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ABSTRACT

The involvement of troponin C (TnC) in regulating the length dependencc of
calcium sensitivity was studied in rabbit skinned psoas muscle fibre segments. Force-pCa
curves were acquired from these isolated segments at resting sarcomere lengths (2.4 pm)
and at lengths (3.0 um) longer than the plateau of the tension-length relationship. Partial
extraction of endogenous TnC from fibre segments was performed by bathing the fibre in
a soiution consisting of 20 mM imidazole and 5 mM ethylenediaminetetraacetate at pH

7.85, while a more complete removal of TnC was facilitated by the addition of 1 mM

trifluoperazine to the extraction medium. Treated fibres were then reconstituted with

cither native rabbit skeletal TnC or a mutant TnC in which the amino acid residue at

position 130 of the protein's high-affinity domain was replaced with serine (I130S), glycine
(I130G) or recombinant isoleucine (I130). These TnC mutants have been shown
previously to possess destabilized alpha-helices in the protein’s carboxy-tefminal domain
resulting in altered ion-affinities of the associated Ca2+/Mg2+ binding sites (Trigo-
Gonzalez et al., 1993). Protein removal and replacement were assayed by examining
changes in the fibre's ability to generate contractile force and subsequently confirmed by
silver stained sodium dodecylsulfate polyacrylamide gels of fibre segments. Following
fibre reconstitution, force-pCa relaiions were measured again at both resting and long
sarcomere lengths. Resulté from this study indicate that myofilament calcium sensitivity is
neither affected by the method of endogenous TnC extraction nor by mutations to this

region of TnC's high-affinity domain.



TABLE OF CONTENTS

=X 011 4 T PSR
) U TADIE OF COMMENLS  evvvveemesneeeeeemmmsesessesssssesssesseeessmmsssssssssssmessossssssssssssssseesmsnsossssssees
' | 5153 00 ) 0 1) (R S S
N LiSt Of FIGUIES  wuveevecrccerememseeeeesesnseesesasaseesasasssesssasassenssssessacssssensssssssassesesesssnes
' ACKNOWIEAZMENES  .eovrrriiriereiiiirceienneeennesnecerecssanssssreesseressssrevessrersssesssssarssres
FOreward  ...ocovvvrvvreiiierececeecrerintneennisesssssisennenreesiisssssssssseesssssssssssssssssssssssssesssseseres

INTRODUCTION

Calcium-Activated Muscle Contraction  ......ceeceeeevveerersrverrcssueevessuneenesens

Sacromere Length-Dependent Properties of Skeletal Muscle .................
The Tension-Length Relationship — eeoveeveveeeveevvveevinineeccerceeeneee.
Calcium SensitiVity  .ecoveeeeiiriiecteicttceice s

Architecture of Troponin C  .eeevereeieeecerceeccetecreeeceresreaesseeeeenes
Protein StruCture  .ooeeeeveevevreerieeriirnerereeere e cereer e saneees

| : - Troponin C and Troponin I Interactions —.......cccceveeveeevverrenvveennnens

Tissue Specific TNC Proteins  .....cooeveeveecrrrunrvecneenienenicennenen.

The Skeletal Muscle Length Sensor — ...eeeeeeeevemneecieceeneceineneenenne

Troponin C Mutants OO

OVEIVIEW  cerrtreeienerennniisisinnsinsisessessesssernessessaosnesssssncossossasosnesssssssassnssssnsse

MATERIALS AND METHODS
Fibre Preparation  .....cccceevevevvcrvccnennnnnn. eeresrere e ean s s eeraneeee
FOorce MEasurement  ......eeeveevieeeiniienereniieeeecssanessanesesennssesnsssssnessssssnesssnns
Sarcomere Length ASSESSMENt  ...uueeevieeeiieectieiecneiieeentecereeeenene e
Mutant Tropinin C Preparation  .......cceoeeevveveermerevrvecvenrensennnseereesensennens
Endogenous Troponin C Removal — ......rereiiiieriecrneecceeeneeenseennns
Troponin C RECONSHIULION  .eoevevverrerrrenrirnnerinnresnceresninnensenseesensnnesennnes
Polyacrylamide Gel EleCtrophOresis —.......covvevveevmvemrevevnnniecrnnvenrecenennes
Statistical AnalysiS  cccceeverrerirrvierrernnnnnenecsernerneenennens cerreeneennnaenenesnenes

RESULTS

Sarcomere Length-Dependent Properties of Skeletal Muscle

Troponin C Regulation of Calcium Sensitivity —.....ccceuee.e.

Effects of Extraction Medium on Contractile Performance

----------------

Effects of TnC Mutants on Length Dependent Calcium Sensitivity ........

43
43
52
57



iv

Page
DISCUSSION _
Regulation of Calcium Sensitivity  ....ccccevvververvevnniirvenrecsennnensenseenresnenens 78
Analysis of Troponin C Extraction Techniques —......cooevrrcevemrvecvenuennee, 87
REFERENCES  ..cooummmrrmmmnrunnsiinmmmesssssenssasecssssssssssannes eseeeraressaesenaeees R o1
APPENDIX T ceeeeeeeeereiietteeeeeennteeeeeenriieeeeeeeinneseesseeesssssesessssssssssssssssesssssesnnns 102




LIST OF TABLES
Page

Table1  The Effects of Osmotic Compression and Sarcomere Length on the

Parameters of the Hill Equation in Force-pCa Curves from Rabbit Psoas

MUSCIE FIDIES  covucrririeiirninctisineniisnessisssiseneniessesssestisssssesasssesssssassessanse 104
Table 2  The Effects of Low Ionic Strength Activating Solution and Sarcomere

Length on the Parameters of the Hill Equatlon in Force-pCa Curves from

Rabbit Psoas MusCle FIibIes — ....cccecc werieeeerennereeeeerecceeenneesnienesnnnees 107
Table3  Composition of Solutions for Fibre Preparation and Activation ........... 40
Table 4  Composition of Solutions for SDS Polyacrylamide Gel

EIECtrOpPhOTESIS  cvvevvnrrriiiiiinereernreeneeiretrcsnesseessressneeseessnnesansesnessnes 41
Table 5 Composition of Solutions for Silver Stained SDS-PAGE .................... 42
Table 6  Parameters of the Hill Equation from Force-pCa Curves in Rabbit

Psoas Fibres ...... OO YUUUUO POt 73
Table 7  The Effects of Extraction on the Parameters of the Hill Equation from

Force-pCa Curves in Rabbit Psoas FibresReconstituted with Native

Rabbit Skeletal MUuscle TRC ....oovevieveeveieieeeiereeeerrrcrcennerrnesseeeeennene 74
Table 8 = The Effects of Sarcomere Length on the Parameters of the Hill Equation

from Force-pCa Curves in Partially-Extracted and TnC-Reconstituted

Rabbit Psoas Muscle FIbIes — ...cocemvverneiieenennnecnnerneenneesecevecsennens 75

Table9  The Effects of Sarcomere Length on the Parameters of the Hill Equation
from Force-pCa Curves in Fully-Extracted and TnC-Reconstituted
Rabbit Psoas Muscle FIbIeS  ...covvverieirineevvienreenerreeccrcneceneeecneenneen, 76




Figure 1

Figure 2

Figure 3a

Figure 3b

Figure 4a
Figure 4b
Figure 5
Figure 6

Figure 7
Figuré 8

Figure 9
Figure 10

Figure 11a

Figure 11b

LIST OF FIGURES

Crbss-Sectional Profile of Thin Filament Structures and Orientation

in the Presence and Absence of Calcium

Sarcomere Length-Dependent Properties of Striated Muscle

Effects of Osmotic Compression on the Calcium Sensitivity of Single

Skinned Skeletal Muscle Fibre Segments

Combined Effects of Osmotic Compression and Saroqmere Length on
the Calcium Sensitivity of Single Skinned Skeletal Muscle Fibre

--------------------------------------------------------------

Segments

Effects of Low Ionic Strength Activating Solution on

Sensitivity of Single Skinned Skeletal Muscle Fibre Sf':gments

the Calcium

Combined Effects of Low Ionic Strength Activating Solutlon and

Sarcomere Length on the Caclium Sensitivity of Smglle Skinned

Skeletal Muscle Fibre Segments

Ribbon Structure of Native Chicken Skeletal Muscle

Ribbon Structure of Chicken Skeletal Muscle TnC's Hilgh Affinity

Domain

Fourier Image Analysis of Skinned Single Muscle Fib

TnC Calibration Curve

------------------------------------------

---------------------------

I‘roponin C

------------------------------

Effects of Sarcomere Length on the Force Development and Calcium

Sensitivity of Single Skinned Skeletal Muscle Firbe S

Effect of Increased Sarcomere Length on the Calcium!
Single Skinned Skeletal Muscle Fibre Segments

Effects of TnC Extraction and Reconstitution on the 1

44

cgments

Sensitivity of

Force

Development and Calcium Sensitivity of Single Skinned Skeletal

Muscle Fibre Segments

-----------------------------------------

-----------------------------

Effects of TnC Extraction and Reconstitution on the Q,alcmm
Sensitivity of Single Skinned Skeletal Muscle Fibre Segments




Page

Figure 12 Effects of TnC Presoaks on the Calcium Sensitivity of Single Skinned

Skeletal Muscle Fibre Segments —......ooueveeericeverennnecerciereenencnennes 51
Figure 13  Effect of Non-TFP Containing Extraction Medium on the Calcium

Sensitivity of Single Skinned Skeletal Muscle Fibre Segments — ......... 53
Figure 14  Qualitative and Quantitative Analysis of TnC Content and Force

Production in Partially Extracted Single Fibre Segments ................... 54
Figure 15  Effect of TFP Extraction Medium on the Calcium Sensitivity of

Single Skinned Skeletal Muscle Fibre Segments — .....ccocevverevvemrncencns 56
Figure 16  Qualitative and Quantitative Analysis of TnC Content and Force

Production in Fully Extracted Single Fibre Segments ........................ 58
Figure 17a Combined Effects of Partial Extraction of Endogenous TnC and

Reconstitution with I1130S on the Calcium Sensitivity of Single

Skinned Skeletal Muscle Fibres —..oocoveeeveereerecererennenee. S 60
Figure 17b Combined Effects of Partial Extraction of Endogenous TnC and

Reconstitution with I1130G on the Calcium Sensitivity of Single

Skinned Skeletal Muscle Fibres —..oooeoiveeeieveccerinceereeeenereceeennnnen, 61
Figure 17c Combined Effects of Partial Extraction of Endogenous TnC and

Reconstitution with 1130 on the Calcium Sensitivity of Single

Skinned Skeletal Muscle Fibres — oveeeeiereeernnenennreneeseceeeeaeenne, 62
Figure 17d Combined Effects of Partial Extraction of Endogenous TnC and

Reconstitution with nTnC on the Calcium Sensitivity of SingleSkinned

Skeletal Muscle FIDIES  .ouuveveverrunverninrerrenennnnnereeseenneninncnnesnennccns 63
Figure 18  Effects of Partial TnC Extraction and Reconstitution on Maximal Force

Development in Single Skinned Skeletal Muscle Fibre Segments ... 65
Figure 19  Effects of Full TnC Extraction and Reconstitution on Maximal Force

Development in Single Skinned Skeletal Muscle Fibre Segments ... 66
Figure 20a Combined Effects of TFP and the 1130S Mutant on the Calcium

Sensitivity of Single Skinned Skeletal Muscle Fibre Segments . ......... 67

Figure 20b Combined Effects of TFP and the 1130G Mutant on the Calcium
Sensitivity of Single Skinned Skeletal Muscle Fibre Segments — ......... 68




viii

Page

Figure 20c Combined Effects of TFP and nTnC on the CalciumSensitivity of
Single Skinned Skeletal Muscle Fibre Segments — .....eoeeevvevenrneenannnes 70

Figure 21  Qualitative and Quantitative Analysis of TnC Content and Force
Production in Reconstituted Single Fibre Segments — .......cccecevvrrevnnneen. 71




ix

ACKNOWLEDGMENTS

There are many to whom I owe a debt of gratitude .for their kindness and
consideration.

Foremost, I thank Dr. Bernard H. Bressler for his encouragement, guidance and
support. Dr. Bressler, you have made an indelible mark on my life and I will always
remember you fondly as both mentor and friend.

In addition, I wish to acknowledge the members of my Thesis Supervisdry
Commiittee for generously lending me their time and expertise. Specifically, I thank Dr.
William K. Ovalle for showing confidence in me as a researcher, as an instructor and as an
individual. I thank Dr. Vladamir Palate for reminding me that the pursuit of research and
academia must be accompanied by a measure of levity. Finally, I thank Dr. Thor Borgford
for his generous collaboration, which has made this study possible..

I humbly acknowledge Lillian Morishita, Dr. Michael P. Slawnych and Louise
Leblanc for their technical expertise and experimental insight.

To the Faculty, Graduate Students and Staff in the Department of Anatomy, you
have created an atmosphere that promotes excellence in research. 1 will carry warm
memories of you all and of my time here. I would like to make particular mention of my
esteemed colleague, Keith Baxter, for his relentless support and friendship .

Finally and most importantly, I thank my parents and my sister, Anisha. You have
all shown unwavering confidence in me and provided continual yet intangible support. It

is difficult for me to articulate my gratitude, other than to say, I could not have done it

without you.




To my grandfathers, may the grace of God be upon them.

I have flown too high on your wings, now I must earn a pair of my own.




