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Abstract

STUDIES ON THE PIHOSPHORYLATION OF BRAIN MICROTUBULAR

-

COMPONENTS

Microtubular protein isolated from braians of adult
rats or 1 to 3-day old chicks, previously injected with
32P, contained considerable amounts of scrine-bound 32?
measured as alkali-labile protein bound 3:P. Between
40 and 80% of the acid-stable tubulin-bound --P was
extractable with lipid solvents and was shown to be
associated with several major phospholipid classes,

Expériments in which tubulin purified by poly-
merisation was incubated with[y-32P]ATP revealed that
tubulin itself acted as a substrate for a micvrotiubule-
associated profein kinase under in vitro polymerisation
conditions.

Further investigations concerning the biochemical
properties of brain microtubulih fracﬁions prepafed in
the presence or absence of glycerol revealed that glycerol
brought about a re-distribution of total protein and of
phospholipid-and protein-bound 32P.

| In a final series of experiments, the interactions
between myo-inositol and purified brain tubulin were
investigated. It was found that myo-inositel binds to
tubulin (0.5 - 1.0 moles of myo-inositol/mole of tubulin
dimer) and that myo-inositol affected the stability of
in vitro polymerised microtubules.

The data presented in this ﬁork provide new biochemical,
evidence for interactions between microtubules and membranes,

the functional implications of which are discussed.
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Abbreviations

ATP
cAMP
ATPase
GTP
TRIS
MES
PIPES

EGTA

TCA

MTP

AdenogineB'—triphosphate

Cyclic adenosine5'-monophosphate

Adenosine triphosphatase
Guanosine5'-triphosphate

/ 2-amino-2-(hydroxymethyl)propane-1,3-diol_/
2-(N-morpholino)ethanesulphonic acid
Piperazine-NN'-bis—ZFethanesulphonic acid
1,2~di(2-aminoethoxy)ethane-N,N,N' ,N'-tetra-
acetic acid

Trichloroacetic acid

Microtubular protein
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Chapter 1 Introduction

S

1.1 Historical

Already in the very early days of cell bieology,

some ot the properties of the cell, especially those

attributed to the cytoplasm, demanded for their

i .
!explanation the assumption of a_general organisation

or architecture of the cytoplasm; The facts that cells
are elastic, that cells can assuﬁe, mainfaiﬁ and coﬂtrol
Qarious shapes, that Brownian particle movement is absent
in the majority of cell types, could oniy be explained

by the existence of what is‘today known as a cyto-
'skeleton. Studies with the light microscope provided
‘the first evidence for the presence of a structuring

mesh of filamentous elements in the cytéplasm. Early
efforts to resolve the internél structure of nerve

fibres revealed the presence of longitudinal fibres of

S TR G- -

. different diameters, which could not realiy be resolved
B wm ST Th by light microscopys Moreover, the findimg  that
the then used cytological techniques Qf’fixation and
staining could produce artefactual coagulation in
homogenous protein solutions made it very difficult for
cytologists to believe in the validity of the patterﬁs
observed unde: the light microscope in stained specimens.
However, later observations made with polarising optics
on unfixed cells did indicate the presence of some sort
of rod-like structures in the cytbplasm. In particular,
the birefringence of muscle, nerve, sperm and mitotic
spindles indicated the presence of long arrays of
ordered molecular structures. The use of polarising

optics to study whole iiving cells was, in a way, the
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precipitating factor which convinced cy{ologists of the
validity of the existence in situ of fibrous cytoskeletal
elements. It is now generally recognised that micro-

tubules are a major cémponent of the cytoskeletons of

cukaryotic cells.

St

1.2 ﬁgnoral characteristics of microtubules

At Tairst electron microscopy could only resolve the
internal structure of cilia and flagella and of centrioles
énd basal bodies. |

In basal bodies stable arrays of fused microtufules
(pairs and triplets) showed up as the main fibrous
components present in the cellular elehents.

| Microtubules as such were first noted by Fawcett
and Porter (1954) as elements of the '9 + 2' fibers in
cilia. Each cilium contain§ ﬁine pairs of ‘'outer
'mlcrotubulc doublet near the pcrlfery, whlch are

L B S el - cmme— N - - - - - D s S ¢ el

1inked to each other through intradoublet links, made of
F W the T pro»e:n ﬂE&iBﬁ‘ana to a spriﬂg“IEKE“E?SféIHZ@ZBGE*ﬁ’“”"'
sﬁeatg surrounding a 'central pair' of microtubules
 Vié spoke-likgiéléments. The outer pairs oi_ﬁicrotubules_
are referred to as A and B subfibfes, and these are
connected through the sharing of subunits, common to the
wall of each tubule. The complete.A subfibre, to which
a spoke is attached, also contains a pair of side arms
which have now been shown to be composed of an ATP-ase
which is referred to as dynein (Satir, 1974). The
'9 + 2' arrangement of microtubules is illustrated in
fig. 1.1 showing a schematic dfawing of the cross-section
of'é ciligm.

A simplified version of this pattern is observed
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in a number of sensory receptof cells where microtubulies
are arrangcd in a '9 + 0' pattern. This has led to the
view that sensory receptors may be modified cilia. In
one type of receptor cell, the mechanoreceptor of the
cockroach leg, singlet microtubules are present in very
large numbers, virtually filling the cytoplasm. In this
case, only occasional inter-tubular links can be detected
and the main functional linkages appear to¢ occur between
individual microtubules and the plasma meibrane (Moran

et al, 1971).

Glutaraldehyde appears to act as a crcss-linking
agént, stabilising singlet microtubules in the cytoplasm
of various cells and those forming the mitotic interphase
spindle. Microtubules in the axonal and dendritic
processes of ﬂeurons were first referred to as neuro-
tubules to distinguish them from the thinner and more
sfable filaments seen in axons called neurofilaments
(ca 10nm in diameter). The lability and changiné
intracellular distributiSn of cytoplasmic microtubules
énd spindle microtubules seen in all eukariotic cells
examined led to their description as 'handy portable
organelles'. It was later shown by Behnke and Forer
(1967) that, in fact, cytoplasmic microtubules vary in
their lability in different cell types and even within
a single cell type.

In the case of the mitotic spindle no strict pairing
between individual microtubules is apparent, though there
exists some evidence that some of the microtubules
con;tituting the mitotic spindle are held together,

temporarily at least, through inter-tubular bridges

Ih



(lHepler et al, 1970).

Electron microscopic examination of cytoplasmic
microtubules in a wide variety of eukaryotic cells has
shown that individual microtubules appear as straight,
hollow, cylindrical structures about 250 K in diameter,
. composed of 13 linearly arranged protofilaments (see
fig. 1.2). Lach protofilament is composed of a linear
array of globular subunits, about 50 K in diameter.

Beginning with the observations of Palav (1956)
and with the application of glutaraldehyds as fixing
agent microtubules have been found in most nerve fibers
of‘all_vertebrates and invertebrates examined. In
developing vertebrate neurites and in mature vertebrate
dendrites and unmyelinated axons, it is the microtubule,
also cailed'tﬁe neurotubule, which is the predominant
linear component. In these cases the neurofilament, the
remaining linear component, is usually sparsely and
unevenly distributed within the'neuriﬁe cytoplas%.
Neurofilaments are, on the other hand, the main
filamentous stiructure seen in the giant axons of squid
and Myxicola.

Axonal microtubules appear to begin from the cell
body and until rccently they were thought to terminate
before entering ti.c synaptic terminals (Gray and Guillery,
1966); Wuerker and Kirkpatrick, 1972). However, Gray
(1975) showed that microtubules traverse the presynaptic
cytoplasm and focus on the terminal membrane. Although

there is little evidence for structural links between

neurotubules with each other or with other cellular
elements, it was recently shown, using lanthanum staining

techniques, that the surface of neurotubules in various
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invertebrate nerve cords seems to be covered with
amorphous filamentous extensions which frequently appear
to act as intertubular links (Burton and Fernandez,
1973). In éddition, an earlier study (Kirkpatrick et al,
1970), in which intact microtubules were isolated from -
brain homogenates showed that these microtubules have a

~ fuzzy, filamentous coating.

Early studies on the mechanism of action of
colchicine as an antimitotic agent by Inouc (1953) and
Taylor (1968), showed that this alkaloid appeared tq
specifically interact with a protein component of the
mitotic spindle, i.e. with a component of spindle
.microtubules. This work led to the use gf radioactively
labelled colchicine as a specific ligand to detect the
presence of microtubular protein, defined as 'colchicine
binding pro£ein' in crude tissué extracts‘from non-

Te-tewRE tdividing cells. In this way it was found that brain was
a particularly rich source of 'colchicine binding proteint.
T e, e S - - ’ . - em—
Using colchicine binding to monitor the presence of the
protein, procedures were devised to isolate what was later
identified as the subunit protein of microtubules
(Weisenberg et al, 1968; Shelanski and Taylor, 1968).

It was ciliown that microtubules could be dissociated
into a relatively stzlle 6S protein particle, which appears
to be the basic cherical subunit (Borisy and Taylor, 1967).
This 6S unit has a molecular weight (MW of 110000)and is,
apparently, a dimer of two polypeptide chains with a MW
of about 55000 each. It has now been shown that micro-
tubules are composed of two slightly different monomers

of MW of approximately 55000, designated as & - and

f-tubulin (Bryan and Wilson, 1971) and it has been
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suggested that the 6S tubulin unit is an (- B8

heterodimer. It is now postulated that each of the above
mentiened morphological subunits of 50 K diameter may be
identified as either én of - or B~ tubulin. The
chemically defined 6S tubulin, consisting of the & -
and B~ tubulin peptides, is referred to as the 6S dimer,
and it is thought that the axis of the 6S dimer is
oriented parallel to the axis o% the microtubule,
Microtubule subunit protein (6S unit) isclated from
many sources has been observed to be associated with
guanine nucleotides (Shelanski and Taylor, 1968;
Weisenberg et al, 1968; Bryan, 1972), and it was proposed
that these nucleotides stabilised the native configuratiocn
of the protein (Weisenberg et al, 1968). Definition of
the binding properties of the protein indicated that up

to 2 moles of guanine nucleotide was bound per tubulin

o=~ @inmer’,-of which éne mole was readily excHangeabl& addtme™ = -7

other was tightly bound (Berry and Shelanski, 1972; Levi

- -l - . PREC - P SIS ISR o -— W €T e N @S G ST N e i S s AR e L

et al, 197L4; Jacobs, 1975).

The 6S protein unit of tubulin can be resolved into
two separate polypeptides, by elegtrophoresi@, on SD5-
urea polyacrylamide gels. The faster migrating
polypeptide is referred to as the B-subunit and the more
slowly migrating one as the @-subunit. The vast majority

of studies indicate a 1:1 mole ratio of the two tubulin

'monomers' from rather diverse sources. The presence of

one binding site each for colchicine, tightly bound GTP
and exchangeable GTP would favour a hetero-dimer concept
since a homo-dimer might be expected to provide two
jidentical sites for at least one of these molecules.

More direct support for this alleged heterogeneity of
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the 65 tubulin unit comes from the work of Luduena et
al (1974), who employed diimidate crosslinking zgents io
chemically unite dimerizing species in solutiocns of
brain 6S tubulin. Analysis of the products by gel
electrophoresis indicated that the reaction mainly

- yielded cross~linked dimers consisting of the two
dissimilar tubulin monomers.

The - and B~ chains of both chick erwbryo brain and
seca urchin outer-fibre tubulin have been sequenced
through the first 25 NH2~termina1 amino acids by Luduena
and Woodward (1973). The two subunits were found to be
cléarly distinct from one another, but eleven positions
were identical and differences in nine other positions
could result from one base-baif change, presumnably
implying evblﬁtion from a single ancestral protein. Whewn
homologous polypeptide chains were compared in these two
species, only the B-chains differed and this difference
was in one position only. WithAsuch a high degr;e of
sequénce homology, it is.really not too surprising that
éll the tubulin dimers studied so far have yielded -
and B- chains with essentially identical characteristic
electrophoretic properties. Specific post translational
modifications ci tﬁbulin &- and B~ chains could serve as
a means for bringin: about differences in microtubule
stability or functi;n without the_requirement for multiple

gene products.

1.3 Polymerisation of microtubulin

On the basis of their morphological distribution and
assumed functions, microtubules fall in two general

classes: a) the microtubules of motile organelles and
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b) the cytoplasmic microtubules. Studies by Tilney and

Gibbins (1968 and 1969) revealed the cold-,colchicine-
and hydrostatic pressure- lability of cytoplasmic but nct
ciliary microtubules. Because of the apparently more
dynamic nature of cytoplasmic microtubules they became
the system for studying the processes of microtubule
assembly and disassembly,

The very nature of the miéotic apparatus reguires
a temporal and spatial microtubule equilibrium, so the
mitotic apparatus was a more or less obvious choice for
studying microtubule assembly/disassembly in vivo.
Certain other systems maintain cytoplasmic microtubules
predominantly in the polymer form, eg. nevronal
microtubules, but they too are susceptible tec manipulation
by cold, hydrqstatic pressure or colchicine. The
availabilit& and ease of preparétion of neuronal tubulin
~~-_=x=: -made ~it the preferred system for studying the assembly/

disassembly processes in vitro.

ETRAE TS gl - - T e

1.3.4 In vivo polymerisation

Spindle fibers generally possess a positive
birefringence. Using a sensitive polarising microscope
Inoue (1953 and 1964) took a series of time-lapse motion
pictures sheuing the birefringence changes during mitosis
in several types of cell. TInoue also observed that
spindle fibrc birefringence is abolished in a matter of
seconds by treatment with low temperature. After return
to normal tempefature, the birefringence recovered in
the course of a few minutes, after which the mitotic
spindle was fully functional again. his reversible low

temperature-induced disintegration of the mitotic spindle
could be repeated up to ten times in the same cell.

Colchicine, Colcemid and other drugs can abolish
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bircfringence of the mitotic spindle of Pectinaria
cocytes, but when the cells are washed with ncrmal sea
water the birefringence of the spindle recovers in as
little as ten minutes (Malawista and Sato, 1966), High
hydrostatic pressure is known to desiroy the spindle
organisation reversibly (Margland, 1966). The reformation
of the spindle fibers after direct mechanical disruption
by micromanipulation was descriged by Nicklas (1965).
Inoue also showed that mitotic .spindles, arrested
in meiotic metaphase and attached by one pole to the
cell membrane, were found to shorten as they lost bi-
refringence and concomitantly the chromosomes were
translated towards the stationary, membrane-attached,
end of the spindle microtubules. These early observations
served as the basis for numerous studies on the labile

and dynamic nature of spindle microtubules and also gave

wom- —--rise to the idea that the physiologically contreolded e eme wr - —u -

depolymerlsatlon of splndle microtubules could move

. R T - P Y TRDNR L e T . D > G- —— Ao € g N ez Qe AT ST L e ML A i e

chromosonmes.

.Inoue observed that spindle fiber birefringence
increased with increasing temperature and appeared to
approach an asymptotic limit (Ao). Using this upper
limit as a measure of the maximum amount of available
spindle fiber material and taking the observed bi-
refringence at intermediate temperatures (b) as a measure
of ordered polymeric material, ie, microtubules, in
equilibrium with disorderéd monomer, ie 6S tubulin
dimer, (Ao =~ b), Inone (1960) postulated a simple
equilibrium, K = b/Ao = b. A log plot of this assumed
equilibrium constant against reciprocal temperature

(Van't Hoff plot) produced a straight line, the slope
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of which yielded an enthalpy change of +28 ical. From
this value and a near-zero free energy changé he
calculated an entropy change of about + 100 eu.

Similar results were obtained by Sato and Bryan
(1968) who used Pisaster spindles isolated at
appropriate times after a temperature shift and also
found first order polymerisation and depclymerisation
kinetics,'in agreement with the scheme prcrosed by
Inouec., All'these studies yield thermodynamic parameters
consistent with an entropy-driven polymerisation mechanism.,
The large increase in entropy upon polymerisation was

interpretated by Inoue as being due to hydrophobic

bonding between the 'monomers' of the mitotic spindle

microtubules. Thus many moles of protein-associated
(ordered) water would be displaced (disordered) as
polymerisation proceeded. -This concept was further

supported by the observation that D 0, thought to competec

2
for protein-bound water, markediy prcemoted spindie
microtubule polymerisation (Carolan et al, 1966).

Although growth of spindle microtubules should
involve the addition of material to existing poclymers,

a situation which could be kinetically more complex than
the simple fi-: . axder monomer - polymer equilibrium
assumed by Inoue, div%ct kinetic measurements do not
support any higher erer mechanisms.

The use of birefringence as é direct measure of
oriented, polymerised tubulin has long been a point of
controversy, but it has now been shown that the tubulin
confént of the isolated mitotic apparatus-is directly

proportional to the birefringence and the nunber and

distribution of microtubules correlates quite well with
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the magnitude of birefringence (Stephens, 19723 Sato et
al, 1975). Assuming that no significant shape changes
occur in spindles over the range of measurement and
considering that electron microscopic evidence indicates:
that microtubules are essentially parallel within the

- spindle, birefringence may.be used directlv as a measure

of oriented polymer, at least to a very good approximation.

1.3.2 In vitro polymerisation

In the late 60's and early 70's, sufficient information
was available on the isolation and characterisation of
tubulin to enable 'microtubulists' to begin the search
for the proper conditions for microtubule polymerisation
inlvitro. This problem was tackled in two different ways.
Borisy, who previously had succeeded in purifying and
characterising brain microtubulin, attempted to polymerise
purified brain tubulin in the presence of GTP, which had
earlier been shown to be bound to tubulin and to stabilise
its c¢olchicine binding properties, Tﬁéy succeeded only
partially in polymerising brain tubulin into non-tubular
filamentous (and occasionally beaded) aggregates which
were temperature aﬁd GTP dependent (Borisy et‘al, 1972).
However, the Tirst to succeed in reconstituting true
microtubules -3 Wrizenberg (1972), who found that crude
rat brain extracts would form microtubules when warmed in
the presence of GTP,

Borisy and Olmsted (1972), using porcine brain
extracts and conditions similar to those employed by
Weisenberg (1972), found that tubulin would not polymerise
in high-speed supernatants but would readily do so in.
low~speed extracts. Sedimentation and electron micro-

scopic examination of the low-speed extracts revealed
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the presence of 30S particles Which were identified as

290 K -diameter disc-like structures. The amount of

these 'rings' would decrease with warming as tubules

were formed or increase if existing microtubules were
depolymerised by cold or o#hcr means, The conclusion

. was reached that the disks might be incorporated into

the forming microtubules and that they may, in some way,
act as nucleating centres to initiate micrctubule
polymerisation. The basic parameters for micvrotubule
re—-assembly in brain extracts were studied viscometfically
(0Olmsted and Borisy, 1974), or by a sensitive sedimentation
asséy (Borisy et al, 1975). They found the process to

fe enéothermic, proceeding optimally at B?OC and with a

pH optimum of 6.7 - 6.9. The process of polymerisafion
was also depenaent on nucleotides, with a clear preference
for GTP. Moderate ion concentrations inhibited
polymerisation, with inhibitory effects occurring at
concentrations above 0.15 M forlNa+ and K+, 10 mM for

2+‘and 1 mM for Ca2+. 'The minimal protein

Mg
concentration (total protein) at which polymerisation
in brain extracts could occur was about 4 mg/ml. Further
development of the polymerisation procedure culminated in
a purificaticn soheme involving cycles of temperature-
dependent assembly/¢Isassembly.
i

Shelanski et al (1973) found that 4 M glycerol or
1 M sucrose present in the assembly buffer markedly
enhanced the polymerisation of tubulin and the micro-
tubules obtained were much more stable to low temperature
or éolchicine treatment. Removal of_glycerol or sucrose

resensitized the microtubules to cold and colchicine.-

Two cycles of assembly in glycerol at 37°C and disassembly
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in the absence of glycerol yieided over 90% pure
tubulin. Irrespectively of the purification method

| employed (in the presence or absence of glycerecl)
microtubular preparations always contained a number of
minor protein components and in particular some high
molecular weight proteins (MW ca. 300000 - 350000),
which comprised up to 15% of the total protein.
Differences found between microtubular protein fractions
prepared in the presence or absence of glycerol will be
described and discussed fully in Chapter 6.

The following major developments were introductory
_tola Qetailed study of the mechanism of microtubule
assembly and disassembly in vitro: a) the establishing
of ionic and buffer requirements (Olmsted and Borisy,
19733 Lee et ai, 1974; Olmsted and Borisy, 1975);

b) development of procedures for isolation of assembly~
competent tubulin (Shelanski et al, 1973; Borisy et al,
1974); c¢) characterisation of the protein speci;s
presént under depolymeri;ation conditions or during the
éarly stages of polymerisatiﬁn and at equilibrium
(Kirschner and Williams 1974; Erickson, 19743 Weisenberg,
1974; Johnson and Borisy, 1975).

Analysis «f the sedimentation velocity of tubulin
species in mixtures{at equilibrium revealed the presence
of two principal components: a rapidly sedimenting
species (D 300S) corresponding to microtubule polymer
and a slowly sedimenting species corresponding to the 6S
tubulin heterodimer. Since the ohly detectable species
rem%ining in solution after sedimentation of the polymer

was the 6S tubulin, it was tentatively identified as the

monomer unit with respect to the polymerisation reaction.
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Experiments in which the distribution of protein in
monomer (6S) and polymer fractions after approaching
the final equilibrium state from different directions
substantiated this assumption. Determination of the
distribution of protein into monomer and polymer fractions
as a function of total protein concentration revealed
a critical concentration below which no pclymer was
formed, whereas above this value the amount of polymer
formed was proportional to the total protein concentration.
It was also found that the initiation of polymer formation
begins with an abrupt transition step, at total protein
conéentrations above the critical. In addition, the
concentration of monomer in equilibrium with pelymer
was found to be independent of the total protein
concentratién,‘when the total ﬁrotein concentration was
above the critical (for formation of polymer).
Experiments in which the microtubules were sheared
showed that the monomer concentfation.was indepeﬂdent of
the iength and number coﬁcentration of microtubules.
Therefore, this type of polymerisation reaction can
be referred to as a condensation polymerisation mechanism
having a monomer concentration which is independent of
the mass and djs¢rribution of material in the condensed
phase. By this mechaﬁism, elongation occurs by the
consecutive additio; of monomer upits to the end of the
microtubule following a nucleation Qtep, required to
form a short polymer.

Equilibrium state experiments, showing that the
equilibrium position is independent of the number
concentration of microtubules do not provide any

information regarding the kinetics of the transitional
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processcs, ie polymerisation and depolymerisation. In
order to examine if the rate of these processes depends
on the number concentration of microtubules equilibrium
perturbation experiments were performed (Johnson and
Borisy 1975; Gaskin et al, 1975). In such experiments,
turbidity was used to follow the kinetics of assembly
and disassembly of microtubule;. Johnson and Borisy
(1974) slLowed that turbidity was proportional to the
polymer concentration and was insensitive to small
changes in length (1 - 4 _um) and therefore can be used -
as a good quantitiative assay for microtubule polyﬁer
(as determined by quantitative electron microscopy).

The number concentration of microtubules in identical
samples, equilibrated at 37°C, was changed by shearing
(no turbidity change after shearing) and the equilibrium

state of the sawples was perturbed by rapidly changing

- s -
e, Tound thaif after a threefold increase in_the number . o -

concgntration:of microtubules the rate of approach to
the new equilibrium was increased twofold.,

On the basis of the kinetic data from eaﬁilibrium
perturbation studies, Johnson and Borisy proposed a

- mechanism for polymerisation as follows: The elongation

reaction is represented by the addition of a 6S tubulin
dimer (S) to the end of a microtubule consisting of n
subunits (Mn). Thus the polymerisation recaction

(Mn+S—e>Mn ) is a second order association reaction

+1

and the depolymerisation reaction (Mn . i—eaﬂn + S) is

a first order dissociation reaction. At equilibrium

K+ ) . 1
(Mn + S ;i?ZE}%r+1) the rates’of the forward and back
reactions, k+ and k- respectively, are independent of

The temperature to 11.5°C.” Johnson énd’Bbfisy’t???%fﬁwﬂ%ﬁ%":



27

length, hence the concentrations of micrectubule ends

in the equilibrium expression (Ke= Ean+13 / EMnj EE,_]
cancel, leaving an equilibrium constant dependent only
on the subunit concentration (Ke= 1/[[s] ). Such a
mechanism is consistent with the kinetic data obtained
from experiments performed ét equilibrium and
equilibrium perturbation experiments.,

Gaskin et al (1974), presented evidence for a
critical concentration and interpreted thei» results,
based on turbidity measurements, in terms of a similar
condensation polymerisation mechanism as the one suggested
by Johnson and Borisy (1975), discussed above. However,
the ekﬁerimental data presented by Gaskin et al (197%k,
1975) suggests that the rate of depolymerisation is
independent -of the microtubule number concentration.

The reason for this disparity in results has not been
cleared so far,

Investigations of the kinetics of pressure-induced
depolymerisation by Salmon (1975) also”yielded results
which are consistent with a nu51eated condensation poly-
merisation mechanism. However, under such a mechanism
spontaneous nucleation is kinetically unfavéurable. It
is thought tI. & *l.e 705 discs, originally described by
Borisy and Olnw .ef {-072) may participate in the
initiation step. Au;u).rding to Borisy et al (1975) under
conditions favouring polymerisatidn, the subunits of the
3&OK discs (308 discs) undergo a rearrangement resulting
in the generation of a tubule segment 250 R in diameter
and clongation, occurs primarily by means of the addition
of subunits (6S) to the nascent tubule fragments.

Electron-microscopic examination of the tubulin
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forms present during the early stages of polymerisatiou
revealed the presence of ribbohs or sheets of up to
12 protofilaments (Erickson, 1974). These sheats secmed
to grow, during polymerisation, by the addition of
subunits and protofilaments. More recently, Erickson
(1975) showed that tubulin obtained by depolymerisation
of microtubules at 0°C exists as both 6S dimers and
curved or ring shaped filamentsl- These twc forms
(dimeric and polymeric) were separated chromatographically
and their properties studied in relation to the -
polymerisation process. The ring forms rapidly
reassembled into microtubules by uncoiling into proto-
'filaménts, which in turn associated laterally to form
the tubule wall. The 6S alone did not form microtubules
but readily incorporated into tubules on addition of
some ring 'éeeds'. Similar observations were made by
—_wnez »Kirschner et al (1974, 1975). : . --
One fundamental difference.between the Kirschner
ﬂhxm‘r‘;;d Erickson models Qf a;sembly aﬁd the model.;;Zposed
by Bgrisy and co—workers.is that assembly, in the schemes
of the former researchers, is not characterised by
distinct phases of nucleation and elongation. It is
difficult to reconcile the results of Johnson (1975)
suggesting tiat clongntion of microtubules occurs by
the addition of 65 =svhunits to the growing ends of
microtubules with the Kirschner and Erickson proposals
where the polymerising unit is primarily the uncoiled
oligomer (see fig. 1.3).
Finally, the possibility that nucleation of assembly

may not involve any one of the oligomeric structures

mentioned above should also be considered. Indeed, it
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has been demonstrated that proteins co~-purifying with
tubulin are required not only feor oligomer formation
but for microtubule assembly as well (Murphy and Borisy,
19753 Veingarten et ai, 1975). It is possible that
these accessory factors and tubulin subunits may interact
directly to form a short seégment of the microtubule

lattice which then serves as a nucleating centre.

1.3.3 Concluding Considerations

It is important to compare the in vitro polymerisation
process with the formation of microtubules in vivo .in

order to assess the physiological implications of the

in vitro studies. In terms of ionic strength and

temperature dependence, drug sensitivity, morphology and
kinetics, microtubule assembly in vitro is similar to
assembly in vivo and could provide a useful system for

analy51ng the control of microtubule formatlon in in vivo

— T AT D ] ¢ c- s

conditiors. Although the first order reaction kinetics
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sugges% 2 for in vivo polymerlsatlon cannot be reconciled

easily with the second order reaction scheme for assenbly

~in vitro, the extensive similarities in the properties

of microtubule assembly in vitro and in vivo argue for

a common mechanism under both sets of conditions.

The in vitro polymerisation méchanisms outlined
above (1.3.2) provide the possibility of suggesting
mechanisms for the in vivo control of microtubule
assembly. Because spontaneous nucleation is kineﬁically
unfavourable, a cell could determine the spatial
localisation of microtubule fofmation by controiled
plaéement of nucleation centres. Centrioles, basal

bodies, kinetochores and microtubule nucleating centres
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have been suggested as possibilities for the spatial
t control of wmicrotubule formation in vivo. Evidence
for in vitro assembly of microtubules onto isolated
flagellar fragments (Allen and Borisy, 1974) and basal
bodies (Snell et al, 1974) provided additional support
for the above suggestion. The claim for controlled
nuclecation relies on the kinetic argument that
polymerisation will proceed faster, and enzrgetically
more economically, onto pre-existing nuclei than it
would happen at random through spontaneous nucleation.
Temporal control of in vivo polymerisation could be
exefcised by controlling the availability of free,
ﬁolymérisable monomer, divalent ions,GTP or accessory
factors (polypeptides etq),‘whose function irn_vivo

however, has not been experimentally demonstrated.

1.4 Phosphorvlation of microtubular protein

Cyclic AMP was reported to stimulate the
phosphorylation of purified tubulin (Goodman et al, 1970).
It was suggestéd that purified microtubular protein
fractions contain an intrinsic protein kinase activity
(Lagnado et al, 1671). Soifer et al (1972) suggested
that this kinsse activity is intrinsic to tubulin itself,
This was contecsied iniéially by Piras and Piras (1974)
who managed to sepc:i e a protein kinase activity
associated with microtubules by gel permeation
chromatography., Eipper (1974), Rappaport et al (1975),
Shigekawa and Olsen (1975) and Sandoval and Cuatrecasas
(1976) showed convincingly that the microtubule
associated kinase activity can be chromatographically

separated from tubulin, iie. it is not an intrinsic
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activity to tubulin itself..

