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CARSTRACT

Diabetes is characterized by depressed cardiac tunctional proparties

attributed to altered Mg+2 control resulting in a lowered

Ca+2Mg+2 myofibril ATPase activity of cardias tissue, Thus,
B

the purpose of this study was to observe if the ccli far changes

associated with diabetes can be améliorated witﬁ traini; Niabates

3

was induced with a single [.V. injection of streptoze ocin (60 mg/ky).
Blood and ur?ﬁe glucose concentrations were'802‘:_44 and §’9654i 617
myg/dl respectivelyi The training controif(TC) znd training'digbetic
(TD) animals were made to swim (#¥3% body weight) 4 days/week for 8
weeks., Cardiac myofibril ATPase at 10 uM free Ca*? and increasing
Mg*z, concentrations were \}educed by 45,. 45, and 56% in the
sedentary diabetics (SD) compared to sedentary control animal§ (sC)
(p<0.05). Swim 'traininé enhanced .the ATPase activities at all
MQ*Z levels ‘for TC while the myofibril ATPase activ%ty at all‘
Mg+2 concentrations was ndt altered in the TD group. The Mg+2
stimulated myofibril ATPase agtivityh was similarly reduced in
diabeti;s Cat all Mg+2 concentrafio%s (p<0.05). Increasing
Mg*z concentrations (0.04-10.0 mM) resulted in an elevated ATPase
activity for SC and depressed ATPase activity in TD animals and had no
effect on the cardiac myofibril ATPase activit; for T or SD. }he
resultg suggest :hat the dépressed myofibril ATPase activify of
diabetic hearts is \i_:>unction of Mg*2 regulation, and  that

swimming does not alleviate this depression.
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INTRODUCTION

The greater incidence of myocardial infarction in controlled diabetes
mellitus has traditiona]}y' een considered to be due to an ehhadCed degree
*of, qthérosclerotic plaqu"':ormatibn in the coronary arteries (Kessler, .
1971; Braunwald, 1980). However the~'result§ of recent investigatidnsc
suggest that a primary hyo;ardial,defe;t may be involved parfjéqlar]y,jh
light of the observation that gardiac dysfunction and failure may occur in
the absence of significant aﬁheroscierosis (Vihert et al, 1969; Ledt, 196%;
Ledt, 1976; Regan et al, 1974; Regan;et al,u1977). ‘Epidimologicalo(Kannel,
"978), clinfcal (kegan et.al, 1§77; Ahmed et él, 1975; Rubler, 1976) and
pathological (Hamby et al, ‘1974) ‘studies suggest the existence of a
diabetic cardiomyoﬁathy' independen£4 of atherosclerosis, cofﬁnary artefy

. ) . 1v
disease, hypertension, or valvular disease.

" The cardiomyopathy of .diabetic patients without occlusive lesions
reSufts in a reduced stroke “volume and increased endiastolic pressure,
coﬁcomitant with an increased stiffness of the ventricular walls (Regan et
e, 1974; Regan ét al, 1977). ~ With streptozotocin induced diabetes a
prolongation .of %sometric relaxation time, a dec;ease in the‘negative'rate
of venfriCUlar pressure change (dp/dt), aﬁd a delay‘ in réaching peak‘
isometric and isotonic relaxation rates have also been observed.(Strobek et
al, 1979; Fein et al, 198Q; Penparkgul etNal, 1980b; [nge]bretécn et al,
1980). | |

Since theré is a positive relationship between myosin ATPase‘aétivity
-and the velocfty of vertricular ‘muscle contraction, these physiological
alterations may be related-to biochemic2l iodices of contractibn (Hamrel}

@

and Low, 1978). Biochemical evidénce indicates that cardiac tissue from

-



. . 9

diabetic_anima]s. show depressed myosin, actomyosin, and myofibril ATPase
activity (Malhotra et al, 1981- Dillman, 1980; Pang and Weglicki, 1980;
Pi‘erce and Dhalla, 1981) but whether this depressed ATPase actw1ty is due
to‘ an a]teration_ in the structural and or regulatory factors associated

with the AT‘P'aée activity‘is speculative. ' ’ a
Since thedependency of cardiac myofibril 'ATPase activ<1;ty on free
Ca*z.»levels is not altered with diabetes (Pierce and Dhalla, 1981) a
possible ‘explanation for t.he depressed ATPase ‘activity may be Mg+2
control of the m_yofibri_] protein system. Atrthe céllular level, muscle
contraccion “is initiated. by Ca*’.2 binding to the ‘low affinity ((t.ta+2
specific) biﬁding site of Troponin 6 (Tn-C) ThrOUQh.interaction with the
other regulatory prote1ns th1s Cat2 b1nd1ng results in a change in the
structure o. the actln tropomyos1n cqnta1n1ng th1n filament that allows
actin my051n interaction to take place (Mannherz and Goody, 1976). The
degree of actin myosln interaction is often measured by.the‘act1v1ty ofvthe
dyofibril ATPase enzyme which catalyzes che hydrolySis of ATP allowing the
actin filament.to‘slide over the myosin filament (Huxley, 1972).»>Sé9era1
‘studies (Kerrick and ﬁcﬁildson, 1975; Solaro and Shiner, 1975) hqve’shown
\that as fche free My*z coﬁcencration is increased the Ca*2
concentratfon reqqzred tq: activate tension development or myoflbrlllar

'ATPase is 1ncreas & Cardlachn-C contains three brnd1ng 51tes,.twovwh1chg

e | K
' f§k1ty for Ca*2 (K 5x10% Ml)- and also bind

S c@etnwely (kg Sx104 w1y termed the .
g

Cafz-ﬂg+2 si§g§ and one’ regulatory ‘site with ‘a Tlow affinity for
’q;‘ 53+2, called ca*2 specifi: sites " (Kca 5x105 1) Because

Hg+2 does not- bind* dlrectly to the low aff1n1ty Ca+2 spec1f1c sites

even at high concentrattons, 1t has been determrned that increased Hg*z .
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concentrations may affect the affinity of the Ca*? sites for Ca*2

rather than a direct competition between the two ions (Potter et al, 19817},
Since ‘electron micrographs d} myofibrils ffom diebetig hearts revealled
that there is less thin filament material (Glacomelll ~and Weiner, J1979), it
is qf interest to observe whether the changes i- the contractile propertles
‘of the diabeti heart are telated to a‘chahge in the biochemical indices of
cardiac muscle cqntrac.ion\ namely Mg+2 . reguletion of"the:'myofibril
protejn eomplex. ) |
Myofibril ‘ATPase ac.tivity is"’adaptpble!to.demands placed upon the
heart. For example,' cardiac myofibril (Baldwin et al, 1977; Rupp, 1980;
H‘eal'ne end Gollnick, 1961), myosin '('Bhan and Scheeer, 1975, Penparkgul et
al‘,»' 1986a; Medugoracb, 1975; Wilkerson and -Evenuk,_ 1971), and actomyosin
(Guisti et al, 1978; Penparkgul et al, 1980a; Bhan and Scheuer,. 1972;
Malhotra et al, 1976) ATPase ‘activity have been enhanced mth tramlng
programs. These biochemical- changes are associated with physiological
tmprovements in ventrlcular function as measured by increases in cardiac
output -(Penpargkul .and Scheuer 1970),, Vmax (Bhan and Scheuer, 1972), and
'Mmax'dp/dt (Schenble and Scheuer, 1979), negative dp/dt (Bersohn and
Scheuer, 1977), and tension output (T1bb1ts et al, 1978)
lf:he cellular adaptation of - cardlac ‘muscle to - exercise seems to be
related to the type and amount of exercise performed. Both moderate ~and '
mtlense swim programs lead to SIgmﬁcant (17-56%) increases iin ATPase
actwny while only .the very mtTense bouts of treadlmill exercise “::.how
very mjmm_al increases in the ;ardiac ATPase activity (Baldwin et al, 1977;
Resink et al, 1981; Penpargkul et al, 1980a), indicating that distinct
d1fferences may be apparent concerning.the stress that runmng and swimning ~

‘

« place on the heart

{\‘\
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Since the cardiac myofibril ATPasé activit} 1S avapldble to démanh%
plach‘oh the heart, the purpose 6f this investithién was tu determine if
the cardiomjbpathy opserved in chemically induced diabetes associated wjth
dépre#sed ATPase activity can be ameliorqteq with physical training, and to
observe’ the effects of Hg*z on the aétivation of ca*? and ‘Mg*zi'*
dependent myofibrii ATPase activity from the hearts of diabetic and swim

trained animals.



ME THODOL 0GY
Animal Care

A total of thirty four. male Wistar rats (200g) were obtained from
Hoo‘dlyn Fanné Ltd., Guelph Ontario. The animals were housed in individual ,
_ o ‘ )
cages and fed a diet of Purina Laboratory Chow and water ad libitum. They
were subjected to a controlled environment (temperature 201" 1° C; humidity
35+ 3%) and maintained on a reverse day night cyc'le of twelve hours with
the dark period lasting from 8 a.m. to 8 p.m. All training and laboratory

[

activity took place during this time.

Experimental Design

The animals were rand_,omlfy assigned to orv\e of fiye groups; segentary'
control (SC), sedentary' ‘diabetic '(SD‘),- training control (TC), diabetic
trainigg (DT), and a fourtee;m day diabetic contr&l group. The training ‘
pr:)\gram for the exetcise groups consisted of a pr""/ogressive ‘swim program
four days pei‘- week, in water maintained-at a temperature of 33+ 1°C. To
increase the intensity of the training session, 1ead_'weights_ equal to three
pédrcent of their body weight were attached to their tails. The animals
were F-amiliarized with the program for fifteen and twenty mi‘nu_tes on day
one and day two respgctively with the swim time progressively increased to
; va final swim time of ninety minutes by the eighth and final week (Tabl‘ev
I). e é . | _: .

Diabetes was induced by stfeptozotocin {60 mg/kg) p*épared .in— a
citrate‘buffer (ph 4.5) injected intravenously into the penal vei; of ether
C anésth;sized fasted rats. The control animals wer(f'e injected wiih an equal
volume of citrate buffer. Diabetes was assessed one, four, and eight weeks

.following the injection by collecting 5 ul of blood from the tail vein

into a heparinized capillary tube and performing pla‘sm'a glucose

¢

. - -5 . o /



determninations in duplicate on the YSI Gluéose Analyser. In additon, urine
gfucose values were obtained at four and eight week intervals. Dilution
:factors (distilled water)>for the piasma and urine glucose determinations
were 6 and 21 time; the volume 6f blood utilized (1.0 ul). Criteria for

diabetes was a glucose concentration above 450 mg%.

Tissue Sampling
. -

Forty eight hours following the final training session the animals
were sacrificed by decapitatiom) exsanguinated and the cardiac muscle ex-
cised (Belcastro et. al, 1983). Oﬁce removed, the heart was rinsed in cold
saline, both ventricles were dissected from the remainder of the\heaft and

trimmed of all visible fat and related .tissue. The ventricular mass was

weighed, frozen in isopentane, .cooled by liquid nitrogen, and stored at
)

ATPase and Calcium binding activity.

—70“@ for determination myofibri/

ﬁypfibfil Isolation | o | _ ‘
The cdr&iac tissue was homogenized with a Polytfon Pt;IO fof twenty
seconds in twenty volumes of 0.039 N Sodium Borate, 25. mM Potassium
Chloride, 5 ™M Sodium Ethylenediﬁminé'Tetracepafeb(EDTA) and centrifuged at
1000 xg for‘ ten minutes. The supernatant was discarded and the muscle:
pel}et resuSpeﬁded,_and recéntrifuged ‘in the same solution. . Following.
centrifugation the 1000 x§ hellét was_resdﬁpended”wfth a Borate-Tris buffer
and pheparedﬂ for ATPase determina;{on.~by washing the pellet twice.
Following resuspeﬁsion, small .fo.l ml) aliquots were faken for‘ profein

determination in ‘quadruplicate (Lowry et al, 1951) and the myofibril

fraction adjusted-tp two milligrams of protein per milliliter.

"



Myofibril ATPase.Determination

Myofibril ATPase.activity\yas carried out as described by Go 10 et
al (1978). The reaction mixture contained 100 mM KCL, 4 mM Tris, 0.04, 1.0,
or 10.0v mM  MgCip, 10 uM free Ca*?, and 0.5 mg/ml  of myofibril
pro;ein. The reaction was started with the rapid addition of S'mﬁ'MgATP to
the sample, mi xed thoroughly, and allowed to incubate for 5 minutes at
30°C. The reaction was Stopped by thé addition of 20% cold TCA. The
samples were centrifuged at 1000 xg for ten minutes to precipitate the
protein. The supernatant was used for determination of inorganicvphosphate
(Pj) carried ou: w1 quadruplicate by :the ‘method of Téussky and Shorr

(1953), and ekpressed asl(umol 91‘1 -mgfl -min‘l)..

Calcium Binding

Ca*z binding by the myofibril proteip was carried out by  the
modified method of Solaro and Shiner, (1976). A 3 .ml volume consisting of
working solution (NaZATP, KC1, Ngtlz, Naci; pH 7.0), suspension medium,
Ca*? binding solution (SuM frée Ca*2, EGTA, imidazole, pH 7.0), and
éa45 {1.25 uCi) was mixed and preincubgted for threel minutes at 30°C; _
The reaétion was stopped by filtering the solution through a Nillipore HAWP
- 0.45 micron filter. Small a]iduots (0.1 ul) of the filtrate was utiiized ‘

for final Ca*2 binding determination.

Statistical Design | . _ C o
Mg*Z  ATPase  activity (umol  Pj-mg~lemin-l) of sC, SO,

TC, and DT groups incubated‘.in either 10 -um Ca*t2-EGTA or EGTA" at

- varying freg Hg*z concentrations was anaylzed wﬁtﬁva three way analysis

of variance (2x2x3) . Any statistic displaying a significant F value



was further tested through a one way ANOVA. Slgnifiﬁance among F values
was determined thr0ugh~the Student - Newmén-xeuls post hoc test.

ts were used to determine signiflcdnt differences

o

One-tailed t tes
beétween the - groups for Mg*z ATPase activity with the arying. Mg*2
concentrations. Significant differences were determined at a 95%

confidence interval {p~> 0.05).



Table I: Training Schedule of Endurance Trained Rats (in minutes, 3%

BW attached to tails)

Week Mon. Tues.  Wed. Thurs. Fri. Sat. Sun.
1 15. 20 Rest 25 30 Rest  Rest
2 3 35 Rest 40 45 Rest  Rest
3 50 55 Rest 60 65 Rest  Rest
4 65 65 - : Rest 70 70 Rest Rest-
5 00 70 Rest - 75 75 Rest  Rest
6 10 10 Rest 5 . 75 ~ Rest Rest
7 5 \ 80 Rest 75 75 Rest Rest

8 85 85 Rest 90 90 Rest Rest




LIMITATIONS OF THE STUDY

~

1} This study utilized animals with uncontrolled diabetes as opposed to

diabetes controlled by daily insulin injections. Since most forms of

human diabetes are now controlled via insulin injections it would be

-p

beneficial to to add a sixth group to the study with controlled
diabetes.

2) Male Wistar Rats were utilized in this study as opposed to- human
subjects. It is difficult to extrapolate the results gained from
animal studies to man due to differences between, the two spdcies”in

metabolism, circulatory parameters, and exercise patterns.

3) Strain differences and the origin of the strain must be taken into

consideration since some strains are more suceptable to the

diabetogenic effects. of streptozotocin (Ganda et al, 1976).
DEFINITIONS

DIABETES MELLITUS A familial codétitutional disorder of carbohydrate

metabolism characterized by 1nadequate secretion or utilization of 1nsul1n

by polyurla and excessive amounts of sugar in the blood and ur1ne, and by

thirst hunger and loss of- we19ht
DIABETES INSIPIDUS A disorder of the pituitaﬁy gland characterized by
intense thir%t and by the excretion of large amounts of urine.

STRESS The response of the body to a particular stimulus.

.10



UNCONTROLLED DIABETES  The diabetic condition that is not controlled by

medication,

CONTROLLED DIABETES The dirabetic

medication.

ACCURACY iegree of conformity of a measure to a standard or true value.

condition that. is controlled by

L1



RESULTS

Heart apdrsbdy_ugigh%
Heart welght and ﬁqdy weighf vq]ueﬁ for the experimental groups are

presented in Table [l. “The bhody weights and left ventricular wet weiyhts
were lower in dfdbetchthén'in cdﬁtfol animals with thé heart weight to
body weight rdﬁios‘(HH{gU) substab;ially-higher in the d;abetic group
(p< 0.U5). At the end ;f eight weeks of swimning the body weights were
greater in the seden;éry than the conditioned rats. Heart weights did
not diffef between fhe two groups and the HW/BW rgzios_were hidher in the
cond{tioned‘ g;oups (p< 0.05). No ch&nges in these parameggr; were
apparent between fhg diabetic sedentary and diabetic trained groups.
Plasma and Urine Glucosé: B

,:ﬁlasmanaﬁd urine glucose values are shown in Table I1 for the sc,
DT, and SD groups.:\Sampies were not taken from the TC group since all
cbn;rol animéTg Have approximately the same wrine glucose values
reéard]ess df ;rgining,f Blood glucose values rose to ~diabetic values
within two weeks post injection and remained stable for the duration of
thé'eipgrimeht (p< 0.05). At the end of the experimental period bléod
dnd uriﬁe glgcose vafues were approximately six and nineteen times higher
than conifQIAvalues respectively. At the_completion of the study there
we:e no significant differences between the diabetic sedentary and
-diabetic trained groups.
- Effects of Diabetes on Nyofibrfl ATPase Activity |
Cardiac myofibril ATPase activity was depressed (p< 0.05) in

preparations from hearts of diabetic animals at the three My*2

-12-



concentrations in the presence of 1) uM Ca*? (Figure 1). The cardiac
”mynfmr;l ATPase activity was reduced by 45, 45, and 507 at 0.04, 1.0,
and 10.0 mM Mg*z in diabetic hearts compared ‘to contrals (p<.0.05).
There was a significant reduction in myofibril ATPase ectivity for bogh
control -and di%betic animals when " the Mg*2 \concentration wae
increased from (.04 ro le.O mM Mg*z with the differences greater for

the diabetic (25%) compared to the control (16%) animals (p< 0.05). The

‘Mg*2 stimulated ATPase acﬁivity (independent of Ca*2) was simil-

arly depressed ‘in diabetic animals at alt Mg+2 concentrations (p<

0.05).~ Increasing Hg*z concentrations (0.04 - 10.0 mM) resulted in

an elevated ATPase activity for normals from 0.034 1‘0.004 to 0.042 +

2

0.004 umo!l inorganic phosphate(Pi);mg‘l-min‘l. * For diabetics
comparable activities were 0.021 + 0.005 to 0.020 + 0.004 umol

pi-mg-l-min-1, (Figure ..

The Effect of Swim Training on ATPase Activity
Myofibril ATPase activity was increased by 25% in trained hearts at

0.04, 1.0, and 10.0 mM Mg+2 when compared to control hearts (p<

0.05) (Figure IrI). There was a sugnlficant decrease in myof1br1] ATPase

act1v1ty ig the sedentary aﬁd cond1t1oned hearts when Hg*z

concentrat1on was . 1ncreased from 0.04 to 10 mM Mg+2 (p< O. 05) with

the dlfferences} being sltght]y greater for the trained animals (21%)

compared to the controls (18%). Conversely, there’ was no change in
- Mg*2 stimulated ATPase activity between trained and .control animals
nor was there any difference when Mg*2 concentration was increased

‘from 0.04 to 10 mM Mg*2,

13
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The Effect of Swim Training on ATPase Aétivity in Diabetic Animals

Myofibril ATPase activity was significantly depressed in diabetic
trained animals at 0.04 and 1.0 mM Mg*Z with no apparent change at
10 oM Mg*2  (pc< 0.05) (Figure l[[)..' As -Mg*2 concentration

increased from 0.04 and 1.0 ™ to 10mM Hg*z a significant

depression of myofibril ATPase activity was observed in the diabetic

trained and diabetic sedentary hearts. The Mg*z stimulated ATPase

activity decreased by 12.5% fn the diabetic training group at 0.04 and

1.0 mM Mg*2 :with no changes found at 10 mM Mg*?. Increasing\

Mg*2 concentration from 0.04 to 10mM Mg*2 did not affect the

ATPase activity in either group.

Calcfum Binding

There were. no significant changes in ca*2 binding between the
four groups at 0.04 or 1.0 mM "MQ*Z although Ca*2 »bi&ding
values for the trainihg diabétic'-and training control groups were
slightly but nbt sigﬁificant}y higher than their contfol group

counterparts. (Table III). : ,

: L4
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Tanle 11: General Features of the Experimental Groups
TG SO BT
Body Wt. (gr) 468 + 22*° 406 + 7 300.+16 287+20

Heart Wt. (¢r) 1.15 + 0.05* 1.14 + 0.036 0.87 + 0.046 0.819+0.057*

HW/BM 2.5+ 0.09*° 2.8 +0.04 - 2.9 +0.144 2.9 ¢ 0.08 -
Plasma Glu.l 126 +3  ---e- 910 + 760 748 + 32.
(mg/dl) 4 126 + 3 P 687 + 38 742 4 73
- 8 124 +4 e 758 + 43 688 + 40
Urine Glu. 8. 360 % 137 -=ooo 6805 + 923 6886 + 922
| jnﬂ/‘ql)
- '
®=SCvs TC hg
* = SCvs SD
o - SD vs OT

Table III: Calcium Binding Data

Group -0.04 mM Mg Range 1.0 mM~Mg Range
™€ 2.98 2.7-3.3  2.31 . 2.2-2.4
sC 2.43 1.9-2.9 2.10 2.0-2.4

LoT 2.80 2.4-2.7 2.80 . 2.3-3.4

s 2.20 2.2-2.5 2.40° 2.1-2.6
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Myofibril ATPase (mol-Pi.mg-1.min-1)
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Figure I: Ca2*.Mg2* Myofibril ATPase with Di‘abetes
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DISCUSSION

S The dower heart weight {(HW), nody weight (BW), and higher heart
Qelght to body weight ratios {(HW/BW) oﬁserved 1n the sd1abetic animals
s 1n general agreement with other studies !Penpargkul et al, 19800
Prerce and Dhalla, 1981; Malhotra et al, 1981). With regard to
swimning, the decrease in BW, and increased HW/BW ratio, with no
change in HW 15 1n agreement with other swim training studies {Bhan
and Scheuer, 1972; Malhotra et al, 1976; Penpargkul and Scheuer, 1970;
Bersohn and Scheuer, 1977; 0Oscai ot al, 1971a)! The decreased body
weight of the conditioned animal: recponsible for the increased HW/BW
ratio observed 1in thi; study 1is orobedly ‘due to the decreased food
consumption usually observed throughoutz the course of an exercise
program (Nance et él, 1977). Blood glucose values reqched diabetic
Ievels/(682197 ng/d1) withiﬁ fourteen days. Previous  studies have
shown that following the injection of streptozotocin b]ﬁod glucose
values fose to greater that 400 mg/100m1 within twenty four hours
(Malhotra et at, 1981; Penpargkul et ai 1980b). The plasma g]ucosé
~values (758 - 910 mg/dl) were higher when compared to Ather studies
(Pierce and Dha]la; 1981; Penpargkul éf al, 1980b; Penpargkul et al,
1981; Ma]hotra et al 1981), possibly due to the different injection
sites and/or animal ‘species uti]ized.. It may be pos;ible that a
greater percentage of strebtozotocin is absorbed. through the penal
veép when compared to the tail vein injections, howevéf the éxtent of
diabetes as measured by blood glacose does not appear to be ré]ated to

the deyree of cardiomyopathy (r=0.28) (Belcastro and McLean, 1983).

-9,



7

7/

In the prasent 1nv2si1gation wnen severe (d13detes grealer than

HOU s 3 was iduced by the iatravenous noeoton of streplazatocing
i

r mi alterations occurred 1a the 2nzvaalic activiiy af the cardrac

araotoum
groroum

contractile proteins. This was evidenced by 3 Jdepressed myofibril

) - .2 ;s
ATPase activity at the nree MgTe concentrations

- 2
CateMg”
investiyated wnicth s consistent with a pravious repore {Pierce and

Dhalla, 13381).° In aadition, the wyosin ATPase activiiy (Dillman,

1980} and actomysoin ATPase activity {Malnotra et al, 19381) in _the

nearts from diabetic animals have deen reported to be depressed.

Dillman (1980) and Malhotra et al, {1931 have determined that this
may be due to -a redistribution in the pattern of myosin isoenzymes
Vi Vp and V3. The predominating V) isoenzyme in control

tissue was replaced by the V3 isoenzyme in diabetic tissue which has

"a ten fold lower ATPase activity that Vy. The new expression eif an

: )
isoenzyme of myosin has been suggested to be responsible for altered

ATPase activities in various states (Hoh et al, 1977). Pierce and

Dhalla, (1981) found no difference in the dependence of myofibrillar

ATPase activity on free Ca*2 concentration in the diabetic heart

yahi]e our’ results indicated no change in Ca*? biiidin'g tc; the
myof'ibrii. Pierce and Dhalla (1981) using varying KCI 'conc‘entrations
determined thvat structurally different forms of the -protein may\be
found in diabetic preperations. In addition to these subtle
structural alterations based on ethylene glycol studiés thej suggest
conformationat changes at or near the active Jsite of ATPase ;ctivit_y
through sulphydryl group modification may inactivate m_yoéin ATPase

activity. The possibility must be considered that the depression was

N

‘caused directly by "the effect of streptozotocin on the heart rather



than the diabetic effect of the drug. Malhotra et al, (1981) examined

tnis guestion by administrating 3-0 methyl glucose, a sugar when

administered before the streptozotocin prevents its diabetogenic.

, \
effect, (Ganda, et al, 1976). Preparations from the hearts of these

animals in which diabetes had bee~ hlocked displayed no depression in
dctomyosiﬁ ATPase @ctivity, indicating that streptozotocin injection
.alone is not sufficient to cause the deliterous effects on the heart.
Diabetes must ‘develop for these abnormalities'to occur. It should be
noted that when insulin is re-administered. the cardiomyopathic effects
of the diabetes is retarded (Belcastfo and McClean, 1983).

| Catl-

Swim training resulted in an enhanced (36%) myofibril

Mg*z ATPase activity. These observations are in general agreement

with the data from swimming studies (Hearne and Gollnick, 1961; Rupp,

1981; Bhan and Scheuer, 1972; Penbargku] et al, 1980a; Wilkerson and

Evonuk, 1971, hedugorac, 1975; Gusti et al, 1978; Malhotra et al,

1976) but are in contrast to those of running studies where no change

(Dowell et al, 1977; Tibbitsl et ral, 1978; Baldwin et al, 1975;
ﬁénpargkul et gl; 1980a) or minimal changes occur (Baldwin et -al,
1977; Resink et al, 1981; Penpargkul et al, 1980b).

corresponds to the degree of ATPase changes incurred. Time §tudies
have demonstrated that during thg<first eight weeks of the program the
ATPase activity incréases fq proportion to the duration and severity

of the program (Bhan and Scheuer, 1972; Hiikérson and £vonuk, 1971).

The intensity and duration of the exercise program employed .
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Therefore the different intensity and duration employed from one study

to another may account for some of the discrepency observed between

studies, although the most important factor concerning the differences

“in ATPase activity appears to be the type of exercise program
utilized. Botﬁ moderate and intense swimming programs lead to
siygnificant increasgs in ATPaseractivity while only the very intense
onts of treadmill exercise show slight }ncreases in ATPase activity
of the contractile proteins (Baldwin et al, 1977; Resink et al, 1981;
Penparékul et al, 1980a). Water immersion itself considered a
possible explanation was eliminated by Peppargkul et al (1980a) who
found no ‘change in ATPase activity. This has led to the speculation
that very distinctive differences are apparent concerning the stresses
that swimming and runnih§ place on the heart although the reasons for
the biochemical differences remain to be expiainedf

The factors respansible for the altered ATPase changes in cardiac

tissue with training are ‘uncertain. Rupp, (1981) has detected an

isoenzyme pattern .alteration where hearts from conditioned animals .

‘'show a single band of the isoenzyme V; which displays the highest

ATPase activity of the three -isoenzymes Vi, Vp, and V3 foynd 1in

control hearts. In addition, Medugorac (1975),/has found an increased

amount of light chain 1 (LC 1) in swim trained rats, while Resink et
al (1980) has found a greater cbdcentration and . incorporation ‘of
phosphate into LC2 from running trained animals. Concomitant with the

myofibril, myosin, and actomyos?n changes are corresponding
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alterations. in the c'olntractility of the heart which include . an
;ncreasé in max dp/dt (Penpargkul and Scheuer, 1970}, and  tension
dgveIOpslle'nt (Schaible and Scheuer, 1979) along with a faster f‘ateA of
relaxation (Bershon_and Scheuer, 1977). Thus it has bheen bostulated
that the reported exercise induced increase in cardiac <ontractile
protein ATPase activity folloying training' represents a cellular
mechanism to account for the improvemeht in cardiac contract'ile
function. |

The swim training program did not enhance the mybfibr,il' Ca*2
! Mg*+2 ATPase éctivit_y of the diagetic animals in conf.rast to the

results for the non diabetic group. Moreover, the myofibril ATPase

activities for the trained diabetic animals were significantly reduced

by 13% at 0.04 and 1.0 mM Mg*2 respeétively. Ca*? binding was
similar betweeh the two groups and therefore cannot.accouht for the
differences between diabetic trained and diabetic control ;animéls.
Because diabetic cardiac ‘tiSSue utilizes lipid stores rather than
glucose, in heartqvnof working at maximal loadé the ehergj production
from the oxidation of lipids compénsﬁtés for the reduced glucose
metabolized in the diabetic state which allows the diabeﬁic‘heart'tb
“maintain a normal funétion (Néely and Morgan, 1981). Under maximal
stress an intrin§ic defect ‘of thg heart to produce ATP seems.possi§le
{(Sinclair- Smith; 1979), which may be conéequent to the increased
‘tissue levels of trig]ycerides, free fafty acids, long chain aéeéy] éo

A, and citrate. -Evidence has recently been presented that an

accumulatation of these substances interfere with the efficiency

of the wmyocardium. Furthermore, Opie (1977) has demonstrated. that
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promotion of lipid uptake by the heart with regional ischemia tends to .

exaygerate the extent of 1schaemic injury. Since physical exercise is

considered to be a stress it may be possible that the biochemical

alterations detected in the diabetic heart may have been exagyerated
when additional stresses like swimming and the fear of drowhing were

placed on the animal.

‘A secpnd possibility for the further decrease in ATPase activity

in the diabetic animal following a training program may be related to

protein degradation. It has been determined that normal growth

requires inéylin, and in the diabetic organism protein synthesis and
amino acid accumalation in muscle are severely reduced (Canill et al,
1969). Iﬁ non diabeticArat soleus or diaphram ﬁuscle exercise reduces
the rﬁté_ of ‘prdtein dégradatioh “in mﬁscle (Goldberg :et al, 1974;
i975), along with q»decreése in the plasma insulin levels (Terjung,

1979). It is possible that the decreased insulin levels in non.

diabetic tissue has po effect on the protein degradation process while

the decreased insulin levels during exercise together with - thé

decreaéedAinsu]in levels in diabetes act'Synergystica1}y‘in a negative

“manner teading to an even (greater degree of protein degradation

.concomitant with the décreased ATPase activity.
Mg*2 Reéulation _
Increasing .the Mg+2 concentr;fion from 0.04 to 10.0 mM of
Mg'+2 resulted in a depressed ATPase activity in the fourA}Qroups
‘ studfed,vin agreement with. Solaro and Shiner (1976) khoihave shown
~that as free Mé*z concentréiion is increéseq the Ca+2
concentration required to activate tensidﬁ development ‘or myofibril
ATPasev a;tivity kié -incre#sed; é;t has been -suggested that Mg+2

'
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might bind competitiyely to the low affinity Ca*t? specific sites
at high Mg*2 concentratiens .(Rupp, 1980). Potter et al (1981)
have determined that even at high Hg*z }concentrationé ‘the Mg+2
ion cannot. bind to the low affinity site. It has therefore been
assumed that fhe iﬁcreased Mg+2 concentration must reduce the
affinity of the low éffinity sites for Ca*z rather than directly
compet ing with the Ca*Z ion for a position on the site; T

| The decrease in myofibril ATPase activity from 0.04 to 10.0 mM
Mg+2 is greater in the diabetic hearts (25%) than the _control
hearts (16%) with minimal differences apparent betweenbthe conditioned
and control animals. It can then be concluded that there is an
: alterétion in rthe Mg*z' dependency of the cardiac myofibril with
- diabetes, that is not obseryed fo]lowiﬁg swim training. This
alteration in Mg+2 dependency with diabetes appears to be‘partially
responsible for the feducéd activity of tﬁe myofibril ATPase enzyme.

At present it is unclear as to the mechanism of the a]tefed"Mg+2

/
¢

regulation, however- it may be related to the"bindinQ affinity of
Mg*2  to ‘the  high Caffinity Cat2-Mg*2  sites. These sites
appear to function in stabilizing the Tn-C. complex with most of the
‘ conformatiohal’ changes induced by cat2 bindingv to. the Tn-C complex
occuring at this site, (Potter and Gergley, 1975). It may be bossible
that Mg*2 blnds to these sites exclu51vely in the presence of high
Mg+2 'concentrat1ons, and induces a dlfferent conformatlonal change
than Cat2 ‘that could affect one of the regulatory events in the
contrection process. ‘ |

Efamination of the basal ATPase activity (Mg*2 ATPase)

reveals no. differences between the .training and control and the



diabetic and control hearts indicating that the Mgt? effects are

not due to higher basal ATPase activity. This implies that something' '

"related to the contractile process itself must be: causing the Mg"2
effeActs observed in the diabetic anima"lﬂg. Since Giacomelli and Weiner
(1979) have determined .that the myofi.brils contain leés thin filament
the changes in‘ Mg+2' dependency andﬂ‘ ATPase activity ass‘ociated with
1iabetes may be related to structural changes in the thin filament.

If\ summary this study demonstrates that the depressed myofibril
ATPase activity of diabetic hearts is a functfon of Mg+2 régu]ation,
while the increased ATPase activity in the conditioned. animals is hot a
functI:on of Mg"2 re'gu‘lation. In addition, the depressed myofAibm'»l
ATPase activity in the diabetic animals is not ameliorated with

physical . training.

!

..26



'BIBLIOGRAPHY

Adamé, R.J., and A. Schwartz. Comparative mechanfsms for contraction
of cardiac and skeletal muscle. - Chest 78:123-39, 1980.

Adelstein, R.S., and E. Eisenberg. Regulatlon and kinetics of the
actin myosin ATP reaction. Ann. Rev. Biochem. 49:921- 56 1980.

Ahmed, S., G.A. Jaferi, R.m. Narang, and T.J. Regan. Prectinical
abnormality of 1left ventricular function in d1abetes mellitul.
Am. Heart Jnl. 89:153-58, -1975. .

Alexis, M.N., and W.B. Gratzer. - Interaction, of ske]etal myosin 1ight,
chains with Ca*? jons. Biochem. 17:2913- 25, 1978.
L ——

Allen, D.J., and J.R. Blinks. Ca*2 transients in aequorin injected
froqg cardiac muscle. Nature 273:509-13, 1978.

April, E., P.W. Brandt, J.P. Rueben, and H. Grundfest.  Muscle
contraction: The effect of ionic strength. Nature 220:182-85,

1968. | X

‘Baandrup, U., T. Ledt, and R. Rasch. Experimental diabetic cardiopathy
preventable by insulin treatment. Diabet. 16:207-14, 1979.
* ———

Bagshaw, C.R., J.F. Eccleston, D.R. Trentham, D.W. Yates, and R.S.

Goody. Transient kinetic studies of the Mgt? dependent ATPase

- of myosin and its proteolytic subfragments. Cold Spr. Harb. Symp.
Quant. Biol. 37:127-35, 1973. —

 Bagshaw, C.R. and D.R. Tregtham The reversibility of ATP cleavage by’
' myosin. Biochem. Jnl.-383:323-28, 1973. .

Bagshaw, and D.R. Trentham. - The characterization of my051n
pro t complexes and of product release steps during the Mgt
ion “dependent ATPase activity of myosin. Proc. Natl. Acad. Sci.
USA 72: 2592-96, 1974. . -

Bagshaw, C.R., J.F Zccleston, F. Eckstein, R.S. Goody, H. Gulfrund, and
D.R. Trentham. Two step binding process of ATP assoc1at1on and
‘ADP dissociation. 81ochem Jnl. 141:351-64, 1974.

Bagshaw, C.R. On the location of the divalent metal binding sites and
the 11ght chain subunits of vertebrate myos1n Biochem. 16:59-67,

1977..

Bagshaw, G.R., and G.H. Reed. The s1gnificance 6f the slow
dissociation of divalent metal ions from nw051n regulatory llght
chains. FEBS Lett. 81:386-90, 1977 ‘ :

.27-



Bailen, G. Phosphorylaﬁion of a bovine cardiac actin complex. Am. Jnl.
: Physiol. 236:C41-C46, 1979. 5.

Bailey, L.E., and S.D. Long.- Cat? pools 1ia E-C coupling in the cat
heart. Rec. Adv. Card. Struc. Met. 4:255-74; 1974.

Baldwin, K;, wa Winder, and J.0. Hol]oszy Adaptation of actomyos1n
ATPase in different types . of muscle to endurance training. Am.
Jnl. Physiol. 229:422-26, 1975. '

Baldwin, K.M., D.A. Cooke, and W.C. Cheadle. Time course adaptations
in cardiac and skeletal muscle to d1fferent runnlng programs.
Jnl. Appl. Physiol. 42:267-72, 1977. .

Balint; M., I. Wolf, A. Tarcsafalvi, J. Gergley, and F.A. Streter.
Localization of SHI and SH2 in the heavy chain segment- of
meromyosin Arch. Biochem Biophys. 190:793-99, 1978. T

Bafany,‘M.- ATPase act1v1ty corre]ated with speed of shortening. Jnl.
Gen. Physiol. 50:197-216, 1967.

Barany, M., K. .Barany. Phosphorylation of myofibril prote1ns. Ann.
| Rev. Physiol. 42:275-92, 1980.

- Barden, J.A., R. Cooke, P.Ev.wr1ght, and G.G. dos Romedios. PBroton
nuclear magnetic resonance studies. on skeletal muscle  actin
indicate that the metal and ATP nucleotide binding sites are
seperate. Biochem. 19 5912-16, 1980.

Be]céétro, A.N;, and I. McLean Jn]. Mol Cell. Cardiol. 1983, in pres -

Bers, D.M., énd G.A. Lahger Uncoup11ng cation effects on cardiac

congract111ty and sarcolemmal Ca*2 binding. Am. Jnl. Physiol.
© 237:H332-~ 41 - 1979. - v

Bershon, M.M, and J. Schéuer. Effects of physical training on-
endiastolic volume and myocardial performance of isolated rat

hearts. Circ. Res. 40:510-16, 1977.

Best; P.S., S. V.'Dona]dsdn, and G. Kerrick. Tension. in mechanlcally
d1srupted cardiac cells: Effects of MgATP Jnl. Phys101 (Lond.)

265: 1 17, 1977.

Bhan, A ,~and J. Scheuer. - Effects of physical training on card1ac
actomyos1n ATPase act1v1ty. Am Jnl. Physiol. 223 1486-90, 1972

Q

-~

..28



Bhan, A.K., and J. Scheuer. Uiochemical adaptations in cardiac muscle.

Effects of physical training on su]phydry] groups of myosin. Am.

Jdnl. Physiol. 228:1178-82, 1975.

Blumenthal , H.T., M. Alex, and S. Goldenberg. A study of the
intramural coronary artery branches in diabetes mellitus. Arch.

Pathol. 70:13-28, 1960.

Bodwell, C.E., Two subunits of ‘tropomyosin B. Arch; _Biochem.

Biophys. 122 247-61, 1967

Boyer, P.D., R.L. Cross, and W. Momsen. A new‘.cohcebt - for. enefgy
coupling in oxidative phosphorylation based on a molecular
explanation of 0, exchange reactions. = Proc. Natl: Acad. Sci.

USA. 70:2837-39, 1973.

Brandt, P.W., J.P. Ruebemr, and H. Grundfest. Regulation of tension in

skinned crayfish muscle fibers Il:. Role of Ca*4., Jnl. Gen.

Physiol. 59:305-17, 1972.

'Braunwaid E. ed. Heart Disease: A Textbook of Cardiovascular
Medicine Philadelphia: W.B. Saunders Co, 1980. '

Bremel, R.D., and A. Weber. Cobperatfon within actin filaments in
vertebrate skeltal muscle. Nature 238:97-101, 1972., -

Burke, M., and P. Kniqht. Studies on the role of sulphydry]s in the
myosin ATPase. Jnl. Biol. Chem 255:8385-87, 1980.

Burt, C.T. T. Glonek. and M. Barany. Analys1s of phosphate metaboli tes
the intracellular pH, and state of ATPase in intact muscles by

phosphorous nuclear magnetic resonance.  Jnl. Biol.. Chem.
'251:2584-91, 1976. v

Burtnick, L.D.,.W.D. McCubbin; and C.M. Kay. The isolation of the
N ATPase inhibitory protein (Tn I} from bovine cardiac muscle. Can.
Jnl. Biochem. 53:1207-13, 1975.

Burtnick; L.D., and C.M. Kay. ;h Ca*2 binding properties of: bov1ne
cardiac Tn-C. FEBS Lett. 75:105-10, 1977.

