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ABSTRACT

In the alga Polytomella basal body rootlets function

as microtubule-organizing centers (MIOCs) controlling the
positioning, initiation and patterning of cytoskeletal
microtubules (Brown and Stearns, 1978).

Procedures are described for the isolation and puri-
fication of intact basal body rootlet complexes. Quanti-
tative electron microscopic and viscometry studies show
that rootlet MIOCs are functionally intact and competent
to initiate assembly of microtubules from both crude and
phosphocellulose-purified brain tubulin preparations.
Thin sections confirm that the microtubules are initiated
from amorphous sites directly on rootlets in patterns
closely resembling patterns of microtubules seen in situ.
Biochemical analysis of the composition of rootlet-MTOCs
shows that MIOCs consist of trypsin-sensitive protein(s)
which can be extracted for purification by brief dialysis
against a low ionic strength Tris-EDTA solution. Electron
microscopic studies of treated complexes confirm that the
complexes remain intact but incompetent to promote micro-
tubule assembly. PAGE gels of the high speed supernatants
of extracted complexes indicate a number of rootlet-
associated proteins (RAPs) are removed. When RAPs are

incubated at 37°C with phosphocellulose-purified tubulin




in 0.1M PIPES, 1mM MgCl,, EGTA, pH 6.4 made 2mM in
turbidiometry studies show microtubules are assembled.
Procedures are described for purification of the
tubulin-initiating proteins of RAPs preparations and of
microtubule-associated proteins (MAPs)obtained from
temperature-cycled beef brain. Tubulin-initiating pro-
teins (or TIPs) in RAPs preparations and microtubule-
initiating protein (''the-MAP') in MAPs preparations are
selected-for by using centrifugation to pellet early assembly
products (protofilaments) formed after brief incubation
of fractions with tubulin. Phosphocellulose chromato-
graphy is used to further purify microtubule-initiating
proteins in the protofilament pellets. PAGE gels of
protein preparations show a single 330,000 mal. wt. protein
("the-MAP") in cycled brain tubulin (S-3) and 4 closely
spaced 190-200,000 mol. wt. proteins in RAPs extracts (TIPs) func-
tion to promote assembly of protofilaments. The role of
"the-MAP" and TIPs in promoting phosphocellulose-purified

tubulin assembly is examined and compared using optical

techniques (negative staining, turbidometry and viscometry).

Negative staining studies show during initiation that
"the-MAP" and TIPs stimulate formation of protofilaments

and protofilaﬁent sheets as assembly intermediates which
then form a complete microtubule wall. Intact rootlet-MTOCs

are shown to initiate assembly of tubulin by the same
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mechanism. Turbhidometry studies demonstrate that "The-MAP"
and TIPs stimulate increases in initiation kineties and
suggest that ''the-MAP'" may also stimulate the elongation
of microtubules. Viscometry studies show that "the-MAP"
will stimulate microtubule elongation on rootlet-MIOCs
whereas TIPs do . not, but instead initiate new micro-
tubules. Experiments using 835 labeled TIPs confirm that
TIPs specifically function in initiation which is
consistent with their composing MTOCs.

Finally, electron microscopic studies of the struc-
tural properties of microtubules initiated by ''the-MAP"
and TIPs show the tubules have smooth surfaces. These
microtubules become coated with arms and closeiy resemble
S-3 microtubules if they are briefly incubated with crude
MAPs, indicating that - separate MAPs function to form
arms on tubules. The microtubules are cold-sensitive and
MAPs or 'the-MAP'" microtubules disassemble to form rings
whereas TIPs microtubules disassemble to protofilaments.
Analytical ultracentrifugation studies confirm these results.
The main conclusion drawn from these studies is that micro-
tubule-initiating proteins (TIPs) associate with MTOCs
to control initiation of protofilaments during assembly

of microtubules in vivo.




RESUME

Chez 1'algue Polytomella, Tes radicules du corps basal

fonctionnent comme centres d'organisation des microtubules
(MTOCs) contrdlant la position, 1'initiation et le patron
de microtubules cytosquelettiques (Brown et Stearns, 1978)

Des procédures sont décrites pour 1'isolation et la
purification des complexes intacts du corps'basa1 radiculaire.
Des études viscométriques et quantitatives au microscope
électronique ont démontré que les MTOCs-radiculaires sont
intacts du point de vue fonctionnel et compé&tents pour initier

-

1'assemblage des microtubules & partir de préparations de

-~

tubuline cerveaux &8 1'é6tat pur ou purifié @ la phosphocellulose.

Des sections microscopiques ont confirmé que les microtubules
sont initiées de sites amorphes directement sur les radicules,

dans un patron ressemblant aux vus in situ. Des analyses bio-

chimiques de la composition des MTOCs radiculaires démontrent
que les MTOCs consistent de proté&ines sensibles & la trypsine,
qui peuvent @tre extraites pour la purification par une courte
dialyse avec une solution Tris-EDTA de basse teneur ionique.
Des 6tudes au microscope é&lectronique de complexes traités

confirment que ceux-ci restent intacts mais incompétents a

1
!

amener 1'assemblage des microtubules. Des gels de po]yocrylamidei

des supernatants extraits & haute vitesse des complexes 1ndiquenti

qu'un certain nombre de protéines associées aux radicules (RAPsS)

sont enlevées. Quand ces RAPs sont incubées a 370C avec de la



tubuline purifiée au phosphocellul e dans 0.1M PIPES, TmM
MgC12, EGTA, émMGTP d un pH 6.4, des études turbidiomé&triques
ont démontré que les microtubules sont assemblées.

Des procédures sont décrites pour la purification des
protéines initiatrices de la tubuline des préparations RAPs et
des protéines associées aux microtubules, MAPs obtenues du cerveau
de boeuf au cours du cycle de polymérisation 5'3700. Les proté&ines
initiant la tubuline (TIPs) dans les préparations de RAPs et 1la
protéine initiant les microtubules ("la MAP") dans les préparations
MAPs, sont sé&lectionnées pour centrifuger en boulette Tes pro-
duits d'assemblage primaires formés aprés une bréve incubation des
fractions avec de la tubuline. La chromatographique phospho-
celiulaire est utilisée pour purifier davantage les prot&ines
initiatrices dans les boulettres de protofilaments. Des gels de
polyocrylamide des préparations protéiques démontrent qu'une seule
protéine de 330,000 daltons {"Ta MAP") dans la tubuline de cerveau
(S-3) et quatre 190-200,000 daitons espacés Etroitement dans les
extraits RAPs (TIPs) fonctionnent a promouvoir 1'assemblage des
protofilaments. Le rdle de "1a-MAP" et des TIPs pour promouvoir
1'assemblage de la tubuline purifiée & la phosphocellulose est
examiné et comparé en utilisant des techniques optiques (coloration
négative, turbidiométrie, viscométrie). Des &tudes & la colora-
tion négative démontrent que durant 1'initiation "la MAP" et les
TIPs stimulent 1a formation des protofilaments et des feuilles

de protofilaments comme intermédiaires de montage qui forment alors

H
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des microtubules complets. Les MTOCs radiculaires intacts sont
révélés comme Etant les initiateurs dans 1'assemblage de 1la
tubuline -par le méme mécanisme. Des &tudes de turbidiométrie
démontrent que "la MAP" et les TIPs stimulent la cinétique
d'initiation et suggérent que "T1a MAP" peut aussi stimuler
1'allongement des microtubules. Des &tudes de viscométrie
démontrent que "la MAP" stimulera 1'allongement des microtubules
sur les MTOCs radiculaires tans que les TIPs initieront de

nouvelles microtubules. Des expériences utilisant des TIPs

marqués au 535

confirment que les TIPs fonctionnent spécifiquement
d 1'initiation, ce qui est en accord avec leur MTOCs.

Finalement, des &tudes au microscope &lectronique des
propriétés structurales des microtubules initiges par "la MAP" et
les TIPs démontrent que les tubules ont une surface lisse. Ces
microtubules deviennent couvertes de brase (et ressemblent de prés
aux microtubules S-3) si elles sont incub&es bri&vement avec des
MAPs a 1'état pur, indiquant qu'une MAP différente fonctionne

pour former les bras sur les tubules. Les microtubules sont

sensibles au froid et les microtubules MAPs ou "“la MAP" se dé&font

B

pour former des anneaux, tandis que les microtubules TIPs se défont;

en protofilaments. Des &tudes analytiques de 1'ultracentrifuga-
tion confirment ces ré&sultats. La conclusion principale qui peut
gtre tirée de ces &tudes est que les protéines initiant les micro-

tubules (TIPs) s'associent avec les MTOCs (in vivo) qui contrdlent

1'initiation des protofilaments durant 1'assemblage des microtubu-

les.



SOURCE OF CHEMICALS

Triton - X-100 - Fisher

lead citrate - Fisher

bovine serum albumin standards - Sigma Chemical Co., St.
Louis, Mo.

coomassie brilliant blue 250-R - Polysciences Inc.,

Warrington, Penn.

protein standards:
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cytochrome C, catalase - General biochemicals, Chagrin
Fall, Ohio

egg albumin, chymotrypsinogen A - Sigma Chemical Co., St.

Louis, Mo.

bovine serum albumin - Calbiochem, La Jolla, Calif.

GIP - Sigma '

NaSOa-Sm35 - New England Nuclear

Aquasol - Fisher

PIPES - Sigma

PC - Whatman Ltd. - Fisher Chemicals Ltd.

SDS - Fisher

TRIS -~ Fisher

Glycerol - Fisher

DMSO - Fisher

EDTA - Fisher

EGTA - Fisher

Phosphate -~ Fisher
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LIST OF ABBREVIATIONS

Chemicals ‘
PC - Phosphocellulose

PIPES - (piperazine-N-N'-bis [2-ethane sulfonic acidl)
SDS - sodium laurylsulfate

Tris - 2-amino-2-hydroxymethyl-1, 3-propanediol
GTP - guanosine triphosphate

DMSO - dimethyl sulfoxide

EGTA - [ethylene (oxyethylene-nitrilo)] tetraacetic acid

EDTA - disodium ethylenediamine-tetraacetate é
Terminology

MAPs - microtubule accessory proteins

RAPs - rootlet-associated proteins

HMW - high molecular weight i

MTOCs - microtubule-organizing centers |

MAB - microtubule assembly buffer (see Materials and.Methodsi

TIPs - microtubule-initiating proteins ?

GDMP - 50% glycerol (v/v); 10% DMSO; 5mM MgClz, 5mM %

sodium phosphate pH 6.9 é

Aggg - absorbance at wavelength of 350 nanometers i

Sq20 " sedimentation coefficient relative to water at 2OOC E
Stains i

PTA - phosphotungstic acid |

UA - wuranylacetate
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EXPLANATION OF TERMINOLOGY

Microtubule-Associated Proteins: Depending on the buffer

conditions used, different amounts of several non-tubulin
proteins have been shown to coassemble with tubulin to
promote its assembly. Different groups studying tubulin
assembly have employed different terminology to refer to
these accessory proteins. Borisy's group find that at
least two proteins with molecular weights of 271,000 and
286,000 coassemble with tubulin which they term

high molecular weight (or HMW) proteins (see Murphy and
Borisy, 1975). Rosenbaum's group find similar proteins
having slightly higher molecular weights of 300,000 to
350,000 daltons and they have termed these proteins
microtubule-associated proteins (or MAPs) (see Sloboda et
al., 1976a). Kirschner's group have found that low mole-
cular weight proteins of < 70,000 represent the

ma jor non-tubulin species and they have termed these pro-
teins tau (see Weingarten et al., 1975).

In studies reported in this thesis, I found in contrast
to the above studies that there are many non-tubulin proteins
of a wide range of high and low molecular weights in
temperature-cycled brain tubulin preparations. Unless
otherwise specified, the term MAPs has been used to refer to

high and low molecular weight non-tubulin proteins present in
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temperature-cycled preparations. One of the MAPs of a
molecular weight of 330,000 has been purified

from MAPs and I have arbitrarily referred to this protein

as '"the-MAP".

MTOC-Associated Proteins: Proteins obtained in crude Tris-

EDTA extracts of isolated basal body rootlet complexes
have been called rootlet-associated proteins (RAPs) since
in functional assays the extraction of complexes was found
to prevent assembly of tubulin on the rootlet MIOCs. 1In
microtubule assembly studies using purified tubulin pro-
tein, four high molecular weight proteins (190,000 to
220,000 present in crude RAPs preparations were

found to function in initiating microtubule assembly.
These proteins have been purified from RAPs and in this
thesis are termed tubulin-initiating proteins (TIPs) since
they have been found to function specifically in initiation
of microtubules and in doing so they appear to act like

intact MTOCs and associate at one end of the forming micro-

tubule.

R
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INTRODUCTION

FOREWORD

The microtubule is a basic cellular element found
in at least one stage in the life cycle of eukaryotic
cells. In the cell , microtubules are often organized
to form diverse types of organelles which can carry out
various cellular functions. These functions range from
cell motility and intracellular transport to the formation
and maintenance of cell shape.

In attempts to understand the structural and functional
roles of microtubules and microtubule organelles, one
useful approach has been to examine their structural prop-
erties. Electron microscopic observations have shown that
a strong correlation exists between the structural and the
functional characteristics of microtubules composing
axonemes, spindles, and the cytoplasmic organelles of cells

(Porter, 1966). The question that comes to mind is whether
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these structural and functional properties of micro-
tubules are controlled by a precise cellular mechanism.
Inoue (1964) discovered that microtubules exist
in a dynamic equilibrium with their subunits. This
indicated that factors affecting the equilibrium, or
in other words the assembly-disassembly, of microtu-
bules would also directly regulate the numbers and
lengths of microtubules in microtubule organelles. The
same factors may therefore indirectly control the func-
tional capacity of microtubule structures.
One way we have gained insights into how cells
might modulate microtubule structure and functioh is by
studying conditions affecting tubulin assembly. In these
studies, progress has largely been made through examining
the reassembly of microtubules following disassembly
induced by anti-microtubule agents such as pressure, low
temperature and colchicine (Bouck and Brown, 1976). An
alternate approach is through in vitro experiments that
have followed Weisenberg's (1972) finding that micro-
tubules could be assembled in vitro. The objective of
these experiments has been to answer some of the questions
raised by in vivo investigations into the conditions and

the fundamental mechanism controlling assembly in living

cells.

_—




Perhaps one of the most significant observations
made in in vivo studies has been that microtubule-
organizing centers (MTOCs) serve to control initiation

and patterning during assembly of functional micro-

tubule organelles (Porter, 1966; Bouck and Brown, 1976).

The role of these centers must be taken into account
in any attempt to resolve the mechanism by which micro-
tubule assembly occurs. Resulting in vivo studies

have for the most part been limited to morphological

observations. However, by taking advantage of Weisen-

berg's basic discovery, it should be possible to develop

an in vitro assembly system which resembles that seen
in vivo. Using in vitro conditions, one can then
investigate the role of MIOCs in assembly and mainten-
ance of potential microtubule organelles.

The ambition of this thesis has been to develop
an in vitro assembly system to study this problem in
terms of

(a) the roles of MTOCs and

(b) the roles of protein components of the MTOCs

and microtubules that are involved in assembly.

16
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DISCOVERY

Interest in microtubules has originated largely from
microscopic studies showing that microtubules occur in
all eukaryotic cells as functionally important elements.
Microtubules were first discovered as a prominent cellular
component with the advent of electron microscopy in the
1950s. Manton and Clarke (1952)and later Fawcett and
Porter (1954) reported microtubules - are the main component
forming the 9 + 2 structure in cilia. Several scattered
reports had indicated that similar tubular elements are
also present in the cytoplasm of cells (Grasse, 1956;
Beams et al., 1959; Roth, 1959; Roth and Daniels, 1962;
and Harris, 1962). With the discovery and use of
glutaraldehyde as a fixative (Sabatini et al., 1963)
microtubules were consistently found as cytoplasmic
components in plant and animal cells (Ledbetter and Porter,
1963; Slautterback, 1963). Microtubules have since been

found in all eukaryotic cells at one or more stages in

their life cycle.

STRUCTURE AND BIOCHEMISTRY

Tubular structures having an outer diameter of about
23-27 nm and of varying length have generally been called
microtubules. When fixed in glutaraldehyde, microtubules

appear in cross sections as an electron-dense ring
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surrounded by a 10 nm diameter halo. The ring consists

of 13-15 protofilaments forming a 4-5 mm thick wall

(Tilney et al., 1973). Optical diffraction studies have
indicated that the protofilaments are composed of protein
subunits exhibiting a 4-5 nm packing diameter and arranged
in parallel arrays that give the globular subunits in
adjacent protofilaments a half-staggered appearance
(Grimstone and Klug, 1966; Cohen et al., 1971,1975).

Using computer diffraction patterns of electron micrographs
and filtered images from optical diffraction studies, Amos
and Klug (1974) and Linck and Amos (1974) found that micro-
tubules have a 4-5 nm lattice and exhibit an 8 nm repeat.
They have interpreted this to mean that 8 nm dimers are the
basic repeating subunit of the protofilaments and of
microtubules. An artist's conception of a complete micro-
tubule is seen in figure 1 showing the protofilaments and
dimers in half staggered arrays.

