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Preface

This survey was written at the invitation of the Editors of the ,,Ergebnisse
der Physiologie”“. Its aim is to present the more recent progress in the know-
ledge of biological energy transformations. Since it was intended for a review
journal, the reader was taken to be familiar with the fundamentals of current
biochemistry, as described in the standard textbooks.

It was not the object to compile an extensive collection of facts. The survey
is limited to aspects of wider interest, and the main emphasis has been on the
general unifying principles which emerge from the great mass of detailed ob-
servations.

The article is reprinted in the hope that it may be useful in this form to
advanced students and research workers in biochemistry and related subjects.

H. A. KrREBS
H. L. KORNBERG
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The last 15 years have witnessed great advances in the analysis of the energy
transformations in living organisms. From the vast amount of detailed inform-
ation which has been amassed, a picture emerges revealing some striking
characteristics of the chemical organization of living matter. Although meta-
bolic processes are both diverse and complex, the number of basic components
is relatively small.

2 The following abbreviations have been used in the present survey:

AMP = adenosine 5'-phosphate; ADP = adenosine diphosphate; ATP = adenosine
triphosphate; DPN = diphosphopyridine nucleotide; DPNH, = reduced diphospho-
pyridine nucleotide; IDP = inosine diphosphate; ITP = inosine triphosphate; GDP =
guanosine diphosphate; GTP = guanosine triphosphate; P = inorganic phosphate;
CoA and CoA-SH = coenzyme A; TPN = triphosphopyridine nucleotide; TPNH, =
reduced triphosphopyridine nucleotide; TPP = thiamine pyrophosphate.
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It has long been established that the innumerable different proteins of
living matter are all built up from the same set of about 20 amino acids. It
is now evident that this economy of basic units has a counterpart in dynamic
biochemistry. Most of the essential machinery for the main chemical processes
of living matter is provided by a comparatively small number of enzymes and
coenzymes. The same catalysts are used in the different types of fermentations,
in cell respiration, and in the reactions by which the constituents of living
matter are synthesized.

It is true that these basic mechanisms are supplemented by many additional
enzymes. This may be taken as obvious in view of the innumerable different
forms in which life presents itself. But these obvious species differences which
strike the eye have tended to obscure the fact that many basic features are
common to many different forms of life. It is the object of this survey to discuss
these common features in the sphere of energy transformations.

1. The Key Position of Adenosine Triphosphate

The concept is now firmly established (LIPMANN 1941) that the chemical
energy set free in the breakdown of foodstuffs (unless it generates heat) is
transformed into a special kind of chemical energy before it is converted into
other forms of energy, such as mechanical work in muscle or osmotic work in
secreting glands. This special form of chemical energy is that stored in the
pyrophosphate bonds of adenosinetriphosphate (ATP).

Living matter shares the requirement of a special fuel with man-made ma-
chines. In a steam engine, the energy obtained from the combustion of a
variety of fuels must be converted into steam pressure before it can do mechani-
cal work. In an internal combustion engine it is the high pressure which
carries out work. An electric motor must be supplied with electrical energy
in a specified form to do work.

The first major stage, then, of the energy transformations in living matter
culminates in the synthesis of pyrophosphate bonds of ATP, at the expense
of the free energy of the degradation of foodstuffs. The overall thermodynamic
efficiency of this process is estimated at 60—70%. This is high when compared
with the efficiency of man-made machines depending on the burning of a fuel
as a source of energy. The greater efficiency is possible because living matter
is not a heat engine, but a “‘chemical” engine organised in a special manner.

2. The Three Phases of Foodstuff Degradation

The release of energy by the combustion of foodstuffs in living matter may
be said to proceed in three major phases (Table 1).

In phase I the large molecules of the food are broken down to small con-
stituent units. Proteins are converted to amino-acids, carbohydrates to hexoses



214 H. A. KresBs and H. L. KorNBERG: Energy Transformations in Living Matter

Table 1. The thrvee main phases of energy production from foodstuffs (KREBs 1953b)

Phase Outline of chemical change
carbohydrates proteins fats
I 4 ¥ ¥
hexoses about 20 amino acids glycerol; fatty acids
hexoses  glycerol several  fatty acids several several several
amino acids amino acids amino acids amino acids
(alanine, (3 leucines, (glutamic (aspartic
serine, tyrosine, acid, acid, tyrosine,
lactic acid cysteine) phenyl- histidine, phenyl-
II | | alanine) prolines, alanine)
v ! arginine)
pyruvic acid
i 1
acetyl coenzyme A a-ketoglu-  oxaloacetic
taric acid acid
acetyl coenzyme A a-ketoglutaric acid oxaloacetic acid
11 | | |
¥
tricarboxylic acid cycle

and fats to glycerol and fatty acids. The amounts of energy liberated in the
stages of phase I are relatively small. The free energy of hydrolysis of the
glucosidic bonds of starch or glycogen is about 4.3 kgcal (BurTOoN & KREBS
1953), of the peptide bonds of the order of 3.0 kgcal (HUFFMAN 1942) and of
an ester of the order of 2.5 kgcal, per mole (see KAPLAN 1951). This means
that about 0.6 % of the free energy of polysaccharides and proteins, and about
0.1% of that of triglyceride fats, is liberated in phase I. These quantities are
not utilised except for the generation of heat. The reactions of this phase
merely prepare the foodstuffs for the energy-giving processes proper: they oc-
cur mainly in the intestinal tract and in tissues when reserve material is mo-
bilised for energy production.

In phase II the diversity of small molecules produced in the first phase
— three or more different hexoses, glycerol, about twenty amino acids and
a number of fatty acids — are incompletely burned, the end-product being,
apart from carbon dioxide and water, one of three substances: acetic acid
in the form of acetyl coenzyme A, a-ketoglutarate or oxaloacetate. The first
of these three constitutes the greater amount: two-thirds of the carbon of
carbohydrate and of glycerol, all carbon atoms of the common fatty acids and
approximately half the carbon skeleton of amino acids yield acetyl coenzymeA.
a-Ketoglutaric acid arises from glutamic acid, histidine, arginine, citrulline,
ornithine, proline and hydroxyproline ; oxaloacetic acid from aspartic acid and,
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through malic acid, from part of the benzene ring of tyrosine and phenyl-
alanine. The details of the pathways cannot be discussed here in full [see
KREBS 1954 (a), GREENBERG 1954, LANG 1952, STETTEN 1955, KNOX 1955,
VoGEL 1955, CooN, ROBINSON & BACHHAWAT 1955]; the main stages are out-
lined in Table 1. One matter of principle, however, should be emphasized:
the number of steps which living matter employs in order to reduce a great
variety of different substances to three basic units is astonishingly small; it
could certainly not beequalled withthe tools at present available to the organic
chemist.
The three end-products of the

second phase are metabolically " oxghoacetde coenzyme A
closely interrelated. They take H,0

acety/ coenzyme A

L-malate

part in phase ITI of the energy citrate
release: the tricarboxylic acid H,0 H,0
cycle, the common ‘‘terminal”’ fumarate cis—acomitate
pathway of oxidation of all food- 2H HZO—

stuffs. The cycle is shown in suceinate iso-chirate
Fig. 1; it sets out how one acetic coenzyme 4 H,0 H
acid equivalent is burned to succinyl cosnzyme A oxalasueinate
carbon dioxide and water, a 2H+C0, coenzyme A

series of di- and tri-carboxylic oc-ketoglutarate

acids appearing as intermediate
stages.

As each step of intermediary
metabolism requires a specific
enzyme, it is evident that a
common pathway of oxidation

2

Fig. 1. The tricarboxylic acid cycle
Substances which enter the cycle (coenzyme A, H,0) after
the initial condensation of 1 molecule of acetyl coenzyme A
and 1 molecule of oxaloacetate are written inside the cycle;
substances which arise are written outside. During one turn
of the cycle, one acetic acid equivalent is completely
oxidized. The 4 pairs of H atoms which arise ultimately
react with O, to form water [for further details see KrREBs

1950, 1954 (a)].

resultsinan economy of chemical

tools. Surveying the pathway of the degradation of foodstuffs as a whole,
one cannot but be impressed by the relative simplicity of the arrangement, in
as much as the total number of steps required to release the available energy
from a multitude of different substrates is unexpectedly small.

3. The Energy-Yielding Steps of Intermediaty Metabolism

The economy of stages does not, however, end here. Energy is not released
at every step of intermediary metabolism. Most, though not all, of the avail-
able energy contained in the foodstuffs is liberated when the hydrogen
atoms removed by dehydrogenations react with molecular oxygen to form
water. Such reactions occur in phase II and in phase III. Roughly one-third
of the total energy of combustion is set free in phase II and two-thirds in
phase III.
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Table 2. Free energy changes in the breakdown of foodstuffs

The figures in brackets refer to the free energy change AG in kilocalories per mole
reactants at 25%; pg 7.0; 0.2 atm O,; 0.05 atm CO,, concentrations of other reactants at
unit actitivity. The pairs of H atoms removed are assumed to be oxidized to H,0 by
molecular oxygen. Fatty acids are oxidized as acyl coenzyme A derivatives. The value
given for the oxidative deamination of amino acids is an average figure varying a
little from amino acid to amino acid. For further particulars see BurtoN and KREBs
(1953), KapLaN (1951), and Tables 9—13.

Glycogen Glucose Fatty acid a-Amino acid
(1 glucose equivalent) +HO - 2H (- 36) |+H10 —2H(-43)
(=57.0) (=300 g hydroxy acid a-ketonic acid + NH,
- 2 lac_ta.te « —2H(- 50)
lactate B-ketonic acid
‘|L_ 2H (—45.8)
pyruvate + coenzyme A
oy | o

— acetyl coenzyme A «

+ oxaloacetate
(=7.5)

citrate
— H,0 (+ 2.04)
cis-aconitate
+ H.O (- 0.45)
isocitrate
CO,¥ |- 2H(-54.4)
a-ketoglutarate
coz‘/ + H,0 —2H (- 70.1)
succinate
—2H (- 35.1)
fumarate
+ H.O (- 0.88)
malate
~2H (- 44.3)

oxaloacetate

Data on the magnitude of the free energy changes have recently become
available and are given in Table 2. Even with a common terminal pathway of
oxidation and the shortness of the routes in phase II, the number of stages
where utilizable energy is set free is still considerable (see Table 3). There are
four such stages in the tricarboxylic acid cycle. In phase II there are at least
twenty-nine different oxidative reactions, though more than half of these
belong to one type of reaction, the oxidative deamination of amino acids.
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Table 3. Number of different oxidative stages at which energy becomes available

‘“Phase” refers to the classification given in Table 1; energy is liberated when mole-
cular oxygen is the oxidizing agent.

PhaseI . . . . . . . . . . ..o 0
Phase II:
Carbohydrate — acetyl coenzyme A . . . . . . . . . . . . .. 2
Fatty acids — acetylcoenzyme A . . . . . . . . . . . . .. 2
Glycerol! — acetyl coenzyme A . . . . . . . . .. ... .1
Amino acids:
Oxidative deamination of amino acids? (about) . . . . . . . . 16
Oxidative decarboxylation of corresponding «-ketonic acids® . . 0 29

Additional oxidation of phenylalanine and tyrosine leading to
malic and acetoacetic acids* .

Oxidation of proline and hydroxyproline to glutamlc amd

Oxidation of arginine to glutamic acid .

Conversion of histidine to glutamic acid .

Conversion of carbon chain of leucines to acetyl coenzyme A

Phase IIT . . . . . . . . . . . . 0oL oo 4

S O NN A

1 Two more stages shared with carbohydrate.

% A figure lower than the total number of amino acids is given because some amino
acids may share one step, e.g. (glutamic acid and histidine, serine, cystine and glycine:
see BACH 1952).

3 Assuming the mechanism to be the same as the analogous reaction of pyruvate.

4 See WEINHOUSE and MILLINGTON (1948, 1949), ScHEPARTZ and GURIN (1949),
LERNER (1949), KNox (1955).

Their number cannot be precisely stated because the pathway of oxidation
of some amino acids (e.g. tryptophan, methionine, lysine) is not yet known
in every detail.

There are two oxidative stages at which carbohydrate is prepared for entry
into the tricarboxylic acid cycle, namely

triosephosphate or lactate — pyruvate
pyruvate — acetyl CoA.
There are also two oxidative steps in the reactions which convert fatty acids
to acetyl coenzyme A, namely
fatty acid — a-f-unsaturated fatty acid
p-hydroxy fatty acid — B-keto fatty acid.

Glycerol derived from neutral fats, in addition to phosphorylation, requires
the further special oxidative stage

a-glycerol phosphate — triosephosphate

before it joins the pathway of carbohydrate degradation. Amino acids, with
a few exceptions, require at least one oxidative step each — oxidative deamina-
tion. In the cases of glutamic acid, aspartic acid, and alanine this one step is
sufficient to produce an intermediate also encountered in either carbohydrate
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breakdown or in the tricarboxylic acid cycle. The exceptional amino acids
referred to above, which do not require special oxidative steps, include histi-
dine, which yields glutamic acid anaerobically, and cysteine and glycine,
which are both convertible into serine. In many other cases additional steps
are required. Details about the number of energy-releasing steps in phase II
of amino acid metabolism are given in Table 3.

There are thus some thirty stages at which major parcels of energy are
liberated. This is already a relatively small number, considering the variety
of starting materials, but by some simple devices the number receives a further
drastic reduction.

Most of the stages listed in Table 3 are complex reactions involving several
distinct steps. In many cases the first of these steps is the interaction of the
substrates with pyridine nucleotides, as WARBURG, CHRISTIAN and GRIESE
(1935) first showed:

substrate + pyridine nucleotide 2 o @31

dehydrogenated substrate + reduced pyridine nucleotide

It follows from the values of the oxido-reduction potentials of the reactants
(BALL 1944, BurTON and WILSON 1952, 1953) that no appreciable amounts of
energy are set free in this type of reaction, except when a-ketonic acids are
oxidized, a case discussed below in more detail. The free energy of the oxi-
dation of the substrates does not become available when the substrate is oxi-
dized according to reaction (3, 1), but is set free when the reduced forms of
the pyridine nucleotides, through the intermediation of flavoproteins and iron
porphyrin enzymes, are reoxidized by molecular oxygen. The main stages of
this reaction are the following (BALL 1944):

reduced pyridine nucleotide + flavoprotein — reduced flavoprotein -+ 3, 2)
pyridine nucleotide (standard free energy change — 11 kgcal), "’

reduced flavoprotein - 2 ferricytochrome — flavoprotein + 2 ferrocytochrome 3,3)
(standard free energy change — 16 kgcal), ’

2 ferrocytochrome + 1/, O, — 2 ferricytochrome + H,O (3, 4)

(standard free energy change — 25 kgcal). !
The over-all effect of the three reactions is the oxidation of reduced pyridine

nucleotide:

reduced pyridine nucleotide + 1/, O, — pyridine nucleotide + H,O 3, 5)

(standard free energy change — 52 kgcal). ’
This scheme of three reactions, it should be emphasised, is a provisional and
simplified version of the actual events (see HERBERT 1951) because more than
one iron porphyrin and more than one flavoprotein can take part in the
transfer of hydrogen or electrons, these intermediate carriers probably being
arranged in series. The chain of the catalysts may also include substances
other than the three main types, such as the factor discovered by SLATER
(1949), the chemical identity of which is unknown, as well as vitamins K and E
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(MarTIUS 1954, MARTIUS and Nitz-Litzow 1955). Moreover, as there are
two pyridine nucleotides and a number of different flavoproteins and iron por-
phyrins, several variants of reactions (3, 2), (3, 3) and (3, 4) are possible. For
example MARTIUS has suggested that vitamin K replaces flavoprotein in (3, 2)
and (3, 3).

Reactions of the type (3, 2) to (3 ,4) are common to many of the oxidations
in phases IT and III: to three out of the four oxidative steps of the tricarb-
oxylic acid cycle, to the oxidation of lactate and glycerol to pyruvate, to the
oxidation of a-ketonic acids to fatty acids and carbon dioxide, and also to the
stages involved in the f-oxidation of fatty acids. One stage of the four de-
hydrogenations of the tricarboxylic acid cycle, the dehydrogenation of succinic
acid, does not require a pyridine nucleotide but is catalysed by flavoproteins
and iron porphyrins only. In this case only steps (3, 3) and (3, 4) of the series
are shared with the other dehydrogenase systems. This is a reflection of the
thermodynamic characteristics of the succinic dehydrogenase system, whose
oxido-reduction potential is less negative than that of any other substrate
dehydrogenase (with the possible exception of the fatty acid dehydrogenase
system which is expected to be of the same order as that of succinic dehydro-
genase).

Thus, with one major and possibly a few minor exceptions, all stages listed
in Table 3 release energy through the same series of reactions. The major
exception is the deamination of amino acids, but this exception is probably
only an apparent one. One amino acid — glutamic acid — can actually interact
with pyridine nucleotides directly and virtually all amino acids, according
to a discovery of BRAUNSTEIN (1947) (see also CAMMARATA & COHEN 1950),
can transfer their a-amino group to «-ketoglutarate by ‘‘transamination”,
a reversible exchange of the keto and amino groups:

amino acid + a-ketoglutarate 2= keto acid + glutamate. (3, 6)

This reaction links the deamination of all amino acids with the dehydrogena-
tion of glutamic acid by pyridine nucleotides:

glutamate + pyridine nucleotide 2 o ' 3,7)

a-ketoglutarate 4 NH, 4 reduced pyridine nucleotide.

BRAUNSTEIN has suggested that the reactions (3, 6) and (3, 7) represent the
main mechanism of deamination, but this still remains to be proved. It is
an attractive hypothesis in connexion with the thesis put forward in this
paper. If it holds, it would mean that no appreciable amounts of free energy
are released in the transamination reaction (3, 6), as this reaction is readily
reversible and the concentration of the reactants remains virtually constant.
Nor is there a free energy change when reaction (3, 7) occurs under physiologi-
cal conditions. The free energy of the oxidative deamination of amino acids
would therefore generally be released when the reduced pyridine nucleotide
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undergoes oxidation through reactions (3, 2) to (3, 4), and the sixteen energy
yielding reactions of amino acids listed in Table 3 would be eliminated as
separate processes.

If BRAUNSTEIN’S hypothesis does not hold, alternative mechanisms of
oxidative deamination would have to be postulated. The introduction of such
alternative mechanisms would not, however, fundamentally change the
picture. Amino acid oxidases, catalysing the interaction of amino acids with
oxygen, have been isolated from animal tissues. They are flavoproteins and
(as indicated by their sensitivity to cyanide) are linked #n sit» to molecular
oxygen by iron porphyrins. Hence, even if amino acids were oxidized through
the intermediation of these enzymes, the steps where energy is released would
still be represented by reactions of type (3, 3) and (3, 4).

Such evidence as is at present available favours BRAUNSTEIN’S hypothesis
rather than alternative oxidative mechanisms. The activity of the amino
acid oxidases, which attack the more common amino acids, is weak in animal
tissues, and their physiological significance has not been established. In the
kidney, they may contribute to the formation of ammonia required for ex-
cretion (see KREBS 1951). Some tissues, like cardiac muscle, are devoid of
amino acid oxidases yet utilise amino acids (CLARKE and WHALER 1952).
The activities of the transaminases and of glutamic dehydrogenase in these
tissues are sufficiently high to account for the observed rates of amino acid
utilization. These facts suggest that BRAUNSTEIN’S mechanism is the main
pathway of amino acid oxidation: if this concept is correct, it would further
ascribe a biological significance to the transaminases, enzymes the metabolic
role of which is otherwise not understood.

There are a few oxidative steps in the breakdown of amino acids, for
example, of tyrosine, phenylalanine, methionine and the w-deamination of
lysine and ornithine, where the enzymic mechanisms are not yet fully known.
It is possible that pyridine nucleotides, flavoproteins and iron porphyrins are
the catalytic agents, as has recently been shown for proline (STRECKER and
MELA 1955), in which case these reactions would comply with the general
pattern. But it is also feasible that the free energy of these specialised reactions
is not utilised and “lost” as heat. This may be one of the factors reponsible
for the rise of the basal metabolic rate when protein serves as the source of
energy — the ‘“‘specific dynamic action of protein”. As the amino acids in
question form a relatively small proportion of the protein molecule, the loss of
energy would be small.

