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2. Each amino acid was incorporated into the
protein of the membrane, and the glycerol into the
lipid, without giving rise to other residues.

3. The presence of high concentrations of
penicillin had no effect on the rates of incorporation.

4. Both novobiocin and streptomycin inhibited
the incorporation of amino acids, and, to a much
smaller extent, of glycerol; vancomycin inhibited
the incorporation of amino acids and glycerol
equally. There was no evidence for a selective
inhibition, by any of these antibiotics, of incorpora-
tion into the membrane fraction compared with the
total cell protein and lipid.
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Creasey & Stocken (1959) showed that the
formation of acid-labile phosphate by nuclei iso-
lated from rat thymus gland was completely
prevented by exposing the animals to a 100 r. dose
of X-rays. The possible function of 'glucose 6-
phosphate dehydrogenase' (EC 1.1.1.49) in this
nuclear phosphorylation (Ord & Stocken, 1962a)
led to an examination of the activity of the enzyme
after irradiation. The results suggested that altera-
tions in the concentration of thiol (SH) compounds
in the nuclei from normal rats might influence the
activity of the dehydrogenase and that such altera-
tions might be produced by X-irradiation. Gluta-
thione and glutathione reductase (EC 1.6.4.2) have
been described in nuclei from calf thymus (Stern &
Timonen, 1954; Wang, 1962), and a study of
nuclear thiol groups has been made by Klouwen
(1962). The present paper indicates how the method

of preparation of the nuclei affects the nature and
amount of SR compounds found. The interactions
between 'glucose 6-phosphate dehydrogenase' and
glutathione reductase have also been examined and
shown to complicate the analysis of the effects of
X-irradiation on the nuclei.

METHODS

Animal&. These were taken from the laboratory strain
of Wistar rats. Whenever possible we used females that
were put from the time of weaning into a room with a 12 hr.
light period, from 8 a.m. to 8 p.m. In all cases the animals
were of 100-140 g. body weight (4-6 weeks old).

Nuclei. These were prepared as described by Ord &
Stocken (1961) in either 'ionic medium' [KCI (85 mm),
NaCl (8.5 mm), CaCl2 (2-5 mM), MgCl2 (2.5 mM) and tri-
ethanolamine hydrochloride (5 mM), adjusaed to pH 7.2] or
in 'sucrose medium' [sucrose (0.25M), CaCl2 (5 mM) and
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tris (5 mm), at pH 7.2]. In some experiments the nuclei
were prepared in sucrose medium and finally suspended in
ionic medium. The final concentration ofthe suspension was
usually the equivalent of one thymus/ml. of medium.

'Glucose 6-phosphate dehydrogenase'. 'Glucose 6-phos-
phate-dehydrogenase' activity was determined spectro-
photometrically, in the presence of 1 mM-glucose 6-phos-
phate and 0-1 mM-NADP', from the increase in absorption
at 340 mu produced by NADPH. A portion (2 ml.) of
nuclear suspension was added to 2 ml. ofmedium containing
the substrates and centrifuged immediately at 3500g for
1 min. The absorption was measured at 1-2 min. intervals
for 10-12 min. at room temperature (18°). The absorption
increased linearly for 15-20 min. No attempt was made to
separate glucose 6-phosphate dehydrogenase and 6-phospho-
gluconate dehydrogenase (EC 1.1.1.44).

Glutathione reductase. This was determined by the de-
crease in absorption at 340 mu in the presence of 0-1 mM-
oxidized glutathione (GSSG) and 0-1 mm-NADPH. The
procedure was as described for 'glucose 6-phosphate
dehydrogenase'.

Thiol8. These were assayed with either p-chloromercuri-
benzoate (Boyer, 1954) at pH 7-2 or with di-(2-carboxy-3-
nitrophenyl) disulphide (distributors: R. N. Emmanuel
Ltd., London) (Ellman, 1959). Reduced glutathione (GSH)
(Nutritional Biochemicals Corp., Cleveland, Ohio, U.S.A.)
was used as a standard. A portion (0-5 ml.) of nuclear
suspension was diluted with either 2-5 ml. of medium and
0-02 ml. of 10 mm-di-(2-carboxy-3-nitrophenyl) disulphide
or 1-5 ml. of medium and 1-0 ml. of 0-3 mM-p-chloro-
mercuribenzoate dissolved in medium. After various times
of incubation at room temperature (180) the suspensions
were centrifuged at 3500g for 1 min. and the supernatants
removed for spectrophotometric readings at 412 or 255 m,u
respectively.

Adenosine triphosphate and pyrophosphate. The ATP and
pyrophosphate in the nuclear preparations were measured
after deproteinization with trichloroacetic acid and removal
of the acid with ether. ATP was determined by the
method of Holton (1959) and pyrophosphate by the use of
pyrophosphatase (Bailey & Webb, 1944).

