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I. Metabolism and the Cell* 
Fermentat ion, oxidation, and photosynthesis (light-driven reactions) 

compose the quant i ta t ively major portion of cellular metabolism. They are 
also the principal sources of cellular energy supply. The presence in cells of 
large amounts of catalysts and intermediates of these pa thways has simpli
fied bo th the recognition of the major energy-mobilizing reactions and for
mulat ion of the main pa thways of carbon and energy flow. Part icipation of 
the microbe as experimental material in this advance has permit ted a par-

* Abbreviations used in this chapter: D P N , DPNH—Diphosphopyridine nucleo
tide, reduced; TPN, TPNH—Triphosphopyridine nucleotide, reduced; ADP, ATP— 
Adenosine diphosphate, Adenosine triphosphate; IDP, ITP—Inosine diphosphate, 
Inosine triphosphate; DPT—Diphosphothiamine; CoA—Coenzyme A; PEP—Phos-
phoenolpyruvate; KDPG—2-Keto-3-deoxy-6-phosphogluconate; FP, FP r e d.—Flavo-
protein, reduced; fH 4—Tetrahydrofolic acid; N 1 0 -formyl-fH4—N 1 0 -Formyltetra-
hydrofolic acid; N 5 , N 1 0 - m e t h e n y l - f H 4 — N 6 , N 1 0 - M e t h e n y l tetrahydrofolic acid; 
N 8 ,N 1 0 -methylene-fH4—N 5 ,N 1 0 -Methylene tetrahydrofolic acid; RNA—Ribonucleic 
acid; DNA—Deoxyribonucleic acid; Pi—Inorganic (ortho) phosphate; HMG-CoA— 
Hydroxymethylglutaryl CoA; Glucose-U-C 1 4—Uniformly labeled glucose-C 1 4. 
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tial visualization of the energy-yielding and material flow machinery serving 
each of a wide variety of microorganisms. While not complete, this knowl
edge is sufficiently advanced to provide a chemical basis for comprehending 
the properties and behavior of specific microbial species. The uni ty of mate 
rial and processes 1 in living cells has been most useful in guiding initial 
studies of little known organisms. Also, the elucidation of new reactions 
and pathways becomes easier as the recorded cases of systems na ture has 
found workable (thermodynamically probable), both for making energy 
available biologically and for making essential metabolites, are extended. 

Fortunately, the principles and reaction types found in elucidating the 
energy-furnishing pathways have proved useful in guiding the s tudy of 
biosynthetic reactions and whole cell investigations of active t ranspor t , 
adaptat ion, growth and its control, and to a more limited extent, in under
standing the chemical changes which accompany modification of genetic 
characteristics by mutat ion, transformation, etc. The plan of Volumes I I , 
I I I , and IV of the present sequence follows the chronology of knowledge 
accumulation and the context of its application to biological problems. This 
places the quant i ta t ively major energy transformations in Volume I I , the 
chemistry of the biogenesis of cellular components in Volume I I I , and the 
biology and chemistry of growth and general physiology—the coupling of 
the energy metabolism and biosynthetic reactions and adding of the restric
tions of biological behavior—in Volume IV. Volume V, dealing with hered
ity, will employ the principles and da t a of Volumes I I to IV to an extent 
dictated by the moderate penetration of molecular understanding into the 
information and code systems of biology. 

The function of the present chapter is to consider problems of energy 
metabolism which apply to all cells and to ask how far we have progressed, 
and can progress, in relating this information to the problems of the indi
vidual cell—bacteria being, in the main, unicellular organisms. The view
point is one of optimism tha t energy (equilibria), specificity and molecular 
interactions can tell more of cellular behavior and its control than is now 
understood. The principal questions concern the quant i ta t ive relationships 
of biologically available energy released by glycolysis, oxidation, and light 
to chemical bond transformation to whole cell requirements. These questions 
are actually asked of the da ta presented in subsequent chapters of this vol
ume. 

Undoubtedly the present chapter will raise more questions t han it will 
answer, for the properties which suit the microbe to the solving of per t inent 
biological problems ask questions in many areas and call for an excellence 
in many disciplines, not all of which have become the common property of 
all investigators of the many microorganisms in nature . Bacteria show an 
increasing ability to a t t rac t investigators from a broad area of phys-
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ical and biological sciences; the knowledge and skills thus acquired greatly 
enrich the science of microbiology and the life of the microbiologist, s tudent 
and investigator. I t is with the objective of contributing to the ease of 
communication and more effective cooperation of multiple a t tacks on 
biological and chemical questions with which the microbe can deal t ha t this 
a t t empt a t an orderly relating of development and s ta tus is made. 

A. PROGRESS AND PROBLEMS 

Excellent reviews, both critical and authori ta t ive, concerning recent 
progress in understanding the energy metabolism of bacteria are available; 
reference to these is made both in this chapter and in the following chapters. 
In addition, the following chapters present the da ta in the perspective of 
their growth and relationship to the microbic processes in recapitulation 
and evaluation as a basis for further s tudy. Some subjects are, for the 
moment , relatively complete; a few are changing rapidly; and others, e.g., 
oxidative energy coupling, barely opened a t the chemical level. The special
ist can expect to find little beyond a current summary in the area of his 
immediate interest. I t is for the microbiologist with pressing preoccupation 
in other areas of the subject, the nonmicrobiologist seeking a convenient 
tool to explore and /o r analyze a biological or chemical question, the stu
dents , young and old, t ha t the s ta tement of progress and problems is in
tended. 

I n biology, the concept of unity and the principle of variety in relation to 
s t ructure and function have provided a viewpoint with which to evaluate, 
explore, and experiment. Kluyver and van Niel, 2 in 1956, a t t r ibuted to the 
microbe a major role in extending our insight into the essence of metabo
lism " . . . owing mainly to its impressive metabolic diversity." Thus Kluyver 
voiced, near the end of his career, his belief in the principle of variety as a 
biological factor among organisms affording a tool to solve problems. 

Th i r ty years earlier, the concept of unity arose from Kluyver 's recognition 
as an underlying principle, in the apparent confusion of biological oxidation, 
of the uniformity among organisms of the mechanisms of hydrogen t rans
port which, by a series of single-step reactions, accomplish biological 
energy release. Based on a common material substrate , a common reaction 
sequence was seen to occur in all cells. Wi th this insight, Kluyver had 
founded comparative biochemistry. 1 These two principles, unity and variety, 
underlie the uti l i ty of the microbe as a tool for chemical and biological in
vestigation. On their validity rest the general principles elaborated via 
s tudy of microbial systems. (An excellent account of Kluyver 's contribu
tions wri t ten by van Niel may be found in the recounting of Kluyver 's life.4) 

Wi th respect to comparative biochemistry, it might be appropriate here 
to urge the s tudent to consider now the variety, perhaps the "uncompara-
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t ive , " of biochemistry—those details of fine s tructure wherein reside 
specificity, uniqueness, and the genetic differences which underlie the 
metabolic differences. Today, comparative biochemistry is as valid as the 
day Kluyver conceived this generalization; the only change has been 
the documentation of the hypothesis as a working principle in na ture . 
Knowledge of many an obscure organism became possible because Kluy
ver had suggested borrowing da ta from the bet ter documented cases 
in order to make a s tar t . The need to teach these principles on which to 
build will continue. The counsel to look for variety is the urge to seek still 
other hypotheses to guide future investigations and to uncover the next 
valid and useful generalizations. 

M a n y of the reactions and routes of supply for biologically available 
energy are known, and an estimate of the magni tude of the remaining 
problem is possible. The pa t te rn needs to be completed and further analysis 
made of the mechanisms of action of catalysts as reactants and of "con
certed reaction mechanisms, , , along with other problems. More pressing 
now, perhaps, are the problems applied to the cell: a reappraisal of the 
knowledge and its application to metabolism at a cellular level. Among 
these definable cellular problems a re : (1) the availability of substances as 
substrates based on catalysts for their up take and turnover a t ra tes com
patible with cellular needs, (2) equilibria of sufficient driving force to release 
free energy for cellular function, (3) coupling mechanisms to convert the 
available energy to the manifold work functions of the organism, and (4) 
the control of coupling, rates, and specificity to reproduce the cell a n d / o r 
perform its work and maintenance functions. 

B. FITNESS OP THE MICROBE 

As an investigative tool, the microbe may well be judged by its contri
butions made to metabolism; as such, the record is impressive. Yeasts con
tr ibuted through the batt les of Pasteur and Liebig; they have continued to 
serve modern biochemistry. Highly remembered, as described in the first 
chapter of Harden, "Alcoholic Fermenta t ion ," 6 are demonstrat ion of cell-
free glycolysis in yeast pressed juice (enzyme extracts) (Buchner 6 ) , dis
covery of coenzymes, coenzyme I [diphosphopyridine nucleotide (DPN) ] , 
yeast carboxylase acting on pyruvate with diphosphothiamine ( D P T ) as 
coenzyme, 7 and the identification of the phosphorylated intermediates of 
glycolysis, hexosediphosphate, and hexosemonophosphate (see Meyerhof 8 ) . 

An equal or even more impressive list derives from the bacteria. Pseu-
domonas saecharophila, via Doudoroff, contributed sucrose phosphorylase, 9 

glucosyl transfer, and the formation of multiple disaccharides. 1 0 Later , 
2-keto-3-deoxy-6-phosphogluconic acid and its aldolase, 1 1 and a direct route 
(carbon chain intact) from pentose to ketoglutarate were shown. 1 2 1 2 a 
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0-Glucose-l-phosphate as a biological intermediate of maltose phosphoroly-
sis and as a step in the formation of α-glucosido-xylose was later added by 
Neisseria.1* The propionic acid bacteria contributed CO2 as a heterotrophic 
metabolite in net fixation (Wood and Werkman 1 4 ) , which opened a new era 
of intermediary metabolism. Recently, their use has shown the second func
tion of Bi2-coenzyme in carbon chain rearrangement ; the movement of the 
coenzyme A (CoA)-bound carboxyl in the succinyl-methylmalonyl-coen-
zyme A isomerase; 1 5 and the role of biotin in transcarboxylation to form 
propionate in a cyclic nonenergy-requiring sys tem. 1 6 The Clostridia, prin
cipally through the efforts of Barker , 1 7 served to clarify the role of coenzyme 
A esters in fa t ty acid oxidation 1 8 and the function of vi tamin B12 in coen
zyme form 1 9 as catalyst of carbon chain transfer, from glutamate to β-
methyl aspar ta te . 2 0 Clostridia also contributed the role of tetrahydrofolic 
acid (fH 4 ) in formimino 2 1 as well as formyl transfer in the generation of 
phosphate anhydrides . 2 2 The lactic acid bacteria contributed active acetyl 
(acetyl phosphate) , 2 3 induced (adaptive) enzyme formation, 2 4 the existence 
of lipoic acid, 2 5 and its role in acyl generat ion 2 6 from keto acids, which also 
opened new approaches to keto acid metabolism. 2 7 I n vi tamin B e metabo
lism, these bacteria gave a clue to its active form, 2 8 coenzyme form, 2 9 and 
metabolic ro le . 3 0 * 3 1 As auxotrophs resembling mammals in their nutr i 
tive requirements, the lactic acid bacter ia 8 2 led to a demonstrat ion of the 
general synonomy of bacterial growth factors and vi tamins (further ex
ample of comparat ive biochemistry) which fostered rapid multiple vi tamin 
assays 3 3 and the discovery, isolation, and relation to metabolism of a series 
of vitamin-cofactor prosthetic group substances (see reference 34). Es-
cherichia coli contributed extensively to current views of induced enzyme 
formation, 3 6 initiated microbial genetics as a s tudy , 8 6 placed virus studies 
on a quant i ta t ive basis; 8 7 the related salmonella coupled virus infection and 
genetic information transfer. 8 8 Unders tanding of the role of deoxyribo
nucleic acid (DNA) in transformation of pneumococci 3 9 opened the way to 
new genetic concepts and their chemical implications. Genetic-chemical 
progress in biological polymer formation has been supported heavily by 
the microbes: ribonucleic acid (RNA) reactions (RNA-nucleotide diphos
phate) by Azotobacter vinelandii*0 D N A in enzyme induction, 4 1 D N A 
formation (DNA-nucleoside t r iphosphate) , 4 2 protein biogenesis by s taphy
lococci 4 3 and E. coli* and amino acid act ivation by E. coli.Af> 

This representative bu t not inclusive list illustrates the extent and scope 
of indebtedness to microbes for metabolic da t a and raises the question of 
the sources of this effectiveness. T h e answer is not far to seek. I t includes 
(1) speed, (2) variety, (3)' adaptabi l i ty , (4) specificity, and (5) ecological 
diversity, to list five worthy of brief amplification. 
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1. SPEED AND YIELD 

The high metabolic ra te of microbes can be illustrated a t many levels; 
let us take bu t two examples, growth ra te and enzymic activity in ex
tracts . Generation t ime (time to double protoplasm) approaches 15 minutes 
in several heterotrophic bacteria, e.g., E. coZz,46 Clostridium welchii*1 and 
Streptococcus faecalis.® The doubling t ime for mammalian cells in tissue 
culture approaches one day (24 hours), thus , a ra te advantage of about 
100-fold favoring the microbe, i.e., 24 hr. X 60 ' / 15 ' = 96. The cause is not 
clear, although one could cite correlations of growth rate with size, 4 9 sur
face/volume ratio, and ratio of genetic material to cytoplasm. 

A comparison of metabolic rates of whole cells (dry weight) yields similar 
figures for both respiration and glycolysis (see Table I ) . The values corre
late inversely with the size relationships 4 9 as do all the above characteris
tics (bacteria/muscle cell = 10 2 ; bacter ia /yeast = 10 1). A similar ra te ad
vantage is observed with soluble enzymes and enzyme systems, expressed as 
activity per unit weight or amount of protein (see Table I I ) . In the la t ter 
case, one could a t t r ibute the higher specific act ivi ty to smaller enzyme 
(lower molecular weight per active site), higher turnover number (TON) 
(higher catalytic act ivi ty per active site or more active sites per enzyme), 
fewer enzymes per cell (higher per cent of protein in each, or given enzymes), 
or less padding with unessential material . The source of higher act ivi ty in 
two cases of energy pa thway enzymes is a t t r ibutable to more enzyme per 
cell: 0-galaetosidase, 5 0 6 % of soluble cell protein, and formyl k inase 5 1 crys
talline enzyme after 10-fold purification from cell extract. 

TABLE I 

RELATIVE SIZE AND METABOLIC QUOTIENTS 

Organism or tissue 
Cell 

volume, 
cm. 8 

Qo 2* 
Refer
ence 

Q G 6 
Refer
ence 

Rat liver 
Rat brain 
Saccharomyces cerevisiae 
Escherichia coli 
Azotobacter vinelandii 
Streptococcus faecalis 

10" 1 0 40-80 (glucose) 228 3.0 
10~ 1 2 800 (acetate) 230 19 
10~ 1 2 4200 (acetate) 232 
10"1 2 186 (pyruvate) 233 13 

9 228 0.15 
14 228 0.9 

225 

228 
228 
229 
231 

α Qo 2

 β μΐ /mg. dry wt./hr. 
6 QG = Mmoles glucose utilized/mg. dry wt./hr. 
0 Anaerobic, no glycolysis. 
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T A B L E I I 
RELATIVE ENZYME ACTIVITIES OF BACTERIAL AND T I S S U E EXTRACTS 

Enzyme or system Bacteria 

Sp
ec

if
ic

 
ac

ti
vi

ty
0 

R
ef

er
en

ce
 

Tissue 

Sp
ec

if
ic

 
ac

ti
vi

ty
 

R
ef

er
en

ce
 

R
at

io
 

Pyruvic oxidation Escherichia 0.7 234 Pig heart 0.31 235 2.2 
coli 

Pyruvic oxidation Proteus vul 2.9 236 Pigeon breast 0.1 237 29 
garis muscle 6 

a-Ketoglutarate Escherichia 0.62 234 Pig heart 6 0.23 238 2.7 
oxidation coli 0.003 239 207 

Succinic thiokinase Escherichia 3.0 240 Spinach 0.013 242 230 
coli 

(succinate- 58 241 Spinach 0.013 242 4460 
adapted) 

Amino acid incor Escherichia 0.03 44 Liver 0.0016 243 19 
poration (leu coli 
cine) 

Butyryl-CoA de Clostridium 0.4 17 Liver 0.001 244 400 
hydrogenase kluyveri 

β Specific activity = μπιοΐββ/π^. protein/hr. 
6 Extract of acetone powder. 

