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B The physlca& propertles/of bovine,card1ac troponxn,iits

'.‘ind1v1dua1 subunlts,_and reconstltuted-complexes of the -

v

'?subunlts were: 1nvestlgated in solut1on by a varlety of ;Qj
:h*hydrodynamlc techLiques./ These 1ncluded ve1001§g,and

'equillbrlum ultracentrlfugatlon, analytlcal gel

Y.

4_chrgmafography and visc051ty. The results suggest that |

:‘ftroponln could extend~over a consxderable portlon of the};*

\‘.

;thln fllament,'ln agreement w1th the majorlty of recent ¢;f.lf,?

o evxdence from other sources.~_<-7

ol Trmy IR A P

Natlve, undlssoc1ated troponln, pur1f1ed by 1on—bﬁn

"ﬁexchange chromatography on DEAE Sephacel, consxsted

'“essentlally of three major components-' the Ca2+-b1nd1ngﬁm!‘3

‘f‘subunlt (TN—C), the 1nh1bitory s“bunlt (TN—I) and tﬁe .

L.

f{tropomy051n-b1nd1ng subunlt (TN-T). Sedlmentat1on f}fﬁ

. %ﬁi‘éf' ,'< , . . ]

e (—_)'1

_i equ111br1um studies 1nd1cated that nat;ve troponln self—}f},

‘,.t.

T?assoc1ates 1n a rever51ble, concentratlon-dependent manner, 57

’although no tendenéy towards dlssoc1atlon 1nto subunlts was: o

S‘m

Vobserved at low proteln con ntratlons.- Theﬂllmltlng Stokes“;f
"6

"radlus (52 A), obtalned by gel flltratlon on Sephact

-L300, suggests that monomerlc tropondn (M ~ 80 000) 1s an’;”

"asymmetrlc molecule, w1th a frictlonal ratlo of 1 85..__ o
Addltlon of 2 mM Ca2+ had very 11ttle 1nf1uence on the
2 hydrodynamlc propertles of‘troponln.

T

Civo

: X



spec1f1c volumes of whole troponln (0 71 ml/éo and TN-C'

T employlng hydroxylapatlte chromatography 1n 6 M urea._.“

S

(M ;= 18 500) of%frictlonal ratlo 1 52. TN-C un ergoes a

o

, conformatlonal change to a more compact shape (frictlonal f"

ratlo = l 40) 1n the presence of 2 mM Ca2+ Aalthough no

' effect on the molecular welght of the subun1t occurs untll

/. .-

higher levels 0f Ca2+ are reached. Most of the structuralf<*‘

‘\v

. S )
cha _e 1nduced by Cazf a.pears to be assoc1ated w1th catlon

blndlng to the Ca2+/Mng-51tes.of TN—C. The hydrbdynamlc
data suggest that TN—C 1s a moderately asymmetrlc protean
w1th an. axlal ratlo of 4 6.:-

Dens1ty measurements were used to show that the partlal

-

(0 70 ml/g) are unaffected by Ca2+ and are 51gn1f1cantly

lower than expected from the am1no acld comp031t10ns f

these protelns.; The major source of thlS alscrepancy ‘.
probably the electrostrlctlon of water around the hlghlye'
charged troponln subunlts.‘ﬂ-’ "‘"‘?’;

A new method for purlfylng TN T and TN-I was.developed,.
R}

Monomerlc TN—T (M = 36, 000) could not be detected by

sedlmentat1on equ111br1um,ueven at low proteln

concentratlons, 51nce thls n1t undergoes a strong,"=

— ~~

~

f:reversible aggregatlon yn non-denaturlng buffers, probably

to a tetramer.f These TN T>aggregates appear to be very -;g”

oL e P )



nhﬁasymmetrlc 1n solutlon, as they exhlblted unusually large
. "..lj - q :»__‘ ' ' :
*j_values Stokes radius (~80 A) and reduced v1scosxty (overnﬁ;

"";’ A(tendency towands self-assoc1atlon was also observed
ffbr TN-I, although thls subunit 1s‘essent;ally monomerlc

,;;(M = 23 000) at proteln conc-* ).tions below\l mg/ml. The L

“

*frpresence of reduc1ng agent was shown Jbe_necessary to

' 'av01d 1n@ermolecurar dlsudftde bond format;on.\ Gel
'lflltratlon experlments rndlcated that TN-I, 11ke TN—C, ls

'not a completely globular protein (frlctlonal ratxo 5ff;”v'f

.i'l 5). s61m11ar phy51cal properttes were observed when both

'sulfhydrYl groups—bf TNdI were mbdifxed by

‘f;carboximldomethylatlon.3;f{li/fi;nﬂff"lulﬁ

I EN _
. LU, . :
Bkmolecular anteractlons between cardlac troponln
'\'- I

) subunits were also 1nvest19ated u31ng hydrodynamlc‘ffff;"

L3

"*methods._ Only TN-C and TN I, mlxed 1n a 1 l molar ratlo, R

are capable of formlng a: stable complex (TN-IC)., The

A

asedlmentatlon'coefflcient (2 9 S) and Stokes radius from gel a
f11trat1on (36 A) suggest that the TN-IC complex ig - » ? |

' imoderately asymmetrlc (frlctlonal ratlo = 1. Svl 6) No"

e
1nteract10n between TN C and TN-T was detected by these

v

methods,’whlle ev1dence for partlal complex jormat1on ~'

"between TN—I and TN-T was obtalned. ‘ff

- R S

Gel flltratlon and sedlmentatxon equlllbrium

'Sexperlments demonstrated that troponln can be fully .

At._‘

o



"Qtropdnln were also’con81stent w1th an eq01molar subunlt

. ratlo._. ,yﬁ’,\ : e o -
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N AﬁsgevlATIoNevAnb*symboLs-f'ﬁ. o
A Terms appearlng locally in a mathematlcal equatlon aref*f
deflned at that polnt 1n the text. The unlts for mass,:,¢

~1ength, volume and t1me have been abbrev1ated accordlng to

stapdard procedures.<_f

| | . ‘F_/[~ | o o
ATP , aden051ne 5'-tr1phosphate R
BSA. L bov1ne ‘serum. albumln S '
CAMP. \\f‘ N '_cyellc'aden051pe~3{,5F&mon0phosphate
CM~" . carboxymethyl
cMC- S carboxamidomethylated )
DEAE;_ K , d1ethylam1noethyl
DTT - xf; . | dlthlothreltol
gi¥rl om “ absorbance of a 13 proteln solutlon in-
276_hm a 1l cm pathlength cell at a wavelength
of 276 nm <
EéTA : v ethylene glycol bls(e-amlnoethyl
* ether)-N,N N',N'-tetraacetlc ac1d
£/fnin ; experlmental translatlonal fr1ct10nal
o ~ratio :
f/fo- '“7',‘ S translational frictional natio,'“
T _— -component due to shape.-alone
X! ' ‘fé | +Huggins coefficient
K, : - ~association constant

" X M KMED' (or NMEDY .analytlcal buffer conSLStlng of x M KC1
. L (or NaCl), 50 mM MOPS, 1 mM EGTA, and

Me . ‘“" : mOleéUlar’weightﬁ




‘ Mw _‘ 4
MOPS
n,
NMR
'.;,
s

WQRSAQel ‘Rs,sed)

-3

S20,w

S§0 W

s,
sps

T&-c ;i,.h
CTN-I
TN-T |
™-IT, °
TN-ICT,

TN-CT,

TN+I,CT, TN-IC,T

-Pris - »
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+'» .CHAPTER I

.+ . INTRODUCTION R

3 ) : . . . B e

A;*;MUSCLEfCONTRACfloN: AN:OVERVIEW_“ L

Dlrected motlon 1n'vertebrates 1s accompllshed by the
‘concerted act1on of strlated muscle. The structural
organlzatlon of vertebrate strlated (skeletal or cardlac)
: muscle is schematlcally 1llustrated in Flgure l. The’ muscle
f1bre is'a' long multlnucleated cell whlch contalns‘numerous~
spe01allzed contractlle organellesﬁhnown as myoflbrlls. 'The'(

:myoflbrlls are longltudlnally'arranged, in reglster, and

exhlblt a repeatlng pattern of llght and- dark bands when

“_v1ewed under the llght m1croscope. As 1nd1cated in Flgure

1, these perlodlc strlatlons result from the overlap of two
'dlStlnCt types of - proteln flbres, known as the thlck and

: thln fllaments.‘ Both fllaments are blpolar and are bisected
-Lby‘transverse structural elements~ the YAS 11ne (th1n St
'lgllament) and the M- llne (thlck fllament). The fundamental
plength unlt of the myoflbrll, the sarcomere, is- that portionv
-Qbetween adjacent 7- ﬁrhes. - “

The generally accepted mechanlsm of strlated muscle

contractlon, descrlptlvely referred to as the slldlng

fllament theory, can be explalned with reference to Fidure S

o



Thlck filaments :
(myosm) A N (actm)

. Thm ﬁlaments

.. .% Cross sections .-
at points indicated = = - . -

o

Figure 1. Schematic representatlon of strxated muscle =

ultrastructure [from Lehnlnger (1970)]
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nl. During contraction, the thlck and thln fllaments are

S

-forced %o sllde past each other 1n a re1at1ve motlon whlch

‘moves . opposxng Z- 11nes closer together, thus shortenlng the i
\\sarcomere. Mechanlcally! thls is accompllshed by the
'cycllcal ATP drlven attachment and detachment of tthk

..

fllament cross-brldges to the thln fllament.' These cross-_?
» ¥

brldges can be ‘seen protrudlng from the core of the thlck j:
_~f11amenc in electron mlcrogr%phs of" strlated muscle.a One.
..1hportant feature of the slldlng fllament model 1s that

although contract1on decreases the sarcomere length,‘ '

» typlcally from aboutzz 5 u 1n the~resting state to around
1.5 u in the fully contracted state, the lengths of - both
.fllaments remain v1rtually constant. | Rt

My051n, the major proteln of the thlck f11ament, 1s a
hexamer (M = 460 000) composed of twd heavy chalns and two =;-

i

palrs of l1ght chalns. lMyos1n 1s an asymmetrlc molecule,

con51st1ng of two pr1nc1pal domalns.l a long rod 11ke tall
.at one end and two globular heads at the other._ The hlghly

'hellcal tall rtion of the_mOlecule makes up the backbone

'about 150 A 1n dlameter._ The my031n
.head groups, which. correspond to the cross-brldges seen
under the electron m1croscope, contaln 51tes for the blndlng
'of both ATP and actln, the major protein of the thln
fllament.‘ These head groups can be prepared 1n ‘a soluble

r

- form (subfragment S-l) by proteolytic dlgestlon of my051n



with‘trypsinlorfpabaln.b The ATPase actlv1ty of S—l, whlch
is stlmulated several hundred fold by actln, is, consxdered ‘;.‘
::to be the 1n v1tro correlate of muscﬂa\pontractlon. ;In' .“.
g addltion to actln, the th&n fllament of vertebrate str1 ted
}:muscle also contalns the regulatory protelns, tropon;n‘zhd_"
vtropomy051n.t : S | : ‘ o
“ Muscle contractlon 1s regulated by the free Ca2+-

concentratlon 1n the myoflbrillar cytoplaSm (sarcoplasm).

"Under cestlng condltlons, the conce'tratlon of thls ion in

the sarcoplasm lS around 10"8 MHXFA nerve 51gnal arr1v1ng at
‘:the muscle flbre trlggers the release of Ca2+ from storage‘.
_hves1cles (the sarcoplasmlc retlculum) and the Ca2+v
“concentratLon lncreases to about 10 5. M, 1n1tiat1ng
'contractlon. "There are baélcally three types of regulatory
response to—thls :lse in Ca2+'ldepend1ng upon the mu5clel
source. In- vertebrate strlated muscle, Ca2+ blnds to - |
troponln on the thln fllament, rever51ng the 1nhibition oéﬁnr
the troponln-tropomy051n complex.r Th1s type of regulation_f
)1s dlscusse; 1n more detall 1n the follow1ng sectlon.-_In,"
-molluscs, the lnteractlon of act1n and my051n 1s blocked 1n‘
the restlng state by a pa1r of regulatory llght chalns, one
'on each myos1n cross-brldge. The blndlng of Ca2+ by these\
llght chalns allows actlvatlon of the actomy051n ATPase.

Control at the level of the thlck f1lament also occurs in i

) vertebrate smooth muscle and 1n many non-muscle cells.;,Inp7

w



’

:these tlssues,‘lnhabltlon 1s.re11eved follﬁnlng the '
'1phosphorylatlon of myosxn llght chalns anaﬂogous to those 1n'
i,molluscs.v Thls phosphorylatlon is catalyzed by a spec1f1c
klnase whlch is. 1tse1f actlvated by the: ubiqultous Ca2+ x-fiA

I
-blndlng proteln, calmodulln,.ln response to an 1ncrease in

”Ca2+ ncentratlon." s B
» [ c N -

Wlth the vast and expandlng\amount of research belng

'carrled out on the regulat1on of muscle, 1t is becomlng e

clear that more than one regulatory system may be operat1Vevj;‘“:

in a glven muscle type. For example, Ehln fllament based
regulatlon in smooth muscle has been reported (Ebash1 et
al., 1978- Marston et al.,,1980) Conversely, there 1s some‘
_'ev1dence for strlated muscle regulatlon at the level of the
’gmy031n llght chalns (Lehman, 1978) In addltlon,
contractlle act1v1ty may also be modulated by Secondary
control mechanlsms, such as ‘the phosporylatlon of troponin l
and tropomy051n. .:E.'h{ . *‘5'_"7~ffn ‘ »

' ‘Numerous. excellent rev1ews deallng w1th varlous aspects_
of muscle contractlon and regulatlon have appeared in recent
*5years (CarlSOn and Wllkle, 1974 Mannherz and Goody, l976;;;:¥
'5Harr1ngton, 1979 Perry, 1979 Adelsteln and Elsenberg,,A

-

vl980 McCubbln and Kay, 1980)
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Ebashl (1963) flrst demonstrated that Ca2+-regulat10n .
in skeletal muscle 1s conferred by a th1n filament prote1n
‘complex whlch he named nat1ve tropomyosln"‘ This

G ATE S

'regulatory component was later actually shown to be composed'”

-

e

yof two protelns, tropomyosxn and’ a new proteln«called ’

troponln (Ebashl and Kodama, 1965).' Subsequently,\aroponln-q
_dﬁwas also 1solated from. bov1ne cardlac muscle (Ebash1 et al.,’

:f1967) Thanks o the contrlbutlons of a number of 'Ej"j'

"ilaboratorles, 1t is’ now well establlshed that both skeletal

' -and cardlac troponln con51st of three non—1dent1cal

*subun1ts.‘kBy the conventlon of Greaser and Gergely (1973),

.these are referred to as’ TN—C (the Cazf-blndlng subunlt),

QTN-I (the 1hh1b1tory subunlt) and TN-T (the tpapomyosln—'@y o
, e SRR L
b1nd1ng subunlt). ' fﬁ__ _ju S 57 - -.:ﬂf "‘*T'7?v

Prlor to a con51derat10n of the regulatory mechanlsm in j_

';strlated mUScle, 1t xs necessary to. brlefly examlne the

@,

_‘structure of the th1n fllament._ A modern conceptlon of thls'

: structure is dep1cted in Flgure 2._ ‘The backbone of - the thln'

‘fllament, whlch has ‘a drameter;of about 60 A, ds made up: of
actln monomersi(h : 43, 000) polymerlzed to form two a- i'
'@helxcal strands, wound arOund each other like a tw1sted

pearl necklace.~ Into both grooves of thls f1brous act1n (F-?:
actln) fit the long tropomyb31n molecules, whlch lie end to-f

'end and overlap sllghtly.' They form a repsatlng pattern of

N
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Figure"' 2 Current model for the flnea structure of the ' ARt L

} strlated muscle thln f1lament [from Mak and Smlllle (1980), \
gt‘aft':/e‘r EbashJ. et al. (1969)] '



380 A along the fllameht axxs,'spannlng seven actln monomers;

.l.

on each F-actln strand. Tropomy051n (M 66 000) consxsts
of two ashellcal chalns in -a c01leddc01l arrangement |
(SmllIIE, 1976). Assocxated w1th each molecule of
tropomy031n 1s a slngle troponln complex (M r =. 70,000-‘ _f

_ 80 000). Slnce the locallzatlon of troponln and its |
subunlts on the thln fllament is drrectly related to the_

vo

structures of these protelns, a full dlscusslon of - th1s

&

. topic is deferred to the approprlate chapters in the Results

sectlon. For the present purpose, it is suff1c1ent to note
W’

’ that the bulk of the troponln molecule is located about 100—‘~

130 A from the tropomy031n overlap reglon (Stewart and

McLachlan, 1976),falthough recent ev1dence (Ohtsukl,‘l979;

subunlt‘-xtends to the C—termlnal end of the - tropomy051n

"»fJIUStrated in Flgure 2._,‘

""etry of the major structural protelns in

skeletal musc e is belleved to be 7 1 l 1: L l
(actln my051n tropomyosxn TN—C TN -I: TN—T) (Ebashl et Ah

1969~ potter, 1974), alth0ugh there is. still _some |

uncertalnty regardang the relatlve amounts of each troponln

: subunlt (Sperllng et al., 1979) The ratio of actln to TN—C

,1n rabblt cardiac muscle is- also 7 l (Head and Perry, 1974),

. s_ggestlng a 51milar st01chlometry to that of skeletal

S

Mak and Sm1111e, 1981) suggests that a portlon of the TN-T“Q‘f



. - . . ':‘-t? .
‘ Over -the past decade, “the most popular theory oﬁ thln»,
. fllament regulatlon has beeh the sterlc blockxng hypothe515
(Huxley, 1972- Parry and Squlre,'1973), ‘proposed on "the -
basxs of X—ray dlffractlon studles on relaxed and
‘contractlng muscle. These experlments revealed that - &

tropomyos1n is shlfted to a p051tlon deeper in the F-actin ,

\ [ 2

groove under actlvatlng condltions. The b1nd1ng location of

the myos1n cross brldge on actln had been establlshed
‘earller from electron mlcrograpw‘reconstructlons dﬁ-

subfragment S -1~ decorated actin fllaments (Moore et al.,“

a

1970), In conjunctlon w1th blochemlcal ev1dence:(Hitchcock
y"et al., 1973 Margoss1an and Cohen, 1973 ‘Potter and ..

Gergely, 1974),hthls data was used to suggest a model

J

(Flgure 3) in whlch actln—my031n 1nteractlon is phy51cally

blooked in ‘the resting state by tropomyos1n, perhaps
anchored in thls ”off"7p051tlon by the b1nd1ng of TN-I to

G .
actln. Contractlon is 51gnalled by the b1nd1ng of Ca2+ to

TN-C, follOWed by a conformatlonal change in troponln whlch
releases.TN-I_trom'lts-actln site. Tropomyosxn would then
begfreeutofoccupy,the “on" p051tlon and thus allow cross-
bridge attachment'to the thln fllament.: Thls model has .
recelved some exper1mental support ‘over the yéars, 1nclud1ng

: addltlonal electron m1croscoplc evxdenpe of . tropomy051n e o g

movement 1n actln paracrystals (Wakabayash1 et al., 1975) Tff-tibf::

<—d‘F T, - ST e e v

.Moreover..the resﬁlts.of,a bIocﬁemlcaI siudy CBremel et al", - LT

we z.g.., e e -
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A.-ca++ ‘;. . s . .‘...-y.:.‘; . - ] . o v“.' .l‘ : .

<.

B. +Ca++

'Figure 3;; Sterlc model for the regulatlon of striated SR

.muscle centractaon.--The vxew*looklng down»the thin. fblament .

2 e

axis towatds the Z=Iite “is schematlcally depicted.. The = SL e
protelns represéented are:

N

A (actln), TM (tropomyos;qg,

,ﬂ(TN—C)L.I (TN—I},»T LTN—T)~'S—1 (my051n ‘subEragntent: 5+1):
‘;(A) relaxed muscle; : {Ca2+] - 10'8 M.

Mo - Lo 5

(B) contractlng :
. muscle, [Ca2+]»~ 10‘5 ‘M Iﬁrom Potter and . Gergely (1974)1

[ tew s ew v



1972) are - partlally 1n accord ‘'with the sterlc Hypothe51s.

These workers observed that,'at low ATP concentratlon,
c

-saturatlng amounts of =1 can push tropomyos1n from its

1nh1b1tory position, thus renderlng the ATPase activity
A
insensitive to CaZ2%*, Although the geometry of the_sterlc

ﬁodei»has been altered by approximately 180° as a

¢onsequence of more recent evidence regarding the poSitions

of tropomyosin (Seymour and O'Brlen, 1980) and 5- 1 blndlng
v(Tayior and Amos, 1981), the ba51c structural requlrementsv
"of the model remain satisfitd (Figure 4).

Nevertheless, the current status of the steric:
hypothe51s, as.envlsioned in Figufes 3 and 4, has been
jeopardized by'ahnunber ofhindependent‘investigations. To

. beginﬁwith;»there is some evidencefthat tropomYOsin do€s not
b1nd actin at two dlscrete 31tes (Johnson et al., 1981), as
suggested by the structural data presented above. Moreover,
the sterlc model 1s at a loss to explaln why- the b1nd1ng of
S 1 actually increases the aff1n1ty of F-actln for . |
tropomy051n (Eaton,.1976) or how tropomy051n plus actin can

~st1mulate hlgher ATPase rates than.actmn aLone (Bremel et

v'ala, 1972)., A steady—state klnetlc anestlgatlon has also

; demonstrated that tropomyosmn is” a’ non—competltlve 1nh1b1tor '

) of actomy051n ATPase, 1nd1cat1ng that myos1n and tropomy051n‘

~ 7 ¢

do not compete dlrectly for the same blndlng 51te on actln

(SObleSZek, 1982) 'Perhaps the'most damaglng ev1dence'

11
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SR o ;. R 12
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Figure 4. Evblution of the steric blocking hypotheéié.' (A)
- Original model based on the. structural data of Moore et al.
(.1970), Huxley (1972), Parry and Squire (1973) and others.
(B) Rev1sed model based on more recent data of Seymour: and
- O'Brien (1980) and Taylor and- ‘Amos (1981) .- ThlS schematlc
dlagram shows tropomyosxn (TM) 1n the actlvatlng (
’frelaxlmg @---0 positions.  The other protelns are
represented as in Flgure 3 and the viewer is looking .down
»the thin filament towards the Z- 11ne [from Squlre (1981)]

-) and"



againstvthelsteric hypothesis is the observation that;

despite dramatlc changes in the ATPase act1v1ty, the actual
b1nd1ng of the S-1- g@bfragment £0 regulated th1n fllaments L
is not influenced by the addltlon or removal of Ca2+;1~ _
.(Chalov1ch et al., 1981; Chalovich and Elsenberg, 1982) S {0
should be cautloned however, that the soluble proteolyxlcb

fragments of my051n employed in many of. these studles may

~

hl

not be. valld representatlons of lntact my051n in the thick

L T

fllament (Wagner and Giniger, 1981).
Althoughwno alternate;model.comparablehin-scope'and |
popularity to the steric hypOthesisjhas yet'been proposed/
research in this area is currently proceedlng in a number of
directlons.' To. explaln the Ca2+—1nsen51t1v1ty of S~-1
b1nd1ng to actin, Chalov1ch and Elsenberg (1982) have
suggested that troponin- tropomy081n control .is exerted at a'
subseguent step in the'ATPase cycle; perhaps the release of
inorganic phosphate from the actomyosfn complex,,followlng
ATP hydrolysis. This relatlvely slow step 1s belleved to be
accompanled by a change in the angle of attachment of S l to.*‘r
'actln, from 90° to 45° (Lymn ‘and Taylor, 1971).‘ This
rotation of the myosin cross-bridge could-be blockedyby the
regulatory proteins in the absence of Ca2+ |
. A more act1ve role of actin, perhaps 1n the form of a
conformatlonal change {Yanaglda et al., 1974 Eaton, 1976)

- [

has also been considered as a posslbleFEechanlsm for the

~ 13 AN
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tropon1n-med1ated CaZivresponse. _SQme 1nvest1gators now
belrgve that thin fllament control should not be approached

o as an. 'all—or-none" phenomenon at all but rather as a

f“. heads actlng as effectors. A recent demonstratlon that Ca2+

reduces the cooperattvxty between adjacent tropomy051n—<“'

- ..—".' RN

‘ ;, troponln unlts along the th1n~f11ament LS qulte 1hterest1ng

1n thls regard (Greene and Exsenberg,~l980).l.l._:. mf;g;j_;~

C. CARDIAC TﬁOPONqu suBUNI*i_is e

Ind;v;dual troponln subunlts haVe'been tﬁé‘sﬁbject of "’ff o

1ntensxve study ever 51nce the real;zatlon that these

.-.*

protelns retaln thelr ba51c functxonal propertles 1n
solutlon “and ‘can be reconstltuted to form a blologlcally- :f' ; ;ﬁif

jactlve complex. Although most of this work has been carrled’ L
out with the subunlts from rabblt skeletal muscle, cardlac
troponin is belleved to operate in an analogous fashion. In‘E‘

‘an early 1nvest1gat10n, Ebashl et al.. (1967) observed that -
both skeletal and cardiac troponln‘can confer Ca2¥-
sen51t1v1ty to actomy051n from elther muscle type. The .
subsequent 1solat10n of pur1f1ed cardlac troponln subunlts
(Brekke and Greaser, 1976- Burtnlck 1977) has led to the
d1scovery that these protelns are qualltatlvely 51m11ar to

thelr skeletal counterparts in s1ze, amlno ac1d compOSLtlon

and blologlcal propertles. Indeed Hlncke et al. (1977) -



/
’

ﬁave demonstrated that hybrld ‘troponin complexes, formed

1]

from varlous skeletal and cardlac subunit comblnatlons, .are _

generally capable of regulatlng actomyos1n 1n‘vftro. A
Nonetheless, there are 1mportant d1fferences betneen-_‘
skeletal and- cardlac muscle (Katz, 1970- Ebashi et al.,}_'s“
h 1974a) onr example, skeletal muscle must be avallable for
rap1d and complete contractlon -or relaxatlon, whereas_
cardlac muscle contracts 1n a contlnuous, rhythmlcal manner,'

! PN
-

dnsplaylng a relatlvely hlgh restlng tens1on. .There is

\

substantlal ev1dence that these altered regulatory

“,;;_requtnements -are, in. fact, reflected at the level of - the -

LR TR L I T S R SR dl‘“-‘-v'

tropontn subunlts.: Wlth the sequences of TN-C (van Eerd and
5,Takahash1, 1975) and TN-I (Wllklnson and Grand 1978) from a
. number of sources now known, 1t has been establlshed that
'varlations in’ prlmary structure are tlssue, rather than
species, dependent.' That is, sequences are generally more -
homologous between skeletal (or cardiac) subunlts of
dlfferent spec1es than between skeletal and cardiac subunlts
of the same spec1es. Also, antlserum ralsed agalnst ‘a given
cardlac or skeletal troponln subunlt often does not cross»l
| react w1th the same proteln from the other muscle source
(H1rabayash1 and Perry, 1974; Cummins and.Perry,‘1978).
v In the follOwing‘sections, a brief outline of'the

chemical, phy51cal and blologlcal propertles of bov1ne

cardlac troponln subunlts is presented, w1th spec1a1 -

15
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reference~to any s1m11ar1t1es or- dlfferences w1th the
correspondvng protelns from rabblt skeletal muscle.'.Detalls
'of tropon1n subunlt 1nteractuons wxll be dlscuSSed 1n

»

gghapter VII.

