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The discovery of nuclear phosphorylation and of
the ability of isolated nuclei to incorporate protein
and nucleic acid precursors (Allfrey, Mirsky &
Osawa, 1955, 1957 a) focused attention on the part
that might be played by the nucleus in the metabol-
ism of the whole cell. Anderson (1953) from his
work on the permeability of isolated calf-thymus
nuclei to proteins concluded that quite large mole-
cules could enter the nucleus. On the other hand,
thymus nuclei isolated in an aqueous medium re-
tained nucleotides (Allfrey et al. 1955) so that some
process might be envisaged by which precursor
molecules are held in the nucleus before the for-
mation there of new molecules. We therefore
attempted to define more precisely the relationship
between acid-soluble phosphate metabolism in
the nucleus and that in the whole cell and this
led to some observations on uptake of inorganic
phosphate and arginine by nuclei from rat-thymus
glands which may be relevant in other types of
animal cells.

MATERIALS AND METHODS

Animals weighing between 80 and 130 g. were taken from
the laboratory stock ofWistar rats. Most ofthe experiments
were made with thymus glands from females, but no obvious
difference was found between preparations from either sex.
Unless otherwise stated, the animals were injected intra-
muscularly with 25-50,uo of 32P/100 g. body wt. 5-60 min.
before death.

Isolation of nuclei. The sucrose medium A of Creasey &
Stocken (1959) and their ionic medium C were used, except
that 5 mM-tris replaced the 5 mM-triethanolamine hydro-
chloride in medium A. Medium C: 45 mM-glucose, 85 mm-
KCI, 8-5 mM-NaCl, 2-5 mM-CaCl2, 2-5 mM-MgCl2, 5 mu-
triethanolamine hydrochloride adjusted to pH 7-2 with
KOH. Neither medium contained acid-soluble phosphate.
The homogenization was performed in a tube of 0.5 in.
diameter with the homogenizer described by Philpot &
Stanier (1956) and all operations were carried out at ±20.
The nuclei were washed twice before final resuspension.
The method of removal of the thymus and the time that
this took were critical, as was the concentration of the
thymus during the first homogenization. These details are
described in the text.

Cell sap. The supernatant from the first sedimentation of
the nuclei was centrifuged for a further 60 min. in the
Spinco centrifuge model L (rotor 30, 30 000 rev./min.;
rotor 40, 40 000 rev./min.), and the supernatant from this

was used for the determination ofthe specific activity of the
inorganic phosphate of the cell sap.

Isolated thymocytes. These were obtained as described
earlier (Ord & Stocken, 1958a). They were suspended in
ionic medium C inwhich the Na+ and K+ ion concentrations
were reversed.

Acid-soluble phosphate analysis. In some experiments the
reactions were stopped by the addition of HC1O4 to give a
solution N with respect to HClO,. The precipitate was
separated by centrifuging and the supernatant fluid filtered
before analysis. Usually the nuclear suspension was centri-
fuged before acidification, and the supernatant separated,
made N with respect to HC104 and then filtered. The phos-
phate compounds present in this fraction are referred to as
the soluble or supernatant fraction of the nuclei. The
residue from the nuclear suspension was redispersed in
medium and acidified to give the acid-extractable or bound-
phosphate fraction.

Inorganic phosphate was estimated by the method of
Berenblum & Chain (1938). Acid-labile phosphate was that
liberated by heating for 15 min. in N-HCI at 1000. When the
sucrose medium was used a yellow colour appeared on
hydrolysis, but this did not interfere with the measurement
of the inorganic phosphate.
In all experiments the samples were brought to a final

volume of 10 ml. with isobutanol and filtered before estima-
tion of the inorganic [31P]phosphate and 32p. When in-
organic phosphate of the acid-extractable nuclear fraction
was assayed a precipitate was produced in the presence of
the phosphomolybdic acid. This was retained in the iso-
butanol extract which was assayed for 32p before and after
filtration. The 32p content of the precipitate could then be
obtained by difference. Direct measurement of its 31p con-
tent was not always performed since experiments showed
that it contributed only a small amount to the 31p in the
acid-extractable, acid-labile fraction.

Arginine. This was estimated by the method of Rosen-
berg, Ennor & Morrison (1956).