The scensitivity of the microtubule associated
kinase actaivity to cAMP stimulation has long been a
point of controversy. Sandoval and Cuatrecasas (1976)
suggested that originally the kinase activity always
is cAMP sensitive, and the observations of cAMP
independent kinase activity are due to an artefactual
desensitisation occurring duriﬂé the purification
procedure employed (for further details and discussion,
see Chapter 4).

Piras and Piras (1974) and Eipper.(1974) repor%ed
that only the B-chain of the tubulin subunit dimer
serves as a substrate for the kinase co-parifying with
microtubulin in contrast to the results of Lagnédo et
al (1975), who showed that both the & - and B- polypeptides
become phosfhorylated.
mesec - . -Sloboda et al (1975) stressed the much higher --

degree of phosphorylation of tubulin-associated MW
Hﬁja&wﬁg;;ieins, which mightvbe-a reflection.of tﬂe a;;;erential
role; of HMW proteins ana tubulin phosphorylation.

In keeping with the above observations, it was
reported that purified brain tubulin contains between
0.5 - 1.0 mole of protein-bound phosphate per mole of
tubulin dime: (ilcddingston and Lagnado, 19733 Eipper,
1974; Lagnado et al, 1975). Further, Kirschner et al
(1975) showed that tubulin derived from the oligomeric
36S structures contains about 0.8 moles of protein-bound
phosphaté per mole of tubulin dimer, whereas the 65
tubulin is hardly phosphorylated.

| The direct role, if any, of the phosphorylation of

tubulin or its associated proteins in microtubule
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polymerisation, in vitro or +in vi&o, is presently unclear.
However, Reddington, Tan and Lagnado (1976) suggested that:
",.. the abllity of microfubular protein to act as an
effective substrate fér its associated protein kinase
activity in vitro may be correlated with its state of
aggregation, though not necessarily with the
polymerisation process per se.". This suggestion was,
later in the same year, further.substantiated by the
observations of Shigekawa and dlsen-(1976), who showed
that the phosphorylation state of tubulin affects
tubulin aggregation state (6S=———=36S). It should
also be considered that phosphorylation of tubulin or
tubulin-associated IMW proteins may play a role in the
determination of the rate of turnover of tubulin or in

the distribution of tubulin among different cellular

pools according to functional requirements.
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1.5 yicrotubules and membranes
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between membranes and microtubules were provided by the

work of Inoue. The microtubules of the mitotic

apparatus were shown to be almost invariably arising
from or interacting with membranes, plasma and unclear,
or membrane derived organelles, o centrioles and
kinetochores (for details and reférences seeAChapter 6).
In later studies Lieberman (1971) observed neuronak
microtubules in very close proximity to the membranes of
the smooth endoplasmic reticulum. However, since it was
always possible to distinguish'between membranes and
microtubules, Lieberman concluded that' the interaction

between membranes and microtubulesYmost probably through
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an intermediate structure (accessory polypeptides?).
Smith (1971) showed clusters of synaptic vesicles
closely associated with microtubules, but it was Gray
(1975) who first desc£ibed microtubules, with associated
vesicles, traversing the presynaptic cytoplasm and
converging on the terminal membrane-

Studies on the effects of microtubule-disruptive
drugs, ez colchicine and Colcemid, on cell membranes
in cultvred cells, revealed that treatment with these
drugs resulted in a marked increase in surface activity
(Vasiliev et al, 1970). It was concluded that
microtubules somehow stabilised the non-active state of
the cell surface, perhaps acting as a submembraneous
framework. The investigations of Berlin et al (1972)
showed that colchicine, Colcemid and vinblastine
inhibited the self agglutination of polymorphonuclesar

= (ke wr

congluded that microtubules were major determinants of (...
the Fopography of lectin—bindlng sites. For example,
Ukena and Berlin (1972) observed that colchicine
» disrupted the topoleogical and funqtional‘sepgfation of
two un-related membrane-transport systems which implied
the involvement of microtubules in the control of some
physiological functions of the cell membrane. Yahara
and Edelman (1975) reported that concanavalin A-induced
inhibition of "capping" could be effectively reversed by
antimitotic drugs, once again implying the participation
of the microtubular system in determining plasma membrane
topology.

However, the work of Furcht and Scott (1975), who

showed that antimitotic drugs can have a primary effect



35

directly on the plasma membrane, increasing its
fluidity, in addition to the typical disruption of
microtubules, calls for caution when interpreting the
results of experiments in which antimititoc drugs were
used to disrupt the microfubular system of intact cells.

An interesting suggestion was made by Hoffstein et
al, (1976) when it was observed that after treatment
with concanavalin A human polymorphonuclear leukocytes
contained markedly enhanced numbers of microtubules
and many microtubules were seen in association with’
internalised plasma membrane bearing concanavalin A
binaing sites. They concluded that smallyregional
Eondeﬁsation of membrane lipids, induced by concanavalin
A binding to membrane-surface receptors, may be essential
to the induction of a variety of cytoplasmic events,
including microtubule assembly.

Furthermore, there is also an increasing amount
of biochemical evidence showing‘that a significant
proportion of the tubulin present in nervous tissue is
fightly bound to membrane fractions which are primarily
derived from isolated nerve-ending particles (Lagnado et
al, 1977; Feit et al, 1971; Lagnado and Lyons, 1977;
Walters and liatus, 1975). Actually, tubulin has been
specifically icentified as the major protein component
of the subsynaptic dense material (Walters and Matus,
1975; Matus and Walters, 1975).

More recently, Sherline et al, (1977) showed that
in vitro assembled microtubules can bind to pituitary
secfetory granules and isolated granule membranes. The
authors interpret their data as suggesting a role for .

microtubules in the intracellular movement of granules
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which is most probably brought about by crossbridges

linking the tubule to the granular membrane surface.

1.6 Microtubule function

The widespread occurrence of microtubules in cells

land organisms indicates that they are involved in various

functions, which are outlined below.

1.6.1 Maintenance of cell shape

Numerous studies on different systems liave shown
that disruption of cytoplasmic microtubules by either low
temperature, pressure or drugs results in a reversible
loss of cell shape (eg see Tilney, 1968). The extent
&o which microtﬁbules participate in determining the
shape of anisotropic cell is still questionabie.
Different mechanism have been proposed to explain the
participation of microtubules in cell-shape changes.
Inoue and Sato (1967)proposed that in addition toAbeing
linked to chronriosome movement, the growth of microtubules
may also be involved in the development of aniscmetric
cell form during cell division.

The destruction of microtubules in the axopods

of Actinosphacrium, seen after lowering of temperature

(Tilney and 1¢+1--, 19067), or after the addition of
colchicine (Tilaer i al, 1966), or on application of
high hydrostatic pressure (Tilney, 1968), resulted in
retraction of the axopods. D20, ﬁhich has been shown to
stabilise microtubules, prevented the pressure-and cold-
induced retraction of axopods. The addition of colchicine
to gfowing nerve cells in tissue cultures stopped the

elongation of neurites without affecting the growth cone

(Seeds et al, 1970; Yamada et al, 1970). Colchicine and



. 37

vinblastine also prevented the elongation ¢ developing
lens tissue (Arnold, 1966).

Although microtubules appear to maintain the cell-
shape, their role in its production is still ill-defined.
In many systems, microtubu;es exist side by side with
microfilaments (see, eg Spooner, 1975), aud there is
rcason to believe that‘there exists a coonerative

interaction between these two filamentous systems.

1.6.2 Intracellular transport

A microtubule role in intracellular transport has
been suggested by many authors. Theéries l.ave ranged
-from ones suggesting motive force produétion through
a direct interaction between microtubules and exported
particles (Both et al, 1970; Schmitt, 1968), to others
postulating the presence of an energy transducing
enzyme (dynein) attached to the surface of the micro-
tubules and interacting with the transported particles
(Murphy, 1975; Smith, 1977), to a more passive role of
the microtubules where they act as tracks on which other
proteiﬁs may develop force (Ochs, 1972).

The possible involvement of microtubules in
axoplasmic tiransport is of particular interest and has
stimulated a vast amount of research. The initial
evidence for the i:vcolvement of microtubules in axonal
transport comes from studies which showed that
colchicine (Larlsson and Sjostrand, 1969; James et al,
1970) blocks axonal transport. More direct evidence was
presented by Lasek and Hoffman (1966). These authors
studied the elements of the fést, intermediate and slow
axonal transport by poiyacrylamide gel analysis. They

showed that the fast component provides the presynaptic
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| terminals with proteins primarily invoived in synaptic
function and does so in a matter of hours after synthesis
of the exportable components. Labelling experiments
showed that tubulin itself was a major component of the
slowly transported material and almost exclusive to the
material exported at intermediate rates. This observaticn
'by itself appears to exclude the possibility that
microtubule growth can be respogsible for the fast
component of axonal transport. The same authors (Hoffman
and Lasek, 1975) proposed that the movement ¢f exported
particles and the cytoskeleton itself is based upon;
acﬁin—myosin-microtubule interactions.
The exact function of the three different classes
of filaments, de. microtubules, neurofilaments and micro-
filaments, foupd in nerve cell processes haz, so far,
not been elﬁcidated. All of the models pfoposed to
re—mmeZ explain the translocation of material in nerve cells "in

essence envision the transported components interacting

LRL NI el -
with either microtubules, directly or -via force
generating bridges, or with membrane (or microtubule).
associated filaments. Even if microtubules do not
participate-in the mnroduction of a motive force they
may be align’nz those proteins that do, as well as

)

performing a cylosz'elrtal function,

1.6.3 Motility

The role of microtubules in ﬁhe movement of cilia
and sperm-tail flagella is readily apparent. It has been
shown that microtubules in cilia slide along one another
by means of their dynein side-arms which contain ATPase
activity. The hydrolysis of ATP by the dynein has been

proposed to provide the energy required for movement
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(Satir, 1974). It has also been shown that the disruption

of cytoplasmic microtubules by colchicine led to a loss

i
¢

'
i

of oriented movement and extension of psendopodia in
cultured fibroblasts, which further supports the view

that microtubules are involved in motility (Goldman, 1971).

|

1.6.4 Sensory transduction

The association of cilia with sensory receptors

such as olfactory cells (Reese, 1965), vertebrates rods

and cones (Sjostrand, 1953), and insects receptors

(Gray and Pumphrey, 1958), gave rise to the suggestion

that microtubules are involved in sensory itransduction.

Friedman (1971) observed a close 'functional' association

.of miérotubules with the plasmalemma in a sensory organ

of the cricket. More direct evidence comes from the work

of Moran and Varela (1971) who showed that the application
_‘..ML__ofmcqlqhicine or vinblastine to the mechanoreceptor

of cockroach leg resulted in the disruption of microtubules

famioF® T and a failure to evoke attion potentials in thewd

receptors.

1.6.5 Secretion

Colchicine h~= been found to inhibit the release of
insulin from & cells (Lacey et al, 1968), the secretion
of thyroxin ::.¢ ieldin. from the thyroid gland (Williams
and Wilff, 1670), -1~ the release of catecholamines from
adrenal medulla (Poisner and Bernstein, 1971). These
observations have been taken as evidence for the
involvement of microtubules in secretory processes.

Tvidence for the inhibition of synaptic transmission
by colchicine (Perisic and Cuenod, 19723 Robert and

Cuenod, 1969), has been interpreted as due to the
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disruptive effects of colchitine on axonal transport.

In some cases a 'stimulatory' effect of colchicine
on secretory cells has been observed (Edwards and Howell,
1973). This was interpreted by Stephens and Edds (1976)
as negating evidence for the participation of

microtubules in secretory processes. However, there is

"the alternative interpretation that the observed

'stimulation' was due to the loss of metabolic order
resulting in the premature secretion of a particular
substance.

It should be borne in mind that just as some of

the postulated force-production roles for microtubules

in motility, the inferences regarding the participation

SR imA s

of microtubules in various cell phenomena_ drawn solely

from the effects of antimitotic drugs may be premature.

QAL e T - R—
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Chapter 2 General Methods
2.1, introduction

General methods employed throughout the course of
this work are described in this chapter. Specific methods
‘used for a particular purpose are described separately in

the appropriate chapter.

2.1.1, Chemicals

All standart chemicals used were of the bighest purity
available. All radioactive chemicals were obtained fiom the
Radiochemical Centre, Amersham, Bucks.,, U.,K, Unlabelled
nucleotides were purchased from Boehringér lorporation Ltd.

Other reagents used will be specified in the text.

2.2, Purification of tubulin

Tubulin was routinely purified by cycles of temperature-
dependent assembly/disassembly in vitro from crude brain
supernatants. For most of the experiments to be described
tubulin was purified from rat or chick brains, as specifieil

Tfor the individual experiments.

2.2,1, Polymerisation in the prescence of glycerol

The method described by Shelanski et al (1973) was
adopted. Freshly excised rat or chick brians were homogeni-
sed with 1.5 vol. of ice-cold reassembly buffer (0.iM, MES,
1mM E6TA, 0,5 mdM MgCl,, 1nM GTP; pH 6.9) in a glass homogeniser
fitted with a motor driven Teflon pestle (clearance 0.08 -
0.13 mm) by 10 up-and-down strokes at 2000 rpm. The homoggnate
waS»éentrifuged at 105xg for 1h at 4°C and the resulting
supernatant (S,) was mixed with an equal volume of regssembly

buffer containing 8M glycerol. After incubating the

mixture at 37° for 30 min, to allow for polymerisation of
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tubulin, the microtubules were sedimented at 105 xg
for 1L at room temperature. The pellet containing the
microtubules (P2) was'resuspended in a volume of ice-cold
reassembly buffer equivalent to 1/4 of the volume of 51
and gentlys homogenised (3-4 strokes by hand) in a glass-
Teflon homogéniser. The suspension was kept on ice for 30min,
to allcw for depolymerisation af the microtubules, and then

5 xg for 1h at QOC. The resulting vellet

centrifuged at 10
(P3) contained some microtubule fragments, but mainly non-
tubular aggregates, as seen by electron microscopy(J.R.Lagnado,
unpublished observations); more than 80% of the protein was
tubulin (see fig. 2.1; for further details and discussion

see 6.2.) The supernatant (S,) contained the depolymerisation

3
products of microtubules (see Kirshner et al 1974) and
was over 80% tubuliﬁ. This tubulin fraction, SB,Will be
refered to as 'mwicrotubular protein' (MTP) prepared by one
cycle of polymerisation. To further purify this tubulin
prepgration 53 was mixed with.an equal volume of glycerol
(8M) - containing reassembly buffer, polymerised and the
microtubules were sedimented under the conditions described
above (see centrifugation scheme, fig. 2.2.)

The protein yield (per gram of wet tissue) and distri-
bution between the individual fractions (see. table 6.1.)
is in good agreement with those reported by Shelanski et al
(1973). However, a high molecular weight (HMW) protein complex,

consisting of 3-5 minor bands was consistenly observed in

all fractions, which was not repeorted by Shelanski et al (1973).
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Fig. 2.2 Scheme for purificacion of microtubular proteins
by one cycle of assembly/disassembly in the pre-
sence of glycerol

" 40% homogenate

10% g,1h,4°C
R S,
o glycerol
30min,37°C .
———————
(P10« g,1n,37°C
R S,
resuspend
30min,4'C
" 10%g,1h,aC( D

[ ]
R Ss

e glycerol

30min,37C .

(P 10%g,1h,37°¢

I |

oo s

4

Pellet and supernatent fractions are designated as P and
S respectively.



b5

™
\>]
av]

. Polymerisotion *in the absence of slycerol

This method was adapted from the procedure desn~ribed
by Borisy et al (1975). For convenience, the recassembly
buffer descfibed in 2.,2.1. was used instead of the buffer
system described by the above authors. Brain tissue was
homogenised as described in 2,2.1. and the homogenate was

centrifuged at 503

xg for 30 min. at 4°C. The suvpernatant

(Sl) was incubated at 3700 for 30 min, tc allow the formi..-
tion of microtubules, which were then sedimented at 403xg

for 30 min. Because of the lability (sensitivity to tempera-
ture changes, Shelanshi et al, 1973) of microtubules in the
absence of glycerol, the centrifugation tukes and the
-centrifuge rotor were preincubated at 3%06 and the centri-
fugation was performed at 34—37°C. The microtubular pellet (Pz)
was resuspepded in a volume of ice-cold, glycerol-free,
reassembly buffer equal to 0,17 of the volume of S1 and
gently homogenised (3-4 strokes by hand) in a glass-Teflon
homogeniser. After keeping this suspension on ice for 30 wuin,
to depolymerise the microtubules, it was centrifuged for

30 mih at 403

xg at 5%c. This yielded a supernatant (53)
containing the depolymerisation products of microrvgutgs
(see Borisy et al, 1975) and a pellet (P3) roughly
equivalent tc the corresponding fraction obtained by the
glycerol polymrrisation method (see 2.2.1., for details and
discussion see 6.5... Over 75% of the protein in both fractions
was tubulin (see fig; 2.3.). A further cycle of polymerisatipn—
sedimentation-depolymerisation-sedimentation, fig. 2.4,)
yielded a tubulin preparation (55) of even greater purity.
Although the initial yield of protein (fraction Pz)
is in good agreement with the results of Borisy et al (1975)

the final yield of tubulin was, in all cases, considerably

less than expected on the basis of Borisy's (1975) results.
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Fig, 2.4 Scheme for purification of microtubular proteins

by one cycle of assembly/disassembly in the
absence of glycerol

L0%(w/v)homogenate

spin = 50.1031 g

30min,4°C
I |
R S,
incubate - 30min,37°C
spi 40,1 3
pin = 40,I07°x g
30min,37°C
l ]
7 S,
on ice = 30 min -
spi 40, 3
pin - 40,I0"x g
30min,4°C
S
P3 3

Pellet and supernatant fractions are designated as P and
S respectively.
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It should also be noted thdt the purity achieved by

Borisy et al after the first cycle of polymerisation could

only be achieved after the second polymerisation cyclec

(see fig. 2;3.). Some of the proteins copurifying with

tubulin, bands H;, H,, L, and L, in fig. 2.3. (see also

2.7.4.) remained in certain cases even after two cycles of
polymerisation (for further details and discussion see Chapter 6)
These apparent discrepancies could be due to the modified

buffer system employed, i.é. the inclusion of Mgz+ions

(0,5 nM) and substitution of MES instead of PIPES as burfer

(see 2.2.1. and Borisy et al 1975), but this was mnot further

investigated.

2.3. Injection of animals with 32P

The experimental animals, rats or chicks, were

injected intrécranially, aiming at the IV-th cranial ventricle

with 50- 400 /uCi of 32P1 in a maximal volume of SQ/ul of

solution, according to the requirements of the experiment.

2.3.1, Injection of rats

The skin on the skull of rats, anaesthetised with
diethyl ether, was cut with a scalpel and pulled away to
expose the sytures. A hole was drilled in the skull with a
hypodermic n-~a1s (location of hole shown in fig. 2.5.).

The 32Pi- cortaining solution was injected through a 25 mm
5/10 (GILETTE, 061, meedle, which was inserted in a small
diameter (0.7 mm) plaétic tube so that only 4 mm of the
needle was expoéed. This limited penetration to 3 mm

(1 mn skull bone), so that the tip of the needle reached the
IV~th cranial ventricle. Preliminary injections with dye .

showed that 85% of the injections were successful, i.e. the



k9
Fig. 2,

- Schematic representation of the area of a rat's skull expo-
sed on cutting and pulling away the skin., Sutures are represen-
ted with dashed lines, 'O' denotes the opening through which the
radioactive solution is injected into the brain.

Fig, 2.6

Schematic repreﬁaltation of a chick's head. 'E' denotes
ear opening. Arrow shows location and angle of injection.



dye was deposited in the IV-th cranial ventricle. After

injection the skin of the skull was closed with surgical clips.

2.,3.2, Injection of chicks

1-3 day=-o0ld chicks were lightly anaesthetised with
diethyl ether and injected through a 25 mm 5/10 (GILETTE, 061)
needle, inserted through a smail diameter {0,7 mm) plastic
tube, so that only 3 mm of the needle were exposed. The needle
was inserted directly in the middle of a henisphere of
the chick's brain, located by touch, approximately.B-é B
from the ear opening (fig. 2.6.) and the required amount of
‘32P injected. Injections with dye showed that in more than

75% of the cases the dye was deposited in the immediate

vicinity of the IV-th cranial ventricle or directly into it.

2.4, Gel permeation chromatography

Samples of freshly prepared depolymerised microtubule
fractions, containing 1-15 mg af protein (3mg pgbtein/mi.
of feassembly buffer) wére chromatographed on 1.8 x 30 cm.
‘columns of Sepharose 6B (Pharmacia) or 1x20 cm colummns of
Sephadex G100 (Pharmacia), previously equilibrated, with
at least 4 bed volumes, and then eluted with glycerol-free
reassembly L .7/ .. wminus GTP.

Chromatograph: o 5;parations were carried out in a
refrigerated LKB 70b0 Ultrorack fraction collector maintained
at QOC. Eluates were monitored on a Uvicord LKB 4700A
recording apparatus and the protein content and radiocactivity
were determined for each fraction (2 ml). The protein recovery
froﬁ the columns was usually over 80%. Flow rates were

controlled with a peristaltic pump, connected to the effluent

tubing, and were 10 ml/h and 12 ml/h for Sepharose 6B .
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and Sephadex G100 columns respectively.

2.5, Protein estimation
2.5.1., Protein estimation by the method of Lowry

Protein was estimated according to the method of
\ Lowry et al (1951) using the following solutions:
o/

A/ 2/0 Na2C03

4 ¢ NaOH, made up to 1 1 with H_,0)

in 0.1N NaOH (20 g Nazc03, anhyd.

B/ 0.5% CuS0,.5H,0 in 1% Na-citrate.

C/ 50 parts of A freshly mixed with 1 part of B .

D/ Folin-Ciolcalteau Reagent (as supplied by BDH)
was diluted 1:2,3 with H20 digt.

E/ Standart protein solutions were prepared from

a stock solution containing 10 mg/100 ml of
bpvine serum albumin.

Samples containing up to 100 yg of protein in a total
volume of 0.8 ml were mixed with 4 ml of reagent C and allowed
to stand for 20 min at room temperature. This mixture was
treated with 0.4 ml of reagent D, ensﬁfing a rapid mixing
(within 10 sec of addition of D). The blue colour was allowed
to develop for at least 30 min before measuring the absorbance
at 680nm in a !Zl-Spectro-plus spectrophotometer against
a blank with~:t adde nrotein. It is known that glycerol
brings about *::orencca colour intensity if present in the
reaction mixture. . vas therefore necessary to include appro-

priate blanks when the protein content of glycerol-containing

fractions was estimated.

24542, Protein estimation bv spectrophotometry

The protein content of supernatants and fractions from
gel permeation chromatography - was estimated spectrophoto-

metrically by the method of Warburg and Christian (1941)
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on a MSE~Spectro-plus spectrophotometer. The deviation from
the mean values of protein estimated for the same fractions

by the method of Lowry was not more than 3%.

P

2.6, Determination of protein bound B&P

The 32P present in MTP fractions purified from in vivo
labelled brain tissue exists mainly in the following forms:

1. Free 3zPi.

2. Bound to nucleotides

3. Bound to phospholids

Lk, Bound to nucleic acids

5. Bound to protein

To investigate the nature of the protein-bound 32P all
other forms of 32P must be removed from the investigated MTP
fractions. The following procédures were adopted from the

analytical procedures described by Weller (1977) (see alsc

Rodnight et al, 1975).

-

2.6.1., Removal of free, nucleotide-- phospholinpid-

2
and nucleic acid~bound 3"'P

The protein in the investigated fractions was
denatured by the addition of 100% TCA (w/v) to the samples
to a final concentration of 10%, at 4°C, After leaving the
samples on ic¢. ior 20 min, to allow quantitative precipitation
of the protein, the Jenatured protein was pelleted and washed
two times with 5% TCA (up to 5 mg of protein/ml of acid).
This treatment removes all trapped phosphate and nucleotides
and presumably the acid-labile histidine- and lysine-bound
32P_as well (see below). Prior to extraction of phospholipids

the residual acid from the pellet was removed by a diethyl

ether wash, to avoid losses due to the solubility of protein
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in acidified phospholipid solvents. This traatmént resulted
in the removal of about 40 and 80%, for pellet and suger-
natant sampies respectively, of the total 32? present in
the native samples.

The dry pellets were extracted two times with
chloroform-methanol (2:1, by vol.) at room temperature to
remove phospholipids. This extraction does not remove
phosphoinositides quantitatively , but they do not interfere
with the estimation of protein-bound 32P {see helow).

The 32P remaining in the denatured znd delipidised
protein pellet may be found in nucleic acids (hot.acid labile)
‘and as one of two forms of protein—bound 3?']P: a) as
phosphoserine or phosphothreonine, which are stable in acid
but labile to .alkali j b) as acyl-phosphate (phosphoaspartate)
which is specifically hydrolysed by hydroxylamine, but which

is also labile to hot acid or alkali.

2.6.,2. Determination of alkali labile 32P b

Protein boundthSphoserine or phosphothreonime may
be determined as'alkali labile phosphate'. While the prescnse
of nucleic acids does not interfere with the determination
of alkali-labile phosphate the treatment described below will

“ieulozphate remaining after the cold acid

release any .
washes. Acylophosrhg{e could thus contribute to the phosphate
defined as alkali-lanile if it was not specifically excluded
(see below).

The denatured and delipidised protein pellet is
suspended in 1N NaOH (up to 10 mg. of protein/ml. of 1 N NaOH)
and.incubated at 100;0 for 12 min. At the end of the incu-

" bation 1.6 ml of i.évperchloric acid was added to the sample

which was then cooled on ice and 0.6 ml of silicotungsgtate



, 5
reagent (mix 5.7 g. of sodium silicate and 79.4 g. of

sodium tungstate in 900 ml of 3% sulphuric acid, reflux

for 5 h, filter and make up to 1 1 with H20 dist.) added
dropwise with constant stirring. After removing the
precipitate by centrifugation an aliquot of the supernatant

(2 ml) is transfered to a clear tube and %recated with

0.3 ml of 5% ammonium molybdaté. The phcsphomolybdate complex
is then extracted into 2.5 ml of isobutancl-benzene (1:1,

by vol) and a representative sample taken for radioactive

counting.,

2.6.3. Determination of acyl-BBR

The denatured and delipidised p;otein sample was
suspended in 0.1.M acetate buffer (pH 5.4) and incubated
for 30 min.atv37°C in the presence of 0.8 M hydroxylamine
(freshly prepared by the addition of 2 parts of 8M NaOH to
5 parts of UM hydroxylamine - HCl). The protein was preci-
pitated by the addition of 0.5 vol of 30% perchloric acid
at 0°C and used for determination of alkali-labile -°P.

‘The supernatant was used to estimate acyl—32P.

2.60.4. Results

Wher the nature of 32P phosphate associated with
MTP purifie: '~ 7-u cycles of polymerisation, then
denatured and de¢'i- ‘.lised, was analysed as described above,
it was found that:

1, If the pellet was used directly for determination
of alkali labile 32P, over 90% of the recovered 32P behaved
as alkali- labile-phosphate. The pellet obtained after NaOH

treatment contained about 6% of the recovered 32P, presumably

bound to nucleic acids.
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2. If prior to NaOH hydrolysis the protein was
itreated with TCA, 10% of the reccovered 32P was extracicd
(acyl plus nﬁcleic acid-P) and over 85% hehaved as alkali-
labile 32P.

‘ 3. If prior to NaOH hydrolysis the pellet was trezated
‘with hydroxylamine, 5% of the rgcovered 32? was exXxtracted
(acy1l-P), 85% was alkali labile and 6% remained in the pellet
obtained after NaOH treatment.

These results suggest that at least &5% of the preovein-
bound 32P is bound to serine and/or threonine residues, 5%
behaves as acyl-phosphate , and 6% as nucleic acid-P. Because
of the almost negligible amounts of protéinmbound 3zP, ofher
than alkali-~labile P, the hot acid or hydroxylamine treatments
were left out in routine analyses and alkalie-labile phosphate
was assumed to represent serine- or threonine~ derived 3?'"P.

The nature of protein-bound 32P-phosPhate was almost

identical for all MTP fractions investigated, using the

operational criteria described above.

2}7. Polyacrylamide gel electrophoresis

The purity and molecular weight of proteins in
purified MTP {ractions was determined by polyacrylamide
gel electropl © iy . the presence of sodium dodecyl (lauryl)

.

sulphate (SDS; F;ww#:') used to dissociate proteins into their
subunit polypeptidest_Under these conditions it is possible

to calculate the apparent moleculér weights of the individual
polypeptides from their mobilities on basis of a standart
curve obtained by plotting the‘logarithm of molecular

weights versus the mobility for a series of monomeric proteins

of known molecular weight (see Weber and Osborn, 1969).
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Electrophoresis was carried out on 10% acrylamice
gels employing the procedure described below.

Bryan and Wilson (1971) found that polyacrylamide
gel electrophoresis of reduced, carboxymethylated and
alkylated preparations of chick brain tubulin in an alkalinc

"buffer system (TRIS-glycine) resulted in the splitting of
tubulin into two closely migrating comporernts which were
designated as &0¢and B subunits according tc TUPAC conventi~ns
(Webb, 1964). It was recently shown that purified tubulin
can be separated into the same two components when electro-
phoresis is carried out in the presence of 2-8 M urea,
employing various buffer systems (Geit et al, 1971;

Wilson and Bryan, 1971; Fine, 1971; Lagnado et al, 1972).
Under these conditions it is not mnecessary to reduce carbo-
xymethyiate-and alkylate the protein to affect its resolution
into o and B monomers. In the present work the two subunits
of tubulin were separated in a discontinuous TRIS-glycine
buffered system modified from Laemmli (1970) in %the preserce

of UM urea, according to the method described below.

2e70le Preparation of gels

A stock of aerylamide solution containing 20 g of
acrylamide (FDil, specially purified for electrophoresis) and
0.15 g of NN' . oy lere bisacrylamide (BDH) dissolved in 100ml
of H,0 dist. was v for preparation of 10% gels.