Cahill, G.F., T. T»Aok1 and E.B. Marliss. Insulin and muscle proteln

in Handbook of Phys1ology Edited by Philip Dow. Washington, D.C.. -

Amer. Physiol. Soc. T:563-77, 1972.

.Cameron, D., W. Stauffacher, and A.E. Renold. Spontaneous

hyperglycemia and obesity in laboratory rodents. In: The Endocrine

Pancreas. Edited by N. Frenkel, and D. Steiner Washington, D.C.

ysiol. Soc., 1972.

» s
.

..28a



Carey, R.A., A. Bove, R. Coulson, and J. Spann. Correlation between
cardiac muscle myosin ATPase activity and velocity of muscular
shortening. Biochem. Med. 21:235-45, 1979.

Chav]dvich, J.M., and E. Eisenberg. Inhibition of actomyosin ATPase
activity by troponin-tropomyosin without blocking the binding of
myosin to actin. dJnl. Biol. Chem. 257:2432-37, 1982.

Chesﬁais, J.M., E. Coraboeufe, M.P. Sanviat, and J.M. Vassas.
Sensitivity of Ca*? ard Mg*2 jons of the slow ~inward

. sodium current in frog atr1a] muscte. - Jnl. Mol. Cell. Cardiol.
. 7:627- 39 1975 ) "

R

Chock, S.P. and E. Eisenberg. HMM Mg-ATPasé presteady state and
steady ‘state Mt release. Proc. Natl. Acad. Sci. USA 71:4915-19,
1974. . .

Chock, S. P., P.B. Chock, and\E Eisenberg. Presteady state kinetics:
Ev1dence for a cycllc interaction of myosin S-1 with actin during
- the hydro]ys1s of ATP. Biochem. 15: 3244-53, 1976. .

;Chock S. P. The relatidnship of the H* release and the protein

. absorbance changes induced by ATP to the initial Pj burst. Jnl

" BIO] Chem. 254 3244-48, 1979.

- Chock, S.P. and E. E1senberg " The mechanism of the skeletal muscle

ATPase. ldentity of the myosin active sites. ‘Jnl. Biol. Chem.
254:3229-35, 1979. _

Chock, S.P., P,B. Chock, and E. Eisenberg. Relationship between the
. f]uorescence enhancement induced by ATP and the initial Py
burst. Jnl. Biol. Chem. 254:3229-35, 1979. , .

Ciyén M.M., and R.J. Podolsky. Contractlon kinetics of striated

muscle fibers following quick changes in load. Jnl. Physiol.
(Lond.) 184:511-34, 1966. _ .

Clark, W.A., R.A. Chizzon1te A.W. Everett' M. Rabinowitz, and R. Zak.

Species correlations between cardiac isomyosins. . A comparison“
"~ of electrophoretic and immunological propertles. Jnl. Biol. Chem.-

257:5449-54; 1982.
Cohen, C., and A.G. Szent- Gyorgl. Jnl. Am. Chem. Soc. 79:248, 1957.

. Cohen, M.v., T. Y1p1nt501 A. Malhotra, and S. Penpargkiul. Effect of,.

exercise orf co]lateral development in dogs with normal coronary
arterles. Jnl. Appl. Phy5101. 45:797-805, 1978.

...29



~

Cole, H.A., and S.V. Perry. The phophorylation of Tn-1 from cardiac
muscle. Qiﬂfﬁfﬂb_}UIL; 149:525-33, 1975. .

Collins, J.H. Homology of myosin DTNB light chain with alkali light
chains, Tn-C, and paravalium. Nature 259:699-700, 1976.

CoT]ins} J.H., and M.J.. Elzinga. Thé primary structure of acfin from
rabbit skeletal muscle. Jnl. Molec. Biol. 250:5906-14, 1975.

Crall, F.N.,'and W.C. Roberts. The extramural and intramural coronary

arteries in juvenile diabetes. Am. Jnl. Med. 64:221-30, 1978.

Crews, J., and E.E. Aldinger. ‘Effect of.chronic exercise on myocardial
function. Am. Heart Jdnl. 74:536-42, 1967.

(A _ . - : ‘
Cummins, P., and S.V. Perry. ™ The subunits and biological activity of
polymorphic forms of tropomyosin. Biochem. Jnl. 133:765-77, 1973

Cummins, P., and S.V. Perry. Chemical and  immunolocical
characterﬁst1cs of tropomyosin from striated- and smooth muscle,

Biochem. Jnl. 14:43-49, 1974. , o

Dalgarno, D.C. R.J. Grand, B.A. Levine, A.J. Moir, and S.V. Perry.
Interaction between Tn I and C. Definition of t0pography by pro-
ton magnetic resonance spectroscopy. FEBS Lett. 150:54-58, 1982.

Denton, R.M., and P.J. Randle. Concentrations - of glycerides and
phospholipids in rat heart and gastrocnemius muscle.” Biochem.
'Jnl. 104:416-34, 1967. .

Dillﬁan, W. Diabetes me111tus 1nduced changes in cardiac myos1n ~f the
rat. D1abetes 29: 579 82, 1980

Donaldson, S., and .L. Hermansen. Differential effects of H* on
Ca*2 activated force of skinned fibers from the soleus,
cardiac, and adductor magnus muscle of rabb1ts. Pflug. Arch.
376 55165 1978. -

Donaldson, S.K., . .Bond, é. Seger N. Niles, and L. Boles.
Intracellu]ar pH Vs Mg concentration: relative importance
as determinants of Cat +2 + activated force generation of
disrupted rabb1t card1ac cells. . Cardidvasc - Res. 15:268r-75,

1981. _
- Dowell, R. T. Myocard1a1 contractile funct1on and myoflbr111ar ATPase
"activity in chemically sympathectomized rats. Circ. Res.

39:683-89, 1976.

.30



-

\ i -~

Dowell, R., H. Stone, L. Sordhal, and G.K. Asimakis. Contractile

functlon and myof1br1l]ar ATPase activity in the exercise trained
dog heart. Jnl. Appl Physiol. 43:977-82, 1977.

Dubin, W.E., and M.G. Soret. Chemically and hormonally induced
diabetes. In: The Diabetic Pancreas N.Y.: Plenim Press. 1977 p.42.

Ebashi, S., and F. Lipmann. ATP linked concentration of Cat? ions

in a particulate fraction of rabbit muscle. Jnl. Cell Biol.

14:389-400; 1962.

tEbashi, S., H. Iwakura, H. Nakayema, R. Nakamura, and Y. Ooi. New
structura] protelns from dog heart and ch1cken gizzard. Biochem.

Z. 345:201-11, 1966.

Ebashi, S., M. Endo, and I. Ohtsuki. Control of muscle contraction.
Quart. Rev. Biophys. 2:351-84, 1969.

Edwards, B.F., and B.D. Sykes. Nuclear magnetic resonance evidence for
the coexistence of several conformational states of rabbit cardiac
and skeletal tropomyosin. Biochem. 19:2577-83, 1980.

Eisenberg, E., C.R. Zobel, ‘and C. Moos. S-1 of myosin: ATPase
activation by actin. Biochém. 7:3186-94, 1968,

Eisenberg, E., aﬁd C. Moos. The ATPase activity of acto HMM. A kinetic
analysis of actin act1vat1on B1ochem 7:1486-89, 1968.

Eisenberg, E., and C. Moos. Actin act1vatvon of HMM ATPase. Jnl.
Biol. Chem. 245:2451-56, 1970.

Eisenberg, E., L Dobkin, and W.W. Kielley. Binding of actin to HMM in
the absence of ATP. Biochem. 11:4657-60, 19725.

Eisenberg, _E., L. Dobkin. and W.W. Kielley. HMM: Evidence for a
refractory state unable to bind to actin in the presence of ATP.
Proc. Natl. Acad. Sci. USA. 69:667-71, 1972B.

. ?

Eisenberg, E., and W.W. Kielley. . Evidence for a refractory state’ of
HMM and S-1 unable to bind to actin in the presence of ATP. Cold
Spr. Harb. Symp. Quant. Biol. 37:145-52, 1972. .

Eisenberg, E., and W.W. Kielley. Troponin-tropomyosin complex. Jdnl.
Biol. Chem. 249:47%2-48, 1974. oo

.31



Lisenberg, E., and T.L. Hill. A Ccrossbridge model of muscle
contraction. Rﬂgg;llﬁﬂﬁﬂﬁi;Jﬁ?l;JlﬂZL: 33:55-82, 1978.

Eisenberg, E., and L.E. Greene. The relation of muscle biochemistry to

muscle physiology. Ann. Rev. Physiol. 42:293-309, 1980.

Cisenberg, E., T.L. Hill, and Y. Chep. Crossbridge model of muscle
contraction. Quantitative analysis. Biophys. Jnl. 29:195-227,
« 1980 -

Elzinga, M., and J.H. Collins. Complete amino acid sequence of actin

of rabbit skeletal muscle. Proc. Natl. Acad. Sci.  USA.
70:2687-91, 1973. 5 i :

tlzinga, M. and J.H. Collins. Amino acid sequence of myosin fragments
that contain SH-1, SH-2 and N methylhistidine. Proc. Natl. Acad.

Sc1 USA. 74:4281-84, 1977.

Engel, J., H. Fasold, F.W. Hulla, F. Waechler, and A. Wegner. The
polymerization reaction of muscle actin. Mol. Cell. Biochem.

18:3-13, 1977.

Eng]and R.J., J.T. Stull, and E.G. Krebs. Dephosphorylation of the
inhibitory component of Tn by phosphorylase phosphotase. Jnl.
Biol. Chem. 247:5275-77, 1972.

EVans, J.R., and C.H. Hollenberg. Lipid metabolism in the diabetic rat
heart. Jnl. Clin. Invest. (Abstract) 43:1234, 1964.

fg

Evans, J.S., B.A. levine, P.C. Leavis, J. Gergley, Z. Grabarek, and W.

Drabikowski. Proton nuclear magnetic resonance studies on proteo-
lytic fragments of Tn~c Biochem. Biopys. Acta 623:10-20, 1980.

Fabiato, A., and F. Fabiato. Contractions induced by Ca*2
triggered release of Ca*? from the SR of single skifned
cardiac cells. Jnl. Physiol. (Lond.) 249:469-95, 1975.

Fabiate, A.,‘ and F. Fabiato. Ca*z release from. the SR: A brief
review. Circ. Res. 40:119-30, 1977.

Fabiato, A., and F. Fabiato. The effects of pH on the myofilaments and
the SR of skinned cells from cardiac and skeleta] muscle. Jnl.
-Physiol. 276:233-55, 1978.

Fein, F.S., L.D. Kornstein, J.E. Strobeck, J.M. Capasso, and E.H.
Sonnenblick. Altered wmyocardial mechanics 1in diabetic rats.
Circ. Res. 47:922-33, 1980. '

Ferenczi, M.A., Y.E. Goldman, and R.M. Simmons. The relation between
max shortening velocity and the MgATP concentration in frog
skinned muscle fibers.. Jnl. Physiol. 292:71-72P, 1981.

.. 32



Flaim, S., W.J. Minter, D. C(Clark, and R. Zelis. Cardiovascular
response to acute aquatic and treadmill exercise in the untrained
rat. Jnil. Appl. Physiol. 46:302-08, 1979.

Flicker, P.F., G.N Phillips, and C. Cohen. Troponin and its

interaction with tropomyosin, an electron microscope study. = Jnl.

“Molec. Biol. 162:495-501, 1982.

Flink, 1., J.H. Rader. S.K. Banerjee, and iE | Morin. Atrial and
ventr1cu1ar cardiac myosins contain d1fferent heavy chain species.
FEBS Lett. 94:125-30, 1978.

Ford, - L.E.,"and R.J. Podolsky. Ca*? yptake and force development
by skinned muscle fibers in EGTA buffered solution. Jnl. Physiol.
(Lond.). 223:1-19, 1972. * ‘

Fraser, A.B., E. Eisenbérg, W.W. Kielly, and F.D. Carlson. The.

interaction of HMM and S-1 with actin. Physical measurements in
the presence and absence of ATP. Biochem. 14:2207-13, 1975.

Frearson, N., and S.V. Perry. Phosphorylation of light chain
- components of myosin from cardiac red and skeletal muscles.
Biochem. Jnl. 151:99-107, 1975. ' '

Frearson, N., B.B Focant, and S.V. Perry. Phosphorylation of the light

chain components of myosin from smooth muscles. FEBS Lett.

63:27-32, 1976.

Fuchs, F., ¥ Reddy, and F.N Briggs. The interaction of cations with

the Ca'¢ binding site of troponin. Biochem. -Biophys. Acta
221:407-09, 1970. -

Fuchs, F. Chemical properties of Cat2 recepfo} sites of Tn as
' determmined from the binding studies. In:Calcium Binding Proteins

ed W. Drabikowski, H. Strzelecka-Golaszewska, and E. Carafoll
Warsaw: Polish Sc1ent1f1c Pub11shers, 1974 pp. 1-26.

_ Fuchs, F. The relat:onsh1p between pH and the amount of Ca*? bound

to glycerinated muscle fibers. Biochim. Biopys. Acta 585:477-79,
1979. , A

Ganda, 0.P.; 'A.A. Rossini, and A.A. Like.. Studies on streptozotocin
diabetes. Diabetes 25:595-603, 1976.

Garland, P.B., and P.J. Randle. The effect of alloxan diabetes and

adrena11ne on the concentration of free fatty acids in rat heart-

and diaphram muscles. Nature 199 381-82, 1963.

Y

.33



~

Gasser, H.S., and A.V. Hi}l. The dynamics of muscular contraction.
Proc. R. Soc. Biol. 96:392-437, 1924.

Giagcomelli, F., and J. Wiener. Primary myocardial disease  in the
diabetic mouse: An ultrastructural study. Lab. Invest. 40:460-73,
1979. ‘ Tt

fodt, R.  Ca*? activated tension of skinned muscle fibers of the

> frog. Dependence on MgATP concentration. Jnl. Gen. Physiol.

63:722-39, 1974.

Golberg, A.L., C.M. Jablecki, and J.B. Li. Effects of use and disuse
on amino acid transport and protein turnover in muscle. Ann. NY
Acad. Sci. 228:190-201, 1974.

Goldberg, A.L., J.D. Ettlinger, O.F. Goldspink, and C. Jablecki,
Mechanism of work induced hypertrophy of skeletal muscle. Med.
Sci. Sport. 7:248-61, 1969.

Goodkind, M.J., G.E. Dambach, and R.J. Luchi. Increased myocardial
myosin ATPase activity associated with increased myocardial
contractility in hyperthyroid guinea pigs. Jnl. Clin. Invest.
{Abstract) 48:30a-31la, 1969.

Goodno, C.C., C.M. Wall, and S.V. Perry. Kinetics and regulation of
‘the myofibrillar ATPase. Biochem. Jnl. 175:813-21, 1978.

Goody, R.S. W. Hofmann, and H.G. Mannherz. The binding constant of ATP
"to myosin S-1 fragment. Eur. Jnl. Biochem. 78:317-24, 1977.

_Gordon, A.M. and R.E. Godt. Effects of variations of fonic strength on

contractile tension of skinned muscle fibetrs activated by
‘Ca*Z. Physiologist (Abstract) 12:238, 1969.

Gordon, A.M., R.E. Godt, S.K. Donaldson, and C.E. Harris. Tension in
skinned frog muscle fibers in solution of varying ionic strength
and nuetral salt composition. Jnl. Gen. Physiol. 62:550-74,
1973. ‘ : _ -

Gorecka, A., M.0. Askoy, and D.J. Hartshorne. The effect of

phosphorylation of gizzard myosin on actin activation. Biochem.

Biophys. Res. Comm. 71:325-31, 1976.

Graberek, Z., W. Drabikowski, L. Vinokurov, and R.C. Lu. Digestion of
Tn-C with trypsin in the presence and absence of Ca*c,
Identification of cleavage points. Biochem. Biophys. Acta
671:227-33, 1981.

N

.. 34



Greene, L., and E. tisenberg. Cooperative binding of myosin S-1 to the
actin troponin-tropomyosin complex. . Proc. Natl. .Acad.__SgL.
77:2616-20, 1980. . - T

Gulati, J., and R.J. Podolsky. {ontraction transients of skinned
muscle fibers: effects of Ca* and ionic strength. Jnl. Gen.
Physiol. 72:701-16, 1978.

Guisti, R., M. Bersohn, A. Malhotra, and J. Scheuer. Cardiac function
and actomyosin ATPase activity 1in hearts of conditioned and
“deconditioned rats. Jnl. Appl. Physiol. 44:171-74, 1978.

Haider, B., C. Yéh, G. Thomas, H. Olderwurtel, M. Lyons, and T. Regan.
Altered myocardial function and collagen in diabetic rhesus
monkeys on atherogenic diets, Trans. Assoc. Am. Physiol.

.35

XCI:197-203, 1978 v

Hamby, R., S. Zoneralch, and L. Sherman. Diabetic Cardiomyopathy.
J.A.M.A. 229:1749-54, 1974. ,

Hamrell, B.B., and R.B. Low. The relationship of mechanical Vgjax to
myosin ATPase activity in rabbit and marmot ventricular muscle.
Pflug. Arch. 377:119-24, 1978.

Hamsher, E., Br1ggs and R.M. w1se. - Effects of hyperton1c1ty on

resting and contracting frog skeleta] muscles. Am. Jnl. Physiol.

226:855-63, 1974. | -

Hasselgrove, J.C. Xray evidence for a conformational change in the

actin containing filaments of vertebrate skeletal muscle.  Cold

Spr. Harb. Symp. Quant. 8191. 37:341-52, 1972.

Hasselgrove, J.C., and C.D. Rodger. ‘The interpretation of Xray
diffraction patterns from vertebrate skeletal muscle. Jnl. Musc.

Res. and Cell Motil. 1:371-90, 1980.

Hasselgrove, J.C. A model 6f myosin crossbridge structrure consistant
- with the low angle Xray diffraction pattern of vertebrate muscle.
Jdnl. Musc. Res. and Cell Motil. 1:177-91, 1980.

Head, J.F. and S.V. Perry. The interaction between Tn-C with divalent
cations and Tn-I. Biochem. Jnl. 137: 145 54, 1974.

Hearne, G.R., and Q.H. Waino. Aldolase actIV1ty of the heart and
skeletal muscle of exercised rats. Am. Jnl. Physiol. 190:206-08,
1957. , , .

Hearne, G.R." and P.D. Gollnick. - Effects of exercise on ATPase act1v1ty
in skeletal and heart muscle of rats. Intern. Z. Agnew. Physiol.
19:23-26, 1961.




Hérzig, J.W. and J.C. Ruegg. Investigations on glycerinated -cardiac
muscle fibers in relation to the problem of regulation of cardiac

“contractility - effects of Ca*? and cAMP. Bas. Res. Cardiol.
75:26-33, 1980. ' . '

Hitl, T.L. Theoreticé] formalism for the sliding filament model of
muscle contraction of striated muscle. Prog. Biophys. Mol. Biol.

28:267-340, 1974.

Hill, T.L. Free Energy Transduction in Biology N.Y.: Academic Press
1977, p. 229.

Hitchcock, S.E., C.J. Zimmerman, and C. Smalley.  Study of the
structure of Tn-T by measuring the relative reactivites of lysines
with acetic anyhydrides. Jnl. Mol. Biol. 147:125-51. 198].

Hjalmarson, A.C., 'C.F. Whitfield, and H.E. Morgan. Hormbpa] control of
heart function and myosin ATPase activity. Biochem. Biophys. Res.

Lommun. 41:1584-89, 1970.

. Hoh, J.F, P.A. McGrath, and P.T. Hale. ‘Electrophoretic analysis of'

multiple forms of rat cardiac myosin: effects of hypophesectomy
and thyroxine replacement. Jnl. Mol. Cell. Cardiol. 10:1053:76,

1977.

Holloszy, J. B1ochem1ca1 adaptations in muscle. Effects of exercise
on oxygen uptake and respiratory enzyme a¢t1v1ty in skeletal
muscle. Jnl. Biol. Chem. 242:2278-82, 1967. .

k!
Holloszy, J. B1ochem1cal adaptations to endurance exercise in muscle.
Ann. Rev Physiol. 38:273-91, 1976.

Ho]rdyde, H.J., D.A. Small, E. Howe, and R.J. Solaro. Isolation of -

cardiac myofibrils and myosin light chains with in vitro levels of
1light chain- phosphorylat1on. Biochem. Biophys. Acta 587:628-37,
1979. - T - A

Holroyde, M.J., S.P. Robertson, J.D. Johnson, R.J. Solaro, and J.D.
Potter. The Ca*2-Mg*2 binding sites on Tn-C and their

role in the regulation of myofibrillar ATPase. Jnl. Biol. Chem.
255:11688-93, 1980. .

Honig, C.R., and M Takau31 Effect of Ca*2 on Vmax measured in
the absence of external or internal load. 'Eur. Jnl. Cardiol.

(Supp.) 4:5-11, 1976. . A

Horowitz, J., B. Bullard, and D. Mercola. Intéraction of Tn 'subunits.
The ‘interaction between the inhibitory and tropomyosin binding
subunits.  Jnl. Biol. Chem. 254:350-55, 1979.

Huang, T.S., D.B. Bylund\J T. Stull, and E.G. Krebs. The amino acid
v sequences of the phosphorylated sites in Tn-q from rabbit skeletal
muscle. FEBS Lett. 42:249-52, 1974. .
, [ N

~

..36



..37

.’b ' \
Huxley, A.F., and R. Neidergerke. The role of Ca*? in muscle
contraction. Nature 173:973-91, 1954. .

Hux%ey, A.F. Muscle structure and theories of contraction. Prog.
Biophys. Chem. 7:255-318. 1957. : .

Huxley, A.F., and R.M. Simmons. Proposed mechanism of force generat1on
in striated muscle. Nature 233:533-38, 1971.

Huxley, H.E., and J. Hanson. Mechanism of muscle contraction. Nature
173:973-91, 1954. :
, \6 o
Huxley, H.E., and W. Brown. Thé‘]ow angle Xray diagram of vertebrate
str1ated muscle and its behaviour during contractlon and rigor.
Jnl. Mol. Biol. 30:383-434, 1967.

Huxley, H.E. Mechanism of muscular contraction. Science 164:1356-66,
1969. : - -

Huxley, H.E. The structural basis of muscular contraction.. Proc. R.
- Soc. Lond. B8178:131-49, 1971. :
Huxley, H.E. - Structural changes in the actin myosin cohtaining
filaments during contraction. Cold Spr. Harb. Symp. Quant. Biol.
37:361-76, 1972. : ~ _

Inesi, G., and N. Malan. Mechanisms of Ca*2 release in SR. Life
Sci. 18:773-80, 1976. L. =

Ingebretson, C.G., P. Moreau, H. Johnson, and W.R. Ingébretson.
Performance of diabetic rat hearts: Effects of anoxia and
increased work. Am. Jnl. Physiol. 239:H614-20, 1980.

Jackson, P:, G.NW. Amphett and S.V. Perry. The primary structure of Tn-
T and the 1nteract1on with tropomyosin. Biochem. Jnl. 151:85-97,
1975. -

Jacobus, H E., I.H. Pores, S. Lucas, M.L. H1sfe1d, and J.T. Flaherty.
Intracellu]ar acidos1s and_contractility in normal and ischemic
hearts as examined by 31 pNMR. . Jnl. Mol. Cell. Cardiol.
14(Supp. 3):13-20, 1982. : .

Jakes, R., FE. Northrop, and- J. Kendrick-Jones. CatZ binding
regions . of myosin regulatory light chalns. FEBS Lett. 70:229-34,

o 1976, _ | | ]

‘Johnson "J.D. Collins J H., Robertson, S.P., and J.D: Potter. Circ
Res: 58:71, 1978. E : ) \



1

Johndon, J.D., S.C. Charlton, and J.D. Potter. A fluorescence stopped
flow. analysis ‘of Ca*? exchange with Tn-C.  Jnl. Biol. Chem.

254:3497-502, 1979. | '

~Johnson, J.D., J.H.' Collins, S.P. Robertson,e and J.D. Potter. A
fluorescent probe study of Ca*? binding to the. Ca*

specific sites of card1ac Th and Tn-C. Jnl. Biol. Chem.
255:9635-40, 1980. ' . .

‘John§on, K.A., and E.W. Taylor. Intermediate states of subfragment 1 - 3

~and actosubfragment 1 ATPase. Reevaluation of the mechanism.
Biochem. 17:3432-42, 19/8. -

Johnson, L.S. Non identical tropomyosin subunits in rat skeletal
muscle. Biochem. Biophys. Acta 371:219-25, 1974. :

Johnson, P., and L.B. Smillie. Rabbit skeletal- alpha tropomyosin
chains are in register. Biochem. Biophys. Res. Comm. 64:1316-22,
1975. 5

Julian, 4nd Moss, R.L. Effects of Ca*2 and ionic strength on

shorten1ng velocity and tension development in frog skinned muscle

fibers. Jnl. Physiol. 311:179-99, 1981.

.Kaheyama; T., M. Komatsu, and T. Sekine. ‘Actin induced conformational.

change in the myosin molecule. Reactivity of 'Sp thiol and DTNB
reactive thiols of porcine cardiac myosin. =~ Jnl. Biochem.

- 87:587- 92 1980.

Kannel W.B. Role of diabetes in heart disease from population
studies. In: Diabetes and the Heart ed. S. Zoneraich. Thomas
Publish1ng, Springfield, ITTinois, 1378, pp. 97-112.

Kardam1, €., and W.B. Gratzer. Interaction of cardiac myosin and it§

light .chains with: ca*Z jons -and regulation of binding by
phophorylation. Jnl. Molec “Cell. Cardiol. 4:73-80, 1982. "

Kasai, M. and H. Miyamoto Depolarization induced Cal release from
SR fragments. - The: .release of Ca +2 taken up upon using ATP.
Jnl. Biol. Chem. 79:1053-68, 1976. : : _

Katz, A.M. Effects of alkali metals on the Mg+2 act1vated ATPase

activity of reconstituted actomyosin. Biochem. Biophys. Acta
162:79-85, 1968. » ' '

Katz, A.M., and H.H. Hecht. Early pump failure of the 1schaem1c heart.
Am. Jnl. Med. 47: 497 502, 1969.

Katz, A.M. Contractile proteins of the ,heartQE 'Physiol. Rev.
50:63-158,_1970; . - ' .

o

\

..38



Katz, A.M. Physiology of the heart. New York: Raven Press, 1977.

" Kawasaki, Y., and J.P. Van_ Erd. The .effect of Mg+2 on the
conformation of the Ca*? binding component of Tn. Biochem.

Biophys. Res. Comm. 49:898-905, 1972. -

Kentish, J.C., and W.G. Naylor. Effect of pH on the Ca*2 dependent
ATPase of cardiac and white skeletal myofibrils. Jnl. Physiol.

265:18-19P, 1977. ——

Kentish, J.C. and W.G. Naylor. The influence of .pH on the Ca*2
regulatory ATPase of cardiac and white skeletal myofibrils. Jnl.
Mol. Cell. Cardiol. 11:611-17, 1979. : '

. ; :
Kerrick, W.G., dpd. S.K. Donaldson. The effects of Mg*2 on
" submaximal -Ca%? activated lension in skinned fibers of frog
skeletal muscle. Biochem. Biophys. Acta 275:117-22, 1972.

Kerrick, W.G,, and S.K. Donaldson. The comparative effects of Ca*2
and Mg*? concentration on tension generation in the fibers of
skinned ?rog skeletal muscle and mechanically disrupted rat
ventricular cardiac muscle. Pflug. Arch. 351:195-201, 1975. -

. Kessler, I. Mortaiity experience of diabetic batients. Am. Jnl. Med.
51:715, '1971. - I .

‘Kirchberger, M.; M. Tada, and A.M. Katz. Adenosine 3'5' monophosphate

- dependent protein kinase - catalyzed phosphorylation reaction and -
its relationship to Ca*z' transport in cardiac SR. - Jnl. Biol.

Bhem. 249:6166-73, 1974.

Kopp, S.J., and M. Bafany.',Phosphory]ation of 19,000‘D 1ight chain of.

myosin in the perfused rat heart under the influence of negative
and positive ifontropic agents. Jnl. Biol. Chem. 254:12007-12,
1979. | i :

Koretz, J.F.,'and E.W. Taylor. ‘Transient state kinetic studies of.

proton liberation by myosin S-1. Jnl. Biol. Chem. 250:6344-50,
1975. : , o

Kuwayama, H., and K. |Yagi. Seperation of low mo]scu]ar.components of
~pig cardiac myosin and myosin S-1 and Ca*’ binding to one of
the components (gp). Jnl. Biochem. 82:25-33, 1977. '

Kuwayama, H., and Y. Yégi,: Ca*2 binding of pig cardiac myosin S-1
. and gp light chain. Jnl. Biochem. 85:1245-55, 1979.
\ ' ;

.39 .



Langer, G.A. The structure and - function of Lhe. myocardial. cell
surface. Jnl. Physiol. 235:H461-68, 1978. ,

Leavié, P.C., S.S. Rosenfeld' J. Gergley, Z. Grabarek, and W,
Drahbikowski. Proteol;twc fragments of Tn-C localwzatlon on high

and low affinity Ca*
and Tn-T. Jnl. Biol. Chem 253:5452-59, 1978.

Leavis, P.C., and E.L. Kraft. Ca*2 binding to cardiac Tn-C. Arch.

Biochem. Biophys. 186:411-15, 1978.

Leavis, W.G., and L.B. Smillie. The amino actid sequence of rabbit
cardiac tropomyosin. dJnl. Biol. Chem. 255:6854-59, 1980. v

Ledt, T} Histological and histochemical Changes ~in  the 'coroﬁary
arteries of old diabetic patients. Diabetologia 4:268-72, 1968,

Ledt, T. Diabetic caédwopathy ' Quantitative histological studies -of
_the heart from young juvenile dwabetwcs. Acta. Pathol. Microbiol.

binding sites and interactions with Ta-I

Scand. 84:421-28, 1976

Leger, J.J., and Elzinga, M. Studies on cardiac myosin 1wght chains

" comparison of ‘the sequences of cardiac and skeletal myos1n LC-2.
Biochem. Biophys. Res. Comm. 74:1390-96, 1977

Lehman, u. Thick filament 1linked Ca*2 regu]at1on in vertebrate
striated muscle. Nature 274:80-81, 1978. b '

Levin, A., and Wymann, J. The viscous elastic properties of muscle.
Proc. R. Soc. Biol. B101:218-43, 1927.

Levine, B.A. J.M, Thorhton, +2 Fernandes, C M. Ke]ly, and D, Merco1a.»'

Comparison of - the Ca -Mg induced structural changes - of
- Tn-C. Biochem. Bwophys. Acta. 535: 11 24, 1978,

Lowey, S., and D. Risby. nght chains from fast and sltow myoswns.
' Nature 234:81-85, 1971.

Lowry, O. H{, N.J. Roseborough ~X'L’ Farr, and R.,J. Randell. Protein
' measurement with pheno1 ‘regent. Jnl. Biol. Chem. 193:265-75,
1951. , o

&

“Lymn, R., and E.W. Taylor. Transient state phosphate production in the

hydrolysis of nucleoside triphosphates by myosin. Biochem.

9:2975-83, 1970.

Lymn, R.W., and E.W. Taylor. Mechanism of - ATP hydrolysis by
actomyosin. Biochem. 10:4617-24, 1971. ,

..40



Malhotra; A., S. Huang, and A. Bhan. Subunit function in cardiac
myosin: - Effect of removal of LC-2 (18000 D) on enzymatic
properties. Biochem. 18:461-67, 1969. :

Malhotra, A., A.K. Bhan, and J. Scheuer.: Cardiac actomyosin ATPase

activity after prolonged physical conditioning and decond1t1on1ng .

Am. Jnl. Phy5101 230:1622-25, 1976.

Malhotra, A., S. Penpargkul F. Fein, E.H. Sonnenblick, and J..Scheder.
The effects of streptozotocin induced diabetes in rats on
myocardial contractile protein. Circ. Res. 49:1243-50, 1981.

Mannherz, H.G., H. Schenck, and R.J. Goody. Synthesis of ATP from ADP

and 1norgan1c phosphate at the myosin S-1 active site. Eur. Jnl.

Blochem 48:287-95, 1974

Mannherz, H.G., and R.S. Goody The molecu]ar basis of contractility.
Basic Res. Cardiol. 89:68-213, 1974. # .

Mannherz H.G., and R.S. Goody. Proteins of the contractile system.
Ann. Rev. Biochem. 45:427-59, 1976. :

Marayuma, K. Effect of trace amounts of Ca*t2 and Mg*2? on the
polymerization of actin. Biochem. Biophys. Acta 667:139-42,
1981. - , I :

Marston, S.B., R.T. Tr@ar, Rodger, and M.L. Ciarke Couphng
between the enzymatic Slte and the mechanical output of muscle.
Jnl. Molec. Biol. 128:111-26, 1978.

Martonosi, J. and A. Feretos. S.R." I The uptake of Ca*Z by SR
fragments. - Jnl. Biol. Chem. 239:648-58, 1964.

'Masaki, T., /M. Endo, and S. Ebashi. . Localization of 6S component of
alpha actinin at the Z band. Jnl. Biochem. 62:630-32, 1967.

McCardle, W.D. Metabolic stress of .endurance swimming in the lab rat.
Jnl. Appl. Physiol. 22:50-54, 1967. v

McCubbin, W.D. and C.M. Kay. Ca+2 induced conformational changes
in the ,troponin-tropomyosin complexes of skeletal and cardiac
muscle and their roles in the regulation contraction and
re}axation. Accounts of Chem. Res. 13:185-92, 1980.

'McDonald, T.F., and D.P. McCleod. Metabolism and the electrical
activity of anoxic ventricular muscle. Jnl. Physiol. 229:559-82,
1973. . ,

McClaughlin, A.D., and M. Stewart. Tropomyosin eoiled coil

interactions ev1dence for an unstaggered structure. Jnl. Molec.

Biol. 98:293-304, 1975.

..41



McClaughlin, A.D., and M. Stewart. The 14 fold periodicity in alpha

tropomyasin and the interaction with actin. Jnl. Molec. Biol.
103:271-98, 1976. ‘ ‘ _

Medugorac, I. Relationship between CaATPase activity and_subunits of
myosin. in the myocardium of rats conditioned by swimming.

Experientia 31:941-42, 1975,
Mendelson, R.A:, Morales, M.F., and J. Botts. Segmental flexibility of
the S-1 moiety of myosin. Biochem. 12:2250-55, 1973.

Miller, T.B. Cardiéc Performénce of isolated perfused hearts from
alloxan diabetes. Am. Jnl. Physiol. 236:11808-12, 1979.

Minelli, R. C. Reggiani, R. Diongi, and-V. Capelli. Card)ac muscle
models for both isotonic and isometric contractions. Pflug. Arch.

359: 68-80, 1975.

Moir, A.J., J.M. N1lk1nson, and S.V. Perry. The phosphorylation sites

of ‘Tn-1 from white skeletal 'muscle of the rabbit. FEBS Lett.

\

42:253-56, 1974.

Moir, AlJ. and S.V. Perry. " The sites of phosphorylation of rabbit
- cardiac. Tn-1 by adenosine 3'5' monophosphate dependent protein
kinase. Effect of intéraction with Tn-C. Biochem. Jnl.

167:333-43, 1977.
Moir, A.J., H.A. Cole, and S.V. Perry. The phosphorylation sites of

‘Tn-T from white skeletal muscle and the effects of interaction

with Tn-C on their phosphory]atlon by phosphorylase kvnase.
Biochem. Jnl.  161:371-82, 1977 :

Moir, A.J., J. Solaro, and S. V Perry. The site of phosphorylatvon of
Tn-1 in the perfused rabb1t heart. - Biochem. Jnl. 185:505-13,

1980. E : \

Moos, C. Actin activation of HMM and S-1 ATPases: Steady state kinetic
studies. Cold Spr. Harb. Symp. Quant. Biol. 37:137-43, 1972.

Mordes, J. and A. Rossini. Animal models of diabetes. Am. Jnl. Med.
' 70:353-60, 1981. e

Morel, J.E., and 1. Piset-Harstrom. Ultrastructure of the contractile
' system of striated skeletal muscle and the process of muscular
-contraction. I. Ultrastructure of the nwof1br11 and source of
energy. Biomed. 22:88-96, 1975 ’

~ Morgan, H.E., E. Cadenas, D.M. Regan, and C.R. Park. Regu]ation of
glucose uptake in muscle II. Rate limiting steps and effects of

insulin and anoxia in heart muscle from dwabetwc rats. Jnl. Biol.

Chem. 236:262- 68 1961. =

..42



4

Morgan, H.E., 0.E. Rannels, E.B. Wolpert, K.E. Geger, J.W. Robertsdn,
and L.S. Jefferson. Effect of insulin on protein turnover in

heart and skeletal ‘muscle. In:Insulin Action ed 1.B. Fritz New

\ York; Academic Press 437-59, 197Z.

Morgan, M., S.V. Perry, and J. Ottaway. Myosin light chain phosphotase
Biochem. Jnl. 157:687-97, 1976. :

‘Morimoto,K., and W,F. Harrington. Isolation and composition of thick
.+ filaments from rabbit skeletal muscle. Jnl. Molec. Biol.

77:165-75, 1973.

Morimoto, K., and W.F. anrington. Evidence for 5tr0ctura] changes in
vertebrate thick filaments induced by Ca*2.”> Jnl. Molec. Biol.

88:693-709, 1974.

Morita, F. Interaction of HMM with substrate. II. Rate of the
formation of ATP induced UV difference spectrum of HMM measured by
the ‘stop flow method. Biochem. Biophys. Acta 172:319-27, 1969.

Mulhern, S.A., and E. Eisenberg. Further studies of the interaction of -
actin with HMM and S-1 in the pre. -e of ATP. Biochem.

15:5702-08, 1976.

\

‘Murray, A.C., and C.M. Kay.. Hydrodyﬁamic and optica1 properties of
Tn-A.  Demonstration of a conformational 6hange upon binding
ca*? ions. Biochem. 11:2622-27, 1972. :

Murthy, V.K., and J.C. Shipp. Accumulation of myocardial triglyceérides

in ketotic diabetes evidence - for increased biosynthesis.

Diabetes. 26:222-29, 1977. _ .

Nagano, K., S. Miyamoto, M. Matsumura, and I. Ohtsuki. Possible
formation of a. triple strande <coiled <coil ~region in
tropomyosin-Tn-T binding complex. Jnl. Molec. Biol. 141:217-22,
1980. - : v

Nagano, K., and S. Miyamoto. Prediction of a triple stranded coiled
coil region in the tropomyosin-Tn-T complex. - Jnl. Theor. Biol.

94:743-82, 1982. : :

Nagano, K.; and I. Ohtsuki. }Prediction of the approximate quaternary
structure of the Tn complex. Proc. Japan Acad. 58(Ser B):73-77,

1982.

Nakhooda, A.F., A.A. Like, C. Chappel, F.T. Murray, and E.B. Martiss.
The spontaneous1y diabetic Wistar rat. Diabetes 26:100-12, 1977.

Nakumuru, Y. and - A. Schwartz. Possible control of intracellular
Ca+2 metabolism by H* concentration: SR of skeletal and
y cardiac muscle. Biochem. Biophys. Res. Comm. 41:830-36, 1970. ‘

...43



3

Nakumura, Y., and A. Schwartz. The influence of H* concentration on
Ca+2 binding and Trelease by .skeletal muscle SR. Jnl. Gen.
Physiol. 59:22-32, 1972.

Neely, J.R., and H.E. Morgan. Relationship between: carbohydrate and
© lipid metabolism an the energy balance of heart muscle.  Ann.
Rev. Physiol. 36:413-57, 1974

Nee]y, J.R. and‘H E. Morgan. Abnorma11t1es of metabolism and functlon
in hearts of ‘diabetic animals. in Clinical Cardiology and Diabetes
I ed R.C. Scott. Mount Kisco New York: Futura Publishing Co.,

1981. p.221:

Newsholme, E.A. and P.J. Randle. Regulation of glucose uptake by
muscle VII.'vBiochem.‘Jnl. 93:641-51, 1964. . . .

Nishida, E. A new protein factor that modulates both microtubule
assembly and actln po]ymer1zat1on Jnl. Biol. Chem. 89:1197-203,
1981. _ s

Ohara, 0., S. Takahashi, and T.' Ooi . Cross inking study on

tropomyosin. . Jnl. Biol. Chem. 87:1795-803, 1980

Ohtsuki, I. Molecular arrangement of Tn T in the th1n fi]ament ~dnl.

B1ochem 86 491-97, 1979.

Okamoto, H., and K. . Yag1. Ca+2 induced conﬁormational changes of

spin labeled G, chain bound to myosin and the effect of
phosphorylation. Jnl. Biochem. 80:111-20, 1976.

Opie, L.H. Metabolism of the heart in health and disease. Am. Heart

Jnl. 76:685-98, 1968. ;
Opie, L.H., M.J. Tansey, and B.M. Kennelly. The heart in diabetes

mellitus. The biochemical basis of myocard1a1 dysfunct1on S.

Afr. Med. Jnl 56: 207 11 1979.

'Orlent11cher, M., P.W. Brandt, and J.P. Ruebén Regu]at1on of tension
in skinned muscle fibers: effect of high concentrations of MgATP
Am. Jdnl. Physiol. 233:C127- 34 1977.

‘Oscai,_L;B.; P.A. Mole, and J.O. Holloszky.‘ Effects of exercise on

cardiac weight and mitochondria in male and female rats. Am. Jnl.