Hexokinase. The enzyme was obtained from Sigma
Chemical Co., St Louis, Mo., U.S.A. (yeast enzyme, crude
type II), and used to determine the specific activity of the
y-phosphate group of ATP.

Separation ofribonucleotides. This was achieved chromato-
graphically on Dowex 1 (formate form; X1O) columns
(Hurlbert, Schmitz, Brumm & Potter, 1954).

Estimation ofdeoxyribonucleic acid. The method ofBurton
(1956)was used. A samplefromthe HCl04extractwastaken
for colorimetric assay and the remainder was made up to
10 ml. sothat the 32P activity in the DNA could be obtained.
Measurement of radioactivity. 32P activity was deter-

mined in a Geiger-MUller M6 liquid counter. 14C activity
wasmeasured in aNuclear-Chicago Corp. counter. Sufficient
counts were recorded to give an error of less than 3 %.

Bioch. 1961, 81

1



M. G. ORD AND L. A. STOCKEN

RESULTS

I8olation of nuclei. Considerable care is required
to obtain reproducible conditions for studying
nuclear behaviour (Allfrey, Mirsky & Osawa,
1957 b). It was therefore necessary to define as
closely as possible the conditions under which the
nuclei used in this work were prepared. We found
that factors leading to a good yield of nuclei, con-
taining a reproducible amount of acid-soluble phos-
phate, appeared to be similar for both the sucrose
and the ionic media. With sucrose it was essential
to increase the CaCl2 concentration above 1-8 mm
used by Hogeboom, Schneider & Striebich (1952)
for liver nuclei; 3-3 mM-CaCl2 (Allfrey et al. 1955)
gave good yields of nuclei which were very little
contaminated by whole cells. The pH of both media
at room temperature was between 7-15 and 7-25
(glass electrode); no pH outside this range was
used.

If the thymus was not removed rapidly from the
animal at death, a considerable increase in nuclear
inorganic phosphate occurred mainly at the ex-
pense of acid-labile phosphate (Table 1). Even the
30 sec. necessary for exsanguination decreased the
nuclear acid-labile phosphate. The properties of the
nuclei were found to be very dependent on the rela-
tive proportions of inorganic and acid-labile phos-
phate which they contained when first isolated.
Attempts were made to increase the yield of

nuclei by taking a greater number ofthymus glands
in the initial homogenization. This proved to be
unsatisfactory, especially with the sucrose medium,
when the homogenization was always less easy than
with the ionic medium. Examination of the sucrose
nuclei isolated from a concentrated homogenate

showed a considerable leakage of the DNA and a re-
duced yield owing to poor sedimentation from the
more concentrated homogenates.

Unless otherwise stated the final conditions
chosen for the preparation of the nuclei were the
rapid removal of the thymus from rats killed by
cervical fracture and the homogenization of not
more than six glands at a time. Usually the twice-
washed nuclei from two such operations were pooled
to give the final nuclear suspension. Eight con-
secutive experiments in ionic medium gave:
inorganic phosphate, 1-82 + 0-46 ,ug./mg. ofDNAP;
acid-labile phosphate, 9-86 ± 2-32 ,ug./mg. ofDNA P.

Properties of i8olated nuclei. The retention of
nucleotides by thymus nuclei has been discussed by
Allfrey et al. (1955). In our experiments the final
nuclear suspension, when recentrifuged, gave a
supernatant containing inorganic but not acid-
labile phosphate. This inorganic phosphate was
about 50% of the total inorganic phosphate of
the suspension (Table 2). Treatment of the nuclei
with acid was required to extract the remaining
inorganic phosphate and the acid-labile phosphates.
In nuclei from thymus glands that had aged within
the rats after death the increased inorganic phos-
phate was distributed between both the soluble and
acid-extractable fractions. From an approxi-
mately 1:1 ratio in nuclei from thymus glands
removed immediately after death, the distribution
shifted towards a bound: soluble ratio of 1-5:1
(Table 2).
Chromatographic separation of the nucleotides in

the acid-extracted fraction of the nuclei, from
thymus glands which had been rapidly removed,
confirmed the earlier findings of Allfrey et al. (1955)
that adenine nucleotides predominated. In our

