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ABSTRACT

The purpose of my research was to examine the
subcellular localization of calmodulin and its relationship
to the dynamic éhanges of the microtubule system during the
mitogenic stimulation of mouse T lymphocytes,

Double immunofluorescence staining, with affinity
purified antibodies to cdlmodulin and monoclonal antibodies
to tubulin, was used to study temporal and spatial
relationships between calmodulin and microtubules under
different experimental conditions, I%munoblotting showed
that the two antibadies reacted only with their respective
antigens in different tissues and cell types, ‘including
mouse T lymphocytes. Immunofluorescence staining of Triton
X£100 permeabilized cells revealed a diffuse localization of
calmodulin in the cytoplasm of resting T lymphocytes and of
lymphocytes stimulated for 24 hours with the mitogen
concanavalin A. In fully stimulated lyﬁphocytes, cbserved
after 48 hours of culture with mitogen, calmodulin was
locali¥ed to the centrosome and to some microtubules.ﬁq

The localization of calmodulin to the centrosomal
region correlated with the increase in microtubules
assembled from the centrosome that occurs during
stimulation, The calmodulin-centrosome interaction remained
througholGt mitosis, with calmodulin localized to the half

~
ig}ﬁales during metaphase and to the interzone microtubules

/ | \ua\
_/
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in late anaphase and telophase, The localization of
calmodulin to the centrosome to fully stimdlated lymphocytes
was resistant to permeabilizations in the presence of 10 mM
EGTA, therefore-indicating that the interacfion is caléium-
interdependent. Perﬁeag?iization of cells in the presence
of 1.2 mM CaCl2 resulted in the disassembly of most
interphase and mitotic microtubules; however, some
kinetochore microtubules were resistant to the calcium
exposure, and by immunofluorescence were.calmodulin
positive. Treatment of stimulated lymphocytes with
colchicine or colcemid resulted in microtubule disassembly,
but did not alter the localization of calmodulin to the
centrosome, Exposure of stimulated lymphocytes to low
temperdture, on the other hand, resulted in both disassembly
of microtubules and a disruption’of the calmodulin- (/'"
centrosome interaction, During recovery from low
temperature, calmodulin relocalized to the centrosome
coincident with microtubule reassembly. Taxol promoted

- microtubule assembly and the formation of bundles of
mjcrotubule reassembly, Taxol promoted microtubule assembly
and the formation'oﬁ ﬁhndles of microtubules from the
centrosome, Calmogélin colocalized to the taxol-induced
microtubule bundfés. vThese taxol-induced and calmodulin-
containing wmicrotubules were resistant to permeabilization

-~

in the presénce of 1.2 mM CaClz. Low doses of calmodulin

antagonists (naphtalenesulfonamides, trifluoperazine and
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calmldazollum) did not 51gn1f1cant1y disturb the normal
mlcrotubular pattern in the fully stimulated lymphocyte, nor
did they affect cell viability. However, the same doses of,
Eﬁs antagqnists, but not ineffective analogs, blocked the
reassembly of microtubules during recovery from cold
treatment,

Brij-58 permeabilized stimulated lymphocytes and 373
cells were exposed to increasing concentrations of Ca2+.
The cells showed a remarkable stability of their
microtubules up to 50 uM calcium, éxposure of the cells to
0.1 mM or 1.0 mM calcium did cause the disassembly of
interphase microtubules; however, microtubules close to th%~
centrosomes and most mitotic microtubules remained intact.
Calmodulin gntagonists did not prevent the calcium-induced
diséssembly'of miérotubules; however, 10 uM of the calpain
inhibitor leupeptin did block the disassembly. The same
doses of PMSF or an excess of soybean trypsin inhibitor were
ineffective. These results have suggested that the calcium-
induced disassembly of microtubules is mediated by a
calcium-dependent proteolytic mechanism. Cellular tubulin
did not appear to be the target for the calcium-dependent
proteolysis. h

Together, these results indicate the existence of a
calmodulin-centrosome interaction which is calcium-

independent, colchicine and colcemid resistant, and cold-

labile, Calmodulin interacts with centrosomes only during
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an increased capacity of the latter to assembly
microtubules. Calmodulin activity also appears to be
required during the reassembly\;f microtubules following
cold treatment, <Calmodulin is not invoived in the calcium-
induced diséssembly of microtubules. A calcium-dependent

proteolytic event may mediate the calcium effects on

microtubules, o
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RESUME

Mon travail de recherche avait pour but d'examiner la
localisation subcellulaire de la calm6duline et sa relation
avec les changements dynamiques du systeéme de microtubules
pendant la stimulation mitogénique des lymphocytes,

Un double marquage des cellules par immunofluorescence,
avec des anticorps purifi€s pour leur affinite avec la
calmoduline, et des anticorps contre la tubuline, a eté
utilis€ pour €tudier la relation spatiotemporelle entre la
calmoduline et les mié:otubules dans differentes conditions
expérimentales, L'ﬁtilisation de la technique 4d'immuno-
absorbance a permis de montrer que les deux anticorps
réagissaient uniquement avec leur antigénes respectifs dans
différents tissus et types de cellules incluant les
lymphocytes T de souris., La coloration par immuno-
fluorescence de cellules rendues perméables par le Triton
X-100 a révélé une localisation diffuse de la calmoduline
dans le cytoplasme des lymphocytes T au repos et dans les
lymphocytes stimulés pendant 24 heurés avec un agent
mitogéne, la concanavaline A, Dans les - lymphocytes
complEtement stimulés‘observéé aprés 48 heures du culture en
pré%ence du mitogene, la calmoduline était localisée)au

