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Abs t

The report desoribes investigations into the following three
aspeots of ocerebral phosphoproteins and their metaboliem.

ellul ibut of ce; al phosphoprote

In earlier work it was shown that electrical atimulgﬁion of slices
of guinea pig cerebral cortex, respiring with inorganic ““pkosphate,
results in an inorease in the radiocactivity of the tissue phosphoprotein-
P. Experiments designed to determine the subcellular site of the
phosphoprotein sensitive to stimulation suggested it was located in
structures within the nuclear fraotion, but interpretation proved
difficult, since the nuclear fraction was oontaminated with material
from other fractions.

As a preliminary to the present investigation, the subcellular
distribution of phosphoproteins in brain was determined by procedures
yielding well-defined fractions. Fresh cerebral cortex homogenates
were fractionated by differential centrifuging into 5 primary fractions.
In each fraction the ratio mumoles phosphoprotein-P to mg. protein was
determined. Mean values for 7 experiments were as follows:
nuclear, 10.7 + 0.3; mitochondrial I, 6.0 + 1.8; mitochondrial II,
7.2 £ 1.0; microsomal, 12,3 t+ 2.2; supernatant, 10.1 t 1.4

The nature of the nuclear subfraction believed to contain the
sensitive phosphoprotein was then explored. Primary nuclear and
mitochondrial fractions were subfractionated by density-gradient
methods. Four subfractions (A B, C, and D) were isolated from both
primary fractinns and analysed for protein, phosphoprctein-P, RNA,
cholesterol, and succinic dehydrogenase. The analyses suggested that
nuclear subfractions A, B, and C largely consisted of oross-contaminating
material from the mitochondrial fraction. Thus nuclear subfraction B,
considered from the earlier work to be rich in the sensitive
phosphoprotein, corresponded in composition to mitochondrial subfraction
B. By washing the primary nuclear fraction 3 times by resuspension and
recentrifuging, at least 90% of A, B, and C were removed without
appreoiably affecting D. Electron microscopy of the subfrections also
tended to confirm this conclusion. Shrunken nerve-endings and damaged
mitochondria were seen in both B-subfractions, but the nuclear subfraction
appeared mnre heterogeneous.

The sulcellular distribution of phosphoprotein-BzP following
electrical stimilation of cortex slices was studied by determining the
radicactivity of phosphorylserine isolated from protein residues by
aocld hyd.olysis and chromatography. Slices were electrically stimulated
in quick-transfer holders under conditions established in an earlier
study.

In preliminary experiments, homogenates of tissue were centrifuged
in a sucrose density gradient. In three experiments the specific
aotivity of phosphoprotein-P in a subfraction equilibrating above 1.2
M-sucrose (Bg was found to increcase by an average of 73% on stimulation,
compared with an increase of 48% in the fraction equilibrating above
1.4 M-suorose (C). Since the average succinic dehydrogenase activity
in subfrection C was twice that of subfraction B, it appears unlikely
that a major inorease in the radiocactivity of mitochondrial phospho-
protein ocours on stimulation. The distribution of phoephoprotein
radiocactivity was further examined by differential centrifugation.

It was observed that the distribution of partioulate material obtained
from inoubated tissue was affected by small quantities of medium carricd :
to the suorose by the slice, the nuclear fraction incrcasing in
protein ocontent at the expense of the mitochondrial and miocrosomal :
fraotions. When slices wore rinsed in 0,32 M-suorosc, a procedure
subsequently adopted, the yield nf microsomal protein increased from
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0.2 mg./gm. of tissue to 10 - 12 mg./gm. Homogenates of inoubated
tissue were centrifuggd to obtain a combined nuclear and mitochondrial
!‘rgotion (P1; 2 x 10° g min.) and a microsomal fraction (F2; 6.2 x
10° g min.). In 6 experiments, the increase in phosphoprotein radio-
activity following stimulation averaged 30 ¢ 3.5 in the homogenate,
5.2 £ 3,2 in F1, and 23.7 + 5.5 in F2. These results suggest that a
sensitive phouphoprotein is locatcd in membrane structures normally
sedimented with a microsomal fraction rather than a nuclear fraction
a8 earlier claimed.

Cercbral protcin phosphokinase

The properties of a protecin phnsphekinasce enzyme from ox brain,
catalysing the transfer of inorganic phosphate from ATP to phosvitin,
were examincd. The onzyme was prepared from acetone powders of ox
baa.in grey matter and effect of cations on activity assayed by mea ng
32p transforred in 10 min. to 2 mg. of phosvitin from 1 umole of AT/€P
buffered with 50 mM-tris-HC1l, pH 7.4. The enzyme was stimulated by Mg,
maximally at 5 mM-; higher concentrations were progressively inhibitory.
With 5 mM-Mg present, a further stimulation, ranging from 150 - 220% of
control was given by the following ions (at 200 mM-) in order of
effectiveness: K, Rb, Cs, Na, NHy, choline, and tris. Under the same
conditions, Li was inactive and Ca (1 - 5 mM-) inhibitory. The
percentage stimulations shown by K, Rb, Cs, and Na incrcesed as the Mg
concentration was lowered from 5 to 1 mM-. Both Na and K gave maximal
stimulation at 200 mM- in the range 1 - 5 mi-kg.

The subcellular distribution of the enzyme was studied, using the
same basic system. Of the total activity in homogenates of guinca pig
cercbral certex, approximately 46% was fgund in the soluble fraction (s),
20% in a microsomal fraction (Ms, 9 x 10 g min.), 28% in a mitochondrial
fraction (Mt, 2 x 10° g min.), and 6% in a nuciear fraction (N, 8 x 103
g m*n.). In terms of umoles P tra.nsferred/mg. protein, the activities
for the four fractions were: N, 0.049; Mt, 0.028; Me, 0.058; S, 0.12.
Enzyme activity in microsomal and soluble proteins was stimulated by Na and
X to approximately the samc cxtent,

Attempts to preparc protein fractions enriched in phosphoproteins

A method was developed for solubilizing between 10 and 20% of the
proteins and phosphoproteins from a cerebral membrane fraction and from
microsomes. This involved raising thc pH of an aqueous suspension of the
insoluble lipoprotceins to 10.%5 at 0° with dilutc NaOH, immediately
neutralizing and centrifuging at high speed. In some experiments the
soluble fraction was rcprecipitated at pH 4.5 and partially brought back
into solution at pH 7. The resulting soluble fraction was relatively
low in phospholipid and slightly enriched in phosphoprotcin.

e B L S

e




Contents

Goneral Introduction e..vsevesesoiosoosssranss
Experimental materials end methods secesecess
Subcellular distribution of cercbral
phosphoproteins, including location of a
phosphoprotein sensitive to electrical
8timlation sevceceiscessiscnoncrsciossannens
Studies of a cerebral protein phosphokinase .

