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INTRODUCTION

D’Arcy Thompson has said, “When science wishes to speak
plainly, she uses the language of mathematics.”” Without deny-
ing the truth of this statement, biologists in general have been
skeptical of the practicability of the application of mathematics
to the chemistry of the cell. The first attempts to apply the
theory and practice of thermodynamics to cell phenomena
met with considerable opposition; proponents of a vitalistic
philosophy were loud in argument and long in speech with regard
to the fallaciousness of the application of knowledge gained in
experimental mechanies and thermochemistry to life processes.

The researches of Lavoisier and Laplace, Dulong and Depretz,
Berthelot and Rubner definitely established that the first law of
thermodynamics—the law of the conservation of energy—was
fulfilled in the realm of biology as well as physics. The concep-
tion of the cell as a machine capable of transforming chemical
energy into work and heat soon followed. But a necessary
consequence of this conception postulated that the second law—
the entropy of an isolated reacting system increases, the free
energy decreases—also was satisfied by the organism. The
latter was not so easy to demonstrate; many still thought that a
special form of energy characteristic of protoplasm was concerned
in the energy transformations of the cell. This ‘“vital energy”
did not necessarily obey the laws of classical thermodynamics.
Apparent examples of departure from the second law exhibited
by colloidal solutions strengthened this view, and it was even
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proposed that bacteria and other microérganisms might serve as
“Maxwell demons” in the transfer of energy to a higher potential
without work being supplied from a source outside the system.
Because of these and other philosophical implications, the ques-
tion of the validity of the second law in the realm of biology has
engaged the attention of numerous writers. For reviews of this
aspect of the subject the reader is referred to the papers of
Meyerhof (48), Hober (29), Wachtel (69), Oppenheimer (53)
and Guye (23).

The idea that the second law of thermodynamics was of a
statistical nature and that entropy was a measure of the proba-
bility of a displaced equilibrium readjusting itself did much to
elucidate the difficulties attendant on the anomalous behavior of
microscopic bodies. The statistical nature of the law admits
exceptions in a small population, but if the numbers approach
those attained in gas volumes or in bacterial cultures, these
deviations are eliminated as far as the gross effects are concerned.
A discussion of the possible limitation of thermodynamical
treatment of minute particles from the point of view of proba-
bilities is given by Donnan (17) and Guye (23).

However certain we may be concerning the validity of the laws
of thermodynamics in biological processes, the study of the
energy relations of the cell offers experimental difficulties that to
date have defied investigations other than those that deal with
mass changes. As Linhart (41) has pointed out, the biologist in
presenting his problems to the physical chemist is usually met
with the statement that ‘“‘biological processes are so highly com-
plex that they are not susceptible to thermodynamic treatment.”
In a consideration of the cell as a machine operating in an iso-
thermal manner to perform work, to liberate heat, and to synthe-
size substances of high energy content from materials of low
energy value, it soon becomes obvious that complicated reactions
occur and these reactions are coupled in a manner that is com-
pletely absent in the relatively simple, isolated systems usually
studied in thermochemistry. However discouraging the outlook
may be, some progress, partly of an experimental and partly of a
theoretical nature, has been made.
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The more general aspects of the energetics of the cell have
been considered in the texts of Meyerhof (48), Oppenheimer (53),
and Hober (29). Also Kruse (36) devotes part of a chapter of
his “Allgemeine Mikrobiologie”’ to a treatment of the energetics
of microdrganisms, and the more recent texts of Buchanan and
Fulmer (9) and Stephenson (63) discuss certain aspects of this
field of bacteriology. Bacteria have been conveniently sepa-
rated into two classes as regards the source of their energy and
its utilization—the autotrophic and the heterotrophic. The for-
mer obtain their energy by oxidation of ammonia, nitrites, sulfur,
ete., and perform true thermodynamical work in the synthesis of
carbohydrate material from carbon dioxide. The heterotrophs,
which comprise by far the majority of the known organisms,
obtain their energy by oxidation or dissimilation of organic mat-
ter. Because of the relative simplicity of the processes involved
in the metabolism of the autotrophs, much more attention has
been given to the energetics of these organisms than has been
devoted to the energy changes of the more complex decomposi-
tions brought about by the heterotrophic forms. The energetics
of the first group have been adequately discussed by Meyerhof
(43), Waksman (70), Buchanan and Fulmer (9), and Baas-
Becking and Parks (2). This review will deal only with the
second group, and to some extent with the yeasts, since the metab-
olism of the latter is very similar to that of many of the bacteria
considered.

For convenience, this discussion is divided into three parts: (1)
the general problem of energetics, which deals with the methods
of study and with the source and possible utilizations of the
energy available to the organism; (2) the application of energetics
to typical fermentation processes; (3) the energetics of nitrogen
fixation by bacteria.

I. GENERAL PROBLEM OF ENERGETICS IN BACTERIOLOGY

Methods wused

Thermochemistry. In the field of bacterial energetics, the pio-
neer work of Rubner pointed the way in methods as well as in
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the interpretation of results. In his first studies (57, 59), he
made use of what might be termed ‘“differential calorimetry” to
gain an idea of the energy changes taking place in the growth
of bacteria. The method, laborious and subject to numerous
errors, was simply the determination of the calorific value of the
medium before and after growth of bacteria. From the difference
he calculated the energy necessary for the maintenance of the
cell. The bacteria were removed by precipitation with iron, and
the calorific value of the cells was estimated. From these data

TABLE 1
Energy changes produced by growth of certain bacteria
Rubner
ENERGY OF
MAINTE-
INC??\TABE gg;sk‘f)ii ENERGY VALUE OF NANCE PER
ORGANIEM BACTERIAL|  BY BACTERIAL CELLS | o AS;“‘:‘;; L
NITROGEN| MEDITM N‘ITBOGEN
PER DAY
mitigram) Higram: [Haran) pr onpe| il
B, pyocyaneus. ........hiiiiiniian. 190 24.70 | 6.84 ] 27.7 15.6
B.coli..ooir i i 69 7.86 | 2.42 | 30.8 18.1
B, proteus......cooiiiiiiiiiiiiiien 105 15.568 | 3.26 | 20.9 19.4
B, thermophilus..................... 79 18.15| 4.68 | 24.9 34.5
B. typhosus............. oo 42 11.18 | 1.30| 11.6 42.8
V.cholerae..........coovevivninnnn 61 19.69 | 3.35| 17.0 42.7
B: diphtheriae. .......cociiiiiii 35 1348 | 1.63| 12.1 60.6

* Percentage of energy lost by medium,

he could estimate the percentage of total energy that ‘“‘disap-
peared’” which reappeared in the cellular crop. Naturally this
method was limited to a study of those organisms that did not
produce gases (other than carbon dioxide) in their metabolism.
Table 1 taken from his data gives typical results.

It will be noticed that those organisms which did not grow so
well had high values for the energy of maintenance and low
values for the percentage of the total energy changed that ap-
peared in the organisms. The same medium (6 per cent beef
extract) was used for all the organisms. It is probable that it
was not suited to the physiology of some of the bacteria, and as a
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consequence & higher expenditure of energy per unit weight
resulted than is actually necessary for the functioning of that
particular organism. A repetition of the experiment employing
the medium best suited to the individual organism might show
entirely different results.

It is of interest to compare the values obtained for bacteria
with those of other species investigated by Rubner. The values
are shown in table 2. Rubner attributed the lower values for
the more complex organisms to the fact that by reason of their
organization the liberated energy is used more economically.

TABLE 2
Energy of maintenance of various species
Rubner
ENERGY OF MAIN-
SPECIES TENANCE PER GRAM
NITROGEN PER DAY
kilogram-calories
B 5 « 1.0
T 3.28
A 0 T T 15.19
ST 9 28 O PP 17.4
Cold-blooded animals. ...t 0.4-0.6
D 3 - A 38.77
Bacteria. oot i e e e e 15.6-60.6

Using B. proteus as the experimental organism, Rubner (59)
investigated the influence of temperature, age, and other varia-
bles on the energy changes. Temperature changes from 14°C,
to 36°C. made little difference in the total energy change, but
the rate was somewhat slower at the lower temperature. In the
earlier stages of the fermentation (1 to 10 days), the total energy
expended was two to three times larger than that during the later
stages. Rubner attributed this to the difference of the energy
requirement of the organism during the growth phase and during
the “‘resting” period.

Tangl (65) also studied bacterial energetics as part of the
problem of the energetics of ontogenesis, i.e., the energy changes
coincident with the development of an individual. He used the
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method of “differential” calorimetry and estimated the energy
expended in the synthesis of 1 gram of dry bacterial substance.
The results of one experiment gave the following values: B.
anthracis, 8.6 kg-cal.; B. suipestifer, 16.5 kg-cal.; B. subtilis, 12.5
kg-cal. The potential energy of the nutrients was 4.3 kg-cal.
per gram and that of the cells 4.5 kg-cal.; yet in the various reac-
tions that accompanied the synthesis of 1 gram of cell protoplasm,
there disappeared from the medium nutrients equivalent to from
8.6 kg-cal. to 16.5 kg-cal. Tangl believed that little of this
energy was actually used in cell synthesis.

Calorvmetry. Due to the limitation of the differential calori-
metric method, Rubner (59) developed a technique for following
energy changes during growth of organisms by measuring the
actual heat produced. He constructed a “bio-microcalorimeter”
that would detect energy changes of the order of one to two gram-
calories and followed the heat production of pure and mixed
bacterial cultures on a variety of media. With B. colz under
anaerobic conditions, he found that 68 per cent of the total
energy expended appeared as heat and with B. proteus only 15
to 25 per cent. Unfortunately, the data for the total energy used
were not from the same experiment in which the heat production
was measured, hence these figures can be regarded only as approxi-
mate, and are very likely too low. Since Rubner’s work, the
technique of measuring heat production by means of the calorim-
eter has been greatly improved and a check on some of his find-
ings would appear to be desirable. Hill (27) has developed a very
sensitive differential mierocalorimeter in which heat production
is measured by a thermocouple instead of a Beckmann thermom-
eter. By the use of this calorimeter, Shearer (62) showed that
the heat production of B. coli was seven to eight times as great
in a glucose-peptone broth as in a broth of the tryptic digest of
casein, and that the heat produced by B. colt in casein digests was
inversely proportional to the length of digestion. He attributed
these results to a more economical utilization of energy by B.
coli in the presence of amino acids. Unfortunately, no data are
given for the heat production in glucose-tryptic digest of casein
broth, hence the influence of the glucose on the economy was not
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determined. Bayne-Jones (3, 4) has recently described a differ-
ential microcalorimeter of the Hill type especially adapted to
bacterial fermentations and has studied heat production by B. coli
and Staph. aureus during the various growth phases. The data
presented indicated that during the logarithmic growth phase of
B. coli, the heat production was a linear function of the time.
As pointed out by Wetzel (72), this suggests that the rate of heat
production per cell is not constant but diminishes exponentially
with time. Further contributions concerned with heat produc-
tion in other growth phases are necessary before a satisfactory
interpretation of the significance of this observation can safely be
made.

Meyerhof (44) studied heat production of bacteria in compari-
son with oxygen uptake. The heat produced was measured in a
microcalorimeter in which 0.01° rise on the Beckmann thermom-
eter corresponded to 2.5 g-cal. Parallel determinations of the
oxygen uptake were made on the same culture in a Warburg
microrespirometer or by Winkler’s titration method. The quo-
tent g-cal. produced

mg. O; consumed
Meyerhof states this should be 3.2 for protein, 3.4 to 3.5 for
carbohydrate, and 3.3 for fat. He grew Vibrio Metchnikoff in a
medium that was not suited to the physiology of the organism,
and found this quotient to be 3.95 with an error of 10 to 15 per cent.
In a medium that allowed good growth, this quotient rose in one
case to 4.1, and in another medium to 4.5. Meyerhof concluded
that energy-liberating processes other than oxidations took
place in this organism, since with blood cells, sea urchin eggs, ete.,
the quotient was constant irrespective of whether growth was
retarded or not. Dissimilation processes, neutralization of acids
and heat of solution of metabolic products might account for
some of the excess energy.