Table 1. Effect on the nuclear acid-8oluble pho8phate8 of the time after death when the thymus was removed

Acid-soluble phosphates (jtg. of P/mg. of DNA P)
r

Ionic medium
f ~~~A
Inorganic Acid-labile

1-7 10-9
4-3 8-9
5-6 7-7
7-1 4-8

13-4 4-1

Sucrose medium
,A

Inorganic Acid-labile
18 10-1

3-6 6-9

7-5 3-8

Table 2. Diatribution of acid-8oluble pho8phate8 in isolated rat-thymus nuclei

Acid-soluble phosphate

Time (min.) of
thymus removal after

death (and no. of
experiments)
< 0-5 (3)
10-15 (4)

Total
(,ug. of P/mg. of DNA P)

Inorganic Acid-labile
2-8 7-8
6-0 5-8

% present in

Soluble fraction Bound fraction
t ~~~A_t A

I

Inorganic Acid-labile Inorganic Acid-labile
54 0 46 100

40 8 60 92

Tume (mm.)
after death
(and no. of

experiments)
< 0 3 (5)

0-5 (3)
5 (2)

10 (3)
20 (1)
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Table 3. Specific activities of acid-soluble phosphates in nudlei from rat thymws after injection
of 50 jAC of 32P/100 g. body weight

Time (min.) after
injection (and no. of

experiments)
5 (1)
10 (2)
20 (5)
30 (2)
60 (4)
120 (1)
240 (1)

Mean specific activities (counts/min./,tg. of P)

Soluble Bound
DNA inorganic inorganic
0-4 97 158
0-8 187 341
1-6 310 431
3x4 280 425
6x2 125 276

218
_ - 190

Table 4. Specific activities of inorganic phosphate and adenosine triphosphate
from whole rat thymws and from cell fractions of the gland

The rats received 50 ,uc of 82P/100 g. bodyweight except t, where approx. 40cuc were used. The nuclear inorganic
phosphate was the 'bound' fraction.

Specific activity of phosphate (counts/min./,ug. of P) in

Time after
injection
(min.)

5
5
6
10
lot
lot
20

Cell fraction

Cell sap*
Cell sap
Nuclei

Nuclei
Nuclei
Cell sap

Inorganic
146
118
175

185
169
288

Acid-labile
99

39

77
70

207

y-P of ATP
105

73

79
80

Inorganic
210
224
232
258
212
230
335

* In this experiment a Ca2+-free medium was used (see text).

Whole thymus

Acid-labile
75
91
114
175
116
107
262

y-P of ATP
104
96
171
208
102
102
299

extracts ATP and AMP were the main components,
very little ADP being present. A small amount of
guanosine triphosphate and uridine triphosphate
was found, but it was evident that about 70% of
the acid-labile phosphate was ATP. This was con-
firmed in the course of hexokinase assays of the
specific activity of the y-phosphate group of ATP
(see below). In these rat nuclei, in contrast with
those from calves but in agreement with the findings
from whole rat thymus (Ord & Stocken, 1958 b),
cytidylic acid was only slightly lower in concentra-
tion than AMP. In extracts from rats given 32p
30 min. before death, the activity ofATP was greater
than in ADP, and AMP had insignificant counts.

Specific activity of inorganic phosphate in dif-
ferent ceUfractions. It was observed in these experi-
ments, in which the rats had received 32p at various
times before death, that the specific activity of the
acid-extractable inorganic phosphate of the nucleus
was higher than either the soluble inorganic phos-
phate or the acid-labile phosphate of the nucleus
(Table 3). Determination ofthe specific activities of
inorganic and acid-labile phosphates in the cell sap
apparently indicated that the specific activity of
bound inorganic phosphate in the nucleus was

higher than the inorganic phosphate in the cell sap
at times between 5 and 60 min. after injection. It
was, however, noticed that the amount of acid-

labile phosphate in the cell sap was appreciably
lower than that found earlier (Ord & Stocken,
1958b) when whole rat thymus was analysed. This
suggested that, in the course of fractionation at 00,

breakdown of less highly labelled compounds had
taken place, so diluting the specific activity of the
inorganic phosphate. When the activity was deter-
mined on extracts from the whole gland, frozen in
liquid air immediately after removal, much higher
specific activities for the inorganic phosphate were

