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-~ ABSTRACT

Troponin was isolated from bovine cardiac muscle employing the LiCl

’

extraction procedure of Tsukui and Ebashi (33) By a combination of

ion exchange and gel ‘iittation chtomatographies in the presence o&

urea, cardiac troponin could be separated into ‘three homogeneous compo-

nents. These included troponin I (TN-I), an ATPase inhibitory protein;
troponin C (TN—C), a calcium binding protein; and troponin T (TN~T), a
protein which interacts strongly with tropom;SSin.

Biological activity studies using a synthetic cardiac aetomyosin
ATPase assay system, in the presence of tropomyosin, demonstrated that
TV‘I could inhibit tHe Mg activated actomyosin ATPase‘by 60Z. Addi-
tion of TN-C reversed tae inhibitory effect of TN-I. Incorporation'of
TN-T into the .assay system, :-ith IN-I and TN-C, converted the ;egulato'l‘y
process into a Gez+bdependent one. In the absence~of Caz+, the ATPase

-

activity was inhibited. In the presence of Ca2+, the inhibition was
reversed completely. !

The cardiac troponin subunits wete characterized with respect to a
‘number of chemical and physical properties. Anino'acid analysis dis-
closed that TN-C was rich in acidic residues, while IN-I and. TN-T Were
basic proteins. Sedimentation equilibrium data suggested molecular
weights for TN~-C, TN-I and TN~-T, respectively, of 17,700,

22 9004-500 and 36,300 * 2,000. Circular dichroism (CD) spectra indi-
~cated that a significant percentage of the amino acid residues of each
of the subunits were involved in a helical structures.

2+

CD data revealed that upon binding Ca” , TN-C underwent a majo: con-

-formational change. Although analytical gel filtration studies

iv -



determined that TN-C could bind 3 moles of Ca’’ oer mole, titration of
the observed’chanée in ellipticity in CD spectta implied the binding of
a éingle C32+ to a particular site on TN-C gene;ated the complete con-
formational change observed by this method; |

cd measurements also demonstrated that.interprotein interactioms
occutred in solutions containing mixtures of TN-C and' TN-T, TN-C end
TN-I, and tropomyosin and TN-T.  In those complexes involving TN-C,
TN-IC TN-CT and reconstituted troponim (TN~ICT), Ca2 was able to elicit
‘a conformational change analogous to that observed.in isolated TN-C in
‘solution. In TV—ICT, the presence of TN~-I and TN-T appeared to enhance
the magnitude of the conformational change,

Polyacrylamide gel electrophoresis and cosedimentation experiments
provided further evidence for comolex formation between TN-C and TN-I,

TN-C and TN-T, and TN-T and tropomyosin.
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CHAPTER I
.INTRODUCTION
A. VERTEBRATE STRIATED MUSCLE

Several excellent re;iews have been published which concern the
moiecular nature of contraction in.vertebraca skeletal muscle (lh 2, 3.
Caraiac, like skeletal muscle, is a cross—striated muscle. fhe great
overall similarities, as well as distinct differences, between'thesg
two muscle types also have beeﬁ rev;ewed extensively (4, 5, 6). ¢
Therefore, a detailed description'of mu;cle structure at this point will
be forgone in favour of a br;ef, general review. This discussion will
be drawn from thefabo§e articleg and will centre upon the schematic
depiction of a striated ﬁu;cle in Figure 1. This diagram could apply
equally well to ;ard;ac or skéletal muscle.

A muscle fibre.is composed of‘a longitudinaliy arranged, in register,
array of mydfilaments which exhibit a periodic band pattern when observed
under the light microscope. These. characteristic cross-striations are
the result of altermating opticallf dense and less-dense trans&érsé
regiogs along the myofibril. Under pola;ized light, the optically
dense or A bands areAstfbngly birefringent (anisotropic), indicating
that the molecular componénts in the region afe asymmetric and are
orien;éd in a specific direction. .The opticaliy light or I bands afe
relatively qonbirefringen; (isotiopic).

Each A band is bisécted by a dark line, ﬁhe M line. Immediately
adjacent to each‘sidé/of the M line is a relatively lgss dense reg;on.

This narrow region of relatively low optical density in the middle of

the dense A band is called the H zone. “
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Figure 1. Schematic representation of myofibrillar structure. [From h

Lehninger (116).]
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Bisecting the I bands is another set of dark lines, the 2 lines.
I .

The space between two adjacent Z lines represents the functional unit

\ i .
of muscle contraction, the sarcomere. Sarcomere length is a function

. - \
of total muscle length and ranges maximally from“about 1.5 to 2.5 u
The band pattern of 'the sarcomere, and its alterat\ion with the
physiological state of the muscle, reflects'both the deposition-of the

contractile macromolecules in the myofibril and their mode of action.

The myofibrils consist of two kinds of myofilaments. 1In electron
. N i { )

! !
micrographs, thick filaments, about 150 & in diameter and| 1.6 u long,

are observad to. extend the. length of the A bands. Thinner filaments,
about 60 & in diameter, runm ftom the Z line at the sarcomere edge,
completely through the I band, and into the A band up to the edge of
the H zqone, L There is an overlapping of the thick and thin filaments
only within the A band. In this overlap gegiqn, electron micrographs
show the ekisgence oflinterfilamentousVcross-ﬁridges between the two
filtament types. /

In cross-section, tne myofilaments are arranged in a hexagonal
lattice. The thick and ‘thin filaments are easily discernible and their
interdigitation is apparent in the over;;p region of the A band.

dpon contraction, the sarcomere shortens. However, two dimensions
within the sarcomere do not change, the length of the A band and the
distance from the Z line to the edge of the H zone. This is depicted

i

schematically in Figure 2. ’ .

Figure 2 is, innfact, a crude representation of the sliding filament

theory of muscle &g;:;a;tion. This model is characterized by three

important features: (1) The proteins of the safcomete are arranged in
two separate kinds of filaments which can cross-connect; (2) Each type

i



Figure 2. Moflel for sarcomere contraction. The diagram displays one
complete sarc e and parts of the neighbouring ones. The differences
in the striated pattern observed in resting muscle (A) and contracted
muscle (B) “tan be explained by a sliding filament hypothesis.
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)

bfuf%lament is discontinuous along the length of the myofibril;

(3) ﬁuscle shortening is due to a relative motion of one type of filament
along the other, with no éppreciable change in the lengths of the fila-
“ments themselves. . Thié relative sliding motion is'the result of the
constant formation and disruption of the cross-bridges between the two
myofilament classes. | ‘

!
B. REGULATION OF STRIATED MUSCLE CONTRACTION IN VERTEBRATES
The most important functional proteins in muscle are myosin and -

actin, the main‘constituents,‘respectively, of the thick and thin
:filamenté. Aside.from the proteins of. the M and Z line§,‘and a gumber

. . . N \
" of; as yet, little understood components of the thick andlthin filaments,
two other proteins play a major role in muscle cortraction. These are

!
i
tropomyosin and troponin, which are located as a complex on the thin

{

filaments. Together, they confer caltium sensitivity'to the interaction
between myosin and actin (7) and so represent the "on-off" switch fof
muécie'gontracpion. | |

The reéulatory mechanism of vegfebrate skeletal muscle hgs beén
under intensive investigation for about a decade and is thought to be
reasonably well unaersgood. Several reviews have dealt exclusively
with this aspect of muscle action (8 - 11). ' 49

Skeletal muscle ﬁroponin is 4 complex of three proteins (12 - 17):
troponin I (TN—Ij, which inhibits the Mg2+—activated ATPasé of acto-
myosin; troponin C (TN-C),-a calcium-binding protein which is respdnsible
‘for reversing the TN-I-induced-inhibitory effect; and troponin T (TN-T),
which interacts s;réngly with tropomyosin. Each subunit hés been

‘characterized in detail and the amino acid sequence of each is known



(18 - 20). |

The abhndanée of recent studies on troponin and tropomyosin has
resulted in the development of a useful médel to ;xplain the regulatory
‘process (21 - 23); ]Ptior to a brief discussion of the model, conéideg

, ‘ .
a schematic representation of the structure of\the thin filament
(Figure 3, after Ebashi et al. (24)): F-Actin is represented as two
st;and? of pearls wound around each other. Tropomyosin molecules are
depicted as rods which lie end-to-end in the grooves of the actin
strands, each spanning the length of 7 actin monomers. Associated with
each tropomyosin, at a spéc%fic site, is one unit of ﬁrdponin.

Iﬁ croSs—section, tbe thin filament of resting muscle (pCaf = 8)
can be fepresentgd as in Figure 4A K23). Troponin binds to the actin-
tropomyosin fil ment at two giteé; TN-T is attached to tropomyosin and
TN-I to a site comprised of both aétin and tfopomyosin.' In this con-
fiéuration, ;ropohin—tropomyosin links to f-actiﬁ sterically b%gck the
site on each actin monomer for interaction with myosin.

+ .
On release of Ca2 ions into the sarcoplasm bathing the myofilaments

(pCaf =z 5), the calcium*binding sites on TN-C are saturated. Upon
L 4

binding Caz+,VTN—C undergoes a dramatic conformational change (25, 26)

which is Lrénsmi;ted throggh the remaining componeﬁts of the systeﬁ.
‘The TN~-I-tropomyosin~actin interaction is disrupted and the tropomyosih
molecules shift deeper into the grooves between the f—a;tin strands,

as depicted in Figuré‘QB (23). Thé movemépt of tropomyésin exposes

the previously blocked interaction sites, allowing myosiﬁ mslecﬁles to
‘contact actin. The net result is’ the hydrolysis of ATP and concomitant
muscle céﬁtractioﬁ., |

Receﬁg Suppoftvhas come for this model from 3-dimensional image
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Figure 4. Model for the regulation of muscle contraction. The pro-
teins represented -are: actin, A; tropomyosin, TM, troponin I, I; ’
troponin C, C; troponin T, T; the heavy meromyosin subfragment one
portion of myosin, HMM S-1. Short connecting lines represent molecular g
interactions. (A) Molecular positions in relaxed muscle (pCa = 8).

(B) Molecular positions in contracting muscle (pCa = 5). [From Potter
and Gergely (23).] ' '



reconstruction from electron micrographs (27), which also suggest that
tropomyosin molecules shift from one position to another between the K

"on" and "off" states of muscle activity.

C. CARDIAC MUSCLE TROPONIN

Ebashi et al. (28) isolated a fraction from bovine cardiac muscle
which performed the s4me functionlas the analogous fra;tion, called
troﬁonin, frém rabbit skeletal muscle. It rendered desensitized acto-
myosin sensitive to regulation by calcium ions.' Troponin from either
tissue could perform its regulatory function on actomyosPn from either
muscle type. Therefore, cardiac muscle was proposed. to Lave a calcium
sensitization system similar to that fouﬁd in skelezal'muscle.

Ihe interpretation éf the results of.pfelimtnafy studies on cardiac
troéanin (29 - 32) was hémpered by the largé.nyﬁber of contaminants
present in protein preparations. However, the report; did suggest Fhat
cardiac troponin posséssed the same number and type of components as
its skeletal aﬁ;logue,\alphough some ofAﬁhe sugunits possessed differegt
mobilities on SDS gels.

At this time, a project was initiated in our laboragory tg'isolate
troponin from beef hearts and to separate and characterize ifs consti-
tuent subunits. Using skeletgl troponin preparatibe methodology,
problems similar to those mentioned already were énéougteged.'

Tsukui and Ebaéhi (33)? fortunately, prodpced a preparative scheme
that ;lléwed the’isd}ation of reasonably homogeneous troponin from
.cardiac tissue. This procedure, derived from thaﬁ of Ebashi et al. (12)

for'the pteparation of skeletal troponin, involved“é LiCl extraction of

the regulatory complex from a muscle mince, a pH 5.1 iéoelectric
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precipitation of tropomyosin, and an ammonium sulfate fractionation to
obtain troponin. Tsukui and Ebasﬂi were 31;; able to separate cardiac
troponin into three fracti;ns which approached homogeneity by ion
exchange chromatsgraphy in urea and ammoﬁium sulfate precipitation in
the presence of SDS. Using a desensifized skeletal actomyosin super-
precipitation assay system, they confirmed that troponing I, C and f
from cardiac muscle could substitute qualitatively, although not
quantitatively, for their skeletal counterparts. This suggested, agaiﬁ,
that cardiac and skeletal muscle were regulaWed in a similar manner,

but that distinct differences might exist at the 1evé1 of the individual
molecules ,involved.

Upon successfully adapting the LiCl extraction ﬁethodology to our
own needs, our’goal became to devise a separation scheme to isolate
each of the cardiac troponin components in a pure form énd to character-
1ze each subunitvwith the physico-chemical tools available to us.
Subsequently, this aim was extended to study the natyre of the inter-
actions which occurred among the proteins of th; cardiac musgie regula-
tory complex and either to confirm that cardiacvﬁuscle was sensitized
ﬁo calcium ions in essentially thé same fashion gs skeletal muscle or
to propose anDaICErnative model.

Since 1974, severa}.reporcs and abstracts detailing the progress
.of this project have appeared (34 - 42). These comprise a major part
of the published work specifically reiated to cardiac troponin. As the
data presented in these articles provide the raQ material for this

thesis, discussion of this material will be postponed until subsequent

chapters.

10

However, other laboratories have also contributed to the understanding
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of cardiac troponin since 1973, It is appropriate to discussg. some of
these results ut.this point.
1. TIN-C 4 ‘ v

Head and Perry (43), using an isotope dilution technique, démon—
strated that the'rafio of actin to TN-C in rabbit white (psoas) and red
(soleus) skeketal, and cardiac muscles was about 7:1,‘confirming the .
existence of similar stolchiometries of the proteins in different muscle
types. : i | - |

Sevi*al laboratories reported that TN-C from differehtqmﬁsclé
sources possessed similar mobilities on SDS gels (29, 32, 33) and on
polyacrylamide gels in the presence of urea (43). However, Hirabayashi
and Perry (44) established that antiserum to TN-C from chicken skeletal
muscle did ﬁoc react with TN-C from chicken heart‘muscle. They also
reported that the amino acid composition of chicken skeletal TN-C was
more similar to TN-C from the skeletal muscles of other species than to

i

chicken cardiac TN-C. Cardiac and 'skeletal TN-C also differ in their
capaci;y to bind Ca2+ lons (45, 46), cardiac TN-C biﬂding~fewer C32+
than the skéletal ﬁqmologue.

The predictions that the twé types of TN~C were different were
substantiated when the amino acid sequence of bovine cardiac troponin C
was determ;ned (47). In compérison to the rabbit skeletal TN-C sSequence
(18f 48) (Figure 5), bovine cardiac troponin C contained 55 replace-
ments and 2 additional residues. Eurther analysis revealed onl§ 3

regions in the cardiac TN-C sequence which bore significant homoiogy

with the calcium-binding regions of parvaibumin (49). These 3 stretches

of homology corresponded to 3 of the 4 proposed C binding sites

4
skeletal TN-C (18), predicted on the same basis.J This may explain the
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[} " ] " " ‘LyS‘Met— " -Glu_"” " _Gln_oH

Figure 5. Amino acid sequences of bovine cardiac (upper line) (47)
and rabbit skeletal TN-C (lower line) (48). Square brackets enclose the
proposed calcium binding- sites of each molecule.
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lowered C32 binding capacity.of cardiac, relative to skeletal, TN-C.
2. TN-I " “ ' .

Polyacrylamide gel electrophoresis of muscle extracts in the

+N

presence of 6 M urea and 2 hM EGTA ("minus Ca2 state) demonstrated
that TN-C from rabbit psoas, soleus and cardiac muscles possessed
similar mobilities (43). But in the presence of Ca2+, the bands be-
lieved to represent TN- IC complexes in soleus (red) and cardiac muscle
4

~electrophoresed more slowly than that of psoas (white) muscle, Suggeét-
ing that TN-I in soleus and cardiac muscles differed from that of psoas
muscle, .

Iﬁ ; later'repott (50), TN-i was purified from rabbit psoas, sol-
eus and cardiac muscles by an éffinity chromatographic technique using
Sepharose-4B - linked TN-C. On SDS gels, the two types of skeletal
muscle TN-I migrated with apparent molecular weights of 23,000 while
cardiac TN-I migrated at 29,000. On pelyacrylamide gels in 6 M urea,
cardiac TN-I electrophoreses at a rate 157 slower than either type of
skeletal IN-I. Electrophoresis of mixtures of each IN-I and skeletal
TN-C on urea;polyacrylamide gels showed each TN-IC complex possessed a
different mobility; indicating that TN—I‘from each musele Souile was
unieue.