Biochemical studies have shown that the principal
component of microtubules is a protein termed tubulin (Mohri,
1969). Tubulin from different sources exhibits an inter-
species homogeneity in molecular weight, sedimentation coef-
ficient, amino acid composition, amino acid sequence, and
immunological cross reactivity (see reviews by Stephens and
Edds, 1976; and Snyder and McIntosh, 1976). On a gross biochem-

ical level, tubulin can be separated into classes of monomers,




»
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« tubulin and $ tubulin, that associate as heterodimers
with a molecular weight of 110,000 to 120,000 and

a sedimentation coefficient of 6S. It turns out that &«
and P tubulin are two electrophoretically separable pro-
teins of identical molecular weights of 55,000

but different amino acid composition (Lee et al., 1973;
Bryan, 1974). The dimer is the monomeric form of tubulin
which assembles microtubules given the correct physiolo-
gical conditions by hydrophobic bonding of longitudinal
and lateral binding sites. It is assumed in the model in
fig. 1 that dimers exist as heterodimers of slightly
different &4 and @ tubulin subunits and that each protofila-
ment contains equal amounts of « and B tubulin (Witman
et al., 1972).

The biochemical studies have shown that tubulin
exhibits a number of characteristic properties. Tubulin
binds-to.-alkaloids ' such as colchicine, vinblastine, and
podophyllotoxin that inhibit its assembly, and to mole-
cules such as magnesium, guanosine triphosphate and other
nucleotides which promote its assembly. The drug colchicine
binds specifically on a mole-to-mole basis with tubulin
dimers and induces disassembly of microtubules (Borisy
and Taylor, 1967; Weisenberg et al., 1968). Consequently,
the binding of colchicine has been used as a basic criterion

for identification of tubulin protein and for studies
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relating microtubule structure to function. GTP binds to

tubulin at a ratio of 2 moles to 1 mole of dimer (Stephens

et al., 1967; Yanagisawa et al., 1968) and Mg++ binds at
a ratio of 1 to 1 on a molar basis with the dimer. Both
Mg++ and GTP are thought to stimulate assembly of tubulin
by promoting strong structural changes in dimers to sta-
bilize them for assembly. The dimer has a tightly bound
non-exchangeable GDP which is transphosphorylated by GTP
or ATP bound to an exchangeable site to promote assembly
(Olmsted and Borisy, 1973:). The biochemical data has
provided helpful information about the factors involved

in assembly in vivo but most importantly has permitted the

development of conditions for in vitro assembly of tubulin.

DISTRIBUTION AND FUNCTION

Microtubules are found in a wide variety of plant
and animal cells forming many diverse types of microtubule
organelles. They are seen as single tubules dispersed in
the cytoplasm of cells, and as the central element forming
structures such as cytoplasmic organelles, spindle fibres,
axostyles, axonemes, centrioles, and basal bodies. The
functional roles of these microtubule organelles can be
classified into three broad categories: cell motility,
intracellular transport,and the establishment and main-

tenance of cell shape. In each of these categories, the
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microtubules take on a pattern suited to the particular

function.

Cell Motility: Microtubules in cilia, flagella and axo-

styles are arranged in a highly structured pattern to form
an axoneme. Microtubules in axonemes can generate a bend-
ing motion by sliding past one another to provide the
motive force (Satir, 1965; Brokaw, 1972; Warner, 1972;
McIntosh, 1973; Bloodgood, 1975). The energy source for
microtubule mediated motility is generated by an ATPase-
dependent’ energy-transducing mechanism. In cilia, flagella,
and axostyles the energy for motility depends on an ATPase
of dynein arms coating the microtubules (Gibbons, 1965;
Anderson et al., 1968; Gibbons and Gibbons, 1972; Burton,
1973; Mooseker and Tilney, 1973; Bloodgood, 1975). It is
not known at this time if cytoplasmic microtubules involved
in transport also have a similar ATPase-dependent energy-

transducing mechanism.

Cellular Transport: Cytoplasmic microtubules are organized

in many cell types to provide the structural framework for
the movement of cellular components. A classical example
is the spindle microtubules which are oriented and disposed
in such a fashion as to provide a structural framework for
the movement of chromosomes (de Harven and Bernhard, 1956;
Roth and Daniels, 1962; Harris, 1962:)" = .. .

Experimental disruption of spindle microtubules

e s R AR RIS
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with agents such as colchicine (Inoué, 1952a), cold (Inoué,
1952b, 1964; and Inoué and Sato, 1967), pressure (Zimmerman
and Marshland, 1964) and UV irradiation (Inoué, 1964) has
been shown to stop chromosome movement. Studies of this
nature suggest that microtubules are indeed important
elements for guiding cell division.

Another example is nerve cells, where microtubules
constitute a prominent component of slender axon extensions
(Palay, 1956; Elfvin, 1961; Gonatas and Robbins, 1964; Smith
et al., 1975). Microtubule-disrupting agents will block
protein transport in these cells (Kreutzberg, 1969;
Sjostrand et al., 1970; Fernandez et al., 1971) suggesting
that microtubules provide the directional guidaﬁce and the
motive force for axonal transport.

Finally, a striking example which clearly shows micro-
tubules have a role in transport is in the melanophore
cell where microtubules are seen extending from the center
of the cell to provide a framework for movement of melanin
granules during pigment contraction and dispersion (Bikle,
Tilney, and Porter, 1966; Porter, 1966; Murphy, 1975; Byers
and Porter, 1977). Pigment transport is immediately inhi-
bited by anti-microtubule agents (low temperature and col-

chicine), showing that microtubules directly control their

movement .
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Cell Shape: In many developing organisms, localized changes
in cell shape often occur as a product of intracellular
changes which involve the assembly of cytoplasmic micro-
tubule organelles. For example, during induction in the

lens placode the cell assembles large numbers of microtubules

in parallel near the cell cortex to enable formation of an

elongating cell region (Byers and Porter, 1964; Porter, 1966).

Similarly, cell elongation in spermatids of developing
spermatozoa depends on assembly of microtubules in parallel
arrays. In the primary mesenchyme cells in the gastrula of
sea urchins, microtubules are prominent elements essential
for formation of extended pseudopodia in these cells (Gibbins,
Tilney and Porter, 1966).

Protozoans offer examples of cells which exhibit long,
slender extensions that are formed and maintained by micro-
tubules. In the heliozoan Tokophrya (Rudzinska, 1965),
extensions termed axopodia are formed by microtubules
organized in arrays which form central and peripheral
chann els for the transport of particles. In axopodia of

the heliozoan Actinosphaerium, microtubules are arranged

in two coiled interlocking arrays to form the axial fila-
ment (Kitching, 1964; Tilney and Porter, 1965). If axopodia
are exposed to low temperatures (Tilney and Porter, 1965),
high pressure (Tilney, Hiramoto and Marshland, 1966) and

colchicine (Tilney, 1968a) the microtubules rapidly dis-
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assemble concomitant with a disappearance of axopodia.
Upon reassembly of normal filaments normal functional axo-
podia are reformed.

In general, what the morphological studies have shown
is that cells organize microtubules to form specific
structures designed to carry out specific cell functions.
It is also evident from the above discussion that the assembly
and maintenance of these microtubules in their proper patterns

is essential for the organelles to properly function.

MICROTUBULE ASSEMBLY in vivo

The fact that microtubule assembly is a highly con-
trolled cellular event has been clearly demonstrated in in
vivo studies. One system which has received considerable
attention in these studies is the spindle, a highly tran-
sient microtubule system. Inoué (1952a, b) showed with polar-
ization optics that low temperature or colchicine would
reversibly abolish birefringence of the mitotic spindle. In
addition, he showed that spindles also lose birefringence
under normal conditions during chromosome movement. He
consequently hypothesized that the microtubules of spindle
fibres are not static structures, but, indeed, are in a
constant dynamic state of assembly-disassembly.

The Dynamic Equilibrium Theory: Inoué (1964) and Inoué and

Sato (1967) expanded on the initial studies. Birefringence,
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they observed, is reversibly diminished in spindle fibres
with cold, hydrostatic pressure and anti-mitotic drugs.
With the removal of treatment, microtubules reassemble
and spindle birefringence is:regained. This recovery is
not a result of new protein synthesis since the presence of
actinomycin D and puromycin does not affect results. Their
conclusion was that microtubules exist in a dynamic equili-
brium with a pool of subunits, or tubulin. They further
suggested that small changes in'the intracellular environ-
ment are sufficient to shift this equilibrium from monomer
to polymer or vice versa (see fig. 2).

There have been a number of studies showing that agents
like heavy water will stabilize the spindle (Gross and
Spindel, 1960; Marshland and Zimmerman, 1965) and in effect
actually increase the numbers of microtubules in the spindle
(Wunderlich and Weirich, 1972; Burgess and Northcote, 1969).
This fact alone would suggest a pool of subunits is avail-
able for assembly. Stephens (1973) has experimentally tested
the dynamic equilibrium hypothesis using sea urchin eggs in
active metaphase. Eggs grown at 4°C exhibited spindles with
few microtubules (and a large subunit pool) in comparison to
eggs at 8°C which had more microtubules (and a smaller pool).
The data shows a dynamic equilibrium does exist as a function
of cellular enviromment. Some of the factors experimentally

shown to affect this balance are included in fig. 2.
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Dy0, warm

: AN
TUBULIN SUBUNITS < MICROTUBULES

Colchicine
Pressure
cold

Fig. 2. Dynamic equilibrium between tubulin protein
and microtubules.

This fundamental property of microtubules in spindles
may also apply to the microtubules in other organelles.
Anti-microtubule agents in fig. 2 have been shown to cause

disassembly of microtubules in a variety of organelles.

Tilney and others (1966; 1967; 1968a; 1971) have shown micro-

tubules in axopodia of Actinosphaerium or Echinosphaerium

will reversibly disassembly and reassemble with kinetics
similar to microtubules in the mitotic apparatus. In deve-
loping sea urchin embryos the equilibrium of cytoplasmic
microtubules to subunits is sensitive to anti-mitotic agents
(Tilney and Gibbins, 1968, 1969). Similarly, in fully deve-
loped cell systems like in the alga Ochromonas (Bouck and

Brown, 1973; Brown and Bouck, 1973, 1974) or in the alga

Polytomella (Brown and Stearns, 1978) cytoskeletal micro-

tubules have been shown to exhibit a sensitivity to anti-
mitotic agents and appear to also exist in equilibrium with

tubulin subunits. Protein synthesis is not essential for
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reassembly of microtubules since cycloheximide does not
inhibit the reaction (Bouck and Brown, 1973). The existence
of a pool of tubulin subunits in equilibrium with micro-
tubules has been neatly demonstrated in studies with sea
urchin eggs and embryos using pulse labeling techniques in
conjunction with gel electrophoresis (Raff et al., 1971,
1972). Raff and others showed that a pool of tubulin sub-
units is present from egg to gastrula and that there is a
constant turnover of these subunits. Similarly, a turnover
of tubulin has been found to occur during stages of the cell
cycle (Robbins and Shelanski, 1969) and during differentia-
tion of neuroblastoma cells (Morgan and Seeds, 1975). It

is evident from these studies that one way in which the cell
could control equilibrium in microtubule assembly is to
control the balance of polymer to subunits.

In contrast to cytoplasmic microtubules, microtubules
of cilia and flagella axonemes are insensitive to cold,
colchicine or pressure treatments, although their initial
formation or regeneration can be inhibited by colchicine
and pressure (Young et al., 1972; Rosenbaum and Carlson,
1969; Rosenbaum et al., 1969). Despite this difference
between the microtubules, Rosenbaum et al. (1969) have dis-
covered an important similarity. They proved the existence
of a tubulin pool for microtubules of axonemes: they found

that after amputating the flagella of Chlamydomonas, protein




29

synthesis is not required for regeneration of at least 50%
of the normal flagellum. More recently, Brown and Bouck
(1973) ‘showed in Ochromonas that when flagella are amputated
they regenerate again in cycloheximide but not in colchicine.

Thus, the overall conclusion is that like microtubules
in the spindle, cytoplasmic and flagella microtubules also
exist in a dynamic equilibrium of monomer to.polymer.

One difficult and obvious problem which arises from
these studies is how does the cell regulate assembly and/or
disassembly of microtubule organelles?

Control of Microtubule Distribution: Having established that

microtubules are arranged in regular arrays in the cell, our
attention can now be focused on understanding hdw this micro-
tubule patterning is controlled during cell development.

As implied earlier, control of the spatial and temporal
distribution of microtubules in most cell systems resides
with intracellular structures which appear amorxphous and
electron dense in nature in electron microscopy studies
(Porter, 1966; Bouck and Brown, 1976). These sites have
been referred to as foci (Porter, 1966), orienting centers
(Inoué and Sato, 1967), nucleating centers (Tilney, 1968b)
and microtubule-organizing centers, MTOCs (Pickett-Heaps,
1969). The term MTOCs have been used in this thesis to
describe such sites since it is the most descriptive of

the terms used.
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Microtubules are usually free at one end and embedded
at the other end in MTOCs located on the surface of cen-
trioles (Pickett-Heaps, 1971), on centriolar basal body
complexes (Gonatas and Robbins, 1964), on the nuclear enve-
lope (Robinow and Marak, 1966; Freed and Lebowitz, 1970;
Jessen and Moc, 1972), and on kinetochores (Brinkley and
Nicklas, 1968). In the protozoans, cytoplasmic structures
such as centroplasts (Tilney, 1971), templates (Tucker, 1977),
rhizoplasts and kinetobeaks (Brown and Bouck, 1974) and
rootlets (Brown et al., 1976; Brown and Stearns, 1978) func-
tion as MTOCs.

It is largely from the work with protozoans that an
understanding has developed of the various roleé MTOCs serve
in controlling spatial distribution of microtubules. The
parameters of control of MIOCs include regulating position-
ing, initiation and patterning of microtubule arrays. Posi-
tioning, as would be expected, is .controlled by virtue of
the MIOC's own position in the cell (see review by Bouck and
Brown, 1976). As for MTOCs initiating assembly, this has
been demonstrated by electron microscopic studies. For
example, it has been shown in cells with a closed spindle
that MTOCs in the form of amorphous plaques on the nuclear
membrane serve to initiate assembly of spindle microtubules
(Moens and Rapport, 1971). 1In another example, Tucker (197la,

b) has discovered that during reassembly of microtubules after




cold shock treatment in the ciliate Nassula, a template
or MTOC serves to control both initiation and patterning

of the microtubules. He found that as microtubules extend
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from the MTOC the pattern is stabilized by intermicrotubule

linkers (Ockleford and Tucker, 1973; Tucker, 1977). The
alga Ochromonas presents a comparable example. Here, cell
shape depends on two separate MTOCs, a rhizoplast and a
kinetobeak which are positioned in the cell to initiate
assembly of cytoskeletal microtubules in precise arrays

that in turn determine and maintain cell shape (Bouck and

Brown, 1973; Brown and Bouck, 1973). Bouck and Brown showed

that disassembly of the cytoskeletal microtubules (with

colchicine and hydrostatic pressure) disrupts cell shape,
and that during cell recovery from treatments, the MTOCs
initiate assembly of microtubules in the correct pattern
to re-establish the original cell shape (Brown and Bouck,

1974) . Similarly, in the cell wall-less alga Polytomella,

the maintenance of cell shape depends on flagella rootlets
which serve as MIOCs to control assembly and patterning of
cytoskeletal microtubules. During recovery of these cells
from treatments with anti-microtubule agents (colchicine,
and pressure) or during cell excystment, rootlet-MIOCs
control the positioning, initiation, directionality, and
patterning of the cytoskeletal microtubules (Brown and

Stearns, 1978).
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Tilney (1971) has suggested as an alternate hypothesis
that cells might control microtubule assembly via the
linkers found bridging microtubules. He found in the

protozoan Actinosphaerium that after cold shock disruption,

the microtubules are initiated by MTOCs but only in random
patterns. He observed that coincident with the attachment
of linkers on the sides of microtubules, the tubules are

arranged in their proper order indicating that the linkers,
and not MIOCs, control patterning. In examining if linkers
are important for patterned assembly of microtubules in the

alga Polytomella, Brown and Stearns (1978) found that when

pressure is used to displace rootlet-MIOCs away from membrane-
attached linkers, the MTOCs still retain control over initia-
tion and patterning of microtubules. It would therefore
appear that in most cases linkers function secondarily to
maintain tubules in a pre-established pattern. However, the
possibility should not be ruled out that in cells having less
predominant MTIOCs, linkers may play a more important role in
controlling the assembly of microtubules.

Temporal Control of Assembly: In addition to spatial control

MTOCs also exercise temporal control over assembly of micro-
tubules. For example, partially isolated mitotic centers of
activated clam eggs will promote assembly of clam egg or
brain tubulin protein. Tubulin from either fertilized or

unfertilized eggs is assembled providing the MTIOCs are
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obtained from fertilized eggs. This means that at the acti-
vation step a modification of the MIOC and not the tubulin
is essential for assembly to occur (Weisenberg, 1973;
Weisenberg and Rosenfeld, 1975). Providing another example
of temporal control, Brown and Bouck (1974) have shown that

during shape regeneration in Ochromonas the kinetobeak MTOC

initiates assembly of microtubules to first establish anterior

asymmetry of the cell before the rhizoplast MTOC initiates
assembly of microtubules that form the tail. It generally
appears, then, that MTOCs regulate assembly of tubulin essen-
tially to control the distribution and timing of appearance
of microtubules in the cell. The mechanism by which MTOCs
can control initiation and assembly of microtubﬁles is not
understood, nor is it known if MTOCs function in conjunction
with other cellular components in order to control formation
of microtubules.