found (Table 4).
Assays of the y-phosphate group of ATP indi-

cated that ATP in the nucleus was not identical
with that from the whole extract. The activity ofthe
y-phosphate group in the whole extract was initially
lower than that of the inorganic phosphate; dilu-
tion from the nucleus could have occurred although
the amount ofATP in the nucleus is less than in the
cytoplasm. It did not prove possible to isolate
mitochondria containing ATP from the thymus
although a Ca2+-free medium was used (Bellamy &
Bartley, 1960; 0-15M-KCl-1 mM-tris-I mM-EDTA),
which had previously given good results for oxid-
ative phosphorylation with thymus mitochondria.
In cell sap obtained after sedimentation ofthe mito-
chondria in the Ca2+-free medium the specific
activity of the y-phosphate group was identical
with that from the whole thymus.

1-2

Acid-labile

133
259
260
222
213
158
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To find out why the nuclei re
active inorganic phosphate diu
and to explore further the int
nuclear and cytoplasmic ATP a
was studied in vitro with tl
thymocytes.

Nature of the inorganic pho
by the nuclew

'Soluble' fraction of the nuclew,
division of this phosphate into
ponents was based mainly on t]
tion of two inorganic phosphal
ferent specific activities (Table 3,
low-specific-activity inorganic ]
tained after acidification of the
the centrifuged nuclear suspens
acidification produced a fairly
cipitate, it was possible that t:
phate had been split off from sc
the supernatant. This was teste
supernatant from nuclei isolate
against 2 or 3 vol. of medium a

It was clear from determin
counts in the soluble fraction at
the counts attributable to inorga

Table 5. Effect of dialysis again
the 'soluble' phosphate componeni
thymus

Specific activities are given as c
Expt. 1: the mean of 2 experiments
of 32P/100 g. body weight 1 hr. befor
given 50 /IC of 32P/100 g. body weight

At start
Total counts in sac

Counts due to inorganic
phosphate

Total inorganic [31P]phosphate
(,g-)

Specific activity of inorganic
phosphate

Specific activity of bound
inorganic phosphate
Ratio volume of sac: volume of
diffusate

After dialysis for 2 hr. at 00

Counts in sac

Specific activity of dialysable
inorganic phosphate
Amount of dialysable inorganic
phosphate (dig.)

Specific activity of non-dialys-
able material giving inorganic
phosphate on treatment with
N-HC104

M. G. ORD AND L. A. STOCKEN

)tained their highly not all the 32p activity was due to material giving
iring fractionation inorganic phosphate after treatment with cold
teractions between N-HClO4. 32p could be extracted from the white
nd P, uptake of 32P precipitate by 0-5N-HCl04 at 700 and the extract
iymus nuclei and showed traces of deoxyribose. This suggested that

some DNA nucleoprotein was present in the soluble
fraction, either as a result of leakage from the

sphate binding nuclei or because of poor sedimentation.
s It was also evident from the specific activity of
s. The reality of the the dialysable inorganic phosphate that this
at least two com- inorganic phosphate was identical with the inorganic
he physical separa- phosphate bound to the nucleus. Since the specific
te fractions of dif- activity of the material within the sac fell as a
). Since the soluble, result of dialysis, it seemed that the inorganic
phosphate was ob- phosphate of the 'soluble' fraction was made up of
3 supernatant from two components: a dialysable fraction and a frac-
3ion, and since this tion of comparatively low specific activity which
copious white pre- gave inorganic phosphate after treatment with acid.
he inorganic phos- The nature of this non-dialysable component has
ahe subitance(s) in not been studied further, although it was noted that
)d by dialysing the incorporation of 32p into the soluble fraction was
*d in ionic medium inhibited by iodoacetate (Table 10).
,t0° (Table 5). The dialysable fraction apparently represented
Lation of the total inorganic phosphate of high specific activity, which
the start and from was either dissociated from its nuclear binding in
nic phosphate, that the last stages of the isolation procedure or was

_ normally trapped within the nucleus.
'Bound' inorganic phosphate of the nucleu8. This

t iofniclmediufm ot fraction had been recognized because of its high
specific activity when nuclei were isolated from
animals given 32p 5-60 min. previously. It was of