To sum up, the energy-yielding oxidative stages of Table 3 are all complex
reactions, which involve a specific primary step, or series of steps — the re-
action with pyridine nucleotide and, in the case of amino acids, transamina-
tion — and a set of intermediary hydrogen carriers, reacting according to
(3,2), (3,3) and (3, 4), common to all major stages. The release of energy
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occurs along this common pathway and not when the substrate reacts. This
arrangement reduces the total number of energy-yielding steps to six, or more
correctly to six types.

4. The Build-up of Phosphate Bond Energy

Of the six energy-yielding reactions proper three occur when reduced
pyridine nucleotide is oxidized by molecular oxygen through the stages (3, 2)
to (3, 4). Two more occur in anaerobic glycolysis, and the sixth during the
oxidative decarboxylation of a-ketonic acids. Until recently, the oxidation
of succinate was thought to involve only iron porphyrin catalysts and it was
assumed that major amounts of free energy are liberated when succinate is
oxidized by iron porphyrins. This would represent another type of energy
yielding reaction proper. However, the purification of the succinic dehydro-
genase complex by KEARNEY and SINGER (1955), and by GREEN, Mir and
KoHoUuT (1955) has shown that this system contains a flavoprotein which
acts as the primary hydrogen acceptor. It is very likely, in view of the oxido-
reduction potentials of flavoprotein and of the succinate/fumarate system,
that there is no major release of free energy in the hydrogen transfer from
succinate to flavoprotein. Thus the liberation of energy in the oxidation of
succinate is by the same types of reaction as with other substrates.

The crucial feature of these reactions, from the biological point of view,
is not the liberation of energy, but the coupling of energy production with
energy utilisation, i.e. with the synthesis of pyrophosphate bonds of adenosine
triphosphate. The utilisation of the free energy of a chemical process requires
a coupling mechanism specifically adjusted to the circumstances of the energy-
yielding steps. By the reduction of the number of such steps to a minimum,
living matter reduces the need for specific mechanisms and thereby effects
a striking economy.

The chemical mechanism by which pyrophosphate bonds of ATP are gene-
rated is known for only two of the six energy-giving reactions — those of
anaerobic glycolysis. For another, the oxidative decarboxylation of a-keto-
glutarate and possible other a-ketonic acids, it is known in principle, but some
uncertainty of detail remains. It is completely unknown for the remaining
three reactions, namely (3, 2), (3, 3) and (3, 4).

Following a suggestion of LIPMANN (1941, 1946) the pyrophosphate bonds
of adenosine triphosphate are commonly referred to as ““energy rich” bonds.
This is a convenient term (see GILLESPIE, MAW and VERNON 1953, KALCKAR
1954) from the biological point of view (although it does not tally with the use
of the term ‘““bond energy” in physical chemistry, where it refers to the energy
required to disrupt a bond between two atoms). It expresses the fact that the
hydrolysis of this bond releases a much larger amount of free energy (10 to
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12 kgcal per mole) than the usual hydrolytic reactions occurring in living
matter, which release 2 to 4 kgcal per mole. The energy stored in pyrophos-
phate bonds is often referred to, again according to LIPMANN, as ““phosphate
bond energy”.

The generation of phosphate bond energy in anaerobic glycolysis is shown
in Figs. 2 and 3. The first pyrophosphate bond of ATP is formed when glycer-

R represents CH,O - PO;H,

CHOH
1

R

| (glyceraldehyde 3-phosphaie)

HC=0

e (glyceraldehyde phosphate dehydrogenase,
f HS-enzyme reactive group being —SH of glutathione)
R

| OH L ‘ ”

HlC/ (addition compound — ‘‘adduct” — of enzyme and substrate)

\S-enzyme

| .

| (dehydrogenation) (H atoms transferred to pyridine nucleotide)
i\‘ 2H
R .

o) (acyl-mercaptan [anhydride of —SH and —COOH],
C/ containing an energy-rich bond)

\S-enzyme

|+ H,PO, (phosphorolysis of acyl-mercaptan: transfer of R—C=0
l\ SH-enzyme from thiol to phosphate)
R

| //O (1:3-diphosphoglyceric acid, containing energy-rich carboxy)
C\O—-PO H phosphate)

3+t2

l-,. ADP (transfer of phosphate from carboxyl to ADP)
R

z (3-phosphoglyceric acid + AT P)

COOH + ATP

Fig. 2. Formation of energy-rich phosphate bonds in anaerobic glycolysis: Case 1

According to WARBURG & CHRISTIAN (1939), BUCHER (1947), RAckER & KriMskY (1952) and RACKER
(1954)(b), energy-rich phosphate is formed during the conversion of glyceraldehyde 3-phosphate into
3-phosphoglyceric acid (see also VELICK 1954; BOYER & SEGAL 1954).

aldehyde 3-phosphate is oxidized to 3-phosphoglyceric acid. The initial step
in this reaction (see Fig: 2) is taken to be the formation of an addition com-
pound — “adduct” between the aldehyde group of the substrate and an SH
group of glyceraldehyde phosphate dehydrogenase, this SH group being present
in the enzyme molecule in the form of glutathione. The ‘“adduct” undergoes
a dehydrogenation, in which pyridine nucleotide bound to the enzyme acts
as the hydrogen acceptor. The result is the formation of an acyl-mercaptan.
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Being an acid anhydride (anhydride of —SH and —COOH), this represents
an energy-rich bond. The acyl-mercaptan undergoes phosphorolysis causing
a transfer of the acyl group from the sulphur atom to the phosphate group.
The product is 1:3-diphosphoglyceric acid, which contains an energy-rich
carboxyl phosphate. Finally, phosphate is transferred from the carboxyl
to ADP, and ATP arises. These transfer reactions are readily reversible,
which indicates that no major free energy change is involved.

A second molecule of ATP is formed from ADP in the later stages of an-
aerobic glycolysis. An energy-rich phosphate bond arises when 2-phospho-

CH,0H
|

'C< g——PO:,Hz (2-phosphoglyceric acid)
COOH

| _m.0
i, 2
CH,

! (phosphoenolp ic acid ini
O yruvic acid, containing an
.C O0—PO,H, energy-rich phosphate bond)

|
COOH

l+ ADP (transfer of phosphate to ADP)
CH,

‘CO + ATP (pyruvic acid + ATP)

(|ZOOH

Fig. 3. Formation of energy-rich phosphate bonds in anaerobic glycolysis: Case I1

Energy-rich phosphate is formed during conversion of 2-phosphoglyceric acid into phosphoenolpyruvic
acid.

glyceric acid loses the elements of water and forms phosphoenol pyruvic acid
(see Fig. 3). The subsequent cleavage to pyruvic acid is coupled with the trans-
fer of the phosphate bond to ADP, thus generating a molecule of ATP.

The third case (later referred to as Case III) where information on the
mechanism of ATP synthesis is at hand, is the phosphorylation of ADP
coupled with the dehydrogenation of a-ketoglutarate. The following three
reactions have been established as components of this mechanism.

«-ketoglutarate + coenzyme A + DPN 2> succinyl coenzyme A + CO, + DPNH, (4, 1)
succinyl coenzyme A + GDP 4 P 2= coenzyme A 4 GTP + succinate (4 2
GTP + ADP 2> GDP 4+ ATP (4, 3)

Sum: a-ketoglutarate + ADP + P + DPN - succinate + CO, + ATP 4 DPNH,

Reactions (4, 1) and (4, 2) are themselves the sum of a number of different
steps, in which the co-factors thiamine pyrophosphate (TPP) and «-lipoic
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acid (6,8-dithio-n-octanoic acid) participate:

a-lipoic acid
(REED, DE Busk, GunsaLus and HORNBERGER 1951; BuLLOCK, BROCKMAN, PATTER-
SON, PIERCE and STOKSTAD 1952.)
A tentative reaction mechanism for the overall reaction (4, 1) has been
formulated by GUNSALUS (1954) (a, b) as follows [see also REED 1953, GREEN
1954(a)]:

00 0
Il |
R-C-C-OH + TPP > [R-C-H]TPP + CO, 4,4)
(where R = —CH, - CH, - COOH)
0 0
i R I R
[R-C-H]TPP + S—CH —> R-C-S—CH + TPP  (4,5)
N AN ’
CH, CH,
S—CH; HS—CHy
0 0 R’
I R 1 HS—CH<
R-C-8—CH{ — R-C-S—CoA + CH, (4, 6)
" CH, + CoA - SH HS—CH;{
HS—CH,
R’ R’
HS—CH{ s—cu( “7)
JCH,+DPN  — | >CH2 + DPNH, :
HS—CH; S—CHj

In this sequence the first step (4, 4) is taken to be a reaction between a-keto-
glutarate and TPP in which a succinic semi-aldehyde-TPP complex is formed
and CO, liberated (SANADI, LITTLEFIELD and Bock 1952; REED 1953). The
succinic semi-aldehyde-TPP complex is then thought to react with the disul-
phide form of «-lipoic acid (4,5 ) in such a manner that the aldehyde group of
the TPP complex is oxidized to the corresponding carboxyl and the disulphide
reduced to the dimercaptan; further that the nascent carboxyl and one of the
nascent thiol groups condense to form succinyl lipoic acid, which, being an
acyl mercaptan, is energy-rich. TPP is regenerated in this reaction.

By reaction (4,9) the succinyl group is transferred from the a-lipoic acid
moiety to reduced coenzyme A, forming reduced «-lipoic acid and succinyl
coenzyme A. In order to be able to react again in the oxidation of another
molecule of aldehyde-TPP complex by (4, 5), the reduced lipoic acid has to be
reoxidized to the disulphide: this is accemplished (4,7 ) by the action of DPN
and lipoic acid dehydrogenase (HAGER and GUNSALUS 1953).

The succinyl coenzyme A reacts with GDP and inorganic phosphate (4, 2)
to regenerate reduced coenzyme A and to form GTP and succinate (SANADI,
GiBsoN and AYENGAR 1954). GTP and ADP subsequently interact (4, 3)
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to form GDP and ATP (SaNADI et al. 1954). It is probable that reaction (4, 2)
is also a composite one, since succinyl coenzyme A can be split to succinate and
coenzyme A in the presence of arsenate but in the absence of GDP (SANADI,
G1BSON, AYENGAR and OQUELLET 1954), and since oxygen from '*0O-labelled
phosphate appears in one of the carboxyl groups of the succinate formed
(ConN 1951). A phosphorylated succinate derivative or a phosphorylated
coenzyme A may therefore be intermediates in this reaction, though neither
has as yet been isolated or identified (KAUFMAN 1955, COHN 1956).

Other a-ketonic acids can react analogously to a-ketoglutarate, but in at
least one case, that of pyruvate, a reaction of the type (4, 2) does not occur.
In the case of pyruvate, the acetyl coenzyme A formed in a reaction similar
to (4, 6) can interact with AMP to form acetyl-AMP (BERG 1955) and, sub-
sequently, acetate and ATP:

acetyl-S—CoA + AMP 2 acetyl-AMP 4 CoA — SH, (4, 8)
acetyl-AMP + pyrophosphate > acetate + ATP. (4,9)

Physiologically, reactions (4, 8) and (4, 9) seem to occur only from right to
left. Their significance is not in the synthesis of energy-rich phosphate bonds,
but in the “activation” of acetate. They convert acetate, and by analogous
reactions other fatty acids [KORNBERG and PRICER 1953 (a)], into forms in
which they can be metabolised.

A review of the three cases shows that the chemical mechanism by which
energy-rich phosphate bonds are generated follows the same pattern. A series
of reactions is so conducted that an ordinary “low energy bond”, such as the
ester bond of 2-phosphoglyceric acid, or a C—S bond of the adducts of mer-
captans and aldehydes is transformed into an energy-rich bond. The first
energy-rich bond to arise is not a pyrophosphate bond, but an acyl mercaptan
bond in Case I (Fig.2) and Case I11 (Reactions 4,4—¢,6), and an enol-
phosphate in Case IT (Fig.3). By reversible transfer reactions, the acyl
mercaptans are converted into other energy-rich bonds, which eventually
appear in ATP. With the exception of the enol phosphate formed in Case II
the various energy-rich bonds are all acid anhydrides. In Case I, the energy-
rich bond arises by the dehydrogenation of the addition compound of the sub-
strate and the active group of the enzyme, an —SH group of glutathione. In
Case II it is the elimination of the elements of water from 2-phosphoglyceric
acid, in Case III a coupled oxido-reduction (dismutation) between an aldehyde
and a disulphide, which creates an energy-rich bond.

Another way of looking upon the energy release from foodstuffs is the
following. A series of preparatory reactions takes place in which the free
energy change is small. These initial steps lead to the formation of ATP,
which, by hydrolysis of a pyrophosphate bond, can release a relatively large
amount of energy.

Ergebnisse der Physiologie, Bd. 49 15
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This situation is diagrammatically presented in Fig. 4 for the case of glyco-
lysis. The height of the first column represents the total free energy change of
glycolysis, i.e. that of the reaction

glucose + 2 ATP — 2 lactate + 2 ADP + 2 P.
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— stages of glycolysis
Fig. 4. Diagrammatic presentation of the free-energy changes of glycolysis
ATP formed in glycolysis is taken to be hydrolysed. The overall reaction is therefore
glucose + 2 ATP = 2 lactate + 2 ADP + 2 P.
Since 2 ATP moleculcs are synthesised during glycolysis the above equation is the sum of
glucose + 2 ATP + 2 P + 2 ADP = 2lactate + 4 ADP + 4 P.
The ordinate represents the total free-energy change of this reaction (7¢ kgcal). As the free-energy changes
depend on concentrations which are unknown, the assumption has been made that negligible free energy
changes occur at those stages which are readily reversible. The magnitude of the changes at other stages
is an approximate estimate (about 6 kgcal in the hexokinase, phospho-fructokinase and pyruvic kinase
reactions and 11.5 kgcal for the hydrolysis of ATP).

Each column after the first represents the free energy still available for release
after the various steps of the glycolytic scheme have been passed. It will be
noted that the majority of steps are not accompanied by appreciable changes
in free energy, and that relatively small amounts are released (and lost) at the
three reactions in which ATP participates (the hexokinase, phosphofructo-
kinase and pyruvate kinase reactions). Major quantities of energy become
free, and can be utilised, only when the ATP is hydrolysed to ADP and P,
at the stages marked A and B on Fig. 4. Hence the “‘build-up’’ of energy-rich
phosphate bonds must not be taken to mean that energy is in any way ac-
cumulated. It means that chemical changes are so organised that a major
amount of energy can be released in one reaction, a gradual loss in each step
being avoided. The position is analogous to the utilisation of the potential
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energy of water placed at an elevated level. This energy cannot be transformed
into other forms if the water flows to a lower level gradually, but it can drive
a turbine effectively if there is a sudden drop of level.

The three reactions (Cases I, I and III) just discussed all occur anaerobi-
cally and involve substrate molecules; they are therefore often referred to as
“‘anaerobic phosphorylations at substrate level”. In contrast, the phosphory-
lation associated with the oxidation of reduced pyridine nucleotide does not
directly involve substrates but intermediary hydrogen and electron carriers;
it is usually observed when the carriers are present in catalytic quantities
which are continuously reduced by the substrate and reoxidized by mole-
cular oxygen. Because of the involvement of oxygen the mechanism is com-
monly referred to as “oxidative phosphorylation”.

The enzymic systems of oxidative phosphorylation differ in important
aspects from those of anaerobic phosphorylation at substrate level [see LEH-
NINGER 1955, KREBS 1954 (b), SLATER 1955]. Unlike the latter, oxidative phos-
phorylation is inhibited by nitrophenols, halogen phenols, azide, gramicidin
and othersubstances. At suitable concentrations, these inhibitors of phosphory-
lation do not inhibit the oxidations; they thus “uncouple” oxidation and
phosphorylation. No similar effect is known in anaerobic phosphorylation.
Furthermore, whilst the anaerobic phosphorylations occur in homogenous
solutions, the mechanism responsible for oxidative phosphorylation is associ-
ated with insoluble particles of the cytoplasm, the mitochondria. Attempts to
bring oxidative phosphorylation into solution have not been successful and it
appears that it functions only in a heterogenous system. The mechanisms of
oxidative and anaerobic phosphorylation thus seem to differ in essential points.

The free energy change of reaction (3, 5) is about — 52 kgcal, which is suf-
ficient for the synthesis of at least three pyrophosphate bonds each requiring
the addition of about 12 to 14 kgcal under physiological conditions. Measure-
ments of the ratio

equivalents of organic phosphate formed
atoms of oxygen consumed

show that three pyrophosphate bonds can actually be synthesised when one
molecule of reduced pyridine nucleotide is oxidized (LEHNINGER 1949, 1951,
1955) and it is considered as probable, though not as certain, that one is formed
in each of the three component reactions (3, 2), (3, 3) and (3, 4) (NIELSEN and
LEHNINGER 1955, BORGSTROM, SUDDRUTH and LEHNINGER 1955).

5. Alternative Pathways of Anaerobic Fermentation
in Micro-organisms
What has been said so far refers mainly to animal tissues. The same basic

mechanisms of energy release, as summarised in Tables 1 and 2, and Fig. 5,
have been found in all types of animals from protozoa to mammals. They

15*%
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Glycogen, Starch
(Phosphorylase)
glucose 1-phosphate
(Phosphoglucomutase)
glucose 1,6-diphosphate
(Phosphoglucomutase)
Glucose (Hexokinase) — glycose 6-phosphate
(Hexosephosphate isomerase)
fructose 6-phosphate
(Phosphofructokinase)

fructose 1,6-diphosphate

(Aldolase or zymohexase)

i (Triosephosphate isomerase) l
3-phosphoglyceraldehyde ———> dihydroxyacetone phosphate
(Triosephosphate dehydrogenase)
1,3-diphosphoglycerate

(Phosphoglycerokinase)

3-phosphoglycerate

(Phosphoglyceromutase)

2,3-diphosphoglycerate

(Phosphoglyceromutase)

2-phosphoglycerate
l(Enolase)
phosphoenol pyruvate
l(Pyruvate kinase)
pyruvate
(Lactic dehydrogenase) // A\\ (Carboxylase)
lactate acetaldehyde + CO,
i(Alcohol dehydrogenase)

ethanol

Fig. 5. Lactic acid and alcoholic fermentation

Intermediary changes of the carbon skeleton of carbohydrates. (The names of the enzymes responsible
for each step are shown in brackets)

have also been demonstrated in a number of micro-organisms and in plants.
Many micro-organisms however possess additional reactions, both aerobic and
anaerobic, which release energy. Some of these are supplementary to, others
take the place of, those already discussed. Furthermore, alternative modes
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of foodstuff degradation occur and at least one of these, the pentose phos-
phate cycle, appears to be present in most types of organism [see RACKER
1954 (a)], though the amounts of sugars broken down by this route are usually
small.

Some micro-organisms do not ferment sugar to lactic acid, but to a variety
of other end-products such as formic, acetic, propionic, butyric and succinic
acids, ethanol, propanol, butanol, acetylmethylcarbinol, butylene-glycol,
acetone, and gaseous hydrogen. It has long been established that lactic acid
and alcoholic fermentations share a common pathway. Of the twelve major
intermediary stages of fermentation (Fig. 5), only the terminal ones differ in
alcoholic and lactic acid fermentation, pyruvate being the stage where the
branching occurs. Many observations on other forms of fermentation are
consistent with the view that the intermediary stages of sugar breakdown
leading to pyruvate occur also in those fermentations which yield the end-
products mentioned above. Pyruvate is thus not only the branching point
for the lactate and alcoholic fermentations but also for the other forms of
fermentation. The formation of pyruvate from carbohydrate has been directly
demonstrated in a number of species (AUBEL 1926, Cook 1930, WooDp and
WERKMAN 1934, WooDp, STONE and WERKMAN 1937). It has also been shown
in many cases that pyruvate can be fermented to the same products as carbo-
hydrate [COHEN 1949, COHEN and COHEN-BAZIRE 1948, COHEN-BAZIRE et al.
1948, CoHEN-BAZIRE and COHEN 1949, ROSENFELD and SIMON 1950(a), (b)].
Striking demonstrations of the existence of the lactate-producing mechanism in
organisms forming other end-products are inhibitor experiments with carbon
monoxide and hydrocyanic acid, and growth experiments on iron-deficient
media. Carbon monoxide, or hydrocyanic acid (KEMPNER and KuBowITz
1933, KuBOWITZ 1934, SIMON 1947), or omission of iron from the culture me-
medium, convert a butyric acid fermentation, or an acetone-butanol fermen-
tation of Clostridia into a lactic acid fermentation. (The names of the various
types of fermentation are derived from the predominant end-ptoducts.)
These observations also indicate that the secondary mechanisms, concerned
with the conversion of pyruvate into special end-products different from
lactate, involve iron catalysts.