The temporal control of microtubule assembly could
depend on factors such as the gradual modification of micro-
tubule proteins or on subtle changes in the cellular environ-
ment itself. In studies of protein kinase-dependent phos-
phorylation during the cell cycle in Hela cells, an increase
in phosphate content in tubulin was observed from interphase
to mitosis (Piras and Piras, 1974), indicating that a modi-
fication of tubulin may be necessary for assembly.

Yet, given this data, one now questions whether the
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control of assembly is simply a function of MTOCs and micro-

tubule proteins. In other words, can modificaticn of MTOCs

or tubulin alone control assembly, or do other cellular
constituents have a role?

Several studies have indicated that subtle changes
essential for assembly may depend on ionic conditions and
cyclic nucleotide levels in the cell. A role for cat™ in
assembly has been suggested by work showing addition of catt
to nerve tissue disrupts microtubules and simultaneously
increases amounts of monomer with a binding affinity to
colchicine (Gillespie, 1971). Similarly, spindle birefrin-
gence is diminished by dinitrophenol or methylxanthines which
cause increases in Ca'' levels. Changes in cAMP levels may
also indirectly control tubulin assembly. For example, cAMP
has been shown to promote axonal elongation (Roisen et al.,
1972a, b) and dibutryl cAMP has been found to promote increases
in cell length and in the numbers of microtubules per unit
cell volume in Chinese hampster ovary cells (Porter et al.,
1974). Cyclic-AMP is postulated to exert its effect via a
cAMP-dependent protein phosphorylation or possibly as an
allosteric activator of an enzyme (Murray and Froscio, 1971;
Magun, 1973). There is some evidence which indicates that
cGMP and cAMP may work in concert to control assembly of

tubulin (Kram and Tomkins, 1973). The generally accepted

concept is that cells control microtubule assembly by
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controlling subtle changes in the balance of ca™ and of
cyclic nucleotide levels (Gillespie, 1971; Kirkland and
Burton, 1972; Mazia et al., 1972; Rasmussen et al., 1975).
As outlined in the above examples of temporal, spatial
and ionic controls of tubulin assembly, in vivo studies
provide some insights into the way formation of microtubule
organelles is manipulated in cell development. However, to
determine the precise nature of the mechanism of controlling
assembly, and ultimately the structure and function of

microtubules, studies have been conducted in vitro.

MICROTUBULE ASSEMBLY in wvitro

The development of in vitro-assembly studies can be
attributed to two important discoveries, the first being
that brain tissue contains 10% tubulin protein (Borisy and
Taylor, 1967) and secondly that high speed extracts of cold
solubilized brain tubulin would assemble normal microtubules
when warmed to 37°C with small amounts of GTP and Mg++ if
Ca++ was removed (Weisenberg, 1972). Procedures for puri-
fying assembly-competent tubulin to more than 807% homogeneity
were developed using cycles of temperature induced assembly-
disassembly of microtubules (Borisy et al., 1974; Shelanski
et al., 1973). Recently, similar methods have been used to
cycle tubulin extracted from tissue culture cells (Nagle et

al., 1977). Thus, an easy access to large quantities of
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functionally competent tubulin has stimulated a burgeoning
number of in vitro studies of tubulin assembly.

The objectives of these studies have been basically
two fold: to analyze conditions influencing assembly and to
determine the mechanism governing tubulin assembly. Consi-
derable progress has been made in the in vitro work partly
because it is possible to quantitatively monitor assembly
using optical techniques (turbidemetry, flow birefringence,
viscometry, and electron microscopy).

The main conditions found to regulate tubulin assembly
in vitro have been summarized in Table I with references to
sources of the work. The Table clearly shows that the
assembly of tubulin in vitro occurs within physiologically
significant ranges for ionic strength, pH, temperature,
nucleotides, Mg++, and Ca++. Under these conditions, tubulin
assembly resembles formation of microtubules in vivo in that
(a) it occurs at low levels of tubulin (0.2 mg/ml); (b) the
microtubules exist in a dynamic equilibrium with subunits
at a critical equilibrium concentration of 0.2 mg/ml; (c)
the tubulin is sensitive to anti-microtubule drugs and physi-
cal conditions (pressure, temperature) known to inhibit
assembly in vivo; (d) the tubulin exhibits a requirement for
high heat capacities involving positive enthalpies and
entropies. This latter property suggests that a release of

water is the basic mechanism driving assembly in vivo and
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G TUDULLN ASSLMBLY in vitro

FACIORS ASSEMBLY D1SASSEMBLY. REFERENCES
Temperature >15%; <40°C <10°c; >40°C  Borisy et al., 1974
optimal 370C Oluwsted et al., 1974
pH 5.8 - 7.6 <5.8; »7.6 Olmsted et al., 1974
optimal 6.0 - 6.9 Gaskin ct al., 1974; 1975
Lee et al., 1974
Nucleotides 1-3 md GIP (and other Kuriyama and Sakai, 1974
nucleotides) Gaskin et al., 1974; 1975
Buffers Ionic strength 0.05-0.01 >150 mif Na© Olmsted ct al., 1974
Good Buffers >1 md ca't Gaskin et al., 1974; 1975
1 mt EGTA, Hg'h 5150 mi KF Haga et al., 1974
Critical Crude Extract = 0.8 mg/ml Olmsted et al., 1974
Concentration Temperature Cycled = Borisy et al., 1974
0.2 mg/ml Gaskin et al., 1974
Pure Tubulin = 0.2 mg/ml
Energy of +ve enthalpies Reverse Gaskin et al., 1974; 1975
Activation . conditions -
and As;embly +ve entropies Lee et al., 1974

Haga et al., 1974

Accessory
Proteins

High molecular weight
(Htd oxr MAPs) > 250,000
daltons

Tau 52-62,000 daltons

Protein Kinasc 280,000
daltons

Borisy et al., 1975
Sloboda et al., 1976a,b

Weingarten et al., 1974,
1975

Penningroth et al., 1976
Shigekowa and Olsen, 1975

Exogenous * Glycerol, D,0, Sucrose, Stepaens and Bdds, 1970
Agents S0, Himes, 1977
>10 mi g, Polycations, Herzoy and Weber, 1977
't prr
Other Colchicine, Podophyllotoxi

Inhihitors

Vinblastine

n,

Wilson ¢t al., 1975
Wilson and bryan, 1974
Salmon, 1975a; 1975bL




38

in vitro (Anfinsen, 1973). This suggestion is supported by

studies showing that water-seeking compounds like D,0 will
stimulate tubulin assembly under in vivo and in vitro

conditions.

The Mechanism of Tubulin Assembly: With this development of

in vitro conditions for assembly of normal microtubules
under near physiological conditions, it has been possible
to examine the mechanism of assembly. The result has been
a growing number of studies in the past four years attempt-
ing to resolve this mechanism in terms of the proteins in-
volved at the molecular level.

One of the first findings was that temperature-cycled
brain tubulin contains about 15% non-tubulin protein which
coassembles with tubulin. Apparently depending on the labor-
atory and on the temperature cycling techniques used, the
accessory proteins were found to be either of a high mole-
cular weight class of proteins (Murphy and Borisy, 1975;
Sloboda et al., 1976) or of a low molecular weight class
(Weingarten et al., 1975). When tubulin was purified from
these accessory proteins, the tubulin would not self-
initiate microtubules, but it has been demonstrated that
either class of these accessory proteins could function to
promote the initiation of microtubule assembly (Murphy and
Borisy, 1975; Weingarten et al., 1974). In addition to

promoting initiation, the two classes of accessory proteins
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have each been found to also function in promoting assembly
during the elongation phase of microtubule formation
(Sloboda et al., 1976a; Witman et al., 1976). Recently,

the high molecular weight proteins have been shown to
function in a third capacity in stabilizing the assembled
microtubules (Murphy et al., 1977). Whether the low mole-
cular weight proteins also function in this capacity has not
been tested.

One of the important questions with respect to in vivo
studies is how the accessory proteins actually promote
tubulin assembly? 1In response to this question, the mech-
anism of assembly has been demonstrated using negative
staining electron microscopy. The studies show that both
high and low molecular weight accessory proteins induce
formation of 42 to 49 nm rings or discs. Rings then serve
as initiating sites somehow ''nucleating' the assembly of
tubulin protein (Borisy et al., 1974; Kirschner et al.,
1975a, b; Sloboda et al., 1976b). It turns out that rings
consist of tubulin and accessory proteins in a 23:1 molar
ratio and under assembly conditions the rings appear to
unwind and form protofilaments which aggregate to make a
microtubule wall (Erickson, 1974, 1975; Kirschner et al.,
1975a, b; Sloboda et al., 1976b). The stabilized micro-
tubule helix seeds assembly of tubulin dimers and during

elongation accessory proteins associate with tubulin to
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promote elongation directly (Sloboda et al., 1976b; Witman
et al., 1976), or bind to tubules to stabilize them against
disassembly, thereby indirectly promoting elongation (Murphy
et al., 1977). At the molecular level, the accessory
proteins, or MAPs (see Terminology), are thought to actually
shift the equilibrium to promote assembly by somehow causing
the longitudinal and lateral binding of tubulin to form

microtubules.

A major problem with these studies is whether rings are

involved in tubulin assembly in vivo. Rings are not seen

in situ, admittedly, it would be difficult to find
such small structures, and because rings do not appear to
form any part of MTOCs that normally initiate assembly of
microtubules. Recently, studies with tubulin protein ob-
tained from cell cultures and from brains of poikilotherms
(Nagle et al., 1977; Langford, 1977; Stearns et al., 1978)
have shown protofilaments but not rings form as assembly
intermediates. Rings can be induced in these preparations
using MAPs obtained from brains of homeotherms (Nagle et al.,
1977; Stearns et al., 1978), suggesting that rings are pecu-
liar to these proteins and not essential as '‘nucleating"
sites for assembly to occur.

Another area of contention has been whether the low
molecular weight MAPs represent.a distinct class of proteins

or whether they are breakdown products of high molecular
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weight MAPs. Kirkpatrickm(lSJO)‘originally.showed that

microtubules. isolated intact.contain .tubulin. and several high

molecular Weight.MARs.,:Howeyer,ntemperature_cycling studies

have shown that low molecular weight MAPs are also associated

with purified microtubules. Sloboda et al. (1976a) have
shown that aging of high molecular.weight MAPs will generate
peptides of the low molecular weight species which can then
function to stimulate tubulin assembly, and which cross-
react immunologically with antibodies to high molecular
weight MAPs. In contrast to Sloboda, Connolly et al. (1978)
have demonstrated that antibodies made to the high and low
molecular weight proteins are immunospecific, and that they
do not cross-react. Recently, Cleveland et al. (l977a)

have demonstrated that the MAPs of high and low molecular
weights are indeed composed of distinct peptides. Further-
more, they show that although the different MAPs will
simultaneously co-assemble with tubulin, the active com-
ponent which promotes tubulin assembly are a low molecular
weight MAPs termed tau. Murphy et.al. (1977), on the other
hand, have shown that in preparations of temperature~cycled
tubulin containing both types of MAPs, the high molecular
weight MAPs are the active component promoting tubulin assem-
bly. The MAPs exhibit no.apparent cooperativity (Cleveland
et al., 1977a) and the problem as to which of the MAPs

normally controls tubulin assembly remains unresolved.

-
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A strong criticism of the above studies is that MAPs
associate non-specifically with tubulin in vitro and may
not be involved in assembly in vivo. In support of this
argument, other MAPs of molecular weights 49K, 82K and
170K daltons have recently been implicated in promoting
tubulin assembly in tissue culture and brain tubulin ex-
tracts (Nagle et al., 1977; Schmitt et al., 1977; Seeds
and Maccioni, 1978). Furthermore, a variety of exogenous
agents and positively charged proteins have been shown to
substitute for MAPs to non-specifically promote tubulin
assembly (see Table I). In favor of MAPs having some
function in formation of microtubules. in vivo is evidence
showing that (a) both the high and the low molecular
weilght MAPs will co-purify with tubulin in stoichiometri-
cally constant amounts through many cycles of assembly-
disassembly (Borisy et al., 1974; Sloboda et al., 1976a, b;
Penningroth et al., 1976); and (b) antibodies made to one
of the high molecular weight MAPs and to a low molecular
weight MAPs (or tau) will specifically react with micro-
tubules in situ (Connolly et al., 1977, 1978; Sherline
and Schiavone, 1977).

The assembly of microtubules is a highly organized
event in vivo, in many cases controlled by MIOCs. In the
random assembly of microtubules in vitro, the proteins or

the mechanism involved may not be representative of
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assembly in living cells. One approach would be to iso-
late MTOCs for studies of assembly onto these centers. But
attempts to isolate MTOCs have met with very little success,
and limited progress has been made in understanding how
microtubules assemble on MIOCs. Studies with isolated
axonemes, basal bodies, or neurotubules used to "seed"
tubulin assembly have shown that tubulin assembles on
heterologous '"seeds" and does not require accessory pro-
teins during the elongation phase of assembly (Allen and
Borisy, 1974; Burns and Starling, 1974; Olmsted et al.,
1974; Snell et al., 1974; Binder et al., 1975; Kuriyama
and Miki, 1975; Murphy et al., 1977). A single report by
Witman et al. (1976) maintains that small amounts of low
molecular weight MAPs (tau) are required for elongation
but this report has been refuted by Murphy et al. (1977).
In assembly experiments using partially isolated mitotic
c¢enters, spindle poles and kinetochores have been shown

to serve as assembly sites for partially purified brain
tubulin containing varying amounts of MAPs (Snyder and
McIntosh, 1975; McGill and Brinkley, 1975; Telzer et al.,
1975; Gould and Borisy, 1976). To test if mitotic centers
and not factors like inter-microtubule linkers or MAPs in
the tubulin preparations used are responsible for assembly,
procedures must first be developed for isolating mitotic

centers. A distinct disadvantage of using mitotic centers




44

for such studies is that they are unstable and assembly
from the centers appears unpatterned and random so that
the effect of the MTOCs on assembly would.be difficult to
ascertain under even the best conditions.

To answer many of the questions concerning the process
of tubulin assembly, it is necessary to first isolate stable
MTOCs which promote assembly of microtubules in patterned
arrays. Some of the problems which could be examined would
be: testing the role of MIOCs in microtubule assembly; deter-
mining the mechanism of tubulin assembly in terms of proteins
involved and intermediates formed in initiation of micro-
tubules; testing buffer conditions for assembly; testing
sensitivities of these microtubules to factors known to
affect their stability in vivo. The main objective would
of course be to simulate the assembly-event in vivo in order
to use information obtained in vitro to understand the
properties of microtubules in cells.

In the alga Polytomella, rootlet-MTOCs represent

highly structured examples of MTOCs and cytoskeletal micro-
tubules emanating from these sites take on an easily iden-
tified pattern to maintain the elongated shape of cells
(see figs. 3 and 4 in this thesis and figs. 2, llc, 16,

and 18 in Brown et al., 1976). Isolating MTOCs from a
microtubule assembly system of this nature would therefore

provide for an ideal in vitro assembly system. In preli-

e _’f—-r."ﬁm_
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minary studies it was discovered that rootlet-MTOCs could

be isolated from Polytomella in large numbers as an intact

and very stable basal body rootlet complex like that seen
in fig. 4. The isolated rootlet-MTOCs were found to be
functionally intact and to exhibit a capacity to promote
rapid assembly of exogenous preparations.of. crude brain

tubulin (Stearns et al., 1976). Based on these preliminary

studies it was possible to begin a careful analysis of tubulin

assembly using a reconstituted system closely resembling

that seen in vivo.

One objective of the work has been to determine if
MTOCs actually stimulate formation of microtubules and to
test the role of MIOCs in controlling initiation and pat-
terning of microtubules. As part of this work, the bio-
chemical composition of rootlet-MTOCs has been investigated
to show if specific proteins are associated with MTOCs to
initiate tubulin assembly. The compositional studies led
to the development of procedures for extracting and purify-

ing microtubule-initiating proteins found to be associated

with MIOCs. In attempts to analyze the process of tubulin

assembly at the molecular level, the objective of the second
part of this thesis has been to identify and purify the
microtubule-initiating proteins in extracts of MTOCs and

in MAPs preparations. The capacity of these purified ini-

tiating proteins to stimulate tubulin assembly has been
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compared (a) by kinetic analysis and (b). in morphological
studies of assembly intermediates initiated. In the morpho-
logical studies, intermediates assembled by intact MTOCs
have also been examined-to determine how assembly might
occur in vivo.

In this thesis I will report results showing:

1. Procedures for isolating intact basal body rootlet

complexes from Polytomella;

2. The role of rootlet-MTOCs in controlling assembly
of crude and purified brain tubulin protein;

3. The biochemical composition of rootlet-MTOCs;

4. Procedures for the identification and purification
of microtubule-initiating proteins in crude extfacts of
rootlet-MTOCs and in crude preparations' of brain micro-

tubule accessory proteins;
5. The capacity of the purified initiating proteins

of MIOCs and of brain microtubules to promote tubulin

assembly.
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Fig.

