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ABSTRACT

\ ~

o ‘ o ,
Rabbnt carduac myosun '|solated from frozen tissue, was effec-
tlvely purified by batchwise treatment with DEAE cellulose in addltlon
to usnng dnlutlon-precnpltatlon-technlques. An extenstve experumental

.'program was subsequently carried out withvrespect to the enzymic,‘amino

\’\

acnd optlcal, and physicochemical propertles of native cardlac>myosun;
‘Thcs program has |ncluded~the followung examination of the effects of
pPH and varying concentratlons of ATP, CaClz, MgClz, and PCMB on"ts‘
ATPase act:vuty; determlnation of ltS ultraviolet absorption spectrum"
and assocnated extunctlon coefflcnent, measurement of its curcular dl-:
chro:c spectrum in solvent buffers at dlfferent pH or contalnang ATP in-
the absence or presence of Ca++ or Hg ions; study of the concentratlon
dependence of its viscosity and sedimentation veloCity at low. tempera-
‘tures; ‘and. |nvest|gatlon of |ts molecular welght by the Archnbald method
and low-'and ‘high- speed sedlmentatlon equulnbrlum.f In br:ef the results
y of these studles were. consnstent wnth the |nterpretat|on that cardlac
my051n lslcomprlsed of hnghly asymmetrlc, semu-rugnd molecules with a
molecular welght in the order of 4, 7 x 105,_wh|ch display nonldeallty
»evenbln»solvent puffers of hjghrlonlc,strength_at neutral pH. In addtr'
‘tion, computer analysis.of the hlgn-speedlsedimentatlon equilibrjum'data
" has provided evidence for‘the'presence‘of a'self-associationﬂreactfon at
Tow protein concentration. Even though the specnflc ATPase activity. of
carduac myosnn was - found to be approximately one- thurd that reported for
skeletal‘myosin,in all eases, it was concluded, on the basis of the‘es-t
sentially analogous.physical andtchemical propertles of rabbit cardiac

and skeletal myos.in, that the two‘proteins‘areiveW/ similar in”terms-of'

A W™



molecularfsiae, shape, and secondary structure.
' Tnfs‘cdnclusion,was augmented by the resulte of studies using
a degradative apnrdach ro investiga®e the subetrucfure df‘;he eardiae )
molecule: Routine'metnodelogy was establisned‘for the i}mited protee;
lytieAdigestien>of rabbit cardiac mygsin,nith;S*MbA-merCUripapain at iowi.
rtemperatures*and neufral pH,‘uaing moderare enzyme te myosin ratfos;
JPertlnent prepertles 5f the lnsoluble enzyme cemplex were alsovexanlned"
: brlefly , Klnetlc uultracentrlfugal and chromatographlc observations of
“the fragmentataon process revealed that a single type’ of lytlc reactlon‘
voccurs durung the.early stages, predom|nantly releasing. HMH -S1 and mye-
sin rods. Ulth further tlme of dagest:On,Athe rods’ are'addutnonally ‘
cleaved yneldnng Inght meromy05|n and HMM-52, and HﬁM—SI is:found rolbe
partnally degraded |
The maJor proteolytlc sunfragments were lsolated purlfled
and cnaracterrzed with respect to the)r enzymatlc, optucal ‘amino acid,
andephysicechemjcal prbner;ies. Only'HMH:SI exhibited 6a+f’}on-act{vated
‘_ATPase activit*,:and at.a leVel_three-‘totfqurffold higher than &hat'of-

a

'native'mYOSin. Hdreover, ifsAhydrodynamic nroperties‘sng§e5§ that ;f ie
' glebular in structure. On the other hand,jLHH-A (whieh consists mainly
.of rods)'and HMH-SZ anpear to'Be.highly,asymmetric, rigid,_a-helfeai
molecules devoud of the amino acud prollne.‘ Strong sumllarltles were.
4Aevndent in all aspects upon comparlson of these results wnth documented .
|nformat|on=concern|ng.the-skeletal system. " On the basis of the ‘physi- .
cal and chemlcal propertues of the proteolytlc SUb}ragnents relatuve to -
.that of native myosun,'ut was further concluded that the cardnac myosrn

v

]molecule is a double stranded, a- helncal rod endlng in two subfragment W

globules, of whlch only one may be enzymatlcally actlve at a’ tlﬂB
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CHAPTER |

kb | ~ INTRODUCTION L

;The Substructure;of Striated Muscle

' When examined with a light_microscope, the_myofibrils of stri- |
ated muscle are characterized by a pattern of alternating dark and light

transyerse_markings. The origin of-thls pattern'has been established by

elec_ron mlcroscoplc |nvest|gatlons of vertebrate skeletal tissue (Huxley,i

s

_1953) Striated muscle is comprlsed prunc:pally of two contractile pro-
telhs, éyosin and actin, which.are organlzed‘ln parallel lnterdigitating
-sets of’ tthk and thin filaments allgned longltudlnally in the myofnbrlls
(Hanson .and Huxley, 1960) The anlsotroplc’zone of high refractive index
(the A-band); observed in the'cent%al portlonuof the sarcomere, arises :
from the assembled _order of the thack fllaments, while the |sotrop|c re-
gions of - lower refractlve lndex (the I-band),‘ev1dent.to elther snde of
the anlsotroplc zone, result from the arrangement of the thin falaments;
F-Each thlck fllament consists prlmarlly of longntudlnally oruented mole-'
.cules of myosun (Huxley, 1963), and each thln fllament of globular actin
'monomers lfnked in a r|g|d double stranded hellcal chaln (Hanson and

Lowy, 1963). ln addltnon tropomyosun and the'components ofvthe,troponin.

’“complex are; physncally assocnated with the thin fllaments - These pro-

telns medlate the coupllng of excntatlon and contractlon by senSItlzlngg;

P e

N i

lthe complex of actln and myosvn to the phySIologlcal actlon of calcium

“ -

ions (Ebash: et al /s 1969, Katz, 1970) In'general terms muscle con‘

traction |nvolves the transduct»on of the chemlcal energy of adenoslne



,triphoSphate (ATP) into ﬁechanical energy through’thelslidlng process of
» the thin filaments |nternally over the thick fllaments —‘the A-band " re-
‘mains constant in length, whereas the !-band shortens (Huxley and Hanson,
1954). Myosin plays a paramount role in contractiOn,vfor,not\only-is
ATP hydrolyzed at active SItes‘locaﬁed in the myosin molecule§but also
the many cross- brudges which actually lnteract wnth .the actin fulaments

and provnde tbe drlvung force for the slld:ng movement origlnate”fromju ’

thefthlck fllaments (Huxley and Brown, 1967).
' ‘ ' ) kg ‘ o

Current Status of Cardiac‘Myosin'

'
i

In the past two decades consnderable lnformatlon has‘beén ob-

‘.

. tained wuth respect to the structure and. enzymatlc propertues ot myosin
|nIV|tro. Theebulk of thas anformatlon however, concerns rabblt skef-
etal myosun the added dlfflculty of purlfyung cardnac myOSIn in con-
Junctlon wuth its tendency toward aggregatlon has dlscouraged somewhat
the extens-ve lnvestlgatnon of thns |mportant contractlle proteln (Katz, '
'.1970). Due partly to the limited avaulabullty of fresh rabblt hearts in
the past, most of the prevnous studues of cardlac myosun have dealt wtth

' myos-n prepared from canune or.bOV|ne tissue. Consequently, lnttle re- o
search has been- dlrected towards rabblt cardnac myosin, and its complete
‘_characternzatlon has not - been carrled out. Moreove: this sltuation'has'
|ntroduced an addut: nal var*able that of specues dlfferences, to whlch‘
consvderatuon mus be/%ade\whe rcompar:ng the propertles of cardlac myo-
’.-S|n to rabbut skéleta‘ myos*ﬂ/(ﬂueller et al ., 1964) . An excellent re-

- view of past and current developments wnth regard to the maJor contracc

tile protelns of the myocardnum as well as the whlte skeletal muscle of

brabbat has been publlshed by Katz (l970) thle no attempt is_made»to
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emulate this rather comprehensive survey of the literature, details per-

tlnent to the background of the present study'are briefly considered.

ComoaratiVe Features of the Cardiac and Skeletal Molecules.

Horphologlcally, cardiac and skeletal myosin are thought to be very sim-
|lar. Intrinsic estlmates of the reduced vuscos:ty and duffus:on and

sedlmentatuon coefftcnents of canlne ca: duac myosun do not dlffer greatly

R

from correspondlng values determlned for rabbat skeletal myosrn (Brahms

and Kay. l963;)Hueller gt_al:,:196h). Furthermore, the marked concentra-

" tion cdependence exhibited by these,hydrodynamic parameters indiéates that

. the molecularsstructure of mysOEn is highly asymmetric. The results_of :

o #
electron mucroscoplc studnes conflrm thlS conclusnon and reveal that the

‘my05|n molecule is essentlally a narrow rod approxnmately 1. 3 x 103 R lnf'

:jlength wlth two globular protrusions at one end (Mueller et al., 1964

Carney and Brown Jr., 1966 Slayter and Lowey, 1967). It-has been shown

that the rodl:ke portlon of the moletules may "be |nvolved ‘in the forma-

'.i,tlon of the th:ck f:laments (Harrlngton et al., l973) and that the end

globules possess the’ enzymatlcally actlve sites whlch |nteract wnth actin
R

and hydrolyze ATP (Lowey et al.; 1969) The results of’comparatlve ul‘

travnolet optlcal rotatory dlsperS|on measurements wnth respect to canine -

"cardnac and rabbit skeletal myosin are also in good agreement, reflectung

the general snmllarlty in their amlno ac:d composntrons and im§1y|ng_that

”the secondary structure of both proteans IS very much allke (Brahms and

Kay, l963, Kay et al., 1964) The adenOSInetrlphosphatase (ATPase) ac-

tlvnty of cardlac myosun llke that of" skeletal myosnn,vls actlvated ln

"the presence of calcnum ions and inhibited WIth magnesnum |ons, shows a

) two'mode effect with'increasing concentrations of p-chloromercuribenzoate,



and does not display a definite pH maximum in the range 7 to 9 (Brahms
and Kay, 1962; Mueller et aly, l§6ﬁ).
Perhaps the most elusnve elementary properyy of cardlac myosun

to be measured has been its monomer molecular welght. Although a value -

in the order of 5.0 x 10° has been considered for some time to be a rea-
. sonable eStimate, general‘agreement'wlth respect to the true’lntrigsic
value has not beenireached (Katz, 1970). Onlynfalrly recently has-a
‘simllar situation regardingfskeletal myosin.been satlsfactorily resolved.
_ Utilizing,high-speed sedimentation equillbrium technlques and sophistl-n
'cated computer-analyses described hy'Roark and Yphantis (1969), Godfrey
and Harrlngton (1970) have demonstrated that skeletal myos in ext ts ina
monomer - dnmer equnlubrlum in solvents of high ionic strength, and that
.the true molecular weight of the mOnome_,at lnflnlte dilution ‘is close

}

to b 6 x 105 There are essentlally two reasons why confluctnng valuesv
were obtalned in the early studues. Fnrstly, myosun solutlons are non-
|deal due to the seml r|g|d asymmetrlc shape of the molecules.: Secondly,

_'because of the strong tendency of myosin to aggregate, the resultant mo="

lecular welght estimate |nd|rectly reflects-the age of the myosrn prep--

y, 1962) and, to some extent, depends on the method'

Y

-aratlon (Brahms-and
of‘puriflcation.employedt With respect to the latter pount Vlerlung et
gl. (l968) have fo d that the apparent molecular welght of canine car-.i
ldiac myosln purlflsd by‘ammonlum sulfate fract:onatnon (5.4 x 105) is
‘suhstantiallyahig‘er thanxthatbof myosin.notspreparedtwlth.thls‘salt but
-byfthe conventio al dilution-preclpitationtmethod'(kt8'x 105).

Despl e the apparent homology in the molecular and physnco-'lﬁ

chemlcal prope tles of carduac ‘and skeletal myosnn well deflned‘dlffer- -

enceSVbetweensthe,two protetns are known to exist. . The calclum ion-

o o



activated ATPase activity ef cardiac myosin, for example is signifi-
'cantly-lower, under |dent|cal experlmental condltnons, than thét of skel-
etal myosin (Balley, 1942; Brahms and Kay, 1962) . Rabbit cardiac myosin
. ‘ppssesses‘two dlstynct classes of Ilght,channs_(IQW'molecular werght
protefn eomponents assdciated with the g]obular portion ef.theahyosin,“
moTecule (Dreizen et_al:,>)967)5, whereas skeletal’myQSin contains a

total of three (Lo;ker-and Hagyard,‘l967; Sarkariétfal:, 1971)._ More-
ovgr,ithe'iight chains of'oyine’and bovine cardjae.myos}n'yield'two ad-
ditional thiol-peptgdesIUpOn limited tryptft digestion, evidently.net ‘
present in the-light chains of ovine and rabbit skeletal mybsin (QEeds ‘
“and Pope, 1971). ‘The.amino acid sequence of corresponding thiol.peptides"l
and methylated and non- methylated hnstldnne peptldes from cardlac and '
skeletal’ myosnn are'found to be_d|55|mnlar (weeds and_Frank, 1973; Huszaf
"and Eleinga,'i972). lt'is;thus not surprising that differencesybetween
the immundiogfcaldproperties of ‘the two mypsinbproteins are additienaliy,gi
Vobserved (Flnck 1965) Finaliy; canfne cardiac myesin is more.resis~'
'f?fant to proteolysus by trypsin than is rabblt skeletal myosun, perhaps
3a]so reflectung varnatnons in thenr prlmary structures (Brahms and ‘Kay,

d1963; Thelner, 1963)..

' The'Substrueture of’Hyosin as Revealed by'Proteolytic Studies,;-f

A consuderable proportton of the current knowledge pertalnlng to the .
'wstructuraf.propertnes of rabblt skeletal myosnn has been derlved through'
_proteolytnc fragmentatlon experlments and subsequent study of the puri-
_Fled subfragments Early |nvest|gat|ons showed that brlef treatment ofv
dskeletal myosnn wlth trypsnn or chymotrypsnn lnntlally cleaves the mole-i

»“cule vnto two parts, deS|gnated wlth respect to thenr relattve size,

llght and heavy meromyosun (Gergely, 1953 Mlhalyl and Szent Gyorgyi

E



vl9S3) Light meromyosin.(LﬂM) is structurally a'rigid protein of high
a- hellcal content whlch ornglnates frbm the rodllke region of the myosun‘
molecule and dlsplays the solublllty characternstlcs of natlve myosun
(Szent Gyorgys, Cohen, 'and Phllpott 1960). Heavy meromyosnn (HMM)., on
‘the other hand, consists malnly of the globular portnons of the natlve
molecule plus a short segment of attached rod and retanns the enzymatlc
-propertles of therparent molecule“(Szent-Gyorgyl l§63) "Further tryptlc"‘
digestion of heayy meromyosin_releases 9et,smaller integral tragments:
subfragment l,'the‘individual globulesrwhlch retain\the ahillty to hy-
drolyze ATP and b|nd actin (Mueller and Perry, 1962), and subfragment 2,
the rodlike segment of HMM which is not enzymatucally actnve (Lowey,

Goldstein, and.Luck, l966).- Likewise, a series u-helncalvfragments

(light~meromy05in'Fraotions_l to 3) are obtained by-stepwise'degradatlon

N
N,
~

~of LMM (B&lint et"a'l . 1968).
Dependlng on the duratlon of the-proteolytlc reactlon, varyung
amounts of small peptndes are concurrently llberated durnng the produc-"
tuon of the- maJor subfragments (Segal et al » 1967) This s:ngle fact~
represents the chlef lnmltatlon of thls approach to the study of the. sub-m df\\
(structure of myosun —~part:cularly in the preparatlon of undegraded Sub‘_iwf;“é¥

' fragments l and 2 via tFthIC dlgestnon : Komunz et al (l965) have dus-,

o

eovered at an unsoluble form of papain_ preferentlally cleaves skeletal

KFYOSIn |n the attachment reglon ofﬂthe globules, thus |n|t|ally releas:ng
subfragnent l unth’relatlvely minor loss of non proteln nntrogen‘ Lowey
et al. (l969) explO|t|ng thlS fnndlng, have establlshed the. followlng
polnts “one, the actnon of papaln on rabblt skeletal my05|n two <the

conditions: under whnch a wsde variety of fragments may ‘be produced and

'»three, the,slze andushape of these subfragments, as deduced_from,electron
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micrographic,dphysftochemical, and enzymatfe'actiﬁity'measurements.
‘\ : o o ’ . o : t
The success of this experimental approach achieved with rabbit

skeletal myosin”hds\enly been partiaﬁdy'realized with respEtt_to the car-
diac system. It has\been shdwn, for instance, that the meromyosins can
be produced from canihe cardiac myesin by Iimited tryptiC’diéestion, ai-
’though at higher trypsrn to myosin ratnos compared to that employed with
skeletal myosin (Theinerﬂ 1963). 1t was addntlonally suggested that the
‘ higher,resistanEe of Cardiacbmyos1n than skeletal myosin to proteolysus ﬁﬂ
was ndt'solely attributable to the differeht tissues from which the pro-
tei?s were iselated;'but, to some extent, to the differehce in animal
'.Speeies. More recently, Tada et'ai (1969) have reported that actlve
subfragment 1 can be obtalned from bovine cardlac heavy meromyosnn by
short digestion with soluble papain. Furthermore, comparatrve‘pH-stat.
measuremehts indicated.that bovine.cardiac‘hMMvwas:@ore resistantﬁgo .v
proteolysis by papain, chymotrypsnn or. trypsfn‘than either rabbit skel-h
etal HMMtor,m;osih1 However ‘the proteolytlc degradat:on of native car-

- diac myos:n wnth .papain, analysns of the reactnon, and characternzatnon

of the subfragments released are aspects of the cardxac .system whlch

. have not been studted.

Aims'of-the Presentvlnvestigation
The ult|ﬁate purpose of this study has been the comprehenssve-
bcharacterlzatlon of rabblt cardiac mdeIn. V!th.fVCSh rabbit hearts
readily avai]able in substantnal quantntles,.comparison‘has been made
wuth the rabblt skeletal system. wnthout the added varlable of specnes
dufferences.' The experlmental obJectlves of the present lnvestlgatlon

‘were, therefore,~as-follows: N

<



1)

2)

\\ ‘ o
to prepare homogeneous rabbit tard}ac myosin from frozen
tissue; ' D : SR

to thoroughly. examine its enzymatic, ultrayiolet‘dp({cal,

amino acid, and physiéochemical properties (in particuiSr;

T its molecular wgighi_by advanced techniques); ,

3)

b).

to fragment native cardiac my&%in by limited proteolysis

(B

wifh insblubflizéd_papajn and analyze the degfadatjve?pkb;

cess; and
to isolate, dﬁrffy, and study the major subfragments .thus
produced and‘derive,addftiona)'iﬁfbrmétioh with respect to

the molecular structure of rabbit cardiac myosin.

N
"~ / i
)

hY



CHAPTER. 2
GENERAL MATERIALS "AND METHODS

‘The physicochemical and enzymaLic techniques employed in the

charac;eerathn'of cahdfacrhyosfn and.the proteolytic sgbfragmenté,
baa well as mercuripapain, are extensively summar ized in‘this chaptek.
SpeC|f|c details- and experlmental coagltlons pertalnlng to a- partlcu-
lar proteln systeh are given in relevant sectlons of later chapters

Depar;ing eligh;ly from the precedent of ihCIUding_methods of protein’

;preharation underva_genenal headingbof‘materiala andumethods, procedures
"»fothhe‘fsolation and.pu}ificatian of myoain, the subfragments, and
fhercuhipapafn are }ndividually deaeribed in appropriate chapterszEth
the intention ofdpreaenting the'nesdlts of.the entire inveStigationvin'a

logical sequence and coherent manner.

Labofatory Materfals and Pfoceduresa

v h The water whlch was used in the, preparatlon of all proteln and .

, 'chemfcal-solutlons was dqsttlled, redlstllled in glass apparatus, and

Ot

o further deionized by passage through.a.demnneral;zer_column (Crystalab). -

hDisOdium adehdsine'5'-triphoSphate'(ATP), dFN-benzoyl4L-arginine etnyl

T

'-ester HC1 (BAEE), and p- chloromercurubenzonc acud (PCMB) were purchased
in the hcghest purlt;_aVa}fahle from the Slgma Chemlcal Company,
v,St._Louns, Mlssourn- and dlthlothreutol (DTT) was purchased from

: Calblochem Los Angeles Callfornta.. All were stored tlghtly sealed at

v@
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. temperatures below 0°C. Cotassium chloride.;potassium phosphate (mono-
vand dubasnc), soduum ‘chloride, potasslum hydroxnde, and concentrated
hydrochlorlc acid were 'Baker Analyzed' Reagent grade, obtained from

the J.T. Baker Chemical Companyvthrough Canadian Laboratory Supplies‘
Limited, Edmonton, Alberta. Al other chemicals used in this-Study.
unless otherwise specifled,.were certified A.C.S; grade}\purchased from
‘the Flsher Scientlflc'Company; Ltd.,;Edmonton; Alberta. |

o Sephadex G-ZOOV(bQ'to 120 . partlcle‘size) was obtained.from
.Pharmacia‘Fine Chemicals;'Uppsala, Sweden, and the,gel was prepared and
poured in columns uslng'procedures as deScribed’in'the‘Pharmacia,techni-
cal brochures. Nhen'not used,;prepared:Sephadex.was‘suspended in.doublec
distilled, deionized water-and-stored“sealed at lOAC;.a small'amount‘of
isodium a?ide QaL added to prevent‘possihle bacterlal orowth |
| Dlethylamlnoethyl (DEAE ) cellulose was purchased from the -

'rFlsher Scnentnfuc Company, and was’ thoroughly washed using. the ‘method * as
outlnned by Peterson and Sober (1962) with the follownng modufncatlonS'_‘
0. 5 M potassuum hydroxlde was substntuted for 1 H sodlum hydroxlde, the
final treatment ‘with’ alkal: was el|m|nated and double dlstllled delon-h
'izedkwater waSiused;throughout_the rlnslng procedures.. '
| .Measurements of pH were routinely'madenusingla Radiometer pH;
meter equupped wlth a varlable temperature compensator and combunatuon'
‘iglass electrode (Raduometer lnc., Copenhagen, Denmark) frequently.
standard|2ed wnth standard pH.buffers in the neutral~pH range_(hisher‘
_Scnentnflc Company) | ‘b | |
@ Buffers and ohemncal solutrons, whlch were quantltatlvely

~4prepared dhrectly or |nd|rectly from solud salts, were. mlllnpore fnl-

-tered (0.22 or 0.45 U pore snze)~dur|ng thelr preparatlon to remove»dust
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L . : o .
and fiber particles, and were adjusted with respect to pH prior to use.

All glassware .and preparatnve centrlfuge tubes and bottles

were scrupulously cleaned wuth detergent and water,_rlnsed wuth hot
N

water dlstllled water, then double- dlstllled delonlzed water, and

‘were dried inverted in an air oven set at lOO°C. Pipettes ‘were briefly
)

treated with freshly prepared chromrc acid prlor to the. rlnsang and
vdrylng procedures. (
' ' i
-

Enzymat ic Activity and pH-Stat Measurements

Release of hydrogen ions durlng proteolysns and esterolysus

_'was followed by recordlng the uptake of hydroxude ions requured to maunﬁ

‘tann pH wlth pH-stat apparatus usnng establlshed procedures (Jacobsen‘
"et al., 1957) The apparatus (Radvometer Inc;, Copenhagen, Denmark)
consusted of a pH-meter/tltrator (type TTTlc) equnpped with a variable '
temperature compensator and qomb:natlon glass electrode (type K232|c)

a tltrlgraph (type SBRZc) wlth sy{khge burette (type SBUla), and a 25 x
>65 mm Pyrex reaction cell placed in a plexlglass water Jacket. The tem-
‘perature of the reaction vessel was malntalned to : 0 1°¢C wnth a Colora
;ultra-thermostat curculatung water bath for experlments below ‘Toom tem-
perature an external coollng compressor was used in conJunctlon with
the bath . ernng of the cell COntents was accompllshed by ﬂnxlng the'
posntlon of the electrode in the reactlon solutlon and rapudly turnlng

the cell wlth the force of the curculatlng water. Carbon dnoxlde was
‘excluded by gently passung a stream of nltrogen gas over the surfaceépf
" the cell contents under a spec:flcally deS|gned hood Tutrant 5 x lO'

. to lO I N potassuum hydroxnde was freshly prepaned. stored under par-

affln oil in the»tltrant reservoir, and dellvered,by-a;glass syringe

n
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through ftnely drawn- out plastnc tubnng, the tnp of which was . poactnoned

below the, surface of the reactuon mnxture. The delivery capacuty of the

&

glass syrlnge was. callbrated by determ:nung the volume dellvered from
measurements of the.plunger diameter and length of movement along the"

syrlnge barrel, assocnated with a recorder pen travel of lOO chart unnts.

-.Prior to pH-stat measurements the pH- meter was standardlzed, and the

normallty of the base was determnned by titrating to an end pount of

pH 7. O known volumes of dilute standard hydrochlorlc acnd, standardlzed

V:In turn’ ussng Potassium hydrogen phthalate (Fusher Prlmary Standard)

Specnflc volumes of freshly prepared substrate solutlons were pipetted
lnto clean reaction cells and allowed to equnllbrate wlth respect to
temperatuf& I'f necessary, the pH wa adJusted to approprnate values
wnth small volumes of potassrum hydroxnde or hydrochlornc acnd before
the reactlon was started by the addatlon of enzyme._ A checkhfor spon-ﬁ

taneous release of hydrogen lons under the experlmental condttlons by

substrate alone ‘Was” conducted over the duratlon of a typ:cal actuvnty :

-4

measurement (5 to. 10 mnnutes) Enzymatlc actnvnty was calculated from

the slope of the best straaght llne drawn through the pH-stat trace and

fexpressed 3s moles substrate consumed or’ product released/mln/mg enzyme.,

i

. .
3

uv Optlcaleroperty Measurements

‘Ultravlolet Absorption Measurements of ultravnolet absorb-

“ance at selected wavelengths were routunely made wlth elther a Beckman
bu spectrOphotometer (Beckman Instruments lnc., Fullerton Calnfornna) /&//”
.or a Gulford Model 2&0 spectrophotometer (Gulford lnstrument Laboratorles

lnc., Oberlln, Ohno) usnng standard procedures wlth 1 cm pathlength

‘ ‘ultraV|olet cells and dnalysate as the blank The ultrav:olet’absorpthn



|-
;'spectra of dlalyzed protenn solutlons.were determlned over a wavelength
" range of 2#0 to 340 e wuth elther a Beckman DB G gratlng spectropho-' N
tometer or a‘Gllford.Hodel ZQO‘Spectrophotometer: Spectra]-measurements
were made at room‘temperatdre:(23°c) utilieing 1 cm pathlengrh cuvettés:,
=and dlalysate was- used to establnsh the solveht base Ilne. ’Sample so-
'hlutlons wuth too hlgh absorbanCe to. be efflcnently measured were accu-
'-rately dpluted ds(ng.vo]umetrlc mlcropmpettes. Aftervuse cuvettes were
-ttheroughly washed thhidetergent.andvdiStil]ed_water, rlnsed.wrth.double-
distilled, deionized water then redistilled ‘ethanol, and dried inverted
in.an”aYr oven setrat IOO°C‘ Perlodlcally‘the cuvettes were brmefly
" treated wnth a solutnon of 3 N.hydrochlorlc acid and’ 502 ethanol (l 1 by

4 volume) prior to the runsung and drylng procedures.

Curcular chhrousm. Ultrav:olet cnrcular dlchrO|sm (CD)

measurements were made wnth a Cary Hodel 60 recordlng spectropolarlmeter
(Cary Instruments, Honrovna, Calnfornna) wuth attached Cary Model 600]
CD accessory, . us:ng standard procedures. 'The instrument, equnpped.wlth:
a water .cooled lamp housung malntalned at 27 C was callbrated with an =
. queous solutuonvof recrystallszed d FO camphor sulfonuc acvd (Eastman
hOrganlc'Chemrcals) ' Constant nltrogen flushlng was - employed ovef ‘the
,examaned wavelength range of 200 to 250 nm. All measurements were made
o wuth 0 S m pathlength cells held in a thermostated cell holder maln;
'taoned at l3 C with a Lauda (type KZR) cnrculating water bath Protelm
’samples, 0.1 to 0. 6 mg/ml, were dnalyzed agaunst the approprlate bufferj;
Vhat w°c for at-leastizh hpurs pruor to use. Thelr coneentratlons were
‘determined on the same day as the CcD meaSurement, and dialysate.was used.
tb-estabiish the'sd!yent;base‘iine. LThe meansresidnevmoleeular'ellip-

‘ticity ‘s given-by the relationship:y.

;
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where‘0° is the observed elllptlclty in degrees, M the mean resndue molec-
ular welght (taken as IIS) 2 the cell pathlength in dm, and ¢ the pro-

‘tein concentration“in‘gm/cm . The units of [0] are.degrees-cmzldecimo]e.-'"

~ -
. - .e

. P:otein Concentration Measurements_

Protetn concentratlon was rout:nely determlned from ultra-'d'
vuolet absorptuon measurements (made at the approprnate wavelength of
'maxlmum absorptlon‘and corrected for turbldlty by subtractlng the ab-
sorbance at 320 hm) u5|ng extinction coeff:cuents experlmentally deter-

';mlned on the basis of at least two.of the followung methodS' dry welght

mncrOfKJeldahl Lowry, and refractometry Proteln solutions were exten-”

;snvely dlalyzed at h°C wlth several changes of external solvent, prlor

. b}
to analysns for the quantlty of protefn in solutlon.

_ Dry Welght Method - An allquot of proteln solutlon (8 to kO mg

proteln) was measured and- transferred with a callbrated pnpette to each
‘of four or flve tared'small volume beakers (prevnously marked thor- -
roughly cleaned, and drled at 110° C under vacuum to constant we’ght)

The proteln samples were drled flrst in an alr oven.at 80 to 100° c, then~

" to constant welght at 110°C. under vacuum.‘ The drled samples were cooled‘ %

‘under vacuum, s:ngly removed and weughed on a Mettlen S-6 seml-mncro
. o

janalyttcal balance. The average drled weight of the proteln‘solution

was corrected for the wenght of salt by subtractlng the average dried
oS .

'welght of dupllcate allquots of the dlaf;sate obtained ln the same

<
[\

; manner.



Micro- KJeldahl Method Protein nitrogen was determined by .
RS

the mlcro-KJeldahl method usnng procedures essentially as outlaned by

Gurd (5950). A measured volume of dnalysate or protein solution (2 to

. 5 mg protein) was transferred lnto a clean lOO ml KJeldahl flask and

A

~digested by heatlng wz*h 2.5 ml fumlng sulfurlc acid, 1.5 gm sodium
sulfate, and a selenlum-coated Henger bo:llng Chlp At the completlon‘
of dlgestlon, the mixture :as cooled diluted wuth 35 ml distilled wa-.
ter, “and rendered alkallne by - the“gddltlon of approxumately 5 gm solnd
'sodlum hydroxude whereupon a Kjeldahl trap and dlstnllatuon apparatus’
i‘were quuckly connected Ammonla in the alkallne mlxture was released
by steam dlstlllatnon and collected in- lO 0 ml of standard.0.02 N hydro-
chloric acxd The: number of nltrogen equlvalents was calculated after
'back tltratlon of excess acid wuth standardlzed 0 02 N sodlum hydroxlde

usung a mixed lndlcator 0 Oh% alcohollc bromocresol green plus 0.04g

.alcohollc methyl red (5:1. by volume), and tltratlng to a gray ‘end point.. -

Samples of - dlalysate and proteln solution were analyzed in dupllcate,
aﬁd the equuvalents -of nitrogen deternlned in the dlalysate was, ‘used to.’
correct the correspondlng solutlon estlmate Amount protenn was sub~

: Sequently calculated using llterature values of the percent nltrogen
content of the protecns analyzed The overall method was tested using
standard solutlons of ammonxum sulfate (Ultrapure grade,‘Schwarz/Mann.
Research Laboratorles, Inc b New York) and the total error found to be
lapproxumately 3%. | |

Lowry Method Amount proteln was determnned uscng the Folnn‘

“__Clocalteu phenol reagent as descrsbed by Lowry et al _(1951) ~adopt|ng-7>

:the modnfucatlons as proposed by Gellert et al. (1959) A major dlsad-

_vantage in the use of the Folnn Coocalteu reagent to estlmate amount

>

15
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proteln as reported by Lowry et al (195l) is the varying amount of

color developed wnth dlfferent protelns (|n part reflectlng the effect

s

of dlfferent contents of certain amino acnds) Sunce the amino acid

-~

composutlon of cardlac-ﬁﬁrsln ‘wWas found to correspond much more closely

to that of skeletal myossn than that of bOV|ne serum albumln, and since _

"

methods were avaulable by which skeletal myosin could be freshly pre-
pared in pure form (from the same specnes of. anlmal) and its solutlon
concentratlon could be readnly determlned wnth a good degree of cer-
ta:nty, rabbit skeletal myosin was subStituted'for bovinelserum albuminb
~as the standard protein. ‘ | |
Rabblt skeletal myosun was prepared by essentcally‘the method»

_.of Szent- Gyorgyi (195l) Its concentration was determlned from ultra-

et
e

vnolet absorbance measurements at 280 nm usnng an extnnctlon coeffncuent,

Elzcm’ of 5. 88 (Verpoorte and Kay, l966) All ‘standard samples had a

280/260 absorbance ratlo equal to or greater than, 1.7. The minlmum

) tume for stable color. development and the wavelength range of maxlmum
. X
absorptvon for the colored complex were redetermtned usnng skeletal

myosan,_and were found to be 20 mlnutes and 740 to 750 nm, respectlvely.
On a standard olot the absorbance of the colored complex was dlrectly

proportlonal to amount proteun up ‘to. 200 ug skeletal myosin. ,

-

_ Dupllcate samples of d:alysate and proteln solutlon were dl‘“
luted to known volumes wlth 0. 5 M sodcum chlorude to mlnimuze |nterfer*.

o o S
ence due to potassuum ion (Gellert _5_913, 1959). Aliquots were removed
' and muxed with approprlate volumes of freshly prepared Lowry reagents.