N
niveau du centrusome et de quelgues microtubules.
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La localisation de la calmoduline dans la rééion du
centrosome cdincidait avec l'accroissement de l'assemblage
de microtubules a partir du centrosOme qui a lieu pendant la
stimulation, L'association calmbduline—centrosome dtait
maintenue pendant la mitose et la calmoduline etait aussi
localisee au niveau du fuseau (half spindle) pendant la
metaphase et dans l"inter-zone™ en anaphase tardive et en
télophase. Dans les lymphocytes complétement stimuléé, la
prééence de calmoduline au niveau du centrosome n'etait pas
affectee par la présence de 10 mM EGTA au moment ou les |
cellules étaient rendues perméables, ce qui indique gque
l'interaction entre la calmoduline et le centrosome est
calcium-independante. L'augmentation de la permé%bilité
cellilaire en présence de 1.2 mM CaCl, a entratne le ’
désassemblage de la plupart des microtubuiés interphasiques
et mitotigues. Cependant, quelgues microi.ubules attachées
auz kinétochores étaient resistantes a la presence de
calcium, et une coloration par fmunofluorescence a montre
la prégence de calmoduline & leur niveau. e

' Le traitement des lymphocytes stimules avec de 1la
colchicine ou de la colcémide a entrathe par ailleurs‘la
dissociation des microtubules et la disparition de
l'interaction entre la calmoduline et le centrosome,
Pendant la rééupération du traitement a basse tempé}ature,

la relocalisation de la calmoduline au niveau du centrosome

coincidait avec Ya repolymerisation des microtubules. Le
L3

.
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taxol'augmentait l'assémblage des microtubules et la
forméhggn de groupes de microtubules a partir du centrosome.
La calmoduline se retrouvait associde aux groupes de
microtubules assemblé@ en pré%ence de taxol. Ces
microtubules qui ont polymé}isé en prééence de taxol et qui
contiennent de la calmoduline etaient resistantes & un
traitement avec 1.2 mM Caclz. De ihles doses
d'ahtagonistes du calcium (naphtalenesulfonamides,
trifluoperazine et-calmidazolium) n'ont pas eu d'effects
significatifs sur la-distribution des microtubules dans les
lymphocytes stimulé% et n'ont pas affecte la viabilité/
cellulaire. Les mEmes doses d'antagonistes ont bloque/la
repolymerisation des microtubules pendant lé ré&upe}ation
des cellules aprés un traitement au froid,

Des lymphocytes stimules renéues perméébles avec le
Brij-58 et des cellules 3T3 ont é&é exposéé 3 differentes
concentrations de Ca2+. Les microtubules étaient
relati;émént stables a des concentrations allant jusgu'a 50
uM Ca2+. Un traitement des cellules avec des
concentrations de 0.1 mM ou de 1.0 mM Ca2+ a entraTné/la
dissociation des microtubules dans les cellules en
interphase, Les microtubules prés des centrosomes &t la
plupart des microtubunles des cellules en mitose n'ont pas
été affectéés par le traitement. Les antagonistes du

. A s . o
calcium n'ont pas empeche le processus de dissociation des

microtubules par le calcium; cependant, un traitement avec
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10 uM de leupeptin un inhibiteur de "calpain" a bloque le

dééassemblage des migrotubules normalement induit par le

.y
"

calcium. La meme dose de PMSF ou un Exges d'inhibiteur de
la trypsine de feve soya n'ont eu aucun éffet} Ces
resultats suggerent que le desassemblage des microtubules
-induit par le calcium soit due a un mécanisme proteolytique
qui est_dépendant d0 calcium. La tubuline céllulaire ne
semblait pas Stre la cible de la protéblyse due a la
présence de’calcium.

Les resultats obtenus indiquent 1l'existence d'une
interaction entre la calmoduline et le centrosome gqui n'est
pas'dependante de la concentrétion de calcium quli est
résistante 3 la colchicine et a la coipéhide et qui est
sensible 3 un traitement éu'froid. I1 ¥y a interaction entre
les centrosomes et la calmeduline uniguement au moment ou il
Y & un augmentation de la polymérisation de microtubules au
niveau du centroscme., Il semble gue la calmoduline est
aussi requise lors de 1la polymé}isation des microtubules
aprés un traitement au froid, La calmoduline n'est
cependant pas impliquéé dans la débolymé}isation des
microtubules entrainéé par la prééence de”palcium. Une
substance proteolytique calcium-dependante agissant sur des
protéines microtubulaires autres gue la tubuline pourrait
servir de mediateur dans l'effet du ca?t sur les

microtubules,



INTRODUCTION

A

The interest in the roles of calcium in living systems

has increased dramatically in recent years. Today, it is

widely accepted that the ﬁalcium ion triggers and regqulates

such diverse aspects of cellular activity as secretion,
excitability, division and motility. Unlike other ions,

calcium was adopted through evoldtion as a redqulator (1).

For instanée, an increase in thé intracellular calcium
concentration is the mediator between‘an external stimulus t
and the contractile activity of muscle cells,

The organization of the cytoskeleton has attracted the
attention of investigators during thé last twenty years. 1In
particular, the microtubular system has been shown
convincingly to influence many aspects of cellular function.
The activity of the microtubules (MT) depenés on a dynamic
assembly of their components that lead to a specific cellular
response (2), The dlsqovery of Veisenberg (3) that reduced
calcium concentrations promoted the assembly of brain MT in
vitro led to the suggestion that calcium and calcium-binding
pfoteins (CaBP) like calmodulin d@am) have a phyﬁioloéical
role in the regulation of assembly and disassembly of MT in
'the cell.