2. VARIETY AND SPECIFIC SELECTION 

The variety of compounds which serve as carbon and energy sources for 
some microbes is almost without l imi t 5 2 (see Chapter δ, p . 258). The work
ing hypothesis of the general microbiologist, experimentally applied in the 
enrichment, or elective culture, method of Beijerinck, has an excellent 
record of accomplishment. The proposition as usually stated is: any com
pound which can react with a negative free energy change (— AF) is a po
tential energy source for some organism, or as frequently s tated in more 
restricted form: any organic compound in na ture is broken down by some 
organism with the return of carbon to the atmosphere. Thus organisms 
can be isolated by selective enrichment on diverse carbon sources (Chap
ter 5, p . 260). The metabolic rates on these sources will be high in con
sequence of their function in the energy release routes. Examples of the 
use of carefully selected enrichments to solve impor tant metabolic prob
lems, frequently by enhanced enzyme abundance, are well represented 
among Barker 's contributions to microbiology and biochemistry. 1 7 To list 
a few: both purines and glycine led to folic acid-mediated energy release 
systems in Clostridium a^idi-urici,21 and Clostridium cylindrosporumf2 

glutamic acid fermentation led to the role of B i 2
1 9 (see Chapter 3), and 
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ethanol-acetate to fa t ty acid oxidation. The oxidation of aromatic com
pounds provides an excellent example of the use of unique carbon com
pounds which permit the recognition of induced enzymes independently of 
enzymes which are always present to transfer essential metaboli tes; see 
Stanier, 6 3 Evans , 6 4 or the review of Elsden and Peel. 6 5 Fur the r specific ex
amples of selection for specific activities and variability of pa t te rn can be 
found in any general microbiology t ex t , 6 6 publications of the Delft school 
of microbiology, 5 7 or survey of microbic a c t i v i t i e s . 1 7 , 5 2 

3 . ADAPTABILITY 

With a given strain selected for its metabolic potential , catalytic act ivi ty 
can be increased many fold by added substrates for enzyme induction by 
physiological conditions of cu l tu re . 6 8 - 6 0 Vitamin level, 6 1 conditions of p H , 6 2 

and aerobiosis, 6 3 to mention a few of the lat ter , are also determinative. 
Examples could be extended; they will not be cited here, bu t are discussed 
where pert inent in other par ts of this chapter. As pointed out by Monod , 6 4 

in reference to bacterial growth, these are not subjects of s tudy bu t the 
tools of the science. 

4 . SPECIFICITY 

At the enzyme level, present da t a do not indicate the superiority of one 
organism over another in substrate range or specificity of the enzymes 
formed. I n contrast , a t the cellular level, the specific activity, and therefore 
relatively lower level of side reactions, can be greatly altered through both 
selection (Section I, B , 2 ) , and adapta t ion (Section I , B , 3 ) . These changes 
have been most helpful in tracing pathways and in the further purification 
of enzymes, i.e., the purification is simplified because of high enough pro
t e i n 5 0 ' 6 1 (or sys tem 6 6 ) concentration for their physical properties to exert 
an effect. Also, purification can be accomplished with smaller, and thus 
manageable, amounts of material . Enhanced enzyme stability not directly 
a t t r ibutable to this cause has been observed in several instances. The 
overlap in methodology to gain the advantages indicated under headings 
2 , 3 , and 4 is apparent . 

5 . CARBON VS. ENERGY ECONOMY OF CELLS 

The Doudoroff hypothes is 6 6 concerns the limiting factor in na tura l 
ecological conditions for aerobic and for anaerobic organisms, or conditions 
of growth. I n this view, the limitation during anaerobic growth is energy; 
during aerobic growth, carbon. Complicated as are the metabolic interac
tions in whole cells, two pr imary causes would seem to account in large 
measure for these conditions: (1) in glycolysis, a low energy yield per sub-
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s trate mole is caused by incomplete breakdown, i.e., limited electron ac
ceptors; (2) in respiration, excess oxygen as electron acceptor, the competi
tion of many microorganisms, in bo th number and kind, transforms the 
carbon to C 0 2 by both useful (generating biologically available energy) and 
uncontrolled oxidation. Fur thermore , respiration is generally considered to 
occur a t maximal ra te a t a lower substrate concentration (principally car
bon and phosphate) than does fermentat ion. 6 7 

The energy yields of various dismutat ive (glycolytic) and oxidative re
actions are considered in detail in Chapters 2, 3, and 4, and are collected in 
Section I I and in Tables IV and VI of this chapter. One could further argue 
from the endogenous respiration rates of washed anaerobic and aerobic 
cells in this same direction; i.e., assimilation of carbon is low in glycolytically 
produced cells and relatively high in aerobic cells even though grown 
with limited subs t ra te . 6 8 

With a given function in mind, one can frequently, almost always, with 
a little thought and effort, grow and harvest cells for enhanced capacity 
for one's purpose. 

C. PICKUP AND REPLACEMENT 

At the t ime the glycolytic scheme was nearing completion as a sequence 
of single-step reactions, it was s ta ted t ha t energy-mobilizing and energy-
using reactions are linked by a common in termedia te . 6 9 This intermediate 
was identified as a compound of phosphorus, namely, adenosine triphos
pha te ( A T P ) . 6 9 

For a reaction sequence, e.g., glycolysis, to serve as a biologically useful 
energy source, another requisite was recognized, i.e., the system mus t 
operate with a net gain in utilizable energy; some step must pick up a new 
component. In line with A T P serving as the couple, inorganic (ortho) phos
phate was recognized as t ha t compound. The Neuberg (see Chapter 2) 
methylglyoxal fermentation schemes were recognized to lack, among other 
qualifications, these energy-coupling steps. If one prefers to consider the 
thiolesters as intermediates in metabolism, transferring as they do the 
coupled energy via phosphate incorporation and transfer to form A T P , 
this is still an accurate s ta tement of the acquisition of energy in biologically 
available form and its use. These are also the bases of argument in con
structing energy balances for microbial fermentations. 

Applied to the multiple pa thways of microbial glycolysis, only two sorts 
of reactions have been shown to meet these requirements: (1) the dehydro-
genation of triosephosphate and (2) oxidative reactions with diphospho-
thiamine ( D P T ) . The la t ter concerns two substrates, ketose sugars and 
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α-keto acids—in glycolysis only pyruvate . With noncarbohydrate sub
strates, two other reactions, those yielding formyl and carbamyl, are con
sidered potential microbial A T P generators. One paper has been published 
relating glutamyl (glutamine) to A T P generat ion 7 0 as a stoichiometrically 
important bacterial pathway. In actuali ty, both formyl and carbamyl are 
carboxyl-generating systems, as are all bu t one of the substrate-coupled 
energy-generating reactions; this is an enol phosphate generation by dehy
dration. 

Formyl, as N 1 0 -formyl tetrahydrofolic acid (N 1 0 -formyl-fH 4 ) , is formed 
by formimino transfer or hydroxymethyl transfer, followed by oxidation 
to the formyl derivat ive; carbamyl is formed from the ureido group of 
citrulline or of creatinine (iV-methyl hydanto in) . 7 1 These reactions will be 
recognized as par t of the amino acid and purine fermentation systems; both 
are discussed by Barker (Chapter 3) and their possible relationship to 
growth is summarized in Section I I I of this chapter. 

These four reaction types—triosephosphate, DPT-ke to oxidation, 
formyl tetrahydrofolic, and carbamyl—generate A T P by pickup and t rans
fer of inorganic phosphate via carboxyl or potential carboxyl group in one 
or more bacterial species. Each appears to be an important , or sole, source 
of A T P energy for the endergonic reactions of biosynthesis and growth. 
They meet the criteria of pickup and replacement reactions for phos
phate and phosphate anhydrides. The stoichiometry of formation and use 
is considered subsequently. 

All cells meet a second type of replacement problem: the maintenance of 
the compounds in cycles performing metabolic work against a diversion to 
cellular components by biosynthetic pa thways and loss through chemical 
and enzymic instability. The lat ter include, for example, the chemical in
stability of β-keto acids, SH groups, and enzymic hydrolysis of phosphate 
anhydrides and esters by ATPases, etc. Only quant i ta t ive differences exist 
between the problems of replacement of essential metabolites used for 
cellular synthesis and as components of cycles liberating energy for cell 
work—the lat ter being quanti tat ively larger. 

The calculation of carbon balances for the products of glycolysis usually 
suffers little from removal of intermediates for cell formation, due to the 
limited cell formation as a consequence of low energy yield in glycolysis 7 2 

(see also Section I I I , B) . Aerobic, i.e., respiration-powered, growth, energy-
rich and carbon-poor, suffers more from need for replacement of cycle com
ponents due to enhanced synthesis amounting to 40 % of the carbon turned 
over in opt imum cases (Section IV) . 4 1 Assimilation of carbon into carbo
hydra te (glycogen) or other storage compounds, not protoplasm, is also 
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quanti ta t ively significant, especially in nitrogen limited growth. This 
problem is also considered in Section IV of this chapter. 

D . CROSSPOINTS AND CYCLING 

Depar ture from quant i ta t ively impor tant pa thways of carbon flow and 
energy generation occurs in a number of bacteria; the causes for the most 
par t discernible from recurring pa t te rns permitt ing, in some cases, predic
tion of behavior. These include: 

1. Multiple patterns (al ternate routes) a t essential sites for energy, and 
biosynthetic intermediate generation such as reactions of hexosemono-
phosphates, triosephosphates, and pyruvate . Hexosemonophosphate can, 
in most organisms, lead to oxidation, dehydrat ion, cleavage, or phosphoryla
tion. In each case a sequence is initiated which can lead to triosephosphate, 
whose oxidation makes energy available as A T P , and carbon skeletons 
usable as synthetic intermediates. Triosephosphate m a y become oxidized 
or reduced or enter a half-dozen sorts of condensation reactions. Pyruva te 
m a y be reduced, carboxylated, oxidized, or cleaved, yielding acyl by several 
routes. Each of these reactions permits initiation of one of several pathways, 
i.e., the availability of alternative routes. 

I n case of limitation of some component in a reaction pa thway, or cycle, 
many organisms exhibit bypasses through which energy coupling is not 
obligatory, thus permitt ing turnover ; for example, inorganic phosphate 
level for oxidation 7 3 is insured by phosphatase action. 

2. The absence of a key enzyme, or limiting amount of one enzyme for 
substrate turnover to serve in the cellular energy supply system, may shunt 
substrate to one of the al ternate pa thways less favorable energetically or 
for biosynthesis of intermediates. The prime example in carbohydrate fer
mentat ion is the loss of fructosediphosphate aldolase leading to initiation of 
several al ternate oxidation and transfer cycles with reduced energy yield 
per mole of substrate transformed. Product labeling from uniquely labeled 
substrates, in both products and cell components, will usually divulge the 
functional pa thways . 

3. Secondary enzyme induction, in the case of accumulation of inter
mediates due to blocked pathways, or the absence of key substrates blocking 
feedback, will frequently circumvent situations in which usual intermediates 
are not available. These cases include response in carbohydrate fermenta
tion to chain length and configuration with alteration in carbohydrate flow 
pat te rns and appearance of more complicated product-labeling pat terns . 
Simple cases are the build-up of pyruva te before a metabolic lesion in the 
energy-coupled pa thways of its oxidation with the induction of a bypass 
oxidase yielding the normal products without energetic coupling, 7 4 and the 
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glyoxalate bypass supporting cellular synthesis with two carbon sub
s t ra tes . 7 5 

4. Reactions thermodynamically unfavorable to reversal. Numerous cases 
are recorded of reversible reactions whose equilibria so strongly favor prod
ucts tha t they seem not to serve a quanti tat ively impor tant role for micro
bial growth and synthesis in the reverse direction. A frequently quoted 
example is the lack of evidence for the reversal of kinases in phosphorylation 
of primary alcohols, i.e., regeneration of hexose carbon skeleton by hydroly
sis ra ther than by transphosphorylation to adenosine diphosphate (ADP) , 
regeneration of phosphoenol pyruva te via oxalacetate or malic enzyme 
rather than by A T P phosphorylation of pyruvate . The action of phospha
tase for carbohydrate esters can be classed under point 3 of this list. 

5. Additional oxidation of pyruvate leads to more reduced products than 
triose (lactate and ethanol-C02 are triose level), i.e., formation of propionic 
acid, glycerol, or molecular hydrogen (H 2 ) . Cellular growth yields (see Sec
tion I I I ) constitute a practical demonstrat ion of enhanced energy yield. 

6. Tendency to cycle. Biological catalysis is often viewed as a continuous 
flow process transforming substrate to products of lower energy content plus 
cellular material . The compounds formed in the cells may be of either higher 
or lower energy content per carbon than the substrate. These compounds 
are also almost certain to have participated in energy-requiring t ranspor t 
reactions. More closely viewed, however, the flow routes comprise a con
tinuous series of interacting cycles of both substrates and cofactors. The 
cycles of the cofactors are frequently two-step, although three or more 
steps are not uncommon. Representat ive of two-step cycles are the oxida
tion-reduction of electron t ransport catalysts, and phosphorylation and 
dephosphorylation between A D P and A T P . Among the catalysts under
going three or more step cycles are lipoic acid (oxidized, reduced, and 
acylated), biotin (unsubsti tuted, carboxylated, and activated—biotin ac
tivation requires A T P , bu t an intermediate has not been identified), and 
folic acid, which undergoes an even larger number of steps in one-carbon 
transformation cycles. 

The loss of cycle intermediates by side reactions and by cellular synthesis, 
while not on the main line of energy generation or essential metaboli te 
formation, may be difficult to distinguish from these for reasons of ubiqui
tous occurrence and essentiality. Specific examples are loss of C 0 2 from 
carbon cycles with a t least three known mechanisms for its re turn to prod
ucts functional in known cycles, and oxalacetate and ketoglutarate as amino 
acid precursors. 

Detailed documentation of cyclic mechanisms in glycolysis is given in 
Chapter 2, of respiration in Chapter 4 ; the energy-liberating cycles are dis
cussed in the following section of this chapter. 
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II. Energy-Yielding Reactions 

A . CARBOHYDRATE CLEAVAGE AND OXIDATION 

Detailed studies of bacterial fermentations during the past ten years have 
revealed several new routes, as summarized in recent r e v i e w s 6 6 ' 7 6 » 7 7 and in 
Chapter 2 of this volume. Well-known fermentations whose detailed pa th
ways are incompletely understood, and preliminary evidence on more re
cently recognized ones, suggest the existence of still other mechanisms, e.g., 
pa thways from glucose to propionate , 1 6 * 7 8 arabinose to a-ketoglutarate , 1 2 

and the fermentation of galactose b y lactic acid bacter ia . 7 9 The pa thway of 
breakdown of some carbohydrates and of their formation for cellular con
st i tuents, i.e., rhamnose of Gram-positive cell walls, 3 is obscure. Still, it 
seems not too early to a t t empt some recognition of opt imum routes for 
cellular energy release and biosynthetic precursor formation. Fermentat ion 
of uniquely labeled substrates and quant i ta t ive measurements of growth 
have, in fact, already furnished some clues to unexplained routes and new 
energy-coupling r e a c t i o n s 6 6 ' 1 0 8 * 1 0 9 which require explanation and encourage 
a t t empts to construct tenta t ive schemes. 

Documentat ion of the products and mechanisms of bacterial carbohy
dra te fermentation is available from Chapter 2 of Wood; we shall consider 
here only the reactions and mechanisms concerned in inorganic phosphate 
pickup, phosphate anhydride formation transferable to A T P , and the quan
t i ta t ive aspects of growth. In glycolysis, net A T P generation is dependent 
on inorganic phosphate up take plus the re turn of any anhydride phosphate 
used in priming the carbohydrates to A T P . The A T P used in cell work 
functions releases ortho- or pyrophosphate , 8 0 necessitating a net gain by 
glycolysis. 

The over-all A T P yield in a fermentation will depend on the reaction 
steps, the potential of the oxidation reduction reactions, and the energy 
required to prepare the ul t imate electron acceptors. 

