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ABSTRACT

The work reported in this thesis concerns investigation of the
subcellular distribution of colchicine-binding activity (of presumed
microtubular origin) in mammalian brain, and studies on the bio-
chemical properties of colchicine-binding protein ('tubulin'). The

results led to the following conclusions:
About half the CB-activity present in sucrose;puffered'homugenates

of brain was consistently recovered in the particulats fraction
obtained after high-speed centrifugation, and further investigations
showed that CB-activity was widely qistributed amongst the various
subfractions obtained after gradient centrifugation of this pelleted
material. The majority of the recovered particulate CB-activity was
found to be associated with the fractions rich in synaptic membranes.
Tubulin from this source appeared to represent a ‘'stabilised! form of
CB-protein compared to that obtained from the high-speed soluble
fraction, as judged from the results of experiments in which CB-
activity was subjected to thermal decay under a variety of conditions.
In addition, it was also shown that the tubulin isoclated in particulate
preparations was very tightly bound to membrane material, since it
could not be readily solubilised by treatment with ths detergent Triton

X-100 or by sonication.

It was found, using partly purified tubulin preparations, that tubulin
could act as a substrate for a cAMP-stimulated protein kinase that was
closely associated with the protein, and that it bound cAMP. 1In
addition, the antimitotic agent vincristine, which was-found to
stimulate CB-activity, also showed the remarkable property of almost
selectively precipitating CB-protein from soluble extracts of brain,

in the cold.

Finally, the previously inferred relation between neurotubular protein
and CB-protein was proved when attempts made at isolating intact micro-
tubules from brain homogenates prepared in various stabilising media

were successful, and it was shown that these preparations were enriched

in CB-activity.
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Electron micrograph of rabbit brain microtubules, reassembled
in vitro according to the polymerisation method of Shelanski

et © (1973). Courtesy of Dr L P Tan. Magnification x 100,000



CHAPTER ONE

Introduction and Literature Revieuw



Microtubules are a class of long, tube-like organelles approximately
250 R in diameter wilth a wall Lhickness of about 50 R (see Fig. 1.1).
Their existence was reported several times in the 1950's, but they
were not encountered unifurmly in cells until glutaraldehyde was
introduced as a fixative (Sabatini et al, 1963). Microtubules have
been found in all eukaryulic cells, and can be classified arbitrarily
into two categories; stable and labile. Those found in the axons

and dendrites of the cenlral nervous system (Weurker and Kirkpatrick,
1972; Schmitt and Samson, 1968; Peters, 1970), in the mitoticvapparatus
of dividing cells (Inoué 1952) and in the cytoplasm of both animal and
plant cells fall intu the labile category; stable microtubules include

those found in cilia and t'lagella.

Microtubules are implicaled in a variety of cellular processes (see
Porter, 1966; Adelman el al, 1968). From their occurrence, it has been

suggested that microtubules are associated with the following functions:

(a) Chromosome movements in cell division - in mitosis, a model has
been proposed involving the sliding of microtubules, resulting in
the separation of chromosomes. This is believed to be brought
about by an interaction between microtubules that invclves cross-

bridges (McIntosh et al, 1969).

(b) Intracellular transport of materials - colchicine
(see Fig. 1.2) and other antimitotic alkaloids (e.g.
the Vinca alkaloids, see Fig. 1.3) that are knouwn to
disrupt microtubules, have also been shown to interrupt
axoplasmic transport (Dahlstrom, 1968; Kreutzberg, 1969;
Davison, 1970; Fernandez et al, 1971; Sj#strand et al,
1970; Grafstein et al, 1970), although the precise nature

of the mechanism involved remains to be clarified.

(c¢) Maintenance of cell furm and cellular motility - in erylthrocytes
(Gall, 1966) and blood platelets (Behnke and Zelander, 1967)
microtubules seem to acl as a cytoskeleton. It has been proposed
(Gibbons and Gibbons, 1972) that the outer doublet microtubules of
sperm flagella are a skuelelal element iwportant in maintalning
cellular asymmetry and pruoviding sites for attachment of the pro-

tein dynein (an ATP'ase) which functions as a force generator.
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From work on cultured nerve cells, it appears that microtubular
systems play .an important part in growth and differentiation
(Prasad and Hsie, 1971). Microtubules probably also play an
important role in the motile system of cilia and flagella
(Bradfield, 1955; Jarosh, 1964). The mechanism of this movement
is still unknown, although recently several aspects of these
energy dependent processes have been investigated (Gordon and
Barnett, 1967; Yanagisawa et al, 1968; Watts and Bannister,.1970;
Stephens and Levine, 1970).

The evidence implicating microtubules in the processes of cell division,
cell motility and the maintenance of cell shape led to interest in

characterising the microtubule subunifs and their process of assembly.

The first efforts to isolale microtubular protein were carried out with
cilia and flagella, which contain microtubules as a main component,
these being regularly arranged in a pattern of two pesse—sf microtubules
in the centre surrounded by nine cuter pairs of microtubules (Porter,

19663 Ringo,1967; Gibbons and Grimstone, 1960). Gibbons‘(1963) and

Renaud et al (1966) first reported the 1snlat10n of -a protein from the
outer fibres of c111a, which was later shown to bind colchicine (Borisy
and Taylor, 1967a). A protein was also isolated from inner fibres which
had similar physical and chemical properties, including, ability to bind
colchicine (Shelanski and Taylor, 1967; Gibbons and Renaud,-1968). The
main component of the cilia protein had a sedimentation constant of 6.1S.

in the ultracentrifuge, and molecular weight determinations gave a value
of about 50,000 for the lowest molecular weight component of the proteih.
However, the average molecular weight was in excess of 100,000, indicating
that the system contained dimers and higher aggregates of the smaliest
-component. The outer pairs werse also latsr showr to consist of A and B
tubules, and these have been separately isolated (Stephens, 1970). The
central-pair microtubule protein, extracted from sea-urchin sperm tails,
was shown (Shelanskl and Taylor, 1967) to bind 4-1 mole of colchicine
per 100,000 grams; this protein-colchicine complax, when subjected to
zone centrifugation, migrated with a sedimentation constant of 6S.
Electrophor981s of the 68 material produced one prominent band on the
' gel,’wlth a small amount of slower (higher molecular weight) material.
Gibbons and Renaud (1968), who obtained a 4S and a 6S tubule protein
from the central pairs of Tetrahymena cilia, showed these proteins to
have molecular weights of 60,000 and 110,000 respectively; these proteins
therefore appeared similar, in these respects, to those obtained from

.

sperm tails.
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Intact microtubules have been isolated from cilia, flagella, and from
extracts of mitotic apparalus and mammalian brain in which the labile
structures have been stabilised by the addition of ethanol or hexylene
glycol (Stephens, 1968, and 1970; Witman et al, 1968; Kane, 1905;
Kirkpatrick et al, 1970). However, due to the presencevof the micro-~
tubule-preserving medium, colchicine-binding could not be demonstrated

in these preparations.

Since the pioneering work of Inoué’(Inouéland Sato, 1967), it has been
generally accepted that labile microtubules are in a state of dynamic
equilibrium, the assembled microtubules being in Equilibfium uitﬁ their
depolymerised subunit protein ('tubulin') in the cytoplasm. It is
believed that certain factors in the ;ell control the assbciation and
dissociation of the subunits. The most obviocus example of the cyclic
formation and breakdown of microtubules is during mitosis, when the
spindle, which is composed of microtubules, forms at the beginning of
the mitotic cycle, and is broken down when separation of the chromcsomes
is completed. These labile microtubules are readily disfupted by anti-
mitotic agents such as colchicine and the Vinca alkaloids,‘and by low

temperature or high hydrostatic pressufe.

It hasgééen known for some time that colchicine acts as a mitotic
inhibitbr by preventing the separation of divided chromosomes, and Mazia
reported (1955)vthat colchicine interferes with the formation of spindle
fibres during mitosis. Borisy and Taylor (1967 (a); 1967 (b)) demonstrated
that colchicine ( [SH]-labelled), when incubated with KB or HelLa cells in
tissue culture, or with intact ssa-urchin eggs, was bound non—covalently

to a macromolecule present in the soluble fraction of homogenates. A
similér binding reaction took place when extracts of the cells were
incubated with colchicine. Wilson and Friedkin (1967) also demonstrated
that colchicine binds to a soluble protein in grasshopper embryos. The
binding was reversible, and did not involve chemical modification of the
colchicine. It also appeared to depend on the protein being in its native
state, since treatment with urea or perchloric acid preduced él@ost
complete release of the bound radicactivity. The kinetics of the reaction,

both in vivo and in vitro, were consistent with the involvement of a

single class of binding sites. Comparable results were obtained using the
isolated mitotic apparatus From sea-urchin eggs, (which were found Lo be

enriched several-fold in CB-protein), and with microtubule protein

purified from this preparationy=. i~ == ZL7 o lfmiT

s e . .oi.le CBeactivity was found to correlate with the occurrence

13



of microtubules in cells and organelles: in cilia and sperm tails,
microtubules make up the 9 + 2 array of filaments; in the mitotic
spindle, microtubules form the framework; in brain, microtubules are
present in large numbers in neuronal processes. Very little CH-
activity was measured in liver, muscle, or kidney. This suggested

that the binding sites were the subunit proteins of microtubules.

At present, most authors assume that colchicine binds specifically

to the microtubular subunit protein. It has been suggested that the
tubular structure is depolymerised by colchicine because of the
formation of a complex of colchicine and microtubular subunit protein.
It is supposed that the polymerisutiop of the subunits into microtubules
is an equilibrium process, which can be shifted to favour monomer by
complexing with colchicine, lowering the temperature, or increasing the

pressure.

Isolated microtubule protein resembled muscle actin in aminoc acid
composition (Shelanski and Taylor, 1968) and contained bound guanine
nucleotides (Weisenberg et al, 1968). A variety of techniques have nu@
been successfully applied to the purification of tubulin from various
species, notably that of Weisenberg et al (1968) which involves awmonium
sulphate fractionation of manmalian brain extracts, followed by ion-
exchange chromatography on DCAE-Sephadex. Tubulin.is highly acidic,

and is eluted at relatively high ionic strength (0.5 - 0.8M) from_tﬁe
Sephadex. The CB-dimer isolated (M,m,11U,DDD) bound, uncompetitively,

1 mole of colchicine and 2 moles of GTP (1 of which was exéhangeable);
it contained, when purified, 0.5 - 0.8 mole of a mixture of GTP and GDP.
Binding of GTP or colchicine appeared to stabilise the native con-
figuration of the protein, as seen from sedimentation patterns and decay
of binding activity. In terms of molecular weight, sedimentation con-
stant, aminoc acid composition, binding of colchicine and GTP and
behaviour during polyacrylamide electrophoresis, the protein appeared

very similar to the subunit protein of cilia and flagella.

Bensch and Malawista (1969) discovered that crystals of tubulin could

be induced to form using vinblastine, and Bryan (1971) isolated such
crystals from sea urchin eggs. Tubulin obtained from intact structures,
or the structures themselves, had the ability to bind colehicine,
indicating identity belween Lthe tubulin isolated from intact microtubules
and presumptive soluble tubulin. Wilson (1970) also showed that UB

stabilised CB-activity by increasing the half-time of the decay process.

14



Vinblastine has also been used Lo precipitate tubulin in vitro from

crude supernatants and from relatively pure preparations of tubulin
(Bensch et al, 1969; Marantz el al, 1969; Olmsted et al, 1970; Wilson
et al, 1970).

The molecular weight of tubulin has been determined by several methods
including sedimentation equilibrium (Stephens, 1968 and 1970; Welswiberg
st al, 1968) and gel filtration (Bryan and Wilson, 1971; Eipper, 1972;
Wilson and Friedkin, 1967). Uulués for the soluble colchicine receptor
lie between 110,000 and 130,000 daltons. Treatment of tubulin with de-
naturing agents (SDS, urea or guanine hydrachloride) results in loss of
drug receptor activity and ability to polymerise. The losé of activity
is accompanied by a decrease in moleéﬁlar weight to about 50,000-60,000,
demonstrating that tubulin is composed of at least two protomeré. n
Analysis of the protomers by polyacrylamide gel electrophoresis in the
presence of urea and alkaline buffer shows that there are two distinct
subunits (¢~ and P-, which has the greater mobiiity)b(Bryan and Wilson,
1971). Under different conditions of electrophoresis (no uréa, high
ionic strength and neutral pH) (meber and Osborn, 1969), the protomers
behave as a single protein with a molecular weight of 52,000-55,000
daltons. The reasons for this anocmalous beha&iour are not yet knouwn,
but are believed to be concerned with interaction of SDS with the

o« -subunit, altering its mobility in the urea system with lowered ionic

strength and raised pH.

The first direct evidence for chemical differences between the «x- and
p- tubulin subunits was obtained from the anino acid analysis on chick
embryo brain tubulins (Bryan and Wilson, 1971). Significant differences
were found in His, Cys, Ser, Ala, Met and Ileu. Partial sequence data
(Luduena and Woodward, 1972) on the first 25 N-terminal residues of Lhe
o~ and p-tubulins from sea urchin outer doublet and chick embryo brain
cytoplasmic tubulins are now available. Both o¢-tubulins have the saiic
sequence except for residue 25; the p-tubulins differ only at residue 7.
However, the o<~ and P-tubulins differ in at least 12 positions,

affirming the chemical non-identity suggested by the amino acid analysas.

It has recently beeﬁ claimed (Outton and Barondes, 1969) that colchicine-
binding protein accounts for nearly 40% of ihe soluble‘labelled proteli
in the brains of new-born mice after injection of 14C—labelled leucirie.
preliminary experiments in Lhis laboratory indicated that a substantial
proportion of colchicine-binding activity in pig brain homogenates was

associated with the crude particulate fraction obtained atier high=-speed



centrifugation. A detailed investigation of the subcellular distribution

of colchicine~-binding activity in brain and a study of the pruoperties of

brain colchicine-binding protein was therefore begun. Several different

aspects of brain tubulin chemistry were also investigated during the

course of this work, in particular the reaction concerning the phosphory-

lation of tubulin. This reaction is thought, at presenﬁ, to be at least

part of the mechanism involved in microtubule function.

The object of this research was to answer certain questions about the
structure and function of microtubules in nerve cells, which wbuld
hopefully lead to a better understanding of the role assigned to these

organelles, and to conclusions of physiological value and importance.

The work reported on in this thesis was carried out during the pericd
1970-1973, only a few years after interest had been stimulated in
microtubule biochemistry. Much more information has since appeared,
during the preparation of this thesis; those areas of work which
particularly extend this study are presented in the Discussion (Chapter
8).
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CHAPTER TWwO

General Methods



(a) Chemicals

All standard chemicals used in this work were of the highest analytical
grade available. Radioactive chemicals were obtained from the Radio-
chemical Centre, Amersham, Bucks; specification of radiochemicals and
details of the preparation of solutions containing them are given in

the relevant sections of the text. Radioactive chemicals were stored

at -ZDOC; colchicine was additionally kept in the dark. Cold colchicine
(obtained from Koch-Light, Colnbrook, Bucks) and radioactive colchicine
(ring C-methoxyl tritiated) were checked for purity by thin-layer

chromatography as described in section (i) of this chapter.

Nucleotides obtained from Sigma were the highest grade, énd were used
without further purification after checking their purity by thin-layer
chromatography according to the method of Tao and Lipmann {1969), on
cellulose-polyethyleneimine impregnated foils using acetic acid/LiCl
solvent. Any batches containing significant amounts of impurity were

not used.

Vinblastine and vincristine, a gift from Eli Lilly Co, were checked for
purity by thin-layer chromatography on silica gel using ethanol solvent,

as described in Southern Research Institute (1971).

(b) Preparation of tissues extracts

Brains from adult rats and guinea pigs were removed after the animals

had been etherised then decapitated. The tissue was quickly transferred
to filter paper moistened with ice-cold homogenising medium (see section
(c) of this chapter). A 10% homogenate was made by adding 9'parts of
ice~cold buffered sucrose, and the material was homogenised in a motor-
driven Teflon-in-glass homogeniser (clearance 0.003-0.005"), at top
speed, for 10 up-and-down strokes. For simple distribution studies, the
homogenate was centrifuged at 4°c in an MSE superspeed 40 ultracentrifuge
for 1h at 1059 av. A soluble and a particulate fraction were obtained;
the superhatégt was decanted, and the pellet was resuspended in homo-

genising buffer by dispersal in a Teflon homogeniser by hand.

(c) Buffers

Tissue was usually homogenised in a 0.32M sucrose solution containing
1mM (or 10mM) sodium phosphate Luffer, pH 6.8, and 1mi (or 10mi) MgCl, -
This was prepared by mixing equal volumes of 0.1M solutions of disodium

hydrogen phosphate and sodium dihydrogen phosphate, to give a stock



solution af 0.1M sodium phosphate buffer pH6.8. MgCl, (1M stock
solution) was added to the appropriately diluted stock phosphate buffer
solution, and the pH was adjusted to 6.8 when necessary. (This buffer

will be referred to as P-Mg buffer.)

(d) Measurement of colchicine-binding (CB-) activity
(i) Incubation

Standard assays to measure CB-activity were carrvied out by
incubating protein samples (containing up to 1ing protein/hl,of
incubation mixture) with [SH]-colchicine in a 37° uater bath, in
the dark, for 1.5h. (Dark conditigns are mecessary to prevent
photo-oxidation of the colchicine to isomers which do not bind to
CB- proteins. (See Wilson and Friedkin, 1966) The incubation
mixtures warse contained in a final volums of 0.6ml in 10aM P-Mg
buffer and the final [SH]—oolchicine soncentration was 2.5 HM.
After incubation, the samples wers placed on ice for 5 minutes to
terminate the binding reaction which is very slow in the cold.

The radiocactivity due to protein-bound [ZHJ-colchicine was usually
determined by the DEB1 filter disc assay as described below. Under
these conditions, it was found that colchicine binding reachcd a
maximum at 1.5h and was linear with respect to protein concentration.

(See Chapter 5, Results section (a)).

(1)  Assay

Whatman DEB1 filter discs (25mm diameter) uerg numbered with a

pencil for identification and wers placed on upturned screw caps in

a petri dish placed on ics. They were molstened with ice-cold 10miM
sodium phosphate buffer pH 6.8 (prepaved by diluting stock buffer -
see section (c)), and aliquots of the incubation mixtures Qere
pipetted on (0.1ml/disc), and allowed to absorb for 5 minutes. The
unbound colchicine was washed off the discs as-folléws: tﬁe discs
were placed in a beaker containing ice-cold 10mM sodium phosphate
buffer pH 6.8 (30-40ml buffer/disc) and were allowed to stand on ice
for 5 minutes, with intermittent stirring. The buffer was decanted, -
an equal volume of fresh ice-cold buffer was edded and the disce woru
left for a further 5 minutes. A total of FiQe separabe buffer wushes
was found to be sufficient to remove the unbound colchicine from the
discs, as judged by measuring the amouni of radicactivity in the
washings (See Fig. 2.71). The discs weve thun briefly bloutted on
tissue, and placed separalely in Bml uf Bray's scintillstion fluid

(see section (g), this chapter) in a radicactive ecounting vial. Thu
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Figure 2.1

Removal of unbound colchicine from DEB1 discs 1n
the disc _assay of CB-activity

. r.
0.1ml samples containing protein bound to LjHJ*
colchicine and free colchicine were alluwed Lo
absorb on each disc at 4°. Each disc was then
placed in 30wl ice-cold 10aM sodium phosphate
buffer, pH 6.8, and was allowed to stand for 5
minutes to elute the free colchicine. 0O.lul
samples of the buffer were taken (in triplicate)
and were each placed in il Bray's scintillation
fluid in a radiocactive counting vial, and the
amount of radicactivity present in the sanplu

was measured. The buffer was decanted from the
discs, a further 30ml of fresh buffer was added,
and the procedure was repeated unti! & total of

5 washes had been pertormed. The backgqround
radiocactivity in each vial of scintillatiun

fluid prior to addition of the sample was approx-
imately 20cpm. This has not been subtracted from

the results.
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amount of'radioactivity (cpm 3H) bound to the protein on the disc was
xmeasured in a Packard Tri-Carb Liquid Scintillation Spectrometer (Model
i 3375). Triplicate discs were processed for each incubated sample.
Blanks prepared using colchicine solution only, routinely produced

40 - B0 cpm per disc; heat-denatured protein blanks gave 80 - 160 cpm
per disc when tested using soluble or particulate protein preparations.
These values were usually ignored, since- the levels of radioactivity
normally measured in CB-determinations (2000 cpm or higher) greatly
exceeded these amounts.

(iii) Usefulness of disc assays compared with other published methods

In a limited number of experiments, CB-activity assayed by the
filter disc method (see above) was compared to the activity measuied
using two other methuds described for separating free and bound
colchicine.

The first method, of Weisenberg et al (1968), involves the use of
Sephadex G-100, equilibrated with.10mM P-Mg buffer pH 6.8 in a

1 x 15cm column at 4°. Samples of incubation mixture were chilled
and applied to the top of the column, and were eluted with ice-cold
10mM P-Mg buffer. The protein, together with the protein-~bound
colchicine were eluted first, and were separated from the free
colchicine as determined by measuring the radicactivity of alijuots
of the individual fractions collected. Protein in aliquots of the
fractions was determined by the method of Lowry et al (sse secticn
(h), this chapter). The results are illustrated in Fig. 2.2, which
shows the distribution of protein and radicactivity in the efflucnt.
In a parallel experiment, sémples of the same incubation mixture
were taken for assay by the centrifugation msthod of Weisenberg (1968).
The chilled sample was added to Sephadax DEAE-ASD which hiad been
swollen in distilled water, washed with acid and alkali (as specified
by Pharmacia, the makers), and equilibrated in 10mM P~ﬁg buffer pH
6.8 at 4° in é centrifuge tube, and was allowed tu absorb for 5 mins.
The tube was then centrifuged and the supernatant discarded. The
pelleted Sephadex with absorbed protein and protein-bound colchicineg
was then washed with five changes of 10mM P-Mg buffer (allowing 5
min/hash) to remove unbound colchicine. The Sephadex and abscrbed

colchicine were then counted directly in 15ml of Bray's scintillant. -

The results obtained using wsach of these muthods are tabulated in
Table 2.1. It is apparent from the Table that vury.similar colchicing
binding values for the three methods were obtained, the filter disc
method being slightly less quantitative than the other two methode.
There are, however, obviosus advantages of the Filter disc method

(many samples can be pruuessed fairly easily at once in a relatively
short time; very small samples could be used and a reasonable amount
of radioactivity due tu Lound [EH] colchicine could be detected)

which resulted in this method being adopted for routine use.

oo
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Fiqure 2.2

Distribution of protein and bound colchicing ¢luted
from Sephadex G-100 column

Samples containing protein-bouhd [SH}—culchiuine
and free 3H -colchicine were applied to the top of
a Sephadex G-100 column equilibrated with 10w
sodium phosphate buffer, pH 6.8, caontaining 10mM
MgClz. iml fractions were collected and aliquots
were taken for measurement of radicactivity and
praotein. The first peak of radicactivity obtained
is due to protein-bound colchicine; the second peak

is due to free colchicine.
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Comparison of CB-activity determined by difrerent
methods

The incubation mixture used in'thesa experimfpia
contained 1.8mg/hl of protein and 2.5 pM [3HJ_
colchicine in 10mM P-Mg buffer, pH 6.6. SCamplus
were incubated at 37° for 1.5h. il samples were
loaded on to the G-100 Sephadex columns; U.oml
samples were used (per tube) in the centrifugalion
assay using DEAE-A50 Sephadex; 0.1ml samples (pen
disc) were used in the DEBT filter disc assays.
The results were normalised to correspond to 1ml
samples of incubation mixture. The total radio-
activity ([SH])puesanL in each tml of incubulion
mixture was 1.2 x 10 cpm. Duplicate samples were
processed using the column and centrifugation
methods, and filter disc assays wsere carried out
in triplicate. It is worthwhile noting that in
the centrifugation methud the DE-Sephadex, when
dissolved in the scintillant, resulted in a quench-
ing of the radicactivity counting by about 40%,
found by an internal standardisation method. This
has been corrected for in the results shown. In

- the column and disc methods, only O.1ml of aguesus
sample was added to the scintillant, and this

resulted in a quenching of less than 6%
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(e) Efficiency of counting

The efficiency of counting in the scintillant used was found by

measuring the cpm of a specified volume of the stock colchicine

solution, of known dpm.

from the relation: efficiency = Eﬂﬂaﬁ_lgg %
pm

the efficiency was found to be 48%.

In some of the experiments investigating the kinetics of the binding
reaction, the cpm obtained were converted into moles of colchicine
bound, on the basis of cpm measured under identical conditions for
[SH]-colchicine solutions of known concentration (as described in

chapter 5, methods).

(f) Preparation of stock radicactive colchicine solution

Radioactive colchicine obtained had specific radioéctiuities ranging
between 1.7 - 2.2 Ci/mmole and contained 250 pCi in 0.25ml of a 50% ‘
ethanolic solution. This corresponds to sclutions of concentration
approximately 500 FM‘ This was diluted with cqld colchicine solution,
as shown below, to give a stock solution of final concentration

approximately 76 e

Volume "~ Final

used conc.
original radioactive colchicine solution (500 fWD 0.25ml 20 pm
unlabelled colchicine solution (1400 }WD ' 0.25n1 56 fM
water » 5.75ml ‘ :

6.25ml 76 FM'

The specific radioactivity of the stock colchicine solution waé SS;DDD
cpm/?l (at 48% efficiency this corresponds to 530 cpm/hmole); When-
diluted 30 times in the incubation mixtures (20 fl in 0.6ml), the final
colchicine concentration obtained was 2.5 PM’ and this was routinely

used in the standard assay.

