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ABSTRACT
Prétciq kinase C is the Ca2¢/phospholipid—depeudent enzy-g.tﬂit
serves as the receptor for, and is directly activated by, the tumour-’

promoting phorbol esters. To exsmife the involvement of protein

kinase C in the regulation of the organization or function of the
LY - .
actin-containing microfilaments, the activity of the enzyme towards

©

two diltxnct groups qf prote1nl that are thought ‘to be involved in

microfilament egulatxou has been 1nvestxgated For these otudxeo.
- e

protexu kxnaoo-c was part1nlly purified fro- bovzné'tt:F;/or vas more
extensively purified from rat brain. Tvsiprotexqs thu: are localxzed

in certain areas of nicrofilanent-negbrane ittachnent (focal
- A = ".

'concac:al v;nculxn and talin, were xdenttfxed-al ln vitro oubsﬁratea

.

for pro;g;n kinase C. Purified protemn kanhe C also pgotphorylated

chicken gizzard myosin ligﬁi chain kinase and different forms of

e
—

éildca-on,.proaeinc th;t_are'involved in theltegulafion of éoncract}l?
events. Chigken éi::ard caldesmon nnd‘ciicken liver 5;1desnon72 as

well as two forms of bovine liver caldesmon (cnldecnbniio and i

caldoa-on77) wvere all in vitro substrates for protein kinase C. The

sites of phosphorylation of the aubutrpte gyotexnf were exsabined by )
phonphqpoptiQe mapping and phoa;ho¢iiné acid analysis.

" Phosphorylation of chicken gi::ard'cald;l-on by protein kinase C
partillly abolished its iahibitory actxvity togprdo the actin-
~ac:ivntcd-d&?a.. of otclet*l nucclc myosin and dx-xnxlked associations

' botuccq caldesmon end actin. - ' . : .

Treatment of intact human platelets with-12-0-tetradecanoyl-

L)

" phorbol-13-acetate (TPA), a tu;ourwéro-otcr that activates protein

g



. kinase C in living cells, stimulated phosphorylation of talin and

caldes-on77. The phosphate content of talin was elevated by 44X, but

the apparent stoichiometry of phosphorylation was low, In contrast,

the Shésphate con®ent of caldes-on77 increased apbtoxi-ately 4-fold.

Moreover, the phosphopeptides that appeared. in response to TPA

~
‘

treatment had the ssme wigration pattern as the two major phospho-

. -

peptides of bovine liver caldeiaon77 phoughoiyll:ed in vitro.
’ AL ' . ' —

The results of this study inply that protein kinase C, by phos-

L3

phorylating focal contact proteins or proteins involved in the control
o of contractile events, may have a role in microfilament regulation.
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Actin is one of the most abundant proteim components of all

eukarydtic cells (reviewed by Korn,/1982; Pollard and Cooper, 1986).

This highly conserved protein was/ originally identified in skeletal

muscle where'it exists in highly organized filamentous- arrays

» (Ruxley, 1963). 1In associatifn with myosin filaments and a number of
< .

accessory proteins, the actint filaments are a major constituent of

the contractile apparstus of muscle. Actin and myosin filaments are
o :

-

also integral components of the contractile apparatus of smooth

muscle, although the aécessory.prbteinu are not all the same as in
Y v :’
csﬁeletqf-muac}e (revieed by Marston and Smith, 1985). Actin was
N P - . S Pt
-later "identified, and then purified, from non-muscle cells

-
»
-

(Ishikaws et al., 1969; hatapo and Oosaéa, 1966). In non-muscle

cells, nctin_eiicts in two distinct forms, a glbbular monomeric form

(6—-actin) and in filaments Gitﬁ a diameter of 4-7 mm (P-Acéjn).

Together vi:h-tﬁe.-icrotubuleu'(dilneber 25 mm) and .intermediate
filements (diameter 10 mm), the actin-containing microfilaments

comprise the fibrous network.of proteins known as sthe bytoukeletén
o . o

(Weatherbee, 1981; Birchmeier, 1984). _
o Although the cytoskeleton has a oi;nificant structural role in
living cells, this threerdimensional lattice is also.a Qynlmic °

netvork thiat plays an essentisl role in a number oﬁ,vftal-cgllqlar
e *

processes. Ig view of the involvement of actin in muscle
‘ o

-~

contraction, it hag been suggested thi%,actiﬁ-i- involved in

4
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By contract%le events in nén—musc{e,cells (reviewed by Adelstein, 1982),
Tpe actin-containing microfilaments may also be involved in
mogrphological evéﬁts such as the maintenance of cell shape and

."thesion, and in cell motility. Therpoa:ulated involvement of

microfilaments in maintenance of -cell shape and adhesion is based on

[

the dbservatioﬁ that large bundles of actin filaments, known as

stress fibres, clbarl& have attachments .to the plasma wekbrane in

those regions where cultured cells are closest and most tightly

.

attached to the substratum (Birchmeier, 1981; Burridge, 1981).

Moreover, in cells that are suﬁjeqted to high shear: stresses,

- . . proliferation of stress fibres occurs (Franke et al., .1984). The
. - . involvement of actin in motile events has been implied by the

- demonstration that they can bé arrested by cytochalasin B, ; drug
' ,
. qhich,gisrup;s pictofi%ament ‘organization (stsells et al., 137I).
) 1.1 Regulation of Hiorqfilaue;t Qﬁsgpization‘and Funct'io
. ‘; ' The-iq;bivemeht of ;Ltih in cellular processes in-n‘n-nuacle

cells is dependent qnfits subcellular organization and polymerization

Lol -

. . C e’ ) ‘
. state. 1In the presence of Mg?* and ATP and under the proper ionic

e conditiohs, purified actin will ‘pontaneOualy self-assemble (Pardee

and Spﬁdich; 1982). “In 1fving cellé however, there are a number of
actin-associated proteins (reviewed by Pollard and Cooﬁ;r, 1986;

-

L .Stossel et al., 1985; Weeds, 1982; Schliwa, 1981) that can regulate

.the conversicns of act-in -between its monomeric and filamentous
v . . ’ . .
‘states. Actin filament length is also under the control of filamert-:
- ’ . -
severing proteins .or other proteins that can cap the ends of a

filawent preventing further polymerization. In addit{on, there are a

- - . .
.,
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number of proteins. that are involved in the organization of the actin
. ) - .

microfilsments. Among-these proteins are the crosslinking or
bundling proteins that dorganize®F-actin into extended three-
dimensional networks, and qﬁose proteins that are involved in th;
attachment of sctig”filaments to other cellular structures such as

- - the plasma membrane (Mangeat and Burridge, 1984; Geiger, 1983). The

latter group of proteins can.be subdivided into two distinct

-

categories on the basis of the nctin—;o—nembrane linkages that they - -

=, - .

. : promote, Actin can be attached to the.plisma membrane py-side-:o-
membrane linkers and by ;nd-to-nenbraue linkers. Clearly, there are

many actin-associated proteins which must be cénsidered to be

important regulators of actin“and its role in cellular processes.

L TR
» . -
- The dynamic nature of the actin wmicrofilaments is emphasized #y S

the rapid reorganizations that they undergo. In motile cells in
’ .

culture, the actin filcuent; are continu;lly being reorganized and-

few stress fibres are evident (Bugridge, 1981). 1It is only when —
these cells become less motile and form stroéﬁ adhesions with the
;ﬁbcttntun that the stress fibres gain prowminence, ) Rowever, when

these cells are stimulated to diQide, drastic reorganizations of the,
nicrofilaments occur. 1In mitotic cells, the dissassembly of the ..

stress fibres is followed by the appearance of actin filaments in ;:

L

contractile ring that is involved in the process of cytokinesis.
Loss of stress fibres has also b;qn observed when guiescent
fibroblasts are stimulated with platelet-derived growth factor
(Rerman end Pledger, 1985). Furthermore, the expression of a number
of cytoakolota! genes has been shown to be under the control of c;Il

- :

-
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shape and the existence of cell-cell contacts (Ben Ze'ev, 1986; Ungar
et al., 1986). From these observations, it is obvious that '
alterations in the organization of the microfilaments accompany a

number of gormal cellular events. ..

1.2 Microfilament Alterations!&g Transformed Cells

In addition to the cytoskeletal alterations that occur under
normal circumstances, alterations in the distribution and
organization of .the actin ticrofilaments also accompanies cell
eransformation (reviewed by Ben Ze'ev, 1985; Vasiliev 35.5i., 1985; , -
Bosch;k et al., [981; Wang and Goldberg, 1976). In transformed <
cells, tpe stress fibres are disrupted and the cells attain a rounded - 3
morphology. The transformed cells §lso-exhibit altered growth
characteristics since they are no longer subject to contact h
inhibition and are capable of anchorage independent growth. The
relationship be&ween the alterations in microfilament distribution
and cell morphotogy an¥ those changes in growth characteristics is
not known. However, the patterns of gene expression may be
influenced by these alterations in cell shape and cytoskeletal .
o?ﬁ?ni;ation (Ben Ze'ev, 1986; vasiliev, 1985).

+ The transforming proteins of several éumour viruses such as

pp60y-sr°, the transforming protein of Rous sartoma virus are known
to be protein-tyrosine kinases (reviewed by Hunter and COOp;r, 1985;
Bishop, 1985). To explain the cytoskeletal effects that accompany
trahsformation, it has been suggested>that the phosphorylation of

<

_regulatory elements of the cytoskeleton by pp60v-'r can affect their

distribution or functional properties. Alihough'certnin cytoskeletal



proteins have been identified as substrates for pp60v_’rc, the

molecular mechanisms respongible for the éytoskeletal alterations

seen in transformed cells semain poorly characterized (Cooper and

2

Hunter, 1983).

1.3 The Tumour—-Promoting Phorbol Esters

-—

A number of properties of transformed cells can be mimicked when
cultured.celts are treated w;th compounds known as the tumour-
prono:iﬁg phorbol esters (Wéin;tein_gglgl., 1979; Weinstein and
Wigler, 1977). These comp&uﬁds, the most potent of which is 12-0-
tetradecanoylphorbol-13-acetate (TP;), were originally defined on the
basis of their role in the multi-stage induction—of experimental
carcinogenesis (reviewed by Wetnstein, 1981). The phorbol esters
exhibited no ciréinogenic activity when administered in isolation;
however when applied following pretreatment with a known carciWogen,
the active phorbol es;era profoundly énhahced tumour development.
When added to celis in culture, the pleiotropic effects of the
phorbol esters are elicited without prior treatmené with carcinogenic
compounds.

In addition to the tumour-promoting phorbol esters, there are a‘
nuﬁber of phorbol esters that do not function as tumour ;romoters.
The relationships between phorbol ester structure and activity have
been extensively studied (reviewed by Ashendel, 1985). 1In general,
the most active phorbol esters were those such as TPA that were -
esterified at the 12 and 13 positions of the parent phorbél. ?hqrbol

monoesters and phordol iteelf were biologically inactive.

.In cultured cello,-:he tunodt—pro-o:ing phorbol esters elicit a



N
variety of biological_effects relating to cellular growth and
differentiation cgaracteristics (reviewed by Weinstein, 1981;
Weinstein et al., 1979). Along with these changes, phorbol esters
induce a number of alterations in the distribution and function of
cytoskelgzal compone;ts. Phorbol ester-treated cells attain a
rounded morphology and have altered adhesive characteristics that are
reminiscent of those observed in transformed cells (Rifkin et al.,

1979; Parkinson and Emmerson, 1982; Schimwa et al., 1984), These’
morphological and adhesive changes are accompanied by reorganizations
of cytoskeletal elements, most prominently the microfilaments.
Furthermore, additional effects of the phorbol esters on the
microfilament assemblies are implied by the demonstration that these
) .
compounds sgtimulate contract}}e'behaviour in smooth muscle cells
(Rasmussen et fl., 1984, Paré and Rasmussen, 1985; Park and

Rasmussen; 198%).

1.4 Protein Kinase C: The Phorbol Ester Receptor

As a preliminary‘step in elucidating the molecular mechanisms of
phorbol ester action, it is necessary to gain an understanding of how
these compounds bind to 9nd/or enter living cells\\(fviewed by
Ashendel, 1985). The phorbol esters are lipophilic compounds that
inte;act with membrane phospholipids. In addition to these non-
specific interactions, the biologically active phorbol esters ver;
shown to ﬂave high affinity proécin binding sites. éurific;tion and
characterization of the phorbol ester receptor revealed that it was
actually protein kina;; C, the cnlciun/phoopholipid—aepenécnt protein

r

kinase (reviewed by Ashendel, 1985; Kikkawa et al., 1984; Parker et
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al., 1984; Kikkawa et al., 1983b; Niedel et al., 1983).

Prior to its identification as the receptor for the tumour-
promoting phorbol esters, protein kinase C had been the subject of
considerable interest (reviewed by Nishizuka, 1986; Nishizuka, 1984a;
Nishizuka, 1984b). The enzyme is certainly widely distributed and

has been detected in a variety of tissues and speéiea (Rikkawa et

al., 1983a; Ruo et al., 1980). Particularly high levels of the enzyme

are present in platelets and in brain (Kikkawa et al., 1983a). This
cyclic nucleotide-independent enzyme was originally identified as a
serine/threonine-specific, prospase-agtivated protein kinase 'in 5rain
(Takli’i_!‘l_., 1977; Igoue et al., 1977).6 The intact protein was
then shown to be activated by méﬁgrane phospholip}ds in the presence
of c‘lciun, with phosphatidylserine being the most effective
phospholipid activator- of the enzyme in vitro (Takai'sé_gl., 1§79a;
Takai _E_;l.. 1979b). However, the optimal concentration of c;lcium
that was required for activation of the enzyme was somewhat‘dépendent
on the c;nﬁonents of the 'lipid fractions uéed for its activation,
This observation led to the exciting discovery that diacylglycerol
markedly increases the affinity of protein kinasge C for calcium
(Takai et al., 1979c; Kishimoto et al., 1980). 1In the presence of
phosphatidylserine without diacylglycerol, hilf;mnximal activation
occurs at a calcium concentration of approximately 1 X 10-4 M.
However, in the ZWresence of diacylglycerol and phosphat#dylserine,
half-waximal ;ctivntion of the enzyme occurs at calcium

concentrations in the micromolar range, within the limits of

physiological calcium concentrations (Brown et al., 1984).

[ N
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The observation thatf protein kinase C is activated by

diacylglycerol is highly signiﬁicnnc because it establishes a N
connecti;n between the acti?ation of protein kinase C and the
.receptor-mediated hydrolysis of phosphatidylinositols that was
originally described by Hokin and Hokin (1953). In.recent years, an
important role in signa}lttansductiqn has emerged for the hydrolysis

of phosphatidylinositols and its phosphorylated products,

. phosphatidylinositol 4-phosphate and phpsphatidylinositol 4,5-

. bisphosphate (reviewed by Berridge, 1987; Hirasmwa and Nishizuka,

.

1985; Berridge. 1984).

In most mammalian systems, the phosphatidylinositols represent

® - less than 10% of total membrane phospholipids. Furthermore, the
polyphosphoinositides characteristically represent only 10-202 of the
" ' total cellular phosphoinositides (Majerus et al., 1986). When a
« . . —

target cell is activated by an appropriate stimulus, the .

phosphatidylinositol A,S—bispboéphate is selectively hydrolysed by a
specific phosphodiesterase producing two hydrolysis products that
serve as second messenge:s'(aerridge, 1987; Bell, 1986; Berridge,

1984). The productsg of this hydrolysis are diacylglycerol, which

1 - .
Activates protein kinase C, and inositol trisphosphate which serves
LY

to release calcium from jntracellular stores presumably in the
endoplasmic reticulum. There is an extensive list of hormones,
neurotransmitters, mitogens and growth factors that have been shown

to elicit polyphosphatidylinositol breakdown following interaction
[ ] . . o

. with their cell surface receptors. For these compounds, protein '

e

. kinase C is undoubtedly involved” in mediating at lef:; some of their




physiological gffectu.

As wvas discussed previously} protein kinase C serves as the

rcceptor for the tu-our-pro-otxng phorbol ‘esters (reviewed by

-

klheddel 1985; Kikkawa et al., 1984) and these compounds can
directly activate protein kinase C in vitro and in intact cells
® [

(Castagna et al., 1982). The tumour-promoting phorbol esters
o l .

activate protein kinase C in vitro by increasing the affinity of the

enzyme for calcium. Structural similarities between phorbol esters
and diacylglycerols suggests that the phorbol esters act as analogs

of diacylglycerols (reviewed by Ashendel, 1985). Indeed, synthetic

&

‘dzacylgiycerole that can activate protexn kinase C in intact cells

_compete with tusour-prowoting phorbol esters for chexr high affinity
L]

binding- sites (Shlrkey et al., 1984). 1In addition, TPA and
diicyiglycerols are deacylated by the same liver enzyme (Mentlein,
1986).; The activation of §rotein kinase d by tumour promoters, or by
diacylglycerols, is schematically depicted in figure 1.1.

. v . b
Protein kinase C exists in two forms in most cellsT‘:—::;:Lle

form and s membrage-associated form (Kraft and Ahderuon, 1983; Wolf

et al.,; 1985b). In Ehe absence of protein kinase C activators,

interconversions between the two forms can be controlled by the level o

of available calcium. .thhfccll' are treated with TPA, synthgtic

diacylglycerols, or with co-pouaal that stimulate dinéylglycerol k

ia 0x|nifican£1y increased (!rnft and Anderion, L9&i. Thonas et al.

*l9q7$~ This trlualocntion of the enzyme to the plll.l nenbrcne 1;

© sssocisted with actigetion of thc enzyme ind subsequént .

-

L)

'pfoduction the proportion'of the eniy;e that is wembrane associated.



FIGURE 1.1

SCHEMATIC REPRESENTATION OF PROTEIN KINASE C ACTIVATION.

Protein kinase C is directly activated by membrane-soluble
tumour-promot ing phorbol esters and by diacylglycerols that are
generated by the receptor-mediated hydrolysis of phosphatidyl-
inositols which occurs within the plasma membrane. Through the
phosphorylation of substrate proteins, proteim kinase C wmediates the
bxologtcal effects of.the tumour- promotxng phorbol esxets and those
stimuli that elicit dxacylglycetol productxon. Lot

-
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\\*§§3$photy1ation of substrate proteins. Although th;‘actiVltion of
"’protein kinas;.c by tunour-pronoting_pho:béi esters and b§

diacylglycerols which are generated by the bre‘kﬂovn of
phosphoinositides are very similar there is one?sigiifiégnt
difference,. Since diacylglycerols are rapidly metabolized in intact
cells, the activation of protein kinase C by recep:or—nedi;ted ‘
phosphoinositide hydrolysis is transient. In contr;st,.the tumour-
promoting Phorbol esters are noé readily metabolized in most
mammalian cells with the result that énzyme activation may be
persistené. Furthermore, prolonged tte;tment of living cells with
TPA results in the'disappearance of pfo;eingkinaae C (Mellomi et al.,
1986; Tapley and Murray, 1984; Tapley .and Murray, 1985). It is'not
as yet known whether either the persistent activation or
digéppearance of protein kinase C in phorbol ester-treaéed cells is
related to any of the‘biological activities of these compounds.

In view of its activation by the tumour~promoting phorbol esters

and its involvement in receptor-mediated responses, protein kinase C
i

has been the subject of extensive investigation. The enzyme has been

e
purified to homogeneity from a number of different tissues and

demonstrated to be composed of a single polypeptide chain with
molecular weight in the range of 77,000 to 85,00? (Kikkawa et al.,
1982; Wise et al., 1982; Schatzman et al., 1983; Parker et al; 1984).
This polypeptide can be divided into two "distinct domains, a
regulatory lipid-binding domain (Lee ;ng Bell, 1986) and & catalytic

’
domain (Kishimoto et al., 1983). It is the lipid-binding dowmain that

promotes the calcium-mediated nouoéiagﬁoﬁn of protein kinase C with

b ¥



the plasma nenbra;;. By partial proteolysis in vitro, the catalytic
domain can be separated from the regulatory domain producing a
protein kinase that is_fully.active in the absence of phospholipid
aad caicium. Whether or not the proteolytic activagion of protein_
kinase C has a role in physiological processes is still a matter of
considerable controversy (Murray et al., 1987). There have been
reports that a catalytically active fragment of protein kin;se C can
be isolated from intact cells that have been treated with TPA

(Melloni et al., 1986; Tapley and Murray, 1985). In addition, the

catalytic fragment has been implicated in various reactions

'associated ui:h the activation of neutrophils (Melloni et al., 1985;

Pontrenolx.s_ 1., 1986). However, there is also a report in which

the inveatigatora failed to detect proteolytic fragments of protein

kinase C asing immunological techniques (Woodgett and Hunter, 1987a).

In attempts to elucidate the molecular pathways of signal
transduction that involve protein kinase C, considerable effort has

been directed towards the identification of the physiological

.sydstrates for this kinase. On the basis of experiments that hgvé

been conducted .in vitro and in intact cells, a constantly growing

list of substrates for protein kinase C has been obtained (reviewed

L4

by Nishizuka, 1986). Included on Phis list are a number of menbrane

, or membrane-associated proteins that ‘unctxon as cell surface

receptors or transporters for & variety of molecules, a number of

metabolic enzymes and a number of  y:ooie1eta1 or contractile*

+

proteins. There are also a number of proteins of unknown identity

>

or function that are known to be substrates for protein kinase C in

.
*
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intadt cells. In the majority of cases, the physiologicasl

significance of protein kinase C-mediated phosphorylation events
remains to be characterized.

1.5 Objectives. o

- . [ ]
Th® overall objectives of redearch in-this laboratgry‘hnve been

3

to elucidate the molecular events involved in the regulation®of
microfilament dynamics. In partigglar, it was «he aim of this study
to identify and characterize the molecular events tﬁat are .
responsible for the alterations in cell morphology and‘ﬁiérofilament
organiza‘ion and function that occur following the treatment of cell;
with tumour-promoting phorbo} esters. More specifically I have been
investigating the activity of the tumour-promoter receétor, protein
kinase C, towards proteins that are thought to be involved in the Te
regulation of actin filament organization and Euncg}on.

On the basis of their regulatory potential, two distinct groups
of microfilament-associated proteins have. been the focus of .
\i.n.vest igation, T%pr_o‘teins that are tespons.ible for the attachment
of the termini of thg actin-containing stress fibres to the pl;sma
membrane represent one point of control, The second group of
proteins under examination are those proteins that are involvéd in
the regulation of contractile events. In the former group, the focal
contact proteins vinculin and talin'we;e selected as lik;ly
candidates for the action of protein kinase C. In the latter group,

the two calmodulin-binding proteins myosin, light chain kinase and

caldesmon were the subject of examination.
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1.5.1 Focal Contact Proteins .

In cultured cells, the focal contacts are thevregions of closest

-

" contact and tightest adhesidn between the cells and the suﬁsttatum
°

fBirchgeier, I981; Chen.gng Singer, 1982; Geiger, 12§3). In well-

spread cultured cells, these specialized adhesivé’organelles which’

contain.ihe membrane attachment points of the stress fibre termini

-

are oriented paraliel to the direction of cell movement. A schematic
v .
representation of a focal contact is illustrated in figure 1.2.
Interest in'foc’!_contacts was- stimulated by the observations

t [+ .
that they become distupted and decrease in number when cultured cells

are treated with tumour-promoting phorbql esters (Ecgliva et al.,

1984; Herman et al., 1986), with gt&uth factors such as platelét-
derived growth factdr (Hermdn and Pledger, 1985; Herman et al., 1986)
or when cells become trunsfor?ed (David-Pfeuty and Singer, 1980).
Thus, it seema that alterations within the focal contact may be
somehow involved with the addicional.cytoskeletal and morph&kégical
;lter:tions that are ‘seen upon cell trt-'formatiqn‘or following
"treatment with the active phérbo} esters or platelet-derived growth
factor, Furthermore, patterns of gene expres;ion have been shown to

.be depehdent q? cell shape and the existence of call.contacts (Ben

Ze'ev, 1986; Ungar et al., 1986). “Therefore, it is plausible to

—— ——
~

;uggect that al:erationa.in the Ji.tribution or integrity of focal
contacts iay be partigll} responsible for the altered patterns of
"gene expression that are observed in transformed cells of.in cells
" that have been treated with growth factors or phorbol esters. To

gain a bdetter understanding of the role of focal contact alterations

4

~
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FIGURE 1.2

SCHEMATIC REPRESENTATION OF A FOCAL CONTACT OF CULTURED CELLS.

Focal contacts are the regions of cultured cells where the cell
is most closely, and tightly, associated with the plasma membrane,
‘Vinculin (@) and talin (@) are localized within these specialized
regions of the cell where the termini of microfilament bundles
(stress fibres) are attached to the plasma membrane. Unidentified
proteins (A) are involved in the anchorage of the focal contact to
the substratum,




Cell Membra’né-—

Substratum

Focal Contact
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‘in the control of cellular processes”, it is clearly of intere{ to

study the molecular mechanisms involved in focal contact regulation,

. —

The observation that tumour-promoting phorbol esters induce .

alterations in the integrity and distribution of focal contacts

-

suggests that certain components of these adhesive A}ganelles may be

substrates for protein kinase C (Schliwa et al., 1986; Herman et al.,

1986). Among the proteins that have been localized to this region of
the cell are vinculin (Geiger et al., 1980) and talin (Burridge and

Connell, 1983a; Burridge and Connell, 1983b). Although their precise

organization within the focal contact has not been fully
characterized, it is presumed that these proteins are involved in the
anchorage of stress fibres to the plasma membrane. Vinculin is a
136,000.da1ton protein-that was originally purified from chicken
gizzard smooth muscle (Geiger, 1979; Feramisco and Buftidge, 1980).
In addition to its localization in focal comtacts, vinculin is
diQCribuéed diffusely throughout the cytoplasm. Whether or_not

vinculin interacts dirvectly with F-actin is still a matter of

controversy. Although initially demonstrated to be an actin-binding
. r 4
protein (Wilkins and Lin, 1982), this activity was later attributed

to a contaminant in the vinculin preparation (Evans et al., 1984).

Vinculin became the subject of considerable interest when it was

v=8Ic

identified as a substrate for pp60 , the transforming protein of

Rous sarcoma virus (Sefton et al., 1981). However, the possible role
>

of this phosphorylation event in mediatihg cytoskeletal altgrations

is dot yet defined (Rohrschneider and Rosok, 1983; Antler et al.,

1985). On the basis of its localization near the plasma membrane,




"This observation clearly supports the suggestion that talin and .

19
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vinculin is also a likely garget for protein kinase C,.

As was the case for vinculin, talin was phrifiéh initially from
chicken gizzard smooth muscle  (Burridge 35._1.,.1985). The studies
of Burridge and Conmnell (I§B3A, 1983b) demonstrated that this 215,000
dalton protein is localized in focal contacts and also in ruffling -
membranes. The former distribution is reminiscent of vincuiin'and
led to the discovery that vinculin and talin bind to each other with
high affinity (Bur;idge and Mangeat, 1984). Thus, talin and vinculin
may be two components of a complex that anchors actin filaments to
the plasma membrane. It should not be concluded however thdt all
cell contacts contain both vinculin and talin (Heath, 1986). For
example, talin is absent from a number of cell-cell contacts that

contain vinculin. Nevertheless, the colocalization ¢f talin with

vinculin in focal contacts implies that the former protein may also

3
be an available target for the action Bt protein kinase C. Althaugh

the involvement of phosphorylation in regulgting the properties of

talin has not been characterized, th in has been shown to be a

8TC

phosphoprotein and is a substrate for pp60 in RSV-transforumed

cells (Pasquale et al., 1986). Furthermore £alin and talin/vinculin.

complexes have recently been shown to interact with the purified

transmembrane fibronectin receptor in vitro (Homwitz 2t al., 1986).

Ay

viaculin are components of actin-to-membrane linkages and implies

"that they have the potonfin} to control the assembly or disassembly

of these linkages.

S e
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1.5.2 Proteins Involved iﬂ the Control of Contractile Events

In addition to effects on the organization of the
microfilaments, biologically active phorbol esters induce alterations
in their functional properties. 1In particular, smooth muscle can be
induced to undergo a slow, sustained.contraction when treated with

TPA (Rasmussen et al., 1984; Park and Rasmussen, 1985; Park and

Rasmussen, 1986). As a result, it is of interest to examine the -j\\_

activity of protein kinase C towards proteins that play a role in the
regulation of contractile activity, .

In association with myosin filaments ané a nunber of accessory
proteins, the actin-containing microfilaments make up the'contractile
apparatus. Some of the actin-binding accessory proteins can regulate
contractile events by mediating the interactions between actin and
myosin filaments that are responsible for contraction (Marston and
Smith, 1985). 1In smooth muscle, and presumably in ngn-guacle ‘
cells, contractile events are under the control of fgg;‘calcium
conc;ntrations (reviewed by Adelstein, 1982; Marston and Smigh,
1985). 1In these cel?s, the effects of calcium are transmitted by
aalmodulfn,.che ubiquitqus calcium-binding protein (reviewed by Klee
et al., 1980). In the-presence of calcium, calmodulin activates

.myosin- light ch;in kinase which phosphorylates the 20,000 dalton
regui;tory l1ight chain of Qyoain (reviewed by Adelstein, l982§}Kamm
and‘Stull, 1985; Sellers and Rdelstein, 1987). This event promotes
interactions between actin and myosin filaments which stimulabes the

actin-activated myosin ATPase,“a biochemical event that' is correlated

with contraction (Adelstein and Conti, 1975; Sellers et al., 1981).,



Myosin lighf chain kinase (Mr 130,000) has been purified from gizzard
smooth muscle (Adelstein and Klee, 1981), and also from a number of
non-muscle tissues including blood platelets and brain (reviewed by

Stull et al., 1986). ‘In addition to its activation by calmodulin,

the activity of myosin light chain kinase is under another level of

(=3

cantrol. The enzyme can be phosphorylated by cAMP-dependent protein
kinase on two sites in the absence of calmodulin, with the result
that the affinity of myosin light chain kinase for calmodulin is

diminished (Adelstein et al., 1978; Conti and Adelstein, 198!). - In

the presence of calmodulin, -phosphorylation occurs on only one site

and there is no appardnt effect on the properties of the enzyme. 1In
@

view of its involvement in contractile regulation, we sought to

examine the possibility that myosin light chain kinase may also be

phosphorylated by protein kinase C. °~

On the basis of recent observations, a second calmodulin-binding

]

protein has been implicated in the regulation of contractile events

=

- : 9
(Kakiuchi and Sobu'd, 1983; Marston and Smith, 1985). Caldesmon is an
actIn-binding protein that°was originally purified from chicken
gizzard smooth muscle on the bagis of its calmodulin-binding ;bility

(Sobue et al., 1981). The binding of caldesmon to F-actin can be

m— comg—
e

partially reversed by the presence of calcium/calmodulin (Sobueigg
al., 1982; Kakiuchi and Sobue, 1983). Caldesmon has no known
enzymatic activity, but has §een ahowﬁ to inhibit the actin-activated
iyonin ATPase in vitro (Ngai and Walsh, 1984; Ngai and Walsh, 1985;
Marston and Lehman, 1985; lerovakaigg_gl., 1985; Clark 3£‘£i., 1986;

Lash et al, 1986; Smith et sl., 1987). FPurthermore, the protein

21



enhances interactions betwgen actin and heavy meromyosin (Lash et
~El'3 1986), and may be abYe to bundle actin filaments (Bt;tlchEt,
1984). On the basis of these observations, a role for caldesmon in
the control of contractile events has §een proposed,

In addition to the direct effects due to the binding of
calmodulin to caldesmon, calmodulin exerts indirect‘effec:s on the
properties of caldesmon. Caldesmon is phosphorylaied by a
calmodulin-dependent protein kinase that is obtained as a contaminant
of some types of caldesmon preparation (Ngai and Walsh, 1984; Ngai
and Walsh, 19%}; Lash et al., 1986). The role of this phosﬁhorylation

N
s st1ll somewhat unclear, a}chOugh Ngai and Walsh (1984, 1987) have
demonstrated that ﬁhosbhoryiated caldesmon does not inhibit the'
actin-activated ATPase of smooth muscle myosin. Our interest in
caldesmon was as a potential substraté for protein kinase C.

