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FOREWORD

In the past the topics chosen for these Symposia
have been broad problems in the borderline areas of
biology, physics, chemistry, and mathematics, so
that each summer the scientists participating in
them have represented a variety of approaches but
been interested in the same general problem. This
year’s Symposium departed from the established pat-
tern by centering on a method applicable to a great
many problems rather than a single one. Again it
brought together scientists representing the border-
line areas of the natural sciences, and thus accom-
plished one of its primary objectives.

The method considered at this year’s Symposium
on the Biological Applications of Tracer Elements is
not new. It has been known for almost two decades.
But recent discoveries in the field of atomic energy
have made generally available materials that were
very scarce, or unobtainable, only a few years ago;
and consequently research with tracer elements is
developing very rapidly and is assuming a leading
role in many fields of modern biological science. Al-
though this research is still in a very early stage,
the accomplishments have been so significant that I
felt justified in having them discussed by our Sym-
posium.

In several conferences on tracer elements held re-
cently, the emphasis has been on production and on
methods for use. This Symposium, on the other
hand, placed primary emphasis on the results ob-
tained in biological experimentation; and the ques-
tions of production of tracer compounds, and of
methods applied in their use, were considered only
when essential for the understanding of results. The
aims of the Symposium were to give a picture of the
early biological work with tracer elements, and to
present a general survey of problems now being in-
vestigated by these means. It was felt that such a
survey would be useful in the planning of future
research, and that the material currently available
was not too extensive to be considered by our Sym-
posium.

[v]

A reviewer of one of the recent volumes of the
Cold Spring Harbor Symposia questioned the ad-
visability of arranging the published papers alpha-
betically according to authors. He expressed a pref-
erence for arrangement according to topics. This
question of the order of papers in the published vol-
umes has received careful consideration. It is real-
ized that for a first reading of the volume a topical
arrangement would be preferable. In this year’s ma-
terial, for example, it would be logical to have
Hevesy’s ‘‘Historical sketch of the biological applica-
tion of tracer elements’ appear first, as it did on the
program. The volumes of our Symposia, however,
after being scanned or read once, are thereafter
used extensively for reference. For easy location of a
paper in the volume, alphabetical arrangement ac-
cording to authors is much more convenient than a
topical arrangement would be, and in order to facili-
tate reference use of the Symposia publications, the
alphabetical order has been adopted in recent vol-
umes. On this year’s program the papers were ar-
ranged, as usual, according to subject matter. Gem-
mill’s paper on “Isotopes in pharmacodynamics”
was not presented on the program, but is included
in this volume.

The program for this Symposium was organized
with the help of the directors of the biology divisions
of the three National Laboratories of the Atomic
Energy Commission—A. M. Brues (Argonne), A.
IIollaender (Oak Ridge) and L. F. Nims (Brook-
haven)—M. D. Kamen, A. Mirsky, and D. Ritten-
berg. The editorial work was done by Dr. Katherine
Brehme Warren.

The Symposium was held from June 8 to June 16,
1948. The registered attendance was 163. During
the meetings one half-day was spent in visiting the
Brookhaven National Laboratory. The expenses of
our foreign guests were covered by a grant received
from the Carnegie Corporation.

M. DEMEREC
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CHROMOSOME BREAKAGE INDUCED BY ABSORBED
RADIOACTIVE PHOSPHORUS

T. J. ARNASON

Any process which speeds the mutation rate is or
can become of biological importance, since muta-
tions provide the raw materials of evolution. The
diversity found in present-day organisms has been
made possible by the occurrence of mutations in
the past. The evolution directed by plant and animal
breeders similarly depends on genetic variability
present in the breeding stock. If direction along par-
ticular lines should be hampered by lack of suitable
variants, then waiting for the desired mutation to
occur is likely to become tedious since the spontane-
ous mutation rate, although variable for different
genes, is usually very low, ranging between one in
several thousand to one in over a million gametes.
It appears to be possible, therefore, that methods
developed for raising the mutation rate may become
of practical as well as of theoretical value.

Although gene mutation is basic to the process
of evolution, another way in which hereditary vari-
ations may be produced is by chromosome breakage
followed by loss of fragments or rearrangement of
the pieces. If the structural changes alter the numeri-
cal relations between genes, e.g., when there is
duplication or deficiency, notable changes in the
development of the organism having the altered
genotype often follow. Even if there is no gain or
loss rearrangement may result in modified effects
of certain genes, the so-called “position effect.”
Finally, since individuals heterozygous for structural
rearrangements often have reduced fertility, the
homozygous segregates tend to become to a greater
or lesser degree isolated from the remainder of the
population.

From several pieces of earlier work, it appears
that the number of gene mutations and chromosome
breaks produced by ionizing radiations in living
tissue is directly proportional to the dosage, e.g., to
the number of roentgens of X-rays (Lea, 1946).
The effectiveness of X-rays is particularly well es-
tablished but considerable information has been
obtained also regarding mutations induced by alpha,
beta, gamma and neutron rays. Until very recently,
the radiation source has always been external to the
irradiated cells. It is now possible to transfer a
source of effective radiations into living cells and
even into the genetically active parts of cells, the
chromosomes, with their contained genes. It has
become possible because the radioactive isotopes of
elements usually occurring in chromosomes and
other protoplasmic structures or ingredients are now
available for biological work.

With the increasing availability of radioactive iso-
topes and the increasing possibility or even prob-

(1]

ability of their widespread dissemination, it becomes
of considerable interest to establish the effects of
absorbed radioisotopes and to compare the effects
produced with those resulting from other types of
radiation. It is possible that certain radioisotopes
may be especially effective for mutation production
because of their concentration in chromosomes; they
are then within the genetic target area and can
hardly miss when energetic particles are emitted.
It is possible also that, when recoil of an atom
nucleus occurs within a chromosome, genetically sig-
nificant molecular rearrangements may ensue.

If it is established that absorbed radioisotopes
are effective in inducing mutations, they offer the
following advantages for some types of work:

(1) Low dosage per unit of time may be ad-
ministered, conveniently, for a lengthy
period.

Large numbers of plants and possibly of
some animals, may be treated more con-
veniently during some stages of development,
e.g., the period of rapid growth and matura-
tion, by this method than by X-rays.
Additional fundamental information rclating
to the mutation process may be gained from
controlled experiments designed to determine
the mutagenic effects of different absorbed
radioisotopes.

Some rather obvious disadvantages connected
with the use of radioactive materials for mutation
induction are: (1) The exact dosage is difficult to
determine and control; also, it cannot be stopped
at will; (2) unceasing vigilance must be exercised
to prevent contamination of personnel, instruments
and the surroundings generally.

Not all radioisotopes are equally suitable for
raising the mutation rate. Factors to consider in the
choice of a radioisotope for mutation induction in-
clude: (1) The rate of decay; the half-life of
different isotopes varies from something less than
four seconds to many years (Kamen, 1947); (2)
the type of rays emitted (alpha, beta, or gamma);
(3) the hardness of the rays; (4) the freedom of
movement of the active element within the or-
ganism; phosphorus moves freely within plants
(Kamen, 1947), whereas strontium absorbed by
young plants is disposed of by the plant in the first
few leaves; (5) some elements may be toxic even
at high dilution, e.g., boron or mercury; (6) finally,
if the absorbed element is one which tends to be
concentrated in meristems (plants) or gonads
(animals), and particularly in chromosomes, it ob-

(2)

(3)
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viously has a position advantage over elements
which do not.

Besides the use of absorbed radioisotopes, cer-
tain other methods of obtaining radiations originat-
ing within cells are feasible. One is by inducing
uptake of boron or lithium, then bombarding with
slow neutrons to give rise to large fission fragments
and columnar ionization. Allowance must of course
be made for the direct neutron effects. By such
methods the dosage could be controlled, and, as with
radiations from an external source, the time period
for irradiation would normally be short.

Our investigations, organized on a co-operative
basis, involved Dr. J. W. T. Spinks of the Chemistry
Department, two student assistants, Elaine Cum-
ming and R. L. Irwin, and myself. Our immediate
objectives were (1) to determine the amount of P22

tivities of solutions were determined by evaporating
down an aliquot on a platinum dish which was then
placed under the window of an end-on Geiger
Muller chamber, having a thin window of mica, and
counted. The chamber was connected to a scale of
128 scaling circuit and any sample was counted
for a sufficient length of time to give approximately
10,000 counts (standard deviation is then only
about 1 percent). By choosing a suitable aliquot,
the rate of counting was kept below 2000 counts
per minute and the correction for the resolving
times of the tube (2 X 10 seconds) was then less
than one percent.

“Plant materials were wet ashed before counting
and, where necessary, corrections were made for
self absorption by the active material. The natural
rate of the counting tube (background) was allowed

TaBLE 1. THE NUMBER OF DI¥FERENT ABERRATIONS FOUND IN MICROSPOROCYTES OF P®—TREATED PLANTS

rd. of P# per Number of cells Number of aber- | Number of diffcrent
Plant Number of plants plant at start counted rant cells! re-arrangements
16 0 469 0 0
Barley 24 .00065 72 0 0
24 .0065 115 0 0
18 0 332 0 0
Einkorn wheat 24 .00065 170 26 1
24 .0065 112 0 0
19 0 422 0 0
durum wheat 24 .00065 215 23 3
24 .0065 172 30 4
24 0 1122 0 0
vulgare wheat 24 .00065 160 9 2
24 .0065 230 24 6
13t .35 522 119 3

1 Rearrangements recorded only if they occurred in two or more microsporocytes.
% Plants germinated and grown in soil to which .35 rd. of P® was added for each plant. Much less than this amount was absorbed.

that could be tolerated by germinating seeds and
young seedlings, and (2) to determine the effects
on chromosomes of absorbed sub-lethal amounts
(Arnason, Cumming and Spinks, 1948a and b).

MATERIALS AND METHODS

Radiophosphorus was chosen for several reasons.
(1) It was one of the few radioactive isotopes avail-
able to us. (2) Phosphorus is readily absorbed,
moves freely within plants and becomes somewhat
concentrated in meristematic or rapidly « growing
parts. (3) The half-life (14.3 days) is considered
favorable. (4) The emitted radiation consists of
beta rays, relatively pure. (5) Phosphorus is well
represented in nucleic acids which in turn are abun-
dant in chromosomes.

All counts and measurements of radioactivity
were done or supervised by Dr. Spinks. His descrip-
tion of the method of counting follows: “The ac-

for by subtracting it from the total count for any
sample. To allow for decay an aliquot of the original
stock solution used in an experiment was evaporated
to dryness and counted immediately before and
after counting the unknown material. To calculate
the absolute number of disintegrations, the geometry
factor was determined. In these experiments, the
geometry factor was 3.9.”

Species used in our preliminary investigation in-
cluded Triticum vulgare Vill. (n = 21), T. durum
Desf. (n = 14), T. monococcum L. (n = 7) and
Hordeum distickon L. (n = 7). Seeds of each of
these species were germinated in individual test
tubes containing .1 ml. nutrient solution and meas-
ured amounts of P*2 to determine how much ac-
tivity could be tolerated under those conditions.
In the small tested group, germination was com-
pletely arrested or inhibited in all seeds if the P3*
concentration was .65 rd. or over, .065 rd. proved
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lethal to many, while a concentration of .0065 rd.
had scarcely discernible effects on germination and
growth (Spinks ef al., 1948).

To determine whether mutations may be induced
by seedling-absorbed P*? within the tolerated range
24 seeds of each species were germinated in .0065
rd. solution of P*?* and an equal number of seeds
of each kind was germinated in solution containing
00065 rd. P32, The initial amount of solution per
test-tube was .1 ml. When the test-tubes became
dry a small quantity of nutrient solution containing
neither activity nor phosphorus was added. At the
end of 13 days the seedlings were transplanted to
one gallon crocks containing untreated soil and
grown to maturity. Tests of residues in 10 test-tubes
indicated that 90 percent (standard deviation 4
percent) of the P*2 had been absorbed by the plants.
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phase stages. It is thought probable, therefore, that
chromosomal irregularities are rare in the untreated
populations from which the experimental plants were
taken.

Chromosome fragments and anaphase bridges
(Figs. 1 and 2) were observed in root-tip cells
collected from treated plants within five days of
the start of germination. The number seen was
highest in the 42 chromosome wheat, lowest in 14
chromosome wheat, and barley. Bridges may be
formed either by fusion of broken ends of sister
chromatids or by translocation involving fusion of
broken ends of two chromatids or chromosomes,
both of which have centromeres.

Some of the main results of the cytological study
of microsporocytes of treated plants are presented
in Table 1. Aberrations are listed in the table only
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Fics. 1-5. Chromosome aberrations in P™-treated plants,
F1c. 1. Telophase bridge in a cell of a barley root-tip.
Figc. 2. Chromosome fragment in a durum root-tip cell.
Fics. 3 and 4. Large lagging fragments in durum microsporocytes.
F1c. 5. Anaphase bridge in vulgare microsporocyte.

Cytological material collected from treated plants
and controls included both root-tips and anthers.
Fixation was in acetic-alcohol (1 : 3). Root-smears
were stained by the Feulgen technique and pollen
mother cell smears were stained with iron-aceto-
carmine. Preparations were made permanent by
mounting in diaphane.

Some additional material for cytological examina-
tion was obtained from plants grown in soil to
which had been added .35 rd. of P2Z in the form
of Na,H PO, for each plant.

RESULTS

Only six control plants of each species were
grown with the seedling-treated group. Subsequently
microsporocytes from additional untreated plants
were examined and the results of these are included
in Table 1. In none of these plants was any aber-
ration found repeated in two or more cells of an
anther. Two univalents were occasionally found at
diakinesis or metaphase. Their presence may be
attributed to premature separation of homologues
or to failure of chiasma formation in earlier pro-

if two or more cells of an anther had configurations
that could be attributed to the same rearrangement.
In all groups of this kind the structural changes
must have occurred in an earlier generation of cells
and the new condition has proved its capacity to
survive the mitotic cycle.

It is probable that most of the breaks and re-
arrangements occurred while the plants were young
since at that time the P*? activity was highest and
the concentration was also high because of the rela-
tively small mass of the plants. Aberrations seen
included: single univalent chromosomes, several
univalents in each cell, chromosome fragments,
chromosome bridges and fragments at anaphase and
chains of three or more chromosomes (Figs. 3-5).
The exact nature of the original change could often
not be stated with the precision obtained by Giles
(1947) and others working with treated Trades-
cantia microspores. Any process which interferes
with chromosome division or movement may result
in elimination of that chromosome, e.g., inactivated
centromere or breakage followed by certain types
of rearrangement. Most first division bridges with
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fragments probably result from inversions (Mc-
Clintock, 1941). Some second division fragments
were seen; these are doubtless derived from first
division fragments that have been included in
daughter nuclei.

In one wvulgare plant grown on treated soil, the
pollen mother cells had a large number—up to 10—
of univalents indicating that many chromosomes
had been completely eliminated or that homologies
had been extensively altered. It seems most probable
that high local concentration of P32 was responsible.

In some anthers all cells appeared normal with
one or two exceptions. Aberrations appearing thus,
singly, may be taken as an indication that break-
ages and rearrangements are still occurring in micro-
sporocytes, although by this time (6 weeks) the
P32 has decayed to about one eighth of its original
activity and the absorbed active element has been
diluted in the increasing volume of the growing
plant. In spite of the loss of activity and the increase
in plant volume, prolonged mutagenic effectiveness
of seedling-absorbed P®2 may occur if the active
element is not evenly dispersed through the growing
plant but reaches high local concentration in cells
of the germ track. Measurement of the amount of
activity in anthers of a single plant grown in treated
soil, indicated that 5.7 percent of the P32 present
in the harvested plant (roots not included) was in
the anthers. The mass of the anthers was calculated
to be only 0.28 percent of the plant mass. The
slightly younger anthers of a second plant formed
.05 percent of the mass of the plant including roots.

The frequency of chromosome breaks induced by
absorbed P*2 must be determined by other experi-
ments. It appears likely that, as with X-rays, break-
age is proportional to dosage. Since, however, the
dosage rate per unit of time is low, the proportions
of rearrangements involving two breaks may also
be low as compared to those produced by corre-
sponding total dosage of X-rays. It is possible,
however, that the ionizing particles from the P2
which decays within chromosomes produce more
than one break with a high frequency compared to
X-rays.

Observed aberrations were most frequent in the
kexaploid and tetraploid wheats. Only one aber-
ration involving many cells was found in a diploid
species. Since anaphase bridges were also more
common in root-tips of young treated polyploid
seedlings than in the diploids it may be supposed
that increase in chromosome number and length
increases the chances of breakage and rearrange-
ment. Unbalanced changes doubtless have, in addi-
tion, a better chance of survival in polyploids than
in diploids since gene loss in a diploid may interfere
with vital functions while corresponding losses in
a polyploid may have little effect because of pro-
tective duplicate genes still present in other chro-
mosomes.

Indirect evidence of the occurrence of some

drastic mutations comes from observations made
on seeds from treated plants. In 4 out of 74 har-
vested vulgare heads all the seeds were split, flattened
and shrivelled. In two additional heads some of the
seeds were shrivelled, others plump. In treated
durum and barley also there was apparent endo-
sperm failure in some seeds. No similar blasted seeds
were found in untreated plants grown at the same
time nor in any grown subsequently. Cytological
study of the progeny of treated plants is just begin-
ning but already Mrs. Cumming reports that some of
the plants are probably heterozygous for rearrange-
ments. Rings of four chromosomes found in the
microsporocytes of one vulgare plant indicate that
a reciprocal translocation has been transmitted by
the treated parental plant.

Whether gene mutations have been induced in
the treated individuals has not been determined.
Species of wheat, particularly those that are poly-
ploid, are not favorable material for the study of
gene mutation rates (Stadler, 1931).

DiscussioN

The primary mechanism responsible for the ob-
served meiotic aberrations is doubtless chromatid
or chromosome breakage induced by ionizing beta
particles from P, Except in the group grown in
treated soil, the radiation dosage was small—ten
roentgen-equivalents-physical, or less per gm. of
tissue per day at the start of the experiments
(Spinks et al., 1948). Carlson (1941) has stated
that there is no minimum dosage of X-rays below
which chromosome breakage will not occur. He
stated also that in grasshopper neuroblasts treated
with 125 r an average of one to two fragments per
cell was produced. Our investigation does not give
information on the primary rate of chromosome
breakage; it merely indicates that some breakage
has occurred following absorption of the small meas-
ured amounts of P*? which were used. Since phos-
phorus is well represented in nucleic acids and
nucleic acids are particularly abundant in chro-
mosomes it seems likely that a flow of phosphorus
to rapidly growing structures will be maintained.
If there is concentration of P2 in meristems and in
developing floral organs, particularly sporangia,
production of mutations that may reach germ cells
will be favored. Radioautographs of 12-day and
35-day old wheat seedlings showed fairly general
distribution of seedling-absorbed P32, On the other
hand activity counts showed that there was con-
siderable concentration of P*? in the growing anthers
of a corn plant five days after injection with P32
solution in one of the lower stem internodes.

The mutagenic effectiveness of P2 may be en-
hanced by its inclusion in the nucleic acids and
the nucleoproteins of chromosomes. Beta particles
emitted from within the chromosome must be
especially likely to cause chromosome breakage or
other genetic changes since a “hit” on the chro-
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mosome may be regarded as certain and multiple
“hits” are possible.

The recoiling atom nucleus is almost certain to
have enough energy to break any chemical bond
(Libby, 1947). According to Lea (1946), 4 e v of
energy is sufficient to release the C-H bond in a mole-
cule, and the energy of the recoil of a P** nucleus
will usually exceed this. In addition, P** with an
atomic number of 15, becomes converted to S%2,
atomic number 16, with a change in valence from 5
to 2. Thus at the point of decay there must be some
molecular rearrangement; if the rearrangement in-
volves a gene molecule the expected result is a mu-
tated gene.

It appears probable that absorbed radioisotopes
will cause genetic changes as readily in the germ
cells of animals, including man, as in the sporocytes
of plants. For this reason radioactive elements
should be used with caution in the treatment of
disease in humans. Since mutations are usually
harmful, even small increases in the mutation rate
should be avoided if possible. Doubtless some radio-
isotopes are more effective than others in raising
the mutation rate. The active isotopes of elements
which are included in chromosomes probably will
prove to be among those which can induce germinal
mutations with a relatively high frequency.
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THE PATH OF CARBON
A. A. BENSON

Although the overall reaction of photosynthesis
can be specified with some degree of certainty
(CO; + H.O + light — sugars + possibly other re-
duced substances), the intermediates through which
the carbon passes during the course of this reduc-
tion have, until now, been largely a matter of con-
jecture. The availability of isotopic carbon, that is,
a method of labeling the carbon dioxide, provides
the possibility of some very direct experiments de-
signed to recognize these intermediates and, perhaps,
help to understand the complex sequence and inter-
play of reactions which must constitute the photo-
chemical process itself.

The general design of such experiments is an
obvious one, namely the exposure of the green plant

IN PHOTOSYNTHESIS' III

AND M. CALVIN

atic investigation are given in Table I which in-
cludes three sets of experiments, namely a dark
fixation experiment and two photosynthetic experi-
ments, one of 30 seconds duration and the other
of 60 seconds duration.

The method that was developed for separating
the various components of the cell is shown in
diagrammatic form in Figure 1. Six fractions were
obtained, and on the basis of the method of frac-
tionation, certain general properties of the com-
pounds contained in each of these fractions can
be specified.

The insoluble fraction, which contained practi-
cally none of the very quickly formed radioactive
products, consists of the high molecular weight

TaBLE 1. CO; FIXATION BY SCENEDESMUS

10 min. preillumination 30 second 60 second
1 min. dark fixation photosynthesis photosynthesis
Total
Fixed/cc. cells (c.p.m. 107%) 0.97,100% 6.2,100%, 12, 1009,
Insoluble 0% o 5%
I. Ether extract at pH 1 129 10% 3.7%
II. Amino acids 39% 119, 3.7%
(29 TII A 299%, I1I A
III. A. Sugar phosphates 4.29% M%i97% IIIB 59%{64% 111 B
0.5%1V 159 IV
III. B. Phosphoglycerate 229, 27% 20%
IV. Sugars 0.1% 4.7% 4.19%,

to radioactive carbon dioxide and light under a
variety of conditions and for continually decreasing
lengths of time, followed by the identification of
the compounds into which the radioactive carbon
is incorporated under each condition and time
period. From such data it is clear that in principle,
at least, it should be possible to establish the se-
quence of compounds in time through which the
carbon passes on its path from carbon dioxide to
the final products. In the course of shortening the
photosynthetic times, one ultimately arrives at the
condition of exposing the plants to the radioactive
carbon dioxide with a zero illumination time, that
is, in the dark. Actually, in our work the systematic
order of events was reversed, and we have begun
by studying first the dark fixation and then the
shorter photosynthetic times.

The results of the beginnings of this sort of system-

! This paper is based on work performed under Contract
# W-7405-Eng-48 with the Atomic Energy Commission in
connection with the Radiation Laboratory, University of
California, Berkeley, California.

substances such as the proteins, cellulose and starch
together with the very water-insoluble low molecu-
lar weight materials such as the fats and pigments.
Fraction I will contain those materials which can
be ether extracted from an acid aqueous medium
by a continuous operation extending over a period
of fifteen hours. These consist of the fatty acids
and the di- and tricarboxylic acids as well as the
lower hydroxylated carboxylic acids such as malic
acid, lactic acid, glyceric acid and citric acid. The
higher polyhydroxy acids such as gluconic acid and
the phosphate esters and anhydrides would not be
extracted under these conditions. Fraction II will
contain those substances which are or can be cati-
onic. This is limited to the nitrogenous bases, amino
acids and oxonium compounds. Fraction III consists
of those anionic materials which could not be ether
extracted, namely the organic phosphates and highly
hydroxylated carboxylic and enolic acids. Fraction
IV consists of the non-ether extractable neutral
molecules, that is, the simpler carbohydrates.
Fraction III was further separated into two
parts. Part A consists of that group of anionic

(6]
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substances elutable off an anionic exchange resin
by ammonia. Part B consists of those anionic ma-
terials which are not elutable with ammonia but
which can be removed from the resin with sodium
hydroxide. So far, the only substance which we
have found to display the behavior of Fraction
III-B on the anion resin is phosphoglyceric acid.

A relatively limited group of compounds are
known to exhibit the behavior corresponding to

Algal susgension in KH,PO,-buffered nutrient solution
plus Na,CH4O, (rapidly neutralized by buffer)

Filtrate
clear, colorless

1
Insoluble—cells,
proteins and pigments

which is apparently unchanged by contact with
ammonia and evaporation in all probability is the
more difficultly hydrolyzable hexose phosphate such
as glucose-6-phosphate, although it might also con-
tain substances such as gluconic or mucic acids.
The specific identification of most of the radio-
active components in these fractions has already
been described (Calvin and Benson, 1948; Calvin
et al., in press). A more detailed identification of

| Killed by injection of AcOH-HCI (4:1)
—

I Ether extracted, 15 hours

—-l Malic Acid I

1. Extract Aqueous Layer
(carboxylic acids)
Evaporated to dryness.
Dissolved in water.
Silica gel partition Adsorbed on cation Elute 1L Amino Acids
chromatography exchange resin
I 1.7N HCl
~—l Fumaric Acid ' Adsorbed on anion 1. Elute BII-A. I Filter Paper
exchange resin 15N NILOH Chromatography
2 B [T15
1.5N NaOH | Phosphoglyceric Aspartic Acid
Acid
-—l Oxalacetic Acid I IV. Neutral
effluate, sugars

Small amounts of g-alanine,
—1serine, asparagine, and phenyl-
alanine

Fic. 1. FRACTIONATION OF RADIOACTIVE PRODUCTS OF PHOTOSYNTHESIS
BY ALGAE

Fraction III-A. These consist of the sugar phos-
phates, both hexose and triose, together with sub-
stances like gluconic and mucic acids. An additional
characteristic of Fraction III-A makes possible its
further breakdown into three more groups of radio-
active components,

If the original Fraction III-A ammonia eluate
is concentrated by vacuum evaporation and then
passed again through the anion column, one finds
that all of it is no longer absorbable on the resin,
and, furthermore, of that which is absorbed, a cer-
tain fraction has become non-ammonia elutable and
has been identified with the original III-B fraction,
namely phosphoglyceric acid. That part of Fraction
II1-A which is very readily converted to phospho-
glyceric acid we believe to be triose phosphate
(Calvin and Benson, 1948). That part of III-A
which becomes non-absorbable we believe to be
easily hydrolyzable phosphate esters such as glucose-
1-phosphate, while the remainder of Fraction III-A

the amino acid fraction by means of radio auto-
graphs of paper chromatograms has also been de-
scribed (Stepka, Calvin and Benson, in press).
Therein, the presence of radioactive aspartic acid,
alanine, asparagine, {-alanine, serine, and phenyl-
alanine was demonstrated. Although large quantities
of glutamic acid were always present, it was never
found to be radioactive.