This prediction has been substantiated, at least for rabbit
psoas and cardiac'TN:I, by sequence studies (51, 52) (Figure 6).
Although considerable homologynexists between the two sequences, cardiac
TN-I has an additionalA26 residues at its N terminus. 1In this extra
String of residues, the seriné at position 20 is readily phosphorylated

in a reaction catalysed by cyclic AMP - dependent protein kinase (52,

53). ThlS Dnosphorylation of serine—ZO dccounts, in a large part, for

13
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the differences between the phosphorylation properties of cardiac and
skeletal TN-I (54). These differences.are apparently physiologically
relevant. England (55) demonstrated that stimulation of perfused rat
hearts with 10 =6 M adrenaline resulted in a simulunneous increase in |
both the degree of phosphorylation of TN-I and the forcé of contraction.
Similar results for rabbit hearts were confirmed by Solaro et al. (53)

The mechanism by which phosphorylation of cardiac TN~-I may pro--

mote the interaction between actin and myosin is not yet understood.

"Ray and England (56), studying whole myofibrils and native tropomyosin

(troponin plus tropomyosin) from beef hearts, observed that phosphory-
lation of TN-I did not alter the V ax of the actomyosin ATPase and, in
fact, increased the’amount of calcium required to activate the ATPase
activity. They were led to the conclusion that the effects of catachol-
amines in perfused hearts must be two-fold in order to stimulate con-

traction: a phosphorylation of 'TN-I and an increase in the sarcoplasmic
. !

2+ . .
Ca concentration during systole. Investigations are in progress to

shed further light onto this complex situation.
3. IN-T .
Little hasubeen reported on cardiac TN—T. Brekke and Greaser
(46) reported that cardiac TN~-T caused changes .in tropomyosin para-
crystal patterns similar to those described for skeletal TN-T (57)

However, they also observed differences in the amino acid composition

of cardiac and skeletal TN-T.

D. AIMS OF THIS PROJECT -
Subsequent chapters of this thesis will reveal that work on this

prOJect proceeded with 3 major goals in mind. First, it was necessary7

s

15



to develop a reliable preparative methodology to. isolate -troponin from

cardiac tissue’and to separate each of 1its constituent subunits Second,

each component had to be characterized with respect to its chemical,

physieatrand biological properties. Third, it vas important to under-

\/

/
stand%how the isolated members of the troponin complex could interact
with each other . k hY

Attainment of‘these goals, we hoped, would enable us to conclude
whether the cardiac miscle regulatory muscle mechanism differed signif-

icantly from that in skeletal muscle and to detail the extent of any

differences.

16



CHAPTER II
EXPERIMENTAL METHODS'
[
:
.A. pH MEASUREMENT
Routine pH measurements  were performed usfng a Rediometer pPH meter
equipped with a variable temperature compensatdr and combinetion glass
) | ; ;

electrode. Standard pH buffers (Fisher Scientific'Co.) were used to ‘

i

calibrate the instrument.

B. GEL.ELECTROPHORETIC METHODS

1. Polyacrylamide Cel“Electrophoresis : :

Elecrrophoresislthrough 82 polyacrylamide gels was performed
N

.eesentially as described by Schaub and Perry (58). The tank buffer,

25 mM tris - 160 mM glycine at pPH 8.5, was prepared so as td¢l contain

!

2 mM EGTA or 0.5 mM CacCl depending on the desired run conditions. 1In.

2° '

certain experiments, 6 M urea waS"incorporeted into the gels.

2. SDS Polyacrylamide Gel Electrophoresis

Methodology similar to that of Shapiro e _E._l_ (59) was used.
Samples were prepared in 27 SDS containing 1 mM DIT by .heating them in
‘a boiling water bath for 5 - 10 min. Electrophore51s was performed on
! 10% polyacrylamide gels for 3 1/2 h at 7*mA/gel. Gels were stained
‘with doomassie Brilliant Blue and destained in several changes of 72
acetic acid, 7.5 % methanol (v/v). ‘Destained gels were scanned in a
Gilford 240 spectrophotometer equipped with a gel scanning module.
Relative quantities of each component present were estimated.bv tr;cing

each peak,'cuttlng out the traced area and; weighing.

Molecular weight estimations were made according to Weber and

17
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| .
Osboyy (60) by comparing the migration distances of the "unknown"

proteins With those of proteins of known molecular weight

C. aMI¥O AQrp ANALYSIS
Anfo aQid analyses were performed essentlally as described by Moore

and Stﬁin (61) The amino acid compositions of Protein hydrolysates
! :

were d&termlned using a Beckman 121 or Durrum D-500 automated amino acid

analyger : _ ‘ -

Dyplicatg samples were hydrolysed in constant boiling 6 N HCl for
24, 4g and 72 h. The values reported are averaged over ‘the three
hydrolySis‘times. Threonine.and serinefcontents were estimated by
extrapalaﬁing‘fg zerb'time. 72 h hydrolysate values were used to
: ) . A

determif® valyne and isoleueine contents. Phenol-(lZ) was added’ to the
6 N HCliUsed gor nydrolysls to preserve thé”iﬁtegiity of tyrosine
residugg- Tog,] cySteine pIUSICYStine,content was determined as

cysteig 8cid yfter performic acid oxidation of the protein sample

' accordlng tO Moore (62). Using this method, methionine levels were

.checked 38 methionine sulfone Tryptophan content was established

~spectropﬂ°t0mﬁtrically with the Protein dissolved in 0.1 N NaOH as
outlined By Gogdwin and Morton (63) ang Bencze and Schmid (64). The
absence ¢f LI¥peophan in cardiac TN-C was confirmed;fluorimetrically by

the absgpCe of tryptophan emission band near 340 nm upon excitation

of the protein solution near 276 mm,

_ N
1. APSor tlon Sp_ttrophotometry S ,
- i i

Routine absorbance measurements, such as monitoring effluent

IS
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from a chromatographic tqlumn, were performedfusing a Gilford 240
spe%trophotometer. UV absorbance and difference spectra were recorded
employing a Cary 118C recording sbectrophotometer.

Bagselines for absorbance spectra were established using dialysate.
‘Those for difference spectra were determined with protein solutions of
identical compositions in both the samplle and reference beampaths ‘
Ditference spectra were obtained by adding an aliquot of a solution
containing the desired perturbant to the prptein solution in the sample
cell and an equal volume of the same solu;ion, minus the perturbant, to
the prOtein solution in the reference beam, and, subseqnentiy; Scanning

the wavelength region of ‘interest.

2. cCircular Dichroism Spectra

Circular Dichroism (CD) measurements were performed using a Cary

6001 CD éttacﬁment to a Cary 60 recordlng spectropolarimeter, as de-
5cr1bed by Oikawa et al. (65).’ The instrument was callbrated with an
aqueous solution of recrystaliieed d-10-camphor sulfonic acid. ~Constant
n{trogenvflushing was employed. | :

In the wavelenéth region from 200 - ZSOan, approximately Stiz
protein solutions were scanned in 0.5 mm cells. In the 250 --320 om
:region, apnroxinately 0.3% protein solutions\were scanned in I cm cells:

The nean‘residue ellipticity, [G]A’ at a particular wavelength, .
A, was calcnlated from the equation:

MRW

0 - 8obs : o [1]
{ ]A 100 1lc ‘ .
I

wheTre:
MRW 1s the mean residue weight (taken as 115 in these studies),

eobs is the observed ellipticity value at the wavelength of interest,



i

i 4 - S N
. . s
"1 is cell pathlength’Tn dm, and . ¥ ) . \
- ‘;/)-"J o= - ;o 3
¢ 1s the protein concentration in g/cm™"
¢ . 2
The units. of [e]A are degree‘cm /dmole.
Thé apparent a helix contents of proteins were estimated using

o

. parameters and equations given by Chen et al. (66).

E. ULiRACENTRIFUGAL METHODS
i : . . . -
'ﬁltracentrifugél studies Qére performed at 20°C in a Beckman épinco
Model E analyt?calrulﬁr;centrifuge equipbed with a photoefectric scanner,
v AultipléxléééesSory, and high intensity.light source. Rayleigh 1Ater-
ference and Schlieren optical systems were also used. The basic method-
ology employed in these studies was derivea from aﬂ ultracentrifﬁge

methods manual gompiled by Chervénka (67).

1. Protein Extinction Coefficients

The concentrations of a set of protein solutions vere det%Fmined
%by the method of Babul and Stellwagen (68), using ultraéentrifugala
syntheqic boundary runs with Rayieigh intefferencé optics. Babul and
Stellwagen determined, for proteins, an.average_refractiyé increment of

4.1 fringes/mg/ml. .Therefore, a measurement of the number of fringes

crossed on each photographic plate, using a Nikon model 6C microcomparater,

provided a direct estimate of protein concentration. By correlating the
protein concentfation;of each sample with its absorbance value at 278 mm,
'the éx;inction coefficient‘for a 1% solution of the protein in a 1 cm
% 4 . |
cm,278) was determined. |
2. Sedimentation Velocity Experiments

pathlength cell at 278 nm (Ei

Sedimentation studies were performed in 12 mm 4° synthetic

boundary cells at 60, 000 rpﬁ; Schlieren optics were used and photographs

20
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taken at specific time intervals. A Nikon model 6C microcomparater was -

employed to measure ‘the distance from the maximum ordinate of theisedi-
menting peak to the reference hole.

The sedimentation coefficient, s (iﬁ?sec), is relate&uto ghe
! ‘ |

~distance from.the centre of rotation to the maximum ordinate, r (in cm),

at timé, t (in sec), and the angular velocity w (in rad/sec), by:

1,,d1lnr 3 e 5 ,
s = (;‘5)(—&—) - . [2]

-

ves for s were obtained by taking the natural logarithm of
: |
the measura2d r -alues, plotting them against t, and multiplying the
resgltdht S.ope b l/wz. To express the sedimentation coefficient in

terms of water 1t 2(°C, $90.w’ the following equation was used (69):

n 1 -9 ‘ :
T n 20,w
s = e () (), (=2 [3]
20,w | n20 wong T 1 va :

where:

n
C;l;)w is the ratio of the viscosity of water at the experimental
20 '
temperature, T, to that at 20°C,

n : .
G——)T is the viscosity of the solvent relative to that of water at

0
the temperature, T,

pZO,w is the density of water at 20°C,

DT is the density of the solvent aﬁ the=température, T,

V is the partial specific volume of the solute.

1 H
i

In this sﬁudy, V for a protein was estimated from its .amino acid compo-
sition (70). Density and viscosity values were taken from tables in
the Handbook of Chemistry and Physics.

Intrinsic sedimentation coefficients, s;O W’ vere depeFmined‘by
’

plotting 320 v against the initial protein. concentration of the sample
b .

21
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and extrapolating the results to :éthfoncentration;

3. Sedimentation Equilibrium Experiments

Conventional sedimentation equilibrium runs (71) were performed\
in 12 mm double sector cells with charcoal- filled'Epon centrepieces and
sappgire windaws. Data were recorded either on photographic plates
ustng Rayleigh interference optics or on the chart paper of a photo-
electric scanner accessory; using v absorption optics. Runs were as-
sumed to be at equilibrium when no further ehanges in fringe po;¥kion
Oor pen .tracing OCCUrred.

The apparent welght average molecular welght, Mw’ of a homogeneous

protein, determined by such an experiment, is given by:

, 2RT d 1n ¢
M = . 4
w ((l - VO)wz) ( dr"2 ) | [ ]

N

where:
R is the universal gas constant,

T is the experimental temperature in °K,

<

is.the partial specific volume of the protein; o,

p 1s the solvent density, | | |

w is,the angular velocity, and

¢ is the protein concentration at a distance, r, ftom the axis oé
rotation. .

Where Rayleigh interference optics were employed,Aptotein con-

centrations at the meniscus, Cp* Were calculated according to:

2 N _‘ ¢ 2 -
_ 7 ry (cb cm) jém rdec ,
c. = ¢ - - [5]
, 2_ .2
b m

where:

<, 1s the initial protein concentration,

j - L



ra\is the distance from the meniscus to the axis of rotation,

T, :s the distance from the cell bottom to the axis of rotation,

cb is the protein concentration at the cell bottom, and

¢ 1s the protein concentration at any distance, r, from the axis of

rotation. |

A direct measure of protein concehtration in terms of fringes, Y, at any
value of r, wasg determined by adding the fringe displacement at the
point r to the concentration at the meniscus (expressed in fringes)

If the photoelectric scanner was employed, the absorption value,
A, at any point along the cell provided a direct measure of protein con-
centration,

A plot of the natural logarithm of the protein concentration
(expressed in fringes, Y, or absorbance units, A) versus r2 yielded ga
straight line, the slope of which, d 1n c/drz, was used to dei:rmine the
welght average molecular weight (using equation [4]) at any position
along the cell .

To. facilitate these calculations, computer programs, written by

Dr. W.T. Wolodko (72) in the Programming language APL, were employed

F. BIOLOGICAL ACTIVITY SlUDIES

A synthetic cardiac actomyosin system was used to investigate the
biological role of each of the cardiac troponin components.

Myosin was isolated according to Tonomura et al. (73). Nucleotide
 contaminants were removed from the myosin by batch treatment with DEAE-~
Cellulose. Actin was purified: according to Spudich and Watt (74)
Tropomyosin was purified by hydroxyapatite column chromatography, as

described by Eisenberg and Kielley (75), of the tropomyosin~rich’
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~ammonium sulfate fraction obtained during the preparation of c&rdiac
troponin (see Chapter III),. Alternatively, tropbmyosin was prﬁgered by
repeated isoelectric precipitation of the}same Starting material at pH
4.6. ‘ . : :
. The assay sy;tem congisted of 750 ug of synthetic cardiac acto-
myosig (SAM), prepared by mixing myosin and actin iq 8 4:1 ratio by
weight (7§); and 50 ug of tropomyosin in 10 mM tris—Hél, pH 7.6, 2.5 mM

,

MgCl,, 1 mM EGTA and 2.5 mM ATP at 20°C. The total volume of the
reaction‘mixtu?e was 3.0 ml.

! The feaction was initiated by the addition of the SAM to the remain-
ing constituents and followed by monitoring the liberation of inorganic

phosphate ions released on hydrolysis of ATP using the method of Fiske

and SubbaRow (77).

G. COSEDIMENTATION ANALYSIS
To test whether any of the components of cardiac troponin could
interact with tropomyosin, a method similar in Principle to that used
by Drabikowski and his colleagues (78, 79) was employed. Cardiac tropo~
- myosin was dissolved in 8 M urea, 50 mM tris-HCl, pH 7.5, to a concen~
tration of 2 - 3 mg/ml. The solution was partitioned into four 1.0 ml
aliquots. 'In éeparate studies, one mémber of‘the troponin complex was
added to three of these aliquots, such that mole ratios of tropomyosin
to the tropé;-n compoﬁent of 0.5:1, 1:1 and 2:1 were obtained. The four
samples plus one contéining the troponin subunit under investigation
were then dialyseJ 24 - 48 h at 4°C agéinst 0.5 M gCl, 50 mM tfis—HCl,

PH 7.5. Eagh solution was then centrifugﬁ: for 20 min at 35,000 g in a

Beckman Model L preparative ultracentrifuge and each tube was analysed
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for sediment. Where 1 precipitate was visible, it was washed with 10%
TCA to remove traces of KC1 which would interfere - subsequent SDS
gel analvsis ol the sediment.

Under the solvent condi: i ns emploved, tropomyosin was fully soluble.

Thereforé, where a sediment occurred, and $DS gel anaiysis showed both

tropomyosin and the troponin component to be present, the results provided
evidence for an interaction occurring between the two regulatory sub-

units.

H. CALCIUM BINDING STUDIES

24
1. Free Ca Ion Concentration

At éoncentrations near or below lO—5 M, 1t is difficult to pre-
pare, accurately, métal ion Solﬁtions unlessravmetal ion buffer 1s em-
ploved. In studies of C32+.binding to TN-C, the protein was dissolved )
in a buffer solution of known pH and ionic scréngth which contained a

known level of the cdlcium:chelator, EGTA. Using principles outlined by

2+
-Perrin and Dempsey (80), any desired level of ‘free Ca“ ions in solution

could be_attained by the addition of an appropriate amount of Caélz.