To prepare 10 gels in;10 cm long siliconised glass tubes
(internal diameter 5 mm), 10 ml. of gel buffer (0.75 M TRIS-
HC1, pH 8.8, 0.2% SDS (w/v), 8M urea) was mixed with 9 ml.

of stock acrylamide solution and the mixture was de-aerated -

for 10 wmin.After adding 2 ml of freshly prepared 1.5% (w/v)



. aqueous ammonium persulphate, the polymerisation was started
|by the addition of 30-60 ul of NNN'N'-tetramethylethylenediamine
(TEMED, Koch-Light).
The mixture was immediately poured into the glass
tubes, fixed vertically, stoppered at one end with Parafiln,
and a drop of water was added to each tubz to improve the
surface of the meniscus of the forming gel, Gelling occurrsd

within 15-20 min and the gels could be used within one hou:r of

preparation.

2¢762 Preparation of protein samples and electrophoresis
Protein samples were mixed with én equal volume of

.sample incubation buffer (0.025 M TRIS-HCl, pH 6.8, 0.8%

Sps (W/v), 2% f-mercaptoethanol, 2M urea) such that the

ratio of SDS to protein on a weight basis was kept between

2-4 and incubated at 1OOOC for 3 min. After cooling a drop

of glycerol - bromophenol blue (saturated aqueous sclution)

mixture (1:1, by vol) was added to the sample and aliquots

containing 5-150 ug of protein, according to the purity

of the sample, were loaded on the gels. The compartmeﬁts

of the electrorho;c;is bath were filled with eledtrophoresis

buffer (0.02F ™ TRIS ~ 0.192 M glycine, pH 8.3, 0.1% SDS

(w/v) ) and e ctr;"nresis was performed at 2.5 m A/gel

supplied from a Sh. = n- Unoplan power pack. Usually electro-

phoresis lasted until‘the tracking dye (Bromophenol Blue,BDH)

reached the bottom of the gels (app. 3-5 hours),

273, Fixing, staining and destaining

Proteins in the gel were fixed and stained for
1 hour in 10% (w/v) sulphosalicylic acid (SSA) containing

a solution of Coomasie Brilliant blue stain (0.25% Coomasie



Brilliant plue (w/v) in 50% methanol glacial acetic acid

1:0.98 by vol.), prepared by mixing 13.3 parts of 10% SSa
with 1 part of dye solution.Background staining of the gel
was removed with several changes of a destaining solution

containing 7% acetic acid, glacial,in 5% methanol.

2.7.4. Determination of molecular wcgghts>of polypeptides

Measuring the length of the gel belore fixing, the
distance migrated by the dye before fixing and the length of
the gel and distance migrated by each protz2in band after

.destaining the nobility of each protein-was estimated on the

basis of the following equation:

. Length before fixing Distance migrated by_nrotein
Mobility = x il

Length after staining Distance migrated by Tve

Plotting the logarithm 6f the molecular %éight against
the mobility of standart proteins, a linear standart curve
was obtained, from which the molecular weight of the unknown
protein could be calculated. From the standart curve, shown
in fig. 2.7., the nmolecular weight of & and 8 tubulin~
subunits was <: 'culatzd to be 54,000 and 57,000 respectively
and the molecuiar v:fghts of the H1H2, L1 and L2 bands

(see 2.2.2, and fig. 2.3.) were calculated to be as follows:

H, - 72,000
H, - 64,000

L, - 46,000

» L. - 33,000

2
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Fig, 2.7 Standart curve for determinztion of molecule>
| welghts
5.1 r
h,o -
B e bovine serum albumin
? b7 ovalbunin
- e cérboxypeptidase
B fumarase
. lysozyme
l’l‘os —
4,3 ! L | 1 I ] I [
. 0 0.2 - Oo.L 0.6 0.8
: Mobility
Protein Molecular weilght
Bovine serum ¢ 'bumin &5 000
Ovalbumin 45 000
Carboxypeptidase , 4% 000
Fumarase ' 38 000

Lysozyme 15 000
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2.7.5. Preparation of polyvecrvlamide wels for

radioauwtography

Gels were. sliced in a home-made slicing apparatus
similar to that orginally described by Fairbanks et al (1965).
The gel slices were dried on Whatman No. 3 paper under steaun
heating and reduced pressu;e. Drying was performed in 1he
apparatus shown in fig. 2.8. The gel slices were arranged
on a transparent polythene sheet resting ocn a larger shect
of silicone rutber (TC 156, ESCO Rubber Ltd., London). They
were then covered with Whatman No. 3 paper, wetted with HZO,
covered by a porous polythene sheet (50 n size; Gallenkamp
and Co. Ltd., U.K.) and a silicone rubber sheet with an
outlét for evacuation, located at the centre of the sheet.
The silicone rubber sheets were sealed by metal clips and the
whole device was placed on a steaming water bath, at the same
time pressure was reduced by coﬂnecting the outlet on the top
rubber sheet to a vacuum pump. The drying process tékes about
one hour. On drying the gels are fixed on the Whatman Ne.3
papér and are ready for'radioautograpﬁy (see fig. 2.9). For
'radioautography Ilford Red Beal 25 FW x-ray film was used.
The time of exposure of the film varied according to the

amount of redicactivity loaded on the gels.

2.7.6. Deaus it o -iric _scanning of gels and radio-
autogr. 1 s
aline e

This was performed on a Vitatron densitometer

using a yellow U-12 filter. The recorder was fitted with
a mechanical integrator the trace of which was used to
calculate the area under the individual peaks

(see fig. 2.10),
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|

Fig, 2.8 Uel - drying assembly for preparation of fixed
and stained polyacrylamide gel slices for radicauto-
graphy

porous polythene
sheet

Whatman No.3
. filtexr paper

to vacuum pump

gel slices silicone rubber

transparcnt .
polythene film

=

metal clip
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2.8. "Radjoactive counting

Radioactive samples were counted in 5 or 10 ml
of Bray's scintillant (Bray, 1960), according to the
quenching effect of the radioactive solution,and counted
in a Tri-Carb Packard 3375 Scintillation spectrophotometer,
The efficiency of counting was determined by measuring
the counts per minute (cpm) of a specific vnlume of radio-

active solution of known disintegrations per minute (dpm):
' cpm x 100
dpm

Efficiency =

The efficiencies for (BH) and (BQP) were about 35%
and 65%, respectively. |

The scintillant used was essentially that of Bray (1960}
except that methanol was replaced by ethoxyethanol (BDH) ang
the amount of the primary solute 2,5 - diphenyloxazole (TPO,
Fisons) and of the secondary solutes 1,4-di-2-R (5-phenyloxa-

zolyl)-benzene (POPOP, BDM) and naphtalene (BDH) were scmowhat®

~increased to improve counting efficiency.

2.9. Exprer:=ion of data

The results of experiments in which radioactive isotopes
were used werce comnmounly expressed in terms of Specific
Activity (SA), ar ¢ m/mg of protein or, in certain cases,
as moles of ligand bound per mole of protein. In some
experiments, where comparison between different fractions was
made, the results were calculated in terms of relative specific
activities (RSA), taking the RSA of the orginal fraction aé 1,

according to the formula:



% cpm recovered in fraction

RSA =
o/

% protein recovered in fraction

The results presented are based on mean values
of triplicate determination(variation within 5-10% )

derived from at least three separate experiments.

65
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ChaEter 3 In vivo phosphorvlation of micro-
tubular protein

2.1 Introduction

Previous work has shown that MTP can be phosphorvlated
in vitro, in brain slices and in purified MTP preparations
(see Lagnado et al, 1975). Further experiments also
showed that purified MTP contains 0.5 - 1.0 moles of
protein-bound P per mole of tubulin dimer (MW 110000)

(see Reddiﬁgton et al, 1974, Kirschner et al, 1975).

The aim of the experiments described in this chapter
is to provide further evidence that brain microtubules are
-phosphorylated in vivo and to determine %ore precisely
the nature of the phosphorylated components labelled

in vivo that were derived from reassembled microtubules.

3.2 Materials and Methods
3.2.1 Preparation and nomenclature of in vivo

labelled MTP fractions

Adult rats (4 to 6 weeks) or 1 to 3-day-cld chicks
were injected intracranially with 400 - 6OQ/ALCi 32p
per animal, as described in 2.3.1, and killed 2 h
after the injection. MTP was isolated by one cycle of
polymerisation, in the presence of glycerol, from either
the initial high-speed supernatant (QO%Vhomogenate in
glycerol frec reassembly buffer, spun at 100000 x g, 1 h
4°C), designated as S, or from the ammonium sulphate
fraction of S, (same expt. precipitating between 0-50%
The S was

0.5-ppt”’ 0.5-ppt

re-dissolved in glycerol-free reassembly buffer to give

saturation), designated as S

a protein concentration similar to that of 51 (ca. 8 mg
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protein/ml). MTP fractions obtained on polymerisation

’of the re-dissolved SO.S—ppt were designated as P

(microtubular pellet) and S

2 0.5

2 0.5 for the superrnatant.

2.2 Fractionation of purified MTP

The following procedures were designated to
separate the aggregated forms of MTP ('36S' fraction)
from the tubulin dimers ('6S! ffaction) obtained on
depolymerisation of microtubules prepared as described
in 2.2.1 by gel permeation chromatography or by differential
centrifugation according to the procedures of Erickgon
(1974) and Weingarten et al (1974). In addition, NaCl
was used (see Weingarten et al, 1974) to cdissociate the
aggregated forms of tubulin ('36S' tubulin) in order to
separate tubulin dimers and HMW-enriched fractiions

derived from the '36S'structures.

3.2.2.1 Experiments tvpe 1 and 2

-

1 x polymerised microtubules were .disassembled in

¢

the cold;j the solutions obtained after centrifuging for

5g (MTP, 5-12 mg protein/ml) were

60 minutes at 10
fractionated at 4°C on Sepharose 6B essentially as
described by [Lrickson (1974) except that in Expt. type 2,
MTP samples were trecatnd with 0.75 M and eluted with

buffers containing 0.75 M NaCl.

3.2,2.2 Experiments type 3

2 x polymerised microtubules were disassembled for

30 minutes at 4°C in MES-Ca>*

buffer (supplemented with
imM CaCl,) before chromatography on Sepharose 6B

equilibrated in the cold with reassembly buffer, supple-
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mented with 2.5 mM Ca2+, essentially as described by

Weingarten et al(1974) Tn 3B, concentrated peak I ('36S')
material (of -3A) containing 0.75 M NaCl ('36S + NaCl') was
separated on Sepharose 6B in the presence of 0.75 M NaCl

and analysed as described in text.

2.2, Experiments type 4

2 x polymerised microtubule preparations were

isolated as in Expt. 3, except that the final disassembly
step was carried out at 15°C in the presence of MES-Ca2+
buffer supplemented with 1 mM GTP and 1 mM CaCl2 (MT;
10.5 mg protein/ml). The pellet fraction (4A, '36S')
'obtaiﬁed after centrifuging MTP for 190 minutes x 105g

(at 8-10°C) was re-suspended in the cold in disassembly
buffer containing 0.75 M NaCl ('36S + NaCl'; 4.7 mg
protein/ml) and centrifuged as indicated above. The
resulting pellet contained appreciable amounts of

tubulin (denatured aggregates?) in addition to HNMW

('HMV + T'), as revealed.by SDS-gel electrophoresis.

2
3.2.3 Analysis of 3“‘P distribution on fixed and
stained polvacrvlamide gels

3.2.3.1 Slicineg of gels for counting of individual
. i _ands
Fixed an? ste ' - d gels were placed on strips of

Whatman No 3 paper in a shallow glass dish and covered
with freshly prepared 2% agar (Oxoid).

After the agar gelled, the strips, with the gels fixed on
them, were transferred to a McIlvain tissue chopper
adjusted to cut 1mm slices. To avoid adhesion of
.individual slices to the blade, it was slightly wetted

with a surfactant (eg Triton), and the slicing was performed
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at low speed. The individual slices were recmoved with

forceps and placed in counting vials containing 5ml of

Brays scintillant.

3.2.3.2 Electrophoretic elution of protein from gels

The corresponding protein bands from 6 - 8 gels
were cut out and transferred to glass tuhes, the bottom
opening of which was blocked with a plastic filter
(porous polythene, size 50 u, Gallenkamp & Co Ltd, UK).
The tubes were then inserted in tightly fitting dialysis
bags and filled up with electrophoresis buffer (see 2.7.2),
taking care to remove all air bubbles. After placing the
‘tubes in an electrophoresis bath, containing electrophoresis
huffer, the proteins were eluted into the dialysis bags at
3m A/tube in épproximately 2.5 hours, The excess buffer
from the tubes was removed with a Pasteur pipette and the
protein was recovered in 0.5 = 1 ml of buffer from the

-

dialysis bag.

3.3 Results

Reassembled microtubules isolated from rat and

32

chick brain labelled in vivo with Pi contained appreciable
amounts of ac¢i:~insoluble radioactivity (bound 32?). Up

to 80% of the uwound c»m in disassembled microtubular
preparations from chick and rat brain was extractable

with chloroformfmethanol (2:1, byvvol., see tables 3,1 and
3,2)., Over 30% of the acid-insoluble 32P remaining after
extraction with lipid solvents was present as alkali-labile
P, aerived most probably from protein-bound serine

residues (see 2.6); this will be referred to as protein-

bound P. Less than 5% of the bound counts remained in
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‘géplp 3.1 The distribution of bound 32P in
subfractions of in vivo labelled

brain microtubulin

*
Distribution

Bound 2P ot 3%p
Fraction Protein Protein Lipid Protein Lipid
mg cpm/ug prot %
S1 82.5 15.4 5.9 7h 26
P, _ 8.4 17.3 6.5 Co72 28
50.5_ppt 3254 24,2 20.5 54 46
Po_0.5 1.5 36.2 28.3 56 Ll

2]

, 2 ‘
* Calculated n= % fromn bound 3 Pcpm recovered as

2
alkali labi - &n waospholipid 3"P.
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the alkali-stable fraction (see 2.6.3).

The data shown in table 3.1 reveal considerable
enrichment in 32P—phospholipids in microtubules reassembled
from ammoniuin sulphate precipitated material. However,
the yield of polymerisable protein prepared under these
conditions was considerably less (1 - 2%) than that from
the unfractionated supernatant fraction, from which about
10% of the protein was recovered in the microtubular
pellet.

An obvious limitation to the experiments described
so far is that it was not possible to distinguish between

tubulin derived from the 36S aggregates,. corresponding

to the 400 nm ring-like structures seen by electron

microscopy, and the 6S form of tubulin (&’ 8 dimer),

which are both present in cold-or calcium-depoclymerised

microtubules isolated from in vitro reassembled brain

microtubules (Olmsted et al, 1974; Kirschner et al, 1974).
It was recently shown that these two componénts,

which were initially characterised on the basis of their

sedimentation properties (Kirschner et al, 1974; Weingarten

et al, 1974), can be separated by chromatography on Sepharose

6B (Erickson 1974; LKirschner et al, 1974; Weingarten et al

1974), to gi-~ . Ti-z. peak, eluted in the void volume,

which consisteu mcinl& of 36S 'ring' structures that are

readily polymerisec ..t 37OC in.the presence of GTP, and

a second peak, containing essentiélly pure tubulin dimer,

which polymerises less readily (Erickson, 1974), or not

at all (Kirschner et al, 1974). Although tubulin was

the;major protein component found in both peaks (as seen

by SDS-gel electrophoresis), the 36S component was shown

to be enriched in a number of minor components, the main
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one corresponding to the HMW protein complex (Erickson,
1974). In addition, it was shown that the 36S component
could be reversibly disaggregated into the 65 component in
the presence of high salt concentrations (Kirschner et al,
1974; Weingarten et al, 1974).

Exploratory experiments were carried out to investigate
the extent of incorporation of 32p into the 36S and 6S
components of chick brain microtubules in vivo. In
addition, it was attempted to separate the minor HMW
components, which were found to be nearly exclusively
associated with the 306S fraction, in order to facilitate
characterisation of the 32P incorporated. in this fraction.
.The results of these experiments which are shown in table
3.2 and in fig33.1 and 3.2, can be summarised and interpretated
as follows.,-

When cold-or Ca2+—depolymerised microtubules were
fractionated by chromatography on Sepharose 6B (table 3.2,
Expts 1 and 3A), most of the prétein—bound 32P recovered
was found in the peak fraction containing 6S tubulin,
while most of the phospholipid—BzP recovered was associated
with the fraction enriched in the 36S ‘ring' fraction
(peak 1) (sce also data for Expt 4, table 3.2). However,
only about 2. ' " {i.¢ protein was recovered in the 365
fraction (see also Flﬁ. 3.1A), even though the
concentration of prd'ein in samples before separation
(MT) was such that over‘60% of thé protein was expected
to be present as 36S aggregates (Yagihara et al, 1973).

This suggests that in both experiments a substantial
proﬁortion of the 36S material was disaggregated through

dilution during chromatography and/or that only a more
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stable form of the 306S componcent can remair intact under
these conditions, as was originally suggested by Erickson
(1974). Thus, the tubulin present in the 6S (wneak II)
fraction is probably composed of a mixture of protein
originally present as 6S tubulin and of tubulin derived
through disaggregation froﬁ 36S structures.

The high specific activity in the phosphelipid
fraction associated with the 36S component could reflecil
the preferential association of metabolically active -
phospholipids with a more stable form of 36S tubulin, or,
alternatively, the presence of HMW material, which indeed
appears to be exclusively associated with peak 1 material
"(see fig. 3.1A). The relatively high specific activity
of phospholipids associated with the 36S component
derived from Ca>* -depolymerised material (cf. Expt. 3A and 1)
was generally confirmed (Expt. 4, see also 4.3).

The possible significance of the labelling seen in
the HMW material that co- chromatographed with 365 tubulin
was ‘further investigated in experlments in which the 368
component was disaggregated with NaCl (Weingarten et al,

1974) before chromatography.

In Expt. 3L, the 36S fraction was concentrated by
vacuum dialy - i ¢ presence of NaCl and re-chromatographed
on Sepharose .. i. - .e presence of NaCl (Fig. 3.1B).

Under these conditles, the material present in the first
two peaks of radiocactivity eluted (fractions la, 1b) gave
identical protein patterns after electrophoresis in
SDS-gels IDMW was present together with some tubulin. A
further broad and apparently complex peak of radioactivity
(1c) was eluted in a rggion coinciding roughly with the

elution volume of the 6S component: pooled fractions from
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Legend to finm, 3.1

(A) In vivo labelled MTP was prepared by one cycle of poly-
perisation, fraction 83, and fractionated on Jepharose 6B as
described earlier. See also 3.2.2.1 and table 3.2.
| (B) Peak I of (A) was concentrated and made 0.75M with NaCl
by vacuum dialysis. The concentrated '36S + 6S' material nes
chromatographed on Sepharose 6B in the presezce of 0.,75M Nall.
For details see 3.2.2.2 and table 3.2.

The inset in (A) shows S-PAGE patterns for samples of un-
fractionated MTP and of material pooled from peak I (fractions
13-15) and peak II (fractions 23-27). HMW=high molecular weight
protein(s); Tu = tubulin., Note absence of HMW in peak II material.



Fige 3.1 Chromatography on Sepharose 6B. of in vivo labelled
MTP from chick brain
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this region, which accounted for most of the recovered
protein (Table 3.2, Expt.3B), were almost exclusively
composed of. tubulin derived, presumably, from the 36S
tubulin aggregates separated in Expt. 3A (see also Fig
3.1A). Thus, a partial separation of HMW from 368
tubulin was achieved. It is evident from the data shown
in Table 3.2 (Expt. 3A) that most of the bound 32p
recovered as protein-bound P or as phosphnlipid P was
present in the main tubulin fraction (peak 1¢). Since,
however, too little material was recovered in peak '
fractions containing HMW (1a, 1b, see Fig 3.1B) to permit
reliable estimations of protein by the Folin-Lowry method,
‘it was not possible to determine specific radioactivities
for 32P in these fractions. Nonetheless, it is
tentatively concluded on the basis.of the data giving

the percentages of radiocactivity recovered that the
fractions enriched in HMW are also relatively enriched in
32P-phospholipid (see discussion of Expt. 3A above). TlLe
distribution of 32P labelled phospholipids in wmicrotubular
subfractions is specifically dealt with in Chapter 4.

In Expt. 2 (table 3.2, Fig 3.2), the possibility of
separating HMW from both forms of tubulin was investigated
by chromatograrl.y of cold-depolymerised microtubules which
had been treatcd with 0.75 M NaCl to dissociate 36S
tubulin aggregates, prior to chromatography on columns of
Sepharose 6B which were equilibrafed and eluted in the
presence of 0.75 M NaCl. It was anticipated that this
procedure would result in all the tubulin being eluted as
6S tubulin, after elution of the ENW fraction in the void

volume, as had been the case when it was present together

with the undissociated 36S component (see Fig 3.1A).
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Fige J.2  S-PAGE analysis ot in vivo labelled chick brein MTP
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The densitometric: scans shown in A, B and C were obtained
from polyacrylamide gels of MTP fractions prepared as follows:
A unfractionated mIP, fraction 33; B and C show the HMW-enriched
fraction and the 'Z6S + @3' fraction , respectively, obtained
after treatment cof Sﬂ with 0.75M NaCl and subsequent chromato-~
graphy on Sepharosec ué in the presence of 0.75M NaCl., For details
see 3.2.2.1 and table 3.2. D shows radicautographs of the same
(as in A, B and C) gels. Note absence of radioactivity in the

HMW-region of '36S +6S' radioautogreph.



This was found to occur, as shown in the SPS-gel
elcctrophoresis patterns of 32P-labelled material which
behaved similarly during elution to the 36S and 6S
components: the first peak eluted now contained mainly
IIMV, while most of the protein present in pcak IT was
identified as tubulin, as shown in Fig. 3.2B and 3.2C
respectively. DMoreover, it is ‘evident from the radio-
autographs shown (Fig. 3.2) that virtually all the label
detected after electrophoresis of peak I material was
associated with several HMW components near the origin,
while the label found in peak II material co-migrated
almost exclusively with the tubulin fraction. The data
.given‘in Table 3.2 (Expt. 2) show that under these
conditions the HMW fraction was considerably enriched in
bound 32P,‘esﬁecially in respect of protein-bound P.
Finally, the results of an experiment in which the
6S and 36S components of tubulin were separated by high-
speed centrifugation (Weingarteh et al, 1974) (Expt. L4A,
Table 3.2) showed that most of the protein was recovered

in the pellet fraction which was expected to contain

tubulin, present mainly as 36S aggregates. This fraction

also contained most of the bound 32P and was particularly

enriched in
contained tubulin and HMW in about the same proportion as
in the unfractionate.i. material (MT), was re-suspended in

buffer containing 0.75 M NaCl and re-centrifuged at high
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32P—rhospholipids. The pellet fraction, which

speed. It was anticipated that in this way HMW components,

together with some non-specific tubulin aggregates, might

be recovered in the pellet, while tubulin derived from

dissociated 36S aggregates would remain in solution.
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This was confirmed by SDS-geol electrophorecis, though an
appreciable amount of tubulin was also found iu the pellet
fraction. The data shown in Table 3.2 (Expt. &) indicatc
once again that the HMW-enriched pellet fraction accounted
for the bulk of 32P—phosphqlipid (see also Expts. 2 and
. 3B). On the other hand, the supernatant was considerably
enriched in 2P protein, despite the absorice of any HMW
component (c¢f Expt. 2). One feature worth noting about
this experiment is that the concentration of protein
remained high enough throughout to maintain the 365:;:3365
equilibrium in favour of the 36S species (Kirschner et al,
19?4; Weingarten et al, 1974); this is in contrast to
.the situation which obtains during the separation of 6S
and 36S components on Sepharose 6B, when dilution of the
sample durihg.chromatography tends to favour disaggregation
of the 36S species (see above).

It was previously observed that a significant
proportion of the radioactivity‘prese#tkin the ﬁgcrb-
tubular fraction of 32P-iabelled slices from guinea pig
cerebral cortex was associated with minor high-MW
components ('HMW') seen after electrophoresis in SDS-
polyacrylamicde gels (Lagnado et al, 1975). A similar
distribution o7 32? lins now been found for in vivo
labelled microtubwlﬁr preparations (1 x polymerised)
derived from rat and chick brain (Fig. 3.3).

In these preparations, a number of additional
minor components migrating between tubulin (TU) and
HMW fractions were also labellea; and in chick brain

some labelling was associated with a minor stained

component migrating ahead of the B-tubulin band (see Fig.3.3B).
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Lewend to Tigm. 3.3

MTP was prepared by one cycle of polymerisation
fraction 53, and samples were analysed by S-PAGE.
" Aftecr scanning (densitometric trace shown witlh continuous
line) the fixed and stained gelg were sliced in 1imm
slices and the radioactivity of each slice determined
separately, as described earlier. The radiouutographs
shown are of gels of the same fractions (from same |
experiment) run in parallel. HMW = high molecular weight
proteins; Tu = tubulinj DF = dye front. " Smearing on
radioautographs is due to overexposure of gels that were

overloaded to detect minor 32P-labelled components.
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In addition, a diffuse region of radioactivity of varying
intensity was consistently observed to migrate ahead cof
the dye front (Lagnado et al, 1975 - submitted for
publication; Lagnado et al, 1975), a region which does
not stain for protein but contains an excess of SDS.

In an effort to assess the nature of the 32P present
in the main labelled fractions (ie, in HuW, - &+ - tubuiin,
and 'SDS front'), these were eluted electrophoretically
fromlthe appropriate slices pooled from 6 - 7 gels (run
in parallel) after fixation and staining of proteins
with Coomassie Blue; the eluates were treated with ice-
cold 10% TCA (in the presence of carrier albumen) and
'then as indicated in 2.6. It was consistently found
that most of the 32P associated with the HMW and tubulin
fractions was recovered as protein-bound (alkali-labile),
while that associated with the SDS front, which accounted
for about ten times as much 32P as was eluted from the
other fractions, was mainly recbvered as phospholipid P
and hcid—solublé P.

When in vivo labelled microtubules were polymerised
from a 50% ammonium sulphate precipitate of the initial
high-speed supernatant fraction (Si) of brain, an
additional, Lighly labelled protein component, MW ca. 48000,
co-polymerised with microtubular protein, as illustrated
for rat brain ('LMW', Fig. 3.4). This was not seen in
microtubular preparations precipi£ated with ammonium
sulphate after reassembly directly from the initial
supernatant. Slower-migrating components that
are concentrated in microtubular samples polymerised from

the 5, 5—ppt. nearly obscured the labelling of tubulin
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Legend to fig, 3.4

MTP was prepared by polymerisation of 50% ammonium
sulphate precipitate from high-speed rat brain supernatant,
fmaction 31 (see 3.2.2.1)e LMW= prominent labelled low molecu-
lar weight protein band appearing only in thisg type of MTP
preparations. Nomenclature as in fig. 3.3, see also related text.
fpp_fyfﬁhep detailse.
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Distribution of protein and -°P in in vivo labelled
brain MTP prepared by polymerisation from ammonium

sulphate precipitate ¢f high-speed rat brain
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detected by radioautography (see Fig. 3.%). However,

the estimated specific activity of the 'LMW' fraction,
as determined after elution (sece above), was found to be
similar to that of the tubulin fraction.

The significanée of this observation is not apparent
although it is interesting.that in vivo labelled micro-
tubular protein from guinea pig brain is also c¢nriched
in a similar faster-migrating 32P—protein when it is
precipitated directly from the supernatant fraction
with high concentrations of Vinblastine or Vincristine

-4
( 10 M) (Lagnado, unpublished observations).

3.4 | Conclusions

The evidence presented abéve indicates that brain
microtubulés contain protein—béund P and ére associated
with a fraction of phospholipids, both of which exhibit
considerable metabolic activity in vivo. This E?nfirms
and extends earlier evidence based on studies of
microtubule phosphorylation in vitro and in tissue slice
experiments (Lagnado,et al, 1975; Daleo et al, 197k;
Piras and Piras,1974). A more precise interpretation
of these findings must obviously await fufther
information concerniny the P contents of the various
components present in microtubules isolated by reassembly
in vitro, from which labelling due to turnover of bound P
and to net phosphorylation might be distinguished.
Nevertheless, it was consistently observed that the 36S
component of depolymerised microtubules,wvhich consists
largely of tubulin polymefs stabilised into the ring-like

structures, was preferentially labelled in vivo under
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various eXperimental conditions as compared to the 6S
tubulin component. The relative enrichment of the 365
component ip metabolically active phospholipid suggest
that 36S structures may be associated in situ, with cell
membrane fractions at sites of microtubule-membrane
interactions. |

The rclatively high incorporation ot 32P into
phosphoserine residues (as definéd in 2.6.2) of the 365
component may indicate that any regulatory factors
controlling the conversion of 6S tubulin to the 36S form,
from which microtubules are apparently polymerised might
be-acting, in part at least, as regulators of enzymes
"concerned with the turnover of protein-bound P. In
this connection, the observation that a highilly labelled
minor protcin (HMW), originélly seen by SDS-gcl
electrophoresis, can be separated from salt-dissociated
preparations of the 36S component by chromatography, may
be of interest in the light of recent work (Weingarten
et al, 1975) showing that a tightly-b.o.und, heat-stable
protein ('tau factor') required in microtubule assembly
can be dissociated from 36S tubulin preparations in the

presence of salt.
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4.1 Introduction

The evidence presented in chapter 3 shows that
tubulin can be phosphorylated in vivo. Lagnado et al (197z2),
Soifer et al (1972), Lagnado et al (1975) and Reddington
et al (1976) also showed that tubulin prepared chroma-

- tographically or by cycles of temperaturs dependent
polymerisation can act as subsfrate for a cyclic
AMF-sensitive protein kinase which co-purifies with
microtubular proteins. The above authors assayed MTP
phosphorylation under conditions where the assemblj of
microtubules is unlikely, although some form of tubulin
~aggregation can occur. The experiments 1o be presented
in this chapter were designed to investigate the in vitro
phosphorylation of MTP under cbnditions;favouring the
formation of microtubules. Thus assays.wére carried out
- using freshly prepared MTP preparations in the presence
of sufficient protein and nucleotides to ensure the
formation of microtubules (see 1.3 .and Gaskigret al,
1975}. These experimen£s were not aimed at relating
fhosphorylation with microtubulé assembly, but rather at
assaying the phosphorylation reaction where the protein
is more likely to preserve its native configuration, as

judged by its ability to reassemble in microtubules.