Despite the many fgcent reports proposing calcium and

calmodulin as physiological regulators of MT equilibrium, no

conclusive evidence is yet available, Questions still remain



concerning the mechanism of calcium.énd‘calmodulin action,
How does calcicalmodulin regulate the assembly and
disassembly of MT? Does the intracellular.iocalization of
calcicalmodulin correlate githcthe assembly 6r disassembly of
MT? Do all MT have the same sensitivity to calcium? What is
the microtubular component that mediates the calcicalmodulin
effects? |

In recent years it has become evident that the mitogenic
stimulation of mouse T lymphocytes induces an increase in the
number of microtubules and changes Eg the organization of the
centrosome of those cells (4). The dynamic characteristic of
the microtubular system in mouse T lymphocytes during
stimulation, therefore, makes these cells a suitable model
for the study of the relationship between the CaM
distribution and the changes of the miérotubular system, In
this thesis, I propose that the study of the subcellular
distributicon of CaM in the mitogen stimulated mouse T
lymphocyte should provide insights into the CaM-micreotubular

system interactioﬁ?

—

Microtubules

It is now very well established that the interior of the
eukaryotic cell has a high level of organization., The

nucleus and other organelles have ggfined positions between

4
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the limits of the plasma membrane. Cellular organization is
required for the oppimél functioning of the living cell.

In. recent years the intracellular filamentous systems,
collectively named "the cytoplasmic matrix", have been
implicated in the maintenance of the intracellular order (5).

r x .
Microtubules form one of those filamentous systems and aré
found in ciliary and flagellar axonemes, mitotic spindles and
the cytoplasm of eukaryotic cells. Microtubules are very
dynamic strdctures that can assemble and disassemble
according to the physiological state of the cell, and they
are now accepted\as essegfiai elements in such diverse

cellular functions as motility, secretion, intracellular

transport and division (for a general review see 2).
Structure and composition.‘

Microtubules are hollow cylinders of variable lenych and
with a diameter of about é4 nm.- The wall of the microtubule
is made of thirteen protofilaments running longitudinally.
The protofilament is formed by self assembly of protein
subunits, and each subunit is an heterodimer of alpha and
beta tubulin. Each has an Mr (relative mass) of
appreximately 55 kD (kilodaltons). 1In cross section, each
microtubule consists of thirteen globular structures of four
to five nm in diameter, Each globular structure corresponds

to an heterodimer of alpha and beta tubulin.

-
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In addition to tubulin, microtubules also have: other
componenEg named microtubule-associated proteins (MAég)w The
Eypes of MAPs in MT may vary according to the cell tybe and
with the specific developmental stage of a particular cell or
organism (6).-‘Thé:most extensively characterized MAPs have
been obtaingd from mammalian brain tissue. They are the MAPL
(Mr: 350 kD;T"MAPZ (Mr: 270 kD) and tau proteins (Mr: 55-70
kD). These proteins co-purify with tubulin in stoichiometric
amounts during repeaied cfcles of microtubule assembly and

disassembly. MaRg”1l and 2 have been localized-within celis

as laferal projections from the outside wall of 'the MT (7 and

8).

.

In vitro assembly.

In vitro studies have elucidated the basic
characteristics of MT assémbly and have examined the 3 fects
of individual cellular components on the assembly and'
disassembly of MT. These studies have indicated that MT
assembly has the characﬁeristics of a nucleated condensation
polymerization process (9). The assembly of MT in vitro
occu;:’in several steps: a) the initiation of nucleation;

b) the formatidn,of the nuclei; and c¢) the elongation of the .
polyper. The formation of the nuclei requires the appearance

of protofilament fragments which associate laterally (10).

Elongation occurs by the addition of subunits at the ends of
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the ﬁrdtofilaments. 6% imal in vitro assembly of MT requires
a minimu% concentration of tubulin (approximately 1.0 mg/ml},
uM concentrations of calcium, mM concentrations of magnesium,
guanosine nucleotides, temperatures of about 3706 and a pH

arohnd 6.9.

In vivo assembly and disassembly, v

The abilitY of MT to assemble and disassemble according
to the physiological state of the cell is its most remarkable
property. For example, cells disassemble their cytoplasmic
microtubules when entering mitosis, and the opposite occurs
when daughter cells separate after telophase., Recent
observations of :ving cells suggest that most «MT are not
static, but rat%er are in\a continuous assembly and
dlsassembly prod&gs For example, it has been shown that the
turnover of cytoplaSmlc MT iA - BSCl cells is about lOLto 15
min (11). f

In living cells, most MT grow from defined intracellular
localities named microtubule-organizing centers (MTOC) such
as centrosomes, polar plaque, basal bodies, etec. (for a
general review see 12), Centrosomes are composed of a pair
of centrioles surrounded by an osmiophilic material termed
the pericentriolar material, which includes the satellite
bodies. The pericentriolar material undergoes changes in

morphology according to the stage of the cell cycle., For



example, satellite bodies of interphase cells become
disorganized andrappear as an amorphous pericentriolar
material when the cells enter mitosis (13).