The maximal energy yield, i.e., of or thophosphate esterified, per unit sub
strate seems to occur in systems which cleave ketose prior to oxidat ion. 6 6 

Two cleavage mechanisms generating 2 A T P per ketose are known, namely, 
the fructose-1,6-diphosphate aldolase characteristic of the Embden-
Meyerhof pa thway, reaction (1): 

glucose 2 ATP -> fructose-1,6-diP aldolase 
dihydroxy-acetone-P 

+ 
glyceraldehyde-3-P 

(1) 

and the phosphoketolase cleavage of xylulose-5-P: 

pentose ATP -> xylulose-5-P Pi acetyl-P + glyceraldehyde-3-P 

These reactions will be considered in terms of the mechanism of phosphate 
anhydride formation and na ture of hydrogen acceptors. 
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The Embden-Meyerhof pa thway 8 operates with a net energy gain of 2 
A T P , as summarized by : 

2 g l u c o s e + 2 Pi + 2 ADP 2 l a c t a t e + 2 ATP (3) 

This yield, via fructosediphosphate aldolase and 2 moles of triosephos-
phate , occurs because each triose esterifies 1 orthophosphate on oxidation 
and returns, via enolase 8 1 with phosphoenol pyruvate formation, the A T P 
required to initiate the fermentation of glucose. 8 

Triosephosphate oxidation, an important model for substrate level oxida
tion with generation of high energy phosphate, is visualized in Scheme I . 8 2 - 8 5 

OH 
CHO I 

I R — S — C H 
( a ) CHOH + RSH | 

I CH 2 OH 
CH 2 OP I 

CH,OP 

OH 
I R — S — C = 0 

R — S — C H I 
(b) I + D P N - > CHOH + D P N H + H+ 

CHOH I 
CH 2 OP 

CH 2 OP 

OPOa-
R — S — C = 0 I 

I c = o 
( c ) CHOH + H P 0 4 - - * RSH + I 

I CHOH 
CH 2 OP I 

CH 2 OP 

SCHEME I 

This sequence, as formulated by Racker , 8 5 is now taken as a classical ex
ample of a mechanism of thiol addition, dehydrogenation, and phosphor-
olysis of thiolester with retention of energy in acyl phosphate bond. T h e 
acyl-phosphate-ATP transfer (1,3-diphosphoglycerate to ADP) has a 
favorable equilibrium toward A T P 8 6 : AF = —4000 calories. 

Other organisms are presumed to ferment triosephosphate in a similar 
manner : muscle and yeast triosephosphate dehydrogenases, 8 7 bu t not the 
bacterial enzymes, have been examined. The amount of tr iosephosphate 
formed is thus a determining factor in the total energy yield. The energy 
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yield of 2 A T P per glucose, reaction (3), considers no A T P generation below 
pyruvate , i.e., for lactic- and alcoholic-C0 2 fermentations. Pyruva te reac
tions with A T P generation will be considered in Section I I , Β . 

Pentose fermentation, with uptake of 2 phosphates and generation of 2 
A T P per mole, became apparent with the discovery of phosphoketolase. 8 8 

This enzyme forms 1 mole each of acetylphosphate and triosephosphate 
from xylulose-5-phosphate, reaction (2). The generation of acetylphosphate 
in the initial cleavage without priming via A T P compensates for the forma
tion of bu t 1 triosephosphate. This is energetically equivalent to the E m b -
den-Meyerhof fermentation of hexose. Ne t yield: 

pentose + 2 Pi + 2 ADP > acetate + lactate + 2 ATP (4) 

An analogous phosphoketolase cleavage of fructose-6-phosphate has been 
reported by Racker and co-workers 8 9* 9 0 for the aerobic bacterium, Aceto-
bacter xylinum, as in reaction (5): 

fructose-6-P + 2 Pi > aceytl-P + eyrthrose-4-P (5) 

The net inorganic phosphate up take and A T P gain depend on subsequent 
reactions of the te t rosephosphate 9 0 which replaces the triosephosphate of 
the pentulose cleavage, reaction (2). 

The pert inent observations on acetylphosphate generation via phospho
ketolase 8 8 " 9 3 a re : adapt ive fermentation of pentose by lactobacilli (Lacto
bacillus pentosus,9** L. arabinosus9* L. plantarum*8) yielding in fermentation 
1 mole each of acetate and lactate . 9 3 * · 9 4 Acetate is formed exclusively 
from pentose carbons 1 and 2, which are converted quant i ta t ively to the 
acetate methyl and carboxyl, respectively. Extrac ts from pentose-induced 
cells cleave xylulose-5-P to acetylphosphate and tr iose-P. 8 8 · 9 2 An enzyme 
fraction purified 45-fold over the extract shows a requirement for D P T , 
M g + + , a thiol, and stoichiometric amounts of inorganic p h o s p h a t e . 9 2 ' 9 3 

Surprisingly, al though similar to transketolase in the requirement for 
D P T , 9 5 both acetylphosphate and triosephosphate are reported not to 
exchange with xylulose-5-P either in the presence or absence of inorganic 
phosphate (Pi) . 7 7 Acetylphosphate does not arsenolyze and presumably 
does not exchange phosphate with Pi . Arsenate will replace Pi in the cleav
age of xylulose-5-P to form acetate in place of acetyl-P. These da ta clearly 
indicate an irreversible step in the early phases of acetyl-P generation; 
this observation strongly suggests a difference between the initial reactions 
of xylulose-5-P with phosphoketolase and with transketolase. 7 7 These 
da t a led Breslow 9 6 to formulate a mechanism for the acetyl-P generating 
reaction with an early irreversible dehydrat ion of a glycolaldehyde-DPT 
complex. Need for further extension of this aspect of the problem is clearly 
indicated. 

The fructose-6-P phosphoketolase, reaction (5), requires further com-
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meri t . 8 9 , 9 0 This enzyme has not so far been reported in anaerobic, glycoly
tic organisms, although both ketopentose and ketohexose are cleaved by 
the A. xylinum phosphoketolase in sonic extracts. The pentulose phospho-
ketolase is present in anaerobically grown cells, i.e., lactic acid bacteria 
induced with pentose 8 8 and in Leuconostoc mesenteraides,97 which ferments 
hexose via a pentose pathway. A. xylinum may very well form 3 moles of 
acetate from fructose via a series of phosphoketolase cleavages accom
panied by cycling of the carbon skeleton through transaldolase + transketol-
a s e go, 98 A s indicated earlier, the A T P yield from fructose-6-P will 
depend on the subsequent reactions of erythrose-4-P. The la t ter could 
regenerate fructose-6-P and two more moles of acetylphosphate, as out
lined in Scheme I I . 9 0 These reactions represent a nonoxidative pa thway 
which could generate 2 A T P per mole of fructose. Although 3 phospho
ketolase reactions generate 3 A T P , 1 phosphate ester is presumably re
turned to Pi by a phosphatase reaction forming fructose-6-phosphate from 
fructose-l ,6-diphosphate (Scheme I I ) . If the 2 triosephosphate molecules 
formed were fermented through the usual triosephosphate dehydrogenase 
reaction, 4 additional moles of A T P would be generated, or a net gain of 
2 beyond those required to prime the 2 moles of fructose. The over-all 
fermentation, which utilizes both phosphoketolase and triosephosphate 
oxidation mechanisms for phosphate pickup, could yield 5 A T P per 2 fruc
tose, 2.5 A T P per hexose. This yield assumes freedom from electron ac
ceptor restrictions, i.e., is not a completely fermentative mechanism. The 
possibility of 3 substrate level phosphorylations per hexose is of interest, 
however, for the previous limit by Embden-Meyerhof fermentation was 
considered to be two. The possibility of an isomerase for tetrose-4-P to 
tetrulose-4-P, followed by a second phosphoketolase, should not be elim
inated; the energy yield would in this case also be two, plus any phos
phorylation derived from the final dispensation of the remaining two car
bons, presumably free glycolaldehyde. Present evidence encourages the 
consideration of recycling in tetrosephosphate metabolism* 

Oxidation of hexose, or hexosephosphate, prior to cleavage occurs in bo th 
aerobic and anaerobic bacteria. Such reactions, pyridine nucleotide- or 
flavoprotein-mediated, presumably lead to the formation of acyl lac tones . 9 9 

The lat ter appear to open hydrolytically, thus without energy coupling, i.e., 
acyl phosphate fo rma t ion , 8 2 ' 1 0 1 · 1 0 3 reactions (6) and (6a). 

HOH 
glucose + D P N (or FP) —> glucono-7-lactone > gluconate (6) 

glucose-6-P + TPN -> 6-P-glucono- 7-lactone H 0 H > 6-P-gluconate (6a) 

Degradation from gluconic acid may occur by either of two pa thways ; in 
all cases, via the phosphorylated derivative 6-P-gluconic acid: 

1. Entner-Doudoroff pa thway, initiated by 6-P-gluconate dehydrat ion 
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and aldol cleavage of the product . 1 1 The reactions catalyzed by these two 
specific enzymes, a dehydrase and an aldolase, plus the structure of the in
termediate are indicated in reactions (7) and (8) . 1 1 

6-P-gluconate - 2-keto-3-deoxy-6-P-gluconate (7) 
KDPG-

2-keto-3-deoxy-6-P-gluconate a l d o l a 8 J > pyruvate + triosephosphate (8) 

The primary oxidation is not coupled to phosphate uptake , thus the sys
tem yields bu t one net A T P via triosephosphate dehydrogenase unless 
pyruvate is further oxidized. (The other aspects of these reactions are dis
cussed in appropriate connotation, see Chapter 2.) Of importance here is 
the requirement, in anaerobic glucose fermentation, of an acceptor for one 
electron pair provided by the products of reaction (8). 

2. Pentose Phosphate Pathway. The pa thway from glucose to pentose 
phosphate via 6-P-gluconate is represented by reaction (6) then phos
phorylation, or, phosphorylation then reaction (6a) plus reaction ( 9 ) 1 0 3 ' 1 0 4 : 

6-P-gluconate + T P N -» C 0 2 + ribulose-5-P + TPNH (9) 

The epimerization of ribulose-5-P to xylulose-5-P prepares the product 
of reaction (9) for subsequent phosphoketolase cleavage, reaction (2). 

The Entner-Doudoroff and pentose phosphate pa thways have been found 
in a variety of a e r o b i c 1 0 5 , 1 0 6 and a n a e r o b i c 1 0 7 - 1 0 9 organisms since their first 
discovery in the former. 

These two hexose monophosphate systems are similar in energy yield 
bu t give different product labeling from uniquely labeled glucose. The 
labeling of each is also different from labeling by Embden-Meyerhof fer
mentat ion. The three pa thways each yield triose phosphate from carbons 
4 to 6, with aldehyde group from carbon 4. T h u s the difference in product 
labeling occurs from the first three carbons. The Pseudomonas lindneri 
fermentation is an alcoholic (yeast type) bacterial fermentat ion. 1 0 7 The 
organism possesses a yeast type pyruva te carboxylase. 1 0 7 T h e Entner -
Doudoroff and the Embden-Meyerhof pa thways each yield 2 moles of 
pyruva te per hexose; thus the stoichiometry does not distinguish between 
these two. 

The pentose pa thway, shown to yield alcohol and C 0 2 from carbons 1 to 
3 1 0 9 via phosphoketolase, 9 7 with Leuconostoc could, in the presence of pyru
va te carboxylase, equally well account for the products. The two points of 
difference among these th ree pa thways a re : (1) the position of labeling in 
products, and (2) the difference in A T P yield. These are shown in Tables 
I I I and IV respectively. 

The prime difference in labeling for alcoholic fermentation by the three 
pa thways is the source of the methyl group of ethanol, Table I I I . These 
a re : carbon 1 for Embden-Meyerhof, carbon 2 for pentose phosphate pa th -
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T A B L E I I I 

GLUCOSE FERMENTATION: LABELING PATTERNS 

Glucose carbon 
Alcoholic or alcohol-lactic Lactic 

Glucose carbon 
E.M.« P . P . 6 E.D.« E.M.« P . P . 6 E.D.« 

1 CH* CO2 C 0 2 C H 3 CO2 COOH 
2 CH 2 OH C H 8 CH 2 OH CHOH C H 3 CHOH 
3 CO2 CH20H C H 8 COOH CH2OH CHs 

β Ε. Μ.: Embden-Meyerhof pathway. 
6 P. P. : Pentosephosphate pathway (via phosphoketolase). 

β E. D . : Entner-Doudoroff pathway. 

T A B L E I V 

CARBOHYDRATE CLEAVAGE MECHANISMS AND A T P YIELDS 

Calcu-

Substrate Cleavage type End products Triose-
P, moles 

lated 
yield 

(ATP) 

Hexose FDP-aldolase e 2 Lactate 2 2 
Hexose Phosphoketolase 1 Lactate, 1 acetate, 1 1 

1 C 0 2 

Pentose Phosphoketolase 2 Lactate, 1 acetate 1 2 
Hexose KDPG-aldolase 6 2 Ethanol, 2 C 0 2 1 1 
Aldonic acid FDP-aldolase + 1.83 Lactate (?) , c 1 1.33* 

KDPG-aldolase 0.5 CO2 

β FDP-aldolase: fructose-1,6-diphosphate aldolase. 
6 KDPG-aldolase: 2-keto-3-deoxy-6-phosphogluconate aldolase. 

c High lactate yields >1.75 mole/glucose in presence 0.001 Μ arsenite. Resting 
cells ο 1.5 lactate, 0.5 + C O 2 , 0 . 5 C 2 (0 /R = 0) missing (calculated as acetate via 
phosphoketolase =0 1.67 ATP). 

way, and carbon 3 for Entner-Doudoroff. The C 0 2 is formed from carbon 
1 in bo th hexosemonophosphate pa thways and from carbon 3 in the 
Embden-Meyerhof (HDP) pa t te rn . These da t a leave the source of the 
ethanol carbinol as carbon 3 in pentose phosphate and carbon 2 in bo th 
Entner-Doudoroff and Embden-Meyerhof pa thways . The labeling da ta of 
Gibbs and DeMoss 1 0 7 for the Pseudomonas lindneri fermentation conform 
to the Entner-Doudoroff hexosemonophosphate cleavage to p y r u v a t e , 
followed by decarboxylation to acetaldehyde and reduction to ethanol. 

I n contrast to the net 2 moles A T P per pentose fermented by the phos
phoketolase reaction, hexose fermentation yields only 1 A T P . This results 
from acetylphosphate reduction to ethanol by the two electron pairs gen
erated in oxidation of glucose-6-P to CO2 and pentulose-5-P via 6-P-glu-



20 I. C. GUNSALUS AND C. W. SHUSTER 

conate [reactions (6a) and (9)]. The decreased energy yield can be viewed 
as the energy required to prepare an electron acceptor. The reduction of 
acetyl to acetaldehyde occurs in the energy-rich form as either phosphate 
or the coenzyme A derivative. 

The isotopic da t a indicate a pentosephosphate pa thway in the leuconos-
toc (heterolactic) fermentation of g l u c o s e . 1 0 9 , 1 1 0 Phosphoketolase has also 
been reported in these cells, even when glucose-grown. 9 7 For balance da ta , 
see Chapter 2, Table X X . 

Aldonic acid fermentation occurs as an inducible system in lactic acid 
bacter ia . 1 0 8 - 1 1 3 This substrate, oxidation s ta te intermediate between hexose 
and pentose, appears from both labeling and induced enzyme da ta to com
bine the Entner-Doudoroff and pentose cleavage pathways. 

Hexonic acids appear not t o be reduced, i.e., gluconolactone hydrolysis 
to gluconic acid, reaction (6a), is not reversible; thus the initial cleavage 
of the carbon chain is not likely to be of the Embden-Meyerhof type . 
S. faecalis is homofermentative on glucose and yields two lactate with la
beling as in the Embden-Meyerhof pa thway . 1 1 1 · 1 1 2 F rom gluconate, the 
principal products are lactate and CO2 1 0 8 with —CO2 from gluconate carbon 
1. Ei ther hexosemonophosphate cleavage will furnish this label. The whole 
cell fermentation has been reported by Sokatch and Gunsalus to form about 
1.5 lactate and slightly more than 0.5 C 0 2 per gluconate and to lack for 
balance about 0.5 mole of C2 a t the oxidation level of acetate. I n the pres
ence of 10~ 3 molar arsenite, the C 0 2 yield is almost exactly 0.5 mole and 
the lactate increases to above 1.75 mole. These da ta lead to the suggestion 
of the limiting case-0.5 CO2 + 1.83 lactate as the sole products, reaction 
(10): 

6 gluconate + 8 ADP 11 lactate + 3 C 0 2 + 8 ATP (10) 

Both isotopic and enzymic da ta are compatible with fermentation by the 
complementary function of the two hexosemonpohosphate pa thways 
(Entner-Doudoroff and pen tosephospha t e ) . 1 0 8 , 1 1 3 Gluconate- 1-C1 4 fermenta
tion yields C 1 4 0 2 a t the same specific activity as carbon 1 of the substrate. 
Gluconate-2-C 1 4 labels lactate in all positions, with carbon 2 containing 40 
to 6 0 % of the label. The enzyme complement of gluconate-adapted cells 
includes fructose-1,6-diphosphate aldolase, 2-keto-3-deoxy-6-phosphoglu-
conate ( K D P G ) aldolase, transketolase, and transaldolase. 

Calculations of net energy gain by the combination of Entner-Doudoroff 
and pentosephosphate pathways for the anaerobic fermentation of gluconic 
acid by reaction (10) is 1.33 A T P per gluconate; 5 5 the energy calculations 
from growth da ta do not confirm the calculated 1.33 A T P per mole, bu t 
indicate the somewhat higher value of about 1.7 to 1.8 (see Section I I I , Β and 
Table V I I I ) . 