N ’
Metal complexes are formed in a solution containing a metal ion,

L d

M, and a chelating agent, L:
M+ nL e M,

with an appropriate equilibrium or staBility constant, Ky:

) ‘
Ky = [MJ[L}n , ' (6]

A

The chelating agent, L, generally can undergo protonatidbn to form
) _ ' .

species which possess differihg complexing abilities, with '‘respect té M:

+
H + L =—> YL erc.
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Therefore, protons will compete with the metal ions for L. The apparent
stabl'lity constant, Kg , of a metal complex at any specified pH depends
not only on the stability constant, KM’ of the complex, but on the step-
wise-dissociation constants (k31; KaZ’ ... ) for the'chelating agent.

Also, the metal ion may undergo a hydrolysié reaction:

M + H20 —n MOH, M(OH)z, etc.
The aaprqpriate equilibrium constants far these reactions must be known
to describe properly the equilibrium situation.

The apparent stability constant, K&, is defined in terms of the
equilibrium between a metal complex and its components, éxcept that free
chelator concentration is replaced by the total concentration of all.
species of the chelating égent not actually complexed to the metal ion,

~

and frée metal ion concentration includes hydrolysed mégal ions and

»
i

metal ions bound to other complexing species:

\ |
K T (o) (@ )" - [7]

0y

swhere:
aje ™ (M) + [MOH] + [MOOH), ] + . )/ M) 18]
. % . .
a = ([L] + [HL] + [H,L] + ... y/[L] " (9]

“To evaluate a for a chelating égent such as EGTA (represented

as‘HAL in its fully ‘protonated state), consideration must be g&ven to

the following stepwise equilibria: o

. (8] [H,1]
HZ;L pe— H3L + H kal = ——[@']—— [10]

x - . . [H") [H,L]
H.L == H,L + H ' K [11]

3 2 a2 [H,L]



+
H L === g, + gt K . = LH][HL] [12]

2 a3 [H,L] ¢

» +
+ H L !
HL == 1 + y Ky = iTﬁ%%~l \ [13]
\

(For convenience, the charges on the different chelator species have

c

been neglected.) A rearrangement and combination.of equations [10] -
[13] gives:
, +.4
—_ [H ][L]

[HL] =
4 Kal Ka2 Ka3 Ka4

[14]
H+ 3 L

ey = AELILL ©ns)

R e |  ne

ey - [IE] | | [£7]

Therefore, aL becomes:

a

o+ +.2 +.3
TR 1 (16 G s A

a4 ' a3 Ka4 Ka2 Ka3 Ka4
+.4

[H ]

Kal KaZ Ka3 Ka4

(18]

-An evaluation of dL for an EGTA containing solution buffered to a
specific pH can be made using the following stepwise equilibrium con-

stants for EGTA (81): PK_,

= 2.0, pKa2 = 2.65, pKa3 = 8.85, and

pKa4 = 9.46.

2+

For the metal ions used in our éxperiments,ACa2+, Sr2+ and Mg
the pKl values for hydrolysis are, respéctively (80): 12.6, 13.2 and

11.4. Tﬂerefore, under the experimental condiﬁions emp loyed (7.5<pH<8.0),

PN



Ay reduces to upity. This allows Kﬁ to be approximated by:

M oTT [19]

-From Schwarzenbach et.al. (81), pKta = 10.97, pKSr = 8,50 and

.

pKMg = 5.21. Under given experimental conditions, placing these values.

into equations [18] and [19] allows the calculation of apparent stability

'

constants for the metal ion of interest.
Once the Ké values are known, the free metal ion concentration,
[M], can be obtained by substituting the expression for KM (equation [6])

into equatlon [19]
(ML ]

ST T, - 201

Note that, in the experimental pH range, only a 1:1 complex between EGTA

'

and metal ion will occur, resulting in n =.1. Also (ML] may besrepre—
sented as the total metal concentration, [M]T, minus that portion which

<

vis free:

DLl = pag - o | [21]
*From the definition of,aL (equation [9]), [L]aL represents the total
concentration of chelator‘in all its proténatioﬁ states, [LjT,_minus

that portion which is in the form of the metal complex:

v

(Lo, = (L], - (L] [22]
= [Llp - MMl + (] (23]
Therefore:
’ B, = M .
S T ™ (ILlp - M, + M S .[24]
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Equation [24] 1is a quadratic equation, more clearly seen on rearrange-

ment:

Ry (LI - Ky MY+ D) - My = 0 [25]

The two solutions to this quadratic are given by:

. ‘ -b * Vaac A ‘ . [261*]

where:

a = Kﬁ ' _ [27].

Ke[Lly - KMl + 1 (28

o
L]

c = —[M]T . ' . [29)

The positive real number solution to [M] is the only physically possible

L 3
one.
Often, to describe cal- :m concentration in a buffer in this

2+,,.

- thesis, the phrases "min: - LJz v will be used to denote

and "plus Ca
solutions containing 1 ﬁM EGTA and no added C;Clz, and solutions con-
taining a free.Caz+ concentration of 2 x 10-4 M, respectively. Exceptions
will be noted.

2. CD Ca‘2+ Titrations

TN~-C was dissolved in 0.15 M KCl, 50 mM tris-HCl, pH 7.5, 1 mM
EGTA and dialysed 24 h at 4°C against. the same solveﬁt prior to récording
its CD spectrum in the peptide absorption range. After the addition of
an_aliquot of CaClZ, the épeétfum was recorded again. - This process was
repeated until no further change in the spectrum could be detected.
.Similar sets of Qpectra were collected with TN-C equilibrated against

the same solvent, but containing 2 mM MgCl,.

&
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From these data, the number of Ca2+ ions bound per TN-C molecule,
i, and an apparent binding constant, Kapp’ could be estimated aa de~-
scribed by Willick and Kay (82) for the evaluation of the same para-
meterslfor Mg2 binding to tRNA. *Such calculations assume that the
structnral transition observed by CD involves only 2 states. Either
TN-C has Ca2+ bnund and has undergone the complete conformational change
or no Ca2+ 1s bound and the conformational change has not occurred.

B

This may be represented as:;

IN-C + iCa’” === TN - Caz’;
j | |
with:
[TN-C - Caz':] :
Rapp = (Tv-c] [caZt] [307

- The - fraction of TN C molecules in the Ca2 -bound state, £, can

then be determined as the ratio of the change in ellipticity value ar a

+
5particulat free Ca2 concentration at a particular wavelength, 66, to the

‘maximum change which can be elicited in the ellipticity value at that

"
i
)

wayelength, A8:
2+

£ = 88 (¢ - cay) : | [31]
. A8 2+ :
[TN—C] + [TN—C - Ca i]

Substitution from equation [30] gives:
. a [C~=-12+]i ]
L+K [ca] .

-Rearrangement of equation [32] and téking logarithms giyesi

log(£ - 1) = log - 1 loglca?t] [33]
app M
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By plotting the titration data in the form of log (i/f - 1) versus pCa,

a'straight line is obtained with log l/Kapp given by the intersehtion

point of the line with the ordinate axis, and i given by the slope of

the line.
In these titra;ion studies, 86 and A8 were determined at 221 nm,
the position of one of the minima in the TN-C CD spectrum;

{

3. " Gel Filtration

Humme 1 aﬁH Dreyer (83) first used gel filtration as a rapid and
accdr#te method to study protein binding phenomena. Using this technique,
with'the‘modiftcations of Voordouw and Roche .(84), the,nuﬁber of Ca2+
-ioﬁs bound per @olecule of TN-C, and an apparent association coﬁstant,
were “determined.

In principle, the gel filtration column is equiliérated against
é buffer containing a certain level of the ligand of iq;erest (Ca2+ in
this study). The protein is equilibrated against the same buffer, but
containing a higher ligand concentration, and appliéd tovthe column. On
elution with the same solution used to equilibrate the column, the pro-

tein moves down the column in the exterior mobile phase. Excess ligand
| :

is removed fro‘u&he prétein band until the binding equilibrium 1is satis-

~

fied by the concentration of unbound ligand ahead pf the band.: Finally,

| -

the pfotein and its complexed ligand elute from. the columh at tﬁe»void
- volume, followed later:by‘a peak cdntainigg excess ligand. The ratio
of ligand to protein concentrations in the void volume peak reflects
the number of ligand mblecules bognd per molecule of the protein. By
manipulation of the ligand conéentration in the solution against whicb

the column is initially equilibrated, the effect of ligand coricentration

on ligand binding may be investigated, and an apparent binding éonstant
I !
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determined.

'

To‘dgtermine the‘maximal number of C42+ ions which would bind

to each cardiac TN-C molecule, 'a 1.0 x.30 cm column of Sephadex G-25 Fine
was equilibrated aéainsﬁ 0.15 M KCl; 50 mM tris-HCl, pH 7.5 and 1 x

10-4 M CaClz. Three to four mg of lyophilized TN~-C wereldissolved in
0.6 ml of the séme buffer, but containing 5 x 10-4 M CaClZ, and dialysed
" overnight at 4°C. The TN-C solution then was allowed to eqﬁilibr?te to
22°C and was applied to the column. A constant elution rate of 20 ml/h
was maintained by an LKB peristalTic pump anq 2.5 min fractions were

collected. ' Each fractidﬁ was analysed for protein content by measuring

its absorbance at 278 nm, and for calcium‘content using a Unicam SP90A
- i

Series 2 atomic absorption spectrophotometer, with instrumental settings
. ! .
adjusted as described in Unicam Atomic Absorption Method Ca-2 (85).
. o 2+ ‘ 2+
To determine the dependence of Ca binding on Ca concentfa—
tion, the column equilibration buffer was altered to contain 5 x lO—5 M
EGTA and a specific concentration of CaClZ,which would produce submaximal

Ca2+ binding to TN-C. in these experiments, the TN-C was applied to! the

column after it had been dialysed ggaihst 0.15 M KG1, 50 mM tris-HC1,
5 -4 ’

pH 7.5, 5 x 10 ° M EGTA and 1 x 10 " M CaClz. Again, integration of the
amount of Ca2+ eluting in the void volume peak and diyision of this sum

by the total amount of protein in the peak provided the number of Ca2+ '.i

lons bound Eo eacp TN-C molecﬁle‘under the experimencai conditions.

For each experimént, a new standard curve for the detgrmination
of ca%cium was prep;red. The éoiumn equilibration buffer was us?d'in
each case as the zero readout gr base%ine value to which additions of
CaCl2 yielded'staﬁdard solutions covering the range of calciﬁm.concen—

« . i
tration from zero t? 1 x 10—4 M, in increments of 1 x 10 3 M, above the

'
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béseline levelx

As 1in the case of the. CD titration. studies, an analogous set of
Ca2+ binding experiments was ‘performed in the bresence of 2 mM MgCl2
to observe hothgZ+ ion affeéted the C32+ binding parameters of cardiac.
TN-C. | - i |
To avoid contaminafibﬁ oflsolutions with Ca2+ from labofatpry

glassware, Nalgene beakers,.tesf tubes, volumetric flasks, solution

bottle; and: pipets were employed thrdughout the study. ‘

-



CHAPTER III

t

TROPONIN PREPARATIVE METHODOLOGY

The development of the methodology to obtain homogeneous protein
‘ |

|
preparations on which to perform biochemical investigations was, as is
usual 1h such an endeavour, a major part of the whole project. This

chapter {s devoted to the presentatioh of a detailed account_oﬁ the

-

‘prepérative schemes used to isolate the components of bovine cardiac.
troponin. It is intended to serve as a bridge between the chapter
pﬂesenting the experimental procedures employed in this study and those

chapters reporting the results of the experiments.
‘4 ! o
The preparative methods related in this chapter represernt the final

\ |
refinements of procedures already presented in publications steﬁming

from this investigation (35, 37, 38). P o

A. CARDIAC TROPONIN
During the initial stages of this project, troponin was prepared
from fresh or fresh-frozen beef hearts essentially as described by Murray

and Kay (14) for the isolation-of\rabbit skelgtal.muscle troponin. Later

14

it became evident that such preparations were suitable 6nly for the
further purification of:cardiac TN~-C. This became evident on the basis

of the followigg‘;wo phenomena. First, SDS §els demonstrated a large
number of céntaminétiné proteins in these tfgponin preparations and,
>second, Ehe procedufe was a protracted one, requiring 4 days to progress,
from muscle tissue to dialysing tropoﬁiﬁj During ﬁhis time, endoggnous

v

proteases destroyed most of the TN-T and much of the TN-I originally

S
present. These problems were overcome by switching to methodology
i .

34
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devised by'Tgukui and Ebashi (33). This method was rapidr(l day) and
selective,'carrying few contaminants over with the troponinT
As the first reports of work on ca;diac TN~-C from this laboratory
(34, 35) eméloyed the Murray and Kay, or muscle powder, method, a de- |
scription of this scﬁeme i1s included in this chapter. Also described:
is the Isukui and Ebashi,lor LiCl extraction procedure, to which minor
: : i

modifications were made.

1. Muscle Powder Method

The entire procedure was conducted at 4°C. One kg of cardiac
tissue was minced in a Wafing blepder for 30 séc_in 3 volumes of 0.3 M
KC1, 0.15 M potassium phosphate buffer at pH 6.5, and 0.2 mM ATP. After

exéracting for 15 minutes, the mince was centrifuged at 2000 g for 10

\minutes, The supernatant,.contaiwing dissolved myosin, was discarded.

The sediment wa- . »rended in 3 volumes of distilled water, mixed for

20 min and gehc . .d again. .The sediﬁent was subjected to a similar
wash in 0.01 M NaHCO3 followed by another in distilled watef. These
waéﬁings removed soluble protein contaminants, such as héemoglobin. from
the minée. The resultant muscle residue:was washed twice with 3 volumeé
of 957 ethanol, foll;wed by 2 washes witﬂ'acétone. About llO‘g of dried
muscle powder was obtained from the oriéinél kilogram gf muscie tissue.
v The powder’from a kilogram of heart was extracted at room tem-
perature‘for 18 h in 7 volumes of 1 M KCl, 25 mM tris-HCIL, pH 7.6, and
‘l mM DTT. After centrifugation, the supernatant was cooled to 4°C.

The sediment was re-extracted in the same manner for 3 h more. After
céntrifugation the second supernatant was mixed with the first and‘the
ﬁH of the combian‘Supernatants adjusted to 4.6. The.supe;natént PH

was readjusted to neutrality after the precipitated tropomyosin was

35
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removed by centrifugation at 5000 g for 30 min. The protein solution
was &ialysed at 4°C overnight against 4 volumes of 0.5 mM DTT and then
subjected to ammonium sulfate fractionation. The precipitate collected
between 40 and 70% ammonium sulfate saturation was collec;ed by centri-
fugation at 5000 g for 45 min. The sediment wés taken up in 100 - 200 ml
of 5 mM tris-HCl, pH 7.6, 0.5 mM DTT and dialysed against 2 x 7 £ of

the solvent solution. Solid KCl.was added to the dialysed protein solu-
tion to a concentration of 1 M and a second isoelectric precipitation at
pH 4.6 was berformed to remove tropomyosin. vThe resulting‘subernatant
(crude troponin) was\dialysed against distilled water and lyophilized.
Approximately 1 g of crude troponin w;s obtained from 1 kg:of muscle by
this proceduré;

2. LiCl Extraction Procedure

The full procedure was carried out at 4°C. One kg of cardiac
muscl; was minced and extracted; as 1in the muscle powder method, in 3
volumes of 0.3 M KC1l; 0.15 M potassium phosphate buffer, pH 6.5, and
6.2 mM ATP. After centrifugation, the sediment was subjected to numérous
washes; once with 3 volumes of distilled water, 5 times with O.l‘M KC1
containing 1 mM NaHCOa,iaﬁd twice more witﬁ 1 mM aHCOé. The muscle
residue was adjusted to 0.4 M in Liél by adding to it 0.25 volume of
2 M LiCl. This suspension was centrifuged immediately for 10 min at
7000 g and the sediment resuspended in O.A:M LiCl to 2 times the original
volumé of the‘mincé. The pH was lowered to 5.1 anc “ne mince was stirred
continuously on a magnetic stirring apparatus for.3 h. After ceﬁtri-
-fugation, the supernatant was collec;ed and its ;H adjusted to 7.5.

Two ammonium sulfate fractions were saved from the protein solution.

The fraction between 35 and 45% saturation vyielded crude troponin and



that between 45 and 607% gave a crude tropomyosin. Each was redissolved
in about 50 ml of 1 mMVNaHCO3 and dialysed at 4° against the same sol-
vent. The crude troponin'fra;tion, after diéiysis, generally appeared
opaleécent: Therefore" it wa§ clarified by ;entrifugation prior to
lyophilizaﬁion. This procedure generated about 600 mg of crude cropénin
and 800 mg of crude tropomyosin per kilogram of initial heart muscle.

