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RADIOACTIVE PHOSPHORUSIN STUDIES ONTHE METABOLISM
OF NORMALAND NEOPLASTIC TISSUES

BY A. MARSHAK
(From the Tuberculosis Control Division, U. S. Public Health Service, and College of Medicine,

New York University, New York City)

Since, in the past year, there have appeared one
book and three reviews covering wholly or in part
the subject matter indicated above (1-3), this re-
view will confine itself to those aspects which
have not been fully presented or in which the
interpretations differ from those of the present
reviewer. The retention of p32 by various nor-
mal and neoplastic tissues has been well sum-
marized as has phospholipid metabolism and will
not therefore be considered here (4, 5).

Phosphate esters and carbohydrate metabolism

The rate of penetration of phosphate ion into
muscle was shown to be relatively slow, so that
the specific activity (P82/p31) of the inorganic
phosphate (IP) within the cell was for a long
time much lower than that of the extracellular IP
and was shown to be a function of temperature
(6). Assuming that the extracellular space for
phosphorus and sodium were the same, Hevesy
and Rebbe estimated that IP is incorporated into
organic phosphate at the rate of 21 ug/gm tissue/
day (7). Direct determination of extra- and in-
tracellular radioactive inorganic phosphate (P*04)
has been made by equilibration of heart muscle
slices in a medium containing (P*04). The rate
of penetration was 1.7 ugP/gm tissue/min. at
370C and about 0.3 pgP/gm tissue/min. at 20C
(8) which was in agreement with data obtained
earlier by Manery et al. (9). Equivalence be-
tween extracellular IP and that of the medium
was reached in 10 to 30 minutes at either 20 or 370,
but the specific activity of the intracellular IP in-
creased with temperature as well as with time (8).
The difference in P-2 entering the cell at 20 and at
370 indicated that cell penetration by P04 is not
a simple matter of diffusion.

The specific activity of creatine phosphate (CP)
was equal to that of intracellular inorganic phos-
phate while that of the labile phosphate of adenyl
pyrophosphate (APP) was lower. The terminal
phosphate of adenosine-triphosphate (ATP) had
the same specific activity as IP and CP, while the

remaining labile phosphorus of APP was lower
by about one-half. These results were taken as
evidence that intracellular IP and not total tissue
IP was the source of supply of CP and APP (8).
In frog gastrocnemius in iAvo the specific activity
of CP and of the labile P of the pyrophosphate
fraction were found to be equal (7). Sacks and
Altshuler (10) found a difference in the specific
activity of IP and CP of both skeletal and heart
muscle and concluded that extracellular and intra-
cellular IP exchange through CPand APPas car-
riers (10). The interpretation has been criticized
since their data were rather variable, since they
assumed a fixed extracellular space and since they
also assumed equilibrium in both concentration
and radioactivity of plasma and extracellular IP
(8). Bollman and Flock (11) found that in both
resting and exercised limbs of the rat, the p32 Up-
take was the same for both CP and APP and
there was no increase in specific activity in the re-
covery period. These results would be expected
if the fractions were in equilibrium with only intra-
cellular IP during the experimental period.
Furchgott and Shorr (8) calculated that there is
almost complete turnover of labile organic phos-
phorus in the cell once every two minutes.

The phosphorus groups of ATP may be desig-
nated as follows:

0- 0- 0-

pyrophosphate

In contrast to the rapid turnover in p2 and Ps, the
turnover rate for P1 was found to be slow (12-15).
Kalckar et al. (15) made analyses after perfusing
and they found that in skeletal muscle labile or-
ganic phosphate turned over at the rate of 25 jugP/
gm tissue/min. In ATP of rabbit muscle at 370
the specific activities of p2 and P3 were the same,
while in the frog muscle at low temperature the p2
was higher. In rabbit liver, pyrophosphate turn-
over was at the rate of 17 pg/gm tissue/min.
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Hexose monophosphate activity was either
higher, lower or the same as the pyrophosphate of
ATP, the variability being attributed to the extent
of direct formation of phosphorylated sugar from
glycogen and IP (15).