4.2 Materials =r. Methods
4,2.1 Preparation of MTP

MTF was prépared from one day old chick of 5 - T week
old rat brain by one cycle of assembly/disassemﬁly,
fraction'(SB), as described in 2.2.1.

| The depolymerisation of the first MTP-pellet, P,,

was performed in the presence or absence of added GTF
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(1mM final conc.) as specified for the individusl sets of
experiments. In both instances the yield of protein in
the 83 fraction was the same indicatiﬁg that the state and/
or type of rrotein obtained on depolymerisation, in the
presence or absence of GTP, is very similar. ©Polyacrylamide
gel electrophoresis in the presence of SDS (S-PAGE; see 2.7)
showed the presence of two main types of protein in the 51
fraction, namely the HMW complex consisting of three
distinct protein bands of very similar mobility.and tubulin.
Densiometric analysis of gels stained with Coomasie‘blue
shqwed that 85% of the protein in the S.3 fraction is
tubulin and 15% - HMW proteins (apparent MW 300000 by
S-PAGE).

4.2.2 .~ Protein kinase assays

These were carried out at 37°C in MT-reassembly buffer
in-fﬁe absence or presence of GTP (1mM final conc.) and 2t
a protein concentration of 0.5mg/ml. VWhere indicated 10-%1
cAMP was included in the reaction mixture. After 5 minutes
of preincubation of the samples at 3700 the reaction was
stérted with the addition of a mixture of ATP (100/uM final

6

conc.) and [:%-3227 ATP,1 or 2.2 x 10° cpm/ 0.2ml of reaction

mixture, specific-activity 2.7 Ci/mmol.

2 Filter disc assay of protein-bound 32P

Samples of reaction mixture, O.1ml, containing BQ/ug
of protein, were transferred to conical centrifuge tubes
containing 1ml of ice-cold 10% TCA (w/v) and 3OQ/ug carrier
protein (bovine serum albumin) and left on ice for 15 minutes.
The.precipitate was transferred to glass fibre discs

(Whatman GF), which were placed on a vacuunm filtration

assembly. Quantitative transfer of the protein precipitate

from the centrifuge tubes to the filter discs was achieved
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. by washing the tubes two times with 10zl of ice cold

| 5% TCA, which was then used to wash the filter discs on
the vacuum filtration device. (Randomly selected centrifuge
tubes, washed in this way, were then washed with 5ml of
Bray's scintillation liquid and in no case did the wash
. contain more than backgrouﬁd counts ), The fillter discs
were then washed with 20ml of diethyl ether - ethanol
(1:1) and finally dried with 20ml of diethyl ether. The
dry discs were transferred to counting vials containing
5ml of Bray's scintillant and counted. Blanks containing
heat-denatured protein (5 minutes at 9000) wvere incubated

and‘processed in the same way and the appropriate

corrections made for the test samples

4.2.4 " Preparation of samples for electrophoresis

Protein samples were prepared iﬁ two different
‘ways:

- 1. Samples of the reaction mixture containing EQ/ug of
protgin were transferred to tubes containing 25 ml of
sample incubation buffer (see 2.7.2) and incubated for
3 minutes at 90°C.
2. Samples of the reaction mixture containing 80/ug of
protein were transferred to conical tubes containing iml
of ice-cold 10, TCa and SO/ug of carrier protein and left
on ice for 15 minu*:s. ‘The precipitate was pelleted and
then washed twice with 2 ml of 5% TCA. 'The acid-washed
pellet was resuspended in acidified chloroform-methanol
(400 : 200 : 1.5 conec. HCl, by vol), and left for 15 minutes
at room temperature. After sedimentation the pellet was
dried with 1 ml of diethyl ether and dissolved in 80 ml |

of sample incubation buffer. fthe radioactivity recovered

in this solution is defined as protein-bound 32p.
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Aliquots were used to determihe values of protein-boura
32P in individual samples. Values are expressed either
as cpm/mg protein, or as moles of bound 32P per mole of
protein, on the basis of the measured specific activity
| of the [;>- 3227 ATP in the incubation mixture. Since
the same results were obtained using either method, acid

precipitated samples were routinely used in the experiments

described in this chapter.

4.3 Results

Radioautography of polyacrylamide gels of in vitro
.phésphorylated MTP (fraction 83) reveals two main regions
of radioactivity corresponding to the protein bands of the
HMW- complex.and tubulin (fig. 4.1). There are a number of
minor protein bands which become labelled too, the most
- prominent one of an apparent molecular weight of approx.
70000. However, the total radioactivity associated with
any one of those minor componenfs is less than %hat found
with the HMW or tubulin bands.
| The time course of protein phosphorylation in the
purified MTP fraction, 83, was investigated by the filter
disc assay described above. The curves obtained in the
presence or cuiseunce of GIP were very similar, except that
less labelling waé seen in the presence of added GIP. This
suggests that GTP coupeted for ATP as phosphate-donor in
the phosphorylation reaction, in accordance with previous
observations. (Piras and Piras, 1974.) The data illustrated
in flu. 4.2 indicate that the phosphorylation reaction is
bl-phas1c, a rapid and linear incorporation of 32 F occurrlng‘

during the first 5 - 10 minutes, being followed by a second

phase of increased incorporation of label, as protein-bound
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Fige 4.1 In wvitro prhosphorylation of bfain uTP purified by

polymerisation

e E?— - --- Hmy

(4) - (B)

MTP, fraction 83, was prepared by one cycle of polymeri-
sation from rat brain. A sample of purified MTP was incubated
-for 20min with [8’- 3Zlf]ATP (1x106'cpm/002ml reaction mixture)
in glycerol free reassembly buffer (0O.5mg protein/ml of reaction
mixture). The reaction was stopped by the addition of ice-cold
TCA., The protein was washed further with 5% TCA, delipidised
and dissilved in sample'incubation buffer ag described in 4.2.4,
procedure 2. (A) shows the protein pattern of the sliced and

dried polyacrylamide gel of the 12;113;g&hosphorylated TP which
was used for radioautography; (B) shows the radioautograph of

the gel shown in (4).
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iFl time—-course of in_ vitro phosphorylation of brain
| MTP purified by bolymerisation
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Brain MTP prepared by one cycle of polymerisation was incu-
bated with [v - 3ZPJATP (1x106 cpm/ml of reaction mixture) under
in_vitro polymerisatiocn conditions. The extent of protein
phosphorylation was estimated by the filter disc assay. For
details of phosphorylation assay and filter disc assay see 4.2.2
and 4.2.3 respectively.



95
32

P, after 10 - 25 minutes. A final plateaw was reached
| by about 50 minutes.

The observed biphasic character of the time-course
for incorporation of 32P into MTP was a highly reproducible
phenomenon. One possible explanation of the biphasic nature
~of the curve is that it represents the sequential labelling
of two distinct protein substrafes, or even two distinct
(serine ?) residues on the same protein substrate. This
was investigated in parallel experiments in which the
distribution of bound 32P into MTP polypeptideszsepérated
by S5-PAGE was examined. Experiments were performed in
'whichvthe total protein-bound :ZP was estimated directly
by the filter disc assay, at different times of incubation.
The distribution of radioactivity in the same samples was
investigated By estimating the radioactivity for the
-individual polypeptides separated on SDS-polyacrylamide
gels. In this procedure the main labelled bands, detected
by radioautography oflthe stained and dried geléj.were cut
out énd counted (see tabie 4.1) or the relative distribution
6f radiocactivity was estimated by densitometric analysis of
the radioautographs.

The results shown in figure 4.3 clearly indicate that
the two main phol;horylated components in MIP are tubulin
and the minor proteins of the HMW-complex. A further
labelled component, of approx. 70000 mMi, was consistently
observed. I+t is evident. from this data that labelling in
the tubulin fraction increased steadily between 5 - 50 minutes
of incubation, whereas near maximal labelling of the
HMW;complex was attained during the first 5 minutes of

incubation. Indeed, at very short times of incubation,

tubulin labelling was hardly detectable by visual inspection of
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Legend to fip, 4.3

MTIP, purified from rat brain by polymerisation, was
incubated with [x'- 32Pj ATP under in vitrc polymerisation
conditions. Protein samples were withdrawn at 5, 20 and 5Omin
of incubation, (A), (8) and (C) respectively,and prepared for
electrophoresis as described in 4.2.4, procedure 2. The figure
shows densitometric scans of radioautographs of the sliced and
dried gels of the corresponding samples. Arrows point at
shoulder due to a labelled protein component of an apperent
MW of 70 000.
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radioautograpns. These results clearly show that the
MTP preparations used contain two main classes of
phosphorylatable protein substrates, the differential
labelling of which, as a function of time, counld account
for the cbserved biphasic labelling curves seen in
fig. 4.2.

To further characterise tﬁe kinase activity of
purified MTP fractions, the effects of cAMP on the
phosphorylation of MTP from rat brazin were investigated.

The addition of 10-5 M cAMP to the reaction mixture at 4 ©

C,
prior to preincubation of the samples (5 minutes, 37°¢),
‘resulted in a 100% increase of the total amount of protein
bound 2P at 5 minutes and a 53% increase at 30 minutes of
incubation (see also fig.44 and table4.4). This suggests
that at least part of the kinase activity found in
" purified MTP fractions is cAMP sensitive.

- Magnesium ions, required for the transfer of the
5’-phosphate of ATP, are invariably included inq
phogphorylation systems. Rodnight et al (1975) have shown

2+

that concentrations of Mg of between 0.5 and 1mM are

sufficient to saturate ATP at concentrations of up to 1mM.

It has also been shown that Mg2+

at concentrations higher
than 1mM does not increase, but tends to inhibit certain
types of cAMP sencsitive kinase activity. (Weller and

2+ ip concentrations

Rodnight, 1973). On the other hand, Ng
higher than 5mrM can affect the aggregation state of MTP
(Borisy et al, 1976), which in itself could bring about
chapées in the phosphorylation kinetics of MTP. Moreover

there are numerous examples where, for no apparent reason,

the activity of the MIP associated kinase is assayed at

Mg2+ concentrations of up to 20mM (Slotoda et al,1975;
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Legend to fig, 4.4

MTP, prepared from rat brain by one cycle of polymerigation,
was incubated with [X - 32ﬁ] ATP under in vitro polymerising
conditions in the absence, (A) and (C), or presence (B) and (D),
of 10 uM cAMP, Protein samples were withdrawn at S5min, (A) and
(B), and at 30min, (C) and (D), of incubation and prepared for
electrophoresis. after denaturation with TCA and delipidisztion,
as described in 4.2.4, procedure 2. The figure shows. densitome~
tric scans of radiocautographs of sliced and dried polyacrylamide
gels of the corresponding samples,
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Fig, 4.4 Bffects of cAMP (10uM) on the in vitro phosphorylation
of MTP purified by polymerisation
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Reddington et al, 1976).

These considerations gave rise to a set of experiaments
in which the éffect of different concentrations of Mg2+
on the phosphorylation of purified MTP was investigated.

The results in lable 4.2 clearly show that the total
amount of protein-bound 32P was increased to a similar
extent after 5 and 30 minute iﬁcubationszin the presence

of Mg2+

concentrations above 0.5 mM. Estimation of the
amount of label associated with the major phosphorylated
protein species (see fig. 4.1), by direct count of gel
slices containing the corresponding protein bands, shows
.thét the degree of phosphorylation of boil HMW and tubulin
was increased at the higher Mg2+ concentrations tested.

It is also evident from the data shown in table 4.3 that:
a) the inéréase of HMW-associated label is considerably
higher than that seen for tubulin, and

g 22

b) the increase o P incorporation into the HMW proteins

was similar at 5 and 30 minutes, whereas the iné;eased
labeiling of tubulin is ﬁuch higher at 30 than at 5 minutes.
Both of these observations are in agreement with the
suggestion that the phosphorylation, in vitro, of HMW-proteins
is more or less complete at 5 minutes, but tubulin becomes
significantly phosphorylated at a lower rate, between the
fifth and thirtieth minute of the phosphorylation reaction.
The reasons for this apparent 'activation' of the
kinase by higher Mg2+ are not clear., It is possible that

2+

Mg ions, at sufficient concentrations, can promote the

dissociation of a regulatory subunit from the protein kinase
complex. ‘this could be brought about by some form of direct

2+

interaction between Mg and the intact kinase complex. If

this was the case, it could be expected that the sensitivity
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of the kinase to cAMP stimulation should decrease at
higher lig concentrations. Subsequent experiments
provided some evidence supporting this interpretation

of the effects of Mg ions, thus the data in table 4.4
show that cAMP mainly stimulates the phosphorylation of
HMW fractions, the extent of stimulation being inversely

2+. Ir. contrast, the

related to the concentration of.Mg
phosphorylation of tubulin was only moderately stimulatéd
by cAMP and in addition, Mg ions had no effe~t on the
- degree of stimulation observed. It was noted earliér
that cAMP stimulation of phosphorylation seen with
unfractionated MTP was higher at shorter Zncubation
times (see text above) and the data in table 4.4 indicate
that this effect is specifically related to the
phosphorylafion of the HMW fraction of MTP (see also
fig. 4.4).

The results in Table 4.4 and the proposed
explanation are in agreement with‘the.observati&;s that the
kinaée co-purifying with.MTP becomes cAMP insensitive if
the procedures by which MTP is purified include treatmeﬁt
with high salt concentrations, eg ammonium sulphate
precipitatipn and fractionation on ion-exchange resins,
as summarised .~y Ccndoval and Cuatrecasas (1976). The same
authors showed thot the kinase activity co-purifying with
MTP prepared by a nuwaber of very different procedures is
invariably inhibited by a protein kinase modulator, which
has high specificity for cAMP-sensitive kinases (Walsh et
al, 1971), suggesting that the apparent insensivity of

MTP-associated kinases to cAMP is an artefact of the

particular purification procedure employed.
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Comparing the change in total protein-bound 32P of the
MTP fracticu, as a function of time in the presence and
absence of 10—5M cAMY and at different Mg 2+ concentrations,
it can be seen that at the extent of labelling in the
presence of cAMP is decreased (see also Leterrier et al,
.1974) while an increase in labelling is observed with
time, in the absence of added cyclicnuclectide. It is
also apparent that the decreased labelling observed is
greater at lower Mg2+ concentrations: (Tables 4.5 and
fig. 4.5). Examination of the HMW and tubulin bands
from polyacrylamide gels shows. that a decrease of the
profein bound 32P is observed only in the 32P bound to
ﬁMw. .In the absence of cAMP the amount of total protein
bound phosphate increases with time by about 5% at all

mg+

concentrafions and this is due mainly to an
increase in the amount of label associated with tubulin
(Table 4.5).

| This observation'suggests that the amino acid
residues which are phospﬁorylated in the HMW proteins.
are diiferent from those phosphorylated in tubulin,
having different stability under the conditions employed.
Such an intercretation is supported by the fact that
- measurable qu. .%izs of P can be released from MTP
prepared by two pol;ﬁ;risation cycles by hydroxylamine
treatment (see 2.6).
Chromatographically purified'tubulin lacking HM¥W has been
shown to contain only serine-bound phosphate (Eipper:
1974). The manner in which protein-bound ~°P is defined

in the present experiments does not distinguish between

the different forms of protein-bound phosphate.
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Legend to fige 4.5

MTP, prepared from rat brain by one cgpcie of polymerisation,
was incubated with [X - 3"ZLP]AEL‘ZP under in viiro polymerisation
conditions in the absence, (A4) and (B), and oresence, (C) and (D),
of 10 mM cAvP. Protein samples were withdrawn at 5min, (A) and(C),
and at 30min, (B) and (D),of incubation and prepared for electro-
phoresis as described in 4.2.4, procedure 2. The figure shows
densitometric scans of radioautographs of sliced and dried ,
polyacrylamide gels of the corresponding samples. (Note that
area, hence amount of radioactivity, of HMW peaks: in (A) and (B)
is the same, although absolute height of peaks is—~different.)
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Change of phosphorylation of braiu MTP with time
vader in vitro polymerisation conditions in the absence

and presence of 10 uM CcAlP
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It is also possible that the proteins, or a
protein, of the HMW-complex possess some intrinsic
enzymic activity, acting as an intermediate in the
transfer of phosphate from the ATP to tubulin, thus
accounting for the decrease of protein bound 32P
associated with HMW, concomitantly with the increase

of tubulin bound 2°P.

4.4 Discussion

The experimental evidence presented above is
further proof for the presence of an
intrinsic cAMP-sensitive kinase activity'in MTP fractions
prepared by cycles of assembly/disassembly. ‘'his kinase
possesses the potential to phosfhorylate proteins present
in the M1P fraction. fThe main substrates for this
activity are the proteins of the HMW-complex and
tubulin.

It has been estimated that HNMW protein(s) contain
2 moles of bound phosphate ( * ). Under conditions
favouring polymerisation of microtubulin (0.5 mM MgClz)
up to 2 moles of 32? can be transferred to the HMW
proteins in ‘the presence of 1077 1 cAmp (1 mol in its
absence, see also Slokoda et al, 1975) which suggests
that all.of the HLi/-bound phosphate is exchangeable.
In contrast, only about 0.03 moles of 32p can ve
transferred to tubulin. MTP purified by cycles of
assenbly/disassembly has been shown to contain up to
{1 mole of protein bound phosphate per mole of tubulin
dimer. It can be calculated that only 3% of the totél
tubulin population can be phosphorylated, thus suggesfing

*Shigekawa and Olsen (1976)



heterogeneity of the tubulin population, with respect
to phosphorylation, and a very stable MTP-phosphate
bonding.

The above considerations point to the conclusion
that the HMW proteins are the more dynamic component
- of the HMW-tubulin system. ‘he phosphorylation of HMW
proteins is thereby very likely to be reliated to
different functional aspects of the microtftuvbular
gystem - interactions of microtubules with intracellular
components, organelles, particles and generally membranes.
The phosphorylation of tubulin itself is mcre likely to
play a role in determining the availability of the Tu
.monomér for incorporation lnto microtubules and control
of its turnover rate or distribution between different
cytoplasmic‘pdols.

The fact that phosphorylation of HMW is more
sensitive to cAMP stimulation than tubulin phosphory-
“1ation (fig. 4), by almost one order of magnitudé,
points again to a more dynamic role for the HMW complex
and suggests that HMWs are the sites of control of
microtubule function in vivo (Clmsted, 1976; Piras and
Piras, 1974). ‘“he sensitivity of tubulin phosphorylation
to cAMP may .o Uthe expression of a control mechanism
able to mobilise ctorzd monomer for incorporation into
microtubules, when rcgquired by the ceil, and/or control
the turnover of‘tubulin subunits (Olmsted, 1976; Piras
and Piras, 1974).

Recently Sloboda et al (1975) investigated the
phoéphorylation of MTP under conditions similar to the

ones employed in the experiments described in this

II12
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chapter, and obtained very similar results %o the ones
described in this chapter. In contrast, Leterrier e®v 21
(1974) failed to observe phosphorylation of tubulin in
vitro under the same experimental conditions.

the significance of the observed phosphorylation
iof MIP during in vivo and in vitro labelling experiments

will be discussed more fully in the final chapter.
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Chapter 5 Tdentification of in vivo labelled
Dhospholinids associated with brain
MTP and related studies

5.1 Introduction

The results in Chapter 3 show that a substantial
portion of the acid stable 32P found in purified MTP
.fractions, of in vivo labelled brain, can be extracted
with lipid solvents, suggestive of the presence of
labelled phospholipids associated with MTP.

The aim of the experiments presented in thkis chapter
is to identify the labelled phospholipids co-purifying
with MTP; the relative distribution of radivsactivity in
the individual phospholipid classes; and to determine
whether the labelled phospholipids are associated with

specific components from brain microtubules.

5.2 faterials and Methods
5.201 Lipid extractions o -

The procedure employed was adopte& from the method
described by Yagihara et al (1973). The protein in the
examined fractions was precipitated by the addition of
100% TCA (w/v), to give a final concentration of 10%.
After leaving L'~ zawnjles on ice for 15 minutes, to
ensure quantiiative precipitation of the protein, the
precipitate waos sedinonted and then washed two times
with 5% TCA (up to hmg prot./ml of 5% TCA). It was
essential to re-suspend the protein pellets very well in
the 5% TCA washes which ensured an easy and thorough
re-suspension of the pellets in the lipid solvents.
Breaking up the pellet with a glass rod was preferrea to

sonication to avoid losses of protein adhering to the
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sides of the tube on sonicaéion. After draining the
acid from ihe sccond 5% TCA wash the protein pellets
were re-suspended with a glass rod, in 2 ml of chloroform-
methancl~conc. HC1 (C-M-conc, IC1, 300:300:1.5, by vol.)
and left at room temperature for 15 minutes. The protein
residuc from the first extfaction was re-suspended in
2 ml of chloroform-methanol-conc HC1l (C-M-conc. HC1,
400:200:1.5, by vol.) and again left for 15 minutes at
room temperature. The two lipid extracts were combined
(crude 1lipid extract) and the delipidized protein was
dried with 1 ml of diethyl ether and stored for further
analysis.

To remove the non-lipid contaminants, 1 ml of
chloroform and 3 ml of 0.1 N HCl were added to the crude
lipid extract to form a bipﬁasic system. (Folch et al,
1957). On separation of the phases by centrifugation, a
layer of white precipitate formed on the boundary between
the aqueous and lipid phases. The aqueous phasé™ was
discarded and the lipid phase was traﬁgferred carefully
to a clean tube with a Pasteur pipette, leaving the inter-
phase material in the original tube.

The lipid containing lower phase was washed two
times with 2 w1 {(pew vaéh) of its 'synthetic upper phase'.
The washed lipid extract (purified lipid extract) was

stored at -20°C unce N Prior to separation on thin

2.
layer chromatography (TLC) plates the solvent was
evaporated under a stream of N,, and the lipid residue

was dissolved in 100 - 150/u1 of chloroform-methanol

(2:1, by vol.) and loaded on the TLC plates.
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2.2 Ixtraction of the intcrphase phosnholipid

The interphase material presumably contains
lipoproteiné and a small amount of protein, known to be
soluble to some extent in lipid solvents, but precipitating
when the lipid solvent is saturated with water (Ansell anc
" Hawthorne, 1969). Palmer (1977) has shown that addition
of water to a lipid solvent coﬁtaining a small amount of
protein can bring about the absorption of phospha-
tidylinositides onto both basic and acidic pioteins. On
saturation of the lipid solvent with water, this protein-
lipid complex precipitates giving rise to the residue
.appearing at the interphase between the.twc solutions.
The protein-lipid complex is broken up when the residue
is dried and the lipid can be extracted with lipid
solvents. |

" To extract the phospholipids from the interphase
zmaﬁgrial, it was washgd with 2 ml of diethyl—ethqr, to
remove remnants from the.lipid washes, - dried and then
boilgd sequentially with 0.4 ml of acetone and ethanol,
removing the excess solution under a stream of nitrogen.
The pellet was tlien dispersed in 2 ml of chloroform-
methanol-conc. UIC1 (200:100:0.15,by vol.) and left for
15 minutes at :owi. te .perature, to extract the phospho-
lipids. Usually, 1" 3 extract was combined with the

purified lipid extract and stored at -20°C under Ng.

5.2.3 Separation of phospholipid mixtures

5.2.3.1 Two dimensicnal thin layer chromatography
» (2D TLC)

2D - TLC was performed as described by Pumphrey (1969).
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Glass plates, 0.4 x 20 x 20 cms, washed with acetone,

were arranged on an inflatable mounting board (Shandon]).
The spreader was adjusted to give a layer thiciness of

0.3 mm. 40g of Silica gel H (Merclk, Darmstadt, West
Gerwmany), without binder, were stirred in S0 ml of water,
to give a'uniform slurry aﬁd transferred to the

applicator. The Silica gel covered plates were put in

an oven for 1 hour at 120°C. Immediately bafore use,

the plates were re-heated at 120°C for 1 hour. The
phospholipid samples were loaded with a %/ul automatic
pipette (Oxford) and the plates were developed in two
dimensions in the solvent system describecd by Yagihara

‘et al (1973), chloroform-methanol- 7 M ammonia

(12:7:1, by vol.) in the first dimension and chloroform-
methanol-glacial acetic acid-water (80:40:7.4:1.2, by.vol.)
in the second dimension. Prior to developing in the second
dimension, the plates were blown dry until all the

"solvent from the first dimension was separated (approx.

15 minutes).

5.2.3.2, Chromatography on formaldehvyvde-treated paper

.

In cases where only the amount of 32P associated
with phospha il Lrides was of interest, the lipid
extracts were :unircird to one~dimensional descending
paper chromatograpi.y as described by Michell (1973).
The'purified phospholipid mixtureé were loaded on sheets
of Whatwan No 1.paper, treated with HCHO and developed in
a system containing N-butanol-glacial acetic acid - water
(4:1:5, by vol.) for approximately 12 hours. Phospholipid
standards were run in parallel on the same chromatogram

(see fig. 5.6).
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5.2.4 Detection of 1lipid spots

5.2.4.1 Charring with H, S0,

The TLC plates were dried after chromatography and
sprayed with 5% H, SO,. On heating at 120°C for 15 - 20
minutes, the phospholipids appeared as black spots.
Occasionally phosphatidylcholine (PC) ancd phosphatidic
acid (PA) could only be seen as fluorescent spots under

ultra violet light.

5.2.4.2 Detection of amino-phospholinids

Amino-phospholipids were detected with the

ninhydrin stain described by Marinetti (1964). he TLC

plates were sprayed with a 0.25% (w/v) solution of nin-
hydrin in a mixture of acetone-lutidine (9:1, by vol.).

Amino-lipidé appeared as purple spots.

5.2.4.3 Detection with I, vapours

-~ "

When the phospholipids were needed for further
analysis, the lipid spots were localised with 12 vapours.
The developed and dried chromatograms were exposed to
iodine wvapours nintil well defined yellow spots appeared
on the chrom: :ogram. After marking the spots with

pencil, the I .  a= L1l:wn off the chromatogram.

5.2.4.4 Radioat it graphy of chromatograms

Occasionally, chromatograms containing 32? labelled
phospholipids were radioautographed, as described by
Kates (1977) and the radiocautograph was used to map the
radioactive spots on the chromatogram.

In all cases, after localisation and marking of the

I18
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phospholipid spots by one of the above methods: the
chromatcgrams were photocopied on a Xerox-type copier

for a permanent record,

5.2.4.5 Elution of phospholipids from TLC plates

This was performed by.a scaled down version of the
acid Bligh-Dyecr procedure (Bligh and Dyer, 1959) as described
by Kates (1972). The silica gel from individual
phospholipid spots was aspirated in 15 ml conical tubes
containing 3.8 ml of acid Bligh-Dyer solvent (chloroform-
methanol - 0.2 N HC1 aq., 1:2:0.8, by vol.). After
centrifugation, the silica gel was washed ocnce more with
the same amount of this solvent, and the two extracts.
were combined. 2ml each of chloroform and water were
added to form a two-phase system. After thorough
mixing the phases were separated by centrifugation; the
upper aqueous phase was discarded and the lower, lipid
containing phase was transferred to a clean tube™and
immediately neutralised with a slight‘éxcess of 0.2 N
methanolic ammonia, to minimise acid degradation of the
phospholipids. The lipid solution was stored at -20°¢

under Nz.

5.2.5 gggh_;ggmip;radioactivity

The phospholip.; spots from paper chromatograms
were cut out and counted directly.in 10 ml of Bray's
scintillant. The Spots from TLC plates were aspirated in
glass counting vials containing 10 ml of Dray's scintillant..
The amount of silica gel aspirated from the individual
spots was very similar and in most cases no corrections

for the quenching effect of silica gel was nceded.
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5.2.6 Preparation of in vivo 32P lobelled MIT fractions

One to two-day old chicks were injccted intracranially

(sce 2.3) . with BOO/p Ci 32P/animal end killed
two or four hours after the injection, or with SO/u Ci -

per animal and killed 20 hours later. MTP was preparcd

' from the labelled brains by polymerisation in the preseace

or absence of glycerol, as described in 2.2.2.

E.g Results

The phospholipids separated by two dimensional TLC

were identified on the basis of standard semples developed

under. the same conditions, individually or as mixtures,

and on Pumphrey's (1969) results (fig. 5.1). To confirm

the identity of the phospholipids, as established by 2D-

3RP

TLC, the lipids from the major spots (spots 1 - 6, fig. 5.2)

were extracted in the presence of the appropriate standard

lipid (30’pg lipid -P), according to the tentat{xe
identification on 2D-TLC chromatograms, and subjected to
mild alkaline hydrolysis in order to identify their
water-soluble products, according to the method of

Dawson (1962).

