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o N ﬁ‘,_ . Abstract
| We have pur;fled and characterized two’novel prote1ns
(SM21 and SM22) of low M. from smooth muscle. SM21 waé
identified on denaturlng polyacrylamlde gels by its ab?lxty
j to b1nd 1251 ~labeled tropomyosxn. It is present in chzckenv
gxzzard smooth muscle at a ratlo to act1n ofn> 1 %‘16 SM21
was purlfxed usxng both denaturxng and non denaturlng
technlques. Amino acid analyses 1nd1cated that SM21 has a{

"'h1gh half cystlne and glyc1ne content, and‘automated amino-: ﬂ

ac1d sequenc1ng 1nd1cated that 1t was not similar to any . .

prev1ously sequeﬁbed prote1h Physxcal characterxzat1on of
‘non-denatured SM21 demonstrated thatbxt»xs a moderatel§
asymmetr1ca1 (globular) monomer, w1th’f Stokes rad1us of

23 1 A, a M, of 21 200 and a sedlmentatlon constant’ of 2.03
S. Calculatlons based on 1ts far ultrav1olet (9] spectrum
gprov1ded values of 17 % a- hel1x, 32 %ﬁ% sheet, .14 ¥ B- turnp
and 37 % random coil. SM21 was found to b1nd both calmodul1n
and act;n ‘using the gel overiay techn1que. T

Chicken g:zzard smooth muscle contains a highly

_.\

“abundant protezn (SM22) w1th an apparent M_ 'on sodium

L SR,
‘dodecyl sulfate polyacrylamxde electrophoret1c gels of

b o

. .
-

| 23, 000 The ratzo of act1n° SM22- tropomy051n 1n th1s t1ssue -

is est1mated to be 6 5 (10 8) 2 0 (£0. 2) 1,0, At least

f three 1soelect§1c isoforms are present 1n ratlos of a.B y of
‘14 5 1 wzth m the most ba51c and 7 ‘the most aczdxc. Amzno,

‘:nacxd analyses of pur1£1ed a and B demonstrate the presence

‘,%ﬂfof one and two half-cyst1nes respect1ve1y and a lower -

. e L




'M of a, estxmated by . sedlmentatlon equ111br1um 1nd1cated

»1mmunoblott1ng the ‘presence of SM22 1n a varlety of ch18ken‘

- CLOSS react w1th SM22 in extracts of bovzne aorta. However

“the presence of SM22 a? a major component in bov1ne aorta

‘and 1. 4 : 6 for bovxne aorta and porc1ne carot1d

respectlvely. Pur1f1cat1on of the aorta SMZZ has shown 1t to‘

R

content of basic amino acids in ﬁ A value of 22»060 for the‘

its presence as a monomer at physxolog1cal 1onxc strengths.~

~

. ,Estxmates of the translatlonal frxctlonal coeff1c1ent
(f£/f

'Mw were consxstent with its exlstence as a moderately

mln) of a- calculated from 1ts Stokes rad;us (25 5 R) and

A

e -

asymmetrlc globular protexn. Calculatxons based or it& far

ultrav1olet CD spectrum prov1ded values of . 37% @ he—hx,l 3}}'
B- sheet 5% B- ‘turn and 27% random co1l E k ’ }u‘ ‘

?51ng a rabbxt polyclonal antzbod;ﬁpreparqt1on dxrected:' 'ﬁ'y?
against the Ch1°ke“ gizzard protein we have demonstratedbby SR

smooth muscle conta1n1ng organs 1nclud1ng uterus,'1ntest1ne, C e

-

gizzard, esophagus and aorta. SM22 was present 1n only‘trace o »

amounts in br§:n, lxver and heart and could not be detected c:;;f‘

in chxcken bréast muscle. The antxbody preparat1on dxd no% ” f.

L

and porc1ne carot1d was demonstrated by 1ts com1grat1on w1th
the pur1f1ed chlcken g1zzard proteln on one anp two ."‘:'ii'

d1mens1ona1 polyacrylam1de electrophoret1c gels. Its molar

abundance relat1ve to actzn was estxmated to.be = 0 9 5r5

have a 51m11ar amlno ac1d composxt1on to the ch1cken gxzzard

- s R . . ! I X

~
-
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sedimentation equilibrium

ﬂMR | nuclear mégnetic rgédnance
NTPase o nucleotide triphosphatase
R; e;perimenﬁal,Stokés radius~
Rs,gel experimenfal Stokes radius determined by
(Rs sed) : filttatién (sedimentation Xglocity) ,
R, | molecular radius of an equivalent éphere
identical mé&ecular weight and ¥ |
SZO,w‘;‘ "‘""ééd{meﬁtatibn“éoefficienf cotrééted té we
at 20°C |
S'zo,w intrinsiclsedimentatigﬁ coefficient:
‘ . . - ~ .
s Svedberg unit of sedimentation velocity
SRS = | -
.‘iﬁﬁilgisj~ . “'subfragment 1 of myosin
’~;' “'SDS*PXGE m'-'i'sodium dodecyl sulfate-polyacryamzde gel
| | o electrophore51s | '
T2 . | | 'chymotrypt1c fragment of. tropon1n T (res:
' 159~ -259) | '
'Tfisv‘g - ';i trls(hydroxymethyl)amlnomethane
uw { Aiultrav1olet |
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1. Introduction
The generatxon of dlrectxonal\movement is an 1mportant
fuactxon for most 11v1ng organxsms. The varxous means used

to generate movement include c111a, flagella, cytoplasm1c

streamlng, gel 'sol transformat:on, .and- contractlon Dur1ng
k

- the development of multicellular an1mals‘contract;le tissue.

‘wldely dlstr1buted from the pr1m1tive cn1dar1ans and

(muscle) developed as the primary‘méans of locomotion.'It ig
acoelomate flatworms to the h1ghly Spec1allzed vertebrates
and arthropods. Muscle is broadly characterlzed into three
types-based-on m1croscop1c anatomy(/These 1nclude the

oblzquely strlated muscles of nematodes, annellds and

morluscs, Cross strxated muscle in ‘molluscs, arthropods and -
® :

Uvertebﬁates, andfsmooth muscle in molluscsn ech1noderms,‘

;___louet_chordates and in vertebrate 1nternal organs. The.

phylogenetlc relatlonshlp between the various muscle types
v : . N . '
is obscure. ‘ ST
Functxonally, cross str1ated muscle is usually
pssocxated w1th rapzd body movements, as best 1llustrated by

the skeletal muscles of vertebrates and artﬁro ods. It can f

' also however be used for slow movement as. 1n the allmentary '

-,
, canal of arthropods and the contractxle r1ng of jellyfzsh

(Hoyle, 1983) Oblxquely strzated, and smooth muscles are
generally assoc1ated w1th slow movements. Some b1valve :

molluscs possess adductor muscles that comblne a cross or

v oblxquely strxated portxon that 1s used for shell clos;ng,

ss

thh a smooth port1on that maznta:ns ten51on on the closed

»..-, .



“esgellent general rev1ew on the development of\muscle

‘shell In the case of: scallops the cross strxated portlon 1s

lso used for propulslve movements (rev1ewed in Ellxot and
Bennett 1982)
our present understandlng of how muscles funct1on‘#A

relxes pr1mar11y on 1nformatxon obtaxned from the study of

cross str1ated muscle. There are: several reasons why th1s 1s‘

R

-

the case. Vertebrate strxated muscles are large and eonta1n
a relatxvely small amount of non muscle tlssue mak1ng them
su1table for blochemlcal studles. They also havk a hxghly
ordered structure and are thuS‘su1tab1e for experlments in
morphology using both m1croscopy and x- ‘ray dlffractlon. |
These attrlbutes are also useful for phy51ologlcal stud1es.
The combined effort, from, these fxelds of muscle research has.

led to a deta1led understanding of the structure of cross

str1ated muscle and its mechanxsm of contraction. For. th1s

reason I WIll -briefly rev1ew our present knowledge of the R

s

str1ated muscle contractlle machxnery, and dlscuss the

‘,deVelopment of prote1n pur1f1catlon methods for thls t1ssue,

any ot wh1ch have been adapted for use in thls study An 5

'.research can be found in Needham (1971) A_mpre up to date ;;

treatlse on muscle has been wrxtten by Squxre (1981)

]




A Skeleta1 Muscleli- \  n.‘ 34 o

Vertebrate skeletal muscle fxbers are long cylxndr1cal
multlnucleate cells. The £1bers conta1n bundles of parallel
‘_ myofxbrxls. Each myofxbril is made up of a series of

rcontractlle un1ts called sarcomeres (F1g. 1A) Each

- sarcomere conta1ns a band of th1ck f1laments that are . - )

| n1sotrop1c when v1ewed w1th polarxzed lxght (A band). The
‘f thick f11aments cons1st of a bundle ‘of hyos1n molebules
'arranged 1n a b1polar fash1on (Flg. 1B). Each myosxn o,
olecul contalns s1x subun1ts "Two of the subun1ts are “}‘,w
heavy cha1ns (Mr 200, 000) which have globular heads and
‘interact with each other through an elongated reg1on of
@ -helxcal cozled co11 known as the rod. Attached to each.
head are two myosxn l1ght chaxns (MLC), one of- whlch can be'k
'removed by 5 5'-d1th10b1s(2 n1trobenzoxc ac1d) (DTNB light :
‘cha1n) (Mr 19 000) and the other by alka11 (Mr‘ IR
‘15 000-25, 000) The my051n heavy cha1ns are. part1cularly
f,gsen81t1ve to proteolysxs 1n two reglons of the co11ed c01l

.Proteoly51s at one s1te produces heavy meromyos;n (HMM) .t‘ o

';conta1n1ng both heads and | 11ght meromy051n (LMM) conta1n1ng'

'*f;the remaxnder of the rod. Cleavage at the second s1te

¢removes 1nd1v1dual heads, called subfragment 1 (S1), from

fr;‘the rod portxon of the molecule (F1g. 1C)

u
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FIG 1. 5chemat1c representat;ons of (A) the sarcomere

L4
, .

.‘_»_Q'?\[adapted from Huxley, 1969] (B) thg thxck £11ament [from
_Alberts et al., 1983] and (C) myosm., |



Each sarcomere also contaxns ‘an I band that is @ | f(
‘1sotropxc and cons1sts of th1n f11aments that progect from a
dense z 11ne and 1nterd1g1tate with the th1ck fxlaments in

Gy

“‘the A band (F1g.j1A) Th&n f1laments are made up -of - three
‘protexns named actln, tropomyosrn and»tropon1n (Fxg 2) . The i
‘\uf11ament co,e consxsts of globular (G) act1n monomers (M
42 000) ‘that have been polymerxzed into a double helxcal
fxlament known as F act1n. A second f1lament, consxst;ng of
tropomyoszn (M 66 000) polymer1zed 1n a head to ta1l
\‘manner, is colled around each cha1n of the actxn double o
“helzx. There 1s one tropomy051n for each 7 act1n monomers. |
fAttached to‘each molecule of tropomy051n there is one A,"»g
| elongated molecule of tropon1n (M 70, 000) wh1ch contains 3
subun1ts named I, T, and C. The amlno ac1d sequences of the.
°.5th1n f11ament prote1ns have been determzned (rev1ewed in
Leav1s and Gergely, 1984) h}i" . |
——H7‘7 Interactlon between th1ck and th1n f11aments occnrs .
| through b1nd1ng of crossbr1dges, made up of the HMM' port1on dlh
'gﬁffof myos1n to actln. The force for slldlng of f1laments ‘is
' ‘Qprovzded by changes 1n the nature of the crossbr1dge " )
3:3attachment referred to as crossbr1dge cyc11ng. Energy to-&fs"
"}_rdrxve crossbrldge cycllng comes from the sp11tt1ng of one"”
W\5ATP to ADP + P1 per crossbr1dge, for each cycle. Tropon1nm.?‘h,

2 T

}fdand tropomyosxn control the 1nteract10n of actzn w1th the~ﬁ‘*“"

CR R
RN

R myos1n crossbrldge. In rest1ng muscle they 1nh1b1t

‘factomyos1nrATPase act1v1t

y:Whlle in, aCthated muBcle they%f‘l'”'

~**’*potent1ate'1t.3xﬁ*'f[nfr'I"h



s

R N
aaAtATAYs s,

. *[eTTTTWS .'g°'7T pue 4ayseH
Siaul ‘T-utuodoay ‘I-ug (D utuodoxy

N AL E L
- - 7vi.oL avaH

NISOANOdOHL = |

e

ES

L - P <

2 -

“Hra woxJ Hﬁowwm.‘ne.uum.unu..w;e ,.,..H_;:..EomQuu_ =
Ul 2I® SUOTIRTFAIIQQY “t3usWeTy
“UTY3I-3TOSnW Pd3BTIIS SY3 JO 8IN3ONIIS 9y 103 Topow 3usiind g m.ﬂm




! o . “ "“ ‘ N . ‘ ) ‘ ‘ i
f . ' o ' L ' 4
Purxf:catxon of Muscle Proteins’ X4
‘ The, fxrst extractlons of muscle prote1ns were’ ‘made’ 1n
f" 1859 when Kuhne found that the syrupy l1qu1d expressed

'i dur1ng thawxng of a frozen muscle powder would form a whlte

' »

precip1tate on addxtxon to cold water. He named the‘
‘prec1p1tate myosxn (c1ted in Needham, 1971) Several other ‘
sc1entlsts 1nclud1ng O. von Furth W. D Hallxburton and H. H.
Weber 1mproved upon Kuhne s preparatlon. fhexr work -
| culm;nated 1n 1930 w1th J.T. Edsall s pur1f;catlon of a
‘ muscle globu11n, now known to consxst prxmar11y of i ‘ | "“}
actomyoszn.‘ dsaIl (1930) extracted fresh rabbxt muscle w1th
a solut1on conta1n1ng 1. i\M KCl and 0. 05 M K. HPO. pH
_ 7 0 8 5 The muscle globulxn could then be precxpxtated by
_ addxng more salt to the extract or by dxlutxng 1t with.
water. After several rounds of prec1p1tatxon and |
resolub1112atlon, a monod1sperse solution of proteln was
ohta1ned‘ Weber and Edsall 1mproved on the pur1f1cat1on of
”my051n“/dur1ng the 1930 s but it was the d1scovery in 1939
"'that ATP breakdown 1n muscle was assoc1ated w1th my051n
;/’(Engelhardt and Lyub1mova, 1939) and the d18covery;of act1n"
by Szent-Gyorgy1 s group (rev1ewed by Szent~Gyorgy1, 1945 .h ;;;;

and 1951), wh16h sparked the meteor1c rlse of muscle prote1

:‘ﬁ chem1stry 1n the decades to come. In 1941 Szent Gyorgy1 ‘{,df”‘:

Wpot1ced that a short extraqtlon w1th alkallne Weber f g'

fmyosxn B) Straub




'r|6.5,‘Thxs solut1on.1s.stxll.used in modern,day preparatxons,‘

e

acetone. Extractxon of the resultlng powder w1th water

y;elded a new protexn, whxch on addltxon to myosxn A formed

synthet1c myoszn B . now better known as synthetxc

ﬂactgﬁyosxn The ‘new protef”\was named actxn. The extractxon'

of ‘myosin A was modxfled by Guba and Straub They used a

‘solutxon conta1n1ng 0.3 M KCl 0 ]5 M pota551um phosphate pH

P

a with the addition-of ATP to rednce the interaction;of actin

and myosxn (Mar90551an and Lowey 1982)

Another 1mportant proteln dxscovered in the 19405 was

tropomyosxn (Ba;ley 1948) Tropomy051n purlfxcat;on also'

'rxnvolves productzon of an acetone powder whlch is followed

by hxgh salt extract1on and 1soe1ectr1c prec1p1tat1on at . pH

4.6. The 51m1lar structural character;stxcs of myosxn and-

V'tropomyos1n (both conta1n extended he11cal rods) 1ed to the

1dea that tropomyos1n mlght .be a precursor of myos1n. Later
l

" studies demonstrated that tropomyos1n is an 1ndependent

_component of the thlﬂ f1lament.