(g) Preparation of scintillation fluid (Bray's scintillant)

It was convenient to use a scintillant which was miscible with water,
in which the efficiency of counting was not too low. Bray's (1960)
scintillant was tried, and compared to a toluene-based scintillant gave
favourable reéults on both points. Bray's scintillation mixture is a
dioxan-based fluid, and is capable of accommodating up to about 20% of

its own volume of water while giving reasonable counting efficiencies.
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This water will cause guenching in the sample (it will interfere with

the production of photons in the scintillator) and a lower cpm will be

recorded than that which is actually present. For this reason a fairly

large amount of naphthalene was added to the scintillant, to increase

the efficiency of the water-quenched system.

Most scintillation counters operate at a reduced temperature (arcund
400) in order to minimise background 'noise!, since electron mobility
decreases as the temperature is reduced. As diokan freezes at BDC, an
amount of ethylene glycol was incorporated into the scintillant to
overcome this difficulty. Another addition was ethoxyethanol,
(Cellosolve), which was used to overcome other prablems concerned with
the size of the aqueous sample, adsorption of salts onto the wall of
the vial, and precipitation of the sample material. The remaining
constituents were 2,5-diphenyloxazole (PP0) and 1,4-di-(2-(5-phenyl-
oxazolyl))-benzene (POPOP). These !'fluors! in the scintillant convert
the nuclear radiation produced by the sample into light energy, or
photons, which are detected and amplified by the scintillation counter.
Therefore, a scintillation fluid was prepared in which the Fﬁllowing
chemicals were dissolved, and made up to 1 litre, with scintillatiun
grade dioxan:

1509 ﬁaphthalone

8g PPO

0.6g POPOP

100ml1 ethoxyethancl

20ml ethylene glycol

(see Proceedings of the Beckman Summer School, 1967)
This scintillant differs from that used by Bray in that methanol was
replaced by ethoxyethanol, and the naphthalene, PPD and POROP amounts
were increased for greater counting efficiency. General Purpose grade
naphthalene was used, which was reported to give almust the same

efficiency as scintillation grade, and was very much cheaper.v

(h) Estimation of protein by the method of Lowry et a1 (1951)

The main reason for estimating brain protein by the method of Lowry is
that lipids, which are present to a significant extent in brain tissue,
do not appear to interfere significantly with the colour reaction

produced. Up to 6% only of the colour produced by whols tissue is
attributable to lipid interference, whereas a N-bas:d determination

(Kjeldahl) could be up to 20 in errcr. Also, Lhe Lowry method 1o

(A
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sensitive, detecting even a few Fg of protein, in the procedurs
described below. To increase the sensitivity of the method, the
volumes of all the reagents used wsre decreesed by the same proportion,
to yield a more concentrated colour for a given amount of protein. |

The following reagent solutions were used:

(R) 2% Na,CO; in 0.1N NaQH

3

(B) 0.5% CuS0,.5H,0 in 1% sodium citrate (citrate here replaces tartrate,
producing a more stable reagent)

(C) 50 parts of (A) freshly mixed with 1 part of (8)

(D) Folin-Ciocalteau reagent which was generally diluted 1:2.3 with water

to give a solution which was 1N with respect to acid.

Serum albumen 100 Fg/hl (pratein standard)

Assays were carried out as follows: samples or standarde containing up
to 100 F9 of protein in a total volume of 0.8ml were mixed with 4ml of
reagent (C) and then allowed to stand for 10 min. at room temperature. -
0.4ml of reagent (D) was then pipetted rapidly into the mixture with
thorough mixing and the blue colour produced after standing for at least
20 min. was read in a Beckman spectrophotomster at 700 nm against a A
reagent blank. Standard curves were obﬁained for each determination
(see Fig. 2.3) and were used to estimate the emoent of protein in the
samples. Corrections were made for interfering substances (e.g. high

salt concentrations or Vinca alkaloids) where necessary.

(i) Thin-layer chromatography of colchicine

To test the purity of the [ZH]—colchicine used in this work, samples uere
analysed by thin-layer chromatography, as described by Wilson and Friedkin
(1966). Glass plates 20cm x 20cm were coated with a layer of Silica Gel G
(Kieselgel G, Merck), 250 H thick, by applying a slurry of 259/%Dml water.
Plates were dried in a 100° oven for 1h. Up to 60 Fg of colchicine were
applied per spot, and the chromatograms were developed with methanol until
the front had almost reached the top of the plate. (This took about 1h.)
The plates were allowed to dry in air, then were viewsd under UV light to
locate the positions of the colchicine and of any impurities or breakdoun
products which might have been present. In fact, only one spot could be
detected, approximately half-way up the plate, giving an RF value of

0.56 £ 0.02. This corresponds closely to the RF value found by Wilson (1900)
using identical chromatographic procedures. This was clearly distinguiched

- F I TR S, S b codeseet wloy ')“ ,;" =] U.Z .
from the R. for deacebyivolchicine (M) & Leodescetyloolohlcing (G.3)



Figure 2.3

Estimation of protein by the method cf Lowry et al

(1951)

This reference graph was obtained using knoun
amounts of bovine serum albumen. For msthod, see
text. Each sample was read against a reagent

blank which contained no protein.
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To check the radiochemical purity of [SH]~colchicine, samples of the

labelled material (about 5 nmoles, = 107 cpm) were chromatographed as
described above. Samples of silica gel were then scraped off the plate
at 1cm intervals along its length, and ware counted in 5ml of Bray's
scintillant. O0Only 1 peak of radioabtiuity was obtained, showing that
the [3H]-colchicine was radiochemically pure. This was confirmed by
radioadtography when the dried plate was left in contact with an X-ray
plate for 1 month, again indicating that there was no significant radio-

chemical impurity present.

Similarly, the nature of the protein~bound'radioactivity was investigated
after incubation of protein samples w}th [SH)mxﬂchicine. Soluble and
particulate proteins wers incubated with 2.5'FM [ZH]-colchicine by the
standard procedure, and 0.1ml samples were applied to DEB1 filter discs
as previously described (section (d)). After washing to remove unbound
[SH]-colchicine, the bound radioactivity from 5 discs was eluted with a
total of 2ml methanol. A total of 0.2ml of each sample was then loaded
per spot (this corresponds to about 6,000 cpm/%pot in the case of the
soluble preparation, and about 1,000 cpm‘in the case of fhe particuléte
preparation, calculated from the cpm adsorbed onto‘DEBi filter discs from
an aliquot of the incubation mixture.) &0 p9 samples of the standards
were included and the plate was develcped as previously described.

Silica gel -scrapings taken at tcm intervals along the length of the plate
showed that there was 1 spot in the position'of‘the unchanged colchicina.
This was confirmed by radicautography of the chromatogfaphic plate using
X-ray film and left in contact for 3 months, indicating that the radio-
activity bound to the pr0t61n is, in fact, due tD rgighirlnw bound, and

not any other derivative.

(j) Polyacrylamide gel electrophoresis

This technique was used to check the purity of purified microtubular
protein, and to partly 1d9nt1fy microtubular protein in crude mixtures.
Two systems were used which both included the deter ent sodium dodecyl
(lauryl) sulphate (SDS) in which the protelns were separated mainly
according to size rather than charge. In most experiments, 10% gal;
were used. Acrylamide was obtained from Serva, Heid:lberg, and was of
the highest grade of purity. Tt was stored at 4°c.

The first method used was mainly as deucrlbed by Weber and Usborn (19@9)

who used a continuous phosphate buffer system at pH 7.0. .The following

solutions were prepared:

G
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Acrylamide
10.59 acrylamide + 0.15g NN'»msthylenebisacrylamide, made up to
50ml with water (freshly prepared).

Gel buffer

21.5g anhydrous NazHPD4 + B.hg NaHZPU

with water (this gives approximately 0.2M sodium phosphate buffer
pH 7.0, containing 0.2% SDS). o

4t 2g SD5, made up to 1 litre

Incubation buffer -

2159 anhydrous Na,HPO, + 0.85g NaM,PO, + 2g SOS + 2ml B-mercapto-

ethanol, made up to 100ml with water (this gives approximately 0.20
sodium phosphate buffer pH 7.0 containing 2% SDS and 2% B-mercapto-
ethanol). g

Ammonium persulphate

0.15g in 10ml water, freshly pfepared.

Gel stain
1.25g Coomassie brilliant blue dissolved in 454ml 50% methanol
followed by addition of 46ml glacial acetic acid, and filtration.

(1) Preparation of gels

Gels were prepared using the solutions déscribad above, as follous:
20ml gel buffer and 18ml acrylamide solution were separately de-
aerated using a suction pump for a fem>minutes, and wére then mixed.
2ml ammonium persulphate solution was addeq together;mith 0.06ml
NNN'N!-tetramethylethylenediamine (TEMED);,these chemically polymerise
the acrylamide at room temperature into a gsl in abu@? 15 min., ‘The
Qel solution was transferred to siliconised glass tubgs of inside
diameter 5mm, length 8-10cm, which werse closed by plé;tics caps at-
one end, fiiling the tubes to within 1cm of the top. UWhen gelation
had finished and the gels were to be used, the plastib caps were
remouéd and the tubes were placed in the eleétrophoresis apparatus.

(ii) = Preparation of protein samples

protein samples were prepared for electrophoresis as follows:

protein solutions containing approximately 2ing proteih/ﬁl were diluted
with an equél volume of incubation buffer, and were incubated at 57
for at least an hour, or at 507 for about 20 min. To 0.1ml of this
solution was then added 1 drop of glycerol (to increase the density

of the sample) and 1 drop of a saturated agueous solution of bromo-
phenol blue (tracking dye).

(iii) Electrophoresis

,The prepared protein sample was applied to the top of the gel and was

electrophoresed (the anode being in the top of the apparatus) using

gel buffer diluted with an equal volume of water as the clectro-

Using a current of EmA/gel (maximun) electrophoresis
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took about 6h. to be completed; allernatively, a lower current was

frequently used (2mA/gel) when the electrophoresis was completed
in 18-20h.

(iv) Fixing and staining

The gels were removed from the glass tubes and their length and the
distance the tracker dye had migrated from the origin were measured.
The gels were placed in 10% sulphosalicylic acid (or 10% TCA) at room
temperature for at least 30 min. to precipitate the protein in the
gel. The gels were then overstained with Coomassie brilliant blue
for about 1h. , followed by diffusion destaining in 7% acetic acid
containing 50ml methancl/litre.

¥

(v) Estimation of molecular weinhts

Proteins of known molecular weight were electrophoresed in each
experiment, and their mobilities were calculated from the relation

length befors destaining x distance ptn migrated
length after destaining ” distance dye migrated

mobility =

When these mobilities were plotted against the logarithm of the
molecular weight, a standard curve was obtained (see Figs. 2.4 & 2.5)
which was used to estimate the molecular weights of unknown proteins

from their calculated mobilities.

It was discovered that tubulin (CB-protein) could be split inta two
bands of equal size if a discontinuous buffer system was used and
urea was incorporated (similar to that described by Laemmli, 1970).
This method involved the following sclutions; '
Gel buffer . v ' . .

0.75M tris-HC1l buffer, pH 8.8,.cun£aining 0.2% 505 and 10M urea.

Incubation buffer

0.125M tris-HCl buffer, piH 6.8, containing 4% SDS, 10% B-mercapto-
ethanol and 10M urea.

Electrophoresis buffer

3.025g tris + 14.4g glycioe + 1y S0S, made up to 1 litre with water
(this gives a solutlion containing 0.0260 tris-0.192M glycine, with

a final pH of 8.3, containing 0.1% SDS).

Gels were prepared (using hulf the persulphate and TCMED previcusly
stated) and the protein samples were incubated s déscribud avove.
Electrophoresis was performod using undiluted electrophoresis bufter,
and a maximum currant of 2.bmA/bal; electropiioresis was completed in

about 2h. Gels were then processed exactly. as described above.

for results, ses Fig. 2.6.
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Figure 2.4

Estimation of molecular weights by SDS-polyacrylamide
gel electrophoresis

This reference graph was obtaized using proteins of
known molecular weight which were electrophoresed in
0.1M sodium phosphate buffer, pH 7.0, containing 0.1%
SDS as described in the text. Mobilities were calcul-
ated from the distance maved through the gel by ths

protein as described in the text.
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Figure 2.5

SDS-polyacrylamide gel electrophoresis of reference
proteins

Gels 1 = 3 were loaded with approximately 50 fg of
each protein an? were electrophoresed in the phos-
phate-SDS buffer system of Weber and Osbaorn, as
described in the text. Gels were fixed in 10%
sulphosalicylic acid, overstained with Coomassie
brilliant blue, then diffusion destained. Gels 4 -
7 were loaded with approximately 50 Fg of wach pro-
tein and were electrophoresed in tris buffer con-
taining SDS and urea (ses text). The gels were

fixed and stained as above.
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Figure 2.6

SDS-polyacrylamide gel electrophoresis of rat brain
tubulin

Gel 1 was loaded with approxi%étely_100 Fg of a partly
purified tubulin preparation and was electrophoresed
in phosphate-SDS buffer (see text for details). Gel 2
was similarly treated, and electrophoresed in tris
buffer containing SDS and urea (ses text for details).
Gels were fixed, then stained with Coomassie brilliant
blue. Gel 1 reveals one main protein band, corres-
ponding to a molecular weight of approximately 58,000
while in Gel 2 two main bands are apparent, corres-

ponding to molecular weights of 58,000 and 56,000.
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(k) Radioautography of polyacrylamide gels

This technique was used when the distribution of protein-bound radic-
activity needed to be found (see Chapter 6, Results, Section (d) and
Fig. 6.5). The proteins in tﬁe samples and their bound radioactivity
were separated by polyacrylamide gel electrophoresis as described in
Section (j) of this Chapter. The stained gels were then sliced long-
itudinally using the apparatus of Fairbanks gt al (1965). The gel
was clamped in a perspex holder, a cutter was inéerted at the top and
was drawn evenly down the apparatus until the whole length of the gel
had been sliced. Tuwo inner flat slices (approximately 1mm thick)
were obtained, and two outer, rounded slices. The inner slices were
then placed closely together on mois{;neﬂ, high~-wet strength, filter
paper which was placed on a perspex slab from which channels had been
cut for drainage as the slices were dried. The apparatus was covered

with polythene to make it air tight,,and was evacuated OVernight using

a suction pump. It was found that the gel slices dried more evenly if

an infra-red lamp was placed about 18" above the apparatus so that a
temperature of about 50° was maintained on the‘surface of the drier
for the first few hours. The dried slices,‘adhering‘to the Filter
paper, were then left in contact with X-raykfiim’to obtain a radio-

autograph of the separation on the gel.
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.
CHAPTER THREE

Investigation of the distribution of brain
CB-protein from different species, neuro—

anatomical locations andvduring development.



Introduction

Most of the CB-activity present in homogenates of various types of non-
neural cells (Borisy and Taylor 1967 Mllson and Frledkln 19683 WlluDﬂ
1970) appears to be recovered in the high-speed soluble fraction. The
CB-activity present in the high-speed soluble extracts of homogenates
was thersfore assumed, at that time, to be a reasonable measure of total

binding activity of the various tlssues examlned, 1nolud1ng mammallan

brain.

However, preliminary data by Dutton‘and Barondes (f§69) indicated that
about half the total CB-activity of mouse braln homogenates appeared to
be firmly bound to the crude partlculate fraotlon obtalned after hlgh-
speed centrlfugatlon. It was therefore of 1nterest to 1nvestlgate the
extent to which CB-activity in braln was assoc1ated wlth the particulate
fraction, and in this Chapter, results of studles on the distribution of
CB-activity in crude soluble and partlculate fraotrons in rat, rabbit
and guinea-pig brain will be summarlsed.  In addltlon, a‘study was made
of the distribution of CB-act1v1ty in various gross4anatomical regions
of adult brain. Finally, a llmlted number of experlments were carried
out to compare tha dlstrlbutlon of CB-act1v1ty in 1mmature and adult rat

and rabbit brain.

Materials and Methods

The brains from adult rats and gurnea—plgs were obtained as described
in Chapter 2 (b).  Young rats (1-2 days old, all. from the same litter)
were killed directly by decapltatlon, and the brains removed.. Adult
rabbit brain was obtained from animals which had been anECtGd with
Nembutal in the spinal cord and in “the marglnal ear vein, then killed
by air 1nJectlon and deoapltated. 28 day rabblt foetuses were remoVed
from the anaesthetlsed mother and were kllled by decapitation, and the
brains removed. All the tissues were chllled on ice as quickly as
possible after removal,zand transferred to filter paper moisﬁened with
cold homogenising medium. Dissection of the adult brains into various

gross anatomical regions was performed as described by Dahl et al (1970).

Tissues were homogenised and oentrlfuged, and the crude socluble and
particulate extracts obtained as described in Chapter 2 (b). CB-activity
was measured in the extracts by the DE fllter disc aasay doscrvbed in

Chapter 2 (d). The homogenising medium used was 0.32M sucrose COﬂtdlﬂlﬂg
10mM sodium phosphate buffer, pH 6.8, andl10mﬂ MgClz. ~These solutions

were prepared as described in Chapter 2 (c).
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Results are expressed as specific activities (SAt's), which are cpmvof

colchicine bound per mg protein; and as relative specific activities

(RSA's), which are obtained from the relation é izcouerez bouzd.cpm
: covered protein

The latter facilitates comparison of CB-activities in the various sub-

fractions with that of the parent fraction, whose RSA is taken to be 1.

Results

(a) Distribution of CB-activity in adult rat, rabbit and quinea-pig brain

Preliminary experiments with rat brain indicated that about half the total
homogenate CB-activity was associated wlth the partlculate fraction.
Further investigations, using also rabblt and gu1nea-p1g braln, confirmed
this finding. The total amount of protein and CB-activity recovered in
extracts were very similar in the different spebies studied when expressed
on a wet tissue weight basis (see Fig; 3.1). The distribution of protein
and CB-activity between the crude solubié and particulate extracts was
also similar, approximately 20% of the protein and 50% of the CB-activity
being recovered in the saluble fraction, the remainder in the pelleted
material (see Table 3.1). Binding 6% colchicine in the particulate
fraction of mammalian brain therefore appeared 1mportant, accounting for

half that found in brain homogenates.

(b) Changes in distribution of CB-activity during development of ret and
rabbit brain . :

Preliminary experimanfs showed that the CB-activity present in soluble
extracts of immature brain was higher than thet for adult brain. Tne
distribution of CB-activity during development of rat and rabbit brain

was therefore investigated further.

It was found, for both species, that the total amount of protein
increased during development, but the total recovered CB-activity
decreased when expressed on a wet tissue weight basis (see Fig. 3.2).

The distribution of protein also changed during devslopment; the

proportion of scluble protein decreased, accompanied by an increase in
partlculate protein, for both species. The distribution of CB-actiuity
was also found to alter durlng development of the rat brain - the pro-
portion of soluble CB-activity decreasing, and particulate CB-activity
increasing., Howsver, no significant change in distributian of CbB-
activity was found during development of rabbit brain (see Table 3.2).



Figure 3.1

Protein content and CB-activity in soluble and
particulate extracts of mammalian brain

Soluble (S) and particulate (ﬁ) extracts of brain
were prepared as described in Chiapter 2. Samples
were removed for determinalion of protein and CB-
activity (see Chapter 2). Data refer to results
obtained from 1g wet weight of tissus and are the
means of 6 separate experiments (rat), 3 separale
experiments (rabbit), and 2 separate experiments
(guinea-pig). Actual total brain weights were:
rat 1.7g; rabbit 10g; guinea-pig 3.2g.

See also Table 3.1.
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Tahle 3.1

Distribution of protein and CB-activity in soluble
and particulate extracts of mammalian brain

Soluble and particulate extracts of hrain wers
prepared as described in Chapter 2. Aliquots were
removed for determination of protein and CB-activity
(as described in Chapter 2). Results are the means
of 6 separate experiments (rat), 3 separate experi-
ments (rabbit) and 2 separate experiments (guinea-
pig).

See also Figure 3.1.



Table 3.1

Distribution of protein and CB-activity in soluble and partlculate
extracts of mammalian brain

&

% recovered % recovered  specific
protein CB~activity =~ R.S.A. activity
. ' ' (x10%)
Rat
soluble 20+ 3 (48 £ 6 2.4 £ 0.4 95 % 20
particulats B0 £ 4 52 £ 7 - 0.65 £ 0.1 25 & 4
soluble 24 £ 3 47 2 5 2.0 % 0.3 93 £ 30
particulate 76 = 2 53 ¢ 5 0.7 % 0.1 39 £ 8
Guinea-pig
soluble 30 3 52 £2 1.8 0.2 93 % 20
particulate 70 £ 3 48 2 0.7 £ 0.1 36 £ B



Figure 3.2

Protein content and CB-activity in saluble and
particulate extracts of immalure and adult brain

Soluble (S) and particulate (P) extracts of brain
were prepared as described in Chapter 2. Samples
were removed for determination of protein and CO-
activity (see Chapter 2). Data presented refer

to results obtained from 1g wet weight of tissue,
and are the means of 3 separats expsriments

(foetal rabbit, adult rabbit and 1-day old rat)

and of 6 separate experiments (adult rat).

Actual total brain weights were: foetal rabbit 1g;
adult rabbit 10g; 1-day old rat 0.3g; sadult rat 1.7g.
See also Table 3.2.
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Table 3.2

Distribution of protein and CB-activity in soluble
and particulate extracts of immaturs and adult brain

Soluble and particulate extracts of brain were pre-
pared as described in Chapter 2. Aliquots were
removed for determination of protein and CB-activity
(as described in Chapter 2). 'Results are the means
of 3 separate experiments (foetal rabbit, adult
rabbit, 1-day old rat) and 6 separate experiments
(adult rat). |

See also Figure 3.2.



Table 3.2

Distribution of protein and CB-activity in soluble and particulate
extracts of immature and adult brain

‘&

% recovered % recovered - o specific
protein CB-activity R.S5.A.  activity
(x10%)
Foetal rabbit -
soluble 34 & 4 54 £ 6 1.6 * 0.3 205 % 40
particulate 66 & 4 46 t 6 0.7 £ 0.1 90 %

20

Adult rabbit

soluble 24 £ 3 475 2.0 0.3 93 % 30
particulats 76 £ 2 83+ 5 0.7 £ 0.7 33 + B
1-day old rat g

soluble 36 & 2 72 % 4 2.0 0.3 143 % 30
particulate 64 £ 3 28t 4.  0.45%0.1 26% 4
Adult rat

saluble 3 48 % 6 2.4 % 0.4 95 % 20
particulate B0 t 4 27 . 0.65 0.1 25% 4



(c) Distribution of CB- -activity in various gross anatomical regions
of brain

Different anatomical regions of the brain have aséignéd'to them different
functions, and the morphology of the tissue from different areas also
varies. Therefore, soluble and particulate colchicine- binding in
different gross anatomical areas of brain was studied in three different

species.

The total amount of protein in homogenates of the dlfferent regions and
its distribution between the soluble and partlculate fractions were very
similar within each of the sp801es studied (see Table 3.3). Houwever, the
total CB-activity in homogenates of the ‘different regions of adult brain
differed (see Fig. 3.3); the CB- act1v1ty in the cerebellum and brain stumv
areas was significantly lower than that measured in the thalamus/ﬁypo-
thalamus and cortex regions, when exéressed on a‘wet tissue weight baéis.
These results confirm those of Dahl et al (1970) for rat and rabbit brain.
Also, CB-activity in homogenates of the different regions of foetal rabbit
brain were all found to be significantly higher than ihoée measured in the':
adult animal (this also confirms the observations made in Section (b) of

this Chapter).

The distribution of CB-activity betwesn the soiuble andbpafticula£e'
fractions obtained from homogenatses of the different regions of adult:
brain also differed (see Table 3.4) nDLably in that a low value for the
brain stem socluble CB-activity uwas obtained- compared to thdt measured 1n

the soluble fractions from the other aress of each species studied.

Specific‘activitles'of the Fréctioné;?romkaauh of  the regidna are colipared
in Fig. 3.4 from which it is apparent that the pattecn of CB-activity found
in the homogenates of these samples is reflected in that recovered in th9' 
soluble preparations, i.e. for each of the adult 8pecies:studied thé brain
stem soluble fraction had a significantly lcuer CB~activity than that _
measured in the soluble fractions from other regions of tha brain. '
Howaver, the soluble fractions obtained fromrthe various regions of fuoetal
rabbit brain showed no significant difference in CB~actiuity. Ih additidn,
it was found that CB-activity in the soluble and particulate fractions from
immature brain was significantly highér ihah phat‘in the carreépbnding~

fraction from adult brain.

The specific activities of the particulate fractions were not significantly
different within each of the adult apecies'studied However, in ths
immature anlmal, the brain stem partlculate preparation had a much lower

CB-activity than that measured in particulate preparatLonf from the other

areas.



Table 3.3

Protein content and distribution in various
anatomical locations of brain

Soluble and particulate extraéts of brain (as
indicated) were prepared as described in Chapter
2. Aliquots were removed for determination of
protein (see Chapter 2). The results refer to
protein obtained from 1g wet weight of each
tissue, and ars the means of 4 separate experi-
ments (rat) and 2 separate experiments (guinea-
pig, rabbit and foetal rabbit). Actual total
wet weights of the tissues are given in the
legend to Figure 3.3.