The pathway of the secondary changes of pyruvate in various types of
anaerobic carbohydrate fermentation is outlined in Fig. 6. These different
types (the lactic, propionic, butyric, acetic-ethanol, butanol-acetone, acetyl
methyl carbinol, butylene glycol and succinic fermentations) seldom occur
alone. Most of the forms mentioned can occur simultaneously with the lactic
acid fermentation. The overall chemical changes in these and other fermen-
tations are shown in Table 4.

The scheme shown in Fig. 6 has two features of special interest. The first
is that the number of additional reactions is relatively small considering the
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variety of end-products; the second, that the occurrence of the majority of
the additional reactions is by no means restricted to the organisms endowed
with special fermenting powers. Several of these reactions, such as the syn-
thesis of acetoacetate and of C,-dicarboxylic acids, also take place in many
other organisms, including higher animals, though in these not as part of the
anaerobic energy-producing mechanism. This is an instance of the general
experience that one and the same primary mechanism is used by living matter
for a variety of different ends.

Apart from the reduction to lactate there appear to be only three major
primary reactions of pyruvate in bacterial fermentations: (1) the carboxylation
to yield oxaloacetate, or possibly (if associated with reduction) malate (WooD
1946, UTTER & WooD 1951) and (2) the interaction with thiamine pyro-
phosphate, leading to decarboxylation and to the formation of possibly an acet-
aldehyde thiamine pyrophosphate complex; (3) interaction with thiamine
pyrophosphate and coenzyme A by a mechanism not known in detail (see
WoLFE & O’KANE 1955) leading, like (2), to acetyl coenzyme A, but, unlike (2),
forming either formate or H,+ CO,. These three primary reactions can be
followed by various secondary reactions. Reduction of the C,-dicarboxylic
acids is probably the main pathway by which succinic acid is formed in micro-
organisms. Decarboxylation of succinate gives propionate, but this pathway
of propionate formation does not seem to be the only one. The “acetaldehyde-
thiamine pyrophosphate complex’’ can undergo at least three different reactions
(see Fig. 6). Most widespread among these is the formation of acetyl co-
enzyme A, via reactions analogous to (4, 5) and (4, 6). The acetyl group of acetyl
coenzyme A can undergo a variety of fermentation reactions, leading to free
acetic acid, ethanol, acetone, butyric acid, butanol or higher fatty acids.
Whilst many details of the pathways by which these substances are formed
from acetyl coenzyme A are still unknown it is probable that again there are
only two primary reactions: a condensation reaction between two molecules
of acetyl coenzyme A to yield acetoacetate (STADTMAN, DOUDOROFF & Lip-
MANN 1951) and the transacetylation reaction, yielding acetyl phosphate
(STADTMAN, NOVELLI& LIPMANN 1951). Butyric acid may be taken to be formed
by the reduction of acetoacetic acid, reacting in the form of the coenzyme A
derivative.

Acetyl phosphate yields free acetic acid by interaction with ADP (StaDT-
MAN & BARKER 1950):

CH, - CO - OPQ,H, + ADP —CH,-CO - OH + ATP. (5,1)

The mechanism of formation of ethanol from acetyl phosphate by reduction
of acetic acid as shown in Fig. 6, is hypothetical, but supported by some
evidence. A carboxylase of the type operating in yeast fermentation is un-
common in bacteria and the mechanism of ethanol formation in bacteria
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is therefore likely to be different from that in yeast. Tracer experiments by
Woop, BRowN and WERKMAN (1945) have shown that bacteria can reduce
acetate to ethanol, and butyrate to butanol. The possibility of an enzymic
reduction of a carboxyl phosphate has been established (BUCHER 1947,
BARANOWSKI 1949, VON EULER, ADLER and GUENTHER 1939) for the system
3-phospho-glyceric acid - 3-phosphoglyceraldehyde — 3-phospho-glycerol, the
stages being:

COOH COOPO,H,
|
CHOH + ATP — CHOH + ADP (4, 2)
| |
CH,OPO,H, CH,OPO,H,
3-phosphoglycervic acid 1:3-diphosphoglyceric acid
COOPO,H, CHO

l |
CHOH + DPNH, — CHOH + DPN + H,PO, (5, 3)

| |
CH,OPO,H, CH,0PO,H,

1: 3-diphosphoglyceric acid glycevaldehyde 3-phosphate
CHO CH,0H
(]ZHOH = CO (5, 4)
([2H20P03H2 (IDHzoPO,,H2

glycevaldehyde 3-phosphate dihydroxyacetone phosphate

CH,0H CH,OH
co + DPNH, — (IZHOH + DPN (5,5)
(IZHZOPO3H2 (IJHZOPO:,H2

dihydroxyacetone phosphate a-glycevophosphate

Butanol may be formed by analogous reactions from butyryl phosphate,
which is an intermediate in the metabolism of Clostridium butylicum. Alter-
natively ethanol and its homologues might involve a reaction of the type

acetyl coenzyme A 4+ DPNH, > acetaldehyde -+ coenzyme A + DPN

(BURTON & STADTMAN 1953).

The quantities of free energy which become available in the different forms
of anaerobic fermentations are listed in Tables 5 and 6. The data are approxi-
mate because of possible errors in the basic data used for the calculation.
Moreover they refer to standard concentrations and not to actual concentra-
tions which are variable and therefore not definable. To compare the different
forms of fermentation, the quantities of energy obtained from one half glucose
equivalent have also been listed. Substantially greater amounts are released
from the more complex fermentations shown in Table 5. On the other hand,
the free energy changes accompanying the heterofermentations listed in Table 6
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Table 5. Free-energy changes of anaerobic fermentations

The data are calculated from those given by Burton and KREBs (1953); 4G at
Pg 7.0; standard activities

AG per Y/,
Reaction AG (kgcal) | glucose

eq. (kgcal)

Glucose — 2 lactate~ + 2 H* — 50.0 | —25.0
Glucose — 2 ethanol + 2 CO, — 623 | —31.2
14 Glucose — 2 propionate~ + acetate- + 3H* + CO, + H,0 | —113.2 | — 37.7
3 Lactate™ — 2 propionate~ 4 acetate™ + CO, + H,0 — 426 | —14.2
Glycerol — propionate~ + H* 4 H,0 — 364 | —36.4
Glycerol + CO, — succinate?~ 4+ 2 H* + H,0 — 323 | —323
Glucose — butyrate~ + H* + 2CO, + 2 H, — 62.6 | —31.3
Glucose — butyrate~ + 3 H* + 2 HCOO- — 61.4 | —30.7
2 Glucose — butanol + acetone + 5 CO, + 4 H, —112.1 | —28.0

Table 6. Free-emergy changes of anaerobic hetevofermentations of E. coli
The data are calculated from those given by Burron and KREBS (1953); 4G at Py 7.0;
standard activities. The reaction schemes are formulated on the basis of the findings of
the authors quoted [KREBS 1954 (b)]

4G (per?/,
(kchal) glucose eq.)
(kgcal)

Author Reaction

2 lactate~

+ acetate

+ ethanol 4 CO,
+2H, + 3H*

2 succinate?~
+ 4 acetate~
STOKES (1949) . . | 5 Glucose + 2 H,O —{ + 4 ethanol — 288.7 | — 28.9
+ 6 fumarate?-
+ 14 H*

2 succinate?-
+ 2 acetate~
SCHEFFER (1928) . 5 Glucose — { + 2 ethanol — 2764 | —27.6
+ 2CO, + 2 H,

+ 4 lactate~ + 10 H*

HARDEN (1901) . . 2 Glucose + H,0 — —101.4 | — 25.3

yield surprisingly little extra energy. This suggests that the significance of the
secondary reactions in these organisms may lie in the synthesis of intermedia-
tes required for growth, rather than in the supply of energy. Acetyl coenzymeA
as well as C,-dicarboxylic acids can act as precursors of many cell constituents.
The great variety of additional fermentation reactions appears to include
only one additional reaction, or type of reaction, which leads directly to the
synthesis of ATP and thus belongs to the energy-giving reactions proper.
This is the acyl-phosphokinase reaction (STERN and OCHOA 1951, STADT-

MAN 1952):
acyl phosphate + ADP 2 fatty acid + ATP. (8, 06)
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There is one reaction of this type which has been definitely established involv-
ing acetic acid:

acetyl phosphate + ADP 2> acetic acid + ATP. (5,1)

This “‘acetate kinase” reaction, as well as the ‘phosphotransacetylase”
reaction preceding it:

acetyl coenzyme A + phosphate 2> acetyl phosphate 4 coenzyme A (5, 7)

are absent from the animal. They are probably the main source of ATP in
propionic acid bacteria or Clostridia growing anaerobically in media in which
lactate is the main source of carbon, and also in Clostridia depending on the
“Stickland reaction” as a source of energy. All types of Stickland reaction
(coupled oxido reductions between pairs of amino acids) lead to the formation
of an a-ketonic acid (N1SMAN 1954) which can react with coenzyme A accord-
ing to the general scheme [cf. (4, 1)]:

R-CO-COOH + coenzyme A + DPN - R.CO - coenzyme A + CO, + DPNH,. (4, 8)

The acyl coenzyme A formed can yield acetyl coenzyme A by a transfer
reaction catalysed by “coenzyme A transphorase’ (STADTMAN 1952):

acyl coenzyme A -+ acetate 2> acetyl coenzyme A 4 fatty acid. (5,9)

Whether acyl coenzyme A formed by reaction (4, 8) yields ATP via reactions
(5,9), (5,7) and (5,1), or via a phosphotransacetylase reaction analogous
to (5, 7) followed by reaction (4, 6), is an open question.

Reaction (5, 1) is the only known additional anaerobic energy-giving
reaction proper of widespread occurrence in micro-organisms and absent from
the animal. However, there is no doubt that further anaerobic sources of energy
are available to special micro-organisms, or under special conditions. One such
reaction has recently been discovered independently by KNIVETT (1952) and
by SLADE and Sramp (1952) and studied by Ocinsky and GEHRIG (1953),
KrEBS, EGGLESTON and KNIVETT (1955) and JONES, SPECTOR and LIPMANN
[1955(a, b)]. This is the decomposition of citrulline to ornithine, ammonia
and CO,:

NH,-CO-NH-CH, - R + H,0 - NH, - CH, - R + CO, + NH, (5, 10)
(citrulline) (ornithine)

[where R = — (CH,),CH(NH,) - COOH].
This is a component reaction of the ““arginine dihydrolase” reaction discovered

by Hirrs (1940),
arginine -+ 2 H,0O — ornithine 4+ CO, 4+ NH;,

the first stage being the reaction

arginine + H,O — citrulline.
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Only recently has it been recognised that reaction (5, 10) is an energy-giving
process. It requires the presence of inorganic phosphate and ADP and the full
chemical change is

citrulline + phosphate + ADP — ornithine 4+ NH,; + CO, + ATP. (5, 11)

This reaction has so far been resolved into two steps. In the first carbamyl
phosphate (NH, - CO - OPO,H,) is formed:

citrulline + phosphate — ornithine + carbamyl phosphate (5,12)
ATP arises in the second step:
NH, - CO - OPO,;H, + ADP 22 NH, + CO, + ATP. (5,13)

These reactions are in effect (and possibly, though not necessarily, in me-
chanism) the reversal of a stage of the synthesis of urea in mammalian liver,
and of arginine synthesis in living matter generally. Reaction (5, 13), in
reverse, is also a step in the synthesis of carbamyl aspartic acid which serves
as a precursor in the biosynthesis of the pyrimidine ring.

The reaction (5, 11) has been studied in Streptococcus faecalis and in
Clostridium perfringens (ScHMIDT, LoGaN and TYTELL 1952). It is presum-
ably in part responsible for the accelerated growth of S. faecalis on a medium
rich in arginine, arginine being a ready precursor of citrulline; but since argi-
nine or citrulline are available only in very special circumstances the scope
of this energy-giving source is obviously limited. It is, however, of interest
that this energy-giving reaction is probably an adaptation evolved from the
reverse process, which plays a part in the synthetic reactions of growing
bacteria generally.

Aerobically micro-organisms synthesise ATP by the same reactions which
occur in animal tissues namely by oxidative phosphorylation [reactions (3, 3),
(3, 4) and (3, 5)]. In some cases this has been directly demonstrated (HERSEY
& AjL 1951, PincHOT 1953, HYyNDMAN, BURRIS and WILSON 1943, TISSIERES
and SLATER 1955). In others it may be inferred from the presence in many
bacteria of the required reactants — pyridine nucleotides, flavoproteins and
iron porphyrins. The reduction of pyridine nucleotide which provides the
substrate for oxidative phosphorylation can in some micro-organisms, e.g.
Micrococcus lysodeicticus, Azotobacter and Aerobacter aerogenes, be effected
by the tricarboxylic acid cycle and its associated reactions. However, this
cycle does not seem to operate in all organisms which oxidise carbohydrate,
amino acids or fat. Moreover, micro-organisms are capable of deriving energy
from the oxidation of a much larger variety of substances than are animal
tissues. This applies, for example, to Pseudomonads which can utilise many
organic substances inert in other organisms, and to autotrophic organisms which
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can obtain energy from such reactions as
S® 4 20, - SO; (Thiobacillus)
NO; + + 0O, - NOj; (Nitrobacter)
NHj; + 140, - H,0 4 NO; + 2H* (Nitrosomonas)
H, + $+ 0, - H,0 (Hydrogenomonas).
Information on the energy transformations in these organisms is still scanty.
There is no doubt that ATP and pyridine nucleotides participate also here.
The energy-giving reactions proper are therefore probably identical with those
in oxidative phosphorylation elsewhere. What distinguishes the energy
metabolism of these organisms from that of others is their ability to use a
greater variety of substrates, organic and inorganic, for the reduction of pyri-
dine nucleotide. This is borne out by the fact that adaptation of Pseudo-
monads to mannitol and dulcitol (SHAW 1956) or to steroids (TALaray and
Dosson 1953, TALALAY and MARcUS 1954) represents a formation of specific
dehydrogenases catalysing the reduction of DPN by these substrates.

6. Alternative Pathways of Glucose Oxidation

The most widespread mode of biological glucose degradation consists of
primary fermentation and subsequent oxidation of the products of fermen-
tation, but alternative pathways of glucose oxidation, operating without pri-
mary fission of glucose to two triose molecules, exist in many types of different
organisms. Of various routes, the most common one is the ‘“ pentose phosphate
cycle”. The first reaction of this cycle, the “direct” oxidation of glucose
6-phosphate (i.e. direct without prior fission to triose or triosephosphate),
was discovered by WARBURG, CHRISTIAN and GRIESE in 1935 in mammalian
red blood cells treated with methylene blue. The primary hydrogen acceptor
in this reaction was identified as triphosphopyridine nucleotide. It was also
noted (WARBURG and CHRISTIAN 1936) that the 6-phosphogluconic acid, formed
from glucose 6-phosphate, undergoes further oxidation if TPN is present.
Per molecule of glucose 6-phosphate 3 molecules of O, were used and 3 mole-
cules of CO, produced; they were thus led to speak of a ‘“combustion” of
glucose 6-phosphate by TPN. Thanks to the early work of DICKENS [1936,
1938 (a, b)], LIPMANN (1936) and DiscHE (1938), and the more recent work of
Scort and COHEN (1951, 1953), DiscHE (1951) and especially of HORECKER
and of RACKER and their collaborators (reviewed by RACKER [1954(a)]) and
GunsaLus, HORECKER and WooD (1955)), it is now possible to formulate a de-
tailed scheme of the intermediary stages of the oxidation of glucose 6-phos-
phate. This is the pentose phosphate cycle. The main components of the
cycle are eight different reactions, (6, 1) to (6, 8). In the first reaction glucose
6-phosphate is oxidized to 6-phospho-gluconolactone (WARBURG and CHRI-
STIAN 1936, Corl and LIPMANN 1952, BRODIE and LipMANN 1955), which is
subsequently hydrolysed by a ‘“lactonase” to 6-phosphogluconate.
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O=C—H

l
H—C—OH

|
HO—C—H

|
H—C—OH

|
CH,0POH,

TPN
l —
H—C—OH TPNH,

0= o
H—(l:—OH !
|
HO—C—H O +ho
— I —
H——(I:—OH J ~H,0
HoC—— |
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0=C—OH
l
H—C—OH
|
HO—C—H
l (6, 1)
H—C—OH
I
H—C—OH

|
CH,OPO,H,

Glucose 6-phosphate 6-phospho-gluconolactone 6-phosphogluconate

The 6-phosphogluconate formed is oxidatively decarboxylated (6, 2) to yield
ribulose 5-phosphate, whilst another molecule of TPN is reduced (WARBURG
and CHRISTIAN 1937, HORECKER, SMYRNIOTIS and SEEGMILLER 1951).

0=C—OH ' 0=C=0H Co,
H—(IIOOH H—(I)—OH (IZHon
HO—C—H TPN C=0 C=0

| - l P— ] (6. 2)
H—C—OH  TPNH, H—C—OH H—C—OH

| | l
H—C—OH H——([‘,—OH H—C—OH

I I

CH,OPO,H, CH,0OPO,H, _! CH,0PO,H,
6-phosphogluconate  Hypothetical intermediate 3-keto ribulose 5-phosphate

6-phosphogluconic acid

Ribulose 5-phosphate undergoes two different isomerisations: one to ribose
5-phosphate (6, 3) catalysed by pentose phosphate isomerase (AXELROD and

JaNG 1954) CH,0H O=CH
C=0 H—(IZ—OH
H—(l‘,—OH P H—(IZ—OH (6,3)
H—C]—OH H—(l,—OH
c[:HzoPo,,H2 (IZH20P03H2

ribulose 5-phosphate

ribose 5-phosphate

and one (6, 4) to xylulose 5-phosphate (SRERE, CoOPER, KLYBAS and RACKER
1955, DICKENS and WILLIAMSON 1955)

CH,OH
C=0
H—¢on =
H——(l)—OH
(IJH,,OPOSH,

ribulose 5-phosphate

CH,OH

C=

l

HO—C—H

0
(6,4)

|
H—C—OH

l
CH,OPO,H,
xylulose 5-phosphate

A molecule of xylulose 5-phosphate and one of ribose 5-phosphate, produced
by the reactions (6, 3) and (6, 4), interact for form sedoheptulose 7-phosphate
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and glyceraldehyde 3-phosphate (6, 5) (SRERE et al. 1955, HORECKER, HUR-
witz and SMYRNIOTIS 1956). This reaction is catalysed by transketolase
(RACKER, DE LA HABA and LEDER 1953, DE LA HABA, RACKER and LEDER
1955), an enzyme requiring thiamine pyrophosphate as co-factor. It is thought
that an ‘“active glycolaldehyde”, i.e. an [enzyme-TPP—CHO - CH,0H]
complex similar to the [acetaldehyde-TPP] complex mentioned in (4, 4), may
be an intermediate in this reaction. This may therefore be written as:

CH,OH
|
C=0 CH,0H ]
H:Oé—H + TPP — lO:C—H TPP 4+ O=C—H
|
H [ H H—C—OH
CH,OPO;H, (J:H,OPO,H,
xylulose 5-phosphate “active glycolaldehyde'  glyceraldehyde 3-phosphate
I : CH,OH (6, 5)
CH,OH O0=C—H i
: | 5
0=(._‘,—H PP | + H—C—OH — H [ H + TPP
|
H—{%—OH H—é—OH
CH,;0PO,H, HA‘!I—OH
éH,OPO,H,
“active glycolaldehyde ribose 5-phosphate sedoheptulose T-phosphate

The glyceraldehyde 3-phosphate and sedoheptulose 7-phosphate interact
further in a transfer reaction under the influence of transaldolase. This enzyme
has not yet been isolated in a pure state and its co-factor requirements are there-

fore not known. The action of this enzyme is analogous to that of transketolase,
except that the moiety transferred is not an ‘““active glycolaldehyde’ but an
“active dihydroxyacetone”. In this reaction (6, 6), fructose 6-phosphate and ery-
throse 4-phosphate are formed (HORECKER and SMYRNIOTIS 1953, 1955, HOR-
ECKER, SMYRNIOTIS, HIATT and MARKS 1955, SRERE, KORNBERG and RACKER

1955)  cm,0H

+=o CH,0H
L =0
H—C—OH """ 0=C—H Ho—¢-n  (66)

H & o H+ 0=%3—H . ut om + & on

H——é—OH H—(E—-OH H—Ll/—OH H H

J‘.H,OPO,H, (JIH,OPOSH, éH_OPO,H, JZH,OPO,H,
sedoheptulose glyceraldehyde erythrose fructose
7-phosphate 3-phosphate 4-phosphate 6-phosphate
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The erythrose 4-phosphate formed in (6, 6) undergoes a transketolase reaction
(6, 7) with a molecule of xylulose 5-phosphate. This is analogous to (6, 5)
and leads to fructose 6-phosphate and glyceraldehyde 3-phosphate (KORN-
BERG and RACKER 1955):

CH,OH
CH,0H . ¢=0
=0 0=t HO— & m
HO(ID—H+ Hton — ndon + o-cm (9.7)
i _om H_¢—oH H_¢_om H—(‘,—oI H
(IZH,OP(),H, (IIH,OPOaH, l!iH,OPO,H, ¢H,0POH,

xylulose 5-phosphate erythrose 4-phosphate fructose 6-phosphate glyceraldehyde 3-phosphate
¥ -phosp ¥ phosp -phosphate g -phosp

The fructose 6-phosphate formed in (6, 6) and (6, 7) is converted to glucose
6-phosphate by reaction (6, 8), catalysed by hexosephosphate isomerase.

