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 CHAPTER I

INTRODUCTION

A. VERTEBRATE STRIATED MUSCLE

D

The transformation of the chemicsl energy of ATP
into'mecnanicsl.energy‘of contrsctileiprocesses isione of
- the most intriguing prohlems in biochemistry. Thns; a
grest desl of research: has been directed towards the
elncidstion,of the mechaniam of contraction;/ Models for
the'nechanism and regulstion of this process'in striated
'muscle have been formulated from‘the numerous\experimental
observations obtained from work done in this system.» A
brief review of the structnre of mnscle and these models”
will be presented .in this chapter. This area is covered
“%fby senersl excellent reviews nri;ten on the subject
lﬁ(Mannherz & Goody, 1976; Squire,’1975 and Weber & Murray,.
1973y, . " . | | T

Vertebratk muscle, under voluntary control has a
ﬁstriated appearance\when viewed under the light microscope
. (Fig. l) . The characteristiccstriation 1s due to alter-
'nating optically dense (A band)’ and less dense (I band)
transverse regions along'the myofibrils which compose the -
" muscle fiber (Fig.YZ); Under polarized light, A band is
sfrongiy birefringent while the I band is reletively non-
birefringent. ~ .

~The . Z lines bisect the I band and the space between,

1 , ] -
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Fig. l; Electron micrograph Bf i‘iongitudinal section
.. of rabbit psoas muscle.
[By H.E. Huxley cited in Perry, 1960]
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tvo(ndjnécpt 2 linnl defines éhc narhonitc. :h‘ basic con~
tractile unte.' It is composed of s remarkable arrny ‘of
protoin uyofilanuntn. the thin and thick filnncutl.

The thick !ilcnan:- are about 140 % in dilnatcr.
nbout 1.6 um long and occupy the ccntrnl purt of the
“sarcomerc. They are made up of myouiu uolcculc. nzgrc;ntcd

in a tail to tail manner ran‘lting in thc formatian of a

bare smooth region at the m ddli of the filament and pro-
Jections of the myoain heads at.the ends in oppouitnl

directions. Adjacent mygg a filancnta are jdincd hllfﬂl%

Interdigitatinlg with the array of myosin filiments;

>
- are two sets of thin fiilaments which are about 1 um long

’a;; ab;ut 70-80 & in diameter. Arrays of thin filaments

on one edgé of the saréumere are linked to a aimilar\arfay

in :bgqaéjgcent'gafcomerg by the‘z-line. Underngertain
.cqndiﬁions, électron microscopy'haﬁ-detectéd the formatibn of
.;nterfilamentous crdsébridges between the two f11ahgnt types

in the region where the thick and thin filaments overlap.

Contraction is signalied by an impulse which causes

e

the release of Ca ++ from the sarcoplasmic reticulum into:

the‘qarcoplasm raising its Ca++ concentration to about 10-5M.

N

The sartémere shortens but the lengths of the myofilaments
do not change appreciably.. These_observatibns led to the
sliding filament model of muscle contraction illus;;atéd in

Fig. 3 (Huxley & Hanson, 1954, 1960).‘ The:mod?i eﬁtails‘

=
e

e

e

e

e
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Fig, 3. Your connq%;tivg stages of uuwci@ contraction
‘ : jxg. ehowd by the electrom micrographs and L
%accaupggyignﬁcthpg&@afAX*&!&%!#¢QQD”(1.1@3.£%_‘
of muscle in longltudinal sectiony. ' ?hdﬁblid~r
ing filament theory can explain the .shorteming
of the sarcomere length while maintaining the
length of the myofibrils (top left and right). b
[From Huxley, 1965]. = ‘
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the relative sliding motion of the filaments past each

o

other as a result of const%nt formation aﬂq\disruption of

the cross bridges during contraction.. The energy required

. ‘ X 3
-for this mechanical 'motion 1is providedfby the energy

reloased from the hydfolysis'of‘ATP WR3Ch accompanies con-

traction. . N\ . \_
' » . . ) R I ' . '
A better understanding of this process and its

o

regulation was dchieued from the isolation and study of

the biochemical broperties'of‘the pure forms of the major

proteins of the myofilaments. o
. Myosin molecules,'which:make up'thekthiok filament,
R o : S ‘ I
consist of .two heavy chains- and four light chains, with a

. total molecular weight of about 470,000. .The two ﬁeaoy

[+

chains ﬁséociate to form o long o helical rod with two

A

globulax heads‘at one end, with which the 1light chains are \m
associated.. Myosin hydrolyzes ATP and this function is

. looaliZed ét‘thevglobular heads. Diséociation of a pair

o;,light oha;ns; known as alkaline light chaios, results in
'oio§336f aoti;ity.»‘ | .
| ;On thevother hand, the . thin filament is composed of
khree'proteios, acéin, troponin (Tn) and trbpomyoein (fm)
.exiseingvio a 7;1:1 molar ratio. The strucfufel errangement
 of thése proteins in the thin filament is illustrated in

the model proposed by Ebashi et al (1969) (Fig 4).

The major protein component of the thin filament is
C4actin, a globular protein of molecular weight of 42,000.

Itsvprimgiy sequence’hasibeen determined (Coliins & Elzinga,

4
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1975). In the preaence of salt and ATP, G-actin molecules
polymerize into an F-actin filament, often*described:as<a"

string/of pearls. The thin filament 1is made up of tzg F-
|

Ay
\

actin strands wound'around each other. Along each of the
grBers of the F-actih filament lies an end to‘end polymer
of roq-shaped.tropooyosin molecules. Each tropomyosih
mohomet traverse; 7 actin monomers of one strand and is
associated with a troponin molecule at a specific site,
an is composed‘of three subunits,.troponin I (TnI), troponin
c (TnC) and troponin T (InT). lnI is ‘a. basic proteiﬁ with
a\molecular weight of about 21 000 and known primary sequence
(Wilkinsoh_&-Grahd, 1975) . Iteinhibits'the actin myosin
interactionﬁio cohjunction.with?Tm. This inhibitory effect
is revetéed byiTnC, an acidic‘ototein with.a-molecular‘
weight of 18,000, whichtundergoes a»confo;mational change
as it binds‘Ca++. Its complete seqoence hae alteadyvheen
determineéJ(Collins, 1974). The TIn complex‘aseociates‘with
/Tm.through the TaT component. TnT isAa globular, basic
ptotein_of molecular weight of-about 31,000. Analysis of
the complete sequence (Pearlstone, et _l,, l976)vrevealed
that it has a helical regions and about 80% 'of the helical
content of the molecule is localiiea at residues 71-151
(Pearlstoae & Smillie, 1977).  This particular reglon was
also found toihe the Tm;interaction site on'fnT (Jachson,
‘_t‘_l., 1975).

Ih‘crosa—section, the thin filamentvproteihs in

resting muscle.may be visualized as in Fig. 5a. The Tn



Fig.

5.

Model for regulation of- muscle contraction.‘

Schematic ‘diagrams of the cross-section of
= 8) [a] and contracted state (pCa =5) [b]
show the movement of tropomyosin (Tm) and

troponin subunits (T,C,I) at high catt con-

centration allowing interaction between ‘the-

heavy meromyosin subfragment one p09ition.
[From Potter & Gergely, 1974]

the thin filament in the relaxed state (pCa

11
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complex is bound to T ﬁthrougﬁ TnT and to & region

12
ade up

of Tm and act1n Ehrou E InI, In th;s cdhfiguration 6ﬁe‘
tropomybsin—troponin c hpléx stg:(caily blocks the myosin .~
binding site'on«actin;‘WUpoh'the arrival of the nerve im-
pulse, the 1ntrace11ular‘Ca++ concent:ation increases fromA

-10-7H to about 10_5M., TnC binds a+* and qug;gnesfa’fﬁﬁ:_

1

formatipnal change which is transmitted to Tm thropgh TnT..
The Tm filament then moves deéper {\to Ehe’groovésVof the

, < N \ :
actin filaments‘(Fig, 5b) expoéing thg'interacﬁion‘site‘on_
actin to myosin heads allowing‘crosé br dges‘té.fofm.  ATP
is ﬁfdrolyzéﬁ and contraction occurg. A thevend'of the
,Mimpglse,“Ca++-is sequesﬁered and Tm filamén; roils back tb

its resting positioh.

| ' . ) @
B. REGULATION OF MUSCLE CONTRACTION

Thus, the control of contractile acti?ity is,achieyéd

~

fpriﬁgrily<by regulating the interaction of actin and myosin

hatd

heads and consequently the rate of hydrolysis pf ATP by the
. - . 1 . - L I I3
regulatory proteins, Tn .and Tm,which is ultimatexe éontpg;led

by the Ca concentration of the ;grcoplasmu Im,all types

A

of muscle, so far investigated; qhe infracgllular concen-

3

tration of Cé++ must fiSe to about 107 °M for‘ATP.hydrolygis

to proceed at a significant rate and for contraction to occur.
. ' ++ R } o
A less obvious role of Ca - in the regulation of

»musc1e~conﬁraction is 1£sxinvolvement 1n phbéphofylation of

contractile proteins; For; several years now,\this-phenbmenon'
) ' . ,/ - X . ‘

i
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has been recognized but 1t ia,only\recently thatiita sig~-
nifican;fhaa'become clearer; (For review see Perry, 1976
and Ade stein. 1978 ) Among the myofibtilla proteina that -
dare phoaphorylated are muacle (akeletal, cardiac. smooth) and
;‘non-muscle (platelet, proliferative myoblaet,and,aetrocyte)
myosin P~ 1ight chains, skeletal TnT "Tnl and aTm. . The
’requirement of phosphorylation of myoain P light chains

‘for actin activated myosin ATPaae in non-muscle cells has
J'bja;,demonetrated by Scordilis and Adelstein (1977) and inr
chicken gizzard by Gorecka, et al., (1976) and Sobieszek
(1977). Phosphorylatioa of theae polypeptides is mediated

/

by myosin light chain kinase which requires Ca +t for' -

[

activity. However, the importance of phosphorylation of
skeletal contractile proteins is not fully understood yet

1

since it does not appear to affect the extent of actin

. —
~activated myosin ATPase appreciably.

C. TROPOMYOSIN

A full nnderatanding"of the Tm—In‘regdlatory mechanism~'f
requires'detailed atudiea of the nature and apecificityrof
ythe interactionp between the contractile proteins. ‘To thisu;l
end,< m, the protein which linka Tn and actin, has been .
well characterized physically/and chemically. (For review
see Smillie,.1976 )

Rabbit akeletal Tm exhibits a. molecular weight of N

66 000 at higw salt concentration and dissociates into



monomers o# about 33,000 in the presence of denaturants

!

under reduiing conditions. The ratios of the two components

‘varioua sources differ'and in rahbit skqletal Tm;

.

atio of the a to the 8 component is 3. 5 1. The occur-‘
rende of aa and af dimers but not BB dimers has been demon- -
str‘ted‘(Yamaguchi, g£ gl., 1974 and Lehrer, 1975) Chrom-“
'atography of'Tm'on CM-32 celhulose at PH 4.0 in' the presence
. - of 8M urea separates the a from;the B component (Cumminsﬁ&

’Perry, 1973). "\1‘ o ; S
. .

Tm has a rod like shape and very high a helical con-

tent '(Cohen-'& Szent- Gyorgyi, 1957) qualifying it as the
simpleat and smallest member of the k-m—e £ groups of i . |

fibrous proteins. Crick (1953) had proposed that the main
: .

B

v
_ feature of‘the X-ray diffraction pattern‘oﬁ_the o group
of fibrous proteins were erplicable'in terms of coiledécoil'
" structure inthich 2 or 3 right handed helices, running in

the same direction, are wrapped around'each’other.' This

model entails the beccurrence off a regular pattern of non-
. ! , - _ /B St ,

,polar amino acids every73.5 residues packed in a knob—into-

- L. 8

“hole manner to form the hydrophobic core while the polar

residues will be situated in the outside of the molecule.
Determination of the primary structure of the a
«chain; major component of rabbit skeletal Tm, confirmed
Crick‘sfhypothesis~(Stone, et al., 1974 and ‘Hodges, et al.,
‘1972) The complete sequence of aTm (Fig. 6) shows the
occurrence of two series of non- polar residues at an interval

>

of seven amino acids throughout the entire length of the

»



Fig. 6. Adzio acid sequencé"bf a tropomyosin. Non~-
' g polar residues occur’ﬁn two series, I (squared)
‘and - II (circled) )
[Fxom Stone, et al., 1974]

!
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molecule (Stone, et ;1.. 1974). Amino acids in series I
'poaitionn are tgrco residues on the Nﬂz—tcfgina} ;idd\of

and four‘:esiduca on the CQOHTterminnl side of residues |
bin serles I1. The pattern clbafly“p;ovidéa, on the averasé,
a non-polar amino acid at évefy 3.5 residues‘und,is.conaist—’
ent with the coiled coil'médel. ‘

At aeveraI.pﬁsi:ions in either series I or II, there
occﬁr amino acids which are ﬁot or&iharily-élassified as
hydroprbbes like Lys .15 and 29, Gln 144 and 263, Glu 218,
"Asp 137; Ser.36,.123 and 186,‘Thr 53, Cys 190 and fyr 60,
162, 214, 221 ahd 267. Howeier,‘the polar or non—polaf
nature of'thgse residues, withf the exception of Glu,lAspl

and LYs; is ambivalent. Model building studies (Hodges, :

t 1 , 1972) have shown that they can be accommodated in

— i
A

the coiled coil dtructure by directing their polar moiety
towards the exterior except for Asp-137 because of its(
shOrter'side chain length. On the other -hand it is possible
that their occurrénce at certain‘positions in thé hydrophobic

_pattern leads to local disruption of the regularity

ifoiled coil andbmay be important in nteraction ofde
with actin and‘Tn.v
!Molecglar packing of the two a helical chains of Tm
into alcoiléd coil structure would necessitate tﬂe pairing m——;"
of hydrophobeé of one series iﬁ one ;hain with amino acids
‘of the same series in the otﬁer chain. Tﬁus, the‘two chains

can either be in axial register or staggered by seven

residues o;_some multiple of seven residues.. On the basis

~
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of model building connidcrctioﬁl. MclLachlan and Stewart
(1975) have argued Eha: the hydrophobig groups make i'bcttcr
'fit when the two helices are in taziotcr. In ngroimcnt

with these findings, direct cxpcrim.ntll ovidouco hll been
feported from vnriouo 1nboratoriol (Johnoon & Smillic. 1975,

Lehrer, 1475. and Stcwart. 1975). The uniﬁuo cysteine: Qﬁl}

residue of both chaino of Tm can be oxidized to form inter-

chain digsulfide bond witﬁfut ag 1ncreaae in molecular

e ‘// -

{/ f/ weight. The necessity for proximity of the sulphydryl
| groups for this cross~linkage to occur indicated’that-the
! _ chhiqs.aﬁe in register,
aTm, which has 284 amino aéidd, can be considered as

a molecule of fbrty repeating heptapeptides, with a final

4

ahort period of four reaiduea. Each hep:apgptidg or _period

,loccupies»almoat two turns of standard a helix wiEh 3.6

‘residues per turn. McLachlan & Stewart (1975) designated

the seven positions of each period as a, b, ¢, d, e, f and

a and d correspond to positionslocéupied b

.acids in series I and II reSpectiVély. The spatial arrange-

ment of these amino acids in the coi coil Btructure

,ﬂﬂw~ff<i;§T*737"EHEGE*FEZE”?EZWE;;;I;;:y of amino acids in a and
d pbsitiéns allows ﬁhem to interact and form the'hydrophobic 
core of’tﬁe molecul?. Although amino acid@ in e and g
positioné are‘noﬁ very close, iﬁtetactionjbétween them 1s
still possiﬁle. ' Examination of the_sequencelrevealédvthat

: | : o
~there 1s spatial distribution of acidic and basic regidues

(Stone, et al., 1974 and Parry, 1974) and further statistical
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Fig. 7a.

CHAIN :

d w;'\'?', .i f' .

~
~.

End-on view /looking from amino to carboxyl end
of two a helical chains of aTm in™a coiled coil

gd positions (corrzziohding “to-8eries I ‘and 11
‘positions}»o£~one\hg;ix interlock with~amino o

acids in ‘the same positions of the other helix.
[From McLachlan & Stewart, 1975].

- e

RENERE : |

Possible ionic interaction between heptapeptide
sequences of two chains of aTm. The inter-
actions between amino acid residyes indicated

by broken lines are limited by the presence of
bulky hydrophobes other than alanine 1in the a
and d positions of chain A unlikel the inter-
action between g§§gg‘§9(indicated by so0lid line).
[From Stone, et al., 74] :

.
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1¢nd1ng to dcltnbilizntion of :ho structure.

o . S ,,
D. ACTIN-TROPOMYOSIN INTERACTION

® fgmd;; thin filnuent, Tn bindl to Tu ‘which 1n turnwu

‘18 bound to seven monomers on oach of the two strands of
C

E—actin.r If each Tm molecule interacts with these seven
. [} . * ) - . ‘.
actin monomere in an idéntical fashion, one mighg expect

two sets of seven 1dentica1 séq;¢ncea repeated Ehroughbut
.“the acdhence corréspondingtto the binding sites of actin.
"ho;qqch'iaentiCal répeating pattérn’ﬁaa-found ubonvinspection
of thi.sequenCQ.(Stbne,-etfal.; 1974) ‘ However. the poLai—
bility that ninilnt or quasi—equivalent spatial arrangementa
 ‘0£ charzed-and nonrpolar groups on the surface of'the-coilgd

\

.coil repcated alonh the eatire lnng/h of the molecule was

‘cons§ réd. o o . .
3 ’ '

.Analyaié of pdtab;y:ﬁall'of Tm staiped with uf&nyl

acetate revealed a 395fl ﬁe:iodicity as well ‘as subperiods °
, o e . :

[
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of 20 k (393/14) (Parry & Squire, 1973), The fast thas this

-ydlctnnc% is th; same as the c:tnl aoplr‘eton of huba‘tku of I

 actin na;gnl:od that these btaising properties uarc,dun to

p'rsoitu dtstridution of non=polar asand chesged nhinu

acids in the lntuo_ncgizooqnlncn of the molescule. lnﬁh Q
icponttn. po:tarn vnlydo:.etad by Parry (1974) uud Htllcr
(1975) from nn inspection of the sequence of the COON=
\Fl’linll half of ‘the nolnculo and confirmed for the whele
:oloculo by Stone, et al., (1974). These authors potntud
out the occurrence of & 19.9 residue periodicity 1;;olv1ng :
acidic, basic and non—polar‘rauiduolv(ﬂ?cluéing.thooc.1n
series I and II core positions) repsated louzc,au»tol&.
Refined copputi:ionnl and lcutilticﬁljnnnlylio (McLachlan
& Stewvart,, 1976a)‘rov1l-d this periodicity to 19,66 and
showed that the piriodicity of thn>ncidic and non-}olnt

' rcsidues is significant while the basic residue distribution
nppcar- to bc random.

. The aTm sequence divides into 14 periods of 19 2/3
te;iduei (Fig. 8). Each period comprises & narrow zone of
‘net p?iitivc charge, a-btoadcr negative charged zone and a
-hfdrophobic zone éhich’overlaps every positive zona.
Anonnliea in the chargc diacribution occur at ‘the cndu of

he noleculc as well as near the unique cysteine rcoidue

(boxed regions of Figure 8). The former have been attri- I
,’b;;ed to the qnelté end overlap sites upon head to\tail
aggreggtioﬁ of- Tm ﬁolnculca reaul:in?\in an dpparcuf molecf
ular length of 275.rea%d;i,. This pgeﬁﬁncnon a;low- the

A

-



Fig. 8.

Amino acid sequence of - aTm, in one letter

code, drawn in 19.66 residue repeat pattern
of 14 bands in the first 275 residues. Each
band has ' a positive zone of 8 amino acids; a

negative zone of 11 2/3 amino acids rich in

acidic residues (o) and a hydrophobic zone

rich in non-polar residues (o) in the b, ¢ and £

positions. i ' N
[From'McLachlan & Stewart, 1976a].
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.repeating pattern (l4 x 19, 66 = 275) to be carried ‘over to
|

. the next molecule without interruption and would allow the
presumptive pseudo equivalent actinlbinding sites"of"Tm‘
to interaét‘similarly with actin monomersfoverlan.extehded
-length of the thin filament structure.

During the process of contraction, ‘a movement of Tm
' of lO to 15 A relative to actin occurs (Haselgrove, 1972;
‘ Huxley,‘l912 andearry & Squire, l913) sugéeating that

‘there. are two separate binding sites'for‘each‘actin monomer,

one for the on—state and the other for the . off -gtate. The
occurrence of »the 14 bands presented the idea that each
‘of them may be actin binding sites in which alternate bands

have different functions. The gross features of the alter-

a

nating bands, o and B, are Very similar but there- appears

/

to be subtle systematic differences in the distribution of

a

the charged residues in these bands.

The existence of the alternating a ‘and B bands in Tm

finds support in the 3 dimensional reconstructions of actin - Tm

. \
\complex in the inhibited and active states (in the presence

\
and absence of TnT and TnI respectively) by Wakabayashi,

et l.; (1975) In the active state (Fig 9). the boot-.

‘shaped actin monomers on one strand of the helix arev

positioned such that their . broad heel en&; are in close

Jcontact with the Tm polymer on that side of the groove 0-’>;
T(homostrand contact) and the narrow toe- ends of\the actin

monomers of the other strand'agPthe helix make a more

'localized contact (heterostrand contact) with the same Tm



Fig.

Fig.

9a.

9b.,

" Model of the three dimensional reconstruction
_of actin ‘and tropomyosin complex in the active

"on" state. -
(From Wakabayashi, et al., 1975].