A

The colored complex was allowed to develop for 25 mlnutes, whereupon its

vabsorbance-at 7Su am was measured wnth a BecEman DU spectrophotometer

[



type viscometers, Qith‘solvent flow times of approximately 195 seconds,
were used for‘solutions of tne”proteolytic subfragments;' Temperature

was precisely maintained (!10.02°C) nitn a thermostatically controlled |
vnscosnty water bath equnpped with an |nternal microheater and external
'coollng system (Scnentlflc Development Co., State College, Pennsylvanla)
Dnalyzed stock solutlons, clarlfled by hlgh speed centrlfugatlon and/or
by mnlllpore flltratlon (5 u pore snze), were quantltatlvely dlluted to

specnflc concentrations us:ng faltered dlalysate as the solvent. Prtor

'v_to each sernes of vnscosuty measurements, viscometers were thoroughly

cleaned and dried then reproducably posnttoned in'the water bath care'
taken to flx the caplllary ‘arm in a vertlcal pOSItIOﬂ.. After the VIS‘Y
cometers were cooled for several mlnutes, allquots of solvent or the

dlluted samples were carefully |ntroduced to the bottom of the chargang
tube wnth a- long, narrow p|pette and allowed to equtlnbrate wuth respect

to the’ 1ow temperature.. Durlng coollng and temperature equnlnbratlon,

BN

the vJscometers were sealed wnth Parafilm to minimize formatlon of con~

;densatl@h on the inside glass surfaces.- Flow times were,accurately mea-
.sured and remeasured WIth Heuer- Leonzdas precnsnon.stopwatches.‘NRe;l
peated values of the flow tlme were w:thun 0.3 seconds, ‘and the average
’ value was used in subsequent calculatlons.‘ ‘ |

For capullary vnscometers, dernved in part from the Hagen-

PolseUille equatlon relatlng viscosity to flow t|me ‘the relatlve V|S',‘”

cosity of solution: to solvent can be written as

where t and p are the solution flow time and density, respectively, and

19
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’vto_apd'po tﬁa‘corraspoﬁdfng parameters forrtha sélveﬁt'(&falysate).
;Tefms_peftaining to ihétrumentﬂconstants have been cancefléd‘frdm fhe;
fnumeratof and‘denominator'since éhe ;ame'yfstometer has used in an
identical manaar to ﬁeasure taa flow time of the'SOivenf andveach asso-
,cjaaad pfotein sampla. Abensities of the protein solutions and dfa]ysaie
were détermined a;u5.0°C.using bycnomataia methods : gor,iha Qraatest
‘concentration examined viacomg;rical1y, approximately ]img/ml, the rel-
ative~inéraa§é inidenéiiy with respécgvto'tﬁe dehsi;y'of the dialysate
was fdundvtdhbglless thanVO.ZZ. Therefofe-cafgectioh for solution den--
sity wasapo; applied in caiculating‘tha reiative‘Vistosity; “In addition,
correctioaé for kinatic enargy and'Capillafy end‘;ffécts'were asédmad to
be negl|g|bly ‘small due to the: apgrecnable flow tnmes and the desugn of
the vnscometers (Bradbury, 1570) "No extrapolat»on was made to zero

- shear stress. The SpeCIfIC viscosity, nsp’ equal to the relatlve ‘vis='

'cosity mihus one (Tanfqrd, 196l)~was'thu$ calculated usung the expresslon

e

The.weight_intrjnsicvaiscosity, [n],'is_defined aé

[nl = lim '(nsp/c)

c->o
* where c.is ghe protein concentration expfésSed in gm/dQ (Tanford,,ISGI)
"The.redUCed viscoSity, (n' /c) ‘was plotted wuth respect .to concentra-

'tlon, and the experomental ponnts were analyzed in terms of the emplrn—‘

- 1y

cal equatlon (Huggsns, 1942) -

| (n;p{c) = [ﬁ] +’k’[h]2§ | ._7‘ ."'



l:near extrapolatlon to zero concentratlon.
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‘Sedimentation velocuty,ﬁé

. Ultracentrlfuga ion gtudies

)

-~ Archibald experlments were conducte.

| o .t,y
ultracentrlfuge (Beckman lnstruments Inc.,%Palo Alto Calnfornna) using
L
standard operatung procedureé .The ultracentrlfuge was equupped wuth
an electronnc speed control unit, and an. average value of the selected

rotor speed was accurately determnned on the basis of the revolutnon

count over lengthy and measured lntervals of tnme. The temperature of,7'

Model E operations mas precnsely malntasned by the refrngeratlon and

- RTIC (Rotor Temperature Indlcator and Control) units. Standard
'rAnalytlcal-D'rotors were. used for‘a{l"studles.< The schlieren/inter-
ference opt:cal system (w:th a water cooled mercury- arc lamp llght |
source, a Wratten A77 fnlter, and approprnate symmetrucal masks) was
'allgned and focused-followrng procedures as outllned |n the tnstrument‘
manual. Schlleren and nnterference patterns were measured wuth a leon
-Model 6C m:crocomparator (Nlppon Kogaku K. K., Tokyo Japan) equ»pped |

wuth prec15|on digital mlcrometers (IKL Incorporated Neﬂgort Beach

Callfornla) - Protein solutions for ultracentrnfugal analysns were

extens:vely dlalyzed at»h°C with several changes of the external buffer,

and were consndered as two component systems comprxsed of proteln and.

dllute buffers of low to moderate ionic strength. Precautlons.were;

21
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taken to mlnimtze the posslbilnty ofvsolgent evaporatnon and denatur-

. ation of. temperature sensitlve protelns " thus precludlng an erroneous
as5|gnment of concentratlon values (Rnchards et al:, l968).' Diluted
samples were temporarlly stored ln sealed, clean test tubes of minlmal
volume_placed in crushed ice, and forﬂexperlments conducted at low tem-

bperature; rotors, assembled cells, and syrnnges were cooled in the re-

.frlgerator to the approprlate temperature prlor to belng used-. Concenf

'trations of proteln solutions were determlned spectrophotometrlcally
sho;tly before the ultracentrifugal runs.were conducted Densnty of the

‘!vphosphate buffer used as solvent in the study of myosnn and its proteb»

3lyt|c subfragments was pycnometrlcally determined at 5 C. The densnties

of all other solvent buffers ‘at various temperatures were. obtanned by

reference to tables of phys:cal constants (Svedberg and Pedersen lshQ),

W

Determination of Sedlmentatlon Rates and Molecular homogenelty
Sednmentation yelocuty runs were carrned out at a set rotor speed of
60 x 103 rpm utilizing the.schlieren optital system qUartz:windows
and standard 12 mm Kel F snngle sector or‘valve type synthetic boundary
centerpueces.l Approprlate bar angle and temperature were selected and
Afmalntauned dependlng on the nature of the sample and the purpose of’ the
'rpn; Photographs of the schlneren patterns were routlnely taken on Kodakv
netallographlc plates at elther 8 or 16 minute lntervals.A Boundary sed-
imentation rates were deternnned by procedures essentnally as descrnbed

by Schachman (1959) Distances from the maxnmum ordinate boundary po-'

‘sntion to the inner edge of esther reference hole |mage ‘were accurately '

e

measured in each photograph, corrected f0p/maqzlflsat|on, and converted
to true-dlstances from the axis of rotation. lt(@as-explrcutly'asSumed

.thatfthe'pdsition‘qfhthe‘makimum ordinate”corresponded_to*the'equiyalent

S
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3

'boundery pogitfdn”and closely approkimated the second mementygf the ‘gra-
dient‘curve}v.THe sy@metfical shape and relative sharpnesgbof the bound-
- arfes observe& with ﬁhe»varioue protein solutions\ultrécentrifugﬁﬂly eX-
amined'Validéted this assumpt}on.. For example, bouﬁ&ar?es of even diluite-
.myosnn solutlons observed at Iow bar angle were hypersharp due in part
: to the molecular shape of my05|n ~ Thus, sedrmentatlon‘coefflcrents de-
rived from distance measuremen?s uéihg the maximum ordinate»poSitioe were 
considered'ge reliable, if'net more so, 3s sedimeﬁtationaeoefficieets
determined using second moments. laboriously calculated for a steep gra-
dient of smell schlieren area. ; N “
' "3 .
The~sedimentatieh coefficient, s?xjs defihed as
dx/dt‘ ‘ 'vl .

w?x
and has the units seconds. Written in alternative form;

1 dinx

'@2 - dt o S R ©
. where x, in cm, is the distance of the average boundary position from

the axis of }6ta£ion,vt»the time in seconds, and the angular velocity
- of the fotor,in4radian5/5e§, calculated using the relationship:

‘ .
o . . . : . ' . ’

_RPH being the rotor speed in'revblutionslmin.
- The natural Iogarnthms of a series of corrected boundary po-

sitions were plotted WIth reSpect to tlme (ln mlnutes) A stra!ght IIne
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vwas fitted through_the data, and the observedfsedimentation coefficiente
was evaluated from thefslope of the line.by converting :he units of time
to seconds and leidlng by the approprnate value of w<. Because'of the
short rad4al dlstance traversed by the schlieren boundary during the ,-

time concerned .in the determination of'the sedimentation coefficients
(due to the low sedimentatioh ratea oé the varioue'proteins studied and:'
the-relativeAshortness’of«the'overaliﬂtime of the sedimentation velocity
;run),'corrections tor>the eftects of radigl dilution'were'a55umed to he
negiigibiy'small.v In this regard, themapparent]y-precise linearitv.off

i

the‘experimentaifooints-in'the plots of In'x versus t lent sopport to
*his aSSumptionu ‘ B
| . To facilitatedcomnarieon of sedimentation ratés‘of'various_orof
tein soiutions experimentally determined with’ditferentrsolvent buffers
- and/or at dufférent temperatures, the observed sedlmentatuon coefficuente‘
‘were corrected to. a standard reference solvent having the v:scosnty and

density of water at'20°C‘using.the following expression as introduced by

Svedberg and Pedersen (1940):

n ny /1 =9

Y
N
=
HS
e}
o
w

- 20 o : t
‘where s is the observed sedimentation coefficient, n_/n the prin-
obs , : t’ 20 -
cipal correction factorhcorresponding'to the viscosity of water at a
temperature of t°C relative to that at 20°C, n/n the'relative viscosity

r‘

'm.of.the~solv nt to that of-water, v the apparent partial specxfic volume

“of the proteln in question, -and p and p. are the densutles of water

70 t
at 20 C and the solvent buffer atlt °c, respect:vely (Schachman, 1959)



The relative vlscosity of phosphate buffers at 5°C was determined visco-
lmetrically by procedures alreadyldescribed. Paremeters of other solvent
buffers at various temperatures were obtainedcby reference to tables of
,Pﬁysical,cons;ants (Svedberg‘ane PederSen,JISHO). Celculaiions of S20w

}from‘a'series of plate measnrements were routinely performed using en
I BM 360€Computer ané'the APL.pregram'SDCF which incorporeted the proce-
'-,dnres'and equetiens presented above. The_proéram'and a hrief5descrip;
tion-ef the;nertlnent features arelglven in Apnendjx'l. . P ) -
_SedinenratlonAVelecity data frex varioyS‘experiments on a{;’
vparticuler protein were combinen end.adequately described by the rela-
tionship: |
s = s° (l f-Ksc) ,

"{hWhere s°, the lnfrinsic eeeimentatlon ceefficient,\ls:the value or_the,
sedifentation coefficient at infinlte dilution, KS e‘constant expressing"
.erendence ef sedimentacien coefficlents on concentration, and s the
sedihentation coefficientvar the'cencentration c'(Schachman;'l959).

Corrected éedlmentatlon coeff|C|ents, s , were plotted w:th respect to

. “sfg,
the correspondlng concentratnon and a stra:ght line was fltted‘khrough

20,w

- the experlmen;al ponnts, The intrinsic sedlmentatlon coeff:cnent was.

determined ‘graphically as the ordinatevlntercept upon . strapolation of

!

the straight line to zero concentration, and the concentration-dependence
; - . he : N
\

constant, KS, was ‘evaluated from the slbpe, 2

~

Unlnke ultracentrlfugal runs conducted to determlne sedlmen-
-tation'rates where the overall,tlme.concerned was mlnlmlzed, runs to

establlsh the degree of molecular homogenelty were carraed out for a

s
- ”

reasonable length of time to dlStIﬂquSh all resolvable components and

e
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possible skewing of the main schlieren peak.

Molecular Welght Determination by Sedlmentatlon Equilibrium.

26

Convent:onal and meniscus depletlon sedlmentatuon equllnbrrum experlments

were conducted using procedures essenE&elly as descrubed by Ruchards,

_Teller, and Schachman (1968) and Yphantis (1964), respectnvely.' Sedimen-

,tation equilibrium runs were carried out at low temoeratures (setﬂin the

r,v1c1n|ty of 5 C) utnllznng the Raylelgh interference optncal system

~ .

~quartz wxndows and standard 12 mm, charcoal -filled Epon double -sector

centerpieces. Assembled ce]ls were routlnely fllled with 130 ui proteln

t

solution and_aAsllghtly greager volume of dnalysate_usnng Hamulton pre-

cision microsyrfhge5~ forming a column length of épproxlmately 3 mm.

Heavy onls, such as FC- h3 fluorocarbon were not uSed for the formation

of an artifical cell bottom because of thexr poté"fal protein dena-

5

turlng effect {Adams, 1967) Initial values of the equilibrium rotor
-speed- (for both conventional and meniscus depletion experiments) were

estiméted knowing an aoproximate value of the molecu!ar'weight of the
proteln in questlon, esther by solutlon of the approprlate equat:on of

the two glven below for w, the‘angular velocnty in radians/sec converted

to speed in revolut|ons/m|n'USing5the“relacionship RPM = u(60/2d),‘or by
- reference to a Rotor Speed Selection Chart, which had been constructed -

by soTving.the same equetions for typical conditions aoolying,to’proteins .

r.

and plotting rotor speed versus molecu{ar-weight'(Van.Holde;_l967). For .

‘conventional or low-speed sedimentation equilibriumpruns,v

VoL lnl_’(cb/cm)~ 'Z_RT.-

2 _ EEEI ..'.‘

f‘rﬁf—-r%) jM (fhefﬁpi”




»(thantis; 1964)

:‘centrifugation to ascertaln condrt|on5‘of'equullbrlum. The time taken
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where o and rb are the radial positions (in cm) of the meniscus and
column bottom from the axis of rotation, respectively, cb/cm is the

ratio of the solution concentration‘at the cell bottom,to the meniscus

concentration. expected at equnllbrlum (taken to be 3 or 4), R the uni- A'

by versal gas constant equal to 8. 314 x 107 ergs/degree mole T the experl-

mental. temperature in °K, M the molecular weught v the apparent partlal '

specuflc volume, and p the solutlon densuty (van® Holde, 1967) . . For me-
4

nlscuS-depletlon or hlgh-speed sedlmentatlon equnllbrlum‘runs,\

" SRT -

M1 —%p)

where the variables have a similar meaning as previously definedv

Raylelgh |nterference patterns were recorded on Kodak spectro-

' graphlc plates, type i1- G. Photographs of prlncupal eQUIllbrlum pattern'

were periodically taken and measured after approxlmately 20 hours of . -

N
\

to reach apparent equnllbrlum in conventnonal low-Speed experiments was

o ",

. substantlally reduced by ‘moderate overspeedvng at 1.4 to 2 times the es-

4

tnmated equulnbrnum rotor speed for\a brnef Iength of time at the begln-

§7/

,ning of the run (Rnchards Teller, é?ﬁd Schachman 1968) In the majoritY

0

'of the runs, sedlmentatlon equullbrnum_was\atta1ned.¢n~apprOleately kO

el s N R VA DEE e San
~ e

hours as 1nferred from the c0nstancy of measured frsnge posntlons.
To subsequently acco@?t‘for res:dual optncal unequalltles

between the solutlon and soiven channels (Yﬁﬁaht1s 1964) two sets of

solution base-line patterns<@ere recorded: sone, just after reachnng the

R

- selected rotor‘speed befﬁrewappreciabledsolute distribution had occurred,
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. _ v
and "‘two, after{the conclusion of the equilibrium run — the rotor was

‘removed fromvthe chamber,vgently'shaken (without removing the cell or

disturbing its orientation in the rotor) to destroy the solute concentra-

tion gradient, and returned to the operating rotor speed, whereupon the - ;4

base-line pattern was photographed (Richards, Teller, and Schachman,

1968). In addition, solvent blank runs were carried out under identical

_ conditions of the equilibrium run as outlined'by.Codfrey and HarringtOn

‘(l970). ,Aftegﬁcompletion of the equilibrium experiment-proper (that is,.

includingvsolutionvbaSe lines) without disassembling.the cell, the so-

‘ .
. lutlon sector of the centerpiece was: rlnsed out several times and re-

filled with dialysate to the level of. the adJacent solvent column.A-Theh

loaded cell was carefully reposxtioned in the rotor, taken up to_the
. g o

partncular equullbrium speed and the interference -pattern of the sol-

: vent - blank was photographed

‘h6r|zontal movement of the comparator stage (and thus the plate) was

Before frI09¢; of the solutlon base llne, solvent blank, . and

equilibrium patternstwere examined in detaul, a check was made to see

‘whether,a‘significant leak from either sector,of the centerpiece hadv'

occurred by comparlng measured ‘values of the column length |n the two
. Lo
solutnon base line patterns : If a loss of material was detected the_

particular experiment was disregarded. Recorded |nterferenCe patterns'

on developed plates were aligned in the microcomparator such that the

parallel to the central fringe of ‘the ‘reference fringes produced by the'

'-counterbalancet The vertlcal displacement of a dark frlnge in the equn-

S

librium pattern was. measured wnth reference to a meniscus zero level,

,X s

five times,_and an aVerage Value‘calCUlated, at each(of‘at least thirty’

selected x-coordinate positions, the latter number‘depending directly on.



s

. 4

‘the Steepness of the concentration Qradient.'hSimilarly, fringe displace-

ments of the two solution base lines and ‘the solvent blank were deter-

~mined once at approximately fifteen x-coordinate posltions, chosen at

,regular intervals;'an average value was usually calculated for each set

of assocnated dlsplacements The average and variance values of the

equilibrium and base- line comparator readlngs were determlned usnng‘an

0l1vett| Programma lOl desk computer " The reclprocal“of the“variance was

used as an nnltlal welghtlng factor of the correspondtng average value

in subsequent calculations; Horizontal distances were measured from the

inner edge of the outer reference hole frlnges, corrected for magnlflca-

' tlon, and converted to true radlal dustances from the axis of rotation.

Although lnterference frlnges when udentufled in absolute

terms are dlrectly proportlonal to the refractlon nncrement and thus to

: concentratlon on a scale of mass/unlt volume observed values of frlnge
displacement denote only differences in solute concentratlon relative to

"~ the concentration at.the meniscus“pOSition'(Vanlholde and'Baldwln 1958) .

Frnnge dlsplacements, corrected for base lnne dlstortlon, were callbrated

in absolute terms wnth respect to concentratlon by the Follownng methods.

L
In menlscus‘depletlon equnl:brlum experlments the rotor speed was chosen

suff|C|ently high that, at equ1l|br|um the.solute concentratton at the

4men:scus was effectavely zero, and thus the actual concentratlon (|n

fr:nges) at any radlal posntlon along the column was dnrectly glven by

“the measured fringe_dlsplacement (thantls, 1964). In’ conventlonal sed-

imentation equilibriUm experiments a lOw.rotorbspeed was employed, and
as a consequence, at equ:llbruum the solute-toncentratlon at the menis-
cus was apprecnable Expl:cutly -assuming that no loss of solute had

occurred durnng the run; the menlscus concentration, denoted by c m’ was

]

o



determined in fringes using the expression, derived‘on the basis of con-
servation of mass (Van Holde, 1967),
SR , .
. _ _ b 5 . S
r2 (cb 4cml J. r d?l . !

r
m

The quantity (cb e:c ) is the total fringe shift meaSJred from the radnal

meniscus position,‘rm, to the radlal pOSlthﬂ of the column bottom rb,
and COvIS ‘the -" 'l concentration of the sample solutlon ultracentﬂnf—
‘f"ugally calibrated in terms of frnnges The integral was evaluated by
:trapezordal approxlmatnon A(r belng,the radial distance at a given point
along the column from the axus of rotatlon) ‘ The ancnllary co run'was

carried out usnng the equnlubrlum sample, dlalysate as the solvent, and
a 12 mm, double sector caplllary type synthettc boundary centerple a at
3 rotor speed of approxnmately ll % 103 rpm and .th- forrespondlng equn-'

Ilbrnum run tebpe:ature (van Holde, l967 Rlchards Teller, and Schachman

1968) Three |nterference patterns were routnnely recorded%and ‘utilized

|n'the determunatlon of co: one, at the completlon of solvent layering

(to evaluate the fractnonal fringe); two at thc resolutaon of the bound--

‘4

"aryufrlnges (tq.establish the‘Wholelfringe'number);fanq three, at the

termination of“the run after redistributing the‘cellbcontents by gently

.tnltlng the ‘rotor (to correct the fractlonal frlnge value for base-line

'

distortion). The concentratlon, in absolute terms, at any radlal posi- -

-

tion aloné.the equulnbruum.Column-un conventlonal experlments was subse-»

-~

uquently calculated by addnng the approprlate frlnge dxsplacement to the
o, . B

computed value of < . _

"Apparent weight-average molecular‘wejght$‘Were’degermined from

30

v .
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interferential cdncentration and radial distance data using computa- ‘ ;
tlonal methods as described by thantls (1964) and Rlchards, Teller, and.
Schachman (I968) in conJunctlon wlth the fundamental expressnon derlyed

on a’thermodynamlc basis (Unlllams et, l., 1958) and written in differ‘

‘ential logarithmic- form with respect to concentration,

coen T

9y o

©

. dinc Napp(l 0)w
.d(TZ/Z)"‘ RT
In addition to the previous'defin;tions ok R, T, 5. 0. and w, T -

% o . app .
thehapparentIwelght-aVerage molecularfﬁelght'of a'single; homogeneous
solute ot ahtwo—cohponent system'experimentally_observed;at the finite
concentration‘c, at a‘pOSltion alonoithe equilibrium‘column a'radlal
distance r fron the axls.of rotation (Yphantis, 1964). The natural log-

‘ arlthms of computed concentratnon values were plotted agalnst the corre-
spondung values of r2/2, and a llne was f;tted through:the experamental
_points by the method of polynomual least squares —-the degree of the poly—r
nomlal equatlon was d:rectly dependent on the shape of the equnlnbrlum
h concentratlon gradlent. The apparent weldht average molecular welght
was subsequently determlned at each radial posntlon by multnplylng the
f:rst der:vatlve of the polynomlal equatlon d In c/d(r~/2) evaluated at
each pount by the approprlate value of the constant term RT/(l —-vo)w .
US|ng the procedures and relatlonshlps dernved by Roark and "
'thantis (1969), the apparent nuqier ‘, and yZ-average, ponnt molecular,:
welghts were addutnonally calculated nf the correspondnng concentrationv
. and dernvatlve data showed internal: cons1stency and low statlstlcal

'no:se..

In»the_determination of all the molecular-weight moments,lit



was explicitly assumed ‘that' the pressure and concentratlon dependence of
ltthe_buoyancy'term,‘(l —-»p) was negllbly small (thantus, l96h)
The computatlons lnvolved in the evaluatuon of:-point. molecular.

T Aemmmameeaes

»k_ weights,from the average comparator readings were carried out usung an
L. : .o ) . .

1BM 360 computer and programs written iin. APL based on a Fortran 1V high-

“;fspeed sednmentatlon eqU|l|br|um computer program by Roark and thantls o

RN
A

e(l969) A copy of the latter was kundly provuded by Muchael Johnston
for Dr. thantis. The APL programs HSDQM and_LSDQH (for’the determina-
tion of welght average molecular weughts from respectively, high- and%
',low-speed exper:mental data) uere wrltten |ncorportat;ng not onlf the ba-
sic procedures and equatnons gnven above but also the . followun; features:
the’correctlon.of thevequnllbrlum frrnge data,for_base-llne distortion
gby the me thod of}interpolationt thésrefinemeht and subsequent evaluation
of the zero meniscus level (in_HSDQH); the smoothing of the In ¢ versus
2/2 plots by»a welghted,'sliding least‘sguareS'technique with reassign-'.
,ment of each wenghtlng factor based upon the devuatuon of the. experlmen-
'tal ponnts From the prevnous fit; and the estnmat10n of the propagated
;error in the: dervved molecular welght values. These programs, together
with the APL program MdZYZ (for the calculatlon of . number z; ;and 92;
average molecular welghts) and the ancnllary; polynomnal least squares.
'vprogram LSPFIT, are presented and br:efly descrlbed in Appendix 2.

From various experuments for a given protenn' the concentrat:onl
dependence.of the apparent moleCular weight was analyzed, in part, by" ’
plottnng the recnprocal values ol the apparent point molecular welghts

: agalnst ‘the correspondlng values of concentratlon.d Avvalue for the in-

trnnsnc molecular WEIth was determnned graphncally as the ordnnate lnter-

zcept upon appropriate extrapolatnbn to zeroAconcentratnon.of the line -



‘fitted through the experimental points’ (Van Holde, 1967). A measureuoﬁ
the extent of the concentration dependence was derived from the slope

and. shape of the fitted'line.

Molecular Nelght Determination by the Archlbald Method

t

Approach to sednmentatlon equnllbrnum experlments based on the theoret- -

lcal deVelopment of Archibald (1947), were conducted using. procedures as

described by Hueller (196h) A(chrbald runS(were.carried out at a tem-

perature of 5 C utlluzlng the schlieren optical system, quartz windows!

- and a standard 12 mq& Kel F single-sector centerpiece. FDuring the

o

course of centrifugation, a series of selected rotor speeds wasvemployed

(Mueller, 1964), set'in_sucCesslve stages”of approximately'lobo rpm from
d an initial speed slightly lower than the value calculated for‘a corre-
-sponding conventional sedimentatlon’equillbrium run to a final sDeed
‘three to four tlmes higher, causnng the solutnon boundary to pull com-
pletely away from the mennscus Photographs were taken on. Kodak metal-

lographic plates-at suitable time intervals after'each speed change.

Selected gradlent patterns were allgned in the mlcrocomparator _

w:th respect to the inner edge of the inner reference hole image, en-

largedeten'tlmes and traced on graph paper (ruled in l mm squares) for

subsequent measurement taklng as the menlscus posntlon a Ilne one-third

.

o of the wndth of the "central shadow“ towards the solut!on snde (Erlander

'"and Babcock, l96l) Values of the c?ncentratlon gradlent |n terms oF”*

the vertncal ‘distance: between the traced gradient llne and the level of . "

the plateau regron; were measured at’1 mm |ntervalsvalong,the_pattern"
from the position of the meniscus to a position in the'plateau region
where'the'concentration gradlent was first;equal to Zero. " Hor izontal

. 4 .
e o ;
dlstances were- measured from the inner edge of the inner reference hole

33
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image,'corrected-for magnification, and converted to true radial dis-
tances (in cm) from the axis of rotation.

Apparent weight-average molecular Weights were calculated with
respect to the meniscus using the expression derived by Archibald (1947):
RT - 1" [dc

Y2
Q vp)w rmcm \dr o

x|
"
L d

app

in-which ﬁ-pp’ R, T, v, and p are as prevuously defnned, w is the partic-

" ular angular velocuty of the rotor assocnated with the: selected pattern

analyzed, and (dc/dr)m is the extrapolated value of the concentration
gradlent‘at the'meniseus position, L The menlscus solute. concentra-
tion, ch, was computed using the following’relationship as formhlatedfby

~

Klainer and Kegeles (1955):

‘where (dc/dr) lS the value of the concentration graduent at‘a glven-nd
pount a radial dsstance r along the pattern measured from the mennscus
fp051tron, rh;-to a pOSltnon |n the plateau reglony rp, and.coﬂls th‘.
inltial»concentration of the sample'solution ultraeentrifugally'cali-
brated.jnlarbitrary units.;,Tne integral was evaluated by rectangular
sumﬁatlon;l The‘.c6 runfwas carr{ed»out:atda_rotor speed of approximately
13'x'ld3 Tpm and at'thercorresponding gradlent-run-bar‘angle and temper-:
ature usnng a value type syntnetnc boundary centerplece‘ the sanp]e;so?

4lut|on from the gradlent run, and dnalysate as the solvent The sohlle-”d

ren pattern of the synthetic boundary peakvwas;enlargedvten-tlmesiand



cqrefuliy traced on graph paper. The area of:thé peak was measured ét
~least five‘timés with a pfanimé{ér, and the averageﬁvalue, corrected for
,mggnificétion, was.gged for .

‘Tﬁevseriés of Cn and apparent molecular ygightﬁcalcu)ations
involved with Mueller-type‘Archibald experiments weré péfforme& using
an IBM 360 computer‘and an AFL prdgfaﬁ, ARCH, written iq;orporating the
mathematical expréssibﬁs p;éseﬁfed_above. Thg pEogram ARCH and‘the
ancillary'roundihg;program, RND, are givenband brie%ly described in
Appendix*}g | |

The conceﬁtration dependence of the apﬁarent molecular weights
was graph}cal1y analeed;uéing proc;durés as described in the previoqs'
Secf}on on sedfmentétioﬁ eqpil{brium witﬁ éne difference: hefe, thedgé-
cibrocal values of the apparent_mo!ecular weights were plotted again#f

c_ofi—'es'ponding valtw;sﬁr”&’F c,, (Mueller, 1964) .