Although it was origifally purified. from chicken.gizzard smooth
muscle as a 150,000 dalton pro:;in, caldesmon was subsequently
identified in a wide variety of cell and tissue types by
immunological techniques (Owada et al., 1984; Bretscher and Lynch,
1985)., The surprising finding of these stuAies was that on the basis
of molecular weight che;e are two distinct classes of csldesmon, ome
class with Mr 140-150,000 and the other with Mr 70-80,000. Despite.
the iarge molecular weight differences, the two classes of caldesmon
demopstrated si;ilar properties (reviewed by Bretcher, 1986). Both
cald;smon species are heat stable,\bind,CQ both F-actin and

calmodul%y and exert effects on the actin-activated ATPase of myosio

(Ngai .and Walsh, 1984; Onji et al., 1987). Since it seems likely

4
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that both caldesmon forms play similar roles in cytoskeletal or
cohtracﬁile'regulation, one of the aips of this study was to examine
the phosphorylation of both caldesmon ‘species by protein kinase C.

-

1.6 Experimental Approach

The investigation of the phosphorylation of cytoskeletal
. be

- proteins by protein kinase C progressed in three ?iscinc: phases. In

the first phase, we sought to characterize the phosphorylation of the

leotential regulators of cytoskeletal organization and function by

putified protein kinase C. To achieve this aim, it was first

/ .
necessary to establish prgfocols for the reliable purificabtion of

protein kinase C. Focal contact proteins (vinculin and talin, .

- v
Chapter 2) and contractile regulators (myosin light chain kinase and

variouiljo;uo of caldesmon, Chapter 3) were subsequently identified

~

as iﬂ vitro substrates for progein kinase C and the sites of

L3

phosphorylation examined. -

To demonstrate that a phosphorylation reaction is of

v .. R Y
physiological importance it is not sufficient to simply present ®
. . . . .

evidence that the reaction occurs in vitro, since a number of

- physiological .qfﬂing do aot occur in liviag cells (Krebs and Beavo,

resctions that can occyr using purified components in a non-
Y J -

-

-

19799. of téc proteins that we had identified as in vitro substrates
. — ——

. for pfoEcin kinase c,‘qinculin ws's thc‘ouly oue that was ¥nown to be

¢

-

s subdtrate for ‘protein kinase C i# living cells as well (Werth and °

Psstan, 1984). Tlus, ia the second phase of our‘inveitig:siou', we
Ny . . <]

sought to exsmine in livihg cells spc phospherylation of the other

proteians (talin, wyosin light chain kinase and caldeston) that we had
3 ’ <

- L]
.'~ .l . °
N

7
=
-



identified as in vitro substrates for- protein kinasg/ET‘ For these
studies, intact human platelets were used. 1In this’experinentcl

syscan,.the phosphorylations of platelet caldeamon and the platelet

form of talin by protein kinase C were denonstrateg and characterized
~

(Chapter 4). Our inability to conveniently isolate myosin light
chain kinase precluded an analysis of its phosphorylation in living
cells.

The demonstration that phosphorylation can alter the

1
=

logalization or function of a protein is another advance towards
R ' N N

establishing a physiological role for the phosphorylation event.
- xr‘ *
Thus, to extend.the results of ogf.previOus analyses, the effects of

‘phiosphorylation on some of thef}nh?iional properties of caldesmon
tl""‘y‘;
were investigated (Chapter 5). % The ebjective of this fimal phase of
- . ~ *
the study was to gain more of an,un standing of how the

Fd
biologically active phorbol esters/efert effects on the organization

and function of cytoskeletal componenents.

- 3
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- . ) CHAPTER 2
PHOSPHORYLATION OF FOCAL CONTACT PROTEINS

BY PURIFIED PROTEIN KINASE C

2.1 INTRODUCTION *

The focal contact of a cultured cell is the region of closest
and tightest association between the plasma membrane amd the

substratum (Bifchweier, 1981; Geiger, 1983). Focal contacts are

4 L]

principally responsible for the adhesion of many cell types to

culture dinhel. This comtact'also contains the membréne attachment

site for the actin microfilament bundles known #re‘ss fibres - k
(Geiger ££~£l" 1980; Burridge et al., 1982). As a result,
components of the focal contact are considered to be potential
medistors of events which result in changes in cell morphology or

adhesion,

When cells are treated with tumour-promoting phorbol esters

(Eifkin'gg_!l., 1979; Scliwa et al., 1984), growth factors such as
platﬁlec-derived growth factor (Rerman éﬁ_:l., 1986; Herman and

Pledger, 1985) or become Qirally tr;ncfonnea (reviewed b; Hanafusa, -\\.
1977), they undergo a series of biochemical and morphological

alterations. These alterations are accompanied by cytoskeletal

[ ~
-

reorganisations which include rearrangements of the stress fibres and
changes in the org:pi:ation and distribution of focal contacts
(David-Pfeuty and Singer, 1980; Schliws et al., 1984; Herman and A

Pledger, 1985). Since these results imply that events within

. -
.

the focal contacts may de responsidle for, or at least involved in,

I
’ A
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some of the alteratioas in Dpiochemicsl or morphological properties of )

cultured cells, it is clearly of interest to examine the molecular
—
msechanisms by which focal contacts are regulated. -

H'my. if not all, of the effects of the tumour-promoting phorbol
esters on cultured cells are- transmitted by their receptor, “protein
*kinase C (reviewed by Ashendel, 1985; Nishizuka, 1986; Pasti et al.,

1986). Therefore, the obJectwe of the work described in this
9
Uy .
chapter was to examine the activity of protein k;_mce C tmrda . ,-;{‘L
> g T
components of the focal contact’that may medxa,;e the mo?ﬁ}nolégxcal or

-

biochemical alterations that are induced by. thg phorbol eséera. Two

. . . . . :
focal contact phosphoproteins, vinculin and talin, were the focus of

-

- investigation_ (reviewed by Mangeat and Burridge, 1984; Geiger, 1983),

Although the physiological roles of vinculin and tMin remain

L3

poorly understood, a number of interesting observations with the two

K >

. doteina have been made, In addition to the interactions vhfch have -

been observed between vinculin and talin (Burridge and Mangeat,

1984), interactions between talin ar talip/vindulin complexes and the
5 k4
transmembrane fibronectin receptor have been discovered (Horwitz et

> 3

al,, 1986). On the basis of these resclts, and from studies on their
subcellular distribution (Geiger, 1979; Geiger et al., 1980; Burridge
and Connell, 19533; Burridge and Conneit. 1983b), vincylin and talin
are thouéht to be involv:d in transmembrane linkages between stress o

fibres and the extracellular matrix., Interestingly, the two proteins

v=8rc i

+ have been identified as substrates for pp60 , the transforming

protein of Rous sarcoma virus (Scfto t al. . 1981° Pasqusle et al., -

X 1986). The effects of phosphorylation are gnot yo: knm. however.

- L]
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As a first step towards elucidating the wechanisadnvolved in

the phorbol ester-mediated alterati* in cytoskeletal organization

+

and cell morphology, the results of this chapter demonstrate that

vinculin and talin are phosphorylated by protein kinase C in vitro.

©2.2 MATERIALS AND METHODS

o

2.2.1 Miterials

Blue Sepharose;, phenyl-Sepharose, DEAE-Sephadei (A25) and

-Sep“i;ig.;jyl*}j_‘ §-300 epe obtained from Pharmacia Fine Chemicals and DEAE-

ia;fﬁulgze (DE52) and phosphocellulose (Pll) from Whatman.
Radiocheni;als_wete obtained from Néw England NucIe;r.- histones
(II1-S and IIa-S); trypsi; (treated with diphenylcarbamyl.chlqride),
and the catal;tic subunit of cAMP-dependent ptotein kinase were from

“§igwa. Phosphatidylserine and diolein were from Serdary Research
LabPrathiea arid Staphylococcus Aureus V8 protease from Hilés
Sc}entific. ‘Heat-killed formalin-fixed Staphylococcus Aureus was
purdﬁiaed fronrsoehri.nger Mannheim, Cellulose coated (0.1 mm) thin

v

layer chromatography plates (10 cm X 10 cm) for peptide mapping and

phosphoamino acid analysis were from Merck. Other reagents and

N

’ chenicals were of ahnlyéicnl grade.

2.2.2 Purification of Protein Kinsse C from Bovine Brain
?

Protein kinase C was putified from fresh bovine brain by
. modification of the methods of Kikkawa 55‘:1. (1982) and Wise et al.
'y (1982). Presh bovine brain (400 g) was homogenized in 3 volumes of ¢

~

buffer A (20 =¥ Tris—Cl, pH 7.5, 2 mM EDTA, 50 =M 2-mercaptoethanol)

at 4°C. The homogenate was centrifuged for 40 minutes at 14,000 X g .




and the supernatant filtered through glass wool prior to 20-452
ammonium sulphate fractionation. The 20-45X mmmonium sulphate
pellet was dissolved in buffer A and then extensively dialyzed
against the same buffer, The dialyzate was subjected to DEAE-
cellulose chromafoér;;;;: Active fractioqs from this column were
further purified using blue Sepharose and phenyl-Sepharose columns.
Protein kinase activity was dependent on both phosphatidylserine and
calcium. The enzyme was stored ;: 4°C and was used within ome ;eek
of isclation.

2.2.3  Phc ~horylation Assays

L4

-~ . .

Protein kinase C was assayed for 5 minutes at 30°C using histone
(types III-S, O;Z.mg/ml) as substrate. The reaction was .conducted ié'
a volume of 0.1 ml containing 20 mM Tris-Cl, pH 7:5, 10 mH‘HgCIZ.
0.01 mM ATP (specific activity 150-250 cpm/pmol) nA: either
phgsphatidylserine (0.05 mg/ml) and Cacl, (0.5 mM) or EGTA (0.5 mM),
Histone phosphorylition was monitored by precipitation of the
reaction mixture usiqp ice-cold trichloroacetic acid as described by
Corbin and Reimann (1974). Qme unit of protein kinase C is defined
as the amount of enzyme requir;d to transfer | mmol ;f phosphate per

min into histone (type 11I-S) at 30°C under these conditions.

2.2.4 Affinity Labelling of Protein Kinase C Preparation with l;fc]-

Pluorosulfonylbenzoyl Adenosine '

Proteian kinsse C, purified as described above (sectiom 2.2.2),
was losded on s | ml DEAE-cellulose (DES2) column pre-equilibrated
- with 20 mM Tris-Cl, pH 7.5, 2.0 uM EDTA, 50 mM 2-mercaptoethanol.

- - .
The column was then extensively vashed with 20 wM Tris-Cl, pH 7.5 to

.
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remove EDTA and 2-mercaptoethanol. Protein kinase C was eluted from
the colu.ﬁ in the absence of 2-wmercaptoethanol and EDTA with 0.1 M
NaCl ‘im 20 =M Tris-Cl, pH 7.5.

An aliquot (0.06 ml) of [IAC]-fluoroculfonylbenzoyl adenosine
(0.44‘uﬂ) ia 952 ethangl was dried unéer N, as described by Buhrow et
al. 21982) and then resuspended in 0.012 ml of dimethylsulfoxide in
preparation for reaction with the protein kinase é ptepargtion;

The protein kinase C preparation was incubated at room
temperature with [lAC]-fluorosulfonylbenzoyl adenosine (0.044 mM
final concentration) for ome hour ia the presence or absence of 2 mM.
ATP in a reaction mixture containing phosphatidylsarine (0.05 ms/ml);
“and CaCI2 (0.5 mM). The reaction was terminated by boiling in sample
buffer for SDS-polyacrylamide gel electrophoresis and the saméles
were run on an 8% gel. The gel was treated with Enhance, .dried and
autoradiographed at.-7p°c for 14 days.

* 2.2.5 Purification of Vinculin and Talin

- Vinculin was purified from fresh chicken gizzards essentially by
the method of Feramisco and Burridge (1980). Following amnoniug
sulphate fractionatiod as described by Feramisco and Burridge (1980),
the ammonium sulphate pellet was dissolved in buffer (10 mM Tris-
acetate,‘pu’frs: 0.1 =M EDTA, 10 u& 2-mercaptoethanol) and
extensively dialyzed against che'{gne buffer prior to chromatography
on DEAE-cellulose (DE52). After chromatography on DEAE-cellulose,
the vinculin-containing fractions vtfc'identified by SDS-

polyacrylamide gel electrophoresis, pooled and subjected to

chromatography en a second DEAE-cellulose {DEAE A25) column.
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Talin was p;;;fied ess;ntially by the method of Bugridge and
Connell (1983b). Followi?g DEAE-cellulose (DES2) and
phosphocellulose (P11) columns, the talin was chromatographed on
Sephacryl $-300. Talin was identified by SDS-polyacrylamide gel

- .
electrophoresis.

2.2.6 Phosphorylation of Vinculin and Talin g

Vinculin (0.1 mg/ml) and talin (0.1 mg/ml) were phosphorylated
- ' *
at 30°C in reaction mixtures of 0.05 ml contairfing 0.0d units of
protein kxnase C (Litchfield and Ball, 1986). The reactxono were

terminated by b0111ng in SDS-polyacrylamtde gel sample buffejl
. @
(Laemmli, 1970) and the reaction mxxtures subjected to SDS-~

polyacrylamide gel electrophoresis. The vx‘!ﬁlxn or talin bapnds were

.
.

excised from the gel, and digested overnigh t 70°etith 30% H202 so
]

that 32? incorporation.could be determined by scintillation counting.

2.2.7 Immunoprecipitation

Vinculin ahd talin (5 ug) were immunoprecipitated essentially as

described by Sefton et al. (1978) from phosphorylation reaction
mixtures by .the addition of affinity-purified rabbit antibodies (5

. ) \ . . .
ug) prepared against chicken gizzard vinculin or talin. After

incubation for 1 hour at 4°C, heat-killed StaphylocécCu; Aureus (0.01
ml of 10X v/v) iﬂ'iNlunOprécipitlgion buffer (1% Triton X-100, X
sodium deqiyeholnte, O.IZ'SDs; 0.1% M NaCl, 20 mM phosphate, pH 7,4) N
contaxnxng 0.3% bovxne serun albumin wvas added. FPollowing ..
1ncu§‘txon for 15 nxnutec at A'c, the Stuphylococcul Aurcua was

pelleted, washed twice w;:h immunoprecipitation buffer and once with
. ) L4

20 =M Tris-Cl, pH 7.5. +To solubilize the immunoprecipitated

&




proteins, the Staphylococcus Aureus was resuspended and boiled in
sample buffer for SDs-polyacrﬁlgnide gel electrophoresis., Samples
were then electrophoresed on SDS-polyacrylamide gels which were
stained with Coomassie Blue and then dried and autoradiographed for

visualization of 'the phosphorylated proteins. e

2.2.8 Phoaphppeptide Mapping
Proteins u‘r? labeled with 32? as described above (gsection
2.2.6) and elecgropéﬁgeaed on SDS-polyacrylamide gels. The 32?—

. . .~ labeled protein b;nd~2aé'excised from the gel and incubated in 50 =M
fqyo?ium bichrhénate qépgginigé trypsin o; St;phy}ocoqgus Aureus V8
protease (0.05 ma/&l) for 22 hpqgs at 37°C in a siliconized test tube

«{12 X 75 mm). Conpléte digestion was ensured by transferring the
ahpernatant to a new szTgogized test tube containing more protease’
(5 ug) and incubating for 2 hours at 37°C. The solution was then
frozen and extensively lyophilized before the phosphopeptid;s were
separated in two dimensions on thin' layer. chromatography plates by
the method of Elder et al, (1977)., The peptides were subjected to

Y- electrophoresis at 1000 volts in pH 1.9 buffer (acetic acid: 88%

formic icid: HZO; 15: 5: 80) and then ascending ;hromatbgraphy (1-

. butanol: pyridine: acetic acid: HéO; 32.5: 25: 5: 20).

: Phosphopeptides were visualized by sutbradiography. .

2.2.9 Phosphoamino Acid Analysis

- ' Phosphoamino acid snslysis was done essentially by the method of
t i b J
Cobper at al. (1983). Briefly, phosphopeptides were prepared and (r
3 : lyophilized as described above and wgre then subjected to partial

.hydrolysis with 5.7N HC1l for 1 hour at 110°C. After drying, the




hydrolysate was dissolved in 0.0l ml of pR 1.9 buffer (2;52 formic
Scid (88% stock), 7.8% glacial acetic acid) containing unladbeled
. . phOSpHoamino acids (phosphoserine, phosphothreonine, phosphotyrosine .
at 0.15 mg/ml each) and an aliquot (0.003 ml) applied to thin lnfer
chromatography plates, Following electrophoresis towards the anode ;.1r '
at 1250 volts.for 25 minutes, the samples were electrophoresed in a ‘
. -gecond dimension at pH 3.5 (0.5% pyridine, 5.0% glacial acetjc acid)
at 1250 volts for 15 minutes. The plates were then dried, stained
. _with ninhydrin (0.2% in acetone) to visualize standard phosphoamino
acids and autoradiographed to detect the 32P-labe1ed phosphoaniqov

acids.

2.2.10 Protein Determinations
Protein determinations were done by the method of Bradford
*
(1976) using commercial reagent (Biorad) and bovine immunoglobulin as

protein standard.

2.2.11 SDS-Polyacrylamide Gél Electrophoresis aqg Aut;fldiqulphy .
SDS-polyacrylamide gel electrophoresis was performed using the

buffer system of Laemmli (1970).' Molecular géight markers were as

follows: myosin ﬁeavy chain (200,000); 9-§llactooidase (116,000);

phosphorylase b (92,000); bovine serum albumin (67,000);

immsnoglobulin heavy chain (50,000); actin (43,000). Autoradiography s

was done with Kodak X-Omat AR film at -70°C.

2.2.12 .Preparltién of Calcium Buffer Solutions

Protein kinase C reaction mixtures of a desired free calciu

concentration were prepared using EGTA buffers according to the

method of Bartfai (1979).
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2.3 RESULTS

2.3.1 Purification of Protein Kinase C from Boving Brain

As an initial step in investigating the role of protein kinase C
in the regulation of cytoskeletai components, a protocol was devised
to purify this enzyme from fresh bovine brain. After three column
chromatographic steps, the active fractiona of protein kinase C

contained 2 major protein bands as shown on the Coomassie blue

" stained SDS-polyacrylamide gel (figure 2.1, lame 4). The upper band

(molecular weight of 82,000) is of similar size to that previously
Y

L4 .
reported for protein kinase C (Kikkawa et al., 1982; Wise et al.,

1982). A major contaminant  (molecular weight of 67,000) ds also
visible. This contaminant was also found by others (Parker et al.,
1984). - : '

A typical purification table (table 2.1) for bovine brain prq&ein
kinase C reveals that the enzyme is obtained in low yield
(approii;ately 52), a result common to a number of published
putifiqctionl‘(xikkawa‘55_51., 1982; Wise et al., 1982; Parker et
sl., 1984).2 Protein kinase C activity could not be reliably asgayed
in the initial brain extract since the extract contains a nbmbgf of
contaminating protein kinase activities (Kikkawa et al., 1983a). Th§
specific activity of the purified enzyme (94.2 mmol/min/mg) is
similar to that obtained for protein kinase ¢ purified from bovine

' - .
heart (Wise et al., 1982) and porcf‘:,gpléen (Schatzman et al., 1983)
but is-more than 10-fold iouer than that repoited for rat brain

protein kinase C (Kikkawa et al., 1982) and nearly 50-fold lower than

that subsequently reported for bovine brain protein kinase C (Parker

-
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< FIGURE 2.1 “

SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS OF FRACTIONS FROM
BOVINE BRAIN PROTEIN KINASE C PURIPICATION,

N 3 ™~

gthplea were run on a 10T gel and visualized by staining with
Coomassie blue. Lane 1, DEAE-cellulose pool; lanme 2, Blue Sepharose
pool; lane 4, phenyl-Sepharose pool, Molecular weight markers shown
in lane 3 are as follows: myosin heavy chain, 200,000; p-
galactosidase, 116,000; phosphorylase b, 92,000; bovine serum
albumin, 67,000; immunoglobulin heavy chain, 50,000; actin, 43,000.

FIGURE 2.2 ' *

* SDS~POLYACRYLAMIDE GEL ELECTROPHORESIS AND AUTORADIOGRAPHY OF
- PROTEIN KINASE C, ’

—

L.

<
"

) /

Protein kinase C pyrified thtOuggzphenyl-Sepharoce.
chromatography was incubated with [v-""P]ATP in thedresence Sf
phosphatidylserine and calcium (lane 2) or in the presence of EGTA
({lane 1). Samples were run on a 107 gel wikich was stained with - -
Coomassie blue (panel A) prior to autoradiography (panel(?).
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TABLE 2.1

PURIFICATION OF BOVINE BRAIN PROTEIN KINASE C.

s

Step Protein Total Specific Yield Purifi-

Activity Activity cation
mg units Qpits/mg 4 -fold
DEAE-cellulose 742 1,085 1.46 100 1
—_— , Blue Sepharose 15-.8 71.2 4.51 6.6 B P
Phenyl Sepharose 0,85 52.4 61.65 4.8 42.2
; (pool) -
Phenyl Sepharose 0.24 22.6 94.17 2.1 64.5
. (peak fractjon) ‘ .

Aliquots of fractions from different stages during the purification -
of protein kinase C were assayed as de¥cribed in Materials and

’ Methods. One unit of protein kinase C activity is -defined as the
amount of enzywe required to transfer | nmol of phosphate per minute
at 30°C into histome III-S under che conditions defined in Materials
and Methods,.




© . . et al., 1984).

2.3.2 Charactcrization‘gs Bovine’ Brain Protein Kinase‘g

. '2,3.2.1 Histone Specificity

Lo ) Since the specific activity of our bovine brain protein

kinase C was low in comparison to other protein kinase C preparations
. 3 .. e .- . . .

(Kikkawa et al., 1982; Parker et al., 1984) a number of experiments
h ’ &ere conducted to establish the authenticity of he purified enzyme.

Ut;lx:xng different histone frac&1ons as' substrate, protein kinase C

! -

. i exhxbxted nearly 4-fold higher actxvxty towards histone III-S than
N histone ITa-S (data not shown).  In add;t1on, the depen&eﬁcy of

protein kinase ¢ qn'phosphatidylsqrine and calcium was neafly-

.

absolute, > -

-

2.3‘2.i"?heifhogylltioﬂvgs Proteins in Protein Kinase Q_Prqéaration

-r -

T~ As is the case with a pumber of protein kinases, protein kinase

S C s ‘known to Be autophosphorylated in thé presence of phospholipid-

’ lnd cal¢ium (Kikkawa et al., 1982 Le Peuch et al., 1983; Huang‘és

‘.il.. 19861' Hochly-Ro-en and Koghland, ‘1987). Sovine brain protein
kanhe C vas 1ncublted with_ [V- ?]ATP (fxgure 2.2) ia the preaence

. of phoophatxdylaorxne and calcxun (lane 2) or EGTA (lane 1). The

’ \autorndlogra- (panel B) ahown that the two major bands with molecular

‘'weights -$2,00Q lnd 67 000 that are vxnxble on the Coona-sie blue

' - stsined SDs-pflyaérylcnxde gel (pauel A) are. both pho-phorylated only

£ 4
in the presence of phosphatidylserine and calcium. This result is

-

N I ‘ - 1]
i consistent with the 82,000 dalton protein either being protein kinase

T Cora :uiltrnko°fo?‘ehc'cn:y-e.
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' ' * FIGURE 2.3

©

activaTIon BF PROTEIN KINASE C BY DIACYLGLYCEROL.
. .,

Protein kinagse C was assayed. as described in Materials and
Methods ‘in the presence of phospbatidylserine (20 ug/ml) and the
indicated amount of calcium, Assays were condicted in the presence °
(@) or absence (@) of diolein (1 ug/ml). ‘The results represent the

average of duplicate samples and are:- ﬁypxcal of those obtained in, two
separate experiments.
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2.3.2.3 Activation by Diacylglycerol and TPA

The activity of protein kinase C is markedly a%inulated by‘
diacylglycerol in the presence of Eicronola; concentrations of
cafcium (Takai et al., 1979c; Rishimoto et al., 1980; Raibuchi et
al., 1981). The activation of bov{ne brain protein kinase C by ;hé
addition of diolein (1 pyg/ml) is demonstrated in figure 2.3. As '
evidenced by th{s figure, half:maximal activation of protein kinase C
occured at a calciym concentration of approximately 5 X lO—QH in the
absen?e of diolein and at a calcium concentration of less that 10-6H
in the presence of diolein. This significant activation of protein

kinase activity by diacylglycerol at physiological™ealcium

concentrations is a unique property of protein kinage C (Nishizuka,

'1986; Bell, 1986). Protein kinase C is also known to be activated by

tumour-promoting phorbol esters such as TPA in vitro and im vivo

-
-

(Castagna et al., 1982). With our bovine brainaenzyne, TPA at

”
concentrations of 5-20 ng/ml exhibited nearly 2-fold activation of

protein kinase activity in the presence of phosphatidylserine (0.05
mg/ml) and 0.5 mM calcium (results not shown)-

2.3.2.4 Effects of Salt and pH on Protein Kinase C Activity

Protein kinase C was purified from bovine brain for use in the
ﬁ: ’
in vitro phosphorylation of purified or plrtially-puv{fied

cytoskeletal proteins. Since these proteins would be purified by a

variety of different protocols, the constituents of the solutions
that they were in Qould be somewvhat variable. Therefore, protein

kinase C activity was measured as a function of sodium chloride

concentration. As seen in figure 2.4, half-maximal inhibition of

b J . .



FIGURE 2.4

INHIBITION OF PROTEIN KINASE C BY SODIUM CHLORIDE.

Protein kinase C was assayed as described in Materials and -
Methods in the presence of the indicated amount of sodium chloride
(final concentration). The results represent the average of
duplicate samples.
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proéein kinase C activity occurs at a salt coﬁcen:ration of 0.2 M and
cb-plete inhibition occurs at a salt coacentration of .0.6 M.

Protein kinase C activity is quite tolerant of variaticns in pé
exhibiting near -axinnl‘activity in 8 pH range of 6-8 (results 60:
shown). Background aé;ivity of .protein kinase C in the absence of
;hospholipid and calcium was however markedly increased when assays
were conducted aQove'pH 7, confirming the previous findings of Hise

et al. (1982).

2.3.2.5 Affinity Labelling of Bovine Brain Protein Kinase C by

l}icl-rluorosulfonylbenzqyl adenosine

The ATP analog fluorosulfonylbenzoyl adenosine has been utilized
to modify the ATP binding site of a variety of different protein

kinsses (Taylor et al., 1983; Bﬁhrow‘gg l., 1982). As shown in
.figure 2.5, this alkylat;ng agent specifically. labeled a single band
in our bovine brajn protein kinase C ﬁreparation in the presence of
phosphatidylserine and calcium. Labeling of the band occurs only in
the absence of ATP (lane 2) and is blocked by the addition of 2 mM

ATP as ‘expected (lane 1). The labeled band has a molecular weight of

_approximately 80,000 which is very similar to that previously

reported for'protgin kinase C (Rikkawa et al., l982§ Wigse et al.,

1982). However, the molecular weight of this band is not quite

identical to that“of the Mr 82,000 major upper band seen in our

protein k{hloc C preparation.’ The difference in molecular weight

suggests that the Mr 80,000 protein may be a distinct protein from
the Mr 82,000 protein, or that the Mr 82,000 migrates as a protein

with Mr 80,000 following covalent modification with

~
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FIGURE 2.5 ’ '

AFFINITY LABELLING OF PROTEIN KINASE C.

Protein kinase C was purified as described in Materials and
Methods and concentrated on a8 1 ml DEAE-cellulose in the absence of
me captoethanol. Samples of the enzyme were incubated with
[*"C)fluorosulfonylbenzoyl adenosine in the presence (lane 1) or
absence (lane 2) of 2 mM ATP and subjected to electrophoresis on 10%
SDS~-polyacrylamide gels prior to autoradiography. Molecular weight
markers are as follows: phosphorylase b, 92,000; bovine serum

.albumin, 67,000; immunoglobulin heavy chain, SQ‘pOO; actin, 43,000,

FIGURE 2.6

PHOSPHORYLATION OF VINCULIN BY PROTEIN KINASE C.

Vinculin (0.1 mg/ml) was phosphorylated by protein kinase C as
descridbed in Materials and Methods for 20 minutes at 30°C. The

" Yeaction mixtures were electrophoresed on a .10 SDS-polyacrylamide

gel which was stained with Coomassie blue (panel A) prior to
autoradiography (panel B). Lane 1, 0.5 oM CaCl, and
phosphatidylserine (0.05 mg/ml); lane 2, 0.5 nHZEGTA and
phosphatidylserine (0.05 mg/ml); lane 3, 0.5 wM c;c&z; lane 4 0.5 =M
EGTA. Molecular weight- markers are wmarked (S).