An examination of the three experiments given
in Table I reveals smooth trends between all of the
three conditions in each of the fractions and in the
general nature of the distribution. There is no sharp
discontinuity between the photosynthetic experi-
ments and the dark fixation experiment. This in-
dicates a close relationship between the dark fixa-
tion and photosynthesis. However, some doubt
existed as to the significance of this dark fixation
in photosynthesis. This arose from the demonstrated
reversal of certain decarboxylation reactions found
in non-photosynthetic organisms. At the present
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writing, these consist of only the two following re-
actions:

1. CO, + pyruvic acid = oxalacetic acid (Evans
et al., 1943).

2. CO, + ketoglutaric acid £ oxalsuccinic acid
(Ochoa, 1948, p. 145).

In view of the absence of radioactivity in any
of the components of the tricarboxylic acid cycle
having more than four carbon atoms under any
circumstances in the early products of photosyn-
thesis, we need only consider Reaction 1. That the
dark fixation following preillumination is not due
to the simple reversibility of respiratory or fer-
mentative reactions has already been demonstrated
(Calvin and Benson, 1948) and is readily apparent
from the mere fact of its great dependence upon
preillumination of the cells in the absence of carbon
dioxide. The suggestion purporting to account for
the increased dark fixation following preillumination
depends upon a net mass action reversal of the
decarboxylation reaction and those leading up to
it by the increased carbon dioxide concentration
which obtains upon the addition of radioactive
carbon dioxide. The way in which this might be
brought about is illustrated by the following re-
action schemes:

hy
!
CO;—A—B—C--- —Products

+
CHsCOCOz-
1

During the preillumination in the absence of carbon
dioxide, the residual carbon dioxide concentration
(of necessity intra-cellular) is reduced by the nor-
mal photosynthetic mechanism through a series of
intermediates, A, B, C, etc., presumed unknown.
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This by hypothesis is the only effect of the pre-
illumination in the absence of carbon dioxide. Upon
the addition of the radioactive carbon dioxide, the
carbon dioxide concentration is increased producing
a mass action reversal of a sequence of reactions to
and through the decarboxylation reaction. For very
small amounts of carbon dioxide fixed with respect
to the total fixing capacity, that is, the saturation
value, the amount fixed should be simply pro-
portional to the increase of carbon dioxide con-
centration and independent of the total carbon
dioxide concentration.

Thus, if a plot is made of the amount fixed
against the carbon dioxide added, the initial slope
of this curve should be independent of the total
amount of carbon dioxide present. Such a plot is
shown in Figure 2. The initial slope for the pre-
illuminated algae, curve B, is over one hundred times
that for the non-preilluminated algae, curve A, The
ordinates are calculated from the initial speci-
fic activity of the carbon fed for both curves. If the
difference between the two curves is due to a higher
initial non-radioactive carbon dioxide concentration
in the predark cells, the added radioactive carbon
dioxide would have been more dilute (lowered
specific radioactivity) in these cells than in the

-
-0,C—CHs—CO—CO;+Re=0,C—CH,—CHOH—CO,~+0Ox la.

preilluminated cells by the ratio of the initial non-
radioactive carbon dioxide concentrations. In order
to make the slope the same, the ratio of residual
carbon dioxide concentrations in the predark cells
to that in the preilluminated cells must have been
greater than one hundred, that is, the preillumina-
tion must have reduced the residual carbon dioxide
concentration in the cells by a factor of over one
hundred.

Since the cells were being continually swept with
carbon dioxide-free helium at a rate of about 500
cc. a minute throughout the entire experiment which
lasted about an hour, of which the first half hour
consisted merely of sweeping the cell suspension in
the dark, the residual carbon dioxide concentration
within the cells could not have been greater than
that corresponding to a partial pressure of the order
of 0.1 mm. Therefore, the preillumination would
have had to reduce the carbon dioxide concentration
to a value corresponding to a partial pressure of less
than 0.001 mm. This we know the light cannot do.

The rate of photosynthesis in a wide variety of
green plants begins to fall off in the vicinity of 1.0
mm. partial pressure of carbon dioxide. In a medium
containing one-fifth atmosphere of oxygen, the
steady state carbon dioxide partial pressure can-
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not be reduced below approximately 0.1 mm, This
is, of course, due to a balance between the photo-
synthetlc rate of removal of carbon dioxide and
the production of carbon dioxide by respiratory
and fermentative mechanisms. While it is true that
in our case (anaerobic), carbon dioxide is presum-
ably produced only by a fermentative path, this
would also produce a corresponding lower maximum
possible residual carbon dioxide concentration in
the predark algae and the lower limit for the steady
state carbon dioxide partial pressure would be re-
duced in the same ratio. It is, perhaps, significant
that the dependence of the dark fixation on carbon
dioxide partial pressure shown in Figure 2 resembles
very much the dependence of photosynthetic rates
on carbon dioxide concentration.

The curves in Figure 2 can very readily be under-
stood if the function of the preillumination is to
increase the concentration of the reducing agent
R in Reaction la) and of the carbon dioxide
acceptor (s), such as the pyruvate, through some
cylic path. Such a cycle has already been presented
(Calvin and Benson, 1948; Benson et al., in press),
and is reproduced here although the various experi-
mental data leading up to it will not be reviewed
again in this paper. The two reactions labeled with
a (?) are introduced as possible routes to account

9

for the appearance of a considerable amount of

radioactivity in the carboxyl groups of succinic acid

and alanine when carboxyl-labeled acetate is fed to
the algae.
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DiscussioN

Woop: It is indeed gratifying to learn of these
results by Dr. Calvin. 1 have been interested in this
problem for some time and while at the University
of Minnesota, Dr. George Burr and I set up experi-
ments to determine the distribution of fixed C*?0,
in sugars isolated from Kentucky Wonder beans.
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It was found, just as has been reported by Dr. Cal-
vin, that the isotope distribution was highest in the
3,4 positions, next highest in 2,5 positions and
lowest in the 1,6 positions. In these experiments
the beans were allowed to photosynthesize about
one-half hour in the presence of C'*0,. Dr. Burr
left Minnesota in 1946 to go to Hawaii, and I left
for Western Reserve, so the experiments were dis-
continued.

Dr. Burr later sent some C** sucrose to me from
Hawaii which he had isolated from sugar cane.
Here again a similar type of distribution of the
isotope was found.

In the experiments with beans an interesting ob-
servation was made; the sucrose had a high con-
centration of isotope whereas a fermentable reduc-
ing sugar, presumed to be glucose, had a low isotope
concentration. The results seem to indicate that the
fixed carbon was transferred to sucrose more rapidly
than to glucose. This problem appears to offer pos-
sibilities for further interesting studies.

The mechanism of fixation of CO, as proposed by
Dr. Calvin utilizes two fixation reactions both of
which are known to occur in biological systems.
Utter, Lipmann and Werkman have shown with
labeled acetate that acetate can be converted to
pyruvate by E. coli. The reaction as studied was
with formate but E. coli can reduce CO, to formate
so the over-all reaction could be considered.

CO, + acetate — pyruvate.

The fixation of CO, in oxalacetate is by now a
generally accepted reaction, although it should be
emphasized that even in this reaction the details
are unknown. It is not known for example how
ATP functions in this reaction.

The cleavage of succinate to two molecules of
acetate has not as yet been satisfactorily estab-
lished in a well defined system, although it has
long been considered as a likely reaction.

1t is by no means established, of course, that these
reactions take place in photosynthesis but it is
an attractive hypothesis. From the standpoint of
comparative biochemistry it seems most probable
that many of the same reactions should be utilized

in photosynthesis as are utilized in fixation of CO.
and in the general metabolism of bacteria and ani-
mals. As a working hypothesis it may be advan-
tageous until evidence appears to the contrary to
consider that the main difference between photosyn-
thetic and non-photosynthetic utilization of CO is
the source of the energy for the reduction and that
the light reaction is linked intimately with this reduc-
tion. At any rate the distribution of the isotope in
the sugar is precisely that expected by the known
fixation reactions as found in non-photosynthetic
metabolism and it is probably more than a coinci-
dence that this is the case.

It should not be implied that these findings take
us very far toward an understanding of photo-
synthesis. They show what systems may be operat-
ing but the detailed work is yet to be done. It is
necessary to prove these systems are operating, to
find out the details of the mechanism of the reac-
tions and most important to uncover the link be-
tween the light reaction and the fixation of CO,.

Lipmann: Dr. Calvin proposes as a step in
photosynthesis the condensation of acetic acid and
carbon dioxide. Such a reaction is rather well sup-
ported by enzyme chemical observation. Dr. Wood
referred already to the appearance of marked carbon
dioxide in the carboxyl group of lactic acid in ex-
periments with Clostridium butylicum.

There seem good reasons to suspect that such an
alpha-carboxylation would be the reversal of the
phosphoroclastic split of pyruvate to acetyl phos-
phate, CO,, and H, as observed in extracts of
Clostridium butylicum. 1 would suggest, therefore,
that in Dr. Calvin’s scheme an energy-rich phos-
phate be added to prime the acetate for condensation
with Co,.

CH,COOH + ~ ph + CO, + 2ZH—>
CH,COCOOH + ph + H.,0

This type of alpha-carboxylation had previously
been considered tentatively as a step in photo-
synthesis by ourselves and by Dr. Ruben; and it
is gratifying to see this possibility gaining ground
with Dr. Calvin’s recent observations.



THE USE OF THE O"
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The non metal elements concerned in biochemical
reactions have all been extensively studied by iso-
topic methods, with the exception of oxygen. Al-
though heavy isotopes of oxygen were discovered
in 1929, isotopically enriched samples have not
been readily accessible. A limited supply of water
containing O'® is now available from the U. S.
Atomic Energy Commission, and a number of labo-
ratories are developing methods which will yield
more highly concentrated material. With increased
supplies of O, it will be possible to trace all the
major elements of biochemical interest. This Sym-
posium provides an opportunity to outline results
which have already been obtained using O, to re-
view some special problems connected with this iso-
tope, and to describe current studies in which it is
being utilized.

Normal oxygen is a mixture of three stable iso-
topes, which have the isotopic weights and normal
abundances given in Table 1. The abundance ratio

TaBLE 1. THE IsoTOPES OF OXYGEN

Mass Isotopic % . .
Number  Weight Abundance Half-life  Radiation
15 15.0078 126 secs. B+
16 16.00000 99.757
17 17.00450  0.039
18 18.00490 0.204
19 19.0139 31secs. B— and v

varies somewhat with the source: an account of
these variations and of their biological significance
will be given later. Two radioactive isotopes, O
and O have been produced, but on account of
their short half-life periods it is unlikely that they
will be used in tracer studies. The more abundant
isotope, 0%, has been concentrated in a number of
ways: such processes also concentrate the rarer O’
isotope, but the extent of this concentration is small
and so for tracer work, O'® must be used.

Only a slight concentration of O takes place
during the electrolysis of water and a better separa-
tion has been obtained by fractional distillation.
Urey and his co-workers devised a column of alter-
nate stationary and rotating cones, which produced
water with a maximum O concentration of 0.85
percent (Huffman and Urey, 1937). From a cascade
of three fractionating columns, water containing
1.3 percent of O*® was obtained (Thode, Smith and
Walkling, 1944), and other columns have been de-
scribed (Brodskii and Skarre, 1939; Dostrovsky and
Hughes, 1946). For the preparation of almost pure

[11]

0O, the method of thermal diffusion was used. The
equilibrium O, 4+ 0,'® == 2 0*%0'® was established
over a hot platinum wire, and by operating for
eighteen months, 250 ml. of 99.5 per cent pure 0.8
were obtained (Clusius, Dickel and Becker, 1943).
A thermal diffusion column operating for compara-
tively short periods of time still gives a good enrich-
ment of O (Welles, 1946; Lauder, 1947), and this
method will be used to provide highly enriched ma-
terial for use in tracer work. A unique method which
seems to have great potentialities uses thermal dif-
fusion to establish a counter current flow of carbon
monoxide and carbon dioxide: an exchange reaction
takes place at the hot wire and enriches both C*?
and O*® (Taylor and Bernstein, 1947).

O is conveniently stored and transported as
heavy water, H,O®. Such water may be used directly
in many experiments, and from it, labeled oxygen,
carbon dioxide and many inorganic salts may be ob-
tained. Practically no work has been reported on the
preparation of organic compounds labeled with O®.
Enriched ethanol and methanol have been prepared
in the fractionating columns used for water distilla-
tion, and H,0O' should provide a useful starting
point for organic syntheses. Oxygen labeled glycine
has been prepared by an exchange reaction, and by
the hydrolysis of amino-acetonitrile with H,0®
(Bentley, 1947).

H.NCH.CN + H,0*® - H,NCH,CO,**H

Facrors ArrecTING THE USE oF 08

It was shown by Lewis (1933) that, after sulfur
dioxide and water have been brought into equi-
librium, there is a concentration of O in the sulfur
dioxide. This was the first instance of a simple type
of isotopic reaction:

SO, + H.0' = S50."® +H,0*

These differences in reactivities of isotopic molecules
are mainly attributed to differences in zero-point
energy, and one consequence of this fact is that iso-
tope separation by chemical reactions of this type is
possible. A study of similar exchange reactions of
many compounds has shown a striking lability of
oxygen in a large number of inorganic and organic
molecules. The oxygen exchanges of inorganic anions
and some organic compounds have been summarized
(Reitz, 1939; Bentley, 1948a). Before using O*® as
a tracer it is necessary to be sure that simple ex-
change reactions are not taking place which would
invalidate the results; alternatively, if exchange re-
actions do take place, it is often possible to make
appropriate corrections.

The only inorganic anions which are known not to
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exchange oxygen with H,0'® under any conditions
are nitrite, nitrate, phosphate, sulfate, selenate,
chlorate and perchlorate. Anion exchange reactions
are considered to take place through the initial
formation of undissociated acid by hydrolysis, fol-
lowed by reversible anhydride formation. Confirma-
tion of this theory is provided by the catalytic ef-
fects (positive or negative) of acids and alkalics
on the exchange reactions. Thus for example, sul-
furic acid undergoes exchange on long heating with
H.0s:
H.SO, == S0, + H.0
SO; + H.0'® == H,S0,*®

The relative slowness of this exchange (compared,
for example, with carbon dioxide) is due to the small
amount of anhydride in solution (Hyde, 1941). Salts
of sulfuric acid do not exchange, and a heavy sodium
sulfate has been used in metabolic studies (Aten
and Hevesy, 1938).

Of special importance is the exchange reaction
between carbon dioxide, its salts and water. When
carbon dioxide is equilibrated with H,0'8, the O®
is concentrated in the carbon dioxide. The reactions
involved, and the pertinent data are given in Table
2. Because the carbon dioxide must come to equi-
librium with all of the water, the exchange takes
place slowly, compared with the time needed to

TABLE 2. EXCHANGE REACTIONS OF CARBON DIOXIDE

K at 2908°A
CO,'%-+2H,0'%(1) = CO,'*+2H,01%(1) 1.080*
CO.+COx®  =2COHQ!8 3.993*
COz1-H;0'(1) =COM0 +H,018(1) 2.0761

* Urey and Greiff, 1935.
{ Mears and Sobotka, 1939,

establish the chemical equilibrium (elementic equi-
librium). The equilibration is completed more
quickly by shaking, warming or in the presence of
catalysts, particularly carbonic anhydrase. In some
experiments the rate constant was increased 4,000
fold by addition of one milligram of pure carbonic
anhydrase to one liter of solution (Lounsbury,
1947). Sodium bicarbonate at pH 8 exchanges
oxygen by simple hydration.

CO, + H.0 = H,CO; == H* 4+ HCO;~

All the oxygen atoms of sodium carbonate exchange,
but more quickly than would be expected from sim-
ple hydration. The time of half exchange at 25° is
28 hours, and in solution at pH 10, reaction takes
place through the bicarbonate ion.

CO, + OH- == HCOy~

As, however, the concentration of hydroxyl ions is
further increased, the exchange becomes very much
diminished due to the extremely small amount of
carbon dioxide present, and is completely inhibited
in the presence of 0.04M NaOH (Mills and Urey,
1940).

Of the organic compounds which have been
studied, many carbonyl compounds undergo ex-
change by reversible hydration to the diol.

O

N S
C=0"%+I,0t= C = C==0"4H,01

OBH

As examples, there are the complete and rapid ex-
changes of aldehydes (such as acetaldehyde and
benzaldehyde), the partial exchange of many sugars
where only one oxygen atom is replaced, and the
exchange of carboxylic acids. Interesting results have
been obtained from a study of the simultaneous
mutarotation and exchange of glucose and fructose
(Goto and Titani, 1941). At 100°, the speed of the
two reactions is roughly parallel, but at lower
temperatures, mutarotation takes place without ex-
change. It is therefore considered that at room tem-
perature, mutarotation is a stereochemical rearrance-
ment involving hydrogen transfer, but that at higher
temperatures the mutarotation may proceed partly
or wholly through an intermediate hydrated com-
pound. As with inorganic compounds, the extent of
exchange is often very dependent on the pH of the
reaction mixture. In the series acetic acid, mono-
chloracetic acid and trichloracetic acid, with increas-
ing acid strength the exchange takes place with in-
creased rapidity. Alcoholic and phenolic hydroxyl
groups do not exchange oxygen atoms with water,
unless there are special factors leading to labiliza-
tion as in the case of the acid catalyzed exchange of
trianisyl alcohol.

Attempts have been made to profit from such
exchange reactions. The exchange of some proteins
with H,0'® was studied to obtain information about
their structure (Mears and Sobotka, 1939). Of the
oxygenated groups present, only the carboxyl groups
exchanged, particularly at low pH values. There was
no exchange with dried egg albumin, but with pepsin
at pH 4.0, a 13 percent exchange took place, corre-
sponding to the oxygen present in the free carboxyl
groups of the dicarboxylic amino-acids.

ANALYTICAL METHODS

The analysis of O is carried out, either by a
density determination on a water sample, or by the
use of a mass spectrometer. Both methods have their
peculiar advantages: density may be determined to
better than 0.05y (1y is 1 part per million and an
excess density of 17 corresponds to 0.0008 atom per-
cent excess), but relatively large samples are needed,
and very careful purification is necessary. The mass
spectrometer does not need such carefully purified
samples and can be operated with very small sam-
ples. Gases such as oxygen and carbon dioxide can
be analyzed directly, and an accuracy of 0.5 to 1.0y
is possible with a good instrument.
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Densimetric Methods. The compound to be an-
alyzed is converted to water, usually by a reduction
process with oxygen free hydrogen. To avoid errors
due to a possible concentration of deuterium, the
water should be electrolysed and the oxygen obtained
recombined with normal hydrogen (Datta, Day and
Ingold, 1937). After vigorous purification, the den-
sity is determined by one of the many methods avail-
able. The method most generally used depends on
the Cartesian Diver principle, and several modifica-
tions are available (e.g., Rittenberg and Schoen-
heimer, 1935; Emeléus, James, King, Pearson, Pur-
ccll and Briscoe, 1934).

Mass Spectrometric Analysis. Several gases may be
used in the mass spectrometer, but owing to the per-
sistent water ‘“background,” present in almost all
spectrometers, it is not possible to analyze water
directly. Oxygen may be used, but it is not too satis-
factory owing to its action on the spectrometer fila-
ment. The most convenient gas is certainly carbon
dioxide; it may be obtained from many carboxylic
acids by simple decarboxylation, and its utility is in-
creased since water samples may be analyzed by
equilibration with carbon dioxide. The use of the ex-
change reaction

CO,* (gas) + H,0"® (liq.) =
CO*0* (gas) -+ H,0 (liq.)

for the analysis of water was due to Cohn and Urey,
1938). Originally, a known weight of water was
mixed with carbon dioxide at atmospheric pressure
and stood for some hours so that the equilibrium
was completely established. Equilibration is com-
pleted more rapidly by the addition of a little car-
bonic anhydrase, and, using a tube of small volume,
as little as five mg. of water may be analyzed. In
some cases it is convenient to carry out the equilibra-
tion by standing the water with sodium bicarbonate,
carbonic anhydrase again being a useful catalyst. If
R is the abundance ratio (44:46) of the carbon
dioxide after equilibration, consideration of the
equilibrium equation shows that,
100

K/2(2R—1) +1

where K is the equilibrium constant (2.076) of the
reaction (Bentley, 1948a).

A general method for the analysis of 0 in small
amounts of organic compounds has been lacking,
but a suitable apparatus has now been devised. This
is a simplification and modification of the ter Meulen
method for non-isotopic oxygen analysis. The com-
pound is quickly decomposed in a stream of pure,
dry hydrogen, over a platinum spiral, and the mixed
vapors reduced to methane and water over a thoria
promoted nickel catalyst (Russell and Fulton,
1933). The water is frozen in a U-tube, which, pro-
vided with a suitable stopper and stock cock, be-
comes the tube in which the water is subsequently
equilibrated with carbon dioxide. Equilibration is

Atom % O in water =

catalyzed with carbonic anhydrase, and the analysis
is quite rapid. The amount of material required
varies with its oxygen content, but sufficient should
be converted to yield about five mg. of water (e.g.
with O glycine, about 10-15 mg. are taken).

Tue Usks or O

Apart from the exchange reactions which have
been discussed previously, the first use of O as a
tracer was by Polanyi and Szabo in their classical
study of saponification (1934). This was one of the
earliest uses of a stable isotope in organic or bio-
chemical research, and pointed the way to the sphere
in which O*® is particularly valuable—the study of
reaction mechanisms. The retention of optical
activity during hydrolysis of esters made from
optically active alcohols had suggested that alkaline
hydrolysis took place with splitting of the bond be-
tween oxygen and the carbonyl group. Conclusive
proof of this was provided by the alkaline hydrolysis
of n-amyl acetate in H,O. The amyl alcohol pro-
duced was dehydrated by repeated circulation over
bauxite at 400°, and the water subjected to vigorous
purification. Its density was shown to be less than
that of the water used for hydrolysis, so that the
hydrolytic split must have taken place as follows:

o,

l
CH3C+O“"C5H11—'CH3C02”H + CsHHOH

1

HO“—i'r—H

Acid catalyzed hydrolysis in H,O' followed the
same course; using methyl hydrogen succinate it
was demonstrated that O*® did not enter the metha-
nol molecule (Datta, Day and Ingold, 1939).
Esterification was also studied with O as a
tracer, and for the first time a clear picture of the
nature of esterification and hydrolysis was obtained.
Methanol containing excess O'® (obtained from the
Pegram column) was used to esterify benzoic acid,
and the water produced contained only the normal
abundance of O (Roberts and Urey, 1939). The
rate of simple exchange of benzoic acid was known
to be too slow to affect the reaction and so esterifica-
tion was represented by the following equation:

CH,0® OC-CeH; =
HzO + CHaOIEOC'CgHg;

It would probably be of interest to investigate the
effect of substituent groups on these processes.

Many other reactions have been studied with O*®
and for convenience these will be briefly summarized.
Benzilic Acid Rearrangement. (Roberts and Urey,
1938).

Benzil exchanged O more rapidly in alkaline
than in neutral solution; it was concluded that the
first stage was the rapid reversible addition of OH-
to benzil, followed by a slow and rate controlling
rearrangement of the ion.



14 RONALD BENTLEY

O 0
I Rapid
CsHsC"“‘C CeHs =

Lactone Iydrolysis (Olson and Hyde, 1941.)

H; OH

- O Cs
| Slow N/
CeIIsC""‘C CeHs —_— C

CeHs COO~

Hydrolysis of 8-butyrolactone took place by different mechanisms at different pH conditions.

CHs—CH—CH,+H,0"

Hs—CH—CH,CO:H

R N |
0—CO pH 5—-2.2 O'*H
CHy—CH~-CH,+0"H- CHy—CH—CHy—COg'*
| —)
0—CO0 pH 14.0 OH

Beckmann Rearrangement. (Brodskil and Miklukhin, 1941).
The mechanism proposed by Stieglitz was confirmed.

R + R
C—N—OH | CI—
Y
R’ H R’
H,018
—_—

O*H

Xanthation of Alcokols. (Makolkin, 1942a).

skit, 1942).

—— e o d

—CH;CO;H+ CH;COO'CsHj
Alkali Fusion. (Makolkin, 1942b).

RSO;H+HO!®Na—RO¥H+NaHSO,

Phosphate Ester Hydrolysis. (Blumenthal and
Herbert, 1945).
Different hydrolytic mechanisms under acid or

alkaline conditions.

1) Alkaline Solution.

OMe OMe
/ /
O«—P—0OMe+O0"¥H=0«P—0Me+OMe~
OMe O*H

OMe~+HO"H=MeOH+Q¥H~

+

C=N | CI~—[R—C=N—R']*Cl~

R—C=N—R'=RCO"*NHR’

2) Acid Solution.

OMe OMe

/ /
O—P—OMe-+H*=HO*—P—OMe

OMe OMe+HO¥H
OMe
/
=HO—P—0OMe+MeO¥H+H*
N
0

Ether Synthesis (Lauder and Green, 1946).

More recently, the hydrolysis of acetyl phosphate
has been studied with H,0%®, and as these results
are of biochemical interest they will be considered
in more detail. Acetyl phosphate, first characterized
as a bacterial metabolite (Lipmann, 1944), assumed
increasing importance, especially when the incorpo-
ration of acetic acid into compounds such as fatty
acids, sterols and hemin was demonstrated by iso-
tope methods (Bloch and Rittenberg, 1942, 1945).
Experiments with bacterial enzymes showed that
the phosphate group could be transferred to several
compounds and a similar transfer has now been
demonstrated with pigeon liver extracts (Kaplan and
Lipmann, 1948).

As a mixed anhydride, it was expected that acetyl
phosphate would act as an acetylating agent. The
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use of phosphoric acid as a catalyst in some acetyla-
tions with acetic anhydride is of interest in this con-
nection. In a number of isotope studies with the
enzyme system of E. coli a reversal of the initial
phosphoroclastic reaction was observed, and it was
concluded that formate could be acetylated by acetyl
phosphate.

HCOOH + CH,COOPO,H, =
CH,COCOOH + H,PO,

Later work, however, with a double tagging tech-
nique apparently contradicts these results, and it
has been shown that formate is fixed in pyruvate
without the formation of acetate or acetyl phosphate

acid (Roberts, 1938), and this exchange was studied
under conditions used in the hydrolysis, i.e. in stop-
pered Pyrex tubes without exclusion of atmospheric
carbon dioxide. Agreeing with the latter author, a
slow exchange was observed at room temperature,
increasing with increased temperature, and especially
catalyzed by strong acid. In the presence of alkali,
even on warming, there was only a slight exchange.
(See Table 3.)

In these experiments, after carrying out the ex-
change or the hydrolysis, the acetic acid was rapidly
distilled at low temperature, neutralized with am-
monia, and converted to silver acetate. This was de-
carboxylated by heating #n vacuo, and the carbon

TaABLE 3. EXCHANGE oF O ATOMS OF ACETIC ACID

Time, Temp.,

Atom 9% excess  Atom %, excess of

Reagent hr. °C. of water used isolated Ag Ac 70 Exchange
Acetic Acid* 1 25 1.03 0.012 1.2
Acetic Acid* 16 25 1.03 0.047 4.6
Acetic Acid* 62 25 1.03 0.129 12.5
Acetic Acid* 3 100 1.03 0.866 87.4
NaAc+HCIl} 6 100 1.03 0.765 91.6
NaAc+Ba(OH)st 6 100 1.03 0.056 5.4

Correction has been made for the dilution of the H;0" by the normal oxygen atoms of the acetic acid.

* 1 mm. per 1 ml.

t Sodium acetate, 1 mm.; H;O', 0.8 ml.; 12N HCI, 0.2 ml. Further correction made for dilution by the normal oxygen atoms in

aqueous HCL.

1 Sodium acetate, 1 mm.; H;0', 1.0 ml.; anhyd. Ba(OH)., 0.25 mm.

as essential intermediates (Strecker, Krampitz and
Wood, 1948).