See also Figure 3.4, Figure 3.5 and Table 3.4.



Table 3.3

Protein content and distribution in various

anatomical locations of brain

mq Qrotéin
Rat
Cortex:
soluble 22.1 t 2
particulate B2.2 £ 5
104.3
Thalamus:
soluble 20.7 £ 3
particulate 79.5 £ 4
100.2
Cerebellum:
soluble 18.8 £ 2
particulate 64.2 * 5
83.0
Brain stems
solubls 13.8 £ 1
particulate 67.8 + 3
B81.0
Guinea-pig
Cortex:
soluble - 15.7 £ 3
particulate 62,6 £ 10
78.3
Thalamus: -
soluble 14.6 + 2
particulate 63.3 + 10
' 77.9
‘Cerebellum: ~
soluble : 17.6 £ 2
particulats 66,3 * 10
83.9
Brain stem:
soluble 13.5 F 1
particulate 63.0 ¥ 8
76.5

% recovered

protein

21
79 t 2

I+
N

21
79 t 4

I+
3N

23
"7

4+ i+
W\

17
83

oI+
N

20
80

i+
RN

19
81

1+ i+

21
79

i+ 1+
N

18
82

i+ 1+
-

Continued



Table 3.3 (Continued)

Protein content and distribution in various
anatomical locations of brain

9 recovered

protein
Rabbit
Cortex:
soluble 13.7 £ 1 20 £ 2
particulate 55.7 ¢+ 7 B0 + 2
69.4
Thalamus:
soluble 13.9 £ 1 19 & 2
particulate 58.9 £ 10 81 £ 2
72.8 :
Cerebellums
soluble 15.7 & 1 23 £ 3
particulate 94.7 £ 8 . 77 £ 3
70.4
Brain stem:
soluble 10.7 £ 1 17 = 3
particulats 53.0 £ 13 B3 t 3
63.7
Foetal rabbit
Cortex:
soluble 14.5 1 31t 4
particulate 33.3 ¢ 4 6% = 4
47.8
Thalamus: , i
soluble 13.0 1 .29 % 3
particulate 33.1 % 71+ 3
45.1
Cerebellum: )
soluble . 12.7 £ 1 0t 4
particulate 31.2 % 6 70 t 4
43.9
Brain stem: ) .
soluble 12.5 £ 1 28 £ 3
particulate 32.5% 7 12 &

45.0



Figure 3.3

CB-activity in homogenates of different regions of
mammalian brain

10% homogenates of cerebral hemisphere (cortex) (C),

thalamus/hypothalamus region (T), cerebellum (Ce)

and brain stem (S) from brains of each of the species
indicated were made in 0.32M sucrose containing 10mM

phosphate buffer, pH 6.8, and 10mM MgCl CB-activity

was determined in samples of each as deicribed in
Chapter 2. Results given refer to CB-activity measured
from 1g wet weight of each tissue, and are the means of
4 separate experiments (rat), and 2 separate experiments
(quinea-pig, adult rabbit and foetal rabbit). Actual

total wet weights of the different tissues were:

Rat

C=1 -  T=0.3g Ce = 0.24g 5 = 0.14c
Guinea-pig

C = 2q T =10.5q Ce = 0.5¢ S = 0.2g
Adult rabbit .

C = 5g T = 1.5 Ce = 1.5g S = 1g
Fostal rabbit |

C = 0.5g T = 0.1g Ce = 0.2g S = 0.1g

See also Table 3.3, Table 3.4, figure 3.4 and Figure 3.5.
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Table 3.4

Measurement of CB-activity and its distribution
in various anatomical locations of brain

Soluble and particulate extracts of Lrain (as
indicated) were prepared as described in Chapter

2. Aliquots were removed and processed to deter-
mine {B-activity as described in Chapter 2. The
data shown refer to CB~activity measured in samples
obtained from 1g wet weight of each tissue, and are
the means of 4 separate experiments (rat) and 2
separate experiments (gquinea-pig, rahbit and toetal
rabbit). Actual total wet weights of the tissues
are given in the legend to Figure 3.3.

See also Table 3.3, Figure 3.4 and Figure 3.5.



Table 3.4

Measurement of CB-activity and its distribution in
various anatomical locations aof brain

CB-activity: % recovered
bound cpm x 10 CB~activity
Rat
Cortex:
soluble 2223 % 400 60 £ 3
particulate 1467 * 300 40 £ 3
3690 P
Thalamus:
soluble 1890 % 400 58 £ 5
particulate 1364 £ 300 42 £ 5
3254
Cerebellum:
soluble 1400 t 300 56 £ 6
particulate 800 & 100 44 £ 5
2200 '
Brain stem:
soluble 670 £ 150 . 44 £ 8
particulate 840 % 100 56 + §
1510
Guinea-pig
Cortex: , . _
soluble 1815 £ 400 81 4
particulate 1705 & 200 49 £ 4
' 3520
Thalamus:s
soluble 1650 * 300 46 2
particulate 1908 * 200 54 £ 2
3558
Cerebellum: :
soluble 1410 * 400 49 £ 6
particulate 1388 = 150 51 6
2748
Brain stem: . .
soluble 750 ¢ 30 28+ 3
particulate 2005 = 400 i 772t 3
2755

Continued



Table 3.4 (Continued)

Measurement of CB-activity and its distribution in
various anatomical locations of brain

CB-activity: % recovered
bound ecpm x 10 - CB-activity
Rabbit
Cortex: . .
soluble 2133 + 200 54 + 8
particulate 1890 % 400 46 + 8
4023 7
[l
Thalamus: .
soluble 1770 £ 30 48 * 4
particulate 1950 = 300 : B2 & 4
3720
Cerebellum: .
soluble 1300 £ 10 49 + 2
particulate 1335 £ 100 51 2
2635
Brain stem:
soluble 688 * 200 . 29 2
particulate 1668 * 400 71+ 2
2356
Foetal rabbit
Cortex: : .-
soluble 3250 + 800 - 53 14
particulate _ 2860 + 800 47 £ 14
6110 .
Thalamuss :
soluble 2670 % 300 46 + 2
particulate 3185 £ 600 , 54 £ 2
5855 ' .
Cerebellum: ' , v _
soluble 2500 % -300 , - 60 % 9
particulate 2525 %= 500 ‘50 £ 9
5025 :
Brain stem:
soluble 2333 £ 200 83 £ . 9
particulate 2125 % 500 . 47 £ 9




Figure 3.4

Specific activities of secluble and particulate
extracts from various anatomical locations of brain

Soluble and particulate extrac%s of brain (as
indicated) were prepared as described in Chapter 2.
Aliquots. werse removed for determination of protein
and CB-activity (as described in Chapter 2). The
results given are the means of 4 separate experi-
ments (rat) and 2 separate experiments (guinea-pig,
adult rabbit and foetal rabbit). Areas investigated
were: cortex (C), thalamus/hypothalamus (T), cere-
bellum (Ce) and brain stem (5).

See also Table 3.3, Table 3.4, Figure 3.3 and
Figure 3.5.
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It was a possibility that the variations of CB-activity obtained were
due to differences in the inactivation rates of CB-protein during the
incubation at 37° in the CB-assay, as between the various preparations.
Experiments were therefore carried out on soluble preparations from
different areas of adult rat brain to measure the loss in CB-activity

at 37° (see Chapter 5 (f) and Fig. 5.9). It was found that CB—activity
in the brain stem extract showed a faster inactivation rate than was
measured in the other samples. From the rates of inactivation measured,
an estimate could be made of initial CB-activity present in the samples
at the beginning of the incubation procedure. The results for rat brain
are given in Fig. 3.5, showing that thgrékigw;g E?Enifipant differencé in
the initial CB-activity present in the extracts. The basis for the
faster decay rate of CB-activity in this region is unknoun, but could be
due to the presence of a less stable form of tubulih invthe particular

cell types that make up this gross anatomical region.

However, no experiments were performed to compare the rates bf thermal
inactivation of CB-activity between immature and adult brain, and it
remains a possibility that the relatively high CB~activity in all the.
extracts of immature brain could partly be due to‘the presence of a more
stable form of tubulin. This has been indicated{recently in experiments
in which soluble extracts of immature and adult chick brain were used

(Bamburg et al, 1973).

When the data obtained were statistically analysed, using Student's

t-test, to compare CB-activity in the cortex to that present in eéch

of the remaining areas, it was found that only the brain stem region

was significantly different at P > 0.05 (i.e. there is a greater tﬁa? '
95% chance that these two areas have significantly different CB-actlu%tles).
The statistical results also indicated that more experiments are rqulred
to ascertain whether significant differences exist, at this probability
level, between the CB-activities measured in the remaining areas.

(aiipd
5N



Initial specific activities of soluble fractions
obtained from various anataomical locations of
adult rat brain

Soluble extracts of adull rat brain wers prepared
as described in Chapter 2. They were preincubated
at 37° prior to the CB-assay to determine loss in
activity during the incubation with colchicine
(see Chapter 5 and Fiqure 5.9). The initial CB-
activity present in each sample was obtained by
extrapolating the results to zero incubaticn time.
Areas inuvestigated were: cortex (C), thalamus/
hypothalamus (T), cerebellum (Ce) and brain stem
(5). The results are the means of two separate
experiments. |

Compare with Figure 3.4 which shuows the specific
activities of these samples with no correction

fob thermal inactivation.

kApplying Student's t-test to these data, it was found that‘
the measured value of CB-activity in the brain stem reglon

was 31gn1f1cant1y different to that in the cortex at P:> 0. 05,

o but other 31gn1flcant dlfferences did not exist between the

samples at this probability 1evel (see text).
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CHAPTER FOUR

The subcellular distribution
of colchicine-binding protein

in rat brain



Introduction

It was shaown in Chapter 3 that about half the total CB-activity in
buffered sucrose homogenates of brain tissue is associated with fhe
crude particulate fraction obtained after high-speed centrifugation
(1059—hr). No intact microtubules are present under these conditions.
This chapter deals with work on the distribution of CB-activity in
primary and secondary subfractions of rat brain homogenates by two
different procedures of differential and gradient centrifugation.

The nature of the particulate components responsible for éolchicine-

binding was therefore further elucidated.

Materials and Methods

1 day old and adult rat brain was obtained as described in Chapter 2
and was used fresh to prepare a 10% homogenate in 0.32M sucrose
containing 1mM sodium phosphate buffer, pH 6.8, and 1mM NgClZ. Primary
fractions (crude nuclear, mitochondrial, microsomal, ribosomal and
soluble) and purified nuclei were prepared according to the method of
Balazs and Cocks (1967). The purification of nerve-ending membranes
(i.e. synaptic membranes) and vesicles from osmotically disrupted
mitochondrial suspensions was carried out following the procedure of
Whittaker and Sheridan (1965), and of Lapetina gf_gi,(1967).. The
homogeneity of the subfractions was checked by electron microscopy;

the purity of the nuclear fractions was checked by light microscopy and

DNA determinaticns (as described by Burton (1956).

All samples to be assayed for CB-activity were resuspended in, or adjusted
to, 10mM sodium phosphate buffer pH.6.8, containing 10mM MgClz, and were
kept on ice (maximum 3h) prior to incubation. CB-assays were performed

as described in Chapter 2, incubating the protein (concentration approx-
imately 1 mg/hl) with 2.5 FM [SH]- colchicine for 1.5h at 37°. Samples
were then processed by the filter disc method to determine the amount of
protein-bgund radioactiuity} Protein concentration was measured by the
method of Lowry et al (see Chapter 2 (h)). The recoveries for proteins
and CB-activities were not less than 80% throughout the subcellular

fractionation procedures, in fact being nearer 90% in most experiments.

Electrophoresis of the subcellular fractions was performed as described

in Chapter 2 using phosphate-SDS buffer and 10% acrylamide gels.

Results are expressed as specific activities (S.A.'s) which are cpm of

colchicine bound/hg protein; and as relative specific activities (R.S.A.'s)

68



Figure 4.1

Scheme for differential centrifugation of homogenates

to obtain the primary fractions

Homogenates were prepared in 9 parts of 0.32M sucrose
containing 1mM sodium phosphate buffer, pH 6.8, and
1mM NgClz.

a pellet and a supernatant, which was further

Centrifugation of the homogenate yielded

centrifuged as shown. The CB-activities of the
fractions are given in Table 4.1 and in Figure 4.2.
Results of the electrophoresis of the fractions are

shown in Figure 4.3.



Figure 4.1

Scheme for differential centrifugation of homogenates

to obtain the primary fractions

Homogenate
centrifuge
800g x 10 min.

Pellet:
Crude nuclei (CN)

1

Supernatant
centrifuge
10,0000 x 20 min.

I

Pellet:
Crude mitochondria (CM)

|
I

Supernatant
centrifuge
100,000g x 60 min.

Pellet:
microsomes (Mc)

Supernatant

centrifuge
100,000g x 120 min.

|
Pellet:
ribosomes (Rb)

Supernatant
(soluble)



Figure 4.2

CB-activity and protein content of the primary
subcellular fractions of rat brain

Rat brain homogenates were prepared in 0.32M sucrose
containing 1mM phosphate buffer, pH 6.8, and 1mM
Mgtlz, and were centrifuged according to the scheme
shown in Figure 4.1 to obtain the primary fractions.
These were then assayed for CB-activity (see Chapter
2). The results refer to CB-activity measured in 1g
of brain from adult or 1-day old rat and are the
means of 4 separate experiments (adult) and two
separate experiments (1-day).

See also Table 4.1.

Results of the electrophoresis of the adult fractions

are shown in Figure 4.3.
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Table 4.1

Distribution of protein and CB-activity in the
primary subcellular fractions of rat brain

Homogenates were prepared in 0.32M sucrose con-
taining 1mM phosphate buffer, pH 6.8, and 1mM
MgClz, and were centrifuged according to the
scheme shown in Figure 4.1 to obtain the primary
fractions. These were then assayed for CB-
activity (see Chapter 2). The results given are
the means of 4 separate experiments (adult) and
2 separate experiments (1-day).

See also Figure 4.2.



Table 4.1

Distribution of protein and CE-activity in the primary
subcellular fractions of rat brain

% recovered % recovered 3
Fraction protein CB-activity R.S.A. S.A. (x 107)

Adult:

CN 19.2 £ 6 14.2 £ 3 0.74 * 0.2 5% b
CM 44.4 £ 2 26.2 £ 3 0.59 # 0.1 12 + 2
Mc 10.0 + 3 10.0 £ 3 1.00 % 0.2 20 6
Rb 4.3 £ 1 4.0 £ 1 0.93 * 0.2 18 £ 4
Sol 22.2 t 6 45.6 £ 5 2.05 £ 0.3 40 t 8
1-day:

CN 9.1 1 2.1 1 0.23 * 0.1 1M1+ 2
CM 22.5 £ 4 27.5 £ 2 1.22 £ 0.2 57 £ 10
Mc 29.0 £ 3 18.4 * 2 0.63 £ 0.1 30 5
Sol 39.4 £ 8 52.0 £ 3 1.32 % 0.2 64 £ 10



Figure 4.3

Electrophoresis of primary subcellular fractions
cbtained from adult rat brain

The fractions were prepared as shown in the scheme
in Figure 4.1. Approximately 100 Fg of protein
was applied to each gel, and electrophoresis was
performed in phosphate-SDS buffer as described

in Chapter 2. Gels were fixed and stained with
Coomassie brilliant blue. CB-activities of the

fractions are given in Table 4.1.
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Figure 4.4

CB-activity and protein content of ths nuclear
subfractions obtained from adult rat brain

The crude nuclear fraction was prepared from adult
rat brain as shown in Figure 4.1. This was re-
suspended in 1.67M sucrose containing 1mM phosphate
buffer and 1mM NgClz, and was recentrifuged for
1059-h., yielding a purified nuclear pellet (PN),
an intermediate soluble phase (Sol) and a floating
debris layer. These subfractions were then assayed
for CB-activity (see Chapter 2). The results given
were obtained using 1g of brain, and are the means
of two separate experiments.

See also Table 4.2.
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Table 4.2

Distribution of protein and CB-activity in the
nuclear subfractions of adult rat brain

The fractions used were prepared and assayed for
CB-activity as described in the legend to Figurs

4.4.



Table 4.2

Distribution of protein and CB-activity in the nuclear subfractions
of adult rat brain

% recovered % recovered 5

Fraction protein CB-activity R.S.A. S.A. (x 10 )
Debris

(floating) 72.6 & 10 22.0 £ 5 0.30 £ 0.1 5+ 1
Soluble 17.3 £ 5 75.7 10 4.38 £ 1.0 67 £ 20
PN pellet 10.1 = 4 2.3 £+ 0.5 0.23 £ 01 4 = 1



which are obtained from the relation % recovsred bound £pm
% recovered protein

. The latter

facilitates comparison of CB-activities in the various subfractions with

that of the parent fraction, whose R.S.A. is taken to be 1.

Results

(a) Distribution of CB-activity in the primary fractions

Homogenates of adult and young rat brain prepared in buffered sucrose

were differentially centrifuged according to the scheme shown in Fig. 4.1
to obtain the primary fractions (crude nuclear, mitochondrial, soluble

and microsomal). Samples of each fraction were assayed for CB-activity
and the results obtained are given in Fig. 4.2 and in Table 4.1. Thesse
show that in beth the young and adult brains the fraction with the highest
CB-activity was the soluble fraction. However, a considerable amount of
the recovered CB-activity (about half of the total) was found associated
with the particulate fractions, together with about two-thirds of the

recovered protein (see also Chapter 3).

The results obtained from the electrophoresis of the primary fractions
are given in Fig. 4.3, showing that each of the fractions contained
proteins which migrated with a molecular weight of 60,000. It is in this

region that purified tubulin also migrates.

The major part of the total particulate CB-activity recovered was located
in the crude mitochondrial fractions in both adult and immature brain.
Furthermore, about one-third of the particulate CB-activity in adult brain
was found associated with the crude nuclear fraction. However, CB-
activity in the crude nuclear fraction obtained from young brain was very
low; this difference could be due to the fact that myelin, which
represents only a minor constituent in immature brain, is largely
responsible for the trapping of both soluble and particulate contaminants
found in this fraction (Balazs and Cocks, 1967). To test this possibility
the crude nuclear fraction from adult brain was further purified by re-
suspending in 1.67M sucrose containing 1mM phosphate buffer pH 6.8 and

1mM MgClQ, and recentrifuging for 10?2-h (method of Balazs and Cocks), to
yield three subfractions: a purified nuclear pellet (PN), an intermediate
soluble phase (Sol) and a floating 'debris' layer, each of which was
assayed for CB-activity. The results shown in Fig. 4.4 and in Table 4.2
clearly indicate that trapped soluble material was responsible for the
majority of the CB-activity measured in the crude nuclear fraction from

adult brain. The purified nuclear fraction from adult brain was just as
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low in (CB-activity as was the crude nuclear fraction from young brain.
DNA determinations performed showed an almost quantitative recovery of
material in the purified nuclear fraction from the crude nuclear fraction,

showing that contaminating material had been removed.

It was also possible that the relatively high concentration of CB-activity
found in the crude microsomal and ribosomal fractions was due, in part at
least, to the presence aof small nerve-endings known to contaminate this

fraction (Kataoka and de Robertis, 1967).

The possibility that CB-activity in the crude mitochondrial fraction was
due to non-mitochondrial constituents (e.g. nerve-ending particles) was

therefore next investigated.

(b) Distribution of CB-activity in mitochondrial subfractions

It can bs assumed that the majority of the CB-activity found in the crude
mitochondrial fraction was not due to trapped soluble material, since it
has already been established that only about 10% of the total particulate
CB-activity is removed when the resuspended fraction is recentrifuged

(see Chapter 5). This would be largely accounted for considering the
trapped soluble material present in the crude nuclear fraction (see above).
The components present in the crude mitochondrial fraction include myelin,
membranes, nerve-ending particles ('synaptosomes') and intact and fragmented
mitochondria; these can be separated by sucrose gradient centrifugation
(Whittaker, 1964). The crude mitochondrial fraction was suspended in 0.32M
sucrose, layered over equal volumes of 0.8M sucrose and 1.2M sucrose, and
then centrifuged for 1059-h. This resulted in the separation aof a top,
soluble layer (in the D.Eém sucrose), a myelin and small membrane fraction
(at the interface between the 0.32M sucrose and the 0.8M sucrose layers),

a synaptosome (NEP) fraction (at the interface between the 0.8M sucrose and
the 1.2M sucrose layers), and a purified mitochondrial pellet. The results
of CB-assays on these fractions are given in Fig. 4.5 and in Table 4.3,
showing that the synaptosome fraction accounted for almost half the CB-
activity measured in the crude parent fraction, from both immature and
adult brain. The myelin fraction obtained from immature brain contained
visibly muﬁh less material than the corresponding fraction from adult brain,
and was found to have a lower proportion of CB-activity. The purified
mitochondrial fraction alsc accounted for a large proportion of the total
CB-activity, but it contained an even higher proportion of the recovered
protein, and on the basis of its R.5.A. value, this fraction was least

enriched in CB-activity and had the lowest specific activity of all the

fractions.

82



Figure 4.5

CB-activity and protein content of the crude
mitochondrial subfractions obtained from rat
brain

The crude mitochondrial fraction from rat brain
was prepared as shown in Figure 4.1. This uwas
resuspended in 0.32M sucrose and was layered
over equal volumes of 0.8M and 1.2M sucross,
and was centrifuged for 1059—h. This yielded

a top (soluble) layer, a myelin + small-
membrane fraction, a synaptosome (NEP) fraction
and a purified mitochondrial pellet (PMt).
These fractions were assayed for CB-activity
(see Chapter 2). The results given wers
obtained using 1g of brain, and are the means
of 4 separate experiments (adult) and 2 separate
experiments (1-day old).

Ses also Table 4.3.

Results of the electrophoresis of the adult

fractions are shown in Figure 4.6.
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Table 4.3

Distribution of protein and CB~activity in the crudse
mitochondrial subfractions from rat brain

The fractions used were prepared and assayed for

CB-activity as described in the legend to Figure 4.5.



Table 4.3

Distribution of protein and CB-activity in the crude mitochondrial
subfractions from rat brain

% recovered % recovered

Fraction protein CB-activity R.S.A. S.A. (x 103)
Adult:

Sol 3.6 * 0.6 6.5 £ 1.0  1.84 £ 0.3 22 £ 4
My + Mem  27.8 t 4.8  29.2 £ 2.7  1.07 £ 0.1 12 £ 2
NEP 38.0 £ 1.5  42.6 t 2. 1.12 £ 0.1 13 ¢ 2
p.Mt 30.6 £ 4.0 21.7 + 5.0 0.66 £ 0.1 8 & 1
1-day:

Sol 3.4 £ 0.7 3.7 £ 0.6  0.98 % 0.2 45 £ 7
My + Mem 9.9 % 1.5 17.3 £ 1.7 1.75 £ 0.1 87 £ 10
NEP 36.0 £ 2.9  46.6 * 4.6  1.30 £ 0.1 60 * 6
P.Mt 50.7 * 7.3  32.8 t 3.9  0.65 * 0.1 30 5



The results obtained from the electrophoresis of the crude mitochondrial
subfractions are given in Fig. 4.6, showing the presence of tubulin-
comigrating protein in all the subfractions analysed. This would be
consistent with the distribution of CB-activity observed, although no
quantitative conclusions can be made relating tubulin-comigrating
protein on gels and CB-protein (e.g. the purified mitochondrial fraction
shows the presence of a fairly large band in the 60,00 M.Wt. region, but

this fraction was shown to have a low CB-activity).

It was now evident that the synaptosome fraction made an important contri-
bution to particulate CB-activity. Synaptosaomes are pinched-off nerve
endings to which post-synaptic membranes and their associated specialis-
ations often remain attached, and they contain mitochondria, vesicles
(400—6008 diameter), and some cytoplasm and smooth membranes. These
constituents can be released from the intact structure by subjecting the
washed synaptosome preparation to osmotic shock, bursting the synaptosome
membrane. This was done simply by resuspending the fraction in distilled
water only, at meutral pH, and leaving the sample to stand (lyse) at 4°
for about an hour. The lysate was then centrifuged at 10,000g for 20 min.
to sediment any remaining intact structures. The supernatanfj which
contained the contents of the synaptosomes, was layered (0.6 ml samples)
over 0.4M sucrose (0.8 ml) and 0.6M sucrose (2.6 ml) and was centrifuged
for 1059-h. Four subfractions were obtained: a top aqueous layer (NEP-
soluble;, a vesicle fraction (in the 0.4M sucrose), a small-membrane
fraction (at the interface between the 0.4M and 0.6M sucrose), and a
pellet which contained the synaptosome mitochondria and large membrane
fragments. The results of CB-assays on these fractions are given in Fig.
4.7 and in Table 4.4, showing that the small-membrane fraction had the
highest CB-activity, also an almost two-fold enrichment of CB-activity

compared to the parent synaptosome fraction.