CHAPTER 3

2

NATIVE CARDIAC MYOSIN
Although results of recent physical, chemlCal, and enzymatic_
|nvestngat|ons of cardlac myosin are generally in agreement (Katz, 1970),
-'a number of sugnnflcant dlfferences exist (for ‘example, with respect to

the value of the molecular weught) attrlbuted ln part, to sbecies

- "dlfferences (Hueller et al., l96h) to diverse methods of preparatlon

:(Vlerllng et al., 1968), and to the apparent |nstab|l|ty of cardlac
myos:n solutions (Katz, 1970). in consideration of*this, several

" molecular properties of.native cardiac myosin were ree*amined in detail
not only.tclbe useful in attempfing to resolve existing discrepancies
but also“perhaps more importantly, to form a necessary basns upon whldh
conclusnons pertalnlng to molecular structure could val:dly be made from
the results of proteolytic subfragment studles _ Procedures for the
'lsolatlon and purufucatlon of rabbnt cardlac myosnn and the experimental

results of assocuated enzymatlc, ultravnolet optlcal ‘amino acid, and

vphysucochemlcal studnes are delnneated in thls chapter

Preparatidn.oflRabbir Cardlac Myosin»

Myosin was |solated and purlfued from rabbit cardlac tissue
using essentially the method descrlbed by Mueller et al. (196b)-—
'fundamentally the dllutlon precuputatlon method of Szent- Gyorgyu (lSSl)

.wath munor modnf:catuons. Hearts of mature rabblts of - mnxed sex and

breed were obtained indlyrdually frozen and.shnpped via air expness in

. 3'6;'
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insulated, dry—lced contalners from.PeI -Freez Biologicals, lnc., Rogers,’ -
1Arkansas and Calgary RabbltJProcessors Ltd., Calgary, Alberta. Hearts
' were received frozen usually 24 to 72 hours after beifg processed. ‘All‘
preparative procedures were carried out at a low tempera£ure, 0 to 4°c;
glassuare, plastiewarel and sta?n]ess-éteelgap;aratus were thoroughly
cooled before being used. 'lhmediatelu upon delkvery, the frozen hearts’
were completely thawed in several‘changes of cold, double- dlstllled
deoonnzed water Perlcardla, aortae, other ma o< blood yes;els, and

fet were quickly e*cised‘uith,scissors-and_dﬁscarued.' The remaining
tiésue (maihfy uentricleé) wa§ cqt into small pfeces, washed twice
with cojd, double‘distilled; deio®ized water to femove excess bioed,

and minced.siow]y inva stainless-steel grfhder.dyThe muscle mince was
N“w"eXtracfed with a freshly prepared. solutxon of 0.3 M KC1, O. 075 M
KHzPO,, 0.075 M KZHPOQ, 0.5 mM ATP, pH 6.6 at a volume of 3 ml/gm wet
_weight of mince for 15-m|nutes with constant'stlrrx7g thevshort time

of extraction and low pH minimizes |nc1u510n of act myosnn (Mueller

EE.El:' 1964)). Extractlon was termnngxgd by ‘the addition of an equal o

?vdlume of . cold, double-distilled, deionized water (actomyosin is par-
tielly eliminated by differential precipftation upoh decreasing the

ionic'strength to éppfoximate!y O.ISV(Mue]Ier t hl., i964)); The

-~
‘residue and precnputated mater:al were removed by straining the diluted

o vmlxture through several layers of cheesecloth a%d by subsequent centruf—(

5

ugatlon at 2.3 x 103 rpm for 30 mlnutes The extract solutuon was

further clar|f1ed (mainly of ]erge fat particles) by straining the

supernatant through cheesecloth into a clean graduated cylindeﬁgn‘

was precipitated by adding the strained_so]ukion to six voluhes>-4

A



.4¥; B 38
double-distilled ‘deionized water and allowed to settle for Zﬁto 3 hoursl
. whereupon the red supernatant was carefully s iphoned off and discarded.
The precnpltate was collected by centrlfugatlon at 2.3 X 103 rpm for 40
minutes and dissolved by the addition of double-dnstllledf*delonlzed
N . . o

water, concentrated buffer, and'solidvATPuto make_a\final volume of

360 ml of 0. 5 M KC1, 0.05 M phosphate, 0 5 mH APP p@/% 0. The dllute

my051n solutlon was centrlfuged in a Splnco Model ipreparatlve centrl-'

fuge (Beckman Instruments, Inc., ?alo Alto, Call ﬁhia)<at Lo x l03 rpm

L . l

for 4 hours to effect the quantntatnve removal of actomyosin by differ-
ential centrlfugat|on (Muelleri_t__L.; 1964) . / The resultnng supernatant
was filtered through Whatﬁan SLl filter paper, and myosln was preclpi-

. tated by addang the fnltrate to ten volumes of cold, double- d:stllled
deionized water The precnp:tate was collected bg centrnfugatzon at

2.3 x 103 rpm for 30 munutes, dlssolved in 0 2 M KCl, pH 7, to a flnal
volume of 360 ml, and treated batchwise wnth freshly prepared DEAE-
_celluloSe equnllbrated wnth respect to 9. 2 M KC1, pH 7 (to remove aggre-
gates of myosun whlch apparently are selectuvely adsorbed at this ionic
strength fAsat l963), as well as assocnated polyrnbonucleotldes (Perry,
,1960)) Approxlmately 10 gm’ of prepared cellulose were: stnrred into the
myos:n solution and allowed to thoroughly mi x for at least 10 mnnutes.i
whereupon~the suspens:on was filtered thrpugh several layers,of cheese-ﬁ
cloth; and the pulp squeezed out by hand. This procedure;was repeated
with an equal amount of fresh cellulose,‘and‘the final flltrate'was
;_centrifuged'at 20 x 103 rpm forl30 minutes to remove fine'cellulose o
Aparticles;‘jThe supernatant was filtered through whatman'Shl‘filter
paper; and mfosin_was_agaln precipltated by adding_thehflltrate to six

.0-
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volumes of'cold double-dlstilled, deionized nater. ;he'White,?floc- ,h
culent prTCIpltate was collected by centrlfugatlon and taken up in a
minimum volume of buffer, usually 0.5 M KCl 0. 05 M phosphate, pH 7. 0
The fnnal solutnon was clarlfned of fat, unsoluble aggregates{}and .
partnculate matter by centrlfugat|on at 50 x 103 rpm for 3 hours, and
was subsequently dlalyzed agalnst the appropriate buffer at e C The
reSultlng solution. was clear and colorless with a 280/260 absorbahce
ratio of 1.7 to l.8. Generally, the y:eld of cardiac myosln -Was

approximately 500 mg from 300 gm of,muSCIe'mince.

Results

" The ‘effectiveness of DEAE-cellulose treatment in- the additional

~'_purification oflcardiac-myosbn preparatlons was evidenced in schlieren
patterns of flnal myosin solutnons routinely observed dur|ng sedlmen—
tatuon velocity (typical patterns are presented in anure 1). A leadtng
hypersharp peak was usually evident in untreated preparatlons (for
‘.example, the - upper series of" patterns |Q\anure 1) presumably repre-l;
‘senting some‘actomyosin‘(as suggested by Mueller,et al,;.l96h) and pos-
VS|bly low n-mers of myosnn (attrlbutable to the |nherent tendency of
‘myOSIn to aggregate (Stracher and Drenzen, 1966; Katz, 1970) and to the.
lacL of immediate freshness of the.rahblt hearts). The*280/260 absorb-
‘ance ratios of untreated preparations were‘invariably_low,.l;3‘to l.S,
|nd|cat|ve of assocnated nucleotide. ln contrast,‘myosin preparatlons

treated wnth DEAE- cellulose prlor to the flnal pfeclputatlon of myosin

resulted ln seemlngly homogeneous material as |nferred from the snngle,_

-hypersharp peak observed in the ultracentrlfuge (for example, the lower .

series’ of-patterns in Figure ).

39
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Figure V.. Sch™ zren patterhs of ;ardiac_myosin
M. phosphate buiier, pH 7.0, treated and not trea

lulose.

in the ultracentrifuge at 15°C,

Upper series:

an untreated preparation

in 0.5 M KC1, 0.05

ted with DEAE-cel- \.;

(7 mg/ml) observed :

60 x 103 rpm, and a bar angle of

65°.

t .
Lower series: a treated preparat

ion (5 'mg/ml) observed at

8°C, 60 x 103 rpm,

and a bar angle of 50°. Photographs of the

.patterns were taken at the times indicated

after reaching speed.
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slope = 0.234 prﬁole Pi'/min/mg '
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‘Figure 2. The Ca'@ ion=:.
sin (umoles Pi/min) as ‘a
0.4 M KC1, 5 mM ATP; 10 mM

represent the results of experiments us

, of cardiac,mypsih.

40

v

;ted ATPase activity of:cardiac myo- " g

cion of amount myosin (mg) at 25°C in
.aCl,, oH 8.2, The various point. styles

ing different preparations .



Studies with respect to cardiac myosin were conducted using
only preparations less than one week old (Brahms and Kay, 1962) and

.. generally in phospﬁéte buffers at neutral pH and low temperature'to

2
-

minimize parf[cle eggregation (Lowgy and Holtzer, 1959).

'Adenosinetriphosphétase Activity. Cardiac'myosjn, preoared

as outlined above, was enzyhatfcally active, catalyiing the hydrolysis
of'AfP. Adenoéinetniphosphatase (ATPase) éctivity.measqrements were
carried‘out at a temperature of 25°C with sobstrate-solutions of 0.4 M

, 5 mM ATP Ibva-CaClé at pH 8.2 (unless otnerwise specifié%) uti-
'IIZ|ng the pH stat as described in Chapter 2 in accordance wlth the
‘followmg reaction scheme: ATP“" + HOH ~>‘ADP‘ + HPO,,_ P’H
'The epecific activity“Wa; expreslsedvés/ﬁmoles’l"i Eeleased,per minute per
mg myosin even,though'inorgénic~phosphaie was not direcuﬂybanaIYZed.
Stock substrate solutions of ATP\were freenly prepared 69 volumetricalif

'dllutlng accurately weughed amounts of solud ATP. The' relnabnllty of

th:s method was confurmed by peruod:cally checknng the resulting concen-

':tratlon spectropho:ometr:cally at 259 nm ucnng a value of \5 L x 103 H'li
v:(at pH 7) for the molar extinction COEffICICﬂt (Horell and Bock 195b)
Prellmnnary expernments were conducted to determlne the
reproddclbf1|ty_and the enzyme concent’ t;on dependence of my051n
_ATPase activfty; The nate « € ATP nydroinis wés‘meacured wich fespect'

" to various amounts of myosi 0.4 to 1.2 mg).  The combined results

using different preparations of cardiac myosin are graphically summarized

inengure 2. The reaction rate was found to he linearly related to the®

amount. of myosin over the range examined. Slight variations in activity

&

were obser¥ed between the'dffferent~preparations as”welj‘as‘in repeated

=

-4y



measurements with a given amount of myosin within a single preparation.

The average:specific ATPase activity (equal to the slope of the strafght

line) was‘0.233 umole Pi/min/mg (note: substrate solutions contained 10

PN

mM CaCl,).

The effect of calctum ions on the catalytlc actuv:ty of .myosin

was examined over a CaC12 concentration range of 0 to 20 mM. As evident
. 1

in. Flgure 3, the ATPase act:vnty of cardlac myosin was actuvated in the
presence of calcium ions, and@reacheh a maximum value of 0.235 umole Pi/
Min/hg at an-optimal CaC12 concentration'ot 8 toth'mM Correspondingly,
the effect of magnesium ions was examined under similar experlmental
»condltuons‘over a MgCIZ concentrat»on ranée of O to 0.5 mM. Hagnesnun
ions were found to cause a pronounced |nh|b|t|on (Flgure h), and at much
lower concentrations ‘of MgC12 in reﬂatlon to the levels of CaCI2 nec-

/ “essary for mlnnmal act:vatnon | The specuflc actlvxty of cardiac myosrn,
measuredvfn the ahsende of divalentvcations, was 0.090 pmole Pilmin/mg.‘

Activity measurementS’were_carried put atHVariouséconcentra-

tiqns 6? ATP (0 to 5 mM)j in‘the absence‘and presence of calcfum iqns,b
td inuestigate the'subscrate;cpncentration dependence cf thefenzymatic;
actiéity:of myosin. The;final resuits are presented in Figure»S #vThe

acttvatlng effect of calcuym ions was: evudent ina parallel manner at -

all the ATP concentratuons examlned As determuned from the plateau

.\)@s-’
b h .

region of both hyperbollc curves, the specnfnc act|v1ty appeared to be
zero order wuth respect to ATP at mnnlmal substrate concentrat&?ns of

j%ells-

L to 5 mM.. The substrate curves were assumed to.follow the R
Menten equation; and kinetic parameters were evaluated using .the graph-:

ical method of Lineweaver and Burk '(F?gure'G)f. The apparent'iinearity

o- the experimental points in the double-reciprocal plots supported the
ke 3 _ , , v SPETLEER MR

Y
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Figure 3. The effect of varying CaCl, concentration on the spe-
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‘Figure 5. ’ _
and presence of CaCl,, on the gpecific ATPase activity of cardiac
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assumption made concernlng the mathematlcal description of the orlglnal
curves. Deruved values of the maxnmum velocuty (the recuprocal of the
ordinate qrtercept) and the apparent Michaelis constant (calculated

 from the slope’of the straight line) were, respectively, 0.094 pmole P./

- min/mg and 3. 6 x 107" n (|n the absence of added calcium ions) and 0. 235

pmole P. /mnn/mg and 0.96 x IO “M (in substrate solutlons contalnlng
10 mH CaClz) ’ |

: The effect of pH on mxosun ATPase actuvuty was examined over
the»alkalnne-PH range 7.1 t049.3- Measurements were made in random.
order nith reapect to pH, and were repeated with'a'separate preparation

» of cardiac myosin., From an apparent mlnlmum in the V|C|n|ty of pH 7 2

the resultlng pH curve was found to gradually increase with’ hlgher pH,

reaching a plateau around pH 9 (Figure 7). Though scatter of the exper-‘

t

imental points,was'inhe}ently evident, the results from the two prep-
arations of,myosin uere‘ln’general'agreement.'

‘Experiments‘were also conducted to study the effect'of p~chlo-
rOmercuribenzoate on the catalytlc aCtivityfof cardiac myosin.v_The
concentratlon of stock solutlons of PCHB in 0.4 M KCI, pH 7, was mea-
sured spectrophotometrlcally at 233 nm usnng a value of 1.599 x IO“ H'
for the molar extlnctlon coefflcuent (both the wavelength of maximum
absorbance and ‘the value of the molar extinction coefficient were pre-

cusely determlned from auxlllary experlments) ' Representatlve results

_are.plotted in Figure’8 ' Cardlac myosun ATPase act:vtty was stlmulated

1at Iow concentratlons of PCHB and |nh|b|ted at hlgher PCMB/myosnn ratios.

' Haxlmum act:vatlon occurred at approximately 4 moles of PCMB per: 105 gm

myosin. . . - - y _ o S

A4S
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: J"myOSIn determined at 23° C -at pH 7, 8, and 9. S, or in the presence of

'Ulﬁ- iolet Optical Propergies. - The ultraviolet absorption
spectrum of rahbit cardiac myosin, as determined? n 0.5 M KCI, 0.05 M
. . l,J . - k2

‘phosphafe buffer at pH %QQ wéé typieal of ultraviolet spectra of’mOSt

. %“ﬁ*g,
protelns, with mgxnmum absorbance observed at a wavelength of 280 nm
(anure 9). The extlnctlon coeffncnent of cardiac myosin was determlned

correspondlngly at 280 nm, in the same solvent‘system, usung dlfferent
’preparatlpns of myosin. The average value of_E:zcm, derived from 18
'se;s'of data,, was 6.06 + 0.06. Values‘of-fhe protein coneentretipn used
in the calculation of'fhe,exiinctEOn COeffieient/weredStandardized.by
three‘methodsf'dry weight,.Lowry,(the major methed), and micro-Kjeldahl.
(using e‘nitrogen factor.of 6.25 (Mueller._E;_L., 1964));
| The ultraviolet cnrcular dichroism.’(CD) of cardtac myosin was

measured in 0.5'M KC] 0. 05 M phosphate buffeg, pH 7.0, over the wave-
‘length range 250 -to 200 nm. A representatlve ch spectrum is shown |n:
Figure 10.'rMyosin solutions exhibited negative dichro}c bands at iZl ’4
and 209 nm, wnth respectuve mean residue ellnptncnty values of 2. 69 X
1ot and "2, 56 x 10" degree cm2/dmole Though CcD measurements were not '
»extended into the far ultravnolet (that is,‘to-wavelengths.shorter than

200 nm),Aa posntrve trend was evndent at the lower end.o} the wavelength

' range examlned wnth the crossover nuint of the: spectrum occurrnng at

20],nm” No sngnlflcant changes in the shape of the curve, the pOSt;Tf;
of the‘mlnlma, and the elTipticity values at'the minima were. detected‘

by comparlson WIth control scans,bln cnrculbr dlchr0|sm spectra of

-

1 mM ATP. and ]0 mM CaC12 (or 10 mM. MgCl,) at pH 7. However; variations
_in elllptnc]ty values up to.approx|mately,52 were observed'between

different preparations of cardiac myosin. Due to the dispariiy in
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Figure 9. UItrav:olet absorptlon spectrum of cardlac ‘myosin in
0.5 M KC!, 0.05 M phosphate buffer, pH 7.0, at a protein concen-
tration of 1.5 mg/ml, usung a1l cm path length cuvette and dlaly-
sate. as the blank.
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\
reported standard ell:ptncrty values, the helical content of myosnn wa%%@

not directly estnmated from the circular dlchrOlsm data with reference

. to the optical rotatorywpropertiesfof helical polxamino acids (Oikawa

et al., 1968).

: . L]
Amino AciduComposition. The amino acid composition of rabblt

cardnac myosnn was analyzed as‘descrnbed ln Chapter 2. Corrected valuas
of‘theg&eblle residues,.threonine,,serine, and tyrosine, were obtained
py‘linear extrapolation to zero hydrolysis tlme. _Average valueSIOF
duplicate IQF, 24-;-&8-, and 72-hopr hYdrolysete results were calculeted
for the remaining amino acids.n The recovery of all amino acnds was
determlned relatnve to 76 res;dues of alanxne per lO' gm proteln The

@

final results,’ expressed a%;moles per l0*'gm myosin, are presented in/

Table I. 1Included in the table for comparison are the reported amino

vaCid analyses of myosin prepared from rabbit, bovine; and canine cardiac

¢

tissue. " The major features of the present analysus are, bruefly sum-
marized as follows The average values of lyslne, aspartlc acud alanine,
leucnne, and partlcularly glutamic acnd were notably hlgh ‘ Threonine,
serine, lecine, valine, isoleuélne, end phenylelanine were»?ound in’
similer and.lntermediate amounts.: The total-cysteine.and half cystine

content, determined and expressed as cysteic acid, Was‘7 moles p'er'lO'S

[

~gm myosin. In addition to the residues histidine and tyrosine, the

average amodnt“of proline was relatiVely low. ‘The results of this study

were in.agreement with those of B&rdny et 1. (1964) for rabbit cardiac

"myosnn, though prepared in an alternatlve manner, and to a large extent.

closely resembled the amino acid compos:tion of bovnne and canine car-

‘

diac myosin.



TABLE |

BBAMINO ACID COMPOSITION OF CARDIAC MYOSIN. e

(moles/105 gm myosin)

_ ;E

Am;no_ Present | Rabbit Cardiac [ Bovine Cardiac Canine Cardiac
Aeid | sy | PRS2l | Tade et al. ey
Lys 85 84 . 91 82
His 15 . 16-‘ 15 _111,‘
Arg 47.5 ., W 47 .
Asp 82 92 !‘». 81
Thr bz Al by 38
Ser 40 51 / o "3
Glu 163 - 150 " 169 147
Pro 23 22 © 23 24
Gly 39 43 38 37
‘Ala 76 | 76.‘ 7. 7
“cya 6.8 7 7.he 8.
val |- 4o b2 ,387 33
Met 22.5 a2 23 20
e 38 40 37 8
| T 92 85 93 . - 80
Tyr 18 18 16 15
Phe 29 27 31 26
Try =~ 6.2 3.5 3

L

“Standard hydrolysis time was
the loss of labile residues.

72.hours;'no corrections were>applied for
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..0 05 M phosphate buffer, pH 7.0) were examined in the ultracentrifuge

\\ o -@_,' . . - ’ _ 52
i . » ‘ dh . S

ViScositx.‘ Dnluted samples of cardlac myosin (ln 0.5 M KCI

prior to VIScometrlc analysis: all were observed to exhibnt a snngie
schlleren peak Graphs of reduced VISCOSIty, (n /c), versus concen-
tration were found to be linear over the concentration’ range investigated -

(l to 7 mg/mi) fhe final results of one set of viscosity measurements

are presented in Figure 11. The equatlon of the stralght line fitted

'through the experlmental ponnts by the method of ]east squares was .

3 - _
(nsp/c') = e.os + i.91 c .,

(

‘

and derived vaiues of the |ntr|nsnc V|sc05|ty and Huggins constant were -

2. 06 dl/gm and 0 4s, respectiveiy Viscometric experiments were

-repeated with dlfferent preparatlons of cardiac myosin and ylelded

y

snmliar results. From three such series of measurements the average

value of the intrinsic viscosity was 2.04 = Q.08 di/gm, and the average

» value of the Huggins constant was 0. h6 t @, 09*~v

Sedumentatlon Velocnty The schlleren patterns of . myosnn

R

n

kéémples (ln 0. 5 M KCL ‘0. 05 M phosphate buffer, pH 7.0) . were charac-
‘terized by a sudéieB%hypersharp peak at all concentratlons (sumllar to.

the representative patterns shown fﬂfthe iower serles of Figure l) In

\.._ A
v,

' subsequent comparator measurement of radial dlstances, the center of the

kA
L
".(.

concentration line, ev1dent even at low bar- angie, was assumed to corre-
. .Q.

_spond to_the maxu&um ordinate.pOSition. A,vaIUe of 0.721 m]/gm was

taken for the apparent partlai specnflc volume of" myosnn in 0 5 M KCI

?’

0.05 M phosphate buffer PH 7.0 at. 5 to 6°C (Kay, 1960 Godfrey and

’ Harrlngton,‘1970). The densuty of the solvent buffer was determined at b

5.0°C using pycnometric methods.and was equal to 1.0309 ¢ 0.0QQI gm/cm3
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Figure 11. Concentration dependence of the reduced specific vis=* . "

cosity’'of cardiac myosin at 5. 0°C in 0.5 M KCl, 0.05 M phosphate
buffer, pH 7. 0. S
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Flgure 12. Concentratlon dependence of the corrected sedimentation

velocity of cardlac n&os:n in 0.5 M KC1, 0.05 M phosphate buffer,

pH 7.0.. The varuou&:pount styles represent results from experiments.
.*conducted at low temperatures (3 to 7°C) and a set rotor speed of

60 %103 Mme using dlfferegf preparat:ons of cardiac myosin.

poe



54
(average of seven trials). The combined results of sedimentation ve--
locity studies, carried out at-3 to 7°C with several preparations of
cardiac myosin, ‘are plotted in Figure 12;h The sedimentation rate of .
myosin, corrected to standard conditions, was found to vary inversely

with respect to concentration. The equation of the straight line drawng e

-’
G

in Figure 12, fitted by the method of least squares, was o &

- -

Ss0w - 6f08 —0.30¢c .

»

From the least sQuaree‘analysis. the ihtrinsic sedimentation coefficient,
szo w? of cardiac myosin was 6.08 = 0,06,3,‘and the concentration-depen-
N ’ ’ . : ' . :

dence constant, K_, was 0.049 : '0.002 ml/mg.

Molecular'Weight."Apparent molecular weight moments of rahbit

k| - . ’ ’ E
i .
i

'cerdfac myosih (in 0. 5 M KC1, 0.05 M phosphéte buffer, pH 7.0) were

determuned at low temperatures by three ultracentrufugal technlques
Arch:bald (Mueller l§$h) ’Iow-speed sedlmentatpon equilibrium (Rlchard§;
Teller. and Schachman, 1968), and hngh speed sednmentatton eqelllbrnum .
(thaﬁLIS, 196h) Pertlnent theory and the procedures employed have
been descrlbed in Chapter 2. The values of the apparenf‘partlal spe-
cnfuc volume and the solvent density that were used in the molecular"
.weight‘calculatiohs havetheea given intthe prevxousvsect;;n»concernung
sedimehtation velocity. e | |
" 'Thegfinal reéu]ts of a rebresentative;vmultispeed Archibald‘eif

’periment are shewn in hfgure 13. Molecular‘weight analysis wae applied
“only at the upper meniscus postlon 'Myesin, at‘ah initiéf concentrétion

of 13 mg/ml. was, examnned in conJunctuon wuth e:ght, successnvely set

-rotor speeds’ from 3. 0 b'S 103 to ll 0 x 103 rpm, yleldnng wenght -average ¢ .
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Figure lf Molecular welght study of ,cardiac myosin in 0.5 M KCI
0.05 M phosphate buffer, pH 7.0, by the Archibald method. (a) The

. apparent weight-average molecular veight -of myosin determined at
‘the meniscus as a function of the time of centr:fugatlon or menis-
cus ‘concentration employing increasing speeds of rotation. (b)
Concentration dependence of - the recnprocal apparent weight- average

‘ molecular welght. "



From-analysls by. the method of least squares (the‘étraight line drawn

' second vvrlal coeffncrent, calculated from the slope, was l 28

molecular weight estimates (M app | values) over a menrsQus goncentratlon
B v ~ﬂ? e |
range of 2.3 to lO.h mg/ml . Values of M app were plottedf : egpéct,' “
25 ’ L ST e -’
a, P vgﬂ T

to the centrifugation time dur:ng the coursegof the run (nncreaSIng'fqpm v

right to left, upper X- axis of Flgure l3a) and correspondlng vaIUes of

the meniscus concentration (lower X-axis of Figure 13a) As was evident

| .,

frdm:the relattvely hlgher values of M app and the downward trendjﬁb*~

'served durlng the early part of the Archcbald run at hlgh men:scu§/con-

3 " \

centration, a sngnlf;cant amount of heavy material was lnntually present
in cardiac myosin preparations. With |ncreasvng .time of centrlfugatlon

this materual was progressnvely removed from the(ymnlscus reglon, and

~
!

the apparent molecular wetght of the resultlng myosnn solution exhlblted

[y

a‘pronounced, non- llnear concentratlon dependence wrth respect to the

men|5cus concentratlon, characterlstlc of nonldeallty (Flgure 13a).

Upon plottlng the recnprocal of M pp'values derlved after approxl-

?

- mately 22 hours of centrifugation, against values of the meniscus con-

centration (Figure 13b), the expernmental data was found. to be ade-

- quately descr!bed by a llnear relatlonshnp of the form (MJeller 196§):

A‘ .'.

]
Ty r—— = — '+ 2Bc .
W .

‘ w,app -

in Flgure 13b and the correspondtng curve in Flgure l3a) ;, the weight-
RO

v average molecular welght (M ) of cardlac myos:n, as'determlned at in-~

funlte dllutlon was b, 93 + Q. 24 x 103 gm/mole; and the value of the'

i*

0.09 x .,

lO’“ mole- mT/gm2 . ' ‘: f'_ ‘ . v

Y '&.(_-; .

T



Shald method, attributable ‘in this
..... f’ ThE Ry .
yﬂ}f;‘lr 7

" instance to the utlllzatlon of th Nieren optical system rather than

s ] _ ‘ |
the technique itself, was, the inability to derive information at protein

concentrations less than approximately 2 mg/mle necessitating extended
extrapolation td infinite dilution’from data at high concentrafions.
even IOWfspeed sedimentagiqn equiiibrium‘experimentSIWere conducted at
, éig, with different preparations'of cardiat myosin over a range of setb
'rpr;>§;peeds of 3.0 * }63 td 3.9 x 103 rpm and initial cell-loading coh-
centraripns of 3 to.lh.i fhi@ges (O 75 to 3.58 mg/ml), as Betermnned by
é; measqremehts. lh alﬁost every case examlned (|nclud|n§ high-speed
sedrmentation“equflibrium ekperimehts), eorrespondlng fringe displace-
'menrs of the solutiohhbase lines,ahd the solvent b]ahk were‘found to |
Be in exceilehr agreement; lehd?qgsupport to the practjce of,psing an
‘avéragenpf the three for hase-line»ecrrections. The maximum average.
base-line dg;iatioerqbserved was-of-the‘prder of 50 wu. A graph of the
natural,iogarithm of eorrecred fringe displacemeh;s#pletted‘With respéc}
to the squarelof the radial distances of one Low speed run- (c of 5 8

frunges, 3. 0 X 103 rpm, for: approxumately 45 hours after over speeding)

is presented in anure Iha Plots of ‘In dy versus r2 derlved from all

‘J

A4

at the hrgh concentratlon end, indicative of the presence of heavy

A, L

molecular weight componenfs. It seemed_unllkely that the sngmondal’

" nature of these curves ‘was" artlfactual as a result of short equtlnbrlum

L3

tlmes, since runs carrled out for up to 67 hours after lnltlal over-

speedxng produced s:mllarwshaped In dy versus s

plots. W|th reference
to the results of the multlspeed Archlbald expertment the apparent
decreasé in the slope from the low concentrat;on end to the lnflectlon

-

the “low- speed ‘runs were sngmondal in shape with upward'curvature evident -
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Figuré 14 Molecular:welgﬁt s tudy ofcaraéiikmyosin in 0.5 M KCI,

fringes. A value of 4.22 x 10° gm/mo]e for the agparent weight-

average molecular weight of myosin was calculated from the slope ’

of the straight line shown. (b) Concentration dependence of recip-

rocal ‘point weight-average molecular weight values from seven low-

"speed’ sedimentation equul-:brnum expernments (see text for detailed
_,explanatlon) . -



point more llkely reflected tHe marked quudealsty of cardiac myosnn,

observable in this region due to transport of the heavy material toward

the. column bottom during the course pf centrifugation. Furthermore,

accumulation of such material in the lower region. of the solution column

'would in turn be reflected by noticeable upward curvature in‘the latter

.', t f n dy versus r? plots as seen in Figure l4a. The value of M
'fég '%, _ w,app

,““ fculﬁ%ed from the slope of the straight line drawn in Flgure 14a was

522 % 105 'gn!/nole.
( -

The combined results of the seven low-speed sedimentation
: . 1

" equilibrium experiments are graphically summarized in Figure 1b4b, where

: the reciprocal of i; a p'values, determined at each measured radial
R - . » ‘ .

position (derivative data), has been plotted against»Computed values of

the protein cbncentration, expressed in fringes. Data associated wath

-a_

the(lotsr end of the solution column (ﬁhat lS, correspondlng to the

upward curvature observed in ln dy versus r2 plots), though used in the

deruVatl ;calcu!atlons, was not ‘included in the flnal analysns of Mw ,app
k" =

and subsequehtly !S ‘not shown in Figure Ibb Lhe general overlap of the

.59

resultlng curves was reasonably good ; the extent to wh:ch the curves dud -

not superimpose conflrmed the conclusion that the preparations of rabbit

cardiac myosin'were'slightIy polydisperse. 'The concentrationvdependence

' of the apparent noleCUlar weight of myosin was graphlcally analyzed in
Eerms of the Innear relatlonshlp used in conJunctlon wuth the, analysus

of the Archlbald data, tha is:

P >
v 4

: R .
— - = — .+ 2Bc . "‘ L . ?
‘ f{"w.‘«'app M N
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A.straight line was fitted by the method of least squares through values

of I/ﬁ;vapp and concentration at the hinge point of each set of Fesults
X »

(Flgure 14b) .- The posntlon of the hinge point was evaluated usnng the

follownng expressnon derived by Rlch s, Teller, and Schachman (l968)

L Ed

c
b
ln 'c—-
. ‘ ' : ' : #
r2 = 2 — (r2 — r2) o .
"0 - b b m <y,
Cm

y ;vExperimental'yalues assoclated with the eoluho‘bottom were
used ln tHese computationefA Sinee thelcalculated positiooaof'tg did
notvhappeﬁvto eortespond.exactly to any raoial position ]njtially
measured, Qalues of‘l/ﬁg,ap and coneeotrationlat_the hinge pojnt were
determioed by_lioeat ihtetpolation of tﬁe derivative data at adjaceotx~

s e

-

-, points.. The close agreement of the éstimated value of the concentration

-

"~ at the hinge point aodocé'gubstantiated the assumbtion.of eohservation?

- of mass. As can be seen.ih Figure 14b, the resulting straight,llne'

fitted the entirevdata remarkably wellﬂ al though deviations of the
expetimehtal points from thetline_weke'relatiﬁely lafge. Froh the
results ot the least squates analysns, the wengHt average molecular
welght of cardiat myoStn, as evaluated from the ordnnate intercept atl

~ -

zero eoncentratlon; was.equal to 461 0. 3% x lO5 gm/mole, and the

value of;the Second'vifigl coefficiehth_derlved;from the slope term,

~was 2.09 % 0.59"'x lO * mole. ml/gm . - o ’ , .

To monlmlze the effects of heterogenelty and nonsdeallty on
the det}rmination of molecular weight, a_series;of hugh-speed sedimenﬂ'
T o ‘ 7 L, ) ‘ o
. tation equilibrium experiments were carried out using\gl}ute'solutlons

. R
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of cardlac myosin.  Lengthy centrlfugatton at high speeds would selec-
' tlvely remove the heavy molecular welght components, and low initial
loadnng concentrations would result |n The poss:ble resolutlon of

molecular welght dlstrlbutlons at concentratlons less than l mg/ml

‘(thantns, l96b)

Seven memnscus depletlon experlments J%re conducted at 5 C .