Physiol. 220:1944-48, 1971a.

T

a . ) - - .
Oscai, L.B., P.A. Mole, B. Brei, and J.0. Holloszky. Cardiac growth

and respiratory enzyme levels in male rats subjected to a running
program. Amer. Jnl. Physiol. 220:1238-41, 1971b.

Pain, V.M., and P.J. Garlick. , Effect of'streptozotoc1n diabetes and
. insulin treatment on the rate of protein synthesis in tISsues o€
" the rat in vivo. Jnl. Biol. Chem. 249:4510-14, 1974.

..44



- Pang, D.C., and W. MWeglicki. Alterations of myofibrillar ATPase
activities 1in hearts of cardiomyopathic hamsters. Jnl. Molec.
Cell. Cardiol. 12:445-56, 1980.

Pannier, J., and J. Leuson. Contraction characteristics of papillary

muscle during changes 1in acid base composition of the bathing
fluid. Arch. Int. Physiol. 76:624-34, 1968.

Péndier, J., and J. Weyne. The influence on the contraéti]e properties
of papillary heart musclé. Arch. Int. Physiol. 78:101-10, 1970.

Pato, M.D., ALS.'Mak, and L.B. Smillie. igments of rabbit striated
¢.muscle alpha tropomyosin. Jnl. Biol  iem. 256:593-607, 1981.

Pearlstone, J.R., M.R. Cafpeﬁ%er, D. Johnson, and L.B. Smillie. Amino

Acid sequence of tropomyosin binding component of rabbit skeletal .

muscle troponin.- Proc.-Natl. Acad. Sci. USA 73:1902-06, 1976.

Pearlstone, J.R., and L.B. Smillie. The binding site of rabbit alpha
tropomyosin on Tn-T. Can. Jnl. Biochem. 55:1032-38, 1977.

Pearlstone, J.R., and L.B. Smillie. Tn-T fragments physiochemical
properties and binding to Tn-C. Can. Jnl. Biochem. 56:521-27,

1978.

Pearlstone, J.R., and L.B. &niiiie; The binding sites of rabbit
skeletal Tn-I on TN-T. Can. Jnl. Biochem. 58:649-54, 1980.

Pearlstone, J.R., and L.B. Sm1111e Identification of a second binding

region on rabbit skeltal Tn-T for alpha tropomyosin. FEBS Lett.
7?_—f“‘——f

128:119- 22 1981.

Pemrick, S.M. The phosphory]at1on of LC-2 of skeleta] osin is a
modifier of the actomyosin ATPase. Jni. Biol. Chem. 2 8836 -41,

i} 1980. ‘
C S~ ‘
<:;ESEPargku1, S., and J. Scheuer. The effects of -physical tra1niﬁg upon
. the mechanical and metabolic performance of\ the rat heart. ‘ Jnl.
C]in _Invest. 49:1859-68, '1910. N
Penpargkul S, Effects of adenine nucleotides *2 pinding by
fragmented SR 1isolated from rat hearts. Cardiovas. Res.

-13:243-53, 1979.

Penpargkul, S., A. Malhotra, T. Schaible, and'J. Scheuer. Cardiac
contractile proteins and SR in hearts of rats trained by running:
Jnl. Appl. Physiol. 48:409-13, 1980a. o

14

Penpargkul, S., T. Schaible, T. Yipintoi, and J. Scheuer. -The effects

of dlabetes on performance and metabollsm of rat hearts. Circ.

Res. 47:911-21, 1980b.

Penpargkul, S., F. Fein, H. Sonnenblick, and J. Scheuer. Depressed

cardiac SR -function from d1abet1c rats. Jnl.  Molec. Cell.
Cardiol. 13:303-09, 1981. _

..45



PR
“6‘{;_:

Perric, W.T., M.A. Thomas, and 5.V. Perry. Phosphorylation of LC
components of red, white, and cardiac muscles by phosphorylase b
kinase. Biochem. Soc. Trans. 1:860-60l1, 1973.

Perry, S.V., H.A. Cole, J.f. Head, and F.J. Wilson. Localizatios and
mode of action of the inhibitory protein conponent of the Tn
complex.. Cold Spr. Harb. Symp. Quant. Biol. 37:251-62, 1972.

Perry, S.V. The control of muscular contraction. Symp. Soc. Exp.
Biol. 27:531-50, 1973. =

Perry, S.Y., and H.A. Cole. Phosphorylation of Troponin and the effect

Y

of interactions between components of the complex.. Biochem. Jni.
141:733-43, 1974. :

Perry, S.V., G.A. Amphlett, R.J. Grand, P. Jackson, H. Syska, and J.M.
Wilkinson. Some aspects on the primary structure and function of
the components of the troponin complex. In:Calcium transport in

‘contraction and secretion ed f. Carafoli. North Holland o

PubTishing Co., 1375, pp 273-85.

Perry, S.Y., R.J. Grand, A.C. Naim, T.C. Vanaman, and C.M. Wall.
ca*t binding proteins and the regulatiop of contractile
activity. Biochem.,Soc. Trans. 7:619-22, 1979.

Perry, 7«5.V. The regulation of contractile activity in muscle.
Biochem. Soc. Trans. 7:593-617, 1979.

Philipson, K.D., and G.A. Langer. Sarcolemmal bound Ca*® and
contractility .in the mammalian myocardium. Jnl. Mol. Cell.

- Cardiol. 11:857-75, 1979.

Philipson, K.D., O.M Bers, an A.Y. Nishimoto. The role of
phosholipids in the (Ca’™< binding of isolated cardiac
sarcolemma. Jnl. Mol. Cell. Cardiol. 12:1159-73, 1980.

Pierce, G.N. and N.S. Dhalla. Cardiac myofibrilTar ATPase activity in
diabetic rats. Jnl. Mol. Cell. Cardiol. 13:1063-69, 1981.

r

Pires, E.M., S.Y. Perry, and M.A. Thomas. Myosin light chanin kinase,
a new enzyme from striated muscle. FEBS Lett. 41:292-96, 1974,

Podolsky, R.J. Kinetics of musc.lar contractiaon: the approéch to
steady state. Nature 188:666-68, 1960,

Podolsky, R.J., and A.C. Nolan. Cross idge properties derived from
physiological studies of frog muscle fibers. In:Contractility’ of

muscle cells and related processes. ed R.J. PodoTsky. EngTewood
LTifts New Jersey: Prentice Hall, 1871. pp. 247-60.

.46



\

Podolsky, R.J. Muscle activation: - The current status. Fed. Proc.
34-374-78. 1975, o CUTETR AR IER. TR

Podolsky, R.J., R. St. Onge, L. Yu, and R.W. Lymn. Xray diffraction of
actively shortening muscle. Proc. Natl. Acad. Sci. USA.
64:504-08, 1976. T T T

Polimeni, P.I., and £. Page. Magnesium in heart muscle. Circ. Res.
33:367-74, 1973. . -

Poole-Wilson, P.A., and G.A. Langer. The effect of COp on myocardial
function and Ca*2" exchange. Jnl. Mol. Cell. C(Cardiol.
7:45-50, 1975. : T

Pope, B., J.F. Hoh, and A. Weeds. The ATPase activities of rat cardiac
' myosin isoenzymes. FEBS Lett. 118:205-08, 1980.

Portzehl, H., P. Zaoralek, and J. Gaudin. The activation by ca+?

_of the ATPase of extracted muscle fibrils with variations of ionic

strength, pH, and concentration of MgATP Biochem. Biophys. Acta
189:440-48, 1969.

Potter, J.D. Effect of Mg*Z on Ca+2 b!nd1ng to myosin.  Harv.
Med Sch. Fed. Proc 34:671-87, 1975.

Potter, J.D. The Ca+2 binding properties of bovine card1ac Tn-C.
Biophys. Jnl. (Abstract) 17: 118a 1977.

Potter, J.D., and J. Gerg] ZY Tropomn‘tropomyosin and ‘actin
interactions in the Ca*¢ regulation of muscle contraction.
Biochem. 13:2697-703, 1974. : .

Potter, J.D., and J. Gergley. The Ca*2 and Mg*Z binding sitéh

on troponin and their role in the regulation of myof1br11ﬂ;' 3

ATPase. Jnl. Biol. Chem: 250:4628-33, 1975.

Potter, J.D., J.D. Johnson, J.R. Dedman, W.E. Schreiber, F. Mandel,
R.L. Jackson, and A.R. Means. - Ca*2 b1nd1ng proteins:
relationship of binding, structure, conformation, and biological
function. In:Calcium binding proteins and Ca1c1um function. ed
Wasserman. knsterda-:Elievfer North Holland Inc. 239-50, 1377.

Potter, J.D., S.P. Robertson, and J.D. Johnson.  Mg*2 in the
regulation of muscle contraction. Fed. Proc. 40, 2653-56, 1981.

Price, K.M., W.A. Litter, and P. Cummins. Hcman atrial and ventricular’
myosin light chain subunits in the adult during development.
Biochem. Jnl. 191:571-8C. 1980.

. .47



Ramirez, F. A model for active site of skeletal muscle myosin. Jnl.
Theor. Biol. 76:351-57, 1979. T

~Randle, P.J., P.B. Goodkind, C.W. Nales, E.A. Newsholme, R.M. Denton,
And C.I. Pogson. Interaction of metabolism and the physiological
role of insulin. Rec. Prog. Horm. Res. 22:1-44, 1966.

Rannels, D.E., L.S. Jefferson, A.C. Hjalmarson, E.B. Wolpert, and H.E.
Morgan. Maijtenance of protein synthesis in hearts of diabetic
animals. Biochem. Biophys. Res. Comm. 40:1110-16, 1970.

Rawlison, W.A., and M.K. Gould. Biochemical adaptations as a response
to exercise. ATPase and CP activity in muscles of exércised rats.
Biochem. Jnl. 73:44-48, 1959.

Ray, K.P., and P.J. England. Phosphorylation of the inhibitory subunit
of troponin and its effect on the Ca*? dependence of cardiac
myofibril ATPase. FEBS. Lett. 70:11-15, 1976.

Reddy, Y.S. Phosphorylation of cardiac regulatory proteins by CcAMP
dependent protein kinase. Am. Jnl. Physiol. 231:1330-36, 1976.

Reddy, Y.S., and L.E. Wyborny. Phosphorylation and its effects on
ATPase act1v1ty of cardiac and skeleta1 myosins. Tex. Rep. on

Biol. and Med. 39:79-90, 1979.

Regan, T.J., P.0. Ettinger, M. Khan, M.U. Jesrani, M.M. Lyons, A.
Oldewurtel, and M. Weber. Altered myocardial function and
metabolism in chronic diabetes mellitus without ischemia in dogs.
Circ. Res. 35:222-37, 1974.

Regan, T., S. Ahmed, G. Levison, H. Oldewurtel, M. Ahm&ﬂ, B. Haider,
and M. Lyons. Cardiomyopathy and Regional Scar in -diabetes
mellitus. Trans. Assoc. Amer. Phys. LXXXVIII:227-323, 1975.

Regan, T., M. Lyons, S. Ahmed, and C. Levinson. Evidence for
cardiomyopathy in familial diabetes mellitus. Jnl. Clin. Invest.

60:855-99, 1977. |
Regan, T., S. Ahmed, B. Havder and M. Lyons. The myocardium and its

vasculature in diabetes uellitus. Mod. Concepts Cardiov. Dis.
XLVII:71-78, 1978.

Reisler, E., M. Burke, and W.F. Harrington. Cooperative role of two
sulphydry  groups in myosin ATPase. Biochem. 13:2014-22, 1974.

..48



Rerup, C. Drugs producing diabetes through damage of the insulin
secreting cells. Pharmacol. Rev. 22:485-518, 1970.

Resink, T.J., G.A. Coetzee, and W. Gevers. Cardiac myofibrillar
phosphorylation and ATPase activity. South Afr. Med. Jnl.
56:897-905, 1979. T

Resink, T. W., Gevers, T. Noakes, and L. Opie. Increased cardiac myosin
ATPase activity as a biochemical adaptation to running training:
enhanced-. ;response to catecholamines and a role for myosin
phosphorylation. Jnl. Mol. Cell. Cardiol. 13:679-94, 1981.

Rich, T.L., and G.A. langer. A comparison of excitation-contraction
coupling in_heart and skeletal muscle: an examination of Ca*
induced Ca*? release. -Jdnl. Molec. Cell. <Cardiol. 7:747-65,
1975. ’

Robertson S.P., J.D. thnson and J... Potter. The effects of ph on

v Ca*?’ binding to the Ca*? Mg*2 and Ca*2  specific
sites of rabbit skeletal Tn-C. Biophys. Jnl. (Abstract). 21:16a,
1978.

Robertson, S:P., D. Johnson, M.J. Holroyde, E. Kranias, J.D. Potter
and J. Solaro. The effect of Tn-1 phosphorylation on the Ca* +2

binding properties of Ca*? regulatory site of .bovine cardiac.

Tn. Jnl. Biol. Chem. 257:260-63, 1980

4

Rubler, S., J. Dulugash, Y. Yuccog]ava, Z. Kural, A. Brawood, and A.
Grishman. New type of rdiomyopathy associated with diabetic
.qlomerulosis. Am. Jnl. [ diol. 30:595-602, 1972.

Rubler, S. Left ventricular fuﬁction in diabetes mellitus. Am. Heart
Jnl. 90:538, 1975.

Rubio, R., C. Bailey, and C. Villar-Pallasi. Effects of cAHP dependent'

protein kinase on cardiac b actomyosin: increase in C(a +2
sensitivity and possible phosphory]at1on of Tn-I. Jnl. Cyclic
Nucl. Res. 1:143-49, 1975.

Rueben, J.P., PIW. Brandt, M. Berman, and H. Grundfest. Regulation of
tension in skinned crayfish muscle fibers I Contraction and
relaxation in the absence of C(Ca‘. Jnl. Gen. Physiol.
- 57: 385 407, 1971.

Rupp, H.. Cooperatwe effects of Ca+2 on myofibril ATPase of -normal
and hypertrophied hearts. Bas. Res. Cardiol. 75:156-62, 1980. 7

..49



Rupp, H. Adaptive changes in the isoenzyme pattern of myosin from
hypcrthyrq$d rat myocardium as a result of pressure overload and
physical trlaining. Bas. Res. Cardiol. 76:79-88, 1981.

Sartorelli, L., R.W. Romm, R.W. Benson. and P.D Boyer. Direct and
8O—e'xchange measurements relevant to. possible activated or
phosphorylated states of myosin. Biochem. 5:2877-84, 1966.

Schaﬁble T.F., and J. Scheuer. Effects of physical training by
running or .swimming on ventricular perforhance of rat hearts.
Jnl. Appl. Phy5101 46:854-60, 1979.

Scheuer, J., and A.J. Bhan. .Cardiac contractile proteins: ATPase.

activity and phySIOIogwcal function. Circ. Res. 45:1-11, 1979.

Scheuer, J., S. Penpargku] and A.K. Bhan. Experimental observations

on the effect of physical training upon intrinsic¢ cardiac .

physiology and biochemistry. Am. Jnl. Cardiol. 33:744-51, 1974.

Schukla, K.K.,‘ and H.M. Levy. Mechanism of 0 exchange in actin
activated hydrolysis of ATP by S-1. Biochem. 16:132-36, 1977.

Schnelder J.A. and N. Sperelakis. . The demonstratlon gf energy
dependence of isoprotenol induced transcellular Ca*¢ current
in isolated perfused guinea pig hearts. An'exp]anat1on for the
mechanical failure of ischemic myocardium. Jnl. Surg. Res.

16:389-403, 1974.
Scott, R.C. Diabetes and the heart. Am. Heart Jnl. 90:283-89, 1975.

Serur J.R., C.L. Skelton, R. Bodem, and E.H. Sonnenblick. Respiratory
ac1d base changes and myocardial contractility: -interaction
between Ca*Z ‘and H' jons. Jn]. Mol. Cell. Cardiol.

8:823-36, 1976.

Seymour, J., and R.J. 0'Brien. The position of tropomyosvn in muscle
thin filaments. Nature 283:680-82, 1980.

Shepha?d, R.E., and P.D. Gollnick. 02 uptake of rats at d1fferent
work intensities. Pflug. Arch. 362:219-22, 1976.

Shipp, J.C., and V.K. Phrthy. The heart and diabetes: Vvascular and
metabolic. Jnl. Molec. Cell. Cardiol. (Abstract), 10:103,
1978. ) :

Sinclair-Smith,.B. The heart and diabetes mellitus. Tex. Rep. Biol.

Med. 39:431-39, 1979.

..50



Sleep, J.A., and P_D. Boyer. Effect of actin concentration on the

intermediate of myosin with relation to the refractory state and

the mechanism of 0 exchange. Biochem. 17:5417-22, 1978.

Sleep, J.A., and R.L. Hutton. Actin mediated release of AfP from a
myosin ATP complex. Biochem. 17:5423—30, 1978.

Sleep, J.A., Hackney, D.D. -and P. D Boyer. Characterization of

phosphate 0O exhange reactions catalyzed by myosin through
measurements of the distribution of 180-labelled species.
Jnl. Biol. Chem. 255:5235-38, 1978. :

Small. J.V., and A. Sobiezek. Ca*2? regulation of 'smooth muscle
actomyosin via a kinase-phosphotase dependent phosphory]atlon and

dephosphorylation of the 20,000 M light chaln of - my051n ~ Eur.

Jnl. Biochem. 76 521 30, 1977

Snoswell, A.M., and P.0. KoundakJ1an Relationship between carnitine ‘

and coenzyme -A esters in tissues of normal and alloxan diabetic
sheep. Biochem. Jnl. 127:133- 41 1972.

Sodek, J., R.S. Hodges, L.B. Snill1e, and L. Jurasek. Amino acid
sequence of rabbit skeletal tropomyosin and -its coiled-coil
structure. Proc. Nat). Acad. Sci. USA. 69:3800-04, 1972.

Solaro, R.J., A. Moir, and S.V. Perry Phosphorylation of Tn-I and the
inotropic_ effect of “adrenalin in the perfused rabbit heart.
Nature 262:615-17, 1976. :

Solaro, R.J., and J. S. Shiner. Modulatlon of ca*? control of dbg
and rabb1t cardiac myoflbr1ls by Mg Circ. Res. ,39:8-14,
1976. \ I _

Sommer, J,R., and E.A. Johnson. Ultrastructure of cardiac muscle.
In:Handbook of Physiol. ed R.M. Berne. 113-86, 1978.

Sonnenblick, E.H. Implications of muscle mechanics’in the heart. Fed.

Proc. 21 975 90, 1962.

Sordhal, L., G.K. Asimakis, R.T. Dowell, and H.L. Stone. Functions of
selected biochemical systems from the exercise trained dog heart.
Jnl. Appl. Physiol. 42:426-31, 1977. ' -

Squire, J.M. General model of myosin filament structure II: Myosin
filaments and crossbridge interactions in vertebrate striated
muscles. Jnl. Molec. Biol. 72:125-38, 1972. '

.

..51



. / . .
Squire, J.M. General model .of myosin filament structure I1l: Molecular

packing arrangemenls in myosin filaments, Jnl. Molec. Biol.
77:291-97, 1973, . : :

_Squire, J.M. MUSL]e fl]ament structure and muscle contractwon Ann.

Rev. B)QEhys Bioeng. 4:137-61, 1974,

- Srivastova, S., and J. Wilman-Coffelt. An )nvegtlgation into the role
of SHl and SH2 groups of myosin in Ca*¢ binding and tension.
' B1ochem. Blophys. Res. Comm., 92:1383- 88 1980.

Stein, L.A., R.P, Schwartz, P.P, Chock, and E.. Fisenberg. ‘The
mechanism of the actomyosin ATPase: Evidence that ATP hydrolysis

can occur without dissociation of the actomyoswn complex. - Biochem

18:3895-09, 1979.

»Stevenson, J. A., V. Feleki, P. Rechnitzer, -and J.R. Beaton. Fffect of

exercise on the coronary tree S)ze in the rat. Circ. Res.

15:265-69, 1964.

Stewart, M. Tropomyosin: Evidence for no stagger between chains.
- FEBS Lett. 53:5-7, 1975. . o :

Stewart, M., and A.D. McLaughTin.  Fourteen actin binding sites on
tropomyosin? Nature 257:331-33; 1975." s .

' Stéwart,_ M., and A.D. McLaughlin. Structure of Mg*’2 paracrystals
"of alpha tropomyosin. Jnl Mol Bwol. 103 251 69, 1976.

Stone, D., J. Sodek, P. Johnson, and L. B Sm1]11e. in Proc. of the IX

Meetings -of Prote1n Contractile Systems. ed E. Biro. Amsterdam:
North Holland Publishing Co. 31:125-36, 1975. '

Stone, D., and L.B. Smillie. The amino. acid sequence of rabbit
skeletal tropomyosin: ‘The NHp terminal half and complete
sequence.' Jnl. Biol. Chem. 253:1137-48, 1978. - .

Strz]ncka-Golaszewska, H. .The relative aff1n1t1es of dlvalent catlons

to\ the site . of the tight Ca +2 binding in G actin. B1qchem.’

Blophys Acta. 310: 60 69 1973

Strz]ecka-Golaszewska, H., 8. 'Nagy,b and J. 'Gerg1ey; 'Changes 1n
conformation and nucleotide binding of CatZ, Mnt

Mg*2- G . actin upon removal of bound divalent: cations. Arch.

Biochem. Biophys. 161:559-69, 1974,

Strobeck,-d;; S. Factor, A Bhan, M. So]e, C. Lieu, F. Fein, and E.
Sonnenblick. " Heridity and acquired cardiomyopathies in

..52



experimenial animals: mechanical, biochemical, and slructural

features. Ann. N.Y. Acad. Sci. 317:59-93, 1979.

Stromer, M.H., and D. E Goll., Studies on purified actinin IIl.
Electron microscopic studies on competitive binding of actinin and

tropomyosin to Z line extracted myofibrils. Jnl. Mol. Biol.
67:489-94, 1972.

) $
Stull, J., and J. Buss. Phosphorylation of cardiac Tn by 3'5"' cAMP

dependent protein kinase. Jnl. Riol. Chem. 252:851-57, 1977.

Stull, J.T., and J.E. Buss. ca*? binding properties of beef
cardiac troponin. Jnl. Biol. Chem. 253:5852-58, 1978.

Stull, J.T., D.K. Blumenthal, J.R. Miller, and J. Disalvo. Regulation
of myosin phosphory]at1on.‘ Jnl. Mol. Cell. Cardiol. 14:105-110,
1982. 5 '

Sutoh, K. Direct’ evidence for the Ca*? jnduced change "in the
quaternary structure of Tn in situ. Millisecond crosslinking of
‘Tn components by a photosensitive heterob1funct10na1 reagent.
Biochem. 19 1977 83, 1980. :

Syska, H., J. M Wilkinson, R.J. Grand, and S.V. Perry. - The
relationship between b1ologwca1 activity and primary structure of

Tn-1 from white skeletal muscle of the rabbwt _Biochem. Jdnl.
153‘375 87, 1976. .

T‘]bot J.A., and R.S. Hodges. Comparative studies on the inhibitory

region of - selective species -of Tn-1. . Jnl. -Biol. Chem.
256 12374 78, 1981 o ‘ RS

Tab, T., and M. Lamk1n. . Exc1fat1on energy 'transfer .étudies an

proximity between SH1-and the ATPase.seen in myosin S-1.: Biochem.

20:5051-55, 1981.

Taylor, E.W., R.M. Lymn, and G. Moll. My051n product comp]éx and ‘its
effect on the steady state rate of nuc]eot1de trwphosphate
hydro]ysis. Biochem. 9:2984-91 1970 :

Taylor, ‘E. ﬂ : Trans1ent phase of ATP hydrolySIS by myoswn, HMM, and

S-1., Biochem. 16:732-40, 1977

: . \ ) : .
‘Taylor, E.M. Mechanism of actomyosin ATPase and the problem of muscle.

contraction. CRC Critical Rev. in Biochem. 103-57, 1979.

x

..53



Taylor,. K.A., and L.A. Amos. A new model for the geometry of the
binding of myosin crossbridges to muscle thin filaments. Jnl.
Molec. Biol. 147:297-324, 1981.

Taylor, R.S., and A.G. Weeds. Transient phase .of ATP hydrolysis by
myosin S-1 isoenzymes. FEBS Lett. 75:55-60, 1977.

Tepperman, J., and D. Pearlman. Effects of exercise and anemia on
coronary arteried of small animals as revealled by corrosion cast
tecniques. Circ. Res. 9:576-84, 1961.

Terjung, R.T. Endocrine response to exercise.  Med. Sci. Sports.
- 11:153-80, 1979. : ‘

Thames, M.D., L.E. Teicholz, and R.J. Podolsky. lonic strength and
contractlon kinetics of skinned muscle fibers. Jnl. Gen. Physiol.

© 63:509-30, 1974.
Tibbits, G., B.J. Koztol M.K. Roberts, K.M. Baldwin, and J. Barnard.

Adaptation of the rat myocardium to endurance training. Jnl.

‘Appl. Physiol. 44:85-89, 1978.

Tonumura, Y., H. Nakamura “N. K1nsoh1ta H. Onishi, and M. Shigekawa.
The reaction mechanlsm of the myosin ATP system and a molecular

mechanism of muscle contract1on - dJdnl. Biochem. 66:599-618,
1969. ' . _
Tonomdra,' Y. . Muscle Proteins, Muscle Contraction, and Cation

Transgort. University Park Press:Baltimore, 1972.

Tonomura; Y., and A. Inoue. Energy tfansducing mechanisms in muscle
MTP.  In:International Review of Sci. Ser. I. 111.Energy

Transducing Mechanisms. ed t. Racker. -Butterworth Press:lLondon,
1975. : i

" Toyo-Oka,. T., and T. Masaki. Ca*Z activated neutral protease from

bovine ventricular muscle: Isolation and some of its properties.
Jnl. Molec. Cell. Cardiol. 11: :769- 86 1979.

Trentham, D:R., - R. G. Bardsley, J F. Ecclestdn, and A.G. Weeds. .
Elementary processes of -the- Mg+2 ion dependent ATPase activity -

-of HMM. . Blochem. Jnt. 126: 635 44, 1972.

}Ueno, H. Cyanogen Bromide fragments of rabbit skeletal muscle alpha
' tropomyosin. Jnl. Biochem. 84:1559-65, 1978.

Ueno, H., and T. Ooi. Tn binding region of tropomyosin. Jnl. Biochem.
'81:1927-29, 1977. R

.54



R
Ueno, H., and T. Ooi. Tropomyosin fragments obtained by tryptic
digestion. Jnl. Biochem. 83:1423-33, 1978. '
Van Erd, J., and K. Takahashi. The amino acid sequence of bovine

cardiac Tn-C comparison with rabbit skeletal Tn-C. gjochgm_
Biophys. Res. Comm. 64:122-26, 1975

Van Erd, J., and K. Takahashi. Determination of complete amino acid
sequence of bovine cardiac Tn-C. Biochem. 1171-80, 1976.

~

Vihert, A.M., V.S. Zhdanov, and E.E. Matova. Atherosclerosis of the

aorta and coronary vessels of the heart in cases of various
disease. Jnl. Atheroscler. Res. 9:179-92, 1969.

Walsh, T.P., and A. Wegner. Effect of the state 6; oxidation of
cysteine 190 of tropomyosin on the assembly of the actin
tropomyosin complex. Biochem. Biophys. Acta 626:79-87, 1980.

Warren, J.C., L. Stowring, and M. Morales. The effect of $tructure
d1srupt1ng ions on the activity of myosin-and other enzymes. Jnl.
"'Biol. Chem. 241:309-16, 1966. ~ .

Weber, A. On the role of Ca+2 in the activity of adenosine 5°'
triphosphate hydrolysis by actomyosin. Jdnl. Biol. Chem.
234:2764-69, 1959. :

Weber, A. Parallel response of myofibrillar contraction and relaxation
to four different nucleoside triphoshates. Jnl. Gen. Physiol.
53:781- 91 1969.

' Weber A., and R. Herz. The binding of ca*t2 to actomyos1n systems
in relation to their biologica] activity. Jnl. Biol. Chem.
238: 599-69? 1963. .

1

weber,'A.; and J.M. Mirray. Molecular control mechanisms in muscle
contraction. Physiol. Rev. 53 612-73, 1973.. :

Webb, M.R., C.G. 'McDonald and D. R. Trentham. _ Kinetics of 0-18
exchange and water catalyzed by myosin S-1 using the 0-18 shift in
PNMR. Jnl Biol. Chem. 253:2908-11, 1978.

Weeds, A.G., and S. Lowey. Substructure of the myosin molecule. Jnl.
Molec. Biol. 61:701-25, 1971.

i

Weeds, A.G., and B. Pope. Chemical studles on 11ght chains from cardiac
and skeleta] muscle qyos1ns._ Nature 234:85-88, 1971.

..55



LT

Weeks, R.A. and-S.V. Perry. The region of the Tn-C molecule involved
in interaction with En—l. Biochem. Soc. TCEEE; 5:1391-92, 1977.

Weeks, R.A., and S.V. Perry. Characterization of a region of the
primary sequence of Tn-C involved in Ca*2 jon dependent
interaction with Tn-1. Biochem. Jnl. 173:499-57, 1978.

Wegner, A. Head to tail polymerization of actin. Jnl. Molec. Biol.
108:139-50, 1976. .

Wegner, A. The interaction of AA and AB tropomyosin with actin
filaments. FEBS Lett. 119:245-48, 1980.

wegner‘ A., and J.M. Newhaus. Requirement of divalent cations for fast
sxchange of actin monomers and actin f\lament subunits. Jnl.
Molec. Biol. 153:681-93, 1981.

White, H.D. Mg-ADP b1nd1ng to actomyos1n S 1 and acto HMM. Biophys.
Jdnl. (Abstract) 17:40a, 1977.

‘Whitehorn, W.Y., and A.S.>Grimmenga. Effect of exercise on properfies
of the myocardium. Jnl. Lab. Clin. Med. 48:959, 1956. i

Wilkman-Coffelt, J., R. Zelis, C. Fenner, and D.T. Mason. Myosin
chains of myocard1al tissue I: Purification and immunological
properties of myosin heavy chains. Biochem. Biophys. Res. Comm.
51:1097- 104 1973a.

Ni1kman-Coffelt, J., R. Zelis, C. Fenner, and D.T. Mason. . Studies on
the synthesis and degradation of light chains of cardiac myosin.
Jnl. Biol. Chem. 248:5206-07, 1973b.

Wilkman-Coffelt, J., and S. Sriva§tava. Differences in atrial and
ventricular myosin LC 1. FEBS Lett. 106:207-13, 1979.

Wilkerson, J.E., and E. Evonuk. Changes in cardiac and skeletal muscle
myosin ATPase activities after exercise. Jnl. Appl. . Physiol.

30:328-30, 1971.

Wilkinson, J.M., and R.J. Grand. The amino acid sequence of Tn-I from
rabbit ske]etal muscle. Biochem. Jnl. 149: 493_35 1975

Wilkinson, J.M., and R.J. Grand. Comparison of amino acid sequences of
" Tn-I from different striated muscles. Nature 271:31-35, 1978.

Wilkinson, J.M. Tn-C from rabbit slow skeletal and cardiac muscle is
the product of a single gene. Eur. Jnl. Biochem. 103:179-88,
1980. -

..56



o

Williams, G.J., S. Collins, J.R. Muir, and M.R. Stephens., Observations
' on the interactions of Ca*? and H* jons on ATP hydrolysis by
the contractile elements of cardiac muscle... In:Rec. Adv. Card.

-

Struc. 5:273-80, 1978. ,

Williamson, J., S. Schaffer, C.‘Ford, and B. Safer. t~ibution of
tissue acidosis to iscaemic injury in. the perfused working rat
heart. Circ. 53:13-14, 1976.

Wolcott, R.G., and P.D. Boyer. The reversal of the myosin and
actomyosin ATPase reactions and the free energy of ATP binding to
myosin. Biochem. Biophys. Res. Comm. 57:709-13, 1974.

-~

Wood, J.M., A.J. Garber, and M.L. Entman. Myocardial biochemistry in

the diabetic. heart. Clinical Cardiology and Diabetes I ed R.C.
Scott. Mount Kisco New York: Futura Pub CTo. 1981, p. 221.

Wool, I.R., O.R: Rampersad, and A.N. Moyer. Effect of insulin and
dtabetes on protein synthesis by r1bosomes from heart muscle.
Amer. Jnl. Med. 40:716-23, 1966.

'Nu, C.S., and J.T. Yang. Reexamination of the conformation of muscle

proteins by optic activity. Biochem. 15: 3007 14,.1976.
Hyborny, L.E., and Y.S. Reddy. Phosphorylated cardiac myof1br1ls and

their efogt on ATPase activity. Biochem. Biophys. Res. Comm.
81:1175-79, 1978. .

Yagi K., Y. Okamoto, and Y. Yazawa. "Low MW components (g chains) of
~myosin from rabbit skeletal muscle. ,Seperation, amino acid compo-
sition, and contents in my051n. Jnl. 'Biochem.’77:333-42, 1975.

ot

Yamamoto, K., and I. Ohtsuki. Effect of phosphorylation of porcine
cardlac Tn-C by 3'5' cAMP dependent protein kinase on actomy051n
ATPase. Jnl. Biochem. 91:16669-77, 1982.

Zak, R., R.A..Chizzonite, A.W. Everett, and W.A. Calark. Study of
ventricular Jisomyosins during normal and. thyroid hormone inducedv

cardiac growth. Jnl. Mol. Cell. Cardiol. Supp 3:111-17, 1982.

Zechel, L. Effects of formamide on the polymerization and

depo]ymer1zatlon of muscle actin. Eur. Jnl. Biochem. 119:209-13,
1981. A ~ _

Zoneraich, S., D.'Zoneraich, andtJ. Rhee. Left ventricular performance
in diabetic patients without clinical heat disease, evaluation by
systolic time . intervals and echocariography. Chest 72:748-51,
1977. .

..57



Addendumv

Belcastro, A.N., M.M Sopper and M.P. Low. Calcium regulation of
myofibril ATPase activity at exhaustion and recovery. In:Proc.
Internat. Symp. on Biochem. of Fatigue, edited by H.G. Knuttgen
and J. Portmans {in press], I983. _

Nance, D.M., B. Bromley, R.J. Barnard, and R.A. Gorsk. Sexually

dimorphic effects of forced exercise on food intake and body
weight in the rat. Physiol. Behav. 19:150, 1977. ’

Taussky, H.H.; and E.A. Shorr. A microcalorimetric method for the

determination of inorganic phosphate. - Jnl. Biol. Chem.
202:675-85, 1953.

‘Terjung,_R. Endc .rine respanse to exercise. Med. and Sci. in Sports
7:1-36, 1975. - - : : . ‘

..58



APPENDIX A

REVIEW OF LITERAIURE

-59-



STRUCTURE

8

The Cytolaygy of Lerirac “Lslie o has been axtensively
investigated  with several  Iar-elat ins detw:en structure and-
function be > -2 increasingly evident. Of primary physiological

1mportance is the convérsfén of ;nemical energy into mechanical
work;. the energy is provided 1n .the form of AfP, -and the work is
manifest Dby the §1idiﬁgv f]laments 1ycated 1in the cytoplasm of
mqscle cells.»- The trigyer for. contraction 1is an 1influx of Ca*2
ions int?ﬁgthe matndx;',wp11e Sup$equent relaxation of the cells

. . ‘q-;,‘ {':‘3’:',* h )

requires .¥the uptak; andj§f§,qp%§§§agion of Ca™¢ by ;he
sarcoplasmic reticulum (SR). Thé,fgé}ﬁfﬁbres' that ‘are important in
these - ﬁfétésses will be the ﬁ'féﬁhT pointh of the following
discussion. |

7

CARDIAC ULTRASTRUCTURE
Tne~ cells of the working myocardiuﬁ cont2in largé numbers of
myofibri{s and mitochondria enclosed within the sarcolemmé which
delimits the cell contents. | Thes? cgl]s contain two distinct
’intracellle; membrane Sysﬁems: ‘the transverse tubular system
» :
(T-system) and‘thei%R.. " Together these structures occupy less than
90% .of"the eslj volume, théA remainder consisting mainly of cytosol
and nuclei (Katz, 1977). - , ; : !

. The myocardial cell is enclosed by the safcoléﬁma,- a 7;5-910
mn‘unit plasma membrang which défines the boundary between the intrga
and extrace][ular spaces: The " sarcolemna in both cardiac and
skélefa muscle 1is composed of a *riiaminar unit: membrane.  The

N - '

w

S j -60-



< + 11
il

#ag  membrane (sarcolemna’l s tne hasic e uni L

w

hilayered pla
memdrane surrounded by é two Iaycvad'glycocalyx or basément mambrane
(50 nm) which lies on thev exterior of the sarcolemmna. dne  lav

termed the surface coat (20 nm thick) is an extension of the jﬂ.«‘w
membrane, woile the seoond more‘peripherol layer, the external la:
(30 nm thick) extends from the surface coat ([anger, 1978; Adamsgand
Schwartz, 1980). The plasma membrane appears to function as- a
selective barrier to_the freé}flow of low molecular weight substances
and ions such as sodiuﬁ; poﬁ§§$ium] and .calcium ., while the negatively
charged ylycocalyx may be:‘fﬁe sité of (a*? binding and exchange

across the cell membrane in cardiac muscle (Adams and Schwartz, 1980).
Rad
b‘v‘

At many sites on the surface of cardiac muscle cells th

sarcolemma is deeply invaginated in the form of long slender tubules -

called fndividualﬂy a §ransver§e tubule or t-tubule and co]léctivé]y
the T-system (Sommer and Johnson, 1978). Several prominent differences
exist between skeletal and cardiac muscle in the geometry the T—sys;em.
Skeletal t-tubules do not appearvto contain. the glycoprotein surface
coat of the sarcofemma. The T-system is much larger in‘diameter and
more variable in. size. in cardiac hosoTe than skeletél :ouscle. in
mémmalian skeletal muscie two transverse tubules are‘ oresent‘ at the
level of sarcomere s1tuated at the boundary of the A and | bands whlle
in cardiac muscle the tranSverse tubules are generally assoczated w1th
the Z bands,.thus there 1is. only one t- tubule perisarisagréfﬁ)F1nally,

3 e

in.contrast to ske]e;al muscle tA\ glycoprote1n Sur#gce cecat material

of cardiac per1phera1 sarcolemma continues down 1nto*fhe tubu]os andw )

the-efore is brought into prox1m1ty with the’’ contratt1le fw.aments‘

- El

il

(o B
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(Sommer and Johnson, 1979; Adams and Schwartz, 1980).

The SR conﬁists of a network: of intracellular tubules that
surround the bundles of contractile proteins, forming specialiiéd
structures that are 1n contact with fhe sarcolémma and the T-system.
Here the tubu]es of the SR flatten to form subsarcolemmal cisternae.
The\composite structure formed by the subsarcolemmal cisternae and

the adjacent region of either the sarcolemma or t-tubule is called

the dyad (Katz, 1977), the region within the membrane where Ca*?

is stored (Podolsky, 1975). Unlike the SR in skeletal muscle which is

arranged inféibarallef'fégﬂgbh anastmésfﬁgﬂfreely in the region of
the A band, cardiac SR has a somewhat random orientation, connecting
at virtually all levels of the sarcomere (Adams and Schwartz, 19863.
The function of the SR as a prihary regulator -of myoplasmic
ca*? QUring the contraction relaxation cycle is well established
for striated muscle (Inesi and Ma]ah, '1976.). It ié thought that
‘cardiac SR like skele.al SR acts as the primary site for Ca*?
release to- the myoplasm during excitation to initiatg contraéfion,
and Ca*z/uptaké from the myoplasm to initiate re]axaéfon. |

In contrast to skeletal md?élé, it appears that some Ca*?

-crosses the surface membrane of the cardiac cells during the action

potential whereas very little or no Ca*? crosses the surface

membran: of skeletal muééﬁe cells (Rich and Langer, 1975).°

3

Ca*? induced release. of Ca*? has been proposed ihereby a

- A : - . .
_éfall amount of Ca*? crossec the sarcolemma during -the action

potential, insufficient by itself to activate the myofilaments,

induces the release of Ca*? from the SR sufficient for activation

(Fabiato and Fabiato, 1977).
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Morphology of the Myofibril

The myotfibrils which constitute about 20% of the volume yof
cardiac muscle (Katz, 1977) arevarrenged iwﬁ:ggular arrays of thick
and thin myofilaments enclosed ;ithin a safcorémma. The fibers are
connected to one another end to end by tight junctions known as
intercalcatred discs thch are densely staining transverse bands that
charaéteristically appear at right angles to the long axis of cardiac
_myofibers (Katz, 1977) Unlike skeletal muscle cells which are long
parallel unifomn fibers, cardiac fibers bifyrcate and connect with

adjacent fibers‘ftg- fo}m a three dimensional network (Adams and

NG

-1

Schwartz, 1980).