) - \
B. SEPARATION OF THE CARDIAC TROPONIN QOMPONENTS

1. DEAE-Sephadex Column Chromatography

The next stage in the isolatioh of the individuai cardiac
troponin subdhits involved a preliminary separation on DEAE-Seph;dex
A~25 in the presence of 6 M urea. About 600 mg of crude troponin were
dissolved in about 30 ;l of 6 M urea, 50 mM tris-HC1, pﬁ 7.5, 2 mM EGTA,

MO.S mM DTT and dialysed against 2 x 500 ml of the same buffer. The pro-
tein solution was applied to a 2.5 x 30 cm column of DEAE-~Sephadex A-25
which had been equilibrated against the starting solvent. A linear
one-litre gradient from 0 to 0.5 M KCl was used to elute the protein
from the column. The elution‘profiie of such a column is shown in
Figure 7. Four sets of fractions (I, II, III, IV) were collected.

Crude troponin prepared by the musclefbowder or LiCl extraction
procedures gave similar profiies on DEAE-éephadex. However, analysis
by SDS gel electrophoresis revealed that tﬁe compositibné of peaks I
and II for one type of troponin differed signiffcantly from those. for
the second type. Starting with muscle powder :i onin, the two peaks
each contéined several classes of protein moieculéq, most of which wére
unidentifiéble. However, stariing with LiCl extracted troponin, peak I

material, eluting prior to the application of the KC1 gradient, proved
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Figure 7. Chromatography of crude troponin on DEAE~Sephadex A-25.
Protein was applied to the column in 6 M urea, 50 mM tris-HC1l, pH 7.5,
2 mM EGTA, 0.5 mM DTT and eluted with a linear one-litre KC1 gradient
from 0 to 0.5 M. The flow rate was' 55 ml/h and 10 min fractions were
collectred,
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to be rich in TN-1. Peak II material, eluting at low KCl concentrations,

( r’

" was rich in TN-T.

A8

¢

For both kinds of troponin, peak TII protein contained ma;nly
TN~-C, with some contamination bv TN-T. Region IV of the profile was
determined to be nucleotide ‘in nature, due to {its high.ratié of absorb-
ance at 60 nm relative to that at 29 nm and 1ts very high éxtinctiOn

coefficient {n this wavelength region.

2. Purification of TN-C

Péék III fractions were poole: nd dialysed extensively agaipst
whter made slighcly alkaiine (pH 8) by‘tge addition of ammonia. After
lyophilization, about 100 mg.of this material was recovered. It con-
sisted primarily of TN-C, with some TN-T contamination. TN-T could be
removed etfectively bv gel filtration through §‘2 X lOb c¢m bed of Biogel
A0.5m in 8 N urea, 50 m* tris-HC1, pH 7.5, 2 mM EGTA, 0.5 mM DT
(Figure 8). This chomatography was performed at room temperature. ‘A
clean separation of TN-T and TN-C generally ‘was obtained. The TN-C peak

was collected, dialysed extensively against slightly alkaline water, and

lyophilized. About 60 mg of TN-C, judged homogeneous by SDS gel electro-

phoresis (Figure 9), wa: « 'ned per kilogram of original heart muscle.

3. Purification ¢ TN-I

Peak I from c-romatc ‘rar - of LiCl-extracted troponin on DEAE-

. Sephadex, after dialysis ARRITNS lO‘A M HCl and lyophilization, proved

to be rich in TN-I, Two further(chromatographic Steps were necessary to
purify the TN-I. o {§

The entire yiela of the peak I regic 250 ~ 300 mg of lyo- °
philized powder, was‘dissolved iniaboutIZO ml of 8 M urea, 70 mM Ma for-

mate -buffer at pH 4.0, 0.1 M NaCl, 2 mM EGTA, 0.5 mM DTT and dialysed
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Figure 8. Purification of TN-C on Blogel A 0.5 m; The protein waé
applied to a 2:5 x 100 cm column in 3 ml of 8 M urea, 50 mM tris-HCl,

PH 7.5, 2 mM EGTA, 0.5 mM DTT. The flow rate was 20 @l/h and 12 min
fractions were collected. ' :
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Figure 9. SDS polyacrylamide gels of TN-C. Gel A rep-a2ser -3 _eak III
material from a DEAE-Sephadex column. Gel B shows purif:egd sine
cardiac TN-C from a Biogel A 0.5 m column. 50 ug of prote . .ré
applied to each gel.



against 2 x 500 ml of the same solvent The dialysed protein solution
was applied to a 2 5 x 30 cm column of CM-Sephadex C-25 in the same
buffer and eluted with a linear one—litre.gradient from 0.1 to 0.5 M

NaCl (Figure 10). sps gel‘electrophoresis revealed that the peak eluting
subsequent to the start of the salt gradient contained mainly TN-I. A
high molecular weight contaminant (~60,000 on SDS gels) was also Present.
This contaminant could be removed by gel filtration through a 2 x 100 cm
bed of Biogel P-200 equilibrated against 8 M urea, 0.2 M NaCl, 1% acetic
acid (Figure 11). The TN-I ftactions were pooled and dialysed again;t
10—4 M Hdl and lyophilized, yielding about 90 mg of powder. . SDé gel !

analysis showed the protein to be homogeneous TN—I (Figure 12).

‘4. Purificationeof TN—T

The isolation of cardiac TN-T in a homogeneous form was compli-
cated by the extreme lability of the molecule Dialysis against non-
denaturing‘;uffers for extended periods led, to the appearance of increas-
ing amounts of low molecular weight polypeptide fragments on SDS gels.

The principal cause of TN—T break-down was thought to be digestion by
‘Proteases endogenous to heart tissue and which were carried over in
troponin preparations»(86). In 6 or 8 M urea, TN-T appeared to be
stable. Therefore, peak II material from DEAE-Sephadex chromatography

of LiCl extracted troponin was not dialysed against water and lyophilized,
but rather against 8 M urea, 70 mM sodium formate buffer at pH 4.0,

0-1 M* . 2mMEGTA, 0.5 mM DTN. The dialysed TN-T - rich protein

was applied.to a 2.5 x 30 cm column of CM-Sephadex C-25, equilibrated
against the same buffer. The protein retained by the column matrix nas

eluted with a linear one-litre 0.1 to 0. 5 M NacCl gradient (Figure 13)

The TN-T fractions were pooled, made 5% in formic acid and applied
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Figure 10. Chromatography:of TN—I enriched material on CM-Sephadex
C-25. Protein was applied to the column in 8 M urea, 70 mM sodium
formate buffer, pH 4.0, 0.1 M NaCl, 2 mM EGTA, 0.5 mM DTT and eluted

with a linear 0.1 - 0.5 M NaCl gradient. The flow rate was 55 ml/h and

10 min fractions were collected. .
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Figure 1} 'Pufification of TN-f\on Biogel P-200. ‘The protein was

applied to a 2.5 x 100 cm column in 3 ml of 8 M urea, 1% acetic acid
and 0.2 M NaCl. The flow rate was 7 ml/h and 80 ml of eluant were
collected prior to initiation of collection’gngS min fractions.
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Figure 13, ‘Chromatography of TN-T enriched material on CM-Sephadex
C-25. Protein was applied in 8 M urea, 70 mM sodium formate buffer,

pH 8.0, 0.1 M NacCl, 2 mM EGTA, 0.5 oM DTT and eluted with a linear 0.1 -

0.5 M NaCl gradient. The flow rate was 55 ml/h and {10 min fractions
were collected.
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directly to a 5 x 100 cm Bioéel‘P—Z deéalting column. The protein was
‘eluted with 5% formic agid (Figure 14). Within 6 h, the protein came
off the cqlumn and was lyophilized immediately. The final yield of

homogeneous TN-T (Figure 15) per kilogram of heart was about 60 mg.

§

C. SUMMARY

The results of the purifidation schemes described in this chapter
rd

are summarized in Figure 16; Gel A shows crude troponin, prepared by

the LiCl exﬁ;action metﬂod. Gels B, C and D show, respectively, TN-T,

TN-1 and TN-C, as isolated from the crude troponin in gel A.
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Figure 1l4. Desalting of TN-T solutions on Biogel P-2. The pooled TN-T
fractions from a CM-Sephadex column were made 5% in formic acid and
applied to a 5 x 100 cm column of Biogel P=2. The protein was eluted
with 5% formic acid at a flow rate of ~100 ml/h. 400 ml of eluant were
collected prior to initidtion of collection of 10 min fractions. The
solid line represents protein elution measured by absorption at 280 nm.
The dashed line represents salt elution measured with a Radiometé{ :
type CDM 2 e Conductivity Meter.



Figure 15. Sns poiyacrylamide gels of cafd'iap'TN-T. Gel A presents
peak II material from a DEAE-Sephadex column. Gel B shows TN-T purified
by CM-Sephadex chromatography. 60 ug of protein were applied to each
gel. : '
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Figure 16. SDS polyacrylamide gels of LiCl extracted cardiac

troponin-
(gel A) and purified TN~-T (gel B), TN-I (gel C) and TN-C (gel D).

50 ug of protein were applied to-each gel. . '
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"performing new ekperiments to obt:in additional information and for a

CHAPTER IV

CARDIAC TROPONIN SUBUNITS

This chapter is devoted to the presentation and discussion of the
results of physico-chemical studies on the isolated constituents of
bovine cardiac troponin. Most of the material presented in this chapter

is drawn from 3 publications on .the, subject (35, 37, 38). Rébently,

.other investigators have reported the amino acid sequences of HBvine

cardiac TN~C (47) and rabbit cardiac TN~-I (52), and have presented a
general characterization of the individual bovinebcardiac troponin com-

ponents' (46). A comparison of the data presented in these papers with

our own provided a new basis for -preting some of our results, for

reevaluation of some earlier findings.

A. TN-C

v
1. Amino Acid Analysis

Tﬁe amino ‘acid eomposition‘of bovine cardiac TN-C, nrepared in
our laboratory, is presented in Table I. The values are reported as
residues per molecule, assuming a molecular weight of 18,500 (47). Also
presented in Table I are the amino acid contents of rabbit skeletal (48)

and bovine cardiac (47) TN— C, as determined from amino acid sequence

studies.

Cardiac TN—C_is rich in acidic residues, lacks histidine and
tryptophan, and possesses - relatively high phenylalanine to tyrosine
ratio. Such characteristics manifest themselves in the isolationforo-

perties of the protein, its electrophoretic mobllity and its UV absorption

: L)
51
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TABLE I

Amino acid composition of bovine cardiac TN-C

-

Residues per molecule of protein

Rabbit Bovine .Bovine
sotno Salepel oy ks
c .
Lys ‘9 13.0 _ 13
His 1 -0.0 , S0«
Arg . | 7 3.9 -
Asx 22 27.4 27
Thr 6 ' 7.3 ~7
Ser : 7 5.0 5
Glx .31 29,9 | 29 3
éro ; 1 . 2.1 2
cly ) 13 | 12.2 12
Ala o ' 13 7.3 7
val . 7 . 8.2 . 8
Met - 10 11.8 | 11
Ile 10 9.1 . 9
Leu S 9 13.7 13
Tyr 2 ‘ . 2.7 =3
Phe 10 8.2 ' 9
Trp ' ' 0 R | 0.0 » 0-
1/2 cys o 1 ’ 2.0 ;
*Collins (48).
**Assuming a molecular weight of 18, 500. ' d" L waeds

*k*van Eerd and Takahashi (47).



?gsio,w> for i.muaL TN- Chof 11 93's (Fﬁgute{,a 13)

spectrum,

i

Bovine cardiac and rabbit skeletal TN-C are not ldentical mole-
cules. For example, cardiac TN-C contalns two cysteine and three tvro-
sine residues compared with one cysteine and two tyrosines in skeletal

TN-C. Van:Eerd and Takahashi (47)‘a;gue,xbased upon a comparison of the
s':."
two sequences and an estimated gene mutation rate, that differences be-

-

tween thc‘CWo molecules represent tissue- as opposed to species-depend-

ent variatlons. This scatement is supported by the recént publication

of the chicken skeletdl muscle TN-C amino acid sequence by Wilkinson
(871. He disgovered an ilA d erence (17 substitutions) between the

soquences of chickgn_andurqbbit skeletal TN-C. There exi s a 31% vari-

3 .
ance between chic&gn&skeletal and bovine cardiac TN-C, whereas that
. A o !

between rabbit bkuletai and bovine cardiac TN- C is 35%. Tﬁ‘?efpre. the

skeletal TN-C moleuules of ab H',jchicken) and a mammal (rabbit) are

'a:-

‘more alike than twos types - f mammalian TN-C (rabbit skeletal and bovine
cardiac) The- ClQSSﬁOt TN-C moleCule of a particular tissue may repre-
->v m

£ Qf a unique set. ot Lvolutionarv stresses, implying

f&-‘i

A @gnifigant,~§pnctional diffe;nnces mny gﬁist among the
(- 29 4 4 ;45*,’ M

> . ‘z"gf%‘/ ::«
r a la solution, in a l (.m pé,z‘.ﬁlength cell (E"lﬁ 228) of

"‘v . s w
3.% (Figure 17). -~ R 4 SR
- 3. Sedimgncacion Coeff,icieg"@' q'“ ’ Voo
v . v..-sea.f‘n o ‘-f‘r",
S xpergentﬁ in,i)t:
i ay (“ REn

CpH-8.0,0 1 mM. EGTA indiuath uu 13Frindic sedimenzaxion coefficggii

"f*\i R ?-' A . ‘.*
Subst)tution of l mM

3
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Figure 17. Determination of the extinction coeffidigngt

oﬂ‘T&—CL

.

"'Th_'eA .

protein was dissolved in 0.15 M KC1, 50 mM tris-HC], pﬁ‘ggk, 1 mM EGTA

and centrifuged at 127600 rpm. The absorbance value &

nm was .-,

recorded for each sample, and its concentration detefmiﬁ@d refracto-

metrically according to Babul and Stellwagen (68).

.,

R
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Figure 18. Detérmiqation of the intrinsic sedimentation coefficient -
of TN=C. TN-C samples of various concentrations were prepared in 0.15
M KC1, 50 mM tris-HC1, pH 8.0, 1 mM EGTA and centrifuged &t 60,000 rpm
to determine corresponding 320,w values.
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,the peak near 276 'nm. The high phenylalanine to tyrosine ratio is evi-

56

CaCl2 for EGTA produced a slight, but statistically insignificant, in-

crease in s° This:result is in contrast to that reported for skele-

20,w
tal TN-C (25), in which the binding of C32+-ions to TN-C produced an
increase in Sgo,w' This difference is in accord with a similar finding
revealed by CD investigations (35), where it was demonstqn ed that
cardiac TN-C undergoes a smaller conformational change upon binding Ca2
than does skeietal TN~C.

4. Molecular Weight

From the amino acid seduence of bovine cardiac TN-C, van Eerd
and Takahashi (47) calculated its molecular weight to be 18,459. . 4
On SDS Polyacrylamide gels, eardiac TN-C comigrated with rabbit
skeletal TN-C, suggesting a molecular weight of 18,000 * 500 (Figure 19).
Sedimentation equilibrium studies in the anaiytical ultraeentri- {g-

fuge yielded plots of log c vs. r2 which were .inear (Figure 20). The

.slopes of dwch lines were used to cglculate- a weight average molecular

~weight of 17,700 *+ 1,000 for cardiac TV-C— In these calculations, a

partial specific volume, Vv, for TN-C of 0.73 m&/g, was employed, as
estimated from its amino acid'composition (70) These runs were per-

formed in 0.15 M KCl 50 mM tris-HC1l, pH 8 0, 1 mM EGTA. Substitution

;of 1 mM CaCl for the EGTA did not affect the calculated molecular

weight of cardiac TN-
. -
5. uv Absorption Properties '

The UV absofptidn spectrum of cardiae TN-C (Figure 21) reflects
its lack of tryptophan by the absence of a shoulder near 290 nm. Tyro- )
sine absorption bards are tesponsibfe for the.shouldet near 280 nm and

li

dent in the multiplicity of fine structure in the spectrum between 250

A Y . ’ S
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% s T \°Ovalbumin -
.Y ) 'gﬁ_'r ;’Rabbit Skeletal

MOLECULAR WEIGHT x 103
w , N ‘. .
l®)

i

) Rabbit Skeletal > TN-T
) TrOpomyosin \ B
+ ¢ | x TN-1
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20F ' | - |
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Figure 19, Determination of the molecular welBhts of the cardiac tro-
ponin subunits by SDS Polyacrylamide gel electrophoresis. The cardiac
components, TN-C, TN-I and TN-T, are designated by — X —, while pro-
teins used. to calibrate the gels-are designated Yy =— 0 —.



f

Figure 20. Sedimentation equil
The protein was dissolved in 0.1
EGTA and centrifuged at 16,000 r

Rayleigh interference optics. Y re
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Figure 21. uv absorption Spectrum of TN-C. The
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in 0.15 M KC1, 50 mM tris-HC1, pH Z.S, 1 mM EGTA.
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and 270 om. . Ji,r

The UV%difference ahsorption spectrum of‘TN~C in the presence

‘and absence of Ca2 ions (Figure 22) reveals that the bindihg of Ca2

tol TN-C alters the conformation of the molecule. A difference spectrum
of similar shape was reported by Head and Perry (43) for skeletal TN—
The maxima near 287 and 277 mm are due to perturbations in the environ-
ment of tyrosine Ihese positive peaks imply that the environments of
’one Oor more tyrosine residues have become more nonpolar (88), consistent
\with a compacting of the TN-C structure upon, binding Ca2 such -that tyro-
'sine becomes more buried in the%cdre of the protein. Thaunaxima near
269, 265, 259 and 253 mm are attributable to phenylalanine contributions
(88). These peaks~are more difficult to interpret as they reflect‘the ‘
Laveraged environmental effects for each of the 9 phenylalanine residues
in the molecule.