Median longitudinal section through the cell
showing the distribution of cell organelles

and general cell shape of the flagellate
Polytomella.
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Fig. 4

Cross section through the anterior papilla
region of the cell showing the four basal
bodies (B) and attached rootlets R).
Cytoplasmic microtubules terminate (arrows)

on amorphous material or sites associated with
rootlets,
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MATERIALS AND METHODS

CELL CULTURES

Cultures of Polytomella agilis Aragoa were grown in 4-

liter  erlemmeyer flasks in a complex medium containing

0.1% tryptone, 0.27% yeast extract, and 0.2% sodium acetate.
The cultures were grown at 25°C in a dark constant-temperature !
incubator (' Sheeler et al., 1968). Cultures were inoculated
from log phase cultures giving a population density after
inoculation of approximately 104 cells/ml. Mean generation
time is 4.7 hours (Brown et al., 1976), and cultures were
used in middle exponential growth phase approximately 40
hours after inoculation at a cell density of 2-5 x lO6 cells/
ml. Cells in 2-liter culture volumes were harvested at 23°C

by centrifugation in a Sorval RC2-B centrifuge with a GSA

head in 290 ml polycarbonate bottles at 4,000 rpm (or 2600'g)
for 5 min. Cells were washed by resuspension in fresh growth
medium and centrifugation in a IEC Clinical Centrifuge in 50 ml 3

conical tubes at number 6 setting for 2 min.

ISOLATION OF BASAL BODY ROOTLET COMPLEXES ;

The procedures for isolating the basal bodies and attached

|

1
rootlets as intact complexes is outlined in fig. 5a. i
Five liters of cells at a density of 2-5 x 106 cells/ml ’

{

were collected by centrifugation at 3000g for 5 min, washed
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twice in fresh growth medium, and deflagellated by vortex
agitation in a fluted tube (Rosenbaum and Child, 1969).

The cell bodies were separated from the flagella by centri-
fugatién (3000g, 5 min) in two washes of fresh medium and
were then resuspended in 20 ml of a microtubule-stabilizing
medium (Filner and Behnke, 1973; Forer and Zimmerman, 1974)
containing 50% (vol/vol) glycerol, 10% (vol/vol) dimethyl
sulfoxide, 5 mM MgCl,, 5 mM NaH,P0,, at pH 6.9 (GDMP solu-
tion). The mixture was made 0.1% (vol/vol) Triton X-100 and
the cells were broken by gentle vortical agitation in the
fluted tube used for deflagellation. The released intact
basal body-rootlet complexes could be detected by phase
microscopy. The complexes were retained in the -supernates
following centrifugations at 3000g, 5 min and 4000g, 5 min,
which pelleted large cell debris. The complexes were then
pelleted at 12000g for 10 min, resuspended by vortex agita-
tion in 5 ml of 5% sucrose containing 0.1% Triton X-100 and
centrifuged at 3000g, 5 min to remove remaining debris. The
supernate containing the complexes was centrifuged at 8000g,
10 min and the resultant pellet of complexes was resuspended
in 0.7 ml of 5% sucrose and layered on a 3 ml gradient of

equal volumes of 257%, 407%, 607% sucrose. Following centrifu-

gation at 3000g, for 60 min, the complexes banded at the 40/60

interface. The band was pipetted from the gradient, diluted

to 5% sucrose with distilled water, and centrifuged at 8000g,

e e AT T




51

10 min to pellet the complexes. The pellet was resuspended
in a microtubule assembly buffer (MAB) containing 0.1 M
piperazine-N, N-bis (2-ethane sulfonic acid), 1lmM ethylene
bis-(oxyethylene-nitrilo) tetraacetic, 1lmM MgCl,, 2.0mM
guanosine triphosphate, at pH 6.4. A sorvall SS-34 rotor
was used for all preparative centrifugation steps and a
Beckman, SW-56 rotor was used for sucrose gradient centri-
fugation.

The presence of the complexes could be monitored by
light microscopy at each stage of the isolation procedure
(Fig. 5b). The number of complexes per ml was determined
using a hemocytometer (Spencer Bright-Line Improved Neubauer)
and diluted to a constant number of 2 x 106/ml‘in MAB for
the microtubule assembly experiments. Light micrographs
of the complexes were obtained using Zeiss phase-contrast

optics and a Zeiss Ukatron UN 60 electronic flash.

TREATMENTS OF ISOLATED COMPLEXES

Trypsin digestion: Purified intact complexes were sus-

pended in 5% sucrose containing 10 ug/ml trypsin and incu-
bated at 37°C. After 7 min, excess soybean trypsin inhibi-
tor (100 ug/ml) was added to stop the reaction. In control

experiments excess inhibitor and trypsin were added

simultaneously.
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collect swimmers

. wash cells in fresh medium: 2x
deflagellate by vortical agitation, 1 min
. wash in fresh medium: 2x

. use centrifugation at 3000g, 3 min to
pellet basal body rootlet complexes

i

v

s: discard flagella

o

v

p: cell bodies

. resuspend cells in GDMP solution
. add 0.1% Triton .
. lyse cells by gentle vortical ag1tat1on,

1 min

. remove cell debr1s by centr1fugat1on at

30009, 5 min and 40009, 5 min

p: discard cell debris

[}

aooT

v

s: complexes

. resuspend by vortical agitation (30 sec)

in 5% sucrose and 0.1% Triton X-100
centrifugation 3000g, 5 min

. discard pellet of cell debris
. centrifugation 8000g, 10 min

v

s: discard

|
-

p: complexes

resuspend in 5% sucrose

layer on 3 m1 25/40/60% sucrose
gradient

centrifugation 3000g, 60 min in
SW 56 Beckman Rotor

a. collect complexes at 40/60
interface
b. resuspend in MAB

Fig. ba. Procedure for the purification of basal body rootlet complexes
from Polytomella
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Extraction of rootlet-associated proteins (RAPs): Com-

plexes in 5% sucrose were dialyzed at 4°C against 1mM Tris,
0.1mM Disodium Ethylenediamine-tetraacetate (EDTA), 0.01%
vol/vol 2-mecaptoethanol, pH 8.0 (Bloodgood et al., 1976)
for 20 min. The complexes were pelleted at 10,000g, 15
min and the supernate from this re-centrifuged at 100,000g
for 30 min to obtain a high speed supernate -containing

rootlet associated proteins (RAPs).

PREPARATION OF MICROTUBULE PROTEILN

Brains of 16 to 21 day-old-chick embryos and beef
brains were homogenized in a Waring blender in cold MAB
and the homogenate centrifuged at 39,000g, 30 min to obtain
a crude high speed supernate (S-1) containing microtubule
proteins. To further purify-brain tubulin;. microtubule
proteins in S-1 were subjected to two cycles of temperature-
dependent assembly and disassembly by methods of Borisy
et al., (1974). The procedure used is illustrated in the
following diagram for one cycle and the second cycle is a
repetition of these steps. To further purify tubulin, twice
cycled S-3 samples were chromatographed on phosphocellulose
following the methods of Weingarten et al., (1975).
Accordingly, 1-2 ml of cycled microtubule proteins (S-3)
at 8-10 mg/ml was applied to 1.5 x 8 cm columns containing

5> ml phosphocellulose (Whatman P-11) pre-equilibrated by
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Diagram showing steps in purification of tubulin protein.
Brain tissue is homogenized in a cold buffer (MAB) to
extract tubulin protein and the homogenate centrifuged
at high speed to obtain an S-1 extract containing
tubulin protein (25% by weight). The tubulin is
assembled at 37°C and microtubules pelleted by centri-
fugation then resuspended in fresh MAB at 0°C to dis-
assemble the microtubules. Non-specific aggregates are
removed by a cold centrifugation step and the super-
natant containing tubulin protein (60% by weight), S-2,
is retained for a second cycle to obtain an S-3 prepa-
ration of tubulin protein containing 75% tubulin and
25% microtubule-associated proteins (MAPs) that co-

assemble with tubulin (see Borisy and Olmsted, 1972;
Borisy et al., 1974).




37° ]
—e -
+GTP ; \
\
EXTRACT - St POLYMERIZED
o° i
SPIN AT 37°
SUPERNATANT
| N o
)\
PELLET RESUSPENDED DEPOLYMERIZED
| spin AT 00
' l
PELLET 5
Diagram

* Borisy G. G.,Olmsted J.B.,Marcum J. M.
& Allen C.(1974) Fed. Proc. 33,I67-174.

SUPERNATANT-S2

it $< A TR e e - e b



55

washing with MAB. Unbound tubulin was eluted with MAB
near the void volume and was immediately used for assembly
experiments. The absorbed fraction, consisting of micro-
tubule- associated proteins (MAPs) was eluted with MAB
containing  550.mM NaCl and the salt removed by dialyzed
against MAB.

Protein determinations were by the methods of Hartree,
(1972) modified from Lowry et al., (1951). The percentage
of tubulin in crude or cycled microtubule protein prepara-
tions was determined from densitometric scans of 10% SDS

gels (Weber and Osborn, 1969) stained with Coomassie

Brilliant Blue 250 R.

Purification of a microtubule initiating protein: ''The-

MAP" was purified from MAPs by incubating MAPs at about 0.3

mg/ml with tubulin at 2 mg/ml at 37°C briefly so that proto-

filament assembly intermediates formed. The mixture was
then immediately centrifugated at 39,000 X g for 15 min to
pellet the protofilaments. The pelleted protofilaments
were cold solubilized in fresh MAB and the proteins compos-
ing protofilaments fractionated by chromatography on 1 ml
of phosphocellulose in 1.5 x 1 cm columns at 4°C. Tubulin
elutes in MAB near the void volume and the absorbed frac-
tion containing "the-MAP'" elutes in MAB made 550mM NaCl.
Fractions containing ''the-MAP" were concentrated with a

Millipore immersible molecular separator vacuum filtration
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apparatus or by dialysis against.G-200 powder and used for
assembly experiments.

To purify initiating proteins from RAPs preparationms,
the RAPs supernatant was dialyzed against MAB for 1 hr,
then the microtubule-initiating proteins (TIPs) were
selected for and purified by methods identical to those
used to purify '"the-MAP" from crude MAPs of brain micro-
tubules (see section on Purification of "the-MAP"). The
phosphocellulose-purified initiating proteins, ''the-MAP"

and TIPs were incubated with fresh tubulin for assembly

experiments.

ASSEMBLY STUDIES

Viscometry: The effect-of added intact complexes on
the assembly of crude or purified tubulin preparations was
assayed by viscometry. In comparative studies, the assembly
occurring in two samples containing the same concentration
of tubulin, to one of which was added 2 x 106 complexes/ml,
were measured simultaneously using two Oswald viscometers
(2 ml chamber volumes and buffer flow times of 155.6 sec).
In a second set of experiments the initial rates of assembly
and the viscosities attained at equilibrium were determined
with a fixed concentration of purified tubulin and variable
numbers of complexes or with a fixed number of complexes and

variable tubulin concentration. In a third set of experi-
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ments, a constant number of complexes (0.5 x 106/ml) were
incubated with a constant amount of tubulin (2 mg/ml) and
increasing amounts of "the-MAP" and TIPs. In all of these
studies, samples at 4°C were added to viscometers, pre-
equilibrated and maintained at 37°C in a temperature
controlled water bath, and assembly was monitored contin-
uously to equilibrium.

Turbidity: The assembly kinetics of purified tubulin
incubated with the microtubule-initiating proteins, crude
MAPs, 'the-MAP", and TIPs was monitored at Aqsy using a
Gilford Model 2400 equipped with a temperature controlled
four chambered cuvette holder. Samples were checked by
electron microscopy to ensure that changes in ﬁurbidity
corresponded to microtubule assémbly.

Electron microscopy: Negative staining was routinely

used to detect the presence of microtubules in assembly
studies. Samples were taken and fixed by the addition of
an equal volume of 4% glutaraldehyde in MAB at 37°C. For
negative staining a drop of the fixed sample was deposited
on 400 mesh carbon coated grids, washed with drops of
glutaraldehyde and 0.4% photo-flo, and stained with 1%
phosphotungstic acid (PTA) or with 1% uranylacetate, 0.1%
cytochrome C. In one set of experiments, to determine the
extent of assembly onto intact complexes during early incu-

bation periods (up to 5 min), a constant number of complexes
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(2 x 106/ml) were incubated with varying amounts of crude

chick brain tubulin. The numbers of microtubules assembled

onto the basal body rootlets were counted from enlarged
prints of 10 complexes for each tubulin concentration and
time interval. In a second set of experiments, microtubule

assembly intermediates initiated by 'the-MAP" and TIPs were
examined by fixing samples. after brief incubation times for
negative staining.

For thin sectioning the complexes or microtubules were
pelleted and fixed at 20°C for 1 hr in 2% glutaraldehyde in
0.1 M sodium phosphate buffer at pH 7.2, and post-fixed at
4°C for 1 hr in 1% osmium tetroxide in the same buffer, then
dehydrated in an acetone series of 10, 30, 50,-70, 90 and
100%. Samples were then infiltrated and embedded in Spurr's
plastic (Spurr, 1969). Thin sections were cut using a
diamond knife on a Porter Blum MT2-B ultramicrotome and
sections stained with 2% uranylacetate (in 5% ethanol)

and 1% lead citrate (Reynolds, 1963) for examination in an

AEI-EM 6B electron microscope.

LABELING STUDIES - SULFATE °°

Batch cultures of Polytomella agilis aragoa were grown

in l-liter quantities for 12 to 14 generations in media
containing 0.125 mCi/ml Na80435 (New England Nuclear).

Cells were harvested at log phase, complexes isolated and
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rootlet-associated proteins extracted by methods described

to obtain a high speed supernatant extract containing

rootlet-associated proteins. The specific activity of the

extract was calculated from a standard curve comparing
radioactive counts to Lowry values and this value was used

to determine amount of TIPs-S3° associating with tubulin in

assembly experiments. For assembly studies phosphocellulose-

purified beef tubulin was incubated at 37°C with TIPs-S35
and the mixture centrifuged to pellet microtubules formed.
Microtubules were resuspended in warm MAB for negative
staining studies or in 5 ml Aquafluor for scintillation

counting on a Beckman LS-233 Beta Counter.

ANALYTICAL ULTRACENTRIFUGATION

Samples of freshly prepared 2 X cycled beef brain
tubulin (S-3), tubulin (6S), and tubulin (6S) mixed with
crude MAPs, '"the-MAP' and TIPs were dialyzed 1 hr against
excess MAB at 5°C prior to centrifugation. Varied concen-
trations of S-3, and 6S were subjected to centrifugation
to determine the molecular weights of components in these
preparations. In other experiments a set concentration of
6S at 8 mg/ml was mixed with varied amounts of either crude
MAPs, "the-MAP", or TIPs from 0.2 to 0.5 mg/ml at 5°C and

the different mixtures centrifuged to determine the molecular

weights of components. To examine molecular weights of
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microtubule disassembly products the above types of samples
were incubated at 37°C and microtubules then disassembled
at 50¢ prior to analytical ultracentrifugation. A Beckman
model E with a single sector cell and Schlieren optics was
used for all the experiments. Rotor speed was 48,000 rpm
at a constant temperature of 5°C and plctures were taken

at 4 min intervals. SZO,W values were obtained by plotting
values at various concentrations of protein used and extra-
polating the sedimentation coefficient to infinite dilution.
Samples were examined by negative staining before and after
centrifugation as another means of assaying the types of

structures present in the samples:

GEL ELECTROPHORESIS

SDS gels: Samples were denatured and prepared for gel
electrophoresis using methods of Weber and Osborn (1969).
Samples were made 0.01M P04 (from 0.1M stock, pH 7.2), 3%
SDS, 1% 2-mercaptoethanol and placed in a boiling water bath
for three minutes. Samples were then allowed to sit 6 - 12
hours, and then dialyzed for 12 hours against one liter of
0.01M PO, 1% SDS, 10% glycerol, 1% 2-mercaptoethanol.

Gels were made 6 to 107 polyacrylamide containing 0.17%
SDS and were pre-electrophoresed for three hours prior to
protein application. The running buffer used was 0.17% SDS,

0.1M PO,, pH 7.2. Proteins were loaded on gels with 0.001%
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bromophenol blue tracking dye and separated by electrophoresis
at 8 ma/gel for tube gels and 30 ma/gel for 0.75 mm dia. slab
gels.  Gels were run until dye neared the bottom of the gel

(5 to 6 hours for disc gels and 10 to 12 hours for slab gels).
Gels were removed with a continuous stream of running buffer
from a syringe using a fine gauge needle, and standardly

fixed overnight in 207 sulfosalycylic acid, then stained in
0.5% aqueous Coomassie Brilliant Blue 250-R and destained
overnight in 7% acetic acid.

Disc gels were 5 mm in diameter and approximately 85 mm
in length, slab gels were 40 mm wide, 100 mm long and 0.75
mm thick. A 20 well slot was usually used. To ensure de-
tection of all proteins present in samples, a Series of
increasing amounts of protein from 20 ug to 150 ug of protein
were routinely examined by electrophoresis for each sample.