Attempts to isolate pfoteins enriched in
phosphoproteins from brain sececiscesscescase

Discussion and current c0..clusions c.eececess

References sesieescecescscerscsossvsncsssconcse

S AP BRI B AR b B e A VO TR W MRS 3 Rl ¢ Zeen 1 e

Page

12

17
22

25




Generel Introduction

The studies described in this Report originate from an observat-
ion made in this Department by P. J. Heald (1957). Heald found that
electrical stimulation for 10 sec. of slices of guinesa pig cerebral
cortex, respiring in vitro in the presence of 02, glucose, and N
results in an inorease in the apecific radiocactivity of the tissue
phosphoprotein-P without any change in its concentration. This
change occurs concomitantly with a decrease in both the specific
radioactivity and concentration of adenosinetriphosphate (ATP) amd
creatine phosphate in the tissue. The changes in phoaphoprotein
radiocactivity may reflect a role for phosphoproteins in energy-
yielding processes concerned in the resynthesis of ATP (Wedkins &
Lehninger, 1958) or alternatively an involvement in some aspect of
energy utilization in the cell. So far as the latter is concerned,
the most likely process would be that of ion transport, since
electrical stimulation under these conditions induces changes in
ionic balance consisting in a loss of potassium and a gain of sodium
by the tissue (Cummins & McIlwain, 1961), and restoration of this
balance by the active extrusion of sodium from the cell is probably
the major energy-consuming reaction in cerebral tissue (Whittam,
1962). The hypothesis of a role for phosphoproteins in sodium
transport is an attractive one in view of the very considerable
evidence that a membrane adenosinetriphosphatase (ATPase) plays & part
in this process (Skou, 1961). It is noteworthy that phosphorylated
intermediates have been postulated to explain ATPase action in
mitochondria (Lehninger, 1962), aud for muscle myosin (levy &
Koshland, 1959).

The present investigation is divided into three parts, as
follows. PFirst, a study of the subcellular location of phospho-
proteins in cerebral tissue, especially of the phosphoproteins
sensitive to electrical stimulation; second, observetions on the
properties of enzymes in cerebral tissue transferring P from ATP to
phosphoproteins; and finally some preliminary attempts to prepare
from cerebral tissue protein fractions enriched in phosphoproteins,
with a view to the eventual isolation of the phosphoprotein
sensitive to stimulation. In the Report, the three parts are treated
separately so far aa introductory matter and presentation are
concerned. For oonvenience, however, all experimental methods are
inoluded in the next section, and the results are discussed

together in a later section.
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Materisls

Phosvitin. The product supplied by Nutritional Biochemioal
Corporation was treated with EDTA and dialysed by the procedure of
Rose & Heald (1961).

A’,"}_Zz. This was prepared essentially by the procedure of
Pressman (1960), using disodium ATP from Sigma Chemical Co. The
final product was converted to the tris-salt with Dowex 50 resin,
Before use the product was diluted with 10 or 20 nM-tris-ATP to the
desired concentration and activity.

GT522. The procedure was esentially the same, except that a

nixture of ATP and GTP was present in the reaction mixture. The
labelled nuoiestides were separated on Dowex 1 x 8 resin and the
purity of the GIP fraotion checked by rechromatography.

General metheds

Digpersions of tissues, aoetor‘ﬁ a%%w%%rs or protein fractions were
made in glass homogenizers fitted with ,(I'eflon pestles (A. H. Thomas,
Springfield, U.S.).

Centrifugation at high speed was carried out in the superspeed
head of a Measuring & Scientific Equipment (MSE) refrigerated
centrifuge, in a Spinco Model 'L' Centrifuge or, in later experiments,
in a MSE '25000' machine. Centrifugal forces are expressed throughout
as g-min,, i.e. ayerage g multiplied by the time of centrifugation in
min.

Analytical methods

Phosphorous. The isobutanol-benzene method of Martin & Doty (1949)
was adapted to suit the scale of the particular experiment. This was
usually in the range of 1-10 ug. of P.

Phosphoprotein. This was determined by measurement of the alkali-
labile-P in the insoluble residue remaining after extraction of the
tissue with 10% (w/v) trichloroacetic acid and 211 (v/v) chloroform-
methanol (McIlwain & Rodnight, 1962).

te, ti ., The above procedure is unsatisfact-
ory for measurement of the specific radioactivity of the protein-P, since
the acid-imsoluble residue tendas to adsord 521’ non-specifically.
Provided that an absolute value for phosphoprotein-P is not required,
analysis of the phosphoryl serine released by partial acid hydrolysis of
the proteins overcomes this difficulty. The procedure used was similar
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to that of Heald (1958), except that in every case the sctusl speoifio
aotivity of the phosphoryl serine-P was determined, rather than the

total rediocactivity in the phosphoryl serine fraction. Hydrolysis at

100° was in 2 N-HC1 for 5 hr. in sealed tubes. Control experiments showed
negligible contamination of the final fraction from the resin colum with
32P, but the actusl amount of phosphoryl serine obtained in the aoid

hydrolysates was somewhat variable.

Protein. This was either determined by a Biuret procedure (wen
Aldridge & Johnson, 1959), or on a micro scale by the method of Lowry
et al. (1951).  The latter was usually employed in the enzyme studies.

Lipid-P. The procedure given by McIlwain & Rodnight (1962) was
used.

Ribonucleic acid (RNA). An approximate measure of RNA was obtained
by measuring the absorption at 260 mu of an alkaline-digest of the acid-
ineoluble tissue residue, neutralized with 30104. Yeast-RNA was used as
a standard.

Cholestercl. The digitonin method described by McIlwain &
Rodnight (1962) was used.

Succinic dehydrogenage. This was determined manometriocally using
ferricyanide as electron acceptor (Aldridge & Johnson, 1959). To ensure
that maximum activity was released from the tissue, samples were frozen
and thawed several times and then diluted with water before analysis.

Subcellular fractionationa. Dispersions of tissue were made in 10
vol. (w/v) of 0.32 M-sucrose at 0° containing 0.5 mM-EDTA adjusted to pH 7.
The dispersion was then fractionated by the various procedures indicated
in the text.




Suboellular location of phosphooroteins

Introduotion

It was hoped that these studies would indicate whether the increased
phosphoprotein metabolism was part of an energy-yielding or sn energy-
utilizing process. Thus a mitochondrial location would suggest a role in
the synthesis of ATP through oxidative phosphorylation, whilst a location
in membrane structures would favour a role in ion transport, an energy-

consuming process.

Some preliminary studies of these aspects had already been made by
Heald (1959, 1961) when the work commenced. Heald showed clearly thet the
major increase in phosphoprotein radioactivity on electrical stimulation
occurred in the proteins of particulate matter rather than in the soluble
cytoplasmic proteins.‘ From indirect evidence, not embracing stimulation,
Heald further concluded that the sensitive phosphoprotein occurs in a
sub-fraction of the nuclear fraction, distinct from nuclei, mitochondria
or microsomes. Interpretation of Heald's results has proved difficult,
however, since the crude nuclear fraction he used was apparently grossly
contaminated with material from other fractions. Before proceeding to
study the composition of the nuclear sub-fraction desoribed by Heald
therefore, it seemed desirable to re-investigate the general subcellular
distribution of phosphoproteins in brain by procedures yielding well-
defined fractions.

In later experiments, the location of the sensitive phosphoprotein
was studied directly by stimulating the tissue electrically in the presence
of 32? and then sub-fractionating by modified procedures.