The contractile matgria] along the Toné axis of the cardiac
muscle is a]térnate]y striped by a dark ahisotropicy(A) band and a
light isoﬁropic (1) band»creaged'by the interdigitation of 2 sets of
myofi]aments; the thick myosin filaments and the thinmer actin fila-
ments. The I band, coﬁposed of actin is bisected by a narrow darkly
stain{ng Z line which consists mainly of a protein constituent called
alpha actinin (Masaki et al, 1967; Stromer and Goll, 1972; Ebashi et

al, 1966). Recent studieslindicate that alpha actinin connects F

actin filaments to the- %}gp in both cardiac and skeletal muscle
(Toyo Oka and Masakl,:gei%& Proper orientation is maintained by the
separat1on and looping. 3¥ the protein which composes the backbone of
thin filaments through theA . line retqu1ng to the center of the
sarcomere in one of the’ adJacen; thlﬁ;¥4{1g$§; (Katz, 1977). The
act1n fllaments insert at one end’ of the. / &gﬁ; exféﬂapthrough the I

band and one half of the A band terminating on e1ther end of the H

K]
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sone, th cooal region within the A band. A broad dense M band <5
Found vt oo ter of the H zone which consists of mynsin filaments
only. Ceoayosin filaments  attach to the M band and are held

together by M protein which maintains the mynsin filaments in a
reqular hexagonal array in ’the- center of the sarcomere h; Lross
linking the thick filaments (Mannherz and Goody, 1976). The mynsin
filaments which are cogxinuous throughout the entire A band conntains
5 hexaqgonal array of the thick Tilaments each of‘whicﬁ 1S surrounded
hy six thin filaments which lie at trigonal points hetweeﬂ‘adjacen:
t%ick~ffiament§l ‘Yhe Sarcnmere; the fundamental nm}phologfha1 unst
of striéted muscle Is defined as the region betweon the two 2 lines,
| ;nd thus cpﬁsists'of avsinglé A band p]us two adjacent’ half | nand;
A

o

(Mannherz and Goody, 1976).

Myofibrillar Fine Structure

I. Myosin

'

It is now well ~established that myosin is the chief constituent

of the thick filaments of striated muscles (Katz,1970). Myosin, a

hexameric rod shaped molecule (MW 500.000), {Katz,.  1977) 3s 140 nm

long and 2 nm wide terminating in two globular heads 7 am <n diameter

(Morel and Pinset-Harstrom, 1975). Mild treatment with trypsin

-

yeilds two suhfragments; light meromynsin (LMM) and heavy ﬁerOmyosin

(HMM) with further papain digestion splitting HMM into two segments,

AMM S-1 and HMM S-2 (Kati, 1970; Mannherz and Goody, 1976). The tail

D .

region ¢nnsists of an“insolub]g«enzymaticalIy inactive molecule and a

water soluhle en;meLically active molecule (HMM S-2), hoth composed

of two alpha helices . ;Qisted> éhoundi’nne' anothe- to form a

. ; T
LA L
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cotled coil, HMM S-? Leuuf:mr,;_u;. when édoth polypeptide chaing untwist
ta form twn water soluble globular regions referred to as HME S-1 (MW
140,000}, H.F. Huxley (13969, 1971), us'ng electron microscopy and X-
ray diffractinn tecniques 0nvisageJ HMM 5-2 acting ée a stiff {ight
rod with hiages 3t HHth »ads, that s HMM S22 g (honnected to LM by
: ~, : .

a hiage and -5 jo‘npd Yy MMM s-1 hy 3 secnnd hinge, thys enahling the
Jlohular head a0 sw sl 2yt wmen attach ng o the zhfw'act‘n,‘tlaéen:
[Manaherz ant Hnoty, 13740 |

The S-l oregton (antatds vatr the ATPage activity ana tne actie
COMNIning antttty Af _3'1'3; 1n+ Sceleval Qusc)e AvnsTns Katz, 13970

“annnerz ant Hnody, 1375, Morsio ang Pragel-Marstrom, 1975, Ramirez,

SI879 . propatest 2 model for wme ctive stte of sreletal and ardiac

Y omyostno that relates directiy to the ninety two amino acid ‘ragment

P12 of ayos'n recently descrived by £lziaga 244 Collims, (1977). In

this =odel the MgAT® sybstrate, an eight membered Cyclifvconplex fits.

tightly into 2 sixteen amino acid segment of 210 and interacts with

seven of its amino acids. At this site it is postulated that a rare -

amino acid K-methyl  histidine (position 69) present in’ ékele;al
muscle and histidine (bositionl 69) fﬁ éardiac. muscle heavy chaiﬁ
_hyosfn functions as the donor ligand for-Mg‘Z.‘ Oncé thf§ ligand.
is beside the me;?]; other.amind acids form a pocket around MgATP.
These amino acids inaclude ﬁ;}osine‘ :72 {attached to Mg*z),
histidine 76 (donates a proton to the‘P of ATP), Lysine 78 (binds

electrostatigally to Pg of ATP) Aspartate 66 (forms a hydrogen bond

7
x

=

ais

i

9

flank the ring of ATP. (See Ramirez, 1979 for the rationale behind

the'modél);

A

to the 6-amino group of adenine) and phenylalanines 80 and 81 whith o
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Also lIncated on the glnhulaghi.*ad are a2 number of low molecular
-wcignt components ténnui -light chains which .dppeaAr to.bc_ wwﬁlved gl
the hydrolytic activity of myosina .(M;’mnher‘.;' and Goody, 1976}, Tnere
appear§ to be three types ot light chains .in skeletal w&scye; an
13,000 O lignt chain which can be removed from 'Ezyosm by reacting
with 5 5' dithiobis ‘2 nitrobenzol - aci1} termed tne DINB light chain
LC2: con:a‘mizng two thial Jroups 11 identifred sequences (2 :ao})mo‘l
nyosint and two single thial sequenced light chains Md 15.153(3 (Le3y

and 25,000 {(Ci} A1550C1ated from the molecule at ph 11 termed

“alkaly tight chains® {7 #7501 S9ypsia7 ) (Ld-ey'“aﬁd Risby, 1971;
deeds and Pope,ol97l; Weeds and Lowey, 1371). Tne DTNB chains can be
removed without loss of AfPase activity while loss of ATPase activity
ensues when alkali light chains are removed {Weeds and Pope, 1971;
Weeds and Lowey, 1971). . |

while fastvskeletal muscle appéérs:}o have three types of light
chains cardjac‘and slow ﬁmﬁcle contain fwo classes of myosin !ight

. , ° o
chains; LCl1 {2.05 mol/mol myosin) and LC2 (2.95 mol/mol) as measured

e T2

by SDS-Page Eiectrophoresis;(Erearson anég?grry, 1975, ; Lﬁwey and
Risby, 1971; veeds and. Pope, 1971; Sarker et al,” 1971; Wilkman-
~ Coffelt. et al, 1973 ;,b). Both atriall.and ventricular myosins
contain these two. light chains aithough they differ slightly in

weight, size, -and charge.

.The 18,000 D component of fast muscle (DTNB) and the LC2 (18 -

19,0000 D) subunit from cardiac and slow skeletal muscle show a
considerab]e'degree of amino acid homology (Jakes et al, 1976; Leger

and Elzinga, 1977; Frearson and Perry, 1975), although the latter two

< ",!“

cannot be separated from the' myosin molecule with DTNB (Mannherz and
) ; v
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Goody, 19/b). It appears that this 14,0080 0 LC from the three auscle

types can undergo phosphorylation and dephosphorylation (1 site/uol-

ecule). Recent studies indicate a specific myosia light chain vinase

whizh catalyses the.transfer of the y phosphate of AP to a single
'sefiné'residue in pasition 14 or ISI(Derrie et al, 1973; folljns.
1976} on the 13 - 19,000 O component (Perry, 19}3; Pires et al, 1974;
frearson and Perry, 1975; Morgén et al, 1976; Perrie et al, 1973). A
protein.phosphotase which can remove this yroup 1S élso.presen: tn

This phosphorylation of (2

.67

the muscle {Perry et al, 1975).

]

apparently causes an increase in actin activated myosin actiyities
Gorecka et al, 1976; ﬁmalr and Sobezek."1;77) while removal of .C2
can affect the basic Mg*Z ATPase énd actin activated Mg*2
ArPa;e activities resulting in enhanced actin activafed ATPase
activities (Malhotra et al, 1969).

Sequence similaritiés have also .béen _demonst?ated bétween
cardiac LCl1 and the alkali ]gbile light chains of fast muscle
altﬁough cardiac LC1 contains one additional thiol sequence not_found
in fast muscle (Mannherz and Goody, .1976). Removalfé&,ghese LC cause
total loss of  Ca+§) ATPase activity while removai df LC2 has no
effect.on this parameter (Malhotra éﬁ al, 1969). |

Low molecular weight component light chains gy, 92;~ and g3

(1:2:1) .have also been isolated from both skeletal (Yagi et al, 1975)

and cardiac muscle myosinﬁ(Kuwayama and Yagi;'1977), The functions

of gl and g3 are unknown although separation of g; and. .g3

from cardiac myosin is always accompanied by a loss.of ATPase activ-

ity. The S-1 can contain either g or g3 suggestind that - they

are homologous proteins which may be located at analagous sites of

~

e
\
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different myosin ispenzymes [dkamoblo -and Yagi, 1976),

CMosU research Lo date hds concenlrated on the g2 Tight chain,

a 5,000 H_CS"’ hinding component of skeletal and Cardiac mynsin
{Morimoto and Harrington, 1974; kdwayama and Yaéi, 1977). There "is a
Aifference in size of the héavy chain gémponents of the two 5-1
WUhfraqméqts hy about sgnnn n,lthe‘smaller S-1 cannot hind -the q7

iight chain while -the larger (f) component c(an. A 5,00n

terminal side of the myosin filament is necessary to bind g2 near

1977). A 15,000 D component protein which appears to be a

_proteolytic product of g2 and can. bind Ca*? as ‘gp does has

been ‘seperated in cardiac imusc1e ‘which contains very little -gp.

The subfragment whicnyxontéins‘neither the 15,000 D protéin nor the

i

g2 is unable to hind .Ca*2,

In the heartrtwo cfﬁssés of isomyosins have been -detectdd those

of the atria- and those of(’the' ventricles (Wilkman-Coffelt and
Srivastova, 1979). The moiecu]é of afri&]»and ventricﬁ]arvmyosin
contain two heavy chains (200,000 ‘D)M aﬁd two pairs of dissimilar
]ightvchain§ in equimolar rafios?'the'LC1 and.LCZ-as described in the

preceding section. (Zakﬁ et. al, 1982).j The  1ight chains betwéen

" atrial (A) aﬁd ventricular -myosins (V) are different "in both size

(ALC1 27,000, VLC1 19,000, ALC2 22,000, VLC2719,000) (Hoh et al,
1977), and charge (atrial myosin 1is more positively charged).

Differences are also apparent between atrial and ventricular heavy

.chains in their primary structure, The cystine content of atrial

-

myosin {E}]ess than ventricular ‘myosin othérwise they are similar in-

.
Cow

Jo
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nolypeptide termed "C polypeptide™ because it is located on,th; o

~ _the iink hetween the head and tail of myosin (Kuwayama and_ Yagi,



their amino acid content. One additional descrepency invnlves nine

addtional peptides in .atrial mydsin which are not present in

ventricular wmyosin and eleven peptides in ventricular wmyosin which

‘are not .present in atrial myosin (Flink et al, 1978). These

differences could account for the greater Ca*t? ATPase in atrial

- vs ventricular myosin (Hoh et al, 1977).

-distinct myosin heavydchains HC alpha (A)gnd HC beta (B) give rise to .

Gel electrophoresis (Hoh et 7al, 1977) and specific immuno-
fluorescent stainiqg demonstrate the presence of specific ventricular
isoenzymes Vi, V2, and V3, Qi;h one tﬁq or three of these

a

isoeazymes present depending on the species  (Clark et al, -1982).
Since the light chains are identical in the three isoenzymes (Hoh et
al, 1977), differences in ventricular myosin must be a consequence of

a number of variat.ons in their heaQy chains (Zak et al, 1982). Two

two homodimers (Vy: 2 HCA, V3: 2 HCB) and one heterodimer-*(Vjy:

1  HCA, 1 HCB), each with a distinct 'electrophoretfp_ mobility and

" ATPAse activity.  Both Ca*2? and actin activated myosin ATPase

~ activity are higher for Vi than V3 (Pope et al, '1980)' with the

Ca*t? activated ATPase activity for ViVoV3 " in a ratio

6.4:3.7:1 (Hoh et a1, 1977).

Lo
3

oy

‘('Q

The ATPase activity is similar id>’both the left and right

ventric]ev(Price et al,’1980),‘with the isoenzyme content typical of

a given muscle. The isoenzyme content is not static but changes
depending on the developmental status, hbrmqnal treatment, and
physioligical status of the animal (Clar{ et al, 1982; Hoh et al,

!

1977).
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In addition to the light chai%‘&, ecach head of the myosin S-1
subunit contains two classes of sylph;dryl groups, those that react
quickly with sulphydryl directed agents (SH-1 groups) and those that
react more slowly (SH-2 groups) (Reisler et al, 1974). These two
thiols are ten residues apart in primary sequence correspondfng to
cysteine 10 and 20 of the P10 sequence (Elzinga and Collins, 1977),
and abpear to be .re1ativély closé to onel another in. the bprimary

structure (12-14 A°) (Burke and Knight, 1980). Recent ' studies

involvinq' tryptic fragments of HMM indicate that these thiols are

close to the junctional regionﬁbetweeawzhé rod and head portions of
the molecule (Balint.et al; 1978) and that the region containing the
SH1 and SH2 is at or near the ATP binding site (Elzinga and Collins,
1977), the most prdb@b]s distance being 38.7 A° (Tap and Lamkin;

1981). " In addition the two groups are also -in close proximity to

G

the Ca*2 binding LCZ (Srivastava and Wilkman-Coffelt, 1980).

Modification of either of theSe sulphydry].gﬁ%ups:reSults in marked

changes in the ATPase activities of the protein and the conformation

of the myosin molecu]e, Reaction 'of the Sl}grouﬁ increases the
Ca*2 ATPase actfvjty and decfeases the K* EDTA activity. Once
the S1 groups are bound, the binding of S2 groups inhibits Catl
ATPase activity (Scheuer and. Bhan, 1979 Elzjnga énd Collins, 1977).
The chemical modification of the SHL and SH2 moieties ofv_myosih
- heavy chains also result in ‘the modification of light chain Ca*2

binding characteristics by decreasing the number of Ca*2 binding

sites but not their affinity for Ca*2 .(Srivastava and

Nilkmén-Cpffelt, 1980). The conformational change‘in the " region

i's activated by ATP or several other nucleotides., F actin . itself



4

has® no  eftect. on the conformational <change but enhdances the

reactivity of S2 in the presence of MyATP yielding a cooperative .’

interaction between F actin,. MyATP and mydsin (Kameyama, 1980). It
should be noted that this en“ar -eu.-at is much smaller in cardiac

than in skeletal myosin (Kameyan. -t al, 1980).

The Myosin Filament

Myosin 1is not found in a monomeric state in the cardial

cell, instead the protein is aggregated in a regular array ~nown as
. s )

~—— ——--the -the -thick filament. —The myosin-taits -are-wound-together- to—form-

1 N

a rigid backbone from which the myosin heads project to make up the
. crdssbridges (Katz, 1977).‘ }\The: crossbridges project from the
surface every 14.3 nm along the filament with the surface iatti;e
repeating every 429 nm (Squire, 1973), and.are held in their proper

orientation by the M line protein (Mannherz  and Goody, 1976).
R )

anothér, Hasselgfovg, (1980), has suggested that they twist the same

way'around the filaments but tilt in.opposite directions, +30°, -30°

so that they do not protrude from the filament but instead wrap

around the .surface. The first two crossbridges are arranged so that

two at a 'g}ven Tevel project from the"filament in opposite

directioas,.and thke next two crassbridges are rotated by 120° with

!

. ‘
this pattern repeating every three crossbridges (Mannherz and Goody,

1974). The crossbridges in resting muscle are perpendicular to the

long axis of the thick filément, whereas in active muscle their tips-

shift toward the center of the sarcomere. This shift in orientation

. .

Assuming the . two elongated heads (crossbridges) are close to one
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of the «crossbridge iavolves the flexible joint in the myosin

i
molecule allowing the head to move toward the actin filament 'with

"the inner end of the head rema}ning close to “the myosin backbone
Hasselgrove, 1920). ' - | .

The numper of strandéidf the myogin filament is céntroversial.
Huxley and quwn'(1967), proposed a double stranded helix of crdss
bridgés arouna each thick filament while data collected by Squire

(1972), Tregar and Squire (1973), Hasselgrove (1980), and - Morimgto

~and Harqidgton (1974), is consistent with three or four stranded

filament. Biochemical evidence indicates\| that the two stranded.

molecule where each subunit is represénted by one myosin is
incorrect because there is too much myosin’to<3e accommodated in .
such a filament, (Hasselgrove and Rodger, 1980). Further research

must be undertaken to determine whether the mybsin filament is a

three or four stranded filament.

II. Actin

" Actin has been -identified as the major, protein of the ‘thin

filament (Katz, 1970). The actin filament exists in two forms, a

low viscous monomeric glebular--protein, G:actin, and ‘F-actin,~a

hignly viscous fibrous polymer of G actin which interacts with ‘the
myosin molecﬁle }Mannherz and Goody, 1974). o

| G-actin (MW 48,000) (Elzinga and Colffﬁg, 1973), is a globular
protein contéining approximately one half anh; helix (Kagz,'1970).

The'polymerization of G ackin to F actin can be effected by édding

one of a number of salts to the solufiqn, The action of salts to

induce polyrarization is non specific, that is. a large number.of .

.12



,affinity sites,

Csalts can causs polymerization (Katz, 19/7). Gel filtration and

~

centfifugatiOn tecniques indicate the presence of a single high

affinity site for divalent cations (K= 105 M-1).  The .high

affinity site can bind Ca*? and other divalent ions including-

J
Mn*?, srte, Nite, Mgt2, and In*2e, which can
readily replace one another on the G actin ,mofEcuTe (Strzelicka-
Golaszewska, 1973). In the F form the exchangeability of the cation

bound at this site is greatly reduced (Katz, 1977). In add¥tion to

the high affinity site, 5 low affinity sites. ~with apparent

~association constants of 5-6 X 103_0 M-l  for ca*t2, Mg*Z,.

;rMn+2, and Srt2 have been found with five and eight sites . for

Ni*2  and  zn*2 (1.3 x10% - 1.6 x10% M-l)  respectively

These low affinity sites are able to bind both monovalent and

-

divalent cations. -

There appears to be a correlation between the‘degree of actin

polymerization and th@,anQer of moles of cation bound to the low
. S ‘ ' o -

suggesting that polymerization is a result of a

decredse in the net negative charge and electrostatic repulsion of

actin® monomers upon' binding of cations. It has been., further

suggested that the tation may maintain the mohomers . in a

conformation appropriate for their specific interaction as a ‘result
. : “ Joe R

of the nuvtrali;atioq of negative charge \gbrzelecka-Go}aézehéka et
al, 1377 | ) |

| The ATP molecule bound. to monomeric actin a]soviakes part in
the polyme;i{ation of actin., G actin cqptains'av$i¢gle site'for

a nucleotide which preferentially binds ATP (k= 1010 m-1)

5
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The polymeri;gtiOni

: Vo Fl . ]
. d, [ : . 3 .

dephosphorylatlon of . the actwn b0 nutlestige 597t

is formed.‘ During Polymer1zationvas 1ndv:ateo,,.“

ATP is converted to. nonexchangeab]e ADP band ?~jfs‘?ioeréte¢ 1ntcr .
RN N :

e

the medium. Depolymerxzat1on is 5not‘ actompan1ed by the r%yﬁrsekw

reactioh instead free ATP 1s subst1tuted for 4the ADP prev1ous]y

¥

bound to F actin gav1n% r1se to Qaact1n ATP 1n wh1ch the ent?ﬁe
nucleot1de is replaced‘ ‘(Katz 1970).o Th1s 1rre$erslb1e
dephosphorylation mechanism.makes . 1t p0551b1e that act1n filaments ..
can lengthen at one end and shorten 51mu1taneously at the other as

proposed by Wegner (1976) ~Jhe 1rrevers1ble nucleotlde hydr01y51s

and fi]ament. po]ar1ty Iead toyia d1spar1ty in'cheﬂ cr1t1ca1

concentrattoh of the two:fi]aﬁent“ends. Thus, subunlts are released. '

fromngpe ‘end w1th theéhlgh cr1t}ca1 coocentratdon»gnd 1ncorporated’

in the. end. with ]ow erttlcai‘ concentrat1on . Th1s process is

referieg to” as ;Head to ta1t po]ymerizét (wegner and Newhaus

1981). A B . g
{4\ Differenées-ln the rate of exchange? “monéffers - _ Filaiient ..
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appears 1o D€ essential ‘o uc(vmerl Tar o I¥atz, 187y

aadition, Zecnel "1381;, nas determinec Inar MgTS sta01£1zes the

_ . ) IR ot
F-actin structure making 1t much more. res stan' to depolymerization

K

tnan either £a*? or k*. o e
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Also ‘fect1ng actin polymer1zat1on “is wa 37,000 D
) ‘f :
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polymEr1zat1on “inhi b1t1ng factor . that modqfétEs b0th ,m1crotubule

»

#

assemb]y and actin po]ymer1zat10n._ [t 1nh1b1ts actln polymer1zat1on

5 »

A

; . 2
in the presence of re]at1ve1y h1gh but ph§k101091ca1 conc tions .

of Mg*2 and' ca*e, the lower «the concentration. of these ions

the weaker the 1nh1b1tory effect (N1sh1da 1981) &h.

~ ‘ ‘ Y
Actin exists in. the sarcomef%; as the F actln polymer (MN

'f42000) in a globu]ar ovo1g shaped prote1n with an average d1ameter

of 55 A°.' The bas1c structure of both F actin and the thln f11a@eﬁt

-“.

s that of a doub]e stranded hel1x. The d1stance between'the nodesv{-i

,of F actih is 385 A° so that each hal f turn of the F actin filament

-conta{ns~approximate1y-seyen pairs of actin mqnomers‘(Katz, 1977).

3

The tropOmyosin'moleculesziewend to end  in -the grooves of the actin

‘strands -each spanning a Tength of seven actin monqmers: Posjtioqed

“at

.o

v

e
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ara]]el coiled coil

in register in 3

197

h»éfone and Smil]ie‘ 1978' Sfewért 19

w1th other tropomyos1n mo]eCules to.

in each “of the two _grooves of the F actwn structure (H E

1972).

“each of the two'gstrands of F-acti

complex, of troponin (Tn-I, Tn-C,
"binding component Tn-T. -
Data from electrophoretic‘ stu

arranged as e1ther AA or AB 1somers

[

and

fqr'

;MeCIaughlin‘and Stewart

75; Johnson and - Smﬂhe ?,); .

indivié%él rod 11ke tropomyosin md1ecu1es are 11nked head to tail

)

¢

an. 1ntegral czomponent 2f o

cardac muscie tissue, wher?

plex »

©

the control ~of actin myosin

Consisting of two alpha helices

(Cohen and Szeht¥Gyorgi. 1957;

1975 Ohara et al, 1980;

it functions as an element

form 10ng polar filaments 1y1ng

BN

Huxley,

"Each.. tropomyos1n molecule, covers. seven actin monomers “on

n and a]so

Tn-T) throqghf‘the

I
dies

T

.subun1t§ a]pha (A) and beta (B) ex1st in skeleta] muscle tropomyos1n

1967 Cummins and. Perry, 1973:*$ohnson,,1974) which €an be

(E1senberg and K1el]ey, 1974)

Vet

Ty

1nteracts w1th one

tropomyasin

show that two different



- -’».1 f“

the slow red muscles ngvaing 1 higher content of 3 subunits than the
faster while ones. - The ddta conterning cardidc muscle tropomyosin
Sisohers  is variable. Luryins and Perry (19/3), found only A

~ subunits in the heart which contradicts the skeletal muscle da%a
s1ace the myocardium 35 compnsed of slow red fibers. Leﬁger et al,
{1966) found that"'a1tn0ugh‘i2 tropomyosin 1s presént to th“- axtent of
15-207 of the total tropomyosin in 1arge slowly beating hearts
(sheep, pigs, humans) it has been reported to "= absent in the
hearts of smaller animals (rabbit,' guinea pi“g, rat). Previous

reports fave shown that the rabbit cardiac protein is similar to

ske1eta:‘l_"i A tropomyosin "in terms of its amino acid content, thiol
‘content, immunological properties, peptide maps, and polyachromide
ej]ectr.ophoretic .geI mobﬂities _{leavis and %gﬂlie.’l'%O).'

Several. systenatnc d1fferences are apparent between the A and B
subumts in amino ac1d content and sequence. The amino acid
sequence of A and B po]ypeptwde“chams d;ffer by 39F?,.-'es1ddes

L;

which are s1tuated on the surface of the molecu]e (wegne‘r 1980)

"‘il“-j"Two dn fferences are also apparent in- the 'last mne resadue»s near - the

*4 ‘,«,

= C termlnus where tropomyosin molecules form a po]ar end to end

contact. w1th the termlnus of an adJacent tropomyosm mo]ecu’le whén

: bound along act1 (Wegner, 1980) Fma]]y the A cham’ has one. -
| %

&

cyst1ehe res1due present in_ a three fold excess over the B chains .

. wh1ch contam two cyst1ene re51dues (Cummms and Perry, 1973) It -

shou]d be noted that- the d1fference in the afﬁmty of the “A and B

"9

ta% mu]tlple forms of tropomyosm are - sma]l (Negner 1980)

AT
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'_ t.ropomyosm for actln fﬂaments as- weH as end to end cottact of the
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Steceochenncal  observations  radicate thet.” the Head to tdil
| Inkages :.'onmr':t.lng; the  Lropomyos i w,):lﬁ_ﬁn:ulw. nvolves g short
\)war!n;p ot the broad taces of the %u’pcﬁ%@t for n'.ne‘ Ir«,“,muvf, at the
cnatn ends (COUH and NHy) (fnci_auq% n and Stewart 1975; Stewart and

McLzughlin, 1975).  The tropomyostn mlecule  composed of 284 amino

S ac1q residues ‘Stone et al, 1975) therefore nas a structural repeat

ya1t 275 aming acids long making 7-1/7? turns 1n one repeat length

of 410 A° relative to actin (McLauyhlin and Stewart, 1975). The two

~

parallel A helices are  held together Q¥“ an nterlocking’ zlgw“iég.

arrangement of+ no- ¢ ar amino acids on the helix surface.
. " ) J“L » . :
Hydrophobic amino acids at the core positions .interlock wWith “the
Y . . o
corresponding positions on the other helix . to form a close packed

core while comp]imentary changes in the inner position on opposed
, oy .

ar

néﬁices form§%alt bridges that stabilize the structure (McLaughlin

and Stewart, 1976)

a.

Stewart and McLaughlin (1975,71976) have observed that the

distribution Of _negative charge along the tropomyosin sequence is

hlghly per1od1c effectlvely dividing the lnolecules 1nto alternate’
zones of strong negatlve and weak pos1t1ve charge. Thelr results_

,'show the *ex1stence of fourteen bands - cons1st1ng of 19- 2/3 amino

’

_‘acids (11 negat1ve 9 p051t1ve) 1.29 A° ﬁpart w1th a,'29.3 A°

&

per10doc1ty. The acid groups in the negat1ve zones appear to play

Lo oS

an important part in attaching trOpomy031n to actin through numerous

salt bridges which make direct links to bas1c groups on actin or by 

bridging indirect]y to ac1d1c groups®.via '1nterven1ng Mg*? or

ca*2 jons (McLaughlln and Stewart 1975) S | N

o -
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sittes which dalternate throuyhout the sequence. Fach A or 8 site on
N

the actin includes 3 3urface region of 7-12 A° long with some non

potar side chains whichddake contact with the tropomygsin positive

zone (McLaughlin and Stewart, 1976). The A and B chains have about

28B4 residues and exhibit the expected , reqularities of the coiled

" coil structure which assigns each residue to a specific position of

I
3

the repeating heptet (Edwards and Sykes, 1980). ‘}Although the
general features ef the A and n alternating bands are alike in
g@nerdal there appear to be eystematic differences in detail between
them suggesting-that'A and B bands represent different binding sites
for actin monomers (Stone and Smillie,‘1978) tt has been proposed

‘that seven boot shaped actin monomers on one strand of the helix lie

within their broad heel ends in close contact with tropomy051n on

that side of the groove (homostrand cogtact - A band) and ‘the narrow

toe ends of the actins of more&gtstant strands reach across to make

\1’.': Ll trg T . .
a more localized contact (heterostrand‘contéct - B band) with the

same tropomyosin at positions in between. This bihdipg involves

actins ‘from both strands of the thin filament “(binding constant .

106-108) (Walsch and Wegner, 1980)..

"One 1mportant difference apparent between the two subunlts is
the more definite structura] regular1ty of the A band - compared to
the B band. It has been proposed that the A band forms part of the

b1nd1ng site for the essent1a1 "off"“pOSItlon wh11e the B band is

‘./.‘.

5
used 1in. the

;-
oLl

(McLaughlin and Stewart, 1976). S

on". position for the regulat1on ~of muscle control

"y
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three proteins tropom_yosm Tn-C and Tn- I. o

) Qres1dues 71 151) of rabbit Tn T is 1nv01ved 1n),1the bmdmg of the Tn-- \"

..80
Troponin T
The Troponin—T (In=T) molecule. is a globular and  rodlike
.
structure approximately 265 + 40 A° in Iength (Flicker et al 1982),

containing 259 amino acid resvdues (Mw 30,503) (Pearlstone et al.,

"1976). Mild digestion with alpha chymotrybsin divides the Tn-T

complex into tno fragments Ty (residues 1-158) and Tp (residues
159-259) (Pato et al 1981, Ohtsuki, 197\9), while further digestion
in cyanobromide (CnBr) yeilds six CnEr fragments and the NHp
tenninal reSIdues wh1ch like other myoﬁbrﬂlar proteins of rabb1t
skeletal muscle is acelylated (Pearlstone et al, 1976). In general,

fifty percent of the amino acid re51dues are charged at 'a neutral

pH, the COOH termmal sequence (221-259) is h1ghly positively

charged whﬂe the NH2 termlnal region (1-39) is highly acidic/
(Pearistone et al, 1976) The secondary structure of Tn-T is 37%
alpha hehx and 10% beta -sheet Formatwn (Pearlstone and Smﬂhe

e

1978, Pearlstone’ et al, 1976). Tropomn T 1s a very spec1ahzed

‘molecule composed of distinct domains which carry out b1nd1ng mth

~ . - . ¢

Re"cent evidence indi'catesf’that a. highly he]ical 'regi:on (CB.Z.L'.» ’

T complex c]ose to or at the COOH&emlnaT end (258 284) of the ,: 

n\u --“\x A

Alpha tropomyosm mo}équle (Nagano Net a1 1980; Jackson et” “al;

1975). A second blndlng reg1on of tropomyosm 1is present in the

. ’@' - .
COOH tennmal pértion of TnT_mvo]vmg res‘idues 197-—259) L

. (Pearlstone and Smﬂhe 1981) : Smce thls reg1on ‘also b1nds 430 Tn-

7
.

c it is hkel»y that thzs part of ﬂ@e Tn-T molecule interacts 1n the ‘

v1c1mty of: cysteme 190& or 1/3 of thea d1stance from the : COOH '-

el » . R Lo ;‘ .
.—. . -, . o 23 - Jt o - PR ] “C;?! .
T e -
. . . . .o 8w B . . & MG
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~The 'Tn-C site spann1ng the COOH terminal

‘ba§§chOOH terminal segment of the sequence from 221-2

0

terminal end of tropomynsin (Ueno and Ooi, 1977; 1978; Ueno, 1978).

The binding of troponin to tropomyosin’ through the Tn-T component of

] .
the /CDmp]éX»“lS» lndependent of the presence of Mg+2 (Potter and

berg]ey, 1974) and Ca.‘ (Kawasaki and Van FErd, 1972) but is
affected by the ionic strength (Potter and Gergley, 1974; Kawasaki
and'Van Erd, 1972; Jackson et aJ, 1975). |

- The binding stte of skeletal Tn-1 to Tn;T spans “two ‘distinct
regions of Tn:T'thetNHz,tenminal nortion of Tn—T (nesidues 1-70)
DeTng’ve ©acidic at a neutral pH bindﬁ to Tn-l, a basit molecule.
The second region of Tn—I interaction encombasses residues 159-209
of Tn-T (Pearlstone and SmilTie, 1980).,»Since the Tn-1 binding site
consists of two areas-"residues 1-70 and 152-209 and because the

tropomyos1n binding site res1dueeﬂ71 151 are located between the two
B

.Tn-1 s1te§ it 15 poss1ble that a foTy’,'yi_ttH& Tn-T?mo]ecuTe br1ngs‘

taneous' 1nteract10n

¥

h. '.‘-»_.‘ (,. hy

the two Tn-1. sites closer \togetgef?

Sam o

(Pearlstone and SmilTie. 1980).~' e A =
VL il

AR

f, and Cole 1979)

"“' "t'
ég1 of Tn T (reSIdues

‘J59 259) is elther overlapplng or adJacent %g the second Tn I Slte

*since fragment Ty 1’09 binds to

(Pearlstone and Smillie, 1978). This stcucture ingludes the'h1gh1y

A A
- Tn=C. d Tn-I

, but also

4"inc$ddes a region with more mixed charge properties extending from

ré%idﬁe'159—220 These 1nteract1ons with Tn C are strengthened by

~

‘gthe pﬂesepce of Ca+2 jons and are unaffected by the add1t1on ,of

2

g Mg+2 w1th ~this | Tn C, blnd1ng reg1on having very little alpha o

. B Q. .
.. gooo8 L ’ : A
s - . R i . R Teo- . . LR
- . ) e, AP . 3 ’ =

o
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Residues - 149-259 also folded

- helical or beta seconddry structure. lmmunoelactron microscopy

L,
RS LR

(Ohtsuki, 1979), gel filtration, (Hitchcock et al,"A9831j and elution
volume studies (Horowitz et al, 1979) on the thin filament have

shown that the Tn-T molecule may be somewhat elongated {10 nn). A

subsequent study by Flicker et al {1982) has demenstrated that the

Tn complex has both a globular and rod like domain, the tail portion

”

measdring 160 + 35 A° long and 20 A° wide. Furthermore, these

*

studies have demonstrated a revised hypothetical three. dimensional

reconstruction of the Tn-T molecule and its constituent attachment

sites. The T; region of Tn-T (I—ISBkig@ntains two alpha helical

segments, residuwes 90-148 and 60-81 which bind tightly to

tropomyosin: (Nagano and Miyamoto 1982, Nagano et al, 1980),

confirming the studies of Jackson et al (19?5), and Pegrlstone and

Smillie, (1980), which indicate that the tropomyosin molecule bound

to Tn-T encompassing the region 31-151 was predicted to be 80% alpha

#heligal in nature (Nagﬁhb .at al, 1980). Pearlstone and Smillie

(1977)§ inddcate that the functional groups of Glu and Asp may ;F@yt

“a role in the speciff@éﬁbinding of Tn- T to Tm by maintaining (the
S - : . i . . |

k24 .o
helicity of the Tn-T binding component which must, be intact to bind

to the tropomyosin molecule; ‘One of the .most feasible structures of

the specific binding of Tn-T confirmed by computer model building

‘$€§chnfques,is that - residues 1-59 form the "globular pé?tioneat the

end of_thé.tniple stranded stem of the ;Foponin tropomyosin complex.

in a globular formation cover
N _ .
%) . )

&

;approkimatejy half of the'TI feéjongand are connected to the TﬁlT

by C terminal residues 251f258 (Nagaﬁd_and Ohtsuki, 1982). The Tp

region is the site. for the ‘interaction with. Tn-C and Tn-1 which

%4 LTS
W S
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“to thé kinase (Moin et al, 1977' Pear]stone and Sm1ll1e, lqg}#f

P
nomprise most of the gl«)hnhr region of Tn which gppears to bhe
flattened to some extent.

Three nhosphoryiation sites have been identiffedAon Tn-T; site
[, site II, and siéei IIT (Moir et al, 1977), based on the
observation that bro}onged incubation with "~ phosphorylase kinase
yeilds a total of 3 mol of phosphate/mol of Tn-T (Perry and Cole
I974).. From the amino acid sequence determined hy-Pearlstoné et al
(1976), the.phosphorylation o% site I can bé idéntiffed as serinell,

site Il as serine 149 or 150 and site 1[Il as sering 156 or 157 with

" the phosphorylation sitgs'either very close to or possibly part of

the protéin.protein interaction sites. Serine I is phosphorylated

by the enzyme 'phospnofy]ase T kinase, while serine 149-150 and

156-157 are phosphorylated by phosphdry]ase kinase (Perry, 1979).

'_Stud1es by Moir et al (1977) indicates that in Tn-T phosphorylation

in v1tro, only the N terminal = site I s s1gn1f1cant1y
phosphorylated -with a marked inhi b‘t1on of Tn-T phosphory]at1on in

the presence of Tn-C suggest1ng that interaction with Tn-C

sterically blocks the -phosphorylation sites, making them unavailable; .

,\Although the function of Tn-T phosphory]at1on is still unc]ear, it

has been suggested that it funct1ons @aquter the bnnd1ng forcps

sites and thus mod1fy1ng the - functwﬁ'; ff the complex sincé as

prev1ous]y mentnoned tHe phosphory]atxon s1tes are very close or

A
- part of ‘the protexn *ntd%%ct1on sites (Pear]stone and Sm1111e, 1981).

o

\.‘—A

“ﬁgge at ‘the interaction -
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Troponin-| A .

~ Cardiac (MW 23,550) and skeletal (MW 20,864) Tn-l are basic

-

proteins that. form a single polypeptide chain composed of 206 and -

179 amino acid residues respectively (Burtnick et al 1975 Wilkinson

and Grand, 1975). Cardiac wmuscle Tn-1 contains‘ an N terninal

sequence of 26 additional amino acids not present in the skeletal
muscle molecule which accounts for the larger\sizeﬂ‘of the protein
(Nilv‘_kins‘on and Grand, 1975).- Circular dichromxism qu optic rotary
dispersion'methods'conducted by Wu and Yang (1976) show that the
secodary structure of Tn-1 is 29% alpha helical and 20% beta sheet
w1éh cha;-ged amino ac1ds accounting for 40% of the residues. Each.

protein possesses a net positive charge, eight for rabbit fas%_

'muscle and fourteen for rabbit cardiac Tn-1. (Wilkinson and, Grand, =

1978)

By applymg selective c]eavmg procedurcipuds of peptides:

can be isolated that span the whole molecule. Two regions of -rabbit

fast skeletal and cardiac muscle Tn-I'_have been '_ph’ceted in

interactions with other components of the thin filament (Syska. et:

al, 1976)  A study of the peptide fragments by electrophoresis'{"‘ih

= the presence of Tn-C and by affinity chromatograpny with Tn-C

"indicate that the N termmal}regu_)ns (ske]etal res1dues 1-47,
cardiac residues‘27.—74), and the region consist;mg .Qf.residues
96-117 (cardiae 1'24-'145) formfomp]exes with Tn-C (Syska et ai ,
1976) thhoruéh the involvement of particular si>d'e chains (Daigarr%'-et
al, 1982). This:suggests't& Tn-C. is aele to ietefatt with boLh
reg1ons of the Tn—I golecu]e represented by these: pg&tldes (Perry etlﬁ

al, 1979) The cross hnkmg of Tn-C to Tn-T 1s Ca+2 sensitive,



' cha1n of al arg1n1ne. WA ‘o i

_-in  the- absence ‘(f- Ca+2 tne extent of the TN-C - Tn-1 cross
.lxnklng deereases hy %1—351 LSutoh 1980). " IWhen ombdring this’
'reg1on in skeletal ‘and cardlac nuscle there s very ltttle homqlogﬁ
between the two, out of 48 residues only 19_are identical (N1]k1nson‘

and Grand, 1978).

In addition, residues’ 96-117 inhibit the Mg*Z stimulated

ATPase of actomyosin a property that is potentiated by tropomyosin

and 1is lndependent of Ca*Z. concentration',(Syska et. al, 1976; .

.Wilkinson and Grand, 1978). ' In the presence of Tn-C with which it

B

‘forms a complex stabilized by Ca*2 (Head . and Perry, 1974), the

inhibitory activity of Tn-1 is neutralized. It can be.:;oncluded

that this region of Tn-1 also interacts withanactin end thereby

A

prevents the interaction ‘with myosin that is necessary for the high
rate of ATP hydr01y51$ assoc1ated w1th contractlon (Perry et: al,

1979). It has been demonstrated that the 1nh1b1tory act1on of Tn-1I

.

