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PREFACE

The gross metabolism of microorganisms in energy liberating reactions
and pathways has for the most part followed upon the analogous studies
of mammalian tissues and of yeast cells. Such studies have been made
possible by the abundance of the latter materials and the inclination and
affiiation of early enzymologists. In many instances the record of com-
pounds and pathways among the vast array of microorganisms is far from
complete. Nevertheless the presently available data show with abundant
clarity the occurrence of fundamental differences in catalysts, pathways,
and energy coupling steps among the bacteria and between these organisms
and mammalian and yeast cells. If the present volume makes evident the
gaps and incongruities in knowledge which helps to foster clarification of
the actual properties of the individual types of bacteria, the impetus for
the present “source book’’ aspect of this volume will fulﬁll the ob]ectlve of
the authors and editors.

The variation in pathways among the bacteria and the quantitative pre-
ponderance of these pathways under different conditions has in many cases
served as a refined tool for the recognition and clarification of processes
relatively minor in other cells. One may hope that a view of current under-
standing, usually of a role in energy supply pathways frequently resulting
from enrichment methods of isolation, can be useful to mature investiga-
tors and to the growing body of students whose education and research is
fostered by the ready availability of such information.

An informed concept of energy liberating patterns is 1mporta.nt to a
critical appraisal of the biosynthetic pathways and growth phenomens in
bacteria now assembled in volumes 3 and 4 of this series. This is true in the
sense of reaction types, the raw materials furnishing the monomers for cell
structure, and as a basis for an understanding of the limiting factors in
various aspects of growth. The rapid rate at which information accumulates
in this area should not outdate present viewpoints if the generally held
concept of the state of completeness of the data and the validity of the
ideas of basic principles considered to prevail in metabolism as related to
cell behavior are at all accurate. Thus with the main emphasis shifted to
mvestigations of other aspects of cellular behavior, one may expect for
energy metabolism that gaps in knowledge will eliminate gradually, and
some hypotheses altered, but the bases for reasoning will, in the main, be
sustained.

The editors are appreciative of this opportunity to thank the authors of
this volume for their cooperation and patience in the removal of partial

vii



viil PREFACE

overlap among the chapters and with the difference in rate in which some
of the chapters became available. Again we have refrained from suggesting
style or choice of material to the authors on the thesis that the selection of
material and the freshness of viewpoint of each author is of far greater
value than any loss from lack of uniformity. We also wish to express at this
time our appreciation to the publishers and to the members of their staff

for constant help and encouragement in the many tasks accompanying the
assemblage and preparation of this volume.

1. C. GunNsALUS

February 1961 R. Y. STANIER



CONTENTS OF YOLUME I

ConTrIBUTORS TO VOLUME IL. .. ... ..o .. oo, e v
PREFACT . o o o v e e e e e vii
1. Energy-Yielding Metabolism in Bacteria.......................... 1
I. C. GunsavLus anp C. W. SHUSTER
{. Metabolism and the Cell ... . ... .. . i 1
1I. Epergy-Yielding Reactions. ................... e ... 13
I11. Energy Growth and Yield................ PR 30
IV. Enpergy Excess: Nutrient Limitations............ S 47
RO T OIICEE. . ... ot ittt e ettt et e e 51
2. Fermentation of Carbohydrates and Related Compounds. ........... 50
W. A. Woop
I. Introduction. . ......... ... ciuiininn. e e 50
11, MethodologY . ...t i s .. 63
III, Carbohydrate Fermentation Types........................ .. .. 67
IV. Organic Acid Fermentations. . ........................ ... e 129
TR O OIICEE. - o v v v et e et it e et e e 138
3. Fermentations of Nitrogenous Organic Compounds. . . .............. 151
H. A. BARKER
. Introduetion. . ... e e e 151
1I. Fermentations of Single Nitrogenous Compounds................ 152
III. Fermentations of Pairs of Amino Acids (Stickland Resction) . .. .. 195
IV. Conclusions..... . .... e U 201
R OIOIMCeS. ... . oot ottt e e et e 203
4. Cyclic Mechanisms of Terminal Oxidation. . .. .................... 209
L. O. KraMrirz
L. Introduebion. ..ottt 209
I1. Historical Development of Cyclic Mechanisms................... 211
1II. Criteria for Establishment of Cyclic Mechanisms................ 213
IV. Criterion of Rates of Reaction Applied to Microorganisms........ 218
V. Rate Studies with Bacteria: Micrococcus {ysodetkiccus and Keche- |
richta coli. . .. ... . e ... 22
VI. Carrier Type of Expements Employing Isotopea ............... 222
V1I. Noncarrier Type of Experiments Employing Isotopes .......... .. 228