1In 1952 Hasselbach was able to demonstrate that act1m

jmcould act1vate the my051n ATPase actlvzty, at low salt ( 0 1

}1M KCl ) 1n the presence of Méz* Th1s act1vat1on was not

u]fseen 1n the presence of h1gh salt 1nd1cat1ng the 1mpprtance\h§

“f‘of theaznteract1on between act1n and myoszn, Thus by the

,-1nteract1on had been eluc1dated but“no one physxcal o

~“"f"‘early 19505 a bas1c understandlng of the actzn-myosxn~ATP

imechanlsm of contractlon could be agreed upon. fmﬁjfd
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lldxng fxlament mechanlsm of contractxon was put

)

forwar mprlmarxly Qy H. E Huxley and A.F. Huxley durlng the
s

1950s - ( vxewed by Huxley, 1960) ' The original theory was
based on.structural studxes using both microscopy and x ray

diffraction to observe changes in the relationship of thick

' (e . o) .
and thin filaments GUrxngvcontractxon. The selective

—

Ve

extractlon of myosin from myoflbrlls allowed the assignment

of. myosxn to the anxsotroplc band (thick filaments) and

’

actxn to' the 1sotrop1d band (thin fxlaments) (Hanson and
Huxley, 1953); Two 1mportant aspects that the early slldxng

,fxlament theory d1d not’ address were the mechanxsm by which

I3

the actdmyosxn ATPase was regulated and the role of

tropomyosxn in muscle. It was later reallzed that these two

i " i .
N ’
[ : i

problems were related

By the - 1953§ it was evxdent that calc1um was important
in the regylat1on of muscle contractxon (rev1ewed byiHuxley

1980) Marsh (1952) 1solated a Ca?* dependent rel gp
S
factor from muscle now better known as the sarcoplaémxc

Q

reticulum. 051ng cxtrpte ‘to control Ca2+ levels, Bozler
(1954) demonstrated that glycerinated muscle required Caz*
for contractlon. Perry and Grey (1956) used ATP and EDTA to

control levels of d1va1ent cations, and found that natural
‘actomyosxn wa% Caz* sens1t1ve whereas synthetlc actomyos1n )

N

was not. Other evxdence 'indicated that some synthet1c‘
actomyosxns were Caz+ sensxtlve while others were not,

.dependxng oggthe method of actin preparatxon (Weber and

W:nxcur, 1961) Ebash1 (1963) fxnally put all the clues
: Y B . .
g 5. L
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togepher and tried to isolate a more nafﬁrnl actin by.

eliminatfng acetone tréatment prior to.ex{;;Efion‘accordinq
Co -

to Straub. He found that the protexn resulting from this .

extract was more lxke tropomyos1n than actin and that in the

¢
presence of Cca2* it would actzvate natural actqmyosxn '

whxcn had been previously desensitized to ca2* by treatment
with trypsxn. Ebashi and Kodama (1965) were able to separate -
natural tropomyosxn into two components by preclpltatxng out
a Bailey-like ‘tropomyosin at pH 4.6. The resultlng
supernatant had low viscosity but contaxned a protexn that
greatly 1ncreased the viscosity of tropomyosxn and also
resen51txzed trypsin treated natural actomyosxn to Ca2+'
Ebashi named the new protein troponin.
The discovery ofntropbnin and its interaction with
tropomyosin helped tn consolidate the growing'evidence that
trqpomyosin was located glong‘wi;h,actin on the thin
~fi}ament. Perry and Corsi (1958) used 5elective extraction
. with low salt to deﬁonstrat; that actin and‘tfopqmyosin'wete
both located in the I band.of my;fibrils; Electron
microscope studiés'indicated the presence of a 40 nm repeat
w1th1n the I band (Carlsen et al., 1961). This repeat was
absent in images of F-actin which led Hanson and Lowy (1963)
to suggdest that it was due to tropomyosin wrapped around the
actin filament. Laki et al. (1962) noted that'atfempts to
putify actin by inducing'a G td F transition with 0.1 M KCl.

left act1n w1th about 25 % tropomyoszn contam1nat1on. They

then prepared tropomyos1n free G-actnn. ‘When tropcmyosxn wa%‘

A A

- . t
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'addedigg this actin followed'byppolymerization and
centrifugation, it was found to make up 19 % ot the
resulting F-actin peflet. This is a close approximation to
the presently accepted 1:7 molar ratio of tropomyosin to
actin. Thus there was stfong evidence that tropomyosin made
up.part of the actin filament.

Troponin was: shown to be present’on the thin fllament
by Ohtsuki (1967) He used antxbodles agalnst troponin to
‘-demonstrate 1ts presence at 40 nm intervals in the I band of
myofibrils. Lehman et al. (1972) isolated natxve thxn‘
filaments from skeletal muscle and confirmed that they
consisted primarilﬁ.of actin, tropomyosin and troponin.

The final step in elucidating the components of the
pthxn filament was the 1dent1£1cat1on of troponln s subunxts..
This work was greatly aided by the 1ntroduct1on of sod1um .
dodecyl-§u1£ate—polyacryamxde gel eleotgophore51s (SDS-PAGE)

] : .
(Shapiro et al., 1967), which also helped to identify the

~

contaminants present in previous muscle protein preparations S

and led to an 1mproved understandlng of the subunit
‘composxtlon of all the major ngg}e protelns. Greaser and
Gergely (1971) pur1f1ed troponxn by follow1ng Bailey' s
procedure: for 1solat1ng tropomyos1n. After prec1p1tat1on of
‘tropomyos1n at pH 4.6,_tropon1n‘waq recovered.from the‘ |
éupernatant‘and separateolinto three‘components”oy ion
"exchange chromatography in the presence of 8 M urea.

SDS- PAGE was then used to 1dent1fy the apparent M and

‘purity‘of each;component)tGreaser/and‘Ge:gely (1973) -
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-

assxgned functxons to each of the components. Troponxn C (M —
18,000-20, 000) was tound to bind Ca2*, ‘Troponin I ( M,
22 000-24,000 ) conta1ned most of the actomyosin inhébitory
actxvxty and troponin T ( M_ 37, 000. ) was found to interact
w1th tropomyosin. It should be noted that other groups 1ed
by D.J. Hartshorne, S.V. Perry and S. Ebashx vere '
sxmultaneously com1hg to similar conclu51ons. By the early
1970s the concept of myosin crossbr1dge cyclxng had also
been developed Thus a good overall understandxng of
skeletal muscle structure functxon and regulation had been
obtained. Stated briefly, the cytoplasm of restlhg\;uscle
contaxns'0;1 ~ 0.5 uM free Ca?* and 1 - 2 mM free Mg . The
free M92+,inhibits myosin ATPase activitf in the absence-of
an appropriate interactton with actin. This interactioh'is
brevented by the trpponin?tropomyosin complex in the
presence‘of low Ca2* levels. The musclelis activated by a
nervous stimulus causing membrane depolérization. The‘
depolarlzatlon results in release of Ca2+ from, the
sarcoplasm1c reticulum which elevates cytoplasm1c Ca2+ to
the 1 -5 uM range.~More ca2* then binds to troponln C
cau51ng a conformat1onal change that alters the 1nteract1on‘
of tropon1n I - troponln T - tropomyos1n complex w1th act1n,
" allowxng it to actlvate myos1n ATPase. The resultlng release'
) of energy 1s used to alter the 1nteract10n of" the myosxn
‘,crossbr1dge w1th act1n in a manner that results 1n a net

dxsplacement of act1n ‘and myosxn f1laments relat1ve to each

: other. The dlsplacement 1s transmxtted to the skeleton by a



i
i

series of connectxve

13

tissue elements, resultxng 1n movement.

Relaxatxon 1s accomp11shed by remov1ng Ca2+ through a Ca2+

pump }n the’ satcoplasm1c retxculum.' . N

8!

Vs

Studies since the early 19765 have‘been aimed at

refining thxs fundamental knowledge to the level of

molecular and atomic

determination of the

_resolution (Herzberg
Si-actin (Amos et al.

‘et al., 1986) at low

1nteract10qs. Some examples 1nclﬁﬁe (A)
structure of‘troponxn C at high’

and‘James, 1985), and_the structure of
r

1982) and t:opdmypsin (Phillips -

resolution, (B)tstructure and

regulatlon of the thin filament (revzewed 1n Leavis and

Gergely, 1984) (C) actin-HMM interaction and k1net1cs

(Chalovich and Eisenberg, 1986), (D) time resolved X-ray

muscle (Kress et al

genes coding for the

diffraction studies of-cbntractile movements within ‘intact

1986) and (E) isolation of cDNAs and

contract1le protelns (for a recent

’

‘summary see Emerson et al., 1986)



- B. Smooth Musclell
‘Smooth muscle can be. generally defined as'a tissue that .

rs spec1a11zed for .contraction but does not show obvxous:
~sarcomer1c organization w1th standjgd“lzﬁht or electron
mxcroscope techn1ques. Several 1nvertebrates possess smooth
skeletal muscles. The smooth adductor muscle of,bxvalve
'moliuscs‘Can_be'used to hold their valves tiohtly closed,"n
with a'minjmal.expenditpreaof energy. This state is referred
. to as catch. In this type of muscle an asymmetrlc prote1n
fcalled paramy051n is present xn the core of myosin
‘leaments. It is believed to be 1nvolved-1n the catch‘
‘mechanxsm (revxbwed in Achazi (1982) Regulat1on of
-contractlon 1n catch muscle occurs pr1mar11y through bxndlng
of Ca2+ to a regulatory 11ght chaxn of my051n (Ashiba
et al. p1980) Smooth muscle is present in most deuterostome
,1nvertebrates 1nclud1ng brach1opods, ch1noderms, and lower
idchordates (rev1ewed in Hoyle,A1983) Of part1cu1ar 1nterest
1s the smooth body wall musculature of asc1d1ans

‘,(protochordata) wh1ch is known to possess th1n f1lament

l1nked regulat1on and troponxn (Toyota et al.,J1979) There

'is however no compell:ng ev1dence to 1nd1cate that the body- -

wall’ muscle of asc1d1ans has a closer evolut1onary

X relationshlp to vertebrate v1sceral muscle wh1ch 13 smooth

k rthan to vertebrate body wall muscle whzch 1s str1ated.,- ‘
The ma1n concern of thls thes1s 1s vertebrate smooth fff'i‘
fmuscle. Thls tlssue type 1s located 1n many organs,~

E flncludlng blood vessels, trachea, urlnary bladder and ducts,ﬁnl

t . ) DN



o
Y

'character1zatlon. - ‘H

15

gen1tal ducts; d1gest1ve tract,’and eye. Smooth muscle is
usually found in layers whxch can be or1entated
longrtud1nally, c1rcum£erent1ally or randomly depend1ng ‘on
the organ type. ‘An except1on to thxs rule is the avxan‘
glzzard which possesses th1ck lobes o£ smooth muscle and 1s

thus a cho1ce tlssue for 1n1t1a1 bxochem1cal

Physxology , ] S
Smooth muscle 1nnervat10n comes prlmarlly from the
autonomxc nervous system and 1s not subject to voluntary

control Most smooth muscles ex1b1t two types of contractzle

""response termed phasxc and tonxc. The phas1c response 1s :

- assoc1ated wzth an act1on potent1al ‘wh1le tonus usually

: occurs as a summat1on of phasxc contract1ons. Phas1c and

. tonlc contractzons in smooth muscle are 51m1lar to tw1tch

and_tetanus 1n skeletal muscle. Smooth muscle contracts -

B slowly relat1ve to str1ated tw1tch muscle.‘For example,'

gastrxc muscle was found to have a ‘latent per1od of 0 77 S,
a r1se time of 2 2 s and a half relaxat1on t1me of 2. 8 s
(Mcsw1ney and Robson, 1929) Th1s can be compared td the .
slow tw1tch soleus muScle wh1ch completes the ent1re process
‘in about 0. 2 s. ‘_fw‘7¢f:p“f3;f§f<"k”ﬁ | | |

Smooth muscle cells are mononucleate._Cell to cell

wfﬁ communxcat1on occurs through regxons of apposed membranevgm’"T

that have 1ow electrzcal res1stance (Abe and Tom1ta, 1968)