H—C=0
C=0 H—(]J—OH
HOA(].?—H HO—CL,—H
1 = (6,8)
H—C—-OH H H
HA(E—OH HA(I‘,—OH
J:H,OPOSH, éH,OPO,H,
fructose 6-phosphate glucose 6-phosphate

CH,0H

This reaction completes the cycle in that it leads to the (partial) regeneration
of the starting material, glucose 6-phosphate. The interplay of the components
of the cycle is somewhat complex. It is shown diagrammatically in Fig. 7.

In this scheme, the re-
actions catalysed by trans-
ketolase and transaldolase
(6,5), (6,6) and (6, 7) are
indicated by a crossing of
arrows; of the three glucose
6-phosphate molecules re-
quired for each turn of the
cycle, two are regenerated.
While three molecules par-

Xldose 5P ticipate in reactions (6, 1)
and (6, 2), two react accor-
Ribose 5-P ding to (6, 8) and only

Fig. 7. Diagram of the pentose phosphate cycle s s s
3 Starting materials and énd products. The crossing of arrows s eaCh in the e e
indicates transfer reaction. For further details see Tabley and text teactions.
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Table 7. The component veactions of the pentose phosphate cycle and their quantitative

velations

3 glucose 6-phosphate + 3 TPN

3 6-phosphogluconate + 3 TPN

ribulose 5-phosphate

2 ribulose 5-phosphate
ribose 5-phosphate + xylulose

(glucose 6-phosphate dehydrogenase) 3 6-phosphogluconate

.

(6-phosphogluconate dehydrogenase) 3 ribulose 5-phosphate

(pentose phosphate isomerase)

(xylulo-epimerase)
e

+ 3TPNH, 6.1)
+3C0, + 3TPNH, 2
ribose 5-phosphate (6, 3)

2 xylulose 5-phosphate (6, 4)
sedoheptulose 7-phos-

(transketolase)
5-phosphate === phate + glyceralde- (6, 5)
hyde 3-phosphate
sedoheptulose 7-phosphate (transaldolase) fructose 6-phosphate
+ glyceraldehyde — + erythrose (6, 6)
3-phosphate 4-phosphate
fructose 6-phosphate
lulose 5-phosphat 3 (transketolase)
e
phosp 3-phosphate
(hexose phosphate isomerase)
2 fructose 6-phosphate » 2 glucose 6-phosphate (6, 8)
Sum: glucose 6-phosphate 3 CO, + glyceraldehyde
+ 6 TPN 3-phosphate
+ 6 TPNH,

The net effect of one revolution of the cycle, as shown in Table 7, is there-

fore:
glucose 6-phosphate —» glyceraldehyde 3-phosphate 4 3CO,,

but the glyceraldehyde 3-phosphate thus formed does not accumulate in the
organism. It can be metabolised via phosphoglycerate, phosphoenol pyruvate
and pyruvate by the reactions shown in Table 2 and Fig. 1. Alternatively, if
triose phosphate isomerase, aldolase, fructose 1:6-diphosphatase and hexose
phosphate isomerase are present, the following sequence of reactions can occur:

glyceraldehyde 3-phosphate — dihydroxyacetone phosphate, (6,9)

glyceraldehyde 3-phosphate + dihydroxyacetone phosphate. (6, 10)
— fructose 1:6-diphosphate + H,0,

fructose 1: 6-diphosphate -+ H;O — fructose 6-phosphate 4+ H,PO,, (6,11)

fructose 6-phosphate —» glucose 6-phosphate. (6, 8)

Glucose 6-phosphate would thus be formed from two molecules of glycer-
aldehyde 3-phosphate, and could re-enter (and be oxidized by) the pentose
phosphate cycle. Reactions (6, 1) to (6, 11) repeated several times would there-
fore result in a complete combustion of glucose 6-phosphate. This con-
cept, which rests on the demonstration of all the required enzymes in liver
and pea root preparations (HORECKER, GIBBS, KLENOW and SMYRNIOTIS
1954; G1BBS & HORECKER 1954) is illustrated in Fig. 8.

Ergebnisse der Physiol , Bd. 49

B ny ]

16
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If glucose is completely oxidized according to Fig. 8, dehydrogenations
occur at only two stages (TPN being the hydrogen acceptor in both) and CO,
is released by one reaction only. It is indeed remarkable that all six carbon
atoms of glucose can be released by this one step. Again there is an extra-
ordinary economy of chemical tools. In the glucose breakdown by fermenta-
tion followed by the tricarboxylic acid cycle there are at least 6 different re-
actions leading to the reduction of pyridine nucleotide, against 2 in the pentose
phosphate cycle. The total number of steps by which the complete oxidation
of glucose is achieved is smaller in the pentose phosphate cycle than in the
breakdown by fermentation plus tricarbo-

Glucose 6-P . .
Glicase 6- xylic acid cycle, but the latter route not
NN only covers the degradation of carbo-
: hydrate but also that of fats and amino
Glyceraldetyde-P acids

Fructose 6-P+1 P f ar can
Glyceraldehyde- 'I‘h rbon at()“ls Ol Su.

Fructose 1:6-0i-P Dittydroxy-acetone-p D€ Teleased by one reaction is due to the
circumstance that the cycle of Fig. 8
Fig.8. Complete oxidation of glucose 6-phosphate  Can effect a transfer of all carbon atoms
via the pentose phosphate cycle and additional of hexoses to position 1 from which the
reactions catalysed by triose phosphate isomerase, .
aldolase, fructose 1,6-diphosphatase and hexose COZ is released.
hosphate isomerase. : . .

, Phosphaie v . The widespread occurrence in animal
The first step shown in the diagram (conver- . . i
sion of glucose 6-phosphate to glyceraldehyde  tissues, plants and micro-organisms of
phosphate + 3 CO,) represents the sum of the

reactions shown in Fig. 7

the pentose phosphate cycle has been
established, but information on its quan-
titative significance in relation to glycolysis is still incomplete. Whilst the
cycle may represent a major pathway of carbohydrate degradation in some
micro-organisms, its main physiological role in most organisms is more likely
to be the supply of pentose phosphate required as a constituent of nucleotides
and nucleic acids, as well as the degradation of surplus pentoses in food. Ery-
throse 4-phosphate can also serve as a precursor in the synthesis of aromatic
amino acids in micro-organisms (see chapter 8). This does not exclude that
the cycle is at the same time a source of energy. Energy-giving reactions may
be defined as those which lead to a synthesis of ATP. Hence all reactions in
which reduced pyridine nucleotide, or reduced flavoprotein, or reduced cyto-
chrome c, are formed, can supply utilisable energy. The reduced TPN which
is formed during the two dehydrogenation steps of the cycle can probably
take part in the synthesis of ATP in the same way as reduced DPN, although
there is no direct evidence that TPN can directly replace DPN in reaction
(3, 5). It is however possible that reduced TPN serves indirectly as the sub-
strate of oxidative phosphorylation through the intermediation of DPN.
Animal tissues and micro-organisms (KapLAN, CoLowicK and NEUFELD 1952,
1953) and plants (DAVIES 1956) contain an enzyme which transfers hydrogen
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from TPN to DPN:
TPNH, + DPN 22 TPN + DPNH,. (6, 9)

Whilst the presence of this enzyme is certain, its efficiency under physiological
conditions is not clear. Grock and McLEAN [1955(a), (b)] found that TPNH,
is prevented in the intact tissues from reacting freely according to (6, 9),
perhaps because the reactants are largely bound to other cell constituents,
or because they are inaccessible to each other in separate cell compartments.

Experiments with isotopically labelled glucose suggest that in animal
tissues or yeast only a small proportion of the total glucose breakdown is
accounted for by the pentose phosphate cycle, but owing to difficulties of
experimentation, inherent in the cyclic nature of the processes concerned, it
has not yet been possible to achieve a precise quantitative evaluation of the
contributions made by the different pathways of carbohydrate breakdown
(see WooOD 1955).

Apart from the pentose phosphate cycle, there are several other alternative
pathways of carbohydrate degradation. None of these is of such universal
occurrence as the pentose phosphate cycle; these other pathways seem to be
restricted to a limited range of micro-organisms (see GUNSALUS, HORECKER
& WooDp 1955, RACKER 1954).

7. The Path of Catbon in Photosynthesis

The pentose phosphate cycle of glucose oxidation has many features in
common with the chemical reactions by which green plants (and probably
other autotrophic organisms, see SANTER & VISHNIAC 1955, TRUDINGER 1955)
convert carbon dioxide to sugar.

In effect, photosynthesis is the reversal of respiration, in so far as oxygen
is evolved, carbon dioxide is absorbed and carbohydrate formed. However, the
sequence of reactions in photosynthesis is bound to be different from that in
respiration, at least in part, because the synthesis of carbohydrate, being
endergonic, must be linked with exergonic reactions. The pathway of carbon
in photosynthesis is known to include 15 different reactions: this is still a
minimum figure, as several stages are probably complex and could be further
resolved. Of these 15 reactions only 2 are specific to photosynthetic and
autotrophic organisms. All others also occur in non-photosynthetic cells,
either as steps of the pentose phosphate cycle, or of glycolysis, of or carbo-
hydrate synthesis from noncarbohydrate precursors. Some of the reactions
are reversible, and the direction in photosynthesis is the reverse of that in
glycolysis or of that in the pentose phosphate cycle.

The first of the two reactions of carbon compounds specific for photosynthe-
tic and autotrophic organisms is the phosphorylation of ribulose 5-phosphate
to form ribulose 1:5-diphosphate [WEIssBACH, SMYRNIOTIS and HORECKER

16*
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1954(a), (b), HurwrIrz 1955, HURWITZ et al. 1956, HORECKER, HURWITZ and
WEISSBACH 1956].

CH,0H " CH,0PO,H,
: =0 (|J=O
H—C—OH + ATP — H—C—OH + ADP (7:1)
H—é—OH H—(IJ——OH
H,0PO,H, (I)H,OPOSH,
ribulose 5-phosphate ribulose 1:5-diphosphate

This reaction is catalysed by phosphoribulokinase (Hurwitz 1955, HURWITZ
et al. 1956), and is analogous to the action of phosphofructokinase in glycolysis,
by which fructose 6-phosphate is converted to fructose 1: 6-diphosphate.

The second specific reaction is the cleavage of ribulose 1:5-diphosphate by
carbon dioxide and water, to yield 2 molecules of 3-phosphoglyceric acid
(QuavrE, FuLLER, BENsoN and CALvIN 1954, WEIssBACH and HORECKER
1955, WEeissBacH, HOorRECKER and HurwITz 1956, JAKOBY, BRUMMOND and
OcHoA 1956), catalysed by ‘“carboxydismutase” (CALVIN, QUAYLE, FULLER,
MavauDoON, BENSON and BassHaM 1955):

HO CH,0PO,H, CH,OPOH,
0=C + €=0 H—C—OH
HO H—C—OH oy c
[ e o’/ NoH
H—C—OH + (7,2)
[ o\ ,OH :
CH,OPO,H, \?/
H—COH
Su,0p0,H,

carbonic acid + ribulose 1:5-diphosphate 2 moles 3-phosphoglyceric acid

The enzyme is referred to as ““carboxydismutase” because the reaction can
be looked upon as a coupled oxidoreduction in which CO, is reduced to carb-
oxyl, a ketone is reduced to a secondary alcohol, and another secondary
alcohol is oxidized to carboxyl.

The 3-phosphoglycerate formed by reaction (7, 2) undergoes changes which
are identical with those of glycolysis, except that they proceed in the reverse
direction and that DPN may be replaced by TPN (ARNON, ROSENBERG and
WHATLEY 1954). 3-phosphoglycerate is first phosphorylated to 1:3-diphospho-
glyceratein areaction (5, 2), catalysed by phosphoglycerate kinase and previously
described,

o o
\c_oH N\Cc—0PO,H,

H—(|3——0H + ATP » H H 4 ADP (5,2)

| I
CH,0PO,H, CH,OPO,H,
3-phosphoglyceric acid 1: 3-diphosphoglyceric acid
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and then reacts with DPNH, or TPNH, and triose phosphate dehydrogenase
[cf. (5, 3)] to form glyceraldehyde 3-phosphate (7, 3).

0 0
N\CO—POH, \\\(!Z—H
|
H—C—OH  + DPNH,or TPNH, - H—C—OH + DPNorTPN + H,p0, (/>3)
| |
CH,OPO,H, CH,0PO,H,

2 molecules of glyceraldehyde 3-phosphate are converted to 1 molecule of
fructose 1:6-diphosphate by reactions (6, 9) and (6, 10), and the phosphate
attached to carbon atom 1 is split off by a fructose 1:6-diphosphatase (6, 11).

PRibulose 5-P ——— Ribulose 1 5-di-P

/—— Ribulose 5-P -_. Ribulose 1.5-di-P
Ribulose 5-P —-» Ribulose 1.5-di-P
y/u/asr 5-P /'
YZ‘Y 5P 3- ADP

Jl’lla.s - 3-Phospho-  3-Phospho-  3-Phospho-  3-Phospho-  3-Phospho-
gy cem/e y/ycemie /m-m glycerate  glycerate  glycerafe

|Sedoteptulose 7-P 64DP-— MfP MTP +,4rP mr/’ mrﬁ urP
G/yci,. Dlplmsplra Dlp/mplw ho-  Diphasph i D
aldehyde-P, glycerate  glycerate  glycerate y/ymnlr y/ym/e y/ycemfe
Wludose 5-P 6PN -—— ]» DPNH, ]f DPNK, +D/’///7:, .p/w;;g, 14, A wmr,
6P ~—

Glycer- Glycer- Glyc r- Gl ter G/ cer- 6‘/ycer
a/delgdi -P| aldebyde-P aldehyde-P  ale P aldehyde-P
[ryl/lr%:_ep 2P
ihydroxy-
Fructose 6-P i Fructose 1.6-di-P —{gg};,;:{%
Fructose 6-P=— Fructose 1:6-0i-P

Fig. 9. The path of carbon in photosynthesis (I)
(This scheme involves transaldolase, but not sedoheptulose 1:7-diP)

Finally three reactions catalysed by transketolase and transaldolase follow.
These are the reactions (6, 7), (6, 6) and (6, 5) of the pentose phosphate cycle,
acting in the reverse direction. They lead to the formation of xylulose 5-phos-
phate. This is then epimerized to ribulose 5-phosphate, by reaction (6, 4).
The cycle initiated by (7, 1) is thereby completed.

The quantitative relations of this cycle are conveniently represented by
a diagram (Fig. 9). One turn of the cycle, beginning with 3 molecules of ribulose
5-phosphate and 3 molecules of CO,, on balance leads to the formation of 1 mole-
cule of triosephosphate. As formulated, the cycle includes 12 different reac-
tions, and a total of 30 reactions. The latter are listed in Table 8. Two turns
of the cycle yield 2 molecules of glyceraldehyde 3-phosphate, which can form
a glucose moiety of starch by the six further reactions shown in Fig. 10. This
brings the total number of reactions required to form one glucose molecule
to 66. The reactions of Fig. 10 are those of glycolysis in reverse, except for

the stage
fructose 1:6-diP — fructose 6-P
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glyceraldehyde 3-P glyceraldehyde 3-P
l(triosephosphate isomerase)

dihydroxyacetone P

(aldolase)

¥
fructose 1: 6-diP
l(fructose 1:6-diphosphatase)
fructose 6-P + P
l(hexosephosphate isomerase)
glucose 6-P
l(phosphoglucomutase)
glucose 1-P
l(phosphorylase)
starch

Fig. 10. Pathway of synthests of starch from glyceraldehyde

once instead of twice and that reaction 9 is replaced by the two new reactions
(7, 4) and (7, 5).

CH,OPO,H,
C=0
HO—(I)—H
H—C=0 H—(ID—OH (7, 4)
H—(IZ—OH CH,OH H—(IJ—OH
B¢ on T ¢=0 7 H-¢_oH
(|3H20P03H2 C‘H,OPOaHz (IZHZOPOSH,

erythrose 4-phosphate  dihydroxyacetone phosphate sedoheptulose 1:7-diphosphate

In reaction (7, 4), catalysed by aldolase, sedoheptulose 1:7-diphosphate is
formed (HORECKER, SMYRNIOTIS, HIATT and MARKS 1954). This reaction
is similar to the formation of fructose 1:6-diphosphate catalysed by aldolase,
except that in the present case dihydroxyacetone phosphate reacts with
erythrose 4-phosphate instead of with glyceraldehyde 3-phosphate. The sedo-
heptulose 1:7-diphosphate produced is next (7, 5) postulated to yield sedo-
heptulose 7-phosphate, by hydrolysis of the phosphate group attached to car-
bon atom 1

CH,0PO,H, CH,0H
C=0 C=0
Ho—cl—H Ho—é—H
H——(|}—OH - H—(I:——OH + H,PO, (7,5)
H—C—OH H——(IJ—OH
H—(|)——OH H—([)——OH
(|)H20P03H2 (|3H20P03H2

sedoheptulose 1:7-diphosphate

sedoheptulose 7-phosphate
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under the action of a phosphatase. Again, this reaction is similar to the
conversion of fructose 1:6-diphosphate to fructose 6-phosphate already de-
scribed.

The net effect of this modification is the same as that of reactions 6, 7 and
9 of Table 8, and the balance of all reactions remains therefore as stated at the
bottom of that table. The modified scheme as a whole is shown in Fig. 11.
It will be noted that the action of transaldolase is replaced in this modification
by that of aldolase. The scheme has the disadvantage that it does not account
for the presence of transaldolase in photosynthetic cells. Since both transaldo-
lase and sedoheptulose 1:7-diphosphate have been demonstrated to occur in

Ribulose 5- P———» Ribulose 1:5-di-P

Ribulose 5- I’-—— Ribulose 1:5-di-P
ﬁﬁbﬂ/ases -P PRibulose 1:5-di-P
Xylulose 5-P Ribase 5P MD”

3 I’ha:plw 3-Phospho-  3-Phospho-  3-Phospho-  3-Phospho-  3-Phospho-
glycerate  glycerate  glycerafe  glycerate  glycerale
5AOP-— ndfP Mfl’ +»47P +AfF l +ATP *Af/’

Sedoheptulose
7 g/ymvte y/ycerale g/yremft y/ycmm gl ycemfe y/yczrafe
f 60PN -—— l.oﬁm + PV, ¢.D/’II}IZ +0sz +0FNH, +0/W/1;
Sedoheptulose 6P -
17- d/ P 6'/ycer Gl cer G/ynr 6l) m‘ Gl ce
Glycer- lotyde-P  aldbhydeP

dldetyce-p | Oldetyde-P aldetyde-P  alde a
4 ylﬂ/fm 5-P
Erythrose 4-P
Ditydrox,
Fructose 6- Fo— Fructose 1: 5""‘"‘{0&‘%: %
Ditydraxy-

acefone-P

Fig. 11. The path of carbon in photosynthesis (1)
(This scheme involves sedoheptulose 1:7-diphosphate, but not transaldolase)

photosynthetic cells, and since the fructose 1:6-diphosphatase present in such
cells also catalyses reaction (7, 5) [RACKER 1954(c)], it may be that both
pathways represented in Figs. 9 and 11 occur concurrently.