INTRODUCTION

Calcium-Activated Muscle Contraction

The development of contractile force in striated muscle is preceded by a series of
depolarization events, terminating in the release of calcium from the sarcoplasmic
reticulum. Transient increases in the cytosolic calcium concentration activate the
contractile apparatus, determining the extent of interaction between thick and thin
 myofilaments. This regulétion of the contractile process is dependent primarily on the
level of thin filament activation (Zot and Potter, 1987).

In relaxed skeletal muscle, interaction between the contractile myofilaments is
inhibited by the actin-associated regulatory proteins, tropomyosin and troponin.
Tropomyosin is a 40 nm long regulatory protein that has a molecular weight of
approximately 70 kD. It consists of two alpha-helical subunits that wrap about one
another to form a coiled-coil structure. Individual tropomyosin molecules aggregate in a
head-to-tail fashion to create a continuous tropomyosin strand which then becomes
associated with an individual F-actin polymer. In the relaxed state, tropomyosin is
positioned peripherally on the actin filament providing steric impedance to the mechanical
and biochemical interaction of myosin and actin (Murray and Weber, 1974).

Associated with the tropomyosin filament at a periodicity of 40 nm is the troponin

complex. A heterotrimeric regulatory protein, troponin’s subunits function to anchor the

complex to other thin-filament structures and to translate changes in the sarcoplasmic




calciufn concentration to the remainder of the contractile apparatus. The largest of the
troponin subunits is troponin T (TnT), which has a molecular weight of approximately 37
kD and a rod-like appearance (Zot and Potter, _1987). Functionally, TnT serves a
structural role in binding to tropomyosin and securing the troponin complex onto thé thin
~ filament. Troponin I (Tnl) is the inhibitory subunit of the troponin complex; its direct
binding to the actin filament sterically prevents the activation of myosin Mg**-ATPase by
actin (Greaser and Gergely, 1973). The 24 kD globular protein also binds to TnT and to
troponin C, the third member of the troponin complex. Troponin C (TnC) is the smallest
of the protein subunits, with a mass of approximately 16 kD. It is an effective calcium-
binding protein that responds primarily to transient increases in cytosolic calcium
concentration which accompany membrane depolarization. In addition to binding metal
ligands, TnC forms strong interactions with the Tnl subunit (Ruegg et al., 1989; Van Eyck
et al., 1991; Swenson and Fredricksen, 1992; Koboyashi et al., 1994; Ngai et al., 1994;).
The interplay between regulatory and contractile components of the thin filament
determines the degree of thin filament activation and, in turn, the extent of interaction
between actin and myosin. Binding of calcium to TnC both potentiates and enhances
TnC-Tnl interactions, resulting in an altered conformation of Tnl and a subsequent
disinhibition of actomyosin Mg**-ATPase (Potter and Johnson, 1982; Zot and Potter,
1987). In addition, a reorientation of the troponin complex, in the presence of calcium,
causes a concomitant relocation of tropomyosin into the region of the actin groove
(Huxley, 1973). As ai result, S1 bindiﬁg sites on the surface of the actin filament become

exposed, allowing for mechanical and biochemical interaction between the contractile

filaments (Huxley, 1973) (Figure 1).




Figure 1: Cross-Sectional Profile of Thin Filament Structures and Orientation in

the Presence and Absence of Calcium

Schematic representation of the thin filament structures in skeletal muscle, with specific
reference to the interactions between regulatory and contractile proteins in the presence
and absence of calcium. Strengthening of bonds between Tnl and TnC in the presence of
~ calcium is associated with a concomitant reorganization of the troponin complex and the

release of actomyosin inhibition by Tnl. The letters N and C represent the amino and

carboxy terminal domains of TnC, respectively. Adapted from Ruegg, 1986.
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The force-generating events that ensue upon thin ﬁlament activation are best
describéd by .the sliding filament theory (Huxley and Hanson, 1954; Huxley and
Niedegerke, 1954). This hypothesis proposes the relative movement of actin filaments
towards the center of the sarcomere, with no change in the length of the filaments, as
being the primary tension-generating mechaﬁism in muscle tissue. Once the thin filament
is activated, electrostatic forces are likely to guide S1 heads towards newly exposed
binding sites on actin, resulting in the formation of tension-genefating cross-bridges.
Next, actin catalyzes the release of ATP hydrolysis products from S1, initiating a
conformational change in the myosin head and the development of a power stroke directed
towards the center of the sarcomere. This force producing state is rapidly terminatéd in
the presence of ATP which causes dissociation of the acto-S1 complex (Huxley, 1957,

Lymm and Taylor, 1971).

Sarcomere Length-Dependent Properties of Skeletal Muscle
The Tension-Length Relationship

The ability of a muscle fibre to generate maximal force is regulated by many
parameters; indeed, both calcium and ATP levels are important modulators of contractile
performance. However, even at maximal levels of activation, the tension generating ability
of striated muscle is determined by the extent of myofilament overlap. This fundamental

relationship of muscle is best described by the so-called tension-length curve (Ramsey and

Street, 1940; Gordon et al., 1966; Edman and Reggiani, 1987).




As outlined by Gordon et al (1966), the curve describes the experimentally
measured normalized tension developed by individual sarcomeres at various lengths. At
fixed myofilament lcngths, the degree of overlap between thick and thin filaments is
determined exclusively by the length of the sarcomere. The tension-length curve consists
of three phases. The ascending limb exists at short sarcomere lengths and produces
indreasing, yet submaxirhél, levels of tension. This phenomenoh is likely due to the
mechanical interférenoe of thin filaments as they move towards the center of the sarcomere
during cohtraction. As sarcomere length is reduced further, tension continues to decrease
due to both the interaction of thin filaments with opposing Z-lines and to physical
deformation of the myosin filament. The plateau of the tension-length curve is
characterized as the region of highest force production. Here, the sarcomere length
reflects optimal filament overlap and, thus, maximal cross-bridge formation without thin
filament interference.‘ The descending portion of the curve exists at long sarcomere
lengths and is associated with a decrease in tension. This result reflects a progressive
decrease in filament overlap and a subsequent reduction in force-generating interactions.

The importance of sarcomere length in influencing contractile performance is
clearly indicated not only by its effect on force production, but also by its observed effect
on the calcium sensitivity of striated muscle fibres (Babu et al., 1987; Babu er al., 1988;

Gulati et al., 1990; Moss et al., 1991; Morimoto and Ohtsuki, 1994) (Figure 2).

Calcium Sensitivity
In 1972, Endo and co-workers reported that muscle fibre lengthening causes both

a decrease in the threshold for calcium activated muscle contraction and the development



Figure 2: Sarcomere Length-Dependent Properties of Striated Muscle

Graphical representation of the changes in contractile performance that accompany
increased sarcomere length in striated muscle fibres. The left axis shows the tension-
length curve for rabbit psoas muscle fibres, indicating a plateau region of maximal force
production between sarcomere lengthé, of 2.4 um and 2.55 um. The hatched columns
show the normalized sarcomere length dependence of calcium sensitivity in striated muscle

fibres. Note that at long sarcomere lengths, i.e. 3.0 pm, maximal tension development is

decreasing rapidly, while the calcium sensitivity of these fibres is approaching maximal.
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of maximal force. Therefore, in responsé to fibre stretch and increasing sarcomere
lengths, the calcium sensitivity of the contractile filaments increases such that the force-
pCa relationship uniformly shifts to the left. “The simplest and most direct interpretation
[of this data] is that the apparent affinity of the force regulatory sites for calcium are
modified at different lengths of the sarcomere.” (Stephenson and Wendt, 1984). These
authors suggested that changing the sarcomere length during sub-maximal calcium-
activated muscle contraction should result in the formation of local calcium fluxes. Using
either obilin or aequorin as an indicator (Stephenson and Wendt, 1984; Gordon and
Ridgeway, 1993), investigators showed that calcium ions were removed from the region
of the myofibrils in response to shortening a muscle fibre, while calcium returned to this
| region in response to rapid fibre lengthening. It is not clear, however, why changes in
local calcium concentrations, brought about by relatively rapid length steps would result in
a sustained calcium sensitivity of the fibre. Work by several investigators has shown that
for both cardiac (Fabiato and Fabiato, 1978; Hibberd and Jewel, 1982; Kentish et al.,
1988) and skeletal (Endo, 1972; Moss, 1979; Stephenson and Williams, 1982; Martyn and
Gordon, 1988) muscle there is a marked increase in calcium Sensitivity as fibres are
passively lengthened to sarcomere lengths greater than the plateau of the tension-length
relation. Similarly, a decrease in calcium sensitivity has been seen in fibres at short
sarcomere lengths.

While the existence of altered calcium sensitivity at different lengths of the

sarcomere is well known (Bressler and Morishita, 1991; Bressler and Morishita, 1992;

Bressler et al., 1994), the mechanisms by which this modulation occurs remain enigmatic.
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The concentration of calcium in the sarcoplasm could be an important determinant of fibre
performance and sensitivity. For example, “it secms.likely that geometrical relations
between the sites of calcium release, binding and sequestration may alter with changes in
sarcomere length and so alter the diffusion distances involved.” (Stephenson and Wendt,
1984). However, it is not likely that spatial changes in filament érientation would alter the
ability or efficacy with which calcium can bind to the contractile apparatus because
interfilament distances are at least fifty times greater than the calcium cation in its most
hydrated form (Martyn and Gordon, 1988). More likely, hoWever, is that a spatial
reorientation of the filaments causes changes in the mircoDonnan potential between the
filaments and the surrounding sarcoplasm.

The myofilaments carry a predominant negative charge on their surfaces, which is
likely to become more equally distributed along the lengths of the filaments in response to
fibre stretch (Stephenson and Wendt, 1984). Indeed, it has been shown previously that
increasing either the net negative charge or the distribution of charge on the myofilaments
by lowering ionic strengthvand pH causes an increase in calcium sensitivity of the muscle
fibre (Martyn and Gordon, 1988; Bressler and Morishita, 1992). This behavior is thought
to reflect an increased electrostatic interaction between the negatively-charged filaments
and the calcium cations within the sarcoplasm.  Therefore, reorientation of
myofilamentous structures in response to stretch may result in a distribution of charge

density along the lengths of the filaments, thereby increasing the fibre’s calcium sensitivity

(Martyn and Gordon, 1988). The importance of distributing this charge along the entire
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filament length has been supported by other investigators (Allen and Moss, 1987; Kentish
et al., 1988; Metzger and Moss, 1988; Gulati and Babu, 1985).

Unpublished studies by members of our group (1992) have shown that decreasing
the myofilament lattice spacing with the long chain polymers, PVP and Dextran (Godt and
Maughan, 1981), causes an increase in force production at resting sarcomere lengths with
a minimal shift in calcium sensitivity (Appendix I, Figure 3a). These fibres, however,
show a larger increase in calcium sensitivity upon fibre stretch (Appendix I, Figure 3b). It
has been suggested that iﬁcreased myosin cross-bridge attachment under conditions of
osmotic compression directly enhances thin filament cooperativity, causing both the
calcium affinity and conformation of TnC to change (Hannon et al., 1992). This behavior
of the myosin cross-bridge is supported by the data obtained in the Dextran study
(Appendix I, Table 1). This indicates that a highly collapsed myofilament lattice in the
presence of both Dextran and long sarcomere lengths results in an increased calcium
sensitivity due to the high probability of myosin cross-bridge attachment.

Fuﬁher experiments were carried out by Bressler and co-workers (1992) to
determine the effects of low ionic strength. on the calcium sensitivity of striated muscle
fibres. Under these conditions, maximal tension development rose ‘significantly,
suggesting a higher populativonAof force-generating myosin cross-bridges than was seen in
controls.. It has already been reported that the effects of increaséd force production and
myosin cross-bridge density are an increase in the calcium sensitivity of the muscle fibre

(Fuchs and Wang, 1991; Wang and Fuchs, 1994). Both the increased force (data not

shown) and the calcium sensitivity (Appendix II, Figures 4a and 4b) (Appendix II, Table
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2) observed under low ionic strength conditions reflect more bound cross-bridges (Martyn
and Gordon, 1988). The development of increased force pef- existing cross-bridge is
unlikely, because the maximal velocity of shortening (Vmax) does not decrease in low
ionic strength (Julian and Moss, 1981) and because both stifﬁleés and thin ﬁiarnent mass
increase (Brenner et al., 1984).

Therefore, while electrostatic forces, charge distribution and myosin cross-bridge
attachment seem to be involved in determining the calcium sensitivity of a fibre at a given
- sarcomere length, it has become increasingly apparent that these parameters regulate
calcium sensitivity by their effects on TnC affinity and conformation. Thus, many
researchers have extended their investigation of length-dependent calcium sensitivity to
include the regulatory proteins that are part of the signal transduction pathway leading
from calcium release to force production (Gulati et al., 1990; Moss et al, 1991).
Changing sarcomere length results in transient intracellular calcium fluxes in the regions of
the myofilaments (Kentish ez al., 1988; Gordon and Ridgeway, 1993) and, thus, many
investigators have suggested that the mechanism of length-sensitive force generation is
controlled by calcium-régulatory processes. Since troponin C is the binding protein for
calcium in striated musc;lc fibres, it is likely to participate in any transient changes in
calcium sensitivity.  Furthermore, length-dependent changes in the lattice of the
myofilaments have also been postulated to increase the ability and efficacy with which the
troponin complex can ﬁind calcium (Kentish et al., 1988).