The supposition that acetyl phosphate may act
either as an acetylating or phosphorylating agent
requires that the anhydride bond can be split in two
different ways. The mechanism of its hydrolysis, was
therefore studied by the use of H,O. In an acety-
lating process the C — O bond would split (I),
08 being incorporated into the acetate; in a phos-
phorylating process the P — O bond would split
leading to O*® in the phosphate (II).

0 o) o 0
N 4 N 4
HO—P—0-!-C HO—P-| -0—C
1N\ Y
HO ! cH, HO ! CH;
H- E-O“—H H—O"-|-H
I m !

It has been shown that, contrary to early reports,
phosphate does not exchange O'® (Winter, Carlton
and Briscoe, 1940). As however, an analytical
method for estimation of O*® in phosphate was not
readily available, only the acetate portion of the
molecule was studied. A slow exchange with acetate
had been observed in the presence of hydrochloric

dioxide obtained was analyzed in the spectrometer.
The acetyl phosphate was a synthetic material, pre-
pared by the action of ketene on syrupy phosphoric
acid in ethereal solution (Bentley, 1948b). When
silver acetyl phosphate was hydrolyzed in H,0%®
(1.03 atom % excess) in the presence of potassium
hydroxide, under conditions, that is, where the ex-
change reaction would not take place, O** was found
in the acetic acid isolated at the end of the hydroly-
sis. If the split takes place as in I, then 50 percent
of the atoms present in the acetic acid would be
derived from the water. With acetyl phosphate and
dibenzyl acetyl phosphate, the experimental data
(Table 4) show that this value was closely attained.

TABLE 4. ALKALINE HYDROLYSIS OF ACETYL PHOSPHATE

Atom 9, :‘;g;?% % O atoms
Reagent excess of isolated derived
water used Ag Ac from water
Silver acetyl
phosphate+KOH 1.03 0.453 45.3
Dibenzyl acetyl
phosphate+KOH 1.03 0.450 45.7

Correction has been made for dilution of the H,@' by the
normal oxygen atoms of the KOH.
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When salts of acetyl phosphoric acid were hydro-
lyzed by water, without the addition of other re-
agents, the solutions became acid, the pH finally ob-
tained depending on whether the silver or sodium
salt was used. Under these conditions therefore,
there would be O'® in the acetic acid due to the
simple exchange reaction. If the split took place as in
the previous case, there would therefore be more
than 50 percent of the oxygen atoms derived from
the water. In a number of experiments (Table 5)
the percentage of such oxygen atoms varied from 7.0
to a maximum of 32.7, and was always less than 50.
It was concluded therefore, that the phosphorus-
oxygen bond was split (II). More conclusive proof
that this was the case was provided by using a prepa-
ration of the enzyme, acetyl phosphatase (kindly
supplied by Dr. Lipmann). With this enzyme a rapid
hydrolysis at 37° was possible, and the exchange
reaction was therefore very considerably reduced.
Using lithium acetyl phosphate in a slightly acid
solution only a negligible amount of O'® was present
in the acetic acid subsequently isolated.

These experiments proved that, depending on the
pH, acetyl phosphate could hydrolyze by splitting

RONALD BENTLEY

resulting mixture, and analyzed in a mass spectrom-
eter. Complete combustion is not necessary for
equilibration, and equilibrium is properly attained
even if insufficient oxygen is used. If oxygen of m
atom percent excess is used, and if the atom percent
excess O in the equilibrated carbon dioxide is n,
the weight percent of oxygen in the sample is given
by

a.n

With present facilities, an accuracy of =3 percent
has been obtained, but greater accuracy will be pos-
sible with a more precise spectrometer and more
highly enriched O®,

TuE STUDY OF PHOTOSYNTHESIS WiTH Q8

Perhaps the most important contribution of O®
to biochemistry has been to provide an answer to
the question: Is the oxygen evolved in the course
of the photosynthetic reaction,

n CO; + n H,O + hv = O, + (CH;0),
derived from carbon dioxide, from water, or from

TABLE 5. HYDROLYSIS OF ACETYL PHOSPHATE UNDER Acip CoNDITIONS IN H,O'®

Time,

Atom % excess Atom %, excess of 9 O atoms de-

Temp.
Reagent hr. °C. of water used isolated AgAc  rived from water
Disilver acetyl phosphate 2 85 1.03 0.300 29.1
Disilver acetyl phosphate 72 25 1.03 0.337 32.7
Disodium acety! phosphate 2 85 1.03 0.078 7.6
Disodium acety! phosphate 16 25 1.03 0.072 7.0
Disodium acetyl phosphate 72 25 1.03 0.088 8.5

the C — O or the P — O bond. In some in vitro ex-
periments, acetyl phosphate has been shown to act
as an acetylating agent, but no evidence has yet
been obtained for non enzymatic phosphorylation
reactions.

THE ELEMENTARY ANALYSIS OF OXYGEN BY
IsoToPE DILUTION

The use of the isotope dilution method (and its
various modifications) in the analysis of complex
mixtures is well established, and the method has
now been extended to the elementary analysis of
oxygen, carbon and nitrogen (Grosse, Hindin and
Kirshenbaum, 1946). This new method is of espe-
cial value for oxygen, since no convenient method
exists for its determination. The method of ter
Meulen is tedious and oxygen determinations are
almost always made “by difference.” For the isotope
dilution method, a known weight of sample, a, (from
20-40 mg.) is equilibrated with a known weight, b,
of 0,*® (obtained by micro-electrolysis of H;0®).
The equilibration is carried out in a platinum tube
at 800°: carbon dioxide is rapidly isolated from the

both the carbon dioxide and the water? By labeling
the oxygen of one or the other, it should be possible
to provide a conclusive answer, and such experiments
were simultaneously reported from two laboratories.
In a study with active cell preparations of Cklorella
pyrenoidosa, the photosynthetic reaction was carried
out in a bicarbonate-carbonate buffer solution at
pH 10 (Ruben, Randall, Kamen and Hyde, 1941).
In such alkaline solutions, the previously discussed
exchange reaction between carbon dioxide and water
takes place rather slowly, but with a measurable
velocity. Compared with the rate of photosynthesis
however, it was sufficiently slow to be neglected.
When the algae were grown on H,0'®, the 0:01¢
ratio of the evolved oxygen (determined by a mass
spectrometer) was equal to that of the enriched
water; using water of normal isotopic abundance,
but containing KHCO,® and K,CO,?8, the evolved
oxygen had the normal isotopic composition. It was
concluded therefore that the oxygen of photosyn-
thesis was derived from the water.

In other experiments, reported in the same year,
enriched water was not used, but advantage was
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taken of the very sensitive floatation method in the
determination of density differences (Vinogradov
and Teis, 1941). Helodea Canadensis was grown on
tap water containing 0.1 percent of sodium bicarbo-
nate; water derived from the photosynthetic oxygen
showed an average density increase of 4.5y com-
pared with the standard Moscow River water, and
water derived from the oxygen of the bicarbonate
used in this experiment, an average increase of 11.6v.
The photosynthetic oxygen therefore differed from
both the oxygen of the water and carbon dioxide, but
approximated more closely to the water.

These experiments indicated that the photosyn-
thetic oxygen was derived from the water. In the
former experiments, this conclusion was dependent
on the assumption that there was no velocity in-
crease of the carbon dioxide-water exchange reaction
inside the cells, relative to the external medium. The
internal vacuoles of many plant cells are at a pH
of about 6.0, and under these conditions the ex-
change reaction is much more rapid. In further ex-
periments, similar to those of the Russian workers,
such possibilities were avoided (Dole and Jenks,
1944). Water of normal isotopic composition was
first equilibrated with carbon dioxide, using car-
bonic anhydrase to ensure complete equilibration.
When Chlorella suspensions were grown in this
equilibrated water, water prepared from the evolved
oxygen had almost the same density as that of the
cquilibrated water (but was about 1.2y higher)
and significantly less than water made from the
carbon dioxide. (Corrections were applied for an
initial dilution of the sample to give a sufficiently
large bulk for accurate measurement, and for the
isotopic composition of the hydrogen used in prepa-
ration of the water samples.) A recent report on
work with O at McMaster University has con-
firmed these findings for land plants. The interesting
observation has also been made that with leaves in
an atmosphere of CO,'®, the O is incorporated
into the tissue more rapidly in the daylight than in
the dark (Lounsbury, 1947).

It has been suggested that the slightly increased
08 content of photosynthetic oxygen above that of
normal water is due to the exchange reaction of oxy-
gen with water.

0.'® (gas) + 2H,0* (lig.) = 0,'® (gas) +
2H,0¢ (liq.)

The observed increase closely approaches that re-
quired on the basis of an enrichment factor of 1.010
at 273.1° A (Urey and Greiff, 1935). In the work
by Ruben and his co-workers, no evidence was ob-
tained for an exchange of photosynthetic oxygen in
presence of oxygen, or oxygen used in respiration:
their mass spectrometric determinations were prob-
ably not accurate to 1, so the evidence, while not
conclusive, suggests that Chlorella catalyzes the
equilibrium reaction between oxygen and water.
A concentration of O® in plant tissue would be ex-

pected since: 1) water is apparently decomposed to
oxygen; 2) the oxygen of carbon dioxide is about
8y heavier than that of fresh water. Such a concen-
tration has apparently been observed in carbohy-
drates. Sugar, burnt in electrolytic oxygen, gave
water of A d about 5y (Morita and Titani, 1936).

THE DoLE ErFrecT

Research on the isotopic composition of oxygen
derived from various natural sources was stimulated
by the discovery that water prepared from atmos-
pheric oxygen and normal hydrogen had a greater
density than fresh water (Dole, 1935). This obser-
vation was quickly confirmed and the phenomenon
is known as the Dole Effect; its discovery and the
work to be subsequently discussed, was only made
possible by the very accurate methods available for
determining differences in density. These methods
are accurate to better than =0.05y unit and the
limiting factor is rather the difficulty of purifying
the water sample. An independent method for meas-
uring the Dole Effect, which utilizes the exchange
reaction of an inorganic anion has also been de-
scribed (Alexander and Hall, 1940).

The discovery of the Dole Effect has aroused dis-
cussion about the origin of atmospheric oxygen. Of
greatest interest to the biologist, is the fact that
while it is generally agreed that atmospheric oxygen
has been, and is being, predominantly formed by
photosynthesis, yet the oxygen of the atmosphere
contains more O' than fresh waters—from which
as was shown earlier, photosynthetic oxygen is al-
most certainly derived. Before this point is con-
sidered in more detail, the rather wide differences in
isotopic abundance of various oxygens will be dis-
cussed; as usual, these differences will be given in
terms of the difference in density, A d, (in ¥ units)
of the water produced on combination of the oxygen
with normal hydrogen. Taking fresh water as a
standard (there are only rather small variations
in the densities of various fresh waters not subject
to special influences) the following generalizations
may be made.

A) Rocks and natural ores, not containing carbon-
ates, have the same O content as fresh water
(Hall and Hochanadel, 1940).

B) Sea water is more dense than fresh water, having
A d about 2y (Gilfillan, 1934; Wirth, Thomson, and
Utterback, 1935; Kassatkina and Florenskii, 1941).
This value is in agreement with the density increase
to be expected from the evaporation of water.

C) Water from the oxygen of carbonate rocks has
A d, 81 (and there is no significant difference in iso-
topic composition as a function of age) (Dole and
Slobod, 1940). There is good agreement between the
calculated and observed fractionation expected from
the exchange reaction:

H.0 + 1/3 COs'*= == H,0"® + 1/3 CO4**
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It indicates the formation of such rocks from carbon
dioxide in sea water, the carbon dioxide being pre-
viously enriched by the exchange reaction.

D) In addition to these major variations, several
other natural processes serve to fractionate the oxy-
gen (and hydrogen) isotopes to varying degrees.
During the freezing of water, O*® is concentrated in
the solid phase, and this fractionation takes place
in the formation of snow and natural ices (Teis and
Florenskii, 1941). Water basins fed by melting
snow or glaciers therefore often show an increased
O content.

These differences find a satisfactory explanation
in terms of known isotope fractionating processes,
but the greater proportion of O® in the atmosphere
(relative to fresh water) is apparently in contradic-
tion to the supposition that atmospheric oxygen has
largely been formed by photosynthesis, and there-
fore from water. (The study of photosynthesis by
0?8 has so far been limited to fresh water plants, but
it seems unlikely that any profound difference will
be found in marine plants.) The results with Helo-

TABLE 6. PHOTOSYNTHESIS WITH Helodea Canadensis
(Vinogradov and Tels, 1941)

Ad
Water from photosynthetic oxygen + 4.5y
Water from atmospheric oxygen + 7.3y
Water from NaHCO, +11.6y

All referred to Moscow River water.

dea suggest that the density of the water from photo-
synthetic oxygen is sufficiently greater than that of
the nutrient water to account for most of the effect.
These results are given in Table 6; while most of
oxygen must have been derived from the water, it
is nevertheless 4.5y units heavier. The rest of the
Dole Effect could be due to a contribution of 2y
from concentration of O*® in sea water and 1y from
the exchange reaction between oxygen and water
(discussed below).

These results are apparently at variance with
those of the American workers, and until more ex-
perimental work is available it is not possible to as-
sume that the Dole Effect is to be explained entirely
by the distribution of O'®* during photosynthesis.
Part of the Dole Effect may be due to the exchange
reactions between oxygen and water.

0,® (gas) + 2H,0 (gas) =
0, (gas) + 2H,0 (gas)
Enrichment factor at 298° A, = 1.020 I
0.’¢ (gas) + 2H,0* (liq.) =
0% (gas) + 2H,0* (lig.)
Enrichment factor at 298° A, = 1.006.  1II.

Reaction I has been studied experimentally, and
takes place over platinum at high temperatures: be-

low 500° the extent of exchange is slight (Morita
and Titani, 1937). Slight enrichment apparently
due to reaction II was observed in the Chlorella ex-
periments of Dole and Jenks (1944). The enrich-
ment to be expected from either reaction is still in-
sufficient to account for the Dole Effect. The possi-
bility has been investigated that the enhanced
08 content of the atmosphere might result from a
more rapid utilization of O® by soil bacteria (Dole,
Hawkings and Barker, 1947). Such bacteria were
grown aerobically on a synthetic culture medium in a
series of ten flasks, and the residual oxygen accumu-
lated in the tenth flask was analyzed isotopically.
Water prepared from it had an excess density of
1.5—0.5y. The single stage fractionation factor cal-
culated from these results falls considerably short of
the value required to account for the Dole Effect.
If there are mechanisms, as yet unexplored, by which
oxygen atoms could exchange between carbon di-
oxide and oxygen in the atmosphere, the Dole Effect
could probably be accounted for entirely in terms
of physical processes.

In the 1947 Liversidge Lecture to the Chemical
Society, Urey pointed out that calculation of the
equilibrium constants for the exchange reaction

H,0® + 1/3 COy% == 11,0 + 1/3 CO,*=

was of particular interest, and would lead to inter-
esting results. A change from 0° to 25° should
change the 08 content of carbonates by 1.004 rela-
tive to liquid water, and accurate determinations of
the O content of carbonate rocks could therefore
be used to determine the temperature at which they
were formed. Urey estimates that with a precision
mass spectrometer, determining the abundance ratio
to #0.001, it would be possible to determine the
temperature of deposition of carbonate rocks with an
error of only 6° C. Since sea water contains more
O than fresh water, carbonates deposited in sea
water should contain more O*® than those deposited
in fresh water. It should therefore also be possible
to distinguish between carbonates deposited in sea
water and fresh water. Other oxy salts show simi-
lar temperature coefficients to that of carbonate, and
should be available for similar studies (Urey, 1947).

08 1IN METABOLIC STUDIES

Apart from the photosynthetic studies, only two
instances of the use of O'® in the study of animal
metabolism have been reported. This has been partly
due to the relative unavailability of the isotope, and
partly to the experimental difficulties.

In 1938, the fate of the sulfate radical in the
animal was investigated (Aten and Hevesy, 1938);
a heavy oxygen sodium sulfate was prepared from
sulfuryl chloride and H,0%®, After solution in water
of normal isotopic composition it was injected into
a rabbit, and sulfate recovered from the urine was
analyzed for O® (reduction with purified carbon,
and reduction of these gases to water with hydro-
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gen). The sulfate contained a considerable amount
of O and after allowing for the ordinary sulfate
excreted, it was concluded that most of the sulfate
had passed unchanged through the body. At most,
only a small fraction of the injected sulfate ions
could have exchanged with those already present.

The fate of respiratory oxygen is a matter of
some interest, and it seems surprising that only one
attempt has been made to study this problem with
O, Two possibilities have been consid(_ered: inspired
oxygen enters directly into the oxidation of carbon
compounds; or else inspired oxygen combines first
with the hydrogen of water, the original oxygen of
the latter then being expired as carbon dioxide. In
the experiment of Day and Sheel (1938), rats were
kept in an atmosphere enriched with O*® (equivalent
to Ad, + 300y). The expired carbon dioxide gave
water of excess density, Ad = -+ 40y, and from
this result it was concluded that the former alterna-
tive was correct. This conclusion, however, was not
justified, since the equilibrating effect of carbonic
anhydrase was not taken into account. The excess
density could have been due to the initial production
of either a heavy water or a heavy carbon dioxide,
followed by subsequent equilibration. More informa-
tion could possibly be obtained by studying the O
content of expired carbon dioxide after allowing an
animal to drink H,O, or by taking advantage of the
small density differences between fresh water and
atmospheric oxygen.

Allied with this problem is the function of hydro-
gen peroxide in metabolism, and some preliminary
studies on the mechanism of its decomposition by
catalase have been carried out with the help of O.
The decomposition of hydrogen peroxide by reagents
such as ferrous sulfate and colloidal metals is a
chain reaction in which free hydroxyl and peroxide
radicals take part (Haber and Weiss, 1934). The
decomposition by catalase is certainly a more com-
plex process; it is known that a comparatively stable
compound is formed between one mole of hydrogen
peroxide and one mole of catalase, and it has also
been suggested that a chain reaction may be in-
volved in the decomposition. Since free radicals
have been considered to be involved in some enzymic
processes, it was of interest to see whether they
could be detected in the decomposition of peroxide
by catalase. The reaction has therefore been in-
vestigated in H,0%. It was assumed that if free
hydroxyl radicals were formed, they would undergo
:itgready exchange with water molecules (e.g. Waters,

46).

HO.'* + HOH=HO'H + .0“H

The labeled radicals would then take part in the
chain reaction and several reactions could lead to
the production of O® enriched oxygen from the hy-
droxyl radicals. Using water of 1.6 atom percent ex-
cess no O was found in the liberated oxygen, and
a similar result was obtained when the peroxide was
decomposed with ferrous sulfate. Since free hydroxyl

radicals are almost certainly formed in this reaction,
it seems likely that solvent water molecules are not
involved in the decomposition, or that the exchange
of hydroxyl radicals with water takes place less
readily then has been supposed. The experiments
will be repeated when more highly concentrated 0®
is available since with the 1.6 percent water only
rather small dilutions can be detected.

An alternative method is now being used to try
to find out whether the decomposition of hydrogen
peroxide with catalase is a chain reaction. It has
been shown that hydroxyl radicals can initiate the
chain polymerization of substances such as acry-
lonitrile and methyl acrylate (Baxendale, Evans
and Park, 1946). If a mixture of hydrogen peroxide
and catalase is shbwn to bring about a similar poly-
merization, it would be good evidence for the pro-
duction of the hydroxyl radical during the decompo-
sition.
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Discussion

LipManN: Dr. Bentley’s differentiation of the
acetyl or phosphoryl split of acetyl phosphate in
alkali or acid respectively appears of considerable
biochemical significance. Acetyl phosphate or anal-
ogous compounds react enzymatically as acyl
donors as well as phosphate donors. Synthetic acetyl
phosphate has been found by ourselves and others
to react as an excellent phosphate donor in a great
variety of enzymatic reactions. But it does not
react as acetyl donor. Nevertheless a ‘“natural”
acetyl phosphate formed by enzymatic reaction be-

tween acetate and ATP serves easily as acetyl
donor. Modifications of acyl phosphates appear
therefore to fulfill metabolically two functions,
(1) to deliver phosphate into the metabolic pool of
energy-rich phosphate and (2) to donate their ac-
tivated acyl moiety for synthesis. I wonder if a dis-
cussion of the respective mechanisms of acid and
alkali, 7.e., phosphate and acyl, split of acyl phos-
phate may not prove helpful for an understanding
of the physiological double function of these com-
pounds.
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In experiments with radioactive phosphorus on
the turnover of polynucleotides in rat liver, Brues
and his group (Brues, Tracy and Cohn, 1944) have
demonstrated a high stability of polydesoxyribo-
nucleotide (DNA) and a comparatively rapid turn-
over of polyribosenucleotides (PNA) during normal
conditions, that is, non-growth in the adult rat. Dur-
ing regeneration following partial hepatectomy the
turnover of both polynucleotides increased. In frac-
tions from isolated cell nuclei the concentration of
radioactive phosphorus was somewhat higher than
that in DNA from non-growing and regenerating
whole liver. The authors conclude that a part of the

and his group were made on the fourth to the 17th
day after hepatectomy. It seemed to us that earlier
stages of regeneration should offer favorable condi-
tions for a biochemical study of the assumed corre-
lation between the formation of nucleic acids and
proteins.

In the following paper results will be presented
upon the nitrogen turnover in purines and protein
fractions from cell nuclei and cytoplasm in non-
growing and regenerating liver from the adult rat.
Isotopic (N?%) glycine has been administered to
normal rats and to hepatectomized rats 16 and 22
hours after the operation. The animals were sacri-

TABLE 1. DETERMINATIONS OF EXTRACTED POLYNUCLEOTIDES IN NON-GROWING AND REGENERATING LIVER FROM RAT
The numbers represent mg. phosphorus (P) and nitrogen (N) per 100 g. dry weight

Time in hours PNA+4+DNA PNA DNA PNA
Organ after partial
hepatectomy P N P N P DNA
Non-growing liver 0 318 540 239 430 81 2.9
Regenerating liver 12 416 720 319 — 97 3.3
24 459 820 326 — 106 3.1
42 476 820 338 — 102 3.3

radioactive phosphorus taken up by nuclear frac-
tions may represent a small, very labile moiety, as
suggested by Marshak’s observation (1941) that
considerable P3? appears in nuclear protein within
an hour. The interpretation of these experiments is
complicated by the fact that the polynucleotides
from nuclei were not separated from each other.

By fractionation of extractable polynucleotides
(Hammarsten, 1947) on normal and regenerating
liver provided for us by Stowell (1948), we found
that the more rapid increase of polynucleotides per
dry weight (chiefly of PNA) occurred during the
first 24 hours after removal of about 65 percent of
the liver (Table 1).

This finding is in agreement with numerous cyto-
logical observations by Caspersson and his co-
workers (1947) on early stages of cell activity. The
correlation of the formation of nucleic acid and pro-
tein has been discussed by them especially in connec-
tion with nuclear activity.

The determinations of turnover rates by Brues

1From the Chemical Department of Karolinska Institutet,
Stockholm,

[22]

ficed six hours after the last injection of isotopic
glycine (28 hours after the operation).

The experimental evidence suggests that at this
stage of regeneration the formation of purines in
polyribosenucleotides in cell nuclei may be inde-
pendent of the formation of proteins in the nuclei.

ExPERIMENTAL DATA

Partial hepatectomy. Adult albino rats of about
150 to 250 g. in weight were employed. The rats
were taken in the morning from the animal house
without previous withdrawal of food. After moderate
ether anesthesia (administered in a glass jar) the
rat was tied to a small table and the anesthesia con-
tinued with a small amount of trichloroethylene, if
necessary. The skin was divided from left to right
and the abdomen opered by a three to four cm.
incision from the xiphoid process caudally in the
linea alba. The median lobes were readily delivered
and the pedicle tied. Thereafter the left lateral lobe
was pressed out through the opening, isolated and
the pedicle tied. Both lobes were excised and the
blood drained on filter paper. The abdomen was
closed and at the same time the anesthesia was
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stopped, so that the rat was usually sitting up within
a few minutes. No aseptic precautions were taken.
Thus the whole procedure could easily be performed
within 10 to 15 minutes by one person. There was
no mortality.

Thus our procedure is essentially in accordance
with those earlier described (e.g. by Crandall and
Drabkin, 1946, or by Brues, Drury and Brues, 1936).
The residual liver, however, was found to vary
between 37 and 81 percent of the weight of the ex-
cised liver (extirpate), the mean value of 17 experi-
ments being 60 with a spread of 12 percent. The
residual liver has been calculated as 60 percent of
the weight of the extirpate in order to give a rough
estimate of the regeneration. With one exception
(rat 190) all rats showed a regeneration of from 11
to 86 percent of the calculated residue with a mean
figure of 48 percent in 28 hours. The deviations from
the experiences of other investigators (loc. cit.) may
be due to the relative nonhomogeneity of our mate-
rial and in part to the modified technique.

In order to check the cellular regeneration the
frequency of mitoses in normal and regenerating
livers was determined, as described by Brues and
Marble. In Sy slices stained with Ehrlich hematoxy-
lin and eosin about 1000 cells were counted. Only
fully developed monasters and diasters were counted.
The results are in accordance with earlier investiga-
tions and appear in Table 2.

TABLE 2
Mean values
Number Limits
of |Number | Number %
animals of of .% mitoses
cells | mitoses | MItoses
Controls
Normal liver 5 937 0 0 0
Regenerat-
ing liver 17 1097 13.9 1.2 .4-2.3
Experiments
with isolopic
glycine
Normal liver 4 1004 | (0.25) | (0.025) -0.1
Regencrat-
ing liver 5 994 16.5 1.6 [0.3-2.5

Glycine had been synthesized from ammonia con-
taining 32 atom percent excess N5, according to
Schoenheimer and Ratner (1939).

Each rat received two subcutaneous injections of
50 mg. glycine per 100 g. body weight according
to the schedule mentioned above. Twenty normal
rats ranging from 150 to 220 g. (mean 186 g.) witha
total liver weight of 136 g. received isotopic glycine
in exactly the same way as the operated animals.
The livers were fractionated according to Dounce’s
method with some modifications to preserve the

brittle nuclei from the regenerating livers. The sliced
organs from each group of seven rats were thrown
into 100 ml. of 0.05 molar citric acid and treated
at 0° C. in a blender (the Swiss type “Turmix”) for
124 min. The suspension was centrifuged in 50 ml.
conical tubes (max. radial distance from center 13
cm.) in the cold in the following way (Table 3).

TABLE 3. FRACTIONATION OF L1vER TisSUE

Opera- | Rota- ?S;l;;-
tion |tions per time in Sediment Supernatant
No. min. min
1 1000 2 Discarded To Operation

No. 2.

2 2000 10 Suspended in | Cytoplasm to
40 ml. 0.01 mo- | Operation No.
lar citric acid. | 6.

To Operation
No. 3.

3 1500 10 Suspended as
above. To Op-

eration No. 4.

Suspended as
above. To Op-
eration No. 5.

5 1500 S Dried with al-
cohol and cther.

Cell nuclei.

Discarded Neutralized to
pH 5. To Op-

eration No. 7.

Dried with al-
cohol and ether.
Cytoplasm.

The yields of dry cell nuclei were 670 mg. from
regenerating and 950 mg. from normal livers.

A small part of each liver in both series was put
in alcohol and dried with ether (Total liver, Table
4).