- L
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fRuorosulfonylbenzoyl adenosine. Although the results of this
experiment fail to prove that the Mr 82,006 protein seen on SDS-
polyacrylamide gels’(figute_z.l, figure 2.2) is protein kinase C, the
preparation contains only one major ATP binding protein. Therefore,
it seems “apparent 'that the protein kinase C is free of other ™

ATP binding proteins.

-

2.3.3 Phosphorylation of Vinculin by Protein Kinase C

As seen in figure 2.6, chicken.gizzard vinculin is
phosphorylated by bovine brain protein kinase C in.the presence of‘
phosphatidylserine and calcium (panel B, lane 1). This observation
confirms the finding of others (Werch'gi_il., 1983; Rawamoto and
.Hidaka,‘l984) who also demonstrated the phosphorylation of chicken
gizzard vinculin by protein kinase C, ‘Phgsphorylation of vinculin
does not occur in the presence of EGTA with (lane 2) or without
phosphatidylserine (lane 4) although a low level of phosphorylation
is evident in the presence. of caldium withou;_adaeé
phosphatidylserine (lane 3). Under similar coniit}ons, vinculin was
not phosphorylated to an; significant extent by the catalytic subunit
of cAHP-depende;c prot;in iinasg (results not shown). |

| To verify that the phosphorylated protiein is vinculin and not a

minor contaminant, the phosphorylation:reaction mixture was subjected

to i mufioprecipitation using affinity-purified anti-vinculin

antibodies (figure 2.7). The phosphorylated protein with the same
electgophoretic mobility as vincu}in is immunoprecipitated with
affinity-purified ;n;i-vinculin antibodies (lane 1) while™mo

phhosphoproteins are pr;cipituted with antibodies from & non-immune

»



FIGURE 2.7

IMMUNOPRECIPITATION OF PHOSPHORYLATED VINCULIN.

Vinculin was phosphorylated and immunoprecipitated with affinity
purified rabdbit anti-vinculin immundglobulin (lane 1) or with
immunoglobulin (5 ug) from a non-immune rabbit (lane 2). The

‘ immunoprecipitated fractions were electrophoresed on an 8 SDS-
- . . polyacrylamide gel and stained with Coomassie blue (panel A) prior to
sutoradiography (pesnel B), The position of vinculian is marked (-v-),
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rabbit. These results confirm that vinculin is indeed a substrate

for protein kinase in vitro. i ‘b

-~

The time dependent incorporation of- phosphate into vinculin is
illustrated in figure 2.8. During%an initial rapid phase, vinculin

phosphorylation reaches a level of 0.2 mol phosphate/mol protein.

<

This rapid phosphorylation is followed by slower phosphorylation
resulting in incorpofa:ion to a level of 0.38 mol phosphatw/mol

protein. 1In the absence of phosphatidylserine and talcium, vinculin
phosphorylation is imsignificant, By camparison, phosphate
?

in&qrporations of approximately 0.5 mol phosphate/wol vinculin and

0.08 mol phodphate/mol vinculin were athieved by Werth et al. (1983)

and Kawamoto and Hidaka (1984) respeé;ivelyl

2.3.4 Two-dimensional Peptide Mapping of Phosphorylated Viﬁgulin

- « L. -
Two-dimensional peptide mapping was utilized to determine the

number of sites on which vinculin was. phosphorylated by protein
‘ ~

EY

kinase C. Examination of fign;e 2.9 reveals that vinculin contains
. -3 . . M

two major phosphate acceptor sites .in addition to ome fhinor

el

phosphorylation site.9 These results confirm th¢~fi6dings of Werth et

a ™

al. (1983) who demonqératgd that vinculin is phosphorylated on two

a

major sites by protein kinap; C. A curious feature of the vipculin .

Nt

-phosphopeptide map is that aIf'ER?jg.;ig:g af ‘phosphorylation have

the same electrophoretic nobi}it}. >0 e <

<

2.3.5 Phosphorylation of Talin by Protein Kinase C

.

°

In addition to vinculin, talin is another focal contact ¢

phosphoprotein that is a potential substrate for pf%téin kinase C.
, .

A}

Exsminatidn of figure 2.10 reveals that when chicken gizzard talin

. .
.

° -



FIGURE 2.8

& -~ '
TIME DEPENDENCE OF VINCULIR PHOSPHORYLATION.

- o

. Vinculin' was incubated with protein kinase C in the presence of
phosphandylser;me and calcium (@) or EGTA (O), At the times
‘indicated, aliquots were removed and immediately bw.led in ssmple
buffer for SDS-polyacrylamide gel eléctrophoresia.” Phosphate
‘incorporation was determined as described in Materials and Methods.

*The results gre typical of rhose obtained in five sepaute
experunents. - -
] ’ ¢
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FIGURE 2.9-

TWO-DIMENSIONAL TRYPTIC PHOSPHOPEPTIDE MAP OF.VINCULIN
PHOSPHORYLATED BY PROTEIN KINASE C.

After SDS-polyagcrylamide gel electrophoresis, the phosphorylated
vinculin band was excised. and extensively digested with trypsin. The
peptides were applied at the origin ( 0 ) and subjected to
electrophoresis (horizontal dimension with cathode at right) at pH
1.9 before ascending chromatography (vertical dimension).
Phosphopeptides were visualized by autoradiography.
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was incubated with protein kinase C in the presence of

phosphatidylserine and calcium, a single phosphorylated band
corresponding in molecular weight to talin was observed (lane 63. In
the absence of calcium or phgsphgtidylserine, talin phosphorylation ‘
was drastically reduced (lanes 1-3), although a slight reaction is

evident when only phosphatidylsgrine was present (lane 3). Talin was

not phosphorylated by the catalytlc ‘subundt of cAHP depen&ent pratein

. kinase (results not shown)

To confirm that the phosphorylated protein was talin, the talin
phosphorylatxdn réaction mixture was tmmunoprecxpxtg;ed u1:h

afftnxty~pur1£1ed anti-talin antmhudzel (flgure 2. Il) The

\

ﬂphosphorylated band wasd immunoprecipitated by anti-talin antibodies

} ) Vi
{lane 2), but was not preg@pi;ated by antibodies- from non-immune

s§£u;_(lape’1). These'resJits demongtr§tg tha:‘tﬁe phg;phorylated
band is talin and not.a minor contaminant. s : o e
The time éependeﬁt phosphor§idtion of ;alin is illustrated ié’}
figure 2.12. In m: initi.lﬁn'pia phase of phosphorylation, talin
reached 8. Icvzl of 0.5 mol phosphate/mol protexn. This tlpld

phospho:ylatxoa vus foltowed by more gt:ﬂual phosphorylacxon with

"talin recchlng a level of app:dxxnately 0.8 .mol’ ﬁhucphatelnol protato

after one hour. Iﬁ tﬁe lbscnce-of pboiphatxdyluerzno and calcium,

there was no -e:nurable phosphorylatxon of talin. T

BJ

4

2.3,6 Tvo-dxnnn-xoaal ngtidt 22 g; and Fhoophonnxno Aczd Analysin
of Thlin ‘ ’ . .ot . _ﬁjuéjll” ' ‘

To 1nveorxgate the .xteo of pho.phorylat;on 1n :nlxn, )

phoophopcptxdea generated by extensive protcolynxs with trypoin

P




FIGURE 2.10

. PHOSPHORYLATION OF TALIN BY PROTEIN KINASE C.

Talin (0.1 wg/ml) was phosphorylated by protein kinase C as
described in Materials and Methods for 20 minutes at 30°C. The
reaction mixtures were electrophoresed on an 82 SDS-polyacrylamide
gel which was stained with Coomassie blue (panel A) prior to
autoradiography (panel B). Lane 1, 0.5 mM EGTA; lane 2, 0.5 mM
Caclz; lane 3, 0.5 mM EGTA and phosphatidylserine (0.05 mg/ml); lane
.4, 005 aM CaCl, and phosphatidylserine (0.05 mg/ml). Molecular
weight markers are marked (Hr)'

e

S 'FIGURE 2.11

- " . IMMUNOPRECIPITATION OF PHOSPHORYLATED TALIN.

)
. e

. Talim vas phosphorylated and immunoprecipitated with affinity
" purified rabbit anti-talin immunoglobulin (laf® 2) or with
' immgooglabulin (5 pg) from & non-immune rabbit (lame 1). The
© immunoprecipitated fractions were electrophoresed on an 8% SDS-
polyacrylamide gel and stained with Coomassie blue (panel A) prior to
. sutoradiography (panel B). The position of mslin is marked (-T-),
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FIGURE 2.12

TIME DEPENDENCE OF TALIN PHOSPHORYLATION,

Talin wes incubated with pratein kinase C in the presence of
phosphatidylserine and calcium (@) or EGTA (8). At the times .
indicated, aliquots were removed dnd immediately boifed in sample
buffer for SDS-polyacrylamide gel electrophoresis. Phosphate
incorporation was determined as described -in Materials and Methods.

The results are typical of those obtained in seven separate
experiments.

.
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(figure 2.13, panel A) or V8 protease (figure 2.13, panel B), were
subjected to two-dimensional mapping. From these two-dimensional
maps, it was apparent that talin contains multiple phosphbrylation
sites. Fout_iajor phoaphopeptides and a number of minor
phosphopeptides were obtained using each protease. Phoséhoamino acid
analysis-oi talin (é&gure 2.13, panel C) auppér:ed the finding that
talin is phosphorylated at multiple sites, since phosphoserine and
phosphothreonine were both detected. As expected from the -
specificity of protein kinase C, no phosphotyrosine was detected.

All of the major tryﬁtic phosphopeptides of talinm contained ‘
phosphothreonine (results ndt shown). Although absent from the major

spots, phosphoserine was detected in one of the minor spots.

2.3.7 Phosphorylation of Vinculin and Talin in Mixtures of the Two

-~ -

Proteins

Talin and vinculim are two focal proteins known to interact with -

each other (Burridge and Mangaat, 1984). As an initial step in

+

examining thg‘role of vinculifi and/or talin ﬁhq'pﬁoryla:ion on their

' igteractions, the two proteins were incubated together in the

presence of prétein ;?ht'e”E\ Examination of table 2,2 reveals that -

-

talin phosphorylation is Qot altered in the'présence of vinculin,
vhereas vinculin phosphoryl;tion is diminished by approximately 40X
ia the p?elence of talin. The degree of inhibition of vinculin o
phosphorylation by talin is almost identical whether the
pho;phor;lgtion reaction is sllowed to proceed for 10 minutes or for
1 hour. -

v ’
To extend the results of tadble 2.2, the relative incorporation

B O G S T S T e S, LT A S P e e gt
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’ " FIGURE 2.13
TWO-DIMENS IONAL PROTEOLYTIC‘}-lOSPHOPEPTIDE MAPS ,{ND PHOSPHOAMINO
ACID ANALYSIS OF TALIN PHOSPHORYLATED BY PROTEIN KINASE C.

After SDS-polyacrylamide gel electrophoresis, the
phosphorykated talin band was excised and extensively digested with
trypsin (A) or V8 protease (B). The peptides were applied at the
origin ( 0 ) and subjected to electrophoresis (horizontal dimension
with cathode at right) at pH 1.9 before ascending chromatography
(vertical dimension). Phosphopeptides were.visualized by
autoradiography. For phosphoamino acid analysis (CL, the
phoshopeptides were partially hydroyzed as described in Materials and
Methods and applied to the thin layer plate at the origin ( 0 ). The
samples were then subjected to electrophoresis at pH 1.9 (horizontal
dimension with anode at left) and at pH 3.5 (vertical dimension with
anode at top) prior to autaoradiography. Standard phosphoamino acids
- phosphoserine, (PS); phosphothreonine, (PT); phosphotyrosine (PY) -
were visualized by nimhydrin staining. ’ '

‘I
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‘. TABLE 2.2
EFFECTS OF TALIN ON VINCULIN PHOSPHORYLATION.
Time Vinculin Vinculin ¥__ Talin " Talin
(with talin) (with vinculin)
o
(minutes) ' (X phosphorylation) : - "
10 100 57 100 .99

a

60 ’ 100 59 100 113

Vinculin (0.1 mg/ml) and/or talin (0.1 mg/ml) were phosphorylated as
ini‘ia:ed in Materials gnd Methods. In reactions containing both
pr&®eins, the reaction mixtures were incubated for 15 minutes at 30°C,

prior to commencement of the kinase reaction by the addition of ATP.
The values represent the average of duplicate determinations and are
typical of those obtained in three separate experiments.
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. of phoophage into each of the three vin-:iin phéaphopéptidea (aeep

. ' . fi;ure 2.9) wvas qnilyled vhen vincalin was phoaphoryi;téd in éhe
presence, or nbcence, of talin (table 2.3). The vinculin
phouﬁh;::;txde that was most significantly affected by idclusion of
talin in the phosph;rylatxon reaction mixture is the minor
phosphopeptide (figure 2.9, phosphopeptide 3). 1In the presence of
talin; the relat;ve phosphate incorporation o{ phosphopeptide 3 is

. diminished by more than 70 at the 10 minute time point and by more
than 507 after 1 hour. 1In contrast, the relative ratio of .
radioactive phosphate in phosphopgptideo 1 and 2 remaims rather
invariant. Absolute measurements of‘ﬁhoaphate'iﬁcorporation were not

pénsible since reéovety‘of radioactive ﬁhosphopep : ing the

d.tent steps of the procedure is not

.2.4 DISCUSSION

Protein kinase C exists in two foi{ms within the cell: an
inactive soluble form and an active form which is tightly aaao;iatéq

with the plasma membrane (wolflg_ 1, '1985b; Kraft and Anderién,.‘”

1983; Thomas et al., 1987). The locnfizacion of the qgsj;e form of

the protein kinase would place the enzyme in close proximity to

wembrane-associated structures such as focal contacts. As a result,

4

it is of interest to exsmine the activity of purifieﬁ‘prptein kinase

) - -

C on components of the focadl contact which may serve as regulators of

cytoskeletal organization or funcéion.

d Lo AP N

The Yirst objective of out o:uiéch.Qai':o purify protein kinase

C for the purpose of éonduc:ing‘ig vitro phosphorylaticn experiments.
. R . ;

- - P . .

-
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TABLE 2.3
. . > ,
RELATIVE PHOSPRATE CO@TEHT’OF VINCULIN PHOSPHOPEPTIDES.
R .
.’:‘ A J
Time ’ Phpsphopeptide 1 Phosphopeptide 2 Phosphopeptide 3

< . < ‘o
" (X of total phosphate content of vinculin)

10 - 55.3 33.1 _ 11.6 \
® : .
10 .
(with talin) 65.4 31.6 3.1
Lt ' e .
60 . ’. 56'5 ..\ 25.5 i 18.0
60 < :

ﬁiqculln which was hqiﬁhorylated in the presence, or absence of

talin, was subjected to ‘phesphopeptide nfppipg. After visualization,

of ‘the phosphopeptides by-autoradiography, they were individually

- eluted from the thin layer plates with buffer (aceti¥ acid: 882

formic acid: R,0; 15:5:80) prior to scintillatiom counting.- :
Phosphopeptided are_numbered according to flgure 2.9, The values
represent the average of duplicate determinatioms. - : '

4
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.« 'rontds this nujmeeded in purifying p-rocem Kinase C’ frow

c. . bouﬂ! bnm using three colulf chromatographic at.epo. Although we

'y . - could no: -unequivoc'ally identif} & bmd'on.sns-iaol’ylcr‘ylan;de 4els as'
J_’rdtexn kmue-c, 4 number of experimental results confu'-ed that the ' 1.:-
* ,purlhed enzyme was fte-e o£ other contaminating protein k:.nasea. The - !
.  eazyme exhibited a matked specifici;y’towatds the histone III-§ ..

 fraction qver I:he histone Ila-§ frncl.:io.n.a‘nc‘l: using e former as.
< . ' Mlubutute e:h;bxted nearly .absolqte (gi'eater than SO:;:td) dep‘endence
. - Ry phosphatxdzlserme an.d calciug. The histoke kinase act ivity of’
' e . ch_e enabe was also ac.nvated by addition of unsaturated S

‘. T ducylg,lycerof or TPA, as expected aka; et al., _1979c' Kuhnnqto et e

¢ e .1 v al., 198.0 Khxbuchx etf:l., 1981; Castagna et al., - 1982) ‘r’ne ‘ o

L ] - —" UL A |
s - oy -/ N .,

'maximal protexn luqase c act1v1ty neasured vas however the same in

4 ‘ c {he pri-,uence or ablence of dxacylglycetol in contrast to the reoults Y

s - % . .

e e o§ KuthGto'u al, (1980) obtainéd vith rat brain protean kinase C.

N .In that otudy, nd-tul activity tn the’ p:@&ence of dxolem vas

L] - n
.

I . lignxfmant,l‘y greater t}un in the abnenc‘e of dxolem. ‘l‘he reason for

discr ancy .u aot - krown Uu.ng the alkylntzng ATP. atuLog
‘luorowlfouylb{xoyl wdeuoune, a ungle band ‘of nolecular ‘weight

. -.:; o _. . 80 000 was labeled, de-onct:rntmg that. the preparatmu is free of . ’
- .l ’ coptu;utton by other AT‘P bm‘hng proteias in:udmg protein : .

~e

": ;0 Yot 'klﬂ‘l.l. v * o ‘ . . ’ " . ‘ ’ )
| S Y 3 ’ ; e ‘
I I ‘nu mcxhc %ctivity of onr pp‘rif;cd bbvi‘nc brain protein <L

{'a kinuq c U‘l quite lotr approxiu:cly So-fold lower diin that -

L]
,V'

- « .. o .

' o, ;‘ 'oubuqucnely toportcd ‘y Pu’hr ot al. (1984) '!'lu lour omific

5 adtivjt’ thu ve abuiucd may be du to difforoncu in ‘the quy

.
.,“ PR ] ., -, N ~5 b

fod
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conditions used. Parker et al., (1984) also utilited more

- Q .
purification steps. It is unclear how our preparation compares to

that of Walsh et al. (1984) who also purified protein kinase C from

bovine brain, since the specific activity of their purified enzyng

L . .
vas not reported. In any event, despite the low specific activity of

our protein kinase C preparation, it exhibited the specificity and

-
-

phoépholipid/calciun dependency characterisgtics of the homogenous
L
.enzyme and vas free of other kinase activities,

The next objective of this study was to examine the

phosphorylation of the focal contact proteins vinculin and, talis by '

. -

protein kinase C. Our findings demonstrgted the multisite
‘Phosphorylation of both proteins, Although in each instance less
than stoichiometric incorporation.of phosphate was achieved, our

results do compare favourably to the findings of others who have
)

. examined the phosphorylation of vinculin by protein kinase C (Werth
-he phosphory .

. N
‘et al., 1983; Kawamoto and Hidaks, 1984). 1In our nludieo,‘vinéulin

was phosphorylated to a level approaching 0.4 mol phosphate/mol
- . - ’

protein wvhereas iancorporation of 0.5 wol phesphate/-ol'ﬁinculin was

achieved by Werth et al. (1983). Kawamoto and Hidaka (1984) achieved

;ﬁosphlte incorperation of less than 0.1 wol phosphate/mol vinculin

using human platélit<;,otciﬁ kinase C. It must'also be noted that we
- . , *
did observe considerable variation in the phosphate incorporation of

4
different preparations of vinculip and to a lesser extent in

diffcrcnt preparations of talin. In fact, some preparations .of " *

’

vinculin were barely phosphorylated to detectable lcchn; It is
. - ’ 3 -

iqocislg cgpt different preparatioms of vinculin or talin goﬁiainod

. ~ T B
. W ¢
~. . e .. : .

[ 3
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‘dif?ennt levels of bound phosphate as isclated. Indeed, vinculin_

and talin are both labeled with radioactive phosphate vhen isolated
32

from P-iqbéled cells (Sefton et al., 1981; Burridge and Counell,
1983b). However, we have noi done any direct measuremeat of the
phosphate content of thg isolated proteins. Alternatively, the
proteins as”ioolaCed may be contaminated with variable amounts of

effectors, either activators or i:ribitorl, of the phosphorylation

reaction. This possibility has not been explored further.
.o [ 4
Phosphopeptide mapping reveals two major sites of

-

phosphorylation for vinqulin and four major sites for talin. Under
some circumstances, the number of sites determined by tryptic peptide
mapping ;;n’be erroneous as a relultlof the inlbiiity of trypsin to
l;t as an exopeptidase (Hunter ég‘gl., 1984). This problem is
relevant to our studies since basic residues have been shown to be
important . for protein kinase C substrate felectigity (House et al.,
1987; Turner ggugl:, 1985). In the case of viﬁqulin, Werth et al.,
l983j had shown that one éf the major phosphopeptides cqntained
phosphoserine and the other phosphothreonine élenrly dqions:iacing
that the two sites were distinct, uouéver, in the case of talinm,
‘there vas some concern'tﬁlt several overlapping peptides may have
bdon gcno:p;od by partial tryptic cleavage of énc phosphorylation’
oito. In an attempt to ayoid.thia potentxal prqblenm, talin
phonphopcp;idcl werse gcnnratcd by digoct‘on vith V8 protease of

‘w
Stlphylococqno Aureus, a ﬁiotcane vhich clcaven at acidic rdsidua.

L

unlito trypain uhfyh cl€ves at bdasic residues (Drapeau, 1977).,

I |

vuo :h. case with tryptie pcptidoc of talin, tvo-di-tnsional -npping

L



of V8 phosphopeptides rdvealed 6 -130r sites of phoaphorilatton.

lence phosphoserxae and phosphqshrcoaxne were both detected in talin,

Y

it was evident that the protein must contain a winimum of twa
phopphofylatioh lité; ' LT }
The obsezvatxon that v;ﬁculxn'and talxn nre gposphOtyiated in
vitro by protexn-kxnase C suggests that'thene reactions. -ly be
important in the. coatrol of focal pontact.organtzut{on and cell -,
nofphofogy; A key developnent in thc advancenent of this 1d¢l uould
be an eluczdatxon of the effeccs of phosphorylattou ‘on the funct;oncl
pfopertxea of. the tuo,protexgs. Since the proteins do not-haye any
knbun éhzymatic dctivities,_assa;s of‘thelr fuﬂctf;n are neltr?c;gd
to examinagigns of th;ir ;inding propecrties and subgeilulat
distributions (Bhrridge and Mangeat, 1985).‘TA3 a prelimii.>~y step
towvards éxtnining the effects of phospﬁorylation on talin and'
vinculin, the two proteins were mixed together before the
phcnpﬁorylhtion reaction, f:lin pﬁoi}horyf;;ion is unaltered in‘the

. ) 4
presence of vinculim, whereas vinculin phocpﬁbrylatiqn is

significantly diminished in the presence of talin. This result

suggests that one or more of the phosphorylation sites of vinculin

may be located within the region of its talin bindiné site so th

interactions between the two proteins selectively diminish .

. }MO;phoiylltion. In examining phosphopeptide maps of vinculin which

d ' N ° -
vas  phosphorylated in the presence of talin, s"decresse id

<

phouphérylation is most significant for the relatively -inorf‘

2

phosphorylation site of vineulin. Altbégih no certain conclusions

L3

can be drawn it'ihil‘tiqc, it is écrtzinly lypga;in; to’ postulate




’ <

that prior phosphorylation of vinculin, particularly at its
relatively minor site, may play.a role in regulating the interactions .,

of vinculin vith talin. It will clearly be of interest to direct
future efforts towards an analysis of the effects of phosphorylation

on the other known binding activities of these two key focal contact

componens. . ' ’
component (



' CHAPTER 3

BHOSPHORYLATION OF CONTRACTILE REGULATORS BY PROTEIN KINASE C °

3.1 INTRODUCTION

In smooth mustle, :hé tumour-promot ing phorbol esters can
v ptigulate.coﬁtractile activity (Rasmussen et al., 1984; Park and
Rasmussen, 1985; Park and Rasmussen, 1986), implying that protein
kinase.c ma} be involved in contractile regulation. Therefore, it is
of interest to examine the acégvity‘of pr;tein kinase C towards those
;LOQeins that play a ro?e in the modulatjon of contractile ;vents in
smooth muecle and non-ﬁusclg cells. Two candidate proteins are the
2 . -

calmodulin-binding proteins nyosih light chain kinase and caldesmon.

Myosin light chdin kipase is a calud&FTfﬁTdependent enzyme
responsible f?r phosphorylation of the reguiatory light chain of
myosin, & reaction uhicé is essentisl for contraction in tuooch.
mudclg and non-ﬁuskle cells (reviewed by Kamm ‘and Stull, 1983; -

Adelstein, 1982). In addition to calmoduljn, pho;bﬁorylation has
been implicated as ; potential r;gulatqr of thic Mr 130,000 éLzyne
(Adelstein et al, 1978; Conti and Adel;tein, 1980). Phosphorylation
.of :;5lin‘1ight chnin.kinasé by tﬂﬁ\cAHP-dependent prot;ip‘kinAlo in
the ab;ence of calmodulin occurs at iup sites with the result that
phoopﬁytylate‘ myosin Eigh:.cﬁain ki;,’ﬁlrgéuirtt a such higher level
of calmodulin to uttain haff-maxima Igctivatibn (Conti and Adelstein,
1981). 1% the p;;ncnco of cal lin hou-vor,-phpiphory{ltiou occurs
: - . . 2

on only one sitd with go spparént alteration in activity. A role for

«
phosphorylation in the regulation of myosin light chain kinase is

: ’

L - -

-

\
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-
also implicated by the demonstrations that the enzyme is a

phosphoprotein in li%?ng cells (de Lanerclle et al., 1984) and that
. R .
.it can be phosphorylated by cGMP-dependent protein kinase (Nishikawa

-

et al., 1984a). “ , .

2

Caldesmon was originally discovered in smooth muscle as a major
‘calmodulin- and-actin-binding protein (Sobue et al., 1981). The
interactions between caldesmon and calmodulin or actin-are controlled

'by the concentration of free calcium SSobue et al., 1982; Rakiuchi

and Sobue,‘ 1983). Caldeswon binds to F-actin in the absence of
calcium, but when free calcium concentrations are raised to the
snicromolar range caldesmon is partially displaced from actin

filaments by the'cclciun{caldodulin complex., Caldesmon also exerts

an inhibitory effect on the actin-activated myosin ATPase (Ngai and

Walsh, 1984; Marston and Lehman, 1985; Smith et al., 1987), and

enhances interactions Retween actin and heavy meremyosin (Lash et .
.gi;. 1966). On the bl.i; of these obserPations, caides;on is S
implicated as & regulator of contractile events. ‘

In addition to direct control by calctum/caluodulxn, caldesmon

hao been xﬁeutifzed as a substrate for a calnodulxn-dependent protexn
kjnase (lgai and Walsh, 1984; Ngai and Walsh, 1987; Lash 55151.,

1986). The cffi\(o of phoophptylation.ate somewhat controversial .
(Lnlh et al., 1986) but. may lﬁolish the xnhxbx:ory effects on the.

actin-activct.d myosin ATPase (Nglx and Walsh, 1984; Ngai lnd~“lllh,

" 1987). - '

X Although caldesmon vas ini:ialiy discovered in n-oéth muscle,

polypeptides with similar functional properties and immunological

[ -
N
- e



éross-teactivity were subsequently observed in a number of tissue and
cellh;ypes (Bretscher and:i}nch:'l985;.0wada et al., 1984), These
studies identified two apparent-categories of'cgldesnon molecules,
both of which exhibited heat stability and binding to actin or
calmodulin (reviqégd by Bretscher, 1986). “ On the basis of molecular
weight, caldesmon mg}é%ules fall ingo distinct classes with Mr 70-

80,000 or Mr 140-150,000. To distinguish between different caldesmon

species, the protein name reflects its molecular weight (i.e.
. ' £ Y 4 . .
caldesmon with Mr 77,000 is caldesmon77) with the exception of the

.
.

chicken gizzatd protein which will be referred to simply as
. ' ) .

caldesmon.

The objective.of the work described in this chapter was to study °

. &
the activity of protein kinase C towards those proteins that are

'involzgd in cytoskelgtal'}eguiatién through their control ?f'

contractile events. The phospherylations of chicken gizzard myosin

light chain kinase and various forms of the calnodulin-binding ' -
prStein caldesmon ;ere the Tocus of investigation. From ayian ~

sources, chicken gizzard caldesmon (Mr 150,000) and chicken liver

caldeamon72 were examined. Studies on the phosphorylation of
r e

mammalian caldesmons we;e’ééﬁducted using caldecuonlsd\aqd

cal‘desmn” purified f‘p\rﬁ\e liver, T
L} \ ‘

L4 -
e v L

3.2 MATERIALS AND METHODS =

3.2.1 Materials S
?hglphocclgutnoc paper (P8l) was obtained from Whatman and 8-

Sepharose from Pharmacia Fine Chemicals. Leupeptin was obtsined from

. .
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Institut Armand Prappier and TLCK, TPCK, PMSF and soybean trypsin :
inhibitor (STI) uereifro- Sigma. Nitrocellulose paper (0.2 ym pore
‘sige) :uc obtained from Schleicher and Schuell, All other reaget;ts
were as described in Ha:grials .and Methods of Chap_ter 2 or were of

analytical grade.

‘3.2.2 Purification of Protein Kinase C from Rat Brain

-

Protein kinase C was purified from fresh rat brain by the 'p_éthod

ot Wolf et al. (1985a). Protein kinase activity was dependent on

B phosphatidylserine and caléiun'and,by §DS-polyacryiamide éel

electrophoresis the proteiﬁ was near homogeneity. To'enhance the

reliibility of this procedure, a number of modifications were ’
subsqu;ntly wade. Briefly, 5 grams of rat brain were hopogenized

with a Polyt;on (setting 3.5 for 45 secodds) in buffér A.(20.mM Tris-

Cl, pR 7'6f-1° uwM Dithiothreitol) containing 1.0 mM Ceclzgand

leupeptin (0.05 mg/ml). The homogenate was centrifuged (40,000 X g

for 15 minutes) Qn; the pellet was washed twice vith buffer A’ . .
containing 0.1 aM Cacl2 and leupeptin (0.05 ug/ml). Protein kinase C - N
] vas elqted from the par:icula:evfraction by :uspénsion in buffer A ‘

‘containing 5.0 mM EGTA and 2.0 =M EDTA and stirring at 4°C for |

hour. The suspension was then subjected to.centrifugation at 140,000 - ,

* .