This type of commun;cat1on 1s 1mportant 1n both smooth and




" possess 1t. Smooth muscle is. the one possxble exceptlon to

16

‘ cardzap muscle for transm1ssxon of electrzcal 1mpulses -
between cells. An 1nterce11ular junctlon known as the gap
Vjunctlon has been correlated w1th the presence of . low‘

1ntercellular res1stance, 1n vxrtually all txssues that .

thxs»rule 1n‘that some smooth muscles are.foundvto lack
clearly defined gap junctlons while reta1n1ng low resxstance.
commun1cat10n (Danlel et al 1983) Many smooth muscles do.
hhowever have gap . junct1ons. |

| D1ver51ty 1n vertebrate smooth muscle arxses pr1mar1ly
from d1fferences 1n the means Of exc1tatlon and the factors
that m§L1fy exc1tab111ty. For example the taen1a coli
undergoes spontaneous contractxon, and contracts in response
to stretch but recexves 11tt1e 1nnervat1on. The vas

deferens is well 1nnervated but does not contract

;spontaneously or 1n response to stretch In both cases.
i

o however, the st1mu1us is propagated by an act1on potent1al

“wenkephal1n, and at

'?”}f‘alterlng the membrane potent1a1 Thxs 1s referred to:as

f and low re51stance cell to cell Junct1ons. There exxsts a ;l'
i;cornucop1a of nervous and hormonal factors that can modlfy"‘
smooth muscle contract111ty These. 1nclude catecholam1nes,
'acetylchol1ne, h1stamlne, prostagland1ns, ATP and a long
h_l1st of pept1des 1nclud1ng oxytoc1n,ﬁangloten51n,’ |

i l natr1uret1c factor (rev1ewed 1n

fBolton, 1979 and 'urnstock 1985) The effect of each
ifgfactor can . dlffer depend1ng on the muscle 1nvolved. In mostq,fﬂ

cases substances produce an effect on smooth muscle«by

" . . -, o IR G e
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\ electromechan1ca1 coupl1ng, as opposed to pharmacomechan1cal
coup11ng where a response 1s e11c1ted w1thout a change in ,/fL
dg‘ - “ membrane potent1a1 (Casteels, 1980) oo ;'; | |
| E Coupl1ng of st1mulus and response in smooth muscle
requlres changes in cytoplasm1c Ca2+ levels. The Ca2+
‘ neccessary to 1nduce a-: response can enter the cytoplasm :
| e1ther through the plasma membrane or from the endoplaSmlc
retzculum.iMorphoIoglcal studles uszng electron probe
analys1s have demonstrated that the endoplasmxc ret1cu1um j”
" | conta1ns enough Ca2+ ‘to e11c1t a full response and: that 1t |
: does release more than enoughcga2+ to agéount for |
'contractlon followlng a st:mulus (Somlyo, 1985) Earliery
V‘work (Bradlng et al., 1969) had shown that Ca2+ rather than
'lNa carr1es most of the 1nward current dur1ng a smooth o
2 :u.'ff muscle act1on—potent1al However, Johansson and Somlyo .
PO }(1980) determlned that the amount of Cazf,enter1ng a cell
1‘5\ b“d dur1ng an act1on'potent1al was 1nsuff1c1ent to account for
’the 1ncrease 1n cytoplasmlc Ca2+ Thus the mechan1sm by
4"wh1ch plasma membrane depolar1zat1on causes Ca2+ release .
.'.Jfrom the endoplasmxc ret1culum JS an 1mportant 1ssue in N
"“;bsmooth muscle studxes,‘as it 1s 1n skeletal muscle.,A recent
‘7ﬁlﬁsuggest1on is that the chem1ca1 transmltter 1noS1tol 1, 4 5
xﬁ;ftrlphosphate (rev1ewed 1n Berrldge and Irv1ne, 1984) wh1ch

;“t'g1s a breakdown product of phosphat1dyl 1n051tol may play a’

,;;frole 1n cazf release. Cyc11c KMP and cycl1c GMP haVe also S
- t‘o:play a role 1n smooth muscle excztatxon ”tvﬁfk

1983) The task

tcontractxon COuplxng (revxewed 1n Kroeger,t




of soiflng out. the 1nteract1ons between Caz*;'xnosxtol
1, 4 5, tr1phosphate, cyclxc AMP and cyclxc GMP dependent

- second messenger systems 1s presently recexvzng consxderable v

o attentlon.

‘Structure ¥

.
-

Smooth muscle cells are sp1ndle shaped wlth a centrally
located nucleus. In standard h1stolog1cal preparat1ons the1r~
cytoplasm appears amorphous..Isolated smooth muscle cells do
howéyer demonstrate several propertles 1nd1cat1ve‘of

’ fxbrlllar organ1zat10n. Small (1974) used both polar1zxng
opt1cs and phase contrast to demonstrate f1br11s in sklnned
cells and F1sher and Bagby (1977) found that the

b1refr1ngence propertfes of 1solated stomach cells were

“. altered w1th contractlon. Cultured smooth muscle cells were

also found to have a £1br111ar organ1zat10n when sta1ned

‘with ant1myos1n ant1bod1es (Groschel Stewart et al., 1975)

W1th the hxgher resoluf“bn of electron m1croscopy,

—

‘ smooth muscle cells are seen. to conta1n 3 ma1n f1lament ',Qf‘ L

systems. These are (1) act1n tropomyoszn contaznlng thzn -

"pS fllaments, 6 8 nm 1n dlameter, (2) desm1n and v1ment1n

‘ conta1n1ng 1ntermed1ate fllaments, 10 nm 1n d1ameter and (3Y:uf~,
myos1n conta1n1ng th1ck fllaments, 14 16 nm 1n d1ameter.,

Smooth muscle also contazns dense plaques assocxated wzth ;'“

7  membranes and dense bod1es dxstr1buted throughout the

‘”‘5§3to anchor both th1n and 1ntermed1ate leaments (reviewed in,;

-

B CYtoplasm. These electron opaQue strgctures have been shown“uﬁf*"f




S SRS |

\‘i‘Bagby, 1983) Bond and SOmlyo (1982) used negat1ve sta1n1ng d' L
of cells treated f1rst with sapon1n and then w1th my051n S1 ” |

<'3,tozdemonstrate that actxn f1laments leav1ng dense bodxes 1n .

.oppos1te d1rect10ns have opp051te polarlty. These structures

“may therefor be analogous to the z lxnes of skeletal muscle.,

“ngh voltage electron m1croscop1c }mages of thxck sectxons,
v1ewed 1n stereo have revealed cross brzdges between thxck
Apand thxn fxlaments (Ashton et al., 1975) More recently

- these crossbr1dges have been detected 1n freeze fracture -

. 3

‘deep-etch stud1es whxch prov1de an excellent 3 d1men51onal R

1mage (Somlyo and Franzzn1 Armstrong, 1985) Taken together

these stud1es 1nd1cate that contract1on in smooth muscle !

!

occurs by a. slxd1ng fllament mechanzsm. Compared to skeletal
‘muscle the ma]or dxfference lies in the way myofxbrlls are

‘U‘organxzed.

vnetabollsm ‘L‘V . ;',w¢‘} . ‘“ ‘f‘ L
Metabol1sm 1n smooth muscle appears to«be essent1ally
N

. 31m1lar to that focnd 1n other beﬁter character1zed t1ssues

T,

a‘.- .
i

"psuch as skeletal muscle and 11ver.\1t does however have some

"Eﬁ}xnterest1ng propertles assocxated wnth contractzle functxon.
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of ev1dence 1nd1cate that the ATP made dur1ng lactatepif

product1on is used predomlnantly for 1on transport dcross |

| membranes (revxewed in Lundholme et al 1983) These:"

fxndxngs suggest that separate ehergy compartments exlstu

-one us1ng ox1dat1ve phosphorylatlon to. support contractxon_

‘h and the other glycoly51s for membrane transport. However

'

B
||.‘

Yy Co

‘smooth muscle, and has been capltalxzed on 1n modern

Tom1ta et al (1985) have found that hydroxybutyrate, whxch‘t
can, only be used in ox1dat1ve phosphorylat1on wxll support
membrane pumplng act1v1ty. A better understandxng of
metabol1sm in: smooth muscle mlght be obtalned through'
pur1f1cat10n ‘and characterxzat1on of the control enzymes.l“‘

thtle progress has been made in® thls d1rectxon.,‘

[}

,\ 4,h<

Actomyosan T e ' Co A
= . e .
~ Early studles of smooth muscle actomyos1n ATPase
followed in the footsteps of those done on sheletal muscle

(rev1ewed by Needham,‘1971) Some un1que and 1mportant

propertles were however d1scovered Laszt and Ham01r (1961)

found that actomyos1n could be extracted from bov1ne carotld R

v,

wlth a low salt solutlon (1on1c strength O 05 M) that“

(

contalned traces of ATP. ThlS d1scovery reflects thes_

[

relatlve 1nstab111ty of the th1ck and thln f11aments of tffpfff

PR
;o

pur1f1cat1on techn1ques. When Barany et a7 (1966) pur1f1ed “ﬁ

\—\
'\ﬁn myos1n from chzcken gxzzards, they found that 1t possessed

"ATPase act1v1ty 1n the presence of ezther Ca2+ or EDTA. The i
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reallzed at the t1me, these f1nd1ngs were an 1nd1cat10n that

Wﬂflhf*smooth muscle myosxn must be act1vated prxor to becomxng

“\
.'/"
i

*‘sens1t1ve to actzn. e ‘\‘d
A nat1ve tropomyosxn was 1solated from ch1cken gxzzard

“by Ebash1 et al (1966) They found that it could restore

[

S az+ senslt1v1ty to ‘heVQ\perprec1p1tat1on of synthetxc

actomyos1n. A Ca2+ sensxt1z1ng factor was, also extracted
N+ 3

’ffrom a natural arterlal actomyosxn u51ng low salt (Sparrow

and van Bockxmeer,f1972) The components of th1s fractxoni

. ij~,,v were analysed bnyDS PAGE and found to consxst maxnly of j_

Yoo .
Wi L

e tropomy051n w1th a lesser amount of tropon1n like . L
3452 - components. Carsten (1971) prepared a tropon;n 11ke proteln
from an acetone powder of bov1ne uterus. On 'SDS- PAGE thefi

} N . \
TR major bands were located at 26 and 15 kDa, and minor bands '

\1n the 43 70 kDa range were also 1dent1£1ed. These stud1esf”

LR ‘
ERRER TR appEaged to be establ1sh1ng a role for tropon1n {n the

,V]yg”p regulatxon of smooth musole contract1on. At about the same .

\ ‘.'

T tlme however ev1dence was\accumulat1ng for a myoszn 11nked

.
.
) T

; N . ‘

. W
”;regulatory system 1n vertebrate skeletal muscle and
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'“‘1973)‘ These results represented the fxrst demonstration of
- myosin lznked regulatlon.; o |

»

> Phosphorylatxon of the Mr 18 500 llght chaln of oot

i ' 6:/ ) } C T

‘ skeletal muscle myos1n was demonstrated by Perrie et aI .
(1973) They found that the lxght chaxns mxgrated as two. A

‘bands on an alkalxne urea gel and that the’ only dlfference

\ Cy

between the bands was a sxngle phosphate. The presence of h.;L\/,
.the phosphate group on myos1n d1d not’ affect 1ts ATPase o
act1v1ty It wOuld however turn out to have more profound
}effects on smooth muscle myos1n |
| Sobxeszek and Bremel (1975) purlfled a Ca++ sensxtlve‘
actomyos1n from chxcken glzzard that possessed a 1'v‘\
f‘cons;derably h1gher ATPase act1v1ty than, prev1ous“°,.; l,,F ‘,hgf
'preparatlons. The first step was 'to prepare myofxbrxls by
' carrylng out low salt extractlons in- the presence of Tr1ton
| X- 100 ‘whlch helped to remove membranes and membrane] 1" .é,:
protelns.‘Actomyoszn was then extracted from the myofzbrxls‘
| w1th a low salt solutlon conta1n1ng 10 'mM ATP and 1 m‘hEDTA.F
It vas shown not to contaln troponln 11ke subunlts by oo ;
TSDs PAGE Bremel (1974) used this preparat1on to demonstratef
chat add1t1on.of unregulated act1n to Ca2+ sen51t1ve ff“ |
: o R
”VVactomy051n does not affect Cazf regulatlon prov1d1ng
.J“@Jadd1t1onal ev1dence aga1nst th1n<f11ament 11nked regulatxonr;”"J?
5 ;Phosphorylatlon of smooth muscle myos;n was demonstrated by 'M“h;i

w”hfSobzeszek (1977) He found that add1t1on of Ca2+ to smooth o

| '””meusclfjactomyosxn resulted 1n phosphorylat1on of the 20 kDafh”‘fff

'TifﬁMLC. Th:s phosphorylat1on was,followed by an act1vat1on of‘)fhd:““
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.

' actomyosin ATPase actlvxty

ﬁ ‘The next step was to 1dentxfy the kxnase respons1ble

for the phosphorylatioh,of myosxn. Gorecka.et al. (1976)

«extracted a ffaction'from a Ca2* sensitive actomyosin that
could phosphorylate the 20 kDa MLC in'a ca?* sensxtxve
'manner. Partial purxflcatlon of myosin light chain “kinase

"(MLCK)Ywas also achieved by Sobieszek and Small (1977).
Dur;ng thls study they discovered that MLCK could be
1solaﬁéﬁ in, greatest QUantxty by extracting myofxbrlls with

ra solutxon contaxnxng 15-30 mM M92+. This solution has been
adapted for most, modern MLCK preparations (Walsh et al.

1983 ; Sobzeszek and Barylko 1984) . Dabrowska et al. (1978)

”~~“ﬂemonstrated that MLCK consists of two subunits. One had a

high M. and possessed the catalytxc actlvlty. The other hadf‘3

-

'

- a low M_, bound ca2* and 'was identical to calmodulin.