Subcellular d;l.s?ribution of phosphoproteing

Fresh guinea pig cerebral cortex was homogenized in 0.32 M-sucrose
containing 0.5 mM-EDTA at pH 7 and fractionated by differential
centrifuging into 5 primary fractions. The nuclear fraction was washed
three times by re-suspension and centrifuging, and the two mitochondrial
fractions were similarly each washed twice. In each fraction the ratio
mumoles of phosphoprotein-P (as alkali-labile-P)/mg. of protein was
determined and the mean values for T experiments are given below.

*» Por addition:l comment on this point, see page 8,
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therefore, it seemed desirable to re-investigate dhe general subcellular
distribution of phosphoproteins in brain by procedures yielding well-
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was studied directly by stimulating the tissue electrically in the presence
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Table 1.

Fraction isolated at centri- mumoles of phosphoproteinep/
fugal speed stated mg. of protein ¢ standard
deviation

Homogenate 9.7 ¢ 0.2

Fuclear (8 x 10° g min.) 10.7 + 0.3
Mitochondrial I (1o5 g min.) 6.0 + 1.8
Mitochondrial II (2 x 105 g 7.2 £+ 1.0

min. )
Microsomal (7 x 106 g min.) 12,3 ¢ 2.2
Supernatant (soluble) 10.1 + 1.4

These results show clearly that in terms of protein, the microsomes
are richest in phosphoproteins. It should be emphasised, however, that
the microsomal phosphoproteins only constitute some 12% of the total in
the tissue. Corresponding figures for the nuclear fraction are 15k,
the mitochondrisl fractions (I and II) 30%, and the supernatant (soluble)
fracticn 30%.

The conclusions reached by Heald (1959, 1961) were based on analysis
of a nuclear fraction isolated from dispersions of either fresh or
incubated cerebral cortex at 15 x ].03 g min, i.e. at approx. twice the
force usually used (see McIlwain & Rodnight,1962). In these experiments,
however, where direct comparison with Heald's results was important, we
ugsed the higher centrifugal force. As before, fresh guinea pig cerebral
cortex was used. The crude nuclear fraction was washed once and then
sub-fractionated in a sucrose density gradient as deascribed by Heald
(1959); the preliminary layering of the fraction over M-sucrose was
found unnecessary and was omitted. This procedure of sub-fractionating
the nuclear fraction is almost identical with that employed by
Whittaker (1959) to sub-fractionate the mitochondrial fraction from
cerebral tissue into fractions containing principally mitochondria
and fractions rich in nerve endings and acetylcholine. It appeared
poseible that certain of the sub-fractions from the two orude fractionms,
equilibrating in the same concentration of suorose, might prove to be
gimilar in composition. A orude mitochondrial fraction was, therefore,
isolated from the dispersions and submitted in parallel to exactly the
same sub-fractionation procedure. From each crude fraction, 4 sub-
fractions were obtained and these were analysed for phosphoprotein-
P, RNA, cholesterol, and SDH. The results are given in Tables 2 and
3 below. When standard deviations are given, the means are derived from
five distinct experiments. 1In all other cases, the results are means
of three determinations in distinot experiments.

-5-




Table Q.

Parent fraction Subfraction not sedi- ‘ Protein, mg. | Phosph tein
isolated at g min. | menting at 7.5 x 10 ! derived from | mumoles/mg.
stated = g min, through sucrose | 1 g.of cortex | protein
molarity stated
Nuclear A, 1.0 0.9 14.9
(15 x 10%) B, 1.2 2.6 + 1.1 9.5 + 1.1
c, 1.4 i 2.6 ¢ 0.58 T.2 ¢ 2.1
D, > 1.4 203 9'2
Mitochondrial 4, 1.0 14.6 9.3
(2 x 10°) B, 1.2 13.3 9.7
c, 1.4 9.2 6.6
D, > 1.4 3.2 7.6

Table 3. Distribution of RNA, cholesterol, an

dehydrogenase in subcellular fractions of
Buinea pig cerebral cortex

Parent fraction ‘ Subfraction not sedj- |

isolated at g ‘ menting at 7.5 x 10 RNA Cholesterol STH
min, stated ° g min. through sucrose| upg./mg. | ug/mg.protein | ul.CO/mg.
molarity stated protein protein/hr,

Nuclear A, 1,0 26.2 224 0

(15 x 10%) B, 1.2 12.1 +3.3| 118 + 20.5 123

c, 1.4 13.3 £3.3 85 + 27.4 232

D, > l.4 19.6 . 80 15

Mitochondrial A, 1.0 13.1 158 15

(2 x 10°) B, 1.2 17.9 | 108 148

| C, 1.4 22.8 4 279

: D, > 1.4 17.0 52 0

The nuclear subfraction considered by Heald to oontain the sensitive
phosphoprotein (see Heald, 1961) corresponds in these fractions to
subfraction B, equilibrating above 1.2 M-sucrose. In terms of
protein, this contains more phosphoprotein and cholesterol and less SIH
than subfraction C. The same relationship between subfractions B

and C is seen in the mitochondrial fraction. The figures for KNA
show a similar, but less marked, trend. Subfractions A prodsbly
consist meinly of myelin fragments and small nuclei (in the muclesr

wbe
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subfraction), whilst subfractions D are probably composed of cell debris
and larger nuclei. These fractions have not been investigated further.

The similarity in oomposition between the corresponding subfreotions
from the two parent fractions suggested oross-contamination of the
fractions was ocourring through inadequate washing. This conclusion
was confirmed by washing the ocrude nuclear fraction by resuspension in
fresh sucrose solution and centrifuging again for 15 x 105 € min. two or
three times before carrying out the density gradient fractionation.
Three such washes removed most of subfractions A, B, and ¢ (Table 4).

Table 4. otein content of subfractions pre d
adient centr: of washed nuclear f;
Subfraction not
sedipenting at 7.5 Protein mg./gm. tissue
x 10° g min,through - -
sucrosé molarity Nuclear fractiong Nuclear fraction |Ruclear fraction
stated washed washed f washed
1x 2 x i 3x
! |
A, 1.0 0.90 ! 0.27 i 0
B, 1.2 1.62 | 0.78 ; 0.28
c, 1.4 2.22 f 0.80 ; 0.28
] i
D, 1.4 ! 2.50 : 2,24 ! 2.03

Morphological obgervations. Electron microscopy of the subfractions B
from the nuclear and mitochondriel parent-fractions was very kindly undertaken
by Dr. Williams of the Department of Anatomy, Guy's Hospital Medical School.