A role for TnC as the ‘length sensor’ in cérdiéc muscle has been proposed by

Gulati et al (1990), and this lab has recently confirmed that TnC is an important regulator
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of tension and calcium sensitivity in skeletal muscle (Bressler et al., 1994). Extraction of
endogenous TnC from striated muscle tissue results in a significant decrease of both force
and length sensitivityvof calcium (Moss et al., 1985; Babu et dl., ‘1988; Bressler et al,
1994). Similarly, this depression of fibre calcium sensitivity is reversed after the

reintroduction of TnC into the fibre.

Architecture of Troponin C
Protein Structure

Troponin C belongs to a large family of calcium-binding proteins that includes
calmodulin, calbindin and parvalbumin. These EF-hand binding proteins are characterized
by a continuous 30 amino acid calcium-binding region that adopts a helix-loop-helix
conformation. Binding of calcium occurs in the central loop region which consists of 12
amino acids - (Collins et ai., 1977).. The residue specificity in this region is likely to
determine the binding.properties. of the protein, thus éccounting for the variable range of
calcium affinities demonstrated among members of this family (Shaw et al., 1991).
Whereas, most of the proteins within the class have an ubiquitous distribution in the body,
the highly conserved TnC gene is expressed exclusively in striated muscle tissue
(Parmaceck et al., 1991).

The dumbbell-shaped troponin C molecule is approximately 750 nm long and
consists of 159 amino acid residues which are organized into distinct amino and carboxy
terminal domains. The protein consists of eight functional alpha helices that are arranged

into four calcium-binding sites and a domain-connecting helical linker (Figure 5). This

nine-turn linker region is replete with amino acids having a specific propensity for
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Figure 5: Ribbon Structure of Native Chicken Skeletal Muscle Troponin C

Ribbon structure of chicken skeletal muscle troponin C indicating helical segments and
calcium binding loops. The amino terminal domain of the protein, is characterized by
helices A through D and the Ca? specific binding sites I and II. The carboxy terminal -
domain consists of helices E through H and Ca**/Mg** sites III and IV. Note that these
high affinity bindings sites are occupied under all physiological calcium concentrations.

The interdomain helical linker (D/E) is presented in its extended form as determined from

the crystal structure of TnC. Adapted from Trigo-Gonzalez et al., 1993.




15



16

helix formation, with the exception of the glycine residue at position 92 which is thought
to impart flexibility to the protein (Herzberg and James, 1985). The strategic positioning
of this residue, at the center of the protein, suggests that under certain conditions, such as
muscle contraction, TnC may fold over to allow communication between the N and C
_terminal domains (Herzberg and James, 1985). This hypothesis is further supported by the
indication that the TnC molecule may adopt a different structural conformation in vivo
from that of the elongated conformation determined with crystal studies (Heidorn vand
Trewhella, 1988; Mehler et al., 1991; Parmaceck et al., 1991).

The amino terminal domain of TﬁC consists of the protein’s first 85 amino acid
residues; this in turn, corresponds to the location of four helices (A to D) and two
calcium-specific binding sites (Sites I and IT) located at residues 27 to 38 and 63 to 74
respectively (Collins et al., 1977). The relatively low affinity for calcium at these sites
suggests that they are unoccupied under conditions were muscle is relaxed. Thus, they
mediate TnC’s actions in response to increased calcium (Potter and Gergely, 1975). The
amino terminal region of TnC is physiologically important in initiating the cascade of
events leading to contractile disinhibition; as sucﬁ it is referred to as the protein’s
regulatory domain. The relatively low affinity for calcium at sites I and II is thought to
reflect both the amino acid composition of the binding loops in the N-domain and the
inter-helical angles in this region (Herzberg and James, 1985). Furthermore, the

regulatory domain possesses two salt bridges which have stabilizing effects on the apo

state of the protein that also contribute to the low calcium affinities at sites I and II.
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The carboxy terminal domain of TnC consists of amino acids 86 through 159,
which form helices E to H. The two high 'afﬁnity cation-binding loops in this region are
located at residues 103 to 114 and 139 to 150, forming sites III and IV respectively.. The
binding properties of this region are significantly different from thosé exhibited in the
regulatory domain. The high affinity with which sites IIT and IV bind divalent cations
-ensures that these sites are permanently occupied at resting physiological pH’s and
calcium and magnesium concentrations. Furthermore, this region does not demonstrate an
absolute specificity for calcium and thus it may bind other divalent cations, such as
magnesium. While the Ca-specific binding sites of TnC directly mediate the contractile
- response, the protein’s non-specific binding sites have primarily structural implications
(Zot and Potter, 1982). Indeed, anchoring of the protein to both Tnl and the thin filament
requires the occupation of sites III and IV (Moss, 1992; Negele et al, 1992). This
binding causes dramatic changes in protein conformation and helicity which stabilizes both
Tn subunit interactions (Trigo-Gonzalez et al., 1992; Li et al,, 1994) and the entire

troponin-tropomyosin complex (Zot and Potter, 1982).

Troponin C and Troponin I Interactions

Ligand binding to both the high and low affinity sites of TnC causes significant
changes in the protein’s secondary and tertiary structure which in turn regulate the
integrity of TnC-Tnl interactions (Herzberg et al., 1986). The physiologically relevant

interactions between TnC and Tnl appear to exist in the region of TnC’s C-terminal

domain; both the inhibitory and regulatory peptides of Tnl bind to this region with great
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affinity (Van Eyck et al., 1991; Ngai er al., 1994). The inhibitory peptide of TnI (Tnlp)
represents the minimum sequence necessary to inhibit the formation of the acto-S1
complex (Ruegg et al., 1989). This péptide segment which extends between Tnl residues
96-116 binds both to actin and to the C-terminal domain of TnC, switching between the
two in a calcium-dependent manner (Talbot and Hodges, 1981; Van Eyck and Hodges,
1988). Therefore, the effect of calcium binding to the regulatory domain appears to be
translated through the high affinity domain of TnC, resulting in the transfer of Tnlp from
actin to TnC and the disinhibitioﬁ of the contractile machinery.
Joint communication between the N and C terminal domains of TnC has been
further supported by the determination that Tnlp binds to TnC’s regulatory domain in a
calcium-dependent manner (Swenson and Fredricksen, 1992). This suggests that TnC
may undergo sigﬂiﬁqant conformational changes in the presence of high calcium
concentrations, allowing both of .its domains to interact, together forming a single binding
site for Tnlp. Directly gnterpreting this result,. many‘investigators have suggested that
calcium binding to sites I and II results in protein folding via the D/E helical linker of TnC
(Grabarek et al., 1986; Strang and Potter, 1992). In fact, removing a portion of the linker
region to generate a more compact profein has been shown to result in a more efficient

release of actomyosin inhibition (Xu and Hitchcock-deGregori, 1988).

Tissue Spéciﬁc TnC Proteins
Both cardiac and skeletal muscle express different isoforms of the TnC protein,

although both of these isoforms subserve the same function in their respective tissues.
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Cardiac muscle and slow skeletal muscles are characterized by a TnC isoform that
possesses only three active calcium-binding sites. Thus, the primary structural difference
between sTnC and cTnC are modifications in the amino acid sequences at the low affinity
calcium-binding site I which render this site inactive and unable to bind calcium. As a
result, the functional role of the amino terminal domain in cTnC is performed solely
through calcium binding at site II. Thus, since only one calcium ion is required for
activation of contraction in these tissues, cardiac muscle has the potential of being more
easily excitable than fast skeletal muscle in which binding of two calcium ions is required
to facilitate contraction (Parmaceck and Leiden, 1991).

Many studies have exploited this difference in structure between TnC isoforms to
examine the specific effects of calcium binding to TnC’s regulatofy domain. Experimepts
focusing on the e);change of TnC between cardiac and skeletal muscle have clearly
demonstrated that the contractile properties of both tissue types can be significantly
" modified in.the presence of a foreign TnC isoform (Babu et al., 1988; Gulati et al., 1990;
Morimoto and Ohtsuki, 1994). Cardiac muscle displays a higher degree of calcium
sensitivity than that exhibited in skeletal muscle. Furthermore, under norrnal physiological
conditions, cardiac myocytes perform at levels of sub-maximal force generation, but
tension may increase in response to both increased cardiac volume and stretch. It has been
suggested that these features of cardiac muscle are mediéted by the presence of cTnC, and
that skeletal muscle may not be as effective in this manner due to its slightly modified TnC

structure. In fact, this hypothesis has been confirmed by experiments in which

endogenous cTnC was removed from cardiac myocytes and replaced with the fast or
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skeletal isoform of TnC (Gulati et al., 1990). Results of these studies showed
conclusively that the presence of sTnC caused a decrease in the calcium sensitivity of
cardiac muscle which was reversed upon reintroduction of the naﬁve TnC isoform.
Similarly, the analogous set of experiments in which native skeletal TnC was replaced by
the cardiac isoform of the protein caused an increase in the calcium-dependent length
sensitivity of skeletal muscle fibres (Babu et al., 1988).

A second line of evidence has been provided by mutagenesis studies in which
cardiac TnC was modified to possess an active calcium-binding site I. In these studies, the
calcium sensitivity of cardiac muscle was also depressed resulting in a shift of the force-
pCa relationship to a point midway between that of untreated cardiac and skeletal muscle
(Gulati et al., 1989; Gulati et al., 1990). The smaller decrease in calcium sénsitivity
demonstrated in this study is likely to reflect a less pronounced pertlirbation between TnC
and the cardiac isoform of Tnl.

Indeed, extensi.ve mutagenesis studies- utilizing both fast and slow TnC have
supported these conclusions, confirming that structural manipulation of TnC’s amino
.terminal domain significantly modifies the contractile properties of both cardiac and
skeletal muscle tissueé (Gulati ei al., 1990; Putkey et al., 1991). This class of experiments
has elegantly assessed the binding'of' calcium to site I of the regulatory domain as an
important suppressive mechanism on calcium sensitivity while demonstrating that site II
functions primarily in the absolute ‘coordinati(l)n of cor;tractile events. In light of this data,

the differential length-sensitive capabilities of cardiac and skeletal muscle have been

elucidated. While the low affinity sites obviously have an important role in regulating
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length-dependent calcium sensitivity, the action of the high affinity calcium-binding sites in

these processes have yet to be established.

The Skeletal Muscle Length Sensor

As both the binding protein for calcium and the mediator of the contractile
response, troponin C is the ideal protein with which to begin an examination of calcium-
dependent processes in skeletal muscle. Indeed, much evidence has been collected to
support the conclusion that TnC plays a central role in the regulation of calcium sensitivity
at different lengths of the sa?comcre. While removal of endogenous TnC from skeletal
muscle causes an absolute depression in the force-pCa relationship of treated fibres, it
similarly diminishes the observed increase in calcium sensitivity of the fibre in response to
stretch (Babu et al., 1986; Moss et al., 1986; Bressler et al., 1994). Mutagenesis studies
have also shown that altering TnC structure and conformation may modulate the
contractile response of skeletal muscle, either increasing or decreasing a fibre’s length- |
dependent calcium sensitivity depending on the nature of the mutation and on the
extraction protocol utilized (Gulati ez al., 1990; Moss et al., 1991).

These results, however, must not be interpreted in isolation from the remaining
troponin subunits. TnC has been shown to possess strong and physiologically relevant
interactions with other members of the troponin complex. These interactions facilitate
transmission of the calcium signal to the contractile filaments and, therefore, represent

another potential location for contractile modulation (Morimoto and Ohtsuki, 1994). For

example, the significance of subunit interaction in governing calcium sensitivity has been
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demonstrated by the differential reduction in calcium sensitivity as seen between the
intfoduction of a site I ¢cTnC mutant into cardiac muscle versus the introduction of sTnC
(Gulati ez al., 1990). In the latter case, an inappropriate coordination of sTnC with cTnI
resulted in a more dramatic depression of calcium sensitivity at different sarcomere
lengths. This finding has been supported by Morimoto & Ohtsuki (1994) who have shown
that the Ca®* sensitivity and cooperativity of striated muscle fibres requires the interaction
of TnC with other members of the troponin complex.
As mentioned previously, the functionally relevant associations between Tnl and
TnC exist in the region of the protein’s high affinity domain. While binding of calcium to
sites I and II of TnC acts as the trigger event for muscle contraction, this response must be
translated through the protein’s carboxy terminal domain. Therefore, the integrity of
: TnC-TnI interactions in this region of the protein are paramount to successful transduction
of the calcium signal from TnC to the contractile filaments. Eitéhr structural modulation
or attenuation of this domain may result in altered subunit interactions leading to
diminished contfactilc performance of the muscle fibre.
Hence, this study undertakes an extensive analysis of the effects of C-démain
attenuation on the length dependence of calcium sensitivity by utilizing specific TnC
variants, each containing a serial replacement of the amino acid at position 130 of the high

affinity domain.

Troponin C Mutants
Position 130 of chicken skeletal muscle TnC lies in the N-cap of the G-helix within

the protein’s high affinity domain (Figure 6), i.e. at a position between the F and G
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Figure 6: Ribbon Structure of Chicken Skeletal Muscle TnC’s High Affinity

Domain

The locations of amino acid residues where mutagenesis was performed are specifically
highlighted. The naturally occurring Thr 130 residue was substituted by serine (Il3OS),
glycine (I130G) and recombinant isoleucine (I130) to produce “high-affinity mutants of
TnC with tailored calcium affinities”. The Phe residue at position 105 was substituted by

tryptophan (F105W), producing a reporter region capable of measuring calcium binding to

sites III and IV by tryptophan fluorescence. Adapted from Trigo-Gonzalez et al., 1993.
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helices. Mutations at this site have the potential to alter boih behavior and binding
affinities at sites III and IV (Trigo-Gonzalez et al., 1993). Furthermore, mptation of the
first amino acid residue of an alpha-helix (i.e. the N-Cap) has significant consequenc;as
both on the stability of the affected helix and on the ion-affinity of the associated biﬂding
‘ site‘s'.w Indeed, mutations at the 130 position resulted in a maximal four-fold decrease in
calciuﬁx affinity at both sites III and IV as measured by tryptophan ﬂuoreséénce (Trigo-
Gonzalez et al., 1993).