The polynucleotides DNA and PNA were pre-
pared and fractionated as described by Hammarsten
(1947). The amount of PNA in normal cell nuclei
had been determined with the same method in other
experiments and had been found to vary in different
preparations between 22 and 30 percent of the total
polynucleotides of the nuclei.

It is well known that rather large quantities are
needed for a complete separation of adenine and
guanine from each other by crystallization. We
could not obtain more than some few mg. of the
mixed purines from cell nuclei and therefore a
method has been worked out (Edman, Hammarsten,
Low and Reichard, 1948) for the fractionation of
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them. The mixed purines were dissolved in 1 N
sodium hydroxide, the monomethyl ether of ethylene
glycol and water-saturated butanol, and the effluent
from a starch column collected in 60 min. fractions.
A typical diagram is shown in Figure 1.

TABLE 4. INJECTIONS OF IsoTopric GLYCINE IN RATS

Non-growing Regenerating
liver liver
Fractions
Atom 9, € Max- | Atom % € max.
excess N's pugN/ml excess N wgN/ml.
Cytoplasm
Guanine 0.09 0.147 0.97 0.157
PNA({Adenine 0.04 0.170 0.43 0.177
Uridine 0.21 0.316 0.55 0.309
TCA—insoluble 0.27 0.46
Cell Nuclei
PNA Guanine 0.16 0.152 1.35 0.160
Adenine 0.12 0.176 0.67 0.173
DNA Guanine (0.03) 0.139) 0.68 0.158
Adenine (0.02) | (0.169) 0.33 0.183
TCA—insoluble 0.28 0.28
Total liver
PNA Guanine 0.08 0.157 0.95 0.151
Adenine 0.07 0.177 0.48 0.186
TCA—insoluble 0.27 0.51

Determined for Adenine (max.=262 mu)=0.180

e max. [Determined for Guanine (max.=248 mu)=0.161
Determined for Uridine (max.=262 mu)=0.332

pgN/ml.

The fractions of each purine were pooled and the
residues from vacuum distillations dissolved in 1 N
hydrochloric acid; the amounts were determined at
262 (Adenine) and 248 (Guanine) my. The quo-
tient

The light absorption coefficient

pg. nitrogen/ml.

was determined for all fractions (Table 4, Columns
3 and §).

Samples from the different tissues were extracted
three times with hot trichloroacetic acid according
to Schneider (1944). The residues (TCA-insoluble,
Table 4, Columns 2 and 4) were considered as pro-
tein fractions. Of the pyrimidine ribosides, only
uridine was isolated in a sufficient quantity (from
cytoplasm) for identification and analysis in the
spectrometer. The ribosides were prepared by hy-
drolysis with pyridine and separated on a starch
column by partition chromatography (Reichard,
1948). The uridine (Table 4, Columns 2 and 4) is

partly derived from cytidine. This was done pur-
posely as the material was not sufficient for the
preparation of both uridine and cytidine.

DiscussioN
In the regeneration experiments the animals were
sacrificed and the measurements made in a phase
of increased formation of polynucleotides (Table 1).
This accounts to some extent for the increase of N'*
content in DNA and PNA (Table 4).

Z262
o]  ADENINE

@®

GUANINE

50 100 150 mi
VOLUME OF EFFLUENT
Fic. 1.

As yet the proteins have only been prepared and
analyzed in the crude form of nucleotide-free TCA-
precipitates. The fraction designated ‘“‘cytoplasm”
(Table 3) is prepared by fractionating centrifuga-
tion and may thus not necessarily contain all pro-
teins and polynucleotides in the liver-cytoplasm as
does the preparation total liver. There are certain
discrepancies between the N° content in correspond-
ing nucleotide fractions from total liver and cyto-
plasm (Table 4), but they are not so big as to seem
to affect the main results with a possible exception
for the values for guanine and adenine (Column 2)
DNA (cell nuclei) in non-growing liver.

The values for the TCA-insoluble fraction from
total regenerating liver (Column 4) agree, however,
tolerably well with the corresponding value for cyto-
plasm (0.51 and 0.46). Of course one might also con-
sider the possibility that some part of the protein
molecules has been split off by the action of hot
trichloracetic acid.

If however the TCA-insoluble fractions are con-
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sidered as representing the mixed proteins from the
tissue parts from which they have been prepared,
the N*® content (0.28) in the fraction from regen-
erating cell nuclei may be compared with that
(0.28) in the fraction from non-growing cell nuclei.
This would indicate that the protein turnover at this
stage of regeneration in the cell nuclei was inde-
pendent of the rapid purine turnover in nucleotides.
This argument of course does not cover any TCA-
soluble proteins, peptides or amino acids or a pro-
tein not using glycine in its turnover. The N*® con-
tent of the protein fraction from regenerating cyto-
plasm indicates an increase in protein formation.
Guanine and adenine from the polyribosenucleotides
from regenerating cell nuclei had a higher content
of N*® (1.35 and 0.67) than the corresponding
purine bases from the regenerating cytoplasm (0.97
and 0.43). The higher velocity of the nuclear frac-
tion is in accordance with Caspersson’s (1947)
views. This nuclear fraction may correspond to the
small and labile moiety suggested by the work of
Brues et al. (1944) and Marshak (1941).

The higher content of N'® in guanine compared
to adenine agrees with earlier findings of Barnes and
Schoenheimer (1943) and Abrams (1948). In view
of the recent demonstration by Brown, Roll, Plentl
and Cavalieri (1948) that dietary adenine functions
as a precursor of guanine, it is obvious that sepa-
rate parts of purines and pyrimidines must be fur-
ther investigated along the lines used by Sonne,
Buchanan and Delluva (1946) and by Abrams,
Hammarsten and Shemin (1948).

The high content of N'® in uridine (partly de-
rived from cytidine) compared with that of adenine
indicates that the purines were not precursors of the
PNA-pyrimidines, a fact which is in accordance with
Brown’s demonstration that dietary adenine is not
a precursor of the pyrimidines. The N** values for
uridine may indicate a connection between the pro-
tein and pyrimidine turnover.

SUMMARY

Isotopic glycine (N**) was administered to rats
during an early stage of liver regeneration.

Guanine and adenine from the polyribosenucleo-
tides in the cell nuclei had a higher content of N®
than guanine and adenine from the cytoplasm.

Uridine had a higher content of the isotope than
guanine and adenine in normal cytoplasm and an

N content between adenine and guanine in re-
generating cytoplasm.

Protein from regenerating cell nuclei had the same
content of N'® as protein in non-regenerating cell
nuclei and non-regenerating cytoplasm. The protein
in the regenerating cytoplasm had about double the
content of N** from normal cytoplasm.
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FORMATION OF LIPIDS BY THE MICROORGANISM
PHYCOMYCES BLAKESLEEANUS

KARL BERNHARD

The isotope technique has proved very useful
in the study of the synthetic processes in both ani-
mals and plants. The formation of lipids in animals
has been studied particularly with deuterium as the
tracing isotope. By this means it was demonstrated
that a very rapid turnover of the fatty acids takes
place in animals, particularly in organs like the liver
and intestine. These and similar results led Schoen-
heimer to formulate the fundamental principle of the
“dynamic state of body constituents.”

In general, these experiments revealed that the
deuterium concentration of the saturated fatty acids
was about 50 percent of the deuterium in the body
water. From this it was concluded that, in the syn-

TasLE 1. ToraL Lirips, FATTY ACIDS AND UNSAPONIFIABLE
MATTER ¥FROM MYCELIUM

Ex- | Total | Totallipids | p.\0ociac Ui“ff:{,’l‘;“'
peri- | weight | of mycelia matter
ment |of mycel.

No.| g g I % | &8 | % |m&| %
1 | 11.497 | 2.480 | 21.5 [ 2.146 | 86.6 | 157 | 6.3
2 | 11.990 | 2.683 | 22.3 | 2.327 | 87.0 | 142 | 5.3
3 12.269 | 2.620 | 21.3 | 2.206 | 84.5 | 152 | 5.8
4 110.532 | 2.093 |19.8 | 1.720 | 82.5 | 104 | 5.0
5 9.964 | 1.777 | 17.9 | 1.466 | 82.7 | 98 | 5.5

thesis of fat from carbohydrate in animals, half of
the stably bound hydrogen atoms in the synthesized
fatty acids came from the body water (Bernhard
and Schoenheimer, 1940).

There are molds as well as certain yeasts which
have the ability to produce fats in appreciable
amounts and store them in their cells. This makes
it possible to follow the synthesis of fats under
simplified conditions. In contrast to the situation
found with animals, we can begin with a fat-free
medium. After a short time, for example with the
formation of the mycelia, the lipid formation ap-
parently comes to a standstill.

We have found that a mold, Phycomyces Blakes-
leeanus, grown in a glucose-containing medium, pro-
duces a mycelium which contains about 20 percent
lipids. These contain 10 percent phosphatides and
5.3 percent unsaponifiable material. The latter con-
sists mostly of ergosterol together with «- and B-
carotene, and probably lycopene. The fatty acids
contain 23.7 percent palmitic, 4.7 percent stearic,
1.7 percent behenic, 2.1 percent tetracosanoic, and
1.3 percent hexacosanoic acids. Among the unsatu-
rated fatty acids we found 29.6 percent oleic and

[26]

25.8 percent linoleic acids, together with 3.4 per-
cent y-linolenicacid (A% 9110, 12118 octadecatrienoic
acid), which has previously been reported in nature
only once. There was also obtained from the fatty
acids 2.9 percent of a hitherto unknown singly-un-
saturated fatty acid with 24 carbon atoms, which
has the structure of a A17:18-tetracosenoic acid, and
4.9 percent of a hexacosenoic acid (Bernhard and
Albrecht, 1948).

After the ability of this mold to synthesize appre-
ciable amounts of a wide variety of lipids was
demonstrated, it was felt that this was an organism
suitable for the study of lipid synthesis in plants by
following the uptake of hydrogen from the medium
into fatty acids.

Dr. Albrecht and I cultivated the mold in a
medium which contained 50 gm. glucose, 2 gm. 1-
asparagine, 1.5 gm. potassium dihydrogen phos-
phate, 0.5 gr. magnesium sulfate, 1 gr. yeast ex-
tract, and 40 y thiamin per liter. Deuterium oxide
was added to the doubly distilled water. As the
heavy water was available only in limited quantities,
we had to make several runs, recovering the water
each time. The medium was used in 50 cc. portions
in 300 cc. Erlenmeyer flasks. After sterilization we
inoculated with ripe adult spores. In total, five
experiments were performed, each with 40 cultures.
The growth stopped after 10 days and the mycelia
were collected, dried and weighed. They were ground
with sand, warmed with methanol to split the lipo-
proteins and extracted thoroughly with methanol
and ether. The lipids were saponified with alcoholic
potassium hydroxide, the unsaponifiable material
separated and the fatty acids isolated (see Table 1).

The sterols were obtained from the unsaponi-
fiables by precipitation with digitonin. These and
the fatty acids were analyzed for deuterium. The
results are given in Table 2.

It appeared of interest to determine whether the
deuterium concentrations were the same for all the
individual fatty acids. Distinct differences might
indicate different synthetic mechanisms. Due to the
small yields of fatty acids, a separation of the indi-
vidual components could be accomplished only by
pooling the material obtained from all five experi-
ments. The assumption was made that the five mix-
tures had the same fatty acid composition. This was
probably true as the growth conditions were the
same and the yields of mycelia and lipids did not
differ appreciably.

The pooled total fatty acids (8.5 gm.) were sepa-
rated through the lead salt into solid and liquid
fractions. The latter weighed 4.395 gm. (54.9%)
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and its deuterium content was 1.70 atom percent.
This yielded on bromination the hexabromide of
v-linolenic acid, melting at 195° C., and the tetra-
bromide characteristic of cis-cis-linoleic acid. By
crystallization at low temperatures the dibromide of
oleic acid was obtained.

The solid acids (1.77 atom %) were methylated
and fractionally distilled with the column described
by Schoenheimer and Rittenberg (1937). Ten frac-
tions were obtained, some of which were redistilled.
The distillate was saponified and the acids recrystal-
lized from suitable solvents. The separations of the
tetracosanoic from the tetracosenoic acid, and of the
hexacosanoic from the hexacosenoic acid were ac-
complished by means of the magnesium salts
(Klenk, 1927).

The deuterium determinations of all fractions
were carried out in duplicate. Some samples were
too small for direct analysis and stearic acid was
therefore added as carrier. The bromides were burned

TaBLE 2. DEUTERIUM CONTENT OF CULTURE MEDIUM,
Farry Acips AND ERGOSTEROL

Deuterium content in
Atom 9%, deuterium fatty acids and
Experi- in ergosterol relative to
ment that of the mediumt
No.
Culture | Fatty | Ergo- Fatty
medium | acids | sterol acids Ergosterol
1 4.61 2.90 2.59 63 56
2 3.51 2.16 — 62 —
3 2.75 1.64 1.51 60 55
4 1.61 0.99 — 62 —
5 1.41 0.91 — 64 —
{ Atom %, deuterium in acids or ergosterol %100.

Atom % deuterium in medium

together with silver oxide powder. The deuterium
contents obtained are given in Table 3.

It was to be expected that the labile hydrogen
atoms of the glucose would exchange partially with
the deuterijum of the medium. Our experiments
showed that equilibrium was quickly attained, and
the D-concentration of the glucose apparently did
not change during the 10-day growth period (Table
4). However, formation of carbon-bound deuterium
did not take place. Glucose isolated as the penta-
acetate from the same samples was practically free
of deuterium.

The D-values of the total fatty acids were about
62 percent of that of the medium water; the values
for the different runs were, for biological experi-
ments, in good agreement. It was our experience that
the growth of the mold came to a standstill under
our conditions after approximately ten days. It can
be assumed that when this point is reached no
changes in fat content of the mycelia occur; in any
case no synthesis takes place.

TaBLE 3. DEUTERIUM CONTENT OF THE FATTY AcIns ISOLATED
FROM THE Lrpips PRODUCED BY
Plrycomyces Blakesleeanus

Acid Atom—% D
Cis Palmitic 1.72
Cis Stearic 1.79
Oleic 1.69
Linoleic 1.79
~-Linolenic 1.69
Cz Behenic 1.73
Caq n-Tetracosanoic 1.85
n-Tetracosenoic -
Cas n-Hexacosanoic 1.80
n-Hexacosenoic 1.75

It can be seen that the D-concentrations of the
fatty acids, of which we isolated 10 different pure
components, were not markedly different and varied
within the limits of the error of measurement. It
should be pointed out especially that the unsaturated
fatty acids had D-contents similar to those of the
saturated acids. Our experiments on lipid formation
from carbohydrates in mice and rats (Bernhard and
Schoenheimer, 1940; Bernhard, Steinhauser and
Bullet, 1942), after enrichment of the body water
with heavy water, had shown that the linoleic and
linolenic acids isolated from the fat were always
free of deuterium, from which it was concluded that
these animals cannot synthesize these acids.

The D-values of ergosterol were 56 and 55; these
are distinctly lower than those of the fatty acids.
No details of the synthesis of this compound are
known. The animal organisms may use acetic acid
for the formation of cholesterol, according to Bloch
and Rittenberg (1942).

It may be that fat synthesis from glucose begins
with the formation of glycerol and pyruvic acid, and
that the latter is decarboxylated to acetaldehyde.
From this, by condensation and oxidation-reduction,
aldol, crotonaldehyde, 2-hexenal, and finally capron-
aldehyde may be obtained. This may continue by
further addition of acetaldehyde. Another possible
route may consist in the formation of lactic acid,
from which formic acid and acetaldehyde may be

TaBLE 4. DEUTERTUM CONTENT OF GLUCOSE FROM
THE CULTURE MEDIUM

Atom 9, deuterium in
Experi-
\
ment Walter of Before Glucose After
No. cult}lre Development of the
medium microorganisms
1 4.61 1.26 1.25
2 3.51 1.22 —
3 2.75 1.53 —
4 1.61 0.74 0.79
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produced. The latter could be condensed as above,
and the formic acid might furnish the hydrogen for
the reduction of the unsaturated aldehydes.
According to Giinther and Bonhoeffer (1939),
about 60 percent of the hydrogen atoms of the fatty
acids formed in the course of these syntheses must in
both cases be taken from the milieu and the ratio
D/H (fat): D/H (water) must be about 0.6. We
found 0.62, 0.61, 0.59, 0.61, and 0.64. Our experi-
ments have therefore resulted in data which sup-
port the above theory that fat formation in plants
goes through aldol condensations. The utilization of
acetic acid for the synthesis of fatty acids by intact
animals has been demonstrated with the acid of
labeled acetate by Rittenberg and Bloch (1944).
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THE BIOLOGICAL SYNTHESIS OF LIPIDS
KONRAD BLOCH

The application of the tracer technique to the
study of intermediary metabolism has led to the
recognition that the aliphatic chains and hydro-
aromatic structures of lipids arise biologically by
processes which employ small molecules as building
stones. Acetic acid, whose role as a precursor has
been studied most extensively, has proven to be a
major source of carbon atoms for fatty acids and
steroids in a variety of biological systems, viz., bac-
teria, yeast and animal tissues. While the participa-
tion of two-carbon units in lipid synthesis is well
established, little has been learned concerning the
series of intermediate reactions by which the ele-
mentary units are successively linked to form ali-
phatic chains. It is believed that fatty acids might
be synthesized by a reversal of the steps which lead
to fatty acid degradation, namely, the formation of
f-keto acids and their subsequent reduction to satu-
rated acids, but direct experimental evidence in favor
of this view is entirely lacking. The role of acetic
acid in fatty acid synthesis is perhaps most clearly
understood in those cases in which the end product
of the reaction is a fatty acid of low molecular
weight. In Clostridium kluyveri and Cl. butylicum,
the short chain fatty acids, butyric and caproic acids
accumulate as products of the dissimilation of ace-
tate and ethanol. Fermentation of C'* acetate by
these microorganisms yields C, and C, f{atty acids
with an isotope distribution which is clearly the re-
sult of repeated condensations of two carbon units
as the only building stones (Wood, Brown and
Werkmann, 1945; Barker, Kamen and Bornstein,
1946.) Experiments by White and Werkmann
(1947) on the utilization of acetate for fat syn-
thesis by yeast likewise demonstrate that the fatty
acids synthesized by this organism can be quanti-
tatively derived from acetic acid.

In the tissue lipids of animals, short chain fatty
acids are present in negligible amounts only, and
information on the mechanism of fat synthesis must
therefore be derived from an analysis of the proces-
ses leading to the higher fatty acids which contain
mainly 16 and 18 carbon atoms. In rats and mice
which receive labeled acetic acid, isotope is in-
corporated into the fatty acids indicating that in
animal tissues also acetic acid is a carbon source
for fatty acids (Rittenberg and Bloch, 1945). By
means of chemical degradation of the labeled prod-
ucts it can be shown that the isotopic carbon or
hydrogen derived from acetate is uniformly dis-
tributed along the fatty acid chain and that there-
fore acetate can supply carbon atoms for the entire
fatty acid chain. It may therefore be concluded that
the mechanism of fatty acid synthesis by multiple
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condensation of two-carbon units is in principle the
same for most biological systems. It is not known,
however, whether in animal tissues acetic acid is
quantitatively as important an intermediate in fatty
acid synthesis as it appears to be in yeast and micro-
organisms. Synthesis of fat occurs in animals regard-
less of whether or not fat is contained in the diet.
When fat is excluded from the diet, protein and
carbohydrate are the evident sources from which
fatty acids must be derived. One central problem
in the study of the mechanism of fatty acids syn-
thesis is therefore the nature of the intermediates
which arise in the transformation of carbohydrate
and protein to fat. It has been widely assumed that
pyruvic acid is a key intermediate in fat formation
and this view has been substantiated by experiments
of Gurin, Delluva and Wilson (1947) with labeled
lactate and by those of Anker (1948) with labeled
pyruvate. Isotopic carbon from these compounds is
readily incorporated into the tissues fatty acids of
normal or phlorhizinized rats. Since both acetate
and pyruvate have been established as sources of
fatty acid carbon it may be asked whether these
two precursors are transformed into a common inter-
mediate which constitutes the primary building unit
for the fatty acid chain, or whether the synthetic
process involves a condensation of C, and C; units
with subsequent decarboxylation to a product having
an even number of carbon atoms. The suggestion has
been made that pyruvate is metabolized by way of a
two-carbon unit but little direct evidence exists in
favor of the view that animals can readily convert
pyruvate to the same intermediate which can also
arise from acetate. The contrasting behavior of acetic
and pyruvic acids in various metabolic reactions such
as the acetylation of foreign amines, the synthesis of
cholesterol (Bloch and Rittenberg, 1945) or of uric
acid (Sonne, Buchanan and Delluva, 1946) speaks
against the conversion of pyruvate into what may
be called the metabolically active form of acetic
acid. Rittenberg and Bloch (1945) have therefore
suggested that pyruvate may be employed directly
for fatty acid synthesis without passing through
the acetic acid stage. This could be accomplished
by the formation of acylpyruvic acids which would
in turn be decarboxylated. The result would be a
chain elongation equivalent to that caused by the
addition of acetate. In view of the random distribu-
tion of labeled carbon in the fatty acids formed
biologically from acetate it is mandatory to assume
that pyruvate carbon or the carbon from any other
precursor be also distributed uniformly in the fatty
acid skeleton. This condition is fulfilled by a mechan-
ism which visualizes an interchangeable use of



30 KONRAD BLOCH

acetate and pyruvate for every two-carbon portion
of the fatty acid, without requiring a conversion of
pyruvate to acetate. Nor will it then be necessary
to assume that C, units from acetate and pyruvate
enter the final product in a fixed ratio under all
conditions.

For the purpose of evaluating the relative contri-
bution of acetate and pyruvate carbon it is not
sufficient to determine the isotope content of the
fatty acids after the feeding of labeled acetate and
pyruvate respectively; it is also necessary to know
the isotope concentration of the metabolites at the
site of synthesis, i.e., their isotope concentration in
the metabolic “pool.” The size of the acetic acid
pool has been calculated (Bloch and Rittenberg,
1945) and it has been estimated that in mice a
minimum of one-fourth of all fatty acid carbon
atoms are supplied by acetic acid (Rittenberg and
Bloch, 1945). The value for the size of the pyruvate
pool is unknown and it is therefore not possible at
present to determine the corresponding contribution
of pyruvic acid to fatty acid synthesis.

TaBLE 1. SyntrEsis oF FATTY Acips IN RAT L1vER SLICES
INCUBATED IN PHOSPHATE Burrer ConTAINING D,O
Time of incubation 3 hours

Additions

Atom %, excess
0.0l m D* in total fatty acids
Acetate .30
Fumarate 0.41
Oxaloacetate 0.66;0.78
Pyruvate 0.96

* Calculated for 100 atom %, D in the incubation medium.

In order to assess the roles of acetate and pyru-
vate in lipid synthesis we have carried out a number
of in vitro experiments with surviving rat liver. We
had previously observed that the formation of la-
beled cholesterol takes place readily in rat liver
slices which are incubated in the presence of either
D0 or labeled acetate (Bloch, Borek and Ritten-
berg, 1946). Under the same conditions the uptake
of isotope by the liver fatty acids is very small. A
substantial increase of the rate of synthesis is ob-
tained on addition of various intermediates of car-
bohydrate metabolism. Non-isotopic pyruvate, ox-
aloacetate or glucose, when added to the incubation
medium which contains either D,O or C!* acetate
as markers, afford a several fold increase in.the iso-
tope concentration of the fatty acids (see Tables
1 and 2). When fatty acid synthesis is carried out
in a medium of heavy water one obtains a measure
of the overall synthetic rate since during total syn-
thesis isotopic hydrogen must be fixed in the fatty
acid chain irrespective of the nature of the precursor.
On the other hand, the effects produced by various
non-isotopic substrates on the incorporation of C**
from labeled acetate may be interpreted in various

ways. Thus the increase in the uptake of both D
and of acetate carbon caused by pyruvate is not
necessarily the result of identical events. Pyruvate
may either be a source of carbon or supply the ener-
gy required for the synthetic process. It is also pos-
sible that pyruvate enters into fatty acid synthesis
indirectly by previous conversion to acetate but in
this case one would expect pyruvate to dilute the
isotope concentration of the labeled acetate and
therefore diminish rather than increase the C'* con-
tent of the fatty acids. Of the various dicarboxylic
acids which were tested only oxaloacetate showed
stimulation and this is probably due to its decar-
boxylation to pyruvate. In contrast to oxaloacetate,
malate fumarate and succinate markedly depressed
the isotope incorporation from C'* acetate. No ex-
planation can be given at present for the difference
in behavior of oxaloacetate and the other C, di-
carboxylic acids.

Some further information on the role of pyruvate
in fatty acid synthesis has been obtained from ex-
periments in which acetate labeled with C*® in the
methyl group and pyruvate containing C'* at the
carbonyl group (generously supplied by Dr. H. S.
Anker) were simultaneously used and in which a
third isotope was present in the medium in the form
of 1,0. One may assume that under these conditions
the marked substrates are not appreciably diluted
by endogenous material, and that the incorpora-
tion of the C** and C** isotopes into the fatty acids
provides therefore a measure of the utilization of

TABLE 2. SYyNTHESIS OF FATTY Acips IN RAT LIVER
Srices ¥rroM CH;CHOONa

Specific activity* of total

Non-isotopic additions fatty acids
0.0l m

Exp. 1 Exp. 2
None 0.14; 0.14 0.26
Pyruvate —_ .56
Glucose 0.33 —
Ozxaloacetate 0.27; 0.53 0.40
Fumarate 0.08 0.14
Malate —_ 0.08
Succinate —_ 0.10

* In 9 of specific activity of acetate added.

acetate and pyruvate respectively. Experiments with
intact animals have shown that in a newly synthe-
sized saturated fatty acid molecule about three out
of four hydrogen atoms are derived from the D,O
of the medium (Rittenberg and Schoenheimer,
1937). On this basis it is found that in liver slices
in a three hour period, 0.5 percent of the saturated
fatty acids were resynthesized when acetate was the
only substrate and 0.9 to 1.1 percent when both ace-
tate and pyruvate were present (see Table 3). The
C*3 values which measure the incorporation of ace-
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tate carbon under these conditions likewise reflect
the stimulation of fatty acid synthesis by pyruvate,
although the increase in acetate utilization does not
always parallel the increase in deuterium uptake. In
the experiments in which both C!* acetate and C**
pyruvate were present, the C'* content of the fatty
acids is low relative to their C'® concentrations dem-
onstrating that under these conditions the fraction
of fatty acid carbon atom derived from pyruvate
was only one half to one fourth of that derived from
acetate. If on the other hand, acetate is omitted from
the reaction medium the incorporation of pyruvate
carbon into the fatty acids is increased two to three
fold and approaches the utilization values of acetate.
It appears therefore that acetate limits the incor-
poration of pyruvate carbon into the fatty acids
while on the other hand pyruvate stimulates the
utilization of acetate carbon. The finding that the
presence of acetate depresses the uptake of C*
from pyruvate might be ascribed to a conversion of
pyruvate to acetate. In this case the acetic acid
already present in the medium would dilute the C*
content of the acetate which arises from pyruvate.
This explanation, however, fails to account for the
fact that evidently the addition of pyruvate has no
diluting effect on the isotope content of acetate but
on the contrary increases the uptake of labeled car-
bon from acetate into the fatty acids. It is clear
from these considerations that the role of pyruvate
in fat synthesis is not merely that of a precursor
for the two-carbon intermediates. Probably pyruvic
acid as well as other intermediates of carbohydrate
metabolism are needed to supply the large amounts
of energy which are required for the conversion of
acetic acid to the higher fatty acids. In addition,
pyruvic acid may be an actual though not obliga-
tory source of fatty acid carbon.