'.llb Troponln-c

The Ca2+—b1nd1ng subunlt of troponln, TN—C, ‘is part of
,*a famlly of homologous Ca2+-b1nd1ng protelns whlch are
fthought to have evolved from a common ancestral proteln by
igene dupllcatlon (Colllns, 1974) : Others in thls famlly
1nc1ude calmodulln,_parvalbumln, and’the requlatory’l gh

~cha1ns of my031n.h From the x—ray crystal structure of

e .

: ﬁarvalbumln, Kretsinger and Nockolds (1973) observed that

‘each Ca2+-b1nd1ng 51te con31sts of a ”hellx—loop—hellx

"""arrangement 1n the polypeptlde chain whxch is folded around o

_ the bound cat1on. Four such reglcns, exhlbltlng remarkable"“

@

homology, were found 1n the sequence of rabblt skeletalQ?TN-C
74

(Colllns et al.,.1973), and later studIeS’showed”that this

L3

»proggln 1ndeed binds four'ta2+ 1ons (Potter and Gergely,

“

1975). These Ca2+-b1nd1ng sltes are usually labelled I:to- jtfjrs,e

IV, startlng from the N—termlnus. Van Eerd and Takahashi

s e e o e = x .

,-~»-<-"'

(1975) notlced exten81ve amlno -acid replacements in the 51te
I region of the bovine cardiac TN—C sequence and suggested ' .
thatathls protein would only*be able to bind three Ca2+-

ions. Agaln, this prediction has been conflrmed

experlmentally (Burtnlck and Kay, 1977- Leav15 and Kraft,

11978) R o o



-

Ca2+

» - ~ v .

w1th numerous aspart1c and glutamlc a01d re51dues, many of

- whlch are lnvolved 1n Ca2+ blnding (Reid and Hodges,A-

o~

1980) The amlno ac1d sequence of: bdvxne cardlae QN—C 1s’“

wt . -
e [ -

' shown in Flgure 5 (van Eerd and Takahashl, 1975). The';

eeeeee

molecular welght of thls proteln (18 459) ‘is 31m11ar to that

of rabblt skeletal TN c (M = 17 840- Colllns,'l974).‘

Cardlac TN C contalns one 'more tyr051ne (3) and cysteine (2)

than skeletal TN-C, but lacks histldxne. Tryptophan is not ,@

o - BN

¢

relatlvely large number of phenylalanlne res1dues. So-far,‘m

.\-p 3

'TN~C subun1t,_although crystals sultable for thls purpose

have been obtalned for chlcken skeletal TN-C (Strasburg et

al., 1980)

The Ca2+-b1nd1ng propertles of TN-C have been

4

thoroughly characterized‘ Rabblt skeletal TN—C contains two

-,‘found 1n elther protelnqtbut bOth molecules contaln a f‘“ 3;1I‘

"no x-ray structural determlnathn has been reported for any_f;ﬁ:nu

Ca2+—spec1f1c 31tes (K ~-2 x 105. 1) and two Ca2+—s1tes of:'

.‘.‘v-o

higher aff;nlty (Kg ~ .2 x lo7 M 1) thch»can #lso b1nd Mg2+

competltlvely (K A 5 X 103 M‘l) (Potter and Gergely,

-

1975) Chemlcal modlflcatlon studles (Sln et al., 1978) andl .

‘et al., 1978) have revealed that sltes I and IT are: the‘.'u

-spec1f1c sites whlle ‘the remalnlng two (III and IV) -are

a

K .experiments w1th deflned fragments of skeletal TN-C (Leav1s_.» o

-n
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S - | o . _ . ,
the'caZ*/Mgz* sites} Bovine cardlac TN-C also has two

- Ca2+/Mg2f*s1tes, w1th blndlng affznltles SLmllar to those of

. v n» rer ‘

cthe skeletal prote1n (Hlncke et al.,_1978, Holroyda>et al., _ _

;“i 1980).; However, only a single Cazf-speCLflc slte 1s present

4__,,_ .- s

_-/

on cardlac TN-C, w1th an afflnlty of 2 x 105 M~ -1 (Holroyde
v et al., 1980) Comparlson wlth skeletal TN-C suggests that

>,thls lone Ca2+—spec1f1c site is 51te II. In whole troponln,

——

L OE ;n the TN‘C '”TN*I complex, the Caz*&affanlty ot each” 'f”7

class of blndlng slte ‘is 1ncreased by one order of magnltude_
'.(Potter and: Gergely, 1975; Holroyde et al.;'l980).v.rhe B
presence of actin may aiso 1nfluence the Ca2+-b1nd1ng' .
propertles of TN-C (Potter and Zot, 1982)
Upon b1nd1ng of Ca2+ to TN -C, numerous spectroscoplc
and hydrodynamlc changes occur (rev1ewed by McCubbin and _ -

k-:»—KaY: 1930) Eenhaps the most’dramatic EIEECt observedwms EERIE S

VRPN

tbe 1ncrease 1n the amount of ordered secondary structure in

the plus Ca2+F state.; Clrcular dlchrOISm studles have

v?urndlcated that Ca2*-b1nd1ng 1ncreases the a—hellcal content 5f';¢r,

‘-_m- 4.. P

by 60% 1n rabblt skeletal TN—C (Murray and Kay, 1972) and by

“_, . :r'.rn' K

~30% 1n the bov1ne cardlac proteln (Burtnlck et all,.A;

rw"“w

1975a) Most of tﬁis change results from the occupatlon of : -

the Ca2+/M92+ sites (Hlncke et al . 1978 Johnson and

~

Potter, 1978). - On. the other hand, only relatlvely mlnor
c0nformatlonal alteratlons are assoc1ated w1th Ca2+ blndlng

';? to the Ca2+-spec1f1c 51tes. . For the cardlac subunlt, these

-
- PR - L i

. y
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) ’ ) €

changes 1nclude NMR-detected varlatlons 1n phenylalanlne

env1ronment (Hlncke et al., l981a) and ‘a 2 fold 1ncrease 1n

&

the fluorescence of an entr1n51c probe: (Johnson et al.,

1980) A Comparable results have been reported for skeletal

TN"‘C-. . .'-

\\ Nevertheless, 1t appears that the Ca2+—spec1f1c 51te(s)

(

»

1n fN C is- respon31ble for the regulatlon of muscle
contractlon. Actomy051n ATPase is actlvated in- the same
range of free ca?t Goncentratlon ‘that is. requlred to

saturate the two Ca2+-Specfflc 51tes on skeletal troponln
e
(Potter and G;rgely, 1975) or. the s1ngle 31te on cardiac

RS

troponln (Holroyde et - al.,al980) Klnet1c studles\w1th

- "J'
G g :

skeletal TN-C also support a blologlcally—lmportant role forn_, .

. these s;tes AJehnso et aI., 1979) Stopped flow

fluorescence measurements thh dansylazxrldlne—labelled .TN= C e

indicated that Ca2+ removal from the Ca2+—5pe01f1c sites ~“'7 .

g

occurs w1th a half llfe (tl/z) of 2-3 ms, whlle tl/2 for the

44"'

* removal of Ca2+ from the Caz"'/Mg2+ 31tes 1s ~700~ms.,

1 -\

Slmllar results were observed for cardlac TN-C (Johnson et

l al.) 1978a). Slnqe these t1/2 values would be even hlgher-‘ -

3
“in natlve troponln, because of thg 1ncreased aff1n1ty for

, Caz"' in the complex, Ca2+—exchange 1; the Caz"'/l“lg2+ 51tes is

clearly too slow to part1c1pate 1n a rapld sw1tch1ng <
mechanlsm where contractlon-relaxatlon events must be

complete w1th1n about 50 ms of exc1tat10n (Carlson and



S
./ . \'

Wllkle, 1974- McCubbln and Kay, 1980) T In ‘any case, the

ﬁ‘hfflntracellular COncentratlons of Ca2+ (~10~ 8 M) and. Mg2+ (a

few mlll1molar) are Suff1c1ent1y hlgh that the Ca?'"'/Mg2+ o

51tes would “be occupled even under relaxlng c ndltlons A

(Potter et al., 1981). Recent studles have sugge

—~—
structural role for*these 31tes (Zot -and. Potter, 1 82).

L4 . N . 't . .

o
e .

2. 'Tr0ponin—

gieletal TN-I 1s capable of 1nh1b1t1ng the actomy051n
| ATPase by 1tself, althoughz%hls 1nh1b1t10n is: greatly B
enhanced by tropomy081n (W11k1nSon et al., 1972).- TN-C
allev1ates thls 1nh1bitlon by formlng a complex with - TN- o
(Schaub et al., 1972). Full Ca2+-sen51tiv1ty requlres the
further addxtlon of TN—T, thus completlng the thin fllament
'regulatory un1t (Elsenberg and Klelley, 1974) he
‘}J prlnC1pal 1nhrb1tory reglon 0f. TN-I has been located od'.
‘,cyanogen bromlde fragment of the proteln (re51dues 96~ 117)
(Syska et al.,_1976) i Thls fragment alone is very effectlve

. B
1n blndlng to actln and 1nh1b1t1ng the actomyosln ATPase.,
=/ »

The amino acid res1dues essentlal for. lnhibltlon have been T‘

studled ‘by u31ng synthetlc peptlde analogues of this reglon '

o G(Talbot and Hodges, 1981a) The mechanlsm of cardlac TN—I

‘1nhlb1t10n appears to be sxmllar to that of the skeletal

‘ subunlt.. TN-T from bov1ne cardlac muscle can 1nhxbit rabblt
skeletal actomyosin, and Vice: versa, although each type of

: TN-I 'is most effectlve in its own system (H1ncke et al.,a

-

1977) There may be ‘some specles spec1f1c1ty at’ thls level,
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however, SAnce rabblt §keletal TN-I is a_better 1nh1b1tor €~~,ﬂt{,;u

than rabblt cardlac TN-I in both skeletal and cardlac :Ql-:h:~j
.%actomy081n assay systems from rabb1t14matﬁot and‘Hodges,ﬁ ¢?¥f‘ﬂv‘ |
1981b).  ° L L

. e, _ ¥ S !

The prlmary structures of rabblt cardlac and three ,
k types of skeletal TN-I haVe been determlned (W1lk1nson and .

ﬁ;Grand,n1978).; The rabblt Cardlac TN-I sequence 1s shown in

N -~

:Flgure 6. Although there is a . falr degree of homology &

' 'between the skeletal and cardlac TN-I molecules, the cardlac'; -

'hproteln 1s sxgnlflcantly larger (M = 23, 550) than the | |
skeletal Subunlts (M o~ 21 QOO), contalnlng an extra 26 .
amlno a01d re51dues at. 1ts N—terminus. Rabblt cardiac TN—“”.

‘ has a substantlally lower methlonlne content than 1ts
skeletal counterpart, as well as one less’ cystelne residuei

‘(2). Both skeletal and cardlac TN-I molecules possess a net;

'.p051t1ve charge at pH 7 whlch interferes wlth the molecular
'welght determlnatlgh of these protelns by SDS-polyacrylamlde}f'f
; Ve :

gel electrophore51s (Burtnick, 1977).

IS

Although the sequence of bov1ne cardlac TN- I is not yetl-

known, this. proteln appears to be very 51m11ar to rabblt
; cardlac TN-I. The apparent molecular welght of bov1ne
‘cardlac TN-I is 23,000, determlned by sedlmentatlon

v_equlllbrlum in 6 M urea (Burtnlck et al., l975b). The amlnor
. /‘
“ac1d comp051t1 s of the two protelns are almost 1dent1cal,.

1 4

.although the. bov1ne subunlt has a sllghtly hlgher tyros1ne
-l;and prollne content (Burtnlck et al., 1975b- Brekke and

;Greaser, 1976)

. : : : L - gt
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- gcardlac TN-I can be phosphorylated by either. phosphorylase

The phosphorylatlon of TN I has been the sub]ect of ‘a.

. o »

great deal of 1nterest (rev1ewed by Perry, 1979) ‘ Rabblt

h'klnase (at serlne 72) or by . cAMP dependent proteln kinase
(at serlnes‘zo and'l46).' The phosphOrylation of residues 72
and 146 is blocked in the native troponln complex, as is the
phosphorplatibn of the correspondlng resldues (threonlne ll
. and sgrlne 117) in rabbit. skeletal TN-I. Thus, no |
'blologlcal.role‘has ;et‘been 1nd1tated‘}or‘these s1teg;. ]

h In contrast, the phosphorylatlon of serine 20 in
eardiac TN-I does'appear to be’physiologically relevant.
‘This reSLdue, whlch is 1n a reglon of the polypeptlde cha1n
.that has rio analogue in the skeletal subunlt, can be |
phosphorylated in natlve troponln by CAMP- dependent protein
kinase in vitro (Stull and Buss, 1977) Moreover, studles .
dWlth perfused hearts ‘have demonstrated that B- adrenerglc
st1mulat1on'1ncreases the phosphate.content-of TN-I by 1
mol/mol (England 1975; Solaro et al., 1976), spe01f1cally
modlfylng serine 20 (M01r et al., 1980). Solaro et al.
(1976) have suggested that. thls is a negatlve feedback
mechanlsm, smoothlng out/the regulatory response to the
1ncreased force brought about by  the pr1mary action of g-
adrenerglc agekts. They. have further speculated that,'s1nce

the - phosphate group would 1ntroduce negatlve charges into a°

posltlvely-charged region: of the proteln, the basis of thls



response mlght be a decreased TN-1I —FQN C 1nteract10n,
ultimately leadlng to reduced- Ca2+-sen51t1v1ty. Recent
Ca2+—b1nd1ng experlments w1th bovine - cardlac troponln have‘~.
“confirmed that phosphorylation in fact does decrease the o
Ca2*-affinity at the Ca2+-sbecific'site (Robertson et al.,
19825.

3. Troponin—T N |

e~ T e e e e : s . - oL e R

TN-T is responsible for anchoring the troponin camplex

- FE - . o o~ -

to tropomyosin on the thin filament The interaction

. between TN-T and tropomyosln is, manlfested by changes in a
varlety of phy51cal propertles of - these protelns,,such as an
1ncreased head-to-tail aggregation of tropomyosin in the .
complex (Ebashi and’Kodama, 1965). For cardiac. TN-T, this .
1nteractlon can be demonstrated by cosedimentation analy31s
(Burtnlck ‘et al., '1976) and circular dichroism (Burtnlck ‘and
Kay, 1976). "Both skeletal (Yamaguchi et al., 1974) and '

| cardlac (Brekke and Greaser, 1976) TN-T also produce changes /

b/ in the paracrystal patterns formed by tropomy051n, although

N spec1f1c dlfferences.have been,observed in each system

N

T—

ﬁ(Yamaguchi and Greaser, 1979)
Rabblt skeletal TN-T has been sequenced and has a
molecular welght of 30,503 (Pearlstone et al., 1976). .The.
',amlno acid comp051t10n of th;s proteln is str1k1ng in that

about 50% of the: re51dues would be expected to. be - charged at -

., PH 7. Although no TN- T sequence from a cardlac muscle

*

25
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source has yet been reported"the bovine cardiac subunit

,,appears to be larger (hr = 36 000) than ;;s skeletal

o
T )

QCQunterpartqand exhlblts sxgnxflcant dlfferenCes ‘in amlno

ac1d comp051t10n as well (Brekke and Greaser, 1976; Burtnick
et al., 1976). For example, the cardiac subunit has a

_higher acidicwamlnouacid content and, ~unlike skeletal'TNeTj

contains a cysteine residue.

o - . .
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D. THE STUDY OF PROTEIN STRUCTURE BY HYDRODYNAMIC METHODS

1)

The relat1onsh1p between. proteln structure ‘and- ﬁunction‘

¥

is one of the most ‘intriguing problems in molecular

-

blology. At the present tlme, only x—ray crystallography is

”capable of determlnlng the complete three dlmen51onal ’

' structure of protelns, although thlS monOpoly I's belng
'challenged by some powerful NMR technlques (Wuthrlch et al.
.1982). Nevertheléss, countless~other approaches, such'as
hydrodynamlcs, can ‘be used to give lesser degrees of
structural 1nformat1on. Hydrodynamlc%technlques study how'
protelns move in solutlon and thereby affect the bulk
propertles of the solvent. The assoc1ated parameters are a
‘functlon of the size and shape  of the dissolved
macromolecule.' Most experlmental methods are designed to
‘examine either the translatlonal (sedlmentatlon, gel

filtration, electrophoresls) or the rotatlonal,(v1scosity)

motions of proteins. Several good reviews;;Sthining the



-

hydrodynamlc methods 1s based on’ the Stokes'equatlon-

el O @ - e w e L4 -
.- e

f:,ige Viscosity’ of«the medlum.y ‘Derivation’ of the Stokes lawA

'condltlons should. be true for protelns, Squlre and Hlmmel

theoretlcal and practlcal aspects of hydrodynamlc

measurements, have been publxshed (SChachman, 1959 Tanford,;‘[rj}ln

1961 Yang, 1961 Kuntz and Kauzmann, 1974- Cantor and

. \ " o -
/. o e
-The .- study. of - proteln structure by translatlonal

Schlmmel 1950)

A A C R N A I

ThlS equatlon relates the translatlonal fr1ctlonal

- . we ~ e

coeff1c1ent (£) of a sphere to 1ts radlus (r), where n lS

thlS form requlres “the- assumptxon »that the. solvent

o« o L D oaw a

molecules are negllglbly small relatlve to the partlcTe and

that no slippage occurs at the solvent—partlcle 1nterface..

ALthough thene is -ha a Erlorl reason to belleve that these

v
(". -

(1979) have demonstrated the va11d1ty of Equatlon 1 1n water

for moleguLes greatér than '7 A in" radiu. °

" The quantity usualiy‘détéfﬂﬁned“iﬁfekperimentg of this

type is the frictional ratio (f/fmln), s} 3 the ratio of the

observed fr1ct10na1 coeff1c1ent to that of an 1deallzed

S
spherlcal partlcle of 1dent1cal'molecular welght:

> £/fnin = Rs/Rg = s/[3 Mp V/4 " N}l/3 L2l

-

v,

A
5 R



geometrlc models.' The ch01ce of a plau51ble model that best -

‘very asymmetr1c protelns, such as myosin (£/f

. . ) N . I o

“In thls.relatlonshlp, Rg is" the experlmental Stokes radlus
of ‘the' proteln whlle Ro‘ls the Stokes radlus of the
equxvalent unhydrated sphere of molecular welght M Aﬁé‘ o
partlal spec1f1c volume v (N 1s Avogadro s number) - In

practlce, f/fmlé w1ll be greater than un1ty,>sxnce real

protelns are hot - spherlcal and are substantlally hydrated,

e KTy

water sdluble globular proﬁélns have fff .- ovalues between .

1.15 and 1.30, while ‘much hlgher values can be exhlblted by

min= 3.:5)
(Tanford, 1961) TIfS ‘the - degree of hydratlon 1s known, ar

can be estlmated, the contrlbutlon to the frlctlonal ratlo

o

~due tQ asymmetry alone (f/f )" can be evaluated (Oncley,

.

1941) by:

£/fq = (£/fnin)/(1 + (w/Tp01 /3 -+ 3

PR

where w is the hydratlon expressed as grams of water ‘bound ;

per gram of proteln, v 1s the partlal spec1f1c volume and L

is the solvent den51ty.- LT

.' ,'. - C. ‘ .vv.; i N

The level of'detail obtainable from hydrodynamic
methods is inherently low. Experimental'values of f/f must

be compared to theoretical - values calculated for various

. / R b

‘ o

__thus 1ncrea51ng thelr effective- hydrodynamic 51ze.~«Most,»AQ~

Y

Lt



: ~comp1ex modeis have beeh developed for. thls purpose o
(Bloomfleld et al., 1967-'Teller ef al., 1979), e111p501da1
models are stlll ‘the most commonly used Equatlons relatlng
f/f to ‘the: ax1al ratio of both prolate (c1gar shaped) and
oblate (dlsc—shaped) elllpsoids of revolutlon have been

| derlved (Perrln, 1936) Representatlve f/fo values are fv
1lsted in. Table I, as a functlon of ax1aL ratlo.

s . A451m11ar approach is employed in determlnlng

;-

|:

flts the data 1s then made.' Although a number of more*'4 «:}f;‘

g

structural parameters from v1sc051ty’data.‘~The 'ﬁ'j SRR A

correspondlng frlctlonal equatlon-ﬁor rotat10na1 motion is:

!

et A . a N : . <

frot TOLNVe - )

where frot is the rotatlonal frictional coefflolent, n is

the v1sc051ty of the medium and v. 1s the partlcle volume.'”

The assumptlons-for-thls relatlonsh;p are the same_as.for

Equation. 1. The experimentally—measured intrinsic viscosfty¢;
- -(In]) can llkew1se be separated into contr1but10ns from

: hydratlon (w) and asymmetry (va) accordlng to'
(n] = v ¥ =yy[1+ (wTp)] @ (5]

where v is the experlmental v1sc051ty 1ncrement..,Equations

relatlng va to the axial ratios of-prolate and oblate
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‘Prolate

, . Oblate
Axial " f/f.P v, C gd £/£ Va B
. (o] a 0. a. :
ratio (x1076) (x10~6)
1 1.000 2.50 © 2.12 1,000 .2.50 . 2.12
2. 1.044 2.91 2.13 1.042 2.85 - 2,12
3 1.112 3.68 2.16 "1.105 3.43 | 2.13
4 1.182 4.66  2.20 ~1.165 4.06 2.13
5 1.255 5.81  2.23 1.224 4.71 2.13
67" 1.314- . 7.10 2.28 1.277 5.36 . 2.14
B ©1.4337 1010 . 2,35  1.374 6.70 2,14
10 1.543. 13,63 . 2.41 . . 1,458 “8.04 - 2714
12 1.645 17.76  2.47 1.534 9.39 2.14
15 - 1.784 24.8 2.54 1.636 11.42 2.14
20 7 1.996 38.6 2.64 1.782  14.8. 2.15
257 7 © 2,183 .. 55.2 2.72 1.908 18.2 2.15
30 2.356 77405 . 2.78 , 24020 . 21.6~ .°.".2,1% *
40 . 2.668 120.8 "2.89 7 2,212 28.3 2.15
2.97 2.375  35.0

50 2.946

176.5

3adapted from Schachman (1959)-.

and oblate e111p501ds of revolutlon are a/b and b/a,

The axial ratios of prolate

respectlvely, where a is the sem1ax1s of revolution and b

is the equatorlal semiaxis. -

from the equations. of Perrln (1936)

C .

vy is the shape component of
cOrresponds-to-the intrinsic

is expressed as volume fraction (Simha, 1940).

‘ . ‘ ‘ . *
".bf/fo is the frictional ratlo due to asymmetry, caldﬁlated

the viscosity increment and
v1sc031ty when concentrag&on

.ds is the combined parameteq of Scheraga and Mandelkein
(1953), defined in Equation 6. '

o
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eilapsplds have been derlved (Slmha,”1940) {see’; Table«I)

It should be noted that v1sc051ty is 1nherently mOre‘ SRR

sensxtlve to changes in. shape than f7‘m1n because it is a
functlon of the molecular volume rather than of the

radlus. Intr1n51c v1scos1ty values typlcally .range from 3- 5

- e

ml/g for globular protelns to over 200 ml/g for protelns

”

llke my051n (Tanford 1961)
. Obv1ously,.both shape and hydratlon parameters cannoct

be unlquely determlned £rom’ a 51ngle type of experlment.