To prepare a standard curve for the SDS gel system,
protein standards used were myosin from rabbit skeletal
muscle, cytochrome C, catalase, bovine serum albumin, egg
albumin, and chymotrypsinogen A. Proteins were dissolved in 5%
sucrose and then prepared as above. A standard curve was
prepared by plotting values for relative mobility Rp)

against molecular weight (Weber and Osborn, 1969).

distance of length of gel
R _ protein migration X before staining
m Iength of gel distance of dye

after destaining migration

|




Gels were scanned with a Vitatron LD 100 densitometer with

a linear transport mechanism at 3 cms/min with a narrow

slit aperature at 546 nm.
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RESULTS

MICROTUBULE ORGANELLES OF POLYTOMELLA

Polytomella agilis is a single-celled colorless green
alga that exists in a free swimming vegetative form in
exponentially growing cultures. The motile cells are 12 um
long by 7 um wide and appear elongate with ‘a single anterior
projection called the papilla (see fig. 3 in the introduc-
tion). The organism is a quadriflagellate and the flagella
emerge from depressions at the base of the anterior papilla.
The external appearance of motile cells, the structural
organization of the cells and their microtubule system have
been described in detail by Brown et al. (1976). The dis-

tribution of the microtubules in Polytomella has been dis-

cussed in the introduction to familiarize the reader with
the structural organization of basal body rootlet MTOCs in
vivo. Essentially, the structure consists of four basal
bodies linked together to serve as anchors for the flagella
and rootlets. The rootlets are coated with an amorphous
electron dense material and serve as rootlet-MTOCs for con-

trolling assembly of cytoskeletal microtubules (see fig. 4

and Brown and Stearns, 1978).

ISOLATION OF BASAL BODY ROOTLET COMPLEXES

Procedures have been described in the Materials and
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Methods section of this thesis for isolating intact basal

body rootlet complexes from Polytomella. The key to puri-

fication of large quantities of MTOCs is to maintain the
complexes as intact and stable structures which can be easily
detected by light microscopy and monitored throughout the
isolation procedure (fig. 5b). This is accomplished by the
gentle lysis of deflagellated cells into a microtubule-sta-
bilizing medium containing a high percentage of glycerol
(GDMP). When the cell bodies are suspended in this solution
they immediately shrink and appear crenulated. The addition
of low concentrations of Triton X-100 (below 0.10%) causes
little or no lysis by itself but the cells are quite fragile
and are easily lysed by mechanical agitation. A gentle
vortex treatment at this stage lyses virtually all the cells
and releases the 4 basal bodies with 8 attached rootlets as
intact complexes. If the flagella are not removed prior to
the lysis step many of the complexes either remain attached
to the cell membrane or are apparently disrupted so that
yields of intact complexes are greatly reduced. The gentle
lysis of the cells leaves much of the cell debris as large
fragments which can subsequently be removed by low speed
centrifugation leaving the complexes in the very dense GDMP
solution. At this stage the complexes can be removed from
GDMP at a higher centrifugation speed and are stable to

subsequent purification steps (fig. 5a). It is important
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Fig. 53b Flash photomicrograph of purified basal body
rootlet complexes. The presence of the intact
complexes can be monitored by phase microscopy
throughout the isolation procedure. Each
black dot (arrows) represents four attached
basal bodies and the rootlets are seen as
faint projections. x3,200.
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to use low centrifugation forces for each of the pelleting
steps to permit complete dispersal of the complexes during
resuspension. Following these procedures yields of puri-
fied complexes at about 3 x lO7 are obtained from 5 liters
of cells at 5 x lO6 per ml. Figure 5b shows a light micro-
scopic view of a typical preparation of the isolated
complexes.

Electron microscopy shows that the organization and
structure of the purified complexes closely resembles that
in situ. Figure 6 shows a negative stain micrograph of the
complexes in fig. 5b. The basal bodies are densely stained
and rootlets are seen as fibers (R) emanating from these
dense centers. Figure 7 is a higher magnificafion view of
one of these complexes and it shows that the dense centers
in figure 6 consist of 4 basal bodies to which the rootlets
are attached to form an intact basal body rootlet complex.
Figure 8 shows the four basal bodies are still interconnected
by fibers into 2 opposing pairs and the rootlets remain
attached at the anterior ends of the basal body. The elec-
tron-dense material of the rootlet MTOCs is retained and in
longitudinal section appears as a coating along the sides
of the rootlets (arrows). The cytoskeletal microtubules,
which terminate on this material in the intact cell, are no

longer present.

boe i e e
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Fig. 6 Negative stain (1% PTA) micrograph of isolated
complexes. Rootlets (R) are seen to extend

from the densely stained centers containing
basal bodies (Bg.
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Fig. 7 A higher magnification view of a complex
that has been dodged in printing to show
the four basal bodies and rootlets.
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Fig. 8 Transverse section through an isolated
complex. If compared with a similar in situ
view, fig. 4, the complex appears intact’
Four basal bodies and attached rootlets are
present and rootlets have retained a coated
appearance. (arrows) Cytoplasmic microtubules
detach during the isolation-steps. Some:i::
membrane is often associated with the distal
end of the basal bodies.
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ISOLATED MTOCs STIMULATE MICROTUBULE ASSEMBLY

To test if the isolated basal body rootlet complexes
retain a capacity to initiate tubulin assembly in vitro,
complexes were incubated with brain microtubule proteins.
Figure 9 is a negative stain view of one complex after
incubation with tubulin (1.25 mg/ml) for 5 min showing large
numbers of microtubules associated with the complex. It is
difficult to determine the attachment points of the micro-
tubules. In thin-sections (figs. 10, 11) it is clear that

the microtubules are assembled at specific sites, in a row

on the electron-dense material coating the sides of the

rootlets (arrows). The pattern of these in vitro assembled

microtubules closely resembles the pattern of cytoskeletal
microtubules in intact cells (see Brown and Stearns, 1978).
The distal ends of the basal bodies are capped by membrane
(fig. 8) and little or no assembly is detected at these
sites (figs. 10, 11) except when long incubation times are
used.

The extent of assembly onto complexes was determined
by negative staining and viscometry. Figure 12a-c shows
examples of complexes incubated for 1, 2 and 5 min periods
at a constant tubulin concentration and figure 12 d-f shows
examples taken after a 5 min incubation with increasing

concentrations of tubulin protein. It is apparent that both

the numbers and lengths of microtubules assembled are depen-
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Fig. 9

A complex after incubation with brain
tubulin extracts (S8-1) at 37°C. Tubulin

was at 1.25 mg/ml and the incubation time

was for 5 min before the reaction was stopped
with 4% gluteraldehyde and the complexes
prepared for negative staining with 1% PTA.
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Fig. 10-11 Thin section views of complexes in fig. 9.

Fig. 10 shows 3 basal bodies, attached
rootlets and associated brain microtubules.
Fig. 11 shows in a higher magnification
view, part of 2 basal bodies and one
rootlet to illustrate the tendanc of
microtubules to assemble in parallel
arrays at the same angle to the rootlet.
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Fig.

12

Negative stain composite of brain microtubules
assembled onto basal body rootlets. The
reaction was stopped with 47 glutaraldehyde
and complexes stained with 1% PTA. Fig. 12
a-c demonstrates at 1.25 mg/ml tubulin in
(S-1) the extent of tubulin assembly onto
complexes after incubation times of 1, 2

and 5 min. Fig. 12 d-f shows after a 5> min
incubation period, the degree of assembly on
complexes at 0.8, 1.10 and 2.54 mg/ml tubulin
in S-1 extracts. In samples for fig. 12 a,
b, d nearly all the microtubules are seen
attached to complexes whereas in samples for
fig. 12c, e, f, independently assembled
microtubules were seen in the background on
grids.
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Fig. 13 An average of the numbers of microtubules

per complex was obtained from enlarged micro-
graphs of 10 complexes for different time
points and for several tubulin protein
concentrations tested at 0.8 Qﬁg; 1.0 (@);
1.84 (A) and 2.54 (@) mg/ml. The graph
quantitatively compares the extent of migro-

tubule assembly onto complexes at 2 x 10
complexes/ml.
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Fig. 14 Graph comparing the changes in specific

viscosity (/% ) to equilibrium of crude
brain tubulin (S-1) (o) and crude brain
tubulin (S-1) mixed with 2 x 106 complexes/

ml (e) at 1.25 mg/ml tubulin protein.

Curves are averaged from 10 separate experi-
ments in which freshly prepared tubulin
protein was used. Bars represent 2 standard
deviations. 1In the absence of complexes, an
extended initial lag phase of about (10 min)
was observed before an increase in viscosity
occurred. The addition of complexes to
samples decreased the initial lag phase (to

5 min) and increased the final viscosity
values attained. The results indicate complexes
provide initiating sites which can immediately
start microtubule assembly without the lag
phase normally observed for brain tubulin.
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Table II.

Shows absolute increases in specific viscosity
sp) for a range of tubulin levels in com-
paragive experiments identical to fig. 14.
Values represent total increases in viscosity
are included for after 10 min and 40 min in

cu-
bation periods within one standard deviation.

(+) tubulin incubated with complexes.

(-) tubulin incubated in the absence of
complexes
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dent on the concentration of tubulin used and the length of
incubation. Figure 13 shows the numbers of microtubules
ending on rootlets over a five min‘period for four different
tubulin concentrations tested (0.8 to 3.4 mg/ml). No assem-
bly occurs when complexes are-incubated with crude ex-
tracts of microtubule proteins containing less than 0.8
mg/ml tubulin protein. At 0.8 mg/ml tubulin‘the numbers of
microtubules increases to a maximum of about 11 per complex
after 5 min incubation. With the higher concentrations of
tubulin used there is a corresponding increase in number

of microtubules at each time interval. The tubulin in the
crude brain extracts used in these experiments will indepen-
dently self-assemble, but at these early time points the
assembly occurs preferentially onto complexes.

The negative stain results indicate that the rootlet
MIOCs promoted the assembly of tubulin in the crude extracts.
This effect is also evident when the kinetics of self-assembly
of crude tubulin and the kinetics of assembly in the presence
of rootlets are compared viscometrically. Figure 14 shows
in one example at a tubulin concentration of 1.25 mg/ml
tubulin protein that there is a gradual self-assembly of the
tubulin fraction alone reaching an equilibrium of polymer
and dimers after about 40 min. Table II shows absolute
increases in viscosity for increasing tubulin levels during

initiation (at 10 min) and at equilibrium (at 40 min) for
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tubulin protein alone and for tubulin incubated with com-
plexes. With complexes present both the initial rate of
tubulin assembly and the final equilibrium viscosity are
increased. Complexes incubated alone or added to microtu-
bules do not cause an increase in viscosity indicating

assembly of microtubules on rootlet-MTOCs is what enharnces

viscosity values.

MTOCs INITIATE ASSEMBLY OF PURIFIED TUBULIN

The tubulin protein purified by phosphocellulose chroma-
tography for use in these studies does not self-assemble in
the MAB buffer at concentrations up to 6 mg/ml. For each
tubulin preparation, samples were routinely testéd.by negative
staining to ensure they did not self-assemble and
samples were also examined for purity using gel electro-
phoresis (see fig. 20). When complexes are added to the
purified tubulin, negative staining shows assembly onto the
rootlet-MTOCs at a critical tubulin concentration of 0.2
mg/ml, which is near physiological levels.

Thin-sections (fig. 15) show that the microtubules are
initiated in rows from material coating the sides of the
rootlets. The pattern of microtubules assembled is the same
as that described in the earlier experiments using crude
microtubule proteins (figs. 10, 11).

Figures 16a and 16b show the kinetics of assembly of
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Fig. 15 a, b.

Thin sections of a rootlet attached
to two basal bodies. Fig. 15a shows
view in situ of the pattern of cyto-
skeletal microtubules. Fig. 15

shows view in vitro of purified brain
tubulin micTotubules in a pattern
closely resembling that seen in situ.
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the purified tubulin initiated by rootlet-MTOCs. Incubation
of the tubulin alone or of complexes alone at 37°% produce

no change in viscosity. At a constant number of complexes

(2 x 106/ml) increasing the concentration of tubulin increases
the initial assembly rate and the viscosity values attained
at equilibrium (fig. 16a). The reverse experiment (fig. 16b)
using a fixed high concentration of tubulin t2.5 mg/ml) show
that these parameters are also sensitive to the number of
initiating sites available. These data also show that
increasing the number of complexes above 2 x 106/m1 (the

number used in fig. 16a) does not further enhance assembly

kinetics.

EXTRACTION OF MICROTUBULE-INITIATING PROTEINS

Brief trypsinization destroys the capacity of the root-
let-MTOCs to initiate the assembly of crude or purified
tubulin indicating that the initiation sites are composed,
at least in part, of proteins. The rootlet-associated
proteins (RAPs) functioning in - initiation can be removed
from intact complexes by a brief extraction with a low ionic
strength Tris-EDTA solution. The structure of the complexes
appear unchanged by the brief extraction (fig. 17) but they
will no longer promote assembly of microtubules. The
extract contains trypsin-sensitive proteins which will

initiate the assembly of purified tubulin. Figure 18 shows
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Fig. 16 a, b.

Increases in viscosity for the assembly
of phosphocellulose purified tubulin
onto complexes. 1l6a, complexes are at
2 x 106/ml and tubulin was at 0.5 (m),
1.0 (@), 2.0 (A), 3.0 mg/ml (A).
Controls show there is no viscosity
change for complexes at 2 x 106/ml (o),
or for tubulin at 3 mg/ml (0). The
graph shows the initial rate and the
final extent of assembly is dependent
on initial tubulin-levels used. 16b,
Total changes in viscosity at a constant
amount of tubulin (2.5 mg/ml) and a
decreasing number of complexes at 3 (o),
2 (0), 1 (m), 0.5 (@), 0.1 (&), 0.05 x
100 (4) complexes/ml. Decreasing the
number of complexes/ml decreases the
extent of assembly.
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Fig. 17 Thin sections of a basal body rootlet complex
previously extracted in Tris-EDTA at 4°C for
20 min. The basal bodies and rootlets appear
completely intact. x100,000.
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the kinetics of assembly, assayed by turbidity, for a
constant concentration of purified tubulin (2.0 mg/ml) and
for varying amounts of RAPs. These results indicate that
increasing the concentration of RAPs increases the initial
rate of assembly with little apparent effect on the equili-
brium attained. This is consistent with evidence that the

intact rootlet MTOCs function in initiation of assembly.

PURIFICATION OF MICROTUBULE INITIATING PROTEINS

High speed supernatants from low ionic strength extracts

of intact rootlet MTOCs contain a number of rootlet-asso-
ciated proteins, RAPs, fig. 19a, and these extracts promote
assembly of phosphocellulose-purified brain tubulin (fig.
18). The microtubule-initiating proteins (TIPs) can be
selected from extracts by briefly incubating RAPs with
tubulin at 37°C and using centrifugation to pellet proto-
filament assembly intermediates, fig. 19b. Pellets can be
cold solubilized and TIPs separated from tubulin using
phosphocellulose chromatography, fig. 19c. TIPs incubated
with fresh brain tubulin stimulate assembly of microtubules
which gels show to contain tubulin and TIPs consisting of
4-high molecular weight proteins ranging from 190,000 to
220,000 daltons, fig. 19d. The purified TIPs, shown in
figure 19¢, have been used in assembly experiments reported

in this thesis.
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Fig. 18

Turbidity, A350, changes at a constant amount
of tubulin protein (2.0 mg/ml) and increasing
amounts of crude rootlet extract for 0.10 (o),
0.20 (a), 0.30 (), 0.40 (@) mg/ml. A decrease
in the initial lag phase occurs with increasing
amounts of extract but there is no apparent
increase in the final absorbance at equilibrium.
Tubulin protein (2.0 mg/ml) in the absence of crude

rootlet extract (M) and rootlet extract in the absence

of tubulin (@) showed no change in absorbance at 37°C.
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2 X temperature-cycled beef tubulin (S-3) contains
about 75% tubulin and a large number of microtubule-asso-
ciated proteins (MAPs) which co-assemble with tubulin, fig.
20a. S-3 can be fractionated into purified tubulin (fig.
20c, d) and MAPs (fig. 20b) fractions using phosphocellulose
chromatography. The microtubule-initiating component can
be selected from MAPs and purified using the same procedures
described for purifying TIPs. Figure 21 shows gels of MAPs
(fig. 2la), tubulin (fig. 21b) and the proteins in proto-
filament pellets, fig. 2lc. Protofilaments are shown to
contain tubulin and a single MAP which has been purified
using phosphocellulose chromatography and is shown to con-
sist of a single 330,000 dalton protein, ''the-MAP" (fig.
21d). When TIPs and '"the-MAP" are incubated with fresh
tubulin, they promote microtubule assembly. The capacity
of these two types of initiating proteins to promote tubulin
assembly was compared using several optical measurement
techniques. The molecular weight of the tubulin monomers,
of MAPs, "the-MAP", and TIPs was determined using 10% SDS
PAGE-gels by comparison to a set of known standards. A
standard plot is represented in fig. 22.