Deoxyribonucleic acid. DNA was determined by the di-
phenylamine method of Burton (1956).

Lysine-rich and arginine-rich histones. These were iso-
lated from nuclei according to the method of Daly & Mirsky
(1954-55).
Emulsions of linoleic acid peroxide. These were prepared

by oxygenation for 20 min. at room temperature (180) of
linoleic acid in sucrose medium (cf. Lewis & Wills, 1962).
The peroxide content was determined as described by
Wagner, Clever & Peters (1947).

Radioautography. This was performed as described by
Fitzgerald, Simmel, Weinstein & Martin (1953). '[1-14C]-N-
Ethylmaleimide' (0 05 fec; specific activity 8 ,ec/mg.; from
Schwartz Bio-Research Inc., Mount Vernon, N.Y., U.S.A.)
was incubated with 0 3 ml. of nuclear suspension and
diluted to 1 ml. with medium. After 0, 15 or 60 min. at
room temperature the suspensions were centrifuged and the
nuclear residues were washed twice with unlabelled N-ethyl-
maleimide (2 ml.; 50 mg./100 ml. of medium). The nuclei
were then suspended in 1 ml. of medium, 0-5 ml. was with-
drawn and plated on to aluminium planchets for determi-
nation of 14C activity (Nuclear-Chicago gas-flow counter),
and the remainder was used for radioautography. Kodak

AR-10 stripping film was used and 3-4 weeks were allowed
for exposure. In experiments with nuclei in sucrose medium
the 14C activity in 0-05-0-1 ml. of the final suspension was
assayed by scintillation counting (type 6012; Isotope
Developments Ltd.).

X-irradiation. Exposures of 200 r. or less in vivo were
given in the Department of Radiotherapy, the Churchill
Hospital, Oxford. The characteristics were: half-value
layer, 1- mm. Cu; peak voltage, 220 kv at 15 mA. In
most of the experiments with 1000 r. in vivo the irradiations
were performed at the Medical Research Council Radio-
biological Research Unit, Harwell. Here the charac-
teristics were: half-value layer, 2-5 mm. Cu; peak voltage,
250 kv at 14 mA. The irradiations in vitro were carried out
in the University Department of Botany. Characteristics
were: unfiltered, 70 kv at 5 mA.

RESULTS

'Glucose 6-jVhosphate dehydrogenase' in thymus
nuclei. The confirmation of the radiosensitivity of
nuclear phosphorylation (Ord & Stocken, 1962b)
prompted an examination of enzyme systems that
might be involved in the phosphorylation and that
might be affected by X-irradiation. 'Glucose 6-
phosphate-dehydrogenase' activity appeared to be
diminished in nuclei isolated in ionic medium from
thymus glands of rats that had received 88-100 r.
15 min. earlier (Table 1). A dose of 5000 r. in vitro
did not inhibit the dehydrogenase activity in a
rat-liver homogenate (Kunkel, Hohne, Maas &
Schubert, 1955), so that direct inactivation of the
enzyme itself is unlikely. The nuclear enzyme was
not affected by the presence of pancreatic or micro-
coccal deoxyribonucleases nor by pancreatic ribo-
nuclease (M. G. Ord & L. A. Stocken, unpublished
work), so that damage to the enzyme through the
release of nucleases (Bacq & Alexander, 1961) was
improbable. The range of activity found in both
control (Table 1) and irradiated nuclear prepara-
tions was, however, disturbingly broad, and a
critical examination was therefore undertaken of
factors that might alter the activity.

It was observed that, after nuclei had been
prepared in ionic medium, the activity of the
enzyme was increased by nearly 100% (Table 1)
by storing the preparation at 00 for 30 min. before
centrifuging. In the experiments with the dehydro-
genase obtained from irradiated rats, care was taken
that the nuclear suspension was assayed immedi-
ately after isolation of nuclei. Centrifuging of a
freshly prepared nuclear suspension in a Spinco
rotor SW39 (38 000 rev./min. for 15 min.) did not
increase the activity in the supemnatant, but, when
the nuclear sediment obtained after centrifuging for
1 miin. at 35OOg was resuspended and the activity
in the resulting (second) supemnatant measured,
'glucose 6-phosphate dehydrogenase' was again
detectable with an activity of about half that
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present in the first supernatant. These results
showed that the dehydrogenase was fairly readily
extracted from nuclei prepared in ionic medium.
The decrease in enzyme activity found after re-
suspension of the nuclei may explain the decreased
phosphorylation found in twice-washed nuclei
prepared in ionic medium (Ord & Stocken, 1962a).