X g for 1 hour and the supe¢rnatant was applied to a.10 ml DEAE-

¢ - cellulose (DES2Z) column ‘pre-equilibrated with bu}fer B (20‘n§ &rio-

’ Cl, 1 mM EDTA, 1 wM BG?A,‘t M diihiéthreitql). Profein kinase C was -,

-
~

eluted from the column wieh ollincnr gradient of 0-0.3 M NaCl in

buffer B. Active fractions were pooled, made 1.5 ¥ with respect to’

L]

‘ HNaCl by addition.of 1/2 volume of 4,35 M i;CI, and were loaded on a
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7/

0.5'ml phenyl-Sepharose column pre-equilibrated with buffer B

’

cont;iaing 1.5 M NaCl. 'The column was subsequently washed with

butfpr B containing 1.5 M NaCl, 1.0 M NaCl and 0.5 M NaCl before

° : .
protein kinase C wad eluted with salt-free buffer B. The enzyme was

. o
collected into siliconized test tubes and stored at 4°C in the

,

presence of polyethylene glyaol 20,000 (1 mg/ml) and ethylene glycol

(!SZ) where it retained activity for at least 2 months.

<

~~
3.2.3 Phosphorylation Assays

Protein kinase C was assayed for 3 minutes at 30°C using histone

(type III-S, 0.2 mg/ml) as substrate. The reaction was conducted in

a volume of 0.1 ml containing 20 mM Tris-Cl, ﬁR 7.5, 10 mM MgClz, >

0.01 mM ATP: (specific activity 150-250 cpm/pmol) and either"
pﬁosphatidylserin; (50 ug/ml), diolein (1 ug/ml), and Cacl, (0.5 mM)
or EGTA (0.5 oM). Histone phosphorylation was monitored as described
by Corbin and Reimann (1974) or by spotting an aliquot of the ’
reaction mixt;re (80 ulY on Whatman P81 phosphocellulose paper
according to the method of Roskoski (1983). One unit: of protein
ki&nse C is eefined as the amount of enzyme required-to irlnsfer 1
amol pf’phosphate per min into histone III-S at 30°C under the
described conditions. . . . -

\

3.2.4 Purification of Myosin Light Chain Kinase ™.

' Cﬁicken-iizzard myosin' light chain kinase was purified by Dr.
E.H. Buil'uling'nodifiéztion of the untﬁbd of Adelstein and Klee
(1981). Following 25-60Z sgmonium sulphate fractionation, the
protein.val further purified using bEAz-ccllul;oo (DBSé). and blue

Sepharose column chromatography and calmodulin-Sepharose affinity

4
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'chro-ctography.

3.2.5 Purification of Caliodulia

Calmodulin wvas purxfxed from bovine brain by Dr. E.H. Ball

essentially by the method of Gopalakrtahna and Anderson (19832).
~

~ 3.2.6 Purification‘gg the Inhibitor of cAMP-Dependent Protein Kinase

The heat stable inhibitor of ;AHP-dependent protein kinase was
purified from fresh bovine skeletal muscle by the method of Schlender
et al. (1983), Briefiy, ground muscle (800 g) was homogenized in
2 volumes of 4 mM EDTA, pH §.8 and ;entrifuged at 10,000 X g for 35
minute: at 4°C. Following geat treatment and trichloroacetic acid
precipitation, the.pteéipitnté wvas collected by centrifug@tion,
dissolved in IH‘KZBPOA and dialyzed against 2 changes of distilled
water and then S50 mM Tris-Cl, pR 7.5, 1| =M EDTA (buffer D). The
dialysate was clarified by‘centrifugation and applied to a 5 ml DEAE-
cellulose column. The columm was washed extensively with buffer D
and the protein kinase inhibitor was elutéd with Q.1M NaCl in buffer
D. The inhibitdr vas assayed on its ability to inhibit the hinéoﬂe
(type IIa-S) kinase activity of the catalytic subunit of cAHP-v
dependent protexn kinase. Active fractions were stored in 0.05 ml

aliquots at *-70°c. .

3.2.7 Purific!tion‘gg Chicken Gizzard Caldesmon by Denatﬁfiq‘ Methods
Caldesmon was purified from chicken gizzards by wodification of

the denaturing ‘wethod of Bretscher (1984). After heat treaéient, the

‘protein was purificd by colu-n chrosatography u.ing DEAE-cellulose

(DES2) and then phocphoclllulosd (Pll) columns. c:ldclnon vas

identified on the basis of its molecular !%33ht on 8DS-polyacrylamide
’ N t .

- .

.
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gels, and exhibited binding to calmodulin or F-actin.

3.2.8 Purification of Chicken Gizzard Caldesmon 21\Non-denaturin;

_ Methods
Caldesmon was purified from chicken gizzards by non-denaturing
methods usi;; modification of the methods of Ngai and Walsh (1984)
and Lash et al. (1986). Following homogenization of ground gizzardn

2!
dithiothreitol, 1 mM EGTA) containing 0.05% Triton X-100 and protease

wich buffer H (20 mM Tris=C}, pH 7.5, 40 mM NaCl, L' mM MgCl,, 1 mM

inhibitors (0.1 oM PMSF, 0.1 mM TPCK, O.! mM TLCK and 0.0l mM
leupeptin), the honogenate was centrifuged at 17,000 X.g for 15
minutes: at 4‘;. The pellet was washed twice iq_}he absence of Tritom

X-100 and was then extracted with huffer E (40 =M Tris-Cl, pH 7.5, 60
. . ‘ . I.

mM NaCl, 25 wH nglz, '] wM dithiothreitol, 1 mM ECTA). Caldesmon

was thgh purified using‘column chromatography on DEAE-cellulose

r]

(DE52) and S-Sepharose columns and was identified by its aigration .on

b

SDS~-polyactylamide gels. - ) ' -

. 3.2.9 Purification' of c:ldei-on72 from Chicken Liver

Fresh chicken lxver (S0 8flﬂl) wvas obtatned following sacrtfxce

of ;ne chicken. Th; liver was rinsed with distilled wat!r
o containing 0,2 wmM PMSF and homogenized with g Waring blend;r in 6
volunco of extractxon buffer (50 oM imidazole, pH 6.9, 0.3 M KC1, 1
. nH EGTA, 0.5 =M Hgél 0.2 nH PMSF, lpupeptio Q1 ugl-l) and' STI (10

.«

uz/-f)). The QO-ogenata vas then heated to 90°C in a boiling vater
. . (
. . bath and asllowed to remain at 9o'c for 5 minutes. After coolin. to
4°C, the hpgogcnat; vas ceatrifuged for 25 sinutes at 12,000 X g. To

* . . the luﬁctnatant, spmonium sulphate was added to 30T and the
,




suspension wvas stirred for 1 hour. The pellet was removed by

centrifugation and the supernatant was made 501 with respect to

.

ammonium sulphate. After stirring for 1 hour, the 30-50% smmonium

4
sulphate pellet was collected by centrifugation, dissolved in a

minimum volume of TEM buffer (10 mM Tris-gcetate, pH 7.5, | mM EGTA,
1 mM 2-mercaptoethanol) aud;extensively‘dialyzed against TEM buffer.
Tﬁe dialyzed sample was loaded on a 10 ml phoqph;cellulose (p1l) )
Eolunn pre-equilibratéﬁ 'ith‘EF“ buffer: Protein.was eluted ftoQ the
column with a linear gradient of 0-0.5 M NaCl in TEM buffer.
Ca{deomon72-concaining fractions were identified by ;ns;
polygcryla#ide éel electrophoresis, pooled, and made 1.5 M with
relpéct to NaCl. Tﬁis pool was ahplied to ld ml phenyl-Sepharose

column in TEM buffer containing 1:5 M NaCl, Caldesuon72 vas eluted

from the column with aalt-fre; TEM buffer and was applied to.a 10 wl

DEAE-cellulose (DES52) column in TEM buffer. Caldesmon,, wiq eluted

from the column with a 0-0.3 M Nicligtadient'in TEM buffer, .

3.2.10 Purification of c;ldeauon77 and Caldeanoh,so from bovineﬂ.-

liver

Caldesmon,., and caldesmon were purified from 200 grams of

77 150
fresh bovine liver as described above. Column chromatography was
- o o

. done on 20 ml DEAE-¢ellulose, phenyl-Sepharose and phoophoce}lulo-e

columns. Caldesmon-containing fractions were free of contaminating -
P ks .

protein kinase or phqtphnt,so'dctivitiCI.

3.2.11 Phosphorylation of Caldesmon and Clld.lﬂo;77
The in vitro phosphorylationaof proteins was performed as

described for vinculin or talin in Materials and Methods of Chapter
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“2. To wmonitor the extent of caldesmon oriécldgtqon7;

phosphorylatwn the assay mixtures were iubjected to pxécipitlti.on

with tnchloroacetxc acid as descriked’ by Corbin and Retunn (1974)

or were ap.or.ted on pposphbcellu-lose (P81) paper as described by _
Roskoski (1983). o : T : s

3.2.12 Microphosphate Deterwination . - .

- . : P -
t - . > -
The phosphate content of ch}e{en gizzard ‘caldesmon which h‘ld T .

I

been punfxed by denaturmg nethoda vas deterained by the nethod of

Buss and Stull (1983* For-these deter-matl.ons

1 mo:t-of‘ punf:ea :
Sxridegmon (0. 15 ng) was m;d

w

The Emal volu-e of th¢ naay mixture

-~ -

(0 2 ml) was transferred to 99?({1 lucroture pld‘tea and absorbange ... '

readmga at 740 [ were obcnned using an wtmted ELISA reader. A
vtypxcal pl;o:.phate standard qurve obta_med using thh procedure is

, il‘iusttate“d in figuge J.1. o . K
3 2.13 Western Blotting

v ' -
Western blotting was done by the -ethod of Towbm et al. ‘(1979)

vith modificat ions: Pollbéih;"SDs-polylcryluiﬂe: gely

=

- . L

electrophoteus. proteins were,:rlmferred to nitrocellulose in

a.
buffer (25 oM ‘l‘na-Cl pH 8.3, 192 = gtycihe-)/cﬁ:unmg 207

¢ -3

nethlnal and 0. ll SDS st llO volts fer 90 minutes usmg l «norld

© . .

*
Jtan.blot Coll The mtrocolluloot filters vere blocked by

. e ’

;ucublt,ton a 37°c for ‘2 houti with 43 nnp in ‘rru-bqtfdro& ulinc

(20 il ‘l‘ru-Cl Antiboay (1 u;/huc) nl .

pu76 OUHMCI)
cddcd dxrcc;ly to the blockiu oolution. and vas incuband with: vclm
blot: ovomhht st roo- :up#t‘ltfuh., lound ent ibédy v’- dctocud vizh

I-Proeciu A which was viau‘ind by mtoﬂdioguphy ' .' S
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+ FIGURE 3.1

PﬁOSPﬂATE STANDARD CURVE OBTAINED WITH MICROPHOSPHATE ASSAY.'

-

Standard amounts of phosphate (0.2 - 0.8 nmol) were measured in
the microphosphate assay as described in Materials and Methods.
Phosphate determinations of caldesmon were done with appropriate
atbunts of caldesmon to erisure that the measured quantities of
phosphate did not exceed the linear range of the assay. The standard
curve is typical of that obtained in several separate experiments.
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3.2.14 Other Procedures .

~

Protein determinations (except protein kinase C) were done as

described by Hartree (1972) using bovine serum albumin as ‘standard.

- L4 ~

Protein determinations of protein kinase C samples which contained

L4

high concentrations of dithiothreitol were done by the method of .
- 4 - -

Bradford {(1976). Other procedures were as outlined in Materials and
g ‘ 2 4

Methods in CKapter 2. °

-

3.3 RESULTS N
3.3.1 Purification of Protein Kinase C from Rat Brain -

As a first step in invesgigating how protein kinase C can exert

effects on cytoskelezal components that are involved in

-

contractile regulation, protein kinase C was purified from rat brain.,

Purification of protein kinase € from rat brain superceded the

purification of the enzyme from bovine brain (described in Chapter 2)
for a number of re;sons. " Methods were'published (Wolf et al., 1984;
Wolf et al., 1985a) by which protein kinase C gould be purified from

the brains.of only a few rats yielding a preparation of nen:iy
homogeneous protein kinase C within about 10 ‘hours. By their. .
reports, the enzyme had high specific activity (over 700 nmol/min/mg)
and was stable for months in the presence of 251 ethylene glycol and
0.1% polyethylene glycol (20,000). Althohgh.Our'ﬂpitin}

purifications using the method of Wolf et sl. (1985a) 25:0

~ [} -

successful, we foynd that modifications to the procedure resulted in

more reliable yields. A subsequent publication (House et sl., 1987)

-

has demonstrated that ainilaf modifications have also been successful




in other laboratories.

As seen in Table 3.1, ‘our modifications to the procedure Sof Wolf

et al. (1985a) result in the purification within 24 hours oé
approximately 0113 mg of protein kinase C from the brains of 3 rats
(approiin&tely 5 grams). The specific activity of the preparation
(470 mol/min/mg) is S5-fold higher ;haﬁ‘that obtained‘in our

_purification of bovine brain protein kinase C. Wheé shbéected ﬁo
SDS-polyncrylami;e gel ;lec:ropﬁoresis,:(figure 3.2) the eé;yme
pu;ified through ﬁhe;}l-Sephatose column chromatography (laﬁe 6) can
be seen as the major band with moiecular weight of approximately

80,000. In some preparations protein kinase C could be seen as a
[ X '

doublet of protein bands. Recent studies by Woodgett .and Hunter '

(1987a, 1987b) have demonstrated that this doublet represents two
=3 ¢ ‘

distinct forms of protein kinase C which are present in brain. By

[

. ) . . . . '
densitometric scanning of Coomasgsie blue staired gels, protein kinase

. *C is approximately 50X pure at this stage, The enzyme typically

exhibited at least 20-fold dependency on phosphatidylserine and

: .fh“*§_gnlcium, and in some,instances the dependency was nearly absolute.

co—
-

e As was found by Wolf et al. (1985a), the enzyme could be stored for

neveral-gfbkn st 4°C in the presencers of 25% qéhylene glycol and 0.12
poly;thylgne glycol. v . |
‘ ’ 'Protein kinase C from rat bgpéu could;bg autophosphorylated when
incubated with [V-azP]ATP in the prq‘pnée of,phoséh‘éidyloerine atd
’ calciﬁ-.(figure 5:5, lane 1). This property of ptoc;in kinase O has
been used as one criterion by vhiéh-to‘identify the enzyme (Wolf ég .o
¢ o al,, 1984). 1In addition to the au:op@oophorylatcé-bCQA.6f prétein
. . . .

e

2
.®

*
.




- . ¢ . TABLE 3.1

-
L4

PURIFICATION OF RAT BRAIN PROTEIN KINASE C.

- * i )
Step - Protein  Total' Specific 'yield ©  Purifi-
. Activity  Activity . cation
mg units  units/mg 2 -fold
- \
Al -
EGTA/EDTA . . ' .
extract . 9.8 123.3 12.6 100 . 1
]
DEAE-cellulose 1.8 111.7  61.4 90.6 - 4.9 - .
Phenyl Sepharose 0.13 59.3 470 48.1 37.3
2

e

Aliquots of djfferent fractions obtained during the purification of
protein kinase C were assayed as described in Materials and Methods.
One unit of protein kinase C activity is defined as the smount of
enzyme required to transfer 1 nmal of phosphate per minute into
histone III-S st 30°C under the conditions defined in Materials and

- Methods. . - ' -
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. ' FIGURE 3.2 - T .

SDS~POLYACRYLAMIDE GEL ELECTROPHORESIS OF FRACIIQNS _FROM’
~ PURIFICATION OF RAT BRAIN PROTEIN KINA%F C.

-
-

a -
o - P

Samples from different steps durxng\;he purification of protein’

kinase C were run on a 6-15% SDS-polyacrylamide gel which was stained °
-with Coomassie blue, Lane 1, 1.0 mM calcium extract; iane 2, 0.2 mM

calcium. extract: lane 3, EDTA/EGTA extract; Itne S, DEAE-eelruloae
pooil; lane 6, phenyl-Sepharose pool. The pooxtxon of- p:otexn kinase

C is marked with an arrowhead. Molecular uexght markers (lane 4) are

as follows: myosin heavy chain, 200,000; B-galactosidase, 116,000;
phosphorylase b, 92,000; bovine serum albunxn 67,000; 1mnunoglobu11n

. heavy chain, 50 000, actin 43 Odb; 1anunoglohu11n 1xght cha1n, L

25,000, . )

[
\ . ]

FIGURE 3.3 .

AUTOPHOSPHORYLATION OF RAT BRAIN PROTEIN KINASE C.

4

qS,xn kinase C purified through phennySephatoce vas 1ncubated
with [Y=""PJATP in the drnnenee of phosphatidylserine and calcium

-»

..(lanc 1) or EGTA (lane 2), “Samples were run on an 8% SDS-

polyacrylamide gel which ware stained with Coomassie Blue Gpanel A)
and then autoradiographed (panel B), Molecular weight markers were

+
.

-
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kinase C, the autoradiogram shows an additional phosphoprotein of low
moleculay weight (approximately 30,000). This band may be a
phoophoryiaced fragment 6f proteim kinase C (Huang et at., 1986a)

although we have not made any attempt to determine its identity.
. t e

Although rigid comparisons between the substrate specificities

. )

of proteih kinase from rat brain and bovine brain have not been done,

~

ve have no reason to believe that differences exist. Phosphopeptides

maps of proteins phosphorylated by protein kinase C from the two

di}ferqnt species do not show any differences (data not shown).
/

3.3.2 Phosphorylation of Myosin Light Chain Kinase by Protein

Kinase C, , . . : - .
-— = -

In figure 3.4, the phosphorylation of chicken gizzard myosin

light chain kinase by protein kinase C (lanes 1-4) and by. the

catalytic subunit of cAMP-dependent protein kinase (lanes 9,10) is
showm. .It is also evident from this autoradiogram (lanes 5-8) that
myosin light chain kinase phosphorylation occurs in the absence: of

exogenously added protein Kinaae. It is unclear whether this

reaction is the result of autophosphorylation or contaminating
protein kinase activ{ty. The phosphorylation of myosin light chain
kinase by the catalytic subunit of cAMP-dependent protein kinase

(lane 9) is diminished by the addition of calmodulin (lane 10).

This decrease in phosphorylation has been shown to_result'fron_the
L ~ :

ability of boand talmodulin to §revent phosphorylation at a specific .

site on the myosin light chain kinase molecule* (Conti and Adelstein,
1981). It can be seen frbq figure 3.4 that phosphorylation of myosin

light chaip'kinaao‘hy protein kinase C in the presence of

8



FIGURE 3.4

PHOSPHORYLATION OF MYOSIN LIGHT CHAIN KINASE BY PROTEIN KINASE C AND
_THE CATALYTIC SUBUNIT OF cAMP-DEPENDENT PROTEIN KINASE.

' Myosin light chain kinase (0.1 mg/ml) was incubated with protein
kinase C (lanes 1-4, marked by PKC), with the catalytic subunit of -
cAMP-dependent” protein kinase (lanes 9,10, marked by PKA) or without
exogefious protein kinase (lanes 5-8) as described in Materials and
Methods. The reaction mixtures were run on an 82 SDS-polyacrylamide
gel which was dried and autoradiographed. Phosphorylation .reactions

- were conducted in the presence (lanes 3,4,7,8,10; marked with ¢) or

absence (lanes 1,2,5,6,9) of calmodulin, All phosphorylation ]
reactions were conducted in the presence of phosphatidylserine and
calcium with the exception of lanes 2,4,6,8 which contained “EGTA L
instead., The position of wmyosin light chain kinase is marked with &n
arrowvhead. ’ K '

-
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phosphatidylserine and.qgégjéﬁ (lane 1) can also be decreased by th®

addition of calmodulin (lane 3). These results were subsequently

confirmed in two laboratories using turkey gizzérd myosin light chain

kinase (Ikebe ES.E!P’ 1985; Nishikawa et al., 1985). Considecrable

phosphorylation of mposin light chaim kinase is evident in the.

absence of phosphatidylserine and calcium (lanes 2 aﬁa 4). However,

since similar levels of phosphorylation are seen in lanes 6 and 8, it

-

is likeiy that this phosphorylation is~the_resu1t'of protein kinast
activity contaminanting the myosin light chain kinase. preparation.

[}
The phosphorylation of myosin light chain kinase without added

protein kinase was igpibited by approximately 752 in the gre;;;ce of

calmodulin (figure 3.4, lane 7). No significant effect waes however
seen by the addition of the heat-stable inhibitor of‘cAHP-dependent”-
protein kinase (results not shown). These results have been

confirmed and extended by Foyt and -Means (1985) who also observed 752

inhibition of this apparent autophosphorylation reaction by

calmodulin. ‘ f

Attempts to.examine the time dependent phosphorylation of myosin

light chain kinase by proteinr kinase C were initially hindered by the

0

high levels of phosphorylation seen in the absence of exo;enOuoly
added protein kinase. Further attempts were not made,after the

reports of Ikebe et al., (1985) and Nishikawa et al., (1985) were

published.

3.3.3 Two-dimensional Peptfide Mapping of Phosphorylated Myosin Light

Chain Kinase -

~

To compare the sites of phosphorylation on myosin light chain

I

)




* albumin,

FIGURE 3.5

TWO-DIH!NSIOKAL TRYPTIC PHOSPHOPEPTIDE MAPS OF MYOSIN
. LIGHT CHAIN KINASE,

[

Myosin light chain kinase was phosphorylated by the catalytic
subunit of . cAHP-depcndent protein kinase (panels A,B) or by protein
kinase C (panels C,D) in the presence (panels B,D) or absence (panels
A,C) of calnodulxn. Following SDS-polyacrylamide gel
electrophoresis, tryptic phosphopeptides of phosphorylaged myosin
light chain kinase were prepared and separated on thin layer plates
as previdusly described, Those phosphopeptides that are present only
in the absence ¢f calmodulin (panels A,C) are marked with open
arrovheads (A ), The other phosphopeptldea that are present even
when calmodulin is included in the phosphorylation mixture are marked
with solid arrovheads (A). One site marked with an asterisk (panels
A,C) may be phosphorylated by either protein kinase C or the
catalytic subumit of cAMP-dependent protein kinase.

-

‘ \
FIGURE 3.6 .

PHOSPRORYLATION OF CHICKEN GIZZARD CALDESMON BY PROTEIN KINASE C.

12 Chicken gizzard caldesmon (0,1 mg/ml) was incubated with [v-
PJATP in the presence (lane 1) or absence (lane 2) of protein
kinase C. The reaction mixtures were run on an 81 SDS-polyacrylamide
gel vhich was stained with Coomassie blue (panel A) prior to
sutoradiogyaphy (panel B). Molecular weight markers (lane s) from
top to botkom are as follows: wyosin heavy chain, 200,000; B~
galactosidese, 116,000; phosphorylase b, 92,000; bovine serum
7,000; .inlunoglobulin heavy chazn 50,000; actin, 43,000.

-
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. 4

kinase by protein kinase C and by the catalytic subunit of cAMP-

dependent protein kinase, myosin light chain kinase was

’

_pbosphorylited vith each kinase, digested extensively with trypsin

-~ and the phoqphopeptiqss separated in two dimensions. Peptide wmaps

‘obtained following phosphorylaticn of myosin light chain kinase with

the catalytic subunit of cAMP-dependent ptotexn kinase (figure 3.5,

panels A,B) reveal that calmodulin blocks phosphorylatxon at one

major site ‘and one aminor site (marked with open arrows on panel A).

Two additional sites (marked with solid arrows on panels A .and B) are

>

\ not blocked in the presence of calmodulin. These results coufirm the

\

findings of others with the exception that myosin light chain kinase

is generally believed to contain only two major sites of
phosphorylation when ;hosphorylated with the cAMP-dependent «protein
kinase (Conti and A&elaéein, 198]1; Nishikawa et al., 1985). 1t is
possible Eﬁut the additiogal sites that we observe are ac:uaily minor

sites of phosphorylation, or are derived by incomélete tryptic

-——

digestion as discussed in chapter 2. Alternatively, the results may
e .

. reflect species differences, since their findings were obtained using

turkey gizzard and our results using chicken gizzard myosin light
4
chaia kinase. However, no datas was obtained to resolve these

issues,
. $ .

The objective of the peptide mapping studies was to determine

T ‘whether the *i:u on myosin light chain kinase which were

- phosphorylated by protein kinase C were di-tinct from those

‘ -
phoobhorylat.diﬁj cAMP-dependent protein kinase. Examination of the

relevant peptide maps in figure 3.5 reveals this to be the case for a .o




number of the protein kinase C sitea, Two sites phosphorylated by
protein kinase C which appear to be distinct from any of the sites
phosphorylated by.cAHP-dependenF protein kinase (marked with solid
arrows on panels C and D) are not blocked by calmodulin. In the’

absence of calmodulin, there are two additional sites phosphoryated

~
(by protein kinase C (marked with open arrows on panel C) which both

have similar migration patterns to phosphopeptides in panel A.

However, since only one of these sites (marked with asterisk in

Y -

panels A,C) is blocked by calmodulin when myosin light chain kinase
is phosphor;lated with cAMP-dependent protein kinase, it seems likely
that this is the onl;'site that can be phosphoryléfed by the two
kinases. Thus, we can conclude from phosphopeptide mapping that
myosin light chain kinase is phosphoéylated by protein kinase C on
three sites which are distinct from, and one which may be common to,
those sites phosphorylated by cAMP-dependent protein kinase. Once
again, this time with protein kinase C, ;ur phosphopeptide maps show
four sites of phosphorylation, compared with two seen by Nishikawa et

al., (1985).° As before, the reason for these discrepancies has not

been determined.

°

3.3.4 Phosphorylation of Chicken Gizzard Caldesmon Ex Protein

Kinase C =

The phosphorylation of chicken gizzard caldesmon by bovine brain
protein kinase C in"the presence of phosphatidylserine and calcium is
demonstrated in figure 3.6 (lane 1). In the absence of exogenously
added protein kinase (lane 2),°caldesmon is not phosphorylated,
demonstrating the absence of confaninating protein kinase activity.

-
.

-



With the catalytic subunit of cAMP-dependent protein kinase,
caldesmon is barely phosphorylated tbldetectable levels,

The time dependent phosphor}lation of caldesmon by protein
;i£ase C (figure 3.7) reveals a maximum incorporation of 2.3 mol
phosphate/mol caldesmon after 2 hours in the presence of
phosphatidylserine and calcium. Caldesmon phosphorylation occurs in
two applrgﬁt pﬁases; an inisial rapid phase of phosphorylation
resulti in incorporation of approximately 1.3 wol phosphate/mol
caldesmon, and is followed by a slower phase of phosphoryl;tion to
the observed level of 2.3 mol.ﬁhospﬁate/mol protein. In the absence
of phosphatidylserine and calcium, phosphorfylation is minimal. The
phosphorylation of caldesmon by pr;tein kinase C has also been
observed by Umekawa and Hidaka (1985) who saw significantly higher

levels of phosphorylation (approximately 3.85 mol phosphate/mol

caldesmon). p

-
L4

The results cutlined in the preceding paragraphs were obtained
using protein kinase C from bovine brain. Essentially identical
results have also been obtained using rat brain protein kinase C
(results not showm).

v The phosphate co#tent of purified caldesm;; was assessed using
the malachite green microphosphate assay of Buss and Stull (1983). A
linear range of standard phosphate amounts of 0.2 - 0.8 mol was
established (see Figure 3.1). Phosphate determinations were done
using 1 nmol (0.15 mg) of two different preparations of chicken

gizzard caldesmon with the result that phosphate contents of 0.26 mol

phosphate/mol caldesmon and 0.21 mol phosphate/mol caldesmon werge



a8

’ . .

FIGURE 3.7 .

TIME DEPENDENCE OF PHOSPHORYLATION OF CALDESMON BY
. PROTEIN KINASE C.

e

Caldesmon was incubated with protein kinase C in the presence of
phosphatidylserine and calcium (@®) or EGTA (@). , At the indicated
times, aliquots of the reaction mixture were removed and phosphate
incorporation determined by trichloroacetic acid precipitation. The

« Values shown are typical of those obtained in nine separate
experiments. >y 4 °
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measured. However, the measured values werq at the low end of the

linear range of standard values M duplicate variation was aa high

K]
-

as 20%. Nevertheless, the results denoﬁ;trate that purified
caldesmon défs ;ontain a signifi;ant amouynt of covalently bouna
phosphate. f;: measured quantities are no;'howevef high qpo;gh.to
explain differences between our phosphate incorporatiord %esulia and

those of Umekawa and Hidaka (1985).

[ ]
3.3.5 Inhibition of Caldesmod Phosphorylation by Calmodulin’

Calhesmon was originally purified on the basis of its

calmodulin-binding (Sobue et al., 1981), hence the effect of

calmodulin on its phosphorylation is of interest. In addition,

>

Umekawa and Hidaka (l985)_deegustrsted that <almodulin (st a molar
. " o ’ - e
ratio of 6 calm in: 1 caldesmon) diminished phosphorylation ‘of St
. v
caldesmon to a level of 2.75 mol phosphate/mol caldesmon after 2L~ L’M;?Pﬁ

- S z‘:

hours (inhibition of approx1ma:ely 252)3, To more conpletely:/ )

ﬁ.fo. .
characterize this inhibition, weohave examxned the phoqpho??t;tton of
.,

e

caldesmon as a function of calmodulxn coneeﬂ;ratlon G?igure 3.8).

— P

° Maxxmal inhibitibn (ﬁgp;exgmately 202) of caldesnon phosphorylatlon
S\ 9 B Pt S 6

-was obgerved at a ca modqun concentration of 4.8 X 10 M (molnr

ratxo of 7.2 calmoduli‘*1 aldesmon) Interpolation from.fhgureOB.S

o .
suggests that helf-maxxmal inhibition occurs at a calmodulin
- =0
.-
concenttatxon of approxtnately 1 X 10 6H (molar ratio of 1.5
o . [
calmodulin:1 caldesnon). To demonstrate that';nhxbxtxon is not &
result of interactions with the enzyme, histone kinase activity was

also measured in the presence of calmodulin. Figure 3.8 clearly

;

° - g * (3 s L
shows that histone kinase &ctivity was not inhibited by cslmodulin,
o .
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"FIGURE 3.8

+EFFECT OF CALMODULIN ON Paospaoamnon OF GALDESMON .AND
nxs?om: I111-S BY PROTEIN KINASE C.

Caldesmon (B) and histone III-S (®) were incubated as desctribed
in Materials and Methods with protein kinase C in the presence of

phosphatidylserine and calcium and the indicated amoynt of
The extent of phosphorylation was assayed using

calmodulin,

" precipitation with ‘trichloroacetic acid. The values represent the
sverage of duplzccte sauples and are typical of those obtained in two
sepatate cxperxnenta. - )
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and was in fact activated blightly at some concentrations.