To the "»v 1lipid residue 0.2 ml of chloroform,

0.3 ml of me - '~ a7 0.5 ml of 0.2N methanolic NaOH

were added ir: =wwccosson, After vortexing, the mixture
was left at rcom {enrature for 15 minutes. 0.2 ml of
methanol, 0.8 ml <+ :loroform and 0.9 ml of water were

added quickly and a mixture was vortexed and centri-
fuged for a short time. The upper methanol-water phase
was transferred quickly and as completely as possible to
another tube containing about 1 g of wet Dowex 50 (H ™)
resin, pre-treated with 1 N HCl, and vortexed vigourously
until the supernatant was neutral or slightly acidic.
The supernatant was removed and washed twice with 0.5 ml
of methanol-water (10:9, by vol.) with which the ion =
exchange resin has been washed in advance. The combined
methanol-water phase was neutralised with a few drops of
methanolic ammonia (1.5N). The solution was then dried
in vacuo over dessicant.
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~Legend to fige 5.1

A shows a two-dimensional thin layer chromatogram of
a mixture of standart phospholipids. In the first dimension
(I D) the chromatogram was developed in clcroform-methanol-
TM ammonia (12:7:1, by vol.) and in the second dimension
(IX D) in chloroform-methanol-glacial acetic acid-water
(80:40:7+4:1.2, by vol.) as described in 5.2.3.1. The lipid
spots were localised with 12 vapours and after evaporating
‘the I, from the plate the amino-phospholipids (N*) were
detected with the ninhydrin reagent described in 5.2.4.2.
PE-phosphatidylcholine; LPC=lysophosphatidylcholine; PE=-
phosphatidylethanolamine; LPE-lysophosphatidylethanolamines;
. PA-phosphatidic acid; PS—phosphatidylsérine; PI-phosphatidyl~
inositol. PA would move in both positions shown.
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Legend to fige 5.2

(4) shows the radioautograph of a two-dimensional thin
layer chromatogram of phospholipids extracted from in vivo
labelled (400 uCi/animal; 2h) MTP (fraction P3)o For
conditions of chromatography see fig. 5.1. The radioactive
areas on the TLC-plate were 'mapped! from its radioautograph,
Localisatlon of the lipid spots with 12 vepour showed that
the radioactive spots coincided with the phospholipid spots,
(B) shows a sketch of the TLC-plate after localisation of
the phospholipid spots. 1o obtain further proof for the
identity of the phospholipids the individual spots were cluted
from the chromatogram, shown in this figure, and hydrolysed
under mild alkaline conditions. The water soluble products
3=wer§‘chromatographed on paper to determine their identity
(see fig, 5.3 and legend to the same figure). For details
see related text in.S5.3. For N see legend to fige 5.3
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Pig, 5,2 Identification of phospholipids from in vivo
labelled MTP
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The water-soluble hydrolysis producis were
identified by one-dimensional ascending chromatography on
Whatman No 1 paper. The solvent system used for the paper
chromatography was phenol (saturated with water) - ethanol -
glacial acetic acid (50:5:6, by vol), as described by
Dawson (1962), After the solvent had ascended about
10 inches (approximately 18 hours), the chromatogram was
dried and the spots localised by the sulphosalycilic acid-
ferric chloride procedure for detection of phosphates
(Vorbeck and Marinetti, 1965). The phosphates appeared
as white spots on a mauve background. Thegﬁhromatogram
was then radioautographed to localise the -“""P-labelled
hydrolysis products.

In all cases, except for PS, the radioactive spots
coincided with the products of the appropriate carrier
lipid. In the case of PS the radicactivity did not
coincide with the glycerylphosphorylserine (GPS) spot

but appeared in a spot with a R, value of .17, which is

F
P\
value of glycerylphosphorylinositol (GPI), see fig. 5.3.
This was the first indication for the presence of PI in
the phospholipids extracted from purified MTP.

To check more specifically for any labelled PI which
might be present in the PS spot seen on the 2D-TLC
chromatograph, a one-dimensional TLC system, currently
developed in the laboratories of I.N.Hawthorne, was
employed.

The TLC plates are prepared as described in 5.2.3.1,
but instead »f pure distilled H,0, a 1% agueous
solution of - .oninw sulphate was used to prepare the
gel slurry. Tho solvent system used is chloroform-
methanol-glacinl scntic acid - water (30230:7:3, by vol.),
and the chromatogr«:r is developed at 4 C.

The PS spot from two-dimensional thin layer
chromatograms was eluted by the acid Bligh~Dyer procedure,
as described above, and the dry residue dissolved in
chloroform-methancl (2:1, by vol.), and loaded on an

ammonium sulphate containing TLC plate. Marker samples

of PS, PI and a mixture of both were loaded onto the same



B L

126

Legend to fig. H3

Phospholipids extracted from in vivo. lebelled (400/uCi/
animal; 2h) chick brain MTP (fraction PB) were separated hy
2D~TLC, (shown in fig. 5.2). After elution from the thin-laver

chromatogram, in the presence of carrier phcspholipids chosen.

according to the tentative identification of the individual
lipid spots (see fig. 5.1), the individual phospholipids were

hydrolysed under mild alkaline conditions. and the water solu-
ble products were identified by their Rf values measured Srom
a paper chromatogram, which is shown in this figure. Papsr
chromatography was performed according to Dawson (1962) in
phenol (satur. ag.)=ethanol-glacial acetic acii (50:5:6, by
vol.). After developing the chromatogram was radioautographed
to localise the regions of radiocactivity (black regions in the
figure) and then stained with the sulphosalycilic acid-ferric

‘chloride stain for detection of phosphates (Vorbeck and Mari-

netti, 1965). After localising the water soluble hydrolysis.
products (enriched with black lines in the figure) the chro-
matogram and its radioautograph were superimposed. The compo-
gité picture obtained is shown in this figure. note splitting
of the PC spot, numbers 1 and 2 in fige. 5.2. 1 and 2 = »C;

3 = LPC; 4 = PE; 5 = LPE; 6 = PS/PI. Spots number 7,8 and 9
were not eluted from <0 TLC shown in fig. 5.2, -
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Fige 5. Identification of the water soluhle hydrolysis
. products of phospholipids extracied from in vivo
‘ labelled brain MTP

[ At e PRI SR NP B Mls 2o ad: TRUUP

b EASVET RS . . ¢ i R I ]
N e,

N+

RS "RX 4

-
N+
W
e
O+

- —— —— oy



ST Zoplm

128

plate. After the chromatogram was developed and drien

*

the phospholipid spots were localised with 12 vapours.
After the iodine was removed, the plate was sprayed with

ninhydrin reagent (Marinetti, 1964). The PS spots gave

a positive minhydrin reaction. It must be noted that

" the radioactivity in the PI region was localised in two

spots, suggesting the presence of polyphosthoinositides
(see fig. 5.4). Diphosphatidylinositol (IPI) was also
found in the lipid extracts from>interphase material
(see figure in 5.5.2, Appendix to this Chapter.).
However, labelling of DPI was only found ariter two

I"
hour -°P injection, but not after 20 hour labelling

injection.

Although the main phospholipids present in the lipid
extracts of. purified MTP fractions were PC, PS, LPC, PE,
LPE (in order of relative intensity of staining with I2
vapours), a substantial portion of the radicactivity was
found iﬁ the inositidé species. Under all conditions of
labelling and preparation of the MTP f%actions, the
specific radiocactivity of PI is expected to be at least
two to three times higher than thatbof the most highly
labelled phospholipid - PC, assuming that the phospho-
inositide fraciion contributes no more than 10% of the
total phospholipic-i as is reported for various types of
brain extracts (see, eg, Lunt and Pickard, 1975). In no
case could the phosphoinositides be localised on TLC or
paper chromatogfams by any of the staining procedures
emploved. Phosphoinositides were localised either by
radiocautography or addition of lipid standards to the
purified lipid cxtract, prior to chfomatography.

The results in table 5.1 show that the distribution
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Fig, 5. Separation of phospholipids eluted from the
PS/PI spot of two dimensional thin layer

chromatograms
N+ N+ N*
I
PS

OO |O
O DPI?

+ + +

Fz %4 St

'he phospholipid from the PS/PI spot from 2D TLC pla-
tes on which the phospholipid extracts from in vivo labelled
(400 muCi/animal; 2h) chick brain mTP fractionms, P4 and S4,
was eluted as described in 5.2.4.5.The eluted phospholipid
was loaded on ammonium sulphate containing plates and deve=
loped at 4°¢ with chloroform-methanol-glacial acetic acid-
water (50:30:7:3, by vol.). The lipid spots were localised
with 12 vapours, After removal of 12 the chromatogram:
wao sprayed with the ninhydrin reagent described in 5.2.4.2.
Only one mpot (from ench pample) migrating eimilarly to the
PJ mtandart guwve pooitive remction « The other two uspotas
moved oimilarly to ithe PI and DXI stondarte, Stemixture of
I'd, I and LIl standaria.
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of 32P label between the individual phospholipids is
specific for cach labelling time,.which reflects the
change in the specific activity of each phospholipid
class as a function ofrtime. It is also appareﬁt that
MTP fractions prepared by twc cycles of polymerisation,
Pq and 54, contain a highef amouns of labelled inositides
as compared to MTP fractions prepared by one polymerisation
cycle, P3 and SB. This can be e.mnlained by the loss of
phospholipids other than phosphoinosifides and suggests a
tighter retention of inositides on MTP than the rest of
the MTP associated phospholipids (see table 5.1, Expts.
type I and II and fig. 5.5.).

Ih subsequent experiments, MTP purified by one
cycle of polymerisation, in the absence of glycerol
fractiQn 83' from the brains of animals labelled for
20 hours, was chromatographed on a column of Sepharose 6B
(as described in 2.4). The bulk of.the phcspholipid was
found in the void volume (peak I) and the rest of “the
phospholipid co-eluted with the second protein‘peak
(peak II) (Table 5.2). The material eluting between the
two peaks contained about 5%'of the recovered protein
and negligible amounts of phospholipid -BzP. If fraction
53, preﬁared as above (no glycerol, 20 hour labelling)
was made 0.75 M with NaCl and eluted on the same column
with buffer containing 0.75 M NaCl, a re-distribution of
protein and protein-bound 32P occurred, but no change in
the elution pattern of the phospholipids was observed
(Table 5.2). Under both conditions, with or without
0.75 M'NaCl, the second peak contained two times more

PI —32P than the first peak. This result suggests that
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Legend to fig, 5,5

The phospholipids extracted from in wvivo labelled
(4OQ/uCi/animal; 2h) chick brain MTP, fractionS,P3, S4 and
24, were chromatographed employing the 2D-TLC system
described in 5.2.3.1. The figure shows radioautographs of
the chromatograms. (See also table 5.1, experiments type

II and IIT.)



Fig, 5, Distribution of radioactivity between the

i phospholipids extracted from in_vivo labell:d

MTP fractions.
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a) the phospholipids associate preferentially with tue
305 tubnlin structures eluting in peak I and

b) that PI -32p appears to associate with the 6S

dimer fraction (pecak II) to a greater extent than the
rest of the labeiled phospholipids. The fact that

after dissociation of‘the 30S tubulin structures
with NaCl to 6S dimer the bulk of the lipid still

elutes in peak I, which under this condition (0.75 M
NaCl) is enriched in HMW proteins and contains a
residual amount of tubulin, points to the conclusion that
it is the HMW proteins which preferentially associate
with phospholipids and may act as a bin@ing link between
"phospholipid structures, eg membranes and microtubules.
(see final Chaptef).

The objective of a furfher series of experiments was
to test whether MTP could act as an acceptor system for
phospholipids in membrane fractions which could occur
- purely artefactually during preparation of the protein or
as a.result of an exchange reaction ih?olving phospholipid
exchange proteins. Labelled microsomal membranes were
prepared from the brains of two-day old chicks injected
with SO/p Ci 32? each and killed 20 hours_affer the
injection. 'icrosomal membranes (fraction Mic20) were
prepared by & modificd version of the procedure of
Van Leeuwen et al {: 76). Prior to use, the Mic,, pellet
was re-suspended in ﬂalf the original volume used for
homogenisation of the tissue of glycerol-free reassembly
buffer, and sedimented at 30000 x g for 40 minutes, at
4°C., An initial high~speed supernatant fraction of two-

day old chick brain (S1 , see 2.2,1) was used as a source
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of 'cold' polymerisable MTP.. This soluble fraction would
also presumwably contain phospholipid exchange proteins
(Miller and Dawson, 1972).

The washed Mic20 pellet was re-suspended in the
'cold' S1 supernatant and the suspension was divided in
two equal parts. One part was incubated at 37°C for
30 minutes with occasional shaking. At the end of the
incubation, the suspension was kept on ice for 30 minutes
to allow for depolymerisation of the microtubules.
Meanwhile, the other half of the suspension was kept on
ice. DBoth suspensions were then centrifuged at 100000 x g

for 1 hour at 4°C to sediment the Mic membranes. The

20

resulting supernatants were used for preparation of MTP
by one cycle of polymerisation as described in 2.2.1.
The MTP fractions obtained from the suspension which had

been incubated at 37°C were designated as P_W and S_ W

3 3

(W for warm), and the 'control'fractions prepared from

the-suspension kept on ice were designated as P_£L and

3

S.C (C for cold). These: fractions correspond to the P3

3

and S, fractions obtained during purification of MTP in

3
the presence of glycerol (see 2.2.1).

From the recsults in table 5.3 it can be calculated
that up to 0. and 0.01% of the total phospholipid S2P
5p S 'transferred' in the P3 and S3 (W and C)

MTP fractions resp;ﬁ ively, but hardly any protein-bound

of the Mic

32P. suggesting a selective interaction between MTP and
phospholipids. The results in table 5.4 show that the
whole range of phospholipids, usually found in the
corresponding in vivo labelled MTP fractions, was

‘transferred! to the cold microtubules (see also table 5.1).
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It is, however, unlikely tha% this 'transfer' of phosplio-
lipids was brought about by the activity of phospholipid
exchange prqteins found in high-speed supernatant from
brain, because of their apparent specificity for PC and PI
and moreover because of the apparent 'transfer' which
occurred in fractions kept‘on ice (see table 5.4). It

is more likely that this 'transfer' is the result of a
selective association between MTP and a particular phospha-
lipid structure (for further discussion of this suggestion,

see Chapter 6).

5.4 Discussion

A considerable amount of evidence for the presence
of phospholipids in purified 32P-labelled MTP fractions
has béen*acéumulated in the lasf four yeafs. In 1974
Eipper reported the presence of phospholipids in brain

tubulin purified by chromatography on DEAE~cellulose,

oy

(Eipper, 1974). 1In the same year, Daleo et ai reported
the ﬁresence of phospholipids in brain tubulin purified
by vinblastine precipitation and by polymerisation,
although they were unable to detect any labelled PI in
extracts fro NTP incubated with /) - 2?7 ATP. It has
also been sho¢ i ul:zt tubulin prepared by ammonium

sulphate precipit: ' i-a followed by pclymerisation and
tubulin fractions prepared by gel permeation chromatography
on Sepharose 6B from tubulin purified by polymerisation
contain phospholipids (see Chapter 4). These findings
strongly suggest that MTP, or a class of-MTP, if it is not
a lipoprotein in itself, can associate with phospholipid;.

The origin of the MTP associated phospholipids
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is not clear, and it can still be argued that the
observed association occurs artefactually during the
initial stages of MTP purification, eg homogerisation
of the tissue, sonication in the presence of membranes,
etc.

The nature of the phogpholipid - MTP interactions
is also not clear. However, the preferential co-purification
of phospholipids with HMW-containing tubulin fractions
(peak I, table 5.3; see also related text) may suggest
an intermediary role, as a link between membranes and
microtubules, for the HMW proteins. In addition, the
fact that a highly dynamic membrane componrent, the
.phosphoinositides, are found in the MTP -~ associated
phospholipids may reflect the relation of microtubules
to various membrane based phenomena, as will be discussed

in the final Chapter.

e T 5.5 7 Appendix o B St
5.5.1 Distribution of radiocactivity in fractions
obtained during rurification of crude lipid
extracts

Generally, between 57 and 80%, for pellet and
supernatant =~ “reclons respectively, of the 32P cpm
present in the ‘ciu'r lipid extract' {see 5.2.1) were
recovered in the pLQ fied lipid extract (see téble 1),

overleaf.



Iey-

S

I42

Table 1

32
Distribution of P cpm in fractions obtained “uring
purification of crude lipid extracts

FRACTION % of recovered 32p cpm in fraction
Pellets. Supernatants
%

1st upper

phase 12.5 28.6

2nd uppér

phase 2.3 ) 3.8

3rd upper

phase 1.1 . 2.1
Interphase b,1 | | 7.2

Purified lipid .
extract 80.0 58.3

The results in this table were obtained on purification

of the crude lipid cxtracts of P_ (pellet) and S

3 3
(supernatant), ::.:ar~d as described in 2.2.1 from the
brains of two-day «i <chicks injected with BOO/u Ci 32P

per animal and killed 2 hours after the injection.

5.5.2 Interphase phospholinids and proteins

Usually about 10 - 15% of the protein in the
original MTP fraction was recovered in the interphase
pellct of this fraction, obtained during the purificafion

of its crude 1lipid extract. The protein was over 70%
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tubulin (see fig. 1). '
When the phospholipids extracted from the interphase
were scparated by HCHO-treated paper chromatography it
was found tﬁat over 50% of the 32P cpm recovered from

the chromatogram were associated with phosphoinositides

(see table 2 and fig. 2).

Table 2

% distribution of 32p cpm on HCHO-treated waper
chromatograms of phospholipids extracted firom the
interphase material of MTP fractions.

FRACTION PI DPI *remaining
% .

P3 ' 60.3 L.,o 25,7

P, , 48.5 2.3 hg,2

S, 50.2 2.8 47.0 7

*remaining = rho. holipids migrating ahead of

phosphoinosiiides.

MTP fractio: - re prepared from two-~day old
chicks' brains labelled with BOO/u Ci 32P per animal

for 2 hours.
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Appendix to Chapter 5 / Fig. 1 ,
" S~PAGE analysis of interphase protein

€y - = = —

W v -

R

g

P

Tthe delipidised interphase pellet (see $5.2.2) was
anulysed by S-PAGE according to the method described in 2.7.
Tu = tubulin,



.l

VT SRS,

I4s

Legend to Fig. 2 / Appendix to Chapter 5

Interphase phospholipids were extracted from the inter-
phase material obtained during purification of érude lipid
extracts of in vivo labelled (400 mCi/animsl; 2h) chick brain
MTP,fractions P3, S4 and.P4. The interphes® lipid was chro-

-matographed on paper as described in 5.2.3.2. A mixture of

standart phospholipids (St) containing PS, PI and DPI was
chromatographed in parallel, The phospholipid spots: were
localised with 12 vapours. Amino-phospholipids (N+) were de-
tected with the ninhydrin reagent described in 502.4.2)aftsr
removal of 12 from the chromatogram,
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Appendix to Chapter 5 / Fig., 2
Identification of interphase phospholipids.
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Chanter 6 Charactevisation and comparison of
- s ’)‘, e
! D . . .
hound P in in vivo labelled MTP
fractions prepared by neclvmorisation
in_the presence or absence of glycerol

N
-

Introduction

The purification of microtubular protein by sequential

~cycles of polymerisation/depolymerisation, where the

polymerisation process is 'aided' by glycerol, as describhed
by Shelanski et al (1973), has become a routine procedure
in many laboratories. Lately, however, a few facts have
emerged which call for caution when interpreting the
results of experiments in which‘MTP purified in the
presence of glycerol is used.

Already, when introducing this method, Shelanski
noted-that in the presence of glycerol, some 'abnormal'
tubules were formed. This he explained Ey an apparent
slowing down of the rate of exchange of free sub-units

with the polymer forms in a glycerol containing medium,

"which would freeze the mistakes made during polyfierisation,

resulting in the appearance of 'abnormal' microtubule
structures. Later, the studies of Kirschner and Borisy
showed that the depolymerisation products of tubules
prepared in tlie presence or in the absence of glyceroi
had different scdimentation properties. In the case of
tubules prepared in glycerol-containing media, their
depolymerisation procucts sediment as two boundaries,
at 6S and 36S (Weingarten et al, i974), whereas the
depolymerisation products of tubules prepared in glycerol-
free media yield two boundaries at 6S and 30-31S
(Bofisy et al, 1975). 1In addition, 30S components are

broken down by colchicine (Olmsted et al, 1974), whereas
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365 rings are not (Kirschner et al, 1974).

Furthermore, the results reported recently by
Detrich et al (1976), show clearly that glycernl binds
tightly and it would be reasonable to expect that this
interaction can bring about changes in the rproperties
of the protein. This suggéstion is supportecd by a
number of findings - glycerol induces the polynierisation
of tubulin in the absence of added nucleotides (Shelansk:
et al, 1973), and the non-hydrolysable analugue of GTP,
8, X— methylene GTP (GMPPCP), induces polvmerisation of
tubulin prepared in the presence of glycerol, but tubulin

prepared without glycerol can only be polvmerised in the

‘presence of GTP.

For these reasons it was thought important to investigate
whether the presence of glycerol during the polymerisation
of microtubules might affect the distribution amongst the

various MTP fractions obtained during the purification

- procedure of: - . T —_.

.a) total protein

b) phospholipid = 32P
, 32

c) protein-bound P

Also, the purity of the individual MTP fractions obtained
in the preseu<cc and cbsence of glycerol was examined by

S~PAGE,

6.2 Materials anc.Methods

ﬁTP fractions were prepared from the brains of
1 to 3 day-old chicks labelled with 32P for 20 h
(for method of injection see 2.3.2). The freshly excised
brains were homogenised in 1.5 volumes of ice-cold

reassembly buffer and the homogenate was centrifuged for
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30 minutes at 5 x 1Oli x g at 4°C to yield a high-speed
supernatant Sl- This supernatant fraction (SQ was used

to prepare MTP fractions in the presence or absence of
glycerol, as described in 2.2. MTP fractions prepared

in the presence of glycerol.were designated as (+)

ifractions and the ones prepared in the absence of

glycerol were designated as (-) fractions.

Other methods are as previously descrihed, except

where indicated otherwise.

6.} Results
A comparison of the amounts of polymerisable

microtubular protein found in fractions Pz, S, and PQ

3
prepared in the presence or absence of glycerol from
the same amount of starting material, Sl’ shows that
more protein is recovered in each of the fractions prepared
with glycerol ( (+) fractions, see table 6.1). Protein

e cam - T€COVeries, from each mother fraction, were in all cases
over 80% and could not thus account for the observed
differences between (+) or (-) MIP fractions.

S~PAGE analysis reveals that fractions brepared in

he presence of gijycerol, (+) fractions, during the first
polymerisatir * cvele a2re much purer than the corresponding

.

(-) fractions (. re ©i¢. 6.1.)., However, after further
cycles of polymeri " Lon the purity of the corresponding
(+) and (-) MTP fractions was very similar (see figures
2.1 and 2.3).

Furthermore, it was found that when a P2 fraction
was preparcd in the presence of 1M sucrose (PQS) the yield

and purity of the protein obtained was much more similar -

to that of Pq(-) than.fhat of P9(+) (see table 6.2 and
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Comparison of ‘electrophoretic patterns of MTP
fractions prepared in the presence (+) or
absence (=) of glycerol. For identification
of protein bands (numbers 1 - 6), see Fig. 2.1.
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Table 6.1 Distribution of prctein hetween
; pellet and supernatant fractions
prepared in the presence or in

the absence of glycerol

(+)
Fraction {f3 P2 S2 ?3 S3 Pé 54

Protein (=) 12.1 1kk4,9 5.6 5.3 c.7 3.7
content  ecemmeccce e e e

(wmg) (+) 24.2 134.0 2.8 14.4 8.1 h,9

% distri- (-) 8.0 92.0 51.4 L48.6 1€.0 84.0
bution  —cccemmcmm e e, ——— -

* (%) (+) 13.6 86.4 20.3 79.7 66.0 36.0

TR T N

me protein in pellet (or supernaiant)x

100
mg protein of pellet + supermnatant

calculated as

v

(+) and (-) MTP fractions were prepared from the same

amount of starting material, 165 mg of S, protein, as

1

Gl?

described in
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Table 6,2 Distribuéion of proteins in MTP
prepared by one polymerisation step
(fraction P2) in the presence of 1M
sucrose, PZS’ and in the presence,
P2(+), or absence, Pz(—), of 4M

glyceroi

Fraction Total % (o + B)Tu % L, % L2
protein * -

P, (-) 7.0 70 19 12
.st**. 7.0 72 17 11
P2 (+) 13.0 85 - 7.8 6.2

“calculated as % from starting material S, as

* 1t

follows: mg protein in P,

X 100

mg protein in S1

% distributics of protein in (& + B)Tu, ie, tubulin, L,

and Lz prote Couls yas calculated from densitometric

scans of polyacryl~ “‘le gels, shown in fig. 6.2, stained
with Coomasic Blue. The sum of the protein in the

(X+ B8)Tu, L1 and L2 bands was taken as ‘100%.

** Fraction PZS was prepared in the same way as fraction
Pz(;) except that instead of mixing the starting material,

S with an equal volume of 8M glycerol-reassembly bﬁffer,

1’

51 was mixed with an equal volume of 2M sucrose-reassembly

buffer.
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fig 6.2), even though the density of the swucrose containing
rcassembly buffer was identical to that of the glycerol
containing buffer. The significance of this o%servation
is discussed later in this chapter. (see 6.54.)

It is clear from the data shown in table 6.3 that
the method of preparation éreatly affeects the amounts cf

2
phospholipid —B’P recovered in P_ fractionz, but has a

2
relatively smaller effect on the content ¢f protein-~-bound
32P; Thus the specific activity (SA, as defined in 2.9)

of phospholipid -32p is about five times smaller for P2(+)

than that for Pz(-).

In subsequent experiments the purification of MTP

‘was taken a step further to prepare fractions P, and $,.

3 3
The results in table 6.4 show again that the PB(—) and

S.(-) fractions contain not less than five times more

3

0
phospholipid —3“P/mg protein than the corresponding (+)

fractions. Comparison of the RSA values for protein

3

2P reveals that fraction P_(+)=is

3
enriched in both types of bound 32P, relatively to all

annd "lipid-bound

other fractions, ie. glycerol present during the poly-
merisation step not only brings about a re-distribution
of the protein tecluwecen the P3 and 53 fractions, but also
alters the ¢ 'c{tritvnliion of the protein. and phospholipid=-
bound 32P bei: cerr i »se two fractions.

From raciocaut:rg aphs of stained and dried
polyacrylamide gels, it can be seen that the main

phosphorylated components of (+) fractions are the HMW

proteins and tubulin (as illustrated for P3(+) in fig.

- 6.3) as is the case for (-) fractions (sce Chapter 3).

Thus the re-distribution of protein-bound 32P apparently

is not due to the presence of additional minor protein



IS5k

Legend to fig. 6.2

High-speed supernatant, (50x103xg, 30min, 4°C) was

' prepared from the brains of 1 to 3-day-old chicks and split

e SRR, P

into three equal parts. One part was mixed with an equal
volume of reassembly buffer containing 2M sucrose and ta:
second part was mixed with 8M glycerol.On polymerisation
(30min, 37°C) end subsequent sedimentation these mixtures
yielded microtubulin pellets P2S and P2(+) respectively.

The third part was polymerised without the addition of either
sucrose or glycerol and after sedimentation yielded the
microtubulin pellet P2(-). The obtained .fractions were

-electrophoresed in the SDS-urea system described in 2.7

and the fixed and stained gels were scanned as described in:
2.7.6. See also table 6.2. For bands Ly and L2 see 2,T7.4.
DF = dye front. : :
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Table 6.3

. . . 32
Protein, protein-bounid 3 P and

phospholipid

P

32

P content of fractions

(-), P,S and P2(+)

Protein bound 32P cpm X 10-3/mg protein
Fraction content -
(mg) protein phospholipid
P, (-) 6.8 L.79 13.63
P, S 7.3 L.60 6.65
P2 (+) 14.8 3.80 2.62

o ¥ For preparation of P, fractions shown, see text.

I56
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Fig, 6. Phosphorylation pattern of iu vivo labelled P
fraction prepared in the absence of glycerol

3

HNWV/

LT ENR 8. A e

Fraction P, was obtained during.the purification of
in vivo labelled (SO/uCi;ZOh) MTP in the absence of glycerol.
The figure shows a densitometric scan of a sliced and dried
polyacrylamide gel of fraction P3. Arrow points at shoulder .
due to labelled protein component of an apparent MW of 70 00O0.
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bands in the (+) fractions. °

Further purification of MTP yielded PQ and SQ fractions
in which the differences between (+) and (-) fractions
were amplified, as can be seen from the data shown in
table 6.5. The most striking differences are observed
between the Pq fractions, 'Pq (+) contains about twenty
times more protein and more than thirty times less lipid-
bound ->P cpm/mg protein than Py (-). ©On the basis of
RSA values it is clear that fraction P, (-) is enriched
in botlth types of bound 32P, in comparison to all other
fractions. The results shown in table 6.5 once again
point to the conclusion that glycerol present during the
purification of tubulin yields MTP frgctions which are
quantitatively as well as qualitatively different from
those obtained in its absence.

From t#e results described above, thé effects of
glycerol on tubulin populations present in crude brain

extracts, 54, can be summarised as follows.

1. Protein is re-distributed between the MTP
fractions, favouring the yield of in vitro polymerisable

tubulin in fractions P, (+) S

5 (+) and P4 (+) and

3

decreasing the vi~14 of the cold-stable tubulin fraction,

P, (+).
3
2. The + 5 o _eneral decrease of MTP associated
o,
phospholipid-j“P 11 (+) fractions.
3. There is a general decrease of SA for protein-

bound 32P in all (+) fractions containing in vitro
polymerisable tubulin, ie, P2(+), 53(+) and P4(+).
L, All (+) fractions are of higher purity than

the corresponding (-) fractions.
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6.4 Discussion .

Although glycerol removes at ieast four fifths

of the 32P labelled phospholipid associated with MTP
fractions, it does not do so by selectively removing
a particular phospholipid class (as was shown in Chapter
5, table 5.1). This suggeéts that‘the phospholipids
found in MTP fractions exist in some form of homogeneous
structuscal units. This proposed unit will be referred to
as phospholipid structural unit (PSU), although there is
no electron-microscopical evidence for the presence of
recognisable membrane eclements in all MTP fractions
examined (Lagnado, JR. unpublished observations). These
?SU-s presumably exist in MTP fractions in either one of
two states - as freely floating structures or as MTP-PSU
complexes. Understanding of the way in which glycerol
removes P5U-s from the P,(+) fraction can help in pﬁoc;ing.~
the mofe likely model.