- Calmodulin is a ubic‘;u'ito’us‘Ca.2+ binding.p;otein‘thae-in é§ il
'addif?on to activating MLCK also mediotes‘the ca?* A
sep51t1v1ty of some forms of cyclic nucleotide
phosphodlesterase, adenylate cyqlase phosphorylase kinase,
' and Caz+-Mgz* ATPase as well as being ‘involved in mény
1mportant phys1ologxcal processes (rev1ewed 1n Walsh and
| Hartshorne,~1983) e g

The development of knowledge on MLCK led to a -

hypothes1s for regulatxon of contract1on in smooth mqicle

(tevxewed 1n Adelstezn and %isenberg, 1980) Stated br1efly,'

nervous, hormona

.a stxmulusn or mechanxcal causes an

7

W,
increase anéxntracellplar ca2* concentration. The excess

Al f .
< . r . . ’ , L . ) ) » \2‘

i
L e
i )
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)
Ca?* blnds to calmodulin whxch then binds to AQd activates .
MLCK. Actxve MLCK phosphorylates the regulatory light chalns,
of myosin resulting 1n.act1ve actomyosin ATPase, crossbrldge
cycling and net filament sliding Relaxation results from
removal of Ca2+ by the endoplasmxc reticulum and
dephosphorylatxon of TMLC by a MLC phosphatase (Pato and
Kerc, 1985). -

The myosxn linked regulatory system can be modulated in

several ways. MLCK is a substrate for cAMP dependent protexn
kinase. ‘The phosphorylation of MLCK reduces its aftxn1ty~£or
ealmodulinsresulting in a decreased ability'to phosphorylate
myos1n in the presence of Ca2* (Conti and Adelste1n, 1981)

Substances that relax smooth muscle by 1ncreasxng cAMP

levels may exert thexr 1nfluence through this pathway. An

lf‘ )\

example is adrenerglc relaxatlon (stull et al., 1983).
However, Miller et al. (1983) found that beta- adrenerg1c
'* stimulation of tracheal smooth muscle did not alter the
dﬁslevel of calmodulln sensitivity of MLCK in this t155ue,
arguing aga1nst 'MLCK phosphorylatlon as a physiological
mechanlsm of smooth muscle relaxat1on.v‘ ' o
Early stud1es demonstrated that fully phosphorylated
,‘actgmy051n from ch1cken glzzard was not sens1tive to C82+
concentratxon (Sobleszek 1977), wvhile that from guxnea pig
vas deferens was (Chacko et al., 1977). However,'Seldel
et~a7., (1986) found that phosphorylated actomyosxn ATPase

from both bov1ne artery and g1zzard are stxmulated 3~ 4 fold

by a solut1on containing 0.2 mM Caz+ versus one contaxnlng
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'EGTA. Ikebe and Hartshorne (1935b) have found that'Cazf onl§
has a sign1f1cant effect on actomy051n ATPase act1v1ty when
92+ levels are low (0.1 mM) making the sxgn1f1cance of Ca2+
activation uncertain at the,present time.

Substances.that‘affect the confarmation of smooth
muscle myosin alsp affect its ATPase aetivity..Suzuki‘et al.
(1978) found.that unphoaphorylated myosin filaments in a
solutionlcontainingXO.IS[m KCl‘and 10 mM MgCl, were
diéassembled*by<addition of ATP. The'resulting‘myosin
sedimented rapidly at 10 S'and‘was'cqnverted to a slower
sed1ment1ng 6 S form on addition of KCl .to 0.3 M The slower
sed1ment1ng form had an increased ATPase act1v1ty Under the
electron mlcroscope, the 10 S form appears to fold back On\$‘
1tself near the HMM junction (Trybus et al., 1982) \
accountlng for its greater sedlméntatlon rate.
Phosphorylat1on of myosin favors the 6 S form. _However,
under low salt cond1t1ons wh1ch favor 10 S formatlon,
phosphorylatlon does not 1ncrease the ATPase or cause thel10
S to 6 S trans1t1on (Ikebe et al., 1983) The ;mportant

po1nt is’ that phosphorylat1on 1ncreases ATPase by favor1ng

the 6S conformatlon, so that any other factor that affects

——’“the trans1t1on can ‘theoretically 1nh1b1t or potent1ate the

ATPase. Part1al proteoly51s of 6 S my051n wzth
Staphylococcus aureus protease results'in formatzon of both
HMM and 51. S1m1lar treatment of 10 S myos;n produces only

HMM (Ikebe and Hartshorne, 1985) HMM 1s~act1vated by act1n |

§

'1n a phosphorylat1on dependent manner S1m11ar to that of



T -

,‘thlophosphorylated MLC ca

;Caz+ requxred for contract1on an

\

uhole myosii..SIis also activated by actin but in this case

phosphorylatlon ‘has no effect. The subfragment-2 reglon
\

'whxch 11es between the S1 and HMM. cleavage sxtes is :therefor

\

thought to coqfdxnate the effect of MLC phosphorylatlon on

. actomyosxn ATPase activity. Knowledge that MLC

phosphorylat1on\1s cooperatlve and that phosphorylation of

both S1 heads 1§\requ;red for full ATPase activation

(Persech1n1 and artshorne, 1981) also supports this idea,
although other stludies (Trybus and Lowvey, 1985) have
indicated that MLCxthsphorylat;on is random.
Cohtraction in Skinned fibers and Whole Muscle

Work with sk1nnep smooth muscle f1bers has tended to
provide strong support for the myosxn phosphorylatxon theory '

A
(rev:ewed by Kerr:ck et al., 1984). Contractxon of sk1nned

\

fxbers is Ca2+ dependent and is assoc1ated with MLC

vlphosphorylatxon. Adenosﬁne 5'- O(3'-th10tr1phosphate)

(ATPyS) acts as a substr;te for MLCK but the result1ng

\

not be dephosphorylated by MLC
“,0 "
phosphatase. It therefor causes 1rrevers1ble phosphoLylat1on'

of MLC 1n the presence of CK‘and Ca2+.‘The,presence of‘r‘

ATPyS ATP and. Ca2+1n skinned fibers cauSes an.activation of -
contractlon that is not reversed when Ca2+ 1s removed
prov1d1ng strong support for he’ role of phosphorylatxon 1n

smooth muscle contract1on (Hoa et al., 1979) Add1t1on ofv"

E <extra calmodu11n to sk1nned flb_rs reduces the amount of

calmodul1n 1nhib1tors
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‘ \ ‘
block both MLC phosphorylat1on and contractlon in accordance

with their’ relatxve ab111t1es to 1nh1b1t calmodul1n
'.dependent enzyme act1v1ty. Conclus1ve ev1dence that MLC
‘phosphorylat1on 1§ suffxcxent for’ development of tension was d
prov1ded by Walsh et al (1982) through the use of a |
Ichymotrypt;c fragment of MLCK wh1ch reta1ns k1nase act1v1ty
but is not Ca2+ sen51t1ve. They found that this. kxnase_

v

f l .1ncreased both tensxon and MLC phosphorylat1on 1n the
} absence of Ca2*, » | | | | |
The early studies on nhole muscle‘preparationslalso"
tended to support the phosphoryfataon theory (rev1ewed in 5
Asano and Stull 1985) The general correlat1on of tension -
and MLC phosphorylatxon was- flrst questloned by Dr1ska
et al. (1981) Us1ng str1ps of carot1d artery, they
dlscovered that MLC phosphorylat1on 1ncreased w1th a high K

S

stlmulus, and th1s 1ncrease preceded-force development 1n

.keeplng with. sklnned fxber studles. They also found that MLC :

‘”_‘phosphorylat1on decreased pr1or to max1mal tens1on be1ng
‘-“developed and that tens1o vas ma1ntained after
‘<dephosphorylatlon was complete. In smooth muscle ‘the .‘ﬂs,f
‘veloc1ty of contractlon (crossbr1dge cyc11ng rate) can be
._'vvaried 1ndependently of force (number of crossbr1dges X
k‘pattached)(D1llon et al., 1982) MLC phosphorylat1on "“
Lnicorrelates wzth velocxty but‘ﬁ/t force 1n smooth muscle.f_
-iéstr1p preparat1ons. These f1nd1ngs led AkSoyvet al (1982)
h*;to postulate the exxstence of a second regulatory mechanxsm
{?that 1s actxvated follow;ng dephosphoiylatzon of myg§1n and ;;

P RPN - .
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"
o

exerts 1ts ef&ect ‘by strengthen1ng crossbr1dge attachment.bdr‘
These-slow cycl1ng crossbrldges are referred to as latch
‘brxdges.

When smooth muscle flbers are actlvated a transxent

1ncrease 1n Ca2+ occurs that is sxmxlar to the MLC

+

' thosphorylatlon tran51ent and correlates with ten51on

i

development It is followed by a plateau in Cca2*. levels that

correlates w1th gradual relaxatlon (Morgan and Morgan,

A
!

1982) Aksoy et al. (1983) found that - myosxn phosphorylat1on
"was less sen51t1ve to external Ca2+ concentratlon than was
stress ma1ntenance. They concluded that the factorrj
' controlllng stress malntenance was regulated at lowver Caz*‘
levels than MLC phosphorylatlon. Sk1nned fibers were. also
‘shown to ma1nta1n tensxon at ca?* levels too low to support
MLC phosphorylatlon (Chatterjee and Murphy, 1983).

Hoar et al. (1985) demonstrated that add1t10n of ‘MLC
phosphatase to sk1nned flbers that were submax1mally o

st1mu1ated by. Ca2+ vesulted 1n an increase xn ten51on. The

. same phosphatase decreased ten51on of flbers actlvated by

- “QCa2*>1nsen51t1ve MLCK 1n the absence of Ca2+, In both cases,

zwhether ten51on 1ncreased or decreased the level of h‘
'*phosphorylated MLC was reduced by phosphatase treatment.. S
;‘These f1nd1ngs conf1rmed the presence of a second Ca2+ ;5"

s ,dependent mechanlsm for force product1on or maintenence 1n

"eismooth muscle that depends on phosphorylat1on-’7l

:ef;dephosphorylat1on for 1ts actzvat1on. The presence of th1s

”‘~‘second factor helps to explaxn why MLC phosphorylation fﬁ°7””“f” B
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levels Tn sk1nned and whole f1bers rarely exceed the 20- 50 %

, range while 1solated~actomyos1n requ1res_100 %

phosphorylatxon for' 1ts full act1vat1on. Indeed the second

'regulatory system is predlcted to be capable of produc1ng a

slow rxse 1n ten51on even when myos1n phosphate 1s cyc11ng
on and off w1th no net 1ncrease. CTP can support the |
actomyos1n NTPase but not’ my051n phosphorylat1on. Sklnned
smooth muscle cells do not contract 1n the presence of CTP
and Caz*, show1ng that the second system requ1res prxor

phosphorylat1on of MLC for 1ts act1vat1on. If the f1bers are.

fltBt treated w1th ATP they can ma1nta1n tens1on in- the

W

‘ presence of CTP Ca2+ and phosphatase (Hoar ‘et al . 1985)

This appears ‘to be. an 1deal system for test1ng the effect of g
potent1al regulatory elements on. tensxon malntenance.

Several factors have been descrrbed that m1ght £u1f111 a

oy - 1

'regulatory role 1n smooth muscle.

K

- Thin Fi igmeh; ‘Linked Regulation

LR

”‘5,'Lezoton1n ;\'j'-V‘;f:‘d“‘f. 1‘fy fx.ﬁ'ﬁ’l‘a‘ ”'g

When Ebashi's group attempted to 1solate a th1n

'“5,f’;1lament 11nked regulatory system from smooth muscle‘* L

F
et

a1

' they d1d not f1nd tropon1n but d1d f1nd a prote1n whxch

”‘ﬁ“fﬁthey called lexotonin. Th;s prote1n conszsts of; two,Vaffﬂ

electroph

oretlc mob1l1ty. Calmodul:n can functzonally
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- replace it 4in the lelotonxn complex,,but 1t does not ‘_?
'act1vate calmodul1n dependent phosphodxesterase
',(rev1ewed in Nonomura and Ebash1,.1980) Lexotonin'can‘f‘j'
'””actlvate superprec1p1tat1on of actomyosxn or 1ts ATPase
Aact1v1ty in: a ratio of less than 12 50 thh act1n. It
" does not regu1re a: hxgh level of my051n phOSphorylatlon,
“for 1ts activity but does requ1re tropomyos1n,'act1n and
“Ca2+ (rev1ewed in Ebash1 et al., 1982) Leiotonxn is . ‘
thin fllament llnked (M1kawa, 1979). Problems with the,'
lexoton1n system 1nclude ‘the lack of complete
pur1f1cat10n and an explanat1on of how it could act at

such a low ratxo to actln.