Since these results suggested that the dehydro-
genase activity might be due to absorption of
cytoplasmic components, nuclei were prepared in
sucrose medium. J. A. Smit & L. A. Stocken (un-
published work) have found a greater loss of protein
from nuclei prepared in ionic medium than from
nuclei prepared in sucrose medium. Higher
activity of 'glucose 6-phosphate dehydrogenase'
in sucrose medium (Table 1) supports their finding

Table 1. ' Glucose 6-phosphate-dehydrogenase'
activity in nuclei obtained from rat thymus gland
Five animals were used/nuclear preparation. A portion

(2 ml.) of the nuclear suspension was diluted with 2 ml. of
incubation mixture and the production of NADPH was
followed spectrophotometrically for 10-15 min. The
numbers of experiments are given in parentheses. Activity
is expressed as ,tm-moles of NADPH formed/min./mg. of
DNA phosphorus at 18°.

Nuclei prepared in ionic medium:
Control (12)
Nuclei from rats which received 88-100 r.
15 min. earlier (6)

Nuclei sedimented at 3500g-min. (1)
Nuclei sedimented at 106g-min. (1)
Nuclei washed once (1)
Nuclei washed twice (1)
After standing for 30 min. at 00 (2)

Nuclei prepared in sucrose medium:
Control (5)
Nuclei extracted at 00 (2)
After standing 30 min. at 00 (2)
Nuclei extracted at 180 with ionic
medium (2)

Activity
1-35 0-485
1-09±0-420

1-51
1-51
1-72
0-88
2-58

2-98±0-611
0-66
2-98

10-46

and, since there was no increase in extractability
of the enzyme after standing, it seems that the
enzyme is more firmly bound than in nuclei
prepared in ionic medium. This was confirmed when
nuclei that had been prepared in sucrose medium
were subsequently suspended in ionic medium and
allowed to stand for 10 min. at room temperature
before centrifuging. This gave a greater dehydro-
genase activity in the extract than by the other
methods. Though these results indicated that great
care was required in the preparation of nuclei to
obtain reproducible results, further experiments
showed that interference in the measurement of the
enzyme could arise because of the presence in the
supernatants ofenzyme systems that usedNADPH.
GSSG (0-1-I 0 mm) lowered the apparent activity

of the dehydrogenase (Table 2) but this effect
was considerably diminished by 10 UM-Zn2+ ion,
which inhibits glutathione reductase (Fawaz &
Fawaz, 1962). The presence of this enzyme in the
nuclear extracts was confirmed by direct assay
with 0-1 mM-GSSG and NADPH.

Thiol content of nuclei. The adverse effects of
GSSG on the measurement of dehydrogenase
activity suggested that the effects of X-irradiation
might be caused by radiochemical oxidation of
GSH present in the nuclei.

Determination of the total thiol content of
nuclei prepated in ionic medium at pH 7-2 showed
that deproteinized extracts contained only small
and irreproducible proportions of the total thiol
content. The methods of Boyer (1954) and Ellman
(1959) gave the same values for total thiol content
on identical samples of nuclei prepared in ionic
medium. The reaction was comparatively slow,
especially with p-chloromercuribenzoate, when the
reaction was not complete until 30-45 min. after
the addition of the reagent. The addition of 10 /M-
Zn2+ ion had no effect on the concentration of thiol

Table 2. 'Glucose 6-phosphate dehydrogenase' and glutathione reductase interactions in nuclei
from rat thymus gland

In the first group of experiments nuclei were prepared in ionic medium, and in the second group they were
isolated in sucrose medium and extracted with ionic medium. Five animals were used for each preparation.
Enzyme activity is expressed as umoles of NADPH produced or utilized/min./mg. of DNA phosphorus at 180.

Substrate and coenzyme
Group 1

1 mM-Glucose 6-phosphate +0-1 mM-NADP+

Group 2
1 mM-Glucose 6-phosphate + 0-1 mM-NADP+

1 mM-Glucose 6-phosphate +0-1 mm-NADP+
0-1 mM-GSSG + 0-1 mM-NADPH

Variant

+ 1 mM-GSSG
+0-1 mM-GSSG
+ 10iM-GSSG
+ 10 pM-ZnSO4
+0-1 mm-GSSG
+ 0-1 mM-GSSG + 10 ,tM-ZnS04
+ 10 pM-ZnSO4
+ 10juM-ZnSO4
+ 1 mM-Glucose 6-phosphate

Enzyme
activity
(control)

Effect
of variant

(% of control)

1-35 30 (4)
1-35 68 (4)
1-35 100 (1)

10-13
10-13
10-13
10-8
1-34
1-34

126
74
110
117

0
0
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groups, and chromatographic analysis of acid
extracts ofthe nuclei failed to establish the presence
of reproducible amounts of glutathione.