«’f

over a range of set rotor. speeds of 8. 0 x IQ3 to ll O ]93 rpm n con- S e
r g ’J!" ,)’ d o :
Junctlon with three dnfferent preparatlons of carduac myosln at

e

concentratlons from approxnmately 0.5 to 2. 0 mg/ml in nearly all of

‘the runs, the menlscus concentratton was effectnvely reduced to zero -as
‘deduced’ by prellmlnary examlnatlon of the conc;ntratlon gradxent at ther
éﬁ%‘%@nlscus reglon, subsequently conflrmed by computer analysrs.j(Estlmated-
%%A values of the zero level were equal to 2 u of frlnge dlsplacement orv
less.. The final results of a representatnve hlgh speed run (at lO X l03
rpm ‘and an lnltlal loadlng concentration of 0. 85 mg/ml) are. graphucally#
lllustrated in Fugure 15. As was generally noted plots of ln dy versus'
Y

re appeared llnear throughout most of thenr length ‘no slgnlfncant up-

’ward curvature was.- ‘evident at the hugher concentratlon end (anure lSa)
' Sl!ght upward deflectlon of the |n|t|al ponnts, assocnated W|th the low

concentratnon region ofvthe solutaon column, was‘observed however in

wat
7y

data'from several runs. In all experlments but one; rec:procal values

of the point molecular we:ght moments, plotted with - respect to myosnn

concentrat4on (expressed in fr:nges), exhibited a deflnite'upward_trend” ‘

and apparentTConvergence'approachlng zero concentration;'-ﬂinima in ‘the
,:rec1procal welght- and zz average molecular wenght dlstrnbutlons were

" observed at low concentratlons of approxlmately 0.3 mg/ml ‘In additien,

‘»)'.
V.
H
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’F:gure 15. Molecular welght study of cardiac myosin in O 5 M KCI

0.05 M phosphate buffer, fR"7.0, by high- speed Sednmentatlon equ -

',‘Inbrlum - (a) Rdg}esentatlve plot of In dy versus. r® 2/2 resulting
_ ‘from a run. conducted at 5 C.and 10.-x 103 rpm with an initial con-
cllcentratlon of 0.85. mg/ml (3.4 frlnges) The apparent. weight-aver-

age molecular weight of myosun, as eva]uated from the slope of the

"7"Stra|ght line drawn, was -5.06 x 10° gm/mole. “(b) Concentratnon

dependence of . recuprocal p0|nt number-, Wclght- z-, and Yo~ average

~_molecular welght moménts derlved from computer anaIyS|s of the
' hugh speed data : :
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perturbatlon in the 1/M ;app"‘{Mz app’ and l/M curves was/evrdent at”’

a higher proteln concentrat:on (0 5 to 0.6 mg/ml) The resultong graph

o

/

derlved from the data’ presented in anure 15a is shown in anure le

Due to the llmlted amount of data and, partly, to the - large
relative errors lnherently associated wnth frlnge dnsplacements of less
than lOO u (thantus; 1964) the varlatlons observed in’ correspondlng

experlmental values of the recnprocal moments from the dnfferent runs

'Were great enough to preclude a quantltatnve analysns of  the assocnatlon

o o ]

”propertles of cardlac myos:n wnth any degree of confldence in the de-

rived parameters ”However,:by analogy with the results reported by
B o R it .
L. N . ) _‘ {_: . ,‘ ] .
Godfrey and Harrington (1970l*concerning the self-assoclation behavior
v X ) \ :

of skeletal myosun |n dulute solutxons, qualntatlve conclusions: could

-be drawn An assoc:atnon reactlon of a snm:lar type appeared to exist

s
in dilute_solutions oF cardiac myosin as evidenced by the parallel trend
v - '5- . .
of the molecular welght moments toward lower values, with the appearance

ey

of a dlst|nct minimum .in the recnprocal wenght- and z-average wenght

l

tdlstrlbutlons at very low proteln concentrattjﬁs Although inclusion

. Vs
of light molecular wenght components could not be dlrectly dnscounted

becausevonly seven.runs,were conducted @thls effect was assumed to be
small since the molecular weight dustrubutlon result:ng from runs car-.

'°r|ed out at, h|gh speeds and lnltlal loadlng concentratlons was not ‘that

- greatly dlfferent or dlsplaced from that produced at lower speeds and

|n|t|al concentratlons (Godfrey and Harrlngton, l970) The presence of
hugher n-mers of cardnac myosin in sngnaflcant amounts (that noted in

the results of the Archnbald and low- speed experlments) was reflected

“by the perturbatlon of the molecular welght curves observed at higher

as
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1}4‘“£"ns and the steady‘decréase'in'l/ﬁ;2'|n the recnprocal graphs

rrington, 1970). The molecular weight moment, My ’ is
: ) 2

s ' | _ -
1pdependent of the second vurual coefficient, though not

1 terms (Roark and Yphantis, ]969),‘and thus provides
addltnonal nnf0§m&(ton under conditions of expressed nonideality (Wthh
B
in the high—speed runs was found to prevail in the lower region af the
" solution column (Figure 15b)).

Analysus of the menlscus depletlon data from regions of higher
concentratlon yaelded'estlmates of the number-, weight~-, and z- averaga
molecular welghts of cardiac myosin aSSOC|ated wnth protein concentra-

.tlons of approxlmately 1 mg/ml or less. For examplé. the value of M g

_ w,app ;33,
-obtalned from the slope of the least squares line drawn in Figure lSa

. was equal to 5 06 x 10° gm/mole These results, and the correspondlng
initial lcadnng concentratnons and rotor speeds employed, are.presented

in Table I1. Values of MZ app” calculated_usnng the relatgonshlp of
»9 . ) :

Lansing and Kraemer (1935)

with extrapolatéd Qaiues qf‘thevparfableS'from the computer analysi§ of
‘rhe derivative data,‘were in good agreemenzuaith those showh-in Ehe

table. The averagelya!ue oflﬁ', op for cardiac myosiﬁvas asﬁjnmted from S
high-speed éedimentaffon equilibrium experiments (5.77'x 10° éﬁ/molé)
was'cdhsistent with the values determined by rhe preV%ous teéhniaues.

- “
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MOLECULAR WEIGHT OF CARDIAC MYOSIN AS _LETERMINED

_TABLE 11

BY HIGH-SPEED SEDIMENTATION EQUILIBRIUM

(0.5 M KC1, 0.05 M phosphate buffer, pH 7.0, at 5°C)

Q
Initial |  Rotor . Apparent Molecular Weight (x 1075)%
Concentration Speed’ :
(mg/ml)  (rpm) ﬁn —Q' ﬁz‘
0;85 _fdosl 5.00 5.06 5.01
| '0.53 9090 4.94 4.88 5.03
1,92 1112 4,63 4.69 5.18
1.17 - - 11113 4,37 4.78 - 5.0h
.92 8990 412 .55 b.72
1.5 8952 430 .66 LBy
Average * Std. Dev. 4.56 = 0.36 ) 'u.96:§ 0.17

4L,.77 = 0.18

Lo

'M_are the limiting values -from computer analysis of the derivative

dita; ﬁg are derived from the slope of. the linear least squares fit
of In y versus r2/2 data; and M_ are values taken at (c_ + ¢ )}/2-

. N z . . m b
from computer analysis of the derivative data.

ta
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Discussion

The preparation of cardiaé myos in sampleslﬁotally derid of '
myosin’aggregatéé, acfomyosin,'and associéted contagﬁnants (such as RNA
and 5'-adenylic deaminase) has been reported tO'be'félatiye]y'difffcﬁlt
(Vierling et al., 1968; Katz, 1970). The isolation procgdufes e;ﬁployed~
in the present study appeared ;dequatg in y{e]ding_congistent maierial |
from frozen tissug guitable for enzymatic and‘physicéqhémical investi-
gétion — although final yielasvwere'invarfabl; low reflecting, in part,
the difficulty of extraciing myosin from cardiac muscle (Mueller, 1964;
Katz! 1970) . ‘Nhether the minor degree of héterogeneity detected in car-

.diac myosin samples was a result of the inherent tendency of myosin to

aggregate (Katz, 1970), or a result of the preparative methods (Stracher

66

and Dreizen, 1966) and frozen starting material, cannot be distfnguished:'J

bothvreasops,aré likély cofrect Certalnly, as was ponnted out.-by
Godfrey ana Harringtoﬁ (1970) with respect to skeletal myosnn the iqi;
fia[~p}esence_of'aggregated materlal in myosnn §§lut|ons was a separate
manifestation (though pérhaps rglated) to the possible, association re-

action evident at vefy low protein concentration.

++ .
As noted from enzymatlc analySIS, the Ca lon-actuvated

“ATPase gCtIVItY of rabbnt cardiac myosin, Vmax of 0. 23 . mole P. /mnn/mg,
— . e

- was approximately onefthird.that-reported for rabbit skeletal myosin as

meaéured under simialr conditions;'Vmé* of 0.5 to 0.6 .mole Pi/min/mg 1

(Lowey et al., 1969; McCubbin et al., 1973). This finding is consistent

“with the observatuons ornglnally ‘made by,BaileyA(l9h2) and with the re-

sults. later reported by Bardny et al. (1964). The value of the apparent

'Michaelis‘coﬁstant derived-f0r~kabbit cardiac myosinnin the presencé of



‘calcjum ions: (0.96 x 107% M) is hlgher compared to published values fc
skeletal ﬁynsln (1.4 x 1075 M, Ouellet gs_gl:,'IBSZ;ll.OS x lO;s‘M,
Eisenberg and‘Moos{ 1970; 8.8 x-lO’5 M, McCubbin gE_gl:.-l973). This
“may indicate a relativelf lower_affinity of cafdiacAmyosin for sub- -
strate,. possibly reflecting a’structufal differenée of‘the active site
(Katz, 1970). !

Recent investigations have established thaf natlye hyosin%lg‘

comprised of’two heavy polypebtide chains,'each'approximately 2.0 x 103

in molecular wenght, and a small number of llght chaans wnth an average |

molecular wenght of about 2.0 x 10* (Brahms and Kay, . 1963 Gershman et
al., 1969, Lowey et al., l969, Gazith et aJ., 1970). The interaction of
llght and'heavy chalns has been shown to be essential for the hydrolysls
vof ATP by myosnn (Stracher, 1969; Dreizen and Gershman l970). Results
_of hybrldlzatlon experiments wlth-preparatlons of mYpsun frdm'different
musclebti;sues suggesf_fhat the nature of the asabciaf;d llght’éﬁains,

to a great extent, determines the level of ATPase activity: (Dreizen and

_ ngnards,_1973). In thisdfegard, significant_physical and éhemical'dif-,

ferences have been observed betweenfskéletal and cardlac'lignt chains.
. Rabbit skeletal myosin ylelds three distinct classes of light éhains
".upon SDS-polyacrylamide gel electrophoresis with estimatéd‘moleculaf

‘weights of 2.5 x 10%, 1.8 x 10%, and-l.6bx‘l0“ in an'apparent stoichi-

: ometry, of 1:2: l,'respectlvely, as determlned from dens:tometry of thc-

4

acrylamlde gels (Ueeds and Lowey, 1971 Lowey and Rlsby, 1971 Sarkar,_
1973);. On the other hand, rabblt cardlac myos:n shows only two dlstlnct
classes, havrng sljghtly dufferent electrophoretic mobnlltnes aslcor-:

_pared to the skeletal light chains, with estimated molecular weights of

2.7 x lou_and 1;8 x lOu,in“a.molar ratio of'Z;l (Mani- and Kay, 1973).

67



;
A

|
. These observatlons closely agree with the results of comparatlve exper-
iments conducted with skeletal red, and cardiac myosins {Locker and -

Hagyard, 1967; Sarkaregﬁ_a]., 1971). Furthetmore, as shown by Weeds

»

~and Pope (1971), the light chains of bovine and‘ovine cardiac myosin
.possess two addltuonal thiol peptnde sequences evidently not present in
oVune and rabbit skeletal nght chalns These authors have also noted
that treatment with the sulfhydryl reagent 5 5t~ dlthIOblS (2- nntroben-

zoic acid), which dlssocnates approxnmately 6% of the total amount of)

rahbit skeletal myosin, has Ijttle effect on the light'chains of cardiac

S a
)

myosin.v Fina]ly,vcomoafison of two-dfmensional tryptlc peptnde maps
of bovnne cardlac and rabbit skeleta] light chalns (screened for hls-

: tldlne, argnnlne, tyrosine

d CM-cysteine containing peptldes) show
no qverald simiiarﬁtyé : d Frank, 1973)-Hh> . o ‘aé
titative”differenee:ob
"activjthis, hoWeveE, scant and indirect'(brei;en and Richards;'1973).
For exanple,'Huszar.and Elzinga (l972)iha;e”reported variations fn the‘
"amino acid sequence of homologous methylated and“non methy!ated hlstl-
ﬂdlne peptldes from rabbit. cardnac and skeletal myosnn, andxconcluded
Jthat the two protenns are synthesuzed under the control of separate
genes Extrapolatlng further, sugnlflcant differences may thue exist
.in regfons of ‘the heavy chauns dnrectFy~assoc1ated wuth thewaetive site
and partly determlne the level of enzymatlc act:vnty in combhnatuon wlth
the llght chalns -

Measured values. of the ATPase actuvnty of rabbit cardlac
myosin, al;hough comparable,wappeared to be conslstentlx greatervthan>

corresponding values reported foremy051n obtained from canine (Mueller
. 4 . : ! L - - . . ~ .

Eyidence f o ‘d Fibut ion of the heavy chains to the quan- °

,ve-‘between cardidc and skeletal myosin‘ATPase ,

68
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et al., 1964), bovine (Tada et al.; 1969) and rabbit (Birdny et al.,

’
o A4
s

1964) cardiac tissue. - Three reasons may account for this observation;
difference in the preparative methods empleyed (though Vierling et al.

(1968) found that the Ca |on-activated'ATPase activity of canine car-
.\"6,
dlac myosun, measured at pH 9, was unaffected by the method éf .prepara--
Ao \
tlon), species dlfferences of the mu>cle source (Mueller et al., l96b)

and the apparent actlvatlon-of myosnn ATPase act:vnty after purlfucatlon

” . e

vfrom DEAE cellulose (Asai, 1963; Rachards et al., 1967). with'regard

to the latter po:nt, preparations.of cardlac myosnn resultlng in lower

~

280V260 absorbance ratlos (nndlgétlve of |neffect|ve treatment wath

1DE%E cellulose) were found to exhlblt lower activity.

 The effect of ta™ * and Mg'® ions on the catalytic activity of\\

cardlac myo§nn (in the presence of potass:um chlorlde) is consistent
R LN : :
“ A’*‘( s . & v ~ " -

” w:th documented observatlons concernlng both the,optnmal levels of the

“(Katz, 1970)": ' C e

- > _ ’
respe;tive salts required to produce;a maximal effect-(8 to 10 mM CaCl,

or O.S'MMlMgClz)land the relatlvely,higherﬂpotency ofyMgElz to CaCl,

N
The. pH: dependence of rabblt card:ac myosnn ATPase actnvnty is
R

snmllar to that found for anlne cardnac myosnn b Brahms and Kay (l962)
\ & Y

.that |s, from approxumatelylpH 7. S, actavatlon wuth nncreasrng pH and

subsequent reductLon in the hydrolysns rate at pH*9 (Plgure 7) However,

N

these flndlngs afe in dlsagreement wnth the results reported by Barény

ared by an alternate method " The resolutu

et‘al. (1964) “also carr:ed out wnth rabbnt :;Zdnac myosnn, though pre-- .

“of this dlscrepancy appar-

ently is related to thdﬁordér and time in ! ch‘the _components . of the

enzyme assay were=added eogether As shown by’ Sreter et al. (1966) and

later by Seldel (1967), the enzymatlc actnvuty of cardnac MYOS|n is"

- v

b
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labile under mild alkaline conditions'and is quickly lost at pH values
greater than 9. Moreover; no increase in activity is observable over co¥
the alkaline pH range. if myosin is pPeincubated for a short period of

time in the absence of ATP (éreter t al., 1966)% This was the proce-

dure adopted by B4rany 1. (1964), who initiated their enzyme assays
by the addition of ATP. In the investigationd&f Brahms and.Kay (1962),

as well as in the present study, the addition of myosin to substrate

. s : o . T . . . '
solutions -was used to start the enzymatic reaction. The inactivating .
effect of preincubation at.alkaline pH may also explain why rates of -

“activity as reported by B&r&hy EE_al. (l96h) were- lower relative. to

v

“values measured!in,thls study. _ T *
.The observed bimodal effect of PCMB an the enzymatic activity
of rabbit cardiac myosin .is similar to’ the resulté of Brahms and Kayr

(1962) and Mueller et al. (l96b) derlved with canine cardxac myos:n.- As

e

was anltlally noted by Kielley: and Bradley (1956) with rabbrt skeletal . )

myos;n |ncreasnng concentratuons of PCMB (in the presence of Ca " lons)‘ 4
elevated the- ATPase actuylty unttl approxnmately Que- hal‘ of the total :
number ofvsulfhydryl_groups wirehtntrated‘(ln thls'case, approxlmately
A nes:dues/loé'gm protelnvofta total number of 7~residues/l05 gm p;otein. fl
: detérmined;by‘amlno\acld analysi%) Fur;hervlncrea5|ng amounts of: PCMB<

e
.

caused progressnvely |ncrea51ng tnhnbltlon The present results concur
; ‘ﬂ
- w1th the unterpretatlon ohat two types of sulfhydryl groups are present

at, or assocuated wnth the: actlve s:te, one. nnherently essent»al for

ATPase actnvnty (Klelley,and Bradley, 1956). °

The amino acid composition"Of rabbit.cardiac myosin'and
P ~ . :

recently reported values for rabbit skelctal myosnn ‘are compared in

Table 11T, The slightly hlgher values of glutamlc acnd and leucxne Q



7
TABLE 111

~ COMPARISON OF THE AMINO ACID COMPOSITION

ey

OF RABBIT CARDIAC AND SKELETAL MYOSIN

(moles/10° gm myosin)

~ Skeletal Myosin

o e M Mkoming etvai. | Lowey & Cohen | Barany et al.
: (1954) (1962) (1964)
Lys. - 85 85 93 - 8y
““His“ 15 - 15 6 T
Arg * s e 43 w3
Asp. o 82 85 _és 85
‘+hr o 42 - 41‘. L4 By
ser | w0 e 39, 36
“Glu 163 155 . 157 BEERTY
Po |23 2 22 2
6ly 39 39 o 43
ata | 76 78" 7‘3" 75
Cyar ' 6.8 | 9 - 5.8 s“.zr
al ;'hb , h2 N A [
SRR | 38 | b 12 ';“3'f‘ﬂ
Leu %2 %9\, 81 78
Tyr 18 I 20 19
Phe vzs»' 27 . 29 27
Try - l - 6.1




evidently preaent in cardiac myosin are the only majorldifferences
-found; otherwiae,‘within the variation shown among the.analyses ofy
skeletal myoeln presented in the table, the'amino acid compositions oé
rabblt carduac and skeletal myosin are very s:m:lar This represents
a maJor factor supporting the practlce of havnng used skeletal _myosin
as the standard in the determlnatlon of amount proteln by the Lowry

method This is not to conclude, however, that the two protenns are -

)

"~identical because s-gn:fncant dufferences in certain reglons of the
prlmary structure have been reborted (for example, as was dnscussed
earlf:fqy:*;.thlol peptlde sequences (Weeds and. Pope, l97l Weeds and“

8
the methylated and non- methylated ‘histidine peptlde

Q} - f} :p

: sequances (Hu;iar and Elznnga, 1972)) |mmunolog|cal dlssumllarltles
observed between ‘cardiac and skeletal myostn addntnonally suggest that

the amino acid sequences‘at least at- the antlgen recognltlon sites _must

- \

)

also be dlfferent (anck \1965)

« The s:mnlarlty in amlno acnd content was also reflected by
. " '[ . . .
the 5|m|lar|t|es in the ultrav:olet optlcal propertles The value of
l% . .
tcm,. 280

'E equal to 6.06 found for rabbqt cardnac myosnn in Qhosphate

buffer at neutral pH is not - greatly dxfferent from that reported for

——

skeletal myosnn 5 43. (woods S__al:, 963) 5 88 (VerpOOfte and Ka

1966) .~7 (Schl:>elfeld and Bardny, 1968) ;* and 5.6 (Gershma g_t__l
}\

'l969) In addutuon the ultrav(olet absorbance and circular

v} ‘v,‘ '.:“‘

FOIC
spectra of ’ cardlac myosnn appear analogous wnth spectra‘observed wuth
‘skeletal myos:n (Flnck l965, Mommaerts, 1966 and Olkawa et al .'l968).
.bAs far as the author is aware, the CD propertles o? rabblt cardlac my -~

. osnn have ‘not been prevuously publ'shed how%%er,lfrom the snmllarlty S

'f of the mean residue elllptncrty values of card|ac myos:n at 221 and

/
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c ‘l _ . -4 I ~ i '
209 nm ( 2.69 x 10~ and 2.56 x 10 degree:cm?/dmole; respectively) and

the corresponding values for skéletal myosin (-2.33 x 10 and "2.28 x

v

IO“ degree-cm?/dmole, respectlvely,(Olkawa et al., 1968)) the secondary
structure of the two protelns is undoubtedly very much alike. ‘It is

" then nos\surprising that conformational changes in cardlac myosin were'
not observed by CD measurements at different pH or ln the presence of { “fﬁ

ATP snnce nelther similar optlcal rotatory dnspersuon exper|ments (Kay
et al., |96h HcCubbnn et al.,. 1967) ner ultravuolet absorbance studies.

(Gratzer and Lowey, 1969) with skeletal)myosun have detected sngnnflcant ) v%

“changes.
- The vnscometrlc and sednmentatlon velocuty results obtained:

‘with rabbit cardiac myosin [~] equatl to 2 ok di/gm and s° equal to

20,w

6. 08 S, are w:thln ‘the ‘range of publnshed values for both the card*ac

and skeletal system (Katzj 1970). Furthermore, “the derived parametege

°

t ]

<;assocuated u:th a quantltatlve descrlptlon of the concentration depen-
‘ dence of these hydrodynamnc‘propertles (that |s, Hugglns constant and
K ) are also snmllar to accepted vahues for skeletal mydsin (Creeth and . s

‘ Knvght l965, Harrnngton and Burke, 1972), and support the conclusysn

- that rabblt card c myos:n is hlghly asymmetric (Katz, 1970) S e o

~”

BTN

The effe t‘of polydlsperslty on- the determ»natloh of molecularr

"étwe:ght ofrcardlat nyosnn was m|n|mtzed by us:ng ultracentrlfugal ‘tech~ ,,Q_Q

-
- PAARN

at.nlques. As p01nted out by Hueller (l96$;{ one advantage of the multl-

1 v
~

'speed Arch:bald method is the selectlve removil of heavy aggregates from;'

‘the menlscus regnon durnng the course of centrlfugatlon ObV|OUS|y, any
oo : :

[method whnch lnvolves centrlfugat:on for a lengthy per|od of time will-:
l'do the same The pronounced nonudeallty of cardaac my05|n solutlogs, as -
,5ev1dent in the v:scometrnc and sednmentatlon velocity studnes, was also.

1
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reflected by a marked concentration dependence of the molecular weight,
'partlcularly at protein concentrations“greater than about | mg/ml. ’Es—
timated values of,the second_virial'coefficient are sllghtlv higher than
correspondlng values determined for canlne cardlac my051n (Mueller et al.
‘1964) and for skeletal myosnn (Mueller l96b‘ Tonomura et al., l966)

though xhe relatlvely large standard devnatlons observed due partly to ;F

polydiSpersity, hay account for‘a greater part‘of this difference. The _

. X o - - . . X e .
measured values of the weight-average molecular weight of rabbit cardiac

myosin are, in dene FlY,

sin'(Mueller t l

‘but are snmllar to molecular welaht values recently determined for skel-

etal‘myosnn-(Tonomura gt_gz.,'1966; Gershman gt_al:,-1969; Godfrey and

‘Harrlngton l970) 5wrt ermore, “the results of the‘high-speed sedimen-

s

', tation eqUIllbrlum exdenimehts indicate the prESence of a possible asso-

\

”'C|at|on reactuon‘atvyer low protenn concentratuons analogous to that

seen'with ékeletal nydsln Godfrey and Harrlngton l°70) . The average

."’\

@£value of the number averagc molecular me»ght, thouqh more varnable than

=

the other molecular wenght momcnts, agrees wnth the value of 4.7 x 105

as determined by osmometry (Tonomura, twl., 1966) "The difference “and -

;-

the directlon of the difference observed betveen the average values of

the numbcr—; weught-; and z-average molecular ue:qht addntvOnally sug- W ‘%'

.gests that cardnac myosnn solutlonL were slsghtly heterogeneous though
thc'oyerall~agreemenbfkould also-1ndrcate“that\theﬂefFeCts of nonldeallty"“'

e . B P

13

and'polydiSpersity'had been substantially reduced by using low initial
loading concentrations and high rotor “speeds.

Further discusslon.of cardiac-myosin,‘iﬁﬁlightlof the results
'df;the:oroteolytic,fradmentatlon'study,nis preésented in Chapter 6.

F o R . -~



. CHAPTER 4

r

PROTEOLYTIC FRAGMENTATION OF - -

CARDIAC MYOSIN WITH PAPAIN
, :

L&,

PreVLous.studies involving the enzymatic degradation of skel-

T N C el .
. etal myosin W|th an insolubilized form of papain have shown that limited

fragmentation and subsequent investigatlon of the purified subfragments
are yery useful‘approaches for the analysis of the molecular structure
of myosin (Kominz et al., .1965; Nihei @nd Kay,. 1968; Lowey et .al., 1969).

This method Was thus adopted for the study of rabbit cardiac myosjin and -

applied, to a great extent, ln:a parallel manner. ‘Signiflcant modifica-
. .

tions were. introduced wlth respect tO'the immobllized derivative employed
and .the temperature at whuch the proteolytlc dngestlon was carried out.
Papaxn was lnltlally |nsolub|l|zed by coupllng crystalllne enzyme (ob-

. tained commerc:ally) tosdiaZotized p-aminobenzyl (PAB-) cellulose as de- .

',scrlbed by Lowey al mll969): -However ’from subseouent examination of

the proteln blndlng capaC|ty and qnzymatlc actlvnty of these |nsoluble

complexes, as well:as attempts to establlsh standard experumenta‘ ceadin

tions for fragmentatlon ‘|t became apparent that papaln PAB C: llulose

had several.negathe features, For example, the amount. of papaun bound
N QJ .

per unlt welght of PAB- cellulose as éetermuned from amino acid o rlysus,
. ) /l_- . - :
‘was very low'(b to 9 mg/gm ‘of PAB“cell lose) and varled somewhat as d|d

thelresulttng esterase activnty, w:th dlfferent preparataons of the in-
'solublevCOmplex. (ThlS Was dlscovered to be partly attrnbd&able to the
_use of_aged papain suspenS|ons) Correspondlng observatnons have been
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reported by Nnhel and Kay (1968) Lowe _t a_ (1969), and Goldsteln et

v

(1970) In addutuon, as vas sumnlarly noted by the latter |nvest|ga-

tors, PAB celluldse in aqueous solutions was F0und to release varying

-t . 7.

i

vV,’amounts of colored material possessing optical absorptlon at ultravnolet;
avelengths eFor these reasons, an alternative supportlng mat*lx wae
c’chosen :(d|aldehyde)-starch~methylenedianiline (s- MDA) resin, andvpapaln
- was’ Freshly prepared and stabllized by conversion to mercurlpapaln .
Ba;ed;on the flndlngs of Tada et al. (1969) that the apparent yleld of

suBfraément 1, obtained From bovine cardiac heavy meromyosin by dlges-

tlon wnth soluble papaun was greater at lower temperatures the proteo-

) lytlc fragmentatlon of rabbnt;cardtac myosin was conducted at approxu-~

~

mately 0 C. Procedures for the preparation of mercuripapain S-MDA res-
in; and insolubilized mercucripapain are brlefly described prnor to pre-"'
. _6{3 ’.'%,.‘ . : e :
sent|ng the physncochem:cgl and knnetnc results of the enzymatlc dlges~'
tion of cardlac myosnn 'The results of background studles concernlng
pertunent propertnes of the S HDA resin and S-MDA- mercurlpapaln are also

b

considered in this chapter. - 3

© Preparative Methods and'Procedures s

Mercurlpapain.. Natiye papéindwas iaolated and purlfled from

b

'v:pany) “yas maxed hlth 100 gm Cellte (an :nert fulterrng ald) and lSO gm

l

. washed sea sand. Crude enzyme was extrqcted atzroom temperature 23 C).

by grlndlng thls mixture’ 'horoughly in a mortar with one luter of Freshly

’ prepared 0.0h M cystelne} pH 5.7.' Tne aqueous extract was filtered at

Granular latex powder (200 gm €rude Type l; Slgma Chemxcal Comf
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by centrnfugatlon at” ZJﬁ”and 2.5 % lO’3 rpm for

hec through'a centimeter-thick layer of Hyflo Super-Cel on Whatman 541

filter paper under very weak vacuum using a large diameter Biichner fun-
S . . ; ,

nel. The ph,of the cold filtrate was slowly increased to 9.0 uith‘l N

. ‘\t

,Eodium hydroxide, and the fine, gray precipitate that formed was removed

]

by filtraﬂlon as described above. The volume of the filtrate was mea-

sured, and papain was‘selectively precipitated at 4°C by'the.additiongof :

he- spenE}é; was afloWed:to

Xl
K

itate was collected

£
solnd ammon i um sulfatemto L40% saturation.

stand for approxnmatelggi hours, whereupon the prec
oz : 4
our, washed once with

QOO ml of a_cold Loy saturated ammonlum sulﬂate solutio and'recollected

by centrifugatlon. Thevsolid-mater‘ ﬂ was dissolved in 600 ml of cold

: \
i was salted out at 4°C by'the’

htgradual addltlon of 60 gm SOlId sodrmm chloride and. gentle stlrrnng for

_approxnmately 1 hour The whxte precnpltate was collected by,centrlfu—

H

gatxoq‘and resuspended at room temperature in MOO ml oF 0.02 M cystenne

.manntalned at pH 6 5, The suspensnon was |ncubated at room temperature

f'r- .

for 30 mlnutes, then ‘cooled to h C —-the enzyme crystalluzed over. a per-

jmJOd of approxnmately 12 hours The lnght crystals were col]ected by
’centrlfugatlon at 2 o ahd 2.5 x lO3 rpm for 5 hours, and dlssolved in a

‘minlmal'amount<of uble*djstllled;,delonlzed water at room‘temperature.

’

!The protein solutlon'was%milllpore Filtered and papainrrecryétallléed:’

s

by the very slow addltlon oF .a saturated solutnon of sodlum chlorlde (l

N ml per 30 ml papalnvsolutlon). -To promote complete crystalllzatlon thls

suspension was cooled and kept overnught at.b° C The purnfned enzyme was

~—

'subsequently collected by centrlfugataon at 2° C and 20 x lO3 rpm for 15

to 30 mlnutes.d Recrystalllzatlon ofvpapaln,was addlt:onally repeated

Y
w

2

17
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once. The protein concentratlor 5f. papaln solutions was determuned spec-

1%
1 cm, 278 nm

to 25.0 (Glazer and Smith, 1961) Approxlmately 300 mg of tw:ce recrys-

trophotometrically using-an extinction coefficient, E , equal

tallized papain wnth a specuflc esterase activity of 20 to 28 umole
J:

BAEE/min/mg was usually obtalned fgomﬂyoo gm grahularvpowder. Enzymatic

activity. measurements were conducted at 20°C and pH. 6 5 wnth substrate

~

solutions of 0.05 M BAEE 2 mM EDTA, 5 mM cyste(ne'ut:llzing pH-stat °

¢

techniques. . .
. N , . . . . ‘ o/
Native papain was routanely converted .to mercurzpapaun using

(213

the modified method of Go]dsteln et al. (1970) Crystalllne papain was
dissolved in 2 mM'EDTA; S mM cysteine, ij7.Q to a fiual concentratién pf
'approximétely 1 MQ/ml add ?ncubeted at reom temperature for 20 minutes.‘
The pH of the resultung solution was slo:]y reduced to 5.5 with O l N
hydrochlornc acid. A 3. 3/ SO]UtIOO of mercuric chlorlde (in dnstnlled
juater or.O.OI‘MV;leum:a;etate'buffer) was:adJusted to pH 5.5, and 1 m]‘,
per 10 ml! of eretein sodutiddywds.then added dropwise.with dontinuoUs
strrrin;t Tﬁeureactibd'mixture‘was tranSFCrred to predared diajysisj'

tubing.ahd dialyZed against 0.01 M acetate buffer, pH 5.5, at 4°C for 7

dadas
N

to 10 days. Final mercuripapéid solutions were clarified of .insoluble
material, which had precipitatéd during the course ‘of dialysis, by cen-"

3

.trffugation ataZ?C andIZD x 103 rpm for 3Q.ﬁﬁnUt§53,aﬁdﬁfh¢Y;Wefe subPe, o

e

sequaat ly storcd scalcd at IOQC.f‘The conceﬁtratfon of mercuripapain was , Sig

v N e

Ldeterm:ned from ultravuolet absorbance measurements at 280 nm usung a

J
o

-d_valuefoFaE:‘cm equal to Zb 6 (Wh:taker and Bcndcr 1q65\. From. IOO gm‘

cw
it

:tof in{tial létex‘powder, the’ overal] yield was approxxmately 250 mg oF
'mercuripépajn gith é.;pecufue.esterase aCtlvnty of lSth 21 umole’BAEE/ .
min/mg ‘at 20°C. Prior to-ﬁcasureméht.ofdenzymétic activity, both papain

A .
A
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and mercuripapain were activated by overnight dialysis at b°ﬁ@@gainst

';\’a\.‘_’

2 mM EDTA, 5 mM cysteine, pH 6.5,

S-MDA R&sin. Synthesis of the uater~insoluble polymer was ';«:@%é
carried out closely follownng the method outlined by Goldstein et al
(1970), the pertinent reactions of which are schematlcally illustrated
in Figure 16. Unless otherwise stated, all preparative procedures were
conducted at.room temperature (23°c). A fine, aqueous slurry.of dialde-
hyde starch (Sumstar 190, generously donated by Miles Laboratories Inc.,
Elkhart, Indlana) was made by suspendlng 10.0 gm in 200 ml of double-
distilled,_deionized water and stirring for 15 minutes. The su;penSIon
was rendered alkaline by the addltion of 40 ml, 2 M.sodium carbonate, pK
10.5, and slowly poured into 300 ml of a vigorously stirred, 10% meth-
anolic solution of &, b'-diaminodiphenylmethane:: The reaction'mixture
vias loosely covered and continuously stirred forb3 days. The insoluble
)"materxal was then collected by fnltratlon (on a bUChner funnel with
’Whatman 541 filter'paper) washed thoroughly w:th methanol, and resus-'
pended in 300 ‘ml double- dlStIlled deionized water. Reductlon.of‘the
polymerlc Schlff's base was effected by the additlon of 40 gm 5odlum
borohydrlde and gentle stlrrlng for 18 hours. The pH of the resulting
mi*lure was, adJusted to neutrallty thh concentrated acetic: acud S-MDA

resln vias collected by filtration, washed wuth double- dustulled deion-
Vlzed water then methanol and refluxed W|th four 300 ml changes of .
- methanol to remove contaminant aromatlo;amlnee The refluxed material

waé filteredv pread thlnly in a large dlameter petru d‘sh and. air

‘dried. The final weight of dry S-MDA.resin was 12,7 gm.