Thermodynamics. Aside from the practical methods for the
estimation of energy changes of the cell, a method is available
that is more theoretical in character. This is an application of
thermodynamics to the cell processes. Although there are obvi-
ous limitations to this method, and its free use of mathematics

was used as a measure of the metabolism.
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discourages many biologists, it offers a tool for investigation that
should not be disregarded. As long as the proper skepticism is
maintained toward any data which cannot be directly verified in
the laboratory, the danger that arises from the use of thermo-
dynamics or any other theoretical aid is often far outweighed by
the information given. For example, the judicious use of thermo-
dynamics will often prove of value in the test of proposed mecha-
nisms for unknown processes, and while thermodynamics is not
concerned with any particular mechanism, its use may help to
decide the most probable one. If a mechanism for a given biologi-
cal process is known, the use of thermodynamics enables the
experimenter to gain some idea of the energy available for work
that arises from the process. For some time these advantages
have been utilized by bacteriologists in a manner that is inaccu-
rate and which takes no cognizance of the fact that the concentra-
tion of the components of a reaction affects the quantity of
available energy liberated. Itis a common practice to determine
the metabolic products of an organism, to construct equations for
the chemical changes involved, and, from thermochemical data
(heats of combustion and formation), to determine the energy
“available’’ to the organism. This procedure is often only a
rough approximation, as the following discussion will show,

It is not in the scope of this paper to detail the chemistry and
mathematics involved in the subject of thermodynamics as
applied to chemical reactions. For a thorough presentation of
the subject, Lewis and Randall’s text (38) may be consulted, but
for the biologist who wishes to avoid the more detailed applica-
tion, the briefer treatment of the material by Buchanan and
Fulmer (9) and by Fulmer and Leifson (19) is probably sufficient.
However, two fundamental equations with their meaning should
be considered here. In the calculation of energy changes prior
to the Nernst (51), or the Lewis and Randall systems of thermo-
dynamices, the criterion of the driving force of a reaction was the
heat of reaction (~AH). However, these authorities, following
Gibbs, have shown that the change in free energy (—AF) and
not the heat of reaction (—AH) is the true criterion. Free
energy is the quantity of energy liberated in a reaction that is
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available for doing work. —AF may be greater or less than
—AH depending on the temperature coefficient of the former.
If this temperature coefficient is negative, the free energy is less
than the heat of reaction and vice versa. In the former case, the
energy not available for work 7 <§§§>P is that part of the energy
that must disappear as heat in order that the reaction may pro-
ceed. In case —AF is greater than —AH, the excess energy is
taken from the surroundings as heat and converted into a form
capable of the performance of work. Hill (28) has emphasized
the importance of the concept of free energy in biology and has
discussed a few reactions which are endothermic if the heat of
reaction is used as a criterion, but which can be used to do work on
account of the conversion into free energy of heat from the envi-
ronment. The relations between AF and AH are given by the
following equations:

AF = AH — T A8

or

aF = am + 17 (22
T /5

where AS is the change in entropy, T is the absolute temperature,
oAF . .
and <D_T)P is the temperature coefficient of free energy at con-

stant pressure. By reason of certain conventions of signs, a
reaction is said to occur spontaneously, i.e., with liberation of
free energy, when AF is negative. It must be recognized that
—AF as defined above is the maximum energy available for work,
and the actual work done will depend on the efficiency of the
process involved. For a strictly reversible system, e.g., a gal-
vanic cell nicely balanced, an efficiency of 100 per cent is possible,
but in more practical applications such as the storage battery
the efficiency is less and part of the free energy disappears as heat.

A second factor, which is of the utmost importance to the
biologist, but which is often overlooked, is the change in —AF
with changes in concentrations, or more accurately with activities
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of the reactants and resultants. The value of —AF for a particu-
lar substance given in the literature is usually that for the element
or compound when present in the standard state. The standard
state is defined as the state in which the activity of the substance
is unity. Thus at 25°C. and under 1 atm. pressure solid glucose,
liquid water, gaseous oxygen and a molal solution of a solute
(with proper correction for deviations from a perfect solution)
are in the standard state. If a substance is transferred from its
standard state to some other state, as by change of temperature,
pressure, or concentration, energy changes are involved. It
follows that if the reactants or resultants of a given reaction are
present in a state other than the standard, the calculated free
energy change must be corrected, since the calculation is based on
the reaction in which each component appears in the standard
state. The correction is given by the equation

AF = AF° + RT InkK,

where AF is the increase in free energy under the conditions
studied, AF° equals the increase in standard free energy, R is the
gas constant, 7T is the absolute temperature, and K is the equilib-
rium constant of the reaction. An example taken from Burk (11),
dealing with fixation of nitrogen by legumes, may serve to make
this clear.

1/2 N, (g) + 5/4 O, (g) + 1/2 H,O (1) — H* 4+ NO;~
— AF°* =1/2 (0) + 5/4 (0) + 1/2 (456,560) — (+26,500)
= —28,280 + 26,500 = —1780 g-cal.

* In this paper AF° refers in all cases to AF° at 25°C.
But if this reaction takes place at the concentrations that are

likely to exist in the plant (legume), a different result is obtained,
viz.: HNO; = 0.0001 M., O, = 0.2 atm., and N; = 0.8 atm.

(0.0001)?

- B = e 0.2

= 8.6 X 1078

log K = — 7.07

— AF = — 1780 + 1365 (— 7.07) = 7870 g-cal.
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In this case it is observed that owing to change in concentrations
(and hence activities) the sign of —AF is changed, and whereas
the reaction would require energy from an outside source if
each substance is present in its standard state, it will proceed
spontaneously when the concentrations are changed.

In conclusion it must be noted that for precise work K must
be calculated from the activities of the substances involved.
However, concentrations may be used for this calculation in most
of the ranges found in biological studies, where because of the
complexity of the system, activities are often difficult to determine.

Baron and Poldnyi (5) were among the first workers to apply
thermodynamics to biological processes. They made use of the
Nernst heat theorem (51), which is not quite as accurate as the
more recently developed system of Lewis and Randall. Consider-
ing animals in which the energy changes were due to the combus-
tion of protein, fat, or carbohydrate, to the change of carbohy-
drate into fat, and to the production of work, Baron and Poldnyi
calculated the free energy changes of these processes and made a
balance which showed that the change in free energy could be
positive only when heat is absorbed from the environment. In
homiotherms the opposite takes place, consequently the total
metabolism of these species results in a decrease in free energy.
This means that at least in this case of biological energetics the
second law of thermodynamics is valid. Experiments with
poikotherms, e.g., bacteria, show that their total metabolism
always results in a liberation of heat. Therefore it appears that
the conclusion of these authors is not limited to homiotherms.
In the calculations of Baron and Poldnyi, —AA was used instead
of —AF., The former is the free energy decrease at constant
volume and differs from —AF in the same way that —AV differs
from —AH, viz., the PdV factor is not included.

Utilization of energy

The results of Rubner and Tangl showed that only 15 to 60
per cent of the energy that disappeared from a medium in which
bacteria had grown appeared in the cells. Since the work of these
investigators, similar results have been obtained for a large
number of organisms, some of which are given in table 3.
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These figures indicate that during the synthesis of 1 gram of
bacterial substance (the equivalent of 4.5 kg-cal.), there is
liberated from two to over one hundred and twenty times this
quantity of energy. The question naturally arises—of what use
is this energy to the bacteria? A few possible expenditures will
be taken up in an effort to account for the energy which is appar-
ently at the disposal of the organism.

Energy of synthesis. The compounds synthesized by bacteria
and built into their cells include many types found in both plants
and animals (9). Carbohydrates of various types have been
isolated—polysaccharides, gums, and capsular substances, as well

TABLE 3
Energy of medium transformed into bacterial cells
PERCENTAGE
OF ENERGY
ORGANISM MEDIUM CHANGE
REPRESENTED
BY BACTERIA
B, DYOCYANEUS. .o vv v v iiiiie it eaiinens Asparagin 19.0
Lactic acid bacteria............oiviiiiienin Peptone-milk 46.0
Microc. ureae liguefaciens............cooovviun.. Urine + urea 0.8-32.0
Bac. Gerogenes.. ... ouur et Whey + lactose | 6.5-30.0
and peptone
Acetic acid bacteria...........ociiiiiiiiieen Aleohol 0.75
=] T Wort 22.0-43.0
Mannitol formers.......oovvireiieiivnieniaenns Glucose 48.0
Azotobacter........vviiiii i i Mannitol 5.0-11.0

as reserve materials such as glycogen and granulose. Fatty
materials of even greater variety and complexity are known to
occur in bacterial cells. These include free fatty acids, glycerides,
waxes, sterols, and phosphatides. Simple proteins, as albumin
and globulin, have been obtained from bacteria, but the major
protein constituents are apparently conjugated proteins such as
nucleoproteins.

It is obvious that little can be done toward deciding the ques-
tion as to the energy requirements for synthesis unless we con-
sider specific reactions. For example, the synthesis of bacterial
protoplasm from a mixture of amino acids and polypeptides,
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such as beef extract, can be done with much less expenditure of
energy than is necessary if the building material consists of
glucose and nitrates and other salts. In the latter case energy
is required to reduce the nitrate to ammonia and to combine this
with decomposition products of glucose to form the various amino
acids required for the proteins of the organism. This necessary
energy is furnished by an oxidation of part of the glucose, as will
be discussed in detail later. Beebe and Buxton (6) have shown
that B. pyocyaneus can synthesize fat on a sugar-free peptone
broth, the synthesis of fat from carbohydrates by yeast has long
been known, and the work of Lieben (39, 40) and his associates
demonstrated that yeast could form carbohydrate material from
alcohol, lactic acid and pyruvic acid. A single amino acid can
serve as the sole source of carbon and nitrogen for some bacteria,
and syntheses of protein from glucose and nitrate, ammonia, or
even free nitrogen are not uncommon. An examination of the
energy changes involved in these interconversions might be of
value in estimating what the energy requirements for synthe-
sis are.

The synthesis of a fatty acid from a carbohydrate necessitates
a reduction which requires energy. For example, butyric acid,
formed by the reduction of glucose, would yield on complete
oxidation 508.2 kg-cal. of free energy, while that given by glucose
of an equivalent carbon content (2/3 mole) would be 457.3 kg-cal.
The difference, —50.9 kg-cal., represents —AF for the synthesis
of 1 mole of butyric acid from 2/3 mole of glucose; the negative
sign denotes that energy must be supplied in order that the syn-
thesis might take place. This energy requirement can be arrived
at by a consideration of schematic equations which illustrate the
reduction. While the following equations are not intended to
represent the actual mechanism of the transformations, they
serve as a convenient means of presenting the energy relations
involved.

(1) Synthesis of butyric acid.

2H,0—2H,;+ 0,

— AF° = = 113.1 kg-cal.
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2/3 CeH:0s + 2 H, — C;H,COOH + 2 H,O
— AF° = 62.2 kg-cal.
1/3 CH 0 + 2 O; — 2 CO; + 2 H;O

— AF° = 228.6 kg-cal.

CeH;,04 + 0, — C;H,COOH + 2 CO, 4+ 2 H,O
— AF° = 177.1 kg-cal.

The sum of the decrease in free energy of the first two reactions,
resulting in the formation of butyric acid, is —50.9 kg-cal. as
already noted. This energy could be supplied by the simultane-
ous oxidation of glucose as in the third reaction. The excess of
energy liberated in the complete reaction would be available for
other energy-requiring processes or could be liberated as heat.
In the foregoing equations, it was assumed that oxygen or other
hydrogen acceptors are present that can oxidize any hydrogen
liberated. If the hydrogen appears as the free element, the net
free energy released by the final complete equation would be
less by 56.56n kg-cal. where n equals the number of moles of
hydrogen set free in the process.