For each type of fermentation, certain "indicator enzymes" help predict 
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the pa thway, or combinations of pa thways , functioning in monosaccharide 
degradation. Buyze et al.m studied the distribution of enzymes among the 
lactobacilli and found hexosediphosphate aldolase present only in the 
homofermentative strains. All heterofermentative strains contained glu-
cose-6-P and 6-P-gluconate dehydrogenases, a finding compatible with the 
pentosephosphate cleavage mechanisms. I t would be desirable to know if 
the Entner-Doudoroff enzymes (6-phosphogluconic dehydrase and K D P G 
aldolase) and pentose pa thway enzymes (phosphoketolase and acetoki-
nase 1 4 2 ) are present. 

This brief discourse on the d a t a concerning probable reaction routes and 
their alternatives from the s tudy of labeling, indicator enzymes, and prod
uct yields is intended to direct a t tent ion to the coupling reactions and 
their influence on energy yields. T h e fermentation da t a (Chapter 2) can be 
evaluated in this way to extend knowledge of mechanisms. 

B. PYRUVATE OXIDATION AND ELECTRON ACCEPTORS 

I n numerous carbohydrate fermentations generating pyruva te via triose
phosphate oxidation, pyruva te is further oxidized. Electron acceptors are 
thus required, not only for the reduced pyridine nucleotide formed during 
triosephosphate oxidation, bu t for an additional pair of electrons generated 
by pyruva te oxidation. T h e na ture of the electron acceptors and the oxida
tion mechanism determines the energy gain from pyruvate cleavage. M a n y 
normally fermentative organisms can use oxygen as an electron acceptor for 
bo th pairs of electrons. 1 1 6 Access to oxygen permits an estimation of the 
energy gain by substrate oxidation independent of the reactions required 
for anaerobic formation of acceptors. Enzymic studies provide a more 
complete picture of the mechanisms bu t should be guided by net energy 
approximations to differentiate between al ternate routes of acceptor syn
thesis. 

Py ruva t e is generated in the fermentation of several organic acids wi thout 
prior oxidation steps, thereby relieving the requirement for additional elec
tron acceptors; three examples will be considered: 

1. Citrate fermentation by lactic acid bacter ia , 1 1 6 · 1 1 7» 1 1 8 · 1 1 9 and Aero-
bacter aerogenesll9t 1 2 0 through a retrograde aldol reaction yields oxalacetate 
and ace ta te . 1 2 2 Subsequent decarboxylation of oxalacetate forms pyruvate , 
1 mole per c i t ra te . 1 2 3 

2. Glutamate fermentation by Clostridium tetanomorphum yields pyruvate , 
acetate , and ammonia by a similar aldol cleavage mechanism. The reaction 
sequence includes rearrangement of g lu tamate to 0-methylasparate, then 
deamination and hydrat ion with formation of c i t ramalate . 1 2 4 Aldol cleavage 
of ci t ramalate (citramalase) gives rise to pyruva te and acetate by aldol 
cleavage. 1 2 6 
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3. Glycine fermentation by Diplococcus glycinophilus occurs through 
serine. This intermediate arises by the transfer of the glycine carbon-2 
from one molecule to another in a reaction sequence mediated by te t ra
hydrofolic ac id . 1 2 6 * 1 2 7 Serine is deaminated to p y r u v a t e . 1 2 7 a The transfer of 
the glycine carbon-2 leaves a C-l a t the oxidation level of formate; since 
this carboxyl ul t imately appears as C 0 2 , an acceptor mus t be provided for 
two electrons. These electrons may ult imately appear as molecular hydro
gen 1 2 8 or may reduce C 0 2 to acetate by an undisclosed reaction sequence. 

Although the mechanism and complexity of reaction sequences differ in 
these cases, they have in common the formation of pyruva te wi thout prior 
oxidation steps. These reactions occur in bacterial fermentations described 
in Chapters 2, 3, and 4. Serine fermentation (Chapter 3 , Table VI) also 
forms pyruvate without electron liberation. The energy available for 
biological work depends on the electron and acyl acceptors and the reaction 
mechanisms by which electrons reach the final acceptor, i.e., whether the 
potential difference between the electron donor and acceptor provides suffi
cient energy to couple electron transport with phosphate up take and 
whether acyl generation from the substrate is coupled to A T P formation. 1 2 9 

1. PYRUVATE OXIDATION SYSTEMS 

The oxidation of pyruvate occurs by one of a series of al ternate mech
anisms, as shown in Table V. At least three distinct energy-coupled mech
anisms have been found in bacter ia: 

(1) Lipoic acid-linkedj26'27 · 1 3 0 · 1 8 1 with the disulfide form of the coenzyme 

TABLE V 
PYRUVATE OXIDATION PATHWAYS 

Type or organism 
Electron 
acceptors Acyl acceptors Products 

Streptococcus faecalis and Lipoic, Lipoic, CoA Acetyl-CoA, C 0 2 , D P N H 
Escherichia coli FP,° 

D P N 

Lactobacillus delbrueckii FP ΗΡΟΓ Acetyl-P, C 0 2 , F P r e d . 
Clostridium* H + , (FP) CoA, ΗΡΟΓ Acetyl-P, C 0 2 , H 2 

Escherichia coli "clas Formate CoA, ΗΡΟΓ Acetyl-P, formate 
t ic"' 

Proteus vulgaris and Es FP (OH-) Acetate, C 0 2 , FP r ed. 
cherichia coli "aerobic" 

α FP: Flavoprotein. 
6 These systems also exchange C 0 2 rapidly with pyruvate and appear to require 

biotinyl—as " C 0 2 " acceptor. 
e Exchanges formate rapidly. 
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considered to act as both acyl and electron acceptor. The route of electrons 
from the reduced coenzyme passes through a flavoprotein of sufficiently 
low potential to reduce pyridine nucleotide. 1 3 2 " 1 3 6 

(2) Flavoprotein-linked, as in Lactobacillus delbrueckii,12,7 with phosphate 
as obligatory acyl acceptor. The flavoprotein will transfer electrons to 
riboflavin or to a number of dyes. Under anaerobic conditions, a second 
molecule of pyruva te is reduced via a flavoprotein lactic dehydrogenase. 

(3) "Clastic" cleavage,1**-1*1 yielding acetylphosphate coupled to A T P 
through acetokinase. 1 4 2 The immediate electron acceptor, the carriers 
and the mechanism are still obscure. In Clostridium sticklandii, folic acid 
has been shown to be a specific electron a c c e p t o r . 1 4 3 , 1 4 4 The transfer of 
electrons m a y result in the evolution of molecular hydrogen either with or 
without formate as a formal intermediate. Bio t in 1 4 5 and folic ac id 1 4 6 have 
recently been implicated in these mechanisms and may lead to clarification. 

An additional "noncoupled" acetate generating pyruvic oxidase (Table 
V), usually termed the " P r o t e u s " type, regardless of source, is known to 
operate a e r o b i c a l l y 7 4 , 1 4 7 - 1 4 9 via flavoprotein150 and cytochrome b . 1 4 8 Recent 
evidence suggests the induction of this system after pyruva te accumulation 
in the final phases of g rowth . 1 5 0 Organisms shown to contain the " P r o t e u s " 
enzyme also contain the lipoic-type oxidase. 2 7 Whether the " P r o t e u s " 
system is present or functions in glycolytic (anaerobic) metabolism is un
clear; the system is included in Table V for completeness, without prejudice 
to interpretat ion when the da t a are available. 

2. HYDROGEN ACCEPTORS 

T h e reduced products formed by the electrons from pyruva te oxidation 
will determine the net A T P equivalents in a given fermentation. The yields 
est imated from present knowledge of the mechanism and stoichiometry of 
anaerobic pyruva te fermentation as found in various bacteria are tabulated 
in Table VI . The values in the table represent product ratios and A T P 
yields for fermentation of pyruva te or pyruva te + 2 electrons, i.e., carbo
hydra te fermentation with 1 mole D P N H formed per mole of pyruva te . 
In each case, the balances assume no external hydrogen acceptors and only 
one fermentation pa thway, i.e., no mixed product yields. In this sense they 
are idealized values; the actual yields in fermentation usually digress some
what from the values presented in the table (see footnotes). 

Py ruva te generates electrons of sufficiently low potential to reduce hy
drogen ion to molecular hydrogen ( H 2 ) . Wi th hydrogen evolution, pyruva te 
yields 1 mole each of C 0 2 , H 2 and acyl, with the energy of the la t ter con
vertible to Α Τ Ρ . 1 3 8 · 1 3 9 I n contrast , tr iosephosphate oxidation has not been 
shown to yield H 2 ; t h u s the stoichiometry requires additional acceptors of 
higher potential . In other terms, tr iosephosphate fermentation has not 



24 I. C. GUNSALUS AND C. W. SHUSTER 

T A B L E VI 

EFFECT OF ELECTRON ACCEPTORS ON A T P Y I E L D OF PYRUVATE FERMENTATIONS 

Pyruvate Pyruvate + 2 e 

System 
Product ratio ATP 

yield Product ratio ATP 
yield 

Coliform e 1 Formate 
1 Acetate 

1.0 0.5 Lactate 
0.5 Formate 
0.5 Acetate 

0.5 

Clostridial* 1 Acetate, 
1 C 0 2 , 1 H 2 1.0 

0.5 Butyrate 
1 C 0 2 , 1 H 2 

0.5 

Clostridial* 0.5 Ethanol, 
0.5 acetate, 1 C 0 2 

0.5 1 Ethanol 
1 C 0 2 

0 

Clostridial 6 0.5 Butyrate 
1 C 0 2 

0.5 0.5 Butanol 
1 C 0 2 

0 

Propionic* 0.33 Propionate 
0.66 Acetate 
0.66 C 0 2 

0.66 
0.66 Propionate 
0.33 Acetate 
0.33 C 0 2 

0.33 

β Wood, Chapter 2, Table IX. 
b Wood, Chapter 2, Table V. 

c Barker, Chapter 3, Table VI. 
d Wood, Chapter 2, Table XIV. 

been shown to yield acetate , CO2 , and 2 H 2 . 1 7 The formation of formate 
and acetylphosphate provides a similar electron acceptor ratio to CO2 + H2 
with the same energy yield of 1 A T P per py ruva t e . 1 4 1 This stoichiometry 
appears in coliform b a c t e r i a 1 4 0 - 1 4 1 and in some lactic acid bacter ia , 1 1 7 es
pecially those from alkaline medium. 

T h e C 0 2 formed b y pyruva te oxidation remains as a product in most 
fermentations bu t does undergo reduction to a c e t a t e 1 5 1 , 1 5 2 or me thane 1 7 b y 
Clostridia and methane bacteria. To a lesser extent, C 0 2 is incorporated 
into reduced products in the E. coli and lactic fermentat ions; 1 6 3 these reac
tions are usually stoichiometrically unimpor tant . The da t a are not clear on 
the route of C 0 2 reduction to acetate and methane . The formation of 3 
moles of acetate as the sole product of glucose fermentation occurs wi th 
equilibration of acetate and C O 2 ; 1 7 , 1 6 2 the stoichiometry would be com
patible with a high energy yield. The energy requirement for C 0 2 activa
tion prior to reduction is unknown; thus , a prediction of the net energy 
yield must await elucidation of the enzymic steps. I t seems probable t h a t 
growth da ta with Clostridia of different product pa t te rns might furnish a 
basis for predicting A T P yields and deciding among possible mechanisms. 
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Acetyl can serve as an electron acceptor to form ethanol or, after conden
sation to acetoacetyl, to form bu ty ra te . 1 7 Two pairs of electrons are re
quired per acetyl in ethanol formation and two pairs for each two acetyl in 
bu ty ra te formation; bo th reductions permit the oxidation of 2 moles of 
pyruvate . Since 1 acyl disappears in the reduction to ethanol and a t least 1 
in bu ty ra te formation, these reactions yield no more than 1 A T P per 2 py
ruvate . Reduct ion of 1 pyruva te to lactate is an energetically equivalent 
mechanism. The butyrate-forming system yields 1 A T P per 2 pyruva te 
only if condensation proceeds by the thiolase reaction. If this condensation 
should require an activated CO2 similar to the yeast and animal systems for 
fa t ty acid synthesis , 1 5 5 " 1 5 7 bu ty ra t e formation would occur without A T P 
gain. Butyry l reduction to butanol also occurs in some organisms, per
mit t ing further pyruva te oxidat ion; 1 5 8 as with acetyl reduction to ethanol, 
the carboxyl appears to undergo reduction in the acyl fo rm 1 5 9 (butyryl CoA) 
with the disappearance of 1 acyl per 2 pairs of electrons. Therefore, butanol 
formation would permit the oxidation of 2 moles of pyruva te with the acyl 
derived from one oxidation lost in the reductive process. Viewing butanol 
formation from the s tandpoint of triosephosphate fermentation, an increase 
in net yield acyl (ATP generation) would occur only if molecular hydrogen 
is produced as an accessory reduced product . 

T h e reduction of 1 mole pyruva te to propionate permits oxidation of 2 
moles pyruva te for a net gain of 2 acyl per 3 pyruvate fermented, i.e., 
2 acyl per propionate formed (Table VI ) . T h e actual acceptor steps in this 
sequence are the reduction of oxalacetate to malate , and fumarate to suc
cinate. According to Swick and Wood, 1 6 the reduction occurs without net 
energy change while providing an acceptor for the oxidation of pyruvate to 
acetate and C 0 2 . Wi th triose phosphate from carbohydrate fermentation, 
only 1 pyruva te oxidation step is possible per 2 propionate, or one acyl 
convertible to A T P per 3 triose—half the yield from pyruvate (Table VI ) . 
T h e exact reaction sequence in carbohydrate fermentation to propionic 
acid is not in complete form. 7 8 The growth yield coefficients for propionic 
acid bacteria and Micrococcus lactolyticus (Elsden 1 6 0 ) indicate more net 
energy gain in the over-all process t h a n predicted by any of the currently 
proposed mechanisms. A further discussion of mechanisms is given in Sec
tion I I I . 

T h e currently available da ta , in many cases suggestive, are discussed 
briefly to illustrate the problems. Solutions clarifying these concepts m a y 
well be developed from growth and other whole organism studies, leading 
ul t imately to clarification of enzymic steps and reaction pathways . 

C. FORMATE AND C 0 2 PRODUCTION 

A T P is generated from the fermentation of several substrates by steps 
other t han triosephosphate or pyruva te oxidation. Enr ichment cultures 
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have yielded bacterial strains which grow at the expense of substrates t ha t 
undergo cleavage without oxidative energy coupling in initial reactions. 
Instead, CO2 or formate may appear in the products by coupled, nonoxi-
dative reactions. The pa thways serving for C-l cleavage, transfer, and re
lease with coupled A T P formation may actually include the formal inter
mediates which serve in the biosynthetic incorporation of the same C-l 
unit . 

1. FORMATE 

The fermentation of purines by Clostridium cylindrosporum is i l lustrative 
of ATP-coupled formate release. With guanine as substrate, the principal 
products are equivalent amounts of glycine and formic acid plus larger 
amounts of C 0 2 and ammonia and traces of aceta te . 2 2 Cell extracts ferment 
xanthine to formiminoglycine by noncoupled hydrolytic reactions. 1 7 Fur ther 
degradation of this intermediate requires the presence of substrate amounts 
of A D P and Pi. The coupled cleavage of formiminoglycine yields glycine, 
formate, and ammonia with a net energy gain of one A T P , according to the 
stoichiometry in reaction (11). 

formiminoglycine + ADP + Pi —• formate + N H 3 + glycine + ATP (11) 

The over-all reaction proceeds by discrete steps, first transferring the 
formimino moiety to tetrahydrofolic acid (fH 4 ). Ammonia elimination 
occurs either by hydrolysis of the formimino tetrahydrofolate compound or 
by ring closure to the methenyl derivative, reaction (12) . 1 6 1 , 1 6 2 

formiminoglycine + fH 4 —* glycine + ammonia + N s ,N 1 0 -methenyl - fH 4 (12.) 

Phosphate pickup and A T P formation occur by coupled cleavage of formyl 
tetrahydrofolic acid via formylase, 1 6 3 reaction (13). 