=~ If the-PSU=5"existed as free vesicdalatddmEémb¥atie ~ ~ 7
ffagﬁénts, a@~ microsomes, one might expect that the
higber density of the glycerol-containing bu{fer would
retard their sedimentation, to produce a ‘'cleaner'
microtubular pellet P2(+) as compared to P2(-). This
possibility was examined in the first set of experiments
described in this chapter, the results of which are
summarised in tables 6.1 and 6.2, figure 6.1, and the
related text. It is known that sucrose and glycerol
do not have differential effects on the sedimentation
properties of microsomes (Depiérrc and Dallner, 19706},
and toth are kno*n to stabilise microtubules {(Shelanski

et al, 1973). Moreover, since 1M sucrose-reassembly



buffer and 4M glycerol-reassembly buffers have the sane
density at 370C, as determined by viscometry, it is toe

be expected that the same species will be pelleted under
identical céntrifugation conditions in both buffer systems.
Hence the tubulin fraction Pz, prepared from the same
starting material, 51, in 1M sucrose-reassembly buffer,
P,S, or 4M glycerol-reassembly buffer, P2(+), should have
identical characteristics. The results in table 6.2 do
not support this model. Thus, the yield of tubulin, the
amount of protein and lipid-bound 32P cpm/mg protein and

the quantitative relationship of the main protein species

-found in the P,S fraction (see also table $.2 and fig 6.2)

LT e G T

were much nearer to the corresponding ch;racteristics of
the P2(—) fraction than those of the P2(+) fraction.

The other possibility is that PSU-s exist as MTP-PSU
complexes. Glycerol could break up these complexes in
either of two ways. Glycerol is known to bind to tubulin
and_the interaction seems to be of considerable_&irength
at a few sites of tight binding (see Detrich et al, 1976).
If glycerol competes for the same or very similar binding
sites as the PSU-s, it could displace these structures
which will then ¢ retained in the supernatant. Secondly,
glycerol has been used for a long time now, to extract
muscle fibres. UM glycerol extracts some 50% of the
endoplasmic reticu’ - proteins and breaks up the endo-

plasmic reticulum and the plasma membranes, rendering

‘the plasma fibre 'leaky' (Szent-Gyorgyi, 1949, Webster

1953). By analogy, it can be reasoned that glycerol
breaks up the MTP-PSU complexes resulting in the observed

2
removal of lipid-bound 3‘“P from the MTP pellet fraction

I62
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(P2, eg, P2(+).). These considerations favour the
existence of PSU-s complexed to MTP rather than their -
being present as indepeﬁdent 'free' entities copurifyving
with MTP.

As will be discussed in Chapter 8, there are many
instances where membrane-tubulin interactions in cells of
different tissues have been suggested on the basis of
morphological and bio—physical>evidence. For the purpose
of this discussion, it is of particular interest that
microtubule organising centres (MTOC) and tubulin storage
structures (TSS) of 'activatable' tubulin have beeﬁ

described as being associated with or derived from

have an amorphous appearance and in some cases seem to
give rise to or be contained in the same structural
complex (Weisenberg et al, 1975, Inoue and Sato, 1964),

Evidence by Inoue and Sato (1967) and Inoue (1959) shows

R s -

that different types of MTOC in cells of different classes

and origin are invariably interacting.with membranes via
microtubules, or are derived from membranes (see also

Pickett-lleaps, 1975).

163

cytoplasmic membranes. Generally, both of these structures

Although there is a considerable body of morphological

and biochemical evidence implying a close relationship

between neurctiuvulin and neuronal plasma and intracellular

membranes (Lieberman, 1971), MTOC-s and tubulin storage

structures have not yet been identified in the nerve cells.

It should be noted that here MTOC is uséd to denote not
only nucleation centres for tubule growth but also points
of close membrane microtubule interactions.

These considerations could provide a basis on which
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the origins of MIP-PSU complexes could Le related to
three main classes of in vivo existing structures:
a) MTOC-s, eg microtubule nucleating centres
and sites of close membrane - microtubule
interactions.
b) Tubulin storage structures (TSS).
The above considerations can provide a basis for
a coherent interpretation of the observed biochemical
differences between '+' and '-' MTP fractions prepared
from the same starting material, Sl‘
Let us first define the various pools of microtubular

protein which can be found in the crude brain extract, Sy

.Under the conditions of homogenisation employed, the cyto-

plasmic portion of the in viveo microtubules will give
rise to a pool of 'active' tubulin-ring structures in
equilibriuﬁ with some dimer ('active') defived from them.
A certain amount of the MITP-PSU complexes, discussed

earlier on, will also be released in solution. ?he

MTP-PSU complexes can be expected to contribute, in a
limi&ed way, to the pool of tubulin dimer. Whereas the
dimer liberated from the MTOC structures would be of

the 'active' tyre (‘in vivo polymerisable'), the dimer
derived from TSS would be of the 'inactive' type (not

'in vivo polyncrisable'). This classification is made on
the assumption thet TSS-contained tubulin dimer does not
norhally participate in the in vivo polymer-dimer
equilibrium. Kirschner et al (1975) suégested that only
one type of tubulin dimer is able to form ring structures,
and showed that the ring dimers contain protein-bound
phosphate in contrast to a dimer population which cannot,

give rise to ring structures and hardly contains aﬁy
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protein-bound phosphate. DMdre recently, Si:igekawa and
Olsen (2976) confirmed these results and showed that
phosphorylation can affect the tubulin aggregation state,
pushing the.652ii365 equilibrium to the right. These
observations allow the assumption that the 'active'
tubulin (ring and dimer) is phosphorylated but that the
'inactive' form is not.

Glycerol introduced in crude brain extracts will
break up some of the MTP-PSU aggregates, presumably the
most labile ones which appear to be the TS5S, in this way
releasing preferentially some more of the 'inactive',

not phosphorylated, dimer. The higher yieid of protein

-in the P2(+) fraction is most probably due to the enhanced

incorporation of 'inaétive' dimer, which brings about the
observed decrease of S5A of protein-bound 32P in this
fraction, and stabilisation of the microtubules during
the centrifugation step. 1In the absence of glycerol
there will be less breakdown of the TSS aggregates, hence
less 'inactive' dimer will be liberated. Under these
conditions, no glycerocl, the 'inactive' dimer does not
incorporate into MTP to the same extent and/or is in a
more labile associotion which is easily de-stabilised and
broken up by the pressure and shearing forces of
centrifugatiocon. This could therefore account for the
lower protein viel  -ad increased SA of protein-bound 32P
seeﬁ in the Pg(—) fraétion.

The differences observed between (+) and (-) pellet

fractions, eg P obtained after the depolymerisation

3’

of the microtubules, P support the above interpretation.

27
In the P3(+) fraction, only the most stable MTP-PSU

complexes will be found, presumably derived from MTOCC,

165
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tubules and after depolymerisation, recovered in S
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which would account for the observed low yield of protein
and enrichment in protein-bound 32P. The Pq(-) fraction
would then contain both TSS and MTOC-s, this being
reflected in the higher protein yield and lower SA of
protein-bound 32P.

Generally it can be concluded that the differences
between (+) and (-) tubulin fractions obtained during the
first cycle of polymerisation/dépolymerisation are due tlc¢
the different state of TSS tubulin dimer at the time of
its incorporation into microtubules. In glycerol-
containing media, TSS are broken up liberating 'inaétive'
dimers which are preferentially incorporated into micro-
3(+)
supernatant; in contrast, in glycerol free media, TSS are
incorporated into microtubules>more or less intact and
after depol&merisation are preferentially recovered in the
P3(-) pellet.

The differences between (+) and (-) MTP fractioms

o’

obtained during further purification can be explained
simiiarly. The much higher protein yield in fraction PLl
(+) and its lower SA with respect to protein-bound 32P
is apparently a consequence of the characteristics of
the mother fraction, 53(+)’ and the action of glycerol,
ie, enhanceme.it oi til« formation and stabilisation of
microtubules and & < .icomitant dispersal of TSS structures
enriched in 'inactive' dimer.

This scheme (see also fig. 6.4) for'explaining the
differences between (+) and (-) tubulin fractions is

supported by the results of Rebhun et al (1975), who

showed that glycols can mobilise, or release, a further
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pool of tubulin. They assume that under normal conditions,
no glycol treatment, this 'inactive' tubulin is withdrawn
from the in vivo polymer-dimer equilibrium in some form
of a storage structure, very probably membrane-bound.
According to Rebhun and co-workers, glycols seem to act
by removing some kind of inhibitor from the tubulin dimer.
The results presented in this chapter suggest that this
inhibitor may be related to the.presence of phospholipid
structures. The experiments described in the preceding
section of this chapter (see also 4.4) indicate that the
tubulin isolated by cycles of assembly/disassembly fepresents
a mixture of at least two different tubulin species.

The fact that glycerol removes a significant proportion
of the MTP associated phospholipid might provide a
tentative explanation for the different sedimentation
behaviour eﬁhibited by the depolymerisation produéts of
microtubules prepared in the presence and in the absence
of glycerol. (Weingarten et al, ;974; Borisy et ?1,419?5.)

The ring structures obtained from micretubules purified
in tﬂe absence of glycerol could be 'floated' by the
higher amount of associated PSU-s to yield boundaries at
30S instead of 36S.

In conclusion, it can now be suggested that the
differences ohserved between tubulin prepared with glycerol
and tubulin preparcd without glycerol are due not only to
some form of allosteric alteration of tubulin induced by
glycerol, but also to chemical differences associated
with different classes of MIP obtained by these two
procgdures.

The tentative interpretation of the differences

found between MTP fractions prepared in the presence or
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absence of glycerol, presented above, is based on two
general assumptions:

1, That the protein and phospholipid bound 32P
found in MTP fractioné labelled in vivo for 20 h
reflects the total amount of protein and phospholipid bound
phosphate in the examined fractions.

2. That the MTP-PSU complexes are derived from
in vive cexisting structures.

Clearly, further experimental evidence would be
needed to substantiate the proposals put forward in the
above discussion, which are summarised diagramaticélly

in fig. 6.4.
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Fig, 6.4

mT - microtubule; mTf - microtubule fragmeni; T - microtubule
subunit (dimer); MTOC 1 - microtubule nucleation centre;

MTOC 2 - site of close microtubule-membrane interaction/zeso-
clation; TSS - tubulin storage structure; TS5-MTOC 1 - reprc-
sents a mixed structure which can serve both as a storage as well
as: a nucleation site; nDP and nTP denote nucleotide di- and

triphosphate respectively.

On homogenisation membrane and microtubules are droken
up to yield a mixture of microtubule fragments (mTf), microtu-
bule subunits (T) and MTP-PSUs, e.g. TSS and MTOCs. After a
centrifugation step at 4°¢ (not indicated in diagram) the high-~
speed supernatant, S1, contains microtubule depolymerisation
products and MTP-PSUs. TSS contain 'in vivo non-polymerisable!
microtubule. subunits which are not phosphorylated (hollow
circles), whereas MTOCs contain phosphorylated microtubule
subunits derived from in vivo existing microtubules: (fille:
circles). Glycerol introduced in this mixture breaks up %te
MTP-PSU structures releasing the non_ﬁﬁosphorylated microtubulie
subunits which are contained in the TSS; these subunits can
be incorporated into microtubules in the presence of glycerol
and on sedimerntation give rise to the pellet designated as
'microtubule ~ellet (+)'s In contrast, in the absence of glycerol .
the majority of the TP=PSUs remain intact and fhe relatively
smaller amount of i .. -phosphorylated, free, subunits derived
from T3S during the pfeparation procedure are not incorporated
into microtubules during polymerisation in the absence of gly-
cerol. Hence the microtubules recovered after sedimentation
contain predominantly phosphorylated subunits and are enriched

in MTP-PSU structures ('microtubule pellet (=)').



I70
For purposes of clarity, the initial polymerisation

and sedimentation steps whiech yield the first microtubule pellet
(P2) and the subsequent depolymerisation step (to yield P3 and
83), are omitted from this scheme,
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Chapter 7 Interactions of myo-inositel with
brain wmicrotubules

Irntroduction

~J
e

Labelling experiments in vivo with 32P, described

in Chapters 3, 5 and 6, have shown that a significant
proportion of the radiocactivity incorporated into brain
microtubules was present in a phospholipid fraction
purified from chloroform/methanol extracts of the

isolated protein. In short-term (2h) labelling experiments,

between 25 and 40% of the 32P radioactivity present in

purified microtubule-associated phospholipids was recovered

.in the phosphoinositide fraction which coustitutes, at

most, 5 - 10% of the total phospholipid P recovered
(Kirazov and Lagnado, 1976; Lagnado, 1977; Kirazov et al,
1977). This observed enrichmeﬁt of label in the
phosphoinositide fraction is similar to that seen when
§XQ§ptosomal membranq_ph9spholipids are label;eg;with
32P, under similar conditions (Hawthorne and Pickard)
and could therefore simply reflect the labelling pattern
of membrane phospholipids that were preferentially
associated with microtubular components (Kirazov et al,
1977). It was postulated on the basis of these
biochemical observations that phospholipids associated
with isolated microtubules may reflect the occurrence,
in sjitu, of functional associations between microtubules
and neuronal membranes.

Further experiments, to be described in this
Chapter, were performed to test the possibility of a

direct interaction between myo-inositol and brain MTP.
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More specifically, the binding of myo-inositol to MTP
and the effects of myo~inositol on the tenperature-
\ dependent assembly/disassembly of microtubulin in vitro,

were investigated.

2.2 Materials and Methods

Myo-/ 2-21l_7~inositol (spec. radiocactivity, 5 Ci/mmnl;
The Radiochemical Centre, Amersham) was diluted, as
indicated below, with unlabelled myo-inositol (Sigma)
to give reaction mixtures containing, per ml, 104250)um01
inositol and BO/pCi radicactivity.

Microtubular protein was isolated from four to six-
‘day oid chick brain or from four to six week-old rat brain

by the procedure described in 2.2.2,

7.2.1 Binding assays

In the first series of experiments, freshly prepared

fraction S, (ca. 10 mg protein/ml) containing BEJpCi/ml'

1

of reaction mixture) was incubated for 60 minutes at 37°¢C

b TR oo

and the reassembled microtubules were sedimented and then
depolymerised to yield fraction S3 (ie. once-cycled

microtubular pretcin). Samples of S, containing ca. 1 mg

3
protein/ml wrre imnmediately chromatographed at 4°C on
1 x 20 cm colunns of Zephadex G100 (Pharmacia) as
previously descril«~< in 2.4,

In the second series, freshly prepared fraction 53
(ca. 2.5 mg protein/ml) was incubated fdr 30 minutes at
.370 in the presence of £f3§7 - inositol (25meol/ml,
30)pCi/ml of reaction mixture), then on ice for 30 minutes

to allow depolymerisation of microtubules. Samples

containing 10 - 15 mg protein (in 5 ml) were then
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chromatographed at 4°C on 1.8 x 30 cm columns of Sepharose

6B (Pharmacia) as previously described in 2.4,

7.2.2 Microtubule polymerisation

Microtubule polymerisation was assayed by a
turbidimetric procedure in a split-beam Unicam
SP1800 UV spectrometer, fitted with a 4-sample automatic
sample changer thermostated to 4°¢ or 370C as required,
Readings were taken at 350 nm at l-minute intervals and
reccorded on a Unicam AR25 Linear Recorder. Samples of
S3 (ca. 2.5 mg protein/ml) were diluted to give the

required proteir concentration in MT-reassembly buffer

containing freshly added GTP (1 mM, final concn.) and

incubated in the presence or absence of inositol.

7 <3 Results
7.3.1 Binding of /— 3H'7»inositol to microtubular
protein

"

During initial experiments to test the binding of
inositol to microtubular protein, labelled polymerisable

tubulin (fraction S_) was derived from a crude high-speed

3

supernatant (S 3) of rat brain, that had been incubated

with Lf 3H;7?inositol by one cycle of assembly/disassembly,

as described i scction 7.1. Densitometric analysis
of gels stained wi': Coomassie Blue showed that 75 - 80%
of the protein in the fraction S 3 behaved as tubulin

after S-PAGE. It is clear from the daté illustrated in
Fig. 7.1 that a first peak of radiocactivity eluted upon
chrométography of Lf 3H;7 —83 on Sephadex G100 coincided
with the peak of protein eluted in the excluded volume

(fractions 4 and 5, Fig.71) and was clearly separated
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Figs 7.1 Protein and > rinositol elation profiles for
rat brain 83 fraction during chromatography on
Bephadex G100
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from a second major peak of wradioactivitiy, which contaired
free inositol. Since most (> 80%) of the counts present
in the first peak were relecased into solution when the
protein was precipitated in the cold with 10% TCA, it can
be tentatively concluded that 1little, if any, of the

bound inositol had been incorporated into or retained in
the microtubule-associated phoépholipids remaining in the
acid-insoluble pellet under the present experimental
conditions. Further, it was calculated that the radio-
activity associated with the protein fraction corresponded
to the binding of 18.6 nmol of inositol/mg total prétein;

if one assumes that tubulin, which constituted 75 - 80%

0of the eluted protein was mostly responsible for the

binding observed, one obtains values ranging between 2 and
3 mol bound inositol/mol of tubulin dimer (MW 110,000).
Such values.would represent the minimum binding capacity
of the preparation, corresponding to relatively tightly
bound inositol that does not readily exchange_wi}h the
excess unlabelled inositol present in 'the medium during
purification of the protein.

The binding of inositol to microtubular protein was
confirmed in further experiments in which the S3 microtubular
fraction derived Tron chick brain was incubated at 37°C
with ZT'BH;7?inositol ander polymerising conditions and
chromatographed di-actly after cooling on ice to allow
for depolymerisation, on Sepharose 6B to separate the
30-36S tubulin aggregates from the ca. 6S tubulin dimer
fraction (sce section 2 and fig. 7.2 for experimental
details). The results illustrated in fig. 7.2 show that
significant peaks of radioactivity coincided with the two

major protein peaks eluted, corresponding to the tubulin
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Fig. 7.2 Protein and 5 —inositol eiution profiles for
chick brain S3 fraction during caromatography

on Sepharose 6B
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aggregate and tubulin dimer fractions {(peaks I and II,
Fig 7.2), in addition to a third peak which was devoid
of protein but contained the free inositol. About 60%
of the total bound counts were rccovered in peak I material,
which contained about 45% of the recovered protein,
suggesting a ncarly two-fold enrichment of inositol
binding in the tubulin aggregate fraction, corresponding
to calculated specific activiti;s of about 6 nmol bound
inositol/mg protein, as compared to about 3.5 nmol/mg
protein in the tubulin dimer fraction. Electrophoretic
analysis by S-PAGE showed that tubulin represented éa.

80% of the protein present in peak I material, which

was characteristically enriched in HMW éomponents, while

it accounted for 85 - 90% of the protein in peak II
material which was devoid of HMW components. Since it
was also apfarent, from electrdphoretic analysis, that
tubulin was the only detectable protein common to

material eluted in peaks I and II, and that significant

—am’

binding occurred in the.second pealk, it can be tentatively
goncluded that it is tubulin itself rather than minor
microtubule-associated proteins that was responsible for
the protcin-bound inositol detected in these experiments.
This does nof exclude, however, the possibility that
material oth¢: tlas trbulin present in the tubulin aggregate
fraction peal: (I) cu-tributed to the stability of the
protein-inositol complex during the incubation and
chromatographic procedures employed. Indeed, on the
reasonable assumption that tubulin was mainly responsible
for the binding, calculations show that the tubulin
aggregate (peak I) and tubulin dimer (peak ITI) fractions

contained about 1 and 0.5 mol bound inositol/mol tubuiin
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(MW 110,000), respectively. . If these values are
corrected to account for differences in time of incubation
(60 minutes instead of 30 minutes), they approximate
closely the values found in the first series of experiments
using Serphadex G100 chromatography (see above and Fig. 7.1)
and suggest, further, that . .inositol may be preferentially
bound to microtubular protein fractions that are
specifically enriched in assembiy—competent forms of
tubulin (aggregates, peak I, Fig. 7.2; Johnson and Borisy,

1975).

7.3.2 Effects of inositol on microtubule assembly

Preliminary experiments showed that inositol added
to partly purified microtubular protein, fraction S3’
decreased the rates of both assembly and disassembly and
the maximum turbidity developed (plateau values) to a
considerable extent. This led to a series of experiments
dévised to investigaté the parameters of tubulifm™
polymerisation affected by inositol. |

First the dependence of polymerisation on inositol
concentration was examined. The range of inositol
concentrations was chosen on the basis of calculations
of the molar vaotio of inositol to tubulin found in nervous
and secretory tissucz. Dawson et al (1961) and Wagner
et al (1976) lhave =ihcwn that brain tissue contains
between 10 and 20/p molecs of freeAinositol per gram of
tissue. From densitometric analysis of SDS-ureca
polyacrylamide gels of crude brain extracts (10mg protein/
ml) it was calculated that tubulin accounts for about
26% of the soluﬁle proteins. When the extract is

polynerised and the microtubules pelleted, only about
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0% of the tubulin present in thce extract was recovered
in the pecllet, hence the polymerisable tubulin will account
for only 10% of i1he total proteiﬁ found in the crude
extract (seé also Borisy et al, 1975). On the assumption
that this population of tubulin represents the 'active!

cytoplasmic tubulin, derived mainly from in vivo existing

microtubules, one can calculate that in ig of tissue

T3 € VM,

there are 10 nmoles of ‘'active' tubulin dimer (110 000 M),
If the free inositol is distributed evenly in the aqueous
phase (cytosol) bathing the microtubules which account forxr
80% of the weight of brain tissue, the concentratioh of

free inositol will be at least 12 x 10—3M oend that of

tactive' tubulin dimer 12.5 x 10_6M, ie, the molar ratio

of free inositol to 'active' tubulin dimer will be at least
1 000 : 1.

This will be referred to as the 'physiological!
concentration of inositol in respect to tubulin throughout
t

e_following text.

iThe maximal increase in the inhibition of initial
rates of both assembly (V') and disassembly (V”) occurrecd
at inositol concentrations between 20 and 100 mM. (fig. 7.3)
At the protein ce. centration used (1mg/ml), this corresponds
to inositol oncentrations 3 to 15 times higher than
'physiologiceJ’'.

The inhibitoi- - ffects of inositol are most probably
the result of an immediate interaction between inositol
and the precursor pool of polymerisable protein since it
apparently occurs at 4°C, or during the short period
( 2 minutes) required for re-equilibration of the system
at 37OC. These effects were considerably amplified

during successive cycling of the protein (fig.74 and fig 75).
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Fig. 7.3 Effect of inositdél on initial rates of tubulin
assembly and disassembly
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Effect of inositol on initial rates of assembly and
disassembly of microtubular protein prepared by one cycle
of polymerisation/depolymerisation. Initial rates are expres-
sed in arbitrary units calculated from biggest slope of
polymerisation curves., Protein concentration 1mg/ml of in-
cubation mixture. For details see (.2 and T.3.1.
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Turbidity changes during successive cycles of
assembly/disassembly of rat brain S3 fraction

Tigse T4

in the presence and absence of myo-inositol

a

+0.5mM GTP
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‘Turbidity changes during succesive cycles of assembly/
disassembly of rat brain S3 fraction in the presence (---)
and absence (——) of myo-inositol (added at zero time, 250mM
final concetraticin)., Turbidity changes were monitored si-
multaneously for control and inositol-containing samples,
Arrows indicote tenperature increase to 37°C ( ) or decrea-
se to 2°C ( ) and circled numbers indicate the start of each
cycle. For details zce text in sections T.2.2 and T.3.2.
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Legend to fig. 7.5

Turbidity changes during succesive cycles of assembly/
disassembly of brain MTP, purified by one cycle of polyme-
risation (83), in the presence of inositol. Small numbers
on trace show number of sample. Sample 1 = control, no added

\ inositol; samples 2, 3% and 4 contained 60mM, 100mM and 200mi
" inositol respectively. Inositol was added %o samples 2, 3
and 4 prior to start of first cycle at 4%n, Big numbers in
the upper left corner of each cycle trace indicate number
of cycle., Arrows indicate temperature incre=zse to 37°C <)

or decrease to 2°C ( )e Turbidity changes were monitored
simultaneously for all samples. Protein concentration 2mg/ml.
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From experiments where *the protein was subjected
to successive cycles of polymerisation/depolymerisation,
it became evident that whereas the rapid initial increase
in turhidity resulted in the establishment of a well
defined plateau (figs. 7.4 and 7.5, cycles 1 and 2 of
control samples), the initial phase of turbidity increased
in subsequent_cycles was followed by a characteristically
slow phase of turbidity increase, which prcceeded at a
constant rate during incubation at 37°C (figs. 7.4 and
7.5, cycles subsequent to cycle 2). Further, it was
seen that the development of this secondary slow phase

apparently depends on the GTP-protein ratio of the

.samples. In samples of different protein concentration,

1.1 mg/ml or 2.3 mg/ml where the GTP-protein ratio was
kept the same by using 1 mM and 2 nmM GTP, respectively,
the slow ph;se developed after fhe second cycle of
assembly/disassembly in both cases (figs. 7.4 and 7.5).
Where the protein congen?ration was kept the sazg
(O.?dmg/ml), but the GTP concentration-was altered
(between 0.5 mM and 1 mM GTP), the sample containing
less GTP developed the slow phase already in the first
cycle (fig. 7.6), whereas the sampie with higher GTP did
not develop the slow phase in the first two cycles of
polymerisation.

Similar changes also occurred in samples containing
inositol, where, however, the development of this
secondary slow phase was already apparent earlier in the
history of the protein than in control samples (figs 7.4
and 7.5, cycles subsequent to cycle 1 of inositol

containing samples).

The secondary phase of slow turbidity increase

184
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raw S~~~ prhidity changes during successive cycles™Of assembly/

"in the presence of

fraction 33;

disassembly of brain MTP,

control,

mi, 50mM

inositol. Lettering same as in fig. Te5e Sample 1

contain 30

4

and 100mM inositol, respectively.Prote

5 and
1mg/ml. GTP concentration O.5mM.

no added inositol. Samples 2,

in concentration
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.of the protein (ie fraction P

probably reflects the gradual formation and accumulatinn
of a poel of 'inactive' microtubular protein aggregates
that do not readily depolymerise in the cold, as can be
inferred frém the progressive increase in the basal levels
of turbidity, as a function of time, attained after
equilibration of the samples at 4°¢ (figs. 7.4 and 7.5).
Such protein aggregates could be due to *he denaturation
of microtubular protein because of lack of sufficient
GTP, brought about by its break-down during the first
two cycles of polymerisation. On the other hand, these
protein aggregates could be related fo fhe cold-insoluble
microtubular protein fraction obtained during purification
31 see 2.2l2) or to the
recently described cold-stable class of microtubules, that
can be formed at low temperatures in the presence of
GTP (Wilson, 1975).

Finally, it can be seen from the data shown in
figs 7.4, 7.5 and 7.7_A and B that the addition_of GTP
(O.S@M final conc.) to the test system after three

(figs. 7.4 and 7.7) or six (fig.7.5) cycles of

186

polymerisation caused a significant increase in the initial

rates of assembly and disassembly in both control and
inositol-containing samples (figs, 7.4, 7.5 and 7.7 A)
and a partial nlleviation of the inhibitory effects of
inositol on these rrcesses during the first cycle
subsequent to the addition of the nucleotide (fig. 7.4,
cycle 4, fig. 7.5, cycle 7 and fig.7.7 B). However,
addition of GTP did not eliminate the secondary slow
phase of turbidity development, but in fact slightly
decreased its rate in control samples, while clearly

increasing that seen in the presence of inositol (see
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Yige 7.7 The effects of added GT2 on initial rates of
assemnbly and disassembly
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centage inhibition of the initial rates by inositol (B).
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fig. 7.4 and 7.7, cycles 4~8). GTP also induced an
apparent stabilisation of the initial rates of assembly
and of disassembly in control sawmples, though not in ‘he
presence of‘inositol (fig. 7.7 A), suggesting that the
effects of inositol and GTP were somewhat connected. It
is suggested that the observed effects of GTP are most
likely mediated through its protection of microtubular
protein against 'ageing' (Johnson and Borisy, 1975;
Gaskin, 1976;'Olmsted and Borisy, 1972), thus increasing
the pool of 'active' intermediates available either‘for
microtubule assembly, in the control preparations, or for

the generation of non-equilibrating 'stabilised' species

.of the protein, in the presence of inositol (see below‘

and fig, 7.8).

Preliminary experiments iﬁdicated that inositol
can also stébilise brain microtubules against the rapid
depolymerisation induced by calcium ions. Thus, the
addition of 3 mM CaCl_2 to a twicefpolymerised_pﬁﬁpargtion

of rat brain microtubules (fraction S incubated for

3
20 minutes at 370C) decreased turbidity within 2 minutes
to 45% of the maximal plateau levels attained in control
samples, whereas a2 fall of only 30% in turbidity was
produced in :amples containing 250 mM (final concn.)
inositol.

Further exper 1 -nts in which inositol was added to
the polymerising system at different equilibrium states
showed that in all cases inositol affected the system in
the same way and to the same extent (see table 7.1).

A plausible interpretation of these findings is

that inositol in some way 'stabilises' the main species

of microtubular protein involved in the subunit~-polymer
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Legend to fige 7.8

A generalised scheme showing possible sites of inter-
action of inositol with wvarious pools of microtubular Pro~
tein involved in assembly and disassembly in vitro. The
diagramatic representation of the microtubule-subunit.
~equilibrium (top) does not distinguish Between in vitro
and in vivo models proposed for microtubule assembly.

Dashed lines indicate processes that are postulated to
occur in vivo. For further explanations see text in sections
Te3e2 and Te3e3

R L L N Rt - -
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Tabhlce 2,1 Inhibition+of initial rates of assembly
+ -
(Vv 7) and of disassembly (V ~) by

inositol.