3ounts/min./pg. of P. interest to determine whether the nuclear suspen-
with rats given 100 ,uc sion, after the 'soluble fraction' had been separated
e death. Expt. 2: rats by centrifuging, would take up the isotope when
20 min. before death. shaken gently in ionic medium containing 32p. Pre-

Expt. no. liminary experiments established that resuspend-
1 ing the nuclei three times in unlabelled medium re-

duced the 32p of the supernatant to a low level.
3754 718 Further washing appeared to cause breakdown of
2020 423 the nuclei, as shown by the appearance in the

supernatant of acid-labile phosphate. It is clear
4-03 1-46 that (Table 6) the specific activity of the bound

502 289 inorganic phosphate after incubation of the nuclei
with 32p in vitro was much greater than that of the

653 373 other two fractions examined and that there was no
difference between the uptake at 0° and 370, al-

1:2-5 1:3 though it is possible that the nuclei were only able
to tolerate rather short incubations at 37°. Addi-
tional experiments at 00 indicated that the uptake

2426
of 32p into the bound inorganic phosphate was linear

2426406 from 0 to 30 min. If nuclei from animals that had
663 359 been given 32p were incubated similarly in ionic

2.01 0-78
medium containing 1 ,umole of inorganic [31P]phos-

210-78 phate/ml. (Table 7) and the soluble and bound

424 214
fractions separated, there was a fall in the specific
activity of the bound inorganic phosphate fraction.
The change in specific activity was not as marked as
with the uptake experiments but the specific
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Table 6. Specific activities of acid-soluble phosphates from rat-thymus nuclei labelled in vitro
in ionic medium

Specific activities are given as counts/min./tg. of P.

Incubation at 0°

Bound inorganic
phosphate

2 055
1 580

28 420
55 000

Acid-labile
phosphate

66
120

2740

Incubation at 370

Bound inorganic
Last wash phosphate

264 1 357
4530 29 950
3158 23 250

* 1 /,c of 32p present/mi.

Table 7. Specific activities
from rat-thymus nuclei labell4
in vitro in ionic medium
[31P]phosphate (1 ,tmole/ml.)

Time
(min.)

0

30
0

10

Specific actiN
(counts/

Soluble
inorganic

6-44
8-44
2-57
2-96

Table 8. Effect of extraction
on the 'bound' inorganic pho
thymus gland

Specific activities are given ai
Expts. 1 and 2 the m-NaCl extrac
00 against 2 vol. of M-NaCl; in E2
used.

Specific activity of bound
inorganic phosphate

Specific activity of inorganic
phosphate after acidification
of M-NaCl extract

Specific activity in DNA of
m-NaCl extract

Total inorganic phosphate in
m-NaCl extract (I&g.)

Inorganic phosphate dialysable
(%)

Specific activity of inorganic
phosphate in diffusate

activity of the inorganic ph
was about 30 times that of t
pared with an extremely hig
natant during incorporation
The fact that the boun

fraction was removed afte
suggested that an ionic linl
and this is supported by th

of inorganic phosphate of the phosphate at 00. The possibility that the
ed in vivo and incubated inorganic phosphate might be associated with a
at 00 with inorganic lipid component was investigated by using the

CHCl3-methanol procedure described by Getz &

vities of phosphate Bartley (1961). Shaking the lipid solution withvmin./,ug. of P) N-HC104 did not liberate appreciable inorganic
[31p]_ or 32P]-phosphate into the aqueous phase.

Bound It was therefore decided to investigate extraction
inorganic procedures that had been applied to nuclei in other

191 work. Allfrey et al. (1957a) have described the
161 sensitivity of nucleotide retention by calf-thymus
72 1 nuclei to extraction with 0 02M-acetate buffer, pH
71*5 4*5-540. This was confirmed in our experiments but

short-time treatment with acetate buffer, compar-
e able with that with N-HC104, was less effective in

8phate fraction from rat dissociating the phosphate and nucleotides than
acid extraction.

s counts/min./jAg. of P. In Extraction of nuclei, from which the soluble frac-
ts were dialysed for 2 hr. at tion had been removed, by M-NaCl at 00 (Allfrey
Ypt. 3 11 vol. of m-NaCl was et al. 1957 a) led to the isolation of a clear, viscous

Expt. no. fraction, which on treatment with N-HCl04 gave
A A inorganic phosphate of the same specific activity as

1 2 3 in the original nuclei, in about 70% yield (Table 8).