\

Sketch of fﬁ%‘ﬁ?ﬁ?izi‘ ustrating the inter-

action of the actin mole les_with specific
regions of tropomyosin. -\

[From McLad%lan & Stewart, 1976a]

+
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Zl
, at positions between the"honostrand conrscts. In‘the
'_inhibited state, the homostrend intersction becomes more
extensive while the heterocstrand contacts come spert.'
McLachlan & Stewart (19764a) suggested that the a band _
.which shows more definite structural regulsrities than the g
band represents the homostrsnd binding site while the g . L
band represents the hete{ostrsnd binding sit:{ Sl |
Currently,;the mature of the’ interactions between actin

and Tm 1isg not yet established. ,These intersctions may be
due to electroststic forces between oppositely chsrged |
regions in these molecules or they may involve Mg++ bridges
between negatively charged regions since it has been demon-~.
strated that Mg +t is required for binding of actin and Tm

at low salt concentration. McLachlan & Stewart (l976a) |
also poingfd out that the 29,3 & sepsration between a and

8. bands is close to the actin. helical rise and correspondsb
to one quarter turn twist of the supercoil+relative-to
actin. A Quarter'roll of the Tm sbout~the helix sxis.would
present sctin 2 set of bands different froh those to which
it was.previously bound. This coyld be the basis of a. very'
simple mechenism for control. In the presence of Ca f; Tn

could force the transi ion by turning the TnT subunit

through a quarter turn about the helix and exerting a

/. . ;‘E.
torque._ = _ / + ) ‘, : : 1&
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E. TROPOHYOSIN—T&OPOhIN,INTERACTION ¢ ' ®

The other . region in aTm which exhibits snon;lousvdil-
tribution of charged and non-polar re-iduee in thc 19‘65
periodicity is the region encompesled byrreaidues 197- 217. g
Although this sequence - falls on the acidic zone. it con-
tains only 2 acidic’ reaidues instead of the average eight
residues. In addition, it has a significantly high con-
centration of uncharged polar reaidues and a 1arge hydro-
phobic surface. These observstions led McLschlan & Stewart
_(1976b) to propose this region ‘as the Tn binding site.“
'Interactions between Tm and In have been demonstrated
experimentally in various ways.' Immunoelectronmicroscopic
vgstudies of uranyl acetate stained\thin filament treated
with ferritin labelled antibodies showed 400 ) { periodic
‘8taining along the entire filamenu (Ohtsuki et al.; 196?)
suggesting that one Tn molecule is assOciated with one Tm
molecule with a- molecular length of about 410 K Upon.‘
addition of Tn to Tm,, the viscosity of the Tm solution
increased dramatical///LEbashi & Kodama, 1965 " Ebashi &
Endo, 1968) and this mixture migrated as a hypersharp peak
with a sedimentation constant h:gher than 1its components‘
~in the analytical ultracentrifuge (Hartshorne & Mueller,»r
1967) The binding of Tn to Tm was shown to be through its
InT component (Greaaer, et al., 1972 and Yamamoto &
Maruysma,‘1973) and independent of Ca + concentration
(Potter & Gergely, 1974, van Eerd & Kawasaki,.1973 and

Manii t 1., l975),and of Mg +~conc£ktration‘(Kawasaki_&

28
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van Eerd, 1972), 'The dependency of these interactions.
on ionic atrenith has been danonstrated by ‘Jackson at ;1..
(197;). "The increase of specific viacosity of Tm by thé
additioniof equimolar‘amounta of Tn, in the presence of
0.3M KC1 was only 151 of that in 0.06M KC1 solution. They ~
have also shown that the property of Tn to enhance the
viscosity of Tm could be achieved by some CNBr fragments
of TnT. Identification of these fra;;ents have localized
the Tm binding . site on TnT to a region within residues
71-151. About 802 of the helical content of TnT was found
in this region and a correlation between loss of helical
Btructure and binding to immobilized Tm Was ob;erved

(Pearlstone &. Smillie, 1977).

Numerous studies on ord red aggregates of Tm have

been done in an ttempt to delineate the Tn interaction'

site on Tm. Crystals with open lattice were formed by
precipitation near its isoelectric pH (Bailey, 1948) while
cbmpact fibfbus aggregates were obtained wvhen precipitation
wasldone in the presence of high concentration of divalent
cations at neutral or slightly alkaline pH (Cohen & Longley,.
1966). 1 | |

vacrystals are 952 water and their three dimensional
structure has been determined by X-ray diffraction uiing
dAta to 20 A, " The most.characterized crystal (Fig, 10) has

a kite-like network (Caspar, 35'51., 1969). It is made up
@ , . .

of strands of head to QEil polymers of Tm which cross each

other forming a long arm (230 %) and a short arm (170 3.



Fig. 10a. Electron micrograph of a tropomyosin crystal
' negatively stained with uranyl acetate.. An
electron density map calculated from the
X-ray pattern of the hydrated crystals is
superimposed on the electron micrograph.

s

Fig. 10b. Molecular configuration and symmetry elements

: in the a-axis projection of the tropomyosin
crystal lattice. : o {
[From Caspar, et al., 1969].






\
The strands;'which have an axial periodicity of 400 l are
40 X wide indicating that they ars made of two molsculat
filaments, The space grgnp symmotry rsquires thet these

_filaments are opposiésly directed and as a consequcnce

of their cross-over contacts, they are periodically bent.

- Agreement between the optical transform of the model QFig. 10b)

‘Caspar, et gL., (1969)‘constructed ani the X-ray diagrams
of the crystals vas striking, |
The effect of incorporstion of Tn on the Tm crystels
was studied by comparing X-ray diffraction patterns of
.'crystals grown in the presence snd absence of Tn. In the
~f=>
presence ‘of Tn, the general arrangement of the Tm molecules
‘were ‘not altered but significant difference in the unit
-cell dimensions and in the intensities of some reflections
were observed (Cohen, et al.,_1972) The magnitude of the
intensity changes indicated that there was only limited
binding of Tn to Tm in these crystals. Both electron
microscopy ‘(Higashi &- Ooi, 1968) and X-ray studies (Cohen,
et al., 1972) of these crystals showed the 1ocalization of
Tn in the middle of the long arm of the kite -1like mesh.
Crystals of mercury derivatives,of T allowed the
;daplacement of the entire sequence of Tn.in the filament and
' located the mercury atom on the'cysteine residue of the
'}moLecule in the middle of the long arm (Philips, et al.,
‘Al978). This suggeats that the Tn binding site is near the
unique cysteine residue of Tm.,

o

Precipitation of Tm in the presence of divalent

-
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cations at neutral or slightly alkaline‘pn results in the
formation of a variety of microscopic fibrous e.!rogaqei*
which are remarkable in the uniformity and reguiirity of
their appearance (Cohen & Longley, 1966). The‘asgregatel
display clear periodicityiin the. longitudinal direction
‘onl for Vhich reason they are frequently'called tactoids
og paracr§etale. Under the electron microbcope, uranyl
acetate ltained paracryataia exhibit dietinct banding
pacterne (gig. 11) generallp with a period ofiAOO K.( The
paracrystals obtained from precipitation of’Tm in the
preeence of high concentration»of Mg++»are'most characrer—
ized. The repeating unit in these paracrystala is a whde
band ofdabout 265 X and a narrou;band of about 135 )
separated by distinct goundaries. This pattern has dyad
axes apaced about 200 K apart positioned at. the centers of

t

the wide and narrow bands. Ohtsuki (19f§) has ‘established

~

‘that one end of Tm molecule terminates at\either edge of

the narrow band. With-the use’of mercuty\d;rivatiue of Tm,

..the orientation of the Tm molecule,in the paracrystals vas

Vestablished and the dyad axes located at 140 A from the

C- terminus and 70 A from the N-terminus (Steyart, 1975a).
Stewart and McLachlan (1976) further studied the

" structure of the magnesium paracrystalf of oTm b; comparing

their uranyl acetate atained banding pattern with the dis-

tribution of acidic residues in the amino acid‘aequence.

It was observed that the molecular packing is such-that

negatively charged zones of ' the 14 bande with 19. 66 periodicity,

»



Fig. 11.

[From Stewart & McLachlan, 1976].

SR .
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: o L C ,
Magnesium parscrystals of o tropomyosin stained ”

‘with urshyl scetetel Ths drvengsment of the
. molecules in the pa acrystal is shown a&bove the

micrograph, where arrow heads ﬁ;prcdont the
c-dermini of the moleculas. ) :
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discnssed earlier, of one Tm filament‘lie'oppohite those;

or heighboring antiparalleern filament. Thisiarrangement'
sdggests that a major aourde;of stsbility i% the pare—
cry%tals s the formation of magnesium bridges between the
fclusters:of negatively charged zones‘on‘adjacent filaments.

_” Addition of: Tn or TnT to. qﬁe paracrystals resulted
‘to.the appearance of a. light band of about 100 )3 wide (in
Tthe case of Tn) at the central regionnof the broad band 'Q
‘i(Nononura,r_E _l;, 1968, and Cohen, et al., 1972) suggesting

that Tn or TnT is located at about one-third from one end

‘df the molecule'whighvwas later'definedbto be the C-terminus .
(Ohtsuki, 1974 and Stewart, 1975a). ‘
'u/ ' ‘ Further analysis@of electronimicrog;aghéfof magnesium
“paracrystals stained with'uranyl acetate‘nagrowed down the
Tnghinding region to.be within'ﬁQ xuof the cjeteine residue
(Stewart & McLachlan; 19l6). o ‘
In coﬁtrast to the conclusion thet.the"Tn interaction

Usite on Tm is one-third frém the C- termipusvof the molecule,

'there are reports that other regions are involved. ,However,
~ these findings arernot based on evidence which is so fullv
characterized as thé investigations mentioned previously.
vPrecipitation of Tm at low: pH in the- presence of TnT instead

of Tn yielded crystals with open lattice of hexagonal net—w

work which*were not’ observed with the 1atter (Greaser, t a1,

-

1972 and Yamaguchi et al., 1974) TnT‘was observed to-bind
at the intersection of the strands suggesting that it ﬁﬁund

to the ends “of the molecule. Psracrystals grown in the
. o



N(1-189), C(190-284), S(13-128 or 149) and P(183-284) by

presence of the polyanion;'dextran sulfate, exhibited a

| _ M, .
540 X periovdicity (Ohtsuki, 19f4), a pattern arising from'u

head to head aggregation ofme molecule. ' The polyanion,-

.which complexes with the gationic’regions of‘Tm, bridges

B /
. ‘ ' L -

two molecules through their N-termini., These paraotystala

_ did not bind to Tn or TnT and in conjunction with results

obtained fromlstrnétural analysis of Tm paracrystals,

Hurtwiz and Walton (1977) interpreted this to mean that Tn

"binds to basic residues and postulated the acid poor regions

either residues 86 -96 or 179-~186 to be the Tn binding site.
Recently, Ueno and 0oi (1977) prepared fragments of aTm,
: : , \
specifio chemical cleavage and tryptic digestion. Indiv-
idually, none of these fragments bound to Tn but nixtnrea
of NHéntemminal and COOH terminal fra7ments exhibited bind—

ing. ‘On this basis they postulated /the binding site to be -

- at reaidues 149-190,

F, AIMS OF THIS PRQJECT o

Although models of the medhanismvand regulation of

contraction have beenlproposed, a complete understanding

]of the phenomenon W111 only be achieved upon characterizatibn
JOf the proteins involved and their interactions at the

%fj;molecular 1eve1. To this end, the primary structures of

all the thin filament P(oteins have been determined and

®

their properties studied, However, more information about
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the nature and positions of the binding sites of these
proteins and the correlation of their structure and function
is still required. This study was undertaken with the hope
'ef providing more 1 formation about the strugture‘of_Tm,
which 1is the structura 115# between Tn and actin, and of
delineating its interactions with the other{th}n fiiament
proteins{ |

Circular dicnroism-studies on Tm in the absence of
denaturants below ZS\C‘suggeated that it is alhost completely
o helical (Cohen & Szent—Gyorgyi, 1957 and Wu & Yang, 1976).
However, the presence of regions\of‘lesa ordered structure
were indicated by denatutatién studies (w°ods, 1969, and
Pont & Woods, 1971) and the” formation of trypsin resistant
fragments“upon prolonged exposure of Tm to the enzyme
(Eckard, 1973).» The 1oealization‘ef these regions in the
moleeule were determined, in the present study, by investi-
gating the modes of action of the proteoiytic'enzymes,
trypsin and chynotrypsin, on Tm and by analyses of the
primary‘stiucture of the molecule. ‘ o

While this study Qas in progress, 1nformation abont'
the localization of these le%s helical regions were feported
in the literature. ‘Parry (1675) did a confftmational
analysis on the squ@nce of aTm, aaing the conformational
parameters listed~by Chau & Fasman (1974)-ﬁ The parametersv )
of the amino acids ;ere smoothed with a Gaussian function,
- with a half width of 4 residues and‘plotted against their

: positiond@?ﬁ the sequence. Thevresults indicated that the
, e ,
" B '

38"



39
- | | | |
' the nature and positiona of the bindiné sites of these pro-
teins and the correlation of" their structure and function

is still required. o ~ ,_"‘ﬂ

| elthough Tm has beenuﬁenerelly viewed as beiné com-iv -
pletely and uniformly helical (Cohen & Szent-Gyorgi, 1957;
CWu' & Yang, 1976), denaturation atudies have indicated the
oocurrence of regions o§ varying stabiiity (ﬁoods; 1969;

Pont & Woode, 1971)." This study undertaken with the hope

of defining these regions by inveetigating.the aétion of

the enzymes; trypain and chymotrypsin, on Tm during limited

proteolytic digestdonul

‘d?by determining the helical con-

N e

" tents and stabil'fgﬁi_gfdﬂg denaturation of large fragments
of Tm. | .
Another objective of this study was to delineate
the interactions of Tm with the other thin filament pro-
,teins, Tn and F-actin. Large fragments of a Tm, which still
) ‘retain the basic properties of the molecule were prepared ,ﬁgﬁ%_
land their binding properties to 'Tn and its components and )

~———

F—actin were studied by various nethods.

/

[



CHAPTER II

EXPERIMENTAL METHODS

A. COHPMN CHROMATOGRAPHY

1. Gel Filtration Chromatograghn \

1

Sephadex G-75, swelled in 10% formic acid, was

packed in two Pharmacia columns (5 x 100 and 5 x 150 cm)
connected in series in such a way that the short’ column

was subjected to downward flow and the 1ong column to up-
ward flow. The tryptic digest of oTm was directly applied
to t e short column and eluted at 60 ml/hr, maintained by a
Beckman Accu Flo constant volume pump at room temperature;’;

Fractions of 20 ml were collected. T o e

Protein solutions containing urea were desalted in -

‘a Sephadex G-25 column (2. 5 x, 100 cm) equilibrated

eluted with 5% formic acid at 30 ml/hr at room tem erature.
In both cases, fractionation was “tonitored by alka-
line hydrolysis of aliquoth.of‘the fractions lected and

the quantity of amino a@ids in .the” hydrolysates were

determined from their i%sorbance at 570 nm; after reaction

,with ninhydrin (Hirs, et al., 1956 and Moore, 1954).

? e
Ve
S
Yot

2. Ion Exchang Chromatogtaphz

A The cation exchanger, CM- 32Acellulose (Whatman),
was packed in 1. 2 X 50 cm column and equilibrated with

urea,_SO mM.sodium formate, 0. 25 mM DTT, pH 4. 0 bufier at

13 Ve

{room temperature. | The buffer was pumped through’the

-

o : : g
- column iat 6 ml/hr |for about an hour after the application
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of the e#mpl before a linear gradient of 60Q ml 0 - O.QH
NaCl was established. |

In sqme experiments an anion exchanger, Sephidex
- QAE A50, was used. The coiumn (2 x 25 cm) of resin was
equilibratéd with 0.1M KCl, 8M urea, 50 mM Tris, pH'7.5
solution at 13 ml/hr at room(temperature; Thé,?olﬁpeptide
‘fragments were eluted with a 500 ﬁl gradient of 0.1 - 0.4M
KCl. - o, '

The elution profiles, in both c#ses, were'monitored

by measufing the.aBsotbanéé:E; 280 nm of: the 10-ml fractions..

B. CHEMICAL METHODS

1. Amino Acid Analyses

Amino acid analyseé were pefformed on a Durrum
" model D500 or Beéiman modgl 120C. A fired tést tube,vcon:
taining the freéze¢dried-material dissol%éd ih constant
béiliﬁg HC1 with 0.1% pheﬁoi was evécugted; sealed and
' ipcﬁbatéd at 110°C for 22 hours; _Quanﬁ#tafive détefmin- -
ation of threonine, serine, valine and‘isdlquéine fequirgd
.incuﬁaﬁion of some sémples‘at 48, 72 and 96 hours. The
hydrqusafe»was dried over NaOH peliets in a vacuum’
des;ccator, |

"Cysteine is degraded during acid hydrolysis;i Its
detefhinatiqn neééssitaﬁed'its con?ersion';o cysteic acid
Vith‘%éfformic acid aS’ﬁescribed by Moore (1963).

 The exact concentration of a protein with known

i
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amine‘acid composition can be calculated from the deter-
mination of stable amino acida such ‘as leucine and aIanine
in a known volume of the protein solution which has been

freeze dried and hydrolyzed.

2, Eﬂz—terminal Sequence ﬁetermination

.

T

Automatic Edman . degraihtionsuof the pelypeptides
were made with a Beckman 890B sequencer ueing the standard

single ‘coupling, double cleavage procedure (Edman & Begg,'

"1967). The thiazoline derivatives produced were converted

igto bhenylthion;aantoins‘by‘teaction'wi;h»0.2 ml 1M HC1

at 80°C.for-10 minutes (Ednan & Begg, 1967); The phenyl-
hydantoins were identified by gas 1iquid ch:onetograpny in
a Beckman GC 45 gas chrometegraph (Pisano & Bronzeft, 1969)

and by anaiysis on a Durrum D500 amino acid analyzer follov—

‘ing hydrioliic acid hydrolysis (Smithies, et alc, 1971).

3. COOH- terminal Sequence Determination

Penicillocarboxypeptidase S1 (gift from Dr. T. Hofmann)
wes,ueed to sequence the COOH-termini of some fragments of
aTm. The digestion was carried out accpfding to the‘prdeed—
ure of‘Hni; et g;.; (1974) with some moiificetions.. Aboﬁt

80 nmoles of peptides Were_dissolved'in 160 ul of 0.2M

pyridine, 0.25M HCOOH, pH 4.2 solution and digested with

the enzyme at 37°C at an enzyme $o substrate ratio of 1:1000.
Samples (25 pl) were taken at different time intervals and

) {
mixed with 25 ul of 0.4 mM norleucine, 0.43M HCl solution.

42
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The reactién was quenched by heating the mixture at 100°C
for 5 minuteés. Quantitative determinations of the amino
Acids released with time were done on the Durrum D500
aming acid an;lyzer.- u‘
The peptides insoiubie pnder the afove conditions
were sequégced uging Carboxypeptidasé-A-DFP (Sig;as; VA
sample (25\u1)\of,the carboxypeptidasg—A—DfPﬂsuépension
Qas solubiiiib§ in a so;ution of 25 ul’of iéigaﬂco3pand
35 ul of 0.1M NaOH (Johnson & Perry, 1968). Tﬁe enzyme
solétion (20 ul) was imﬁediately pipetted into a solution
of 1 mg peptide in 200 ul of 50 mM sodium phosphate buffer,
pH 7.8 at room’temperaxuré. 'Aliquotg (25 pl) taken at
various times were added to 25 ul of 0;4_mM norlegcine,
6;96M‘HCi solution, which immediately lowered the pH to
about 2.2 angd termiﬂated the reaétion. Tﬁé free amino

"acid contents of the aliquots were determined directiy on

the Durrum D500 amino ac¢id analyzer.

3

A .
- C..PHYSICAL METHODS,
. 0 N /’
. . . . ¥ /
"1, SDS-polyacrylamide Gel Electrophoresis

‘Slab polyacrYIQﬁide gel (8-16% w/v) electrophoresis
(Akroyd, 1967) was performed in the presence of 0.14 SDS
in 100 mM sodiuﬁ phosphate buffer pH 7.0 as described by
Weber and‘0§bornlfl969){‘ To differentiate Tm and some of
;its fr'agments from proteins df similgr molec;iar welghts,

BM_urea was incorporated in the gel (Sender,'197l). Protein



samplca“(iwpgjﬁiymféfmﬁcfﬁ”SDS and SDS-urea gels were
prepafdg by disbplvidg‘the pLotein {n 1% SDS, 6M ured,'lz
merc;ptcethanol, 50 mM sodium phosphate, pH 7.0 buffer and.
incubaced at 60° for 30 minutes. Bromophenol blue marker
"was added to the samples fefdre‘applicafion to the gel. At
che‘end\of the rdny’théﬂéel was wached with 101 methanol,
lO%‘aceticcacid soiution/for at least 1 hour before staining
with 0.25% Coomassie blue R250 in 10% acetic acid, 50%
methanol solption for half an hour. Descaining of the gei

was accomplished in 10% methanol IOZ acetic acid solution

at room temperature.

2. Circul’ar Dichroism Measurements

(a) o-Helical Content Determination

A Cary model 6001 CD attachment to a Cary 60 rccofd;
ing spect}opolarimeter”wcs used for circular dichroism
measurements according to the procedure described by
'Oikawacgg al., ( 1968). The mean residue ellipticity, [e]A,
at a particular’wavelength, A, was calculated from the
folloying eqdafdon‘(Freifeldec,»1976).

¢/ . - eobs m
| [elx = 700 1c

where |

m is the mean residue weight (taken to be 115
in this study)

fobs is the ellipticity value at the wavelength,
A, of interest v

2 is the 1light path length in cm

¢ is the protein concentration in g/cm3.
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i

‘The fractional helix, f, , values at 222 nm at 10°C

H)
and 27°C were calculated from the followding relationship

(&assim & Yang, 1967), using the parameters of Chen et al.,

(1974).
o ¢ o gy —lelp
B . . H (ol - [ol, ..
where

[6]727 18 the mean fesidde’ellipticity at 222 nm
of the peptide

[6] r.c. is the mean residue ellipticity of a }
100% random coil peptide at 222 nm (taken as
+1580 in this study) ‘

(614 1s "the mean‘fesidue ellipticity of a 100%
@ helical peptide (taken as -39500 in this study).