Tropomyosxn

Smooth muscle tropomy051n actlvates actomyosln
‘_nATPase when the ATP. and salt concentratxon, and thel
molar. ratlo of myos1n heads to act1n are 1n the |

fphy51ologlcal :ange (rev1ewed 1n Marston and Smlth _“

\"1985) Under s1m1lar cond1t16ns-ske1etal tropomyos1n 1sfﬁ

o f1nh1b1tory, but 1t can also be act1vat1ng 1f ATP is Ipw'ﬂﬁf'ff%

*fand myos1n act1n ratlo 1s h1gh (Bremel et al., 1972)

fi‘:The ab111ty of h1gh my051n occupatzon on act1n to 1nduce

hii,myoS1n to actxnl W1111ams etfal (1984) aemonstrated

S

"Hskeletal tropomyos1n from an 1nh1b1tory state 1nto an

4act1vat1ng state 1nd1cates that 1t can alter the

v e

'~ﬁ1nteract1on of tropomyosxn w1th actxn.vIt would therefor

-

hpbe expected that tropomy031n could alter the bxndxng of

‘fﬂthat smooth muscle tropomy051n favors the act1vat1ng




pos1t1on on act1n even at low S1 concentratxon ‘as. long

as the 1on1c strength is h1gh enough (0 12 M) It also

———

'lfavors the b1nd1ng of S1 to actxn at lower S1
concentratlons than does skeletal tropomyosxn. The -
szgnlflcance of these results 1s not yet clear, but if- av
factor ex1sts 1n smooth muscle that can alter the statet
"of tropomyos1n on act1n,.1t wlll also be capable of
h-affect1ng S1 b1nd1ng and possxbly the ma1ntenance of

tens1on,l

'_Caldesmon
Caldesmon is another smooth muscle prote1n that

f‘appears to be th1n f11ament l1nked and m1ght be 1nvolved

'fg"in regulatlon of contract1on. It has an apparent M on

affLaemml1 gels of 140 000 Caldesmon b1nds to and can

.Qbundle act1n f1laments (Bretscher, 1984) In the_'
:,presence of Ca2+,‘calmodul1n blnds to caldesmon and

i_reduces 1ts aff1nity for act1n (Sobue et al., 1981)

e '.‘;Sobue et al. (1982) found that caldesmon ‘could inhibit

‘Wtasuperprec1p1tat1on of actomy051n that was PhQSPh°rYla€ed

diT%by MLCK and contalned tropomy051n. The 1nh1b1t10n was

~ffonly Ca2+ dependent 1£ calmodul:n was present 1n a. 1: 1

“olar rat1o w1th caldesmon. Caldesmon can also 1nh1b1t ﬂfﬁzf-




\Walsh (1984) also pur1f1ed caldesmon that had been}' :
phoSphorylated in a Caz*-calmodulln dependent manner and{
found that it did. not 1nh1b1t actomy051n ATPase. They 73.' 5‘ﬁ
lproposed that phosphorylatlon of caldesmon m1ght | o
E regulate 1ts 1nh1b1tory effect.
| ‘ Caldesmon 1s known to be present‘xn some Ca2+‘
| sens1t1ve th1n f11ament preparat1ons (Marston and Smxth Mf é&;
‘1985) and has been localzzed on ‘actin Conta1n1ng Lo 'd ,.’ ;ff
,fllaments in non- muscle cells by 1mmunof1uorescence o
’“'l(Bretscher and Lynch 1985) Lash et aI (1986) have
‘:found that caldesmon. cgﬂ'1ncrease the. aff1n1ty of actin
s for myos1n and proposed that 1t could be 1nvolved 1n
.ten51on ma1ntenance.‘Some problems Wlth ass1gn1ng a role
'.for caldesmon in regulat1on 1nclude (1) a mechanlsm for‘
‘lturn1ng 1t on. and off that ls reproducxble by more than :
_one group and (2) an explanat1on of how 1t ‘can” funct1on -
at an 1ntracellular|ratlo of about EP 40 thh actzn.'
 ‘Further complxcat1ng factors 1nclude the presence of
'L”:caldesmon in skelﬁtal muscle (Ngal and Walsh 1985a),;;
.u?1ts ab1l1ty to 1nh1h1t my051n ATPase 1n the absence of v,ﬁf‘
?d'actln (L1m and Walsh 1986) and 1ts act1n f11ament A

bundl1ng act1v1tx. Recently, Szpacenko.and Dabrowska“plrﬂf*ﬁih

_ (1986) 1solated a proteolyt1c fragment of caldesmon,,fi'”




‘concentra;xon) Fxlam1n 1s rod shaped

“ antxparallel end to~end dxmers and.crossl1nks‘?ctin ;l“"lx
fllaments 1nto bundles. (Rev1ewed dn Smallﬂet al ' 1;86“
- . . - y “'r
and Marston and Sm1th 19855.\It 1sﬁfound 1n skeletal

§ ,‘\

muscle (Betchtel 1979) and 1nvnon mdscle cells  ¢
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l1kely to be a regulator of tensxon ma1ntenance through
crossllnk1ng of actin fxlaments than a regulator of ‘

\ Sy

y :actomyosxn ATPase'act;vlty.‘

h s&fActinin | | L
‘dEbashx and Ebash1 (1965) dxscovered a skeletal ' d ‘L+?“
| muscle prote1n that 1nduced superprec1p1tat1on of “m B "[,w
| actomy051n in the presence of ATP and named it |
fgﬂ . h "‘ -act1n1n. This proteln was found to cause. gelatlon of
T-f,"‘%f‘ act1n fllaments (Maruyama and Ebash1,.1965) and was
“ local1zed to the Z- band of. myof1br1ls (Masak1 et aJ
fﬁn‘ o 1967) Itils a rod shaped d1mer of’ M. 100 000 monomers
dei;l and crosslznks act1n fxlaments to form bundles (revzewed
1n Marston and Sm1th 1985) | ’
Immunofluorescence studles demonstrate that
‘a act1n1n is present in m1crof11ament conta1n1ng
*ﬂif ;l;[‘_structures 1n non‘muscle cells (revzewed in Bretscher .
| and Lynch 1985) and 1n\the cytoplasm1c dense bodxes of-;n
smooth muscle cells (Small 1985) The actxn Sl |
cross lxnk1n§.propert1es of non-muscle a-actinxmlare
‘%ff;1nh1b1ted by Ca2+ nhzle those of the smooth muscle form

L N

are not (Burrzdge and Feramxsco, 1981)

o -’ v
FARL PN .

Vlnculln and Ta11n

Vlnculxn was flrst pur1f1ed from ch1cken g1zzards

,'979 and Feramlsco and Burr:dge, 1980)-,It 18 ; :H£i
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.f~m~“vvg ‘szﬂestwhere act1n fxlaments are attaché@ to membranes, o
' ' “‘.\“ . _‘IJ‘.\“ ‘ V) \ “ I . B “ .

nbn~muscle eells‘(ﬁeiger,”1979) and 1n smooth muscle‘Q‘

ffﬁdi;'af&;} “(S ail 1985) In smpoth mUScle 1t i§ present in" ‘{{

l?f}&J‘uﬁf%;’“'vhtxnnous paralle?wgﬁbs along the‘iéngtn\of ‘the Cell ;
nﬁ.q&f“_wf:?w“.nh&ch are assocaafedawﬁtn\;naplasma memb¥ana‘plaques:j
‘;V:ﬁ\“-‘qnhf-i: jf A\prote1n thaf‘b1nds ;a:vincurxn,\dalled talln, has
i}%‘;l ; ’ﬁéen Sur1f1ed from chzcken g1zzardsd(8dtr1dge and d\d“}
Vi;d'l7’1' . Connell 19831 lexn alSo b;has to’ anfibronectzn TJ o
: aEAQinM‘ recaptor”and‘may thus provade‘a l1nkage bereen acpxn .
'1”fﬂnkn’“‘ flaments and the plasma membran_f altpough the preclse{q
-»fn?fiitwf' mode‘of 1n€a;actlon be;weanvfal1n';;nén11n and'actln 1505
T fﬂ nob yet‘clear (Horw1tz éf éz., 1986)‘\ w'gﬂn Q"ﬁ",?d;
o A*'g;w;““,”:., KR “u‘\g"“ i "°"if gL
N Intermedxgt"leament Protelns ffﬂf‘\fﬂ o ‘_ﬂlﬂf““
| 'nf.abekihd”Thg ;niannedxate fllament pzote1ns'are broadly =
T .) dzatfzguﬁad 1n both muscle and non-muscla cells‘ Thls,“f
‘“}nyﬂgf:val‘ famxly of proteins cons1stslof kerat;n faund 1n dells of

1g5“fdﬂﬁ3‘V-fl epxthel1al or1g1n, v1ment1n and desm1n w1th a broad
o » ’ -\“.{,._”

d1str1bht10n in' most non ep1the11al cells (1nclud1ng
. DA ,W
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cytoplasmic3densé‘568iés‘aha\thé plgsma hembféne p1dqués '

‘g(Somlyo and Franzxnx Armstrong, 1985) ‘Small‘et al. S
‘(1986) have 1nd1cated that fxlamxn, actzn, and a- act1n1n'7‘

-are also assoclated with th1s network For a general

review of 1ntermed1ate fllament prote1ns see Wang et al

(1985)
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C. éummary and'Aims
- Tropomyosin, in conjunct1on with troponin, is an
vxmportant regulatory protexn in vertebrate striated muscle.
f;ts role. in smooth{myscle is not well understood. The aim of
‘this study was toxsearch for and characterize tropomyosin

rbxﬁdxng protexns (hopefully troponin- 11ke) in smooth muscle,
so as to better understand the role of tropOmyos1n in thxs
At1ssue. By 1980 two ma)or pieces of evxdence 1ndlcated that
,troponln m1ght not be present in smooth muscle. (1) The
} 'cctomyos1n ATPase of vertebrate smooth muscle is regulated
by my051n phosphorylat1on. (2) Troponin is not present in
Ca2+ regulated actomyosin. ' . ,
Honeber, around the time that this study was started,
severa;‘repUtable scientistS‘had suggested that myosin
phosphoryiation was either unimportant (Nonomura and Ebashi,
1986'f‘Co1e,*Grand and Perry, 1;82) or that additional
control mechanisms were reguired (Driska et.al.,.1981 and .
Persechini ef él.;.1981) The ability of smooth”muscle
“tropomyosxn to greatly increase the activity of
phosphorylat?ﬁ actomyosin 1nd1cated that it may be involved
. in a secondary control mechanxsm. A1504 th1n filaments had
been prepared that could 1mpart Ca2* sensitivity to smooth
muscle actomyosin (Marston et al., 1980), providing evidence
“ﬁxfor a thln fllament 11nked regulatoty system.
At the outset of this work evxdence for the absence of

“troponin from smooth muscle was ‘weak. Several abundant

'g'“protezns in the low M. regxon of SDS-PAGE, where tropénin

'

2 L Y
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components were expectedfto be found, had not been purified )
or characterized. The absence of troponin from actomyosin
preparatxons mlght be explaxned by its loss during
purification. The possxbxlxty of a more labxle troponxn
system was postulated for platelets by coté and Smillie
(1981). They noted that troponxn I together with platelet
tropomyosxn acted as an effltxent inhibitor of skeletal
actomyosxn ATPase. Calmodulxn, in the presence of Ca2+ could
release the inhibition by releasing troponin I—tropomyosin
from the thin filament. One would not expect‘smooth muscle
tropomyosin to dxssocxate from the thin fllament. However

since smooth muscle tropomy051n actlvates rather than V
1nh1b1ts actomy051n ATPase, only the Ca2+ dependent

i

dissociation of a troponin I- llke 1nh1b1tor would be
o

required for regulation. Anq@ther important piece of
information was that smooth muscle tropomyosxn had
functlonally retalned its ca?* sensxtxve troponln bxnd1ng
site (Pearlstone and Smillie, 1982) and combxned w1th
troponln could effectively regulate skeletal actomyos1n
(Dabrowska<et al., 1980). We therefor ‘thought that the.
pursuit of tropomyosin binding proteins in smooth muscle was
a worthy cause. . _ } | | |
Wh:le this study was in progress several 1mportant
advances were made&1n the smooth muscle f1eld (1) Myos1n

¢

'phosphorylat1on was shown to be gssent1a1 for act1vatxon of h

/
contractxon "and more ev1dence accumulated for addztlonal

control mechanisms. - (2) Caldesmon was purtf1ed and shown to
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be capable of regulat1ng contraction in a manner sxm11ar to
that predlcted from studies of troponin I and platelet S
tropomyosin. Its actual function though is not yet clear.
(3)' The amino acid sequence of gizzard'troponyosin was
‘ determzned(Sanders and Smillie, 1985 and Helfman et)al
“1985). Its primary’ structure generally agreed with
predictions made from troponln T binding studxes'(Pearlstone
.and Smiliie, 1982). (4) Hirai and Hirabayashi (1983) used
two dimensional gel ele?trophoresxs to clearly separate all
of the major components of g1zzard smooth muscle. |

In the work to be presented in this thesxs, we have not
found a tropon1n l1ke prote1n. We ‘have however purzfled and
character1zed a 21 kDa tropomy031n b1nd1ng prote1n (SM21)
and an abundant 22 kDa proteln (SM22) Nexther of these’
prote1ns has been prevxously characterlzed and both
undoubtedly play an 1mportant role in smooth. muscl@
function. In the process of pur1£y1ng sM21 and SM22 we have
.also helped to. sort out the 1dent1ty of most of the
‘relétlvely abundant low M prote1ns in smooth muscle and
provzded further evxdence for the absence of low Mr troponln

llkeacomppnents in these t1ssues.




11. General Materials and hethode
,‘t Proceddresfusedkin the characterizationeof bofh SM21
and SM22 are presented in this sectlon. Those that’ are“
spec1f1c to one or the other of these proteins can be found

in the‘appropr1ate_chapter.

A. Gel Electrophoresxs

d SDS-PAGE . was run using a Laemm11 (1970) buffer system‘
(Tr1s glycxne) w1th ab#¥® stackxng gel and a range of
separat1ng ~gel concentratlons. Several gel sizes were used
during the course of this pro;ect. These 1ncluded (1) a
- homemade apparatus for gels 1 5 mm thick and 6 cm in he1ght,
(2) three apparatuses from on Rad each havxng a gel
thickness of 0. 75 mm but with different heights (5. 5 10,
and 13 cm). After electrophoresxs, gels wvere 'stained with
0.25 % Cooma551e Brlllxant Blue R250. '(Kodak) 1n 50 % |
methanol 10 % acetlc ac1d and desta1ned 1n a. 10 % methanol
10 % acetic ac1d solut1on. Gels were photographed on a l1ght
box (fluorescent) through a yellow f1lter, using Panatomxc X
- film (ASA 32) o IR |
h.Gradxent Gels _ o

Separatlng gels thh a 10 18 %. gradient of “

polyacrylamlde were poured with a- dev1ce conta1n1ng two A
‘~con1ca1 chambers connected through a: stopcock The‘ff
separating gel buffer in one chamber contalned 18 %

':polyacrylamlde and 15 x sucrose. An equal volume of buffer

a

"‘4°",'? Sl R



conta1n1ng 10 % polyacrylam1de was present in the other
chamber. The 18 % buffer was ‘mixed w1th a Buchler vxbrator
‘and the system was draxned from the. chamber contalnlng thls
.buffer w1th a Pharmac1a P1 perxstalt1c pump operatxng at 150
. ml/h.
'Two—dlnensxonal Gel Electrophoresxs
" Non- equ111br1um pH gradzent electrophoresis . (NEPHGE)
uas“carrled out by the methbd_of O'Farrell et al. (1977).
_The NEPHGE‘sblutidn.consisting»of 4% acrylamide, 0.24 % N,
N'-methylene—bis-acrylamide; 9 M urea, 2 % Nonidet P40, 2 %
‘amphol1nes pH 3.5-10 (LKB), w1th 5 ul of ‘” o
N N N' N' Tetramethylethylenedlamlne and 10 ul of ammonium
persulfate (10 %) for each 5 ml, was suctxoned into’ glass :
- \tubes of length 18 cm and 1nternal d1ameter 1.5 mm. T1ssue
(/ samples in 9 M urea ‘were homogenlzed w1th a Sorval |
Omn1-m1xer centr1fuged in a Br1nkman Eppendorf 5412
fcentrxfuge fov 5 m1n, loaded by Ham11ton syr1nge, and
Vrelectrophoresed for 3000 Vh from a posxtlve upper tank
fvelectrode in 0. 01 M. Hj PO, to a negat1ve lower tank electrode‘f
l':ln 0. 02 M NaOH.~The NEPHGE gel was extruded 1nto Laemm11 gel
+ :runnxng buffer and loaded onto 1 5 mm th1ck gels w1th a. RPN
'Separatxng portxon 13 em. in he1ght and 14 % 1n f_ - . *‘3: ”e

.v»m. . T r X .
':,‘polyacrylamxde.. o ,c_.:v; {ﬁ;.‘ﬁ

!