-

However, v1sc051ty data can be cOmblned w1th f/f

4

measurements to solve for both w and the shape factor~

mln

(Oncley, .1941). Alternatively, the value of w is often:

, estlmated from the amlno acld compos1t16n ‘OF an average

proteln value is used Typical. hydratlon values, determlned

by such methods as NMR, calorlmetry, and 1sop1est1c ’
measurements, are. usually about 0 3 -0.4 g water/g protein
(Kuntz ~and Kauzmann, 1974) ~ As expected, some varlablllty
l1n W determlned by these technlques is observed, 51dgr
different methods are ‘no, doubt sens1t1ve to Varylng degrees
| of*hydratlogs In any case, detalled structural anferences
based on assumed values of w are subject to, conSLderable ;

@ . o
uncertainty. ' : R -

Some investigators have‘criticized'the whole ‘approach -

of separating shape and hydration factors, noting that the

effective.hydrodynamic volume of a protein need not

-

" -
s c‘”@.
~
. 2
L



_: the amount of water bound.a Indeed, non—ldeal SOIvent-solutef

,_1nteractlons might . be- expected toﬁlnvalldate thls common

.‘assumptlon. For thlS reason,\Scheraga and" Mandelkern (1953)

proposed that- experlmental quantltles be used to ellmlnatel

&

. the exp11c1t hydratlon and v terms. They comblned
. sedlmentatlon and v1sc051ty data to descrlbe a qew parameter
(8) whlch is a functlon of the axial ratlo only. -

T 8= /(16,200 12)11/3,1/3 yegpg , [6]

where N 1s Avogadro s number, v is the experlmental

L

fv1sc051ty¢1ncrement and. f/fmln 1s ‘the" observed frlctlonal
ratlo. The value of 8, which" 1s typ1cally about 2 15 x 106
\for the average ‘globular protein, varies only sllghtly with
: ax1al ratio for prolate‘elllpSOLds and practically not at
'all for oblate e111p501ds (see Table I).

It is lnterestlng to evaluate predlctlons based on
”hydrodynamlc methods using protexns whose structures have

been determlned by qther teehnlques. »With'electron

mlcroscopy'as a'standard "Eriokson'(1982) concluded that ~

"Strlct 1nterpretatlon of hydrodynamlc results can lead to

serious overestlmatlon*of ax1al ratlos when average,
hydration values (~0.3 g/g) are used, Squ;regand.Hlmmel
(1979) compared hydrodynamic and X-ray structural‘data.for”

!

>
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_ 21 protelns and’ calculated an” average hydratxon bf 0. 53
0 26 g/g It can. be argued that’ these hxgher values of
‘ "hydrat1on ‘are actually just correlatlon coeff1c1ents
relatlng the two structural methods. As such ~they would T
1nclude not only the effects of bound water, but also those
of surface 1rregular1t1es and any def1c1enc1es in the model
used. It is- clear from. studles like these that a. seml-
_emplrlcal approach, in whlch the. protexn in. questlon is’
”compared to ;hown«brotelns with s1m11ar phy51cal properties,
is the safest way in- whlch to 1nterpret hydrodynamlc data.

&

'E. AIM OF THE PROJECT -

Structural knowledge of troponin and"itsASubunits“is .
vital to a complete understandlng of thin fllament K \
regulatlon.v Although this knowledge could probably best*be
_obtalned from a complete Xiray crystallographic
1nvestlgat10n, the prospects ‘for such an analy51s are not
h'good due to the practlcal dlfflcultles 1nvolved in working
w1th these protelns. TN I and TN-T, in, partlcular, are
relatlvely difficult to purlfy and are only reluctantly
solublllaed in non—denaturlng medla._ For-thls reason, a
progect was undertaken to examlne the structures of these-
regulatory proteins in solutlon u51ng hydrodynamlc
technlques. ‘The choice of bovine cardlae, as opposed to

skeletal, troponln 1s a reflectlon of our yecent interest in

v
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»this'mustle'systen; Much of the‘current 1nformat10n about
the phys1co—chem1cal propertles of the bov1ne cardlac
4prote1ns has been obtalned 1n our laboratory (Burtnlck
'1977 Hlncke, 1981). The present pro;ect is, in a sense, a

. continuation of this pioneeringtwork

Research for thls the51s fell naturally 1nto three

separate categorles. In1t1ally, the hydrodynamlc propertles

of natlve, undlssociated troponln were examlned (Chapter
'III)._ This was followed by a 51m11ar 1nvestlgatlon of the

1nd1v1dual troponin subunlts (Chapters IV-VI). Flnally,

K

ythls apgzoach was extended to the: characterlzatlon of blnary4

and- ternary complexes of the subunlts (Chapter VII) Most
~of the materlal presented in this the51s has elther been

- » v [
publlshed or accepted for publication (Byersset aléﬁ 1979;

Byers and Kay, 1982 a, b,c) S ' oy
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CHAPTER II o .

EXPERIMENTAL PROCEDUR?SA

A. PROTEIN PREPARATIQN

1. Purification of Troponln and 1ts Subunlts .

The startlng mater1a1 for all preparative work was
crude cardlac ‘troponin (37- 55% ammonlum sulfate fract1on)

1solated elther by the-LiCl"’ extractlon procedure of Tsuku1.‘
7

and Ebashl (1973) or by the mus le powder method (Murray and

’jKay, 1971) Modlflcat;ons 1ntroduced by Burtnlck (1977)

-lyophlllzed.

o were 1ncluded in these procedures and both methods ylelded

: flnal products of equal- purlty ‘ - L

2

Natlve cardlac troponln was purlfled using a 51ngle
ion—exchange chromatography step. Crude troponln dialyzed

vs 20 mM Tris-Cl, 0.5 mM DTT (pH 7.8) was centrlfuged to

'remove any preclpltate and applled to a DEAE -Sephacel column

'equlllbrated w1th the same buffer. The column was elkuted.

with a linear 0-0. 4 M KCl gradlent 1n Zo»mM Trls—Cl 0.5 mM
DTT (pH 7 8). Fractlons contalnlng troponln were pooled,

dlalyzed extensxvely vs' 20 mM_NH4HC03, 0.1 mM DTT and

4°C.

35



- . -~ v
B . - . . . . ’
-

. Ind1v1dual subunlts were 1solated from crude troponln

“d

'by DEAE Sephadex A25 chromatography 1n ﬁ M urea-as
previously descrlbed (Burtnlck ‘et al., 19759) - TN-C was
‘further purlfled by 1on—exchange chromatography on DEAE- o
Sephadex (Hlncke, 1981) while CM-Sephadex chrOmatography in

6 M urea was used to separately purify TN—I (Burtnlck et

Yo'l
Al . FY s,

al., 1975b) and TN- T (Burtnick et al., 1976). Thésé

chromatography steps were occaslonally repeated to 1mprove

b ~

purlty. . .

\ Alternatlvely, TN-T and . TN-I were purlfled by
hydroxylapatlte chromatography. Lyophlllzed proteln was
dlssolved 1n and dlalyzed vsS.6 M urea, 0.1 M NaCl l'mM Na-
phosphate, 0 5 mM DTT (pH 7) Thls materlal was applled to.
a Blogel HTP column equlllbrated with the startlng buffer.,
The column was eluted w1th a. llnqer 1-200 mM (for TN-T) or
1-120 M (for TN-I) Na-phoSphate gradlent at 20°C. The

approprlate fractlons .were pooled desalted on a Blogel P2

column}(loo x 5 cm) in 2% formlc acid and lyophlllzed.i The

Biogel HTP column was regenerated 1n 51tu by washlng with
A

. several column volumes of 6 M urea, l M NaCl 0.4 M Na-
phosphate followed by the starthg buffer.

: Carboxamldomethylated TN I (CMC -TN~I) was prepared from"

—
~

cardlac TN—I and 1odoacetam1de by the method of Hlncke et
al. (1979). Amlno ac1d analy51s revealed essentlally o
complete modlflcatlon of both cystelne res1dues.

. . ! N

%
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2. Preparatlon of Analytlcal Samples

All analyt1ca1 experlments were performed in a buffer
system.. con51st1ng.of 50 mM MOPS, 1 mM EGTA, l or 2 mM DTT
" and either KCl (KMED buffer) or NaCl (NMED buffer). The
salt concentratlon :s—;pec1f1ed before the buffer
abbrev1at10n, i.e. 0.2°M NMED buffer contalns 0.2 M NaCl.
Unless otherw1se 1nd1cated, all experlments were conducted
at pH 7.2 and buffers representing the "plus Ca2+“ state

also contained 2 mM CaClz.(about 1l mM free Ca2+). “All

analytical solvents were millipored (0.8 u*filter)‘priorvto '

use.
The more soluble protelns (natlve troponln and TN- C)
were dissolved dlrectly 1n the’ analytlcal solvent. -and
vdlalyzed at least 24 h at 4°C. On the other hand TN -I and
TN-T were 1n1t1ally dlssolved in 6 M urea, 0. 5 M NMED and
/dlalyzed vs the- analytlcal buffer at 4°C. -Due to the

susceptlblllty of TN-I and TN -T to proteolytlc degradatlon,

only buffers contalnlng NaCl were used for these protelns so -

that samples could be analyzed by SDS polyacrylamlde gel
electrophore51s following selécted experlments.
All analytlcal samples were clarlfled by centrlfugatlon

~on a Beckman Model L centrlfuge (20 mln, 50, 000 g).

- 37
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B." ABSORBANCE spEcmRoPsoTOMETRY]ﬁ;

Proteln concentratlons were determlned.uslng a Cary
‘.118C recordlngkspectrophotometer wlth quartap;uvettes (0 2—
- 1. 0 cm. pathlength) { Spectra .were recorded between 250 nm
.and 320 nm for thls purpose but no attempt was made to |
vcorrect for llgh9 scatterlng unless thls effect was unduly
large. Absorbance measurements were done as soon as. -
'poss1ble after dlalySLs in order to m1n1mlze the absorbance'u
,errors resultlng from’any 1ncreased ox1dat10n of DTT in. the
proteln sample relatlve to the dlalyzate. Routine |
absorbance measurements ‘were. performed using a Gilford 240
spectrophotometer.

»

C.  SDS POLYACRYLAMIDE GEL‘ELECTROPHORESIS

Standard methodology was employed for SDS gel .analysis
of proteln camposition (Shaplro et al., 1967; Weber and
Osborn, 1969). Protein samples Were dlssolved 1n 2% SDS
contalnlng 10 mM DTT and heated for 5 min in a boillng water

Gt .
bath. Bromophenol Blue (a dye marker) and urea (to increase

the den31ty) were also added to the samples.
ElectrophOresislwas,performed on 10 orh15% polyacrylamide
gels for 3f5 h at'6 mamp/tube. The gels were stained with

Cooma551e Brilliant Blue for 30 m1n,and destained in several

changes of 7 5% methanol, 7% acetic acid (byvvolume);t Thé\\



39

o x
: gels were scanned_ at 600 nm on a Gllford 250
Spectrophotometer equlpped with a Gllford Llnear Transport 2
Scanner. The record;ngs were photocopLed onto heav1er paper
’and the peaks were cut out. and welghed to determlne relative

'S

quantltles of the troponln subunlts.

D. ULTRACGENTRIFUGAL ANALYSES

Ultracentrlfugal studles were performed. at 20°C in a
Beckman Splnco Model E analytlcal ultracentrifuge equ1pped
with an RTIC temperature -control unit and electronlc speed
control. Raylelgh 1nterference and schl1eren optlcs were
4 employed for most investigations although the photoelectrlc
scanner was also used for prellmlnary work. Optical-
alignment and focu551ng was carried out accord1ng to
manufacturer s 1nstruct10ns and sapphlre w1ndows were used

in all exper iments.

1. SedimentatiOn Velocity

Sedlmentatlon coeff1c1ents were measured at 60,000 rpm
'from schlleren photographs taken at constant tlme
intervals. Alumlnum synthetic—boundary or charcoal filled
Epon centerpleces (12 or 30 mm) were used for these
experlments. In studies de51gned to examine the effect of
Ca2+ on. natlve troponln or TN-C data were collected for

both plus and minus ca2+ states.in a 51ngle run u51ng two
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_cells'and ale° positive-wedgefwindow. ‘These sanples were -

‘Vprepared by adding small allquots of water or 0.2 M CaC12 to

]the protein solution immediately prior to the run.

Sedlmentatlon coeff1c1ents (s) were calculated by

._measurlng the dlstance (ry between the center of rotatlon
»and the maxxmum ordlnate of the schl1eren gradlent as a

functlon of time (t) accord1ng to:

-

§ = (Lz)(d 1n vr)'

' . (7}
¥ ’ ¥ ) (.l)," dt

A_where w is the angular veloc1ty in radians. per second. . The
value of .s, expressed in Svedberg unlts (l s = 10"l3 s) was
catculated from the slope of a In r vs t plot and was then
corrected to the standard condltlons of water at 20°C

(Svedberg and Pedersen, 1940) by-'

N no_ (l'— 5\0201wij
20°w MW 1 -7 o, 8
.twhere (“T/héd)w is theﬁratiq'ef the viscosity of‘water at
the‘experimental temberature (T) to that at ZO;C, (m/nw)T is
”the viscosity correction factor of the solvent relative to
water at the temperature, T, 920 w 1s the den51ty of water
at 20 Cr prp 'is the. den51ty of the solvent at T°C, and |

V is the partlal specific volume of- the protein,- Viscosity

.

and density values used in sedimentation calculations were
- . s.._, * ~
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‘either measured experimentally or taken from the Handbook of

~ -

Chemistry and Physics. : . o o

The Stokes radius (RS sed) of an unknown préotein was’

' calculated from the extrapolated value of/ﬁzo w at 1nfin1te

dilution (520 w) oy the relationsh1p~

Reysed = Mr(l =~ To)/(6N 1 n 530, )N (9]

~

.where M, is the molecular weight, v 1s the partial speciflc

-~

VOlume, p is the solvent den51ty, N is Avogadro S number,

anf n, is the solvent v1scos1ty in p01se.
Schlieren peaks were 1ntegrated by tracing magnified

(10x) photographic 1mages from the microcomparator onto

paper; the peaks were then cut out,and ‘weighed. . —

: » : o . :
2. Sedimentation Equilibrium

Welght average molecular weights were measured using
either meniscus depletion (thantis, 1964) or conventional
low-speed (Richards et al., 1968) sedlmentatlon equilibrium
techniques. Double- sector charcoal fllled Epon centerpieces
(12 mm) and Raylelgh interference optics were employed in

these experlments. Equilibrium photos were'taken at

 periodic. intervals after 20 h until no further change was . -

& ." o . o ‘
apparent. Following certain experiments, the integrity of -

the protein sample was checked by SDS polyacrylamide gel

41
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electrophore51s.and the effect1ve DTT concentratlon was
determ1ned by the procedure of Ellman»(1959);' |
Menlscus depletlon experlments were carrled out

accordind to the ba51c methodology rev1ewed by Teller (1973)
. on samples with proteln concentrations less than 1l mg/mi.
Optlmal rotor speeds were selected from graphlcal data

(Teller, 19¥3) and no attempt was made to decrease the time
required to reach equlllbrlum by overspeedlng. |

Periodically, baseline linearity of'the'interference fringe
_pattern was checked follow1ng an experlment by performlng a
separate run (l 400 rpm, 30 mln) after shaklng the rotor in
order to destroy thermal and concentratlon gradlents in the
cell (Teller, 1973).: |

Proteln samples for conventlonal equlllbrlum

experlments ‘were - dlalyzed at least 48 h at 4°C to ensure
;complete equilibration (Casassa and Elsenberg, 1964). -
Initial protein concentrations (c ) of‘these samples were i&
determlned in dupllcate using synthetlc boundary runs
(Rlchards et al., 1968) - In this procedure, the dlalyzate
‘(0 40 ml) was layered onto the protein solutlon (0. 12 ml) by

centrlfugatlon at 8, 000 rpm and several photos of the l/“”':

K

RN

cboundary were taken. The number of frlnges crossed = o
horlzontally between the solvent and solution plateau
‘regions, which is dlrectly proportlonal to: the protein -

concentration, was determr&bd for each photo and back-
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'extrapolated to the beginning of'the rUn. ?gyvmolecdlar”
'welght calculatlons, Co was expressed lnllength unlts by
mult1ply1ng the frlnge count by the average vertlcal |
distance between frlnges. Equ111br1um experlments were then
performed w1th 0 l ml of the proteln solutlon,fu51ng rotor
speeds chosen from graphlcal data (Chervenka, 1969)
Equ111br1um photographs were measured manually at a.
magnlflcatron of 50x. Several vertlcal readings of fringe
displacement (y) were taken at equally-spaced horlzontal
p01nts (x), ‘Where x and y were set to zero at the

meniscus. In meniscus depletlon experlments, x-1nterVals of

4

ne. more than 100 u were used while- 1ntervals of 200 u were
employed in conventional equlllbrlum runs.. These 1ntervals
typlcally allowed the collectlon of 20 to. 40 x-y data p01nts‘
across the.cell. The horlzontal x-readlngs were converted
3.to values of radlal distance (r). using the p051t10 the
counterbalance reference hole (r = 7.28 cm) and the camera
magnlflcatlon factor.
_The apparent,weight—average molecular weight (M:5 was

calculated from the proteln concentratlon (c) as a. functlon

1,
of r accordlng to:

¥

M, (r) = [—2RT (& 1n c(r),
R TS e

[
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a
where R is- the unlversal gas constant, T 1s the experlmental
temperature (K), Vv is the partlal spec1f1c volume of the
proteln, p is the solvent density and G is the angular
veloc1ty. In meniscus ﬁeoletlon experlments, the.
'”concentruilon at. aqsiveﬂhregion in the cell 'is usually

-~
assumed to be. proportlonal towthe vertlcal fringe

_dlsplacement (y) relatlve

S
""'—-ro

the concentratlon is consrdeged;\

] the-menlscus, at which point

_ B T
& be zero due to the high-.
: Rt B~ TR i
~rotor’ speed' In practbce, the ﬂrue»menlscus concentnaE&Onﬂ .

P I

(cm ) was determlned by an 1terat1ve procé%&re (Teller,
1973), u51ng the 1n1t1al x—y data p01nts. The refined'value_
of cm' usually in the order of 5-15 u, was then ggged to the
orlglnal Yy values to give the actual concentration. For the.
calculatlon of ' Mw, all- data with y less than 100 u (~0. l
mg/ml) were dlscarded. The meniscus concentratlon for

§ oy

.conventional.equilibrium experiments was calculateéd using

the initial protein concentration (cg) by the‘equation:

2, - b 2
ry ley-c ) - Ic rl dc

Cp = S - [ —5 2m | (11]

'where.the subscripts m and b refer to~values at the cell

- meniscus and the cell bottom, respectlvely. The
-

concentratxon at. any point r was then obtained by adding the

value of Sn to the value of y at that point.

s
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,All_molecular weigbr calculations were carried out by
computer using programs Qrirten iﬁ‘the APL»language
(Wolodko, 1974)- The ln c- vs 'r2 data. were fltted to a 2nd-
degree polynomlal equatlon uslng least-squares technlques

and the p01nt average M, valuea were calculated (Equatlon d

10) from the@glope of thls equatlon.

-

Sedlmentatlon equ111br1um data were used to estimate
proteln assoc1at10n parameters for monomer—polymer and

isodesmic. indefinite types of assoc1at10n as outlined. by Van

. Holde (1975). The general monomer—polymer reaction is

-

described by:.

np

44
)

n o | [12]
Ay
where n is the degree of associationvof'the protein (P).

e assoc1at10n constant (K}) for thls re&;tlon was

calculated from the experimental weight- average molecular v

welght (M ) as a functlon of concentratlon (c), according

. to:

Q/[1-(Q/(n=1))3" = K, (n-1) e-1 [13]

where Q = (MQ/Ml) -1 and My is.the'monomer,molecular

weight., An indefinite association of the form:

45



P+P TPy (K3)
P+ Pyt Py (Xy) - [14]
i i
, P T NN (Kp)
;is cbnsidefed'to be isodesmic ifle = Ky = ... = Ky, etc.

The experimental data were treated for this type of ‘reaction

according td:

. .

o (My/Mp)2 21 = g Ky ¢ - [15]
- . ) B . r
‘ . .
If the associatiqn is idéal, a plot of the left hand ‘side of
Equation 13 or 15 vs the appropriéte concentration term on

the right hand side will be linear for'the correct model of

association’” and the value of K, can thus be determined from

the slope. ®

3. 'Extinction Coefficients

'New and altered preparative methods for cardiac

troponin subunits have beeﬁ*developed since the original .

work of Burtnick (1977). Therefore, the éxﬁiﬁéffon'
coefficients of these.proteins, and 6f natiﬁe'ﬁroponin, were
reevalﬁa;ed in order to provide a re;iable basis for
concentration determination. New Qaluesvwere established

Ll
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u51ng the refractometrlc method of Babul and Stellwagen

(1969), in which the absorbance of a proteln sample is

[
\\,ﬁ's"

4.

-correlated with its. welght concentratlon, the ‘latter

determined from synthetlc boundary exper1ments in the

ultracentrlfuge.
fringes/mg/ml was
of the method was

(rlbonuclease and

.,_coeff1C1ents were

An average refractlve increment of 4'1
used ln these ‘calculations. The accuracy
checked with etahdard proteins

BSA) and the experjmental extinction

fouhd to be within 2% of the literature

values. Theoretical extinction coeffieientS’were also

ealculated ffom the‘tyrosine'and tryptophan eontent, using

&

. c’ ’ .
molar extinction values for these amino acids in.both water

* : . v ,
and ethanol . These sbolvents were chosen to represent the
. £ » .

environments in the protein exterior and interior,

respectively, thus giving'an expected range of extinction

coefficients..

~

~

E. ANALYTICAL GEL CHROMATOGRAPHY

-

Gel filtration_experiments were performed at. room

temperature (21 *

2°C) in silicone-treated columhs packed

with either ‘Biogel a 1.5 m (100/200 mesh, BloRad) or’

Sephacryl S-300 Superflne (Pharma01a) . Column packlng was

CRC Handbook of Blochemlstry and Molecular Biolggy,

Proteins, vol.

1)

L
;

.47,



48'

»

cerried out according to manufacturer's instructions after
the gel had been ‘equilibrated with starting buffer and
degassed under vacuum. _Flow rate was haintained during all

~-

column operations with a peristaltic pump (Perista). *

Elution volumes were determined gfavimetri;eily; followed by
collection of 0.4 ml fractions inﬁthe %egiod of-interest;

. For eempies'with initial protein concentration greater than

1 mg/ml, fractions were monitored'by ebsorbance at 276 nm,
while the'dyeﬁbihainélassay ;%>Bredferd (1976) was used for
more dilute samples. “

Gel filtraiionjeoiumns ;ere ealibrated‘with respect to
Stokes.radius (Rs) using protein:stahdards‘chqsenﬁffom the
following liSt:‘"s—gaiactosiaeSe, 69 A (de Riel and Paulus,
1978); eataiase,‘52'A (Siegel endknpnty, 1966); lactate
dehydrogenase, 41 A (de Riel ané'gaulus, 1978); BSA, 35 A °
(Siegel and-ﬁonef; i966);(ovélbumin, 28.4 5 (Henn and.
Ackers, 1969- Martenseh, l978-vPharmacia ealibration klt);

K4

a—chymotryp31nogen, 21.9 A\{»edman et al., 1977 Phgrmacia

'callbratlon kit); myongbln,"iA

Dedman et al., 1977); cytochrOme c, 17.2 A (Siegel and
Monty, 1966; Henn and_ Aeﬁbrs, 1969) In cases of
dlscrepancy between pé%lﬂ%hed R<“v’lues for a given proteln

standard, the numerlCalqaverage was used. All‘gel standards

k%

(between 4 and 9 were employed for each column) and proteln

2

]
samples were run 1nd1v1dually and elutlon volumes were
S p* L

LY

}B A (Henn and Ackers, 1969; e



reproduc1ble to within at- least 0 2 mlf\\The void volume

- (Vo) and’ total 1ncluded volume (Vep) were. ‘measured with Blue'

‘_dextran 2000 (Pharmac1a) and pota551um chromate,‘ ‘s_;

respect1vely. Elutlon volumes (V ) were estlmated by¢

1nterpolat10n of the peak p051t10n (Andrews, 1965) and were
.

used to calculate the partltlon coefficient (o) by the

relatlonéhlp-
o= (Vg = Vg)/(Vp = V) | g)" - Iis]

The Stokes radlus of an unknown- proteln sample (Rs gel)
[ 4

was then calcdlated from a standard curve of log Rg vs o

Y

(Siegel and Monty, 1966). ifl
In reconstltutlon experlments, column frattlons were_ i

analyzed for troponln subunit comp031tlon u51ng SDS

polyacrylamlde gel electrophores1s. Pooled fractlons were

- treated with an’ equal volume of 20% %Tlchloroacetic ac1d and

centrifuged. - The prec1p1tated proteln was: dlssolved 1n 100-

200 ul.of 2% SDS, 50 mM unbuffered Trls( 10 mM DTT and

prepared for electrophoresfs as described earlier. ;u ﬂ_

©

F. BENSITY MEASUREMENTS - | . S

Partlal spe01f1c volumes of native troponln and TN- C

-

" were determlned from prec151on den31ty measurements



)

'performed at 20°C uSLng a dlgltal denSLty meter of the
;mechanlcal osc1llator type (Kratky et al., 1973). Thls

1nstrument con51sted of a proce551ng unlt and ‘an external -

o measurlng ‘cell (Anton Paar DMA 60 and DMA 601,

respectlvely). Prlor to dens1ty measurements, the cell was

cleaned w1bh a solutlon of 3N HCl/SO% ethanol, rlnsed ‘with
-water and methanol and flnally alr—drled; Proteln samples
) ifor these experlments were- exten31vely dlalyzed for at least-
1_ 48 h.

| ,‘The period’or'oscillation (T) of the vibrating‘cell was
measured for at least 20 'min following the 1n]ectron of
hbsolvent or sample (l 0 ml) | Ind1v1dual readlngs of T, each
_-one displayed after 20 000 osc1llat10ns (about 70 s), were
laveraged.ﬁ The dens1ty dlfference (p2 - pl) between two
arbltrary solutlons is related to the dlfference in the

S

- measured - t1me ‘periods by the equatlon-

/ B . :

ey = ey = AETy? - Ty [17]

where A is‘a constant.i The value of A was establlshed ‘

. exper1mentally u51ng dry air (p = 0.001205 g/ml) and . water

K(p:= 05998196 g/ml) and was  then used to calculate the .