N

(b) Melting Temperature Determination

The ellipticity melttexperiments weré‘perfo:med by
increasing the témpe;atu;e %f the pr;tein solution stepwise
from 10°C to 70°C in a water jacketed tﬁermoreéulator. The
é}lipticity ét 221 nm was measured 15 minutes after the
temperature has been raised to insure that the sample héd )
attained the desired'temper;;ure. Tﬁe temperature intervals
wvere not équa;ly spaced tgrqughout thg run but rather clogel
'in the transition reg;on.j The revefsibility of the'prAngs"
of denaturation Qas qéte;mined by ;eésuting thq'efiipﬁicit?
of the sample as the temherature‘was lowered stepwise.

The protéin samplés for the CD experiménts were

prepared by exfepsive,dialysié of aont‘l mg/ml polypeptide

solution against 0.1M KC1l, 1 mM DTT,\Sb mM sodium phosphate,



|
pH 7.0 buffer. The concentrations of ‘fhe solutions were

determined by gdino'Acid analysis,

&

" D. INTERACTIONS OF oTm AND ITS FRAGMENTS WITH
Tn AND E=ACTIN

|

1. Interactions with Tn and its Components

(a) Ultracentrifugation
.Sedimentationvveloéity experiments wére‘carried out
at 20°C in a Beckman model E aﬁaiytical uitracentrifuge.
The sample was mounted in a cell assembly with a Kel-F,
2° -12 mm centerpiece an& plain quartz wipdows. Thé oper—
ating speed was 60,000 rev/min and pigtu;és were taken at

a bar angle Qf 65° with a Schlieren optical system.

* (b) Poligcrz}amide Gel Electrophdresis

~ TnT and TnC used in the experiments were prepared
from the fractionation (Greaser & Gergely, 1971) ofrfhe
troponin complex extracted by the combined methods of

Ebashi, et al., (1971) and Staprans, et al., (1972). TaT

—— it

was dissolved in 0.1 mM HCl and dialyzed against 0.5M KC1,

10 mM imidazole, 1 mM DTT, 0.01 mM CaCl,, pH 7.0. TnC was

2’
dissqlved and diaiyzed against the same buffer for 24 hours.

-

The protein concentrations of the dialyzed solutions vere

deter;ined spectropho:oﬁetrically employing the values

ElZ , 17 - .
lcm, 280 nm lem, 277.5

5.0 for TnT (Wilkinson, 1974) and E
- LN
2.3 for TnC (Murray & Kay, 1972). . TnCT Ebmplex was prepared
, 4

by'mixing”TnC and TnT in a 1:3 molar ratio. The resulting

46



47

solution was dialyzed against 0.15 M KCl1, 1 mM DTT, 0.01 mM

CaCl 10 mM imidazole pH 7.0 for 24 hours at 4°C. .
. !

20

oTm or its fragments and TnCT or CBl, the dTm binding
fragment of TnT (Jackson, gngl;.‘1975 and Pearlstone &
smillie, 1977), were combined in molar ratios of 1:0.75,
1:1.5 and 1:3. Since the ratio of fhe components of TnCT
i’s l mole TnC to 3 moles. TnT, the calculatién fon‘mixturfa
with aTm was, based on the Amouht of TnC in TnCT. The mix;
tureéiwere incubgtéd for about 12 hours at 4° before assaj=~:
ing for bindiné. .

| Slab po}ya;rylamide gel eiectrophqresis in benign

mediuir, adaptea fromlthe procedure oﬁ Stone énd'?e:ry (1973),

was uséd to detect the formation of- a complex between the

S
* -

components of the mixture. ‘Iﬁe gel contained 6% (w/v)
cyagoguﬁ 41, 402‘(v/v) glycerol, 20 mM Tris, 125'mM glycine
PH g;6"buffer. The sample apbiied to thgrg;1 was prepared
‘by the addiﬁign of.g¥ycerol to 40% to‘the binding mixture;
Thé electrode’?uffer vas 0.1M KC1, 1 qy CaClz, 20 mM Tris,
125 mM glycine pH 8.6, Eaéh ruﬂ Qas qarriéd out af 60 mA
for 11 hours. o 7

Identification of‘the components of the new complex
formed was qﬁne by cutting out the band from an unstained
portion of the preparative géi and electrophoresing it in a ..
SDS-u;ea polyacr?lamide gel or urea polyaCrylamide gel.
The urea gel was prepared and run in thg{ﬁéme manner as the
Benign gel except fo; ﬁhé bmission of élyceiol and the in-

corporation of 6M urea both in the gel and electrode buffer.



v . ‘M gt

The cut out band was sosked in the alectrode buffer in a
dialyoia bag (Spectrapor.membrane tubing. molocular woight
cut off = 3500) and dialyzed against the but!or -at 36 C for
36 hours, The cu: out band was rinsed and placed on top of
‘the second gel and electrophorenod. The solution in which
the gel was soaked was also applied to the second gel to

check for diffusion of proteins from the cuﬁ out‘*ﬁnd.

. . o
(c) Gel Filtration Chromatography

Biogel A 0.5 o (Bioraa)‘pao@éd in do9vx 105 cm

column waebequiiibrated with the eluent, 0.15M KCl, 1 mM
DfT, 0.01me‘CaClz, 10 mM sodium phosphate buffer,ipﬂy7.0
at 3.5 ml/hr. The sample (2 mg) in 1 ml of the buffer was
| applied to the column. on, its fragmenuf and CB1l werea‘
. run thr0u3$ the column individually as well as mixtures of
aTm or its fragments and CB1l at molar ratios ranging from
0.5:1 to 2.5:1 (aTm:CB1). The'mixtureo were incubated at “
"4°C oernigh;'before appLication'Eo:the column. wEluﬁioé

Y

was monitored by takingAche absorbance of the 1 ml fr&oc;onsz;

at 230 nm. The composition of the eluted peakskwes hﬁi

in a SDS-urea gel.

(d) Affini_y Chromat ography

o i' !
procedure recommended by the aupplier." The reﬁinf 38

\

swelled in 400 ml of 0.5 M-NaCl"soluqion at room’it




,ovcrhight. was filtered in s glase sintered funnel and
washed with 200 ml ‘of 0.5M NaCl and 400 ml of diotillod
wntot.‘ Tn or CBl (10 ug). dissolved in 5.5 ml diltill.d
water, was addcd to the washed rnain atc.t ite nbnorbanca? I
at 230 and 280 nmwas detersipned. A‘lolution of EDC,

l-ethyl~3-(SeDimiEhyidminoprobyl?—cafbodiimidc hyd}ochlotidc;
' ) } 3 < l ’ g
~(133ng in 0.5 ml water) was added dropwise to a final, con- .

centration of 1M to the slurry, the pH of which vas adjusted

"to 4.5, The pH of the mixturi was maihtnincd nﬁ 4 5 wich ‘

HC1l for l'hour.' The reaction was thcn allowcd to procccd

at room temperatura for 29 hourn with gentln continuoul end-
Q - S
over end miming. At the end of the rgaccion ‘time, tho resin

was filtered and washed with 10 ml of 1M NaCl, 50 mM sodium

acetate pH 4.0 buffer. 'Th&~absorbance at 230‘and 280‘nm

b

of the combined filtrates were measured. Thé resin wiu
\ .
washed wi%h 100 ml more o¥ the pH 4 0 buffer cand then with’

10 ml of 1M. NaCl, 50 mM NH4

Jlame bpffgt; The ‘absorbance of the 10 ml filtrates at 230

HCO3 pH 8.5 and 100 ml of the

and 280 nm was necorded; The reein was further wash;d with

two alternating cycles of 100 ml each of ghe«acidic and e
Lo

basic buffers and finalIy with IoOp %inl of water., The resin,

@g, equilibrated with 10 mM im1¢azole, 1 mM DTT, 1 mM EGTA

%pH 7.0, was packed ip a.0.9 x '8 cm column. '

The preparatiouWof'afffnftytcolu;ns of Tn, TnT and
CB1 with CNBr activated Sepharose 4B (Pharmacia) was per—'»
formed as suggeste{ byf;he supplier. The resin (1 5 g),
ZSwflled fn 1 oM HC1,~w;s codpledﬁka the desired protein

LY
u



_(15 mg) in 7.5 ml of 0.1M NaHCO

3. 0 SM NaCl solution., The

coupling reaction was allowed to proceed at-room temperature
¢

i,
. for 2 hours with gentle continuous end over end mIxing. The

/'/reaction was terminated by filtering: the resin and washing

it with 10 ml of the couplin\/buffer.- The absorbances of
the filtrates at 230 and 280 nm were determined and washing

of the resin was continued with 200 ml of the buffer.

Deactivation of the unreacted groups in the resin was
AN S - L - .
accomplished by ‘gentle mixing of the‘resin with 7.5 ml of

1M ethanolamine pH 8. Olfor-l 5. hours. Non- covalently bound

proteins~were removed by washing the resin with 1M NacCl,
0.1M sodium acetate»pH 4.0 and ‘1M NacCl, sodium borate pj 8.0

buffers, alternately, in the same fashion as in the prepar-
ation of the CH and AH sepharoseLTn resins?‘x

stimates of the cdypled proteins

¢ e

Rough quantitat

hwere done from che differencds of the absorbénces at 230

LTI

tained from washing the resin. /> )

The column was washed with at least 10 ml of the

~

eluent,'l mM DTT, 1 mM EGTA, 10 mM imidazole,rpH 7.0, -

s

before the sample (about 0.5 mg of peptide in 0. 25 ml buffer)

was applied to the column. aTm and its fragments were

b i

applied to the column individually as well as mixtures of

equal weights (about 0.5 mg) of two fragments. The eluent

was then passed through the column at 3.5 mllhr'fbr about

3 hours before a 60 ml linear gradient o 0 0.5M KCl vas

established.‘ All the experiments were done at 4° C. The

50



elution profile was obtained from ‘the absorbances. ,of - l ml
fractions it 230 nm and the salt concentratﬁons of selected‘

fractions determined with a Radiometer type CDM 2e conduct-

1 ity meter. The composition of the eluted protein peiks
y

-

‘was determined by SDS urea gel electrophoresis of the

dialyzed and freeze dried pooled fr onsi, o T 2

°

2.-Interaction with F-actin

(a) Cosedimentation Method
The assay for binding of aTm or:.its fragments to
F-actin was patterned after the procedure of Eaton,.et
(1975) aTm or its fragment (O 4 mg) was dissolved in 1.34

ml of 30 mM KCl 5 mM MgGl - 1 mM EGTA 2 mM ATP, 1 mM

2’
imidazole pH 7. 0 and’ centrifuged at 20,000 g for 7 hours at
4°C to- remove undissolved particles. The supernatant was

<

'mixed with 2 mg’ F—actin (3 mg/ml) prepared by the - procedure
of Spudich & Watt (l97l)/and incubated at ropm temperature
‘for 2 hours. The. mixturF was centrifuged at 20 000 g for
ﬂlS -20 hours at 4° C. The Supernatant was dialyzed against
water overnight and fre’ze dried. The pellet was carefully‘
rinsed with water to quové contaminating 8upernatant §
'solution and then dissplved in HZO and freeze dried. The
composgitions of the peﬁlet and supernatant were determined
by SDS polyacrylamidelgel electrophoresis. | -
The validity of the 18883y was tested by determination

of the amount of oTm that bound to actin by scanning the gel

-of the pellet obtained from the reaction. The amounts“of

-



‘}‘.

o
1k

actin and aTm were calculated from their éorresponding

standard curves, constructed by plotting the intensities
P

r

of the Coomassie stained protein band ﬁgainst the amquﬁt

£ . g, : ’
of protein applied to the gel. This was accomplished by
dissolving aTm and F-ac®in in 0.5%% HCOOH and dialysing

against the same sdIutiona Aliquoﬁg?&f the solutions were

e

taken for concentration determinatiom by amino acid analysis .

and 1 ml aliquots were freeze dried. .The freeze dried
sampies were dissolved in knobn(voiumes of 6M urea, SZ;SDS,

1% mercaptoethanol, 50 mM sodium phosphate pH 7.0 and:heated

N v

"atk60°C,for half an hour. Varioys volumes of the samples

were applied Eo’S ﬁmfdisc gels. The destained gels were

e
scanned at 590 nm.
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" In this study, slight modificatidh in.thevpfocedure was .

CHAPTER 111

PREPARATION AND ISOLATION OF aTm
AND ITS FRAGMENTS

¥
Rabbit skeletal Tm was initially prepared by K. Bailey

't

(1948). The protocol for the extraction and pdk{ficatioo

was based on iFoelectric precipitation of Tm followed by

(NH so frackionation. The method has been studied in .

4)2 4
great detail and improvedﬁby Hartshorne and Mueller (1969).

. . (.4
further. introduced to obtain'a more homdgeneous protein.

3

Tm is intimately involved with the other thin fila-
ment - pQ%teins, Tn and actin. /Yarious large fragments of
oTm were prepared for experiments designed to further our.

. . /»/ °

understandihg of th;/dpteracrions between.tbese proteins.

e
-

The methods fo;{Ehe preparation of the fragments of aTm

e ¢

were choseﬁ/on the basis of'the specificity of rhe’srtes of

/

'cleavage of peptides by the enzymes trypsin, chymOtrypsin

e

éﬁd carboxypeptidase A as well as the chemical reactions of

CNBr agd the combined gg;ion oﬁ.DTNB and KCN. .

AL @ TROPOMYOSIN , C

Muscle powder was prepared from either frozen or L

.

vfreshly minced rabbit skeletal muscle by the procedure oP

Bailey: (1948) except that the muscle fiber was washed with‘
acetone instead of ether as the final step. The air dried '

muscle powder was stored at '26°%#I
‘?)5 3 ‘ B - ‘ . vV



Sds
Tm was 1isolated fromsthe acetone muscle fiber using a
modified procedure of’Bailey (1948). Acetone powder‘(loog)
w@s“dispersed in 700 ml of 1.0M KCl, 0.5 mM DTT andfsdjusted
to pH 7.0 with 1M NaOH. The mixture was allowed to stand,
with occasional stirring, at:pH 7.0, 25°C for 16 hours. The

liquid was then removed from the residue by passage througbf
~..~../ :

two layers of cheese cloth and the residue re- -extracted with

+

.1.0M KC1, 0 5 mM DIT for 2 hours. The subsequent procedure

' was done at O°Cl' The pH of the combined extracts was adjusted .

to pH 4.6 with lM HCY and the solution was stirred for half an

“hour. The precipitate was spun down, dispersed in 12 of the

ExtractiOn solution and neutralized to'pH 7.0. Undissolved

particles were removed by centrifugation. Précipitation at

pH 4 6 was repeated The pellet was dissolved in 12 of the
ﬁ“l

extraction“@u%fer at pH 7.0 and the pH readjusted to 4 3 with
. N\

1M HCl. ©The precipitate was dissolved in 0.5 mM DTT solution

and neutralized to pH 7.0 with 1M NaOH. olid (NH was

4)2 4
addedﬂslowly, with stirring, to the solution to a concen-

tration of 547 saturation. Maintaining the pH at 7 0, the

» solution was stirred for half an hour and the precipitate

was spun down. More solid (NHA)ZSO was added to the. superW‘

L4

-

natant to a final concentration of 65% saturation. The'
solution was centrifuged after stirring for 30 minutes at
pH 7.0u‘ The precipitate was dissolved ‘in 200 ml of 0 5 mM
DTT and dialyzed extensively against 10 mnM mbrcaptoethanol
at 4° C before it was’ lyophilized.

p~Tm was fractionated into its « and B components on-a



5

CM-32 cellulosde column at pH 4.0 in the Presence of 8M urea’

¥

(Cumming & Perry, 1973)
| Rsbbiﬂ cardiac Tm is a homogeneousuprotein as Judged
from SDS gel electrophoresis. Its electrophoretic mobility and
primary sequence are identicsl 'to rabbit skeletal aTm (Lewis &
Smillie, unpublished) Cardiac Tm Was used to substitute for
rabbit skeletal oTm in the interaction experiments. A major
advantage using cdrdiac Tw 1s that 1t was not exposed to denat-
uring conditions in its prepsration. Cardiac and skeletal Tm

vere prepared in the same manner but the latter required fract-

ionation in the presence of 8M urea to isolate pure aTm.,

B. FRAGMENTS OF aTnm ,

l. Digestion with Trypsin [3.4.4.4]

-

When this work was initiated Eckard (1973) had pre-
viously reported the preparation of two trypsin resistant o
core peptides\by exposure 06 Tm to trypsin at an enzyme/ -
ratio of 1 100 at pH 8 5, 0~C for 24-hours.~ Based'on the
histidine étontents and the results from carborypeptidase-A
digestion of the peptides, it was suggested that one of the
Peptides was derived from the middle part/of the Tm molecule
while:the other ceme from the COOH-end/of the molecule.

- To gain'a better understanding of the actionwof
trypsin on Tm, the activity of*the enzyme was investigated

“in greater detail. The time cgurse of the digestion at 0° C

pH 8. 5 was studied at the following enzyme to substrate ‘ﬁﬁﬁ

5 .



ratios#*1:1000, 1:500, 1-200, 1:100, 1:50, 1:33.. A stock
8olution of trypsin TPCK (Worthington Biochem. Corp ) was
prepared by dissolving the enzyme in 1 mM HC1l and dialyzing
it aga%nst the same solution to remove contaminating salts
and/or metal ions.; The Substrate was an 8 mg/ml solution

of aTm in SGTmM NHaHCO3;

v

pH 8.5 dialyzed’againstvthe same

N

bufferfovi’

solutions were determined spectrophotometrically using the

1% ‘

280 nm, 1 cm
1% -
277 om, 1 cm -

Gﬁlues E

1972) and E

"14.4 for trypsin (Worthington Manual,
3.3 for aTm (Woods,\l9§7); The
enzymic digestions were carried out at 0°c, oﬁ 8.5 and the
‘nroducts of digestion at various times were examined on SDs
vpolyacrylamide:gels both:in the presence and absence of 6M
~urea, For a.reason hhich is not clear, Tm and some of its

fragments do not exhibit electrophoretic mobilities pro-

portional to their molecular weights in SDS gels in the

presence'of urea. This-anomalous property has been exploited

L

to differentiate them from other proteins or fragments(”%ich
have the same or similar molecular weights. The samples

for the gels were'prepared as'follows: O.l ml aliquots of-
the,digest were taken at different timefintervals and added
to 0.3 ml of 9.6M urea, 60 mM HCl pH 2.§. The combined
aotion%bf low pH and urea'quenbhed'the regction immediately.
Iﬁ previous experiments; it'had been observed that liima bean
" in bitor was not effective in terminating the reaction |

v

instantly. The pH of the solution was. raised by addition

.

of 133 ul %f 0 ZM sodium phosphate buffer pH 7.0 containing

£

ght. The concentrations of the enzyme and aTm -

56
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4% SDS ;nd 5 ul of 2M NaOH. Thp.resultihg solutions were
héated at‘60°C for 30 minutes before apglication'of iO pl’
'tovthe geis, The prodgcfs of tryptic 7Agestioh ;t increas-
ing reac;'}:‘}ion time at an en’le to substrate ratio of 1:200
are demonstrated on the SDS and SDS-ureé gels shown .in

Fig. lZa.and b. The SDS gel showed that as the tryptic
digest;on time was increééedQ the disappeafance of/}he in-

tact oTm was accompanied by increasing amounts of only two '

.
lower molecular weight bands. However, the SDS-urea gel

. showed 'a different pattern. At very short digestion time,
. 3 - . ’ - .

two bands were cbserved but as‘time pfogressed,'new bands
appeared and others disgppeared;

| &o determiqe whether the two early bands were due to
_ avsingie point cleavage of Tm by the enzyme, aliquots‘of
the digest were téken.and added to 10%4€0A solution to pre-
cipitat; Tm an& the large peétides. SDS and SDS-urea gels
d;monstrated that undigested Tm as well as the fragments
observed in.theuwhole digest at shogg dige;tion time were
completely pzecipifated by the aci&. The éupernatan;s,
which_sﬁould have containea small p?ptides and/or free amino
abids, vere washed with an equal volume df ethe? five tiﬁes
to extract dissqlVed.TCh énd_then fhe clear aquéous layers

Q
were lyophilized. The composition of the freeze dried
samples was determined by high vdltage paper electfophoresis
and by-.amino acid analysis of their acid hydrolysates.

These studies indicdted the absence of small peptides or

free amino a;idé during the -early time of digestion suggesting

-



Fig. 1l2.

- -

" Time course study of tryptic digestion of aTm.

SDS polyacrylamide gels in the absence .(a) and
presence (b) of 6M urea of the products of
tryptic digestion of aTm at o°c, pH 8.5,

enzyme to substrate ratio of 1:200 at different
digestion times.






that thé two fragments were the result of the hydrélysiq of
a single ﬁeptide bond. Studykpf several trials ofﬁtime
course digestion with various aTmﬂpreparations-1ndi§atedq
that the best conditions for. the ﬂreparation‘of the two
large fragments were 0°C, pH 8.5 and 1 minuﬁe at an enzyme

to substrate ratio of 1:200. B

(a) Short Term Digestion

Efforts were made to isolate the large fragments
produced at short digestion times. Trypsin-TPCK was added
to an 8 mg/ml dialyzed solution of aTm (404.6 mg) in 0.05M
NH,HCO,,

minute, the reaction was terminated by 10waringfthe‘pH with

pH 8.5 at 0°C to give a ratio of 1:200.  Af}ér 1

formi¢ acid and the digest was aéplied directl; to a column
of‘Sephadex G—75 equilibrated with lOZkformicf;cid. The
elution profile of the fractionation (Fig. 13a) was monit-
Gfed by_alkaliné hydrolysisAfo;lowed by-ninhydrin reaction
,bf the eluate. Compositiogf of the pooled ffactions were
determined by SDS polyacrylaﬁide gel electrophofesis

(Fig. 13b). Peak I coﬁsisted of undigested oTm while

9
-

peak II (}19 mg) was a.ﬁixture of the two fragments.
Chromatography of 110 mg of peak II matepial on a
cation exchanger, CM-32 céllulose, purified thé-péptides as
shown by the eldﬁion profile (Fig. lé4a) and the\SbS gels
‘(Fig. 14b). These fragments were labelled Ti and T2. The
‘preparéfion.and pur;fication procedurgs ppoduced 31.1 mg Tl

and 40.8 mg T2, :which represented 16.7 and 18.8Z% yields

60



Fig. 13a.