(2) Synthesis of palmitic acid. The synthesis of palmitic
acid requires 490 kg-cal. of free energy, as indicated by the fol-
lowing equations:

14H,0 - 14 H: + 70,
— AF° = — 791.8 kg-cal.
8/3 CeH,:0s + 14 H, — C,;H; COOH -+ 14 H:0
— AF° = 301.8 kg-cal.
4/3 CeH1:0s + 7 02 — 8 CO: 4+ 6 H,O + 2 Hx

— AF° = 801.4 kg-cal.

4 Cngzog o d CstlCOOH + 8 CO, + 6 H;O + 2 H,

— AF° = 311.4 kg-cal.
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If the synthesis is carried out in the presence of oxygen or other
hydrogen acceptors, the liberated hydrogen may be oxidized to
water and the net decrease in free energy will be greater by 113.1
kg-cal.

(3) Synthesis of amino acids. The energy transfers that
accompany the formation of an amino acid from a carbohydrate
may liberate or require energy depending upon the individual
amino acid, the source of nitrogen, and whether or not free
hydrogen is disengaged in the reaction. If the amino acid is
relatively simple and ammonia nitrogen is available, there is a
release of energy.?

Synthesis of alanine

1/2 C¢H1,0s — CH;COCOOH + H.

—~ AH = — 11.4 kg-cal.
CH,COCOOH + NH;* + OH- — CH;CHNH,COOH + H;0 + 1/2 (0,)
— AH = — 22.6 kg-cal.

Hz + 1/2 Oz — HgO
— AH = 68.4 kg-cal.

1/2 CGHmOu -+ NH4+ + OH~ — CHaCHNHzCOOH + 2 H20
— AH = 34.4 kg-cal.

However, energy is required for the synthesis of a higher amino
acid, even though the source of nitrogen is already reduced, e.g.,
ammonia nitrogen. For example, leucine requires 97.5 kg-cal.
per mole for its formation from glucose and ammonia. This
energy can be furnished by the combustion of glucose, as illus-
trated with the fatty acids.

Synthesis of leucine
GHzo _)6H2+302
— AH = — 410.3 kg-cal.

* In the calculation of the energy changes coincident with the formation of
amino acids, it was necessary to use —AH as a measure of the changes taking
place gince free energy data on the amino acids are not available. This measure
is to be regarded as a more or less close approximation of the more exact —AF.
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2 CH1.0; + 6 H, + 2 NH,* + 2 OH~ — 2(CH,),CHCH,CHNH.COOH + 10 H.0O
— AH = 215.2 kg-cal.
1/2 C.H;;0¢ + 30, — 3 CO, + 3 H.0

— AH = 337.0 kg-cal.

2-1/2 C¢H106 + 2 NH,* + 2 OH~- — 2(CH;),CHCH,CHNH,COOH + 7 H;0 4 3 CO.
— AH = 141.9 kg-cal.

If the source of nitrogen used by the organism is in the form of a
nitrate, energy must be expended to reduce this to ammonia
nitrogen. In this case the formation of an amino acid as simple
as alanine requires 65.9 kg-cal. of energy, which can be supplied
by the oxidation of a carbohydrate.

H* 4+ NOy~ 4+ 2 H,0 — NH,* 4+ OH- + 2 (0,)
- AH = — 100.3 kg-cal.
1/2 CH:;0s + NH,* + OH- — CH,CHNH,COOH -+ 2 H,0
‘ — AH = 34.4 kg-cal.
1/2 CeH1:06 + 3 Oy — 3 CO, + 3 H,0

— AH = 337.0 kg-cal,

CeH1:0¢ + H* + NO;~ + 0, — CH,CHNH,COOH + 3 H.0 4 3 COs
— AH = 271.1 kg-cal.

There is a third way by which the needed ammonia might be
obtained for the synthesis of amino acids, i.e., the hydrolysis of
other amino acids. If an organism is grown in a mixture of amino
acids (as beef broth, peptone) the energy value of which is very
near that of the cell, the assumption is often made that no energy
is required to convert the constituents of the medium into cell
protoplasm. This is not necessarily the case, since it is more
likely that the organism changes the substrate into other forms
before using it for synthetic purposes. However, the energy
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changes are not of a large order of magnitude since hydrolyses
predominate among the reactions.

CH; CHNH,COOH 4 H+ + H,0 — CH,CHOHCOOH + NH,*
— AH = —94 kg-cal.

From a consideration of these reactions it is apparent that
energy is necessary to synthesize fat from carbohydrates, and
that amino acids may be formed from ecarbohydrate with or
without expenditure of energy depending upon the source of
nitrogen, complexity of the acid, and the availability of oxygen
or of hydrogen acceptors. Conversely, the production of carbo-
hydrate from fats would liberate energy, ete. If the proper amino
acids, fatty acids, and simple sugars are available, the steps to
convert these into protein, esters, and polysaccharides involve
little or no energy changes (26, 66).

Experimental data that would help to solve the problem of the
energy expenditure for syntheses are sadly lacking. Lundin (42),
Meyerhof (47), and others have shown that yeast in the presence
of oxygen can convert alcohol and lactic acid into glycogen and
an ‘“unhydrolyzable” carbohydrate and that these syntheses
apparently take place exothermically. Attempts have been
made to calculate the energy required for synthesis from the
difference between the heat liberated in fermentations by grow-
ing and non-growing cells, but the data are too few to draw defi-
nite conclusions. From Rubner’s (61) data on the heat of
fermentation of sucrose by proliferating and non-proliferating
yeast cells, it appears that only 4.1 per cent of the energy liberated
in the fermentation is stored in the cells. The data of Brown
(8) on fermentation of maltose show, however, that 8.8 per cent
less heat is liberated by growing than by non-growing yeast cells.
In all of these experiments, the substrate used was equivalent to
a mixture of amino acids (peptone, beer-wort). Additional
experiments of a similar nature with bacteria, in which the
substrate is varied, are necessary before a definite answer can be
given to the question of how much energy is required for synthetic
purposes. Especially desirable for this purpose are accurate
data from experiments in which the bacteria synthesize their
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protoplasm from simple organic carbon sources as glucose and an
inorganic nitrogen source, e.g., ammonia or nitrate nitrogen.

In the foregoing discussion of the energy required for growth
it should be pointed out that two types of energy efficiency have
been considered. In the theoretical equations, the free energy
available to the organism as shown by the energy balances is the
maximum useful work given by the reaction, and the efficiency
of its use by the organism will depend on the reversibility of the
reaction involved, i.e., the presence or absence of simultaneous,
irreversible, frictional processes that lead to dissipation, ordi-
narily as heat, of part of the free energy liberated. However,
the data given are concerned with the efficiency of total processes,
i.e., the percentage of the maximum total energy available that
can be accounted for by the organism in the synthesis of body
matter etc. Due to the irreversibility and hence heat losses
attendant on these syntheses, the efficiency indicated by the
data is fairly low. Burk (11a) has stressed the importance of
this distinction of efficiency in a recent paper dealing with a proof
of the validity of the second law in a biological process. He
emphasizes the point that in a study of the efficiency of a given
reaction from a point of view of the energy relations, it is often
desirable, where possible, to separate and to correct for any
simultaneous, irrelevant processes whose high degree of irre-
versibility leads to a low value for the observed efficiency. In
every process studied, two types of efficiency are present which
he has termed ‘“machine efficiency’”’ and ‘‘second law efficiency.”
“Machine efficiency’’ is defined as the total work done in the
process (chemical or otherwise) divided by the total free energy
dissipated by the organism in carrying out all of its life processes.
The data in table 3 dealing with the percentage recovery, as
bacterial dry matter, of the total energy that disappears from
the medium, are examples of “machine efficiency.’”” ‘Second
law efficiency’’ is defined as the total work done divided by the
free energy dissipated solely in the reaction studied. Unfortu-
nately it is not always possible to caleulate the second law effi-
ciency because of inability to separate the energy relations of the
process being studied from those of other simultaneous processes.
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Burk, however, has been able to make a complete energy balance
sheet for the autotrophic hydrogen oxidizer, B. pycnoticus. He
showed that: (1) the “machine efficiency” of this organism varies
widely with change in experimental conditions and has an aver-
age of 28.4 per cent; (2) if proper correction is made for extraneous
irreversible processes, the efficiency of the coupled reactions in-
volving the oxidation of hydrogen and the reduction of carbon
dioxide by this organism is practically perfect (i.e., about 100 per
cent) in its reversibility and independent of physiological experi-
mental conditions. Insome other processes considered (including
autotrophic methane oxidation, heterotrophic nitrate reduction,
photosynthesis of carbon dioxide, muscle contraction) it was not
possible to secure evidence for 100 per cent efficiency, presumably
due to the lack of sufficient or reliable data to make the necessary
corrections,

Burk, however, suggests another possibility that would explain
the observed lower efficiency in certain cases, depending on what
was termed the ‘‘biochemical reversibility principle,” a principle
which stands in relation to the second law of thermodynamics as
the second law does to the first law, viz., as conditioning the
convertibility of energy from one form to another. The coupled
reaction for the heterotrophic reduction of nitrate can be written:

H+ 4+ HNO; + H,O0 —» NH,* + 2 0, — AF = —68.0 kg-cal.
X 0, + XCH,0—>X H,0 +X CO; — AF = 115.0 X kg-cal.

With perfect reversibility (100 per cent efficiency) X would equal
4% = 0.59. However, the experimental results indicate that X
equals 2.0, which is the number of moles oxygen liberated in the
energy-requiring process (corresponding to a ‘“‘second law effi-
ciency’” of about 32 per cent). Similarly with the oxidation of
hydrogen and reduction of carbon dioxide, the energy relations
indicated that X should equal 0.97, which was also that demanded
by the stoichiometry of the energy-requiring equation, viz:

1 1.93
CO. 4+ 0.93 HO — 5 (CsH 53 x 1206) + S (o2}
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In this case, as already noted, the observed “second law efficiency”’
was 100 per cent. These two cases suggest that the maximum
“second law efficiency’’ to be expected in isolated coupled reac-
tions is determined not only by the energy relations of the two
reactions but also by the stoichiometry of the reactions. This
means that the amount of the energy-yielding reaction that takes
place is determined not solely by the free energy demanded by
the energy-requiring process, but also by the stoichiometry of this
latter process. Quoting Burk, “Expressed in more strictly chemi-
cal terms, all the incidental compound produced in the free energy-
requiring reaction (in the above particular cases, oxygen) must, by
virtue of the mechanism chosen by the organism, be consumed in
the free energy-yielding reaction.” Although these two reactions
are the only ones with sufficient data to test this principle, its
implications should be kept in mind as a possible explanation of
apparent ‘“wastefulness’ of free energy by microérganisms. Itis
hoped that eventually some of the processes of heterotrophic
organisms can be investigated in greater detail by this isolation
principle proposed by Burk, and that definite information will
replace the present rough approximation that reversibility in
heterotrophic organisms is between 0 and 50 per cent.

Energy of motton. At first thought one might expect that much
of the energy available to the organisms would be used in their
motion. Indeed, Rubner attributed differences in energy of
maintenance of growing compared with non-proliferating cells to
be due to the difference in motility. Calculations, however,
indicate that the energy expended in moving is infinitesimal in
comparison with that usually available. Angerer (1) has calcu-
lated this by an indirect method; by means of Stokes’ law, he
estimated the rate at which an organism would fall in a me-
dium. The force responsible for this fall is that of gravity (981
dynes = 1 gram). By a comparison of the rate of fall under
gravity and the rate of motion, he estimated the force necessary
to move the bacteria. The authors have made a direct calcula-
tion by use of a formula in hydrodynamics (37) that gives the
force necessary to propel an ellipsoid of the prolate spheroid type,
a form that many bacteria approach in their morphology, through
a medium of known viscosity.
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where u equals viscosity of liquid; V equals velocity of motion;
a, b, ¢ equal semi-axes; and R equals effective radius defined in
terms of a, b, ¢, X, and ao; X and a, are defined?® in terms of the
definite integrals in which A = V' (a? + ) (52 + A) (¢ + \).
Table 4 gives a comparison of the data found by the two
methods. The authors’ calculations were based on the assump-
tion that the bacteria are prolate spheroids with a density equal
to 1.055. Although the agreement between the two methods of
calculation is not absolute, the results are of the same order of
magnitude and indicate that the energy expended for movement
by bacteria is only an extremely small portion of that transformed.
If the average energy of maintenance is regarded as about 20 kg-
cal. per gram of bacterial nitrogen per day, and if the nitrogen
content of the wet cells is taken as approximately 2.5 per cent,
the energy of maintenance will be about 500 g-cal. per gram of
wet bacteria per day. Of this, less than 0.5 g-cal. are used for

® It should be noted that «, and X, are not functions of A which is merely an
integration parameter. Thus it is not necessary to give physical significance to
2 y2 22
a2+)\+bz+>\+cz+)\
(2o, ¥o, 20) of 2, y, and 2, this equation is a cubic in A whose three roots are defined
as the ellipsoidal codrdinates of the point zq, ¥, 2o.