650 655 Although there was a considerable purification on a

DNAbasis the extraction was by no means complete
671 500 - and there were indications that inorganic phosphate

could be obtained from the residue after centrifug-

9*6 ing offthe viscous supernatant. The specific activity
ofthe inorganic phosphate obtained by acidification

2-54 1-6 4.32 of the m-NaCl extract was enormously greater than
that of the DNA present in the same fraction.

41 44 66-6 Dialysis of the non-acidified material for 2 hr.
against M-NaCl showed that 40% of the inorganic

532 phosphate bound in the sol was dialysable. When
dialysed against a larger volume of M-NaCl a

greater proportion of inorganic phosphate passed
iosphate of the nucleus through the membrane, and it would appear there-
5he supernatant as com- fore that the complex with inorganic phosphate was
rh activity in the super- dissociable by solutions of high ionic strength.
in vitro.

d inorganic phosphate Arginine uptake by nuclei
sr treatment with acid In some experiments analyses were made for
cage might be involved components other than phosphates in the acid
a high rate of exchange extracts from the nuclei or nucleoprotein. Chro-

Time of
incubation

(min.)
30
30
10*
30*

Last wash
760
240

5510
19 710

Acid-labile
phosphate

91

1131
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Table 9. Uptake of 32p by thymocyte mu pen8ion8 in vitro
Control and experimental incubations were for 15 min. at 370 unless otherwise stated. In all the experiments

0-3 pcof 32P/ml. was present. The concentration of iodoacetate was 1 mm.

Specific activities of phosphate (counts/min./,ug. of P)

Free
nuclei

x Cells/ml. (%)
26-9 19

51-2 6

48-6 0

53-7 20

23 36

Nuclei

Total Soluble Bound
inorganic inorganic inorganic

575 -
229 -
256 - -
242 -
- 100 259

34 93
- 483 601
- 143 661
- 595 772
- 500 900
* Rabbit thymocytes used.

Cell sap

Inorganic Acid-labile
224

7
183
198
256
98

490
69

502
222

103
3

105
211
135
41
297
45
253
104

matographic evidence indicated the presence of
arginine, so that the possibility ofnuclear binding of
arginine was also investigated. Alifrey & Mirsky
(1959) have provided evidence that amino acid
incorporation into protein in calf-thymus nuclei is
likely to be through an activated amino acid-RNA
complex similar to that in microsomal protein syn-

thesis. Hoagland, Zamecnik & Stephenson (1957)
established that amino acid-soluble RNA com-

plexes were not broken down by cold 0-4N-HClO4.
It therefore seemed probable that the arginine
found in the extracts was not derived from break-
down of an arginine-RNA complex. Estimation
of the arginine: inorganic + acid-labile phosphate
ratios in the 'bound' fraction from isolated nuclei
showed the presence of about 0-5 mole of arginine/
mole of total inorganic + acid-labile phosphate.
Incubation of the nuclei in ionic medium at 00 with
[14C]arginine showed a linear uptake. [14C]Arginine
(50 000 counts/min.) was added to nuclei from
12 thymus glands suspended in 14 ml. of ionic
medium. At 0, 5 and 15 min. incubation at 0° the
specific activities of the bound arginine were 1100,
1745 and 2880 counts/min./,umole. The rate of up-
take appeared to be similar to that for inorganic
phosphate.

Uptake of 32P by thymocyte 8u8pen8ion8
Suspensions of whole cells are comparatively

easy to obtain from rat thymus (Ord & Stocken,
1958a). The thymocytes can be distinguished from
naked nuclei by examination with phase-contrast
microscopy in albumin solution (Barer, Joseph &
Esnouf, 1956). After incubation with 82p the sus-

pensions were immediately diluted with 20 vol. of
medium at 0° and washed three times. The cells

were suspended in a small volume of medium C and
homogenized with a plunger of 0-002 in. clearance.

