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UNIT – 1
OVERVIEW OF FERMENTATION PROCESSES
Fermentation Technology

1 INTRODUCTION

Microorganisms are capable of growing on a wide range of substrates

and can produce a remarkable spectrum of products. The relatively

recent advent of in vitro genetic manipulation has extended the range of

products that may be produced by microorganisms and has provided

new methods for increasing the yields of existing ones. The commercial

exploitation of the biochemical diversity of microorganisms has resulted

in the development of the fermentation industry and the techniques of

genetic manipulation have given this well-established industry the

opportunity to develop new processes and to improve existing ones.

The term fermentation is derived from the Latin verb fervere, to boil,

which describes the appearance of the action of yeast on extracts of fruit

or malted grain during the production of alcoholic beverages. However,

fermentation is interpreted differently by microbiologists and biochemists.

To a microbiologist the word means any process for the

production of a product by the mass culture of microorganisms. To a

biochemist, however, the word means an energy-generating process in

which organic compounds act as both electron donors and acceptors,

that is, an anaerobic process where energy is produced without the

participation of oxygen or other inorganic electron acceptors. In this

chapter fermentation is used in its broader, microbiological context.

2 MICROBIAL GROWTH

The growth of a microorganism may result in the production of a range

of metabolites but to produce a particular metabolite the desired
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organism must be grown under precise cultural conditions at a particular

growth rate. If a microorganism is introduced into a nutrient medium

that supports its growth, the inoculated culture will pass through a

number of stages and the system is termed batch culture. Initially,

growth does not occur and this period is referred to as the lag phase and

may be considered a period of adaptation. Following an interval during

which the growth rate of the cells gradually increases, the cells grow at a

constant, maximum rate and this period is referred to as the log or

exponential phase, which may be described by the equation

where x is the cell concentration (mg ml-'), t is the time of incubation

(h), and p the specific growth rate (h-'). On integration equation (1)

gives

where xo is the cell concentration at time zero and xt is the cell

concentration after a time interval, t h.

Thus, a plot of the natural logarithm of the cell concentration against

time gives a straight line, the slope of which equals the specific growth

rate. The specific growth rate during the exponential phase is the

maximum for the prevailing conditions and is described as the maximum

specific growth rate, or ,urnaxE. quations (1) and (2) ignore the facts

that growth results in the depletion of nutrients and the accumulation of

toxic by-products and thus predict that growth continues indefinitely.

However, in reality, as substrate (nutrient) is exhausted and toxic

products accumulate, the growth rate of the cells deviates from the

maximum and eventually growth ceases and the culture enters the

stationary phase. After a further period of time, the culture enters

the death phase and the number of viable cells declines. This classic

representation of microbial growth is illustrated in Figure I. It should be

remembered that this description refers to the behaviour of both

unicellular and mycelial (filamentous) organisms in batch culture, the

growth of the latter resulting in the exponential addition of viable

biomass to the mycelial body rather than the production of separate,

discrete unicells.

As already stated, the cessation of growth in a batch culture may be

due to the exhaustion of a nutrient component or the accumulation of a

toxic product. However, provided that the growth medium is designed

such that growth is limited by the availability of a medium component,
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Figure 1 Growth of a 'typical' microorganism under batch culture conditions

(Reproduced with permission from P. F. Stanbury, A. Whitaker and S. J. Hall,

'Principles of Fermentation Technology', Pergamon Press, Oxford, 1995)

growth may be extended by addition of an aliquot of fresh medium to the

vessel. If the fresh medium is added continuously, at an appropriate rate,

and the culture vessel is fitted with an overflow device, such that culture is

displaced by the incoming fresh medium, a continuous culture may be

established. The growth of the cells in a continuous culture of this type is

controlled by the availability of the growth limiting chemical component

of the medium and, thus, the system is described as a chemostat. In'this

system a steady-state is eventually achieved and the loss of biomass via

the overflow is replaced by cell growth. The flow of medium through the

system is described by the term dilution rate, D, which is equal to the rate

of addition of medium divided by the working volume of the culture

vessel. The balance between growth of cells and their loss from the

system may be described as

dx/dt = growth -output

or

dx/dt = ,YX - DX
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dx/dt = 0

and, therefore, px = Dx and p = D.

Hence, the growth rate of the organisms is controlled by the dilution

rate, which is an experimental variable. It will be recalled that under

batch culture conditions an organism will grow at its maximum specific

growth rate and, therefore, it is obvious that a continuous culture may be

operated only at dilution rates below the maximum specific growth rate.

Thus, within certain limits, the dilution rate may be used to control the

growth rate of a chemostat culture.

The mechanism underlying the controlling effect of the dilution rate is

essentially the relationship between p, specific growth rate, and s, the

limiting substrate concentration in the chemostat, demonstrated by

Monod’ in 1942:

where K, is the utilization or saturation constant, which is numerically

equal to the substrate concentration when p is half pmax. At steady-state,

p = D, and, therefore,

Where S is the steady-state concentration of substrate in the chemostat,

and

Equation (4) predicts that the substrate concentration is determined by

the dilution rate. In effect, this occurs by growth of the cells depleting the

substrate to a concentration that supports that growth rate equal to the

dilution rate. If substrate is depleted below the level that supports the

growth rate dictated by the dilution rate the following sequence of events

takes place:

(i) The growth rate of the cells will be less than the dilution rate and

they will be washed out of the vessel at a rate greater than they are

being produced, resulting in a decrease in biomass concentration.

’ J. Monod, ‘Recherches sur les Croissances des Cultures Bacteriennes’, Herman and Cie, Paris,

1942.
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(ii) The substrate concentration in the vessel will rise because fewer

cells are left in the vessel to consume it.

(iii) The increased substrate concentration in the vessel will result in

the cells growing at a rate greater than the dilution rate and

biomass concentration will increase.

(iv) The steady-state will be re-established.

Thus, a chemostat is a nutrient-limited self-balancing culture system that

may be maintained in a steady-state over a wide range of sub-maximum

specific growth rates.

Fed-batch culture is a system that may be considered to be intermediate

between batch and continuous processes. The term fed-batch is

used to describe batch cultures that are fed continuously, or sequentially,

with fresh medium without the removal of culture fluid. Thus, the

volume of a fed-batch culture increases with time. Pirt2 described the

kinetics of such a system as follows. If the growth of an organism were

limited by the concentration of one substrate in the medium the biomass

at stationary phase, xmax, would be described by the equation:

where Y is the yield factor and is equal to the mass of cells produced per

gram of substrate consumed and SR is the initial concentration of the

growth limiting substrate. If fresh medium were to be added to the vessel

at a dilution rate less than pmax then virtually all the substrate would be

consumed as it entered the system:

where Fis the flow rate and Xis the total biomass in the vessel, i.e. the cell

concentration multiplied by the culture volume.

Although the total biomass (X) in the vessel increases with time the

concentration of cells, x, remains virtually constant; thus dx/dt = 0 and

p = D. Such a system is then described as quasi-steady-state. As time

progresses and the volume of culture increases, the dilution rate

decreases. Thus, the value of D is given by the expression

D = F/( v, + F,)

where F is the flow rate, Vo is the initial culture volume, and t is time.

Monod’ kinetics predict that as D falls residual substrate concentration

’S. J. Pirt, ‘Principles of Microbe and Cell Cultivation’, Blackwell, Oxford, 1975.
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should also decrease, resulting in an increase in biomass. However, over

the range of growth rates operating the increase in biomass should be

insignificant. The major difference between the steady-state of the

chemostat and the quasi-steady-state of a fed-batch culture is that in a

chemostat D (hence, p) is constant whereas in a fed-batch system D

(hence, p) decreases with time. The dilution rate in a fed-batch system

may be kept constant by increasing, exponentially, the flow rate using a

computer-control system.

3 APPLICATIONS OF FERMENTATION

Microbial fermentations may be classified into the following major

group^:^

(i) Those that produce microbial cells (biomass) as the product.

(ii) Those that produce microbial metabolites.

(iii) Those that produce microbial enzymes.

(iv) Those that modify a compound which is added to the fermentation

- the transformation processes.

(v) Those that produce recombinant products.

3.1 Microbial Biomass

Microbial biomass is produced commercially as single cell protein (SCP)

for human food or animal feed and as viable yeast cells to be used in the

baking industry. The industrial production of bakers’ yeast started in the

early 1900s and yeast biomass was used as human food in Germany

during the First World War. However, the development of large-scale

processes for the production of microbial biomass as a source of

commercial protein began in earnest in the late 1960s. Several of the

processes investigated did not come to fruition owing to political and

economic problems but the establishment of the ICI Pruteen process for

the production of bacterial SCP for animal feed was a milestone in the

development of the fermentation ind~stryT.~hi s process utilized continuous

culture on an enormous scale (1 500 m3) and is an excellent example

of the application of good engineering to the design of a microbiological

process. However, the economics of the production of SCP as animal

feed were marginal, which eventually led to the discontinuation of the

’P. F. Stanbury, A. Whitaker and S. J. Hall, ‘Principles of Fermentation Technology’, 2nd Edn,

Pergamon Press, Oxford, 1995.

D. H. Sharp, ‘Bioprotein Manufacture-A Critical Assessment’, Ellis Horwood, Chichester, 1989,

Chapter 4, p. 53.
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Pruteen process. The technical expertise gained from the Pruteen process

assisted ICI in collaborating with Rank Hovis MacDougall on a process

for the production of fungal biomass to be used as human food? A

continuous fermentation process for the production of Fusarium graminearum

biomass (marketed as Quorn@) was developed utilizing a 40 m3

air-lift fermenter. This process was based on sound economics and has

proved to be a major economic success.

3.2 Microbial Metabolites

The kinetic description of batch culture may be rather misleading when

considering the product-forming capacity of the culture during the

various phases, for, although the metabolism of stationary phase cells is

considerably different from that of logarithmic ones, it is by no means

stationary. Bu’Lock et aL6 proposed a descriptive terminology of the

behaviour of microbial cells which considered the type of metabolism

rather than the kinetics of growth. The term ‘trophophase’ was suggested

to describe the log or exponential phase of a culture during which the sole

products of metabolism are either essential to growth, such as amino

acids, nucleotides, proteins, nucleic acids, lipids, carbohydrates, etc. or

are the by-products of energy-yielding metabolism such as ethanol,

acetone and butanol. The metabolites produced during the trophophase

are referred to as primary metabolites. Some examples of primary

metabolites of commercial importance are listed in Table 1.

Bu’Lock et al. suggested the term ‘idiophase’ to describe the phase of a

culture during which products other than primary metabolites are

synthesized, products which do not have an obvious role in cell

metabolism. The metabolites produced during the idiophase are referred

to as the secondary metabolites. The interrelationships between primary

and secondary metabolism are illustrated in Figure 2, from which it may

be seen that secondary metabolites tend to be synthesized from the

intermediates and end-products of primary metabolism. Although the

primary metabolic routes shown in Figure 2 are common to the vast

majority of microorganisms, each secondary metabolite would be

synthesized by very few microbial taxa. Also, not all microbial taxa

undergo secondary metabolism; it is a common feature of the filamentous

fungi and bacteria and the sporing bacteria but it is not, for

example, a feature of the Enterobacteriaceae. Thus, although the

5A. P. J. Trinci, Mycol. Res., 1992,%, 1.