Since the membrane fraction made an important contribution to the CB-
activity measured in synaptosome preparations, a membrane fraction was
next prepared from the crude mitochondrial fraction, and its CB-activity
investigated. A crude mitochondrial fraction was prepared as described in
Fig. 4.1 and this was disrupted by osmotic shock by resuspending in water
(pH 7.0) at 40. After standing for about an hour, the suspension uwas
centrifuged at 20,000g for 30 min. to pellet the mitochondria and large
membrane fragments. ;ﬁall fragments of membranes, vesicles and soluble
material remained in the supernatant. The pellet and supernatant were

further fractionated as shown schematically in Fig. 4.8 to separate the
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Figure 4.6

Electrophoresis of the mitochondrial subfractions
from adult rat brain

The subfractions were prepared as described in the
legend to Figure 4.5. Approximately 100 Fg of
protein was loaded per gel and electrophoresis was
carried out in phosphate-SDS buffer (as described
in Chapter 2). Gels were fixed, then stained with
Coomassie brilliant blue.

The CB-activities of the subfractions are given in

Figure 4.5 and in Table 4.3.



origin £

60,000 >
molecular

weight (GBP)

GVI - - > my+ NEP PMt
pellet mem pellet



Figure 4.7

CB-activity and protein content of the lysed
synaptosome subfractions from adult rat brain

A synaptosome (NEP) preparation was obtained as
described in the legend to Figure 4.5. This was
lysed by suspending it in water and the sample
was clarified by centrifugation. The sample was
fractionated by sucrose gradient centrifugation
by layering it over 0.4M and 0.6M sucrose and
centrifuging for 1059—h. This yielded four sub-
fractions: an aqueozé soluble layer, a vesicle
fraction, a small-membrane fraction and a NEP-
mitochondria and large-membrane pellst. Thess
samples were assayed for CB-activity. The .
results given are the means from 2 separate
experiments, and were obtained starting with 1g

of brain in the preparation.

See also Table 4.4.
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Table 4.4

Distribution of protein and CB-activity in the lysed
synaptosome subfractions from adult rat brain

The fractions used were prepared and assayed for (CB-

activity as described in the legend to Figure 4.7.



Table 4.4

Distribution of protein and CB-activity in the lysed synaptosome

subfractions from adult rat brain
% recovered % recovered

. . .. 3
Fraction protein CB-activity R.S.A. S.A. {(x 107)
Soluble 17.5 £ 2.5 14.7 £ 3.5 0.83 £ 0.1 12 £ 4
Vesicles 16.2 * 0.1 22.0 £ 2.9 1.36 * 0.2 20 ¢ 8
Membranes 25.0 # 0.5 44,0 * 2.0 1.77 £ 0.1 25+t 6
Mitochondria 41.3 % 2.5 18.3 £ 4.5 0.46 +* 0.1 6 % 1



Figure 4.8

Scheme for subfractionation of water-lysed crude
mitochondria from adult rat brain

The crude mitochondrial fraction was prepared as
described in Figure 4.1, and was subfractionated
after osmotic shock according to the method of
Lapetina et al (1967) as outlined in the Figure.
A photograph of the gradisnt of M1 obtained is
shown in Figure 4.9. The vesicles obtained in
fraction MZA are shown in the electron micro-
graph Figure 4.10. The CB-activities of the
subfractions are given in Table 4.5 and in Figure
4.11.

Results of the electrophoresis of fractions M

MZA’ M

1’

28 and NS are shown in Figure 4.12.
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constituents they contained. A photograph of the gradient obtained in
the membrans (M1) subfractionation is shown in Fig. 4.9. The vesicles
obtained (in the fraction NZA) are shown in the electron micrograph in
Fig. 4.10. The results of CB-assays of thess fractions are given in

Fig. 4.11 and in Table 4.5, from which it can be seen that the bulk of
10 When this

was further fractionated by sucrose gradient centrifugation, the

the CB-activity was recovered in the membrane fraction M

fractions obtained which contained predominantly synaptic membranss
(M10.9, M11.D, M11.2) showed a considerable enrichment of CB-activity
(R.S.A. 1.30-1.65). Taken together, the fractions rich in synaptic
membranes account for 65% of the CB-activity of M., or about half the
activity originally present in the crude mitechondrial fraction. This
represents a considerable degree of localisation of CB-protein in
synaptic membranes, confirming the results obtained after fractionation

of synaptosome preparations (see Table 4.4).

The results obtained from the electrophoresis of these fractions are
given in Fig. 4.12, which again shows the presence of a tubulin-
comigrating protein band in each of the samples. It is interesting
that the proportion of this protein in the fractions seems to compare
reasonably with the R.S.A. values obtained, indicating a possible
quantitative comparison with CB-protein in cell extracts prepared in

this way.

96



Figure 4.9

Photograph of the sucrose gradient produced from the
membrane fraction (M1) obtained from a lysed cruds

mitochondrial preparation

Fraction M1 was prepared as outlined in Figure 4.8,

and was suspended in 0.32M sucrose and layered on the
gradient prepared as shown, using 5ml of each sucrose
concentration. The gradient was centrifuged at 50,000g
for 2h. at 40, producing sevseral .purified membrane sub?
fractions of varying sizes. The CB-activities of the

subfractions ars given in Table 4.5 and in Figurs 4.11.
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Figure 4.10

Electron micrograph of the vesicle fraction (Mzﬂ)
obtained from a lysed crude mitochondrial

preparation

Fraction M2A was prepared as outlined in Figure
4.8 and was fixed with 3% glutaraldshyde and

negative stained.
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Figure 4.11

CB-activity and protein content of the subfractions
obtained from water-lysed crude mitochondria from
adult rat brain

The fractions were prepared according to the schems
shown in Figure 4.8. They were assayed for CB-
activity (see Chapter 2). The results given are
the means of 4 separate experiments (2 separate

experiments for the M, subfractionation) and were

1
obtained starting with 1g of brain in the
preparation.

See also Table 4.5.
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Table 4.5

Distribution of protein and CB-activity in ths
subfractions obtained from water-lysed crude
mitochondria from adult rat brain

The fractions used were prepared as described in
Figure 4.8 and were assayed for CB-activity (see
Chapter 2).

See also Figure 4.11. )
Results 0f>the electrophoresis of the fractions

are shown in Figure 4.12.



Table 4.5

Distribution of protein and CB-activity in the subfractions obtained
from water-lysed crude mitochondria from adult rat brain

% recovered % recovered

Subfraction protein CB-activity R.5.A. S.A. (x 103)
(1) M, 75.6 = 4.0 77.1 % 4.4 1.03 £ 0.1 13 £ 1
N2A 3.8 £ 0.2 3.4 £ 0.2 0.89 £ 0.1 18 £ 5
MZB 2.8 £ 0.1 0.8 £ 0.1 0.29 % 0.1 7%3
MS 17.8 £ 0.2 18.7 £ 0.1 1.05 £ 0.1 22 + 8

(i1) m, 0.8 15.2 % 1.2 12,1 £ 3.0 0.80 £ 0.2 8 t2
M 0.9 13.6 % 0.9 17.7 £ 3.0 1.30 & 0.2 12 £ 2
m 1.0 12.6 £ 0.9  20.9 % 3.5 1.65 % 0.3 17 £ 4
My 1.2 18.2 * 1.2 26.0 £ 3.5  1.43 0.3 15 & 3
M, P 40.5 * 6.0  23.4 t 3.0  0.58 % 0.2 6 %2



Figure 4.12

Electrophoresis of water-lysed mitochondrial
subfractions from adult rat brain

The subfractions were prepared as outlined in
‘Figure 4.8. Approximately 100 Fg of protein was
loaded on to esach gel and electrophoresis was
carried out in phosphate-SDS buffer (as described
in Chapter 2). Gels were fixed, then stained
with Coomassie brilliant blue. The [B-activities
of these subfractions are given in Figure 4.11

and in Table 4.5.
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CHAPTER FIVE

Studies on some biochemical

properties of CB-protein



Introduction

In this Chapter some of the biochemical properties and CB-characteristics
of presumed microtubule subunit protein found in the soluble and partic-
ulate fractions of rat brain homogenates were investigated. The results
obtained are compared in an effort to find if these two forms of CB-
protein have similar properties (i.e. if they contain closely related
CB-proteins) with respect to their ability to bind colchicine, rate of

inactivation, and effects of stabilising agents.

The crude particulate fraction used is known to contain many different
types of particles (see Chapter 4). O0Of these, the synaptic membrane
fraction makes an important contribution to the total CB-activity. A
purified synaptic membrane preparation was therefore made, and some of
its properties were also investigated, and compared to those of the total

soluble fraction.

Attempts were also made to solubilise the CB-protein associated with the
crude particulate fraction and these are summarised at the end of the
Chapter. The harshness of conditions needed to release the protein would
reflect the strength with which the protein is bound to other constituents
of this fraction. Once isolated, the properties of this membrane-bound

CB-protein could be investigated and its characterisation begun.

Materials and Methods

Soluble and crude particulate fractions of rat brain were prepared from
homogenates in 0.32M sucrose containing 10mM sodium phosphate buffer,

pH 6.8, and 10mM MgCl,, as described in Chapter 2 (b).

2
The CB-activity of the samples was determined by the filter disc method,
as described in Chapter 2 (d), unless otherwise stated in the text (e.g.

when the protein concentration, colchicine concentration, incubation time

or temperature were varied).

A phosphate-glutamate buffer system used to assay CB-activity (wilson,
1970) was tested in some experiments. This was prepared as follouws:

20mM sodium phosphate buffer, pH 6.8, was made by diluting the stock
phosphate buffer (see Chapter 2). Sodium glutamate was dissolved in this

directly to give a concentration of 100mM.

Purified synaptic membrane preparations were isolated from the crude
mitochondrial fraction as described by Cotman et al (1971). Rat brains
were homogenised in 4 volumes of ice-cold isolation medium (0.25M sucrose,
containing 0,01M tris-HCl buffer, pH 7.4, and 0.05mM dipotassium EDTA) and
this was centrifuged at 2,000g for 3' to pellet intact cells.
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The supernatant was centrifuged at 12,5009 for 8! to pellet the mito-~
chondria and synaptosomes. The pellet ua;-resuspended, using a Teflon
rod, in a 3% Ficoll medium (also containing 0.24M D-mannitol, 0.06M
sucrose and 0.05mM EDTA, made to pH 7.4 with tris) using about 1 ml/b
brain. Up to 10 ml of this sample was then layered over 25 ml of a 6%
Ficoll medium (containing 0.24M D-mannitocl, 0.06M sucrose and 0.05mM

EDTA, made to pH 7.4 with tris) and this was centrifuged at 11,500g for
30'. A pellet (purified mitochondria) was obtained, together with a
floating layer (myelin) and material at the interface of the two Ficoll
layers (this contains the synaptosomes). This layer was pipetted out,
diluted at least 1:1 with isolation medium, and centrifuged at 18,000q

for 30! to pellet the synaptosomes. These were then lysed by resuspéaéing
in 6mM tris-HCl buffer, pH B.1, (about 4 ml/g brain) and standing for
about 1-1% hours in the cold. The synaptic membranes were then pelleted
by centrifuging at 18,000g for 15', and were resuspended in 10mM tris-HC1
buffer, pH 7.4, containiég 0.32M sucrose and 1mM EDTA (about 1 ml/%g
brain). The membranes were then purified by gradient centrifugation,
layering a 1 ml sample over 1.5 ml of a 7.5% Ficoll medium (also containing
0.32M sucrose and 1mM EDTA in 0.01M tris-HCl buffer, pH 7.4) and 1.5 ml of
a 13% Ficoll medium (also containing 0.32M sucrose and 1mM EDTA in 0.01M
tris-HC1l buffer, pH 7.4). These samples were centrifuged at 96,000g for
30', when the purified membrane fraction could be collected at the ;;p
interface (the 0.32M sucrose-7.5% Ficoll, 0.32M sucrose interface). This
fraction was then diluted with isolation medium and pelleted, to free it
of any contaminating Ficoll medium. In this preparation, 10g of brain

yielded about 10-15mg of synaptosomal membrane protein.

Rat brain particulate preparations bind considerably less colchicine/hg
protein than do soluble preparations. In experiments in which the
colchicine concentration was decreased well below the 2.5 FM usually used,

a significantly measurable level of bound colchicine was therefore not
obtained. Consequently, a colchicine solution of higher specific radio-
activity was used, and this was made by omitting the unlabelled colchicine
from the stock colchicine solution (see Chapter 2 (f). The original [EH]—
colchicine solution (approximately 500 fM) was diluted 10 times to make a
stock 50 FM solution. The specific radiocactivity of this stock solution

was 100,000 cpm/’rl (at 48% efficiency this corresponds to 2,000 cpm/pmols).
When diluted 20 times in the incubation mixtures (25 fl in 0.5ml), the fipal
colchicine concentration obtained was 2.5 fM. In experiments in which this
higher specific radioactivity colchicine was used, the results ars expressed

in terms of pmoles of colchicine bound to correct for this difference.
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In other experiments, results are expressed as specific activities

(S.A.'s) which are cpm bound colchicine/hg protein.
Results

(a) Eolchicine binding as a function of colchicine concentration

Soluble and particulate preparations were incubated in 10mM sodium
phosphate buffer, pH 6.8, containing 10mM M9C12 (protein concentration
up to 1mg/ml) with various concentrations of [3H -colchicine (final
concentration 0.25 to 10 FM) for 1.5h at 37°C. Samples were then
processed by the filter disc assay (see Chapter 2), to determine the
amount of protein-bound radicactivity. The results, shown graphically
in Fig. 5.1, indicate that in each preparation, half-maximal binding

was obtained using approximately 2 fM colchicine.

If a reciprocal plot is made, an estimate of the dissociation constant
for the binding reaction can be made (see Fig. 5.2). For each of the
samples tested, the constant obtained was within a very narrow range
(2 to 3 PN), indicating that in this property the CB-proteins from the

different preparations showed very similar behaviour.

(b) Colchicine binding as a function of protein concentration

Soluble and particulate preparations (protein concentrations varying up
to 1.4 mg/hl) were assayed for CB-activity and the results obtained are
shown graphically in fFig. 5.3. It is apparent that the amount of
colchicine bound is proporticnal to the protein concentration within the
range used. In practice, therefore, a protein concentration of up to

1 mg/hl was routinely used.

(c) Colchicine binding as a function of incubation time and temperature

Soluble and particulate preparations were incubated with 2.5 FM [SH]-
colchicine for various times at temperatures ranging from 2° to 55°C.
Samples were then processed by the filter disc assay (see Chapter 2), to
determine the amount of protein-bound radiocactivity. The results, shown
graphically in Figs. 5.4 and 5.5, show that maximum binding occurs at

37° aftéf 1.5-to 3h incubation for both types of preparation. It also
appears that the maximum binding occurs within a much narrower temperature
range for the soluble than for the particulate preparation. It is a
possibility that this is because the relative stability of the particulate
CB-protein at higher temperatures may be due to increased protection of
colchicine-binding sites when these are associated with membrane
components. It is clear from subsequent experiments that particulate CB-

sites are very firmly bound to membranes (this Chapter, section (k)).
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Figure 5.1

Colchicine~binding as a function of colchicine
concentration

Soluble and particulate extracts of brain were
prepared as described in Chapter 2. Synaptic
membranes were prepared by the method of Cotman
et al (see Methods). Binding mixtures were set
up containing protein (concentration up to
1mg/hl) and varied colchicine concentrations
(0.25 to 10 PM)’ and were incubated at 37° for
1.5h. then werse processed by the filter disc
assay (see Chapter 2) to measure amount of
protein-bound radicactivity. A reciprocal plot

of these data is shown in Figure 5.2.
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Figure 5.2

Reciprocal plot of colchicine-binding as a function
of colchicine concentraticen

Data presented in Figure 5.1 were used to obtain
these graphs. For each of the preparations used,
the value found for the binding constant, K, was
within a very narrow rangs (2 to 3 FM) indicating
that the binding proteins in the different
preparations were very similar, and that thers
was a fairly high affinity of the prectein for the

substrate.
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Figure 5.3

Colchicine-binding as a function of protein
concentration

Socluble and particulate extracts of rat brain were
prepared as described in Chapter 2. Binding
mixtures were set up containing varied protein
concentrations (as indicated) and 2.5 pM [3H]—
colchicine, and were incubated at 37 for 1.5h.
They were then processed by the filter disc assay
(see Chapter 2) to determine the amount of protein-

bound radioactivity.
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Fiqure 5.4

Colchicine-binding as a function of incubation
time and temperature

Rat brain soluble and particulate extracts wers
prepared as described in Chapter 2 and wers
assayed for CB-activity at various temperatures
for different times (as indicated on the graphs).
Aliquots wers removed and processed by the filter
disc assay to measure the amount of protein-bound
radicactivity.

Ses also Figure 5.5.
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Figure 5.5

Colchicine-binding as a function of incubation

temperature

The data shown in Figure 5.4 were used to obtain
this graph. Solublse and particulate extracts of
rat brain were assayed for CB-activity by
incubation with 2.5 FM [SHJ-colchicine for 2h.

at the various temperatures indicated. The
samples were processed by the filter disc assay
(see Chapter 2) to measure the amount of protein-

bound radiocactivity.
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(d) Colchicine binding as a function of pH

Soluble and particulate preparations were assayed for CB-activity in
10mM sodium phosphate buffer, of varied pH, containing 10mM MgClz.
Fig. 5.6 is a graphical representation of the results and shows that
the optimal pH appears to be between pH 6.5 and pH 7.0 for both the
preparations. The particulate CB-protein appears to be affected less
by alterations in pH compared to the soluble preparation: at pH 5.0,
CB-activity in both the samples is about 60% of the maximum, while at
pH 8.0, CB-activity in the soluble preparation has been lowered to 70%
of the maximum, but that in the particulate sample to only 85% of the

maximum.

(e) Decay of CB-activity on storage at -20°C

Rat brain homogenates were made in 0.32M sucrose containing 10mM
phosphate—l"lgz+ buffer and in 20mM phosphate-100mM glutamate buffer (ses
Materials and Methods). Soluble and particulate fractions were obtained
and were assayed for CB-activity in the relevant buffer. The preparations
were then stored at -20° for a given number of days, then were thawed and
incubated as above. The freezing and thawing process itself was found to
have little effect on CB-activity even after 5 successive freezings and
thawings over a period of 2 hours. Therefore, the results shown in Fig.
5.7 reflect the decay in CB-activity due to the length of time stored
frozen. The phosphate-glutamate preparations.(in which CB-activity is
reported to be stabilised against thermal inactivation at 37°%: Wilson,
1970) have higher initial CB-activities, but after about 3 days storage
these fall below the valuss seen in the phosphate-l"}g2+ system. Table

5.1 shows the percentage loss of CB-activity in the samples.

Further experiments were carried out to test if the greater stability

of CB-activity in the thSphata—Mg2+ buffered system was due to the
presence of sucrose (which is normally present in this system, but is

not normally present in‘the phosphate-glutamate buffered system).
Homogenates were therefore also made using phosphate-—l"lg2+ buffer alone,
and using phosphate-glutamate buffer containing 0.32M sucrose, and were
spun to give soluble and particulate fractions. The CB-activity of the
samples was determined on the day of preparation and after two days
storage at ~-20°. It was found that addition of sucrose to the phosphate-
glutamate samples had very little effect on the initial CB-activity or on
the rate of decay of activity in this system; However, omission of
sucrose from the phosphate-l"l92+ buffer, while giving similar initial

CB-activities, resulted in a loss of 99% of the soluble CB-activity and
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Figure 5.6

Colchicine-binding as a function of pH

Soluble and particulate extracts of rat brain were
assayed for CB-activity in 10mM sodium phosphate
of varied pH (as indicated) containing 10mM MgCl,.
The samples were processed by the filter disc
assay (see Chapter 2) to measure the amount of

protein-bound radioactivity.
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Figure 5.7

Decay of CB-activity at -20°

Rat brain was homogenised in 0.32M sucrose
containing 10mM sodium phosphate buffer, pH 6.8,
and 10mM MgCl, (=), or in 20mM sodium phos-
phate buffer, pH 7.0, containing 100mM sodium
glutamate (----). Soluble and particulate
extracts were obtained and were stored in the
relevant buffer at -20° for the times indicated.
They were then assayed for CB-activity.

See also Table 5.1.
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Table 5.1

Decay of CB-activity at -20°

The samples were prepared from rat brain homogenised
in 0.32M sucrose containing 10mM phosphate buffer,
pH 6.8, and 10mM MgCl, (P-Mg) and in 20mM phosphate
buffer, pH 7.0, containing 100mM sodium glutamate
(P-Gl). The extracts were assayed for CB-activity
then were stored at -20° for the times indicated
before re-assay.

Values given are % of fresh CB-activity remaining

at each time.

Ses also Figure 5.7.



Decay of CB-activity at -20°

Table 5.1

Days frozen

Sampls 1 2 3 6 13
Homogenate (P-Mg) 61 51 46 35 23
Homogenate (P-Gl) 56 40 30 17 6
Particulate (P-Mg) 75 58 38 34 22
Particulate (P-Gl) 91 65 49 36 13
Soluble (P-Mg) 90 75 72 38 20
Soluble (P-G1) 94 82 65 29 7



90% of the particulate CB-activity after storage for 2 days at -200,
as compared to losses of only 25-40% seen in sucrose-containing
preparations (see Table 5.1). This observation clearly anticipated
later studies which showed that colchicine-binding is protected by

0.5-1.0M sucrose (Frigon and Lee, 1972).

(f) Decay of CB-activity at 37°

Soluble and particulate protein preparations were incubated (protein
concentration up to 1 mg/hl) at 37° for 0-3h prior to being assayed

for CB-activity. The results obtained are given in Fig. 5.8, and show
that CB-activity decreased as the length of preincubation (i.e. without
colchicine) increased. It alsoc appeared that the rate of decay of CB-
activity was slightly faster in the soluble compared to the particulate
preparation. If the results were plotted on a semi-logarithmic scale
(Fig. 5.8 (b)), a linear decay rate was obtained for each of the prep-
arations. From each of these rates, an estimate of the inactivation of
CB-activity occurring during the 1.5h incubation with colchicine could

be made by extrapolating the lines ocbtained. The zero preincubated
samples were incubated with colchicine for 1.5h. Therefore if the lines
wers produced back to -1.5h this gave an estimate of the CB-activity of
the samples at the beginning of the colchicine incubation, correcting for
any inactivation occurring during the colchicine incubation itself. It
was occasionally useful to compare decay rates of CB-activity by this
method (see sections (j) and (k), and also Chapter 3, Fig. 5.9 in which
soluble extracts from different areas of brain were studied) to determine

whether or not initial CB-activity in different samples was the same.

(g) Effect of divalent cations (M92+, Caz+) and different buffers on
CB-activity

In preliminary experiments varied concentrations of these cations were

used in the incubation mixtures to see if they had any effect on CB-
activity during the binding reaction. The soluble preparation used was
made from a homogenate prepared in 0.32M sucrose containing 10mM sodium
phosphate buffer, pH 6.8, This was assayed for CB-activity in the
presence of varied concentrations of Mg2+ or Ca2+. Results obtained with
varied concentrations of M92+ are given in Fig. 5.10, showing that the
addition of up to 10mM Mg>* stimulated CB-activity during the incubation
with colchicine by up to 30%. Higher concentrations of N92+ resulted in
no further stimulation of CB-activity. Similar results were obtained when
M92+ was replaced by Ca2+ in the binding mixtures. In contrast, when up
to 10mM M92+ or Ca2+ was added to incubation mixtures containing partic-

ulate preparations, no stimulation of CB-activity was observed.
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Figure 5.8

Decay of CB-activity at 37°

Soluble and particulate extracts of rat brain were
incubated (protein concentration approximately
1mg/ml) in 10mM phosphate-M92+ buffer at 37° for
the times indicated prior to the addition of

2.5 FM 3H -colchicine. The samples were then re-
incubated at 37° for a further 1.5h. and were
processed, in triplicate, by the filter disc assay
(see Chapter 2) to determine the amount of protein-
bound radioactivity. The results in (b) are extra-
polated to zero time of incubation to correct for
loss in CB-activity during the whole incubation
procedurs. The results presented are the. means

from 3 separate experiments.
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Figure 5.9

Decay of CB-activity at 37° in soluble extracts
from various anatomical locations of rat brain

Soluble extracts of rat brain were prepared from
the following anatomical regions of brains

cortex (C), thalamus/hypothalamus (T), cerebellum
(Ce) and brain stem (S). Aliquots were pre-
incubated at 37° for the times shown prior to
addition of 2.5 rN [SH]—colchicine and further
incubation for 1.5h. Samples were then processed
by the filter disc assay (see Chapter 2) to deter-
mine the amount of protein-bound radicactivity.
The results are extrapolated to estimate the
initial CB-activity present in the samples at the
start of the incubation procedure. These results
were used to obtain Figure 3.5 and are the means

from 2 separats experiments.
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Figure 5.10

Colchicine-binding as a function of N92+ concentration

A soluble extract was prepared from rat brain using
0.32M sucrose containing 10mM sodium phosphate buffer,
pH 6.8. Binding mixtures were set up containing
approximately 1mg/hl of protein, 2.5 FM [SH]-colchicine,
and varied concentrations of MgClz, as indicated. The
mixtures were incubated at 37° for 1.5h., then were
processed by the filter disc method (see Chapter 2) to

determine the amount of protein-bound radioactivity.
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It was p0331ble that sven higher stimulation of CB-activity could be
obtained if Mg 2+ or Ca2+ were also included in the homogenising medium.
Brain homogsnates were therefore prepared in 0.32M sucrose containing
varied concentrations of phosphate buffer and M92+. Soluble and
particulate preparations were obtained from them, and these were
assayed for CB-activity using the relevant incubation buffer. Results
are given in Table 5.2, showing again that inclusion of 1-10mM M92+
resulted in a stimulation of CB-activity. However, addition of 50mM
N92+ caused a decrease in CB-activity compared to the control samples
which contained no Mgz+. This could possibly be due to aggregation of
CB-protein in;o aggregates which bind colchicine only poorly (Weisenberg
and Timasheff, 1970). It was also observed that as the buffer concentr-
ation increased up to 50mM, fhere was an accompanying increase in
measured CB-activity. These changes were found not to be due to
differences in protein distribution in the different sampies, and CB-
activity was altered to a similar extent in the fractions in all the

conditions tested.
It therefore seems that these effects could be due to increased ionic

strength; this would confirm the results of Wilson.(1970) who also
showed that addition of sodium chloride or sodium glutamate stabilised
CB-activity by altering the half-time of the inactivation process,
maximal effects occurring at a s sali_cgnneniggi;gﬂ_gfﬂZﬂﬂmmi__

(h) Effect of thiol reagents on CB-activity

A soluble preparation was incubated uith[sé]-colchicine and various
thiol reagsents to find if these would cause a stimulation of CB-activity.
The reagents used were: ﬁ-mercaptoethanol, dithiothreitol and
dithiodipropanol, each at a final concentration of 5mM. It was observed,

however, that no stimulation in CB-activity was obtained.