The simultaneous application of more than one
isotopic tracer makes it possible to estimate not only
the relative but also the total fraction of carbon
atoms in a newly synthesized fatty acid molecule
which is derived from acetate and pyruvate respec-
tively. For this purpose the deuterium concentra-
tion of the saturated fatty acids synthesized in a
medium of heavy water, multiplied by 1.33, is taken
as the base value for total synthesis. The ratio of
the isotope concentration in the fatty acids resulting
from a specific precursor to this deuterium value,
will then indicate the extent of utilization (see Table
3). In the case of C*® acetate the ratio C'*/D X
1.33 is close to one when acetate is the only sub-
strate, demonstrating that in this experiment prac-
tically all carbon atoms of the saturated fatty acids
were derived from acetate alone. When acetate and
pyruvate were present in the medium in equimolar
concentrations, the corresponding ratio in two ex-
periments was 0.6 and 1.0 respectively. On the other
hand, as shown by the C** values, pyruvate in the
presence of acetate contributed only about one
fourth of the carbon atoms in the fatty acid. The

value for pyruvate utilization rose to 60 percent
and 80 percent respectively when acetic acid was
omitted from the incubation medium. It should be
emphasized that the validity of these calculations
rests on the assumption that three fourths of the
hydrogen atoms of a saturated fatty acid are, under
all conditions, derived from hydrogen which is in
isotope equilibrium with the deuterium in the
medium. However, the possibility cannot be ruled

TABLE 3. IsoTOPE CONCENTRATIONS IN SATURATED FATTY
Acips FORMED IN L1VER SLICES INCUBATED IN THE PRESENCE
or D,0, C*H;COONa, anp CH;C*OCOONa

Additions . .

0.01 m D*X1.33| Cu* Ciy
C!3 acetate Y 0.54 —_
CB acetate+C! pyruvate 1.06 0.60 0.28
C13 acetate+C!* pyruvate —_ 0.68 0.25
C!3 acetate+C!" pyruvate 0.91 0.91 0.23
C pyruvate 0.85 — 0.56
C' pyruvate — — 0.69

* Atom 9, excess calculated for 1009, C'® or D in labeled
compound added.

t In 9% of average specific activity of « and 8 carbon atoms
of pyruvate.

out that hydrogen employed for the reduction of
keto groups is transferred directly from a non-iso-
topic hydrogen donor. In this case the deuterium
content of the fatty acids would not be indicative
of the overall rate of synthesis.

The data on the utilization of acetate and py-
ruvate respectively for fatty acid formation illus-
trate the flexibility of the synthetic process. Ace-
tate appears to be the precursor which is utilized
preferentially, and which can serve as the sole source
of carbon atoms. Pyruvate is an alternative source
which can be used interchangeably with the two-
carbon units derived from acetic acid. It appears
from the present experiments that the extent to
which pyruvate contributes carbon for fatty acid
synthesis is variable and inversely proportional to
the availability of other precursors such as acetate.
The experiments on fat formation which have been
carried out by Anker (private communication) indi-
cate that in intact animals, acetate rather than py-
ruvate is the major source of carbon atoms.

The fatty acids of rat tissue are composed of ap-
proximately one third saturated and two thirds un-
saturated fatty acids. A number of years ago it was
shown by Schoenheimer and Rittenberg (1936,
1937) that the saturated and monounsaturated fatty
acids are interconvertible biologically by hydrogena-
tion and dehydrogenation. The same authors have
found that the unsaturated acids which are syn-
thesized by mice in a heavy water medium contain
considerably less deuterium than the saturated fatty
acids (1937a). According to Bernhard and Bullet
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(1943), the oleic acid synthesized by rats under
similar conditions contained on an average only 40
percent as much deuterium as the saturated fatty
acids, irrespective of the duration of the experiment.
If oleic acid were exclusively formed by desaturation
of stearic acid then it should ultimately attain the
same isotope concentration as the C,g saturated acid.
Since this was not the case, Bernhard and Bullet
made the suggestion that a second independent
mechanism may exist for the synthesis of monoun-
saturated fatty acids. It is conceivable that a por-
tion of oleic acid arises by partial hydrogenation of
linoleic or linolenic acids. These essential acids are
not synthesized in animals tissues and therefore no

TABLE 4. INCORPORATION oF C!¢ rroM CH;C*“0OONa INTO
FArry Acps 1N RaT L1veR Svicks. Radioactivity of samples
as counts/min. of BaCOQ; at infinite thickness

Fatty acids
Non-isotopic  |— Un-
additions A B saturated
total |saturated B/A
1) Fed rats
None 53 63 1.2 —
Pyruvate 132 384 2.9 —_
Pyruvate 148 393 2.7 —
Pyruvate 330 660 2.0 120
Fumarate 24.8 17.2 0.7 -
2) Starved rats
Pyruvate 12.5 10.5 0.80 —
Pyruvate 15.8 11.6 0.73 —_
Pyruvate 28.1 20.9 0.75 —

deuterium from labeled body fluids is introduced
into their carbon skeletons. Oleic acid originating
from this source would therefore contain only a
small fraction of the amount of deuterium which
would enter as the result of total synthesis from
small units. This pathway from the essential fatty
acids could, however, account only for a small por-
tion of the newly formed oleic acid since the quanti-
ties of linoleic and linolenic acids in animal tissues
are small compared to those of oleic acid.

Our experiments with liver slices contain evi-
dence to strengthen the view of separate synthetic
processes for saturated and monounsaturated fatty
acids. As was found to be the case in intact animals
(Rittenberg and Bloch, 1945), in liver slices also
much larger amounts of acetate carbon are incor-
porated into the saturated than into the unsaturated
fatty acids. Table 4 shows that in the presence of
labeled acetate and non-isotopic pyruvate the ratio
of the isotope concentrations in the saturated to
total fatty acids lies somewhere between 2 and 3,
and that therefore the saturated fatty acids must
have a much higher isotope concentration. In one
case the isotope concentration of the unsaturated
fatty acids was determined and found to be only

one fifth of that of the saturated fatty acids. The
value for the monounsaturated acids must actually
be somewhat higher since the fraction analyzed in-
cluded all acids which form alcohol-soluble lead
salts and therefore contained also the non-isotopic
linoleic and linolenic acids. The difference of isotope
concentrations in saturated and unsaturated acids
is not constant but varies significantly depending
upon experimental conditions. From the results
which we have obtained so far it appears that the
ratio has a large value whenever the overall rate
of fatty acid synthesis is fast. On the other hand, in
the absence of substrates which stimulate the syn-
thetic process the ratio is only a little higher than
one and becomes significantly smaller than unity in
the presence of fumarate or in livers from starved
animals. In slices prepared from rats which had been
starved for 24 hours the rate of fatty acid synthesis
is greatly reduced but evidently not proportionally
for saturated and unsaturated acids. It can be esti-
mated that under these circumstances the unsatu-
rated acids are actually synthesized at twice the
rate of the saturated acids, and probably not much
slower than in livers of well fed animals. Thus, the
rate of synthesis of the saturated f{atty acids appears
to vary much more markedly than that of the unsat-
urated acids. It is evident that under conditions
which give rise to higher isotope concentrations in
the unsaturated than in the saturated fatty acids,
their synthesis must involve a process other than
dehydrogenation of the corresponding saturated
compounds.

We have reported (Bloch and Kramer, 1948) that
insulin is capable of stimulating the utilization of
acetate for fatty acid synthesis in liver slices. This
action of insulin could be demonstrated when py-
ruvate was present in the incubation medium but
not in the presence of acetate alone or in the pres-
ence of acetate plus glucose. We were therefore led
to conclude that insulin might be involved in the
utilization of pyruvate for fatty acid synthesis. Our
original experiments were carried out with tissues
taken from rats of a laboratory strain of unknown
origin. More recently, we have used rats of the
Sprague-Dawley strain and have not been able to
reproduce regularly the stimulatory effect of in-
sulin. It is not inconceivable that sensitivity to hor-
mones varies in different strains of the same animal
species, a possibility which is suggested by the find-
ings of Krahl and Cori (1947), that rats of the
Sprague-Dawley strain are less susceptible to al-
loxan, as measured by the rise of their blood sugar,
than rats of other strains. From recent experiments
we have obtained evidence that the effect of insulin
on fatty acid synthesis can, under certain conditions,
be demonstrated also in livers from the Sprague-
Dawley rats. The rate of fatty acid synthesis by
liver slices in a medium containing acetate and py-
ruvate falls off after two to three hours but was
found to be maintained at its original level for three
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more hours when insulin was present. Further ex-
periments will be necessary to determine whether
or not the effect of insulin on fatty acid synthesis is
of general significance.

One of the difficulties attending the study of fatty
acid synthesis in vitro is the great sensitivity of the
enzyme systems involved. Although in parallel ex-
periments of one series with aliquots of pooled slices
the variations which occur are only slight, the me-
tabolic activity of surviving liver with respect to
fatty acid synthesis varies greatly from day to day.
The level of activity in one series of experiments
compared to another may differ by as much as a
factor of S in spite of the fact that experimental con-
ditions are the same in all respects. The highest iso-
tope concentration which we have found in the sat-
urated fatty acids corresponds to a replacement of
1.3 percent in a three hour period. This value is
somewhat less than half of that expected from the
replacement values of liver fatty acids in intact rats
(Stetten and Grail, 1943). It is also of interest to
calculate the portion of the acetic acid which is con-
verted to fatty acid. This value likewise varies con-
siderably from experiment to experiment and de-
pends not only on the rate of synthesis but also on
the quantity of acetate present in the incubation
medium. Since no significant change occurs in the
isotope concentration of the fatty acids when the
total quantity of acetate is varied from 0.05 molar
to 0.5 molar, the fraction utilized will be larger
when the amounts of acetate in the medium are
small. At the lowest level tested (0.05 molar) it was
found that maximally about 6 percent of the added
acctic is converted to fatty acid.

SYNTHESIS OF CHOLESTEROL

Our earlier investigations on cholesterol synthesis
had indicated that the mechanisms for the synthesis

TABLE 5. EFFECT OF PYRUVATE ON THE INCORPORATION OF
CH;CM0ONa 1nTo FATTY Acins AND CHOLESTEROL
IN RAT L1vER SLiCES

Specific activity* of

Molarity of
pyruvate Total fatty acids Cholesterol
0.003 0.036 0.50
0.01 0.072 0.41
0.02 0.11 0.21

* In 9% of specific activity of acetate added.

of cholesterol and fatty acids must differ in some
essential aspects although acetate is the principal
building unit in both processes. Specifically, it has
been contended that the higher fatty acids cannot
be intermediates in the conversion of acetic acid to
steroids, since in feeding experiments with deuterio
acetate newly synthesized cholesterol contained sev-
eral times the isotope concentration of the fatty acids

(Bloch and Rittenberg, 1942). In liver slices also,
labeled cholesterol is readily formed and in some
instances more than 20 times as much acetate carbon
is found to be incorporated into the cholesterol than
into the fatty acids isolated from the same experi-
ment. The pronounced differences of the two syn-
thetic processes are also evident from data of the

TABLE 6. INCORPORATION OF ISOTOPE INTO LIVER
CHOLESTEROL 7 vilro ¥FrRoM CBH,;COONa
anp CH;COCOONa

Additions
0.01 m l cu ' cHt
C1? acetate 1.37 —
Ct® acetate+C!* pyruvate 0.87 0.03
C13 acetate4C! pyruvate .79 .03
C! pyruvate — 0.08

* Atom 9, excess calculated for 1009, C!3 in acetate added.
t In % of average specific activity of « and 8 carbon atoms
of pyruvate.

present experiments. The synthesis of cholesterol
appears to proceed optimally when acetate is the
only substrate in the incubation medium. Addition
of pyruvate which stimulates fatty acid formation,
has an opposite effect on the incorporation of ace-
tate carbon into cholesterol. I'rom the data in Table
5 it can be seen that with increasing uptake of C*
by the fatty acids under the influence of pyruvate,
the isotope concentration in cholesterol declines.
As has been pointed out above, a conversion of py-
ruvate to acetate and a consequent diluting effect on
the isotope concentration of acetic acid does not
occur significantly under our experimental condi-
tions. Therefore the lowering of the isotope concen-
tration in cholesterol caused by pyruvate most likely
reflects an inhibition of overall synthesis.

The role of pyruvate as a source of carbon for
cholesterol synthesis has been tested by isolation of
the steroids from the experiments in which both C*2
acetate and C'* pyruvate were used as substrates. As
in previous experiments the incorporation of isotope
into cholesterol was highest when acetate alone was
present and reduced to about half by the addition
of an equimolar quantity of pyruvate. From the data
in Table 6 it is clear that pyruvate does not con-
tribute significantly as a carbon source to cholesterol
formation. The number of pyruvate carbons em-
ployed for cholesterol synthesis could not have been
more than 1/30 of the number of carbon atoms
derived from acetic acid. It is noteworthy that the
ratio of pyruvate carbon to acetate carbon in
cholesterol is only about 1/10 of the corresponding
ratio in the fatty acids which were simultaneously
formed. Evidently pyruvate can provide two-carbon
units which are employed for fatty acid formation
but this same two-carbon unit cannot be inter-
changed for acetate in cholesterol synthesis.
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DiscussioN

ViLLEE: Experiments in our laboratory in which
rat diaphragm muscle was cultured iz vitro in a
phosphate buffer have given results similar in most
respects to those of Dr. Bloch using liver slices.
We have found that C** alpha labeled pyruvate
was incorporated into the total lipid fraction at a
greater rate than was C** carboxyl labeled acetate
and that the addition of non-labeled pyruvate to
the acetate did not increase significantly the ace-
tate incorporation. We have found a considerable
effect of insulin in increasing the rate of incorpora-
tion of pyruvate into lipids. Without insulin 1.1
percent of the pyruvate uptake is incorporated into
lipid; when insulin is added the amount incor-
porated is increased to 1.8 percent of the pyruvate
uptake. Insulin does not increase the amount of
pyruvate oxidized to CO, nor the incorporation of
pyruvate into proteins. An increase in the amount of
lipids present occurs during the two hour incubation
period and this increase is greater with than without

added insulin.



THE USE OF ISOTOPES IN AN INTEGRAL EQUATION

DESCRIPTION OF METABOLIZING

SYSTEMS

HERMAN BRANSON

The complex structure and multiple reactions
occurring in most metabolizing systems make it
impossible at present to find a mathematical treat-
ment adequate for a description of the microscopic
phenomena. By ignoring some of the details of
such systems and giving our attention to quantities
which are directly measurable, a mathematical
description, which is eminently satisfactory for
many purposes, is possible through integral equa-
tions. The literature of the equations encountered
is extensive. Thus if the procedure is acceptable
for the biological problem, the method will open a
broad range of applicable mathematics to the bio-
physicist for discussing metabolizing systems.

Integral equations and integro-differential equa-
tions have often been suggested as being especially
suited for the handling of biological systems which
depend not only upon the immediately preceding
states but upon all their previous states, for these
equations are successful in describing such physical
systems (e.g., hysteresis phenomena). It is clear,
however, that in order for an integral equation de-
scription to be preferred to a differential equation
approach, the description should possess some-
thing more than logical superiority. The usual
differcntial equation description of such com-
plicated systems necessitates special assumptions
about the mechanism of the reactions. The as-
sumptions are often ad hoc and have a high
pertinacity, so much so that the literature is
studded with mechanisms which are hardly war-
ranted by the data. The integral equation ap-
proach will improve, in large measure, this situa-
tion. But the treatment must also be more sug-
gestive and yield mathematical functions more
adequate for the problem at hand.

This paper essays a mathematical treatment of
metabolizing systems which describes some im-
portant characteristics of such systems in terms of
a rate function and a metabolizing function in an
integral equation. The resulting equations are ap-
plied to several problems of biological and chemical
interest. The equations are solved for functions
derived from several sets of available data. Ex-
perimental procedures for determining the func-
tions are discussed. The integral equations are
shown to be valuable in problems employing iso-
topic tracers. Evidence is presented to support
the view that this formulation may become a con-
venient means of correlating some of the work now
being done with tracer molecules in biological
systems. The procedure seems especially valuable
in the application of ‘“double-tracer” molecules,
for it suggests a simultaneous determination of the

rate function and metabolizing function of a
metabolite by measurements of one substance in a
single system.

Tue INTEGRAL EQUATION

A metabolizing system may be represented as
an irregularly shaped region of complex structure
where a substance or material is being produced,

t
M(t) = M(O)FL)+| R(O)F(t-6) db

F16. 1. Schematic representation of a metabolizing system.
M(t) is the amount of the metabolite present at time, ¢.
R(1) is the rate function and F(¢) is the metabolizing function
of the system.

consumed, transported, modified, or stored. The
system may be performing all or several of these
functions simultaneously. The system may or
may not have a definite’ boundary. For con-
venience the system may]be thought of as in
Figure 1 although the number of openings or
points of diffusion through the walls does not
affect our treatment. The following functions may
be defined for this system:

M (0) =amount of substance present initially, at
t=0.

M (t) =amount of the substance present at time

R(¢)=the rate at which the substance is ac-
cumulating in the system or disappear-
ing from the system.

F(f)=the “metabolizing function” to be de-
fined presently.

[35]
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In this system, the experimenter is concerned
about some substance originally present in
amount, M(0). This substance is accumulating at
a rate R(8) so that the additional amount appear-
ing at the time interval Af is R(§)A¢. This addi-
tional amount has the same fate as the amount
originally present; it is metabolized. To account
for this phenomenon a “metabolizing”’ function is
introduced, which is defined as the function which
will multiply the original amount, M(0), to yield
what remains of it at time, ¢£. Thus, the amount
remaining from the original amount at time, ¢, is
M(0)F(£); of the amount entering in the interval
0 to 6+A8, there remains at time, ¢, F(t—0)R(6)A.
We may divide the period 0 to ¢ into the intervals,
A8 to Ab,. Then the total amount present at time,
¢, from the original amount and the amount ac-
cumulating is

M@ = M(O)F(¥) + ZF(t — 0,) R(8:)A6;.

In the limit as the intervals approach zero, the
summation becomes an integral so that the basic
equation is

M@) = MOFQ) + f "F(t — 6)R@)do.

In the majority of tracer experiments, an ex-
perimenter knows M (0) and determines M(¢). If
equation (1) were used in correlating the data in
such an experiment, we would have to know either
F(t) or R(f) from another experiment. Equation
(1) would be a Volterra integral equation of the
second kind in F(¢#) if we know R(¢) or a Volterra
integral equation of the first kind in R(¢) if we
know F(t). Finally if M(0), R, and F were known,
the equation could be integrated either directly or
numerically to find M ().

APPLICATIONS TO SOME CHEMICAL
AND BI10LOGICAL SYSTEMS

A large number of chemical and biological sys-
tems are characterized by the fact that the rate of
reaction of the substance of interest is directly
proportional to the quantity of the reacting sub-
stance present. This type of reaction is designated
in chemical kinetics as a first order reaction. As a
numerical example, the decomposition of dibro-
mosuccinic acid in hot water investigated by
Van’t Hoff and treated by Hitchcock and' Robin-
son (1936) may be considered.

All first order reactions are very easily treated
by equation (1) with the following designations:

M(0) = a known consonant
F(f) = F(0) = 1.
R(6) = — kM(9).

Equation (1) becomes
t
M@) = MO) — K f MOd. Q)
0
Equation (2) is of the type

M@=ﬂ@+kaWJMMMn

This Volterra equation of the second kind is solved
by the Liouville-Neumann series (Margenau and
Murphy, 1943).

8(x) = 3 Ag(s)

n=0

provided
$o(x) = f(2);

M@=mewa&“w%@

=fK(x, 7)¢a-1(y)dy.

In the example,
K(x,5) = 1,X = — K, and ¢o(x) = M(0).

Introducing these expressions and integrating,
the solution becomes

0 —_— K n
M@ =M0O) S ——n-'—i = M(0)eF. (3)

n=:0

Equation (3) is the usual exponential expression
which is more easily obtained in this instance by
stating the relationship in differential equation
form and integrating. With £=0.030, the equation
is an adequate description of the decomposition
of dibromosuccinic acid in the Van’t Hoff experi-
ment.

First order reactions in certain systems, how-
ever, seem possible of treatment in much more
elegant manner through equation (1) than through
differential equations. As an example, a system in
which the reaction is of the first order and at the
same time the material is flowing out constantly
such that the ‘“metabolizing” function is of the
form F(f)=(1—cf) may be considered. Using the
designations as in equation (2), equation (1) be-
comes

M() = MO){1 — o)
-K ‘ — ot —
fo MO[ - ot — 0)]ds.  (8)

This integral equation may be solved by the Liou-
ville-Neumann series as used in equation (2);
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however, it is desirable to introduce the powerful
mathematical technique of the Laplace transform
which is eminently suited for treating many of
the problems described through equation (1).

p The integral on the right of equation (1) is a
special type referred to as ‘‘Faltung” integral
(literally: a folding integral) by Doetsch (1943).
Equation (1) may be written M (f)=M(0)F(¢)
+1I*R, where F*R is the abbreviation for the
integral. If the equation is multiplied through by
exp (—st) and integrated from 0 to «, it becomes

f "Mt = M) f "Ry

n fo fo ROF( — 6)etdtdo.  (5)

The conditions on the functions in order that these
integrations are permissible are discussed by
Doetsch (1943). It 1s assumed that the integrations
are allowed. By definition the integral on the left
of equation (5) represents the Laplace transform
of M(#) which is called m(s); the first integral on
the right is the transform of F(¢) multiplied by
M(0), that is M(0)f(s). The double integral on
the right is the transform of the ‘Faltung”
integral. Doetsch (1943) shows that the trans-
form of I*R is equal to the product of the indi-
vidual transforms, or

L{F*R} = L(F)-L(R) = f(s)r(s).
Hence equation (5) may be written as

m(s) = M(0)f(s) + r(s)f(s) (6)

where the lower case letters represent the trans-
forms of the corresponding functions in capitals.
An alternate statement is that equation (1) trans-
forms into equation (6). If f(s) is sought, equa-
tion (6) becomes

m(s)

) =+

It may happen that the particular form on the
right side of equation (7) is one of the many
Laplace transforms which have been tabulated or
that it may be expressed in standard form through
algebraic manipulation. If either circumstance
exists, the inverse transform, F(f), may be read
directly from tables given, for example, in Doetsch
(1943), Carslaw and Jaeger (1941), Churchill
(1944), or MacLachlan (1939). If the right side is
not a standard form, integration in the complex
plane is required. The inverse transform is

()

F(t) = -2—1-; fo e*tf(5)ds.

Details of the integration may be found in the
texts mentioned above.

Applying the Laplace transform technique to
equation (4) transforms it into

m(s) = M(0) f et = eyt
0

- KfO' fowM((})[l — ot — 0) |e—dods.

These integrations are easily performed or the
transforms may be read directly from a table:

M M K CK
m(s) = ——i—)~-— ——(—}-—( )m(s).

s 52 s

This equation may be written in terms of m(s) with
the right side in a standard form,

A B
o w0 A4 2]

where
a=3}K+VEEFIK), A=—"1,
20 — K
— a— K —¢
B=4(— K+ K +4Kc), B= g
20 — K

Consulting Doetsch’s (1943) table again the in-
verse transforms are found,

M@ = M0)[Ae et 4 Bef]. (8)

Equation (8) describes the behavior of a system in
which a first order reaction is taking place and, at
the same time, the reacting material is being
transported away at a constant rate. It is evident,
too, that equation (8) reduces to equation (3) when
c=0.

In vitro experiments with tissue slices bathed
continuously in a solution free of the metabolite
in question may be described by equation (4).

A large number of biological systems under
normal conditions are characterized by the fact
that the amounts of certain metabolites remain
constant. In terms of equation (1) the equation
suitable for each such metabolite is

M[1 —F@)] = f 0‘ R(O)F(t — 6)ds  (9)

where M is the constant amount present.

The procedure from this point is determined by
what additional information is available. For ex-
ample, if it may be known or suspected that the
rate at which material enters the system is con-
stant, the problem becomes one of determining the
F-function. The resulting equation is easily shown
to have the solution F(¢)=exp (—R/M)t. Thus a
system in which the amount is constant is char-
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acterized by an exponentially decreasing metabo-
lizing function. The converse of this problem is also
of biological interest. It is interesting to note thata
metabolizing system with a constant amount and a
constant F-function is impossible, for assuming
that R(¢) is a well-behaved function, this system
would require

t
f R(6)d6 = constant
0

which is not possible.

The rate of change of the amount of the metabo-
lite may be found from equation (1) by differ-
entiating,

M _ oy - lmog&jbe
g MO ) RO
+ R()F(0). (10)

This equation is of additional interest, for it may
be used as the integral equation of the second kind
for determining R(f).

TRACER EXPERIMENTS FOR THE DETERMINATION
OF THE RATE FUNCTION AND THE
METABOLIZING FUNCTION

In the typical experiment on metabolism, the
experimenter is interested in the fate of some
metabolite which we shall designate as M(¢). If
the experiments are on mature, normal animals
in nutritional equilibrium, it is often found that
the amount of the metabolite varies little if at all.
The introduction of a tagged quantity of a metab-
olite, M (?), reveals that the constancy is only
apparent. The equilibrium is dynamic, as has
been so ably demonstrated by Schoenheimer and
collaborators (Schoenheimer, 1946) with the stable
heavy isotopes of hydrogen (H?) and nitrogen
(N%). Hence when the metabolite is assayed, the
results are on the flat portion of a curve whose
origin cannot be determined by examining M(¢)
at the time of our experiment. Clearly equation
(9) is applicable in this situation with R and F to
be determined. Another independent relation for
determining one of them is necessary.

The tracer atom technique gives the required
condition, for the experimenter need only inject a
sample of tagged metabolite, M*(0), and follow
its course in the same system or systems suffi-
ciently similar. These data will give

M*()) = M*(0)F(). (11)

Since no additional tagged metabolite can enter,
R*=0, Thus, by means of equations (9) and (11),
we can determine the functions R and F.

¥ The”preceding formulation¥of equation (11)
assumes that although therate at which the tagged
substance enters is different from that¥of the
normal, the metabolizing functions are identical

for both. If that were not true, then the system
would be discriminating between the tagged and
untagged molecules of otherwise identical consti-
tution. Within the experimental error of this work,
there is convincing evidence that the biological
system cannot distinguish the small differences in
mass between the chemically similar units. There
may exist slight differences in rates of diffusion
and other physical phenomena.

If the concern is for a metabolite or substance
which is not in equilibrium, the procedure is the
same except that, then, M (f) must be determined
and equations (1) and (11) used for R and F.

TREATMENT OF SOME DATA FROM
TRACER EXPERIMENTS

As examples some experiments using radio-
actively tagged molecules of Hamilton and Soley
(1940) and experiments and theoretical develop-
ments by Zilversmit and collaborators (1943) will
be considered, and mention will be made of some
experimental results of Schoenheimer and his
collaborators (Schoenheimer, 1946).