Isolation of lysine-rich and arginine-rich histones
showed that the SH content of nuclei prepared in
ionic medium was mainly attributable to the
arginine-rich histone, and, in agreement with
previous work (Daly & Mirsky, 1954-55), no thiol
groups were detectable in the lysine-rich fraction.
Of the total SH content 67 % was associated with
the arginine-rich histone fraction and 83% of the
SH groups of the histone reacted with di-(2-
carboxy-3-nitrophenyl) disulphide in 5 min. The
low recovery of SH may be due to the presence of
slowly reacting thiol compounds that are not
extracted from the nuclei by acid treatment.

Nuclei prepared in sucrose medium contained
very much higher amounts of SH groups (Table 3),
as might be expected from the greater loss of
proteins from nuclei isolated in ionic medium.
Dialysis of the supernatant obtained when nuclei
prepared in sucrose were extracted with ionic
medium showed that diffusible thiols were present.
Chromatographic analysis of the acid extract from
nuclei prepared in sucrose medium indicated the
presence of glutathione as well as higher-molecular-
weight SH compounds. It therefore seems probable
that preparations of nuclei in ionic medium did not
allow the retention of reproducible amounts of
associated glutathione.
The effects of 10 pM-Zn2+ ion on the total SH

content of nuclei isolated in sucrose medium
(Table 3) and on the 'glucose 6-phosphate-

Table 3. Thiol content of nuclei i8olated from
rat thymu8 gland

Nuclei were incubated at pH 7-2 with di-(2-carboxy-3-
nitrophenyl) disulphide or p-chloromercuribenzoate at 180.
After 5-45 min. the preparations were centrifuged at
3500g for 1 min. and the supernatants used for spectro-
photometric assay. The numbers of experiments are given
in parentheses. Thiol content is expressed as ,gm-moles of
SH/mg. of DNA phosphorus.

Thiol content

Ellman
(1959)
method

Nuclei prepared in ionic medium:
Total SH 308±38 (15)
SH reacting in 5 min. 255 (7)

Nuclei prepared in sucrose medium:
Total SH 469±33 (7)
SH reacting in 5 min. 375 (5)
Effect of ZnSO4

Control 525, 426
+ 10 Am-ZnSO4 482, 399

Nuclei prepared in sucrose and
suspended in ionic medium:

Total SH 666, 620

dehydrogenase' activity (Table 2) suggest that
these nuclei also contained small amounts of GSSG,
whose reduction would normally be catalysed in the
extracts by glutathione reductase and NADPH.
Nuclei prepared in ionic medium contain all four
species of nicotinamide coenzyme (M. G. Ord &
L. A. Stocken, unpublished work). The presence of
Zn2+ ions did not abolish the slowly reacting com-
ponent in the thiol reaction. Of the SH content of
nuclei prepared in sucrose medium 69 % was
associated with the arginine-rich histone fraction.

In view of the effects of X-irradiation in vivo on
nuclei isolated in ionic medium, it was interesting
that the highest thiol contents were found with
nuclei that had been prepared in sucrose and
extracted with ionic medium.

Effect of X-irradiation on the thiol content of
nuclei. The potential interactions between gluta-
thione reductase and disulphide compounds present
or produced in nuclei made it advantageous to
investigate the effects of X-irradiation in vitro when
controls could be directly compared and when
glutathione reductase could be inhibited by Zn2+
ions. Irradiation with 200 r. in vitro had no detect-
able effect on the thiol content of 10 uM-GSH in
0-02m-phosphate buffer, pH 7-2, but 1000 r.
decreased the concentration by 43 % (cf. Barron &
Flood, 1950). Irradiation of nuclei prepared in
ionic medium failed to show any effect on their
total SH content, but if nuclei were prepared in
sucrose a decrease in SH content was apparent
(Table 4). If no Zn2+ ions were present the decrease
in thiol content was only found at the first spectro-
photometric reading (total time from the end of
irradiation to measurement, 10 min.), but when
10 jLM-Zn2+ ion was present the decrease was
apparent at both time-intervals and was indeed
still found in nuclei that had been kept at 0° for
30-45 min. after irradiation. This suggested that
oxidized thiol compounds could be reconverted into
the reduced form by the glutathione reductase
present in the preparations.
An attempt was made to isolate the thiol com-

pound that might have been oxidized. A dose of
1000 r. was given to 5 ml. of nuclei prepared in
sucrose medium. The control and irradiated pre-
parations were treated with 1 ml. of 30% (w/v)
trichloroacetic acid, and the acid was removed from
the deproteinized supernatants with ether. Only
30% of the total SR content of the nuclei was
extracted into the supernatant, and no difference
was found between extracts from control and
irradiated nuclei. In control preparations of nuclei
in sucrose medium about 20% of their total SH
groups remained in the supernatant after centri-
fuging the suspension for 1 min. at 3500g, and this
fraction also was unaffected when the nuclei were
given 1000 r. Thus when nuclei are suspended in
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sucrose medium the radiosensitive thiol components
are not readily extractable from the nucleus.
When X-irradiation was given in vivo 200 r.

