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SUMBARY

The purpose of the present study was to investigate the
effects.of CM and/or the CMBPs on the siteady state actin
polymerization in the presence and absence of Calciume it
was hoped that greater insight would be obtained abkout the
regulation of cellular mokilitys It was also considered if
new functions could be accredited to the (CHBPs.

Viscosity and polyacrylamide urea gel electropboresis
were used to determine the possible effects of CH and/or the
CMBPs. No smififect was Ffound for any of of these profteins on
gctin polymerization either in the presence or aksence of

Calciume
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Chapter 1

INTHCDUCTIION

The purpose of the present study was tTo investigate the
affects of calmodulin {(C¥) and the calmodulin binding prote-
ins {CMBP?'s} from a bovine brain s2xtract on the filamentous
state of skeletal muscle actine. Viscosity measurements and
S8DS8—-urea acryviamide gel electrophoresis were used fto deter-—
mine whether interactions between these proteins were taking
places The reasons for exploring the 2ffects of CH on actin
polymerization were basically threefolde.

First, poth CM and actin are ubiguitous among eucaryotic
organismse Although the preseance of both proteins in many
tissues does not preclude that they function togethery, in at
least one casey these two highly conserved species have been
found to co-exist. Means and Dedman {1980);, as well as oth-
er rescarchers, have indicated the presence of CH¥ on actin
stress fibres in resting cells usinsg immuncflourescence. An
obviocous guestion arising Zfrom this observation is why should
CH¥ pe found in such close groxisity to actin? Perhaps it is

However, actin does not always exizst as these hiphly or=-
dered stress fibres in non-muscle cells or as the well or-

ganized fibres of skeletal muscle. Cells preparing for cell
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division have been observed t¢ contain their actin in a
widely dispersed fashion throughout the cell. How does ac=-
tin suddenly transform from a highly organized lattice net-
work into a dispersed, unintegrated body of protein? Hhat
confers such flexibility to the contractile protein? At
least in the case of gelation (i.e. the cross-—linking of F-
actin polymers ), Cat?2 and various "non-contractile® gelating
proteins have been found to conitrol the organizational state
of F—actin and in sSome cases, that of G-~actins

These observations have led to the second reason for in-
vestigating the interaction 0f these two proteins. $ang and
Waisman {1878) have outlined the Ca¥? pegulation of many
cellular processes by CM, such as: cyclic nuclectide metabo-
lismy, glycogen metabolism, some contractile activitiesy and
microtubule assemblys In Light of its seemingly universal
role in regulating Cat? related phenomena,; it was guest ioned
if CM was also regulating actin activities which may degpend
on Cat?,

One actin activity which has been shown to be Iindirectly
influenced by the presence of C¥ and Cat?, is the activity
of the wmyosin ATPase of smooeth muscle and plateletse. in
these systemsSy CH¥ activates a myosin light chain %kinase
which then phosphorylates the 20000 dalton 1ight chains of
myosine Upon gphosphoryvlation, there is an increased actin
activation of the myosin ATPase activitys Howeversy before

actin can perform tThis function, it must exist in a polymer-—
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ized forme Does CM also affect the ability of actin to
polymerize and thereby alter its activation of mvosin ATPase
- a well known Cat? dependent process? . Does CH alter actin
polymaerization and its resultant ability tfo form cytoskel-—
tons or induce movement in single~celled organisans? Iin
short, we sought to investigate whether CM exerted a direct
influence on actin as well as its well known regulation of
myosin activitye.

The third reason Ffor testing whether there was an inter-—
action was based on CM's similarity to troponia-C, the Ca®?
binding subunit of trovonine In skeletal muscle, troponin—-C
is responsible for the Lat? sensitivity of +the contractile
process in which actin is involweds. Furthermore, troponin—C
is considered to be homologous to CM and has been shown to
pind Ca¥? as did CMe Troponin=C, in association with In-T
or Tn—1, has alse beesn shown to be assocliated with actine
Therefore, does CM associate with actin in non-muscle cells
where Tn-C apparently does not exist? It alsc remains to be
considered whether the CMBPs would act in concert with CHM to
associate with actin as the various cowmponenis of the tropo-
nin complex and Tm are reguired for association of Tn—~C with
PF-actin {Isnhiwata, 1878).

It was also guestioned whether the calmodulin bianding
protein{(s) would affect the polymerization PrOoCesSs, or rav-—
erse the effects, if anyse of C¥ on this phenomenume The

reasons for this guery wsare that CHBPF's have been shown to
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reverse the sffects of C¥ on many of iits activated enzymes
ocecur in the case of actin polymerizationos Alsoy to date,
no known function of LMBEP—-I has been reporied sxcept to bpind
CHoe This is contrary to other proteins which bind CHU since
most have bzen reported to have other activitiessy; 2eg. phos-—
phorviase kinase or myosin light chain kinase (Vang, et al
18986 ). Theraefore, ancther objective of this present study
was %o investigate whether or not the control of actin poly-

merization may be a putative function for this proteins



Chapter II

LEITERBATUEE EEVIEY

2.1 IHE EUNCTIONS OF ACTIN IN NON-MUSCLE CELLS

In 1543, Straub illustrated that the Pcontracting myosin
threads?, a8 they were termed at that time, were in facty
myosin filaments associated with another protein in skeletal
muscles To denote the Ynew protein®; Straub coined the term
ACTIN (Straub 1843). About 10 years later, the proteins ac~
tin and myosin wers proposed to be located in separate fila-
ments of defined length in sitriated muscle. Hanson and Hux-
ley (1883) proposed that these filaments were organized into
discrete, cverlapping arrays which produce a distinct band-—
ing patterns The evolution of the "sliding filament mecha-—
nigm” for force gensration during contraction began with
these ultrastrucural observations; and is now widely accept-
ed {(Huxley 19786 J. Since the discovery of actin in muscle
cells of all tyvpes and the elucidation of its role in muscle
contractiony actin has been Found to be an ubiguitous vrote-
in among sucaryotic tissues.

Actin was first isolated frow non—nuscle sources in 1852
when it was isclated from the slime wold Physsarum polvcepha—
lum {(Loewy 1852 ). Shortly aftery, studies on the role of ac~

tin were carried out with the general conclusion that actin
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was Involved in the cyitoplasmic streaming of this organismis
@iant plasmodias It is now thought that a wide range of
phenomena involwing actin can e studied with this crganisnm
including cell shape changes, translocation of cells along
surfaces, and protoplasmic streaming (Jacobson 1976 ).

Actin has also Dbeen found in another slime moldy; Dict-
vostelium discoideume Spudich and Cooke {18753}, regenerat-~-
agds dn viitros actin filament nets similar to those ssen at
the migrating sdges of cells and filament bundles similar to
stress fibers also seen in yivo (¥Yessells, et al 18735,
DOhzservations on these systems have led to the conclusion
that actin may be involved in producing meovement as well as
in maintaining cell shape via sitress fibrese

Despite the usefulness of these observations in assigning
various roles for aciin such ag maintaining shape, producing
cytoplasmic streaming, mediating shape change and mediating
translocation in cells alcong surfaces, it was s8t1i1l neces-—
sary to illustrate directly the relationship between actin
and the various cellular activities. Even when the proper—
ties of isolated contractile proieins have been determined,
and actin has been localized in fixed cells, it does not
necessarily prove that these molecules cause movament or
maintain shapes In order to begin to show such relation-
ships, model systems for motility in living cells had to be
developeds Cellular extracts have been important in re-—

search finding the roles of actin i non-muscie cells, be~-
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cause these model systews could be manipulated experimental-
1w

The apility of cytoplasm to move even after ocuter pmem—
branes have Dbeen ramoved was first shown by Allen, et al
{18603, In further characterizing this phenomenay Thompson
and VYolpert {18563) illustrated the temperature dependence
and ATP stimulation of the cellulayr esxtracis in Amoebs pro-
tzuse Pollard and Ito (18708) showed thet a viscosity change
took place when A. proieus extracts were warmed. This change
was attributed to actin peolymerizatione They alsc made the
imporftant observation that mevement in this cell-free systen
cccurred only when this polymerized actin and thick fila-
mentsy thought to be myosing weoere pressnte It wasy there-—
forey illustrated that filamentous actin was esssesntial for
movement in the model using cellular extracts,. Shortly
thereafier, it was shown that movement also depeanded on a
free Cat concentration heing greater than a threshocld con-
centration of 7x1077¥ in the amoeba Chaos chaos (Taylor, et
al 18973 Chagos chags (Taylory et al 1873 ). The sarly
studies were important because they allowed observable move-—
ment to be controlled esperimentally, thereby giving wnore
information on the factors influencing movemente Howeveary
these studies had two limitationss Fipstsy As proisus was
difficult to culture and thevefore amounts of the extract
available for study were limited. Second; microscopic study

introduced subjectiviiye
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A good alternative was Acanihaposbs casitellaniio. It was

2asy to grow and its contractile oproteins were partially
characterizeds SBince actin and myosin have been implicated
in motility of cells through the observations on wmovements
of cellular extracts, the ultimate goal now was to try to
substantiate the role of actin and myosin in motility by ap-
proaching the situation from the opposite directione Do ac—
tTin and/or myosin alone produce movement? Are other prote-~
ins also reguired?

Before theses guestiocons can be answersad, some background
information should be considereds. When the model systen is
isolated, namely cold A. casltellanil extracis, and allowed
to warm to room temperaiure, actin gelation occcurs followed
by movement which is describped as "contractiony of the gele
The gel is similar to a weak solid ( Pollawrd, 2t al 1876).
Electron microscopy was used to detect actin filaments and
utilizing SDS polyacrylamide gzel electrophoresis, actin was
found to be a wmajor macromolecular component of the gele
Some myosin and a small amount of a high molecular weight
proteln were also found in the gelse The gelation process
iz highly temperature dependent and requires only Mg*2 and
ATPo

If the gelled extracts are left standing a2t room tempera—
ture, they will eontract” and this was referred to as
movement"” in the szarlier studiese The contracted zel con-

sists of virtually all the cell?s acting myosin, and the
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high molecular weight proteins The rate of contraction can
be monitored by turbidity and the various ionic factors in-—
fluencing this rate can be determined. Low concentrations
of Ca¥? (1x1078% to 4x1077M) lead tg the greatest rates of
contractione These experiments answered the second gques-
tions, namely, that other proteins as well as actin and BY O
sin are needed for movements, i.e€». conitractiones

Lastiy, the sactin component of the contracted gel was
isolated in an attempt to answer the first guestion. i@
can actin alone cause formation and contraction of a gel and
is it implicated in causing movement in wivoe In fact, it
was found that purifisd actin formed a solid gel with MgCls,
ATP, and KCl when warmed to room temperature { Pollard, et al
1876 )» The concentrations of the various ions and that of
actin were all physiological giving credence to the idea

that this may be occurring in YiVooe Pollard proposed that

this gel may be the important cvioskeletal component which
gives the cytoplasm its semisollid consistencye Phase con-
trast microscopy illustrated that the cortical cytoplasm has
the same appearance as the pelled extracte Electron micros-
copy has shown that the cortical cytoplasm of glycerinatad
cells is similar to assemblies of actin filaments {Pcllard,
2t al 19876 3. Although these experiments suggest a role for
actin in cytoskeletal formatiocn, the guestion remains as to

how it is functioning in movemente To this endy the studies

performed on the A. casiellanii extracts were the most re-

e
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vealings, They implicated the involvement of actin and myosin
and suggested that Ca¥? may rezgulate motility since it
controlled the rate of contraction of the gels (Pollard, &t
al 18786 ).

Yore recentlyy it has been shown that the gelled extracts
containing actin and myosin were non-motile with Ca*2 con-
centrations less than the micromolayr range. It was suggested
that solation (liguefying) of the gel may be reguired for it
to contract (is:2, move e This contraction regulred greater
than micromolar concentrations of Cat2, From thess observa-
tions, it was suggesitsd that solation was required for move-
ment {Sclation—Contraction Coupling Hypothesis ) whereas ge—
lation may be reguired to form the cytoskeleton {Condeelis,
et al 18575 ). It was suggesied that gelatiocon rzguires the
presesace 0f other proteins which would be expected to have
three properties @

i. in the presence of millimolar ATP, remain bound to

actine

2o Inhibit the interaction bheitween actin and myosine

Se Inhibit gelation activity with micromolar concenira-—

tions of Cat2,
A 120K dalton protein factor was found which filled the
above criteria. Condeelis concluded that the regulation of
zelation by micromolar concentrations of Cat?2 ip wyiiro maey
b2 tThe mechanism by which zactin can perform two functitions:

1. form the cytoskeleton
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2s produce force (Condeelisy, 2% al 1879).

The acrosomal reaction of invertebrate sSpermy such as in
Ihyone spermy, has been siudied as another specialized exper—
imental model under which +to consider the raole of actine
Tilney (18978) showsd +that actin was involved in mediating
ce2ll shape change in this systemo The reaction is thoughi
to ianvolve a ragid polymerization (10 seconds) of actin re-—
sulting in a process shich can sxceed 890 micrometers in
lenzthe Tilney (1878) is presently resolving the details of
this phenomena» In this system, actin is thousght to mediate
the change in the shape of the cell by producing a process
which is capable of puncituring an egg for spern penciratione
It is interesting in note that myosin doss not seem 410 be
regquireds but rather the polymerization of actin itself is
sufficient to medietz punciuring.

Other examples o0f the function of actin in non-muscle
cells can be noted by congidering its function in higher eu-
caryotic organismse The first convincing demonstration of
actin in vertebrate non—puscle cells was performed by Heti-—
tex~Galland and Luscher (1958) when they isolated a crude
preparation of actin and myvosin from human plateletss The
platelets have proven to be an excellent model system be-—
cause actin exists in a velatively high concentration (ap-—
proximately 20-30% of the total cell protein), and thereforse
is relatively easier to isolate and characierize than aciin

from other cells. Actin has peen inmplicated +through bio-
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chemical and structural evidence to be important in the
shape change acompanying platelet activation and therefore
may be performing some type of cytoskeletal roleo Platelet
actin has also been implicated in cloi retraction and sup—
port for this role has been obtained by examining both the
geometry oXf the activated platelet and the internal arvange-—
maent of its actin and myosin {Adelstein 1978 ). Actin has
also been implicated in platelet secretion where contraction
of the actin filaments could be involved in the transport of
sscretory vesicles to the cell surfaces Some support for
the involvement of +the contractile nature of actin in this
process came fLrom data showing that there is an increase in
myosin light chain phospghorylation, a bilochemical phenomena,y
which was correlated with an activation of +the coniractile
machinery {Daniel, 2t al 1877 ).

Secretion has also been implicated as a rols for actin in
other secrefory tissues such as the pancreas and %hevlivers
Within the beta cells of the pancreas; there is a filamen-—
tous web Just below the plasma membrane which is thought teo
be composed of actin {(Howell and Tyhurst 19793, They Ffound
that if the web was disrupted with the fungal metabolite cy -
tochalasin B, thersa was an enhanced insulin secretory re-—
sponse to glucoses Therefore; they suggested that the actin
filament web palow the cyioplasm membrane may be impeding
the movement of the vesiclesoe F~Actin was shown to bind the

insulin storage vesicles and the strength of +this interac—
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tion could be decreased in the presence of Cat2, They also
noted that the Cat? concentration does in fact increase in
the pancreatic cells upon stimulation of insulin release
which suggested that Ca%? way ke preventing the interaction
between F—Actin and the siorage vesicles ip vivoe However,
further investigaetion is zreguired. Similayr types of sxperi-—
ments were carried out with isclated rat hepatocytes and it
was found that phalloidin and cytochalasin D inhibits lipo-
protein secretion and that these effects may have resulted
from a modificetion of actin microfilament function since
both of these dyruzs have a high affinity for actin (Prenitki,
2t al 1978 ).

Secretion as well as other activities have been implicat-
ed as a functlon Tor actin in brain. The particular secre-
tory process in this case Is that of neuroirsnsmitter re-—
lzase via exocytosise Berl, et al (1973} proposed a
hypothesis for the release of acetylcholine by a mechano-
chemical transduction between presynapitic vesicles and mem-—
braness This hypothesis has besen advanced for the smeneral
phenomena of exocytosis (Hoffmin-Berling 1856) and relies on
the basic model in the actomyosin system of muscle for ths
conversion of chemical energy to mechanical ENETEVe The
model proposed that a torsicnel interaction between brain
myosin associated with +the wvesicles and the brain actin of
the synaptic membrane (in the presence of Cat2) could pro-

duoce a conformational change in the vesiclar membrane which
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would cause an opening of the membransse for the release of
neuroitransmitters To terminate the action, Cat2 gwould be
removed and consegusntly the ATPase activity would decrease
and less of torgue would eccur (Berl, 2t al 1973).

This hypothesis, where actin and myvosin are thought to be
involved in neurotransmitter release; would be movre atirac—
tive if the involvement of Cat2 in the interaction could be
substantiated since Cat? was feound to be a reguirement for
the similar process in musclas Cat2 had already been proven
necessary for neurotransmitier releass by Katz and Miledi
{1965 A3 an initial piece of evidence for the involvement
of Ca%¥?, Manhedran, et al (1974) found a Cat2 sensitive com-—
ponent which could be iscolated from the actomyvosin complex
from Dbraine Puszking, et al {1874); showed that the synagtic
vesicles had a Cat2-Ng?t?2 dependent ATPase activiiye The
Mg¥*Z2-ATPase activity was Cat2 gensitive after a Cat? sensi-
tive component was added to the actomyosine. Vesicle release
was Cat? dependents. These facts suggested that the presence
of Cat? may be triggering the contractile machinery for aeu-
rotransmitter release in bhrain as it triggers the contrac—
tile machinery of muscle for a coniractile eventoe

Actin has also been implicated in other activities in the
brain such as fTorming functional conneciions between +the
plasma membrane and the nucleuse Using electiron microscapy,
Metuzalsy 2t al (1874) noted that a filamentous network cx-

tends from the synaptic membranes 4o the nuclear DPOresSs 1They
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proposed that this network may serve a itransducing function
in linkXing the events at the synaptic membrane to the gene t—
ic code of the neuron. Exactly how actin would perform this
function is unknowne
Another example of the activity cf actin in brain came
from stﬁdias on axonal transport, the process involved in
carrying proteins from the neuronal cell body to the axons
and synaptic terminalse. According to the hypothesis devel-
oped by Hoffman and Lasek (1876), microfilaments {polymer—
ized actin) continually emanate from the site of synthesis
in the cell body and move towmrd the synaptic bouton where
they are finally disassembled. The model for the mechanism
by which microfilaments are involved in axonal transport was
based on the observations that myosin is associsted with the
actin and therefore the possibility for force gseneration ex-—
ists wia the hydrolysis of ATIP. Actin a2lso appears to ba
attached to +the lateral sides of the inner surface of the
axolemma and this is proposed tc be the site of force gengr—
atione The model proposes that radial force generated
through concerted interactions at the axolemma could be
transferred to linear force generation with resultant cy~-
toskeletal movement.
Lastly, in connection with the brainy aciin has also bsen
implicated in neuronal growthe Levi-Montaleini, et al
{1878) noticed that nerve growth factor (NGF) binds to re-

ceptors on the nerve plasme membrane and shortly thergafter,
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the protein constituents of immature sympathetic nerves are
greatly alterede. The actin filaments (@icrofilaments) were
found to fill the space beitvween the cell nucleus and the
c2ll membrane as do the microiublese. They @proposed that
these filaments provide a strucural foundataion for the
growth of the nerve axons and may provide the progpulsive
force for nerve 2longatione They also proposed that NGF
controls the assembly of actin by inducing rapid and massive
nucleation so0 that elongation can occur spontanscuslye The
fact that fungzal metabolites such as cytochalasin B block
neurite growth, and also prevent actin polymerization is
further evidence that actin is involved in neuronsal elonga-
tion {Tamada, %t al 18713, Mot only does nerve growith fac~
tor potentiate actin polymerizationy but it also favors for—
mation of actin paracrystalline structures which activate
the myosin ATPase to a greater extent than actin alene {(Cal-
issanoys et al 1878 ). This asay provide more znergy for the
zlongation processy however =2xactly what is occurring in
¥ivo is not Knowne

Actin is invelved in many processes in severai cellsy, and
this is not surprising in viey o©of the fact that it is
thought to be the second most abundant protein in nature
{B8liis 1872, It is not gpossible to cover the involvement
of actin in all tissues, however 2xtensive reviews and pub=-
lished symposia have been written on the general involvemant

of actin in various cells {(Clark, 2t al 18773 Hitchecock
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18773 Goldmans £t al 18763 Perry, et al 1976: Adelstein, et
al 1879). After noting the role of actin in the various
cells mentioned, a general picture emerges illustrating that
actin is likely serving two fTunctions in the <cell. The
first activity of actin is to form a cytoskeleton as in all
the zingle celled organisms and esucaryotic tissues men—
tioneds The second function is to interact with myosin AT-—
Pases which genevrate force for contraction and thereby pro—
duce gross movemenis as Iin wmuscles or subktle crsening
movements of single celled organisms such as

P. polycsphalunm, D. discoldeums; and A-. gcastellaniie Inter—

nal force regulring movemenis may alse be the result of the
interaction between actin and myosin such as in the secreto=—
ry activities of platelsts, pancreas, liver and brain or as
in axonal ftransvort in braine

In ordey for actin to carry ocut iits various activities,
the state of its filamentous structure is importante in
performing a cytoskeletal function, the actin is thought to
be highly dynamic and flexinle so that it can change from a
highly ordered state, as in the stress fibers of resting
cells,y, to a diffuse non-filamentous state as in cells gpre-
paring for divisione Furthermore, only F-Actin is capable
of activating mvosin ATPase. Since the state of actin poly-
merization Is so iwmportant with respect to its various ac—
tivities, 1t he volymerization reaction itseld will be dis-—

cussed in some detail.
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202 THE POLYMERIZATION OF ACTIIN

The following section deals with +the first of the men-—
tioned activities of actin, namely its polymerization. Be -
fore the regulation of actin polymerization by Ca*2, can be
outlined, Ca¥2 pinding proteins and other proteins are de~
scribedy some background on the polymerization reaction it-
self is presentedo

Actin has Deen shown to polmerizs in 4wo sterSe The
first reaction is called a2 nucleation reaction and is rate
limiting. Kinetlc data implies that this reaction is third
or fourth order suggesting that three or four actin moncmsrs
must aggregate to form a nucleus? (Asakurae and Oosaua 19503
Asakuray et al 19603 Cosaway et al 18613 Kasaiy et al 1862:
Oosawa and Kasail 1862; Asakura, et al 18633 Kasai 1869
The second step is the eslongetion of +the nucleus to form
long polymers of actin and is generally thought to be first
ordere. ¥hen actin monomers aggregate during polymerization,
one molecule of ATP is hydrolyzed per monomer to form poly~
mers of actin bound ADP.

