totally) competitive inhibition (3.51)
Comparing this with the original Michaelis-Menten form shows that v___is unaf-
fected, but the apparent Michaelis constant K3P, here
i
KPP =K1+ — 3.52

is increased by the presence of the competitive inhibitor. Stated in different terms,
the rate reduction caused by a competitive inhibitor can be completely offset by
increasing the substrate concentration sufficiently; the maximum possible reac-
tion velocity is not affected by the competitive inhibitor.

We can obtain a useful model for (totally) noncompetitive inhibition by ad-
ding the following equilibrium steps to the reaction sequence given in Egs. (3.48)
and (3.49) above:

Dissociation

constant .
El +S EIS K, (3.53a)
ES + I EIS K, (3.53b)

In this situation, inhibitor and substrate can simultaneously bind to the enzyme,
forming the ternary complex designated EIS. We assume in this simplest non-
competitive inhibition model that binding of either inhibitor or substrate does
not influence the affinity of either species to complex with the enzyme. Conse-
quently, K, and K; in Eq. (3.53) are identical to the corresponding dissociation
constants in Eq. (3 48). Also, it is assumed here that the EIS complex does not
react to give product P.

Using the now familiar procedure of writing the complex concentrations in
terms of e, s, and i, we obtain the following rate expression:

 skeo/(1 + i/K)
- s+ K,

(totally) noncompetitive inhibition (3.54)

Now the Michaelis constant is unaffected, but the maximum reaction velocity
which can be obtained is reduced to
ke

Vpax = T+ K (3.55)
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In the presence of a noncompetitive inhibitor, no amount of substrate addition to
the reaction mixture can provide the maximum reaction rate which is possible
without the inhibitor.

Competitive and noncompetitive inhibitions are easy to distinguish in a
Lineweaver-Burk plot. In the competitive inhibitor case, the intercept on the 1/s
axis is increased and the intercept on the 1/v axis is unchanged by the addition of
the inhibitor. Conversely, with a noncompetitive inhibitor, only the 1/v-axis inter-
cept is increased. As an example, examine the data in F ig. 3.21 for starch hydrol-
ysis. Comparing the data plots for different inhibitors with the no inhibitor line,
we sec that a-dextrin is a competitive inhibitor, while noncompetitive inhibition
is caused by both maltose and limit dextrin.

Already mentioned in Table 3.7 are the possibilities of other inhibitor effects
on enzyme kinetics. We shall summarize next very briefly how these cases can be
described by modification of the inhibitor models already described. In partially
competitive inhibition (case Ib in Table 3.7), the inhibitor and substrate cormbine
- with different groups of the enzyme, and the inhibitor affects the enzyme affinity
for substrate. This case can be described by adding to the reaction sequence

0.04
[

Inhibitor
. None
o} Maltose
[} Limit dextrin
x aDextrin

Figure 3.21 Competitive («-dextrin) and
noncompetitive (maltose, limit dextrin)
inhibition ‘of a-amylase. (Reprinted by
permission from S. Aiba, A. E. Humph-
0.6 0.8 1.0 rey, and N: Millis, “ Biochemical Engi-
neering,” 2d ed., p. 101, University of
Tokyo Press, Tokyo, 1974.)
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in Egs. (3.48) and (3.49) the following reactions which are assumed to be in
equilibrium:

Dissociation
constant

FI+S ———= EIS K,

(3.56)
ES+1 ——= EIS K
and the slow step: EIS ——— E[+P (3.57)

(Note that 1t can be shown K;; = K, K/K;.)

In another noncompetitive inhibition situation (case 1Ib), the noncompetitive
inhibition model above is altered to take into account formation of product from
the EIS complex, although with a smaller rate than ES complex reacts:

ki
EIS —— EI+P (3.58)

One mixed inhibitor model which combines pure noncompetitive with partially
competitive inhibition is obtained by deleting reaction (3.57) from the partial
competition model above. The results for all of these cases may be written in
Michaelis-Menten form ‘

virEs

V= S—-;%;’ (359)

with apparent parameters v3?® and KPP that depend on inhibitor concentration
and on various equilibrium and reaction rate parameters (see Table 3.8). Figure
3.22 shows schematically how various types of inhibition influence different forms

of kinetic data plots.

Table 3.8 Intercepts of reciprocal (Lineweaver-Burk) plots in
presence of inhibitor

Type
. 1 1
Ia Purely competitive . m
Ib Partially competitive : %
Umax K1 +i/K)
Ha Purely noncompetitive L+ ¥k, i
Umax K,
IIb Partially noncompetitive —-1:/—K'—- 2
Umax + K'eo/K; K,
_ 1+iKJKK, 1+iK/K.K;
Ib and lla Mixed - K+ K)
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Noncompetitive Competitive Mixed
. » -
v max
¥ may ’ Yi max v ¥ max
— — i
Vi
—
-
| ! U max
] H | i )
] 1 1 1
ol ol i | N4
0 Km=1(m‘_ s 0 K, K"'.' s 0 X, K”'i s
) v v
LN v max v max
=vi max
Ui max vimux
. : '
AN |
I | | | 1
i 1 1 1
| [ 1
0 1 0 J—— 0 1 1
pK,, —logs mei pK,, -—logs pk,,,i pK,, —logs
= mei
v
1
vimu\ _l_
vmax
_Ll_10 !
Am [\m §

Figure 3.22 Effects of various types of inhibition as reflected in different rate plots. Subscripts i here

denote the presence of inhibitor. ( Reprinted by permission from M. Dixon and E. C. Webb, “ Enzymes,”
2d ed., p. 326, Academic Press Inc., New York, 1964.) e
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One form of enzyme activation by an effector can be described by the case
11b model above in which k' is greater than k. In physical terms, this means that
the substrate complexed with EI reacts to give product more rapidly than the ES
complex. Thus, species [ serves to activate the enzyme. '

3.6 OTHER INFLUENCES ON ENZYME ACTIVITY

Before proceeding, it may be helpful to recall the major objective of this chapter:
to be able to represent the rate of an enzyme-catalyzed reaction mathematically.
Without suitable rate expressions, we cannot design reactors or experiments em-
ploying isolated enzymes. Moreover, when we reach the subject of cell growth
kinetics, we shall discover that many aspects of enzyme kinetics can be applied.
Therefore a thorough exploration of the variables which affect enzyme catalysis
and a quantitative analysis of their influence are essential.

We have already explored how different chemical compounds which bind
with enzymes can influence the rate of enzyme-catalyzed reactions. Many other
factors can influence the catalytic activity of enzymes, presumably by affecting
the enzyme’s structural or chemical state. Included among these factors are:

1. pH

2. Temperature

3. Fluid forces (hydrodynamic forces, hydrostatic pressure and interfacial ten-
sion) :

4. Chemical agents (such as alcohol, urea and hydrogen peroxide)

5. Irradiation (light, sound, ionizing radiation)

Sometimes the change in catalytic activity caused by a shift in pH, for example, is
reversed by returning to original reaction conditions. This situation is in a sense
analogous to the reversible-inhibition cases considered above. The equilibrium
(or quasi-steady-state) conditions prevailing in the original environment are
merely shifted slightly by a small change in one of the factors above. In general,
the amount of change in the environment from the enzyme’s native biological
habitat must be relatively small (or brief), or deactivation of the enzyme will
likely occur. Many of the variables listed above will be important in our discus-
sion of enzyme deactivation in the next section. Here we concentrate on “revers-
ible” effects of pH and temperature on enzyme catalytic activity.

We should point out that the borderline between “reversible” and “irrevers-
ible” deactivation of proteins is often vague. For example, an enzyme exposed to
an elevated temperature for a short time may exhibit its original activity when
returned to a natural working temperature. On the other hand, if the protein is
exposed longer to the elevated temperature or to a-higher temperature for the
same time, only partial activity may remain when the temperature is lowered. All
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of this makes good intuitive sense if we remember the structure-function connec-
tion for proteins and if we imagine the molecular dynamics of the protein and
rupture of some of its weak bonds as the environment is changed.

