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A satisfactory explanation is not yet available ofthe
difference in sensitivity of various animal tissues
to ionizing radiations. The rule of Bergonie &
Tribondeau (1906) relates sensitivity to mitotic
activity, and in general it is obeyed, but the
behaviour of the lymphocytes is anomalous and
that of thymus questionable. We have considered
the possibility (Ord & Stocken, 1955, 1956a) that
the damage may depend on the relative volumes and
metabolic activities of the cytoplasm and the
nucleus; similar ideas have been expressed by
Schjeide, Mead & Myers (1956). It is, however, not
easy to design unequivocal experiments to decide
this point, and we have therefore concerned our-
selves with a comparison ofthe effect of X-radiation
on the incorporation of phosphate, glycine and
lysine into subcellular fractions of several rat
tissues.
Some studies have been carried out on the in-

corporation of amino acids into nucleoprotein
(Allfrey, Daly & Mirsky, 1955a), but the effect of
radiation in vivo on the incorporation has not been
examined nor has a comparison been made of the
simultaneous incorporation of phosphate into
nucleic acid and an amino acid into the histone. We
therefore decided to investigate this in a radio-
sensitive and non-sensitive tissue and chose thymus
and liver as examples.

Since comparatively few studies have been made
of protein metabolism in several organs in the same
animal after irradiation, the experiments were
extended to include a comparison of the rates of
incorporation of lysine and glycine into the proteins
of spleen, pancreas and bone marrow, which differ in
their radiosensitivity and their capacity to form
proteins. Such an investigation might give some
indications as to the site or sites of the radiation
lesion in the cell and perhaps allow a correlation of
metabolic disturbance with the radiosensitivity of
the various organs.

METHODS
Animal3. Eight male litter-mates of the laboratory strain

of Wistar rats weighing approx. 75 g. were used in each
experiment. Four ofthe animals served as controls. All rats
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were fasted for 2-5 hr. before administration of the isotopes,
and were killed by decapitation 2 hr. afterwards.

Irradiation. X-Radiation was carried out in vivo at the
M.R.C. Radiobiological Research Unit, Harwell. The
characteristics of the radiation were: half-value layer
2-5 mm. Cu, peak voltage 250 kv. at 14 mA. The rats
received 1000 r. total body radiation in 14 min. 38 sec.

Administration of labelled i8otopes
Phosphate. Carrier-free sodium [32p] phosphate was

obtained from The Radiochemical Centre, Amersham, and
was brought to pH 7 before use. The animals were injected
intramuscularly with 50 Lc/l00 g. body wt. immediately
after irradiation.
Amino acids. An enzymic hydrolysate of casein was

obtained from Benger's Ltd., Holmes Chapel, Cheshire.
[2-14C]Glycine was purchased from The Radiochemical
Centre, Amersham. Uniformly labelled L-[14C]lysine was
prepared by growing Chlorella in a 14CO2 atmosphere as
described by Dutton (1.956), and the lysine isolated from an
enzymic hydrolysate by the chromatographic method of
Hirs, Moore & Stein (1952). A solution was made to contain
800 mg. of casein hydrolysate, 15 mg. of cysteine and
195 c of glycine (specific activity 50,uc/mg.) in 5 ml.;
20t&c/lO0 g. body wt. was injected intraperitoneally im-
mediately after the injection of 82p. Labelled lysine was
substituted for labelled glycine in the second experiment.

Preparation of samples. Expt. 1

Two hours after administering the isotopes, the animals
were decapitated and the blood was collected in heparinized
dishes. The plasma was separated and the specific activities
of the inorganic phosphate and plasma proteins were
determined as a reference for the incorporation experiments.
Pancreas, liver, spleen and the long bones were quickly
excised and frozen in liquid oxygen.
Thymus. The whole thymus was taken and deoxyribo-