The use of limited cell permeabilization has allowed a
more direct manipulation of the éssembly of MT from the
centrosome (l4), Essentially, cells with disassembled MT are
pérmeabilized with a detergent. The permeabilized cells are
then incubated with excgenous tubulin in a variety of-
conditions and in the presence of several factors like GTP, .
Mg2+, etc. With this procedure, we now know that the
hltr#structural changes of the centrosome during the cell
cycle are usually accompanied by changes in the capacity of

the centrosome to nucleate and -assemble MT, For example; the

assembly capacity of the pericentriolar material in sone
~

~

\\ cultured cells increases as the cells enter mitosis (15) and —
/3 decreases again during the metaphase/anaphase transition
;gg\\(IG). The current hypothesis is that centrosomes may
regulate the £empora1 assembly of MT (12).
MTOCs, like the centrosome of mammalian cells, may not
be merely a site of the nucleatioh of MT, Centrosomes might
also regulate the number of protofilaments and ultimately the
number of MT within the cell, Centrosomes might also exert a

regulatory function on the spatial nucleation and

distribuation of MT (12, 13}.



Microtubule-associated proteins in the assémbly of MT,

MAPs might be the physiological regulators of MT
dynamics, They co-purify with tubulin, they have also been
localized along MT in a variety of cell types, and MAPs
promote the assembly and stabilize MT in vitro (8). However,
the exact mechanism of action of MAPs is still unknown. MAP2
can be phosphorylated by cAMP-dependent and calcicalmodulin-
dependent protein kinases., Upon phosphorylation, the ability
‘of MAP2Z to promote the assembly of MT is reduced (17). MAPZ'
can also be proteolized in vitro by calcium-activated
proteasés, which impair the ability of MAP2 to ;¥ohote MT
assembly in vitro (18). It rfmains to be established how
phosphorylation, proteolyéis %rjother covalent modification

‘'of MAPs (and tubulin) affects the dynamics of MT in vivo

{19),
Calcium

The extracellular concentration of calcium and the free
calcium (Ca2+) concentration in the cytoplasm are important
regulators of cellular ‘functions such as nerve excitability,
clot formation, muscle contraction, secretion and
proliferation (20).

Within the cell, small pulses of f;ee calcium occur as a

response to diverse physiological conditions such as hormone-

v



binding to the plasma membrane, fertiliZation and membrane
depolarization (l). It is believed that the small increases
of free ca%cium act as a second messenger of the information
carried by the inducer or first messenger, The calcium
source responsible forhthe increases is different according
to the cell type, but it is either an influx from the
extracellular mediumror an efflux of calcium stored in \S\
membranous systems, such as sarcoplasmic reticudlum in muscle
cells, endoplasmic reticulum in non-muscle cells (21), and
"the series of vesicles around the mitotic poles in dividing
cells (22).

Recent technical advances have allowed the monitoring of
changes in intracellular calcium concentrations in individual
cells, The new series of non-toxXic synthetic flqo;escent
calcium chelators (quin-2, fura 2, TPEN) with a sensitivity
of about lO—TM (23, 24) are polycarboxylate anions that can
be incorporated into the cell if tﬁe carboxylate groups are
esterified. Once the indicator is inside the cell, it is
converted to the original compound by cytoplasmic esterases.
The loaded cells are then.analyzed fluorometrically or by a
combination of image processing and flucrescence microscopy.

These technigues have been useful in determining the
intracellular free calcium concentratian in several cell
types during different stéges of the cell cycle, For

example, it was found that PtK2 cells had a calcium

concentration of 52 nM during interphase and, as they passed



throﬁghout mitosis, decreased their intracellular calcium
concentration to 26 nM (25). Calcium concentration has also
been measuréd during fertilization in individual eggs of the
sea urchin L&techinhs. In these cells, there are
submicromolar increases of calcium at fertilization, during
pronuclear migration, nuclear envelope breakdown,
metaphase/anaphase transition and cleavage (26).
The current hypothesis for the mode of action of calcium
(see 21) proposes that the calcium signal carried by the
changes in calcium concentrations, transfers its information
\\\tb specific calcium acceptors such as CaM and troponin C.
These proteins then modulate the activity of several

different enzymes,
Calcium-binding proteins.

éhe identification of intracellular calcium acceptors is
an essential step in an understénding of calcium action
within the cell. Eukaryotic cells have a family of similar,
low.molecular weight, intracellular calcium-binding proteins.
Calmodulin belongs to this family of CaBP. The amino acid
sequence homology among those heat-stable proteins
immediately suggested that they are genetically-related.
Possibly they arose'through gene duplications from an
original gene coding for a single calcium-binding domain

(27).-
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The family of CaBP has affinities for calcium in the

6 to 107%M at physiological pH, ionic strength

range of 10
and magnesium concentrations (28}, Studies pioneered by
Robert Kretsinger, who analyzed the structure of carp
parvalbumin (29), suggested that all\members of this CaBpP
family Sind calcium in specific domains formed by acidic and
hydroxylated residues, This "calcium pocget" has the oxygen
atoms from the amino acid donors precisely arranged to
accommodate the calcium ion with the help of a water
molecule, The number of caléium—binding sites is variable

for each protein of this family. EBach calcium-binding site

is flanked by two short alpha-helical structures oriented at

90°

to each other (29). The entire domain of alpha-
heliXx:loop:alpha~-helix is named the "EF hand" (E and F are
the last two helical regions iin parvalbumin},.

There are at least\two major fuhctions proposed for the
calcium-binding proteins. First, they may become part of an
intracellular "calcium sink™ that prevents the calcium
concentration from rising to undesirable or harmfui levels.
Examples of this proposed role are the parvalbumins in muscle
and the vitamin D-dependent CaBP in the intestinal brush
border (28). A second role for.some of the CaBP depends upo
their ability to change their conformations in the piesence
of calzium, Thus, only the calcium-CaBP complex is able to

induce changes in the activity and conformation of target

proteins. The best known example is troponin C. Calcium-
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binding to troponin C, changes the structure of the troponin
complex, which removes tropomyosin from myosin, thus allowing
the interaction of actin and myosin, which results in the
contraction of the muscle fiber (30).