Hamilton and Soley (1940) fed radioactive
iodine (I®) to a group of normal human subjects
and observed by means of an external Geiger-
Mueller counter the emanations from the thyroid.
From the many types of empirical curves which
may be fitted to their data, the writer selects

M@) = (O)1 — e ot)e P

with C=0.035 M*(0), where M*(0) is the amount
of tagged iodine fed. This choice of M (f) describes
the observed behavior in a satisfactory manner and
the expression is sufficiently tractable mathe-
matically for straightforward integration in equa-
tion (1). From their data it is seen that the maxi-
mum of the curve is reached in about one day,
hence a~4.5 days™!. After 30 days, over 80 percent
of the radioactive iodine remained in the thyroid,
hence $~0.006 day—'. Inasmuch as there was no
radioactive iodine originally present, equation (1)
now becomes:

C(1 — eat)edt = f RO)F( — 6)do.

Although an equation of the type of equation
(11) cannot be written on the basis of the data,
the fact that the radioactive iodine slowly leaves
the thyroid limits the possibilities for F(¢). Upon
integration and by use of this qualitative informa-
tion on F(¢), suitable functions are found to be

R() = ae-tatdr,
F() = e*.

Thus it may be concluded on the basis of our
formulation that the metabolizing function de-
scribing the history of iodine in the thyroid is a

(12)
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slowly decreasing function of time, while the rate
function decreases rapidly with time. Although
the parameters a and 8 are empirical and are not
related to physiological processes, nevertheless,
their values may be important clues in detecting
malfunctioning of the thyroid.

The example given by Zilversmit and his col-
laborators (Zilversmit, Enteman and Fishler,
1943; Zilversmit, Enteman, Fishler and Chaikoff,
1943) is an instance of the general problem of the
conversion of 4 into B where 4 is called the pre-
cursor of B. A may be produced by complex reac-
tions and B may be lost through others. We shall
assume only that for each unit of 4 which disap-
pears a unit of B appears. If 4 and B are tagged
substances, none of either is present initially, hence

AX(l) = f " ROF( — 6)do,

B*(l) = f tRl(O)F,(t—- 6)de.

If the assumption is made that the transforma-
tion of A into B is an irreversible, first order reac-
tion, chemical kinetics states R,() =CA*(6), then

BHi)=C fo [ fo a R(¢)1«‘(0—¢)d¢:]Fl(t—a)do.

The resulting expression for B*(¢) is compli-
cated, as one would expect, in the absence of addi-
tional simplifying assumptions. There are three
functions to be determined, R, F and F,. An
additional relation is needed in order to determine
the functions uniquely. One approach would be to
follow the bchavior of A* and B* in a similar
system where it is injected. For such a system
A*()=A*(0)F(1).

The systems treated by Zilversmit and col-
laborators (Zilversmit, Enteman and Fishler,
1943; Zilversmit, Enteman, Fishler and Chaikoff,
1943) are simpler. Their general system (4—B) is
described in the integral equation formulation by
the equations

= — 6)ds,
0 fo R(O)F (¢ — 6)do
B(0) = BO)F\(t) + f Ru(O)F:(t — 6)do,

B*(t) = Cf‘A*(H)Fl(t — 6)de. (13)

These state that the amount of B present is con-
stant, and R=C4 which is constant if the amount
of A is constant. Thus from following the courses
of A*, B*, and determining B in one system and
either 4 in the same system, or 4%, or B* in a
similar system, we shall have enough relations to

determine the R’s and F’s. If the experimenter is
interested only in the R and F associated with B,
only A*(¢), B*(¢), and B(0) need be known.

Their experiments on the turnover rate of phos-
pholipids in the plasma of the dog with radio-
active phosphorus follow the conditions for the
system described by equation (9) for the ordinary
phosphorus and B*(t)=B*(0)F(¢) for the radio-
active phosphorus. Since R is constant, F(f)
=exp (—R/M)t.

The curves describing the atom percent deu-
terium uptake of cholesterol in mice (Schoen-
heimer, 1946), as well as other experimental re-
sults with stable isotopes (Schoenheimer, 1946),
are expressed with acceptable accuracy by
M(@)=C(1—e")e?, with o>>B which gives ex-
pressions similar to equation (13) for the metab-
olizing function and the rate.

An interesting example of the application of
equation (1) is its use in a case formulated by
Stetten and Boxer (1944) who state: “It may be
shown that if the total quantity of any body con-
stituent remains constant, if the amount replaced
per unit time is constant, and if the synthetic
process involves the uptake of isotope from a
reservoir of constant concentration, the equation
logn (2max/Imax—1) = k¢ represents the relationship
between the isotope concentration of that body
constituent and time.” For this system the equa-
tions are

M©0) = MOF() + f "F(t= 0)R()d0
and
M*() = f‘ F(t — 0)R*(6)d6.

The conditions give R(6)=C and R*(6)=C*. In-
serting these values and solving by the Laplace
transform result in

£ 3

M* = C'EM(I — ¢ XY where K = C/M(0).

In the notation of Stetten and Boxer (1944) this
equation is ¢=1imax(1—e7*Y) which may be trans-
posed into the desired form.

COMPARISON OF INTEGRAL EQUATION AND
Di1rrFERENTIAL EQUATION TREATMENTS
OF A TRACER EXPERIMENT

The work of Gellhorn, Merrell, and Rankin
(1944) on transcapillary exchange of sodium in
normal and shocked dogs investigated with Na*
is an excellent treatment of tracer data by the
usual differential equation formulation. In this
series of experiments, Na*Cl in 0.1 to 0.3 milli-
curie doses was given to dogs. Samples of blood
were removed by arteriopuncture. The plasma
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concentration of Na* was plotted as a function of
time. An equation was fitted to these data by the
method of least squares. For normal dogs, they
found

Cp — 1000 = 2117¢71-040¢  933¢—0-095¢ (14)

In the mathematical discussion and presenta-
tion of their results, Gellhorn, Merrell and Rankin
(1944) divided the body into three regions: the
plasma, a region of fast exchange, and a region of
slow exchange. They were able to establish a set of

. .

¥16. 2. Some curves of M (¢) as a function of time which occur
frequently. In each graph, M(f) is plotted along the vertical
and time along the horizontal. In (1), M(¢)=at/(1+bt) or
cl—e). In (2), M{®)=c(1—e*ePt with a>>B. In (3),
M) =a+be~t+4ce®t. In (4), M(t) is constant for 05i<r
and M () =a+be2t+ ¢ Pt for 127

three first-order differential equations which on
integrations gave an equation of form (14).

These data may be discussed by the integral
equation formulation without recourse to any
special assumptions although the resulting equa-
tions may be interpreted in terms of a model.

In applying the integral equation formulation,
M(?) is defined as the concentration of Na* atoms
per cc. Then from the experimental data, equation
(1) becomes

M@) = o+ bet 4 ce?*

MOF() + f " ROF( ~ o)de.

Since all of the Na* present in the plasma is
counted irrespective of the chemical combination.
F(t) may be set equal to one. Then

t
o+ bet + ce Pt = M(0) +f R(6)do
[

which is easily integrated to yield
R(t) = — ae =t — Bce Pt since M(0) = a+ b+ c.

Inasmuch as the total number of radioactive atoms
present at time ¢ is M (¢), the fractional transfer of
Na* from the plasma is

abeat 4 Bee P
M(@)

Since the system does not distinguish between
Na® and Na¥, the proportion of sodium trans-
ferred at ¢=0is

b
@t b _ o5

a+b+c

from the experimental values in equation (14).
This and other results in the Gellhorn, Merrell,
and Rankin (1944) paper seem to be derivable
from the integral equation treatment more di-
rectly and without special assumptions.

PROCEDURE IN APPLYING THE INTEGRAL
EQUATION TREATMENT

In applying this integral equation to most
systems where M (f) is determined experimentally
by the use of tracers or otherwise, the following
procedure is recommended.

1. Plot the data as a simple graph of M () vs. ¢.

2. From the shape of the curve, try special
graphs (e.g. semilogarithmic).

3. Fita continuous function to the graph by the
method of least squares or the method of
averages. The method of averages is simpler
and usually satisfactory. In fitting curves,
the data usually do not warrant the applica-
tion of criteria of suitability.

4. Use the continuous function as M(¢) in the
integral equation.

5. From another system, find F(¢) in the same
manner or predict the form of F(¢) from the
information on the single system.

Figure 2 shows some curves which occur fre-
quently in metabolism experiments and sug-
gested forms to try for M(¢). In following this pro-
cedure, the texts by Whittaker and Robinson
(1924), Running (1917), and especially Worthing
and Geffner (1943) are most helpful.

TRACER EXPERIMENTS WITH DoOUBLY-TAGGED
MoOLECULES

“Doubly-tagged molecules” designate a sub-
stance part of whose molecules are tagged by one
isotope and part by another; e.g. methionine, with
some molecules having S* and some S%, or betaine,
with some molecules having N* and some C4.
The use of such doubly tagged molecules is not
yet extepsive in tracer experiments, But it is ex-
pected that with the greater availability of mass
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spectrometers and the refinement of techniques for
preparing or synthesizing the molecules, doubly
tagged molecules will be most valuable in such
experiments. The integral equation formulation
shows how they will be particularly useful in char-
acterizing a metabolizing system.

In the consideration of the reaction (4—B) in
equations (13), it was seen that A*(f), B*(¢), and
B(0) must be known in order to determine R and
F for the system. In most complex biological sys-
tems even the reactions postulated by equations
(13) would be in doubt, for they require proof that
B is the exclusive product of 4. But under the
dynamic conditions existing in biological systems,
the experimenter can expect, in addition to
(A—B), side reactions and complex chains, some
of which may also lead eventually from 4 to B.

One procedure for eliminating the dependence
upon measurements of A4*() would be to intro-
duce the tagged substance suspected as being the
precursor of B*(¢) in one system or scries of ani-
mals and the tagged substance, B(f), in a similar
system. From the first system we have:

B(f) = f "ROF(t — 0)d, (15)

and from the second system.
B(t) = B(O)F() (16)

which are sufficient to determine F(¢) and R(¢)
without dependence upon precursors of B.

Although of value, the preceding technique is
probably as vulnerable as the first, since the meas-
urements are made upon different systems. The
experimenter would have greater confidence in his
rate determinations if they were based solely upon
measurcments of the substance under study and
limited to simultaneous measurements in a single
system.

These desired conditions may be obtained by
the use of a doubly-tagged substance in a single
system. We may introduce the suspected tagged
precursor of B and follow experimentally the level
of B*(f). At the same time, we may inject some B,
that is, a small amount of the chemically similar
substance but tagged by the use of a different
radioactive isotope or by a rare stable isotope.
Thus equations F]S) and (16) permit the simul-
taneous determination of R(¢!) and F(¢) in a single
system by measurements of B alone.

The number of possible combinations of iso-
topes available depends in large measure upon the
problem and the skill of the experimenter. Under
all circumstances, radioactive and stable pairs
such as (H?, H?), (CB, C4), (S%, S%) and the radio-
ative pair (Fe®, Fe*) can be used for these ele-
ments. No appropriate radioactive member exists
for oxygen or nitrogen; however, in many experi-
ments they can be coupled with hydrogen, carbon,
or sulfur.

Experiments with such doubly-tagged molecules
are being planned in our laboratory. Unfortunately
our mass spectrometer, which is having leak
trouble, and our work with P¥ have not per-
mitted us to present any data in support of this
integral equation formulation. It seems clear,
however, that the procedure will give a R(¢) and
F(f) as defined by the integral equations.

TrE UNIQUENESS OF R(f) AND F(¢)

In the discussion of the data of Hamilton and
Soley (1940) and that of Gellhorn, Merrell and
Rankin (1944) a certain arbitrariness wasrevealed
in the choice of 77(£) and R(¢). Clearly in the Hamil-
ton and Soley (1940) experiment, F(f) could have
been taken equal to one and R(f) found so as to
satisfy the equation for the M(f) fitted to the
curve. This arbitrariness would not have existed,
however, had we performed two experiments as
discussed in connection with equations (2) and
(3). But even in this instance, the quantitative
information suggests that F(¢) should not be taken
as constant. Hamilton and Soley (1940) found
that there was a rapid uptake and slow release.
This information implies that a given amount of
iodine initially in the thyroid would leave grad-
ually. According to our formulation this quantity
of iodine should obey equation (16). Ience any
other choice of F(¢) is not consistent with this
information on iodine in the thyroid.

In the fitting of a continuous function to the
experimental curve of M(f), many choices of func-
tions are possible which will fit the data within
the experimental error. For example, the data of
Gellhorn, Merrell and Rankin (1944) could have
been approximated by a polynomial in ¢. There is,
of course, no procedure for insuring that different
experimenters will fit the same type curves. In
general, a good procedure is to try an cxponential
or combination of exponentials, for such equa-
tions are usually easy to integrate and may often
be interpreted in terms of combinations of first
order reactions. In addition, simplicity of repre-
sentation is also to be preferred.

The integral equation procedure as presented in
the paper reveals that we can set up a description
of metabolizing systems which will define explicitly
for such systems a rate function and a metaboliz-
ing function. In discussing such systems, experi-
menters would find themselves on common
ground if some such formulation were accepted.
Then a statement that the data are approximated
by some continuous function as M(¢), described
by a rate function, R(f), and metabolizing func-
tion F(t), would have explicit meaning in terms of
equation (1). The tracer technique is well suited
for the determination of M(f). Conversely the
integral equation formulation seems advantageous
for correlating and integrating tracer studies in
metabolizing systems. The procedure seems espe-
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cially suggestive in studies involving doubly-
tagged tracer molecules.

This work has been supported in part by grants
from the Office of Naval Research and Research
Corporation of New York.
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STUDIES OF PURINE METABOLISM!
GEORGE BOSWORTH BROWN

Purine chemistry dates back to 1776 when Scheele
discovered uric acid in human urine. This was fol-
lowed a century later by the discovery of guanine
(Fig. 1) by Unger (1846), of nucleic acids by
Meischer (1871) and of adenine by Kossel (1885).
The recognition of an association of purines and
nucleic acids with the nuclei of cells led to many
studies of the distribution and the functions of the
purines. Rose has pointed out, in his comprehensive
review (1923) of the early studies on purines, that
attempts to study the distributions and functions
of the purines are among the earliest metabolic
studies on record. The fact that the animal or-
ganism does not require the presence in the diet of
preformed purines or pyrimidines for the formation
of nucleic acids made difficult the application of

e 0
N//C\%/N\\c y H'i‘ \('.T/N\CH
H \\N/C\N/ HeN- C§N/C\N/
H H
ADENINE GUANINE

F1c. 1. Purines occurring in nucleic acids.

many of the classical biochemical methods to the
study of their metabolism.

INITIAL TRACER STUDIES

The first application of the isotope tracer tech-
nique to the study of purine metabolism was that
of Barnes and Schoenheimer (1943) who showed,
both in pigeons and in rats, that dietary ammonia
nitrogen is rapidly incorporated into the purines and
pyrimidines of the nucleic acids of the internal or-
gans. Plent! and Schoenheimer (1944), followed this
with an investigation of the utilization of dietary
purines and pyrimidines labeled with isotopic nitro-
gen. They fed isotopically labeled guanine, as well
as the labeled pyrimidines, uracil and thymine (Fig.
2). They found that the guanine was not incorpo-
rated into the nucleic acids of pigeons or of rats. The
ingested guanine was absorbed and was catabolized
to uric acid or allantoin, the urinary end-products
of purine metabolism in these species. Nor did the
two pyrimidines tested lead to the formation of

*The assistance of the Office of Naval Research, The
Barker Welfare Foundation, The James Foundation of New
York, Inc, and the Lord and Taylor Fund, is gratefully
acknowledged.

nucleic acids but they were metabolized to urea and
to ammonia. That this purine and these two pyrimi-
dines are not in a dynamic equilibrium with the
guanine, uracil and thymine of nucleic acids was a
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Fi1c6. 2. Pyrimidines occurring in nucleic acids.

surprising finding. In fact these compounds, al-
though they occur as components of the nucleic
acids, behave as though they are end-products of
nucleic acid metabolism in that they enter only into
further catabolic reactions.

ADENINE AS A NucLric Acip PRECURSOR

The other purine found in nucleic acids, adenine,
is present not only in nucleic acids but also plays
a role as a constituent of a number of enzymes and
of the adenosinetriphosphate of muscle. In addition,
adenine, its nucleoside, and nucleotides show marked
physiological and pharmacological effects not shown
by guanine and its derivatives. It seemed worthwhile
to investigate the possible differences between the
metabolic fate of adenine and that of guanine.

Adenine, labeled with an excess of isotopic nitro-
gen in the pyrimidine ring, was originally synthe-
sized (Brown, Roll, Plentl and Cavalieri, 1948) by
the method of Baddiley, Lythgoe and Todd (1943),
although we are now using somewhat modified condi-
tions (Fig. 3) (Cavalieri, Tinker and Brown, un-
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Fi1c. 3. Synthesis of labeled adenine.

pub.). One nitrogen containing 32 atom percent
excess N was introduced in the formamidine. The
synthesis from this compound resulted in the intro-

[43]
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duction of 16 atom percent excess N*® in each of
the 1 and 3 nitrogens of the purine ring of adenine,
about 6.4 atom percent excess average N'° content
for the nitrogen of the molecule.

This adenine was fed to adult male Sherman
strain rats. To insure against negative results due
to insufficient adenine it was planned to first ad-
minister the compound in as large an amount as
was compatible with the known toxicity (Allen and
Cerecedo, 1933; Raska, 1946). Preliminary experi-
ments indicated that rats of this strain could be fed

TABLE 1. FEEDING OF IsOTOPIC ADENINE

Labeled adenine fed to rats as the hydrochloride, equivalent
to: A, 200 mg.; B, 27 mg. of adenine per kg. per day for 3 days

A B
Calc. on Calc. on
Atom basis of Atom basis of
T lioogNs| 7o 1009, N
exhc;lt‘ss adenine exlg‘ss adenine
fed fed
Adenine (dietary) 6.29 | 100. 6.29 | 100.
Sodium nucleic acids | 0.386 6.1
Copper purines 0.23
Purine hydrochlorides 0.23
Adenine + | 0.857 | 13.7 0.34 5.4
Guanine 0.513 8.2 0.20 3.2
Silver pyrimidines 0.000 0.0
Adenosinetriphos-
phate ET1 0.161 2.6 0.002 0.03
Allantoin FREE|1.70 | 27.0 0.348 | 5.53
Ammonia' : . g~ | 0.02 0.32
Urea ~110.018 0.29 || 0.003 0.05
Muscle protein § 0.00 0.0

up to 250 mg. of adenine per kilo of body weight per
day for a week without the appearance of any symp-
toms of toxicity other than a moderate diuresis.

In the first feeding experiment with labeled ade-
nine, the adenine was fed at a level of 200 mg. per
kilo of body weight per day for a period of three
days. The sodium nucleic acids were isolated from
the total viscera by sodium chloride extraction. The
free nucleic acids were then prepared and from these
the purines were isolated. The mixed pyrimidines
were also isolated from the nucleic acids via their
silver salts. Adenosinetriphosphate was isolated from
the leg and back muscles and the thrice reprecipi-
tated dibarium ATP contained an average of 2.7
moles of phosphorus per mole of adenine. Allantoin,
urea and ammonia were also isolated from the urines.

The isotope content of these isolated products
(Table 1) showed that the isotopic nitrogen of the
dietary adenine was incorporated into the nucleic
acids. It appeared not only in the adenine isolated
from the nucleic acids but also in the guanine. In
the first experiment, a total of 13.7 percent of the
adenine of the nucleic acids was derived from the

dietary adenine in the three-day period and a total
of 8.2 percent of the guanine nitrogen was derived
from the isotopic nitrogen of the dietary adenine
during this period. That the pyrimidines contained
no isotopic nitrogen showed that dietary adenine is
not a precursor of pyrimidine nitrogen. The ade-
nosinetriphosphate contained a definite but much
lower percentage of isotopic nitrogen. Thus, this
nucleotide may also be derived from dietary adenine,
but at a slower rate.

In the case of the urinary allantoin, 27 percent
of its nitrogen was derived from the dietary adenine.
This indicates that nearly twice as much of the
allantoin as of the nucleic acid-adenine was formed

“from dietary adenine, and is evidence for the exis-

tence of a direct oxidation of adenine to allantoin,
a pathway which does not involve its prior incor-
poration into nucleic acids. The small amount of
isotopic nitrogen in the ammonia and urea demon-
strates that the purines are not degraded to either
ammonia or to urea.

The first level at which adenine was fed, 200 mg.
per kilogram per day, is abnormally high and ap-
proaches the level at which toxicities might occur.
Therefore, a second experiment was carried out in
which the amount of adenine fed per day was well
below the amount of purines normally metabolized
by the animals. From the data of Ackroyd and
Hopkins (1916) it may be calculated that rats on
a bread and milk diet excreted 262 mg. of allantoin
per kilogram per day, while Leone (1945) found
60 to 140 mg. of allantoin produced per kilogram
per day on diets stated to be purine free. For this
experiment, a level of 27 mg. per kilogram per day
was chosen as being well below the amount of purine
normally turned over per day. In this experiment
the copper purines isolated from the tissues and the
mixed purine hydrochlorides isolated from the crude
nucleic acids contained the same atom percent ex-
cess N*®. The isotope content of the adenine and
guanine isolated showed that at this lower level there
was a more efficient utilization of the dietary ade-
nine for the formation of nucleic acids. Thus, al-
though the amount of adenine in the diet was only
13.5 percent of that in the first experiment, the abso-
lute amount of isotopic nitrogen in the purines of
the nucleic acid was 39 percent of that in the first
experiment. It is significant that in each experiment
the nucleic acid-adenine and the nucleic acid-guanine
were derived from the dietary adenine in the same
ratio: that is, 1:0.60 and 1:0.59, and we have yet a
third experiment in which this ratio proved to be
1:0.57.

At the lower level of intake of adenine the value
for the isotope content of the ATP is practically
normal. This behavior of the adenine moiety of ATP
parallels the extremely low uptake of ammonia
nitrogen in ATP (Barnes and Schoenheimer, 1943;
Kalckar and Rittenberg, 1947). The turnover of the
adenylic acid portion of the ATP is very slow under
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normal conditions, The markedly greater incorpora-
tion of adenine into ATP when the animals were
“flooded” with dietary adenine may be related to
the toxicity of large doses of adenine, and this iso-
lated observation should be confirmed.

Because of the striking difference between the
results with adenine and the original observations
with guanine we considered it advisable to repeat
the feeding of guanine under our experimental condi-
tions. The guanine was synthesized (Fig. 4) from
isotopically labeled guanidine. It must be remem-
bered that here, the 2-amino group, as well as the
1 and 3 nitrogens of the pyrimidine ring, contains
an excess of isotopic nitrogen.

This guanine was fed at a level equivalent, on a
molar basis, to the higher level at which adenine

TaBLE 2. FEEDING OF IsoToric GUANINE
Guanine fed as the sulfate, equivalent to 224 mg. of guanine
per kg. per day for 3 days. This is equivalent on a molar basis
to the higher level at which adenine was fed

Calc. on basis of
Atom 7| "100% N in

excess guanine fed
Guanine (dietary) 6.40 100.
Sodium nucleic acids 0.069 0.14
Copper purines 0.00 0.0
Allantoin 2.02 31.9
Urea 0.115 1.80

had been fed. The results (Table 2) completely con-
fimed those of the original investigators, that is,
there was no utilization of the guanine for the forma-
tion of nucleic acids and it was extensively oxidized
to allantoin. The labeled 2-amino group, which is
lost in the oxidation of guanine to allantoin, con-
tributed isotopic ammonia to the body pool which
in turn gave the urea an appreciable isotope con-
centration. The ratio between the isotope level in
the urea nitrogen and the trace found in the nucleic
acid nitrogen was of the order found after the feeding
experiments with isotopic ammonia.

END Probucts oF PURINE METABOLISM

In man and apes the end-product of purine me-
tabolism is uric acid. Birds and reptiles not only
excrete uric acid as an end-product of purine
metabolism but also utilize it for disposal of am-
monia nitrogen. In other mammals, including the
rat, allantoin, which is an oxidation product of uric
acid, serves as the end-product of purines. The al-
lantoin which was isolated from the urines after the
feeding of adenine was degraded by reductive split-
ting with hydriodic acid, and the hydantoin obtained
was analyzed. The hydantoin nitrogens were found
to contain the same percentage of isotopic nitrogen
as the whole allantoin molecule, which indicates
that the isotopic nitrogen, originally in only the 1
and 3 nitrogens of the adenine, had now become

uniformly distributed between the urea and the imi-
dazole moieties of the allantoin molecule. There is
evidence in the literature, dating back to the time of
Emil Fischer, to suggest that uric acid, when oxi-
dized in vitro, reaches allantoin via a symmetrical
intermediate (Fig. 5). Either ring of this intermedi-
ate hydroxyacetylene diureide carboxylic acid may
be cleaved to produce allantoin with either given
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Fic. 4. Synthesis of labeled guanine.

pair of nitrogen atoms in either the urea or the
hydantoin moieties. Statistically the product iso-
lated will have its isotopic nitrogen uniformly dis-
tributed.

Confirmation of this hypothesis came from the
degradation of unsymmetrically labeled uric acid.
The uric acid was synthesized (Cavalieri, Blair and
Brown, 1948) containing isotopic nitrogen in posi-
tions 1 and 3. Samples of the allantoin obtained from
this synthetic uric acid by alkaline permanganate
oxidation were degraded (Cavalieri and Brown,
1948) to hydantoin and to potassium oxonate. The
analyses of these products indicated that each con-
tained exactly the same concentration of isotopic
nitrogen and thus that the isotopic nitrogen had
become uniformly distributed throughout the nitro-
gen of the allantoin. Another sample of uric acid
was oxidized to alloxan. That this product had re-
COOH . O'?/NQ&O
y o e NHgCONH-Cleﬁ
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F1c. 5. Oxidation of uric acid to allantoin.

sulted by direct removal of the imidazole moiety
while the pyrimidine ring remained intact was dem-
onstrated by analysis which showed that this al-
loxan contained double the concentration of iso-
topic nitrogen of the original uric acid.

A sample of uric acid, labeled in the 1 and 3 posi-
tions, has also been fed to rats (Brown, Roll and
Cavalieri, 1947). The fact that the allantoin which
was produced in the in vivo oxidation (Table 3)
also yielded hydantoin of the same isotope content
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showed that the isotope was uniformly distributed
in this sample of allantoin. Thus the oxidation of
uric acid in the intact animal must also proceed via
a symmetrical intermediate and it is probable that
the redistribution of the nitrogens of the adenine
and guanine took place at this stage in their oxida-
tion,

This experiment also demonstrated that no uri-
colysis to urea or ammonia took place and that there
was no utilization of uric acid for the formation of
other purines.

PrECURSORS OF PURINES

With the finding that adenine is transformed into
guanine, the question of the origin of purines be-

that the 4-, 5- and 7-atoms of the uric acid molecule
come quite directly from glycine.

Subsequently Abrams, Hammarsten and Shemin
(1948) have cultivated yeast in the presence of N*®
labeled glycine and they have found a specific up-
take of the labeled glycine in both the adenine and
the guanine isolated from it. By degrading the iso-
lated guanine to glycine which represents the 4-, 5-
and 7-atoms, they showed that the N** labeled gly-
cine was a specific precursor of the 7-nitrogen of the
guanine. In this experiment, and in the additional
experiments reported by Dr. Hammarsten today, it
was found that the uptake of the isotopic nitrogen
from the isotopically labeled glycine was up to twice
as much in the guanine as it was in the adenine.