"den31t1es of solvent and proteln solutlons from Equatlon 17
@ .

using the correspondlng values of T., Instrument performance

was checked w1th solutlons of sucrose and BSA~ the observed

50
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'.densitiés wereiwithin 0. 01% of expected~values in ‘each case.

Dens1ty data were used to calculate the partial

',ojspec1f1c volume (v) of the solute accordlng to:

Yoy o .
| )R (18]
f . : ‘ o -

| :
where Po and p are the dens1t1e

solutlons, respectlvely, and.c is the protein concentration

in g/ml.

. Partlal specific volumes wexe also estlmated from ‘the-

amino ac1d compositions of troponln and its subunlts as,

"described by Cohn and Edsall (1943) " For sedimentation

i

equlllbrlum experlments conducted in 6 M urea,athe value of_A

¥V Used was decreased by 0. 01 ml/g to correct for the

reduction of excluded»volume“effects in thls solvent'(kay, o

L]

. 1960).

' G. VISCOMETRY

Vlscos1ty measurements were conducted at 20°C using a
.Cannon- Mannlng sem1m1crov1scometer with a water flow. time of
about 530 si Temperature .in these experiments was |
controlled to within 0.01°C with a>viscoSity water bath
,(Scientific Development Co. ); Dust contaminatlon was

av01ded by washing the viscometer and. all sample handllng

- of the solvent and protein

51



'apparatus,‘euCh;as oipettes, cuvetteS’and'samp}eﬁtubes, with'
‘chronicmacid followed:by rinsing with water and methanol.

| In a typical experiment, measurements were'éerformed on
3 or 4 samples (0.5 ml)'obtained by‘sequential dilution of
the most concentrated aample.t Several £low t1me readlngs,,
normally reproducible to within 0.2 S, were taken for each'h B
:sample after ‘allowing about 10 min for thermal
‘eqU111brat10n.u ?heiéeduced,k1nemat1CJy15c051ty.(nrediﬁwas,'

calculated by:
Nred = (ft—to)/(t_:__gc) S [19]

where t and t are the flow tlmes of the solvent and protein
. solutlon, respectlvely, and Cc is the proteln concentration
in g/ml." In cases where,the*dependence of reduced viscosity

‘on‘protein concentration allowed a reasOnably accurate

‘.extrapolatlon of red to .;ero concentratlon, the data were ﬁ
- treated accordlng to: ‘f‘» : o R

) | ' .

Nreg = [nly *fgff“]a ¢ . 120]

N
v .

where [n]u rﬁ the uncorrected 1ntr1n51c viscosity and k' is

the dlmen510hless Hugglns coeff1c1ent._%mhe values of [nly

were-corrected for the'dlfference_ln denSity between s vent
and{protein'%olution (Tanford, 1955) to give the true '
- ) A - '

-



intrinsic 6iedesi£y'[ﬁi. This adjustment generelly emounte
to an ihcreeee.inf[n] of about 0.3 ml/g.
\ _
H. HYDRODYNAMIC ANALYSIS | o N
Many of the hydrodynamic fe;atibnships used haye

already been presented in the Introduction (Equations 1-
6). Translational frictio?Fl ratios (£/f;i,) were.
calculated frem the experimental Stokes\radii obtained by -
sedihentation velocity (Fs,sed) or geizfiltration (Rs,gel)
using Equation 2. The frictional'ratio contribution due to - .
asymmetry (£/f.) wes determined from Equation: 3. - The degree
of hydratlon (w) was estimated from the amlno acid.
composition (Kuntz and Kauzmenn, 1974), using aminq acid
hydration valﬁeS'deﬁermined from NMR‘measufements on frozén
solutions. No correction was made to account for the
expected relati#e exposure of each type of amino acid on-the
proeein surface.(Chothia, 1975). The estimated hydration
values werevalso used to calculate the shape factor (va)
from the intrinsic v1sc081ty (Equatlon 5).

‘ Axlal ratléé for both prolate and oblate e111p801ds
were 1nterpolated from f/f, and vy values using Table I.
This tabulated data is based on equatlon; for the frictional
re51stance experlenced by e111p301ds of revolution ' *

.undergoing’ translatlonal.(Perrln, 1936), or rotat;onal)

(Simha, 1940) motion in solution. Additional comgg;i§on was

’
3
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made by using the Seheraga-MandeLkern 5}fuhction {(8cheraga
and Mandelkern, 19535 defihqd’ih Equétioh 6 (see Table I).

-In favourable cases, unhydrated protein dimensions were

' predicted from axial ratio’ values using prolate and oblate

models. The maximum-digensidn (length or widthx for an
ellipsoid was evaluated from: ' ‘ '
length (prolate) jyd

1

width (oblate)

where ry ‘is the ratio of _thé longest axis to the

ihtefmediate axis and r2AiS'fhe ratio of the intermediate

a » [

axis to the. shortest aXiq. For a prolate ellipsoid, ry is
the axial ratio and r, is unity, while for an dblate

ellipsoid, r; is the axial ratio and r; is unity.

. . -~
‘ /

I. MISCELLANEOUS METHODS
, i

The follow1ng methods were- used to compare the quallty

of protein preparatlons to. publlshed standards. The reader

. is referred to more detailed accounts bf the procedures

»

employed.
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a Cary 60 record&ng spectropolarlmeter with a- Cary 6001

included to 11m1t tyrosine degradation.
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1. Clrcular Dichroism

Circular dlchr01sm measurements were carrled out using

c1rcular dichroism attachment, as. descrlbed by, Olkawa et al.
(1968) The_far ultrav1olet region (200—250‘nm),was_used
exclusively in{these studies. The mean residue ellipticity

({ely), at a given wavelength (x) was @alculated from the

-

equation:

8 psMRW o
(g1, = ——— - [22]
. .100 1 ¢ ' :

- -

~

where eobs is the observed ellipticity at the wavelength
(x), MRW is the mean re51due welght (assumed to be 115 in

’these studles), 1 1s the cell. pathlength in dm and ¢ is the

proteln concentratlon ‘in g/ml.

2. Amino Acid Analysis -

ot

Amino acid analySes were performed as described by.
Moore and Stein (1963) using a Durrum DSOO or D502 (Dionex)

automated amino acid analyzer. Samples were hydrolyzed for

at ‘least 24 h. in constant- -boiling 6N HCl w1th 1% phenol

3. Biological Activity Assays

lThelbiological activity of native troponin was checked

using a synthetic. cardiac actomyosin assay system as
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'outllned by Burtnlck et al (1975b5 This assay system
v_contalned 750 ug synthetlc actomy051n and 50 ug tropomy051n
lln 2.5 mM ATP, 2. 5 mM MgClz, 25 mM Trls -C1, and 1 'mM EGTA

| (pH 8). The hydroly51s of ATP was followed by monltorlng
the release of 1norgan1c phosphate (Flske and SubbaRow,

1925).



CHAPTER 1III

HYDRODYNAMIC PROPERTIES OF NATIVE TROPONIN

A. RESULTS

1. Preparation of Troponin‘ |

The 37?55%‘ammonium sulfate'fractlgn obtained from a
LiCl extraction of bovine cardlac muscle (Tsukui and: Ebashl,
1973) consxsts prlmarlly of the three troponln subunlts, as
‘demonstrated by SDS. polyacrylamlde gel electrophore51s
(Burtnlck 1977). However, there are also a large number of
minor proteins present'thcthlght be expected to interfere
" with a biophysical investigation. Thus, it was considered
necessary to further purify natlve cardlac troponln,
preferably without dlsruptlng,lnteractlons within the
complex.-‘This was achieueo by ion-erchange chromatography
L;on,DEAE—Sephacel (Figureﬁ?): troponin eluted in a,sharpg
peak at a KCl concentration of about 0.3 M at pH. 7.8. SDS
gels' of this material revealed essentially three major |

- ’
components (Figure 7, inset), corresponding in migration to
the subunits of cardlac troponln (Burtnlck 1977). A faint
protein band of apparent molecular welght 23 000 was also
.

1nvar1ably presgnt den51tometrlc scans of SDS gels

indicated that this component represents less than 3% of the
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Figure 7. Purification of tropbnin on DgAE—Sephacel,. Crude
troponin (1.1 g) in 20 mM Tris-Cl, 0.5 mM DTT at PH 7.8 was
appliéd"to the column (30 x 3 ém) and. eluted with a linear
0-0.4 M KCl gradient (1 litre total). The flow rate was 50
ml/h and 6 ml fractions were‘colleétedQ_ The yield of .
lyophilized'troponin_was 270 mg. Inset: SDS,polyacrylamide
gel of the major fraction. L S

[Kciim) (---)
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total protein. Attempts to remove thfs'impurity hy eithen‘
gel'filtration'or'hydroxylapatlteichromatography in non— o
thaturing solvents were unsﬁcoessful, suggestihg that this
comﬁonent is tightly bound to troponin.

- Cardiac troponin purlfled in thls manner was stable for
several days in solution at 20°C and for at least 3 years in
lyophilized form at -20°C. ‘The average elllpt1c1ty (222 nm)
of this material was -14, 000‘deg cm? dmol'l, similar to

IS

values reported from other circular dichroism studles w1th-
v
native (Lin and Cassim, 1978) andﬂreconst1tuted (Burtnlck

and Kay, 1976) cardiac troponin. The amino a01d com9051t10n'

(see Chapter vII, Table V) was also conSLStent w1th expected

A .

valpes (Burtnick, 1977; Lin and Ca551m@n1978)., Addition of

troponin (200 ug) to a bielogical assay system'cohsistihg of

750 ug synthetic cardiac actomyosin and 50 ug tropomyosin

resulted infSO% inhibition of ATP hydrolysis in the absence

r

of Ca?*.< The inhibition which is similar to that reported
‘

earlier with"reconstituted cardiac troponin (Hincke et al.,
1977), was almost fully (96%) reversed by addlng 2 mM

ca?t, _ The extlnctlon coeff1c1ent for a 1% solutlon of _
troponln in a 1 cm pathlength cell at 277 nm (El% rl cm) was

277
4 t 0.1 (average of 13 samples), determ1ned by = ™.

4 e

4

.
rd

: refractometry in the’ ultracentr1fuge. This value 1s in good

Y

agreement with the range of values calculated from the

aromatic amino acid content, 3.8 (in water) %p 4.4_(in'
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ethanol), assuming 10 tyrosine'and 3 tryptophan residues per

molecule (Burtnick, 1977). , v

2. Partial Specific Volume

The partial specific‘volume (6) of native troponin was
determined from’precision density measuremehts of
rigofously—dialyzed'protein solutions. No.dependence of v
on protein concentratlon was observed.‘ The valﬁe of v for
troponin in 0. 2 M KMED (pH 7.2), in the absence of Ca2+, was
0.710 % 0, 002 ml/g (average of 9 samples) There.was no
significant change in ¢ (0.708 * 0.0Ql m}/g; 3 samples) when

2 mM Ca2t was present .in the solution.

3. Moleeuiar‘Weighf

Conventional and meniscus depletiohfsedimentation
equilibrium techniques wefe used'to examinexthe molecular
weight behaviour of native troponin (Figure 8). The
appafent weight—average molecular weight (M) of.troponin‘in
0.2 M KMED (PH 7.2) increased as a function of protein '
conecentration, varying from about 100,000 to 300,000 over
‘ﬁhe concentfation range ekamined. The limiting value of M.,
(8d, 000), obtained by extrapolation @b zero proteln
concentratldn, is 1ndlst1ngu1shable from the.comblne&
molecular weights of the cardiae troponin subunits
(78,000). The M,, data ‘were sen51tive to’ rotqr speed and

initial loadlng concentratlon as the results from different

‘
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Figure 8. Effect of pfbtein‘concentration on the molecular
weight ‘of troponin. Cbnﬁentional and meniscus depletion
sedimentation‘equi;ibrium experimeq;s were performed on
samples of troponin in 0.2 M KMED or 0.5 M NMED at pH 7.2.
Most runs were recorded with interference optics although
two scanner experiments in 0.2 M KMED (- _Ca‘ +) are also.
included (+fx). The solid lines were visually drawn,&hrough
the data. In1t1al protein concentratlons and equ111br1um '
rotor speeds were ™ 57@®) 0. 58 mg/ml, 16,000 rpm; (O,m) 1. 1
mg/ml, 14,000 rpm; (4) 2.53 mg/ml 3,600 rpm; (A) 2.78 .
mg/ml, 3,600 rpm; (+) 1.35 mg/ml, 4, 800 rpm; (x) 2.0 mg/ml,
4,800 rpm; (v) 0.98 mg/ml, 17,000 rpm; (&) 2.8 mg/ml, 4,800
rpm. Open symbols: - Ca2+, closeq symbols: -+ 2 mM caZ<t,
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experiments did not alwavs 0verlap'completely Thus, the .
51gn1f1cance of the sllght decrease in M observed when 2 mM
Ca2+ was added (Flgure 8) is questlonable. Increa81ng the
ionic strength of the solvent (0.5 M NMED) reduced the.
degree- of aggregatlon of troponin but d1d not appear to
alter the limiting value of My at low concentration (Flgureh
8). ‘. | . ‘ |

.

¢

4. Sedimentation Velocity

Schlleren photographs of troponln in 0.2 M KMED (pH

7 2) did not exhibit a SLngle, symmetrlcal peak but rather a

bimodal boundary con51st1ng of a major lead1ng peak and a
smaller tra111ng peak or shoulder (Flgure 9, inset).
Integratlon of the schlleren boundary revealed that the size
of the leadlng peak increases w1th total protein.
concentratlon while that of the slower component remains
relatlvely constant (Flgure 9).

The effect of varying protein concentration on the
sedimentation coeff1c1ents (520 w) of the two peaks is shown
in Flgure 10. The value of S20,w for the major peak
decreased dramatlcally at troponin concentratlons below 2
mg/ml, whereas S20,w for the tralllng peak was. more or less
independent of concentration. The‘small'size of this
.shoulder made accurate est1mat1on of S0, w dlfflcult, but
least squares treatment of the data gave an intrinsic value

(s30,w) of 3.5-4.0 S. Addition of 2 mM Ca2* to troponin in
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Figure 9. Integratlon of schlleren pegks for: troponln in

0.2 M KMED (- Ca2+) at pH 7.2. Traced peaks from photos

taken at 50 min were weighed to determine relatlve areas.
(———), total area- ===}, area of tralllng peak Inset:

'schlleren photggraph of troponin (4. 1 mg/ml, - Ca2+) taken
at 50 m1n. ) : R

- ' /

)
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.Figufé 10. 'Effect of proteln concentratlon on the
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sedimentation coefflg%ent of - troponln. Troponln samples
(0.5 ml) in 0.2 M KMED -(pH 7.2) were sed;mented at 60,000
rpm and: schlleren photos were taken at 16 min intervals.
Double seétor cells of .width 12 mm were used except at the -
two . lowest proteln concentratlons (30 mm cells). Ca2+-.
concentrations were: ° (O) no Ca2+, (0)-2 mM Calt, i

- 4 . . g
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0.2 M KMED resulted in a small but deflnlte decrease in
520 w for the major component but no 51gn1f1cant effect was -
noted for the tralllng peak (Flgure 10)

The sedlmentatlon veloc1ty behaylour of troponln was
also sensitive to the ionic strength, pH and temperature of
.the solvent, as 1nd1cated in Table Iva The relatlve
magnitude of the trailing‘peak became more prominent‘with
1ncrea51ng PH and KCl concentratlon, while: $20,w for the
ma]or ‘peak was reduced. The sedlmentatlon coefficient of
troponln_was also decreased when the temperature was'lowered
to 4°C, although a. detailed comparison is perhaps
unjustlfled because of the lérge temperature correctlons

‘ required to calculate 520 W from runs at 4°C.-

A4

5. AnalyticalaGel Chromatography

Due to the apparent tendency of cardiac troponin to
aggregate, gel flltratlon was used to study the- phy51cal
propertles at very low proteln concentratlons. Figure 11.

illustrates a representatlve Sephacryl S5-300 callbratlon

i

curve constructed w1th globular proteins of known’ Stokesv
rad11. Tropontn in 0.2 M KMED (pH 7. 2) eluted 1n a 51ngle,

symmetrlcal peak and the apparent Stokes radlus (Rg, gel)

'1ncreased with. the concentration of the applled sample

(flgure 12). Thls observatlon suggests that ‘troponin .

i _

undergoes a concentration-dependent aggregation. The

11m1t1ng va&ue of RS gef was about 52 A, estimated from runs

: £y
P .
n:;‘.'l-j-. . . ol



TABLE II: EFFECTS. OF pH, IONIC STRENGTH AND TEMPERATURE ON

‘THE ‘SEDIMENTATION COEFFICIENT (LEADING PEAK) OF

TROPONIN2

"Buffer (- C62+) i. IR .,Szo;Q (8)

0.2 M KMED (pH 7:2) A 7,66‘1 '
0.2 M _KMED (pH 6.7) | o 7.65

0.2 M KMED (pH 7.7) - 6.77 N
0 M KMED (pH 7.2)P 7}58 s
0.5 M KMED (pH 7.2) . . 5.30

1.0 M RMED (pH'7,2).H ' 5.30 !

'd.Z,M KMED:(pﬁ77;2)c : | 6.53

aThese experlments were done as descrlbed in the text and in
the legend to Figure 10. Proteln concentratlons were 4 3—
4.5 mg/ml. - o

é

.bThe concentration refers to KC1, all other buffer.
components being censtant. : T .

cThis-experi_ment was pérformed at 4°C,.

-
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':'Figufe 1ll. Calibration curve of standard - protelns on

‘ WSephacryl S-300. Ssamples (300 ul) in 0.2 M KMED (pH /1+2) »
were applied to. a 74 x 1.1 cm column. Flow rate was 15 ml/h_'
‘ and 0.4 ml fractlons were collected. Partltlon coeff1c1ent51

(a) w@re calculated from the - peak\elutlon volumes.

j
p
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Figure 12. Effect of protein concentratlon on the apparent

Stokes radius of troponln. "Two types of gel flltratlon
columns were used: (a) Sephacryl S- 300 (74 x 1.1 cm) in 0.2
M (0O) or 0. 5 M (O) KMED (pH .7. 2) Flow rate: 15 ml/h,i (b)
»Blogel A l 5m (55 x 0.9 cm) in 0. 2 M KMED at pH'7,2' 4
(A,A), Flow,rate: 6 ml/h. Samples (300 ul) at,thef
-COncentratibns indicated were applied'and,0.4 ml fractions
were collected. Ca®* concentrations were: (0,0,4) no Ca2*,
(&) 2 mM ca2+, -

g
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‘with vefy dilute Samples (<5 pg/ml)-. k The presence of 2 mM
dCa2+ had ‘no apprec1able effect on the elutlon propertles of
’elther the protein standards or troponln samples in 0. 2 M
KMED. In 0.5 M KMED, the‘dependénce of Rs,gel' n sample
concentration was.decreaSed,,although no apparent change in
thé‘1imi;inglnsrgel_Valuefwas observed (Figure 12).

.

»

6. Vlsc031tx
The reduced“v1scosxty (“red) of troponln in 0 2 M KMED

(pH 7.2) exhlblted a marked biphasic dependence on proteln“

~A‘

'concentratlon,(Flgure:l3), behaviour not _typical of normal'
monomerlc protelns.'Nnr;d éould not be accurately measured
" at concentratlons below 0. 5 mg/ml because of the 1ncreased
experlmental error in dilute solutions., However, the

intrinsic viscoSity'of troponin appeafed to be around 10

; ) e
ml/g. cadt produced no significant change in the values of

(

-

Nred-

B. DISCUSSION

Wheréas poth‘skeletal and cardiac troponin subdnits_
have’ been fairly well- charapterlzed, relatlvely little
attentlon ‘has been directed towards the parent molecule-
the native troponin complex. Thls neglect has undoubtedly

resugted from the dlfflculty in ach1ev1ng clean

preparatlons, free of endogenous proteases, wlthout
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‘resorting to denaturing conditions.\ The situation is
_ partlcularly grlm with respect to cardiac muscle'because of
the high proteolytlc activity and large number of
contaminantsfpresent in‘this tiSsue (Tsukui and Ebashi,
1973). 'Cardiac troponin purifiedlueing<the present‘
methodology (Figure 7)'is at ‘least as pure as other reported
preparatlons (Brekke and Greaser, 1976- Stull'anduBuss,
1977; Lin and Cassim, \1978; Potter, 1982). The only
51gn1£1cant 1mpur1ty not removed, a tenacious protein of
‘apparent molecular welght 23 000, has also been observed by
other workers. It has been attrlbuted to a degradatlon
'product of TN-T (Ebashi et al., 1974b) or to an .
lntramolecular disulfide-linked form of TN-I (Brekke and
Greaser; 1976) | \

The detalled hydrodynamlc ‘investigation f,any protein

_requires an accurate knowledge of its partial spec
volume. Errors in the estlmatlon of ¥ are magnlfled

substantlally in the calculation of molecular welghts and

hydrodynamlc parameters.' In many cases V is calculated from'

the amino -acid comp051tlon (Cohn and Edsall, 1943), w1th the
assumption that.the amino acid specific volumes are |
additive. Although this approach generally gives good
results, and is certainly easier than;experlmental -
‘measurement, ii ignores the dependence of ¥ on the three‘

dimensional structure of the protein. For example, the
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electrostriction of water around charged groups on the
protein surface ill - tend ‘to. decreéase the partlal spec1f1c
- volume (Cohn and Edsall, 1943)>wh11e any excluded volumes"
or 'solvent-inaccessible pockets in'thetﬁolded polypeptide N
chain, ﬁill result in an lbcrease in ¢ (LinderstromJLang,
1950) .. The dangers inherent in the above procedure are
espec1ally evident in the case of native cardlac t;oponln-
the calculated valuel of ¥ (0.727 ml/g) is 51gn1f1cantly
hlgher than the observed value (0.710 ml/qg), determlned by
'uden51tometry Thus, it would seem that electrostrlctlon
1nfluences the partlal spec1f1c volume of troponln, a result
not unexpected in view of the large number of charged amino
acid residues in the proteln. U51ng methodology identical T
to ours, Lovell and Winzor (1977) demonstrated tbat bovine
skeletal troponin also exhibits a relatively low;value of ¥,
ranging from 0.715 ml/g (0:1 M KCl) to 0.680 ml/g (1.0 M o
.KCl) at pH 7. ' | | | {
The aggregating tehdency of tropobin was evident in

eLery type of experiment_performed. The high molecular,
/ welght of the protein in 0.2 M KMED (Figure 8) ie probablﬁ
due to a’concentration-dependent reversible association
rataer than an irreversible aggregation since the observed
values of MQ»generally lncreaSéd with ihitial loading
concentration in differeht sedimentation equilibrium

experiments. Moreover, troponin eluted from gel filtration
: : t . -



columns in a single peak, with a;;tbkes radiuS'markedly

dependent‘on sample concentratioh. On the other hand, the.

presehce cf twc¥or more distinct’non—interact}ng prcteins,_

such as troponin monomer anc its aggreQate(s), would be

'expected to.result in mu}tiple gel filtrationTpeaks with

Rs gel values C’rrrespondlng to the individual molecules.
In llght of thls conclu510n, the bimodal schlieren

1

profiles observed in sedimentation velocity experiments

might appear to be somewhat confusing.ﬂfﬂowever,.complex
. , .
z .

sedimentation boundaries have been’ noted for ‘many reversible °

+

protein assoc1at10ns,,even when the rates of 1ntercpnver51on

are much faster than the rates of separation of the

dafferent species (Cann,. 1970) In particular, Gllbert
(1955) has theoretlcally predicted sedlmentatlon behav1our
remarkably similar to that deplcted in Flgures 9 and 10, for
rapld equilibrium proteln assoc1at10ns of the ‘type nP I P
where n > 2. Accordlng to these predlctlops,~wh1ch neglect-
the spreadlng effects of dlkfu51on, a 51ngle schlleren peak
is observed 4t very low protein . concentratlons. As the |
total sample concentratlon is 1ncreased ‘the sxze of this

peak also 1ncreases proport}onately untll a critical

concentration (ag) 1is reached above'whlch this peak remains

constant in area'and in S20, wﬂ A second, faster-moving peak

appears whlch contlnues to! 1ncfease in stze and veloc1ty

w1th total proteln conceptratlon. The,equ;llbrlum constant

N L S
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(Ky) for a glven degree of polymerization (n) is related to

the size of the small ttailing peak (Ag) according to:i

..

Ky = Ag17P(2(n2-1)17"1 (n-2)/(n(2n-1)]" (23] -

It should be noted that neither of the peaks rigorously

correspond to any dlstlnct macromolecular entlty, although

in practice the" movement of the slower peak is usually taken

to approx1mate 520 W for the anomer (Cann, 1970).