1X



VIII. Quantitative Aspects of the TCA Cycle. ......... ... ...... ... 231
IX. The Criterion of Sequential Induction........................... 235
X. The Criterion of Microbial Mutant Analysm of Metabolic Path-
N2 - SR O 236
XI. Deviations from the TCA Cycle.. ... ... .. .. . i i 238
XII. General Occurrence of TCA Cycle in Mlcroorgamsms Bacteria,
Molds, and Protozoa. ................. P e e 242
XIII. Alternate Pathways. ... ... ... ....... e 243
XIV. Summary and Conclusions. ........ e, e 252
References............. e 253
Suggested Supplementary Reading .. .............................. 255
5. The Dissimilation of High Molecular Weight Substances. e 257
H. J. Rogers
I. Introduection..................... SR 257
II. Methods of Study...... e e 260
IT1I. Primary Attack on High Molecular Weight Substancea ........ 267
IV. Attack on Specific Groups of Substances ......................... 272
References.............. ... ... ... P e - 313
6. Survey of Microbial Electron Transport Mechanisms. . . . . .. .. U 319
M I DovLiN
1. Introductlon ......... T e e 319
I1. The Respiratory Chain.......................... e FRRU 320
III. Subdivision of the Respiratory Chain........... ... ... .......... 326
IV. Oxidants of the Respiratory Chain Other Than Oy............... 339
V. Catalase and Peroxidase . . ......... .. ... .. .. .. ... 342
VI. Determination of Resplratory Type.............. e ... 344
VII. Electron Transport in Fermentation and Oxxdatlon .............. 346
VIII. Coupled Oxidative Phosphorylation. ... ............. e 355
References. ... vt e e i 358
7. Cytochrome Systems in Aerobic Electron Transport. .. ......... c.o... 368
LuciLe SMITH
I. The Nature of the Cytochrome Pigments. .. .. J - i
I1. Nomenclature of the Cytochromes. .. ... ..... O 366
III. Methods of Studying the Respiratory Chain Pigments........... 368
IV. Functions of the Cytochromes . . ..................... ... e 370
V. The Particulate Nature of the Bacterial Resplratory System. .. .. 375
V1. Oxidative Phosphorylation......... .. ... ... .. ... ... ... 378
VIIL. Bacterial Cytochromes................................0el, e 380
VIII. Soluble Bacterial Cytochromes.. . ... S PR 386
IX. The Effect of Environmental Factors durmg Growth on the Cyto-
chrome Content of Bacteria.......................c.ccivvnn... 390
X. Summary....... e e et iir e 392
References. ... .. e e e 393