6J. D. Bu’Lock, D. Hamilton, M. A. Hulme, A. J. Powell, D. Shepherd, H. M. Smalley and G. N.

Smith, Can. J. Microbiol., 1965, 11, 765.
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Table 1 Some examples of microbial primary metabolites and their commercial

signiJicance

~ ~~

Primary metabolite Producing organism Commercial signijcance

Ethanol Saccharomyces cerevisiae ‘Active ingredient’ in alcoholic

Citric acid Aspergillus niger Various uses in food industry

Glutamic acid Corynebacterium glutamicum Flavour enhancer

Lysine Corynebacterium glutamicum Feed additive

Polysaccharides Xanthamonas spp. Applications in food industry;

beverages

enhanced oil recovery

Gkrtamrc rtd (C,NI

The inter-relationships between primary and secondary metabolism

(Reproduced with permission from W. B. Turner, ‘Fungal Metabolites’,

Academic Press, 197 1)

taxonomic distribution of secondary metabolism is far more limited than

that of primary metabolism, the range of secondary products produced is

enormous. The classification of microbial products into secondary and

primary metabolites should be considered as a convenient, but in some

cases, artificial system. To quote Bushel€,7t he classification should not be

allowed to act as a conceptual straitjacket, forcing the reader to consider

all products as either primary or secondary metabolites. It is sometimes

difficult to categorize a product as primary or secondary, and the kinetics

’ M. E. Bushell, in ‘Principles of Biotechnology’, ed. A. Wiseman, Chapman and Hall, New York,

1988, p. 5.
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Table 2 Some examples of microbial secondary

metabolites and their commercial sign$-

cance

Secondary metabolite Commercial significance

Penicillin

Cephalosporin

Streptomycin

Griseofulvin

Peps ta tin

Cyclosporin A

Gibberellin

Lovastatin

An ti bio tic

Antibiotic

Antibiotic

Antibiotic (anti-fungal)

Treatment of ulcers

Immunosuppressant

Plant growth regulator

Cholesterol synthesis in hi bi tor

of production of certain compounds may change, depending on the

growth conditions employed.

At first sight it may seem anomalous that microorganisms produce

compounds which do not appear to have any metabolic function and are

certainly not by-products of catabolism as are, for example, ethanol and

acetone. However, many secondary metabolites exhibit antimicrobial

properties and, therefore, may be involved in competition in the natural

environment;* others have, since their discovery in idiophase cultures,

been demonstrated to be produced during the trophophase where, it has

been claimed, they act in some form of metabolic control.' Although the

physiological role of secondary metabolism continues to be the subject of

considerable debate its relevance to the fermentation industry is the

commercial significance of the secondary metabolites. Table 2 summarizes

some of the industrially important groups of secondary metabolites.

The production of microbial metabolites may be achieved in continuous,

as well as batch, systems. The chronological separation of

trophophase and idiophase in batch culture may be studied in continuous

culture in terms of dilution rate. Secondary metabolism will

occur at relatively low dilution rates (growth rates) and, therefore, it

should be remembered that secondary metabolism is a property of slowgrowing,

as well as stationary, cells. The fact that secondary metabolites

are produced by slow-growing organisms in continuous culture indicates

*A. L. Demain, Search, 1980, 11, 148.

91. M. Campbell, Adv. Microb. Physiol., 1984, 25, 2.

' I S. J. Pirt and R. C. Righelato, Appf. Microbiof., 1967, 15, 1284. '* L. H. Christensen, C. M. Henriksen, J. Nielson, J. Villadsen and M. Egel-Mitani, J. Biotechnol.,

10 S. J. Pirt, Chem. Ind. (London), May 1968,601.

42, 95.
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Table 3 Some examples of the repression of secondary

metabolism by medium components

Medium component Repressed secondary metabolite

Glucose Penicillin

Glucose Actinomycin

Glucose Neom ycin

Glucose Streptomycin

Phosphate Candicidin

Phosphate Streptomycin

Phosphate Tetracycline

that primary metabolism is continuing in idiophase-type cells. Thus,

secondary metabolism is not switched on to remove an accumulation of

metabolites synthesized entirely in a different phase; synthesis of the

primary metabolic precursors continues through the period of secondary

biosyn t hesis.

The control of the onset of secondary metabolism has been studied

extensively in batch culture and, to a lesser extent, in continuous culture.

The outcome of this work is that a considerable amount of information is

available on the interrelationships between the changes occurring in the

medium and the cells at the onset of secondary metabolism and the

control of the process. Primary metabolic precursors of secondary

metabolites have been demonstrated to induce secondary metabolism,

for example, tryptophan in alkaloid' biosynthesis and methionine in

cephalosporin biosynthesis. l4 On the other hand, medium components

have been demonstrated to repress secondary metabolism, the earliest

observation being that of Saltero and Johnson" in 1953 of the repressing

effect of glucose on benzyl penicillin formation. Carbon sources that

support high growth rates tend to support poor secondary metabolism

and Table 3 cites some examples of this situation. Phosphate sources

have also been implicated in the repression of secondary metabolism, as

exemplified in Table 3.

Therefore, it is essential that repressing nutrients should be avoided in

media to be used for the industrial production of secondary metabolites

or that the mode of operation of the fermentation maintains the

potentially repressing components at sub-repressing levels, as discussed

in a later section of this chapter.

"J. F. Robers and H. G. Floss, J. Plinrmacol. Sci., 1970.59, 702.

l4 K. Komatsu, M. Mizumo and R. Kodaira, J. Antibior., 28, 881

F. V. Saltero and M. I. Johnson, Appl. Microhiol., 1953. I, 2.

Fermentation Technology 11

3.3 Microbial Enzymes

The major commercial utilization of microbial enzymes is in the food

and beverage industriesI6 although enzymes do have considerable

application in clinical and analytical situations, as well as their use in

washing powders. Most enzymes are synthesized in the logarithmic

phase of batch culture and may, therefore, be considered as primary

metabolites. However, some, for example the amylases of Bacillus

stearothermophilus,” are produced by idiophase cultures and may be

considered as equivalent to secondary metabolites. Enzymes may be

produced from animals and plants as well as microbial sources but the

production by microbial fermentation is the most economic and convenient

method. Furthermore, it is now possible to engineer microbial

cells to produce animal or plant enzymes, as discussed in Section 3.5.

3.4 Transformation Processes

As well as the use of microorganisms to produce biomass and microbial

products, microbial cells may be used to catalyse the conversion of a

compound into a structurally similar, but financially more valuable,

compound. Such fermentations are termed transformation processes,

biotransformations, or bioconversions. Although the production of

vinegar is the oldest and most well-established transformation process

(the conversion of ethanol into acetic acid), the majority of these

processes involve the production of high-value compounds. Because

microorganisms can behave as chiral catalysts with high regio- and

stereospecificity, microbial processes are more specific than purely

chemical ones and make possible the addition, removal, or modification

of functional groups at specific sites on a complex molecule without the

use of chemical protection. The reactions that may be catalysed include

oxidation, dehydrogenation, hydroxylation, dehydration and condensation,

decarboxylation, deamination, amination, and isomerization.

The anomaly of the transformation process is that a large biomass has

to be produced to catalyse, perhaps, a single reaction. The logical

development of these processes is to perform the reaction using the

purified enzyme or the enzyme attached to an immobile support.

However, enzymes work more effectively within their microbial cells,

especially if co-factors such as reduced pyridine nucleotide need to be

16D. J. Jeenes, D. A. MacKenzie, I. N. Roberts and D. B. Archer, in ‘Biotechnology and Genetic

17A. B. Manning and L. L. Campbell, J. Biol. Chern., 1961,236,2951.

Engineering Reviews’, ed. M. P. Tombs, Intercept, Andover, 1991, Vol. 9, Chapter 9, p. 327.

12 Chapter I

regenerated. A compromise is to employ resting cells as catalysts, which

may be suspended in a medium not supporting growth or attached to an

immobile support. The reader is referred to Goodhue et aZ.** for a

detailed review of transformation processes.

3.5 Recombinant Products

The advent of recombinant DNA technology has extended the range of

potential microbial fermentation products. It is possible to introduce

genes from higher organisms into microbial cells such that the recipient

cells are capable of synthesizing foreign (or heterologous) proteins.

Examples of the hosts for such foreign genes include Escherichia coli,

Saccharomyces cerevisiae and other yeasts as well as filamentous fungi

such as Aspergillus niger var. awamori. Products produced in such

genetically manipulated organisms include interferon, insulin, human

serum albumin, factor VIII and factor IX, epidermal growth factor,

bovine somatostatin and bovine chymosin. Important factors in the

design of these processes include the secretion of the product, minimization

of the degradation of the product, and the control of the onset of

synthesis during the fermentation, as well as maximizing the expression

of the foreign gene. These aspects are considered in detail in references

19,20 and 21.
UNIT – 2

RAW MATERIALS AND MEDIA DESIGN FOR FERMENTATION

Figure  illustrates the component parts of a generalized fermentation

process. Although the central component of the system is obviously the

fermenter itself, in which the organism is grown under conditions

optimum for product formation, one must not lose sight of operations

upstream and downstream of the fermenter. Before the fermentation is

started the medium must be formulated and sterilized, the fermenter

sterilized, and a starter culture must be available in sufficient quantity

and in the correct physiological state to inoculate the production

fermenter. Downstream of the fermenter the product has to be purified

and further processed and the effluents produced by the process have to

be treated.
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Figure 3 A generalized, schematic representation of a fermentation process

(Reproduced with permission from P. F. Stanbury, A. Whitaker and S. J. Hall,

‘Principles of Fermentation Technology’, Pergamon Press, Oxford, 1995)

4.1 The Mode of Operation of Fermentation Processes

As discussed earlier, microorganisms may be grown in batch, fed-batch,

or continuous culture, and continuous culture offers the most control

over the growth of the cells. However, the commercial adoption of

continuous culture is confined to the production of biomass and, to a

limited extent, the production of potable and industrial alcohol. The

superiority of continuous culture for biomass production is overwhelming,

as may be seen from the following account, but for other microbial

products the disadvantages of the system outweigh the improved process

control which the technique offers.

Productivity in batch culture may be described by the equation3

where Rbatch is the output of the culture in terms of biomass concentration

per hour, xma, is the maximum cell concentration achieved at

stationary phase, xo is the initial cell concentration at inoculation, ti, is

the time during which the organism grows at pmax and tii is the time

during which the organism is not growing at pmax and includes the lag

phase, the deceleration phase, and the periods of batching, sterilizing and

harvesting.
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The productivity3 of a continuous culture may be represented as

where Rcont is the output of the culture in terms of cell concentration per

hour, tiji is the time period prior to the establishment of a steady-state

and includes time for vessel preparation, sterilization and operation in

batch culture prior to continuous operation, T is the time period during

which steady-state conditions prevail, and X is the steady-state cell

concentration .

