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PN - ABSTRACT /5 L
. [ [ s .
The two major forms of rabbit skeletal tropomyosin (designated &

and 8) have been separated on 3 CM-cellulpse é@lumﬁ in.8 M urea, 50 mM
Na formate pH 4.0, 1 mM EDTA and 5 nﬁ DTX. Falﬁiwi-ﬁg renaturation, a=Tm

g ) l ~ - - : ¥ . . .
( a,a-homodimer) and @=Tm ( 8,8~homodimer) were characterized with re-

-

- c o . : . n
spect to their abilities to interact with the other members of the thin

3 L

The technique of viscosity demonstrated no differences between the
two forms of tropomyosin to polymerize in a head to tail fashion. As well,
no alteration in the ability of whole troponin to affect these end to.end

contacts was demonstrated by viscometry. However, definite differences
between 1 and g-tropomyosins with FEspEEt-ED thgi; tfa;gﬁiﬁ bindvng capa-
cities were seen when thdy were éassgd through a troponin Sepharose UB
affinity column, B-Tm giuteﬁ earlier (0.12 M KC1) than a-Tm- (0.2 M KCI),
suggesting that the B-form has a ggakeé ability to associate with the tro-
ponin complex. These results were substantiated yith gel filtration stud-
ies using the cyanggeg bramidé fragment CBl of Tn-T. Again, the B-tropo-
myosin had the wgak%r interaction of the two Tm forms.

i The association betweédn radioactively labelled a and gE-tropomyosins

_ - v
and actin filaments was studied with the technique of co-sedimentation. .A
stronger affinity with F-actin at—whe higher ionic strengths was demonstra=

ted fer 8-Tm. When the magﬁésium ion concentration was varied, the=

binding profiles for both forms of Tm were similar.
With this backgrgundikﬁawledgg, the o and B-tropomyosins were ana- ‘
Tyseéiwlth respect to their behaviour as regulatory proteins in a reconsti=-

tuted muscle system (actin, troponin, tropomyosin and myosin S-1), both



-

in the presence and absence of calcium. Studies at three different S-1
to actin concentrations (1 to 7, | to 2 and 2 to 1) demonstrated thdt
B-Tm was less abjé to p@éentiate the acto-S-1 ATPase a;tfv?ty! |ﬁv§$§§i
gations involving the use of non-polymerizable tropomyosin showed that
pate§tiaticn is largely dependent on head to tail overlap. PThusE!T:ﬁ's
weaker association w?éh troponin may affect its ability to Fuﬁctiaﬁbca!
operatively in the ;eeaﬁsgi;utgd acto=5-1 ATP§S§A§Ystgm,

These results sngggest fHat 8-Tm may be slightly more of a ''struc-
tural" and less of a ''regulatory' protein relative to a-Tm. Thus the

higherﬁ*génterﬁt in embryonic muscles may assist in the organization and

stabilization of the newly forming thin filaments. . 3
o ]
t ]
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;“;
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CHAPTER 1

. INTRODUCTION

The study of muscle 35 the study of movement, a fundamental process
of life: The conversion of the chemical energy stored in ATP into mechan-
ical energy has provided fertile research material for dééadgsg This
makes i:rextremelyndiff%cult to do justice to the area in this introduc-
tion. The following review a}ticles'can be referred to when a more indepth
unde(standing is required; Adelstein and Eisenberg (T980), McCubbin and
3
Kay (1980), Taylor (1979), Mannherz and Goody (1376), Squire (1975) and
Weber and Murray (1973).
Movement in vertebrates is accomplishedfby specialized stru;t;res
. called mu;cles. These fall into three categories:
l). Cardiac or heart muscle
2) Smooth muscle
3) Skeletal muscle.
The first two categories are under ihvoluntary and hormanal control
Qhe;eas the third category is under voluntary control. For the sake of
brevity, further discussion will be limited to the skeletal muscle sys-

{

tem.

A.. SKELETAL/MUSCLE MORPHOLOGY

SKetetal muscle yg;composed of bundles of individual muscle Fibrés.
Each fibre is actually arsingle multinucleated cell. It is about 100 um
~in diameter bué»can attain lengths of 30 cm or more, The Fiéras are sur-
rounded by plasha membranes callgd sarcolemmas which are in ﬁlasé associ-
ation with nerves. Dissection of a muscle fibre.(éell) reveals the myo-

fibrils. These thin cylindricél units run the entire length of the cell



and are about 10 um In di;metgr. Myofibrils are surrounded by a spéaialé
ized membrane systgﬁ which is called the sarcoplasmic recticulum. "A sys-
tem of transverse tubules provides the communication link between the
sarcolemma and the sarcoplasmic recticulum,

Clo;er inspection of the myofibril interior under a phase contrast
microscope shows the éﬁara;tEfistic banded appearance which accounts -for
the name "'striated" muscle. The bands arise due to repeating units of
two distinct types of smaller Fiiamgnté. Each ?epeatiﬁg'uﬁit (see Fig 1)~
is called a sarcomere.

fhe thick filaments are composed mainly of myosin. They form the
-bulk'of the dark central portion of the sarz@mé%e knownn as the A band.

A lighter H zone in the middlegaf this band is bisected by the M line,
“which links neighb@griﬁg sets of bipolar thick filaments together.

The thin Fiiéments are composed of three types of proteins; actin,
troponin and tropomyosin in a 7:1:1 molar ratio. These composite fila-
ments ;(e attached to the Z lines at the boundaries of the sarcomere.
They overlap with the thick filaments in the A baﬁﬁ.

Taken in cross section it can be seen that in the bverlap region
each thick filament is surrounded by six hexagonally arrayed thin fila-
ments whereas each thin fi.lament is surragnded by threeltriangularily
arranged thick filaments. Under certain conditions electron miEFQSEprr
has shown that short ptojections emanate from the thick filaments to the
thin filaments. They have been called crossbridges. "

Before a deeper understanding of muscle can be reached, the indivi-

.dual’ protenns mak I ng up these Filsm:nts must be discussed. All molecular

weights listed below p:rtaln to the rabbit skeletal system.
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1. Diagramatic representation of the structure of striated muscle.

a) A muscle fibre (cell) in cross section showing the myofibrils.
b) Enlargement of one myofibril showing the repeating sarcomeres._

€) Schematic illustration representing the thick and thin filaments

of several sarcomeres.

~d) Cross sections of sarcomeres illustrating the relationship bet-

~ ween the thick and thin filaments in the myofibril.
(From Lehninger, 1975).



B, MYOSIN AND THE THICK FILAMENT

Fig. 2a schematically represents one myosin molecule and Fig. 2b il-

lustrates iés arrangement in thé thick filaments. Myosin is highly assy=
‘metrical. It is made up of six polypeptide chains, two major ones (heavy
chains) and four minor_ones.(light Ehains);‘ The heavy chains have a é@lgé
cular weight of 260,060 each. They coil ébgﬁt one another with their |
highly a-helical carboxyl terminal regions. The amino terminals are more

: globdlér in éhape. They form the “hgéds” argghe "erossbridges'' since téey'
associate with the acéin monomers in the thin filaments. These heads>hévg
the ability to c.leave ATP.

The myosin molecule is not complete without its light chains. These
fall into two categories, essential and nonessential. Each of the globu-
lar heads binds one member of these two classes. The nonessential light

4 chains are not required for ATPase activity. They are known as the DTNB -
ligﬁt ;hains since they can be largely removed from their association with’
the hegvy_chains by treatment‘wfth S,S:EdfthinES*(ZﬁnitrabEn:aii a@fqlg
[ The essential light chains, on the ather hand.:arg required for activity.
'
They can pnly be removed with much harsher treatments such as alkali;. thus
theytare often referred to as the alkali light chains. Two variations of
-;his class of light chain occur. The A=l iight chain has a molecular
weight of 21,000 whereas the ‘A-2 light chain is smallet, having a mole-
cular weight of only 16,500. ’ ’
In high salt myosin is monomeric; however at more physiological

ionic strengths (0.15 M KC]) bjpaiar aggregates resembling thick filaments
form spontaneously. The rod portions of the heavy chaiﬁgsigrm the core
~o'f; thé‘filament; The gi;bular hgadsbpratrude from this Gafe and are ar-

}anged helically around it. -
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A diagramatic representation of a single myosin molecule con-
sisting of 2 heavy chains, 2 alkali light chains D and 2'DTNB
light chains @72 . Points for enzymatic cleavage are indica-
ted by heavy arrows. The myosin fragments HMM (heavy meromyo-

sin and its subfragments S-1 and S-2) and LMM (Jight meromyosin)

are bracketed below.

Model .for the arrangement of the myosin molecul
filament illustrating their bipolar arrangement.
(From Cohen, 1975).

s in the thick
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Myosin can be cleaved at several points (as indicated by heavy ar%aus
in Fig. 2a) to yield single-headed S-1 (HMM S-1) or double-headed HMM
(heavy meromyosin) fragments. Both of these are soluble at lower salt

concentrations and both retain the ability to cleave ATP (Lowey et al.,-

1969).

"C.  THE THIN FILAMENT PROTEINS

The thin filament is composed of three proteins; actin, troponin

. and tropomyosin. Each will be briefly discussed in this section.

Actin is a globular protein with a molecular weight of about 42,000,
For a review of its properties, see Oosawa and Kasai (1971).* Each actin

molecule has one bound nucleotide and one bound divalent cation. Both

_are necessary for stability of the polypeptide chain. Monomeric, globu-

lar G-actin will spontaneously aggregate into filamentous F-actin if

'wcal levels. The ATP is hydrolysed into ADP and iﬁgrgaﬁié phosphate dur-

ing the polymerization process. In skeletal muscle all the actin is in
the filamentous form. The filaments are composed of two strands of F-
acfin twisted helically about one another (Fig. 3). Aétin has been se-
quenced by Collins and Elzinga (1975) and is found to be highly conserved
in the different cells and tissggs from which it is isolated (Vandeker-
ckhove and Uébéf; 1978). |
Troﬁoniﬁ is actually a complex of three polypeptide chains, each with
a.spécial function. The largest subunit is Tn=T, so called because i}
binds to tropomyosin. It has been sequenced by Pearlstone et al. (1976),
has é“molécularrweigﬁt,af 30503 and iénﬁagf;i - o
Tn-1 is also basic. |t has a molecular weight of 21,000 .and forms

the inhibitory component of the troponin complex because it is found to be
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capable of inhibiting the actomyésin ATPase in cohjunction with tropo-

myosin. The primary sequence has been derived by Wilkinson and érand
(1975).

Tn=C is the smallest subunit and has a molecular weight of 17840.
It is an acidic protein and is thus capable of interacting siréngly ‘
with the other basie subunits. Tn-C has four calcium bindiﬁg sit#s, EHE
‘of which functfon in the physiolog!cﬂ range of calcium concentration.
wh?n Ca2 is bound Tn-C undergoes distinct conformatnonal changes
(McCubbin and Kay, 1980). Tn-C alone can reverse the Tn-1 inhibition of
the actomyosin ATPase. The se&uence has been determined by Collins
(1974). |

Tropomyosin is the protein which links actin and troponin tcgethgr!
It is a long (4! nm)‘rod-like prote;n which lies in the grooves Farmed’
from the two actin filaments. One tropomyosin molecﬁie spans épprax*
imately seven actin monomers and binds one troponin complex, thus forming
the basic unit of the thin filament (see Fig. 3).

Tropomyosin is.formed from two 33,000 dalton subunits whiéh are
highly a-helical and wrap around each otheq,gs coiled-coils (for a review:

see Smillie, 1979) to form # molecule with molecular weight 66,000.

.

Tropomyosin overlaps in a head to tail fashion, thus providing a coopera-
tive link through the thin filament. Tropomyosin will be discussed in

greater detail later in the thesis.

Muscle contraction occurs first with a signal to the nerve control-

D. MUSCLE CONTRACTION AND ITS REGULATION

ling a group of muscle fibres (motor unit). The nerve impulse depolar-
izes the sarcolemma which in turn transmits the meséage via the trans=

verse tubules to the sarcoplasmic recticulum, Calcium stored within the



this membranous system now enters the myofibrils where it is bound by
- troponin C. . The troponin complex undergoes a conformational change ‘which

is transmitted via tropomyosin to the F-actin monomers. Actin is now

able to interact favourably with the myosin heads in a cyclic manner
(see Fig, 4). The energy released from the ATP which is hydrolysed dur=
ing each cycle is used to move the tw@>sets of filaments past one another
.Thus the overall effect is to shorten the sarcomere length but not to al-
ter the lengths of the filaments themselves. These concepts led to the
praﬁ@sal of the sliding filament mode! SF muscle contraction (Huxley and
Hanson, 1954; Huxley and Niedergerke, 1954).

Relaxation occurs in the reverse manner. After the nerve impulse
stops, calclium is actively transported back into the sarcoplasmic recti=-
culum and its concentration reaches the resting state of iDg7 H. The
regulatory proteins alter their comformations back ta_tﬁe original inhib-
.dtory states and the favourable actin-myosin interaction ceases.® *

The question now arises as to how troponin and tropomyosin are able
to exert their influence. X-ray diffraction analysis and actin paracrys-
tal studies show the tropomyosin filament moving closer into the F-actin
groove when calcium levels are high (aétive state). This movement would
passnbly reveal the myosin binding sltes of the actnn mQAngrs, and ueuld

~allow the two proteins to iﬁt;ract! Fig. 5 nllustrate.ﬁ the basic conce ’

of the steric'blocking model of regulation (Haselgrove, 1972; Huxley, 1972;

. Wakabayashi Eéﬁglg, 1475; Parry and Squirer 1973). Althaugh this ﬁadel has

been a useful working hyp@the;ls Fbr a number of years, recent abservaclaﬁs
§§ghiv2 tndicated that the regulatory process may operate at least in part

thraugh an allosteric mechanism passrbly involving a conformational change

in the F!aatln monomers (see chapter k for further discussion

!
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Fig. 4. Model for the Actomyosin ATPase Cycle.

1) Nucleotide-free myosin binds strorgdy as a rigor complex to

'Feactin. It has a 45° binding angle relative to the thin fil-
. ament.

2) The binding of ATP to myosin weakens the interaction with actin
and results in-dissociation. The myosin reverts back to a 90°
state (binding angle).

3) Myosin hydrolyses the ATP to ADP Pi. It now regains its high

affinity for actin.
Binding to actin facilitates the release aF products.
) As product release occurs, the myosin head goes from the 90°
e ~ state to the 45° state. This change in angle represents the
POWER STROKE.
Many repetitions of this basic cycle result in a movement of the two
. sets of filaments past one another. o :

LY I —
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The Steric Blocking Model (the thin filament is in cross”section).

In the absence of calcium, Tn-l| binds to actin and anchors the

tropomyosin to the periphery of - the actin grooves. In this posi-
tion, trcpomyosin is postudated to physically block the btndlng
of the myosin heads.

In the presence of calcium, a conformational ehange in the tro-
ponin complex is transmitted to tropomyosin resulting in a move-
ment closer into the F-actin grooves which opens up the myosin
binding sites.

(From McCubbin and Kay, 1980).

»
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E. TROPOMYOSIN IN DETAIL

.

The purpose of this sectéon of the intrqduétion is to go into
greater detail on tropomyosin (Tm), as the bulk of the work in this thesis
is conce}ned with.itg nature. FQrther details will be supplied at the
beginning of each subsequent éhapter.

Tropomyosin was first purified and crystallized by Bailey (1948)
but its funttlion as a regulatory protein was not elucidated until bager
(Ebashi and Kodama,71966)i Physiochemical studies have shown it to be
rod-lfke in shape with greater than 95% a-helical content {Cohen and
Szent‘Gyorgi,m1957).‘whjch makes it the smallest member of'the'a-fibrous
group of proteins, Crick (1953) postulated that a-fibrous proteins would
gave a coiled-coild structure in which two or three rJLn-handed a-helices
twisted around_eaéh other to form rope-like strands. He also predicted
that the sequence of these proteins would have to have regular repeats of
non-pola} amino acjds every 3.5 residues in_order‘for the coils to interact
hydrophobically.as they twisted about one another. It was to be another
twenty years before this hypothesis could be validated.

In the meantime solution studies on tropomyosin showed that it had
a.monomer molecular weight of 66;000-in high salt, but only.33,060 when
reduced and d;natured (Woods, 1967). In low salt the molecules had the
ability to polymerize end to end, giving a characterist}c increase in vis-
cosity (Kay and Bailey, 196C). ' |

Caspar et al. (1969) investigated the ability of Tm téﬁﬁprm a var-
i€ty of ordered aggregates under appropriate isoelecfric condltuons ‘True
cristals are aostly composed of water, but have provgbed‘an estimate of

the molecular length of the molecule (410 Iy a0, Tropomyosin paracrys-

tals are formed in the presence of divalent cations and provide useful in-
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formation when they are stained with uranyl salts. Under the electron
microscope these aggregates show detailed banding patterns (Stewart and

McLachlan, 1976) with a Dicity of 395 A°.