Kaplan and Greenberg (16) determined p32
uptake in a number of organic phosphorus com-
pounds of rat liver. Instead of specific activity,
they used the ratio of p82 in the fraction in ques-
tion to the total acid soluble phosphorus as a meas-
ure of the p32 distribution in the various compo-
nents of this fraction. The extracellular inorganic
phosphorus was not separated or estimated so that
calculations of absolute rates of turnover would be
subject to considerable error (8, 15). Their data
showed the uptake to be greatest in glucose-6-
phosphate and lowest in glycero-phosphate. The
injection of glucose or insulin increased the level of
p82 in ATP pyrophosphate but not in the hexose-
phosphate. The greatest increase was observed
after administration of both insulin and glucose.
They suggested that the ATP content of the liver
was of primary importance in determining the
shape of the glucose tolerance curve. (High fat
and protein diets decreased p32 esterification [16].)
Sacks reported an increase in the turnover of
hexosephosphate as well as creatine phosphate and
adenylpyrophosphate following the administration
of insulin (17). In addition, p32 uptake by brain
tissue in vitro is markedly increased on the ad-
dition of glucose (18).

In general the results seem to fit the concept
of a rapid turnover of phosphorus in the intracel-
lular phosphate ester pool with a much slower
turnover of inorganic phosphorus from the extra-
cellular phase to replace phosphorus "leaking" out
of the cell.

Nucleic acids and nucleoproteins
The "residual protein" of tissues is that por-

tion which remains after the extraction of the
acid soluble and lipid fractions. This has some-
times been called the nucleoprotein fraction al-
though strictly speaking nucleoprotein is only one
portion although it may be by far the greatest in
this moiety.

The apparent rate of renewal of desoxyribose
nucleic acid in normal rabbit liver was found
to be very slow (19, 20). However, the turn-
over in the residual nucleoprotein of normal

liver nuclei was found to be quite rapid (21).
Turnover rates for desoxyribonucleic acid (DNA)
of several tissues have been calculated assuming
equilibrium with intracellular IP where the latter
was calculated from the Na24 space and the tissue
IP so that calculations of absolute rates are sub-
ject to the errors previously mentioned (8, 15).
The relative specific activities in order of decreas-
ing activity were intestinal mucosa, sarcoma,
spleen, liver, kidney. A regressing sarcoma gave
the same DNAspecific activity as one which was
growing (22, 23). It was suggested that dividing
or secreting cells may be more permeable to phos-
phate than others (1). Bone marrow DNA
showed a very high specific activity and that for
the thymus decreased with increasing age of the
animal (24). The rate of p82 incorporation in
DNA reported by Brues et al. (25) was much
higher that that found by Hevesy and Ottesen
(20) but was probably contaminated with RNA.
Brachet (26) pointed out a parallelism between
DNAturnover rate and the intensity of the nu-
clear alkaline phosphatase reaction.

The rate of p82 uptake by ribose nucleic acid
(RNA) and its apparent turnover rate has been
reported to be much higher than that for DNA
(25, 27). In liver tissue the ratio of apparent
turnover rates for RNAand DNAwas found to
be 30, in spleen 3 and in mucosa 2. This has been
taken to indicate a high rate of actual turnover
in the latter two tissues (1, 27). It may be signifi-
cant that the relative RNAturnover in intestinal
mucosa, spleen and liver parallels that for pro-
tein synthesis as determined with N15 labelled
leucine (28).