3.6.1 The Effect of pH on Enzyme Kinetics in Solution

Figure 2.15 lists the various amino acids from which all proteins are constructed.
These biochemical units possess basic, neutral, or acidic groups. Consequently,
the intact enzyme may contain both positively or negatively charged groups at
any given pH. Such ionizable groups are often apparently part of the active site
since acid- and base-type catalytic action has been linked closely to several
enzyme mechanisms. For the appropriate acid or base catalysis to be possible,
the ionizable groups in the active site must often each possess a particular
charge; i.e., the catalytically active enzyme exists in only one particular ionization
state. Thus, the catalytically active enzyme may be a large or small fraction of the
total enzyme present, depending upon the pH. Figure 3.23 illustrates the in-
fluence of pH on several enzymes. In several cases shown there, catalytic activity
of the enzyme passes through a maximum (at the optimum pH) as pH is in-
creased. ,

We can obtain a useful form for representing such pH effects on enzyme
kinetics using the following simple model of the active site ionization state:

. —H* -H*

E E~ ——— E?" (3.60)
+H* +H*
K, K,

In these acid-base reactions, E~ denotes the active enzyme form while E and E2~
are inactive forms obtained by protonation and deprotonation of the active
site of E, respectively. K, and K, are equilibrium constants for the indicated
reactions. Further ionizations away from the E~ state of the enzyme are not

Pepsin Glutamic acid decarboxylase
100 - AF —
80 -
B
3’, Arginase
Z 60 .
|93
B
2
E; 40 - Salivary |
amylase Figure 3.23 Enzyme activity is strongly pH
20 - dependent, and the range of maximum activi-
ty differs greatly depending on the enzyme
involved. (Redrawn with permission from J. S.
0 11 S Fruton and. S---Simmonds, “General Bichem-

P23 4 5.6 7 8 9101112 jsyry” p. 260, John Wiley & Sons, Inc., New
pH York, 1953.)
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considered since the first jonization is assumed here to completely eliminate
enzyme activity. ' |
After writing the equilibrium relations for the two ionizations

hte~ h*e?” -
= Kl e_ == Kz, (3.61)

e

we can determine the fraction of total enzyme present which is active. When we
let e, denote the total enzyme concentration,

ep=e+e +e?” (3.62)
the active fraction y~ is e /e, and is given by

1
VSV RTK s Kot (363)
This is one of the Michaelis pH functions. The other two, y and y?~, give the
fraction of enzyme in the acid and base forms, respectively.
The y~ function depends upon pH in a manner quite similar to the enzyme
activity-pH data shown in Fig. 3.23. There is a single maximum of y~ with
respect to pH which occurs at the value

h:|-3timum = A Y/ KlKZ or (pH)optimum = %(pKl + pKZ) (364)

where pK; is defined as —log K;. The y~ function declines smoothly and sym-
metrically as pH is varied away from the optimum pH.

Protonation and deprotonation are very rapid processes compared with '
most reaction rates in solution. Therefore, it can be assumed that the fraction of
enzyme in the active ionization state is y~ even when the enzyme is serving as a
catalyst. Consequently, the influence on the maximum reaction velocity v, is
obtained by replacing the total enzyme concentration e, with the total active
form concentration e,y

ke,
- - = 3.65
max = keoy 1+h*/K, + K,/h* (3.65)

Using this relationship, enzyme activity data may be used to evaluate the
parameters K, and K,. The pH of maximal activity is related to K, and K, by
Eq. (3.64). A measured value of enzyme activity at a different pH gives an inde-
pendent relationship for K, and K, allowing determination of these parameters.

According to an extension of the Michaelis-Menten treatment of the simplest
enzyme-catalyzed reaction sequence given in Eq. 34, pH can also affect the
Michaelis constant K,,. However, if the substrate does not have different ioniza-
tion states with different affinities for free enzyme and if formation of the enzyme-
substrate complex does not influence K, and K, then the analysis shows K, is
independent of pH. In any event, pH effects on K,, are usually relatively insignifi-
cant. In practice, Eq. (3.65) alone is generally used to represent the dependence of
enzyme-catalyzed reaction rates on pH.
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We should always remember that the theory just described may not apply
for pH values far removed from the optimum pH. Under these circumstances, the
forces stabilizing the native protein conformation may be so disturbed that dena-
turation occurs. In this situation, we cannot expect the normal enzymatic activity
to return quickly, if at all, in a practical time scale if the pH is restored to its
optimal or near-optimal value.

3.6.2 Enzyme Reaction Rates and Temperature

In any study of chemical kinetics, a recurring theme is the Arrhenius form relat-
ing temperature to a reaction-rate constant

k = Ae~Ea/RT (3.66)

where E, = activation energy
R = gas-law constant
A = frequency factor
T = absolute temperature

In an Arrhenius plot, log k is graphed against 1/T to give a straight line with a
slope of —E,/R [assuming, of course, that Eq. (3.66) holds]. The Arrhenius
dependence on temperature is indeed satisfied for the rate constants of many
enzyme-catalyzed reactions, as exemplified by the data in Fig. 3.24.

T,°C
35 25 15 5
1 1 i 1
1.0 ]
o
08F -
':‘2 0.6 -
x
204+ .
g
-
0.2+ -
o -
] 1 1 ] 1 1 1 i
33 34 35 3.6
1
—— X 103
T(K)

Figure 3.24 Arrhenius plot for an enzyme catalyzed reaction (myosin catalyzed hydrolysis of ATP).
Reprinted from K. J. Laidler, “ The Chemical Kinetics of Enzyme Action,” p. 197, The Clarendon Press,
Oxford, 1958. Data of L. Quellet, K. J. Laidler, M. F. Morales, Molecular Kinetics of Muscle Adenosine
Triphosphate, Arch. Biochem. Biophys, vol. 39, p. 37, 1952.) :
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Figure 3.25 Arrhenius rate dependence breaks down at high temperatures, above which enzyme deac-
tivation predominates (H,0, decomposition catalyzed by catalase). The solid curve was calculated
from Eq. (3.73) using the parameter values E = 3.5kcal/mol, AH,; = 555 kcal/mol, AS, =
168kcalmol ™' K™%, B =258mm>3/min. (Data from I W. Sizer, Temperature Activation and
Inactivation of the Crystalline Catalase-Hydrogen Peroxide System,” J. Biol. Chem., vol. 154, p. 461,
1944.)

It should be noted, however, that the temperature range of Fig. 3.24 is quite
limited. No temperatures significantly larger than the usual biological range were
considered. What would happen if we attempted to push the enzyme farther and
try for higher rates via higher temperatures? The result would in most cases be
disastrous, as the example of F ig. 3.25 illustrates. '

For may proteins, denaturation begins to occur at 45 to 50°C and is severe
at 55°C. One physical mechanism for this phenomenon is obvious: as the temper-
ature increases, the atoms in the enzyme molecule have greater energies and a
greater tendency to move. Eventually, they acquire sufficient energy to overcome
the weak interactions holding the globular protein structure together, and deacti-
vation follows.

Thermal deactivation of enzymes may be reversible, irreversible, or a com-
bination of the two. A simple model of reversible thermal deactivation often suf-
fices to represent T-activity data for enzyme kinetics over a wide range of
temperatures. In this approach we assume that the enzyme exists in inactive €))
and active (a) forms in equilibrium:

E, —— E; (3.67)
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with equilibrium constant

é; - AG, — AH AS :
L K = = d —d .
..~ K exp( RT ) cxp< RT )exp( R ) (3.68)

In Eq. (3.68), AG,, AH,, and AS, denote the free energy, enthalpy, and entropy of
deactivation, respectively.

Although individual hydrogen bonds are quite weak, typically with bond
energies of 3 to 7 kcal/mol, the enthalpy of deactivation of enzymes AH, is quite
high: 68 and 73.5 kcal/mol for trypsin and hen egg white lysozyme, respectively.
The entropy changes upon deactivation for these enzymes are +213 cal/(mol-K).
Due to the large heats of denaturation, the proportion of active enzyme is quite
sensitive to small changes in temperature. For such AH, values, the enzyme
deactivates almost totally over a range of 30 Celsius degrees.

Since all enzyme present is either in active or inactive forms,

. ea + e,- = eo (3.69)
we may obtain, using Eq. (3.68),

e, = %o
14K,

(3.70)

According to transition state theory, the rate for reactions (3.4) at large substrate
concentration can be written as

Vmax = €5°K(T) (3.71)

where
K(T) = a( )eAS‘/R e~ EIRT (3.72)

kg and h are Boltzmann’s and Planck’s constants, respectively, and a is a propor-
tionality constant. Combining Egs. (3.68) and (3.70) through (3.72), we obtain

ﬁTe—E/RT
max — 1 + eAS4/R,—AH4RT

v (3.73)

where the overall proportionality factor g includes «, kg, h, ey, and exp (AS*/R).

Equation (3.73) is the desired relationship for representing behavior like that
shown in Fig. 3.25. The solid curve drawn through those data points was in fact
calculated from Eq. (3.73) after estimating the parameters B, E, AS; and AH,
& Tom the data. The slope at large 1/T values is approximately — E/R (the error is
qual to T (K), which is usually not significant). The slope of the other straight
line obtained at higher temperatures is approximately equal to (AH, — E)/R.
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AS; may be estimated after noting that, at the temperature ... where log Umax
is maximized,

- E 4+ RT,,,
' AH,—E—RT._

max

KT, (3.74)

(This is obtained simply by setting d(log v,,,)/dT equal to zero). Since Ty 18
known from the measurements and E and AH 4 have already been estimated, we
can evaluate the right-hand side of Eq. (3.74). Now, knowing KAT...), we return
to Eq. (3.68) and calculate AS,. F inally, the proportionality constant B is chosen
to make v, [T, from Eq. (3.73)] the same as the measured value. Some
iterative readjustments may be necessary to refine these initial estimates to obtain
a good fit of the T — v___data. In particular, results can be quite sensitive to the
Trnax Value. Of course other parameters in the reaction rate expression such as the
Michaelis constant and an inhibition constant are also functions of temperature.
If these parameters are interpreted as equilibrium constants, as is often the case,
we expect temperature dependence of the form seen above in Eq. (3.68), giving a
straight line In K (or pK) versus 1/T plot from which the standard free energy
parameter may be determined.