The complete s e of a-Tm (Stoneet al., 1974) has been analy-
sed in detail by a number of researchers. The 284 residue polypeptide
chain is indeed composed of regular alterﬂatiﬁg paﬁtérns of polar and non-
polar amino acids, confirming Crick's earlier predictions., When the se-
quence is divided in;Q groups ‘of Sevén amino acids each, it is shown that
in each heétQPEptidg there are two series of non-polar amino acids (series
I and 1), one every 3-4 residues (Stone et al., 1974), Thege.hydraphai
- bic residues form the core of the cgiied;cailg HcLacﬁiaﬁ aﬁd Stewart
(1975) illustrate this nicely (Fig. 6). Each of fhe seven amiho acids in
one ''‘period' is labelled alphabetically from a to g. Résidues a and d
are generally found to be non-polar (they correspond to series | and ||
above) and they interact hydrophobically with residues d' and a' from the
- opposite coil. The éequenﬁe indicates tgat Fér the most part, residues

in position g are basic and those in position e are acidic. This also
provides evidence that the two irapamyégin subunits are running in the
EEZE direction, siﬁzé the opposite arrangement would lead to repulsion
due to the juxtapositioning of the similar charges. Siﬁ;g the unique
Cys in position 190 can become oxidized without altering the molecular -
weight of Tm (EE,QéD), the polypeptide chains are considered to be un-
staggered (Johnson and Smillie, 1975; Lghrer, 1975). Given that each
amino acid in such a colled-coil has a mean residue of translation of
1.43. A%, the calculated length of the Tm molecule is egual to 284 X 1.43,
or 423 A®. This is slightly longer than the X!Fay.C?ysta]iégFaphii es-

timate of 410 * 4 A®, The only way both values can be correct is if the



Fig. éa.

Fig. 6b.

gabcdetf
Helix 1 -B-N-X-X-N-A-X-

Helix2 -B-N-
g a

-N-A-X-
'd e f

(o8]

=

One period is illustrated far each of 2 tkapamyasin subunits

. (the amino acids are indicated in capital letters). The arrows

indicate the ionic interactions between g-e' and e-g' amino
acids.

end on view (Frgm the CDDH termnna}) for a distance of one perié
od. The helices interact hydrophobically (d-a' and a-d') and
electrostatically (as indicated by the two-headed arrows).

(From Smillie, 1979).

3]
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Efgpémycsinrmgieﬁgles overlapped by 8 or 9 residues. This indeed has
been shown to be the case, since enzymatic removal of several COOH-ter-
minal amino acids results in a '""non-polymerizable tropomyosin'’ (Mak and
Smillie, 1381a). Head to tail overlap also allows the periodic features
of the sequence to be carried over Frgm_ang molecule to another.

Thé advent QflpélyaEtylamide gel electrophoresis as well as amino
acid sequence analysis showed that preparations of tropomyosin are not
always homogeneous. Cummins and Perry (1973) separated éwa major forms
-a?:rabbit skeletal Tm (designated a and 8) of a CM-32 cellulose §al§mn
in 8 M urea, and showed them to be distinct polymorphic entities (see the
next section fro details). ! |

The'sequengg of B-Tm (Mak et al., 1979) differs from that of a-Tm
by 3§ residues out of a Wgtal of 284. Only two substitutions lead t§
charge diFFg}gn:es (net negative); the rest are chemically similar (Fig.
7). Most of thé replacements in B-Tm occur in positions ¢ and f, which
are less critical for the stabilization of thg coiled-coil, but are more
important for the interaction with other molecules.

Once the details of the Tm structure were worked out, it bécame
‘interesting to try and prgdjgt haw‘this protein would interact with the

other members of the thin filament, namely actin and troponin.

a) The Tropomyosin-Actin Interaction

Thg binding of tropomyosin to F-actin had been demonstrated by
;fvis;asity, ultFSGEﬁtriFugatiéh, flow birefringence andraptiéal rotatory
dispersion methods (Drabikowski and Nowak, 1968; Tanaka, 1972). That
Tm moves 10 to 15 A® relative to actin éuriﬁg the contractile préies§
is also well daguéented (Haselgrove, 1972; Huxley, 1972, Parry and Squire,

1973). This movement led to the proposal of the steric blocking model
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of regulation, whereby tropomyosin is envisaged to roll closer into the
F-actin grooves upon activation of the th%n filament by caiiium. It is
not unlikely then, that there could Se two separate sets of binding sites
on tropomyosin for the F-actin monomers, one in the '"of f'' (inhibited)
state, and one in the ''on' (active) state. |

The tropomyosin sequence was analysed by several labﬂratafies
(Stone et al., 1974; Parry, 1975, McLachlan and Stéwartl’197é) iﬁrgrder

to find significant repeats of amino acids which could represent actin

sites. Distinct repeating bands every 28 A° had been observed
by Parry and Squire (1973) on urany! acetate stained Tm paracrystals.
This distance corresponded to the axial separation between F-actin sub-

«

Units, There were 14 such sub-repeats in each of the 396 A® majér peri=

ods corresponding to the length of one tropomyosin molecule,

Inspection of the sequente (excluding those amino acids of series

| and I1) was undertaken in orcer to see if there were identical patterns

of amino acids repeated seven-fold throughout the sequend® which might
correspond-to actin binding regions. These were not found. Iﬂstgid; quasi-
equivalent arrangéments of polar and non-polar groups of amino acids Jere
seen instead. gyclachlan and Stewart ~(I»9753),' usirig ;ﬂfﬂ,putér analysis re-=-
fined earlier work in this aréa (Parry and Squire, 1973; Sodek EigiL;!
1374) and showed that these groups were rééeated fourteen times through-
out the sequence and that each g}oup consisted of 19.66 amino acid resi-

dues. Continuity was maintained by head to tail overlap of successive

molecules, which allowed the fepeating pattern to be carried uninterrupt-

PR

ed over to the next tropomyosin molecule. These workers also found that
acidic and non-polar residues contributed signficantly to the pattern,

whereas the basic residues were randomly distributgd!avgr the surface of
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-the coiled=-coil. Thé féyrteen quasi-edhivalent actin binding regions
were not entire1y constant since some anomalies we;e seen in the Cyé
‘ISOVregion (residues 197-217) and in the head to tail overlap region,
but on the whole they were quite similar. Mclachlan and Stewart then
divided these groups into two alternating sets of seven .called the G-

_bands ana the -bands. As the tropomyosin molecule rolls over th; F-

" actin surface the motion was postulated to weaken one set of fn?eract(@ﬁg
sites (x-bands) and allow the other set (B-bands) to bind to a compli-
mentary site on the ;ég?n molecule (Parry, 1976; Mclachlan and Stewart
(1976a). Troponin would provide the torque Aecessafy to generate such
a m0vemént. Another proposal for the occurance of 14 actin binding sites
on one tropédyosin molecule was given in the Qork'of Wakabayashi et al.
(1975). Their three dimensional image reconstructions showed that Tm
could interact with both strands of the boot-shaped actin monomers in

"'the absence of troponin, but in.the presence of Tn-| and Tn-T the mbve-
ment away‘from the groove would disrupt or weaken bone‘ set of interaction
sites (homostrand) and would ‘strengthen the other set (heterostrand).
Because a-bands showed more structural ;egularity, Mclachlan and Stewart
(19763),suggested that they represented the homﬁstrand interaction sites.

.

Further analysis of the'sequencq by Parry (1975) and Smillie et
al. (1979) revealed'othér'interesting featurés. The ability for each
-amino acid to form an a-helix (a-helix parameter) had.been calculated
by Chou and Fasmanz(197h). The a-helix paramefers for individual amino
acids in the sequence were anal;sed by fast fourier transform techniques
'in.drdér to find périodicities in the heiicélhpotential along the tropo-

myosin chain. The initial results were then averaged over stretches of

th residues and were plotted as a function of the peptide bond position



in the sequence. A series of maxima and minima corresponding to each of
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seven k0-residue periods could be seen. The minima 1ined up with the
positive non-polar Zones of the a-bands whereas the maxima corresponded
to the same area in the B-bands. Of special interest in this work was
the fact thaf the maxima and minima become less defined as the sequence
progréssed to the COOH-terminal end. fhis could be due to the fact that

s

the troporiin binding region may be located here (see below).

b) The Tropomyosin-Troponin Interaction

There is much hi;taricai gvfdgnce that tropomyosin and tr@p@niﬁ
(Tn) interact. The '‘native tropomyosin'' (Ebashi and Ebashi, 1964) of
early purification procedures was actually a ;émplex of both tropoenin
and tropomyosin (Ebashi and Ebashi, 1966). Tropanin has been shown to
enhance Tm viscosity (Ebashi and Kodama, 1965) and toc form a faster sedi-
mentnng ;amplex in the analytical centrlfuge (Hartshorne and Mculler,
1367) Trapﬂnlﬁ has been v:sualuzed with the elect;Sn microscope at
Loo A* intgfvais along the entire Igngth of the thin filaments when these
were labelled with ferritin conjugated anti-Tn antibodies (Ohtsuki EEEQL-V
1967). When troponin itself Qas conjugated to ferritin }ﬁd was allowed

’

to form paracrystals with tropomyosin, a wide white line forme g the

middle of the broad band normally seen in these aggregates (wh;}istaiﬁgd
with gréﬁyl aeetéte), corresponding tarthe region one-third of the way
from the COOM-terminal end of Tm (Nanamurifsgsgl , 1969; Ohtsuki, 1974).
Troponin ca!crystallazes with t?BpﬁmyQSIﬁii When studied by X-ray cry-
stallography (Cohen et al., 1972) Tn {s found to be localized in the mid-
die of the long arm of the kiEEE;ike mesh formed by the lattice of inter-
secting tropomyosin filaments. This aréa was later shown by Phillips

et al. (1979) to be close to the Cys 190 residue.



McLachian and Stew;é% (1976b) analysed the sequence of tropomyosin
with computer techniques and %agnd evidence near residues 197-217 for a
possible Tn binding site. The cuter surface of the tropomyosin coiled-
coil in this region had a lower number of acidic and non-polar amino acids
with respect to the reﬁt of the molecule, making a sgitabIE site for pro-
tein-protein interactions.

A1l of the data so far presented seems té indicate that Tn binds
one-third of the way from tﬁe COOH-terminal end of the Tm molecule, near
the Cys 190 region. However, there are data to suggest th#t this is an
oversimplified view. Wwhen the individual subunits of tfgpﬁﬁiﬂrﬁifl tested
in their atility to bind tropomyasin, only Tn=T bound (Grgaser and Ger-
gley, i972; Margossian and Caégni 1973) irrespective of the éaz* eanéeni
tration (Potter and Gergley, 1974). When this subunit was co=crystallized
with tropomyosin, a new form of lattice was seen (Gfea§EF et al., 1972;
Yamaguchi at al., 1974). It was suggested that this Eexéganal lattice
arose because Tn-T bound to the ends of the tropomyosin molecule, not in
the troponin binding region near Cys 190.

Further evidence caﬁe from the work of Ohtsuki (1975). who prepéred
_antibodfes to all three Tn components and then added them separag&ly to
thin filaments. When viewed under the electron microscope, the anti=Tn=I
and C an;ibodies.formed narrow bands on the thin filaments whereas the
antfbody to-Tn-T formed a much wider band aﬁﬁ was d55pi;§=d from the | and
C'sites towards the Z-line. Ohtsuki followed up this work (1979) by pre-
paring antibodies to two chymotryptic fragments of Tn-T, T] (residues 1= ;
158) and T, (residues 159-258). The antibody to the T, fragment bound
in the same region as the Tn=C and Tn=| antibodies, but the antisT’i anti;

body bound in a position 13 nm away from this area, closer to the head

K
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to tail overlap region of the Tm ma}e:ufgg

Furth;r evidence that Tn-T may bind over a maré'éxtEﬂded region of
tropomyosin (the terminal one-third) came indirectly from work by Cote
et al. (1978) who showed ﬁhat horse platelet tropomyosin bound weak}y!té
troponin, althoﬁgh the horse platelet sequencé in thg;regién of amino acids
197-217 (the postulated Tn binding site) closely paralleled that of rabbit
skeletal a-Tm. The work of Pato Eéiiii (1981) showed that;Tnff'Fragméﬁt
CB! (residues 1-151) could enhance the head to tail aggregation of NH, -
terminal and COOH-terminal fragments of a-tropomyosin under conditions
where they themselves did not interact. As well, Mak and Smillie (198ib)
showed th#t whole troponin prégeited tyrosines 261 and 267 (which-are lo-
cated close to the CGDH*termiﬁal) of the tropomyosin m@]é@ule from being
125 ‘

labelled with lodine.

F & AND 3-TROPOMYOSINS IN DEVELOPING AND ADULT MUSCLE

The contractile proteins of rabbit mycfibriﬁs are very well-charac- -
terized to date. The sequences of five of the six major proteins have .

been determined; myosin being the exception. Many of these contractile

e

proteins exist in multiple forms in vertebrate striated muscle, depending.
on whether the fibres are fast or slow.
Adult skeletal muscle is composed of two main types of fibres.

Slow twitch fibres (type I) and fast twitch fibres (type I1) can be dis-
tinguished from each other in a number of ways; histochemically (Pady- -
kula and He}man, 1955}, immunologically (Dhoot and Perry, 1979), biochem-
ically (Perry, 1974), and physiotogically (Close, 1972). Transformation
of the muscle préieins characteristic of one type of fibre into those of

another can be accomplished, at least in part, by cross-innervation (Am-
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phlett g;ﬁgL;; 1975; Streter gigiLij 1975) or by chronic electrical stimu="
lation of the int;ét nerve (Rubinstein et al., 1978; Roy et al., 1979b).

During muscle c‘!evelf::jp@,mgnt:,i changes in the suEunit patterns of the
myofitrillar prateiﬁs have also been cbsgrv;d. The first switch is seen
when myéblasts, which are the single celled precursors of muscles, stop
dividing and fuse to form long multinucleated myotubes (Fig. 8). At this
. stage there seems to be a coordinated induction of a ;uggle gpéifiﬁ érég_
gram (Devlin and Emerson, 1%78) which is distinct from the ﬁénimusgle pro=
teins of the myoblasts themselves (Fine and Blitz, 1975)." There is much
controversy concerning the embryonic forms of these contractile pra;eiﬁs;
do they resemble the fast types, the siow types or are they mixture§ of
both? This area is currently under investigation with cultured ceil lines.
Although easy to manipulate, these cells cannot give an aééufatg pictﬁre
of thg more complgx deveiapemental changes of the later embryomic stag:s,v;
where innervation plays a vital role (Kelly and Rubinstein, ISBD) “Never-
theless, modern techniques such as two dimensional gig:traphargtiz analysis
of fad?ééitiv&ly labelled synchronous cultures, fluorescent anéibady la-
belling and analysis of single muscle fibres (Young and Davey, 1981) are
making progress in a very ;@éplex field.

Tropomyosin is a.good éxampfe‘cf a polymorphic muscle protein. The
ratio of o to §=Tm is characteristic of the mus;ig type. Generally the
slow red fibres have a higher p;;partjan of the g-form than do Faét whiter
fibres. The larger, slower’beating-hearts of large mammals also contain
some B-Tm while the faster bea ting hearts of the smaller mammals contain
only giTﬁ (Cummins and Perry, lS?h) Isoelectric focussing gels show min-
or subspecies of q and g-tropomyosins ( a' and g') which may arise due to

slight differences in their sequences (Hodges and Smillfei 1972a,b) .
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Tropomyosin is synthesized at the onset of myoblast fusion, and
it is apparent that 8=Tm is the major species found in the embryonic
stages (Amphieét éégél*i 1976). In Figs. 9a and b it can be seen that
§-Tm accounts for over 75% of the total content of tropomyosin in embry=

onic tfssues and that the ratio changes after birth to one where a-Tm
s

is moré predaminaﬁt‘ Adult rabbit fast muscles have about 3 to L times
more a than B=Tm. In slow musélgs ghe ratio is more equal (1.1 to 1).
The high B-content in emb}ygnic ;QSEIES argues for the existence of Tm
which is composed of two B subunits, although to date dnly ao and aB di-
meré have been observed in‘adgit skeletal muscles (Eisenberg and Kielly,
1974; Lehrer, 1975; Yamaguchi EE_EL“ 1974).

Phosphorylation of both forms of trapamyas?n has been demonstrat-
ed (Haﬁtarras et al., 1981) and this modification has been shown to be a
post?traﬁslatiénai event. The same workers have give% evidence that
phosphorylation is higher in the embryonic stages (in both cases). The
significance of ﬁhgsphoqyiétgd tropomyosin is as yet unclear. ‘

G. AIMS OF THIS PROJECT

!

a and B-tropomyosins have been the subject @f iﬁvestigatians in

the early 1970's by Cummins and Perry (1973, 1974). Since that time both
forms have been segquenced ﬁStang et al., 1974; ﬁak et al., lS?S)»éﬁd much
progress has beén made in all areas of the muscle field, gépesially with
regards .to the thin filament prateiﬁé and their interactions. The purpose
of the present investigation was to study the interactions of a and B-tro-
pomyos ins Hiﬁh the other members of the thin filament (g;tin_aﬁd Erépaniﬁ)i

* Once these parametérs were established we hoped to compare the bio-

logical activities of both tropomyosins in a reconstituted muscle systém
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using the proteolytic myosin fragment S=1. Variations in the actip-act-
ivated ATPase activity of S-1 with one or the other form of tropomyosin
present should give us a gquantitative estimate of how they behave as reg-
ulatory proteins and would perhaps give us some insight as to why B-Tm is

the predominant form in embryonic muscle.