Substitution of the threonine residue, which occurs naturally at this position,
significantly disrupts side chain intéractions with adjacent helical residues, thus
destabilizing the entire helix. Acdordingly, substitutions “that were capable of forming a
hydrogen bond with the main chain (Ser) conferred higher affinities on the variant proteins
than residues unable to form such bonds (Gly and Ile)” (Trigo-Gonzalez et al., 1993).
While mutations at position 130 had cléar implications on the stability and affinity of the
Ca™/Mg?* sites, fhey appeared to have no effect on the bcooperativity of binding in this
region as demonstrated by their values of the Hill coefficient (Trigo-Gonzalez et al.,
1993).

Therefore, this series of mutant proteins is likely to be an effective tool in studying
length-dependent changes in calcium sensitivity because they possess destabilized high-
affinity binding sites with altered ion affinities and because their mutation exists in a region
of the protein which is salient for modulating TnC-Tnl interactions.

To that end, this study has employed three of these specific TnC variants whose

effects on protein destabilization range from minimal (I130S) to moderate (I1130G) and




26

~ maximal (I130). Extraction of endogenous TnC from skinned rabbit psoas skeletal muscle

fibres was followed by stoichiometric replacement of the thin filament with high affinity
TnC mutants. Subsequently, the calcium sensitivity and cooperativity of these treated
fibres was monitored at both short and long sarcomere lengths to determiné the
physiological consequences of high-affinity domain destabilization. Furthermore, this
analysis has been extended to >assess whether such effects are the direct result of protein
modiﬁcatioh or, rather, a result of disrupted TnC-Tnl interactions in this region of the
protéin.

This study also addresses the controversy of TnC extraction techniques that exists
in the literature by examining the effects of partial (50% or less) or nearly complete
removal of endogenous TnC on the force generation, cooperativity, and calcium sensitivity
of treated muscle fibres. Silver-stained polyacrylamide gels of both extracted and
reconstituted skeletal muscle fibres provides both qualitative and quantitative support for

the conclusions presented here.

Overview

The specific objective of this study was to determine the effect of high-affinity
doméin destabilization of TnC on the leﬁgth-dependence of calcium sensitivity in rabbit
skinned single psoas muscle fibres. Established experimental techniques were used to
extract endogenous TnC from fibre segments and, subsequently, reconstitution of these

fibres was performed with high affinity TnC variants. The force-calcium relationship of
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these treated fibres was measured at short and long sarcomere lengths to detect any

changes in the length-dependence of calcium sensitivity.



MATERIALS AND METHODS

Fibre Preparation

Mature white male New Zealand rabbits were prc-injécted with the anaesthetic
Innovar and then killed by a lethal dose of Sodium Pentoﬁarbitol. Whole right and feft
psoas muscles were dissected from these animals and immediately placed in cold relaxing
solution on ice (solution A, Table 3). Muscles were subsequently rinsed in relaxing
solution and left in the cold (5°C) for an additional two hours. Excised muscles appeared
to have contracted upon removal and, therefore, this solution facilitated tissue relaxation.
Fibre bundles were subsequently prepared by mechanically stripping the muscle tissue into
bundles of approximately 50 fibres and tying them at their ends to wooden sticks by
surgical silk. Fibres were initially stored for 15 hours at 4°C in skinning solution (solution
B, Table 3), and approximately 12 - 15 hours later, the fibre bundles were placed in fresh
solution. Fibres were then stored at -20°C and used within‘ three months. The high
concentration of glycerol in the skinning solution (50% v/v) disrupted both the
sarcolemma and intracellular membranes (Weber and Tortzekl, 1954, Moss, 1992).
Perforation of the sarcolemmae by glycerol ensured unimpeded access to the contractile
filaments within each fibre during the experimental protocol, whereas similar treatment of
the sarcoplasmic reticulum ensured that all intracellular calcium stores had been depleted,
allowing for precise control of calcium levels during experimentation (Moss, 1992).

Subsequently, all fibres treated in this manner are referred to as having been ‘skinned’.
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Force Measurement

Experiments were carried out on single muscle fibre segments ranging in length
from 1mm to 5 mm. Once isolated, fibres were mounted in an experimental chamber
between a force transducer (Akers model AE801; Horten, Norway) and a servomotor
(Cambridge Technology model 300S). The servomotor held the muscle fibre isometricélly
during contraction, while the transducer translated contractile force into a voltage signal
which was displayed on a digital oscilloscope (Tektronix model TDS 420 or Nicolet
model 3091). Experimental traces were printed out on either a laser printer (Everex model
Laserscript LS) or an xy-plotter (HP model 7036), and force measurements were |
subsequently made by hand, directly from these records.

The experimental chamber consisted of a series of wells, each with a capacity for
0.2 ml of solution. The temperature within each of these wells was set to 15°C by a cold
water pump that continuously perfused the outside walls of the experimental chamber.
Fibres were mounted within the muscle chamber by wrapping their ends around stainless
steel wire hooks that had been pretreated with nitric acid to roughen their surfaces and to
prevent fibre slippage during activation. Both the transducer and the motor were mounted
on a ratchet device that could be raised or lowered to facilitate the transfer of fibres
between individual wells of the experimental chamber.

Prior to beginning an experiment, isoléted fibres were bathed in a relaxing solution
containing 0.5% Triton-X 100 for 5 minutes, to ensure the complete destruction of all

membranous elements. Fibres were then briefly activated in pCa 4.8 (i.e. -log[Ca™] = 4.8)
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until tension reached half maximal to ensure that fibres were firmly wrapped around the
wire hooks.

Stimulation of these fibres was achieved by immersing them in a series of
activating solutions (solution C, Table 3), each with an increasing concentration of
calcium. The strength of activating solutions ranged from pCa 6.6 to pCa 4.8, by
increments of 0.2 pCa units. Fibre segments were allowed to reach steady-state tension
(F) at each pCa before being transferred into a solution with a }ﬁigher calcium
concentration. Once maximum tension was achieved, the fibres were immediately
returned to the original relaxing solution (solution A, Table 3). Subsequently, tension
development (F) at each pCa was calculated as a percent of the maximum tension
developed (Fmax). This method of force normalization was necessary to facilitate a

statistical comparison between individual fibres.

Sarcomere Length Assessmeﬁt

The sarcomere léngths. of individual fibres were monitored throughout the
experimental p‘rotocol and were determined either by laser diffraction (Rudel and Zite-
Ferenczy, 1980) or by viﬂeo-image analysis (Slawnych et al., 1995). A 10 mW helium-
neon laser (Hugheé modél PC) mounted on a bracket Below the experimental chamber
transilluminated the fibre and the resultant diffraction pattern was projected onto a
calibrated grid placed a fixed distance (6.5 cm) above the fibre. The entire fibre segment

could be translated through the laser beam to assess sarcomere lengths at the two ends and

along the middle of the fibre. In another series of experiments, the experimental chamber
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was mounted on the stage of an inverted optical microscope (Nikon model DIAPHOT
300) and video images of the fibre were subsequently recorded during the experimental
protocol. Fourier transformation performed on these video images provided an alternative
method of measuring sarcomere length (Slawnych er al., 1995) and was used in assessing
sarcomere lengh homogeneity of the fibre segment (Figure 7). Specifically, fibre
segments were considered as periodic sarcomeric patterns with spatial frequencies in the
range of 0.26 to 0.71 pm corresponding to sarcomere lengths in the range of 1.4 to 3.8
um. As such, fibre images could be represented in terms of a Fourier series. This
transformation was efficiently carried out on video images of the fibre using the Fast
Fourier Transform (FFT) (Cooley and Tukey, 1965). Once mounted between the force
transducer and servomotor, the fibres could either be passively shortened or lengthened by
micromanipulators to achieve the desired sarcomere length. The stage of the microscope
was also fitted with guide rails to facilitate the transfer of a fibre between individual wells

of the experimental chamber.

Mutant Troponin C Preparation

Fusion variants of recombinant chicken troponin C were prepared in the
Laboratory of Dr. Thor Borgford at Simon Fraser University as described previously
(Trigo-Gonzalez et al., 1993). Briefly, troponin C genes containing the amino acid
substitutions serine, glycine and isoleucine at position 130 in the high-affinity domain were

expressed in E. Coli strain QY13. Variant proteins were purified to homogeneity by a

two-step anion exchange chromatography
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Figure 7: Fourier Image Analysis of Skinned Single Skeletal Muscle Fibre Segment

A video image of a relaxed skeletal muscle fibre is shown in the upper panel. The whole,

half and quarter Fourier spectra of the fibre segment are presented in the lower panels of

the figure.
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method (Trigo-Gonzalez et al., 1993). Purified proteins were lyophilized and stored at -
20°C until required for fibre reconstitution. Comparative studies have demonstrated that
TnC retains a high degree of homology among species, justifying the utilization of chicken

skeletal troponin C in this study.

Endogenous Troponin C Removal

Fibres at resting sarcomere lengths were treated with a standard TnC extraction
solution (solution D, Table 3) for 10 minutes and subsequently éctivated in pCa 4.8 uqtil
maximal tension was achieved (Cox et al., 1981; Moss, 1992). A reduction in maximal
force betweén treated and control fibres was used to gauge the amount of TnC removed
from fibre segments (Moss et al., 1985). Fibres not reaching a minimum of 50% reduction
in force were reimmersed in extraction solution for another 10 minutes. The presence of
the calcium chelator, EDTA, in the extraction medium facilitated the removal of divalent
cations from the high-affinity binding sites of TnC resulting in dissociation of troponin
complexes from the thin filaments (Moss, 1992).

In another series of experiments, a more complete extraction of TnC was
performed by bathing the fibre segments for 5 minutes in a trifluoperazine (TFP)
containing solution (solution E, Tabie 3). Upon removal from the extraction medium,
fibres were washed three times in relaxing solution to ensure the rémoval of residual TFP,

and they were then activated in pCa 4.8 (Moss, 1992). Only those fibres exhibiting a

minimum 75% reduction in maximal force were utilized in this study.
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Troponin C Reconstitution

Troponin C extracted fibres were reconstituted with either native rabbit skeletal
muscle TnC or with a specific TnC mutant by bathing the fibre in relaxing solution
containing 1 mg/ml TnC for four intervals of ten seconds each (Moss et al., 1985). Thc
force-pCa relationships of these fibres were subsequently measured at the initial sarcomere
lengths and at longer sarcomere lengths. Criteria for the successful reconstitution of all

fibres was set at 75% recovery of the maximal force measured in control fibres.

Polyacrylamide Gel Electrophoresis

The removal and reconstitution protocols were confirmed both qualitatively and
quantitatively by examination of silver-stained SDS polyacrylamide gels (SDS-PAGE) of
fibre segments at various stages of the experimental protocol. Specifically, this was
performed by scanning silver-stained gels with a desktop scanner (HP model Scanjet IIC),
and then analyzing the optical density profile of the resultant image with computer
software (NIH Image version 1.57). By this method, individual bands oﬁ SDS gels were
represented as intensity peaks; the area under each peak was assumed to be proportional
to the quantity of protein in the respective band. Intensity profiles from 30 untreated fibre
segments showed that the area of the TnC band was 24.9 *+ 1.2% of the Tnl band area.
Thus, comparison of TnC:Tnl ratios after removal and reconstitution protocols provided a |
quantitativé indication of the percent change in the fibre’s TnC content (Moss, 1985).

Comparing absolute TnC protein load with the resultant band intensity produces a

biphasic relationship with a linear component in the physiological range of TnC content
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(Figure 8). From this calibration curve, it was determined that untreated.3-mm skinned
fibre segments contain approximately 21 ng of TnC (Yates and Greaser, 1983) which is in
agreement with previously published values (Moss, 1985). By these quantitative measures
of TnC content (i.e. TnC:Tnl .intensity ratios and TnC calibration), one can make absolute
conclusions about the amount of TnC in individual fibres at each stage of the experimental
protocol and, furthermore, one can correlate TnC content to force production.

To prevent protein degradation, fibre segments and TnC proteins were both
dissolved in a sample buffer (solution F, Table 4) (Reiser, personal communication). They
were subsequently stored at -20°C until time of use. Subsequently, electrophoretic
examination of these samples was performed on a minigel apparatus (BioRad model Mini-
PROTEAN II Cell) at an approximate current of 38 mA through the 4% stacking gel
(solution G, Table 4) and 48 mA through the 15% separating gel (solution H, Table 4)
(Laemmli, 1970). Composition and pH of the running buffer (solution I) (Rieser, persbnal
communication) is described iﬂ Table 4 After complete progression of the current
through the separating gel, the power source was disconnected and gels were chemically
fixed (solution J, Table 4) for three intervals of one hour each to inhibit diffusion of
protein bands.