In some cases data plotted in these coordinates do not give a straight line, or
the slope of the line is different in different temperature ranges. Such complica-
tions may be due to oversimplification of the interpretation of K,, or K,, or the
catalytic reaction sequence itself Recall, for example, that K, for the simplest
reaction sequence (3.4) is most properly viewed as a combination of elementary
step rate constants as given in Eq. (3.5). If each of these elementary rate constants
are in turn written in Arrhenius form [Eq. (3.66)] or in the transition state theory
form of Eq. (3.72), a complicated function of temperature results. The existence of
more than one intermediate enzyme-substrate or enzyme-product complex is an-
other possible source of complication in temperature dependence of certain rate
parameters.

This point can be generalized in a useful way which has been applied pro-
ductively to test kinetic models and the associated hypothetical reaction se-
quences employed in kinetic model development. If the kinetic parameters
determined at different temperatures do not lie on a straight line in an Arrhenius
plot, the model is likely not complete or not correct.

3.7 ENZYME DEACTIVATION

Most of the research literature on enzyme kinetics is devoted to initial rate data
and analyses of reversible effects on enzyme activity. In many applications and
process settings, however, the rate at which the enzyme activity declines is a
critical characteristic. This is especially true when long-term use of the enzyme in
a continuous flow reactor is considered (immobilization methods for retaining
enzyme molecules in such reactors is a central theme of the next chapter). In such

situations, the economic feasibility of the process may hinge on the useful lifetime
of the enzyme biocatalyst,
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While our focus in this section is on the mechanisms and kinetics of enzyme
activity loss, we should recognize that alteration of protein structure and function
has many important practical implications. Proteins are often recovered from
culture broths by precipitation, an operation that jnvolves changing the proteins’
configuration or chemical state by pH or ionic strength adjustment. Later protein
purification steps sometimes use antibodies as highly specific sorbents, a process
that fails if the antibodies deactivate and lose their ability to recognize and ad-
sorb a particular protein. We shalil return to these separation themes in Chap. 11;
now we consider the causes, effects, and kinetic representation of enzyme activity
decay.

3.7.1 Mechanisms and Manifestations of Protein Denaturation

We know that protein structure is stabilized by weak forces, often giving rise to
functionally important molecular flexibility. On the other hand, this weak stabili-
zation implies that proteins are poised near, in an energetic sense, to several
alternative and less biologically active configurations. This property is illustrated
dramatically by the thermodynamic data for a-lactalbumin in Fig. 3.26. We see
there that the free energy difference between the native and completely denatured
state is only 9.0 kcal/mol (although several intermediate energy barriers must be
passed to effect the transition from one conformation to the other). Consequent-
ly, we should recognize that native protein structure is only marginally stable.

It is therefore not surprising that a multitude of physical and chemical
parameters can and do cause perturbations in native protein geometrical and
chemical structure, with concomitant reductions in activity (Table 3.9). After
recognizing the individual parameters which influence protein denaturation, we
must recognize that it is not the individual factors listed above but their combi-
nations-that determine rates of enzyme deactivation. For example, the sensitivity
of a protein to denaturation at elevated temperatures can vary widely with solu-
tion pH, and the influence of various temperature-pH combinations may differ
tremendously from one protein to another.

We can identify a large set of different but often related protein properties
that may be affected by the physicochemical factors listed in Table 3.9. These
possible manifestations of denaturing environments include the solubility, ten-
dency for crystallization or gel formation, viscosity, and biological activity (en-
zyme catalysis, antibody binding) of protein solutions. Just as combinations of
influence are important, so too are combinations of effects. For example, it is
essential in recovering an enzyme in a precipitation step that the conditions used
do not also cause major irreversible loss of enzyme activity.

3.7.2 Deactivation Models and Kinetics

In the simplest model, active enzyme (E,) molecules undergo an irreversible
structural or chemical change to an inactive form (E,) _

E, — E; | _ (3.75)
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nd A* = critically activated state
ter ID = incompletely disordered conformation
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bi- ‘Figure 3.26 Schematic illustration of the stages of unfolding of the protein a-lactalbumin with corre-
ity sponding thermodynamic data. (Reprinted by permission from K. Kuwajima, “ A Folding Model of a-
lu- Lactalbumin Deduced from the Three-state Denaturation Mechanism,” J. Mol. Biol., vol. 114, p. 241,
1977.)

Ter _
jes at a rate r, proportional to the active enzyme concentration
ese rq=kge, (3.76)
2n- : .
o : Consequently, in a well-mixed closed system (assumed for the moment not to
vof £ contain any substrate, product, inhibitors, or modulators), the time course of
i ; active enzyme concentration is described by
sed i de )

3 —df = —kge, 3.77)

so that
et

; In [%] = —k,t (3.78)

| e
ble ’

i Data consistent with this relationship are shown in Fig. 3.27 for the enzyme
- ~ATPase under several different conditions. The decay constant k; depends on

) temperature in a fashion that can often be described by transition state theory
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Figure 3.27 Time course of loss of ATPase enzyme activity at several pH and temperature values.
(Reprinted by permission from G. E. Pelletier and L. Ouellet, “ Influence of Temperature and pH on
Mpyosin Inactivation,” Can. J. Chem., vol. 39, p. 265, 1961.)

[as in Eq. (3.72) with a equal to unity], which in turn is little different from the
Arrhenius form (Eq. 3.66) over the narrow temperature ranges of interest for
biological systems. Listed in Table 3.10 are the activation energies E and entro-
pies AS* for k, for several common enzymes. The magnitude of the activation
energy for protein denaturation is typically very large as these data illustrate.

Without enzyme activity, cells cannot function. In some cases, destruction of
a very small fraction of the cell’s enzymes results in its death. Viewed in this light,
the preceding discussion reveals why heat can be used to sterilize gases, liquids or
solids, i.e., to rid them of microbial life. Very few enzymes (and consequently few
microbes) can survive prolonged heating, as we shall explore in greater detail in
Chap. 7.

Enzyme deactivation data is usually obtained by exposing the enzyme to
denaturing conditions for some time interval in the absence of substrate, and then

Table 3.10 Energies and entropies of activation for enzyme
denaturation'!

Energy of activation,  Entropy of activation

Enzyme pH kcal/mol AS* (e.u./mol)
Pancreatic lipase 6.0 46.0 68.2

Trypsin 6.5 40.8 447

Pepsin 483 56-147 unknown
ATPase 7.0 70 150.0

t K. J. Laidier and P. S. Bunting. The Chemical Kinetics of Enzyme Action,
2d ed., p. 430, Oxford University Press, London, 1973.
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making an initial rate activity assay after returning the enzyme solution to some
standard conditions and adding substrate. Enzyme deactivation rates when the
enzyme is turning over substrate can be significantly different when, for example,
(a) free enzyme, enzyme-substrate and/or enzyme-product complexes deactivate
at different rates, or (b) the substrate and/or product cause deactivation. To
illustrate an approach to such situations, we consider a simple case in which
substrate binding to enzyme is presumed to stabilize the enzyme (an effect that is
qualitatively reasonable in some systems). Thus, only the free enzyme experiences
deactivation.

Combining this deactivation model with the simple catalytic reaction
sequence used by Michaelis and Menten Eq. (3.4) gives

k, k .
E,+S =— ES —— E,+P (3.79a)
ks
E, —— E,. (3.79b)

If we apply the reasonable assumption that the deactivation process is much
slower than the reactions in Eq. (3.794), invoking the quasi-steady-state approxi-
mation for the (E,S) complex gives

k2 €1o0t, oS
V=" 3.80

K, +s (3:80)
where e, , is the total concentration of active enzyme both in free and com-
plexed forms. The rate of change of €1, 4 15 given by '

detot, a

e —k,e, (3.81)
Going back to the quasi-steady-state calculations used in obtaining Eq. (3.80), we
can express e, in terms of e, , and the catalytic reaction parameters to give, after
substitution in Eq. (3.81)

detot, a __ kd etot,a

- _ (3.82)
dt 1+s/K,

Thus we see that in Egs. (3.80) and (3.82) that the substrate conversion and
enzyme deactivation rates are mutually coupled. In particular, the rate of enzyme
deactivation depends on the substrate concentration. If, on the other hand, both
E, and (E,S) deactivate at the same rate, then enzyme activity will decline under
reaction conditions exactly as observed in a substrate-free deactivation experi-
ment. .
Extending these notions to the general case, we can see that, if different forms
of the enzyme (free, various complexes, various ionization states, etc.) deactivate
at different rates, the overall deactivation rate will in turn depend on any reaction
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Logarithm of deactivation rate constant
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Figure 3.28 Temperature and PH dependence of the first-order rate constant for deactivation of ricin,
(Reprinted by permission Jrom M. Levy and A. E. Benaglia, “ The Influence of T emperature and pH
upon the rate of Denaturation of Ricin,” J. Biol. Chem. vol. 186, p. 829, 1950. )

parameter (substrate and inhibitor concentrations, pH, etc.) which influences the
proportions of the different enzyme forms. For example, the following mode]