~is far more pronounced in skeletal (fast) muscle when compared to

;;ardiqc tissue (Perry, 1979) Accordlng to Ta]bot and Hodges

()

1(1981), this 1nh1b1tory reg1on 1s ‘one of the most strong]y conserved

;sequences in any of the four regulatory proteins d1ffer1ng by f1ve

amino ac1ds, four - substitutions, and one insertion. The most

5triking,substﬁtutien appears to be the replacement of arginine 113
' by . a leucine residue ‘ih' card1ac Tn-1 resu]t;@g in a dramatic

'decrease in 1nh1b1tory act1v1ty due to the loss 6f the charged side

.‘.'\‘
/’j‘
f‘:v

: Tn I from fast ske]etal and card1ac musc‘m'can be phosphoryl-

atedJat spec1f1c s1tes by 3's! cycllc AMP deggpdent protein k1nase

.

o~ - N
. LN

: *1;amﬁ:phoshory1ase k1nase (Perry, 19%9) - o7
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Phosphorylatfon of Tn-1 from rabhit skeletal wmuscle py phosphorylase
_kinase 0occurs principal]y at threonine 11 (C-37) and phosphorytation
by 3'3' cAMP dependant protein k{nase is largely confinedvto serine
118 (C-146) (Moir et al, 1974; Huang et ~' 1974, Pearlstone et al,
19765. ‘Phosphorylation of both of the ns is blocked in the
presence of Tn-C, and it is doubtfu .horylation at these
sites is of any physiological éignificanCe ulthopéh they may play e
part in the initial assembly of the Tn complex (Wilkinson and Grand,'

1978; Weeks and Perry, 1977). ‘ L
The portion of rabbit cardvac musc1e Tn-1 that contains the N

terminal sequence of 26 amino ac1d res1dues not present in the

~ skeletal muscle protein contains a serine residue at, position 20

and Perry, 1975) .- ‘ ’.'this it  appears thatv.the 'rapidi
phosphonyiétion'ofvthe ser;ne-ZU residue 1is responsible for the much
higher cqte' of phoéphorylation catalyzed by .3;5;0 cAMP dependapt
protein kinase inkcardfac Tn-1 compared to skeletal muscle-protein.
A study conducted b}'Moir et a] (1980) indicateé that in ‘normal ’
perfused rabbit\ hearts -serine 20 is 30- 40% phosphorylated in. the

normal beating pabb1t heart, and Aj*=~»phosp&até ‘on ser1ne 20

virtua]]y the only phosphate that }ax-rnges w1th fhe 1ntrace11u1ar .
. | b
-phosphate poolJ presumably in  the form of ATP In the normal

operfused heart ser1ne 20~appears to account for the tota] phosphate ‘“f

-

(.) om

L 2.
"fcontent of the N tetminal peptlde contr1but1ng 0 3- 0 4 - nﬂhesﬁ '“’

9

* . ) ‘»‘._ ’x‘y ‘_

- o ) X . .
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phosphate/mole Tn-I1.

\ The function of phosphorylation of Tn-1 in cardiac muscle is

twofold. [t leads to a decrease in the sensitivity of the ATPase .

activity foward Ca*Z (Ray and England, 1976, Reddy, 1976; Perry
Y X . : <

et al, 1979; Balin, :979), and' it may smooth out the contractile

response of the heart produced- by the transient jncfease in Cat?

4

2 ' . ’
concentration resulting from the adminstration of adrenalin or other

B adrenergic agents (Perry, 1979).

Trqpnin-C

\ , M‘,'xr

Skek?tal muscle, 15 a single acidic chain of auino res1dues (MW

\,, 2

18 000) composed,of;ﬁgur homologous regions numbered I-IV from the N

r

terhinus-(Collins and Elzinga, 1975; Collins, 1976). ’ﬁach'rébion.

consists of a ten residue Ca*z binding loop rich in g]utemine
and aspartine, that. contain carboXylate groups which act as key

metal coo}dinéting 1igands (McCubbin and Kay, 1980). They are

flanked on either 'Eidef alpha helical " regions, w1th the‘ whole
structure stabi]iied 'by interactions between spec1f1c hydrophob1c

.s1de chains of the he11x (Wilkinson, 1980) o

' Potter and Gerg]ey (1975) and Potter et. al (1977) reported- that
rabb1t .skeletal  Tn-C binds- Ca*2 and Mg*2, «xgyc b’nds 4 mol
Ca*2,  with thd h1gh Taffinity s1tes ﬁithaé? bind Ca+2 “and

Mg*2 _'cqmpetitiyely,d ((_Za+2 ‘ Mg“"2 s1tes) and two withf lower

; affinity whichv bind Cat? _exclusively '(Ca+2'-specific- sites).

.- Further. stud es by-leavis’ et al- (1978) utw]wzudb c1rcu]ar d1chrom1sm

Yy

(CD)‘and f]uorescent t1tratjons have-determ1nedpthat-s1tes I and 11

. S Ay
* - x Yo o ’ : gc
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are the loaw aft r-oy Jo% e TR Wt e e L gn
LATe the high afr ety Ctea ot el
The trigaer o The Sor wes o0 wlegiturs avente thaet take ntace
. ' ' N T )
Sduring requtattorn Joncerns Shet o Neagtag o0 g bv- the Tn-C
complex., Thx aer:’ Wrertng S alcompanten hy a coanformational
Change n the protess molecute whiih "5 transferred through the

quaternary §fru\ru%e af the entire »mu7tfpr0tefq\_relaxing system
(McCubbin and Kav, 1980 Data ﬁresented by Johnson et al, (1979)
and McCubbsn ana Kay  {14980) <ndicate that about 70% of the
tonformatﬁonal change s elicited by the high affinity Ca*
binding sites and some 25% of the conformational change is prdduced
by Fﬁe low—affinity bdinding siteﬁ.

i the binding ef- Ca*? to the low affinity sites (I and II)
PeSults in a subtie alteration of the 'tertiary- fold of the N

terminal half of Tn-C involving weakened éontacts between. several

*

hydrophobic groups by increa-ing the ihferatomic distance between
interécting ‘phenyla]anine and methyl groups (Evans et al, 1980).
The binding of ca*? to “the Cdszg+2 sites* produces a
large enhancement of intrinsic tyrosine fluoresence and circular
dichroism_ in the 200-400 nm region (Murray and Kay, 1972}), the
latter - indicatihg‘ an increase in the alpha ﬁeljx content from
approximate1y 30% of the residues in the divalent cétion protein to

50% with the - saturation of the Ca“zM'g‘*2 , sites.  Further

hydrodynamic measurements indicate that a compacting of the molecule

and increase in the ordered structure also occurs upon binding of

Ca*2 to the hfgh affihity regions of Tn- C. Finally McCubbin

and Kay.(1980) using ultraviolet difference absorption spectroscopy

i



demoﬁstrated thap the environment.of one or more tyrosine residues
rave ‘Becomé more nonpdlar consistent with théx compacting of the
molecﬁle which.also appears to be adcompa;;ed*by neutra[i}ation 6f
negatively ‘charged-carboxyl groups.

As previously ﬂentioned, most of the stfuctura] changes take
plqce on the binding :of divalent cations (Ca*ZMg+2) to the
high affinity sites. Howeven.binging'to the low affihity sites is
accompani;d by additional minor changes in helical cbntent. tyrosine

fluorescence and the environment of hydrophobic residues (Johnson

et’ al, 1979; Levine et al, 1978). From this data it has been

"suggested that Ca*2 or Mg*2 binding.®to the high affinity
9: |

sites 'presumab1y stabilizes the structure  'of the protein and '

determines its secondary and tertiary structure (Perry et al, 1972;

Potter and Gergiey, 1975). It may maintain it in a conformation

which 1is readj for the regulatory event of Ca*? ‘on the +Ca*Z

specific sites (McCubbfn and Kay: 1980) whﬁch are.often termed the
regulatory sites (Potter and Gergley, 1§7S)}‘

The.brotein‘chain of cardia; Tn-C is composed of 161 amino acid
residues (Mﬂ'18,450) (Van Erd and Takahashi, 1976).‘ There are fifty
five replacemerits and two additional amino acids when compared to
rabbit skeletal Tn-C. ‘The protein is strongly ;cidic with an excess

[~y
of thirty negatively charged groups. Van*Epd and Takahashi {1975)

determiqed that the amino acid sequence of three of the corresponing
sites (II, III, -and IV) were very similar to the corresponding
sequences in rabbit skeletal Tn-C. . The fourth region (I) (res

28-40) contained seven -amino acid replacements and one additonal

amino acid residue involving the'key metal coordinating Asp and Glu
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ntgh  afftrtty  laTIMETY sttes  escentta Ty TIRnlTial 1D ST Les

1

"ol oann v of skeletal Tn-=l  Leavs ang traft, iwl-o katter, 1977

Potter et ai, 1877, fgurithr um ltalys’s Pottaer | (40D Matler et

al, 1977 and "on - seieltive eiedtrode stugles  Leavt:s ang krafu,
1378 suogest that cardtac e-0 nas  one Gow affietty IatY

~

spec-frg <tte lorresponding to stte li. .l has heer ageterminen tnat

tres Ce*d  spectfic  site i simoiar. ir terms  of. . la

S

affinty, specificty, and (2% coord nating .awino agpids . Van

Sre ana Takahashi, 1975; Potter et ai, 1977) o the twy (e
spect fic regu\atary sites of s&e]etal Tp- C.

i
’

Stugies conducted’ by Johnson et al? {1980 indicate that

. cargiac " Tn-C binds Ca*?, undergoes Ta*d inducen increases in

“aipha helix, and forms a complex with votbér‘ Tn subun’ts as does -

skeletal Tn-C. The 35*2, specific site on cardiac Tn-C -appéars

to be responsible for the regulation of cardiac muscle #ATPase

activity and contraction while the two high affinity sites maintain
the stability.of the complex as it does in skeletal Tn-C (Potter,

1977: _uv.. <nd Kraft, 1978; Leavis et al, 1978; Burtnick and Kay, -

197 .
S "

As weil -- inducing conformational changes in the Tn conplex Tn

C aiso tunctions to 1) neutralize the inhibition ~of Mg*2-

‘stimulated ATPase of actomyosin inhibited by Tn-1 2)- idhinit

-
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€TRage 3Nt pRogphaeg fas e feoae2tal mgs e Sut o ot
JAratal. Piota torm g . ahie I M-l "t the prasence  f
et it e "Jr‘:r «"“:'a_‘ ‘ngenctttve [ompler o Tr-T

DEL T allooohorestc studtes have “qent:fee1 ane ctte 5f Te-l
tnat s arle to forsm 3 Compiex woth Tn-T {Jackson s 3l 1878
although 't-he spectfrs site s ostTil o lant-toverstal, taavs et 2!

© 18781 concluded tnat Tn-7 Stnds to o region ¥ -astdues 121-156¢
wh'le Gradbarek et - .38l nhave aeterminen tnet Ta-T sinas tog tne
Nrp terminz’ naif 2 Tn-{y- Roth studies (onfir~ that Tn-C-Tn-

. " ,

Sinding s not tav? dependent, thus the Tn molecule "< aiwaye

anchoreZ to the thi~ f‘lament,k .

.
]

Tn;C ‘s also able to form a ‘stabie .;amp/l’ex with Tr-1,  ar
- interaction that requires Cca*? for"its fomat;-on ‘(Head and Terry
,1974)' 'Fu“rthe‘r ‘studies with proteolytic fragaents of Tn-T7 rzve,
suggested at 'leaQt two sites of interaction with Tn-I- {Syska et al,
1976}, A vit;u supported by recent work on the reatt'ﬁvfty of lygsine
residues by Tn-C {Hitchcock et al, 1981). Leavis et al [1S78) nave
shown bot‘n by formation gels and by ﬁuorescence titration that site
111 interacts strongly with Tn-1 (res 89-120) while site Il (46-77)
. “ : . \
" shows a weaker interagtion, coinciding with the results of Meeks and
Perry (1978) and Perry et al (1975). Both regions . and II!
require .the presence of Ca*? s form complexes with Tn- I
Sugg;sfing thit:-a specific Ca*? dWmt spatial arrangement of
residues is involved in the binding essential for the inter_aétfon to
occyr (Grabarek et al, 1981). ﬁore specifically, Perry; et al (1979)

suggests that- the confomtiohal changes that occur on ca*?



Ke

“which Tn-C neutralizes the activity of-Tn-I (Perry et al, 1975). In

( . M v
TUertag etag The 1tjacent negatlively charged residues not involved
Te {Aal'ar nUaging cnto a more favorable position for interaction of

the alttwe peptide ‘solated from Tn-C with Tn-1 indicating that

aspart:. ans glutaeic acid residues involved in the binding of

-.2

Ta may a0t he directly implicated in the interaction hetween

the two traponin conponents {Perry, 1979).

The Tn-l-Tn-] sites of interaction are proposed to share
severai features. First, all binding occurs on the alpha helix on
the M terminal side of the bindihg domains (Grabarek et al,

1981). Second, 21l contain a remarkably ;imilir Eluster of acidic
residues along one surface of the helix. ginCe éar]ier work on Tn-I
fragments ideﬂt?fied th peptides from Tn-I that form Fomp1exes with
Tr-C and have a high concentration of basic .amino aéid.residues it

has been specuiated that\the bonds between the two are electrostatic

{McCubbin and Kay, 1980). Third the lysines in the binding regions

all exhibit reduced reactiv?ties in the complex with Tn-I (Hitéﬁcock
et al, 1981; Grabarek et al, 1981);7 o

Regidues' 83-134 wﬁich are iﬁvolved in forming one of‘-the
Cat? dependent' coap]exés uith' Tn-1 function to hehtralize the

inhibition of Tn-I on the Mg*Z stimulated ATPase of desensitized

actomyosin. The peptide also inhibits the phosphorylation of. fast,

skeletal muscle but not cardiac muscle Tn I by 3'S' cAMP dependent

protein kinase (Weeks and Perry, 1978).

" Two possible mechanisms have been suggested for the manner in

’

the first scheme Tn-C iﬁterggfs with Tn-I1 #n the N terminal region

&

in a way that does not physically block the region of the 1nﬁibitory‘
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peptide. By a conformational -harge “ndu_-: a3 . 3 r2sul?t 2 the
interaction the conformation of ‘the “~=htor, pept region
becomes modified so that it can no longepr “ntac . ' w~"th A2t n nor

can the adjacent residue at postion 118 he sssc<ohorviates hy 3°5°
. .. Qo - .

CAMP depéndent protein kinase. .In the aliternate sch-me *ne falding

of the polypeptide Ehain in Tn-1 s such that the " P gl wgtan
and that of the inhibitory peptide are aQJadent t0 the surface =°
-the protein. Thus, .the interaction of Tq-l with "--C wouyl:
effectively render 'the inhibitory peptide regéen ynavaiiahle for

phosphorylation or interaction withr actin (Perryn 1973 ).\

o



FUNCTION

Introd\uctionﬂ

In resting muscle the free‘Ca*? concentratiott is‘lower than
107" M and the concerted _actioné of the tropomyosin-troponin
)sy-ist;m.rts:ﬂts in an inhibition of the Mg*2 stimulated ATPase
activity of the myoftbril (Adams and Schwartz, 1980). Ca'rdiac
contract1an is initiated when an action potential occurs across the
sarcolemd . The small  amount of Ca*? that crosses the
sarcolemma quring the action potential triggers a Caf2 release
mechanism from the terminal cisternae of the sarcoplasmic reticulum,
raising the cat? céncentration in the sarcoplasm to 10-5
(Fabfato and Fabiato, 1977). The Ca*2 diffuses to the troponin
molecules of the thin filaments, and at_ this Cafzt-cdncentration
(10-5 M) binds to the.Tn-C comp]éx altering ‘ the cdnformation.of-
Tn-C. | This removes the inhibitioﬁ of Tn-I and trqpomyo;in on
Mg+2 stimulatéd ATPase tctivfty by permitting the“lexposure of
the myosin binding site on actin (Squire, 1974)

Muscle contraction consists of ‘the cyclic attachment and
"detachment of the gtobular portion ofothe myosin molecule to the
actin filament which, results in the sliding of the filaments past
.one another. The eﬁergy for thfs 'process is pr;vided _byv the
hydrolysts_of ATP_following aétf&ation of the myosin ATﬁése enzyme.
Relaxation 1is initiated when Athe> Sé accumulates Ca*tZ jons
permitting disociation of~ the (Ia"‘2 jons from the troponin

"conplex. The contraction relaxation cycle is thé topfc of the

following section.
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Physiological Mechanisms of Muscular Contraction

In 1954 4.F. Huxley and Hanson and A.F, Huxley and Niedergerke
independently developed the sliding filament Mheory which "has
progided a basis for the physicél and ‘chemical eve_nts of muscular
contraction. The theory suggests that contraction is brought about
when the fnterdigir’.at“i'ng thick and thin filaments slide past one
another without a change in lgng"th ‘:nr‘\either fillament. Shortening
of the myscle fiber and tensjon_developaent occurs as the result of
cyclic reaction between the projections of the myosin filaments ani
active sites on the actin filaments. Thé myosin projection attacheé
to the thin filament to form a crossbridge and presunably swivels to .
a different angle ﬁulling the'thin filaments past the thfck: The
crossbridges on opposite sides \?f tﬁe M .line swivel in opposite
‘directlons uhich pull ;ﬁe fila-en;s into a greater owerlap.towards‘
t@e cent;r of thé‘sarco-gte. thus decreaéing the distance between Z
1ines and shortening the muscle. In order for significant
shortening each crossbridge must act in a cycle; it must attach,
swivel, detach, and then reattach at a point farther along the thin
fila-ent iﬁth 3 single cycle causing a relative movement of the two
f1laments by about 100 A®. R

I= 1957, H.E. Huxley added to this theory by incorporating the
force velocity curve and the relation between 10ad and the rate of
energy liberation by A.V. HIll (1938) into his original sliding.
filament theory. | ‘ L |
" Relation to A.V. H11's Theory | v
In 1938 A.V. i1l determined 1) that the rate of liberation of

y
L

:heat increases linearly with thé speed of contraction 2) the iIncreased

o
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rate of energy liberation flattens off at higher speeds of g

‘ shdrtening indicating that the energy liberated per change of Iength

o

decreases as the speed of shortening increases 3) a fall in energy
liberation occurs when a muscle is stretched during contraction..

To explain these phenomonen, Huiley proposed that the

indjvidual crossbridges undergo cycles 1in which they attach,

. génerate force, and detach, with detachment pfesumahiy brought about

by interaction with ATP. Relating to the increased energy release

o 2
when shortening is permitté&i he suggested that detachment (g) is

slow unless shortening occurs and the sliding movement allows the

cro;sbridge to complete the working part of its stroke. THe rate

constant for attachment (f) of a free crossbridge is moderate in
relation to the speed of shprtening to explain the fact that as the

speed of shortening 1hcre§ses Ehe energy Tiberated per change in

length becomes sma]lér. Thus at Tow speeds of shortening each

crossbridge has sufficient time to attach to each site of actin that
is within range as the filaments siide past one another. At higher
speeds‘of Shortenihg the rate constant for attachment becomes rate

limiting, and sufficient time is not available for the crossbridge

to_attachvto'each sité of actin.” In explaining the reduced Energy.

1iberation during stretch H.E. Huxlgy (1957) made the suggestion
that the attachment process was reversible without the §p11tt1ng:of

ATP if the crossbridge was prevented from going through its working

stroke.

are initially detached with myosin oscillating back'and forth. about

its equilibrium .pbsition as a resdlt' of vthérmal agitétion

P

-4

©-In his '1957 model H.E. Hhxley'proposes that actin and myosin

.. 96



he within he range =he e

(Brawnian‘motibn). Lf-actfn appears to
the Acmnbination. f .myosin with actin is ca;dlyzed attacnmvnf BY. 9
take place.' wh‘trthis hsppéns £he tension on ;he‘elastlé elesen? i%
exerted on the actin thread. The extent of movement between the iko

filaments is limited by an elastic connection which Huxiey assumes

is located in the croésbridge. A second variable introduced 1n tné“

.model is denoted “x", a measure of the position of ihe_actin site
relative to the crossbridge which decreases at a constant rate
duriné steady state shortening. . - . Y
Relation to the fofce-ve]ocity'curve |

One further addition to the Huxley (1957) model is the notion
that a crossbridge can exert either a positive or negative force.
bHux]ey proposed that maﬁy steady.state properties of muscle couldwbe

expla{ned by having the croésbridges attach at a moderafe rate (f)
and detach slowly (g) in ‘a region where fhey exeri positive force
and detach rapidly Qﬁere they exert'hegative force::' It has been
suggested that most of the force-velocity'curve-is determined by the

fVéer f. Only when the velocity is nearly npximmn.is‘the"glope

. affected by the detachment rate. o

The force-velocity curve indicates that as the velocity of

steady "state isotonic coniraction increases, the force (P) :xerted

by -a muscle decreases in a- hypérbolic fashion. At both zera
vélocity (maximum force)l and maximum velocity (zero force) ‘the
muscle does no,work; but -at intermediate velocities the rate of work
,prod;ction increases to maximum qt about 1/3 Vmax decreasing again
at higher velocities. |

Where the attachment’4qf the crossbridge is postulated to be

.
<>



. : 9
reiatively slow \Fl\ere' is a unark'ed_‘;}ffcrease in the number of attached
CTo s‘—.rrdge that éxert positive force as the veiocity increases,
therefore in Huxley's model! the decrjease in force with increased
velocity is priina'ri'ly due to the slow attachment rate.‘ohsequently
the nnodef‘ vpredi)ct;s (as does ‘Huxley‘and' Simmons, 1971) that the
number of attached cross'bridges will décregse as velocit;i increases.

H.E. Huxley (1969) added to this model by presenting a simple

structural model of the cycle which has become the basi§ for later

physiological models. The essénce of this fnode] is é prefer'enti.aT

attachment of the crossbridge at some angle 0;p, rotation through

the angle .from JOI-OZ, and _deta‘chmentv at- angle 0j. The

L]

propdsed angles are 90° and-1-35.'°'with- relation to the 'axis‘ of the
thin filQment- pointing t.owardl the end _of. the sarcomere. In addition
Huxley‘assum;ed that the myosin head attaches to the myosin filament
by two flexible jo‘ints,..one at the junction of S-2 with' LM and .the
second at the junction of the S-i 5-2 parts of the molecule, a fact

later confirnied'__by Mendelson et al, (1973). This allows the

.orlentatlon of the head of the’ molecule to be ma1nta1ned the
'flexlblhty of the ;omt al]ows the hnk to sw]ng further out from

© the backp&e of th«e,__jﬂame_nt by bending at the ‘HMM-LMM junction

RE
‘

jllaﬁ\cht mybsin-actin interaction to take place over a wide

1_
X rad]al )ﬂex]mhty which Huxley ‘points out is a necessary property

-

of ‘the crossbmdge. As the muscle shortens over a relatwely long

distance the dlstance hetweeﬁ\ the ﬁlaments changes markedly while

the force exerted per crossbndge remains constant.
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The Podolsky-No' an Model
Rather than adjusting the c;osthidge parameters to fit the

force®velocity relation, odolsky and Nolan (1971) attempted to fit

the ronsteady motions that precede steady shortening after step

changes in load, discovered after Huxley's 1957 model (Podolsky,
1960; Civan and Podclsky, 1966).

Relation to step changes in load

The idea of invéstigating contraction processes by imposing a

_sudden change of mechanical conditions during a contraction is not

new. Gasser and Hill {1924) - and Levin and Nyﬁann (1927) utilized

the transient resbonses recorded»when.the load 6ﬁ.the muscle fiber
6r length was suddenly,changed_to determine that active muscle can
be represented as two compénents fn‘sefies, a‘cohtractilé component
" and ‘a series elastic coﬁponent., vThe contractile dcompOSZnt was
defined as “having a definite fotce-Qelocity curve that at any

instant its-speed of shortening'was determined init%a]ly by'the load

— o
of the muscle at that insgant. Similarly, the series elastic

component 'was defined as. having a length that— was entife]y

determined by the load at that instant. i
Podolsky (1960) and Civan and Podolsky (1966) were the first to

‘show that the responses. of muscle to sudden changes of"'TBad, or

Tength were much mﬁbe complicated than those of the two tgmponent

~ model. They determined 'that there was an ‘initial .shortening as

“would be expected from a series of cﬁangés (velocity transient) with
¢
no consistant pattern as -predicted by the two component model. At

first the -épeéd “of shoﬁtenjnb was several »tihes higher than the

t

Steady-state value for the load, declining to a lower value, to zero
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or reversing its direction, finally building = <’awly to its steady
state value. H

To explain this data Podolsky and Nolan @071) proposed a model
with only oné attache” state in which the rapid redevelopment of
force following a quick releass is due to .the attachment of new
crosshridges. A sma}l shortening step alldws some of the
crossbridges to iransfer from a situati ~ where they exert little or
no force to one in which they. exert substantial force. This
transition is made by the attaghment of crosshridges free in -2
isometric state. The model postulétes 1) a répid att/;achment of the
crossﬁridges in regions of positive force and relatively slow
detachment following net ATP hydrolysis in regions of -cgative force
2) qﬁ increased number of crossbridges‘and therofore an increased
st iffness at the end of‘rapfq early recovery. |

o

Huxley w.id Simmons Model

Huxley and Simmons (1971) utilized the converse experiment of -

Podolsky and Nolan (1971 where a sudden small change is imposed

caring an isometric centracticon and the ensuing tension changes are
) . ~

recorded. They ‘determined that tensi-n undergdes_a relatively large

alteration simuitaneously with  the step chahges ‘in  length,

recovering quickly towards a level closer to “ that whi;h existed

before the step. The final recovery to the original tension takes
place on a much slower time scale. In essence they found a tension

change simultaneous with the length change which varied in direct

. proportion to the amount of overlap and therefore to the number of

crossbridges capable of contributing to tension. On these grounds ,

‘Huxley and Simmons (1971) proposed that the majority of the
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jnstantanénhs elasticity resides in the crosshridge, and that this
instantaneous elasticity is attributed to ﬁhe simu]taneogs drop in
tension and simultaneous shortening fognd in "their L-T curves.
Further fo thismthey proposed that in addition to the instantaneous
elastic element the croésbridge contains aq,element with viscous and.
elastic properties that can maintain tension while taking up 1imited
but substantial amounts of length change accounting for the early

tension recovery. The gradual recovery of tension was accounted for

by detachment and reattachment of the crossbridge with kinetics,

similar to those postulated in the 1997 model. By placing the

elastic element in the crdssbridge they have made it possible for

each of the crossbridge states to. exist over a wide‘range‘af axial

positions (x) first introduced by A;F: Huxley (1957).1.The‘attached

crossbridge. can then act as a spring. From their quickaelease
studies Huxley and._Simmons (1971) determined that it can be
stretched or compressed more than 40 A°, 'therefore their !revi;ed
model proposed that when the filaments move pest one another the
ISpring S-2 exerts either pqsftive or negative force. The angle of
the crossbridge head does not change as the crossbridge moves along
x, rather a change in state Causes a change ;n angle of the attached
crossbridge. When transitions between the two attached states occur
the independeet elastic element in 'gﬁe' Ero;sbfidge is either
stretched of'cempressed. Since the 1957 theory does not account for
the lgransient” responses fhatv are seen when the length load is
syddeﬁ{y altered during a contractrion, Huxley and Sjmmons (1971)

'lfavor the production of tension occuring as a step distinct form and

subsequent to the attachment ijtself. : Y
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A Comparison of t?e Two Models’

Several similarities exist hetwspn the Pndolsky and Nolan r gl
and’ the Huxley and Simmons modelis. . The similarities include 1) .2

small shortening step allows some of the crosshridges to transfer

from a situation where they exert little force to one in which they

exert a-substanfia] force 2) the rate constant for this tfansfer

increases with the size of the shdrtenihg step 3) rapid detachment’

does not begin rapidly after the start of shortening. The
differences b- ween the models include 1) In the Podolsky-Nolan
model the transition- durihg- the shortening step is made by the

attachment of crossbridges which were free in the isometric state

while in the Huxley-Simmons model the crossbridgeé are attached

throughout and transfer from one attached state to another to exert

force. Unlike the Huxley-Simmons theory the Podo]sky-Nolad theory

“predicts an increased number of attached crossbridges and theréfore

increased stiffness at the end of the early rapid recovery 2)

Podolsky and Nolan also show the number of attached crossbridges

should be greater during steady shortening than in the isometric
condition (Huxley and Simmons, 1971).

The Eisenberg and Hill Model

- Eisenberg and Hill (1978), modified the Huxley-Simmons mode]l sa
that the crossbridge is not only e]astié but by changing state can.

exert force. The force can be developed nhen one state transforms

to another, but positive work is done only when _the crossbridge in a

single attached state moves along x "as the free energy drops.

Introduced into their model is “angular free energy" defined as the

free energy. in the interaction of the myosin head with actin and
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\ .
“structural free Energy"‘defﬁned as the free enerygy stored in the

independent elastic element localized in S-2. Unlike the

Huxley-Simmons -model where-th;'angular free energy wells are narrow
Eisenberg and Hill (1978) 5ugges£ th$£ the angular free energy wells
might be @uch broader. In this way a change in angular free energy
rather th“a‘n one dimensional Brownian motion could ‘stretch thé
elastic e]ément d;:ring a changg in state. The independent elastic
element can then be discarded while the crossbridge elasticity is
provided by the broad angular free energy wells. In such a model
the force is exerted directly by interaction between the crossbridge
head and actin rather cha: indirectly via the independent elastic
element. As the f aments siide past each other the elastié element
is not stretched, the “agta.ched crossbridge si'mply'changes angle
exerting either -positive or neg;ative force. - Unlike the' Huxley-
Simmons model where the angle of the crossbridge hea& does not
change as the crossbridge moves along x, in the Eisenberg -and Hill
model the crbss bridge‘ head smoothly rotates through varying angleé
T as fts axial position or x value changes. VBeéause‘there is no
independent_elastic element in this model there is no structural
- free energy, rat-her the total free energy of the crossbrjdge_is
equal to the angular free energy which by itself provi_des_ elasticity
of the crossbridge. As the muscle shortens or is stretched movement
of the Crossbridge states_provides the elasticity which in the
Huxley-Simmons model was provided bby the independent elastic

-

element.

To Sumarize; the key difference between the Huxley-Simmons

model_and the Eisenberg-Hill model is that a change in state causes
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a change in the angle of the attached crossbridge while in the
Eisenberg and Hill model transition between the two states occurs
uithout-ény chaﬁge in angle.’
Cardiac Hyséle Mechanics | . ” .

On the basis of mechanical properties described for skeletal
muscle several conceptual models of contraction mechanics have heen
developed for the isolated cardiac muscle (Sonnenblick, 1962;

Minelli et al, 1975), Most studies utilize a three component model

consisting of an active contractile element (CE) which is . arranged

in series with a passive elastic element (SE), both of these
components being coupled in parallel with another elastic element

(PE). This component does not appear to participate directly in

contraction but is considered to contribute to the, resting tension

of the muscle ‘as a non linear function of its length (Sonnenblick,

1

1962). S . _
-On stimulation after a short latency ‘the CE is fully activated

rapidly attaining its maximum capacity to resist stretching, as well

R

as its maximum ability to develop for??ang‘_/;horten. During an
isometric contraction it “shortens and stretches the SE although the

overall muscle length re_ﬁgins constant, thus delivering force to the

| muscles external fixations. The SE element functions to dampen the
, ! _ | ! -

\

force generated. by‘ CE. Théijefore peak tension does not equal -the

CE, instead peak tension occurs meothe tension exerted by SE is

\

just equal to the ‘tension mder\\mich CE will neither lengthen nor .

shorten during activation. Under these circumstances the peak
tension represents the active stit\e (A The active state is

defined as a neashre of the aec\hani»u ~mergy derivgd from

\

/
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chemical reactions in the contractile element whether measured in
~terms of -a capacity to develop ,fo_rc-e or an ability to shorten’ (Adans
and Schwartz, 1980). Changes in the rate of tension development
(dp/dt) and the magnitude of developed tens.ion are difectly related
with the intensity of AS. » | |

The delay*of force deve]opménf observed in cardiac and skeletal
muscle is due to the time necessary for the contractile element to
shorten ‘and stretch the SE element. Force builds up in the SE
element as it becomes stretched according te stretch strain
characteristics.. The velocity of sh.ortenting falls as the force (P)
against which it is shortening ‘is increased. This property of the

CE is denoted by the force-velocity relations. The ‘rate of force

deveopment dp/dt is then umquely determned by the interaction of'

the activated contractﬂe elenent and the - SE component.

As m other types of mscle the actlvely developed tension of

heart lluscle is a function of its length qnor to the onset of
Acontractron. This phenomonen in the mtact heart forms the basis of

the Frank Starling principle (Sonnenblick, 1962). @ The length

tension relationship in skeletal muscle. contends that with an

increase in length of the mscie from an initial urstretched state ’

the degree of overtap and consequently ‘the nud)er of potentnlly
active actomyosin couplexes increases with a gr_eater number of
actomyosin complexes formed as tﬁe tension increases. . Further
increases in length result in a reduction in the'/aount‘ of active
tension production as the optimal degree -of fi_la-ent overlap is

surpassed. At any' given fiber length' and dggree_of myof.ilament
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overlap, alterations in the state of acti‘vity and‘ changes in'-tension
development .depend on the number and intensity . of acto;-yosin
complexes as well as an increase in the. rate and durat‘jon of coﬁpiex
formation. | x
The rélativ\ely straight forward nature of the time and length

dependent features df skeletal muscle are in urked‘coqtrast to the
situation in the t'u_eartk. As already mentioned sudden __sv.tretching of
skeletal muscle reveals a rapid' onset of the active sta_té which
manifests as a plateau of tension éariy in the course of the twitch.
In car&i_ac muscle the active'state is slow in 6nset and thus is time
dependent with no .plateau observed after quick stretch - the’
contractile event lasts several hundered milliseconds as opposed to
the much shorter t\ntch of a skeletal mscle. The inability of the
length tension to acdount for the activatijon process in cardiac
ms'cle'oqcurs'at the short sirco-er'e lengths (Katz‘; 1977) where the
.length tension relationship is poorly understood.

RelatioasMp Between Velocity of shortening and A‘l'nse ktivity
| Before leaving the physiological aspects of. muscle contraction -
one further relationsmp must be eludicated, na-ely the Vumg-ATPase,
rehtton in ventricuhr myscle. It is uell doc:-ented that the
velocity of unloaded shortening (Vmax) has a poswtive correlation
with myosin ATPase in both _skeletal (Ba_rany,. 196_7) and c.ardnc
muscle (Carey et al, 1979; Hamrell and Low'... 1978). The. %q))i;ations
of such a corfelation is t.hat the rate of unloaded mﬁle sﬁortening
is rel o the ability of the llyosm nolecule to release chemical.

€rgy by hydrolyzing ATP. This phenmnen is in agreenent with the
experinents of A.V. Hill (1938) on the uechani'cs and heat production -



v

. of hydrol}zi-ng ATP and being dissociated by ATP. ‘Since S$-1 was

of skeletal muscle.: 'A.Vl.. Hill demonstrat%d ‘that the rate of heat
e ,

production was a f"unctlon of the veloc1ty of contraction and implied

that the rate'_of energy release was related to the veloc1ty of

shortening.

The Biochenistry_of Miscle Contraction
The Eisenberg and Moos nodel _

In studles on the steady state ATPase activity of acto HMM and
acto S-1 it has been found that a linear relationship exists when
the reciprocal of the ATPase rate is plotted against the reciprocal
of the added actin concentration (Eisenberg and Moos, 1968; - 1970).

The intercepts of this double reciprocal plot yeild values for the

maximal actin activated ~ATPase . rate {Vmax) and the actin
f concentration required for 1/2 maxdmal ATPase activity (Kapp) From

fthe intercepts of these plots it. was determined with Mg*2

present at low ionic strength that the acto HMM is about one hundred

times . more dissociated in the. presence of ATP. Further studies by

Eisenberg and co-workers (1968) determined that ‘acto S-1 is capable

apostulated to have a single'binding site for ATP they concluded ‘that

the same ATP site is involved in both of these processes.

‘To account for these results E1senberg and- Moos (1968) and:
‘éisenberg et al (1968) proposed the kinetic model shown in Figure v

whefe Memyosin, A=actin, T=ATP and D=ADP. In this nndeléfthe first

reaction to occur is the combination‘of myosin ATP with ‘actin to
form the actin-myosin-ATP complex.. In the second reaction-'or
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motion producing action, actin activates the:splittthg of bSound ATP,
and the terdary A-M-T complex is forwed with the bridge in the 90°
configuration so that -o_tionvn‘ll occur when it transtoms to the
rigor state.. The driving force for this motion producing reaction
comes from both the convkrsron of bound ATP into bound ADP and from
the transformation of the relatively neak bond between actin and
. myosin ATP to the ‘much stronger rigor actin -yosm ADP bond. In the
third reaction the dissociation. of/the_rigor actin myosin .bond'is
- coupled e,nergetical-ly with the replacement of ADP by ATP on the
hydrolytic site of the myosin crossbridge. |
" Although 'this' model explains the steady state ATPase activity
of acto S-1 and acto‘ H-, rit- does not take into acco\lnt the
pre-steady state. bghavior of -yosin alone Several studies indicate

that once ATP binds to myosin it is hydrolyzed to form bound ATP and

P{ on the surface of the enzyme in the presence of Ca*2 and

Mg*2. This ATP hydrolysis occurs mich more rapidly than the ADP
and P; are subsequently released, and has been terled the initial
k Pi burst (Lynn and Taylor,, 1970 Taylor et al, 1970° Tonumura et
al, 1969). mich had not been accounted for in the Eisenberg and

=Y

Hoos model .

In addition, the Eisenberg and lbos mdel did not provide a

mechanism for the. binding of ATP to detach the uyosin from actm

durmg each cycle “of “ATP hydrolysis. ~ The first evidence that'
dissociation and reassociation of the actin and nyosin filuents_

occured each tiue ATP was hydrolyzed came from the work of Ly-n and

Taylor (1971). Their pre—steady state experinents ‘show that when
ATP was added to a coq;lex of actin and lﬂl, dissociation of the

actin
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‘HMM compl%x by ATP occurred before - the initial burst of -ATP
hydrolysis (P; burst) ]'on the HMM head These workers also

determlned that at low actin concentratmns the rate of dlssocratmn

of ATP was much faster than the rate of ATP hydrolysis _ln the -

_ _ ,
initial P; burst. Lymn and Taylor (1971) * thus proposed ‘a ‘model
(Flgure 1(2) to account for both the P burst ‘and the assoc1at1on
and reassoc1at1on of the actin and myosin filaments not .included in
L _ : . :

the Eisenberg and Moos model-..

To summarize, the major features of th1s model are 1) the

;.d1ssoc1atlon of the acto HMM complex by ATP (A-M T>M-T) precedes )

" hydrolysis of the ATP on the HMM in the initial Pi burst- .

- (M-T>M-D-P) ie: the hydrolysis step occurs after HMM isvdissociated
| from actin 2) it requires S-1 to.detach from actin each time an ATP
'mt‘olecole s hydrolyzed because the initial APi burs.t i's‘lpostulated
‘to occur only when the S-1 fragment is detached .from actm 3) the

major rate limitlng step in the c_ycle is a relatively slow release
. of products occuring after.the HMM rebinds actin. Thus thjs.model

as originally present‘ed sdggests that at high actin concentrations a
large fragment of the HMM or S-1- wou»]\d remain complexed with actin
" even in the presence of ATP. e S

One of the, most attractlve features of this model is that' it

provides a.possible mechanisin - for - the cyctic drssociation' and‘

reassociation of - the nyosin crossbrldge with actin, Before ATP :

binds the cross bridge is strongly attached to actln at a 4S° angle.
Hhen-ATP binds the bi,ndlng of the crossbrldge‘ to act1_n is weakened

and detaches. Only when the initial P;j burst- occurs is the cross

bridge able to reattach to actin presumably at/a 90° angle. Finally '

ot
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as ADP and P; are released the attached crosshridge rotates from a
90° angle back to:a 45° angle simu]taneouE]y doing work (Adelstein
and Eisenberg, 1980),

As mentioned, one of the major predictions of the Lymn-Taylor

model was that the rate limiting step in the ATPase cycle was the

releaﬁe_of products which occurred after the myosin eroduct complex
‘rebound to actin (A-M-P-P; > A-M). This led to the prediction
 that almost all of the HMM or S-1 shouldhbe complexed'with actin
when the ATPase is closel“to Vmax. - Contrary ;to this prediction
viscosity,  turbidity, quas}_ electric ~ light scattering,

ultracentrifuge, and kinetic studies have demonstrated that even

~ under. conditions whera the actin activated ATPase is close to its

maximal value (Vmax) a farge fraction of the MMM or S-1 remains

dissociated from the actin_{Eisenberg et al, 1972b; Fraser et al,
1975; Mulhern and Eisenberg; 1976 Eisenberg and Kielly, 1972) On
‘th1s basis they proposed that in the presence of ATP the myos1n head
can exist in two conformations. One of these conformations they
called the refractory state since it. seemed to be unable to bind te
actin at any concentration of actin obtainable in vitro. The other

.;conformation they called the non refractory state since jt was able

to bind actin thus accounting for the actin activatiqn of the HMM .

Their hodx} suggests that both of the HMM heads act independently.

Presumably’ on a random bas1s as ‘one head of HMM goes through the

cycle the other head will -remain refractory so that only one’ head of

the HMM binds to actin at a time. A .
The refractor} state model is identical with the Lymn-TayTor

model except that an additional step, the transition from the
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| refnactory to the non refractory state uas odded following the
initial P; burst (Figure l.(3)).. Like the'initial P;j burst this
step ‘could only occur when S-1 was detached from actin. In
contrast to -the Lymn- Taylor model" the myosin remains in the

Y
_d1ssoc13ted or refractory state for most of the cycle until a rate

'11m1t1ng§tran51tlon to the non refractory state occurs. Only then
can reb1nd1ng to actin occur which ‘in turn causes the rap1d release
of products. Thus in coutrast to the slow product re]ease suggested
by the »Lynn-Taylor model the: major rate limiting step in the
refractory‘state‘mode] is the transition from the.refractory to the
non'refractory state that occurs before the-hwosinuhead rebinds to
actin. |
| _The ‘nefrétory state nmde]' provides a biochemical exp1anation
for H.E. Huxley's (1957) model of crossoridge.act{on where a slow
rate of detachment. of the crossbridge to F actin;was quite slow,
important in determining a large part of the force velocity curve
- and expiaining~_the_.]evelling of f of ATP turnover rate at high
velocity. The - slow transition from the refréctory‘ to the non
refractorj state may explain the slow detachment of the crossbridge
in vivo. .In the refractory state model the rate of product release
which occurs after S-1 reattaches to actinﬂis rdpid, consistent with
the hrief time a crossbridge spends attached in a rapidly shortening
muscle.v . |

Modified Refractory State Model N A

2

The modified refractory state model .in its simplest form

predicts that at saturating altin condentrations all of the S-1 will

be dlssoc1ated from actin yet it has always been observed that a

small fraction of the S-1 or HMM b1nds to actin as the steady state
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ATPase activfty reaches Vmax. The results of Stein et al (1979)

show that the binding bétWeen S-1 and actin does indeed occur during

steady state ATP hydrolysis at .high actin concéntrggions. They
5ugges§‘this must be due to incomplete dissociation of the acto S-1
complex by "ADP thus develdbing a rapi& equilibrium between A-M*-T

and M*-T. In addition ‘Siein and co=workers »did not find an

inhibited ATPase activity at high actin concentrations, and

therefore proposed that ATP hydrolysis could occur without

dissociation of the acto S-1 complex (A-M-T>A-M-D-P;i), a step that,

was postulated not to occur in the three modeis already discussed.