Prior tb commencing the silver staining protocol, gels were first washed at room
temperature in ultrapure MilliQ distilled water for two 15-minute intervals and then re-

fixed in a 10% gluteraldehyde solution for approximately 15 hours at room temperature

(solution K, Table 5).
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Figure 8: TnC Calibration Curve

Experimentally-derived calibration curve for TnC utilizing silver-stained SDS
polyacrylamide gels. The non-linearity of silver stain was minimized by pretreatment of
gels with an aqueous 10% glutaraldehyde fixation (Guilian et al., 1983). The linear
portion of the curve represents the physiologicaly relevant concentration range for TnC.
It was determined by this relationship that skinned single fibre segments contained
approximately 7 ng of TnC per mm of fibre, assuming that TnC accounts for 0.156% of
total fibre weight (Yates and Greaser, 1983).
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This fixation technique has been shown.to normalize the non-linear staining properties of
silver (Guilian et al., 1983), thus allowing comparison of individual gel products. Protein
band visualization, in this study, utilized silver rather than Commassie Blue because of the
higher degree of sensitivity conferred by the silver staining technique. The silver staining
| method (Tsa_i and Frasch, 1982) was preceded by the washing of gels in ultrapure MilliQ
distilled water for three intervals of 15 minutes each. Gels were then immersed in a silver
solution (solution L, Table 5) for 10 minutes and re-washed in distilled water. Staining of
these gels (solution M, Table 5) (Tsai and Frasch, 1982) occurred rapidly and,
development was allowed to proceed only until the TnC band became visible. Gels were
then immediately transferred to a stop solution (solution N, Table 5) for ten minutes to
terminate the developing process and to prevent non-selective staining of the entire gel.
Gels were subsequently dried at room temperature between two sheets of taught

cellophane membrane backing (BioRad model 543 Gel Dryer) for 48 hours.

Statistical Analysis

For the purpose of this study, variance of results has been expressed as standard
error. These values are indicated as vertical bars on all graphical data where the nﬁmbcr
of experiments performed exceeds four.

All force-pCa responses were fit to the Hill Equation by a non-linear least squares

method.

F = Fmax/ 1 + 10 #%-?00
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Statistical comparisons of pK (the calcium concentration at which tension was half
maximal) and n (related to the slope of the curve) for each curve were carried out using a
two-tailed Student’s t-test with a 95% confidence limit. The results of these analyses are

reported on Tables, which summarize the data obtained under various experimental

conditions.




Table 3: OoBuomEc:. of Solutions for Fibre Preparation and Activation (in Eg

Relaxing Solution ~ Skinning Solution - Activating Solution Extraction Solution Extraction Solution

: I - II
Solution A Solution B Solution C* Solution D Solution E
KCl 100.00 100.00 - - -
MgCl, 9.00 9.00 - - -
Na,ATP 4.00 4.00 3.29 - -
MOPS 10.00 10.00 121.20 - : -
Na,EGTA 5.00 5.00 15.00 - -
Glycerol - 50% (v/v) - - -
Ca(Prop), - - 5.82 - -
Mg(Prop). - - 5.14 - -
KProp - - 5.57 - -
Na,CP - - 15.60 - -
KOH - - 59.00 - -
DTT - - 0.50 - -
Na,EDTA - - - 5.00 5.00
Imidazole - - - 20.00 20.00
TFP - - - - 1.00
pH 7.0 7.0 7.0 7.9 - 7.2
Temperature 4°C -20°C 15°C 15°C 15°C

* Concentrations indicated are for activating solution at pCa 9.0 and 200 mM ionic strength. The strength of this solution was
altered by changing the concentration of Ca(Prop), and appropriately adjusting the concentrations of the remaining reagents to
reflect a total ionic strength of 200 mM.




Table 4: Composition of Solutions for SDS Polyacrylamide Gel Electrophoresis* (in %)

Sample Buffer Stacking Gel Seperating Gel Running Buffer Fixation Solution
I
Solution F Solution G Solution H Solution 1 Solution J
Urea 48.000 - - - -
Thiourea 15.200 - - - -
DTT 1.156 - - - -
Trizma Base 0.604 1.430 5.676 0.300 -
SDS 3.000 0.106 0.131 0.100 -
Bromophenol 0.004 - - - -
Glycine - - - 1.440 -
Acrylamide - 3.867 14.525 - -
Bisacrylamide - 0.105 0.395 - -
APS - 0.149 0.047 - -
Temed - 0.199 0.062 - -
Ethanol - - - - 40.000
Acetic Acid - - - - 5.000
pH 7.0 - - 8.3 -
Temperature -20°C RT RT RT RT

* All solutions are expressed as a percentage weight per volume (w/v)




Table 5: Composition of Solutions for Silver Stained SDS Polyacrylamide Gel Electrophoresis* (in %)

Fixation Solution Silver Stain Developer Stop Solution
II
Solution K Solution L Solution M Solution N
NaOH : - 2.000 - -
NH,OH , - 0.400 - -
AgNO; - . - 0.700 - )
~ Aceticacid - : - - 7.000
Citric acid - - 5.000 -
Formaldehyde - - 0.100 -
Glutaraldehyde 10.000 - - -

* All solutions are expressed as a percentage weight per volume (w/v)

W
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RESULTS

Sarcomere Length-Dependent Properties of Skeletal Muscle

Figure 9 shows original tension recofds from a single fibre segment at three
sarcomere lengths. A force plateau for these fibres was measured between sarcomere
lengths of 2.4 and 2.5 um. Tension development was markedly reduced as fibres were
péssively shortened (2.0 pm) or lengthened (3.0 pm) to new sarcomere lengths.

The existence of a length-det)endent mechanism for calcium sensitivity was also
confirmed by comparing force-pCa relationships obtained from single fibres at short,
intermediate and long sarcomere lengths (Figure 10). The pK and n values for each of
these curves is shown in Table 6. The significant leftward shift in fhe pK of these fibres at
longer sarcomere lengths clearly supports a length-dependent increase in the calcium

sensitivity of the myofilaments.

Troponin C Regulation of Calcium Sensitivity

Figure 11a shows tension transients from a single muscle fibre at the plateau of the
tension-length curve before extraction of eﬁdogenous TnC, after partial extraction of
endogenous TnC, and after reconstitution of the fibre with I1130S. Activation of the fibre
after partial extraction of endogenous TnC was accompanied by a significant reduction in

maximal force production. Subsequent reconstitution of the fibre with TnC resulted in the

redevelopment of force to near control levels. Therefore, it may be inferred that




Figure 9: Effects of Sarcomere Length on the Force Development and Calcium
Sensitivity of Single Skinned Skeletal Muscle Fibre Segments

Original tension records obtained from a single skinned fibre segment at increasing calcium
concentrations and sarcomere 1engfhs. The force-pCa trace shown in A was acquired at a
sarcomere length of 2.0 pm, while Trace B was taken at 2.5 um and Trace C at 3.0 pm.

Note the change in both maximal force development and calcium sensitivity of the fibre

segment as sarcomere length increases.
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Figure 10: Effect of Increased Sarcomere Length on the Calcium Sensitivity of
Skinned Single Muscle Fibre Segments

A comparison of the force-pCa curves for untreated control fibres at three different
sarcomere lengths. Parameters of the Hill equation for each trace are given in Table 4.
Vertical bars indicate the standard error of each data point. A = 3.0 pum, 8 fibres; B =

2.5 pm, 11 fibres; ® = 2.0 pm, 6 fibres.
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Figure 1la: Effects of TnC Extraction and Reconstitution on the Force
Development and Calcium Sensitivity of Single Skinned Skeletal Muscle Fibre
Segments ’ |

Original tension records obtained from a single skinned fibre segment at increasing calcium
concentrations before extraction of endogenous TnC (Trace A), after partial extraction of
endogenous TnC (Trace B), and after reconstitution with an 1130S mutant of TnC (Trace
C). There is a marked reduction in both maximal force and calcium sensitivity of the fibre

after removal of endogenous TnC (Trace B) which is reversed upon the reintroduction of

1130S (Trace C), Note the change in time scale for the third trace.
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TnC is successfully reintegrated into the thin filament structure upon fibre reconstitution,
retaining both its conformation and subunit interactions.

Plotting the force-pCa relationships for each of the tension traces in Figure 11a,
clearly shows that partial extraction of endogenous TnC is also accompanied by a dramatic
decrease in the calcium sensitivity and cooperativity of the fibre (Figure 11b). These
parameters of contractile performance are restored, however, upon fibre reconstitution
(Table 6). Interestingly, changes in cooperativity that accom;iany partial removal of
endogenous TnC are likely to reflect modified interactions between the functional units of
the _thin filament. This behavior is also reversed upon fibre reconstitution, indicating a
high degree of fibre recovery after removal and reconstitution protocols.

| To assess the effects of non-selective binding of TnC to thin filament structures
during the reconstitution process, unextracted single fibres were treated with 1130S pre-
soaks of variable time lengtils, and subsequently the fibres’ force-calcium relationship was
analyzed (Figure 12). Suboptimal storage conditions have been shown to cause TnC
depletion in skinned fibre segments, thereby diminishing the calcium-sensitive response of
the fibre (Moss, 1992). This condition is manifested by an increased calcium sensitivity of
the fibre in response to TnC pre-soaks. The results indicate that there was no change in
calcium sensitivity of ihe contractile filaments imder these conditions (Table 6), suggesting

no interference of filamentous structures in the presence of excess TnC. Furthermore, this

result has been used to confirm minimal protein degradation within fibres prior to usage.




50

120

100

60 |

Figure 11b: Effects of TnC Extraction and Reconstitution on thé: Calcium
Sensitivity of Single Skinned Skeletal Muscle Fibre Segments

A comparison of the force-pCa curves of the fibre in Figure 9a before extraction of
endogenous TnC (®), after partial extraction of endogenous TnC (O) and after
reconstitution with I130S mutant of TnC (A). Parameters of the Hill equation for each

curve are given in Table 4.
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Figure 12: Effects of TnC Pre-soaks on the Calcium Sensitivity of Skinned Single
Muscle Fibre Segments

Force-pCa curves acquired from a single fibre at a sarcomere length of 2.4 um, before fibre
treatment (@), aftér 3x10 second pre-soaks in 1130S (0), after 4x10 seconds pre-soaks in
1130S (A) and after 8x10 second pre-soaks in 1130S (O). Parameters of the Hill equation

for each trace are given in Table 4.
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Effects of Extraction Medium on Contractile Performance

Figure 13 compares the force-pCa curves of untreated fibres with those of fibres
having been partially extracted of endogenous TnC in a TFP-free medium. These results
indicate a moderate but insignificant (P20.05) shift both in the values of pK and in n for
these fibres after reconstitution with native rabbit skeletal muscle TnC (Table 7. Thus;
one may conclude that this extraction technique has minimal effects on fibre performance,
restoring contractile parameters of treated fibres to near control values. Although this
extraction technique does not appear to be harmful to the fibre, its usefulness is limited by
its inability to fully extract TnC from fibre segments. Figure 14 compares the mechanical
and electrophoretic profiles of a single muscle fibre before and after partial éxtraction of
endogenous TnC. As indicated by the tension transient, this fibre exhibited a significant
reduction in force upon partial extraction of TnC. SDS-PAGE analysis of the same
segment,b however, revealed only a modest reduction in TnC content. Furthermore,
intensity profiles of the fibre, before and after partial TnC extraction, quantitatively
confirmed that force reduction is not directly proportional to decreases in the fibre’s TnC
content.

Therefore, in an attempt to more completely remove endogenous TnC from
individual fibre segments, a TFP-contaiﬁing éxtraction medium was utilized. Figure 15
compares the force-pCa curves of untreated fibres with those having been fully extracted
of endogénous TnC in a TFP-containing solution. The resultant traces indicate a

statistically insignificant shift both in pK and in n for these fibres after reconstitution in

native rabbit skeletal muscle TnC. In fact, the magnitude of this shift is identical to that
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Figure 13: Effect of Non-TFP Containing Extraction Medium on the Calcium
Sensitivity of Skinned Skeletal Muscle Fibre Segments

A comparison of the force-pCa curves from untreated fibres (‘) and fibres having been
partially extracted of endogenous TnC in a TFP-free medium and reconstituted with
native rabbit skeletal muscle TnC (O). Average TnC removed from these fibres as
measured by force was 56.2 t 3.3%, while reconstitution was 97.33 + 6.8% of Fmax.
Parameters of the Hill equation for each trace are given in Table 5. ® = 2.4 um, 6 fibres

and O = 2.4 pum, 6 fibres.
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Figure 14: Qualitative and Quantitative Analysis of TnC Content and Force
Production in Partially Extracted Single Fibre Segments

A) Original tension records obtained from a single skinned fibre segment showing maximal
fibre activation before and after the partial extraction of endogenous TnC. Fmax has
decreased by 50% after a 10-minute exposure to an EDTA-containing extraction solution.
B) Silver stained polyacrylamide gels of the same fibre segment, before (Lane 1) and after
(Lane 2) TnC extraction. Lane 3 contains native rabbit skeletal TnC only. C) Intensity
profile of Lane 1 in Panel B; the ratio of TnC:Tnl peak area is 0.29. D) Intensity profile

of Lane 2 in Panel B; the ratio of TnC:Tnl peak area is 0.27.
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Figure 15: Effect of TFP Extraction Medium on the Calcium Sensitivity of Single
Skinned Skeletal Muscle Fibre Segments

A comparison of the force-pCa curves in untreated fibres (®) and in fibres having been
fully extracted of endogenous TnC in a TFP-containing medium and reconstituted with
native rabbit skeletal muséle TnC (O). Average TnC removed from these fibres as
measured by force was 87.0 £ 1.8%, while reconstitution was 100.3 + 2.3% of Fmax.
Parameters of the Hill equation for each trace are given in Table 5. ® = 2.4 pm, 6 fibres

and O = 2.4 pm, 6 fibres.
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seen with fibres treated in a TFP-free medium (Table 7). The aforementioned mechanical
studies suggest that complete extraction of TnC by solutions containing high
concentrations of TFP causes neither significant damage nor alteration to the calcium-
sensitive components of the contractile machinery. Electrophoretic examination of fibre
segments before and aftér the extraction protocol confirmed a significant decrease in the
TnC content of fibres after treatment with TFP (Figure 16). Similarly, intensity profiles of
these gels provided quantitative evidence that this extraction technique results in a more

complete removal of TnC from fibre segments.