CHAPTER 1
MATERIALS AND METHODS
A. PROTEIN PURIFICATIONS

1. Actin

Actin was prepared in two stageg_: fhe first consisted of making
an acetone powder from r;bbitgskelgta] muscle (Feuer géﬁgLi,VISEE)Q One
kg of frozen muscle (rabbit‘mus;le tissue, Type 1, mature, New Zealénd
Hhiteiiﬁzﬁiéfeeze) was thawed slightly and passed through a meat griﬁderi
This mince was then subjected to a number of washes (all done at L°C or*

lessy followed by centrifugation in a DPR-6000 centrifuge at 4760 Xg for

10 min, or in the case of organic extractions, by 5qu§=2ing the residue
through four layers of cheese cloth. The following steps list the extrac-
tions and their érder of execution:

1) 12 vol distilied water, 30 miﬁ with stirring

2) 3 vol 50 mM Na carbonate, pH 8.0

3) 3 vol 0.2 mM CaEiz

L)  2x3 vol 95% ethanol ED‘C)

5) 3x3 vél acetone (=20°C)
The final residue was air dried overnight on FifEér paper in a fumehood <
and was subsequently stored at -20°C. VYields were aﬁﬁr@Simately 135 g
powder per 1 kg muscle.

The secorid stage in making actin followed the method of Spudich
and Hatt‘(157l) gxﬁépt that the actin was separated from the muscle resi-
due by filtration thraugh_uhé;man #1 paper, followed by passage through a
0.8 um Killipore filter. |

Purified G-actin was stored at 4°C and was used within 2 weeks. Typ-
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ical yields were 150 mg actiﬁ per 10 g acetone powder.

2. Troponin

Troponin (Tn) was prepared essentially as described by Ebashi et al.

(1970). The procedure, wiﬁh minor modifications is summarized below. All
centrifugations were for 20 min at 4760 Xg in a model DPR-6000 centrifuge.
‘_'Dne kg of rabbit skeletalfmugﬁie wasrgrguﬁd in a meat grinder. This
min;ezwas first eztrééted with 2 véi of ngé Sﬁra;b bgffer (5e§ the myosin
procecure following) containing | mM ATP for 15 min with stirring. After
ceétrifugatian. the residue was washed once with 20 mM KC1, 2 mM KHCQB and
then twice with distilled water (centrifugations after each wash). Tropo-
ni% was then extracted for 2 h uithrDiE M LiCl, 50 mM EHECDQNQ pH 4.5, 2

mM E=MeOH and 0.2 mM FH%F_ The PMSF was added tc inhibit proteolytic en-
zymes. After centrifugation, the supernatant was adjusted to a pH of 7.§
with 1 N NaOH and wasgétirred for 30 min. Then the pH was dropped to 5,5
a second time with 1 N HC{xiﬁ order to iseele¢triééliy precipitate any re-
maining trapomyosin. |f the solution had an; cloudiness in it, it was
centrifuged once more. The clarified supernatant containing trépgﬁin was
then subjected to three ammonium sulphate fractionations which were p:r—‘
formed at a pH of 7.2; 0-40%, 40-50% and 50-60%. Pellets from the last
twa. cuts were redissolved in distilled water and were dialyzed against 4x20
1 ih;nges_aF 2 mM B-MeOH. Dialysis time uas‘kept to a minimum (24 h) in
order to reduce proteclysis. Trapcﬁfﬁ was stored as a lyophilized powder
at -20°C.

3. Tropomyosin

i Tropomyosin (Tm) was prepared in two stages. The first stage was

the preparation of rabbit skeletal muscle powder according to the method of
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EéiIEy (1948), the only mﬁdifiéaticn being the substitution of acetone .
instead of ether in the final step. The muscle powder was air dried and
stored at ~20°C. For preparing tardiac trcpgmyésiﬂ p@wdg}, rabbit hearts
(Type 1, New Zéaiand Hh}te, mature, Pel-Freeze) were used as starting mat-
erial.

Extraction of trép§m§asiﬁ from the muscle powders followed the me-
thod of Bailey (1948) with modifications as described by Pato ([375). Dur-
ing the final ammonium Suiphate_Fraﬁti@ﬁatiens,riardiaé tropomyosin was
a&téiﬁgd in the 55-65% ‘cut whereas skeletal tropomyosin was cut slightly
lower at 53-65% in order to obtain higher yields.

Cardiac Tm was further purified on a DEAE cellulose column to re-

move any contaminating nucleotides (Hodges et al., 1972a).

4, Separation of Tropomyosin Subunits

The procedure for separating rabbit skeletal tropomyosin into its
& and B-subunits was developed by Cummins and Perry (1973). This proce-
dure called for érigr carboxymethylation of the tr@pamyasin_ a step we

wished to avoid. Instead we developed a method for quantitatively reduc-

ing the'suiphydryls so that the two subunits would behave as monomers in
8 M urea, The following steps were all done at room temperature.

) Lyophilized tropomyosin (400 mg) was dissolved iﬁ 30 ml of :glumnA:
buffer (50 mM Na formate pH 4.2, 8 M urea, ! mM EDTA) with stirring. The

pH was brought up to 8.0 with 1 N NaOH and was allowed to stabilize. Then
6;78 ml of conkentrated B-MeOH was added (360 mM final concentration) to

the solution And stirring was continued for 3 h longer under nitrogen.

After this tibke the pH was brought down to 4.2 and the pratein'was dialysed
overnight against column buffer containing 5 mM OTT.

Reduced subunits were loaded onto a CM-32 column (d=2.5 cm, h=24
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cm) which had been previously pfgiequflibratgd in the same DTT contain-
ing buffer. A 2.8 | gradient from 0 to 0.2 M NaCl was applied and gave

- the elution profile seen in Fig.10. The 3-tropomyosin peak which eluted

first occasionally has a leading shau1deri the composition of which has
been shown to be B-subunit (SDS-PAGE in 6 M urea, see Fig. 10). It is
p355|b!y Farm;d due to oxidation of the sul fhydryls on the column thus
farming B8, B dlmefsrﬂhléh have a different mablluty than their monomer
counterparts. At any rate, these fractions were discarded. The other
fractions éaﬁtaiﬁiﬁg a and B=subunits were paaigd separately and then

dialyzed extensively against distilled HZQ contalning 2 Wit f-MeOH. The

fractions were subsequently lyophilized and stored at -20°C.

5. Hyosin and 5=1

e
To make myosin a number of precautions were followed. Because myo-=

sin is very sensitive to trace metals, all buffers were chelexed and mil-
lipored, all dialysis tubing was boiled in 5 mM EDTA/50 mM Na bicarbonate
before use, all implemeﬁts were plastic or glass and were pre-cooled be-
fore use and all steﬁs were done at 4°C using only d3 HZQ (doubly deion-
ized distilled water). :

During the course of the preparations it was found that fresh rab-
bit muscle gave myosin with the highest activities. Thus adult New Zea-
land white rabbits were sacrificed and the back and leg muscles dissect-
ed to give typically about 600 g of muscle.

Three hundred g of muscle were blended in a Waring blender at top
speed for 15 s with 500 ml of Guba Straub (6-S) solution (0.3 M KCY, 0.15
M Kéﬁh pH 6.5, 12 mM HgCl , 5 mM EGTA) and 0,925 g ATP. This step was

done in 2 batches. After blending, the volume was brought up to 1650 ml
Tl

with more G-$ solution. The final ATP concentration was then 1 mM. The
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mince was stirred for another 15 min (no longer) and then spun down for .,
20 min at 4760 Xg on a DPR-6000 cnetrifuge. The supernatant was filtered
through gla;s woo!l and then adaed to 12 volumes of ‘} H20 with stirring.
This solution was then allowed to sit for 90 min so that myosin aggre-
gates could precipitate. fhe'supernatant was syphoned off and the myo-
sin layer Qas centrifuged as above to concentrate the protein.

“'Qf‘grhe opaque white myosin peliet was dissoived in 100 mis 5 X G=§
.solutjpn pH 6.5 end the vo!;ﬁe adjusted to 500 ml with Hzo. ATP, pre-
dissolved in-Z‘ml buffer, was added to give a™inal | mM concentration.
This mixtﬁre was stirred gently for 15 min to dissociate any actomyosin
before being spun overnight at 16,500 rpm in a J21 rotor on 8 model L-
centfifuge. The supernatant was then filtered through glass wool to re-
move Iipid>particles,and was put through 2 cycles of precipitation in
12 vol.d3 HZO. Each cycle was followed by centrifugation at 4769 Xg for
20 min and resuspension in 0.5 M KC1, | mM EDTA, 15 mM KPQ, pH 6.5. Af-
ter one more precipitation as above, the myQs in pellét was dis?hlved in a!
minimum amount (20-30 ml) of 2.5 M KCl, 5 mM EOTA, 75 mM KPO, pH 6.5 us-
ing a rubber poliCQman. The mixture was thick enough to trap air bubbles.
ATP #re-dissolved in 1 ml of the buffer was added'to give 1 mM final con-
centratioﬁ. After 15 min Qith occasional mixing, the myosin was spuﬁ at

27,000 rpm for 2 h in an L-30 rotor on a model L-centrifuge. This step

removes any actomyosin or denatured in. upernatant was then

12 M NaCl, ! mM

dialysed against 2-4 1 changes of/{ DTA, 0.02 M NaPQL

pH 7.0. This is the “digestio fer'' (Weeds and Tdylor, 1975) in which

‘ myqsin is only sparingly solublex After dialysis the| thick, opaque sol=
ution was allowed to come to room temperture. The optical density of
the protein was taken by making 1:10 and 1:20 dilutiops in 0.6 M KCI.

At this ionic strength the myosin is soluble and the may be taken.

80



The EéﬁEEﬁtFaﬁiGﬁ!Qf myosin was adjusted with dialysis buffer to give 15
mg/ml. Chymotrypsin was pre-dissolved in dia]ysi% buffer and was added to
_the myosin to give a 0.05 mg/ml final concentration. Stirring was brisk
during the digestion period (15 min). The reaction was quenched with 1 mM
DFP (caution) and the digest was centrifuged for 3 hours at 27,0 000 rpm

in @ model L-centrifuge (L-30 rotor) to bring down unduggsted materlal and .
the insaluble rad portion QF the myosin mﬁlggule. ' 7 |

The supernatant containing the globular myosin héads'(Sil %Fﬁgi
ments) was thén dialysed against 3X4 | éhahges’af caiumﬁ buffer (50
Tris pH 7.9, | mM EPTA) and loaded.onto a DEAE cellulose column (aiz 6 cm,
h=Ul cm) which had been pre-equilibrated in the same buffer. 5-1] was |
eluted Frém the célumn with a 1500 ml gradiént from 0 to 0.2 M NaCl. _The
~eigtipﬁ profile (Fig. 1) gave two peak; which cagggspanded to 5-1 with
either the Al or the A2 light chain attached. Both fractions were p@glgﬁ
together and concentrated to lﬁ mg/ml %ﬁ én_ﬁmican pressure cell using a
ﬁﬁ-}ﬂ membrane.

Activity -of the ési was checkgd using the K*-EDTA ATPase assay
(see:detaiis in seﬁtfaﬁ D of materials and meth@dg)i Activities were gener-
ally E.S'umaies’POhfmiﬁ/mg s=1 (13 s!])—in prePar?tiaﬁs from fresh rabbit
mu;éie_ Published values vary from 7.3 to 13 s.iI (Margossian and Lowey,
1378; Shrivers and Sykes, 1981). Typical yields were 600-650 mg S-1 per
300 g skeletal muscle, The sél stayed active for a period of 4 weeks when

stored at 4°C without DTT present.

6. Non-Polymerizable Tropomyosin (NPTm) -

Non-polymerizable tropomyosin was a generous gift from Dr. Alan Mak
and was prepared according to the published proceedure in Mak and Smillije

(1981a).
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Fig.
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5

¢

The préteins used for the experiments in the following éh:pﬂ
‘ters; : ' '

A) Cardiac tropomyosi

8) a-tropomyosin :

C) . B-tropomyosin

D) Actin

E) Troponin used in chapter &
F) Troponin used in chapter 3
G) S"I'Al '

H)  $-1-A2 '

Note: the S-1-Al and S-1-A2 fractiqns were pooled before use.
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7. (Cyanogen Bromide Fragment CBl of Troponin T

Troponin T was isalaéed from the troponin Eémple£ as is described
in Gfeaser and Gergely (1971). The cyanogen br@mide.Fragmgﬂt CBl, which
encompasses residues 1 to lSl,éF Tn=T was prepared according to the method
of Pearlstone ﬁ (1977). | |

' : o
B. PROTEIN lHTERAETi?ﬂ STUDIES - | i o T

I. Viscosity measurements

Atl viéeésity mgasu?emehgs were done with:alﬁannéngﬂanning semi=
,mic}a type AS50 viscometer. Solvent flow=through-time was ;ppf@xin:tgiy .
100 éi Temperéture was kept constant at 20 f»Dii‘E with a circulating
water ﬁath.' Between runsﬁthg viscometer was cleaned with soapy nater;
: disﬁgiled water, ethaﬁaL aﬁd air-dried with acetone. The fipw through
time for each solution was measured three times and the average used to
calculate nrel. | |

For head to tail polymerization studies, lyophilized tropomyosin
was dissolved in the épprgpriatg ?ungr (10 mM éaaadyiaie pH 7.0 and
varying amounts éf KC1, from 0 to 0.2 M) containing 100 mM E-QEDH_V This
was necessary to pre-reduce- the suiphydry}s befare'avernight dialysis a=
gainst the same buffer, but with Gﬁ]yiz mM reducing agent present. Pro-
teins were clarified by centrifugation in a desk top centrifuge before be-
ing adjusted to 2 mg/ml by absarbaﬁé;g Samples of 0.5 ml were introduced
into the viscometer, the temperature was allowed to equilibrate for § min
and the measurements were then taken. -

For the troponin-tropomyosin intsfactién studies the same procedure
was followed but the tropomyosin was adjusted to 1 mg/ml and the troponin
to 2 mg/ml. For each run a constant amount of fm was used (0.25 mg) where-

as the troponin varied between 0 to 0.5 mg in the assays. The volume was
) ,
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~ adjusted to give 0.5 ml with dialysis buffer. Stock proteins were kept on

ice to reduce the danger of proteolysis (especially of troponin).

2. EE‘ Fijtrati§n

Both forms of tropomyosin and the Tn-T fragment CB1 were run alone

or in combination on a Bio-Gel A 0.5m column (d=1.2 cm, h=30 cm) which was

1 -

equilibrated with 10 mH imidazole pH 7.0, 1 m¥ DTT, 0.01% Na azide and

varying amoygts of KC1 (0.1 to 0.25 M). The tropomyosiN was dialysed

overnight at 4°C in the buffer of choice. Each run requirdd 250 ul of a
2 mg/ml solution (0.5 mg; 7.6 umol). The CBl was make up as a stock 2.7k
mg/ml solution in buffer containing 0.1 H KC!. 100 ul aliquets were fro-
zen until just prior to use (0.274 mg; 15.2 uméi)g Then they were thawgé,-
adjusted to the proper ionic strength by adding tiny amounts (depending éﬁ
the conditions of the run) of.-1 M KC1 and mixed with the tropomyosin. The -
proteins were incubated for 15 min before being applied to the column.
Elution proceded{at 7.3 ml/h and 1.8 ml fractions were collected.
These were monitored using the dye binding assay (section C, this chapter)
“at 595 ﬂ#- 5=1é§£;d fractions were run on SDS-PAGE in 6 M urea to visu§}¥

ize the extent of protein associations.

3. Affinity Chramgtagraphi

Two g of CNBr activated Sepharose 4-B (Pharmacia) was allowed to
swell overnight in | mM KCl at 4°C. The next day it was filtered and cou-
pléd to whole troponin (21 mg/11 ml) which had been dissolved in 0.1 M

NaHCO., 0.5 M NaCl pH 8.0. There was continuous end over end mixing dur-

3!
ing the 2 h reaction time.™ This step and the ones following were done at
room temperature.

After coupling, the resin was again filtered and washed with 200

ml of coupling buffer on a sintered glass funnel. Troponin bound to the
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beads was estimated by subtracting the Ao 80 of the effluent from the ini-
tial absorbance. The coupling efficiency was apprcximatei{ 97%.

The resin was now treated with 15 ml of 1 M éthanolamine pH &.0
for 1.5 h with continuous éQS over e§d.mixing iﬁ order to deactivate any
remaing CNBr groups on thg‘gei matrix. . The Tﬁ;SEPhafase was then filter-
ed on a sintered glass funnel and suﬁjeated-tg alternating washed (3 times
each) of | M NaCl, éii M Na acetate ﬁHvb;é'éﬁd M NaCl, 0.t M Na borate -
pH 8.0 in order to remove any non-covalently -bound proteins. A small aafi
umn (d=0.9cm, hs?.i cm, v=5.8 ml) was packed Qith this‘résin and washed

overnight at 4 ml/h at 4°C with column buffer (10 mM imidazole pH 7.0,

[

0.01% Na azide, | mM EGTA and 1 mM DTT).