The subfractions were fixed with osrdum tetroxide and dehydrated by the

method of Gray & Whittaker (1962), = procedure especially suitable for the
demonstration of nerve endings in subcellular fractions. In confirmation of
Gray & Whittaker's work, subfraction B of the mitochondrial fraction consisted
mainly of nerve endings with some mitochondrial contamination. The nuclear sub-
fraction B contained a few nerve endings and mitochondria, some amorphous
material probably derived from disintegrated nuclei, and membrane-like
struoteree of unknown origin. Thus electron microscopy gives added support

to the conclusion that the nuclear subfraction B is similar to the corresponding
fraction from the mitochondrial fraction, although it appears rather more
heterogeneous,




Muctoy comment. At this stage of the work it appeared

possible that the phosphoprotein sensitive to eleotrical stimulation
might be associated with the 'pinched off' nerve endings desoribed
in dispersions of cerebral tissue by Gray & Whittaker (1962), for in
a similar density gradient system to that used in our experiments
these structures were found to equilibrate over 1.2 M-gucrose. On
the other hend, since the fraction equilibrating over 1.2 M-sucrose
is normally quentitatively some 5 times higher in the mitochondrial
fraction than in the nuclear fraction, such a hypothesis might, at
first sight, seem to be incompatible with Heald's earlier conclusion
(Heald, 1959, made on the basis of direct observation of phospho-
protein radioactivity in stimulated slices)'.that the sensitive
phosphoprotein was definitely not located in the mitochondrial or
microsomal fractions. However, Heald's observations were of
necessity made on dispersions of tissue which had been incubated in
saline media in vitro end this fact, together with the high
centrifugal force used to isolate the nuclear fraction, led to the
unusual situation where some 50% of the total nitrogen and
phosphoprotein of the dispersion, representing approximately 80% of
the particulate matter, was recovered in the nuclear fraction (see also
Heald, 1961). It is, therefore, difficult, on the basis of these
results, to come to any firm conclusion regarding a location in any
specific structure within the total particulate fraction.

Because of the limitations in carrying out satisfactory subcellular
fractionation on incubated tissue by differential centrifuging, we
initially decided to use a density gradient procedure which yielded two
particulate fractions, one not sedimenting through 1.2 M-sucrose and
approximately equivalent to subfraction B of the earlier study, and
the other equivalent to the mitochondria-rich subfraction C. Whilst
these experiments were in progress it was discovered that a more
normal subcellular distribution of particulate matter from dispersions
of incubated tiasue could be obtained if adhering medium was first
washed off the slices by rinsing them in a few ml. of sucrose solution
before homogenization. This encouraged us to make further observate
ions by the conventional procedures of differential centrifuging.

Comment on general procedure. In all these experiments the
general procedure was as follows. Slices of guinea pig cerebral

cortex were stimulated electrically for 10 sec. (alternating condenser
pulses supplied at a 100/sec., peak voltage 15V, duration 0.4 msec. -
see Ayres & MoIlwain, 1953) in quick-transfer holders under the

~Bw
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conditions of Heald (1957). The incubation medium contained 3 uC
of 3p/ul.  Immediately following stimulation the slices were
rapidly transferred to ice-cold 0.32 M-sucrose and dispersed in m
homogenizer. After fractionation in the ultracentrifuge,
the subcellular fractions were treated with trichloroacetic acid and
the specific radiocactivity of the protein phosphorylserine determined.
To obtain sufficient material for a single determination, it was
neceasary to pool several slices and precautions were taken to ensure
that slices from different depths of cortex and from different animals
were representatively pooled. Control slices were treated
identically to stimulated slices, except that the stimulator was not

switched on.

Stability of protein >°P. It was first necessary to determine the
stability in sucrose solution at 0° of 32!’ inocorporated into protein.
After incubation and stirmlation under the usual conditions, slices were
rapidly dispersed in either 10% (w/v) trichloroacetic acid or cold
0.32 M=-sucrose. The tissue in sucrose solution was then allowed to
remain at 0° for various intervals before fixation with trichlorocacetic
acid. The results of two representative experiments are given in
Table 5. Within 2 min. of dispersion in sucrose solutioen, the

Table 5. Loss of phospho rc>1:ein-32 in dispersions made in sucrose solution
at 0°

Time after Specific radioactivity nf phospho- Mean 4iff. in

stimalation protein-P, counts/min./ug.P percentage

(min.) stimulation

Expt. 1 Expt. 2

Control 32.6 30.0

O Stimulated 47.0 48.7 5
Contrasl 22.7 24.9

2 Stimilated 32.5 37.4 49
Control 23.9 21.2

3 Stimlated 32,5 31.1 4

specific radioactivity of the protein phosphorylserine in both control

and stimulated slices fell to 70% of the value at zero time.
Subsequently the phosphoprotein radioactivity changed relatively

slowly.

The difference in percentage stimulation betwsen control
and stimulated slices deocreased by about 14 in 30 min. 1In an attempt

to minimise the changes oocourring in the first 2 min. a variet;y of




agents were incorporated in the suorose solution.

These included

EDTA (at 5 mM concentration), ouabain (10°4 M), iodoscetate (10> M),
p-chloremercuric benzoate (10'4 M), cyanide (10"3 M), merourio
chloride (10'4 M), ferriochloride (10'4 M); none of these agents
prevented the loss in phoaphoprotein-BzP, and some of them accelerated
it. However, with ordinary 0.32 M-sucrose, the effeot of electrical
stimulation was 8till clearly evident after a period adequate to carry
out at least a partial subcellular fractionation.

QObservations on fractions isolated by densjty gradient

rocedures.

Immediately after homogenization in 0.32 M-sucrose, the

dispersion was centrifuged for 7.5 x 106 g min, over a discontinuous
density gradient consisting of 7 ml. of 1, 8 ml. of 1.2, and 6 ml. of
1.4 M-suocrose, using the S.W.29 head of the Spinco Model L. Ultra-

centrifuge.

The fractions equilibrating over the 1.2 M layer (B) and

1.4 M layer (C) were isolated for determination of protein, SDH, and

phosphoprotein radiocactivity.
discarded, as was the soluble protein remaining in the top layer of the

0.32 M-sucrose.

The other particulate fractions were

The mean results of three experiments are given below in Table 6.

Table 6.

Effect of electrical stimulation on radiocactivity of phosphoprotein in

subcellular fractions isolated by a density gradient procedure

]

Fractien not sedi-| Protein SDH Specific radio- % increase in
megting at 7.5 x ng. /g. ul COo/mg. | activity of phospho-| phosphoprotein
10° g min. through| tissue protein/hr. protein-P: counts radioactivity on
sycroge molarity min./ug P stimilation
Control 40.5 78 12,2
B, 1.2 13
i Stimulated 39.5 70 21,2
Control 27.3 140 9.0
C, 1.4 48
Stimulated 26.0 145 13.3

Mean of three experiments

The distribution of protein and SDH is very similar between
fractions B and C in these experiments and mitochondrial subfractions
B and C in the experiments using fresh tissue (Tables 2 and 3).
Thus, in both cases there is some 50% more protein and one-half as much
The percentage inorease in stimlation is
clearly greater in all three experiments in fraction B than in C.
A considerable response to stimulation is also seen in fraction 0,

SDH in B than in C.
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but in view of the inevitable cross-contamination ooccurring in the
procedure, this was only to be expected. The results can at least
be taken to exclude directly the pcssibility that a mejor increase in
phoaphoprotein radiocactivity occurs in the mitochondrial proteins.

Qbgervations on fractions isolated by differentisl centrifugation.