The kinetics of the polymerization process have teen
studied in much detail by ¥egner { 1876) His experiments
have shown that actin monowmers mosi likely associatzs and
dissociate from both ends of the nucleus but the rate con-
stants for the two ends of the growing filament are probably
differente Since the eguilibrium constants are related to

the rate constanis, they are also different for the two ends
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of the molecule when ATP is presentoe The eguilibrium con=-
stants or Yeritical concentrations¥ represent the concenira—
tion of monomer in equilibrium with polymer as sesen belows

{actin) <===> actin + actine
N+l N

¥epgneyr has extended the investigation to show that the grow-—
ing filament has a n2t polymerizing end and a net degpolymer—
izing ends From these cbservations, he proposed thaet actin
grows in a head to tail fashion, i.2. actin grows at one end
and shortens at the others. Further evidence for this wiew
has recently been published { Brepnner, =2t al 1878).

The model states that under polymerizing conditions,
there would be a net polymerizing end with more protomers
peing added at this e2nd and less monomers being lost at the
depoilymerizing ends However, conditions could exist during
polymerization wherze both snds are polymerizing.

Polymerization cerasesy and stzady state for the system as
a whole is achieved; when the net rate of addition of monom-—
ers at the polymerizing end eguals the net rate of loss at
the depolymerizing end. Under steady state conditions for
the sysiem as a whole, neither end of the_filamen% will be
in eguilibrium since their equilibriuvs constants or critical
concentrations arse different.

During depolymerization, there is a greater loss of mo-
nomers from the net depolymerizing end than is gain of these
monomers from the net polymerization 2nde However, condi -
tions could also exist where depolymerizing actin may have

two depolymerizing ends per filaments



2:201 Physical factors affecting the polymerization of
Actin

Two main physical factors were shown to influence the
ability of actin to polymerize or in other terms, which
change the critical concentraticne These avre the tempera-—
ture and solvent conditions (Govrdony et al 19763, By vary-
ing these conditions, it is possible to determine which fac—
tors provide the optimum envirocnment for polymerization and
it is also possible to determine which of these factors will
influence nucleation and/or elongations At 259C and 1 mM

Hplla, the polymerization of (.3 mg/ml of actin from both

Ae gastellanii and skeletal muscle was very slows If soni-

cated F—actin was added to the reaction mixture 4o serve as
nucleiy, peolymerization raridly increasede Since polymespriz-
tion proceeded once the nuclei were added, Gordon explained
. that it was the nucleation reaction which was limited under
these conditionse However the rate of nucleation could be
increased by increasing the MaCl, concentration to 5 mM 11-
lustrating the refore the reguirement of MgCl, for nuclea-
tione It follows theny that at 0.1 XCL and 25%, auclea-—
tion again was rate limitiong since there was no MpCls.
Sordon showed that once nuclei were added, polymerization
increased markedly with a rate of elongation comparable to
that in the presence of Mgt2.

Gordon also demonstrated that by decreasing the tempera-—
ture to 59, the rats of nucleation could be decalerated

even in the presence of 5 mH¥ MgClss By adding nuclei, the
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rates of polymerization were conmparable to those obtained at
250¢, Therefore the temperature gffect was largely on nu-
clezatione Utilizing D.1¥ XKCL at 5%C, nucleation was again
slowed and polyserization proceeded at a comparatively high-
ar pate once macled are added when using muscles actine

Ao casiellanii sctin failed to polymerize even after the ad-

dition of nuclei. Since A. casiellanii acitin can polymerize

in D.1¥ XCl at 25%C, especially after ths addition of nuc-
1ei, the decresased temperature must have been affecting
zlongation as well as nucleatione

Through various viscosity studies, CGordon found that in 2
m¥ MgClsy, the viscosities of A. gasiellanii and muscle ac-
tins were the same at all concentrations at 250C and 59C.
He suggested that the lack of temperature dependence implied
that the enthalpy of polymerization under these ionlc condi-
tions was gsmally and that the polymerization may ke driven
by entropye

These authors have extended their investigations by com—
paring the polyvmerization characiteristics of actin from a
variety of sourcess The critical concentration was the
variable most often considered, and it was deiermined under
a variety of ionic and temperature conditions (Gordony 2t al
1877 )s They alsoc concluded that the polymerizaetion sropepr—
ties of thse veritebrate non—muscle actins (platlet, braing
and liver) and A. casiellanii actin were gualitatively simi-

lar to the polymerization of rabbit skeletal wmuscle acting
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but guantitativiy thes non—-muscle actins were more similar to
zach other than to muscle actine

it was noted that the extracts of non-muscle tissues con-—
tained monomeric C-actin at concentrations that were much
greater than the critical concentrations of the purified ac—
tine From these observations, it was suggpested that various
actin binding proteins may be preveniting the polymerization
of the actin in the cell extracis or in vivo {( Gordon, 2%t al
1977 ) Iin fact, to date, many actin binding proteins have
been isolated from weny different tissues and investigators
are now attempting to determine if and how these proteins
may be functioning in the cell to regulate the state of ac—

tin polymerizations.

20202 Effects of Acktip Bindipg Proteips

Since the concentraticn of G-Actin was well above the
critical concentration for its polymerization in wivo, it
was soon suspected that there were factors present in the
cell which were pra2veniing or inhipiting ectitin polymeriza-
tions it was not long before many actin binding proteins
ware discovered, some of which were found to inhibit actin
polymerizationy, while others were in Ffact, found to 2nhance
this phenomenae Some proteins sere also found to bind F-Ac~—~
tTin and cross—~1link the filamentis in a process callsed gela-

tione
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2222201 Profilin
Profilin (molecular weight 16000 daltons) waes Tirst iso-
lated from spleen {Carlssony, 2t al 1974) put & wide distri-
bution of this protzin is suspected since 1t is considered
to be present in sonme inveritebrate sperm as well {(Tilney,
1978 ) Carlssons et al (1876)y charactsrized the protein
and demonstratsad that it formed a 121 complex with G-Actin
and that this complex was resistant to polymerizatione lLat—-
2r this resistance was shown to exist under a wide wrange of
pH and salt concentrations {Lindbersg, et al 1979) and only
after mild treatment with teypsin was the actin releaseds
The liverated asctin was shown to mainiain its polywmerization

characteristicse.

2:20202 DNase I and S%-puclestidase

Another protein which binds G~Actin is DNase 1 DNase 1
{molecular weight 33000 daltons) was first reported to exist
ag a complex by Lindberg (1867) when it was isolated from
calf spleene. It was laier shown by Lazarides and Lindberg
{1974 ) 1o be a specific actin binding protein. Mannberg, et
al (1875, illustrated that DNese I directly affected the
nolymerization of actin in the gresence of ATP by forming a
121 complex with actine Furthermore; DNase I competitively
digsplaced HMM=-51 and tropomyosin individually ZLrom the actin
polymere. Mannherzy et al (1875, also showed that in the

presence of ATP, the DNaese I~actin complex was dissociable
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when the actin to HMM~SI molar raiio was 1:2 provided tropo-
myosin wvas presente DNagse I, in addition to forming a 131
complex with G-—Actine, =also ceused the depolymerization of
F-Actin resulting in the formation of 121 complexe. Troponin
and itropomyosin werse Ffound to slow down but not stop the de-—
polymerization grocesss in the absence of ATPy heavy mero—
myosin {H¥M) completely protecied F~Actin against Diase i.
However in the presence of ATIP, HMM dissociated from F-Ac-
ting F-Actin degpolymevized, and DNase I activity was inhib-
ited by binding to actin (Hitchcocky, et al 18763, Furtheyr
characterization of this complex has been undertaken pore
recently by Rhor and Mannherz {(1878}). These authors identi-
fisd the natural coccurrence of a protein in bile which was
abple to reactivate the naturally cccurring DNase—Actin com—
olex of rat sscretory pancreatic Juice or synthetic actin-
DNase 1 complexe. The protein was identified as
57-nucleotidase and lateyr the effects of this enzyme on ac—
tin polymerization were coneidered { Mannherz and Rhory
18978 ). Upon investigating the effects of S%=nuclectidase on
the DNase I-actin cowmplexs 1t was. found that the DNase de-—
grading activity could be Fully reestablished in the pres-—
znce of bil-pucleoctidase. However the ability of actin to
polymerize could only be recovered if phalloidin wvas also
presentos The exact mechanisr as 1o how Sl—-anuclectidase
achileved this reversal of DNase inhibition was not deter-—

mined but some additional infoermation was obiained on the
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protein interactions taking places I+ was found that the
PNA degrading activity in the presence of S?-nuclectidase
was sStrongly dependent on ionic conditions, the molar ratio
of actin to DNase 1, and temperaturae. An increase in DNase
activity was greatest when actin polymerization was favoursd
{i.2. when the conceniration of KClL = 0.1} If phalloidin
was present under these ionic conditions, the optimusm actin-~
DNase 1I:5%-nucleotidase molar ratio for raleasing the
DNase I was 33:31. The fact that the state of actin polymeri-
zation was important to the functioning of 5'-nucleotidasse
suggested that there may be an interaction between these itwe
proteinsSs This suggestion was further substantiated by
their unpeblished observation that S5?-nucleoctidase acceler-
ated the raete of actin polymerizationy a phenomena %known tTo
depend on the intevactions o0f proteinsS. It was proposed
that DNase I activity increased in the presence of
5% ~nucleotidase,; because actin bound to S57-nucleotidase and
this binding then resulted in the release of DNease I from
its complex with actine The authors Ffurther speculated that
since H?—-nucleontidase was a a widely distributed plasma mem-—
brane constituent of eucaryvotic cells, it may act as an an-
chorage protein for F—Actin, thus plawving & part in gcontrol-
ling its avelliability for mobile responses.

DNase I and profilin are the only proteins reported which
form a Ytight complex” with actin, thereby preventing poly-

merization into filamentss However a number of proteins
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have been shown to "interact! with G—~Actin, at least tewmpo—
rarily, to increase its polymerization and many of the same
proteins also bind F—Actin to ceither induce or inhipit gela-—
tion {iece cross—linking of actin filamenits to each otherl.
Yany of the proiteins which have been shown to interact with
F-~Actin have not been tested for thelr ability to bind —-Ac~—

tin and of its ability toc polymerizes.

Boe2eded @ and B actinins and villin

The & and f-~actinins have been shown to have intermediate
molacular weights (subunit molecular weights 43000 and
B&000 daltons respectively) and have been found to interact
with G-Actin as well ag F-Actine A-actinin has been isoclat-

ed from the myxomycete Physarum polyvcecsphaluvm ( Huryama, 2% al

18756 )y and =although it is of lower molecular weight than
muscle B~actininsg both groteins were shown to display simi-
lar interactions with actine They have been shown to accel-
erate the polymerization of G-Actin, inhibit the depolymeri-
zation of F-Actin, induce formation of shorter actin

filamenits and t0 inhibit the gelation of F-Actin {(Eirkpa-

tricks, et al 198733 it was also suggested that B—actinin
may sServe as a filament terminator ip ¥ivos Despite these

zarly predictions about the functions of f—~actininy Clarke
and Spudich (1877} have guestioned whether this protein was
simply a dimesr of denatured Physarum actine dowevery, it was

illusirated tThat Physarunm actinin asnd actin were indeed dif-
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ferent proteins by Hatano and Owaribe (187893, pased on mo-—
lecular weight determinations using SPS-polyacrylamide gel
alectrophoresis and on tTheiryp varying ranges of sensitivity
4o emmonium sulphate. Pihyvsarus actinin precipitated in the
nresence of 50 to 65% amponium sulfaie whereas PRhysarum ac-—
tin precipitated between 15~35% emmonium sulfate. Further—
more, Phvsarum actinin did not interact with Bhysarum myosin
or muscle heavy meromyosin myosine These authors further
characterized the polymerization of G-Actin and found that
when G-actin asd actinin were mized in & welght ratio of 139
and polymerization induced by adding (.1i¥M KCly, the wiscosity
was the same as contzol F—Actin without actinine. If 2mM
MeCls was used instead of (.18 RCl, the viscosity increased
only to 1/7 that of control F=Actine On the contrarys izt
Physarum actin was first polymerized in the presence of 2mM
MeCly, and actinin then added, the viscosity decreased rap-—
idly s suggesting that the F-Actin filamenis were broken into
smaller segmenis or that F-Actin polymers had been trans-—
formed into more labile siructures in the presence of acti-
nine It was alse shown that the actinin bound to the poly-—
mers formed in +the presence of Mglls but clear evidence

showing the bindin of actinin 4o polymers formed in Q. 1¥

il

XLl was not availablae
Bimilar charactervistics with respect to effects on actin
polymerization have been found when comparing I’ and

B-actinine. Bpth actinins accelerate the polymerization of
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G=-Actin and inhibit the depolymerization nof F-~Actin,g but
only ae-actinin promotes thz gelation of F-Actline Huch of
the work with non-muscle g—actinin hes been done utilizing
the horseshos crab sSperm as it is found in the filemsntous
pundle of the acrosocomal process {Tilney 18753 it should be
noted however that w—actinin has also been found in cultured
fibroblasts and in regions of intesinal microvilli. Some

researchere have confused the lgocation of w—actinin with an-

other protein termed Nyililin® found in the microfilament
core of the microvilli {(¥oosshker and Tilaney 1875 ). Both
proteins have similary cheracteristicse. Vitiin {molecular

waight 95000 daliopns) is slightly lerger than e—actinin, but
both proteins gelate a—-actin. 14 was suggested That villin
cross—linked tThe microfilament covre of the microvilli later~
ally alonz the length of the core and to *tThe cytoplasmic
side of the plasma membranc. Evidence for this suspgestion
arose from the Zfindings that cross~—1iinkages remain attached
to the microfilament core after removal of external wmem-—
pranes {based on electron microscopy) and only villin is
present in high enough concentrations to account for this
cross—linked core struciturs. Alscy specific labeling of the
cores has been achieved with villin and actin antibodies,
followed by second antibody labelling with ferritine The
anti-villin labelling led to a greater increage In diameter
than anti~actin labeling, as would be sxpected if villin was

projezcting outwards laterally from the filament <core
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{ Bretscher and ¥%Yeber, 1878 Despite these gsimilarities in
cross—-linking activity, they seesmed to temporarily clarify
the confusion by pointing ocut that villin and ae-actinin were
distinct based on slight differences in molecular weight,
lack of immunological cross reactivity and slight differenc-
s in locationoe It should be noted, howevery, that the con—
troversy over whether g—actinin and villin are similar pro-
teins has not besn rescivedo in a2 recent papers Carrowayy
et al (13980), have found that immunologicallyy, microvillus
Uvillin" and muscle a—-actinin are indesd identicale It
awaits to be seen whether thess two proteins can be distin~
guished baesed on thelr localizaetion in the microvillus, i
was reporied that wvillin resided in the microfilanment core
of the microvilli while g-actinin was found in the terminal
websy based on immunoflourescence {Bretscher and ¥eber,
1878 3.

Although g—actinin may not be the c¢ross—linking protein
0f the microvilius, research has indicated the presence of
ag—-actinin in brain where it may function in a menner similar
to that seen in the Z-lines of skeletal muscle {i.e2e whers
it serves an anchoring fuctionle Puszkin, et al (1876),
presented evidence 1o show that e-actinin was present in en—
riched fractions of synaptic vesicles and yet absent in sy=-
naptic membrane preparationss It was speculated that the
w-a;tinin on the synaptic vesicles could interact with actin

located near the exterior oy the wvesicles i1f actin was at—
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tached to +the synaptic membrane it was suggested that it
could interact with @—-actinin on the vesilclee Simultancous-~
ly actin could interact with myosiag resulting in a contrac-
tile event which may then move the vesicleo fhether or not
this is taking place ip vive is speculative at the moment

and reguires further researche

2e2cZ.4 @g—actinin and Actin Binding Proteins {ABP)

Muscle and brain were not the only mammalian tissugs to
which +the localization of a-acitinin could be attributed.
This protein has also been Ffound in platelets and the ef-

fects of w—actinin on the organizational state of actin have

been Further inves%iga%ed‘in this tissues Schollmeyer, et
al {1878}, have investigated the effects of w—actinin on

cross=linking e—actin {gelation) in +the presence of YActin
Binding Protein {ABP)Y, alsc found in human plateletss Ac—
tin Binding Protein {(molecular weignht 257000 dalions) is
one of a number of high molecular weight proteins which has
been shown to cross-link sctine Iin their studies; ao-actinin
alone was found to randoumly cross-link actin into gels in
the presence of tropomyosin (Im) and troponin {Tn)» ARP
alone, also caused formation of gels in actin scluticas,
with or without added Twm=Tn comgplex. However when platelet
ABP and g=-actinin were added sequentially 4o soclutions of
actin Tm~Tn, gelation again occcurreds but the actin fila~-

ments weare in orderly parallel arrays in contrast to the



31
reandom orientation of filamentse produced during gelation
when 2ither ABP por a—actinin was addeds Furthermores if cy-
tochalasin 8 {CH) was added to a solution of aciin~Te~Tn
foilowed by ABP and @2-~actinin, a dramatic effect on filament
organization cccurrad. Also 1f solutions of actin and Te-~Tn
were allowed to gel in the gpresence of ABP and e~actinin,
and then CB was added to the migture, a dramatic effect on
filament orgenization was again observedo. Electron micros~
cony revealed that when €B was added first, the parallel
orientation of the microfilaments was losts However i1if CB
was added after the cross—linking protzinsy, complete disrup-
tion of the filament pundles cccurred. The resulting fila-
ment structures weare shorter and thickesr than those of the
original actin—Ta—~Tn gel. Upon cenitrifugation of this solu-~
tion, a-actinip was found in the supernatant suggesting that
g-~actinia was lmportant in promoiing lateral filament asso-
ciation in actin gelse ABP was suggested to be important
for promoting the desired conformation or association re-—
guired for lateral alignment of filaments into parallel ar-
PAVS e The data also suggested that the primary influence of
LB was on e-actinin rather that ABP or the actin-Twm—In com—
plex (Schollmeyvery, 2t al 1878).

There has been some conitroversy over the sxact role ABP
plays in gel formation however there is little doukt that
this protein is a component of the gel that forms when cold

sucrose~containing sxiracts of rabbit macrophages are warmed
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to room temperature {Hartwig and Stossel, 18753 Stossel and
Hartwig 19786 ). Extracits of Acanihamosebsn casitellanli sea ur—-
chin ezgs and Hela cells have also besn reported to contain
2 high molecular welght protein in gels formed from ax-
tracts {(Hartwig and Stossel, 1875; S5tossel and Hartwig,
18976 Je Howevery; an eguivalence among these proteins remains
o be sstablished. The controversy surrounding the role of
ABP in gel formation arose from tThe observatlon of Mavruta
and Xorn {1977 ) that only 3% of the gel forming activity in
extracts could be attributed to ABP. The remeining 87% of
the activity could be attributed to four smaller proteins
and to one of these four in particular which will be dis-
cussed in a later sections Although these results sgemed to
dempen the importance of ABP in gel formaetions it can not be
isnored +that cytochalasin B which disrupted microfilament
prganlization and function in cellsy, also interfered wtih the
interaction Dbetween actin and ABP in viitro {Hartwig and
Stossal, 19763 Veihing 1876). The logcation of ABP in pla-—
telets was shown to bz in the ectoplasmic laver Jjust below
The surface membrane. The localization of actin within this
same ectoplasmic layer was used To support the contention
that the disruption of pseudopod formations {(which originate
from the sctoplasm) by CB was due to a disruption of the ac~
tin-ABP interaction in plateletss The confusion cver the

role of ABP in wivo has not been resolved.




22625 Actin Binding Protein and Filamin

Further controversy surrounding ABP originated overnr
whether it was equivalent to filamine Filemin is a 224000
dalton, high molecular weight protein from smoooth muscle
which is thought to exist a2as a dimer {Shizuta, =t al 18763
Wang 18977 ). Filamin antibodies reacted with microfilagent
bundles of cul tured mammalian cells, with microfilaments in
microspikes, with ruffling arecas, with regions of cell to
cell contact which did not react with anti-myosin and gener—
ally with regions of the cell which were more subJject to dy-—-
namic structural alterations in microfilament organization (
Hepgenaess, et al 19773 These observations suggested that
filamin and/or ABP were associated with the sctin filamenise.