- H + - H + — H + - H +
a g Ea TH- B T Eu i
K K K, K
k‘ll ! kdll 2 deI 3 k‘4 4
E; E; E; E;

has been developed to describe the sometimes complex effects of PH on deactiva-
tion rates. Figure 3.28 illustrates an example of such complicated deactivation
behavior for ricin (not an enzyme; active protein is assayed by measuring the
fraction of protein remaining soluble). A minimum in the rate of deactivation
with respect to pH has been observed for several proteins. ‘

- Decay of enzyme activity with time does not always follow the first-order
model of Eq. (3.78). Convex log (activity) versus time relationships have been
measured for several proteins; sometimes these trajectories contain two different
linear regions (Fig. 3.29a). Several different models for such behavior have been
proposed. One which includes parallel reversible and irreversible deactivation has
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(b)

Activity (Initial activity)

Activity/(Initial activity)
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Figure 3.29 Deactivation of (a) a luciferase preparation (pH 6.8, temperatures as indicated) and (b) a-
chymotrypsin in solution (pH 7.8, 40°C, Ca2* = 103 M and initial enzyme concentrations, O =
731 x 1077 M, A =365x10"M, © =146 x 10”5 M, @ =292 x 10~ M. (Reprinted by per-
mission from (a) A. M. Chase, * Studies on Cell Enzyme Systems. IV. The Kinetics of Heat Inactivation
of Cypridina Luciferase,” J. Gen. Physiol., vol. 33, p. 535, 1950, and (b) Y. Kawarnura, K. Nakanishi, R.
Matsuno, and T. Kamikubo, “Stability of Immobilized a-Chymotrypsin,” Biotech. Bioeng., vol. 23, p.
1219, 1981.)

been employed for conceptual and quantitative representation of act1v1ty decline
for several enzymes:

Eil

d1

(3.83)

7 X

d2

E;,

Assuming first-order kinetics for each indicated transformation, this model was
used to fit the luciferase deactivation data in Fig. 3.29a. The solid line near the
45° data, for example, was calculated using the rate parameters k,, = k;, = 1.02,
and k, = 0.02h7 1.

Loss of activity in protease solutions is more complex because these enzymes
catalyze their own hydrolysis. This autodigestion property should be included in
the deactivation model. The following model for deactivation of the protease
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a-chymotrypsin includes a variation on the theme of Eq. (3.83) plus an autodi-
gestion step:

- Ea - Eil E

E,+E; X (E;E;) —— E

+ inactive peptide hydrolysis products (3.84)

Certain features of this sequence are supported by direct chemical evidence for
this extensively studied enzyme. In particular, notice that only the reversibly
inactivated form E,, is susceptible to attack and hydrolysis by the active protease
form E,. Further analysis of this model and its use to calculate the solid curves in
Fig. 3.29b is suggested in Problem 3.14.

In concluding this summary of enzyme deactivation kinetics, we should men-

tion approaches for irreversible enzyme deactivation by a poison. In the simplest
case, we have

E, + poison —— E, ry = kye,-(poison) | (3.85)

However, since poisons often act at the enzyme active site and since poison
access may be blocked by complexed substrate, we again must modify the analy-
sis if substrate is present. Then, we should consider the coupled catalysis and
deactivation processes and write the model as, for example, reaction (3.79a) plus
poisoning step (3.85), where E, now denotes free, uncomplexed enzyme. Similar
modifications, while not pursued here, can also be envisioned for the deactivation
models given in Egs. (3.83) and (3.84).

3.7.3 Mechanical Forces Acting on Enzymes

Mechanical forces can disturb the elaborate shape of an enzyme molecule to such
a degree that deactivation occurs. Included among such forces are forces created
by flowing fluids. Experiments to assess shear effects on enzyme activity have
been conducted in flow through a capillary and in a coaxial cylinder viscometer.

Let 0 and y denote the time of exposure to shear and the shear rate (aver-
aged over the cross section in the case of capillary flow), respectively. Experi-
ments on shear denaturation of catalase and urease have shown that activity loss

can be correlated as a function of the product 70 (Fig. 3.30a). Thus we see here .

explicitly that the combination of exposure time and intensity of the denaturation
effect determines the extent of deactivation. We should note that experiments on
lactate dehydrogenase indicate that it is shear stress, not shear rate, which con-
trols shear deactivation of that enzyme. '

The data in Fig. 3.30b show clearly that shear deactivation of urease is
partially reversible. Curve 4 shows substrate urea concentration in a stagnant
urease solution, and curve B was measured with the reaction mixture exposed to
a shear rate of 1717s™" in a coaxial cylinder viscometer. Obviously enzyme
activity is reduced by fluid motion. The other data in Fig. 3.30b were obtained at
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Figure 3.30 (a) Deactivation of catalase and urease by exposure to shear. Different symbols denote
different shear rate experiments. (b) Conversion of urea by urease solution at rest (4), under shear
(shear rate 1717 s~ ') (B), and after shearing for different times (0.4 units urease/mL, pH 6.75, 23°C).
(Catalase data reprinted with permission from S. E. Charm and B. L. Wong, *“ Enzyme Inactivation with
Shearing,” Biotech. Bioeng., vol. 12, p. 1103, 1970. Urease data reprinted from M. Tirrell and S.
Middleman, “ Shear Modification of Enzyme Kinetics,” Biotech. Bioeng., vol. 17, p. 299, 1975.)

zero stress after exposure to shear for different time intervals. Here enzyme activi-
ty increases immediately after shear is removed, but not to the previous level. The
difference has been interpreted as irreversible deactivation.

This characteristic mechanical fragility of enzymes may impose limits on the
fluid forces which can be tolerated in enzyme reactors being stirred to increase
substrate mass-transfer rates -or in an enzyme ultrafiltration system in which
increasing membrane throughput causes increased fluid shear and extension Just
in front of the membrane and passing through it. '

Another mechanical force, surface tension, often causes denaturation of pro-
teins and consequent inactivation of enzymes. Since the surface tension of the
interface between air and pure water is 80 dyn/cm, foaming or frothing in protein
solutions commonly causes denaturation of protein adsorbed at the air-water
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interface. Liquid-liquid interfaces normally have considerably lower surface ten-
sions. Similarly, the plasma membrane of the cell is believed to have a surface
tension of the order of 1 dyn/cm or less. As active proteins are known to exist in
such plasma membranes, evidently these very low surface tensions do not deacti-
vate the enzymes. Foam fractionation is a separation technique whereby mole-
cules are concentrated at surfactant-air interfaces without deactivation; here the
surfactant lowers the air-liquid surface tension to the order of 1 dyn/cm.

In processing contexts and in some laboratory situations, combinations of
different mechanical factors and also chemical processes, such as oxidation, inter-
act to influence the rate of enzyme deactivation. The complicated nature of these
interactions is discussed lucidly by Thomas and Dunnill,' in which careful studies
of shear effects on the same enzymes as discussed in Fig. 3.30 give much different
results (i.e., negligible deactivation due to simple shear alone). In addition to the
factors already mentioned, extensional flow, cavitation, local adiabatic heating,
metal contamination, and surface denaturation at cavities may influence enzyme
deactivation. We must leave these to the references, however. As a general rule of
thumb, the following may suffice. If the enzyme is surrounded in vitro with essen-
tially the same environment it enjoys in vivo, it will be active. If any parameter of
its environment is altered significantly, loss of activity is likely to occur.

There is a corollary of this idea which finds numerous applications in bio-
chemical technology. If an enzyme is required which is active at extreme tempera-
ture or pH values, we should look for an organism which normally lives under
these conditions. It will often contain enzymes especially adapted for use in an
unusual environment. The development of microbial alkaline-stable enzymes for
use in laundry detergents is a good example of this practice, as wash-water pH is
typically 9.0 to 9.5.

3.7.4 Strategies for Enzyme Stabilization

Besides trying to identify enzymes that are intrinsically more stable, there are
several methods available for improving enzyme stability. These fall into three
main categories:

a. Adding stabilizing compounds to the storage and/or reaction medium.
b. Chemically modifying the soluble protein.
¢. Immobilizing the protein on or within an insoluble solid or matrix.

In this brief overview, we focus on the first two strategies, leaving discussion of
-immobilization and its effects on stability for the next chapter.

Chemical additives that can stabilize proteins in some cases include sub-
strates, organic solvents, and salts. Since the active site of an enzyme may be its

' C.R. Thomas and P. Dunnill, “Action of Shear on Enzymes: Studies with Catalase and Urease,”
Biotechnol. Bioeng. 21: 2279 (1979). !
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least stable region, presence of the substrate may stabilize the enzyme by “hold-
ing” some of the protein in the form of enzyme-substrate complexes. On the
other hand. examples of destabilization of enzymes by their substrates are also
known. Polyalcohol solvents, which stabilize a number of enzymes, may diminish
the tendency for hydrogen bond rupture in the protein.