Chemical analyasis and electron microscopy of the subfractions from
fresh tissue suggested that besides nerve endings and some mitochondria,

subfraction B contained membrane material of microsomal origin.
Further, it was evident that in the density gradient study, where
unrinsed incubated tissue was used, microsomal material would also
have occurred in this fraction, in all probability to an even greater
extent. It therefore seemed important to attempt to isolate a
microsomal fraction free of mitochondria or nerve endings. As was
indicated above, this was only achieved when the importance was
realised of rinsing the slices before dispersion. If slices were not
rinsed, the yield of microsomal protein ranged in several experiments
from O - 2 mg./g. of tissue; with rinsed slices, & yield of 10 - 14
mg./g. wes regularly obtained, a value some 750 of that obtainable

using fresh tissue.

Two particulate fractions were obtained by centrifuging
dispersions of slices in 0,32 M-sucrose for 15 min., at 13,300 g,
and then centrifuging the supernatant for 104,000 g for 60 min,
In all but one experiment the original dispersion was also analysed.
The approximate interval between stimulation and fixation with
trichloroacetic acid was 15 min. in the casesof the original dispersior
and the nuclear-mitochondrial fraction, and 75 min. for the microsomal
fraction. Phosphcprotein radiocactivity was determined as

phosphorylserine as before, and the mean results from seven experiments

are given in Table 7. No significant difference between control and
Table 7. Effect of electrical stimulation on phogphoprotein radioactivity in
subcellular fractions obtained by differential centrifuging
Fraction Protein SDH Phosphoprotein-szP % increase in 32
mg./gm. | ul COp/mg. | counts/min./ug. P phosphoprotein-”“p
tissue | protein/hr. on stimulation
Control 17.8 ¢+ 1.9
Original 86.8 108 30(% 8.6)1 345
dispersion Stimulated 23.1 ¢ 2.0
Control 15.3 + 2.3
Fl, nuclear & 47 146 5.2@ 8.4): 3,2
mi tochondrial Stimulated 16.1 + 2.9
2 x 109 g min.)
Control 17.6 ¢+ 2.8
F2, microgomal 11.2 38 25.7@ 5.5)1 2.3
(6.2 x 10° g min.) Stimulated 21.8 + 2.9

I

Mean of seven experiments (six in the case of the original dispersion). Means
are followed by their standard error.
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stimulated slices was observed in the combined nuclear and mito-
chondrial fraction, whereas in the original dispersion and in the
microsomal fraction there was a significant increase (P <T0.01) in
phosphoprotein radicactivity on stimulation. We assume that the
rather lower percentage stimulation found in the microsomal

fraction comparcd with that found in the original dispersion was

due to further losses of phosphoprotein-szP occurring during the
fractionation period. In one experiment not included in the series
of Table 7, the stimulation was 2% in the dispersion, =l% in the
nuclear-mitochondrial fraction, and 100% in the microsomal fraction.
There is thus good evidence that the change in phosphoprotein radio-
activity occurring on stimulation is a function of the microsomal

phosphoprotein.

Studies of a cerebral protein phosphokinase

Introduction

Of the known systems in brain capeble of phosphorylating proteins,
that studied by Rabinowitz & Lipmann (1960) appeared to be of
particular interest. This consisted of a partiaelly purified protein
phosphokinase, catalysing the transfer of 32P from AT32P to phosvitin
and casein and prepared from acetone powders of calf brain. Neither of
these phosphcprcteins is native to cerebral tissue and cannot be the
natural substrate for the enzyme. Hcowever, it is very likely that
proteins of a similar basic structure do occur in tissues (see Heald,
1961, and comment below on p. ‘7 ), and a study of the enzyme system
using phosvitin as acceptor was felt to be justified.

Two aspects, not touched upon by Rabinowitz & Lipmann, have in
the main been studied. These were first, determination of the
subcellular distribution of the enzyme in cerebral tissues and,
second, an investigation of the effect of cations on the partially
purified enzyme. Cation effects were chosen in view of the
possibility that the kinase enzyme, coupled with a protein phosphatase,
could conceivably serve as part of a sysiem hydrolysing ATP. As
has been mentioned already, a sodium~-stimulated ATPase is widely
held to play an important role in cation transport in cerebral and
other tissues.

General procedures. For assaying the enzyme, the basic
medium contained 2 mg. of phosvitin, 50 pmoles of tris-HC1 (pH 7.4),
1 umole of AT?2P (1 x 10%c.p.m./pmole of aoid labile-P), and 1 = 5
umcles of MgClz. In some early experiments, tris-phosphate buffer
was used. The final volume, after addition of other cations and
enzymes, was 1 ml. The incubation period at 37° was usually 10
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min. The reaction was stopped with 4 ml. of 10% (w/v) triochlore-
acetic soid. The precipiteted protein wes then washed in the
centrifuge 3 times with fresh trichlorocacetic acid, dissolved in 1
ml. of N-NaOH, diluted to 10 ml. and counts due to 52? determined in
a liquid counter to am acouracy of + 10%. Control samples in which
addition of enzyme was omitted, normally gave ocounts less than 10%
of the test samples.

The procedure used for preparing the soluble enzyme system fr~m
acetone-butanol powders of ox brain grey matter was essentially the same
as that of Rebinowitz & Lipmann (1960). The fraction precipitated
with 30% saturation with (NH 4)§O 4 was discarded and that precipitated
by 50% saturation ccllected, dissolved in 0,01 M-tris HCl, pH 7, and
dialysed against the same buffer at O° until free of NH + ions.

4
Dialysis did not affect enzyme activity.

Subceliular distribution of protein phosphekinese. When inoreasing
amounts of a dispersion of guinea pig cerebrsl cortex in 0.32 M-sucrose

were assayed for protein phosphykinase activity, the incorporation of

321’ into phosvitin increased linearly up to 500 pg. of protein andthetu fell
off sharply. In assaying activity in subcellular fractions,

therefore, the amount of protein added was limited to 200 ug.

Subcellular fractions were prepared by differential centrifugation;

nuclear and mitochondrial fractions were each washed once and the

washings combined with the appropriate supernatant. Two experiments

are reported in Table 8. The highest activity, both in absolute amount
and in terms of unit quantity of protein, was found in the soluble
fraction. Considerable activity was also present in the microsomal

fraction.
Table 8. Distribution of protein phosphokinase in subcellular fracticns 2f
guinea pig cerebral certex
Fraction Total c.p.m. X 1072 Cepame/uge %
for whole fraction protein added| recovered
Original dispersion
Expt. 2 460 1.58
Nuclear (8 x 19° g min.)
Expt. 1 17 1.74 6
Expt. 2 33 1.58 7
Mitochondrial (2 x 10° g min.)
Expt. 1 94 1.07 29
Expt. 2 112 0.82 24
Microsomal (9 x 108 g min,)
Expt. 1 T3 2.3%6 23 ]
Expt. f 93 1.66 19
Cytoplasm X soluble)
Expt. 1 132 3,69 42
Expt. 2 254 4.50 50

30 llﬂ-K,

: Expt. 1, 92%; Expt. 2, 10T%. Mediums 1 mM-ATP, 5 oM-Mg, 200 mM-Ne,
20 mM-tris-PO 4 13-
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The results in Table 8, expressed as sounts/min., are equivalent
to rates of 0.05 - 0.1 umoles of P transferred/mg. of protein/hr.
The reaction under these conditions is thus seen to be many times
slower than the ATPase systems in brain (Sohwartz, Bachelard &
MoIlwain, 1962).