L. Actin Co-sedimentation

Actin co-sedimentation studies were based on the method of Eaton

et al. (1975). Actin and ‘zsl—iabg1ied & or B-tropomyosin (of known spec=

ific activity) were dialysed overnight againét 3 mM Tris pH 7.8, 30 mM
KC1, 2 mM.ATP, 0.1 mM EGTA and 2 mM DTT. After dialysis, the tropomyosin
was pre-spun for | h at 100,000 Xg to bring down any particulate matter

and the actin was clarified at 3,700 Xg in a desk "top centrifuge. The
a ' -

actin concentration was carefully determined by absorbance spectroscopy
using the following formula (Johnson and Taylor, 1976):

3200 = mg/m

Aygp - 134 (A

0.69
In one set of experiments, KC! was varied betyeen 30 and L0O mM
and in the other set, the magnesium concentration was altefed‘(D to.12
mM). Otherwise the co-sedimentation conditions were unchanged. !N each

| ml sample the actin and tropomyosin were present in a 7/2 ratio (]D UM



to 2.8 .M}, vortexed once briefly and incubated at room temperature for

15 min. Two 100 .} samples were taken before and after a 90 rin centri= -

fugation run at 100,000 Xg and 2C°C.

These samples were counted in an

LKB .1270 Rackgamma 11 y-ray counter and the difference between the two

Groups was taken to represent the arount aFftrépémyesin that had pellet-

ed (associated) with the actin under the experimental conditions., Cor-

. rection, were made to account for the dacay of

half-life of 60.2 days.

C. PROTEIN CONCENTRATION DETERMINATIONS

1. Abs@fbéﬁié Spe;trescapy

Protein concentrations were routinely determined using a Gilferd

125

“todine, which has a

2L0 spectrophotometer and the extimction coefficients and molecular

. weights given in the table below:

Protein 52280 cmj‘ Reference . H.Ht; Reference
Actin 1.0 Houk and Ue 42,000  Elzinga et al.
7 (1974) (1973)
Myosin 5.88 Verpoorte and Kay ~ 470,000 Lowey and Cohen
: : (1966) . (1961)
5-1 7-9 Yagi et al. 115,000 Weeds and Taylor
(19677 (1975)
Tropomyosin 3.3 Woods (1969) 65,400 Stone et al.
a + 8 subunits (1974)
Troponin L.7 Lowell and Winzor 69,540 Sum of parts
- (1977) cdte (1981)
_ . . ; -

2. The Dye Binding Assay

The dye binding assay used

~—

to monitor some of the column profiles
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waglbaged on the method of Eradfé%d (1976). The coomassie brilliant biue
G-250 frotein reagent {0.01% v/v dye, 4.7 v/v ethanol and 8.5% v/v phos-
phoric éi{d) can begabtained_aé a conicentrate from Biorad. The dye Eah;
‘ centrate was diluted 1:4 with digt?lled water. Equal parts of this sol-
ution and the column fractions of interest were mixed together and the

ASSEVHm was read after 10 min. Colour developement occured almost instan=-

tanecusly, and was stable for over 1 h.

3. Amino,Acid Analysis

Aming/acid anglysis was occasionally u#ed to determine protein

" concentrations. These wére done on a Durrum model D-500 or a Beckman

fiQ ¢ éﬁ;lysér which automatically integfated the peak areas of the émiﬁa
acids. | |

| Samples of proteins were hydrolysed in evacuated, sealed tubes
with constant boiling HCI aﬁd 0.1% phenol. Tubes were incubated at 110°C
for 24 h, the se* was broken and the liquid was drried down in a dgsic’;atér
over NaOH pgllet§;> Thg proteins were redissolved in E‘kﬁéwﬂ amount of

- running buffer and aliquots were loaded on the analyser. Values were ob-
tainedlfer Afa and Leu. With a knowledge of these amino acid contents in
the préteiﬁé, the protein molecular weight and the dilution factors uéedi

it was possible to obtain accurate estimates of the protein concentrations.
D. MYCSIN (S-1) ATPASE METHODS

1. The yg?jjdependEﬁti Actin-activated Hyaﬁihjséj) ATPase

The actin-activated ATPase of myosin and its fragments HMM or S-=1
(hereafter referred to as the myosin or S-1 ATPase) was measured essenti-
atly as described by Cote (1980). Proteins for the assay were prepared

the day before as*follows: G-actin, S=1 and tropomyosin were dialysed
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overﬁight at L°c agaiﬁstKBD mM KCI, 2 mM Tris pH 7.8, ‘5 mM HgCl , 0.1 m
EGTA and 2 mM CTT. Trgp@ﬁin'?as,dialysed in the same buffer w;;h;uf EGTA.
The proteins were clarified by centrifugation the rext day and the cancen-
:Eatiaﬂs determined by ébSéfbéﬁiE! Serial dilut{ans wére maée in order

to ensure accuracy.

ATP (0.2 M) hai made Sy dissolving 0.22 g disodium ATP in small
»aiiggati!aﬁ;ﬂgs M KOH unfil thg~§H-w;s 7.8. The volume was theh made up
.to 2 ml with assay buffer. »

Dilute KOH (10 mm) titrant was made from a stock 0.5 M salutigﬁ
which had been stahdarduzed against potassium hdeDgEﬁ pkthalate (Fxszher
Prlmary Standard).

Because DTT ga@sed s%gnifiééﬁt eléctraderdri%t, it was omitted
frcm the actual assays. These were conducted in. the Féilawiﬁg’méﬁﬁéri_
proteins wéré pipetted into glass vials and assay buffer was added to
give 2 ml final volume. The vials were put into a 25°C water bath to
equilibrate before being tﬁans?erred to a glass water jacket which main-
tained the temperature at 2532 during the course of the Experiméﬁt;

The pH was measured with a Radiometer GKZBZ]F eléitradei Aﬂyr
drop in the pH due to ATP hydrolysis resulted ig a signal from the elec- .
trode fa the Radiometer TTT-2 Titrator which in turn released the KOH
titrant into the assay medium via a SBUla syringe pipette. “This compen=
sation was recorded with a T}trigraph and the results were used to Eé]i'
culate the rate of ATP hydra]ysis,

Under theg& assay conditions the S-1 had a small but measurable
activity of Its own. This value was subtracted from the actin-activated

values when the contribution was greater than 5%,

*
=
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2. The k'-EDTA ATPase

Samples aFrmyasiﬁ or S-1 were dialysed for 2 h at Loc against 2
mM Tris pH 7.8, 0.6 M KC1, 5 mM EDTA and 2 mM DTT. Protein aliguots were

assayed in 2 ml 0.6 M KC1, 5 mM EDTA at 25°C following the procedures

outlined in the previous section. - - . )~r
E. OTHER METHOUDS. - et e
\

. Poly Acrylamide Gel Electrophoresis.

All gels in this thesis égre run on a SIéb gel apparatus using ﬁhe(
method of Sender (1971), which gives maximum resolution ‘of the tropomyosig:
subunitsg! Séﬁpies were dissclved in 6 M urea, 50 mH,KFGA pH 7.0, 1% SDS
B-MeOH (1%), bTngphEﬁD] blue (1% of a 0.5 & solution in C:1 M E?QA pH 7.0)

.and 5% glycerol. The, samples were incubated for 1 h at 60°C.

After the electrophoresis was complete, the gels were soaked for
1 hin 10% MeOH and 10% HOAC (destaining solution) to remove excess SDS
and were then stained for 45 min iﬁ‘GiZE% coomassie brilliant blue R-250"
in 50% MeOH and 10% HOAc. Destaining was done overnight or longer.

Océasicnally gels were cut into strjps and ézanned at 595 nm on a

Gilford spectrophotometer with a gel scanning attachment and recorder.

2. Radiocactive Igdiﬁatia§7§f Tropomyosin Subunits

The method for radiocactively iabeiiiﬁgrtrapemycsiﬁ with 125 iodine

followed the procedure of Eaton et al. (1575)g: Lyophilized proteins (L0
mg) were dissolved in 2 ml of 0.4 M KCI, 50 mM KPO, pH 7.0 and dialysed

to reﬁave tra@eé of reducing agents. The solutions were then transfered
to small capped vials to which 0.1 mg lactoperoxidase (Sigma) was subse-
125|

quently added (Morrison, 1974). The radiocactive iodine (20 ul of Na

carrier free, 17 Ci/mg, 50 mCi/ml, New England Nuclear) was first mixed
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with 10 u1 KPOy pH 7.0 and 3C w1 10 uM Na2503. Half of this mixture
(3¢ .1; 0.5 mCi) was transferec té each vial. The reaction was initiated
with 10 ) C.03% Hzoz.and stirring was maintained throughout the time ~

period. The samﬁ amaunt of Hzo2 was added ijbmore ;imgs at inggrvals
of 10 min. The fifth time, 10 ul of 0.005 M Kl was added along with ther
hydrogen peroxide. Ten min aftervthe final-addition, Lo Ll of 50 mM
DTT was addedito qﬁench‘th§>reatt}6nl i

Proteins were dialysed against 4X1 1 changes of 6.1 M KCl, 0.5 mM.
6fT and 50 mM KPOA pH 7.0 at 4°C. After>this_time they wgre centr;fuged )
in order to remove any particulate.maiter. Sampies of the supernatant
were counted (LKB 1270 Rackgamma !l ‘Y-ray counter) to determine the ex-
tent of I;belling and the specific actfvit; of the proteins. |

Stock solutions of proteins were frozen in smaller aliquots in

glass vials which were stored in lead containers at -20°C.
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CHAPTER 111

.

INTERACTION STUDIES WiITH 4 AND -TRGPOMYOSIMS

Tropomyosin(is a structpral protein znd has no enzymatic activfty
with which it can be quantified. Thus in order ié measure Tm's biologi=~
cal properties one must investigate its ability to interact with itself

-(in a head to tail manner) and with the other proteins of theuthinvfi}g-,
ment, namely troponin and actin. In these eXpefimehts we set out to dis-
tinguish the differences, if any, between a and 5-tropomycsins with re-
spect to these critera. The availability of both sequences allowed us
to interpret tﬁe result#. |

Fig. 7 i)justrates the primary structure of rabbit skeletal . and
cardiac tropomyosins. Since cardiachm and skéletalva-Tm have the iden-
tigél séqueﬁce (Lewis and Smillie, 1980) this figure can be used for our
purpose of comparison. Ouf of 284 residues, there are 39 substitutions
between the two forms. Most of these (23) are gituated on'the surface
of the molecules (sites for protein-protein interactions) and three occur
in the last 9 residues of the cﬁain (the head to tail overlap region).
The bulk of the substitutions involve exch;nges with chemica]ly'similar
amino aéids; hdéever two replacements (Ser229 to éiu and Hi5276 to Asp)
result .in a more net negative charge for the Bffofm, allowing the two

tropomyosins to be separated on CM-cellulose (Fig. 10). The repeating
pattern of polar ard non-polar amino acids characterigtic for coiled-coils
has been preserved in the B-sequence. In addition, the g-e ionic inter-
actions are mogtly conserved with the exception of the Ser229 to Glu ex-
change. This glutamic acid residue will experience electrostatic repulsfon

from Glu (position g') from the other a-helical chain. This may lead

224
to local destabilization of the coiled-coil (Mak et al., 1980).
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With this knowledce ‘tc start with, it became interesting to see

if the biclogical properties cf the two forms of Tm were similar.
A. HEAD TC TAIL POLYMERIZATION STUDIES

The head to tail polymerization prape%éy of trgpamyesjn-meiecgies
can be effectively studiéd with the technique of viscosity. At low ion-
ic strengths poTymeriiation is most apparent (Tsao and Bailey, l%fgg Kay
and Bailey, 1360}, but it dimfnishes as the ;iit-géﬁiéﬁtfégiéﬁ f; in= i
creased. +he extent of vistosity is also dependent on pH aéd tempera=
ture /lica and Ooi, 1967). |

McLachlan ‘and Stewart (1975) proposed a mode! fcr this head to
tail association. They suggésted that the tropomyosin overlap of ¢ a-
mino écid residues would occur by an interlocking of the flat btroad faces
of the two coiled-cob!s (one from the COOH-terminal of one molecule and
one from the NH,-terminal of another) This pairing would allow for the
most favourable hydrophobic and electrostatic interactions betweerf tﬁe
two molecules and would effectively double the thickreis of the filaments
in- the overlap region. Met,q, was postulated to play a major ''spacefil-
ling role' in the hydrophobic core of the two interacting supercoils. .

Johnson and Smillie (1977) studied the ability of & and S-trape-
myosins to polymerize while undergoing enzymatic digestion with carboxy-
peptidase A (a COCH-&erminél exopeptidase)} Their results showed that
in o-Tm polymerizability was iost»only after Hefzgl Haa been removed,
in agreement with the model above. In B-tropomyosin Hetzal is replaced
by an isoleucine. The similar digestion profiles for ;ha two tropomyo-
sins was an indication that lle plays a similar spacefilling role as Met
(both have rather bulky sidechaiﬁs). In other words, the HEE281 to lle

replacement is not expected to affect 8-Tm's ability to polymerize.



4¢

Two other anino acid substitutions occur in the head to tail over=

“lap regions (see Fig. 13); Hisz76 to Asn and "EESA;EE gegi Hisz7é has

been postulatec by MclLachlan and S;enari 6 form a saTtABFidgg.with Aspz
in the amino terminal region of the neighbouring molecule. This role
may éét be fulfilled by the Asn replacement in 3=Tm as itvhas an‘unﬁhafggd
side chain. Fina]l}i the térﬁinai Ile has been proposec tc link ionic-
ally wigh Lysg vié its.éhaégéd éa?b@x}lzgraupi rThis‘ralg could be main-
tained by Leu in the COQOH-terminal position. N .
Overall then, of three amino acid differences between the two sub-
units, only one should theoretically lead to destabilization of head to
tail iﬁ£EFaCtiDF$; the Hi§275 to Asn substitution. Mclachlan and Stew-
art's theoretical model, however, is challenged by the ﬁrystallggfaphig:
evidence of Phillips et al., (1979) which shows only a slight broaden-
ing of the trapa@yasin méleguig in the region of overlap (instead of the
double thickness predicted by-thg previous model). These }esgaréhers
proposed that the head to tail region may consist of globular domains.
How amino acids would relate to one another in these domains is ﬁég eas-
ily pfedigtabie.

Fig. 14 shows that a, B and cardiac tropomyosins all have the same
viscosity profiles. Viscosity in all three cases is highest at Whe iower
iaé}c strengths. McCubbin and Kay (7969) had previously shown that Tm
structure does not alter as a function of the salt concentration, so we
may interpret our results on the basis of head to tail p@[ymerizatian_ Rab-
bit cardiac tropomyosin was used as a control since it has the same se-
quence as the skeletal G-Férm, but’hadfgét been subjected to 8 M urea dur-
ing its purification. Cardiac Tm had the same behaviour as the skeletal

tropomyosins at all ionic strengths studied.. The technique of viscosity
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| 1 2 3 45 6 7 8 9 10
I\JH2 terminal AcMet-Asp-Ala-1le-Lys-Lys-Lys-Met-GIn-Met-

ﬂ(l *;Cg’iTTn igjn
‘ 275 280 284
COOH terminal Asp-His-Ala-Leu-Asn-Asp-Met-Thr-Ser-|le-

o< - Tm

275 280 284
CQOH terminal Asp-Asn-Ala-Leu-Asn-Asp-lle-Thr-Ser-Leu-

Z3=Tm

ng_ 13. NH, and COOH-terminal sequences of @ and B-tropomyosins. The
double headed arrows illustrate the His276 to ASp., and the
I]ezgh to Lys6 ionic interactions which are discussed in the
text.
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Fig. 14, A plot of the relative viscosity for skeletal a-Tm (®), skel-
etal B-Tm (@) and cardiac Tm (®) as a function of jonic
strength. Tm concentration was 2 mg/ml.
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irdicates that there is no difference between the various tropomycsins in

their abilities to polymerize in a head to tail mannér.
B. TROPOMYOSIN-=TROPCNIN INTERACT4ONS

An indication that traponin binding may be altered between the two
types of tropomyosin came from a study by Mak et al, (1980) in which the
smoothed a-helical parameters fof both sequences were calculated in arder
to provide an indication of the;hélicai periodicity éf the chains. Fig.
15 illustrates the comparison. a-Tm (=---) shows seven periods of about
b0 residues each repeated in the ﬁéurse of the 284 amino acids. The max-
ima and minima can be aligned with the ;;énd 8- bands (rgépectfvely) be-
low the profiles, which aré the putative actin binding zones (McLachlan
and Stewart, 1976 ). ThE.SiTm‘praFi]e {(.......) is similar to that of
a=Tm but the differences between them are accentuated in tﬁé ﬁQQH—égrmiﬁal
region (the area where troponin is thought to biné).'uhdaubtedly a reflec-.
tion of the greater number of amino acid substitutions in the létter half
of the m§13§uigi! This analysis, coupled with the fact that éata:(1978)
observed 3-Tm to bind less tightly to a TﬂiSEphéFDSé\QE affinity column,
prompted us to investigate further.

1. Ipéeraétiaﬁ by Viscosity

Ebashi a;d Kodama (1965) were the first to show that whole tropo=-
nin could specifically elevate the viscosity of tropomyosin abévé the le-
vel of a sum of their two respective viscosities. This result could be
mimicked with Tn=T (Yamamoto and Maruyama, 1973; Jackson et al., 1975)
and with CBl g the soluble cyanogen bromide Fragm&n; of Ta=T (Jackson et
al., 1975). Troponin may increase the viscosity of a Tm solution either

by transmitting a conformational change to the ends of the molecule or by

interacting directly close to the overlap junction via the Tn=T subunit.
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Evicence (Mak and Smillie, 1981t; Pato 3;,;]*; 1981) is mounting in fav-
our of the latter possibility.