Fig.. 13b.

Fractionation of products of shdrt term
digestion of aTm on Sephadex G-75., Column

. dimensions}; 5 x 250 cm; eluent: 10X formic

acid; flow rate: 60 ml/hr operated at room
temperature; fraction size: 20 ml, Effluent
was monitored by alkaline hydrolysis followed
by ninhydrin reactionm. Fractions were pooled
as indicated. '

" $SDS and SDS-urea polyacrylamide gels of

fractions I and II.






. : ¥ v
Le . .

Fig.,l4a. Chromatography of Tl and T2 on CM~32 cellulose,

' B Column dimensions: 2.5 x 50 cm. Starting ’
buffer was 8M urea, 50 mM sodium formate, 1 @M
DTT, pH 4.0. Linear gradient was established
with 1.5 2 starting buffer and 1.5 £ starting
buffer made 0.2M with NaCl. Flow rate: 30 ml/»e
hr operated at room temperature; fraction size:
10 ml. Effluent was monitored by absorbance, at
280%tim. . Fractions were pooled as indicated.
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Fig. 14b. SDS and-SDS~urea polyacrylamide gels of T1
. and T2.
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respectively of the starting material. e

—_ N

(b) Long Tern‘Diégstien.
‘Attenpts were aisovmade to'isolate the trypsin‘reeia—
.tant core'peptides using the conditions.of Eckard and Cowgill
d(1976) with sli%ht modification. The enzymic reactien vas
carried out on 8 mg/ml solution of aTm (412 mg) in 0. 4 M
.yaCI, 0.1M Tris, pH 8;5,.0 C at an enzymf to snbstratenratie_
:of 1:50 for‘24 hours. The‘reactien'&as quenched'with the
‘addition of lima bean inhibitor. ‘ 41
The ‘products of~h§drolysis were separated by gel
filtration on Sephadex G-75. equilibrated with 107A¥ord}c
“acid. D,The elut;on profile (Fig..lsa) showe; numep?;suveaﬁs
‘ Peak i (74, 6 mg) and IT (47 .5 mg) were composed of 2 frag- :
ments each as judged from SDS gels (Fig. 15b), whereas .
. peaks III (19 9 mg) and IV (14 4 - mg) showed single bands
N Amino acid analysis of peak Iv revealed high contents of
. proline and cysteine.- Sinc7'aTm does no$~contain proline and
has’qnly one cysteine, this fraction was probably derived
v w
rfrom thelgina bea%?inh&bitor or trypsin When run qﬁ the?
SDS polyacrylamide g‘ls, peaks V and VI gave no detectable
ban%svand were probably composed of small peptides; free
-amino acid%vand/or Tris salt; The materialvfrom peak I1I
v(22 2% of the starting material) was labelled as TS5.: |
l The peptide@ of peak I were separated byrenromatography
r.fon a Sephadex QAE\kSO column (2 5 x ¥00 cm) at pH 7.5 in the

tprqsence*of 8M urea (Fig.\l6a and b).- The yields of the - .
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Fig/ 15a.
‘/‘ - digestion of alm OQ\Sephadax G-75. Column,
 dimensions: 5 x 250

“Fig. 15b.

/ |

Separﬁtipn of productpugf long term tryptic

cm; éluent: 10%Z formic
actd; flow rate: 60 /hr operated at room
temperature; fraction s ,: 20 ml. Effluen
was monitored by alkaline hydrotysis follovyed
by ninhydrin reaction of the fractions. :
Fractions were pooled as indicaged. .

¢ -
SDS and SDSéurea'polyacryldmide gels of
fractions I, II, III and W.  ~ R

LY



ot



Fig.

'Fig.

16&.

Chromatography of fraction I on'Sephadex
QAE-A50. ' Column dimensions: 2.5 x 100 cm.
Starting buffer was 0.1M KC1l, 8M urea, 50 mM

.Tris, pH 7.5. Linear gradient was established
‘with 750 ml starting buffﬂ and 750 wl starting
F

buffer made 0.4M with KC1l. low rate: 13 ml/hr

«operated at room temperature;, fraction 3%3
Ance

10 miar,- Effluent was monitored by absor

| at, 280 nm.

# o 1 . - a ."_'
o4 N
r' J
SDS . and SDS ﬁreq‘polyacrylamidq gels of T3
and T4 S Q} o Ry
e e e SN

& 7 N
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purified fragments T3 (29 3 mg) and T4 (22 6 mg) were 17

- and 1572 respectively, with refeggmée to the amount of aTm

-

.
e, . . '
iy

used.

_ Unfortunekely, the peptides in peak II were‘lost in
the process of purificaticn. o ‘ .
2. geetion with Chymotrypsin j} 4.4, 5] e '

"A time course study of the cbymotryptic digestion
of aTm was made in the same manner as the tryptic digestidnhﬂ
The rate of reaction at 0° C was very slow so-the. enzymic

a

reactions at an enzyme to s'bstrate ratios of 1:200 and 1: 500

at pH 8.5 were performed«at 25°C. SDS and SDS-urea gels
. ' ¢ : " .

(10%) (Fi&.‘l7) of the products of digestion at pH 8.5, 25°C

and at an enzyme to substrate ratio &'1 <500 revealed that

-

two large fragments were initially :%rmed and 4s the reaction

’ b N “~

time progressed ‘the number of pepti%es iycreased. Carefpl ’

.analysis of the products with respect to time - suggested that

S

O

"the best conditions for the formation of the iniiial peptides

were 25°C, pH 8 5 for 5 minutes St an enzyme to strate

raxio of 1:500. . It is interesting that chymotrypsin

required harsher conditions to hydrolyze aTm than trypsin
Large scale preparation of the.two fragmentg@was done

using the chosen conditions on an 8 mg/ml dialyzed golution

of aTm (286 mg) in 50 mM NH, HCO 'pH 8. g . The reaction was

4 3’

A , .
terminated by lowering the pH - to 2.0 with’fdrmic acid
followed“by.lyophilization of~thetdigest. o o

The freeze dried material was chromatographed on a

T



Fig.

§ Qg&k«

v

."»"

H

f&Time course stﬁdy of chymotryptic digestion

of o«Tm. SDS polyacrylamide gels in the absence
(é& and presence (b) of 6M urea of the products.
of chymotryptic digestion of oTm at 25°C, pH 8.5
«At:;an enzyme to substrate ratio of l 500 at

‘different digestion times.






‘uCH-ﬁZ cellulose column (1.2 x\SO cm) at pM 4.0 in 8M urea.
The elution profile (Fig. 18a) was cbnstructed‘from the
absorbdnces of tﬁ; 2 ml fractions collected.-, SDS and SDS-
urea gels (102%) (Fig, 18b)‘of'the material from the peaks
shoﬁed that the first peak was pure CT2 (12 mg; 10.4%
yield), the lower molecular weight fragment. The second
peak consisted of the higher molecular weight fngment and
undigested aTm. |

ﬂh * Separation of the large fragment,~CTl, from Tm was

accomﬁliahéd_by fraétionation of th; material (162 mg) from

the second peak on a Sephadex QAE-A50 column (2 x 25 cm),
at pH‘7.5 in the‘prBence of 8M'urea (Fig. 19a and b). A

yield of 8.7% for CTl was obtained.

3. Digéstioﬁ with Carboxypeptidase-A [3.4.2.1] ’

The loss 3f the ability of oTm to polymerize at 1ow
ionic strength cbuid~be&accomplished by the cleéyage of at
least 4 residues from the carboxyl terminal end of aTm,
Non-polymerizable Tm was pfepared accﬁrding tq”the method
described by Johnson and Smillie (1977). Digejtioﬁ Qas
éarriedrout at'pH 8.0 at 34°C at an'énzyme fq ;ubstrate A /

~ratio of 1:200. The eitent of diggstion was followed by

the determination of viscosity of the digest as well as the

amino acid liberated as digestion progressed. The reaction‘

was terﬁinated by lowering the pH to 2.0 and\che digest was

dialyzed againét 0.%% HCOOH and liophilized. ‘These treat-

‘ments irreversibly denatured the enzyme.

73



Fig. 18a, Fractionation of products of chymotryptic
digestion of aTm on CM~32 celluloses Column
dimensions: 1.2 x 50 cm. Starting Buffer: 8M
urea, 50 mM sodium formate, 0.25 mM DTT,
pH 4.0. Linear gradient was established with
300 ml starting buffer and 300 ml starting o
»% buffer made.Qp2M with NaCl. Flow rate: 6 ml/hr
e operated at room temperature; fraction size:
2 ml. Effluent was- monitored by absorbance
at 280 nm. Fractions were pdoled as indicated.

. yv\ )
Fig. 18b%. \\sns and SPS-urea polyacrylamide g'pooled

dfractions. .
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Fig. 19a. Fractionation of CTl apd a'l‘n on scphidex ’
QAE-AS50. Column dimensionb. 2x 25 cm. ;.
Starting buffer was 0.1M KC1, 8M urea, ’
.50, mM Tris, pH 7.5. Lineat ‘gradient wi?”(////
. established with, 250 ml starting buffer and
250 ml starting huffer made 0.4M with KC1.

Flow rate: 15 ml/hr operated at room temper-
ature; fraction size: 2.5 ml. Effluent was

S , .monitored by absorbante at 280 nm. - Fractions .
' v yere pooled as indicated. "
Alﬂ ' o
» Y 't o

.
’

- ‘ | : ‘ o
Fig. 19b. SDS polyacrylamide gels of CTl and uncleaved wTm. -
' & ‘ N . ‘(; : . Q-i, : ‘
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“ b Rcaction with CNQ: o i

CNBr speQiﬁically hydrolyzal peptidc bond-‘nfter a

methionine reoidu. as ahown by. the folleving reaction

mechaniln (Gros-. 1967)

«

NE- CHR'EOOH

'ﬁ' , R NH-CHR coon
~ RNH-C-=C o SRR RNH c C S
o I “Qo‘ B T C%
~ H,C-CH, + CmN. - g c CH
S { 2 S —_— 2 2
- T Br: " @S-C=N
¢x s . en, B:©
“H3 : \ ‘ ) - eHy ™~
| _
) /,
g @ |
| X | ,NH-CHR'COOR
: RNH=C~ c\ | : o »
' |- 0O rey 4+  CH,~-S-C3EN
H,C- cn Bﬂa -3 SR
: u o | | -
: NH-C-c? SR
. | | ;;0 f-t< H,N-CHR' COOH -
_ H,C-CH,
T » '{

Digeétion-of Tm with‘CNBi prdduced'tﬁo 1grge'§eptidé;.

~Thg,preparation, aeparation and purification of these
peptides, CN1lA and CN1B,

were done according to the pro-

cedure of Hodges and Smillie (1973) :
2 LT
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‘s, Reaction w:lth DTNB and KCN ..

"DINB, 5 5'-dithiobis(z-nicrobenzoic acid). modifies

‘the side group of cysteine and subaequent additicn of KCN

—

potaasium cyanide, results in the hydroiysis of . the peptide

- bond on the amino terminai aide of the modifiea cyateine. |
A ,

The>reaction mechanism (Jacobson et al., 1973) for thisi

reaction is shown belqﬂ

o e 0 : .
® N 1 ,,/9 o
g H3N-*~vceﬂ§§\QZC-NH ~*~c—q
‘ : ?’H)\\ ‘\ .
SH
. : LR
lDTNB
& o . ’
® - ' [, A~
H3an-c-NH-?ﬂ NH ~~'C-0
goo® e, o
—-— - _' ? 'd e -, ’
0,8-{0)-s-5 g
\, | \
B
o .. - .0 0
® L O ] e
, HN o —Nﬂrﬁﬁ4C~NH~w~C -0
-§"2
N=C-§ ; . |
. o ’7»:';;‘. " s ji;;i‘
L \Lofa e o® |
. C® T o
: ® 1 f. d C)
A H3N~umm$ -NH- ?u—— C-NH ~C-0
' OH ' CH,
y
N=C-S
\‘\r O \L N 0 . . 0"
\\ ® p B S s P
H N wen C + HN-CH~-C=NHw~C | N
nh \NO . o : \oyL- -
. 0 C CH,". 0 '
y o M \/ 2; ' :
.\‘el' ) HN_ . S ’ “
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‘aTm has only one cysteine residuthhua making this
’ o 1 .

reaction very valusble for producing peptides of aTm.' The

ctwo step method described by Jacobson, et al., (1973) was

-followed for their preparstfon. At the end of the reaction

period, he teaction mixture was dialyzed against water.

‘extensively and lyophilized. ‘The freeze dried material

1

(200 mg) was applied to a CM 32 cellulose column st pH 4.0

in the presﬁnce of EH urea. This technique separated the

? A

small fragment, Cy25 from the large frsgment (Cyl) and

‘ uncleaved aTm (Fig. 20)

The yellow substance present in the peak I fractions

';may have been responsible for the high absorbance at 280

\t

nm since no: amino acids were detected when an amino dcid

analisis was'done on the pooled, freeze dried peak I

fractionau Peak 11, 1abelled as Cy2 (17. S'mg);'consisted'

N

/ ~.

of pure small fnagment as judged from the SDS and SDS- urea
gel electrOphorlsis (Fig. 20b) Interestingly, it was
observed that peaks III and IV were both mixtures of’ the
1arge fragment (Cyl) and uncleaved on. The reason for
their elution as- separated peaks is not clear
‘t‘Fractionation of the large fragment from unclgﬂved

aim\pas performed by application of 86.2 mg of Cyl and aTm

_mixture’ to a Sephadex QAE ASO column (2 x 25 cm) at pH g5

_this technique.

(Fig 21a)“ SDS gels (Fig 21b) f the pooled eluted peak

a

fractions revealed that separation of the two components

was_achieved. A recovery of 20 mglof Cyl ‘was obtained by

e ' N

“8n
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20a. 'Separatibn of -products of treatment of aTm .

with DTNB and KCN on CM-32 ‘cellulose... Column
dimensions: 1.2 x 50 cm. Starting buffer: 8M
‘urea, 50 mM sodium formate,.0.25 mM DTT, pH
4.0. Linear gradient was established with

300 ml starting buffer and 300 m1 starting

buffer made 0.2M with NaCl. VFlow rat:; 6 ml/hr
operated at room temperature; fraction 'size: .
2 ml. Effluent was monitored by absorbance at

280 nm. Fractions were pooled as indicated.

w

E;é. 20b. SDS and SDS-urea polyacrylamide gels of

pooled fractions.
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. Fig.

Fig.

§2;aJ

zlb..

T
Chromatography of Cyl and oTm on Sephadex
QAE-A50. Column dimensions: 2 x 25.c¢m.
Starting buffer was 0.1M KCl, 8M urea; 50 mM
Tris, pH 7.5. Linear gradient was established
with 250 ml starting buffer and 250 ml start-
ing buffer made 0.4M with KCl. Flow rate:

15 m1/hr operated at room temperature; fractibn :

size; 2.5 ml. Effluent was monitored by absorb~
ance at 280 nm. _  Fractions were pooled as
indicated. )

-

SDS and SDS-urea polyacrylamide gels of Cyl
and uncleaved aTm.

D fa
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This chemiéal cleavage is largely aepen&ent Pn‘the
presence of reduced sulfhydryl group} The aTm used for‘
the prepa;gtion had‘begn dialyzed'in‘the presence of a
reduéi;g\agent, mefca;toe;hanol, before lyophilizatioq"and‘

was assumed to be 1in the reduced form. However, the low

ylelds whichtéwere obtained, 15% for Cyl and 26% for Cy2,

~oxidized after dialysis.




- CHAPTER IV -

L)

CHEMICAL AND PHYSICAL CHARACTERIZATION
0® oTm AND ITS FRAGMENTS

.

Various fragments of aTm were 1solated from
'digestion with tfypain, T1, T2, T3, T4 and T5; with’Ehymo-
trypsin,.CTl and sz; with carboxypeptidase—~A, non- .
polymerizable Tm; by treatment with CNBr, CN1A and CN1B;
and by treatment ;1£h DTNB and KCN, Cyl and Cy2. The
purity of‘ehese Eragments Qes established by SDS polyacryl-
amide gel electrophoreeis’in the presence and absence of
urea. All:-of the fragments were homogeneous by'Ehis
criterion except for Tl, T2 and f3 which were slightly
vcontaminated}(<52). An estimepe of their molecular weiéhts
was also obtained by this techniquef In o{eer to identify
these fragments, itgwaS'necessary to ievestigate their
chemical properties. |

8

A. CHEMICAL PROPERTIES

»

1. Cysteine Contents

Since aTm has only one cyswe;ne residue at pesition
190, the presence or.absence of this amino acid in‘a poly-
peptide 18 a good indicater of the origin of the fragment.
The cysteine contents of the different fragments, determined
as cysteic acid, (Table I) suggested thet T2, T4, T5 and
CT2 are derived from the COOH-terminal half of the molecule.
Because CN1B was prepared from carBexymethylated aTm its

cysteine content was measgured as -carboxymethyl cysteine.

86 ' .
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The cysteic acid content of Cy2 1l‘10V because the sulfhydryl
group qt.itn cysteine residue has been modified in the prep-
aration of the fraauoht.- By the process of elimination,

the remaining peptide- nre'darived from the NHz-torninal

half of the molecule.

L

2. Nﬂz-terminal Segpences

The sequence of at Leaat ten amino acids at the NH2~
~, AJ ‘ ’ ’
terminal ends of the fragments “wag_d€termined by automated

L

Edman degradation. ‘Tl and CT1 did not sequence, providing

o,

additional evidence for the assignment of these ffagments
TN

to the Nﬁé—terminal halffof.the molecule.' Tabie II lists
the ten amino acids ~and their yields in nmoles in the order
in which tH@y were tecoveped during the Zdman degradation.
The homogeneity of the peptides was also established from

the quantitative determination of the amino acid derivatives

-tormed at each Edman degradation step.

3. COOH terminal Sequences

A knowledge of both the NHZ- and COOH-terminal
sequepces of the polypeptides allows thelr identification
since the complete sequgﬁte of‘the molecule is. known.
Penicillo carboxYpeptidgse-Sl and carboxypeptiohse-A were
.employed for this purpose and the type of enzyme used was
dictated by the solubility of the fragments in the con-
.ditiOns;for optimal activity of the enzyme. Penicillo

carboxypeptidase-51, which is optimally active at pH 4.2,

.

AR
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Automated "“2

TABLE I1

~terminal sequence Anslyses of

T g Fragmants otvaT-
Step of Residue® (yield in nmoles)® v
Edman
degradation T2 T3 K T4 TS cT2
1 Ala (44) Leuw ( 9) Ala (14) Ala (53) Val (40)
2 Gln (30) Asp (12) Glu (13) Glu (39) Ile (20)
3 Lys (31) Lys ( 3) Leu (11) Leu (29) Ile (36)
4 7 Asp &14) Glu ( 9) Ser ( 8) Ser (20) Clu (;6)
5 Glu (18) Asp ( 9) Clw.(13) Glu (20) Ser (28)
6 Glu (18) Ala ( 8) Gly (10) ciy (17) Asp (22)
7 iyu (29) Leu ( 7) Lys ( 6) Lys (11) Leu (13)
"8 Met Ksp ( 8) Cys ( 6) Cys (7)) Glu (12
9 Glu (16) Arg ( 3) Ala (7) ‘e ¢ 9) Arg (31)
10‘ Ile (28) Ala ( 9) Glu (10) Glu (13) Ala ( 9)
dry weight
of sample 3 2 2 2

(mg)

-

Determined by a com
HI hydrolysis of thiazolinone der
and gas 1liquid chromatography of the 'PTH der

Ylelds derived from amino acid analysis,

o

»

ivatives.

bination of amino acid analysis after -
{vatives, and thin layer,

pe



9n

vas used to sequence T1, T3, T3 and Cfl. T2, T4 and 6Ti
vere insoluble at pH ‘.2, Hovever, T2 diseolved at pH 7.8
in the absence of ureas while T4 and CT2 dissolved at this
PH in the presence of 4M ursa. Under these cond}ttono.
carboxypeptidase-A is active and v‘-‘u;cd {or the deter-
-1nntlon of the C-termini sequences of these fragments.
chr.ncnt.tiQo digestion profiles oﬁ some fragments 3;1ng
ditfercgl an:yuo; and reaction conditions are {llustrated
“1n Figures 22, 23, and 24, and the COOH-terminal lcéuencel
of the fragments obtained from these cxbotinenta as wvell
;- the prédtcted sequences based on the known primary
structure of aTm are presented {n Table III.

«

'4. Amino Acid Compositions

On the basis of theainfornation gathered from the
preceding experinent;; the identities of the peptides were
< established (Fig. 25). To furthér substantiate these
findings, the experimental amino acid compositions of the
fragments were compared to their theoretical values.

Table I shows good agreement in these values, providing:
good evidence that the assignment of the identity of the
- . n

peptides was correct.

The fragments prgpared by chemical cleavages at

- -

) ‘ B
specific bonds were not subjected to the chemical tests.
Their identities were deduced from knowledge of the
sequence of aTm and the specificity of the reaction. This

assumption was proven to be correct since the experimental



’
i

Digestion of T2‘with:céfboxypepgidase—A—DFK.

The reaction was performed in 50 mM sodium
phosphate, pH 7.8 buffer at an enzyme to sub-

- strate ratio of 1310 at room temperature.