N 1 0 -formyl-fH 4 + ADP + Pi -» formate + ATP + fH 4 (13) 

The enzyme catalyzing the lat ter step has been prepared in crystalline form 
from C. cylindrosporum after only 10-fold purification. 5 1 

The energy metabolism takes a different route in a similar purine fer
mentat ion by Clostridium acidi-urici. Instead of glycine and formate, only 
acetate and CO2 are found as products of uric acid fermentation (see 
Barker, Chapter 3, p . 183). I n this case, the formyl moiety is recycled by 
reduction to hydroxymethyl tetrahydrofolate and transfer to the C-2 of 
glycine, forming serine. 2 1 Serine is deaminated to pyruvate which serves, 
via oxidation, as the substrate for the sole energy-yielding reaction. The 
electron pair donated in pyruvate oxidation presumably is utilized via 
pyridine nucleotide in the reduction of methenyl tetrahydrofolate t o 
methylene tetrahydrofolate, i.e., no accessory electron acceptor is required, 
reaction (14). 

pyruvate + Ν δ , N 1 0 -methenyl-fH 4 -» acetyl-P + C 0 2 + N 6 , N 1 0 -methylene-fH 4 (14) 



1. ENERGY-YIELDING METABOLISM IN BACTERIA 27 

Formate and formate derivatives are also products of the biological 
degradation of histidine. An energy-coupling mechanism equivalent to 
t ha t found in the purine fermentation could be expected. The initial de-
amination and hydrolytic steps form formiminoglutamic, considered to be a 
common intermediate in all systems studied, bu t this is apparent ly the 
extent of the similarities. Ext rac ts of pseudomonads 1 6 4 further degrade 
formiminoglutamic to formate, ammonia, and glutamic acid, while form-
amide and glutamic acid are formed from the same intermediate by the 
fermentations of C. tetanomorphum1** and A. aerogenes.1** There has. as yet , 
been no implication of tetrahydrofolic acid involvement in these reactions, 
and it has been assumed tha t the energy metabolism is centered in the 
further degradation of glutamic acid (see Barker, Chapter 3, p . 173). 
Coupled reactions in the splitting of formiminoglutamate are indicated, 
however, by the studies with liver extracts which catalyze a transfer of the 
formimino group to tetrahydrofolic acid. 1 6 7 Tetrahydrofolic acid-mediated 
reactions could be operative in the histidine fermentation by Micrococcus 
aerogenes1® in which the products do not include appreciable quanti t ies of 
either formate or formamide. Apparent ly the C-l residue is recycled into 
the other fermentation products, acetate or lactate. These interpretations 
suffer from the lack of enzymic da ta . 

2. C 0 2 VIA CARBAMYLPHOSPHATE 

Release of C 0 2 from several carbon-nitrogen bond systems yields energy 
convertible to A T P b y substrate level phosphate pickup reactions. Phos-
phorolytic cleavage of ureido compounds produces carbamylphosphate, 
from which the phosphate is transferred to A D P . Carbamylphosphate is 
formed biosynthetically from C 0 2 + N H 3 a t the expense of 2 moles of 
A T P , 1 each for the activation of C 0 2 and a m m o n i a . 1 6 9 ' 1 7 0 I n contrast to 
the synthetic route, the degradative reaction seems to yield only 1 A T P 
per mole. 1 7 1 · 1 7 2 Two examples of the role of carbamylphosphate in anaerobic 
fermentations are presented. 

Arginine is fermented by certain lactic acid bacter ia 1 7 3 " 1 7 5 and by Clostrid
ium perfringens.176 The fermentation products are ornithine, C 0 2 , and 2 
moles of ammonia, with an energy yield apparent from growth and enzymic 
observations. Although arginine alone will not support growth of lactic acid 
bacteria, an additional energy yield can be demonstrated by the growth 
increment due to added arginine in cultures metabolizing glucose under 
substrate-limited condi t ions 5 5 (see Section I I I ) . The energy-coupled step, 
as indicated by enzymic studies, is the phosphorolysis of citrulline, forming 
ornithine and carbamylphosphate , 1 7 2 reaction (15). 

citrulline + Pi —• carbamylphosphate + ornithine (15) 

Citrulline arises from arginine via a noncoupled (hydrolytic) deamination. 
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Carbamylphosphate is also implicated as an intermediate in creatinine 
degradation. Sarcosine, ammonia, and C 0 2 are the sole products of an 
anaerobic, growth-supporting fermentation of creatinine by an organism 
identified as Eubacter sarcosinogenum.71 As with arginine fermentation, the 
initial step is a deamination of creatinine, forming ΛΓ-methyl hydanto in . 1 7 7 

The role of carbamylphosphate in the further degradation of ΛΓ-methyl 
hydantoin was demonstrated by coupling with the citrulline-ornithine 
system 7 1 according to the stoichiometry in reaction (16): 

creatinine -f- ornithine —• citrulline + N H 8 + sarcosine (16) 

I n the absence of the carbamyl acceptor, the fermentation is coupled with 
Pi uptake . In this organism, the acyl phosphate is converted into inorganic 
polyphosphates liberating C 0 2 + N H 3 , 1 7 8 reactions (17) and (18). 

creatinine + Pi —• N H 3 + sarcosine + carbamylphosphate (17) 

carbamylphosphate + ADP -> C 0 2 + N H 3 + ATP + (Pi)» ^ ADP + (Pi)»+i (18Ϊ 

The mechanism of cleavage of the ΛΓ-methyl hydantoin ring and of car
bamylphosphate formation awaits clarification. 

D . ELECTRON TRANSFER 

Dolin (Chapter 6), Newton and Kamen (Chapter 8), and Geller (Chapter 
10), have illustrated in detail pa t te rns of electron flow for biologically useful 
energy development. These pa t te rns ult imately supply useful chemical 
bond energy by generation of A T P or its equivalent. The systems are : (1) 
electron donor-acceptor couples with either organic or inorganic electron 
donors and acceptors, and (2) electron donor-acceptor systems in which 
light furnishes the energy potential . 

According to present concepts, light quan ta are capable of moving elec
trons to a higher energy (excited) s ta te through proper interactions with 
pigments, i.e., chlorophyll . 1 7 9 Such electrons may re turn to a more stable 
(ground) s tate or, alternatively, may leave the molecular complex as re
ducing agents; the photocatalyst itself may then be an acceptor for an 
electron a t the ground state energy level. Thus the photocatalysts are pre
sumed to feed electrons to an independent electron t ransport system which 
generates A T P equivalents in a way considered not unlike, and perhaps 
identical to , the organic and inorganic electron donor-acceptor reactions 
considered in case (1). 

The electron donor-acceptor systems are known by their potential differ
ences to permit energy units of size 7000 to 8000 calories to be stored in the 
A T P bond. I t seems probable t ha t the number of sites for coupling per
mi t ted by the pa thway of a system is of greater importance t han the to ta l 
free energy change. This may also be the limiting factor in either photo-
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synthetic or solely chemical oxidative mechanisms. The problem which 
hinders a clear definition of the extent to which electron t ransport serves as 
a driving force for microbial biosynthetic and growth reactions is the very 
sketchy s ta te of knowledge of the mechanisms, and even the catalysts, 
through which the electron flow is mediated. I n contrast to mammal ian 
tissue, in which P / O ratios of 3 for donor systems via pyridine nucleotide 
to oxygen are not uncommon, 1 8 0 experimental values with microbial sys
tems characteristically run below I , 1 8 1 · 1 8 2 approaching those of mammal ian 
systems only in rare c a s e s . 1 8 3 1 8 4 

I n mammalian systems with one couple between pyridine nucleotide and 
flavoprotein, a P / O rat io of 2 is found between flavoprotein and oxygen. 
Wi th microbial systems, the differences between P / O ratios of pyridine 
nucleotide and flavoprotein-linked oxidations are slight and provide no 
evidence for an additional couple to bring the P / O rat io above 2. The 
evidence which is available, ra ther quaintly, comes from anaerobic systems, 
namely, growth-driving systems such as t ha t in Clostridium kluyveri,17 

which cannot otherwise be explained with net energy gain and accommodate 
the observed reaction stoichiometry. Barker 1 7 has discussed the energetics 
of the C. kluyveri fermentation and shown tha t the potential difference in 
electron transfer via flavoprotein between reduced pyridine nucleotides and 
olefinic thioesters is sufficient to permit coupled A T P synthesis by "oxi
dat ive phosphorylat ion." An initial report of success in coupling the oxida
t ion of molecular hydrogen by crotonyl-CoA, yielding butyryl-CoA with an 
efficiency of 1 A T P per mole in fresh extracts, has not been extended; 1 8 5 

other a t t empts to repeat these observations have not met with success. 1 8 6 

At tempts to fractionate the extracts gave only partial steps in the over-all 
act ivi ty without energy coupling; in fact, seven flavoproteins have been 
recognized in column separation; the substrates for several have been iden
tified. The difficulties in demonstrat ing coupling seem likely to prove ex
perimental ; thus , further work is required. A careful examination of the 
energy available from the clostridial-type fermentation of carbohydrates 
forming fa t ty acids would seem to offer an additional oppor tuni ty for un
derstanding these mechanisms. 

There are a few recorded instances of energy gain by substrate level oxi
dations upon admission of electron acceptors which merely permit oxida
t ion of more moles of substrate ra ther t han gain in A T P from the electron 
t ranspor t system per se . 1 8 0 

With mammal ian and plant systems, keto acid oxidation shows P / O 
ratios of 4 by the addition of a substrate level couple to the P / O ratio of 3 
for pyridine nucleotide oxidat ion. 1 8 0 T h e microbial systems, from the oxi
dat ive viewpoint, appear also to contain coupled substrate oxidation mech
anisms in most instances. 1 2 9 Evidence is accumulating tha t microorganisms 
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have inducible respiration s y s t e m s 7 4 ' 1 5 7 which bypass the phosphorylative 
mechanisms and thus appear to be merely heat-generating. Efforts to dem
onstrate phosphorylation in extracts m a y suffer from the presence of active 
noncoupled oxidative catalysts. 

The two microbial systems offering promise for the evaluation of elec
tron transport-coupling are : (1) the Alcaligenes faecalis system developed 
by Pinchot , 1 8 1 which contains a part iculate electron t ranspor t chain, a 
soluble protein component, and a t least one heat-stable component, all of 
which are in the process of identification; and (2) the system from acid-
fast bacteria with which B r o d i e 1 8 3 , 1 8 4 and co-workers have obtained the 
highest P / O ratio reported for microbial systems, i.e., 1.8 with succinate 
as substrate. These workers have also made progress in the identification 
of biologically active quinoid compounds , 1 8 7 » 1 8 8 and have evidence of their 
function in the phosphorylative coupling s y s t e m s . 1 8 8 - 1 9 0 Coenzyme Q (ubi
quinone) is widely dis t r ibuted, 1 9 1 as is vi tamin K . 1 9 2 Evidence for the func
tion of these compounds in electron t ransport and a role in energy-coupling 
may be extended to microorganisms. 

There is evidence of electron t ransport from whole cell and growth da t a 
which could prove fruitful in determining the amount of coupling in res
piration ; 1 9 2 a - 1 9 3 this is discussed in Section I I I . 

III. Energy Growth and Yield 

A . GROWTH Y I E L D MEASUREMENTS 

Microbial growth, as represented by the increase of cells in bacterial 
culture, is clearly described by M o n o d 6 4 , 1 9 3 and by Novick . 1 9 4 The pertinent 
parameters for the culture are : (1) durat ion of the growth lag (L), (2) 
growth ra te (R) expressed in t ime required for doubling of protoplasm 
(bacterial densitv), and (3) total growth (end point) of cells expressed as 
dry weight per unit volume. 

In energy-limited synthesis, the end point of growth is the primary 
concern. Both Monod 6 4 and Novick 1 9 4 discuss the dependence of growth 
yield on energy source for both static and steady s ta te growth conditions. 
Monod 1 9 3 showed the reproducibility of growth yield of E. coli in N H 4 salts 
medium with aeration and its dependence on the amount of carbohydrate 
added to the culture. In his terms, total growth (G) is related to energy 
source concentration (C) b y : 

Κ = % (19) 

where Κ becomes the growth yield constant. The reciprocal, 1 /UL , is the 
amount of substrate required to form a uni t cell, defined as l cell or l μg. 
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dry weight of cells, depending on the units of G. C and G in Mg ./ml. give Κ 
the dimensions of Mg./Vg. Monod established the dimensions of Κ in cell 
dry weight per weight solid substrate , expressing G and C in mg. / l , or 
Mg./mL 

Bauchop and Elsden 7 2 have expressed growth (G) in the units used 
by Monod and substrate concentration (C) in Mmoles, using μπιοΐββ/ιηΐ. 
instead of Monod 's Mg./ml. uni ts . Thei r 7 2 molar yield coefficient, indicated 
by F , assumes the dimensions of μg. d ry weight cells formed per μΐηοΐβ 
substrate. Elsden suggests a subscript to indicate the substrate, i.e., F G 

for glucose, F G A L for galactose. The F values relate to Monod's Κ values a s : 

Υ = Κ X mol. wt. ( 2 0 ) 

The molar growth yield coefficient, F , was selected in order to make com
parison of cells per mole with A T P formed per mole to determine if a con
s tan t relating growth yield to energy could be found. An energy yield unit , 
F A T P , would be Mgrams cells formed per μΐηοΐβ A T P generated in the 
metabolism of 1 μΐηοΐβ of substrate where the mechanism and the A T P 
yield are known. If F A T p were found to be a constant among different or
ganisms, it could prove useful in predicting A T P yields in cases of unknown 
mechanisms. Thus , for glucose fermentation to lactate or a lcohol-C0 2 via 
the Embden-Meyerhof glycolytic pa thway, A T P yield per mole is 2 . T h u s : 

J j L = 2 ; ^ = 7 A T P ( 2 1 ) 
ι A T P Δ 

The util i ty of the A T P yield calculation is dependent upon the experimental 
verification. Verification which is in pa r t supplied by studies described 
below. 

Growth in continuous flow systems can be used for growth yield measure
ments ; in fact, they offer distinct advantages over the static methods. 
Novick 1 9 4 has summarized the theory and principles concerned in continu
ous growth studies. Novick and S z i l a r d 1 9 5 ' 1 9 6 have described an appara tus , 
the "chemosta t , " which has proved highly effective and convenient for 
aerobic growth studies; Rosenberger and Elsden 1 9 7 have built a modified 
anaerobic "chemosta t" for measuring fermentative growth yields. A sec
ond condition of continuous flow operation, the " tu rb idos ta t " can also 
be applied to measurement of yield coefficients. The "chemos ta t " and 
" tu rb idos ta t " differ only in the means of selecting the steady s ta te popu
lation—in all other regards the controlling conditions are similar. Wi th the 
chemostat, one selects a dilution rate , whereas with the turbidostat , one 
selects a population level and by means of a suitable device (usually a 
photoelectric cell) controls the dilution ra te by changes in flow rate to 
hold the population (bacterial density) constant . Herber t et aZ. 1 9 7 a compare 
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static and continuous growth cultures in reference to yield coefficients,7 2 

offer an al ternate formulation of the Monod and Novick-Szilard continuous 
growth culture equations, and supply da ta for quant i ta t ive comparison 
with the results predicted by the theoretical formulation. They also point 
out errors in al ternate formulations which have found their way into the 
li terature since the Monod and Novick-Szilard t rea tments . 

Novick's discussion of continuous flow systems considers two conditions 
of operation: in the first, the growth ra te is limited by some unknown in
ternal condition of the cell, not the concentration of a supplied nutr ient . 
The growth ra te is maximum, a characteristic of the cell; in the second, a 
condition of operation, one of external control, the growth ra te is deter
mined by the concentration of some limiting nutr ient , i.e., the growth ra te 
is below the maximum the cell can a t ta in if the nutr ient concentration is 
increased. The conditions of operation for both the turbidostat and the 
chemostat may be described as nutr ient limited growth. The chemostat 
condition of operation, which can be most conveniently applied to the 
measurement of growth yields, is considered here (for full details and other 
conditions of operation, see Novick 1 9 4 or Herber t 1 9 7 *) . In this case, the level 
of bacteria remains constant, i.e., dN/dt = 0 (N = number of cells per ml . ; 
bacterial density in μg. cells per ml. is equally convenient). T h e growth 
rate (a), determined by the nutr ient whose concentration (c) is limiting, 
becomes a(c). Wi th the population stable, the growth ra te on the limiting 
nutr ient is equal to the dilution of the culture by new medium. Where 
w = flow rate, ν = volume of culture, w/v is the dilution of the culture per 
uni t t ime by new medium. Therefore: 

a(c) = ™ (22) 
V 

If a = input concentration of limiting nutr ient (reservoir medium), and 
(c), the concentration in the growth tube, Novick's equation 5, (see p . 101 
in ref. 194) for the bacterial density maintained in the growth tube will b e : 

# = i -Z_f ; if c « a , N t t ^ (23) 

Since Novick defined Q as the amount of limiting factor required to form 
one cell, perhaps (q) would serve for 1 μg. cells. The amount of nutr ient , Q, 
to form one cell is assumed to be independent of growth factor concentra
tion (c); in general, (c) is small compared to (a), and a/Q set equal to N7 

is within experimental error. I n Monod 's units , equation (23) assumes the 
dimensions: 

Mg. /bacterialX _ Mg./ml. / nut r ient concentration \ (<>. ν 
ml. \dens i ty / Mg. \ fac tor to form 1 jig. cells/ 

file:///density
file:///factor
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I n these uni t s : 

(a — c ) ( M g . / m i . ) q 

N(Mg. /ml . _ 1 (25) 

Thus 

and 

- X mol. wt. = Ys 

Q 
(26) 

Cell number and bacterial density (μξ. cells) can readily be related for any 
organism, thus equating Q and q (see Lur ia 4 9 ) . For E. coli, one cell equals 
ca. 1.1 Χ 10" 1 2 g. wet weight, or a t about 7 5 % water, ca. 0.28 Χ 10" 1 2 g. 
d ry weight. Therefore, 1 Mg. d ry cells is equivalent to about 3.6 Χ 10 6 cells, 
or : 

Similarly, Κ and Y can be related to cell number . 
T h e advantage of the chemostat (continuous flow) over the growth tube 

(static) for measuring growth yield is illustrated by an experiment of 
Bauchap and Elsden 7 2 with S. faecalis in semi-synthetic medium using 
arginine as energy source, i.e., 

Stat ic growth experiments gave erratic values. I n the chemostat , repro
ducible values were obtained in line with the chemical and enzymic evi
dence of A T P yield and earlier static growth experiments in a yeast extract-
t ryp tone medium. The correlation of motil i ty and arginine breakdown in 
absence of oxygen by pseudomonads furnishes independent though qual
i tat ive evidence of energetic coupling 1 9 8 *—whether or no t this observa
tion can be quant i ta ted remains to be seen. 