TABLE 3. FEEDING OF IsOoTOPIC PURINES

Hypoxanthine* Xanthine® Uric Acid® Isoguanined
Calc. on Calc. on Calc. on Calc. on
basis of s basis of basis of
Atom %, 1009, N Atom %, | basis oils Atom 9, 108;2 1(11“ Atom 9, 108;:’ l(iI“
CXCESS | i ypo- | €XCESS 100% N® | excess in uric excess in iso-
N® - Nis in xan- Nw© . Nw& .
xanthine . acid fed guanine
fed thine fed fed
Dietary Purine 4.34 100. 5.37 100. 16.0 100. 5.40 100.
Nucleic acids 0.006 0.12 0.006 0.11 0.012 0.20
Copper purines 0.003 0.06 0.000 0.00
Purine hydrochlorides 0.002 0.05 0.007 0.13
Purines from muscle 0.004 0.09
Allantoin 0.333 7.7 1.32 24.6 5.37 33.4 0.890 16.5
Hydantoin (from allantoin) 5.34
Urea 0.009 0.21 0.015 0.28 0.006 0.04 0.057 1.1
Ammonia 0.011 0.25 0.029 0.54 0.025 0.47

s Hypoxanthine, 26 mg. per kg. per day for 3 days; equivalent to the lower level at which adenine was fed.

b Xanthine, 105 mg. per kg. per day for 4 days; equivalent to 3.5 times the lower level at which adenine was fed.
° Uric acid, 249 mg. per kg. per day for 3 days; cquivalent to the higher level at which adenine was fed.

d Jsoguanine, 230 mg. per kg. per day for 3 days; equivalent to the higher level at which adenine was fed.

comes a question of the precursors of adenine. Re-
cently a great amount of information as to the
smaller molecules which are precursors of purines
has come from the study of the precursors of uric
acid in pigeons. Buchanan, Sonne and Delluva
(1948), using various precursors labeled with heavy
carbon, have shown that the carboxyl carbon of
acetic acid and formic acid participate in the syn-
thesis of the ureide carbons, carbons 2 and 8. They
have shown that the 6-carbon is derived from re-
spiratory CO, and that the 4-carbon can be derived
from the a-carbon of lactate while the 5-carbon
can be derived from the p-carbon of lactate. They
have also shown that the carboxyl-carbon of glycine
is a more immediate precursor of the 4-carbon of
uric acid, while at about the same time Shemin and
Rittenberg (1947) showed, in man, that the 7-
nitrogen of uric acid was specifically derived from
the nitrogen of glycine. These two results indicate

We have consistently found, with labeled dietary
adenine, that the nucleic acid-guanine contains about
40 percent less isotopic nitrogen than the nucleic
acid adenine. The greater uptake in the guanine
of N* from administered glycine seems to be too
much to be accounted for by an additional specific
uptake of glycine nitrogen into the 2-amino group,
and requires further exploration.

Among amino acids other than glycine which
might be precursors of purines the long popular
theory that arginine and histidine might be specific
precursors was largely based upon the formal analo-
gy due to the presence of the guanidino and imida-
zole moieties. These amino acids have been excluded
by the negative results of Bloch and Schoenheimer
(1941), who fed rats isotopically labeled arginine,
and of Tesar and Rittenberg (1947), who fed histi-
dine labeled in the imidazole ring.

Among the larger molecules which might be di-
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rect precursors of adenine there is considerable evi-
dence in the literature to support the postulate that
the immediate precursor is hypoxanthine. Orstrom,
Orstrom and Krebs (1939) have shown that hy-
poxanthine may be formed in pigeon liver slices
under certain conditions, and they suggested that
hypoxanthine is an intermediate in uric acid forma-
tion by the intact organism. Sonne, Buchanan and
Delluva (1948) have stated that their data are in
accord with this postulation. In the case where
hypoxanthine and adenine bear a S5-phosphoribose
in the 9-position, that is, in the case of muscle ino-
sinic acid and muscle adenylic acid, it has been
shown (Kalckar and Rittenberg, 1947) that the 6-
amino group of adenylic acid takes up isotopic
nitrogen even more rapidly than glutamic acid, al-
though somewhat less rapidly than the amide-N of
protein. Thus these ribosides of hypoxanthine and
adenine are rapidly interconvertible. Also, of the
45 adenine-requiring mutants of Newrospora crassa
tested by Mitchell (1946), 43 will utilize hypoxan-
thine in lieu of adenine for their purine requirement.

Other support for the consideration of hypoxan-
thine as a precursor comes from the character of a
compound which accumulates in the cultures of
certain bacteria when purine synthesis is competi-
tively inhibited (Shive and Roberts, 1946) by sul-
fonamides. This compound has been isolated by
Stetten and Fox (1945) and Shive and co-workers
(1947) have identified it as 5(4)-amino-4(5)-imida-
zolecarboxamide. It has been shown (Ravel, Eakin
and Shive, 1948) that the addition of glycine or
threonine to the medium stimulates the production
of this imidazole and these authors have suggested
that it is the immediate precursor of hypoxanthine.
Both the work of Sonne, Buchanan and Delluva,
showing that formic and acetic acids are precursors
of the 2-carbon of uric acid and that of Shive (1948)

showing that formyl folic acid is a most potent an-
tagonist of this sulfonamide inhibition, favor the
hypothesis that it is this imidazolecarboxamide plus
formic or acetic acid which leads to hypoxanthine,
which would in turn be the immediate precursor of
adenine (Fig. 6).

With this much evidence favoring the possibility
of hypoxanthine serving as a precursor of adenine,
we are in the process of testing isotopically labeled
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F1c. 6. Relationships of 5(4)-amino-4(5)-imidazolecarboxa-
mide, hypoxanthine and adenine.

hypoxanthine (Getler, Roll and Brown). Hypoxan-
thine was prepared by the deamination of isotopic
adenine. Hypoxanthine prepared thus contains small
amounts of adenine and, to make certain that a falsc
result was not obtained because of traces of adenine
present, the dietary sample of hypoxanthine used
was freed of adenine by a preparative counter-
current distribution, and was characterized by an
analytical counter-current distribution and shown
to contain less than one percent of adenine.

It should be mentioned here that routine use has
been made of the Craig counter-current distribution
technique for the qualitative characterization and
the determination of homogeneity of purines and
pyrimidines encountered in the course of biological
and chemical work (Tinker and Brown, 1948). For
compounds such as these, which are at best difficult
to characterize, the ability to determine homogeneity
with adequate precision has made the counter-cur-

TABLE 4. DISTRIBUTION CONSTANTS FFOUND FOR SOME PURINES AND PYRIMIDINES
System: n-butanol—1 M phosphate buffer of pH 6.5

Partition Concentration Absorption
coefficient in Tube O maxima
mg. per cc. mp
Purines Adenine 2.717 2. 260
2.14 0.12
Guanine 0.45 0.11 247,274
Hypoxanthine 0.54 2.00 250
Xanthine 0.46 0.15 269
Isoguanine 0.28 0.56 239, 286
Uric acid 0.11 Saturated 240, 293
2-thioadenine 0.48 0.8 228, 256-62, shoulder at 283
2,6-diaminopurine 1.21 0.46 250, 281
Pyrimidines Thymine 1.11 2.00 265
Uracil 0.401 2.00 260
0.400 0.56
Cytosine 0.207 2.00 267
0.206 0.50
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rent procedure a very valuable tool. The range of
distribution constants found is indicated in Table 4.
The solvent pair used is one which is optimal for the
characterization of adenine-guanine mixtures, and
is equally satisfactory for adenine-hypoxanthine
mixtures.

The adenine-free hypoxanthine has been fed to
rats only at a level of 26 mg. per kilogram of body
weight per day which is equivalent to the lower
level at which adenine was fed. The results obtained
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F1e. 7. Hypothetical relationships of adenine,
isoguanine and guanine.

(Table 3) showed that at this level the compound
is not a precursor of nucleic acid purines nor of
muscle adenylic acid. This hypoxanthine was ca-
tabolized to allantoin to a somewhat greater extent
than was an equivalent amount of adenine. Thus,
although some derivative of hypoxanthine may be a
precursor of nucleic acid purines, the free purine
does not so serve.

We have also prepared isotopically labeled xan-
thine by the deamination of guanine and this purine
was fed to rats at a somewhat higher level. Here too,
the only fate of xanthine was oxidation to allantoin
(Table 3). In agreement with the results obtained
with adenine, hypoxanthine and uric acid, there was
no appreciable amount of isotopic nitrogen in the
urea and ammonia and these data confirm our opin-
ion that the considerable amount of N*$ which was
found in the urea after the feeding of guanine was
derived only from the labeled 2-amino group and
did not come from the nitrogen of the purine
skeleton.

CONVERSION OF ADENINE T0 GUANINE

To gain some insight into the mechanism by which
the conversion of adenine to guanine is accom-

plished, a determination of the position of isotopic
nitrogen in a sample of guanine which had been
formed in vivo from adenine was carried out. The
guanine was deaminated to xanthine with the elimi-
nation of the 2-amino group. Another sample was
oxidized to guanidine which represents the 1 and 3
nitrogens of the pyrimidine ring as well as the 2-
amino group. The results of the isotope analyses
showed that each of these products contained all the
isotopic nitrogen of its guanine precursor. Therefore
the isotopic nitrogen was still in the 1 and/or 3 po-
sitions of the purine ring of the guanine, and the
adenine was probably converted into guanine with
the retention of the intact purine skeleton.

In a consideration of possible mechanisms for the
conversion of adenine to nucleic acid-guanine certain
possibilities are open. If free purines and not deriva-
tives, such as their ribosides, are involved in this
transformation, xanthine and hypoxanthine are not
among the possible intermediates. Thus deamination
of adenine as the first step in the transformation is
eliminated and the alternative of the primary step
being an oxidation of adenine in the 2-position be-
comes a possibility to be considered. This oxidation
would lead to 2-hydroxyadenine, or isoguanine, and
although isoguanine is not a common purine it does
occur in nature (Cherbuliez, 1932; Spies, 1939) as
the base of the nucleoside, crotonoside, of the croton
bean. In addition, evidence that a direct oxidation
of adenine may occur in vivo is derived from the
fact that after the feeding of adenine, the deposition
in the kidneys of the 6-amino-2,8-dioxypurine has
been shown to occur (Minkowski, 1898; Nicolaier,
1902; Ebstein and Bendix, 1904). An oxidation of
adenine to isoguanine, followed by amination to 2,6-
diamino purine, with subsequent deamination at the
6-position to yield guanine is one possibility for a
conversion of adenine to guanine (Fig. 7).

We have devised syntheses suitable for the incor-
poration of isotopic nitrogen into isoguanine and
2,6-diamino purine, and have so far prepared and
tested isotopically labeled isoguanine. The synthesis
of isoguanine (Bendich, Tinker and Brown, 1948)
involved some interesting chemistry. The most obvi-
ous approach seemed to be to follow the general pro-
cedure of Traube (1900), and prepare 2-thioadenine
and to then replace the sulfur by oxygen through
treatment with chloroacetic acid. The synthesis of the
initial 4,6-diamino-2-thiopyrimidine from thiourea
and malononitrile afforded a good introduction of
the isotopic nitrogen, since thiourea may be readily
prepared from isotopic ammonia and cyanogen
bromide.

Desulfurization of a thio compound of this type
by treatment with hot chloroacetic acid is a quite
general method, but, in this instance the 2-thioade-
nine yielded a remarkably stable carboxymethylthiol
derivative and the desulfurization was not accom-
plished. After investigating several possibilities (Fig.
8) the synthesis was finally completed by the re-
moval of sulfur from the initial 4,6-diamino-2-thio-
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pyrimidine, with subsequent nitrosation and reduc-
tion to introduce the 5-amino group, followed by
formation of the imidazole ring.

The feeding of the labeled isoguanine did not lead
to any uptake of isotopic nitrogen in the purines of
the nucleic acids. An interesting finding was that,
even though this is not a “normal” purine, it was
quite effectively oxidized to allantoin, In addition,
the isotopic nitrogen found in the urinary urea was
considerably more than the trace found in the
urinary ammonia. It would have been possible for
some urea to have arisen directly from the labeled
allantoin present in the urine by bacterial oxidation
to allantoic acid, followed by hydrolysis to urea.
However, the isotope values obtained from three
separate isolations, one made after the urine had
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Fic. 8. Synthesis of 2-thioladenine and
2-hydroxyadenine (isoguanine).

stood for about three months without showing any
signs of bacterial contamination, were in agreement
and were more than twice the value for the am-
monia. These data indicate that isoguanine was,
to a considerable extent, oxidized directly to yield
urea from either or both of the labeled nitrogens.
This is the only purine which has been found to be
catabolized to urea to any significant extent.

Use oF ADENINE TO LaBeL NuUCLEIC AcCIDs

In our first experiments with adenine and during
these experiments where we have been exploring the
fate of other purines, no attempt was made to sepa-
rate the two types of nucleic acids. We have now
carried out an experiment in which labeled adenine
was fed and the relative uptake in the pentose nu-
cleic acids (PNA) and the desoxypentose nucleic
acids (DNA) was determined.

TaBLE 5. ANALYSES OF NucLEIC Acip FracTiONs

Total nucleic acids from viscera of five rats and fractions
obtained by Schmidt-Thannhauser procedure

. | Desoxypentose-
I’en?osenuclelc nucl e)i’c acids,
acids, mgs. mgs.
Desiccated and defatted
tissue 749 560
DNA fraction 0 to 20 400
PNA fraction 781 0 to 40

Labeled adenine was fed to five adult male rats
at a level of 27 mg. per kilo of body weight per day
for ten days (Brown, Petermann and Furst, 1948).
The separation of the two types of nucleic acids
from the total viscera was carried out by a large
scale application of the Schmidt-Thannhauser
(1945) method, which depends upon the marked
ease of depolymerization in alkali of the pentose
nucleic acids (PNA) in contrast to the relative
stability of the desoxypentose nucleotide polymer
under the same conditions. Each fraction was ana-
lyzed (Schneider, 1946) for phosphorus content, for
its PNA content by the orcinol method and for its
DNA content by the diphenylamine method. Each
nucleic acid fraction was shown to be free of the
other within the experimental limits of the methods
(Table 5). The purines isolated from the nucleic
acid fractions were characterized by counter-current
distribution and each was shown to be free of the
other.

Analyses (Table 6) of the adenine and guanine
showed that in the PNA fraction 15.9 percent of
the adenine and 9.1 percent of the guanine origi-
nated from the dietary adenine. In the purines of
the DNA fraction the low isotope concentrations
indicated a replacement which is only 3.5 percent
of that obtained in the PNA fraction. Although the
actual determination of the amount of PNA present
in the DNA fraction had given a value of zero, the
uncertainty involved in the determination of traces
of PNA in the presence of large amounts of DNA
is such that we must allow for an error of possibly

TABLE 6. IsoToPE CONTENT OF PURINES ISOLATED FROM
FrACTIONATED NUCLEIC Acips

Desoxypentose
nucleic acids

Pentose
nucleic acids

Calc. on
basis of

Calc. on
Atom basis of Atom

% 11009 Ns|| % 1009 N8

. . XCess . .
eﬁf:‘q’ in adenine|| © 1\‘;“ in adenine
fed fed

Adenine (dietary) 6.29 | 100. 6.29 | 100.
Adenine picrate 0.634 0.029

Adenine 1.00 15.9 0.035 0.55
Guanine 0.572 9.1 0.024 0.32
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5 percent. At that time we were using the orcinol
procedure for the determination of PNA and this
reagent gives about 10 percent as much color with
DNA as it does with PNA. A correction of the PNA
value, based upon the value found for the DNA,
must be applied. Consequently it is impossible to
say that the N'* uptake observed in the DNA frac-
tion may not be partially or entirely ascribed to con-
taminating PNA. In fact if the N*3 uptake in the
DNA fraction should represent only PNA contami-
nation it is a more certain measure of the PNA con-
tent of that fraction than is the orcinol test.

It is even conceivable that there is a fundamental
difference in the origin of the purines of PNA and of
DNA. However, if we accept the N*® uptake in the
DNA purines as a valid figure and calculate the
ratio of uptake of adenine in the PNA-purines to the
DNA-purines, we find the ratio of turnovers to be
29:1, which is a minimum value and may be con-
siderably greater.

It is difficult to compare this observed ratio of
turnover of PNA-purines: DNA-purines with the
available data on the phosphorus turnover of the
two types of nucleic acids because of the varying
biological conditions and chemical procedures used
by different investigators. Brues, Tracy and Cohn
(1944) reported, using P**, that in normal rat liver
the ratio of the turnovers of PNA-phophorus:
DNA-phosphorus were 5.2:1 in three days, and
5.9:1 in 8 days, although Brues (1947) has com-
mented that higher ratios have subsequently been
obtained. Hammarsten and Hevesy (1946) found
that for total rat viscera the turnover ratio PNA-P:
DNA-P was 1.66:1 after two hours, and for indi-
vidual organs was: liver 33:1, spleen 3:1, and intes-
tine 2:1. Davidson and Raymond (1948) found the
ratio for PNA-P:DNA-P to be 7:1 in liver after 2
to 4 hours; and in three day experiments with ad-
ministered isotopic ammonia they found higher
PNA-N:DNA-N turnover ratios, although the low
isotope levels encountered made the calculation of
the exact ratio unsatisfactory.

The PNA-purine: DNA-purine ratio of 29:1 (or
greater, depending upon the extent to which the N°
found in the DNA f{raction is due to true DNA turn-
over and to which it is due to PNA contamination)
found for total viscera after feeding labeled adenine
for 10 days is much higher than any comparable
figures for phosphorus turnover and emphasizes the
extremely slow rate of turnover of the nucleic acid-
purines in the resting nucleus. If, as the available
data indicate, the ratios of turnover of PNA-purines:
DNA-purines and PNA-P:DNA-P are different, at
least some portion of the phosphate moieties of the
nucleic acid may be exchanged without the purines
of C-N skeleton being affected.

It might be mentioned in conclusion that we have
also prepared and tested the pyrimidine cytosine
(Bendich and Brown) labeled in the ring nitrogens.
This is the only one of the five purines and pyrimi-

dines occurring in nucleic aids which had not yet
been tested as to its role as a precursor of nucleic
acids, and it too proves not to be a precursor of
nucleic acid nitrogen.

Except for the unique case of adenine, the free
purines (and pyrimidines), once they are formed,
enter only into further degradation reactions and
are thus in the class of catabolic products of nucleic
acids. Free guanine, although its derivatives serve
as structural components of nucleic acids, must be
included here along with hypoxanthine.

The in vivo syntheses of pyrimidines must take
place in the form of some derivative, possibly the
ribosides. The conversion of the adenine moiety to
the guanine moiety also probably takes place in some
conjugated form. Possibly the in vivo synthesis lead-
ing to adenine also proceeds via a derivative, but in
this case some intermediate must be capable of being
formed from free adenine,
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DiscussioN

D. W. Wirson: We have studied the incorpora-
tion of C* in nucleic acid of the rat after injection
of isotopic sodium bicarbonate. This has led to the
incorporation of C'* in adenine with small amounts
appearing in 6 carbon of guanine and the ureide
carbon of uracil.



STUDIES OF THE OVER-ALL CO, METABOLISM OF
TISSUES AND TOTAL ORGANISMS

AUSTIN M. BRUES ano DONALD L. BUCHANAN

Prior to the time when carbon!* became readily
available, there were no isotopes of long half-life
in common use and of comparable usefulness in bio-
logical science. Because of the potential harmful-
ness of long-lived isotopes deposited in the human
body, there has, therefore, been some concern over
the possibility of chronic human carbon* poisoning.
This concern has not been alleviated by the findings
of Bloom, Curtis and McLean (1947) who showed
by autoradiographic means that a portion of the
labeled bicarbonate injected into rats is still present
in the bones after a period of several months.

An attempt to assess this hazard may be made
on theoretical grounds if one makes the simplifying
assumption that all carbon!* introduced into the
body becomes permanently stored. If the highest
amount of radiation to which the body may safely
be exposed is taken as 0.1 roentgen per day, it can
be shown that about 2.26 millicuries of C** dis-
tributed evenly through the tissues of a 70 kilogram
man would yield the daily equivalent of ionizing
radiation (Morgan, 1947). In view of the short
range of the beta particles in tissue and the pos-
sibility of selective concentration in certain loci, an
additional factor should be used. If all of the re-
tained carbon were in the skeleton, for example, the
allowable amount would be about one-third milli-
curie.

It may be that additional factors should be in-
cluded because of our ignorance of the exact nature
of the process whereby ionizing radiations induce
malignant tumors. It has been shown (Lisco, Finkel
and Brues, 1947) that strontium®®, if injected at
intervals in such a way as to compensate for the
decay of the radioelement, is about one-tenth as
active in inducing osteogenic tumors (on a milli-
curie basis) as radium. This finding, not predictable
on a physical basis, suggests that a safer figure
might be reached by using this observation and the
established radium tolerance (0.1 microcurie). The
permissible amount of strontium®® deposited in the
human skeleton would then be ten times that estab-
lished for radium, or one microcurie, and that of
carbon', which has approximately one-tenth the
beta-ray energy of strontium®®, would accordjngly
be ten microcuries. Since C** will not be confined to
bone, 30 microcuries has been suggested tenta-
tively as a maximum permissible retained dose
(Brues, 1948). In the hypothetical case of a meta-
bolically inert compound in high local concentration,
a further reduction of this figure might be necessary.

The discovery of carbon dioxide fixation by Wood
and Werkman (1935) without the aid of isotopes

prefaced a series of investigations on the mecha-
nisms and pathways involved in this process. These
experiments were performed in several laboratories
using stable C*® and short-lived C!?, and more re-
cently, C**. The information thus gained has given
us a very substantial outline of the early path-
ways that carbon dioxide may take after its re-
duction and has served to indicate a variety of
ways in which carbon may be utilized in the synthe-
sis of various compounds, Thus, numerous workers
have found that injected or fed labeled bicarbonate
appears in liver glycogen and bone as well as in
circulating bicarbonate and expired air, and in many
other compounds. But aside from establishing the
fact of fixation of carbon, the present information
is of little help in assessing the degree and dura-
tion of tissue exposure following, for example, the
inhalation of C**O..

It would be a mistake to suggest that the chief
hazard in the use of C** is necessarily the fixation
and storage of carbon dioxide. It is almost a cer-
tainty that exposure to an equal amount of the
isotope in an organic molecule capable of being
metabolized would result in greater retention. But
the highest specific activities used experimentally
are usually in the form of carbonate. The intangi-
bility of the gas, the tendency of inorganic car-
bonates to exchange with atmospheric carbon diox-
ide, and the difficulty of satisfactory monitoring
make it necessary to rely on good technique and
good laboratory design. Experiments which demon-
strate the dynamic principles involved in the up-
take, retention and excretion of carbon dioxide must
be performed before we can make a rational esti-
mate of tolerance levels, and before we can specify
equipment capable of detecting these levels.

A few general remarks can be made about the
Probable dynamics leading to retention of C!¢ ad-
ministered as CO.. In an ideal steady state, those
compounds which are most rapidly regenerated will
lose their carbon into the carbonate pool most
rapidly, while the more stable compounds or groups
will exhibit the most sluggish uptake. The studies
of Armstrong, Schubert and Lindenbaum (1948)
and those of Gould, Rosenberg, Sinex and Hastings
(1948) indicate that, following brief exposure by
intraperitoneal bicarbonate injection, the retention
reaches a very low level after a few hours. This is in
contrast to the rapid acquisition and slow surrender
of calcium and related elements by bone which will
be discussed by Dr. William Norris later in this

symposium,
This ideal steady state is, of course, not always

[52]
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attained in the living organism. Where tissue growth
is occurring, there exists the possibility that carbon
may be synthesized into compounds formed de
novo which may, after synthesis, have a sufficiently
slow rate of turnover effectively to lock the tracer
into the compound. We have shown (Brues, Tracy
and Cohn, 1944) that this occurs in the case of
desoxyribose nucleic acid formed in regenerating
liver, using P*2, and Davidson (1947) has verified
this with isotopic nitrogen. Additional evidence
pointing in this direction has been given in this
symposium by Hammarsten and by Brown. Most
tissue growth in the adult (e.g., that in the blood-
forming organs and surface membranes) is a re-
plenishment of lost or excreted cells, so that a
cellular steady state is maintained, and this type
of growth may occur in tissue cultures (Brues,
Rathbun and Cohn, 1944). The result, in terms of
C* retention, would be similar to that where com-
pounds have a turnover time corresponding to that
of the life of the tissue cell in question. Net growth
would appear to be a condition more favorable for
long-term carbon retention, such as occurs in the
bones of the growing rat, or in embryos and young
animals.

The experimental work to be detailed here is
preliminary and gives only a semi-quantitative pic-
ture of the overall carbon dioxide metabolism after
exposure to the gas or to bicarbonate. It represents
the work of the authors and of Drs. Robert R.
Newell, Asher J. Finkel and Lester F. Wolterink,
and Miss Agnes Naranjo. We shall discuss the
handling of carbon dioxide vapor in a closed system,
its metabolism in an expanding or flushed system,
and its retention by growing tissue in cultures.

THE CLOSED SYSTEM

In practice, exposure to radioactive carbon diox-
ide gas may occur under different conditions. A
high-level exposure may be due to the sudden re-
lease of a large amount of gas in a ventilated en-
vironment. A chronic low-level exposure may be the
result of the gradual evolution or leakage of the
radioactive gas into a laboratory in such a way as
to maintain a more or less constant concentration.
Both of these conditions are difficult to duplicate
experimentally and entail great wastage of the iso-
tope because of the technical problems of radio-
activity measurement at tissue tolerance levels and
the constant dilution of the tracer in air by the
quantity of carbon dioxide evolved by the animal.

A series of mice was studied in the closed system
shown in Figs. 1 and 2. This consists of a sealed
bell-shaped chamber containing the mouse, into
which an end-window Geiger tube is inserted. In
some experiments the tube was placed outside the
chamber, which was covered with a thin, gas-tight
nylon film (thickness 1 mgm./cm.?). The tube was
connected with a counting rate meter and the read-
ings gave a continuous record of the concentration

of C**0, in the air surrounding the mouse. A drying
agent was used in the chamber to prevent condensa-
tion of water vapor, which (in the case of the nylon
film) could interfere seriously with the validity of
the readings through absorption of C!* beta rays.

The chamber with the mouse was sealed and
flushed with fresh air or five percent CO, until the
beginning of the observation period, when the inlet
and outlet cocks were closed and about 10 p.c. C*0,
was introduced rapidly by the use of a mercury
leveling device. Gaseous mixing was ordinarily com-
plete within 30 seconds, following which the meas-
ured concentration fell exponentially to a level
which was maintained within the limits of accuracy
of measurements for at least one-half hour. The
chamber was flushed at 30 minute intervals, to re-
move accumulated CO.. With a mouse weighing 20
to 25 grams in a 770 ml. chamber, the concentration
of carbon dioxide, starting from room air, did not
exceed three percent. A mouse could survive in this
closed system for more than 90 minutes.

Upon flushing the radioactive gas from the cham-
ber at the end of a half-hour exposure period, C**0,
then returned from the mouse to the gas phase until
a new level was reached. Following further flushings,
such levels were reestablished.