nucleic acid nucleoprotein prepared as described by
Crampton, Lipshitz & Chargaff (1954). The nucleoprotein
was caused to dissociate by 2 6m-NaCl and the deoxyribo-
nucleic acid (DNA) removed by precipitation with ethanol.
After deproteinizing twice more with sodium dodecyl
sulphate (Chargaff, 1955) the DNA was extracted as
described by Deluca, Rossiter & Strickland (1953). Ion-
exchange chromatography was used to separate 32P-labelled
deoxyribonucleotides and paper electrophoresis for the
14C-labelled nucleotides. In both cases about 80% of the
radioactivity was recovered and no evidence could be
obtained of non-nucleotide contamination.
The supernatant from the first deproteinization was dried

in a frozen state, redissolved in water and, after dialysis,
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treated by the method of Daly & Mirsky (1955) for the
isolation of the histone fractions.

Liver, pancreas and spleen. Nuclei were prepared by the
method of Dounce, Witter, Monty, Pate & Cottone (1955)
and thenucleoprotein as wellasDNA wereisolated according
to the procedure of Crampton et al. (1954). The histone
fraction was obtained by the modified method of Daly &
Mirsky (1955) as in the experiment with thymus, except that
it was not fractionated. Mitochondrial and microsomal
fractions were obtained by the procedure of Dounce et al.
(1955) and the proteins were prepared, dialysed and analysed
by the methods of Littlefield, Keller, Gross & Zamecnik
(1955).

Blood and bone marrow. Haemoglobin was prepared from
washed cells by the procedure of Drabkin (1949). Plasma
proteins were prepared by the methods of Miller, Bly,
Watson & Bale (1951). Bone-marrow proteins were ob-
tained from abone-marrow supernatant (Richmond, Altman
& Salomon, 1951) by precipitation with 2-8M phosphate
buffer, pH 6-8 (Drabkin, 1949). The precipitate was washed
exhaustively with ethanol-ether-chloroform and was found
to be about 90% haemoglobin on the basis of the haematin
content.

Preparation of samples. Expt. 2

In the second experiment the liver, as well as the thymus,
was processed without delay. The methods were the same as

in the first experiment except that the medium of Barnes,
Esnouf & Stocken (1956) was used in the isolation of nuclei,
mitochondria and microsomes. Thymus deoxynucleoprotein
was obtained from the nuclei as in Expt. 1, and the histones
were liberated as before. The incompletely deproteinized
DNA obtained at the NaCl-ethanol stage was then shaken
overnight in water, pH 7-0, at 20, and the insoluble residue
separated to give the residual DNA-protein fraction. The
DNA was deproteinized, extracted and estimated as in
Expt. 1. Spleen and bone marrow were not investigated.

Measurement of radioactivity
The 32p activity was measured as previously described

(Ord & Stocken, 1956a). For the 14C measurements samples
of the order of 500 pg. were weighed on aluminium plan-
chettes 1-5 cm. in diameter and spread over the entire
surface with solvent. The dried samples were then counted
in a helium gas-flow counter as described by Garrow &

Piper (1955). A background count was determined at least
twice each day and the plateau for this counter was checked
at least once each day with the use of a standard. The
efficiency ofthe counter was approximately 35%. Sufficient
counts were recorded to give a counting error of less than
3%. Duplicate samples gave reproducible counting rates
within 5%.

RESULTS

The simultaneous uptake of phosphate and of
amino acid into nuclear material has been studied
with two amino acids which have different anabolic
fates. Glycine was used since it takes part both in
DNA and in protein synthesis; lysine on the other
hand is metabolically less versatile and does not
find its way into DNA.

32p phosphate and [2-14C]glycine or [14C]lysine
were injected and the control and irradiated

animals killed 2 hr. later. The specific activity of the
phosphorus in DNA was referred to that of plasma
inorganic phosphate but since we had no similar
standard for the amino acids and since there was no
difference in the specific activities of the plasma
proteins of normal and irradiated rats the results
were expressed as counts/min./mg. of material.
The inhibition of 32p incorporation into thymus

DNA (Table 1) was the same as that previously
obtained under the same conditions (Ord & Stocken,
1956a), and the reduction in glycine uptake con-

firms the earlier experiments of Harrington &
Lavik (1955), who showed that 100 r. X-radiation
lowered the incorporation of formate 24 hr. after
exposure. The inhibition seemed to be rather
greater with glycine than with phosphorus but
more evidence would be required to substantiate
this.