Maximum output of biomass per unit time (i.e. productivity) in a

chemostat may be achieved by operating at the dilution rate giving the

highest value of DX, this value being referred to as Batch

fermentation productivity, as described by equation (9, is an average

for the total time of the fermentation. Because dx/dt=px, the productivity

of the culture increases with time and, thus, the vast majority of the

biomass in a batch process is produced near the end of the log phase. In a

steady-state chemostat, operating at, or near, Dma, the productivity

remains constant, and maximum, for the whole fermentation. Also, a

continuous process may be operated for a very long time so that the nonproductive

period, tiii in equation (6), may be insignificant. However, the

non-productive time element for a batch culture is a very significant

period, especially as the fermentation would have to be re-established

many times during the running time of a comparable continuous process

and, therefore, ti; would be recurrent.

The steady-state nature of a continuous process is also advantageous

in that the system should be far easier to control than a comparable

batch one. During a batch fermentation, heat output, acid or alkali

production, and oxygen consumption will range from very low rates at

the start of the fermentation to very high rates during the late logarithmic

phase. Thus, the control of the environment of such a system is far more

difficult than that of a continuous process where, at steady-state,

production and consumption rates are constant. Furthermore, a continuous

process should result in a more constant labour demand than a

comparable batch one.

A frequently quoted disadvantage of continuous systems is their

susceptibility to contamination by foreign organisms. The prevention of

contamination is essentially a problem of fermenter design, construction,

and operation and should be overcome by good engineering and

microbiological practice. ICI recognized the overwhelming advantages

of a continuous biomass process and overcame the problems of contamFermentation
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ination by building a secure fermenter capable of very long periods of

aseptic operation, as described by Smith.22

The production of growth-associated by-products, such as ethanol,

should also be more efficient in continuous culture. However, continuous

brewing has met with only limited success and UK breweries have

abandoned such systems owing to problems of flavour and lack of

fle~ibility.T~h~e production of industrial alcohol, on the other hand,

should not be limited by the problems encountered by the brewing

industry and continuous culture should be the method of choice for such

a process. The adoption of continuous culture for the production of

biosynthetic (as opposed to catabolic) microbial products has been

extremely limited. Although, theoretically, it is possible to optimize a

continuous system such that optimum productivity of a metabolite

should be achieved, the long-term stability of such systems is precarious,

owing to the problem of strain degeneration. A consideration of the

kinetics of continuous culture reveals that the system is highly selective

and will favour the propagation of the best-adapted organism in a

culture. Best-adapted in this context refers to the affinity of the organism

for the limiting substrate at the operating dilution rate. A commercial

organism is usually highly mutated such that it will produce very high

amounts of the desired product. Therefore, in physiological terms, such

commercial organisms are extremely inefficient and a revertant strain,

producing less of the desired product, may be better adapted to

the cultural conditions than the superior producer and will come to

dominate the culture. This phenomenon, termed by C a l ~ o tats~ c~on -

tamination from within, is the major reason for the lack of use of

continuous culture for the production of microbial metabolites.

Although the fermentation industry has been reluctant to adopt

continuous culture for the production of microbial metabolites, very

considerable progress has been made in the development of fed-batch

Fed-batch culture may be used to achieve a considerable

degree of process control and to extend the productive period of a

traditional batch process without the inherent disadvantages of continuous

culture described previously. The major advantage of feeding a

medium component to a culture, rather than incorporating it entirely in

the initial batch, is that the nutrient may be maintained at a very low

22R. L. Smith, Philos. Trans. R. SOC. London., Ser. B, 1980,290, 341.

23B. H. Kirsop, in 'Topics in Enzyme and Fermentation Biotechnology', ed. A. Wiseman, Ellis

24 P. H. Calcott, 'Continuous Culture of Cells', CRC Press, Boca Raton, FI., 198 1, Vol. 1, p. 13.

25A. Whitaker, Process Biochem., 1980, 15(4), 10.

26T. Yamane and S. Shimizu, A h . Biochern. Eng./Biotechnol., 1984, 30, 147.

Horwood, Chichester, 1982, p. 79.
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concentration during the fermentation. A low (but constantly replenished)

nutrient level may be advantageous in:

(i) Maintaining conditions in the culture within the aeration capacity

(ii) Removing the repressive effects of medium components such as

(iii) Avoiding the toxic effects of a medium component.

(iv) Providing a limiting level of a required nutrient for an auxoof

the fermenter.

rapidly used carbon and nitrogen sources and phosphate.

trophic strain.

The earliest example of the commercial use of fed-batch culture is the

production of bakers’ yeast. It was recognized as early as 1915 that an

excess of malt in the production medium would result in a high rate of

biomass production and an oxygen demand which could not be met by

the fermenter.27 This resulted in the development of anaerobic conditions

and the formation of ethanol at the expense of biomass. The

solution to this problem was to grow the yeast initially in a weak medium

and then add additional medium at a rate less than the organism could

use it. It is now appreciated that a high glucose concentration represses

respiratory activity, and in modern yeast production plants the feed of

molasses is under strict control based on the automatic measurement of

traces of ethanol in the exhaust gas of the fermenter. As soon as ethanol

is detected the feed rate is reduced. Although such systems may result in

low growth rates, the biomass yield is near that theoretically obtainable.

28

The penicillin fermentation provides a very good example of the use of

fed-batch culture for the production of a secondary metab~liteT.~he~

penicillin process is a two-stage fermentation; an initial growth phase is

followed by the production phase or idiophase. During the production

phase glucose is fed to the fermentation at a rate which allows a relatively

high growth rate (and therefore rapid accumulation of biomass) yet

maintains the oxygen demand of the culture within the aeration capacity

of the equipment. If the oxygen demand of the biomass were to exceed

the aeration capacity of the fermenter anaerobic conditions would result

and the carbon source would be used inefficiently. During the production

phase the biomass must be maintained at a relatively low growth rate

”G. Reed and T. W. Nagodawithana, ‘Yeast Technology’, 2nd Edn, Avi, Westport, 1991.

28 A. Fiechter, in ‘Advances in Biotechnology, I , Scientific and Engineering Principles’, ed. M. Moo-

29 J. M. Hersbach, C. P. Van der Beek and P. W. M. Van Vijek, in ‘Biotechnology of Industrial

Young, C. W. Robinson and C. Vezina, Pergamon Press, Toronto, 1981, p. 261.

Antibiotics’, ed. E. J. Vandamme, Marcel Dekker, New York, 1984, p. 387.
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and, thus, the glucose is fed at a low dilution rate. Phenylacetic acid is a

precursor of the penicillin molecule but it is also toxic to the producer

organism above a threshold concentration. Thus, the precursor is also

fed into the fermentation continuously, thereby maintaining its concentration

below the inhibitory level.

5 THE GENETIC IMPROVEMENT OF PRODUCT

FORMATION

Owing to their inherent control systems, microorganisms usually produce

commercially important metabolites in very low concentrations

and, although the yield may be increased by optimizing the cultural

conditions, productivity is controlled ultimately by the organism’s

genome. Thus, to improve the potential productivity, the organism’s

genome must be modified and this may be achieved in two ways: by

(i) classical strain improvement by mutation and selection and (ii) the use

of recombination.

5.1 Mutation

Each time a microbial cell divides there is a small probability of an

inheritable change occurring. A strain exhibiting such a changed characteristic

is termed a mutant and the process giving rise to it, a mutation.

The probability of a mutation occurring may be increased by exposing

the culture to a mutagenic agent such as UV light, ionizing radiation, and

various chemicals, for example nitrosoguanidine, nitrous acid and

caffeine. Such an exposure usually involves subjecting the population to

a mutagen dose which results in the death of the vast majority of the cells.

The survivors of the mutagen exposure may then contain some mutants,

the vast majority of which will produce lower levels of the desired

product. However, a very small proportion of the survivors may be

improved producers. Thus, it is the task of the industrial geneticist to

separate the desirable mutants (the superior producers) from the very

many inferior types. This approach is easier for strains producing

primary metabolites than it is for those producing secondary metabolites,

as may be seen from the following examples.

The synthesis of a primary microbial metabolite (such as an amino

acid) is controlled such that it is only produced at a level required by the

organism. The control mechanisms involved are the inhibition of enzyme

activity and the repression of enzyme synthesis by the end product when

it is present in the cell at a sufficient concentration. Thus, these

mechanisms are referred to as feedback control. It is obvious that a
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Figure 4 The control of biosynthesis of lysine in Corynebacterium glutamicum: Biosynthetic

route +; Feedback inhibition -a; Feedback repression - - -e

good ‘commercial’ mutant should lack the control systems so that

‘overproduction’ of the end product will result. The isolation of mutants

of Corynebacterium glutamicum capable of producing lysine will be used

to illustrate the approaches which have been adopted to remove the

control systems.

The control of lysine synthesis in C. glutamicum is illustrated in

Figure 4 from which it may be seen that the first enzyme in the pathway,

aspartokinase, is inhibited only when both lysine and threonine are

synthesized above a threshold level. This type of control is referred to as

concerted feedback control. A mutant which could not catalyse the

conversion of aspartic semialdehyde into homoserine would be capable

of growth only in a homoserine-supplemented medium and the organism

would be described as a homoserine auxotroph. If such an organism were

grown in the presence of very low concentrations of homoserine the

endogenous level of threonine would not reach the inhibitory level for

aspartokinase control and, thus, aspartate would be converted into

lysine which would accumulate in the medium. Thus, a knowledge of

the control of the biosynthetic pathway allows a ‘blueprint’ of the

desirable mutant to be constructed and makes easier the task of

designing the procedure to isolate the desired type from the other

survivors of a mutation treatment.

The isolation of bacterial auxotrophs may be achieved using the

penicillin enrichment technique developed by Davis.30 Under normal

culture conditions an auxotroph is at a disadvantage compared with the

30 B. D. Davis, Proc. Nurl. Acad. Sci. USA, 1949,35, 1
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parental (wild-type) cells. However, penicillin only kills growing cells

and, therefore, if the survivors of a mutation treatment were cultured in a

medium containing penicillin and lacking the growth requirement of the

desired mutant only those cells unable to grow would survive, i.e.

the desired auxotrophs. If the cells were removed from the penicillin

broth, washed, and resuspended in a medium containing the requirement

of the desired auxotroph then the resulting culture should be rich in

the required type. Nakayama et ~ 1 . ~u'se d this technique to isolate

a homoserine auxotroph of C. glutamicum which produced 44 g 1-'

lysine.

An alternative approach to the isolation of mutants which do not

produce controlling end products (i.e. auxotrophs) is to isolate mutants

which do not recognize the presence of controlling compounds. Such

mutants may be isolated from the survivors of a mutation treatment by

exploiting their capacity to grow in the presence of certain compounds

which are inhibitory to the parental types. An analogue is a compound

which is similar in structure to another compound and analogues of

primary metabolites are frequently inhibitory to microbial cells. The

toxicity of the analogue may be due to any of a number of possible

mechanisms; for example, the analogue may be incorporated into a

macromolecule in place of the natural product, resulting in the production

of a defective compound, or the analogue may act as a competitive

inhibitor of an enzyme for which the natural product is a substrate. Also,

the analogue may mimic the control characteristics of the natural

product and inhibit product formation despite the fact that the natural

product concentration is inadequate to support growth. A mutant which

is capable of growing in the presence of an analogue inhibitory to the

parent may owe its resistance to any of a number of mechanisms.