Aliquots of the digest were taken at various|

times and the reaction was quenched by lowering

the pH to 2. . The amino acids released were

~,determined in the D500 amino gcid analyzer.’

-
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. Fig. 23} ~Digestion of T4 with carboxypeptidase-A-DFP "’
: : in the presence of 4M urea. Same conditions
were used as in Figure 22,
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Fig.

24,

Digestion of TS with penicillocarboxy-

peptidase S-1. The reaction was performed -

in 0.2M pyridine, 0.25M HCOOH,'pH 4.2 at’ an
enzyme to substrate ratio of 1: 1000 at 37°C.

 fA1iquots of the digekt were taken at various

times and the reaction was terminated by

'heating at 100°C for 5 minutes. The amin®

acids released were determinqg\on the D500

‘amino acid analyzer. ~

L : ~

~. .
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! " TABLE III .

\

.ﬂ' COOH-terminal Sequence Analysis of |

s - . Fragments of aTm _ élki . 5
Fragments = . Enzyme’ 'Exparimentala and Theoreticqlb Sequence
Tl Pen CP-S1 -(Giy,Ile,Val;Mét,Lys,)glg—ge;-Argc "

_cly-ue;—Lyg7Va1-11e7c1u-3er-A:g’(133i‘ .
T2 cP-A | _(sp,leu)Met-Thr-Ser-1le - o~
C ‘-Ala-Lpn-Asn-Asp-Met-Thr-SereIle (284),

T3 ‘Pen CP-S1 —(Asp-Lys-Ala)Ser-Glu-Ag . - °
» : -LysnAlazAla—AsphclufSet-Glu—Atg,(l2if
T4 CP-A+4M urea (Asp,Ala,Leu)Met-Thr-Ser-Ile

fAla-Leu-Ahn-Asp—Met—Ihr—Ser—ILe (284) -

TS Pen CP-S1 ~(Asp,Leu,Lys,Thr)Phe-Ala-Glu-Arg

—Thr-Arg~Ala-Glu-Phe-Ala-G u—-Arg .(244)

cT1 Pen CP-S1 ' _(Asp,Val,Ala,Glu)Arg-Lys-Leu
-Tyriflu-cln-Valela-ArgfLys-Leu (169)

CcT2 CP-A+4M urea -(Kla,Glu,Met,Leu,Asp)EﬁE—gsgllle .
—Ala-Leu—ASn-Asp-Met-Thr—Ser—Ile (284)

N . iy v

a - Upper‘Line_g .
.b - Lower Line
c. - ._.,’residue'détermined using carboxypeptidase enzyme

- as indicated



Fig.-ZS} Fragments of a tropomyosin produced by enzymic
and chemical cleavages.
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amino acid compositions of these fragments agreed well

with their theoretii;l compositions.

B. PHYSICAL PROPERTIES

The fragments“of aTm were prepared with the
intention of using them for interaction studies with other
contractile muscle proteins to hopefully provide a fuller
understanding of the biochemical pProperties of bhesintact - »
molecule. Towards this end, it was lmportant to elucidate -
to .what extent the physical properties of the fragments
‘reeeﬁbled those of aTm. Since;aTm has a very high helical
conteg}, this property was chosen. as ‘characteristic of the
molecule. With the utilization of circular dichroism the
hEIical contents and stability to heat denaturation ‘0of the

fragments were investigated. ‘

1. a Helical CententZ'

Ellipticities were obtained on aéproximately *ng/ml
polypeptide solutions ln 0.1M KC1, 1 mM DTT 50 mM sodium |
phosphate, pH 7 0 buffer at various temperatures and Wave—
vlengths.' The circular dichroism spectra of the fragments
(Fig. 26) at 27°C from 200 to 250 nm exhibited the char-
acteristic trougﬁs at 208 @nd 221 nm of helical Proteins,
with the exception of T5, the shortest fragment isolated.

| Uslng the elliptieiti values obtained at 222 and 210

nm, the mean residue welght ellipticities (6) and the a



" Fig. 26. Circular dibhro;sm spectra of various fragmenté
" of oTm at 27°C. Solvent: 0.1M KC1, 1 mM DTT,
50 mM sodium phosphate buffer, pH 7.0.

5 (<o), Cy2 (=b=), Tk (=0=), T2 (-==) Cyl (—),
T3 (-+-) and Tl (- —=-. - .
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helical contents of the fragments wvere c%lcullt-d vith the
Parameters reported by Chen, et al., (19*6).' These authors
reported thl'(ﬁ)“fot 100 r‘@ggh coilyprotcin as -2200 at
210 nm and +1580 at 222 nm; and (8) of s helix of infinite
length as -38,500 at 210 nm and -39,%00 at 222 nm. Values
obtained from these calcplatiohu (Table IV)!rov.aled thatr
all the fragments except TS wvere helical‘tb\differing ex?
tents under, the conditions of the experiment. This obser-
vation proved the ability of the fragments to renature to a
conformation similar to aTm after being subjected to
'denctcring conditions such as solutions gf 8M urea and 6M
gueﬂidine hydrochloride. Comparison of the helical .contents
of the*fra;;ente showed that those fragments derived from
“the‘ﬁﬂzjterminal half of the molecule are more helical than

1)

those originating from the COOH-terminal half of aTm.

2. Melting Temperatures

4 &

The loss of helical content of polypeptides with
increasic; temperature 1is illustra&ed in the circular
dichroism spectra of Tl at various temperatures (Fig. 27).
:“The melting temperature curves of aTm and 1its fragments\
were constructed from their ellipticity values at 221 nm

I .
"as” the temperature of the sample was increaéed from 10° to

R
70°C.  The midpoint of the transition was taken to be the

. _ . _ P
melting temperature and a measure of the stability of the

sample to heat denaturation.

Comparison of the helical contents and.yelting

T T
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TABLE 1V
Helical Contents and Thermgl Btabilities of E
artropomyosin and its Pragmentas . “
Helical
Residue content, Tl/zb Average
numbers (x)s (*c) O-Parameterc
at 10°C -
a-tropomyosin 1-284 92 44 1.185
Nu2-term1nal fragments:
T1 1-133 89 49 1.194
. «”"‘s
T3 13-125 89 47 1.218
CnlA 11-127 81 47 1.202
cy1 . 1-189 63 47 " 1.197
CT1 ~1-169 71 48 1.199
COOH-terminal fragments:
T2 . 234-284 81 39 1.176
Y :
L
T4 183-284 64 33 1.160
TS 183-244 17 25 1.199,
CN13 142-281 72 29 1.130
Cy2 190-284 62 28 1.143
cT2 170-284 74 31 1.173
Nou-polymerizable Tm 1-276 - 44 -

Calculated from the mean residue ellipticity at 222 rm
(Chen, et al., 1974; Fasman, 1976).

Melting temperature,.

Calculated from the amino acid composition and the valucs
given by Chou and Fasman (1974).



_TF13.~27. ‘ Circulai»dichro:::ﬁgkectra of Tl at Qifferent°
_ .~ températures. Solvent: 0.1M KC1l, 1 mM DTT,
50 mM sodium phesphate ‘buffer, pH 7.0,

10:3°C 6—-r--9,'27°C.and recooled to 27°C
(=), 47.2°C (---) and 66°C (-*=).

)



1n6

ar

200




AR 107

temperatures ot.aTm in 0.1M and 1.1M KCl1 (Fig. 28) revealé%
'a greater atability at high ionic strength, suggesting that
hydrophobic interactions of non—polar groops in ghe:nolecule
is onedof the factors contributing to.ite stability. |
The melting temperature curves of the fragments

(Fig. 29) showed.smooth transitions.lndicating a relatively
nniformrstructune throughout the~po1ypeptide. The prbcees
of,denaturation was observed to he reyersihle, nbon step-°
.wise cooling, for“aTm and all its fragments, except for CT2
for some reasons which are not obvious. The stability of
the fragments to thetmal denatnration &ere markedlyigifferf
ent for fragments derived from diffdrent r;gions of aTm. -

'Fragments derived from the NHZ-terminal half have higher

melting temperatures than tose from the COOH—terminal ‘half

’

of the molecule (Table IV)

@ .

The higher helical contents/and thermal stabilities

of the fragnents'fron the NHz-terminal half of the molecule
as‘compared to thoserfron the' COOH-terminal appear to
correlate with their relative-contents of helix formers' and
'breakerev(Table'IV) as defined by the'criteria of Chon and
Fasman~(1974). These parameters give‘a number related to
the likelihood of a residue forming an a helix, a B sheet
or a random chain, the data being collected from the knownl
tertiary structures of a number of crystalline proteins.
This correlation is partiCularly true of the two cyanogen

bromide fragments CNlA and CNlB where the large differences

in thermal stabilities can be related to the higher content



¢

f¥§1,2§. Mélting temperature curves of aTm in70;1M KC1
- (—) and 1.1M KCl*(-=--) buffers containing 1 mM
DTT, 50 mM sodium phosphate, pH 7.0
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Melting temperature cﬁrves'of“various fragments
of aTm in 0.1M KCl, 1 mM DTT, 50 mM sodium
phosphate buffer, pH 7.0 .

CN1B (-A-), T4 (+++++), T2 (===), T3 (—),

CN1A (o o) and Tl (-°-).
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Fig. 29b.

Melting temperature curves of various fragments
of aTm in 0.1M KCf, 1 mM DTT, 50 mM sodium

-phosphate buffer; pH 7.0.

T5 (-a-), CT2 (===), Cy2 (—), Cyl (-+-) and
CT1 (—f--—). : v - ‘ .

ot
5 ¢
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in CN1B of such poor helical formers as tyrosine,‘isoleucine

and serine.

C. DISCUSSION

‘The épecificities of trypsin. and chym&trypsin to-
wards &Tm,provided an insight into the.finer de;ails of
lihg structure of the.molecuie., Trypgln, an enzyme which
hydrolj:eé'peptide bonds on the COOH-side 6f the basié
iesidues; lysine and arginine, preferentiélly cleaved pep-
‘tide bond 133-134 initially although aTm has 53 basic
residues distributed throughout its éequence.'vThis mode
of acfion of the enzyme igdicﬁted the brésencé of a less
oraered‘stfucfure in this region than in the remainder of
thefcoiled céilrof'aTm. inspeﬁtion of the sequence around
this régién revealea the occurrence of an aspartic acid
reéidue in;thd hydrophobic cére position 137. This is the
only core positio;yiﬁ the structurevof aTm Qhere asbartic»
acid is found although other charged residues such as
‘glutamic aéid‘and 1ysine>&6 éécasionally occuf in these
positidns. "In the case of ihe latter residues however,
model bﬁilding studies have deionsffated that their sidé
~chains aré sufficiently long to permit ﬁheir charged amino
;r carboxylvmoiety to extehd outwafds to the Qoivent. On.
the other h;nd, aspartié acid because of its shorter side
chain lengfh,ncan betexpected to have a more disruptive

effect on the séability'of the coiled coil in its immediate



115

environment. Its presence at the, core positicn 137 may

L]

a

therefore'be responsible for the tnitial rapid cleavage of
the aTm molecule by trypsin at arginine 133, 1

This proposal 1s ‘ubstantiéted ﬁy the recent obser-
vation of Philips and Cohen (persqnal ccﬁnunication) that
the region around residue 134 18 one of t%e crcss:cver
points of the atrands in Tm crystals which 5495 been
previously alluded to as possibly containing low helicaL
content by Caspar, et al., (1969). B

Prolonged exp08ure of\aTm to trypsin at 0 .C pro=
xuced the large fragments T3, T4 and TS, which are resistant
to further action of,the”eniyme in spite of their high basic
amino acid'contents.' Similar trypsin resistant fragments -

have been described by other investigators.

Ueno and Ool (1977) isolated two 1arge polypeptides,

e

8 and p, after digestion of aTm with trypsin at 0 C for e
three days. They tentatively identified s and p fragments.
_as polypeptides 13-149 and/or 128 and 183- 284 respectively,

“which are the same as the T3 and T4 fragments isolated in

. this study.

Gorecsa and Drapikcwski (1977) observed the formation
cf'two bands‘with molecular weights 12,000 and 17,000 daltons
‘in SDS polyacrylamide gels after twenty minutes of digestion
of Tm with trypsin at 20°C at an enzyme‘to substrate ratio
of 1:10Q0; The authdrs’did*hot make definite conclusions

regarding the origin of the fragments because of the com-.

plication introduced by their use of unfractionated Tm
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wvhich is a mirtqra\of a and B8 chains.: However, since the
o form is dominaﬁnt.fthe tontnti‘vo assignment wss mud' that
the IZ;OOO‘dalton fragment was derived from the.Nﬂz-terminsl
‘"part of the molecule and the 12,000 dalton frsgnent from thc‘
COOH~terminal rehion. The latter fragment msy correspond ﬁ
to T4 because of: the; similarity of their molecular _welghts
but no NHz-terminal tryptic fragment 1“3 a molecular velght
of about 17,000 daltons was isolated in the present study.‘
However, the possibility exists that Tl or T3 exhibit a
higher apparent molecular.weight in SDS,polyscrylaMide gels.
On the other'hand the fragnents, ‘TTC-A and B iso-
lated by Eckard and COWg111 from tryptic digestion of Tm at
0°C, pH 8.5 for 24 hours at an enzyme to substrate ratio of
1: LOO exhibited different. chemical properties from the .
tryptic fragmentsﬁprepared in this study. Mainly on the;y
basis of the re8u1ts obtained from carboxypeptidase-A”
digestion of the fragments and their histidine contents, the
~authors tentatively assigned the origin of their fragments.
Upon carboxypeptidase—A digestion, only a very small amount
of histidine was released frgg TTC-A whereas isoleucine,
serine snd threonine were liherated-from TTC—B. No explan-
ation was offered for the former observation and the inter-
pretation of the latter result das that’ TTC B was derived
from the COOH~terminal region of ‘the molecule since the
C-terminus 1is the only part of aTm which has a sequence
k—Asp-Met-Thr-Ser-Ile) compatible with the results, Since e

/
the amino acid analysis of the fragments showed that both

3
EN
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t;ngnnntl contiinod hiitidin;. it was proposed that TTC-A
vas derived from the central one=-third of the molecule
lincc aTﬁ has only‘two histidine residues, at positions

153 an4\276. If the assignment of the origin of the pep-
tides w;;}\COtrecc, each fragment, which 1is ;bout.IOO‘
residues long, shou1d>hive one histidine fcsiduc.\\ég;-fr—
reportediexperimeﬁtal hiqtidine contents of ftagmeﬂtn TTC-A
and ﬁ, 1.5 and 0.4 moles/100 ﬁbliducl respectively, are
clegr1§ inadequate evidence fof the assignment of these
fragmehts. The amino acid compo;44aon oé TfC-A and B do not
corresbond to those of the f}fptic fragments isolated 1n i

this study. These differences ﬂay arise from tﬂk fact that

el

Eckard and Cowgill usedounfractigﬁated Tm whgfeas pure aTm

was used 1in this study. Another ppseibility that could

accoﬁnt for these,é differences are the presencq'of impurities

&

- but since no phbtographs of the SDS-polyacrylamide gels of

the fragments were published, the homogenelity qf thei:\
fragments cannot be judged}. | |
"Eckard and1Cowg111 further suggested that‘TTC—A and
TTC?p»were producgé of'random attipks of trypsin at differ-
ent gites on T?. This was based on the mpltiple bands
;bsetved‘in‘SDS ?olyacrylamide gel at short digestion time

(5 minutes) and the reduction to two bands at prolonged

‘digestion time. Although the same results were observed

in this study, further examination of the digestion pro-

ducts at shorter digestion times than 5 minutes revealed
. - /w .

oo . / _
the initial production of two large fragments as the result



of a speacific single bond cleavage o!'uTn. N,

Similarly chymotrypsin, an .nx&no which 9rut¢t-nt-

18119 hydrolyses the peptide bonds on the COOH-side of

bhlky hydrophobic amino acids initially cleaved pcpéldc

bond 169-170 although aTm has a high cont’nt of leucine,
1l6100£1n.ilnd valine distributaed throughoui the entire
molecule. There is no obvious diarupcio% of the coiled

coil around residue 169 but it may bcv;igpificant that

residue 169~173 (~Leu-Val-Ile-Ile~) is the only part of the
molccul, where four bulky hydrophobic ieliduel occur consec-
utively. In most cases these residues are surrounded by
charged amino acids in the molecule which may render them
unfavorable to the action of the enzyme, This may partly
explain the failure of the enzyme to hydrolyze peptide
bondslof isoleucine 130 and 143 which are in the vicinity
of residue 137.and thus presumably situated in a less
helical region.

The-isélation of the_ tryptic resistant frggmenté
indicated that regionsll3—125 and 183-284 are more ordered
th§ﬁwthe N-;etminus and central portion og the molecule.
These fragments were presumably formed by hydrolyzing away
regions ;f less ordered str&cture‘from ;hé initially formed
Tl and T2 fragments. Although’there is no obvious explan-
atio; from an examination of the amino acid sequence for a
relative .instability of the central reg%on of the molecule,
the»presed; resulté 40 1ndica;e‘that this is the case.

Detailed analyses of the priﬁary structure of oTm
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were<undertaken in attempts to correlate features of its
structure with tﬁh experimental evidence suggesting the
presence of less ordered regions and the greater atability

of the NHz-terminal half compared with the COOH terminal

/ half of the molecule. ,@hree factors were considered in
4

_theseaanalyses: (1) the formation of a helical structures
s favored by. the presence of certain amino ‘acids; (2) thej'
’me coiled coil structure is largely mainta?ned by the |
é'hydrophobic interactions of the core amino acids, and (3)

-this structure is further stabiliZed by ionic forces exerted
. N
.,by the charged groups of amino acids at positions e and k-2

A computer pProgram was- writtep by Paul Pearlstone

to calculate the mean of the conformational pParameters

A

~(a, 8 or random coil) reported. by Chou and Easman (1974),

over spans 4 -6, 8, 10, 12 and 14 amino acid residues
2 4 .
centered at - every peptide bond throughout the sequence of

aTm. . The values were plotted against the positions in the

s

sequence of theuﬁolecule to detect regions less likely to“

o helical It was observed from plots of the mean of

B and randOm coil parameter over a span of four amino

acid residues (Fig. 30), that the a helix’ factor is consist—
- o

ently larger than the B- sheet and random coil factors. In

by

some*cases, the various conformational parameters were
similar to one" another but this does not necessarily infer
a,- break in the a helix.j In these instances, it is noticeable

that the magnitude of the o helix *factor is particularly

W



"Fig.

30. .

Conformational parameters (a, o; b, B; ¢, raagom
coil) at different positiors on the sequence
aTm, The mean of the conformational parameters,

teported by Chou & Fasman (1974), over a span of
4 amino acid residues centered at every peptide

bond throughout the sequence of aTm were calcul-
ated and plotted againat thelir position in the

sequence of the molecule.

-
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may stabilize the latter sufficiently for €he helical
vattucture to te maintained ouer the entire‘length;"lhis'

is illustrate&'on the plot ofethe.nean of a parameter over

a span of 10 amino acid residues (Fig. 31) where the troughs
‘observed in Fig. 30a became shallow, The;onlyeregion where
the molecule may be non helical or at least distorted in
some manner'is at the N- and C-termini of the molecule.
The‘samebobservations'haﬁexbeen made by Parry (1975) from

a similar study. Although tne values of.the‘troughs in
fig. 31 ete close to or over_llo uhichhmeans tney are
helical according‘to Chou and Fasman rules, tney»indicate wo
Mregions of lower helical contents relative to the other
parts of the molecule. o However, these regions are almost
evenly.distributed throughout the molecule-and thus, donnot
explain the greater,stabilitj of the NHz-terminelvhelf of
T aTm. Tnere is'no cotrelatibn between the ’rto of this
analysis and the actions of the enzymea sinc their prefer-
ential initial sites of cleavages, 133 134 and '169~- 170
occur in.regionswwith a relatively(high average a parametet.
The-feilnre'of this method to detect regione"that ;ré' f
indicated‘to be less helical by the enzynes could beidue,
ito the fact that the conformational parametefs'were obtained
from globular proteins (Chou 2 Fasman, 1974) and may got_be’
very effective In predicting the conformation of cojled coil
structures.