In our studies, various amounts of whole troponin were added to

oo

+ or 3-tropomyosin under diverse ionic conditions and the relative vis-

cosities were assayec. For consistency both Tms were studied on the samé:
dgy And the same EFQpéﬁiﬁ preparation wa;;used to gbt;in thé data for all
the five curves. Reducing éaﬁdftiang were cruc:al for the repr@du;ibility
of the results. Thus all the prateiﬁé were pre—rEdUEéd with 100 mM :c-
MeOH and then dialysed @vernigﬁt against buffers ééntaiﬁing 2 M DTT,

Figuée'ié illustrates the %esgits thain&ég ‘Viscésity was %ighest
"at the lower ionic strengths (0.05 M XCI) and increased as the:mafér ratio
of Tn/Tm incrga;zd, The viscosity continued tg rise well beyond a molar
ratio of 1:1, a result Egnsistené witﬁ:the observations of Sugita et al.,-
(1967).v As salt was increased the relative viscosities b§;iﬁiip}é§rass—
ively less even though the interactions between the two molec ules are re-
ported to be ﬁQt entirely abalnshed (Greaser et al., 1972; Hartshorne and
Meuller, 1967) (see discussion). The profiles obtained show that a and é-
Tm appear to have essentially the same affinity for whole troponin in_the
KC! range from 0.05 to 0.25 M, ! |

2. Interaction by Affinity ghfaﬁgpagfaéhy

Since a preliminary experiment by Pato (1978) had shown altered
affinities between the two forms of Tm on a troponin Sepharose 4B column,
we ventured to reproduce these results. The troponin preparation used in
-making the column was the same one as had been used in the previous visco-
sity experiments. Proteins of interest were applied to the column and
were subsequently eluted with a KCl gradient. The salt concentration at

which the peak of each protein eluted was taken as a measure of its
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of a=Tm (@) and B-Tm (®m) solutions.

was | mg/ml, Tn was varied.

pH

A)

B):

c)
D)

E) -

The Tm concentration
The buffer was 10 mM cacodylate

7.0, 2 mM B-MeOH and salt (KCI) to the desnred concentha~
tion as indicated belaw

e
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strength of birding fo; troponin; The elution profiles in Fig. 17 clear-
show that bovine serum albumin, (BSA) which was used as a control;-does
not Sind (eluted }n the void volume). The two tropomyosins, however, were
retained to different degr2es. There was a significant and reprohuc?bie
(three times each) difference 15 the concent}ation cf KC1 needed to elute
B-Tm (Q.{Z M) and u-Tm (0.2 M). This was surprising in the light of the
results. from the preyious set of experiments, but confirmed Pato's previ-

ous observations. For this reason we chose a third technique to study

this interaction.

~ 3.  nteraction Studies by Gel Filtration

Gel filtration studies are useful when proteins are of different
shapes and sizes. Troponin and tropomyqsin are dissimil;r in' shape; how-
ever they have approximately the same molecular weight and so the resol-
ution between them would not be great enough far our purposés. Tn-T, a
"more likely candidate, introduces complfcations due to its insolubility
at physiological ionic strengths. This leaves only CBI a§ a possiblg
choicé. CBI has been shown to interact with a-Tm (Jackson et al., 1975;
Pearlistone and Smillie, 1979; Pato et al., 1981) and it is soluble at-low.

ionic strengths, Its approximate molecular weight of 18,000 daltons al-

lows for good resolution from o-Tm on a]Bio-Gel A-0.5 m column (1.2 X 90

cm) .
N
\\\\ Qur results show that CBl was eluted in fractions 30 to 34 and both
the tropomyosins in fractions 22 to 27. Mixtures of CBl with a or g-Tm
gave composite profiles (Figs. 18, 19, 20 and 21), depending on the ionic
strengths of the running buffers. At low KCl concentrations (0.1 M) CB!
associated strongly with both forms of Tm and co-eluted in the earlier

fractions (Fig. 18). Even here a small amount of CBl eluted at thke nor-
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buffer (see chapter I1) and were appliec to the column. After
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center of each peak (arrows) was used to calculate the ionic

f'strength needed to elute the protein.
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In the gels insets, the first unnumbered sample is a 8-Tm
standard and the last unnumbered sample is a CBl standard.
The intermediate samples are selected fractions from the e-
lution profile. Note that Tm dimers sometimes appear as
higher molecular weight bands in the tropomyosin-containing
fractions. This is more noticeable for B-Tm as it has two
Cys residues which makes it harder to reduce.
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mal position in the £-Tm profile (=====), which is indicative of a slight-
ly weaker affinity. At the higher ionic strength of 0.22 M KCI (Fig 20)
the proteins ran largely disseéiatgd from one another. The intermediate
values (0.14 and 0.18 M KC1) showed the most dramatic differences in CBI
binding ability between the tué%igapamyasinsg Clearly, both in the elu-
tion profiles aﬁq in the gel insets above them, the CBl was seen more |
tigh;ly associated with the a-form. Thus the interaction stuﬁies by gel
filtration agreed wéll with the_prgviaus affinity chromatographic results.
In both sets of experiments the dissociation of Tn from 3-Tm occurs

"earlier than for a-Tm, even though in one case we were dealing with whaie

troponin and in the other with a fragment of the Tn=-T subunit.
C. TROPOMYOSIN=ACTIN INTERACTIONS

The last set of experiments in this chapter deals with the inter-
action between tropomyosin and actin. Inspection of the Tm sequence in-

dicates that the 19.7 residue pdll!diiity (Parry, 1974; Stone et al.,

1975; McLachlan and Stewart, 1976a) which is repeated 'I4 times throughout
the Sequence of a-Tm is also found in B=Tm, esséﬂtia]iy without a change
(Mak et al., 1980). These periods can be divided into alterﬁatiﬁg sets
of a and B-bands which are thought to represent actin binding sites (see
introduction). Because most of the amino acid substitutians.arg chemi-
cally similar and because this periodicity %s maintained "in B=Tm, Mak

et al. (j§BD) predicted that the actin binding properties of both forms
of Tm would be similarg_ Wegner (1980), in studying the iﬁteréﬁtioﬁ of
a=-Tm homodime}s and a,B =heterodimers with actin filaments by ligh£ scat-
terihg methods, found that their affinities were very similar. The B8-Tm
homodiﬁer; however, has not been investigated.

Many factors can affect tropomyosin's ability to bind to F-actin.
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>Samé of these variables Etgmp, pH, urea) alter thea-helical content of Tm
anﬁ lower its binding ability to F-actin (Tanaka, 1972). Increasing ionic
strength and the addition of divalent cations also affect this interaction
without necessarily affecting the tertiary structure of Tm (see discussion
following). For this reason we used these variables in ;ur co-sedimenta-
tion experiments. )

I. lonic strength

In these experiments lzsladiﬁg labelled a or f~tropomyosin was mixed
with a standard amount of actin in a binding buffer of 3 mM Tris pH 7.8,
0.1 mM EGTA, 2mM ATP, 2 mM DTT and 30 mM KC! (based on Eaton et al., 1975).
For the sake of Ecﬁsis£2ﬁ§y, binding studies were done on the same day for
both Tms using the same actin preparation. As can be seen in Fig. 22, very
littte binding to agtinAcccured at the 30 mM KCI concentration. As the ion-
ic strength increased, the extent of association between the two molecules
increased, becoming maximal in the physiological range (0.1 ta 0.15 M KCI)
for both a and 3-Tmsp At higher KC! concentrations the affinity of a-Tm
decreased whereas the association betﬁeen B-Tm and iﬁién ani; decreased at.
even higher salt concentrations. fh: results show that 6-Tm has a stronger
affinity for F-actin at the higher ionic strengths.

z. Megnes i um Céﬁ;gﬁfratigg

Fig. 23 shows the results obtained when the magnesium GQﬁEEﬁtFEtiﬂn
was varied. The same buffer was used as in the gprevious experiment, but
. 2+ o e R L S
‘this time the Mg levels were varied. At about 3.0 mM total Mg“ a dram-
atic rise in the amounts of both forms of tropomyosin binding to F-actin
occured, and reached a maximum at about 4.0 mM. Further addition of the
divalent cation resulted in no additional increase in association, In

order to interpret these results it must be remembered that there was 2mM



Actin

uM Tm bound/ u M

Fig.

b Y

22. Effect of KCl concentrationon the binding of skeletal a-Tm (O) -
and B8-Tm (@) to F-actin. Each tube contained 10 UM actin and
2.8 uM Tm (2/7 ratio Tm to actin) in a | m! volume of 2.0 mM

DTT, 2 mM ATP, O.1 mM EGTA and 2 mM Tris pH 7.8.° The KC1 concen-

tratfon was varled from 30 to A0O mM. . :
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Fig. 23. Effect of magnesium concentrationon the binding of skeletal a-Tm -
(O) and 8-Tm (@) to F-actin. Conditions were the same as in
Fig. 22, only the KCl concentration was kept constant at 30 mM
and the magnesium ion concentration wys varied from 0 to 12 mM.
(Note, the ''free magnesium concentratfon'' starts after the 2 mM
mark, since before that point all th¢ added ions are complexed

by ATP in the binding buffer).
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ATP -in the bi@diﬁg'buffer and that the ng* ions which were added first
were bound jn a HgiATP complex. Only after all of the ATP had been ''ti-
trated" could excess amounts of magngsiém assfst }n the p%gtein!pratein
interactions. This a;éured very séaﬂ afterwards; in the range of 1 to

1.5 mM ""free'' magnesium ions.
D, . DISCUSSION

The technique of viscosity has been used in this section in order
to measure the self-association of the tropomyosin molecules as well as
the troponin=tropomyosin interactions. In both sets of experiments no
differences were seen between the two forms of tropomyosin in these re-=

S

spects. Head togytail polymerization falls off at the higher salt concen-
t;atiénsj as does the iﬂteraﬁzian with Tn, indicating that botH processes
‘are dependent on ionic iﬂtéractians betweeﬁ the molecules.  The fact that
staichigmetrie Tn/Tm association is seen in the ultracentrifuge even at
1.0 M KCI leveié may be dué to ghe fact that side by .side aggregation
(and pgrha§5 a small amount of head to tail association) can still occur
(Hartshorne and Meuller, 1967; Greaser et al., 1972), whereas the long
asymmetrical particles seen with electron microscopy at lower ionic
strengths (Yamamoto and Maruyama, 1973) would be abolished. Ft is these
aggregated forms that contribute most to viscosity measurements. Studies
at still higher ionic levels would be necessary in order to visualize
tions it may be diffi;uit to get as accurate data as with the lower salt

concentrations.

Qur-studies with affinity chromatography on a Tn-Sepharose 4B col-
umn provided some interesting results. Here it was clearly seen that

the ability for f=Tm to bind to the column was considerably less than
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for a=Tm. Both trapamyésiﬁsréluted well below 0.25 M KC! ' (in the range

where viscosity measurements had indicated that no differences were appar-
ent. The reason for this discrepancy could be due to tRe fact that chem=

ical coupling of troponin to the column could sterically

ter the bind-
ing sites for tropomyosin in such a manner that the pratein;pr@tein inter-
a;tians are weakened. s5till, the specificity ;F the ;Ffiﬁitfxgaiumﬁ is
retained for tropomyosin since the BSA control céme out in the void vél-
ume. Taken quantitatively, the results show us thatrﬁ-Tm has a'lgweé af-
finity for troponin relative to a=Tm.

Gel-filtratian studies using CBl1 confirmed the affinity chromato-
graphic results. The CB! fragment of Tn-f has a strong affinity for both
Tme at the dower ionic strengths but its associations are reduced at the
higher salt levels. The range of KC1 which is needed to observe this dis=
sociation (0.1 to 0.2 M) correlates well with the results from the Tn-
Sepharose LB column (0.12 to 0.2 M), but since we were using a fragment,
we cannot predict if whole troponin would give similar results. Never=
theless, a défiﬁit; difference between o and EB-Tms does exist with respect
to troponin binding ability. The B-Tm association is weaker. (

It is of interest to attempt to relate this observation® to the known
differences in the amino acid sequences of the two forms of tropomyosin.
McLachlan and Stewart (1976b) suggested that residues 197 to 217 may be
the region whére Tn-T binds on trapémygsin, since this segment of the se-
quence has more irregularities than any other. Inspection of the G and
Egsgquenées reveals that there are only three amino acid substitutions
hgre;;Thr199 tc lle, t?;.lui]2 to Asp and G1ﬁ2]6 to Thr. It is hard to ima-
gine only three conservative residue changes giving rise to the rather

large differences which were observed in the previous experiments. As



well, a variety of studfes on the nature of the Tn-T molecule (Pear!stone

et al., 13976; Pearlstone and Smillie, 1977; 1980) suggest that Tn-T is an

 open asymmetric structure (summarized in Fig. 24) capable of spanning an
extensive region of Tm. fmmuno-electron miﬁrascgﬁic observations by Oht-
suki (1975, 1979) confirm these results. Antibodies raised against Tn-T

and its chymotryptic fragments T] and T, bind aﬁér a broader region of the .

LN

“thin filament (10 nm) than do the Tn-C and Tn-1 antibodies. The work of
Mak and Smillie (1981b) provides evidence that’ CBl binds near the region

of Tm overlap, since tyrcsines 26! and 467 ~ere largely protected from
labelling with leiggine_?n the presence of this fragment. As well, non-

polymerizable tropomyosin (NPTm) which has its 11 COOH-terminal résidues
removed through carboxypeptidase A digestion, has a reduced affinity for~
€8B! (Mak and SmEIIEE; 1981a). There is much evidence, then to suggasf a
more extensive binding regiagn f;r t%ﬂpﬂﬁiﬁ; |
MIk and Smillie (1981b) have proposed thatrthe tw@*site'bindiné
of tropomyosin on the thin filament (Potter and Gergely, 1973; Hitchcock
et al., 1975; Hargéésiaﬁ and Cehen, 1973) may be jnterpreted in terms of.
a binfing of the CB2 region of Tn-T (residues 7! to 15]) clese to or at i
the head to tail overlap region of the tropomyosin malecules. A second
binding site may exist in the region of Eysiée of Tm and thE‘;DDHi}grmini
al region of Tn=T (residues 197 to 250) (Pearlstone and Smillie, 1981).
Since CBl of Tn=T mimics whole traeaﬁin in its differential binding to
a and B-tropomyosins, it would seem that these differences are mare‘likei
ly attributable to differences in the aminu acid sequence of the two forms
in the region of residues 258 to 284 of the tropomyosin molecule. In
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STRUCTURAL FEATURES OF TROPONHN-T

- 259 amino acid residues.
- 50% are charged at pH 7.0.

I no significant stretches of non-polar residues.
- a-helical content (35%) largely localized in
fragment CB2 (residues 71-151) which is 80%

a-helical and stable over pH 3.3 -9.1 and
0.1-1.1 M KCI.
- this stability inconsistent with CB2 existing as
- single extended a-helix in isolation.
Conclusion:  Tn-T probably exists as open

asymmetric molecule with helical
CB2 folded back on itself.

cB2 (80% &-
helical)
Tn-1 ™
~binding binding
bl e ERLELDCD [ W

LI )

-r . — ) i—%_: _
Tn_C ‘::gigih;?giéﬁ!' (/
binding. -1 | \
binding |

-

Fig. 24. The struitgral features of Tn-T. (Summarized from Pearlstone
et 3l., 1976; Pearlstone and smillie, 1977; 1980).
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Residue # a=Tm B=Tm
260 Leu Val

- 265 ‘ Leu Met
276 His Asn
281 Met Ile
284 {le Leu

Four of these are highiy conserved and only the substitution His,qg
by Asn might be expected to alter significantly the binding properties
of Tm to thevEBI fragment of Tn=T. However, the possibility that afher
substitutions more distant from the COOH-terminal region may have an
effect on the binding properties of CBl cannot be ruled out. Such sub-
stitutions, remote from the direct binding site for CB1, could lead ;§
subtle changes in the stability an?iﬁaﬂfarmatian of the coiled-coil
structure of the Tm molecule which cquld Ee transmitted to the (Bl bind-
ing region and lead to changes in i§§ affinity for this portion of the
Tn-T molecule. That this is possible is indicated by the fact that
£,8 dimers of Tm are less stable to heat denaturation and that conform-
ational transitions may be transmitted for long distances along the coiled-
coil structure (Edwards and Sykes, 1980).

Actin biﬂﬂiﬁé in this chapter was studied with the technique of co-

sedimentation. Tropomyosin and actin were mixed EQQEEHEf and then sed-

actin filaments pellet out, carrying with them any associated proteins.

Control experiments without F-actin indicated that less than 5% of the
' 0

Tm camé doﬁn under these éxperimeﬁtéi conditions. Eeéause Tm was radio-
actively labelled, an accurate estimate of how much sedimented could be
obtained (see methods),’ eliminating the uncertainties involved with $DS
PAGE analysis of pellets and supernatants.

We chose to study actin/Tm binding under two sets of conditions;
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increasing ‘ionic strength and increasing ng* §aﬁcgntratiaﬁ§. Neither

of these has been reported to alter the helix content of Tm (decfeésed

helix content decreases F-actin binding ability). Binding of both a and

B-Tms increases as the ionic strength increases, becoming maximal ?t 0.1

M KC1 (Maruyama, 196L4; Tanaka, 1972; Eaton et al., 1975). KCl p?abably

functions by éhangiﬁg the apparent charge on protein molecules, thué mod-

ifying their interactions. It was gratifying that maximal associations

occured in the physiological range of ionic strength. §hartiy after this

region, however, Furtggr increase of salt concentration led to the 5ppearé=

ance of differences between the a and B-tropomyosins. The £-form was

seen to have a stronger affinity for F-actin at the higher ionic strengths.