(i) Effect of GTP on CB-activity

In preliminary experiments, the effects of incorporating 10-4N GTP into
the homogenising and incubation buffers were investigated. Homogenates
were prepared in 0.32M sucrose containing 1mM phosphate buffer and 1mM
MgClz, with or without added GTP. The homogenates were centrifuged to
obtain soluble and particulate fractions. These were assayed for CB-
activity in the presence or absence of GTP. It was found that addition
of GTP had very little effect on CB-activity in the homogenate or part-
iculate fraction compared to the control samples. However, in the
soluble fraction, the presence of GTP resulted in almost double the CB-
activity measured in the control sample. This difference was found not

to be due to different distributions of CB-activity or protein in the

control and GTP samples.
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Table 5.2

Effects of varied homogenisation and incubation
buffers on soluble and particulate CB-activity

Brain homogenates were made in 0.32M sucrose
containing each of the buffers listed. These
were centrifuged for 1059-h. to obtain soluble
and particulate preparatzons, and the extracts
were separately incubated (protein concentration
approximately 1mg/hl) in the respective buffer
(no sucrose) with 2.5 FM [Sﬂ]-colchicins for
1.5h. at 37°. Samples were processed by the
filter disc method (see Chapter 2) to determines

the amount of protein-bound radiocactivity.



Table 5.2

Effects of varised homogenisation and incubation buffers on soluble
and particulate CB-activity

Soluble Particulate

Buffer S.A. (x 103) S.A. (x 103)
1mM phosphate (pH 6.8) 40 20
1mM phosphate (pH 6.8) + 1mM Mg2* 55 30
1mM phosphate (pH 6.8) + 10mM Mg2+ 75 . 36
10mM phosphate (pH 6.8) 78 33
10mM phosphats (pH 6.8) + 1mM Mg2* 100 36
10mM phosphate (pH 6.8) + 10mM Mg2* 103 45
50mM phosphate (pH 6.8) 153 85
50mM phosphate (pH 6.8) + 50mM Mg+ 92 67

100mM phosphate (pH 6.8) 133 92




The effect of various concentrations of GTP on CB-activity in a soluble
preparation were next investigated. A homogenate was made in 0.32M
sucrose containing 10mM phosphate buffer and 10mM MgClz, and this was
centrifuged to produce the soluble extract. This was assayed for CB-
activity in the presence of various concentrations of GTP. The resuits
obtained are given in Fig. 5.11, showing that almost maximal stimulation
of CB-activity in the soluble fraction was obtained using a concentration
of 1mM GTP. It is also of interest that 0.1mM GTP gave a much smaller
stimulation of CB-activity when 10mM phnsphate-l"lgz+ buffer was used
compared to that found in the preliminary experiments in which the buffer
used was 1mM phosphate-Mgz+. It is possible that the higher concentration
of buffer and Ngz+ were also contributing to the stimulation of CB-
activity (see section (g)), so the effect of added GTP did not appear so

great.

It was of interest to discover if this stimulation of CB-activity remained
as CB-activity decayed in the incubation at 37° (see section (f)).

Soluble and particulate extracts were obtained from a homogenate prepared
in 0.32M sucrose containing 10mM phosphate-—l‘flg2+ buffer. The extracts

were then incubated (protein concentration approximately 1 mg/ml) in the
presence and absence of added 1mM GTP for various times at 37°. They were
then assayed for CB-activity and the resulté obtained are given in Fig.
5.12, showing that the initial stimulation of CB-activity obtained was
retained in both the samples; in fact, in the samples containing no GTP,
CB-activity decayed at a faster rate. In addition, it can be seen that
CB-activity at the start of the incubation was greater in the samples
containing GTP than in the control samples, indicating that GTP did also

stimulate the initial CB-activity.

(j) Effects of Vinca alkaloids on CB-activity

The Vinca alkaloid vinblastine at a concentration of 1mM is known to

precipitate CB-protein from certain types of cells (Marantz et al (1969);
Marantz and Shelanski (1970); Olmsted et al (1970)) in the presence of

magnesium ions. Vincristine has also been used to stabilise CB-activity
in extracts of brain (Wilson, 1970). Further effects of these alkaloids

on CB-activity were therefore investigated.

In a preliminary experiment a relatively low concentration of wvin-
cristine (50 fN) was included in the colchicine incubation to test its
effect on CB-activity. A soluble extract of brain was used, obtalned
from a homogenate made in 0.32M sucrose containing 1mM phosphate buffer
and 1mM MgClz. This was assayed for CB-activity in the presence and

absence of added 50 rM vincristine. It was found that the measured

138



Figure 5.11

Colchicine-binding as a function of GTP concentration

A rat brain soluble extract was incubated (protein
concentration approximately 1mg/ml) with 2.5 FM
[3H -colchicine and varied GTP concentrations (as
shown) for 1.5h. at 37°.  The samples werse then
processed by the filter disc assay (see Chapter 2)
to determine the amount of protein-bound radio-

activity.
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Figure 5.12

Decay of CB-activity at 37D in the presence and
absence of GTP

Soluble and particulate extracts of rat brain wers
incubated (protein concentration approximately
1mg/ml) with ( X ) or without ( ® ) added GTP
(1mM), at 37° for the times indicated. 2.5 p
[36]—colchicine was then added end the samples
were reincubated for a further 1.5h. Triplicate
samples were then processed by the filter disc
assay (see Chapter 2) to determine the amount of
protein-bound radioactivity. The results given
are the means from 2 separate experiments.
Results in (b) are extrapolated to zero time of
incubation to correct for losses in CB-activity

occuring during the incubation procedure.
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CB-activity in the sample containing vincristine was about 30% higher

than that measured in the control sample.

The effect of incorporating vincristine in the homogenising medium was
next investigated. Homogenates were made in 0.32M sucrose containing
10mM phosphate buffer and 10mM MgClz, with and without added vincristine
at a concentration of 50 pM. These wers centrifuged and the soluble and
particulate fractions obtained. Each of the samples was then assayed for
CB-activity and it was found that CB-activity in the homogenate was
almost doubled by addition of vincristine; however, CB-activity had under-
gone a redistribution in the subfractions. The control soluble fraction
contained about half the recovered CB-activity, but in the vincristine
soluble fraction this had been reduced to only about 5% of the totai
recovered. Protein distribution in the two sets of samples was not
significantly different, and over 80% of each homogenate CB-activity and

total protein had been recovered.

It was apparent, therefore, that CB-protein had been redistributed from
the soluble to the particulate fraction. 1If this were the case, it

should be possible to cause a similar redistribution by adding vincristine
to a soluble preparation and recentrifuging, to precipitate the CB-protein.
The dependence of this result on the presence of magnesium ions was also
tested in this experiment. A soluble preparation was obtained from a
homogenate made in 0.32M sucrose containing 10mM phosphate buffer.
Aliquots of this were treated as follows:

1 no further additions

2 10mM l”lgCl2 added

3 80 FM vincristine added

4  10mM MgCl2 and 50 pM vincristine added. i

The samples were then all recentrifuged fqr 10 E'h‘ All the soluble
samples were assayed for CB-activity and the results obtained are given

in Fig. 5.13. It can be seen that the majority of the CB-activity had
been removed from the sample containing both 10mM NgC12 and 50 fM
vincristine after recsntrifugation. The other samples did not show a

signi?icant change.

The samples containing both 10mM MgC12 and 50 FM vincristine (including
the very small precipitate) were subjected to SDS-polyacrylamide gel
electrophoresis (as described in Chapter 2) in order to analyse which
molecular weight proteins were concerned with the observed redistribution

of CB-activity. Purified CB-protein (see Chapter 6) was used as a standard.
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Figura 5.13

Precipitation of CB-protein from a scluble extract
of brain using vincristine

A soluble extract of rat brain was prepared in 0.32M
sucrose containing 10mM phosphats buffer, pH 6.8.
Samples of this were treated with the additions shown
and all the samples were recentrifuged for 1059-h.
Aliquots before recentrifuging (a) and after r;;

centrifuging (b) were assayed for CB-activity.
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The results of the electrophoresis obtained are shown in Fig. 5.14,
from which it can be seen that the vincristine-precipitated material
contained a major component which migrated in the same manner as the
purified preparation. It also appears that in the soluble fraction
obtained after recentrifuging, this component is present in a much
lower concentration compared to that in the original scluble sample.
from this evidence, therefore, it seems that the low concentration of
vincristine used, in the presence of magnesium ions, will selectively
precipitate CB-protein in the cold from extracts containing it.
Vinblastine has also been used, in similar experiments, with the same
results. In further experiments it was found that the concentration of
alkaloid needed to achieve this effect could be as low as 5 FM, but the
accompanying concentration of magnesium ions had to be greater than 1mM.
If higher concentrations of the alkaloid were used (greater than 0.5mM)
and the samples were incubated at 37° for at least 10 minutes, the
precipitation could be observed as the solution became turbid. The
precipitate was then collected by centrifuging for 20 minutes at ZD,OODE.
Precipitation was found to occur in all the soluble extracts tested in
which the protein concentration varied between 0.2 to 10.0 mg/ml.
Similarly, incubation of brain extracts with high concentrations of
vinblastine has been shown to cause selective precipitation of tubulin

(Marantz and Shelanski, 13870).

It was possible that the precipitation of CB-protein from brain extracts
could be due to an interaction between vincristine and other factors
present in the extracts. This idea was tested using purified CB-protein
(see Chapter 6) which had been prepared in 10mM phosphate buffer

containing 10mM MgCl Vincristine (concentration 50 FM) was added to

the sample, which wai then centrifuged for 1052—h. Aliquots of the
preparation before and after centrifuging were assayed for CB-activity
and it was found that over 90% of the CB-activity and about 60% of the
protein had been precipitated from the sample after recentrifugatian.

In a control sample (which contained no vincristine) the CB-activity
decreased by only about 10% after recentrifuging. It appeared, there-
fore, that other constituents present in brain extracts were not required

for the vincristine-induced precipitation of CB-protein.

Experiments were next conducted to investigate the effects of varied
concentrations of vincristine on CB-activity. Soluble and particulate
extracts were prepared from a homogenate made in 0.32M sucrose containing
10mM phosphate buffer and 10mM M9C12 and the extracts were assayed for

colchicine-binding in the presence of different concentrations of vincristins.
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Figure 5.14

Electrophoresis of vincristine-precipitated samples

To a soluble extract of rat brain prepared in P-Mg-
sucrosse buffer (photograph 1) was added vincristine
(at a final concentration of 50 l.um), and the sample
was centrifuged for 1059—h. Some protein precipitated
(see photograph 3), lea;ing the soluble fraction
depleted in one main band (arrowed) (see photograph 2).
This corresponded to a molecular weight of approx-
imately 60,000. This precipitation was shown, from
CB~assays on the samples, to be accompanied by a
selective precipitation of CB-activity from the
original supernatant (see text). Electrophoresis was
performed as described in Chapter 2, using phosphate-
SDS buffer and loading each gel with approximately

100 ug of protein. The gels were fixed and stained

with Coomassie brilliant blus.
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The results, given in Fig. 5.15, show that almost maximal stimulation
of CB-activity was obtained using 100 FM vincristine, and that CB-
activity in these samples was approximately double that in the samples

which contained no vincristine.

It was possible that the stimulation of CB-activity by vincristine mas
partly due to protection of the CB-protein from the inactivation process
eccurring during the incubation with colchicine. Experiments were
therefore carried out to test this possibility. Soluble and particulaté
extracts were prepared from a homogenate‘made in 0.32M sucrose containing

10mM phosphate buffer and 10mM MgCl Vincristine was added to half of

each samplse at a final concentratioﬁ of 0.5mM, and the control and vin-
cristine-containing samples were incubated for various times at 37°.

They were then assayed for CB-activity. The results, given in Fig. 5.16,
show that CB-activity decayed at a slower rate in the samples containing
vincristine than in the control samples. Also, the extrapolated initial
values for colchicine-binding were higher in the vincristine-containing

samples (see Fig. 5.16 (b)).

(k) Solubilisation of membrane-bound CB-protein

In preliminary experiments, attempts toc solubilise particulate-bound
CB-activity were unsuccessful. The crude particulate fraction obtained
from brain homogenates was resuspended in homogenising buffer and was
recentrifuged. CB-activity in the samples before and after recentrifuging
was determined, and it was found that the particulate fraction remaining
after recentrifugation still contained about 90% of the original crude

particulate CB-activity.

Non-ionic detergents (e.g. Triton X-100) are commonly used to solubilise
membrane-bound proteins, so a homogenising medium was prepared which
contained 2% Triton X-100. Soluble and particulate extracts obtained
from such derived homogenates wers assayed for CB-activity. The CB-
éctivity of the partiéulate fraction from Triton-containing homogenates
was about 80% that of controls, although it contained only about 60% of
the protein present in control particulate prenarations. This concen-
tration of Triton had very little effect on CB-activity during the
incubation at 370, indicating that CB-protein had not been selectively
solubilised. 0On the contrary, it appeared that enrichment of particulate:
CB-activity had occurred; this could, however, be attributed to the

smaller percentage of protein pelleted.

Sonication is a technique sometimes used to solubilise membrane-bound

proteins. A brain homogenate was therefore prepared in 0.32M sucrose
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Figure 5.15

Colchicine-binding as a function of vincristine
concentration

To soluble and particulate extracts of rat brain
were added varying concentrations of vincristine
(as indicated); the samples were then assayed

for CB-activity.
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Figure 5.16

Decay of CB-activity at 37° in the presence and
absence of vincristine

Soluble and particulate extracts of rat brain were
incubated at 37° in the presence ( X ) and absence
(® ) of 0.5mM vincristine for various times (as
shown). 2.5 FM [SH]-colchicina was then added and
incubation continued for a further 1.5h. The
samples were then assayed in triplicate by the
filter disc method (see Chapter 2) to determine
the amount of protein-bound radiocactivity. The
results presented are the means from 2 separate
experiments. Results in (b) are extrapolated to
zero time of incubation to correct for losses in
CB-activity occurring during the incubation

procedure.
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containing 10mM phosphate buffer and 10mM MgC12 and was subjected to
gsonication for varying times (up toc 25 minutes) in the cold. The
homogenate was then centrifuged and the soluble and particulate fractions
obtained were assayed for CB-activity. The particulate fraction obtained
after sonication was found to contain 70% of the total recovered protein
compared to 80% in the control particulate sample, but it accounted for
about 80% of the recovered CB-activity compared to 50% in the control.
This rise was apparently not due to any direct stimulation of particulate
CB-activity as a result of the sonication procedure, as determined in
control experiments. It therefore appeared that a selective partial
redistribution of CB-protein into the particulate fraction had taken
place, and this was again indicated when the samples were subjected to
SDS-polyacrylamide gel electrophoresis, when the tubulin band appeared
denser than in the control sample. This was the opposite effect to that

sought.

Sonication of a frozen homogenate, in which the cell organelles would
be lysed, gave the same pattern of results as those obtained when a

fresh homogenate was used.

Sonication of a homogenate prepared in buffer containing Triton X-100
again gave similar results. It thersfore appears a real possibility that
CB~sites normally occluded in cell membranes had been unmasked by the

sonication procedure, and were then free to bind colchicins.

Ionic detergents (e.g. sodium dodecyl sulphate, SDS) are also sometimes
used in the extraction of membrane-bound proteins. The method of Gross-
feld and Shooter (1971) which incorporates lysis, Triton extraction and
SDS extraction of the particulate fraction was used, in a modified form,
to minimise loss of CB-activity in the preparation.. A homogenate was
prepared in 0.32M sucrose containing 10mM phosphate buffer and 10mM
MgClz, and this was centrifuged for 1052-h to obtain the particulate
fraction. This was subjected to osmotic shock by suspending it in water
to lyse the intact cell organellss present. The suspension was then
centrifuged for a further 1052-h. The pelleted material obtained was
resuspended in homogenising buffer containing 1% Triton and this was
recentrifuged. Finally, the pelleted material obtained after this
extraction was suspended in homogenising buffer containing 1% SDS at
room temperature (as the SDS was found to come out of solution in the
cold), and after another centrifugation only a very small amount of

pelleted material remained. This contained a small amount of protein

which had not been solubilised by the procedure used.
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The soluble sample obtained which contained SDS was dialysed for 1-2
hours at room temperature, against 10mM phosphata-—l"l92+ buffer, to remove
the SD5 as this had been found to substantially reduce CB-activity. The
fractions obtained in this extraction were then assayed for CB-activity,
and the results obtained are shown in Table 5.3. It was found that the
initial high-speed supernatant fraction (in buffered sucrose) contained
about half the total CB-activity recovered from the homogenate, and by
far the highest CB—activity/hg protein. The SDS extract had abeout one
third of the total recovered CB-activity, but almost half the total
recovered protein as well, indicating that it also contained many other
non-CB-proteins. However, this procedure was found to be the most
satisfactory in solubilising protein which rstained its CB-activity.
With further work it should be possible to purify the membrane-bound
CB-protein by conventional techniques, using this preparation as a

starting material.

It was apparent from the results of the solubilisation experiments

that the membrane-bound CB-activity was not easily released. O0Only
about 15% of the particulate protein could be released by treatment
with water and Triton; however, the bulk of the protein and CB-activity
could be released using SDS. Clearly, a substantial amount of future
investigation will be required to characterise this membrane-bound

CB-protein.
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Table 5.3

Solubilisation of membrane-bound CB-activity

Soluble and particulate extracts of rat brain wers
prepared and the particulate fraction was resuspended
in water. This was recentrifuged, and the pelleted
material was suspended in homogenising buffer con-
taining 1% Triton X-100. The suspension was again
centrifuged, and the pelleted material was finally
suspended in homogenising buffer containing 1% SDS.
This was again recentrifuged; the SDS-soluble
fraction was dialysed, then all the extracts werse
assayed for CB-activity. The presence of S5DS was
found to partially inhibit colchicine-binding; this

effect has been corrected for in the results shown.
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CHAPTER SIX

Preparation and some properties

of purified brain CB-protein



Introduction

Colchicine-binding protein was purified from mammalian brain foilowing

a slightly modified procedure of the method used by Weisenberg et al
(1968). Colchicine-binding activity of each of the subfractions obtained
in the procedure was determined, in order to check the purification of
the protein in the preparation. Each of the subfractions was also sub-
jected to polyacrylamide gel electrophoresis, so that the protein con-
tent (on a molecular weight basis) could be monitored throughout the
procedure. An amino acid analysis was also performed on the purified
protein obtained, and estimation of the sugar content of the protein was

attempted.

It is a possibility that CB-protein ('microtubule protein') is concerned
with neurotransmitter release, since if cells are treated with colchicine,
this drug binds to the microtubules, and neurotransmitter release at the
synapse is inhibited. The transmitter is stored in small vesicles in the
nerve-endings, and these are thought to move to the surface membrane of
the cell when stimulated. This is accompanied by a rise in adenosine
31:5' -cyclic monophosphate (cAMP) concentration. One recent theory of
the action of cAMP concerns its ability to stimulate specific protein
kinases (Kuo and Greengard, 1969). A cAMP-dependent protein kinase has
been purified from bovine brain (Miyamoto et al (1969). The usual assay
for this enzyme is based on its ability to stimulate the phosphorylation
of either histone or casein, but other substrates may also be used.
Goodman et al (1970) recently found that purified brain CB-protein could
serve as a substrate for an 'intrinsic' cAMP-dependent protein kinase
which was closely associated with the protein. The purified brain CB-
protein prepared was therefore used to confirm and extend the results

already published.

Materials and Methods

Pig brain was obtained within about 71h. after death from Walls', Wembley,
and was transported, packed in ice, to the laboratory. Generally 600g -
1000g of brain was used. All operations during the purification procedure
were performed at 4°c. The superficial blood vessels and meningses were
first removed, then the tissue was minced with scissors and was washed
twice by suspending in twice its volume of sucrose buffer (0.24M sucrose
containing 10mM phosphate buffer, pH 6.8, and 10mM MgClz). The mince
was strained through three layers of cheesecloth and was suspended in its

own volume of sucrose buffer containing 0.1mM GTP. This was homogenised

in a Waring blender for 30 seconds at top speed and was then centrifuged
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at 23,0009 for 20 min. The soluble fraction obtained was brought to
32% satufgtion with ammonium sulphate (adding 177g per litre of super-
natant), by gradually adding the salt, with constant stirring, over
about 15 min. The suspension was left to stand for 10-15 min. then was
centrifuged at 23,0009 for 20 min. This precipitated proteins poor in
CB-activity. The supernatant fraction produced was then brought to 43%
saturation with ammonium sulphate (adding a further 71g of ammonium
sulphate per litre), then was left to stand and centrifuged as
previously. The precipitate obtained was considerably enriched in CB-
activity and was redissolved in about 50ml phosphate-Mg-GTP buffer per
litre of original homogenate. This was added to about 200ml of packed
DEAE-Sephadex (A-50) (made by swelling 5g, which was then washed with
acid, then alkali, and left to equilibrate in phosphate-Mg buffer).

The mixture was stirred intermittently for about 30 min. to allow the
protein to adsorb, then the Sephadex was separated on a large Buchner
funnel. The Sephadex was then washed with five times its volume

(i.e. 1 litre) of phosphate-Mg-GTP buffer containing 0.4M KCl, stirring
intermittently for 10 min. to elute some of the adsorbed protein. The
mixture was filtered on the Buchner, then the Sephadex was washed twice
with 100 ml phosphate-Mg-GTP buffer containing 0.8M KCl, again allowing -
about 10 min. per wash. This eluant was brought to 43% saturation with
enzymic grade ammonium sulphate and the precipitated proteins were
collected by centrifuging at 35,0009 for 20 min. This was dissolved in
about 20ml phosphate-Mg-GTP buffer ;nd was dialysed overnight to remove
excess ammonium sulphate and KCl. Long exposure to KC1 was found to
inhibit CB-activity, so the final precipitation served both to concen-
trate the protein and remove it from the KCl environment. The dialysed

protein was then lyophilised, and was stored at -20%.

The protein content of each of the fractions was determined By the method
of Lowry gﬁ_g&_(see Chapter 2), making corrections for the presence of

ammonium sulphate where it affected the determination.

Samples of each fraction were incubated with 2.5 FN [éHJ -colchicine
(protein concentration up to 1mg/hl) for 1.5h. at 3700. CB-activity was
then determined by the filter-disc assay (see Chapter 2). The dialysed

purified preparation was used fresh; the other fractions had been frozen
overnight.
Polyacrylamide gel electrophoresis was performed on the fractions using

10% gels and phosphate-SDS buffer (see Chapter 2), loading between 50 Mg

and 200 pg protein/gel. The gels were fixed and stained with Coomassie

brilliant blus.
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For the amino acid analysis duplicate samples of 0.4mg lyophilised
purified protein were hydrolysed in 0.5ml 6N HCl in sealed, evacuated
tubes at 110°C for 25h. and 44h. The amino acid composition was deter-
mined using a Beckman amino acid analyser. L~norleucine was added to
the hydrolysate to act as an internal standard. To correct for break-
douwn of the serine and tyrosine residues, the 25h. and 44h. hydrolysis
results were extrapolated to zero time. Tryptophan, which is destroyed
by this treatment, was determined spectrophotometrically by the method
of Goodwin and Morton (1946).

Total sugars were estimated in purified CB-protein and in standard
glycoprotein samples by a colorimetric method using indole as the colour
developer (see Methods in Enzymology III p73). To 1 ml of an aqueous
sample containing 5-25 pg sugar was added 2ml concentrated (98%) H,S0, 5
on ice, with shaking. 0.1ml of a 1% soclution of indole in absoclute
alcohol was added, and the mixture placed in a boiling water bath for

10 min. The sample was cooled, then the colour intensity read at 480 nm.
The samples were yellow in colour, and the blanks colourless. The colour

was stable and could bs read at any time.

Purified CB-protein and standard glycoprotein samples were also subjected
to polyacrylamide gel electrophoresis using 7.5% gels and phosphate-SDS
buffer (see Chapter 2). Duplicate sets of gels were prepared, one of each
set being fixed and stained with Coomassie brilliant blue to show the
positions of the protein bands. The remaining gels were stained for
carbohydrate by the modified periodic acid-Schiff (PAS) technique of
Zacharius st al (1969), as follouws:

(1) gels were immersed in 5% TCA for 30 min. then were rinsed with
distilled water

(ii) immerse in 1% periodic acid in 3% acetic acid for a maximum of
50 min.