produced no significant effect on the thiol content
of nuclei isolated in ionic medium, but with 1000 r.
increased SH reactivity was found (Table 5). This
was confirmed by using 14C-labelled N-ethyl-
maleimide, when the total 14C activity ofthe washed
nuclei increased with the time of incubation with
N-ethylmaleimide and showed higher counts with
nuclei from the irradiated rats. When nuclei were
prepared in sucrose medium after X-irradiation
in vivo two effects were detected. In the absence of
Zn2+ ions an initial depression in thiol content,
found when nuclei were incubated for 5 min. with
the reagent, was followed by a slight increase in
activity after 30 mim. of incubation. This increase
was confirmed radioautographically (Table 7), and,
when uptake of 14C-labelled N-ethylmaleimide was

measured, 15 min. and 60 min. ofincubation showed
11 and 12% increases respectively in uptake in the
irradiated nuclei. It is assumed that during the
lengthier manipulations of the nuclei the gluta-
thione reductase reversed the initial lowering of the
SH content. When 1O pM-Zn2+ ion was present in
the sucrose medium throughout the preparation of
the nuclei 1000 r. in vivo gave a fall in nuclear SH
content which was detectable after both 5 min. and
30 min. of incubation with di-(2-carboxy-3-nitro-
phenyl) disulphide. In this experiment, as with
irradiation in vitro, there was no decrease in SH
content of that fraction (20%) of the thiol activity
which was present in the supernatant obtained
after centrifuging the nuclear preparation for
1 min. at 3500 g.
Radioautography of thiol groups. 14C-labelled

N-ethylmaleimide was incorporated into an in-
soluble compound clearly localized in the nucleus.

Table 4. Effect of X-irradiation in vitro on the thiol content of nuclei from rat thymus gland

Nuclei were prepared in sucrose medium. A portion (5 ml.) of the preparation was irradiated at 00 and the
thiol content of the control and irradiated suspensions was measured by using di-(2-carboxy-3-nitrophenyl)
disulphide. When present, the final concentration of ZnSO4 was 10 jLM. Thiol content is expressed as jum-moles of
SH/mg. of DNA phosphorus.

Exposure
(r.)
1000

1000

1000

1000

Ti
incubi
SH

ZnSO4 (

+
+

+

+

ime of
ation with Thiol content
reagent , -
min.) Control Irradiated
5 431 382

30 486 481
5 392 344

30 531 450
5 428 360

30 488 412
30 492 497

541 511

Table 5. Effect of X-irradiation in vivo on the thiol content of nuclei isolated from rat thymus gland

The animals were killed 15-60 min. after irradiation, and nuclei were prepared from control and exposed rats.
Six rats were used/group. In some of the experiments in which 200 r. was given the SH groups were measured
by using both di-(2-carboxy-3-nitrophenyl) disulphide and p-chloromercuribenzoate; in the other experiments
only the method of Ellman (1959) was used. The numbers of experiments are given in parentheses. Thiol content
is expressed as pLm-moles of SH/mg. of DNA phosphorus.

Time after Time of

Exposure
(r.)

end of
exposure
(min.)

incubation with
SH reagent

(min.)

Thiol content

Control Irradiated
Nuclei isolated in ionic medium:

200 (4) 15
1000 (1) 15
1000 (1) 60

Nuclei isolated in sucrose medium:
1000 (1) 60
1000 (1) 60
1000 (1) 60

(10 /LM-ZnSO4 present)
200 (3) 60

(IOhM-ZnSO4 present)

25 314 325
25 299 353
25 270 348

5 289 255
30 357 366
5 363 302

30 551 411
30 446 465
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The number of nuclei showing the presence of label
increased with time (Table 6), and from a differential
analysis it appeared that the larger thymocytes
took up the label more rapidly and to a greater
extent than in the small thymocytes (Table 7). The
increase in SH content of nuclei isolated in ionic
medium after exposing the rats to 1000 r. was due
mainly to an increase in SH content of individual
nuclei rather than to an increase in the number of
nuclei reacting. The action was principally on the
small thymocytes, in which the numbers of grains/
nucleus appeared to be higher in the irradiated
population.

Radiomimetic effects of linoleic acid peroxide and
oxidized glutathione. The possibility that lipid
peroxides are produced in tissues by X-irradiation
has been considered by Horgan, Philpot, Porter &
Roodyn (1957), who found evidence for peroxide
formation in mice after exposure. Lewis & Wills
(1962) have shown that linoleic acid peroxide

oxidizes SH groups of eysteine very readily, and
GSH and papain more slowly.