All calculations of growth yield from tota l growth, by static or flow 
methods, carry the assumption of a single limiting factor for growth amount 
(end point) . The realization of this condition is a problem in selection of 
growth conditions. T o apply the principle of limiting factor to energy libera
tion by fermentation or oxidation of a carbon source which furnishes bo th 
energy and carbon, an additional restriction obta ins : the formation of 
carbon skeletons for essential metabolites mus t be in excess of cell re
quirement; i.e., energy, not carbon, mus t be limiting (see refs. 179, 179a, 

citrulline + ADP + iP -+ ornithine + C 0 2 + N H 3 + ATP (28) 

197b). 
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Experimental evidence of energy-limited growth is available along three 
lines (see Bauchop and E l sden 5 5 * 7 2 ) . First , in the glycolytic experiments 
with S. faecalis, the energy substrate (glucose) furnishes less t han 5 % of 
the cell carbon (this requires less than 1 % of the glucose fermented); second, 
cell carbon is furnished from compounds not part icipating in the energy 
release (i.e., amino acids, growth factors); and third, supplementation 
with arginine yields growth increments proportional to arginine added; 
arginine is degraded only as far as ornithine, the 5-carbon skeleton remain
ing intact , and thus does not part icipate significantly as a carbon source. 

B . GROWTH MEASUREMENTS AND CALCULATED ENERGY Y I E L D S 

Cell yields as a function of substrate concentration have been measured 
for both aerobic and anaerobic growth. Monod , 1 9 3 in systematic studies of 
aerobic growth, related bacterial dry weight, measured by optical density, 
to weight of substrate for three facultative bacteria, Bacillus subtilis, 
Escherichia coli, and Salmonella typhimurium. These da t a permit ted a ra
tional formulation of growth parameters which has been e x t e n d e d 6 4 , 1 9 4 

and has received increased use as a tool in physiological studies. Imperfect 
knowledge of reaction steps and of energy coupling in bacterial respiration 
restricts the usefulness of available da ta for present purposes, as does in
complete information of products , i.e., degree of oxidation of the substrates . 
Conversion of substrate carbon to cells in yields as high as 50 to 55 % (see p . 
613 in ref. 197a) and difficulties in measuring "effective protoplasm" fur
ther complicate the theoretical interpretat ion. I n contrast , the more de
tailed knowledge of "anaerobic" fermentation mechanisms permits a more 
quant i ta t ive consideration of substrates, products, and energy linkages. 
Growth yield da ta are available for glucose fermentation to both lactic 
acid and alcohol + C 0 2 by organisms known to employ the Embden-
Meyerhof pa thway. The pa thway documentat ion comprises bo th label
ing and enzymic da ta . The organisms used, Streptococcus faecalis and 
Saccharomyces cerevisiae, have widely different nutr i t ive requirements and 
systematic properties. The experiments employed several media a t sev
eral growth temperatures without materially altering cell yields. These 
da ta permit initial approximation of cell yield as a function of glucose con
centration. As the da ta in Table V I I show, S. faecalis growth yield in 
two media, measured by both static and continuous flow methods, is 
remarkably uniform. The growth yield coefficient for >S. cerevisiae cor
responds surprisingly well with the values found for S. faecalis. Thus , the 
values from Table V I I , F G = 20 zh, are considered characteristic of cell 
yield from energy-limited growth via the Embden-Meyerhof fermentation 
with a calculated net yield of 2 A T P per glucose, the F A T P being equal to 
10db, equation (20). Clearly, one would prefer a broader selection of or-
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T A B L E V I I 

ANAEROBIC GROWTH YIELDS 

Organism Medium Growth 
conditions 

Energy 
source 

Yield 
(Y) 

Reference 

Streptococcus fae- Complex Static Glucose 20 72, Fig. 1 
calis Semi-synthetic Static Glucose 20 108 

Semi-synthetic Static Glucose 21 72, Fig. 2 
Semi-synthetic Continuous Glucose 21 72, Fig. 5 

Saccharomyces Synthetic Static Glucose 20 72, Fig. 2 
cerevisae 

Streptococcus fae- Complex Static Arginine 10 72, Fig. 1 
calis Semi-synthetic Chemostat Arginine 10.5 72, Fig. 6, 

Table 3 

ganisms and conditions to establish a constant for evaluation of unknown 
cases. The present value can be adjusted, if necessary, when further da t a 
are available. In our opinion, the available da ta , tabulated in Table V I I , 
are preferable to the average values used b y Bauchop and Elsden 7 2 be
cause of the assumptions required in the selection of non-Embden-Meyer-
hof values; the value for YQ , indicated by Table V I I , is somewhat lower 
than the unit selected by these workers. Two lines of evidence are available 
to test the validity of the calculated Y A T P = 10. First , S. faecalis is known 
to degrade arginine to ornithine, as shown in equation (29): 

arginine + H 2 0 + ADP + Pi 2 N H 3 + C 0 2 + ornithine (29) 

T h e mechanism has been shown to occur by hydrolysis of arginine to citrul-
l ine 1 7 1 and the conversion of citrulline to ornithine, reaction (28). The 
mechanism of the lat ter occurs via phosphorolysis of citrulline to carbamyl 
plus ornithine; the carbamylphosphate reacts with A D P , generating 
A T P + C 0 2 + Ν Η 3 . 1 9 8 · 1 9 8 * Thus , arginine dihydrolase, via citrulline, 
yields 1 A T P per arginine, i.e., one would predict F A R G ~ F A T P ~ 10. The 
values in Table V I I are Ι^ΑΓ* of 10 and 10.5, one from static culture with a 
yeast extract- t ryptone medium and the second in chemostat measure
ments with synthetic medium and arginine as an adjunct to glucose as 
second energy source. These Υχτ% values are in complete agreement with 
the Y A T P value calculated from the glucose growth da ta . 

Growth yields on several substrates with a variety of organisms are 
shown in Table V I I I . 5 5 · 7 2 · 1 0 8 · 1 0 9 · 1 9 8 These include bacteria with known 
Embden-Meyerhof pa thways in comparison to the growth of S. faecalis 
(the lat ter calibrated in absolute uni ts , Table VI I ) and absolute growth 
yields for several organisms whose fermentation pa thways are only par-
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T A B L E V I I I 

YIELD COEFFICIENTS OF ANAEROBIC FERMENTATIONS 0 

Organism Medium Energy 
source Y 

A T P / 
mole 

calcu
lated R

ef
er

en
ce

 

Streptococcus faecalis Complex Glucose 1 .0 6 2.0 2.0 109 
Lactobacillus delbrueckii Complex Glucose 0.98 1.96 2.0 109 
Leuconostoc mesenteroides Complex Glucose 0.71 1.42 1.0 109 
Leuconostoc mesenteroides Complex Arabi- 0.81 1.62 2.0 109 

nose 

Streptococcus faecalis Semi-synthetic Glucose 20.0 1.9 2.0 108 
f l .33 c 

Streptococcus faecalis Semi-synthetic Gluco 17.6 1.6 I or 108 
nate [1.67*· 

Streptococcus faecalis Complex Ribose 21.0 2.0 2.0 198 
Pseudomonas lindneri Complex Glucose 8.3 0.8 1.0 72 
Propionibacterium pentosa- Semi-synthetic Glucose 37.5 3.5 — 72 

ceum 
Propionibacterium pentosa- Semi-synthetic Glycerol 20.0 1.9 — 72 

ceum 
Propionibacterium pentosa- Semi-synthetic Lactate 7.6 0.72 — 72 

ceum 
Micrococcus lactolyticus — Lactate 10.1 1.0 — 160 

β End point measured in static growth under N 2 . 
b Y values relative to S. faecalis = 1. 

e Equimolar Entner-Doudoroff and pentosephosphate pathways. 
d Equimolar Entner-Doudoroff and phosphoketolase pathways. 

tially known. I n Table V I I I , upper par t , the growth yield for Lactobacillus 
delbrueckii, a homofermentative lactic organism, compares favorably with 
S. faecalis, i.e., OD*/mole respectively 73 and 75 ; or relative yield, 0.98 for 
delbrueckii, which is excellent agreement . 1 0 9 The da t a with Leuconostoc 
mesenteroides, a heterofermentative lactic organism, compare with S. 
faecalis, 55/75 = 0.71; with 2 A T P per glucose for S. faecalis, the leu
conostoc value calculates a t 1.42 A T P per glucose. 1 0 9 Calculations for the 
leuconostoc pa thway via pentose and phosphoketolase, with reduction of 
acetylphosphate to ethanol, indicate an A T P yield of 1. The value of 1.42 
obtained from the growth da t a would lead one to conclude an error in 
measurement or t ha t the pa thway does not proceed as calculated. The 
growth yield experiments should be repeated with careful a t tent ion to the 
products. For example, if accessory electron acceptors lead t o acetylphos-

* OD/mole: increase in optical density on a molar basis, in a standardized system 
in which cell weight corresponds to a linear increase in optical density. 1 0 9 
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phate formation, the acetate could appear as a product with a decrease in 
ethanol, permit t ing formation of 1 A T P from acetylphosphate per each two 
electron pairs diverted. If further careful growth experiments and product 
analyses confirm the fermentation, i.e., glucose transformed to 1 mole each 
of ethanol, C 0 2 , and lactate, with growth yields indicating A T P yields 
appreciably higher than one, the possibility of other energy-yielding reac
tions in the fermentation should be considered. 

The leuconostoc fermentation of arabinose (Table V I I I ) , indicates molar 
growth yields of 0.81 compared to glucose, or 1.62 A T P equivalents per 
arabinose. The calculated A T P yield via phosphoketolase is 2 [reaction (4)]. 
As suggested for the glucose growth yield with this leuconostoc, further 
measurements should be made wi th arabinose and other pentoses, includ
ing ribose. One would predict an A T P yield of 2 with ribose, bo th from the 
product and enzymic da ta . 9 3 * - 9 4 » 9 7 · 1 0 9 If arabinose is metabolized by an 
al ternate route, the 1.6 A T P per mole m a y occur, and further enzymic 
studies would be indicated. 

Similarly, from Table V I I I , the observed growth yields during gluconate 
fermentation indicate an A T P yield of 1.8, or considerably in excess of the 
1.33 value calculated from combined Entner-Doudoroff and pentose pa th
ways to lactate and C 0 2 as sole products [reaction (10)]. Reference to the 
original paper 1 0 8 shows lactate yield of 1.5 with C 0 2 slightly above 0.5, 
indicating 0.5 molecules of C 2 compound a t the oxidation level of acetate 
unaccounted for. If this product occurs and is formed via phosphoketolase, 
the A T P yield would calculate a t 1.67, i.e., considerably closer to the meas
ured than the 1.3 value calculated for the stoichiometry found in resting 
cells, as indicated in reaction (10). 

Gluconate fermentation balance 1 .8 + lac ta te and 0.5 C 0 2 was extrapolated 
from resting cell fermentation in the presence of 0.001 Μ arsenite in which 
lactate yield was above 1.75 and C 0 2 yield was almost exactly 0.5. The 
presence of transaldolase and transketolase in gluconate-adapted, bu t not 
glucose-grown, cells of S. faecalis, supported the suggestion of pentose 
cycling and fermentation by Embden-Meyerhof p a t h w a y . 7 6 * 1 0 8 An assay of 
gluconate-grown cells for phosphoketolase and acetokinase 9 2 is indicated. 
I n addition to enzyme experiments, further growth yield measurements 
with lactic bacteria on a variety of substrates, including those more oxidized 
and more reduced than hexose, should prove useful. 

Propionibacterium pentosaceum growth yield da t a (Table VI I I ) , warrant 
special a t tent ion, particularly the implication of an A T P yield of 3.5 or 
more. Glucose fermentation, reaction (30), proceeds, a t least in par t , to the 
level of pyruva te by the Embden-Meyerhof pa thway . 7 8 Propionate forma
tion is considered to occur stoichiometrically by reduction of two pyruva te 
to propionate with oxidation of a third mole to acetate and C 0 2 . 

1.5 glucose —• 2 propionate + 1 acetate + 1 CO* (30) 
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From the standpoint of energetics, the route of the fermentation is impor
t an t . According to current concepts, the pa thway includes fermentation 
to pyruva te via an Embden-Meyerhof pat tern , carboxylation of pyruva te 
to oxalacetate followed by reduction to succinate. 7 8 Succinate is presumed 
to be transformed to a coenzyme A ester and isomerized to methylmalonyl-
CoA. 1 5 Two al ternate routes have been suggested a t the methylmalonyl-
CoA level: (1) decarboxylation by the reversal of reaction (31), as described 
by Flavin and Ochoa : 1 9 9 

ATP + C 0 2 + propionyl-CoA -> methylmalonyl-CoA + Pi + ADP (31) 

The decarboxylation reaction might provide an extra high energy bond. 
Alternatively, Swick and Wood 1 6 have proposed a mechanism of oxalace
t a te formation by transcarboxylation between methylmalonyl-CoA and 
pyruvate by a biotin-enzyme transcarboxylase, Scheme I I I . If this t rans
carboxylation reaction is coupled with the isomerization [reaction (4), 
Scheme I I I ] , the over-all transformation would be balanced energetically 
without net A T P synthesis from the pyruvate to propionate reaction; 1 
A T P would be generated in the oxidation of pyruva te to acetate , which 
occurs once for each 1.5 glucose, i.e., yield 2.66 A T P per glucose. 

pyruvate + methylmalonyl-CoA — B l o t E > oxalacetate + propionyl-CoA (1) 

oxalacetate + 4 e —» succinate (2) 

succinate + propionyl-CoA —» succinyl-CoA propionate (3) 

succinyl-CoA -* methylmalonyl-CoA (4) 

Sum: pyruvate + 4 e —* propionate (5) 

SCHEME III 

An alternate mechanism of oxalacetate formation from phosphoenol-
pyruvate could, in theory, lead to the higher energy yield indicated by the 
growth experiments. By coupling the mechanism described by Ut t e r and 
Kurahash i , 2 0 0 [reaction (1), Scheme IV], with the isomerase and decarboxyl
ase reactions, one can visualize the sequence outlined in Scheme IV. 

PEP + IDP + C 0 2 -> oxalacetate + ITP (1) 

oxalacetate + 4 e —• succinate (2) 

succinate + propionyl-CoA —> succinyl-CoA + propionate (3) 

succinyl-CoA -* methylmalonyl-CoA (4) 

methylmalonyl-CoA + ADP + iP -* C 0 2 + ATP + propionyl-CoA (5) 

Sum: PEP + iP + ADP + IDP -> propionate + ATP + ITP (6) 

SCHEME IV 

The Utter-Kurahashi carboxylase has not been reported so far for bacteria. 
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The possibilities presented in Schemes I I I and IV offer different esti
mates of net A T P gain by the propionate fermentation. Although no energy 
yield is involved in propionate synthesis by the transcarboxylation mech
anism (Scheme I I I ) , one pair of electrons is donated by pyruvate oxidation, 
presumably coupled to phosphate up take . Accounting for the complete 
fermentation of glucose according to the balance in reaction (30), 1.5 glu
cose gives rise to 3 pyruvate , 2 of which are reduced to propionate and the 
third oxidized to acetate for an over-all yield of 4 A T P per 1.5 glucose or 
2.66 A T P per glucose. The generation of propionate through phosphoenol-
pyruvate (Scheme IV) could provide for a net up take of 2 iP per propionate 
formed, in addition to the 2 derived from pyruvate formation and oxida
tion, increasing the total yield to 4 A T P per glucose. A similar yield of 
4 A T P per glucose could be realized by still a third pa thway of C-4 forma
tion, carboxylation of pyruva te by malic enzyme with propionyl-CoA for
mation through coupled decarboxylation. 2 0 0 * E l s d e n 2 0 0 a has also considered 
the possibility of electron t ranspor t coupled phosphate incorporation via 
the fumarate-succinate reduction based on potential differences and the 
difference in properties of the Propionibacterium and Veillonella succinic 
dehydrogenases from the mammalian enzyme as shown by Singer and co
workers. 