Effects of Troponin C Mutants on Length-Dependent Calcium Sensitivity

Figures 17a, 17b énd 17c show data obtained from single fibre segments after
partial extraction of endogenous TnC and a subsequent reconstitution with 1130S, 1130G
and 1130 mutants of TnC respectfvcly. A comparison of the change in pK values for each
set of curves (Table 8) indicates that increasing the sarcomere length of reconstituted
fibres altered their observed calcium sensitivity, though the magnitude of this shift was not
as great as that seen in untreated fibres (Table 3). The force-pCa relations of these
mutant-containing fibres suggests an intact ‘lenéh sensor’, facilitating an increase in
calcium sensitivity at long lengths of the sarcomere. To confirm the behavior of these
high-affinity mutants, the same experiment was performed on fibres reconstituted with
native rabbit skeletal muscle TnC. This experiment (Figure 17d) showed that native rabbit

skeletal muscle TnC behaves identically to the high affinity TnC mutants upon

reconstitution, exhibiting a shift both in pK and in n at long sarcomere lengths (Table
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Figure 16: Qualitative and Quantitative Analysis of TnC Content ‘and Force
Production in Fully Extracted Single Fibre Segments

A) Original tension records obtained from a single skinned fibre segment showing maximal
fibre activation, before and after the complete extraction of endogenous TnC. Fmax has
decreased by 95% after a 5-minute eXposure to a TFP-containing extraction medium. B)

Silver-stained polyacrylamide gel of the same fibre segment, before (Lane 1) and after

(Lane 2) TnC Extraction. Lane 3 contains native rabbit skeletal muscle TnC only. C)
Intensity profile of Lane 1 in Panel B; the ratio of TnC:Tnl peak area is 0.28. D) Intensity
profile of Lane 2 in Panel B; the ratio of TnC:Tnl peak area is 0.04.
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Figure 17a: Combined Effects of Partial Extraction of Endogenous TnC and
Reconstitution with 1130S on the Calcium Sensitivity of Single Skinned Skeletal

Muscle Fibres

A comparison of the force-pCa curves for fibres after partial removal of endogenous
TnC and reconstitution with a serine analog of TnC at short (O), intermediate ([1), and
long (A) sarcomere lengths. Average TnC removed from these fibres as measured by
force was 61.5 + 1. 6%, while reconstitution was 87. 8 + 2.5% of Fmax. Parametcrs of
the Hill equation for each trace are given in Table 5. O = 2.0 pm, 8 fibres; [J = 2.5 um,
16 fibres; A = 3.0 um, 12 fibres.
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Figure 17b: Combined Effects of Partial Extraction of Endogenous TnC and
Reconstitution with 1130G on the Calcium Sensitivity of Single Skinned Skeletal
Muscle Fibres

A comparison of the force-pCa curves for fibres after partial removal of endogenous
TnC and reconstitution with a glycine analog of TnC at short (O), and long (A)
sarcomere lengths. Average TnC removed from these fibres as measured by force was
61.7 £ 4.1%, while reconstitution wés 82.7 + 1.3% of Fmax. Parameters of the Hill

equation for each trace are given in Table 6. O = 2.4 um, 7 fibres; A = 3.0 um, 7 fibres.
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Figure 17c: Combined Effects of Partial Extraction of Endogenous TnC and
Reconstitution with 1130 on the Calcium Sensitivity of Single Skinned Skeletal

Muscle Fibres

A comparison of the force-pCa curves for fibres after partial removal of enddgenous
TnC and reconstitution with a recombinant isoleucine énalog of TnC at short (O), and
long (A) sarcomere lengths. Average TnC removed from these fibres as measured by
force was 64.5 + 4.5%, while reconstitution was 91. 0 + 2.3% of Fmax. Parameters of
the Hill equation for each trace are given in Table 5. O = 2.2 um, 4 fibres; A = 3.0 um,
4 fibres.



120

100

F/Fmax
=

40

-TFP/nTnC

pCa

Figure 17d: Combined Effect of Partial Extraction of Endogenous TnC and
Reconstitution with nTnC on the Calcium Sensitivity of Single Skinned Skeletal

Mouscle Fibres

A comparison of the force-pCa .cur.ves for fibres after partial removal of endogenous
TnC and reconstitution with native rabbit skeletal muscle TnC at short (O), and long
(A) sarcomere lengths. Average TnC removed from these fibres as measured by force
was 56.2 + 3.3%, while reconstitution was 97.3 + 6.8% of Fmax. Parameters of the
Hill equation for each trace are given in Table 6. O = 2.4 pm, 6 fibres; A = 3.0 um, 6
fibres.
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8). Figure 18 shows the average reduction and recovery of force for fibres treated in this
manner. The partial extraction technique resulted in an average force diminution of
approximately 61.0 + 1.4% (n=35), while recovery was 89.2 + 1.9% of Fmax (n=35).

To assess the contribution of residual endogenous TnC within these partially
extracted fibres, TFP was used to more completely remove TnC from fibre segments.
Subsequent gel analysis confirmed that the magnitude of force reduction in partially
extracted fibres does not correlate with TnC content. Therefore, to accurétely assess the
physiological implications of the current high-affinity TnC mutants, it was decided that full
extraction of endogenous TnC was necessary. This protocol ensured that measurements
of calcium sensitivity undertaken on fibres reconstituted with TnC mutants were not
diluted by the presence of residual endogenous TnC.

Figure 19 graphically represents the average reduction in force for fibres treated
with a TFP-containing extraction medium. Force decreased by 84.6 + 1.5% after TFP
treatment and recovered to 92.2 + 2.9% of the control value for Fmax (n=21). The high
force return of reconstituted fibres would suggest that TnC is able to successfully
reassociate itself into the thin filament structure with an orientation that preserves subunit
interactions. Figures 20a and 20b compare _the force-pCa relationships for fibres having
been fully extracted of endogenous TnC and reconstituted with 1130S and 1130G mutants
of TnC at short and long sarc;,omere lengths, respectively. The pafameters of the Hill
equation for these curves (Table 9) indicate a statistically significant shift in the values of

both pK and n at longer lengths of the sarcomere. These results confirm a length-

dependent increase in calcium sensitivity of the myofilaments that is consistent with fibre
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Figure 18: Effects of Partial TnC Extraction and Reconstitution on Maximal Force
Development in Single Skinned Skeletal Muscle Fibre Segments

Comparison of the average reduction in maximal force of fibre segments after partial

‘ extraction of endogenous TnC (solid bars), and recovery of force upon reconstitution with
either TnC mutants or native TnC (hatched bars). 1130S = 18 fibres; 1130G = 7 fibres; 1130
= 4 fibres; Native = 6 flbres; Combined = 35 fibres.
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Figure 19: Effects of Full TnC Extraction and Reconstitution on Maximal Force
Development in Single Skinned Skeletal Muscle Fibre Segments

Comparison of the average reduction in maximal force of fibre segments after extraction of
endogenous TnC in a TFP containing medium (solid bars), and recovery of force upon
reconstitution with either TnC mutants or native TnC (hatched bars). 1130S = 6 fibres;
1130G = 9 fibres; Native = 6 fibres; Combined = 21 fibres.
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Figure 20a: Combined Effects of TFP and the 1130S Mutant on the Calcium
Sensitivity of Single Skinned Skeletal Muscle Fibre Segments

A comparison of the force-pCa curves for fibres after full extraction of endogenous
TnC in a TFP-containing medium and reconstitution with a mutated serine-containing
analog of TnC at short (O), and long (A) sarcomere lengths. Average TnC removed
from these fibres as measured by force was 84.2 + 2.1%, while reconstitution was 96.2
+ 9.2% of Fmax. Parameters of the Hill equation for each trace are given in Table 7. O

= 2.4 um, 6 fibres; A = 3.0 pm, 6 fibres.
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Figure 20b: Combined Effects of TFP and the 1130G Mutant on the Calcium
Sensitivity of Single Skinned Skeletal Muscle Fibres

A comparison of the forcé-pCa curves for fibres after full extraction of endogenous
TnC in a TFP-containing medium and reconstitution with a mutated glycine-containing
analog of TnC at short (O), and long (A) sarcomere lengths. Average TnC removed
from these fibres as measured by force was 83.2 + 2.9%, while reconstitution was 84.6
t 2.1% of Fmax. Parameters of the Hill equation for each trace are given in Table 7. O

= 2.4 um, 9 fibres; A = 3.0 pm, 9 fibres.
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stretch. Performing this experimental series with native rabbit skeletal muscle TnC
produced similar results (Figure 20c), indicating a shift in calcium sensitivity of the
contractile machinery (Table 9).

SDS-PAGE has shown that TFP treatment of psoas muscle fibres results in a more
complete extraction of TnC. It is shown here that mutant reconstitution of these TnC-
depleted fibres occurs just as readily, with tension and fibre TnC content returning to near
control values. Figure 21 shows the tension trace and gel profiles of a TFP-extracted fibre
that has subsequently been reconstituted with a mutant TnC. Plotting the intensity proﬁleé
of the TnC bands, clearly shows that the TnC:Tnl ratios in both the control and
reconstituted stages retain a high degree of similarity. The recovery of both force and
TnC:Tnl ratios in reconstituted fibres suggests that the mutant TnC proteins are

stoichiometrically reassociating themselves with other thin filament structures in a manner

that preserves protein interactions.
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Figure 20c: Combined Effects of TFP and nTnC on the Calcium Sensitivity of
Single Skinned Skeletal Muscle Fibres

A comparison of the force-pCa curves for fibres after full extraction of endogenous TnC
in a TFP-containing medium and reconstitution with native rabbit skeletal muscle TnC at
short (O), and long (A) sarcomere lengths. Average TnC removed from these fibres as
measured by force was 87.0 + 1.8%, while reconstitution was 100.3 + 2.3% of Fmax.
Parameters of the Hill equation for each trace are gi{ren in Table 7. O = 2.4 pm, 6 fibres;

A = 3.0 um, 6 fibres.
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Figure 21: Qualitative and Quantitative Analysis of TnC Content and Force
Production in Reconstituted Single Fibre Segments

A) Original tension records obtained from a single skinned fibre segment showing maximal
fibre activation before extraction of endogenous TnC, and after reconstitution of the TnC-
depleted fibre by I1130G. Force recovers to 92% of Fmax after TFP extraction and I130G
reconstitution.. B) Silver stained polyacrylamide gels of the same fibre segment, before
extraction of TnC (Lane 1) and after reconstitution of fibre by an 1130G mutant of TnC
(Lane 2). Lane 3 contains native rabbit skeletal muscle TnC only. C) Intensity profile of
Lane 1 in Panel B; the ratio of TnC:Tnl peak area is 0.28. D) Intensity profile of Lane 2

in Panel B; the ratio of TnC:Tnl peak area is 0.29.