Cycle Sample vt v % inhibition
number + -
v v
I 1 2.75 1.24 - —
2 2.73 1.25 — -—

b 2.20 0.98 18.4% 21.6%
II 1 2.60 0.98 - -

2 1.80 0.72 31.8% 16.7%

3 1.84 0.71 29.3% 17 .0%

4 1.79 0.73 31.2% 16.0%

- - - < e T T e e - - - . - e & 4 W e . CWE LR W pe CELIT L - R T -

" Inositol (100mM final conc.) was added to sample 4 at
4°C vefore the first cycle (I), to sample 3 after
reaching equilibrium at 37°C during first cycle, and to
sample 2, at 4°C, prior to start of cycle IT. Sample
number I was the control and no inositol was added to it

at any time. Protein concentration of samples = 1.0 mg/ml.
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equilibrium, thereby reducing their availability for
assembly or for disassembly of microtubules. In so
doing, inositol would effectively promote the formatioa
of a pool of 'stabilised' microtubular protein aggregates
that do not readily equilibrate with 'active' forms of
the protein participating in the polymerisation or
depolymerisation processes. The preferential binding of
inositol to assembly competent £ubu1in oligomers (see
text relating to fig.7.2) and the consistently observed
protection by inositol of microtubules againﬁt cold~-and

calcium-induced depolymerisation, support the view that

inositol can stabilise both microtubules and the

intermediate aggregate species of tubulin wvith which they

are in dynamic equilibrium. This interpretation of the
results can bg rcadily incorporated in a genreral scheme
for microtubule assembly (Johnson and Borisy, 1975), as
illustrated in Fig. 7.8, in which no assumption is made
regarding the nature of the compopents present i%_thg

B e - -

pool of 'active intermediates', though.this would

pres;mably include tubulin oligomexrs giving rise to the
various disc- and spiral-shaped structures described in
the literature (Johnson and Borisy, 1975; Gaskin, 1975),
some of which can be readily differentiated from the 6S

tubulin dime: .ractiom by gel permeation chromatography

(see text for fig. 7.2).

7.k Discussion

The results described above clearly show that mvo-
inositol interacts with polymerisable forms of micro-

tubular protein and influences the extent to which it
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participated in the temperature-dependent subunit-polymer
equilibrium. Such effects could be of physiological

\ significance, if one considers that the inositol
conccntratibns employed were of the same order as those
which are found in vivo (see text in 7.3.2).

The unusual behaviour of myo-inositol as a water-
structuring compound (Suggett, 1975) suggests that some
of the effects observed could result from an alteration
in the state of hydration of microtubular protein, since
this factor is apparently of great importance in
entropically-driven polymerisation processes such as
microtubule assembly (Gaskin, 1976; Caspar, 1966;

.Inoue and Ritter, 1975). .

In attempting to assess the possible physiological
significance of the present results, it seems noteworthy
that stimuiation of surface receptors in various cell
types, where an increased turnover of phosphatidyl

}um”w*%Ljﬁgiitol ('PI effect') is observed (Michell, ;qz;),
generally results in processes in which microtubules

are apparently involved, for example, the re-distribution
of surface receptors in plasma membranes (egz. Nicholson,
19763 Oliver, 197%) and diverse secretory phenomena (eg.
Pipeleers et «l, 19753 Sheterline et al, 1977). It has
been suggestc.. (ifiche’l, 1975) that the primary
significance of ti° 'PI effect' is related to the
production of a metabvolite (iﬁh inositol or its
phosphorylated precursors) mediating the effects of
extracellular stimuli (Slaby and Bryan, 1976), although
the cellular targets for the inositol mectabolite have not

been identified.

On the basis of the above considerations, it is



tempting to speculate that the relatively high inira-
cellular levels of firee inositol found in nervous and
secrectory tissues (Dawson and Freinkel, 1961; Wagner

et al, 1976), which arc richly endowed in microtubules,
may reflect a unique and novel role for this compound in
directly controlling thce functional states of micro-
tubules and hence, their participation in the regulation

of various cellular activities. Thus, in this view,

I9h

microtubules could act as a primary target for the inositecl

'messenger' relcased as a consequence of the incrcased
breakdown of phosphatidylinositol during cell stimuiation
('PI cffect').

' One obvious objection to this suggestion is that
the increase of intracellular levels of free inositol
after stimulation would hardly be sufficient to affect
microtubules. VA possible way to overcome this difficulty
is to visualise the inositol~containing lipid as being

sequecstered in a defined region on the inside of the

-— - ~Cumm

plasma membrane, whereby a stimulus bringing ébout the
breaﬁdown of PI would re;ult in a relatively high local
concentration of free inositol (or of its phosphorvlated
precursors).

Obviousl+, an effect on the microtubular system
could also a. . . w.. changes in the intracellular levels
of free inositol v lirectly related to the metabolism
of membrane-tiound PI.- In any case, the observation that
a sharp rise in the inhibition of initial rates of

assembly and disassembly occurs within a relatively

limited range of inositol concentration increase, (fig.7.3),-

suggests that a relatively small and localised change in

the levels of free inositol might be sufficient to affect
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the functional state of microtubules.

In addition, it can be inferred from the binding
data presented (section 3.1) that microtubules may also
contribute to the intr;cellular compartmentation of
inositol. Such a role could be of grecat importance in
the liglhit of recent evidence showing that
(a) MTP-associated phospholipids, which are presumably
derived fcom membranes, are enriched in a pool of
metabolically-active phosphoinositides (Kirazov and
Lagnado, 1976; Lagnado, 1977; Kirazov et al, 19773, and
(b) that two of the key enzymes involved in the |
recycling of membrance phosphoinositides (Michell, 1975),
are closely associated with microtubular protein (Daleo
et al, 19763 Quinn, 1975). In this way, microtubules
could also function in compartmentalising enzymes and
substrates involved in the breakdown and re-synthesis of
phosphatidylinositol (Lagnado, 1977; Kirazov et al, 1977§

Schellenberg and Gillespie, 1977).
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Chapter 8 Gencral discussion

The experimental data obtained from separate series
of experiments were discussed in some detail in the
individual chapters. he purpose of this last chapter
is to provide a short summary of the main conclusions
‘arising from these results énd to extend the discussion
of some of the interpretations offered earlier.

Possible ways of testing and perhaps resoiving some of
the problems arising from the work described will also

be suggested.

8.1 General conclusions

———

The general conclusions which can be derived from
this work are as follows:

1. A.substantial proportion of the tubulin
purified from brain by polymerisation is phosphorylated.

2. Tubulin purified from brain by polymeri§ation

TATET O AR 2 e — -

can serve as a substrate_for a microtubule-associated
prote;n kinase activity.

3. The 32P which is extracted from in vivo
labelled brain microtubulin with 1lipid solvents is
associated wilh several major phospholipid classes.

b, Glycerol present during the polymerisation
step of the purification of microtubular protein (by
cycles of temperature-dependent polymerisation) brings
about an enrichment in a particular class of ftubulin
that appears to be deficient in protein-bound, alkali
labile phosphate.

5e Myo—inositol binds to tubulin and alters the

stability of in vitro polymerised microtubules.
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3.2 Phospborylation of tubulin

, The validity of the evidence showing that tubulin
l
is a phosphoprotein has been a controversial issue for
some time. DLarly work by Eipper (1972) suggested that
chromatographically purified rat brain microtubulin
contained covalently bound phosphate. However, it was
not indicated if the phosphate was measuraed after removal
of lipid phosphate from the protein preparation. Eipper
(1972) went on to show that tubulin isolated from brain
slices after their prolonged incubation with 32p (11 n)
contained bound 32P after polyacrylamide gel electro-
phoresis. In later experiments Eipper (197%) showed
the incorporation of 32P into some serine residues
derived from tubulin which had been phosphorylated
in vitro, or once again in brain slices. The validity
of these observations has been contested on the grounds
théfvthe isolated 32P-tubulin could represent a partiallywy
wmcrs o dentatured form of tubulin generated under the exnperimental
conditions employed for its labelling.énd isolation
(see, ex, Letterier et al, 1974).
The evidence presented by Reddington and Lagnado
(1973) is more convincing in that these authors estimated
the total covalently bound tubulin phosphate as acid- and
lipid- solvent-stable, alkali-labile phosphate, which is
approximately equivalant to serine-phosphate (see
Reddington et al, 1973). No special care was taken to
remove phosphoinositides, but it had been previously
shown that these do not interfere with the estimation of
alkali-labile phosphate (see 2.6.2).

In addition, the work of Piras and Piras (1974)
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further supported the reality of the phcsphoprotein
nature of tubulin. These workers showed the incorporation
of 32P into tubulin derived from He La Cells cultured in
32P containing medium. The purified tubulin was
denaturcd with acid and extracted with lipid solvents;
after S-PAGE 30 - 85% of the recovered radioactivity was
associated with the tubulin bands.

The data presented in Chapfer 3 can be viewed as
further evidence for the phosphoprotein nature of tubulin.
From these results, it is also apparent that when the
nature of the phosphate bound covalently <o tubulin‘is
investigated, care should be taken to free the protein
from phospholipid~phosphate which can account for as
much as 80% of the organically boﬁnd, i.e. acid stable,
radioactivityA(see also Chapters 5 and 6).

Anothef major controversy concerns the in vitro
phosphorylation of tubulin. It has generally been

shown that chromatographically purified tubuulin can be

LT T T e R

phosphorylatéd on incubation with(: (vrSZP:]AfP (see
eg. éipper, 1974;Lagnado et al, 1975; Letterier et al,
1974). The controversy concerns mainly the in vitro
phosphorylation of tubulin purified by polymerisation.
Lettericr et al (1974a) claim that tubulin purified
by polymerisw:iicn can' ot be phosphorylated under in vitro
polymerisation co::~iiions. Further they claim that the
phosphorylation of ciuromatographically purified tubulin
is an artefact due to the 'denatured' tubulin obtained
by this procedure. This 'denaturation' of tubulin they
exp}ain by the loss of its ability to polymerise. :
However, it has been shown that if a solution of

chromatographically purified tubulin was re~combined with
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some of the fractions eluting at low salt concentration
tubulin recovered its ability to form microtubules
(Borisy and Murphy, 1975). Clearlv some factors needed
for tubulin polymerisaLion can be removed by ion-exchange
chromatography and it is conceivable that these factors
may play a part in providing the proper conditions for
tubulin plosphorylation, but 'denaturation' is hardly
the proc2ss occurring during chromatographic purification
of tubulin.

The small proportion of tubulin which becowmes
phosphorylated under in vitro polymerisation conditions
in the presence of E:J'-BZP :]ATP (see Chapter 4 and
Sloboda et al, 1975) suggests that there is hardly any
turnover of tubulin-bound phosphate under in vitro
conditions, It is possible that some of the non-
prhosphorylated tubulin co=-purifying with the
phosphorylated ferm, is responsible for the observed =~

25 . . . .
3 P incorporation into tubulin. . .
- - e - et T D . P e e - - . - e B o U | G e U ERLYEGE €Riegme Wiomml T . & LFRE T L

'The role of tubulin phospharylation is presently
unclear. Microtubule polymerisation in vitro was shown
—to>beiindepenaént of phosphorylation, but thé_equilibrium'
between the monomeric and oligomeric tubulin forms was
displaced toward the oligomers in the presence of added
cAMP and ATP (Shigekawa and Olsen, 1976). Tubulin
polymerisation in vivo has been shown to be independent
of de novo tubulin syhthesis and is a very fast process.
Cyclic AMP or agents which increase its intracellular
concentration have been demonstrated to enhance (Williams
and Wolff, 1970) or inhibit (Goldstein et al, 1973) cell

functions dependent on microtubules. hus the cAMP-

dependent phosphorylation of tubulin and tubulin-associated
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IMW proteins provides a nice 'system for control of the

initiation of microtubules and their stability as well

as providing phosphorylated subunits for microtubule

growth.

18.3 Fraction P

e

3

An interesting obser&ation‘is that fraction P3'
obtained during purification of tubulin by polymerisaticr
(see 2.2) is particularly enriched in phospholipid -
bound 32P. This fraction also contains cold-stablel

tubulin aggregates. So far, P, was usually discarded and

3

very little is known about it. However, 'in view of its

high phospholipid 32P and tubulin content, P_ may prove

3
to be a key fraction the investigation of which may
yield interésting information on the nature of MTP-

-=.wv.. phospholipid interactions.

Recent electron microscopic observations by

AT RS T — - P -

Delacourte et al (1977) saowed that this fraction (P3)
contgins disklike and filamentous tubulin aggregates.
Further, this group of workers observed that treatment

of P3 with 1M NaCl resulted in the release of a
substantial amount of tubulin, concomitantly with the
disappearance of the disklike tubulin aggregates, but the
filamentous tubulin argregates remained unaffected., If
these tubulin filaments are not artefactually produced :
during the purification procedure, it is very attractive
to speculate that they are derived from an in vivo
existing filamentous structure, partaking in the
microtubule-membrane interactions,

Clearly the P, fraction must become the object of

3
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more specific investigationeg. For example, the

differential release of tubulin by proteolytic enzymer

or salt itreatment or by extraction with detergents

could belp in distinguishing between tubulin aggregates

interacting with phospholipid structures through

polypeptide intermediates (HMWs or tubulin filaments)

and tubulin which is tightly bound, integrated, to the

phospholipid

structures. Another way in which the

question about the nature and especially about the

specificity of microtubule-phospholipid interactions

could be tackled is by studying the interaction between

microtubulin, in the form of microtubules cr their

phospholipid

depolymerisation products, with liposomes of known

constitution under varied ionic and

'cofactor' conditions.

8.4 Microtubular and storage tubulin

-

" Another

interesting "question emerges from Tle

interpretation of the data presented in Chapter 6, as

summarised in figure 6.4. The validity of some of the

assumptions can be tested chemically by examining the

distribution
phosphate in
the presence

result could

Fal

of totalprotein, phospholipid-and protein-ﬁound
the individual MTP fractions prepared in
(+) or avsence (-) of glycerol. A decisive

be obtained if the phosphorylated form(s)

of tubulin could be separated from the non-phosphorylated

one(s) in order to estimate their relative distribution.

A suitable model for testing some of the implications

of fhe above~-

and 6.4) can

mentioned explanatory scheme (see fig. 6.4

be suggested from the recent work of Lasek



and Hoffman (1976) regarding. the axonal transport in
rat motor neurons. Thesec aufhors observed that axonal
transport in these neurons has threce characteristic
components;.a fast one and two slow components,
designated as SCa and SCb. A difference in the export

rates of SCa and SCb was observed (lloffman and Lasek

11975), SCb moving slightly faster than SCa. Tubulin has

= T

been shown to be the maj&r constituent of SCa and almost
exclusive to SCb (Grafstein and Murray, 1969; Hendrickson
and Cowan, 1971 and Lasek and Hoffman, 1976). Studies
én regenerating rat ventral motor neurons showed an‘

increase in the amount of material transported in SCb

(Hoffman and Lasek, in prep.). On this Basis, Lasek

and Hoffman proposed that the tubulin exported in the
faster, SCb, component presumably plays a role in axXonal

outgrowth., According to the assumptions made in

Chapter 6 (see also scheme in fig. 6.4) the tubulin in

SCb can be expected to be transported along the axon in

e -

the form of a membrane bound storage structure, which
shouid contain predominantly mnon-phosphorylated tubulin.
On arrival at the site of utilisation, the tubulin from
the storage structures could be phosphorylated, possibly
by the tubulin-associated kinase, and rendered ready for
incorporation into microtubules or other functional
tubulin structures ("'s>und to or intrinsic to membranes).
Double labelling experiments, employing the techniques

described by Lasek and Hoffman (1975), should provide

conclusive evidence.

202
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8.5 Tubulin-inositol interactions

Clearly, further and better defined experiments are
needed to investigate the observed interactionz between
tubulin and myo-inositol (Chapter 7). The interac;ions,
if any, between tubulin and the phosphorylated derivatives
of myo-~inositol, ie. inosifol phosphate and cyclic inositol
phosphate, have to be investigated. Even if such inter-
actions were to be found, this would not exclude the
possibility that microtubules may participate in the
‘spatial organisation of substrates and enzymes involved
in phosphatidylinositol metabolism, as suggested in 7..4.
A good indication for the specificity of wmyo-inositol-
‘tubulin interactions would be the absence of any inter-
actions between tubulin and the optical isomer of

myo-inositol - scyllo-inositol.

R - ) Microtubule-membrane interactions

TS T The microtubule-membrane interactions, sugfésted

previously and in this work, could serve multiple purposes
in the living cell. Firstly, it is possible that the
initiation, growth and stability of microtubules can be
spatially and tecwpoirally controlled by the appearance of
microtubule -~ :igiui: sites on the inside of the plasma
meibrane, or c¢i: irtiracellular membranes, during growth,
differentiation anc ~variety of rhysiological changes
and processes in the cell. Secondly, microtubules appear
to govern, at least partially, plasma membrane activities
and topographiy in differentiated cells. Finally,
microtubules could participate in maintaining the ordered

metabolism of membrane constituents and in particular . of

phosphoinositides.
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FUNCTIONAL ASPECTS OF
MICROTUBULES



STUDIES ON THE PHOSPHORY LATION OF BRAIN MICROTUBULE PROTEIN
AND MICROTUBULE-ASSOCIATED PHOSPHOLIPIDS

J.R. Lagnado and E. P.Kirazov
Department of Biochemistry, Bedford College, London, England

Summary. The incorporation of ¥p into rat and chick brain microtubules in vivo
was investigated. More than half of the total acid-insoluble (bound) radioactivity
in microtubules isolated by reassembly in vitro was recovered as phospholipid P,
most of which was associated with phosphatidylethanolimine and phosphatidic
acid. Most of the remaining ¥P could be accounted for as protein-bound phos-
phoserine P (alkali-labile) associated with tubulin, Attempts to determine the
distribution of bound *P in the 368 and 6S components of cold- or calcium-
-depolymerised microtubules from chick brain, after chromatography on
Sepharose 6B or high-speed centrifugation, showed that the 36S component
contained the bulk of the bound P, However, a significant part of the kabel
found in this fraction was apparently associated with minor high-MW protein
components (as phosphoserine P and phospholipid P) which could be separated
from 36S tubulin aggregates during re-chromatography in the presence of
0.75 M NaCl. It is proposed that the considerable metabolic activity of micro-
tubule-bound %P seen in vivo may reflect some aspect of the various membrane-
associated phenomena in which microtubules have been implicated, in addition
to any more direct role that phosphorylation may have in controlling microtubule
assembly.

1. Introduction

Tubulin, the main subunit protein of microtubules, constitutes up to one
quarter of the total soluble protein of brain homogenates, where it appears to
be derived mainly from cytoplasmic microtubules. Recent ultra-structural
studies also show that axonal microtubules in cerebral cortex of mammalian
brain extend right into nerve endings where, in association with clusters of
synaptic vesicles, they are sometimes seen to terminate onto dense projections
of the presynaptic membrane!,?, This would be in keeping with earlier biochem-
ical evidence for the presence of tubulin in the soluble fraction of isolated nerve-
ending particles (synaptosomes)3,®, However, a significant proportion of the
tubulin present in nervous tissue is also tightly bound to membrane fractions
that are derived primarily from isolated nerve-ending particles 3-7, In fact,
tubulin has now been more specifically identified as the major protein component
of the subsynaptic dense material characteristic of dendritic spines from type 1
synapses 89,

Taken together, these observations suggest that microtubular proteins may
participate, more directly than was originally anticipated, in mediating or in

regulating membrane-dependent physiological processes associated with synaptic
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function. Clearly, the extent to which microtubules or their subunits are
involved in these, or in several other membrane-associated phenomena in non-
x;eural cells (see, e.g., ref.11) would depend on their ability to form more or
less ltransient functional associations with other soluble or membrane-bound
cellular constituents. That such interactions do in [uct occur is evident from a
number of recent observations (see, e.g., refs.10,12,13), and it was recently
proposed that the state of phosphorylation of microtubular protein is an impor-
tant factor in the control of microtubular assembly and/or function in nervous
tissue (see evidence summarised inref. 10). Theaimof the experiments described
inthis paper was to provide further evidence that brain microtubules are phospho-
rylated in rivo and to determine more precisely the nature of the phosphorylated

components labelled in vivo that were derived from reassembled microtubules,

2. Chemichl nature of %P incorporated into brain microtubules in rivo

Reassembled microtubules isolated from rat and chick brain labelled in viro

with 3Pj contained appreciable amounts of acid-insoluble radioactivity

(bound **P), In general, about 70% of the bound cpm in disassembled micro-
tubular preparations from chick brain, and somewhat less from rat brain, was
extractable with 2:1 (v/v) CHCl;~MeOH (Tables 1 and 2); similar results were
obtained when acidified CHC1;-MeOH was used as lipid solvent (data not shown).
Over 80% of the acid-insoluble P remaining after extraction with lipid solvents
was present as alkali-labile P, derived most probably from protein-bound
serine residues (see refs 10 and 14 for detalls of procedures used to identify
phosphoserine P in protein): this will be referred to as protein-bound P. Less
than 5% of the counts remaining in the alkali-stable fraction could be attributed
to nucleic acids,

It was found in preliminary experiments that most of the bound ¥P present in

the crude lipid extracts from unfractionated microtubules or from purified 368
“microtubular subfractions could be recovered in the phosphatidylethanolamine
and/or phosphatidic acid fractions separated by one- and two-dimensional thin-
layer chromatography on silica gel H according to the method of Yagihara ¢t als,
Further experiments to characterise microtubule-associated phospholipids
labelled in vive are being carried out in collaboration with Professor J.N.
Hawthorne (Nottingham University, England), but it is apparent from the results
obtained so far that none of the label present in the phuspl’wlipid fraction could

be attributed to phosphoinositides or to phosphatidylserine,



Protein-bound #P in 2x polymerised microtubules or in chromatographically
purlfied 36S tubuli;m aggregates (see Table 2 and text below) isolated from in vivo
labelled chick brain appears to be associated with a unique acidic phosphopeptide
which was seen in peptide maps of samples digested with trypsin (preliminary
observations done in collaboration with P, Dunkley, Institute of Psychiatry,
London).

These results indicate that (specific) protein-bound phosphoserine residues

"and specific classes of phospholipids associated with brain microtubules exhibit
conslderable metabolic activity in vivo, as could be anticipated from earlier
studies of microtubule phosphorylation in tissue slice preparations 1923,

The full significance of these findings cannot be properly assessed, however,
until more is known regarding the protein-P and phospholipid-P contents of
microtubules in situ and of the extent to which this may be regulated by asso-

clated enzymes.

3. Electrophoretic analysis of in vivo labelled brain microtubules.

It was previously observed that a slgniﬁc:lnt proportion of the radioactivity
present in the microtubular fraction of 3Pp-labelled slices from guinea pig
cerebral cortex was associated with minor high-MW components (*"HMW?') seen
after electrophoresis in SDS-polyacrylamide gels!®. A similar distribution of
2P has now been found for in vivo labelled microtubular prepé.rations.(lx poly-
merised) derived from rat and chick brain (Fig.1).

In these preparations, a number of additional minor components migrating
between tubulin (TU) and HMW fractions were also labelled; in chick brain,
some labelling was also associated with a minor stained component migrating
ahead of the g-tubulin fraction. In addition, a diffuse region of radioactivity of
varying intensity was consistently observed to migrate ahead of the dye front
(see also refs. 7 and 10), a region which does not stain for protein but contains
an excess of SDS.

In an effort to assess the nature of the *P present in the main labelled frac-
tions [i.e., in HMW, (g;B) tubulin, and 'SDS front'], these were eluted electro-
phoretically from the appropriate slices pooled from 6-7 gels (run in parallel)
after fixation and staining of proteins with Coomassie Blue; the eluates were
treated with ice-cold 10% TCA (in the presence of carrier albumen) and then as
indicated in the legend to Table 1, It was consistently found that most of the

%P associated with the HMW and tubulin fractions was recovered as protein-



bound P (alka].i-labile), while that associated with the SDS front, which accounted
for ibout 10X as much %P as was eluted from the other fractions, was mainly
recovered as phospholipid P and acid-soluble P,

The specific activities of protein-bound P in the eluates of the HMW and
tubulin fractions were found to give very similar values, an observation that is
apparently at variance with the impression gained from the data shown in Fig.1.
Furthermore, the observation that most of the %P in the HMW fraction appeared
as alkali-labile P does not seem to support an earlier suggestion that ¥*pP-HMW
represents a phosphorylated intermediate of the Ca®* (Mg?*)-ATPase activity
associated with brain microtubules!®, since this would be expected to behave as
acid-stable, alkali-stable P. ¥ However, further more direct experiments are
needed to clarify these points.

In connection with the above data, it was found that when in vivo labelled
microtubules were polymerised from a 50% ammonium sulphate precipitate of

the initial high-speed supernatant fraction (S) of brain, an additional, highly

Table 1.

The incorporalion in vrivo of *2P into the protein and lipid fractions of micro-
tubules isolated {rom rat brain.

Rat brains were labelled in vivo for 2 h after intraventricular injection of

32P; (400 pCi/animal) and MT were isolated by 1x polymerisation in the presence
of glycerol and GTP ' {rom either the initial high-specd supernatant (S) or from
the ammonium sulphate fraction of S (same expt.) precipituting between 0-50%
saturation (S, ;-ppt. ), as indicated. S, -ppt. was redissolved in reassembly
buffer to give protein concn, (ca. 5 mg/ml) similar to that of S. Protein-bound
32P was determined as acid-insoluble alkali-labile P (approximately equivalent
to bound serine P) in cold 10% TCA-precipitated and 2+ washed material, which
had been 2x extracted at room temperature with 2:1 (v/v) CHCl-McOH, 104
The combined organic solvent extracts in which about 80% of the *2P was present
as phospholipids was used without further fractionation to determine 32P-phos-
pholipid counts. Protein was determined in samples prior to precipitation with
TCA by the method of Lowry ¢! al. # Values shown rcpresent means of tripli-
cate determinations from: a single representative expt.

Starting Bound 2P Distribution of 32P

material protein  lipid protein  lipid
cpm/pg protein %

S 16.7 5.9 74 36

Sy, 5-Ppt. 36.2 28.0 57 43

*cpm recovered from acid-insoluble residue
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Fig.1l. Electrophoretic distribution of **P incorporated into rat (A) and chick (B)
brain microtubular components in vivo.

Samples of microtubules (150-200 pg protein) isolated by one cycle of assembly-
disassembly from rat (A) and chick (B) brain labelled tn vivo with 3P (ca. 400
and 600 pCi per animal, respectively) were denatured and separated in SDS-poly-
acrylamide gels in the presence of 4 M urea as previously described!®, Graphs
show 32P ¢pni counted on 1 mm slices of gels that were fixed and stained for:
protein with Coomiassie Blue; continuous lines are densitometric scans of

intact stained gels. Radioautographs of gels run in parallel (prepared as
described in ref. 10) are shown below (°*P). Numbers on abscissa indicate gel
length in ¢m, measured from origin on left; DF = dye front. Smearing on
radioautographs is due to overexposure of gels that were overloaded to detect
minor 3P-labelled components. Note high labelling seen in region ahead of dye
front.

labelled protein component, MW ca. 48000, copolymerised with microtubular
protein, as illustrated for rat brain ('LMW', Fig.2). This was not seen in
microtubular preparations precipitated with ammonium sulphate after reassembly
directly from the initial supernatant. In fact, the intense labelling scen in the |
'LMW' component and in other, slower-migrating components that are concen-
trated in microtubular samples polymerised from the S, ;-ppt. nearly obscured
the labelling of tubulin detected by radioautography (see Fig.2). However, the
estimated specific activity of the *"LMW?" fraction, as determined after elution
(see above), was found to be similar to that of the tubulin fraction. .

The data shown in Table 1 also reveal considerable enrichment in 3*P-phos-
pholipids in microtubules reassembled from ammonium sulphate precipitated
material. However, the yield of polymerisable protein prepared under these
conditions was considerably less (1-2%) than that from the unfractionated super-
natant fraction, from which about 10% of the protein was recovered in the micro-
tubular pellet. -
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Fig.2. Electrophoretic distribution of P incorporated in vivo into rat brain
microtubules,

Experimental details as given in Fig. 1, except that microtubules were isolated
from 50% ammonium sulphate precipitate of initial hizh-speed supernatant (see
Table 1 and text). LMW = prominent labelled component not evident in micro-
tubules isolated from unfractionated supernatant (cf. Fig. 1A). Note also concen-
tration of several labelled components between HMW and tubulin (TU)as compared
with data shown in Fig, 1A. Arrows on radioautograph indicate relatively weak
labelling associated with ¢ and 8 components of tubulin (TU). For further
details see text.

The significance of this observation is not apparent, although it {s interesting
that in vivo labelled microtubular protein from guinea pig brain is also enriched
in a similar faster-migrating ¥*P-protein when it is precipitated directly from
the subernatant fraction with high concentrations of Vinblastine or Vincristine
(>10-4 M) (J.R. L., unpublished observations),

4. The distribution of 3P in subfractions of in vivo labelled microtubules from
chick brain.

~ An obvious limitation to the experiments described in the preceding section

is that it was not possible to distinguish between tubulin derived from the 36S

aggregates corresponding to the 400 nm ring-like structures seen by electron

microscopy and the 6S form of tubulin (a; 8 dimer) which are both present in

cold- or calcium-depolymerised microtubules isolated from in vitro reassembled

brain microtubules -1,

It was recently shown that these two components, which were initially charac-
terised on the basis of their sedimentation properties ','®, can be separated by
chromatography on Sepharose 6B 1772 to give a first peak, eluted in the void
volume, which consisted mainly of 36S 'ring' structures that are readily poly-
merised at 37°C in the presence of GTP, and a second peak, containing



essentially pure tubulin dimer, which polymerises less readily !’ or not at alll®,
Although tubulin was the major protein component found in both peaks (as seen
by SDS-gel electrophoresis), the 36S component was shown to be enriched in a
number of minor components, the main one corresponding to the HMW fraction
discussed above !,

In addition, it was shown that the 36S component could be reversibly dis-
aggregated into the 6S component in the presence of high salt concentrations 8,19,
under these conditions, a minor heat-stable protein ('tau factor') that is appar-
ently essential for polymerisation can also be released?°,

It is not yet clear to what extent the 365 and 6S forms of tubulin found in
depolymerised microtubules are both involved in the assembly process in vivo;
nor is it apparent how the state of phosphorylation of microtubular protein, or
of its associated phospholipids, which may reflect the metabolic turnover of
phosphotubulin components !, could be involved in regulating the assembly and/or
functions of microtubules, It has been suggested, however, that the state of
aggregation of microtubular protein into microtubular structures or into other
forms of aggregates, may determine the extent to which tubulin incorporates
3P from [y-**P]-ATP through its associated intrinsic kinase activity in vitro,
or in brain slices during incubation with 3Pj 1° More recently, it was shown
that the 36S component of disassembled microtubules from pig brain is the
preferred P-acceptor during incubation in vitro with 3¥P-ATP:2! this has now
been confirmed in our laboratory (J.R. L., unpublished observations).