‘SM21, and SM22

Elutlon -of protexns and pept1des from |

SDS polyacrylamlde -gels was carrled out prec1sel§ ‘as
descrzbed by Hunkap111er et al. (1983) >1ncluding the source L
dof chemlcals and the desxgn of the elution apparatus., o
| Protelns and peptldes were separated on 10 18 % gradient

‘gels w1th a th1ckness of 0. 75 mm and a separatlng gel length

s R . .
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’_vGel Elutlon

S

of 10 cm.‘Staxn time was. 2 m1n. The d1a1y51s membrane used
was Spectropore 3 with an Mr cut- ~off of 3000 '
‘ \

[

Determxnatlon of Relatxve Levels of Actxn, Tropomyosxn,

One gram of t1ssue, e1ther bovine artery or chlcken

mercaptoethanol and 0 6 M Trzs HCl pH 6 8 The homogenate

was centr1fuged and- the supernatant loaded 1n a dllut1on

ser1es on SDS polyacrylam1de gels. These 1ncluded 10 18 %

...and 13 % gelsh.13 Cm’ 1n hexght for sM22, and 13 % gels, 5 5
cm 1n he1ght for SM21 After electrophore51s the gels were

B ﬂvsta1ned as above. Gel scann1ng was carr1ed out wzth a Joyce

r:,determ1ned by scannlng a d11ut1on ser1es of these pur1f1ed
: k‘protelns. Each prote1n standard was made up 1n a stock

«solut1on of known concentration (am:no aczd analyszs) przor

'g;to d1lut1on w1th Laemm11 gel loadxng buffer. The dye b1nd1ng

5 9

= Loebl Chromoscan 3 scannlng densxtometer. The relative dye ?g

&

“rlcapac1t1es of the purifxed protexns relat1ve to tropomyoszn f[ft

. g1zzard was . homogenlzed 1n 5 ml of 8 M urea, 2 % SDS 0.2 % |

’ﬂ'blndlng capac1t1es of SMZL, SM22 tropomy051n and actln were :fﬂiﬂfi

EEY

—




'(1 00) were suzz (1 16), actm (o 69) and. SM21 (0 62) These - -
values were taken from the‘portxon of the absorbance vs.

concentrat1on curve that obeyed the Beer Lambert law, as

. vere all the read1ngs from muscle extracts..‘



B C1rcu1ar Dxchroxsm - “1 I i»" S
| . Lo eR P
The c1rcular d1chroxc “(CD) spectrum of a prote1n 8rlses

‘from dafferentxal absorpt1on of left’ and rxght (A and A ) dl

“”Jc1rcularly polarlzed llght.,ThlS d;fferentxal absorpt1on

“also- 1mparts ellxpt1c1ty to plane polarxzed l1ght It has‘t
become convent1on to express CD as ell1pt1c1ty through the L

. equation: = . ‘ \h

6.=k2r303(ALv-‘AR)180/4ﬂ degrees" :_-13 (1)

‘CD arlslng from the pept1de backbone 1s measured prlmarlly
1n the far UV reglon of 190 230 nm. It is useful for. ‘i\

pcomparatlve purposes to convert the result1ng 9 values to

mean res1due ellxpt1c1t1es ([6]) through the equat1on-\"

(8] = éMo/10.2c: . . - w2

‘where Mo = mean res1due welght (calculated from amlno ac1d
fcompos1tlon) 1= the cell path length 1n cm, and c -athe
1:ywprote1n concentratlon 1n g/ml The CD spectrum of prote1ns

int the far-UV depends pr1mar11y on thelr secondary

“ﬁjistructure. In Ft s1mple form the ell1ptic1ty at any one




where X . B; and x represent the pred1cted fract1on of |
each structure and [6 (k)], [6 (k)] and [e (k)] are values 1 f‘Hh
that represent the known 1ntens1ty of each structural ‘ﬁype =

o at a glven wavelength The relatxve intens1t1es are based on.
the CD spectra of f1ve protelns that have had the1r |
structures prev1ously determ1ned by x—ray crystallography
(Chen et al., 1974) For SM21 and SM22 we solved these

p ‘1eguat1ons us1ng 3 wavelengths, 215 220, and 225 nm.v

hf Provencher and'Glockner (1981) have developed a bas1s

o spectrum from 16 prote1ns of known‘structure,land 1ncluded
B turn as a fourth structural entlty. We have' used th1s
ba51s spectrum 1n conjunct1on w1th the Coq§1n vers1on I di‘h j‘;rfh

‘ computer program to further analyse the structural content |

) of SM21 and SM22 The 1nput to the program was the mean {‘j;
re51due elI1pt1c1t1es at 1 nm 1ntervals from 190 230 nm. bvl'

The near-UV CD spectrum of most protelns der1ves malnly‘f

=

from the aromat1c resxdues, tryptophan, tyr051ne and b'v”jiu“‘siﬁ

phenylalanlne. They possess a low level of CD whxle free in
solut1on whxch can be greatly enhanced 1n the presence of

'fj nearby asymmetr1c structure or by 1nteract1on w1th other i.

Y.

aromat1c7res1dues (Str1ckland 1974) It 1s the convent1on of

S I
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"\H‘\left and rxght c1rcular1y polarxzed l1ght and N xs the

‘wnumber of am1no ac1ds 1n the protexn..Equatlon (4) can be !
Jder1ved from equatlons (1) (2) and the Beer Lambert law
(Cantor and Schzmmel 1980) One of the reasons for th1s
Iconvers1on 1s that aromatlc re51dues only represent a -
’fractlon of the total re51dues in orote1ns. |

The ‘near- UV CD absorptlon bands are ass1gned accord1ng

*;to the1r relatlon to specxflc - ﬂ* electronlc trans1t1ons of

-
o

benzene..(eg, ‘L ). Both the ground and exc1ted state can“uf'v

wexlst 1n a varlety of v1brat1onal states whlch are assxgned

‘ erfnumbers accord1ng to energy level (eg, 0-0. 1nd1cates that

’both the 3 and x¥ states have 0 v1brat10nal energy

‘,(Str1ckland 1974)

CD spectra of SM21 and SM22 vere determ1ned on a Jasco

‘g,J500c spectropolarlmeter. The mach1ne was callbrated w1th

/

a;aqueous solutions of (1) (d) 10 camphor sulphonlc ac1d and -

L (2),pantoyl lactonem



Q'C Hydrodynamxcs

| We have used hydrodynamxcs to determlne the molecular }*t
| wexght, shape and subun1t compos1t1on of SM21‘and SM22.,UL{‘ﬂf

";‘Ultraientrzfuoal analyses‘ ,dl:a?' "dw'd f_”5“P 3iipfvpf;uw

;tf'ﬁ' Ultracentr1fuga1 studxes were‘nérformedlatf20°C;ln afnh*
ﬂuBeckman sznco Model B analytlcal ultracentr1fuge equzpped
w1th an RITC temperature control un1t and electronlc speed
control Optlcal allgnment and focuss1ng were carrled out
accord1ng to manufacturer s 1nstruct10ns. Photographxc'

}A'plates were analysed on a N1kon Model 6C m1crocomparator.‘

Sed1mentat1on Veloc1ty

f Sedlmentatlon coeff1c1ents were measured at 60 000

“Vrpm*from schlleren photographs taken through a quartz

oW

‘%g]th1ndow at. constant t1me 1ntervals..Kel F 2° centerpxeces

, H(12 mm). were used. Prote1n concentratlons were ;

’ Ldetermlned by am1no ac1d analys1s. The sed1mentation

‘ufcoeff1c1ents were calculated by the maxlmum ord1nate ‘

.f{_method from the schl1eren photographs and corrected to '

Jﬂﬂrthe standard condxtlonsuof water at 20 C (520 w’

?Vﬁaccordxng to 8vedberg a_d*Pederson (1940) The s 20 w:x**-

W
o

,q}7wa55determ1ned bY extrapolat1n9 values °f s20 W to

1nf1n1te prote1n-d11utzon. "
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' iizef.‘ |

‘technlques (Rlchards et al , 1968) Double sector

charcoal fxlled,Epon centerpxeces (12 mm) were employed -

)

' Measurements were. made usxng e1ther Rayle1gh ‘“«“

I

1nterference OpthS, or for concentrat1ons < 1 mg/ml uv

‘absorbance.‘Proteln samples were dxalysed at 1east 48 h‘f
.at 4°C to ensure complete equ111brat1on. In1t1al protexn“
fconcentratzons of these samples were determ1ned 1n

‘dupllcate u51ng synthet1c boundary runs (R1chards z

et al., 1968) Equ1l1br1um experxments were then

. performed w1th 0 1 ml of prote1n solutlon, u51ng rotor

‘ﬁd1stance (r) us1ng the pos1tlon of the counterbalance‘7w
:refeience hole (r # 7 28 cm) and the camera

'magnﬁflcat1on factor.‘The apparent wezght average |

'lconcentratlon (c) as a functzon of r accordxng to.‘ Lo

;speeds chosen from graphzcal data (Chervenka, 1969)

’M Equ111br1um photographs were measured manually at a )

magn1f;cat1on of 50x. Several vertlcal read1ngs of

frlnge dxsplacement (y) were taken at equally spaced

; horlzontal po1nts (x) that were no more than 100 um
. apart. About 20 data po1nts were collected The}}w'

f'hor1zontal x- read1ngs were converted to values of radlal

m!’

7,,

ém&ﬁ‘cular welght (M ) was calculated from the proteln

RN . R
L . .

[2RT/(1~vp)w ] [dlnc(r)/dr ] h prg)ViVJR”fh

versal gas constant WT 1s the

~‘.;;1s thefpartxal spec t Lfﬁ



"Analytzcal Gel Chronatography

[y

uln‘

- ivolume of the prote1n determ1ned ﬁrom amzno acxd
"gcompos;tion accord1ng to Cohh and Edsall (1943) pfis ~f:3§

,‘,the solvent density and w is the angular veloc1ty.n

‘T.”“‘j 73 The Stokes radiz of SM21 and SM22 were calculated

jﬁ‘yvfrom the equat1on. L Hf* \'“? _u T v‘“
"Ry seq ="My (17Vp)/6N 7 0o as'ﬁohf,” st

1
where ‘7o is the solvent viscosity in poisei. . |

‘ Analytzcal gel fxltrat1on exper1ments were carrzed out
on a 7. 5 mm x 600 mm TSK G3000 SW h1gh performance l1qu1d |
chromatograph1c column. The column was run at 0.5 ml/min

w1th a Spectra-Physxcs SP 8750 pump and the effluent

,i monltored at 230 and 280 nm w1th a’ M1crometr1cs 788 dual

\

wavelength varlable detector. Samples (1 2 mg/ml) were

~.

..\-

loaped in. 20 h& The vo1d volume (Vo) was determzned w1th( »f?x

feglztxn and tds total volume (V ) wlth mercaptoethanol Thé'.ﬂ

part1t1on coeff1t1ent (o)"yas calculated from the elut1on




’TiStokes rad11 were used as standards- B galact031dase,.69 A
Catalase 52 A lactate dehydrogenase, 41 R ; hemoglob1n
24 & ; myoglob1n, 19. 8 R -‘cytochrome < 17,2 A (complled

( from Byers and Kay (1982) and Selgel and Monty (1966)

_we © T
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. Axial Ratio ,

In order to get some concépt of the‘shapé of SM21 and
SM22, we determined the frictional ratio (f/fmin), or the

‘ratib.of the observed frictional coefficient to that of an

idealized spherical particle of identical M

= R /R, = Rs/[3 M, V/4 ﬂ.N]1/? , (8)

o

f/fmin

\

where R is the Stokes radlus “"“krmined from either

sedlmentatxon or gel f11trat1oh- r an average of the two,

~and W is ‘the Stokes radxus of the equivalent unhydrated
sphere. Prote1n5‘are normally hydratedk If the aegree of
hydration is known, or' can be est1mated the. contributlon due
to asymmetry alone. can. be evaluated (Oncley, 1941) by..