- The data in Table 1 indicate that all thymus
nuclear fractions investigated were adversely
affected by irradiation, and there was little differ-
ence in the response between the fractions. Mito-
chondria and microsomal supernatant (soluble)
proteins were not altered by irradiation, while
there was a slight decrease in the incorporation of
lysine into the microsomal-protein fraction. It is
interesting to note that the histone fractions of
thymus had the highest specific activity of all the
fractions studied in this tissue at this time interval.
In the experiments with radioactive glycine, the
' arginine-rich', 'lysine-rich' and the histone fraction
precipitated with saturated NaCl had about the
same specific radioactivities, although their glycine
contents are different (Allfrey et al. 1955a).

Table 1. Effect of X-radiation on the incorporation
of carbon and phosphorus precursors into fractions
obtainedfrom rat thymus

All results are expressed as means standard deviation.
Each group consisted of four animals.

Fraction Control Irradiated
Glycine incorporation (counts/min./mg.)

DNA 376±8 91±11
Total histone 473±33 247±17
'Arginine rich' histone 459±31 217±2
'Lysine rich' histone 487±40 276±31
Acid-insoluble residue 227 106
of histone fraction

Lysine incorporation (counts/min./mg.)
Total histone 2064±242 1342±67
Residue DNA-protein 285±57 154± 23
Mitochondria 1153±110 1128±34
Microsomes 771± 160 598±46
Microsomal supernatant 1629±115 1629±50

Phosphorus incorporation
(relative to specific activity of plasma inorganic P x 102)
DNA (glycine experiment) 4-5±0-2 1-8±0-2
DNA (lysine experiment) 3-2±0-7 1P1±0-4
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Similarly, under the conditions of our experi-
ments the activity of the total histones of liver
(Table 2) was always greater thanthat ofthe residual
protein. Allfrey et al. (1955a), however, using
[15N]glycine under different conditions, found that
incorporation in vivo into liver, pancreas and kidney
nucleohistones of mice was very low compared with
that into the residual protein fraction. The 14C
activity ofourrat-liver histones after administration

Table 2. Effect of X-radiation on the incorporation
of carbon and phosphorus precursors into fractions
obtained from rat liver

Results are mean values of four animals+ S.D.

Fraction Control Irradiated
Glycine incorporation (counts/min./mg.)

DNA 131+22 152+46
.

Total histone 995+175 1278+154
Acid-insoluble residue of 547 +88 629+72
histone fraction

Mitochondria
Microsomes
Microsomal supernatant
Deoxycholate-soluble
portion of microsomes

Deoxycholate-insoluble
portion of microsomes

Total his
Residue I
Mitochon
Microsom
Microsom

Lysine incorporation (c
Itone ]
DNA-protein
dria
les
ial supernatant I

Phosphorus inco
(relative to specific activity of I
DNA (lysine experiment)

984+115
966+130
743+80
1082 ± 74

945+63
1022+ 110
903+105
1229 ± 100

of glycine was higher than that of thymus; with
lysine little difference was detectable. Amino acid
uptake into the liver nuclear fractions was if any-
thing slightly increased, as has been reported for
acetate incorporation into liver protein by Hevesy
(1949a) and for phenylalanine into a number of
liver-protein fractions by Butler, Cohn & Crathom
(1956). Glycine incorporation into DNA was un-
affected although 32p uptake was reduced.
Amino acid incorporation into the proteins of

pancreas (Table 3) was more variable but did not
show any striking changes after irradiation. The
soluble proteins had the highest observed specific
activity of this organ as well as of the entire animal.

Table 4 contains the data on blood and bone
marrow. The incorporation of amino acids into the
plasma proteins and circulating haemoglobin was
not measurably altered by irradiation. Fractiona-
tion ofthe plasma proteins failed to show a radiation
lesion. There was little change in the amount of
glycine incorporated into bone-marrow proteins
after irradiation.