Skeletal troponln apparently also undergoes self-
assoc1at10n, based on veloc1ty and equlllbrlum sedlmentatlon
observations (Wakabayash1 and Ebashl, 1968; Lovell and
Wlnzor, 1977) There is, however, one‘lmportant~d1fference
between theiskeletal and cardiac proteins.; Lovell and ¢t .
winsor;(l977) have reported substantial dissociation of-
bovine skelesii.troponin into subunits at protein

£ o X
concentrations below 1 mg/ml. 1In contrast, no evidence of

1ac troponin dlssoc1at10n was observed (Figure 8): My,

than the expected .monomer value (78, 000), eyen at

the lowe.t ncentrations examlned (~0 1 mg/ml) This was

N also true af
S . ,

i demonstrated by the Limltlng behaviour: of M, (Flgure 8) and

a higher ionic strength (0.5 M), as

Rs.gel (F1gure 12} in dllute proteln solutlons. It is still
? 5oss1ble that troponln dissociates 1nto subunlts at

';}concentrat1ons too low to be detected by these techniques.

.
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e e
.Sediuentation'equilibrium exper%ments can often be'ueed )
to gain insight into the modes and patametera of protein-
'assoc1atlon reactions (Van Holde, 1975). M, vs' V
- concentration data for troponln in 0.2 M KMEﬁ*+-€az—+-were
analyzed according to the monomer-polymer (Equation  12) and
iSOdespic indefinite (Equation lﬁ) typesvof’associatlon;n
fhe results fog representative trial models are shown in.
Figure 14. The best fit, over the entire data range; is’ : .
obtained for the isodesmic model and.theJassoolation
Tconstaht (Ky) calculated from Equation 15 is 0.93 ml/mg. h
HoweVer, a mondmer—pentamer association.cannot be tuled out
becauée:ot the excellent agreement in the association’
constante.e§timated for .this model from both equilibrium and
velocity sedimentation results.. The value of Ky (0‘69 :
al ml4/mg ) derlved from the linear portion of the curve SQOWn

in Flgure014B is virtually identical to the value (0.65

ml4/m9%) calculéted from«ichlieren photos (see Equation 23,
'\—mvzggsb*xyhere Ag = 0.6.mg/ml (Figure 9). Analogous treatment

of the M, data for troponln in 0.5 M NMED (Flgure 15) also

;ylelds a good fit for the isodesmic model (Ka = O 31

ml/mg). The speculatlve nature of these predlctlons must be'
' y

’

emphas1zed due t6 ‘the large degree bf scatter in the | "’
[ .
molecular weight data (Figure 8) and the exclusion of non—

N

'ideality in the treatment. Nevertheless, the key point to
’ . kY o+

note is that the self- -assoclatidn of troponln is red@ced at )

s
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isodesmic 1ndef1n;te association (Equation 14). - The monomer
molecdlar weight (M;) was taken,as 78,000.

X
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‘Protein assoc1at;on models for troponln in 0.2 M
KMED (- Ca2+) at pH 7 2. M, vs concentration data from
Flgure 8 (solid llne) were treated according to. Equations 13
&hd 15, where the coordinates X and Y are deflned.

A-C: monomer-n-mer association (Equatlon 123

Panel D:

Panels °

(
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Proteln assocxatlon models for troponln in 0 5 M
NMED (pH 7.2)» -Mw vs' concentrat on data from Figure 8

(solid line) were treated accordlng to: Equatlons 13 and 15,

where the coordinates X and Y are deflned Panels A-C: .

mondmer-n-mer assoc1atlon (Equation 12). Panel D:
isodesmic 1ndef1n1te association (Equatlon 14) The monomer
molecular Wweight. (M;) was’ assumed to be. 784000.
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T e
. higher.ionic strength.vahis is supported by tn93sedimenta-‘
\ll«L . -

tion veloc1ty results (Table II), which(also 1nd1cate a

s1mx1ar effect upon ralslng the,pH of the

\

'»solvent. These observatlons suggest a. role of eleftrostatlc

-

attractions 1n the aggregatlon of cardlac troponln. Such
attractlons would be expected to become less prominent at SN
; higher PH values, 81nce troponin already poSsessesoa ‘net ‘"}&ﬁ;)
| negatlve charge at PH- 7 2. Comparable ionic strength and PH. ﬁy"f
effects have also been ‘seen w1thebovine skeletal troponln
(Loyell and Winzor, 1977).
Hyd#bdynamlc analy51s of cardlac troponln 1s compllc-
7ated by the Self-assoc1atlon of the protein, 51nce most
physical parameters can be measured only at cohcentratlons
'*1n whlch’a number ' of - macromolecular specres may coexlst.

e 0

tAnalytlcai gel chromatography appears to be the sole tech- -
i

A nlque capable of determlnlng the Stokes radius at tropon1n

~gconcentrat10ns sufflclently dllute to suppress thls aggre-_'
gatlon. Assumlng the 11m1t1ng value of Rs gel (52 A)

. corresponds to monomeric troponln (M = .78, 000 Ro 28 A),‘

;the translational frlctlonal ratlo (f/fmln) is 1.85 »
(Equation . 2).“ Slnce the range of f/fmlﬁ for most.globular‘““

Vo protelns is 1. 15 l 30, thls value indicates that troponln is

‘e

an unusually asymmetrlc molecule.‘ Thls conclu51on 1s il-

'ed by not1ng that the 11m1t1ng Rs ,gel of troponln is

;'cal to that of. the gel standard catalase (R -_SZ:A,



- . : . !
. . .

Fzgure ll), a guch larger proteln (M -”250'000).
Subst1tut1ng Ra gel (52 A) for ‘Rg, sed-ln Equatlon 9,.the .
theoret1cal sed1meptat1on coefflelent of troponln can be
estimated- The resultlng value- of 520 w (3 8- S) ‘is cloee to
~that observed for the slower peak’ in. the sedlmentatlon } | ’
veloclty experlments (F1gure 10)., Addltlonal support for '~<3}
"the asymmetry of troponln 1s prov1ded by the v;sc081ty data '
(Figure 13), the relatlvely hlgh reduced vxscosity of \
troponin (>10 ml/g) is subsbantlally larger than the values
(3=~ 5 ml/g). normally exh1b1ted by globular protelns.“ -
Hydrodynamlc behavfour con51stenf w1th an asymm:trlq
molecule has ‘also been observed for skeletal troponln R -
'.(Sperllng et al., 1979). o
_ Structural 1nformat1on about protelns can generally be
obtalned from the frlctlonal ratlo 1f the contribution from
hydratlon is known. The degree of hydratlon (w), calculated
from the amino- ac1d comp031t;on, is O 49 g/g troponln. This
e ig cons1stent w1th average proteln hydratlon values"
determlned by correlatlng hydrodynamlc and X-ray structural :
data (Squlrekand~H1mmel, 1979). Using thls estimate of w,
the frictlonal ratlo due to asymmetry alone (f/f
'calculated from Equation 3) is ‘1. 56;‘ This correspon s to a
prolate elllps01d of axial ratio 10 (total length ~ 270 A)
~or to an’ oblate elllpsoldqof\aglal-ratio 13 (totalww1dth ~

130 A) (seeirablewI ané”Equation-zl); Althoughbaccurate

s



-determlnatlon .of the 1ntr1n81c v15cosity of troponln was

2 .. , !
hampered by.ggregatlon, the estlmated value of this
parameter (~ 10 ml/g, Flgure 13) is too low to be con51stenv =

w1th a strlctly rod-like shape for the proteln.' If troponln"'u-

‘were a: long, thln molecule (1 e. a prolate elllpsold'of
axial’ ratio 10), it would exhlbltiavmuch larger vaiue'of"
“[n], .in the range of'16-18 ml/g for w = 0 5 g9/9 (Equatlon |

- 5). in‘any case, - detalled structural predlctlons based on

»

ellipsoidal4models are probably not justified. . After all,
troponin is composed of three non-1dent1cal subunlts and an 5 .
_ellipsoidal model is unllkely to be a valld

representation. Any 1rregular1t1es in the shape of the’
troponin complex would be expected to 1ncrease’thev

frlctlonal ratio abqye that due to asymmetry and hydratlon
NS T . : . .
alone.- " L o e . . ¢

-~

The present 1nd1catlon that cardlac troponln is an

elongated, rather than a globular, molecule flnds support in

a number of 1ndependent 1nvestlgat10ns w1th the skeletal
proteln. Early electron mlcroscoplc evﬂdence, Wthh
examlned the bindlng of troponin to tropomy051n crystals

(ngashl and Ool, 1968) or Mgz+—paracrystals (Nonomura\et

al., 1968), suggested that troponln lsravglobular prote;n,

s1tuated approxlmately one-thlrd of the dlstance, or about:

.

130 ‘A, from the C-termlnus of tropomyosln (Stewart and ' 7

™

Mchachlan, 1976). Thls conclu51on was supporteq by the



i*locatlon of certaln 1rregular1t1es 1n the tropomyosln

A

B g;sequence (McLachlan and Stewart, 1976)., owever,‘

"."1mmunoeléctron microscopy studxes by Oktsukl (1975 1979)

_"have demonstrated that troponln binds over a much larger:

reglon of the thin fllament.” Hls experlments showed that

' whlle antlbodles dlrected towards TN—I Qr TN~C do 1ndeed '

4

‘blnd at the locatlon suggested earller, TN—T antxbodles form~

' a broad band whlch covers the entlre C-termlpal thxrd of the

'tropomy031n moleoule. These observatlons have 31nce been"

'econflrmed and extended by examlnlng the 1nteractlons between‘

4 o )y i i
- var19us fragments of TN=T and tropomy051n (Pearlstone and

Sm1111e, 1977, 1981- Mak and Smlllle, 1981°‘Pato et al ¢ f
_1981) ' ThlS comblned effort has résulted in a plcture of
troponln on ‘the thin fllament 31m11ar .to that deplcted in

Figure 2. Accordlng to thls conceptlon,-the bulk of the

troponin’molecule, 1nclud1ng TN-C, TN-I-and'part of TN-T, is-

'located about onZ:thlrd of the dlstance from the C—termlnus

 of tropomy051n, while another portlon of . TN-T extends to'

.

tropomyosin overlap reglonq over 100 A away.

D Very recently, a prelrmlnary report has appeared~in
N
~ -

which rotary-shadowed. skeletal troponln and TN-T have been
dlrectly v1sua11zed by electron mlcroscopy (Fllcker et al.,
1979). Troponln apparently c0n51sts of both a globular and
a rod like domaln, with a total length of 265 * 40 A.g;t

k.

“Images of TN T suggest that this subun1t comprlses the. tall

o

9

” .
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portlon.of the whole protein.m X§though the shape of
B tropon&n observed by electron‘mlcrdscopy 1s very 51milar to
,that pred1cted by the locallzatlon studxes dlscussed 1n§the
paragraph above, the length of troponln estlmated by thls
,technlque 1nd1cates that it could actually span up to two-f'
‘vthirds of the tropomy051n molecule.i A more detalled |
'1nvestlgat1on is probAbly requlred to ensure that treponln |

-

is neither unfolded nor aggregated under the condltlons of‘

..

bthese exper1ments. In ‘any. case, the hydrodynamlc propertles

i

of cardlac troponln are con31stent w1th an elongated, but
npt completely'rod—llke, molecule.,.

.In view of‘the essential role of troponln 1n strlated
muscle regulation, the small effect of Ca2+ on the
.hydrodynamlc propertles of the proteln is perhaps

‘surprlslng.H The gel flltratlon cand vxsc051ty behav1our were

‘1ndependent of Ca2+,'wh11e a barely~51gn1f1cant decrease in -

M :was observed.- Only the sedlmentatlon coeff1c1ent of the

major schlleren peak was substantlally altered when Ca2+ was"

added (Figure 10) As mentloned prev1ously, however, thls
.peak is not dlrectly related to a spec1f1c macromolecular
speoles.:;Taken together, these observat1ons could be
con51stent with a slight Ca2+-1nduced dlssoc1atlon of
'troponln coupled with a minor increase 1n f/fmlﬂp The
relatlve 1nsens1t1v1ty to cat cannot be due to 1rreversxble

: protelngdamage‘resulting-from the method of'preparation~

[y



'~”Ca2+ on the structural propertxes of bov1ne cardlac

| of the protein w
v(L1n and Ca351m, 1978), an observatlon also made in thls

-1 nqsst}gatlonnﬁ*On the other hand, an 1ncrease in thermal

i

.ffsince our troponln was completely actlve 1n a synthetlc

actomyosxn assay system.} : ‘ : Q( g

)

Other 1nvest1gators have reported varlable effects of

4

‘_troponln. No 1n21uence of Ca2+ on the secondary structure

s detected in a c1rcular d1chrqism study

wr

'§0° fo
'Q

‘ ‘stablllty (Jacobson et al., 1981) and a decrease 1n
sulfhydryl react1v1ty (Barskaya and’ Gusev, 1981) have-

‘suggested that cardlac troponln becomes a tlghter, more

compact molecule 1n the presence of Ca2+" The results of

the present study 1nd1cate, hOWever, that these changes

d Iprbbably do not reflect a drastlc conformat10na1 alteratlon‘

.
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.CHAPTERAIV

BRI | HYDRODYNAMIC PROPERTIES OF TROPONIN-Cv"J : ;
AL mESULTS b

N 1,, Part1a1 Specific Volume' ' [ o

The partial spec1f1c volume of. TN-C in 0.2 M. KMED

| (—'Ca2+) at; pH 7.2 w\s 0. 701 + 0.003 ‘ml/g (average of 5
:.fsamples).» This value was unchanged (0 701 t 0. 002 ml/g, 3%
samples) 1n the prese ce of 2 mM ca?*. No dependence of ¥

‘on protein conceptratfon was observed.

-

2. Molecular Weight ) ]
B The molecular weight of TN-C 1n 0. 2 M KMED (pH 7. 2)vwas

;measured by conventional low-speed sedimentation equ1libr1um

-~(Figure 16). In the absence of Ca2+, the apparent molecular

.

weight of TN-C decreased slightly as a function of protein
concentration across the cell and the value of M,

*extrapolated_to‘zero protein concentration was_lS,OQD. This
‘value is similar to that calculated from the amino acid
‘sequence’ of cardiac TN-C (M, = 18,459, van Eerd. and

‘ : . - . '
" Takahashi, 1975), indicating that the subunit is monomeric

under these Cénd1t10ﬁ§\\\lgi§\COnCIUSlon is not seriously
' altered by con51der1ng the non—ideality effects resulting

from the large net charge (-28) of TN-C at. pH 7. In 0.2 M

a
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Figure 16. Effect of_Ca2+ on the,ﬁolecular weight of‘TN-

'C. Conventional sedimentation equilibrium experiments were

conducted in 0.2 M KMED (pH 7.2) at an initial TN-C loading

concentration of 4 mg/ml and a rotor speed of 18,000 rpm.

- Ca?* concentrations were:} (@) no Ca2%, (m) 2 mM Ca?*, (a)

10 mM Ca2*, and (v) 25 mM Ca2*,

< .
A}
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KMED, this- contr1but1on would only amount to an observed

»

deorease in Mw of about 2,000 at a TN-C concentratlon of 5
mg/ml (MargOSSLan and Staigord 1982). 4

In the presencé>of 2 mM Ca2+, no 31gn1f1cant 1ncrease
-~ in Mw was observed at concentrations below 4 mg/ml, although
'ia small increase Was noted at hlgher proteln concentratlons

(Figure 16). Rai31ng ‘the Ca2+ concentrétion to 10 mM or 25

M r

mM resulted in a more pronounced -increase in M although
even at hlgh TN-C concentratlons thb apparent molecular
weight d1d not approach the dimer value of 37,000. The

. molecular weight behaviour of TN-C was unchanged when DTT

was omitted from the solution.

C 3. SedimentatiOn Velocity ‘

TN-C in 0. 2 M- KMED (pH 7, 2) sedimented as.a ‘single, .
: 1
symmetrlcal schlleren peak with 520 w decreasing sllghtly

. as a funct1on of proteln concentratlon (Flgure 17). The

»

extrapolated sedlmentatlon coeff1c1eﬂt (550 w) ©f TN C in,
the absence of Ca2+'was 1.87 S. .Addition of 2 mM Caz*
producedma'signlficantvincrease in sﬁolw,to 2.04 s,
suggeSting that TN-C undergoes a conformational change to a

more compact shapeiw The corresponding'Stokes radii (Rs-sed)

I

calculated from these 520 W values (Equatlon 9) are 26.2 A

(= Ca2+) and 24.0 A (+ Ca2+).

"

86

<



[TN-C] (mg/mD) $

Figure 17. Conc:;tratlon dependence of the sedlmentatlon
coeff1c1ent of TN-C. TN-C samples (0.4 ml) in 0. 2 M KMED
(pH 7.2) were sedlmented at 60,000 rpm in alumlnum synthetlc
"boundary cells (12 mm) Schlieren photos were taken at 16
min 1ntervals. Inset-' schlleren photo of TN-C (5:1 mg/ml),
minus (lower) or plus (upper) ca2*, taken at" 50 .min. ca2¥
concentratlons were: (O) no Ca2+, (@) 2 mM&Cazf. '

.-
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4. Analytical Gel ChrOmatography | I : R

-

™~ [

The apparent Stokes radius of TN C (RS gel) .was also
determined by gel filtrationron Sephacryl 5-300 (Figure .
.18) : TN-C 1n 0 2 M KMED (pH 7.2) eluted in a single peak"
and no concentration dependence of the elution volume was

Y

| observed. Adding 2 mM Ca2t resulted in a)decrease in Rg gel

_'@from 26.3 A to 23.3 A. . Both values are con51stent with the

- corresponding. Rs sed values obtained from sedimentation

veloc1ty. : o , &
. h - . '
5. Viscositz . — o .

" The reduced viSCosity of TN-C-in 0.2 M KMED (PH 7.2)
varled linearly w1th proteqn concentration (Flgure 19), thus
ballOWing the estimation of'&ntr1n51c v1scosxty. The
den81ty-corrected 1ntr1n91c v1sc031ty ([n]) of TN-C 1n ;he

absence of ca2* was 6.4 ml/g. The value of [n] was

_decreased to. 5.4 ml/g 1n the presence of 2 mM Ca2+, furtherv

1nd1cablon of a conformational ‘change. U31ng ].0"4 M instead
of 10"'3 M Ca2¥ dld not significantly affect .the 1ntr1ns:c'
v1scos1ty of TN-C (+ Ca2+) The Huggins coefficient (k'),
'.détermined from the dependence of “red on protein
'concentration (Equation 20), was 2.3 (- Caz*) and 2.1 (+
’TCa2+) These values suggest that TN-C behaves as a
spherical or mildly asymmetric moletule in solutlon '
(Bradbury, 1970). | B

The effect“ofvﬁg2+ on- the viscosity of TN-C was also .

r
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Figure 18. Stokes radius ‘of TN-C as ‘a functlon of protelnf
concentratlon. Samples (300 wul) at the indlcated

-

concentrations were applied to-a Sephacryl S=- 300 column (75 .

x 1.1 em) in 0.2 M KMED an 7. 2). The flow rate was 15 ml/h
and 0.4 ml fractlons were collected. Cazf concentratlons
were: . (Of no Cal*, (@) 2 ‘mM Ca2*, '
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b

:-;ﬁ" examlned. Addltlon of 8 mM Mgz+ to TNpc (5 mg/ml) in 0 2 Mo

‘.‘
o

‘.fﬁKMED produced a decrease in “red 1dent1cal to that observed
lﬁfor Ca2+y subsequent addltlon of 2 ‘mM Cazf resulted in no
‘Xlg;ffurther change. The saturation of ‘the hlgh-affinlty .
'v',“Ca2+/Mgz*—51tes of TN-C (K o~ 8 x 1033 by Mgz* was’ confxrg%zr

Y«'

.'by circular dichr01sm (Burtnlck, 1977).-

rx

"B, DISCUSSION |

The events whxch regulate strlated muscle contractlon:
on the th1n fllament orlglnate w1th the blndlng of. Ca2+ to ‘
g fTN-C. Thus, it 1s not surprlslng that so much effort has
'”f*been devoted to the effects of Ca2+ on varlous propértles of
ufthls subunlt.‘ For bov1ne cardlac TN—C, these effects d

flnclude changes 1n the fluorescence of extr1n81c prbbes

f(Johnson et al., 1980), Increased a-hellcal content

(7(Burtn1ck et al., 1975a), and perturbatlon of the FrOmatxc
: g P

Wt [ | o Ce
;amino ac1d env1ronment as monltoredxby fluorescence (Leav1s_

and Kraft,_l978), dlfference spectroscoy (Hincke et al.,
- 1978), and NMR technxques (Hlncke et al.; 1981a,b).v The

i’fthermal stablllzation of cardlac TN-C by Ca2+ has also been

.lnvestlgated (Burtnlo"- “’1'i1;1975 Mccybbln et al., 1980.

ST T

:ic*( Jacobson et al., 1981). ‘The hlgh leub111ty and stab111ty

of TN—C make 1t the ea51est and most rewarding of the three"

subunlts to study 1n solutlon.-




~also gffe'bts éheh"ove'ra'l'l' ':hYdrodynamic shape of cardiac

TN-C. The structural parameters (+Ca2+) are summarlzed in
: .Table III. The observed decrease ‘in Rs ,gel and [n], as well
as the ihcrease in 350 W’ suggests that TN—C in the absence
.of Ca2+ (f/fmln = 1. 52) undergoes a conformational change to
'a more globular shape (f/fmln = 1 40) in the presence of
ca2+, There"is some ev1dence that a 51m11ar change occurs
-, for rabbit skeletal TN~-C on the basis of a Ca2+-Induced

l~1ncrease 1n 520 W (Man1 et al., 1574) and 1ntramolecular

EaNe

“

cross-link1ng (Gusev et al.,,l980). This has been supported
by a fluorescence study of ‘this protein (van Berd and
Kawasaki, 1972). 1In c0ntrast; Johnson et al, (1978b) could
demonstrate no effect of Cazf on the 51ze°of skeletal TN-C
measured by fluorescence depolarlzatlon.‘ They found that’
dansyl labelled TN-C rotates as a globular molecule

f(dlameter ~ 37 A) whether 0, 2, or 4 moles of Ca2* are bound

. per mole of proteln.

4

It has been fairly ﬁéll-established that theﬂbinding ofi ‘FA.

Ca2+ to the single Ca2+—s ec1f1c site of TN—C constltutes

the regulatory trlgger in the cardlac myoflbrll (Johnson et

/‘al., 1978a, 1980). .This qccurs. 0ver a much more restrlcted

e S

range of!Ca2+ ‘concentration than that employed in the
.present study, in wh1ch added Ca2+ would be expected to flll

both the Ca2+-spec1f1c and Ca2+/MgZ+ 51tes. To establlsh

f%whether the observed changes 1n the hydrodynamlc propertles
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1

- ap11 experiments . were performed in 0.2 M KMED (pH 7.2).

- TABLE III: SUMMARY OF THE PHYSICAL PROPERTIES OF TN-C2

\
\

u Ll
."ﬁparamerer'." - Ca2f, S # Ca?*‘(z‘hﬂl¢ _
. - — ‘ , ‘
E;:éln;m 29 | =
Mc - 17,500 18,000
¢ (ml/g) ., 0.701  p.701

Rg,gel (A) l ;l57 26.3 | 24.3
%-'ﬁ;gog; (s LA 1.87 2.04
Ry, geq (A) . 2.2 24.0
£/Emin -o-1.52 . . 1.40
{n} (ml/é)e - xl;“é.4 S - 5.4“
st ~ 12’14;1°6A" ,\v;”~2.i§x165°

Ppetermined by the method of Babul ‘and Stellwagen (1969),
average of 13 samples (see also Hincke, 1981)

cApparent welght-average molecular weight from Flgure 16,
where ¢ is 1n1t1al loadihg’ concentratlon. '

dFrom Equation 2, u51ng the average of Rs gel and ‘Rg, sed*

. The value of R is 17. 25 A, calculated from the seqguence

”molecular weight~(Mr‘= 18,459, van Eerd and Takahashi,
1975). = - o R ot - i

€petermined from uncorrected intrinsic, v130051ty values

;‘ﬂ\ (Figure 19).

7rfCalculated‘from Equa;ioh 6. o . T

e
LI

N . . -
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. of TN-C -are. physxologlcally-relevant, the effect of Mg2+ on

the v1scosxty of the proteln was examlned. The addltlon of

gz+, which binds only to the Ca2+/Mgzt sites of TN-C,
resulted 1n the same decrease in npeq seen w1th ca2t. This-
observatlon is in accord W1th c1rcularrd1chr01sm studies
(Hlncke et al., 1978), 1nd1cat1ng that the major Ca2+
1nduced structural change accompanles the occupatlon of the
Cca2*/Mg2t sites. 2ot and Potter (1982) have demonstrated
that cation binding to these sites is necessary to prevent
the dissociation of skeletal TN~C from the. myofibril and
have euggested that they are requlred for the structural
1ntegr1ty Of the troponln complex. Conversely, the
regulatory Ca2+—sw1tch of cardlac TNecgwould appear to
involve a more modest conforﬁational change, perhaps with

subtle alterations occurrlng at reglons of the proteln

.surface that interact with other subunlts. ;

Before attemptlng to 1nterpret the hydrodynamlc data in

more detai}, it is wise to consider possible alternative

explanations for.thetCa2+;induced behaviour of cardiac

'_TN—C.'_For example, - the observed increase in $20,w when ca?*

fs added could also be caused by protein'association._
Indeed, rabbit,skeletai TN-C has been shown to undergo self-
-assoc1atlon to a dlmer (Marg0331an and Stafford, 1982), with
-aggregation becomlng more promlnent at Ca2+ concentratlons

“above 1074 M (Murray and Kay, 1972). However, aggregatlon

94



of card1ac TN-C does not appear to be an 1mportant factor in.

this study because sedlmentatlon equlllbrlum exper1ments|

showed little tendency toward higher molecular welght

species in 2 mM ca2t (Flgure 16). 'Th1s xs‘partlcularly true

at’ the lower proteln concentratlons to whlch most phy51cal
parameters are extrapolated. Moreover, an increase in
molecular welght 1s clearly 1ncompat1ble w1th the observed
Ca 2+—1nduced decrease in the/Stokes radius determined by gel
filtration. It is also apparent from Flgures 17 and 19 that
the sedlmentatlon and v1sc031ty concentration proflles ln
'Cazf are con51stent w1th a monomerlc proteln. Aggregatlon
of skeletal TN-C is probably enhanced when very low aff1n1ty
(Ky ~ 103 M~y Ca2+-b1nd1ng sites are occupled at millimolar
Ca2+'leVels, resulting in a less negatively charged
molecule,i Although .such non—specific Ca2+—binding sites
“have also been.found on card;ac TN-C (Holroyde et al.,
1980), they must play a reduced role in the intérmoleCular_
association until higher Ca2* concentrations are reached.