However, if the toxicity were due to the analogue mimicking the control

characteristics of the normal end product, then the resistance may be due

to the control system being unable to recognize the analogue as a control

factor. Such analogue-resistant mutants may also not recognize the

natural product and may, therefore, overproduce it. Thus, there is a

reasonable probability that mutants resistant to the inhibitory effects of

an analogue may overproduce the compound to which the analogue is

analogous. Sano and S h i im~a~de~ us e of this approach in attempting to

isolate lysine-producing mutants of Brevibacterium Jiavum. The control

of lysine formation in B.JEavum is the same as that illustrated in Figure 4

for C. glutamicum. Sano and Shiio demonstrated that the lysine analogue

31 K. Nakayama, S. Kituda and S. Kinoshita, J. Gen. Appl. Microbiol., 1961,7,41

32 K. Sano and I. Shiio, J. Gen. Appl. Microbiol., 1970, 16, 313.
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S-(2-aminoethyl)cysteine (AEC) only inhibited growth completely in the

presence of threonine, which suggests that AEC combined with threonine

in the concerted inhibition of aspartokinase and deprived the

organism of lysine and methionine. Mutants were isolated by plating

the survivors of a mutation treatment onto agar plates containing both

AEC and threonine. A relatively high proportion of the resulting

colonies were lysine overproducers, the best of which produce more

than 30 g 1-’. A fuller account of the isolation of amino acid and

nucleotide producing strains may be found in reference 3.

Thus, a knowledge of the control systems may assist in the design of

procedures for the isolation of mutants overproducing primary metabolites.

The design of procedures for the isolation of mutants overproducing

secondary metabolites has been more difficult owing to the fact that

far less information was available on the control of production and, also,

that the end products of secondary metabolism are not required for

growth. Thus, many current industrial strains have been selected using

direct, empirical, screens of the survivors of a mutation treatment for

productivity rather than cultural systems which give an advantage to

potential superior producers. A programme typical of the industry in the

1950s to 1970s is illustrated in Figure 5. The throughput of such

programmes has been increased by miniaturizing3 the systems. Small

volumes of liquid media in tubes or microtitre plates have been used

coupled with the use of robots to automate the process. However, as

more information has accumulated on the biosynthesis and control of

secondary metabolites, directed selection approaches have also been

used, thus reducing the empirical nature of the screens. Mutants capable

of producing increased levels of secondary metabolite precursors have

been isolated by techniques similar to those used for the improvement of

primary metabolite producers. For example, analogue-resistant mutants

have been isolated giving improved yields of pyrrolnitrin, candicidin and

~ephamycin.R~e lief of carbon repression has been achieved on of

mutants resistant to 2-deoxyglucose, a glucose analogue.33 Further

examples of selection methods for the isolation of improved secondary

metabolite-producing strains are given in reference 3.

5.2 Recombination

H o p ~ o o dde~fi~ne d recombination as any process which helps to

generate new combinations of genes that were originally present in

33D. A. Hodgson, J. Gen. Microbiol., 1982,128,2417.

34 D. A. Hopwood in ‘Genetics of Industrial Micro-organisms’, ed. 0. K. Sebec and A. J. Laskin,

American Society of Microbiology, Washington, DC, 1979, p. 1.
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Figure 5 A strain improvement programme for a secondary metabolite producing culture

(Reproduced with permission from P. F. Stanbury, A. Whitaker and S. .I. Hall,

‘Principles of Fermentation Technology’, 2nd Edn, Pergamon Press, Oxford,

1995)

different individuals. Compared with the use of mutation techniques for

the improvement of industrial strains the use of recombination was fairly

limited in the early years of improvement programmes. However,

techniques are now widely available which allow the use of recombination

as a system of strain improvement. In vivo recombination may be

achieved in the asexual fungi (e.g. Penicillium chrysogenum, used for the

commercial production of penicillin) using the parasexual cycle.35 The

35 K. D. Macdonald and G. Holt, Sci. Prog., 1976,63, 547
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technique of protoplast fusion has increased greatly the prospects of

combining together characteristics found in different production strains.

Protoplasts are cells devoid of their cell walls and may be prepared by

subjecting cells to the action of wall-degrading enzymes in isotonic

solutions. Cell fusion, followed by nuclear fusion, may occur between

protoplasts of strains which would not otherwise fuse and the resulting

fused protoplast may regenerate a cell wall and grow as a normal cell.

Protoplast fusion has been achieved using filamentous fungi, yeasts,

streptomycetes and bacteria. For example, Tosaka et ~ 1imp.rov~ed t~he

rate of glucose consumption (and therefore lysine production) of a high

lysine producing strain of B. jlavum by fusing it with another B. jlavum

strain which was a non-lysine producer but consumed glucose at a high

rate. Among the fusants one strain exhibited high lysine production with

rapid glucose utilization. Chang et al.37 used protoplast fusion to

combine the desirable properties of two strains of P. chrysogenum

producing penicillin V into one producer strain. Lein3* has described

the use of protoplast fusion for the improvement of penicillin production

in the procedures used by Panlabs Inc. and DeWitt et al.39 reviewed the

technique for the improvement of actinomycete processes.

In vitro recombination has been achieved by the techniques of in vitro

recombinant DNA technology discussed elsewhere in this book.

Although the most well publicised recombinants achieved by these

techniques are those organisms which synthesize foreign products (see

Section 3 . 9 , very considerable achievements have been made in the

improvement of strains producing conventional products. The efficiency

of Methylomonas methylotrophus, the organism used in the ICI Pruteen

process, was improved by the incorporation of a plasmid containing a

glutamate dehydrogenase gene from E. ~ o l i . ~T'h e manipulated organism

was capable of more efficient ammonia metabolism which resulted in

a 5% improvement in carbon conversion. However, the strain was not

used on the large-scale plant due to problems of scale-up.

In vitro DNA technology has been used to amplify the number of

copies in a critical pathway gene (or operon) in a process organism.

Although gene amplification is not an example of recombination it is best

considered in the context of DNA manipulative techniques. Threonine

production by E. coli has been improved by incorporating the entire

threonine operon of a threonine analogue-resistant mutant into a

plasmid which was then introduced back into the bacterium. The

plasmid copy number in the cell was approximately 20 and the activity

of the threonine operon enzymes was increased 40 to 50 times. The

organism produced 30 g 1-' threonine compared with the 2-3 g 1-' of

the non-manipulated strain4' Miwa et ~ 1util.ized~ sim~ilar techniques in

constructing an E. coli strain capable of synthesizing 65 g 1- threonine.

The application of the techniques of genetic manipulation to the

improvement of C. glutamicum (see Section 5.1) was hindered by the

availability of a suitable vector. However, vectors have been constructed

and considerable progress has been made in the improvement of amino

acid fermentation^.^ Threonine, histidine and phenylalanine production

have been improved using gene amplification techniques. In these

examples the cloned genes were mutant forms which were resistant to

feedback control and had been obtained using the conventional mutagenesislscreening

systems described in Section 5.1. Thus, the in vitro

DNA techniques have built upon the achievements of conventional

strain improvement.

Phenylalanine has become a very important fermentation product

because it is a precursor in the manufacture of the sweetener, aspartame.

Backman et ~ 1des.crib~ed ~the r ationale used in the construction of an E.

coli strain capable of synthesizing commercial levels of phenylalanine.

Escherichia coli was chosen as the producer because of its rapid growth,

the availability of DNA manipulative techniques, and the extensive

genetic database. Several of the phenylalanine genes are subject to

control by the repressor protein of the tyr R gene. In vitro techniques

were used to generate tyr R mutations and introduce them into the

production strain. The promoter of the phe A gene, was replaced to

remove repression and attenuation control. As an alternative to the

traditional technique of generating a tyrosine auxotroph an excision

vector carrying the tyr A gene was incorporated into the chromosome.

The vector is excised from the chromosome at a slightly increased

temperature. Thus, auxotrophy may be induced during the fermentation

by careful temperature manipulation, thus allowing tyrosine limitation

I

to be imposed after the growth phase and at the beginning of the

production phase. However, the final step in the genetic manipulation

of the organism was the traditional step of isolating an analogueresistant

mutant to relieve the feedback inhibition of DAHP synthase

by phenylalanine.

The application of in vitro recombinant DNA technology to the

improvement of secondary metabolite formation is not as developed as

it is in the primary metabolite field. However, considerable advances

have been made in the genetic manipulation of the streptomycetes4 and

the filamentous fungi45 and a number of different strategies have been

devised for cloning secondary metabolite genes.46 The first such genes

which were cloned were those coding for resistance of the producer

organism to its own a n t i b i ~ t i cC. ~om~p lete antibiotic synthesizing pathways

have now been cloned and the genes for antibiotic biosynthesis

have been shown to be clustered together on the chromosome in both

prokaryotes and e~karyotesB.~a~l t c~it~ed~ th e application of recombinant

DNA technology to the development of improved strains for the

production of tylosin, pristinamycin and daptomycin and the discovery

of several global and pathway specific secondary metabolism regulatory

genes has opened the way to a new means of increasing yields.

UNIT – 3
STERILIZATION KINETICS
A Systems Analysis of Metabolism
The metabolism of a typical heterotrophic cell can be portrayed by a schematic diagram consisting of just three interconnected functional blocks: (1) catabolism, (2) anabolism, and (3) macromolecular synthesis and growth (Figure 28.1).

1. CATABOLISM.  Foods are oxidized to CO2 and H2O in catabolism, and most of the electrons liberated are passed to oxygen via an electron transport pathway coupled to oxidative phosphorylation, so that ATP is formed. Some electrons go to reduce NADP+ to NADPH, the source of reducing power for anabolism. Glycolysis, the citric acid cycle, electron transport and oxidative phosphorylation, and the pentose phosphate pathway are the principal pathways within this block. The metabolic intermediates in these pathways also serve as substrates for processes within the anabolic block.

2. ANABOLISM.  The biosynthetic reactions that form the great variety of cellular molecules are included in anabolism. For thermodynamic reasons, the chemistry of anabolism is more complex than that of catabolism (i.e., it takes more energy [and often more steps] to synthesize a molecule than can be produced from its degradation). Metabolic intermediates derived from glycolysis and the citric acid cycle are the precursors for this synthesis, with NADPH supplying the reducing power and ATP the coupling energy.

3. MACROMOLECULAR SYNTHESIS GROWTH.  The organic molecules produced in anabolism are the building blocks for creation of macromolecules. Like anabolism, macromolecular synthesis is driven by the energy derived from ATP, although indirectly in some cases: GTP is the principal energy source for protein synthesis, CTP for phospholipid synthesis, and UTP for polysaccharide synthesis. However, keep in mind that ATP is the ultimate phosphorylating agent for formation of GTP, CTP, and UTP from GDP, CDP, and UDP, respectively. Macromolecules are the agents of biological function and information —proteins, nucleic acids, lipids that self-assemble into membranes, and so on. Growth can be represented as cellular accumulation of macromolecules and the partitioning of these materials of function and information into daughter cells in the process of cell division.