In one typical experiment, 14 such washings were
performed. During the initial period of exposure,
the mouse removed about 30 percent of the 12 micro-
curies originally introduced. During the ensuing
three flushings, about 80-90 percent of the esti-
mated retained carbon dioxide was returned by the
mouse to the chamber. After this time, a slow and
relatively constant output of C'*0O, was observed,
ranging from 4 percent to 1 percent of the originally
absorbed C*O, per half-hour. Although none of the
data have been adequate for purposes of plotting
curves of loss of this “metabolic” fraction, it appears
to exceed 10 percent of that originally taken up dur-
ing a 30-minute exposure.

In Table 1, the data are given for a series of mice
(female, not fasted) indicating the fraction of CO,
taken up and the rate of uptake. In interpreting the
data, it is necessary to consider the nature of the
diffusion of CO, into the blood and body fluids in
the light of our knowledge of the reverse process.

Obviously, although diffusion of CO, across the
pulmonary barrier proceeds very efficiently, it would
be impossible for all of the tidal CO, to gain access
to the blood because of the “physiological dead
space.” Thus, just as the expired air has a lower
CO, concentration than that of the alveolar air, the
latter can never attain a concentration of C*O,
equal to that of the inspired air while any net inflow
of C*0, is occurring. It is likewise impossible for
all of the alveolar C**O, to enter the blood and be
carried away through the circulation, since its pas-
sage into the blood must take place through an ex-
change of CO,. The theoretical maximum uptake of
C*0, may be estimated by considering rates of air
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and blood flow through the lung.

The alveolar CO, partial pressure is probably regu-
lated quite closely throughout the respiratory cycle
and is little influenced by the external air concentra-
tion up to four to five percent CO, in the air (Hal-
dane and Priestly, 1922). The alveolar level may be
taken as about 5.5 percent. A mouse breathing room
air and excreting one cc. of CO, per minute has
therefore passed about 18 cc. of air through the
alveoli. If we take 58 and 53 volumes percent as the
contents of the pulmonary arterial and venous
bloods, respectively, the removal of five volumes per-
cent from the blood indicates that 20 ml. of blood
has traversed the pulmonary capillaries during this
time. These, of course, represent average values
from measurements taken over periods of time long
enough to cancel out momentary fluctuations during
the respiratory cycle. In the case cited, one volume
of blood is exchanging with 0.9 volumes of alveolar
air.

Because of the known rapidity of conversion of

of the figures suggests that clearance proceeds very
efficiently, although direct measurements are lack-
ing. It is interesting to compare these figures with
the values published by Guyton (1947), which show
an average respiratory volume between 17 and 28 cc.
per minute in mice of 20 gm. mean weight.

The uptake of carbon monoxide by man, which
has been extensively studied (Forbes, Sargent and
Roughton, 1945) shows a similar efficiency in its
passage into the circulation. In two male subjects
at rest, 60 and 67 percent of the carbon monoxide
was cleared from the inspired air.

A steady state will be reached when the amounts
of C*0, leaving and entering the blood through the
lung are equal. This will be determined by the
specific activities of the blood CO, and the alveolar
CO. (that of the external air being irrelevant except
insofar as it affects the alveolar concentration).
Since there is a net outflow of CO, from the blood,
the steady state specific activity of blood will be less
than that of the alveolar air by a ratio determined

TABLE 1. EXPERIMENTS IN CLOSED CHAMBER
Chamber volume in all cases 770 cc.

Weight i Half Time Early Equilibrium 9, Clearance Volume
Number of eight in grams Uptake (Minutes) in mouse rate of CO,
Mice cc. per dilution as
Mean Range Mean Range Mean l Range minute cc. of air
4 23.5 (22-26) 5.8 (3.5-6) 21.5 (20-24) 26.3 21
4 27.0 (27) 5.7 (3-6.5) 26.0 (18-34) 34.5 270
5 30.2 (29-32) 5.4 (4-6.5) 32.4 (28-38) 49.0 368

CO, to carbonic acid and bicarbonate in the pres-
ence of carbonic anhydrase and due to the binding
of CO, by hemoglobin (Roughton, 1935), the in-
corporation of absorbed C**O, into the blood carbon-
ate system during passage of the blood through the
pulmonary capillaries may proceed nearly to com-
pletion. Since the distribution ratio is about ten to
one in favor of blood, complete mixing at the rates
of air and blood flow given above would result in
slightly over 90 percent of all C*O, entering the
alveoli becoming incorporated into the blood in the
hypothetical case here cited.

In case the ventilation rate were increased out of
proportion to the blood flow (as in an animal hyper-
ventilating in a high external CO, concentration),
one would expect the expired air to contain a higher
proportion of the inspired C**O, concentration, but
the higher ventilation rate could still result in a
more rapid rate of absorption of the isotope. The
pulmonary blood flow may also be an important
limiting factor (Jones, 1946).

The clearance rates as calculated from the data
in Table 1 represent the amount of air cleared of
C*0,, as measured by initial uptake, and will
necessarily be less than the ventilation rate in ac-
cordance with the factors just mentioned. Inspection

by the CO, outflow relative to the exchange rate.
Since certain of these data have not been determined
experimentally, the “volume of dilution” of C*O,
in the mouse during the 15 to 30 minute period is
expressed in Table 1 as cc. of external air and will
be seen to be about ten times the volume of the
animal. Although it would be desirable to calculate
from this the mass of carbon in rapid exchange with
the alveolar air, one can see the impossibility of
doing this without further knowledge of the proc-
esses involved. As in the experiments to be described
below, it appears to be somewhat greater than the
total CO.-bicarbonate system (excluding bone car-
bonate).

THE FLUSHED SYSTEM

Theoretical Treatment
Exposure to a large quantity of C*O, gas is likely
to occur with the knowledge of the exposed indi-
vidual, who will take steps to reach a ventilated en-
vironment. This circumstance is approximated ex-
perimentally by a flushed or ventilated system.
Analysis of the results is somewhat similar to the
method described by Cohn and Brues (1945) for a

tissue culture system containing P22,
Consider a chamber, I, into which a known quan-
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tity of radioactive gas, A, is introduced, and which
is then ventilated at a constant rate with inert gas.
(See Fig. 3.) If mixing is instantaneous, analysis of
the gas in the chamber will show that at any time, t,
the amount of the radioactive gas in the chamber, x,
will be represented by the function,

x = Aet, (1)
when the units of time are so chosen that the vol-
ume of gas withdrawn per unit time is equal to the
volume of the chamber.

If a second chamber, II, be added to the system so
that it in turn exchanges gas with chamber I (at any
finite rate), chamber I will no longer be emptied
according to (1), but will at first empty at a faster
rate because the gas is leaving it by two pathways.
However, aiter a time the concentration of radio-
activity will become greater in II and chamber I will
empty at a slower rate because it will be receiving
radioactivity from II.

When a third complication is added to this sys-
tem, namely that inert gas is made to enter chamber
11, pass through it into chamber I, and out through
the ventilating system, a model is set up which
represents some of the elements of a biological situa-
tion. In this model which is illustrated in Fig. 3, the
volumes of chambers I and II are represented by A
and B and the rates of total gas flow by a, b, and c.

An equation giving x, the amount of radioactive
gas in chamber I, as a function of t was derived in
terms of the above constants.

The derivation is cumbersome and will not be
presented here. The resulting solution,

@ —
X = jAe~ti? [(1_ —— ) etV r—ife
Vo — 18

+ (1 -l-\*/:z——a‘_:w) e‘*"m‘] , (2)

e+bdb b+c
where a =
A B
a+b b+e
&= -
A B
a(b+ ¢
" 4B

gave graphs which were in some respects similar
to plots of data obtained as described below. The
model curves are shown in Fig. 4.

First B, the volume of chamber II, was set equal
to A, the volume of I; and b, the exchange rate, set
equal to a, the ventilation rate. On the left of the
figure this curve is compared with one in which B
is twice A with the other constants equal. On the
right the same curve is compared with one in which
b is half of a. From a study of these curves it is
quite obvious that the shape of the curve is much
more sensitive to the volume constants A and B

(varied in the left-hand set of curves), than to the
rate constants a and b (varied in the right-hand set).

Although the equation derived above is rigorous
for the model it is far from rigorous for the ex-
periments to be described. However, it does seem to
approximate a certain phase of the dynamics of
carbon dioxide metabolism.

Although the model describes a steady state in a

|

o
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volume » B

volume = A
F

Fic. 3. Model of Flushed Chamber System (see text for
explanation).

gas chamber system, the same equations hold for
any analogous system if a consistent set of units are
cemployed. Chamber I can represent equally well a
vessel of bicarbonate buffer through which CO, is
diffusing, if the gas being measured in chamber I is

1- CHAMBER I wiene
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F1c. 4. Curves indicating the rate of dilution of C"'0, in
the system shown in Fig. 3, varying both rate constants and
chamber volumes. On the left, the chamber volume con-
stants have been varied by a factor of two; on the right,
the rate constants have been varied by the same factor.

C™0,. Actually, the model was designed to repre-
sent, at least as a first approximation, an experi-
mental set-up in which an animal is exposed to
C'40,. Chamber II was considered as the equivalent
of an animal placed in chamber I which was venti-
lated at a constant rate (a) in order to keep the CO.
concentration fairly level. “B” was thought of as that



56 AUSTIN M. BRUES AND DONALD L. BUCHANAN

pool of substances, inorganic and organic, which
exchange C'* at a rapid rate with inspired C**O,,
and (b) as the rate of exchange of radioactive CO,
between the enclosing chamber (1) and this pool.
The metabolic CO, was pictured in the model as
entering the rapidly exchanging pool at a fairly con-
stant rate (c). Experiments were conducted with
this setup to determine whether the early portions
of the curves so obtained resembled those of the
mathematical model.

cc. vessels mounted five feet above a reservoir. The
flow rate was adjusted so that each bulb emptied
in slightly less than 12 minutes and since the bulbs
were used alternatively each 12 minutes, a nearly
continuous flow of gas from the chamber was main-
tained. While gas was entering one bulb from the
chamber, the gas contents of the other bulb were
replaced with acid from the reservoir below. This re-
placement was accomplished by suction on the gas
which was bubbled through NaOH to trap the CO..

Fic. 5. Apparatus for flushed chamber experiments.

A, chamber (2480 cc.); B, sampling apparatus; C, CO, analyzer; D, CO, generator.

Experimental

The apparatus used in these experiments is dia-
grammed in Fig. 5. The chamber was a desiccator
(volume, 2480 cc.) with a wire screen to support
the animal. Mixing of gas in the chamber was in-
sured by a small sheet metal fan which rotated in
the field of an electrically driven horseshoe magnet
mounted below the chamber.

Gas was removed from the chamber by means of
gravity flow of dilute hydrochloride acid from 1120-

This alkali trap was changed with each 1120-cc.
sample.

The gas removed from the main chamber in this
manner was replaced by a flow of pure oxygen. A
partially collapsed basketball bladder in the inlet
line kept the chamber contents at atmospheric pres-
sure. Back diffusion was minimized by the use of
capillary tubing (2-mm.) bore).

The concentration of carbon dioxide in the cham-
ber was measured at intervals by a simple volumetric
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method. Ten cc. of gas were withdrawn from the
chamber and then passed through soda lime.
The resulting diminution in volume represents the
amount of carbon dioxide in the sample. Water
vapor corrections are unnecessary if the samples are
saturated prior to analysis, as we assumed them to
be in these experiments, inasmuch as vapor in-
variably condensed on the chamber wall. An analysis
was performed every six minutes during each experi-
ment.

C*0, with the desired amount of carrier was
generated and introduced into the chamber by means
of apparatus D, shown in the diagram. A sample of
pure dry barium carbonate containing about 250 p.c.
per gram was weighed and placed in the generator,
which was then sealed. A partial vacuum was then
produced inside the generator by lowering the mer-
cury bulb. The gas formed on addition of acetic
acid (20 cc. of about 30 percent) entered the main
compartment of the apparatus where it remained
at a reduced pressure until its introduction into the
chamber.

Method

The experiments were performed as follows:

A rat was placed in the chamber and pure oxygen
was rapidly drawn through for several minutes. The
chamber inlet was clamped and suction continued
for several seconds. This produced a slight negative
pressure within the chamber which was then sealed
by turning the outlet stopcock. The active gas was
immediately introduced, the clamp removed from
the inlet and the ventilation begun. About 30 sec-
onds elapsed from the time that the inlet tube was
clamped until the beginning of the first sample with-
drawal.

During the experiment each sample (1120 cc.)
was passed through a separate tube of 3N NaOH.
Two cc. of BaCl, were added to each tube after the
trapping and the tube was then stoppered and centri-
fuged. The precipitate was washed twice with CO,
free water and twice with anhydrous methanol. After
the final washing the precipitate was stirred into a
paste and placed on flat aluminum dishes (34 inch
diameter). The samples were dried under a heat
lamp and flattened with a modified Parr pellet press.
All samples were in considerable excess of “infinite”
thickness. The radioactivity was measured with a
thin window Geiger-Mueller counter and compared
with a standard prepared in triplicate from the
starting BaCOQs.

After about six hours sampling by volume was dis-
continued. A large sintered trap was placed in series
with the chamber after being filled with 3N NaOH.
The oxygen inlet was replaced by a soda lime ab-
sorption tube. Ventilation with CO,-free air at an
accelerated rate was then continued by means of
water suction. The trap was changed at varying in-
tervals and the activity of the carbonate determined
as described.

Before any animal experiments were performed
with the apparatus, the emptying curve of the cham-
ber alone was determined and compared with the
curve obtained by plotting equation (1). This was
done in two ways.

In the first method the chamber was filled with
non-radioactive carbon dioxide and then ventilated
with air by use of the hydraulic system as decribed.
The carbon dioxide concentration was measured at
intervals by means of the volumetric analyser.
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Fic. 6. Curve showing flushing rate of chamber used in
experiments, with no rat in the chamber.

In the second method the chamber was filled with
five percent non-radioactive CO, and then about 25
pc. of C*0, were added. The inlet tube and the bag
were connected to the tank of CO, and sampling be-
gun as described. The samples were counted after
preparation as described.

The results are shown in Fig. 6. The line is the
curve given by equation (1) when the proper volume
relationships are used. It can be seen that both sets
of values follow this curve quite closely. It is be-
lieved that the slight deviation of the points ob-
tained by the counting technique may be due to
turnover of active gas with the dilute acid in the
collecting system,
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Analysis of data

The specific activity of each sample was calcu-
lated as percent of the specific activity of the ini-
tially introduced CO,. These values were then con-
verted to “absolute” activity values by multiplying
the specific activity of each sample by the mean CO,
concentration of the chamber during the interval of
collection. The initial value was again set at 100
percent and all subsequent intervals adjusted accord-
ingly.

The data were plotted as shown in Fig. 7. Each
value was plotted as a mean over the interval of col-
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Fic. 7. Graphical derivation of the concentration of C*0: in
animal in a flushed chamber system, as a function of time.

lection, and the curve so drawn that the mean of the
curve over the interval was as close to the experi-
mental value as a smooth curve would permit.
The percent of total activity in the animal at
any time may be calculated from the curve in the
following manner. Since the amount in the chamber
as a function of time is represented by the experi-
mental curve, the integral of this curve from O to t
is equal to the amount removed from the chamber
in that time period. The percent of the total amount
of C**0; in the animal at any time is then equal
to 100 minus the value of the curve at time t (the
amount in the chamber) minus the integral of the
curve from O to t. The units of t must be so chosen

that a volume of gas equal to that of the chamber
is removed in one unit of time. These computations
result in a calculated curve similar to the lower curve
in the figure.

Six experiments were performed as outlined above.
Analysis of the data in these experiments failed to
account for 100 percent of the activity introduced.
The recovery ranged from 87 percent to 97 percent
of the initial C*O.. Four of the experiments gave
a recovery of greater than 95.2 percent. Analysis of
the carcass of an animal which showed 11 percent
“retention” yielded only .5 percent. Analysis of
the acid in the gas generator for this same experi-
ment accounted for an additional six percent, despite
the fact that some of the liquid was lost in the tub-
ing during the introducion of the gas.

It seemed likely that the losses were largely
traceable to this source. Furthermore, the experi-
ments in which the per cent recovery was the great-
est were the ones in which the greatest amount of
BaCO; was used. This fact supported the same
hypothesis on a solubility basis.

The curves were corrected for this loss by sub-
tracting the unaccounted-for activity from the initial
value. The animal was considered to contain .5 per-
cent in each case.

Data for one typical experiment are shown in Fig.
8. The experimental curve is compared with that of
the empty chamber, and the calculated curves for
the amount of C** in the animal are also presented.
It can be seen that the early part of the curve is
qualitatively similar to that representing the mathe-
matical model. However, the output curves are not
exponential, as they are in the simpler system of
the model. This, of course, is to be expected, since
the model takes into consideration only a single
rapid phase of carbon turnover. Therefore the ob-
served deviation from the exponential rate seen in
the model is a reflection of the “metabolic” phases
of carbon metabolism, which cannot be neglected
even in the short period of the experiment.

The early part of the curves seems to be almost
linear, and this was especially true in the fasted
animals. The values of “B” calculated from these

TaBLE 2. EXPERIMENTS IN FLUSHED CHAMBER

Maximum . Time of .

Weight of uptake Maximum maximum Value of;} Mean CQ: lcc. :u'

rat (% of total uptake uptake expressed percent in | cleared per

in chamber) %%/gm. (min.) as mM./kilo | chamber air minute

Fischer rats, fasted 142.3 19.2 0.135 17 14.2 3.09 55.8
151.5 20.0 0.132 12 14.5 3.30 76.4

Sprague-Dawley rats, fasted 263.0 28.0 0.106 10 17.2 5.83 150.5
247.5 27.0 0.109 12 13.1 4.75 117.3

Fischer rats, not fasted 150.0 18.3 0.122 7 18.3 3.24 176.2
159.0% 17.8 0.112 12 19.5 3.46 78.5

t Given 2.5 gm. glucose by stomach tube one-half hour before.
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Fic. 8. Graph illustrating a typical experiment in the flushed chamber.

data according to the method diagrammed in Fig. 7
are shown in Table 2. The values so obtained are
slightly higher than the estimated size of the total
CO,-bicarbonate system, but this difference is not
significant because the animal presents a much
more complicated system than does the model. From
these values it would seem that there is no large pool
of organic carbon in immediate exchange with the
CO,-bicarbonate system, and that the compounds
which do exchange C** with CO, or HCO," in ap-
preciable amounts do so at a somewhat slower turn-
over rate than that of the CO,-bicarbonate system.

Table 2 also shows the maximum uptake of the
labeled CO, for each animal as percent of the total
activity originally introduced. These values for
maximum uptake appear to be quite closely corre-
lated with the surface area when the latter is esti-
mated by the two-thirds power of the body weight.

Fig. 9 shows the combined data for all six experi-
ments, including the terminal ‘“washout” phases.
The latter portions of the curves show that the net
rate of excretion increases as the ventilation rate
of the chamber is increased. The differences seen in
the curves do not seem to be correlated with body
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size or with the previous nutritional state of the ani-
mal. The upper curve is one obtained in a prelimi-
nary experiment in which an attempt was made to
liberate the active CO, from wet BaC*Q; after the
animal had been allowed to remain in the sealed
chamber for a time sufficiently long to bring the CO,
concentration to an anticipated steady state level. It

AUSTIN M. BRUES AND DONALD L. BUCHANAN

loss by degradation of the synthesized compounds.
Cultivation of the tissue was done in a specially con-
structed bottle with a nylon window through which
C* of the tissue could be measured. After pre-
liminary exposure to isotopic sodium bicarbonate
for various periods of time, the cultures were washed
with normal medium at 24-hour intervals for several
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F1c. 9. Composite graphs of the series of flushed chamber experiments, showing chamber concentration of C*Os
as a function of time.

was later found that the exchange of CO, with the
BaC*40, was appreciable, and that consequently dur-
ing this period of about one hour the animal had been
exposed to active CO, in an unventilated chamber.

Retention in Growing Tissue
We have recently described (Brues and Naranjo,
1948) the uptake of C** from bicarbonate by tissue
cultures of chick embryo muscle, and its subsequent

days and incubated and allowed to grow between
washings. This procedure was continued until loss
of C* proceeded at a very slow rate. As shown in
Table 3, the degree of retention is a function of the
duration of exposure and the rate of loss soon be-
comes very slow after a 48-hour exposure. Similar
results have been obtained where tissues were ex-
planted from chicks exposed during embryonic
growth in the egg. The residual carbon appeared to
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be in a variety of chemical forms, and about one-
third was insoluble in dilute acid, fat solvents, and
saturated NaCl (Fig. 10). Further studies on non-
growing tissues will be necessary before the exact
role of growth in favoring retention of fixed carbon
can be evaluated.

DiscussioN

The preliminary information detailed here may
be of some value in estimating the hazard of ex-
posure to radioactive CO..

In the case of an exposure of limited duration, we
see that (with the air renewed in about 20 minutes)
the peak of uptake is passed within 20 minutes and
does not exceed the amount initially in a gas phase
two or three times the volume of the animal. At the
end of six hours it approaches an amount corre-
sponding to one-tenth the volume of the animal, and
is still declining. If these conditions were true in the
case of man, an initial exposure to a concentration of
five microcuries per liter of air, although obviously
to be avoided, would not result in storage of an
amount in excess of a conservative tolerance amount
after a few hours, if it occurred in a room with a
comparable rate of air change. The slower venti-
lation rate relative to body mass in man would
probably result in somewhat more favorable cir-
cumstances, since it seems clear that the ventilation
rate is an important limiting factor in absorption.

Furthermore, since rapidly inhaled CO, can
hardly be expected to be fixed in tissue to a greater
degree than injected bicarbonate, it would appear
from the data of Armstrong, Schubert and Linden-
baum (1948) that the fixation of 30 microcuries
would require the inhalation of at least one hundred
times that amount, if it were immediately followed
by return to air free of radioactivity.

As to the removal of CO, from the blood after
inhalation, it would appear that this might be ac-
celerated by overbreathing, and this would be a
practical measure following accidental inhalation.
Clearance from the blood would probably also be
facilitated by exercise, resulting in an increased pul-
monary circulation and an increased net loss of
carbon dioxide.

In the matter of chronic continuous exposure, we
may make the extreme assumption that the spe-
cific activity of the blood carbonate system, and
hence, eventually, of many carbon compounds in
the body, will approach that of the alveolar air as a
limit, which is approximately that of the external air
concentration mixed with five percent CO,. If we
consider as a limiting case that a body concentration
of five pc. per kilo of carbon (roughly 30 pc. in a
man) is just to be avoided, this would be attained
in equilibrium with alveolar air containing 360 liters
of CO,, corresponding to not over 7200 liters of
room air per microcurie of C'*O, (5 disintegrations
per second per liter, thus, being an absolute mini-
mum),

If, as would be almost certain, the exposure were
intermittent (e.g., 8 hours out of 24) those com-
pounds turning over very rapidly relative to an 8-
hour period could be considered to be at “peak”
specific activity one-third of the time, while those
turning over relatively very slowly would gradu-
ally attain a maximum specific activity one-third
of the “peak.” Thus, the concentration required to
produce a given integrated level of body radiation
would be inversely proportional to the fraction of

TABLE 3. RETENTION OF C!4 TAKEN UP FROM BICARBONATE BY
CuLTURES OF CH1cK EMBRYO MUSCLE OVER VARIOUS PERIODS
oF TIME, DURING THE SUBSEQUENT Two Days IN
NON-RADIOACTIVE MEDIA

Percent retained by tissue after
. . owth in non-radioactive
I’enod(cl:t;) lz:;)‘is)orptlon gr media for
24 hours 48 hours
48 39 33
24 19 16
6 10 6
2 7 3

time during which exposure took place (in this case,
by a factor of 3).

In the case of growing tissue, the limiting case is
represented by the assumption that all of the in-
corporated C* is held permanently, after being laid
down at the specific activity of the blood carbonate
system. This would be alleviated, in the case of an
exposure of short duration, by the incompleteness of
synthesis during the exposure period, by the subse-
quent dilution of tissue radioactivity by further
synthesis of non-radioactive compounds, and, of
course, by degradation of the metabolizable compo-
nents. With longer exposure, the circumstances
would be bracketed by the case of chronic exposure
already considered, in which the carbon concentra-
tion of tissue is assumed to be ten percent. This
might be exceeded only in certain areas in bone.
These matters are under further investigation.

SUMMARY

Retention of C'* by fixation of inhaled C**O, gas
has been considered in the light of previously known
facts and some preliminary experimental data.

Absorption of C**O, by the lung occurs very ef-
ficiently, in spite of the mass movement of CO,
in the opposite direction.

It is suggested that the amount absorbed to reach
equilibrium with the blood bicarbonate system de-
pends on the alveolar specific activity and thus, is
largely independent of the CO, concentration of the
inhaled air. A high external CO, concentration may
increase the rate of absorption by inducing hyper-
ventilation.
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In general, following exposure, C'* is removed at
a rate comparable to that of its uptake, and the
same is probably true of its incorporation into com-
pounds in a steady state. One probable exception
exists in the case of growing tissue and, of course,
where exposure is continuous over a long period. In
these instances, it is estimated that five disintegra-
tions per second per liter of air is the maximum
amount which could safely be permitted. A few
minutes exposure to over ten thousand times this
concentration would probably not result in serious
consequences.

REFERENCES

ArMstroNG, W. D., Scirusert, J., and LINDENBAUM, A,
1948, Distribution of radioactive carbon administered
as carbonate in the body and excreta of the mature
rat. Proc. Soc. Exp. Biol. N.Y. 68: 233-240.

Broom, W., Curtis, H. J., and McLEan, F. C., 1947, Deposi-
tion of C* in bone. Science 7105: 45.

Brues, A. M., 1948, Pathologic effect of ionizing radiations
and radioactive materials. Bio-chem. J. 42: xxii.

Brures, A. M,, and Naranjo, A., 1048, Preliminary studies
on C" metabolism of tissue cultures. Anat. Rec. 100:
12-13.

Brues, A. M., RatusuN, E. N, and Conn, W. E. 1944,
Metabolism of tissue culture; growth in incomplete
media as a “steady state.” J. cell. comp. Physiol. 24:
155-158.

Brues, A. M., Tracy, M. M, and Coun, W. E, 1944,
Nucleic acids of rat liver and hepatoma: Their metabolic

turnover in relation to growth. J. biol. Chem. 155: 619-
633.

Conun, W. E, and Bruges, A. M., 1945, Metabolism of tissue
cultures. III. A method of measuring the permeability of
tissue cells to solutes. J. gen. Physiol. 28: 449-461.

Davipson, J. N., 1947, Personal communication.

Forses, W. H., SArGENT, F., and RoucHTON, F. J. W, 1945,
The rate of carbon monoxide uptake by normal men.
Amer. J. Physiol. 143: 594-608.

GouLp, R. G., RosenBERG, I. M., SiNEx, M., and HasTINGS,
A. B, 1948, Rate of C"™0O: excretion following intra-
peritoneal administration of isotopic bicarbonate and
acetate. Federation Proc. 7: 156-157.

Guyron, A. C., 1947, Measurement of the respiratory vol-
umes of laboratory animals. Amer. J. Physiol. 150: 70-
77.

Hawpang, J. S, and Priestiey, J. G., 1922, Respiration.
Oxford: Clarendon Press.

Jones, H. B., 1046. Referred to in Berz, W. W., 1947, In-
dividual differences in respiratory gas exchange during
recovery from moderate exercise. Amer. J. Physiol, 149:
597-610.

Lisco, H., FINkEL, M. P, and Bruts, A. M., 19047, Carcino-
genic properties of radioactive fission products and of
plutonium. Radiology 49: 361-363.

Mo