Neither filamin nor ARP formed filaments in the absence of

O

actin, however both proteins have been shown tTo bind actin

filaments ip viiro (Hartwig and Stossel, 19753 Maruta and

Korny 18773 Shizuta, et al 18763 Wang 19773 Wangy, et al
18753 ¥Wang and Singer, 1877).

Despite the similarities, there have been some reported
differences in the amino acid composition of Tilamin (Shizu-
tay et al 197635 Yang 1877 and ABP ( Stossel and Hartwig,
1976 ) These differences may bhave been reflecting a tissue
and/ or species specificitys Studies using CB have increassed
the uncertainty whether or not ABP and filamian are tThe sSame
proteinse. This funzgal metabolite was shown to disrupt the

ability of ABP 4o form gels with actin {Hartwig and Stosssl,
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1897463 Weibing 1876 ) unless Tm—-Tn was present before CB was
added, when there was no observable effect {Mooseker and
Tiloney, 1875 ). However CB did ngt interfere with the actin-
filamin interaction in the absense of Tm~Tn { Yang and Sing-
ers 18773 Davies, =2t al 1877) sugsgesting that ABP and flila-
min are not identical. It has bheen suggesisd that the two
proteins ere similar and cross resactive but not identical
{Xorny 1978},

The binding of filamin to filamenitous actin was further
characterized (VWang and Singer, 1877) and it was shown %that
one filamin dimer existed per 8-12 actin subunits. Further-
moOPT e, filamin was shown fTo lnhibit the actin-activated myo-
sin Mgt2-ATPase activity {Maruta and Korn, 1977; Davies, et
al 18773, suggesting that when filemin is bound to actin ip
¢ it is likely modulating a siructural event rather than
an eaergy reqguiring events Further characterization of fi-
lamin has indicated that it is a protein which is phosphory—
lated in the presence of cAMFP dependent protein Kinases
However, thers is no evidences yet that phosphory laticn of
filawmin affects its interaction with actin or any other con-

tractile protein {Vallach, et al 1878).

202:2:58 Spectrin
Another higsh molecular weight actin binding protein which
has also Ppeen shown to be chospghorylated is spectrine.

Spectrin has bpeen classified as a dimeric protein in the pu-—
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rified state (Clarks, 19713 and immunclogical studies have
indicated that specirin is probably not found in cell types
other than eryvibrocyvies {Hiller and ¥Weber, 1977 Spacirin
was Ffound to sxist as a multimeric aggregate of two differ-
ent proteins {220,000 and 200,000 daltons) in sgual ratios.
Characterization of spectrin at the cytoplasmic face of er—

vithrocyite membranes began with the observation that it 1

0

similar to muscle myosin in terms of molecular welghit, fila-
mentous nature and cross—reactivity between smooth muscle
myosin antibodies and one o7 both of the proteins of the
specitrin dimer. More significant to the wpresent theseis was
+he finding that another protein associated with tThe spect-
rin was actin based on actin?®s ability to form 50-70 A file-
ments, to stimulate mycsin ATPase activity, and to hind
heavy meronyosin specificelly { Sheetz, 2t al 1876%. Charac-—
terization of the interaction between spectrin and actin
followeds and evidence was presented to suggest that spect-
rin may act as a polmerizing factor for actin, as well as an
anchoring site for erythrecyte actin {Puszkin, et al 1878)s
This ides was Turther substantiated when it was noticed that
a complex isolated by binding to dihydrocytochalasin B from
arythrocyte membranes containing actin, spec trin and other
minor componentsS, was able to induce actin polymerizations
The rate of actin polymsrization was dependent on the assunt
of complex presants it was also established that low con-

cenirations of cytochalasins D or E and dihydrocyitochala—



36
sin B further inhibited aciin polymerizations The relative
SUCCS8SS of the wvarious cyviochalasins in inhibiting actin
polymerization corresponded to their relative affinities for
the complex and their potencies in inhibiting cell wotility.
I+ was then suggested that the cytochalesin binding complex
functioned as a regulatory site for cell wmotility by con-
trolling membrane attachment as well as formetion of actin
contalning microfilaments in the cell {(Lin and Lin, 1878).
Recent studies on the gffects of the spectrin complex on ac—-
tin polymerization have indicated that this complex of actin
and specitrin,may be important in the nucleation reacition
{Brenner and Xorny; 19843, Using partially purified spectrin
which 5till contained a small amount of actin, an indepen-—
dent group alsec concluded that spectrin was involved in au=-
cleation (Sato, et al 1879). However,; the same resecarvrchers
conc iuded that specirin was npnot involved in cross-linkinsg
actin filaments which is in contirast to esarlier results ob-
tained by Branner and Korn {18783, Brenner and Hovrn showed
that although Hanfractionated® extract of specirin/actin
complex induced G—Actin <o polymerize, ool umn purifisd®
apectrin tetramer or dimer did note Conversely, these au-
thors Ffound that column purifised specirin tetramer cross-—
linked F—-actin to form a highly viscous gelo. Spectrin dimer
which had been column purified, bound but did not cross~-1link
Feactine It was also shown that the state of spectrin phos-—

phoryiation did not affect its ability to cross—-1link actin
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{Brenner and Korn, 19797 Anderson and Tyier, 13880}, In an—
other study, these findings were substantiated and it was
suggested that siace specirin is likely present in the cy-
toskeletal network in siiu as a tetramer which binds F-ac-—
tiny it is unlikely that actin exists in its dimeric form in
the erythrocyite membrane {Ungewickell, et al 1878}, Liu and
Palek {(1980) have recently presented evidence to suggest
that spectrin dimers and tetramers are in a reversible egui-
liprium in the membrane and 1that under physioclogical condi-
tionsy spectrin tetramers are favoursads To confirm this
finding, it was also shown that if the dimeric state of
spectrin is induced, the structural stability of the ecto-
plasmic layer of cyitoplasm iz disrupted. This suggested
that spectrin in its tetrameric state offers the structural

stability seen in erythocyie smenbraness

2020207 Thyone Proteins

In Thyvope spermy high molecular weight proteins have bheen
found to maintaln actin in an aggregated state. The suba~—
crosomal cup of Thyone sperm has been Tound fTo contain four
ma Jor proteins including actin {(Tilney, et al 1873): Twe of
the four protelins have a molecular weight of 253,000 daltons
and have been iaplicated in maintaining the agaregated state
of non-filamentous actin, since the dense gel-~like cups dis-
persed when these high molecular weight sroteins wers ro-

moved {Tilneyy 1976 ) Although these protezins are not pro-
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moting the polymerization of acting they may have some

relationship to ABP and filamin.

2020208 Fibronectin

The relationship of +the ZThycone sperm hisgzsh molecular
waeilght proteins to fibronectin haes alsc not been fully es-—
taplished. Fibronectin is another high molecular wesight
protein (250,000 daltons) which is also know as FS { fibrob-
last surface) antigens CSP {cell surface protzin), LETS
{large, externaly; transfoermation sensitive) proteing Gap a
{zgalactoprotein al)y zeta, and CIG {(cold insocluabe glebulinde
The importance of fibronectin la relation to F-actin came
from observations that a loss of fibronectin from the cell
surface, induced by gither wiral iransformations {Hynes
19733 Keski, et al 19783 Rsoslanti 1973) or by treaisent
with tryesin {(Hynes 18763 Vaheriy, et al 1976) coincided with
the disorganization of actin containing sitress fibers {Al=-
tenburzg and Steiner, 1975; Edelmen and Yahara 19763 Goldman,
et al 18733 Goldman and Knipe 18723 Goldmane, et al 18763
Pollacky, et al 19783 ?gilack and Rifkin 1975:; %ang and Gold-
barg 18976 ). If fibronectin was added to transformed cells
which had lost both fibronectin and actin stress fiber opr-
ganizationy the stress fibers reorganized {(Ali, et al 1877
Yamada, st al 1876), It was recently suggested that fibhro-
nectlin and actin fibers of the fibronesxus ( the association

of fibronectin w»iith actin across the plasma membrane) are
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closely associated, with maximal separation of 8~22 nancme-—
terse. it is not k¥nown whether snd-fto-end {coaxial) or over—~
leapping ends with binding, is responsible for the close ap-~
positions Apazt from this apparent role of fibronectin in
maintaining the cyvtoskeleton, it has also been suggested
that the fibronsxus may serve ag a site for cellular locemo-
tione When fibronectin was added to normal or tranformed
cells, migratory acitivity was increased, along with in-
creassed actin organization as aiready mentioneds It may
also be possible that the fibronectin is acting as a nu—

cleating centre for actin bundle formation { Singer 1879,

2e202:5 Acanthamosbs castellanii gelactins

There have been & number of lower molecular weight prote-

fbe

ns from Acanihamoebs casitellanii as noted previously which
have besen shown 1o bind F-actin and lead to the formaticn of
actin containing gelilse. Each of theses lower molegcular weisht
vroteins {or gelactins) has been shown to be more effective
than the macrophage ABP or ssgoonth muscle filawmin in gelling
actine The gelacting were also shown to inhibit the ability
of ¥F=agotin to activate mvosin Mgt2-ATPase activity {(Maruta
and Korn 18773 There have been basically four gelactins

isolated from A, casielilanii namely: gelactin I {(with I su-

bunit of 23000 daltons), pelactin 11 (a2 dimeric pryrciein of
55000 daltons with a subunit of 28000 daltons)}, gelactin 111

{a dimeric protein with a subunit welghbt of 32000 daltons
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and a total weight of 68000 daltonsl)y, and zelactin IV {iotal
welght of 78000 daltons with a subunit of 38000 daltons)es
it is not known to what extent similar low molecular welight
proteins are found in other systems such as macrophagse or

cultursed Hela cellis.

2o2edo10 Dther proteins

Apart from the documented gelactins of A. gasitellsnil, a
number of other proteins have been shown to interact with
Fe~actin by Laki and Muszbek { 1874},

They demonsirated that F-actin was attached to Fibrin and

fibrinogen clois after the clot was separated From its 1i-

LUOr e Iin control experiments, actin did not bind to clots
consisting of only fibrincgene Furthermore, in experiments
where:

is clots of thrombin, fibrinocgen and F—actin are formed

2e the thrombin is insctivated

Jo the clots are dissolved in 6M urea {(conditions whers

Feactin and flbrin depolymerize)

4o the solution is dialized to remove the ures

5 the clots are reforwmed
actin again bound to fTibrin suggesting that the interaction
of fiprin with actin did not depend on the presence of
thrombine To show that the interaction between actin and
€ibrin was specifics, ovalbuming, which has & similar gmolecu—

lar weight 10 actiny was incubated wiih the clots containing
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fibrin and no binding tock placee. Binding studies indicated
that two actin molecules bound to one duplex fibrin molecule
of molecular weight 330,000 dalionse The authors speculated
that this bindipg of F~actin to fibrin but not %o fikrincgen
may be connected to the role of plaitelets in clot retraction
since actin has been found in high concentration in these
cellse.

Anoither platelet protein invelved in clot Diochewmistry is
thrombin which is thousht to interact with actin (Carlsson,
2t al 1879 ). In their studies it was shown that throsbin
led to rapid stimaelation of actin polymerization which cor-
responded temporally to the formation of pseudopods in pla-—
teletss, Howevery, it was noted thet the changes in actin or-
ganization may also have been reflecting interaction with
other components in this complex system.

Another protein which has been found to assoclate with
actin is a polypeptide weighing between 52000 and 58000 dal-
tTonse This protein is left along with actin and a high mo-
lecular welight protein {25000 daltons) when tissue cultured
cells are incubated with Triton~-%-100. This detergent re—-
moves the outer membranes Leaving the cytoskeleton exposede
Althoumgh the protein remaining appears to be associated with
actin, the nature of the interaction has not been describede
It has been suggested that the 52000~538000 dalton pretein
may bz similar to the 180 A intermediate filament protein

{Cooke 18763 Lazarides and Lindberg 18752 Starger and Gold-
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man 1977 ). A protein of 52000-58000 daltons, called deswing
has bheen idenfified in a numbker of c=zll types particularily
in muscle (izant and Lazarides 1877; Lazarides and Lindbersg
1976 ). In Lipulus spsrm, a protein of similar molecular
weizht, called sScruing has been identified +together uith
a~actinin (Rosier, et al 1877; Tilanesey 1875} It is not
known whether scruin and deswmin are related gr how any of
these proteins of this molecular welght zroup are related to
either the intszrmediate filament protein alsec with a2 molecu-—-
lar weight of 535000 dalteons and/or the S52000~58000 dalton
protein of the triton-X—-1800 cyvtoskeletons

Tubulin (55000 daltons) 1s thought to be guite different
from the previous proteins of similar molecular weighte
However, it does appear o share the ability +to interact
with actine In a2 recent papere, Oriffith, bet al {1878)
showed That the mixtures of microtubules, microtubule asso-~
ciated proteins {(MAPs ), and actin have much higher viscosi-
ties than the sum of the individual components sugsesting
increased polymerization of actin and/or tubulin was occcur-—
ring compared To the control with either actin or tubuline
Furthermore, the MAPs caused an increase in actin golymeri-
zations If MAPs were absent from mizxtures of actin and tu-
buliny the viscosities were close fto the sum of the individ—
ual componenis. I¢t was then suggested that there was an
interaction betwsen tubulin and actin which reguired the

presence of the MAPs in the absence of ATP. Electron mi-
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croscopy supported this contention since numsrous close as-

sociations could be observed petween the two protzinse

2.3 ENZYMES ¥HICH BIND F-ACIIN

Not all proteins associated with F-actin are siruciural
proteinsy and in fact, some of the structural proteins %nown
to interact with actin, may ke fiound to have their own en~
zyme activities in the futureo.

There is growing evidence to suggest that actin serves as
a cytoplasmic compartment upon which many enzymes reside un-—
der various conditionse The idea of enzymes associated with
a particular metabolic function residing together in a spe-
cific compartment is not newe The s2nzymes of the Krebs oy~
cle were found to be located in the mitochondria, the en=-
zymes of glycogen meiabolism were found complexed +to
glyzogen particles (Meyer, et ai 1870), while the enzymes
mediating the pentose~phosphate shunt have been found %o be
microsomal {Srere and Moshback 1874), For the puvrpose of
this review, only the glycolytic enzymes thought to be asso-
clated with the newly proposed compariment IF-actin? will be

cons idered.

20301 Aldolase
Some 0f the sariiest work done in this area was performed
by Arncold and Peitte {1968) when they investigated the bind=-

P

ing of purz rabblt muscle aldolase to F~actins myosine acio-
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myos ing and the stroma protein of rabbit skeletal musclee.

F-actin exhibited the greaitest affinity and binding capacity

for aldolases Since aldolase has been documented fto the
greatest extent and studied in depth it will serve as a

tvpical example oFf glycolytic enzymes which pind actine

2630101 Binding Characteristics

Arnold and Pette (1978} and Arnold, et al (1871} pave
demonstrated that by varying the pHy; ionic gtrength, and the
prasenc? or absence 0f various substrates, t he ability of
aldolase to bind F~actin is changed and the kinetic parame—
ters of f£ree and bound aldolase are differents Not cnly was
aldolse shown to blnd F-actin, buty by using histochemical
techniguesy it was localized in the I-pands of skeletal mus-
cle where actin is localized in wive (Pette and Brandair
1862; Sigel and Pette 156835 Arncold, et al 1969 ), These his-—
tochemical findings suggested that tThe observed Dpindins of
aldolase to F—actin may not be an sxperimental artifact but
may occur in ¥ivoe Despite this evidence +that aldolase
does bind F-actin, it was noticed that binding only sccurred
at low ionic strength {<20m¥ EC1) and low pH { 6.0~5.5) Loth
of which are non-physiologicale If the ionic strength or pH
was increased above these values, thers was a marked desorp-—
tion of the enzyme Ffrom F-actin {Clarke and Masters 1872).
Howsver in a later report, Clarke and Masters (1573} sug-

pested that the failurse of aldolase present in sayozen {(a
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preparation containing socluble proiteins including all +the
glycolytic enzymwes) to bind F-actin may have been due to the
low protein concenitrations used during thz adsorption stud-—
iese

Aldolase couild be induced te bind Feactin-Te~Tn at low
protein concentrations and physiological ionic strength and
pH only if myosin was present {(Llarke and Masters 197470, 1%
was later conclusively demonsirated that aldolase would bind
PFe-actin or F~actin-Tm~Tn without myosin under physioclogical
jonic strength and pH provided the nyogen concentration was
high {ebout 500 mg/ml) {Clarke and Masters 1875). Although
this protein concentration seems high, it should be noied
that 50.0 mg/ml is lower than the proposed protein concen—
tration of the I-band in skeletal muscle. Here it has Leen
aestimated that the myogen concentration within the interfi-
lamentory sarcoplasm may exceed 200.0 mg/al {(Czok and Bucher
18603 Pette and Brandon 1862),

Iin a later study, the adsorption of aldolase to Feactin-—
Tm-Tn was examined in greaier detail using electron micros-
copy {Mortonmys et al 1877). It was obssrved that, in the ab-
s2nse of troponing small aggregates of aldolase and Fe-actin
were fTormeds A lattice formation emerged in the prezsence of
fully reconstituted filamentse: and evidence was presented to
suggest that the lattice was formed by an interaction be-

tween troponin and aldolase. This was supported by thse ob-

servation that the lattice formation could ocecur with a gin-
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imum Tn subuniit structure of In=-T3:Tn—1I indicatingz that TIn-C
and tropomyosin were noi reguired for the aldolase binding.
Further support for the idea that aldolase was Dbinding Tn
was provided by the latitice spacing of 38.7 n¥ which is con-
sistent with X-ray diffraction studiss of muscle fibers la-
nDeled with anti-Tn~C antibodiss wherse the Tn ropeats were
found tTo b2 separated py 38B.5 niH.

Yalschy et al {1880) have recently investigated the bind-
ing of aldolase to actin containing filamenits by wmoving-
boundary slectrophoresise It was found thet there was a
salt~dependent association between Tm alone; Tn alone, and a
complex of Twm—Tan with aldolase. The enzyme had tThe greatest
affinity for the Tm-Tn complexe Furthermore, the stoichiom—
2try of the binding of aldolase to actin was markedly influ-
egnced by the pragsence of Im and Ine With F-—acting onilys
there was one tetrameric aldolase molecule per 14 monomeric
actin molecules, howeaver, if F—actin-Tm was the adsorbent,
the stoichiometry was 2314. This stoichiometry was further
increased to 4:14 if F-actin-Tm-Tn was present and the bind-
ing constant for aldolase sssociestion was decreased Ly an
prdeyr of magnitude. I 0.1m¥ CaClpy was included,; the stoi-
chiometry decreased to 3314 with F-actin~-Tem~Tno

The characteristics of the binding stoichiometries was
further analyzed in an accompanying peper again using eleo-
tron microscopy studies {(Stewart, et al 18803}, Their data

demonstrated that paracrysials formed between aldolase and
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Feactin or Feactin-Twm contalined a single light transverse
band every 38 nm due %o the cross—~linking of the actin fila-
ments by aldolase. However iY actin was adsorbed to F-ac-—
tin=Tm-Tn, the paracrystals hed 2 transverse bands svery 38
%1 0 The maJjor band was considered te repressent aldolase
binding to troponin and the mincr band was thought to be al-
dolase cross—-linking the filamentise ¥hen the Cat? concen~
tration was lows, the intensity of the minor band was great-
25 te Based on these factsy, plus confirmed knowledge of the
stoichiometrics of actiniTmiTn and their structere relative
to =ach other, a model was proposed to explain their obsep-
vationse The 1:14 sivichiometry of aldolese to F—actin was
explained Dy the assumpticn that aldolase can only bind the
filaments where it can bind +two G-actin subunits simultane—
ousiye Since actin is a helix, it would be expected that
this would occur twice in the helix lengith {since it is dou-—
ble stranded) or every 38 nm, as was cobservedes This length
of 38 nm corresponds to 7 actin monomerss hovwever since each
aldolase binds two actin monomers, the stoichiometry would
pe 1:14 (aldolase to actin) instead of 137, The doubling of
the stoichiometey to 2314 in the presence ¢f F-actin-Tm was
explained by suggesting that aldolase contains a Tw binding
site. Since the pitch of the Tz helical path is the same as
that of acting it was sugsgested that same number of cross-—
links would form as for C—actin alones However, the two

helices are not in phase with the actin helices and it was
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suggested that the binding site for the two types of cross—
1link would occur at slightly verying axial posiiions along
the thin filamento. This remains to bs confirmed, The in-
crease in stcoichiometry of aldolase binding in the presence
of Tn and Ca¥t? o 3:14 was suggested to be due to a Tn-bind-
ing site on aldolases Yhen Cat? was abssnty, the incressed
stoichiometry (4314} was thought to be due to one aldclase
binding actin and siance there are twe Tn molecules per re-~
neat and aldolase binds Ton, a further addition of two more
aldolase was included. The fourth aldolase was reporited to
be due to the binding of this enzyme to Tme Iin the presence
of Cat?, Tm is thought 10 move deepeyr into the asctin mroove
and in this position it is thought to be ineffective in
pinding aldolasee. Only when Tn is present, can Cat?2 confer
such & change In the position of Tme It is thought that the
movement of Tm inhibits iis abiliiy to bind aldolase bkecause
0f stereochemical hinderance in the association betwesn Tm—
aldolase and actin induced by Ca¥2, This view has been re-—
cently supported by the finding by Walshs et al {188¢) who
showed that the binding of sldelase to Tn-Tm without actin

did not show Ca’t? sensitivitye

20632142 Physiological significance
Although i1 has been demonsirated that various components
of the actin filaments bind aldolase, the guestion remains

whetheyr or not there is any physioclogical significance to



45
such a phenonenas it has been propgsed that a possible
physiological Function in adsorption is that the binding of
enzymessy; such as aldolase, to particulate structures, such
as the thin filaments, may be establishing a2 means of regu-—
lating kinetic activiiye In facts Arnold and Pette {1870)
have demonstrated an alteration of aldolase kinetic parame-—
ters upon binding to F-actine Yalshy, et al {(1977) illus~
trated that aldolase binding to F-actin-Tm was relatively
similar to aldolase binding F-actine Howewvery, upocn binding
Fractin~Tm~Tny; major modifications in the kinetic parameters
of aldolase and an additional Ca¥*?-gsensitivity were detect-
a2ds The Em was increased by 82 times and 12 times when com—
pareds: to the soluble enzymes in the presence of F-actin and
Fractin-Tm while the Vi{max) was altered only slightly. How-
aver, in the presencs of F-actin=-Tm~Tn and D.2mM EGTA, the