CONTENTS



CONTENTS X1

8. Cytochrome Systems in Anaerobic Bectron Transport. . ............. 397
Jack W. NEwtoN AND MArTIN D. KAMEN

I Introduction. . .. ...t ... 397

II1. General Characteristics of Electron Transport in Anaerobes...... 398

III. Hematin-Protein Components. .. .. e e 404

IV. Function of Heme Proteins....... .. ... ... ... ... .. ... ... .. .. .. ... 413

V. Conclusions. .. ... e .. 419

References. ........ ... iiinaannn. e e e 420

9. Cytochrome-independent Electron Transport Enzymes of Bacteria. ... 425

M. 1. DoLin
I. Introduction. ... ... ... ... ... .. e e 425
I1. Oxidases for Reduced Pyridine Nucleotides.. . ... . .. ... e 430
I11. Flavoprotein Peroxidase........................... PR ..., 436
1V. Diaphorases. ......................... PP e 441
V. Direct Flavoprotein Oxidases........... .. .. e 446
VI. Dehydrogenase Activities . ... ... ... .. ... .. ... ... ... ... .. ... 448
VII. Flavoproteins Concerned with Reduction of Nitrate, Nitrite, Hy-
droxylamine, and Organo-Nitro Compounds. .................. 452
VIII. Phosphorylation Coupled to Anaerobic Electron Transport ....... 453
IX. Significance of Flavoprotein Respiration in Anaerobes and Lactic
Acid Bacteria. ... ... ... ... ... ... . ... . e . 454
References....... ... ... .. ... . . . . .. 457
10. Bacterial Photosynthesis. . . . . ... e e et e e e 461
Davio M. GELLER
I. Introduction. ... ... ... ... . . . . . 461
II. The Chromatophore: Center of Bacterial Photosynthesis.... ... .. 462
ITI. A General Formulation of Bacterial Photosynthesis......... ... L. 472
IV. Concluding Remarks. ............ e e ceeoee.. 476
References.............................. S ... 476
11. Bacterial Luminescence. . . ............ e e PR 479
W. D. McELroy |
I Introduction......... ... ... ... ..., - 479
I1. Chemistry of Bacterial Luminescence........... P AU 480
111. Physiology of Luminous Bacteria................ ... .. e - 490
IV. Taxonomy and Evolution. ... ... ... ... .. ... ... . ... DR 504
References... .. S e 07
AUTHOR INDEX. . .. ... 500

SUBJECT INDEX....... ... ... .. 533



CHAPTER 1
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I. Metabolism and the Cell*

Fermentation, oxidation, and photosynthesis (light-driven reactions)
compose the quantitatively 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 pathways has simpli-
fied both the recognition of the major energy-mobilizing reactions and for-
mulation of the main pathways of carbon and energy flow. Participation of
the microbe as experimental material in this advance has permitted a par-

* Abbreviations used in this chapier: DPN, DPNH—Diphosphopyridine nucleo-
tide, reduced; TPN, TPNH—Triphosphopyridine nucleotide, reduced; ADP, ATP—
Adenosine diphosphate, Adeunosine triphosphate; IDP, ITP—Inosine diphosphate,
Inosine triphosphate; DPT—Diphosphothiamine; CoA—Coenzyme A; PEP—Phos-
phoenolpyruvate; KDPG—2-Keto-3-deoxy-6-phosnhogluconate; FP, FP .a.—Flavo-
protein, reduced; fH—Tetrahydrofolic acid; Ni*-formyl-fH,—N!*Formylietra-
hydrofolic acid; N*® N'°-methenyl-fH—N5 N1-Methenyl tetrahydrofolic acid;
N¢,Ni%-methylene-fH.—N?%, N1%-Methylene tetrahydrofolic acid; RNA—Ribonuecleic
acid; DNA—Deoxyribonucleic acid; Pi-—Inrorganic (ortho) phosphate; HMG-CoA—
Hydroxymethyliglutaryl CoA; Glucose-U-C*—Uniformly labeled glucose-CH.
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2 1. C. GUNSALUS AND C. W. SBHUSTER