6. CD Properties'

] g;f Aromatic Absorption Region (250 - 310 m) #

The aromatic CD spectrum of cardiac TN-C (Figure 23, solid line)
exhibits bands consistent with the presence of tyrosine (the trough and
shoulder at 276 and 280 nm, - respectively) and phenylblanine (maxima at
258 and 264 nm, and minima at 26l and 267 nm). Upon sddition‘of CsCl2
. to the ;N-C'solution, a general‘sharpening of the aromstic CD bands was
observed-(Figure 23,.qabhed line). A similar effect was reported for
skeletal TN-C (25). These changes further 1llustrate perturbations in
the environments of tyrosine and phenylalanipe residues in TN-C upon
binding Caz‘. . « ‘ » - |

b. Peptide Absorption Region (190 1250 om) . . l

{
: i
In a "minus Cazf" solution approximating physiological conditions

i
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Figure 22. UV difference absorption s
and absgence of calcium. The protein wa
tris-HC1, pH 7.5, 1 mM EGTA. To the so
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Figure 23. Aromatic CD spectra of TN-C in the presence and absence of
"calcium. TN-C was dissolved in 0.15 M KCl, 50 mM tris—HCl, pH 7. 5
- 1 mM EGTA. ’ "minus Ca2+"‘ — — -, "plus Caz"’" » -
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In resting muscle, 0.15 M KC1, 50 mM tris-HC1, pH' 7.5, 1 mM EGTA, cardiac
IN-C exhibited a CD spectrum in the peptide absorbance region diagnostic
of an a-helix containing protein (Figure 24, solid lihe). Caleulations

\
(66) suggested an apparent a~h;? rl content of 42% . On the addition of
CeCl to the TN-C solution, such that the Ca2 binding sites on TN-C
were saturated; the ellipticity displayed by TN~C increased (Figure 24,
dashed line). CaICUiations of the helix content of TN-C in the "plus
Ca2+" medium suggested SAZ,dan increase df about 297,

Similar experiments indiceted that the binding of Ca2+ to
.skeletal TN-C (25) wouid increase the helix content by nearly 60Z. Thiga
value is, about double the increase calCulated for cardiac TN-C\ Such. a

i

significant quantitative difference may reflect an important structural
difference between the.teo forms of TN-C. The physiological benefit of
each type ui. TN-C to its "’ respective muscle class is not readily apparent.
Again; questions of the¢relatipnship between evolutionary pre;sure and
physiologicalkfunction arise.

In this section describing the far uv_ Cb properties of cardiac
IN-C, two other sets of experiments, concerningvthe effects of different
vdivalent cationsﬁgnd of ionic strength, will be related
The differential effects of Sr2 on thg relaxing systems of
' cardiac and skeletal muscle were pointed out by Ebashi et al. (28).

They claimed the sensitivity of natural cardiac actomyosin to a given
concentration of Sr2+ was 5 times that of natural skeletal actomyosin,
relative to a given concentration of Ca2+. Therefore, the effect of

+
Srz on our preparation of TN-C was examined In fact, the maximum

effect caused by the addition of SrCl2 to a TN-C solution was nearly

identical to that elicited by CaClz. Sr2+ produced a 28% increase in
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‘Figure 24.  Far UV CD spectra of TN-C in the presence and absence of

calcium. TN-C was dissolved in 0.15 M KC1, 50 mM tris<HC1, pH 7.5,
1 mM'EGTA. ~——, "ninus Ca*"; — — _, "plus Ca=*t",
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apparent a-helix content, as opposed to 29X for Ca2+, and, therefore, it
can substitute for Ca f as thebtrigger for the conformational change.
However,‘calculations revealed that the maximal effect of C82+ occurred
prior to the‘achievement of a frea Caz+ concentration of‘lO_5 M, whereaé
that of Sr2 required a free Sr2+ concentration of neariy 10-4 M. Car-

N

diac TN-C has a significantly lower affinity for Srz+ than for Ca2+‘ions.
An ion of more physiological relevance than St2+ is Mgz+. The

éxact sarcoplasmic concentration of free M32+ is in some doubt (89),

due to the presenCe of such natural MgZ+ chelating égeuts as ATP. In

calcium binding studies on skeletal TN~C, Potter and Cergely (90) em-

Lloyed 2 mM MgCl2 uolutions to approximate a "high" eetimate of sarco-

+
pPlasmic free Mg concentration.
o«

‘5,incrementel additidn of MgCl to a TN—C solution up to a

ation of 5 mM was. observed to, cause a slow increase in the magni-
tudes of ellipticity values in CD spectra.. A meximal change correspond-
ing to a LAZ.inqrease in a-heiicaig;ontent was calculated. The presence
of M32+ in a TN-C solution did not affect significantly the final
ellipticity values elicited by Ca2 éf2+. It seems thet;MgZ+ can
substitute only poorly for Ca2 to produce tWe conforuetioual change in
cardiac TN~-C. The much higher Mgz concentrations necessary to induce

a Significant conformational change indicate a mych lower affinity of
TN~C for Mgz than for Ca2 . CD studies on skeletal TN-C (91 92)
yielded similar conclusions about the effect of Mg 'on ;he tnteraction

‘ between TN~-C and Caz‘ ions: Estimates for the association constant of |
;[M32+ and cardiac TN-C are similar- to those suggested for }@ and skele-
tal TN-C, between lO3 and 104 M l |

Ionic strength was discovered to play a role in determining the

.3
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apparent a helical content Qf cardiac TN-C. To study interactions be-

tween the troponin components using CD techniques, 0.5 M KCl-containing
solutions Qere used to maintain TN-I and TN~T in solunidh In the
i +"

higher ionic strengch solvent, TN-C was found, in the "minus Ca2 state,

to contain 47% a helix. In the "plus ca?tr state this value increased

by 21% to 57%. This increase differs from the 29% value, from 42 to 54%,
for the protein in a 0.15 M KCl buffer. Wi;h respect to the ef-

fects of the divalent cations tested, this joniec strength effect

1s small but it does suggest that some ifonic inceractions do occur be-

L ~n TN-C and the salt in the surrounding medium. These salt effects

are prcbably nonspecific due to the rather small net effect, but musf be

© Laken into account in certain experiments such as those described in the

chapter on interaction studies ' o -
7. Stabilizing Effect of Cal' | %
‘ﬁ Ihe ellipticity value at 221 nm in a CD spectrum provides a

measure of the degree of denaturation of a molecule by reflepting its

apparent a helix content. In thermal denaturation studies on TN-C in

the "plus" and "minus Ca2+" éﬁates,’denaturation was followed b} plotting
T obs/ T,min " (the ratio of [6]221 at a given temperature, T ‘to &?JZZI
at the minimum . temperature at which the eXperimegt was conducted, near
10°C in these studies) against the Cemperature, (Figure 25). In the
"minus Ce2+" stace, a melting transition was observed near 50°C. This

transition was much less sharp in the presence of Ca2+ or Sr2+. The .

B

* in helix content on thermal .denatur-

are bound to TN-C. Ca2+ and Srz+

relative maénitudes of the
ation is reduced when Ca-
have a stabilizing effect wolecular structure of TN-C with

respect to thermal denaturation. ' .

14
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8. ca*t Binding'

Troponin in muscle performs its regulatory function by being

+ o ' 1
able to recognize changes in the free Ca2 concentration in the surround-

&

ing sarcoplasm A, ;horough review and reevaluation of the Ca binding
paramegﬁf_‘ ; skelatal TN-C and croponin has been,pe;formed recencly by
< - \

Potter anFGergely (90) . Troponin and Tﬁ—c from skeletal muscle each

-

bind. maximeliyhg£‘Ca _and 4 Mg ions per mdlecule in a possible 6 di—

‘o

valenc cation sices ’fHeSe Y fall ifito thres classes: (1) two high
/ - -
affinity Ca binding sites which,: in E:| competitive manner, also bind
2t © 24,
Mg~ ; (2) two sites which heve \ wer affinity for Ca™, but which do
a,,‘&{,rv T ’*

not bind Mg ; and | (3) two sites which bind Mg but not Ca® .-

a

Collins et al (18), by adggnalysis of the skelecal TN-C amino

acid sequence. ha been able to predice accurately that TN—C could bind
2+ : : dﬁ"r
4 Ca” 1ons. Thé basis for this prediction wgs the presence Qf 4

-

stretches of sequence in TN-C which were homologous with the calcium
W

binding regions of ~carp parvalbumin (49) When van Eerd" and Takahashi

(47) published the amino acid sequence of bovine catdiac TN-C, they ,

Ve

‘ attempted to make’ a similar prediccion. They disco0ered Only 3 regions

in the cardiaec TN-C sequence homoiogous %o/the parvalbumin calcium °
binding sites. - These 3 stretches of sequence corresponded to 3 of the
4 pfedicted Ca—bindiné sites of shele;ai fN-C; Therefore, it was
suggested that. each cafdiac‘TN—C molecul® bound 3 calecium ions.

In Our\exPeriments, the Ca binding properties of cardiac TN-C
were studied in two ways. one employing CD techniques and a second using

-

gel filtration methods. o

a. CD Titration Studies’ B
. ) . ' T e . 4
¢ . In these experiments, TN-C was dissolved in 0.15 M KCl, 50 mM
Y . : : . S

—

uo. ,
¢’

.

&
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tris-HCl, pH 7.5, and 1 mM EGTA in the presence or absence of 2 mM

4
MgCl,. Increments of CaCl “were added to the protein solution and the .
2

corresponding values oﬁ [6]22_1 recordeda - _ e o '
‘ , . ‘

o,
The reséﬁts of “additions of CaCl2 to a cardiac TH=C solutio..in“

;

the absence o Mg ions are presented in the form»of a titration,p

o in-Figure 26 The fraction of completion of the CD“%zetral change. ,9

ahs
& ;
‘T& is plotted against the negative logarithm bf the free Ca!+ c;ncentration

I,
in solution. pCaf. The data were collected from 6 sets of titr ns on’

3 different preparations of TN -C.. “The solid curve is a‘theoretical
titration curve calculated assuming TN-C possesses a single calcium " J

y

binding site and anua arent assoclation constant foﬁ Ca of 7 b iO M

.‘5

_q The mathematical rel describing thi% curve is (from equation [32])

-pCag " ; . e ey e
lg = 10‘ ol P TR )

) T e
. ' +
: ' . [Ca2
. . : ) “" :) . . \ . " &rl@ . r, . ¥y o
_ _ - w : v <
he close fit of the-calculated curve to the experim%ntal data .

¢ 3
suggests that the binding of only one Ca2 ion to a chrdiac TN-C mole- -~

(L4

cule is sufficient to elicit the éntire ‘conformationak change observed

by CD method0108Y. and the apparent. association constant for this inter—

- \ action is 7 x 106 M l ‘ - :

fk' )
\ In the absence of added Ca2+, it was shown that 2 mM HQCI pro- .

S duced a change in the CcD spectrum approximately one half the magnitude
/

of that produced by saturating levels of Ca2 . Therefore, the titration

data for additiorns of CaCl2 to TN~-C solutions in the presence of 2 mM

MgCl .are presented on a scale of from 50 to IOOZ complete (Figure 27)

- bl : .

-
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- dﬁﬂsﬂ-c\and the apparent association constant for the interaction is 7 x
S A 0 ot S B o - S
- . o . s ‘
4 \ . , & .. : B
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Figure 27.

cD calcium titration af the-éonformation31 chgnge in‘Tﬁ-C
("plus Mg2*"). The ‘experimental conditions were as déstribed in Figure
26 wcept that 2 mM MgCl, was present in all buff ' .

ers. -
\ 4 .

P
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LG

e further change in its CD sp‘ctrum ?;heﬁefore, Mg

. e

P

rhe results represent 6 setsypf-titrations on 3 different preparations
of TN=<C. . - : \ -
lThese data were not‘analysed in terms of the equations pre-
] s%n&ed ggr the egtimation of the. binding parameters of Ca2 to TN-C
The situation in the presence OEZMgCl cannot be represented by a’
twowtate model considering only plus and minus CazT bound forms of

o

TN-C. A certain proportion of the TN-C molecules has Mgz bOundbto
f

it and, as Mg does affect the ¢ spectrum of TN-C, this complqlﬁ

’ représents a third possible state in which the TN-C molecules may

axist. o M g

-~

\

The effect on Eggﬂpn spectrum of . IN-C exerted by Ca2 - on
/

top of that produceﬂ?by,ug reaches half maxima} in the FCa range

T . DN r-’ - = g
from 6 5 1”Z< This is,a range similar to that ¢ ad’ for the
- G ’
-‘\’ ’;(‘r
' titraﬁ}on performed in the absence of Mg (Figure 27yt glowever,  the .

A . b

titration in the "plus Mg Fo aituation does not approach completion
as rapidly as in the "minus Mga*v situation, implying ghaE\Mgz \

1may hinder’ Chi\ binding- by c0mpeting for the binding site.

£

» Incremental additions of MgCl to TN-C solutions in‘the'abi.nce
of Ca2 produced lncrea,es in observed ellipticity valueikover a'.broad

toncentration range. The data were not suitable for a b%ﬁﬁ’ng para-

\ . .
meter analysis as performed with Ca2+. From the Mg concentration

RRTL
,.ﬁﬁa“ 72

s

required to produce one half of the maximal observed ellipticity change

at 221 QP’ the apparent association constant for TN-C with‘Mg yas :

$ 3 -1

’ estimated to be between 10 and 10 M e

v

2*| 1f 1t does bind ai

a site othet¥ than the one responsible for the conformational change

Ay

i in alpive 62" sulucion proguced,no.
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already described, does not induce a further structural chan&f which is |

- L
L&

detectable in CD spectra. ‘ .‘ {

b. Gel Filtration Studies o ' Ch.

+

Van Eerd ang Takahashi (47) hai predicted 3 Ca2 could be bound

to each cardiac TN-C molecule Our results demonstrated Ehat\the binding

Y

of a single Ca2 could elicit the full conformational change observed in

cp spectra. Thle possibility remained that, in total, more than one Ca2+
A .

could bind to each TR-C, but that only the one reaponfible for the

altered CD properties had been detected.

%

To test this hypothesis. the gel filtration technique of Hummel

and Dreyer (83), as adapted by Voordouw and Roche (84), was amployed;to

\
study the binding parameters for the interqction of TN—C with Ca2 .

These experiments were performed in the presence and absenhe of 2 mM . . .
. . ,: i v. - "!’L‘p_ . K 'b \; "? ‘ .‘ . T 9 ‘.*‘ )
Mgclz. ”. .;'*.‘ v‘ . . \ vy ) . “ i ‘, : . ‘ﬁﬂ‘ﬂ’

& v

- SO i ) -
Eluan %ﬂe‘g filtration column (Figure 28) was. monitored
“. » S

.