Em for aldolase pinding was increased by 100 +times and the

V{max) by 4 timese If QoilmM CaCl, was incorporated instead
of EGTA, the Km was only increased by 20 times and the
Vimaz) by 2 timese It was suggested that the Cat2 may be

regulating the activity of this glycolytic or 2nergy gprodoc—
ing enzyme, as well as trigsering contractions If£ the in-—
hibition of aldolase was partially relecased by Ca*2 when al-
dolasse activity was needed most {as was seen by the
decreased Km in +the presence of Ca¥? as compared ta EGTIA),
some coordination betwesn energy producticn and conitraciion

may be taking places Further support for the regulation of
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energy production in tune with contraction by adsorbtion of
aldolase originated from the cocbservation that, at high con-—
centrations (230 um) o0f the enzymels subsitrate (as occurs
during coniractlion and rapid glycolysis)d, greater activity
»f the bound snzyme was noted than would be expected of the
soluble enzyme at a similar substrate concentratione

Apart from regulating the activity of the enzyme, Clarke
and Masters (1972,18732a) suzzested that preferential adssrp-
tion of different isorymes of aldolase may differentiate be-
tweesn the functional roles of these proteinses In particu-
lar, aldolase A4 bound most firmly to a particulate Zraction
in brain followed by A3C, 42C2, AC3, C4. Previous to the
discovery of a differential binding of the isczymesS,; no sap-—
arate role could be attributed +to the five proteins despite
extensive analsysis of their catalytic activitiesos Knull,
et al {1873) hnas shown that ancther glycolyiic enzymes hex-—-
okinasse, iz partitioned between soluble and particulate
fractions in this tissues

Dadmans et al {1973} also suzggested that the binding of
aldolase by actin increases iis susceptibility to protsolyt-
ic attacke This became of mhysioclogical significance when
it was noted that its subsirate increased its binding to F~
actin=-Tm=Tn (Clarke and Masters 1875). During work, the
substrate fructose l.%~dirhosphate increasss due to glycaly-
sisy which may lead to increased binding of aldolase to ac-

tin thereby rendering it smorz susceptible to proteoclyitic at~
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tackoe Based on this suggesition, it was predicted that in
muscles with constant glycolytic activity {2ege sioyw twitch
pxidative f£ibers of heart and soleusls the degradaticn of
aldolase would be enhanced dus to its increased binding tgo
actin in the presence of increased concentrations of glyco-
iytic intermediates, such as FDP, when compared to muscles
which had occassional spurts of glycolytic activity such as
the fast twiitch glycolytic fikers of psocas muscles Iin fact,
Goldberg (1967) and Dolken and Pette {(1874) have suggested
that the protein degradation raies are Ffaster in the slow
twitch fibers than in the fast twitch fiberse Although in-
creased degradation may be taking place ln vivaoy it is dif-
ficult to understand what relaticonship this increased degra-
dation rate has to providing energy for contraction uniless
there is also an increase in the rate of synthesis 0% the
BNZY RS

Further support for the idza that aldolase binding to ac—
tin is of physiologicael significancey has been extracted
from data obtained by electrically stimulating musclese.
Starlinger {( 1867) illustrated that aldolase adsorption in—
creased with s2lectrical stimulation of muscles and adsorp=-
tion decreased with time after stimulation of the intact an—~
imale The observation that alterations in the physioclogical
status of the animal induced changes in the aldolase binding
sugzested that the phemomena may be oF some significancee

Clarke, 8t al (1880) have recently shown that in pariticulate
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homogenates of elecirically stimulated Dbpovine psocas muscle,
there was an increased glycolytic asctivity as well as an in-
creased binding of aldolase to the particulate fractione
Calculations based on the extent of enzyme binding suggested
that significant amounts of aldolase wers associated with
actine it was therefore suggested that kinetic parameiers
based on enzymes in the soluble state may not be relevant to
the ip vivp situation, particularily during iancreased glyco-
lysis.

it should be noted thaet aldolase is not the only enzyme
which binds to actin during electrical stimulations. Glycer-
aldehyde-3~phosvhate dehydogenase was shown to exhibit in-
croased adsorption upeon 2lzsctrical stimulations There was
also significant binding of phesphofructokinase and pyruvate
kinase to the particulate fraction. In fact, although the
preseant review emphasized the characteristics of aldolase
adsorption to actin, many glyvcogenolytic and glycolytic en~-
zymes are found localized in thin filament regionss By us-—
inz histochemical technigues, Petie and Brandau (1882), Si-
sel and Pette (1969) and Arnold, =21 al (1969} showed that
phosphory lase, phosphoglucomutase; glucose—b6~phosphate isom~
erases glyveeraldehyde~3—chosphate dehydrogenasey aldolase
and lLactate deshydrogenase wers Llocated in the f-bands of
skeletal muscle where actin is locateds At this time 1t
would appear thet the zlycogenalytic snzymes do not associ-

ate with actin in witro and that only the glycolytic znzymes
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Bind directly to actin {Arnold, et al 1871). It woulid be
ideal if the localization of many of the enzymes asscociated
with energy production were &t a @ite in the sarcoplasm
where they could be most needed, io®o next to the coentrac-
tiles fibers themselves.
Although it has been established thet variocus glycolytic
enzymes do bind to F-actin, there has been no in depth sval-

untion of their affects on actin polymerizations

204 CA®2 REGUIATION OF ACTIN GEIATION

Altnough the intracellular microfilament system has been
implicated in many biological processes, the mechanisms in-
volved in controlling the organization of this cyvtosksleton
are poorly undsrstood. However, since Cat? was found to af-
foect the ability of actin te activate myosin ATPase activity
and therefore contracition in muscle, it was guestioned
whether Ca%? was also repulating +the various funciions of
actin in non—muscle cellis. As illustrated previocously, F-ac—
tin bhas been shown to cross—link 1n the presence of certailn
proteins during gelatione The so formed zel has been shown
to contract and researchers have considered this "pon—-muscle
contractiony to be a reflection of contraction in muscle
only on a microscales The gelation process has been ob~
served in extacts of many non-muscle cells such a8 rabbit
pulmonary macrophages (Hartwig and Stiossel, 19763 Stossel

and Hariwigy 185783, Heln cells (¥eibhing 13763 Veibing 18773,
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human leucocyies from patients with chronic myelogenous ileu-
kemia {(Boyer and Stosssl 18796}, platlets { Lucas, et atl

19763, Acanthancebs {Pollard 1876a3 Pollard 1876}y, Amgsba

oroteus (Taylor, et al 1876), and Dicivostelium discoideun
{Condeelis and Taylor, 18773 Tayliory, 2%t al 1877 ). Howsve
the involvement of Ca¥?2 in the process of gelation was first
implied when XKane {(1975,1876) noticed that actin filaments
formed gels when extracts of sea urchinsg were warmed in the
presence of EGTA as well as ATP and KCl.

Mimura and Aano (1878) have demonstrated that Ca%?2 could
reversibly iaohibit gelaticn %ith micromolay concentraticonss.
They also made the interesting observation that this type of
regulation may be invelved in virus induced cell fusions To
support this contentiony they recalled the date reported by
Okanda and Murayvama {18656} which shewed that extracelliular
Cat?2 was reguired for maximum fusion of Ehrlich tumer cells
induced by Sendail viruse Mimura furither investigated Cat?
pegulation of these cells and found that the “intracsilular®
Ccat2 concentration secemed to be higher in cells resulting
from virus induced fusion than in normal cells and that less
Cat? was reguired to inhibit gelation of extracts from fused
celliss These results seemed fto imply that, in wvirally
treated cells, +the increased intracellular Cat™® concentra-—
+ion and the decreased amount of Ca¥?2 reguired to inhibit
gelation, ensured that actin would not gele. It was then
suggested that Cat? may be conirolling the intraceilular or-

ganization »f microfilaments during the fusion process.
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The guestion of how the gelation process was regulated by
free Cat? was considered in mare detail (Ishiuray et al
1979 ). It was found, using Ehriich Ascites tumor cells,
that 0.,06u¥ Ca*2 caused a 50% inbibition of zelations and
complets inhibition was achieved at (.5 uM Cat2, Further-
morey it was shown that the inhibition could be reversed us-
ing excess EGTA. When gels formed with EGTA were overlald
with Callz,y, 30% of the gel liguified (a2 process called sola-
tion) at about J.6uM Cat¥l, The fact that concentrations of
Cat? petween 1078 and 10~%Y4 contirolled gelation, is physio=
logically significant since the concentration of Cat? in The
cytosol of animal cells is in +the range of 10-8M 4o 105
{Xretsinger 1976)s Ca¥? had been implicated as beigg impor-—
tant in cell movement when Ridgway, et al {1876) illustrated
that cyclic changes in icnized intracellular Ca¥2 gecurred
in synchrony with streaming of Physsrum polveephalunmy & zhe-—
nomena which depends on the aggregation siate of actine Go-
shina, et al {(1878) nad also found a similagy phenomena in a
mammalian sSystesm where it was shown that micromolar levels
of free Ca¥? controlled cell shape and rhythmical beating of
cultured mouse cardiac cells, events also thought to depend
on actin?s involvement in conitraction. These repcris sug-—
gested that fluctuating Ca¥? levels were regulating the ac-—
tivitsy of aciin by conitrolling it state of gelatione
Whether Ca¥? was directly controlling the aggregation state

of sctin or whether other components in the zgel were sSepnsi-



tive to Ca¥2, was first considered by Ishiura,; et al (19793},
Cobbold { 1980 ) has recently shown by using calibrated acguo=-
rin measurements that changes in the pattern of sitreawming
arse noit accompanied by changes in the aeguorin signal for

the amoebae Lheos carclinense. Although the cyitoplasmic free

Cat? was at a constant levely, Ca¥*2 could still be influenc-
ing wovement. The mechanism for +this influence could be
that the sensitivity of the cytoplasm towards Ca%2 could
change via an alteration of the sensitivity of the contrac~

tile proteins to the caticne

20401 Actinogelin

Mimura and Asano (18793, who had discovered +the inhib-
ition of gmelactin by micromolar concentrations of Cat2, lat-
er found a Ca¥?2 gensitive protein factor in Erhlich Asites
tumor cells (ETC ) The gprotein isolated was found %o have a
molecular weizht of about 113000 daltons as Judged by S8DS-
polyacrylamide gel electrophoresis and was named actinogelin
to distinguish 1t from other actin binding proteinse The
content of actinogelin in crude exiracts was estimated to be
greater than O.3%. This factar produced gels an mixing with
rabbit skeletal muscle actin provided 1m¥ EGTA was oresent,
and further characterization of the gel formed in the preg-—
#nce of actinogelin revealed that a molar ratio of approxi-—
mately 12100 actinocgelin (caleulated as & dimer) to actin,

could produce detectanle zelations The molecular ratioc of
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actin to actinogelin at maximun binding was extimated to be
10212, In terms of Cat? regulation, less actinogelin can be
found bound to F-actin in the presence of Cat?2 as compared
with controls in EGTA. A%t the molecular level, it is not
unown whether Ca¥2 may be chapnging the gueaiernary struciture
pf this Cat? gensitive protein in order to decrease gela-
tione

It is interesting te note that ETC?s also contain ancther
protein which cross—1links actin filaments called filasmine
Unlike actinogelin, filamin induces gelation in a Cat? in-
sensitive mannery and tharefore it seesms as though two dif-
fzrent gelation systems exist in ETC. Such bimodal regula-
tion of gelation may exist in otheyr cells where both of
these proteins are thought to existy, such as in extracts of:
1lsucocytes {Stossel and Ecyer 1976)y Hela cells {(%eibhing

1977 3}y and in asmphibian cells {Clark and Merrian 1878).

2.4.2 Gelsolin

About the same time that Mimura, et al {1878) released
thelir paper on actinogeling Lin, 2t al {1979} independently
reported the discovery of ancither Cat? dependant regulatory
protein from rabbit macrorhages which they termed gelsolin.
Previous to theilr discoverys it had bpeen reporited that the
activities in macrophages and many eucaryotic cells, nanely
locomotion, secretion and endocytosis, are thought 1o take

place in the peripheral cyioplasme it has been obsegved
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that this areasy which contains many actin filazments, appears
to fluctuate between conditions of zelation and solation
during the various activitiess Cnce agains cell extiracts
were used to study the phenomena of gelation/solation fTrans—
Fformations In these extracts, actin filaments were noted to
be arranged in tanglsd arrays and these cross—~linked arrays
were sensitive to Ca¥?, ABP is vesponsible for the cross-
linking, nowever it was found to be insensitive to Cat? in
terms of its ability to induce gelatione Further investiga-
tion led Lin, 2t al to discover that gelsolin was responsi-
ble for the Ca¥? sensitivity in the gelled exiractse. The
molecular weight of gelsolin was estimated to be about
1600060 daltouns based on the zlutiocn patiterns of globular
proteins with known moleculay weights from gel Filtration
columnse E5DS~polyacrylamide gel elecirophoresis suggested a
molecular weight of 81800 dalitons and therefore the authors
suggested that the protein exists as a dimer In 1ts na tive
forme. Unlike actiozmelin, gelsoclin alone will not iaduce ac—
tin zelations Howevery actin gelation by macrophage ABP be~
came sensitive to Cat? when gel=olin was includeds The in—
hipiting effect of gelselin on gelation in the presence of
Cat?2 gould e largely reversed by EGTA. Furthermorey the
concentrations of free Cat? used to inhibit gelation of ac-—
+in are similar to those regulred to inhibit gelation of cy-
toplasmic extracts of macrophages and thersfore are likely

within the limits observed for 1living cellse.
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Studies were also perfcormed to determine the site of ac—
tion of gelsolin and it was suggested that gelscolin exerted
ite effect by binding to actin in the presence of Ca?? since
a large amount of gelsolin was found in pellets of F~actin
cross—linked with filamine Furthermore, the possibility
that gelsolin was interacting with filamin was eliminated,
Lines =2t al proposed that selsclin divided actin filaments
between cross—-linking points lezading to an increase in the
aumber of filaments resulting in & disruption of the cross-—
lTinked networke This mechanism for disrupition was based on
an established theory for polymer gels which predicted that

small deviations in the cross—-1ink to polymer ratis near a

certain point can abruptly alter Ygel-sol? transformations
{Flory, 1541 ). Actin—-ABP networks beshave in a manner which
agrees with this theory {Brotschi, et al 1978). According

to tha model, if gelsolin divided the actin in filaments
while the number of cross—~links remained the same, the net
increase in the number of Ffilaments occurring when gelsclin
pound Ca?t? would decrease the cross-linkipolymer ratio lead-
ing to a dissclution of the mel. Furthermo rey the szall
amount of gelsolin reguired to inhibit gelation of actin is
consistent with the idea that gelsolin can dissoclve actin
gels by meking a few lasicons in the actin filamentse. It was
concludad that gelsgolin is a physiological caelcium dspendent
regulator of macrophage cyitoskeletal structure {(Lin, et al

197923,
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Stendahl and Stossel { 1580) have recently implicated gel-
solin not only in cytoplasmic structure, but also in cell
movement in & non-muscle systemse Actin in some non-muscle
c2ll cortices exists as a three dimensional isotropic mesh-—
work (¥essels, et al 1871) and myosin distributed throughit-
out this neiwork, in vitro, can generate a conitraction {(su-
perpreciptation) in the presence of MgCl, and ATP. ihe only
orientation of force genevated in a such a system is cen—
tripetal, or towards the centre of the networks However, it
was proposed that directionality in wmovement could be ob-
tained if there were differences in the efficiency of con—
traction of the lattice structure relative to different
arease Yesselsy et al {1871) described the formaticn of an
actin meshwork formed in the presence of ABP and dewmon—
strated that this meshwork enhances the efficiency of con-—
traction when nyosin is also presents Furthermore, it was
shown that Ca¥2-activated gelsolin rewversed this enhancement
and these changes lead to directional movemente For exam=-—
ples ABP resduced by four times the concentration of mysoin
reguired for half-mazimal contractione In the presence of
Cat? and gelsolin, the enhanced effect on conitraction was
abolished. However, if Ca¥2 and gelsolin were added to only
one side of the gely the remainder of the gel moved away
from this side and the fTime necessary for the gels to con-—
tract was halvedo. The model proposed that the mechanism of

movement was based on ABP serving to cross-~link actin fila-
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ments and thereby adding them to the conitracting mass. By
recruiting the filaments in ithis mannsr, amplification of
the myosin ATPase activity was achieved, issoe less mycsin
per actin filements would be regulred if the actin filaments
are connected to zach others Y¥hen the netwvork was disrugted
slsewhere by gelsolin and CaCly, the opposing forces in the
opposite direction led to movement in a direction away from
the solating gel, iseo the regions which were more highly
cross—Linked had a greater efficency of contraction relative
to solating areas, and therefore, tended tTo move away from
areas of fewer cross bridgese. Cnly that part of the cell
attached to these arsas would move accordinglye.

This was one of two recent proposals set forth to exglain
how actin aad rnyosin could interact in & non-muscle system
to zZenerate Lorcae Howewery this mechanism has not been es-—
tablished, and it is generally believed that the processes
underlying the regulation of coniraction in non-muscle sys-
tems to bring about the varied response of living organisms
is likely to be complexs. It is also bpelieved howevery; that
fluctuations in the concentration of intracellular Ca¥t?2 are
the bpasic regulators of contractile activity in non—-nmuscle
systems as they are in nuscle sysiems.

Calmoldulin wvie a concerited interaction with calciumy, is
involved in a second more widely confirmed mechanism for
controlling non-muscle contractile activitye The regulation

of conitractile activity by CM has already besn demonsitrated
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in smooth muscle {Chacko, et al 1977 Small and Sgbleszek
18773 Gorecko, et al 19746, and similar mechanisms for non=-
muscle movementi have been proposed in tissues such as pla-
telets {Adelstein and Conti, 1878), and baby hamster kidney
cells (Yernay, et al 187%9). In these systems; the mechaniswms
of activation of contraction is via a CH and Ca%t2 activated
myosin light chain kinaseo. This enzyme was found <to ghos-—
phorylate the 20000 dalion light chains of myosin and this
activity was enhanced in the presence of LM and Cat2, $ith
an snhanced phosphoryiaticn, actin was able tTo increase the
activation of mwvosin MgT2-ATPase by at least 53-8 timsse

Although a regulation resulting from the interacticn of
CM with actin rather than myocsin was sought in the present
projecty it should be noted that CM is by no means restrict-
2d to the regulation of myoesin light chain kKinases Iin fact.
CM has been implicated in many different cellular activities
which previously were discovered <o be regulated by Cat?
{Vang and VWaisman, 1978 Iin relation to the present the-
Sis, it is interesting to nots that Cat? has been found to
regulate the intersction of actin with other actin binding
proteins, and the qguestion remains as to whether CM may also

be regulating these phenosenas
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2.5 CA%¥2 REGULATION OF CELLULAE ACTIVITIES

L.

22501 Celmodulin

The various cellular acitivities which have alresady been
found to be regulated by calmodulin include cyeclic mucleo-
tide and Cat? metabolism, muscle contraction; secretory pro-
cesses, microtubule assembly, mitotic movemenits, and glyco-
gen metabolisms Iin fact, the name caimodulin was coined by
Cheung (1878 ) +to indicete its ability te modulate the of-

fects of Cat2 in these diverse cellular processes. Further—

morey calmodulin was shown %o bind Cat?2 by Teo and %ang
{18733
225101 Ca*?2 Binding and Conformation

The interaciion beitween Cat? and CH has been character—
ized in several laboratoriss, particularily the Binding of
Cat2 py C¥ and the conformational changes induced in C¥ by
calciume There appears to be some controversy over the sum-
ber of binding sites for Cat? and the dissociation con-
stantse it has been suggesed that this may be due to varia-
tions in the concentrations of Mzt? in the buffers used,
changes in ionic stregth of buffers, trace contamination of
Ca*? in CM samples, different means of determining Cat? or
protein contrationy or denaturaition of C¥ during binding
studies {YWang and Waisman 13783, Despite the discrepencies
reported, there are some generaiizations which can te made

about the Cat2 pinding characteristicss it has been shown
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that CM binds a maximum of four moles of Cat2 per mole of
protein and the dissociation constants at high diocnic
gtrength (>40m¥) =are in the wmicromolar rangeoe Hillimolasg
Met?2 concentrations have no effect on the Ca't? pinding, how-
ever at low ionic sitrengith, Cat?2 and Mg¥?2 may compete for
binding sitess Different classes of binding sites have been
documented, but ne positive cooperatiwity has been shown for
Ca¥? pindinge

it has been generally agreed that Cat? causes a conforma-
tional change in CH by increasing its helical contente From
a general voint of velw,; Ca*? is thought to transform CH
from a less ordered entity to one that is more ordered, sym-—
metrical, compact and stable (VWang and %aisman, 1978).