Effeot of cations on soluble enzyme system. The specific activity

(umoles of P transferred/mg. of protein/ hr.) of the soluble enzyme
extraoted < ox brain acetone powders was some 10 times higher than
that of fresh dispersions or tissue. Enzyme activity was linear in the
ranges 50 - 400 ug. of protein, but observetions at higher levels were
not mede. For each enzyme preparation, the quantity of protein added
was adjusted so as to give an incorporation in the test samples at least
5 times the counte found in the centrol sample; with most preparations,
around 200 ug. wes added. With an incubation time of 10 min., 1 - 5%
of the 7-321’ of ATP was incorporated into the phosvitin.

The effect of Mg and Ca on enzyme activity is shown in Table 9.
Maximum stimuletion by the former is given at 5 mM-concentration,
whereas Ca either has no effect or is inhibitory.

Table 9. Effect of Mg and Ca on protein phosphokinase

Enzyme prep. Conc. of Mg or Ca umoles of P/mg. protein/
(protein added) (mM) hr.
2F Mg, 0; Ca, O 0
(152 pg.) M, 5 0.47
Ca, 3 0
Ca, 7 0
Mg, 5; Ca, 5 0
4A Mg, 1 0.06
(230 ug.) Mg, 2 0.14
Mg, 3 0.27
Mg, 5 0.39
Mg, 7 0.35
Mg, 8 0.26

)

Basic medium (1 ml.) contained: phosvitin, 2 mg.; ATBZP (1 x 104 c.pems/
uymole acid labile-P), 1 upmole; tris-HC1l, pH 7.4, 50 pmoles. Inoubation
time: 10 min. .

The next Table (10) gives the percentage stimulation given by a
variety of cations over and above that given by Mg alone. These
results are representative of a number of experiments using different




enzyme preparetions. Results from one preparation were obtained in
the same experiment.

Table 10. Effect of various cations on protein phosphokinasge

Enzyme preparation (a) (v) % stimalation H
Mg-oconoc. Cation s
() (omy | ® ¥390)
4B 5 K 160
3 NH " 300
1 Li 101
3 i 120
5 Li 89
4C 1 Na 740
3 Na 435
5 Na 160
1 K 760
3 K 490
5 K 180
5B 3 Rb 390
3 Cs 332
3 Choline 180
9 l 3 Tris 190

Conditions were the same as in Table 9.

All of the monovalent cations tested,with the exeeption of Li,
stimulated activity. The extent of the stimulation was markedly
dependent on the concentration of Mg in the medium, deoreasing as the
total Mg was increased to 5 mM. This is shown in the Table for Na and
K but exactly the same pattern was found for the other ions.
Nevertheless, in the absence of added Mg, neither la or K (at 200 M)
induced activity. The effect of varying concentrations of Na and K ia
the presence of 5 mM-Mg is given in Table 11.

Table 11. Effect of Na and K _on protein phosphokinase

Na-oonc. ; umoles P/mg. K-cone, i pmoles P/mg.
{mM) . protein hr. l (mM) ! protein/hr.
40 ( 0.44 1N 40 0.49
100 L. ‘ 100 i 0.68
200 ! 0.76 200 ! 0.91
300 } 0.73 t 300 i 0.81

Conditions were the same as in Table 9. Enzyme 5B.
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Effeot of phosphate ions A stimulation of the enzyme by ‘
phosphate ions (meximal at 60 oM) wes reported by Rabinowitz & Lipmann
(1960). No details of the corresponding cation used with the phosphate
was glven in their paper. In an early stage of the present
investigation we found that additiun of 60 mM-tris as the phosphete
instead of 50 mM-tris-HC1 had no effect on the enzyme, but stimulation
ocourred when the tris (as phosphate) concentration was inoreased to
100 - 200 oM (30 - 70 mM-phosphate ions). At the time this was taken
to indicate a stimulation by phosphate, as at that stage we were unaware
that tris ions stimulate the e¢nzyme. Later it was shown that the
stimulation given by 100 - 200 mM-tris (as phosphate) was closely parall-
eled by the effect of ecuimclur amounts of tris ion added as the
hydrochloride. It would appeer likely, therefore, that the stimulation
of the enzyme by phosphate reported by Rabinowitz & Lipmann was due to

the counter-cation used by them, although the latter was not specified.
Lithium is the only cation we have found that does not stimulate, but

lithium phosphate is very insoluble.

Effect of Na and X on protein phosphokinagse enzymes in microsomes
and oytoplasmic (soluble) proteins. For the above studies, enzymes

from acetone powders, prepared from unfractionated cerebral cortex, had

been used. In view of the wide subcellular distribution of the
enzyme, it seemed important to determine whether the effect of cations
was confined to the enzyme in a particular cell structure. Attention
was, therefore, focussed on preparations made from microsomes and the
The nuclear and mitochondrial

fractions were not studied, as they are relatively more heterogeneous

soluble cytoplasmic proteins.
in composition. Both in fresh subcellular fractions and in soluble
enzyme preparations made from anetone powders of the fractions, the
effect of Na and K was similar to that found in the whole tissue

preperations. Potassium was slightly more effective than Na in

both ccges, but the effect of either ion nn the microsomal system was
less reproducible. Some results obtained from fresh subcellular

fractions are given below in Table 12,

Table 12. Effect of Na and K on enzyme in microsomes and cytoplasmic proteins
Stimulation (%) over control (Mg only) given by cation at
Mg-conc. 200 mM
{mit) Microsomes Soluble proteins
Na K Na_ , X
2 255 | 340 340 370
3 213 ' 262 241 307
4 153 : 229 177 177

v%sie medium contained:

phosvitin, 2 mg;

acid labile-P),{tris-HC1 pH 7.4, 50 umoles.

1 umole

=16~
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Inoubation time, 10 min.




Guanosine % sphate &8 preoursor

Some evidence was obtained by Heald (1957) for an inorease in the
specific activity of GTP in cortical slices following electrical E
stimulation. 4 further study (Heald & Stancer, 1962) gave support to i
these findings and was held to support the hypothesis that GTP is a i
more immediate precursor of the tissue phosphoprotein-P than is ATP.
Experiments were, therefore, carried out to determine whether GTBZP is
a more effective donor than ATBZP in the phosvitin s&stem. No
difference between the two nuclecotides could be detected. A

representative experiment is shown in Table 13,

Table 13. Comparison of AT32P and GTBZP as precursors for the
protein phosphokinase system

Cations pmoles P/mg. protein/hr.

mfgf,‘)’“‘ ar%%p %
Mg, 3 0.22 0.21
Mg, 3; 0.64 0.69
Na, 200
Mg, 3; 0.78 0.71
X, 200

Ba.ic medium as in Table 9, except aetivity of AT52P wes 0.9 x 104
c.p.m, and that of GT32P 1.2 x 10% c.p.m./umcle of acid labile-P.
Conc. of both nucleotides was 1 mM.