As discussed previously the core poeitione_a‘and d

(corresponding to series I and I1 residues) in the sequence

—
. ) &



Comparison of the conformational parameters

(a) at different positions on the sequence’

of aTm calculated as a mean over a span of
4 amino acid residues (a) and 10 amino acid
residues (b). . .
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of aTm are largely occupied’by oonepoiat amino acid
tesiduea., However, 1in a number of positions throughout
_the sequence these positions are occupied bz polar or ionic
reoidues.' It has been p;eviously‘suggested that their
occu;reﬁoe'in'theae'positiooe-oould lead to a local de-
: -etabilizacion ofvthelcoiledvooil_strueture (Hodgee,igi al.,
197i). Exagination of the s%ooencerevealed'thétksome of
these amino acids occur inlelustefslet the"therminus
(Lys 15 AAd'zg,‘And Ser 36), theioentral perc.of the molec-
f ole (Ser 123, Asp\l37 and Gln 144) and about I/A‘frOm'the
c—termian'(Lys'zla and 221, and Glu 218). The combined
effects of theSe aﬁino'acidé may be sufficient to locally

: /
disrupt the a helix making it susceptible to the action of

the enzyme as in the case of - the formation of T3 from Tl
‘where some amino acids from the N- and C- termini of Tl were

”hydrolyzed by trypsin. However, this line of argument does

‘not apply to the formation of T4 and TS5 and the initial site

125

of cleavdge'of chymotrypsin. This anotherlfaetor whicﬁ could

disjupt the structure was coheidered~

" In the coiled coil with the ﬁelices running‘in the
eame direction, position e in one helix is in a spatial
.arrangement to interact with positt@n g in the preceding
hepfdpeptide of the second helix (Fig;.l )+ In oTm, high
proportions of the oesic residues occupy the g position
jwhileﬂaeidic.residues occupy the e posiﬁion tﬁusestabilizing
the structure by ionic‘interaotiope. The oocurrence of‘

" amino acids of the same charges in these positions would



126

‘be predicted to lead'toprepulbion and disruption oggthe
coiled coil. 'InspeCtion_of'the geduence of aTm enowed
::that there are some acidic emino.acids'in the g poeition
and basic amino acids .in the/e position. Hoﬁever, in most
cases, these amino acida are paired with uncharged residues
.except for three poai;ions, lys 7 and 12 esp 28 and glu 33,
and asp 175 and glu f%O. The disruptive erfecto of the
- first and last peira of amino acids on the coiled coill was
manifested by the digestion by trypsin'of the N-terminus
‘and central part of an and may also explain the preference
for initial cleavage of chymotrypsin at Leu i6§. However,
the effects of Aspv28‘and Gln 33 were not evidentu
In.n recent publication, Lenreri(i978) demonstreted'

: the instability of the region around Cys=-190, Additfon of
. guanidine hydrochloride (GuHCl) to reduced Tm to a concen-

‘tration between»2 and 3M GuHCl, completely dissociated the
‘;molecule'(Pont & WOode,~l971).’}H6wever, determination of

the ability of an oxidizing reagent, .to cross-link

2.
the Sulfhydryl groups of Cys-190 residues of the two chains
of oTm as.a function of. increasing concentration of GuHCl
showed that at 1.5M GuHCl disulfide formation was lost even
before the molecule completely dissociated (Lehrer, 1978).
The instability of this region is not obvious from the
rsequence analyses, ' |

The results obtained from the enalyses described are

not sufficient to provide a clear picture of the structure

of aTm as shown by the lack'of good correlation between the
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theore;icgi and experimental bbaervgtions presented. The
~local disruptions in the u-ﬁe11x4det;c;ed by cirguiaf
dichrOiqm; the.enzymes and NbSé may be due to additive.
effects of several subtle disruptions which are'beyohd the

sensitivity of detection of the methqu of ahélysis employed.

-



- CHAPTER V

INTERACTION STUDIES

»

A. INTERACTIONS WITH Tn AND ITS éonponEFTs

A better understanding of the complex mechanism of
‘muscle contraction requires a'full_knowledge of the nature
of interaction between the contractile proteins. A number
of studies carried out to delineate the binding site of fn
’oniTﬁ haveﬂresulted in the hypothesis that the interaction
site 1is about one-third of the distance from the C- terminus
'of the Tm molecule. This proposal evolved from studies/on

”ordered aggregates of Tm and statistical analyses of the
’primary sequence of the molecule., As yet, no convincing
direct experimental ev;dence has been reported to prove or
disprove th;s hypothesis.

This etudy was underpaken“in the hope tﬁat more
direct experimental evidenee for thenbindiﬁg site okan on
Tmbcould‘be obtained;v It was‘also anticipated that the
results eould provide informatlon on the nature of .the
interactions~of Tm with F- actin. Various 1arge-fragments
of aTm were prepared and their binding to the other thin.

k'fikgment proteins was investigated. In the. case of the
‘binding of Tm to Tn, the obvious,choice of matetial.for
fthese ipteraction studies was the TnT component. However,
its insolubilitf'in solutiens‘of physiological. ionic st%ength

seQerely limited its use, Since the formation of a compiex

between TnC and TnT renders the latter soluble, the TnCT

128 "_ .
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conplex was used in some experiments. While this study

was 1in progress, Jackson, et al., (1975) reported thet a
CNBr fragment of TnT, CBl1, comprises the Tm binding region
and unlike TnT, is very soluble at low ionic strength., 1In
this study Tn, TnT, TnCT.and CBl were used whenever possiple

V4
and appropriate. )

1. Rabbit Skeletal aTm and its Fragments

(a) Ultracentrifugation

Sedimentation velocity centrifugatien is a useful
tool for demonstrating interaction between.two proteins.
Complex formation is indicated by the‘appearancevof a peak
with a sedimentation constant different from its components.
This technique wae utilized to investigate the interaction
between TnCT and aTm, Tl or T2 at different ionic strengths.

The sedimentation velocity patterns of mixtures of
TnCT and aTm in buffers containing either 0.15M (Fig. 32c)

,,‘} "0.5M KC1 displayed two peaks. The slow moving peak was
attributed to excess aTm because of the similarity of its
sedimentation constant with that pf aTm sedimented alone

‘(Table Y), while the other peak was attributed to a complex
between oTm and TnCT since it had a relatively, high sedi-
mentation constant and exhibited the characteristic hyper-
sha;p peak of a Tm-Tn complex (Hartshorne & Mueiler, 1967).
Experiments done in the presence of 1.0M KCl did not show

any indication of complex formation suggesting that the

 binding betWeen the two components must be stabilized,

Ny



Fig. 32. Ultracentrifuge analysis of the interaction
' 6f TnCT with oTm. The run was made at 20°C,

rotor speed of 60,000 rpm and bar angle of
65°. Sedimentation is from left to right.
Photographs were taken at intervals of 16
min., The solvent contained 0.15M K€1, 1 amM
DTT, 0.01 mM CaClj, 10 mM imidazole pH 7.0.
a, Tm (5.5 mg/ml); b, TnCT (3 mg each of TnT
and TnC per ml, 1:2 molar ratio); and c, mix~
ture of TnCT and Tm (3.6 mg TnCT and 3.3 mg
Tm per ml).
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TABLE V e

Sedimentation Coefficients of aTm, Tl, T2, TnCT and
their Complexes at Differeat Ionic Strengths

i

r ®
SZOLV

0.15M KCl& 0.5M KC18 1.0M KC18
aTm 2.5 2.4 | 2.5 o
TnCT 2.9 3.1 2.9 v
aTm + TnCT 2,5, 4.7// 2.7, 4.1 2.5
T1 ”119' : . g
T1 + TnCT 1.9, 5.1
T2 2.3
T2 + TnCT 4.7

© ’_ ¥ 3

8411 solutions also contained 1 mM DTT, 0.017mM CaC12,

10 mM imidazole pH 7.0.

b Results from single experimenfs.
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least in part, by electroatatic forces. Tl and T2 were

.

1 .
aleo obaerved to form complexea with TnCT.

Although thia technique detected complex formation

A

; between the proteine examined the rapid spreading of the
/boundariea, particularly for TnCT (Fig: 32b). made calcul- .
' _ation of the eedimentation constant difficult and inaccurate,
_and the identification of new boundarie; ambiguous. ATHT

vas ’ot used instead of TnCT because of its insolubility
.Ain 0. lSM KCl. Thus a search ?or a better technique was

made.

~(b) Polyacrylamide Gel Electrophoresis

QD“

-/Jackaon, et al., (1975) ‘have demonstrated the inter-~

a

i~action between TnCT and Tm by polyacrylamide gel electro-
phoreaia in the absence of denaturing agent. A mixture of
iTm and TnCT remained at the origin while Tm when run by
.
itself entered . the gel and TnCT did not. In this work
’similar conditions were employed to study the’ binding of
'TnCT and CBl with ‘oTm and its fragments except for the
incorporation of 40 glycerol in the gel which enabled TnCT
to enter the gel and form a distinct band. |
TnCT complex was 1nitia11y prepared by mixing the‘
components at equimolar ratio in 0 15M KC1, 1 mM DTT, O. OlipM
'CaClzgle nM imidazole pH,7;0 but when the mixture was
applied'to the gel‘ it resolved into a TnCT band and an

c_excesa TnC band. Under the conditions of the experi nt,

TnT remained at the origin. Increasing amourﬁrts %f T,n'I‘ were
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added to TaC until the TnC band disappeared. At this point,

the molar ratio of TnC to,InT was 1:3. These calculations

1z .
., were baaed on the extinction coefficient values E280 am, 1 cm
. 1% -

..5 .0 for TnT (Wilkinaon//l97b) and E277 5 om, 1 = 2,3 for

TnC (Murray & Kay, 1972). Electrophoreaic of an equimolar;
mixture’of‘TnCT and oaTm on a bgnign_gel with‘an electrode
buffer, 20 nM Tris,,lZS”mH glycine pH 8.6, reyealed the -

presemnce Ofia band of slower';lectrophoretic'mobility‘than

\

o

the componenta of tbe mixture, indicating the formation of
a complex between aTm .and TnCT (Fig. 33a). Similar/resulta
'were obtained using CB1 instead of TnCT (Fig. 33b)
When Tl and T2 vere mixed with either TnCT or CBl 'n
. and assayed for binding,.both fragments were observed-to
' complex with both TnCT and cB1 (Fig. 34). The molar |
ratios of the comnonenta of the minturee were’varied and

"the,volumea'of the samples applied to the gel were calcul-

fated suc ﬁthat the amount of TnCT or CB1 ,was kept constant.
»Fig. éza ahowa that as the concentration of Tl or T2 in the

;;mixturea was increased 4the intensity of the complex band
b'increaaed while thgﬁTnCT band decreased and finally dis-

appeared at a_ molar ratio of 3 fragments to 1 TnCT.

- To prove tha% the new slower moving band was a com- /
ﬁ{ ‘

gt

'»fkﬁaen of CBl and the’ aTm fragments, the band was cut out

and rerun in an»SDS-urea leyacrylamide gel. The band was
‘soaked in a small’ amount of electrode buffer containing urea
and dialyzed for about 36 houra against the same buffer to

diasociate,tbe complex. The treated complex band" waa rua o

¢




Figs. 33,34, 36-39.

N

1
-

Polyacrylamide gel elec&rophpresis'(PAGE) of
«Tm, it fragments, TnCT, CBl and mixtures of
aTm or its fragments and TnCT or CBl. The .
molar ratios of the components of the mixtures,
in 0.15M KC1l, 1 =M DTT, 0.01 mM CaClz, 10 mM
imidazole, pH 7.0, were varied. The mixtures

~were incubated at 4°C for 24 hours and made
40% with respect to glycerol -just before
~applitation to the gel.’ Electrophoresis was

performed on 6% (w/v) slab gels containing
cyanogum 41, 40% (v/v) glycerol, 20 mM Tris,

125 mM glycine, pH 8.6 buffer. The electrode

bufferowas 0.1M KCl, 1 mM CaCljy, 20 oM Tris,

125 oM glycine, pB 8.6. The experiment was

carried out at 60 mA-for 11 hours. The gels
were stained with Coomassie Blue. '

[

\ ‘
gy .
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(2)  oTm + CBlA(Z:i)

Interaction of aTm‘&iﬁh TnCT

A9

(1) TnCT o
(2) TnCT + aTm (1:3)
(}) aTm v

’

,Intéraction;of aTm with %1

A

(1) Tm

L
7

(3) aTm + CBl (1:1)

(4) aTm + CBl (Nn.5:1)
(5) CB1 R

e



Rl
o b R
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Interactions of Tl and T2 with TnCT

(1) T2

(2) -
(3)
(4)
(5)
(6)
(7)
(8)
(9)

Inte

(1)
(2)

- (3)

(4)
(5)
(6)

.

T2 + TnCT
T2 + TaCT
TnCT :

T1 + TnCT
Tl + TnCT
Tl '

T2 + TnCT
T1 + TnCT

ractions

T2
T2 + CBl
T2 + CBl

CB1

T1 + CB1
T1 + CBL
T1

I

(0.75:1)
(1,5:1)

(1{5:1)
(0,75:1)

(3:1)
(3:1)

*

of T1 and T2 with CB1l

(2.5:1)
(1:1) -

(1:1)
‘2.5:1)
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on an‘SDS—uregwgel togéther with T1l, T2 and CBl bands

~ treated in the same manner. ?ig. 3ga clearly Aeménsfrates
‘that the complex‘bAnds bbtained frb&'mixturea of Tl or T2
and CBl were composed of their;respective components.

» An Aﬁjgction arising }rom this technique was the
prob%rility of diffyfipn-gf éertain proteins from cﬁe cut -
off gel d@fiﬁg the treatment érocess: Thus the solutions in
which’thé’gels'were soaked were also appiied to a SDS-urea
polyacrylamide gel. The electropﬁoretiéféatterns‘k$ig. 35b)
ohsérved from-thia eﬁperimenc wvere identical ;o'those ob~
tained when the treated gel was.used in the second dimensional
run iﬁdicating non-égleqtive difquion 6{ proteins from the
gel during the treatment process} This technique ﬁaé been
.found to be more convenient and as édod; if nq£ better, |

@

than the uéuél procedure of-gluting the protein from a
mashed geir(Webér & Osbp;ﬁ; 1975). |
In'a‘similar manner, the-binding properties of the
other fragments T3, T4, CNI1A, CNlB,.CTl and Cyl with both
TnCT ahd'CBl were determined (Fig. 36-35) and the re8u1§§
summarized in' Table Vi. Non; of these fragments exhibited
binding to either TnCT or CBl. This observation was sur-
>prising betause T3 aﬁd CN1A are only a few amino‘QCids
éhdrter/than Tl as is CN1B coﬁpared Qith T2. The fact
tha; both Cyl and‘CTi, which contain thu\whqle sequence of
T1, shoved no binding with either TnCT or,Cnlqifd us to |

consider this technique non-specific and unreliable. Thus

‘another technique for the interaction studies was explored.



Fig.

35,

Analysis of the composition of the complex
between Tl or T2 and CBl on second dimensional
polyacrylamide gel. The bands of the fragments
and their complexes cut out from the benign gel
were soaked in 1% SDS, 6M urea, 1% mercapto-
ethanol, 50 mM sodium phosphate, pH 7.0

for 36 hours at 34°C., . The treated bands (a)
and the solution they were soaked in (b) .were

. rerun in SDS-urea polyacrylamide gels.

(1 r2 |
(2) T2 + CBl1 complex
(3) cBl '
(4) T1 + CBl complex
(5) T1
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Fig. 36a.

Fig. 36b.

Interactions of T3 and T4 with TnCT

(1) T4

(2) T4 + TnCT (1.5:1)
(3) T4 + TnCT (3:1)
(4) TnCT

(5) T3 + TnCT (3:1)

(6) T3 + TnCT (1.5:1) .

(7) T3

Interactions of T3 and T4 with CBl

(1) T3
(2) T3 + CB1 (2:1)
(3) T3 + CB1 (1:1)

(4) T3 + CB1 (0.5:1)

(5) CB1 :

(6) T4 + CB1l (0.5:1) .
(7) T4 + CB1l (1l:1)
(8) T4 + CBl (2:1)
(9) T4 '






i
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1

Fig. 37a. Interactions of CN1A and CN1B with TnCT

4
(1) CN1aA ,
(3) ¥CN1A + TnCT (331)
(3) CN1A + TnCT (1.5:1)
(4) TnCT |
. (5) CN1B + TnCT (1¢5:1)
° (6) CN1B + TnCT (311)
(7)) CcN1B f

l.

Fig. 37b., 1Interactions of CﬁlA and CN1B with CBl

(1) CN1A ;
(2) CN1A + CB1l (5:1)
(3) CN1A +-CB1 (2.5:1)
(4) CN1A + CB1 (045:1)
) - (5) CBl o ‘ ’ R
' ‘ (6) CN1B + CB1 (0{5:1) ~' i
(7) CN1B + CBl (245:1) _—
(8) CN1B + CBl (5i1) o i
(9) cN1B n o g







\ / ‘L,,‘)f
| /'/.
/"/ ,'/
{
ilrig. 38,"gg}ntetactions othIlfand CT%_with‘Cnl;
| (1) er2" .- °
~.(2) €12 4+ CBl (1.4:1)
(3) Cn1 _ . i
T (4) CT1'+ CB1 (1:1) : : o
(5) cTl + CBl (2:1) . : ' i
(6) cT1 . ° ‘ U
‘Fig. 39. . Interactions of Cyljand"Cy2 with CBL- |
.f‘(l).Cyl - R ] '
(2) Cyl + CB1l (0.5:1)"
. (3) Cyl + CB1 (1:1) : : F
‘ , . (&) Cyl + CB1 (2:1) . . L
oo (5).CBl- . - ' g
o -~ (6) Cy2 + €B1 (0.5:1) : -
: . (7) Cy2 + CB1l (1:1) ‘ _ s
L . (8) Cy2 + CBL (2:1) - I
o ‘ “(9) Cy2- - . _
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TABLE VI
. Binding of aTm and its Fragments to TnCT and CB1

‘Determined by Polyacrylamfde(Fel Electrophoresis

3

g

Complex Formation

Residue Numbers - ‘
L i '1‘_n€'f. CB1.

atm . 1-284 e+
Nﬂz-terminal ftégmenth . | |

o S 1-133 -+ +

3 < 13-125 L -

cNlA . 1127 R

cT1 - ‘ : L ‘1-169 s | L -

cyl. | . 1-189 ‘. - -
.cooH-teriinal ﬁgagnents

2. , L - 134-284 .+ -+

EER T : 183-284 - - -

'CN1B. }T3vfi 7777 . Llaz-gr -
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(c) Gel Filtrstiou
| The folmstion of a complex between two proteins
may be detectpd by . molecular sieving since the complex
§will have: a grester moleculsr size than its components
and will be eluted eurlier thsn the individusl proteins.
A column of Biogel A 0. SM vas used in this stady.
The samples were dissolved and eluted with 0.15M KCl 1 mM
DTT, 0.01 mM CaCl2 10 mM sodium phosphate buffer, PH 7.0,
A mixtuﬁl of CB1 snd aTm resolved into a peak eluted ‘
esrlier than eTm.and‘CBl,'and‘anothervpeak_which coincided
rwith the'elution peak of aTm alone (Fig.'40)' Analysis
of the peaks composition on SDS-ures polvacrylamide gel
' revealed that the esrly peak was composed of CB1l and aTm
while the latter peak vas pure aTm. v"%‘ |
| .“‘ _ Since this technique proved to be feasible, the
binding properties of the uTm fragments, 1, T2, 'CNlA
CN1B, CT1 and cT2 to CB1 were determined ' The elutiou
“profile of Tl and CB1 shOWed a peak in front of the T1 -
peak (Fig. 41). which was shown. by SDS-urea polyacrylamide s -
vgel to contsin CBl and T1. . When @' mixture of T2 and CBl s N

N

;wss psssed through the column, the CBl peak was not de-
N ;

tected but instead a peak of T2 as well as a shoulder'in

'front of it was observed (Fig. 42)%} Aliquots of fractions
“across the peak were Tun in SDS-ur#& polyscrylamide gel

e
and this indiceted the presenge of CBl and T2 in the

K3

shoulder of the peak. Elution profiles of mixtures of CBl

~with Cyl, CTl, CNIA and CNlB (Figs. 43?46) showed no complex S

" N
t -
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Figs. 40-46. 5

, oTmw and its fragments

' S’ their mixtures| on Biogel ‘A 0.5m. The )
saﬁﬁ&e, dissolveds fin 0.15M KC1l, 1 mM DTT, =
0.01 mM CaCljy, 10 pM sodium phosphate buffer,:
“pH 7.0, was applied to the column (0 9 x 105
cm) equilibrated ajt 3. 1/hr operated at
room temperature. | Elution was done with the
same buffer and mohitored by the absorbance
at 230 nm of the 1 ml fractions.

filtvation of CB1,

-



"Fig.'éo. . Interaction of aTm ﬁith.Cquﬁ;

a. CBLl (0.5 mg)
b. aTm (0.5 mg) '
Ce CBl (0.5 mg) + aTm (3.7 mg)
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Interaction of Tl with CB1

‘CB1 (0.5 mg)

Tl (0.5 mg) ’ ‘
CBl1 (0.5 mg) + T1 (2.1 mg)
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Fig. 42. Interaction of T2 with CBL

a.. CBl (0.5 mg)
b. "~ T2 (0.5 mg)
:c.l.'CBl (0.5 mg) + T2 (2.4 mg)

\
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Fig.

43,

o

-

Interaction of CN1A with CB1l

CBlL (0.5 mg)
CN1A (0.7 mg) .
CBl - (0.5 mg) + CN1A (1.85 mg)
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Interaction’ of CN1B with CB1

. CB1- (0.5 mg)
CN1B, (0.8 mg) _ .
o CB‘],;"-’ :'(0.5 mg) + CN1B (2.3 mg)

¢ g(
1

£ w
s .
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Fig. 45. Interaction of CTl vith CBl
o .QQ "~ CB1 (0. S mg) 1
4 b. *CT1l (0.5 mg) . ‘ ‘

Coe. CBl (0 5 mg) + CTI (2 1 mg)

i
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ir¥3.

a.
b.

Ce.

CBl (0.5 m

InteractiOn Qf Cyl gith CBl

J-

CB1 (0.5 qg)
Cyl (0.5 m

-l
.
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formrtion between the components’ of the&nixturee as ehown
by the elution profilee end SDS-uree polyecrylemide gel "P

S electrophoreeie of eliquote of frectione ecroee the peak.f

i

' The r‘multe obteined ueing the technique (Table VII).
. RIS
‘ were exectly the sime as obteined from polyacrylamide gel

,electrophoreeis experimegms and again, the same inconsietency

occurked. The reeeone for theae obeervetione were not clear

at this time.