In the present work, we have carried out exploratory experiments to investi-
gate the extent of incorporation of 3P into the 36S and 6S components of chick
brain microtubules labelled in vivo. In addition, we have attempted to separate
the minor HMW components, which were found to be nearly exclusively asso-
ciated with the 36S fraction, in order to facilitate characterisation of the %P
incorporated in this fraction. The results of these experiments which are shown
in Table 2 and in Figs. 3 and 4, can be summarised and interpreted as follows.

When cold- or Ca?* -depolymerised microtubules were fractionated by chro-
matography on Sepharose 6B (Expts. 1 and 3A), most of the protein-bound %p
recovered was found in the peak fraction containing 6S tubulin, while most of the
phospholipid-*p recovered was associated with the fraction enriched in the 368
'ring' fraction (peak I) (see also data for Expt. 4, Table 2). However, only
about 20% of the protein was recovered in the 36S fractiop (see also Fig. 4A),

even though the concentration of protein in samples before separation (MT) was



such that over 60% of the protein was expected to be present as 36S aggregates 15,
Thi suggests that in both experiments, a substantial proportion of the 365
material was disaggregated through dilution during chromatography ' and/or
that only a more stable form of the 36S component can remain intact under these
conditions, as was originally suggested by Erickson!’. Thus, the tubulin
present in the 6S (peak II) fraction is probably composed of a mixture of protein
originally present as 6S tubulin and of tubulin derived through disaggregation
from 368 structures. This could account for the observation that the specific
activity of protein-bound **P in the 36S fraction was lower, as compared to that
for the 6S fraction, than might have been anticipated on the basis of results

obtained in vitro®* (see below).

* Table 2.

The distribution of 2P in subfractions of in vivo labellcd microtubules from
chick brain.

2P microtubules were isolated from 1-day old chick brain (7-20 animals per
expt.), 2 hafter intracerebral injection of 3P; (200-600 uCi/animal)., 32p
incorporated into protein and lipid fractions was determined as indicated in
legend to Table 1 on the TCA~insoluble residues of microtubules that were
prepared and fractionated as indicated below. Further explanations of experi-
mental design and of nomenclature of fractions are given in text.

Expts. 1 and 2: 1X polymerised microtubules were disassembled in the cold;
the solutions obtained after centrifuging for 60 min at 105 (MT, 5-12 mg
protein/ml) were fractionated at 4°C on Sepharose 6B ¢ssentially as described
by Erickson!, except that in Expt. 2 MT samples were treuated with 0.75 M
NaCl (MT + NaCl) before chromatography on columns that were equilibrated
and eluted with buffers containing 0,75 M NaCl. Elution patterns for total 32p
and for proteins (measured at 280 nm) in Expt. 1 were similar to those shown
for Expt. 3 in Fig. 4A. Protein patterns of peak I and pcak IT of Expt. 2 are
shown in Fig. 3.

Expt. 3: 2X polymerised microtubules were disassembled for 30 min at 4°C in
MES-Ca® buffer (supplemented with 1 mM CaCl,) before chromatography on
Sepharose 6B equilibrated in the cold with MES-Ca?* bulfer, essentially as
described by Weingarten et al. ' In 3B, concentrated peak I (“36S”) material
of 3A containing 0.75 M NaCl (“36S + NaCl”; 1.8 mg protein/ml) was separated
on Sepharose 6B in the presence of 0.75 M NaCl and anulysed as described in
TFig. 4 and text.

Expt. 4: 2x polymerised microtubule preparations were isolated as in Expt. 3
except that the final disassembly step was carried out at 15°C in presence of
MES-Ca?" buffer supplemented with 1 mM GTP and 1 mM CaCl, (MT; 10.5 mg
protein/ml). The pellet fraction (4A, “36S”) obtained after centrifuging MT
for 190 min X 105 (at 8-10°C) ! was resuspended in the cold in disassembly
buffer containing 0.75 M NaCl (“368 + NaCl”; 4.7 mg protein/ml) and centrifuged
as indicated above., The resulting pellet contained appreciable amounts of
tubulin (denatured aggregates?) in addition to HMW {“HMW + T”), as revealed
by SDS-gel electrophoresis (data not shown). .




The high specific activity in the phospholipid fraction associated with the 368
component could reflect the preferential association of metabolically active
phospholipids with a more stable form of 36S tubulin, or, alternatively, the
presence of HMW material, which indeed appears to be exclusively associated
with peak I material (see Fig.4A). The relatively high specific activity of
phospholipids associated with the 365 component derived from Ca?* -depolymer-
ised material (cf. Expt. 3A and 1) was generally confirmed (Expt. 4 and other
data, not shown), but the significance of this observation remains unclear.

The possible significance of the labelling seen in the HMW material that
co-chromatographed with 36S tubulin was further investigated in experiments in
which the 36S component was disaggregated with NaCl *? before chromatography.

Expt. Fraction % Protein 2P incorporated Distribution of 32p
analysed recovered - . : .
protein lipid protein lipid
cpm/ug -protein (%)* Jo**
1 MT 10.8 27.4 34 66
'36S' (peak I) 23 4.6 (34) 39.3 (77) 19 81
'6S" (peak II) 1 3.4 (66) 4.4 (23) 29 71
2 MT + NaCl 12.3 31.6 29 : 71
'HMW' (peak I) 11 28.4 (42) 31.7 (20) 49 51
'36S + 6S' (peak 1) 89 4,7 (58) 14.9 (80) 27 73
3A MT 38.5 41,5 45 55
© '36S' (peak I) 20 11.6 (14) 128.0 (87) 13 817
'6S' (peak II) 80 18.6 (86) 4.7 (13) 78 22
3B '36S + NaCl' as for '36S' in Part A
'HMW + T' (peak la) n.d. n.d.(4) n.d.(8) - 21 9
'"HMW + T' (peak Ib) n.d. n.d.(3) n.d.(11)
'36S — T' (peakIc) (60)1 27.7 (93) 27.5 (81) 44 56
4A MT 6.0 28.17 17 83
'6S' (supnt. ) 10 2.9 (8) 7.1 (3) 29 71
'365' (pellet) 90 © 3.6 (92) 25.0 (97) 13 87
4B '36S + NaCl' as for '36S' in Part A
'6S' (supnt. ) 36 3.9 (66) 6.2 (22) 38 62
'HMW + T' (pellet) 64 1,1 (34) 12.8 (78) 8 92

*Values in brackets = % of recovered cpm in fraction.

**cpm recovered for protein + lipid in individual fraction = 100%.

tEstimated as a percentage of the protein applied to the column, In most
experiments, 50-70% of the protein applied was recovered in combined eluates.
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Fig.3. Electrophoretic distribution in SDS-polyacrylamide gels of proteins and
2P jn chick brain microtubular components labelled in rivo.

Densitometric scans and 3P radioautographs (from same gel) shown for unfrac-
tionated microtubules (A) and for subfractions obtained ufter dissociation of 36S
microtubular component with 0.75 M NaCl (B and C). For details of preparation
see legend for Expt. 3B, Table 2 and text. Apparent hetcrogeneity of tubulin and
radioactivity in C is artefact due to overloading.

In Expt. 3B, the 36S fraction was concentrated by vacuum dialysis in the
presence of NaCl and rechromatographed on Sepharose 6B in the presence of
NaCl (Fig.4B). Under these conditions, the material present in the first two
peaks of radioactivity eluted (fractions Ia, Ib) gave identical protein patterns
after electrophoresis in SDS-gels (data not shown): HMW was present together
with some tubulin. A further broad and apparently complex peak of radio-
activity (Ic) was eluted in a region coinciding roughly with the elution volume of
the 65 component: pooled fractions from this region, which accounted for most
of the recovered protein (Table 2, Expt.3B), were almost exclusively composed
of tubulin derived, presumably, from the 365 tubulin aggregates separated
in Expt.3A (see also Fig.4A). Thus, a partial separation of HMW from 36S
tubulin was achieved. It is evident from the limited data shown in Table 2
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Fig.4. Chromatography on Sepharose 6B of irn vivo labelled microtubules from
chick brain,

(A) ¥P-microtubules were depolymerised in the presence of calcium and frac-
tionated on Sepharose 6B in the absence of NaCl, as indicated for Expt. 24,
Table 2. Total ¥P cpm (solid line) in 1.5 ml eluate fractions is shown together
with absorbance recorded at 280 nm (dotted line). Inset shows SDS-gel protein
patterns for samples of unfractionated microtubular preparation (MTP) and of
material pooled from peak I (fractions 13-15) and peak II (fractions 23-27).
HMW = high MW components; TU = tubulin. Note absence of HMW in peak II
material, Total protein loaded on column: 14 mg.

{B) Re-chromatography on Sepharose 6B of peak I material of A that was
concentrated by vacuum dialysis and chromatographed in the presence of depoly-
merisation buffer containing 0.75 M NaCl as indicated in legend for Expt. 2B,
Table 2, For further explanations, see text.

(Expt. 3A) that most of the bound **P recovered as protein-bound P or as phos-
pholipid P was present in the main tubulin fraction (peak Ic). Since, however,
too little material was present in peak fractions containing HMW (Ia, Ib, see
Fig. 4B) to permit reliable estimations of protein by the Folin-Lowry method,
it was not possible to determine specific radioactivities for P in these fractions.
Nonetheless. it can be tentatively concluded on the basis of the data giving the
percentages of radioactivity recovered that the fractions enriched in HMW are
also enriched in 32P-phospholipid (see discussion of Expt. 3A above).

In Expt. 2 (Table 2, Fig. 3), the possibility of separating HMW from both
forms of tubulin was investigated by chromatography of cold-depolynierised
microtubules which had been treated with 0.75 M NaCl to dissociate 36S tubulin
aggregates, prior to chromatography on columns of Sepharose 6B which were
equilibrated and eluted in the presence of 0,75 M NaCl, It was anticipated that
this procedure would result in all the tubulin being eluted as 6S tubulin, after
elution of the HMW fraction in the void volume, as had been the case when it
was present together with the undissociated 36S component (see Fig, 4A). This



was found to occur, as shown in the SDS~gel electrophoresis patterns of *?P-
labelled material which behaved similarly during elution to the 36S and 65
componentz (data not shown): the first peak eluted now contained mainly HMW,
whik most of the p1 otein present in peak II was identified s tubulin, as shown
in Figs. 32 and 3}3 respectively. Moreover, it is evident {rom the radioauto-
graphs shown (Fig. 3) that virtually all the label detected alter clectrophoresis:
of peak I material was associated with several HMW components near the
origin, while the label found in peak II material co-migrated almost exclusively
with the tubulin fraction. The data given in Table 2 (Expt. 2) show that under
these conditions the HMW fraction was considerably enriched in bound 32P,
especially in respect of protein-bound P,

Finally, the results of an experiment in which the 6S and 36S components of
tubulin were separated by high-speed centrifugation!® (Expt. 4A, Table 2) showed
that most of the protein was recovered in the pellet fraction which was expected
to contain tubulin, present mainly as 36S aggrepgales, This fraction also
contained most of the bound®®P and was particularly enriched in 32P-phospho-
lipids. Although the bulk of the pl'otéin—bouxld $2p was also found in the pellet
fraction, the specific activities for P-protein were remarkibly similar in the
supernatant and pellet fractions. The pellet fraction, which contained tubulin
and HMW in about the same proportion as in the unfractionated material (MT)
(data not shown), was resuspended in buffer containing 0.75 M NaCl and

f re-centrifuged at high speed. It was anticipated that in this way HMW compo-
nents, together with some non-specific tubulin aggregates, might be recovered

i in the pellet, while tubulin derived from dissociated 36S aggregates would

' remain in solution. This was confirmed by SDS-gel electrophoresis, though an

" appreciable amount of tubulin was also found in the pellet fraction (denatured

!'tubulin aggregate?). The data shown in Table 2 (Expt. 4) indicate, once again,

;that the HMW-c¢nriched pellet fractlon accounted for the bulk of 3?P-phospholipid

; (sce also Expts. 2 and 3B). On the other hand, the supernatant was considerably
_enriched in p protein, despite the absence of any HMW component (cf, Expt. 2).
One feature worth noting about this experiment is that the concentration of
protein remained high enough throughout to maintain the 36S =* 65 equilibrium
in favour of the 368 species!®1%; this is in contrast to the situation which

‘ obtains during the separation of 6S and 36S components on Suphlarose 6B, when
“dilution of the sample during chromatography tends to favour disaggregation of

“the 368 species (see above).



5. Conclusions

The evidence presented abbve indicates that brain microtubules contain
protein-bound P and are assoclated with a fraction of phospholipids, both of
which exhibit considerable metabolic activity in vivo. This confirms and
extends earlier evidence based on studies of microtubule phosphorylation in
vitro and in tissue slice experiments %3323, A more precise interpretation of
these findings must obviously await further information concerning the P con-
tents of the various components present in microtubules isolated by reassembly
in vitro, from which labelling due to turnover of bound P and to net phosphoryl-
ation might be distinguished. Nevertheless, it was consistently observed that
the 36S component of depolymerised microtubule, which consists largely of
tubulin polymers stabilised into the ring-like structures, was preferentially
labelled ¢n vivo under various experimental conditions as compared to the 68
tubulin éomponent. The relative enrichment of the 36S component in metaboli-
cally active phospholipid suggests that 36S structures may be loosely associated,
in sitn, with membrane fractions (e.g., plasma membrane) at sites of micro-
tubule-membrane interactions. Indeed, evidence for a close association between
enzymes involved in phospholipid metabolism (e.g., diglyceride kinase)and
microtubular subunits was recently reported’. The possible relationship between
microtubules and membrane-associated changes in phospholipid metabolism in
functionally active nerve-ending preparations from cerebral cortex should prove
a worthwhile area of investigation, especially in view of the recent discovery?
that microtubules are indeed present in presynaptic terminals in situ (see
Introduction).

The relatively high incorporation observed of P into phosphoserine residues
of the 36S component may indicate that any regulatcry factors controlling the
conversion of 6S tubulin to the 36S form, from which microtubules are apparent-
ly polymerised !?s!® might be acting, in part at least, as regulators of enzymes
concerned with the turnover of protein-bound P. In this connection, our obser-
vation that a highly labelled minor protein (HMW), originally seen by SDS-gel
electrophoresis, can be separated from salt~dissociated preparations of the 368
component by chromatography may be of interest in the light of recent work 2,
showing that a tightly bound, heat-stable protein ('tau factor') apparently
required in microtubule assembly can also be released from 36S tubulin prepa-

rations by high concentrations of NaCl
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Labelling experiments in vivo with - Pi have shown

that a significant proportion of the radiocactivity incorporated
2o A A A
'nLo brain microtubules was present in a phospholipid fraction
purified from chloroform/methanol extracts of the iszolated
protein (1). TFurther, in short-term {2h) labelling experi-
: ' 32, y
ments, between 25 and L40% of the ¥ radiocactivity present

in purifisd microtubule-~associated phospyholipids was recoveraod
in~the phosvhainositide fraction vhich consitututesyat nosiys -

5. 103 of the total phos phol¢p*d ¥ recovered (2, 3, k). This
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obs rrvgd errichment of label in the rhospheincsitide froction

is similar to that secen when syna omal membrane phospho-
— . seq. 32 . ek — s (=Y — -
ipids are labéli with P, under similar cofiditicns (5)

and could therefore siniply reflect the lshelling patternn of

nembrane phosphelipids that are prefereniially associated with
nicrotubular conpon . {see ref. 4)a. It was postulated (1)

on the basgis of these hiochemical obscrvations, tha

L phosplu-

Jinids associaiei with isolated microtudbules may reilect

d.eJ -
the occurrence, in_situ, of functional associations between

micretubules and ncurenal membraues, for which there now

e

e morvholorical evidence (6, 7). More spacifically,
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it was suggested (3, §) that microtubules may generally



particinate in the regulation of membrone~bound phospho-
inositide metabolism that is associated with physiological

responses in stinmlated tissvc (see ref. 8).

In the course of further experiments, to test these
possibilitics, it has now been obscrved that myo-inositcl

itself interacts with brain microtubular protgin. This
report describes evidcence %hat iﬁositol markedly affects

the temperature-~dependent assembly and disassembly of
microtubules in vitro, and that microtubuiar proteins bind
up fo 1 mol fnositol/mol of tubulin. It is proposed in the
lighﬁ of these and other observations that inositol ﬁay play

a physioclogical roile through regulation of the functional

state of microtubules in various cell types.

2. ‘H?terials‘and Methods

Microtubular protein was isolated by one cycle of assenbly/
disassembly from 4-6-day-old chick brain or from h-6~week—old.

rat brain by the procedure of Dorisy ot ct al. (9), ekcep+

-

h
that PIPES piperazine-N,N' - bis ( nethunesuifonlc acid) ok

. '
was replaced throughout by MES 2-(Nemorpholino) ethonesulfonic
o

acid) in the buffer solution which will be referred to as

Mlercassembly buffer. This contained 100 mM MES, 1 mM EGTA,

0.5 mlid InCTz and 1 nM GTP (freshly added), adjusted to pH 6.9
with 2N NaOil at 4°C '
W
Microtubke pelymerisation was as ed by a turbidimetric

procedurce (10) in a split-beam Unicam SP1300 UV spectromcter,

fitted vzth a hesample automatic sammle changer thermostated

T

to # C or 37 °C as required. Readings were taken at 30

B vy aq ~ e - - o T3 -~ ""*“ T Jayones~ ) « pyen sy e
at Jenin intorvalzs and receorded on a Undcem ALRS Lineaxr Becorlor.



Samples of the purified prot cnn (ca° u,5 mg protein/ial) were
diluted to give ca. 1 mg/ml protein in lil-rcassembly buffer
containing freshly added GIP (1 mM, final concn.) and
incubated in the presence or absence of inositol added in

the cold at wmero time.

3e RequTrf and Discussion .

3.1, Effects of Inositol on microtubule assemblv.

The results of experiments using protein fLrom rat brain
show that inositol decreased the rates of both assemﬁly and
disassembly by more than 30% and the maximum turbidity
devéloped (plateau values), by about 25%,'during the first
c&cle of assoembly/disassembly (Fig. 1 and 2). Inositol acted
in a concentration~dcpendent manner, maximum éifects occurriﬁg
"at about lOO'mﬁ‘(Fig. 2). Presuﬁably, the effCC"° seen duriné
mo o om s the first cycle resulted from an immediate intcractionjof

inositol with the precursor pool of polymerisablo protein,

- .

'a: NSN3 P naci Bk o e
occurring at 4°C or uurlng the period (< 2 min) required fox

reeequilibration of the system to 37 °c.

These effecté were considcrably amplified during
successive cycling of the protein (cycles 2-6, Fig. 1).
It was also ev’” 7ont %ﬁﬁﬁ whereas the rapid initial increases
in turbidity secui diiiing the first cycle re§ulted in the
establicshment o7 a we . -defined plateau. However, in
-subsequent cycles the initial phase of turbidity increase
was followed by a.characteristically élow phase that was

. . * . . . o
maintained at a2 constant. rate during incubation at 37 °C.
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In samples incubated with inoéitoi the develcpment of this
2secondary slow phase was alfeady apparent cariler in the
ihistory of the protein than in control samples (cfe cycles 2
nd 3, Fig. 1), thuslaccounﬁing, pfesumably, for the
:

mplification of the effects of inositol observed during

uccessive cycles of assembly/disassembly.

. -

.

The sccondary phase of slow increase in turbidity
probably reflects the gradual formation and accumulation
of a pool of 'inactive' microtubular protein aggregates
that do not readily depolymerise in the cold, as can be
‘inferred from the progressive increase, during successive
cycling of the proteins in the basal level of turbidity
attained on eguilibration of the samples at 4°C (Fig. 1).
Such protein aggregates could be related to the cold-
stable microﬁubﬁlar protein fraction that is obtained (and .
im g e —mewe cOTrMAlly discarded) during‘purification of the protein. .

(sce refs. 3 and 12).

R NI TR - - R o - -
Preliminary experiments indicate that inositol can
also stabilise brain microtubules against the rapid de-
polymerisation iﬁduced by célcium ions. Thus, the addition
‘of 3m CaCl2 to a twice-polymerised preparation of rat
brain microtul Jo« dcﬁrcased turbidity within 2 min to L 5¢3
of the maximal :latucihu levels attained in control samples,
whereas a fall of oi. = 30% in turbiéity was produced in
samples containing 250 nml (final concn.) incsitol (data

not showvm).
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Finally, it con be seen from the duata ghown in
Fige 1 and 3 and that the addition of GIP (0.5:2{, Final concn.)
to the test system after 3 cycles of polymerisatioh caused
a significant increase in the initial rates of assemdbly and
of disasscmbly, in both control and inositol-~containing
gsamnples (Fig..BA) and a partial alleviation of the 'inhibitory!
cffects of inositol on these processes during the first
cycle following addition of the nucleotide (cycle L4, Figs. 1
and 3B). However,'the addition Sf GTP dLd not eliminate
the secondnry slow phase of turbidity dovelopmeht (see Figs. 1
and 3, cycles 4-6). GTP also induccd.an apparent stabilisation
of the initial rates of assembly and of disassembly in control
samples, though not in the presence of inositol (Fig 3A),
indicating that the effects of inositol and GTP might be
?e;ated. It is suggesﬁed'thdt the observed effects of GIP

are most lilkcly mediated through its protection of microtubular

- - e W e L

“protein against ‘ageing' (seec refs. 11, 13, 14), thus increasing

—mthe pool of..lactive! dntermediates ravailableseitlemclgores o™ -

microtubule assembly, in the control preparations, or for

the generation of nonwecquilibrating 'stabilised' species of

the/protein, in the presence of inositol (see below and

-

Fig. 5).

[ZN

A plausgible dinterpretation of these findings is that .

inositol in some way 'stabilises' the main species of micro-

)
tubularvprotein involved in the subunit-polymer equilibrium,
thereby reducing their availabilily for assembly or for dis~
assembly of microtubules. In so doing, inositol would
effectively promote the formation of a pool of 'stabilised!
micro%ubula? protein aggregates that do not readiiy equilibrate

with 'active! forms of the protein which participate in the

polymerisation o¥ depolymerisation processes,
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The effects of inositol could he exerted through its
binding to species of micro%ubular pirotein participating in
the subunit-polymer equilibrium. Indeed, preliminary experiments
ghow that incubation of once~cycled microtubular protein in
the presence of 3H inositol resulted in the binding of up
éo'l mol [?él inogitol/mol of tubulin dimer as determined
by gel filtration on Scphadex GlOO (data not shown). Further,
whoen such preparations are chromatographed on Sepharose 6B
(see ref. 1) to separate the oligomeric (30-36 S) and dimer
(6S) specics of tubulin, about 60% of the bound cpm (SH)

were co-eluted with the first protein peak (I), the remainder L.

appearing with the dimer fraction (peak II), as shown in Fig. }ﬁ

The preferential binding of inositol to ass;mbly—
competen+ tubulln ollgomers (pealk I Fi /5) and the consistently
obaerved nrofection by inositol of nmicrotubules against
-==- - cokd and calcium-induccd depolymerisation, suppoxt-the = — "
V1ow that inositol pr ofcrentlale stabilises both mlcrotvaI csg

R T - RN R T A G- - - e €& o D T O AT IS Thgeipe B lHan U et #OPR T L -

and the.intcrmediate aggragate pecmes of tubulin with which
they are in dynamic equilibrium. This interpretation of our
results can be‘ieadily incoyorated in a generalk scheme.for -
microtubule assembly (see ref. 11), as illustrated in Fig. 5

in which no assumption is made rcgarding the nature of the
ccmponents present in the pool of 'active intermediates!?,
though this would presumably include tubulin oligomers giving
rise to the various disc-and spiral-shaped structures described
in the literature (sce refs. 11 and 13), somc of which can be
readily differentiated from the 6S tubulin dimer fraction by

gel ‘permeation chromatographye.

32 Genexal Tmﬁ11cqfrmvﬂ
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The resulis described above clearly shioow that nyvo-inonitel
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interacts with polsmerisable forms of microtubular protein

and influences ﬁhe"extent.t6 which if participated in the
temperature.--dependent subunit-pelymer cquilibrium at concentrations
above 20mll, maxinun effeéis occurring at about 100 ml

e .

(sce Fig.2)e Such effects could be of physiological significance,
if one considers that these ievels cf dinositol Are of the same
order as those which are found An. vivo (10-25umol free
inositol/g fresh tissue, see refs. L5 and 16), when they
are related, on a molar basis ( mol. inositol/mol. tubulin),

.
to tho estimated content of polymerisable tubulin (ca. 10%
of total soluble protein) present in brain extracts (see ref. 11).
The unusual behaviour of myo-inositol as a ﬁater-structuring
compound (17) suggests that some of the effects observed could
result from an'alteration in the state of hydration of mi.crom
tubular protein, since {hié faétof i.s apparently of great
importance in entropically—drivcn polymerisation processes

such as microtubule assembly (13,18, 19). .

In attempting to asscss the possiblé physiological
significance of the present resultsg, it seems noteworthy
that stimulatioﬁ off surface receptors in various cell types,
vhere an increased turnover of phosphatidyl inositol ('PI
effecct!) is observed (see ref. 8), generally resulfs in processes
in which microtubules are apparently involved, for exanmple,
the redistribution of surface receptors in plasma membiranes
(sce, eg. rcfse. 20 and 21) and diverse sccretory phenomena

(ege 22, 22). It has been suggested (8) that the primary

e

8

gnificance of the 'PI effect! is related to the production
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of a metabolite (ie. inositol or its phosphorylated
precurgors) nediating the effects of extracellular stimuli
(ref. 24), although the cellular targets for the inositol

metobolite have not been identificd.

On the basis of the above conéidofations,_it is tempting
to speculate that‘the relatively high intrace%lular levels
of frece inositol found‘in nervodg and gecretery tissues
(15, 16), which are richly endowed in microtubules, may reflect
a unique and novel role for this compound in directly confrolling
the.functional states of micrctubules and hence, their partici-
patiqn in the regulation of various cellular activities.
Thus, in this view, microtubules could act as a target for
the inositol 'messenger' released as a coensequence of the
increased hreakdown of phosphatidylinositol dﬁring cell

gstimalation ('PI effect').

In addition, it can be inferred from the binding data -
presented that microtubules may 5150 contribute to the intra-
cellular compartmentati@n of inositol. Such a réle could be
of great importance in the light of recent evidence showing
that (a),.brain microtubule-associated phospholipids, which
are presumably derived from membrangs, are enriched in a
pool of metabolicaliy active phosphoinositides (2-4) and (b),
that two of the key énzymes involved in the recycling of
menbrane phosphbinositidcs (8) are closely aﬂsociated with

microiubular protein (25, 26). Ia this way, microtubules
could also function in compartmentalising enzymes and substrates

~
~

involved in the brealkkdovm and re-synthesis of phosphatidylinoesitidce

(see refs. 3, & and 27).
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Turbidity changes during successive cycles of assembly/dizacss
embly of rat brai §3 fraction in the presence(---) and ab-

sence( ) of nmvo-inositol{ added at zero time, 250z final
concontrﬂtion). Turvidity changes wvere monitored simultuneous-
ly for control and inos LtOl"COntﬁlnln” sanpleS. Arrows indi-

cate teuperature increase to )7 ¢e(h) or decrcase to 2 L(v)

“and circled nunmpbers indicate the oiu.t ol each cycle, Tor

details see text in sections 2. and %.2.

~

Effect of inositol on initial ralcs of essembly and disassembly of
microtubulayr protein prepared by one cycle of polymerlsat10n/denoly~
merisation. Initial rates are expressed in arbitrary vnits calcu=-
ted f MM"M‘”‘” 1 fr‘e lymerisation curves. Protein concen-
-late rom-h.n.{-{-—te—% slope offpolyneri . 3 ’
tration? img/ml of incubation mixture, For deta.ils, see[,..,_ar_&_—;ie-?r

The effects of added GIP on initial rates of assombly ond
icasseinhbly of microtubules in the presence( filled sympols)
or absence( open symbols) of inositol (A) and on the percen-
Yage inhivition of the initial rates by inoczitol (X5).

o,

Protein and [QﬁTylno sitol elution profilces for chick hrailn
TP, prepared by one cycle of assembl; /ulsasgemply,;during
chromatography on Sepharose 6B. Freshly prepared kTP was
incubated for 30 min at 37°C in the presence of [Bﬂi}ino—
sitol (25nmoles/ml, BOnCi/ml of reaction mixture). After
depolymerisation on ice for 30 min sanmples containing
10-15ng protein (in 5ml) were chfomatographed at 4°C on
1.8x%0cm colwmns of Sepharose 6B prequilibhrated and than
eluted with T-reassembly buffer minus TP, Flow rate: 10ml./x.
Usually 89% of the loaded protein was recovered in the cluats,
Cpm_in peak I and II correspond to 6,0 and 3.5 nmoles bound
CBH‘-}:'.nosito]_/mg protein, respectively. |
A generalised schome ghowing poscible sites of interaction
o inositol with various poo of microtusular provein i~
volved in assendly and dlsasscmbly in vitro. The diagrenatic
representation of the microtubule-subunit eguilibvrium (top)
does nov distinguish between in vitro end in vivo mcdels
proposed ( sce rofs, IT end I7) for microtubule assembly

v

Dashed lines indicate processes that are postulated %o

-~ i P o SO - o K . . F T . IO
oceur in wviwa, Tor further erplinations ceo texd in secilons
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