Eventually, though, it too lost its ability te bind F-actin,
Co-sedimentation studies under conditions where the ng* ion con-

centration was increased stressed their role in Tm/actin associations. .

Even under conditions where very little binding was seen (30 mM KC1), 1-2
mM '"free' Mg2+ can induce tropomyosin to bind maximally %c F-actin (Tan-

aké, 1972; Eaton et al., 1975; Wegner, 1979; Yang et al., 1979a,b). How

ng+ ions accomplish this feat is not completely clear. They could act

as a salt bridge between ﬁEighb@uf$ﬁ§ negatively charged residugé thus.
stabiliiing their normally unfavourable interactions, or they could stébil-
ize the F-actin polymer (Tanaka, 1972). At any rate, no differences be-
tween the two forms of tropomyosin were detected by varying the magnesium

concentration. g

How these results relate to the amino acid sequences is presently
unclear. Since most of the 30 amino acid substitutions are chemically
conservative, the putative actin binding sites are not altered much (Mak

et al, 1980). Nevertheless the experiments provide evidence that g=Tm
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(at least at the higher ionic strengths) has a stronger affinity for F-
acfin}

it is very difficult to judge the physiological relevance of these
results, given the limitations of the experiments themselves and the com-
plex nature of the in vivo situati?94 It is tempting to speculate, how-
" ever, that B8-Tm is more of a strué&ufhl protein than a regulatory one.
Because £-Tm has a relatively stronger affinity for F-actin and a weaker
one for troponin, it may be less effective in transmitting the Caz* in=
duced signals from troponin throlgh to the F-actin monomers (or, perhaps
in rolling closer into thé actin grooves apon activation). l% embryonic
muscle the need for quick responses to external stimuli is minimal. Here
- 'the increased iggupts of 6-Tm may serve a more functional role in organ-
izing the newly developing thin filaments. 7

Certainly this speculative thecry cannot be gasily checked experi;
mentally. However it is possible to compare both g:;pamyésins with re=
spect to ;heir abilities to function as ''regulatory'' proteins by using

a reconstituted actomyosin ATPase system This will be dealt with In the

next chapter.



CﬂAPTER v

ACTOMYOSIN ATPASE STUDIES WITH a AND g-TROPOMYOSINS

A. INTRODUCTORY REMARKS

1. The Actomyosin ATPase

it is now generally accepted that muscle contraction is a fgsuit
of the relative sliding ;; the thick filaments pasﬁ the thin filaments
and that this is accomplished by cyclic interactions of the myosin heads
 with the actin monomers (Huxley, 1969). ‘The hydrolysis of ATP by myosin
supplies the energy neéded for this moyement. This ATPase activity has
‘been a great asset in muscle research sinég it provides quan{itativg in-
formation of the events occuring during contraction.

The scheme below illustrates the essential features of the myosin

ATPase:
M + ATP <> M-ATP > M.ADP:-Pi ~=—> M-ADP -~ M
1 2 3 Y

where M refers either to wﬁole myosin or to its proteolytic fragments HMM
(heavy_meromyosin) and S-1 (the subffagment-l of HMM). All three.have
the abi[ity to cleave ATP but the fragments are soluble at the lower ion-
ic sgrengths where myosin is not (Lowey et al., 1269) . |

| in step | abéve, myosin (s-1) and AfP associate. There is:a very
large drop in free energy here and the binding is essentially irreversible.
.ln step 2, ATP is hydrolysed to ADP-Pi (the inftial Pi burst) which occurs
at a rate bf 150-200 s-‘.- Step 3 is rate limiting (Vmax) above ngg where-
as step 4L, the release of ADP is rate limiting below 5°C. Frgdugt‘rgiease
(step 3 for our purposes) ls very slow (0.05 s-r) under physiological con-

ditions (0.15 M KC1, 5-10 mM HgClz, pH 7.0) but increases with increasimg
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pH and ionic st(enéth. The K'-EDTA ATPase assay mgntiaﬁed in chapter ||
(which is done at 0.6 M KC1, 5 mM EDTA, pH 7.8) will give a turnover num=
ber for step 3 6f between.6-13 sgli It is useful in providing an indic-
stion of myosin purity during preparative procedures since at this high
ionic strength myosin is scluble and interactions with other proteins

(in the presence of ATP) are largely abolished. For a more complete a-

nalysis of the myosin ATPase the articles by Taylor (1979) and Shrivers

and Sykes (1981) are recommended reading.

2. The actomyosin ATPase

. =
. It ‘has long been known that the addjtion of actin to myosin at

_phfsiological ionic strengths would activate®the ATPase. Eisenberg and

Moos (1968;1970) performed the initial steady state kinetic studies
which were the fo;ndations of all future work. They showed that the ac-
tin-myosinrinterﬁctions follow the rules of simple kinetics. Ey keep-
ing the S-1 concentration constant and increasing actin, there was a

hyperbolic increase in ATPase activity. Double reciprocal plots yielded

smount of actin needed:to give 1/2 Vmax). Actin was seen to increase the

rate of product release from myosin 200 fold (10 sgl, pH 8.0, 20°C, low

ioni? strength). The Km, which is also a measure of the affinity of

myosin for actin, was shown to increase with iﬁéreasiﬁg'ignié strength
whereas Vmax was affected to a much smaller degree. Overall, actin was
seeh to greatly accelerate product release (step 3 of the myosin ATPase).
Pre-steady state kinetic studies of Lymn and Taylor (1971) shed
more light on the picture. Théy studied the kfngti;s of actomyosin dis-
sociation in the presence of ATP and found that at stoichiometric levels

of actin and S-1, this rate was faster (500 - 1000 si‘) than the subssquent

>
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Pi burst (150 si‘)_ Combining this feature with the other relevent fea-
tures of the ATPase they came up with the following model :

AM + ATP w=d= AM-ATP AM-ADP.Pi == AM + Pi + ADP

] JEZ J‘h 5
M:ATP === M:ADP‘Pi
3

TEE binding of ATP to actomyosin résulted in a large drop in Frée energy
and was essentially irreversible. Step 2, the dissociation step, occurs
faster than step 3, the initial Pi burst. Now the myosin-products complex
is seen to associate again with actin (Km, ionic strength dependent) and

product release follows (vmax). The attractive feature of this model is

that ‘it depicts one cycle of dissociation and reassociation for each ATP

hydrolysed, which was alsc postulated to occur in vivo during contraction.
! The Lymn and Taylor Mﬁééizpfediits that at Vmax most é} the myosin
will be in the AM-ADP:Pi form (since product release is rate limiting).
Eisenberg and co-workers (1972a,b) tested this prediction under conditions
whe?g actin would aﬁpraaeh the effective concentration in muszle]. Scan-

ning ultracentrifugation studies at 5°C showed that most of the S-1 was
dissociated from actin under Vmax conditions, contradicting Lymn and iji

lor's postulation. Eisenberg explained his results by adding another step

in the mode! above. The myosin, after the Pi burst, was considered to be

A . . Sy e :
in a non-refractory state; it could not bind to actin until it had under=-

gone a rate-limiting conformational change to a ''refractory state' (the

actin binding form). 7 .

Eisenberg's refractory state model predicts that at Vmax all the

Even though in muscle the ratio of actin to myosin is approximately

4 to 1, the fact that the proteins are oriented in the filaments means
Vmax conditions are approached at lower ratios than in solution, where
the association process is random.



S-] should be dissac}atgd from actin. The experiments, however, had
been done at 5°C where the AM-ATP === H-ATP step (which is reversible)
was pushed far to the right (M-ATP form). However at higher tempera-
tures Marston (1978) and Wagner andlﬂgeds (1979) found considerable as-
sociation of OCEiﬁ.aﬁd myasiﬁ in the presence af ATP. Stein §£;£LL*i
(1979) using stopped Flow absorbance, extended these obsefvations. When
actin_ana myosin were mixed together with ATP, they observed that a ra-
bid equilibrium was set up between the components. At low actin concen=
‘trations, AM association in the presence of ATP was small, but increased
hyperbolically with iﬁéreasing actin levels. In thisway a Km of binding
could be obtain;ﬂi There was a & fold difference in this binding con-
stant (M-ADP-Pi to actin) and the KA for the ATPase aitivity,.sgggestiﬁg
thaf the refractory state was still valid, and was the slowest step in
the cycle.

If ATP hydrolysis can only occur when 5=1 is off the aétin, then
these results predict a decrease in activity when actin levels are high
(sinée a considerable amount of 5-1 will be complexed with actin). Stein
et al., (1979) found no inhibition in the ATPase at the high actin levels
(greater th:n 200 uM) and so concluded that ATP hydrolysis could occur
in the actomyosin complex., In other words, dissociation of the myﬂifq
head is not nexessary to hydrolyse ATP. ’

The model below is based on this biochemical evidence and is
known as the modified refractory state model. It is presented in a sim-

plified version below:

M-ATP e MADP:Pi ~c==> M-ADP"Pi,
) ) {

AM + ATP ~c= AM'ATP =N AM:ADP:Pi ~—> AMADP:Pi ~—> AM:ADP =3 AM
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:Inisummary then, the actomyosin complex binds ATP and dissociates
(when the actin concentration is low) or stays associated (when actin
Eﬁncéﬁtratians are high). In either case, hydrolysis of ATP occurs
(initial Pi burst) followed by a F;EE limiting transition to a form
which associates strongly with actin. Finally, product release occurs.

3. Cross Bridge Hadgis -

Cross bridge models are highly theoretical and beyond thé scope
of this thesis. However, a few major points need to be brought forward
here in order to clarify future discussions. Myosin heads are thought
to bind to actin in two major states; with a 90° angle and with a 45°
angle (relative to the long axis of the;my@sin filament). These values

were derived from diffraction patterns of rém@}msales

=

in

rigor. Huxley and Brown (1967) determined that in relaxed muscle the my-
7

- osin heads do not téﬁ;ﬁ;{hé%a;;in filefents and that they extend per-

pendicular with ﬁéggezt to the long axis of the thick filaments (90°).

In rigor muscleithe diffraction pattern (Moore et al., 1970) is altered.

The shifts in jotensity have been interpreted such that the myosin heads

~bind actin and have another angle of attachment (45° with respect to the

long axis discussed abdve). .

State | is thought to occur with HsATE and M-ADP:Pi whereas state 2 is
thought to occur with M-ADP and nucleotide free myosin (see also Fig.

5 in the introduction). The tr3nsition from stat; | to state Z repre-

sents the "power stroke''.

Eisenberg and Green (1980) have proposed a current model of cross-

- |
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bridge action. C(ross brfdggs are considered to be elastic structures
which can bind over a wide range of angles (45° and 90° are preferred .
angles). Certain binding angles (90°) are assumed to be in rapid eg-

uilibrium with their unattached states, and all transitions in the cross-

&
bridge cycle are considered to be reversible.

~ 4.  Mmechanisms of Regulation by TfpgggyﬁsjpéTrgpaniﬂ

The interactiops between actin and myosin are modified in Eéé
presence of the regulatory proteins, tropomyosin and troponin (Tm:Tn).
The steric blocking model suggests that Tm physically blocks myosin
binding sites in relaxed mgscle, wh;feas in the presence of calcium it
rotates t@wardé the center of the F-actin grooves and allows the myosin
intermediates to bind. Under some conditions, however, ATPase activity
occurs EUEﬂ!iﬁ the absence of Caz*. Bremel et al., 61972) showed that
at low ATP lgéelsi $S-1:ADP could bind tightly to regulated actin as ''ri-
gor complexes'' thus pushing the relatively rigid tropomyosin molecules
into the_Fia;tin grooves and opening binding sites for the remaining
S-1-ADP-Pi iﬁtermedfaégsi This was not incompatible with the steric
blockigg model since 5-1-ADP was considered to successfully ‘'compete’’
with tropomyosin for actin binding sites.

Greene and Eisenberg (1980) extended these observations by
showing that $-=1:ADP bound more weakly to regulated F-actin (less than

1 :
). However, once the

5

103‘n") than to unregulated F-actin (2 X 10° M

S-1-ADP had gajneq access to the regulated filaments (higher levels of
saturation), tl;éw S—llﬁ‘ bound 3 times more strongly (7 X 10° Héi)_ T™is
did‘not disagree W}Fh the steric blocking m@dél either, except that
the”same phenomenum occured (with essentially the same binding constants)

for filaments imuthe presence of calcium, the only difference being

> \



"that the cooperative transition between the weak and strong binding
forms occured sooner. In the presence of §32+ the steric blocking mod- '
el would predict that S-1-ADP ‘should have a similar affinity as it has
to unregulated actin filaments. If regulated actin can exist in two
forms 2weak of strong with CaZ+ and S-I-ADF.beiﬁg allosteric effectors
bet&éen the two states) then the binding of the other myosin inte;méaé
_iates would be expected to follow a similar pattern as S-1-ADP.

Recéﬁtly Chalovich et al. (1981) tested the affinity of S-1-ATP
;nd S-1-ADP-Pi to regulated ;ztin filaments using stopped flow absor=
bance meaSuremgnts_i Their results surprisingly showed that the Tm:-Tn
complex had very little effect on the binding of these intermediates.
Both in the presence and absence of calcium this value Q;; 1.3 x 1ok Hé‘,
eveh when the ATPase activity was 96% inhibited! Singiginhibiti;n of
binding for these 90* cross bridge states déas.naﬁ accgr whereas the 45°
states are affgiteﬂ.rthgy speculate that Tm*Tn must somehow inhibit pro-
duct release (the 90° to 45° transition power stroke). Since the 90°
cross bridge intermediates can interact with relaxed filaments, they
w;re postulated to be in rapid equilibrium with their unattached states.
This would account for the lack of stiffness in relaxed muscles.

Ong\finai feature of regulated filaments must still be explained,
and that is tgéf%x;bf{;é; to increase the A%P hydr@l;;is of myosin above

.the level of unregulated actin filaments. This is called ""potentiation'',
and it occurs in the presence of rigor complexes and also at higher. ra-

, tios of S~1/actin (Bremel EEEE;;! 1972). it is difficult to see how po-

tentiation can be explained in terms of the steric blocking model. Once

Tm has moved to the groove (uﬁ;évering all the m;QSin bindiﬁg sites on =

the F-actin monomers) how can it give rise to the superactive state? Can



Ait be that Tm can iﬁdu;e conformational changes in the F-actin monomers,
thus increasing their affinity for the myosin intermediates?
Evidence does exist that actin plays more than just'a passive

role in the regulatory processes. Poo and Hartshorne (1976) have repor=
, '

ted that glutaraldehyde érassgliﬁked actin filaments are ''frozen' in thg-

gétive state and are no laﬁgér subject to inhibition by Tm-Tn, évemr

though their binding is not impaired. As well, Yang et al. (1977519793,

b) working on Acanthamoeba and skeletal actin co®polymers have shown that

trap@mvésin seems to affect each type of actin monomer differently.

B. THE ACTIN=ACTIVATED MYOSIN SUBFRAGMENT-1 AMASE SYSTEM

Since all of the work in this chapter \till deal with the actin=
activated ng*’dgpéﬁdéﬂt S=1 ATPase (actin-S-1 ATPase for short) a few
of the controls and precautions used in the following experiments will
be documented here.

. ATP hydrolysis can be iéﬁvgﬁientiy followed using a pH electrode_
(pH stat method). Protons liberated from the ATPase rgaégign are titra-
ted with a known amount of base and this quantity is registered directly
with a re;afEing device, thus giving quantitative estimates of the rate.
For our purposes the pH stat method was especially useful as we wanted to
examine the effects of the regulatory prgéeiﬁs on the actin-S-1 ATPase
immediately uéaﬁ their addition, one at a time, both in the absence and
presence of calciun. The phosphate determination method (which involves
taking aliquots of a reaction mixture at timed intervals to estimate the
release of inorganic phosphate) would have been much more cumbersome and
also not quick enough to measure results of a more transient nature.

The use of a pH electrode does restrict the experimental design
L

5
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somewhat. Extremely high concentrations of proteins and the presence of
DTT tend to interfere with its performance and sa must be avoided. As
well, the electrode cannot distinguish between protons released due'td
ATP hydrolysis and those of another origin. Thus it is important to have
all pratging,-buffers'and the ATP stock solution at the proper pH. Even
under optimal conditicns a small amount of electrode drift aﬁcuréj so in
situations where the hydr@lysié rate is low, the accuracy of the pH stat
me thod Faii; off. 2
As previously mentioned, the association between aitin.and myesin

(hence the rave af the ATPase) is ionic strength dgpe%dEﬂt. Atfﬁhysiga
lcgicél KCl §an¢eﬂt?atians (0.1 to 0.15 H KC1) this interaction is very
weak and the rate of ATP hydrolysis is difficult to detect (with.any mar-
gin of ae;uracy) with the electrode, For thls reason our experuments were
done at lower ionic strengths (4 mM and 30 mM KC1).

| Enzyme kinetics are usually done at saturating iéselsraf substrate:
In our case actin may be caﬁsgdgrgd kinetically equivalent to a substrate )
of myosin S5=1. Preliminary exp:rnments’at L mM KC1, 5 mM HgCIZ, 0.1 mM
EGTA, 2 mM Tris pH 7.8, 2 mM ATP and 2 mM DTT indicated that even at these
low ionic strengths we would still need 100 uM actin to attain vmax. At
this concentration, actin is extremely viscous and tends-to intérfgre
Qith the performance of the electrode. As a compromise we chose more
stdichiometric ratios of $-1 to actin, but found it necessary to do a num-
ber of dontrol experiments in order to determine the eFfeit of dilution
on the rate of ATP hydrolysis (dilution alters the relative concentration
of the proteins in the assay mixture). Volumes up to 0.2 ml {of buffer

of the same ionic strength) per 2 ml assay, decreased the ATPase activity



- .

by less than 5%. For this reason subse&uent additions’ to our assay mix-
ture were kept to within this limit. As well, 0.1 mM free calcium had
little (less than 5%) effect on the observed rates, although at higher
levels (1.0 mM) significant inhibition (40%) of the ATPase was seen.