They .concluded that the refractory state M-D-P;(R) was ot
refractory to binding actin, but in effect bound to actin with ‘the

same binding constant as M-T.. With this théy proposed the model in

?igure I(4). The kjnefic mode] of Stein et al (1979) is similar to

.the original .refractory state model in that the rate limiting

X

-

¢ -

transition occurs after the initial Pi burst. It differs from ihe
original refractory staté model in that M—D-Pi can form a complex
with acpin; therefdreAthe initial Py burs; and ihe rate limiting
transition from M**D-Pj to M-p-Pj can occur Mith the S-1 bound
to aéz?h a;‘well as dissociated from actin. Although thé refractory
and non »reffactory state can bind weakly to “actin thé stow
transition: from the refractory state still limits the rate of which
S-1 can undergo the subsequent rapfd transitions to A-M*-D and A-M

the states in which the S-1 is strongly bound to actin. Thus,

>
:..rather than a cycle from the unattached to /the attached states

occuring “as in the original refraétory state model a -cycle from

weakly bound to strongly bound states occurs. Presumably one of the
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strongly bound states is the wmajor force producing state in the.

muscle (Eisenbergy and Hill, 1978) Althdugh the crossbridge in the
refractory state may be weakly attached to actin in ‘a rapid
equilibrium it is still blocked from transforming to the majorrforce

ﬁproducing state until it undergoes a conformational change to the
non refractory state.

,Two,éddicionaf aspects of this kinetic model "are of interest
with regard to the mechanism of crossbridge action in vivo. First
this model has no step where the S-1 must detatch from actin. If
during the ATPase cycle the 3-! attached”tb actin goes from 90° to
45° it can go back to 90° without first detaching .from actin. If
the weakly attached states age in rapid equilibrium with unattached

states and can rapidly detach when they exert negative force a

manditory detachment ‘step *ﬁay not be neceésary (Eisenberg - and -

Greene, 1980). Secbnd, in the Lymn-Taylor model it was assumed fhat
A-M*-T was a 45° state while A-M**-D-P: was a 90° state. In the
' Stein model there is no manditory detachment step SO'fé is unkﬁown
which attached sfates are 90° and 45°'although they poStulatevthat
.the weakly attached states are 90? while  the strongly attéchéd”
states are at 45°. . L

Conpiete Crossbridge Models

The first major attempt to combine the structurdl, biochemical, .

afid physiological observations into a model of crossbridge action
o

was “undertaken by Eisenberg and Hill (1978). The biochemical basis.

for the crossbridge model was a.simplified version of the actomyosin

" cycle introduced by Chock et al (1976). The physiological and

structural basis for the model came from the studies of (Huxley, .
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1957; Huxley and Svmmons, 1971; Hill, 1974; Hill, 1977).

The wmodel consists of four‘states; two unattached states, the
refractory -and the non. refractory and two = attached states
A-M-D-P3;N (90°) and A-M-D (45°) which occdr. in significant
concentrations, while the other'states are assumed to be transient
intermediates. In their model Eisenberg and Hill utilize Huxley's
1957 variable "x" tﬁé measure of the active site relative to .the
crossbridge. ‘The value of x is directly related to the anglg of the
attached ;rossbridgé (ie at a 90° angle 'x=80 A°, at 45° angle x=0).
In add}tion, the force energy studies of T.L. Hill' (1974, 1977)
indicate that the free energy of the attached state depends on x due
tp its elacticity, stretching or coﬁpressing the crqssbridge
increases the}free energy Teyel. The slope of the free eﬁergy curve
for an attached state at any value of x is equa].‘to the Vforcé
exerted by the crossbridge state of the value of x. o

The Eisenberg and  Hill (1978) model proposes that. the
crossbridge initially in the,refractory state transforms‘to the'ndn
refractory state and binds to actin to form the 90‘ attached state
A-M-D -épmewhere.near x=0, rapidly changing tovstate A-M-D in the
45° state. By incorporéting the independent elastic element into
the crossbridge as proposed by Huxley and® Simmons (1971)‘ they
suggest that the change to the 45° state stretches ‘considerably the
elastic element in the S-2 of the crossbridge éausing_ force
development.. The crossbridge-simulianeously moveé along x énd drops
in free energy as the spring in'the S-2 shortens., When thé spring
reaches its equilibrium positipn or is . s]fghtly compreséed the

crossbridge releases ADP .and Pj, rebinds ATP, and ‘detéches from

-
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the actin to form M-D (+D). It is then ready to begin a new cycle.. -

Several key features of this mddel should be emphasized. First
the crossbridge does positive work i9 an attached state' when 1t
. drops in free ener;} .C\?y if ¢ simu]tanegysly moves along x.
Second, }n ﬁhe 90° and 45" <+-~ies the crossbridges prefer being at
90° and 45° angles re;pgctively but can rotate to higher angles
where they exert positive force and lower angles where they exert
negatiQe force. Third and mos;.important, the elastic bfoperties of

the crossbridge states do not determine the rate constants between

states,‘therefore the rate constants between the 90° and 45° states

do not depend on the thermal motion to stretch an elastic element as
does the Huxley-Simmons_mode]l.

The fact that the rate constants between the 90° and 45°
crossbridge states . do not depend ‘on' the elasticity of the
.cros§bridge ailowed Eisenberg, Hill, and Chen (1980) to'extend their

1978 model to include a free energy profile, four pairs of rate

~constants " for the four states, and a proposal ‘relating the

biochemical parameters with the physiological parameters namely the

ATPase rate and the force velocity curve. |

Huxley- (1957) proposed, and Eisenberg, Hill and Chen (1980)
confirm;d that many of the steady state” properties of muscle could
be explained by having the crossbridges.gttach ‘at a moderate rate
(f), detach very slowly (g) in the regioﬁ where they exert positive
force, and detach rapidly where they exert negative force. Where

the attachment of ‘he crossbridge is postulated to bé‘rvlative]y

_slow there' is a marked decrease in the number ofﬁ attached -

crossbridges that exert positive force as the velocity increases.
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As in the H.E. Hﬁxley (1957) model the deérease in force with
increased velocity 1is primarily due to the slow attachment rate.
Consequently the moaél predicts .that the‘ number of attached
crossbridges will decrease as the.velocity increases, ther_'efore the
 Huxley proposal was a key factor in the rate constant values of the

Eisenberg Hill and Chen model.. In their model it is suggested in

matching - the high efficiency of muscle cantraction (54%) that the

binding constants of ATP and actin to myosin are similar. To make

these binding constants alike requires an effective actin

concentration of approximately 10 M. In addition by.ma‘king the
'binding’ constants of ATP and actin to myosin similar the free
energi‘es of the 45° state and the refract;ory state are similar
causing very little loss free energy whén ATF; dissociates the
crossbbridge from actin keeping the e’fficienéy high. o

The modified model of Eisenberg and Hill (1978) proposes that

the crossbhidge makes the transition from the refractory to the

nonrefractory state (M-D-PR > .M-D-QP\,-N). ‘The rate constant for
this transition is based upon the Vmax determined in biochetnicé]-
experiments and is similar to “f" in the Huxley mode].; F-ollowing a -

rapid attachment step (M-D-Pjy > A-M-D-Pjy) the crossbridge

undergoes a transition from the 9U state (A-M-D-P,-N) to the 45°
Astat’e (A-M-D). The rate constants for this transition were based on
the rate of r'e"covery. of force in the isometric ;‘.ransient as a
_ function of the amount of release of s)trgtch (Eisen'berg and Hill,
1\.978). The rate of detachment from actin was assumed to depend on
the rate of ADI5 release with t_hé subsequent rebinding ‘of ATP and

detachment of the crossbridge being rapid. The rate of ADP release

¥
/
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dependent on x was slow until the crossbridge reached minimum free
enerdgy at x=0, similar to the "x" dependence of the detachment rate
constant “g" in the Huxley model! Ffollowing the detachment of the
crossbridge the crossbridge agaiﬁ is in the refractory state
M-D-P iR ready to begin anoiher cycle. ‘

The models proposed by Eisenberg and Hill (1978) énd.Efsenberg
Hill and Chen (1980) assumed that the crossbridge detached and

reattached every cycle. The crossbridge model of Stéin et al (1979)

requires a mechanism for the cyclic detachment of the crossbridge in -

.vivo as the muscle shortens zﬁthough ATP hydrolysis can occur in
vitro With or without detachment of S-1 from actin, and the large
decrease in free energy associated with ATP hydrolysis.

Eisénberg and Green (1980) have revised their previous model to

include the following mbdifications 1) based on the dat@ of Marston

ét al (1978) they: propose that. ATP like its analogue AMP-PNP hay

increase the préfered angle of the crossbridge from 45° back to 90°

2) the minimum free energy.of AMT is lower than M-T consistant with

[N . . N
the marked free energy drop when ATP binds t tomyosin 3) their

model §uggests that the crossbridge in the refractory state rapidly
'atfaéheé to actfn in a region where it exerts positive'forcg, the
crossbridge then makes the rate 1imiting transition to the “non
refractory éféte. Following this transition the conformational
change associated with Pj releasedoccurs rapidly at about x=80 A°
just_ as the éoﬁfofmatipna] ;ﬁange induced Sy ATP changes the
prefered angle of the ;rossﬁfidge from 45° to 90°.. On the other

hand conformational changes associated with P and ADP release

. return the crossbridge to a‘prefgrred~an91e of .45°, Relating the
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data of Marston- et al who suggest that ADP lengthens the muscle
fiber Eisenberg and Greenev (1980) suggest that the release of Pj
returns the preferred angle of -the crossbridge to 50° while ADP
release is necessary to return it all the way to the preferred angle
of 45°. This vabilit} of ADP to increase slightly the Gpreferred
angle of the‘ crossbridge may provide a mechanism for keeping the
eressbridge \attached to actin untif it has nearly ~comble;ed itsb
power stroke. Femlowing the release of ADP the. crossbridge rebinde
ATP' to form A-M-f with a preferred - angle of' 90° which exerts
"negative force breifly before it detechee and begins ~a new
crossbridge cycle. . This detachment occurs only Qhen the muscle is
shortening;. In the isometric state the crossbridge will not detech
as it hydrelyzes,ATP; rather it will oscillate between the various
attached states spending most of its time in state APM-D exerting
posxtlve force.- | .
In contrast to the model of Elsenberg Hill and Chen. (1980) in
the new model the number of attached crossbr1dges will probab]y not
change as the shortenlng velocity 1ncreases because the refractory
' state . is' weakly attached to actin conS1stent with: the . Xray

d]ffract1bn studies of Podolsky et al (1976)

Specific Kinetic Steps
~Myosin | |

The pre-steady state kinetic studies (Tonomura and Inoue 1975
Bagshaw et al 1974; Taylor, 1977 Steln et al 1979) have presented ‘
evwdence suggestlng that etther one_ or both of the myosin heads obey

the mechanlsm in Figure I (4) for the blndlng and hydroly51s of ATP,
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This mechanism h;s been incorporated into the upper ‘line of the
Stein et al, (1979) mode! and includes three steps, the binding of
ATP  to myosin, the hydrolytic step and the. release. of products.
Using the nomenclature of Bagshaw et al (1974) * and **
qualitatively represeﬁt the amount of fluorecence enhancement shown
by various intermediates.

The binding_of ATP to myosin

The binding of ATP is postulated to occur in two steps the

_ weak binding of ATP to form the collision intermediate M*-T, -

followed by an irreversible first order conformational change to
- form M*-T (Bégshaw an@ Trentham, 1974). Tﬁis conformational change
is considered irreversible because K-2 has been reported to be about
10-5 s-1 (Bagshaw and Trentham, 1973; Mannherz 'et. él, 1974;
. Goody et al, 1977) much less than Ky . which is _about 10-2

s-1 (Trentham et al, 1972). Thus the rate of detachment of ATP'

from myosin is much.slower than tye rapid binding of ATP to myosin.
In additidn, the binding éonstané of ATP to myosin has a value of
- about 1010-1011 M1 ° (Bagshaw ‘etfﬁ ;1,‘~ i974; ~ Johnson qnd
'Ta}lor, 1978; Chock et al; 1979), ;hefgfqre a very large. change in
,free'energy occurs when ATP binds to.ﬁyosin (Stein et al, 1979). |
The,hyﬁrolysis step ' |
Most workers aéree; that - several pheno-en;n accompany ’the
interaction of ATP with myosin. An enhancement .of trypté?han
.flucresceﬁce~;(8agshay et ~al, 1974) and ultraviolet absorbance
occurs-(ﬂorité,"i969). H* is released (Chock and Eisenberg; 1974;
Bagshaw and Trentham, 1974; Chock, 1979) and ATP- is rapidly
hjdrbly;ed in the initial P; burst.  Indirect -easure-ents.ih

early studies suggested that the binding of ATP (WT) or the
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ATP -hydrolyzed in the intial P; burst (0.8/mol myosin) at the same
steady state rate.

" The Release of Products

Following the initial Pj burst the model of Stein et al

(1979) suggests that another conformational change occurs (K7) the

transition from the refractory to the non refractory state with the
forward rate c?nstant equal to the maximum rate of acto S-1 ATPase.
This transition has been postulated to be the rate limiting step,
although there is still' some controversy as to whether it occurs
wheﬁ. the S-1 is both attached toA and detached from actin (Adelstein
and Eisenberg, 1980). The-next steps involved are tr;e product
release Kg and Kjj. Like the binding of ATP the release of
ADP and Pj probably occurs in ‘at least two steps. The release of

Pi (Kg) involves a conformational change follawed by the release

of Pj from the M-D-Pj collision . intermediate (Stein et al,

1979), while the release of ADP occurs with formation of a collision

intermediate followed by two conformational changes (Adelstein and
Eisenberg, 1980). The‘confoc-ational change associ\ated with Pj

and ADP release is postulated to be very slow in the abserice of
actin and ‘above‘a te-pera'ture of 5° C it is the rate limiting step
in the myosin ATPase cycle (Webb et al, 1978) The value of K9 the

binding Eons_tant of. P; to myosin (a reversible step) is between 1

M-l and 10 Ml (Webdb et al, 1978) with a significanct free

energy change occuring _med P; is released. The binding constant
‘of ADP to iyosin is approximately 105 M1 (Greene and

Eisenberg, 1980).
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The Actouyosin Cycle

Sel "binds to actln with a blnding constant ‘Eé of about
107-1b8 M’l, ‘ADP weakens the binding about 30 fold, and
ADP+P; weal;ens the binding about 3600 fold (Greene and Eisenberg,
1980; Stein et al; 1979). All the myosin states can bind to acti'n

although M-T, M-D-Pjp and M-D-Pjy bind quite weakly while

M-D and M bind more strongly (Stein et al, 1979). The second order\
1 N

/

rate constant for the binding of M to actin is about 5x106 M-

s-1 for all of the myosin states. If this is the case it has

‘been suggestéd by Adelstein and Eisenberg - (1980) that the

differences between the bindi'ng constants -of the '.various myosin

states to actin may reflect differences in their rate of detachment

from actin. With this they propose that M-D- Pi,- and M-T would

rapidly detach from actin with rate constants about 103 s-1.

explaining the fact that ATP dissociates the acto S-1 complex S0

rapidl y ' (Lymn and Taylor 1971)

The steps that occqr when various myosm states bind to actin

are. 1ncluded 1n the lower line.of tne Steln model (Figure 1 (4))

The binding. of ATP to A-H (K4) like the blnding of ATP to m_yosm

occurs in two steps, the fomatwn of a collision intemediate,'

followed by a conforuational change. The ATP rapidly d1ssoclates
. actomyosin (Lymn and Taylor, '1971)° with a rate constant of - 107

M’l resultlng in - a large: drop in free energy. The next ‘step in -
the ,,cycle (Kg) the: hydrolysis_of ATP  on actoiuyosin (A-M-T >

‘A-M-D-PjR) may only occur at nigh actin concent_rat-ions»since",the-

binding of M-T 'and M-D-Pip to actin is weak. 'Major. evidence for

the occurence of this step includes the  data of Stein et al (1979)

...123



who discovered no inhibition of ATPase activity at high actin

concentrations and Sleep and Hutton (1978) who defennined that ATP -

hydrolysis‘«cen occur without the . dissociation of the- actomyosin’

complex.

The rate limiting transition from A-M-D-Pip to

A-M-D-Pjy occurs -at the same rate whether the S-i is detached or
..attached to act;n (Stein et al, 1979; Sleep and Hutton, 1978); A
possible physical transition from the refractory to the non
refractory state is the - mechan1sm of 18p exchange first proposed

by sartorelli et al (1966) They . noted that when the Mg*2

dependent ATPase reaction proceeded injﬂ?z}GT—SYhe prodqct P;
incorporated abdut 3-180 atoms.  This “Was later confirmed by

Bagshaw et al (1974) and Wolcott and Boyer (1974). " Bagshaw et al.

(1974) determined that H-T exchanges about 75% of its four terminal
0p within three seconds suggesting that not all of the termlnal
0, atoms in H*T and M**D-P; have exchanged, ‘uh1le Wolcott and
Boyer ‘(1974)'Uconc1uded that.f3;16 "of the 4 O0p atoms ~ are
"incorprated by Hp0. | . |

Further studies of Bagshaw and Trentham‘(1974)vand Boyer et al
‘(1973)'haye shown that the.dis§ociation of bound ATP to the free ATP

pool is extremeiy slow and reversible ATP cleavage was suggested as

the mechanism' of intermediate 07 exchange.v Current evidence

(Sleep and Boyer, 1978; Sleep and Hutton, 1978) is consistent w1th
the ATP/HOH exchange artslng fran multiple reversal» of the
hydrolytlc step of the ATPase pathway. An ATP molecule. bound one

0p s lncorporated into the P,, and on cleavage Jppon reversal

. there are three chances out of four of this 02 being in the y

phosphate of ATP.
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The release of this bound ATP into the medium resufts {n the ATP/HOH
exchange.

Schlu;ké‘and Levy (1977) have .concluded that the P;0 are non
equivalent with respect to three 02 exchanging_fasﬁ and the fourth
exchanging‘ five times more slowly. In codtrast, u%ing y-180ATP

and the formation of a valuable derivative of the product P; for

direct mass spgctral analysis, Sleep et al (1978) have determined

that the Pj0 are equiva]eht and the apparent non equivalencies

-arise from the coAtribution of a second ATPase pathway to the:

~overall flui.ﬁ’ Sleep and Boyer (1978) have suggested that
‘&-D—PiR may possibly have a Pj bound to the enzymme 'in the
metaphase form. Thus ATP cleavage could precede Hp0 addition and
HZO would be added to the metaphosphate in’ the next step. | ; .

~The final step of the actomyoswn cycle involves Pi (kig)

"and ADP (K1p) release “from aetomyosin. Stein et al (1979) have

propdsed that the forward rate constants of these steps are faster
in the presence of actin than its absence accounting for the actin

activation of the myosin»ATPasg activity. Although the rate of P;.

release is postulated to be quite slow while the rate of ADP is fast
(white, 1977). There appears to be a large free .energy drop across
ﬁhe step involving release of Pj from'A~M;D-Pi while very Tittle
free energy change occurs with the release of ADP.

In éunmany in the myosin ATPase cycle the major decrease in
free.enérgy occurs’during the ATP induced conforﬁational change; the
~ other steps being relatively.close to equilibrium. The sfowest step
is the conformational chqndg désociated with Pj release with ADP

release slow at-very']ow temperatures.. In"the actomydsin cycle two

5 o

...125

St Enaiads - iabeinai N Ry T



©

steps yield large decreases in free energf? the binding of ATP and

the release of Pj. Lymn and Taylor (1971) predicted that Pj

release was the .rate.limiting step while Stein -et al (1979) suggest

. { .
it is the. transition from the refractory to the non-refractory

state. .
Relaxation - & ' )

~

In'vertebrate striated muscle, contrgctionwis controllied by the
effect of intracellutar concentration of cat? on the"‘regulatory
: ‘ SR

proteins troponin and tropomyosin which are integral components of

the thin filament. At low Ca*2? concentrations the regulatory

proteins inhibit “the .interaction of actin with the myosin

crossbridges, at high concentrations this“‘fnhibi;iop is released

. /

(Huxley, 1972)

The structural interpretation of this mechanism is based on a

number: of x-ray diffraction studies (Huxley, 1972; Squire, 1974;
Hasselgrove, 1972) where observed changes in ‘the second (increase)
and third (decrease) layer 1lines from relaxed and contracting

muscles. were accounted for solely in terms of a change in the

position of the tropomyosin molecule on the grooves of the actin

helix.‘~This model termed the steric blocking mechanism suggests an

arrangement whereby the tropoﬁyosin molecule occupies a position in
' tﬁe éctin grobve'on'of near the poséulated myosin S-l»sife of the
actin molecule in the” relaxed or “off?ﬁposiinnt In this position
‘the tropomyOSin'hnléculé may inhibit‘actiq myosin interactions by
physically blockiﬁg the active site for ﬁyosin ;itachment (Huxley,

1972; Hasselgrove, 1972). When the muscle is activated and Tn.-C

-

binds to Ca*? a modifig?tion in the structure of the tropomyosin
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molecule to yhich the Tn molecule, are attached occurs'so that it
moves ffom a‘ﬁosition of 45-50° in relaxed mqsﬁle very close to the
HMM site to e'gqutjon of orientation 65-70° in contracting muscle
considerably further away from the attachment site (Squire 1974).
In this way it would be possible for one Tn molecule to exert a
controlling influéﬁce over all seven actin_monomers'in contact with
the tropbmyosin molecule controlled by éne tropon?n comp]ex.‘
Rete;tly' SeymoGr and 0'Brien (1980) using _three dimensional
image reconstruction tecniques to examine the structure of muscle
thin filaments still# attached to the Z lines determined that

tropomyosin consistently~oc¢upies positions on the opposite side of

the actin groove to that of the postulated S-1 binding site. These

results also confirmed by Taylor and Amos (1981) indicate that the
tropomyosin in the inhibited state is iocated on the.épposite~side
of _the grobve from the'position required for the steric Alocking
mddel deséribgd‘aﬁove. Therefore this model had to be revised\or a
new model hypothesized in order to explain the inhibitohy_mechaﬁism
prevéntinglihe intera;ﬁion of actin with the myosin crossbfidges in
the presence of‘loquafz concentrations. -

" Taylor and Ahos *’(1981) using 'three dimensional image
reconstruction of electron micrographs havé'assigﬁed actin to a new
position in the thin filament 4$§ruéture leading to a differéﬁt
geometry of the myosin S;l acfin interaction. They have determined
that the actin'binding site is not fn the‘milee of the S-1 fragment
but is toward the outside. A hoftion of théls;l extends into the

long pitch helical groove where it appears to come into véry close

#

\
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contact ‘with tropomyosin. Together with the fesults of Seymour and,
0'Brien (1980) who determined a . reversal Sf the thin filament
polarity“Taylor and Amos (1981) have coﬁcluded that a revised steric
blocking model can be reconstructed to cbnform.to thisbnew data.

In contrast, Chavlovich and Eisenberg (1982) have proposed a
new model for the inhibited interaction of actin with myosin at Tow
ca*? concentrations. They suggest that since the crossbridge
normally exists with bound ATP or ADP-Pi (not bound ADP) in
relaxed muscle (Taylér, 1979) the steric blocking model predicts
that the troponin-tropomyosin system should inhibit the binding of
A-1 ADP-P; as well as S-1 ADP to regulate actin in the absence of
ca‘2, | .

Using stop flow turbidity >measd}ements they have determined
that in the absencg of ACa+2 the binding constant of 5-1 ATP or
S-1 ADP-Pi to. regulated actin ‘was only decrgased by 56% of the
value in the presence of cat? although the rate of ATP
hydrolysis was decreased to 6% of‘ the ..ate with Ca*Z present.
This indicates that inhibition of the rate of ATP hydrolysis in the
absence of 'Ca+2i is not the result of the binding, of S-1 to
requlated actin. e

In addition they have also demonstrated that the removal of
Ca*? affects the rate of regulated actin activated S-1 ATPase
activity primarily byllowering f;e'maximal ATPase rate (Vmax) rather
than the apparent binding coﬁstant of S-1 to actin (k-ATPaée); They
sugg;st that this data implies that in the "absence of cat2
troponin-trobomyoéin.inhibits the ATque activity by inhibiting a

kinetic Step'iq the cy;le of ATP hydrolysis, with the most probable

!
¥

/

/

/
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step being the conformational change associ:ted with Pij release in
the cycle of ATP hydrolysis rather than the simple steric hlocking

model of muscle rélaxation.



REGULATION OF CONTRACTILE FUNCTION

When deter_‘minin-g the effect of various physiological parameters on
- the contra\cti’le'apparatus, % tension vs Ca*? d:ata is utilized
treated on the basis ‘of the Hill equation: P=\ P/ (1+0Q/[Ca*2]M)
where p is isometric tension at partial atlztivation, PQ. is isometric
i:ension at fuﬂ, activation, Q is a constant, and n is the Hill value
which distinguishes between independent ({n=]) and non-independent
bi'nding _of Ca*z' which may have positive. {n>1.0) or negative
cooperativity (n<l1.0). In examining the regulatory features of the
contractile system namely Mg"‘z,' Mg*ZATP, ionic® strength, ' ph,
and phosphorylation three paramefers of thé.length tension vs Ca*?
curve can be altered; 1).a change in ma;mum tension Po 2“) a change
in Ca*? -sens’itivity (the Ca*z necessary - for 1/2 max activati;)n)

3) the cooperativity with respect to Ca*? alteratwns that resu]t

in a changed siope of the actwatwn curve (Rupp, 1980).

Hg*ZATP ’

Classically Hg*ZATP is thought to perform two major functlons
in skeletal and cardiac muscle; it provides energy for the contractile
process and acts as a plasticizing agent which maintains muscle
extensibi]it); (Weber and Murray, 1973). Mg*2ATP is the ‘sub'strate
of actomyosin ATPase, and by binding to the'myosin mﬁiety of tﬁe.
crossbridge promotes dissociation of the myosin heéd fr;om aétin. Under
normal conditions ATP is in the range 3-6 mM (Burt et al, 1976'), and is '
present as a complex with Mg*Z due to -elxcess Mg*2.

An alteration i'n Mg*ZATP concentration affects several
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physinlogical parameters of muscle. céntraction. Maximum velocity of
shortening depends in 4 ‘rough]y hypérholic fashion on Mg*2ATP
concentration while isometric tension displays a bell sthed dependence
with Mg*ZATP, and the force velocity relation becomes - more curved
withran‘increqse in MgATP concentration (Ferenczi et al, 1981).

In  addition . Mg*2ATP has been shown to affect at Ieasi
indirectiy the activation process in skeletal muscle, that is the
interaction of Cé*z and the myofibrils that 1lead to the onset of
contractile activity. The relationship between Ca*? concentration
and ATP h}dro]ysis for isolated myofibrils (Portzehl et al, 1969;
Weber, 1969) and tension generation in skinned skeletal (Brandt et:al,
‘1972; Godt, 1974) and cardiac muscle (Best et al, 1977) is dependenf on
Mg*ZATP  concentration. As -MgtZATP - concehtrat%on is  increased
;hére is a decrease in maximum isdmetric tension the fibers can develop
(Best et al, 1977; Orlentlicher et al, 1977), a shift in the pCA % max
tension relationship in the ' direction of 'increaied Cat?

néoncentration reduired for activation and tension generation (Best et
al, 1977; Fabiato and Fabiatio, 1975; Godt, 1974; Orlentlicher et al,

1977), an increase in the steepness of the pCa max tension re1a;ionship

(Kerrick and Donaldson, 1975; Best et al, 1977)'and an increase in

\

ATPase activity (Portzehl et al, 1969).
Weber and Murray (1973) and Orlentlicher et al (1§Z7) have

| proposed schemes which account for both the shift to the right of the
% tension vs Ca*? curve as Hg*ZATP increases and the decline of
maximum tension at high substrate concentrations. At low Mg*2ATP

concentrations (in the uM range), tension generation, actin-myosin

interaction, and myofibril ATPase activity are no langer affected by

[
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chagges in Ca*? concentration (Weber and Herz, ‘1963; Weber, 1969).
To account for this Weber and Murray (1973) 'Suggest the formation  of
r;igor complexes at low ™7 *2,7P concentrations which turn on the
filaments in the absénge of a2, Under noﬁnél circumstances the
thin filament is in a special "on" state o'rdinarily‘ achieved by the
binding of Ca*¢ to Tn before it can form an active complex. In_ the

absence of Ca*2 the rigor complexes can be formed in the “off" as

well as the "on"™ state. In the presence of Ca*2 the rigor

. { C
complexes "act to modify any actins that were already turned on. Weber:

and- Murray (1973) termed this the “potentiated state” which they

determined exhibits the greatest contractile activity. From this they-

further proposed a mechanism of cooperation among the molecules of the

thin filament which together affect the Ca*? affinity of th&thm.

filament Tn molecules. "Based upon the Weber-Murray study, Godt 9974)

and Best et al (1977) have suggested that at physiological levels of "

Hg"ZATP there are practic-ally no rigor 'complexes (on state) and.

contraction is actrvated on]y after Ca*2 jons bind to the high and
low affinity sites of Tn. At much_ lower Mg"zATP concentratmns
formation of the r1gor.canplexés Causes cpoperétive transfer of . the low
affinity sites to high affinity Tn éite so that contraction is
initiated at lower free Ca*2Z concentrations ‘Orlentllicher et “al
1977) modified the Weber-Murray »mt)del by renaming and r‘edifin'ing tj.he
three states as follows; |

Weber-Murray - Orlentlicher - Definition

of f ES2 . double bound nucleotide
on - ES " single bound nucleotide

»

potentiated E no nucleotide -
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According to their scheme as substrate cbncentration is increased the
equilibrium among these states in the presence of Ca*2 shifts from
‘rigor (all £) thrOugh a4 range of tension producing substrate

concentrations to the totally relaxed conditon (all ESZ).

Calcium 3
It is now well established that myoplasmvc free Ca*?
-concentratlon regul ates contractile activity in vertebrate skeletal and
cardiac muscle. The mobilization of Ca*Z from extracellular and/or \
intracellular sites to thg »éontractile proteins involves processes
moddlated by a complex interacting series of mechanisms that begin with
excitation of the sarcolemma and end when Ca*? binds to the Tn

L - -l

complex.

It\hasvrecently been documentéd in hearts from all‘species ghat
force declines rapidly when Ca+2 is removed from the medium (RlCh<
and Langer 1975 -Bailey and Long, 1974) in marked contrast to skeletal
~ muscle where force persists for many minutes to several hour;'(Rich and
: Langer, 1§75). This implies that a readily exchangeable tomponént of
Ca*2 is crucial to the lnintehance of force -in heart muscle, but not
skeleial muscle. It is well establisheg that the E-C coupling sequence
of cardiac muscle unllke'skeletél.muscle is dependent upon a source of
extracellular, Ca*2, It has been suggested that th1s qxtracellular —
Ca+2 has -a regulatory role in  myocardial contract10n although the”’
quantlty of Ca*2 from this source actively delivered to ‘the
 myofilaments is uncerfain.' l
Recent studies indicatev that the. regulatory extraéellplar ca*?

is bound to the sarcolemmal membrane of cardiac cells (Bers and Lénger,

;o
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1979; Philipson’ and Langer, 1979; :Philipson et al, 1980). These
studies indicate a quantitative relationship between total sarcoliemmal
bound Ca*? andp contractility of the rabbit ventricle althbugh the
mechanism of this requlation has not been elucidated. Studies on the
isolated sarcolemma from the heart (Ph_ilibso_n and Lénger,' 1979)
indicatg that there are two classes of Ca*? binding sites within
the cell membrane. There are‘ a rélative{}@;;)smaﬁ number of sites with

»1

high affinity (Km=20 uM) and an approximately ten fold increase in

the number of sites with lower affinity (K',‘.xl.ZA uM). It appears that
. the high affinity sites remain saturated at the usual levels of
" Ca*? and play little role in the regulation of the contractile

force. ,"Evid_ehce indicates however that the low affinity sites are

-

important in the control of contractility (Philipson and Langer, 1979).

Vo

If “triggered release®™ is operative in the ihtact skinned cell its
forée development would be modulated by the gradation of the amount of
Ca*Z which crosses the sarcolemna. Therefore whether surface bound
Ca*2 activates the myofilaments"direct]y or serves as a trigger for
subsequent ‘sarcotubu-'lar_ release its magnitude determines the fofce_ -of
tﬁe twi.tch." . |

‘From thé .preceding_ discussion it has been determine&_ that the
degree. of activation and consequently' the amount of 'for.ce can be
regulated by the extenrt’ to which intracellular Cat? ‘rises when the
muscxle . cell  has been ‘stimulated. ~ Once Ca*2 enters the

L— .
interfilament space it affects several contractile parameters;

o
i
3

1

B

M
4

- 1) tension and maximum unloaded shdrténing (Vmax) are s.ens_it‘i\)e to
changes in the Ca*2 concentration. As Ca*? increases peak

_tension increases associated with a corresponding increase in

R



crosshridges attached to actin at' one moment (Herzig and Ruegg, 1980;
Henwg and Takauji, 1976). Mith the Ca*? induced increase in the
number of crossbr\dges the ratio of contractile force to internal

shortening resistance increases thereby facilitating shortening and an

increase in its velocity. Herzig and Ruegg (1980) determined that Vmax

is also altered independent of tension and stiffness indicating that
the number of crossbridges interacting with actin filaments is not the

only factor determing Vmax.

2) the .isometric tension, actomyosin ATPase and immediate stiffness

show a well known sigmoidal dependence on pCa with 1/2 maximal
, activation at: approximately 7x107 M. The Ca*2 required for the
-1/2 maximal ‘effect upon Vmax is Wx10-6 M (Herzig and Ruegg, 1980).

3) Allen and Blinks (1978) found that variations of the concentration
of Ca*2 in the bathing medium alters the relation between : length

and tension of cardiac musclie. Further to‘this Fabjato and Fabiato

'(1975) determined that the process by which Ca*? js trans1ocated to

activate the myofi]anents is Tlength dependent. An increase in

sarcomere length above its optimum decreases Cat2 release from the .
SR of skeletal musc]e (Herzig and_ Ruegg. '1980) wh1]e Fabxato and

Fabiato - (1975) determined - that Ca*2? triggered release of Ca“2 |

from the SR is strongly inhibited by a decreise in sarcomere length.

Phosphorylation
Phosphory]atton and dephosphory]atlon of myofibrillar protexns has

been considered a potent1a11y 1mportant b10chem1ca1 mechanwsm “for

regu]at1ng muscle contracion since the dwscovery ‘that myosxn and
X

troponin purlfved from rabbmt skeletal muscle were phosphoproterns and'
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thai purified subunits of these two proteins could be phosphorylated by
diffgrent protein kinases .(Perrie et al, 1973; Engl‘and et al, 1972).
'I_\lthough fthe properties of t.h-e. ~p>hosphorylation reactions catalyzed‘ by
the protein kinases have been :ex‘tens._‘ively i'n.vestiga'ted a functional .
role related ’ to .contraction for phosphorylation of specifi‘c
myo‘fibrillar proteins has only recently begun to emergel Although.the

. SR, garcolemma, In-T, ‘and tropomyosin also contain phosphorylation .
sites, this discussion will be limited to Tn-I and myosin.

o As previously lnentfoned, the serine 20 residue located in the
chain of twenty. six - additional ‘émino acid residues was partially
phosphorylated in the normél beat_ing rabbit heart and the P motiety -
gttgchgd to the serine re§1dpe was virtually the on]y P group that
exchanged with the intracef1u1ar P pool (Moir et. al, 1980) leading to
the conc]dsion'that phosphorylation may bé_sighificant fn regulating

~~S;a‘rdiacContractile'activity.»‘ N B |

Until 1976 it was poétulated:thaf phosphorylation’could cause an
increase ;n " the ;interaction beﬁween myosin ‘and aétin either‘ by?

’increasiﬁg‘ the maximal amount of interaction at. satﬁréting' ga*z

' concéntrafions or by"decreasihg the aﬁbunf -of ca*2 required for
activation (Rubio et al, 1975). Diffgrent resuits have been'obtaingg
by othérs. Ray and England (1976) were the first to ‘show th;t
phosphorylation of cafdiac Tﬁ-I idﬁreased “the _codEéﬁtration of Ca*2
required for'activation of the‘mjofibfi]lar.ATPase'activityisuggestingn
that the affinity of cardiac Tn for Ca*2 was decreased.  Their
results were supporte& by later “studies of Holroyde et va\ (1979),
Solaro et al (1976) and Reddy and Wyborny (1979). Others have reported

‘that the effects of phosphorylation on Ca*2 -activated ATPase are



more complex. Baili;\ (1979) found that ‘there was no.t a simple
| rightward shift of the curve but more of a downward shift in th'at- at
very low Ca*2 cbncentrations there was also a decrease in ATPas'e
activity. Others have also re}gorted a decrease in cardiac myofibril
ATPase activity at Ca*2 coﬁcghtrations sufficient to .saturate the
Tn system (Wyborny and Reddy, 119_7\8; Yamamoto and Ohtsuki, 1982)

. although there is no general agréement that it is simply a decrease in

the Ca*2 sensitivity of the myofibril system.

The mechanism of inhibition of the myofibril ‘ATPase activity-

appears to be an alteration in the Cat2 binding properties of Tn-

- C, although Stull and Buss (1977) found that Ca*2 binding to the

isolated tboponiﬁ-tropomysoin complex was unaffected by the level of

phosphorylation of Tn-I. In contrast, Moir et al (19805 and Hol roydé
- @

...136 4

‘et al (1979; 1980) found that phophorylation of Tn-I reduces the amount

of myofibrillar bound Ca*2 over the same pCa range that rnyofibri’l‘9

ATPase is activated by Ca*2, Since not all of t}\é sites of cardiac

Tn-C are regulatory (Hol royde et al ,"1.9‘80; Johnson et al, 1980), it has )

been suggested that Stull and Buss .(1977) ‘may have been . unable to

detect the effect of Tn-I phosphorylation on the, relevant binding sites

of the troponin complex. Robertson et al (1982) have determined ‘that
it‘ is the 'Ibw affinity » r:egulatory , _sitie that is'- modulated by the
.phosphorylation state of the Q,ser'l'ine 20 residue of cardiac _fn-l; |
Both Robertson et al (1982) ’and M\oi'r et al (1980) suggest that
phosphory"lation m'éy' be responsible for the well known increasé in the

rate of cardiac relaxation during inotropic response to catecholamines.

Since the rate of Ca*2 transport by .cardiac .SR has been shown to be '

elevated followiqg phospho}ylatibn by cAMP dependent protein kinase



linked regulatory system in_ vertebrate striated muscle. Further

studies by Holroyde et al (1979) support the contention that myosin can

bmd significant amounts of Ca*2 during contraction when the -
Ca*2 concentration exceeds 10 uM. However the rate of‘ dissociation

of Ca*2 from the myosin LC is much slower than the time course of,

relaxation during a single twitch in muscle (Bagshahw .and Reed¢ 1977).

Therefore, if ca*? binding to myosin in cardiac muscle” serves any -

physiological function it would probably be tonic in nature (over a

series of single contractions).

b

'Kardami and Grafzer (1982) have determined that the degree of

hght cham phosphorylatmon is correlated in heart muscle with the
active tenswn deve]oped, in accordance with the results of Kopp and
Barany (1979). From this it has been suggested that 1light -chain
lphosphory“lat‘ion, may be im)olved‘t the formation of non-covalent honds

between myosin and actin in live muscTe.’_ Accordingly the physiological

“role of LC phosphorylatwn cou1d be to increase the rate of combmat]on

of the crossbndge mth the actin fﬂaments (Barany and Barany, 1980).
To determme V‘the "cause of the increase tensaon vnth

phosphorylatlon several investigators have explored the possﬂnlty that

phosphorylatlon could alter the ,(Iaf2 bmdmg properties of P light

chains from skeletal and cardiac muscle. _Al_exis -and Gratzer (1978)

using fluorescence measurements observed that ptgosphofylation of the P

'li'ght chain from rabbit skeletal muscle abpeared to decrease the
'A'afflmty of ‘the protein for Cat*2. .Contrary to -this, direct
measurements of Ca*2 binding propertwes of carduc and skeletal

muscle ngyosms have,not. substantiated these pre\n_ous reports. No

| significant effect of phospho'rylati’pn on Ca*? binding propertiéS° in |

Al
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the absence or presence' of Mg*? was noted with rabbit skeletal’

muscle myosins (Holroyde et al, 1979; Kuwagama and Yagi, 19795. " These
resuits indicate that . phosphory]ation does not necessarily affect the
cat2 binding properties of myosin. [t has been concluded tnat if
these two biocnemical events, phosphorylation and Cat*2 binding have

any important role they may be independent with regard .to physiological

)
i)

=

functions in muscle.