Only a Few Intermediates Interconnect the Major Metabolic Systems
Despite the complexity of processes taking place within each block, the connections between blocks involve only a limited number of substances. Just 10 or so kinds of catabolic intermediates from glycolysis, the pentose phosphate pathway, and the citric acid cycle serve as the raw material for most of anabolism: four kinds of sugar phosphates (triose-P, tetrose-P, pentose-P, hexose-P), three -keto acids (pyruvate, oxaloacetate, and -ketoglutarate), two coenzyme A derivatives (acetyl-CoA and succinyl-CoA), and PEP (phosphoenolpyruvate). 

ATP and NADPH Couple Anabolism and Catabolism
Metabolic intermediates are consumed by anabolic reactions and must be continuously replaced by catabolic processes. In contrast, the energy-rich compounds ATP and NADPH are recycled rather than replaced. When these substances are used in biosynthesis, the products are ADP and NADP+, and ATP and NADPH are regenerated from them by oxidative reactions that occur in catabolism. ATP and NADPH are unique in that they are the only compounds whose purpose is to couple the energy-yielding processes of catabolism to the energy-consuming reactions of anabolism. Certainly, other coupling agents serve essential roles in metabolism. For example, NADH and [FADH2] participate in the transfer of electrons from substrates to O2 during oxidative phosphorylation. However, these reactions are solely catabolic, and the functions of NADH and [FADH2] are fulfilled within the block called catabolism. 
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Figure 28.1 · Block diagram of intermediary metabolism.

Phototrophs Have an Additional Metabolic System—The Photochemical Apparatus
The systems in Figure 28.1 reviewed thus far are representative only of metabolism as it exists in aerobic heterotrophs. The photosynthetic production of ATP and NADPH in photoautotrophic organisms entails a fourth block, the photochemical system (Figure 28.1). This block consumes H2O and releases O2. When this fourth block operates, energy production within the catabolic block can be largely eliminated. Yet another block, one to account for the fixation of carbon dioxide into carbohydrates, is also required for photoautotrophs. The inputs to this fifth block are the products of the photochemical system—ATP and NADPH—and CO2 derived from the environment. The carbohydrate products of this block may enter catabolism, but not primarily for energy production. In photoautotrophs, carbohydrates are fed into catabolism to generate the metabolic intermediates needed to supply the block of anabolism. Although these diagrams are oversimplifications of the total metabolic processes in heterotrophic or phototrophic cells, they are useful illustrations of functional relationships between the major metabolic subdivisions. This general pattern provides an overall perspective on metabolism, making its purpose easier to understand.
	Stoichiometry  measurement of the amounts of chemical elements and molecules involved in chemical reactions (from the Greek stoicheion, element, and metria, measure)


UNIT 4

METABOLIC STIOCHIOMETRY AND ENERGETICS

Virtually every metabolic pathway either consumes or produces ATP. The amount of ATP involved—that is, the stoichiometry of ATP synthesis or hydroly-sis—lies at the heart of metabolic relationships. It is the ATP stoichiometry that determines the overall thermodynamics of metabolic sequences. By this we mean that the overall reaction mediated by any metabolic pathway is energetically favorable because of its particular ATP stoichiometry. A significant part of the energy released in the highly exergonic reactions of catabolism is captured in ATP synthesis. In turn, energy released upon ATP hydrolysis drives the thermodynamically unfavorable reactions of anabolism. Ultimately, then, the overall thermodynamic efficiency of metabolism is determined through coupling with ATP.

      To illustrate this principle, we must first consider the three types of stoichiometries. The first two are fixed by the laws of chemistry, but the third is unique to living systems and reveals a fundamental difference between the world of chemistry and physics and the world of functional design—that is, the world of living organisms. The fundamental difference is the stoichiometry of ATP coupling.

1. Reaction Stoichiometry
This is simple chemical stoichiometry—the number of each kind of atom in any chemical reaction remains the same, and thus equal numbers must be pres-ent on both sides of the equation. This requirement holds even for a process as complex as cellular respiration: 

                               C6H12O6+6 O2  6 CO2+6 H2O

The six carbons in glucose appear as 6 CO2, the 12 H of glucose appear as the 12 H in six molecules of water, and the 18 oxygens are distributed between CO2 and H2O. 

2. Obligate Coupling Stoichiometry
Cellular respiration is an oxidation-reduction process, and the oxidation of glucose is coupled to the reduction of NAD+ and [FAD]. (Brackets here denote that the relevant FAD is covalently linked to succinate dehydrogenase [Chapter 21].) The NADH and [FADH2] thus formed are oxidized in the electron transport pathway: 

(a)    C6H12O6 + 10 NAD+ + 2 [FAD] + 6 H2O 
                                                   6 CO2 + 10 NADH + 10 H+ + 2 [FADH2]

(b)    10 NADH + 10 H+ + 2 [FADH2] + 6 O2                                                                    
                                                                  12 H2O + 10 NAD+ + 2 [FAD] 

Sequence (a) accounts for the oxidation of glucose via glycolysis and the citric acid cycle. Sequence (b) is the overall equation for electron transport per glucose. The stoichiometry of coupling by the biological e- carriers, NAD+ and FAD, is fixed by the chemistry of electron transfer; each of the coenzymes serves as an e- pair acceptor. Reduction of each O atom takes an e- pair. Metabolism must obey these facts of chemistry: biological oxidation of glucose releases 12 e- pairs, creating an obligate requirement for 12 equivalents of e- pair acceptors, which transfer the electrons to 12 O atoms.

3. Evolved Coupling Stoichiometries
The participation of ATP is fundamentally different from the role played by pyridine nucleotides and flavins. The stoichiometry of adenine nucleotides in metabolic sequences is not fixed by chemical necessity. Instead, the “stoichiometries” we observe are the consequences of evolutionary design. The overall equation for cellular respiration, including the coupled formation of ATP by oxidative phosphorylation, is2 

     C6H12O6 + 6 O2 + 38 ADP + 38 Pi  6 CO2 + 38 ATP + 44 H2O

The “stoichiometry” of ATP formation, 38 ADP + 38 Pi  38 ATP + 38 H2O, cannot be predicted from any chemical considerations. The value of 38 ATP is an end result of biological adaptation. It is a phenotypic character of organisms—that is, a trait acquired through interaction of heredity and environment over the course of evolution. Like any evolved phenotypic character, this ATP stoichiometry is the result of compromise. As we shall see, more than 38 ATP equivalents are available from the free energy of glucose oxidation, and certainly the biological system could also yield less. Nevertheless, the final trait is one particularly suited to the fitness of the organism.

The Significance of 38 ATP/Glucose in Cellular Respiration
The standard free energy of ATP hydrolysis, -30.5 kJ/mol, is a large negative number. Under physiological conditions of prevailing cellular ATP, ADP, and Pi concentrations, the actual free energy of ATP hydrolysis is probably closer to -50 kJ/mol. The important point is that a change in the ATP “stoichiometry” dramatically affects the Keq in a coupled reaction. The Keq of interest here can be calculated from the standard free energy change for glucose oxidation, -2870 kJ/mol. Under cellular conditions where the concentrations of glucose, O2, and CO2 may be taken as 10 mM, 0.13 atm, and 0.05 atm, respectively,3 the free energy change, G°'). The Keq for the coupling of glucose oxidation is

Keq=[CO2]6[ATP]n/[glucose][ADP]n[Pi]n[O2]6
The superscript n for ATP, ADP, and Pi denotes that the stoichiometry for ATP is not fixed and could vary. If n = 38 and each ATP “costs” 50 kJ/mol, then the formation of 38 ATP coupled to glucose oxidation will have an overall Keq of 10170, an extremely large number! Almost 58 ATP (58 x 50 = 2900 kJ/mol) could be formed from the oxidation of a mole of glucose, if the coupled reactions had an overall G of about 0 (Keq = 1). At the physiological value of n = 38, the astronomically large Keq for cellular respiration means that under such conditions the combustion of glucose is highly favorable from a thermodynamic point of view. That is, the reaction is emphatically spontaneous and will go essentially to completion. In the other case, where n = 58 and Keq = 1, the reaction will come to equilibrium before much glucose has been oxidized. Clearly, this would not be advantageous to an organism using glucose for energy, because at equilibrium, no more energy could be obtained even though some glucose was still available for metabolism. The limitation in not being able to utilize all the glucose offsets any advantage resulting from an apparently greater yield of ATP per mole of glucose (58 versus 38). 

      The number 38 is not magical. Recall that in eukaryotes, the net yield of ATP per glucose is 30-32, not 38 (Table 21.4). Also, the value of 38 was established a long time ago in evolution, when the prevailing atmospheric conditions and the competitive situation were undoubtedly very different from those today. The significance of this number is that it provides a high yield of ATP for every glucose, yet the yield is still low enough that glucose is metabolized essentially to completion. 

The ATP Equivalent 

Because ATP is coupled with virtually every metabolic process, we can define the coupling coefficient for a process as the moles of ATP produced or consumed per mole of substrate converted (or product formed). Cellular respiration of glucose thus has a coupling coefficient ranging from 30 to 38, depending on cell type. A reaction such as pyruvate kinase has a coupling coefficient of 1 in the physiological direction, whereas the phosphofructokinase and hexokinase reactions, each of which consumes 1 ATP, have coupling coefficients of -1. These coefficients allow us to put a metabolic price on transactions in metabolism. A glucose, then, is maximally “worth” 38 ATP, and it “costs” 1 ATP to make glucose-6-phosphate from glucose via the hexokinase reaction. These points justify the oft-repeated statement that “ATP is the energy currency of the cell.”
      The metabolic unit of exchange is the ATP equivalent, defined as the conversion of ATP to ADP (or ADP to ATP). In some metabolic reactions, such as the activation of fatty acids, ATP is converted to AMP and PPi. Because two phosphorylation events are required to re-form ATP from AMP, the ATP equivalent for such reactions is -2. 

The ATP Value of NADH, FADH2, and NADPH 

Because of metabolic interrelationships, it is possible to express all metabolic conversions in terms of ATP equivalents and to assign values, or “prices,” to metabolic intermediates. Such expressions are particularly useful for describing the values of common coupling agents such as NADH, NADPH, and FADH2 in metabolic transactions. The value of NADH is 3 ATP (2.5 in mitochondria)—the number of ATPs formed as a consequence of NADH oxidation in the process of oxidative phosphorylation. In like fashion, FADH2 oxidation yields 2 ATP (1.5 in mitochondria), so FADH2 has an ATP value of 2. The metabolic value of NADPH is less obvious. NADPH is not oxidized via electron transport to generate ATP. Also, NAD and NADP do not serve the same purposes in metabolism, despite their great chemical similarity. For the most part, only NADPH couples catabolism to anabolism by carrying the reducing power released in certain catabolic sequences to reductive biosynthetic processes.
      The metabolic value of NADPH is greater than that of NADH. Even though the standard reduction potentials for the NAD+/NADH and NADP+/NADPH couples are the same, -320 mV (Table 21.1), in the cell, [NAD+]>[NADH] and [NADP+], [NADPH] (see Chapter 23). Because of these inequalities, the cellular reduction potentials of these two pyridine nucleotides are not equivalent, and under prevailing cellular conditions, the NADP+/NADPH couple is a much better electron donating system than the NAD+/NADH couple. Because each NADH is worth 2.5-3 ATP, each NADPH can be assigned a value of 3.5-4 ATP.