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 unity of mate-
rial and processes! 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 nature 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 study of
biosynthetic reactions and whole cell investigations of active transport,
adaptation, growth and its control, and to a more limited extent, in under-
- standing the chemical changes which -accompany modification of genetic
characteristics' by mutation, transformation, ete. The plan of Volumes I,
I11, and IV of the present sequence follows the chronology of knowledge
accumulation and the context of its application to biological problems. This
places the quantitatively major energy transformations in Volume I1, the
chemistry of the biogenesis of ‘cellular components in Volume III, 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 data of Volumes 1I to IV to an extent
dictated by the moderate penetration of molecular understanding into the
information and code systems of biology. s | |
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 that energy (equilibria), specificity and molecular
interactions can tell more of cellular behavior and its contro} than is now
anderstood. The principal questions concern the quantitative 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 data presented in subsequent chapters of this vol-
ume. . T Ny
'Undou'btédly the presgént_ chapter will raise more questions than it will
answer, for the properties which suit the microbe to the solving of pertinent
hiological 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 attract 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, student
and investigator. It is with the objective of contributing to the ease of
communication and more effective cooperation of multiple attacks on
biological and chemical questions with which the microbe can deal that this
attempt at an orderly relating of development and status is made.

A. ProGrRESS AND PROBLEMS

Excellent reviews, both critical and authoritative, concerning recent
progress in understanding the energy metabolism of bacteria are available;
reference to these 1s made both in this chapter and in the following chapters.
In addition, the following chapters present the data in the perspective of
their growth and relationship to the microbic processes in recapitulation
and evaluation as a basis for further study. Some subjects are, for the
moment, relatively complete; a few are changing rapidly; and others, e.g.,
oxidative energy coupling, barely opened at the chemical level. The special-
ist can expect to find little beyond a current summary in the area of his
immed1ate interest. It is for the microbiologist with pressing preoccupation
1n other areas of the subject, the nonmicrobiologist seeking a convenient
tool to explore and/or analyze a biological or chemical question, the stu-
dents, young and old, that the statement of progress and problems is in-
tended. | T

In biology, the concept of unity and the principle of variely in relation to
structure and function have provided a viewpoint with which to evaluate,
explore, and experiment. Kluyver and van Niel,? in 1956, attributed 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.

Thirty 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 trans-
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. With this insight, Kluyver had
founded comparative biochemistry.! These two principles, unity and variety,
underlie the utility of the microbe as a tool for chemical and biological in-
vestigation. On their validity rest the general principles elaborated via
study of microbial systems. (An excellent account of Kluyver’s contribu-
tions written by van Niel may be found in the recounting of Kluyver’s life.4)

With respect to comparative biochemistry, it might be appropriate here
to urge the student to consider now the variety, perhaps the ‘“ancompara-
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tive,” of blochemistry—those details of fine structure 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 nature.
Knowledge of many an obscure organism became possible because Kluy-
ver had suggested borrowing data from the better documented cases
in order to make a start. 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.

Many of the reactions and routes of supply for biologically available
energy are known, and an estimate of the magnitude of the remaining
problem is possible. The pattern 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: & reappraisal of the
knowledge and its application to metabolism at a cellular level. Among
these definable cellular problems are: (1) the availability of substances as
substrates based on catalysts for their uptake and turnover at rates 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 and/or
perform its work and maintenance functions.

B. FirnEss oF 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-
tributed through the battles of Pasteur and Liebig; they have continued to
serve modern biochemistry. Highly remembered, as described in the first
chapter of Harden, ‘“Alecoholic Fermentation,”’s are demonstration of cell-
free glycolysis in yeast pressed juice (enzyme extracts) (Buchner?), dis-
covery of coenzymes, coenzyme I [diphosphopyridine nucleotide (DPN)],
yeast carboxylase acting on pyruvate with diphosphothiamine (DPT) as
coenzyme,” and the identification of the phosphorylated intermediates of
glycolysis, hexosediphosphate, and hexosemonophosphate (see Meyerhof®).