N, If, however, one writes = 1, then for given values
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motion by the sluggish organisms and 1 to 2 g-cal. by the more
speedy types. In these calculations it is assumed that the means
of locomotion are 100 per cent efficient. This probably is not the
case, but even with an efficiency of only 10 per cent the energy

TABLE 4
Energy required for movement by different bacteria

WORK DONE PER
FORCE GRAM BACTERIA
ORGANISM VELOCITY PER DAY

Angerer | Authors | Angerer | Authors

centimeter| grams grams gram- grams=

per second| X 101 X 101 calories calortes
V. cholerae (2.0 X 0.4 p).......... .. 0.003 8.6 2.06 1.63 0.71
B. typhosus (2.1u X 0.7u)........... 0.0018 | 5.4* 1.70 0.22% | 0.11
B. subtilis (2.1 X 1.0u)......oo o0t 0.001 3.0 1.18 0.03 0.02

* This figure was recalculated from Angerer’s data, as his calculation contained
a numerical error.

TABLE 5
Relationship between ozygen consumption and motility of bacteria
Wohlfeil
OXYGEN CON-
ORGANISM mommrry | STMPTION FRS
ORGANISMS
co. X 107
Experiment 1:
Bac. dysenteriae (Shiga).......ccoviiiiiiivniinnnenn - 6.80
Bac. enteritidis (GAItDEr).......coovvieviiinereennns =+ 6.74
B, coli cCOMMUNE. ..ottt it =+ 8.41
Bac. typROSUS. « oo e e + 8.44
Bac. paratyphosus B.......ouuiiiiiiiiiii e +++ 9.10
B. faecalis alcaligenes..................cooiivin. ++++ 11.54
Experiment 2—B. coli commune:
Strain L. e e 5.40
Strain 2. i 4.06
Strain 3., .. e e 3.87
Straind. ..o e e 3.35

expended in motion is an inconsiderable share of the total
available.

Ofjinterest in this connection are data published recently by
Wohlfeil (73), who measured the oxygen consumption of bacteria
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which are closely related but which exhibit varying degrees of
motility. His data are summarized in table 5.

From the data of the second experiment in which four strains
of B. coli were used, Wohlfeil decided that the oxygen consump-
tion is fairly constant among members of the same species,
therefore the difference noted among the organisms of experiment
1 constituted real and not apparent differences. He assumed that
the difference noted in the oxygen uptake by Bact. dysenteriae and
Bac. typhosus is due to the motility of the latter with a consequent
higher energy requirement. He converted the difference into
gram-calories by use of the relationship 1 ce. O, = 4.67 g-cal.,
and thus calculated the energy required for motion by Bac.
typhosus to be 2.15 X 10-1° g-cal. per second per bacterium. He
noted that this result agrees remarkably well with the figure
calculated by Angerer for the energy requirements of this organ-
ism for motion, viz., 2.80 X 10-1° g-cal. per second. Unfortu-
nately there is an error in the calculation of Angerer for this
organism. The correct value for the energy requirements for
motion by Bac. typhosus calculated according to Angerer’s method
is 23.0 x 10- g-cal. per second per bacterium. Calculated
according to the formula given on page 447 this is reduced to 7.2
X 10-19 g-cal. per second per bacterium. However, the differ-
ence between the experimental value of Wohlfeil and these calcu-
lated values may be due to the fact that not all of the organisms
are in motion, as is assumed in the calculations. Wohlfeil
mentions that random fields of Bac. typhosus showed only one
out of five or even one out of ten of the organisms in motion.

A more severe criticism of Wohlfeil’s data is that of the statisti-
cian. The mean of the four strains of B. colt is 4.7 X 10-7 ce.
oxygen per hour per 10° bacteria. The standard deviation of the
individual valuesis 0.754 X 10-7 or about 18 per cent of the mean.
While it would be highly desirable to have more than four samples
for the calculation of these statistics, the data available suggest
that differences from the mean of 36 per cent or less (twice the
standard deviation) may well arise from chance. Bac. typhosus
had an oxygen consumption only 24 per cent higher than that
observed for Bac. dysenteriae. In view of the variations noted

CHEMICAL REVIEWS, VOL. VIII, NoO, 3
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among the strains of B. coli, this difference cannot be considered
significant as it stands. The variation among the strains of B.
colt might have arisen from differences in motion by these strains
since Wohlfeil reports their motility as =, i.e., they are only
partly motile. In spite of these objections, the data of Wohlfeil
are not without value; it appears that there is a high positive
correlation between motility and oxygen consumption. Further
work, in which a number of strains of each species are used in
order to control the individual differences, might yield extremely
interesting and more conclusive results.

Energy for increase of surface. 'When the question of the energy
expended in increasing the surface of bacteria during growth is
considered, the lack of data on the interfacial tension between the
cells and the medium requires the use of indirect methods that may
or may not yield valid conclusions. A bacterium 2 in length and
14 in diameter, considered as a cylinder, would have a surface of
7.85 X 10-% sq. em. and a volume of 1.57 X 10-12 cc. Thus
it would require 6.2 X 10! wet bacteria to weigh 1 gram (density
= 1.055). This 1 gram of bacteria would have a surface equal
to 4.88 X 10%sq. cm. Since 1 calorie = 4,182 X 107 ergs, the
work of adhesion between the cell and the medium (disregarding
the small amount of surface present in the inoculum) would have
to be 4,182 x 107
4.88 X 10¢
equivalent of energy in the production of the surface of 1 gram of
bacteria of the above dimensions. In like manner, the work of
adhesion necessary to produce the surface represented by 1 gram
of wet bacteria of the dimensions 1.0x by 0.5x would be 441 ergs
per sq. cm. if 1 g-cal. equivalent of energy were used in the process.
These values are much higher than those found by Harkins (25)
for the work of adhesion between organic liquids and water.
Tangl (65) reports that the total energy expended in the produc-
tion of 1 gram of bacteria is 2000 to 4000 g-cal., consequently on
the basis of the foregoing data, it appears that the work done in
increasing the surface must be small in comparison with this
total. It should not be overlooked that the work of adhesion
between the cell membrane-medium interface might be markedly

= 857 ergs per sq. cm. in order to use 1 g-cal.
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different from the organic liquid-water interfaces studied by
Harkins. However, there is some indirect evidence in support of
the view that the interfacial tension between the cell and the
medium is rather low. Davis (16) found that the effect of various
cations on the size of oil drops (oleic acid) in water paralleled
their effect on the growth of B. coli. He suggests that the surface
tension of bacteria is essentially that of a water-oil interface.
If this is true, then it can be concluded that only a fraction of a
g-cal. is necessary to increase the (external) surface of 1 gram of
bacteria (in contrast to the several thousand calories available).
Support of this low value for the interfacial tension between bac-
terium and water is offered by the work of Mudd and Mudd (49).
These workers studied the behavior of bacteria in water-oil
interfaces. Their data suggest that most bacteria act as a semi-
solid gel with polar groups oriented in the surface so that the
interfacial tension between the cell and water is rather low. Acid-
fast organisms, however, have a smaller interfacial tension toward
the oil phase than toward water. The calculations of the surface
formed in the production of 1 gram of bacteria involved the
assumption that this surface was smooth. If the cell membrane is
sponge-like in character, as is a silica gel, then the surface area
would be greatly increased. In spite of these assumptions, it
seems likely that the work done in the production of the external
surface of bacteria uses only a small part of the total energy
available.

Other expenditures of energy. From the foregoing discussion,
it must be concluded that the available information concerning
the manner of expenditure of energy by the cell is of a rather
negative character. It appears that only a small part of the
energy that is transformed can be accounted for; the remainder
of the energy finally appears as heat, but it is not known whether
this heat arises directly from the chemical energy liberated or is
the result of work done by it. Warburg (71) has determined the

work done
maximal work available
found that except in the case of the active muscle this quotient
was extremely small. He attributes this to the fact that work

quotient for a number of cells, and has
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is being done that is not apparent. Examples of this type of
work would be: retention of phase boundaries, creation of internal
surfaces, prevention of diffusion, and osmotic work done in trans-
portation of substances from a region of low concentration to a
region of higher. Nathanson (50) has suggested that bioelectric
potentials originate in cells due to differences in concentration
of ions on either side of a membrane or through selective adsorp-
tion. This potential is then capable of decomposing water, and
by immediate depolarization a supply of nascent oxygen is main-
tained for cellular oxidation. This electrie force is also the means
of supplying the energy for secretion and adsorption. If this
hypothesis is correct, then part of the energy unaccounted foris
used in the production and maintenance of unequal concentrations
on either side of the membrane in order to produce the necessary
potential. In this connection it must be remembered that the
change of free energy of all processes at the equilibrium point is
zero. All the reactions taking place in the cell are moving toward
equilibrium, hence work must be done continually to keep these
equilibrium points from being reached so that the metabolic
processes can continue.

Giaja (21) has reported that the “fundamental biologic energy’’
of yeast—that is, the energy necessary to maintain the cells when
no external work is done—is much smaller than that liberated
by yeast in the presence of sugar. He regards the energy liber-
ated when non-proliferating cells are placed in sugar solutions
as due to uncontrolled activity of the enzymes present in the cell.
A purpose for this apparent excess liberation of energy was sug-
gested by Brown (8). He found that yeast required only 2.2
hours to ferment its own weight of maltose, and calculated that
the metabolism of yeast must be about seventy times that of
man. If the heat liberated by the yeast in its metabolism were
not dissipated into the surrounding medium, the temperature of
the cell would be raised 75.5°C. per hour at 30°C. Brown attrib-
uted this large heat liberation to the fact that in the natural
habitat of the organism the heat losses are so great that such
liberation of heat is required to keep the cell at the optimum
temperature. When the yeast is placed in the artificial environ-
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ment of the laboratory medium, this excess energy is no longer
needed, but is liberated because of the lack of control of the cell
over its enzymatic activities,

These conclusions are based on the assumption that the cell
liberates its heat under strictly adiabatic conditions. However,
unless the organism is fairly well insulated, it appearsthateven the
high rate of heat production noted by Brown would be insufficient
to maintain its temperature much above that of the surrounding
soil, fruit, or other natural substrate. An approximation of the
rate of heat production necessary to keep a colony of yeast cells
at a temperature higher than that of its environment can be made
by the following formula (30). In the application the colony of
yeast is considered as a sphere surrounded by a spherical coating
of soil.

__47rk(T1—T2)7'17‘2

E
Ty — 72
E = rate of heat production in gram-calories per second
necessary to produce a temperature difference
between surfaces of the two spheres,
k1 = heat conductivity of soil (dry soil = 0.00033),
r1. = radius in centimeters of outer sphere (soil + colony),
r. = radius in centimeters of inner sphere (colony),
T, — T, = difference in temperature of the surfaces of the inner

and outer spheres.

Table 6 gives a summary of calculations made for colonies of
various radii surrounded by a layer of soil of different thicknesses.