At low salt concentrations (<0.1 M), salt cations such as Ca’*, Zn?",
Mn?*, Fe?*, Mo?*, and Cu?*, interact specifically with a group of enzymes
called metalloenzymes. Some of these cations are cofactors, and their presence
stabilizes the enzyme. Ca’* is implicated in tertiary structure stabilization in
several proteins; by forming ionic bonds with two different amino acid residues,
Ca’* can serve as a stabilizing bridge analogous to a disulfide bond.

Specific examples of chemical additive effects on enzyme stability are listed in
Table 3.11. Further details are given in Ref. [4]. We should note that the in-
fluence of a particular chemical or strategy on one enzyme’s stability cannot
always be extrapolated to other enzymes and, further, the stabilizing effect de-
pends often on a particular combination of solution composition and tempera-
ture. For example, while addition of some salts at low concentrations can
stabilize enzymes, higher concentrations usually cause denaturation. A similar
comment pertains to organic solvents.

Chemical modification of proteins, an important tool in protein biochem-
istry, has also been applied with some success to improve enzyme stability. One
class of chemical modification strategies involves adding to or modifying the

Table 3.11 Examples of enzyme stabilization

Enzyme Method Effect

Glucoamylase Addition of substrate analogs, Enhanced thermal stability
glucose, gluconolactone

Lactate dehydrogenase Addition of substrate lactate or Greater thermostability;

destabilized by addition of
pyruvate substrate

effector fructose-diphosphate

a-Amylase Addition of 50-70 %, sorbitol Better storage and thermal
stability
Chymotrypsin Addition of 50-90¢ glycerol Improved resistance to proteolysis

Addition of 5-109%, ethanol, 2- Increased heat stability; similar
propanol levels of methanol, n-propanol
= destabilize the enzyme

B-Galactosidase

a-Amylase Addition of Ca?* Greatly enhanced thermostability
(Bacillus caldolyticus)
Trypsin Addition of polyalanyl (~10 units More proteolysis, heat

Asparaginase
Glycogen phosphorylase

Papain ]

long) to protein’s amino groups
Succinyl substituents added using
the acid anhydride
Butyl or propyl substituents added
using the aldehyde and-~NaBH,
Cross-linked using glutaraldehyde

deactivation resistance
Protease resistance up

Enhanced thermal stability

Better thermostability
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R-groups of certain amino acid residues. In these methods, polyamino acid side
chains may be added to amino groups of the native protein. Acylation and reduc-
tive alkylation may be used to introduce other substituents,

Bifunctional reagents such as glutaraldehyde are important in the other class
of chemical stabilization methods. By cross-linking amino groups, these reagents
limit access by proteases and may also serve to lock the protein into an active
configuration. Diimides, which cause formation of amino-carboxyl cross-links,
may also be used for chemical stabilization. We shall examine these reagents and
their reactions in more detail when we consider their use for enzyme immobil-
ization.

3.8 ENZYME REACTIONS IN HETEROGENEOUS SYSTEMS

Our attention to this point has been concentrated on enzymes in solution acting
on substrates in solution. This is not a universal situation, as we have already
hinted in Fig. 2.27. In that diagram of a procaryote, it was indicated that some of
the cell’s enzymes are attached to the cell membrane. Similar features are found
in eucaryotes. In mitochondria, for example, the enzymes for a very complicated
chain of reactions are bound to a convoluted internal-membrane system (see
Chap. 5).

Many other combinations of enzyme and substrate physical states arise in
nature and technology, as Fig. 3.31 illustrates. The kinetics of enzymes in solu-
tion acting on insoluble substrates will be examined next. In the next chapter, we
shall analyze reactions of soluble substrates catalyzed by enzymes attached to
surfaces.

Sometimes only the soluble form of a substrate which may also exist as a
separate phase is suitable for enzyme catalysis. An example is evident in the data
shown in Fig. 3.32. Since all molecular species have a finite aqueous solubility, a
small amount of substrate will always be in solution to supply the enzyme. This
may be so slow a process, however, that the rate is nil for practical puposes. Let
us turn next to some examples of the opposite sort.

One of these is the hydrolysis of methyl butyrate by pancreatic lipase, a fat-
splitting enzyme which is secreted in the human digestive tract. In contrast to the
previous example, here the reaction does not occur until an insoluble form (liquid
droplets) of the substrate is available (F ig. 3.33). Apparently the enzyme is active
only at the liquid-liquid interface. Recalling the possibility of enzyme denatura-
tion by interfacial tension, it is interesting to note that the bile salts, natural
surfactants which are also secreted into the digestive tract, may adsorb on fat
droplets and reduce the interfacial forces, just as with surfactant foam fractiona-
tion mentioned above. '

Other enzymes are active toward both the soluble and insoluble form of the
substrate. Trypsin, a protease, is found to digest both free lysozyme and lysozyme
adsorbed on the surface of kaolinite. A second enzyme which hydrolyses both
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Enzyvme state Substrate state
Hexokinase
Solution * Solution*
Solid Solid
Surface Surface
Dry. low humidity Liquid

Gel
Hydl’o
genaSe
Frozen Gas

Figure 3.31 Enzymes in several different states catalyze reactions of substrates in various forms. The
classical solution case is only one of a broad spectrum of possible enzyme-substrate interactions.
(Reprinted from A. D. McLaren and L. Packer, “ Some Aspects of Enzyme Reactions in Heterogeneous
Systems,” Adv. Enzymol. Rel. Sub. Biochem., vol. 33, p. 245, 1970.)

soluble and “insoluble” substrates is lysozyme itself. As noted earlier, lysozyme is
active in splitting the bacterial cell wall. However, it also catalyzes the break-
down of soluble oligomers derived from the cell-wall polymer (Sec. 3.4.2).

An interesting variation on the kinetic equations derived earlier arises when
enzyme in solution acts on an insoluble substrate by absorbing onto the surface
of the substrate. In contrast to previous cases, where the reaction rate increases in

1.0 T ——

3 { el

@ ) v

54 V4

zZg /

e 2

€8 |

ES : Figure 3.32 Reaction only of

£ 'P/Solubility limit soluble-substrate form. (Re-

< ’ printed by permission from M.

> | . Dixon and E. C. Webb, “En-
0 : . zymes,” 2d ed., p. 90, Academic

Substrate concentration —— Press, Inc., New York, 1964.)
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Figure 333 Reaction at liquid-liquid interface. (Reprinted by permission from L. Sarda et P. Des-
nuelle, “ Action de la Lipase Pancréatique sur les Esters en Emulsion,” Biochim. Biophys. Acta, vol. 30,
p. 513, 1958.)

direct proportion to total enzyme concentration, a limiting rate is approached as
enzyme concentration is increased. This behavior is evident in kinetic data for
hydrolysis of a solid cube of protein (specifically thiogel, a cross-linked gelatin)
under the action of trypsin (Fig. 3.34).

To develop a reasonable model for heterogeneous kinetics, we begin by turn-
ing the tables: the enzyme now adsorbs on the substrate. Letting A denote a
vacant site on the substrate surface, we assume the following equilibrium:

kad:

E+A EA (3.86)

des

If a, is the total number of moles of adsorption sites on the substrate surface per
unit volume of the reaction mixture, we have

ao = a + (ea) (3.87)
Combining this with the equilibrium relation for enzyme adsorption (3.86) gives
ap€ : kdes .
= h = 3.88
(ea) K,+e wit K, » (3.88)

The development is completed by assuming that the hydrolysis is accomplished
by irreversible decomposition of the EA complex. Consequently

kyaye
K,+e

v = ky(ea) = (3.89)

Recalling our notation conventions, e is the concentration of free enzyme and
is related to the total concentration e, at the start of the experiment by

eo=e+(ea) . B (3.90)

a maee L
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Figure 3.34 Dependence of the rate of disappearance of
solid substrate (thiogel) on the concentration e, of enzyme
0 4 1 1 in solution. (Data of A. G. Tsuk and G. Oster, “ Determina-
0 20 40 60 80 tion of Enzyme Activity by a Linear Measurement,” Nature
0, mg/L {London), vol. 190, p. 721, 1961.)

If the initial concentration of enzyme is much larger than that of substrate (e, >
a,), we may assume to an excellent degree of approximation that

eo X e (3.91)

so that V= (3.92)

The situation e, » a, is not at all uncommon for reactions involving solid sub-
strates. For example, the data in Fig. 3.34 were obtained in an experiment for
which ey/a, was approximately 4000. This case contrasts sharply with reactions
in solution, where s, is typically much larger than e,.

Rate equation (3.92) reveals that a Lineweaver-Burk double-reciprocal plot
(1/v vs. 1/ey) should be linear. This indeed occurs, as Fig. 3.35 demonstrates. In
Fig. 3.35a, the data shown in Fig. 3.34 have been replotted. The other part of the
figure illustrates a similar result for another soluble-enzyme solid-substrate
system.

Many potential microbial nutrients begin as solid particles (in waste streams,
lakes, compost piles, etc.). Hydrolysis of these particles by extracellular enzymes
is clearly necessary before the cell can absorb or pump the then solubilized
nutrient through its own membrane. Also, cellulose hydrolysis by cellulase en-
zymes requires initial breakdown of insoluble particulates. Hence we can expect
the enzyme kinetics in this section to be of importance in such particle-substrate
reactors.