An equal or even more impressive list derives from the bacteria. Pseu-
domonas saccharophila, via Doudoroff, contributed sucrose phosphorylase,?
glucosyl transfer, and the formation of multiple disaccharides.!® Later,
2-keto-3-deoxy-6-phosphogluconic acid and its aldolase,* and a direct route
(carbon chain intact) from pentose to ketoglutarate were shown,€2.13s
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B-Glucose-1-phosphate as a biological intermediate of maltose phosphoroly-
sis and as a step in the formation of a-glucosido-xylose was later added by
Neisseria.'® The propionic acid bacteria contributed CO. as a heterotrophic
metabolite in net fixation (Wood and Werkman!*), which opened a new era
of intermediary metabolism. Recently, their use has shown the second func-
tion of B;,-coenzyme in carbon chain rearrangement; the movement of the
coenzyme A (CoA)-bound carboxyl in the succinyl-methylmalonyl-coen-
zyme A isomerase;!s and the role of biotin in transcarboxylation to form
propionate in a cyclic nonenergy-requiring system.!® The clostridia, prin-
cipally through the efforts of Barker,!” served to clarify the role of coenzyme
A esters in fatty acid oxidation!® and the function of vitamin B;; in coen-
zyme form!? as catalyst of carbon chain transfer, from glutamate to 8-
methyl aspartate.?® Clostridia also contributed the role of tetrahydrofolic
acid (fH,) in formimino* as well as formyl transfer in the generation of
phosphate anhydrides.?? The lactic acid bacteria contributed active acetyl
(acetyl phosphate),? induced (adaptive) enzyme formation,? the existence
of lipoic acid,®® and its role in acyl generation?® from keto acids, which also
opened new approaches to keto acid metabolism.” In vitamin B, metabo-
lism, these bacteria gave a clue to its active form,” coenzyme form,* and
metabolic role.?® 3 As auxotrophs resembling mammals in their nutri-
tive requirements, the lactic acid bacteria® led to a demonstration of the
~general synonomy of bacterial growth factors and vitamins (further ex-
ample of comparative biochemistry) which fostered rapid multiple vitamin
assays® and the discovery, isolation, and relation to metabolism of & series
of vitamin-cofactor prosthetic group substances (see reference 34). Es-
cherichia coli contributed extensively to current views of induced enzyme
formation,® initiated microbial geneties 28 a study,’ placed virus studies
on a quantitative basis;" the related salmonella coupled virus infection and
genetic information transfer.® Understanding of the role of deoxyribo-
nucleic acid (DNA) in transformation of pneumococci®® 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,®* DNA in enzyme induction,® DNA
formation (DNA-nucleoside triphosphate),® protein biogenesis by staphy-
lococei® and E. coli, and amino acid activation by E. coli4s
This representative but not inclusive list illustrates the extent and scope
of indebtedness to microbes for metabolic data and raises the question of
the sources of this effectiveness. The answer is not far to seek. It includes
(1) speed, (2) variety, (3) adaptability, (4) specificity, and (5) ecological
diversity, to list five worthy of brief amplification.
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1. SPEED AND YIELD

The high metabolic rate of microbes can be illustrated at many levels;
let us take but two examples, growth rate and enzymic activity in ex-
tracts. Generation time (time to double protoplasm) approaches 15 minutes
in several heterotrophic bacteria, e.g., E. ¢oli,*® Clostridium welchii,¥ and
Streptococcus faecalis.® The doubling time for mammalian cells in tissue
culture approaches one day (24 hours), thus, a rate 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,** 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® as do all the above characteris-
tics (bacteria/muscle cell = 10?; bacteria/yeast = 10'). A similar rate ad-
vantage is observed with soluble enzymes and enzyme systems, expressed as
activity per unit weight or amount of protein (see Table II). In the latter
case, one could attribute the higher specific activity to smaller enzyme
(lower molecular weight per active site), higher turnover number (TON)
(higher catalytic activity 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 activity in
two cases of energy pathway enzymes is attributable to more enzyme per
cell : B-galactosidase,’ 6 % of soluble cell protein, and formyl kinase® crys-
talline enzyme after 10-fold purification from cell extract. |