: ;}. A‘;_S—MQA—merCUrlpapain. Immobllizedxpapain derivatives were



A |

1 CH2OH

H CH,OH

H H

, -;_kik-———c) : ‘ O, _
| H C;*___ : .;{___
=0 CcH H o CH HC —O----
| 6 O
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'prepared by covalently linking mercurlpapaun to dnazotlzed S-MDA resin as
‘descrlbed by Goldstein et al. (1970)“ Dlazotnzatlon oﬁ'%he free amino

A ; .
groups of S-MDA resin was routinely carried out in the»following manner:

S0 A

ldQ mg S-MDA resin was suspended in 8 ml of 50% acetic acid and Stirred
for 1 hour in a bath ofvcrushed ite and water, whereupon 1 ml of a cold,
freshly prepared 2% solution of.sodium nitrite was added dropwise. TheA
dlazotlzatlon mlxture was loosely covered and gently stlrred for an ad-
dltnonal hour at 0°C. The pH of the chllled suspensnon was: then slowly
ralsed to approximately 8. 5 by the dropwise addltlon of SN sodlum hy-
droxide ;-pleces of crushed ice were added pernoducally to malnxaln the
:lou'temperature; ‘The dark brown, 1umpy precipicate Formed was collected

by mlllloore flltratlon (8 & pore suze) and thoroughly washe.s wi - old

0.2 M phosphate buffer pH 7.6. The water—lnsoluble enzyme ~omple. Waa'f

subsequently prepared as follows: the wet polydiazonium salt was trans-

ferred into a clean 25 ml Erlenmeyer flask and resuspended in 10.0 ml of:
'cold‘0.2 M phosphate buffer; pH 7.6. A desired allquot‘of mercuripapain
:{solution,was added'drolese to the stirred suspension. The flask was

.isealed, andvcoupling effeCted with cont inuous stirring at 4°C for 20 tO';

24 hours. The enzyme conJugate vas collected by mllllpore flltratlon t

and washed wnth 200 ml of cold I'M potassuum chlorlde then wnth 100 ml

of cold double- dlstclled delonnzed water to remove., any protetn snmply

adsorbed to fﬁ@erSIn. S-MDArmercurnpapaln was resuspended in 10.0 m}

double-distilled, deionized wateriand stored sealed at-10°C .until acti-

vated, as with papain and mercuripapain, by QVerniéhtfdlalY@dﬁ;é;zk°£.l4

against 2 mM EDTA, 5 mM cysteine, pH 6.5. S _j B S -

v ) . -
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Results

Studies of S-MDA Resin and S-MDA-mercuripapain. Several rel<”

evant properties,of the S-MDA resin, and the immobilized derivative of

li,
fid

.mercurlpapaln werevexamlned prlor to 1nvest|gar|ng the sallent charac-

‘ terlstlcs ‘of the proteolytlc dlgestuon of cardiac myosnn ' Throughout
these ‘studies, ‘the amount of enzyme covalently bound to the matrlx was
determlned From quantitative amino ac:d analysus based on the recovery

SO

\of glycnne, alantne,.vallne, and leucnne. Thls set of calculatwons was

carried out assuming papalthas a molecular weight of 23 406 and contalnsh

per mo]e 28'glyc|ne, 14 alanune; 18 va]nne, and 1R leucine (Mitchel,

Chaiken, and Smith, 1970), ' ‘ ' L T a

' H - . . . . 8

The protein binding capacify'of the res&n was estfmated by ’

1 .. N
preparfng a SCFICS of lnsoluble enzyme complexes nnvo]vnng the addltlon

of varnous quantltnes of mercurnpapaln (5 to 50 mg) to 100 mg dlazotlzed

——t

" S MDA resin. Flnal data was graphically analyzed by'plotting the amount

-proteln covalently aned to the uater-lnsoluble/polymer aga:nst the cor<’

- . . (/

[respondnng quantity of mercurupapann added to the coup]nng reactnon mix-/ -

ture (both expressedvas mg/ 100 mg resin). ‘From'the horizontal portion

-

of the result|ng bnndnng curve (shown nn Flgure 17), fhe present:prepa-’

ratlon of S-MDA résun was found to. maxumally bind approx:mate]y 23.5 mg

S
mcrcurlpapannwper 100 mg dry wenght of Tesin.
. . The results of a study condugped‘fo”es;ab[ish the minimum time

neccssaryvForvcompletion.of the coupling reactTon are depicted in‘Figure
18. The\blndunq of |6 mg . mercurnpapa:n toflOO mg d;:sﬁlLed resin at 4° C
appeared to fo]low a hyperbolnc rclatnonshlp with respect tQ the time of

_Lhe reactlon' Thc initial rate of couplzng was relatlvely fast: approx~

|mate|y 80% of the total amount of enzyme ghat'cou1d be potentially
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Figure 17. Protein binding curve for S-Mdk‘fesin.' Varying-“amounts
~ of mercuripapain were added to 100 mg (initial dry weight) diazo-
‘tized S-MDA resin.in suspension at Lo and allowed to react for 24
“hours. The quantity of protein bbund,Was'estimated'fkom'amiﬁp acid |
; analyses, and the bars in the figure represent a variation of ¢l S.p.
; from the mean, the point plotted. : ' -
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Figure 18. Time course of binding of mercuripapain’ to diazotized
S-MDA resin at 4°C and a me-rturipapain/résin ratio of 16:100 (mg/
mg dry resin). - The amount protein bound was estimated from amino
acid analyses, and the bars represent a'v'ariation: of =1 S.D;_from
the mean, the point plotted. : ’

“ -
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w ) . . S “ . “,4 ‘ . . . .‘ ~
bound was covalently-fiked in the first 8 hours. The subsequent reaction

rate progressavely decreased, and the extent of bnndlng asymptotlcally

3

‘ .. approached 100%. Total coupllng was essentlally tompleted in 24 hours.
’

Because of theuunstable nature‘of.aryl dlazonlum salts even in

ice-cold solutuons (Morrlson and Boyd l966), addutlonal expernments uere' éjk\

“

carrued out to- determnne the extent of th:s degradatnon in dnazotnzed

S- MDA resxn over the duratlon of the coupllng reactlon and the resultnng SRR

o

effect on the proteln blndlng capacuty Wenghed samples of S-MDA resin
were dlazotlzed and allowed to stand with contnnuous stlrrnng at k C for -
0 (the control) 8, l6, and 24 hours prior to the addition of. known ati-
'pquots of mercuripapain “The preparatlon of .the lnsolubulnzed enzyme de-
__ravatlves and subsequent analyses -were cfmpleted.ln the regular.manner
As seenrln Flgure l9, the potent;al bundlng capacnty of the resin gradu-ﬂ
ally decreased to approxnmately 75% Sver the course “of 2& hours, reflec‘
tung an apparent loss of dlazonnunmgroups avanlable for blndlng protenn.'
. The 5|gn|f|cant portcon of thls degradatlon occurred however durlng
“the latter 12 hours, and wuth\regard to the tlme course of the. couplung ¥
reaction, well after over 90% of the capacnty amount.of mercurnpapasn ?-.
was already covalently llnked (see: for example - Flgure l8)

Both mercurlpapann (dlssolved in 0 Ol M acetate: buffer pH 5. 5)
and S4MDA~mercuripapaln (suspended in dOUble‘dIStllled deionized water)
were found to retaln hlgh levels of esterase actnvr "y when stored at l0°C

- over lengthy pernods of time (Fugure 20) Mercurlpapaln was by far the
.more stable,»los:ng less than 10% of its init al enzymatlc actovnty wheni
t stored for up to lhO days. On the other hand marked and . progressnve de- )

-nterloratlon of the lmmoblllzed derlvatlves of mercurnpapann was observed

" to occur after~approx|mately 60 days storage (Figure 20). _Only fresh_ o

~
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Figure 191 ApghArent loss of protgih binding capacity of diazotized
S-MDA resin with time of standing prior to the addition of mercuri-
- Papain. The binding reaction was carried out.at 4°C for. 24 hours
with a mercuripapain/resin ratio of 32:100 (mg/mg dry resin). The
‘amount protein bound was estimated from amino acid analyses, and
the bars represent a variation of =1 S.p. from the mean, the -point .
plotted.. . -~ o - o ‘ ~
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_Figure 20. ' The effect of storage time on the enzymatic stabildty
-.of mercuripapain, refrigerated at” 10°C in 0.01 M sodium acetate
~ buffer, pH 5.5 (0—0), and “S-MDA-mercuripapain, suspended in dou-
ble-distilled, deionized water at 10°C (e—e). Esterase activity -
measurements were conducted at 20°C ‘and pH 6.5 with substrate so- =
lutions consisting of 0.05 M BAEE, 5.¢M cysteine, 2 mM_EDTA. "
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preparations pf7S—MDA-mercuripapain,fstored for less than-40 days,.were

subsequently used in the proteolytic fragmentation of cardiac myosin.
The specific'esterase activity recovered‘in preparations of

»

fS -MDA- mercurspapaln was. consustently 60 to 70% of that measured for the

orlg:nal mercurnpapaln In an attempt to account for thlS dlfference,

“klnetlc studles were conducted in the manner of Whitaker and Bender

. . o x‘lﬂ)
(1965) assumtng-the same Mlchaelis—Menten.reactionhscheme applled to

bothvthe.soluble'and immoblllzed‘enzyme Activity measurements were
?carrled out at 25 C with substrate solutrons contatnnng 7 to 50 mM BAEE,

2 mM EDTA -5 mM cystelne, pH 6. 5 employlng pH-stat technlques as out-

E llned |n'Chapter 2. A separate series of measurements was addntlonally

performed at approxlmately O C to examine the general effect of fow *
R \

'temperature on the enzymatlc actfbn of both mercurlpapaun and S- MDA mer-

-curlpapa:n.v The klnetlc data was cast &m a snmllar form as presented

by Whltaker and Bender (1965) and analgzed by the graphlcal method of
'Llneweaver and Burk Values of E/v - (the partlcular amount of . enzyme
.added duvuded by the measured velocuty) were. plotted w:th respect to
?reC|procal values of the correspondnng substrate (BAEE) concentratlons,
and a stralght llne was fitted through the expernmental points by the _y
K method of least squares (Flgures 2]b and 22b). v The k[netlc rate con-i
‘, stant, kcét, was evaluated from the;ordlnate intercept, and.the aPParent
Michaelis_constant calCulated'from the-slope; From prelnmunary studles
'Awnth saturat:ng substrate.concentratlons, the velocuty of ester hydrol-
ysis at 25 C was found to be d|rectly and llnearly related to the amount -
Vof soluble or |nsolub|l|zed enzyqﬁ added up to O 25 mg (Fugures Zla and
22a). The average spec-f:é act|V|t|es ‘of mercurlpapann ‘and S NDA mercu-

‘rlpapann so determlned were 25 k and l7 6 umole BAEE/mln[mg, respectlvely. o

o,
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Figure 21. Kinetic s tudy ofjmerkhripapain;, (a) The esterase ac-
tivity of mercuripapain as'g functipn of “amount enzyme, measured at
- 25°C in 0.05 M BAEE, 5 mM cysteine, 2 mM EDTA, pH 6.5. . (b) Double-
reciprocal plot of inverse reduced esterase activity against in-

-verse varying BAEE concentrations at.25°C (®e—e) and O,BPC‘(O~—C».;> .
In addition to BAEE, the. substrate solutioqs contained 5 mM cysteine, -

2 mM EDTA, and were maintained at pH 6.5.
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'?lgﬁre 22L' Kinetic study of S- HDA-meréurlpapaln (a) The esterase
activity of mercurlpapaun as’' a functlon of amount insolubilized en-

zyme present in varying volumes of resun-complex suspension, measured

at 25°C in 0.05 M BAEE, 5 mM cysteine, 2 mM EDTA, pH 6.5. (b) Dou- _

. ble- reciprocal plot of inverse reduced esterase activity against ln-'
: _verse varying BAEE concentrations at 25°C (e—e) and 0.8°C (0—o0).
In addition to BAEE,

the substrate solutions contalned 5 mM cysteine,

,2 ‘mM EDTA and were manntalned at’ pH 6.5.

4
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. TABLE IV ,
o ARPARENT KINETIC CONSTANTS ASSOCIATED WITH'
| ” THE ESTERASE ACTHVITY OF MERCURIPAPAIN AND
- $<MDA-MERCURIPAPAIN*
_ ‘ Tempe'ragnjre ‘ cat -1 . Krﬁap'p
‘ S.am.ple' (°c) 7 (sec™) - ) (x 102 M)
o - o250 0 |- 132 | AR YA
Mercuripapain;| o e : o
CSbA 250 | R 1.8
Mercuripapain C 0.8 o 52 1 | IEEREY

;.The kinetié data were analyzed ‘in the manner of Whitaker and Bender .

(1965) ~ see text for details.

-~
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The assocnated values of the knnetnc parameters deraved from the double'
)

recxprocal plots are glven in Table IV. Although a marked decrease in

‘kcat was observed upon immobilfzing the -enzyme and/or reducing the re-

action temperature; essent}ally no change was found in the apparent

. Michaelis constant.

The‘final_aspect of tHelinsolubiiized enzyme complex to be

..\,"

'examined was that:of amino acid content of itsracid hydrolysates. -The-['

amino acud composutnon of S- HDA mercurlpapaln and freshly prepared mercu- N
rlpapaln was determlned as descrlbed in Chapter 2. Comparlson was made.
with the amino acid composition of papain reported by Hftchel'*Chaikenh

e

and Smlth (1970) to verlfy the assumptlons assocnated W|th the calcula-A
tlon of the amount enzyme bound, and to possubly determine whlch amlno :
acud resndues were covalently linked to the polymertoiThese.results'are -
presented‘in Table V. Theramino acid:composition'of soluble oercuripa'

‘ painvwas-essentiaily identical.w{th.that reported for.nat}wefaapainn—

. taknng lnto account that no correctlons had been appl:ed for hydrolyt;c
losses of threonlne and sernne.b The coupled samples of/mercurnpapaln
also ylelded s.m.Y;} results except for sngnlflcantly lower recoveries

A of arglnlne and tyroslne resndues.‘ These mlssnng amino acuds are thought
to have been covalently Ilnked to the resnn and not regenerated upon acudo'_
hydrolysus (GoldSteln et’ al., 1970) The recovered numbers of glycnne,,

ealanm 3, valnne, and”Teuc1ne resudues nn analyses of S-HDA-mercurlpapaln
’here equnvalent to theoretucal va}ues, lendlng support to the practuce

" of uslng these amlno acnds as standards‘rn the determnnatlon of amount :‘{‘_5

Protenn bound : 7: o 4. ‘ “"'.‘

' General Method of Proteolysis._ The experamental conditions :-f

and procedures routinely used for the proteolytic fragmentatton of rabbit

’

NS



- TABLE V

AMINO ACID COMPOSITION OF PAPAIN; . . = g

‘(mél es/mole enzyme)

" MERCURIPAPAIN, AND -S-MDA=MERCURIPAPAIN .

fmino | itcher et a1, | Mereuripopain oy S ain
d C o (1970) ) IS 3TYE L Tthis study
Lys - 0 310.6  N
'7His' 2 }‘-J;7f 2.1
Arg "2 ,"l.- ,12!1" b7
Asp 19 19.6 18.3
Thr 8 ‘.'7.}' 1:7;4
Cser 13 - 11;3' 1.3
CGlu '1 26’ lizl.h"' 19.6
P?é;. 10 _;' 10.8. - 10.3
Gly - 28 29.1- ©28.4
Als TS 14,6 1h.3
“Qal 18 . '18;0‘ 179
e iii “1i.§~ R '~:10,7;
Leu o 12.0 0.9
i ffy} 19 - 'i3;3 10.8
. Phe T 3.8. W0

%

.'7Ave__ra‘g‘e values of 24 hour hydrolysate results, ’

91
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‘cardxac myosln with |nsolub|lnzed mercurlpapaln‘Were establushed based
;'ion the- sedlmentatlon veloc:ty results of trtal dlgests testlng Jvarious,
ﬁ.ratlos.of enzyne to'm;osl;'and dnfferent lengths of . the react:on time.
dkMyosln samples to be d:gested were lnltlally dlalyzed for at least .24

':hours at. & C agalnst a solutron cons:stvng of: 0. M KCl 0 05 M phos-'

-‘phate, 2 mM EDTA 5 -mM cystelne, pH 7. O The pr teln concentratlon of
-the dlalysate was determsned spectrophotometrlcally pruor to the addltlon
of actlvated»S—MDA-mercuripapain (in suspenslon). lelted proteolysus

. was regularly‘carried'out atdO°C (ln a bath of crushed ice and water)

for 30 minutes wnth'an enzyme”to myosin ratno of l to SO (hy wenght of
proteln) | The pH of the reactlon was precnsely ma:ntalned wnth pH stat

apparatus. Dlgestlon was’ termlnated by, physnca removung the water-'

'-lnsoluble enzyme complex via mlllupore flltratlon (5 u pore snze) f ..

, Observatlons of the Fragmentatlon Process Representatlve
schlleren patterns lllustratnng successnve stages’ ln ‘the lnmnted frag-'

mentat;on of cardlac myosin are shown in Flgure 23. The~many peaks

.‘ultracentrufUQally observed in the various digest mixtures were tenta- .
¢

tlvely iden. . Fned with reference to measured sedlmentatlon rates and- to

analogous results publnshed for the skeletal system (Lowe t l , l969)

-lnltlal solut:ons of native cardlac myosnn exhlbsted a snngle, hyper-ll

)

92

sharp peak as seen in Flgure 23a Durlng the early phase of the proteo-i’f

,“lytlc react:on four dlstnnct peaks: were eVldent in the. schlleren pat—
-terns of the dlgestnon mixtures. .Forrexamplelnn Frgure 23b the'larger;
centrally located peak wag found to correspond to a modnfled form of
myos:n present in sugnnf:cant amounts This component presumably con- :

¢
‘SISted of myosin: molecules whnch ‘had lost one of the two ! globular*heads



Figure 23. Schlieren patterns of trial digestion mixtures of car-

diac myosin fragmented with insolubilized papain. “Ultracentrifu- .
-gation was carried out at 10 to 20°C and at a speed of 60 x 103 rpm. -

The solvent in each case was 0.5-M KCI, 0.05'M phosphate buffer,
PH 7.0, and the bar angle 50 to. 55°. Photographs of the. patterns
presented wére taken 64 mindtes after reaching speed. (a) Native
cardiac myosin (5.1 mg/ml). (b) Digest of 5 minutes at 2°C using
@.myosin/enzyme ratio of 47:1 (w/w). (c) Digest of 20 minutes at
2°C and myosin/enzyme ratio of 93:1 (w/w). - (d) Digest of 30 min-
utes at 4°C with a myosin/enzy d ratio-of 50:1 (w/w).

.'Figﬁrenzh.?_Schlieren'batperns of thé,water?Squh1e.fractibh in
.0.05 M KC1,,0.005 M phosphate buffer, pH 7 (upper series) -and the

water-insoluble fraction in QﬁS.H_KCI,fOQOS‘M'phOSphate buffer,

“pH -7 (lower series) of a routine papain digest of cardiac myosin.
- Sedimentation velocity runs were conducted at 20°C and 60 x 103 -
repm, and observations made ‘at a bar angle of 50°.° Photographs

were taken at the times indicated after reaching speed. -
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(Lowey‘et al.,.]969). ‘The tiny peak mngratlng slnghtly faster reflected

the small proportlon of nat:ve myos in remalnlng lntact at thls stage. »

'

\ .
Addltnonally, the tralllng and ;:adThg peaks (3 and 558, resﬁeCtively)‘

. were found to be assocuated with the flnal reaction- products, analogous

L

to the 3 and 6 S components observed in the skeletal system (Lowey et
':al., 1969). " With further dlgestlon, the myosnn peak was no Ionger dusrlf
.cerned; that corresponding to the modnf«ed form of myosnn dumunlshed'ln
size with a concurrent lncrease in the relatuve proportnons of the 3 and
_S 'S components (Figure 23c) Flnal dlgestlon.mlxtures routlnely exhib~

|ted only two schlleren peaks, that of the 3 and 5 S COmponents, as ||-

N e

lustrated in Flgure 23d. o R d ' C o o
Prellmlnary separatlon of the reactlon products (to s:mpllfy

further dellneatlon of - the fragmentatlon process and to facnlltate sub-

-sequent lsolatlon of the constltuent components) was accompllshed by
dlalyZIng the flnal mllllpore flltra e agalnst e»ther IO volumes double-

dlstnlled deuonlzed water or a large vo]ume of 0 05 M KCi 5 mM_phos-

phate buffer pH 7~0, for up to k8 hours at h C Material |nsoluble at
I .

Tow ionic strength precupltated durlng the course of dlalySIs (desur

nated the water- |nsoluble fractlon) and was effectlvely removed fron.
. 1

‘the supernatant (the water- soluble fract:on) by centrlfugatnon Typlcal

‘schlleren patterns of the water soluble and water lnsoluble fractlons

(the latter rednssolved in 0 5 H KCl 0 05 M phosphate buffer pH 7 0)

are’ presented in Flgure Zh Two dlStlnit peaks were exhlbuted by the
: »

water soluble fractnon (upper serues in Flgure 2&). a. Ieadung component

'f(S 6 S) snm1lar to HMM SI and a traul:ng component (2. 0 S) s:mular to

'HHH S2, both produced by lumuted dlgestlon of skeletal myosnn wnth pa-

. pain: (Lowey et als,;” 1969) On the other hand only a s:ngle‘peak (2 2 S)

-



was observed~with the water-lnsoluble rractlon (lower serles in Flgure‘

: » .

24) -whlch from- subsequent studles was establlshed to be assocuéted wuth
LMM and LMM-Tike fragments Comparlson of thevresults shown in Flgures .
23d and 2& revealed that “the 3 S component evident :n the final dlgestion
muxture,lncluded the ragments |nsoluble at low ionic strength plus the

slower sedlmentlng material of the water soluble fractlon vhereas the-
‘.

_5 S component\corresponded entlrely to the faster sedsmentlng_materlal
of the water soluble fractlon | . |

leferences lnherent between the components of the water- sol-‘
uble. and water-lnsolubre fractlons were>also reff%cted in their elution
proflles upon gel flltratlon wnth Sephadex G- 200 (Flgure 25) . The maJor
,proportnon of the dlgestuon products in each fractlon eluted as a slngle
peak though at a dnstlnctly separate eluant volume The peak of the
water-lnsoluble fractlon occurred |mmed|ately after ‘one vond volume"
‘(Flgure 25b) and that of the water soluble fractlon at approxnmately two '
voud volumes (Flgure 25c) ‘Moreover, the separatlon of ‘the peaks was.h B

clearly evndent in the elutlon proflle of the total dlgest as can be s

E seen in Fagure 25a _ These results would suggest that -the proteolytic '

a

"fragments lnsoluble at low ionic strength were relatlvely larger in ap-
.parent size than the water-soluble components However this could not

" be attrlbuted solely to a greater moleCular weight slnce the sedlmentar ‘
tion rate of the water-unsoluble materlal (3 S) prevuously observed wis
.sagnlflcantly lower ‘than that of the maJor component of the water‘soluble _
fractlon (5 S) 0bv10usly, a hlgher degret of asymmetry wnth respect to
,shape of the water-cnsoluble fragments was. also a relevant factor The

o .

thnrd peak whlch was evudent in the elutlon profule of the total dagest
» /
at a p05|t|on of approxnmately three vond volumes (Flgure ZSa) and thCh
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consisted of minor components of each fraction was found to correspond
to'gﬁall proteolYtic peptides.

| -An experiment'was/conducted to delineate-the order'in which

" the waterfaoluble components viere refeased. Al 2? solutlon of rabblt

cardiac myosin was digested with S-MDA—mercur:papaln (ratso of l to 38

by weight of protein) in a manner as described'ear[ier.‘ Immediately
W . -

e

' s o .- . ’
after the-addltlon of the enzyme complex and at § mnnute :ntervals there-

after, an allquot of the dtgggtnon muxture was removed, ma]llpore fil-

tered (5 W pore snze); and placed to dnalyze agatnst buffer of lTow ' lon$c

'strength to effect separation of the water- soluble and water-lnsoluble

fractaons Precnputated materla] was subsequently removed by centrlfu-

CRNE v T

Ky

igation, and the supernatant of each sample was,examined in the ultracen-

trifuge. 1llustrating thefpripcfpal resuﬂts derived from all . the sam- .

pies; representative'schlieren patterns of the water-soluble'fraction-

.after 1, 15, and 30 mlnute dlgestlon tlmesgare glven in Flgure 26. A

Read

burst of materlal whtch corresponded entlrely to the faster sedlmentnng
.component was generated durnng the’ flrst m'nute of the fragmentatnon re-.
actlon Fijure: 26a) ‘ Thé tralllng 38 component.was unltnally dtscerned
in Qednnemtatlon velocuty patterns of ‘the sample wnthdrawn at 5 m'"Uteif
: W|th further dnges?aon the . apparent quantnty of'the leadinngOmponent
appeared to remaln the same or: sllghtly decreased, whereas that of the
tranlang component progre551vely |ncreased (Fugures 26b and °6c) The
latter observatuons were augmented by area.measurements of the schlaeren
» peaks assocnated w1th each sample Indnvndual patterns whlch had been
. recorded after snmliar tlmes of centrlfugatlon were enlarged ten . fold

: traced onto graph paper, and measured wlth a planlmeter The result:ng

W\values of the peak areas were corrected for magnnflcatnon (but not for

97
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Figure 26.  Schlierer patterns of the water-soluble fraction as
observed in the ultracentrifuge after 1, 15, and 30 minute times
of digestion (see text for full experimental details). . Sedimen-
tation velocity runs were conducted at 5°C, %0 x 103 rpm, and a
bar angle of 60°.- Photographs were taken at the times indicated
after reaching speed. L '
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- Figure 27.. Apparent: area of the.schlieren peaks, ultracentrifu-
‘gally evident in the water-soluble fraction, plotted as a function
of digestion time: (0—o0) faster sedimenting component, (e—e)
slower sedimenting component. No corrections have been made for °
radial dilution or the Johnston-0gston effect. '
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radnal dllutlon or the Johnston Ogston effect) and sut)equently'plotted

‘.with respect to the tume at whlch the or:gunal samples were withdrawn

from the reaction mixture. The general trends prevnously nnferred from

examination of the sEdnmentatlon velocnty patterns were clearly demon-_

§ -

, ctrated in this plot (presented in Flgure 27) ‘ Over the course of 'the

[

fragnentatlon process, ‘the evndent amount of the faster sed:mentcng com-.

ponent l itially |ncreased reached an apparent maxumum after approxi-
mately S5 .minutes of dlgestnon, and then gradually decreased with a pro-
gressuvely slowung rate (upper curve in anure 27) Concurrently, the

accumulatlon cf the traalzng component was observed to proceed in a seem-

|nglynhyperbol|c manner asymptotncally approachlng a maxnmum at the end

"of 30 minutes’ (lower curve in Fugure 27)

The quantuty and amlno acnd composutuon of the: low nolecular

welght maternal released durlng the dlgestxon process were addltnonally

examuned. .The maJor proteolytuc fragments in allquots of the Flnal mol—-'
lnpore fultrate were precnpntated by the addltlon of cold 15% truchloro-
acetlc acud (TCA) and Subsequently removed by centrnfugatuon ' The'amount_

. non- protenn nltrogen present in the supernatant (an estnmate of the ex-

tent of degradatlon) was measured by the micro- KJeldahl method, applynng

the appropruate blank correctlon Approxumately 20% of the total pro-

.tein nntrogen in untreated samples of the fnnal dngestlon maxture was -

'not precnpltable wath TCA. The amino acid composntlon of this materlal
determlned follownng the procedures descrnbed in Chapter 2, was gener-

‘ally sumllar to that of native cardiac myosnn except for notable dlffer-

ences in the ylelds of glutamlc acad leucine, andrprollne. Expressed

©as moles resadue per 105 gm protein. the quantltles of glutamlc acnd and

>
T

“leucine present in the small'proteolytlc peptldes were lower than in

3?;



'myosln by 33 and 21 residues,vrespectively, while the proline contert'was
greater by 14 resldues. The-protein concentration of the supernatant
was evaluatgd on the basns of. micro- KJeldahl analysns using a value of

6.2 for the nltrogen factur (Lowey et al., 1969)

Kinetic Anal/slg. ‘Kinetic studies of the limited proteolysis
of cardiac myosin wlth S—MDR-mercuripapain nere‘carried out employlng'pH-
stat tethnigues and.the generalwreaction conditions preulously descrlbed,
Corrections for the uptake of hydrogen ions by the a-amino groups re-
:leased upon the hydrolySIs of peptlde bonds at pH 7.0 were applued with
respect to the recorded amount.of tltrant expended durnng the reactlon.
A value of 7.85 was used for the mean pK of the llberated a- amnno groups
(Mihalyi and Harrangton, 1959). The flnal results of a representatlve
’experlment are depncted in Flgure 28 AdJUSted values of fhe amount of
base consumed derived from a contlnuous pH stat trace at a number of ‘

dlscretespbints and expressed aS‘moles hydroxlde ions per4105 gm myosin

lnltlally present ‘were plotted aga|nst time. A\smooth curve'was fitted-

.J‘ -
.
Pl

through the experlmental po:nts by the method of polynomlal least squares :

(the line drawn in F:gure 28). The lnstantaneous rate of the»reactlon-
'assocnated wnth each po:nt was estlmated by evaluatlng the correspondlng
‘1;f|rst deruvatlve of the polynomlal curve. The klnetnc data were graph-
ically analyzed in. terms of/the follow:ng relatlonshup derlved from a

' comblnatlon -of the flrst order rate equatuon with its |ntegrated form
' . . . L i 'J

(Leonis, l9h8;‘Mihalyl and‘Harrington; 1959): o - N
In— = In (kA ) —kt .
Cde S

. Here‘dA/dt‘iS'the'rate of peptide‘bdnd hydrolysis at a reac*ion t ime “of
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Figure 28. Uptake of hydroxide ions during the proteolytic diges- .
. tion of cardiac myosin with insolubilized papain. Digestion was
conducted at 1°C ‘and pH 7.0 using a myosin/enzyme ratio of 41:1 :
.(w/w) The points plotted represent the results at 2 minute inter-
- vals of a continuous pH-stat record. Corréctlohs have been applied
for the nncorporat'on of hydrogen ions by the Irberated as amnno
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Fagure 29 , Graph»cal analysus of the: adJusted pH stat’ data deruved

from papain/ digestion of cardiac myosin as presented in Figure 28.
~ The natural logar.thms of .the point rates of digestion were plotted
fwnth respect to. tlme See text for theoretlcal detauls
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t, K6 the total cdneenttation'of bonds‘in a.given reaction elass, and k
the'appafent firstforder?rate eonstant. 'Tae.natural )egarithms of the
»point rates df.digestion were plotted with respect‘to time; The‘appar*
“enf Eate’Conétant,‘k, was detetnined trom:tne slope‘ot a strafgnt line ¢
~ best titting thefexperihental peints, and Ao was calculated_from the
'6rdinate‘inteteept dpon extrapolatipn‘of the line to zero time. The
, respitant~graph from sueh'analysie,ef the data summarited.in’Figu7e 28
is presented in Figure 29;»‘fhevestinated-vaiueS‘of.Ao and k were CO
‘bonds/105 gm myosin”anva;OS minfl,brespeetdvely._ As'ﬁaS'ebéetved in
-similar analyees of repeated kinetie'experiments the plot of In dA/dt
versus tlme.was essentla]ly a sungle straight line: -Calculated from
»four sets of-results, the ayerage'values of Ao andvthe‘appatent.first-
‘6rder rate constant wete edual to 62 * ik‘bdndadefeaved/lds_gm myosin,

o,

- and Q. 08 0 03 min 1, respeetively.