The Nature and Magnitude of the ATP Equivalent 

The fundamental biological purpose of ATP as an energy coupling agent is to drive thermodynamically unfavorable reactions. (As a corollary, metabolic sequences composed of thermodynamically favorable reactions are exploited to drive the phosphorylation of ADP to make ATP.) Nature has devised enzymatic mechanisms that couple unfavorable reactions with ATP hydrolysis. In effect, the energy release accompanying ATP hydrolysis is transmitted to the unfavorable reaction so that the overall free energy change for the coupled process is negative, i.e., favorable. The involvement of ATP serves to alter the free energy change for a reaction; or, to put it another way, the role of ATP is to change the equilibrium ratio of [reactants] to [products] for a reaction.
      Another way of viewing these relationships is to note that, at equilibrium, the concentrations of ADP and Pi will be vastly greater than that of ATP because G°' for ATP hydrolysis is a large negative number.4 However, the cell where this reaction is a equilibrium is a dead cell. The living cell metabolized food molecules to generate ATP. These catabolic ractions proceed with a very large overall decrease in free energy. Kinetic controls over the rates of the catabolic pathways are designed to ensure that the [ATP]/([ADP][Pi]) ratio is maintained very high. The cell, by employing kinetic controls over the rates of metabolic pathways, maintains a very high [ATP]/([ADP][Pi]) ratio so that ATP hydrolysis can serve as the driving force for virtually all biochemical events.
	A Deeper Look

	ATP Changes the Keq for a Process by a Factor of 108

	Consider a process, A = B. It could be a biochemical reaction, or the transport of an ion against a concentration gradient, or even a mechanical process (such as muscle contraction). Assume that it is a thermodynamically unfavorable reaction. Let’s say, for purposes of illustration, that G°' = -RT ln Keq 
we have
+13,800 = -(8.31 J/K  mol)(298 K)ln Keq 
which yields
ln Keq = -5.57 
Therefore,
Keq = 0.0038 = [Beq]/[Aeq]
This reaction is clearly unfavorable (as we could have foreseen from its positive         

Now suppose the reaction [image: image1.png]


is coupled to ATP hydrolysis, as is often the case in metabolism:

[image: image2]

The thermodynamic properties of this coupled reaction are the same as the sum of the thermodynamic properties of the partial reactions:

[image: image3]
That is,

G°' overall = -16.7 kJ/mol 

So

-16,700 = RT ln Keq = -(8.31)(298) ln Keq
                ln Keq = 216,700/-2476 = 6.75
                            Keq = 850

Using this equilibrium constant, let us now consider the cellular situation in which the concentrations of A and B are brought to equilibrium in the presence of typical prevailing concentrations of ATP, ADP, and Pi.5 
	Comparison of the [Beq]/[Aeq] ratio for the simple [image: image4.png]


reaction with the coupling of this reaction to ATP hydrolysis gives
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The equilibrium ratio of B to A is more than 108 greater when the reaction is coupled to ATP hydrolysis. A reaction that was clearly unfavorable (Keq = 0.0038) has become emphatically spontaneous!
        The involvement of ATP has raised the equilibrium ratio of B/A by more than 200 million-fold. It is informative to realize that this multiplication factor does not depend on the nature of the reaction. Recall that we defined A yz B in the most general terms. Also, the value of this equilibrium constant ratio, some 2.2 x 108, is not at all dependent on the particular reaction chosen or its standard free energy change, G°'. You can satisfy yourself on this point by choosing some value for G°' other than +13.8 kJ/mol and repeating these calculations (keeping the concentrations of ATP, ADP, and Pi at 8, 8, and 1 mM, as before).
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	5The concentrations of ATP, ADP, and Pi in a normal, healthy bacterial cell growing at 25°C are maintained at roughly 8 mM, 8 mM, and 1 mM, respectively. Therefore, the ratio [ADP][Pi]/[ATP] is about 10-3.Under these conditions, DG for ATP hydrolysis is approximately -47.6 kJ/mol.


Substrate Cycles Revisited
If the ATP coupling coefficient for a metabolic sequence in one direction differs from the ATP coupling coefficient for the same sequence in the opposite direction, then it is conceivable that the two reactions could constitute a substrate cycle (Chapter 23), where ATP would be hydrolyzed with no net conversion of substrate to product in either direction.
      Reconsider, for example, the ATP-dependent formation of fructose-1,6-bisphosphate by phosphofructokinase (PFK) in glycolysis versus the conversion of fructose-1,6-bisphosphate to fructose-6-phosphate by fructose bisphosphatase (FBPase) during gluconeogenesis:             
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The ATP coupling coefficient for the PFK reaction is -1; for FBPase it is 0, because ATP is neither produced nor consumed. Now, in living cells, such substrate cycles are usually prevented by kinetic controls that govern the activity of the enzymes catalyzing the reactions in such putative cycles (Figure 28.2). That is, allosteric effectors reciprocally regulate the two enzymes so that only one is significantly active, and ATP energy is not dissipated fruitlessly (Chapter 23).
      The G°' for the FBPase reaction is -16.7 kJ/mol, so Keq is about 850. For the PFK reaction,G°' is -14.2 kJ/mol, so Keq = 310. Thus, either reaction is favorable; the one that occurs is determined by the metabolic needs of the cell for either glycolysis or gluconeogenesis.
      A very important feature of all pairs of oppositely directed metabolic sequences is illustrated by such substrate cycles. The ATP coefficients for the opposing metabolic sequences always differ, and this difference allows both sequences to be thermo-dynamically favorable at all times. The choice as to which sequence operates is decided by metabolic needs as signaled by the changing concentrations of allosteric effectors. 
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Figure 28.2 · A substrate cycle, in which the interconversion of fructose-6-phosphate and fructose-1,6-bisphosphate by phosphofructokinase (PFK) and fructose bisphosphatase (FBPase) is accompanied by a net hydrolysis of ATP. Such substrate cycles, or futile cycles, as they are also called, are generally prevented by reciprocal regulatory controls: AMP and fructose-2,6-bisphosphate stimulate PFK and inhibit FBPase, whereas citrate inhibits PFK and stimulates FBPase.
        In some circumstances, substrate cycles may provide an advantage by generating heat through ATP hydrolysis. For example, a bumblebee must maintain a temperature of 30°C in its thorax in order to fly. If the ambient temperature is only 10°C, simultaneous high activity of both PFK and FBPase releases heat by ATP hydrolysis, permitting flight. In bumblebees, FBPase is not inhibited by AMP—an adaptation that favors heat generation by this substrate cycle.

28.3  Unidirectionality
Although opposing metabolic sequences may share steps in common (glyco​ly-sis and gluconeogenesis provide a good example), in a functional sense, metabolic pathways can be treated as unidirectional. That is, they are either catabolic or anabolic, not both, and they proceed in only one direction, fulfilling only one physiological purpose—synthesis or degradation. The rates of these opposing metabolic sequences are controlled by allosteric regulators that modulate the activity of regulatory enzymes at key positions in each pathway.
      For this to be possible, both members of any pair of opposing metabolic pathways, such as fatty acid oxidation and fatty acid biosynthesis, must be thermo-dynamically favorable at essentially the same time under the same conditions. Remember that regulation can be imposed only on reactions displaced far from equilibrium. Given an adequate ATP coupling coefficient, essentially any metabolic sequence can be thermodynamically favorable. Here, then, is perhaps the most fundamental, yet most overlooked, role of ATP in metabolism: The ATP coupling coefficient for any metabolic sequence evolved so that the overall equilibrium for the conversion is highly favorable. This role of ATP can be termed its stoichiometric role. By provision of an appropriate number of ATP equivalents in a metabolic pathway, a very large Keqfor the overall pathway can be established. That is, in thermodynamic terms, the pathway is emphatically unidirectional (the pathway in the reverse direction is highly unfavorable). Thus, metabolic sequences running in opposite directions, such as fatty acid oxidation and fatty acid synthesis (Figure 28.3), have different ATP coupling coefficients, and so both are thermodynamically favorable and each is undirectional.
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Figure 28.3 · ATP coupling coefficients for fatty acid oxidation and fatty acid synthesis. Fatty acid oxidation: Each NADH is worth 3 ATP, and each FADH2 is worth 2, so the ATP coupling coefficient for palmitoyl-CoA oxidation is +35. Fatty acid synthesis: Each NADPH is worth 4 ATP, so the ATP coupling coefficient for palmitoyl-CoA synthesis is -63. The difference in coupling coefficients for these two sequences is 28 ATP equivalents, which guarantees that each sequence is thermodynamically favorable and that the net conversion between palmitoyl-CoA and acetyl-CoA is not determined by equilibrium considerations, but instead by metabolic need.

ellular Respiration Versus CO2 Fixation—A Vivid Illustration of the Role of ATP Stoichiometry 

The most vivid illustration of the stoichiometric role of ATP is provided by the most important pair of oppositely directed metabolic pathways in the biosphere, namely, photosynthetic carbon dioxide fixation and cellular respiration. As pointed out earlier, the ATP coupling coefficient for cellular respiration is 38, and an ATP coupling coefficient of 58 for this metabolic sequence would yield a Keqclose to 1 (Figure 28.4). Note that the conversion of glucose to CO2 becomes thermodynamically unfavorable if the ATP coupling coefficient is greater than 58, which of necessity means that the conversion of CO2 to glucose becomes favorable. The biological fixation of 6 CO2 to form 1 glucose requires 12 NADPH and 18 ATP, for an ATP coupling coefficient of -66. Given this coupling coefficient, the carbon dioxide fixation pathway has an overall Keq of 1076 (Figure 28.4).6 Therefore, both cellular respiration and CO2 fixation have very large overall equilibrium constants. Thus, in thermodynamic terms, both are emphatically favorable because of their respective ATP coupling coefficients. For the same reason, both pathways are unidirectional.
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Figure 28.4 · ATP coupling coefficients between the aerobic respiration of glucose to carbon dioxide and the photosynthetic fixation of CO2 to glucose.

ATP Has Two Metabolic Roles
The role of ATP in metabolism is twofold: 

1. It serves in a stoichiometric role to establish large equilibrium constants for metabolic conversions and to give metabolic sequences a unidirectional character. This is the role referred to when we call ATP the energy currency of the cell.

2. ATP also serves as an important allosteric effector in the kinetic regulation of metabolism. Its concentration (relative to those of ADP and AMP) is an index of the energy status of the cell and determines the rates of regulatory enzymes situated at key points in metabolism, such as PFK in glycolysis and FBPase in gluconeogenesis. 