The aerobic growth experiments of Monod with E. coli, if evaluated on 
the assumptions of energy limitation and carbon excess and if the anaerobic 
growth yield of 10 /xg. cells per A T P formed is used, indicate t ha t the cells 
would give relatively low net energy yields, as shown in Table I X . The only 
marked difference in the Κ values, efficiency of conversion of carbon to 
cells, among the carbohydrates tested, is the lower value for rhamnose. Wi th 
Monod 's values, recalculation on a molar basis places the pentoses a t about 
% of hexose with the rhamnose considerably lower, about % . The equiva
lence hexose:pentose appears to be per carbon, perhaps indicating a con
sideration of the degree of oxidation ra ther t han molar equivalence. For the 

T A B L E IX 

AEROBIC GROWTH YIELDS OF Escherichia coli 

Substrate K* Yb Yield ( I V F A T P ) ' 

Glucose 0 . 2 4 4 3 . 2 4 . 1 

Fructose 0 . 2 2 4 0 . 4 3 . 9 
Xylose 0 . 2 1 3 1 . 5 3 . 0 
Arabinose 0 . 2 4 3 6 . 0 3 . 4 
Rhamnose 0 . 1 6 2 6 . 4 2 . 5 

β Data of Monod. 1 9 3 

b Υ = Κ X molecular weight of substrate. 
* FATP = 10.5 . ·* 
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s tudy of aerobic energy supply it seems likely t ha t one should devise a uni t 
to express the amount of oxidation possible in addition to the molar yields, 
i.e., based on energy released by electron t ransport as ratio cells formed per 
0 2 t aken up . Synthesis of cell components from glucose plus ammonium 
ion presents a further energetic problem in the form of the energy expendi
ture for monomer syntheses (see Section I I I , D ) . Diversion of carbon 
(energy) substrate to cells in an amount up to 25 to 55 % of t ha t used re
quires energy calculations to be based on the fraction of the substrate 
oxidized. Both of these factors will require further da ta and theoretical 
development. A consideration of the da ta of Storck and S tan ie r 2 0 1 and 
Morr is 2 0 1 * can a t best be considered as a " g a m e " to direct a t tent ion to the 
nature of essential evidence required. If one assumes complete utilization 
of substrate to cells [i.e., no carbon residue less oxidized t han C 0 2 accumu
lates in the medium and conversion of % (Monod 1 9 3 value) or (Mor r i s 2 0 1 a 

and Herber t 1 9 7 * values] the growth per mole of substrate approximates, a t 
10 Mg. cel ls /ATP, a 5 A T P yield per glucose a t 20 % glucose conversion to 
cells and a yield of 12 to 14 A T P a t 50 to 55 % conversion to cells. I t seems 
possible these experiments represent energy-limited growth with complete 
substrate oxidation; if so, the efficiency of oxidative energy coupling is low, 
or the energy requirement for the manufacture of essential metabolites 
from glucose and ammonia (monomer formation) m a y be high. Presumably 
monomer formation would be the main difference between this aerobic 
carbon-ammonia growth and the assimilation of amino acids and cofactors 
with more t han 9 5 % of the carbon transformed to products through the 
energy-liberating systems of the anaerobic cell. Fur the r consideration of 
the behavior of aerobic growth yields under different conditions of growth 
is clearly indicated. I t seems particularly desirable to measure growth 
yields in the chemostat with vi tamin and amino acids to determine if assimi
lation of noncarbohydrate carbon into cells will decrease appreciably in 
conversion of carbohydrate to cells. 

Storck and Stanier 2 0 1 measured a few aerobic growth yields with Pseudo-
monas fluorescens, A3.12, on citric acid cycle intermediates and a series of 
aromatic compounds. Although the da t a are brief and in comparat ive 
units ( turbidity) , several interesting relationships appear (Table X ) . T h e 
figures given are averages from two or more measurements a t different sub
strate concentrations; variations of molar yield were less t han 5 % for the 
values given. 

The growth yields on citric cycle compounds really show three difference 
values: citrate-ketoglutarate, ketoglutarate-succinate, and succinate-fuma-
ra te . If one s tar ts with the lat ter , 22 units of growth difference, with a 
difference of one pair of hydrogens presumed to pass from flavoprotein to 
oxygen, one can assume as uni t either 2 A T P , as for mammalian tissue, or 
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TABLE X 
MOLAR GROWTH YIELDS OF Pseudomonas fluorescens A 3 . 1 2 ° 

Substrate Molar growth 
y ie ld 6 Δ 

Citrate 
a-Ketoglutarate 
Succinate 
Fumarate 

2 0 6 
1 9 2 
1 5 1 
1 2 9 

1 4 
4 1 
2 2 

Mandelate 
Phenyl glyoxalate 
Benzoate 
p-Hydroxy benzoate 

2 5 5 
2 5 2 
2 1 1 
2 0 6 5 

4 4 

NOTE: Molar yield = 0 . 0 1 mole/liter = 2 0 9 ; 1 1 ^mole/ml. = 2 0 9 . 
β Arbitrary turbidity units. 
6 Data of Storck and Stanier. 8 0 1 

half this if the bacterial P/O ratio is 1. Any estimates can be adjusted at a 
later date when the turbidity values are available in bacterial dry weight 
units and more internal comparisons can be made; corrections for measure
ment of effective protoplasm, presumably based on nitrogen, also can be 
made. If one assumes 2 ATP for the succinate-fumarate difference, the keto-
glutarate-succinate difference would be 4. Perhaps in comparison to mam
malian tissue, a substrate phosphorylation occurs, with a second phos
phorylation also between pyridine nucleotide and flavin. It would be well 
to know if the ketoglutarate oxidation of this organism generates acyl by 
substrate-level coupling. In these units, the citrate-ketoglutarate difference 
would appear closer to 1 assumed ATP unit than 2. If the pathway is 
through isocitrate, with a TPN-linked dehydrogenase, the electrons may 
not be available for energy couple, or they may be diverted to the reduc
tion of substrates to cellular material. Certainly this increment does not 
represent a value greater than the succinate-f umarate difference; one would 
predict a higher value in DPN-mediated electron-transport coupled energy 
below flavoprotein. The pathway from citrate may be via an isocitritase 
with succinate and glyoxalate as oxidizable substrates; if so, the growth 
yield should represent succinate161 plus any utility of glyoxalate oxidation. 
Clearly, molar growth yields on malate, pyruvate, acetate, and glyoxalate, 
perhaps also ethanol, glycolate, and tartrate, would be most useful. It would 
be beneficial also to have values for isocitrate and czs-aconitate to check the 
assumption of their equivalence to citrate. One might expect a pyruvate-
acetate difference equal to the ketoglutarate-succinate difference, i.e. about 

If one could arrive at suitable values for acetate and oxalacetate, one 
41. 

41 

Δ 
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could assume they would approximate citrate, less 1 A T P for the citro-
genase (condensing enzyme) reaction. A continuation of the reasoning above, 
i.e., 22-33 units for a pyridine nucleotide-linked hydrogen oxidation, 44 
for α-keto acid to the next lower fat ty acid, assuming fumarate and mala te 
equal (a hydrat ion) , it would become clear t ha t our selection of 11Δ uni ts 
for A T P is too optimistic, i.e., fumarate 129 — (22 + 41) = 66 as predicted 
value for acetate oxidation, + oxalacetate, 96, = 162. Compared to 206 
for citrate, even without subtracting 1 A T P to drive the reaction, or with 
this subtraction, 150, i.e., more numbers are needed to play this game and 
to find if aerobic growth yields can help to determine efficiency of coupling 
in bacterial respiration. 

If the numbers are accepted a t face value, the aromatic oxidation series, 
mandelate to p-hydroxybenzoate (Table X ) , contains three interesting bits 
of information. 

(1) Mandelate and phenyl glyoxalate, which differ by one hydrogen pair, 
show the same growth yield, i.e., no energy couple. Unpublished work b y 
Shuster , 2 0 2 under taken to determine the hydrogen t ransport catalyst for 
mandelate oxidation, revealed an E 0 ' for the mandelate-phenylglyoxalate 
of about + . 1 volts, i.e., above the succinate-fumarate potent ial ; perhaps too 
high for an A T P couple. 

(2) Phenyl glyoxalate-benzoate oxidation, 2 electrons, gave the same 
difference value as ketoglutarate-succinate. Enzymic studies of this se
quence in mandelate-adapted cells revealed a soluble yeast- type carboxylase 
for phenylglyoxalate to benzaldehyde and both T P N - and DPN-l inked 
benzaldehyde dehydrogenases. 2 0 3 Assuming these enzymes are the main 
pa thway in intact cells, one is faced with a reinterpretat ion of the probable 
A T P equivalence and mechanism of the ketoglutarate-succinate sequence, 
i.e., perhaps a P / O ratio of 1 from flavoprotein (succinate) and 2 for pyri
dine nucleotide-ketoglutarate would re-evaluate these increments as 1 and 
2 A T P with the suggestion of 2 for the benzaldehyde-benzoate oxidation, 
i.e., pyridine nucleotide oxidation. Clearly, more da t a are needed to reason 
fruitfully. Continuing to other studies of side chain oxidation preceding ring 
cleavage, the Storck and Stanier da t a indicate the energetic uti l i ty of the 
oxidations, a t least the phenylglyoxalate (benzaldehyde)-benzoate reac
tion. 

(3) A third interesting value, benzoate-hydroxybenzoate oxidation, does 
not serve an energetically useful function. Current knowledge of aromatic 
ring hydroxylation implicates molecular oxygen 5 6 wi thout energy couple. 
The present values are in keeping with this mechanism. 

C. RESTRICTIONS ON MEASUREMENTS 

The accumulated experience of microbial physiology has defined, in 
practical terms, the conditions of organism, medium, p H , temperature , 
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aerobiosis, and age to meet particular experimental needs. Restrictions on 
interpretat ion of growth yield measurements are similarly defined in the 
s ta tement of the problem (Section I , A of this chapter) , and in the reviews 
by Monod , 6 4 Novick , 1 9 4 Rosenberger and Elsden, 1 9 7 and Herbert et aZ. 1 9 7 a I t 
seems desirable, nevertheless, to list here briefly a few of the quanti tat ively 
more impor tant experimental restrictions. 

(1) One must know the quant i ty of energy-yielding substrate used, the 
products formed, and their amount . The phrases "subst ra te added" and 
"products from resting cell fermentat ion" do not sufficiently define the 
stoichiometry of a cellular process in growth, unless one demonstrates t h a t 
all the added substrate is metabolized to the indicated products under the 
experimental conditions. 

(2) Diversion of substrate to cellular material—either effective proto
plasm or stored "assimilated" substances (glycogen, lipid, or polypeptide)— 
must be known. This is troublesome in aerobic systems where the diver
sion of substrate to cellular material is quant i ta t ively significant and where 
there exists an almost complete lack of knowledge of reaction route, mech
anisms, and energy liberation and expenditure. For those cases in which 
20 to 5 0 % of the substrate carbon is incorporated in cellular material , 
further experimental da ta will be required. 

I n anaerobic growth experiments, conditions can frequently be arranged 
to render the conversion of substrate to cellular material less than the ex
perimental errors of measurement. The excellent experiment of Bauchop 
and Elsden 7 2 with defined medium demonstrated diversion of less t han 1 % 
of isotopically labeled glucose to TCA-precipitable components. These 
da t a are deemed worth citing as an example. The cells were grown with 
0.1 % (1 mg. /ml . ) glucose-U-C 1 4 in a semi-synthetic medium containing 1 % 
(10 mg. /ml . ) hydrolyzed casein supplemented with appropriate levels of 
the remaining amino acids (cysteine, t ryp tophan, and asparagine), growth 
factors, and salts. One hundred and fifty milliliters of medium containing 
150 mg. glucose yielded, after washing with 5 % TCA and 0.5 % sodium 
lactate to remove adsorbed C 1 4 compounds, 27.8 mg. of cells containing 
1156 c.p.m. from a total of 1357 Χ 10 2 added as glucose. This corresponds 
to 0.92 % of the glucose carbon; assuming the cells are 50 % carbon on a dry 
weight basis, the substrate furnished 4 % of the total cell carbon. These 
values concern only the acid-insoluble fraction of the cell, since the 5 % 
T C A would liberate the phosphorylated sugars, and the organic and amino 
acids of the metabolic pool. The pool usually amounts to less than 10 % of 
the organic carbon of the cell bu t can be relatively rich in carbohydrates. 
Thus , an insignificant amount , not much more than 1 % of the glucose 
carbon, was diverted from fermentation products. F rom the viewpoint of 
cells, the nitrogenous consti tuents (amino acids and growth factors) sup
plied over 9 5 % of the new cellular material . The conditions of i tem (1) 
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above, namely, measurement of lactic acid recovery on the basis of glucose 
used, was not reported in this experiment. Wi th the low carbohydrate level 
employed, energy derived from transfer of electrons to external acceptors 
could have occurred, bu t is presumed not to have been appreciable since 
the growth yields are similar to other measured values. I t would neverthe
less be useful to have such da ta . 

(3) Energy-liberating processes other t han the ones defined by the sub
strate metabolized frequently occur in growth experiments. There are two 
sorts, those arising from external electron acceptors, e.g., incomplete anaero-
biosis, with oxygen serving as electron acceptor, or the presence in the 
nutr i t ive medium of components which the organism is able to reduce with 
substrate hydrogen. Second, the presence of oxidizable substrates whose 
metabolism leads to A T P generation (e.g., fermentation or dismutat ion of 
amino acids, see Chapter 3). Wi th anaerobic growth, the principal evidence 
of these reactions is the growth of the organism on the medium without 
the addition of energy-yielding substrate (base medium) or a larger t han 
proportional growth increment for the first addition of substrate . If meas
urement of growth increment is constant over a 5- to 10-fold range of sub
strate concentration, one usually assumes an adequate control. One should 
not, however, overlook possible interaction of energy substrate with en
zyme formation for al ternate substrates, or pa thways , nor the quant i ta t ive 
importance of the conversion of substrates other t han the assumed energy 
source (e.g., when the energy source comprises 0.1 % glucose in the presence 
of 1 % hydrolyzed casein plus other nutr ients) . 

(4) Nutr ient limitation without decrease in metabolic ra te of cells. Since' 
the obligatory coupling of glycolysis, or respiration, and cell growth is not 
universal, care must be exercised to make measurements only when the 
energy source is limiting. The procedures described by Novick 1 9 4 and by 
Monod 6 4 can be applied to control the majority of these cases. In some in
stances, oxidative or fermentative reactions in nutrient-limited media have 
resulted in alteration of cell composition "assimilation" of nonprotoplasmic 
material without detection. 

Senez and co-workers (see LeGal l 2 0 4 and Pichinoty 2 0 5 ) discuss an interest
ing instance from both the practical and theoretical viewpoint. I n these 
experiments, the type of nitrogen source was altered ra ther t han its quan
t i ty . In two instances, one an anaerobic vibrio, the second an aerobically 
grown aerobacter, the rate-limiting factor appeared to be the type of 
nitrogen source ( N 2 or N 0 3 ~ ) with the rate-limiting step being the reduction 
to ammonia. These workers concluded tha t the metabolic ra te of the cells 
proceeds undiminished, whereas the growth ra te halves, thus cut t ing the 
efficiency of cellular synthesis per uni t carbon to about 50 %. The impor
tance of the type of nitrogen source as a growth-limiting condition would 
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not be detected by alterations in the level of the energy-furnishing sub
strate. I t would be interesting to determine if nutr ients , particularly growth 
factors, would alter the growth ra te on limiting type of nitrogen source. For 
example, Carnahan and Cas t l e 2 0 6 observed an increased biotin requirement 
for Clostridia growing on N 2 , as compared to N H 3 , and Nason et aZ. 2 0 7 

observed an increased flavin requirement for growth with ni t ra te reduction. 
These da t a impinge on the mechanism and constancy of degree of coupling 
between energy-liberating reaction and formation of new protoplasmic ma
terial. 

D . CELLULAR ENERGY REQUIREMENTS 

The extent of understanding of the relationship between energy metabo
lism and cellular function may be defined by four questions: (1) W h a t are 
the energy-yielding reactions? (2) W h a t are the energy-requiring work 
functions and how much energy do they require? (3) W h a t is the behavior 
of energy metabolism in environments of limiting growth and new synthe
sis? (4) How much can available methods tell the investigator of factors 
governing growth, biosynthetic, and assimilation rates? Large gaps in our 
understanding, especially in the areas defined by questions (2) and (3), 
severely limit an over-all evaluation. 