TABLE I

ReLaTivE S1ZE AND METABOLIC QUOTIENTS

Cell

. . | . Refer- Refer-
Organism or tissue V(;l;?e, | Qo, once Qo® ence
Rat liver - 9 228 0.15 228
Rat brain _— 14 228 0.9 - 228
Saccharomyces cerevisiae 10190 40-80 (glucose) 228 3.0 229
Escherichia colt 10712 800 (acetate) 230 19 231
Azotobacter vinelandri 1071 4200 (acetate) 232 ¢ —
Streptococcus faecalis 10713 186 (pyruvate) 233 13 225

* Qo, = pl./mg. dry wt./hr.
b Qg = umoles glucose utilized/mg. dry wt. /hr
¢ Anaerobic, no glycolysis.
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~ TABLE II |
ReraTivE ENzYME AcCTIVITIES OF BACTERIAL AND TissUR EXTRACTS
] |
e .
-t | o2 | &
Enzyme -or system Bacteria 4 B & Tissue S22 2| o
: v @ Sl _ - ot fé
&l & ER NN
Pyruvic oxidation | Escherichia 0.7 | 234 || Pig heart 0.31 (235} 2.2
colt
Pyruvic oxidation | Proteus vul- | 2.9 | 236 || Pigeon breast | 0.1 237 29
garis -} muscle? - ' |
a-Ketoglutarate Escherichia .| 0.62| 234 || Pig heart? 6.23 {238 | 2.7
oxidation colr 0.003 | 239 | 207
Succinic thiokinase] Escherichia 3.0 | 240 || Spinach 0.013 | 242 230
coli |
(succinate- b8 241 § Spinach 0.013 | 242 | 4460
adapted) :
Amino acid incor- | Escherichia 0.03] 44 | Liver 0.0016/ 243 19
poration (leu- colt
cine) :
Butyryl-CoA de- | Clostridium 0.4 17 || Liver 0.001 | 244 { 400
hydrogenase kluyvert |

* Specific activity = umoles/mg. protein/hr.
* Extract of acetone powder.

2. VARIETY AND SPECIFIC SELECTION

The variety of compounds which serve as carbon and energy sources for
some microbes i8 almost without limit* (see Chapter &, 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 stated in more
restricted form: any organic compound in nature 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 4, 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 important metabolic prob-
lems, frequently by enhanced enzyme abundance, are well represented
among Barker’s contributions to microbiology and biochemistry.” To list
a few: both purines and glycine led to folic acid-mediated energy release
systems in Closiridium acidi-urici,® and Clostridium cylindrosporum;®
glutamic acid fermentation led to the role of Bys!* (see Chapter 3), and
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ethanol-acetate to fatty 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 metabolites; see
Stanier,® KEvans,™ or the review of Elsden and Peel.®® Further specific ex-
amples of selection for specific activities and variability of pattern can be

found in any general microbiology text,5® publications of the Delft school
of microbiology,% or survey of microbic activities.’?- %

3. ADAPTABILITY

With a given strain selected for its metabolic potential, catalytic activity
can be increased many fold by added substrates for enzyme induction by
physiological conditions of culture.®-% Vitamin level,® conditions of pH,®
and aerobiosis,® to mention a few of the latter, are also determinative.
Examples could be extended; they will not be cited here, but are discussed
where pertinent in other parts of this chapter. As pointed out by Monod,%

in reference to bacterial growth, these are not subjects of study but the
tools of the science.

4. SPECIFICITY

At the enzyme level, present data do not indicate the superiority of one
organism over another in substrate range or specificity of the enzymes
formed. In contrast, at 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 adaptation (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-
tein®®- 8 (or system®) 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
attributable 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 EcoNnomy oF CELLS

The Doudoroff hypothesis®® concerns the limiting factor in natural
ecological conditions far aerobic and for anaerobic organisms, or conditions
of growth. In this view, the limitation during anaerobic growth is8 energy;
during aerobic growth, carbon. Complicated as are the metabolic interac-
tions in whole cells, two primary causes would seem to account in large
measure for these conditions: (1) in glycolysis, a low energy yield per sub-