3.3.6 Phoqphoryla&ion of Caldesmon hbeodtsninating Calmodulin—

Dependent Protein Kinase Activity

The results presented in previous sections were obtained using

caldesmon which had been‘ﬁurified by heat treatment and did not

i >
.

coutlip any concaﬁinating prétéin;kinase-acéivity (Bretsche;, 1984) .
Caldesmon has algo been purified by n&p—aenatufing methods resulgiﬁg
in a preparation containing contaminating caimoduliq—depeﬁﬁent ..
caldesmon kinase activity (Ngai and-Walsh, 1984; Lash et al., 1986).
Figure 3.9 illun:ratea-:be phosphorylagion of cgldesmon which’was,
purified using non-denaturing methods by ﬁrbte{ﬁ"kinase C in thé&t.

-presence of phosphatidylserine and calcium (lane 1) and by addition

of calecium/calmodulin to the caldesmon preparation (lane 3).

Caldesmon is not phosphorylated by the ealmodulin-dependent kinase in
the absence of calcium (lane 4).

3.3.7 Peptide Mapping and Phosphoamino Acid Analysis of

Phosphorylated Caldesmon B

Caldesmon, purified‘by denaturing methods, was phésphcr;iiged by
protein kinase c in the presqnce or absence of calmodulin, digesteq °*
extensively with trypsin and* the resulttnt phosphopeptides separated
in twvo dimensions (fxgure 3.10). Caldesmon, phosphorylated in the
' absence of calmodulin, contains three major phouphopeptidés Cpanel A,
marked with eolid atrouﬁéa;a) and & nuamber of minor phosphopeptides.
"In the prosenée of calmodulia (panel B).'cnldqgnon phoiphorylation is

inhibited (see figure 3.8), but there is no apparent alteration in

phosphopeptide maps. This observation suggests that iohibition of

.

100
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FIGURE 3.9
PHOSPHORYLATION OF CALDESMON BY PROTEIN KINASE C AND BY AN
ENDOGENOUS CALMODULIN-DEPENDENT PROTEIN KINASE.

Caldesmon (0.3 mg/ml) was purified by non-denaturing methods as
described in Materials and Methods and was phosphorylated prior to
electrophoresis on a 6-15% SDS-polyacrylamide gel which was stained
with Coomassie blue (panel A) prior to autoradiography (panel B).
Lane 1, caldesmon with addition of phosphatidylserine, calcium and
protein kinase C; lane 3, caldesmon with addition of calcium and
calmodulin; lane 4, caldesmon with addition of EGTA and calmodulin,
Molecular weight markers were run in lane 2. -

-]
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“caldesmon phosphorylation is not the result of selective inhibition
‘if specific.sites. Phosphopeptides are darker in panel B as a result
of a longer exposure than was used for the phosphopeptide map shown A
in panel A.

Caldesmon, purified by non-denaturing methods, was
phosphorylated by the contamin&ng calmodulin-dependent caldes@n
kinase and shown by phosphopeptide mapping to have three apparent
phosphorylation sites (panel C, marked with open arrowheads), A
phosphopeptide map (panel D) obtained by mixing phosphopeptides
obtained by phosphorylation with the two differeat protein kinases
cleatiy demonstrates that the sites phosphorylated in each case are
distinct. o .

Phosphoamino acid a;alysis (figure 3.11) shows that
phqsphorylat%on of caldesmon by protein kinase C (p;nel A) or by’che

calmodulin-dependent caldesmon kinase (panel 3) occurs exclusively on

serine residues.

3.3.8 Purification and Phosphorylation of §hicken Liver Caldesmon72'
To determine whether or not the lower mofecular weight form of
caldesmon is a substrate for “protein kinase C, caldesmon72 vas’

purified from.fresh chicken liver. By adaptation of the denaturing

method of Bretscher (1984), caldesmon, 6 was rapidly purified using

»

72
heat treatment, ammonium sulphate fractionation and three column
chromatogia;hic steps. The purification of the protein was mfnitorgd
by SDS-pg{yacrylamide gel electrophoresis (figure 3.12). The Mr
72,000 band can be visualized prior to phosphocellulose

chromatography (lane L) and is progressively pu'rifi.ed by




FIGURE 3.10

TWO-DIMENSIONAL TRYPTIC PHOSPHOPEPTIDE MAPPING OF CALDESMON
PHOSPHORYLATED BY PROTEIN KINASE C AND BY AN ENDOGENOUS J
CALMODULIN-DEPENDENRT PROTEIN KINASE.

' 3

Féllowing SDS-polyacrylamide gel electrophoresis of
phosphorylated caldesmon, caldesmon phosphopeptides were prepared and
leparlzgd on thin layer plates as previously described. Panel A,
caldesmon phosphorylated by protein kinase C; panel 8, caldesmon
phosphorylated by protein kinase C in the presénce of calmodulin;
panel C, caldesmon phosphorylated by endogenous calmodulin-dependent
protein kinase; panel D, wix of phosphopeptides used for panels A and
C. The major phesphopeptides obtained by phosphorylation with
protein kinase C are marked with solid arrowheads. The major
phosphopeptides obtained by phosphorylation with endogenous

calmodulin-dependent protein kinase are marked with open arrowheads.
. [

FIGURE 3.11

PHOSPHOAMINO ACID ANALYSIS OF PHOSPHORYLATED CALDESMON.

Caldennon\as phosphorylated with protein kinase C (panel A) aund
vith endogenous calmodulin-dependent protein Kinase (panel B),
Phosphopeptides were subjected to partial hydrolysis as described in
Materials and Methods. The hydrolysis products were applied at the
origin (0), electrophoresed at pH 1.9 (horizontal dimension with
anocde at left) and at pH 3,5 (vertical dimension with anode at top)
prior to visualization by asutoradiography. Standard phosphoamino
acids - phosphoserine (S), phosphothreonine (T) and phosphotyrosine
(Y) - were visualized by ninhydrin staining.

<
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. .
phosphocellulose (lane P) and DEAE-cellulose (lane D) chromatography.
Caldet-op7z purified through DEAE-cellulose (lane D) is not

hoiogeneouu, but is the major band (marked with an arrowhead).
. . .

To verify that the Mr 72,000 band is a form of caldesmon,
- o«
samples from each step in the purification were subjectéd to Westerm

blotting and probed with affinity-purified rabbit antibodies prepared
against chicken gizzard caldesmon (figure 3.13). In addition, a

sample of fresh chicken liver which was homogenized in sample buffer

¢

- for SDS-gel electrophoresis was subjected to the same procedure (lane

7). The'only msjor band which can be seen in the fresh liver is a
. .

-band with Mr 72,000. The absence of any significant higher molecular
weight bands suggests that -the Mr 72,000 band is the intact

- physiological form of the protein. Each of the samples obtained
during the purification of caldeshon72 (lanes l-§) contains the same

* Y le \{/‘ .

mdjor band and vari,ble quantities of lower molfcular weight bands.
Since the, lower molecular weight binds are.less evident in the fresh .

‘ liver sample, it is likely that they are proteolytic fragments of -

N ]

> caldoo-oa,z that were generated during the purification. Fora

. @
.

co-p.rison purpope.,'a sample of caldeanoni7 purified from bovine S

liver €to be diﬁcuoled lafter) vas also s bjected to Western blottlng

¥ 3

(lane 6) and demonstrates :hat the bovime protein has a slightly

- . . . 'a . .
‘higher molecular weight than does the avianqpro;ein.

-

. g‘\ ) Thc phoophorylltxon of chlricken liver caldcanon72 by protein
kinaoc C in ghe presence of phonphat;dyluerxﬂe aund calcxun 1. ’
- dc-onotrltod in figure 3.14 (lane l). As a ponxexve control, the

phosphorylation of chicken gizsard caldcln@n bi protein kinane C inm

v -- . ‘. . (




FIGURE 3.12 )

PURIFICATION OF CALDESHON72 FROM FRESH CHICKEN LIVER.

Samples of different fractions-obtained during the purification
of caldesmon from fresh chicken liver were electrophoresed on 6-15%
SDS-ponacrv{amxde gels and stained with Coomassie blue., Heat-
treated liver extract was subjected to ammonium sulphate
precipitation, phosphocellulose chromatography, phenyl-Sepharose
chromatography and DEAE-cellulose chromatography. The position of
Ealdesmon72 is marked by an arrow.
- sample loaded on phosphocellulose
-~ flow through from phosphocellulose
salt- free wash from phosphocellulose
- caldesmon peak from phosphiocellulose
- caldesmon peak from DEAE-cellulose
- molecular weight standards e

nwowvEe e
!

" FIGURE 3.13

WESTERN BLOT OF FRACTIONS - OBTAINED DURING CHICKEN LIVER
CALDESH0N7 PURIFICATION WITH AFFINITY-PURIFIED
ZNTI-CALDESHON ANTTBODIES.

. Samples of protein obtained during the purificatiqn of
caldesmon,, were electrophvresed on.a 6&-152 SDS-polyacrylamide gel
and trans}erted to nitrocellulose. The transferred proteins were
probed with affinity-purified anti-caldeswon antibodies. Lane 1,
heat extract of chickem™tiver; lane 2, 30-507 sammonium sulphate
"pellet; lane 3, phdsphocellulose pool; lane 4, phenyl-Sepharose pool;
lane 5, DEAE-cellulose peak; lane 6, bovine liver cnldeauon77; lane
7, fresh chicken, liyer homogenized in SDS-gel seample buffer.
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¢ the presencé of phoqphatidylsé?{;é and calcium is "alsq illustraced
(lane 5). Caldesmon,, and chicken gi;zdrd caldesmon are both
ph&sphorylated to a low level 1in the\bfes;nce of pﬁ%sphaiidylsetine
and‘éGTA (lanes 2 and 6 respectively)., 1In the absence of
phosphatidylserine, with calcium (lanes 3 and 7) or with EGTA (lanes
4 and 8) neither protein is significantly phosphorylated.

Insufficient quantities of caldesmon,, (approximately 0.5 mg/ 50

72
grams liver) were obtained to examine the time dependent
phosphorylation of this protein.

3.3.9 Peptide Mapping and Phosphbamino Acid Analysis of

Phosphorylated Caldesman72

When phosphopeptides obtained-from-phosghorylated caideamon72
are separated in two dimensions  (figure 3.15, panel A), the resultant
map appears to be a subset of that obtained from chicken gizzard

. caldesmon (figure 3.15, panel B).: In fagt, tgé two maps Qppear to
have 4 phospbegeptidés in common (m;rked with solid artouhea&a) while
there is one additional phosphopeptide (marked with ope? arrowvhead) .
on thé chicken gizzard caldesmon phosphopeptide map. These results
suggest that despite the large difference in their.moleéular weights,

the two proteins contgin conserved sequences near the sites of

phosphorylatien,

Phosphoamino acid analysis (figure 3.15, panel C) shows that

caldesnnn72 is phosphorylated exclusively on serine residues, as was

the case with chicken gizzard galdesmon.

1.
1
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FIGURE 3.14

PHOSPHORYLATION OF CHICKEN GIZZARD CALDESMON AND CHICKEN LIVER
CALDESHON72 BY PROTEIN KINASE C.

>

. Chicken gizzard caldesmon (lanes 5-8) and chicken liver
caldesmon,, (lanes 1-4) were incubated with protein kinase C,
electrophzgesed on a 6-152 SDS-polyacrylamide gel which was stained
with Coomassie blue (panel A) and then autoradiographed (panel B).
Lanes 1 and 5, phosphatidylserine (0.05 mg/ml) and 0.5 =M CaCl_;
lanes 2 and 6, phosphatidylserine (0.05 mg/ml) and 0.5 =M EGTA; lanes
3 and 7, 0.5 mM CaCl_; lanes 4 and 8, 0.5 mM EGTA; lane S, molecular
weight standards. T%e position of chicken gizzard caldesmon is
marked with an open arrowhead and the position of chicken liver

dhldesmou72 is marked with a solid arrowhead.
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FIGURE 3.15 . 0

TWO-DIMENSIONAL PHOSPHOPEPTIDE MAPPING AND PHOSPHOAMINO ACID
ANALYSIS OF PHOSPHORYLATED CHICKENOLIVERcCALDESHON72.

s .

Following SDS-polyacrylamide gel electrophoresis of
phosphorylated chicken liver caldesmon,,, tryptic phosphopeptides
were prepared and separated on thin layer plates as previously
described. For.phosphoamino acid analysis, the tryptic ~
phosphopeptides were subjected to partial acid hydrolysis prior to -
two dimensional electrophoresis on thin layer plates. Phosphoamino
acid standards - phosphoserine (S), phosphothreonine (T),
phosphotyrosine (Y) - were visualized by ninhydrin staining. Panel &,
ghosphopeptide map of chicken liver caldesmon..; panel B,
phosphopeptide map of chicken gizzard caldesmofi; panel C;
phosphoamino acid analysis of chickean liver-caldesmon 2°
Phosphopeptides which are common to both forms of calsesmon are
marked with solid arrows. Ome phosphopeptide is found only omn
c?icken gizzard caldesmon and is marked with an open arrow (panel
B). '
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3.3.10 Purification and Phosphorylation of Two Different Forms of

Bovine Liver Caldesmon

, Yields of chicken liver caldesmon72 (discussed in section 3.3.8)
were too low to examine its time depenéent phosphorylation. Thus,
bovine liver was s€lected as the tissue from which larger quantities
of the lower molecular weight form of caldesmon could be isolated.
Caldesmon, purifieé from a nfmmaliaq sourcé, Gould also be useful.for
comparisons with caldesmon phosphorylation in intact mammalian cells.
(to be discussed in following chapter). Utiliziﬁg the same protocol
as for chicken {iver calhesmon72, bovine liver‘caldesm6n77 and
a leaoér quant ity of caldesmonlso were obtainéd.' the:;urity of the
;;otein samples obtained at each stage of the pufification wa;
assessed by SDS-polyacrylamide gel electrophoresis (fiéure 3.%6,
plngl A). Th; é;istgpcé—af caldesmon ;pecies in gach of‘thege'
samples was confirmed on a Western blot which was probed with
affinity-purified antibodies prepared in rabbits against chicken
gizzard caldegnoq (figure 3.16, panel B). The existence of
significant quantitiea of caldesmon77 in the initial heat extracc‘bf;
bovine liver (lane 1) suggests that this .is an impertant
phytio}ogical form of the proéein that is not simply a proteoytic
Erlgnent éf :he:larger caldésnonlso species generated during ;he
purification. )

The phocph;rylation of both bovine fi;er forms of caldesmon by
purified rat brain protein kinase C is illustrated in figure 3.17.

Clld.l.0n77 (lanes 1,2) and caldeononlso (lanes 3,4) are

phosphorylated in the presence of phosphatidylserine and calcium

R 4

L
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FIGURE 3.16

SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS AND WESTERN BLOTTING OF
DIFFERENT FRACTIONS OBTAINED DURING THE PURIFICATION OF .
BOVINE LIYER CALDESMON.

4

Samples obtained during the purification of bovine liver
caldesmon were subjected to 6-15% SDS-polyacrylamide gel
electrophoresis (panel A) and were also transferred to nitrocellulose

. and probed with affinity-purified anti-caldesmon antibodies (panel

B). Lane 1, heat extract of fresh bovine-Yiver; lane 2, 30-50%
ammonium sulphate pellet; lane 3, early portion of phosphocellulose
pool; .,lane &4, late portion of phosphocellulose pool; lane S, phenyl-
Sepharose pool; lane 6, DEAE-cellulose gradient fraction l4; lane 7,
DEAE-cellulose gradient fraction 18; -lane 8, DEAE-cellulose gradient
fraction 24; lanes marked S, molecular weight mark&rs. The position
of caldesmon is marked with an open arrow’and the position of.

caldesmon77 18 marked with a solid arrow.







FIGURE 3.17 .

PHOSPHORYLATION OF DIFFERENT FORMS OF BOVINE LIVER CALDESMON BY
PROTEIN, KINASE C.

—

Caldesmwon_, (lanes 1,2) or caldesmon (lanes 3,4) were
incubated with’'protein kinase C in the preésence of phosphatidylserine
and calcium (lanes 1,3,5) or in the presence of EGTA (lanes 2,4,6).
Protein kinase C in the absence of caldesmon or +caldesmon is

also shown (lanes 5,6), The reaction mixtures wer®tun on an' 8% SDS-
polyacrylamide gel which was stained with Coomassie blue (panel A)

prior to autoradiography (panel B).







- ~

(lanes 1,3) bu:'not in the absence of these activators (lanes 2,4).
A faint band of protein kinase C, running slightly behind caldesuon77
with approximate molecular weight of 80,000 ;s also visible on the
Coomassie blue stained SDS-polyacrylamide gel (panel A, lanes 1-6)
and on the accompanying autoradiogram (panel B, lanes 1,3,5). For

comparison with the phosphorylated caldesmon77 bﬁgd,

autophosphorylated protein kinase C is shown in the absence of

- phospHorylated caldesmon (lane 5). The autophosphorylation of

protein kinase C was previously described (section 3.3.1).

The time dependent phosphorylation of caldesmon by protein

77

kinase C is illustrated in figure ‘3,18, 1In the presence of

phosphatidylserine and calcium, caldesmon phosphorylation reaches

77

a level slightly exceeding one mol phosphate/%ol protein,
Phosphorylation is minimal in the absence of activators. Time

dependent phosphorylation of caldesmon from bovine liver was not

150

studied since very low levels of the protein were obtained in the

purification.

3.3.11 " Phosphopeptide Mapping and Phosphoamino Acid Analysis of

Phosphorylated Bovine Liver Caldesmon77 and Cnldeaqonlso .

~ — —

Phosphopeptide mapping (figure 3.19), demonstrates that

caldesmon77 (panel A) and caldesmoﬁlso (panel B) are both
\

phosphorylated at multiple sité;. Phosphopeptide maps of the two
proteins reveal that they have-the same sites of phosphorylation

since the two major sites and several minor sites have the same
>

¢

migration'patterna on both maps. These-results confirm our previous

findings with two chicken forms of cdldesmon; that is, the two

L]
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- ' FIGURE 3.18 v

TIME DEPENDENCE OF BOVINE.LIVER CALDESHON77 PHOSPHORYLATION.

Bovine liver caldesmon 7
the presence of pho-pha:idy{ne

wvas incubated with protein kinase C in .
rine and calcium (@) or EGTA (a) as

-

described in Materials and Methods. At thé indicated times, aliquots -
of the reaction mixture were withdrawn and the phosphate

incorporation was determined. The resuvlits are typical of those

obtained in two separate experiments.
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different classes of caldesmon molecules have. considerable structural
identity.

Phosphosmino acid®analysis shows that phosphorylation of
caldea-;n77 (panel C) and caldesnonlso (panel D) occurs on serine

residues, as is the case with avian forms of galdesmon.

To demonstrate that phosphopeptfde maps of caldesmon77 wvere not

I'd . .

coqtminated with pha':sphopep:ides of protein kinase c, .the
autophosphorylated enzyme was subjected to phosphopeptide mappi
(figure 3.20). The tesultan_t map is -ﬁ'lz distinct from the
ca}desmnn map and reveals that protein kinase C contains 3{41: iple
sites of phosphorylation., This multisite autophosphorylation of
protein kinase C has been well documented (Woodgett and Hunter,
1987b; Huang et al., 1986a).. '

3.4 DISCUSSION

In smooth muscle cells, activators of protein kinase C have been

shown to ipduce various phases of the contractile response (Ras}ugsen'

et al., 1984; Park and Rasmussen, 1986; Inagaki et al., 1987). A key
step in the elucidation of the molecular mechanisms of :h;-se events
is to examine the activitg of this enzyme towards protein; that are
- involved in the regulation of the contractile apparatus.
In ;:::e preceding chapter, the purification of protein kinase C
from dbovine brain was deuiled'. Although the bovi.ne brain enzyme
preparation was useful for the in vitre phosphoryll\tion of

cytoskeletal proteins, the ‘enczyme had relatively low lpecxfxc

activity and vory liutcd oubilit/ In ad effort to tnprove the

18
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FIGURE 3.19 -9y -
. .’.‘ )

TWO-DIMENSIONAL TRYPTIC PHOSPHOPEPTIDE MAPS >
ANALYSIS OF PHOSPHORYLATED BOVINE LIVER CALDESMON™ FORMS.

N

*Following SDS-polyacrylamide gel electrophoresis, phéaphorylgted
caldesmon,, (panels A and C) or caldesmon (panels.B and D) was

AND PHOSRHOAMING ACID

Fe

21‘!

digested with trypsin. The tryptic pﬁospﬁggéptides were subjected to

peptide mapping (panels A and B) or were partially hydrolysed for
phosphoamino acid analysis (panels C and D). . Standardgphosphoamino
acids - phosphoserine (PS),~phosphotﬂteonine (PT), phosphotyrosine
(PY) - were visualized with ninhydrin, .

_FIGURE 3.20

TWO-DIMENSIONAL PHOSPHOPEPTIDE MAPPING OF AUTOPHOSPHORYLATED RAT '
BRAIN. PROTEIN KINASE C.
Autophosphorylated protein kinase C was run on 8% SDS-
polyacrylamide gel electrophoresis, digested with trypsin and
separated in two dimensions on thin layer plates as previously
described. The phosphopeptides were. visualized by autoradiography.

o
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yield, purity and stability of the purified protein kinase C, we
attempted té purify the enzyme from rat brain using the novel:
approach of Wolf et al. (1985a).: This method utilizes the Caz*-
dependent associations of protein kinase C with brain and'erythrocyte
wembranes to effect a rapid purification, Since the step using
erythrocyte membranes was found to be unreliable, a more consistent
purification scheme using DEAE-cellulose chromatogtaphy whs.deviaed.
Protein kinase C purified by this procedufe from rat brain was
significantly superior to that purified from bovine brain on the
basis of specific activity, purity, yield, stabilify, and ease and
speed of purification. For these reasons, rat brain replaced bovine
braim aé the tissue source for the enzyme purification.

As a first step in establishing a potential role for protein
kinase C in the regulation of contractile events, we have
demonstrated its in vitro ;ctivity towards myosin liqpt chain kinase
and different forms of the calmodulin-binding protein'caidesmon.

In the case of myosjn light chain kinase, its identification as a
substrate for protein kinase C introduces another potential level of
control for this important regulatory enzyme. Of particular interest
are the two sites of ph;sphorylation that can be selectively blacked
in the presence of halmodﬁlin, since phosphorylation at these sites

might have an effect on the abflity of calmodulin to activate myosin

light chain kinase. Indeed, phosphorylation of myosin light chain
-

-

kinas€ with protein kinase C does result in a substantial increase in
the amount of calmodulin required to activate myosin light chaia

kinase (Nishikawa et al., 1985; Ikebe et al., 1985). This result is
L] .

188



similar to that obtained following phosphorylation of myosin light

chain kinase with cAMP-dependent protein kinase (Conti and Adelstein,

1981), although only one of thegtyo protein kinase C-dependent

phosphorylation sites that are blocked by calmodulin appears to be

common to the two kinases.

. The particular sites of phosphorylation by the two different

kinases which are not blocked by calmodulin are clearly distinet. °

Although the physiological significance of these additional sites is

. unknown, it is possible that phosphorylation by the two kinasés may

actually regulate different properties of the myosin light chain
kinase molecule., The effect that phosphorylation-of m;osin light
chain kinase by one protein kinase has on phosphorylation by the
other protein kinase also remains to be investigated,

It should also be mentioned that the substrate for myosin light
chain kinase (the regulatory light chain of myosi;) can be
phosphorylated directly by protein kinase C in vitro (Endo et al.,

1982; Nishikawa et al., 1983; Nishikawe et al., 1984b) and in intact

cells (Naka et al., 1983; Insagaki et al., 1984). The result of this
reaction is an apparent decrease in the actin-activated ATPase of
wmyosin which has been previously phosphorylated by myosin light chain
kinase (Nishikawa et al., 1983). Thus, although many questions
Temain unanswered, & nuamber of lines of evidence inplicaté protein
kinase C in the modulation of coantractile events through the
phoophorylltioq'pf_loveral components of the contractile dpparatus.

Further support for this suggestion comes form our demonstration

that protein kinase C can also phosphorylate varicus forms of the

1%
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calmodulin-binding protein caldesmon. Protein kinase C catalyzes the
multisite phosph&rylatien of caldesmon from chicken gizzard. The

presence of calmodulin in the phosphorylation reaction mixture

S

results in a significant decrease in caldesmqn phosphogylation.
These results suggest tﬁat phq:phoryla:ion may regulate interactions
between caldesmon and éalmodulin, as is‘the case for myosin light
chain kinase. However, this pbssibility has ' not been experimentalfly -
tested™ Thz;.‘ finding that calmodulin does Jpt block gy particular

phosphorylation sites (unlike mfésin.light chain kinase) raises

questions concerning the mechanism rirhibition, Several o

possibilities that would result in a generaf inhibition of caldesmon ‘e

phosphorylation could be envisioned. For example, the
.phosphorylgbioh'sites may all be located within the calmodulin-
-binding'domain of the molecule. Alternatively, calmodulin may
inhibit caldesmon phosphorylation by inducing conformational changes

?n q?ldeémdn,;or by bindi;g to more than éne site on the caldesmon
molecule. The possibility that the epzyme.is directly inhibited by
calmodulin as seen by Albert et al., (1984) must also be considered.

[ J . 4
‘Using histones as substrate however, no inhibitory effect of

) -

calmodulin was observed in this report or by other investigators
(Schatzman et al., 1983; Kikkawa et al., 1982). |
Another‘gro?erty of caldesnon.uﬁich potentially makes this
protein‘an important component of the contractile apparatus is its
: phoapho;ylatién'by a calmodulin-dependent protein kinase., This
protein kinase contaminates' several preparations of caldesmon from

‘chicken gizzard (Ngai aﬁd Walsh, 1984; Ngai and Walsh, 1987; Lash et

. - ' \




al., 1986). The results of the phosphopeptide maps presented in this

-

chapter clearly demonstrate that the calmodulin-dependent kinase and
protein ii&ase C have different sites of phosphorylation. These
observations suggest that the functional properties of caldesmon may
be cont{'olled via different phosphorylatign pathwsys. The effects
. .

of phosthFfigtion on the known ppoperties of caldesmon are certainly
of interest h;d‘Lill be<discussed in a succeeding chapter.

Al;hqugh the prec;se physiological rols of caldesmon in the
contractile apparatus has not been completely elucidated, this

protein, or a closely related polypeptide, has been identified in a

>4
r

wide variety of tissue and ‘cell types (Bretscher aqd-Lynch,.l985;
Owada et “al., 1984; Sobue gt al., 1985). As discua\:sed earlier, there
are two forms of caldesmon which are similar with réspect to
immunological cross-;eagtivity, heat stability, actin-binding and
calmodulin-binding characteristics (reviewed By Bretscher, 1986).
Despite their shared functionaI_RrOPé?ti?s, the two species of
caldesmon differ greatly in molecular weight. The results in this
chapter»identify both forms of caldesmon from either avian or bovine
sources as substrates for pro:éin kinase C, suggesting that the two
classes of protein Qay also be subject to similar regulatory

mechanisms. A phosphopeptide map of caldesmon72 from chicken liver

is a subset of that obtained with the larger chicken gizzard

- caldesmon molecule. This result cannot establish the molecular

150
basis of the similarities or differences between the two species of

caldesmon, but does demonstrate that the two proteins have regions of

homology at their sites of phosphorylation. These results are

18
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confirmed by phosphopeptide maps obtained with phosphopeptides from
caldesmon77 and caldesmon150 from bovine liver. Ome expianation for
the similarity between phosphopeptide maps of the two caldesmon forms
is that the smaller caldésnon species is simply generated by
proteolytic degradation of the larger ;;ecies. However, the results
of others (Dingus et al., 1986) and Dr. Ball in this laboratory
(personal communication) cle;qu demonstrate this not to be the case.
As was observed with vinculin and talin in the previous - .
chapter, less than stoichiometric phosphorylation of the caldesmon
species wii_achieved. Chicken gizzard caldesmon was phosphorylated
on three major sites and a ﬁumbe; of minor ;ites to a level of 2.3
mol phosphate/mol protein. However, significantly higher phosphate

incorporation was achieved by Umekawa and Hidaka (1985). It seems
likely that'highet phosphorylation of thp_minbf sites may have
occurred in their study. Measurable quantities of phosphate can be
détected on caldesmon as. isolated from chicken gizzard, but the
quantities (0.21-0.26 mol phosphat;/mol prot;in) are too low to

explain the variation between our results and those of Umekawa and

Hidaka (1985). In the case of bovine liver caldeamon77, phosphate

. incorporation slightly exceeded one mol phosphate/mol protein while

peptide maps clearly showed two major sites of phosphorylation.
Again, this observation Qay result from the isolation of a partially
phosphorylated form of the protein. Alternatively, phosphopeptide
maps may be complicated by. incomplete digestion of-certlin‘
phosphorylation sites as discussed in the preceding chlpéer. The
reasous for the apparent lov stoichiometry of phouphoéylltion that we

v

.
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observe are unclear, but it can be noted that the level of in vitro
phoophoryllcion observed with protein kinase C is frequently less

than one mol phosphate/mol substrate protein (Werth et al., 1983;

Rawamoto and Hidaka, 1984).
The results described in this chapter sjpport the hypothesis

[ J
that protein kinase C is involved in modulation of the contractile
. A

response. Myosin light chain kinasé and various forms of the

calmodulin-binding protein caldesmon can be added to the list of )
important components of the contractile appagatus that are targets
for protein kinase C (reviewed by Nishizuka, 1986; Sellers and

Adelstein, 1987). 'In establishing the physiological significance of

the action of protein kinase'C, it will be of interest togexamine

_whether or not the reactions that hawe been described in this chapter

happen in intact living cells. 1In addition, studies on the effects

of phosphorylatiod on substrate proéeiﬁg‘will be central to

elucidation of the molecular mechanisms involved in regulation by

-

protein kinase C.

Ny
-
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\\ CHAPTER 4

PHOSPHORYLATION OF CYTOSKELETAL PROTEINS IN INTACT HUMAN PLATELETS

A

R ]

S

4.1 INTRODUCTION

Protein phosphorylation pigys an extremely important role in the
regulation of many cellular pgscesses (reviewed by Krebs, 1986; Kre%a»
A :

and Beavo, 197%). In developing a complete underafanding of a

<

particular phosphorylation reaction and its involvement in cellular
regulation, in vitro experiments conducted using purified protein
kinase and purified protein substrate have proven.very useful.