Calmodulin

Cdlmodulin changes the activity of a wide variety of
enzymes and procesées in tae eukaryotic cell (for a genefél
review see 31)., cCalmodulin was discovered sixteen years aéB'
as an aétivator of cyclic nucleotide phosphodiesterase (PDE)
from mammalian brain. Since then, CaM has been found in
every eukaryotic organism examined and is a highly conserved
protein, For exanmple, only twelve conservative amino acid

substitutions exist between human and Tetrahymena calmodulins

(32).

Calmodulin binds four moles of calcium per mole of
protein with a Kd = 2 X 10~°M. The Kd is further decreased
by an order of magnitude when CaM binds to its target
proteins (33}). Calmodulin is about 0.5% to 2% of the total~
soluble proteins, and it 'has been proposed as a major
intracellular calcium acceptor (21}.

Table I lists some of the physiochemical properties of
vertebrate calgmodulin. This protein has 148 amino acids, of
whiph approximately one~third are of an acidic nature.

(
Calmodulin does not contain cysteine, tryptophan or hydro-
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TABLE I. . Physicochemical properties of vertebrate

A} calmodulin, .
Molecular weight ) 16 700 {148 aminc acids)
Héat resistance £1/2 = 7 minutes at 100°C
Sedimentation constant s°20,w . 1.9 |
Phe/Tyr 4/1
£/fc* 1.34
E 275-278, 1% 1 cm 2.1
Isoelectric pH 3.9
Trimethyllysine - Lysine 115
% Acidic residues (Glx + Asx) 25%
Calcium-binding 4 mol/mol; Kd = 2,4 uM
Conformation 40% - 55%‘alfa—helix
Sequence homology 50% to troponin C
brug-binding Phenothiazines, W compounds
Hydrophobicity . | Increased by calcium

Reference 31,
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Xxyproline, but does contain the uhusual trimethyllysine. N
Figure 1 illustrates both a schematic model of CaM (Fig.

la), which includes its amino acid sequence, and the proposed
model for CaM deduced from X-ray crystallography (Fig, 1lb).
According to Babu et al. (34), who recently described the
three-dimensional structure of calmodulin with a resolution

of 0.30 nm, the molecule has two globular ends connected
through a long stretch of alpha-helix (Fig. 1lb). Each end
coﬁsists of two calcium-binding domains.

Nuclear Magﬁetic Resonance studies of the NHZ‘and COOH
terminal halves of CaM have indicated that these fragments
still retain several of the properties that they have in the
native molecule These properties include calcium-binding <
and the abilityllto interatt with phenothiazines (35j. It has
also been suggegted that calcium-binding sites III and IV {in
the COOH termingl) have higher affinity for calcium than
sites I and II [{36). Thus, the calcium-binding by calmodulin
may happen in fa step~wise manner that results in at least

2+ _ CaM and Ca 2+ +

three different conformers: CaM, Ca2 4

CaM,

Several groups have now been successful in elucidating
the basic features of the CaM gene. Simmen et al. (BRR
cloned and sequenced the chicken CéM gene, They found that
this particular gene has eight exons and seven introns,

Interestingly, the distribution of the introns suggests that

they are located with no relation to the calcium-binding



Figure 1.

W

Model of Calmodulin.

a) Schematic model of CaM illustrating the four
calcium-binding sites and the primary structure.
b) The proposed structure ¢of CaM deduced from X-

ray crystallography accoféing to Babu et al.

+

(34). One pair of calcium-binding sites is

located at each end of t molecule., I and II
are located at the NH2 terminal. III and IV are

located at the COOH terminal,
f
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domains. of the protein, The CaM gene in Xenopus eggs also
appears to have several introns (38), It has also been found

that Trypanosome has several copies of the CaM gene (39).

Molecular biology techniques may be useful in the study of
calmodulin; for ekample, molecular variants of CaM may become
available through site-directed mutagenesis, Those molecular
variants of CaM will be invaluable in the study of the mode

of action of calmodulin.

|‘ ?

Mode of action of calmodulin.

Calmodulin modifies the activity of several enzymes in a
calcium-dependent manner, It also affects several cellular
processes in which the calcicalmodulin-dependent enzymes are
involved. Because of the multiple CaMBP existent within the
cell, calmodulin may affect several cellular functions
simultaneously, For example, calmodulin localized in the
plasma membrane regulates the rate of calcium efflux, while

simultaneously CaM localized in the cytoplasm might modulate

'the rate of glycogen breakddwn.

Although the binding d? calcium to calmodulin is an
essential feature for the activity of CaM, questions still
remaiﬁ with regard to the exact mechanism of CaM interaction
with its binding proteins. Apparently, the binding of

)
calciym exposes a hydrophobic domain in CaM (40) that appears
Zé major site for interaction with CaMBP. Calmodulin

-
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also can interact with several enzymes and other proteins in

the absence of calcium. Such is the case for adenylate

cyclase from Bordetella pertussis (41) and phosphorylase
kinase (42); however, the full activation of the two enzymes
still requires calcium. The 110 kD CaMBP of intestinal brush
border also interacts with CaM and Qith_actin in the absence
of calcium (43). It had been suggested that calcium-
independent interactions between CaM and its binding proteins
increase the affinity of CaM for calcium (33), and therefore
this mechanism possibly increases the CaM sensitivity to
small changes of intracellular calcium concentrations.