In addition to Ca*2 binding ° thefe was  no significant
difference between ATPase actiVities of purified. myOSin in the
phosphorylated and . non phOSphorylated forms . when ATPase activ1ty was

measured in the presence of Ca‘Z, Mg+2 or K+ (Morgan et al,

1976), while Ho]royde et ail, 11979) determined that the phosphory]ation.

of myosin light chains slightly enhances ATPase activity at greater
than 1/2 maximal activating free Ca*? concenttations, but :recent
preliminacy reports have claimed that phosphorylated myosin decrease
the. Ky value of actin for activation of myosin ATPase activity witn
no significant effect on theanax valuesuiPemrick, 1980) indepennent of
the'regulatory proteins.

Because the Ca*t2 affinity of Tn is decreased when myosin is
‘deficient of the LC2 several investigators have proposed that the
conformation of myoéin in. vertebrate striaten muscle is a fine tuner of

the Tn Ca_"2 switch. This would serve to control the saturation of

the metal binding sites and thereby control the nature  of myosin

jnteraction with the actin filaments.
In summary, although it appears that phgsphorylation of cardiac
and skeletal muscle light chains are of physiological importance no

" clear effect of light chain phosphorylation on myofibrii function has
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been” shown. Further study is required. to determine the exact nature of

myosin phosphorylation on the various contractile parameters.

Magnesium

Mg+2 is present in a millimolar range in both cardiac and

. /
skeletal muscle (Polimeni ‘and Page, 1973). This is significant in

terms of understanding contraction in vivo since Hg+2 has ‘been

found to have a depressant action on standard measures of‘<ontraction

when its concentration is increased in a millimolar range (Poftzéh]
et al, 1969; Kerrick and Donaldson, 1972; Fabiato and Fabiato, 1975).
Recent' expefimehts on skeletalA musc}é. indicate that Mg+2 ;may
be a criticé1 modulator of tension generz:. in relation to'prevailing
Ca*2 Concentration;. Preliminary studies indicate | that | an
increased Mg*Z is 'ac;ompanied by a decrease in submaximal tension

generation in frog sﬁeletal‘ muscie fibers (Kerrick and Donaldsbn;

1972), and  maximal Ca*? activated tension in- cardiac muscle

(Donaldson et a] 1981) Further studies 1nd1cate that as Mg*2

o

concentrat1on increase the pCa vs % tension curve ShlftS to the rlghd

and its .slope declines in skeletal muscle . flbers (Kerrick and

-Donaldson, 1975; Solaro and Shiner, 1976). This indicates 1) a higher

concentration of Cafz' is .redhired for a given tensfon aﬁd 2) Tless
- change in tension for a :given change in ca*? concentrafiqn thch
suggests that Mg+2 in the physiological rahge greatly Ainf]uences
the Ca*? sensitivity of the 'tens%on generating apparatus of
skeletal muscle (Donaldson énd Kerrick, 1975; Kerrfck aqd Dpﬁa]dson,
1972; .Rupp, 1980). Like skeletal muscle an increase in Mg*2

concentration causes a Shift in the pCa tension curves in the
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direction of higher .activating Ca_*2 concentrations  but Mg*2
appears to have lessér or no effect on the steepness of'the activating
divalent cation tension rélatioﬁship fn cardiaé muscle (Kerfick and
Donaldson, 1975; Solaro and Shiner, 1976). o

Portzehl et al (1969)' and Solaro et al (1976) found  that the
pCa-ATPase relation »wéS‘ shifted in the.‘difection of decreasing pCa
{(increasing Ca+2 concentration) ~when Mg+2 qonceniratjon was

~

. increased to the. millimo]ar range, indicating that the ca42
requfréd for -activation differs greatly with changes in Mg+2
concentration55 Although ' the relationship hetween Ca+2 and
Mg+2 concentration ahd % maximal tensfon. under specifit
ﬁﬁysiologica] conditions was quantitétive]y.the same for both skinned
frog muscle ?ibers and mechanic$11y disrupted rat Ventricular muSCf
‘fibers (Kerrick and Donaldson, 1975). Solaro and.Shiner (1976) have
observed tﬁét the effects of Mg*?l oh myofibri11af ATPase are

]

dif}erent for cardiac and skeletal muscle. Between 1 and 5 or 10 mM
Hgf2 the effect of Mg*? js more pronounced in  cardiac than
skeletal myofibrils, and above 10’5 ‘M free Ca*? an .increasé
from 0.04 to 1.0 mM Mg*2 enhanced cardiac and inhibited skeletal

myofibril ATPase_'activity. At Aconceqtrations_ above 10-5 M free

Ca*? the “cardiac 'myoffbrii -ATPase activity is the most debressed. )

IJ contrast at all Cat+2 concentration; studied as .free Mg+2
concentratiot was increased ‘myofibril ATPase activity decreased at
0.04, 1.0 and 10mM of Mg*Z in skeletal muscle in agreement with the
resu]ts'of erer'(1959). The shifting and chan§e~in~tﬁe shape of the
pc; tension and ATPase curve as a function of the 6§nceﬁtrgtion of

Mg*z_ may be due to an effect on the affinity and/or . degree of
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infefagtion of the divalent ions with tLhe Ca*? hinding sites. This
was first perOSed by Solaro an& Shiner (1976) who determined that an
increase ia free Mg+2 ~from 1—10 mM “caused a slight decrease in
Ca*Z2 . bindidg to- ‘the skeletal myofibrils but  enhanced Ca*?
b{nding tq‘the‘cardiac myofibrils.

It is well established that skeletal Tn-C contains four Ca*?
binding sites (Potter etJa], 1977; F. .er and Gergley, 1975). Two of
these sit;;‘ have | a ixhigh affinity for Ca*2 (Kca= 5x108
M-1) and also bind Mg+2 competitively (ng= 5x10%
M‘lf. These sites are termed the Cat2Mg*2 sites and appear
to functioh in stabilizing the troponin complex (Potter et al, '1981).
The two other sites have a low affinity for Ca*? (Kca= 6x106
M-1y aré called ﬁhe Cat? 'specifié sites (Johnson et al, 1978)
and are diréct]y involved in Ca+2. regulation in muscle. ‘Thesé
results have been confirmed by numerous studies (Johnson et al, 1979;
Levine et al, 1978). Cardiac muscle differs from skeletal muscle in
that it_ Eontains three Ca*2 §ites, one ~19w affinity and two high
affinity with similar rate consfantsuto skeletal muscle (Hd]foyde et
al, 1980; -Johnson et' al, 1978). . ‘Ca*? must occupy both of, the

cskg]eta] Ca*2 specific sites or the one cardiac muscle site for
activafion to\oécur'(Potter and' Gergley, 1975).

Early .studies sugéested that the increased Ca*2 concentration
required to éctivate tension deve]opment or myofibril ATPase activity
at high Mg+2 concentrations influenced the Aratio of Ca+2 to
Mg*2 bound to the high affinity sités. In addition they assumed
that Mg+2 at high cpncentrations' bouna also to the low éffinity

sites and would be ineffective for triggering‘contraction (Rupp, 1980).

o



Further studies by Potter et al, (1981) indicate that Mg*Z can not

~

bind directly to "the cat? specific sites, thereby iné?easing the .

Ca*? concentration required to produce contraction. These results
may account in part for the previous shifts in the Ca*? activation
‘of tension observed at high Mg*2 concentrations.

Myosin

In addition to Tn Ca*? binding, Mg*2 concentration may

inleence the Ca*l binding properties of myosiq. Solard_ and
Shiner (1976) found that an increase in free Mg*2 'consiétently
depressed both skeletal and cardiaé_ myosin bound Ca*Z. Pofter
V;(1975) determineg\ that myosin bidds~2 mol éa*z with an affinity of
gpproximately 5x106 M-l, yet in the presence of 0.3 mM Mg*2
m}qsin binds two mol of Ca*? with lower affinity (5{(105 M;l).,
Additional stpdies:5y Bremel and Weber (1972) inditaﬁe th;; an increase
'in Mg*2  from 3 uM to 1mM raises the Ca*2 required for " tﬁe
binding of the first Cat¢ by a factor of 103 and for the second
ion by a factor of 10, indicating that Mg*Z competes for Ca*?
sites on myos%n. Ca*zr binding to myosin “is of particular interest
{n view of a possible cat2 regulatory system on the thick filament
‘(Lehmqn, 1978). glghough ca*2 dissdciation ’is too slow to occur
during a single muscle twitch (éégshaw, 1977), ca*2 ‘binding to
myosip couid be involved in long ne4a/modulqtion of the mechanochemical
activity of muscle (Rupp, 1980). | - -
The Sarcoplasmic Reticulum

Evidence has been cited that Mg*2Z affects the. release of

ca*? into the cytop]asm. from Stor;ge sites “in the sarcotuﬁules.

-
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Podolosky (1975) observed an inhibition of quick contrdétion usually
elicited by perfusion of the 'sk;nned fiber w~ith Ca*Z. They
concluded that Ca‘? stimulated réleasé of cCca*Z from the
sarcotubular ca*e storés» could take place in the presence of high
Mg*2  concentrations but the propogation of the sarcotuﬁular
Ca*2 release process throughout tﬁe cell was inhibited by the high
Mg*2  concentration. In addition Ford and Podolisky (1972)
speculated that an increased Mg*2 concentration may affect thé rate
.at which Ca*Z is taken up by the Earcotubules; Fabiato and Fabiatp
'(1975) confirmed this when they found that én increase in free Mg*2
increases the capacity and - rate of binding for Ca*? by the SR which
is similar iﬁ both cardiac. and skeletal mus;]e. Epashi. and Lipman
(1962) observed that SR obtained from fraghent% of skeletal muscle had
an increased capacity for .Ca*¢ at high Mg*Z concentrations
wnﬁle Tonomura (1972) found an incréased rate of Ca*Z binding.
Other Effects of Magnesium
At 6° C the rate limiting step for the hydrolysis of ATP by myosin

}Qr

is the dissociation of ADP from the active sites (Tay]or,41972ﬁ,
: H < ‘, "

: . vt

et al, 1970; Bagshaw et al, 1973), & step which is sensi%ﬁy

Mg*2.  The divalent Ca*2 ions increase the affinity of ADP for
“the enzymatically active portion of the myosin molecule, therefore it

has ~ been suggested that Mg*2’ serves as a ' bridge linking the
S X , _

‘hydrolytically active portion of the myosin molecule and the nucleotide

phospﬁates‘ (ATP. or ADP) together in a ternary complex
(enzyme-metal-substrate) (Trentham et al, 1972).
Finally Mg*Z is in.olved 1in the polymerization of G-actin to

F-actin. G-actin contains both a bound pucleoti&e (ATP) and a bound
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divalent ion usually Ca*2 or Mg*2. Both the nucleotide and the
cation bound‘to G actin are freely exchangeable although removal of
either reduces the stability of G-actin and it rapidly loses its
ability to polymerize (Katz, 1977). Maruyama (1981) has ébserved at
low ionic strength that Ca*2  retards polymerization of actin

whereas Mg*2 accelerates it, concluding that the divalent metals

_ probably play a role in-the growth of_the actin strand. - ' 4

pH

Intracellular acidosis has a directxpronounced negative ionotropic
effect on cardiac musclé and may be responsible for the reduced cardiac
function in both ischemia and heart failure (Hi]liamson'et al, 1976).
Since a greater fall in myoéardial contractility'is consequent upon an
acidosis resulting from én increase in PCO; (respiratory acidosis)

than from a decrease in bicarbonate (HCO3‘, metabolic - acidosis)

. {(Pannier and Leuson, 1968) it has been postulated that intracelluiar pH

is the important determiﬁhnt of the effect of an acidosis on cafiac

function.
There 1is general agreement about the events leading up to the

development of intracellular acidosis; .coronary occ]usion,.myocardiél

anoxia, and lactic'acid production (Katz and Hecht, 1959). The ensuing

intcace11ulah acidosis results in an eariy rapid decline in force

generation  2oole-Wilson -and Langer, 1975: Donaldson and Hermanson;

1978; Donaldson et al, 1981), left ventricular developed pressure
(Jacobus et al, 1982) and a decrease in maximum Ca*? activated

cardiac ATPase with little. change 1in basal activity (Kentish and

Naylor, 1977; 1979; Portzehl eéﬂval, 1969; Williams et al, 1973).
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Although the events leading up to general acidosis and the resultanf
Changeé in contractili;y are well documented, the step linking the
acidosis to impair;d contractilty, remain unsettled. There has been
good progress in determining how acidosis might affect contractile
activation and most data relates tq the three stages in E-C coupling;
the Ca*? entry via the slow inward current, the release of cat?
from the SR, and the Ca*2-Tn interaction. ’

Entry via the Slow Inward Current

One  mechanism  of Ca*? | induced Ca*2. releéée is Ca*

"entry via a slow inward current fo]'awihg.depolarization. The anouhf
of Cat*l iaflux is probably sufficient to supply a fractfon of the
total acfivator Ca*t2.  Williamson et al, (1976) has _suggested that
-this leads ﬁéturally to the qu;stion of whether or not Ehe slou,inuérd
Ca+2f is a]tere? by cond{tions of acidosis. Chesnejs et al (13975)
have reported a deqréasé‘ in the slow “inward Ca*2 current in %cid
Rinéer. In addition McDor . and McLeod (1973) and Schneider \énd‘ \
Sperélakis (1974) have found that ﬁetabolic inhibition can b]ock

‘electrical activity which -is presumed to be dependent on' the slow

~
Do~

Ca*2 current.

In contrast Poole-Wilson and Langer (1975) determined that

intraééllular acidosis produced a prolongatioh of the action poténtia]

\

~or no fghange in the plateau of the action potential, while twitch
ST ' - : _ 3 .

tension fell more than 50%. Under the conditions of their experiments

a ﬁ‘rge reduction in Ca*? current seems unlikely since this would 7

loieé\gge‘shorten the action potential. Thus it appears possible to
- : /
dissociate changes in - slow Ca*2 current from the decline in

contractility, with Ppole-kilson and Langer (1975) suggesting giﬁ@t ' ﬂ?

v



the mechanism of the Jnegative‘ ionotropic effect of acidosis is

S

intracellular .

Ca*2 Release from the SR

Cardiac and skeletal muscle respond to acidosis in different ways.

1) in cardiac muscle ATPase activity decreases while in skeletal muscle
it remains constant (Ken~tish and Naylor, -1979) ' 2) the cCa*2
requirement for 1/2 maximal activation is much greater in cardiac vs‘
.skeletal muscle indicating that'.Ca*2 sensit'ivity is more pronounced
in caFdiac muscle in an acid environment v(Fabiato and Fabiato, 1975)
3) tension is di_minished in cardiac myofibrils when pH is decreased
from 7.0-6.5 while there is an c¢~hancement of soleus twitch 'and tetanic
tensions -in'_response to a decrease in pH (Pannier and Weyne, 1970). It
hés been  concluded thét the ionotropi; effects of .varying pH or;
skeletal muscle is much less pfonounced than those observed in cardiac

muscle (Panm’ér and Leuson, 1968; Pannier and Weyne, 1970). Fabiato

and Fabiato (1978) conclude that the effect of acidosis on the cardiac.
SR accentuates the already depressive action of acidosis on the.

myofilaments, while moderate acidosis in skeletal muscle the SR may in

contrast coapensate for the action on the myofibrils which is less
pronounced than in cardiac : huscle. .This was exp_lained when they
determined that the amount of Ca*? released from the SR of cardiac
muscles is_ reduced even by moderate acidosis (Poole-Wilson and Lahger,
1975; Fabiato and Fabiato, 1978) much less .tty’an the aaouﬁt needed to
actiiate fhe myofilaments completely therefore the Ca*? released

from the SR pr_oduces" low levels of actiwation. In contrast, a small

degree of acidosis increases the Ca*? content of the SR of skeletal

muscle (Nakumuru and Schwartz, 1970; 1972) and a larger amount of

.146



\'L(}

Ca*t? is released com’pensating: for any ‘I decrease in the -sensitivity
of the myofilaments to Ca‘Z, |
Calcium-Troponin Interaction

Since Ca*? activation depends on binding of this ion one would
expect that changes in‘pH would also influence the Ca*Z? affinity of
. Tn-C. Katz and Hecht (1969) were ‘;he fiirst  td suggest that the
cardiodepressant action of acidosis couid be explainéd if protons

compete with  cytosolic Ca*? for the Ca*2 binding _sites on
\ ) ° ‘ :

cardiac Tn-C. Concrete evidence for this proposal- comes from studies

on the Ca*2 dependence of . tension and ATPase activity. The ‘most'_

dramatic effect of an increased hydrogen ion concentration is a shift
in the PCa-ATPase relationship for both cardiac (Kentish and-Nay‘l'or
1979- 1977- Hillians et al, 1975) and skeletal muscle (Portzehl et al,
1969) to a lower PCa value showing a depressed sen51t1v1t_y of the
sigmoidal myofibril ATPase relation. Fabiato and Fabi‘atio (1978) and
Donalson Aand Hermanson (1978) reported that a decrease in. pH
substantially increasés the Ca*2 required for 50% max tension
developaent in c§rdiac and . skeletal muscle with the effect somewhat
larger in cardlac than skelet\al myoﬁbrils. Addition of saturatmg
ca*2 concentrat1ons can overc’one the. dgpresse_d actonyosin ATPase
activity (Williams et al, 1975; Serur et al, 1976). The literature
supporting the Katz-Hecht (1969) probosal is varied. Fuchs and
co—workers (1970) have de-onstrated that lowering the pH decreases both
. the afﬁmty of Tn—C for Ca"2 and the stabﬂtty of the Ca*2-Tn
compl}e:_(,.‘ Robertson et al (1978) have prov1"°d preluinary evidence
based on_ indirect methods that indicates that H* competes . with

Ca*2 for binding at the Ca*2? specific sites of Tn but not the
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Ca*? Mg*? sites. Stull 'and Buss (1978) have recently published

a detailed report of the effect of pH on Caf? binding ‘to skeletal:

and cardiac Tn-C. Their work is of interest ih that they used three

‘differeht'binding methods namely i) gel filtration in the absedce'of
ca*?  buffer 2) -equilibrium dialysis with EDTA  as <tﬁe ca*2
buffer 3) equilibrium dialysis with EGTA as the Ca*t2 buffer. With
- methods 1 and 2 they found no_effect-of pH on Ca*2 binding whereas
with method 3 the bfnding curve was shifted to the right< with a

. \
decrease in pH.

Although they could not explain tﬁe EGTA' results they concluded

that a deé?eased ph has no effect on _the afflnity or capac1ty of

_ cardiac or skeletal Tn for Ca‘z in agreement :w1th Fuchs _(1974,

- 1979) and Potter and Gergley (1975). Ih_additien Fabiato and- Fabiato

.(1978)'conciuded that the force pCa curves obtained’fron skinned cells
of acardiac _and skeletal cells do not suggest a simple conpetion
between H* and Ca*2 for a single class of sites on Tn-C.

Ionic Strength |

— An_ increase or decrease in ionic -strength alter5’~several
‘physiologvcal features of cardiac and skeletal nuscle. Restieg tension

and total force has been found to vary lnversely with ionic strength in

the range of 0.09-0.18 M KC1 (Gordon et al, 1973; Thames et-al, 1974;

Gulati and Podolsky, 1978; Julian and Moss, 1981; April et al, 1968;
Hamsher et al, 1974; Solare et al, 1976; Gerdon and Godt, 1969) while

the Vuai and fofce—vel&éity relation are virtually unaffected'.by :

changes in ionic .strength in cardiac (Honig and Takajul 1976) and
‘skinned .skeletal fibers (Julian and Moss, 1981, Gulati and Podolsky,

1978).
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The fact that tension generation decreases when ionic strength is
increased might be brought about by 1) a decrease in the number of
crossbridges attached to actin 2) a detrease in theltensiOn generation
eapacity‘ of each attached crossbridge with no change in the total
numberb of attached (Julian and Moss, 1981) 3) the condectance of
information from Ca*2 saturated Tn -to actin may be inhibited when
ionic strength is increased. therefore ‘at‘high KC1 concentrations fewer
than seven actin molecules may be switched on ‘when (Ca*? binds and
the _airailability of myosin sites are ‘reduced (Thames et al, 1974\") 4)

Moos (1972) suggests the possibility that an increase in ionic strength

decreases the electrostatic interaction of charged sites on actin and

nyosin' reflected  in the KaPP with no effect on maximal ATPase
rate at infinite actin V-ai‘S) changes in intracellular ion~ic stvrength
uay‘ alter - the 'anount . of Ca*2 released. from the SR during

stimulation since Kasai and Miyamoto (1976) indicate .that skeletal

muscle SR is stimulated to release Ca*2 when the ionic" strength is

lowered,

In addition, the major decline in tension seems to be accounted

for by the effect of salt concentration on "the_ contractile proteins

relating to the tensioh p‘rdduéed by maximal Ca*2 activation.
‘.Several "s'tudies (Solaro et'-al, -1976; Gordon et :al, 1973; Weber and
Herz. 1963; 'Katz, 419'68; Potzehl .et‘ at, i969_) in&icate‘tt{at as the ionic.
strengtt\ increases the * Ca*Z -sensitivity shifts so that more

(:a"’2 is required to attain a gwen z of maximal -activity. From'

'- this it follows that ATPase activit_y wﬂl decrease when “ionic strength
increases (Goodno et al, 1978,_3005, 1972; Portzehl et al, 1969; Solaro

et'al_,' 1976; Warren et al, 1966).
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The altered Ca*2-ATPase relation and the decrease in ATPasé

act1v1ty may be re]éted to Lhangos }n Ca’2 bnndwng to Tn-r Fuchs

N

(1974), showed Tn-C binding to be independent of jonic strenth while
Morimoto and Harrigpgton (1973) demonstrated that myosiﬁ. ‘€a*2

.binding was slightly affected by changes in KC1 concentration. Using

the whole myofibril preperation Solaro et al (1976) determined that

myofibril Ca*2 binding decreases when 'ionic strength increases.

Since it could not be'attributed to Tn-C or ‘myosin b:nd;ng they suggest

_that the myofibril Ca*2 control may vary with length changes, speed

of shortenlng,bwaqd. Cat+? »saturatlon of Tn-C all- whlch involve

ﬂ'changes in the:number of connected crossbridges.
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CARDIOVASCULAR ADAPTATIONS WITH TRAINING

Chronic moderate physical activity in animal studies results in
enhanced cardiac perfoqpénce. This includes increa.se;i cardiac
output (Penpargkul and Scheuef, 19‘70; .Guisti et al, 1978; Scheuer et
al, 19;4; Crews and Aldinger, 1967), stroke volume (Schaible and
Scﬁeuer, 1979), cardiac work (Penpargkul and Scheuer, 1970), oxygen
_consumption (Guisti et al,'1978; ‘Scheuer etv al,'-1974), coronary
~blood flow (Guisti et al, 1978; Scheuer et al, 1974), and a
decreased heart rate (Dowell et al, 1977; wWhitehorn and Grimmenga,
1956; Crews and Aldinger, 1967; Schaiwble and Scheuer:, 1979) after
chronic programs of swimming (Guisti‘ ef. al, 19'78;. Scheuer et gl,‘
1974; wWhitehorn and Grimminga, 1956; Penpargkul and Scheuer, 1970;
Schaible and Scheuer, 19793 and running (Dowell, 1976; Schaible and
Schever, 1979). | _ '

Changes jn energy utilizing niechq_nfsms have also i)ee.n examined
following physical tdyining. Studies on mit_ochqnd_'r"ial respiratory
activities ‘in .cardiac muscle from swimming or runm’ng exercised
animals indicate no increase over sedentary éontrols (.Holloszy,
1976; Oscai et al, 1971a; Scheuer et al, 1974: Baldwin et al, 1975)
.al,though‘_ they are markedly increased in skéleﬁal muscle (Holloé'zy,.
1967; 1976; Oscai et 51, 1971b; Sordhal et al, 1977; Baldwin et al,-~

1975). Dowell et al (1977) suggests that this phenomenon may be
attributed to more gfficienf : qn‘ergy utilization of electron
transport geﬁerated' energy in cardiac muscle and/or the presence of
fewer Ca*2 transmrt‘ sites which fiig?énd to  utilize electron

transport generated energy moreyefficiently.' This 1is sdpported by
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Penpargkul and Scheuer, (1970) who found that although mitochondrial
respiratory enzymes did not increase, the éerobic/anaerobic enerqy
ratio was greater in trained anima]s.v Hearts "of condition=: animals
have greater endogenous gf}cogen stores (Scheuer et ai, 1974),

aldolase activity (Hearne and Waino, 1957), and pyruvate kinase

—
-

activities with decreases in endogenous 1lipiis and an increased
trernover of free fatty acids (Scheuer et al, 197¢) There'is no

mir.ed change i the ATPase and/or CPK act1v1t1es (Rawlison and

Gou]d 1959).

[N

Two major changes in response to endurance exercise identified
thus far in cardwac muscle involve varying degrees of morpho]og1ca1
changes (heart weight and body weight) and ATPase\activity in the
eontractile proteins. Both running (Penparghul et al, 1980a; Resink
et al; 1981; Baldwin and Terjung, 1975) ahd swimﬁing programs (Bhan
and Scheuer, 1972; Halhotre et al, 1976; Penpargkul and Scheuer,
1970; Bershon and Scheher,'1977; Oscai et al, 1971a) indicate either

no change or a decrease in heart weight (HW), a decreased body

weight (BW), and en increased heart weight to body weight ratio~

(HW/BM) in male rats. Conversely female rats made to swim (Oscai et

al, 1971a) or run (Baldwin et al, 1977) show no change in BW, with
increased HW and HW/BW ratios. Thus the decreased body f#eight of
the. cenditioned male rat is responsible for the < increased HW/BW

ratio, while the absolute increase in heart weight w1th no change in

-body weight results in the 1ncreased HH/BH ratio in females. Hhen

exercised male rats are 'compared with pair weighted' sedentary

animals, the hearts of trained rats are heavier than the pawr

*'weighted controls. This has heen attrlbuted to the food restrlctlonw

in the control rats (Dscai, 1971a; Penpargkul et al 1980az It has
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been observed that enlargement of the coronary tree’occurs in swim

trained rats (Stevenson et al, 1964; Tepperman and Pearlman, 1961)

while treadmill running has no effect on the ~i‘ateral vessel

development (Cohen et al, 1978).

| Swimming programs have shown significant increases in cardiac
myof:-~-i1 (Hearne and Gollnick, 1961; Rupp, 1981), myosin (Bhan and
Scheuer; 1975; Penpargkul et. al, 1980a; Wilkerson and Evonuk, 1971;
Medugorac, 1975): and actomyosin (Guisti et al, 1978; ﬁenpargkul et
al, 1980a; Bhan and Scheuer, 1972; Malhotra et al, 1976; Medugorac,

1975) ATPase activity. In contrast, treadmill exercise produces

slight changes (Baldwin et al, 1977; Resink et al, 1981; Penpargkul

et al, 1980a) or no change (Dowell et al, 1977; Tibbfts et al, 1978;

Baldwin et al, 1975; Penpargkul et al, 1980a) in myofibril, myosin,
and actomyosin ATPasewactivity. .

The intensity and duration of the exercise program relates to

-

the ATPase changes incurred. Time studies have demohstrated that
dufing_ the first eight weeks of. a program' the ATPase activity

increases in proportion to the duration and severity of the program

(Bhan and Scheuer, 1972; Wilkerson and Evonuk, 1971; Baldwin et al,.

, 1977), and following two weeks of deconditioning the ATPase éctivity

from hearfs of previously conditioned animals is similar to that of
sedentary controls (Guisti et al, 1978; Malhotra et ‘al, 1976). The

type of exercise program employed also corresponds to the. ATPase

changes found. Both moderate and intense swimming p*ograms Tead to’

significant increaéeé in ATPase activify while only the very intense

bouts of treadm?}1 exerci§e show slight increases in ATPase activity

‘v(Baiinn et al, 1977; Resink et a1,»1981;'Penpargku1'et'al; 1980a)

" of the contractile proteins. This ‘ndicates that the cellular
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adaptations of cardiac muscle to exercise is related to the Lype an&
amount bf exércise pert%rméd, and‘that very distinctivg differeqces
may be apparent coﬁcerning the strets that running and §wimming
place on the heart muscle.

Most studies examining the causitive relationship between
ATﬁase changes in cardiac tissue aﬁd training concern either an

alteration in the myosin molecule or in 1igwt chain phosphorylation.

In 1975 Bhan and Scheuer- found an increase in the HMM ATPase

éctivity of exercised animals indicating that the change was

oCcurihé in the head region of the myosin molecule. This change was
not related to the oxidation of sulphydryi groups (Bhan and Scheuer,
1975;‘Resink et al, 1981) but the differential effect of ethylene

glycol on .activating: myosin ATPase sugéests that a local

~ conformational change may occur in the myosin molecule from hearts

of condit%oned rats (Bhah and Scheuer, 1975). Rubp (1981) supported
this contention when theF détermined that a tﬁfee "band pattern of
m}osin cbnsisting .of Vi V2 and( V3 with isoenzyme Vi
predominating in control tissue Js changed into a-single band
identical to Vi with“lslight traces of Vz"Gnd ;V3 detectéd
following a twelve week swimming program. "This indicates that a
local conformatlona] change does occur in cond1t1oned rats through
1soenzyme pattecn alterations. |

The ATPRase Achanges- following ph;sical training are dlso

accompanied by Tight chain alterations with increases in the amount

of . LC 1 present from the myos1n of swfg tralned rats (Medugorac,'

1975). Further to this Resmnk et al (1981) found ,that the qu1mum
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extent of phosphéte incorporation is greater in hearts from running
trained animals as is the phosphate content and the susceptibility
to phosphorylation in response to.an elevated extracellular calcium
concentration. Their results suggeet thaf_an enhanced capacity for
transarcolemmal ca*? flux in the hearts of trained animals mey
be responsible for enhanced Ca+2 dependent phosphorylat1on of
myosin P 11ght chains thus 1mprov1ng cardiac functlon
\Concomitant_with the myofibril, myosin, and actomyosin ATRise

changes are corresponding alterations in the contractility of the

heart. Measurement of these enzymatic activities are elevated in

states of increased contractility and diminished in states of
decreased contractility (Hjalmarson et al, 1970; Goodkind et al,

1969).’ Thus it has been postulated that - the reported exercise

N

induced increase in cardiac contractile proteln ATPase activity-

following training would seem to represent a cellular mechanism to
account for the improvement in cardiac contractile function.
Conditioning programs have shown an increase in maximum

velocity of superprecipitation of protein (Vmax) (Bhan and Scheuer,

1972; Resink et al, 1981), max dp/dt (Dowell et al, 1977; Penpérgkul

and Scheuer, 1970; Schaible and  Scheuer, 1979), negative dp/dt
(Guisfi et al, 1978; Bersohn end Scheuer, 1977), tension output
(Tibbits et al,'1978),'ten§iOn development (Schaible and Scheuer,
1979); tension at a.given d?astolic 1ength (Nhitehorn and Grimmenga,
1956; Crews and Aldinger,  1957), and an increased pr:eloe'd .and

afterload (Scheuer et al, 1974). In additon there is AR ineﬁeased

work capacity (thtehornA and Gfimmenga, 1956), reserve capacity
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. (tPenpargkul " and Sche&er, 1970), ejc.tion “fraction (Scﬁaible and
Scheuer, 1979), and peak ”systn]ic pressure. Maximum rate of
shortening and ma*imum pesitive dp/dt are also greater in rats
conditioncd by swimming when’fcompared to those conditioned by
running. The increase@ﬁrate of relaxation found in hearts trained
by swimming correlates with the Ca*e binding and uptake by the
SR observéd.by PenpargkuT et a1.(1980a). They consistently found a
greater‘-C_a+2 Bfndiﬁg and4u5takeyfrom the hearts of swimmers when
compéﬂgd to th@l sedentary controls (Penpargkul, °1979) wfth‘,no

A

BRI . , : ,_\, R v
changes apparent in the SRggfiﬁéartg‘from runners (Penpargkul et al,
= .- E ,.'. - ‘/.':i' A:: . .
1980a; Dowell et ai, 1977).g This. is consistent: with the observed
e 40 :

mechanical differenceS'betweéﬁfibe(two exercise models (Penpargkul
et al, 1980a). o

The trend for swim trained.animals to develop greater pressure,
ATPasé activity, and rates of“re]axation thén runners sug§e$t that
adaptations to swimming and running may be quantitatively different
| (Sc%aib1e and Scheuer; 1979). According to Flaim et al (1979),
there are distinct differendes between 'aquatic exefciée and

treadmill running during acute exercise bouts. Heart rate, cardiac

output, and right and left Qentricular coronary blood fldw increase

significantly during treadmill exercise while no change in these

parameters were noted durfng aquatic exercise (Flaim et al, 1979).

- . > . v« ‘. v .
Stroke volume does ,not change in either group. Strenuous exercise

by( rodents elicits an 02 ‘consumption value of approximately 35~

ml/kg/min during treadmill exercise with a much Tower value of 60

m1/kg/min found during swimming,exercise'chCardle, 1967; -Shephard

2y

I3
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and Gollnick, 1976). MWater immersion had been considered to play a
role in the biochemical chéngus found with swim irained animals that
_ does not ogcﬁr in the Héafts of treadmill trained -animals @ vi]
refuted by Peﬁpérgku] et al (1980a). From the avai]able'daﬂu§it

uncliear why swimming and running should have'dfffere?t mechanical

and biochemical effects on the heart.



DIABETES

Animal Models \

Diabetes can be defined in animal and in man as a disorder
associated with'a number of c]inica], physiological, and bio;hemica]
signs varyingly combined always with a degree 6f hypergiycemia
(Cameron et al, 1972).

In recent years mapy studies have‘been conducted in animals sjnce
they provide a multitude of intenacting:factors contributing to the
syndrome of djabétes that is not feasible in- the afflicted human
(Nakhooda et al, 1977). Several gdvantages have been provided by
animal studies; 1)\In humans Qenetic factors are difficult to study
and control, while animal colonies allow many ?geherations to be
stugied‘in airelatively short period of time 2) when dealing with
anima]s enfire muscles and/or -organs ‘can be excisedtaqd_assayed, whi]é
this information is generally 1imited in humans 3) animals allow
reseérchers to study diébetic pééhd]ogy from the acute stages of the

illness to the chronic since the Tlife span of most-animals is much

shorter than in man (Mordes and Rossini, 1981). Although it is

uniikeiy that any one model of animal ~diabetes will provide the
ideal modei for human disease that is identicai in most respects,
tne _uve o 2ges afforded by animais make them valuabie research t~ =

-~
N
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(db/db), Chinese hamster, sand rat, spiny mouse, BB rat, celebese
ape, and keeshod doy (Mordes and Rossini, 1981).. . The most pr'ominent
feature of spontaneous diabetes -syndromes in these animals are
hyperglycemia transient hyperinsuhn.emia% and obesity (with the
exception of the spontaneously diabetic Wistar rat (BB) and the
Chineese hamster). The acute syndrome of the BB rat is
metabolically similar to - that ooserved in human subjects with
juuenile onset diabetes (Mordesuand Rossini, 19812.

In addition, many experimental tecniques are available for the

creation of diabetic syndromes.  These include the use of

._‘~

contrainsulin hormones. such ,as glucagon glucocorticoids, and growth.

nhormone which have antagonistit effects on insulin, hypothalamic
"diabetes, virus induced- diabetes, and toxic diabetes (Mordes and
Rossini 1981)

Toxic diabetes, the use of chemical agents to produce diabetes
permits detailed study of the Dbiochemical, hormonal, tand
morphologicai»events that occur before and after the induction of
the diabetic state (Mordes and Rossini 1981). Two'agents which
have been most extenSiver studied are streptozotocin and alloxan.

,I

Both streptozotocynha@d alloxan are beta cytoxins which produce

o A.

permanent diabetes-b desﬁ#uction of the beta cells with a resulting
?ﬁirup, 1970). Both are diabetogenic in the rat,

insulin defiCiency

" dog, hamster, monkey, and mouse with the effect being both strain‘°

e
and sex dependent (Mordes and Roseri&é}QBL ‘*erup, 1970).
_ v e SO TN

' AN
Several pronounced differences'_exﬁsviféitween’ the tuo drugs

1) ‘alloxan. has a circulatory halfQIiie of one minute while
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s:rept-zotacin has a half-lTife of ten to f1fteen minutes (Dubln and
Sor~t. .977; -Ganda et ‘al, 1976) 2) alloxan appears to act
extracellularly on the beta celJ.membrane while streptozotocin .acts

intracellularly, therefore it appears that the two drugs damage the

beta cell through two different mechanisms (Rerup, 1970) 3)

streptozotoc1n decreases tissue NAD levels by decreasing synthesis

R

and 1ncrea51ng its breakdown, while alloxan does not" have this

effect (Ganda et a], 1976; Dubin and Soret, 1977)  4) with alloxan

diabetes, there is an ab111ty of certain sugars to: protect the_

animal against its effects when administered before the a]loxan.

‘These - include glucose, mannose, and fructose,  while 3-0 methy]
‘glucose is the only substance that protects equally well against

both. _
Several studies (Malhotra et al, 1981; Penpargku1.et~a1, 1980b)

have administered 5;0 methyl glucose befope étreptbzotocin as

control measure to determine 'whether- the streptozotoéin or the
diabetic state itself is ppoducfng the physiological, metabolic, and
biochemical changes associated with this model. In both studies,the
3-0 glucose group had normal blood sugar values and the changes
found in the diabetic group were not "apparent in the 3-0 glucose
.group Therefore it appears that ‘streptozotocin 1nject1on alone is

not sufficient to cause the del!terous effects of dwabetes on the

heart (this topic will be discussed in"more detail in further sections)

.Cardio-yopathy'
D1abetes Nellltus hag been associated with an increased

mortality ratg due zo congestlve heart fatlure (Kannel, 1978)

e
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Recent post mortem studies have questioned the significance nf.'

"coronary artery disease (atﬁerosclerosis) as accounting for

premature deaths in diabetes. Two seperate .studies found no greater
degree of obstructive disease in the coronary arteries of diabetics
compared to. control subject;§ (Vinert et al, 1969; Ledet, 1968).
Epidimological (kanne], 1978), clinical (Regan et al, 1977; Ahmed et
al, 1975; Rubler,' 1975); and lphtho]ogiéa! (Hamby et al, 1974),

studies suggest the existence of a diabetic cardiomyopathy

independent of - atherosclerosis, coronary artéry disease, -

hypertension, or valvular disease. Diabetic cérdiomyOpathy impiies

the existence of a specific diabétic heart disease whose etiology is

unknown.

Although the increased mortality rate due to Congestive heart

failufe may be partially due to atherosclerosis it 1is a]sovdqg to

éther factors which are responsible for the devel@@ﬁéﬂt{'Of

cardioﬁyobathy.‘ These incTude various morphological, metabolic,

physiological, and biochemical changes thch will be reviewed.in the

following sections.

_—Morphology

A varieﬁy of morphologital changes have been observed in the.

intramufal vessels and ventricular muscle of diabetics. Narrowing

or complete obliteration of the lumen of these vessels has been

observed in most studies (Blumen;hal et al, 1960; Ledet, 1968;

Hamby et. al, 1974; Regan et al, 1977; Crall and Roberts, 1978),

although Ledet (1976) -was wunable to ~ substantiate severe

'microangfopathy in the qjocardiai capillaries of juvenile diabetics.
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Associated with these changes are pathological lesions {(Giacomelli

and Wiener, 1979; ‘Ledet 1976; Rubler et al, 1972; Strobeck et al,

1979), fibrous p1adue formation intimal proliferation, calcification -

(Rubler et al, 1972; Blumenthal et al 1960; Ledet, 1968; Strobeck et
al; 1979),  and severe hylanization with an increased amount of
collagen (Haidér et al, 1978} Regan et al; 1977), perivascular
tissue, connective tissue, and number of cells in the tunica media
(Baandrup et al, 1979; Ledet, 1968). . There is a perivascular

thickening of the basement membrane, interstitial deposits of

-*gl}cqgen and glycoprotein, (Regan'ét al, 1974; Regan et al, 1977)

and a PAS positive wall seen in many of the diabetics coronary

~vessels (Haidér et ‘al, 1978; Ledet, 1968; 1976; Regan et al 1975;

Blumenthal et al, 1960).

Morphological changes in the ventricular ‘muscle include the

presence of osmiophii]ic droplets aligned in rows within the

myofibrillar spaces, disrupted sarcomereg, loss qf myofilaments, and

atrophy of myocytes and amorphous material in the perivascular and

interstigia1 locations (Giaco@el1i and Hienerf%i979). ~The number of

mitochondria is inéreaseéé{Regan et al, 1977; Strobeck'et al, 1979;

Giacomelli and Wiener, 1979), and may be §Qollen with disrupted
cristae and inner mitgchondria] membranes (Strobeck et al, 1979;
Giacomelli and Wiener, 1979). In addition along with myofibr: ar

degeneration, an increased deposition of collagen, perivascular

tissue and connective tissue is also apparent in the ventricular

.

muscle of diabetics (Ledet, 1968).