However, many reactions that occur under in vitro conditions do not

-occur ifA living cells. Thus, to demonstrate that a particular
<

phosphorylation event is of physiological significance, the reaction

-

must also be shown to occur in living cells,

°

The results presented in the preceeding chapters have

demonstrated that the focal contact prgteins vinculin and talin are

in vifro substrates for protein kinase C, as are the cealmodulin-
binding proteins myosin lig;; chai? kinase ;;d calh;smon. Of these
proteins, vinculin is'chgzonly one that had been identified in
published reports as a probable substr;:e for protein kinase C in

iiving cells (Werth and Pastan, 1984). Thus, the objecti:; of the

. VY

work described in this chapter was to extend our in visro‘

n

observations by examining the role, of protein kinase C in

phosphorylating the three other cytoskeletal proteins in intact

cells. 1In living cells protein kinase C is the receptor ‘for, and csan

LI

be directly activated g}, tumour-prowmot ing phorbol esters such as TPA
’ .

o ?




(Ashendel, 1985; Castagna et al., 1982; Niedel et al., 1983). For
this resson, this compound has been extensively utilized to scudy the
involvement of protein kinase C in the phosphorylation of a number
of different proteins in a variety of intact cell systems.

Platelets were chosen as the expefimental cell system for a
number of reasons. They contain high levels of protein kinase C
(Kikkawa et al., 1983a) and can be rapidly isolated from fresh whole
blood (Baenziger and Majerus, 1974; Lyons et al., 1975). The
response of platelets to TPA has been well characterized (Chiang et
al., 1981; White et al., 1974; Carroll et al., 1982), and results in
the phosphorylation of two major substrate proteins, the regulatory
light chain of myosin (P20) (Naka et al., 1983) and the 5'-

phosphomonoesterase specific for inositol triphosphate (P47)

(Connally et al., 1986;~ Imaoka et al., 1983; Kaibuchi et al., 1983).

In addi:ion, platelet forms of the cytoskeletal proteins talin

©

“fTollier and Wang, 1982a; Collier and Wang, 1982b; O'Halloran et al.,
1985), myosin light chain kinase (Hatpaway and Adelstein, 1979) and
" caldeswon (Dingus et al., 1986) have all been identified.

As a prerequigjte for examining the phosphorylation of &
;yt0lk010tll péoteinl in TPA-treated platelets, a method must be ™
svailable for the identification and isoiation of the protein of
interest. Talin was recently identified as the major platelet
protein P235 (0'Halloran et al., 1985). This highly abundant protein
céhld be readily seen on, and excised from, one-dimensional SDS-

polyacrylamide gels for further analysis. Caldesmon, which is

considerably less sbundaant than P235 in platelets, could not be

*




identified solely on one-dimensional SDS-polyacr;lanide gels.
Immunoprecipitation with affinity~purified rabbit antibodies prepared
against chicken gizzard caldesmon was uded to isolate caldesnon77.
The phosphorylation of myosin light chain kinase in intact platelets
was not examined since th?s protein could not be unambiguocusly
identified on’SDS-polyacrylamide gels, nor were useful antibodie;
available, The results that are presented in this chapter describe

the TPA-induced phosphorylation of the cycbskeletal proteins talin

and caldesmon77 in intact human platelets.

4

4.2 MATERIALS AND METHODS

4,2,1 Materials

TPA‘;as purchagsed from Consolidated Midland Corporation, and Ga-
PDD and thrombin were from Sigma. A23187 (Caz* ionophore) was
obtained frow C§1biochem and 32Pi (carrier free) from New England
Nuclear. Other reagents and cth®micals were obtained as previously

described or were of analytical grade.

4,2.2 Platelet Preparation and Phosphorilntion

ashed human platelets were prepared from fresh whole blood (40

ml) accoxding  to the method of Baenziger and Majerus (1974) using

EDTA as anticoagulant, To prevent platelet activation, all

. m}nipulationa were done with plaatic_iabwnre at room temperature
unless specified, Briefly, ;hole blood was npu; for 3 minutes at
‘1400 X é t; remove erythrocytes. The supernatant (platelet rich
pgaaml) wag centrifuged at 2250 X g for 15 minutes to pellet the

" platelets, The platelets were then resuspended with platelet Qanh‘

¢
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- buffer (0.113 M NaCl, 6.3 mM R HPO,, 4.3 wM NajHPO,, 24.4 uM NaH,PO,,

5.5 mM glucose, pH 6.5) and centrifuged at 120 X g for 7 minutes to
) . ~ 1
remove contaminating levkocytes and erythrocytes. To recover
. s . ' )
platelets which may have been pelleted by this procedure, the 120 X g

& \ -

pellet was resuspended in plateiet wash buffer ;nd the gpinﬁtepeated.
" The nd;ernatants from thg tvo-lzo X g spins weré conbiﬁed and
centrifﬁ;ed at 2000 X g for iS minutes. The platelet pellet was
washed once with platelet‘vash #ﬂffer and resuspended in phosphate-
free»fe.ucpehsion buffer {15 mM Tris-Cl, pR 7.5, 0.14 M NaCl, 5.5 mM

glucose, 0.3 bovine serum albumin) and incubated for 15 minutes at

L

fualh‘e-péfature. The platelets were pelleted, resuspended once

~

again in phosphate-free resuspension buffer and incubated for another

15 minutes at room temperature. -In preparation for phosphate
labeling, the plitelets were then pelleted and resuspendéﬁ in

phosphate-free resuspeunston buffer at a concentration of 2 X 109

32

plﬂteletl/-l. The platglets were then incubated with ~“Pi (1 oCi/ml)

for 1 hour at 37:6 as ;utlinqd by L§%ns Eﬁ.él' 21975). Following ,

pho'phatevlabeling,-the p}atelecp were washed and treaéed as

indicated with TPA (1 uM in DMSO), 4e-POD (1 wM in DMSO), A23187'(0;a

M in DMSO), DMSO alone; or Féro-bih (1 unit/ml) égr the appropriate
4 . - ,

- .

leagth of time at room temperature. In those experiments in which,
. " ’

3

plitclot phosphorylation was done in the. presence of leupeptin,

_piliolots wvere pro-ipcubated'vith.lgupeptin (0.05 mg/ml) for 10

" 4,2.3 Determination of Phooghosxlatioﬁ 2£'P50, ék? and P235
Pollowing Ercnég.nt of platelaets as dclcribéduahove for the

—

minutes at room temperature prior to eddition of TPA or 4a-PDD.
] A .
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approefiate 1ength'of time, an aliquot of the platelet auapennidn vas
immediately boiled in ;anple buffer for SD;—Rdiyacrylauide gel
electrophoresis. Aliquots of the extract were subjected to
electrophoresis and autoradiography.‘ Levels of phosphorylation were
determined Sy densitometric scanning (LKB bltroscan:XL Lase;
Densitometer) of the autora;iograms-(Garrison,'l983). The
phoSphorylatign of P20 and P47 was monitored using 122 or 6-152

linear gradient polyacrylamide gels. P235 phosphorylation was

monitored following electrophoresis on 62 polyacrylamide .gels.

4.2.4 Immunoprecipitation .

Platelets labeled as described above were lysed by the addition

of SDS-polyacrylamide gel sample buffer to give 1% SD§ and 1.67%7 2-

~ mercaptoethanol (final concéntrations) followed by immediate boiling

for 2 minutes. The exttact’gaé then diluted with 9 volumes of SDS-

free immunoprecipitation buffer (1 Triton X-100, 1X-sodium

deoxycholate, 0:15 %-Hacl, 20 ;M sodium éhogphate, pH 7.6)‘containing
*pfoteqpe and éhosphutase inhibitgrs’ (2 mM ED&A, 50 mM HaF,\O.ﬂQ=:~
Nq3V(54, 1 oM ?H?F'and 5 ug/ml leupeptin) in preparation for
J immunoprecipitation yhi;h was conducted essentially by the -ethaa of v
Sefton et al. (19}8). Ca}desmoq77_wis immunoprecipitated using

affinity-purified rabbit amtibodies which hai/)een raised against

chicken gizzard caldesmon. . . : ) L.

.fo.2.,5 Detemm_ati.on o_‘-_g‘n:o-ht Caldeononzl Phosphorylation
.Iununoprecipitntel. obtained as+described above, were .
electrophoresed on 6-15% SDS-polyacrylamide gelc.‘ The caldeolon77 )

band was visualized by staianing with Coomassie blue, excised, and

¢




digested overnight with 30% nzoz at 70°C so that 32Pi content could

be determined by scintillation counting.

4.2.6 Other Procedures

A

All other procedures have béen described in previous chapters.
A .

.
-

4.3 RESULTS
4.3.1 Analysis of Platelet Proteins El SDS-Polyacrylamide Gel

Electrophores{s

Platelets have a characteristic protein profile when subjected

to SDS-polyacrylamide gel electrophoresis (figure 4.1, lane 1).

Among the proteins that can be identified on this gel are a number of

contractile and cytoskeletal proteinslincluding actin (Mr 43,000),
vinculin (Mr 130,000), myosin (Mr 200,000), P235 (Mr 235,000) =nd
actin-binding protein (Mr 250,000). of particular interest to our
studies is P235 (marked with arrow) which has'recently been
identified as the platelet form of the focal contact protein talin
(0'Halloran et al., 1985). It is not clear why platelets should
contain such an abundance of talin, but it makes platelets an
excellent system in which to ex;nine talin phosphorylation.

'4.3.2 Phosphory®ation of P235, P47 and P20 in Human Platelets

To examine the phoopﬁorylation of P235 in living cells, washed ¥

human platelets were loaded with 3255 and treated vith TPA (1 uM), a
tymour-promoting phorbol ester known :o_directly.ncqivn;e protein

‘kingse C in living cells (Castagna et al., 1982). Phosphorylated

—
-

protoinifwcre visualized by SDS-polyacrylanide'gel electrophoresis

(figure 4,2, panel A) and sutoradiography (figure 4.2, panel B). As
' )
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FIGURE 4.1

SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS OF HUMAN PLATELETS.

Intact human platelets were extracted with SDS~gel sample buffer
and electrophoresed on a 6-15% SDS-polyacrylamide gel which was
stained with Coomassie Elue. Lane 1, platelets; lane 2 molecular
weight markers. The position of P235 is indicated with an arrow.

¥

FIGURE 4.2

SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS AND AUTOéﬂDIOGRAPHY OF
PHOSPHATE-LABELLED PLATELETS TREATED WITH TPA.

32 MEast human platelets were incubated for 1 hour at 37°C with

Pi at 1.0 oCi{ml as described in Materials and Methods.
Unincorporated ~ Pi was then washed away and the platelets treated
with TPA (1 uM). At each time point (in minutes following addition
of TPA) indicated at the top of each lane, aliquots of the platelets
were immediately boiled in SDS-gel sample buffer, These samples were
electrophoresed on a 6~-152 SDS-polyacrylamide gel which was stained
with Coomassie blue (panel A) and then autoradiographed (panel B).
Molecular weight markers were run in the lane marked S. The
positions of platelet proteins P47 and P20 sre indicated.

v
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seen by-a number of other investigators (Naka et al., 1983; Castagna
et al., 1982), the platelet proteins f&? and P20 were significantly
pho;phorylacéd following TPA-treatment. On the.iutordiogram of the
gel, visualization of P235 ph;sphorylation was complicated by the
observatioa that myosin (Mr 200,000) and actin binding protein (Mr
250,000) are both phésphorylaced following TPA trestment. Therefore,
P235 phosphorylation was analyzed on a 6% SDS-polyacrylamide gel (not
sﬁown) which enhanced the separation between P235 and the
neighbouring myosin and actin-binding protein bands.

By densitometric scanning of autoradiograms, the time course of
phosphorylation of P235, P20 and P47 was measured (figure 4.3). As
is evident from figure 4.3 (upper panel), P47 reached maximal levels
of phosphorylation ;fte% only “%0=seconds of TPA treatment. These
results are similar to the findings of Castagna et al., (I983), By~
comﬁarison, P20 phosphorylation occurs more slowly, approaching
maximal levels of phosphorylation after 5 minutes of TPA treatment in
agreement with the‘;esults of Naka et al. (1983). The time course of
P235 ‘phosphorylation (lower panel) most closely resembles that of P47

.since the most significant increase im tbe 32? content of P235
occurred-within the first 30 seconds of TPA treatment. Unlike P47
" the phosphor;lation of P235 continued to increase very slightly for
the duratién of the experiment.

-By SDS-polyacrylamide gel electropPoreaiQ it is obvious thst on
- the basis of protein levels, P235 is a more abundlﬁt constituent o{

platelets than is P47 or P20. However, by autoradiography, the © .

increase in phosphorylation of P235 is barely detected under

*



FIGURE 4.3

TIME DEPENDENCE OF PHOSPHORYLATION OF P235, P20
AND P47 IN INTACT PLATELETS.

Platelets were labeled with 32Pi and treated with TPA as.
described in Materials and Methods. At the indicated times, an
aliquot of the TPA-treated platelets was immediately boiled in gel
sample buffer. Aliquots of this extract were applied to a 122 SDS-
polyacrylamide gel and to a 6% SDS-polyacrylamide gel which were
subsequently suteradiographed. P235 phosphorylation (lower panel)
(a) was determined by densitometric scanning of the dutoradiogram of
the 6% gel. Phosphorylation of P20 (®) and P47 (@) (upper panel) was
determined by densitometric scanning of the autoradiogram of the 122
gel. The levels of phosphorylation are expressed as a percentage of
the maximal level observed for each protein and represent the average

. of duplicate determinations,
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cond;tions where the phoaphorylétion of P47 oy P20 is highly
noticeable. In fact, when platelets are treated with TPA tﬁe
increase in phosphorylation of P47 and P20 is several-fold, whereas
the phosphate content of P235 increases by only 44X. These results
imply that although the phosphate content of P235 increases in TPA-
treated platelets, it is relatively poorly phosphorylated in
comparison to P47 or P20.

4.3.3 Peptide Mapping of P235 Phosphorylated in Intact Platelets

»

The examination of P235 phosphorylation in intact human
platelets was extended by two-dimensional phosphopeptide mapping
(figure 4.4), When phosphorylated P235 is.obtained from TPA-treated
p}atélets (panel B), or from untreated (panel A) platelets, the
protein contains the same two major sites of phosphorylation; In ’

addition to the two major phosphopeptides, the P235 maps contain a

number of minor phosphopeptides. Comparison of the two
phosphopeptide maps reveals that there is a cluster of minor. spots

which is selectively enhanced in P235 from TPA-treated platelets.

" This observation confirms that P235 is indeed selectively

L 3 .
phosphorylated in plgtelets in response to TPA treatment. However,
since those spots that are selectively enhanced in response to TPA
are relativély minor, it appears as if only a small fraction of the

< .
total celluf\r P235 is newly phosphorylated. Thus, as was previously

_suggested (section 4.3.2), .it does not appear that P235 is s very

good substrate for protein kinase C.

It was not possible to make meaningful comparisons between
’ 4

tryptic phosphopeptide maps of P235 phosphorylated in TPA-treated

-

y(

.
(] « -
. .
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FIGURE 4.4

TWO-DIMENSIONAL PHOSPHOPEPTIDE MAPPING OF P235 PHOSPHORYLATED IN
INTACT PLATELETS.

Following electrophoresis of phosphate-labelled platelets- on 6%
SDS-polyacrylamide gels, the P235 band was extensively digested with
trypsin. The phosphopeptides were then loaded on thin layer plates’
at the origin (0) and subjected to electrophoresis at pH 1.9 prior to
ascending chromatography as previously described. Panel A, P235 from
platelets not treated with TPA; panel B, P235 from TPA-treated
platelets, -



————

-

5

-

"l £




4
platelets and talin phosphorylated by protein kinase C in vitro

(chapter 2) since P235 was isolated from mammalian cells and talin

from avian tissue,

4.3.4 Iqmuhoprecipitation.gi Caldesmon77 from Intact Human Platelets

AlthOuéh a number of cytoskelélal proteins can be identified by
one-dimensional SDS-polyacrylamide gel electrophoresis of platelets,
the calmodulih-binding‘protein caldesmon cannot. Thus, as a
preliminary step in examining the phosphorylation of platelet
caldesmon, the protein was isolated from intact human platelets by
immuPoprecipitation’;ith affinity-purifiéd rabbit antibodies against
chicken gizzard caldesmon. Following immunoprecipitation (figure
4.5, panel A, lane 3), a number of banés éan be visualized b}
staining with Coomassie blue. To establish the identity of ) R
caldesmon, the Western blotting technique was utilized‘(figure 4.5,
panel B). In extracts of u%ble platele;s (1ane 1) and in
iﬁmunoprecipitates obtgjned with affinity-purified anti-caldesmon

(lane 3), a single band with Mr 77,000 is detected. This result

confirms that platelets contain a single form of caldesmon (Dingus et

-al., 1986) and demonstrate that immunoprecipitation brings down this

protein,

4.3.5 Phosphorylation of Caldeswon,,, P47 and P20 in Human

Platelets V.

.

‘Examination of-the phosphorylation of cdldesmon77 by protein
kinase € in living cells was conducted using washed human platelets .
: ¢ ’ NS

which were loaded with 32Pi and treated with TPA (1 uM).

Imnunoprecipitates of 32P-labeled platelet extracts were subjected to
L : °
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FIGURE 4.5

WESTERN BLOT OF PLATELET PROTEINS IMMUNOPRECIPITATED WITH
AFFINITY-PURIFIED ANTI-CALDESMON ANTIBODIES.

Platelets were extracted with immunoprecipitation Buffer and the.

resultant lysate was immuynoprecipitated with affinity-purified rabbit
anti-caldesmon antibodies as previousIy described, Aliquots of the

- platelet lysate and the immunoprecipitate were run on a 6-15%

- !‘
.
gt

polyacrylamide gel (panel A) and transferred to nitrocellulose. The-
transferred proteins were probed with affinity-purified anti-
caldesmon antibodies (panel B). Lane 1, platelets extracted with
SDS-gel sample buffer; lane 2, molecular weight markers; lane 3,
immunoprecipitated proteins. The position of caldesmon7i is marked
with an arrow. E ~

2 -
- 3

i

¢ g "
FIGURE 4.6

IMMUNOPRECIPITATION OF CALDESMON,, FROM INTACT HUMAN PLATELETS.
) ) .. <

" Platelets lgbéled with 32?1 for 1 hour”at 372C ‘as described

under Materials and Hethpdo-v@rq~32;::::e& ire the pregence (lanes 1
and 3) or absence (lanes 2 and 4) o for 10 minutes. The
platelet lysates were subjected to immunoprecipitation using -dither
affinity-purified rabbit anti-caldesmoa antibodies (lanes ! and 2) or
nonimmune Tabbit antibodies (lanes 3 and 4). The immunoprecipitates
were run on & 6~15% SDS-polyacrylamide’ gel which was stained with
Coomassie blue (panel A) and sutpradiogriphed (panel B). The
position of caldesmon,, is marked with an arrovhead. Molecular
weight markers (lane 33 are as follows: myosin heavy chain, 200,000;
fgalactosidase, 116,000; phosphorylase b, 92,000;. bovine serum

- albumin; - 67,000; immunoglobulin heavy chain, 50,000; actin, 43,000.

) \

-

-
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'SDS-poiyacryla-ide gel electrophoresis (figure 4.6, panel A) and . -

) phosphoproteine identified by autoradiography (figure 4.6, .panel B).

Four protein bands were specifically x-nunoprecxpzoated usxng

hffznity-purxfzed anti-caldeswon antibodies (panel A,,lanes 1, 2) in

addifion to those bands ~hat were Epn-specxfxcglly 1nmunoprecxp1tated
with antibbdiég from pre-immune se¢rup (paﬁe} A, lanes 3,4). >
Approximately éqpal smounts ;f prot;;n were immuno?recipi:ated with
‘cffin;:yrburifiea antifgaldeswon ant{boéiea fro; TPA-treated

: plgteleti (panel A, lane 1) and from DMSO-treated platelets (panel A, '

lane 2). Analysis of the acconpanying_auforadiogram reveals Ehat;

-

f . ° the four prdt:inc that are immunoprecipitated with anti-caldesmon.’
. - +

. . [ AN intib’odi"ts are all phosphopro:e‘ins'in TPA—treated.(pSnel B, lane 1)

) _ lnd mdtrclted (pln;i B, lane 2) platelets No phosphoprote‘ins

. e ‘oere x-unpprecxpxtgged from TPA-treated (panel B, lfge 3) or p@de B

: tr;;tod‘plgteletp (panel B, lane 45 us{ng'dntibodieu fréé pre-immune '

. .
. . . .
-, o . . . K .
1 L serua. . '
: . ~

. ", . Alé\0u3b four pho.phqptotexna were Lnnun0ptec1p1tated .with
aff{hity-guttfledhantx-caldennnn antibodies, only the prote1n with Mr
i ) .' ) . B . . 7
T oo 17,000 (markeéd by arrow) reacted with anti-caldesmon on Western blots
c 3 ‘ ’ i .
. . : A

,‘ a . -’ (section 4.3.4). '.In iddition,'by‘phoophdbeptide mapping (not

s - nhodn)..no'rgiati?hship between the four proteins waaaﬁeteéted.
- : - . . -

‘éF ) '“. . . These gesults sug‘bat that cn{dd’&on77 is lllunothC1p1tlted fron

X ’”‘ ,'- pllt.loto ;; s co.plox coatctnxng three other unrelated polypeptxdes.,

; ‘ | la.l;oagion ofvthc 17.000 dalton‘protefn on th;-futoradxqgrgm Sflgu{f

;ft~ e, Cfgijii.l l)-thﬂyn}n that incorporation of 32P_into éqlde--oh77.io-

SO , . ] ) co .

] . 1 N -
g . -8 ca‘hagbd:u‘;rlx'ﬁ-gold in TPA-treated platélets (lane 1) relative to
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_ imsiunoprecipitation from TPA-treated (figure 4.8, panel B) or

_phosphorylated by protein kinase C in vitro, a phosphopeptide map of

DMSO-treated platelets (lane 2). _Lesser increases in 32? content are
observed for the three‘other phosphoproteins.
The time courde of caldesnon77 phosphorylation was determined in

TPA-treated plarelets (figure 4.7, lower panel) as were the time

\
cougses of P47 and P20 phosphorylation (figure 4.7, upper panel). -

For P47 and P20, the time courses of phosphorylation were similar to

those préviously observed (section 4.3.2). Rapid phosphorylationd of
P47 resulted in maximalcpkosphoryla:ion within | minute of TPA
treafment, while P20 phosphoryla;:Zn‘occurred more slowly reaching ’
maximal levels ;fter S:minutes of TPA treatment. C;léesmon
phosphqr;lqtion occurred'even more s}owly than did P20‘
phos;horylation and did not reach its highest measured level until

the platelets had been treated with TPA for 10 minutes. -

4.3.6 Peptide Mapping and Phosphoamino Acid Analysis of Caldesmon, s

Phosphorylated in Intact Platelets .

Phosphopeptides were prepared from caldhsnon77 isolated by

3 . T . ;
.untreated (figure 4.8, panel A) human platelets and subjected to two- -
» .

dimensional mapping. To oohpare the sites of:caldesnon77 that are

r -

phosphorylated in TPA-trested mammalian platelets with those that are

mammalian caldeswmon,, (figure 4.8, panel D) which was phosphorylated

in vitro by protein kinase C (section 3.3.1{) is also ‘shown.

‘Thé‘phOOphopéptide wap of caldeo.on77sfro- udtrelted platelets

(panel:ﬁ) shows two sites of, phosphorylation which are not the same

as either of the two -ajor'.itco phosphorylated on bovine liver

' .




FIGURE 4.7

TIME DEPENDENCE OF PBOSPHORYLATION OF CALDESHON77,.P20 .
AND P47 IN INTACT PLATELETS.

te) - --

Platelets were labeled with 32?1 and treated with TPA as

previously described. At the indicated tzitn,'ln lfxquot'of the TPA-
treated platelets was immediately boiled in gel oanpte‘buffer. An

-aliquot of this extract was applied to a 6~15% Sbs~polyacry1¢mzde gel

for the determination of P20 and P47 phosphorylation. - The remainder
of the extract was immunoprecipitated using affinmity-purified rabbit
anti-caldesmon antibodies prior to $DS-polyacrylamide gel -
electrophoresis and autoradiography. Caldeswmon.. phosphorylation (a)
was measured by s¢intillation counting of the excised band from SDS-
polyacrylamide gel electrophoresis (lower panel). The i
phosphorylation of the P20 (O) and P47. (®) was determined by
densitometric scanning of sutoradiograms (upper panel). The levels
of, phocphorylatxon are expreastd as a percentage of the maximal level
observed for each protezn and reptc.ent the average of duplxcg;e
determinations. v

>
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FIGURE 4.8

TWO-DIMENSIONAL PHOSPHOPEPTIDE MAPS AND PHOSPHOAMINO ACID
ANALYSIS OF CALDESHON77 PHOSPHORYLATED IN INTACT PLATELETS.

Following immunoprecipitation of caldeswmon 7 from platelets
which were incubated with (panel B) or without lpanel A) TPA, the
caldesmon,., band was extensively digested with trypsin. The
phoaphopeZZides were applied to thin layer plates at the ori#gin (0)
and subjected to electrophoresis and ascending chromatography as
previously qeuciibed; Caldesmon__ phosphopeptides from TPA-treated
platelets were also subjected to partial acid hydroylsis in
preparation for phosphoamino acid analysis (pamel C). FPor comparison

" purposes, a phosphopeptide map of bovine liver caldeswon

phosphorylated by protein kinase C in vitro is also shown (panel D).

A
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caldesmon,, by protein kinase C in vitro (panel D). Following TPA-

77
treatment (panel B), a bhosphoﬁeptide map of platelet caldesuon77
shows two new major phosphopeptides (marked with arrowheads). These
two phosphopeptides have the same migration pattern as the two major
phosphopeptides of bovine liver caldeahon77 which was ﬁhoaphorylﬁted
in vitro by protein kinase C. In additionm, caldesmon77 in TPA-
treated platelets was phosphorylated exclusively on serine residues

(panel C), as was bowvine liver caldesmon77 which was phosphotylated

in vitro (figure 3.19, panel €). On the basis of these results, it

" is apparent that caldesmon77 is phosphorylated on the same two

peptides by protein kinase C in vitro and in TPA-treated platelets,

4.3.7 Effects of Various Agents on the Phosphorylation of Caldesmon,

P47 and P20 in Intact Platelets

As a first step in establishing the role of caldesmon77
phosphorylatjion in different aspects of platelet activation, the
effects of v;rioue agents on the phosphorylation of this protein in
intact human platelets was investigated (table 4.1). As expected,
bhén'blnteletl were phyoiologgpatly activated by treatment' with.
thrombin, P47 and P20 were rapidly phosphorylated (Haslam and
Davidson, 1984; Sano et.al., 1983; Lyons et al., 1975). In addition,

after 5 minutes of throwbin treatment caldesnon77 phosphorylation was
- »

enhanced by 18I. Although this enhancement of cnldeamon77

-

phosphorylation-is only approximately 5% of that seen with TPA

\

treatment, phosphopeptide maps of caldci-on77 {not shown) from
3 :

thrombin-treated platcht& suggest that protein Iiina_le C is

td

responsible for the elevation in phosphorylation.

-

18¢



TABLE 4.1

PHOSPHORYLATION OF PLATELET PROTEINS® IN RESPONSE TO VARIOUS AGENTS.

Addition Time Caldesmone P47 - P20
(minutes) (Relative Phosphorylation)
none 5.0 1.00 1.00 1.00
AG-PDD S-O 1000 1.00 1.00
TPA 5.0 2.96 24,6 3.15
A23187 0.5 0,88 13.9 3.55
A23187 5.0 1.04 13.6 3.19
TPA + A23187 0.5 1.55 19.5 4.30
TPA + A23187 5.0 3.3 . 20.0 5.03
Thrombin 0.5 0.97 24,7 3.80
Thrombin 5.0 . 1.18 ° 22.1 3.37
. 32 | s .

Platelets were loaded with ~ Pi and treated with the indicated agent

for the indicated length of time. Phosphorylation of céldesmon 7

P47 and P20 were determined as indicated in Materials and Hetho&a.

‘The levels of phosphorylation are expressed in relation to the

. phosphate content of the protein measured wvithout treatment of the a
platelets. The values represent the average of duplicate
determinations.
*
- * M
.
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The action of thrombin on platelets is mediated via at least two

distinct molecular pathways (Sano et al,, 1983; Kaibuchi et al,,
. } 4
1983; Kaibuchi et al., 1982). Ome pathway involves activation of

prozein kinase C and the second pathway is triggered by the

mobilization of calcium., As was previously observed (section 4.3.5),
. [ Y

activation of the protein kinase .C pathway by TPA results in enhanced™

phosphorylation of caldesmon77, P47 and P20. 1In contrast, treatment
with the inactive phorbol ester 4a-PDD does not result in elevated
phosphorylation of any of the three proteins. To examine the role

of the calcium mobilization pathway in the phosphorylation of

| caldeamon7,. platelets were treated with the calcium ionophore A23187-.

(0.4 uﬁ){ Treatment with this agent did not stimulate caldesmon,,
phoaphorylatioﬁ, but as expected did trigger near complete
phosphorylation of P20 and partial phosphqrylat}o? of P47 (Haslam et
al., 1979; Kaibuchi 55:31., 1983), T;i?’resulc suggests that in
platelets, ca desmon77 may not be a substrate for a

calcium/calmodulin dependent protein kinase. However, since P47 is

- partially pﬁoaphory\ated in ionophore-treated platelets it is

possible that it is a substrate for a calcium/calmodulin-erendent
kinase. When platelets were trested with a combination of TPA and

A23187, caldesnon77 phosphorylation was enhanced to a level that was

similar to that seen in platelets treated with TPA alone.

Furtheriore, phouphopeg:ide wnaps of caldgpaon77 from TPA- and A23187-

-

treated platelets (not shown) were indistinguishable from those

treated with TPA alone. ) . ' -

When cells, including platelets, are treated with TPA, protein
: ’

+ -
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- kinase C translocates to the plasma membrane where it is initially

activated by membrane phospholipids and subsequently déhraded by

proteolysis (Krafz and Anderson, 1983} T}‘ﬂey and Murray, 1984;

Tapley and Murray, 1985; Melloni et f .» 1986). Although the actual

mechanism of protein kinase C degradation is not fully understood,

there is some evidence to suggest that proteolysis ini ially produces

a cafalytically active fragment of protein kinase C that is fully

active in the absence of phosphatidylserine ang calcium‘(Kishimqto et

al., 1983; Tapley and Murray, 1985; Melloni et al., 1986). _To

investigate the role of this fragment gn the phosphorylétion of

caldesmoq77, platelets were preloaded with the protease inhibitor

leupeptin which was shown to block,the conversion of protein kinase C

to its catalytically -active fragment in plateléts (Tapley and Murray,

1985) and in neukrOphils (Melloni et al., 1986). }n those platelets

that were preloaded with leupeptin, the majority of caldeamon77

phosphorylation is not prevenﬁed.gingg the level of phosphorylation.— ~7
-

o

observed in r;sponse to TPA was 897 of that observed fpifrxteleta
that had not been treated with leupeptin (results not shown).
Similarly, the phosphorylation of P20 in leupeptin-treated platelets
was nearly 1? high as that seen in pl;éelets not treated with
leupeptin, with the level of phosphorylation in the former reaching_
83X of that obs;rved in the latter, The level of P47 phosphorylation
was altered by less than 2% in TPA-treated platelets that had been
pré-incubated with leupeptin. These preliminary results imply that
the proteolytic conversion of protein kinase C to its catalytie,lly )

‘

~N active fra;n!nt is not the major event responsible for the

T
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phosphorylation of caldesmon7~7 in TPA-treated platelets. However,
more thorough experimentation is clearly required to permit the
definitive elucidation of the role of the proteolytic activation of

protein kinase C in the phosphorylation of its substrate proteins.