The large net negative charge on TN-C at PH 7 might. be

expected to lnfluence other properties of the protein in
N

solutlon. In particular, he p0551b11ty of artifacts in gel

5.

‘filtration experiments should be considerred. Although
electrostatic interactions between proteins and the-gel
matrix are not usually observed at ionic strength above
0 2 M (Martenson, 1978), this problem does -appear to affect

b

\
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the character{iation of calmoduliﬁ"by Qel filtraﬁion (Klee'
et al.{ 1980). However, the excellent agreement between Rg
values obtained by gel filtration and sedlmentat1on velocity
(Table III) suggests that. any gel-prctéﬁ&hnnteractlons are

negligible undef the conditions USed. Of~course, it is
- v JJ ;:‘. N

always possible that artlfacts in both technigues could lead

to_the observed-consistency,}but this is highlyﬂpnlikely.

It is clear that the anionic nature of TN-C also ‘
influences its partial specific volume. Electfdeﬁgiction
_effects appear to be particularly pro 'neﬁt'since the

¥

observed value of v (0. 701 ml/g) is subs

T Cuad, _
ntially lgwer ‘than
LA
that calculated from the amino- acid composikion (0. 727
ml/g).. This" dlscrepancy.(Av = 0.026 ml/g) is even larger
h -]

than the corresponding difference in natlve troponin (A¥ =

0.017 ml/g), indicating that the TN-C subunit is mainly @

responsible for the electrostrictive effect in the whole ° fv

o : . e

protein. The impoftance of accurately knowing the partial

specific volume can be illustrated for TN—C (- Ca2+) by -

-

contrasting the value df Rg, seq (26.2 A) determined using %

= 0.701 ml/g to the value (23.8 A) caléulated with ¥ = 0.727

I3

Y .
ml/g, where sﬁo’w = 1.87 (Table III). This represents a

decrease in f/f £ 1.52 to 1.36. When Ca2* waS‘added

n

min
o

Eo'TN—C, V remained nstaﬁt, suggesting that if -any furthef

change in electrostriction occurs, it must be -balanced by

- other factors such as excluded volume effects. Crouch and
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Klee (l9§0) have reported that bovine brain calmodulin also
exhibits a lower:than amerage ¥ that is relatiyely
insensitive'tolcézﬁ; |

’In order to'describe cardiac TN-C in terms of an
ellipsoid of revolution, both .the Stokes radius and
VlSCOSlty data should be con51stent w1th the chosen model.
Table IV llStS various comblnatlons of hydration and axial
asymmetry derived from the experimental values of Ry and.
[n]. Although the maximum po581ble asymmetry of the TN-C

molecule can be obtained by setting.the degree of hydration.

»

(w) to zero, a.more reasonable estimate of w is the value of

0.48 g/q protei%‘calculated from the amino\acid'
composition. With this estimate of hydration, an axial
‘ratio of 5- 6 would be expected‘for TN—C in the abgsence of
Ca2+ (Table 1IV). 1Ih thli case, the agreement between the
two experimental approaches is better for the oblate model,
having'a width of about 60 A. For TN-C in 2 mM Ca2+;vwhich
may represent the more relevant state of the moleculeuin
vivg, the data tend to favor.a prolate ellipsoid (axial
ratio ~ 4) with a length of 80-90 A. | ;

An alternate representation of these data can be made
by using the hydrodynamic treatment of Scheraga and
Mandelkern'(1953). The valﬁe of g, which depends onlyvon
the axial ratio of the ellipsoid of‘revolution, is 2.l4 x
;06 for TN-C (- Ca2*). This value is compatible with an

(-
A Y

4 -
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‘TABLE IV: STRUCTURAL PARAMETERS OF EQUIVALENT ELLIPSOIDS OF ‘t
REVOLUTION-BASED‘ON THE HYDRODYNAMIC PROPERTIES

" OF TN-C 7

. | o )
prolate axial ratio? 'obiate axial ratio
_ ‘calculated from : calculated from

hydration , . ‘ - ’
*. ca2*t o 9.6(156)P  7.4(131)  11.6(78) 11.6(78)
- 0.25 7.0(126) 5.7(110) 8.0(69) -~8.1(69)
0.50" . 5.2(103) 4.6( 95) 5.9(62) 6.0(63)
0.75 ‘4.1( 88) 3.8( 84) 4,4(56) 4.6(57)
+ ca?t g © 7.4(131) 6.4(119) 8.6(71)  9.5(73)
- 0.25 5.2(104) 4.9(100) 5.8(62) 6.5(64)
0.50 3.8( 84) 3.9( 85) 4.1(55) 4.7(58)
0.75 2.8( 68) 3.1( 73) 2.9(49) "3.5(52)

3axial ratio values were estimated (see Table I) from the
average Stokes radius (Rg) by using Equations 2 and 3 or
from the intrinsic viscosity ({n]) using Equation 5.

Brhe longeSt’unhydratedgggis in-A, calculated from Equatioq
21, is shown in paréhthéées‘fqr each axial ratio value.

&
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oblate model but not with a prolate model of‘axiel ratio’,n
greetér than about 3 (see Table If.,lon the other hand, the
estimete of 8 for T™N-C in 2 mM C:—;\'2+ (2.19 x 10%) is slightly
higher than thatfexéected for an oblate ellipsoid but is

consistent. with a prolate ellipsoid with an axial ratio of

‘about 4. Cautlon is necessary in making these comparlsons

becaﬁse;the effect of experimentaiperror on the calculation
of 8 is=ratg2r large. HoweQer, this is a theoreticaliy—/
Mliounqrtreatment in”which the hydrodynamic properties of %N—C
ere-related to an equivalent ellipsoid of,revolution without

maiing any assumptions regarding protein hydration.

‘! The interpretation of hydrodyoamic,aata ip terms of

’  eIlipSoidal models should not be taken too'literally}
Although the physical prooerties of TN-C.(+ QP2+) are most
COﬂSlStent with a prolatgpe111p501d of axlal ratio 4 w1th1n
the chosen framework of analysis, the data do not .ﬁ
necessarlrg imply that the protein looks like this- in |
solution. Moreover, it may bé/éhngerous to extrapolete'the
hydrodynamic behaviour of TN~C in solutlon to its structure
"on .the thin fllament, where its 1nteractlon with other
protelns could result in cons1derable deformatLon; |

4

Nevertheless, these results do indicate that cardiac TN-C is

a mildly asymmetric protein, perhaps suggesting that the
. . \ . " )
Ca2+-binding.domatns are not folded in a compact
« . : - :
arrangement. It is not yet known whether this conclusion.

el
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3

can be extended to the corre§pondlng subunxt ffsm skeletal

_emuscle, whlch has always been thought~to be a str1ctly

eglobular protein (Johnson et al., 1978b; Kret51nger and

. Barry, 1975). The concept of TN-C as a flattened or
elengeted'ptoteln w1th a maximum dlmen51on°ofe60-80 A’is‘not
_inconsistent'with;electron.nicroscopic evidence‘(Flicker‘et
" al., 1982) or with.localization studies on the thin

filament.



. CHAPTER V

' HYDROBYNAMIC PROPERTIES OF TROPONIN-T
o ek

"A. RESULTS :
i S

1. Preparation of TN-T

An alternate method of purifyinS?hardiac TN-T was
developed;'euployihg.hydroxylapatite chromatography in 6 M
_urea at pH 7 (Ficure'ZO). TN-é'Qas*applied to a Biogel HTP
“column and eluted with a- llnear Na—phosphate gradient (1-200
mM) at room temperature’as descr1bed 1n Experlmental ‘.
Procedures. The mater1a1 elutlng at approxlmately 120 mM
,Na-phosphate con51sted of a- 51ngle component as monltored by
SDS polyacrylamlde gel electrophoresxs (Flgure.zo, 1nset)
Upon lyophlllzatlon, this purlfled-TN-T was shown to be
identical to that prepared by CM-Sephadex chromatography
(BUrtnickvetAalg, 1976) by the criteria of amino acid
composition and circular dichroisﬁ. ‘Similar results were
observed whether the hydroxylapatlte chromatography step was
performed on\CM-Sephadex -treated TN-T (as in Figure 20) or
on the crude.TN—T fractloh;obtalned from the initial
separation.Othroponinlsuhuhits ou DEAE—Sephadex'(Burtnick
et al., 1976). | N

1%,1 cm

The value of E for TN-T in 0.5 M NMED was
.. 276 nm o , .
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\
Figure 20.'.Purificati6n of TN-T by hydroxylapatite
chromatography,_ TN-T (50 mg) in 6 M .urea, 1 mM Na-
phosphate,’o.i:M NaCl, 0.5 mM DTT at pPH 7 was applied to a
Biogel HTP column (15 x 2.2 cm) and eluted with a linear 1-
©.-200 mM Na-phosphate gradient (500 ml tdtelf. The flow rate-“
was 22 ml/h and 8 ml fractions were collected. The yleld of .
lyophlllzed TN-T was 30 mg. Inset- SDS_polyacrylamlde gel
of thegmajor fraction. ‘ | " '



‘concentration to 1 M, omlttlng DTT, or reducxng.the

( | SRR B 103

? .

4. 4 * 0.2, establlshed from refractometric Mmeasurements on

10 samples. ThlS value is about 10% higher than the

extlnctlon coefficient prev1ously determined for thls

_subunlt (Burtnlck et al.,. 1976), but is cons1stent w1th the

- theoretical range of 4.4 to 5.0, calculated for TN-T in.

waternandhethanol, fespectively,'aseuming 4 tyrosine and 2
tryptophaneresidues per molecule (Burtnick et al., 1976).

. ”

2. Molecular Weight

The molecular weight of TN-T was measured by. meniscus

‘depletlon sedlmentatlon equlllbrlum. Conventional low—vpeed

equlllbrlum experxments»were not used due ‘to the longer
equilibrium times requifed and, the resulting possibility of
protein degradation.' Mofeover, any prec1p1tat1on of this
marglnally-soluble subunlt durlng the course of a 1ow—speed
run would be é&pected to v1olate the conservatlon of mass

pr1n01ple upon which this method is based

The apparent molecular weight of TN-T in 0.5 M NMED (pH
s

7.2) 1ncreased as a fhnctlon of. proteln concentratlon and "

was substantially higher ‘than the monomeric value of 36,000

observed in 6 M urea (Figure'zl). This aggregation of TN-}

- was not - 51gn1f1cantly 1nfluenced by wvarious manlpulatlons of

the solvent conditions,. such as 1ncrea51ng the NaCl

temperature to 5°C. Addition of 5 mM Mg?%, which causes a

small decrease (Of unknownpsignificance) in the ellipticitf
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Figure 21. Molecular weight of TN-T as a function of -
proteln concentration. Meniscus- depletlon sedlmentatlon‘7ﬂ
equlllbrlum experiments were performed on TN-T samples in
0.5 M NMED (0O,D) Qg,ln 6 M urea, 0.2 M NMED (A) at pH 7. 2.
Inltlal protein concentratlons and equlllbrlum rotor speeds
. were: (0) 0.93 mg/ml, 17 000 rpm' (D) 0.31 mg/ml 17 000
3f}rpm- {A) 0.57 mg/ml, 32 ,000 rpm. The theoretical molecular
'welght fdr TN-T under901ng an ideal monomer tetramer
equlllbrlum is" also ‘included (———4, calculated from Equation

13 wheré’ Ml = 36 ,000 “&Hd K, a6 'x 103 mid/mgd. .
. ' pt : | "
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b'_gﬁno effect oﬁ the molecular weight.- Even the presence of 1 M \

105

",’f; . - e \ I

‘.iat 222 nm of thls subunlt (Burtnick et al., 1976), also had \

1
v

guanidlne hydrochlor1de or 2 M urea resulted in only partlal

' dlssociatlon.. S L 3 ‘ '

3. Sedlmentat1on Veloc1ty

TN-T 1n 0.5 M NMED (pﬂ 7.2) sedlmented as a 81ngle
schlieren peak, although a small shoulder was observedialdng
“the tra111ng edge of the boundary (Figure 22, inset). The ﬁg
sedlmentatlon coeff1c1ent was relatlvely 1ndependent of
proteln concentratlon between 0.5 and 2 5 mg/ml. The’ value

"

of” szolw_ln;th;s regron was 4.3~S (Figure 22).

4. Analytlcal Gel Chromatography o -v : r&\

Flgure 23 1llustrates the Sephacryl S-300 elutlon

ST

~behav10ur of. TN—T in 0.5 M NMED (pH 7. 2). TN—T eluted in a

31ngle peak and the apparent Stokes radlus 1ncreased

3

’”'dramatlcally with 1n1t1al prote;n concentratlon. The values

of Rg, gelWere unusually hlgh (65=80 " A) by comparlson tO'the

1argest"prote1n standard, 8- galact031dase (Rs = 69\A,er ~
460;000); -This:phenomenon was~orlg;nally“reported by Hincke

et a1§,@;979).( R IR

5. Vlscos1tx .

The reduced v15c051ty of TN T in: 0 5 M NMED varled fromv_
\

20 ﬁl/g.to.over 25 ml/g 1n.the concentratlon range~exam1ned

(Figure 24).  No attempt was made to estlmate the 1ntr1n51c L

v . .- - - LIRS . gt o
¥ R U S . R . A : T eh A
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'E"'i'gur'e' 22. Effect of proteln concentratlon on the ,
sedlmentatlon coeff1c1ent of TN-T. TN-T samples (0 4 ml) 1n _
0.5 M NMED (pH 7 2) were. sedlmented at--60,000 rpm in
alumlnum synthetic boundary cell_s (12 m). 'Schlleren photos :
were recorded at 16 min 1ntervals.“ HSet- "_"'séhllere” o “ho”to ;:f ""a
of TN-T .(2.3 mg/ml),. taken . at_ 35 min. , ot
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~Ab;(70 X. 1 T cm) _in. Q.5 . M "NMED . (pH§7 2). ' The- flow.rate was L4 S

“ml/h and 0.4 ml fractlons were collected

TL T e e e Lol



30~ .

‘N
(3]
!

)

Mred (Ml/g)

N
O
)

0o T

2% : -

v om

P 2 - <

PO

1 | }
> .

L — .
[TN-T] (mg/mi).. . -

. Figure 24.. Viscosity of TN-T in" 0.5 M NMED (pH 7.2).

s

108



v1sc051ty of TN-T due to the extensive dissociation which

occurs below 0. 5 mgégl

'B. DISCUSSION

A number of similar purification schemes for cardiac
TN- T have been reported, employlng 1on-exchange
chromatography on SP- Sephadex {Brekke and Greaser, 1976),
CM-Sephadex (Burtnick et al., 1976; Potter, 1982) and CM-
agarose (Stull ané Buss, 1977) in 6 M urea. The method.
rouﬁihely used in our laboratory (ﬁcrtnick et al., 1976)

gives good quality TN-T, although the purification is not

.always reproducible and a second CM—Sephadex chromatography

step is often required. Durlng the earlleé stages of this
progect!.good yields of pure subunit were.;eldom obtained
for tﬁis reason. This situation has been improVeé
considerably with the present introduction of a new

" purification procedure for TN-T: hydroxylapatite

chrométcgraphy in 6 M urea (Figure 20). This method can be

successfully used instead of, or in conjunction with, the

traditional ion-exchdnge chromatography step. Some of the

advantages offered by hydroxylapatite chromatography include

the increased resolution of the TN-T peak and the relative
ease of column regeneration in situ. Cardiac TN-T was
_ obtained in reasonable yield (~60%) by this method and was

comparable to our best previous preparations by several
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criteria. «ﬁydroxylapatfte chromatograohy is commonlypuséd
as-a'final step in the purification of proteins and has been
reviewed by Bernardi (L97l,l973); | —

' Once purifiedgaTN-T,is an unusually difficuir profein
to handle in solution, atbleaSt by comparisoh to7normel .
olobular proteins. Regardless of the source’- (skeletal ‘or
cardlac), this subunlt is notoriously susceptible to
proteolytlc degradafion (Drabikowski et al., 1971; Dabrowske
et al., 1973). The virtual neglect of the physical - | |
‘propenties.of TN-T in solution can also be.attributeo to its
poor solubif;ty: the protein is soluble only at an
unphysiologically high ionic strength (>.0.5 M) and
concemtrationsvof only a few miiligrams per ml'can be
achieved. - Furthermore, cardlac TN-T must be initially
solublllzed in a denaturlng solvent, such as urea, before
dla}y21pg against the analytical buffer (Burtnick et al.,
1976). For these reasons; den51ty measurements were not
performed on elther TN-T or TN-I. 'The value of V used for

TN-T (0.72 ml/g) was calculated from the amino ecid

composition (Burtnick et al., 1976). The errors involved in

this assumption should not be as large as those encountered

with TN~C. Since ¥ of TN-C (0.70 ml/q) is less than that of
whole troponin (0.71 ml/g), the true partial specific
volumes of the remaining subunits (TN-T and TN-I) are

probably more in line with their calculated values.
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earller.studles (Burtnlck et al., 1976).» Moreover, ‘as. with

c s

ety T - . , . . e -
o u -

- B

‘- MR .',

lee nat1ve troponlnh cardlac TN-T appears to be hlghly

raggregated 1n non—denaturlng buffersr-1n~agreement w1th

L.

the native molecule, the present results favor a rever51ble

a

’proteln assoc1at1on reactlon rather than the presence of

multlple non-xnteractlng species in solutlon. Flgure 21

(
shows that the apparent molecular welght of TN-T is.

B

--independent of 1n1t1al loadlng concentratlon, whlch differs-:

by & factor of three 1n the two experlments 1llustrated.

J

This overlap would hot be expected in, a non—assoc1at1ng

system. Moreover, only slngle peaks were observed in

sedimentation ve10c1ty and gel flltratlon experiments, with

/

'Rs gel exhlbltlng a large dependence on sample coﬁcéntratiéh'“f s

(Figure . 23) , The 1nsen51t1v1ty of 520 w‘to proteln

fconcentratlon probably reflects the fact’ that the'

'concentratlons above 1 mg/ml.

assoc1at10n reaction is essentlally complete at

Analy51s of the sedlmentatlon equlllbr um data

accordlng to monomer polymer and 1sodesm1c indefinite modes

. of assoc1at10n_1s illustrated in Figure 25. This treatment

- suggests that TN-T associates—to'a tetramer (M, = 144,000)

with an association constant (K,) of 6 x 103 m13/mg3. _This

value - of K, has been used to generate a theoretlcal vs

concentratlon curve, whlch is 1ncluded ln F1gure 21, for

comparison to the experlmental data. As mentloned .- '

.
s
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Figure 25. Protein association models for TN-T in 0.5 M
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prevfdusly regarding native troponin, this simble_method of

analysis does not consider the effects of non-ideality

which, if a factor,‘would tenq to decreaSe M, and thus the

. estimated degree of bolymerization. However,'the

polymerization of‘ENeT-to a tetramergis‘supgorted bjza

. comparlson of,the.sedimentation Velocity and gel filtration:
.resultsr .The Value of Rg, sed calculatedrfrom Equation 9 is
.83 A,nassumlng 520 W' (4 3 8) corresponds to the TN-T
._tetramer.- This is 51m11ar to the values of Rg,gel Observed
'in“gel‘filtratlon.experlments.when concentrated protein

) samples‘were'applied (Figure 23). Analogous calculatlons

-

fﬁbased on pentamer or- hexamer models g1ve Rg Sed values of

\over 100 A. -

."

The aggregatlon of‘natzve troponln probably occurs v1a -

the TN-T subunxt, even though the sedlmentatlon equllibrlum'

.. -data. do not-. necessarlly suggest the same mode of assocxatlon
\ .

"‘1n both cases. This lack of agreement could 51mply?be due

to the much larger concentratlon range 1ncluded in the

analysis for troponin. Nevertheless, it is interesting to
cqmpare. the slopes of corresponding plots in Figure 15 ,

(troponln) and Flgure 25 (TN—T) . It is clear that‘the

‘aSSOCIatlon of TN- T is much stronger than that of whole

tr°Pon1n in 0.5 M NMED. Perhaps some of the 51tes 'i : *"‘

responSible for aggregatlon in TN-T are involved in the
binding of the other subunits in native troponin. Based on
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its amino acld comp031t10n and behav1our on 1on—exchange

columns, TN-T has only a small net negatxve charge at PH

7.2. Certalnly the observed molecular welght of thlS-~

’ subunlt is much less senslt1ve than native: troponln to

“ v

: changes 1n the ionlc strength of the solvent.

The strong tendency of TNPT to self—assoc1ate makes it .

e [

v1rtually 1mp0551ble to use conventlonal hydrodynamlc

technigues to study the monomerlc ﬁorm of the molecule.

T

This-'is: unfortunate 51nce 1t is the TN~-T monomer whlch

presumably exists in viVo. In contrast'to native troponin,

the€re is no 1ndlcat10n that even the lowest Rs gel values

R _.s.-“" -
. a-

An attempt was made to.discover solvent condltlons that

would reverse the self association of TN-T w1thout_

-

: dlsruptlng the secondary and tertlary stfucturé of the-

molecule. However, aggregatlon per51sts even at moderate

concentratlons of denaturants such as guanldlne )

4

hydrochloride.and urea. The results obtaié;d_from‘this

o

investigation do indicate that cardiac TN-T forms asymmetric -

aggregates in solution. ‘Assuming TN-T is a tetramer with a

: Stokes radlus of 83 A, the frictional ratlo would be 2. 4,

1ﬁ<ieven larger than the value for troponin (f/fmln =" 1. 85)

- The redueed v1sc051ty of TN T (F1gure 24) 1s alsolﬁ

g51gn1flcantly larger than that of the natlve proteln (Flgure

.

13) at the same proteln concentratlons. “a

o
-

gj“'measured correspOnd to the completely ‘dissociated: subunlt.lh

-
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: . afflnlty chromatography (Pearlstone and Smlllie, 1981) and

. T ' e 115

The physical properties of native troponinvln'solution

4

.are mést llkel§'dbnihatedfby3thewasynmetry of the TN~T

subunit. Aas noted in Chapter-III, skeletal TN—T-has,beeni:J ;/(fs‘“
A ‘ o o S B .
localized over an extended"region of-tropomyosin on the thin

filament. Immunoelectron mlcroscopy (OktsukL, 1979), . ,A - ’”K;T

N - ¥ P -

,cross 11nk1ng Studies. (Chong and Hodges, l982a) have all

‘demonstrated -that-the” C= termlnal ‘half of, TN-T?can fiteFact

~'1nvestlgat10n of the skeletal proteln (F lcker et al., .

-

with tropomyosln. This sectionmof TN-T is probably‘sltnatédm

' 1n the same general v1c1n1ty as TN-C and TN-I, abzpt 130 A

from the tropomy081n’overlap reglon (Flgure 2). wever,

.
. - .. ' .
i - LU e ««3
RN

”U“TN—T'blndlng also oceurs at the extreme- C—termlnus of

tropomyosin (Ohtsuki, 1979; Mak . and- Smlllle, 1981- Pato et

al., 1981). Aahignly:helipal,region in the N-terminal half

of TN-T, encompassed by a cyanogen bromide fragment_(CBZ,

residues 71-151) has been implicated in this ‘interaction
(Jackson et al., 1975; Pearlstone and Smillie, 1977). The .
extended nature of TN-T suggested by these studies has

recently~been supported by an electron mlcroscoplc

'1982) v These workers observed that TN T corresponds to the o .j,ﬂ o

bt

“fail sectlon of rotary—shadowed troponln, a long rod llke “'n

'~molecule w1th a length of 165 + 20 -A.