(iii) wash six times for 10 min. each in 200ml water/bel, with shaking,
or overnight with a few changes. The fourth wash is checked for
the absence of iodate with 0.1M AgNGS. Two further washes are
then given.

(iv) immerse in fuchsin-sulphite stain, in the dark, for 50 min.

(ses below for preparation of the stain)

(v) wash three times with freshly prepared 0.5% metabisulphite
solution, 10 min. each

(vi) wash with distilled water to remove excess stain, with shaking,
overnight. The background clears leaving pink carbohydrate bands.

The gels are stored in 7% acetic acid.
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The fuchsin stain was prepared following the method of McGuckin and
McKenzie (1958). 4g potassium metabisulphite was dissolved in Sml
concentrated HCl and made up to 500ml with water. When dissolved, 2g
basic fuchsin was added (Gurr Ltd, London, SW6), stirring gently with

a mechanical stirrer for 2 h. The solution was then left to stand for
a further 2 h. A small amount of decolourising charcoal was then added
(Norit A - Sigma) and the solution was filtered within 15 min. The
resulting reagent was colourless and was stored for several months at
4°c.

Protein kinase activity was assayed by an adaptation of the method of
Miyamoto et al (1969) and the filter disc method of Tao st al (1970).
Protein samples (up to 100 Fg) were preincubated in a fi;;i—;;lume of
8.2ml1 in 0.1M tris-HCl buffer, pH 7.5, containing 20mM MgCl for 5 min,
at 30°c. [B' 3Z'il—labelled ATP (10 Fl)’ containing about 1Dscpm was
then added to give a final concentration of 250 FM (as method of Tag) or
5 fm (as method of Miyamoto) and the samples were reincubated for a
further 10 min. If cAMP was to be included, a final concentration of
25 FM was used and, where extrinsic kinase activity was to be measured,
40 i histone was added to the incubation mixture prior to the addition
of the ATP. The reaction was terminated by the addition of 1ml ice-cold
15% TCA, and 0.3ml of 0.1% BSA was added to co-precipitate the protein.
The mixture was left to stand on ice for a few minutes then was filtered
through Millipore glass fibre discs (GF/%, 2.5cm diameter). The filter
was washed rapidly (in about 30 sec.) with 40ml ice-cold 5% TCA. This
process did not remove any contaminating lipids (which have since been
shown to be labelled under similar conditions; however, they make up
only a minor proportion of the total bound label). The disc was plabed
in 5ml of Bray's scintillant (see Chapter 2) and was counted directly.
The efficiency of counting 32p was approximately 100%, as found by an

internal standardisation method.

100 Fg samples of 32p—labellsd purified CB-protein were also precipitated
with TCA, then were processed for electrophoresis using the tris-SDS-urea
buffer system (see Chapter 2). Samples incubated with labelled ATP in
the presehce and absencs of added cAMP were used and duplicate gels were
processed. The gels were then sliced and dried (see Chapter 2) and the
slices were left in the dark, in contact with an X-ray film, for 3 days.
This produced an autoradiograph of the separation of labelled proteins

from the sample.
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A phosphokinase enzyme preparation was carried out, as described by
Miyamoto et al, for use in the kinase assays. The starting material

was rat, adult rabbit or foetal rabbit brain, which was homogenised in

a Waring blender and then centrifuged at 27,000g for 30 min. at 4°c.

All subsequent steps werse performed in the cold? The supernatant
obtained was adjusted to pH 4.8 by the dropuise addition of 1M acetic
acid, with stirring. After standing 10 min. the precipitate was remaoved
by centrifuging at 27,UDUE for 30 min. The pH of the supernatant was
then readjusted to 6.5 with 1mM potassium phosphate buffer, pH 7.0,
containing 2mM EDTA. The resulting solution was then dialysed against
20 volumes of the same buffer overnight. The dialysed preparation was
then centrifuged at 27,DDQ2 for 30 min. producing a soluble, partly
purified preparation. A reported 10-fold purification of the enzyme is
obtained (Miyamoto et al) at this stage. 3g of brain routinely produced

approximately 5mg of this partly purified protein.

Binding of cAMP to purified CB-protein was performed using a modified
version of the method of Tao (1971). Up to 100 Jo protein was used in
10mM tris-HC1l buffer, pH 7.5, containing 4mM MgClZ. 77 pmoles of cyclic
(SH)—AMP was added (containing approximately 0.4 x 106cpm) and the mixture,
in a total volume of 0.2ml, was left on ice for 20 min. Binding was
stopped by dilution with 0.8ml buffer and the protein was filtered off on
an ice-cold, presoaked Millipore cellulose filter (pore size 0.45 F)’
washing the filter with 15ml buffer. The disc was then dissolved in 5ml
Bray's scintillant (see Chapter 2) and was counted directly. The
efficiency of counting was found to be 48% by an internal standardisation

method.

Radioactive [\K-(SZPJ—ATP and cyclic-(SH)-ANP were obtained from the

Radiochemical Centre, Amersham, Bucks.
Results

(a) Purification of brain CB-protein

Results obtained concerning distribution of CB-activity and protein
recovery in the purification procedure are given in Table 6.1. As
expected, introduction of KCl1 into the samples inhibited CB-activity,

but this was altered after removing the protein from the KCl environment
(final fraction). It is also noteworthy that some three-quarters of the
total brain CB-activity is present in the first pellst. This finding
generally agrees with results obtained using other mammalian brain tissue
(see Chapter 3), and also led to work involving release of membrane-bound

CB-protein (see Chapter 5)..
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Table 6.1

Recoveries of protein and CB-activity during the
purification of brain CB-protein

Results were obtained using 1100g pig brain,
purified as described in Methods. Protein and
CB-activity determinations wers performed as

described in Chapter 2.
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The purification procedure was often scaled down to handle conveniently
up to 509 of brain (usually rabbit). Greater yields were obtained from
foetal rabbit brain (on a weight basis) and several mg purified protein
were usually obtained. From the results, a relatively pure protein
preparation had been produced which had a much higher relative CB-

activity than the starting material.

Results of electrophoresis of the fractions obtained during the
purification procedure are shown in Fig. 6.1. It can be seen that all
the fractions contained a tubulin-comigrating band, and that the majority
of the protein recovered in the 0.8M KCl fraction corresponded tc this

60,000 molecular weight.

(b) Amina acid analysis of purified CB-protein

The amino acid composition of the purified pig brain CB-protein is given
in Table 6.2, togsther with data published for CB-proteins from different
sources. It is evident that the compositions are similar. The main
differences are that glycine and serine in the purified pig brain protein
are present in a rather higher proportion than in CB-protein from other
sources, whereas leucine and proline are present in a lower proportion.

A method for comparing similarity of proteins (Marchalonis and Weltman
(1971)) was used to compare the relatedness of these proteins, involving
summing the squares of the differences for each pair of amino acids
considered in the proteins. The result is a number; obviously, the
greater the differences in composition, the greater this number will be.
If the proteins are unrelated, the number obtained is 100 or more; if the
proteins are related in some way (i.e. parts of the sequence are similar),
the number obtained in the comparisons is 50 or less. The results obtained
comparing the compositions of the different CB-proteins are summarised in
Table 6.3. It would appear from this type of comparison that all the

proteins are similar.

A calculation on the helical content of the pig brain purified CB-protein
(method of Havsteen, 1966) which is based on the proportion of serine +
threonine + proline (helix breakers) in the protein gave a value of 18.5%,
which is calculated to result in a helical content in the protein of 22.7%.
The percentage of helix breakers in the other proteins is found to be

similar.

(¢) Sugar content of purified CB-protein

The sugar content of purified pig brain CB-protein was determined
quantitatively, and the results are given in Table 6.4. The value of 3.3%
carbohydrate in the protein compares reasonably with the value of 1.3%

published later by Margolis and Shelanski (1972).



Figure 6.1

Electrophoresis of samples obtained in the purification
procedure of tubulin from rabbit brain

Brain tubulin was purified according to the procedure
described in Methods. Samples of each fraction (contain-
ing 100-200 Fg of protein) were applied to the gels, and
electrophoresis was carried out in phosphate-SDS buffer
(see Chapter 2). The gels were then fixed, and stained

with Coomassie brilliant blus.



60,000 molecular
weight (CBP)

«

32/
ammonium sulphate :

43/ ammonium sulphate: S P

\

elution from Sephadex with KCI : 0.4M 0.8M



Table 6.2

Amino acid compositions of CB-proteins from various
sources

Purified pig brain CB-protein was prepared and its

amino acid composition determined as described in

Methods. Origins of the remaining CB-proteins are

as follows:

(a) Pig brain purified CB-protein (Weisenberg et al,
1968).

(b) Alkylated purified calf brain CB-protein (Falxa
and Gill, 1969).

(c) Sea urchin sperm tail CB-protein (Shelanski and
Taylor, 1968).

(d) Squid giant axon CB-protein (Huneeus and
Davison, 1970).

(e) Neuroblastoma CB-protein (Olmsted, 1970).

Values given are expressed as moles %.
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Comparison of the relatedness of CB-proteins from
various sources

The amino acid compositions of the various CB-
proteins shown in Table 6.2 were used, and péirs
of the proteins were compared using the method
of Marchalonis and Weltman (see text). The
difference between each pair of amino acid
values was squared and the squares werse summed.
The sums obtained are given in the Table.
Proteins with similar compositions will thus

give low values for the sum of the @ifferences)z.
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Table 6.4

Quantitative determination of sugar content of

Eroteins

Up to 25 fg sugar was used in this determination,
which is a colorimetric method employing indols
as the colour developer (ses Methods). Within
this range, a linear standard curve was obtained.
Pig brain CB-protein was purified as described in

Methaods.



Table 6.4

Quantitative determination of sugar content of proteins

Sample pg carbohydrate  pg protein ¢ carbohydrate

/ -~ :
casein 13 292 4.5
(a standard) (theoretical = 5%)
purified

CB-protein 5 150 3.3



Electrophoresis of casein and ovomucoid (both glycoproteins) and
purified pig brain CB-protein produced a protein band which stained
blue in one set of gels, and a carbohydrate band which stained pink
in a second set of gels. The protein and carbohydrate bands for each
substance occupied approximately the same pasitions on the gels,
indicating that the carbohydrate moieties are part of the protein
molecules. The carbohydrate stain gave a negative result in the
absence of sugars, and this was demonstrated using a control, lacto-

globulin, which is a non-glycoprotein.

(d) Enzyme experiments involving purified CB-protein

Results of the determinations of intrinsic and extrinsic kinase activity
of the partly purified enzyme preparations are given in Fig. 6.2, in
which the time of incubation with labelled ATP was varied. Extrinsic
activity results for an incubation time of 10 min. were linear when

the enzyme concentration was varied in the range 0 - 100 fg. The optimal
pH for the reaction was around 7.5; a drop of approximately 20% in the

enzyme activity was found at pH 6.4 and at pH 8.2.

In a limited number of experiments it was also found that the purified

pig brain CB-protein showed intrinsic kinase activity (see also Fig. 6.2).
It would therefore seem that the CB-protein contained a closely associated
kinase, which could phosphorylate the protein. The enzyme activity was
next determined in the presence of added cAMP to find if a stimulation of
activity was produced. A small stimulation was found, confirming the
results of Goodman et al (1970). The maximum amount of 32P which could
bind to the CB-protein was found to be approximately 50 pmoles/ﬁOO‘fg,
i.e. 30 mmoles/60,000g (= 0.03 mole P/mole protein).

The partially purified kinase preparations were next used to find if they
could phosphorylate the purified CB-protein. The results are shown in
Fig. 6.3. These indicate that the CB-protein can act as a substrate for
the phosphorylation, although it was not phosphorylated as much as was
the histone. The incorporation of 32P into the CB-protein was increased

in the presence of added cAMP.

It has been reported that there is a requirement for divalent metal ions
for the phosphorylation process to occur (Miyamoto et al), the stimulation

n2+ or C02+;

of kinase activity being greatest in the presence of M92+, M
Caz+, howsver, strongly inhibiting the enzyme activity. Since the CB-
protein was prepared in buffers containing M92+ ions, the lowest

concentration which could be used in the enzyme experiments was 1mM.
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Figure 6.2

Protein kinase activity of (a) partially purified
enzyme from rat brain and (b) intrinsic kinase
activity of pigq brain purified CB-protein

Protein samples were incubated in 0.2 ml of 0.1M
tris-HC1 buffer, pH 7.5, containing 20mM MgC12 and
5 )JM [X-32P]-ATP for the times indicated at 30°.
Where used, cAMP was 25 FM final concentration;
the amount of histone used was 40 Fg/%ube. The
protein was then precipitated by TCA, and was
removed from the mixture by Millipore filtration
using glass fibre discs. The protein was washed
on the filter with cold TCA and was transferred
with the disc to S5ml of Bray's scintillant, and
was countsd. The results are corrected for blanks

obtained using heat-denatured protein samples.
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Figure 6.3

Phosphorylation of histone and purified CB-protein
by a partly purified kinase preparation

Protein samples were incubated in 0.2ml of tris-HCl
buffer, pH 7.5, containing 20mM NgC12 and 5’fm
[X-—SZP]—ATP for 10 minutes at 30°, in the absence

( ) and presenca (++e+--) of 25 fM cAMP. The
protein was precipitated by addition of TCA, and was
removed from the mixture by Millipore filtration
using glass fibre discs. The precipitate was washed
with cold TCA and was transferred with the disc to
5ml of Bray's scintillant, and was counted. Ths
results are corrected for blanks obtained using heat-

denatured protein samples.
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However, this concentration did not give a significantly different result
compared to that obtained using a concentration of 10mM M92+. Also,
addition of 10mM Ca2+ or 5mM Mn2+ had no effect on the enzyme activity.
This property therefore appears rather different to that of the soluble

kinase of Miyamoto et al.

The addition of colchicine is known to inhibit neurotransmitter release,
which is thought by some workers to involve phosphorylation reactions.
The ‘effect of added colchicine on the kinase activity of purified CB-
protein was therefore investigated. Other alkaloids (vincristine and
vinblastine) were also used, at varied concentrations. The results
obtained are shown in Fig. 6.4, from which it is apparent that in the
absence aof cAMP, colchicine doubled the kinase activity, but the other
alkaloids had very little effect. However, in the presence of CANP; the
highest concentrations of all the alkaloids stimulated the kinase activity.
(It may be noteworthy that the alkaloids above a concentration of 10-5M
cause aggregation of CB-proteins (Weisenberg and Timasheff, 1970);

this could possibly act as a better phosphorylating substrate than the
unaggregated material, selectively increasing the incorporation of

phosphate from ATP into CB-protein.)

The results of the electrophoresis and autoradiography of 32P-labelled
pig brain purified CB-protein (in the presence and absence of cAMP) are
shown in Fig. 6.5. It can be seen that most of the 32P‘incorporated was
present in the major tubulin bands (molecular>weight 58,000 and 55,000)
and these wers each labelled to approximately the same sxtent. This both
confirms and extends the results of Gaodman, since in this buffer system
(tris—SDS-urea) the CB-protein is resolved into twd molecular weight

species, and these are both shown to be phosphorylated.

(e) cAMP binding to purified CB-protein

The results obtained from cAMP-binding assays using purified pig and

foetal rabbit brain CB-protein are shown in Fig. 6.6. Varied concentrations
of colchicine and the Vinca alkaloids were also added to test their effects.
It was calculated that between 0.2 and 1.5 mmoles of cAMP were bound per
mole (Gb,UDDg) of CB-protein. It was also found that all the alkaloids,

at the concentrations used, slightly inhibited éAMP-binding. These

observations again confirm and extend the results obtained by Goodman et al

(1970).
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Figure 6.4

Intrinsic kinase activity of purified pig brain
CB-protein in the presence of various alkaloids

100 Fg of purified pig brain CB-protein was incubated
in 0.2ml of tris-HCl buffer, pH 7.5, containing 20mM
MgCl, and 250 fm [X-SZPJ-ATP for 10 minutes at 30°
in the absence ( ) and presence ([l ) of 25 pn
cAMP. Other additions were as indicated in the figure.
The protein was precipitated by TCA and was filtered
of f using Millipore glass fibre discs. The precipitate
was washed with cold TCA and was transferred with the
disc to 5ml of Bray's scintillant, and was counted.

The results are corrected for blanks obtained using

heat-denatured protein 'samples.
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Figure 6.5

Electrophoresis and radioautography of phosphorylated
pig brain purified CB-protein

Pig brain purified CB~protein was phosphorylated in
gifgg_using [}{—329]-ATP; It was then electro- '
phoresed using the tris-SDS-urea buffer system (see
Chapter 2), and the gels were fixed and stained, then
sliced and dried (see Chapter 2). The slices were
placed in contact with X-ray film for 3 days to obtain

the radioautograph.
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Figure 6.6

Effects of antimitotic drugs on the cAMP-binding
activity of purified brain CB-protein

100 }e of pig brain purified CB-protein or 35 9 of
foetal rabbit purified CB-protein were incubated in
0.2ml of 10mM tris-HCl buffer, pH 7.5, containing

4mM M9C12 and 77pmoles of cyclic- 36]-AMP, at 4° for
20 minutes. Other additions were as indicated. The
mixture was then diluted with 0.8ml of cold buffer
and the protein was filtered off using a Millipore
cellulose filter. This was washed with cold buffer
and the protein and disc were placed in 5ml of Bray's

scintillant and counted directly.
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CHAPTER SEVEN

Isolation and some properties

of intact microtubules



Introduction

More direct evidence is needed to clarify the relationship between
colchicine-binding protein and brain microtubules (neurotubules) (see
Discussion). Brain is a rich source of CB-protein, which is considered
to be the structural subunit of microtubules for various reasons, mainly
due to the fact that colchicine, which disrupts microtubules, alsoc binds
to CB-protein (Borisy and Taylor, 1967; Wilson and Friedkin, 1967). It
is therefore important to obtain additional evidence that CB-protein
really is the subunit of brain microtubules. This problem was approached
by attempting to purify intact microtubules and solubilise them, then

studying some of their properties.

To .isolate intact neurotubules their structures must be stabilised,

since they depolymerise under the conditions used to separate subcellular
particles (homogenisation of the tissue in sucrose buffer and subsequent
fractional or density gradient centrifugation). A medium was therefore
used which stabilised these structures. Kane, (1965) reported that a
medium containing ethanol or hexylene glycol stabilised the microtubule
structures of the mitotic apparatus of sea urchin eggs. The experiments
of Kirkpatrick (1969), who used mammalian brain, confirmed this finding.
An attempt was therefore made to isolate intact neurotubules from hexylene
glycol homogenates, and to purify them by sucrose gradient centrifugation
so that some of their properties, particularly CB-activity, could be
studied. No work had been published concerning CB-activity of these
preparations as the preserving medium apparently interfered with the
binding reaction. This was therefore a very important property to

investigates.

Another method, which substituted zinc ions in the buffer for the hexylene
glycol, (Nickolson, Thesis, Leiden University) was also used to stabilise
the neurotubular structures, permitting their isolation and further

investigation of some of their properties.

Materials and Methods

Fbllowing the method of Kirkpatrick (1970), adult rat brain was homo-
genised-in 5 parts of 20mM potassium phosphate buffer, pH 6.4, containing
1M hexylene glycol. The homogenate was centrifuged at 48,00q2 for 30 min.
to pellet the larger organelles. A sucrose gradient was prepared contain-
ing 1ml of buffered hexylene glycol in 1.4M sucrose (density = 1.19g/ml)
and 1ml of buffered hexylens glycol in 1.18M sucrose (density = 1.16g/hl).
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2ml of the supsernatant prepared was layered over this and the gradient
was centrifuged at 140,000g9 for 1h. Material which had migrated to the
1.18-1.4M sucrose interfac;.(mhich is reported to contain numsrous
microtubules) was collected in a syringe; the remainder of the samples
in the tubes was pooled, and will be referred to as the gradient

soluble fraction.

In Nickolson's preparation all the operations were carried out at 20°

and a lower centrifugal force was employed. Immature brains were used
(since these are said to contain more neurotubules than adult brain -

see Peters and Vaughn, 1967) and a homogenate was made in 10mM imidazole-
HCl buffer, pH 7.2, containing 1mM GTP and 1mM ZnClz. 4ml of the homo-
genate was layered over a gradient consisting of 6ml each of 2.0M, 1.8M,
1,5M, 1.3M and 0.8M sucrose in homogenising medium. A photograph of the
gradients obtained after centrifugation at 13,dDUg for 30 min. is shown
in Fig. 7.1. Samples from each of the interfaces were collected and
portions were electrophoresed and assayed for CB-activity. The results
of these determinations are expressed as specific activities (S.A.'s)
which are cpm bound colchicine/hg protein; and as relative specific
activities (R.S5.A.'s) which are cbtained from the relation

¢ recovered bound cpm
% recovered protein

. The latter facilitates comparison of CB-activities in the various sub-
fractions with that of the parent fraction, whose R.S.A. is taken to be

1.

Electrophoresis of the samples was performed using 10% polyacrylamide

gels and the phosphate-SDS buffer system (as described in Chapter 2).
Results

(a) Hexylene glycol preparations

The microtubule fraction obtained from the gradient, together with the
gradient soluble fraction (see Methods) and a sample of the original
supernatant were examined by electron microscopy for the presence of
intact microtubules after fixing the samples with glutaraldehyde and
negativé staining with uranyl acetate on the grid. Numerous granules

were seen in the presumed microtubular fraction, but no tubular structures

could be detected in any of the samples.

Each of the samples was next dialysed for several hours at 4° against 10mM

phosphate buffer containing 10mM NgC12 to remove the hexylens glycol.
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Figurs 7.1

Sucrose gradient separation obtained in the
preparation of intact microtubules

Immature brain tissue was homogenised.in 10mM
imadazole-HCl buffer, pH 7.2, containing 1mM
GTP and 1mM ZnClz. The homogenate was placed
on the gradient and centrifuged at 13,DDQ2bfor
30 minutes, when the separation shown was
obtained. Results of the selectrophoresis of
the fractions obtained are given in Figure

7.3 and CB-activities are given in Table 7.2.
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They werse then assayed for CB-activity; the results obtained are given
in Table 7.1, from which it can be seen that the presumed microtubule-
containing fraction was enriched in CB-activity more than five times in

relation to the parent fraction (R.S.A. = 5.4).

Polyacrylamide gel electrophoresis of the samples gave the results shoun
in Fig. 7.2. 1t is apparent that the initial supernatant and the gradient
soluble fractions contained many different proteins, but the microtubule
fraction had one main protein band (of approximate molecular weight 60,000)
and one other much fainter band (corresponding to an approximate molecular
weight of 50,000). Purified CB-protein (see Chapter 6) is known to behave

in an identical manner during this electrophoretic procedure.

Samples of each of the fractions were next treated with 1mM vinblastine

and were incubated at 37° for 1h. This treatment is known to aggregate

and precipitate CB-proteins (Wilson et al, 1970)(weisenberg and Timasheff,
1970). The samples, now turbid, were then centrifuged and the precipitates
and supernatants obtained were subjected to polyacrylamide gel electro-
phoresis. The vinblastine precipitates of the initial supernatant and the
gradient soluble fraction were found to contain a main protein band
(corresponding to a molecular weight of approximately 60,000) and two
fainter bands (corresponding to a molecular weight of approximately 50,000
and 42,000). The vinblastine precipitate of the microtubule fraction gave
the same separation pattern as the untreated microtubule fraction. Protein
estimations on the samples showed that about half of the gradient solubls
protein had been precipitated by vinblastine, while practically all the
protein from the microtubule fraction had precipitated. When the vin-
blastine-precipitated protein was electrophoresed togsther with purified
CB-protein on the same gel, the main bands coincided, indicating that the

proteins in each sample had very similar molecular weights.

(b) Zn2*_gTP preparations

Fractions obtained from this separation were first examined by electron
microscopy for the presence of intact microtubules after fixing the
samples with glutaraldehyde, staining with osmic acid and embedding in
epon. This procedure showed the presence of large numbers of tubules,
apparently packed in parallel arrays.

Samples of each of the fractions obtained were also dialysed for several
hours at 4° against 10mM phosphate buffer containing 10mM NgCl2 to remave

ziné ions, which had been found to interfere in the CB-assays. The

samples were then each assayed for CB-activity; the results obtained are
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Table 7.1

CB-activity of microtubule preparations made by
the hexylene glycol method

. A soluble extract of rat brain homogenate was
prepared in buffered hexylene glycol as described
in Methods. This was subjected to sucrose gradient
centrifugation using 1.18M sucrose and 1.4M sucrose
in buffered hexylene glycocl. The microtubule
fraction was removed from the 1.18 - 1.4M sucrose
interface; the remainder of the material was pooled
as the gradient soluble fraction. Samples were
dialysed against 10mM phosphate-Mgz+ buffer then
were assayed for CB-activity. The results given
were obtained using 1g of brain in the preparation.
Results of electrophoresis of these fractions are

shown in Figure 7.2.