:\ :proteins to a- solid.mat'i\;

| i._ lunn, If'the‘other‘proteinhet&ckedto ﬁhef ‘ '& L
" ’-"\“esed through &t indicatee interaction between thelpro- ‘
g k teins. The nature of this interaction can be deduced |
h from the method of elution required' garose)resin,
:Sepharose 4B with or without spacer g?iups; was employed
Vias the eolid matrix for the affﬁnity columns. The resin
?with spacer group was chosen to provide flexibility for

linteﬁwbtiogﬁﬁﬁ the ligende with other proteine. ' : »

L -

1. AﬁinoheiYI'Sepheroee >

\

Control experimgmts were performed to teet the

“f;inertnese of th eein towerds ‘some. proteins used in the

e

'ﬁffetudy. &minohexyl (AH) Sep

“roee 4B was swollen, packed

"Qq;;in e column end telted with:drm. aTm wae obeerved to bind
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TABLE vxr e e

B;n4ing of . aTm and its Fragments to CBl Determined -
by Gel Filtratio L S e

52
# o

o Reaﬁfue Numbers Complex Formation .
. v ' . : '

. . . §
NH,-terminal fragments ‘ : : : R

COOH-terﬁinal-ft‘%hentb _ ' ® -

«Tm ' 1-284 - +

T1 | ‘1-133~,§2
T3 . L 13-125 B L
" oNia | 117i£7f?}5~. 9 -

CT1 . . 1:%691 - o | e

2 . 1-189

7 T2 R 1342 284, +
T e o 183-284 . T
i‘CNIB o _ 142-231 . v o g@

A IS )

“
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"to the column and was eluted only after the lonic strength
of the eluent was increaoed Under the conditione of the
experinent, ﬂhe amino groups in the re;}; tf‘ ionized and
may have' interacted electrostatically with the acidic aTm.
This explanation was. invalidated when: somq@acidic proteins,‘
BSA, ovalbumin and myoglob!h, as well as the basic protein
cytochrome C. (Table VIII), passed through the column with-

..ﬁ out be#&gﬁregarded. 'Since electrostatic attraction had
; ,§ |

vb ] g

En ruled out by these experiments the other obvious
difference between aTm and BSA is in theirlconformation.
"A variety of helioal polypeptides were . applied to the
column to verify whether the resin is specific for helical
proteins. All of the Proteins tested bound to the column
to different extents (Table VIII) These experiments

' appeared to demonstrate some correlation between the helical
contents of the proteins tested and their binding to AH~
Sepharose. The only apparent exception noted to this obser—
vation wasg for Tn. The Tn complex is globular but does .
co ﬁain a highiproportion of helical content in'certain
localized regions of the structure of its three components,
particularly in the case of TnT (Pearlstone & Smillie, 1977),

i%ecause of these prOperties, AH~- Sepharose vas judged

unsatisfactory as a matrix for examining the binding of aTm

and its fragments to Tn. These results demonstrate the

the solid aupport media used in affinity chromatography snd

~

o raise queations aa to the validity of aomelresults reported~

A
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TABLE VIII

'Binding of Various Proteins to Aminohexyl-

' Sepharose 4B

. Elution [KC1l), ¥
‘ : ¥ . -
Cardiag Tw. 3 , 0.35
o R TR e T ,
Plhatelet Tm ™y . 0.35
CNLA 7. | | ‘ 0.25
i "
Sy , .
CN1B - ;g@; . 0.29
LMM C&E@kfragments | - . 0.35
Tropohin o . . 0.22
.kﬂdvalbumin ‘ ‘ o 0
e : , o
Bovine serum albumin : 0
Cytochrome C . 0 ‘

[
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in the:literature where appropriate contrqll heva not been
pertormed;b For example in a recent publication, Higeehi
and'Hitebeyaehi (1978), dﬁecribed the interection studies ‘ -
bea‘;en ehellfishnhdduntor muscle Tm coupled to AH~Sepharose

and rabbit skeletal Tn. Partly on the basis of the obaer-

vetion that Tn bound to the column,ﬁthey ‘made a‘concluoion

that the two proteins interacted.

“”2{ Cerboxyhexyl -Sepharose

Unlike AH-Sepharoae 4B, carboxyhexyl (CH)-Sepharoae
4B, did noi bind aTm Qr'BSA Tn was coupled to the carboxy-.
hexyl group; ‘and . their binding to aTm and its fragments
were tested at roomftempe;ature. It was observed that aTm’ .
and. the fragments bound to the column while BSA and- oval-

“bumin were eluted at the void volume. on was eluted at ,

.0.2M KCl whereas its fragments were eluted at lower ionic K ///
»strength. The stability of the ligands and reproducibility f/
of the results were determined by tunning aTm through the"

‘ column‘periodically. These experiments revealed tha;/}iﬁd-

-ing of aTm to the ligand became weaker with time. THis may

be due to degradation of sthe ligand. or irreversible binding

of wome proteins to the column and 1its gradu poieoning,.

"To distinguish between these two possibilitiee, CH—Sepharosef

Tn ~was prepdied and packed into two columne."The'binding. ) .
prOperty of one column to aTm was determined and both -

columne were stored at 4°c for a week after which their

binding capacitiee to aTm were checked again.. The ionic - ; bf‘

R ‘ N ']
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. <4
strength required to elute aTm from Woth columns was the

~same but lower than the observed value from the treeﬁlf

made coluen. Theed“experiments indiceted thet'Tn under -

{ vent degredation'thh time and storing the colpenu‘et 4°¢C

did not prevent the process.’ In view\of these reeults,‘CH-
‘Sepharose wae not used for the interaction studies. »

-3, CNBr Activated S:::\rose‘ .

&

4.

o E n : 1 :
“Since no success was obtained with Sepharose 4B

with’specer-ﬁrouph, the posafﬁle\use of CNBr activated

Sepharose 4B withodt spacer groups was ekplore To test

, whether the matrix was inert towards dTm, wollen

o .

in 1 mM HCl overnight at 4°cC and d&activated by ahaking

B

with ‘1M ethenolamine for 1 1/2 hours at room temperature. ’ o

aTm~did not bind to the deactivated matrix so Tn, TnT and-

CBl were covalently bound to the support. A rough estimate

i

yvof the amount of ligands bound to the Sepharose showed 75%
coupling.

- The interaction of on with the immbbilized'Tn, TnT

A

and CBl were determined 4in tﬁe Same manner as with the
previous columns' that is? the colqmn was washed with at
least 15 ml e& 10 mM’ 1midazole, mM:pTT,vl‘mM EGTA, \pH 7.0
,solution after application of sample and then a salt grad-

ient of Q- 0 5M KCl wasg established. The salt concentretion

L -

"of theffraction at thg‘peak of the. eluted protein was taken

<

as a meaeure of the strength of binding of the protein to

‘the ligend. ~In the coqreeiof the study, five,ddffeteet - -

¥ ~..,i4”.,‘,...> EETRSRSN
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" preparations of‘TnT-Sepharose vers used and all propar-‘
ations showed the same results with regards to thoir.bindiné
properties to aTm and its fragmento. A poriodical check of
the strength'of binding of aTm to the columno-did not show
detectable signs of degradation.
‘aTm bound to the column and was eluted only when
the salt concentration was raiged to 0 ZOM. The>presence , .
of Mg ++ or Oa ++ in the eluent did not affect the interaction
between aTm and TnT confirming previous £indings (Potter &
Gergely, 1974 and Kawasaki & van ﬁerd -1972) ‘Simiiarly,
" omission of DTT from the solvént did not affect the binding i
indicating that disulfide fornation is not involved in the
interaction of the two proteins. : “\
These experiments showed that at higher ionic strength \

!

than 0 20 the interaction between aTm and TnT, Tn or.CBl
ceases, which is c6ntradictory to other studies (Jackson, 5

1)

-

W
t al., 1975) where binding could still be detected at

higher salt concentrations. The weaker interactiou with
the immobilized proteins may be due to steric factprs or
may be due"to coupling to the resin of some aminoﬁgroubs
on the protein which are involvet in bindfng to Tm. |

\$he binding capacity of a gnJ—Sepharose coiumn (3 ml)

e -

was determined by applying known ahounts of” aTtho the S "”fﬁg»
column. Tﬁb amount of ai& applied when a slighm excess of | @\Jf
1) . .

B i@ I

the protein was eluted at the void volume was taken ds the
T - /
maximum binding capaeity. The ohaerved value, 0, 8 mg, was

,very low conaidering that a rough esTimatc of 6 mg of TnT
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 was covalently bound to the resin. Coupling of the amino

/a
oo

groups ot the ligend to Sepharose io a random process and
the obuerved regultl suggest that it has oignificently
blocked some of the binding. litel and/or cauned ltetic
,inhibition of the interaction of aTm with Tn, TnT and CBl.

AR The binding propertien of wumioue proteinc as wall

as fragments of aTm to TnT- Sepharose were determingd,;nd///

are listved in Table IX. Representative elution profiiee

*

of samplee applied to the TnT—Sepheroee column are illus-
txated in, Fig{ 47. . BSA was not retarded by the column and

o ' ' }
was eluted~tf’the void volume while CN1A, CN1B and aTm
‘ w
were eluted bnly after ' a dalt gradient wee established at

'o 05, 0. 10 ‘apd 0,20 KC1, respectivlly.«qoeher globular T

acidiuwgroteine tested, ovelbumin and my@globin, pessed
v . u § {D
, )

‘through the column wtthout being retarded whe:‘as cyto— ”
chrome C,‘a beeic giObuler ptotein, helical QNBr fregments

of 1igbt,me¥onyosin (LM&5;-end ftegnenta;of aTm bound to

‘the églunn; These eampiee‘wefe“eluted trom theicolumn etb

“\different ionic strengths indicating different extents of
x'interection with the ligand. -
Y . .
The binding propertiea of aTm and dome of its -

&

fragnents to immobilized Tn. TnT and CBl were obeerved to

-,

c-‘ o

'?3\ e - s iler suggestin that*the% etpre of binding between
{ {w. N 8 %

tﬁ and Tn s not affected %y conformational changes .

ulting £rom diesacietion of - the Tn comp&ex into subunits
V- ~ -
by fregmegtation of TnT. oo

\On the beeie of their binding properties, ‘the aTm jqb
i : ‘ ‘
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o TABLE I1X S ~\(;:
Binding of aTm, t:qur¢§|tp'”'ln& Other Protelns & Cie )
%4 Inmobilized Tn, “Tal and CB1 o - :

.
L. " o . . ¢ . o e : Co

' o - Blutiom [XC1] M S
b : : ‘Residue - - . St S
Numbars Tal- CBl- Ta=-' =
‘ Sepharose Sepharose Sepharose

- ";n -0 " oa

y,noviﬁp serum-albumin . : T (1]

',",O

ovalbuiin ' 2 o 0 : 0 “3‘

Myoglobin: 5 E ﬁ” K . 0

Cytochtome.C = -~ 0.06

LMM CNBr fragments . o0.06 -~ |, . o0.07

oTm: Ces . 1-2846 0 0,20 0.20 = 0.20°
. s 4y i ‘
NH,-terminal fragments - A S T i} e

n oo S 1-133

"

o,ﬁs . r:o.oaf
T3 Ce ,134123  0los - . 0.03
eNIA . ' o11-127 - 0.05 o to@oz
er1 - - 1-169 0.05.  0.04

ey 1-189. [ 0.05 . 0.03
COOR—te:miiai fragments ~ - .. »/ o
, b ‘ /

T2 e 134-284 |, 0.10 S0.11 ./

4 - . 183-28% 7 010 j

k- A o 183-284 0 | __Vé//
cM1B - o 142-281 0.10  ; 0.10

. P ‘. o4 TS - ,4,' y - ’ . S . ’ . ‘-“
=criff’,; ,Qﬁ: SRR 170-284 ; - 0.16 . 0 ea2

[ - A L - ) : b PO
cyz . . 1s0-28% _ “o.1p

o

i kon-polymeriiablg;fu N ‘_,1;?76  - 0,163

— . - : IS [ Be!
. ; R . . R A s ) DEARE
o i i v\\ ~ ! . . - .
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JFig " 47, Elution pmofileslof bovine gerum. albumin L===)

' CN1A (----—), CN1B (-o0-0-). and aTm (- *) on
a- TnT-Sepharose affinity column (0.9 x 8 cm) .

; Afcer applicacion pf the samples, the column
was eluted with at least 2 column volumes of

starting . buffer before establishing~a gradient

of 0 - 0. SM KC1 ( ) -

s

o
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fragnenta can be divided into tvo distinct classes. frag-\

.ments derived fron the an—terninal half of the nolepule

"t\yhich dioaociatee from the Iigand at about 0. 05! KCl and

~ S

the COOH terminal fragnenta vhich- bind nore otrongly to

“the ligand and are eluted at about 0 ﬁh-salt with the S

'exception of TS.

“

!
.vThe faco that the ftagments can be eluted fron the

column by igcreasing the fonic strength of the eluent means .

that the interaction between the proteins is mainly due tof:

S~

'electrostatic attraction.‘ hut the binding of the NH,- :

terminal fragments. to the ligand cannot be attributed to

purely electrostatic factors because other acidic proteins,

VBSA ovalbumin and myoglobin did not bind to the column.

L4 -

The observation that cytochrome c bound;tn/the/iglumn pointe,

/

out that, if anything, the imnobilized TaT binds basic 4

" to the 1igand is non- specific. On the other hand‘ the

: fragments derived from the COOH terminal "half of the

,proteins. The contrib&gion of the conformation of the’

sample to the&htrength of binding is reflected by the
observation that CNBr fragments of LMM bound to the column

to. the same extent as . the NHZ tﬂ&minal fragments. This
& ‘e‘? J

suggests that the interaction\of the NH -te:minal fragments

2\

i

<.

\ d’

e

| molecule exhibited higher affinity for the ligand in . spite _

of the fact that ‘most of them ane shofter and all of. them

)

are lees helical than. the NH —terminal ﬁragments.“ The

diffetence in the binding affinity of the CQOHw erminal

[\

fragments is taken to be due to a more specific interaction

9 2

- : &
S . s
. _

~
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T

of these frag-ents ard the ligands. The data obtained
'indicate that the binding~region 1is betheen residues 190

f and 276, which is consistsnt with the hypothesis that the

:ﬂn binding site is one—third fron the C-terminus of the S
) nolecule. - u
Unfortunately, T5'had»low‘e—hericalwstructure so

N

that its lack of binding to inmobilised TnT eopld not be

-

intempreted in terms of its lack of a binding site for Tn.
.Otherwise the binding region could possibly hsve been

Adelineated more precisely. '

>'§; Non—polynerizable Tm is only a fewvamino acids
shoxter than dTm so it was expected to bind to immobilized

TnT as tightly as the intsct molecule but it exhibited the .

Y;l’same affinity as. the COOH- terminal fragments. ‘This could
’be accounted for byithe ability of dTm to polymerize into
long filaments with multiple binding sites,'a property
which no —polymerizable Tm hss lost. Based on this experi-

; mental evidence it is not necessary to invoke a more direct

role for the c~- terminus of Tm dn the binding of Tn. R

However, the possible importance of an indirect role
3

of the head to tail overlap of Tm molecules in Eﬂé binding >

5;5 of Tn is indicated by the remarkable viscosity increases

‘\\ .

ithat occur when Tn, TnT ‘and certain TnT fragments are com-

plexed with Tm in solution an -which are abolished with non-
polymerizable Tm. If one acce ts that the binding site
for TnT ot Tm is centered ‘abou one-third of the distance o

from‘the;g—terminus, then this henomenonccan only be

/ Uu - ~"'> N : o ,t ‘ - ’
N X : B B - 0, ’ . N o . : . . \
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| understdod in terms of a conformational change induced by _M

'lap along the length of the coiled coi} ettncture.' If such

.changes in the region of the putative “Tn binding site can

ze »

affect the extent of head to tail aggregation of Tm molec-
‘ules, then the reverse pﬁenomenon, namely, an effect of th@
_‘adegree of polymerization on. the binding\affinity of Tm for

. Tn can be anticipated. an effect which is consistent with
\ .

the results of this study (Pato & Smilliev\1978)

\ .
4 To evaluate this hypothesis, various combinations‘

-of the fragments ‘were, mixed and applied to the\TnT Sepharose

column.u In all cases where fragments from the NHZ- and COOH-
*vterminal half of the molecule were coubined, tvo peaks -.J",*,

emerged from the column. (Figs./48~and 49), .The first. peak

b

'was eluted at approximately 0. OSM KCl, the salt concen-
tration requited to dissociate the NHz—terminal fragments’
from the 1igands whilqethe second peak was elutaﬂ at con=

: centrations ranging from 0. 10 to 0.15M KC (TAble Xa). .The o
. . . | L -
. material from ‘the peaks were dialyzed against water;‘freeze .

'dried and examined in SDS-urea polyacrylamide gels. Care"'~

-

‘was taken in pooling the fractions so that, the\material ;
3 » .o
. from the . peaks were not. cross- contaminated. It/ was

vfobssgved that the first peak was. always compoSed of the

“

NH2-terminal fragments whereae the sgcond peak was compos.d

of just the COOH~ terminal fragments in ‘some cases (Fig. 48b)
and both the NH2~ and ‘COOH~- terminal fragments in others‘ ~ ;é
(Fig. 49b). S e .



- Fig.

Fig.

48a.

48b.

Elution profile of mixture of T3 and CN1lEB
(O.ﬁng each) on a TnT-Sepharose affinity

'.chromatography column. Same experimeéntal -
'..conditions were used as in Figure 47,
'Fractions were pooled asg indicated

i ~ {

Te

:SDS-urea polyacrylamide gel of the fractions
I and II., -






Fig. 49a.

Fig. 49b.

.

Elution profile of mixture of Tl and T2 (0.5
mg each) on a TnT-Sepharose affinity chrom- _
atography column. Same experimental conditions
were used as in Figure 47, Fractions wvere
pooled as indicated.

SDS~urea polyacrylamide gelrof the fractions

.I, IIA and IIB.
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"
TABLE Xa

Binding of Mixtures of Fragments to Immobilized TnT

-

Peak. I : . Peak II
Elution .Elution
concentration Compositiona concentration Composition?
M) - ‘ M)
TL + T3 0.05 : TL + T3
Class I{ , ) =
TL + T2 0.06 1L 0.13 TTL 4+ T2
Cyl + T2 ©0.05 cyl 0.14 ~ Cylt+ T2
CT1l + T2 0.06 ; cT1 0.15 " CTL + /1'2'
T1 + CN1B 0.05 T1 : S o0.12 TL + CNIB
T1 + CT2 C0.05 B 31 o o./is T1 + CT2
Class II: | '! |
CNIA + CT2 0,05 ° = - CNlA - 0.11 cT2
T3 + cius 0.06" 13 0.11 CN1B
' .

a

Determined by SDS-urea polyacrylamide gel eleétrophotésis;

’
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Qn‘the basis of the ionic strength at which the .
second peek vas elutzﬁ and the com90|ition of this peek.-
the set o{\eate can be divided into two classes: (1) those
in whichothe second peak was composed of the two conponentu
and was eluted at ealt concentratione higher than 0. 11M and
(2) thoue in'which the lecond peak consisted of one componﬁ
ent, which was dinsociated from the ligand at the ionic
strength required to elute the COOHrterminal fragments.

The presence of the‘two components on the same peak can be
explained by an interection between the two fragments formj
ing a complex which interacted with the immobilized‘TnT.

Figures 48 and 49 i:e representative elution profiles
"of” the two classes described. The peaka’which emerged from
the chromqtography of a mixture of T3 and CN1B were sym-
metricai While‘thdée'of &8 mixture'of Tl and T2 were non-_
symmetrical and broad partig;iarly the second‘pe;L If Tl .
and T2 were indeed interacting. ‘the. mixture of these frag-
‘ments would contain frle Tl and T2 in equilibrium with the
complex. Tl and T2 would be eluted at 0.05M and 0.10M KC1
fespectively, while the complex would be eiuted.at selt
concentrations higher than 0 10M if interaction between the
fragments enhances TnT bindiﬁg. The electrophoretic-pattern
(Fig. 49b) of the material from the early part of the seccnd
peak. IIa, revealed two bands corresponding to Tl and T2
but T2 was of greater intensity, while the later part of

the peak, IIb, contained both Tl and T2 in almost equal’

amounts;.,Theee results would indicate that.thelfront of



'
3

/

. ’ h
the second peak is due to T2.and the latter part is due to

thc‘co-plcx. Thuu.}th. second poik i; [ coipocitn of the
peaks of T2 and thc complex and is rnfluctcd by its assym-
etry and brondno.u."ny uxtrapolation of this 1nt‘tpr.t-
ation to the other mixtures,.the r.lultl‘fron this set of
cqufincntl can be presented more correctly in Tnblc'xb.

Although tac salt concentrations required for the
elution of cbnplcxcc of Nﬂz-t‘rminal and COOH-terminal
fragments were ix some cases only m‘:ginally higher than
that required for the elution of COOH-terminal fragmentd
alone, che.e expcrinento have been reproduced more than
once and with two separate affinity columns prepared at
different cimea, ‘Thus, 'we believe that these results are
meaningful and significaﬁt. |

On closer scrutiny, the mixtﬁres of fragments which
bElong to the first class were~compos§d of polypeptides
with the Ngz-band COOH~terminal ends of the parent molec-
ule, éxcépﬁ for CN1B, suggesting that the Qpecific int;r—
action betveen them could be. head to tail. aggregation.
Model building (McLachlan & Stewart, 1975) and chemical

odification studies (Johnson & Smillie, 1977) showed that

the head to tail pplymerization of Tm involved some inter-

,

actions between/baaic and acidic residues from the N- and
; C-termini of the molecule, respectively. as well as hydro-
fphobic interaction of non polar residues, particularly

Met—281. The ability of aTm to polymerize is drastically

reduced upon the rcmovai of Met—281vby carboxypeptidase A.

183
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TABLE Xb

-
‘ *

 Binding of Mixtures of FPragments to Ismobilised TaT

L 4

Fragments eluted at KCl concamtration of

) 0.05 - 0.06M 0,10 - 0.11M >0.11M- ‘//
L + T3 T1, T3
Class I: *
TL 4 T2 | T1 ' T2 T1 + T2
Cyl + T2 Cyl ooT2 T Cyl + T2
CTL + T2 CT1 N2 CTL + T2
L+ 0;13 B . CN1B T1 + CN1B
Tl + CT2 : T1 ' 7 c?zA Tl + CT2
Class II: ' )
CN1A + CT2 ' CN1A | CcT2

T3 + CN1B . T3 | CN1B




s

The observation that CN1P formed & complex vith the NE,-
tarsinal fragments implies that modification of thid smino
acid tcﬁho-ocortnc by CNBr treatment does not entirely

uliutnntn ‘the interactions involved im the head to tail

» . )
aggregation. *

L4

. Non=-specifit interactions bdtveen thess fragments

' wera ruled out by the lack of interaction botv%:n Nﬂz-

and CDOH-tctninnl fragments lnenpnblc of head to tail
a;grc;;:ion (nn in the nccond class) as well as by the
elution of a mixture of Nﬂz-:orlinnl fragments Tl lnd T3
as & single peak at 0.03M KCl.