Attempts to prepare protein frections from brain enriched in
phosphoproteins

Introduction

There has been little study as yet of the nature of the phospho-

protein fraction in mammalian tissues. Certain enzymes, for

example phosphoglucomutase (Milstein & Sanger, 1961), alkaline

phosphatase (Engstrom, 1961), and phosphorylase (Krebs, Kent &

Fischer, 1958) have been isolated and found to contain one to four

phosphorylserine residues. However, it is unlikely that proteins

of this type account for all of the alkali labile phosphorous in the

phorphoprotein fraction, which in brain equals approximately 10
mumoles of P/mg. of protein. Thus assuming that the tissue

phosphoproteins are of molecular weight around 100,000 and contain
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on an average 2 phosphorylserine residues per molecule, at least half
of the tissue protein vould have to be olassed as phosphoprotein,

It is more likely thut the non-phosphorylated proteins oonstitute
oonsiderably more than half the total and the phosphoproteins consist
of a mixture of proteins containing from cne to many phosphorous
atoms per molecule. This suggests the existence in tissues of
phosphoproteins of the type represented by phosvitin or caselin,

which lack enzymic function and contain many P-atoms per molecule;
although so fer they huve not been isolated.

A notable attempt by Heald (1961) was partially successful, but the
product was probably denatured, at least pertly, by the detergent used
to solubilize the protein.

The problem presented by the clectricel stimulation experiments
was rendered more complicated by our ignorance, at the beginning of
the Contract, of the precise wubcellular site of the sensitive
phosphoprotein, although it was clearly assoeciated with particulate
material. Therefore until its site was more precisely determined,
it seemed advisable to confine our studies in this field to exploratory
experiments. These have consisted mainly of en investigetion into
certain methods for bringing insoluble phosphoproteins into solution.

Preparation of insoluble protein
Instead of using a total particulate fraction for these studies, we

chose the water-insoluble protein fraction remeining after exhaustive
extraction of ox brain grey metter with 2.5 M-NaCl (see Le Baron &
Foleh, 1959). This fraction probably consists almost entirely of
lipoproteins derived from the membranes of the nuclei, mitochondria,
endoplasmic reticulum, and cell-walls. Thus when subcellular
fractions of guinea pig cerebral cortex were extracted with 2.5 M-NaCl
the percentage of protein extracted was 29 for the nuclear, 10 for the
mitochondriel, 7+ and O - 0.5 for the microsomal fraction,

The fraction was prepared as follows: ox brain grey matter was
homogenized in ice~cold 2.5 M-NaCl (1 g. to 5 ml.) and the homogenate
centrifuged for 4.7 x 10° g min, The insoluble lipoproteins were
then washed twice by rehomogenizing in water and centrifuging again
for the same time.

Solubjlization procedures

Two approaches have been useds (a) ultra sound, and (b) alkaline
pH. For the present we have avoided the use of external agents such
as detergents, as the interactions of these substances with
proteins and lipoproteins is relatively little underatood.

16~
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(a) Ultra-sound. Using the MSE Ultrasonic disintegrator with i
a titanium prove (1.3 mA, 20 ks/sec.), 10 min. bursts with adequate :
cooling precautions, werc given to water homogenates of the insoluble
protein. The sonicated materinl was centrifuged for 7 x 106 & nmin.
and the insoluble and soluble fractions analysed for protein, phospho-
protein (as alkali labile-P), and phospholipid-~P. The following

results were obtained.

i
|
1

Table 14. Effect of ultrae-sound on ox brain insoluble protein
Fraction Protein Phosphoprotein-~P | Phospholipid-P
sebabididy | mumoles P/mg. | mumoles P/mg.
% prot. prot.
Homogenate after
sonication 100 4.2 1000
Soluble 14 5.2 452
Insoluble 86 3.3 904

Of the total protein, 14> was solubilized by this procedure and the
soluble fraction was a little richer in phosphoprotein than the
insoluble fraction. Compared with the soluble fraction produced by the
next procedure, the sonicated soluble material was reletively higher in
phospholipids. The soluble frzction obtained by this procedure tended
to become less soluble on standing at 0° for 24 hr. or longer.

(v) Alkaline pH.
erythrocyte membranes by Moscowitz & Calvin (1952), and Blouet &

Richter (1959) on brain microsemes. In preliminary cxperiments, the
insoluble proteins were homogenized at 0° in a variety of agents, the
final pH in all cases falling between 10 and 10.5. A soluble
fraction was obtained by centrifuging as before; the insoluble
Results are given in Table 15.

This procedure was suggested by observationson

fraction was discarded.

By far the most effective agent was NaOH, and provided that the
temperature was kept at near zeroc throughout the operation, very
little protein dephosphorylation ocourred. The scluble product is
notably low in phospholipid-P.

The use of 0,01 M-NaOH was, therefore, explored further. It
wes found feasible to bring the pH of the homogenate back to 7.4
with 0,1 N-acetic acid before centrifuging, without any
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Table 15. Effeot of various sgents at pH 10 on protein solubility

reprecipitation of the solubilized protein. When the pH of the
soluble froetion was reduced to 4.5 with acetic aoid, some 865 of

Agent . Protein Phosphoprotein«P Phospholipid-P
(100 vol.) ; solubil- mpmoles P/mg. prot. mumoles P/mg. prot.

. ity -

‘ Total Soluble Total Soluble
NaOH !
0.01 M . 26 6.52 5.78 875 4
NH ,OH ; ;
0.83 u -1 - 6.47 973 46
Amm.acetute :
0.1 M ; 12 T.5 5.12 875 41
Tris "
ol { 8 6.02 4.13 840 27
NaOH=-glycine |
buffer i 5 6.34 593 788 107
01 M f ,

{

the protein was precipitated. Quite a high proportion of this
precipitated protein was apparently dcnatured, a2s it could not be
brought back into solution cven when the pH was raised to 9; the
soluble frection remaining, however, was slightly enriched in

phosphoprotein. The general procedure was as follows.

Insoluble protein

(A) Homogcnize. in 100 vol. 0.01 ¥
NaOH, pH 10.5. Regdjust to pH
7.4. Cent. 7 x 10° g min,

] 1
Insoluble fraction (C) Soluble fruction (B)
Lower pH to 4.5 with M-
acetic acid. Cent.
|
! ;
Soluble fraction (D) Insoluble fraction ;

Sugpend in Tris-HC1,

pE 7.4. Ralse pH to
9 and readjust to 7.

A+ § s 5 5 e

| )
Insoluble fraction (F) Soluble fraction (G)

Table 15_ gives the analyses of fractions A - G from this scheme.
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Table 16. 4 solubi

Praction | Protein Phosphoprotein-P Phospholipid-P

sol;bility mumoles P/mg.prot, mumoles P/mg.prot.

A 100 7.9 763

B 25 of A 7.4 178

c 7.5 1320

D 14 of B 3.4 6

F 6.5 258

G 18 of B 8.3 22
;

Application to microsomes

The experience gained with the insoluble protein fraction from ox
brain has been applied in preliminary experiments to guinea pig

microsomes.