Chemical approaches have alsc been useful in the attempt
to understand the mode of CaM action. Selective
modifications and cleavageibf the CaM molecule have shown
that CaMBP may recognize discrete domains of CaM. For
instance, carboxymethylation of methionine residues 71, 72
and 74 of CaM block its interaction with PDE (44). Also Ni
and Klee (45) have shown.that residues 1 to 77 were' able to
interact with PDE and cAMP—dependent\Erotein kinases, whereas
residues 78 to 148 were found more spe;ific for myosin light
chain kinase and calcineurin.

Post-transcriptional modifications also seem to modulate
CaM activity. The de-methylation of trimethyllysine 115 of

CaM made this molecule a more potent activator of NAD kinase

without affecting its properties as an activator of PDE (46).

\ \
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Finall { it is well known that CaM redistributions occur
N
during the cell cycle and in response to specific stimuli(
The best known example is the striking shift of CaM from
being diffusely distributed in interphase cells, to being
localized in the spindle poles and kinetochore MT and
cleavage furrow of mitotic cells (47, 48)., Also,
adrenocorticotrbphic hormone induces a translocation of CaM
from the cytoplasm to the nuclear membrane in adrenal cortex
cells (49)}; dopamine releases CaM from membranes to cytoplasm
in nervous t%ssue (50}; gonadotrophic-releasing hormone
induces a CaM redistribution from membranes to cytoplasm of

- pituitary cells (51); and the beta-adrenergeic activation of
rat parotid glands induces an accumulation of calmodulin in
the cytoplasm (52). ThHe significance of these CaM
redistributions is at present not fully understood; however,

they may represent a compartmentation mechanism for the

regulation of calmodulin activity.
Calmedulin-binding proteins,

The precise nature of the calmodulin mode of action
obvicusly requires the identification &f CaM-binding proteins
(CaMBP)., Such studies have been done in receﬁt years with a
varietw of techniques such as affinity chromatography,

125

photoaffinity cross-linking, I-calmodulin-binding in

polyacrylamide gels, and most recently by biotinylated CaM-

>,
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binding to proteins immobilized on nitrocellulose. The
number of CaMBP known .increases every month,'and ranges from
cytoskeletal components to histones. Never can complete
lists of CaMBP be found in the reviews by Manalan and Klee .
{53) and Klee and Vanaman (31). The molecular and kinetic
studies of the interaction of. CaM and its binding proteins
have aemonstrated that these CaMBP do not have a- common CaM-
binding subunit, nor do they have a similar CaM—bindﬁng
domain (31),

‘Calmodulin also is able to interact with sevgral small
peptides such as endorphin, mellitin, mastoparans, etc. (54).
‘The physiological importance of such interactions remains
obscure, However, recent work indicates that the ability to
form'an amphipathic helix is an important requlrement for
Ithose peptldes to bind CaM (55). This feature was an
important insight for thggrecent development of CaM~

-12

antagonists with Kd of 10 M (56).

Calmodulin antagonists,

A-very useful approach to understanding the biological
role of CaM has been the application of pharmacelogical
compounds that interfere with the activation of enzymes by
calmodul;n in the presence of calcium (for a detailed list of
CaM antagonists and recent reviews see 57). These

antagonists, in vitro, show a wide range in affinity for
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calcicalmodulin (Kd: 107% to 10-4M); The nature of the

antagonis;s also shows a wide spectrum and includes some

~a muscle relaxants such as naphﬁalenesulfbnamides (W
compounds}, antiphsycotics like trifluoperazine, and non-
ionic detergents like Triton X%-100.

Most of the antagonists share a minihum of similarity in.
their chemical structures. These CaM antagonists have two
hydrophobic regions and at least one positively charged group

(/‘ gttached to the hydrophobic groups by an alkyl chain. They
}interact with calmodulin only in the presence of calcium. |
These'drugs have been used to purify calmodulin from a crude
tissue extract (58) and also to study the calcium-calmodulin
activation of enzymes in vitro,
Calmodulin has two phenothiazine-binding sites
-6

(Kd = 10 “M). Phenothiazines can form covalent adducts with

.

CaM, and they have recently been used in the study of enzyme

activation by CaM. For example, Newton et al. (59) found

that chloropromazine-CaM resulted in the inhibition of PDE;

however, the chloropromazine-CaM also was a potent agonist

-

for glycogen synthase and phosphorylase kinase.

In vivo studies are facilitated because the antagonists

are very hydrophobic and’ therefore can easily penetrate the
plasma membrane. However, it is known that high
concentrations of antagonists can interact with proteins
other than CaM and may even directly block their enzymatic

’Fctivities (57). Therefore, a minimum number of criteria

s
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should béqmet in order to assign an inﬁibition of CaM

activity by the antagonists in vivo. For example, the active 1
dose of the drugs should be close to Eheir antagonistic |
activities in vitro. Non-active analogs, like dechlorinated
naphtalenesulfonamide W-5 or trifluoperazine sulfoxide, must

not block the cellular functions examined. The antagonist

should block cellular processes in the presence of calcium.
Calmodulin and the cytoplasmic matrix.

It has become evident that CaM interacts with the
cytoplasmic matrix of eukaryotic cells in a.variety of ways,
For instance, immunofluorescence studies and microinjection
of labelled analogs of CaM have demonstrated an interaction
with stress fibefs in nen-muscle cells {48, 60}. Since CaM
does not bind to actin, the actin-CaM interaction might be
mediated by MAP2, which is able to interact with both actin
and calmodulin,

It appears that calcium-calmodulin modulates the achin-
myosin system by activating several key enzymes that are
important for contractility (6l). Myosin light chain kinase
is a calcicalmodulin-dependent enzyme that, catalyzes the
transfer of Pi to the regulatory chains of myosin. Myosin
kinase, another calcicalmodulin-dependent enzyme, directly
phosphorylates the heavy chains of myosin. These

phosphorylations promote the actin-myosin interactions and

f
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activate the myosin ATPase, which provides the energy for
contractile activity in non-muscle cells.