These figures show that only large colonies with thick layers
of insulation are able to maintain a temperature above that of
the environment. Small colonies, because of the large surface
per unit volume, are unable to retain the heat liberated in the
metabolism of the cells. The formula shows that for a given
insulating substance of heat conductivity %, the rate of heat
production necessary to keep the temperature of the surface of the
inner sphere 1°C. higher than that of the outer sphere approaches
2 minimum equal to 4rkr, as r; is increased. The calculations
show that for a colony 1 mm. in radius the potential difference in
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temperature increases from 0.04°C. to 0.19°C. as the layer of soil
is increased from 0.25 mm. to 99.0 mm. Also the temperature
difference changes very little with further increase in the thick-
ness of the soil layer. It follows that within certain limits (from
two to ten times the radius of the inner sphere) it makes little
difference as to what is assumed for the thickness of the soil layer.
In the above calculations the figure for the heat conductivity of

dry soil is used; in a moist soil the conductivity would be higher

TABLE 6
Potential temperature differences between environment and yeast colonies of
varying size

RATE OF HEAT PRODUCTION
RADIUS OF COLONY | RADIUS OF COLONY TEMPERATURE
r2) AND 80OIL (r1) di?eer%gicl:gff?gc. Available® DIFFERENCE
millimeters millimeters grt;:z;c:ja;z’eisog‘;er ””;:'z;fdh’;fef'of er °C.
1 1.25 20.75 0.786 0.04
1 2.0 8.30 0.786 0.10
1 10.0 5.20 0.786 0.15
1 100.0 4.20 0.786 0.19
5 10.0 41.50 98.20 2.36
5 100.0 21.90 98.20 4.48
10 20.0 83.0 786.0 9.46
10 100.0 43.7 786.0 18.00

* Calculated on the assumption that yeast ferments its own weight of maltose
in 2.2 hours.

and the potential rise in temperature of the colony correspond-
ingly smaller. In a well-insulated environment or with large
masses of cells the rate of heat production by microérganisms is
sufficiently high to cause a rise in temperature in the immediate
vicinity, as is noted in the biological heating of manure. How-
ever, it appears unlikely that microérganisms in general in their
natural habitats produce heat at a rate sufficient to maintain an
optimum temperature above that of their surroundings.

1I. THE APPLICATION OF ENERGETICS TO FERMENTATIVE PROCESSES

Alcoholic fermentation

The energetics of this fermentation have been more completely
investigated than any other because of its industrial importance.
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Rubner (58, 59) studied the total heat produced, the heat pro-
duced by the action of zymase and invertase and determined the
influence of alcohol, nitrogen nutrition, and other factors on the
energy changes. He found that the heat liberated by zymase
was only a small part of the total liberated, and used this as an
argument for the theory that most of the fermentation resulted
from cells per se. A ecarbon balance indicated that 1 gram of
sucrose should liberate about 159.4 g-cal.,* whereas that actually
measured in the calorimeter was 149.9 g-cal. per gram of sucrose.
The calculated value for glucose was 147.6 g-cal.* per gram and
the measured value was 133.3 g-cal. per gram. The concentra-
tion of sugar and of yeast did not affect these values but only the

TABLE 7
Heat production by different species
Rubner
HEAT PRODTUCTION HE:};I‘RPgi;)U;;T;ON
SPECIES PER %&;Izgf’{r KILO sqggsfshéii‘i%g},
kilogram-calories | kilogram-calories
Man. . i e 30.0 1042
DO, v e 45.9 1039
MoOUSE. . oot e e e 210.0 1039
B T 1163 (30°C.) 0.84-1.2
Yeast. .ooo 1173 (38°C.)

rate of heat production; the presence of alcohol resulted in a
decrease of the total heat production. Table 7 gives a comparison
of the heat produced by different species, although Rubner
pointed out that little agreement should be expected between
species with different physiological and anatomical charac-
teristics.

Fulmer and Leifson (19) have made a noteworthy contribution
to the study of the free energy changes occurring in the formation
of alcohol from sucrose. These authors also outlined in detail
the methods suitable for calculation of the change in —AF with
changes in concentrations of the reactants and resultants and

¢ Caleulated from more recent thermal data.
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stressed the importance of considering these energy changes when
dealing with biological transformations.
From the equation

Cr.H20u (8) + H,O (1) - 4 CO; (g) + 4 C.H;0H (1)
— AF° = 116.6 kg-cal.

they calculated the change in —AF when 0.3 mole of sucrose is
fermented for various initial concentrations of sucrose and ethyl
aleohol and for a constant pressure of 0.0003 atm. of carbon
dioxide (air). The data in table 8 are taken from their paper.
These data show that the maximum difference between the free
energy decrease for concentrations of sucrose, ethyl alcohol, and

TABLE 8
Average values of (A F — A F°)* per mole of sucrose fermented when — A M = 0.3 mole
Fulmer and Leifson

INITIAL CONCENTRATION INITIAL CONCENTRATION OF ETHYL ALCOHOL
OF SoRosE 2.1 X 107 2.1 X 102 2.1 X 107M
Mt kilogram-calories kilogram-calories kilogram-calories
1.00 —27.42 —24.65 —23.02
0.70 —26.52 —-23.75 -22.61
0.50 —24.95 —23.36 —22.08

* — A F = decrease in free energy under conditions indicated in table.
— A F° = decrease in free energy in standard states = 116.6 kilogram-
calories.
t M = molality.

carbon dioxide likely to be present in a fermentation and the
—AF° (standard states) is about 27 kg-cal., or an increase of 23
per cent. The authors conclude, “Considering . . . . thefact
that the equation assumed for the fermentation does not represent
accurately the products formed by biological action, the correc-
tions from the standard state in this case are not of relatively
great importance. However, it is worth while, in each instance,
in the use of free energy changes of biological processes to analyze
the situation along the lines presented above.”

Lactic acid fermentation

Rubner (60) studied the heat produced by this fermentation
both in pure culture and in the spontaneous souring of milk.
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Experiments made on the souring of milk showed that only 25 to
45 per cent of the observed heat production could be accounted
for by the theoretical equation for the decomposition of lactose
into lactic acid. Using sterilized milk inoculated with an ‘“organ-
ism producing dextro-lactic acid’’ he found only 23 per cent of the
observed heat could be accounted for by the acid produced. He
suggests that other vital processes yielding heat caused these
discrepancies, and believes that for this reason heat production is
a better method for comparing the metabolism of these organisms
than is lactic acid production.

Acetone-butyl alcohol fermentation

A study of the mechanism of this fermentation made in this
laboratory (31) has indicated certain theoretical equations for
the break-down of carbohydrates into the solvents and acids
formed in the fermentation. From data on the fermentation of
glucose it was found that the concentrations of acetic and butyric
acids varied so little from the tenth to the thirty-second hour that
the concentrations may be treated as constant during this period.
Also 40 per cent of the glucose disappeared during this time, so
that the free energy changes of this period may be taken as fairly
representative of the entire fermentation. The free energy
equations for the production of the acids showed that the change
in the glucose concentration did not materially affect the total
decrease in free energy, hence the average value of the glucose
was used to calculate the free energy changes involved in the
formation of solvents. In the following equations each fermenta-
tion product is referred to an individual molecule of glucose for
purposes of calculation. In the actual fermentation these prod-
ucts arise undoubtedly from a common intermediate compound
rather than each from a discrete glucose molecule.

Acetic acid
M} + 2 H,0 (1) —» 2 CH,COOH (0.035M) -+ 2 CO; (0.65 atm.) +
4 H; (0.35 atm.)

54.3
~ AF = {53'9 kg-cal, — AH = — 17.5 kg-cal.

0.115

CoH1:06 {o.oeo
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Butyric acid

CeH::0s {8(1)}38 M} — C4H:COOH (0.015M) + 2 CO, (0.65 atm.) + 2 H, (0.35 atm.)
— AF = {ggg kg-cal.,, -~ AH = 17.2 kg-cal.

Acetone
CeHuOs (0.087M) + H:0 (1) — CH,COCH, {8823 M} + 3 CO; (065 atm.) +
4 H, (0.35 atm.)
kg-cal., — AH = —26.4 kg-cal.
Butyl aleohol

CoH 105 (0.087 M) — CH,0H {gggi M} + 2 CO, (0.65 atm.) + H,0 (1)
70.7

60 4 kg-cal., -~ AH = 35.0 kg-cal.
Ethyl aleohol

19.5
— AR = {48.4

- ar =

CsH1,06 (0.087 M) — 2 C.H;0H {88?? M} + 2 CO; (0.65 atm.)
58.7
~ AF = {57‘6 kg-cal., ~ AH = 18.1 kg-cal.

From these data it was calculated that from the tenth to the
thirty-second hour 0.055 moles of glucose were decomposed with
a free energy decrease of 3.34 kg-cal., or —AF = 60.8 kg-cal.
per mole of glucose fermented. Since the standard free energy
of the complete oxidation of glucose is —685.8 kg-cal. per mole,
it is seen that the anaerobic decomposition by this organism liber-
ates less than one-tenth of the ‘“‘potential”’ free energy. The
production of acetic acid and acetone from glucose are examples of
reactions in which —AF and — AH have opposite signs.

Of interest is the consideration of two of the proposed steps in
the mechanism. Acetone is thought to be formed from acetic
acid. As can be seen from the following equation, this reaction
has a positive AF, hence energy from another reaction would be
necessary to cause it to take place. This necessary energy
could be obtained from that liberated in the formation of the
acetic acid from glucose.

0.003
0.020

— AF = {‘4'7 kg-cal, — AH = —9.0 kg-cal.

M} + CO. (0.65 atm.) 4 H.O (1)

-5.9
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The reduction of butyric acid to butyl alecohol may require
nascent hydrogen. Using the figure given by Lewis for the stand-
ard free energy of atomic hydrogen, it appears that the produc-
tion of butyl alcohol also involves a coupled reaction.

C:H ;0 — C,H;COOH + 2 CO, + 4 (H)
— AF° = -—88.9 kg-cal.
C:;H;COOH + 4 (H) —» CH,OH + H.0
— AF° = 169.0 kg-cal.

The first reaction, which requires large quantities of energy
to cause it to take place, could obtain this energy from that liber-
ated in the second reaction. In all of these reactions, it is
assumed that the concentrations of the reactants and resultants
are identical with those of the circumambient liquid. This
condition in all probability does not obtain, since the cell appar-
ently alters the concentrations at its active surfaces by performing
osmotic work., If the concentrations are changed, the free
energy liberated likewise will be changed. However, until more
definite information is available, calculations of this nature must
serve as first approximations of the free energy change.

Other bacterial fermentations

As pointed out in Part I, if the products of a fermentation are
accurately determined, it is possible by an application of thermo-
dynamical data to calculate the heat of reaction and free energy
liberated as a result of the fermentation. The energetics of a
number of fermentations given in the literature have been calcu-
lated by this method. In choosing the data two criteria have
been used: (7) the carbon of the products must equal at least 95
per cent of the carbon of the carbohydrate decomposed; (2) the
oxidation reactions must balance the reduction reactions at least
to within 5 per cent. If the original data fulfilled these conditions
they were then adjusted so that the oxidations and reductions
were exactly equal: this was most conveniently done by correct-
ing the carbon dioxide or hydrogen figure. After this adjust-
ment, a carbon balance was made by correcting the figure for the
carbohydrate fermented so that its carbon was equal to that
present in the products. This corrected figure was then com-
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pared with the original “carbohydrate fermented” and, if it was
within 5 per cent of the latter, the data were judged to be suffi-
ciently accurate for our purpose. These adjustments are neces-
sary since small differences in carbon or oxidation-reduction
balances will cause a large difference in the calculated value of the
energy liberated. Finally the water that took part in the reac-
tion was calculated by making an oxygen or hydrogen balance,
and the entire data were put on the basis of 1000 millimoles (1
mole) of carbohydrate fermented in order to facilitate subsequent
calculations.