The nuclei were then washed in the usual way. The
first supernatant obtained after sedimentation of
the nuclei was centrifuged at 10 OOOg and the
specific activities of inorganic and acid-labile phos-
phate were determined.
Uptake of 3a2 into the cell sap was negligible at 00

although the nuclear inorganic phosphate became
labelled. In all the experiments the specific activity
of the nuclear inorganic phosphate exceeded that of
the cell sap by an amount that seemed to be pro-
portional to the number of free nuclei present in the
original suspension (Table 9). This was confirmed by
incubating inthe presence of 1 mM-iodoacetate. Pre-
liminary experiments showed that 1m-iodoacetate
had no effect on 32a uptake into the bound inorganic
phosphate of isolated nuclei; with thymocyte sus-
pensions iodoacetate under anaerobic conditions
reduced the uptake into the cell sap by about 70%
but where free nuclei were present their uptake was
unaffected or slightly increased. In the experiment
with iodoacetate under aerobic conditions s2p Up-
take into the cell sap was not decreased.

DISCUSSION

The interpretation of the results presented here
rests on the purity of the nuclear fraction and on

the accuracy of the phosphate determinations.
Preparations of nuclei were examined by phase-
contrast microscopy and after staining. Very few
whole cells were found and there was very little
contamination from cytoplasmic debris or red cells.
The majority of the nuclei were small and round but
about 10% were larger and less regular in shape.
Some of the nuclei, especially larger ones, had tags
of cytoplasm attached. Classical radioautography
does not enable the presence of water-soluble com-

pounds in nuclei to be detected; a technique has,

10-8
Control
15min. atO°
Control
Iodoacetate-02
Control
Iodoacetate-N2
Control
Iodoacetate-N2
Control*
Iodoacetate-N2
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ACID-SOLUBLE PHOSPHATES IN THYMUS NUCLEI

however, been devised permitting the retention of
these compounds (Fitzgerald, Ord & Stocken, 1961).
By this means it has been possible to show, in
nuclei from thymus glands of rats given the isotope
in vivo, 38p that was not present in nuclei that had
been washed with N-perchloric acid or fixed by the
usual methods. A detailed examination of the
nuclei has not so far been made so that it is not
possible to say whether the uptake is a feature of
all types of nuclei at all stages oftheir development.

Ionic medium was used for the isolation of nuclei
in most of the experiments with thymus, and no dif-
ference in properties has been found between nuclei
prepared in this medium and those in sucrose. We
have found that nuclei in ionic medium were easier
to prepare and handle and appeared to tolerate the
final resuspension to a small volume better than in
sucrose.
The amount ofinorganic phosphate in the nuclear

suspensions was very low so that quantities of
05 ,ug. were sometimes estimated. It was difficult to
increase the amount assayed because of the limit to
the number of thymus glands that could be used in
the preparation ofthe nuclei. In nuclei fromthymus
glands that had been removed immediately after
death, where the total inorganic phosphate was
particularly low, the amount ofinorganic phosphate
in the 'soluble' and 'bound' fractions was approxi-
mately the same but the difference in 82p activity
was verymarked. The accuracy of the 82p determin-
ations was ± 3 %.
Much of the pioneering work on uptake of 32p by

tissues was carried out by Hevesy (1948) and his
colleagues and he and Marshak (1941) were the first
to study incorporation into the nuclear fraction of
cells. The isolation procedure entailed a low pH and
little activity was detected in the residual acid-
soluble fraction. Recent work on yeast (Jennings,
Hooper & Rothstein, 1958) and erythrocytes
(Glynn, 1957) has shown that the entry of inorganic
phosphate into these cells is markedly dependent
on glycolysis and that initially glycolytic inter-
mediates and ATP have higher specific activities
than intracellular inorganic phosphate. Sacks &
Altshuler (1942) studied the uptake of phosphate
by cardiac and striated muscle and concluded that
it was first converted into organophosphate. In
Ehrlich ascites-tumour cells Wu & Racker (1959)
found that, whereas addition of glucose stimulated
the entry of inorganic phosphate, in the absence of
glucose the entry appeared to be by an exchange
diffusion that was unaffected by iodoacetate. Our
experiments on the entry of inorganic phosphate
into the cytoplasm of thymocytes lead to a similar
interpretation, and it seems that in these cells up-
take of inorganic phosphate may be linked to
glucose utilization but does not occur exclusively
through glycolytic intermediates.