Linoleic acid peroxide in the concentration used
did not affect the absorption at 412 m,u that had
been produced by reaction of di-(2-carboxy-3-
nitrophenyl) disulphide and 50 gm-moles of glut-
athione, but when the peroxide was added immedi-
ately before the reagent a slight inhibition was found
(Table 8), as described by Lewis & Wills (1962). The
SH content of the nuclear preparation was lowered
by the addition of linoleic acid peroxide; the
nuclear SH components were more sensitive to
peroxide than was GSH.

Since oxidation of nuclear thiol groups could be
produced by linoleic acid peroxide we decided to
see if oxidized SH compounds would have any effect
on nuclear phosphorylation. GSSG was used as a
model and the ability of the nuclear preparations to
phosphorylate was examined by measuring the
pyrophosphate formation of the nuclei during

Table 6. Radioautographic analysis of the uptake of 14C-labelled N-ethylmaleimide into nuclei isolated
in ionic medium from thymus gland of normal and X-irradiated rats

In Expt. 1, the nuclei were isolated 15 min. after irradiation, and in Expt. 2 60 min. after irradiation. The
radiation dose in each experiment was 1000 r.

Time of
bation with
N-ethyl- No. of
aaleimide nuclei
(min.) counted

0 719
15 481
60 256
0 568
15 639
60 583

Control

Percentage
with 2 or
more grains

27-8
48-0
70-7
28-7
39-2
56-5

Irradiated
A

No. of Percentage
nuclei with 2 or
counted more grains
529 26-0
421 54-8
372 80-4
583 37-6
626 41-6
487 53X4

Table 7. Analysis of grain counts in nuclei from thymus gland of control and X-irradiated rats
killed 15 or 60 min. after exposure to 1000 r.

Nuclei were distinguished as small nuclei and 'others'. The small nuclei comprised about 80% of the total
population. Nuclei were isolated in ionic medium, except in Expt. 3, when they were isolated in sucrose medium.
Unless otherwise stated, the nuclei were incubated for 60 min. with 14C-labelled N-ethylmaleimide. In Expt. 1
the rats were killed 15 min. after exposure; in Expts. 2 and 3 they were killed 60 min. after X-irradiation.

Expt. Type of nuclei
1 'Others'*

'Others'
Small
Undifferentiated controls
Undifferentiated 1000 r.

2 Small (controls)
Small (1000 r.)

3 Small (controls)
Small (1000 r.)

No. of
nuclei counted
(and those with
more than 2

grains)
41 (32)
37 (32)
152 (91)

(133)
(112)
(227)
(241)
(143)
(168)

Percentage of population with grain counts

2-4
56
19
72
66
55
70
65
53
40

5-7 8-10
25 10
34 19
22 6
21 8
36 4
23 6
31 3
31 11
33 20

> 10

9
28
0

5
5

1

1

5
7

* Incubated with 14C-labelled N-ethylmaleimide for less than 1 min.

incu

jExpt.
no.

1

2
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incubation at 00, in the presence and absence'of
GSSG. Pyrophosphate formation exceeding the
disappearance of ATP originally present in the
nuclear suspensions has been used as a measure of
nuclear phosphorylation. The excess of pyro-
phosphate arises from the utilization of ATP for
activation of amino acids, and possibly of other
substrates, for synthetic reactions in the nuclei
(Ord & Stocken, 1962 a). In the presence of
1 mM-GSSG the formation of pyrophosphate was
diminished to about 30% of that in the control
nuclei (Table 9).

DISCUSSION

Ord & Stocken (1961, 1962a) showed that nuclei
prepared in ionic medium took part in both
phosphate transfer reactions and in the activation
of amino acids. From the results reported above it
is clear that marked loss of protein from the
nucleus occurs in this type of preparation (see also
Allfrey, 1959) and this presumably accounts for the
variability in glucose 6-phosphate-dehydrogenase
concentrations in these 'nuclei. A more important
factor in the dehydrogenase assay was interference
from the glutathione-reductase system. This
system had been investigated in calf-thymus nuclei

Table 8. Effect of linoleic acid peroxide on the thiol
content of thymus nuclei prepared in sucro8e medium

0O 1M-Linoleic acid in ethanol was diluted with 9 vol. of
sucrose medium. After oxygenation of the emulsion for
20 min. at 180, it was filtered; 0-3 ml. was diluted with
2-2 ml. of medium, and 0.5 ml. of nuclear suspension was
added. Approx. 3 min. later 0-02 ml. of di-(2-carboxy-3-
nitrophenyl) disulphide was added. The control assays were
performed in the presence of 0*3 ml. of oxygenated sucrose
containing 10% (v/v) of ethanol. Thiol content is expressed
as ,um-moles/3 ml.