* The qblotvatiq&‘thlt binding of fragments to TnT-

Sepharose is increased when head to tail aggregation is

P . : .
gouuiblo supports the hypothesis that the degree of polym-

erigation of Tm dffects the binding .ffinity‘of Tm for Tn.

On the other hand, this observation also raises the

possibility of Ton binding ponf or at the end to end over-

lap. The interaction studies between aTm and its fragments

with Tn and its components performed in this study yielded

éipctinental evidence that luppori the intteruPOlnibility

as well as fvidcncc that appears to be inconsistent with it.

The ‘evidénce which is consistent with this possi-

187

L3

bility is (1) the COOH- terninll fragments which extends to, o

or almost to, the C-@erminys of the molecule bind to

imnobilized TnT Tn ang CBl; (2) the complexes of Nﬂz-land

-COOH~- terninnl fragments cnplble of end to end aggregation

exhibit higher binding affinicy to 1n-obilizad TnT; (3) binding



‘ofiTl,andfTZ which contain the N+~ and C termini of aTm

. !
ﬁlraepect ¥ to TnCT and CB1l were well demonstrated by

ultracentrifugation, gel filtration and polyacrylamide gel

'electrophoresis. These: resulte were initially conuidered

ae non specific, but in view of 1ater developmenta, they
»o

(may be meaningful and aignificant. Interaction of\NH -

-
o-

terminal fragmenta to Tn may be weaker than those of COOH-
Vterminal fragments such that 1: nay be difficult to differentiate

whether the binding of Tl to immobilized TnT is Specific

~or non- specific.“' ,j ’v ' (:\7 e - -

v \

If Tn binds to the terminal ends of Tm, then Cyl and

tCTl, which have the intact N—terminus of aTm,-and T4 and

.

. CNlB which extend to, or almost to,.the COOH—terminal end
Y

»of the molecule, ahould have exhibited binding when studged
,by gel filtration and polyacrylamide gel electrOphoresia,
but they did not.' In search for an explanation for this
obaervation, it was noted that all these fragments, Cyl,
CTl, T4 CNlB and CNlA were exposed to &M urea at’ pH 7 S

in their preparation while the rest of the’ fragments wvere
.not. It is- well documenteﬂ that under theae conditions,\
lcarbamylation of the free NHz-group occurs (Hirs, 1967).
Thus, the modification of the ZNH2~ grmups of the lysine
reaidues wbich abound at the N terminus of aTm and also

s

buted throughout the molecule m@y account for the

R L3

iack'of;gpparent binding of CT1 and Cyl to-Tn and 1its ' = =
components by all the techniques used. This is substantiated

. by the observation that the uncleaved aTm obtained'from the
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: preparation of Cyl (and thus subjected to identical con-
ditions) bound to immobilized Tn but was eluted at apprecr
iably lower ionic strength (0 14) than native aTm.

T4 and CNlB, however, bound to immobilized TnT but
mnot to CBl or TnCT as shown by gel filtration and poly-
‘acrylamide gel electrophoresis studies. This difference
may reflect the events occurring during the assay." 1f we
assume that initially the CBl or TuCT and the fragments
were in equilibrium with their complex, this equilibrium
Kis disturbed as the components are separated from the :
complex snd will favor its dissociation.especially if ﬁhe‘
binding has been weakened by carbamylation of the lysyl |
amifio groups. In affinity chromatography. there is always
excess of one of the components of the complex which may have
. the effect of enhancing binding. Interaction studies using gel
‘filtration and polyacrylamide gel electrophoresis were done
“in 0. 15M KC1 whichﬂmay also account for the different ‘ |
lresults obtained. In any event, these results do not
en;irely contradict the possibility that the Tn binding

site is at the end to end overlap.

«

2. Other Tropomyosins

Modified rabbit skeletal Tm and tropomyosins from
. w Q .
other sources were tested for their binding capacity to

Jimmobilized rabbit skeletal Tn and TnT. The ionic strength:
of the eluent required to dissociate the tropomyosins from

.2

the lkgands varied tTable XI).  Deductions on the nature
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Py
. : ‘ ‘ TABLE'xi
Binding of Diffe’.re’ut Trq*;i;\a to immobiliz_ed
.. TaT, Tn': 1 S
Elatiod [KCLI M : /;//
Tar-  cBl- ¢ - Ta= ™~ -2
‘Sepharose Sepharose Sepharosq
Rabbigjske¥etai Tm - ' ©0.20
- aTa 0.20 0.20 ' . 0.20
_Brm‘»‘ | 0.16 S 016
j cM-aTm .~ 0.20
| Cu-BTm o 0.1s. |
oxidized“aTmé' O.QO , ‘
catdiac ™ - ‘ ':w; 0.20 _6.20 |
"Horse ‘blood Platelet, Tm€ - S lgs0s - 0.04 o 0.08
_ Chicken gizzard Tmd ~o.10 S o
" Frog Tm®, o | - _fjf'; C0.19 - . 0.19
. . . B K . . 3 .

" .Protein was kindly provideéd by
-ag Dr. Alan Mak ¢ .

b Dr. Joan Ng . o /.

¢ Mr. Graham Coté’ ' T
d: Dr. William Lewis s ‘ )

e Dr. Michael Barany

i
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;:nand locelizstion of ths hinding site of Tn on Tm msy beb
'msde fron these observetions. | | '
The sanme observed affinities of both carboxymethylated
Tm. and oxidized Tn as. that of the reduced form reflect the
‘lack of involvement of. the cysteine residue of Tm 1in the
”interaction. BTm bound to Tn and“TnT_to.a-slightly lesser
extent than aTm slthough the sequence around cysteine 190,
the putativ: Tn binding site, is very similar to that of
alm (Fig. 50).. The‘pnly_drestic replacement7in'BTm is the
substitution of serine; residue"22§&,and histidine3 residue
276, 1in aTm with glutamic acid and &eparagine, respectively
'(gak & Smillie,;unpublished). ‘Both changes, which may be
responsible for the reduced.afﬁinity of BTm for Tnm, occur -
beyond_the'predicted'bindiné region and.nearer the end. of :
the mblecule. - | | |
On the other hand horee-blood platelet Tm exhibited
the same binding behavior as the fragments derived from
~the NH —terminal half'of'on.» Theﬁlack-of 1nteraction of

2

.this protein with Tn and TnT was unexpected in view of the

-~

imilarity of the eequence of rabbit skeletal on and/

!

ul~horse blood platelet Tm at the region near cysteine/190
(Fig. 50). A charge replacement at residue 216 (glutamic‘

acid for glutamine) has been fOund (Coté, et gi.,

'unpublished)‘ Unfortunately, there 1is no informatiqn on

‘fthe sequence of .chicken gizzard Tm, which does not’ bind
nmore tightly than the COOH-terminail fragments of aTm,.

The evidence obtained from this set of experiments



Fig.

50.

(second line) [Mak & Smillie, , unpublished],

. ‘ N .
Partial amino acid sequences rabbit skeletal
aTm. (first line) [Stone, et al., (1974)], BTm

and horse blood platelet Tm (third 1ine)

[Coté et al.;\ggpublished]

- denotes no replaca\\ﬁt.

&

™~
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luggelts that conaideration muat be dlven to the possi&ility
that the aite of Tn binding may b ‘located at or’ clos, to(
- the C-terminus of the Tm molacule.and may even involve the'
NHz-terminal and COOH—terminal oveﬁ%ap ragiona of Tm “‘»~'

aggregation,

. oy S
,\v o l N “). S
R I ' '

B. INTERACTIONS WITH'F?ACTlﬁL A

e

1. "Rabbit Skeletal uTm and its Fragments

L.,

./ The interaction between aTm and F~ actin was investi-
gated by the cosedimentation technique. - The/;resenc& of
both proteins in the pellet,: obtained from centrifugation
of a mixture of ‘these proteins and’ analyzed by SDS polyacrjlj
" amide gel electrophoresis, indicated com;lex formation. ‘The "~
o reliability of the. ﬁ:chnique was tested by determining thzﬁ
ratio of on to actin in the pellet. Standard ‘curves of
the protetns with respect to their Coomassie blue staining
-properties were constructed (Fig. 51) since»Potter (1974)
has reported that equal amounts of Tmoand actin Stain~to
different extents. The procedure used was ‘found satisjactory
since the ratdo calculated for the proteins in the pellet
was one mole Tm to seven moles actin which is- the same as
that found in the m?ofibril (Potter, 1974).

'With“the'excepti of non—polymerizable'lm, none

ofithe fragments tested,vT1,°T2, T3 and Cyl, bound to'F-l

actin (Fig..52). Since these fragments came from'rEpresent—

ative regions of the molecule, it was assumed that all the



Fig. 51.

Dependence of densitometric peak areas on
myofibrillar protein concentration. Various
amounts of actin (o) and aTm (4) were applied
on_SDS-poiyacrylamide disc gels. The Coomassie
Blue stained gels. were scanned. at 590 nm. '
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Fig. 52. Determination of interactions of P-actin (A) ©
and aTm or its fragments by cosedimentation
S method. Mixtures of F-actin (2 mg) and aTm
or its fragments (0.4 mg) in 30 mM_KC1l, 5 mM -
MgClpy, 1 mM EGTA, 2 mM ATP, 1 mM imidazole,
pH 7.0, were incubated for 2 hours at room
temperature and centrifuged at 20,000 g at
 4°C for 15-20 hours. The material obtained
‘ from the supernatant (S) and pellet (P) were
examined in SDS-polyacrylamide gel.

»
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N oﬁhcr fragments isolated would also exhibit the same prop-
crt&. Addition of inrgc excess of the frnamcnt- or b(tforn-
1§g the assay in the pt&aonce‘of'Tn did not alter the result.

Thaorctically Tm is expected to have layen or fourteen
binding sites for actin, evenly diltributed thtoughout tho
molecule. Thus each of the fragments tested should have

‘two or more actin binding regions, The lack of interfction
displayed by Qi;)of"the fragments iﬁplies tﬁft the atg}ngth
of interaétion between actin and the individual actin bind-:
ing sites on Tm i8 relatively weak. Oély in the case where
on; has th; additive effeqt of all the sites is the aﬁrength
df bindimé high énough to be detected by the methods employed
in this work. It is not surprising that Earbogypeptidase-
treated Tm (i.e. nﬁd-goi&merizable Tm)lwas foﬁndito cosedi-

- ment wi:h.F:actin siﬂce itq actin binding sites would be ”
left essenfiallyvintgct by this minor modification in its

structure.

2, Other Tropomyosins

Using the same technique; the binaing'oflrabbit‘
skeletal F-actin to different types of tropomyosins, rabbit
skeletal Tm, aTm, carboxymethylated a and BTm, rabbit
cardiac Tm, frog Im, chicken gizzard Tm and hoFse blood f°
plateléthmt was £nvestigated, Allrthe diffefent ttobo-
m}bsins tested bound to F-actin butjsome to a lesser extent

than others (Fig. 53), bUnfractgonated.rabbit'skeletgl Tm

bound to about the same extent as ,rabbit a;g, rabbit cardiac

¥ ~
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Det;rmination of interactions of F-actin and

other tropomyosins by cosedimentation method.

Same conditions were used as in Figure 52,

.The

(P)

and

(1)
(2)
(3)
(4)
(5)
(6),
(1)

- (8)

‘were examined in SDS polyacrylamide gel.

materials obtained from the precipitate
and supernatant (S) of mixtures of F-actin
other tropomyosins :

unfractionated rabbitvokeletal'Tm
rabbit skeletal aTm :

carboxymethylated aTm

carboxymethylated 8Tm

cardiac Tm '

frog Tm - " .

chicken gizzard Tm and

horse blood platelet Tm e ~

-
i)

-






w;:> . . e
.
.

and frog Tm. Neither chicken gizzard Tm ndr horse blood

-

platelet Tm bound to F—actin ‘as tightly as tabbit akeletal

<

D5Tm. These observationa.may teflect the type of actin"
“.present in thel;;rious sources from which tgese proteine
have been extracted. These results 1mply that the actin
l.from the striated muscle appear to be similar but are
different from the actin present in- the smooth muscle of

the thicken‘gizzatd and .the ponrmuscle cell, horse blood

p{atelet.



L \;;:)  'CHAPTER VI .

CONCLUDING DISCUSSION

Tropomyosin is almost completely a helical below

:25 C in the absence of denaturants. However, deqaturation
‘studies on uTm have indicated the presence of regions of
1ess helical structure. In this study, some Of ;hese
Tegions were localized by brief'and prolonged enposure to

" the proteolytic enzymes, trypsin and chYmotrypsin. Since

Tm contains a high proportion of basic and bulky hydrophobic
amino acids, the preferential sites of cleavage of these
enzyﬁethave been taken as an indication of less ordered
’regions.'

Digestion of oTnm with trypsin at 0 ¢ for: one minute
at an enzyme to substrate ratio of 1:200 caused a rapid
cleavage of peptide bond 133 13&. Ihis single point
cleavage implied that this bond is in a region,which is
least helical in the aTm molecule. The local dﬂ‘:jption
" of the coiled coil structure in this region. may besaccounted
:for by the presence of Asp 137 in a hydrophobic core | '
position.f Unlike other/polar .amino acids in these positions,
the side chain of aspartic acid is not sufficiently long to -

: direct its charged moiety towards “the exterior of the hydro-
'phobic core. Prolonged exposure to the enzyme Jed to‘hydtol—s
ysis of portion® of T1 (1- -133) and T2 (134- 284) producing

‘T3 (13 125), T4 (183 -284)" -and TS (183~ 244) These frag— .
ments were resistant to ‘further action‘of the enzyme re-.

flecting;the°extent-of order'of these regions oF- the

R . . » a
- o . X
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molecule.
On the other hand, chymotrypticﬁdigestion of aTm

for 5 minutes at 25° C at an enzyme to substrate ratio of

1: 500 produced fragments CT1 (1 169) and CT2 (170 284)

from the cleavage of peptide bond 169 170. The reason for

the disruption of A&e co\iled coil structure around this

bond is not as obvious as that around Asp—137.' The pres=--

ence of a disruption of lesser extent in this region c;uld

account for the more drastic conditions required to accom—'

plish the cleavage than those for trypsin. An additional

factor ‘that could have favored the cleavage at Ile-169 is

its position at a hydrophobic part of the sequence, the

only four consecutive bulky hydrophobic residues in aTm,

”The,susceptibility-of this type of sequence was also implied

hy the failure of the enzyme to hydrolyze peptide bonds

Ile 130 and 143 which are in the vicinity of Asp 137 and

chus located in -a presumably 1ess helical region but

{ a

‘surrounded by charged residues.‘ _ ' 1

i A
| \

Conformational analysis of the sequence of oTm done
in search for regions of low helical contents, didvnot show,'
any correlation with the sites of cleavage by trypsin and
,:chymotrypsin. However, the conclusion made from this
analysis, that the termini of the molecule are the regions
.nhich are least ordered, may not have been evident from the
results ofhenzymicldigestion;:'Theﬂreason for-this is that
these experimentsvwere performed at 1owiionic strengths,»

(]

: undervwhich_conditions the ends of the molecule are involved .

" . . . ..
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' in head’to 7‘ilﬂnggregction.v ihis intersctionccould hsye
nade the ends of aTm resistant to the initial action.of
the enzymes. .

The presence of a limited number of tertsin amino‘
’acids.in the molecule alloved the'preparstion of large T N
fragments of aTm by specific chemical cleavsges.‘ Cyl
(1-189) and Cy2 (190 284) were produced by cleavage of the
peptide bond on the NHz—terminal side of Cys -190 by the
' combined action of DTNB and KCN. CNBr digestion of aTm
at the methionine residues produced CN1A (11-127) snd CN1B
R (142~ -281). . B

Investigat#on of the properties of ‘all the fragments .

v'isolated, by circular dichroism, revealed that the NHZv

. terminal half of the molecule is more helical and stable

to heat denaturation than the COOH~ terminal region. Lehrerh
valso observed the instability of the region around Cys-190,ﬁ»
and that introduction ‘of the disulfide cross- -1ink in the“
molelule caused a 1oca1 disruption of_ the « helix n}ar
fphysiological temperature.i The biological significance of
lthis property of aTm {8 not clear but it may have a
correlstion with the_proposed location of the Tn binding‘
Siteg | |

Interactions of the fragments of oTm with Tn(snd
iti’ omponents were investigated using several techniques,‘
ol

u centrifugation, polyacrylamide gel electrophoresis,

0

gel filtration and affinity chromatography. Binding studies

with immobilized TnT showed the independence of‘theva-TnT

e .



"of the molé&ule.
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interaction on, the/p{esence‘of'Caf+, Mg++ and reducing

'ageat, hich implied no involvement of the cysteineri

S '—\/—"" T

tesidue in the interaction. All the NHz—terminal fragments
bq%g@ to the immobilized TnT wigh the same affinity as

those of other helical proteins and thus, was considered

| ;
1 i

non-specific. The COOH—terminal fragments bound more -

'tightly than the NHz-terminal fragments ‘but, 1ess tightly

than intact aTm. Similar observations wvere obtained from
” . ‘

studies with\immobilizeda n and CBl.' These results are‘
nsistent "with the hypothesis that the Tn interaction site
on'Tm is sbout oné-third of the distance from the C terminus

T

Non-polymerizable Tm which is: only about 8 residues

J shorter on the COOH terminal end of aTm, exhibited binding

)

to the same extent as the COOH terminal fragments. This

observationvcould be accounted for by the multi—binding

sites,ofnTm polymer but also raises the possibility that.

there might be a correlation between the strength of Tm-Tn

interaction and the extent of polymerization., This 1is also

‘suggested by the ‘increase of the viscosity of aTm on' addition

of Tn.» This possibility was substantiated by results from
binding studies on mixtures of fragments of aTm with immob—-
ilized InT. Formation of complexes between fragments

capable of head to tail aggregation was indicated by these

‘experiments. These complexes exhibited tighter binding

. |-
‘to immobilized TnT.

' On the other hand, these results 'may also indicate

- N N 5



_ that the Tn binding site is ‘very close ‘to the COOH«terminsl

Co

“end of the molecule or st the end to end overlap. This
latter possibility is consistent with the findings that
horse blood platelet Tm does not . bind to TnT inspite of < o
the similarity of . its sequence to that of aTm at the putative_
Tn binding site. Tts lack of binding to TnT ‘may be accounted
‘for by its different NH2- and COQH-terminal sequences from
those of aTm, R ;‘ - Co .
‘_The binding studies using the- other techniques, ‘: g
ultracentrifugation, gel filtration and polyacrylamide gel"
electrophoresis revealed that Tl and T2 which have the N-
" and c- termini of aTm respectively, bound to TnCT and CBl
.Since none of the other. fragments tested bound to TnCT and “\
CBl, these interactions wvere initially considered a8 non- |
'specific but in view of the later developments, they may be‘
‘significant.‘ lh:~lfck of binding of Cyl and CTl which have e
the N-terminus of 4Tm and T4 which contains‘the Cc- terminus
of the molecule may be due to carbamylation of the ENHZ-‘
group of their 1ysine residues during their preparation.- )

‘These fragments were exposed to 8M urea at pH 7 5. whiie Tl .

‘ and T2 were not.

1
i

Thus,'tw0xpossibilities for the location of the Tn
'binding site are compatible with the results obtained from

this study. The first possibikﬁty (Fig. 54a) locates the'
. ' - R N :
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Fig. 54,

B

‘.Two poséibilitiés;foz the location of”the’Tn

interaction site on aTm,

In can bind at a region one-third of the
distance from the c-terminus of the molecule.,
This interaction causes a confo#mational,
change which 1s transmitted to /fthe ends of
the molecule.. - ; ‘ i "

Tn can bind to the end to. end overlap of

,Athe«dTm:moleculeé.‘tQh

208
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'This would then enhance head to tail aggregation and vice
[versa. The second possibility (Fig. Sab) locates the Tn
binding site at the end to end overlap and the strength
of interaction between the two proteins is also influenced
by the degree of head to tail polymerization: and vice versa.
Differentiation between these two possibilities is Mot °
_ pdssible with the present evidence and thus, awaits further
work in this aspedt. . | |
.The inconsisten y ot this latter.possibiliﬁy with
the conclusion, obtained from the study of ordered aggregi//
ates of Tm, may arise from the conditions ‘used in these
.experiments. The crystals of Tm were prepared at\low pH
and the magnesium paracrystals were prepared at high Mg +t+
concentration, both of which are Fon-physiological con- ‘h
ditions. ‘But if these aggregateS}are indeed nepresentative
of the physiological structure, interaction of Tn with some
,regions (like the ends of the molecule) of aTm in this form
could be inhibited by steric effects., It is interesting to
_note that aTm is phosphorylated at a serine residue 'very

close to C -~terminus o¥f the molecule, Ser -281. This charged

group may be involved in the end to end interaction but it

'may also be involved in the Tm—Tn interaction if the Tn

»

binding site is at the overlap.

None of the fragments bound to F-actin except fox

'non-polymerizable Tm. This suggested that the strength
of interaction between actin and individual actin binding

site on Tm 1is relatively weak and thatfthe additive effect
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of all the sites are required for binding; Tm frou ‘ . ‘
different-sourcea'bound F-actin to different extenta,
reflectidg the diffetence_of the actin found in various
source;.’

Thus the results of this stuov suggest that Tm'should
not he conSideYed strictly as a rigid rod but rather as

a flexible rod with regions of varving/stabilitv. T'nder

phvsiological conditions, an equilibrium mayv, exist between \\*

J A\
i

the melted and unmelted states of these regions. Since
these unstable regions occur at the COOH-terminal part
of the molecule,‘where Tn binding has been implicated .

thev mav be involved in the movement of Tm into the

groove of the actin helix when TnC binds Ca++.

~—
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