<}
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Discussion

The’combinatfen‘offS-MDA resi and mercurnpapann proved to be

satlsfactory |n the llmlted fragmentation of rabblt cardlac myosnn. Not

»f: only were the proteln bundnng capacnty of the resin and the . recovery and -

: stabn]uty of the enzymatnc actnvnty of the lmmoblllzed deruvatlve rela-

102

tLvely high (at.least as compared to papaln complexes with PAB—celIulose)‘:"'

;,but also preparatlons of S- HDA-mercurlpapaln were reproducnble. dA majdr"
r"factor contrlbutnng to thns reproducublllty was the use of fresh prepar- o

S}pns of mercurlpapaln wh|ch in themselves were found to be consnstent

)based on ultravnolet absorptlon sedlmentatlon velocuty, and esterase

@

actnvnty measurements...The results of the ancnllary'studnes-conducted

with respect to the S MDA resin and S- MDA-mercurvpapaun agree generally

1



with those of co&respondlng studies reported by Goldstenn et al (1970).

In addltlon, the apparent Mlchaells constant and k at of mercuripapaln

\

. determlned at 25 C are similar to documented values (Sm|th and Parker

l958 Whltaker and Bender l965' Sluyterman and De Graaf, 1969).
| As was seen from the klnetlc analysis ‘the reductiontin the
rate of esterolySIS upon lmmoblllzatuon of mercurnpapaln was reflected

by a decrease in‘the‘value of kcat,_though essentrally w3thout change

in the value of K maip (Table ). - TheSe‘results suggest. that the amino .

acuds whach form’ the actlve snte and bind the substrate were not dlrectly

. or sngnlflcantly |nvolved with the matrlx, and that ‘the. observed loss of

N
~

103

act|v1ty was probably due 'to steruc hindrance of the resin network The .

-\

'and Ernback (l97l) regardlng Sephadex and agarose conJugates of tryps«n
vchymotryp5|n, and papa|n Moreover;,the parallellsm‘of the relative

fdecrease ln the values of k an% the specnflc esterase actlvuty would

tend to reinforce thss hypothesu
N The apparent absence of 7 arglnlne and 8 tyros:ne re5|dues in -

acld hydrolysates of the enzyme complex upon analysvs (Table V) |mpl1cate

these amlno ac1ds in the Formatlon of the covalent llnks wuth dnazot1zed

S- MDA resnn (Goldsten et (l970) belneve 2 lysine resudues may

taddltlonally be lnvolved) Prevuous studles have shown that these amlno

acads can covalently react- wuth duazonlum salts of low molecular we:ght

and that acnd hydrolys:s does not regenerate the free amnno acnds from

moncazo and bisazo derlvatlves (Howard and W'ld l957 Sokolovsky and

P

Vallee l967). Furthermore, examlnatlon of the three dlmenS|onal struc-‘

ture of the papaln molecule (Drenth g__a_h; l97l) reveals that several

- latter |nference was: snmularly made by Goldsten et al. (l970) wnth re-

.'spect to S MDA dernvatnves of tryps:n and subtllopeptldase A, and by Axén j



104
tyrosfne;.arginine, and lysine groups are enidentiy exposed to the solr
'nent‘and thus available for reactfon.
| Thé'preliminary results of.the iihited proteolysis of cardiac
v myosin with papain at_Q°c‘are_essentiaily anaiodous witﬁkthose of the |
skeletal system (Lowey gt_al:, 1969) , aithough'slightly greater‘enzyme
to mysoin ratios_were emoloyed in the present.stody. In terms of the
"ultracentrifugal:observations,_the'major aspects of the fragMentation
process_are'SOmmarized as follows. The 5 S component¢of the’water?soi;'
ub]e_fractionvand a modjfied.form ofnhyos{n are'initfaily produced. With
Ifurthersd?gestion, the apparent quantit*dof the latterrprogressively;de-
. creases with a concorrent acoohulationiof'the 3 !kcomponentS'of_both the‘
) water-so]uo]edand'Qater—fnsoloble fractions. The 5§ S subfragment! is
. releasedkprior to the 3 S, water-soluhie species; IOnly the_3.and 5S
mater}al and a_snalllamount ofaoeptide.fraémentsfare evident'in;the-final
”digestion m?Xtures.» |
From klnetlc analysls, the. oroteolytnc process was found to be
;characterjzedbby a snngle.flrst-order reactlon, The average valdes'of A
_‘and h, 290.bonds cleaved p r>mo]e of.mYosfn (taking the molecular wejght
to be 4.7 x 105 gm/mo]e) and 0.08 min'x,‘respectively,vagree closelyr
with Qalues determined for shefetal.hyosin'digested with paoafn (Lowey
et al., 1969) Previous klnetnc |nvest|gat|ons of the trypsnn catalyzed
~ peptide bond cleavage of ske}etal myosun have establlshed that the over-“
A{—all process follows the sdm’of two pa;allel flrst order reactlons of
.}markedly dlfferlng rates (Mnhalyl and Harrrngton. 1959, Segal et al.,
‘ 1967). Although a detalled comparlson of the two ewzyme systems cannot
'hegva]}dly made since each |nvolyed.d|fferent enzymevforms, substrate : -’;
1td'enayme ratios; and experioentai conditfons_ofvdfgestionjftwo ?eneral

we . . q. w - . ' 3 . &
L. e
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-features'are evidently similar(‘ One, the value of the\flrst-order rate
: constant dernved with respect to papaln corresponds to that of the fast
reaction observed in tryptic digestion, though the number of bOnds hy—
drolyzed byrpapatn is apprecuably greater Two the release of the. sub-
fragments is assocnated w:th theSe fast reactlons Furthermore the
jresults of the present study do not preclude the exnstence of a 'second,
slower rate of»peptlde bond cleavage with papann because the klnetlc |
data whach was gathered durlng routnde fragmentation experlments, doesr
not temporally extend past 30 minutes, a tlme well before manlfestatlonl
‘of the slower reaction in, for example, tryptic digestion (Segal gt_al.,
1967) . | | o |
A | The maJor dlfferences found. between.the amino acud composctlons
~ of- the trlchloroacetlc acid- soluble peptldeg and natlveamvosnn Were
s:mllarly noted by Huddlebrook (l959) Segal et g_ (1967), and Lowey
‘gt;a_ (l969) with . respect to tryptlc and papazn peptldes of skeletal
. myosin. The release of low molecular weight material rlch in prollne
ddurlng the lsmfted/fragmentatlon of cardiac. myosun is consrstent wuth
the lnterpretatlon that proteolysus occurs in reglons of dlsordered sec-_
ondary structure (Mahalyu and Harrungton 1959) However, the dufferent
nature of the subfragment99|nnt|ally produced by trypsun and papaln must .
"‘reflect the part:cular specnf:cntues of the twa'enzymes and thus, indi- :
.'frectly,bthe local three-dtmensuonal structure ang prlmarv sequence.of
th¢ mYsonn molecule. - l ' p ' | o '“n A
| | In. conlunctlon with the flndlngs that large fragments were re-
P vem

“leased” at an early stage of digestlon after few bonds had been cleaved

-

the rather large value of A obtalned would nndccate that a cons:dtrable-

4
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number of secondary peptlde bonds were hydrolyzed by paoaln - The apoar;
ent degradatlon of the 5 S component initially produced (Flgure 27) i
_remanuscent of the decay in the concentratlon of HMM-S1 observe by
Mueller (1965)- durlng tryptic dlgestlon of rabbit skeletal heavy mero—
'myosun In additign, the loss of non- proteln nltrogen was approxlmately
twnce that prevlously reoorted for dlgestvon of skeletal myosnn with in-

solubilized papaln (Kominz et al Y l965) ThIS degree of degradation

was a consequence’ of adoptlng a hlgh enzyme to myosnn ratio and a leng-

'thy time of dlgestlon Both the latter condltlons were necessary, how- -

ever, to obtaln snzable ylelds of the more slowly released fragments for;

subsequent purlflcatlon and study in thls manner, all the major sub-

fragments were derlved from a sungle preparatuon of cardlac myosnn.

L]
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| . 'CHAPTER §

_ THEYPROTEOLYTIC SUBFRAGMENTS
. lelted proteolysns of rabbit cardlac myosin was carried out
with S- MDA mercurlpapaln as descr:bed in the previous chapter The mll-

’1 lipore flltrate of flnal dlgestuon mlxtures _was routlnely dlalyzed

I

' agatnst Iow IOﬂlC strength buffer to effect separation of- the water-solf
uble and water- lnsoluble components | Procedures for. the |solat|on and
puruflcatnon of the maJor fragments and the experlmental results of as- .
Sociated ultravuolet optlcal, amino. ac:d, enzymatlc, and physncochemacaltl
studnes are p:esented ~and’ dlscussed in. thns chapter | Based on the snm-‘
llarnty of the card:ac subfragments to those derlved from lnm:ted dlges~

tlon of skeletal myos:n, the purufued 3 and 5 S components of the water~

isoluble fractson are’ tentatlvely desngnated HHM S$2 and HHH Sl respec-

tlvely, and the purrfned 3 S component of .the water-nnsoluble.fraction.

LHH-{A.V :

Hethods:of‘ISOIation and'Purffication'
i LHH-A. nght meromyos:n and ltke fragments were lsolated from'”
the water-insoluble fractlon and purlfled using essentnally the method
of Szent Gyorgya Cohen, and Phnlpott (1960) The water |nsoluble frac-
tlon ‘was dlssolved in a small volume of 0.5 M KCI 0 05 M phosphate buf—
: rf pH 7. 0 and reprecnpltated by dlalysns at 4° C agannst a llter of
-0.0S-H KCJ 0 .005 M phdsphate buffer, pH 7 0 , The precupltate was col-

lected by centrnfugatlon for 30 mlnutes at 2 "€ and’ 20 x 103 rpm and

‘.
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redissolved in 3 minimal VOlumevof-O.G M KC1,-pH 7. fThree.volumes'of
95% ethanol were then added.to this‘solufion mlthfgentle mixing, and the
alcoholic suspension’was alloWed'to stand forlé_hours at room tempera--
ture (23’C);*'The.resultlng.coalescent precipftate was collected by cen-
trlfugation, dispersed in Q;GIH.KCl; 0.0lvH‘phosphate buffer, ph 7.0;

and‘dialyzed for at least 12 hours’at.h°c against 12 volumes of the same

 buffer to reduce the ethanol,conceﬁtrationﬁ The dlalysate was clarnfuedmv

of insoluble, denatured protein'by high-speed centrlfugatlon and LMM -A

.,

A
"“precnpntated from the supernatant by dialysis at 4°C agannst l2 volumes‘v

of 0. 0l M phosphate buffer malntalned at pH 6.5. - The precipitate was

'collected.hy»centrlfugatlon and redlssolved‘ln 0.6 M KC1, 0.01 HAphos-»x‘

108

phate buffer, pH 7.0. Complete solution was effécted by overnight dial-

ysis at 4°C against the samevbuffer. .LHH;Afwas'redrecipltated7once at
PH 6.5, and the final material diSSolved in a mininal volime of 0.5 M -
Kél 0. 05 M phosphate buffer pH 7 0, and dlalyzed at 4e C agalnst the
‘'same buffer prlor to experlmental exam:natlon. The yleld of LMM -A rou-
;tunely obtalned was approx1mately 5 mg per l00 mg cardlac myosan ini- ‘

tially digested.

E HHH-Sl. Subfragment l ‘was effectlvely lsolated and purlfled
|n a sangle step upon fractlonatnon of the fragments soluble at low -

ionic strenﬁth by gel - flltratlon. The volume of the water solublexfrac-

' _t:on was reduced to approxnmately 8 ml under posntlve nltrogen pressure

of 40 psi ln an " Ami con ultrafiltratlon cell fitted wnth a Dlaflo UM-10
membrane'(Scientuflc Systems DlVlSlOﬂ Amucon‘ Corporatuon Lexungton;

-'Hassachusetts) The resultlng concentrate ‘was applled to a 2.5 x 85 cm
. column of Sephadex G-200 pre equullbrated with the elutuon solvent. .Thc

.

column was developed by ascendnng flow wnth 0. S M KCI1, 0.0SvH phosphate

y
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buffer, pH 7.0, at a rate of 8 to 10 ml per hour, and fractions of 4 to

ﬁ ml were;collected; The.concentratlve7and chromatographlc proceddr%g
were conducted at 4°C.  The elution results were monitored spectrophoto-
metrically via ultraviolet absorption measUrements at:280 nm. 1In‘addi-
7 tion, the'AlPase'actiVity of selected tractlon54was determined at‘éé°c

:employlng pH- stat technlques (described in Chapter 2) wuth substrate

'-solutlons consnstlng of 0! 25 M KCl, S mM ATP, 10 mM CaCl,, pH 7. 2 A

l.

representatlve elutlon attern of the chromatographnc separatlon of the

water- soluble fragments thus obtalned is shown in Fugure 30. The frac-

tions correspondlng to the major peak (assocuated w:th the ATPase actlv-_"

f‘uty) were pooled and clarlfled of partnculate matter by mllllpore‘fll-
';tratlon (5 u pore suze) and the. volume reduced to approxnmately 5 ml
L
under pOSlthe pressure w:th Amlcon apparatus’ (40 psc,‘Dlaflo UM lO
'j,membrane) The resultlng solutlon -of subfragment 1 was. dnalyzed at 4°c ‘
against’ 0 5 M KCl 0. 05 M phosphate buffer pH 7. O-/Lnth or wzthout I mM
DTT dependlng on’ the molecular parameter to. be subsequently studned
»Approx:mately 20 mg of purnfled HMM-S1 were generally derlved from the

<

vproteolytlc degradatlon of 100 mg cardlac myosun
HMH—SZ. Subfragment 2 was recovered from the material ini=
‘tially excluded tpon gel filtration of the water-soluble fragments by a-

method.very similar to‘that for the‘lsolation and puriflcation of LMM-A,

incorporating nbdiflcatidns proposed by Lowey et’al (l969) " The eluant

'fractnons correspondlng to the first’ small peak (see; for example, F:gure

30) were pooled, and the total volume reduced to approxxmately 5 ml at
Ab°C under posntlve pressure w1th the - Amlcon apparatus (hO psn, Diaflo.
'UH lO membrane) Three volumes of 952 ethanol Were then added to the

concentrateﬁW|th gentle mixing, and the_alcohollc"suspenslontwaS'allowed
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. Figure" 30. Elution profi]e of the thfomatogrébkic separation of -

“the waterrsoluble subfragments by gel filtration. The water-sol-
uble fraction, concentrated to 8 ml, was applied to-a 2.5 x 85 cm
Sephadex G-200 column (void volume ~1h0 ml) ahd eluted by ‘ascending
flow with 0.5 M KCI, -0.05. M phosphate buffer, pH 7.0, “at 4°C and a-
rate of 9 mi/hr. Fractlons of 4.5 ml were collected, -and 'the elu-
ting protein was mon:tored by absorbance measurements at 280 nm-

(e—e). The ATPase activity (0—O) of selected fractions was . deter-i,
"mined at 25°C and pH 7.2 |n~substrate ‘solutions of 0 25 M KCI; S mM

ATP lO.mM CaCIZ employlng pH- stat’ technlques..

1o
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to stand'for 3 hours at .room temperature (23°C). The resultlng precnplv

tate was collected by centrlfugatnon for 30 minutes at 2° C and 2.0 x lO“'

I'

rpm resuspended in 0. S M KCI at neutral pH, :and dnalyzed for at least.

l25hours at L°c agaonstvlz volumes of the same’ solvent,to reduce the-

.concentration of the'ethanol Insoluble, denatured proteln was removed

= o

t-from the dlalysate by hlgh speed centrlfugatlon l Subfragment 2- was sub-
'Adsequently precupltated from the supernatant by dlalyS|s at h C agalnst

lO volumes of 0. Ol M phosphate buffer maintalned at pH L. 5 The precnp—

itate was collected by centrlfugatlon and redlssolved in 0. 5 M KC1, 0.01

M phosphate buffer pH 7.0 Precnpvtatuon of subfragment 2 at- pH 4 5

was repeated once, and the final” materlal ‘was dlssolved in a mlnlmal volw-

ume of 0.5 M- KCI O-OS M phosphate buffer, pH 7.0 and'dialyzed at h°c

agalnst the same buffer prlor to analysns The experlmental recovery
$

"ﬂof HMM~ SZ was approxnmately 1 mg per 100 - mg cardlac myosnn fragmented,

b

Results

Flnal solutlons of the purufued fragments exhublted s:ng e,

symmetrlcal sch)ne"en peaks in the ultracentrlfuge upon exam:natnon of

N

'molecular'homogenelty, (Representatlve patterns'are shown later in conf

4

junCtion with the results of the;sedimentatibn veloclty experiments).

“On’ thns basns the preparatlons were deemed satlsfactory and suntable for

'further nnvestlgatlon._

. WIth respect‘to_the isolation of'HMM-SI,‘ajsingle chromato-

1)

graphlc operation was usually effective'ln yielding homogeneous materlal.f_

&

: However, |n tnstances where a large volume of concentrate had been ap--

plled to the Sephadex column, the resultlng solutuons of subfragment v

’f'were frequently contamlnated'wlth HMM 52 Cane was thus’ teken not-to

ot
f
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‘overload the column, and, in addition the leading cut of the eluted
‘ =
fractions was routlnely made toward the center ‘of the maJor peak far

',removed from the materlal that was initially excluded.
| Fron area measurehents of the'chromatographlc peaks assocnated

wuth.the water- soluble components (Flgure 30), HMM-SI was found to'con-p'7

stltute approxvmately 75% ‘of the water soluble fraction. Thas is of the.

- !

same ‘order of magnlf‘de as was observed earlier in schlleren patterns of -
the water- soluble fractlon (Flgures 26 and 27) The area of the peak
correspondlng to: subfragment l in the elutlon dnagrams of whole digestion
‘mixtures Q{pr example, anure 25) ranged from 30 to 50%. of the total.
'The-small thnrd peak evndent.un the elutnon profule of the water-sol-
uble fractlon and compr:sung 15 to 20% of the total area (Flgure 30) wasr
‘ascrlbed to low molecular welght peptlde fragments the Jterual-of.thls‘

e

'peak was excluded late at three -or more vo:d volumes and not precnpl-

tated'w1th 15% TCA.

Ultraviolet OptECal Propertles. The dltraviolet absorption

'h spectra of. HMM-S1, HMM-SZ and LMM- A, as determaned in 0 5 M KCl O;OS'H

phosphate buffer, pH 7 0, are illustrated in Flgure'3l ' The curves were

~ . /

N . /

‘typical of ultravuolet spectra of most proteins. Haxnmum absorb ce was - fF

-obServed at 280 nm for 5ubfragment l and at 278 nm for both subfragment
-2.5a; LMM-A, The extinction coeffIClents of the purufled fragments were

determined at thencorrespondjng wavelength of maxumum absorbance, in the'
samedsolventesystem,;uslng several preparations. .Slhce:'however, only avj
- small number otitrlals were performed';thedresults of each:set were not._

’ averaged but rather the values of absorbance were plotted wnth respect

to. the correspondlng values. of protenn concentratlon A stralght line
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“Figure 31. Ultravnolet absorptlon spectra of HMM- SI (circles, 1. 7
"mg/ml), LMM-A (triangles, 2.1 mg/ml), and-HMM-52 (squares, 3. i mg/
ml) .in 0O S M KCI 0.05 M phosphate buffer pH 7.0; as determined
:sing a 1 cm. path length cuvette and- dlalysate as the: blank - The -
_spectra of LMM- -A and HMM S2 are plotted wnth respect to the rlght-
”ordlnate scale. . . ,
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) - L % . . . . . ‘ .
-, was fitted through the origin and the experimental points, and an "aver--

» agen
protein concentration were standardiied by two methodé' refractometry

~ and micro- KJeldahI (usung a nltrogen factor of 6.2 for subfragments 1

"and 2 (Lowey et a] 1969) and 6 L2 for LMM A (Szent Gyorgyu Cohen, and

,Phnlpott, 1960)). The comblned results of each data set . are graphlca||y4

1%

SUhmariaed‘inhFigure.BZ. The value of £
; HMM:EZ, and LMM-A was 8.20,'0.93,.and 2;66; respectlvely, The.@pparent
'~1inearity.of.the experfﬁental data in each plet would indicate that the
ultravnolet absorptlon of the pur:fled subfragments adhered to: Beer s

law (at least ‘up to the hlghest concentration lnvestlgated)

. The ultravuolet clrcular dnchronsm (CD) of ‘HMM-S1 , HHM-Sz;jand

LMM A was measured in 0 5 M KCT, 0.05 M phosphate buffer pH 7.0, over

_'the wavelength range 250 to 200'nm.d Representatave o spectra are shdwn_

in Figure 33.  Solutions of the three purified’fragments exhibited neg-

ative dichroic bands. at 221 ‘and 209 nm, though of markedly different in-

tensities. Respective mean resfdde eliipticity vaiueé for HMM-S1 were
'-l 147 x 10* and '1 35 x 10% degree cm?/dmole; for HMM- sz 73.20 x 104

and 2 95 x 10“ degree cm2/dmo|e, and for LMM- A h.3l X IO“ and"-3.92.x

1ot degree-cmz/dmole. In addutlen, pos:tuve trends were evident at then

" Tower wavelengths examined'with,the‘crossover points of the spectrahoc?

curring at apnrbximately-ZOI nm. . The helical content of each subfrag-
ment Qas”not directly estimated]frbm their €D data due to the disparity
in repbrted'elfiptieity‘vaTues'bf,standard,‘helicai polyamfnofacids'h

(Oikawa-ﬂgl_.,~1968).

- Amino Acud Co_posnt:on -The amino acid'compesitioniof~HHM;S|;

EXtinction'COefficient wes‘evaIUated from the  slope. Values of'the’

cm thus determlned for HMM Si,

o
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‘ngure 32. Graphical estnmatuon of the ethﬂCthﬂ coefficierts

for LMM-A, HMM-S2, and HMM- St in 0.5 M KC1,
pH. 7.0. The UV absorbance was measured using . a | cm path length
cuvette and dialysate as the blank. Proteln concentration .was
standardized by micro- KJeldahl analysns (open point 'styles) and by
“fringe count of <, |nterference patterns (closed ponnt styles).

0.05 M. phosphate buffer,é
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Figure 33. Ultrav?olet‘Circular»dichroic.épecfré of HMM-S1. (0—o0,

16 -

. 0.43 mg/m1), HMM=S2 (m—m, 0.35 mg/ml), and LMM-A" (a—a, 0.56 mg/ml) f

in-0.5 M.KCl, 0.05 M phosphate buffer, pH 7.0, as determined at
- 13.5°C using a 0.0502 cm path length optical cell and dialysate
"~ for the solvent base line. o ' : E T
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_ HMM- SZ, and LMM-A was Qetermlned as descrlbed in Chapter 2 Corrected;/

o

values of the labile residues, threonlne sernne, methiohine, and tyro- -

_sine, were obtalned by. llnear extrapolatlon to zero- hydrolys:s time..

The analytlc values of the 24-, b85,‘and.72-hour hydrolysates‘were_aver‘
aged for the residues vallne, lsoleucine,‘and‘leucinehof HMM-S] and -

LMM-A,‘andvfor the remainlng amino acids of HMM-S52. Average values of

" the 12-, 2&-. h8 , and72- hour hydrolysate data were calculated for the

remalnlng amnno acids of subfragment I and LHM A . The funal Qesults,.

expressed as moles per 105 gm protein, are presented in Table Vi. The

NS

nz

amino acnd compos:tton of native cardnac myosnn |s oncluded in the tablei

for comparlson The general dlstrlbutnon of the amlno acids recovered
from native myosin was found to be reflected in the analyses of the pro-
teolytic fragments. For example’ the avé#age values of lys:ne, aspartic

acid, glutamlc accd, alannne, and leUC|ne were relatnvely hngh whereas

those of hlstldsne, cystelc acad, and methlonune were proportnonally Tow.

_However, notable dlfferences were observed ~LMM- A and HMM-S2 dld not

'contaln prollne,‘sts level ln HMM Sl was elevated relatlve to that of

myosin. The contents of glutamnc acnd, alannne, and leucane in LHM-A
and subfragment 2 ‘were exceptlonally ‘high, wh«le those of tyrosnne and

phenylalannne were very low ~In overall consnderatlon, the amnno acnd

)

: composutnon oF HMM-S2 more closely resembled that of LMM- A than that of

.

, velther myosnn or subfragment i.

7Adenoslnetriphosphatase Activity OF the three purlfned frag~

ments, only HMM-S1 dlsplayed adenosunetrnphosphatase (ATPase) actnvnty.
Measurements ‘were condutted at 25 C and pH 8.0 wnth substrate solutlons
of 0.4 M KCF, 5 mM ATP. us:ng pH-stat methods The specnflc actnvnty was

expressed as. umoles P released per mnnqte'per mg,proteln,even though
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inorganiciphosphate Was-not‘directly analyzed‘ The effect of calcnum

'_level off at a CaC12 concentratlon of 20 mM.

ions on tﬁﬁ rate. of ATP: hydrolysus was examlned over a CaClz concentra-

tion range of 0 to 20'mM, and the results of these experlments, as well

as those prev:ously obtained with cardlac myosnn are plotted in Figure

V.BQ.' As was obServed wnth myosnn the ATPase actlvnty of HMQ S1 was ac-

tlvated |n the presence of calcnum |ons However, activation was more

’ pronounced wnth subfragment 1. For example, at 10 'mM CaCl2 where the-

actlvsty of cardnac myosnn had reached an apparent maximum of 0 23

5

. umole P. /mnn/mg, the actnvnty of HMM Sl was approxnmately three tlmes-

greater equal to 0. 90 umole P. /mln/mg Moreover, its specnf:c act:vnty

was found,to,lncrease further to a value of l.lﬁfpmole.Pi/min/mg and

N

Viscositz. Viscometric analyses of LhM-A and subfragments 1
and 2 (in 0)5 H KCT. 0.05 M phosphate buffer, pH 7'6 ;-the solvent for

HHM—Sl addltlonally contained mM DTT) were carrled out” followtng the

' method outllned |n‘Chapter 2 The proteln concentratnon of the dlluted

samples was determnned spectrophotometrlcally prnor to. conductlng the‘

vuscosnty mea5urements; Graphs of reduced vnsc051ty versus’ concentra-

'tlon were found to be. llnear over the concentratxon range examlned, and

- a stralght lnne was futted through the experumental po»nts of each data*

‘set by the method of least squares (anure 35) ‘The vrsc05|ty of LMM-A

N l

b

o exhlblted a marked posntlve concentratlon dependence the»slope of the

stralght llne was equal to 4.87 dz%/ng , In contrast the slope evident

"ln ‘the data of subfragment 2 was only sllghtly posnttve,(O 30 d£2/gmﬁfm @

"and that of subfragment 1 was close to zero' (0. 0036 22/gm2) The,Values
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" Figure 34. The effect of varying CaCl, concentration on “the spe-

.cific ATPase acttvrty of HMM-S1 (e—e) and, for comparlson, native

"cardiac myosin (0—O). Measurements were made at 25°C in O. 4 M KET,
5 mM ATP, pH 8, using 0.6 mg HMM Sl and 0. 95 ‘g myosun '
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Figure 35. Concentratlon dependence of the reduced specific vis-
cosity of LMM-A (triangles), HMM-S2 (squares) and HMM-S1 (circles)
at 5.0°C'in 0.5 M KC1, 0.05 M phosphate buffér pH 7.0 (the sol-
vent buffer for HMM- Sl addltnonally contained l mM DTT).  Open and
- closed point:styles. represent results usnng dlfferent preparatioﬁgﬁﬁ
of the subfragment cons:dered : : LR

Ly i . M



0.87 ¢ O,l3 for Lhﬂ-A,»O;Sl-t 0.11 dl/gm and 1.16 * 0.50 for HMM- SZ and.f

©0.12 + 0.01 42/gmand 0.25 * 0.02 -for HMM-S1 .

Y

Sedimentation Velocity. - The duluted samples of the purufued

fragments that had been utllnzed for vnscometrlc analysns were addltlon-
ally used in the sednmentatuoh velocity studies. Representatlve schlle-

ren patterns of LMM-A] and subfragments 1 and 2 in O, 5 M KC1, 0 05 H phos-

;phate buffer, pH 7 0 (plus 1 mM DTT in solutlons of HMM- Sl) are shown on

the rlght side of Flgure 36 Observed rates_of sednmentatlon Were cor-
rected to standard condntlons using a value of 0.728 ml/gm for the’appar-

ent partnal SpelelC volume of the subfragments (Szent- Gyorgyl, Cohen

' and Phllpott 1960,;Lowey et al., 1969) and a value of.l 0309 gm/cm

determlned pycnometrlcally, for the densnty of the solvent buffer at low v

temperature. Corrected sednmentatnon coeffncnents, s._, were plotted

20,w

--wnth respect to the correspondang values of protein concentration, and a

"strarght line was-fltted through each set of databe the method of leaSt

squares. The resultant graphs are nllustrated |n Figure 36 " The sedl-
A L »

mentat ion velocuty of the three subfragments was found to vary inversely’

with respect to the solute concentratlon However , ‘the degree of the.

concentration dependence was dlfferent in each case. For example, the

121

value of Ks for LMM-A, HMM-S2, and HMM-SI, calculated'from-the slope of '~

theiappropriate'line,_was'0.0GI + 0.020,°0.007 : 0.019}Aand'0.00h t 0;002 »

ml/mg, respectively. From the least squares-analysis; the intrinsit sed-

:lmentation_coeffiglent of LhM-A‘was 3.14 £.0.29 S5 of subfrag@ent 2, 3.24

+ 0.18 S;Vand.of subfragment 1, 5.11 * 0.05 S.

Molecular Weight. The weight‘average molecular weight distri-

" butions of the purifled fragments in 0.5 M KCl,.gépS M phosphate,buffer,



*proteln concentratnon |s curcled in the plot to the left.

0O 10 20 30 40 50
Protein Concentrahon (mg /ml)

‘Figure 36. Concentratlon dependence of 520 W, of the maJor proteolytlc
 subfragments of cardiac 'myosin. The open and “closed point-styles rept

resent the results from sedimentation velocnty experlments conducted
at Jpw. temperatures (5 .to 7°C) and 60 x 103: rpm in 0.5 M KC1, 0.05 M

122

phosphate buffer, pH’ 7:0, using different preparatnons of the subfrag- -

‘ment concerned. - Representat:ve schiieren patterns observed in the ul-

tracentrifuge (bar angle 50%) are showu on the right. The photographs
were taken at the time indicated after’ reachnng top speed, and the

.

"
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pH 7 0, were determined at low temperature employ:ng sed:mentatlon equv-
1 P

llbrlum technlques descrlbed in Chapter 2. The values of the apparentg

partnal speC|f1c volume and.the solvent density that were used in the
° . - . )

‘calculations of molecular wejght have been given in the previous section
concerning sedimentation velocity.. In the graphs that follow, the data

associated with low- and high-speed. sedimentation eouillbrlum runs are
represented by open and closed poth»stYles, respectively.