-

INTERMEDIATES IN INITIATION OF TUBULIN ASSEMBLY

Negative staining: Figure 23a-e shows '"the-MAP" incubated

with tubulin initiates assembly intermediates which are
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Fig. 19 SDS-PAGE gels (a) under loaded 10% gel of

rootlet- associated proteins (RAPs) extracted

from intact rootlets; (b) 7% SDS gel of

proteins composing protofilaments; (c) TIPs

purified using phosphocellulose chromato-

%raphy; (d) 7% SDS gel of microtubules pelleted
rom TIPs and tubulin mixtures.
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Fig. 20 10% SDS-PAGE gels of beef brain microtubule
proteins. % 2X cycled S-3 at 100 ug; (b)
phOSphocellulose-fractlonated microtubule
associated proteins, MAPs, at 50 ug; (c,d)
phosphocellulose—purlfled tubulin, (c) at
50 ug, (d) at 100 ug.
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Fig. 21 77 SDS-PAGE gels (a) MAPs; (b) tubulin; (c)
proteins composing protofilaments formed bg
briefly incubating MAPs with tubulin at 37°C;
(d) "the-MAP" purified from disassembled
protofilaments in (c).
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Fig. 22 Standard curve for molecular weight deter-

minations by 10% SDS gel electrophoresis
(Weber and Osborn, 19%9). Standard proteins
used are axonemal dynein (Bloodgood et al.,
1976); bovine serum albumin, catalase, cyto-
chrome C, egg albumin, chymotrypsinogen A,
rabbit skeletal myosin. T (brain tubulin);
A (brain actin).
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similar to those which have been reported previously for
temperature-cycled brain tubulin (Kirschner et al., 1975a;
Sloboda et al., 1976b). When "the-MAP'" and tubulin are
separately incubated in MAB containing GTIP at 4°¢C or at
37 they do not form any recognizable structures. When
these proteins are mixed together, at 4°¢c rings are formed
(fig. 23a) and at 37°C these rings are seen to gradually
disappear as microtubule assembly intermediates appeared.
Figure 23b shows rings are still the prevalent structures
after 10 to 20 sec at 37°C but that protofilaments begin
to replace rings as the most abundant structure. Rings
associated with the ends of microtubules may be coincidental
or they may represent rings in the process of unfolding to
protofilaments. Figure 23c shows that these protofilaments
aggregate together by 30 to 45 sec, leading in turn to
assembly of sheets of protofilaments at 90 to 120 sec (fig.
23d) and finally these sheets fold to make the complete
microtubules by about 180 sec, fig. 23e.

Figure 24a-e shows that when incubated at 37°C similar assembly

intermediates can be initiated by TIPs incubated with brain tubulin. In

contrast to MAPs, at 4QC, no recognizable. aggregates are seen (fig. 24a)

and no rings appear,unless some of "the-MAP" is added to the mixture, indi-

cating that rings are stpuctures induced by the brain arcessory proteins.
At 37OC, protofilaments are the first microtubule assembly inter-

mediates to appear after 20 sec (fig. 24b) .and these proto-
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filaments form aggregates of protofilaments at 30 - 45 sec
(fig. 24c) leading to assembly of sheets of protofilaments
at abou; 90 to 120 sec (fig. 24d) and at 120 to 180 sec
these sheets in turn fold to form microtubules, fig. 24e.
The assembly intermediates initiated by TIPs closely resem-
ble those described for ''the-MAP" with the exception that
rings were not seen.

If intact rootlet-MTOCs are substituted for TIPs and
incubated with tubulin at 4°C, no recognizable aggregates
such as rings are formed. When incubated at 37°C, figs.

25, 26a show that at 20 sec protofilaments are the first
intermediates formed. At 30 to 45 sec aggregates of these
protofilaments form (fig. 26b) and at 60 to 90 sec sheets of
protofilaments appear which then fold to make complete micro-
tubules (fig. 26c, d). These intermediates closely resemble
those promoted by the purified initiating proteins suggest-

ing that assembly of tubulin may occur by similar mechanism

in vivo.

KINETICS OF TUBULIN ASSEMBLY

Turbidiometry (Ajsq): Turbidity can measure increases

in the total amount of polymer formed (Berne, 1974). 1In
fig. 27 increasing amounts of S-3 beef tubulin have been
incubated to equilibrium at 37°C. The graph shows that a

linear increase in absorbance occurs up to 0.6 units and
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Fig. 23 a - f.

1% uranyl acetate negative stain show
microtugule intermediates initiated by
"the-MAP" (0.3 mg/ml) and tubulin (2
mg/ml) incubated at (a) 4°C and at 37°C
for (b) 20 sec; (c) 30 to 45 sec; (d)
60 to 90 sec; (e) 120 to 180 sec. The
rings gradually disappear at 37°C as
protofilaments (c), aggregates of a few
protofilaments (d), and sheets of proto-
filaments (e), form as intermediates to
microtubules (f). Magnifications:

(a) x120,000; (b) x'80,000; (c) x80 ,000;
(d) x90,000; (e) x90,000.
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Fig. 24 a ~ e.

Negative staining showing assembly inter-
mediates formed by TIPs (0.3 m /m{) and
tubulin (2 mg/ml) incubated (a% at 4°C;
and at 37°C for (b) 20 sec; (c) 30 to

45 sec; (d) 60 to 90 sec; and (e) 120 to
180 sec. With the exception of rings,
the intermediates at each time interval
are identical to those in fig. 23.
Magnifications: (a) x50,000; (b) x50,000;
(c) x25,000; (d) x90,000; (e) x90,000.
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Fig. 25, 26.

Intermediates of microtubules initiated by
rootlet MIOCs and tubulin (2 mg/ml). Fig.
25 shows a complete basal body rootlet
complex after incubation at 37°C for 15
sec. Protofilaments (arrows) are seen
emanating from sides of rootlets (R).
Magnifications: x20,000.

Fig. 26 a-d, a composite showing only the
rootlets (R) of complexes after incubation
at 379C for (a) 15 sec; (b) 30 to 45 sec;
(¢) 60 to 120 sec; (d) 120 to 180 sec.

The intermediates (arrows) are identical
in morphology to those seen at similar
time intervals in fig. 23, except no rings
are seen. Magnifications: (a) x34,000;
(b) x68,000; (c) x40,000; (d) x65,000;

(e) x52,000.
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above 0.6 the curve levels off. In studies reported in

this thesis the turbidity values fall within the linear

part of the curve. Figure 28 shows that at a constant amount
of tubulin (2 mg/ml) increasing the amount of "'the-MAP" from
0.05 to 0.55 mg/ml decreases the initial lag phase for
assembly. Increases in turbidity values at equilibrium also
occur. This increase may result from 'the-MAP'" promoting
microtubule elongation to shift more tubulin dimers to the
polymer form. Figure 29 summarizes the data in fig. 28

and shows that there is an exponential increase in turbidity
values during the initiation phase (at 5 min) with increasing
amounts of ''the-MAP'" used. The increases observed in
turbidity at equilibrium level  off at about 0.35 mg/ml

of "the-MAP" and this value is assumed to be optimal for
stimulating assembly to equilibrium for 2 mg/ml tubulin.

In fig. 29, Lowry values of centrifugation pellets show
80-85% of the tubulin (2 mg/ml) is in polymer form at 0.35
mg/ml "the-MAP". Note that the absorbance values at equi-
librium for purified tubulin (at 2 mg/ml) are almost half
that reached by tubulin (at 2 mg/ml) in S-3. S-3 contains
some actin which may also assemble- to cause some increase
in turbidity. An aggregation of microtubules with filaments
may also account in part for the higher turbidity levels
observed.

The capacity of TIPs to promote .tubulin assembly has
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Fig. 27 Relationship of total absorbance ( A, o) at equili-

brium to initial protein concentration. A
linear increase in absorbance occurs.to 0.6 mg/
ml; and above this value a leveling off is-
observed. 2X cycled beef tubulin (6S) at
increasing concentrations in MAB solution was
incubated at 37°C for 30 min. The critical

6S concentration (Cc) is: 0.2 mg/ml for
assembly and tubulin values (mg/ml) represent
total tubulin in polymer formed.
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Fig. 28

Stimulation of tubulin assembly (2 mg/ml) using
increasing amounts of ''the-MAP" at (A) 0.05
mg/ml; (B% 0.10 mg/ml; (C) 0.15 mg/ml; (D) 0.25
mg/ml; (E) 0.35 mg/ml; (F) 0.45 mg/ml; (G) 0.55
mg/ml. A decrease in the initial lag phase of
assembly occurs with increasing amounts of ‘''the-
MAP" used and there is an apparent increase in
the absorbance values at equilibrium (compare
to fig. 29).
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Fig. 29 Replot - of experiments in fig. 28 showing

increases in the total amount of assembly
(A350) at 5 min (-e-e-) and at 30 min
(-0-0-). An exponential increase occurs
in initiation rates and 0.35 mg/ml '"the-
MAP" is optimum for maximum assembly of
tubulin,.
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also been examined using turbidiometry. Figure 30 shows that
using increasing amounts of TIPs at constant tubulin levels
results in a decrease in the initial lag phase for assembly. We
goncdlude ‘that TIPs is active in the initiation of microtubules.

The significance of the fact that small amounts of TIPs
(0.15 mg/ml) can promote assembly of tubulin to the same ab-
sorbance values observed for higher amounts of ''the-MAP" (0.25
mg/ml) is not clear at this time. Figure 31 summarizes the
data in fig. 30 and shows that the effect of increasing the
amount_of TIPs at a constant tubulin level is to stimulate an
exponential increase in the initiation kinetics (measured after
5 min) and the extent of assembly at 10 min. The apparent opti-
mal amount of TIPs for stimulating assembly of tubulin to a
maximal equilibrium value is shown in fig. 31 to Be approximately
0.35 mg/ml. This value which is similar to that observed for
optimal assembly in the presence of ''the-MAP".

Thus the optimal ratio of initiating protein to tubulin
for both '"'the-MAP" and TIPs in microtubules at equilibrium is
approximately 0.35 to 2 by weight (or 0.18 to 1.0) and the
value represents about 16% initiation component to 84% tubulin.
The microtubules formed by the initiating proteins are there-
fore of a similar relative composition when optimal amounts
of these proteins are present.

To determine the effect of tubulin levels on assembly
kinetics in the presence of excess initiating protein, changes
in turbidity have been monitored in using constant amounts
of "the-MAP" (fig. 32) and of TIPs (fig. 33) at 0.3 mg/ml

and increasing tubulin levels up to 2 mg/ml.
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Fig. 30 Stimulation of tubulin (2 mg/ml) assembly
with increasing amounts of TIPs at (A) 0.10
mg/ml; (B) 0.15 mg/ml; (C) 0.25 mg/ml; (D)
0.35 /ml; (E) 0.45 mg/ml; (F) 0.55 mg/ml;
(G) 0?%5 mg/ml. A decrease in the initial

lag phase of assembly occurs with increasing
amounts of TIPs.
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Fig. 31

Replot = of experiments in fig. 30 shows
increases in the total amount of assembly
at 5 min (-g-po-), at 10 min (-o0-o0-) and at
30 min (-0-0-). An exponential increase
is observed for initiation rates and 0.35

mg/ml TIPs is optimum for maximum assembly
of tubulin.
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Fig. 32 Stimulation of tubulin assembl

at a constant
amount of ''the-MAP" (0.3 mg/mlg

amounts of tubulin gr
(B) 0.5 mg/ml; (C) 0.8 mg/ml;
(E) 1.5 mg/ml; (F) 2.0 mg/ml.

for increasing

otein at (A) 0.2 mg/ml;

(D) 1.0 mg/ml;
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Fig. 33 Stimulation of tubulin assembly at a constant
amount of TIPs (0.3 mg/ml) for increasin
amounts of tubulin protein at (A) 0.2 mg?ml;
(B) 0.5 mg/ml; (C) 0.8 mg/ml; (D) 1.0 mg/ml;
(E) 1.5 mg/ml; (F) 2.0 mg/ml.
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Fig. 34

Summary of results in fig. 32, 33 showing the
total increases in absorbance after incubation
at 379C for 5 min for "the-MAP" (-u-w-), for
TIPs (-o-u-)and for 30 min for "the-MAP"
(-e-e-), for TIPs (-0-0-). Increases in the
tubulin concentration to 1.0 mg/ml rapidl
increases initiation rates and final equili-
brium levels. Above 1.0 mg/ml no increase in
initiation rates occurs and increases in. -
equilibrium levels tend to level off.~
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For "the-MAP" and for TIPs, the initiation rates and the

equilibrium values increase with an increase in the

amount- of tubulin used. The result indicates that assembly
kinetics are also dependent on the availability of tubulin

protein. Figure 34 summarizes the results in figs. 32, 33

showing initiation rates, at 5 min, and equilibrium values
reached at 30 min. The greatest increase ini initiation
rates and in equilibrium values. occurred for tubulin levels
up to 1 mg/ml. Above 1 mg/ml tubulin no significant
increase in the initiation rates occurs, probably because
the amount of initiating protein becomes limiting at this
point. Coincidently, the increases in apparent equilibrium
values also level. . off but it is not clear if this is of
any significance.

Viscometry: In the turbidiometry studies, the effect

of "the-MAP" and TIPs on initiation of microtubules has

been measured but it is not clear from the data whether
these proteins (particularly '"the-MAP") also can promote f
tubulin assembly during microtubule elongation. It is
necessary to first devise an experimental system which
separates these two events. In earlier viscometry work in
fig. 16b it was shown that at 2 mg/ml tubulin, reducing
4 the number of rootlet-MTOCs to 0.5 x lO6 results in a %
reduction in the initiation rates as well as the extent i

of assembly after 30 min. This provides an ideal system by

S
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which to test if "the-MAP" and TIPs can function to pro-
mote microtubule elongation. To samples containing a
constant number of intact rootlet-MTOCs (0.5 x 106/m1) and
tubulin at a constant level of 2 mg/ml, increasing amounts
of "the-MAP" (fig. 35) or TIPs (fig. 36) have been added
and the kinetics of tubulin assembly compared to equili-
brium at 30 min. Figure 35 shows that addition of the
"the-MAP" does not have a significant effect on initiation
rates unless increased to as high as 0.3 mg/ml. In compari-
son, fig. 36 shows that addition of even small amounts of
TIPs does stimulate the initiation rates of assembly by 5
min. The direct effect of TIPs on initiation is found to
indirectly enhance assembly rates during the elongation
phase (e.g. by 10 min) presumably as a result of TIPs
starting more microtubules or sites which promote more
rapid assembly of tubulin (see Johnson and Borisy, 1977).
Figures 35 and 36 show addition of “the-MAP" and TIPs both
have an overall effect of increasing the final extent of
tubulin assembly at equilibrium in rootlet-MTOC, tubulin
mixtures. The results show ''the-MAP" functions to promote
microtubule elongation, while TIPs specifically serves only
to initiate microtubules. Negative staining studies of
samples in figs. 35 and 36 have confirmed the viscometry
results and shows that addition of '"the-MAP'" does not

result in initiation of independent microtubules by 10 min.
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Fig. 35 Stimulation of tubulin (2.0 mg/ml) assembl 6
in the presence of rootlet MTOCs at 0.5 x {O /
ml by increasing amounts of "the-MAP" at A)
0 mg/ml; (B) 0.1 mg/ml; (C) 0.15 mg/ml; (D)
0.20 mg/ml; (E) 0.3 mg/ml. "The-MAP" stimulates
increases in equilibrium levels apparently by
promotin§6§longation of microtubules (compare

to fig.
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Fig. 36 Stimulation of tubulin (2.0 mg/ml) assemb%y in
the presence of rootlet MTOCs at 0.5 x 100/ml
by increasing amounts of TIPs at (&) O mg/ml;
(B) 0.1 mg/ml; (C) 0.15 mg/ml; (D) 0.20 mg/ml;
(E) 0.3 mg/ml. TIPs stimulates initiation
rates to increase the specific viscosity at
equilibrium (compare to fig. 34).
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However, addition of TIPs does result in initiation of
large numbers of microtubules by 5 min which were not

attached to the rootlet-MTOCs.