Before leaving this topic, we should emphasize two further points: (1) The
development above is not necessarily restricted to solid substrates. It has also
been applied to a dispersed phase of immiscible liquid substrate, e.g., the system
shown in Fig. 3.33; (2) we have ignored possible differences in concentrations
between bulk fluid phases and interfaces. Thése will be examined explicitly in the
next chapter.
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Figure 3.35 (a) Double-reciprocal plot of the data in Fig. 3.34. (b) Another double-reciprocal plot for

digestion of an insoluble substrate (poly-B-hydroxybutyrate particles) by an enzyme (depolymerase of

P. lemoignei) in solution. ( Reprinted from A. D. McLaren and L. Packer, “Some Aspects of Enzyme
- Reactions in Heterogeneous Systems,” Adv. Enzymol. Rel. Sub. Biochem., vol. 33, p. 245, 1970.)

PROBLEMS

3.1 Determination of K, and v, Initial rates of an enzyme-catalyzed reaction for various substrate
concentrations are listed in Table 3P1.1.

(a) Evaluate v,,, and K,, by a Lineweaver-Burk plot.

(b) Using an Eadie-Hofstee plot, evaluate v,,, and K,,.

(¢) Calculate the standard deviation of the slope and intercept for each method.
3.2 Batch enzymic reaction An enzyme with a K, of 1 x 103 M was assayed using an initial sub-

strate concentration of 3 x 10~5 M. After 2 min, 5 percent of the substrate was converted. How much
substrate will be converted after 10, 30, and 60 min?
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. Table 3P1.1
b
} 4 7 s. mol/L v, mol/(L-min) x 108
41 x 1073 177
= 95 x 107% 173

52 x107% 125
1.03 x 10°* 106
49 x 1075 80
1.06 x 10773 67
51 x107° 43

Vi T R S AR AR ST

3.3 Multisite enzyme kinetics Suppose that an enzyme has two active sites so that substrate is con-
verted to product via the reaction sequence

k k;
- E+S = (ES) (ES) + S (ESS)
(-1 -2
. (ESS) % (ES)+P (ES) — > E+P
3 4
Derive a rate expression for P formation by assuming quasi-steady state for (ES) and for (ESS).
. 34 Multiple enzyme-substrate complexes Multiple complexes are sometimes involved in some en-
zyme-catalyzed reactions. Assuming the reaction sequence
k k k
. S+E k‘ (ES), k’ (ES); —~— P+E
2 4
r
] develop suitable rate expressions using (a) the Michaelis equilibrium approach and (b) the quasi-

steady-state approximations for the complexes.

3.5 Relaxation kinetics with sinusoidal perturbations As Fig. 3P5.1 indicates, when a reaction system

J_.J at equilibrium (or steady state) is perturbed slightly in a sinusoidal fashion, the concentrations of the
4]
o _y Phase delayed
Periodic variation of e Ceay
. oscillation of
external variable .
concentration
t for =
se of
ryme
\
\
- T —
trate ' o
Figure 3P5.1 Response to small-amplitude periodic environmental perturbations.
reacting species also become sinusoidal. Develop the equations necessary to relate the observed
sub- concentration fluctuations to the kinetic parameters for the reaction
nuch k, o
A B r=ka-kb
y ' &
A
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when the medium temperature is oscillated according to
T = Ty(1 + a sin wt) where ¢ < 1

Indicate how you would determine k, and k, from the response of a and & to the periodic perturba-
tions.

3.6 Reversible reactions For the reversible reaction
ky
k-y

E+S (ES) E+P

2
k-2
show that:

(a) The reaction will proceed far to the right only if k.k, > k_ 1k_y.

(b) The parameters v;, vp, K,, and K, are not independent.

(¢) Under what conditions will a Lineweaver-Burk plot of the equation in part (b) yield useful
results.

(d) Integrate dp/dt above to obtain p(t) in terms of ¢ and the value of p at equilibrium

At=Bp+Cln(l—-£—)

Peq

(e) f K, = K,, show that B = 0.

3.7 Enzyme deactivation An enzyme irreversibly denatures according to Eq. (3.77).

(a) Show that only v,,, and not K,, is affected by such a change.

(b) For enzymes acting on insoluble substrates [Eq. (3.92)], show that the converse of part (a)
will appear to be correct if the investigator is unaware that the active enzyme concentration is
changing.

3.8 pH dependence An enzyme-catalyzed reaction irreversibly generates protons according to the
equation :

H,O+E+S8* —— E+SOH+H*

If the active form of the enzyme is e, and e /e = 1.0 at pH = 6.0 = pKi, e fe” =10atpH =10 =
PK;:
(a) Show that the reaction velocity at pH 7.0 is given approximately by

sK,
Pmax (K 1+ XK, + h)

v= where h = [H*]

(b) Integrate the previous equation to show that the time variation of s obeys
5
alns—+ﬂ(so—s)+6(sé—s2)=v,,t
0

where a and # depend on the initial pH and initial substrate concentration.

3.9 Inhibitor kinetics A pesticide inhibits the activity of a particular enzyme A, which can therefore be
used to assay for the presence of the pesticide in an unknown sample.

(@) In the laboratory, the initial rate data shown in Table 3P9.1 were obtained. Is the pesticide a
competitive or noncompetitive inhibitor? Evaluate K, Vmaxs and K.

(b) After 50 mL of the same enzyme solution in part (a) is mixed with SOmL of 8 x 1074 M
substrate and 25 mL of sample, the initial rate observed is 18 umol/min. What is the pesticide concen-
tration in the unknown assuming no other inhibitors or substrat__e.s are present in the sample?
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Table 3P9.1
v, mol/(L-min) x 10°

s, mol/L No inhibitor 1073 M inhibitor
33x 1074 56 37

50 x 1074 71 47

6.7 x 1074 88 61

1.65 x 1073 129 103
221 x 1073 149 125

3.10 Kinetics with an ionizing cofactor An enzyme requires the presence of a bound cofactor for the
enzyme to be in the catalytically active form. The cofactor binds very tightly to the enzyme. A critical
group on the cofactor has a pK of pK_, and the cofactor is only functional when in the deprotonated
form. The first pK values of the enzyme active site on either side of the PH of maximum activity are

pK, and pK,. Derive (or simply write down) appropriate velocity expressions for the conversion of a
single substrate to products when the following conditions apply:

(@) IpK| < |pK,| < |pK,|
(®) 1pK;l < |pK < |pK,|
() pK. = pK,

3.11 Substrate activation Derive the rate equation for activation by substrate:

Ks

E+S ES

(%]

Ks, K
ES,

E+S

k
ES,S —*— ES, +P

b

Make the usual assumptions: (i) quasi-steady state for intermediates and (i) concentration of sub-
strate is much greater than that of the enzyme.

3.12 Heat generation in enzyme conversions The maximum temperature rise in a cylindrical plug-flow
reactor can be estimated by a closed heat balance around the conversion of substrate on a single flow
through the reactor.

(a) Writing heat generated > heat gained by flowing medium, calculate the maximum tempera-
ture rise obtainable for a single enzyme-catalyzed reaction in terms of heat of reaction per mole
reactant AH,, fractional conversion of reactant 8, reactant inlet concentration 5o, liquid heat capacity
Cp, and AT = T;ullet - ’I;nlel'

(b) For 80 percent hydrolysis of 20% lactose solution (AH, = —7100 cal/g mol), show that the
maximum temperature rise is only a few degrees Celsius.

(c) When a cooling jacket is applied to a thin enzyme reactor, the exit centerline temperature is
approximately given by

Ttl)u et Twa z
T+ _ Joutte H_erf _
’Ii‘nlel - Twall 2\/1t

where z = column length, ¢ = residence time of fluid, and a = k,/pC,, where k, = overall thermal
conductivity, p = packed bed density, and erf is the error function (tabulated for the argument,
z/Z\/;E, in any handbook). Show that for the conditions of part (b), T* approaches unity rapidly

(calculate T* when z =1, 2, 3, 4 in) [W. H. Pitcher, Immobilized Enzymes for Industrial Reactors,
Academic Press, N.Y. 1975, p. 151.]
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3.13 The Hill equation for cooperative binding The following simple model is often used to describe
cooperative (n > 1) binding of substrates (S) to- oligomeric proteins (E,):

nS +E, E,S,

Develop a simple graphical method for evaluation of n from measurements of E,5,.

3.14 Deactivation of a-chymotrypsin Consider the thermal denaturation plus autodigestion protease
deactivation reactions in Eq. (3.84), where K is the equilibrium constant between E, and E;; and K,,
is the dissociation constant of the (E,E;,) complex. Assuming (e.€i1) < e, + ¢;,, determine the concen-
tration of potentially active enzyme e(=e, + ¢;,) versus time in a batch reactor.
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CHAPTER

FOUR
APPLIED ENZYME CATALYSIS

In this chapter we shall survey some of the applications of enzymes and examine
immobilized enzyme catalyst formulations which allow sustained, continuous use
of the enzyme. Since the kinetic properties of these biocatalysts depend upon
coupled mass transfer and chemical reaction processes, it is also important here

to learn how this coupling influences catalyst properties.