The cycle requires ATP and reduced DPN or TPN in order to proceed.
These two reactants arise in another component of the photosynthetic mechan-
nism. The energy needed for the synthesis of these substances from ADP,
inorganic phosphate and DPN is in the last resort derived from the absorbed
light. The nature of these reactions cannot be discussed in this survey (see
CALVIN 1955, ARNON 1955).

A remarkable feature of this pathway is the fact that there is only one re-
action in which carbon dioxide is fixed, and only one reaction where a reduction
takes place. The latter is especially noteworthy because the reduction of CO,
to ¢H(OH) is equivalent to the addition of 4 protons. The reduction of phos-
phoglyceric acid to glyceraldehyde 3-phosphate occurs in fact twice for each
molecule of CO, fixed. In addition to this step other reactions which amount
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to coupled oxidoreductions occur. One of these is the ““carboxydismutase’
reaction (7, 2) already discussed. Another is the aldol condensation of two
triose phosphates when an aldehyde is reduced to a secondary alcohol whilst
a primary alcohol is oxidized to a secondary one.

It is true that a second carboxylation reaction takes place in photosynthetic
cells, namely the formation of malic acid from phosphoglycerate:

+CO
phosphoglycerate — phosphopyruvate —— oxaloacetate — malate.

This reaction is not restricted to photosynthetic organisms; it is widespread in
animal tissues and in bacteria. It is not a stage in the conversion of CO,
to sugar but contributes towards the synthesis of di- and tri-carboxylic acids
and amino acids from phosphoglycerate.

8. Utilization of Energy for Chemical Syntheses

A general treatment of the mechanism by which energy, liberated in the
degradation of foodstuffs, is utilized to feed energy-requiring processes is
beyond the scope of this survey. It is well established that ATP plays a key
role as an energy transmitter in muscular contraction (WEBER 1954, 1955,
WEBER and PoORTZAHL 1954, MORALES, BoTTs, BLuM and HiLL 1955) and
probably of protoplasmatic movement generally (WEBER 1954). It is a fuel
in the generation of light in the lantern of the firefly [though not in every case
of bioluminescence (MCELROY 1951, MCELROY and STREHLER 1954)] and of
electric currents in the electric organ and in nerve tissue (NACHMANSOHN
1955, NACHMANSOHN et al. 1943, 1946). It plays a role in ““active” transport
of solutes in secretion and absorption (see DAVIES 1954). These aspects of the
fuel function of ATP have been reviewed elsewhere.

It is proposed here to discuss the mechanisms by which chemical
syntheses are achieved at the expense of the free energy of degradative
reactions, an aspect of energy utilization which has not been surveyed else-
where.

Synthesis is defined in the present context as any chemical reaction in
which free energy is lost. It is evident that syntheses in this sense are always
“half-reactions”. They can only take place if coupled with another chemical
reaction in which energy is liberated. The nature of the coupling mechanisms
by which the endergonic and exergonic reactions are so linked as to make a
transfer of energy possible is in fact the main problem to be considered. The
coupling mechanisms employed in the biosyntheses of are various types. In
most cases ATP takes part at some stages, but there are also syntheses which
do not involve ATP. Four cases illustrating the different types of mechanisms
are selected for detailed discussion.
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Case I. Synthesis of glycogen from glucose
A case where the coupling mechanism is simple is that of glycogen synthesis
from glucose: glucose — glycogen (4G = + 7.0 kgcal)? (8,1)
This endergonic reaction is coupled with the exergonic reaction
ATP*- + H,0 > ADP3~ + P*~ 4 H* (4G = — 11.6 kgcal) (8,2)

in the following manner:

glucose 4+ ATP — glucose 6-phosphate + ADP
glucose 6-phosphate — glucose 1-phosphate
glucose 1-phosphate — glycogen + P.

The sum of these three reactions is (8, 1) and (8, 2). Coupling is thus achieved
by the introduction of intermediary steps in which the reactants of both the
endergonic and exergonic reactions take part. Each individual step is exergonic
(at suitable concentrations of the reactants), as is the sum of (8, 1) and (8, 2),
and it is clear how any metabolic reaction leading to the synthesis of ATP can
energize the synthesis of polysaccharide from glucose.

Case I1. Synthesis of carbohydrate from lactate

A more complex case is the synthesis in liver tissue of carbohydrate from
non-carbohydrate precursors such as lactate or pyruvate. Whilst this syn-
thesis is in effect the reversal of glycolysis, the enzymic mechanism cannot, for
thermodynamic reasons, be a simple reversal of glycolysis. The changes as-
sociated with the fermentation of a glucose equivalent of glycogen may be
formulated as follows:

glycogen — 2lactate™ + 2 H* (4G = — 57.0 kgcal), (8, 3
3 [ADP®- 4 HPO}~ -+ H* > ATP*~ 4 H,0] (4G = + 3 x 11.6kgeal). (8, 4)

)

The sum of these two reactions is

glycogen + 3 ADP3~ + 3 HPO3~ + 3 H* — 2lactate™ 4+ 2 ATP4- + 3 H,0 8
(4G — —22.2Kkgea)). (& 5)
If the analogous calculations are made for the fermentation of glucose the
following data are obtained:

glucose + 2 ADP?~ + 2HPO}~ — 2lactate™ + 2ATP*~ + H,0 (4G = — 26.9kgcal). (8, 6)

As all steps of glycolysis are reversible, it has been assumed by some authors
that carbohydrate can be synthesised from lactate by the simple reversal of
(8, 5) and (8, 6). A high concentration of ATP and a low concentration of ADP,
achieved by oxidative phosphorylation, was taken to be the required driving
force. All but three steps of glycolysis are, in fact, readily reversed, but at

1 The free energy values in this chapter refer to the conditions stated in the heading
of Table 2.
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these three stages occur major energy barriers which are liable to prevent an
appreciable net reversal. Adenosine phosphates are reactants in all three:

glucose + ATP4~ — glucose 6-P2~ 4 ADP3~ + H*, (8,7)
fructose 6-P2~ 4+ ATP*- — fructose 1:6-diP4~ 4+ ADP3- 4 H*, (8, 8)
phosphopyruvate3~ + ADP?~ + H* — pyruvate™ + ATP*~. (8,9)

Reaction (8, 9), it should be borne in mind, must occur twice for each mole-
cule of carbohydrate and most of the total energy barrier of 26.9 kgcal required
to synthesise one molecule of glucose from 2 molecules of lactate is thus to be
overcome mainly in four individual reactions, each of which is endergonic
(when proceeding from left to right) by about 5—6 kgcal. Concentrations
of reactants which would favour such reversals can be calculated from the
equation

Product of concentrations of end products

AG=AG0+ RTIN 5 31§ of concentrations of starting materiah
The calculations show that a high ratio of ATP/ADP is needed for the reversal
of (8, 9) (about 10°% if the other reactants are present at equal concentrations),
whilst a low ratio is needed for the reversal of (8, 7) and (8, 8) (about 1078 if
the other reactants are present at equal concentrations). The two conditions
can hardly exist side by side in cells performing the synthesis, even if the two
reactions occur at different sites. A simple reversal of fermentation must
therefore be discounted as a mechanism of net synthesis. The evidence indicates
that the pathway of carbohydrate synthesis from lactate uses those steps of
glycolysis which are readily reversible but includes special reactions which
circumvent the energy barriers at the stages (8, 7), (8, 8) and (8, 9). In the
cases of reactions (8, 7) and (8, 8), the barrier can be circumvented if, in the
synthetic pathways, the phosphate of the hexose phosphate esters is removed
by hydrolysis rather than by transfer to ATP; i.e. if the reversal of reaction
(8, 7) is replaced by

fructose 1:6-diphosphate + H,O — fructose 6-phosphate + phosphate (8, 10)
and the reversal of reaction (8, 8) by
glucose 6-phosphate + H,0 — glucose 4 phosphate. (8, 11)

The two special enzymes required for (8, 10) and (8, 11) do in fact occur at
the sites of glycogen synthesis. These are the specific fructose 1:6-diphos-
phatase, releasing one phosphate group of fructose 1:6-diphosphate, which
has been already mentioned [see reaction (6, 11) (GOMORI 1943, PoGELL and
McGILVERY 1954)], and a specific glucose 6-phosphatase (FANTL & ROME
1945, SWANSON 1950, CorI & CORI 1952).

The energy barrier presented by the reversal of reaction (8, 9) is circum-
vented by a more complex mechanism, which includes the three reactions
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(8,12) to (8, 14):

pyruvate + TPNH, 4+ CO, - malate + TPN (8,12)
(catalysed by the ‘“malic enzyme’” of OcHoA, MEHLER & KORNBERG 1948),

malate + DPN — oxaloacetate + DPNH, (8,13)
(catalysed by malic dehydrogenase),

oxaloacetate + ITP — phosphopyruvate + CO, + IDP (8,14)
[catalysed by the enzyme of UTTER and KURAHASHI 1954).

The sum of reactions (8, 12) to (8, 14) is

pyruvate + TPNH, + DPN + ITP — phosphopyruvate + DPNH, + TPN +1DP. (8, 15)

Since the oxidation-reduction potential of the DPNH,/DPN and TPNH,/
TPN systems are virtually identical, and since there are no major differences
between the free energies of hydrolysis of ITP and ATP, reaction (8, 15)
must be no less endergonic than is reaction (8, 9) when going from right to
left, i.e. AG must be + 6.0 kgcal. But, whilst the single reaction (8, 9) presents
an energy barrier, the similar energy barrier presented by the over-all reaction
(8, 15) can be surmounted by coupling the component reactions (8, 12) to
(8, 14), with exergonic reactions. Any such coupled reaction which produces
TPNH,, DPN or ITP will facilitate the production of phosphopyruvate. Thus,
the formation of malate from pyruvate [reaction (8, 12)] can be coupled with
one of the TPNH,-producing dehydrogenase systems, such as the glucose
6-phosphate dehydrogenase (6, 1) or 6-phosphogluconate dehydrogenase (6, 2)
systems previously described, or the isocitrate dehydrogenase reaction

isocitrate + TPN —» a-ketoglutarate 4+ CO, + TPNH,. (8,16)

Of these, reaction (8, 16), although it has been demonstrated i»n vitro, cannot
play a major part in normal carbohydrate synthesis. This is, because for each
molecule of malate formed by (8, 12), one molecule of isocitrate would have to
be oxidized. Since each molecule of isocitrate arising in the tricarboxylic
acid cycle represents a stage in the oxidation of half an equivalent of glucose,
it would require one molecule of glucose to be oxidized for one molecule of
glucose to be synthesized, were (8, 12) coupled # vivo only with (8, 16). The
coupling of reaction (8, 12) with the oxidative reactions of the pentose phosphate
cycle, (6, 1) and (6, 2), is quantitatively feasible, if it is assumed that the pen-
{fose phosphate cycle operates rapidly enough to regenerate the requisite
amounts of glucose 6-phophate. The available evidence suggests, however,
that yet another mode of coupling of (8, 12) with TPNH,-producing reactions
operates. If the pentose phosphate cycle provided TPNH, at a sufficiently
rapid rate, maximum rates of malate synthesis should occur anaerobically on
addition of glucose 6-phosphate. Such is not the case: in pigeon liver pre-
parations, oxygen is far more effective in promoting reaction (8, 12) than is
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glucose 6-phosphate under anaerobic conditions [KREBS 1954(c)]. Since
only small amounts of lactate are formed in this system, the oxygen effect
cannot be due to the re-oxidation of lactate. Moreover, the stimulation by
oxygen is abolished by addition of 2:4-dinitrophenol. These findings suggest
a production of TPNH, by a reversal of oxidative phosphorylation, of the type
reduced flavoprotein + TPN + ATP 2> flavoprotein + TPNH, + ADP + P

discussed more fully in Chapter 10.

Reaction (8, 13) can be coupled with the oxidation of reduced pyridine
nucleotide by the flavoprotein-cytochrome-O, system. Not only is DPNH,
reoxidized to DPN in this reaction (3, 5) [thus facilitating reaction (8, 13)],
but also, by coupled oxidative phosphorylation, ATP is produced from ADP.
Since ATP and ITP are interconvertible by reaction (8, 17)

ATP + IDP 2 ADP + ITP (8, 17)
(KreBs and HEMS 1953, BERG and JOKLIK 1953, 1954)
the oxidation of reduced pyridine nucleotide facilitates both reactions (8, 13)
and (8, 14).

Whilst, then, the overall reaction (8, 15) is endergonic, the coupling of its
constituent reactions (8, 12) to (8, 14) with further reactions renders the sys-
tem exergonic.

These considerations also make it possible to suggest a stoichiometric
explanation for the maximum values of the original “MEYERHOF quotient”

molecules of lactate resynthesised to carbohydrate
molecules O, used for oxidation of lactate

(This should not be confused with another related metabolic quotient, also
referred to in the literature as “ MEYERHOF quotient’:

anaerobic lactic fermentation — aerobic lactic fermentation )
oxygen uptake )

The synthesis of carbohydrate from lactate involves two dehydrogenations
[in the conversion of lactate to pyruvate, and in the reaction coupled with
reaction (8,12)] and two hydrogenations (in the conversion of pyruvate to
malate and of phosphoglycerate to triose phosphate). The suggested coupling
of (8, 13) with the oxidation of DPNH, to DPN by oxygen would thus leave a
deficit of one molecule of DPNH, in the overall scheme. This is met if another
substrate molecule, for example lactate, is oxidized by DPN:

6 DPN + lactate - 6 DPNH, + 3 CO,. (8,18)

In this case one molecule of lactate would be oxidized for six molecules of
lactate converted to carbohydrate. This was found by MEYERHOF (1920) to
be the case.

Fig. 12 shows the pathway of carbohydrate synthesis from lactate as a
whole, without the coupled reactions at the stages between pyruvate and
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phosphopyruvate. The arrows on the right represent the synthesis, those on
the left glycolysis. Every intermediate carbon compound of glycolysis occurs
also in the synthesis, but the reactions by which the intermediates are formed
differ at three points. Another way of describing the situation is to say that
cyclic systems, in which the interconversion of the products involve different
mechanisms for the backward and forward reactions (see KREBS 1947), are
inserted at three points in the glycolytic chain of reactions.

Glycogen
N
glucose 1-P
N
ATE, glucose 6-P — glucose 4+ P
N
— fructose 6-P . _, p

+ ATP + H,0
|~> fructose 1:6-diP — :

N

phosphoglyceraldehyde 2> dihydroxyacetone-P

N
1,3-diphosphoglycerate
N
3-phosphoglycerate
N
2-phosphoglycerate
N

P
phosphopyruvate 4—7—oxaloacetate

\ *

+ CO,
pyruvate TPNH malate > fumarate
N )

lactate

glucose

Fig. 12. Pathways of carbohydrate breakdown and synthesis

(The pathways differ at three points. Catabolic reactions are indicated by the left hand arrows, anabolic
reactions by the right hand arrows)

All the postulated reactions have been demonstrated to occur. This
establishes the possibility of the mechanism. That carbohydrate is actually
formed through the postulated sequence is borne out by two independent
facts. The first is the participation of carbon dioxide in the synthesis of sugar.
When glycogen is synthesized in the liver in the presence of labelled CO,,
the label appears in carbons 3 and 4 of the glucose moieties. That this is not
a minor exchange reaction is shown by the quantitative measurements of
TopPPER & HASTINGS (1949). Their calculations indicate that a minimum of
84% of the pyruvate molecules must have fixed CO,, by a reaction of the
type (8,12), before they became part of the sugar molecule in the liver.
Secondly, if pyruvate entered the glycolytic chain by reversal of the pyruvate
kinase reaction (8, 9), isotope from pyruvate or lactate labelled with 14C in
the a-carbon should appear only in carbons 2 and 5 of the glucose moieties of
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glycogen, whilst f-labelled pyruvate and lactate should yield glucose with the
isotope only in carbons 1 and 6. In fact, however, the label is uniformly distri-
buted over carbons 1, 2, 5 and 6 of glucose, irrespective of whether a or
labelled pyruvate or lactate is administered to the animal (TopPER & HAsT-
INGS 1949, LORBER, LirsoN, WooD, SaxaM1 and SHREEVE 1950, LORBER,
LirsoN, SakaMI and WooD 1950). This means that the « and # carbon atoms
must at one stage be part of a symmetrical molecule. The present concept
makes provision for this, the symmetrical molecule being fumarate, formed by
a rapid side reaction from malate.

Case 111. Synthesis of Fatty Acids

Long chain fatty acids are known to be broken down and built up by the
removal or addition of C,-units reacting in the form of acetyl coenzyme A.
There are four reversible reactions for each molecule of acetyl coenzyme A,
in both breakdown and synthesis. In the case of the breakdown the first
step is the dehydrogenation of the fatty acid chain in the a-B position leading

to the formation of an e-f double bond, the immediate hydrogen acceptor
being a flavoprotein:

R R
((|3Hz)n ((|3H2)n
L, &,
CH, + flavoprotein 22 %{H + dihydroflavoprotein (8, 19)
CH, CH
Lo do
é—CoA é—CoA
acyl coenzyme A a-B-unsaturated acyl coenzyme A

(«-p dehydrogenation of fatty acids and hydrogenation of unsaturated fatty acids, cata-
lysed by “‘acyl-dehydrogenase”” [GREEN 1954 (b), 1955] or ‘‘ethylene reductase” (LYNEN
1954). According to LANGDON (1955) the reaction from right to left may require TPNH, .)

The second step is the hydration of the double bond leading to a g-hydroxy

acid. Ilz R
I
((l:Hz)n ((|3Hz)n
CH, CH,
(!ZH RO, (IJHOH
n “TH0 | (8,20)
([lH CH,
|
Co CO
| |
S—CoA S—CoA
o-f unsaturated acyl coenzyme A B-hydroxy acyl coenzyme A

[Catalysed by “crotonase” (SEUBERT & LYNEN 1953, STERN & DEL CAMPILLO 1953)
or ‘““enol hydrase” (GREEN 1955).]
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This is followed by the dehydrogenation of the g-hydroxy acid to a f-ketonic
acid, with DPN as the primary hydrogen acceptor:

R R

((l:Hz)n ((l?H,)n

(liH, CH,

(::HOH +DPN ——— CO + DPNH, (g, 21)
CH, CH,

do to

é—CoA é——CoA

B-hydroxy acyl coenzyme A B-keto acyl coenzyme A
(Catalysed by B-hydroxy acyl dehydrogenase.)

The fourth step is the thiolysis of the f-ketonic acid by a molecule of coen-

zyme A, to yield acetyl coenzyme A and an acyl coenzyme A with two carbon
atoms less than entered reaction (8, 19):

1 1
I
((I‘aHz)n ((l:'Hs)n
?H, (I)oA (IZH2
CO + S Co
...... ll <_‘—)_ I
CH, H S—CoA (8, 22)
0 +
i CH,
S—CoA |
(I‘,O
S—CoA
B-keto acyl coenzyme A acyl coenzyme A + acetyl coenzyme A

(Catalysed by -ketothiolase.)

In reverse these four reactions lead to the elongation of fatty acids. As the
fatty acids react in all cases as coenzyme A derivatives, one additional reaction
is necessary for both degradation and synthesis, namely a step initiating the
degradation, and a step completing the synthesis. The reaction which initiates
the degradation involves ATP and converts free fatty acid into the correspond-
ing acyl coenzyme A compound according to the general equation

fatty acid + coenzyme A + ATP 2 acyl coenzyme A + AMP -+ pyrophosphate. (8, 23)

This reaction, already referred to as the sum of reactions (4, 9) and (4, 8) pro-
ceeding from right to left, has been established for acetic and propionic acids
(CHou & L1PMANN 1952, BEINERT et al. 1953), as well as for medium (MAHLER,
WakiL and Bock 1953) and long chain fatty acids [KORNBERG & PRICER
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1953 (a)]. Although the reaction is reversible it is probable that only the re-
actions leading to the synthesis of acyl coenzyme A are of major physiological
importance (see p. 225). The final stage in the synthesis is the esterification
of fatty acids. Information on this stage is still incomplete. According to
KORNBERG & PRICER [1953 (b)], long chain acyl coenzyme A can react with
«-glycerophosphate.