'fon protein content, by measuring its absorbance at 278 nm. and‘for

calcium concentration, usiqg atomic absorption spectrophotometry. One

: protein peak eluted at the void volume/of the column. Two caIcium peaks

.

em ged, ‘one coeluting with the protein and one appea;ing later in the
profile ‘Integration of the amount of calcium eluting in the first
peak and division of this value by the total protein in the p
fhe mole ratio of Ca2 bound to TN—C {k“ ’
'To test the me!thod *he maximal binding of Caz-\; to rabb
tal TN-C (kindly donated by ‘Dr. W.D. McCubbin) was determined

column was equilibrated against 0. 15 M KC1l, 50 mM tris- "' pH 7,§

I x 10‘4 M CaClz.

(13), it was détermined that eachamole of skeletal \IN-C-could bind 'y

l’ . . - \ i . . \\_
{ . ) .

. Q' ‘.'. . R s ‘,'
Assuming\n Eiz 28 Value fo‘r,C:letalcTN-_C of 1.§3 o - N
cm, . . . ‘ .
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Figuée 28.- Elution of TN-C and calcium from a Sephadex G—ZS( olumn.

IN~C (nl mg7ﬁl) was applied to a 1.0 x 30 cm column in 0.6 ml of 0.15 M
KC1l, 50 mM tris-HC1, pH 7.5, 5 x 10™% M CaCl, and eluted with the column
equilibration buffer, 0.15 M'KCl, 50 mM tris-HCL, pH.7.5, 1 x 10=4 M .
CaCl;. (A) Protein»elution profile monitored spectrophocometrically -
at 278 nm.. (B) Calcium elution profile monitored psihg an acomic ab-
sorption spectrophotometer. _ ] N



: mofe per mole basis (47)

S ey

'.M32+' closed squares represent data collected in the presence of 2 mM

'“values fgr'the parameters i, the number of Ca2 bound per TN—C, and K ,

\“'\ 3".‘0 N .
%xc_ellen_t agreement with the value

°
\ ' |

bf fourvf0und by Potter and Cergeg; (90@. co ;

3.9 ¢ 0.2 moles‘of Ca2+, This waé

' of experinents using cardiac

' Performance of an identical
TN~C suggested that each mole of protein\could bind 3.2 +- 0.2 moles of
\ LT~ Lo '
Ca2+. If 2 mM MgCl2 were incorporated into tne\column equillibration

buffer, this value was determined to be 2.9 % 0.2. Our results provide

experimental support for the speculauion, based upon amino acid sequence

|
analysis, that bovinf cardiac TN-C would bind 3, noc 4 Ca2+ ions on a

e’

\
— i

Q.

v Incorpora'n of EGTA into the co,lumn equilibration buffer
-
allowed investigation of calcium binding to TN-C as a function of free

calcium concentration. Figure 29 presents.qye results of such experi-

“,‘ . (,A >, "
ments.- Open squares represent data points collected in the absence of - #%

]

N 1 -
. ’ \ N - . .
MgClz. The solid lines are theoreggcal titration curves fitted td;the

@,

oHserved data. These curves were generated by introducing numerical

app

* . \

the apparent association constant forﬂeﬁe interaction, inta the ' .

equation (90):

i © 1K [C'32+],f

B g [36] |
‘ ‘ - ’ . S
. K, [CaT ) . aﬁ?;,
v ! R ‘ 7 . . . ‘-; X ‘
The Best fit to the data (judged py eye) collected in the absence of Mg
. j E PR 3 .

[

‘ e : \
(Figure 29, open Squares) wps obtained by setting i=3.2 and K app -

.7 x 106 M-l. For data collected in thﬁ presence of 2 mM MgCl2 (Figure

29, closed squares), the best fit was generated by setting 1 = 2 9 and:

K -1x106nl. " - - ;
app . . L |
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g
Ke)

Ca*+/TN-C

Figure 29.- - Determination of
at various concentrations of f
data collected in the absence
data represents a titration cy
bind per TN-C and the associat

the moles o
ree calcium
of MgCljy.

rve calcula
ion constan

pCas ,. :

v
£, caleium bound per mole of TN-C

ion. Open squares represent
The solid curve through these

ted assuming 3.2 calcium fons
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~sufficilently high Ca2+ concentrg

“dh

: .
- +
The results clearly demonstrate that Mgz ions in 8

: P
pete with Ca2+ for binding sites on TN-C. An increased.

tion increases the leve] of Ca2+ necessary to occupy thi Once a

+ &4
the M82 can be digplaced frv}} \binding sites.
I,
Our results differ,fa:jt]?‘-

and by Brekke and Greaser (46). irabikowski.gt al. found only 1.64 Ca2+

bound oer caréi{l TN-C. Hodever,.the‘nethodology they emp189ed only
measured 3.16 Ca‘+ bound per skeletal TN-C. Brekke and Greaser, similarly,
found‘:‘2.08_Ca2+ bound per cardiac TN—C, but only 2.25 boundvper skeletal
IN~-C. These latter values may be low estimates for the mhximal binding
capacities of TN-C due to. the experimental conditions employed.’ TN-C\

was dialysed against 0.5 M KCl 2 mM'ng&“' 10 mM tris-HCl, pH 7 5, and

1l x 10 -6 M Ca(£2. Clearly, in the presence of 2 mM MgCl,,, a free Ca2
concentration of ] x 10 -6 M would not saturate the binding sites on‘
cardiac TN~C (?igure 29). At pCaf = §, our results suggest that aboyt
1.5 - 1.7 moles of C32 ~would be bound to a mole of cardiac IN-C. The
somewhat high;r valne.found by Brekke and Greaser may reflect that, ‘ \

although working at micromolar levels of Ca2+. they did not use a metal

v . 2+
lon buff:- System to control prscisely free Ca concentrations.

¢. . Summary Co

p
Analytical gel filtration studies, revealed thet Cardiac TN-C can

-
.

' bind 3 Ca ions per moleCule. Only one of these is responsible for the

observed alterations of the CD propérties of the protein in the presence'

- \

}
o{ Ca The remaining two OCCupy sites which are "invisible" §o cir-

~

cularly polarized light. . ' - _ ] .

\

The data do not indicate that dif%erent classes of sites, with

. y,

i
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' s/\,.
respect to magnitude of association constant. exist on éhrdé%ﬂlgﬁgg .

reported for skeletal TN-C (90) They do suggest that the sarcoplaimic'

level of free Mg“ ions does affect the binding{parameters for the inter-

action of TN-C with C82+. Although the precise‘ﬁqncentration of free .

’ A} ,)
Mg2+ within cells is unknown (89), a high estimate (2 mM Mg“+) results

in a‘reduction of the-associatdion constant from 7 x 106 M-ﬁafo about

1

[N

1 xle6 M ~. The sensitivity of TNLC to a Ca2+ induced“conformational
' S ‘ 3 N, .

-

s

.change *would still falkﬁs}thin the range of CaZ+>concentrations experi-
. . A '

enced in the sarcoplasm, 10'—5 M in aCtively‘conq:acting muscle:to lO’BvM

~

. o
in resting muscle. . : , \

B.' TN-I . -
- . . \ N

-

1. Amino ‘Acid Analysis { ‘ R 5 A : .

Pl

=
The amino acid compositrbn of bovine cardiac TN—I, prepared in

» 2

'3ur,laboratoﬂy$ﬁ;s»detailed in Table II. The'viiues represent residues

“o

 per moleculéf assuming a molecular weight of 73 590 (52). Also ptisented

are the amino acid compositions of rabbit skefﬁ!!l TN—I (19) and rabbit "f
cardiac TN-I (52), as ca1Culated from published amino acid sequences

TN-I, independe'ng.of its source, is rich in basic am:ino acid
residues. 'However, ;S_' 's?_found for TN-C, significant differences in

the contents ofycertain residues exist. As the sequences of both rabbit
\ . .. i A

skeletal and rabbit cardiac TN-I are anw&z there is no question that

g . ~‘ £ !}-q Q%
the observed differences are tissue—related. ﬂhe small variations ob-

Py

served between bovﬂne and rabbit cardPac TN-I mav represent inter- e

A%
,

species differences, : L .
) ;D ) .

2. Solubility “' N
. l_,ﬁ’: - \0 .

Cardiac TN*I was found to be marginaliy Soluble in non-denaturing

\ - ]
.. i
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TABLE 11

Amino acid composition of bovine cardiac_ TN-I

l

v

Residues per molecile of protein

Rabbit Bovine Rabbit’
Amino Acid S¥§}e£al “ggfgigc ggfgigg
v ‘ ;fl . : -
Lys Sz 3‘5 22.8 24
Hy i s7 ., @y 3 3
Ar o 16 2201 23
Asx * s 18.0 19 .
. ‘ : //F_,,f///d/
Thr - 3 | 9.6 10
' 9.7 8
295 a,
- gi’.a . s
13.0 11
23.0. 23
y ‘
8.9 , 8
3.6 4
6.7 7
17 21‘;2 ‘ 23
yr 2 | 3.0 2,
Phe * o3 3.9 4
Trp T . 1.2 1
1/2 cys R N \-"{ 2.4 . 52 '
. R _ * ! .
™Wilkinson- and G;asﬂz(SI) ; ) o ';igbf .

*Assumng a moleculay weight of 23 50o0.

‘\***Grand et Q; (52).
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buffers near eutral pH. Solubility in 0.5 M KCl SO mM tris-HCl, pH
'7 5 could be 1ncreased significantly if TN-I were dissolved first in a

buffer containing 8 M urea, or simply in 10 -3 N HCl1, and subsequently

dialysed against the tris medium; Clarification of protqin solutions by

centrifugation or millipore iltration ras performed toutinely prior co

N - B : 0

TN

conducting analytical stu L . v .
3. Extinqtion‘coefficient ‘
& The: extinction coefficient of a 12 solution of card&ac TN—I in .
, alecn pathlength cell at 278 mm wds determined to be. %ﬂi (Fgﬁuge 30)
4. Moleculan Weight o ' . U .
. Early studies (29, 33) ‘in which SDS gels of crudeggﬁgparaciona . .

. of whole cardiac troponin were §lectrophoresed suggested that cardiac

]

. TN—I possessed-a higher molecular weight than skeletal TN~I. Ami

ZSequence studies (52, l9)idétermined the<molecuIAr'Qeigﬁts,otirabo
“$cardiac and rabbit skeletal TN-1 r:laapectlvel;, to be 23 550 and 20 897
I;’ is inutatigation. cardiac TN-I, on'-SDS geld. migrﬁted ‘as a
protein wit a molecularlweight of 27 000 & 1, DOO (Bdg&#e 19) By com~

parison, sk letal T™-I possesaed a molecular wei . 0Q0 - using the

same technique (17 93)(Figure 31) o,

.l 1'
;* Conventionaivggdimentatign uilibrium'

tris-HCl pH 7.5 Ihdicated that car. ac TN—I undorgoes aggregation. 73

=

plots of log ¢ vs. r2 were net linear but curved upwards (Figure 32)

’

This problem was" overcome by cen:{;fuging JIN-T1 in 8- M urea, 50 mM is-
/

+

'HCl pH 7 5, 0. 2 M NaCl. l oM DTT Log c.vs. rz plots in this meéium
/, '
* From the amino qpid_composition, a x for TN-1 of 0 0: 73 ml/g was

were linear (Figure 33) ,: . 1 ﬂq, ~‘

calculated (70). Ia denaturing solvenca. such as 8rM urea, Kay' (94) ha

.’ °

- ¢

’,.. o - A/’

i Y xc1, 50 o
Y . ‘,_.., 3\ R

s

80
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Figure 30. Determination of the extindt

ion coefficient of TN-I. The

protein was dissolved in 0.5 M NaCl, 50 mM tris-HCl, pH 7.5 and centri- »

fuged at 12,000 rpg. The absorbance valu
each sample and its concentration determi
to Babul and Stellwagen (68).

e at 278 mm was recorded for
ned refractometrically acco;ding
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Figure 31. Comparison of the mobiiiéies of skel
on SDS polyacrylamide gels. Gel A shows cardiac
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Figure 32, Sedimentation equilibrium log A versus r2
a nondenaturing buffer, IN-I was dissolved 1n 0.5 M NaCl, 50 mM tris-
HC1, pH 7.5, and Spun at 9,000 rpm in a centrifuge equipped with a photo~
electric Scanner. 4 Tepresents protein concentration in terms of ap-
sorption units at 28p nm. :
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Figure 33, -Sedimentation equilibrium log A versus r2 plot for TN-I in.
the presence of 8 M urea. TN-I was dissolved in 8 M urea, 0.2 M NaCl,
50 mM tris-HC1l, pH 7.5, 1 mM DIT and spun at 20,000 rpm in a centrifuge
equipped with a photoelectric scanner. A represents protein concentra-
tion in terms of absorption units at 280 m.
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suggested that due to an unfolding of the‘protein,‘b the resultant

&

elimination of "excluded volumes' and possible expos' e of buried

charged groups to the progein surface, v could be expe ted to decrease

by 1 - 1.5%. Therefore, in calculations of, the weight average molecular
weight of TN-I in 8 M urea,'v .was assumed to equal O 72 ml/g.” Such an
assumption led tq a calculated moleculsr weight for cardisc TN-I of -
22,900 + 500 a value later supported by sequence studies (52).

As a possible explanation for its anomolous migration on SDS
gels, the basic nature of the amino acid composttion of TN-I was con-
sidered. Weber_and Osborm (95) sdgggiseg/that 8 protein might migrate
abnormally on SDS gels if it possessed an unusually high intringic net
charge. Histone f1, given as an example, with a molecular weight of
21, OQO,‘eleccrophoresed on SDS gels ag though it had a molecular weight
of 35, 000 The complex between a baslc region of a protein and SDS may
possess a lower negative charge density than a moré random region
This may cause che complex to assume a conformation different than that

»

of a normal protein - SDS complex, leading to. anomalous migration on

- ~

- gels.

5. UV Absorption Spectrum

The UV absorption spectrum of cardiac TN—l (Figure 34) {s
typical of most proteins, displaying a maximum near 278 m, a minimum
near 250 nm, and a shoulder, indicasive of a tryptophan contribution at -
about 290 mm.,

6. CD. Properties : ' N

The CD spectrum in the peptide absorption region of cardiac TN-I
(Figure 35) is representative of a protein containing a-helical regions,

exhibiting two negatively dichroic bands centred near 207 and 221 rm.

3
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Figure 34. yv absorption spec¢trum of TN-I. The prptéin was dissolved

in 0.5 M KC1, 50 mM tris-HC1l, pH 7.5, 1 mM EGTA.

——



@ x 10-3 deg-cm2/dmole
. L
l =T

®
I

-
o
J

200 . 220 240
. ~ WAVELENGTH, nm

4
/

e

Figute 35. Far ﬁV CD spectrum of TN-I. The protein-was dissolved in
© 0.5 M KC1, 50 mM tris-HCLl, pH 7.5, 1 mM EGTA. '



A .
Calculations (66) suggest an a;parent~a helix cohtenc of 23%, signifi-
cantly lower than the 457 value proposed for skeletal TN-I (51). The
increased proline content of cardiac TN~I may pfay a role in this dif-
 ference.
, The shape of the CD spectrum of cardiac TN-I was not affected by
the addition of C32+ and/or Mgz+ ions to concentrations as high as 5 mM.

Thg-aromatic region of the cardiac TN-1 CD spectrum was essen-

tially featureless.

" C. IN-T

1. Amino Acid Analysis

,

The ‘amino acid composition of bovine cardiac Tﬁ—T is pfesented
in Table III, along with that 'of rabbit skeletal TN-T, ;s determined
from its apino acid sequence (20). The values are presented as regidues
per mdleCulé, assuming a molecular weight for gardiac.TN—T of 36,300.

Completing the pattern set by TN-C and TN-I, the TN~-T molecules

from different tissue sources show considerable variation in their amino

» .
acid content. Cardiac IN-T is richer in acidic residues, contains less

proline and methionin®, and has approximately one cysteine residue per

> oD,
~e

molecule. o - ,

2. Solubility
As with TN-I, cardiac TN-T was marginallyisoluble in non-

denaturing buffers. To increase its solubilityﬁin 0.5 M KC1, 50 mM tris-
HC1, pH 7.5, it was dissolved in an 8 M urea-containing buffer and dia-
lysed against the_tris medium. Prior to any dhalytical work, TN-T
>solutions were clarified by centrifugation or fi%tration through milli-

~pore filters.