Force

Intensity

72

A. B.
TFP
1130 \
LC1 >
Tnl
TnC —>»
Ic2 —»
’ [
&Aﬁ S l\...,\.ﬂ
pCa4.8 pCa4.8
C. D I
= | . — =
) = Q
[ = Fis|
< ﬂ 3
&)
[
Q
=
@
[_‘ o
Q
|
o
Q
|
Control After Reconstitution




73

SOIQI} PAIOBIIXO DU, SAIBIPU] Xd

$OIQIJ PONIMIIISUOIAI SJBOIPU] LI

uonenby [[IF oY1 01 $9AINO 9FRI0AE JO )1 & WO Ale S1oN0eIq Ul San[eA

(50°0sd) 15911 5, uopni§ Sursn justmean o1qiy nodn 3d Jo OURIOHIP JUBOYIUSIS

69 €0°0 ¥6'S € SOETI 995 OTX8 uyg

€Sy €0°0 16°S € SOETI 99s OTXp uyg

v6°y 200 ¥6'S € SOETI 995 OTXE g
62°S 96'S € A

Sh'€ 92°0 %96°S I uyg

1S°€ 0£°0 «0L'S 1 SOETI/dAL- X0 '
00°S 009 1 v'T
r1°¢) 1€0FLEE 810 (bP1'9)  «STOFYT'Y 9 . 0€
azv) €TOTFSY P L6°9) $1°0796°S 14 suou ST
azy) €TOFSY'Y 91°0 (L6'S)  «¥1°0796°S 11 ST
HeLe) EV°0F0EY Hog's)  9T0%08'S 8 suou 0T

u Sdv >d SoIqI] _ (@)

Joquny  jusunesl] dIql]  (ISuo 9I19WodIes

S3IqL ] S[SNA SBOSJ NqqeY Ul sAIn)) e)d-3010 wioay uonenbyy [IIH Y3 Jo s1xWRIR] :9 QB




74

$OIqI} voBE:mnoooH $91eDIpUf 1

uonenba [[TH 971 0} S9AIMD 958I9AE JO )1J € WOIJ JIE S)9)RIq Ul soneA =+
(s0°05d) 1591 s Juspmyg Sursn Jusunean 21q1y uodn yd Jo SOURISHIP JUEDHIUSIS

(10°¢) Y2T'0TFOT'E $0°0 06°) ¥0°0768'S 9 upg
0z€) 1S'0F65°€ (s6°S) S0'0F€6'S 9 B A 0 v'T
Lo P8 0FLL'E ¥0°0 (z6°9) 80°0F68'S 9 upg
+Hov7) 76'078S°€ He6's) - 90°0F€6°S 9 d4l- ¥'T
u dy Sd SoIqL] | (@)

joloqunN  jusunedi] o1qiy  [PSuST SIoWOodles

DU, ISNIN [EINPYS HAGEY ADEN YIIM PIMNSU0IIY SIIGLY Seosd qqeA
U1 soAIn)) e)d-2dJ104 wo1y wonenby [[TH 23 JO SIojoWIRIEJ 34} UO WINIPIJA] UONOBIIXF JO SIOMH YL :L dlqel




75

SOIQIJ POMINIIISUODAT SIIBOIPU] 1
uonenbo [[I 941 03 s9AIND 95eISAE JO IIJ B WO JIE SI9¥ORIq Ul SAN[BA +
(0°0sd) 1591+ s,Juapmg Sursn syjSuo| a10mO0IES TUAIIHIP 18 3fd JO SoURISIP _Emou_ummw *

(00'€)  €8°1FS8Y  LIO (z09) +80°0+90°9 9 ugQg
Lo 76°078S°€ (z6°) 80°0F68°S 9 OULY/JAL- uyg
(s9'0) 91'0%S6'C $1°0 (z6°9) +S0'0FS6°S L uog
|TP) - 9T0F6L’E (s8°5) 20°0F18°S L O0ETI/dAL- g
(62°¢) 91°0F50°€ L10 (88°¢) +90'0788'S 12 . ouge
(8€'€)  LTOFITY w9 10°0FIL'S ¥ 0TI/ dAL- 17T
(29D YE0FET'E 10 (009) +20°0700'9 A uo¢
(62°¢) ¥T'0788'€ (16°6) 200788’ 91 SOETV/dAL uge
67°¢) yT' 0788’ ST°0 (16°s) +20°'0788'S 91 ugyg
Hps'€) 0€'0F6°E +HzL's) €0°0FEL'S 8 SOETI/ddlL- uQg
u jay 31d SOIqLY _ (wn) -

Joloqumy juounesll a1qr]  YISuo oIowodIes

SOIqL] JOSNJA SBOSJ JqqEY PAAMISU0INY-) U], pue pajpdenxg-A[enied ur
SAIND) e)d-3010] wios] wonenby [ITH 243 JO SISjOUWIRIRJ ) U0 YISUIT I2U00IBS JO SIPNH 4L, 8 JlqelL




76 .

$9IQIJ PANINIIISUOIDI SAIedIpU] 1
uonenbo [[I 9@ 01 $9AIND 95EISAR JO 11 & WOIJ SI€ S]oYORIq U SoN[BA
(50°0d) 15911 5, 1uopmg Sursn syIFus| S10WODIES JUSISIIIP . 3[d JO OURISPIP WEdIUSIS

(2672 12°0586°C S10 - (+09) +€0°0+v0'9 9 u0¢

(10°€) YZ0F0T°E | (06')  v00F68°S 9 OULY/ddL+ 14T

1Y) ero¥orz - 810, - (L6%S) +F0'07S6'S 6 Q¢
oD 0T0FSYT (8L°) 90°0FLL'S 6 DOETV/dAL+ nyT

- (g€ 9T'0FFET o (s6°¢) +€0°0786°S 9 , uog
L) 79°0F80°¢€ : : +HoL'S) ¥0'0F9L'S 9 SOETI/dAL+ upg
T 3V 3d SO1QLT ()

JolpqunN  juounesiy oIql]  JiSuo] oIowWodIeS

, SaIqL] S[SnIA SB0SJ qqEY PAMBSUCINY-DU], pue paoenxy-A[ng ul
saaIn)) e)d-22104 woiq uonenby [H 24} Jo S1a)UIEIRJ AN} UO FISUYT JIAUI0DIBS JO SPPIPH UL :6 dqBL




77

DISCUSSION

The data presented in this thesis confirms that altering sarcomere length has an
effect on the calcium sensitivity of force production in skeletal muscle fibres. These
observations show that the development of maximal force in single skinned rabbit psoas
fibre-segments follows closely from the predictions of the tension-length curve (Gordon et
al., 1966). Tension generation appeared maximal between sarcomere lengths of 2.4 pm
and 2.5 pm, but decreased significantly at both shorter (2.0 um) and longer (3.0 pum)
sarcomere lengths. This is likely due to repositioning of sarcomeres from the plateau of
the tension-length curve to positions on the ascending and descending limbs, respectively.
Thus, the degree of myofilament overlap in striated muscle fibres seems to play an
important role in regulating force development.

As well, this study has confirmed that TnC plays an important role in regulating the
absolute calcium sensitivity of skeletal muscle fibres. In conjunction with similar findings
for cardiac muscle (Moss et al., 1985; Babu et al., 1986), it has become increasingly
evident that the calcium-sensitive response of the myofilaments is mediated primarily by
TnC’s actions. Removal of endogenous TnC caused a dramatic shift in both the force
development and the calcium sensitivity of treated fibres. This behévior is likely to reflect
the inability of the thin filament to become ‘turned-on’ in the presence of vacant TnC sites
resulting in limited tension development.

This study has also substantiated an increase in the calcium sensitivity of force in

fibres at long sarcomere lengths and a decrease in sensitivity of these fibres at shorter
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sarcomere lengths. The mechanisms that facilitate and regulate this observed length-

dependent increase in calcium sensitivity of the myofilaments are addressed below.

Regulation of Calcium Sensitivity

It is well known that the calcium sensitivity of a muscle fibre is determined both by
the affinity with which calcium binds to TnC and by the magnitude of force a fibre
generates at a given calcium concentration. investigators have examined eaéh of these
mechanisms and have determined that calcium sensitivity may be altered by modulating
either of these pérarﬁeters (Fuchs, 1995). |

Increasing TnC’s affinity for calcium allows muscle fibres to elicit a contractile
response at much lower sarcoplasmic calcium concentratioﬁs; Regulation of the protein’s
calcium-affinity has been shown to occur either by direct substitution of the amino acid
residues within the protein’s ligand-bincliing‘sites (Putkey et al., 1989) or by destabilization
of the helices associated with each of the binding-loops (Shaw et al, 1991; Trigo-
Gonzalez et al., 1993). The results éresented in this study suggest that destabilization of
the high-affinity binding sites of TnC by site-directed mutagenesis does not result in a
concomitant decrease in the calcium sensitivity of the myofilaments. Whereas the current
mutant proteins are known to display significantly depressed binding-affinities for calcium
in solution (Trigo-Gonzales et al., 1993), the effects of such behavior were not detectable
in the present study within reconstituted fibres. The results of the current study would

indicate that changing the calcium-affinity of sites III and IV in chicken skeletal muscle

TnC does not have a measurable effect on the calcium sensitivity of reconstituted fibres.
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One may speculate that the calcium-binding affinity of the mutant proteiﬁs was not
depressed to the extent that it would cause thin filament destabilization in reconstituted
fibres. Alternatively, a compensatory mechanism may exist within striated muscle tissue to
overcome the deleterious effects associated with introduction of such mutants into the
muscle fibre. Interestingly, an analogous mutation in the N-terminal domain of the TnC
protein has been putatively shown in solution to cause a large decrease in the cooperative-
binding of calcium at sites I and II (LeBlanc and Borgford, 1995). Further studies similar
to the present one are suggested for this novel class of mutant proteins to facilitate further
correlation of TnC behavior in solution with the effects of TnC in reconstituted fibres.
Whereas, changing the binding affinity of the current mutant TnC proteins did not
appear to cause a corresponding change in muscle fibre performance, it has been shown by
other investigators that TnC’s affinity for calcium primarily determines the calcium-
sensitive response of the myofilaments (Fuchs, 1995). Moreover, cardiéc muscle TnC
displays a higher binding-affinity for calcium than does skeletal muscle TnC (Putkey et al.,
1989). This difference between the two protein isoforms may explain the increased
calcium sensitivity of the contractile appératus in cardiac muscle as compared to that in
skeletal muscle. Mutating cTnC proteins to possess an active calcium-binding site I, has
been shown to result in a marked difference in the calcium sensitivity of reconstituted
cardiac myocytes (Gulati ét al., 1990). As sucﬁ, the force-pCa relationships of single

cardiac muscle fibres reconstituted with this class of TnC mutant is depressed at all

sarcomere lengths (Gulati et al., 1990). This suggests that the differential ion-affinities of
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the two TnC isoforms may account for the previously observed differences in contractile
parameters between skeletal and cardiac muscle.

Most important for this study, TnC affinity has also been shown to possess a
strong dependence on muscle fibre length (Kentish ez al., 1988). Rapidly changing fibre
length during activation has been shown t(; generate local calcium fluxes ih the region of
the myofilaments (Allen and Kentish, 1988; Gordon and Ridgeway, 1993). This
observation has been interpreted to reflect transient changes in the calcium-affinity of TnC
at different lengths of the sarcomere. These changes in the protein’s cation-binding
capacity may, then, represent a component of the mechanism by which length-dependent
calcium sensitivity of striated muscle fibres is regulated. However, a number of other
mechanisms may also be directly involved.

In cardiac muscle, for example, bound myosin cross-bridges play a fundamental
role in the modulation of calcium sensitivity by altering the observed calcium-binding
affinity of TnC (Hibberd and Jewel, 1982; Hofman and Fuchs, 1987; Fuchs and Wang,
1991). Investigatérs have ﬁad a particular interest in determining whether this effect on
calcium sensitivity is either a direct result of muscle fibre length or, rather, a function of
the total force produced by the muséle fibre (Bremel and Weber, 1972; Ailen and Kentish,
1988). Bremel and Weber (1972) showed that the development of rigor myosin cross-
bridges in the presence of low MgATP caused a calcium-independent activation of thin
filaments which resulted in ATP hydrolysis and an increased calcium affinity of troponin

complexes. Initial myosin cross-bridge binding promoted the development of more

tension-generating interactions and cooperatively enhanced the level of thin-filament
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activation. In another study, Allen and Kentish (1988) measured calcium flux from the
region of the myofilaments under conditions were length and force were regulated
independently. Their findings also support a model for calcium sensitivity which is highly
dependent on force production rather than on muscle fibre length. Taken together, these
results suggest that both the binding-affinity of TnC and the sensitivity of the muscle fibre
to calcium are dynamic properties of the muscle fibre which change constantly to reflect
its force-producing state.

This has been confirmed by analysis of cTnC’s calcium-affinity at different
orientations of the myosin head (Guth and Potter, 1987; Sacki et al., 1993). Different
conformations of S1 are thought to reflect different force-producing states of the muscle
fibre. As such, TnC affinity changes markedly as myosin cross-bridges move from
conditions of relaxation, to those of actively cycling and to those of rigor. Furthermore,
these changes 11{ TnC affinity that accompany tension development appear to be caused by
altered conformational statésv of the protein (Hannon et al., 1992). Fluorescence studies

have clearly shown a more compact conformation of TnC during rigor activation witﬁ a
measured decrease in circular dichroism both during the myosin cross-bﬁdge cycle and
during periods of relaxation (Hannon et al., 1992).

From these results, further experiments are warranted on the high-affinity TnC
mutants which are designed to measure both instantaneous stiffness and maximum velocity
of unloaded shortening (Vmak) in reconstituted muscle fibres. Clearly, bound myosin

cross-bridges have an important regulatory role in determining TnC conformation and

affinity. Bremel and Weber (1972) have shown that the cooperativity of thin filament
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activation is highly dependent on the extent and magnitude of tension-generating
interactions between the myofilaments. Thus, examination of cross-bridge dynamics in
reconstituted muscle fibres may elucidate the role of the high-affinity binding sites of TnC
in calcium-sensitive contractile processes. Both pH and low ionic-strength conditions
have béen shown to cause conformational changes in the TnC protein which correspond to
an increase in helicity (Strang and Potter, 1992). This change in the protein’s secondary
structure has been reported to be similar to the conformational changes that TnC
undergoes during muscle fibre activation. Therefore, utilization of thé current TnC
mutants is suggested under low ionic-strength conditions to examine the changes in TnC
conformation that accompany force production. Conditions of low ionic strength and pH
have been shown to increase the calcium-sensitive response of the myofilaments (Martyn
and Gordon, 1988). Therefore, utilization of TnC mutants under these experimental
conditions should provide direct evidence for a relationship between TnC affinity and the
calcium sensitivity of the fibre.