Energy Storage in the Adenylate System 

Energy transduction and energy storage in the adenylate system—ATP, ADP, and AMP—lie at the very heart of metabolism. The amount of ATP used per minute by a cell is roughly equivalent to the steady-state amount of ATP it contains. Thus, the metabolic lifetime of an ATP molecule is brief. ATP, ADP, and AMP are all important effectors in exerting kinetic control on regulatory enzymes situated at key points in metabolism, so uncontrolled changes in their concentrations could have drastic consequences. The regulation of metabolism by adenylates in turn requires close control of the relative concentrations of ATP, ADP, and AMP. Some ATP-consuming reactions produce ADP; PFK and hexokinase are examples. Others lead to the formation of AMP, as in fatty acid activation by acetyl-CoA synthetases:

      Fatty acid + ATP + coenzyme A  AMP + PPi + fatty acyl-CoA

Adenylate Kinase Interconverts ATP, ADP, and AMP 

Adenylate kinase (Chapter 19), by catalyzing the reversible phosphorylation of AMP by ATP, provides a direct connection among all three members of the adenylate pool:
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The free energy of hydrolysis of a phosphoanhydride bond is essentially the same in ADP and ATP (Chapter 3), and the standard free energy change for this reaction is close to zero (Keq = 2.27). Because 2 ADP can lead to 1 ATP by this reaction, an ADP is worth  ATP equivalent.

Energy Charge
The role of the adenylate system is to provide phosphoryl groups at high group-transfer potential in order to drive thermodynamically unfavorable reactions. The capacity of the adenylate system to fulfill this role depends on how fully charged it is with phosphoric anhydrides. Energy charge is an index of this capacity: 
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The denominator represents the total adenylate pool ([ATP] + [ADP] + [AMP]); the numerator is the number of phosphoric anhydride bonds in the pool, two for each ATP and one for each ADP. The factor  normalizes the equation so that energy charge, or E.C., has the range 0 to 1.0. If all the adenylate is in the form of ATP, E.C. = 1.0, and the potential for phosphoryl transfer is maximal. At the other extreme, if AMP is the only adenylate form present, E.C. = 0. It is reasonable to assume that the adenylate kinase reaction is never far from equilibrium in the cell. Then the relative amounts of the three adenine nucleotides are fixed by the energy charge. Figure 28.5 shows the relative changes in the concentrations of the adenylates as energy charge varies from 0 to 1.0.
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Figure 28.5 · Relative concentrations of AMP, ADP, and ATP as a function of energy charge. (This graph was constructed assuming that the adenylate kinase reaction is at equilibrium and that G°' for the reaction is -473 J/mol; Keq=1.2.)

The Response of Enzymes to Energy Charge 
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Figure 28.6 · Responses of regulatory enzymes to variation in energy charge. Enzymes in catabolic pathways have as their ultimate metabolic purpose the regeneration of ATP from ADP. Such enzymes show an R pattern of response to energy charge. Enzymes in biosynthetic pathways utilize ATP to drive anabolic reactions; these enzymes follow the U curve in response to energy charge.

Regulatory enzymes typically respond in reciprocal fashion to adenine nucleotides. For example, PFK is stimulated by AMP and inhibited by ATP. If the activities of various regulatory enzymes are examined in vitro as a function of energy charge, an interesting relationship appears. Regulatory enzymes in energy-producing catabolic pathways show greater activity at low energy charge, but the activity falls off abruptly as E.C. approaches 1.0. In contrast, regulatory enzymes of anabolic sequences are not very active at low energy charge, but their activities increase exponentially as E.C. nears 1.0 (Figure 28.6). These contrasting responses are termed R, for ATP-regenerating, and U, for ATP-utilizing. Regulatory enzymes such as PFK and pyrvuate kinase in glycolysis follow the R response curve as E.C. is varied. Note that PFK itself is an ATP-utilizing enzyme, using ATP to phosphorylate fructose-6-phosphate to yield fructose-1,6-bisphosphate. Nevertheless, because PFK acts physiologically as the valve controlling the flux of carbohydrate down the catabolic pathways of cellular respiration that lead to ATP regeneration, it responds as an “R” enzyme to energy charge. Regulatory enzymes in anabolic pathways, such as acetyl-CoA carboxylase, which initiates fatty acid biosynthesis, respond as “U” enzymes.
      The overall purposes of the R and U pathways are diametrically opposite in terms of ATP involvement. Note in Figure 28.6 that the R and U curves intersect at a rather high E.C. value. As E.C. increases past this point, R activities decline precipitously and U activities rise. That is, when E.C. is very high, biosynthesis is accelerated while catabolism diminishes. The consequence of these effects is that ATP is used up faster than it is regenerated, and so E.C. begins to fall. As E.C. drops below the point of intersection, R processes are favored over U. Then, ATP is generated faster than it is consumed, and E.C. rises again. The net result is that the value of energy charge oscillates about a point of steady state (Figure 28.7). The experimental results obtained from careful measurement of the relative amounts of AMP, ADP, and ATP in living cells reveals that normal cells have an energy charge in the neighborhood of 0.85 to 0.88. Maintenance of this steady-state value is one criterion of cell health and normalcy. 
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Figure 28.7 · The oscillation of energy charge (E.C.) about a steady-state value as a consequence of the offsetting influences of R and U processes on the production and consumption of ATP. As E.C. increases, the rates of R reactions decline, but U reactions go faster. ATP is consumed, and E.C. drops. Below the point of intersection, R processes are more active and U processes are slower, so E.C. recovers. Energy charge oscillates about a steady-state value determined by the intersection point of the R and U curves.

 

Phosphorylation Potential 

Because energy charge is maintained at a relatively constant value in normal cells, it is not an informative index of cellular capacity to carry out phosphorylation reactions. The relative concentrations of ATP, ADP, and Pi do provide such information, and a function called phosphorylation potential has been defined in terms of these concentrations:
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Phosphorylation potential, , is equal to [ATP]/([ADP][Pi]).

     Note that this expression includes a term for the concentration of inorganic phosphate. [Pi] has substantial influence on the thermodynamics of ATP hydrolysis. In contrast with energy charge, phosphorylation potential varies over a significant range as the actual proportions of ATP, ADP, and Pi in cells vary in response to metabolic state.  ranges from 200 to 800 M-1, higher levels signifying more ATP and correspondingly greater phosphorylation potential. 
28.4  Metabolism in a Multicellular Organism
In complex multicellular organisms, organ systems have arisen to carry out specific physiological functions. Each organ expresses a repertoire of metabolic pathways that is consistent with its physiological purpose. Such specialization depends on coordination of metabolic responsibilities among organs so that the organism as a whole may thrive. Essentially all cells in animals have the set of enzymes common to the central pathways of intermediary metabolism, especially the enzymes involved in the formation of ATP and the synthesis of glycogen and lipid reserves. Nevertheless, organs differ in the metabolic fuels they prefer as substrates for energy production. Important differences also occur in the ways ATP is used to fulfill the organs’ specialized metabolic functions. To illustrate these relationships, we will consider the metabolic interactions among the major organ systems found in humans: brain, skeletal muscle, heart, adipose tissue, and liver. In particular, the focus will be on energy metabolism in these organs (Figure 28.8). [image: image18.jpg]o g
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Figure 28.8 · Metabolic relationships among the major human organs: brain, muscle, heart, adipose tissue, and liver.

UNIT – 5
KINETICS OF MICROBIAL GROWTH AND PRODUCT FORMATION
The major fuel depots in animals are glycogen in liver and muscle, triacylglycerols (fats) stored in adipose tissue, and protein, most of which is in skeletal muscle. In general, the order of preference for the use of these fuels is the order given: glycogen > triacylglycerol > protein. Nevertheless, the tissues of the body work together to maintain caloric homeostasis, defined as a constant availability of fuels in the blood.
 

 

 

 

 

	Table 28.1

	Energy Metabolism in Major Vertebrate Organs

	
Organ 
	Energy
Reservoir 
	
Preferred Substrate  
	Energy Sources
Exported 

	Brain
	None
	Glucose (ketone bodies
    during starvation) 
	None

	Skeletal muscle
  (resting) 
	Glycogen
	Fatty acids 
	None

	Skeletal muscle
  (prolonged 
  exercise) 
	None
	Glucose
	Lactate

	Heart muscle
	Glycogen
	Fatty acids
	None

	Adipose tissue 
	Triacylglycerol 
	Fatty acids  
	Fatty acids, glycerol

	Liver
	Glycogen, triacylglycerol 
	Amino acids, glucose,   fatty acids  
	Fatty acids,glucose, ketone bodies


Organ Specializations 

Table 28.1 summarizes the energy metabolism of the major human organs.

BRAIN.  The brain has two remarkable metabolic features. First, it has a very high respiratory metabolism. In resting adult humans, 20% of the oxygen consumed is used by the brain, even though it constitutes only 2% or so of body mass. Interestingly, this level of oxygen consumption is independent of mental activity, continuing even during sleep. Second, the brain is an organ with no significant fuel reserves—no glycogen, usable protein, or fat (even in “fatheads”!). Normally, the brain uses only glucose as a fuel and is totally dependent on the blood for a continuous incoming supply. Interruption of glucose supply for even brief periods of time (as in a stroke) can lead to irreversible losses in brain function. The brain uses glucose to carry out ATP synthesis via cellular respiration. High rates of ATP production are necessary to power the plasma membrane Na+/K+-ATPase so that the membrane potential essential for transmission of nerve impulses is maintained.
      During prolonged fasting or starvation, the body’s glycogen reserves are depleted. Under such conditions, the brain adapts to use -hydroxybutyrate (Figure 28.9) as a source of fuel, converting it to acetyl-CoA for energy production via the citric acid cycle. -Hydroxybutyrate (Chapter 24) is formed from fatty acids in the liver. Although the brain cannot use free fatty acids or lipids directly from the blood as fuel, the conversion of these substances to -hydroxybutyrate in the liver allows the brain to use body fat as a source of energy. The brain’s other potential source of fuel during starvation is glucose obtained from gluconeogenesis in the liver (Chapter 23), using the carbon skeletons of amino acids derived from muscle protein breakdown. The adaptation of the brain to use -hydroxybutyrate from fat spares protein from degradation until lipid reserves are exhausted.[image: image19.jpg]Smpicon




 

Figure 28.9 · The structure of b-hydroxybutyrate and its conversion to acetyl-CoA for combustion in the citric acid cycle.