In calculating the standard free energy of the reaction, it was
necessary to estimate the free energy of formation of propionic
acid, 2,3-butylene glycol, and arabinose, since these data have
not been determined. The value for propionic acid was taken
to be the average of those for butyric and acetic acids, since
Parks and Kelley (54) have shown that the introduction of a
CH, group in a homologous series causes little change in the value
of the free energy of formation. The values for the other com-
pounds were calculated by the “atomic entropy’” method of
Parks and Kelley as described by Burk (12). Dr. Kelley kindly
furnished us with constants based on specific heat measurements
of a number of organic compounds down to a temperature of
15°K. These constants are not the same as those given by
Burk since the latter are based on earlier, less accurate measure-
ments. It was also necessary to calculate the heat of combustion
of 2,3-butylene glycol. This was done by the method of Kha-
rasch (32).

As an example of the use of these methods the calculations for
2,3-butylene glycol are given in detail.

(1). The heat of combustion of an organic compound. Kha-
rasch has conceived the oxidation of organic compounds as a
process in which energy is released when electrons are displaced
from orbits occupied in the methane type of molecules to orbits
characteristic of the carbon dioxide type. This change liberates
energy equal to 26.05 kg-cal. per electron per mole. In the case
of molecules that have substituted groups, the orbits are already
partially displaced; hence it is necessary to apply a correction
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factor to the general formula, @ = 26.05 X N, where Q = heat of
combustion in kg-cal., and N = number of electrons displaced per
mole. These correction factors have been worked out by Kha-
rasch and his collaborators, who have shown that the calculated
values of the heats of combustion are accurate to within 1 per cent
of the experimentally determined values.

From the structural formula of 2,3-butylene glycol the number
of electrons displaced is determined (33).

H H H H

| | | |
H-C-C~-~C-~C~H

! + + |

H OH OH H

Each hydrogen is positive, hence would be connected with a
minus sign to carbon. Carbon to carbon is considered as one
negative bond. The oxygens are negative, therefore the connec-
tion to carbon is positive. The total number of electrons dis-
placed is the sum of the negative bonds (11) times 2. Kharasch
gives the following formula for a polyhydroxy alcohol,

Q =205 XN+ 137+ 65k + 351,

where j equals the number of primary alcohol groups, £ equals the
number of secondary alcohol groups, and ! equals the tertiary
alcohol groups. In the case of 2,3-butylene glycol, N equals
22, j and [ equal 0, and % equals 2. Therefore,

Q 26,05 X 22 4+ 2 X 6.5

= 586.1 kg-cal.
The heat of formation is calculated from the formula,
— AH = — Q + 94.38 C + 68.38 H,

where @ equals the heat of combustion of the compound, C equals
the number of carbon atoms in the compound, and H equals
the number of hydrogen moles in the compound. Therefore,

— AH —586.1 + 94.38 X (4) + 68.38 X (5)

133.3 kg-cal.

[
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(2). The free energy of formation of an organic compound. In
order to calculate the free energy of formation it is necessary
to know the entropy at 25°C. This can be calculated from the
structural formula in a manner similar to the calculation of molec-
ular refraction, volume, ete. The necessary constants were
furnished to the authors by Dr. Kelley, who states ‘“For the liquid,
aliphatie, saturated alcohols (including polyalcohols), acids and
ketones, the following values for 298°K. satisfactorily reproduce
the entropies of all the compounds on which we have data:

|
H— (+10.6); —CIJ— (—13.8); —0— (4+2.0); =0 (421.2)

For each secondary hydroxyl group three units should be sub-
tracted from the value calculated from these constants (based on
oneresult). These constants have little theoretical meaning, but
are obtained empirically by solving simultaneous composition
equations. Consequently, I believe you can strengthen your
case by obtaining the values you desire by comparison, when
possible, with similar compounds which have been studied.’’s

This last statement can be illustrated by the calculation used
for solid arabinose. Glucose has an entropy value of 50.5 units
at 25°C. The data on solid ethylene glycol and glycerol when
compared with the figures for erythritol, mannitol, and dulcitol
indicate that each CHOH group (in the solid state) is equivalent
to 6 or 7 units. Hence the entropy of arabinose was calculated
by subtracting 6.5 units from that of glucose; from the value
obtained (44.0 E.u.) the free energy of formation of solid arabinose
can be calculated. The atomic entropy of 2,3-butylene glycol
was calculated:

= —54.4 for 4 carbon atoms
= 106.0 for 10 hydrogen atoms
= 4.0 for 2 oxygen atoms
—3.0) = ~—6.0 for 2 CHOH groups

= 49.6 E.U.

$ Private communication to the authors.
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This value may be somewhat in error since the correction for the
secondary hydroxyl group is based on only one case, viz., the
difference between propyl and isopropyl aleohol. From this
value for the entropy of 2,3-butylene glycol, the decrease of
entropy when this compound is formed from the elements can be
calculated if the entropies of the elements are available. Parks,
Kelley, and Huffman (55) give the following values for the entro-
pies of the necessary elements: C equals 1.3 E.U. per gram-
atom; H equals 14.8; and O equals 24.5. For CH; (CHOH),-
CH,; the calculation is:

4X 13= 5.2

10 X 14.8 = 148.0

2X245= 490
Sum of entropies of elements = 202.2
Entropy of 2,3-butylene glycol = 49.6
— ASzs of formation = 152.6 E.T.

From the relationship AF = AH — TAS the free energy of forma-
tion is readily obtained.

AF%gs = —133.3 4 208 X 0.1526
= ~— 87.8 kg-cal.

These calculated values are probably correct to within 2 to 3
per cent. The data for the heats of combustion for the other
compounds are those given in the International Critical Tables
and by Kharasch; the —AF° values are those of Parks, Kelley,
and Hoffman (55).

¢ The value for hydrogen that is now accepted is that of Giauque (J. Am.
Chem. Soc. 52, 4816 (1930)), who reports that this value should be 81.23 units per
mole instead of 2 X 14.8 as formerly used. However, since the free energy values
of all the other compounds considered in this paper are based on the old value for
hydrogen, it was decided to use 14.8 per atom in the calculation of the free energy
of formation of 2,3-butylene glycol. In any case the effect of changing the en-
tropy of hydrogen will affect only those reactions in which elemental hydrogen
enters as & reactant or resultant. Moreover, the revision necessary for the free
energy values of organic compounds, in light of the new value for the entropy of
hydrogen, will be of too small an order to affect calculations presented in this
paper. Thus, in the case of glucose, the change is less than 1 per cent and would
be much the same for similar organic compounds.
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The results are given in tables 9, 10, 11, 12, and 13. Table 9
shows the details of the method used in the calculations of energy
balances of two fermentations. In the remaining tables only
the summaries are given. B. lactis aerogenes (table 10) liberates
very little heat—3.1 to 5.4 kg-cal. in the fermentation of glycerol—
but the maximum free energy available for use is higher, The

TABLE 9
Detailed cdlculations of energy balances of two fermentations
SUBSTRATE AND ORGANISM. ... .0vvvoses B. coli ON GLYCEROL B, ¢coli ON GLUCOSE
—AHX| —AF° -AHX| —AF°
FERMENTATION BALANCE.. .. ivuvennarins mole X mole mole X mole
fraction | fraction fraction | fraction
milli- | kilogram- | kilogram= | milli~ | kilogram- | kilogram=
moles | calories | calories | moles | calories | calories
Compound fermented.......... 1000 |—159.7 {—~115.7 | 1000 |—302.5 |—219.0
Products formed:
Formie acid................ 125 12.50] 10.65 163 16.30; 13.89
Aceticacid................. 90 10.49 8.59 480 55.92) 45.79
Lacticacid................. 128 20.75{ 16.15| 916 | 148.65| 115.60
Succinic acid............... 31 6.99 5.60] 87 19.59| 15.70
Ethyl aleohol.............. 688 45.31| 29.72, 536 35.32| 23.18
2,3-Butylene glycol............ 99 13.20 8.70 — — —
Hydrogen.................. 313 — —_ 596 — —_
Carbon dioxide............. 415 39.17| 89.12] 709 66.91| 66.83
Water..............ovvvnn. 346 23.66] 19.57—-336 | —22.98; ~19.00
Z — A H products X mole frac-
tionofeach.................. 172.1 319.7
— A H of fermentation per mole
substrate.................... 12.4 17.2
T — A F°products X mole {rac-
tion of each.................. 138.1 262.0
— A F° of fermentation of 1
mole of substrate............. 22.4 43.0

data for B. coli in the same table indicate that, while the heats of
reaction in the decomposition of glycerol and of glucose are much
the same, the free energy liberated is much greater in the fermen-
tation of glucose. This is due to qualitative and quantitative
differences in the products formed. No definite conclusions can
be reached as to the constancy of this difference since it may be
only a question of variation in strains. However, fermentations
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of glycerol by two strains of B. colz, one reported by Harden and
Norris in 1912, the other by Braack in 1929, give similar results
for the energy exchange.

Table 11 presents a study of the energetics of different strains
of the propionic acid bacteria on glucose. The data for strains 4,

TABLE 10
Energy balance of coli-aerogenes bacteria

ORGANIBM .4 ivnvaraeerrrnnene, tonanneesnsonsene B. lactis aerogenes B. coli
REFERENCE. . ...uutnninerieorinsnesnecorornons (4] (6] (N (24)* (22)
BUBBTRATE .o ovvvvrvniranrrnsnereersonoasns anes GLYCEROL |GLYCEROL |GLYCEROL |GLYCEROL | GLUCOSE

millimoles |millimoles millimoles | millimoles | millimoles

Total fermented.................... 1000 1000 1000 | 1000 1000
Products formed:

Formic acid.................... 130 146 145 125 163
Acetic acid..................... 75 57 31 90 480
Lactic acid..................... 32 10 168 128 916
Suceinicaeid................... 65 54 92 31 87
Ethyl alcohol................... 862 886 756 688 536
Hydrogen. ..................... 751 872 543 313 596
Carbon dioxide................. 640 722 409 415 709
Water. .....ovviieii e, 92 18 202 346 3361

kilogram- | kilogram- | kilogram- | kilogram- | kilograma
calories calories calories | calortes | calories

— A H of substrate fermented...... 4-159.7 {4-159.7 (+159.7 |+159.7 (+302.5
Z — A H products X mole fraction of

each...........ooiiii 165.1 | 162.8 | 168.3 | 172.1| 3819.7
— A H of fermentation per mole

substrate................. ..., 5.4 3.1 8.6 12.4 17.2
— A F° of substrate fermented...... 115.71] 115.71} 115.71] 115.71} 219.0
Z — A F° products X mole fraction

of each................oiiiii, 136.9 | 136.2 | 135.8 | 138.1 | 262.0
— A F° of fermentation per mole

substrate......................... 21.2 20.5 20.1 22 .4 43.0

* 99 millimoles of 2,3-butylene glycol formed in this fermentation.
1 This water reacts with the glucose to form the products.

14, and 12 are taken from the paper by Foote, Fred, and Peterson
(18), while those for the other two come from the work of Van
Neil (67). In spite of differences in the relative distribution of
the acids formed by the various strains, the energy liberated is



466 P. W. WILSON AND W. H. PETERSON

practically the same in all cases. The values of —AH and —AF°
for this fermentation are much higher than those of any of the
others studied.

The data given in table 12 were collected in an effort to ascer-
tain the differences in the energy liberated by the metabolism of
the same organism on a number of carbohydrates. The species

TABLE 11
Energy balance of the fermentation of glucose by the propionic acid formers

PROPIONIC ACID FORMERS . .0vinvrniiinoniannes STRAIN 4 | STRAIN 14 [STRAIN 12*| STRAIN 6 | BSTRAIN 22
REFERENCE. .+ tvttvnruianeaiarnenarnrnereraenans (18} (18) (18) (67) (87)

millimoles jmillimoles |millimoles |millimoles | millimoles
Glucose fermented.................. 1000 1000 1000 1000 1000

Products formed:

Aceticacid..........cocviiiine, 676 717 645 539 651
.Propionic acid................. 1015 1170 1293 1295 1256
Suceinic acid.......ooviiniinn. 310 134 38 112 87
Carbon dioxide................. 353 518 628 591 584
Water ..ot 672 654 665 702 670

kilogram- | kilogram- | kilogram-~ | kilogram- | kilogram-
calories | calories | calories | calories | calories

— A H of glucose fermented........ 302.5 | 302.5| 302.5| 302.5 | 302.5
2 — A H products X mole fraction of

each.........oiiiiiiiii 350.8 | 849.1 | 347.9 | 348.6 | 348.5
—~ A H of fermentation per mole

glucose. ... 48.3 46.6 45.4 46.1 46.0
— A F° of glucose fermented........ 219.0 | 219.0 | 219.0, 219.0 | 219.0
T — A F° products X mole fraction

ofeach...............c.ciiiiin 288.5 | 290.0 | 200.6 | 290.4 | 290.4
- A F° of fermentation per mole

BIUCOSE. ..ottt viie i 69.5 71.0 71.6 71.4 71.4

* 17 moles lactic acid formed in this fermentation.

chosen was Lactobacillus pentoaceticus—the so-called mannitol
former. It is to be noticed that the energy liberated in the fer-
mentation of glucose is practically the same as that set free from
galactose, but the fermentation of fructose, in which mannitol is
formed by reduction of the sugar, results in a large decrease in the
energy liberated. The fermentation of maltose gives an energy
yield very similar to that of glucose. The energy liberated in the
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sucrose fermentation is between that of glucose and fructose, as
is to be expected.