Fraction

Supernatant

Gradient
soluble

Microtubule

Table 7.1

CB-activity of aMQWOdcccwm preparations made by the hexylene glycol method
Total % recovered CB-activity 3 % recovered
protein(mg) protein (bound cpm x 107) CB-activity R.S.A.
37.2 - 390 - -
32.1 98 234 89 0.9
0.6 2 30 11 5.4

S.A.
(x Aouv

10.5

7.0

43.0



Figure 7.2

Electrophoresis of fractions obtained in the hexylene
glycol method for the purification of microtubules

The fractions were prepared as described in the legend
to Table 7.1. Samples of each (containing épproximately
100 e of protein) were loaded on to the gels and
electrophoresis was performed using phosphate-SDS buffer
(as described in Chapter 2). The gels were fixed and
stained with Coomassise brilliant blue. Results of CB-

assays on the fractions are given in Table 7.1.
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given in Table 7.2, showing that the fractions below the 0.8M sucrose
layer were enriched in CB-activity (R.S5.A. 1.2-1.9). About one-third

of the recovered CB-activity was found in the 0.8M-1.3M fraction.

Results of the electrophoresis of these samples are given in Fig. 7.3,
showing that a major band was obtained (corresponding to a molecular
weight of 60,000) in the 1.3M-1.5M fraction, together with several other
fainter proteih bands. In the 1.8M-2.0M fraction, however, there was a
much greater purification of the 60,000 molecular weight protein band.
This was the fraction in which mainly bundles of microtubules were

reported to be found.

Zinc ions are also reported to aggregate and precipitate CB-protein.

This was tested by incubating purified CB-protein (see Chapter 6) with

1mM ZnCl2 and 1mM GTP at 37° for 1h. The sample became turbid after a
short time, indicating that protein was being aggregated in the solution.
The mixture was centrifuged, and the precipitate obtained was assayed for
CB-activity. It was found that practically all the CB-activity originally
present had been precipitated by this method. When repeated using a whole
supernatant from brain, similar results were obtained. Results of
electrophoresis of the Zn2+-derived samples are given in Fig. 7.4, and
show that the ﬁrecipitated material was enriched in the 60,000 molecular

weight protein band, although it alsc contained many other proteins.
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Table 7.2

CB-activity of microtubule preparations made by

the Zn2+-GTP mathod

Rat brain was homogenised in 10mM imidazole-HC1
buffer, pH 7.2, containing 1mM ZnCl2 and 1mM GTP
at room temperature. The homogenate was layered
over a gradient consisting of 6ml each of 2.0M,
1.8M, 1.5M, 1.3M and 0.8M sucrose in homogenising
medium, and was centrifuged at 13,00q2 for 30 min.
A photograph of the gradient obtained is shown in
Figure 7.1. Samples collected from each of the
interfaces were dialysed against 10mM phosphate-
M92+ buffer, and were assayed for CB-activity.
The results given were obtained using 1g of brain
in the preparation. Results of electrophoresis

of the fractions are given in Figure 7.2.



Table 7.2

CB-activity of microtubule preparations made by the N3m+|mqv method

Total % recovered CB-activity . % recovered S.A.q
Fraction protein(mg) ~_protein (bound cpm x 107) CB-activity R.S.A. (x 107)
OM sucrose 14,95 25 70 7 0.3 5
0M-0.8M
interface 14.15 24 135 14 0.6 10
0.8M=1.3M
interface 11.20 19 320 32 1.7 28
1.3M-1.5M
interface 6.00 10 180 18 1.9 30
\_om3ld cmz
interface 2.40 4 , 60 6 1.5 24
\— .m3lNoD3
interface 5.00 8 100 10 1.2 20

2.0M sucrose 6.70 11 130 : 13 1.2 . 19



Fiqure 7.3

fFlectrophoresis of fractions obtained in the Zn2+-GTP
method for the purification of microtubules

The fractions were prepared as described in the legend
to Figure 7.1. Approximately 100 Pg of each sample was
loaded on to each gel and electrophoresis was performed,
using phosphate-SDS buffer (see Chapter 2). The gels
were fixed and stained with Coomassie brilliant blue.
The CB-activities of the fractions are given in Table

7.2,
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Figqure 7.4

Electrophoresis of Zn2+—precipitated material from
soluble extracts of rat brain

A rat brain soluble extract was incubated with 1mM
ZnCl2 and 1mM GTP for Th. at 37°.  The mixture was
centrifuged and the fractions obtainsd were slectro-
phoresed (applying approximately 100 Ha of protain/
gel) using phosphate-SDS buffer (see Chapter 2).

The gels were fixed and stained with Coomassie

brilliant blue.
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CHAPTER EIGHT

Discussion



Is microtubule protein (tubulin) colchicine-binding protein?

It has not been successfully established to date that colchicine-
binding is a property of intact microtubules or microtubular protein
from brain, but this has been assumed on the basis of circumstantial
evidence. It is known that addition of colchicine to cells results

in the disappearance of microtubular structures; under conditions of
depolymerisation of microtubules (e.g. disruption of cells in cold
buffered sucrose solutions), a protein can be recovered from the
soluble fraction which binds colchicine. This protein is assumed to
be derived from microtubules. Direct proof of this assumption required
that intact microtubules be isolated (in a microtubule-stabilising
medium) and purified, and tested for their ability to bind colchicine.
The finding that the fraction reported to be rich in microtubules was
greatly enriched in CB-activity (see Chapter 7) was the first evidence
that colchicine-binding was a property of brain microtubular protein.
The earlier failures of other workers to detect colchicine-binding in
brain microtubule preparations was due to the interference of the
stabilising medium with the CB-assay; this was overcome in these
experiments by simple dialysis of the preparations in the cold. It
was first shown (Shelanski and Taylor, 1967) that microtubule prep-
arations obtained from sea-urchin sperm tails contained colchicine-
binding protein; however, the starting material was essentlially a pure
source of microtubules, and did not require the use of a stabilising

medium in the purification.

Additional evidence has more recently appeared connecting CB-protein

with brain microtubules. This involves the isolation, in GTP-containing
media, of soluble CB-protein from mammalian brain, and its polymerisation
into tubular structures when incubated at 37°.  The purified structures
could be purified by centrifugation, then depolymerised by cooling, in
repeating cycles (Weisenberg, 1972; Borisy and Olmsted, 1972; Olmsted

and Borisy, 1973; Shelanski et al, 1973). The depclymerised protein,

at the end of each cycle, was found to be more highly purified on the

basis of CB-activity and electrophoresis.

Results from both these approaches thus clearly indicate an important

connection bstween microtubular protein and CB-protein in brain.
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What is the relation between soluble brain tubulin and tubulin from
other sources?

Analysis of CB-protein purified from mammalian brain (see Chapter 6)
showed it to have very similar properties to microtubule subunit protein
obtained from various other sources; for example on the basis of its
molecular weight (from electrophoretic data), amino acid composition,
ability to bind colchicine, sugar content and enzymic properties.

There appears to exist, therefore, a well-defined class of closely
related proteins which are the subunits of at lsast some of the micro-

tubules seen by electron microscopy.

The kinetic parameters and binding constant for soluble brain tubulin
(see Chapter 5) were found to agree well with those obtained using
different preparations. Maximum binding occurred after 2 to 3h. at 370,
as had been found for tubulin extracted from sea-urchin eggs and from KB
cells (Borisy and Taylor, 1967 (a,b)) and from grasshopper embryos
(Wilson and Friedkin, 1967). The binding coﬁstant for the reaction,
found to be between 2 FM and 3 FN’ agreed well with that found for sea-
urchin egg tubulin (2.3 PN) and KB cell tubulin (4 FM) (Borisy and
Taylor, 1967 (a,b)). The optimal pH for the binding reaction agreed
with the value of 6.8 found for tubulin extracted from chick embryo

brain (Wilson, 1970).

Binding of colchicine to tubulin has been found to be a reversible
process, which is time and temperature dependent. This was first
demonstrated by Borisy and Taylor (1967 (a)), who allowed the soluble
fraction of HeLa cells to stand for varying times at a° prior to thes
CB-assay. They found that after about 4h. ageing of the preparation,
only approximately half the original CB-activity measured was found to
remain. However, ageing of the preformed protein-colchicine complex
under these conditions showed very little loss of bound material. A
similar loss in CB-activity was seen in microtubule protein isolated
from pig brain (Weisenberg et al, 1968), and from chick embryo brain
(wilson, 197Df in which the rate of the decay process was increased
using a temperature of 37°. Under these conditions, the losses of
binding activity in the unbound and pre-bound samples were very similar.
It appears probable, therefore, that the experimental conditions do not
directly influence the formation of the protein-colchicine complex, but
affect the CB-reaction indirectly by inactivating the protein at a faster
rate. The pattern of results obtained by Wilson (1970) were confirmed

when rat brain soluble preparations were aged at 37° (see Chapter 5);
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the observation in these experiments that the protein sample became
turbid as the incubation proceeded supports the idea fhat the protein
undergoes denaturation, or aggregation to a non-colchicine-binding
form, while the loss in measured CB-activity is occurring. A striking
requirement for sucrose was found necessary to stabilise CB-activity in
frozen samples (see Chapter 5). This effect was also later confirmed
(Frigon and Lee, 1972), although the function of the sucrose in this

instance is not known.

CB-protein pufified from pig brain was found to contain 0.5-1.0 mole of
bound GTP per 120,000g when isolated in GTP-free buffer (Weisenberg et
JEL’ 1968); it was also found tobbind 2 moles of GTP, one of which was
freely exchangeabie. Addition of GTP to a solution of the protein also
considerably stabilised the CB-activity during storage at DO; this
effect was also seen at 37° (see Chapter 5), although to a lesser extent.
The initial CB-activity of the preparations was higher in the presence of
GTP and increased as the GTP concentration was increased; also the decay
rate was slowsd. This suggests that GTP and colchicine do not interact
with CB-protein at the same site. The influence of the binding of GTP
could therefore be considered as an allosteric effect, possibly altering
the conformation of the protein; this could modify its ability to function

'

as a subunit of microtubules.

The effects of the Vinca alkaloids vinblastine and vincristine (which,
liks colchicine, are antimitotic agents and disrupt microtubule structure)
on the CB-activity of tubulin-containing preparations were investigated,
since earlier work had shown that vinblastine stimulated CB-activity in
grasshopper embrycs (Wilson and Friedkin, 1967). This work alsc indicated
that the colchicine-binding site of the protein was different to the site
of action of these drugs. The stabilising effects of vinblastine on CB-
activity in chick embryo brain extracts (Wilson, 1970) were also seen

with vincristine in rat brain extracts (see Chapter 5). However, it was
additionally found that low concentrations of vincristine (10-5 to 10-6N),
in the cold, produced a redistribution of CB-activity in soluble extracts,
actually almost specifically precipitating tubulin. This had not
previously been observed, and was apparently dependent on the presence of
N92+ ions in the preparation. Indeed, a concentration of 1mM NgCl2 or
higher was found to be necessary for this effect to occur. Much higher
concentrations of vinblastine (10-3M) had been previously used at 37° to
precipitate tubulin from various cells (Marantz gt al, 1969; Olmsted et

al, 1970; Wilson et al, 1970), although these protein preparations were
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far from pure, and were seen to contain both high and low molecular-
weight impurities (e.g. actin) after electrophoresis, showing that

these alkaloids could not be used as very specific reagents for this
purpose. It is interesting that in other attempts to purify micro-
tubular protein, based on a succession of polymerisation-depolymerisation
reactions (Borisy EE.E&’ 1974), similar contaminating proteins were also
co-purified. It is not yet known whether these are proteins specifically
associated with microtubules, or are other species that reversibly
aggregate under conditions promoting microtubule assembly. The higﬁ
molecular-weight material has also been observed in hexylene glycol

preparations of intact microtubules (Kirkpatrick et al, 1970).

What could be the functions of brain microtubules?

Some investigators have speculated that microtubules extend continuously
along neuronal processes to provide the directional motive force for the
cytoplasmic transport of vesicles and other particulate matter (Schmitt,
1968; Schmitt and Samson, 1968). Colchicine and the Vinca alkaloids,
vinblastine and vincristine, are now often used as probes for microtubule-
associated functions in various cell types, since it is known that agents
which disrupt miecrotubules decrease or block axoplasmic transport
(Junqueira and Porter, 1969; Fernandez et al, 1970; Moran and Varela,
1971); hence the effects of these drugs on neural function could be

related to their ability to bind tubulin in one form or ancther.
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The finding that purified brain CB-protein could serve as a substrate

for an 'intrinsic! protein kinase, which was closely associated with

the protein (Goodman EE.EE! 1970), was confirmed and extended to other
species (pig and rabbit), and a variety of assay conditions (altering

the pH, time of incubation, and composition of the assay mixture).
Phosphaorylation of the protein was found to be linear with time during
the first 10 minutes, and this activity was linear with respect to
protein concentration, showing that tubulin was the main substrate for
its associated kinase activity. Phosphorylation of the protein was

found to increase in the presence of added cAMP; in addition, it was
observed that both the o©<- and f?-forms of tubulin were phosphorylated,
to approximately the same extent, when the labelled protein was electro-
phoresed in urea-containing buffer. Moreover, in spite of the relatively
small stimulation of the intrinsic kinase activity obtained with cAMP, it
was found that the purified CB-protein bound between 4-22 pmoles of the
cyclic nucleotide/hg of protein when assays were conducted at 4°. 1t is
conceivable that this cAMP-stimulated phosphorylation reaction could be
involved in controlling the assembly and function of microtubular pro-

teins in various cell types (cf. Gillespie, 1971; Hsie and Puck, 1971).

The relation of. the protein kinase associated with isolated tubulin
preparations to other protein kinases present in soluble extracts of

brain is not clear. The possibility that the tubulin intrinsic kinase
activity may be a property of the tubulin itself, and not of an associated
enzyme, cannot be excluded, since virtually all the evidence attempting to
demonstrate that the kinase and its substrate (tubulin) are distinct pro-
teins (see Eipper, 1974) is not conclusive. The experiments performed
involve the use of added exogenous (basic) protein substrates to measure
the activity of the tubulin-associated kinase; however, the nature of the
protein substrate(s) phosphorylated was not specified. It is thersfore
not known whether or not the increase in kinase activity observed in the
presence of added basic proteins is due to an increase in enzyme activit;

toward the tubulin substrate.

Some difficulties arose in trying to determine the relation of the
tubulin-associated kinase to its protein substrate, when the effects of
mn2* and of the Vinca alkaloids and colchicine on the tubulin intrinsic
kinase activity were compared with those measured in the presence of added
basic proteins as substrates. Mn2* had been found (Miyamoto et al, 1969)
to stimulate soluble histone kinase activity of brain, whersas this was

not found to be so for the tubulin intrinsic kinase. Also, in the
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presence’ of colchicine, or vincristine or vinblastine (at concentrations
similar to those which produce selective aggregatien of tubulin), there
was a marked increase in the amounts of 32P transferred to tubulin in
the presence of cAMP, negligible effects of these drugs occurring in its
absence. Electrophoretic separation of the labelled protein samples
followed by radioautography confirmed that tubulin was the main protein
substrate phosphorylated. However, colchicine or the Vinca alkaloids
did not increase the activity of tubulin-associated kinases when assayed
with histones as substrates, or that of a histone kinase prepared from

" rat brain by the method of Miyamoto.

In view of the preferential effects of the Vinca alkaloids and colchicine
on the cAMP-stimulated intrinsic kinase activity, the possible effects of
these drugs on the binding of cAMP to tubulin preparations was tested,
but the only effect observed was a small inhibition of binding. It would
appear, therefors, that the effects of these antimitotic agents on the
intrinsic kinase activity of brain tubulin are fairly specific, and could
possibly be related to the effect of the drugs on the state of aggregation
of the tubulin. This has been indicated in recent work in which tubulin
has been phosphorylated in situ, and has been recovered in the form of
high molecular weight aggregates (Reddington and Lagnado, 1973; Eipper,
1974).

A potentially important recent observation (Lagnado EE_al, 1975) has also
indicated that the membrane-bound tubulin present in sy;;;tic complexes
can bse phosphorylated in vitro by a cAMP-stimulated protein kinase present
in the synaptic membranes. This finding could prove to be of major

importance in our understanding of the role of membrane-bound tubulin.

The observation that microtubular proteins exhibit intrinsic protein

kinase activity suggests that this enzyme might be responsible for
phosphorylating tubulin in_situ. Further, the stimulation of this protein
kinase activity by cAMP supports the possibility that microtubular
structure and/br function could be controlled by phosphorylation mechanisms
requlated by changes in cyclic nucleotide metabolism. The fact that
tubulin.- is a major component of nerve cells also suggests that the
phosphorylation of tubulin might be of fundamental importance in the

control of some aspects of neural function.
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What are ths structures responsible for particulate colchicine-binding
in brain?

One of the main observations emerging from the work presented in this
thesis is that in brain, as compared to other tissues investigated, a
substantial proportion of the colchicine-binding activity remains firmly
bound to particulate fractions, and cannot be removed by washing the
preparations. During the initial part of this work, it was shown that
about half the measured CB-activity present in homogenates of rat, rabbit
and gquinea-pig brain was recovered in the crude particulate fraction
obtained after high-speed centrifugation. Subfractionation of this crude
particulate preparation showed that most of the CB-activity recovered in
the crude nuclear fraction was due to trapped soluble material, while the
synaptosome fraction obtained from crude mitochondrial preparations
accounted for almost half the CB-activity recovered from the parent
fraction. Also, a large proportion of the CB-activity (30%) recovered
from the crude mitochandrial fraction was found in the synaptic-membrane
fraction. These results were in keeping with those of Feit and Barondes
(1970), who found, during the course of this work, that in mouse brain
about 50% of the homogenate CB-activity was recovered in the crude
particulate fraction and was unequally distributed amongst the various
subfractions of the crude mitochondrial preparation. A small percentage
of the particulate CB-activity could be attributed to entrapped soluble
material (possibly of synaptosomal origin?), as was found in the present
work: about 20% of the activity present in the crude mitochondrial
preparation could be solubilised after osmotic lysis under conditions
known to release synaptosomal cytoplasm and/br material that is loosely
bound to membranes (see Chapter 4, and Fig. 4.11). However, only about
20% of the remainder of the membrane-bound CB-activity could be extracted
by treatment with Triton X-100 (see Chapter 5, and Table 5.3), suggesting
that the CB-protein was closely associated with, or was an integral
component of, synaptic junctional material. An additional interesting
finding was that the synaptic vesicle fraction prepared also showed CB-
activity, although it accounted for a much smaller proportion of the total

activity recovered.

It was assumed that in all the preparations tested, high-affinity binding
proteins were involved, which showed similar CB-characteristics. This
assumption was later shown to be valid (see Chapter 5, and below in this

Discussion). The decay rate of the colchicine-binding process has rscently
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been shown to increase with dilution of the protein solution (Bamburg
et al, 1973); it must therefore be a possibility that maximal binding
;;g_;;t measured in each of the preparations, and this could have pro-
duced some small errors'in the calculation of relative specific CB-

activities.

Electrophoresis of the subcellular fractions showed the presence of a
tubulin-comigrating protein in each of the fractions, including the
synaptosome-soluble sample, indicating that tubulin, and possibly micro-
tubules, could be present in the cytoplasm of nerve terminals, as well

as being components associated with synmaptic junctional membranes. The
presence of microtubules in the synaptic region has now been demonstrated
in subcellular work (Gray, 1975). Using a new fixation technigue, it
was shown that microtubuleés run from the axon and contact the dense pro-
jections of the pre-synaptic cleft region. This arrangement could
presumably allow vesicles, which are seen associated with the micro-

tubules, to be guided to their site of action.

The work on synaptic preparations presented in this thesis provided the
first clear-cut evidence that they are enriched in a tubulin-like protein,
as defined on the basis of CB-properties. Particulate 'tubulin' was found
to be associated with some kind of special membrane found in the region of
the synapss. In retrospect, it has now been shouwn (Tan, 18753 Walters and
Matus, 1975), on the basis of electrophoretic data, that a tubulin-like
protein is a structural component of synaptic junctional complexes. This
was achieved by extracting purified synaptosomal membranes overnight with
1.2% sodium deoxycholate, yielding, after high-speed centrifugation, a
pellet which contained the post-synaptic junctional densities. Electra-
phoresis of the samples on polyacrylamide gels in SDS~buffer showed that
the detergent-insoluble material had been enriched in a protein which
comigrated‘with purified tubulin. Additionally, when the sample was
electrophoresed in SDS- and urea-containing gels, this band could be split
into the characteristic tubulin doublet. The preparation showed CB-
activity, but no microtubules were apparent when examined electron-micro-
scopica;;y.

It is therefore apparent thatva tubulin-like protein is tightly bound in
synaptosomal membranes, and is thus probably present in the junctional
structures themselves. This would explain both the occurrence of tubulin
in the preparations obtained, and its great enrichment in the isolated

junctional structures.
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Other workers (Bhattacharyya and Wolff, 1975) have also succeeded in
solubilising CB-protein from isolated synaptic membranes using the
detergent Nonidet P-40, which released 16% of the membrane-bound pro-
tein and up to 90% of the CB-activity. Electrophoresis of the
solubilised protein showed that tubulin-comigrating protein was one of
the main components of the preparation. These results, taken together,
would oppose the viesw held by Bamburg_gf fl’ (1973) that the microtubule
protein associated with the particulate fraction 'merely results from
entrapment of the soluble neurotubule protein in vesicles formed from
the myelinated axons!. This situation was compared toc the formation of
vesicles containing ribosomes during homogenisation of brain (Gambetti
EE al, 1972); the explanation probably arose due to the inclusion, in
their preparative procedure, of sonication which has been shouwn (see
Chapter 5) to redistribute a proportion of soluble brain tubulin to the
particulate fraction when followed by centrifugation. However, since
sonication is not normally included in the preparation of synaptic

membranes, this phenomenon is presumably not involved.

Does the amount or distribution of tubulin change with development of
the brain?

The discovery that extracts of immature mammalian brain had greater
specific CB-activities than those measured in adult tisSue'aktracts was
of interest. This difference could be connected with the higher turnover
rate of cell components in immature cells, dus to the increased growth
rate (hence an increased CB-protein content), or alternatively, due to
the dilution of nerve cells, in the adult, with non-nerve cells (i.e.

élial cells).

However, the results could also indicate that CB-protein from immature
brain is present in a more stabilised form than in the adult (i.e. having
a slower CB-activity decay rate) giving an apparently higher CB-activity,
compared to the adult. This could have been determined by comparing the
effects of ageing at 37° on extracts derived from immature tissue with
those found for adult extracts (see Chapter 5, and Fig. 5.8). Houwever,
the results reported are consistent with the findings of Bamburg et al,
(1973), who later compared the properties of soluble extracts of immature
and adult chick brain. They found that the CB-activity decay rate was
slowest in immature brain extracts, but it rapidly increased as development
continued. This indicated that a change was occurring in the CB-protein
during development, and it was suggested that microtubule proteins with

different functions could be involved in the development of the brain.
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The shift in distribution of protein and CB-activity from the soluble

to the particulate fraction observed during development could reflect

the changes occurring during the differentiation of neuronal cells, when
synaptic junctions are formed, since it was found that synaptic membranes
contribute a substantial proportion of the particulate CB-activity (see
Chapter 4). The highest CB-activities in chick brain (Bamburg Ef ii’
1973) were measured between 9 and 28 days of incubation (i.e. 6 days
after hatching). This age range corresponds neurologically to that of
'immature! (1-day old) rat brain and 'foetal' (28-day, i.e. full-term)
rabbit brain used in the experiments on developing brain. The differences
in distribution with development could possibly be due to differences in
the binding properties of the immature-derived preparations as compared to
those obtained from adult brain, although the binding characteristics of
the adult soluble and particulate preparations had been found to be very
similar in many respects (see Chapter 5). The decrease in specific CB-
activity in the soluble extract during development could be dus to a
dilution by the more rapid synthesis of other, non-colchicine-binding
proteins. These obssrved changes in distribution of CB-activity have
since been extended by the very recent finding of Jones (1976) that
tubulin reaches its adult level in developing synaptic membranes earlier
than other synaﬁtic membrane proteins (these observations being based on
quantitative estimations from electrophoretic protein sepafations). In
addition, this indicates that tubulin may be involved in establishing

the basic framework of the junction.

An obvious question arising from the results concerns the relationship
of the CB-sites associated with nerve-membrane components (particularly
synaptic membranes) with CB-proteins of presumed microtubular origin
which are present in the soluble fraction. Most of the evidence that
soluble CB-protein purified from nerve tissue represents microtubule
subunit protein is of an indirect nature; the significance of membrane-
bound CB-protein in relation to microtubule structure and function also

still remains to be elucidated.

Does particulate CB-protein resemble soluble tubulin?

The kinetics of the colchicine-binding reaction were found to be very
similar when preparations of soluble, particulate and membrane-bound
CB-proteins were compared (see Chapter 5), indicating that the same class

of macromolecule was responsible for the colchicine-binding in each case.
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One important line of future investigation emerging from these findings
would concern the specificity of the binding reaction - how similar are
the soluble and particulate binding sites? Or how specific is the

colchicine in its binding requirements?

The membrane components which bind colchicine appear to represent
stabilised forms of microtubular protein, since their CB-activity is
largsely retained after storage of the membranes at -10° for up to two
wesks, or after repeated washings with phosphate-buffered sucrose
solutions containing 0.1% Triton X-100 (see Chapter 5). In fact, it

was found necessary to use the detergent SDS (concentration 1%) for
solubilisation (which was non-specific) of the membrane-bound CB-
protein. Dialysis of the SDS out of the preparation was found to be
necessary due to its inhibitory effect on colchicine-bindings this step
was not carried out in more recent work (Bhattacharyya and Wolff, 1975),
consequently CB-activity was not detected in their preparations. Thesse
properties contrast with the more rapid decay of CB-activity observed in
solubls prepafations under similar conditions. The comparative stability
of the tightly-bound particulate and membrane CB-protein could be
explained by considering that other constituents of the membranes may
afford structural protection; alternatively, that the membranes could
contain components which stabilise the CB-protein, these components

being absent, or present to a smaller extent, in the soluble preparation.