 

MUSCLE.  Skeletal muscle is responsible for about 30% of the O2 consumed by the human body at rest. During periods of maximal exertion, skeletal muscle can account for over 90% of the total metabolism. Muscle metabolism is primarily dedicated to the production of ATP as the source of energy for contraction and relaxation. Muscle contraction occurs when a motor nerve impulse causes Ca2+ release from specialized endomembrane compartments (the transverse tubules and sarcoplasmic reticulum). Ca2+ floods the sarcoplasm (the term denoting the cytosolic compartment of muscle cells), where it binds to troponin C, a regulatory protein, initiating a series of events that culminate in the sliding of myosin thick filaments along actin thin filaments. This mechanical movement is driven by energy released upon hydrolysis of ATP (Chapter 17). The net result is that the muscle shortens. Relaxation occurs when the Ca2+ ions are pumped back into the sarcoplasmic reticulum by the action of a Ca2+-transporting membrane ATPase. Two Ca2+ are translocated per ATP hydrolyzed. The amount of ATP used during relaxation is almost as much as that consumed during contraction.
      Because muscle contraction is an intermittent process that occurs upon demand, muscle metabolism is designed for a demand response. Muscle at rest uses free fatty acids, glucose, or ketone bodies as fuel and produces ATP via oxidative phosphorylation. Resting muscle also contains about 2% glycogen by weight and an amount of phosphocreatine (Figure 28.10) capable of providing enough ATP to power about 4 seconds of exertion. During strenuous exertion, such as a 100-meter sprint, once the phosphocreatine is depleted, muscle relies solely on its glycogen reserves, making the ATP for contraction via glycolysis. In contrast with the citric acid cycle and oxidative phosphorylation pathways, glycolysis is capable of explosive bursts of activity, and the flux of glucose-6-phosphate through this pathway can increase 2000-fold almost instantaneously. The triggers for this activation are Ca2+ and the “fight or flight” hormone epinephrine (Chapters 23 and 34). Little interorgan cooperation occurs during strenuous (anaerobic) exercise.[image: image20.jpg]mo " -
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Figure 28.10 · Phosphocreatine serves as a reservoir of ATP-synthesizing potential. When ADP accumulates as a consequence of ATP hydrolysis, creatine kinase catalyzes the formation of ATP at the expense of phosphocreatine. During periods of rest, when ATP levels are restored by oxidative phosphorylation, creatine kinase acts in reverse to restore the phosphocreatine supply.

 


      Muscle fatigue is the inability of a muscle to maintain power output. During maximum exertion, the onset of fatigue takes only 20 seconds or so. Fatigue is not the result of exhaustion of the glycogen reserves, nor is it a consequence of lactate accumulation in the muscle. Instead, it is caused by a decline in intramuscular pH as protons are generated during glycolysis. (The overall conversion of glucose to two lactate in glycolysis is accompanied by the release of two H1.) The pH may fall as low as 6.4. It is likely that the decline in PFK activity at low pH leads to a lowered flux of hexose through glycolysis and inadequate ATP levels, causing a feeling of fatigue. One benefit of PFK inhibition is that the ATP remaining is not consumed in the PFK reaction, and the cell is spared the more serious consequences of losing all of its ATP. 
      During fasting or excessive activity, skeletal muscle protein is degraded to amino acids so that their carbon skeletons can be used as fuel. Many of the skeletons are converted to pyruvate, which can be transaminated back into alanine for export via the circulation (Figure 28.11). Alanine is carried to the liver, which in turn transaminates it back into pyruvate so that it can serve as a substrate for gluconeogenesis. Although muscle protein can be mobilized as an energy source, it is not efficient for an organism to consume its muscle and lower its overall fitness for survival. Muscle protein represents a fuel of last resort.
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Figure 28.11 · The transamination of pyruvate to alanine by glutamate:alanine aminotransferase.

HEART.  In contrast with the intermittent work of skeletal muscle, the activity of heart muscle is constant and rhythmic. The range of activity in heart is also much less than that in muscle. Consequently, the heart functions as a completely aerobic organ and, as such, is very rich in mitochondria. Roughly half the cytoplasmic volume of heart muscle cells is occupied by mitochondria. Under normal working conditions, the heart prefers fatty acids as fuel, oxidizing acetyl-CoA units via the citric acid cycle and producing ATP for contraction via oxidative phosphorylation. Heart tissue has minimal energy reserves: a small amount of phosphocreatine and limited quantities of glycogen. As a result, the heart must be continually nourished with oxygen and free fatty acids, glucose, or ketone bodies as fuel. Adipose Tissue.  Adipose tissue is an amorphous tissue that is widely distributed about the body—around blood vessels, in the abdominal cavity and mammary glands, and, most prevalently, as deposits under the skin. It consists principally of cells known as adipocytes that no longer replicate. However, adipocytes can increase in number as adipocyte precursor cells divide, and obese individuals tend to have more of them. As much as 65% of the weight of adipose tissue is triacylglycerol that is stored in adipocytes, essentially as oil droplets. A normal 70-kg man has enough caloric reserve stored as fat to sustain a 6000-kJ/day rate of energy production for 3 months, which is adequate for survival, assuming no serious metabolic aberrations (such as nitrogen, mineral, or vitamin deficiencies). Despite their role as energy storage depots, adipocytes have a high rate of metabolic activity, synthesizing and breaking down triacylglycerol so that the average turnover time for a triacylglycerol molecule is just a few days. Adipocytes actively carry out cellular respiration, transforming glucose to energy via glycolysis, the citric acid cycle, and oxidative phosphorylation. If glucose levels in the diet are high, glucose is converted to acetyl-CoA for fatty acid synthesis. However, under most conditions, free fatty acids for triacylglycerol synthesis are obtained from the liver. Because adipocytes lack glycerol kinase, they cannot recycle the glycerol of triacylglycerol, but depend on glycolytic conversion of glucose to dihydroxyacetone-3-phosphate (DHAP) and the reduction of DHAP to glycerol-3-phosphate for triacylglycerol biosynthesis. Adipocytes also require glucose to feed the pentose phosphate pathway for NADPH production. 
      Glucose plays a pivotal role for adipocytes. If glucose levels are adequate, glycerol-3-phosphate is formed in glycolysis, and the free fatty acids liberated in triacylgycerol breakdown are reesterified to glycerol to re-form triacylglycerols. However, if glucose levels are low, [glycerol-3-phosphate] falls, and free fatty acids are released to the bloodstream (Chapter 24). 

“Brown Fat.”  A specialized type of adipose tissue, so-called brown fat, is found in newborns and hibernating animals. The abundance of mitochondria, with their rich complement of cytochromes, is responsible for the brown color of this fat. As usual, these mitochondria are very active in electron transport-driven proton translocation, but these particular mitochondria contain in their inner membranes a protein, thermogenin, also known as uncoupler protein-1 (Chapter 21), that creates a passive proton channel, permitting the H+ ions to re-enter the mitochondrial matrix without generating ATP. Instead, the energy of oxidation is dissipated as heat. Indeed, brown fat is specialized to oxidize fatty acids for heat production rather than ATP synthesis.

LIVER.  The liver serves as the major metabolic processing center in vertebrates. Except for dietary triacylglycerols, which are metabolized principally by adipose tissue, most of the incoming nutrients that pass through the intestinal tract are routed via the portal vein to the liver for processing and distribution. Much of the liver’s activity centers around conversions involving glucose-6-phosphate (Figure 28.12). Glucose-6-phosphate can be converted to glycogen, released as blood glucose, used to generate NADPH and pentoses via the pentose phosphate cycle, or catabolized to acetyl-CoA for fatty acid synthesis or for energy production via oxidative phosphorylation. Most of the liver glucose-6-phosphate arises from dietary carbohydrate, from degradation of glycogen reserves, or from muscle lactate that enters the gluconeogenic pathway. [image: image22.jpg]



Figure 28.12 · Metabolic conversions of glucose-6-phosphate in the liver.


      The liver plays an important regulatory role in metabolism by buffering the level of blood glucose. Liver has two enzymes for glucose phosphorylation, hexokinase and glucokinase. Unlike hexokinase, glucokinase has a low affinity for glucose. Its Km for glucose is high, on the order of 10 mM. When blood glucose levels are high, glucokinase activity augments hexokinase in phos-phorylating glucose as an initial step leading to its storage in glycogen. The major metabolic hormones—epinephrine, glucagon, and insulin—all influence glucose metabolism in the liver to keep blood glucose levels relatively constant (Chapter 34).
      The liver is a major center for fatty acid turnover. When the demand for metabolic energy is high, triacylglycerols are broken down and fatty acids are degraded in the liver to acetyl-CoA to form ketone bodies, which are exported to the heart, brain, and other tissues. If energy demands are low, fatty acids are incorporated into triacylglycerols that are carried to adipose tissue for deposition as fat. Cholesterol is also synthesized in the liver from two-carbon units derived from acetyl-CoA.
      In addition to these central functions in carbohydrate and fat-based energy metabolism, the liver serves other purposes. For example, the liver can use amino acids as metabolic fuels. Amino acids are first converted to their corresponding -keto acids by aminotransferases. The amino group is excreted after incorporation into urea in the urea cycle. The carbon skeletons of gluconeogenic amino acids can be used for glucose synthesis, whereas those of ketogenic amino acids appear in ketone bodies (see Figure 26.41). The liver is also the principal detoxification organ in the body. The endoplasmic reticulum of liver cells is rich in enzymes that convert biologically active substances such as hormones, poisons, and drugs into less harmful by-products. 
      Liver disease leads to serious metabolic derangements, particularly in amino acid metabolism. In cirrhosis, the liver becomes defective in converting NH4+ to urea for excretion, and blood levels of NH4+ rise. Ammonia is toxic to the central nervous system, and coma ensues.

	Human Biochemistry

	Controlling Obesity—Leptin Is a Protein That Stimulates “Fat Burning”

	Leptin (from the Greek letpo, meaning “thin”) is a 16-kD, 146- amino-acid residue protein produced principally in adipocytes (fat cells). When high levels of leptin are injected daily into obese mice, the animals have diminished food intake and increased rates of fat oxidation, losing 40% of their body weight in a month. Accordingly, leptin has been termed “Nature’s lipostat” or “fat-stat,” and as such, this protein arouses great interest in terms of its potential to cause weight loss in humans. Half of the American population is overweight (one-third is clinically obese [overweight by 20% or more]), and the desire to lose weight is a national obsession. Normally, as fat deposits accumulate in adipocytes, more and more leptin is produced in these cells and spewed into the bloodstream. Leptin levels in the blood communicate the status of triacylglycerol levels in the adipocytes to the central nervous system so that appropriate changes in appetite take place. If leptin levels are low (“starvation”), appetite increases; if leptin levels are high (“overfeeding”), appetite is suppressed.
	Leptin also regulates fat metabolism in adipocytes, inhibiting fatty acid biosynthesis and stimulating fat metabolism. In the latter case, leptin induces synthesis of the enzymes in the fatty acid oxidation pathway and increases expression of uncoupling protein-2 (UCP-2), a mitochondrial protein that uncouples oxidation from phosphorylation so that the energy of oxidation is lost as heat (thermogenesis). Leptin has a four-helix bundle tertiary structure that is reminiscent of the tertiary structure of cytokines (protein hormones involved in cell-cell communication).
        Chronically obese animals may be either deficient in leptin production or resistant to leptin action. Leptin receptors are located in the hypothalamus, a region of the lower brain involved in integrating the body’s hormonal and nervous systems. Leptin binding to its receptors inhibits hypothalamic release of neuropeptide Y, a potent orexic (appetite-stimulating) peptide hormone; thus, leptin is an anorexic (appetite-suppressing) agent.


Ethanol Metabolism Alters the NAD+/NADH Ratio 

Ethanol is metabolized to acetate in the liver by alcohol dehydrogenase and aldehyde dehydrogenase:
                     CH3CH2OH + NAD+  CH3CHO + NADH + H+
                         CH3CHO + NAD+  CH3COO- + NADH + H+
The excess NADH produced inhibits NAD+-requiring reactions, such as gluconeogenesis and fatty acid oxidation. Inhibition of fatty NH2 groups, which may impair protein function.  