CH,0H CH,0—Acyl
C’HOH + 2 Acyl CoA — Q[HO——Acyl (8, 24)
éHzoPOf,H2 (|2H20P03H2

a-glycerophosphate phosphatidic acid

How the phosphatidic acid is converted into neutral fat, or whether there is
a direct pathway leading from glycerol and acyl coenzyme A to neutral fat,
is not yet known (see TIETz and SHAPIRO 1956).

neutral fat

l(lipase)
fatty acid phosphatidic acid
N\ 4
\§ + ATP + CoA + a-glycerophosphate
\\
acyl CoA

l +n CoA
!

(n 4 1) acetyl CoA
Fig. 13. The breakdown and synthesis of fat

The reactions of long chain acyl coenzyme A, as far as they have been
discussed, are summarised in Fig. 13. Whilst the lengthening and shortening
of acyl coenzyme A chains is reversible, the formation of acyl coenzyme A
from fat, and the conversion of acyl coenzyme A to neutral fat, are assumed to
require different routes.

The question arises of what determines whether synthesis or degradation
occurs in the reversible system. The sum of the four reactions causing shorten-
ing or lengthening of fatty acid chains is as follows:

Cn-acyl CoA 4 DPNH, + reduced flavoprotein + acetyl CoA 2> 8
Cn +,-acyl CoA + DPN + flavoprotein + CoA (8, 25)

If this reactions is reversible, it proceeds from left to right when the values for
the three ratios

acetyl CoA reduced flavoprotein DPNH,

CoA—SH oxidized flavoprotein ’ DPN
Ergebnisse der Physiologie, Bd. 49

17
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are relatively high, and from right to left when the ratios are relatively low.
In the intact body, fat is generally synthesised when there is surplus of carbo-
hydrate, i.e. when pyruvate is available to form more acetyl coenzyme A
than is required for energy production by the tricarboxylic acid cycle. Con-
comitant with the formation of acetyl CoA from pyruvate, occurs the reduction
of DPN, and, indirectly, of flavoprotein. Thus surplus of pyruvate raises the
three above ratios, whereas lack of carbohydrate lowers them. It can therefore
be understood, in general terms, why fatty acids are broken down in the ab-
sence and synthesised in the presence of carbohydrate.

Case IV. Synthesis of Phenylalanine

In contrast to the metabolism of fatty acid chains, where syntheses occur
by the same reactions as do degradations, is the metabolism of a number of
amino acids where synthesis and degradation follow totally different routes.
An example of this is the case of phenylalanine. Many micro-organisms,
unlike higher animals, can synthesise this amino acid from a variety of carbon
compounds and ammonia. The chief stages of the synthesis have recently been
established for E. coli, Neurospora crassa and Aerobacter aerogenes, thanks
to the work of TATUM et al. (1954), DAvis (1955), SPRINSON (1955), GILVARG
(1955), EHRENSVARD '(1955) and their collaborators. Most of the information
has been obtained by the use of isotopic carbon compounds and especially
from the study of the metabolism of mutants deficient in enzymes required
for the synthesis. Such a deficiency can lead to the accumulation of inter-
mediates which can be isolated, identified, and examined for metabolic pro-
perties. Substances which have been established as intermediates are erythrose
4-phosphate, phosphopyruvate, 5-dehydroshikimic acid, shikimic acid, pre-
phenic acid and phenyl pyruvic acid. The pathway of synthesis is shown in
Fig.14. Though incomplete and in part hypothetical, this scheme may be taken
to represent correctly the main stages of the synthesis in the organisms studied,
and probably also in other organisms, including plants.

Either glucose or sedoheptulose 1:7-diphosphate can serve as starting
material for the synthesis of the carbon skeleton of phenylalanine. Both are
precursors of erythrose 4-phosphate and phosphopyruvate (see chapter 6).
As seen from Fig. 14, the reactions proceeding from erythrose 4-phosphate
and phosphopyruvate include a hydrogenation by TPNH, (for the reduction
of dehydroshikimic acid), a decarboxylation, and several condensations and
rearrangements, with and without the elimination of water or phosphate.
The balance equation, starting from erythrose 4-phosphate, phosphopyruvic
acid and glutamate is a follows:

erythrose 4-phosphate 4 2 phosphopyruvate 4 glutamate 4 TPNH, — (8, 26)
phenylalanine + a-ketoglutarate + CO, 4+ 5 H,0O 4 TPN + 3 P. ’
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Glucose Glucose

via pentose cycle
J+o [ e

2[COOH - C- (OPO;H,):CH,]  CHO -CH (OH) - CH(OH) - CH,0PO,H,

phosphopyruvic acid erythwose 4-phosphate
\
H(

COOH - CO - CH, - CH(OH) - CH(OH) - CH(OH) - CH,OPO,H,
2-keto 3-deoxy 7-phospho D-gluco-hep-
tonic acid, hypothetical intermediate;
see SRINIVASAN, KATAGIRI & SPRIN-
- HPO, SON (1955).
|~ H,0 [catalysed by cell-free extracts of E. coli
(SRINIVASAN ef.al. 1955). This reaction
| is analogous to condensation of phos-
¥ phopyruvate and HCO,~ leading to

COOH oxaloacetate (UTTER-KURAHASHI reac-
| tion (8, 14).]
N
| | 5-dehydroshikimic acid
o/ \|/ \OH
OH
| + TPNH [catalysed by 5-dehydroshikimic re-
} : ductase (YANIV & GILVARG 1955)]
COOH
|
AN
| |+TeN shikimic acid
HO/ \\|/ l\OH
OH

Jl,— 2 H,O + pyruvate or phosphopyruvate
H, - -COOH
\_/CH,; €O
m prephenic acid
N
|,
OH

|- H,0
- CO,

CH, - CO - COOH

HO-0C

N
[ phenyl pyruvic acid
N
l -+ glutamate (catalysed by transaminase)
CH, - CH (NH,) - COOH
|
()
|
\\/‘

Fig. 14. Synthesis of phenylalanine

phenylalanine

(The main information is derived from experiments on E. coli and Neurospora. Glucose can be replaced
by sedoheptulose 1:7-diphosphate as a source of both erythrose 4-phosphate and phosphopyruvate)
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As TPNH, can be available in only catalytic quantities, the synthesis must be
coupled with a TPN-requiring dehydrogenase system. ATP is not necessary
for the synthesis when the reactants on the left of reaction (8, 26) are available,
because the energy content of the starting material is sufficiently high to allow
the over-all synthesis of phenylalanine to be accompanied by a loss of free
energy. But ATP is, of course, required for the synthesis of these starting
materials. The exergonic nature of most of the intermediary steps of reaction
(8, 26) 1s demonstrated by the fact that they readily occur in solutions contain-
ing the required enzymes.

The biological breakdown of phenylalanine passes through entirely different
stages, shown in Fig. 15. In the animal, as well as in some micro-organisms,
these stages have been shown [see ref. (d) Table 3] to include tyrosine, homo-
gentisic acid, fumaryl-acetoacetic acid, fumaric acid, malic acid and aceto-
acetic acid.

Exactly analogous situations apply to other amino acids, such as valine,
leucine and histidine where the pathways of synthesis and degradation are
also entirely different (EHRENSVARD 1955).

General considerations

A review of the four examples of synthesis from a general standpoint
reveals that ATP participates in all cases, but that the fission of ATP is in
most cases not the only mechanism of energy supply. A second source of
energy supply is provided by the occurrence of coupled oxido-reductions.

In Case I — synthesis of glycogen from glucose — ATP is the only source
of energy. In Case II — synthesis of carbohydrate from lactate — ATP
operates in conjunction with coupled oxido-reductions. In Case III — syn-
thesis of fatty acids — ATP does not take part in the majority of steps, (the
four reactions concerned with the lengthening of the fatty acid chains) but
is required, if free acetate is the precursor of acetyl coenzyme A, through
reactions (4, 8) and (4, 9) proceeding from right to left. Since, however,
acetyl coenzyme A arises mainly from pyruvate, the synthesis of fatty acids
depends on the state of oxido-reduction systems and on the availability of
coenzyme A, rather than on the supply of ATP.

The analysis of Case IV shows that ATP, although it does not occur in the
reactions of the scheme as presented, plays a necessary role in reactions prior
to those listed. The formation of carbohydrate, be it by photosynthesis or
by synthesis from lactate, requires ATP. Furthermore, carbohydrate must be
converted into glucose 6-phosphate by a reaction requiring ATP before it can
yield the precursors of phenylalanine synthesis, erythrose 4-phosphate and
phosphopyruvate.

Coupled oxido-reductions may be looked upon as systems where the end-
ergonic and exergonic processes are linked by pyridine nucleotides. This
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. /CHa - CH(NH,) - COOH

|
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| +10,
_ACHa " CH(NH,) - COOH
HO‘/\‘/

|V+ x-ketoglutarate
«_/CH,+CO - COOH

N\
[
HO’/\’///
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| CH,-COOH
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HO/ CO - CH, - COOH
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NCH CO-CH,-COOH
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HC_  CH,
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\

Tricarboxylic acid cycle

Phenylalanine

(catalysed by complex enzyme system of
UDENFRIEND and MITOMA 1955)

Tyrosine

(catalysed by transaminase)

p-Hydroxyphenyl pyruvic acid

(catalysed by enzyme system requiring
ascorbic acid)

2,5-dihydroxy phenvl pyruvic acid

Homogentisic acid

(catalysed by homogentisic oxidase, requiring
ferrous ions [SupA and TAKEDA 1950, CRAN-
DALL 1955(a), (b), ScHEPARTZ 1953, KNOX
and EpwARDS 1955(a)])

Maleyl acetoacetic acid

(catalysed by cis-transisomerase requiring
glutathione as co-factor [Knox 1955, KNox
and EDWARDs 1955(b)])

Fumaryl acetoacetic acid
(catalysed by specific hydrolysing enzyme

(fumaryl acetoacetate hydrolase] [CRANDALL

1954 (a), (b)])

Fumavric and Acetoacetic acids

Tig. 15. Breakdown of phenylalanine (KNox 1955)
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represents a short-circuiting of energy transfer. DPN, instead of serving as a
substrate in oxidative phosphorylation and thereby generating ATP, reacts
directly with the substrate which serves as material for the synthesis. Since
such coupled oxido-reductions are generally readily reversible, the efficiency
of the energy transfer approaches 100%. Whether a substance is synthesised
or degraded in such a reversible system depends on shifts of the equilibrium
position brought about by the addition or removal of reactants. As the range
of concentrations of reactants is limited, shifts in equilibrium do not usually
lead to major net changes. Bulk changes can therefore be brought about only if
reversible systems operate in conjunction with systems which are virtually
irreversible. Examples of the latter are the hexokinase reaction in glycogen
synthesis, the formation of phosphopyruvate from ATP and pyruvate,
and dephosphorylation of hexose phosphates in the conversion of lactate to
glycogen. In photosynthesis, the carboxydismutase and phosphoribulokinase
reactions, and the dephosphorylation of sugar, are the reactions which shift
the equilibrium states in one direction. In other words, reversible steps are
links connecting the decisive irreversible steps in syntheses. Inasmuch as these
irreversible stages usually include reactions in which ATP takes part, it is
true to say that ATP is a key fuel which drives the syntheses.

9. Control of Energy-Supplying Processes

The nature and the rates of energy-supplying processes in living cells are
not constant but vary with the physiological state — rest or activity — and
the environment — the types of available nutriants, the pH and other factors.
In cells, mechanisms exist which adjust the energy metabolism according to
circumstances. Thus, energy is obtained by oxidations if air is available but
by fermentations of sugar if conditions are anaerobic. The rate of energy
supply can be increased by cells when they change from the resting to the
active state and new enzymes can be developed, particularly in micro-
organisms, when the chemical composition of the environment changes.

Hormones and the nervous system are responsible for some of the changes
in the reaction rates in higher organisms, but control mechanisms also occur
in lower forms of life, such as the unicellular ones in which hormones and nerve
cells do not occur. These “ primitive”’ (STADIE 1954) control mechanisms are
also present in animals; they are in fact the basic systems upon which the
action of hormones or the nervous system is super-imposed. Knowledge of
intermediary metabolism and of enzyme systems has sufficiently advanced
in recent years to prepare the ground for a study of the enzymic mechanisms
which operate in the rate control of metabolic processes, and to give tentative
answers to the question of how cells adapt their rates of energy supply to
changing needs.
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The basic unit which determines the rates is the enzyme substrate system.
The quantities of enzyme and of substrate together limit the maximum rates
which can be reached under any given condition. Such maximum rates are
exceptional under physiological conditions, the limiting factor being usually
(but not always) the amount of substrate. The fact that intermediate products
do not usually accumulate shows that the substrates of the intermediary en-
zymes are removed as rapidly as they are formed. The average half life of the
acids of the tricarboxylic acid cycle in a rapidly respiring tissue is of the order
of a few seconds [KrREBS 1954 (a)]. Thus the amount of enzyme in the tissue is
sufficient to deal with the intermediate as soon as the latter arises; in other
words, the amount of available substrate is the factor limiting the rate at which
the intermediary step proceeds.

This conclusion is borne out by the fact that addition of the intermediates
often increases the rate of intermediary processes. The intermediates of the
tricarboxylic acid cycle, for example, all stimulate the rate of respiration of
suitable tissue preparations (see KREBS 1943). This indicates that the enzymes
attacking the added substrates are not used to full capacity when endogenous
substrates, such as glucose, are oxidized.

Although, then, the rate of many steps of intermediary metabolism depends
mainly on the concentration of the substrates, this is not true for all steps.
There are some reactions, small in number by comparison, where the rates
depend on factors other than the amount of enzyme or substrates. These are
the “pacemakers” of metabolism. They are the reactions on which the study
of the control of metabolism must concentrate, the first task being the identi-
fication of the pacemakers, the second the analysis of the mechanism by which
their rates are controlled.

There is a general principle which may guide the search for pacemakers.
As pacemakers are reactions of variable rate, the level of substrate concentra-
tion of the pacemakers must vary inversely with the rate: it must increase
when the reaction rate decreases. Whether the rise is appreciable may be
expected to depend on the equilibrium position of the preceding step. The
study of the concentration level of intermediary metabolites, especially the
change of steady state concentrations caused by a change of environmental
conditions, may therefore provide information on the nature of pacemakers
and control mechanisms. LYNEN (1941) and LYNEN and KOENIGSBERGER (1951),
for example, found that the change from aerobic to anaerobic conditionsin fer-
menting yeast cells is accompanied by a rise in orthophosphate, which indicates
that a reaction involving phosphate is one of the pacemakers of fermentation.
Owing to lack of adequate methods of analysis, information on the steady state
levels of intermediary metabolites is still very limited (see HOLZER 1953, 1956).

Pacemakers of anaerobic glycolysis. Of the twelve major steps of anaerobic
glycolysis (see Fig. 5) two have been assumed by various authors to act as
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pacemakers of anaerobic glycolysis. The first is the hexokinase reaction (see
LEPAGE 1950) which probably initiates all major metabolic reactions of glucose:
the anaerobic fermentations, the complete oxidation, the transformations into
glycogen, fat, amino acids or other cell constituents (Fig.16). Whilst the
hexokinase reaction (or a reaction very closely connected with it, possibly the
penetration of glucose to the site of hexokinase) evidently determines the rate
of glucose consumption it cannot control the energy production from glucose
because of the variety of pathways open to glucose 6-phosphate.

Glucose
l (Hexokinase reaction)

Glucose 6-phosphate
|

+ v v
Lactic acid or Ethanol Glucose 1-phosphate Phosphogluconic acid
¥ 4 +
Complete oxidation or Glycogen Pentose phosphate
Transformation into fat }

or amino acids Pentose phosphate cycle

Fig. 16. Alternative pathways of glucose metabolism

The triosephosphate dehydrogenase reaction has been taken to be the
second pacemaker which decides the rate of energy production from glucose
6-phosphate. As already discussed this is a complex reaction in which DPN,

CH,O - PO,H, CH,0 - PO,H,
(]DHOH + ADP + P 4+ DPN % CHOH + ATP + DPNH,
I
HCO COOH
glyceraldehyde phosphate 3-phosphoglyceric acid

Fig. 17. Over-all change in the triosephosphate dehydrogenase system

This is the result of two major steps, those catalysed by triosephosphate dehydrogenase and by phospho-
glycerokinase. The details of the reaction mechanism are set out in Fig. 2 (BUCHER 1947)

ADP and orthophosphate take part (Fig. 17). The detailed chemical change is
shown in Fig. 2. It is obvious from the formulation that the reaction cannot
take place unless ADP and P are available, — the very two substances which
become available when energy is spent. It must be understood, however,
that the rate control is due not so much to the presence or absence of these
reactants as to the level of their concentrations: the rate decreases already
before ADP or P disappear completely. It also follows that the rate of the
triosephosphate dehydrogenase reaction may be influenced by any process
which either removes or supplies ADP or P. The main reaction which removes
ADP and P is respiration, coupled with oxidative phosphorylation. Hence
respiration must inhibit fermentation; this is the interpretation of the PASTEUR
effect (the inhibition of fermentation by oxygen) proposed by LYNEN (1941)
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and JOHNSON (1941). On the other hand any energy requiring process, by
supplying ADP or P, will, within limits, stimulate fermentation.

Whilst it is very probable that this mechanism operates, there remain
some aspects of glucose utilisation to be clarified, as LYNEN and KoOENIGS-
BERGER (1951) have pointed out. Stoppage of the triosephosphate dehydro-
genase reaction can explain stoppage of lactic acid formation, but it does not
account for the decreased utilisation of sugar. Non-removal of triosephosphate
would lead to an accumulation of fructose diphosphate, because of the ready
reversibility of the aldolase reaction (see Fig. 10). But the stage between fruc-
tose 1:6-diphosphate and fructose 6-phosphate is not readily reversible. Hence
the accumulation of triosephosphate or fructose 1:6-diphosphate cannot by
mass action prevent the hexokinase reaction or the conversion of glucose
6-phosphate into fructose 6-phosphate and fructose 1:6-diphosphate. On the
contrary, the relatively high concentration of ATP required for the inhibition
of the triosephosphate dehydrogenase reaction is expected to facilitate the
formation both of glucose 6-phosphate and of fructose 1:6-diphosphate from
glucose or from glycogen. Thus additional factors must be responsible for the
decrease of sugar consumption when conditions change from anaerobiosis to
aerobiosis. LYNEN and KOENIGSBERGER (1951) have raised the questions
whether the rate of the hexokinase reaction might be controlled by the hexose
phosphates formed. An important observation in this context is the non-
competitive inhibition of hexokinase by glucose 6-phosphate, discovered by
WEIL-MALHERBE and BoNE (1951) and further investigated by CRANE and
SoLs (1954). Glucose 6-phosphate in as low a concentration as 0.5 X 1073 M
causes 40 % inhibition. It is certainly feasible that this inhibition, or analogous
effects at other stages of glycolysis, play a part in the control mechanism, but
before this can be accepted, further investigations are needed, especially of
the steady state concentrations of the phosphorylated intermediates, of the
kinetics of the enzyme systems concerned, and of specific inhibitions by inter-
mediary metabolites.

It has also been considered whether the reduction of sugar consumption in
the presence of oxygen might be caused by a direct action of oxygen on an
enzyme, for instance by the oxidation of a SH group which might inactivate
an enzyme reversibly (LIPMANN 1933, 1934, BURK 1939, MEYERHOF and FIALA
1950, LYNEN and KOENIGSBERGER 1951), but the evidence argues against
this kind of mechanism: fermentation can, under a variety of conditions, reach
the anaerobic level in the presence of oxygen, as, for example, on addition of
dinitrophenol, HCN, or isonitrile.

Pacemakers of respiration. When energy is released by the oxidation of
carbohydrate, fat, and amino acids, there are over a hundred identifiable
intermediate steps, only a few of which are pacemakers. It follows from the
non-accumulation of intermediates that those steps which initiate the oxidation
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of a substrate must be among the pacemakers of respiration. These reactions
also decide which substrate, among a mixture, is attacked preferentially —
whether carbohydrate, fatty acids or amino acids serve as a source of energy.