The first stage of the prccedure was carried out at 0° with
continuous measurement of pH. NaOH (0.1 M) was added dropwise to a
vigorously stirred suspension of microsomes in O.32 M-sucrose until
the pH reached 10.5. The pH was then immediately brought down to 7
with 0.1 M-acetic acid and the suspension centrifuged at 2.3 x 106 g
min. The soluble fraction was analysed at this stage, the further
precipitation at pH 4.5 being omitted for these preliminary experiments.
Results of such an experiment are given in Table 17.

Table 17. Solubilization of microsomal protein treatment at 1

Fraction Protein Phosphoprotein-P
(mg.) mymoles P/mg. prot.
Microsomes 140 14.2
Soluble 16 18.6
Insoluble 124 12.6

The solubility attained by this method (11%) is less than was
found with the ox brain proteins, but some enrichment in
phosphoprotein in the soluble fraction is seen. When the

-21-
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insoluble protein was treated fop a second time at pH 10.5, s further

7% of the protein was solubilized and again the soluble fraction contained
more phoaphoprotein, the figures for the soluble and final insoluble
reeidue being 15.9 and 10.8 mumoles P/mg. protein respectively.

Attempts to increase the yield of asoluble protein by reising and lowering
the pH three times without intervening centrifugation were unsucoessful.

In a further experiment, the microsomal phosphoproteins were
labelled by incubation of the suspension for 5 min. with AT’ZP, Iec12,
and tris buffer pH 7.4 before solubilization. After centrifuging and
resuspending the microsomes in 0.32 M-sucrose, a soluble fraction waa
obtained as above. From Table 18 it can be seen that the
phosphoproteins in the soluble fraction are labelled at least as much
ag in the insoluble fraction.

Table 18. Labelling of microsomal proteins with ATI2p

Fraction Protein Phosphoprotein- 52P
(mg.) c.p.m./ug P

Microsomes 17 765

Soluble 1.7 1002

Insoluble 15 766

It should be pointed out, however, that the phosphoprotein radio-
acotivity in these experiments was determined from alkali labile-P
and not from phosphorylserine analysis.

Discussion

Subcellular location of phosphoproteins
The present results strongly suggest that at least part of the

phosphoprotein response to electrical stimulation, observed in whole
tissue homogenates, ocours in a microsomal phosphoprotein. The earlier
obgervations of Heald (1959) that pointed to a location in structures
sedimented with the nuclear fraction were apparently due to the
inclusion of microsomal material in the nuclear fraction, which ocours
as a result of contaminaticn of the sucrose dispersing-solution with
traces of inoubation mediur carried over with the slice.

A point requiring discussion is the relatively lower percentage
increase in phosphoprotein radiocactivity occurring on stimulation found
in the microsomal fraction compared with the value found in dispersions
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of the whole tissue (Table 7), for if the microsomal proteins were the
only fraction to change, one would expect a greater difference in this
fraction than in the total cellular phosphoprotein. It is possible,
however, that the induced inocrease in radiocactivity of the miocrosoma.
phosphoproteins declines more rapidly during the suboellular fractionat-
ion than is suggested by the data of Table 5, which was obtained by
anaslysis of whole tissue. Unfortunately there is no way at present

of testing this hypothesis: a possible approach would be to search for
agents to inhibit the supposed loss of newly-incorporated 52? without
affecting the subcellular fractionation.

There is another reason why it is not absolutely certein that the
microsomal phosphoprotein is the only fraction to change on stimulation.
This is that the mitochondrial fraction in brain is the principle site
of a phosphoprotein phosphatase, whereas very little of thisenzyme is
found in microsomes (Rose, 1962). Thus the possibility has not been
excluded that a mitochondrial phosphoprotein sensitive to stimulation
becomes dephoasphorylated by this enzyme during the isolation of the
fraction. However, very little is known as yet about the metabolism of
phosphoproteins, and it is quite possible that they are involved in both
energy-yielding and energy-utilising processes. Thus the present
findings indicate a role for these molecules in energy utilization, but
do not finally exclude participation in the energy-yielding recovery
processes in the cell following excitation.

Whether the microsomal phosphoprotein response is directly
related to ion transport or to other events in the membrane remains to be
elucidated. Strong support for the former interpretation comes from a
recent study by Ahmed, Judsh & Wallgren (1963), who found that either
ouabain, a known inhibitor of ion transport across cell membranes, 2r the
substitution of Li for Na in the medium, both block the effect of
electrical stimulation on phesphoprotein radiocactivity.

Cercbral protein phosphokinase enzyme

Subcellular distribution. The protein phosphokinase phosphorylating

phoevitin is widely distributed in the cell in a somewhat similar pattern
to that of the tissue phosphoprotein fraction. Possibly the enzyme has
a general function in phosphorylating phosphoproteins of a certain type,
wherever they cccur. However, it must be emphagised that there is no
firm evidence (a) that enzyme activity in different subcellular
fractions is due to the same enzyme, or (v) that proteins of the type
represented by phosvitin ocour in the ocell, although, as indicated on
page 17, this is a distinct possibility. So far as stimulation by Na
and K is concerned, the enzyme in microsomes and cytoplasmic proteins
cannot be distinguished.

23
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The rate of phosphate transfer shown by the ensyme system with
phosvitin as substrate is many times less than that of the several
ATPase systems in the cell. Unless the kinase reacts with a natural
substrate at a much higher rate, it is difficult to see how it could
oouple with a protein phosphatase to give an ATPase system of the
required sotivity.

Effect of cations. These studies also tend to discount a role for
the kinase engyme in ATPase action. Thus the membrane ATPase in brain
(Sohwartz, Bachelard & McIlwain, 1962) is stimulated by sodium maximally
in the presence of 30 mM-potassium, whilst K itself does not stimulate.
The protein phosphekinase, on the other hand, is stimulated by K as well
&8s many other cations inoluding tris.

It would be unprofitable to speculate on the pussible mechanisms by
which ostions stimulate the protein phosphokinase enzyme, sinoe the
present enzyme system is relatively impure. It is perhaps worth while
pointing out that the cations may possibly be modifying the physico-
chemical properties of the phosvitin substrate am well as interacting
with ATP and the enzyme.

Attempts to prepare protein fractions enriched in phosphoprote

Tha problems involved in these aspects of the work fall into two
categories: (a) that of solubilizing the microsomal protein without
degrading the phosphoproteins, and (b) that of fractionating the
soluble material.

Regarding solubilization, we have avoided for the present the use of
detergents,in view of the complex and only partly understood action of these
substances on lipoproteins (Fox, 1957). It is pessible, however, that
certain of the membrane proteins may poesess no true solubility in water
except in the presence of moiecules with surface active properties (see
Green gt al. 1961). Further, it must be recognised that the present
procedure of solubilizing at pH 10.5 only bdrings into solution a relatively
small proportion of the microsomal protein. So far as the phosphoprotein
solubllized is concerned, we have as yet no evidence as to whether this
fraction is representative of the total membrane phosphoprotein or
whether it is a different fraction more readily solubilized.

In the case of fractionation procedares, some preliminary experiments
conducted on soluble cytoplasmic proteins from brain suggest that
chemiocal methods of freotionation such as neutral salts and organic
golvents will be of limited value only. Chromatogresphioc and
electrophoretic techniques show more promise.
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