Calmodulin is also able to interact with several other
"actin-binding proteins such as caldesmon obtained from
chicken gizzard, a 110 K dalton protein from intestinal
epithelial cells, and spectrin and spectrin-like proteins
(62). Calmodulin might also preserve the stability of actin
filaments since TFP induces the loss of actin filaments in
Hela and 373 cells (63). A recent report suggests that CaM
by annown mechanism, might increase the rate of actin
pol;merization in human platelets (64), An interaction of
CaM with actin is further supported by studies of the actin
filament system in the intestinal brush border. Here, CaM
and the vit D¥g%pendent CaBP keep a lag\intra—cellular
calcium, thus protecting the actin filaments from the
calcium-dependent and actin-severing activity of villin (43).

Calmodulin might also influence the intermediate
filament system. For example, vimentin filaments are
phosphorylated by a calcicalmoéulin—dependent protein kinase
(65). Desmocalcin, a 240 K dalton protein isolated from
desmosomes of bovine muscle epidermis, is able to interact in
vitro with CaM in a calcium-dependent fashion, as well as

with keratin filaments (66).
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Calmodulin and microtubules,

The involvement of CaM in the microtubular system is
derived from two different areas of microtubule research.
One is the study of ciliary and flagellar function. 'ft is
known that CaM is found in cilia and flagella from different
celi types and organisms. Célmodulin and other CaBP are
possibly involved in the regulation of ciliary beat
initiation and frequency (67) and the asymmetry of flagellar
bending (68), 'Calmodulin has been localized in the membrane,

matrix and outerdoublet MT from cilia of Tetrahymena (69}.

Calmodulin has algsfheen localized along the MT and dynein
arms in cilia from the hamster tracheal epithelium (70) and
in the ciliary basal bodies in several organisms (71). It
has been suggested that calmodulin might modulate ciliary and
flagellar function through the activation of the 14S dynein-
ATPase (72).

As mentioned before, the assembly of brain MT in vitro
is pfomoted if the excess of calcium is chelated by EGTA (3).
It should be pointed out here that MT assembled in vitro from
brain microtubular protein (tubulin + MAP) required 1.0 mM
Cacl2 to be disassembled; however, sensitivity to uM amounts
of calgium could be achieved by the addition of a heat labile
factor obtained from brain extract (73), which does not co-
purify with tubulin and MAPs. 1In vitro, not all MT are

sensitive to mM concentrations of calcium. For instance, the



2k

assembly of MT with tubulin obtained from Ehrlich-ascites

tumor cells {74) or Dictiostelium discoideum (75) is not

inhibited by the presence of mM calcium. The calcium-
resistance of those MT might be a reflection of a particular
set of MAPs that may protect MT against calcium.

In vivo, studies have demonstrated that uM amounts of
calcium can dissemble MT (22, 76). Since mM amounts of Ca2+
are needed to dissemble MT in vitro, in vivo, cells might
have a factor that sensitizes cellular MT to uM levels of
calcium, and might be the heat labile factor present in crude

brain homogenates (73).

.In vitro evidence has suggested a possiblé role of

calmodulin in mediating the calcium effects in the
disassembly of MT.‘ Marcum et al. (77) showed that calmodulin
gave uM calcium sensitivity to assembled brain MT. ~However,
since CaM had to be added in approximately an 80-fold molar
excess Eo microtubular protein, and troponin C was more
effective tﬁan CaM in the disassembly of MT, it is difficult
to accept a role for CaM ih the disassembly of MT, High
concentrations of S-100 protein also have the ability to

-

promote the disassembly of microtubules (78).

Role of MAPs, Using deterdent-permeabilized BSC cells that

- were supplied with exogenous MAPs, Schliwa et al. (79) showed

that CaM antagonists and MAPs prevented the calcium-induced
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disassembly of MT. They concluded that MAPs protect MT from
calcicalmodulin-mediated disassembly,

Other studies suggest that the calmodulin-dependent
disassembly of MT mightdzccur through the interaction of-
calmodulin with MAP2 and tau. Both MAP2 and tau aré calcium-
dependent CaMBP, and they bind calmodulin with a low affinity
(80). 1In vitro, MAP2 binds one-calmodulin molecule per mol
of MAP2. Lee and Wolff (81l) and Kotani et al. (82) showed
that a high molar excess of CaM to microtubular protein,
inhibited the assembly of MT in the presence of calcium,
Also, Lee and Wolff (83) demonstrated a deleterious effect of
mfcromolar calcium on the nucleation of MT, which cgﬁld be
reversed by CaM if MAP were omitted from the assay. Sobue et
al. (84) suggested the néme of "cytocalbins" for thHose
proteins like MAPZ,.tau'and caldesmon, which were able to
interact both with CaM and cytoskeletal elements like tubulin
or actin. Sobue et al. (84) proposed a "flip-flop"
hypothesis in which calcium-calmodulin interacts with
cytocalbins, and thereby eliminates the cytocalbins-
cytoskeleton interactions and promotes the disassembly of thé
latter, At low calcium conéentrations, salcium-free CaM
should be predominant and bytocalbins would bind to and
stabilize the cytoskeleton.