In addition, pacemakers are expected at two other stages of the oxidative
metabolism, at those where the total oxygen consumption (i.e. energy supply)
is determined and at those where, after a partial degradation, more than one
pathway is open. A diagram of the fate of carbohydrate and fatty acids
(Fig. 18) shows the major stages where branching of pathways may occur.
It is decided at these branching points whether glucose is broken down to
supply energy or stored in the form of glycogen; whether glucose, via acetyl

glucose fatty acids
glycogen = v
glucose 6-phosphate
4
triosephosphate, lactate

\

pyruvate

+
. . acetyl CoA
amino acids, - '
orphyrins, sterols ) .
POEPEY tricarboxylic acid cycle
¥
CO, + H,0
Fig. 18. Branching of metabolic pathways

AN

ketone bodies

coenzyme A, is converted into fat or whether fat is broken down to give energy;
whether ketone bodies are formed from fatty acids or acetyl coenzyme A
(ketogenesis) or disposed of via the tricarboxylic acid cycle (antiketogenesis);
whether intermediates of the tricarboxylic acid cycle are oxidized, or used to
supply carbon skeletons for the synthesis of amino acids, porphyrins or steroids.
Two of the three stages where pacemakers are expected — the initiation of
the breakdown and the branching points — have a feature in common: there
is in both cases a choice between alternative reactions, in the first case between
different substrates, and the second between different routes starting from the
same substrate.

Enzymic pattern of control mechanism. The analysis of the control mecha-
nisms which operate in these pacemaker reactions must begin with a trans-
lation of the situation into the terminology of enzyme chemistry. Two types of
situations may be distingfiished. Alternative metabolic routes may arise either
from a choice of alternative reactions (say, breakdown of either carbohydrate,
or fat, or protein, when energy is needed), or a choice of alternative directions
of pathways (say, synthesis or breakdown of fatty acids). In the first case the
reactions which take place are essentially different, whilst in the second the
same reactions move in opposite directions.
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The closer examination of the first case shows that the alternative reactions
which occur when cells have the choice of obtaining energy from a variety of
substrates are not entirely independent and separate processes. As already
discussed in Chapters 2 and 3, only the first step of the complex sequence by
which the substrate is brought to reaction with molecular oxygen varies from
substrate to substrate. All other intermediate steps [reactions (3, 2) to (3, 5)]
are shared by the alternative reactions as diagrammatically shown in Fig. 19.
Five substrates representing the great majority of metabolites supplying energy

Tactate Triose-P Glutamate Malate p-Hydroxy-butyrate
-2H —2H —-2H —-2H -2H

Reduced Pyridine Nucleotide

Succinate
—2H
T -2H
Fatty acids
| —2H
{

Reduced Flavoprotein

-2H

Reduced Cytochrome
l—zH (—2e + 2H*Y)
Reduced O, (H,0)

Fig. 19. Joint pathways of hydrogen transport from substrate to molecular oxygen

are chosen to illustrate the principle. The oxidation begins in every case with
a transfer of hydrogens atoms to a common reagent, DPN. Partial exceptions,
as already mentioned in Chapter 3, are fatty acids and succinate, but most
intermediate steps are in these cases also shared with the other substrates.
Fatty acids and succinate donate hydrogen atoms directly to flavoprotein,
deviations from the rule which are necessitated by the thermodynamic cha-
racteristics of these substrates.

Choice of substrate thus means competition of several substances for
the same catalyst. The majority of substrates compete directly for DPN.
Fatty acids, succinate and reduced DPN compete for flavoprotein. Which
substrate is oxidized depends on physico-chemical properties which are defin-
able, such as the relative rates at which the substrates interact with the com-
mon agent.

The pattern of the enzymic mechanisms is somewhat different when the
alternatives are different directions of the same reactions, e.g. synthesis or
breakdown of fatty acids. The control mechanism for such a system has al-
ready been discussed in Chapter 8. In this case the relative values of the ratios
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?:Cc:?icso}? ) ;i?;lcz iiffl;‘;(;gr:;g;, and D]I)’g;{ 2 determine the direction of the
reactions by mass action and the value of these ratios in turn depends above all
on the availability of pyruvate.

There are many other syntheses where the mechanisms controlling the
balance between synthesis and breakdown cannot yet be satisfactorily visu-
alised, mainly because the enzymic reactions have not been sufficiently clari-
fied. The principles operating in the fatty acid system are probably factors
in many cases. An additional factor is the presence of special enzymes such as
those which overcome the energy barriers in the synthesis of carbohydrate
from lactate or pyruvate (Chapter 8).

The mechanism which regulates the rate of oxygen consumption, i.e. the
rate at which DPNH,, reduced flavoprotein and reduced cytochrome c react
with O,, is of a different type. As already discussed, these reactions are
coupled with the synthesis of ATP from ADP and orthophosphate. Owing to
this coupling the reaction

DPNH, + } 0, - DPN + H,0 (3,5)

and its component steps (3, 2), (3, 3) and (3, 4) proceed at full rates only if
ADP and orthophosphate are present, [although short cuts not involving
phosphorylation may possibly occur (LEHNINGER 1954)]. The role of phos-
phates in this reaction is analogous to that in the triosephosphate dehydro-
genase reaction. Both reactions are controlled by the rate at which ATP is
split to ADP and P, i.e. by the amount of energy spent. As the rate of the
interaction between substrates and DPN depends on the rate at which DPN
is regenerated by the oxidation of DPNH,, oxidative phosphorylation also
controls the rate of degradation of the substrate.

These concepts, it should be repeated, are tentative. They are supported
by substantial evidence but cannot be regarded as established in detail. What
is well established is the rate-limiting function of P and/or phosphate acceptors
under certain well defined conditions. Earlier observations by LENNER-
STRAND (1936) and BELITZER (1939) on rate control by phosphate and/or
phosphate acceptors have been elaborated in particular by LARDY and WELL-
MAN (1952), who showed that the rate of oxidation of a variety of substrates
in liver mitochondria is greatly accelerated by the addition of inorganic phos-
phate and of ADP or other phosphate acceptors (see LARDY 1952, COOPER,
DEVLIN and LEHNINGER 1955, CHANCE 1955). RABINOVITZ, STULBERG and
BOYER (1951) obtained similar results with heart muscle. Under some ex-
perimental conditions the rate-limiting factor is inorganic phosphate, under
others it is the phosphate acceptor. It is probable that both can play a role
i vivo.

Contol of ketogenesis. Acetoacetate, the chief of the ketone bodies, arises
mainly by condensation of two molecules of acetate which react in the form of
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acetyl coenzyme A. As already stated, acetyl coenzyme A has the alternative
of entering the tricarboxylic acid cycle at one of the branching points. As this
route requires oxaloacetate, this substance is taken to be the key metabolite
in ketogenesis and antiketogenesis (KORANYI and SzENT-GYORGYI 1937).
However, experimental tests in the intact organisms failed in many cases to
bear out this view: succinate, which readily supplies oxaloacetate in the body,
does not relieve acidosis in human diabetics (LAWRENCE 1937, LAWRENCE,
McCaNcE and ARCHER 1934) and in the rat (TERRELL 1938, DEUEL, HALL-
MAN and MURRAY 1937), though BEATTY and WEST (1951) noted some decrease
in urinary ketone body excretion in rats made ketotic by excess butyrate,
when various precursors of oxaloacetate were administered by stomach tube.
On the other hand, oxaloacetate is certainly antiketogenic in isolated mito-
chondria. Whilst fatty acids yield ketone bodies in liver mitochondria in the
absence of oxaloacetate, they are oxidized through the tricarboxylic acid cycle
when oxaloacetate is added (LEHNINGER 1946). The availability of oxalo-
acetate can thus, at least under certain conditions, decide between ketone body
accumulation and complete oxidation of fatty acids.

Experiments with substances which interfere with the tricarboxylic acid
cycle and thereby reduce the supply of oxaloacetate lead to the same conclusion.
Malonate, which prevents the oxidation of succinate, and ammonium ions,
which divert e-ketoglutarate to glutamate (RECKNAGEL and POTTER 1951)
are both ketogenic. These are observations which point to the key role of
oxaloacetate, but it cannot be claimed that the mechanism controlling keto-
genesis is fully understood, probably because of insufficient information on
the factors which control the steady state level of oxaloacetate. At least five
independent reactions are known to cause the formation or disappearance of

oxaloacetate:
malate + § O, = oxaloacetate + H,O (malic dehydrogenase)

phosphopyruvate + CO, + ADP (or IDP)
Z oxaloacetate 4+ ATP (or ITP) (UTTER-KURAHASHI reaction)

aspartate 4- a-ketoglutarate 2> oxaloacetate + glutamate (transaminase)
oxaloacetate 4 H,0 > pyruvate + HCO;~ (oxaloacetic decarboxylase)

oxaloacetate 4- acetyl coenzyme A 2> citrate 4 coenzyme A (condensing enzyme)
The steady state level of oxaloacetate must depend on the interplay of these
five (and possibly other) reactions. How this interplay is governed is unknown.

In summing up this aspect of ketogenesis it can be said that the metabolic
fate of acetyl coenzyme A at one of the branching points is decided by the
supply of a special reactant. Again there is competition of one substrate
between two alternatives, the alternative in this case being either a reaction
with oxaloacetate or a reaction with the second molecule of acetyl coenzyme A.

The availability of oxaloacetate can account for the formation or non-
formation of acetoacetyl coenzyme A. Free acetoacetate appears only in liver
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in appreciable quantities. This is accounted for by the fact that liver contains
an enzyme which hydrolyses acetoacetyl coenzyme A (‘deacylase’) and, unlike
most other tissues, cannot convert free acetoacetate back to the coenzyme A
derivative (M and GREEN 1954, MAHLER 1953). This again illustrates the
obvious point that presence or absence of specific enzymes contributes to the
control of pathways.

General comments on the design of control mechanisms

Hormonal control of biological activities operates generally through an
effect of the hormone on the activity of an enzyme. This may be accelerating
or inhibitory, probably more often inhibitory. The non-hormonal control
mechanisms discussed here are in principle of a different type. They usually
belong to the type of systems which engineers call “feedback’’systems. Con-
trol by feedback is an arrangement in which the controlled ‘process, as it pro-
gresses, creates conditions unfavourable for further progress, and thereby
causes the rate to decrease. This slowing down recreates more favourable
conditions and thereby speeds up the process. Thermoregulators are among
the simplest examples of feedback systems.

The mechanisms by which biological energy transformations are controlled
include in many cases arrangements of the same type. The key substances
through which these controls are operated appear to be inorganic phosphate
and ADP. Their presence stimulates the rate of both the aerobic and the
anaerobic degradation of foodstuffs. Their concentrations are bound to rise
when energy is spent. The increased rate of respiration or fermentation in
turn causes their removal and thereby decreases the rates.

Competitive mechanisms, in which DPN is one of the key substances, may
also be looked upon as feedback systems. When two substrates compete for
a common intermediary catalyst, each, by its presence, creates unfavourable
conditions for the reaction of the other substrate. As one of the substrates
disappears, the second is automatically fed to the catalyst so that approximate
constancy of catalytic activity is secured.

The relative contributions made in higher animals by hormonal control
and feedback control may be illustrated by the example of the energy-supply-
ing reactions. Whilst hormones, in particular that of the thyroid, play an
important role in the control of the basal metabolic rate, the energy needs
due to functional activity, such as contraction by muscles, or secretion by
glands, seem to be controlled by feedback mechanisms. It is true that hor-
mones may control secretion and thereby influence the rate of energy supply.
But these effects of hormones on the rates of energy supply are probably in-
direct and achieved through the intermediation of feedback mechanisms.

Feedback mechanisms occur at many other levels of biological organisation.
The long known effect of the alveolar CO, pressure on breathing (HALDANE
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and PRIESTLEY 1905) is an example. Others concern the activities of the
nervous system, including those of the higher centres. The purposeful be-
haviour of biological systems in particular can in many cases be accounted
for in an entirely mechanistic manner by hypotheses based on the feedback
principle (ROSENBLUETH, WIENER and BIGELOW 1943).

So far, no more than a beginning has been made in the elucidation of the
chemical mechanisms which control the nature and the rate of energy-supply-
ing processes, but an insight has already been gained into some of the prin-
ciples involved. The adaptation of the energy-supply to changing needs can,
at least in part, be understood on the basis of the properties of the enzyme
systems, inhibitions and feedback arrangements being the distinctive features
of the control mechanisms.

10. A Special Feature of ATP as an Energy Store

Energy-rich phosphate bonds of ATP can be synthesised at the expense
of the free energy of many types of oxido-reductions, irrespective of the level
of the redox potential of the systems concerned. As long as the two inter-
acting systems have suitable concentrations and potentials to yield sufficient
free energy, they can support the synthesis of ATP. For example, in oxidative
phosphorylation, ATP may be formed by the oxidation of DPNH, to DPN
(standard redox potential — 0.320 volt at pH 7.0), by the oxidation of dihydro-
flavoprotein (standard redox potential about —0.06 volt at pH 7.0) and by
the oxidation of ferrocytochrome c (standard redox potential + 0.26 volt at
pH 7.0).

The fact that the synthesis of, and the release of energy from, ATP is
independent of the redox scale allows ATP to be used as an “‘energy currency”
or “energy transmitter” in a wide range of situations. It can in particular
act as an energy link between two oxido-reduction systems. This means that
one oxido-reduction (e.g. the oxidation of ferrocytochrome by O,), by pro-
ducing ATP, can theoretically drive another similarly ATP-producing oxido-
reduction backwards. Thus the system DPNH, + flavoprotein & DPN +
dihydroflavoprotein could be driven from right to left, to produce DPNH,,
provided that the coupling of oxido-reduction and ATP synthesis in this
system is reversible (DAVIES & KREBS 1952). Whether this theoretical possi-
bility is in fact realised has not been definitely established but experimental
observations strongly suggest that it occurs. As has been previously mentioned
the reductive synthesis of malate from pyruvate and CO,, catalysed by the
malic enzyme:

pyruvate + CO, + TPNH, -> malate + TPN (8,12)

is much more rapid in the presence of O, than in its absence (KREBS 1954).
So far the only satisfactory explanation for this effect is the assumption that
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O,, through the intermediation of ATP, facilitates the reduction of TPN to
TPNH,. This assumption is supported by the observation that dinitrophenol
abolishes the effect of O,. It is at first surprising that O, can promote a re-
duction in this system despite the fact that oxygen, if in direct contact with
a suitable catalyst, causes the oxidation of TPNH,. The situation regarding
the action of ATP is exactly analogous to the action of electrons in a system
of oxidation-reduction cells which allow one oxido-reduction cell to drive
another cell backwards, even though the components of this cell may have
lower oxido-reduction potentials and would be oxidized by the components
of the first cell if they were mixed.

|

e e |

Pt | Cet+ Fes+ Cu?+ Tis+ |
L Pt——

| Ces+ " || Fezt Cut | Tizt

(E0=+1.44v) (E°= +0.78v)  (E®= +0.17V) (E®= + 0.37v)

aq. !———Pt—»(
|

Fig. 20. Oxidation-reduction cells coupled by wire
(For particulars see text; Davies and KreBs 1952)

I the electric cells shown in Fig. 20, the first cell contains a solution of
Ce?* and Ce?* salts in one compartment and of Fe** and Fe?* salts in another.
The net E. M. F. of this cell is 1.44 — 0.78 = 0.66 v, and the generation of
current is accomplished by the reaction

(a) Cet* 4 Fe?* — Ce®* + Fed*.

The second cell contains solutions of Cu* and Cu?* in one compartment and
of Ti3* and Ti®* in another. The net E. M. F. of this cell is 0.37 —0.17 =
0.20 v, and the generation of current is accomplished by the reaction

(b) Ti%* 4 Cu* - Ti2* 4 Cu?".

When the two cells are connected as shown in the diagram, the greater
E. M. F. of the first cell can drive the second cell backwards, and the reaction
now occurring in the second cell is the reverse of (b), i.e.

(c) Cu2* + Ti2* - Cu* 4- Tid*.

The net effect is, therefore, that the reduction of Cu?* is brought about by
the powerful oxidiser, Ce**.

It is no doubt of great significances that in a system which derives its
energy in the last resort from oxido-reductions, the free energy of the hydro-
lysis of ATP is independent of redox potentials. Like the electrons in the
platinum wire, ATP can act as “energy currency’ and link energetically
systems of widely different redox potentials.
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11. Evolution of Energy Transforming Mechanisms

The object of this survey, as stated at the outset, has been to discuss those
aspects of biological energy transformations which are common to many
different types of organisms. These common features reveal a continuity
between chemical processes in different types of organisms, and also between
different types of chemical processes within the same organism, and thus
lead to a unifying concept: many types of chemical activities which at first
may appear totally different are in fact modifications of the same basic
themes.

It has been argued that the emphasis on unifying principles of this sort is
artificial and misleading. In reply it may be said that such concepts are the
very essence of evolutionary theory. This theory envisages a continuity be-
tween all types of living organisms. The manifestation of this continuity is a
sharing of biological properties, which occurs not only at the level of energy
transformations (as stressed in this survey) but at all levels of biological
organisation. At the morphological level it is, for example, the cell and its
differentiation into cytoplasm, nucleus and other organelles which are shared
by all forms of life (except the incomplete parasitic ones of viruses). At the
physiological level, the mechanisms which effect exchanges of materials bet-
ween cells and their environment — absorption and secretion — may be cited
as universal biological phenomena.

The shared basic themes must be taken as representing the starting levels
from which numerous additional activities have evolved. Thus the full picture
of energy transformations contains a much greater variety of metabolic pro-
cesses than has been shown in the present account.

The newer knowledge of the common features of the different metabolic
processes has contributed further evidence to the hypotheses about biochemical
evolution advanced in recent years (HALDANE 1929, OPARIN 1938, HOrROWITZ
1945, UREY 1952). Reactions which show the widest occurrence among living
organisms are those taking part in the anaerobic fermentation of hexoses to
lactic acid or ethanol. This suggests that these fermentations arose very
early in the evolutionary scale (HALDANE 1929). It appears to be generally
accepted that, when life came into being, the earth’s atmosphere was a re-
ducing one, and that organic compounds were plentiful (HALDANE 1929, 1954,
OPARIN 1938, DAUVILLIER and DESGUIN 1942, HOROWITZ 1945, VAN NIEL 1949,
UREY 1952, BERNAL 1954, PIRIE 1954). Evidence to support this view largely
rests on geochemical grounds (UREY 1952) and on the demonstration that
organic materials found in biological systems, such as some organic acids and
amino acids, can be synthesised by the passage of high-energy radiation
through a reducing atmosphere of methane, ammonia, hydrogen and water
MILLER 1953, 1955).

Ergebnisse der Physiologie, Bd. 4y 18
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The view that anaerobic fermentations were the earliest energy-supplying
processes is consistent with the finding that some of the components of the
fermentation reactions, including ATP and DPN, occur in almost every other
metabolic process supplying, or depending on, utilisable energy (see BLuM
1951, MADISON 1953). It is further noteworthy that although ATP and DPN
are functionally very different, they are chemically closely related, in so far
as DPN contains the adenylic acid moiety.

There is no clear-cut evidence to indicate the time in the evolutionary
scale when the reactions of the pentose phosphate cycle arose. It is likely that
the earliest organisms did not require this metabolic mechanism. Pentoses
may have been abundant in the primeval environment, and the pentose
phosphate cycle, which supplies pentoses to the organism, probably evolved
only when the original environmental pentose supply decreased. Further
evidence to support the view that this cycle evolved after the fermentations
is provided by the fact that the cycle contains several of the reactions of
fermentation as well as some new ones. The close similarity of the reactions
of the pentose phosphate cycle and the path of carbon in photosynthesis
raises the question which of the two mechanisms arose first. Some authors
(OpARIN 1938, UREY 1952, MILLER 1953, 1955, but cf. GOLDSCHMIDT 1952)
assume that free carbon dioxide was almost absent from the earth’s atmosphere
when life began. If this was the case, photosynthesis must have arisen after
carbon dioxide had been released, both by biological processes and by possibly
its liberation from carbonate rocks. The concept that the complexity of
biological mechanisms has increased gradually suggests that the pentose phos-
phate cycle arose before photosynthesis. Given the reactions of fermentation
and of the pentose phosphate cycle, only a few additional reactions are required
for photosynthesis, namely two reactions in the pathway of carbon and the
complex photochemical reaction proper.

OPARIN (1938), UREY (1952) and others have concluded that the oxygen
of the atmosphere was essentially produced by photosynthesis. The appearance
of photosynthesis would thus pave the way for the evolution of respiratory
mechanisms. The most widespread reactions for the oxidative utilisation of
food — the tricarboxylic acid cycle operating in conjunction with the cyto-
chrome system — would therefore have arisen later in the evolutionary
sequence than the fermentations and the pentose phosphate and photosyn-
thetic carbon cycles.