Metabolic Changes R . S

Diabetes Mellitus is characterized by the presence of high
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.ci‘rcul.ating glucose levels; and relaf.ive insulin deficiehéy wﬁich
, reﬁults in abnormal carbohydrate, prbﬁein, and lipid n‘letaboliis.m. :
The carbohydrate utilizétion.in hearts of-'diabetic animals is
altered by several‘ mechanisms. The primary dominating effect is
reduced glucose transport due to an insulin deficiency (Morgaﬁ et
al, 1972). The secondary effect concerns changes in phosphorylation
kinetics, (eg a seven fold rise in Km), thereby increasing the
fequj rements of intracellular glucose to maintain the same rate of
pﬁqsphorylation in the diabetic tissue as 1in the normal tissue
(Opie, 1968; Morgan'ét al, l§61). C;langes in the glycolytic pathway
in ﬁhe diabetic state include inhibition of hexokinase (Neely and
Morgan, 1981), phosphof't.‘uctokina‘se (PFK) due to incfeased levels 'oaf
citrate synthétase (Opie et al, 1979; Newsholme and Randle, 1964),>
and a decreasé‘.in. pyruvate dehydrogenase activity due to‘ higher
tissue levels of aecyti CoA. and NADH (Garland aﬁd Randle, 1963,
Sinclair-Smith, 1979). In addition; 1ntre_$sed levels of cardiac
gllycogen‘ is Aa common feature of diabetic heart"'s‘; with ahy glucosé<
taken up by ,thegaéell diverted toward g1ycogen s;;\thesis (Neely and
—Morgan, 1981; Shipp and Murthy, 1978; Opie et al, 1979; Penparkgul
et al, 1980b). This is a result of -the altéfed activities of the
§1y;ogen synthetase (Opfe et al, 1979) and phospnp_rylgse system as
well as the decréased;,;ac:'tivity of PFK (Neeiy and Morgan, 1981).@
This depress‘fon in car_bohydfate oxidaiion could explain the ,d?c‘rease
myocardial content of ATP and CP in .;erfuse& hearts from 413'6@:1;
rats (Opie et al, 1979). . |
| In addition, the_rate of glycblysis in the heart 1s,codtrg‘lled
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by the p'laasma concentration of free fatty acids and keto‘ne‘bodies as
well as cardiac cell lipolysis (Wood et al, 1981).  Thus the
impaired glycolysis o\f cardiac muscle in diabetic animals may be the
result of increased oxidation of fatty acidS~and ketone bodiies by
the ‘myocardium (Randle et al, 1966; Scott, 1975). The
concentrations of plasma free fatty acids (FFA) 1is increased in
diabetic animals wmle tissue levels remain unchanged (Regan et ali b
1974). Since the rate and uptake of FFA/15 proportlonal to the
c1rculatmg FFA the uptake of FFA is 1ncreased (Opie, 1968),
' resulting' in increased ‘levels of myocardia]i triglycerides (’Scott‘:l, T
1975; Denton and Randle, 1967; Regan e‘t al 1974; 1975, 1977), )
cholestero] (Regan et -a],:/"19n74;’ 1975; 1977, Murthy and Shipp, 1977;
Evans and Hollenber_‘.g, .1964; Haider et .al._, 1978), and a faster rate
of lipolysis (Neel_y and Morgan, 1981) It has been postulated that .
4the 1ncreased activity of the enzyme of tmglycemde synmeSIS may‘
play,a ‘role in the accumulation of myocardial trig]ycendes in
~ diabetes (Murthy and'.Shipp, 1.9]7).{" The turnover of tissue
tmglycende is also accumulated in hearts - of-diabetic animals
(Evans and Hollenberg, 1964) and mcreased concentration of acetjyl
'CoA,'glycende. acytylcarnetine' (§noswell and Koundakjian, 1972),
CAMP and citrate are found in the d'iaoetic myocar.diuul.‘ o
Hearts of normal ani-al:s. oxidize'fatty; acids as the.najoc fuel
but utilize more Carbt)hydrate ismediately vfoliowing a meal men-'
'blood glucose and insulin are elevated.' Seventy percent'of the ATP |
is derwed from oxidation of fatty acids with. essentially all of the
remainder denved fros glucose oxidation (Meely and. Morgan, 1981).

s

In diabetic subjects blood levels olj fatty acids and ketone bodies



gre high, and these substances account for virtdaily all of the
" oxidative fuel of cardiac muscle (Neely and Morgan, 1974), thus

virtually' all of the ATP is derived from these substances.

Therefore, in hearts not working at maximal loads, energy productionn

from oxidation of 1lipids compensates'fsr reduced glucose use which
aiibws the diébetic heart to maintain norqg] fsnction. However
under maximal stress, an intrinsic defect of the heart to produce
ATP seems pbssib1e (Sinclair-Smith, 1979). In faEt. Opie et alQ

(1979)>have demonstrated that promotioﬁ of 11pfd uptake by the heart

with regional ischemia tends to exagerate the extent of ischeamic
. injury } |
Abnormalitles in’ Ventriculaf function may also result from
| imba]ances 1n the rate of synthesis and degradation - of specific
proteins (Neely and Morgan, 1981) ‘A reduction in the ability of

intact hearts from streptozotocin. diébetic_ réts"to synthesize

protein was found by Pain and Garlick (1974) and Wool et al, (1966)

along with an accelerated degradation (Wool et al, 1966). Rannels

~et al (1970), found that protein!synthesis'in hearts of diabetic

rats proceed at normal rates due to the ability of fatty acfds to
-

\

\-‘L/,

‘maintain protein synthesis.

' ?hysiologfcal Chahges

Pr1§ary physiological abnormalities have been found.fn clinical
and experimental diébetes; both at'rest and under various lpqdfng
"conditions.

At rest these abrormalities include a reduced stroke volume

(Regan et al, 1977) and increased heart rate (Ahmed et al, 1975)

-~
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with no change in bﬁrdiaé.output or' coronary flow (Ingebretson et
al, 1580). Theré sl an increased :conduction time, isovolumic
contraction time, atrial diastolic pressure’{Ahmed et a}, 1975), and
endiastolic pressure (Regan et al, 1977), with decreases in the left
ventricular ejection fraction (Zoneraich et al, 1977), diastolic
compliiance (Regan et . al, '1978), left - ventricular pressure
development and rate.of rise of’ventéicular éressure (Ingelbretsen

It

et al, 1980). | \

LI .
In addition, the use of noninvasive measures to. measure left

ventricular performance in man have revealed "several abnormalities .

in systolic time intervals (STI). These include a shorter left
ventricular ejection time (LVET), a prolonged pre ejection period

(PEP) and a substantial™increase in the ratio of PEP/LVET (Ahmed et

al, 1975; Regan et a1,1975;f§qneraich et al, 1977). A';wo hundred.

percent increase in PEP/LVET is charactergsfic “of the heart in

failure by clinical criteria. The fofty percent increase foupd in

diabetics is therefore an 1ntgrmediate' betweep normal and that
observed in cardiac decompensation (Ahmed et al, 1975), thus the
abnormalities in the left ventricular STI may be considered a
preclinical manifestation of cardiac malfunction.

Altered preload and afterload may ai;q contribute f%f " not

constitute one of the u'najor‘~ determinants of this preclinical

abnormality (Regan et al, 1974). During increased preload diabetics

develop a significant]y higher end diastoli; pressure (EDP) ‘than

normal controls with similar endiastolic volume increments (Regan et

~al, 1974). Also apparent with increased preloads é?évdecrgases in

peak systolic pressuré;developmént; cardiac output, (Penpargkul ety

L . ' »

—
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-al, 1980b; 'Miller; 1979), stroke work, coronary flow, and peék

aortic flow rate (Penpargkul et al, 1980b) with decreases in maximum

negative and positive dp/dt (”encargkul et al, 1980b; Ingebretson et

al, 1980). With moderately e- '»nced afterload the diabetics develop

a significantly higher EDP than normal controls but fail to increase

~ EDV as do normal controls (Regan et al, '1974; Regan et al, 1977).
Secongary_to the abnormal filling of the_ventr.cléé dur to decreases
in EDV are reduced stroke VOlume with no chdﬁge in strc-e work, and

and¢increased_eﬁdiastolic f1lling pressure/@olume ratio indicating

"greater endiastolic wall stiffness (Regan et al, 1974, 1975"1977) "“

This increased diastolic st1ffness in the left ventricu]ar muscle of
diabetic dogs supports the greater rise in EDP as compared to

controls. while the absence of "‘EDV increment can be explained by an

- . altered wall compliance due to accumulation of glycoprotein in the

myocérdiﬁm or Qmpaired ventricular\reléxation;'LRegan et al, 1974).

Prominent physiotog.cal abnormalities observed in the process

of relaxation inctude 1) a delayed onset of relaxation as measured
by t%mé to peak isotonic shorteningv 2) a slowed rate of‘relaXation
characterized by a pro]onged time for »1sometr1c relaxation and a

depressed rate of 1soton1c and 1sometr1c relaxation 3) a delay in

reaching peak 1sometric and 1sotonic relaxation rates (Fein et al

1980). Associated with these changes is a depression in the force
velocity relation. '

Biochemical Alterations
u ‘ o
The physiological alterations previously  documented most
probably result from encrgy utilizing. mechonisms 'responsible for
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contraction and relaxation (Penpargkul et aﬁ, léﬂﬁh).

A close positive "corpelatjod‘ between  the Ca*2  ATPase
activity of actomyosin and the velociti.'of Qentricular muscle
contrattiqn has been well established xsa:;ny, 1967). Biochemical
evidence indicates that tafdiac‘tiSSUe from‘dfzbetfc animals show

depressed..myosin, actomyosin, and myofibril ATPase which may mediate

in part the diminished contractility of the diabetjt heart (Malhotra

" et al, 1981; Dillman, 1980; Pang' and ..._.icki, 1980; Pierce. and .

. Dhalla, 1981). 1In addition Malhotra et al (1981) and Pierce and- .

Dhalla (1981) determined that both basal (Mg*2 ATpPase) and

Ca*Z-Mg+2 activated ATPase act1v1ty are .depressed in both:

male and female diabetic rats, as early. as one week after the onset

of streptozotocin induced diabetes. Basal activity was lowered from

0.22 to 0.16 wumol Pj/mg~1/5 min, wﬁj]e Ca*?  stimulated
_ e

ATPase activity was lowered from 0.84 to 0.71 umol P;/mg-1/5
¥ )

min at 10-5. mM Ca*? (Pierce and Dhalla, 1981). Several

studies have attempted to determine the causitive 'relationship

‘between \TPase act1v1ty and diabetes in card1ac tissue. Dillman .

(1980) and Malhotra et al (1981) found a redistribution in the
pattern ;of myosin. enzymes Vi, V2, V3. The‘ predomihating Vi
isoenzyme in cbntrél' tissuer was replaced by the' V3 isoenzyme in
"diabetic tissue which has a ten fold 16Qér ATPase activity than
Vi. The new expression of an’ isoenz}ﬁe of mvosin has been

suggested to be responsible for a]terediATPase activities in various
o ) IR

states (Hoh et al, 1977). Pierce -and Dhalla (1981), us1rg varying

-4

KCI concent- “rions determined structurally different forms of the

pr .ein may be found in diabetic preparations. In addition to these

. 168



» | | .l.

) ~
subtle strﬁctural alteratidns Based'on ethylene glycol studies. they
suyyest conformational changes at or near the active site 6f ATPase

activity through sulphydryT group modification may inactivate myosin

ATPase activity. = | .

Pierce and Dhalla (1981) also indicate that there is no

apparent difference in the dependence of myofibri]Tar ATPase

~activity on free Ca*? concentration; leading to the possibility

that there may be 5 dependency of the myofibri]; on‘ free Mg+2
.8 . : .
concentration. _ ' .
) R ! o
One of the most prominent physiological alterations is a delay

in the rate of relaxation (Fein et al, ,1980), leading to the

hypothesis ‘that abnormalities exist‘iin the energy utilizing.

mechanisms responsible for contraction, most prbbab]y a disorder of
the- SR. ‘, o - ‘
5{ﬁ§g981) found a reduced Ca*Z? uptake and a

Penpargkul et~§y

marked depréaéion “in SR—Mg+2 ATPase = and Cat2-Mg*Z? ATPase

activity in the cardiac SR of streptozotocin induced diaﬁétic rats.
The SR functions differed between hearts of male and fewale rats.

. The ca*2 ‘uptaké was ;30% lower in preparations from female rats,

while Mg*2 and Ca*2Z ATPase ~activity was also substantially

lowe ¢ .n their male counterparts.

T.. possibility was considered by' Malhotra et al (1981) and
npargkul ‘et .al’ (1981) .that the biochemical a tefations were not
due ‘to- a diabetic gfféct of'streptozofocin on the heart. Studies
perfqrmed in female rats pretreated with 3-0 methyl:§1ucose a”EUQar

used to prevent the.diabetogenic effects of streptozotocin show no

depression in ca*? binging, ca*2 uptake, myofibril  ATPase



v

A

‘cause the deliterous effects on the heart, but diabetes-mus
. ! ; 2 S ) p

for these abnormalities to become manifest.
o . ‘ _ R
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Aoontgetior or Mot onee becletrs froe Larcial Mus.

Keagentc anc “hemvials
‘v,..“."_". v . AT e L YLt » -y . . 3.\

3 ‘ .
. . N }Jr:x
. ST T T L, e Dy mema, et el o
[P T Lo Y Na 23 % = 7\’ T - “p - L L
N
MA@t LT Ut S50 Te M take an Tomrtnonongr
‘0' '\:;l
\ airase 200 M L L TUTET Tvhtan F-100 on TUL rampves 5P oand
- ~ A AT, oot
sarce:emmal »«w}ases) . AT

4. Suspension Medium: 150 mM KCL,"50 mM™ Tr s ph 7.4

Procedure

1. Homogenize P¥%yue in 20 vo1umes «of cold Buffer I for~20 seconds
at a settmg of 7 unth a polytron tissue homogemzer (Pt@
- ,:- P -

2. Centrlfuge the homogenate at 2200 rpm for 12 minutes. using a
centr1fuge | 'Q, ' e

) . . _"‘.. "‘s‘\o .

3. ‘Decént supernatant and.discard. ,Resuspend the pellet in 20
volumes of Buffer II, centrifuge atr 2200 rph for 12 minutes and_
discard superpatnat

" 4. Resuspend pellet in 20 volumes of wash solution, centrffuge_%m
2200’run for 12 minutes and discard supernatént._
. » T T’vx‘-é’ b .,
7. repeat step 6 LW
- 8. Resuspend pe11et in 20 vo]umes suspen51on medzum centrlfuge at
o - "2200 rpm. for 12 minutes and d1scardk5upernatant
L .

'1;9."resuspend‘pe11et 1ﬂ 7.5 ml suspens1on medium - ‘ Lo
YTak& 0. 1. m]ﬁfor grote1n determ1nat1on (Lowrey et al. - 1951).
Tf\- . o < Tm - m -
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6. 0.3 M KOH ~

7. Suspension Medium (see section A)

F .

- Standard Curve(Protein Stock.Solutibn;“'S mg/ml of bovine serum

“albumin in dj;sti‘n'ed*";.&;ie,.)
SﬁOCk ‘ '.Buffgr Coézéﬁtfatibh!kp\
LA (m) “ tmg/m
0.0 05 00 i
0.1 0.4 L
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0.5 . 0.0 .. 50, - . 300 .



2 LtutcTraing fegtere a 1%’, - - V . s
Texe Il omioof rvmo;en&eé“y‘ﬁ-ten-;‘arc solution,
AZe Do miocf O3 N Qs
b Lot lrcudate '.’r‘ water Dath 2t 37° for 33 =inutes.

-
A

b) Reaction mixture

o~

Take 0.1 m1 (twice) of soluble protem solution from above

il. Add 5.0 = “reshly prepare& Lowry C Solution to

A

.

dupl}cate tubes
. (‘w

‘}ii,i. Add 0;3.&:1 of folin reagent of each tube while vortexing.
Insure each tube is mixed for the ’samelhlength of time.

. s ‘
.7 iv. Lé€Freaction mixture stand for at least 45 minutes.

c) Spectrophotometmc Analysis = N
1. Set spe;&rophotgﬁ{eter wavelength at 750 nm (Pye Unicam
sps-,mt))d : |
* ii. Use protein blank from the standard curve as the reference
iii.f}Vortex'each sample before the .::analysis; 6f le’a‘ch 1 sample énd

«

record’ bpﬁ'tal “density.

Ty ‘o

'ﬁariabilify of the Protein Detérmin-ati.on“ Proceduré.
| The protein conten:t was determined for re‘peate_d-samples (n=23).
from the myofibri]' protei'n of one heart.>. The“toefficient- of |

;\ variation for the Lowry method was 2. 98% accordmg to.. the fo]low:ng

‘ N [ ] . 161
formula: CV = mean protem conSent -

s standard dev1at1 i .
TRt - N L a i

» . . b
. : N . . 9 R




C. Incudbation for Myofidril ATPase Activity ~A\cashe o0 20 (997
“eagenty ant Z”eﬂvcalag

Ceactron Medrym o T ALY AN

3.04, 1.0, 10,0 agflg

L, me . n
3. Lalcrym £3TA fph 7.2, 39°0% 1M oEGTA

.2 mtCall,
3. 12% Trichloroaecetic ‘Acia - TCA)
4. 50 mM MgATP | 0.1632 g ATP
‘ R ~ 0.0508 g MgC1,

\ 5 ml deionized water

9

5. Suspension Medium (see myofibril isolation procedure)

' - S Ak

gk

Procedure S - &
A {l\r . el :

A. Reaction Mixture {everything mist be" kept on ice)

1. Take 0.50 m! of reactlon medium into both A (active) andﬁx (hon'

specific activity) tubes. . Y
3

2. Taking into account the later .addition of 0.1 ml ATP solution
make each tube up to a total ef 1 mlvyolume with the addition 7
of 0.1.ml of suspengﬁbn mediqﬁ. B
3. Add 0.05'ml of Ca*2 EGTA _ s
4, Add 1. O mi 12% TCA to-every X tube | ) |

5. Add 0.25 ml prote1n (after adJust1ng to 2 mg/ml) to each tube

every 15 seconds



= nCuhation : '
' ’ v RS o :
¥ortex each tube and yncudate at 30°C for 2xactly 5 ninutes.
.70 AU LS second intervals add 0.1 ml of MgAT® solution to everv:
tube and allow an incubation time of exactly 5 minutes at 30°C
. : o .

vortex contantly.

<

3. Add | m) TCA to the A tubes at 30 second.intervals, and place
- on ice. At the 15 second mark, remove the X tube and place on
L ice.
4. Let tubes stand on ice.for a minimum of ten minutes.
5. Centrifuge tubes at 2200 rpm for 12 minutes and' save
\ ‘supernatanpﬁ. | h
Variability of Myofibril ATPase Activity Procedure
The AT?ase activity was deféfmined for repeatedhsamples¥(n=23)'
from the myofibril protein of'one‘hégrf.. Iﬁé coefficientlof}?ariation

for the ATPase method was 1.67% .



. 0. Pnospate Determination

Redgen&3%nnd Chemicals

L. 10 N Suipheric Acidq: 2R mi +45S0g (98%) made up to 100 nj

s

with deionized water )

2. Ammonium Yolybdate - Ferrous Suiphate Solution:  take 0.5 g

ammon i um mdlybdate and comppleiely disoive in %.0 ml 10 N
42504. BRring up to 30.0 mlleith deionized water. Add 2.5 g
»rrous Sulphate and dissolde. Rrinog up to Sﬂ;ml with deionized
water, |
3. KHPOa (1mM stock)

Procedure o o ‘ | a \

1

-1, To blank and standard tubes add 2. 5 ml 121 TCA

-5, Add 2 ml of ammonwum mo]ybdate - f/

dl. Set spectrophotometer to wave]ength 800 n

. Use deionized water- as the. reference

2. To sample tubes (A and X) ad"",-"i"{w‘ J;,Q%TCW -

3.‘ Remove 0.050 ml (50 U]) frOﬂL- O P SR

0.050 ml of KH2P04 (phosphate"

/'» ‘.:' ‘
4. To sample tubes add 0.5 ml supanf;i{

2

4 su]phate solut1on to

3

all. tubes vortex and let stand for é%?ct]y 10 m1nutes.-
7

A
1 9

Spectrophotometric sis
p p ’ - o ) s o
(Pye-Unicam ‘SP8-100)

-

3. Record opt1ca1 density

f:~4§ Ca]culate ATPase act1v1ty according to the fol]ow1ng equation

=3 4 X, .05 [act1vated samp]e 0D --nonspec1f1c act1v1ty]/standard 0D

. 2 “ BGE

A o0 .i : O 5 mg;protewn

o . A LS

i :.J 5 . T oA 04 o ‘_" ; g‘ K 5 ‘)m]nlc

R



E. Calcium Binding to the Myofibril Protein (ngakﬁganh‘%n{nn%,
1976) '

Reagents and Chemicals

L. Working Solutions: A) 0.08 m4 'l (pH 7,0) 32.5 mM NapATS

| | 130wk
11.3 mM MgCl,
65.0 MM NaC

B) 1.0 mM 'ty (pH 7.0) 12,3 M NaoATP

.

260.0 mM KCi .

16.3 mM MgC1,
'105.0 mM NaC]

2. Calcium Binding Solution ImCi New Englénd 0.415 mM CaCt)

. ) ‘
Nuclear L ' . -0.500 mM EGTA

5.0 mM Imidazole

3. . Calcium-45

)
- B : e
2 . . - ‘ - e
Procedure ' ) (j

# .
1. Add 1 0 1 solutlon Aor B to each tube -

2. Add 0.99 ml suspens1on medium to each tube

3. 'Add 1.0 mi Calcium Binding So]utwon (5 uM free Ca+2)

4, Add 0.01 m]'9a45 to each tube. Vortex and préincubate for 3
mihdtés at 36°d. “

5.v Add 2.0 mi proteiq (Zymg/ml) f;.the A tube."Adé 2.0 ml suspension

o~

medium to the X ‘tube. i

L
-~

5

R 1
'6.j Vortex. Incubate for 2 minutes.:

'7, Stop the react1on by f)]terwng the solutlon through M)]ﬂ)pore

HANP 0. 45 mwcron f)]ters.

.l
s i

X

e
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2}

R, Add 3.1 mi of tiitrate Lo 5 ml Brays solulion and count for 5
minutes.

9. Calculate the Ca*? binding activity with the following equation

umol Ca’Z/g myofibrif protein =1-CPM with protein x 5
CPM without protein x.4 x .02

o . .004 (protein g) ST 'SEE

e | : o o/

Variabilitj of Calciqdeinding Procedure
Ca]ﬁium B8inding was determined for repeated samples (n=19) from:
the myofibril pratein of one heart. The coefficient of variation for

-

the Calcium Bindihg method was 8.07%.



APPENDIX C

RAW DATA
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Tah]e I: Raw Data for Weekly Body Weights

'

Week Number

Rat Number 1 2 3 4 5 6 7 )
39 (TC) 268 325 337 352 365 379 381 39l
. 64 279 347 386 364 385 406 413 435
' 49 208 333 340 366 377 383 388 407
66 272 358 373 365 376 392 402 423
67 258 335 326 335 384 356 369 £3RS‘
44 266 342 350 345 375 400 405 ° 400
42 (SC) 268 348 374 . 398 415 436 '331 475
a8 247 327 347 364 381 406 408 7
53 231 312 334 360 377 397 409 440
56 286 370 401 428 448 474 454 483
61 253 351 329 330 356 383 405 425
68 302 378 424 s 460 482 509 500 567
131 (T0) 234 246 266 272 275 219 258 272
" 128 228 228 % 269 . 275 - 267 262 233 273
123 235 266 310 328 317 326 297 346"
118 236 233 236 211 208 168 184 205
121 236 248 296 . 308 310 323 298 335
251 249 237 302 290 265 261 291
206 274 204 332 331 3%5? 310 360
227 218 253 262 258 _gﬁg 200 273
233 200 252 248 247 0 20 o
244, 284 310 335 323'f%§@bs 306 325
212 208 270 299 288 i?ésq 266 291
225 225 271 | 280 27agt’ 257 266 305

veme

-.181
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Tahi~ I1: Raw Data ro. Heart Weight (HW), Body Weight (BW) and HW/BW

Rat Number  Ventricular HW () __Body Weight (G) __HW/BW 'Ra\t.io

39 (TC) 1.025 | SR BN Y.
64 S 1.229 “2.83
49 1.146 " o
T 1.229 o 423 | 2.90
67 1.05h 385 P N /- B
s 1.086 800 %272 )
42 (SC) 1.152 ; s 2.43 B
ag - 1.185 : a1 A 2.81 .
1.013 .40 & 2.30
. | 483 . 2.67
. 425 2.37
567 2.23
272 '3.07
128 273 311
123 346 2.81 -
RICERE 205 = - 2.79
121 B3 2.9 .
113 291 ' 2.57
102 (s0) 360" 2.85
127 el 2.73 )

108 -248’,; %}, - 313 SN
105 . 25 . 3.00 o
T137 ) °~:2é; | ) t:a‘
111 l 305 -

; ' R : LR v )
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~ - | | | s
Table [11: &a_w_’_l).a‘t_a__f_or__l’_l_a_s_n_@ and Urine Glucose Vah‘ms (mq/d_]_i
\;
0 o P]a's’ma Glucose Urine‘.'G]ucose )
Rat Number L (1K) 4 8 . 8
42 (SCY, 138.5 °  123.5 | 124.0 __;1-' S
48 125.0 121.0 121.0 —-ne- A1.5
53 136.0 - 139.0 ™~ 109.5 —-=i- 200.5
56 120.5 1225 | 7.0 © - R ‘
6Ly Cuss ¥ 134s 139.0 - - 966.0
63 I 135.0 © 131.0 1415  eme- ' 155.0
92 - 123.5° 1160 1170 oo § 4200
131 (TD) 7T R — . 609.0 - 9009.0  8263.0 ¢
128 855.0 735.0°  882.0  11392.0  10006.0 {
123  672.0° 672.0 - -684.0  5376.0  5120.0 °
118 747.0, ’1' 984.0 - 630.0  7255.0  5920.0
121 759.0 537.0 . 675.0  9229.0  8040.0
113 807.0 786.0 648.0 - _12190.0 - 3970.0 ,
102 (sp) 630.0° ° 6060 723.0 - <4660,o |
BTN 1101.0  561.0- _ 762.0‘A fgggi- ~ 7893.0
108 1116.0 .: . 717.0 | géz.gg,' {i§6640 B660.0
105 . 789.0 669.0  780.0 ©  2646.0  5470.0
FETE | 942.0 . 813.0 570,0 42245 9720.0
111 882.0 759.0  831.0  --i-- * 5030.0 -
I — - .;\L :
( . . ?
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_Tﬂh]l‘ |

V: Raw Data for Myof .

\

“Concentrations. (M)

N4

i i - ———— . = o T T = = - e S = o S o e e n < e = o e

|

ril ATPase Activitly with Varying Magnesium

0.0572%

AN

L)

" 10 uM Calcium 5 ml;i EGTA ~
Rat Number 0.04 1.0 10.0 0.0 1.0 10.0

39 (TC) 0.160.  0.150  0.130  0.035 . 0.033  0.035

68 0088 0477 0.167 0.045 , 0.ba7  low

49 0.163  0.157  0.100, 0.037 - 0.030 0.035

-'>5é 0.160 '. 0.167  0.143  0.050  -0.048 0.045

67 ‘0,147 ~0.140  0.105 0,037 0.030 0.022

4 0.135 . 0.130 0.115  0.050 0.042 0.034

42 (sc)  0.®7  0.123  0.102  0.048 - 0.050 - 0.050

48 0130 .0.127  0.105 0.045  0.060  0.067

53 0.117  0.112 0087 0.032  0.035  0.040

56 0.115 - 0.112 0,100  0.037 0.040 0.065

61 0.112 0.117 . 0.102  0.023  0.023 0.013

- 68 0.100  0.100  0.082  0.035 __ 0.027 __ 0.027

131 (TD) 0.062  0.057  0.082 0.018  0.012 _ 0.017

28 0.052 . 0,05  0.047 0,010  0.010  0.010

123 ®  0.052  0.00  0.042  0.017  0.017  0.015

118 0.053 - 0.057  0.085 0,018 0.007  0.022

, 121 0.062 0.061.- 0.052 0.010 N0 0.1

113 0.052  0.050°  0.045  0.022 _ 0.018 0.022
102 (SD) 0.070  0.067  0.082.  0.022  0.022  0.022

127 ©0.070  0.072  0.055 0,000 oA 0.013

108 0.067 o?oéz 0.087 0,025  A.022 © 0.125

105 ~.d.bso 0.057, - 0.087  0.027 0.025 3.025
137 0.062  0.062  0.088 n.022 - 0.7 h.013

111 0.053 0.050  0.027 _ 9.027 0.020
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Table V- Raw Data for Caloiom Bondeng umad Cadoum . a=10) e Varveng

.

Magne<ium Concentrations mM? .

- - —_———— ———

‘Rat Numher DL M Mg 1,0 mM Mg

e e i .

nb Lo AU

67 L 3.06 . e e

LN L5 ) ‘.:";3 ‘
0 53 Y 2.0

hh YA

bl 2.86 2.3

128 .70 : 3.7 2.34
123 3,23 -—-- ‘
118 2.70 3.37

s
o
x
7
D
o
.
s
"~
~
.
F3
O

o
)
)
[N}
.
un
~3
~
.
(S 4]
<

2.02 ' 2.12

.-.
w
<t
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Table VI: Raw Data for the ATPase Activity of the 14 Day Control Group.

Rat Number 1 mM Mg N
1 062
2 [ .065,
3 .060
9 -ai)58
11 ! .065
12 073
13 .087
18. .073

Mean = 0.065 + ,003

Note: The 14 day group has been considered seperate from the TC, SC,
TD, and SD groups. Body weight, heart weight, and heart weight
-to body weight ratios for this'grgup have not been incliuded in

the arpendix.



APPENDIX D

STATISVICAL PROCEDURES
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Table A: Summary of Three Way ANOVA for Myofibril ATPase Activity with

Calcium-EGTA

Source of Sum of Mean of . Degrees of F ratio
Variation Squares Squares . Freedom
Between Subhject  0,11637706 : ' 23
A 0.30257523  0.30257523 1 ( 97.30*
B 0.39949834 0.39949834 - A1 128387+
AB . 0.39950430  0:39950430 1 : 128.47*
Subj Within Group 0.62192678  0.31096325 20 '
Within Subject 0.74142814 \ ' 48
Co 0.48639178  0.24319589 2 63.17*
A 0.12075901  0.60379505 2 “ 1.57
BC 0.44441223  0.22220812 2 5.77%
ABC 0.44512749 0.22255374 2 - 5.78%
CxSubj Within Gr 0,15400648  0.38501617 © 40

A = Control vs Trained - l - ;

o o]
"

Normal wvs Digbetic

O
4

= Mg*2 Concentrations (0.04, 1.0, 10.0)

-7
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Table B: Summary of Three Way ANOVA for Myofibril ATPase Activity with

EGTA
.Source of Sum of Medn of Degrees of Foatin
Variation Squares Squares Freedom ) o
Between Suﬁject 0.10631893 23
| A 0.18046796  0.18046796 1 1.11
B 0.70804693  0.70804693 1 43.63*
- AB 0.12798607  0.12798607 1 0.79
Suni Within Group 0.32429695  0.16214847 20
Within Susject  0.17475486 48 |
C 0.36012381  0.18006191 2 0.61
AC 0.15635788  0.78178942 2 2.64
BC 0.43399632  0.21699816 2 0.07
ABC 0.36646053  0.18323027 2 6,19¥
CxSubj Within Gr 0.11844635  0.29611576 40
A = Control vs Trained :
B = Normal vs Diabetic
C = Mg*2 Concentrations (0.04,‘t.o, 10.0) ~



»r

One Way ANOVA for» Training Control

With Increasing Magnesium

Table C-A:
Concentrations
"Source of Sum of Méan of Degrees of F ratio p
__Variation Squares Squares Freedom
Groups 7,37656762 0.00 2 - . 4.39 0.032
Erre 0.64311475 0.00 15 i

Stident -Newman-Keuls post
myofibril ATPase activity

hoc test comparing '
at 0.04, 1.0, and 10,0 mM

§ gt
Means  a = 0.159 - b =0.153 ¢ = 0.126
¢ 3.90% 3.27*
- (3.675) (3.015)
b 0.63
(3.015)

.

Table C-8: One'Hay ANOVA for Sedentary Controls With Increasing Magnesium

Concentrations

e

Mean of De

Source of " Sum of greés of  F ratio p
Variation . Squares Squares Freedom °

Groups 0.16154016 . 0.00 2 8.21  0.004
Error 0.14761563 0.00 15

Student-Newman-Keuls post
myofibril ATPase activity
Mg*2 : o

Means a = 0.117

¢ . 5.06%
(3.675)
b .21

_ﬁ{3,015)

hoc test comparing
at 0,04, 1.0, 10.0 mM .

b = 0.116 c = 0.09
4.86%

(3.015)

..190
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Tahle C-C:  One Way ANOVA for Training Diabetic With Increasing Magnesium

Concénfrations

e et et s

Source of’ Sum of Mean of Degrees of. F ratio - p
Variation Squares -\ Squares Freedom e

Groups 0.36933110 o 0.00 C 2 " 9,08 0.003
Error 0.30516647  .0.00 15

Student-Newman-Keuls post hdc test comparing
myo;ibril ATPase actjvity at 0,04, 1.0, and 10,0 mM

Mg*2 |
Means a = 0.056 b = 0.054 c = 0.045
¢ 5,61 4.71% .
(3.675) (3.015)
b 0.91
(3.015) ‘

N

| /
Table C-D: One Way ANOVA for Sedentary Diabetic Nig{LIncreasihg Ng;nesiUm

Concentrations
\ ' ’
Source of Sum ofk Mean of Degreés of F ratio .p
Yariation - Squares Squares F reedom ’
Groups 0.86875795 0.00 2 12.72 0.001
Error | “0.51216129  0.00 15

Student-Newman-Keuls post hoc test comparing
mygfibri] ATPase activity at .04, 1.0, 10.0 mM

Mg+Z .

Means a = 0.064 b = 0.062 ¢ = 0.048
c - 6.50* 5.80% ‘
(3.675) (3.015)
b - 0.70
"\ ’ (3,015)

..191



Table D-A: Summary of t-tests Comparing Myofihr{1 ATPase Activity Between

Trained and Untrainevaon Diabetic Animals wilh Calcium - EGTA

~

as *

R v Controf . : Trained
Mean | 0.116 o 0.158
0.04 mM Mg*2 S.E.M. 0.0044 0.007
| , OF 6C"
t-value 10.72*
gontroi Trained
Mean 0.115 . 0.153
1.0 mM Mg*2 © S.EM. . | . 0.0038 0.007
N DF - 6 |
t-value 7.03%
) Control Trained
© Mean | . 0.096 0.126
10.0 mM Mg*2  S.E.M. © 0.0038 ‘.‘ 0.01 g
oF - 6 ] \

t-value’ 3.62*

..192
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g

Diabetic ‘and Diahe,!c Trained Animals With Calcium - EGTA

-

€ 3
et et et s ot i o o . AP | o i i ey = e ot & o o A o g b ot o e o e ks e —_——————
v

Control Trained
Mean 0.066 0,056
0.08 m4 Mg*2  S.E.M. | 0.006 S a2
Cw .
t-value . -2.h1* : y B N
R . Control ‘ Trafned
Mean 0.062 - 0.054 |
1.0 M Mg*2  s.EM. 0.002 - 0.004 A
t-value “Tt.i -2.42+*
Cbntro]" Trained
Mean 0,088 . 0.045 o .
10,0 mM Mg*2  S.EM. 0.002 - 0.006
oF 6 |
t-value -1,5¢
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Table D~C: Summary of t-tests Comparing {fyOXibril ATPase Activity Petween

2%

Control and Diabetic Animals ;?}QXYa]ciu - EGTA

[ 4

\ Contf01 Diabetic .
gean 0.116 0.064 -
0.04 mM M§+2 S.E.M. 0.0044 0.006
DF 6
t—vé]ue 26.30*.
. Control Trained
Mean 0.115 0.062
1.0 mM Mg*2 " S.ELM. 0.0038 0802
| | OF 6 |
t-value 26.06*
S Control Trained
Mean 0.096 0.048
~ 10.9 mM<M%+21, S.E.My 0.0038 0.002 - -
7’5”;1' v 0755 5
,,,”;‘ S 11,47+
R
—“fﬁx




i
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Table D-D:  Summary of t-tests anpériﬁquyofihril AlPase Aet ' ity Between

Trained and Untrained Non Niahetic Animals with FGTA

Control Trained -
Mean 0.035 n.042
0.04 m Mg*2  <.Eom. 0.003 . 0.003 '
0F ; 6 |
t-;a]ue - 1.28 ~ -
Control Trained
Mean 0.036 0.037 .
1.0 mM Mg*2 . S.E.M. . 0.004 0.003
. . . <
oF . . 6
t-value - v 0.53
M 8ontr_o.1: Trained /
Mean ) "0.044 - 0.034 |
10.0 mM Mg*2  S.E.M. 0.008 0.0036
| oF 6

t-value ' -1.62
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Table D-E:  Summary of t‘téSLS‘Qomﬁarinq_ﬂ!”fiQ[LLJ\VEE&L;YJ;QLUQLlﬁﬂfﬂ?Yl_‘

Control and Diabetic Animals With EGTA

[

, Controi _ Diabetic
- Mean . 0.035 "0.015 ,
0.04 mM‘Mg+2 'S.E.M. 0.003 0.0412
OF s
t-value o 2.72*
o _ | \ .
‘ | Control . Trained
“Mean “0.036 . 0.014
1.0 mM Mg*2- 5.ELM. 0.004 0.0015
OF 6
t-value 3.356*
Contro? | Traiped
Mean . oo.0m ~0.017
10.0 mM Mg*2 S.E.M. 0.008 0.0018"
DF 6 »

t-value ) 3.29*




Table D-F:

197,

o AY

Summary of t-tests Comparing Myofibrii ATPase Activ ity Retween

Diabet C Sedon:_a_ry and Diapvtic Trained Animals With EGTA

9

e e e e i~ = e o i b i e e e o e o e e

e

9

Control Tra‘ined_
i : Mean N.022 0.015
L 0.04 mMMgtY L SLEL, "ﬁ;UZS N.002 :
’ OF 5
. t-vaiue - -3.67% . A
. . _
Controi Trained ;
Mean 0.021 0.014
1.0 mM Mg*2 S 0.0015 0.0015
| oF 6
t-value o11.14%
‘ Co_ntrbl TraiXed
Mean 0.020 0.017
10.0 oM Mg*2  S.[.M. 0.002 0.0018
o DF. 6
‘ o ?
P Ttevalue -1.48% .
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Tabia £-A: Summary 7t f-tests Comparing teatt g e e s
Controi ’ ra‘ne
' Hean - ' 1150 I U R
SLELML - n.0%9 T 0030
OF b ‘ |
t-valué . 0.49 -
Cont roi Diabhetic »
Mean 1,15?. | 0;869 . \
S.E.M. 0.049 0.046 ' /’
NF 6 ‘
t-value ' 4.90*
‘ 3 .
) ) 4
- Diabktic Control Niabetic Trained
Mean 0.869 0.819' |
S.EM.  0.086 -~ 70057
OF 6
t-value -0.47
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Fabhae B-Bo Summary of t-tests Cémgiitgi_ggﬂxuyeights Between Lhe‘ﬁggggg
o
Control Trained
Mean . 468.5 406.8
S.EM. 22.3 | 7.8
DF 6
t-value 2,47+ ‘
. .
_ Controf Diabetic
B Mean 468.5 300.33
S.E.M. | 22.3 16.08
DF 6
t-value 7.82% 0

Diabetic Control  Diabetic Trained

Mean 300.33 287.0

S.E.M.  16.08 | 20.78
DF 6

t-value 0.547
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Table £-C: Summary of t-tests Comparing Heart Weight to Rody Weight Ratios

Control - Trained
Mean 2.47 2.77
S.E.M. o 0.09?2 . 0.040
DF ' 6
t-value 3.86*
e trol Diabetic‘
Mean 2.57 2.90
S.E.M, ".092 0.08
OF 6
t-value 3.&2* |

Diabetic Control  Diabetic Trained

Mean 2.90 ) 2.85
S.E.M. 0.08 0.082
‘ OF ' 6

t-value R ¥ 3




tanler-An Three Way ANUVA on Plasma Glucose Levels at 1, 4, and 8, weeks

Source ot San of  Mean of " " TNegrees of " F Fatio p
!ECLQELQQ---.-_,Sﬂﬁiﬂgi_.__gﬂiiﬂgi_--_-_EESEQQE____-,*_1-_-_--____-__.-__--
Sroups 0.13314500 665725 2 .53 0.597
£reor 0.18729863 12486.57 15 )

Table F-8  Summary of t-tests Comparing Diabetic Control and Diabetic

Swim Trained Animals

4 Week

Control D Trained D '

Mean 910.0 748.0
1 Week "S.E.M. 76.09 32.0
Plasma Glucose ' DF 6 .

| t-value -2.36* o
]
,C&n;rol D Trained D.

Mean 68;.5 742.8

S.E.M. 38.§Q 73.2
‘Plasma Glucose DF 6 \

t-value - 0.670
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8 Week

Plasma Glucose

)
8 Week

Urine Glucose

;Cantrol 0] Trained D
Mean 723.3 688 .0
S.E.M. 66 40.4
OF ’ 6 '
t-value ., 1.18 =~

Control D Trained D

Mean 6309.00 6886
S.E.M. 83.35 922 | ’
DF - 6

t-value _ 0.071
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