Obviously,‘ghis hypothesis must be confirmed in several
systems:—~.In this regard Job et al. (85) found that calcium

6

™~ !
(10 to 10 4M-L,causes a concentration dependent-disassembly
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of brain MT in XEEEQ in the presence or absence of MAP, but
the presence of MAP diminished theAcalcium effect,
Interestingly, a 20-40 molar exceés cf CaM to microtubular
proteins, either in the presence or absence of MAP, did not
enhance the calcium—-dependent disassembly of MT.- Thus, the

"flip=flop" mechanism for the regulation of MT assembly was
Vi

not confirmed. ~ ﬁ

Calmodulin may only interact with a subclass of
cytoplasmic MT. Job et al. (86) obtained two polypeptides of
56 and 72 kilodaltons from cold-stable MT of rat brain,
These proteins (STOP: stable tubule only proteins) could give
cold-stability to cold-labile MT. Remarkably, the STOP
intrinsic activity was blocked by a calcium-calmodulin

dependent phosphorylation of the two proteins. The

physiological role of STOP in the dynamics of MT remains to

be explored.

Role of protein kinases. Calcium-calmodulin regqulates the
activity of protein kinase II, which is a major component in
the postsynaptic density along with neurofilament protein,
fodrin, actin and tubulin {(87). Protein kinase II has been-
identified in several subcellular fractions. The soluble
form of the enzyme is able to phosphorylate myosin light
chains, synapsin I, tryptophan hydroxylase and, most
importantly for the purposes of my thesis, tubulin and MAP2

(88). The in vitro phosphorylation of MAP2 by a
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calcicalmodulin~dependent protein kinase impairs the the

ability_of MAP2 to promote the assembly of MT (88, 89).

Cellular localization of CaM. Immunocytochemical evidence
has demonstrated a close association of CaM with the 1\\
microtubular system of interphase and mitotic cells,

Calmodulin has been localized in basal bodies of several

protozoans, 'like Paramecium and Chlamydomonas, and in

epithelial cells of mammals (70, 71). 1In 1978 Andreasen et
al. (47) and Welsh et al. (48) independently reported, the \
intracellular localization of calmodulin in cultured

mammalian cells, Calmodulin was found diffusely distributed

in the cytoplasm of interphase cells. In prophase,

calmodulin was detected in association with the

pericentriolar material. At metéphase, calmodulin was
localized in the poles of the mitotic spindle and alona the
MT that end at the kinetochores; tubulin was found in both
pole~to~pole fibers and kinetochore fibers, At‘anaphaée,
tubulin was still localized in all fibers of “he spiﬁdle and
calmodulin remained at the poles., At late anaphase,
calmodulin was found localized also éﬁ the MT of the

) >

interzonal regions, which condensed éuring telophase into two

well defined regions, one on each side of the cleavage e
furrow. These observations were subsequently confirmed and 'E
N
extended to several other cell types (90). 1In a folﬁowing

paper, Welsh et al, (91) reported that cytochalasin B did not



28

alter the pattern of calmodulin or tubulin in CHO cells,
Also, mitotic CHO cells treated wiLh QOICemid‘or N20 showed
an altered distribution of CaM and tubulin. Cold treatment
did lead to the disappearance of the MT running from pole-to=-
pole in mitotic cells, but did not affect those kinetochore
MT that had CaM, or the CaM pattern in interphase cells,
These observations suggest that CaM was not co—localizéd with
actin filaments, but rather with a stable populatioh of MT
during mitosis,

| Subsequently, an hypothesis of calcicalmodulin action on
microtubules was put forward by Means and Dedmap (92) that

proposed calcicaimodulin as a possible proffioter of

disassembly in microtubules in vivo, particularly at)the
metaphase/anaphase transition in mitotic cells. Hdwever,

other interpretations are possible, For instance) De Me%/gg

al. (93) questioned the hypothesis because calmodulin is

associated with pericentriolar MT at prophase and with pole-
to-kinetochore MT during metaphase when there ‘is no visible
disassembly of MT.

More recently, immunocytochémical studies have }ocalized
calmodulin in-dendritic and axonal microtubules (945, and
pericentriolar bodies of the centrosome (but not in MT) in
interphase 3T3 cells (95). Deery, Brinkley and Means {96)
found CaM localized in thé colcemid-resistant microtubules
and t?ose being reassembled after hypotonic or c&ld

treatments in cultured cells. They concluded that CaM was

4
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co-localized with the stable populétiA; of MT during
iﬁteranse in 3T3 cells, Interestingly, the i&%eraction of
CaM with MT remained after-anlfxtraction of the cells with up
to 10 mM EGTA. Since CaM was associated with MT even in the
absence of calcium, Deery et al. proposed that CaM might_‘J\
disassemble MT only during increases in the intracellular
caleium concentration. Finally, they observed the‘
disappearance of both CaM association with MT and of® the MT

themselves upon the exposure of the.cells to micromolar

concentrations of calcium,

Microinjection. Microinjection experiments have provided
contradictory evidence for a possible role of CaM in the
disassembly of MT. ~In one study, neither a two-fold excess
of an active fluorescentd derivative.of CaM nor an antibody of

CaM (both injected into living mitotic PtK2 cells) altered

. the shape of the spindle or the rate of chromosome movement

of the recipient cell (97). A second study, on the other
hand, showed that the microinjection of calcicalmodulin (but
not calcium-free CaM) resulted in local disassembly of
cytoplasmic MT in gerbil fibroma cells (98). From this
study, however, it is difficult to conclude anything because
Ca2+ injections of 100 uM to 1 mM, or calcium—EGTA buﬁfers
containing 25 uM calcium did not disassemble MT. These
amounts of calcium injected were high enough to éatu