LY

£/80 = (8/85)/11 + (w5013 ERCY

where w is

‘gram of protein

hydration exppe&sed in grams of water per

" Amino acid composition was used for the

] Estimatioﬁ of v Kuntz afid Kauzmaﬁh, 1974) . When f/fo.is

known the axial ratio of a protexn can. be est1mated from the

| tables of Schachman (1959). S1nce we have not carraed out
: <

-

: Y
%the approprlate vxscos1ty measurements we can not

2  'd1st1ngu1sh between a prolate ‘or an oblate elllpse. The

/ P

3 -
*w,axxal ratzos in th1s the31s are given arbxtrarxly as those
( : -

. of'a prolate’ellipse. R

*

s
+
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"

D. Aﬁino Acid Analyses : - )
For ‘amino acid énalfsis, a. fired test tube containiﬁg
tﬁe proéein sample in constant boiling HCl with 0.1 % phenol
was e;aéuated; sealed and incubated at 110°C for 24 h, The
hydrolysate was dried over NaOH pellﬁ;s ?n a vacuum
desiccator and analysed on either a D;rram'model D-500 or
Dionex model D-502 amino acid analyser.'Hélf—cystiné was
determined as cysteic acid after oxidationlin performié acid
as describéd by Moore (1963), aﬁd as carboxymeth l'pyéteine
folloﬁing treatment with iodoacé;ic acid (Crestfiéid'ét al.;
1963). The carboxymethylation was scaled‘down’in order to
treat samples smaller.than 5 mg. The cysteic acid color
A faétbr was‘determined from a standérd (Pierce) whileéthe,
“célor factor for aspartié acid‘wés used for carboxyhethyl
cysteine. Tryétophan was determined aft?r.hydrolysis in
methane sulphonic acid (Simpsoﬁ et al.,(1976). The pH Qf
hydrdlysates prepared by this method was- adjusted to = 2.2
with 5 M Naoh prior to analysis. Thé color factor of L
ttyptbﬁhah_was detefmined from a standard"(Pierce). Proteins
"of known trthbphan content (actin and.t;bponin T) vere also
ahalysed'invorder to ensure that the'techniqugs,yere working

'properlyu
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‘ E.'Proteins

Rabbit'skeletéfff?oponin, troponin, I, troponin T, T2
fragment of tropbhiﬁ‘T (fesidués 159 to 259) troponin”c~v
myos1n and‘actxn vere kxndly provided by the L.B. Sm1111e‘
laboratory. Calmodulxn was pur1f1ed accordlng to Walsh
(¢978),vand was also supplied by K. Golosinska, accordxng,to
Gopalakrishna énd Anderson (1982). Chicken gitzard |
tropomyosin was pur1f1ed accordlng to Smillie (1982)
Nucleic acids were removed from tropomy051n preparatlons by
chromatography on DEAE—celluloseA(Wﬁﬁtman 52) at pH 7.6

(Woods, 1969).




&

I11. The Tropomyosxn Binding Proteins of Smooth

Muscle Purification of SM21 Under Denaturing Conditions

¢ ‘
Tropomyosin is a two stranded coiled coil. It belongs

A. Introduction
' to the group of a-fibrous broteins which includes keratin,’
myosin, -epidermin and fibrinogen (reviewed,in,Smillie,
1979). 'Proteins in this group are noted for their high
degree of asymmetry. This asymmetry results from
stabilization of a linear a- helical structure by 1nterchain
hydrophobic and ionic, 1nteractions.; . ' |
. Two types of tropomyosin polypeptide chain aée present
in mammalian cross striated muscle. Thesevare designated a
" and B‘hasea on their mobility on SDS-PAGE,(Cummins and'
- JPerry, 1973) Amino acid sequencing has indicated that each
;muscle tropomyOSin polypeptide chain conSists of 284 aminovf
ac1ds (Mak et al., 1980). The sequence conszsts of a series |
- of equ1va1ent but not identical b residue repeats,,that |
provide the structural basxs for the 1ntercha1n coxled coil
‘structure (McLachlan ‘and Stewart, 1975) Analyses of the '
tropomy051n sequence (McLachlan and Stewact, 1975),

.supported by phy51cal and chem1ca1 data, indicate that 1ts 3
a-helical chains are parallel and 1n register, and that
“overlap between tropomy051n molecules occurs in a head to
vtail manner. with an = 9 re51due overlap. A further o

‘qua51—equiva1ent repeat consxsting of. 14 regions, each 19 66

‘amino acids in length can be interpreted as correlating with

54 -
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‘act1n b1nding sites (7 strong homostrand and 7 weak E N
vheterostrand) (McLachlan and SteWart, 1976) |
.‘ Tropomy081n b1nds to act1n 1n a cooperat1ve manner
kwegner,51979). This b1nd1ng along w;th—head to tail |
‘,polYmerizatlon’(meaaured:by vlscoaiti),canvhe greatlyf.
‘,reduced by removal of 11 res1dues ‘from fhe COOH- termlnus
‘-(Mak and Smlllxe 1981) 1nd1cat1ng the 1mportance of the

head to ta11 overlap region. Bes1des s 1f assembly and

bxnd1ng to actln ropomyos1n also bihds troponzn in a 1:1

roponln holds tropomy051n 1n
N

ratio. In the ‘Bsence )

a pos:txon the th1n fxlament that’ has a/negatlve effect
©oon, actomyosm A‘I'Pase act1v1w Add1t1on of Caz" alters the ‘
troponln tr pomyoszn 1nteract10n so as to move tropomy051n

1nto a pos1 1on more favorable to actomyos1n ATPase act1v1ty

" (Phillips ét al., 1986) This shift in the pos1t10n of U~
"t;opomyosl 1s the fzrst movement detectable by time
| l -ray dszractlon durlng skeletal muscle
t al., 1986). L

inds to tropomyos1n at two s1tes (see Fig. .

?resolvéd
'Jact1vat1on (Kress
| Tropon1n
2) One- sxte lnvolves the elongated NH, termlnus of troponlnnh
P b1nd1ng to the head to ta1l overlap reg1on of tropomyosxn
| ‘:%inevzewid‘by Mak and-Sm;llee~*f981) For a d1fferent p01nt
;;?dw,;;’fﬂof‘vxew see\Ohtsukz et al. (1986) Thls sate TS‘TEIEfTVEly
. w.‘~.jh 3nsens;t1ve to Caz+ and is. bel1eved to anchor tropon1n to
“:}fthe thxn f;lament The second s1te 1nvolves the b1nd1ng of
,fetroponin I and the COOH—term1nus of tropon1n T to fo'V"'

{;tropomyosxn at - 1/3 the dzstance from‘1ts COOH term1nus 1n




n:fiam1no ac1ds.AThe heptapept1de repeat is largely conServed

: fundamental 51m11ar1t1es w1th the1r rabb1t skeletal muscle

‘;(Sanders and Sm1111e, 1985) ' ﬂhfjip"fﬁ

. ———----——"————————— I3 ‘

,,-»'I have named g1zzard smooth muscle tropomyosxn accord:ng to
- the: skeletal muscle forms that are alternat:vely ep}1ced
-~ from the same. gene’ (ie. «a gene .for a skeletal: and a” smooth)
. Due ‘to:the ‘anomalous . behaV1or of. tropomyos1n on :SDS-PAGE
.‘;several names. exist in the 11terature. The « form has: been
;,called T (Sanders and Sm1111e, 1985) and B (HeIYman et al.,

56

the regicn of cysteine 190‘(reviewed‘in”Pearlstone and

.Smxllxe, 1983) B1nd1ng at this site is hlghly Ca2+

~

“sen51t1ve and is be11eved to be involved 1n the regulatxon

of the actomyos1n ATPase. To obtaxn Ca2+ regulatxon under

physxolog1ca1 cond1t1ons all of the tropon1n subunxts and

tropomyosxn must be present (rev1ewed in Leavis and Gergely,v

1984). AN

In smooth muscle, 'actin, myosin and tropbmyosin are

’ present in abundance. Tropon1n, however has not been found.

Smooth muscle actomyos1n ATPase act1v1ty is controlled‘

pr1mar1ly by MLCK. What then is the role of. tropomyos1n in.

‘smooth ‘nuscle 7. | o R : - '—-—'.,"_

Analys1s of smooth muscle by X- ray d1ffract1on -

v,1nd1cates that tropomyos1n is present on the thin f1lament
“(V1bert 1972). Sequence stud;es of both chxcken gizzard

smooth muscle tropomyos1ns (a and B)" eveal some -

\

'counterparts (Helfman et al.,,1984 : Sanders and Smlllle,

e 1985) The cha1n 1ength of both smooth muscle forms is 284 vff

\jzndxtatlng s1m11ar 1nter5ubun1t 1nteract1ons and the

iquasx equ1valent act1n b1nd1ng 51tes are “also present ”fh{vfﬁ?{fﬁ

P

.




Three s1gn1£icant alterat1ons occur in thelsequence of .

}.osmooth muscle tropomyos1n relat1ve to 1ts skeletal muscle
,ecounterpatt (F1g 3) The COOH term1nal re51dues from
258-284 are greatly'altered in both a and B cha1ns. Thxs is

the regxon that b1nds the NHz—termxnal port1on of tropon1n T

, in skeletal muscle and . contr1butes to head to tail |

‘ polymer1zat1on. Sanders and Sm1111e (1984) have shown that

;smooth muscle tropomyos1n has greater v1sc051ty and thus

o gteater head- to—ta1l 1nteract1on than 1ts skeletal

- counterpart. It 1s also known that under phys1ologlcal

L cond1t1ons, skeletal muscle tropomyosxn can only potent1ate‘*

-

.actomy051n ATPase act1v1ty 1n the presence of tropon1n and

| "ICa2+ nhereas the smooth muscle form does not requ:re
ﬂ‘tropon1n. The v1scos1ty of skeletal tropomyosxn is: 1ncreased
'x*1n the presence of the NHg-term1nal port1on of tropon1n T
(Jackson et al.,‘(1975) S1nce smooth muscle tropomyo51n

Z

does not b1nd thzs port1on of tropon1n T (Pearlstone and

szllle, 1982), 1t’is tempt1ng to con51der that 1ts altered‘: f:ﬁﬁ”ﬁﬁ

COOH-termxnus 19 a compenSat1ng factor wh1ch allows 1t to

LA

potentiate actomyosin ATPase act1v1ty 1n the absence of

li, trOpon1n.,However1 platelet tropomyosxn wh1ch polYmer1zes i*”‘ﬁh"

poorly and 1nh1bxts actomy051n ATPase act1v1ty (Cote and

—Smxllze, 1982) has the smooth muscle-type COOH-term:nus
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FIG. 3 Schematxc compar:son o£ var1ous tropomyosxn

,i;amino acid sequences. Clear areas represent regions of .
"~ strong- homology between, all seqpences..Hatched areas

" represent. regions with distinctly different ‘sequences !:»Jf.ffﬂff”?

ﬁV*compared to rabbit . skeletal a-tropomyosxn. In the. case of

'platelet tropomyos1n, 42 -amino. acxds are. deleted from the E

: ,*@an-termlnal side of residue’ 80. but’ thq precise’ locatxon of .
= the: ‘deletion is- uncerta:n. sze addxt;onal resxdues are: also

“ffﬁypresent at .the NHz-term1nus -i.A.schematic of troponzn is"
-“-also shown at ‘the’ top: of the flgute, over ‘the portzon of

ﬂ'.VQ:ac1d ‘sequences.. can’be found in"Sanders. and Smillie" 1985,

,ufiﬁythh ‘the:‘exception of rat -uterus a-tropomyosin which is- £fom
. jﬁRu1z Opazo et-dl.,. 1985 Abbrevzat1on5vare TN

“"Hfjxﬁlndly prov1ded,byi

"‘tropomyos1n w1th which’ it is: thcught to: 1nteract The : am;n”

., stroponin:l .
e TN-C, tropon1n-C .T1 and T2, amino acids ' 1 .to 158 and. 1§9

'ggto 259 6f troponin- T tespect1ve1y.4[Adapted ftom' ‘figure
L.B. Sm;ne] :




e se
Ca H‘ A second alteratxon 1n am1no ac1d sequence occurs’1n
| : the B isoform of smooth muscle tropomyosxn between reS1dues
d‘189 and 213 The 1ntroduct1on of 3 ac1d1c re51dues at 201
"‘211 and 213 corrects an anomaly present 1n the quasz—"”'
‘equ1va1ent actxn b1nd1ng repeat wh1ch had been attr1buted to
"EVthe 1mpos1txon of structural requzrements for tropon1n T # \
b1ndlng. However, Pearlstone and Sm1111e (1982) have |
'”*#;‘a‘dm demonstrated that gxzzard tropomyos1n can bxnd the
‘. COOH-term1nal portlon of tropon1n T and tropon1n can
?funct1on w1th th1s tropomyoszn (Dabrowska et al.n,1980) The('
.:th1rd major alterat1on occurs 1n the sequence of amxno acxdsp;
'”1j‘48 to 80 1n ‘the a charn Some of the changes xn thls reglon
xhlead to a theoretlcal destab1lxzat;on of. 1ntercha1n bonds
v'nwhxch could lead to local unfold1ng. Presently, no protelns
':are known that b1nd to th1s reglon of tropomyos1n.-ﬂ :
k Recent sequencxng of cDNAs and genom1c DNAs codxng for
"‘tropomyoS1n has led to the realzzatlon that the'd1fferences ‘
”tsﬁ‘between smooth and skeletal tropomyos1ns result largely fromff

‘;{m:alternatlve.sp11c1ng of spec1fic exons 0Helfman et al.; 1986“1

Rulz?Opazo et al., 1985) Thls




"..prote1ns. These were (1) copur1f1cat1on, (2) affxnxty

. aorta.‘The second method gave negat1ve results, wh1le the
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We ' used 3 methods for 1dent1fy1ng tropomyosxn b1ndxng
chromatography and (3) b1nd1ng of 125I tropomyosxn to g; ~”;~.‘h4l
protelns that had been electrophoret1cally separated on‘

" ‘ j

'denatur1ng gels (often referred to as a gel overlay) W1th

A.the f1rst method we 1solated a. 21 kDa protexn from bov1ne

:thlrd method 1nd1cated the presence of several tropomyosxn
‘b1nd1ng prote1ns and formed the ba51s of a large part.of the
."present work. - | | ﬂ‘ L | v
| The gel overlay procedure used 1n thls study was
| _developed by Carlzn et al (1980) 1n order to 1dent1fy : .f{l\¥;;
| dcalmodulln b1nd1ng protelns 1n bra1n. The general method has o
T-f,also been usédlf6/?dent1fy prote1ns that b1nd to’actln |

~~(Snabes et al.; 1981) and v1ncu11n (Otto, 1983) Us1ng the

hfy_gel overlay as an assay ve’ have purxﬁ1ed a 21kDa trqpomyosin"f”"

[

3

wy;blnd1ng proteln from ch1cken g1zzard smooth muscle under

o . . . P r“

j‘)denaturlng (BM urea) cond1t1ons.‘ ;g-h[vly‘,',alfffgﬁfd {jui ,
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B. natekials and Methedsp

'Radxoxodxnatxon of zezard Trop0myos:n ' =ft* - "‘","f

|

Ch1cken g1zzard tropomyos1n was labeled thh 1251 using -
“flactoperoxxdaee.,The techn1que was mod1£1ed from Eaton
et al (1975) 1n order to 1ncrease the relat1ve amount of
‘h1251 1ncorporated per mg o% tropomyos1n. The 1abe11ng
esoLut1on (1 5 ml) conta1ned 1 5 mg ‘of chlqken g1zzard tropo—
l‘{_myos1n, 30 ug of lactoperox1dase (S1gma) 3 m01 of 1251
o, 15 M KC1 and 0.05 M sodxum phosphate (pH 7. 0) The

i

reactlon was 1n1tiated by addzt1on of 7 ul of 0 06% H202.