All enzymes used in applications are derived from living sources (Table 4.1).
Although all living cells produce enzymes, one of the three sources—plant, ani-
mal, or microbial—may be favored for a given enzyme or utilization. For exam-
ple, some enzymes may be available only from animal sources. Enzymes obtained
from animals, however, may be relatively expensive, e.g., rennin from calf’s stom-
ach, and may depend on other markets, e.g., demand for lamb or beef, for their
availability. While some plant enzymes are relatively easy to obtain (papain from
papaya), their supply is also governed by food demands. Microbial enzymes are
produced by methods which can be scaled up easily. As we shall explore further
in Chap. 6, recombinant DNA technology now provides the means to produce
many different enzymes, including those not normally synthesized by micro-
organisms or permanent cell lines, in bacteria, yeast and cultured cells. Moreover,
due to the rapid doubling time of microbes compared with plants or animals,
microbial processes may be attuned more easily to the current market demands
for enzymes. On the other hand, for use in food or drug processes, only those
microorganisms certified as safe may be exploited for enzyme production.

While all enzymes used today are derived from living organisms, in this
chapter we consider only enzymes which are itilized in the absence of life. Such
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biological catalysts include extracellular enzymes, secreted by cells in order to
degrade polymeric nutrients into molecules small enough to permeate cell walls,
Grinding, mashing, lysing, or otherwise killing and splitting whole cells open
frees intracellular enzymes, which are normally confined within individual cells.

Certain applications of enzymes demand thé use of a relatively pure extract.
For example, glucose oxidase for desugaring of eggs must be free of any protein-
splitting enzymes, and proteolytic enzymes injected into animals for meat tender-
ization just before slaughter must not contain any compounds which would
cause a serious physiological reaction. Other examples requiring relative purity
include enzymes in clinical diagnosis and some enzymes in food processing.

Studies of enzyme kinetics have been generally carried out with the purest
possible enzyme preparations. As indicated in Chap. 3, such research also in-
volves the fewest possible number of substrates (one if achievable) and a con-
trolled solution with known levels of activators (Ca*, Mg?*, etc), cofactors,
and inhibitors. The results of these studies provide the clearest picture of enzyme
kinetics.

Many useful industrial enzyme preparations are not highly purified. They
contain a number of enzymes with different catalytic functions and, under most
conditions, are not used with anything approaching either a pure substrate or a
completely defined synthetic medium in the sense discussed in Chap. 3. Also, the
simultaneous use of several different enzymes may be more efficient than sequen-
tial catalysis by a separated series of the enzymes. In spite of this added complex-
ity, such enzyme preparations are kinetically more simple than the integrated
living organisms from which they are produced and are thus logically considered
before the chapters dealing with cellular metabolism and industrial biotechnolog-
ical routes of product synthesis.

4.1 APPLICATIONS OF HYDROLYTIC ENZYMES

The action of hydrolytic enzymes is important not only in obvious macroscopic
degradations such as food spoilage, starch thinning, and waste treatment, but
also in the chemistry of ripening picked green fruit, self-lysis of dead whole cells
(autolysis), desirable aging of meat, curing cheeses, preventing beer haze, texturiz-
ing candies, treating wounds, and desizing textiles. These and other uses, the
enzymes involved and their sources, will occupy our attention in this section.

A general classification of the major hydrolytic enzymes is given in Table 4.2,
The three groups of enzymes are those involved in the hydrolysis of ester,
glycosidic, and various nitrogen bonds, respectively. Finer classification of all
such enzyme groupings are available and in common use. For the present, we
shall simply point out that some enzymes catalyze the hydrolysis of a large
variety of glucose linkages, for example, whereas other enzymes may catalyze the
hydrolysis of only one glucose oligomer. Thus; the name of the enzyme by itsélf is
not necessarily indicative of the precise substrate specificity.
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Table 4.2 Hydrolytic enzymes'

Enzyme Substrate Hydrolysis product
Esterases:
Lipases Glycerides (fats) Glycerol + fatty acids
Phosphatases:
Lecithinase Lecithin Choline + H,PO, + fat
Pectin esterase Pectin methyl ester Methanol +
polygalacturonic acid
Carbohydrases:
Fructosidases Sucrose Fructose + glucose
a-Glucosidases (maltase) Maltose Glucose
p-Glucosidases (cellobiase) Cellobiose Glucose
B-Galactosidases (lactase) Lactose Galactose + glucose
Amylases Starch Maltose or glucose +
' maltooligosaccharides
Cellulase Celiulose Cellobiose
Cy[ase .................... Slmp]e sugars
Polygalacturonase Polygalacturonic acid Galacturonic acid
Nitrogen-carrying compounds
Proteinases Proteins ~ Polypeptides
Polypeptidases Proteins Amino acids
Desaminases:
Urease Urea CO, + NH,
Asparaginase Asparagine Aspartic acid + NH,
Deaminases ' Amino acids NH, + organic acids

' H. H. Weiser, Practical Food Microbiology and Technology, p. 37, Avi Publish-
ing Co., Westport, Conn., 1962.

We should again note here that most enzymes have been named according to
the chemical reactions they are observed to catalyze, rather than according to
their structure.! Since a one-enzyme-one-reaction uniqueness does not generally
exist, enzymes from different plant or animal sources which catalyze a given
reaction will not always have the same molecular structure or necessarily the
same kinetics. Consequently, maximum reaction rate, Michaelis constant, pH of
optimum stability or activity, and other properties will depend on the particular
enzyme source used.

Many hydrolases are directed to specific compartments separated from the
cytoplasm by membranes. This serves the obvious purpose of protecting essential
cytoplasmic bipolymers from degradation. Gram-positive bacteria secrete a vari-
ety of hydrolases into their environment. With their double membrane outer
envelope, gram-negative bacteria have available the periplasmic space which
safely stores a variety of hydrolases. In eucaryotes, hydrolases may be stored

" The international classification scheme of the Enzyme Commision was outlined in Table 3.1.
For further information on classification, see M. Dixon and E. C. Webb, Enzymes, 3d ed., chap. §.
Academic Press, Inc., New York, 1979.
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inside the cell in membrane-enclosed lysosome organelles, reside in the periplasm
in microbes like yeast, or be secreted into the environment. Most hydrolytic
enzymes used commercially are extracellular microbial products.

A few hydrolases are found in the cytoplasm, however. These serve impor-
tant recycle functions in the cell’s use of chemical resources. Intracellular hydro-
lases have significant implications in genetic engineering technology (Chap. 6).

Since water is an omnipresent substrate at roughly 55 M concentration, and
since hydrolytic enzymes are normally associated with degradative reactions, e.g.,
conversion of starch to sugar, proteins to polypeptides and amino acids, and
lipids to their constituent glycerols, fatty acids and phosphate bases, the follow-
: ing discussion is organized around the various possible polymer substrates. It
i should be noted, however, that several recent experimental processes for polypep-
tide synthesis have employed these naturally hydrolytic enzymes in media with
low water activity. Under these circumstances, the reverse, synthetic reaction can
be catalyzed in some cases.

4.1.1 Hydrolysis of Starch and Cellulose

Amylases are extensively applied enzymes which can hydrolyze the glycosidic
bonds in starch and related glucose-containing compounds. To appreciate the
distinction between the two major types of amylases, we should recall that starch
contains straight-chain glucose polymers called amylose and a branched com-
ponent known as amylopectin. The branched structure is relative more soluble
than the linear amylose and is also effective in rapidly raising the viscosity of
starch solution. The action of a-amylase reduces the solution viscosity by acting
randomly along the glucose chain at a-1,4 glycosidic bonds: a-amylase is often
called the starch-liquefying enzyme for this reason.! f-Amylase can attack starch
a-1,4 bonds only on the nonreducing ends of the polymer and always produces
maltose when a linear chain is hydrolyzed. Because of the characteristic produc-
tion of the sugar maltose, f-amylase is also called a saccharifying enzyme. A
soluble mixture of starch and B-amylase yields maltose and a remainder of dex-
trins, starch remnants with 1,6 linkages on the end. B-Amylase cannot hydrolyze
these bonds.