HYolff, et al {1877) has shown that the microenvivronment
of aromatic residues upon the binding of Ca*? by CM had UV
absorption peaks at 288, 262, 268 and 280 nme. These results
sugegested that the trycsine and phenylalanine microcenviron-—
ments were affected by Ca¥?., Xlee (1877) made the same con-
clusion based on the difference UV—-absorption spectrum of
the protein, howevery Liu and Cheung {(1876) maintained that
Ca¥2 nad no effact on the UV absorption specirums.  Less con-—
troversial were the chemical wmodification studies and spec—
iroscopic titrations used to examine the microzsnvironment of
tyrosine residuss 89 and 138 of bovine brain calsolulin
{Richmond and Klee, 1878 Their general conclusion was

that tyrosine 138 is in an unusual snvivonment based on its
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varying dependence for Ca*? in order 1o be modified and the
unusually high pK values of nitrotyrosine 138. Furthermore,
the pkK value of ni4rotyrosine 138 could be altered depending
on whether or not Cat?2 vas presant ageiln suggesting that
this amino acid was in an unusual environments

Yalsh and Stevens {1877) further situdied the Cat? pinding
environment using chemical modification and indicated that,
in the presence of Ccat?, the rates of carpethoxylation of
the sole histidine, and nitrification of the trvosine wmers
increaseds Converselyy in the presesnce of Cat2, it was
shown that the rates of inactivation of calmodulin by group
gpecific reagents was decreasede. Alsoy by conmparing cyano-—
gen bromide peptide waps of these modified proteins, it was
shown that different methionines were modified in the prags-—
ence and absence of CatZ, The methionines near the centre
of CM were modified only in the presence of Cat? sugpgesting
that it is this area of the smolecule which iIs important in
the binding of Cat2 (Walsh, et al 1878).

1% has been propossd by Klee (18377) that CH¥ has two high
and two low affinity binding sites for Cat?2, Utilizinz both
gv difference specitroaoscoepy and the UY circular dichrocism
spectrum, it was shown that the binding of two Cat2%z py CM
brought about more that BO% ¢f CM's conformational change.
Given that CM does bind Ca¥? and that this binding induces a
conformational change in the molecule, the guestion remxains
how this Ca*?2 pindinaz protein activates the many proteins to

which i1t is associateds
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25012 Mechanism of Enzyme Activation
Wanzs 2t al {(18975) have proposad a general mechanism for
the activation of enzymes by Cat? and CM based on the exper—
imental results obtained from several laboratoriese. The
first step is thought +to be the binding of Ca¥2 o CH with
the subseguent conversion of CM from its inactive to active
conformatione The activated CH is then thought to associeate
with the enzyme thereby converiting it from an imactive to an

active protein as illusitrated in the following schewme:

Cat?2 + QM Le—==> L£a¥2-C¥ K-> CatZ-Ccux% {1
{inasctive) {inactive) {active)

Cat2acyk + £ KLemw==> Catl=CyYé=~F <Le=n=> Cat2~-CM~E% {2
{inacitive) {active)

205613 PDE

The first aspect of reaction (1) involves the binding of
Ca¥t2 to CHe Teo and Yang {(1873) were the first to ililus-
trate this using gel filtrations It was shown that %5Ca®2
eluted from the gel column at a position which corresponded
t0o the CM activity peak, thereby indicating that Ca'? bound
to CHoe Furthermore, to confirm this observation,; ¥Wang, et
al {1975) showed tThat CM dependent phosSphodiesterase {PDE)
was incapable of hish affinity binding of Ca¥? as was shown
for CM. This illustrated that it was the CM which was bind-—
ing Cat? and not the various CM~-regulated enzymes such as

shosphodiesterass. The second aspest of reaction {1) in-
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volves the conformational change of CM upon binding Cat? as
previously ocutlineds This has peen implicated by ulitraviol-
et absorpition, circular dichroism, spectroscopic titration
and reactivity of amino acid residuess Other technigues
such as resistancez to proiesolysis (Ho, et al 1975; Liu and
Cheunge 1876 ) flusrescence enmmission (Dedmany et al 1877
YWange et al 19755 Drabikowski, et al 1977), optical rotatory
dispersion (Liuv and Cheung, 1878), sedimentaetion constant
and Stokés radius { Xuo and Coffee 1576) have indicated simi-~-
lar findinzsse

The Tfact that Cat? is required for the binding of the
Cat2~CM complex to the enzynmels) as well as for activating
M has been shown by Teshima and Kukiuchi {19674, and Lin,
et al (1875)- The enzyme used in their studies was the CM-
dependent PDE. it was shown that in the presence of EGTA,
CcM and PDE eluted at different positions from a sephadex
G-200 column whereas in the presence of Ca¥?2, the two prote-—
ins were eluted togethere. These results suggested that cat2
was regulired for the asscciation of CH with PDE. Although
the dependence on Cat?2 for the association of CM and PDE was
estaplished, the stolichimetry of the interaction has not
been determinede

indirect evidence has suggested that the binding of CM—
cat2 40 PDE results in a conformational change to PDE as il-
lustrated in seguence {(2). This is based on thermal studies

where it has been shown that, at 5°C; the stebility of PDE
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was decreased in the presence of CM and Cat2 (Ho, et al
19773 VWolff and Brostrom, 18765 VWang, et al 19753 Liu and
Cheungse 418756 Je Also of importance is the fact that certain
phospholipids have been feound to activate PDE (Hidaka, et al
{9783 Wolff and Brostrom, 1876; Pichard and Cheunge 18773
Again in the presence of phespholipid activatorsy, a decrease
in the thermal stability of the enzyme was notade However
Ho, et al {1877 ) maintains that the thermal stability is in-
creased in the presence of the activators CM and ca¥?, in
any cases; some change in the conformation may be inferred by
the Haltered? heat resistances

The characteristics of PBE activation by Cat?2 and CHM have
peen studied in great detail. It has beesn FTound that at
saturating levels of Ca%t2, 10 ng/ml of pure CH leads %o a
50N% activation of PDE (Teo and Yang; 1973) On the other
nands the concentration of Cat2 peguired for activation de-
pends on the level of CM in the asSsaye %hen CM is saturat—
inze, 23 uM Ca'? leads to a 50% ectivation of the enzyme.
VYalues varying between 1 to 8 ud have been obtainsd from
other investizaiorse Since the Ca®? concentrations in the
cytosol varies between 1077 and 10—5 {Berridze 1978)s, the
Cat?2 pregulirements for CH are physiological suggesting that
this mechanism operates inp ¥i¥os Other metals such as Srt?2,
unt2, Bat2, and Co¥? can replace cat? in activating the en-
ZYme e but they are an crder of magnitude less efficient

(Kakiuchi, 2t al 187335 Liny, =t al 1874)»
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in the presence of EGTA, +he activation of PDE hy CM can
pe reversed (Lin, et al 19743 Brostrom and Wolff 1876).
Other inhibitors of PDE  include pharmacological antiphys-
chotic drugs (Weiss, et al 1874). 1t was found that more
that 10 antipsychotic drugs inhbibited the CM activated PDE
activity and that the potencies of their inhibitory activity
paralleled their efiectiveness as antipsvchotic agents {(Lev~-
in and Yeiss, 1876, 19773 WYWeiss and Leving 1978 ). it is
thought that the inhibition is based on a Ca't? dependent,
BGTA reversible associaticn of CM with the drug which pre-—
vents CM from actlivating PDE.

PDE was the Tirst enzyms discovered to be regulated by
Cat2 bound to CMe in fact, may forms of PDE exist in mamma-
1ian tissuves, but the enzyme considered in the preceding
paragraphs was ths CM dependent enzymne which catalyzes the
hydrolysis of both cAMP and cGMP. The Vimax) for cAMP hy-
drolysis is severalfold higher that that for cGMPy however;
4+he affinity of PDE for cGMP i#s greather than for cAMP. it
should be noted that C¥—independent forms of PDE exist and
the enzyms has often been classified based on ithis depen-—
dences I+ has alsoc been classified based on 1its varying af-
Ffinities for CAMP and cGMF and its distripution within the

cell, le.ee. cytosolic or membrane bound.

Z2eSoled Adenlyate Cyclass
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Since the discovery of Cl-dependent PDE, many other en-
zymes have been discovered which are regulated through the
modulatory activity of CH in the presence or absence of
Cat2, Adenylate cyclase is one such enzyme. Bradhams, et al
(1969) originally demonsirated the dependence on Ca¥2 for
its activity and BECGTA for its inactivityo. Brostroms et al
{1875} and Cheungy a2t al (18758) later illustrated that the
Ca¥t2 geotivation of the enzyme was mediated by CM. Further
study has indicated that the mechanism of enzyme activation
iz similar to that reporited for PDE {Lynchy et al 1876 ).
The mechanism ofF CM activation of adenvlate cyclase haes also
been sugzested to be biphasics Evidence for this proposal
has been based on the observations of Brostromy et al {1877)
that adenyviate cyclase, from particulate fractions of rat
cerebral cortex, displays a biphasic dependence on both Ca¥?
and MgtZ, For boith of these cations, low concentrations ac—
tivate the enzyme and high concentrations inhibit it. 1t was
suggested that the pinding of Ca¥t2 t¢ the high and low af-—-
finity sites of CM, iled to the enzyme’s activation and in—-
nibitione The inhibition from HMg¥?2 was suggested to be
based on its binding to CM?'s hish affinity Ca¥? ©bpinding
sitese. Furither evidence for the suggestion that CH and Cat?
lead to the acitivation as well as the 1dnhibition of adeny-
late cyclase by Cat?, was based on the observations that at
low concentrations of Ca¥2 and CM, the enzyme is activated,

but at low Cat? concentrations and high CM concentrations,
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the enzyme is inhibited. ¥hen high Cat2 concentrations were
usedy only inhibitory activity of CM was sxpressed towards

adenylate cyclase {Brostroms 2%t al 1877 3%

2250165 Myosin Light Chain Kinase

Myosin light chain kinase is another enzyme whose activi-
tyv is regulated by CHe This enzyme is responsible for the
phosphorylation of the 200600 daltons light chains of myosin
in the presence of Cat2 (Pries, et al i874}). There is wmuch
evidence supporting the idea that the phosphorylation of
theses myosin light cheins controls the actomyvosin ATPase and
therefore the contractile apparatus in non-muscle cells and
in smooth muscles. Adelstein, et al {1877), Dabrowska, et al

{1977) and Yazewa and Yagil (1877) illusirated that two pro-

b

tein components were required for the activity of the enzyme

in smooth muscles The sgall‘ﬁnlecular weight component was
shown to be CM based on 1i1is ﬁ@lecular characteristics, its
ability to activate PDE and its ability to resconstitute ayo-
sin light chain kinase activity (Dabrowska, et al 18783
Yagis et al 1978). The fact that CM¥ stimulates both mysoin
phosphorylation and actomyosin ATFase activity implies that
it is a regulator of cat? funciion in smooith musclse contrac—
tion and in various non-muscle contractile activites. One
non-muscle contractile activity which is thought to depend

on the CY activation of myosin light chain kinase is neuro-—

transmitter releases In braing CM - Cat? complex bhas bsen
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shown to activate a myosin light chain kinase and at the
same time, regulate neurotransmitter release ( Babitchy et al
1379 ). However, exactly how these two events are coupled in

vivo has not been conclusively demonstrated.

2:5:1086 Phosphory Llase Kinase

Calmodulin has also been shown tfto activate two enzymes
which are asscociated with glycogen metabolisme. The firsit
enzyms 10 be considered is phosphorylase kinase which is an
enzyme forming part of the cascade leading to glycogen
breakdowne Although the conversion o©f phosphorylase kinase
+o an active enzyume is dependent on the cAMP dependent pro-
tein kinase, and therefore is subject to control mechanisms
affecting the level of cAMP, only Cat? regulation of the en-
zyme will be considered heres

Pecent data has sugpested that in 0218 NaCl, pvhesphory—
ilase kinase binds 8 moles of Cat?2 per mole of the enzyme
with a dissociation constant of 55 x 107 7M. iwo classes of
bindinzg sltes, high and low affinity sites, have been de-—
scribed for the enzyme ln the presence of 20mM Mg¥2. Under
this condition, 8 moles of Cat? bound per mole of enzyme to
high affinity sites, with a dissociation constant of 2x107%,
and four moles of Cat? per mole of enzyme bound to the low
affinity sites with a dissociation constant of 3J.5x1073u

{Kilimann and Heilmeyar 1877).
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Driginally, phosphorylase kinase was proposed to have a
subunit structure of af¥s with molescular welights 1450840,
128000, and 45000 daltons respectively. More recently, it
has been proposed that phosphorylase kinase contains a
fourth subunit (A) in near stoichiometry with the other su-
bunitse. In facts, this fourih subunit has been 1dentified as
calmodulin { Cohensy et al 1878} based on its awmino acid com-
poslitions Uy spectrasy elecirophoretic moebility, and its
ability to activate PDE and myosin lizht chain kinases
This tight association of €M with phosphorylase kinase
makes the activation of the enzyme unigue among CH activated
proteins. With other enzymes, CM forms a Cca*? dependent as-—
sociationy whersas with rhosphorylase kinase, the CH is per-
manently tightly bound to ite Although CM is tightly bound
to the enzyme additional activation of phosphorylase kinase
can be brought about by Yexogenous?™ CM in the presence of
Cat2 (VYaisman 1879}, The interaction between phosphoylase
kinase and exogenous CM was shown to be reversible since CH
bound sepharose 4By released the enzyme in the presence of

EGTA but retained it in the presence of Cat? (¥aiswman,

1978 ).

2817 Glycogen Synthase
Glycogen synthase is another enzyme rslated to glycogen
metabolism whose activity was shown to be affected by CMo

C¥ was Found to stimulate the rate of phosphorylatiocn of
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this enzyme, thereby inactivating it (Sitrivastas, et al
1879 ). Howevars the protein kinase responsible for the
phosphorylation has not been identified to dates It is in-

teresting to note that CM serves to activate glycogen preak-
down by increasing the activity of a glyvogenolytic snzyme
{ phosphoryliase kinase) as well as decreasing the activity of
a2 synthetic enzyme, glyccgen synthase. Iin this mannser, CH
serves to regulate glycosgen metabolism in a coordinated fa-

shione

2518 Membrane Phosphorlyation

Last ¥o be considered in masmalian sysitemsS, are the ef-
feets of CM on membrane phosphorylatione. iIn red blood
cells, the active transport of Ca?? from the cells is accom-
nlished by a membrane bound {Ca¥Z-Mg*Z)-ATPases An activa=-
tor of +the (Cat2-Mg*2)-ATPase was identified by Bend and
Clough {1973) and later was shown to be a small, acidicy
heat stable protein {Luthray, et al 1976). Other researchers
{Gopinpath and Vincenzi, 18773 Jarret and Penniston 1877)
nad describad the mimetic effect of CM on the activation of
the (Cat2-Mgt2 )}~ATPase when compared to the Pactivator®.
Later, Jarret and Pennistcen {1878) demonstrated that the ac-
tivator and CH were in fact identicals They alsco showved
that CM increased the mazimal Cat? activation and the afiin-
ity of the enzyme for CatZ, Miggli, et al (1878} have iso-

lated the ATPase using & ClH~sepharose ceolumn and the enzynme
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was found to have molecular weight 125000 daltonse its
phospghorylation depended cn the presencs of Cat?, Hindsy et
al {1978) also showed that CM stimulated Cat? transport im-
plying that CM also affects +the Cat? pump directlys The
mechanism for the increased pump activiiy may be related to
the increased phosphorylation of the pump ATPase noted by
Nigegli, et al (18978).

Another membrane preparation which has been shown tTo in-
crease Cat2 pump acilvity in the presence of CH is the car-—
diac microsomal fractionse Zatz and Remtulla (1878) denon-
strated that CM could sitimulate AIP-dependent Ca¥?2 transport
in microsomal preparations znriched with sarcoplasmic reti-
culume Howavery the manner in which CM leads to an in-
crecased stimulation of Cat?2 4transport is not knowne

in another system, naemely synaptosomes from brain, Ca¥?
dependent activation of a membrane bound protein kinase is
+thought to lead +to the phosphorylaticon of certaln proteins
{Schulman and CGresngard, 187Bal. The activiting protein was
shown 1o be calmodulin (Shulman and Greengard, 1878b3)- It
was noted that this phosphoryiation seemsed to have particu-~
lar importance to neurctransmitter release since a "protein
fraction® was discovered which resulated both the Ca?? de-
pendent neurotransmitter release and the Ca'Z-dependent gro-
tein phosphorylation {De Larenzo and Freedman, 1978 Je Lat-
ers; De Larenzo, et al {1878, itlustrated, using synaptic

vesicles, that the previously termsd VYprotein factor® re-
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sponsible for both Cat2-dependent neurotransmititer relecase
and protein phosphorylaticn was Cle. Their experiments dem—
onstrated that +the removal of the endogenous heat stable
protein from synaptic vesicles abolished Cat2ig effect on
neurotransmitter release and protein phosphoryiaticone it
the protein vesicle extract {or CM) wgs added back to the
systemy Cat2lsg effects were restored. Conditions which
stimulated the depolarization—dependent uptake of Ca*?2 and
neurotransmitier release of intact synapiosomes wersa also
found to stimulate the Ca¥2-CM dependent phosphorylaticn of
specific proteins in vesiclasoe Mahler and Sorensen {(1888)
have chown that in the presence of Ca¥2-CM, the protein ki-
nase dependent rhosphorylation of more then 12 synaptic mem-—
prane preteins can be obsarvede The apparent molecular
weights of these proteins are p42, »p48y 50, pBE8, ptd, pid0
{doublet), pliB, »i55, 180, pi85, »200, 2205 and p220.
These proteins have been grouped into different families
pased on their responses to ¢Cat? and/or CM. The genseral
conclusion has been that Cat2-CM¥ dependent phosphoylation of
these wvesicles proteins will occur in the intact nerve tepr~-
minal during neurotransmitier releaseo

I+ should be noted that +he CM dependent phosphorylation
of specific endogenous menmbrans proteins cannot e limited
to oraine. Membrane preparations from spleen, lung, skeletal
muscle, nhearte adrenal, and vas deferens also exbibit the

same dependence {Schulman and Greengard, 18783 Yang and
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YWaisman ( 1979) suggested that the varying arrays of rhosgho-
rvliated membrane proteins in different tissues enable CM to
modulate different Tfunctionss The <tissus distribution of
protein substrate of the C¥ dependent protein kinases deter—

mines CM's tissue specific regulatory activitye

ZeBoloel Other enzymes

These also have bean other enzymes whose activity have
peen found to be modulated by €M but will only be mentioned
priefly in this reviews Pilant NAD kipase is one such en-—
zymeo Andersen and Cormier (1878) noted the Ca'tZ dependence
6% the activator of pea seedlings and also described its
similarity to CH. This similavxity was based on its aclidityy
neat stability, Stokes radiis interactions with Tn-I, and
its ability to activate PDE and NAD kinases

Another important enzyme which has been found to be ac—
tivated by CM is phosphclipase AZ. This enzyme catalyzes
the deacylation of phosphoglycerides at the 2 positicn to
nroduce a lysophosphatide and a iIree fatty acld such as ara-~-
chidonic acid which is a precursor to prostaglandin synths-
siss In plateletss CM stimulates phospholipase A2 activity,
and it Cheung {1980 ) suggested that such stimulation may oc—
cur n other tissuress This enzyme reguires Cat? regardless
of the +tissue gsource suggesting that CM indeed; may be in-
volved in phospholipase A2 regulation. To compound the sit—

uations CcAMP has been found to affect the activity of this
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enzyme whose reaction products, such & prostaglandins, are
important mediators of cellular activitys  Cheuns (1880)
sugzested that LYy controlling the activity of cyclic nucieoc—
tides and prostazlandinsy, C¥ wmay be a molecular link between
these two groups of regulators.

Lastly, Nagao, 2%t al {(1979) and Suzukis et a2l {in prepa—
ration) have illustrated that CH activates guanyvliate cyclase
in the profozoan, Xgirahymens nyriformise Although it is
not known whether CM activates mammalian zuanylate cyclase,
it is known that Ca¥2 is required for the mammalian snzymes

activity {Goldberg and Maddox, 1897 ).