3

TABLE III

89

[y

i

!
Amino acid composition of bovine cardiac TN-T

Residues per melecule of protein

- . Bovine Rabbit :
Amino Acid C;;f;ic S?;f;;;}/\\\,

Lys 34.3 39
His 4.4 6
Arg ? 33.8 25 | “
Asx 27.4 20
Thr 7.6 6
Ser 6.8 9 «
Glx ¥ 88.3 57
Rro ﬁ_9.l 9
‘Gly ,iZ.Z 8
Ala 26.2 26
Val 12.1 11
Met 3.5 5 ¢
Ile 11.5 8 :
Leu 18.5 19 .
Tyr 4.5 4
Phe 7.6 5
T}p ’ 2.3 2

1/2 Cys 1.3 0

>

"

*Assuming a molecular weight of 36,300.

**Pearlstone et al. (20).
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3. Extinction Coefficient . . . _

The extinction coefficient of a 1% solution.of cardiac TN-T in
a 1 cm pathlength cell at 278 nm was determined to be 3.9 (Figure 36).

4. Molecular Weight . £

. On SDS polyacrylamide gels, the mi!;ation rate of TN-T suggested

it had a molecular weight of 37,000 + 1,000 (Figure 19). This is com-

parable to the SDS gel molecular weight for sieletal TN-T (96, 97).
Conventional sedimentation equilibrium experiments in 0.5 M NaCl

Y mm tris-HC1, pH 7.5, gave log c vs. rz plots which were not linear,

but curved upwards (Figure 37), suggesting aggregation. However, in

8 M urea, 0;2 M NaCl, 50 mM tris-HC1, pH 7.5, 1 oM 'DTT, the plots were

n

linear (Figure 38). Assuming a ¥ for TN-T of 0.72 ml/g, as estimated
by calculating a ¥ from its amino acid composition (70) and taking ihto
account the effect of 8 M urea (94), a weight average molecular weight
for cardiac TIN-T of 36,300 *+ 2,000 was determined.

The molecular weight of skeletal TN—T found in sequence studies
(20) was 30, 503, considérably less “than the reported gel molecular welght
of 37,000. Although ultracentrifugal studies were able to dietinguish
the true moleCulat weight of cardiac TN-I, determined by sequence ana-

lysis, from its anomolous SDS gel molecular weight, no such distinction

could be made for TN-T. Therefore, it was concluded that the molecular

|
\

weight of cardiac TN-T 1is in the vicintty of 36 000.

f As an interesting aside, Pearlstone et al. (20) found that 7
about 50% of the amino acid residues in rabbit skeletal TN~-T would be
charged at neutral pH. Also, they noted an almost total lack of clustersl

of nonpolar residues in the sequence These facts indicate that skele-

‘tal TN-T does not possess a significant hydrophobic core, suggesting

90
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- Figure 36. Determination of the extinction coefficient of ‘TN-T.. The -
protein was ®issolved in 0.5 M NaCl, 50 'mM tris-HEl, pH 7.5 and centri-

. fuged at 12,000 rpm. The absorbance valye at 278 mm was recorded for
each sample and 1its concentration determined refra‘ctometr’ically acébrding
to Babul and Stellwagen (68).% B .
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Figure 37. Sedimentation equilibrium log Y versus r? plot for TN~-T in

2 nondenaturing buffer. IN-T was dissolved in 0.5 M NaCl, 50 mM tris-
HCl, pH 7.5 and spun at 14,000 rpm in a centrifuge equipped with Rayleigh
interference optics. Y Tepresents protein concentration in terms of
fringe displacement units.
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Figure 38. Sedimentation equilibrium log A versus r2 plot for TN-T in-

the presence of 8 M urea. TN-T was dissolved in 8 M urea, 0.2 M NaCl,
50 mM tris-HCl, pH 7.5, 1 mM DTT and spun at 20,000 rpm in a centrifuge
equipped with a photoelectric scanner. A Tepresents protein concentra-
tion in terms of absorPtion units at 280 nm. ‘
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that the molecular sfructure is readily penetrable by solvent molecules.

Considering, these :conclusions in terms of the ¥ of TN-T, it seems that

\ i

a prediction of ¥ from the amino acid composition ﬁighc lead to an

erroneously high wvalue.

It is probably valid to assume a great degree of homology be-
tween thi/?éructures of skeletal and cardiac TN-T. Since a 1% error in

gstimapiné V would lead to nearly a 5% error in the calculation of a

L Do \
molecular weight from sedimentation equilibrium data, assuming a V for

-

(>}

“cardiac TN-T of 0.71 ml/g ihstead of 0.72 ml/g would place its molecular

weight significantly less than 36,000. If this were true, 'the incorrect
SDS gel molecular weight could be eiplained, in a similar fashion to the

TN-I case, ‘as being due to the unusual charge properties of the mdlecule.

‘.
L i

5. w Aﬂgofption ngpé?gies

Cardiac TN-T possesses a typical protein U\ absorption spectrum
(Figure 39), exhibiting: absorption bands arising from all 3 types of

aromatic amino acid résidues.

R ' P
6. CD Properties ///

E

5 : ! }
The CD spectrum of cardiac TN-T in the far UV wavelength region

diSplays minima near 227 zad-221 nm (Figure 40), indicative of a heljcal
regions in its polypeptide chain. Calculations (66) suggest an apparent

‘a hekx cdtent of, 43%.
The shape of the cardiac TN-T CD spectrum was unaffected by the

addition~6f CaClZ_to.Sva. However, 1% 2 mM MgCl, were present, a b - 6%

decrease in [8]271 was observed. The significance of this small chénge,

if any, is not clear at this time.
.. In the aromatig region of the TN-T CD,spectrum, a broad, slightly

negative dichroism was observed. This portion of the TN-T CD spectrum

-
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Figure 39. v absor;t‘ion spectrum of TN-T. The protein was ais§olved

in 0.5 M NaCl, 50 mM tris-HC1, pH 7.5, 1 mM EGTA.
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was unaffected by the presence of Ca2+

solution.

or Mgz+ ions in the protein
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CHAPTER V
INTERACTION STUDIES

It is clear that the subunits of troponin interacé strongly with each
other. They adhere to oné énother while theimusclg_structure aﬁout them
is d}srupted and subjected to an extensive series ofvwéshes whiéh remove
most other proteins. They precipitatevout of solution together in a
narrow range of ;ﬁmonium sulfate concentration, despite vast dffferences
in net charge ana,general solbbility properties. To separate the compo-
nents, stronglyAdena;ﬁring conditions (8 M urea) are required.: Once

.
1solated, TN~-I and TN-T<firmly refuse to be returned into solution. ' But
if TN-C is added to the same tést't;be, theée pro;eins readily dissolve
without the necessity of pfodding by denaturing conditions.

To fully unflerstand how troponin regulates'ﬁuscle contraction, the’
types of inter: buﬁit'inferactions which occur must be known. Potter -
(98) recently confirmed, using quantitative SDS gellanalysis. that the
stoichiometry of the major proteins ;ﬁithe rabbit skeletal muscle myo-
fibril is actin:myosin:tropomyosin:TN-T!TN-I:TN-C equal Eo 7:1:1:1?1:1.
Heaa and Perry (43) demonstrated fhat in cardiac ﬁuscle the ratio of
actin to TN-C is 7:1, so it seéems reasonable to assume the protein
stoichiometry in ;ardiac muécle, at least'iﬁ‘the‘thin filament, is simi-
.lar to that in skeletal muscle. This asgumption gféatly reduces‘the
number of permutations’of possible interactions’g;d, therefore, the
amount of material necessary to étudy the nature of the interactions
which_qccur among the coméonents of the cardiac muscle r;gulatory system.

- Again, the material in this chapter is drawn mainly from published

results (37, 38, 41).
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A. BIOLOGICAL ACTIVITY
Once each troponin subunit was isolated in pure form,, adding it to
a synthetic bovine éardiac actomyosin (SAM) system allowed its primary
functional role to be assigned.'»It was, in fact, these studies which
justified labelling the subhnits TN-I, TN~C and TN-T in the same fashion
as the skeletal counterparts.
The addition of cardiac TN-I to a SAM ATPase assay system (Fiéﬁre
41) led to as much as 4 602 inhibition of the M32+ activated actomyosin
ATPase. This inhibitory effect was independent of the presence or ab-~
sence of free Ca2+ ions in the assay mixture. ,Brekke and Greaser (46)
were unable to show a significant inhibitory effect of cardiac TN-I in
+a similar assay sysgem. All three troponin componénts were necessary‘to
2+ '

produce inhibition in the absence of Ca The reason for this dis-"»“

crepancy 1is not clear at this time.

Upon adding‘cardiac.TN—C to a SAM preparation which had been in-
“hibited partially b& the addition of TN-I, the inhibitory effect could
be completely reversed (Figure 42). Again, this reversal phenomenon wés
not dependént upon Ca2+ concentration. |

To render the assay system sensitive to Ca2+ ions, all three car&iég
tropohin constituents had to be present (Table IV). In the presence of
EGTA, TN-I and TNTC, ATP was hydrolysed at the samé rate as by a control
in which neitper groponin component was present. Addition of TN-T
.capsed the ATPase activity to fall to a 3§vel equivalent td a situation
in which only TN-1 was present. However, ;ddition of:CaClz resulted in
the ATPase activity being restored gompletely.

No qross—functionality was observed among the subunits. Only TN-I

could inhibit ATPase activfty, and only TN-C could restore the inhibited

AN
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TABLE IV

Reconstitution of the regulatory system of bovine cardiac muscle
‘ | .
{ !

Troponin Components ' 2+ ’ Relative
[Ca® '} :
Present : - “free Activity -
1. Control ‘ 0- : 1.00
2. 50 ug TN-I , 0 . 6l
/
3. 50 ug TN-T + | 0 .97
50 pg TN~-C o
{ Al
4. 50 ug TN-I + 0 ; .58
50 ng TN-Ci +
70, ug TN-T
- 5. 50 ug TN-T + 1073y .99
50 ug IN-C +
70 ug TN=T
NOTE: - )

~

The contfd‘?containeg 750 ug synthetic actomyosin and
50 ﬂg tropomyosin in 1lu mM tris-HC1l, pH 7.6, 2.5 mM MgClz,

1 oM EGTA and 2.5 mM ATP at 20°C.
¥
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| activity. Further, only wheh'TN—i was present did the eé?ire system
become C32+ éensitive.

‘The régulatory proteins are present in an equimolar ratie in muscle
€98), but an equimolar mixture of these proteins does not coﬁfer Cazf
sensitivity efficiently upon.this assay éystem. This probably reflecté)
.upon the assay.system ltself, sﬁggesting conditions are not optimal for
interprétein interaétions. A 1:1 mole ratio of TN-I to tropomyosin in-
hibits ATPase activity by 3OZl A 3:1 ratio is necessary for SOZ;inhibition.
A 1:1 mole ratio of IN-C to TN-I restargs the activity tOTSSZ, while a 2:1 |
. ratio is necessary for 957 restoration. TN-T must be added in at least
eaﬁimolar propOrtions with %N—I to obtain effective Ca2+ sensitizatiqn.

This study provided information concerning -the functioﬁs of the
troponin components, but in‘a multiprotein mixture such as %ﬁe assay

system, it was not possible t6 determine which proteins interacted with

one another directly. More controlled conditions were required.

oy

B. POLYACRYLAMIDE GEL SfUDIES

1. m-Ic ¢

| Head‘gnd Perry (43) had shownq that skeletal TN~-I and TN-C could
form a strong complex, eveg in the presence\bf 6 g urea. They ran samples
éontaining a mixture of TN-I and TN-C on polyaciylémide gels in the Ab—
sence of SDS and discovered a band which ;igrﬁted at a posiffon between
pure TN-I and pure TN-C. Ihis new band represented TN-IC, a ;omplex
which formed from TN-I and TN-C. .

Using similar ﬁethodology, cardiac TN-I and TN-C were observed

to form an analogous complex (Figure 43). Cardiac TN~C (gel A), being

rich in acidic residues, electropporesed rapidly at pH 8.5. Conversely,



S

\‘_.f'd

,
t

-

2
Figure 43. - Polyacrylamide gel electrophoresis of TN-IC. Onto the gels
in the photogragdh were applied (A) 30 pg IN=C, (B) 30 pg TN-I, (C) 30 ug
-C + 50 yg TN-I, and (D) 30 ug TN-C + 100 ug TN-I.
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TN-I (gel B), rich in basic residues, did not move downward from the ori-
gin at this pH. When TN-I and TN-C were mixed (gel C), whether the run-

ning buffer and sample solutions contained EGTA or CaClz, a coﬁplex with

mobility,interqédiate between that of Tﬁ-I and TN-C was formed.

In these experiments, as the mole ratio of TN-I to TN-C! was
increased beyoqd ro&ghly.Z:l, the residual stéining‘in the TN-C region .
disappeared (gel D). However,‘this ratio could not be interpreted as’ \>
reéresenting a physioltgical stoichiometry due to thelconditions employed
(6 M urea). |

Cardiac and skeletal TN-IC différ withfrespect to the effect of
Ca2+ upoﬁ their'fotmatibn. In the presence of EGTA, no compléx between
~ skéletal TN-C and TN-I could be og;erved (43). Our jesults dqn;;strated
ijz\;trpng tendenc& for cardiac TN-I ‘and TN-C to complex in the presencé

of EGTA ot’tf free ca’t i;ns. ‘
) mect S
When simibar gel, electrophoresis }xperiments were performed on ;.
solutions containing cardiac TN-C and TN-T in the presence of 6‘M urea,
novevidence forithe existence of the-complex, TN-CT, yasxfound.n If the
‘géls wére run in tte atsence of urea, eéideﬁqe for an intetaction be-
tween TN~C and TN-T could‘te seen (Figure'hb). In gels onto which a
mixture of TN- =T and TN~-C had Been applied, two reglons of mobility
- intermediate betweeq those of'TN-C and ‘'TN-T bound dye faintly (gel C) "
These bands did not stain ‘in gel; onto which only TN—C (gel A) or TN-T |
(gel B) were apglied. The appearance of these dye binding regioms did
not depend upon the pnésencéTOr absence gf available Caz+ ions in the
sample.ﬁixtureé.\ |

Interpretation of the nature of the interaction between TN-C

Ty
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Figure 4%4. Polyacrylamide gél electropho;esis of TN-CT. Onto the gels
in the photograph were applied (A) 40 ug TN-C, (B) 60 pg TN-T, and
(€C) 40 ug TN-C + 60 ug TN-T.



and TN-T was hindered by the appearance\gk 2 new bands. The low stain-

ing intensity of these regions relative to that of the individual txppo-
nin components suggested that, under the experimental conditions used,
the interaction was not a strong one.

Using gel electrophoresis, van Eerd and Kawasaki (995 réporced
the formation of a complex between skeletal TN-C anc 'N-T. This complex
formed in the presence or absence of CaZ+, bug possessed a slightly
2+

higheﬂ\pobility in the presence of Ca Gel results, again, reveal"

differences between the cardiac and skeletal protein analogues.

C. COSEDIMENTATION ANALYSIS

Cosedimentation analysis has beén used to demonstrate that if skele-
tal tropomyosin and TN-T or TN-I are mixed under conditions where all
protein components are soluble and subsequently dialysed against a solu-
tion in which oniy tropomyosin is normally soluble, not only TN-I or
TIN~-T precipitate, but tropomyosin does as well (78,.79). Such copreci-
pitation was interpreted\as evidénce that tropomyosin could interact
witﬂ;skeletél TN-T or TN-I. -

Results of cosedimentation exgeriments using cé;diac tropomyosin and
the individual cgrdiac troponin compbnents clearly demonstfated an inter-
action between Tﬁ-T and tropomyosin but failed to detect an interaction
of tropomyosin with either TN-I or TN-C.

As increasing amounts of TN-T were added to solutions containing a
constant amount of tropomyosin, a precipitate was obtained (Table vy. .
Tropomyosin to which no TN-T was added did not precipitate under the
céndit;ons of the experiment. Analysis of tbe precipitates by SDS gel

electrophoresis (Figure 45) showed them tofcontain both TN-T and

107



108

TABLE V
- Cosedimentation analysis of solutions

containing tropomyosin and TN-T

Mole Ratio Degree of
Sample ' (TN-T: tropomyosin) Precipitatioy
1. TIN-T . - 1
2. Tﬁ—T plus tropgmyosin 0.5:1 1
3. TN—T'plus‘cropomyosin ‘ 1:1 .2
v4. TN-T plus tropomyosin 2:1 2
5. tropomyosin - 0

NOTE:

The degrée of precipitation was estimated visually on a scalc

of 0 to 2, with 0 indicating no visible precipitate.



-

o
A

Figure 43, SDS polyacrylmide gel analysis of the precipitates from

cosedimentatian studies.
(B) 40 ug of tropomyosin,
of TN-T and tropomyosin.