+

The final results of sed‘gentatlon equilibrium experiments
: : 'y

with. subfragment 1 are graphieadly summarizedpln Figure 37?%‘
speed runwas conducted at'7.l°C'and'a:set rotor speed of 8.0 x l03 rpm

¢

with an initial loadlng concentratlon of . 6 31 fr:nges (l 58 mg/ml), as
- determined by <, measurements. The hlgh speed run was carr:ed out’ at

5.0°C and a Setnrotor‘speed of 16 x lO“ rpm with an inltial Toading con-

Y

centration of approxnmately l 5 mg/ml As seen inQFlgure 37a the plotsf

o -

of In dy versus r2/2rderuved from both the. Jow-- and hlgh speed runs were’

essentlally linear throughout The correspondnng values of M app calcu-
. w, pes

lated from the slope of the stratght lnnes drawn ln F:gure 373 were 1.05
X l05 and 1. l6 X lpstgm/mole (Iow- and hlgh speed data, respectlvely)
i,VIrtually |dent|cal results vere obtalned wnth solutlons of subfragmqgt l
oontalnung.l mM pTT; For example; ,h;app as determrned_from a meniscus. ~
depletion run conducted-at:5°c 18 x 103 rpm and‘an'initial HMMfSI'eon?
centratlon of 1. 2& mg/ml was equal to 1. lS X 105 gm/mole . The recuproca{
of point wenght average molecular welght values obtalned from the exper-
nments descrubed was plotted aga:nst computed‘zalues ‘of the proteln con-
centratlon.. The comblned results are shown in Flgure 37b, where, in ad-f

.

~ dition to ‘he_p01nt styles prev1ously desngnated ‘the data assocnated

~

'wlth dithiothreitol are.representedﬂby closed:triangles.’ Although i]'ght

[
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" “Figure 37. “Molecular weight study. of cardiac subfragment 1 in 0.5
‘M _KC1, 0.65zM phosphate buffer, pH 7.0. (a) Combined In dy versus
- r§/2. plot fgr high-speed (e—@) and low-speed (0—0) sedimentation
eqblibrium runs (see text for full experimental details).  Many

internal data points have not been plotted only for clarity .of pre-

sentation. .. (b) Concentration dependence of the reciprocal point
‘weight-average molecular weight values from the data in part (a).

- (a—a) high-speed run in which the-SSYVCntgbuffer additionally con-
taig?d_l mM .DTT. B T ‘ '
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\

- perturbation was evident in each of the plots, the general overlap of

- the curves was good. The composute data was found to be adequately de-:

. scrlbed by a linear relatuonshtp over the total concentration range ex-

amined; the stralght line drawn |n Figure 37b was fltted through the ex-

perlmental points by the method of least squares The weught-average

molecular weight of cardiac subfragment ] (nn the'absence or‘presence of

.DTT) exhibited. llttle, if any, dependence wnth respect to concentratlon

Nelther were sngnlflcant trends evudent at either low or hlgh proteln

concentratnon. ‘The intrinsic value‘of.M b for HMM-SI,,derived from

 the results of ‘the least'squares analeis,'was,l;lzft 0. Oh X l05 gm/mole.‘

The results of a low-speed sedlmentatuon equnlnbrlum experiment

-wnth subfragment 2, conducted at 8,7°c and 11 x 103 rpm wnth an lnitial
lloadrng concentratlon equlvalent ‘to 9 07 frlnges, are dep:cted in Figure

‘38 Though'upward deflectnon of the initial. pounts was evudent in the

Frmrrm e e

s

In dy versus r2/2 plot the bulk of the data described a linear functlonv'

’(Flgure 38a). Thls was clearly demonstratéd upon plottlng the recnprocal

f'ﬁ; app values determlned at each measured radlal pos:tlon w1th re=" o
spect to the correspondlng values of . concentrataon (Fagure 38b) Hore-”?
over the“apparent welght average molecular wenght of HMH S2. was found
to be essentlally |ndependent of the solutlon concentratlon A stralght
line was fltted through the’ ln dy versus r2/2 data by the method of least

squares —-that ls through the experlmental points at.’ a radnal posntlon

greater than 2h 0 cm~; whnch excluded the farst eight pbints of a total'

of snxty one. As calculated from the slope oF this stralght line and

-V

A the results of the least square§ analysns, the wenght average m !>cular )

-mole.

weight of cardiac subfragment 2 was estlmated to be 6.3 * 0. 2 x IO“ gm/»
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0.5 M KC1, 0.05 M phosphate buffer, pH 7.0. - (a) In dy versus r2/2"

plot for a low-speed sedimentation e

complete experimental. details). _ _
not. been included in the graph.- (b) Concentration dependence of

. the reciprocal point weight-average'mb]ecular'Weigh; values from

the data in part (a).

quilibrium run (see text for
Many internal data points have



R
. The results of molecular weught studles with 'respect to solu-

" tions of LMH A are graphncally summarized in Fsgure 39. The low-speed

: sedlmentatlon equulubrlum expernment was conducted at 5°C and a set ro-

tor speed of 7. 2 x lO3 rpm wnth an. initial loadung concentratlon of 8 30

' frlnges, as determlned by o measurements The high-speed equlllbrium
N ; N3 . L.
run was carrued out at 5°C, 17.0 x l03 rpm, and\an initial concentration

of I 3 mg/ml. Upon plottang ln dy agannst r2/2, the resultant graph as-.
sociated with the h:gh speed data was found to be entnrely lnnear (F:gure
- 39a). . In contrast thatdderlved from the low-speed data dlsplayed sig-

nlflcant upward curvature throughout (anure 39a) These observatnons

._were reflected in the respectlve plots of pornt l/Mw app values versus

proteln concentratlon shown eombuned in Fugure 39b. . The molecular wenght

estlmated computed from the results of the mennscus depletlon experiment f

‘were clearly nndependent of the solutnon concentratlon, the correspondnng

low—speed values exhublted a marked, nonlnnearg negatlve concentratlon

4""

dependence lndlcatnve of a. polydlsperse system Furthermore, the over=. .

s

,lap of the two plots was’ observed to occur toward lower molecular welght
values in the range (l 1 x. 105 to 2 l x‘loS gm/mole) displayed by the
low-speed data ' 0bvnously, the hlgh speed sedlmentatlon equilibrium run

V~y|elded molecular weight estamates of the smallest spec:es present in

's:gnnfucant amounts in samples of LMM A From least squares analysns of»'

. the hlgh speed ln dy . versus r2/2 data (the stranght ane drawn in Flgurev:

' 39a), thus lnm:tlng value of the we:ght average molecular weught for

"LMM~-A was equal to l QZ 0 03 X l0S gm/mole Althoughuthe molecular

wenght of the largest component present in tMM A preparatnons could not
'v-be dlre tly determuned . a reasonable est:mate, based on the asymptotlc
dtrend evudent at the\hlgher proteln concentratlonsvlniFugure 3¢ ., would'

'a

>3
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. Figure‘39 Molecular weught study of LMM- A in 0.5 M KCl 0'05 M
phosphate buffer, pH 7.0. " (a): Combined In dy versus r2/2 plot  for

" high-speed (0——0) and low-speed (0—0) sednmentatlon equallbrlum_

-

runs (see text for expernmental details).. Many internal data points

have not been plotted. ' (b) Concentration dependence of the recip-

rocal ponnt welght average molecular weught values from. the data ln.'

part (a)
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be a value slightlyvgreater than 2.1 x 105 gn/mole. :

Discussion

ST ‘ﬁln.the introductiOnhto this chapter;'tentative designations
were assigned to the:purifled components of the,water-soluble and Qater-
insoloble.fractions based'on analogy wlth the'skelebal system By way
of dnscussung the experlmental results, an attempt is thus made to un-
~equ1vocally establlsh the |dent|ty of these proteplytnc subfragments.

As was noted from enzymlc velocnty measurements, the purlfued 5 S com--
ponent of the water soluble fractcon was the only isolated fragment to
exhrblt Ca : lon-actlvated ATPase actIV|ty., Moreover, .its specrfnc-ac-

tivity was three toyfour tlmes'higher than that determined with native
.cardiacrmyosin-under identiCal-conditions Slmllar observatlons have
l pbeen reported by Mueller (1965) concerning subfragment 1 produced by ’_- .}
llmlted tryptlc dlgestlon of -rabbit skeletal myosin, by Nuhen and»Kay )
.(1968) and Lowey et (l969) with respect to HMM Sl obtalned by short

:proteolytlc dlgestnon of rabblt skeletal myosin with lnsolubnllzed pa-
paln,_and by Tada et al. (1969) for subfragment l prepared by proteoly- :
sis of bovtne cardlac HMM with soluble papain. »The apparent dlfference
observed in the catalytic,rates‘of'native cardiac and skeletal myosin

:'(ln the presence of calcnum ions)’ was.also mannfest in thelr enzymncally
actlve subfragments For example, in substrate solottons contalnnng 5

‘mM CaClz. the specnfnc actnvnty of skeletal HMM Sl was reported to vary .
bbetween 1.4 and 2.0 umole P. /mln/mg (Lowey et al., lQ69), whereas that

of the active cardiac subfragment was approxnmately one—thlrd . O.S umble
P{/mln/mg; as interpolated in_Figure 34. hecent investigatlons have L

. shown that yot only are certain light chains associated with'subfragment,l



.
prepared by papain dlgestlon of rabbnt skeletal myosun (Heeds and Lowey,
1971) or bov:ne cardlac myosin (Weeds and Frank 1973) but also the ln‘
clu510n of these light chains is essentual for expressnon of . blolog:cal
_actavnty., In consuderatlon of the dufferences observed between native
cardiac and skeletal myosin, particularly with reference to the light
chalns as dISCUSSGd‘In Chapter 3, lt is thus'not surprising that the sub-
' fragments whlch apparently retain the ATPase actlve snte reflect these
dlfferences to a similar extent.‘ |

A comparison of the amino acid composntlon of cardlac and skel-

. etal HMM-SI is presented'nn Table VII. Though the overall dlstrlbution

of the amnno acnds |s generally sumllar in each of the analyses, the re-
.sults.of the present study.most closely resemble those reported by Lowey
- 'EE.E_.(]969) for subfragment l produced from rabblt skeletal myosun by
'Ilmlted proteolysns with an |nsolub|l|zed forT of papaln. of the toial
seventeen residues that are tabulated,vthe correspondlng values of thlr-
:teen are in excejlent a?reement whereas compared with the reSults of
’Mueller (1965) for HMM-S1 prepared from rabblt skeletal myosnn by tryp-
:tuc dlgestlon and of Tada et al. (1969) for subfragment 1 obtanned from

.

bovnne cardiac heavy meromyOSIn with soluble papaln only the corres-

N \

pondxng values of approxlmately seven amino acuds are similar to an equal
'degree. Cons:derlng the source ttssues from whuch the fragments were

‘prepared, these observatoons may seemungly indlcate the exnstence of

h'tspecnes dafferences between rabbit and bovune cardlac muscle protelns.

.

Care must be taken. houever. in maknng this interpretatuon snnce al-

though a coumon enzyae was enployed for fragmentatlon, the effect of in-

"dhfbso]ubilization-of papaln on the;production of subfragment 1 has not been

130.
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 TABLE VI

COMPARISON OF THE AMINO ACID COMPOSITION

OF CARDIAC AND SKELETAL SUBFRAGMENT 1%

“(moles/105 gm protein)

) Cardiac - Skeletal
Amino . — . ,
‘Acid Present Tada et al. Mueller Lowey et al.

Study | - (1969) - (1965) | . (1969)

s | 8 | s e | 83
His 'izo-. _ PR 13 1 8
Arg b6 b2 N T o

Asﬁ' :1‘ 101 : - 99 : 88 - ©ogs
Cthe | 49 ‘J | 47 -; N Y
ser Com | f-39i-» - ] o Kl

6lu 128 175 B L EEE R P

v

Pro w2 s | e f 37
Gly _V.V:Q; 0 | -  _ 53 - 61
wme | | - 70
Cya ' n. e | 10 f 17 n
val | o o I TS o ss
Met :_' 29.5 .:: 26 . o 27 | ' 28
e | 2 | 38 N R, j"' 83
tew | 8 "Efdo‘ - 5 N ¥ ol s
Tye | T o 26 i o

The tissue source was rabblt for all the sﬁudies but that of Tada et al
(1969),|n which subfragment 1 was perpared from bovine heart muscle o
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of papain toward a substrate of even small size is reduced upon the im-
mobi lization of the enzyme. ,Solublezpapaiﬁ may hydrelyze peptide bonds
»,not cleaved by |nsolub|l|zed papain due, for example, to steric hindrance
and thus YIeld subfragments with sllghtly d:ssnmllar amlno acid eompOSI-
tions. ‘Additionally, the actual start;ng material from which the cardlac -
fragments were produeed‘was very differentvin eaeh‘case: heavy meromyosin
obtalned by tryptlc dngestuon in.the study of Tada et al. (1969) and na-u
tive myosun in the present study. The degradatlve action of trypsin on |
that part of the myosnn molecule subsequently liberated by papain has not

. been assessed.. Certalnly if peptlde bonds were. extraneously hydrolyzed

|n thl&?ﬁﬂ?tlon of the molecule and small peptndes were released durlng

, the productlon of heavy meromyosun or HMM-S1, the amino acid composutlon
of the resultant fragment would be variant wnth’that of the correspondlng
fragment obtalned from native myosnn ina sungle dlgestlon process. On

the otheér hand the sngnlfucantly hlgher content of argnnlne, aspartic
7acnd,‘and leuCInP ev:dent in the results “of Tada et al. (l969) and the
Apresent study as eompared to that found For skeletal HMM-S| may be char—
acterlstlc ol the cardlac molecule. _ | Ny
The value of the extlnctlon coeffucnent&)é:%cm 280 nm . equal ~
“to 8 2 determnned for rabbnt cardiac Subfragment 1.also corresponds more
closely to values establlshed for rabblt skeletal subfragment 1 than to
.‘that found for bov:ne cardiac -HMM- Sl 8 0 (Lowey et al., 1969) and 7.9
'(Weids and Lowey, 197l Bagshaw al_, 1973) for the skeletal fragment
prepared by llmlted proteolysns of natuve myosan wuth |nsolub|l|zed pa--
"'paun, and 6,h,for the bOVsne_cardlac fragment.(Tada gt;al., 1969). As .
concluded uponvreexaminatlen oflthe amlno.acid.compositlon data pre-’

'sentediin‘Table Vi, the»ultrayiqlet:absorption properties’oflcardiac
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and skeletal subfragment 1 essentlally reflect the respectlve conten;s

.

of the aromit'c residues. - For instance, the correspondlng quantJties of
tyroslne and phenylalanlne ev:dent in the analyses of Lowey et al (1969)
and the present study are |dent|cal, and in turn, approxxmately one and
“.one half times greater than the amounts reported by Tada et-al. (1969)‘
for bovine cardiac HMM-SI,“ Although the helica} content of the'cardiac
'subfragment was nat directly evaluated with reference to circular di-
chrofc-parametersvot standard, u-helical-pofyamfno ac?ds, an eStimate
‘based on the ratio of the mean residue ellaptac:ty values for rabblt
cardlac HMM -S1 at 22] and 209 nm to the cosrespondlng values for LMM -A
‘|s 34%. Assuming LMM-A is completely a- hellcal (Onkaw et El.' 1968),

‘ thns estimate is in very good agreement with the helical content reported
for rabbnt skeletal HMM-S1 as dernved from optucal rotatory duspersnon
'measurements (Lowey et al., 1969) : Furthermore, this result would sug- .
‘gest that the overall secondary structure of the two fragments is very
much allke.

| V The |ntr|nsnc values of the vtscosnty, sedamentatnon veloctty,
and welght average molecular welght equal to 0.12 dE/gm 5 ll S, and |
1.12 x 105 gm/mole respectlvely, obta:ned wnth rabbnt carduac subfrag-
ment 1 are very snmnlar to: publlshed values for the skeletal system

'fFor example, n]. ranges from™0. 064 d2/gm - (Lowey et al., 1969) totO.IZS

d2/gm (Young et al., 1965) , 20

from 5.4 s (Nihej  and Kay, l968)lto
5.95 S Mueiler' (1965), and M from 1.10 x'105 gm/mole (Ni‘he;' and“”'ﬁay,
l968) to I |7 x 105 gm/mole (Youn 1965) The apparent lndepen--
dence ‘of these parameters with respect to’ the solution. concentration of

'cardnac HMM SI is also consnstent with reported observatrons concerning |
o o ' ¢ o . o

' the skeletal fragment (Lowey‘gtﬁal:,.lSGS)u Furthermore, the very low -
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values of the Huggins constant and KS.experimentallylderived sdggest

that cardiacJSUbfragment 1 is a relatively compact, spherical macromole-

cule (Creeth and Knioht, 1965; Bradbury, 1970).

: ' . . o .
The amino acidvcomposition,of rabbit cardiac and skeletal LMM,

"LMM-like fragments, and HMM-SZ‘(produced'by.limlted-digestlon of native

myosin with insolubilized papaln)‘are presented for comparison in Table

VI The general q;strlbutlon of the amino acuds in ‘each of the anal-

- yses is remarkably similar: for example, notably hlghrquantntles of ly-

*

'HMM S2, respectlvely)

;the cardiac molecule.

snne, aspartic acid, glutamic acid, alanine, and leuqine, relatively\low‘
amounts of the aromatic residues, and the absence of proline. Upon
stringent comparison of the corresponding valuesnof individual amino

acids, however, the composition of LMM-A is found to most closely re-

semble that of skeletal reds, and the composntnon of cardiac. subfragment

o ’ B#°‘
2 to resemble that of skeletal HMM~S2. “As evvdent in Table VIII the

’ estimated levels of the sulfhydryl content were generally hsgher for: the _

¢
~

cardlac fragments. In addition, the recovery of glutamic-acid and - leu-
cine in analyses of LMM A was exceptnonally hlgh whereas that of lysnne,

glutamlc acud, and methlonnne in present analyses of subfragment 2 was

»-correspondlngly low (|n comparlson to the data for skeletal rods and

o

Certainly, the . rather low values ‘of thevﬁltravlolet extlncthn S

i

'coefflclent found for LMM-A and HMM-SZ dlrectly reflect the low aromatlc vgk”'

1 res:due content of these cardlac fragments. As expected from the appar-~ o

: he_amlno acld omposltlons. the value °f E] cm, 278 nm

RV



TABLE V111
. y COHPARISON_OF»fHE?gMINO.ACID COMPOSITION
| (OF RABBIT CARDIAC AND SKELETAL Lﬁh-LIKE
| " FRAGMENTS AND SUBFRAGMENT 2 R
‘ < o =
(moles/10% gm protein)
Amine "LMﬂfAl HMM-52 | LMM Frot o | Myosin Rods HMM-52
Acid Present Present JLowey & Cohenj:Lowey et al.] Lowey et al.|
Study Study . (1962) (1969) (1969)

‘LQS | AR 93 ;;Sk 107 121
CHis o .5“f13.5_ 9 21 - 15 9
arg | 58 uy 60 56 37
asp | 90 82 - 83 88 . 87
The 36 38 33 38 43
..'_Ser L7 | la} | 34 39 T35
ele | 22 |25 - 210 219 242
Pro -0 o o 0 0
Gly. 55| s I8 20 TR
Ala | 90 i B2 81 85 l 87

Cya 8.7 8.1 ‘4.0 4.6 -s.h

val 32 28 .38 33 2h
Mer | oass| o3 19 23 , 26
e }}27 21 39 . 36 _;3u'
Leu 122 '58;5  96 9 199

we | L6 ] s 9 5.9 2.6
Phe : 7‘ g-. " 4 7,0 1 :8.6_'_
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that of 2. kO reported for chromatographed skeletal LHM fractlon 1 (Szent-

136

Gyorgyl ‘Cohen, and Phllpott 1960), neither is the-parallel value for
ﬂcardlac subfragment 2, 0.93, dlssnmnlar to that dt30.7 established by
Lowey et al. (1969) for skeletal HHM -S2 (though at the Wavelength.of'
280 nm) . Cons:stent with the lnterpretatnons ' ~ived from optical»rota-
- tory dlspersuon data made by Szent Gyorgyl Cohen, and Philpott'(lééd)
~with respect to skeletal LHH Fr. 1 “and by Lowey et al (1969) concernlng
skeletal LMM and rods, the excellent agreement of the .mean resudue ellnp-
it1c1ty values for LMM-A at 22l and" 209 nm (y. 31 x 10“ and "3.92 x 10%
bhegree cm2/dmole, respectnvely) w:th correspondnng values for skeletal
light meromyosun fraction I ( k. hb x lO“ and “45.13 x. 104 degree-cmzldmole!
respectlvely (O:kawa et al.,l968)) would suggest that LMM-A is also en-
itlrely u-hellcal in aqueous solutlons. Based on the ratio of the mean
residue elllptlcnty values for cardnac subfragment 2 at- ZZl and 209 nm
to the correspondlng values for LMM- A, the a- hellcal content of HMM-~ SZ
is estnmated to be approxrmately 752 whvch IS very similar to that eval- ;
uated for skeletal subfragment 2 from- optlcal rotatory dcspers:on mea- j[
surements (Lowey, Goldsteln and Luck 1966) ' -

The lntrlns:c values of the reduced vuscosnty, sednmentatlonk
,coefflcnent, and weight-average molecular weught determuned for rabbnt‘
cardlac subfragment é (0.51 dl/gm 3 24 S, and 6.3 x IO“ gm/mole, re-".. l
:spectlvely) -are additionally analogous with publlshed values for the |
correspondlng skeletal fragment (for example 0. h d2/gm, 2.7 . S and 6.2
fx To* gm/mole, respectnvely (Lowey et al., l969)). The very hngh value

<Tof the Hugglns constant obtalned (l l6) would lnducate that the molecu~

lar structure of cardnac subfragment 2 is relatavely rlgld and asymmetrlc

(Bradbury, l970), though the apparent lndependence of ‘the. physicochemlcal J

o



' ,1 36 S- (Young g__ 1.

“ﬂ{§9)) However, sxnce the range of reported values ns very narrow,

parameters wnth respect to the proteln concentratlon would suggest in

turn, that the interaction of the macromolecules in solutnon ls“not pro-

-

portlonally great.

The viscometric propertues of LMM -A are. very snmnlar to those -

reported for rabblt skeletal rods (Lowey et al.

, 1969). Both the welght

intrinsic vnscos:ty (2 37 dl/gm) and Hugg;ns constant (0.87) are sagnlf—

icantly hngh, consnstent wuth the :nterpretatuon that aqueous solut:ons

-4

‘of LMM-A are comprlsed of rigid and hlghly asymmetrnc macromolecules._'
wThe relatlvely large negattve concentratlon dependence addstlonally ob*'
served in the sedlmentatlon velocnty studies (K equal to 0. O6l ml/mg)
. would tend to support thcs conclusion. The lntrlns:c sedlmentatlon co-
lefflCIeht found for LMM-A (3.14 S) is within the range of documented |

vvalues for cardlac and skeletal LMM Fr. 1 (2.80 S (Thelner l963) to

y 1864)) and for skeletal rods (3 4 S (Lowey et al.

0 .‘

”M cannot be readlly dlstlnquxshed from rods on- a; basns of 520 values

'”Aga%one-— these fragments are too much alike in this respect The results

- q
of the molecular welght studles clearly demonstrated that preparatnons

of LMM- A were truly muxtures of at least _two specnes of LMM llke frag-

.ments. materlal with ‘a minimum wexght average molecular wenght of 1. 42

x lOS gm/mole, : rorresponds to the molecular welght of cardlac and

skeletal light me romyos in (Hueller t 1. , 1964;. McCubbln and Kay, 1968;

Lowe' et gl_, |969), and a heavuer component wuth a molecular welght in

the order of 2.1 x lOs gm/mole whach is snmular to the molecular welght

of intact skeletal rods (Lowey l969 Blrd ~al., 1973) Hore-

over, as collectlvely |nferred from the results of the separate studles,

LMM -A consnsts mavnly of intact rods (or aggregate materlal) plus a small

137
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.propbrtion of light meromyosin (hence'the appellation "LMM-A", where "A"
designétes ne.cher rod nor fraction 1 particles but rather the alcohol

precipitation method of purifigatibn). Mixtures of LMM and intact myo-

sin rods have been'similacly 6btained upon limited digestion of rabbit

4
k]
v,

. skeletal myosin (in solution) With-insolpbilizéd papain (Lowey et al.,.
1969), -and the formation of total rods has even been obgerved.in‘éarly

“tryptic digests of cardiac and red myosins (Biré et al., 1973). .



n
s

‘of the dlSCUSSlOﬂ.

;subfragments are schematlcally |llustrated in anlf‘f;

" CHAPTER 6 .
FINAL DISCUSSION

lhe present study has included a thorough examination of the'
enzymic, ultraviolet_optiCal, amino acid, and physicochemical properties
of rabbit‘cardlac'myosin.' It has demonstrated.that theAnative cardiac.
molecule can be systematlcally fragmented. into distinct components by
llmnted'proteolytlc dtgestnon wvth SfMDA-mercurlpapann. Moreover,‘the
. , . o ,

process of degradatlon has been analyzed both kinetlcally‘and ultracen-

trlfugally, and the maJor fragments have been lsolated and characterized.

u’-: . qi

vThe varlous physical and chemlcal parameters experlmentally determlned

f

for cardiac. myosnn and the . subfragments are collectlvely shown in Table
3

1X. anal conclus;ons drawn with respect to the molecular structure of

native cardiac myosin, ‘un light of the results of the fragmentation

estudy, are dlscussed brlefly |n th:s chapter Possible topics for con-

-

tlnued research are addntlonally consndered in questlon form at the end

-

The results of the present |nvest|gat|on are. consnstent wuth

_ the currently favored mode | for native skeletal my05|n superflcvally,

. -Am;“
hughly aSymmetrnc, rodllke molecule wnth globular protrusudhs at one end

(Lowe et al., l969). General features of the’ cardlac molecule and |tsz;

The semn-rlgld

~

and asymmetrlc nature of myosun is reflected for . example, by the marked

'concentratuon dependence of its hydrodynamlc parameters _The hlgh.valueﬁfﬁ

39 e
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" TABLE IX
PHYSICAL AND CHEMICAL PARAMETERS OF RABBIT

CARDIAC MYOSIN AND THE PROTEOLYTIC SUBFRAGMENTS®

Parameter Myosin HMM-S) LMM-A HMM-S2
Ro(x 1075) 4.77 1.12 .42 % 2.1 0.63
SO R 1 6.08 5.11 3.14, 3.24
[n] (dz/g&)" 2.04 0.12 2.37 0.51
ATPase Actgyuty ’ : | ‘
(um P /M|n/mg) -0.235 ' 0.90 none none
C s op - ek |
Eje at 6.06 ~8.20 2.66 0.93 :
rtela010m (x 1074) "2.69° a7 W b 7320
= [e]200nm (x 107%) "2.56 '1;35, "3.92 "2.95
; '(deg;cmzldmOJe) ) : '

—

"All parameters, except that of specific ATPase activity, were determuhéd

~ in 0.5 M KCI,

0.05. M phosphate ‘buffer, pH 7.0, at. low temperatures.

" The

~activity values tabulated were measured at pH 8 and. 25°C with substrate

solutions consisting of 0.4 MKci,

5 mM ATP,

10 mM CaCl,.
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Figure 40. “Schematic representation of the cardiac myosin moﬂetule

and -the major proteolytic subfragments, illustrating the principal
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coefficient ih proportion to the molecular weight are additional mani-
festations of these structural features. Taking the monomer molecular
weight of cardiac myosin to be 4.7 x 103, then each hative'molecule_muétf

be comprised of oniy two heavy pdlypeptide chains (each approximately &y -

1

2.0 x 10° in molecular wefgh; (Brahms and Kay, 1963)) and a minimum of
three ' light chains (two'2;7 x 104 andloné.i.B x IOA'in holecular‘Weight
(Mani and Kay, 1973)). The helical intertwinement of the>twq heévyb
.chqins, indfcated in the'rédlike po}tion:of_the molecule (Figgre Lo), {s
tentatively inferréd from thevcirCUlér 6ichroicvdata‘éf those_buriffed
subfragmenfs which dfsplay a high degreg of molééu}ar asymmetry simflar
fo-native myosin (for example, myosin rod and light Meromyosin); Even
‘thodgh both cardiéc ana’skeletal>myo§in have been examinéd By'elegtron-‘.
migroscopy'(Mueller _E.El:’,]36h§ Lowey éﬁ:il" 1969), detail; With re-
speﬁt to the actual mode,of'inferactign of thé_héaQy chaiﬁs have.not
bégﬁ obégrved.
| 'Addffionally depicted in‘Figdfé Lo are'thé pkjncipal steps of’
the fréghentatioﬁvréactién assumed to havg'bccukfgd with jnsolub;Iizéd_
papain.. At least twésreéions exist within th;’myosin holeculé thch,éfe
'readily,suééepfible'to attack by brofeolytjc eniymés: one 16§ated'§]dng‘
‘thé rod]ike-pﬁrtipn, éna the éphér at the attaéhﬁént point.of theiglob-'
' yles, Tgese are diagrammat?caiiy iﬁdicated'in Figure ho;by smallﬁarrbws.
lf i§ not fovbe‘construed from thendréwing, Bowéver; fhaiélabiligy to B
;protéolthc c]gavage isfattr?butable splely'(if at all) to‘diéruptibn of
the helical fbldihglof the two heaQY Polybeetide chains. Céftainl9 ﬁhis
“is a,Ver9 ﬁlausiblérexplana;ioh'which‘wasjorfginally prbposedxby Mihélyi
‘énd Harringf&h (1959).‘,Howev§f, the apbarentvabsencé of prolﬂne'in the

amino acid analyses of LMM-A ahd HMM-SZiahd.the73ifferent subfragmenfs
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‘ ;%tﬁhitially released_by proteolytic enzymes of.dissimilar'specificitﬂﬁ%'
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would tend to support the hypothe5|s that proteoly5|s occurs in regions
of partlcular amlno acid content (Lowey et al., 1969). Distinction be-
tween these two pOSSlbllltleS cannot. be made unequnvocally at’ the pre-
sent time. The real answer is llkely some comblnatlon of both explana-
tions: peptlde bonds may lnntnally be hydrolyzed at specnf:c amino ac:ds
which are favorably oriented through the tertiary structure to proteo-
lytic attack |
Irrespectlve of the molecular basos of this phenomenon the
S- MDA papain complex was found to cleave natlve cardiac myosnn ‘princi=-

pally in the two reglons described, though at apparently different rates;

As lllustrated>ln Flgure 4o, subfragment 1 is predomlnately produced

during the-initlal,stages'of the fragmentation process, and myosin rod’

is releaéed concurrently. Analogous observatnons have been reported by

th%w and Kay (1968) and Lowey et al. (1969) w:th respect to papain dl-'

Vo

gestion of rabbnt skeletal my05|n With further time of Droteolysns,
the intact rods are addntnonally cteaved yleldnng llght me romyos in and
subfragment 2 (Flgure Lo). Clearly, if thls my05|n model and reactlon

scheme ‘are correCt the 1a'te bulldup of HMH -S2 that was expernmentally

-observed would be actually expected. Snnce thvs fragment constututes

-an lnternal part of the myosin molecule, the heavy chalns ‘must be pro-'

\.,

: teolytncally broken in at least two areas to effect |ts release v In

contrast, theorctncally each of the other major subfragments can be llb-

erated in a single dlgestnon step Proteolytlc cleaVage of ‘the cardiac >

myosun molecule in the . centrally located reglon (lnducated by the broken:

small arrow in Figure bO) does not appear to occur to any great extent

This conclusnon“ns-based on two observat;ons:'one, heavy meromyosin was
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not evndent 1n¢s&§n|flcant amounts during early stages of the fragmen— =

tagnon process, and two final solutlons of LMM-A were found to consust s
of myos:n rods ‘and llght meromyos:n — the former in greater proportuon
Obvlously, |f fragmentatlon proceeded at the two "sntes" at a snmllar
rate, heavy meromyosnn would not be produced and LMM-A would be .essen-
‘tially light meromyosnn . On the otherhand if cleavage. occurred pref-
erentnally |h the.central region (as recognlzed with tryosnn (Young.et
‘al;, l96h for example)) heavy and light meromyosin would be released

'

in approxnmately equal amounts, ‘and the results clearly dnstnngunshable
from those of the present study.' Recent lnvestlgatuons have shown that
prolonged tryptlc digestion Pf sheletal lught meromyosnn and intact rods
result in the productlon of a series of new fragments (Béllnt et al
l968; Blrd gt_al:, 1973) Although evidence to this effect was notvob-
tained in the present study, the exvstence of addltlonal regtons along

: the cardlac myosin molecule susceptlble to proteofytlc attack by papaln

cannot be entlrely ruled out Certa:nly under the mllder experlmental'~»3

condltlons that were employed here (for example IOW'temperature and

these_fragf g

‘llmlted duratnon,of the rcaction) the flnal quantltles;v
.ments,'nf released, would have been very small
| In the context of.the model cons:dered for cardlac myosnn
(Flgure hO) the . .values of the welght average molecular weight detﬁ{l
mlned for the purlfned subfragments are arlthmetlcally consnstent wuth
that establlshed for the natlve molecule. Thus addlng together the mo;
lecular welght values for lnght meromyosnn (1. bZ X l05), subfragment 2
(6 3 x IO“), and twnce that for subfragment 1 (2 24 x l05) the total is

4. 29 x 105 whlch agrees reasonabl well wuth the correspondung value of
, Y

the molecular weught determuned for cardlac myosun (h 7 x l05) taking .
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.;into consideration the rather extensive loss of non-protein nitrogen.