Although many of the observations on p32 ac-
cumulation in DNAhave been interpreted as indi-
cations of actual turnover, evidence had been ad-
vanced earlier that such an interpretation may not
be justifiable. It has been shown that in tissue
which is not mitotically active (normal liver),
there is rapid movement of p82 containing con-
stituents between the cytoplasm and the nucleo-
protein of the nucleus so that the partition ratio
remains practically constant from one hour to
five days after p82 administration. In actively
mitotic tissue (lymphoma, sarcoma, regenerating
liver), however, there is a continuous rise in the
partition ratio indicating movement into nuclear
nucleoprotein (largely DNA) but little or none
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coming out. Since the tissues to which a rapid
DNAturnover has been attributed are also those
in which there is rapid cell division, it is apparent
that accumulation in DNAand not turnover may
be the more appropriate interpretation. It would
seem advisable to reexamine data on the apparent
dynamic equilibrium obtained with isotopes other
than p32 to determine the extent to which the data
may be explained by cell replacement as compared
with molecular turnover.

Nucleic acid turnover in relation to mitosis
Using a simple new method for isolating nu-

clei, Marshak (21) compared the rate of p82 ac-
cumulation in mouse liver and mouse lymphoma
and in normal and regenerating rat liver with the
rates for the nuclei of the same tissues. Initial
uptake by normal liver and by normal liver nu-
clei was greater than that by lymphomatous tissue,
but eventually the retention was much greater
in the tumor tissue. Although the ratio of p32
concentration in liver nuclei to that in the whole
liver tissue remained constant over a period of
from one hour to five days after p32 injection, in
the lymphomas studied, this ratio showed a con-
tinual increase. Sarcoma 180 gave results similar
to lymphoma, while regenerating liver, in contrast
to normal liver, also showed increased accumula-
tion in the nuclei. In the nuclei of normal liver
60-70 per cent of the p32 was in the residual nu-
cleoprotein with the remainder in the acid soluble
and lipid fractions. Approximately the same dis-
tribution was found at various times between one
hour and seven days after p32 administration. In
the lymphomas the residual nucleoprotein con-
tained about 95 per cent of the nuclear p82. The
data were taken as evidence that in the resting nu-
cleus there is continual replacement of nuclear nu-
cleic acid phosphorus at a rate greater than that
required for complete replacement in one day.
This is in striking contrast to the observations of
Hahn and Hevesy on DNAextracted from tissue.
Although there was obvious replacement in "rest-
ing" nuclei, with p32 in some form being rapidly
built into the nucleic acid, and p82 containing com-
ponents of nucleic acid also being rapidly removed
to the cytoplasm, the situation in mitotic nuclei
differed in that the p12 was built into the nuclear
nucleic acid with little or none being released to the
cytoplasm. Calculations from the rate of p82 ac-
cumulation in lymphoma nuclei showed that in 27

hours the nucleus had accumulated an amount
equal to that initially present, i.e., an amount suffi-
cient to form another nucleus. This was in ap-
proximate agreement with data on rate of growth
of the tumor from which it was estimated that its
weight was doubled in 24 hours (21).

Brues et al. (25) found that between three and
eight days after p32 administration, the specific ac-
tivities of nuclear residual protein and nuclear
nucleic acid were each slightly higher than that of
DNA extracted from the whole tissue. RNA
had a much higher specific activity than DNAin
normal liver but these were approximately the
same in regenerating liver. The phospholipid of
the nucleus was at all times in equilibrium with
that of the cytoplasm, indicating that the low
DNAuptake could not be due to exclusion of p32
from the nucleus as had been suggested by Hahn
and Hevesy. The p32 uptake by DNAof a hepa-
toma was five times greater than in normal liver,
but only half as much as in regenerating liver.
A correlation between increase in p82 incorpora-
tion in DNAand mitosis was also reported by
Kohman and Rusch (29) who found a greater p82
uptake in nucleic acid of hepatoma as compared
with normal liver. In the avian nucleated ery-
throcyte which does not undergo mitosis, the DNA
specific activity does not decline until the erythro-
cytes are destroyed (30).