“Another important mechanism by which a fibre can regulate its calcium sensitivity
is to increase the magnitude of force it develops at a given sarcoplasmic calcium
concentration (Fuchs, 1995). The present study has shown that the partial extractioﬁ of
endogenous TnC is accompanied by a significant reduction in the calcium sensitivity of the
contractile myofilaments. This suggests that the thin filament is unable to become
activated in the presence of vacant TnC sites, even under conditions of high intracellular

calcium. The net effect is a significant decrease in the fibre’s force-generating capacity

and, subsequently, in the measured calcium sensitivity. Other investigators, however, have
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examined mechanisms to increase force development and to promote a leftward shift in the
force-pCa relationship for treated muscle fibres to reflect an increased calcium sensitivity
of the myofilaments (Allen and Moss, 1987, Martyn and Gordon, 1988; Metzger and
Moss, 1988). This has been achieved either through compression of the myofilament
lattice or by lowering the ionic strength of the activation medium. In both cases, myosin
cross-bridge formation was enﬁanced, resulting in a higher maximal force production per
calcium cation and in a resultant increase in the muscle fibre’s calcium sensitivity.

- Interestingly, the changes in ¢TnC affinity that accompany force production in‘
cardiac muscle cells have not been shown to occur in skeletal muscle fibres (Wang and
Fuchs, 1994). Therefore, cardiac myocytes may display a higher degree of thin filament
cooperativity by virtue of the modified structure of their troponin complex. Although
both TnC isoforms exhibit.a large degree of homology (Van Eyck et al., 1991), the region
of their binding interface with the other members of the troponin complex has been shown
to possess considerable divergence between the two kinds of striated muscle fibres (Van
Eyck et al., 1991). It would appear thaf coordination of troponin subunits plays an
important role in regulating force development, calcium sensitivity and thin filament
cooperativity. For example, the efficiency by which Tnl disinhibits the F-actin polymer,
under conditions of muscle fibre activation, directly impinges upon maximal force
generation and calcium sensitivity (Zot and Potter, 1987). Thus, the inappropriate
coordination of TnC and Tnl appears to result both in altered protein interactions and in a

less effective activation of the thin filament. This has been demonstrated in experiments

where endogenous cTnC was exchanged for sTnC resulting in a severe depression of both




force and calcium sensitivity in reconstituted muscle fibres (Gulati et al, 1990).

Alternatively, mutation of the naturally occurring TnC isoform to mimic sTnC did not
X

appear to have as great an effect:)n these parameters as replacement of this protein for its

skeletal muscle isoform (Gulati et al., 1990; Putkey et al., 1991). This was most likely

- due to undisturbed interactions with the remainder of the native troponin complex.

The high-affinity TnC mutants utilized in this study did not appear to significantly
affect TnC-Tnl interactions, despite their attenuated conformations. Investigators have
hypothesized that the integrity of TnC-Tnl interactions in this region of the protein are
paramount to successful transduction of the calcium signal from TnC to the contractile
myofilaments (Van Eyck et al., 1991; Ngai et al., 1994). However, it is becoming
increasingly apparent that the conformational change which occurs in the TnC protein
upon ligand binding to the low-affinity sites may be associated with the formation of a
joint binding site between the two domains of TnC for the inhibitory peptide of Tnl
(Swenson and Fredrickseﬁ, 1992). Thus, release of TnI’s inhibition of actin may reflect a
cooperative interaction between the high-affinity and low-affinity domains of TnC which is
only possible when TnC becomes activated. In light of this hypothesis, one may interpret
the results of the current study to suggest that attenuation of the high-affinity domain of
TnC does not significantly modify the nature of the Tnlp binding site generated by the

interaction of the protein’s carboxy; and amino-terminal domains. As such, the

effectiveness of thin filament activation is not diminished, resulting both in sustained force

production and in calcium sensitivity of reconstituted fibres.
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The tension- and length-dependent increase both in calcium-affinity and in
sensitivity of striated muscle fibres has been examined by others in determining the effects
of lattice spacing on contractile performance. Decreasing the lattice spacing to mimic long
sarcomere lengths has been shown by some investigators to result both in increased force
development and increased calcium sensitivity (Allen and Moss, 1987; Martyn and
Gordon, 1988; Metzger and Moss, 1988). The mechanism of this response is thought to
reflect a heightened probability of force-generating attachments between thick and thin
myofilaments which accompany reduced interfilament distances (Martyn and Gordon,
1988). As a result, the same degree of thin filament activation in qompressed muscle fibre
segments results in more bound cross-bridges and more force development.

On the other hand, this mechanism does not explain the increased calcium
sensitivity of the mydﬁlaments which has been reported to occur in response to stretch
(Bressler et al., 1994). At long .sarcomere lengths, myofilament overlap was minimized
causing a net decrease in force production. However, at these long sarcomere lengths an
increase in the calcium sensitivg response of the myofilaments was still observed. Thus, it
is hypothesized here, that while tension generating cross-bridges are reduced during
periods of fibre stretch, the proportion of these bridges that are available for force
production (i.e. bound to the thin myoﬁlament) are greater than at resting sarcomere
lengths due to a decrease in the interﬁlarhent lattice spacing. Indeed, the proportion of
myosin cross-bridges bound to the thin filament regulates the calcium affinity of TnC and

the calcium sensitivity of the muscle fibre (Bremel and Weber, 1972). Thus, sarcomere

length governs the total number of myosin cross-bridges that may form, while the Ca*-




affinity of troponin is determined by the formation of tension-generating interactions
(Kentish et al., 1988). |

To confirm this» assumption that myosin cross-bridge binding is enhanced under
conditions of decreased lattice spacing, the following experimental protocol is suggested |
to elucidate myosin cross-bridge attachment at different sarcomere lengths. The rigor
stiffness of single muscle fibres is an accurate measure of the total number of cross-bridges
available for force production, whereas active stiffness measures the proportion of those
cross-bridges that are actually involved in force-generating events (Huxley and Simmons,
1971; Bressler and Clinch, 1974). Thus, determining the ratio of active stiffness to passive
stiffness at different lengths of the sarcomere should reflect the number of cross-bridges
bound to the thin filament at any given time. It is predicted that the results of the
suggested study would confirm a ratio of active to rigor stiﬂhesé at long lengths of the
sarcomere that approximates 1, while this ratio would decrease proportionally with
reduced sarcomere lengths.

Accordingly, a hypothesis is presented here for calcium sensitivity in striated
muscle which is firmly dependent on force-producing interactions between thick and thin
myofilaments. It is suggested that tension development is transduced through the myosin
cross-bridge to thin filament strlictures, resulting in an increased calcium-affinity of TnC
and, subsequently, in an increased calcium sensitivity of the muscle fibre. As muscle fibres
are stretched to long sarcomere lengths, the myofilament-lattice spacing may decrease in a

manner that promotes the development of force-generating interactions between thick and

thin myofilaments. The formation of these tension-generating cross-bridges would then
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potentiate the already heightened affinity of TnC for calcium at long lengths of the
safcomere. Moreover, with increased forcé development there is a proportional increase
in TnC affinity for calcium, resulting both in heightened thin filament activation and in
elevated force-generation per calcium cation. Thus, this system may be envisioned to
possess a high degree of positive feedback and cooperativity between myofilaments.

It would appear that the length-dependent calcium sensitivity of striated muscle
fibres is highly regulated by a number of different mechanisms. The calcium binding-
affinity of TnC (Allen and Kentish, 1988), the myofilament lattice spacing (Hofmann and
Fuchs, 1‘988) and the formation of force producing cross-bridges (Fuchs and Wang, 1991;
Wang and Fuchs, 1994) are all parameteré of the muscle fibre that change significantly at
different lengths of the sarcomere. Indeed, the regulation of calcium sensitivity in striated
muscle fibres is not exclusively dependent upon any one of these parameters, but rather,

on an interaction between all of them (Fuchs, 1995)

Analysis of TnC Extraction Techniques

The data presented in this study provides evidence that there is no significant
change in the calcium sensitivity of myofilaments in response to TnC extraction and
subsequent reconstitution with native TnC. Furthermore, the data also shows that the
method of endogenous TnC extraction is not a significant determinant of the muscle
fibre’s subsequent performance.

Partial extraction techniques have been reported by some workers to minimize

experimentally-induced trauma to the muscle fibre (Moss, 1992). Ensuring the absence of




potentially toxic reagents, such as TFP, from the extraction medium has been thought to
preserve the calcium sensitivity and cooperativity of treated muscle fibres after TnC
reconstitution (Moss et al., 1991). However, a problem with this protocol is the presence
of endogenous TnC within extracted muscle fibres (Moss et al., 1986). As a result, these
investigators were unable to determine whether TnC was extracted from ‘trigger-binding
sites’ or whether it was removed preferentially from regions of the thin myofilament which
were not involved in myofilament overlap. The significance of this scenario is that TnC
may not have been extracted from regions of the thin myofilament which had been
involved in calcium-regulatory processes under isometric conditions. Furthermore, both
TnC content and force production do not appear to follow a linear relationship in skeletal
muscle fibres (Moss et al., 1986). As such, while partial extraction techniques result in
force reduction which is approximately half maximal, the TnC content of muscle fibres
under these conditions remains high. This is supported by the results of the present study
which shows that a 50% reduction in force may be correlated with an 8-10% decrease in a
muscle ﬁbre’é TnC content as measured by TnC:Tnl ratios on silver-stained
polyacrylamide gels. Therefore, the observed effect of any mutant TnC protein which is
subsequently reconstituted into a muscle fibre is likely to be diluted by the presence of
large amounts of endogenous TnC. Furthermore, there is no indication that this TnC
reassociates with regions of the thin myoﬁlamént which are participating in muscle

contraction under isometric conditions. From these observations, one suggests caution in

analyzing results obtained from experiments using this partial extraction technique.
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The effectiveness of complete extraction techniques has been questioned because

TFP may present harmful side effects to the muscle fibre, diminishing its calcium-sensitive
response upon reconstitution (Moss et al., 1991). The drug TFP is a phenothiazine
tranquilizer which functions physiologically as a calmodulin antagonist (Massom et al.,
1990). Due to the high sequence homology between TnC and calmodulin, TFP may also
bind to TnC by the displacement of divalent cations. The net effect is the dislodging of
TnC from the thin filaments by a non-specific detergent mechanism (Massom et al., 1990).
This study has clearly shown that calcium sensitivity is restored both after complete
extraction 6f TnC and subsequent fibre reconstitution. It has further been Shown that the
fibre retains its length-dependent calcium sensitivity upon reconstitution with native rabbit
skeletal muscle TnC. The shift in calcium sensitivity of the fibre at long sarcomere lengths
appears to resemble that observed in an unextracted control muscle fibre. Moreover, the
results from electrophoresis show that the reduction in force ensuing after full extraction
of TnC is nearly proportional to the decrease in the muscle fibre’s TnC content. They also
demonstrate that this effect is completely reversible upon reconstitution of the muscle
fibre. Therefore, TFP does not inactivate thin myofilament binding sites for TnC after
protein extraction. Furthermore, fibre deterioration was not shown to accelerate after
treatment with TFP. Thus, the integrity of the experimental protocol was not minimized
by this extraction technique. Interestingly, at very low concentrations, TFP has been

shown to increase TnC’s affinity for Ca®* and to increase the sensitivity of the

myofilaments during contraction (Kurebayashi and Ogawa, 1988).
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The results presented in this tﬁesis support the utilization of TFP as an effective
means to extract endogenéus TnC, without corﬁpromising the contractile properties of
experimentally manipulated muscle fibres. This method of TnC extraction will be a
necessary component of further studies dcsigned to address the effects of mutant TnC
proteins on contractile parameters. Full extraction of endogenous TnC from striated

muscle fibres is the only mechanism by which the contribution of reconstituted proteins

can be truly assessed with a high degree of confidence.
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APPENDIX 1
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Figure 3a: Effects of Osmotic Compression on the Calcium Sensitivity of Single
Skinned Skeletal Muscle Fibre Segments

A comparison of the force-pCa curves for skinned single fibre segments before (®) and

after (O) treatment with 5% Dextran T-500. Parameters of the Hill equation for each

trace are given in Table 8. ® = 2.2 um, 29 fibres; O = 2.2 um, 29 fibres.
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Figure 3b: Combined Effects of Osmotic Compression and Sarcomere Length on
the Calcium Sensitivity of Single Skinned Skeletal Muscle Fibre Segments

A comparison of the force-pCa curves for skinned single fibre segments treated with

11.8% Dextran T-70at short (®) and long (O) sarcomere lengths. Parameters of the Hill

equation for each trace are given in Table 8. ® = 2.4 um, 8 fibres; O = 3.2 pm, 6 fibres.
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APPENDIX 1T
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Figure 4a: Effects of Low Ionic Strength Activating Solution on the Calcium
Sensitivity of Single Skinned Skeletal Muscle Fibre Segments

A comparison of the Force-pCa curves for skinned single fibre segments at 200 mM
ionic strength (®) at 150 mM ionic strength (A) and at 125 mM ioinc strength ().
Parameters of the Hill equation for each trace are given in Table 9. ® = 2.2 um, 19

fibres; A = 2.2 pm, 19 fibres; B = 2.2 p.m, 19 fibres.
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Figure 4b: Combined Effects of Low Ionic Strength Activating Solution and
Sarcomere Length on the Calcium Sensitivity of Single Skinned Skeletal Muscle
Fibre Segments

A comparison of the force-pCa curves for skinned single fibre segments at 200 mM ionic
strength and short sarcomere length (@), at 125 mM ionic strength and short sarcomere
length (O), at 200 mM ioinc strength and long sarcomere length(®) and at 125 mM
ionic strength and long sarcomere length (0J). Parameters of the Hill equation for each
trace are given in Table 9. ® = 2.2 um, 10 fibres; O = 3.2 um, 6 fibres; @ = 2.2 pm, 10
fibres; [J = 3.2 um, 6 fibres.
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