One point of reference is suggested by the F A T P values found in quant i ta 
tive anaerobic growth experiments. Aside from their value in the empirical 
comparison of the energy yields of different fermentations, these values 
should suggest the energy requirements for the formation of the bacterial 
cell. A comparison between the observed and predicted yields from 1 mole 
of A T P can be made within the restrictions discussed in the preceding 
Sections I I I , Β and C. Bauchap and Elsden 7 2 cultivated anaerobic or
ganisms in media presumed to contain a full complement of building blocks 
for cellular synthesis; under such conditions the major portion of the energy 
required could be assumed to serve for polymerization reactions forming 
proteins, nucleic acids, lipids, and polysaccharides. This assumption ignores 
the energy for active t ransport , physical work of motili ty, etc., which will 
fall into the residue of energy once approximations are made for the cellular 
polymerization. F rom the known ratios of cellular components (see Lur ia 4 9 ) , 
the energy cost of polymer synthesis can be approximated by assuming any 
predictable number of molecules of A T P involved in each condensation 
reaction. A sample calculation of this type is presented in Table X I . T h e 
basic assumptions used in predicting the energy costs of monomer incorpora
t ion are as follows: (1) Amino acids are incorporated into protein a t t he ex
pense of a pyrophosphorylitic cleavage of X T P (two high-energy bonds) 
plus a third high-energy bond spent between soluble R N A and protein, or 
a to ta l of three high-energy phosphates per residue polymerized. (2) Nucleic 
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T A B L E X I 

ENERGY EXPENDITURE FOR POLYMER SYNTHESIS 0 

Substance 
Dry 

weight 
(%) 

Monomer units ATP Equivalents for 
polymerization 

Substance 
Dry 

weight 
(%) Average μπιοΐββ/ 

mol. wt. 100 mg. cells 
per 

monomer 
pHioles per 

100 mg cells 

Protein 60 110 545.0 3 1635 
Nucleic Acid 20 300 66.6 5 333 
Lipid c 10 60 303 3 909 
Polysaccharide 10 166 60 2 120 

2997 

β One hundred milligrams dry weight of cells. 
6 Generalized values (see Luria, Vol. 1, Chapter 1). 
c Calculated as fatty acid. 

acid formation per monomer can be approximated as requiring 5 energy-
rich phosphates per residue—3 for formation of nucleotide from base plus 
l-pyrophosphoryl-pentose-5-phosphate and 2 in pyrophosphate elimination 
for polymerization (if R N A formation proves to be via orthophosphate 
elimination, the calculated value should be lowered b y 3^ of the R N A con
ten t ) . (3) Pyrophosphate, once formed via activation reactions, is not re
covered, i.e., it is removed by hydrolysis. (4) Lipid (fatty acid) synthesis 
occurs, a t the cost of 3 A T P per acetate incorporated, by activation of ace
t a t e by pyrophosphorolysis of A T P and a subsequent carboxylation forming 
malonyl-CoA, the substrate for condensation. (5) Polysaccharide synthesis 
proceeds through uridinediphospho intermediates a t the cost of 2 A T P per 
monomer. The summation, about 3,000 ^moles of A T P , represents the calcu
lated expenditure for the synthesis of 100 mg. of polymeric material from 
preformed building blocks, i.e., each micromole of A T P has the potential i ty 
of forming about 33.3 Mgm. of cellular substance. The difference between 
the observed cellular yields (10 Mgm. per μπιοΐβ ATP) under the conditions 
imposed, indicates t ha t the listed reactions account for only about 3 0 % of 
the energy actually expended. There are, of course, many variables of the 
energy requirement neglected in the approximation for polymerization. Ac
tually, the considerable amount of energy devoted to lipid synthesis m a y 
be misleading since under anaerobic conditions each monomer incorporated 
will provide an electron acceptor for two pairs of electrons, allowing extra 
energy-coupled oxidations. One could add to these values an est imate for 
t ransport across cell membranes, for mobility, etc. One can visualize the 
energy requirement of the cell as serving three roles: (1) monomer forma-
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tion, (2) polymerization, and (3) movement, including mechanical motion 
of flagellar origin, t ranspor t of metabolites across membrane and other 
boundaries, and deformations in cell growth, etc. The energy cost of 
active t ransport could be approximated only with multiple assumptions; 
motil i ty could be circumvented by using nonflagellated types, as in the 
growth experiments with lactic bacteria. Possibly the energy dissipated by 
ATPase mechanisms is large. If so, considerable variations in this activity 
would be necessary to shift the observed growth yield appreciably. Although 
the cellular yields are in direct proportion to available A T P under energy-
limited conditions, the relationship between cell synthesis and energy 
metabolism remains empirical. 

IV. Energy Excess: Nutrient Limitations 
Cessation of growth in a bacterial culture in the presence of energy source, 

with some other factor limiting, raises the question of the constancy or t ight
ness of coupling between energy-liberating reactions and cell growth. 
The behavior of the cells and the fate of carbon during glycolysis or respira
tion by cell suspensions become the limiting case. The intermediate condi
tions, nutr ients present bu t growth limited without substrate exhaustion, 
result from an unknown factor limiting the growth, i.e., unfavorable 
physical or chemical environment (pH, toxic chemicals accumulated) or 
the end point reached when a single limiting chemical, not energy substrate , 
is exhausted. The lat ter case is used in growth factor assay. The behavior of 
the culture and its cells has been studied to a limited extent (Mcl lwain 2 0 8 ) . 

In the case of limiting factor other than energy source, the substrate m a y 
continue to be degraded either a t full or reduced ra te . In these cases, the 
available energy cannot be used for growth and must be dissipated in some 
other fashion. The condition of energy release without coupled growth mus t 
be understood if variables in growth yield and substrate carbon use for non-
energy functions are to be understood. As par t of the larger problem of un
coupling in the presence of limiting factors, three mechanisms of energy 
dissimilation other t han the formation of new protoplasm will be briefly 
discussed. They a re : (1) accumulation of polymeric products, either in 
storage form or as unusable waste ; (2) dissipation as heat by "ATPase 
mechanisms"; and (3) activation of shunt mechanisms bypassing energy-
yielding reactions or requiring a greater expenditure of energy for priming. 

A. ASSIMILATION: POLYMER FORMATION 

The relationship between energy metabolism and carbon assimilation in 
washed cell suspensions (resting cells) has long been associated with the 
incorporation of a fraction of the substrate carbon into cells. During res
piration, the "oxidative assimilation" can use a large fraction of the sub-
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s t ra te ; during glycolysis, "fermentative assimilation, ' ' the amount is 
smaller. Ba rke r 2 0 9 established the oxidative assimilation of more t han half 
the carbon from organic acids during oxidation by resting cells of the color
less alga, Prototheca zopfii. Since then the occurrence of massive accumula
tion has been observed in many organisms with a wide variety of sub
s t ra tes . 6 8 Anaerobic "fermentat ive assimilat ion , , was established by van 
Niel and Anderson 2 1 0 with suspensions of both resting and growing yeast . 
The products of anaerobic glucose fermentation accounted for only 70 % of 
the carbohydrate utilized, with the remainder presumably incorporated 
into "cellular mater ia l . , , Under nutrient-limited conditions, the assimilated 
carbon is not incorporated into new protoplasm bu t is found to be in ac
cessory polymeric (storage or waste) products, e.g., capsular slime (3), 
polypeptides, 2 1 1 glycogen 2 1 2 or lipids of the poly-jS-hydroxybutyrate t y p e . 2 1 2 a 

Not all compounds degraded result in polymer accumulation; formate oxi
dation by suspensions of E. coli proceeds to completion without measurable 
accumulation of new cellular or polymeric mater ia l . 2 1 3 Only those com
pounds yielding "useful" energy to the cell promote assimilation. 

Carbohydrate polymers, internal or external, are among the principal 
products of substrate "assimilation" during nutrient-limited substrate turn
over. Cellulose synthesis provides the most striking example of polysac
charide synthesis. Both A. xylinum2U and A. acetigenum21b accumulate up 
to one-quarter of the glucose metabolized as extracellular cellulose. Each 
hexose unit converted to cellulose requires one A T P for act ivat ion; the poly
merization occurs via uridine-diphosphoglucose catalyzed by particle-bound 
enzymes associated with the cell membrane . 2 1 6 The other principal form 
of extracellular polysaccharides is capsular mater ia l . 2 1 7 

Internal storage, usually analyzed as glycogen, is common in bacteria. 
Dagley and Dawes , 2 1 2 for example, observed glycogen accumulation after 
growth had ceased in cultures due to limitations other t han depletion of 
energy source. Palmstierna and co-workers 2 1 7 - 2 1 9 found glycogen accumula
tion to be maximum in continuous cultures in nitrogen-limited medium. 
Glycogen synthesis was much greater after nitrogen exhaustion with either 
glucose or lactate as energy source. The maximal amounts of glycogen 
stored internally accounted for 20 % of the dry weight. 

Among the compounds, in addition to carbohydrate, which are found 
frequently in the cytoplasm of bacterial cells are polyphosphates, usually 
as granules. Such granules accumulate in bo th aerobic and anaerobic bac
teria and appear to react directly with A T P by transphosphorylation, 
reaction (32). 

ATP + (P08)n - ADP + (P0 8)„ +i (32) 

An enzyme catalyzing this reaction has been purified from extracts of E. coli, 
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bu t the cultural conditions leading to polyphosphate formation have not 
been established. 

B . A T P A S E : D I R E C T AND INDIRECT 

The role of limiting metaboli te levels in the control of metabolism has 
been considered in many cases since cell-free yeast glycolysis was found to 
be phosphate limited and Harden and Young found fructosediphosphate to 
be the product of bound phosphate and missing carbon. 5 A clue in the initial 
experiments was the shift in stoichiometry from 2 moles of alcohol per glu
cose to 1 mole per glucose on change from whole cell suspensions to extracts. 
The mechanism of this apparent re turn of phosphate to the inorganic level 
in the intact cell, bu t not the extract , engaged Meyerhof's curiosity as late 
as 1949. 2 2 7 One could envision the re turn of A T P phosphorus to the inor
ganic level in growing cultures through the work functions of cellular t rans
port , biosynthesis of intermediates, polymerization—but the continued 
fermentation by suspensions, without apparent work functions, remained 
obscure. Meyerhof convinced himself t h a t in the yeast cell the cause is 
the occurrence of a very unstable phosphatase which does not withstand 
drying or prolonged storage in yeast extracts . In very careful and system
atic studies, Meyerhof examined the level of phosphatase, its disappear
ance from dry cells and extracts, and re-established the normal alcoholic 
fermentation balance by the addition of ATPases to yeast extracts . 

Whether or not Meyerhofs " A T P a s e " of intact yeast fermentation is a 
direct hydrolytic enzyme or occurs by other mechanism, it appears to be 
the prototype for nonproliferating glycolysis or respiration, i.e., energy-
linked system without apparent work function. The cell confined to gly
colysis without growth must either regenerate or thophosphate and energy-
rich phosphate acceptor ( A D P or A T P ) or transform metabolites by an 
al ternate noncoupled mechanism. This problem is the more impor tant from 
the need to unders tand the mechanisms of coupling or i ts lack in grow
ing and nonproliferating cells. 

Knowledge of glycolytic control in microbial cells is in a completely 
unsatisfactory s ta te . Even a knowledge of the phosphatases which could 
perform either direct or indirect ATPase act ivi ty is fragmentary and in 
most cases completely lacking. I t m a y be t rue t h a t ATPase activities are 
entirely lacking in fermentative bacteria. If this is t rue , combined reactions 
which can lead to a net release of A T P might be sought; in fact, several re
actions have been related to glycolytic ra te . I n lactic acid bacteria, glu-
tamic-glutamine, and to a lesser extent ornithine-citrulline-arginine, have 
been implicated. Fur ther , one can visualize organic acid mechanism such as 
coupled citrogenase (condensing enzyme)-citritase which would ener
getically equal an A T P hydrolysis. 
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The rate of glycolysis of washed streptococci in cell suspensions is mark
edly stimulated by addition of glutamic acid and ammonia, histidine and 
ammonia, or glutamine. 2 2 3 I n some instances, the ra te increase is as much 
as 5- to 8-fold. Gale 2 2 4 has demonstrated a glycolytic requirement for in
corporation of glutamate by cell suspensions. Mcl lwa in 2 2 5 has demonstrated 
a glucose dependency for the conversion of glutamine to glutamic plus 
N H 3 as well as for the reverse reaction. One can visualize the expenditure 
of a t least one energy-rich phosphate bond in the glutamate permease reac
tion from the da t a of Gale. I t is also possible to visualize an " A T P a s e " -
type reaction by a coupled glutamine synthetase-glutaminase reaction. A 
severalfold stimulation of glycolytic ra te in washed cell suspensions by 
chemical additions which could serve an ATPase function may, b u t by no 
means must , s tate their mode of action. Mcl lwain and co-workers 2 2 5 have 
observed, in common with Meyerhof's labile ATPase of yeast , a complete 
inability to prepare a glutaminase in extracts of streptococci, al though in 
the same extracts they were able to obtain active arginine dihydrolase. 
The mechanisms of the glutamine hydrolysis in these organisms remains 
obscure. 

The arginine dihydrolase reaction which occurs in two steps, hydrolytic-
ally from arginine to citrulline and phosphorolytically from citrulline to 
ornithine plus carbamyl phosphate, requires 2 moles A T P in the reverse 
(synthetic) direction. Thus , a repetition of the first step, hydrolysis of 
arginine to citrulline, re turn of citrulline to arginine via an ATP-dependent 
condensation with aspar ta te , would yield a net loss of high-energy phos
p h a t e . 1 7 1 , 1 7 2 The primary question is: do these reactions consti tute a mech
anism permitt ing nonproliferating cell glycolysis, i.e., the regeneration of 
phosphate acceptors and orthophosphate? 

Several reactions of organic acids, normally energy-linked oxidations, 
would appear to obviate the accumulation of phosphate anhydride energy. 
Three examples will be given. (1) The acetone-butanol fermentation of 
Clostridia, (2) the acyloin fermentation of lactic acid bacteria and Aero-
bacter, and (3) the oxidative pyruvate-acetate bypass. 

The clostridial butanol fermentation (Wood, Chapter 2, Table V) , as 
distinguished from acetate or bu ty ra te fermentation, occurs without net 
energy gain beyond the pyruvate stage (see Table VI , this chapter) . By the 
thiolase condensation and Lynen cycle for acetoacetate generation from 
acetoacetyl-CoA, this product stoichiometry could account for the conver
sion of 2 moles of acetyl-CoA to acetone and C 0 2 without net energy gain. 
Acetone arises via the decarboxylation of acetoacetate, Scheme V. The 
mechanism of the microbial acetoacetate-forming system has not been 
clarified. Scheme V is based on Lynen 's recent da t a with mammal ian tis
sue. 2 2 7 
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2 acetyl-CoA - * acetoacetyl-CoA + CoA 

acetoacetyl-CoA + Acetyl-CoA HMG-CoA + CoA 

HMG-CoA —> acetoacetate + acetyl-CoA 

acetoacetate —> acetone + CO2 

(33) 

(34) 

(35) 

(36) 

Sum: 2 acetyl-CoA —> acetone + CO2 + 2 CoA 

SCHEME V 

A nonenergy-generating system from pyruva te yields 2 moles of C 0 2 

and 1 acyloin without acyl ( ~ P generat ion 7 6 ) . One pair of electrons formed 
from glucose via triosephosphate could reduce acetoin to butyleneglycol, 
but one residual electron pair would remain for another acceptor. 

I t is not as ye t clear whether glycolyzing cells form bypass systems which 
dissipate the energy of oxidation in heat without phosphorylative coupling; 
aerobic E. coli cells do form a phosphate-independent pyruva te oxidase. 7 4 

Experiments of Senez et al. (see refs. 2 0 4 and 2 0 5 ) with nitrogen-limited 
growth ( N 2 or N 0 3 ~ in place of N H 3 ) showed a depressed growth ra te 
without decreased substrate turnover—thus a metabolic ra te independent of 
growth. This would be possible only if some mechanism either bypassing 
A T P generation or permit t ing its dissipation a t a uniform ra te is present in 
the cell. The principle illustrated here is the apparent lack of regulation by 
feedback or limiting level of essential cofactor or stoichiometric participa
tion in nonproliferating cell fermentation and respiration. As indicated in 
earlier sections of this chapter, m a n y questions are raised by the funda
menta l problems of energy metabolism and its relation t o growth, biosyn
thesis, and control of cell functions. 

Cell behavior in nutrient-limited growth is a prime example of an area in 
which much information is needed; it has implications of control of pro
liferation and energy turnover in organized biological forms, including 
mammals . 

Dr. S. R. Elsden has made many helpful contributions of data prior to publication 
and critical discussions of this manuscript for which the authors wish to express 
their appreciation. 
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