Decrease in
Peroxide added Thiol content thiol content
(,um-moles/3 ml.) (control) caused by peroxide

Not known 23.5 6*2
20 4 31-1 8*55
27*5 24-6 10*8
27-5 10.6* 1-4

* In this experiment reduced glutathione was used in
place of the nuclear preparation.

by Stern & Timonen (1954) but no measurements
were reported of total thiol content of the nuclei.
Complete analysis of the thiol groups in these
preparations has not yet been achieved but the
major contribution that arginine-rich histone(s)
make to the total thiol content of nuclei from rat
thymus was unexpected. Glutathione appears to
account for a comparatively small proportion of the
total.
The concentration of glutathione reductase

probably accounted for the effects of GSSG on
'glucose 6-phosphate dehydrogenase', but the
effects of GSSG on nuclear phosphorylation are less
easily interpreted. Nuclear phosphorylation re-
quires the presence of oxygen (Allfrey, Mirsky &
Osawa, 1955; W. A. Creasey, unpublished work) so
that it seems unlikely that NADPH produced by
'glucose 6-phosphate dehydrogenase' is normally
completely reoxidized 'through the glutathione-
reductase system. The inhibitory action of GSSG
therefore seems attributable either to diversion of
NADPH from oxidation which is usually linked to
phosphorylation, or to a disturbance produced by
GSSG in the normal thiol-disulphide equilibria in
nuclear proteins, whose functions are still unknown.
Alterations in thiol-disulphide equilibria of nuclear
proteins are thought to occur during cell division
(see Mazia, 1961); it is nuclei from the larger thymo-
cytes, showing most of the mitotic activity of the
thymus (Sainte-Marie & Leblond, 1958), that have
theThigher SH reactivity in radioautographs.
Two effects of X-irradiation on nuclear thiol

groups have been detected. In nuclei isolated in
sucrose medium a decrease in SH content was
found after irradiation both in vivo and in vitro.
The fall was transient if glutathione reductase was
not inhibited. Glutathione reductase is believed to
be specific for GSSG (Knox, 1960), but, since GSH
was probably a comparatively minor contributor
to nuclear SH' groups and since interactions
between GSH and protein disulphide groups have
been described (see Knox, 1960), initial oxidation
of SH groups on proteins cannot be ruled out. The
second effect of X-irradiation, most obvious in
nuclei prepared in ionic medium, was an increase
in thiol groups in nuclei from the smaller thymo-

Table 9. Effect of oxidized glutathione on pyrophosphate formation by nuclei isolated in ionic medium

The reaction was stopped by the additi6n of trichloroacetic acid. ATP and pyrophosphate were determined
after the removal of the acid from the deproteinized extracts. The reaction was stopped at 0 min. or after 30 min.
of gentle shaking at 00. Concentrations are expressed as tm-moles/mg. of DNA phosphorus. Pi, Inorganic
phosphate; PP, pyrophosphate.phosphate;PP, pyrophosphate. Change in concn. of phosphate after 30 min.

Initial concn. of ,A__
phosphate Control + 1 mM-GSSG

ATP PP Pi ATP PP Pi ATP PP
5-7 17-9 ;+358 -3-4 +23-1 +58-9 -3.9 +5-3
3-5 2993 +39-2 ; -'0!8 +21i2 +42-5 - 0*8 +8-2
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cytes. This disturbance probably occurred in both
types of preparation, although in nuclei retaining
larger amounts of SH compounds the effect was
masked by the decrease ascribed to oxidation of
histone SH groups. It is not clear whether the two
actions of X-rays are related; the increase in SH
content was seen in nuclei prepared in ionic medium
both at 15 and at 60 min. after irradiation in vivo,
indicating that it was a fairly immediate effect. It
was not, however, detected after irradiation in vitro
in either type of nuclear preparation. The increased
SH content might originate from non-histone thiol
groups, which may account for 30% of the total,
but SH reactivity can be increased in control
nuclei prepared in sucrose if the final suspension is
made in ionic medium. This suggests that the
higher ionXic strength of ionic medium (I 0 1i)
compared with that of the sucrose medium
(I 0 015) might cause partial dissociation of the
nucleoprotein structure and permit SH gronups that
were unavailable in the sucrose medium to become
reactive. A similar explanation can be offered for
the increased SH content after 1000 r. in vivo.

These changes in thiol compounds indicate
rather profound alterations in nuclear structure
after X-irradiation. Production of SH groups may
be the direct result of the ionizing events, but the
oxidation may be partly consequential on the
formation of lipid peroxides after irradiation
(Horgan et al. 1957). A decrease in the total SH
content of rat thymus after exposure has been
reported by Ashwood-Smith (1961), and Kedrova,
Antokol'skaya & Rodionov (1961) have found a
fall in extractable SH content of liver nuclei after
1500 r. in vivo. It is possible that oxidation of
histone SH groups may be associated with the
protection apparently exerted by the protein of
deoxyribonucleoprotein against damage to DNA
after X-irradiation in vivo and in vitro (Peacocke &
Preston, 1961). It has already been postulated that
the effects ofGSSG on nuclear phosphorylation may
be through changes in protein thiol-disulphide
equilibria, and such changes could also account for
the radiosensitivity of this process and might be
expected to have an effect on the actual mechanism
of spindle formation in mitosis and so provide a
biochemical factor in the arrest of this process after
X-irradiation.