N\
4.4 D.ISCUSSION ’

One requirement to‘;nonstrate that a particultar phosphorylat ion.
event is of physiq}ogical ;ignificance is to show that the reaction
occurs in living cells (Krebs\and Beavo, 1979). By using the tumour-
promol;ing phorbol ester TPA to activate protein kinase C in intact s
hu;an platelets (Castagna et al., 1982), .we have studied the L

: phosphoryla-tion in living cells of talin and caldeswon, two of the
cytoskeletal proteins that we identified as in vitro substrates for
protein kinase C (chap;ers -2 and 3). )

Although the functional characteristics of taligignd its.
plateiet coudterpaft P235 are not well understood, the similar
structural and physical properties of the two proteiﬁa suggest that

- the two profeins may be subject to the same means of control (Collier

and Wang, 1982a; Burridge and Connell, 1983b; O'Halloran et al.,

1985). Since we had previously ‘idencified chicken gizzard talin as

3
=N

an in vitro substrate for protein kinase C (chapter 2), it was of
interest to demonstrate that the phosphorylation of the platelet

counterpart of this protein increases when cells are treated with

TPA.
On the basis of a number of criteria the phosphorylation of P235

in platelets appears to be at very low levels. The protein is a

_
.
C -
5
< -
x.




major component of platelets representing up to 8% of total platelet
J . .

protein (Collier and Wang, 1982a) and can be clearly visualized when

whole platelet protein is electrophoresed on one-dimensiénal SDS-
polyacrylamide gels. The'32Pi content of the pretein is however mucﬁ
lower than that of proteins ;uch as P47 and P20-that are much less
abundant in platelets. ilﬂ addition, phosphopeptide maps of P235 from
TéA*tredted platelets do not comntain any‘major phosphopeptides that -
are not present prior to TPA treatment.

The results certainly demonstrate that the phosphorylation of
P235 in TPA-treated platelets has low overall stoichiometry and S e
suggest that the event may be of limited physiological importance,

However, it must be taken into consideration that as a result of.

subcellular compartmentalization only a specific population of P235

may be accessible to protein kinase C. Thus, phosphorylation could °*

be an important régulgtory signal even though the overall level of .
phosphorylation is 1éw., To more fully evaluate;phis possibility, a .
better understanding of the localization of P235 inside plateiets and
its role in physiological events is required. A low stoichiometry of
phosphorylation is also observed when talin i; phosphorylated on
tyrosi;e residues in RSY-transébrmed chick embryo fibroblasts‘
;(Pasquale et al., 1986).

The observation that the fPA:induced phosphorylation of P235
sloved down significantly after the first 30 seconds of treatment is
somewhaghpuzzling since it wa:'obviogs that the protein was not fully
phocphérylited. Again, this result may sdgggoh tﬂat only a small

fraction of total P235 was available to protein kinase C.




. . . . -

,Alternatiﬁely, since P235 is known to undergo proteolysis during
platelet activation, it may be postulated that P235 is also
proteolysed in TPA-treated platelets and that phosphorylatidn of P235

is a prerequisite for its degradation (O'Halloran et al., 1985; Fox

' et al., 1985). Thus, the decrease in the apparent rate of
phosphorylation would actually result from the disappearance of a
sig;ificant proportion of the phosphorylated protein. Although this °
proposed scheme his not been experimentally tested in any way, it is
not without precedent. In the case oé P20, the regulatory light
chain of.myosinu phosphof§lation by proteié kinase C has been shown

. to increase its susceptibility to proteblysis (Pontr-emoli et al.,
1987): .
The demonstration that P235 is phosphorylated in response to TPA’

in platelets, albeit at a low level, implies that the closely related

protein talin may by an in vivo substrate for protein kinase C in

other cell systems, Although its physiological functions have not
beefl fully characterized, talin is at least partially localized in’
focal contacts of cultured cells, where it is presumably involved in

the sttachment of actin filaments to the plasma membrane (Burridge

- -

and Connell, 19834; Burridge and Connell, 1983b). Talin, which has
been shown to interact with vinculin and the transmembrane
fibfenectin receptor in vitro, must be considered to be an important

ﬁbtpntial regulator of cytoskeletal organization, adhesion and cell

.

morphology (Burridge and Haz,iat, 1984 ; Horwitz et ll.,11986). For .

this tcaion, fucther analysis of the in vivo phosphorylation of this

protein and an exsmination of the role of phosphorylation on itse toe

. . N




known properties is in owder. ‘ . /Af
In contrast to the low level of TPA-indnced phosphorylation that

was observed for P235, caldesnon77 is significantly phosphorylated in

“w

TPA-treated platelets. Although the atoichfzmetry of caldesnon77\
! -

phosphorylation in TPA-treated platelets was not determined, the

. .32 . . .
increase in P incorporation after 10 minutes of treatment was

nearly'A-fold. In addition, the two phosphopeptides that were

e

enhanced by TPA-treatment increased from nearly undetectable levels

to become the two major sitesiof phosphorylation. Our obaeriation

that the protein kinase C—specific'phospﬁopeﬁtides of sildeanon77 are
enhanced slightly‘%ollowing treatment of platelets with thrombin . t
suggests that this phosphorylation event may play a role in N

, physiological ptécesses. Caldesmon phosphorylation is also
¢ o e —

stimulated in smooth muscle'strips that have been treated with , S

. . H

carbéchol, whi:P induces rapid contraétion, or phorbol esters, uhish

actiivate protein kinase C and induce a slow sustained contraction

‘ (Park and Rasmussen, 1986).. These observations imply that the

phosphorylation of caldesmon may ‘have a role in the regulation of .
. contractile events in a variety of intacg‘cell iyaiens.
- One puzzling feature of our analysis of caldeanon77 ér)_ . NS .

phosphorylation is the obqﬁrvation that affipity-purified anti-

caldesmon antibodies specifically immunoprecipitated four bands frow

a

' latelet lyaates: Since ttyptic. phosphopeptide mapping failed to
\ P phe 8

' demonstrate any structural homology and Western blétt}ng féiled to

. .- ¢

reveal imﬁunological_crop.;gﬁnctiVity, it ioAﬁbalible that the

-:gcl_ -
e e -2.,‘ -

proteins exist as a‘cong?n;5¥ﬁfthe pl‘telet extracts, A1t¢'“"{::ly,

4
-
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_- to its 'di'ffcre(nt substrates.

! . -
e ‘_/ﬁ - o :. - ‘.
the proteins may share. a common gonformational antigemfc determinant
) . . E R . - ® * .

that is lost during SDS~polyacrylamide gel electrophoresis and e
vistern blotting. Further analysmis is obviouﬁly required to resolve. '
© _

these i'uueo. : ' T o
£y t . .

_The phosphoryhtzon of caldel-oun p‘?oceeds at a slower x‘ate
e o~ L
than Muthe phoophorylat iveg of P47 or even P20 in TPA-treated
- L

pllteletq. ‘§hu oburwauon may reflect the intracellular

”
.

localization of the activated form of protein kinase C with respect -

When protein kinase C is activated by. ,

» 4 :
v . v . . >,

e .tl.smurvp'ro-oting‘phorbol estérp) the enzyme translocates to, and - ." 3 .
boco.u n;.ht.!‘y cuocutea wx;h, thg plasma menb;:ne (Kraft arld ‘
@ '. Anderm 1983; Wol et .1.. 1985a; Wolf et ali, 1985b)¢ Indeed,
5 ‘ uuy of the substracen fqr ptotem kinase C are u;g.ggral or )
. R p::-:.;hu.l -ubnne-prot.eml (revxewed by Nxshxz;ka, 1986). 1In-

coatrut, c;ldco-on.” md \taldunonlso are cytoskeletal proteins that

.

‘locdiud aloug actm filaments within the cytoplasm (Bretscher
T ¢
an Lync)q’ 1985- On'clc ey al al.. 1986 Sobue et nlx,' 1985). .

A key question raised by the phocphorylauon of caldesnonn in |
Y

- “m:act pI‘uoletu relgtes to the issue of how.a membrane-~activated . )
;‘- h . ) cac;-t ouch as . protun kinase Cjcan act 3:; a.cyr.opluixc subutrnte. ; )
-, - . ‘ OP.f"ll'pl thn simplest’ expfamstion for this. oburvat ion is that there. ,
e ) i . ' '-qy -a por:ion of thc total ca]du-onn popul.ati.bn that is ptoxmag )
: “,\‘ ; '1-:: to.or. umm« vith thd‘ plun -nbrane, Indced xr; ld;eul 'f'
;r‘ ‘»:': ehn-’!'ﬂn' e.u., caldesmon has -been identified as o 70,000 dalton :. ;'
: .'.."‘/.“‘:f:“ ’o- puuin tlut udcr“c ron.n:iblt -buu ucociatian (Burgoyue et ."
. »t '

'ﬂ’.’. l’“) \Hotion:.'by i-no!boruececc -icro-copy. cal.du-on <

(A
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has been detgcted in ruffling membranes of cultured cells (Bretscher

and Lynch, 1985). Alternatively, the slow phosphorylation of
| * .
caldesnon77 end the regulatory light chain in TPA-treated platelets

way reflect a necessity for cytoskeletal reorganization prior to
phosphorylation by protein kinase C. A third explanation for the

. phosphorylation of caldesmon,, by protein kinase C involves the

. 17

, poééible role of a catalf&ically.active fragment of protein kinase C

(Rishimoto et al., 1983;.Tapley and Murray, 1985; Melloni et al.,

1986). In-addition to activatipg protein kinase C, tumour-promating
-+ phorbol estérs such as TPA stimulate the degradatioﬁ‘of protein
kinase C (Tapley and Murray, K 1984; Tapley and Murray, 1985; Meliloni

t al., 1986). A proposed step in‘this degradation is the

-

genegation of a 51,000 dalton fragment of protein kinase C that is
by A Y
“fully active in the absence of phospholipid and calcium (Kishimoto et

al., 1983; Tapley and Murray, 1985). 'This fragment, which is no
. - ’ 7
longer membrane-associated, would have the potenti®l to phosphorylate
P -

. a.new set of soluble substrate proteins such as caldesmon,,. The

LY

physiological significance of this proteolytic activation ‘of protein h Y

* . T kina’e c iS.SOWfsnlt controversial since there has not yet been any

A
demonstration that the fragment exists in vivo (Woodgett and Hunter,,

. 1987a). ‘

LY

The generation of the catalytically fragment of protein’kinase C

- LI . 3
.

\ . was blocked in platelets (Tapley and Hurrny; 1985), and in neutrophils M

-

. ' " (Mellomi et 1., 1986) by predoading the cells with lgué;ptin, an

. . iqhibftor of cﬁ?.calsiun—dipendcnt protease. 1In a preliminary N .

. , » : :
cquri-qn: (occcion<§u3.7) hgwever, the effect of pre-incubating ‘ip

L -

[ '. ; ) N
’ . 4 -
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platelets with leupeptin prior to TPA treatment was very limited,

Although it was presumed from the studies .of Melloni et al., (1988)

that leupeptin did traverse :hg plasma membrane, no ditect'evidence.

to coqfﬁr- this presumption was ob;aine&. Therefére,'f;}tber analysis o
_.of this problem is clearly r:guired. . | -
A rble for protein kinase C has been proposed for different'

[ 4
aspects of platelet activation (Sano et al., 1983; Kaibuechi et al.,

1983;_Con;olly et al., 1986). The phogpﬁ;rylation of caldesnon77‘by
protein kinase C in intact platelets suggests that this reaction may
be involved in the regulation of the.contracéile response and
cytoskeletal rearrnngg-ent; that accompany plagelet activation
(Carroll et al., 1982). fo more fully understand the role of
caidesmon phoopﬁbrylatian in these processes however,-an
i;veatigntion of the effects of phosphorylation on the known
'propertieo of the prpt;in:-ust be undertaken.

The observation that the phosphorylation of the platelet forms
of talin (;235) and ' caldesmon (cni&esuon77) are elevated in TPA-
treated plate{gto eitendllche results that have been previously
pr;lcpéed'(chaptert 2 and 3). The demonstration that these proé&iﬁs
can be phouphorylatc¢-by‘kfotein kinase C in living cells lends
.oupport to the, pd!tula;e that thcitophoaphorylntxon may have
regulatory nizntfzcaﬁéc in -.dxac;ng the effects of tu-our-pronotxns
'phorbol cstof‘ on 11 -nrﬁhology and cytoskeletal orgauizatxpn.

.'. .l

- '
L]




‘5.1 INTRODUCTiON , . s )

oy W wm T T e e

™ ’ - ) mes -— CEN

THE EFFECTS OF PHOSPHORYLATION OF CHICKEN GIZZARD CALDESHON'

- ..% %' 0 7" BY PROTEIN.KINASE G» .
. - e R ¢ \_-_-

" There a;tla'nywber of observaﬁisns that have inblicate& the
calmodulin- hnd'F;aétin—biuding protein caldesmon as .a potential

'regutato: of contraééile events or actin filament organigation, ..

~»

~

Fron 1n vxtro ctudxes, it has ‘been estlblxshed that the.xnternctron-

of caldésnon with F-actin and calmodulin are regulated by free

-

caltxum concentrations (Kakiuchi amd Sobue, 1983; Sobue et al.. 1982)

In the absence of calcxun, caldg(hon forus a coumplex with F-actin

. that can be at least partially disrupted by.the addition of

. . . r . : '
calcium/calmodulin (Sobue et al., 1981;.Bret|92et, 1984), Several
. . .
investigators have now shown that caldesmon can inhibit the actin- .
activated ATPase of myosins from smooth or skeletal-muscle (Ngai-and

Walsh, 1984; Dabrowska et al., 1985; Marston and ‘Lehman, 1985; élnrk

et al., 1986; Lim and Walsh, 1986; Lash et al., 1986; Smith et .al.,

1987). 1In addition, the agsociatioa between actin and heavy

meromyosin was markedly enhanced by.caldesmon (Lash et al., 1986).

-
.

On the basis of in vitro findings, Ngai and Hal)ﬁ (1984)

xntroduced the idea that the phosphorylatxon of caldco-on by a

'calnodultnrd!pendent kinase regulated its inhibitory activity tovnrdl

the actxn-actxvuced ATPase of swooth myscle -yooxn. by, coutraot,
phouphorylatxon of caldco-on did not alter its lctxvity tosardo the

actin-cctivatcd lTPaoo of ekeletal -u.clc ayosin (Lim and wallh, .

.
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1986). .Although their original findings were not substantiated by
other investigators (Lash et al., 1986; Smith et al., 1987), Ngai and
Walsh (1987) have very recently confirmed and extended their
observations. ~In addition to the e‘fects on the smooth muscle

ATPase, phosphorylation of caldesmon by the calmodulin-dependent

kinas: led to a decrease in associations between baldeamoq and F-

actin. - .
Caldesmon has also been identified as a substrate for ;rotein
kinase C in vitro (chapter 3; Umekawa and Bidlk{, 1985) and in-intact
hyman platele;s (chapter 4). Furggérnore, the tumour-prowmoting
phorbol esters such as TPA which activate protein kinase C in living
cells (Castagna et-al., 1982) are known to_have effeats oq~different
;;p;dtt of the contractile :espou;é (Raqmus;en et al., 1984; Pari and

Rasmussen, 1986). To determine whether or not there is a

relationship between these two observations, it is of interest to

.

- examine the effects that the phosphorylation of caldesmon by protein

kinase C has on the known properties of caldesmon.

‘The only demonstration that the phouphoryl;tién of caldesmon
. ’ - M N
could'clter its functional propertiel vas the observation that

phoophoryllted c;ldeo-on but not uou-pbosphorylated c;ldeonon,
inhxbitcd myosian light chaxn kinase 1n !3552 (U-ekawa and Hidaka, '
1?85), The objective of our studies was ta furt;cr characterize the
effects of phosphorylatiocn by pyotcin kinase C on the -orc'vi&elj
octablilhcé activiciho‘!f caldesmon. By cxc‘ininz the role of
pho.phorylntiou by protcmn kinase C on the ability of cllnclnon to.

iuhibit the aetin—nctivatcd ATPase of okclctll muscle ‘myosin and to

186



obtained from Dr. E.H. B(il. Rabbit skeletal muscle actin was

[}

associate with F-altin, we sought to determine whether or not this ’
phosphggyla:ion'evenf was of functional significance.

!The de;;Bstration that'the phosphorylation of caldesmon by’
protein.kinase C does have functional consequences clearly extends
those results presented previously (chapters 3,4). 1Indeed, the

phosphorylation of caldesmon by protein kinase C, which occurs in

.

vitro and in living cells.may mediate some of the cytoskeletal,

. contractile, snd/or morphological alterations that are seen when

cells are acted updén by apprOpriéte stimuli.
R . A .

5.2 MATERIALS AND METHODS

5.2.1 Materials

Rabbit skéletal muscle myosin,was obtained from Sigma and hg?P]

ATP was purchased from ICN Radidchemicals. All other reagents and
PR A . .

*

chemicals vere of anatytical grade orrwere obtained as described in

C A
previous chapters. 5 .

5.2.2 Protein Purifications

" Caldesmon was purified from chicken gizzard by déhaturing
¢ ’ . '

methods (Bretdcher, 1984) as described in Chapter 3. Rat braiqL"

protein kinase C, and bovine bn}n/ calmodulin were also purified as

described in Chapteér . Chickén gizzard tropomyosin which had been -
. ‘ _

purg}ibd by the dénaturing thods described Sy Bretscher (1984) was o
/ - . - P .

. .
purified from rabbit skeletal muscle acetone powder according to }hc

- : ’

- -

method of Pardee and Spudich (19&). : ’

v - .- A
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5.2.3 Measurement of Skeletal Muscle Actin-Activated Myosin ATPase

Actin-activate® ayosin ATPase measurements were conducte8 in a
manner similar to that used *y a numb¥r of previous investigators
(u{.i and Walsh, 1984; Lash et al., 1986; Smith et al. 1987). Assays
were cqﬁducted at 25°C in reaction wmixtures of 0.1 ml containing
myosin (0.1%5 mg/ml), actin (0.25 mg/ml), tropomyosin (0.125 ms/mij
and c;ldesmon (as indicated) in a solution comprised of Tris-Cl, pH
7.5, 50 @M RCl, 3.5 uM MiCl,, 0.2 w CaCl,, and 1 mt [v->’plaTe
(specific activity 1000 cpm/mmol). To ensure conplefe equilibration
of protein components of the assay, myosin, actin, tropomyosin and
caldesmon were pre-incubated at- 25°C for a minigun ;f 30 minutes
prior to coumencement of the ATPase réaction by the addition of ATP.
The ATPase reaction was allowed to proceed for & mﬁnutea at 25°C so

- ... N [N
that ATP hydrolysis was linear with respect to time and did not

exceed 20X of the total ATP. Release of'32P from ATP was measured

] essentially by the method of Pollard (1982). Briefly, the reaction
« wvas terminated by addition of an aliquot (0.05 ml) of acid solutien

) v+ (2.9N sulphuric acid, 4.3% silicotungstic acid, 0.5 oM KZHPOA) and

’

vortexing. ‘n aliquot (0.027 ml) of ammonium molybdate (7.5%) ~vas .
then added and the colut{on vortexed vigourously for 10 aécondu. - .
Finally, the phonbho-olybdnée co-plég was extracted by addition of

. 0.200 ml of‘ioobutanol-benzepc (1:1). Pollowing vortexing and

s

, congtifugation of the solution for 2 minutes in a Beckman microfuge,

an a}iqnot (0.1 ml) of the upper organic layer was removed for

-
. .

scintillation couating.

/C



5.2.4 Phosphorylation of Caldesmon

Chicken gizzard caldesmon (3 mg/ml) was phosphorylated by

protein kinﬁ;g C as described in Chapter 3 in a total reaction of
E I )
0.05-0.1 ml containing 1 mM ATP for 2 hours at 30°C to ensure wmaximal

phosphorylation. Phosphorylated caldesmon was diluted to the desired
concentration directly into the actig-activated myosip, ATPI'BG
reaction mixture. Non-phosphorylated caldesmon was prepared for
addition to the ATPase reactiom mixture in an identical

phospborylation mixture that contained heat-killed protein kinase C

L]

instead of active protein kinase C. - For control purposes,

. \ .
phosphorylation mixtures containing all components except caldesmon

-

are also prepared so that the total volume of phosphorylatfon

R % ’
reaction mixture added to each assay tube was the same, even though
= . -
the amount of caldesmon added was varied.

’ - N ,

To measure the extent of caldesmon phosphorylatidn, samples
containing caldesmon were subjected to SDS-polyacrylamide gel

electrophoresis. The caldesmon bands were exciged from the gels and

digested as previouily'aescribed with H,0 ﬁfior‘EO'scintillnt{on‘

A

272

L §

-
L

counting.
N \

5.2;5 Bedimentation Assay oy

.- Interactions betveen cnlheamon and F-actin were monitored in 0.1

— L

ml react ion mi;turgs containing 25 mM Mes, pH 6.5, S0 wM KCl, 5 oM
HgClz,'F-aot{n (0.5 ng/ﬁl), caldesmon (0.05 mg/ml), calmodulin (0.04

- mg/ml) and either Cacl, (0.2 mM) or EGTA (0.2 mM).. Tropomyosin (0.12

ng/ml) was added as indicated. Pol}ovinJ £ncubntion for 30 minutes °

at room tcnpefature,.t-actin-van pelleted by centrifugation for 20

. o .
-
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minutes at 386,000 X g. SawPIEF of the supernatant and pelleted
fractions were then subjected to electophoresis on 6-15% SDS-
polyacrylamide geis. The relative quantities of actin and caldesmon
in the supernatant and pelleted fractions were determined by )
densitometric scanning of Coomassie blué stained gels with @n LKB
‘ Ultroscdn XL Laser Dengitoweter. Phosphorylated or non- '
phosphorylated caldesmon yas prepared as descriﬁed above by
iﬁcubntion with aqtivé or heat-killed protein kingselc. )
5.276 Other Procedures
Protein determinations were done by the Hargree‘modifica:ion
(1972) of the method of Lowry et al. (1951) using bofine'se;um
®  albumin as standard. Other procedures were done as described in
previous chapters, .
-~ 5.3 RESULTS ' vy
. 5.3.1 Recounstitution of Actin—Activang ATPase of Skeletal Huséle
5.3.1.1 Analyois of the Protein Components 2¥ SDS-Polyac:ylamide '
el Electrophoresis _ ' : N
‘¢ As & preli-inar; step {Q the ;econ.ti:ution of an actin-
activated skeletal Iuscle_-yo;in AfPaoe ntaay'ay.ten, the proteiﬁ i
components of the a‘a;y mixture were analysed by subjecting 10 pg of
each protein proparafion to SDg;polyacry}aiidc 3el‘h1ectro?horepi .

(figure 5.1). The preparation of okqutai suscle myosin (lane 1)

-contains primarily the myosin heavy chain (200,000 daltons) and the

three mynsin light chaine (all less than 25,000 daltons)(Wagner,

. “ CA - . (3



FIGURE 5.1

SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS OF PROTEIN COMPONENTS OF
ACTIN-ACTIVATED MYOSIN ATPase ASSAY.

Samplles of éach protein (10 ug) used in the actin-activated
myosin ATPase assay were electrophoresed on a 6-152 polyacrylamide
gel. Lane 1, molecular weight markers; lane 2, rabbit skeletal .
muscle myosin; lane 3, rabbit skeletal muscle actin; lane 4, chicken
gizzard tropomyosin; lane 5, chicken gizzard caldesmon.
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1982). A number of other minor bands are also present revealing that
the pmgparation is not completely homogeﬁeous. The preparations of

rabbit skeletal muscle actin (lane 2, 43,000 daltons) and chickeh

a

gizzard tropomyosin (lane 3, subunits of 43,000 and 35,000 daltons)

» .

are very near homogsneity. Chicken gizzard caldesmon (lane 4,

150,000 daltons) which was purified by the denaturing methods of
' .

Bretscher (1984) contains a number of minor bands with molecular

wveights less thanm that of intact caldesmon. The'majority of these

" bands are likely fragments of caldesmon, since they increase in

concgntration with repeated fgeezeﬁ.ﬁaws of the protein.:

N -

5.3.1.2 ‘"Actin-activation of Skeletal Muscle Myosin -ATPase

The ATPasé attivity of skeletal myscle myosin (0.125 mg/ml) was
measured as a function of actin concentration (figu}e 5.2). " In the

absence of actin, the myosin ATPase activity (17.8 mmol Pi

LYY
]

released/ﬁin/mg myosin) was nearly 20-fold less than was measured in

the presence of actin at a concentration of 0.25 mg/ml (325.5 mmol Pi

released/min/mg myosin). At higher cbqgeﬁtrations of actin, the
activity of the myosin ATPase was further elevated by less than 10
pércent.' An actin’ concentration of 0.25 mg/ml was therefore used for

all assays. "

As ‘dentioned in Materials and Methods, it was determined that it

. was necessary to mix together and pre~incubate the proteimmcomponents
y to .

of thé.aauny mixture for a minimum of 30 minutes to ensure their

cdmplete equilibration. ,When incubated for shorter periods of time,

the results of duplicate sdsay mixtures were somewhat erratic

indicating that complete equilibration had not yet been achieved.

1793



\. .‘I

FIGURE 5.2

ACTIN-ACTIVATION OF SKELETAL MUSCLE MYOSIN ATPase,

The ATPase activity of rabbit muscle myosin was measured as
described in Materials and Methiods in the presence of the indicated
smounts of rabbit muscle actin.. Activities are expressed as a
percentage of the maximal ATPase activity messured., The values
represent the average of duplicate samples. '
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~5.3:2 Effects of Caldesmon on the Actin-Activated ATPase of Skeletal

~

Muscle Myosin

When chicken gizzard tropomyosin at an approximate molar ratio

of 2 tropomyosin: 7 actin monomers was added to the aaa;y, an
increase of approximately 16% in the.activity of.the actin-activated
- ;TPase was observed in the absence of caldesion (Table 5.1). This
modest increase is very similar to that observed by Lim and Walsh
(1986), but is signifi;antly less than the 1.6 fold inéréase observed
< by Dabrowska et al.,(1985).
Chicken gizzard caldesmon significantl} inhibited the activity

of the actin-activated ATPase of skeletal muscle myosin (Table 5.1).

A similar effect of caldesmon has been previously observed using the

ATPase of smooth muscle myosin (Ngai and Walsh, 1984; Clark et al.,
1986) smooth muscle heavy meromyosin (Lash et al., 1986), or skeletal
muscle myosin (Dabrowska et al., 1985; Marston and Lehman, 1985; Lim

and Walsh, 1986;'Smith et al., 1987). The inhibitory effect of
. caldesmon on the ATPase was-markedly enhanced by the addition éf
tropomyosin, conf?rming the results of a number of studies (Dabrowska
et al., 1985; Lim and waish, 1986; Smith et al., 1987) . At all the
caldesmon concentrations_uaéd, the inhibition of the ATPase was more
than 5-fold greéater in the presence of tropomyosin than in ite
absence. The inhibition of the ATPase that we have observed in the
presence of tropomyosin is similar to that repo;ted previdusly.
However, in the absence of tropomyosin, the maximal 132 inhibftion by

caldesmon that we have observed is significantly less than the nearly

50% inh.bition that was observed by Lim and Walsh (1986) 3r the 402
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TABLE 5.1

EFFECTS OF TROPOMYOSIN ON CALDESMON INHIBITION OF SKELETAL
MUSCLE ACTIN-ACTIVATED MYOSIN ATPase.

ATPase (nmol Pi/min/mg myosin)
Caldesmon (uM)

+ Tropomyosin -Tropomyosin
'
. . 0 387.4 (1002) - 338.9 (100%)
" - 0.25 280.1 (722) 326.6 (96%)
0.50 204.4 (537) 311.2 (922)
1.00 146.6 (382) 311.9 (922)
. 2.00 130.9 (342) 295.6 (87%)
The actin-activated ATPase skeletal muscle myosin was measured as

described in Materials and Methods with the indicated amount of
chicken gieggard caldesmon in the presence or absence of chicken

» gizzard tropomyosin (0,125 mg/ml). Skeletal muscle myosin (0.125
mg/ml) and skeletal muscle actin (0.25 mg/ml) were utilized,
Values in brackets représent percentage of the ATPase activity
that was measured in the abse of added caldesmon. The values
reprelspt‘the average of duplieate determinations.

-

-




inhibition seen by Dabrowska et al., (1985).

5.3.3 Effects of Caldesmon Phosphorylation on Its Inhibition of

Actin-Activated ATPase of Skeletal Muscle Hyo;in

To examine the effects of phosphorylation on the inhibi:ory

activity of caldesmon towards the actin-activated, ATPase of skeletal

muscle, chicken gizzard caldesmon was phosphorylated with purified

Y
I -

rat brain protein kinase (see chapter 3). Caldesmon was
phosphorylated to a maximal 1%yef'of 2.6 mol phosphate/mol protein’
approximately 132 higher than we had previously observed (chapter 3

This phosphate was stable during the assay; less than a 2% decrease

-

in the phosphate content of caldesmon was observed,

On the basis of the re%FIts described in the previous sections,

tropomyosin was included in all reactions used for the measurement of
the actin-activated ATPase of skeletal muscle myosin in the presence
of varying ;oncentrationa of either phosphorylated or nod;
phosphorylated caldesmon (figure 5.3). Figure 5.3 clearly
demonstrates that phosphorylation of caldesmon partially abolishes

. its inhibitory activity towards the actin-activated ATPase of
skeletal muscle myosin. Non-phosphorylated ;aldelmon inhfbited the
ATPase to a maximal level exceeding 802,;vhereas phosphoryl;ted
caldesmon inhibited the ATPase to a maximal level of only 35%. In

addition to this ¢change, the caldesmon gonccntretion at vhich half-

maximal inhibition of the ATPase occurred vas different for the two

forms of the protein. Half-maximal inhibitions wer%‘oblervcd'lt
caldesmon concqctrntionl of approximately 0.1 uM and-0.3 uM for nomn-

.

phosphorylated and phosphorylated caldesmons regpectivély. These

-~
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FIGURE 5.3
INHIBITION OF ACTIN-ACTIVATED -MYOSIN ATPase BY CALDESMON AND
PHOSPHORYLATED CALDESMON.