Another saccharifying enzyme, amyloglucosidase (also called glucoamylase,
among other names) attacks primarily the nonreducing «-1,4 linkages at the ends
of starch, glycogen, dextrins, and maltose. (a-1,6 linkages are cleaved by amylo-
glucosidase at much lower rates.) Sequential treatment with a-amylase and
glucoamylase or enzyme mixtures are utilized where pure glucose rather than
maltose is desired: in distilleries (as opposed to breweries) and in the manufac-
ture of glucose syrups (corn syrup) and crystalline glucose. It is estimated that
1.35 billion pounds of glucose were produced by this method in the United States

' a-Amylase action is apparently random with long-chain substrates but shows subsite structure
specificity for shorter oligomers. .
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Table 4.3 Common applications of amylase preparations'

Industry Use
Glucose and Total or partial hydrolysis of corn starch by amyloglucosidase or a-amylase to
syrup give a large quantity of sweeteners
Brewing Conversion of crushed grain starch to maltose (a suitable dissacharide
substrate for yeast fermentation)
Breadmaking Leavening: Conversion of sufficient starch to fermentable saccharides needed
» for carbon dioxide generation
Fruit juice Hydrolysis of starch causing turbidity due to insolubility
Papermaking a-Amylase action to liquefy starch coatings to a desired viscosity for

application to fibers (variable-weight papers)

Textiles Sizing : a-Amylase activity to liquefy starch; resulting solution tised to
strengthen warp threads before weaving

Desizing: «,f-Amylase action to remove size from woven material so that all
threads will dye uniformly and fabric will have desired texture

Candy Production of candy of desired softness

' Adapted from H. H. Weiser, Practical Food Microbiology and Technology, p. 37, Avi Publish-
ing Co., Westport, Conn., 1962.

in 1971. This and other applications given in Table 4.3 make these enzymes one
of the most important groups in commercial use. The relative proportions of a-
and f-amylase selected in various applications depend on the result desired.

The sources of amylases are very numerous. This is not surprising since
starch is a common form of carbon fuel for many life forms. Amylases are pro-
duced by a number of bacteria and molds; an important example is the amylase
produced by Clostridium acetobutylicum which is clearly involved in the micro-
bial conversion of polysaccharides to butanol and acetone. Commercial amylase
preparations used in human foods are normally obtained from grains, notably
barley, wheat, rye, oats, maize, sorghum, and rice. The ratio of saccharifying to
liquefying enzyme activity depends not only on the particular grain but also
upon whether the grain is germinated. In the production of malt (softened, ger-
minated barley) for brewing, the ungerminated seeds are exposed to a favorable
temperature and humidity so that rapid germination occurs, with resulting large
increase in a-amylase. The germinated barley is then kiln-dried slowly; this halts
all enzyme activity without irreversible inactivation. The dried malt preparation
is then ground, and its enormous liquefying and saccharifying power (to convert
starches to fermentable sugars) is utilized in the subsequent yeast fermentation.

The other carbohydrases listed in Table 4.1 also cleave glycosidic bonds.
Increased yields of glucose from starch have been reported by application of
pullulanase in conjunction with amylase treatment. Pullulanase hydrolyzes 1-6
glycosidic branching bonds selectively. Splitting lactose into the sweeter compo-
nents glucose and galactose by lactase is common in the manufacture of ice
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cream products. A related enzyme, invertase hydrolyzes sucrose and poly-
saccharides containing a f-p-fructofuranosyl linkage. The enzyme name derives
from the early observation that the hydrolyzed sucrose solution containing fruc-
tose and glucose rotates a polarized light beam in the direction opposite that of
the original solution. The partially or completely hydrolyzed solution allows two
properties desirable in syrup and candy manufacturing: a shightly sweeter taste
than sucrose and a much higher sugar concentration before hardening.

Substantial research and development efforts worldwide have focused on
enzymatic hydrolysis of cellulose. To begin our overview on this process, we should
emphasize that cellulase, the name usually used to describe the enzyme material
active 1n depolymerizing cellulose, is a complex mixture of several different en-
zymes. Furthermore, the different enzymes present and their relative quantities
depend upon the microorganism used for cellulase production and, in some situa-
tions, on the enzyme production process. As mentioned in the lignocellulosics
discussion in Chap. 2, biomass and waste materials from different sources have
different physical properties such as crystallinity and surface area and different
chemical compositions. Through several different pretreatment processes, these
substrates may be modified to enhance their susceptibility to hydrolysis. Thus,
the hydrolysis rates and yields achieved in a particular process depend upon
the interactions of substrate properties, pretreatment effects, and multiple enzyme
activities and modes of attack.

Cellulase systems produced by species of Trichoderma fungi are the most
thoroughly developed and characterized at present. These systems possess three
major classes of enzymes with different substrates and products as indicated in
Fig. 4.1. Feedback inhibition of enzyme activity occurs as indicated; kinetic
models for this reaction network have typically employed Michaelis-Menten ki-
netics for each step with strictly competitive or noncompetitive inhibition. Many
other microorganisms including the molds Fusarium solani, Aspergillus niger,
Penicillium  funicolsum, Sporotrichum pulverulentum, Cellulomonas species,
Clostridium thermocellum, and Clostridium thermosaccharolyticum bacteria pro-
duce cellulases with distinctive activities and properties.

Table 4.4 provides further information of the T. viride cellulase system. No-
tice the use of different “standard” cellulosic substrates for determination of
characteristic activities. Also important are the enzyme dimensions, which are
comparable to the microfibril size in native cellulose. Thus, enzyme hydrolysis
rates depend critically on the crystalline structure of cellulose. Kinetic forms
which incorporate the influence of crystallinity will be examined in Example 4.1
below, after a brief overview of chemical and physical pretreatment methods for
lignocellulosics.

Insights on the influence of lignin on cellulose digestion are provided by
studies of chemical pulping of woods. In papermaking, wood chips are treated
with acid sulfite or alkaline sulfate solutions (Kraft process) at elevated tempera-
ture and pressure to solubilize lignins and pectins. By varying these conditions
for four wood species, pulps with different ligniri contents were obtained which
were then treated with sulfuric acid to hydrolyze the accessible cellulosics. The
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Figure 4.1 Schematic diagram of the substrates, cellulase enzymes, and products in cellulose hydroly-
sis (— major reaction; --> side pathways; --»> inhibition effects.) (Adapted from Y. H. Lee and L. T.
Fan, “ Properties and Mode of Action of Cellulase,” Advances in Biochemical Engineering (A. Fiechter,
ed.),vol. 17, p. 101, 1980.)

Table 4.4 Properties of enzyme classes in the T. viride cellulase system

Enzyme class

B-Glucosidase
Endo-p-1,4-glucanase Exo-p-1,4-cellobiohydrolase (cellobiase)
Standard Carboxymethylcellulose Avicelt | Cellobiose
substrate (CMC) (
Inhibitors Cellobiose Glucose (cellobiose) ?
Approximate 12,500-52,000 46,000 76,000
molecular
weight
Equivalent 34-64 62 76
sphere
diameter, A

t Avicel is a commercially available crystallized acid-treated cellulose.
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Figure 4.2 Experimental data showing the relationship between delignification and cellulose
digestibility for four different wood species. ( Reprinted by permission from A. J. Baker, “Effect of
Lignin on the in vitro Digestibility of Wood Pulp,” J. Anim. Sci., vol. 37, p. 768, 1973.)

results of this experiment (Fig. 4.2) clearly reveal the importance of lignin content
in restricting biomass digestibility. Other approaches for removing lignins include
gaseous SO,, mineral acid and lignin-degrading enzyme treatment. Ligninase
enzymes are produced by several fungi including Sporotrichum pulverulentum and
Pleurotus ostreatus.

Cellulose structure—crystallinity, specific surface area and degree of poly-
merization—can be altered by a variety of pretreatments such as ball or compres-
sion milling, y-irradiation, pyrolysis, and acidic or caustic chemicals. We shall
focus here on pretreatment-crystallinity-hydrolysis kinetics interactions as an ex-
ample, suggesting further reading in the References for discussions of other -as-
pects. Pretreatment effects on crystallinity are best characterized by x-ray
diffraction measurements as exemplified in Fig. 4.3a. From such data a crystallin-
ity index (CrI) may be calculated using an empirical formula which, for the type
of cellulose considered in Fig. 4.3, is given by

' I(am) o
CrI(A,)—[l .1(002)] x 100% 4.1)

where I(am) (am = amorphous) and 1(002) are the diffraction intensities at 26 =
18.50 and 22.5°, respectively. While not a precise measure of the crystalline frac-
tion, the Crl values are indicative of the relative crystallinity content and average




168 BIOCHEMICAL ENGINEERING FUNDAMENTALS

4 passes
\-v—-«.

M 10 passes
/ \;O\p:s:c?ﬁ
\N“‘-ﬂw

/#\w

Intensity (arbitrary scale)

-

10° 15° 20° 25° 30°
Diffraction angle (26)

(a)

e -

10° 15° 20° 25° 30°

Diffraction angle (26)
(b)

Figure 4.3 X-ray diffraction patterns of (a) Avicel cellulose subjected to different numbers of passes
through a two-roll compression mill and (b) after different times in 7. reesei cellulase (a through £
correspond to the reaction time sequence 0, 3, 6, 12, 24, and 36h). Intensities at the two indicated
diffraction angles 26 = 18.5 and 22.5° are used to evaluate the crystallinity index Crl. ( Reprinted by
permission from (a) D. D. Y. Ryu, S. B. Lee, T. Tassinari, and C. Macy, “Effect of Compression
Milling on: Cellulose Structure and on Enzymatic Hydrolysis Kinetics,” Biotech. Bioeng., vol. 24, p.
1047, 1982; and (b) S. B. Lee, I. H. Kim, D. D. Y. Ryu, and H. Taguchi, “Structural Properties of
Cellulose and Cellulase Re