206501010 Structural Proteins

There alsoc have been indicators that CH is involved in
regulating the activities of two siructural proteins other
than myosin which are tukbulin and actine During earzlier
studies on microtubules, VWelsenberg { 1972) noticed that the
in viirpo micvotubule {(HT) assembly requirsd the presence of
GTP and EGTA (a Ca*? chelatorde. Because BEGTA was reguired
for polymerizatlion, it was suspecied that Cat? would inhibit
thisg process and this was iater confirmed. However the ex-
act concentration of Cat? reguired varied with the study
{Synder and McIntosh, 18786 Nishida and Sakai {1877) first
demonstrated the Cat2 sensitizing effecis of a factor from
porine brain extracis. Later, Marcum, et al {1878) showed

that in the nresence of stoichiomeiric amounts of LM oxr
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Tn-Cy tubulin polymerization was completely inhibited by
10uM Ca¥2, This concentration of Cat? only partially inhib-
ited +ubulin polymerization in the absence of CM or Tn—Co
However, if lower Cat? concentrations were used (<lu¥); no
inhibition by the Ca¥? Dinding proteins, CM or Tn-C, was ob-
serveds It can be noted that as the coancentration of Cat®?
increases from Deoluld +o 1fuM {which are physiologicall, MT
disassembly is favoured. Although Ton~-C was found to mimic
the effects of CH in this study, it is believed that CM is
the physiclogical regulator of MT assembly in ¥»ives The
reasons for this idea are:s

1. Tn-C has not besen identifed in any non-muscle tissue.

2. M has been identified in various non—muscle sources

where the concentration of tubulin is alsoe high (Syn-
der and McIntoshy 19763 Smoakes; et al 1874),

Apart from affecting the assembly/disassebly of tubulin,
or perhaps because it does affect this polymerization pro-
cessy CM has also bsen found to afiect various funcitions as-
spciated with tubulin. One process in which both CM and tu-
bulin have been implicated is that of mitosis. Dedmany et
al {1978)and Welsh, et al {1978) heve shown that C¥ asscci-
ates with the witotic spindles compossed largely of tubulin
in a pattern mimicking the various stages of mitosice This
was shown using CH antibodies and indirect immunocfloures-—
ceEncee In their studiss, it was demonstrated that, with the

onset 0f prophass, M could be detected in a random distri-
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bution throughout the cells Later in prometaphase, CH was
found associated with the half spindles of the mitotic appa~
raiuses Throughout metaphase and most of anaphases it was
found in a region between the spindle poles and the chroma-—
FOMES e in support of the wiew that CH is interacting with
the tubuilin component of the mitotic spindles during cell
division is the obsarvation that CH could be detectd in two
regions where YT disassembly was known to ocour, name ly 3

i +the hal?f spindles during anaphasse

2. +the midbodies on either side of the interzconal cle-—

vage furrow during telophases

The previously mentioned experiments, which showed that CM
causes e depolymerization of tubulin in viiro, support these
in wivo observationss Converslys during prophase when M¥T's
are being assembled, it iz possible that the concentrations
of Cat2 are too low for CM to prevent the polymerization of
tubuline. However, it is not necessary that CH be inactive
during these early steges of cell division, since ¥MT disas—
sembly may in fact be required for the congressional move-
ment of chromosSomese

Dedmany et al {1878) and Welsh, et al (1978) maintained

o]
=

that since iz not found in the telophase cleavage fTurrow,
wheresas actin is concenirated in this areg CM was nore
likely to be associatsd with tubulin than actine it wes
also suggested that M only decorated actin filaments when

they exist as stress fibres in resting cellse. Howevery; at =2
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loter dates Welsh, et al {(i978) discovered some subtle dis-
crepancies between the localization of CTH and tubuline. Dur-—
ing sarly prophase, CM and tubulin fluorescencs could be de-
tected near the cenitrioless Throughtout prometaphase and
metaphase, the patterns of lLocalization of the two proteins
were agein very similare. Howewver during anaphases differ—
ences in the localization of tubulin and CM were noted. Tu-
pulin could be found dispersed within the 1Interzone and in
the area between the poles and the chromosomeSa CM was also
found between the poles and the ChromosSomesSe However, its
distribution within the interzgone was different. CH was
found in two distinct arsas called midbodies which are found
on either side of the interzone cleavage furrow during telo-
phases Lastly, in the two new daughter cellsy, the distribu-
+ion of CH and tubulin were distinctly different. The re-—
searchers had also noticed that the similarities in the
distributions of actin and CM were considerable. Based on
these observations, they conciuded that CM-~actin interac—
tions maey be occurring during mitosise.

Welsh, et al (1978, also treated the Chinese hamster

ovary cells with agentis which would Block the ¥T or wicrfi-

lament {(MF) structurse. Yhen MY organizetion was disrupted
with colcemid, both ftubulin and CH specific floursscence
were equally altereds If the cells were itreated with cyto-

chalasin By a MF disruptor, no significant effesct was ob-

serveds However, c2ll division was preventede. The idea
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thaet actin is involved in cell division is supported by the
finding of a number of researchers who showed that actin is
thoueght to be a component of the half—-spindles { Songer 18753
Cande, et al 18773 Schloss, et al 19793 Herman and Pollard
1978 ) Herman and Pollard {1879) have recently demonstrated
that the localization of actin in the mitotic apparatus is
very similar to that of CM found by Means and Dedman {1880 ).
In their recent review, Means and Dedman (1880) proposed
that CM may be activating the myosin light chaln kinase to
phosphoryiate the LC{20 }. Upon phosphorylation of these
1ight chains, s conformational change may teke place which
allows actin to activate the =ayosin ATPase. it is thought
4hat this is at least one mechanism of motile behaviour in
resting cells, but remains tc be proven for dividing cells
where chromosome movementis are considerede

it is possible that both actin and tubulin are function-
ing during cell division at different times (Kiehart and
Inove, 1876). However, these two proteins could ke ascting
simultansously with different responses to CM during mito-—
Sise Aﬁother possibility is that actin and tubulin may be
interacting with each other {Forer 1876) since they are very
close within the mitotic apparatuse

The possipbility that interactions between tubulin and ac~—
tTin exist is further supported by the ip xitro findings of
Griffiths and Pollard {1878), who showed that the golymeri-

zation of tubulin and actin tTogether, in the presence pEf the



83
tau proteinsy was greater than the polymerization of either
protein individuallye

I+ should be noted that the early role of CHM inp mitosis
need not be restricted to regulating the polymerization of
tubulin or to its interaction with actin and/or myosine CH
has been shown to regulate the activity of a Cat2-aTPase as—
sociated with the smooth endoplasmic reticulum ( SER) which
1ies close to the half-spindles of mitotic cells (Harris
1975 de it was suggested by %elshs et al {1878, that CH
could be functioning by regulating the Cat? concentrations
o0f the half-spindles throughout the SER cat2 pump system as
was found in muscile and in non-muscle cells (Harrris 18795,
i+ is important to note that CHM may be playing wmultiple
roles in regulating and coordinating mitosis as was found
for other cellular act;vities such as glycogen metabolisms

Added to +the complexity of the role of CH 1in cellular
funcition was the finding that antibodies to CM and one of
its binding proteins (CMBP-I) are found associated with tu-
bualine At the electron microscope level, CM and CHBP-1 were
found asmsociated with neudonal elements at post—~asyntaptic
densities within neuronal sSomata and dendritese. Further-
mores in the area of the dendrites, CH and CMBEP-I were bound
40 the post—-synaptic density and to the microtubuless Due
to the common Llocalizmation of CH, CUBP-1I and HTis, it heas
been suggested that CM and CHBEP—I may function in regulating

4ubulin {Cheunsy, et al 19807%. These observations suggest
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the possipility that CMBP-I may also be regulating mitosis
since tubulin has been implicated in this activitye Howev-—
27 ¢ +he low concentration of CH¥BF-I found in most cells ex~-

cept brain, may negate this possibilitys.

20502 Calmodulin Binding Ergfeins

The CH Linding proiteins actually refer to a grougp cf gro-
teins which can specifically interact with CM, have the
apility to inhibit CM-activated enzymes and protelns, and
are not known %o have any other function {¥Wang, et al 1880).
Claseification of these proiteins has been based en the Roman

aumeric system, 2e.ge calmedulin binding protein I is CHUMBE~1I»

Z2oeBeZol Calmodulin Binding Protein - I

The first CHMRP was discovered Dbecauss Yang and De-~
sais{19876) Zfound that partially purified preparatiéns of
CM~dependent cyvclic nuclectide phosphodiesterase frowm bn§ine
heart reguired less CM for activation than similar prepara-
tions from bovine braine. Yhen the partially purified enzyme
was placed on a Sephadex G-200 column, an inhivitor protein

could be separated from the enZymes It was shown that the

(*]

presence of this inhibiter protein accounted Ffor the de-

#

creased activation of the PDE from bovine brains. Anocther
group of lovestisgators (Klee and Erinks, 1978) independently
discovered a PDE inhibitor and it now appsars that the two

inhibitors are both CMBP-1.
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CHBP-1 was first purified from bowvine brein by Klee and
Krinks (1978 ) and later by Wallace, et al (1878), and Shar-=
may et al (1879 ). Homosaeneous protein was obtained only af-—
ter a 300 fold purificatiocn and this opservation has led to
the idea that CHMBP-I consitituites only 0.3% of the total pro-—
tein in the extractse Althought this is only an estimation,
it has been shown that this inhibitor is the most abundant
of all bovine brain proteins capable of associating in a
CatZedependent manner with CM { Elee and Krinks, 19785 Shar-
ma, 2%t al 18979 ).

The moleculaey welight of the purifizsd protein was deter-
mined to bz about 85000 daltons and is thought to consist of
2 polypepiides of 60000 and 14500 dalions {Klee and Krinks,
1978; wWallacs, et al 18783 Sharmas et al 1979 ). These two
subunits have been designated « { 60000 daltons )} and § ( 145060
daltons) (Sharma, ¢t al 1878). There have been some discre-—
pancies reported in the 1literature as to the correct mass
ratic of the subunitse Sharma maintains that this ratic is
two B to one @ while Klese and Wallace maintain that it is
oNeIones Further study is reguired besfore the proper siol-
chiometry of the subunits can be determined and before ths
egxistence of twe different forms of the protein can be es-—
taplished.

The mechanism of inbhipition 0f the CiM—dependent PDE has
been determined to a large extent and charactesrizeds Yang

and Desal {1877 ) have presented a resaction mechanism based
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largely on experiments performed on a Sephadex-G-200 colunmn.
i+ was shown that when CMEP-I and CH were épplied to the gzel
filtration column in the gpresence of EGTA, the two proteins
eluted at positions corresponding to the elution volumes of

the individual grotesinse. However in the presence of cat?,

both proteins eluted at the same position indicating the
Cat2 dependence for association of the two proteins. Con=-
verselys PDE did not associlate with CHBP-I either in the
presence of EGTA or Cat?, This suggested that the mechanism
of CHBP-I inhibitinzg PDE was by a pbinding of CM rather than
PDE., Teo substantiate this belief, it was necessary to prove
that a ternary complex between CHBP-I-CM and PDE did not
form and in facty no evidence for a ternary complex in the
presence of Cat? has been founds The Ca*2 dependent inter-—
action between LM and C¥BP~1 has been confirmed by other
investigators using affinity chrometography on CM-sepho—
rose—48 conjugates (Klee and Xrinks, 18783 Yallace, et al

1978 ), anion exchange and disc gel electrophoresis (Sharma,

st al 1879, density sgradient centrifugaion and chemical
cross=-1linking (Richmond and Klee, 1978). Given these obser-
vations, the following reaction mechanism has been proposed:

cat2 + (M <K====> Cat?2-CM K==—=> Ca¥Z-Cux (S
{inactive) {active)

Cat2-Cy% + PDE Le===> at2-Cu%~PDE <~=-> Ca¥2-CY~-PDE%*x (2}
{inactive} {active)

Cat2=0M% 4+ CURP=T Lewm=D> Catl2-Cus~CMBP~1 {3)
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This rveaction has been supported though various kinetic
studiasse Fiprsty it was shown that only the cM-dependent PDE
was inhibited as increasing concentrations of CHBP-1 were
added to the activated enzymee. This proved that it was only
+he CM—activated activiiy which was inhibited by the enzyme
and not the basal enzyme activitye Furthermores Cat? chela-
tion was shown not to be involved in the mechanism of lnhib-
itor inactivation since the addition of excess Cat? did not
restore the activated activity { wang and Desai 19763 Yal-
lTace, 2t al 1978). Further support for the idea that CUBP—~1
acts by binding C¥ has been obtained by following the inhib-
ij+tion of PDE under varying amounts of inhibitors A linear
relationship was found between the amount of CMBP-I used in
the assays and +he amount of CM reguired for a 50% activa-
tione Yhen greater concentraions of CMBP-I were usedy, zore
O was reqguired to reversse the inhibition and converss1lye
when higher concentrations of CM were used to activate the
PDE, more CMBP-I was regulred for enzyne inhibition ( %ang
and Desal, 1977 ) These presults suggested that CM  and
CMBP-1 interact stoichiometrically in the PDE reactions De-
spite these findings, +here hae been some coniroversy over
the stoichiometry of the pinding of CH to CHMBP—-1. Eichmpond
and Klee (1978) maintain that the stojichiometry is f-.721
while Huangy et al (1973) have evidence that the stichiome—
try is 132 Whatever <the precise binding characteristics,

+there is » general concencus 4hat CH binds to the a—-subunit
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of CHBP~I {(Richmond and Klee, 19783 Sharma 2t al 1879).
The B-subunit is thought *to be requi red for the stability of
the a-subunit (Wallace, et al 1878) and it does not affect
+the inhibitory activity of the ae-subunit (Sharmas et al
1879 Je
i4 is thought that the proposed mechanism of inhibition
of PDE by CMBP-I can be applied to the mechanism of inhib—
ition of other CiH-activated enzymeSs CHRP~I has been focund
+o inhibit brain adenylate cyclase (Wallace; et als 19783
Wescotts, 2t al 19789 ), myosin light chain kinase {YWaisman, et
al 1878 ), erythrocyte (Cat2-ug¥2)~ATPase (Larsen, et al
1978 ) and CM stimulated Ca%? transport in the red blood cell
membrane {Larsen, et al 1978). In these systemss the inhib-
ition is ailso on the CM stimulated activity and not on the
pasal activities in congrusnce as was fTound for PDE. Part
of the ability of CMBP-I to inhibit these CM-stimulated en-—
zymes may originate from the fact that €M isolated from var-—
ious sources appears to be very nighly conserveds C¥ from
many different tissues has been sShown to interact antagonis-~-
tically to CHMBP~I from bovine brain suggesting that CM lacks
¢tissue or species specificity { ¥ang and Desal, 19763 Lagr-—
sen, 2t al 19783 Waisman, et al 18783 Tavior, =2t al 1878},
Desplte the abpility of CMBP-1 to inhibit CM-~activated
PDE, it should be noted that other enzyme proteins have sim-
ilar abilites (Dabrowskagy 2t al 18783 Tams et al 1879).

This observation ralses the guestion o©f whether or not
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CMBP~1I has gnzymatic activitye Althouegh it has been sug=—

gested that CMBP-1I may interact splely with Cu~stimulated

enzymnesSy Sharma has estimated that the molar ratio of
CMBP~I1:CM in bovine brain to e about 1:10. Due to the low
conceniralon of CHMBP-I, it is difficult to conceive of it

inhibiting CM regulated activities other than the PDE reac-
tione Several enzymatic repcitions have been outlined as pu-
tative activites for CupBP—1e ATFase s GTPase, cAMP and oGMP
PDE, 5!'-npucleoctidase, adenylate cyclse, guanylate cyclase;
and protein kinase using histone? caseing and phcsphoryiase
as substrates have been tested and shown not to interact

wiith CMBP-I (Wang and Desal, $1977: Klee and Kr inkss 189781}

250202 Calmodulin Binding Protein II

Another inhibitor protein of the CM dependent cyclic ou-
cleotide PDE was discovered {CMBF-I1I) during the purifica~—
+ion of CMBP-I (Sharmas et al 1878ade. Both CMBP-I and
cMBP-1I1 are specific fer CH—dependent PDE. Howevers; the one
major difference is that CMBP-I is heat labile (le.e. it los—
es all of its inhibiting activity to PDE after incubating in
a PDE boiling water bath for 1 minute ) and CMBP-II is heat
stable because it can be poiled Ffor 15 minutes with out
loosing any inhibitory activity { Sharma, et al 1978p J»

CMBP-11 has been shown to exist in very small amounts in
bovin brain since it is purified over 200000 fold f£rom the

crude brain 2xitracte Although 1t is less concentrated than
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CMBP—-1 CHBP~I1 is 20 times more potent in inhipiting PDE.
1+ is not known if this protein inhibits the other CH—acti-

s knawn that this inhipitor iIs not

[

vated enzymesSy but it
the same as the heat stable inhipbitors of CcAMP dependent
protein kinase of a phosphopreiein gphosphatase { Sharmay et
al 1878a)e. Also unlike C¥BP-1I,; CMBP-11 is thought to be a
monomer ic prot=in of 70000 daltons. As demonstrated for
CHBP~1, cMBP-11 shows no phosphorylytic enzymatic activity
t+owards ATP, GTPy, cAMP, ANP, or histonsss

i+ nas besen shown that many other proteins which have not
been purified or characterized exist in tissues such.as bo=
vine braine CM-Sepharose—43 affinity columns have been used
4o i=z=olate CHBP-I, CHBP-11, and PDE. Howevers 1f bovine
brain exitract is appled to the CH affinity column in the
presence of cat2, a number of proteins specifically adsord
agd can be eluted with buffers coniaining EGTA. Proteins of
molecular weights 225, pl508, p80, p41, and p38 have Lkeen
identified from these eluted Zfractions {Klee and Krinks
19783 ¥Watterson and YVanamany 1576 ). A protein of molecular
weight 20000 daltons has heen isolated (Desal, Sharmas and
Hangy unpublished) which exhibits inhibitory activity to-—
wards CHesctivated PDE but which does not have any known en—

zyme activitye
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2:5.3 Iroponin

Otheyr proteins which have been to shown t¢ bind CH are
+he subunit of +the troponin complexe Amphlett, et al { 1876}
and Dedman, =% al (1977) showed that CH could substitute for
Tn=-C 40 fTorm a complex with To-1T and Tn—Ily and that this
complex conferred Cat? gensitivity towards the actomyosin
ATPasce. Howevery the Cat? sensitivity conferred with CM was
not as great {Dedmany 187§)s At about the same time that it
was discovered that CM could subsititute for Tn-C in the com—
plex of Tn-It+tn-T, it was alsc demonstrated by Amplhett, et
al (1976) that C¥ could form a kipary complex with Tn-I, and
that this complex was more effective than To-C + In=1 in
regultating the Cat? gensitivity of the actomyosin ATPases

The sucess of CM in sudbsitituting for the Ton-C in the Tn
complex is largely due to the homology betwesn the two pro-
teinse. i+ was originally noted that Tn—-C and CH¥ had very
similar physiochemical properties but were different prote-
ins by V¥angy 2%t al (1875) and Stevens, et al { 1276). Kret-
singer {in press) further characterized their similarities
when he piaced CHy Tn—-C, as well as parvalbumin myosin light
chains and mammalian intestinal Cat?2 binding protein within
the same FTamily of bomologous proteinse

CMband Tn=Co as well as the otheyr members éf this family
nave been suggested to contain regions called VYE-F hand
structures? a term colned o represent an area in parvalbu-

min which is homologous 40 two other regions in the same
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protein {(A-B,and C-D)e The three-dimensional structure of
the E~F region is similar to a right hand with its forefing—
er and thumb extended and ithe second finger clencheds This
is 4he origin of the term, E~F hands The E=F hand contains
a Ca*2 bindinz loop with 12 amino acids and two adjacent
g-helices so that this region of CM conteins a total of 35
amino acidse Ca%?2 jions were found to ligate to oxygen atoms
of amino acids found within the loop and the structure as a
whole is stabilized by apoclar residues in the g-helicese
The importance of the E-F hand originates from thse proposal
that it is the basic unit frowm which the proteins of the
family have evolved {Eretsinger 18765 - The pumbers of E-F
pands in the Ton-C and CM correlate with the number of cat?
binding sites, put this is noi 4true for all members of the
Familye

Apart from the evolutionary backround,; similerity between
Tn-C and CM has been suggested by analysis of their awino
acid compositione. it has been shown that if residue one of
O is alligned with residue 2 of Tn-C and a gap of 3 awmino
acids is introduced corresponding to RRB-00 in To~-C is intro—
ducedsy 50% of the aminc scids are identical and of the sub-
stituted, mozrs than 50% ara conservative replacementss 1%
identical residues and counservative replacements are consid-
srady there is 77% seguence homology between TIn-—c¢ and CH

(Vanamans 2%t al 1877).
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CM and Tn-C also have very similar sedimentation con-—
stantss molecular weights, isgelectric peoint and ultraviolet
absorption specira {Watterson, et al 18763 Stevensy 21 al
19763 Dedman, et al 19775 Wang, et al 1975). Furthermore,
M may be able to replsace Tn-C as an activator of PDE put
+he concentration reguired is twoe 1o three orders of magni-
tude greater ( Dedman, et al 18773 Pottery, et al 1877)s Oth-
erss howeveaers have not been able to show activation of %this
C¥ dependent PDE by Tn~C {Stevens, et al 187563 Yangs et al

19753 Kilee 19773




Chapter ZTII

MATERTIALSE AND METHODS

31 MATERIALS

A1l chemicals used were reagent grade from Fischer Scien-~
tific Companyy Canlab, or Sigma Chemical Companvyve Adenocsine
Ji:8%—¢cyclic—~monophosphate (CAM¥P) was obitained from Sigmas

Frozen muscie was obtained from Pel-Freeze.

Fresh bovine brains were obtained f£from Eazt-%est meat
packers in ¥innipego.