Once the controls were set up, the assay gonditiéns wére tested.
S-1 anc actin concentrations were choséd’and were kepf constant between |
sets of assays. For each a;say the in}tial rate of ATP hydrolysis\fqr .
these two proteins alone w;s taken in the presence of ATP(100%) and then
the’regulatory proteins were added ?ne at a time (tropomyosin firstm then
troponin) in order to determine their effects on this rate, Calcium.was
the final addition and it provided a measure o% thel”calcium sensitive
release'’. ‘At 4 mM KCI, however,‘we saw very little relé&ase of inhibi=
tion in the presence of'CaZ+.‘ Hhen we tried the assay at 30 mM &Cl&wi;h_
the same proteins, more ''physiological'' results were obtained; good. in- -’
hibition by the Tm-Tn rqul?xory proteins (up to 65%) and gooa rgfeasex
of inhiﬁition by calcium. Our conditions, then wére thehfollbwfggz 30

mM KC1, 5 mM -MgCl 2 mM DTT (used only to pre-reduée the proteins but

2’
Aot in the assay itself), 0.1 mM EGTA, 2 mM disodium ATP and 2 mM Tris

pH 7.8. These conditions are similar to those of our binding buffer
r - s

(chapter 3) except that magnesium is added in order to ensure thai the

tropomyosin will bind to the actin filaments at 30 mM KCI-. 7\
' )
ATP hydrolysis in an acto-S-1 system is linear over a wide

range of ATP concentrations (Bremel et al., 1972)\thus product inhibi-

5 M, S-1.

tion is .not a problem. However,” when ATP levels fali below 10~
ADP rigor complexes may become abundant and potentiate ATP hydrolysis

in a sho}t burst before the remaining substrate is exhausted. This phe-
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numenum is seen with regulated filaments only). In order toavoid for-
mation of rigor complexes, our measurements were performed before 25%

of the ATP had been hydrolysed (1.5 mM ATP lzft), This was aieésiaﬁallf
" B

checked by.letting the titration do to completion.

A1l experiments ™ this chapter were performed using 5-1 of high

specific actiyity; 13-14 s!‘ f!!!ié K*iEDfA system. Wagner and Weeds

(1979) had shown that the different iscmegs of $-1 (S-1-Al or S-1-A2)
have slightly different pr@pgftiés in the actin-activated S-1 ATPase $y-
stem at low jonic strength (6 mM KC1), but that these differences were.

N less pronounced at the higher salt concentrations (26-46 mM). For this

= L4 LI

reason we popled both isomers together (Figi'f])ita form a 'population™——
- ) ’ .

of S=1 which was refresentative of the rabbit hind leg. Under Wagner's
N ,

assay conditions we observed a Km of 17 uM and a Vmax of 10 s!] for Bur
- -

p%&paraticn, which were intermediate to his 5-1+Al and S-i*éi}vaiues. In
our assay, the gfkﬁaJPﬁe hgd a small but measurable ATPase activity of
its own. This vaﬁue (0.035 umole Pf/min/mg) becomes significant in exper-
%ments where thg;S-J lé?e]s areéhig% relative to thas;jéf actin., This
endogenous aé?i&ity has been subtracted from all data where it contributes
‘greater than 5% to the initial aétiﬁfacfivated rates.

Finally, control experiments at four differeht S-1 to actin ratios
indicated that cardiac Tm and skeletal a-Tm (which had been purified us-
"ing 8 M urea) had the identical abilities to function as reguiataryvprgi:
teins in our AT%asé system, both in the presence and in the absence of rf

calcium.

e

. . . ] .
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C. RESULTS. *

L4

Keeping these facts in hind, it was possible to obtain some consis~
tent and reproducible data with this assay system. For each of the fol-

lowing graphs the S-1 and actin concentrationséere kept constant (detafls

LY

are given in the figure legends). The AT;BhYdFOIYSiS rate in the absence

of regulatory proteins was taken first and’constituted the 100 value. Tro-

)

pomyosin was then added to the assay, and its effect on this hydrolysis
rate was recorded. A separate assay was carried out for each of the Tm
,Eoncentrationé shown in the following figures. The Tm effect was record-
ed in half-shadea symbols in Figs. 25;v26,_27 and 2B. After tropom;esfn;
troponin was added to the‘assays. Th& Tn concentration was ‘kept constant”
at | fo 7 with respect to actin in all qf the experiments. The Tm-Tn in=
hibition fs illustrated in all of the figures with solid symbols? Finally,
i A

0.2 mM calcium was added to the assay (giving 2 0.1 mM "free' Ca2+'can¢§n—

'y -

tration) in order to give an estimate of’the calciuh sensitive release of
inhibition: These vgiues have been recorded with the open symbols. One
assay then,’gives three points at each -Tm concentration ih the figures.
OQur first experiments were done using a molar ratio of $-1 to ac-
tin of 1 ;o 2. Under these conditions cste (1980) had prev}ously shown

-

‘thét good inhibition and release of inhibition could be obtained. He aléé
' had noted that potentiation of'the ATPase‘occurred at the lower ratios of .
Tm to actin. Figure 25 iilustrates the results»of an a-Tm ""titrdtion"
experiment. The tropomyosin inhibition aloneﬂjs good,~appro§ching the L5
value (55%) when the molar ratio of Tm to ac;fn exceeds 0.14. After this
point the inhibition levels off. The troponin gives an added inhibition

which .is more noticeable when only a small amount ‘of tropomyosin had been

added. The first point on the graph (where Tm added is zero) provides'a
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represent Tm effect a

ne on the ATPase activity in the absence ~

of calcium, solid symbols represent the Tm-Tn inhibition and
open symbols represent the activity in the presence of calcium.
Assay buffer contained 30 mM KC1, 0.1 mM EGTA, 5 mM CaClp, 2 mM

ATP and 2 mM Tris pH 7.8.

"The ATPase activity of 5-1 and actin

alone (100 mark) is 0.311 umol Pi/min/mg S-1 (0.613 ;*1)5
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./ The assay contained 3 uM S-1, 6 uM actin and 0.857 UM troponin.

B=Tm was varied between 0 and 0.18 UM, Half-shaded symbols

represent Tm effect alone on the ATPase activity in the absence

of calcium, solid symbols represent the Tm-Tn inhibition and
open symbols represent the activity in the presence of calcium.
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alone (100 mark) is 0.311 umol Pi/min/mg S=1 (0.613 s=1).
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a control fop the experiment. Here it can be seen that troponin alone can
give a 15% calcium sensitive inhibition of the ATPase activity (Potter and

Gergley, 1974),

In the presence of calcium we saw a potentiation for a-tropomyosin

of 35% (135 value) over that of the original ATPase activity. At the high-

1

er levels of tropomyosin to actin, this potentiataon falls off slightly .
At the present time we do not know what causes this lowering of activity.
- ' . R . .
Figure 26 illustrates the results for B=Tm under the same experi-=

mental conditions. The &=Tm thEHtlatlBﬁ values from Fig. 25- have been
reagrded here (---=-) for :amparusan The inhibition profiles FDFiBiTm\

* :
as compared to the'®-form both in the presence and absence of troponin

%

were essentially identical. Haéévgr,upan add[ticn of calcium, the B-Tm
was less able to potentiate the ATPase (@nl; 10% as gaﬁpared with 354)

As the two ESPEFImEﬁtS had been pEFFéFmEd on the same day, and with the

s affie S—I;VEEEIHiand tfapﬂﬁiﬁ preparations, we felt that our reagrd;d dif~

ferences were valid. The question now asked was whether or nof the am-

%

plification could be inéreased at yet higher levels of S-1 to actin.

Figures 27 and 28 were done with a molar ratio of §-! ta actin of 2 to 1.

Fig. 27 lllustfates the results with @=Tm. First of all, .the addition

of Tm alone to the acto-5-1 resulted not in inhibition, but in a slight

(25-35%2) potentiation. That Tm alone can potentiate the acto-S5-1 ATPase
had been observed previousty by a number of workers (Bremel et al, 1972,
Eaton et al., 1975 and Shigekawa and Téﬁamurai 1973), so was not a novel

observation. The addition of tfcpa;iﬁ resulted in a net inhibition; how=
§VEF this value (40%) was less than%n Fig. 25 (65%) at the lower s-1
to actin ratfg, There seemed to ;e a cerreiatigr, then, betwe?n increas=
ing S!liievels and a dgcreasé in the ability @% the regulatory pFQtEFﬂE

86
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to inhibit the ATPase. The most startling results, thabgh‘ were the Ca
activated values. For a=Tm the calcium §=n5|t|ve rglease of |ﬂh|b|t|an
approached a yvalue 150% higher that the arigiﬁal gg;p—s-l activity. As

more Tm wa¢ added, these potentiated values became less pronouncgd (as

r o

in Fig. 25).

Frgure 28 illustrates the 3-Tm curve under the same conditions.

£ -Tm added alone to the assay gave a s1iight thEﬁtlatléﬁ of the ATPase:

activity but this value was slightly less than for a-Tm (1C% as tompared

" with ™ 25 to 35% for a=Tm). The addition of troponin to the system result-

®d in an inhibition by Tm*Tm of LO% (in agréé;gﬁt with the previous
values for a-Tm). Finally, thg>additiéﬁ of calgiumh resulted in a pQFEﬁtJ*
ation of 110%. This was cbnsiderabll less théﬁ was‘abserﬁéd for a=Tm

(as illusfrated by the dotted line). Where the two tropomyosins differed
by onty 20% at the lower ratios of §=1 ;é aétfﬁv(Fﬁgs,.ZS and 26) they
now differed by 40%. It seems, Eheﬁ, fhat the higher the S-1 to éctin_

ratios are, the more "amplified' the differences between the two forms of

-

“tropomyosin become. This would predict that at lower S-1 to actin ratios
the two forms would become more alike in their abilities to respond to

. -
the calcium signal.

Fug 29 illustrates an experlment danekg*th both tropomyosins un-
der condltnons of one §-1 pgr seven actcn mananers As can be sgen, the
|nh|b|t|on of both tropomyosin Fgrms is snmllar, and so is their ab:l:ty;
to release ghis inhibition in the presence of calcium. Na patent>at on

~of the ATP hydrciysi§ba§;ured f@r either Qf the Tms at any point in the

curves in the presence of calcium.

Once our assay system had been set up, it was of interest for us
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. to see how non-polymerizable tropomyosin (HéTm).wguld]fgnct?an as a re-
placement for normal tropomyosin. We chose to do the experiments at an

1
$-1 to actin ratio of I to 1, hoping for reasonable levels of inhibition

and potentiation. Fig. 30 is the a-Tm control zdrve; Inhibition in the

presence of troponin was good, (65-70%) and calcium sensitive release of

to the values obtained with the 2 to | (160%) and 1 to EX(BD%) molar ra-
tios of $-1 to actin., NPTm under these conditions behaved entirely dif-
ferently. First of ‘all, when NPTm was added to the S-1 and actin in the.

S - . ' v ! .
presence of ATP, it had no effect at all on the hydrolysis rate. This

was ﬁ?t entirely uﬁexpeéted since NPTm binds negligibly to F-actin und?r
conditions where a=Tm binding is maximal (Mak and' Smiilie, 198133, and
as,éuch;shguihrnat be expected to affect acto-5-] iﬁéeraztigns, Tﬁé ad-
dition of tF@paniﬁ brought the inhibfticn down to within 102 of the aiTﬁ
EﬁIUESZtSEE Fig;_Bi)., The subseguent addition of calcium released the
NFTm@Th iﬁhibitiaﬁ Egmpletely;-hewever, no activation was seen. The rate
af the ATP hydrolysis ‘was esseﬁtially the same as for unregulated actin
“filamgnts;

| Since the process of prgpéring:HFTm (Ha% and Smillie, 1981a) iﬁ}
volved heating the digested tropomyosin for 3 ﬁ%nutes at 85°C (in order
to inactivate the carbe:ypgptidasé A) it was important for us to see how'
.heat treatment might affect Tm's biological activity. Cummins and Perry

-(1973) had shown that heat denaturation of tropomyosin (* for 70 min.

or 100°C for 10 min.) would affect the ability of Tm to inhibit the Hgi*
stimulated desensitized actomyosin ATPase (see discussion for details)
by over 80%. We decided to test the conditions used in making NPTm on

samples of a-tropomyosin in our actin-S-1 system. We chose an s5=1 to

89

-~

"



!

Fig. 30.
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Effect of a-tropomyosin on the actin~ac®vated ATPase of 5-1.

3 UM 5-1, 3 UM actin and 0.428 UM troponin.

a=Tm was varied between 0 and 0.9 'uM. Solid symbols represent

~the Tm:Tn inhibition and open symbols represent the activity in

the presence of calcium. Assay buffer contained 30 mM KCI, 0.1

mM EGTA, 5 mM CaCl,

" activity of §5-1 aﬁé

/mg §-1 (0.546 s1),

2 mM ATP and 2 mM Tris pH 7.8. The ATPase

actin alone (100 mark) is 0.277 umol Pi/min
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- EGTA, 5 mM CaCl,, 2 mM ATP and 2 mM Tris pH 7.8. The ATPase

activity of S-1"and actin alone

7 (100 mark) is 0.277 umol Pi/min
/mg S=1 (0.546 s‘]). '

Assay buffer contained 30 mM KCI, 0.1 mM
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actnn ratno of 1

Ibuffer plus 2 mM DTT) wés heated,
sntervals samples were wrthdrawn

room temperature before beung assayed

tol. The a- trOpomyOSIH sample (1.25 mg/ml in ATPase

in a water bath at 85°C- and at timed

These samples were allowed .to come .to

utes at 85°C, the remaining tropomyosid was boiled for ae adaitipnal 10

minutes. It was assayed after cooling.

~

show,that heai trefment of tropomyosin

\ ¢ )
The results in the table be low
in our assay system had no effect .

the abalnty of Tm to, functnon as a regulatory protenn, either in in-

)

hibiting or in actovatnng the acto-§- ! ATPase aCtJV(tY The results’ show

that the thermal

Temperature °C

denaturation of tropomyosin

~The results in this 7h

is reversab1e= .

.

 %Potentjation

\\
. Time (min.) ZInhibition
3° . . @51
8 58
15 "5y
2C 58
to ks

46
45
- ho
43

apter have been verified with two- di fferent

S-1 preparat:ons, and numerous actin and Tm subunit preparatnons, so

the differences we see between a and 8- tropomyosnns are not artifacts’

due to one particylar protein batch.
for all the ATPase experiments réported here,
Tn was used. Troponin

rajios tend to vary from preparation to preparation,

.

~

Troponin was the'one exception,
only one preparation of

is"a complex of three polypeptide chains and their

regardless of the

care taken in keeping the purafucatnon procedure consistent. Batches

higher in the Tn-T subunit were found to be less capable of giving 100%

_release of lnhzbntxon

present as | to 7 ratios.dfha/’

th respect to the actin concentration. (stan-

dard conditions) .
{

The Caz*

sensitivities of several

at $-1 to actin rat{os‘o! 1°to 2 with Tm and Tn

troponins were

92

in the usual manner. After 20 min- ]
e =
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tested and the one that gave the best rejease of inhibition was used
for all the assays. We considered this functional test to be the most

reliable one for our choice of a suitable troponin preparation.

D. DISCUSSION

In this chapier, a and R-tropomyosins were compared with respect
to their abilities to function in a reconstituted muscle system. The
assay conditions of 3 mM free ng* and 30 mM KC! were chosen sincg'the
reconstituted acto-5-1 Tm-Th system exhibited good calcium sensitivity
under these co;ditions, and p;rmitted the ATPase assayé to be carried
out in a reproducible manner.

The biological activity of a and B-tropomyosins had been previous-
ly t;sted by Cummins and Perry (1973) using q;gensitized actomyosin. lIn
an assay system of this type it is difficult to obtain a guantitative
e;tﬁmate of the ratio of actin to myosin since the proteins have not been
separately purified and reconstituted in known amaunts. As'well, it is R
difficult to be sure that all of the pre-existing regulatory protein; L
have been removed. The conditions these worker§ used for the assay (25
mM Tris-HC! pH 7.6, 2.5 mM ATP, 2.5 mM Mgclz and | mM EGTA) also cast
"doubt as to how well the Tm would te able to bind to actin. Our bipdin;'

studies in chapter 3 had shown us that at least | to 1.5 mM ""free" H92+

must exi;t for maximal binding to occur. Under the experimental condi-
tions above, all of the magnesium ions would be bound’up as Mg-ATP. Fin-
ally, although Cummins  and Perry had studied the effect of a and B-Tms
as'inhib}tors of the ATPase activity (both in the presence‘and absence
of froponin), no study had ever beenAund;rtaken to see how w;1l the tro-

pomyosins functioned in the presence of troponin and calcium, where re-

lease of inhibition occurs. For these reasons we undertook a reinvesti-
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gation of this g%ea using an acto-5-1 ATPase Systeé which héd bEEﬂFEéFE‘
fully tested in control experiments.