DISCUSSION

638+63 737+105 It is conceivable in work involving the disruption of
cells followed by the isolation of subcellular frac-

-1-ounts/min./mg.) tions that these operations in themselves induce
ounts/m./mg.

176941
a distribution of the cellular components different

723485 760962 from that of the intact cell (Dounce, 1955; Allfrey,
941 +65 1076+69 Mirsky & Stern, 1955c), and this possibility cannot
581+90 761+140 be ruled out in the present work. However, several
1453+148 1749+81 deductions may be made from the results. In the

rporation thymus, the histone fraction contained more radio-
plasma inorganic P x 102) activity than any other fraction. The radioactivity
0-73+0-09 0-38 +0-18 of this fraction could only be diluted by other

Table 3. Effect of X-radiation on the incorporation of amino acids into rat pancreas

Results are mean values of four animals ± S.D.

Glycine incorporation Lysine incorporation
(counts/min./mg.) (counts/min./mg.)

Fraction Control Irradiated Control Irradiated
Histone 576+72 450+45 220 113
Mitochondria 1728+128 1711+301 1579+265 1596+380
Microsomes 1438+60 1686+300 1235+195 1224+335
Microsomal supernatant 3034+ 390 3236+356 10310+1400 10265+819

Table 4. Effect of X-radiation on the incorporation of amino acids into rat haemoglobin and plasrna proteins

Substance

Results are mean values of four animals + S.D.

Control
Glycine incorporation (counts/min./mg.)

Haemoglobin, blood 163+15
Bone-marrow proteins (haemoglobin) 1685+100
Total plasma proteins 667 +69

Lysine incorporation (counts/min./mg.)
Total plasma proteins 2016+148

Irradiated

157+34
1476+100
686±31

2324+ 262
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fractions, unless of course there is selective ab-
sorption of a highly active fraction on the deoxy-
ribonucleic acid-protein with similar chemical
properties and the same solubility characteristics as
the deoxyribonucleoprotein and the derived his-
tones. If dissociation followed by re-association
with non-specific proteins occurred in the process
of isolation, the data obtained indicate that this
process is restricted to intranuclear interactions and
the effects observed after irradiation should be real
unless irradiation specifically induces adsorption.

Protein synthesis as well as deoxyribonucleic acid
synthesis, in thymus nuclei seems to be inhibited by
radiation. The latter finding has been reported
earlier (Hevesy, 1949a), as has the inhibition of 32p
phosphate uptake into nuclear ribonucleic acid
(RNA) (Ord & Stocken, 1956b). Even though
fractions isolated from thymus nuclei, in addition
to histone, exhibited a depression in amino acid
incorporation after irradiation, the possibility of
these ill-defined proteins being mixtures of de-
natured histones has not been eliminated. Alter-
natively, the synthesis of these fractions may be
directly related to (Allfrey, Mirsky & Osawa, 1955 b),
or a resultant of, histone formation. Butler et al.
(1956) have reported very recently that the in-
corporation of amino acids into total thymus
proteins is not altered after 500 r. The latter obser-
vation of these investigators is not in disagreement
with the present work inasmuch as the histone
fractions are not the greater part of the proteins of
thymus, and although there is a lowered uptake of
32p into cytoplasmic RNA incorporation into mito-
chondrial and soluble proteins is unaffected.

Several investigators have studied the incorpora-
tion of isotopic amino acids into the proteins of the
subcellular fractions of liver from adult animals
(Brunish & Luck, 1952; Allfrey et al. 1955a). The
rate of incorporation into the histone fraction, by
comparison with other fractions, is faster in the
present experiment than has been reported pre-
viously. This difference is perhaps due to the greater
incorporation in growing rats. It is noteworthy that
2 hr. after administering the amino acids, the
histone fraction had about the same level of radio-
activity as the soluble proteins. Since only one time
period was done, no inference can be made as to the
likelihood of some of these fractions having a
precursor relationship. Fractionation of the deoxy-
cholate-soluble and -insoluble portions showed that
the soluble fractions contained more of the radio-
activity than the insoluble fraction, which was
about the same in the control and irradiated groups.
An increase in the incorporation of protein pre-

cursors into liver proteins after irradiation has been
observed previously by Hevesy (1949b) and by
Butler et al. (1956). A very slightly increased in-
corporation into the fractions was found in the

present experiments, with the exception, perhaps, of
the nuclear and mitochondrial fractions.
The results for 32p and glycine incorporation into