LABELING STUDIES: TIPs-S>°

TIPs labelled‘withvgss provide a more sensitive technique for
determining the effect of low concentrations of TIPs on
tubulin assembly. Figure 37 is a standard curve used to
determine the specific activity for TIPs—S35,.at 4 x 10°
cpm/mg protein, and this value was used to calculate the
amounts of TIPs associated with microtubules in assembly
experiments in figs. 38, 39. Figure 38 shows that in
experiments where high tubulin levels are emplofed (2 mg/ml)
all of the TIPs-S3° incubated with the tubulin is found to
incorporate in the microtubules during the initiation phase
of tubulin assembly. In experiments using very low amounts
of 'I‘IPs-S35 (fig. 38), the initiation event is slowed to
10 min by which time all the TIPs-53° is used. Figure 39
shows that when different amounts of TIPs-S32 are incubated
with varying amounts of tubulin protein (0.5, 1.0 and 2.0
mg/ml), the amount of TIPs-5° incorporated into the micro-
tubules after a 10 min incubation period depends on the
initial amount of TIPs added. The amount of TIPs—S35
incorporated in the microtubules does not vary over a wide

range of tubulin concentrations tested (fig. 39). The




110

Fig. 37

Linear relationship of protein levels deter-
mined by Hartree method to cpm. A specific
activity for TIPs-S32 of 4 x 10° cpm/mg protein
was used in fig. 37, 38 to determine TIPs

associating with tubulin in assembly of micro-
tubules.
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Fig. 38 Amounts of TIPs-S3° incorporated in micro-
tubules at 37°C at a constant tubulin level
(2 mg/ml) and increasing amounts of-TIPs-S35
at (A) 0.07 mg/ml; (B) 0.13 mg/ml; (C) 0.26
mg/ml. 0.5 ml aliquots were taken from
samples incubated 5, 10 and 30 min and pellets
dissolved in scintillation fluid for counting.
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Fig. 39 Amounts of TIPs-53° incorporated in micro-

tubules at 37°C at varying tubulin levels
and increasing amounts of TIPS-S35 at (a)
0.26 mg/ml,[ ; (b) 0.13 mg/ml, H ; (c) 0.07
mg/ml, q ; (d) 0.04 mg/ml, j. Samples were
incubated for 10 min at 37°C and 0.5 ml
aliquots centrifuged and pellets counted.
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results from labeling studies conclusively demonstrate that
TIPs is involved specifically in the initiation on micro-
tubules which is consistent with the kinetic data and with

TIPs composing MTOCs.

- STRUCTURAL ANALYSIS OF ASSEMBLY PRODUCTS

Thin sectioning: Temperature-cycled brain microtubules

have been shown previously by others to take on a coated
appearance having arms along the microtubule surface
(Dentler et al., 1975; Murphy and Borisy, 1975; Sloboda

et al., 1976a, b). Figure 40a, b shows that in longitudinal
and cross sectional views of the microtubules formed by
tubulin at 2 mg/ml incubated with 0.3 mg/ml "the-MAP" (fig.
40a) and with 0.3 mg/ml TIPs, fig. 40b. These microtubules
have smooth surfaces and tend to be clumped side-by-side in
centrifugation pellets, fig. 40b. These smooth microtubule
(fig. 4la) are found to take on a coated appearance, fig.
41b, c, after they have been briefly incubated for 3 min
with crude MAPs (at 0.2 mg/ml) prior to centrifugation to
pellet them. Figure 41b, c shows the microtubules now have
arms coating their surfaces which apparently prevent their
clumping. These microtubules closely resemble S-3 micro-
tubules. The sections show that one or more of the MAPs
protein other than "the-MAP" contributes to formation of

the arms.




e rﬁ; a i'

114

Fig. 40 a, b.

(a) “"The-MAP"-initiated microtubules;
(b) TIPs-initiated microtubules. The
microtubules are smooth surfaced and
often clumped side-by-side. Magnifi-
cations: (a) x90,000; (b) x120,000.
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Fig. 41 a - c.

(a) TIPs-initiated microtubules; (b)
TIPs microtubules briefly incubated

with MAPs before pelleting; (c) higher
magnification view of (b). Smooth
microtubules in (a) are coated with

arms in (b), (c) and they no longer
clump side-by-side. Magnifications:

(a) x100,0005 (b) x100,000; (c) x180,000.
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ANALYTICAL ULTRACENTRIFUGATION

Negative staining studies have shown ''the-MAP" sti-
mulates tubulin to form rings at 4°C. TIPs, however, at 4°C does
not promote formation of rings or of any other recognizable
structures. Analytical ultracentrifugation studies have
confirmed these observations. Figure 42a shows purified
tubulin exhibits a single 6S peak. Freshly mixed samples
containing "the-MAP" and tubulin at 5°C exhibit. an-
additional 33S peak (fig. 42b) but samples containing
TIPs and tubulin exhibit. only a 6S peak as in fig. u2a.

To check if rings are formed as microtubule-disassembly
products, the microtubules were disassembled at 5°C for 30
min and subjected to centrifugation. Figure 42c shows a

33S peak is present in samples containing ''the-MAP". Figure
42d shows the 6S peak has a broad leading edge in samples
containing TIPs. Negative staining studies show rings
present in "the-MAP" preparations and residual protofilaments
in samples containing TIPs. The protofilaments tend to
disappear after longer periods at 5°C. Addition of “the-
MAP'" to TIPs preparations preserves these protofilaments

in a stable form as rings.

Sedimentation Analysis: Examination of phosphocellulose

purified tubulin, or purified tubulin incubated with ''the-
MAP'" in the analytical ultracentrifuge shows. peaks with .
extrapolated sedimentation coefficients (Sg0 w) of 5.98 for

tubulin and 33 T 1S for rings at 5°C in MAB (fig. 43).
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Fig. 42 a - d.

Peaks after 24 min at 48,000 rpm (5°C)
hotographed at 65° for (a) tubulin,

g mg/ml; (b) tubulin, 6 mg/ml plus

MAPs, 0.4 mg/ml; (c) cold disassembled
proteins of 'the-MAP" (0.4 mg/ml) and
tubulin (8 mg/ml); (d) cold disassembled

proteins of TIPs (0.4 mg/ml) and tubulin
(8 mg/ml).







118

Fig. 43 Sedimentation coefficients, Sw20 for rings
in 6S plus "the-MAP" mixtures (33 t 1S and
for phosphocellulose—purified tubulin (5.95).
Sedimentation values have been determined by
extrapolation to infinite dilution.

Top Scale: Concentrations of "the-MAP" using
6S at 8 mg/ml.
Bottom Scale: Concentrations of purified 6S.
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DISCUSSION

The main results that this thesis reports on the
properties of rootlet-MTOCs are summarized in figure 44.

We have isolated and purified rootlet-MTOGCs which function
in vivo in the assembly of a patterned array of cytoskeletal
microtubules. The isolated MTOCs do not retain these micro-
tubules but otherwise appear structurally intact.. They are
functional in vitro in re-initiating the original pattern
of microtubules utilizing brain tubulin. Most importanfly,
the proteins necessary for this initiation can be extracted
and will initiate purified tubulin assembly.

In vivo studies of some organisms have shown that the
development of highly patterned arrays of microtubules
appears to be primarily controlled at the site of assembly
by MIOCs (Porter, 1966; Tucker, 1977; Bouck and Brown, 1976).
In others, linkers formed between microtubules appear to be
the controlling elements in establishing the pattern (Tilney,
1971). More recently, it has been postulated that linkers
as well as MIOCs may function in microtubule initiation

(Bardele, 1977). 1In in situ studies of Polytomella (Brown

and Stearns, 1978) we showed that the pattern of cytoskeletal

microtubules in Polytomella ' is established at the point of
initiation by MTOCs and we concluded that linkers are not

involved at least in initial patterning. The in vitro
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Fig. 44 Model diagram summarizing in vitro assembly
studies using basal body rootIet MTOCs.
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results showing that patterned assembly occurs on isolated
MIOCs confirm this cqnclusion (compare .figs. 10, 11; figs.
15a, b).

Several groups have indicated by electron microscopy
that several apparently unstructured MTOCs either partially
isolated or in cell lysates will serve as assembly sites for
brain microtubule proteins (Borisy et al., 1975; Gould and
Borisy, 1976; McGill and Brinkley, 1975; Snyder and MclIntosh,
1975; Telzer et al., 1975). Following high speed centrifu-
gation at 230,000g, 90 min., microtubule proteins used in
these studies slowly self-assemble and the MIOCs have been
shown to stimulate this assembly (Borisy et al., 1975; Gould
and Borisy, 1977; Snyder and McIntosh, 1975). Similarly,
isolated rootlet-MTOCs have been shown by mnegative staining
to stimulate rapid assembly of high speed supernatants of
brain tubulin (see also Stearns et al., 1976). These MIOCs
are highly structured and have been extensively purified in
the form of a basal body rootlet complex in numbers sufficient
for use in quantitative studies that ‘measure the capacity of
an MTOC to promote tubulin assembly. Viscometric results
reported in this paper show that this presence of rootlet-
MTOCs has a significant effect on stimulating initiation of
microtubule assembly (fig. 14; Table II). Negative staining
observations have confirmed this result and have shown that

in the presence of complexes, microtubules will reassemble
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specifically on rootlets and the number and length of these
tubules quickly increases with longer incubation times
(figs.AlZa-f; 13). Some independent self-assembly of micro-
tubule proteins does occur, but the majority of the micro-
tubules form on the rootlets during the early incubation
periods, indicating that MTOCs promote assembly. By using

an easily identified MTOC this study shows that MTOCs can
actively stimulate tubulin assembly, and also that they do
not simply serve as sites for the attachment of self-assembled
microtubules. One concludes from these results that MTOCs
serve as assembly sites for initiating microtubules. Thin
sectioning of the complexes which have been incubated with
tubulin show conclusively that the microtubules are assembled
in rows directly on recognizable sites on rootlets.

The independent assembly of brain tubulin described in
the above experiments occurs as a result of the presence of
non-tubulin accessory proteins which can promote tubulin
assembly (Murphy and Borisy, 1975; Keates and Hall, 197§,
Sloboda et al., 1976a, b; Weingarten et al., 1975). To eli-
minate the possibility that these proteins are required for
MTOCs to initiate microtubules, I have temperature-cycled
microtubule proteins to enrich for tubulin and used phos-
phocellulose chromatography to prepare purified tubulin free
of accessory proteins. Purity was judged on the basis of

two criteria for each batch of tubulin prepared: a) electro-
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phoretic purity for a range of 10 to 100 ug of protein
loaded on gels, and b) inability to self-initiate at concen-
trations of 6 mg/ml in MAB at 37°C. Electron microscopy
studies showed that in the presence of intact rootlet-MTOCs
there is no independent assembly of tubulin; this means that
preparations of rootlet-complexes do not contain initiating
material which has dissociated from the rootlets. Tubulin
is+ assembled on the rootlet-MIOCs at critical concentrations
of 0.2 to 0.3 mg/ml tubulin, values well within possible
physiological levels. Viscometric results have supported
the structural evidence showing that tubulin self-assembles
on MIOCs (figs. 1l6a, b). When the tubulin level is kept
constant and the number of rootlet-MTOCs gradually increased
from 0.05 x lO6 to 3 x 106, a corresponding increase in the
kinetics of initiation of microtubules is observed to occur
(fig. 16a). The result demonstrates that MTOCs are actively
promoting tubulin assembly by providing sites to initiate
assembly. It is noteworthy that below a critical number of
complexes of approximately 1 x 106/ml, a decrease in the
equilibrium values occurs, showing that in assembly experi-
ments in earlier studies (figs. 14, 16, Table 1I) assembly
was not limited by MTOCs at a level of 2 x 106/m1.

The problem of whether accessory proteins (MAPs) are
essential for tubulin assembly on 'microtubules seeds" has

been examined by others, but the results have so far been
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contradictory. Witman et al. (1976) have reported that
phosphqcellulose—purified tubulin will not assemble onto
the ends of axonemal seeds unless small amounts of low
molecular weight MAPs (tau) are added to mixtures. Murphy
et al. (1977), on the other hand, have found that DEAE-
sephadex-purified tubulin does not require any accessory
protein to assemble on axonemal seeds. Results from the
present studies with rootlet-MIOCs confirm Murphy's findings
and show that phosphocellulose-purified tubulin does not
require accessory proteins to assemble on MIOCs or on ends
of microtubules initiated by MTOCs.

The tubulin assembly promoted by the rootlet-MTOCs does
not appear to be due to the presence of remmants of cyto-
skeletal microtubules. None were seen in the negative stain-
ing or in thin-sectioning studies of the isolated complexes.
In addition, treatment of isolated complexes with several
agents (2mM CaCl,, low temperature, and hydrostatic pressure)
known to depolymerize microtubules had no effect on their
ability to initiate microtubules. If the purified brain
tubulin microtubules assembled onto rootlets are depoly-
merized by these treatments, the stable rootlets-MTOCs will
again initiate assembly (fig. 44), indicating that the ini-

tiation function resides with the amorphous MIOC structures.

Rootlet-MIOCs are ideal for composition studies since they

have easily identifiéd sites and they ean be isolated in
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large quantities. In a set of experiments for this thesis,
trypsin treatments indicate that the microtubule-initiating
component of these MTOCs consists of proteins exposed on the
surface of the rootlets. In another set of experiments, a
low ionic strength Tris-EDTA solution was used to extract
rootlet-associated proteins from rootlets. Bloodgood and
Rosenbaum (1976) have reported that extensive dialysis of
isolated flagella axonemes in this solution for 48 hours
will extract a high molecular weight protein which initiates
assembly of tubulin protein. In the present study similar
procedures, as outlined in fig. 5a, were used for isolating

complexes. However, during isolation the flagella were re-

moved from Polytomella to eliminate the possibility of axo-
nemes contaminating preparations of complexes. Also unlike
the axonemal extraction experiments, rootlet complexes in
this work were only briefly dialyzed (20 min) against Tris-
EDTA, and this amount of time was found to be sufficient to
remove rootlet-associated proteins (RAPs) from rootlet-MTIOCs.
Functional assays showed that the extracted MTOCs would not
initiate microtubules and so confirmed that the initiating
proteins had been removed. Like intact MTOCs, the RAPs in
extracts are trypsin-sensitive and will initiate tubulin
assembly. Turbidity, A350, studies reveal in experiments to

test the ability of RAPs to promote assembly, that at a

constant tubulin level increasing the amounts of RAPs results
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in a decrease in the initial lag phase for assembly. This
finding indicates that RAPs contain proteins which function
in initiation (fig. 44).

In general, two conclusions can be made from these in
vitro assembly studies with isolated rootlet-MTOCs. First,
the primary function of MIOCs is to control initiation and
to establish the patterning of microtubules. Second, MTOCs
consist of microtubule-initiating proteins which function
to stimulate tubulin assembly. These results are consistent
with and confirm in vivo observations that MIOCs control
formation of microtubules (Porter, 1966; Bouck and Brown,
1976; Brown and Stearns, 1978).

In a second part to this thesis, these structural-
functional studies with MTOCs were extended to examine the
process by which microtubules are initiated at the molecular
level. For these studies, procedures were first developed
for purifying the initiating proteins (TIPs) present in RAPs
extracts. By using purified TIPs, it is then possible to
measure the effect that these proteins have on tubulin assem-
bly. The importance in taking this precaution is that con-
taminating proteins are removed and this ensures that the
results reflect the contribution that measurable quantities
of TIPs have on tubulin assembly.

The methods employed for the purification of TIPs depend

on the fact that a slow initiation stage is associated with
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tubulin assembly. At the protein concentrations used, ini-
tiation of protofilaments took 20 sec and the first micro-
tubules do not appear until 180 sec. Because of the time
difference between these two events, centrifugation could
be used to pellet out protofilaments after briefly incubating
samples to start assembly (i.e. 10 sec). The maximum total
incubation period for samples is about 100 sec, which includes
the time it takes for the rotor to reach maximum centrifuga-
tion speed. At high centrifugal force (i.e. 39,000g) assem-
bly apparently stops since negative staining shows the main
structures that are removed from mixtures are protofilaments.
Using this approach for purifying TIPs has two advantages:
it permits positive identification of the initiating proteins
(TIPs), and most importantly, it enables purification of
these proteins for assembly studies.

SDS gels show that the pelleted protofilaments consist
of tubulin and four high molecular weight proteins (190,000
to 220,000 daltons). To purify TIPs, these protofilaments
were cold solubilized and fractionated using phosphocellulose
chromatography. Using the above procedures it was possible
to obtain approximately 600 ug of biologically active TIPs
from about 6 x 107 basal body rootlet complexes which can
be obtained from 10 liters of cells. Yields of this magni-
tude are sufficient for investigation of the role of these

proteins in tubulin assembly.
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Studies of the process of tubulin assembly in vitro
have already been carried out by others who have used MAPs
of brain microtubules to promote assembly (see Introduction).
In brief, these studies have shown that chromatographically
purified tubulin will not self-initiate, but requires a
number of proteins termed MAPs which normally co-assemble
with temperature-cycled tubulin in stoichiometrically constant
amounts to promote the assembly of tubulin. Using these MAPs,
most parameters of tubulin assembly have been examined and
most of the available techniques for monitoring tubulin
assembly have been standardized in these studies. These MAPs
have been shown to have at least two functioms: to initiate
formation of a stable microtubule helix and to encourage the
elongation of these fragments.

In interpreting results from similar work with a new
factor such as TIPs, it makes sense to compare the data to
similar results obtained using MAPs. One of the problems
with comparing results to published data is that most of
these studies have been with MAPs preparations containing
several proteins which appear to have different functions
depending on the group (i.e. compare Sloboda et al., 1976b
to Murphy et al., 1977) and it is difficult to draw meaning-
ful comparisons in attempting to determine the effect of
TIPs on assembly. It is imperative therefore to first purify

one or more MAPs before attempting to analyze their functions
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in assembly. Since the main function of TIPs is to serve
as an initiating factor, it is logical to purify a similar
initiating factor from MAPs and then compare the roles of
these two factors in tubulin assembly.