. . . . . . ‘ ' ‘,"?r] '
Similarly, the sum of the molecular weight values estimated for the t?- ot
. . . B - ar

tal rod (2.1 x 105) and tWice that for subfragment 1 (2‘2hlx'l05), equal
to k.34 x 105, numerical_ly acco.,umts3 for m‘ost %the mo/écular welght oF
myosin.' Moreover, the value of the wenéht average molecular welght of
llght meromyosin (l 42 x lOS) plus that of subﬁragment’Z (6.3 x 10%)
very closely approxnmates ‘the molecular welght est|mate for total rods
"‘(2 l X 10°). If the apparent accuracy of the latter observation |s more

" real than fortU|tous, then thg extent of the secondary degradation in

the central region must have”;een minimal ..This’would imply that mos t
of the lablle peptldes released durlng proteoly5|s originated From ‘the
globular portlon of the myos:n molecule It has been reported, for in-
bstance that the light chains evndently not essentlal for the expressnon |
. of ATPase activity are partlally, if not totally, destroyed in preparing
subfragment 1 from elther rabblt skeletal or bovune cardiac myosnn by .
brlefvpapain‘dlgestlon (Weeds and Lowey, 1971; Weeds and.Frank 1973).
An lmportant llmatatlon in the preparatlon of the my051n sub-
'fragments by proteolysns is thus the extensnve lnternal cleavage wthh
~occurs during the release of these Fragments This has been commonly
observed.urth several proteolytlc enzymes ofOW|dely dnfferent specnflc-
ltlesbmhtch_have been utilized to fragment‘skeletal myosin: For'examole,

s

trypsin (Mihalyi and'Harrington; l959), chymotrypsin (Segal _i__l:, 1967)
and. papain (Kominzhgtigl;, 1965); ‘Thé rather-high”yalue'of non- protenn
'nltrOgen cxperimentally'obtained in this study and the appearance of

' .multlple bands upon prellmlnary electrophorests of the purlfned frag-

ments on SDS oolyacrylamlde gels (not shown) would certannly nndlcate

“that the subfragment molecules were severely nrcked, ‘AlthoughAthis‘jv”

EER
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Secggary t@e of degradat% probably cannot ‘be fully prevented it can

beﬂhlnlmlftd

3&

“the duratlon of the dlgestlon.atrfow temperature could be reduced to ap-,

prox:mately 10 mlnutes, with possnbly a corresoondlng reductlon in the®
enzyme to myo&yh ratio. Stone ‘and Perry (l973)\have recently shown that

- the extent of degradatlon evident in the llght chains of skeletal myosrn

is dnrectly related to the papann/myosnn ratio used. However these
: .

4

, modlflcatlons cannot be applled if hlgh ylelds are desnred of the more

slowly released.subfragments such ‘as HMM SZ unfortunately theur pro-
ductlon by lengthy proteolysus must come at the expense of\the other
subfragments..v- |
_ That the ATPase actlvxty of cardlac.myos:n is assoc1ated wnth.
the globular portion of the molecule (that’is; subfragment 1) has'been
‘clearly demonstrated in the present study Houever, the’native molecule
b contalns two subfragment 1 partlcles,'and the questlon exlsts as to
| whether each component lS lndependently actlve, or whether the ATPase
actnvntylof only a single globule is- actually expressed Numerous ln-

'vestlgatlons have shown for instance that skeletal myos-n and heavy

meromyosun ‘possess two nucleotide blndlng sites per unit (Schllselfeld

and Bérény, 19€8; Murphy and Horales 1970'AHorita l97l)‘and that skel- .

v etal HMM-S1 has. only one such- site per unit (Young, l967 Elsenberg and.

Moos 1970) . ' On the other hand :t'has been reported'that only one glob-
ule is in fact actlve in skeletal myos in or heavy meromyosun at a time

- (Rizzino et al., 1968 Lowe et al., 1969; Elsenberg and Klelley, l973

—— ottt

"Tonomura et 1., 1973) Assumlng that the |nherent enzymatlc propertles,

of the cardnac HMM =Sl globules were not altered by. the proteolytlc

<
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€¥eatment'of'myosin with papain three possibilities and their lmmedlate

f
consequences in terms of the relative specufic ATPase activity can be’ Hy—

'pothesized._ If bo%h’ globules are lndependently active in native myosnn

then the resultlng spec:flc activ:ty of HMM-S1 would be approxnmately two

times. greater than that determined for myosin, since two subfragment l

- particles constitute one-half the native molecule by weight. Likewise,

if only one of the two globules is catalytically active, attached'or not,

the apparent spec:flc actnv:ty of HMM-SI would be approx:mately twuce

that of myosnn. However, if only one globule is actlve |n natlve myosin
&

'but both expres@ full ATPase activity when proteolytically released then

the specnfuc actuvnty of HMM-SI would be about four ‘times that obtalned
with myosin under similar COﬂdlthnS Although the ca’t ion-activated
ATPase activity of_cardiac subfragment 1 was not analyzed kinetically,~

the apparent three- to fourfold increase in the specific activity .of

'HHM S1 over that of cardlac myosin, experimentally'observed at optimum

“v-levels of. CaCl;, may thus nmply that wuth respect to the native molecule

only one globule eXhlbltS enzymatlc activnty at a time. ObVlOUSly thls
[

is’ but a.tentative conclusion' definxtlve resolutlon of the orlglnal

questnon must awatt further klneth and substrate blndlng studies .c

cardiac myosnn and its enzymically active'Subfnagments.
Suffice it to say, many pertlnent'questions remain to be .

swered through continued research. Their solutlon const:tutes a neces-

v

_sary prerequnsnte to understanding the mechanism of muscular contractlon

[
at the. molecular level. A few of these questlons have been alludeq.to

in prevnous discussion. For example, 'what is'the exact nature of the

;assocnatlon behavuor of natlve cardlac myosun |n ‘terms of the virial co-

efflcnent and assocnation consiiits? ls th!S reactlon observed“in vitro

147



E Opportunity now‘existS‘to'cTosely examine and analyze individual frag- '

at high ionic strength, responsible for the in vivo assembly of cardiac

myosin monomers into .the thick filaments, ‘as suggested by Harrington et o

al. %]973) with regard to the»ékeiéta] system? . And what role does the

rodlike-portion of the natiye‘molecule play_in the answers to these ques-'

: ‘ : . S A
ion of the light and heavy chains of myosin has been
9 . .

tions? 'The[integac

shown to be essenfléiufor the“expressfon of biological activity (Stréﬁher,

1969; Dreizen and Gershman;.1970); howévér, very little is known as to

the exact manner'in‘which tHe essential light'chaing and relevant areas

of the heavy chains iﬁteract fo form thg enzymatic active site .in sub-

fragment 1, or evea myosin. .ls tHe mbde’of inferaction.diffgrédt in the
fmca;diac and skeletél mo!ecules,:and if sé, to what extent does this aé-'v

count for the differences observed between their specific ATPase aétiv-

"ities? And what of the minok,péptide:ffagments also released durfng ﬁf@-‘

: . : -
teolysis? For ‘instance, do they originate from hinge-like regions in the

native,molecﬁle? Are they invoivéd in the attachment gf_the subfragment
1 globules.to‘thejm96$in rod'and in Somebway mediatg‘ihe pdssibl;:allq~v>
steric gffect? Perhaps their Significancé in tﬁévcéhtractile prqcéss
Has'hitherto,been undefeétimated. B lf:. S - T t F:f?
| ‘These ;re but a»Ver féw QF the_many‘qqestioné wh{ch reméfﬁAto

be résoived~expe;fhentally,  The production‘of smafler, intact portions
'Of'cérdiaélmyosin wﬁfch rétaih théir inherent mplécular‘propertjég'has

bgén clearly ;hown‘by the»bresehﬁ'study tb_be practical fof‘roufihe use.

ke

. o ) " s R r . i
ments in ways which would not e applied to thg_native_molecule,'due'to

its lafde §iig and téndency tp;aggfcgate.
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"APPENDICES

Computer Programs

" Aopendix 1. SDCF. The program SDCF is a translation of the

mathematical expressions and numerical procedures described in Chapter 2.

‘into APL programming language and form, and is routinely ueed for the

calculation of sedimentation coefficients.

Input for SDCF,conéiéts of the following parameters:

REF

HF (,‘.: -

RPM

BARV
RHOT
NNO

NTN20

a vector .of the horlzontal dlstances (cm) from the maxi-

-mum ordinate position’ of the boundary to the inner edge
-of either reference hole |mage, as measured on the schlle-v
ren plate, . :

a vector of . the~g2mes (mln) at whlch the photographs were
: taken o -y .

L

" the true radlal dlstance (cm) from the axis of rotation
4 to,the ihner edge of*the reference hole considered,

<the rec:procal of/the celb to plate magnlflcatlon

the' rotor spe%d (revolutlons/mun)-r

the partnal specuflc volume (ml/gm)

" the solvent densuty (gm/ml) at the temperature of ‘the sed-
;lmentatton velocuty Fun, : :

the relatnve vnscosuty of the solvent .0 that of watert; :
'he relatuye vnscosnty of water at the temperature of the
run to that at 20°C.

) 4 Lo . ) . ’ i ‘
Output consists of'SOBS, the observed sediméntatiom coefflcient,

6.

and S20M, the'corrected sedimentation c0efflcient, both in units of sec- -

onds.

T

~

- The program SOCF. is printed on the fdlldwingupage.
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V X SDCF T;E;Y : : ,
(1]  ~(REF>6)/SET N -
[2]. FE<«1 '
(3] - +CALS
[u] . SET:E<« 1 ' '
{51 CcALS: SLOPa*(((DT)X+/TXY) (+/T)x+/Y+®REF+ExXxHF) ((pT)
x4+ /T*x2)~(+/T)*2
('SOBS ';S0BS«SLOPExX60% (RP!xs 2832)%x2)
('S20W ' SOBSXNTH°OXNM0X(1 BARVx0.9982)%1- BARVXRHOT)

[

Appendix 2. LSDQM, HSDQMi Muzvé- and LSPFIT. The APL programs
HSDQM and LSDQM are written on a basis of the theory and‘mathematlcal
relat]onshlps presented in Chapter 2. ﬁ%%hey are deS|gned for the reduc-'
tion of high- and low-speed sedimentation equulubrlum_data and for_the |
_subsequedt ealculatfon of the apparent weighteaverage-ﬁp]eed]arAQefghts
dat ihdivﬁdual radia]'positidns. MNZY2 extends.ﬁhese compqi%fiods and
is_geed to %alcuja;edxthe'number-;'z4,"and'y2javerage meleedlar wefght

*dfmoments»at the same positions The polynomial least squares program,

|s employed extensuvely as a subroutlne in HSDQM LSDQM, and
Thellnpugrfor HSDQM consists of the fo}lowing parameters:
X ) ‘a‘vector.ofvthe horizontal compérator readingé (em) de-
'  rived with respect to the principal interference pattern,
Y a vector of the averege vertical Frfnge>displacements (cm)
o associated with the radial positions considered in X,
» YW - . a vectdr of the variahce values'of the Y readidgs,”
BX a vector of the horlzontal comparator read’ngs (cm) of

the base-1line patterns,

BY: . a yector of the_averagevvertical:fringe displaeements (em) .
associated with the radial positions considered in BX,

CBW a'veCtorvof‘the'variance vejues of'fhe:BY readings,

‘XOR . . the hornzontal comparator reading (c )’fdr the inner ‘edge}
 of the outer reference hole frlnges,

. MAG 'd;the cell to photograph}c,plate magnlfieation,-

>
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RCR the true radial distance (cm) from the axis of rotatnon
S to the inner edge of the outer reference hole,
T the'absolute\gﬁmperature (°K) of the sedimentation equi~
librium run, : ‘ !
VT "the variance of temperature control,
L. . : “’ E . N L
" BARV : . the partial specific volpme (ml/gm),
VBARV the variance of the value .taken for the partlal specnfuc
» volume, :
RHO the solution den5|t9 (gm/m1) at the temperature of the

“equilibrium run,:

VRHO the variance of the density value,

. . . . !
RPM the rotor speed (revolutions/min)
~VRPM . the variance of rotor speed contro]

FDEL L ‘the vertical dnstance (cm) between fringes as measured in |
‘ ‘o a plateau region, : =

PR LI

VFDEL .~ .the variance of the FDEL meanrement,

J _ ‘the‘power‘of the polynomial to which thé datra in the cen-
tral region of the column is to. be fntted by the sliding
least squares routine (1,.2, or 3)

'The'Output-ns a table with the Folldw[ng columns: r2/2 (one-

half the square of the corrected radial dfstances‘in order. of, increasing

'r.

radii),. In dy (natural logartthm of the smoothed frlnge dnsplacement
vcorresponding to each radlal p051t|on) the estnmatedppropagated,error"
‘in the In dy val{ues‘é\_4> the'conCentrationl(in.terms'of frihpeS);at each
radial posftion,'the apparent'Weﬁghtfaverage mo1ecular'weight-at each
radial p05|t|on. and the propagated experlmental error in the 1, ,app ‘
bvalues HSDQM also. prints out the calculated value of the constant terh ,
RT/(I —-vp)w . and the menlscus concentratnon (in frnnges) -as weI] as |

an estimate of the’ propaqated ‘errors.

‘A copy of the program HSDQM is shouqbon ‘the next two pages



[ I et B s A e B e I s B o W e W o}

V ESDQM;DELY;D Y DYDH2 I II‘uD ! ‘J $Q:iS: VDYDR2 VYO n/ Vs

3p 6+B+1+(pDY)

(11 scw«vscﬂ+sIY+vs"y+52«DY+la«&+ 14N+1-
{21  R32«R2,0.5x(ACR- ((OR X[?])'?AG)*?
[3] DY«DY,Y[N]-Y[1] - S0 L
(4] ~((WeB+¥1)>0¥)/8 . w o o o _j’;- ,
[51  »>(xINl=XL@-13)/2 7 %2 & 0 03 % & ,
61 . Y[1l«y[11-Y[N¥-11- Y[N] VT e s B
7] - »u 0 AT L P S TP
(8] . Y«BY e Bk Y gy
(9] X<o. 5X(ﬁ61-(YOR BY) HaG)x2 A
[10]5¢w«1 BW . : T
- [11] 0 LSPFIT 3 e AT
L1231 - ~(0=+/B¥+(3Y+D¥- (ﬁQo *0,{3)+,xCF)20.015)/85
(131 WW<YW | S :
[14]" >((N«BY11)<9)/85 G .
{151 3Y¥«(3p1),(13),3p3«N-6 % - o
{181 B¥«(13),(3p%), 4413 B
[17] ODYDR2+VDYDR2«1 1+I+1 o
[18] ‘x+=°[(zfd«3X[I]+o,ls)] 5
(18] Y<«Dy(LIND] S
[20] " We1s h.v/[IND] ’
[21].. 3 LSPFIT 2
22] ‘u*u'f’)“mlw’IQ DLP[E!V[I]]
23] VDYDR2«VIYDR2,VSLPIBWIIIY , - »
251 +((((h—2)>')AI>4) (((“_-)A‘z,—l)vu>1+ +1))/ 18 22 .
251 - X<«DY[1N] A o
263  Y«DYDR2
271 ¢ W«1:VDYDR?2
281 X LSPFIT 1 SRR
23] - 3(0= +/9Y+(31«D‘—u1[1]—5g£- "“[1] b:[ 1)=20. 025)/85
30] > (1<H«K+1)/u2 : : |
[31] f+(O<’+L/DY[(B«17+BY11)])/33
(321 S«0.0001+]8 *
- [331 y«e3y«DY[B1+5 .
- [34] Xx+R2[B] [ Y
1351 W«1:YW[B] -
[36] 2 LSPFIT 2. ,
[37] wWe1:YW[B1+(BY- *LSY)*zv
- [381 2 LSPFIT 3 -
L32] wWweYWIBI+(DY[B]- 3Y+(*LSY) S)yx2’
[40] BY<«BY20.018. - S
[’41] =14 . ' ,
[u2] VYO«(VAx(1: CF[2J*2))+(C [1)*2)xvsx1=ﬂF[2]*u
Lu3] N«(DY20.005)31
fusl  +(o0= +//+uy§%&os)/ua
j[usj‘f+(15>7+1+(n11) -N)/u9
- [uel M+15 :
7] . »51
[ug]l i«<1+(pDY)-N ' :
[89]  »>((9sM+T1+2xTU:2), (9>I+(oDY) H))/ 51 85
{50} M«g o ’
517 BY+(301) ((pS)pa),(Q+11+B M), (1+B ¢o+7+2x 1+1(ﬂ-7)%2).
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{52]

~[53]
[54]
[55]
(561
{57]
s8]

[59]

{601
Te1]

[62]

£63]
“[eu]
[65]
[66]
[67]
" [68]
- [s69]
o701
oL

(721]

[73]) -
L7411

 1£151
L7¢]

1773

(7871

f[793}

‘:Ll[BOP
Coe1)

o le2]
2183]

HL311«R2 o | |
L s e (R0 21«511) FDEL ' B -
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BX+(3p7),5,((pQ)pM);($S), 3p7

Bw<(13), (fS 2), ((pQ)pFH 2),(TdS:2),4+13

DY« (-B)+DY . :
R2«(-B)4R2 | | | 7
YW«WW<( B)fYW - '

WS+ K+0
LI+l

Q- ((BXTI1%7),(8X(T1=7))/(7.2) | o

Y+®DY[ (IND+BY[I]+0,1BX[I]- 1)]'

X+R2[IND]
W<1sWWLIND]
K LSPFIT @

"+(K=3)/70

WS«WS , WWLI)+(DYL{IT]-*«(X(BW[IJ)e.*x0,1Q)+.%xCF Y*2
+((((B- 2)>I)AI>u) (((DZJ)AI>U 2)vu>I*I+1))/ 53 65
K+3 .

WW+HS . . ,
+58 . o ’,
SGH«<SGW, SLP[BW[I]]
VSGM*VQG.,VSLP[BM[I]]
SHY~SMY,LSYIBWLII] -
VSHY<VSMY JVSLPLBWIT]] : . ; :
~((((5- 7)>I)Af>u) (((B2IYAT2B-2)vhL2l«I+1))/ 5% 70~
M«(B, 6)00 ’

ML 331«VSHY*0.5 - SR < B

o R 5]*5’”X/+831u0000xm (JVR*I BARVXRHO)XW2*((RPM%60)

x6.2832)%2 '
”[,u]«nX(VoGu+(c.n*°) V «(V 22 )+ (((VEAR waHJ*4)+VR40

xBARY*2 )+ JV«*“)+HXV?D' Hx2)%x0.5 | e
o R2/72(CM*2) . - L&Dy” , 4/
C(FRINGES) - . vMWApP_'.‘ . +/-" o
o AR _ R
e CNST— ';x:4‘+/- ﬁ- A VE%0.5; MENISCUS CONC. ';
CDELY: D '/ ((/V7+(v “sz7"t‘*2)~?35L*2)*0L5)—
FuEL FRINGES J)__ , ‘ ~ : _
> . . - - . - . - 2

'IHthFILTEWT FRINGE DISPLACEMENT 0% DATA POI™ . UPAN

. FOR- ANALYSIS&
O

s "

B Other-thanethe different methods_invoned in determining the ' .

‘concentratnon at each radlal posutuon the‘computation of'apparentAmo-

:Iecular we:ght values from low speed sedlmentatnon equo4|br|um data is

i*.fessentlally |dentxcal to that from hlgh speed data Thus, the Input for '

:'LSDQH lS the/same as that llsted for: HSDQM but wuth one addttlonal pa-

.rameter

YO, the frunge d:splacement correspondlng to the |n|t|al cell-



5
]

“)

loadnng concentratlon ultracentrnfugally callbrated via a separate c:

run.

’ leeW|se the Qutput-of LSDQM ns the,same except that the esti-

mated value of the menuscus concentratnon is. not prnnted.

1Y

27
£31
Lu]
[s1
(6]

'{713'
[8]*

[s]
f10]
113
[12]
{13]

~[1u].
(151"

(161
(17]

(18]

f139]

301
- [217 B

[2271-

oo [2z2]
Co[2u]

{253

(28]
[271

[28] .

- [291]
.[30]
T31]

(321"

- [33]

[3u]
[354.
[36]

371

{381

£35]
‘[uo]
[u41]

W+(B 6)pO

€

: The program. LSDQH |s reproduced below

v LSDQV'DIS DY I; IHD'” N e S W WS

SuN*VS WeSHY<VS HY+R2+DY+HS+ 1K+ T1+N+1 S~
R2<R2,0.5x(RCAR=(X0CR- X[H]) MAG) %2
JY«DY,YIN1-Y[1]. oo :

*((N*H+1)>pY)/8

"(' NY=x(n- 13)/2 , 
1«1[1] V[N 1] Y[N] b

»u
y«BY : '
X<0.5x(RCR- (XOR BX)'NAG)*Q

~W«1:BW

0 LSPcIT 3

>(0=+/1<(DY+DY- (R2e.%0,13)4.xCF)20.06)/16
R .

+(15> <-"lfl)/l'/
+19

>( (9" 1+2xr' 2), (9>pDY))/ 19 51
Meg .

J/o+DY+VO ((DQEQJV]X [p”Y]) 0. SX+/(77[1+T7J]+?2[IHD])

XDV[1+IND] [I D*t(pD’) 11): (12[pDY]—n2[1])
d*!W

7+(3p1), ((oS)pi)@(Q«11+B M), (i+B- ¢S+7+2x 1f1(H—7)%2),

3p 6+B+pDY

57«(3c7).u,((pQ)oV) (¢so 3p7 - ’
BW+(13), (rS 2), ((pQ)pru.z) (r¢s:2), u+13
I«1

Q+((5<[IJz7) (Bx[IJ 7))/(J 2)
Y«eDIu[(IHD+BY[I]+O,1BX[I] 1)]
X+~R2[IND]

i/<1+WWIIND]

K LSPFIT Q

»(A 3)/36 \ ' .
WS«WS ,wWw[I1+(DIS[I]- *(X[BW[I]]OL*O,tQ)+ xCF)*2
>(C((B-2)>I)Al>4) ,(((B2T)AT25-~ 2)vu>I+I+1))/ 25 31
Ke3

WWeWs ' AP . -

24 o | .

SGU+<SGW ,SLPLBWII1]

VSGi+VSGY , VSLPLBWL{I]]

SMY+SHMY,LSY[BW[I]] '

VSMY«VSMY ,VLSY[BWLI]] ‘
+((((B-2)>I)AI>u), (((B>I)AI>B 2)vu>I+I+1))/ 25 36

l
r

B

e ‘Qd‘*

'H—pDY \ : ' . ‘ o SN
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o ) |
p ,;S]+SGWXF*831&OOOOXT%(BVR*l-BARVXRHO)XW2+((RPH%GO)

x6.2832) %2
fuel M[; 6]+KX(VSPN+(SPW*2)XVF+(VT T*2)+(((VBAPVXFFO*2)+VRH0
XBARV*2):BVR*2)+uUxVRPM:RPM*2)*0.5 . \
(u71 ' R2/2(CM=*2) . LNDY ' Ve
. C(FRINGES) . MWAPP +/-1
CuB]l M . . , : :
[uw9l (' CNST= ';K;' +/- "3ExVK*0.5)
(503 =0 ‘ '
{511 'INSUFFICIENT DATA POINT SPAN FOR ANALYSIS'

v : : ]

The Input for MNZYZ consists of the follownng parameters, com-
monly derived from the flnal computatuons of either HSDQM or LSDQM
R2 : a'gector of.r2/2 values,

SMY. a vectof of the smoothed In dy values associated with the
radial positions considered in‘R2,

VSMY a vector of ‘the variances of the smoothed In dy values,

SGW a vector of the effective reduced weight-average molec-
' ular weights (as defined by Yphantis, 1964),

VSGW a‘vector'oflthe ealculated yariance§ of»the SGW valués,

WW ’ a vector of the final welohlng factors computed cn LSDQM:
or HSDQM

K" the value of the constant term RT/ (1 —-vo)u y

VK e the variance estimate qﬁ;the constant term,

~ ' - . ,‘ i e

J - -the power-of the polynomial to which the.data in the cen-
tral region of the column |s to be fitted by the >l|d|ng
least squares routine (1, 2, or 3).

The'lneut for MNZYZ alsovlncludes the vectors"BX} BY, end Bw,vesieb-
lliShed.iﬁ LSDQM or HSDQﬁ, wqich control(the.SILding least sqeeres'and
smoofhing routines. |

| "The Output fs a.table of the appaéentlnumber-,‘zr, and yo-
average molecu[af weighﬁ values calcula;ed af eaeh rae[a] positioh'plus'i

an es;imate‘ef the associated propagated error.
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The program MNZY2 is prir ed below.

V MNZY23C3I3INDIT M3Q38; M3T;WiXsY
[1]  S8GZ+VSGI«SGN«VSGN+«ISY2- 2Y2«1SUM« 1+I<1
£20  CcexSMY
[3] . S<«1:SGW
[4] @ Y<«SLINDIxX<«1: C[(IND+BY[I]+O,1BX[I] 1)1
(5] J+1:WKW[{IND] '
(6] 3 LSPFIT J ‘ . ' B
[71 SG2Z«SGZ,(ISY2+«ISY2 SLP[UM[I]])[IJXQ+SGW[I]*2
"[8] VSGZ~VSGZ, Qx((VIsyz«Vzcxz VaLP[BM[I]])[I]xQ)+4X(ISY2[I]
*2)xVSGWLI]
9] >(I>1)/13
(401 P«ClL1]:SGN<SGN.0. 5x(3xscw[1]) -56201]
(11] VSGHN«VSGH,O. 25xVSGZ[1]+9XVSGM[1]

[12] =18
[13] SGN+SGN,CL[I]+ IT+T+0 SxSUU+SUJ+(C[I]+C[I 1])XR2[I]jR2[I
-11

[14] W+((VSMY[1]x*2xS!Y[l])XVSGN[1]X(C[1]*2) SG [1]*2) x(CclI]
. *x2):SGN[1]%2

~015] VSGU«VSGN, (M+((IT-0 0.5xCLTIxR2[IT1-R2[I-1])*2)xVSMY[I]x*

» - 2xSMY[LI])sITx4 :

L16]  ~((((B- 2)>I)AI>u) (((B>I)AI>B 2)Vu>I+I+1))/ 4y 7

171 i1«(B,6)p0"

 [18] X[ ;1]1«SGNxK.

(191  10323%Kx(VSGN+VKXxSGN*2)%0.5

{201 M[;31<SGZxK

(227 M[;ul)«Kx *(VSGZ+VKxSGZ%2)%0.8

[22] [ ;5)«K:I5Y2

(231 M[;6]«(Ex(VE+VISY2+: *ISY2*2)%0.5):ISY2 S

L24] v uuAPP +/- | MZAPP
o+ - MY24PP. /e g

(251 M : o o :

The auxiliary program LSPFIT fits a power serjeslpolynemial
through a collection qf.gfven points by the method of least squares uti-

lizing matrix inversion techniques. To facilitate its ‘use as.a subrou-

T

tine and thus mlnnmlze extraneous computations in a gnven situation, the
v program is deslgned to evaluate the many varlables and statlstlcal pa-
rameters assocnated with the coeffncnents of the fltted polynomlal in '

‘successive stages. Control is exerélsed by the approprnate specnfnca-
' 5 .
&

w%g OPTN is set equal to zero, only
3

“*E‘z |

tion of an option parameter, OPTN
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the ooefficients of the fitted polynomial are ealculated. .If OPTN equals»

1, then the variances of the coefficients are additionally evaluated '

If OPTN is set equal to 2, the least squares values of the independent
varlable and their associated variances are also determlned Any other
specification of OPTN w:ll result in -the computatlon of all of/these

plus‘the value of the slope at each tndependent varlable and the ‘esti-

mated varlanee of thns value.

-

Input for LSPFIT consists of the following parameters:

X~ . a veotqr of the independent»variables;

Y : 3 vector of the.dependent variables associated Qith,*,
W : a vector of the nunerlcal weughlng factors
"N, ' the degree of the polynomlal to be futted.

The Output of LSPFIT is not prlntcd d:rectly in keeping with
its role as a subroutxne. Follo~:ng¢are the results that can be sbe-l
cifically called:

CF i the coeffuc:ents of the fitted polynom|al in ascendlng
" order of the powers ‘of the nndependent varlable

VA,VE' the varlances of the coefficients in_the same order

LSY the least squares values of the |ndependent varlable
vLsy " the variances of the LSY values,
SLP - the value of the first derivative s-!ved for each inde-

pendent variable,
VSLP3’ the variances of the SLP valuee.'

A copy'of the program LSPFIT is presented below.
V OPTI LSPFIT N3A;I 333034y VY;R;S;SW;U;WTI\\'
[1] ..1+Q(‘J '\)Dai“(f.*‘pu)xn-f/rf . T
2] NY+Y-2Y« +(+/ExY):SWe+ /W , , .
{31 . CF«(HY—+/$xH),R«(S«@CQA)+.XAxNT)+ xu«dk+ xWTxA+4-(K,N) .
e (/1] WTxA<Xo x N):SW : :
(4]  >(0PTN=0)/0 - ‘ o
[S1' VBw(1 1 QS)I~SG2«((NY¥+.xHYXW)-F+.xU):K-Ne1



£6]
(7]
(81
La]
[101]
[11]
[12]

{131

[14]
[15]
[16]

VA~SG2x(:SW)+(Mt.xS)+.xM
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+(0PTN=1)/0

LSY+(Xo.

*0,vN)+.xCF

VLSY«5G2x(:SW)+(1 1 Q(A+ x3)+ xQAx”T)
+(QPTHN=2)/0.

SLP+VSLP+10 v
A<«((X,M)prW)xXo, *0 1 N-T+1

M+(2x(1d)o.<1n)+(lnjo.=lﬂ

SLP«SLP,R+.xA[I;] _
 VSLP<VSLP,+/+/5G2xSxMxA[I;7o.xA[I;]
>(X2]<«I+1)/14 T

. Appendix 3. ARCH and RND ‘ The'APL program ARCH, intended for

)

*the numerlcal analys:s of data from Archlbald expernments |ncorporates

the mathematlcal expressuons and procedures presented in Chapter 2. In

' conJunctlon with the roundlng program RND ARCH: is d%ed to calculate the

apparent. weight average molecular weight and solution concentratlon at : Js

&
\ B

the menuscus posutnon.

IN

RN,

DX

MAG

- BARV

RPM.

RHO

co

The Input for ARCH consists of the follownng parameterS'

-

a vector of vertical dlstances (cm) from the base line to

_the

gradient.curve, as measured on the schlieren plate in

order from the menlscus to the plateau region, _ -

vthe

comparator. distance (cn) from the inner edge of the

inner’ reference hole image to the meniscus,

_th wndth of the horlzontal lnterval (cm)

the

" the
the

‘vthe

the’

the

‘cell to plate magnlflcatlon,'

absolute temperatUre (°K) of-the Archibald run,

partlal spec:fic volume (ml/gm)

solut:on den;yiy (gm/ml)
rotor speed revolutions/min),

calibrated value (in units of area) of the onltlal R

concentratlon of the sample solutlon

The Output consists of HH, the apparent we:ght average molec-

ular weught (rounded to the nearest hundred), and CH ‘the concentratlon

o
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of‘the solution estimated at the meniscus (rounded to the third decimql

_ placé),
o Followfng is the program ARCH. ’

V. ARCH;CNST;DF ;XN ' .

13 XN<(5, 741?1‘1%/.!/16)+(DF«DX%c'q'AG)x( 1(pZ,N)> )-1.

[2] CN5T+831uooooxT;(143ARVxBH0)x((E?Me60)25.2832)*2 "
(3] I-L".“—CHSTXZN[1]%}.'1'.'[anXC;'-.'<-CO—(1-:—X[/[§1,]*-2)XD_FX+/ZNX'XN*2 v e
[4] Y MM EQUALS ' 3 2 RND Af-)’.’/f; YCM ERGUALS 33 RND _C‘"I-) SR
'y . s E
..x R .
* gfor RND is X, the number'td be rob%ded,'and N, the
. T v | -
decimal»li Pwhich the rounding is to' take place. The. rounded ;
number is Output: RND is -defined as: '
V RN RND X - ' }, -
[1] R«(10%-W)xL0.5+Xx10%N !