SUMMARY

1. A study has been made of the thiol groups
present in nuclei from rat thymus gland. Of the
total thiol content of the nuclei 70% was associated
with arginine-rich histones.

2. Proteins, including those containing thiol
groups, are lost from nuclei isolated in ionic
medium. Nuclei isolated in sucrose medium
[sucrose (0.25M), calcium chloride (5 mm), and tris

(5 mim), at pH 7 2] retain reproducible amounts of
thiol compounds and 'glucose 6-phosphate ddhydro-
genase'.

3. The reactivity of thiol groups in nuclei iso-
lated in sucrose medium is inereased if the final
suspension is made in ionic medium.

4. '[ 1-40C]-N-Ethylmaleimide' has been used in
conjunction with radioautography to investigate
the distribution of thiol groups in the nuclear
population from rat thymus.

5. X-irradiation in vivo or in vitro decreases the
concentration of thiol groups in nuclei isolated in
sucrose medium; this effect is transient if the gluta-
thione reductase, present ip the nuclei, is not
inhibited by 10 ,uM-Zn2+ ion.

6. X-irradiation in vivo increases the number of
reactive thiol groups especially in nuclei from small
thymocytes; this effect is most obvious in nuclei
isolated in ionic medium where the inhibitory
action of X-irradiation on nuclear thiol groups is
not detected.

7. Linoleic acid peroxide, in concentrations
approximately equimolar to the thiol concen-
tration, decreased the thiol content of the nuclei.
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The Formation of Metabolites from Cephalosporin Compounds
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The discovery of cephalosporin and the elucida-
tion of its structure has led to the preparation of a
new series ofcompounds with antibacterial activity.
The nucleus of the cephalosporins consists of a di-
hydrothiazine ring fused to a fl-lactam ring
(Abraham & Newton, 1961).

S
(X) H2N 1

C-N CH2-*OCO*CH3
0

CO2H

Cephalosporin C has an ac-aminoadipoyl group in
the 7-position (X) and is the only member of this
series of compounds that has so far been found in
natural products. The cephalosporins differ from
the penicillins in that no analogues are produced
when precursors such as phenylacetic acid are in-
corporated in the fermentation medium. The
a-aminoadipoyl group can, however, be removed
from cephalosporin C by hydrolysis (Loder,
Newton & Abraham, 1961) or by treatment with
nitrosyl chloride (Morin, Jackson, Flynn & Roeske,
1962), and the 7-amino group can then be sub-
stituted if desired. The first cephalosporin analogue
to be prepared in this way was 7-phenylacetamido-
cephalosporanic acid (sodium salt) (called 'phenyl-
acetyl cephalosporin').

In laboratory studies, which are not reported in
detail below, we have shown that phenylacetyl
cephalosporin has an antibacterial spectrum similar
to that of benzylpenicillin, with the added advant-
ages of a greatly increased stability to acid and to

penicillinase. Against experimental Staphylococcu8
aureu8 infections in mice, phenylacetyl cephalo-
sporin gave irregular results in which the protection
obtained was not parallel with the dose given.
Although it has a low toxicity for mice, some
animals receiving low doses were protected,
whereas some having larger doses died.
To explain these irregular results, in which no

clear-cut end points were obtained, a variable
metabolic decomposition of the substance to a
compound with decreased antibacterial activity
was postulated, and the work reported below
describes the investigation of the fate of phenyl-
acetyl cephalosporin and other cephalosporins in
the mammalian body.

EXPERIMENTAL

Chromatography and bio-autograph8. A suitable solution
in 30,ul. quantities was applied to Whatman no. 1 papers,
buffered with 0 05M-sodium phosphate at pH 6-0. Un-
diluted serum and urine samples were applied to the paper
in the same volume but, where it was expected that the
antibiotic concentration would be low, several (up to five)
applications were made on the same spot, the paper being
dried in a stream of warm air between applications. The
solvents used were: (a) butan-l-ol-ethanol-water (4:1:5, by
vol.); (b) propan-l-ol-water (7:3, v/v). The chromato-
grams (descending) were allowed to run for 18 hr. After
drying, the papers were placed on nutrient-agar plates
seeded, for phenylacetyl cephalosporin, with 1% of a
24 hr. broth culture, diluted 1:100, of S. aureus (NCTC
7447). For cephalosporin C or N-dinitrophenyl cephalo-
sporin C, 1% of a 1: 500 dilution of a spore suspension of
Bacillus subtilis (ATCC 6633) was used. The papers were
removed after 15 min., and the plates were incubated at