DNA had a wider scatter than those for thymus but
there appears to be some difference in the effects of
radiation on the uptake of these tracers into liver
DNA. Although 32p uptake into DNA is reduced
2 hr. after 1000 r., incorporation into nuclear and
cytoplasmic RNAs is unaffected or slightly in-
creased (Ord & Stocken, 1956a; Sherman &
Almeida, 1956), and glycine uptake was unaffected.
Similar discrepancies have been reported in the
inhibition of the uptake of various carbon pre-
cursors into DNA of rat thymus 24 hr. after 100 r.
(Harrington & Lavik, 1955). The reason for these
inconsistences is at present unknown, but it is
possible that there is some contamination of the
DNA with radioactive protein. Recoveries of 14C in
nucleotides of thymus DNA seemed to exclude this
explanation, but with liver lack of material did not
allow similar experiments to be performed. The
expected contamination after detergent depro-
teinization does not usually exceed 0-5% (Frick,
1954), but since in addition to this we subsequently
carried out the Hammarsten-extraction procedure
it seems unlikely that the specific activity of the
DNA can be greatly in error.
Amino acid incorporation into the plasma pro-

teins followed the same general pattern as liver
proteins in the irradiated and control groups in
confirmation of the observation of Miller (private
communication), and similar results were obtained
for pancreas. The fluctuation of the levels of radio-
activity in the fractions isolated from pancreas is
perhaps a resultant of varying degrees of starvation
and stimulation of the gland in response to feeding.
These results show that pancreas has the capacity to
form considerable quantities of proteins, as has
been observed by others isolating distinct proteins
rather than mixtures of fractions (Hokin, 1956;
Daly, Allfrey & Mirsky, 1955). It has been shown
recently that amylase synthesis is augmented by
radiation (Hokin & Hokin, 1956).
The specific activity of the circulating haemo-

globin was about the same in both groups. How-
ever, there was not a marked decrease in the amount
of amino acids incorporated into the proteins pre-
cipitated from a bone-marrow supernatant with
2-8M-phosphate buffer.

Results obtained for spleen were qualitatively
similar to those of liver and pancreas after irradia-
tion. Because of the marked changes in spleen
during the first day after irradiation (Kallinan &
Kohn, 1955) it is difficult to interpret the data
procured with this organ. Work is in progress in this
laboratory to characterize some of the changes that
occur in this organ at short time intervals after
irradiation.
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The biochemical difference in radiosensitivity of

rat tissues is well illustrated when the effects of
X-radiation on incorporation of amino acids into
DNA and the histone fractions of liver and thymus
are considered. In thymus, inhibition of glycine
uptake into DNA is accompanied by a marked
reduction in glycine and lysine incorporation into
the histones, whereas in liver there is little change,
or even an enhancement of incorporation into the
nucleoproteins. The disturbance in nucleic acid and
histone metabolism shown by thymus after
exposure, at the same time that certain highly
organized, energy-dependent cytoplasmic functions
are undisturbed, contributes to the suggestion that
the nucleus is the prime site of the metabolic lesion
produced by X-radiation.

SUMMARY

1. The incorporation of labelled glycine, lysine
and phosphate into various fractions of rat tissue
has been examined at 2 hr. after 1000 r. X-radiation.

2. The uptake of 32p and [2-_4C]glycine by rat-
thymus DNA was reduced by X-radiation.

3. The incorporation of [2-_4C]glycine and
[14C]lysine into thymus nucleoproteins was also
lowered; uptake into liver nucleoproteins was not
affected.

4. Incorporation into cytoplasmic proteins of
thymus, liver and pancreas was unaffected or
slightly increased.

5. The difference in radiosensitivity between
thymus and liver is discussed.
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