The proteins Sl-nucleoctidasey, found in Creoitalus sasirosx
vEenomsy bovine serum albuming cvalbumin, and cytochrone C

were purchased from Sigmae

32 MEZTHODS
3201 Chrometography
4 calmodulin-sepharose 48 affinity column was prepared as

outlined by Sharma, £t al {1880,

322 Protein PurificaiZions

220201 Calmodulin Dependent cyclic nuclezotidass
phosphodiesterasse

Pure enzyme was prepared in our laboraftory as outlined by

Sharmay 2%t a1l {1880,




Fe2:2:2 Calmodulin
Bovine braein calmodulin was purified according to the method

of Sharma and Wang {(1878).

302023 CUBP-1
This inhibitor was purified according to the »procedurs out—
lined by Sharmas; 2%t al (1972) and later modified in the iab-

oratory {unpublished).

30224 Total CHMBPs from Bovine Brain
A batch of CMRPs were oprepared according to the following
procedure?

1s Frozen bovine brains were homogenized in 280 =l/g
with 20m¥ Tris, im¥ Mp—acetate imM imidazole at pH
70 {(Buffer Al

Z2» The homogenate was cenitrifuged at 108000z for 20 min-
utese.

3 The supernatants were saved and the pellets were re-—
suspended in an egual volume of Buffer A {see akove)
and recenirifugesd.

4, All supernatants were recosbined and adjusted to 10mM
BME and Ue.lmM EGTA.

5. The combined supernatani sclutions were applied to a
430 ml DEAFE cellulose columne

6s The column was eluted wiih Buffer A {see above);, plus
D.05M NalCl, 10m¥M EME, and J.1lmM EGTA uniil the effl-~

uent was free o0f phosphates
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The column was washed with (.28 NaCl, 10mM B8HME, DJ-im¥
EGTA containing Buffer A and the sluted fraction was
collected in batch {abouil 2 bed volumes ).
The batch was made up 1o (0.2H NaCl and 0.2Z5mM Callp
and left overnizht stirring at 40C.
The solution was applied to a8 CHM saffinity column
which had been eguilibrated with Buffer A containing
B.01m¥ CaCly and 10mM BME. This was eluted 1in batch
with Buffer 4 plus (.24 RaCl, 0.01mM CaClo, and 10m%
BME. The washing with the above buffer was continued
uantil ne protein was detected by the dye binding
method of Bradfovrd {18756 ),
When no protein wmas deitscted in the column effluent,
the column was cluted with Buffer A containing (.2M
NaCly Jalm¥M EGTA, and 10zM BME and 12 ml were col-
lected per tubeo
The fractions containing the protein wpeak were
noolede
Sucrose was added to 10% and this solution was con-
centrated undery pressure using an Amicon-PM-10 Fil-
ter. The final protein concentration was (.87 mg/mlo.
This sample was then divided into 2.0 ml aligquots and

frozen at -208C.

Thess samples represent the total CHBPs used in the experi-

mentse.

For assays of CMEPs, the following additonal steps

were peariormed:
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57
A Ffraction of the total CMBEPs wmas applied to a 1.0 =i
affinity blue gel column in order to remove PDE since
low ilonic sitrength PDE binds to the affinity blue
geloe
The batch CMBPs were apglisd to & column which had
been eqguilibrated with Buffer A containing J.1lmM EGTA

and 10m¥ BME.

The column was washed with 3 hed volumes of Buffer A

plus J.2¥ NacCl, Go1imM EGTA, and 10mM BME. A batch
fraction was collecteds, This fraction contained 1it-
tle PDE as Judged by SDE polwvacrylamide gel slectro-
phoresis and predominatly contalined CHBP-I. For this
fractiocn, one upnit of PDE inhibitory activity {de-
fined as that amount of CNPBE which gives 50% inhib-
ition of enzyme activated with 40 units of CH) was
obtained with 0-39 uge

The column was washed with Buffer A containing 1.5
NaCl, B.1imM EGTA, and 10mM BME and a batch fraction
collected. This fraection contained PDE as Judged by
5D8 polyacryviamide gel slectrophorssis and 1ittle
LHBP=-1. An assay of the C%EP fraction revealed that
some PDE was contaminating this fraction since ap=-
proximaiely 4 times mors of this fraction was re-—
guired when compared fto pure CMBP-1I {(sze the CHEP-I
assay belowde See Figure 1 for an illustration of

the various fracitions of CHMBP-1 assave




£

ey

From left to vight:
1. Proteins from the D24 NaCl wash of DEAE cellulose
2 Total CMBPs Trom celmodulin affinity columan

3. CMBPs from the 3.2 NaCl wash of an affinity
bBilue gel column

4: Binding proteins from the 1.5% NaCl wash of
the affinity blue zel column

S Molecular weight marker

Figures 13 5D5~-Urea polyscrylamide disc gel elsctrophoresis
of {MBPs
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302225 Troponyosin
This protein was prepayed by the method of Greaser and

Gergely (18713,

3222286 Phosphoryiase b
Crystalline phosphorylase b was prepared from frozen rabbhit

muscles by the method of Fischer and Erebs ( 1888).

3020267 Actin
Actin wvas prepared from an acetone powder as outlined by
Carsten and Mommaerts {(1863) and was further proceésed by
the method of Spudich and VWatt (1571 3. The actin was ex-
tracted with 0.8 KCl as suggesited by Gisznberg and Kielly
{18743 ©Only ovne (.84 XClL exitraction was found to ke neces-
Sarye

Table 1 illustrates the purification of actin from ace-
tone powdsre The extract of acetons powder refers to the
supernatant obtained from the half hour extraction of actin
from the acetone powder in G-actin buifer.s The (.8M XC1 éu—
pernatant of the filtered acetone extract refers to the
first supernatant obtained from the acetone exiraction which
has been filftered and treated with 50mY¥ ZCl and 2 MaCls teo
polymerize the actin followed by the addition of XCl to (-84
to remove the tropomyosine. This solution was then centri-
fuged and the resulting supsrnaitant is ths one noted by this

heading. The pelilet vesulting from 1this centrifugation was




16¢
termed the 0.8M KCLl pellet of tne filtered acetone exiracte
This pellet iz used to further purify the actinoe After hom-
ogenizationy the pellet was dialyzed for about threse days to
depolymerize the actine The dialyzed solution was then ul-
tracentrifuged at 116,000g for i-2 hours to remove actin
which would not depolymerize during the dialyvsiss The re-—-
sulting supernatant was termed the "final supernatant? and
was used in the siudies that Zfollows in this particular pu-—
rification, which was representative of all purifications
performedsy 5.0 of acetone powder yvielded approeximately
50.0mg of pure actines The "final pellet®” also refers to the
pellet obtained during the last ulitracentrifugations
The purification of actin was followed by 8DS~Urea polya-
cryviamide {(7:5%) gel slscirophoresis {Figure 2Z)o The sams
titles were used in this figure as in Table 1 arRCcept some
intermediate siteps are includeds Sicot 1 in this figure re-
fers to the sxtraction of actin from the acetone powder be-—
fore centrifugation where as slots 2-5 refer to the supsrna-
tants and pellets obtained after centrifuzatione Slots 6
and 7 refer to the supernatants of slots 2 and 3 after fil-
trationo. Slots 8~11 are as in table 1 and slots 12~15 are
representing the final supernatants and pellets of table 1
As shown in Filigure 2, the fivrst acetone extract is guite
pure andy by the time that extract has been treated with
.88 ECl and cenitrifuged,; the resulting pellet is very gpures

The final supernatanty {slot 12 in Figure 2y zel 1 in Figure
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From left 4o right:

1) Extract of acetone powder {40ug)o.

2) Supernatant of acetone exiract (20ug)s

3) Supernatant of acctone exiract {40ug).

4)
5)
6)
7)
8)
g)

10)

11)

i2)

13)

Figure 23

Peliet of acetone extract {20uz).

Pellet of acetone extract (40ug).

Filtered
Filtered
D.84 KC1
0.8 KC1
J.8M EKC1
-8M

ECi

Dialyzed
{20ug e

Dielyzed
iéﬁugﬁ; Yo

Dialyzed
Dialyzed

Actin

supernatant of acetons

supernatant of acetone

supernatant of acetone

supernatant of acetone

extract

extract

extract

extract

pellet of filtered supernatant

{20ugle
{40ug)»
{Z20ugls.
{40ug).

(20\1.@)@

pellet of filitered supernatant { 40ugls

supernatant of 0,84 ECL pellets ( final
supernatant of 0.8¥ EC1 pellets { final superna f>:

pellet of Q.54 ECL pallet

pellet of 0.8¥

marker {15vug).

EC1 pellei

102

Supe ros

{final gpellet) {20x

{ final pellet) {40u

5DS~Urea polyacrylamide slab gel electrophoresis
0f an actin preparaticn from rabbii skeletal

muscie
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39 which is used for the sxperiments is very pure ag Jjudged
by SDS-Urea polyacrylamide (7.5%3 slab and disc gel elec-

trophoresise
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1) Actin supernatant {20ug) used in studies.

2) Actin pellet (40ugl.

Figure 3: 5DS8~Urea polyacrylamide disc gel electrophoresis
of an aciin preparation
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3223 Azsays

F3:20301 Phosphodiesterase assay

The activity of CM—-dependent cyclic nuclectide PDE was de-—
termined by the method of Buicher and Sutherland (19862).
This procedure involves the coupling of +the PDE reaction
with 3?-nuclectidase and the measurement of inorganic phos-
phate produceds The assay was carried out at 308BC, pH=T7.5
in a reaction mixiture containing 40m¥ Tris-HCl, 40mM Imida-—
zole, SmM Mg-acetates; OJo.1lmM Callpy 1.2mM ANMP, and the appro-

priatse amount of CH (40 units e

322302 Calmodulin assay

The ability of CHM to activate (lM~dependent cyclic nuclectide
PDE was used in this assaye Cne wunit of CHM waes defined as
the amcount of this protein reguired to produce 50% of maxi-
muam stimulation of PDE at 309C as described previously (Teo,

et al 1873 ).

322033 CMBP-1 assay

in this assayy two different preparations were useds One
preparation was pure. however, the other was only partially
purified as described abovee The CHBP was tested Zor its
inhibitory activity agalnst CM-dependent PDE as ouitlined by
Yang and Desai (18773} In this assay, the amount of CMBP

leading to a 50% inactivation of meximally activated PDE was
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defined as one unit oif inbipitory activitye. For pure
CHMPB=1, one unit=0.1 uge For the total CMBP batch, one

unit=0.39 uzm.

30204 Viscosity mesasurepents

Viscosity was measured using a Cannon~Manning Semipmicrovis-
cometer size 75; after sguilibrating samples for 15 minutes
at 25%C or 279C unless otherwise stated. This 15 minute
eguilipration neriod snsured that no air bubbles formed
which would obstruct the capillary tubing of the viscometer.
There wers two basic types o0f viscosity sxperiments rer-—-
formeds

First, the abllity of actin to polymerize was checksd for

each perparation of actin as follows:

1. Varying amounts of actlin were placed in tubes at room
tempe ra ture and the volumes were made up 2o a con-—
stant amount with G-actin buffer which contained
De2mM Callpy D2mMd ATP, i0m¥ BME, and Z2.0m¥ Iris at
pH=8:0,

2. ECL and ¥Mgll, were added to bring +the final concen—
tration to S50mM and ZmM¥ respectively {(conditions
which induce G-actin to polymerizel.

da The tubes containing the varying amounts of actin
were eguilibrated at 4°C overnights. it was necessary
to eguiliprate the polumerization process to ensure

that a constant final siteady state condition was
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achieveds. If the actin polymerization was in its in-
ital reaction stages, the viscometer readings wmould
be coentinually changing.

The specific viscosity was calculated as:
n = Time

sD { sample )

- -— -1

Time
{G~actin)}

The second type o0of viscosity experiment performead, in—
cluded those e xperiments where the sSteady state actin poly-
merization was measured in the preseace of other proteinse.
For these experiments, the actin was either allowed to in-
teract with the other profteins for about twe minutes before
adding the polymerizing agents {(¥C1 and HegClz) or actin and
othey proteins were allowed to interact for two hours beforese
adding KC1 and MzgClos. If£ the samples contained only CH and
acting, the tubes were incubated at 25°8C, However, if CMBPs
were presenty it was necessary to incubate at 49C since they
lose activity with time at rocm temperatures Those experi-—
ments where actin has Iinteracted with other proteins for
only & two minute incubation gxperiment are denoited as YEL-
fects o0of Protein—x on Actin polymerization¥. Those experi-—
ments whevre actin was iﬂcha%ed with another protein for two
hours, are denoted UEffect of protein=-% on the G-actin to
F—actin conversion®, Samples wers eguilibrated after adding
the polymerizing agents at 4%C avernight,. The specific vis-—-

cosity was measured as befores Note that the presence of
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the other proteins did not significantly chenge the viscosi-
ty of G—actine. However,; in some cases, the reading obtained
for G-actin in the presence 0f octher proteins is used tTo

calculate the specific viscosiiye

36265 Ultrascentrifusstiop siudies

in these experiments, actin vas polymerized as described
above, and various proteins were added. The following proce-
dure was then performed:?
1. The tubes were eguilibrated overnight at 40C,
2. The samples were ultracentrifuged at 110000z for 2-3
hours betwsen 5°%C and 10%C.
e The resulting pellets and supernatants were thorough-
ly separateds
4o The pellets were suspended in & constant volume of
SDS8~urea disrupticn buffer and the supernatants werse
dialized ageinst water for about 8 hourss
5 The supernatants were frozen and lyophilized and
prepared for SDS-Urea polyacrylamide slab zel elec=-

trophoresise

30206  SDS-Urea polvacrylamide gel elecirophoresis

The Yeber and Csborn {1368) method for preparing gels was
used except urea was alsc included as sugsgested by Sender
{1571 ). instead of 54 urea,; howsver, B urea was usede A

T7:5% gel was made in the presence of 0.1% SDS. The slab gel




pRERS
wvas stained and destained according to the method of VYeber
and Osborne A constant current of 60 milliamperes was ap-—
plied to the slab gel until the dye front had descended into
the gel, at which point, the curr@n; was increased ot 200
milliamperes. The same methods were used for the SDS—urea
polyacrylamide tube gels except £ millismperes was applied
per gel until the dye front desceaded, followed by a con—

stant 8 milliamperes per gele

30207 PErotein concentration
The absorbancy at 280ns at concentrations of 1 meg/nl and
1izht paths of i cm were assumed %o be 111 for actin
{Younz, et al 15643,

The protein conceniration for other proteins or mixtures
of actin with cther proteins was determined sccording to the
Coomassie Blue dye binding method as developed by Bradford

{1875 ).



Chapter IV

EXPERIMENTAL HESULTS

4o CHARACTERIZATION OF ACTIHN

Two basic critevia were established to chavacterize ac-—
tine The firsty; purity, as described in Methods and Materi-
als, was Judged by SD5~Urea slab gel electrophoresise. The
second criterion was bassed on the polymerization 0f actine
Fach preparation o%f actipn was checked for its ability <o
polymerize within certain limits, These 1limits are thet a
linear relationship should exist between specific wviscosity
and actin concentrations beitween (.03 mg/ml and 0.9 mg/mle
Linegarity is lost at concenirations higher tThan about $.9
mg/ml {see Figure 4 ). To caleculate the specific viscosity
of Feactiny the following was used:

Time
{F=actin)

a = e s - e 2 e e -1

{sp) Time
(G—ac%in)

where time is ir minutes and refers %o the time reqguired %o
flow through the viscomeiters For each study. it was con-—
firmed that G~actin (as actin exists Iin absence of 30mM KC1
and 2m¥ MgClis) had a f£low through time similar to that of
buffer without any aciin present {(see Table 2 for sxperisen~

tal procedure ).

- 110 -
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Fipure 42 Specific Viscosity vse F-actin Copceniration
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The second criteria is based on the resulits obtained from

a plot of specific viscosity versus actin concentration If
this plot produces a straizht line, this line should tran-
sect the X—axis between (.03 mg/ml and 0.0807 mg/mle The ac—
tin concentration at this goin% is the critical concentre-

tion {see Figure 4J.

402 EFEECT OF CM ON ACIIN PQLYMERIZFATION
40,201 VYiscosity experimenis

Yarious molar yratios of CM to actin were mixed with a
fixed actin concenitration of .84 mg/mls. This actin concen—
tration was chosen because it was flexible in terms of de-
tecting either an increase or decrease in polymerization us—
ing wviscometrye After incubating the two proteins for a
total of two minutes, 50mM KC1 and 2m¥ MgClz were added to
the protein solution to induce polymerizations

As noted in Figure 5, molar ratios of CM tc actin beitween
2:1 and 031 had no effect on actin polymerization at 278C
under the conditlons described abgoves A 15 minute eguili-
pbration period at 27%C was used to remove all air bubibles as
was also done for all succesding experimentse.

Although CM was shown to bhave no effect in the gressance
of Cat2, it was guestioned whether CM would have an sffect
in the absence of Cat?, Therefore, the above experiment was
repeated, except only 2 molar ratios of actin to CM were om—

ployved (523 and 5:5) to sse if there was a trend in the of~-
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The actin concentration was held constant at 0.84 me/mle

FPigure 53 Effect of CM on actin polymerization in the
presence of Cat*?
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fect of CM on actin polymerization in the presence and ab-—
sence of Cat?2 (see Table J)» in this experiment, Cat? was
chelated with EGTA, using approximately ftwice the conczatra-
tion of EGTA as Cat2, The first five conditions in this ex-
periment were controls which showed that buffer, G-acting
and M alone had similay flow— through times. it was also
shown that the pressnce or absence of Cat?2 did noi affect
the viscosity of F-actine Furthermorey, no effect of C¥ was
observed on actin polymerizaticn either in the pressnce o
absence of Cat?, In this experimenty the specific viscosity
was determined as:

Time
{ sample)}
n - e e s s S e e e i R —— - 1

{ G=~actin) { C¥)
Note tThat the specific viscesity of ©—-actin and CM do not
di ffer significantlys Therefore, for most of the following
gxperiments the viscositises of sanples are determined using
G~actin alonee.

The above experiment was repeated except actin and CM
werse allowed to interact for 2 hours before XKC1 and MaCl,
were added to the samples {see Table 4). The first 8 condi-
tions in this experiment are controls and 1%t can be seen
that there is ne significant differences in flow—therough
times of buffer, G-actin with Cat2,;, CM with and without
Ca¥2, or G-actin with €M in the presences and absence of

Cat2, Also, the wviscosity of F-actin was the same whether
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or not Cat? was presents Ne trend in the effect of €M on
actin polymerization was noted using three molar ratios of
actin to CM (5:2;, 5:3, 5:10) either in the presence or ab-
sence of CHe To calculate the specific viscosity of these
samplesy the following formula was used:

Time
{sample)

{sp) {Time + Time y / 2
{G~actin) {CM)
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40202 Centrifussiion siudies

Samples were prepared for these situdies in the same man-
ner as they were for wviscosity siudies, except that instead
of placing the samples in the viscometer, they were ultra-—
centrifugede. Figurse 6 illustrates the resulis obtalined af~
tor actin and CM have interacied for two minutes in the
presence of either O.2mM CaClp or 0.0IlmM CaClz (low Ca*Z in
this figure e Slots {b-g} represent the pellets obtained
from this centrifugation at 110000z for 3 hours at approxi-
mately 10PC. Fach pellet had been exposed to a certain
amount of CM in the presence of normal { J.2mM)}) or low Cat2/
The pellets were suspended in & constant amount of SDS-Urea
disruption buffer and constant amounts were applied to the
gele Note that there is no CM associated with the pellets
at any conceniration of CaClz and that the relative intensi—
ty of staining of the pellets was similar in all slots sug-
gesting that the CM did not depolymerize the F-actine

The supernatants were dialyzed aginst deionized water
overnight and then lyophilized. The protein was then sus-—
pended in disruption buffer so that the final concentration
was about 1.0 mg/ml and a constant amount was applled to
each gele Note there is zalmost ao aciin in the supernatants
again suggesting that CHM did not depolymerize F—actine. A1l

the CM was found in the supernatant suggesting that it had

not bound to the F-actin in the pellesiss
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Samples were ultracentrifuged at 110,000z and the gellets
and supernatants separated to note the location of calmodu-~
liﬂa
From right to left:
a) Actin marker (20ug)
b=g) Feactin pelleis in J.2mM Ca*? or low Cat?
h) Cytochrome C marker ( 30uz)

i) Calmodulin marker {40uz)

J—0) F=actin supernatants corresponding to pelleis b-g
respectively in 0.2 =M Cat? opr low Ca¥2

p) Tropomyosin marker

Figure 563 5D5~Urea polyecrylamide slab gel electroghoresis
{illustrating the effect of Calmodulin on G-actin
polymerization




R

e

R i

. .
J 205
o0 N

7
3
e

&

e e

7

<P

+

™

o

it

Vi

i

joB

3

i
o

[ V1

win 6O

4=

o

R 7

-

H

i

20




121

The above experimenit was repsated {Figure 7) except the
actin and CM were incubated for 2 hours before adding KC1
and MgClsze Also in this case; some samples had EGTA to che—

late the Cat?, and all tne supernatants were made up with

constant volumes so that any trend in the effect ¢of increas-—-

ing amounts of CM could be noticed. Howeverys oncs agaling no

effect of CM on actin depolymerization was observeds




a)l
b-1i)
J-o?l

P

)

Figure 73
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G-actin supernatant { about 25ug)
F-actin supernatants {about 25um)
F-actin pellets (about 25ug)
Actin marker {(20ug)

Calmodulin marker (2S5ug)

SDS—-Urea polyacrylamide slab gel electrorhoresis
illusirating the effect of CM on the G-actin to
F-actin conversion in the presence and absence of
C&"E'Z
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4.3 EFECT OF TOZAL CMBFPS ON ACIIN POLYMERIZATION
4.3.1 Viscosity situdies

A constant amount of actin was incubated for 2 hours wmith
increasing amounts of the total CMBPs in the presence of
Cat2 under the conditions outlined in Tables 5 and 6 at 250
and 49C respectivelyve. All procedures were identical to
those previously outlined for wviscosity studies with 2 hour
incubation periods except that the incubation was only per-
formed at 4°%C to preserve the integrity of the CMBPs. Also,
for the study in Table 6, readings were taken at 450, In
Table 5y the first four conditions are controls showing that
therse is no significant difference in the specific viscosity
of the buffer, C—actin, or the CMBPs alone, suggesting that
there was no endogenous polymerizatione The last thres con-
ditions in this table show that there was no trend in the
gffect of the increasing amounts of total CMBPs cn actin
polymerization at 250, since there was no significant
change in the specific viscosity valuess. The same controls
and sxperimental conditions were used for the study shows in
Table 6y and no consistent trend could be observed at 4°C.