Table 13 gives the results of a similar study, using the industrial
acetone-butyl alecohol organism, Cl. acetobutylicum. These data,
like those in table 12, show that as the source of carbon is varied,

TABLE 12
Energy balance of the fermentation of sugars by the mannitol formers

REFERENCE . .. tturuenrrareirnerasranerrnteisass (64) (84) (20) (20) (68)

CARBOHYDRATE.. vt vuvrtitnerraonrsrnosrioaass GLUCOBE |GALACTOSE| FRUCTOSE | MALTOSE® | SUCROSE

millimoles|millimoles /millimoles /millimoles | millimoles

Total fermented.................... 1000 1000 1000 1000 1000
Products formed:

Acetic acid..............iha 99 49 401 314 187
Lacticacid..............couue 916 873 309 642 689
Succinic aeid.....oviiiii it — —_ — 9 15
Ethyl aleohol............ ..o 1018 1095 — 934 670
Mannitol. ......coovveiii .. — — 657 - 230
Carbon dioxide................. 1018 1095 328 1017 778
Water. ... it — - —328t | —83t | —106t

kilogram- | kilogram- | kilogram- | kilogram- | kilogram-
calories | calories | calories | calories | calories

— A H of carbohydrate fermented....| 302.5| 302.5 | 302.5| 302.5 | 302.5
2 — A H products X mole fraction

ofeach..........cooviiiiiiiiinn, 323.4 | 323.0| 314.4 | 322.6 | 320.6
— A H of fermentation per mole
carbohydrate...........coovevnnn. 30.9 20.5 11.9 20.1 18.1

— A F° of carbohydrate fermented | 219.0 | 219.0 | 219.0{ 219.0 | 219.0
¥ — A F?° products X mole fraction

ofeach..........coovvvviiiinin.. 265.2 | 265.4 | 238.2 | 264.8| 255.9
— A F° of fermentation per mole
carbohydrate.................... 46.2 46.4 19.2 45.8 36.9

* 175 moles glycerol formed in this fermentation.

t This water reacts with the sugar to form the products. The maltose was
calculated as glucose; the sucrose as 50 millimoles of glucose + 50 millimoles of
fructose,

with resulting changes in the products, the energy liberated also
shows variations.

It is apparent from the data just discussed that for different
fermentations —AH per mole sugar fermented varies from about 5



468 P. W. WILSON AND W. H. PETERSON

kg-cal. or less, to as high as 50 kg-cal., while —AF° ranges from 20
to 70 kg-cal. It would appear that either the needs of organisms
for energy are much different or that an excess is produced in a
large number of cases. No definite conclusion can be drawn in
regard to this point since the crop of bacteria for the individual
fermentations was not determined. Only by a comparison of the
energy available per unit organism could the minimum require-

TABLE 13
Energy balance of Cl. acetobutylicum on carbohydrates (31)
CARBOEHYDRATE GLUCOSE MANNITOL ARABINOSE
millimoles millimoles millimoles
Total fermented. .................ccit 1000 1000 1000
Products formed:
Aceticacid.......... ..o il 100 275 220
Butyricaeid. ..o 12 153 3
Acetone. .. ......cooviiiiiiiiiiann 313 78 394
Ethyl aleohol........... ...l 288 60 247
Butyl alechol................ ..ot 489 604 293
Carbon dioxide. ...........ccovvennn 2282 2070 1702
Hydrogen...........ooviiviviiinnnnn. 1382 2140 946
Water. . e 122 263 216
kilogram~ kilogram-~ kilogram-
calories calories calories
— A H of substrate fermented........... 302.5 317.9 253.8
® — A H products X mole fraction of
eath. .. .. e 314.5 322.8 265.5
— A H of fermentation per mole substrate 12.0 4.9 11.7
— A F° of substrate fermented........... 219.0 226.1 184 4
2 — A F° products X mole fraction of
RGN, .. . e 277.8 282.5 231.7
— A F° of fermentation per mole substrate 58.8 56.4 47.3

ments for bacterial activity be ascertained. A second point
noticed in these data is that —AF° is two to three times as large
as —AH. This means that the organisms may have more energy
available for work than is indicated by the heat of reaction. This
additional energy would come from the environment. It must be
emphasized that this does not mean that the organisms them-
selves possess the ability to convert heat into chemical energy,
but only that the reactions taking place by reason of the activity
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of the bacteria can proceed in a manner that will convert heat
into free energy. Whether this actually occurs or not will depend
upon the degree of reversibility of the system—the calculated
values are the maximum free energy available and do not tell us
how much of this is actually available. It is of interest to note
that Burk (12) reports a similar finding for the lactic acid-glycogen
system in the muscle.

III. THE ENERGETICS OF NITROGEN FIXATION BY BACTERIA

Nitrogen fization by Azotobacter

The energy changes in the fixation of atmospheric nitrogen by
bacteria have been the subject of much controversy. No doubt
this is due to the lack of knowledge regarding the mechanism of
the fixation as well as the contradictory nature of the data in
regard to the carbon:nitrogen ratio. However, in the case of
fixation of nitrogen by Azotobacter there is sufficient information
available to hazard an estimate of the efficiency of this organism
in its synthetic activity. Kostytschew (35) and his coworkers
claim that Azotobacter fixes atmospheric nitrogen by reduction,
i.e., ammonia is the first product formed, and offer some experi-
mental evidence for this view. Linhart (41) calculated the
efficiency of the organism to be about 1 per cent. He assumed
that ammonium hydroxide was formed from nitrogen and water,
but does not give the equation for its formation. The reaction
is usually written,

1/2 N; + 5/2 H,0 — NH,0H(aq.) + 3/4 Oy,

a synthesis that is very unlikely since —AF° = —78.5 kg-cal.
Calculations show that with an equilibrium concentration of
10-% moles of NH,+ and OH - and a partial pressure of 0.2 atm.
of O, a fugacity (pressure) of about 10% atm. of nitrogen would be
required. A second criticism is the fact that he used standard
free energy values for all the reactions, a condition that obviously
does not exist in the sphere of influence of the organism. Finally,
the data used for the C:N ratio is misleading. While for practi-
cal purposes it may be considered that the energy used for nitro-
gen fixation is only about 1 per cent of that liberated in the com-
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bustion of the carbohydrate, still this is not the problem with
which we are concerned. There is no doubt but that a large
amount of the energy that is set free by the organism in the burn-
ing of the carbon source is used for purposes other than nitrogen
fixation. Energy for the latter must be differentiated from that
used in cell maintenance, growth, work, etc. The work of Ome-
liansky (52), Koch and Seydel (34) and others indicate that in
young cultures the C:N ratio is greatly decreased. Koch and
Seydel in one series of experiments secured an average of 75 mg.
nitrogen fixed per gram of carbohydrate used. If we consider
only the energy that is involved in the fixation of nitrogen, it
follows that under optimum conditions, the efficiency of Azoto-
bacter is probably much higher than 1 per cent and very likely
compares favorably with that of the autotrophic organisms. The
work of Meyerhof and Burk (46) confirms this. By an applica-
tion of thermodynamics to the probable reactions that take
place in the fixation of nitrogen by Azotobacter, it was shown
that 4.81 moles nitrogen should be fixed per mole of sugar used
ce. N, fixed
and that ce. O, used
Meyerhof and Burk studied the consumption of oxygen and the
fixation of nitrogen by 24 to 48 hour cultures of Azotobacter over
periods of 6 to 12 hours by the use of micro methods. With
normal oxygen tension (0.21 atm.) the efficiency ratio (cc. N,
fixed/ce. O; used) was found to be only 0.0025 to 0.008. However,
with a change in the gas pressures, especially that of the oxygen,
they found that this efficiency ratio could be increased to as high
as0.10. It appeared that the lower the oxygen tension, the higher
is the efficiency, although the absolute amount of nitrogen fixed
was markedly decreased if the oxygen tension was 0.01 atm.
(5 per cent of normal) or lower. With an oxygen tension of 0.05
atm. (25 per cent of normal) the absolute fixation was increased
two- to six-fold and an efficiency of 0.01 to 0.02 was obtained.
These results indicate that under optimum conditions the “ma-
chine efficiency”’ of the organism with regard to nitrogen fixation
varies from 2.5 to 10 per cent.
Burk (13, 14) has recently published results of further studies

should have a maximal value of 0.915.
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on the relationship of the pressure of oxygen and nitrogen to the
efficiency of nitrogen fixation by Azotobacter. He found that in
an atmosphere containing 20 per cent oxygen, it was necessary
to have at least 6 per cent nitrogen in order that fixation might
take place. Up to 0.5 atm. (50 per cent) of nitrogen, the rate of
growth (or fixation) was approximately directly proportional to
the pressure of this gas. The maximum fixation occurred at 5
to 10 atm. of nitrogen. The presence of humic acid markedly
increased the rate and efficiency. of fixation and decreased the
limiting nitrogen pressure to less than 1 per cent (0.01 atm.).
If ammonia nitrogen were added in order to prevent the assimila-
tion of elemental nitrogen, the stimulative action was still evident.
Therefore, Burk concluded that the direct effect of humic acid
was on the growth metabolism of the bacteria and not on the
fixation. The efficiency of the fixation as measured by mg.
nitrogen fixed/mg. glucose consumed was increased from 0.25
per cent to 0.72 per cent when the initial glucose concentration
was decreased from 10 per cent to 1 per cent. Burk also used the
ratios (1) K = count increase/total count -+ respiration rate
increase/initial respiration rate, and (2) cell number increase/
respiration due to growth, as measures of the efficiency of the
organism. With these criteria, he found a marked increase in
efficiency as the pressure of oxygen was lowered below 0.05 atm.
However, this increase with the lower pressures was independent
of nitrogen fixation. Under all conditions, the efficiency of
growth (or efficiency of fixation) was decidedly increased with an
increase in the rate of growth (or rate of fixation). As a result
of these findings, Burk concludes that: (7) the oxygen pressure
functions of Azotobacter, with respect to growth, growth effi-
ciency, respiration and humic acid, have nothing to do with the
actual process of fixation; (2) the nitrogen pressure affects solely
the fixation and not the general growth metabolism of the
organism.