These tentative time relationships in the evolution of the main biological
energy-transforming processes may be visualised as shown in Fig. 21. In
view of its widespread occurrence amongst all types of aerobic organisms,
even the last stage shown in this diagram, that of cell respiration, must
have evolved comparatively early, at a stage when organisms were still uni-

cellular.
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Discussions have taken place from time to time about the ‘unity’ or ‘disunity’
of the biochemical organisation of different types of organism. Some authors
consider it as more profitable to emphasise different rather than common
features. Thus COHEN (1954) suggests that comparative biochemistry should
concern itself with “the study of the origin, nature and control of biochemical
variability”. On the other hand, STANIER (1954), following KLUYVER (1931)
and VAN NIEL (1949) defines the task of the comparative biochemist as “to
seek for the common biochemical principles which are expressed in all forms
of life”. These differences merely reflect different attitudes towards the same

Anaerobic fermentations (include glycolytic enzymes, ATP and pyridine nucleotide)
v
Pentose phosphate cycle

v

Photosynthesis
(includes metalloporphyrins)

Cell respiration
(includes tricarboxylic acid cycle, oxidative phosphorylation, cytochrome system)

Fig. 21. Tentative evolutionary time scale of the main reactions concerned with energy transformations
(The arrows indicate time intervals. The scale is based on the assumption that the surface of the primitive

earth was rich in organic substances, but free from O, and CO, and further that the later stages have evolved

from older ones by the implantation of new reactions upon existing mechanisms. For further details see
text)

facts. Some authors prefer to lay stress on endless variety and complexity,

and others to trace the common ancestry from which the variety has sprung,

but most will agree on the need for both approaches.

Appendix
Free Energy Data of Biological Interest
By
K. BURTON

Free energy data indicate the approximate equilibrium positions of reac-
tions where the equilibrium concentrations of reactants have not been measured
directly. In addition they are of more general use in studying energy trans-
formations as indicated in the preceding review. It must be remembered,
however, that the difficulties of evaluating the concentrations and thermo-
dynamic activities of substances under the complex conditions existing in
cells often impose severe limitations on the use of free energy data.

The following tables summarise most of the reliable free energy data at
present available for compounds and reactions of biological interest. Some
values have been newly calculated; others, where necessary, have been revised
in the light of changes in the values accepted for the ancillary data used in

18*
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Table 9. Free energies of formation from the elements

—AG°f (kgcal)

Name References and comments
Pure In aqueous
compound solution
Acetaldehyde (gas) 31.96 33.38 | Rossint et al. (1952); cf. BurToN and
WiLsoN (1953). Solution data from
WurMsER and WURMSER (1936).
Acetic acid (lig.) . . . 93.75 95.48 | BurtoN and KRrEBs (1953). Uncer-
Acetate= . . . . . . — 88.99 tainty (4 1kgcal) in combustion
data.
Acetoacetate™ . — 118 Approximate value from A-hydroxy-
butyrate and redox potential (see
Table 10).
Acetone (lig.) . 37.18 38.52 | BurtoN and WILSON (1953).
cis-Aconitate’~ — 220.51 | BURTON (1955).
Adenine —71.55 — STiEHLER and HUFFMAN (1935).
L-Alanine 88.40 88.75 | BurtoN and KREBs (1953).
Allantoin . . 106.62 — STIEHLER and HUFFMAN (1935).
NH, (gas) . . . 3.098 6.37 | Rossint et al. (1952).
NH3} - 19.00
L-Arginine - 57.44 — HurrMaN and ELLis (1937).
L-Asparagine . . . 183.50 125.86 | Borsook and HUFFMAN (1938). Value
(monohydr.) adjusted slightly in view of data for
anh. compound and for heats of so-
lution.
L-Aspartic acid . . 174.76 172.31 | BurtoN and KrEBs (1953). Combu-
L-Aspartate+?~ — 166.99 stion data do not agree with those of
Oxa [1944(a)].
n-Butanol (liq.) . . 40.39 41.07 | Burton and KREBS (1953).
n-Butyric acid (liq.) 90.65 90.86 | BurtoNn and KREBs (1953), HANSEN,
n-Butyrate~ — 84.28 MILLER, and CHRISTIAN (1955). No
‘WASHBURN correction.
CO, (gas) . . . 94.26 92.31 | RossInI et al. (1952).
HCO; — 140.31
Citrate3~ . . . — 279.24 | BURTON (1955).
iso-Citrate®~ — 277.65
Creatine 63.19 — Borsook and HUFFMAN (1938).
(anh.)
121.11 63.17
(monohydr.)
Creatinine 6.90 6.91
Cysteine . . . . . . 163.55 159.00 | Combustion data not accurate; no
Cystine. . . . . . . 82.08 81.21 WASHBURN correction (cf. SKINNER

1954). Values calculated from Bor-
sook, Erris and HurFMAN (1937)
and adjusted to be consistent with
KoLTHOFF, STRICKS and TANAKA
(1955).
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Table 9. (Continued)

—AG (kgeal)
Name References and comments
Pure In aqueous
compound solution
Dulcitol 227.19 — Parks, KELLEY and HUFFMAN (1926),
Erythritol 154.09 — Parks, WEesT, NAvLOR, Fujir and
MCcCLAINE (1946).
Ethanol (liq.) . 41.77 43.39 | Rossint etal. (1952), BUTLER, Ram-
cHANDANI and THoMSON (1935).
Ethylene glycol (liq.) . 77.12 — RossINI et al. (1952).
Formaldehyde (gas) 26.30 31.2 | Rossint etal. (1952), Parks and
HuFFMAN (1932).
Formic acid (lig.) 82.7 85.1 Rossint et al. (1952).
Formate~ . — 80.0
83.77 | Woops (1936). Apparent inconsistency.
Fructose . -— 218.78 | Calculated from glucose and epimeri-

Fumaric acid .
Fumarate2- .

a-D-Galactose .

a-D-Glucose

L-Glutamic acid .
L-Glutamate*2- .

Glycerol (lig.) .
Glycine

Glycogen .

Glycollate~ .
Glyoxylate-
Guanine

H,O (liq.) .
OH- . . .

zation data (WorLFroM and LEwIs
’ 1928). Agrees with assumed entropy
of 52.8 E.U. and with heat of com-
bustion (CLARKE and STEGEMAN

1939).
156.49 154.67 | Burton and KREBs (1953).
— 144.41
220.00 220.73 | CLARKE and STEGEMAN (1939), JAck
and STEGEMAN (1941), TALLEY and
HUNTER (1952). Activity coefficient
of 1.28 assumed for saturated solu-
tion.
217.56 219.22 | HurFmMaN and Fox (1938) TAvLoOr
and RowLINSON (1955).
173.81 171.76 | Borsook and HurFMAN (1938). Com-
— 165.87 bustion and entropy data confirmed
by Oxa [1944 (), (b)].
114.02 116.76 | Burton and KREBS (1953).
88.61 89.26 | Rossint et al. (1952), Borsook and

HuFFMAN (1938).
— 158.3 Burton and KrEBs (1953). Value is
for one glucose unit. Independent of
concentration.
— | 126.9 | From glyoxylate and redox potential
(Table 10).
- 112.0 | Approximate value from METZLER,
OLivarD and SNELL (1954) and ap-
propriate AG°f values.
--11.23 | —_ StieHLER and HUFFMAN (1935).

56.69 - RossinT et. al. (1952).

— i 37.60
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Table 9. (Continued)
—AGY (kgcal)
Name References and comments
Pure In aqueous
compound solution
H,0, . — 32.67 | Lewis and RanpaLL (1923). Re-calcu-
lated using data for BaO and Ba*+*
from RossINT et al. (1952). Approxi-
mate.
H,S (gas) . 7.89 6.54 | RossInI et al. (1952).
HS- . — — 3.0 Kury, ZIELEN and LATIMER (1953).
B-Hydroxybutyric acid — 127 Approximate values by analogy from
p-Hydroxybutyrate~ . — 121 butyric acid cf. BurtoN and KREBs
(1953).
Hypoxanthine . —18.39 —21.4 StieHLER and HurrMan (1935), Ar-
BERT and BROWN (1954).
o-Ketoglutarate . — 190.62 | BurTOoN and KREBS (1953).
Lactate™ . — 123.76 | BurToN and KREBs (1953).
a-Lactose . 419.11 362.15 | Burton and KRrEBs (1953). Data are
(monohydr.) inconsistent. N.B. Heats of combus-
B-Lactose . 374.56 375.26 tion are not consistent with each
(anh.) other and with heats of solution
(Hupson and BrRowN 1908).
L-Leucine. 82.63 81.68 | Borsook and HurrmAN (1938). Value
adjusted (+0.03 kgcal) to take ac-
count of those for D- and DL-leucine
and AG?® of racemization.
Mannitol . 225.20 225.29 | PArRks et al. (1926, 1946), FINDLAY
(1902).
Malate2- . — 201.98 | BurToN and KREBs (1953).
p-Maltose . 413.48 357.80 | Activity coefficient of 2 assumed for
(monohydr.) saturated solution. Not consistent
with other data, BurtoN and KREBsS
(1953).
Methane (gas) . 12.14 — Rossint et al. (1952).
Methanol (liq.) 39.73 41.88 | RossInI et al. (1952).
NO,-. . - 26.41 | Rossint et al. (1952).
NO,- — 8.25 | LATIMER (1952).
Oxalic acid . 166.8 - Rossini et al. (1952).
Oxalate?- . — 161.3
Oxaloacetate?~ — 190.53 | BurtoNn and KREBS (1953).
Palmitic acid . 25.7 — Parks and HurrManN (1932). No
‘WASHBURN correction.
n-Propanol . 41.21 42.02 | PAaRks et al. (1929), RossiNi (1934),
BuUTLER et al. (1935).
is0-Propanol 43.26 44.44 | BurtoN and WiLsonN (1953).
Pyruvate~ — 113.44 | BurtoN and KREBS (1953).
Sorbose. 217.57 — CLARKE and STEGEMAN (1939), JACK
and STEGEMAN (1941).
Sorbitol — 225.31 | From fructose and Table 10.
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Table 9. (Continued)

—AG°f (kgcal)

Name References and comments
Pure In aqueous

compound solution
Succinic acid . . . . 178.68 178.39 | Burron and KREBS (1953).
Succinate?~ . . . . . — 164.97
Sucrose . . . . . . 369.20 370.90 | Burton and KrEBs (1953). Not con-

sistent with other data.

SO¥ . . ... ... — 177.34 | Rossini et al. (1952).
SOF . . ... ... — 118.8
S;0F ... ... — 122.7 | MEL (1953).
L-Threonine. . . . . — 123.0 | Approximate. From METZLER, LoN-

GENECKER and SNELL (1954) and
data for glycine and acetaldehyde.
L-Tyrosine . . . . . 96.10 92.55 | HurFMaN and ErLris (1937), Borsook
and HurFMan (1938). Combustion
data do not agree with those of Oxa

(1944 (a)).
Urea. . . . . . . . 4712 48.72 | Rossini et al. (1952).
Uricacid . . . . . . 90.41 85.3 | StienLER and HUFFMAN (1935), AL-
Urate- . . . . . .. — 77.9 BERT and BROWN (1954).
- - 77.8 | GREEN (1934) and value for hypoxan-
thine.
Water (liq.) . . . . . 56.69 — RossiINI et al. (1952).
Xanthine . . . . . . 39.64 — StiEHLER and HUFFMAN (1935).

— 33.3 | GReEEN (1934) and value for hypo-
xanthine or urate~ ion.

previous calculations. For the sake of space and convenience, the original
measurements, on which the free energy values are based, are often not directly
cited by references to the literature but sufficient references are given to in-
dicate both the original measurements and the methods of calculation used
to obtain the present values.

Although the first decimal place is not significant in most of the free
energy values, two decimal places are retained for calculation purposes so
that, for example, the free energy of solution of acetaldehyde may be obtained
from the difference between the values for the formation of the gaseous and
the aqueous compounds. The symbols used here are based on those given in
the Report of the Royal Society Commitee on Symbols, 1951 (cf. BURTON
and KRrEBs 1953). 4G® (4F° of LEwis and RANDALL 1923) is the increment
of free energy under standard conditions, which are 25° C and a pressure of
one atmosphere. In aqueous solution, the standard condition of all solutes
is 1 molal activity; that of water is the pure liquid. AG’ is identical with 4G°
except that the standard condition of H* ion is that of the p, specified
(usually 7) instead of 1 molal activity (p, 0).



280

H. A. KreBs and H. L. KorRNBERG: Energy Transformations in Living Matter

Table 10. Free energies and potentials of oxidation-reduction reactions in aqueous solution
Values are for aqueous solution except that CO, and O, are gases at 1 atmosphere

AG’ Eo’
Reactants (i“;_ld:';;ss) {kgcal) (volts) References and comments
atpy7 | atpg 7

Acetaldehyde 4+ H,0 Acetate- 4 H+ —8.47 | — 0.598 | From Table 9.

Acetaldehyde + CoA Acetyl CoA 0.11 | — 0.412 | BurtoN and WiLsoN (1953),
BurTON and STADTMAN
(1953).

Alanine + H,0 Pyruvate + NH} 13.0 | —0.132 | From Table 9.

NH; 4+ H,0 NH,OH - H* 45.0 0.562 | RossINI et al. (1952).
Ascorbate- 4 H* Dehydroascorbic acid — 0.166 | BOorRSOOK, DAVENPORT, JEFF-
(P 4) (pg 4) REYS and WARNER (1937).

Aspartate~ + H,O Oxaloacetate?- 14.15 | — 0.107 | From Table 9.

+ NH;

2:3 Butylene glycol Acetyl methyl carbinol 7.83 | — 0.244 | BurtoNn and WIiLsoN (1953),
STRECKER and HARARY
(1954).

Butyryl CoA Crotonyl CoA 27.7 0.187 | GREEN, M1, MAHLER and
Bock (1954). Equilibria ap-
proached from one direction
only.

iso-Citrated~ 4+ H+ a-Ketoglutarate?- 2.32 0.363 | Footnote by HARARY, KOREY

+ CO, (gas) and OcHoA (1953), BURTON
and WILsON (1953).

2 Cysteine Cystine 3.42 | — 0.340 | KoLTHOFF et al. (1955).

Cytochromes:

2 Fett 4 2 H* 3 Fed*

a (pg 7.4) 33.5 0.29 | Wainio (1955), Barr (1938).

b (Pm 74) 18.3 | —0.04 | BaLL (1938).

by 18.5 | —0.12 | STRITTMATTER and BaLL

(1952).

c 30.7 0.25 | PauL (1947).

f 35.9 0.365 | DavenporT and HiLL (1952).
DPNH 4 Ht DPN+ 4.33 | —0.320 | BurtoN and WiLsoN (1953).
Ethanol Acetaldehyde 10.01 | — 0.197 | From Table 9.

FADH + H* FAD 9.9 | —0.20 | Approximate. DIxoN (1949).

Glucose + H,O Gluconate- 4 H* —2.7 | —0.47 STRECKER and KoRKES (1952),

Glucose Gluconolactone 2.30 | — 0.364 BurTtoN and WiLsoN (1953).

Glucose Gluconolactone 3.66 | — 0.335 | BRINK (1953), BurToN and
WiLsoN (1953).

Glutamate- 4+ H,O a-Ketoglutarate?- 12.94 | — 0.133 | From Table 9.

+ NH;

Glutathione. 2GSH G—S—S—G 3.42 | —0.340 | KoLTHOFF et al. (1955).

Glyceraldehyde Glyceroylphosphate 5.83 | — 0.286 | BurTtoN and WILSON (1953).

3-phosphate?- 3-phosphatet~

+ HPOZ-

Glycerate~ Hydroxypyruvate- 11.78 | — 0.158 | ZELITCH (1955).

Glycerol 1-phosphate?- | Dihydroxyacetone 10.24 | — 0.192 | BurToN and WILSON (1953).

phosphate2-

Glycollate- Glyoxylate™ 14.88 | — 0.090 | ZELITCH (1955).

Glyoxylate~ Oxalate?~ + H* — 2.2 | —0.462 | Approximate. From Table 9.
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Table 10. (Continued)

Products 46’ Eof
Reactants (+ H, gas) (kgcal) (volts) References and comments
atpy7 | atpg 7
H,0, O, (gas) 32.7 0.295 | Approximate. From Table 9.
H,S (gas) S (rhombic) 7.89 | — 0.243 | From Table 9.
HS- 4+ H* S (rhombic) 6.55 | — 0.272
L-g-Hydroxybutyrate~ | Acetoacetate- 3.0 | —0.349 | GREEN, DEwaAN and LELOIR
(1937), BurtroN and WiLsON
(1953).
D-g-Hydroxybutyryl Acetoacetyl CoA 81 | - 0.238 | LyNEN and WIELAND (1955),
CoA Burton and WiLsoN (1953).
Hypoxanthine + H,0 | Xanthine 2.0 | —0.37 GREEN (1934).
Lactate- Pyruvate~ 10.32 | — 0.190 | BurtoN and WiLsoN (1953).
Malate?~ Oxaloacetate?~ 11.45 | — 0.166 | BurToN and WiLsON (1953).
Malate?~ + H* Pyruvate~ + CO, (gas) 3.83 | —0.330 | From Table 9.
NO; + H;0 NO; + H, 38.5 0.421 | From Table 9.
a-Ketoglutarate?- Succinate?~ + CO, —11.92 | — 0.673 | From Table 9.
+ H,0 (gas)
iso-Propanol Acetone 5.89 | — 0.296 | BurToN and WiLsoN (1953).
Pyruvate~ + H,O Acetate + CO, (gas) | —13.12 | — 0.699 | From Table 9.
Riboflavin Leucoriboflavin 9.9 | —0.20 | Kunn and BOULANGER (1936),
MICHAELIS, SCHUBERT and
SMYTHE (1936).
Sorbitol Fructose 6.53 | — 0.272 | BLAKLEY (1951), BurTON and
WiLsoN (1953).
Succinate?- Fumarate?- 20.5 0.031 | Burton and KRrEBS (1953).
S0%- + H,0 S0%- —1.9 | —0.454 | RossinI et al. (1952).
1/, S,0%- + H,0 S02- + H+ —2.7 | —0471
S,0%~ + H,0 S,0%" 41.4 0.484
TPNH + Ht TPN+ 411 | —0.324 | BurToN and WiLsoN (1953),
‘ KaprraN, Corowick and
NEUFELD (1953), BLACK and
WRIGHT (1955).
Water (H;O) 1/ O, 56.69 0.816 | RossInI et al. (1952).
Xanthine + H,0 Urate~ + H* 2.5 | —0.36 | GREEN (1934).
Yellow enzyme. Re- Oxidized 13.5 | —0.122 | VESTLING (1955).

duced

The free energies of formation (Table 9) have, where necessary, been re-
calculated so that the values for the basic ancillary data (atomic weights,
entropies of the elements and heats of formation of CO, and H,0) are the
same as those used by RossiNi, WAGMAN, EvaNs, LEVINE and JAFFE (1952).
No WASHBURN corrections have been applied to combustion data which have
not already been thus corrected, but such data are indicated by special com-
ments. Similarly, corrections have not been introduced into the combustion
data for the slight changes which have been made in the accepted heat of
combustion of benzoic acid, which is the calorimetric standard. Any such
corrections are negligible in the data given in these tables.
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Oxidation-reduction data are available for other compounds not listed here.
Values for oxidation-reduction indicators and for many biological reactions are
given by CLARK (1948) and by JOHNSON (1949); data for inorganic reactions
by LATIMER (1952) and RossInI et al. (1952).

Tables 11 and 12 list the free energy changes for the reactions of glycolysis
and alcoholic fermentation, and for the reactions of the tricarboxylic acid
cycle. Insufficient data are available (February 1956) to obtain consistent free
energy values for the reactions of fatty acid oxidation; for various reasons
it is possible that the value given in Table 10 for the dehydrogenation of
butyryl CoA may be inaccurate and closer to that for the dehydrogenation
of succinate. The estimates given in Table 13 for the free energies of hydrolysis
of ATP, acetyl CoA and certain other “energy-rich” compounds are thought
to be correct to + 1.5 kgcal. The error is in part due to uncertainties in the
activity coefficients of the components of the various equilibrium systems
studied and in part to complex formation with magnesium ions in the equi-
librium mixtures.
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