In these respects, the work of Bhattacharyya and Wolff (1975) is of
particular interest. They report that membrane-bound CB-protein, in
contrast to soluble tubulin fram rat brain, was relatively stable when
subjected to thermal inactivation. However, when the CB-protein was
solubilised from the membranes (using the detergent Nonidet P-40, which
did not inhibit colchicine-binding), it decayed at the same rate as did
soluble tubulin. This indicates that the increased stability of ths
membrane-bound tubulinm is not an intrinsic property of the protein itself,

but rather of the enyironment of the membrane.

These results could suggest that the interruption of various physiological
processeé in nerve tissue by colchicine may be partly due to the binding
of this drug by nerve-ending membranmes, in addition to any direct inter~
actions it may have with microtubular proteins. This could involve either
the relatively loosely-bound (Triton-extractable) form (which is possibly
presynaptic), or the more tightly-bound tubulin (which is probably present
in the post-synaptic complex), which could also be concerned with direct

action at the nerve-ending itself. The latter would appear a more likely
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possible explanation of the mechanism of action involved. The idea that
tubulin in the nerve-endings may organise material resulting in the
transmission of stimuli needed evidence that tubulin exists in synaptic
junction preparations. This was established (electrophoretically) in

the work of Walters and Matus (1975), and (immunohistochemically) in the
work of Matus EE.EEJ (1975) which showed that all the anti-tubulin stain-
ing in brain tissue was associated with either microtubules or the post-
synaptic membrane. No visible evidence of microtubule-like ultra-structure
was obtained within the post-synaptic lattice, suggesting that the tubulin
present is not self-polymerised as it is in microtubules, but is bound to
other protsins of the lattice structure. The synaptosomal membranes showed
CB-activity, so obviously were composed of a colchicine-binding form of
tubulin; could this be the residue of disrupted remnants of microtubules
incorporated in the membranes? If this were the case, a link would be
provided between the juncticnal region and the microtubular system of the

dendrite.

Recent peptide mapping of tryptic digests of tubulin and tubulin-
comigrating synaptosomal protein (Blitz and Fine, 1974; Kornguth and
Sunderland, 1975; Walters and Matus, 1975) has indicated that the proteins
are identical; moreover, it has also been demonstrated that the major poly-
peptide component of isolated postsynaptic junctional lattices (solubilised
by deoxycholate treatment) possesses the same tryptic peptide map as that of
purified tubulin (Walters and Matus, 1975). A striking homology was thus
found between the proteins (of approximate MWt 50,000) extracted from
synaptosomal plasma membranss, postsynaptic junctional lattices and
purified brain tubulin, which were so closely similar in primary structure
that their tryptic digests were virtually identical. This information
appears to confirm the identification of tubulin as the major component of
the postsynaptic density. One could now speculate that junctional tubulin
could be involved in two methods of molecular organisation:

(a) binding to other molecular components of the junctional lattice, and
(b) providing a terminus for microtubules communicating with the dendritic

system.

Many questions still remain to be answered concerning the mechanisms and
contrdl of the microtubule assembly process. The role of calcium ion in

the polymerisation process is not clear, and it is not known how the binding
and splitting of GTP is rslated to microtubule assembly. The chemical

nature of the nucleation centres involved in tubule polymerisation has not
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been determined, nor has their actual function, if any. The detailed
function and mechanism of action of microtubules in chromosome movement,
intracellular motility, and generation of cell form is virtually
unknown. Recent advances on the in vitro assembly of microtubules may
provide approaches by which many of these questions relating to in vivo

control could be investigated.
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Some Properties of Colchicine-Binding
Protcin(s) (*Microtubule Protein’) in Soluble and
Particulate Preparations of Mammalian Brain

By J. R. LagNapo and C. A. Lyons (Department
of Biochemistry, Bedford College, Regent’s Park,
London NN.W.1, UK)

The kinetic properties and stability of colchicine-
binding proteins present in soluble extracts of brain
have been exlensively studied (Borisy & Taylor,
1967a,b; Weisecnberg et al., 1968 ; Wilson & Friedkin,
1968 ; Wilson, 1970). In contrast, little is known about
the properties of membrane-bound colchicine-bind-
ing activity, which accounts for a considerable pro-
portion of that present in homogenates of immature
and adults brain (Lagnado ¢t al., 1971a,b; see also
FFeit & Barondes, 1970).

Further work shows that Mg?t (final concn.
1-10mm) markedly enhance colchicine-binding acti-
vity in both soluble and particulate fractions derived
from rat brain homogenates prepared in PMS buffer
(0.32m-sucrose in 1 mM-sodium phosphate bufler,
pt16.5) after high-speed centrifugation. However,
the colchicine-binding activity of both soluble and
particulate fractions prepared in 20mm-phosphate
bufler, pH 6.8, containing 100mm-sodium glutamate
was less than half that seen in PMS bulfler, even
though the stabilizing effects of the phosphate—
glutamate bufler seen after storage of the preparations
at —10°C (cf. Wilson, 1970) was confirmed. The
protective ellects of GTP on colchicine-binding
activity was especially evident for the soluble
fraction in the absence of added Mg?',

The kinetic properties and stability of colchicine-
binding activity of samples prepared in PMS builer
were studied at various temperatures (between 2° and
55°C). Maximum values for colchicine-binding
activity were obtained after incubation for 1.5-2.5h
at all temperatures tested for both soluble and
particulate preparations, highest values occurring at
37°C. However, stability studies showed that the
half-life of colchicine-binding activity for particulate
preparations was at least twice that seen for soluble
preparations at scveral temperatures. It was also
found that preincubation of both soluble and

particulate preparations at | °C (before assay at 37°C)
was accompanied by an initial increase of colchicine-
binding activity, reaching a maximum of about 200%;
of control values at 3h. .

Relatively low concentrations (1-50 um, final) of
vinblastine or vincristine stabilize colchicine-binding
activity in soluble extracts of chick-embryo brain
(Wilson, 1970). Similar results are found for both
the soluble and particulate preparations of rat,
guinea-pig and rabbit brain. Moreover, inclusion of
these alkaloids (at a final concn. of 50um) in the
initial homogenizing medium (PMS bufer) caused a
remarkable redistribution of colchicine-binding
activity after high-speed centrifugation: about 959,
of the activity was recovercd in the particulate
fraction, as compared with values of 30-45Y%; in the
absence of alkaloid. This phenomenon was not scen
in the absence of added Mg?* and was not due to the
preferential activation of the particulate colchicine-
binding activity. Indeed, the addition of vincristine
(504:M) to a high-speed supernatant containing Mg?*
also induced the precipitation of colchicine-binding
activily after recentrifugation.

The present results, together with additional
observations on the properties of membrane-bound
colchicine-binding proteins, are consistent with the
view that particulate colchicine-binding aclivity may
represent a stabilized form of microtubule protein
(Lagnado et al., 1971b). The possible significance of
these findings in relation to the role of microtubules
in nerve tissue will be discussed.

We thank the Medical Research Council for its support
of this work and Eli Lilly and Co. Ltd., Basingstoke,
Hants., U.K., for samples of vincristine and vinblastine.
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(Reprinied from the Proceedings of the Biochemical So(‘iety, 27-28 March 1972,

Biochem. J.,

The Possible Significance of Adenosine
3':5'-Cyclic Morophosphate-Stimulated
Protein Kinase Activity Associated with
Purified Microtubular Protein Preparations
from Mammalian Brain

By J. R. LagNnapo and C. A. Lyons (Department
of Biochemistry, Bedford College, Regent's Park,
London N.IV.1, U.K.)), M. WELLER [Department
of Biochemistry, Institute of Psychiatry (University
of London), De Crespigny Park, London S.E.5, U.K.]
and O. PuiLLipsoN (Bernhard Baron Research
Laboratories, Queen Charlotte’s Hospital, London
w.6, U.X.) -

It has been reported that cyclic AMP (adcnosine
3":5’-cyclic monophosphate) stimulates the plios-
phorylation of microtubular protein (i.c. colchicine-
binding) purified from soluble extracts of ox brain
by a protein phosphokinase closcly associated with
the puriiied protein (Goodman et al., 1970). These
obscrvations have now been confirmed and extended
for microtubular proteins purified from soluble
extracts of pig, rabbit and rat brain. Protcin kinase
activity was usually assayed by an adaptation of the
filter-disc method of Tao ef «l. (1970), or by the
procedure of Weller & Rodnight (1971) by measuring
32p in proicin-bound phosphoscrine residues.

1ost of the **P incorporated into microtubular
protein, afier incubation “with [y=*?PJATP in the
presence or in the absence of added cyclic AMP
(final concn. 50uM), was prescnt in the major band
(mol.wt. 58000) scen after electrophoresis “of in-
cubated samples in polyacrylamide gels according
to the mcthod of Weber & Osborn (1969). However,
ciectrophoresis in tris-buffered gels containing
sodium dodecyl sulph:ue and urea, which results in
the scparation of two main forms of tubulin® mono-
mer (see Bryan & Wilson, 1971; Feit et al., 1971;
Olmsted ef al.,
ponent appears to be preferentially labelled

Colchicine and vincristine, which are known to

bind to microtubular proteins, did not show con-
sistent eflects, although in genecral vincristine
stimulated kinase activity in the absence of added
cyclic AMP. Mn?** (final concn. 100uM) markedly
inhibits microtubular kinase activity, which thus
resembles the ‘intrinsic’ kinase of synaptosome

1971), indicates that the fastcr com- -

1972, Vol. 128, No. 3, 95r.]

membranes (Weller & Rodnight, 1971), but differs
from the soluble histone kinase studied by Miyamoto
et al. (1969).

Microtubular protein preparations from pig and
rabbit brain also bind cyclic AMP, as determined
by the method of Tao er al. (1970) with cyclic [PH]-
AMP. Maximum values of 1-4mmol of bound cyclic
[PHIAMP/mol of ‘wubulin® monomer (mol.wt.
58000) were obtained. Under similar conditions 2P
incorporation into serine residues seldom exceeds
20mmol/mol of the monomer. The extent to which
these relatively low values represent exchange re-
actions remains to be determined.

Dibutyryl cyclic AMP (6-N,2-O-dibutyryladen-
osine 3':5%-cyclic monophosphate) (final concn.
106 4Mm) markedly stimulates the growth of neurites
in chick-embryo sympathetic-ganglia cultures grown
in the absence of added nerve growth factor. The
growth-promoting eflects of both cyclic AMP and
nerve growth factor are abolished by low con-

" centrations of drugs known to prevent microtubule

assembly (sce also Prasad & Hsie, 1971). The pos-
sibility that cyclic AMP might stimulate neurite
growth through the phosphorylation of free or mem-
brane-bound. (sce Lagnado et al.,, 1971) micro-
tubule subunits, and indeed that nerve growth factor
may act partly through stimulation of adenylate
cyclase activity, will be dxscussed in the light of
experiments still in progress. '

We thank the Mcdical Research Council for its support 7
of this work.
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The Subcellular Distribution of Colchicine-
Binding Protein(s) (‘Microtubule Protein’)
in Rat Brain

By J. R. LagNapo, C. Lyons and G. WICKREMA-
SINGUE. (Department of Biochemistry, Bedford
College, Regent’s Park, London N.W. 1, U.K.)

Tho ability of colchicine and other antimitotic
alkaloids (e.g. vinblastine) to disrupt cytoplasmic
microtubules in brain and other tissucs appears to
parallel tho abundance, in these tissues, of a soluble
protein that binds colchicine (Adelman, Borisy,
Shelanski, Weisenberg & Taylor, 1968; Wilson &
Fricdkin, 1068). Muech indirect evidonco (for
roviow sve Schmitt & Satnson, 1968) suggests that
the colchicine-binding protein present in solublo
extracts of brain and other tissues represents the
main subunit of microtubules and that the interrup-
tion of sevoral physiological processes in neural
tissue by antimitotic alkaloids such as colchicino
may be due to their interaction with microtubule
protein.

More recently it was observed that at least 509,
of the colchicine-binding activity in brain homogen-
ates is associated with the crude particulate frac-
tion obtained after high-speed centrifugation (see,
e.g., Dahl, Redburn & Samson, 1970), although no
intact microtubular structures could be detected in
such proparations (J. R. Lagnado & C. Lyons,
unpublished work). The subcellular distribution
of colchicine-binding activity was therefore further
investigated by differential and sucrose-gradient
centrifugation of rat ccrebral-cortox homogenates
prepared in 0.32M-sucrose containing 1mM-phos-
phate-Mg?* buffer, pHG6.5. Colchicine-binding
activity was assayed in the various fractions by tho
filter-disc method of Weisenberg, Borisy & Taylor
(1968) as described by Wilson (1970) with
[*H]colchicine (specific radioactivity 1.7Ci/mmol).

It was found that about 459, of the recovered
radioactivity is present in the crude nuclear
(approx. 329%,) and mitochondrial (approx. 13%,)
fractions. The relative specific radioactivities (9%
of radioactivity recovered/9, of protein recovered)

for these fractions ranged between 0.6 and 0.8,
in contrast with the values found for the microsomal
(1.6-2.4) and soluble fractions (1.5-2.8), which
accountod for approx. 8 and 479, of the total
recovered radioactivity. Most of the radioactivity
present in crude nuclear preparations was due to
non-nuclear contamination. Nerve-cnding particles
(‘synaptosomes’) purificd from washed mitochon-
drial preparations by the. procedure of Gray &
Whittaker (1962) aceounted for nearly 509, of the
radioactivity prosent in the primary fraction and
exhibited relative specific radioactivities several
times those of purified mitochondria. Iurther, it
was found that subfractionation of water-lysed
nerve-onding-particle preparations by the proceduro
of Whittaker & Sheridan (1965) released about 159,
of colchicine-binding activity in soluble form, while
about 10, 30 and 409, of the remaining activity was
associated with the vesicle (‘D,’), small-membrane
(‘D;’) and residue (‘J’) fractions. The highest
relative specific radioactivities (>2) were shown by
fractions D, and D,.

Tho possiblo relation of membrane-bound and
soluble colchicine-binding protein(s) to microtubule
protein will be discussed. Some of the results
obtained are comparable with those reported for
mouse brain by IFFeit & Barondes (1970).
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1. Introduction

The disruption of cytoplasmic microtubules in
brain and other tissues by colchicine and other anti-
mitotic alkaloids (e.g. vinblastine) is generally sup-
posed to result from a direct interaction of these
drugs with microtubule protein [1, 2]. Circum-
stantial evidence indicates that the colchicine-bind-
ing protein purified from soluble extracts of neural
tissue represents the major subunit (MW 120,000)
of microtubules. It was recently shown, however,
that more than 50 percent of the colchicine-bind-
ing activity in buffered sucrose homogenates of
brain is associated with the crude particulate frac-
tion obtained after high-speed centrifugation [3—5],
although no intact microtubules can be detected
under these conditions [6].

The nature of the particulate components res-
ponsible for colchicine-binding was therefore in-
vestigated after subcellular fractionation of rat
brain cortex homogenates by differential and gra-
dient centrifugation. The results demonstrate that
the fractions enriched in nerve-ending particles
(‘synaptosomes’) represent a major site for colchi-
cine-binding activity, most of which is associated
with the purified synaptic membrane fraction.

2. Material and methods
2.1. Subcellular fractionation

Rat brain cortex was homogenised in 9 parts of
0.32 M sucrose containing 1 mM sodium phosphate-

Mg?* buffer, pH 6.5. Primary fractions (crude nuclear,
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mitochondrial, microsomal, soluble) and purified
nuclei were prepared according to the method of
Balazs and Cocks [7]. The purification of nerve-
ending membranes (i.e. synaptic membranes) and
vesicles from osmotically disrupted mitochondrial
suspensions was carried out following the procedure
of Lapetina et al. (8], as summarized in table 1,
and the homogenity of the subfractions was checked
by electron microscopy. The purity of the nuclear
fraction was checked by light microscopy and DNA
determinations [9]. All fractions to be assayed
were resuspended in, or adjusted to, 10 mM sodium
phosphate-Mg?* buffer, pH 6.5, and kept on ice
(maximum 3 hr) prior to incubation.

2.2. Assay of colchicine-binding activity

Bound 3H-colchicine was assayed by the filter-
disc (DE81) method of Weisenberg et al. [10], as
modified by Wilson [11], except that incubations
were carried out in 10 mM sodium phosphate-Mg?*
buffer pH 6.5, instead of in phosphate—glutamate
buffer [11] . The different subcellular fractions .
were diluted prior to assay to give a protein con-
centration of 100—1000 ug/ml reaction mixture,
in which range colchicine-binding was found, in
preliminary experiments, to be proportional to
protein concentration. Protein-bound 3H-colchicine
absorbed on DE8] filter discs was counted direct-
ly in 5 ml Bray’s solution [12] in a Packard 3375
spectrometer, at 48% efficiency. Radioactivity
measurements were carried out on triplicate sam-
ples, and results given are based on the means of
at least three separate experiments (maximum
variability between experiments + 10%).

North-Holland Publishing Company — Amsterdam
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Figs. 1 - 3. Diagram showing the colchicine-binding activity in relative specific activity (RSA) in relation to percentage of protein

for the primary fractions, the nuclear Subfractions after sucrose density centrifugation and the mitochondrial subfractions after

osmotic shock, The relative specific activity is dcl‘ineo{in Methods. The content of the mitochondrial subfractions is given in
table 1, :

*H-Colchicine (specific radivactivity 1.7 Ci/mmole)
was obtained from the Radiochemical Centre,
Amersham. Protein concentration was determined
by the method of Lowry et al. [13].

1.3. Expression of results

Colchicine-binding activities are expressed as
Relative Specific Activities (RSA’s), in order to
facilitate comparison of colchicine-binding acti-
vity in the various subfractions with that of the
parent fraction, whose RSA is taken to be 1.

_ cpm % recovered in fraction
proteiryrecovered in fraction
o

RSA

The recoveries for proteins and colchicine-
binding activity were not less than 90% and 75%,
in that order, throughout the subcellular fractio-
nation procedures.

3. Results

3.1. Distribution of colchicine-binding (CB) activity
in primary fractions

After differential centrifugation of rat brain homo-
genates prepared in buffered sucrose (see section 2.1),
46 * 5.4% (n = 8) of the CB-activity was found in the
soluble fraction, while the crude nuclear, mitochon-
drial and microsomal fractions accounted for
31+2.6(5),15+2.7(5)and 8 £ 1.7(5) percent,
in that order, of the activity recovered. Taking the
protein distribution into account, it is apparent from
the data shown in fig. 1 that there was a nearly two-
fold enrichment of CB-activity in the soluble frac-
tion (RSA 1.88 * 0.28(8), while the RSA values for
the particulate fractions did not exceed 1.0.

The crude nuclear fraction was further purified
by centrifugation through 1.67 M sucrose [7], yield-
ing 3 subfractions: a purified nuclear pellet (PN),
an intermediate soluble phase (Sol) and a floating
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Table §

Colchicine-binding activity of brain mitochondrial subfractions.

Subfractions Conditions

Colchicine-
binding
activity (%)

Description

(A) Subjfractions of crude mitochondria (Mit) after osmotic shock

M, 20,000 g X 30 min pellet
My + M3 20,000 g X 30 min sup’t
M, 100,000 g X 60 min pellet
M3 100,000 g X 60 min sup’t

myeclin, mitochondria, 80
synaptic membranes

synaptic vesicies, 20
membranes, soluble

synaptic vesicles, 5
some membranes

soluble 15

(B) Subfractions of M, after sucrose gradient centrifugation, 50,000 g for 120 min

M; 0.8 see figs. 3 and 4
M; 0.9

M, 1.0
M, 1.2
M) (P)

myelin 12
synaptic membranes, 18
some myclin

synaptic membranes 21
synaptic membranes 27
mitochondria, some 22

membranes

(C) Subfractions of M, after sucrose gradient centrifugation, 50,000 g for 60 min

Mo A 0.32-0.5 M sucrose

M,B 0.5 M sucrose

synaptic vesicles 78

membranes, some
synaptic vesicles 22

Crude mitochondrial preparations were derived from rat brain cortex, and subfractionated after osmotic shock according to the

method of Lapetina et al, |8]. Colchicine-binding activity was assayed as specified in section 2.2 and values for individual sub-

fractions, representing the means of at least 3 experiments, are given as a percentage of the activity recovered from the parent
fraction.

debris layer which were found to contain 2, 80

and 18 percént, in that order, of the activity re-
covered from the parent fraction. The data shown
in fig. 2 clearly demonstrate that brain nuclei ob-
tuined by this procedure represent a minor source
of CB-activity. These findings were confirmed using
crude nuclear preparations derived from new-born
rat brain which, however, contained @?;2% of the
homogenate CB-activity, as compared with values
of about 30% found for adult brain — (see above).
The higher activity seen with adult brain can be
more readily understood if one considers that myelin,
which represents a minor constituent in immature
brain, is largely responsible for the trapping of both
soluble and particulate contaminants found in the
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crude nuclear fraction [7] . Similarly, it is possible
that the relatively high concentration of CB-activity
found in the crude microsomal fraction (fig. 1) is
due, in part at least, to the presence of small nerve-
endings known to contaminate this fraction [14].
The possibility that CB-activity in the crude

mitochondrial fraction was due to non-mitochon-
drial constituents (e.g., nerve-ending particles) was
therefore investigated.

3.2. Mitochondrial subfractions ( table 1)

It was found that the bulk of the activity present
in crude mitochondrial suspensions disrupted by
osmotic shock was recovered in the pellet obtained
after low-speed centrifugation (table 1 A, subfraction
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Fip. 4. Photograph of the gradient of M made according
to the technique of Lapetina et al. [8], showing the sucrose
concentrations and the various layers and pellet which were
separated. The content of the various subfractions and their
colchicine-binding activitics are given in table 1 and fig. 3.

M, ). Most of the remaining activity was found in
the sotuble fraction (M3 ) obtained after further
centrifugation at high speed, which represents
mainly the soluble constituents of nerve-ending
particles. Fig. 3 shows that subfraction My was

a richer source of CB-activity than either M, or
Mj.

Further fractionation of M, by sucrose gradient
centrifugation (1ig. 4) resulted in a considerable
enrichment of CB-activity in those fractions
which contain predominantly synaptic membranes
(M, 0.9, M, 1.0and M; 1.2, fig. 5), though this
was not apparent if the distribution of proteins
was not taken into account (table 1 B). Taken
together, the fractions rich in synaptic membranes
account for about 70% of the CB-activity of My,
or over half of the activity originally present in
the crude mitochondrial fraction. This represents
a considerable degree of localization of CB-protein
in synaptic membranes. Similar results were ob-
tained in experiments using 1-day old rat brain and
with highly purified synaptic membrane preparation
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obtained from beel brain (unpublished observations
of Lagnado and Lyons).

Finally, it was shown that most ol the CB-uctivity
present in M, was associated with the synaptic ve-
sicle fraction (M, A) purified by an additional
sucrose gradient centrifugation step (table 1 C, fig. 6).

4. Discussion

An obvious question arising from the results de-
scribed concerns the relationship of the colchicine-
binding sites associated with nerve membrane com-
ponents (especially synaptic membranes) with col-
chicine-binding proteins of presumed microtubular
origin which are present in the soluble fraction. The
possibility that membrane components which bind
colchicine represent stabilized forms of micro-
tubular protein is not inconsistent with the obser-
vation that colchicine-binding activity of synaptic
membranes is lurgely retained after repeated
washings with phosphate-buffered sucrose solutions
containing 0.1% Triton X100, or alter storage of
the membranes at -10° for up to two weeks (Lyons
and Lagnado, paper in preparation; cf. also [3, 4]).
This is in contrast with the rapid decay of colchicine-
binding activity observed with soluble preparations
under similar conditions [10].

The possible signilicance of membrane-bound
CB-protein in relation to microtubule structure
and function remains a matter for speculation, espe-
cially since to our knowledge, most of the evidence
that the soluble colchicine-binding protein purified
from nerve tissue represents microtubule subunit
protein is of indirect nature {2, 6]. However, it is
perhaps worth noting that extensively purified
colchicine-binding protein prepared from soluble
extracts of pig brain possesses both an intrinsic
cyclic AMP-activated phosphokinase activity [see
also 15}, as well as the capacity to bind cyclic AMP,
as measured by the methods of Tao et al. [16]
(Lagnado, Lyons and Weller, paper in preparation).
In many respects, the properties of the phosphokinase
and cyclic AMP-binding activities present in these
preparations were found to be similar to those ori-
ginally described for purified synaptic membranes
from beef brain [17].

In conclusion, it is suggested that the interruption
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Figs. 5 and 6. Diagram showing the colchicine-binding activity in relative specific activity (RSA) in relation to the percentage of

protein for the subfractions of M| and the subfractions of My after sucrose density centrifugation. The relative specific activity

is defined in Methods. The content of the M- and Mj-subfractions is given in table 1. The density gradient obtained from frac-
tion M, is shown in fig. 4.

of various physiological processes in nerve tissue
by colchicine and related alkaloids [1, 2] may be
partly due to the binding of these drugs by nerve-
ending membranes in addition to any direct inter-
actions they may have with microtubular proteins,
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