Thus, procedures that were employed for purifying TIPs
from RAPs were used to purify the initiating component of
MAPs from temperature-cycled beef brain. The crude MAPs
containing high and low molecular weight MAPs, and from these
a single 330,000 daltons protein (''the-MAP") was found to
initiate tubulin assembly and during centrifugation it
pelleted as a component of protofilaments.l After purifi-
cation of "the-MAP" by phosphocellulose chromatography, the
ability of "the-MAP" and TIPs to stimulate asseﬁbly of phos-
phocellulose-purified tubulin was compared using negative
staining, turbidiometry and viscometry. The results from
these studies have been dealt with here in the discussion

in two categories, structural studies and kinetic studies.

lTh:i.s result implies low molecular weight MAPs (tau) does not

function to initiate tubulin assembly. However, the condi-
tions used may be the major factor for this inactivity and
further studies comparing the abilities of different MAPs to
promote tubulin assembly under different conditions are re-
quired before firm conclusions are drawn. See Introduction
for discussion of the controversies over which of the MAPs
is active in promoting tubulin assembly.
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STRUCTURAL STUDIES - INTERMEDIATES IN TUBULIN ASSEMBLY

In structural studies, the assembly of microtubules from
temperature-cycled brain tubulin or purified tubulin re-
constituted with either high or low molecular weight MAPs
has been shown by negative staining to involve rings, proto-
filaments and protofilament sheets as intermediates (Erickson,
1974; Kirschner et al., 1975a; Sloboda et al., 1976b). The
rings are proposed to serve as ''mucleating centers" which
initiate the assembly of tubulin protein (Borisy et al.,
1974; Sloboda et al., 1976b). Recently, however, several
reports have indicated that rings are not uniformly present
in tubulin extracts from different sources. Furthermore,
these studies show rings are not necessary for éssembly of
tubulin to occur in extracts prepared from cultured cells
(Nagle et al., 1977) or from fish brains (Langford, 1977;
Stearns et al., 1978). It was found that the addition of
MAPs obtained from brains of beef or pig would induce forma-
tion of rings, indicating that rings are peculiar to the MAPs
obtained from homeotherms (see Nagle et al., 1977; Stearns
et al., 1978). The present study shows that when beef brain
tubulin is incubated with MAPs or ''the-MAP" at 4°C, tubulin
will form rings but the same tubulin does not form rings if
instead it is incubated with TIPs. In spite of this differ-
ence in these two tubulin mixtures, negative stain studies

show that at 37°C purified TIPs and 'the-MAP" both initiate




131

tubulin to form identical types of intermediates at 37°C in the
assembly of tubulin. That is, tubulin is seen to assemble
protofilaments and protofilament sheets which in turn fold
to form a complete microtubule wall. These results would
strongly suggest that protofilaments are an important assem-
bly intermediate, but that rings are not essential as either
"nucleating centers' or as intermediates, aénwas suggested
by the work of Borisy et al. (1974) and Sloboda et al.
(1976a, b).

In the studies with MAPs, rings are seen as low-temperature
aggregation froducts, which suggests that they may appear
only after cold disassembly of microtubules in tubulin mix-
tures containing TIPs. To test this possibility, analytical
ultracentrifugation (fig. 42) and negative staining techniques
were utilized. Fig. 42 shows that rings (33S) form during cold
disassembly of 'the-MAP'" microtubules, but that following
cold disassembly of TIPs microtubules only protofilaments
remain. Also, no rings are present, indicating again that
rings are a product peculiar to MAPs. When MAPs or ""the-MAP"
are added to the protofilament preparations, rings (33S) form
within 30 sec at 4°C. This confirms the fact that MAPs
induce rings. In other studies in which these MAP-induced
rings are incubated at 37°C, the rings disappear concomitant
with the appearance of protofilaments and the assembly of

tubulin. It is likely then that rings are aggregates of
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coiled protofilaments which either rapidly dissociate at
37°C, or uncoil to form protofilaments which are then incor-
porated into microtubules. The latter hypothesis is sup-
ported by negative stain studies by Exrickson (1975) which
show rings uncoiling into protofilaments in the process of
tubulin assembly.

Next, to test if intact rootlet-MTOCs initiate tubulin
assembly by the same mechanism as TIPs, steps in the assembly
of purified tubulin on MTOCs were examined. The present
study demonstrates that MIOCs initiate assembly via proto-
filaments and protofilament sheets as the principal inter-
mediates, and so suggests that this mechanism may be utilized
in vivo. In addition, rings were not present in the initial
mixtures nor do they appear after cold disassembly of the
microtubules, therefore indicating that rings are not a
part of an MIOC mediated assembly system.

It should be noted that when high tubulin concentrations
are used, or when the tubulin is pre-warmed before mixing
with MAPs, TIPs or MTOCs, no intermediates are observed and
complete microtubules appear almost instantaneously. This
observation has also been made previously in work by Nagle
et al. (1977) utilizing pre-warmed tubulin. This result
suggests that an alternate mechanism for tubulin assembly
may exist where tubulin may simply add on MTOCs or aggregate

around MAPs and TIPs to start assembly by making a ring(s)
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of dimers on which the tubulin continues to add so that the
complete microtubule grows out from this nucleus. If this
mechanism is correct, it would fit in with the ring "nuclea-
ting center" hypothesis of Borisy et al. (1974). However,

I suggest as a very likely alternative that under the condi-
tions used in the above experiments the reaction was simply

too fast to detect any intermediates that occur. Further

studies are necessary to satisfactorily resolve this question.

KINETIC STUDIES

Turbidometry, which is sensitive to amounts of polymer
(Berne, 1974), has been used to demonstrate that preparations
of high molecular weight MAPs (Sloboda et al., 1976a, b) and

low molecular weight MAPs (Penningroth et al., 1976) function

to promote both initiation and elongation kinetics during
tubulin assembly. Their results have shown that increasing
the amounts of either of these MAPs at constant tubulin
levels causes decreases in the lag period for initiation
and also enhances elongation rates and the final extent of
tubulin assembly. Turbidometry studies reported in this
thesis show that both "the-MAP" and TIPs serve to promote
initiation of microtubules, a finding that agrees with the
negative staining observations showing these proteins are
active in initiation. However, the data also shows that

"the-MAP" (like crude MAPs used in the work of Sloboda)

stimulates an increase in the elongation rates, as is
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indicated by changes in the slopes of the family of curves

in Fig. 28. 1In addition, this shows that increases in
amounts of "the-MAP" enhances the final extent of tubulin
assembiy. TIPs by comparison, although appearing to
stimulate increases in elongation rates, does not affect

the extent of assembly at equilibrium at least over a similar
range of protein concentrations tested. These facts hint
strongly that "the-MAP" has an additional réle to initiation
in promoting both the elongation and/or the final extent

of microtubule assembly at equilibrium.

The problem with this interpretation, and for that
matter the conclusions drawn by Sloboda et al. (1976a) from
similar data, is that the influence that "the-MAP" has on
initiation cannot be measured separately from its effect on
elongation kinetics by the experimental technique used. The
importance of this point is emphasized by experimental data
shown in figs. 32, 33. These figures reveal that in studies
where TIPs and "the-MAP" are kept at constant levels and
the amount of tubulin increased, the effect of increasing

+tubulin levels on initiation kinetics cannot be separated

from its concomitant effect on increasing rates of micro-
tubule elongation. Again this conclusion is based on

simultaneous changes in the slopes of the family of curves

shown in figs. 32, 33. Thus initiation kinetics and elongation

rates are closely linked and the effects of "the-MAP" on each

of these cannot be separately measured in the above type of

experimental system.
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In an alternate approach using microtubule "seeds" to
serve as assembly sites (in order to eliminate the initiation
step), Murphy et al. (1977) have discovered that at constant

tubulin levels changes in the MAPs concentration does not

affect the rate of microtubule elongation. In other experiments

they found that microtubule samples having more MAPs are more
stable and do not disassemble as readily at lowered temper-
atures as the microtubules in preparations ;ontaining fewer
MAPs. Based on these two types of experiments they concluded
that the main function of MAPs is to stabilize microtubules
against disassembly and thus to indirectly increase the extent
of tubulin assembly at equilibrium. This would indicate that
the apparent effect MAPs and "the-MAP" has on elongation in
the turbidometry studies reported by Sloboda and myself,
actually results from MAPs and "the-MAP" working to stimulate
initiation and to stabilize microtubules against disassembly,
an effect which gives the mistaken impression that MAPs are
directly stimulating elongation of microtubules.

To further examine this problem, I have taken advantage
of the observation made in viscometry studies in Fig. 16b
that, at a constant tubulin level, reducing the number of
rootlet-MTOCs (which here serve as the equivalent of the-
"seeds" used by Murphy et al. (1977) causes a reduction in
both initiation rates and apparent rates of microtubule
elongation. TFig. 35 shows that under conditions utilizing
preduced numbers of complexes (curve o in fig. 16b) and at

a constant tubulin level, increases in amounts of "the-MAP"
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have the effect of stimulating assembly during the elongation
stage of microtubule assembly (i.e. during the 5-30 min in-
terval). In addition the final extent of assembly at
equilibrium is enhanced. Negative staining studies show
that "the-MAP" does not initiate independent assembly after
5 min and does so only to a limited extent after 10 min
incubation. Taken together, the data suggest in contrast
to Murphy et al (1977) that "the-MAP" functions to both
promote microtubule elongation as well as to shift equilibrium
in favor of microtubules. Whether the effect of “the-MAP" on
elongation is causal to its effect on the extent of micro-
tubule assembly is not clear from the present data but is
certainly a very likely possibility.

What about TIPs - could these proteins taken from MTOCs
also promote microtubule elongation? The turbidity data
in Fig. 30 suggests this may be the case. In similar studies
to the above viscometry studies with "the-MAP", I found that,
in contrast to "the-MAP", if equivalent amounts of TIPs are
substituted for "the-MAP" they had a detectable effect on
stimulating tubulin assembly during the first 5 min of
incubation (compare fig. 36 and Fig. 35). Negative staining
studies of samples, showed that microtubules assembled in-
dependent of the MTOCs. These microtubules are observed as
early as 1 min in samples with greater that 0.1 mg/ml TIFs,
and in 5 min incubation intervals, large numbers of inde-
pendent tubules are seen. In control samples containing

0 mg/ml TIP, all the microtubules are associated with MTOCs
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and no independently assembled microtubules are seen.
Taken in conjunction with the negative staining data for
"the-MAP", the results for TIPs suggest that they function
only ih initiation of microtubules and that they do not
have a role in promoting microtubule elongation. However,
increases in the amount of TIPs used in these turbidometry
studies did have an effect on the slope and the extent of

assembly at equilibrium. Since the electron microscopy

+
e

studies show TIPs functions specifically in initiation,

[

this result is taken to mean that the effect of TIPs is
on initiation rates and that the apparent effect on the
elongation kinetics of tubulin assembly occurs &s an
indirect result of increased initiation rates.

To ensure that this is not an erroneous conclusion,

the question of whether TIPs function specifica
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initiation was re-examined using labeled TIPs-S obtained
. . 35 . s .
by growing cells 1in NaSOu . Time course studies using

centrifugation to pellet the microtubules show that, inde-

pendently of the tubulin levels used, all the TIPs-S added
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to the samples associates with the tubulin in microtubu

within a 5 min incubation interval. The same result is

1
. . SOV
obtained for a wide range of TIPs-S
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concentrations t
Also, TIPs is seen to initiate microtubules at low lavels
(0.04 mg/ml) which is in keeping with the possibility that
TIPs may be localized in small amounts on rootlets to
initiate microtubules.

Turbidometry studies indicate that in the mixtures of

B
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0.26 mg/ml TIPs and 1 mg/ml tubulin, more than enough TIPs
is available for initiation of maximum assembly, thus the
excess TIPs in these mixtures could be used in elongation

if TIPs has a role in this step. However, the labeling
studies show all the TIPs is used in initiation under these
conditions. It would appear that when excess TIPs is avail-
able, it must aggregate at the tips of microtubules. I con-
clude that TIPs function specifically in initiation of mi-
crotubules and this finding is consistent with the fact

that TIPs originate from rootlet-MTOCs. Currently, studies
are underway in this lab to examine if TIPs form any recog-
nizable structures in association with the tips of micro-
tubules.

As a matter of interest, the microtubules from the above
kinetic studies were prepared for thin-sectioning. Temper-
ature-cycled microtubules have previously been shown in thin-
sections to be coated with arms (Dentler et al., 1975; also
observed by the author). TIPs and "the-MAP" microtubules
are shown in the present study to have smooth surfaces and
to be clumped side-by-side in pellets (see figs. u40a, b).
However, if they are incubated with crude MAPs briefly before
pelleting, the smooth tubules take on a coated appearance so
that they no longer appear clumped (figs. 41b, c¢). This
means that one or more of the MAPs other than "the-MAP" must
form the arms on microtubules. This result supports an
earlier conjecture made in this discussion that different

MAPs may have different functions in promoting tubulin
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assembly. Further kinetic studies comparing "the-MAP"
and MAPs should resolve whether MAPs contains proteins
with distinct function from "the-MAP". An obvious
possibility suggested by work of Murphy et al. (1877)
is that MAPs forming arms have the responsibility of

stabilizing microtubules.
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SUMMARY

If we are to fully understand control of microtubule
assembly in living cells, it 1is essential to first examine
the important components involved in this assembly and to
understand the steps by which microtubules are assembled.
In general, the goal of the in vitro studies has been to
analyze the process of assembly in terms of the role of
MTOCs and in terms of protein components found to function
in this event in purified microtubule preparations.

One of the initial objectives of this research was to

purify basal body rootlet complexes from Polytomella. Pro-

cedures were developed for isolating intact complexes using
a microtubule-stabilizing media used for isolating intact
mitotic apparatus. An ability to detect complexes at the
light microscope level facilitated purification of large
numbers of complexes for assembly studies. A subsequent
objective of this research was to examine the extent of
control purified MIOCs could exert on tubulin assembly.
These studies demonstrated that the MIOCs are prepatterned
on rootlets to control initiation and patterning of micro-
tubules. It was clear from this work that the MTOCs pro-
mote formation of an initial microtubule fragment on which
tubulin could self-assemble during elongation. This self-

assembly appears to be stimulated by accessory proteins of
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brain microtubules which may promote assembly or stabilize
microtubules against disassembly. As a second part to this
work, I have purified the microtubule-initiating proteins
from rootlet-MTOCs, i.e. TIPs, and compared their capacity
to promote tubulin assembly to a purified accessory protein,
"the-MAP", of brain microtubules. It turns out that TIPs
function specifically in initiation of microtubules. The
evidence suggests that TIPs may aggregate with tubulin to
form a presumptive initiating site for tubulin assembly.
"The-MAP'" apparently differs from TIPs in associating along
the microtubule in stoichiometric amounts to promote tubulin
assembly.

Ideally, for the stoichiometry studies one should
employ an homologous assembly system. To this end, I have
récently developed methods for purifying cytoplasmic tubulin

of Polytomella. The tubulin assembles on isolated rootlet-

MTOCs or is stimulated to assemble by TIPs. Several low
molecular weight non-tubulin accessory proteins have been
chromatographically separated from tubulin extracts of

Polytomella and have been found to also stimulate tubulin

assembly. It should now be possible to grow cells in label
and obtain labeled TIPs, tubulin and accessory proteins for
studies examining the minimal and maximal stoichiometries

of tubulin to TIPs and/or accessory proteins during assembly.

By this approach, it should be possible to gain a more

|
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complete understanding of how the cell might control micro-

tubule assembly.

CONTROL OF ASSEMBLY in vivo

Assembly of tubulin on rootlet-MIOCs in vitro has pro-
vided a plausible model system for understanding the process
of assembly in living cells. Fig. 45 diagramatically repre-
sents the basic steps that are involved in this event. The
model shows that assembly involves at least two important
steps, initiation and elongation. The initiation step is
subject to control by MTOCs while the elongation step is
only regulated by the availability of tubulin protein. Owr
studies with "the-MAPs" of brain microtubules suggest that non-
tubulin accessory proteins may be modulating assembly during
elongation. That there may be a third step in assembly in
which accessory proteins control disassembly of microtubules
has been suggested by work of Murphy et al. (1977) on MAPs.

It is therefore reasonable to postulate that, in cells,
appropriately placed MIOCs could regulate the initiation and
spatial distribution of microtubules. Accessory proteins
and tubulin protein may control the rate and extent of
this assembly. This interpetation is consistent with in vivo
observations that rootlet-MIOCs control microtubule assembly

in Polytomella (Brown and Stearns, 1978). The ability of

these factors to control tubulin assembly would of course
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be subject to changes in other cellular factors such as
cation levels (mostly divalent), nucleotide levels (i.e.
GTP), and perhaps on the covalent modification of micro-

tubule proteins (such as by tyrosylation, phosphorylation,

and alkylation).
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Fig.

45 Model diagram from negative staining studies

(figs. 25, 26) showing the steps by which
rootlet-MTOCs might initiate tubulin protein
assembly in vivo. The rootlet-MTOCs marked
(R) rare :shown attached to a basal body :(B).

In assembly, tubulin dimers (§) associate with

MTOCs to make protofilaments (straight lines)

which associate longitudinally until enough
are present to fold and form a stable micro-
tubule helix. Tubulin dimers would assemble
onto ends of these tubules. The tubules may
exist in dynamic equilibrium with subunits
(Inoué 1964) and disassemble into subunits

in response to changes in the cellular
environment.
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