The reversible uptake of inorganic phosphate by
nuclei at 00, the absence of a temperature effect on
the reaction, its insensitivityto 1 mm-iodoacetateand
the removal of the inorganic phosphate by treat-
ment with cold, dilute acid suggest that the in-
organic phosphate is bound to the nucleus in an
ionic linkage. The site of the binding remains
obscure. Association with histones seems probable
and is consistent with the extraction of the bound
material by m-sodium chloride. Arginine binding
might be expected since Mirsky & Ris (1951) and
Davison & Butler (1956) have reported the presence
of free negative charges on DNA-nucleoprotein.
Kuzin & Shabadash (1959) have proposed that ex-
cessive negative charges are especially evident in
nuclei from lymphoid tissues. It is not yet known
whether other basic amino acids are similarly
bound. Na+ ion binding in calf-thymus nuclei is
indicated from the work of Itoh & Schwartz (1957),
who found a reversal of the Na:K ratio from that in
the cytoplasm. Preliminary experiments have
shown that 32p uptake by isolated rat-thymus
nuclei was unaffected by the addition of arginine to
the medium, suggesting either that the inorganic
phosphate and arginine are taken up independently
of one another or that the system is already
saturated with arginine.
The relationship of the nucleoprotein described

here to chromosomes or the nucleolus is unknown
but the results suggest that the charged macro-
molecules have associated with them in the intact
nucleus an ordered and reproducible array of
charged, low-molecular-weight compounds. It may
not be coincidence that nucleotide binding by rat
liver is very low or absent (Rees & Rowland, 1961)
and that so far nuclear phosphorylation, which pre-
sumes the presence of bound nucleotide acceptors,
has been described only in nuclei from tissues con-
taining dividing cells (Creasey & Stocken, 1959). It
seems possible that the binding of low-molecular-
weight compounds in the nucleus may be relevant
to the incorporation ofthose same molecules into the
macromolecular structure of the nucleus. How-
ever, Allfrey et al. (1955) found no significant inhibi-
tion ofamino acid incorporation into the proteins of
isolated nuclei when free phosphate groups in the
DNA were blocked by various reagents.

SUMMARY

1. Some of the conditions have been defined for
the isolation of nuclei from rat thymus gland con-
taining reproducible amounts of acid-soluble phos-
phates. The nuclei contained 1-2 ,ug. of inorganic
phosphate and about 10 ug. ofacid-labile phosphate/
mg. of deoxyribonucleic acid phosphorus.

2. 32p was taken up readily by nuclei in vivo and
in vitro. The process occurred rapidly at 00, was not
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accelerated by increasing the temperature to 370
and was not inhibited by 1 mM-iodoacetate.

3. The binding ofinorganic phosphate bythymus
nuclei was investigated. Linkage to nucleoprotein
is probable but the exact nature of the complex is
not yet certain.

4. Entry of inorganic phosphate to the nucleus
did not require prior uptake into adenosine tri-
phosphate. Entry into the cytoplasm was possibly
linked with glucose utilization; its dependence on
high-energy phosphate compounds is discussed.

5. Arginine also could be extracted from the
nuclei with 05-1-ON-perchloric acid at 00. The
molar ratio of total inorganic and labile phosphates:
arginine was approximately 2: 1.

6. The arginine in the nuclei exchanged rapidly
with [14C]arginine at 00.
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Phospholipid Metabolism in Nervous Tissue
4. INCORPORATION OF 32p INTO THE LIPIDS OF SUBCELLULAR FRACTIONS

OF THE BRAIN*
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In earlier investigations (Davison & Dobbing,
1960a, b; Davison, Morgan, Wajda & Payling
Wright, 1959) it was shown, by introduction of
radioactive precursors into developing animals,

that part of the brain lipids remained metabolically
stable during growth and subsequently in the adult
animal. It was suggested that this metabolic
stability was associated with the myelin sheath and
possibly other anatomical structures in the brain.
This concept was supported by the demonstration* Part 3: Davison & Dobbing (1960b).