P

The gels depict (A) precipitated TN-T,
and (C) precipitate from an equimolar ‘mixture
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tropomyosin. Gel A portrays the precipitate from a sample containing
only TN-T; "gel B represents cardlac tropomyosin; gel C reveals that both
TN—? and tropomyosin are pres%ﬁt‘in the precipitate from equimolar
mixture of the 2 proteins. The bands of lower staining Intensity appear-
ing in gels of the precipitates characterize the primary stages of the
breakdown of TN-T observed on prolonged dialysis in a nondenaturing

buffer, as discussed previgugly. ,}
-D. CD STUDIES

Changes in ghe CD specfrum ;E a protein molecule provide‘informa-

tion about ‘conformational changes which may occur upén ligand binding.
In particular, CD has proved a valuable tool for monitoring the confér—
mational change in TN-C upon binding Ca2+ ions (25, 35). Reports from
this laboratory involving skeletal muscle Lroponin céﬁponents have pro-
vided.sﬁrong evi@ence’for the occurence of interprotein interactionsl |
betwéen TN—C and TN-I, TN-C and TN-T, TN-T and tropomyosin and in tfopo-
nin reconstituted from its isolated constituents (100 - 102).

CD proved, agair :- studies on the cardiac troponin subunits, to
be a seésitive indicator of interprofein interactions - (41). The stand-

" ard solvent system consisted of 0.5 M KCl, 50 mM tris%HCl, pH 7.5, 1 mM
EGTA ("minus Ca2+" solvent). '

Far UV CD spectra were recorded, b&th in the "minus Ca2+" and "plus
Cazf"'states, for each componént of the cardia; muscle regulatory sys-
tem, tropomyosin, TN-T, TN-I and TN-C. Of these spectra,'only that of
IN-C was affected by the addition of Caz+, displaying an increase in

the magnitude of [8] by 24 * 3% (~3,400 deg-cmz/dmole). Using these

221

spectra, a set of calculated spectra were generated, representing each



experimental situation subsequently tested. These calculated épectra
simplyurépresented linear combinatibns of the contributions from each
é;:;éin present in_the‘tést gsolution. Such a speﬁtrum should match]an
experimentally measured one in the case where no interprotein inter-
actions occur.

Various test combinations of the components were prepared by mi&ing
the individual prdteins in equimolar amounts. Spectra were thgn recorded
for the combinations TN-C plus TN-T, TN-C plus TN— I, TN-I plus TN-T,
tropomyosin plus TN-C, tropomyosin plus TN-I, tropomyosin plus TN-T, and
reconstituted troponig. Of thesl combinations, those which produced CD
spectra which differed significantly from the calculated ones.([[e]221
calculated (6154, observedl >, 500 deg-cmz/dmole), suggeétins the
occurence of inte:proteiﬁ interactions, inclgded the complexes TN-T -
tropomyééin (Figuré 46), TN-CT (Figure 47), TN—IC (Figure 48). and
reconstituted troponin, TN-ICT (Figure 49).

The interactions observed'appeared to be of two types. For TN-T -

tropomyosin and TN-CT, the observed ellipticity values were less negative“

than the calculated ones, suggesting a‘het loss in apparent a helix
content upon interaction. For the complexes IN-IC and TN-ICT, ; nef
gain in a helix content occurred upon interaction

Those complexes involving TN-C underwent a conformational change
upon binding Ca (Figures 47 - 49).. For example, with TN-ICT, [6]22l
increased in mégnitude by 10% OML,ZOO deg'cmz/dmole). Therefore, the
conformational change observed in isolated TN-C in solution persists in
those complexes coﬁcaining TN-C, inclhding reconstituted troponin. Also,
" as with isolated TN-C, the addition of MgCl2 to 3 mM prior to the addi-

tion of CaCl2 resulted only in a partial (up to 50% of the maximal)

111
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change in [6]221 values in the €D spectra of TN-IC, TN-CT and TN-ICT.

Subsequent addition of_CaCl2 brought about the full change in [6]221

values.
\\

£ ~
A detailed comparfgon of the calculated and observed spectra for
1" 2+|l 12} 2+ll Iy

TN~ICT in the "minus Ca -and "'plus Ca states (Figure 49) revealed
that the observed change in [6]221 (10 * 2%) upon the addition of Ca2+
was significantly greater than that predicted (6 * 1%) by éimply taking
into account a dilution of the Cazf effect on TN~C due to the presence
of TN~I and TN-T. For the complexes TN-IC and TN—CT, the differences

between the calculated and observed changes due to Ca2+ binding were
not significant. Therefofé, a potentiation of thé Ca2+ éffect on iso-.
lated TN-C appears to resuit in the presence of .both of the remaining
troponin components. Such an amplification may be inteqpretea'as a
magnification of the'directveffect of Ca2+ binding on TN—C}‘ However,

it mé& also fepresent a situation in which the direck efféét on TN-C
(i.e., that seen on is;lated TN—Q in solution): leads to changes in the
conformation of one or both of tﬂe‘remaining troponin components due to
the nature of the subunit interactions. By extrapola;ion, such a series

ﬂbf events could result in the shifting of tfopomyosin away from a block-
ing position on the f-actin strands, allowing myosin to interact with"
‘the actin.. The net result of this process would be an actively con-

tracting muscle system. ' ' .

LN



y ‘CHAPTER VI

GENERAL DISCUSSION

Troponin from cardiac muscle, prepared by the LiCl extraction method,
can be separated into three protein subunits by a combinatlon of ion
exchange and gel filtretion chromatographies, Physico—chemicalvcharao—
te;izapion of these moleculés, combined with their assayed biological
actiyities, allows them né be named 1in accordance with skeletal muscle
troponin‘nonenclatnfex Trononin I inhibits the Mgz+ activated ATPase
of'cardiec;actomyosin. Trobonin C binds Ca2+ ions and undergoces a con-~
comitant conformationel change which is involved in the release of the
1nhibitory-effect of TN-I Troponin T anchors the troponin complex to
tropomyosin. All three conponents are required to impose Ce2+ sensi-

- tivity upon the actomyosin ATPese reaction.

Each subunit performs its role via interactions with adJacent members
of the regulalory complex. Gel electrophoresis experiments demonstrate
a strong interaction between TN-I and TN-C and provide evidence for a
TN-C interactlon with TN-T. In solutions in which\tropomyosin is sol-
nble but TN-T is not, the latter can "pull" tropomyosin out of solution,
suggesting a strong ineeraction of TN-T with Eropomyosin. These results
.are confirmed by CD analysis of mixtures of ehe troponln components CD
”studies also reveal that the effect of Ca2+ binding on the conformation
of isolated TV—C per31sts thrOugh the complexes TN-IC, TN-CT and TN-ICT
(reconstituted troponin). .

T;e results of interaction studies imply that the mode of ‘regulation

of cardiac and skeletal muscles by their'respective troponin-trépomyosin

relaxing systems is essentially the same. However, an examination of

117



~ E 118
S
. the amino acid compositions and the hydrodynamic, optical -and Ca2

<
binding properties of the cardiac troponin subunits reveals quantitative

.

differences between them and their skeletal muscle counterparts.- Analo—
gous subunits of cardiac and skeletal troponins are the products of

separate genes. How such differences arose and whether they represent

R o,

important physiological advantages t% an individual muscle type remains

to be invegtigated in more detaIl In this regard, studies concerning

the phosphorylation of TN-I and its physiological role in cardiac mus~

A

cle (55, 53) are of particular interesp, as a similar role for skeletal

-t

TN-I has not been detected.
It.is probable that the distinctions which exfgr”ﬁhtzeen the regula~

tory proteins of heart muscle and their c0unterparts in skeletal muscle
’ I

reflect some aspect of the functional.differences between the twd tissue
N \- . . ‘7

types. The beating of the heart, unlike skeletal muscle cohtraction, is‘
Vnot under direct conscious control. Skeletal muscle must -be capable of
being switched on and off rapidly and completely Cardiac muscle beats ,
' rhythmically, but never appears to exist in a rompletely relaxed, or~ 7

switched off,hstate It displays a high resting tension with'respect to

skeletal muscle. It is likely that differences between the troponin )
subunit analogues are responsible for this phenomenon yhereas the Mgz.

activated ATPase activity of skeletal actomyosin can nearly be shut down

4
" by skeletal TN-I (93), our work, and that of others (33), Egggests that

cardiac TN-I is a much less potent inhibitor A dlrect physiological

implication of this discrepancy would ‘be a 51gnificant level of ATPase

activity in the heart during diastole, resulting in an iﬁcreased resting
tension. A less direct cause could be proposed on the basis of the

smaller conformational change undergone by cardiac as opposed to skeletal
. AN
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» TN-é‘upon binding Ca

Lo f

2+

‘This thesis‘has(concentrated upon the‘roleegf the troponin-tropo-

. § NV ,
.myosin coémplex in the regulation of the: interaction between actin and

myosin in vertebrate striated'muscle. In.addition to this calcium

.
)

sensitization system, reports in the literature have implicated other

.

factors in the’ overall control process. y
AY

In scallop and smooth muscle actomyosins (Jl), chtrol of the actin-

"
i
.

;myosin interaction is. exerted at the level of the thick-filament, in ,

/

Ehe absence of troponin-like | molecules,altogether. This control complex

is also sensitive to Ca2+. Even in vertebrate muscle Ca2+ at physio~‘

logical levels can induce conformational changes in the thick filaments

t

(}03, 104). Also, it has been reported {105) that dinitrophenylation

Qf a cysteine residue on the Sl portion of the cardiac myosin heavy

Al .

chain could desensitize .an actomyosin, into which the modified myosin

. v, <
A S

7 was incorporated _to Ca2+ regulation. Treatment of the modified myosin

“‘with mercaptoethanol to remove the blocking group from the ! cysteine re-
=stored its ability to form a Ca2 sensitive actomyosin. |
The conformation of actfn itself may be important in any complete
regulatory model - Cross-linked actin retains its ability to stimulate

the Mg ATPase of heavy meromyosin subfragment~l (106) ., - However, in-

-

corporation of troponin and tropomyosin into the assay system fails, in

the absence of Ca2 ions, to inhibit the Mg : activated ATPase. 'F1u9~_

+
rescence energy transfer experiments demonstrate that a Ca2 sensitive

Y A . j
movement of tropomyosin occurs both.when the troponinftropomyosin com~

plex is bound to.native or cross-linked actin filaments. There%ore,

-"cross-linking actin apparently "freezes" its conformation in_ an “on"

position, and the movement of tropomyosin cannot ‘override this switch.

A/
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Although much is‘noﬁ understood‘about thin filament regulation in
vertebrate skeletal and cardiac muscle, the fine details of the control
mechanism must be brought into clearer fBCus. Probing the structure#
of the regulatory proteins by chemical and X~ray crystallographic méthods
undoubtedly will lead to modifications of existing models. Further
alterations may have to be incorporated with anr increased perception

of the roles of actin and myosin in governing their own interaction.
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APPENDIX
STRUCTURAL HOMOLOGIES AMONG MUSCLE PROTEINS

Muscle cells contain a8 set of structurally related proteins which
apparently perform different functions (48, 107 - 110) . Interest in
this topi¢ began to mushroom with the resolution of the 3-dimensional
Structure of a soluble carp muscle calcium binding protein, belonging
to a cless generally known as parvélbumins, and the characterization of
its calcium binding sites (49). Each of the 2 sites, related. by an
approximate two-fold axis of Symmetry, lies in 4 corner between two
helical regions. A structural analogy was made to a right hand.with
the outstretched thumb and forefinger renresenting'the two helices and
the approximate right angle between them representing the locus of
calcium binding. The basic unit became known as an "EF hand", being
typified by the E and F helices of the parvalbumin structure, and can
be symbolized by E-Ca-F.v Kretsinger propgsed that parvalbumin arose by
duplication of ; primordial gene coding for E-Ca-F. This may be depicted
as (El-CafFl)-L—(Esza-Fz) (108), where L is a linking Sequence of amino
acid\residues. |

The amino acid sequence of rabbit skeletal TN-C (48) was “shown to
contain four EF hands and was proposed to have evolved by 2 duplications |
of the Precursor gene to give [(E -Ca-F ) Ll (E -Ca-F )] J—[(E ~Ca-F )-
2 (E -Ca-F )] " on the basis of the sequence homologies, a model of the A Tk
3~ dimensional structure of TN—C also was proposed'(lll).‘ When‘the se~
quences of the 2 alkali (112) end one DTNB (llQ) light chains of rdhbit

‘skeletal muscle myosin became available, each appeared to be Telated to i

TN-C and parvalbumin and to consist of ‘4 repeated sect%pns of closely ' ‘ Y
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homologous sequences. As might be expected, the sequence of bovine

" cardiac TN-C (47) showed extensive homology with that of skeletal TN-C,
and another member was added to tne group of parvalbumin-like proteins.
The validity of proposals concerning the intricate structure of
proteins based solely upon amino acid sequence homologies might under-
standably cause' scepticism However, evidence 1s available from physical
studies to demonstrate, at least, that the calcium binding sites of carp
parvalbumin (113), rabbit skeletal TN-C (114) and bovine cardiac TN-C
(42) are similar. By substituting‘terbium for calcium in these 3 pro-
’teins, Dr Bruce Martin and his coworkers have examined the total emis~
sion (TE) and circularly polarized emission (CPE) spectra of terbium
bound to these molecules. A

Fo; parvalbumin, terbium emission at 545 nm was maximal at an exci-
tation wavelength of 259 nam, implicating energy transfer from a phenyl-
alanine residue to a nearby terbium Maximum emission at 545 nm in
skeletal and cardiac TN~C was elicited by excitation at 280 nm, impli-
cating a nearby-tgrosine %n the energy tranefer process.

Of the 3 tyrosines in cardiac and 2 in skeletal TN-C, only tyrosine
109 in cardiac and tyroeine 111 in skeletal TN-C occur in homologous
regions of 'sequence. -Inleach TN-C, this tyrosine has been suggested to
be”part of a calcium b#hding site (18, 47).: Furthermore, phenylalanine
57 of parvalbumin is found to.be in a hpmologousvposition with these
TN-C ‘tyrosine residuea (18), and in the crystal structure of carp
parvalbumin, the aromatic side chain of this phenylalanine overlaps the
terbium in one of the calcium binding sites (115).

More subtle conformational information may be obtained by studying

the CPE of terbium bound to the 3 proteins. CPE, like CD, provides a

L



129
Y |
measure of the optital asymmetry of the microenvironment of the chromo-

phore of interest. CPE at a given wavelength is quantitated by the

dissymmetry factor g:'

] . .I IL + IR

_ where IL and IR are, respectively the leftvand right éircularly polarized
emission intensities, I is the totaliemission intensity and AI is the:
CPE intensity.. Table VI (from (42)) 8umm;rizes the CPE propeffies of
the 3 proteins and emphasized their essential identity.\.

In our collaborative study with Dr. ﬁartin and his colleagues (42),
further additions of cardiac TN-I and TN-T Vere made to TN-C solutions.
In the presence of either TN-I or TN-T, the CPE of TN-C was quenched
completely andjthe TE was reduced significantly, suggesting that TN-C
can inte;act wigh both TN~I and TN-T. 1In reconstituted cardiac‘tréﬁonin,
the TE was reduced by about 60% and the CPE quenched entirely. This may
be éomp;red with a similarAresult employing native skeletal troponin (//
(114) (Table VI).

In éonclusion, these studieg provided direct informa;ion concerning
the structural homblogy and the geometry éf the calcium bindiﬁg sites of
» pérvalbumin and skeletal and cardiac TN-C, as well as the nature of

the changeé in the microenvironmeqts of the binding sites on TN-C when

it interacts with the remaining Eroponin subunits.



TABLE VI*

Emission dissymmetry factors fBr Tb(III)

-

"emission** in muscle proteins

- g nm

Bovine cardiac w™N-c -0.030 544.5

+0.024 '549.8
IN~-C + TN-I , - 0.000 544, 7***
TN-C + TN-T 0000 544, 6**%*
iN-c + TN-I + TN-T : | 0.000 Sbb. p***

) h
Rabb‘  skeletal TN-C' : ~0.029 544.3
S 7[ - +0.027 549.7
\ '

Rabbit'skeletélltroponin ' | 0.000 544,8***

Carp parvalbumin ' ' -0.025 544.,9

+0. 549.9

029
v

* .
From Brittain et al. (42).

**In région of Tb(III) 5D4 —> 7F5

***Maximum wavelength in total emission spéctrum.

transition.
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