The experiment gutlined in Table 5 was repeated except
the pressnce of CH was included amoung some of the experi-
mental conditions {(s=2e Table 7). According to the results
of this study, the CMBPs did gnot have an effsct on actin

polymerization either in the gpresence or absence of CM with
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i2s6

cat2, This experiment was repeated in the presence of
D-009mM EGTA +to chelate the D.04m¥ Cat?2 {sece Table 8) and
azgain no consistent trend in the effects of the CHBPFs on ac—

tin polymerization with or without CM was notede.
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40302 Centrifupgation studies

I+ was necessary to determine whether the total CMBPs
were depolymerizing F-actine This could have been noted by
decreasing amounts of actin in pelletis obitained by centri-
fuging as outlined in Materials and Meathods, and as Judsged
by 5DS-Urea polyacrylamide gel electrophoresise Also, iz
the total CMBPs were binding F-actin to cross—1link it, they
should have been detected in fractions associated with the
pelletse. To investigate these guestionsg G—actin and in-
creasing amountg of the total CHMBPs wers incubated at 45¢C
for 2 hours before adding the polymerizing agentse After
allowing polymerization to eguilibrate overnighty the sam—
ples were centrifuged and <the pellets suspended in egual
volumes of disruption buifero. Again no CMBPs were found as-
sociated with the pellets (see Figure 8) and there was no
decrease in the amount of actin pelleteds

in & more complete experiment, the effect of total CHBPs
on F—actin was checked with and without CM in the presence
of Cat? (see Figure Bl In this study, the presence of the
CMBPs and CM was verified in the supernatants but not in the
pellets suggesting that thesse protelins are not binding to
F—actine There was no decrease in the amount of actin pel~
leted as increasing amcunits of CMBPs with and wlilthout CHM
were sddeds suggesting that depolymerization was not ocour-—
rings To confirm this observationy there was no increase in

+he amount of sctin found in the supernatantse.




From left
a)
B

c-h}

Figure 83

to right:

G=actin supernatant {about 25ug)

F-actin pelilst

130

F~actin pellets with increasing amounts of C¥MBPs»

{cyzem — about 15ug applied)
{dyfsh — abeut 30ug applied)

Total CMBPs {(10ug and 20ug respectively )
Actin wmarker (15ug)

Molecular weight marker {15ug)

5DS~Urea polyacrylamide slab gel elecirophorssis
iliustrating the effect of the total CMBPs on F-

actin
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From left

a )

b)

c~n)

[,
Nzt

g

k—p)

o)

)

to rights
F—actin pellet
Gmactin pellet, CH¥, and total CMBPs

F-actin pellets with and without CM in the presence
of CMEBEPss

F~actin supernatant
G-actin supernafant with CH and CMEBPs

FP-actin supernatants with and without CY in the preses
of CMBPs corresponding to pellets {ec=h) respectively

Total CMBPs
Note for {a-q) about 25ug was applied to each

Actin marker (1Zug)

S$DS~Ures polyacrylamide slab gel electrophoresis
showing the sifect of total CMBPs on F—actin with
and without CM in the presence of Cat?d
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The above experiment was repsatsd except (3:27mM EGTA was
included to clelate the [-04m¥ CaClypy andy again no effesct
was seen on actin polymerization or on the binding of F-ac-

tin by the CMBPs or CM {sees Figure 10).




From left
a)

b-g)

h)

i-nj}

o)

»)

Figure 10:

to right:s
F-actin pellet

F-actin paellets with and without CM in the presence
of total CMBPs {about 25ug applied)

Feactin supernatant

Fr~actin supernatants with and without C¥ in tThe
presence of the total C¥BPs {about 10ug -~ 40us
applied) )

Total CMBPs {20ugz}

Actin marker { 1Sug)

SDS-Urea polyacrylamide slab gel electrophoresis
illustrating the effect of total CMBPs on F—actin
with and witheout CM in the presence of ECTA
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4.4  EEFECT OF CMBP-I ON ACIIN POLYMERIZATION

(0}

404.1 Viscesity siudies

The effect of purified CUBP-I on actin polymerization was
tested with a 2 minute incubation period using 0.188 me/ml
actin as shown in Table 5 o It should be noted +that a 2
minute incubation was used and the experiment was done at
278, All other conditions were as previously cutlinedo.
. The first 4 conditions in this study are controls which 2n-—-
surad that there was no endogenous actin or CMBRP-I polymeri-
zatione The experimental conditions revealed that there was
no effect of CMBP-~I on actin polymerization us ing molar rat-
ios of CMBP-I +to actin of 1:10 through 2210. One control
wes done in the presence of 0.408m¥ EGTA to chelate a maximum
of 0.17mM CaCloy and the absence of Ca??2 did not affect the
polymerization reading {(see final condition)e

Using higher actin concentrations {le.2. (o84 mg/ml)y and
a 2 hour incubation period, no effect of CHBP-I on actin
polymerization was noted between molar ratios of actinsC¥BP-
I between 530.04 and 5:0.2 (see Table 10): The first 8 con-
ditions in this experiment are controls which revealed that
the presence of CMBEP-I does not affect the viscosity of G-
actin with or without Cat2, .Alsog G-actin was shown to have
no endogenous polymerization as evidenced by its similar
viscosity to that found for the bpuffer. The last 6 condi-

tions showed that increasing amounts of CMBP-I in +the pres—
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@nce or absence of Ca¥? did gqot result in a consistent
changes in viscositve
The above experliment was repeated in the preseance and ab-
sence of CM and only in the presence of Ca¥? (see Tadle 11).
Apain, no itrend in the specific viscosity of CMBP-I in the
presence or absence of CM could be ssene This ezxperiment
was repeated in the presence of (.05mM BEGTA to chelate the
D:005m¥ Ca¥2 {asee Table 12}, There was no ohbserved effect
of CMBP-I with or without CM in the absence of Ca¥?2 on actin

polymerization using ithese condiftlions.
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44,2  Ultracentrifusation siudies

The effect of CMBP-I on F-actin with and without CM was
tested in the gresence of Ca¥2 {see Figure 11). In this
study,y increasing awmountis of CMBP=-I were incubated For 2
hours with F-actin with and without CH before polymerizingoe
The miztuores were egulilibrated overnight at 48¢C and then
centrifuged at 1190000g for approximately 2 hourse Again
CMBPs with or without (¥ were only found in the superna=—
tantsy suggesting that thess proteins did not bind to the
Feactin found in the psllets. Alsoy sgince the amount of F-
actin in the pellets remained constant upon exposure to in-
creasing amounts of CMBP~I and CH, it can be suggested that
depolymerization waes not cccurringe

The above expesriment was repeated in the presence of
Oo5mM EGTA to cheslate the $.04mM CaCl, present, and again no

2ffect on the F-aciin was observed {32 Figure 12).
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From 12ft to right:
a) P-actin supernatant
b) F-grectinand CM supernatant

¢=h}) F-actin CMBP-I1 with and without CH supernatants
{about 10ug —~ 75ug applied)

fos
A

F-actin pellet
J) F-actin apnd CH¥ pellet

¥-p) F=actin and CHMBF-T with and without C¥ pelliets
{about 30uz applied)

g) Actin mavrker { 1Sug)

) CMBP marker {a-subunit)

Figure 1i: 8DS~Urea polvacrviamide gel electrophoresis
showing the effect of CMBP-I on F-actin with and
without CM¥ in the presence of Cat?
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From left to right:
a) F~actin supernatant
) F~actin and CM supernatant

e=h} Factin and CHUBP-I with and without CM supernatants
{about 10ug -~ 78ug applisd)

i) Peactin pelilet
J) Feactin and CH pellei

K=} Feactin and CUBP-I with and without CH pellets
{apout 30uz applied)

g) Actin marker {15ug)

Figure 123 5D3-Urea polyacrylamide slap gel electrophoresis
showing the effect of CHBP-I on F-actin with and
without T¥ in the presence of EGTA
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405 CU=DEPENDENT CYCLJIC NUCLECIIDE PHOSPHODIESTERASE

In a preliminary experiment, actin was tested for its
ability to activate phosrhodiesterase {sse Figure 13). Al—
though there is a minoy increase in the PDE activity with
increasing actin concentrations, as evidenced by the in-—
crease in the 0OD{6564), this could be atitribuited to some en-—
dogenous hydrolysis of ATP in the G-actin buffere Actin was
tested for the presence of CH in +this laby, but none was
found {unpublished ocbservationle

It was then Investigated as teo whether actin may be bind-—
ing the CHMBPs as evidenced by & vreversal of the CHBEPs abili-
ty to inhibit PDE in the gpresence of Cat?2, To explore this
possibility, actin was added to the ishibited PDE 10 minutes
after the reaction was initiatedo Actin was unable to gvev-
erse the effects of the CMBPs at 1:i, 1320 and 1:200 weight
ratios of CMBPs to actin {see Figures 14, 15, and 16 respec—

tively )




Figure 1332

-5 Absence of PDE

& Presence of PIDE

Test foyr the offect of actin on thse PDE assay in
the presence and absence ©of PDE
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Eey
B = = D PDE only
B e e B Calmodulin binding proteins ocnly
=@ ] Actin only
b4 -X Actin and calmodulin binding proteins

Ratio of calmodulin binding proieins to actin is 131 on » wesight

¥ indicates time of addition to assay containing CHMBPs onlys

Figure 14: Test for the apility of actin to reverse the
affects of the CMBPs on PDE using the PDE assay
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Eey
Ben = - =@ PDE only
- — CHMEPs only
Bl i 45 Actin only
I——————— Actin and CMBPs

Batio of CHBPs to aciin is 1320 on & weight basis.

¥ indicates time of addition to assay containing CMBPs only

Figure 1532 Test for the ability of actin to reverse the
effects of ths CMEPs on PDE using the PDE assay
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K2y
B = - =D PDE only
Doz CHEPs only
= - Actin oniy
X X Actin and (MBPs

Batio of CHBEPs to scitin was 13200 on a welght basise

¥ indicates time of addition of actin to CHMBP assay.

Figure 163 Test for the abiliity of actin to reverse the
effects of the CMBPs on PDE using the PDE assay
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Chapiter ¥V

DISCUSSICN

There were two basic types o0f experiments performed in
the present thesis to test the effect of CM and CHBPs on ac-
tin polymerizatione The first type of experiment was to
test whether there was an increase or decrease in the final
steady state polymerization o0f actin as detected by wviscome-—
Trye During these studies actin was incubated with the
various Ca¥2 binding yproteins and under +the conditons used
{namely 2 minute or 2 hour incubation periods, cvernight
eguilibration, measurement at about 259 (or in cne case
45¢C)y and the presence or absence of Cat2y, no effect of
these proteins could be observeds Table 13 summarizes all
the viscometry situdies performeds

Although the viscomeitry measurements obtained suggest
that there was no effect of CM or the CMBPs en actin poly-
merization, there are further experiments which could be
periormed in the future to conifire this hypothesiss One of
the first facts +to consider is that rabbit skeletal muscle
actin was used instead of bovine brain actin <o interac<
with the bovineg bprailn CM and CMBRPs. Although the actin was
igsolated from a different source than the C¥ or CHBPs, there

were ITwo reasons for using skeletal muscle as a source for

-~ 148 -
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actine First, large amounts of actin could be extracted
from rabbit skeletal muscle and this actin was highly poeri-
fied {Huxley 1976, Secondly, the actin frow various non-
muscle sources has been shown io have many similar proper-
ties with skelstel wuscle actin (Eorn 1378 ). Skeletal
muscle actin and non-muscle actin both have moleculasr
weights of 42000 daltons as based on electrophoretic mobili-
ty on dodecyl sulfate/polyacrylamide gelsoe A1l actins con-—
tain 1 mole of bound adenine nucleotide per mole of protein
and the amino acid cowmposiition of all the profteins is simi-
Tar including the presence of one res idus of
N3?-methylhistidine which is thousght to be funtionally im=—
portants Furthery; similarity in amino acid seguences can be
stressed by noting that in actins as evolutionarily differ-
ent as Acenthamosbs casitellanii and rabbit skeletal muscie,
only about 6% of the residues are different (Xors 18783
There are also soms differences between skeletal and non-
muscle actinse The skeletal and heart muscle actins contain
valine at positions 129, alanine at position 27i9 and tyro-
sine at position 278 while bovine brain and human platelet
actins contaln threcnine, cysteineg, and phenylalanine re-

spectively at these positions. A. castellanii was found o

contain sowme residues of muscle and non-muscle actins at
theses positionss At other locations in the molecule, Ao
cestellanil sctin differs in its residue composition from

boitnh types of wertebrate actiin {Xorn 1978).
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Although As castellanli and skeletal muscle actin do con=—
tTain different residuessg, it is not known to what extent
these differences contribute to polymerization since +4he
proteins from beth sources have been Found to Fforzm random
copolymers {(Cordon, =% al 18743 Eisenberg unpublished ohser-—
vations b It has been noted that the polymerization orocess
of wvarious non-muscle actins is gqualitatively similar to
skeletal muscle actin in terms of regulrements Ffor a ceriti-~
cal concentration before nucleation and elongation can take
place {Korn 1878). However, there are differences in the
values of +the critical concentratiocn of non-npuscle actins
cCompared to skeletal muscle actins under non-physioclogical
conditions (i.es in the absence of Meg¥2 or with KCl concen—
trations 2 0.14 ). Under these non-physiological conditions,
the non-muscle actins tend fto have higher critical condi-
tTions. However, it 13 not nown how significant these find-
ings ares if ZmM¥ MgCly is used, as probably exists in the
cytosol, there is no significent difference in the critical
concentraticons of actin from wvarious sources. For further
experimentation, it would e interesting to note the affects
of the Ca¥? binding proteins on bovine brain actin polymeri-
zZatione
One could also investisate the effects of the CMBPz and
CH on actin polymerization veing o lower concentration of
Feactine In all studies {except one )y 0-.84 mg/ml of actin

was used, This conceniration of actin Flowed through the
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viscometer for a reasonable length of time, allowed for a
detectable decrsase in viscosity as would occur if depolym=-
erization was opccurring, and allowed Tor an increass in vis-—
cosity without increasing the flow-through time by too graat
a factors If the flow-through times for sach condiition wers
too larsge, the final conditions would be equilibrating much
longer thet the initial conditions leading to an inconsis-
tency in the experiaments However, in one study {(Iakle 9),
an actin concentration of J.1468 mz/ml was used and no effect
of CHBPs on viscosity was observede
Lastly, in relation 1o the viscosity studiss, we were
only interested in the final steady state wvalue pf actin
polymerization since ithese are the only values which can be
accurately measured by this Technigue. it would be inter-—
#sting to note the effects of CM and the CMBPs on the dni-
tial stages of +the actin polymerization reactione. This
could be accomplished by using absorbance di fference spec—-
troscopy sSince as actin polymerizes, a conformational change
occurs which leads to a change in its absorpiion spectrzume
The wmaximusm change occcurs at 2323nm { Higashve and Cosava,
19653 Spudich and Cookse, 1975). In these studies, the pos-
siblily of an increasse in G-actin polymerization in the
presence these proteins would be matched with a G-actin
plank without the proteinss This technigue has been out-
iined by Gordony, et al {18763 for following the =ffects of

various ions on actin polymerizetione
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The second type of study used was ulirscentrifugatien %o
show the effects of CM and/or +the C¥MPBs, in the presence and
abssnce of Cat2, cn  the polymevization rate of actine
Azain, no effect of the Cat? binding proitelins on this Dro=-
cess was foundoe If the binding proteins were depolymerizing
the F-actin, there should have bsen increasing amounts of
actin found in the supernatants with increasing amounts of
CH or CMBPs addeds. This was not cobserveds Furthermovrey, if

the Ca%2 binding proteins were associated with the F-acting,

they would have been found in the F-actin pellets. Agaln,
this did not ccours Cften, vhen proteins bind to F~actin,
they are involved in gelatione Apart from not being found

associated with F-actin as proteins involved in gelation
would be, the solutions of actin, with other proteins, o
actin alone, in the presence of EGTA or ca¥t2, did not gel
when warmed to roowm temperature afier overnizht eguilitra-
tion at 40C. in the past, gelation has been shown UPRoON
warming to 25%C in the presence of EGTA {(see section on the
Ca?2 regulation of actin gelationd. Based on these observa-
tionsy it seems unlikely that these proteins arse involved in
the gelation processe.

There are two other possipilities for Future researchs
Firsty the ionic sireansgth fTor MelCl, was physiological {2mM)
and the concentration of KOl was slightly less that that
considered to exist within the cell (50mM instead of 100mM),.

The pH for all studies was between 7.0 and 8200 Based on
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this, it is difficult to believe that ionic strength could
inhipit the interaction betweer these proteinses Hovwever,
Clark and Masters {(18373) suggested that if the proitein con-
ceptration of a solution is < 50.0 mg/ml (which is s%ill
less than sSoms physiological protein concentrations ) then
sSome enZymes are unable to bind F-actin at physiological
ionic strength and pH (see Enzymes that Bind Actin in the
Littersture Review ). Future ressarch may investigate the
effects of binding at higher protein concenitrationse. For
example, Povine serum albumin could be included in %the reac—
Tion mizxtures at concentrations of 500 me/ml 4o increase
the protein concentration to near physicloszical valuses,

it could be guestioned whethey the protein concentration
of the CMBP-I used could have been hishere. Howevers it is
difficult to conceive of higher concentrations being effec—
tive in vivo where only 52,0 mg of this protein is found per
i000.0g of povine brain (Sharmay; 2t al 1979). If 1000.0z of
bovine brain were homogenized with 3.0 mi/z, then the final
concenteration of CHMBP-I would be 0-.017 mz/ml. On the opther
hands when brain from embryonic chicks is homogenized aé a
similar volume/mass ratia, the final concentration of actin
is 0293 mg/ml {Gordon 1877}, As an estimation, using thess
similar tissues, there would be approximately 55 times more
actin (in adult brains this may be claser to 52) than COMBP-I
on a welight basis. In these studies, there was between 64

and 13 times more actin than CMBF-I. This range of actin to
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CHBP~I should have covered the possible ratios of these twa
proteins which may exist in vivos ¥Yhen one considers that
only 8.1 ug of pure CMBP=I is required to inhibit PDE, it
seems unlikely that the concentrations used in +this study
are insufficients
In conclusiony, 1t appears that therse was no effect of CH
with and without Ca¥2, on the steady state actin polymeriza-
tiony depolymerization, agr gelation. Although CM bhas been
found in close proximity to actin in vive (Means and Dedman
19803 it may be that this proximity is due to an associa-
tion wiith other proteins which also bind actine The CHBPs
were not found tTo play such & role since they were not found
to act in concert with CM on actin polymeriza tion, noy did
they reverse the sffects of CM on this process. it seens,y
thereforey, that a putative function for the CMBPs can not be
found in their effect on the steady state actin polymeriza-—
tionoe
Although CHM has been found 4o regulate phenomensa related
to contraction, actin pclymerization does not appear to be
one such Process. As outlined previously, CM has been found
to enhance the ability of actin 4o activate the myosin AT-
Pase via stimulation of the wmyosin lizht chain kinase which
phosphorylates the myosin lizht chainse. Unless actin is in
its polymerized forme, it is unabdle fto perform ihis funciione
Therefore, it was guestioned whether CM may be acting at

the level of acting as well as myosing to regulate the AT
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Pase and therefore, contractione The present results con-
firm the idea that CM regulation is associated with myecsin
rather than actin at least in relation to polymerizatione
The similarity of <£¥ to Tn~C also hinted at the sugge s—
tion that CM may bind to actin as does Tn in the presence of
other components of the In-complex and Tms However no evi-—
dence for this suggestion was obtainede Since Tn was found
to regulate Cat? dependent shenomena assocated with skeletal
muscle actin, it was guestioned as to whather O may be pepr-
forming a simlilar function in tissues where Tn has not bezen
foundos In the present study., there was no effect of CY¥ on
the steady state actin polymerization with or without Ca¥2,
Although CM and/or the CMBPs were found to have ng effect
on actin polymerizeation, Tuture esxperiments have heen oui—

lined to futher explore this contentione
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