Skeletal tropomyosin has been postulated to bind in two ﬁﬁsitiﬁﬁé
on the F-actin filament; near the periphery (inhibition) and closer to
the center of the groove (activation) (Ha;glgravg, 1972; Huxley, 1972
and:Hakabayashi et al., 1975). In this model system Tm would function

. . " :
to sterically block the hycsiﬁﬁﬁggd (as originally Suégésted by the data

. . .
of Moore et al., 1970; -chal lenged b;%§Eym§ur and 0'Brien, 1980; reaffirm-
ed by Taylor and Amos, 1981. See Squire, 1981 for an overview). Alter-
nately, a movement of Tm could cause a conformational change in the F-
actin monomers, making them more or less rec§ptive tafthe myosin heads.

- Our studies indicate that at low rétia§ of S-1 to actin, tropo-
myosin binds preferentially in 5{3 inhibitory position. For instance,
at an S-1 to actin ratio of | to 7, both a and B-tropomyosins alone in-
hibit the ATPase activity by 60%. The addition of troponin gives rise
}o an extra added imhibition, egggiially at the lower ratios of tropomy-
osih:(iess than 0.142 to 1 with fesPEEt to actin) where the filaments
are not yet "saturdted''“with Tm. Troponin, possibly through its inter-
actin with ae{in via’Tn-1, provides an additional stabilization for Tm
igsthé inhibitory state, espe;iall{ noticeable in Figs. 27 and 28.

At the higher levels of 5-1 to actin (greater than 1 to 1) Tm
alone is no longer caéable of binding in the inhibitory position, pos-
sibiy because of the fact that at any one time a high concentration of
myosin intermediates are interacting FavaurablyAwith_the_F—aztin mono=
mmers. In this éasg; Tm would be induced te bind élasgﬁ\in the groove in
the activating position. Once it does, hawgv§r, its binding stabilizes

the filaments and the activity is potentiated (see Figs. 27 and 28).
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Thus we have a synergistic response; mvﬁsin forces tropomyosin into the
activating position and this binding in turn facilitates myosin-actin
interactions. The addition of troponin is partially able to counteract .
the myosin effect and results in an inhibitory response, but this inhib=

ition is now weaker (4L0%) than at the lower ratios of S-1 to actin.(65-

70%).

Overall then, the interaction between Tm, actin and myosin heads
seems to depend in a complex manner on their relative concentrations
(inhfbition decreases as S-1 to actin ratios increase) and also on the

‘nature of the proteins themselves. For instance, Yang et al., (1977)

have shcwn that Acanthamoeba actin with skeletal myésiﬁggﬁéwgﬂattivaticn

vupoﬁ the addition of skelétal Tm under EQﬁ!.!iDﬂs wherezékeletalgfé in=

hibits skeletal actomyosin. As well, Sobieszek and Small (1977) have iéi

shown that smooth muscle Tm alone is capable of aitivating the actomyo--
sin ATPase under conditions where skeletal Tin does not.

In the presence of calcium amd troponin our results show that a

release of inhibition occurs in all cases. At low ratios of $=1 to ac-

tin (1 to 7) this ;elease gives 5a¢k appr@#imatelf 100% of the original
unregulated value, but at higher levels of 5-1 to actin, potentiation
of the ATPase activity is éeen! At these potentiated levels the difFer;
ences between & and B-tropomyosins ére obvious.

Potentiation by rigor complexes at low ATP levels and by high con=-
cehtrations_of S-1 at high levels of ATP has been well dé;uﬁenteﬂ (Bre- -

mel et al., 1972; Shigekawa and Tonomura, 1973). Based on these obser-

vations Murray and Weber (1980a,b) propbsed that a competition exists be='

tween S-1 and tropomyosin for actin binding sites. This competition is

in Tm's favour when the $-1 to actin ratios are low. Because Tn enhan-.
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e
ces trohomyosin's bindiﬁg to the peripheral sites, it increases theﬁabiii
ity for Tm to compete effectively with?S!li According to thisgiadéﬁ, E;Tm
would appear to be a better ‘''competitor' for myosin biﬁd}ﬁg siées than
‘a=Tm. Murray and Weber prcopose that potentiation éiﬁurs when the tropo-
myosin filaments are completely shi%téd'inta the grooves when a suffici-
ently high degree of ﬁyo;in saturation occurs. This shift (g‘;h the co-
operation of ;;e_bound myesin and Tm) causes a conformational change in -
the 7. actin mohomers thereby increasing their affinity for myosin (lower
Km). Because the nurfay‘and Weber model is based on the steric blocking
model;.it predicts that in the absence of ca];igh tropomyosin should
block access to the S;l-ATP intermediates (poor éampgtitérs) and wéakeﬁ
the affinity of rigor complexes (good coppetitors) .10-fold (Murray ed al.,

\ . s 5
1980a) , These ‘predictions, however, are in direct contrast to the recent

resultS.from the binding studies of Gfégﬁe and Eisenberg (1980) and the
stopped flow absorbance studies of Chalovich iiiigiiv(isél)* These work=-
ers showed that the S-1-ATP or S-1-ADP-Pi intermediates were able to bind
with approxim;tely the same binding constant to both reqgulated and uﬁreggF
lated ;Etin filaments. The binding of S-1-ADP on the other hand, was af-
feéted by Tm-Tn: Initially the rigor complex bound very‘ueakl§ to reguar
lated filaments, but as its occupancy increased,a cooperative change was

: manifésted and the actin filaments switched from a weak to a strong bind-
'ing form. At high Ievel; of occupancy S=1-ADP bound three times as strong-
ly- as to Qnregulated actin.}ilamentsi This same phenomenum was shown to
occur in the presence of calcium (whére the sterié blocking predicts com-
plete accos;); ihouovor-thq;;ransitiaﬁ from the weak to strong binding
forms occurred sooner. The regulated actin filament, then, was seeh to

occur in two states, with calcium and S-1-ADP acting as alloster] ~effect-
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r » ' .

ofs between them. Instead of blocking myosin3atcess to thes

ropdmypsin was postulated to alter the rate of product
to 45° traqsitionj, Whether Tm does this physically by self or through
a conformational change in the F-actin monomers is not known at the pre-
sent timé{ . |

With relation to the ATPase, then, it would seem that the stron§
binding'form would correspond to:.the potentiated active state and the weak.
binding fbrm(would correspond to ;hé inhibited state. Since a and B-Tms \
show differences mainly in their ébilities to potentia}e the\ATPase acti-

- ~

vity of tﬁé acto-S-1 system, it would appear that they differ in their
abilities to allow the transition between weak to sgréig binding forms of
actin to éccur. Is this because‘B-Th has a stronger ability to associate
with F-actin, or a weaker ability to associate with tropénin (which in
turn might affect its head to tail interactions)? Which of these vari-
ables {or which combination of them) gives rise to the differences which
we observe in our ATPase studies?

The results jn chapter 3 .have shown us ‘that the F-actin affinity
for B=Tm is stronger than that of a-Tm.at the higher ianic strengtﬁs.
Are these find}ngs relevant to our assay conditions? Mak et al., (1980)
have compar;d the éequences of a éﬁd B-tropomyosins. Since most of the
amin§ acid Substitutipns are conservative, the periodicities corresponding
to actin binding sites (McLachian and Stewart, 1976a) are also found in
B-Tm, essentially without é chinge. The prediction put forward at the time.
was that ﬁo major differences between the two forms of Tm wlﬂli oigp\.
Work by Wegner (1979) showed that the binding of tropomyosin to F-bct?h
?i!amﬁnfs {as determined by light scatteriﬁg methods) is hfghly coopera-

tive. Single Tm molecules have a very weak affinity for the actin but
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through head to tajl éver]ép of qeighgauring ﬁélecuies,rthis affinity is
greatly enhanced. Thése observations were extended (Wegner, 1980) to
a,a-homodimers (a-Tm) ‘and a B- heteradlﬁers of trapamy95|ﬁ. Under the:
binding conditions of BD mH KCl, 1 mM EGTA and temperatures between 38
and L1°C, very Iirt?g difference iﬁ the relative aFfiﬁLties of the two
forms of Tm for the actin fi]amgﬁts Ras seen. K (the affinity constant

F_J
for sung]e tr@p@my@snn maleﬁules for the actin f:]aments) is 4.6 X DQB

Hfi for the a Ne b hamednm:rs and A 7 X 103 -l for the G,Bé heterodimers
at 39.3°C. This constant K does not take into account the head to tail
éveriap’ga?tribuci@ﬁ @F'ﬁeighbauring maleeFIegi Thus it is a good indi-
cation of how the Tm molecules ifteract ;ith actin through thejir a and
d-bands. ‘The differences between a,a and a,g=Tm dimgrs=inAfhis-respe:t

is small (at 80 mM KCI). Wegner (19€0) also obtained a value w which re=
presents’ the affinity of the tropomyosin for head to tail overlap. This '
value is also ve}y similar (250 for @iaiTm‘aﬁd ZDQ}FQF Q.BéTm) at 39.4°C.
uﬁFaégupatelyi simiia% measurements with s,é-hamgdfmers (8=Tm) were not

reported, .

If Wegner's binding studies could be re;éétgd at the higher i@?ic
strengths we would be able to see if the differences in our co-sedimenta=
tion experiments are due to diFF;rgnzes in the a and B!tf@@@myasiﬁ actin

binding sites or if théy are mainly a reflection of an altered ability

for the tropomyosin moJecules tb make end to end contact. Although our
viscosity studieg_s#low that most of the head to tajl aggregation (for

b@th forms of Tm) falls off atlDiZ!H KCl, it does not prove that all head
to tail av:rlap is abolished. Since polymerization éan strengthen tropo-
myosin's b:nﬁlﬁg affln|t;‘Fa; F= ctin 1000 fold, it is hard to know if
this variable contributes to the actin binding dbility of Tm molecules

at the higher ionic strengths.
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Qur'ATPas, ;gﬁditiﬂﬁs had been selected to give both forms QFVFFG*
pomyosin an equal chance of iﬁgera;ting with F-actin. Although the evi-
dence is incomplete (e.g.; the effects of §-1 on the interactions between
% and 3-tropomyosin and the actin filaments had not been iﬁvestigated)i
! , . : A
the present- indications éfg that thefe:is little différenée in the bind-
" ing of the two forms at ‘the lower jonic strégggbs in the presence of 3 mM
free ng*_ |
It is obvious from the non-polymerizable tropomyosin binding stu-
dies of Mak and Smillie (198la) that head to tail cver]aﬁvfs essential
for strong actin binding. ﬁgmqvai of just 11 amino actd residues from
the COOH-terminal end of the trapcmyasin-ﬁalecuig almost entirelf abol=
ishes its capacity to interact with actin. These results aéfee with weg- -
ner's (1980) observations that siﬁéie Tm molecules have a weak affinity

for F-actin. Thus the ability of a and B-Tms to regulate the acto-5-!

—

ATFasg a;givity may be more dependent on the nature of their head to tai
overlap than their actin binding abiii;iesf

Our vigcosity studies, however, have shown little difference be-
tween andisgtrspémyésiﬁs;in,their'abi]ity ta'p§7ym5(izef Siﬁge.vfs§@! 
sity has also not indicated any differences between the two tropomyosin
forms in their ability to bind troponin (wh;reas affinity ;hramatagr;phy
and gel filtration studies did), this technique may not be sensitive
enough for our puréasés!- Our ATPase studies at a 2 to | molar ratio of
$-1 to actin indicate that a=Tm (Fig. 27; half shaded symbols) alone can
Vpetéﬁtiate the ATPase activity.by 25-35% whereas B8-Tm (Fig. 28) is less
able to do so (T0%). Since troponin is not present .in these measurements, -

the results would sugggst that differences in the Tm head to tail over-

lap region may be responsible for the results.



éFu?ther stud%es at still higher Fat?as:af $-1 to actin.should be
attempted in thz Future’fﬁ ampinfy th!'! differences, if passoble. As
well, ather studles could be Eﬁﬂduited in whléh the, COOH-terminal frag-

- ments of the two forms of Tm would be passed through a or B-trapamyﬁsin
affinity columns. Eiutlan of these fragments may give us a better indica=~
tion of ;he differences in their head to tail polymerization abnl:tnes

»Fiﬁilly we must tsﬁsider’haw tﬁE’trapﬁﬁinaeindlﬁé abi]ity of the
two forms of Tm may affeft their abilities to function in the reconsti-
tuted ATPESE-szstem. Since t%ap@nin binding to Tm can affect the head to
tail region (Fig.16) (eithé(,by direct interaction or by the perturbation
of a %anfgrmaciaﬁal change alang the Tm filaments), it is llkely that this
binding will have some conseguences in the abullty of the Tm unnts to Fun:-
tion cooperatively in the ATPase assay. The studies of Mak and Smillie

(1981b) gjve evidence for a Tn-T calcium insensitive binding site on the

trepemy@sig%wglezule near its EDGH*E@rminéI region (residues 258-284),

Our gel FiliTiéiaﬁ studies with the Tn-T fragment (Bl (which is the por-

tion of t §n=T subunit that interacts with Tm in a calcjum insensitive
manﬁer; have shown definite differences between the a and B-tropomyosins
in their ;bi}itigs ta jnteréct with this Fragmgnt.‘ CBl binding as a ter-
- nary t@mplexf;ith COOH and NHzéterminai fragments of a-Tm has been demon-
stfaied to enhance thejr head to tail interactigns (Pato et al, 1981).

This would suggest {but does not prove) that a weaker association of CBI

(and whole trapqnun) to B-Tm would affect its ablllty to function coopera-

tively.
' ATPase studies in this chapter with NPTm confirm the fact that po-
tentiation is dependent on the cooperative interactions involving the

head to tail overlap regions of the Tm molecutes. The removal of the ter-
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minal 11 amino acid residues completely abglishes the inhibitory capacity’
of this molecule (the A%Fase rate is not altgreé by the additioh of NFTm
into the assay mixture). This would imply that the bulk of the tropomyo=
sin molecule has a very weak association with the actin filaments under
our ATPase condltlons (even in the presen;e of imM ''free' ng*), and that
strong binding requires head to tail overlap or the presence of troponin.
Indeed, the'additioniaf Tn to the NPTm, actin and S-1 fesults in a signi-
ficant amount of inh?bitiéni NPTm does not associate well with CBIl under
physiologicaﬁ conditions (Mak and Smillie, 1981b). Nevertheless, there i3
\ second, calcium sensitingT; binding site on Tn-T (residues 197 to 259)
~which is postulated to bind near the Cys 190 region of the trapﬁﬁyasiﬁ
molecule. Since’this:ééftiaﬁ of NPTm has not been affected by the iarﬁ@gy—
peptidase digestion, some affinity for the Tn=T portion of ®roponin wi]]
remain. The Tn:I subunit of Tn interacts with actin and stabilizes the )
nonépolymerizéble tropomyosin of the F-actin filaments. When Ca® 2+ is ad-
ded to t;e.now inhibited assay, release of inhibition occurs (but ﬁ@\pg*

.. s . . 2% L. . . \
tentiation). Since the Tn=l binding site is Gaz sensitive (in whole Tn), .t

lex will stay associated with these -

=

is not likely that the NPTp-Tn cc¢
?"i

PTm will stay complexed). The $-1 heads are

filaments (or that Tn and
allowed full access to the essentially unregulated actin monomers, and
 160% (and only 100%) of the acXivity ié regained.

In summary, then, it seems that head to tail overlap (and how this
may be affected through Erﬂpﬁﬂiﬁ binding) is essential fcr:p§t3ﬂtiatign
. of thr ATPase. The fact that B-Tm is less able to patentlate the. ATP;!‘K
relatlve to a-Tm would argue that its abl.nty to assccnate in a head to
tail fashion is altered relative to the a-form. This is most likely due

to B~-Tm's weaker association with troponin but may also include an alter-
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ed ability to polymerize (although this has not been demonstrated conclu=-

sively).

According to Eisenberg and Greene's allosteric model of regulation,

;%Effﬁ can be visualized as being less able cooperatively to assist the
~aatin filaments in undergoing the transition fron weak binding to strong
binding form. Coupled with the aﬁility Far B-Tm to associate more strong-
ly with F-actin at the higher ionic strengths, our invgstigétiﬁns.aﬂ the =
Ewhele have shown that B=Tm is slightly les; of a "'regulatory'’ protein
and slughtly more of a structural\one. Since embryonic muscles and adult

*

- responses of the adult fast muscles,

slow muscles do not need the qui
their higher B-content may be igfe efficient in the long run (less energy
wasted). .The B-Tm content of a muscle may be one way to ''finetune'' it
‘te the organism's requir:méﬁts. As‘weili dufing éarly developement the
8-Tm may be more effe¢tive in aréanizing and siabilizing the newly devel-

oping thin filaments.

Although highly speculative, these are some expldnations for the

existence of two tropomyosin gene products In rabbit/skeletal muscle.
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