When P32-labelled chromatin, fat-free chro-
matin, or that portion of chromatin soluble in 1
MNaCl were given intravenously to rats, the p32
was rapidly incorporated into the liver nuclei.
Since the chromatin administered was particulate
and could, therefore, be expected to accumulate in
the liver, comparison was made of nuclear p32 Up-
take as per cent of the total liver p82 thus permit-
ting comparison of nuclear p82 accumulation inde-
pendent of the total tissue concentration. Com-
parison on this basis showed that nuclei accumu-
lated over four times as much p32 when the source
was fat-free chromatin as when it was inorganic
phosphate, and twice as much as when it was phos-
pholipid. This observation was correlated with
the marked stimulation of mitosis produced when
chromatin was injected into partially hepatecto-
mized cats (31). P32-labelled DNAfrom Jensen
sarcoma was injected as a solution into rats and
two hours later a considerable amount of p82 was
found in the liver. The p82 concentration in the
liver and kidney were about the same, while in the
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spleen it was much lower. Of the liver P82 about
three-fourths was in the acid soluble fraction (32).

Ahlstr6m et al. (32) and Hevesy (1) inter-
preted the findings of Marshak and Walker as an-

other example of accumulation in the liver of
foreign substances injected into the blood stream.
However, this cannot be accepted as a correct
interpretation since the basis of comparison used,
as explained above, eliminates this source of error.

The rapid p82 incorporation into the residual
nucleoprotein of resting nuclei found by Marshak
when compared with the inactivity of DNAob-
served by other investigators and also the effi-
ciency of chromatin as a P32 donor suggested the
presence of a component of nuclear residual pro-

tein which was unusually active in p82 turnover.
Nuclei were isolated from animals that had re-

ceived p82 three hours earlier and it was found
that on incubation at 00 - 20 very little or no p82,
nucleotide or nucleic acid was removed but that
at 370 large amounts of polynucleotide of high
specific activity were released. In saline the ad-
dition of ribonuclease (RNAse) doubled the p82
released while desoxyribonuclease (DNAse) gave

only a 50 per cent increase. After digestion with
ribonuclease, the addition of the DNAse released
no more p32 than did native nuclear enzymes un-

der the same conditions although very large
amounts of unlabelled polynucleotides were liber-
ated by the DNAse. The same results were ob-
tained with normal and with regenerating liver.
These observations therefore indicated that dur-
ing the three hours the p82 was in the animals,
considerable amounts had been incorporated into
nucleic acid but none into DNA. When the incu-
bation was carried out in carbonate buffer at pH
7.0 and pH 7.5, the p32 released was increased but
the amount released in the presence of DNAsewas

less than when no enzyme was added and it was

therefore suggested that this enzyme might bind
the pS2 containing substrate although it did not
split it. In the buffer all of the p82 containing nu-

cleic acid was removed by native enzymes and/or
added ribonuclease, the p82 not so removed could
be accounted for as phospholipid and acid soluble
organic phosphorus. The specific activity of the
pB2 containing nuclear substrate was 13 times
greater than that of the cytoplasmic RNA. It was

concluded that the two are functionally different
substances although the substrate material might
be the same as that fraction which could be iso-

lated from nuclei by methods used for obtaining
RNA, since they both had about the same specific
activity. Since the nuclear autodigestion products
were polynucleotides, it could be concluded that
the nuclear enzymes involved were not the same as
ribonuclease. Solubility studies showed that the
P82 containing substrate differed from desoxyribo-
nucleoprotein. Since p82 first appears in this nu-
cleoprotein in mitotic cells and does not appear
in DNAuntil some time later, this material was
considered to be the precursor of DNA in such
cells. Earlier experiments had shown that in
resting cells (normal liver) there was rapid ex-
change between nuclear and cytoplasmic p32 and
not unidirectional accumulation by nucleus and
DNAas in the case of mitotic nuclei (21). Un-
der these conditions therefore the higher specific
activity of the nuclear substrate indicated that in
the resting cell it was the precursor to cytoplasmic
RNA (44).