-
L4

Actin-activated myosin ATPase was measured as described in
Materials snd Methods in the presence of the indicated amounts of
v caldepmon (@) or phosphorylated caldesmon (8). All medsurements were
‘ - conduzted in the presence of Ttoponyogxn. Activities are expressed
as & percentage of ATPase measured in the absence of caldesmon. .The
values sre typical of those obtained in three ‘separate experiments.

- -
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observations suggest that the phosphorylation of caldesmon reduces

. -
its effectiveness as an inhibitor of the actin-activated ATPase of

skeletsl muscle. In similar studies of Ngai and Walsh (1984, 1987),

the inhibition by caldesmon of the actin-activated ATPase of smooth

muscle myosin is allevia:;; bylphoaphorylation of caldesﬂéﬁ‘with the;
calmodulin-dependent endogenous kina;e.‘ Hovever; o&her investigators
have failed to éenonutrate any effect of this'calno&uifn-deﬁendeét ’

phosphorylation on the 1nh1b1tory actxvxtxea‘of‘caldesnon (Lash et
X
al., 1986). Further,.caldesm’that has, Been yhoaphorylated Ulth the

calmodulin-dependent kxnase;has-:he>snne actxvtty towards the achn- )

activated ATPase of skeletal muscle myosin as qoérphoaphorjlated\

.-

caldesmon (Lim and Walsh, 1986). . Phus, our re;ults,quggest that the

phosphorylation of caldesmon by protein kinase C may play a unique

role in reguliting the inhibitory activity of cataésmoq towards the
actin-activated ATPase of skeletal muscle myoSin., _

5:3.4 [Effects of Phosphorylation on the Binding of Caldesmon to

. . @ :
Skeletal Muscle Actin -7 e

- - L}
. -

Caldesmon is known. to be an actin-binding protein (Sobue -
‘ ' T e ‘ - .
et al:, 1981; Bretscher, 1984; Ngai and Walsh, 1985). To examine

the role of calden-on phosphcrylation on this property of the -

protein, caldesmon was incubated with F-actin Aand then aub_]ected to

IR -

uftracontrxfugotxqu. Under the assay conditions uaed,.grclter than
951 of the P-actin was routinoly pollétedL In al! cagses (see Table

S. 25, tho.perccntngo of cald;o-on bound to F-actin wai less for
phosphorylated caldesmon :han for non-phoophoryiatod cnlde-uon. For"

/
oxl-plo, in the prcoouce of troponyolin vithout added calcium, more

.
* - . . .




-

TABLE*5.2

" EFFECTS OF PHOSPHORYLATION ON ACTIN-BINDING OF CALDESNOR.

.. .

.

> . .
" .caldesmon Tropomyosin Ca{ciun T Pelleted with Actin
.non-phosphorylated .- Y i : . 91.0 . s
) phosphorylated ’ e - 53.9 ‘e
nbn-phosphorylacéd - - | 6.9 0
phoephorylated‘ , :' i - ‘50,8
non-phosphorylated. o+ - + x . . 52,3
) ' .
phosphorylated - + + . -" 23.7 . ’
hon-phosphoryla;ed . - + * 38,6 ’
phoophqbylaéea ) Gy PR "‘ . 18,2
R > .

Phosphorylated caldesmon 10,05 mg/ml) or non-phoophorylcted clldesuon
(0.05 mg/dl) was ingubated with F-actin (0.5 mg/ml) arid calmodulin

“. (0.04 mg/ml) in the presenct (+) or absgnce (-) of tropomyosin (0.12

mg/ml) and thea gedimented as détailed in Materials lnd Methods .’
Caleium (+) or EGTA (-)° vas added-aq indicated. . The values represent
"the average of four determinations. ' )
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than 90X of the non-phojphorylated caldegmon was pelleted wiéh F-

actin, wvhereas in -the case of phosphorylated caldesmon just over 50%
was pelleted. In the presence of calcium, with or without
tropomyosin, the amount of F-actin-associated caldesmon was more than

. 2-fold higher with the non-phosphorylated form of the protein.

*

Fufthet examination of Table 5.2 reveqlﬁ th#: tropqmyosin‘
enhanced the binding of both phoaphorylat%d and non-phosphorylated
caldesmons with F-actin; Houev;r, the effect of tropomyosin was
clearly more significant for non—phospho:yiated caldesmon than it was

for the phosphorylated protein. One-.additional trend that is

dedonstrated by Table 5.2, is that of the two caldesmon forms, the

/

phosphorylated one is more effectively displaced from F-actin by

calciun/cnlmodulin: Collectively,.the results of table 5.2

-~

suggest that the pho;pﬁprylation of caldesmon by protein kinase C

" diminishes the interactions of the protein with F-actin: These
results parailel t@e recent findings of Ngai and Walsh (1987) who
demonstrated thdt the phospﬂbryla:idh of cald;snon by the éalmoduiin-

dependent endogenous kinase decreased its binding to chicken gizzard

-

. P-actin. : .. o .
. 5.4 DISCUSSION . .

Although the precise physiofogicnl role of caldesmon is not yet

fully uﬁderqtéod; a number of observations have implicated this

. protein as a potentisl regulator of gontractile events and/or actin

filament organisation. ‘Thoroforc, it is of interest to'iaep:ify those

factors that can regulate the known activities of caldesmon. In
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partiéulat, since ;aldesnon had been }dentified as a substrate for
protein-kinase C in vitro (chaptgr_3; Umekawa and‘ﬂidaka, 1985) and
-in intact human p;atelets (chapte} 4), it was our intention to
gxamineALhe role of this phosphbrylation re;ction on key activities
"of the protein. -
in this studf, a reconstituted actin-activated myosin ATPase

éystem was established utiliziﬁgkcomponents-from skeletal muscle
(actin and myosin) and smooth muscle (tropomyosin and caldesmon).
A}though an assay system using smooth muscle myosin inste;d of
skeletal muscle myosin may have been more physiologically correct,
the hybrid system was selected on the bas{s of i;a simplicity. i
Actin-activation of smooth muscle myosin requires prior
phosphorylation of its régulatoty_[ight chain by the calmodulin-
dependent enzyme myosin light chain kinase,lwhereas'akeletal muscle
myosin‘ﬁas no such prerequisite for light chain pﬁouphoryiation
(Adelstein, 1982; Kdmm and Stull, 1985;.Se11ers and, Adelstein, 1987),
Previous studies have demonstrated that the inhibiéory effect of i )
smooth muscle caldesmon on the actin-activated ATPase of skeletsl

>~ [}

‘muscle myosin is similar to that observed for’ smooth’muscle myosin
B , . -

(Marston and Lehman, 1985; Dabrowska et al.;, 1985; Lim and ﬁllsh,

© 1986; Smith et al., 1987). = , Co

Non-phosphorylated caldesmon consistently inhibited the Wctin-
activated ATPase of skeletal muscle myosin, with maximal inhibition
of 82% observed in the presence of tropomyosin. The magnitude of

this inhibition was very similar to that reportéd by a number of

investigators (Dabrowska et al., 1985; Lim and Walsh, 1986; Smith et



al, 1987). In the absence of tropomyosin however, the inhibitéry

®
effects of caldesmon were much less significant achieving a maximal

level of only 13X, Although this inhibition is similar to that seen
\ ’
by Smith et -al. (1987), the effect is considerably less than was

observed by Lim and Walsh (1986) or Dabrowska et al., (1985) who
demons‘trated'caldesmon inhibitions of approximately 50Z and I’DL

. P .
respectively. The variations seen for the effects of caldesmon in

~

the absence of tropomyosin may result from digﬂl'ences in HgCl2 and

~

KCl1 concentrafions in the assay mixtures, since the inhfbifory
effects of caldesmon are very sensitive to changes in the
concentrations of these compounds (Dabrowska et al., 1985),
Similarly, the modest elevation by tropomyosin of actin-—activated
myosin ATPase activity seen in this study, or by Lim and Walsh
(19867, was considerably lower than was observed by Dabrowska et al.

(1985). Again, differences in the MgCl, or KCl concentrations may

, 2

have been responsible for the variaéiona-(ﬂowak and Debrowska, 1985}.

. We have observed effects of the phosphorylation of caldesmon b9
profein kipase C on two properties of this actin- and calmodulin-
binding J:ztein. Phosphorylation eignifica;tly diminishes the
inhibitory sctivity of caldesmon on the aétin-activhted ATPase of
skeleta]l muscle myosin and weakens its sssociations with F-actin.
ihis weakened interaction with‘P-actin was observed in the presence
or absence of é;opouyonin. Furthernére, phosphorylated caldesmon
walluore effectively dinplace& from actin filaments by
calciyg/calmodulin. The latter result implies that phosphorylation

; il
of caldeswmon does not impair its ianteractions with calmodulin,
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contrary to what may have been expected since caldesmon

phosphorylation is inhibited by calmodulin (see chapter 3). Attempts
to directly examine the‘isjécts of phosphorylation on the .

interactions of caldesmon with calmodulin were all unaucéesaful,

perhaps due to the low affinity of the calmodulin/caldesmon

interactions (Ngaj and Walsh, 1985; Samith et al., 1987). It is not~

——— — bl

yet known whether t‘e effects of phosphorylation on the inhibition of

v

’}Hb actin-activated ATPase and the associations of celdesmon with F- °

actin are related, since the mechanism of the caldesmon inhibition of

the actin-activated ATPase is not completely undérstood. Furthet

2

experimentation will also be reguired to determine whether or not the

same effects of phosphorylafion are observed.in a system that has

-

been recpnstituted using smootb, muscle instead of skeleral .muscle )
actomyosin. _ ) . j' ﬁ

Alth&ugh caldesmon was origin@lly identified as a calmodulih-.
and- actin-binding protein (Sobue _Ew_l., 1981), there have been
suggestions that it may also have interactions with myosin as well,

perhaps forming cross-bridges between actin and myosin filaments ’

.(Bretschet, 1986; Lim -and Walsh,‘1986; Lash et al., 1986). 'In this

vein, it has been proposed that caldesmon may be involved in the
calcium—dependent maxntena&ée of smooth muscle tension, a pheno;enon
‘that is independent of the phosphorylation state of the regulatory

light chain (Chatterjee and Murphy, 1983). The denﬁpst;ation by Lim
"and Walsh (1986) that caldesmon inhibited certain ATPases of’gkelet;! |

muscle myosin in the absence of FP-actin suggested that caldesmon may

indeed interact directly with myosin filaments. Furthermore,

Ly
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caldesmon was capable on enhancing interactions between F-actin and

-

heavy neran!giiglgcish et al., 1986). Clearly, a better
understanding of caldesmon and its physiological activities is

required. ,

In addition to its phosphorylation by protein kinase C, chicken
.gizzard caldesmon has been identified as an in vitro subatrate for =z
calmadulin-dependent protein kinase that copurifies with caldesmon 4

-

purified by non-denaturing.methods (Ngai and Walsh, 1§84; Lash et
él.. 1986; Ngai and Walsh, 1987)., Although it has been reported that
this phosphorylation event has no effect on the .properties of

caldesmon (Lash et al., 1986), Ngai and Walsh (1984, 1987) have

}onoistently demonstrated that phosphorylation partially abolishes
the Ihﬁibitory'activity of caldesmon towards ch; actin-activated
ATPase of swooth muscle myosin. Very recently, Ngai and Walsh (1987)
have :&so observed a decrease in'the interactions of caldesmon with
F-gctin foiloving phoaphorylation..~Thus, it appears that the
‘phosphorylation of caldesmon with' ptot'ein kinase C or with.the 4.
calnodulin-dpbendent,3inaae may have similar conseque;cea. However,
inhibition;gf thé actin-activated ATPase of skeletal muscle myosin
was unlffcéted by the phosphorylation of caldesmon with the
calmodulin-dependent kinase (Lim and Walsh, 1986). Therefare,
despite some similarities, the effects induced by the phosphorylation
of caldesmon with the two protein kinases have distinct features. ,
The tumour-promot ing phorbol esters have been shown to elicit a

slow, sustained contraction of smoofh muscle (Rasmussen et al., 1984;

Park and Rasmussen, f985; Park and nal-uisen, 1986).< Thus, & role

187



for protein kinase C, which‘is directly activated by the tuaour;
promoting phorbol esters (Castagna et al., 1982), in the regulation
of contractile eveants i; implicated. Consistent with this.idea ig
the identification' of contractile proteins such aa'myosiﬁ ligﬁt chain
kinase (chapter 3, Ikebe et al., 1985; Nishikawa et al., 1985),
myosin regulatory light chain (Endo et al., 1982; Naka et al., 1983;

Nishiwaa t al., 1983; Inagaki%et al., 1987) and caldesmon as
i *

o

substrates for protein kinase C. However, on :EE/b'ftiﬁsf.iﬂ.!iﬁ!!‘\‘~—f*“\\\
results it appears as if these pﬁosphorylatidn events ma; havé‘l

opposing consequehces. The phosphorylations of myosin light cﬁain

kinase and the regulatory light chain of myosin both serve to

dimini;; the activation of the gc:in-activated myosin ATPase, fnd

thus tqsipodfractilg respons;. On the other hand, phosphorylatiom of

caldesmon partially relieves its inhibithion of the actin-activated

4
ATPase which would be expected to enhance the contractile rﬁgbbqse.

In all likeiihood, these observattnqg&ggégggssgss_Lhcf/ihe control

. dechanisms for contraction or actin filament organization are complex \\\\\\\\\

and involve more than one regulatory system. Clearly, there is a ~

need for further experimentation to more fully elucidate the roles of

these protein;: and their phosphorylations,  in the regulation of
contraction and cytoskeletal organizatio&f_ . .
In any event; the results that have been presented in this
chapter illuftrate that the phosphorylation of caldesmon by protein
kinase é can have signific;nt functional consequences. Thus, since

.caldesmon is phosphorylated by préiein kinase C in vitro and in

living cglls and since an effect. of phosphorylation on the properties
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s’

of caldesmon-has been demonstrated, we can conclude that this
phospliorylation event is of physiological significance.
Furthermore, studies with phosphorylated caldesion may prove useful
?

in.developing a more complete understanding ol the role of caldesmon

" in the control wf contra‘;ile or cytoskeletal events.
1 . .




CHAPTER 6

SUMMARY AN FUTURE PROSPECTS

6.1 SUMMARY OF RESULTS

The overall objective of ;he work presented in this thesis has
been to elucidate the molecular events that are responsible for the
alterations in the organization aand function of the actin5:ontaining
microfilaments that are induced by the :umour-promoting phorbol

-

esters. When cultured cells are treated with these biologigalfy-

hY

' . active compounds, the microfilaments are reorganized and the cells'

worphology is altered (Rifkin et al., 1979; Parkinson et al., 1982;

) Schliwa et al., 1984). Also, contractile events are stimulated ié
smooth muscie following treatment with tumour-promoting phorbol
‘esters (Rasmussen et al., 198a; Park an& Rasmussen, 1985; Park and
Rasmussen, 1986). It is now generally accepted that many, if not
all, of the effects of the tumour-pronoéing phorbo} esters are
wediated by their receptor, a serine/threon}ne specific protein
kinase known as protein kinase C (reviewed by Ashendel, 1985; h
Nishizuka et al., 1986; KRikkawa et al., 1984; Pasti et al., 1986). -
Therefore, the functional and stzuctural alterations of the actin-
containing filaments that are induced by these compounds may result
from the phosbhorilation of regulatory conpoginta of the cytoskeleton
by protein kinase C.

On the basis of their regulatory potentj;L, ougrinve-tiiationl

focused upon two groups of microfilament-associated proteins, those

located within the focal contacts of cultured cells (Barridge et al.,

.




1982; Mangeat and Burridge, 1984; Geig;r,‘l985) and tbose involved 1n
the regulation of concractiie events in smooth and nog-muscle cells
(Kakiuchi and Sobue, 1983; Marston and gnith, 1985; Sellers and
Adelste%p, 1987). In th; former group, we studied the
phosphorylatign by protein kinase C of two proteins, vinculin and
talin, that are thought to be involved in the anchorage of the
termini of Ehe actin filame;ts in stress fibres to the plasma

N

membrane. In the latter group, two calmodulin-binding proteins,

-

myosin light chain kinase and caldesmon, were the subject af

investigation, A summary of the phosphorylation events that we
examined is schematically presented in figure 6.1.

6.1.1 Phosphorylation of Focal Contact Proteins by Protein Kinase C

Since they are localized near the plasma membrane, vinculin and
talin are prime candidates for phosphorqut{on by protein kinase C.
Indeed, chicken gizzard vinculin is phosphorylated in vitro by
purified protein kinase C (chapter 2; Werth et al., 1983; Kawamoto

s

ahd Hidaka, 1984) as is chicken gizzard talin (chapter -2; Litchfield

/

and Ball, 1986). Vinculin is also phosphorylated in cultured cells
in response to phorbol esters, although there was no apparent
cotrelntion between the phosphorylation of vinculin and morphological
1}tcrationo (Werth and P;otan, 1986). Similar1§: the phosphorylation
of the platelet form of talin, P235; is enhanced followi;; treatment
of‘intact human platelets with TPA (chapter 4). In this instance
however, phosphorylation vas increased bx only 447 and the apparent
stoichiometry wvas fow. Nevertheless, the demonstration that vinculin
and talin are phosphorylated by protein kinase C in vitro, and in

L
i

191



K {:

5’

FIGURE 6.1
- PROPOSED SCHEME FOR THE ROLE OF PROTEIN KINASE C
IN CYTOSKELETAL REGULATTION.
’ .

Following treatment of cells with tumour promoters or with
stimuli that elicit diacylglycerol production, protein kinase C (PKC)
is activated. Phosphorylation of focal contact proteins (vinculin,
talin) may lead to alterations in the shape and adhesive properties
of cells with the result that changes in patterns of gene expression
occur, By phosphorylation of proteins involved in contractile
regulation (myosin light chain kinase (MLCK), caldesmon), protein
kinase C may have a role in mediating contractile events. o

4

o
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- '
intact cells, implige that these phosphorylation events may mediate

the effects & phorbol esters on microfilament organization and the
. ° < .
. N -
integrity of focal contacts. Moreover, since patterns of gene
3

expression have been shown to be dependent. on cell shape and ceil
< - ’ .

" contacts (Ben Ze'ev, 1986; Ungar et al., 1986), these phosphorylation

¢

reaétions may\tnyé significance in the regulation of oth;r
biochemical events that are stimuldted by thé phorbol esters.

In this study, it was observed that the phosphotrylation of
vinculin is diminishgd in the Présence of talin, This result
provides aip$eliminary:indication ;hat phoséhorylation may be
involved in the regufaiion of ghe‘properties of these proteins. -
However, at present, the precise functions of vinculin and ;alin and
their roles.in physiologiéal processes remain poorly undergtood. As -

e

a result, the effec of phbspﬁbrylation on the properties of these =

¢ o

proteins have been difficult to assess.

6.1.2 Phosphorylation of Contractile Regulatora by Pgotexn Kxntc! C

° . - :'4 3

The demonstration that the bxolog1c511y active phorbolggtten:

SR =
stlmulate contractile events in amooth muacle ra 1n&1ca;*0i 9f'a role
: R
 §
for protein kinase C in the regulation of componenfi 'Of the

. ?
contractile apparatus

1985; Park and Rasmuss

ouaasen et al J984; Park and Radmussen,

a

{/96) Conoxqtent.wlth shis suggestion is

A\ J
the observation that myosin light ¢hairf kinase (chopterOJ; Ikebe et

D 2
al., 1985; Nishikawa gt al., 1985) and caldesmon (chapter 3; Umekaws .

) )
and Hidska’ 1985; Litchfield and Ball, 1987a; Litchfield and Ball,

-

198

Py

1987b) can be phosphorylated in vitro by protein kinase C. Altﬁough

phosphorylation by protein kinase C has been shown to decrease the ~— S

° o
\./\ [~} -
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&

activity -of nfocin light chain kinase by diminishing its affinity for

caiuodu}in; the phosphorylation reaction has not yet been

a

Qénon:traééd in living cells. Clearly, the physiologicai
significance of the reaction cannot bé.established until such a
dengpstr;tion is "achieved. In contrast, we have deaonsttag;d in
intact platelets that TPA enhances by ‘nearly 4-fold the |
phoip?érylation of cal;esmon77 (chaptef 4; Litcgfield and Ball,

1987a). Moreover, the two majog> phosphopeptides from TPA-freated
S .

platelets have identical migration patterns to the two major

phosphopeptides obtained ftom_caldeamon77 that was phosphorylated by

purified protein kinase C.

2

To extend the observations that caldesmop is phosphorylated by

- . N .

.

brotein kindse C in vitro and im intact platelets, we examined the

Q
effects of phosphorylation on the properties of this calmodulin-

binding protein (chapter S). Phosphorylgtioq'of_chicken gizzard
caldesmon by protein kinase C partially diminisﬁes %ts inhibiiory'
gctivit}:touurdl the actin-activated @TPa;e of skeletal muscleé
myosin, éurth;rnore, éhécphorylation npyaréﬁtly weakened the

ao;ociaéioq- of caldesmon with P-actin and enhanced the ability of

&

calmodulin to disrupt these associations. Although these effects of

Q

.phosphorylation sre similar to those observed by Ngai and Walsh’

(1987), following phonphorylation.of caldesmon by a calmodulin-.
Y © - S
dependent protein kinase that. copurifies with caldesmon, we have

reason to balieve that the effucts of the two protein kinases are
. ]

d}otinet.' First of all, phosphopeptide maps 8f caldesmon
[+] .

D\.

o

phosphorylated by the two kinases demonstrate that the major.sites of

\] . ]

e
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phosphorylations by each kinase are different. Secondly,
. . - -,

- phosphorylation of caldesmon .by the calmodulin-dependent kinase did

not alter its inhibition of an actin-activated ATPase of skeletdl

Lksscle myosiﬁ (Lim and Walsh, 1986), whereas phosphorylation by

» protein kinase C did.‘ As'yeﬁ} there has been no denona:ra;ion'that
. the calmodulin-dependent ﬁhégphorylation of caldesmon occurs in
living-cells. 1In f;ct, since the calcium ionophore A23187 did not

stimulate caldesmon phohpﬁbrylation in intact platelets, it appears

»

as if the calmodulin-dependant reaction does not occur in these

cells.

v

The results of this ;study-demonstrate that protein kinase C
‘phosphdrylates‘representatives of both classes of the calmodulin-

binding protein caldeswon (Litchfield and Ball, 1987b). Thus, in
ey Rl ) ) : ; i
addition to'the similarities in the .functional properties exhibited

by the two forms of‘tﬁe,protein, they may be subject to the same
mechapisﬁs of regulation. On the bpqi§~of phosphapéptide mapping it

: w i .
is obvious that the caldesmon spe®ies have regions of structural
Ve

identity. - 3

6.2 FUTURE PROSPEGIS v

A »

In consi&ergtion of the results of this study, the focal contact

- bl 4

proteins vinculin and talin, and the contractile regulators myosin
* . . »"

light chain.kingse_hnd,psldésnon can be added to the growing list of
s cy;onkelétal or contractile proteins that have been identified as
substrates for pretein kinase C. In addition to these proteins,

. .

actin-binding protéino such as microtubule-assotiated protein 2

"(Akiysma, et sl., 1986), p36 (Gould et al., 1986; Isacke et al., 1986)
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-»cytoskeleta{fregulgtion, determining i{g substrgtes is merely the

and filamin (Kawamoto aud‘ﬁidakg,(ighk). and contractile proteins . N
4 v ‘ t .
such ae myosin light chﬁén (Endo et al., 1982; Nishikawa et al.,

1983; Naka et al., 1983), cardiac C-protein (Lim et al., 1985),

troponin-T and tr0p$nin—1 (Magzei and,xub, 1984) have been identified

. -

as substrates for protein kinase C.  These observations obviously

stress the potential importance of protein kinase C in the

phosphorylation and regulagion of cytbskeletal components. However,

in elucidating the Tole ,of proiéin:kinaae-c in various aspects of

first step. The effects of phosphorylation on each of the substf&te
proteiﬁa must be characterized before the physiological significance

of a particular phosphorylation event can be fully understood. "*

- Y.

In living cells the occurrence of a,physioihgical event and the -

~..

extent of the response must also be shown to be correlated with the-

level of phosphorylation (Krebs and Beavo, 1§79).

Pl

6.2.1 Bhéaphorylation‘gs"Pocal Contact_Proteins: Future Prospects

\ .
Having identified vinculin and talin as substrates for protein

[

kinase C, it is certainly.of interest to examine the effects of

phosphorylation on their known properties. In the absence of known

' enzymatic activities, further analysis will have to conéentrgté on

the binding interactions that have been characterized for vinculin ¢

~and talin. For example, vinculin interacts with permeabilized cells

(Schléssinger and Geiger, i983; 3111‘35_21., 1986) and ‘with talia in
vitro (Burridge and Mangeat, 1984). In addition to its interactions
vith vinculin, talin has been shown to interact with the

transmembrane fibronectin receptor (Horwitz et al., 1986). Further

¢ .
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study directed towards establishing correlations between the

- -

phosphorylation of talin and/or vinculin with the alterations in'

-

focal contacts or actin filament organization in living cells that
¢ ’ '
have been treated with t‘rour-promoting phorbol esters is also ~

clearly required.

6.2,2 Phosphorylafién of Contractile Regulators: Future Prospects -

On the basis of in vitro experiments, a number of effects 651

phosphorylation have been identifigﬁ-for myosin light chain:kinagé’

[}

- (Ikebe et gl., 1985; Nishikawa et al., 1985) and for caldesmon . ’

—— c— A
. LI

(chapter S5; Umekawa and Hidaka, 1985). 1In tﬁe case of myosin light:

chain kinase however, these rgsulﬁs are not physiologically
significant unless evidence that the reaction occurs in living ceflsQ
is obtained. For caldesmon, the effects of phosphorylation on a
numbe; of its ptope;ties remain to be stud{ed. Among these latter .
properties are its calmodulin-binding capabilities (Sobue et al.,

v
1981; Smith et al., 1987), and its ability to enhance interactions

between F-actin and heavy meromyosin (Lash et al., 1986).

Furthermore, the effects of phoaphoryli:ion were analysed only for
chicken gizzard caldesmon. Thus, an examination of the effects of -
phosphorylation on the lower molecular weight species of:caldesmon

may prove enlightening in assessing the similarites and differences
of the two forms of the protein. At present, an analysis of the

»

extent of caldesmon or myosin light cﬁain kina;e phosphorylation in.

relation to the contractile response is also lacking.

6.2.3 Additional Considerations

It is not surprising that vinculin and talin can serve as .
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substrates for protein kinase C, since they are at least partially
localized near the plasma medbrane. Caldesmon though, is not
generally believed to be a membrane-associated protein (Sobue et al.,

1985). Thus, one extremely interesting aspect of this research
relates to the possible mechanisms of how a membrane-activated ;;zyme
can phosphorylate a soluble protein such as caldesmon. As previously
discussed (chapter &4), it is possible that there is a sub-population
of caldesmon that is associated with the plasma membrane (Burgoyne et
al., 1986; Bretscher and Lynch, 1985), or that rearrangements of the
cy;oskeleton that occur foilowing treatment of sells with TPA permit
the associati&n of caléesmon with the plasma membrane, -
AlternatiQely, the phosphorylation of caldesmon may reflect thé

generation of the calcium/phospholipid-independent catalytically

active fragment of protein kinase C in TPA-treated cells (Rishimoto

’ .

et al., 1983; Tapley and Murray, 1985; Melloni et al., 1986).
Certainly, further investigation of the mechanism of caldesmon
phosphorylation may provide a number of answers relating to the
physiological significance of the proteolytic a;tivacion of prosein

. »
* -

kinase C,
Recent investigations have introduced a new, and somewhat
unexpected, level of conpiexity involving protein kinase C sthat may
necessitate a re-evalun{ion of some aspects of the regulation and
involvement of the enzyme in physiological events. Using a molecular
“biologicil approach, a number of investigator's have recently \\\\
demonstrated that protein kinase C is not a .inglﬁ ent%ﬁy (Coussens

t al., 1986; Housey et al., 1986; Knopf et al., 1986; Makowske et




al., 1986; Ohno

t al,, 1987; Ono et al, 1986; Ono et al., 1987;

Parkef’g&_gl., 1986). 1Instead, there is actually a family of closely
related protein kinase C species that exhibits a degree of tissue
specificity, Multiple forms of protein kinase C have also been

e - »

characterized using protein chemical and immunological methods

(Woodgett and Hunter, 1987a; Woodgett and Hunter, 1987b; Kikkawa et

al., 1987; Huang et al., 1986b). At present, differences in

substrate specificity or subceliffllar localization for the different

forms of the enzyme have not been demonstrated. waever, it is not

unreasonable to‘imggine‘chat the different protein kinase C species

may have distinct roles in physiological processes. As a result, it
may be of-inCRresc,.or necessity, to examiﬁe the phosphorylation of

cytoskeletal proteins by each of the kinase species.

" The results of this thesis are significant in‘thac a, number of
potential regulators of the cytoskelgton have been identified as
substrates fof protein kinase C. Although it is obvious ‘that much’
work remains t; be done, the results suggest that proteiﬁ.kinaae c is
an important mediator of the alterations in the organization and
function of the actin-containing mictofilagﬁgfs that are induced by
the tumour-promoting phorbol esters. Future work will undoubteaiy
lead to a better understanding of the role of protein kinase C in
cytoskeletal regulation and perhaps in other aspects of signel
transduction that are stimulated by the éumour~promotjng phorbel
esters. Obviously, it will be of interest to extend the ;GOHICI of
this study by examining the role of protein kinaée.c in the

r

regulation of cytoskeletal events that occur in respounse to treatment

>



with stimuli that trigger generation of diacylglycerol, the natural
activator of protein kinase C. Furthermore, as the relationship

between the activation of protein kinase C by the phorbol esters or
by thg receptor-mediated hydrolysis of phosphatidylinositols becomes
;ore fully understood, our findings may gain new significance with
reapecf—?b the involvement of protein kinase C in the transmission of

molecular signals that have been stimulated by receptor-mediated \

events. .

sot
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