' Thus,'the current- pictare’ of skeletal TN-T is that Qf oo

© an elongated molecule con91st1ng of several dlstlnct domains



- (Pearlstone et.al., 1976) ThlS is also con51stent with the

116

which are involved in interactions with otﬂer thin filament‘
rcomponents. Analy51s of ‘the TN-T sequence reveals an almost
complete absence of clusters of "nonpolar residues in the
polYpeptide~cﬁain\ suggesting that this subunit might lack

;‘the hydrophoblc core necessary. for exten51ve chain foldlng &

J;lncreased susceptlblllty of TN-T to proteolytxc

. degradation, ‘Most of the ordered secondary structure in

"i":Smlllle, 1977)~, It is concelvable that th1s fragment,\_,w

skeletal. TN T 1s located in the cyanogen bromlde fragment

CB2, whlch also blnds to tropomy051n (Pearlstone and

-‘containing about 80% a-helix, could interact with the

tropomyosin coiled—coil near the overlap region. A study is

currently underway in our laboratory to isolate and
characterize cyanogen bromide fragments from cardiac'TN-T;
it will be interesting to see if a helical region

correspqnding to CB2 e¥tsts in this protein.
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CHAPTER. VI

HYDRODYNAMIC PROPERTIES OF TROPONIN-i

A. - RESULTS

1, Preparation of TN-I

In view of the success achieveo in the purification of
TN—T'by hydrokylapatite chromatography in 6 M.urea;'this.
method wasvalso applied to thé‘TN-I subunit of bovineg
cardiac muecle. The procedure used was basically the same
as for TN -T, although a shallower Na—phosphate grad\ent (1-
120 mM) was employed. The results from dlfrerent
preparatlons were somewhat varlable, a typical gxperlment is
1llustrated in Flgure 26. The starting materlal for this
purlflcatlon was crude TN-I which had been subjeoted to a
single CM-Sephadex chromatography step (Burtnick et al

Lo £

1975b), yeg still contalned a 51galﬁlcant number ef- low’

P
“_\.\.«. -

'molecular weight 1mpur1t1es. TN-I eluted from the Blogel
HTP column in two partlally-separated peaks (fractions a and

: B, Flgure 26). Both peaks consxsted malnly of TN—I (Flgure »l

) _26, 1nset), although the later peak (B) was also

contamlnated with other components. The yield of
lyophlllzed proteln from fractloqo A and B was 25% and 32%,
respect vely, relatlve to the amount oféTN -1 applied to the
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'Figure 26. Purlflcatlon of TN-I by hydroxylapatlte ‘

chromatography. TN-I (75 mg) in 6 M urea, 0.1 M NaCI, 1 mM
Na—phosphate, 0.5 mM DTT at pH 7 was applied to a Biogel HTP
column (21 x 2.2 cm) and eluted w1th a linear 1-120 mM Na-,
phosphate gradient (500 ml total). The flow rate was 23
ml/h, and 8 ml fractions were collected. The yield of
lyophlllzed material was: A (19 mg), B (24 mg)._ Inset:

SDS polyacrylamlde gels of pooled fractlons A (left) and B.

o .
- .
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'10-15% to- account for the contrlbutlon due to llght
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.ac1d c0mpos1t10ns of the two fractlons- the composxtlons-of

119

s ‘&a

e

both were ident1cal tq.- that previodsly’reported for card;ac 'i-'w

TN-I (Burtn1ck et al., 1975b) N ‘ o e e ;.%-
, 1%,1 cm, -
The observed extlnctlon coeff1c1ent ( E276 nm ) of TN-I

-was 5. 2 % 0. 2 determlned from refractometrlc measurements

on a total of 10 samples from 3 dlfferent preparatlons.

- ThlS value is s1gn1f1cantly hlgher than that orlglnally

'establlshed for this subunit (‘El% r1. cm = 3. 7, Burtnlck et -

o 278 nm .
afﬁ}le?Sb). It 1s also out51de the range calculated from

'the?tyrosine (3) and tryptophan (l) content (Burtnlck et
" al., 1975b)._ from 4.0 tin water) to 4.6 (in ethanol) |

VHowever, for a detalled comparlson of extlnctlon

coeff1c1ent5, the calculated value should be 1ncreased by
&

scatterlng of TN—I. Indeed, thlS subunit exhibited

- .considerably mote SCattering at wavelengths above 310 nm

than either TN-C¢ or TN-T. . ¢ -

. 2. 'Molecular Weight'

' .Menlscus depletion sedimentation equilibrium was used

to measure "the molecular welght of TN—I, conventional

. equlllbtlum experlments were not employed for reasons

:already out‘fned w1th regard to ‘TN-T.. InLtlal molecular

weight studles perﬁbrmed 1n the absence of reduc1ng agent

(Flgure 27) .or 1n 0.5 M NMED (pH 7 2) buffer contalnlng 0 5
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Figure‘27."Efféct of protein concentration on ﬁhe‘molecular
weight of TN41 and-bMCfTN—I. Meniscus depléﬁion"

| sedimentation equiiibrium experimen;s‘yere performed.on
samples of TN-I in 0.5 M NMED (2 mM,ﬁTT).(O;D)} TN:i,in 0.5 .
M NME (no DTT) (x), and CMC-TN-I in 0.5 M NME (no DTT) (@),

“all at pPH 7.2. Initialvprotein cdncentrétiohs and
quilibriQm-rotor speeds were: (OfQOLGOtmg/ml, 36,000 rpm;
(0) 0.85 mg/ml, 34,000 rpm; (X) 0.84 mg/ml, 36,000 rpm; (@)
0.82 mg/ml; 36,000 rpm. -
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or 1 mM DTT, gave Variable'results which  indicated- - - T

.substantial aggreéation of this subunit. 'This effect. was

d1m1nlshed ;n the presence of 2 ‘M DTT and’ Mw thrOughout

o most of the cell was closer to- the value of 23 000 expected

" for- monomerlc TN I (Burtn1ck et al‘, 197$b). Even at
elevated DTT concentrations,'however, some higher molecular
weight material was observed at the bottom of the
ultracentrlfuge cell (Figure 27l;

The molecular welght behav1our of carboxamldomethylated
(CMC) N-1, in whlch both ¢cysteine residues 6f thé suburit-
are protected, was also measured. As expected, the
molecular welght of CMC -TN-I was 1ndependent of DTT
concentratlon, and M, for the modlfled subunlt in the
absence of DTT (0.5 M NME, Figure 27) was~51m11ar to that
observed for TN-I in the presence of reduclng agent.

. The value of v used for TN I and CMC-TN-1I (0. 73 ml/g)

was calculated from the amlno acid comp051tlon_

R o* s

3. Sedimentation Velocity

Only a single schlieren peak was observed in
sedimentation experiments with TN-I in 0.5 M NMED (pH 7.2)
(Flgure 28, inset). Thefsedimentation coefficient increased
slightly asva function'of'protein.concentration over the
limited solubility range of the subunit and the value of
$20,w. at the lowest concentratlons was about 1 9-2.0 S

(FPigure 28).
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'Figure 28. Sedimentation coefficient of TN-I as a function

of protein concentration. TN-I‘samples (0.4 ml) in 0.5 M
NMEbv(pH 7.2) were sedimented at 60,000 rpm in alh@inum
synthetic boundary cells 12 mm). Schlieren photos were T
reéorded at 16 min intervals. Inset: schlieren photé of

TN-I (2.4 mg/ml) taken at 50 min. ' ‘
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4. Analytical Gel Chromatography

TN-I eluted inva single peak from Sephacryl S-300

columns equilibrated with 0.5 M NMED (2 mM DTT). Only a

~&falkt 1ncrease in. appafEnt Stokes radius w1th sample'v-*

<concentratlpn'was ‘observed and the 11m1t1ng value of R

‘Zi

5. Viscosity

S, gel

at low concentration was 29 A (Figure 29). In experiments

. performed without DTT in the solvent, a separate faster peak

(Rg,gel ~ 38 A) was also present. - This»materialy which

comprlsed about 25% ef the total pro;ern eluted, was°$hOWn *; )

o ote D

oty DT s pop

‘l«a

to be 1ntermolecularly dlsulflde linked TN~ I using SDS gel
electrophore51s (x DTT). — |

| Carboxamldomethylated TN~-I-eluted 1n a -single . peak
regardless of the DTT concentratlon in the solve;t- no
dlfference in Rg ,gel from that of the unmodlfled subunlt was

-

observed.(Flgure 29).

3
o R

~ The reducgﬁlviscosity of TN-I in 0.5 M NMED (pH 7.2)
varied from 6 to 10 ml/g in the protein concentration range
examined (Figure 30). Attempts toimeasure n,.q at lower
concentrations were unsuccessful due to the sm&ll difference
in flow time between the solvent and protein solution.
Viscosity measurements performed with CMC-TN-I in the s;me

solvent indicated no change 'in this parameter (Figure 30).

G
» R

~
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at the indicated concentrations were applied to a Sephacryl
$-300 -column (90 x 1.3 cm) in 0.5 M NMED (pH 7.2). The flow
Eate was 20 ml/h and 0.6 ml fractions were collected. '

‘'Figure 29. Effect of proté
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In’contrast ‘to TN—T, hydroxylapatlte chromatography of

icardlac TN—I does not appear te, offer many advantages 1n"
purity or y1e1d over exlst;ng methods (Brekke and Greaser{f'.if;"d
u1976 Burtnick et al., l975b Potter, 1982). However, the
unusual elution profile 1llustrated in Figure 26, “in which'
TN-T appears in atpleast_two separate peaks, deserves some
comment. Bernardi‘(1973) has noted that. phosphoproteins
have a very h1gh afflnlty for hydroxylapatite; since |
phosphate groups will read11y4compete‘}or the calcium sites -
in the’ ca101um phosphate gel. Thus, 1t is pOSSlble that
these dlfferent ‘elution peaks represent dlfferent
phosphorylated forms of the subunlt, although this was not
conflrmeﬁ experlmentally Cardiac TN I contains three
_spec1f1c phosphorylation 51tes;hat 1east~one of whlchA
‘(serine 20) is considered to be biologically important
*'(Perry, 1979).. 1If hydroxylapatite chromatography does, in
fact, fraotionate'TN-I“on'this hasis, the method should
perhaps be further developed to ald in the study of proteln
.phosphorylatlon. -
TN-I shares with TN-T a number of}unplefsant handling
- characteristics in solution, including its poor soluhility
and sensitivity to proteolysis (Drabikowski et al.; 1971;
Martin, 1981).  The inereased tendency of the TN-I oysteine

residues to undergo-oxidation poses additional problems in

/
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‘working'ﬁit " this subunit; - Dasqulde oxldatlon 1n skeletal

(

(Horwltz et aL., 1979) and‘éarduac (Hlncke et al., 1979)

<N I has beeh shoWn to adversely affect the 1hteratt1on w1th o

- other- troponin subunrtsr.‘The present results 1nd1cate that

I Be~

thls loss of IN-I functlon is at least partlally due to._;_'

lntermolecular dlsulflde bond . formatlon. Both sedimentation
equilibrium and gel filtration experiments'revealed the
increased presence of TN-I aggregates in: the ahsence of
reducing agenti(DTT). Although cardiac TN-C and TN—T-elso4
contain cysteine residues, nowsiniierAdependenoe of'the

molecular'weight on DTT concentration was ever observed with

“these proteins. . B

The problem Of'cysteine;oxiaation~has‘ied somé T
investigators to take speciai preoautions in the preparation
of TN-T solutlons (Hlncke et al., 1979; Horw1tz et al., ;"ﬂ
1979). In partlcular, these workers have reported that
continuous bubbling of nitrogen through the solvent durlng
sample d1a1y31s is necessary to completely malntaln the
sulfhgdryl groups in the reduced state. Thls prétocol was
not followed in the present study, since the use of freshly-
made DTT solutions (2 mM) was found to be suff1c1ent to.v
overcome the problem of TN-I oxidation; TheAphysicai
properties .of TN I were not noticeably altered when DTT ‘

concentratlons hlgher than 2 mM were used, or when nT%rogen

flushing was carried out durlng‘sample preparatlon. Horwitz
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(4
et al. (1979) have p01nted dut that DTT ox1dat10n is very ~'2"{ff
. rapid 1nwair -exposed solutions at elevated pH values- at PH &

..... -

,_08,5, for example, 2 mM DTT has a half life of about 1.h/

o

:'However, the half- life of 2 mM DT 1h 0.5 M NMED (pH 7.2)
ek,awasﬁover 80 h when no special preoautions were adopted;'as-
monitored by both the-loss”of free sulfhydryl groups
(Ellman, 1959) .and by the ‘increase iniabsorbanoe‘at 283 nm
(Cleland, 1964). In addition, ‘the"free sulfhydryl
concentration was periodically checked follow1ng
sedimentation equilibrium runs with TN-I. Although
increased oxidation in the sample relative to the Jolvent
was~usually observed, the'effective DTT concentration was
- never less than 70% +of - the initial value. N
Due to the important status of sulfhydryl groups in
cardiac TN-I, Hincke et al (1979) have examined the
structural.and funétional consequences of modlfylng both
cystelne residues of thls protein by carboxamido-

l methylation. Although they observed that this modifioation
-does not adversely affect the inhibitory activity of TN-T,
or its‘gomblex formation with TN-C, they discover that the
ability®f the subunit to interact with TN-T is lost.
Furthermore, a significant increase-(~15%) in: the amount of
.
secondary structure of TN-1 was observed, a result which

® they attributed to an enhanced a~helix-forming poteﬁtial of

the modified amino acid. - The present hydrodynamic evidence
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.indicates;’hbwever,'that carboxamldomethylatlon does not
result in a gross. conformatlonal change, 51nce the gel
,flltratlon (Flgure 29) and v1sc051ty (Flgure 30) behav1our B

v ¢
could detect no difference between TN-1 and CMC-TN I. It is

-
-

more llkely that the strnezural change (i.e. a—hellx
formatlon) lnduced by thls modlflcatlon is a local event,
perhaps occurrlng a;-tbe_TN—T ;nteractlon site on the
surface ef the TN-I molecule (Hincke et 51., 1979). 1In
-bovine cardiac TN-I, this site probably corresponds to the

_ ) .
region surrounding cysteines 75 and/or 92 in the homologous

rabbit cardiac subunit (see Figure 6). h

~Cardiac TN~I undergoes much less self-association than
the TN-T subunit. ° In.the presencevof sufficient reduling
agent, TN4I‘appears to be eseentially monomeric at protein
concentfations;below 0.5-1 mg/ml, as monitored by
- sedimentation equilibrium (Figure 27). This is suppofted by
~the relatively mild variatiqn in Re,gei with protein
concentration (Figure 29). VNevertheless, the concentration
dependence ef all ehe parameters measured suggests that some
association does occur over the limited.solubility range of
TN-I, even in the absence of intermolecular disulfide cross-
linking. Aqgregation has greniodsly been reported for bofh
skeletal (Greeser and Gergely, 1973; Mani,et al., 1973) and

cardiac (Burtnick et al., 1975b) TN-I. ™



130

BN

of the'phySical'parameters‘examiﬂed in -this study, only -
. gel fiitrdtlbnris eapahlebof measurement at prdiglh 4y
concentratlons suff1c1ently low to ensure complete

' d1ssoc1at10n. U51ng the value of Rs gel extrapolated to
zero concentrat1on (29 A), and assumlng the subunit ‘to be
completely monomeric (M, = 23,000) under these conditions
the calculated frictional ratio for TN-I is 1.53. This
value is similar to that determined for TN-C ®(- Ca2+) and
suggests éhat Tv I is also a moderately asymmetrlc proteln
in solution. Although less reliable due to the aggregatlon
of TN-I, the sedimentation velocity and viscosity data are
in accord with the results from gel chromatography‘on
Sephacryl S-300. For example, the estimated sedimentation

coefficient for a protein of M, = 23,000 and f/f 1.53-

min ~
(Equatlon 9) is 1.9 S, very close to the values of 520 W
observed at the lowest concentration examlned (Flgure 28).
However, using a value of f/fmin more typical of globular
proteins (1.3), the calculated value of $20,w is
significantly higher (2.3 S). Nevertheless,'the lack of
reliablenhydrodynamic data obtained for TN-I precludes a
more detailed struotural‘analysis, of the type performed for
TN-C (Chapter IV).

Very little is known about the three-dimensional

structure of TN-I. Although antibodies to skeletal TN-I

stain thin filaments over a fairly narrow region (Ohtsuki,



1975), there is some circumstantial evidence indicating that

this subunit may not be a compact, symmetrical molecule. To -

”begln w1th TN-I is capable of interacting with every other

thln fllament proteln; in the case of TN-C and TN—T, more
than one reglon of contact .may even’ be involved (see Chapter
VII) It is difficult to ratlonallze these multipleé

interaction sites with- a completely globular structure for

'TN-I. In addition, both skeletal (McCubbin and Kay, 1982)

and cardiac (Burtnick 1977) TN-I possess the least amounts
of ordered secondary structure in their respectlve troponln
systems. This fact, along with the high sensitivity to

proteoiysis exhibited by TN-I, suggests that the polypeptide

chaingmay exist in ‘a relatively open, expanded

conformatlon ’ However, more chemlcal and physical studies
>

are required, both in solution and on the thin filament, tq

Hd‘termlne whether TN-I is indeed an asymmetric protein, as

tndlcated by 1its hydrodynamic properties.
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. CHAPTER VII - 5
TROPONIN SUBUNITS: BINARY COMPLEXES AND RECONSTITUTION

~

OF WHOLE TROPONIN

A. RESULTS

Interactidns between cardiac troponin subunits were
studied in both 0.2 M and 0.5 M NMED‘buffer'syétemé. Since
all three subunits are individﬁally'soluble in 0.5 M NMED,
while only TN-C is soluble in 0.2 M NMED, troponin complexes
were prepared.by two differént methods. Complexes in 0.5 M
NMED were formed by dlssolv1ng the Subunits in urea and
separately d1a1y21ng them vs the analytical buffer. The
subunits were then mixed in thg appropriate molar ratio.
Cbmplexes in 0.2 M'NMED were prepared by mixiﬂg tﬁe’subunits
prior to the removal of urea by'dialysis. Molar protein

+

‘concentrations were determlned using the follow1ng

1,1 cm ‘
parameters: TN-C' (E276 m - 23 Mp o= 18,500), TN-TI
13,1 cm , 1%,1 cm - _
- 5_2 = - = . =
36,000),
1. TN-IC

Binary vomplex formation between troponin subunits was
monltored by gel flltration -as well as by velocity and

equilibrium ultracen” Eion. TN—I and TN-C mixed in a
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l:1 mole ratlo in" 0. 5 M NMED (pH 7 2) eluted from Sephacryl

S- 300 in a 51ngle, symmetrical peak wlth an apparent Stokes

mrad1us of 36 A (Flgure 31). »Thls value 1s larger than that

'-expected for exther TN-I (30 A) or TN-C (24 A) alone,

'1nd1cat1ng-that these protelns form a-stable blmolecular
complex (TN-IC).. similar results were observed for TN-IC in
0.2 M NMED, where TN-I was, 1nduced into solut1on~by 1tst

*,

interaction with TN-C. Addltlon of 2 mMjCaz+ to TN-IC in,

either .solvent system produced no 51gn1 J t_chadge‘in

3

Rg,gels - = o BN
The molecular yeight behafiour of TN-IC in 0.5 M NMED
(pH 7:2), examined by meniscus depletion sedimentation
equilibrium, is shown inr%igure 32." In the absence: of Ca2+ '
the molecular welght of TN-IC was close to. the value
expected for the complex (M, = 41, 500), except at the—
' meniscus. The reduced My obsgrved in this region of the
cell'could be due elther to:partlal dlssoc1at10n of-the
‘complex at low proteln concentratlon or to a sllght excess
of one subunit over the other. The molecular We1ght of TN— .
IC was increased in 2 mM\Ca2+, suggestlng further
aggregatlon of the complex (Figure 32). Similar results
were observed in 0.2 M NMED.

TN-IC in 0.2 M NMED (pH 7.2) exh1b1ted a single

schlleren boundary in sedlmentatlon veloc1ty experlments

L
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' Figure 31. Analytical gel filtration of binary troponin
complexes on Sephacryl $-300. Samples (0.4-0.8 mgs in 300
ul) of TN-IC (=-=), TN—CT (=) and TN-IT === were applied .

~to the column (58 x 1.1 cm) in 0.5 M NMED (pH 7.2). The

| flow rate was 13 ml/h and 0 4 ml fractions were collected.

The void volume (Vo) was meaSured with Blue dextran.

Protein standards and Stokes radii were: 1 g- galact051dase

(69 A); 2 BsSA (35 2); 3 myoglobln (19 8 A).
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Figure 32. Effect of protein concentration on the molecular
’ wéighttof binary troponin conplexes; Meniscus depletion
sedimentation equilibrium expérimentslﬁere performed on
samples of TN-IC (O,®), TN-CT (m) and TN-IT (&) in 0.5 M
NMED (pH 7.2). 1Initial protein concentrations and
equilibrium.rotor speeds were: (O) 0.85 mg/ml, 28,000 rpm;
(o,m) 0.68 mg/ml, 28,000'rpm;.(A)‘0.60 mg/ml, 24,000 rpm.
ca?* concentrations wére} (O,A)nno ca?*; (e,m) 2 mM ca2*,
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(Figure 33). The.sedimentation coefficient was'reletively
independent of-protein concentration and 550 W wasv2 9 S
(Figure 34A)' Since this value is sUbstantlally hlgher than
. expected for the 1nd1v1dual subunlts (s§0 w,~ 2 S), this:
technique supports the existence of a stable TN-IC complex.
The sedimentation coefficient of TN-IC was not significantly
affected by the addition of 2 mM cal+ (Figure 34A){.

Tﬁe reduced\viscosity of TN-IC in 0.2 M NMEb (% C52+)
was alsofmeasuredvas a function of protein concentration’ -
(Figure 34B)m The corrected intrinsic viscosity offTN—IC in
‘the absence of Ca2+ (8.7 ml/g) was reduced to 6.9 ml/g in 2

mM Ca2t,

2. TN-CT

In contrast to TN—Ic; no interaction between TN-C. and
TN-T-waS»obserQed when these subunits were mixed in a 1l:1
mole ratio. Both gel flltratlon (Flgure 31) and
sedimentation veloc1ty (Flgure 33) experlments in 0.5 M NMED
(pH 7.2) éxhlblted bimodal. proflles w1th elution and

schlieren peaks corresponding to the individual subunits.

/
!

Moreover, dialysis of TN-C and TN-T, mixed in urea, against
0.2 M NMED resulted in the precipitation of most of the
TN-T. This subunit, gnlike;TN—I,.is not -solubilized by TN-C

at the lower ionic strength. 1Identical results were ob-

tained in the presence of 2 mM- ca?* or when the complex (1n

urea) was dlalyzed vs buffer contalnlng 1 M NaCl: prlor to
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TN-IC
(0.2 M NMED, +Ca)

IN-CT
(0.5M NMED, +Ca)

REIRTLTS SR RO

TN-IT
(;o.sM NMED )

[}
!

!

Figure.33. Schlieren photogréphé of binary troponin
complexes (pH 7;2). Sedimentation velocity runs were
performed at 60,000 rpm (20°C) using aluminum synthetic
boundary cells., Sample concéntrations and bhoto times

were: TN-IC (2.0 mg/ml, 20 min); TN-CT (1.7 mg/ml, 50 min;;
TN=IT (2.0 mg/ml, 40 min). ‘
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Figure 34. Physical propeérties of TN-IC. (A) Concentration

dependence of the sedimentation coefficient of TN-IC in 0.2
M NMED (pH 7.2). Samples (0.4 ml) were sedimented at 60,000

rpm in aluminum synthetic boundary cells (12 mm). ‘The value

of s394 (2.90 S) was calculated using the - Ca2* data
only. (B) Viscosity of TN-IC in 0.2 M NMED (pH 7.2). The
uncorrected intrinsic viscosity values are 8.4 ml/g (- Ca2+)

and 6.6 ml/g (+_Ca2+). Calcium concentrations were: (O) no

ca?*; (@) 2 mM calt.
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equilibfatioh with the analytical solvent (Hdlfoyde et al.,
1980). - | :

Further evidence that TN-C and TN-T do not interact
str;ngly was provided by sedimentation equilibrium (Figure
32). The observed molecular weight of TN-CT;in 0.5 M NMED
(+ Ca2+) was well below the value expected for the
bimolecular complex (M, = 54,500). In fact, My near the
meniscus was similar to that of TN-C (M, =.18,500),
indicating that most of the aggregated TN-T is sedimented to

the bottom of the cell in this type of éXperiment;

3

3. TN-IT _

| Evidence for TN-I-TN-T interaction in 0.5 M NMED (pH
7.2) was obtained by all three téchniques'uséd.A The
Sephacryl 5-300 elutioﬁ profile (Figure~31) ré#ealed a new
protein éeak, eluting at.é position between the individual
subunits. SDSipdiyacrylamide gels of fractions ih_this
region indicated the presence of both TN-I and TN-T. |
Howevér, the shape of the elution profile shown in Figure 3f$
suggests that TN-IT complex formation is incomplete. This
conciusion is supported By sedimeﬁtation'velocity
experiments (Eigﬁte 33), in which a nuﬁbe; of poorly-
resblvea;%chlierenlpeaks were observed. ﬁbreove;,‘the:'
apparént molecular keight.of the Tﬁ—IT‘mixture was.quite
variable over_tﬁe cell'(Figure 32). The lack 6f ma;erial N

with M,, corresponding to TN~1 (M, = 23,000) indicates that



TN-T interacts more strongly with this subuﬁit than with

TN_C.

4. Reconstituted Troponin |

The stability of the tefhéry TN-ICT cemélex,
reconstltuted from the subunits in an equimolar ratio, was
investlgated in 0.5 M NMED (pH 7.2) by gel chromabegraphy
and sedimentation equilibrium. The Sephacryl S= 300 elutlon
behaviour of TN-ICT and native undissociated troponln.were
indistinguishable: bbtﬁ proteins eluted in a single sharp
peak which contained all three subunits as détefmined by SDS
polyacrylamide gelgelectrophdresis (Figure 35A). No effect
of Ca2+'was observed. <Gel filtration was also used to
examine the effect of vafying-the subunit ratio on the
reconstitution of trbponin (Figure 35B). When ‘troponin was:
prepared with an extra @ole.of-TN—I (TN—Izcgz-of TN-C (TN-
IC,T), this excess subunit did not appear to associate with
the troponin complex on Sephacryl S- 300. Rathe the
additional.TN-I and TN- C eluted in separate peaé%i
exhlbltlng Rs,gel values expected for the individual
subunits in each case.