X-ray effect on nucleic acid turnover
Marshak (21) showed that low doses (200 r)

of X-rays produced an increase in the relative
amount of p82 accumulated by nuclei of a mouse
lymphoma although the total tissue uptake re-
mained unchanged. Since the total tissue P82
was not altered, the observations could not be
attributed to changes in permeability. The in-
crease in nuclear p82 concentration varied with the
dose. Since this effect was not observed in normal
liver, the phenomenon was considered to be some-
how associated with mitosis.

Euler and Hevesy (33) subsequently studied
the effect of X-rays on the Jensen rat sarcoma.
They found no significant effect with doses of 77-
450 r on p32 concentration in total nucleic acid
of the tumor. At doses of 450-7,000 r, the nucleic
acid p82 as per cent of the liver IP and plasma IP
was much reduced. The results could not be ex-
plained as effects on cell permeability since there
was a parallel reduction in ratios of nucleic acid
p82 to IP and to plasma P. This conclusion is
valid only if the intracellular IP and the total tissue
IP are not very different. A number of subse-
quent experiments gave further information on
the reduction of p32 incorporation in DNA of
sarcoma and liver, kidney, spleen and intestinal
mucosa (22, 34, 35).

As in the case of the mouse lymphoma and liver
(21) a correlation between the known inhibition
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of mitosis and the X-ray effect on nucleic acid was
established. However, there were these important
differences. The significant effects observed by
the Scandinavian investigators were obtained only
at doses between 450 to 2,000 r and were all in
the direction of decreasing p32 incorporation into
DNA. On the other hand, the results with the
lymphoma were obtained at doses between 200
and 260 r and were in the direction of increased
p82 incorporation in the nuclei. With the rat
sarcoma there was also marked reduction in the
total pS2 of liver, sarcoma, and plasma as well as
of tumor IP following irradiation while in the
mouse experiments there was no change in total
P'2 of the lymphoma. Experiments were per-
formed on rats each bearing two tumors one of
which was irradiated and the other carefully
shielded and it was found that the non-irradiated
tumor showed a decrease in DNA- p32 uptake
almost as great as that of the irradiated tumor
(22). The effect on DNAmust, therefore, be an
indirect one which is somehow produced by an
initial systemic reaction. This explanation does
not apply however to the results on lymphoma.
Marshak has proposed a theory for the mode
of action of X-ray which postulates an inhibi-
tion of conversion of the nuclear precursor to
ribonucleic acid and correlates this inhibition with
arrest of mitosis known to be produced (44).

Bone
p32 given as phosphate appears rapidly in bone

(36, 37). Pecher showed that the relative con-
centration in bone as compared with soft tissue
was lower than that observed with Ca45 and Sr89
which was anticipated because of the comparatively
low Ca content of soft tissues (38). The concen-
tration of p82 was greater in the spongy portion of
bone and for this reason the specific activity of
the epiphysis was at first higher than the diaphysis
although, with time, this difference disappeared
(39). The initial PS2 deposition in bone was by
ionic exchange with blood phosphate and the solid
phase of bone; but this was altered later by the con-
stant resorption and deposition which took place
(40, 41 ). It has been proposed that mineral depo-
sition occurs when a local excess of P04 is pro-
duced by action of alkaline phosphatase on phos-
phate esters to the point where the solubility
product of bone salt is exceeded (42). A quanti-

tative method has been described for studying the
healing of bone lesions by measuring p32 and Sr89
uptake in situ without disturbing the lesion and
using the contralateral limb as a control. The ra-
tio of strontium to phosphorus increased as the
healing process progressed and it was suggested
that this difference might be utilized in differentia-
tion between the proliferating and calcifying stages
(43). A decrease in the uptake of p2, Ca45 and
Sr89 by bone in rickets and an increase in their up-
take on administration of vitamin D has been dem-
onstrated by several authors.
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