Burk (11b) in a discussion of the energetics of nitrogen fixa-
tion by Azotobacter concludes from these studies on growth and
fixation efficiency that probably the first product of fixation occurs
in a reaction requiring little, if any, energy. He points out that
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if Azotobacter is grown in free or fixed nitrogen under conditions
in which the rates of growth are equal, equal quantities of energy
(supplied by the oxidation of glucose) are required to produce
equal dry weights of the organisms. This means that the
efficiencies of growth in free and fixed nitrogen are equal, and
therefore, the energy consumption required for the overall process
of fixation from nitrogen gas to ammonia (as distinguished from
simply the first step) is small, or zero as far as the experiments
are capable of deciding. Moreover under optimum conditions
for efficient growth and fixation (very low oxygen tension, etc.)
1 gram of sugar will suffice to fix 0.1 gram of nitrogen and produce
1 gram of dry weight of growth. Since most aerobic organisms
require 2 to 10 grams of carbohydrate to produce 1 gram of dry
weight, it would appear likely that this 1 gram of sugar used by
Azotobacter is required solely for growth purposes and practically
none is used in the fixation. All the experiments showed that
when Azotobacter is grown in air, its respiration is such that much
more energy is available than is actually required for growth and
maintenance, but none of this excess energy can be charged to
nitrogen fixation since the surplus occurs whether or not nitrogen
is being fixed. Burk shows in addition that the first step in the
fixation concerns a compound that is in equilibrium with the
nitrogen of the air. This key compound is formed instantane-
ously from free nitrogen as rapidly as it is used in growth, as the
concentration present at all times is approximately proportional
to the pressure of nitrogen up to 0.5 atm. Hence its formation is
represented by an equilibrium reaction with high reversibility,
which means that the free energy involved in its formation is
substantially zero. The formation of this compound (without
expenditure of energy) is fixation in the strictest sense of the term.
Subsequent conversions of this initial or key compound into the
Azotobacter cell might involve free energy changes that are
irreversible and hence require some energy, but this possibility
is presumably ruled out by the data presented earlier in the
paragraph.

From a consideration of the foregoing discussed papers, it
appears that the value assigned for the efficiency of Azotobacter
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in the fixation of free nitrogen depends to a great extent upon
experimental conditions and, of course, upon the definition of
efficiency employed. In view of this variability, it appears to be
the better part of valor to avoid a definite statement as to the
efficiency of nitrogen fixation in nature by this organism. On the
other hand, the progress made toward a solution of this problem
by Meyerhof, Burk and their collaborators, makes it appear
hopeful that the answer will be available in the near future.

Nitrogen fixation by Cl. pasteurianum

Little work has been done on the energetics of the fixation of
nitrogen by the anaerobic species Cl. pasteurtanum. This fixa-
tion is usually considered as one of very low efficiency, since the
average value of nitrogen fixed per gram of carbohydrate used is
1to2mg. However, aside from the question of what proportion
of this energy is used in the actual fixation, the fact that the
carbohydrate is only partially degraded must not be forgotten.
For example, if glucose is broken down by this organism according
to the equation,

Ce¢H:0s — 2 CO; + C;H,COOH + 2 H;
— AF° = 64.5 kg-cal.

—AF®° is less than one-tenth the corresponding value for the
complete combustion of glucose to carbon dioxide and water
brought about by the aerobic species Azotobacter (-+685.8
kg-cal.). Neglecting, in the above reaction, the changes in
—AF incident to change of concentration of the resultants and
reactant, it may be readily seen that Cl. pasteurianum is as
efficient, if not more so, in its utilization of available energy than
is Azotobacter. The apparent inefliciency is due to the compari-
son of the nitrogen fixed to the carbohydrate that disappears,
which ignores the butyric acid with its high energy content
formed in the metabolism of this anaerobic organism. However
it is by no means certain that the aerobic and anaerobic nitrogen
fixers employ the same mechanism for the fixation. Because of the
large quantities of hydrogen that are liberated in the destruction
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of carbohydrate by anaerobic organisms of the Clostridium type,
it seems probable that the fixation would take place thus:

1/2 N, (g) + 3/2 H: (g) —» NH; (aq.)
— AF° = 4+ 6.3 kg-cal.

If this reaction occurs in the cell, the value of —AF would be
changed according to the activities (concentrations) of the various
substances concerned. On the basis of this equation Buchanan
and Fulmer (10) have calculated the molality of the ammonia in
equilibrium with 0.8 atm. of nitrogen and varying partial pres-
sures of hydrogen. At a pressure of 10—* atm. hydrogen (the
partial pressure of hydrogen in the air according to Burk (11))
the equilibrium concentration of ammonia would be 3.69 X 10-2
M. Since the reaction takes place in the liquid phase, the fixed
nitrogen would appear as ionized NH,OH. In this case the pH
of the cell would affect the equilibrium concentration of the
NH.+. At neutrality, with a pressure of 0.8 atm. of nitrogen
and 10— atm. of hydrogen, the NH,+ could reach a concentration
of 11.9 X 10-t M before the sign of the free energy change becomes
positive. Theequilibrium concentrationincreases tenfold for each
unit change in pH toward the acid side and decreases tenfold for
each unit change in pH toward the alkaline side. From these
data it appears possible that the fixation of nitrogen by the
anaerobic species may be exothermic. The energy derived from
the utilization of carbohydrate is used for purposes other than
nitrogen fixation.

Nitrogen fixation by Rhizobium

The study of the energetics of nitrogen fixation is even more
restricted by lack of suitable and reliable data in the case of the
symbiotic forms of bacteria, than it is in that of the free-living
forms—Azotobacter and Clostridium. Since it has not been
conclusively demonstrated that the nodule bacteria can fix nitro-
gen independent of the plant, the employment of experimental
data gained in the few cases in which nitrogen was reported fixed
in pure culture would be of doubtful value. In addition, the
mechanism of fixation is by no means established. Studies of
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nitrogen fixation in connection with the plant are complicated
by the carbon and nitrogen metabolism of the latter, so that
suitable technique has not been developed that would make
possible a differentiation of energy used by the organism and that
by the plant. If we reason by analogy that the fixation is similar
to that of Azotobacter and the efficiency is of the same order, the
conclusions reached are highly improbable. Thus Christiansen-
Weniger (15) has shown that, for typical field experiments, the
energy utilized for fixation would require a carbohydrate destruc-
tion of two to three times the total yield of the plants unless the
process of fixation is much more efficient than is that of Azoto-
bacter. He believes that the fixation must occur by an exother-

TABLE 14
Energy requirements for the fization of nitrogen by legumes
Christiansen-Weniger

TOTAL DRY WEIGHT ENERGY

REQUIRED
DIFFER- |NITROGEN | FOR FIXA-
Without | With ENCE FIXED TION OF 1

4 R KILOGRAM
nitrogen | nitrogen NITROGEN

PLANT

grams | grams grams grama ki‘ﬂ:’;ﬂ'
Bean............ ..., 50.746) 56.572, 5.826 | 1.021 | 22,800
Alfalfa. . ... it 60.659| 68.487) 7.828 | 1.184 | 28,884

mic process and offers experimental evidence in support of this.
He found that the total dry weights of lupines, beans, and alfalfa
grown in the presence of sodium nitrate showed only slight in-
creases over inoculated plants grown in the absence of fixed
nitrogen. From the small differences obtained, he calculated the
energy utilized for fixation of the nitrogen on the basis of the
equivalence of 1 gram dry plant material to 4.0 kg-cal. A typical
set of results is given in table 14.

On the basis of these results, Christiansen-Weniger concludes
that the amount of energy required in the fixation is so small
that it is probable that this energy is used for the vital activity
of the bacteria and that the actual fixation of nitrogen is accom-
plished by an exothermic reaction that yields energy to the
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bacteria for their cell processes. However, the energy required
for the fixation is not particularly small, as ecan be seen from the
above table.

Rippel and Poschenrieder (56) take issue with Christiansen-
Weniger in regard to this proposed autotrophic nature of the
nodule bacteria. They observed an accumulation of starch in
nodules while the plant was engaged in carbon assimilation which
disappeared if the latter process was interfered with, as by trans-
ferring the plants to the dark. They regarded this accumulation
of starch in the nodules as a means of supplying the needs of the
bacteroids in fixing the nitrogen. They pointed out two sources
of error in Christiansen-Weniger’s work: (7) The nitrogen in the
control was supplied as nitrate, which would require energy for
reduction; (2) the difference in dry weight at the end of the experi-
ment between the controls and plants that were inoculated is not
necessarily a measure of the total carbon that was used in the
fixation. It hasbeen observed that the assimilation ability of the
legumes for a given leaf area is twice that of other plants, and
that if some of the leaves are prevented from assimilating carbon
dioxide there is a compensatory increase on the part of the other
leaves. Hence Rippel and Poschenrieder claim that the nodules
could use a great deal more carbohydrate than was shown by
Christiansen-Weniger’s results and still have little influence on
the final dry weight of the plant. Added evidence that carbo-
hydrate is consumed in the nodules is furnished by the observa-
tion of Reinau that the “earth respiration’’ of legumes is much
higher than that of mustard or of rye.

Rippel and Poschenrieder believe the hydrogen for the reduc-
tion of the nitrogen arises from a fermentation process similar to
that supplying the hydrogen used in the production of alcohol
by yeast. In this case, for every 180 grams of glucose used, 4
grams of hydrogen (fermentation) are produced. If this hydro-
gen were used entirely for reduction of nitrogen to ammonia, then
a fixation of about 100 mg. per gram of sugar destroyed would
result, which is of the same order as that fixed by young cultures
of Azotobacter.

Burk (11) has made a theoretical study of the various mecha-
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nisms suggested for the fixation of nitrogen by Rhizobium in the
nodule of legumes and by the free-living forms, e.g., Azotobacter
and Cl. pasteurianum. He stresses the point of view that the
actual fixation in the primary compound is the question involved,
and that subsequent reactions in which this first compound is
concerned are a part of the nitrogen metabolism and for this
reason the energy changes involved should be discriminated from
those of fixation. By an application of thermodynamics to the
various mechanisms proposed for the fixation, he shows that the
fixation might take place by the reduction of nitrogen to ammonia,
by oxidation to nitrie acid, or by the formation of simple organic
compounds and under certain conditions, all these mechanisms
could yield energy and thus free the organism from the necessity
of obtaining energy by the oxidation of carbohydrate. The
sign of —AF of most of the proposed reactions for the mechanism
is positive, provided the calculations are based on concentrations
likely to be present in the cell rather than on the standard free
energy equation. Since a number of these reactions require
hydrogen, Burk suggests that this gas might be furnished by the
small quantity in the atmosphere, 0.01 per cent, or by that arising
from fermentation of carbohydrate by the cell. In the latter
case, the energy loss suffered due to the hydrogen being liberated
and not oxidized cannot be charged to nitrogen fixation since this
liberation takes place irrespective of the fixation.

SUMMARY

The energy liberated in the metabolic processes of bacteria
may be from two to one hundred times as much as is represented
by the cells. Part of this is immediately converted into heat
because of the irreversibility of the processes carried out by the
organisms. A portion of the free energy available for work is
used for cell growth and synthesis. Motion apparently requires
only a small part of the total available energy. It appears that
most of the free energy: (Z) is transformed into surface energy;
(2) performs osmotic work; (3) displaces equilibrium conditions
within the cell; (4) possibly maintains oxidation-reduction poten-
tials. Eventually the energy appears as heat.
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The heat of reaction (—AH) of fermentations carried out by
different species of bacteria varies from 5 kg-cal. or less, to over
50 kg-cal. per mole of carbohydrate fermented. The standard
free energy (—AF°) of a number of reactions studied is two to
three times greater than the heat of reaction.

The energetics of nitrogen fixation by the aerobic species,
Azotobacter, indicate that an efficiency of at least 10 per cent is
reached under optimum conditions of fixation. The anaerobic
species; Cl. pasteurianium, is equally efficient if energy liberated
rather than carbohydrate used is taken as a criterion. It is
probable that the actual fixation takes place exothermically by
reduction of nitrogen under anaerobie conditions.

The data on the fixation of nitrogen by the legume bacteria in
association with the plant suggest that the process is probably
more efficient than with Azotobacter, and it is possible that the
actual fixation occurs by an exothermic reaction.

In coneclusion it is apparent that the field of bacterial energetics
suffers from a lack of precise and adequate data. The results of
Rubner and Tangl in the investigation of the generalproblem
need to be checked by studies in which more modern technique
is employed. The application of thermochemistry, calorimetry,
and thermodynamics to a number of specific fermentations should
yield valuable information for an understanding of these processes.

The authors wish to thank Prof. Warren Weaver, Prof. F.
Daniels, Dr. Dean Burk, and Dr. K. K. Kelley for their aid and
suggestions in various parts of this paper.
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