. Meniscus'depletion and conventional seéimentation
equilibrium experiﬁents aiso.provided evidenee for the
stability of the TN41CT comﬁlex (Figﬁre 36). The apparent
molecular weight of TN—ICT was similar to that of native
troponln over the entire protein conqentration range

\
\
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Figure 35. Analytical gel filtration of native -and
.reconstituted troponin~on Sephacryl S-300. (A) Native .
troponin ) and TN-ICT (~--+). Inset} SDS polyacrylamide
gels of the indicated native (left) and reconstituted ‘
. troponin fractions. (B) TN-I,CT ¢ ) and TN-IC,T (-=--). °
Samples (0.4-0.8 mgs in 300 ul) were applied to the column
158xl.1 cm) in 0.5 M NMED (pH 7f2){ The flow rate was 13
ml/h and 0.4 ml fractions were collected. The void volume
(V,) was measured with Blue dextran. Protein standards and
Stokes radii -were: 1 g-galactosidase (69 A); 2 BSA (35 A);
3 myoglobin (19.8 A); 4 cytochrome c (17.2 A).
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Figure 36. Effect of protein concentration on the molecular

' weight‘of‘hative troponin (0O,0) and reconstituted TN~ICT
(@#,m). Meniscus depletion (circles) and conventional
"(squares) sedxmentatlon equilibrium experlments were
performed on samples in 0.5 M NMED (- ca?*) at pPH 7.2.
‘Initial protein concentrations and equlllbrium rotor speeds
(0,@) 1.0 mg/ml, 17,000 rpm; (O) 2.8 mg/ml 4,800
rpm; (M) 2.0 mg/ml, 5,200 rpm.,
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examined, although My for the complex was slightly lower.
As with TN~IC, this decreaéed.Mw could be due to either some
dissociation or subunit excess in the mixture.

:

B. DISCUSSION

Inteyactiens within the troponiﬂ'complex aré central to
ithe>ﬁecﬁénism‘of striated muscle regulation. Most thin
filément regulator? modéls,_such as the sté;ic:blocking-
hypothesis (Figure 3), invoke a Ca2*-induced gonﬁormaéional
change in TN-C which is propagated through the other
troponin subunits and tropomyosin, ultimately relaying
control to' the forqe~generéting actomyosin machinery. Much

)

effort has thus heéh devoted to characterizing the natur%¢of
;hese subunit interactions, including the specific primary
structure regions involved for each protein. Thg.host
vaiuable informaﬁion haslbeen obtained by chemical methods,
such 2e crosgs-linking or side chain reactivity exparimante,
or by studying the interactions&petween chemicaily oy
proteolytically defined fragments of the troponin

subunits. For rabbit skeletal troponin subunits, these
mutual contact sites are now understood in a. fair amount of\
detail (reviewed by Petfy, 1979; McCubbin and Kay, 1980).
The ability of cardiac troponin subﬁnits-to interact

with each other is evident in the preparation and handling

143
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of these proteins. ~'The subunits firmly adhere together'

-

during several stages in the puri®ication of native trdpohin

and. are only separated in the presence of strong e

o
S .

denaturants, such as 6 M urea. ! The enﬁénced'solubility“of‘
o

Tn-I and TN-T in the whole troponin complex is fur;per proof
that interaction alters the properties of the indi;idual
subunits. Due to the importance of intersubunit
interactiong in troponin, there has been some interest in
comparing t%e skeletal and cardiaé proteins in this
regard. Much of this work has originated from our own
labérééory (Burtnick, 1977; Hincke, 1981): The experiments
desczibed in this chapter were intended not simply to
érovide additional evidence for {nteraction, but also to
examine the structural propert{es of any stab?e ~romplexes
formed,

0f the possible binary subunit,combinations, only TN-T
and TN-C are capable of forming a stable equimolar complex
which is suitable for hydrodynamic characterization.
Cardiac TN-I TN-C jinteraction has previously been
demonstrated by circular dichroism (Burtniék and Kay, 197<),
affinity chromatography (Syska et al, 1974), gel
electrophoresis (Burtnick et al., 1975b) and differential
scanning calorimetry (Jacobson et al,, 1981); This

interaction is also manifested in the functioné of these

proteing, eince tWe Ca2*~binAinq properties of TN~C



S 6' | ,;i
(Holroyde eg al., 1980) and the inhibitqry properties of
TN-I (Burtnick et al., 1975b) are each substantially altered
'in the présence of ‘the other“sdbuﬁit. Both cardiac
(Burtnick et al., 1975b) and skeletal (Head and Perry, 1974)
TN-IC complexgs are Stablé even in 6 M urea, although the 
skeletal_pr;;eiﬁs require ca2* for this interaction.

| The regions of primary structure involved in
interaction have béen thospughiy investigated for skeietal
TN-C and TN-I. TN-C interaction sites are located on two.
positively~charged.fragments of the skeletal TN-I molecule,
involving residues. 1-47 and 96-117 (Syska et al., 1976).
THis* latter fragment is particularly interesti;g since it
also contains the inhibitory activity of’TN—I. Indeed, a
cyanogen bromide'fragmenf of TN-C (residues 83-134), which
encompasses Ca244binding site III, is able to.form Cca*-
dependent comélex with TN-I, thus neutraiizing the
inhibition by this subunit (Weéks'and Perry, 1978). This
work has heen supported by croés—linking (Chong and Hodges,
i9r1) ang sh]thdryl reactivity studies (Chong and Hodges,
19875), which bave demafistrated tha proximity of, TN~C

X,

~yateine 07 to TN-T 1in the <¢omplex. Using a variety of TN-C
fragments, Grabarek ot al.;(1981) have_shown that no 1less
than three regions_ogg?nmc are involved in complex formation

with TN-I. Th@seﬁ%gg%?ns aré_the three flanking helices on

the N-terminal side of Ca?*-binding sites IT, ITI and IV.

A -

-,
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Interactions involving the first two Sites appear tb requlre
Ca2+ i L |

In order to use the presgnt hydrodynamicﬁdata to
structurally characterize the cardiac TN-IC complex,.it i1s -
necessary to éésume that the measurediphysical parameters
correspond to the bimolecular unit of My ='4l,590. This is
“an oversimplification.sinCe there is evidence for %oth
dissociation of the complex‘at low protein concentratién and
p0351ble aggregation at higher concentratlons, especially in
the presence of Ca2+' Nevertheless, tq;slassumption appears
reasonable bécausg of the excellent agreemént ip the Stokes
radius values déterminedﬂby gel filtration;and §edimentation
velneity, two techniques which are sensitive to protein -size

and shape in different fashions. The value of R g for

s, se
TN-TC (- ca?*) is 36 A, calculated from Equation 9 where

S30,w = 2-9 S (Figure 34A). This value is indistinguishabl®

fromQRé,gel obtained by Sephacryl’ s-300 chfomatoqréphy
(Figure 11), Thus, the translational fridtﬁonal ratio
(*/fnin) of TN-IC is 1 58, using Equatlon 2 where Ry, = 22.7
A. “ince thlsvvalue of-f/fmln is similar to that fpr beoth a
TN T and ™~-C alone (£/fmin ~ 1.5), thése subdﬁitS‘would
aprear to combine in a manner that does no# substantially
alter the hydrodynamic'properties relative to the individual

molecules. Asymmetry of the TN IC complex is also 1nd1cated

hy the rolﬂflvely large intrinsie viscosity of the proteln-
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(8.7 ml/g, Figure 34B). Prel1minary electron mlcroscopy

studies suggest that the "head reglon" of skeletal troponln,

4wh1ch con51sts mainly of TN-I and:TN-C, may be somewhat:.
flattened with a width of 100 A (Flicker, et al., 1982)Q
HowéVer, the frictional ratio of TN-IC 'is stlll somewhat‘

o

‘less than that of natlve troponln (£/fqin = 1.85), so the.
hydrodynam1c propertles are not 1ncon31stent with the more
restricted gfspos;tlon of these subunlts sChematically
represented in Figure 2. |

The effect of Ca?* on the hydrodynamic properties of
TN-IC is complicatedrby ita influence on the dégree of
Protein association.”'While‘addition ovaa2+ increased the
;apparent molecular'weight of/the complex, only minor changes
in Szo;w and Rs,gel were observed. - On the basis of a Ca*-
induced'aecrease in uiscosity,"it is tempting to speculate
_that TN-IC llke TN-C alone, undergoes a conformatlonal
Ichange to a more compact shape._ However, it is dlfglcult to
~ asse . the relative contributionalof@tertiary and'quaternary.
structure changes to the vfecdsitjvbehaviour.

The lnability of hydrodynamic techniques‘to detect
complex. formatlon between cardlac TN-C and TN-T woul_,sé
to be in conflict with varlous reports demonstratlng such an
'1nteract10n. These have provided evidence based on circular
dichroism (Burtnick and Kay, 1976), electron'micrcSCopy

(Yamaguchi and Greaser, 1979), gel /leéh{Sphore31s (Burtnick

/"—/
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: et‘ai;} 1976) and calorimetry.(Jacobébn et al., 1981).
However, . the transport methods used in this investigation
are only sénsitive to~the overéll‘pﬁysical pfoperties of the
proﬁeins*involved and might not be'expected to detect weak'
subunithinteractions; . Indeg¢d, gel electropbores;s studies

have indicated that only a pmall fractipn of the total TN-C -

"and TN-T mixed is involved in complex forma;ion (Burtnick et -

alt, 1976). Experiments with the corresponainglsabdﬁits'
froh skeletal muscie have plso suggested that this
iﬁteraction is decidedly weaker than that between TN~-C and
TN?I‘(van Eefd‘and'Kawasaki, 1973; Mani ét al., 1é74).m
These studies showed that the strengtﬁ of skeletal TN-C-TN-T
interaction is increésed in the preééﬁce of.Ca2+; no such

’ ,‘effect/;as observed'here with the cardiac proteins.

From‘the sequence of skeletal TN-T, Péé%lstode et al.
(1976) suggested that the highly basic C—terminalfpgftidn of
the molecule might be involved in biﬁding thevéciﬁic-TN-C
subunit.‘ This proposal has since been supported’
experimentally‘by sfudying the binding of TN-T fragments to
a TN-C-Sepharose affinity column (Pearlstone and Smiilie,
1978) apd by measuring thé EEl;tive reactivity of TN-T
lysine residues in the complex (Hitchcock et al., 198i).
Immunoelecfron:miCroscopy has also indicated that the C-
terminal region of TN-T is near both TN-C and TN-I on the

: 2
thin filament (Ohtsuki, 1979).
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Interaction between skeletal TN—I and\TNéT was
originaily suggested on the basis of eléctndn”ﬁicroscopic
evidence (Margossian and Cohén, 1973) as well as the
tendency of these proteins ﬁo-copufify (Hartskorne and
Muellef, 1969).' However, early:stﬁdies with the purified
subunits: could find no explicit evidénce for such an
interaction (van Eerd and Kawasaki, 19735. ‘Hitéhcock (1975)
‘eventually demonstrated that TN-T and TN-T could be cross-
lihked in tropohih and suggested that théy must be located
within G.A of each other. TN-IT complex forma;ion in
skeletal (Horwitz et al., 1979) and cardiac (Hincke et al.,
-}979) troponin have more recently been confirmed by a number
of speCtrosqopicvand physical methods. These studies have
shown that this interaction is very sensitive to the
oxidatioﬂ State'of the cysteine residués in TN-I, which may
explain the failure ofvearlier ihvestigators to detect the
TN-IT complex. It is‘how.believéd that,TNQI interacts
mainly with the C—éermi‘nal half of Ehe TN-T molecule, based #
on fragment interaction (Katayama,l1979§'§é3rlstone and .
Smillie, lQBO)'and lysine réadti?ifyﬁ(ﬂitchcock et al.,
1981) studies. It is possib1é fhat this interaction is even
affected b; ca?* in the presédde'of TN-C iHitchcock- T e
DeGregor;, 1982). A very reéeht cross-linking investigation
suggests ‘that the regidn of ékeietal/TﬁrI afound.cysteines
48 and 64 may be involved in ﬁhe binding of TN-T (éfgng and

v . : t .

.,



Hodges, 1982c). :These residues probably correspond to

cysteiﬁésa75 and 92 in (rabbit) cardiac TN-I, which are

thought to be important in the interaction with TN-T (Hincke

et al., 1919).

In agreement with the earlier results from our
'laboratory (Hincke“et al., 1979), partial formation of a
cardiac TN-IT complex<in 6.5 M‘NMED.is indicated by gel
filtration and sedimentation.velocity, While the
complicated Boundaries observed by these'techniques do not
permit an accurate hydrodynamic analysis, a few points are
worthy of.mentioa.' If the new pyotein peak seen by gel
filtration.(FigureYBl) indeed represents the;TN-IT complex,
the fact that it elutes between the individual.subunits,
.suggests that TN-T is dissociated from its normal aggtegated
state by the TN-I subunit. Although partially tbscured in’
an elution profile that is probably tpe sum of at least
'three'separate compoents, this proposed TN-IT complex
appears to have a Stokes radlus in the range of 50-60 A. It
is 1nterest1ng that this value is similar to the limiting
Rs,gel of native troponln (52 A), perhaps indicating that
the,removal\pf TN-C does not grossly alter theé hydredynamic
.properties of the whole complex.
| Whereas bimolecular interactioas between the cardiac
troponin subunits exhibit a wide range of stability, the

Combination of all three subunlts results in a tlghtly-

2

N
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associated complex, similar in its physical properties to -

- native troponin. This stabiliiation of troponin, by mutual

subunit interactions, wgs also observed in a thermodynamic

SN

study on the cardiac system (Jacobson et al., 1981). By
measuring thermal denaturation using differential scanning
calorimetry, these workers concluded that there is a

\
considerably higher degree of order in the ternary complex

than in the bimolecular units. ‘Moreover, Burtnick and Ray.

(1976) noted that reconstituted*;roponin'contains a larger
amount’of ordered secondary structure than expected by
simply adding the circular dichroism contributions of the
individual SUbunits. ‘TN-I would aépear to have a special
~ .
significance in the reconstitution of troponin‘since it is
the only subunit that interacts strongly with each of the
other two subunits in a binary fashion. o .

Potter and his coworkers (Johnson et al., 1986) have
also reported the reconstitution of cardiac troponin, from
subunits mixed in urea: The present study indicates that
reassembly of the complex does not requ1re the presence of
urea, but rather can proceed with previousfy-refolded
subunits in a hon-denaturing solvent (0.5 M NMED).
Similarly, skeletal troponin can be reconstituted from
subunits in a native li%ﬁ.conformation (Eisenberg and
Kielley, 1974; ‘Mani et al., 1974), despite earlier claims to

the contrary (Greaser and Gergely, 1971). It should not Be
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forgotten thdt, in addition to the structural stability

demonstrated here, reconstituted cardiac troponin is also

biologically-active (Burtnick et al., 197s6).

It is aimost univers;lly accepted that skeletal

troponin, on the.thin filament, consists of one molecule

each of TN-C, TN-I and TN-T. Early electron‘microscopic

evidence indicated that troponin, tropomyosin and actin are

present“in a molar ratio of 1:1:7 (Ebashi et al., 1969).

This finding was supported by Potter\(1974), who separated

all the myofibrillar proteins4by SDS pdlyacrylamide gel

'electrophores1s and further demonstrated that the TN-C: gN—

I:TN-T molar ratio is 1:1:1. However, thlS rather

fundamental tenet has g2cently been challenged by Sperllng

et al (1979), .who have reported that skeletal troponln

actually contalns two TN-I subunits per molecule. They have

claimed that the observed variability of subunit composition

is due to proteolytic degradation during troponin

purification and have-introduced a casein—Sepharose

chromatography step to remove these endogenous proteases e——
OUN

Although no similar confllct has developed regardlng//ardlac \\\\[

~troponin, the importance of determining the subunit//' \\~~/

stoichiometry of this protein is obvious by analogy.

4The available evidence suggests that native cardiac

troponin prepared by our methodology is 1:1:1 with respect

to its constituents. Native troponin was compared to
‘ - .
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recoﬁstituted TN-ICT qsing densitoﬁetric scans of\SDS
Ipolyacrylamide_gels, such as those shown in Figure 35.
‘Although the %taining intensity of TN-C was rather weak and
_sdmewhat variable, the TN-T:TN-I staining ratios were
identical (about 1.2:1) in both the native and reconsti;uted
protelns. The amino acid composition\of native troponin was
also compared to that expected for TN-ICT and fN—IZCT.
Table V indicates that the amino acid composition is not a
very sensitive function of the assumed subunit
stoichiometry, probably beéause of the overall similérity
among .the subunits.. Nevertheless, where there'ape
significant expected diffefences between TN-ICT and TN-I,CT,
the composition Qf.our native troponin more closely
resémbles that of the equimolar complex‘for most amino
acids. -

These considerations still do not address the question

raised by Sperling et al. (1979), i.e. whether troponin

isolated from muscle c¢orresponds to the protein on the thin

filament. However, thevgel»filtrétion results (Figure 35)
do indicate that, unlike TN-ICT, complexes réconstituted
with an extra mole of TN-I (or TN-C) are uﬂstable. It could
still be argued that the purification of troponin somehow
destroys tﬁe binding site of a second TN-I subunit, or that
this extra subunit is very weakly assdciated with the

1

complex in vivo. However;, the simplest interpretation of
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)



COMPARISON OF THE AMINO ACID COMPOSITION OF NATIVE

TABLE V:
BOVINE CARDIAC TROPONIN TO THAT EXPECTED FOR TN-ICT
AND TN-I,CT
Number of Residués?
Amino Acid TN-ICTP TN-I,CT Native . Native 4
o v Troponin® Troponin®
Asx o 72 67 73.7 69.8
Thr 25 25 23.2 C27.1
Ser 22 23 20.4 27,7
Glx 148 126 136.9 -~ 140.6
Pro . ' 20 21 21.0 17.4
Gly . .38 36 39.8 41.7
Ala . 56 56 56 56
val 29 27 31.9 . 33.8
Met 20 17 19.0 - 18.6
Ile .28 | 25 - 27.5 28.0
Leu 53 ' 52 54.2 : 51.9
Tyr o 10 9 11.3 - 13.4°
Phe : 20 17 . 23.5 22.8
His ' 7 7 - 10.2 11.5
Lys 70 . 66 71.6 65.8
Arg | 60 . 58  64.8 ! 58.1
a

All data were normalized to a standard alanine content of
56 residues per molecule, based on a molecular Qeight for
TN-ICT of 78,000. U |

The data for TN—ICT and TN-I,CT were calculated from the
sequence  of bovine cardiac TN-C (van Eerd and Takahashi,
1975) as well as the amino acid .compositions of cardiac
TN-I (Burtnick et al., 1975b) and TN-T (Burtnick et al.,
1976). _ S e

Our DEAE—Sephacel—purified_candiaC‘troponin‘(GO_h
hydroryza;e). ' *

Cardiac troponin preparqtion reported by Lin and Cassim
(1978). ’
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these results is that cardiac troponin, in its nétural
state, consists.of the thrée subunits in an’Fquimolar
ratio. There is evidence for a precursor pool of
unassembled TN-I in rat cardiac myofibrils (Martin, 1981),
but there is'presently no reason to believe that this
surplus protein has an active role in the function of

troponin.



CHAPTER VIII

GENERAL DISCUSSION

The earliest pictoral representatidn of troponin was
that of a globular protein situated at periodic intervals
along the thin filament (Ebashi et al., 1969). In recent
years, however, several lines of evidence have indic;ted
that troponin is more elongated, perhaps spanning as much as
one-third of the tropomyosin period length, onw about 130 A.
This new knowledge has been derived mainly fgom the
localization of skeletal TN-T fragments on tropomyosin; this
approach has demonstrated that TN—Tlis an exﬁended molecule
with at least twb wéll—separated tropomYosin—binding.
domains. On the other hand, little is known about the
'possible shapes of TN-C and TN-I in the troponin complex.

For the most part, the results of the.pfésent project
on bovine cérdiaé troponin support this more modern view,
While these proteins'are certainly not asymmetric in
comparison to other muscle chmponents such as myosin and
tropomynsin, hydrodynamic experiments have indicated that
neither troponin nor its énhunits should bhe thought of as
typical globular protein;. At physiclngical concentraﬁion*
of Mgz* and Ca2+, TN-C would appear to be the mast compact

{
subunit, with a frictional ratio of abmant 1.4, TN T wen'?
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be slightly more asymmetric (£/f4ix = 1.53). The 1:1 mole
complex of these two subunits (TN-IC) also seems to be
ﬁoderately asymmetric (f/f i, = 1.58). Native troponin
(f/fmin = 1.85) and TN-T are probably even more elongated,
at Jleast based on their properties_in solution. Of course,
thesg‘generalizations can be made only under the assumption
that all other contributing factors, such as hydration, are
equal among the proteins. Although no comparable
hydrodynamic study has yet beea\reported for skeletal
troponin, the results obtained with the cardiac proteins are
not inconsistent with the stFucturaI information that is
available for this mQ;e popular mdscle systém.

The general limitations of‘hydrodynamic analysis have
already heen outlined in the Intfoduction to this thesis.
However, it is necessary at this time tn reiterate some of
the speaial prnhlems involved in working with cardiac
Froponin and it cubnnitq. Td’kﬂqiﬂ witﬁ, thias ig not 7
"clean” gystem. TN T snd TH-T, in bartivu1ar, are very
insoluble proteinae andA unpnatural splvent c~nditrimns are
roquifed to arhitera what lTittle = lubility is po~sible.
Secondly, many ~f theso proteing, surh as native rraponin,
TN=-T, and to a léqcar extent TN-T and TN- 7€, tand tn galF
associa§e'in non denaturing solv@ts. As a result, many
rhysical parameters mus' be estimated hy ex+trapolation

thryrmrugh a coonecentrat i . range in which thim eqguilibri sm g
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v



, 158

occurring. These parameters will be weight averages at
tﬁgse concentrations. Thirdly, the use of ellipsoidal
models (or any other "smooﬁh" model) is clearly invalid for
proteins, like native troponin and the TN-IC complex, which
are composed of non-identical subunits. This may not be a
serious limitation in view of the relatively low amount of .
detail afforded by hydrodynamic techniques, but it should he
kept in mind. Finally, tréponin and:its subunits are not
designed to function free in solution. The constraints of
interaction with each other and with other pr;teins on the
thin fi]amemg coula result inp quite different structures far
these proteins in situ.

It is this latter cbnsideration that has led some
investigators to quéstion thé usefﬁlness'of experiments
involving ghe ienla*ted troponin swvbunits. T.in and Cassim
(1978) have claimed that the harsh conditions required to

/

Aieanciate Fropanin inte subunits result in signifimcant ang

irreversil'le confarmntional perturbhation ~f thean

proteing.  Thoy 'ave suggested that such strdies may
therafore nnt .- hiu\oqirallv-}blevant. W= eannnt Agres
with thie view. The present jnvestigation, as well as many

nthers, ha-e indicated that troponin is a reasonably hardy
t ’ .
’

nligoemeric~ protein, carable of beina dissociated and v
reconatiEGtaA WITK few i1l cffacts. Furthermhre, the

P i e achainive evbh it iaracferighice related b Eheir

.

\
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specific functions in vivo: TN-C alone binds Ca2+; TN-T
LR AL A ‘
alone binds tropomyQesin; TN-I alone inhibits the actomyosin
ATPaseg., When these subunits are recombined a stable complex
is fofmed, similaf in its physical aﬁa‘biological properties
to native tropdniﬁ. As will be discussed in ﬁhe following
paragraphs, prdblems in the interpretation of results do
arise when troponin is considered in isolation from other
thin filament components. Nevertheless, the study of
troponin and its constituents in solutioﬁ is, without
question, invaluable to a complets vunderstandina ~f striated
muscle regulation.

It is difficult to imagine a thin filament regulatory
mechanism that does not involve some form of ca?*-induced
conformational change‘originatiné at the troponin complev.
However, no definitivevevidénce for such » change was
obtained by the hydr~dynamic methods ugsed in this
inveétigation. Ev-n with TVM-7, most of the ohserved

structural effecte probably arise from cation bhindiny ko the

20

2 : . N
‘¥ gites, since Mg’' can fully replace

non-raegnlatory Ca Mqg

ca?? in Aecreasing the intrin=ic vianceity ~f this

subhunit. Thege reanlte woull tend to suggest that the Cajl“
trigger on the thin filament involves a reiatively_minor
conformational alteratien, CrossQ;ihking experiments have v

Alsn indica*ed rhat the topoloqy of skeletal troponin in

calubkfon ja not qnhstantially.inﬁluanéaﬂ by ca?? {Qubah,
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1986).

How. can the. observed structural insensitivity of these
proteiﬁs to Caz+ be reconeciled with a control mechanism,
such as the steric blocking hypothesis, in which fairly
.iarqe proteih motions are presumed to occur? In fact, ;hefé
may be no disérepancy at all, It is important to remember
that only part of the thin filament regulatory unit has been
examined in the presentvsﬁudy, Since Efoponin contains
sites which interact with both tfopomyoéin and actin, if is
~on¢eivable that a rathep»small Ca2+-inducedfconformational

change within the troponin complex would‘bewamplified when

[
i

relayed to theses other proteins. For examéle,‘a slight
votation of one troponin subunit relative to thé-gthers
mith escape detection by hydrodynamic techniquéé whilev
still cavsing a substanti=] change in the orienkat&on ~f
these interaction gitee. Alternativély, one or more
%;*eraction sites (i.e. hetween TN-T and actin) cog}ﬂ be
strengthened or weakened in a €a?' dependent manner, thue
allowin troponin to mnve relativa kn tropomyosin and/or
actin. Tnde=d, changes of this nature have hean observed hy
fluare-cence in reconstitutad thin filaments (Miki, 1979)
And hy crose-linking experiments between troponin and

g
tropomyn=in (Chong and Hodges, 1982a). Nf ~ourse, all
p”csihlq me- hanigstric models will have tH phe analyzed within

: s
a Framewnyl A F ~hemicral agquilibhrinm and ﬂrs(ypavakiv‘il’y a10ng
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H

- the thin filament. This cooperativity between adjacent >
troponin-tropomyosin units has become very interesting in

light of tﬁeapresent knowledge that TN-T extends to the

tropomyosin overlap region..
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