;‘Th1s add1t1on was. repeated 3 tlmes at 10 m1nute 1nterva15‘,;*

'and the reactlon was term1nated by add1t1on of 30 Bl of

l"‘\‘/":50 mM DTT and- 10 ul of 0 05 M KI. The result1ng 1251 tropo—-
‘ﬁpfmyos1n was d1a1yzed aga1nst 3 one’ 11tre changes of 0. 15 M

1{fiKCl 0. 05 M sodxum phosphate, 1 mM dzthxothreltol (pH 7 0),‘

fofor 8 hr each The level of 1ncorporat1on of 1251 1nto

Thhﬁtfopomy031n ranged from 0 5 to 1 0 mC1/mg ff'ﬁj;ffﬁ‘l‘,fhgﬁﬁ'




'Kcl, 0. 05 M 1m1dazole, 1 mM DTT (pH 7 0)'for 6 h: w1th 4

.

fS1gma) They were then 1ncubated 1n 5 to 15 m; of buffer A

‘V.1n 10% acetlc acxd TO% methanol for 30 m1n,,sta1ned thh “‘f'

0. 25% Coomass1e Br1111ant Blue R- 250 (Kodak) 1n 50% f jj f': RIS

,contalnxng 25~ 50 ug of 1251 tropomyos1n. Neft the gels were f

s Ly e e

i i . "

Vo I . ' .
;“ Cot \,\,, !

_ changes. The gels were further washed fon 2 h thh buffer A

. A

contalnzng 1 mg/ml of bow1ne serum album1n (fractaon V "5,;‘

o

- washed in buffer A for 24 h 6 changes. They were then flxedf'

‘methanol 10% acet1c aqxd for 10 m1n, destalned and drled '; ¢Lg

='ont:o Blo Rad falter paper backxng; The gels~were exposed\for‘ -

Cq2- 24 h on Kodak XAR 5 x—ray f1lmhat —ZQ 'C. usxng a Dupontvl

i:were coA%ucted WIth ry protocol s1m11ar té shee—used for
31251 tropomyosxn.-Scann1ng of gels and autoradiographs was

‘carrled out on a Joyce Loebl Chromoskan 3 scannxng densxto— .m\

‘.

‘ﬁh

Cronex enhanc1ng screen ‘1251 calmodulzn bzndang experxments\i‘

A

\'\

. °. o r_o.‘. . . . 4. | “.‘-‘v“ . : ’ o
. RN PER A
%WPur1f1catlon of SM21 enaturxng Mexhod ~q$;,,; z;‘v'h.‘ Sl AT
XS : b “ - n - N E ’ "
All pur1f4cat1on procedures were carrled‘ouf at 4‘C S
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was then dzalyzed for 2 X 10 h aga1nst 2 X 25 l of doublerhhfn‘:d‘
dlstzlled H. 0 conta1n1ng\0 02% mercaptoethanol /The  f‘mc7‘u  v y,:;
dzalysate was then centrlfuged at 16 000‘g fo: 30 mln.’The L
prec1p1tate was resuspended 1n 2 1 of buffer conta1n1ng "”

| 0. 2 M KCl 0. 05 M 1m1da201e pH 7 0 1 mM\DTT and Stlrred ‘m;‘xﬁjya
for ER h The :uspen51on was centr1£uged at 16 000 g for "" o
30 mln. The resultxng supérnatant was fractxonated between

./‘ A y

25 and 60% saturated (NH4)2804. The 60% (NH4)2SO

1

AT

preczpltate was dlalyzed aga1nst dlstzlled H O conta1n1ng
0 02% mercaptoethanol and lyoph111zed. Two g of thzs .w'} )
'. lyoph1llzed powder were. thenvd1ssolved 1n‘)00 ml of buffer‘ftaﬂllwcng
f contaxnzng 8 M urea,'50 mM Tris, pH ‘8. 0, 1. mM DTT at 22 C 'g:,ag,%gf
The resu1t1ng solut1on was centr1fuged at 27 000 g.for ‘,w . ;;iqu;
20 m1n and the supernatant was loaded on a 5 X 30 cm column SRR
| of DEAE cellulose (Whatman DE22) prev1ously eQU111brated in ’f‘i”lﬁl“F
the same buffer. The column flow rate was 70 ml/h. The flow

Vi

thtough fract1on from thxs column was dzalyzed aga1nst

d1st111ed H 0 and lyophzlzzed. Th1s materlal was then

ftact1onated on a column»of CM-cellulose (Whatman CM32) as B

descrxbed 1n Fig.\_."

\'.:‘- e




'C. Results
_ ‘*made an acetone powder from 500 g of mxnced bovxne aorta dldj‘f‘§"
'°A;.,ﬂaccord1ng to Sm1111e (1982) The powder (90 g) was exuracted

'”HCl ana the re5u1t1ng prec1p1tate was eo!lected by

x‘ivprev1ously been equzLAbnated wlth the same'buffer. The bahds

”7&3com1grat1ng w1th tggpon1n T and I were present 1n the DEAE

»" were obtalned each conta1n1ng one of Ehe-3‘pro§e1ns that

‘/\‘ .

com1grate w1th troponln T or I (qu’ 4 A, lanes b c, d f

‘(Table I) Its am;no‘ac1dfcompos1t1on 1nd1cated_

o g b s T
Purxfxcatxon o£ SM21 from Bovxne Aorta ]“p_. @;"\VL‘QVQVYf
Both tropomyosxn and tropdhxn can be obtalned from a

h1gh salt extract of a skeletal muscle acetone powder._We

- 'e

-‘overnLght (4°C) thh 1 1 of 0.6 M L1Cl 50 mM Trls HCl pH W h”k

7l7 5 1 mM DTT 'The pH of the extract was lowered to 4 6 wzth

_‘

AR
centrzfugat;on and freeze dr1ed It conta1ned tropomyosxn,xhlrnﬁr?
‘actln, bands wlth mob;llty'%lmllar to troponlnwl and/ | . .
‘;tropon1n T, and several bands of h1gher Mr (F1g. 4. A, lane f,:”¢ ;
J.l) The pﬁ 4. 6 prec1p1tate was d;ssolved 10 a solgt1on’ L
':contalnlng 8 M- urea, 1 mM DTT 50 mM Tr1s ﬁg'; 5. and loaded

on a. column ‘'of DEAEégephadeﬁ (Pharmac1a AfB) thch had f;ﬁ:hg r‘f;,

4
l

'5zflow through @ﬁng 4 A,jlanes k and m) A band thh mob1l1ty~ﬂ” hE
\ "fﬁlisl1ghtly qreater than troponln(T‘cohld now also bé";;u.' ‘g’

h-J) The latter prote1n (aorta SLQ{) pooled from fract1ons

/

115—125, was further characterlzed by amlno ac1d“analysls
. , S
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FPG. 4 Purzfzcation of Aorfa SMZl (A) A

: SDS-polyacrylamxde gel using the buffer system.of weber and - iy
Osborn (1969) and 1nclud1ng 6'M urea .in’both gel and buffer. R

" The gel was 8 % in ﬁcrylamxde, ‘6 ¢cm in. he1ght and 1.5 fin’ o -i},
thick. Lanes are (a and g) rabbit skeletal troponin ; (b ‘and Y
¢) fraction 82 +°10 and 30 @l ; (d to f) fraction 96- z-lo, . \l

30 and 20 pl ;" (h to.j) fraction 120 : 10, 30 and 20-wl ; (k ¢
‘and m) DEAE’flog,ghrough '(1) pH 4.6 precsztate. (B) The L o
;chromatographic‘profxte represents the loading:-of 0.08.g.-of

.- lyophilized DEAE flow.through in.-25 ml of buffer (8.M urea,
-1 'mM DIT, 50 mM~ -sodium: acetate,: pH=4 7). on a column (2.5 x

7T 22 cm) ot CM-cellulose (CM-32) pteviously equilibrated with .

- +the same buffer. The column.wag ;then developed,with 400 ml: .
_ of the'same buffer, fqllowed by’ a,l 1 linear NaCl; gradzent f; AR
g'(o to 0. 25 M). Flow tate, 35 ml/h £ractxon szze, 7ml., . v

‘\. ! RN I . o o
.. . ’-,«, L "- .o ~q» ) -“( s L. e oL \

. P e L

j_,ta"v;
)



[y

TABLE 1

)

Amino acid composition of SM21 (mole/mole)

The composition of SM21 is based on an integral number of alanines in order
. to approach an apparent M, of 21,000, Samples of SM21 were hydrolyzed for 24,
48 and 72 h. Values for serine and threonine were extrapolated to 0 time.
, valine and isoleucine were taken from the average of 48 and 72 h hydrolysates

Rahbit skeletal

., Chicken gizzard 8 Dovine sorta - muscle !
Residue SM21D3 SM2INP Cosm21 SRLIE TaT
Asx- . 11 11 12 15 20
Thr 7.2 7.6 8.9 3 6
. Ser 14 14 - 14 10 9
P Glx .18 18 a 33 ~.57 Y
Pro 6.8 7.4 8.1 5 n
Gly 33 33 27 8 ‘
Ala 16 16 15 14 26
val - 9.6 9.5 11 7 11
Met 3.1 3.4 - .07 9 5
Ile 5.1 5.1 5.0 5 '8
- Leu 8.2 1.9, 9.7 17 19
~Tyr . 9.6 ' 10.4 . . ¢+ 8.0 . 2 4
" Phe 6.5 6.9 7.2 3 5
His 5.1 5.4 7.3, 4 6
“Lys .23 24 21 24 39
Arg . 5.0 5.2 7.2 15 . 25 ‘
Trp 1.8 2,0 - n.d.9 1 2 .
' HMalf-Cys  146.f 1at n.d.9 3 0
. © Total ' 199 201 202" 178 259 )
' L . o .
Mr - .21,000 -7 21,200 21,400 20,700 30,522
- ‘ 2 sM21 purified under denaturing conditions. . N
‘ ) . b SMZl purified under non-denaturing conditions. - - . S
Composition}of troponin 1 from its sequence (Wilkinson and Grand 1978) SR
d Compositiun of troponin T from its ;equence (Pearl’étone et al.. 1977) . S
€ Determined after perform'lc acid oxidation as cysteic-acid (Moore, 1963). L
) f Determined after carboxymethylation (Crestffeld et al.. 1963) as c?rboxy-' - '. o
ot methyl cysteine. ' L e
o . . S . o
S 9 n.d. - not’ determined. R LA ¢!
Coe " The total nuomber of residues given for aorta. sM21 assunes ‘nd: changes in ‘ e
“y K Half- Cys or Trp content compared to gizzard SM21 L ‘ Ty, o
-~ . R . . , ' . Iy ! ES ' ‘ ’, -
. N ) . \ ; |
< " ‘ s




67

‘that it was basic, in agreement with its interaction with
ion exchange resxns. Other notable features were a hlgh
glyc1ne content and a qualitatively high half- cystxne
content. After further purification by gel elution, the
NH,-terminal amino acid sequencerof aorta SM21 was

‘ determ1ned by automated sequence analys1s (Fig. 5). When
SM21 was dialysed from a solut1on of 8 M urea to a solution
containing 0.1 M KCl, 10 mM Tris, pH 7.0, 1 mM DTT it
‘precipitated,,leauing.only trace amounts ot protein in

. golution. Efforts to keep this protein in solution by adding

' tropomyosin or calmodulin were unsuccessful.

125I-Tropomyosm Gel Overlay ' . ‘ .
In order to locate tropomyos1n b1nd1ng'prote1ns in

smooth and skeletal muscle, we electgophoresed muscle

extracts on SDS polyacrylam1de gels and then’ probed the gels'

‘with- 1251 tropomy051n from g1zzard smooth muscle. In chicken.

-breast skeletal muscle we were able td.1dent1£y three»tropo-

myoszn b1nd1ng prote1ns that congrate on gels w1th myos1n

' heavy chain, troponln-T and tropon1n I (F1g 6 A to 6 C, lane"

a) Bindxng to myosxn heavy cha1n occurred only when rt was

present in large amounts as 1s 1llustrated by the barely . ? pj;f

e I TS

detectable reao%1on 1n the skeletal muscle standard when

compared to whole skeletal muscle (Flg. 6 A to 6 C 1anes a

(

}} and b)' ‘251 tropomy051n was also shown to bznd to pur1f1ed ,3_’"

(mg. 6 A to 6.C,

,,,,,,,
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1 2 3 4 sfe 7 8 9 lo 11

SM21 D NH,—PrOrAsn—Trp—Gly—G1y>G1y—Lys¥Lys-————Gly-Va14

&

SM21 N NH2—Pro—Asn—Trprly-Gly-Gly—Lys—Lys-CyéfGly-Val—

SM21 A NHz—Pro—Asn—Trp-Gly—Gl&—Gly—Lys-Lyé———J—Gly-Val-

12 13 14 15 16 17 18 19 20 21 22

SM21 D —==Gln-Lys-Ala-Val-Tyr-Phe-Ala-Glu-Glu-val-
SM21 N Cys-Gln-Lys-Ala-Val-Tyr-Phe-Ala-Glu-Glu-vVal- '
SM21 A ———fGln—GLn—Thr7Val—Tyr-Phé—AlafGlu

23 24 25 26 27.28 29 30 31 32

. « . , .
, SM21 D Gln-—=Glu-Gly-——-——~Phe-His-Lys-—
, ) . ‘ :
SM21 N Gln———-—Glu—Gly—Sér—Ser-Phe-His-Lys-Sér '

.4 ’

\
. | \
FIG. 5. Nﬂg-termxnal amino acid sequence of SM21, After
purification under denaturing conditions (SM21 D) SM21 (50 .
"nmol) was sequenced on-a Beckman model. 890 B: Sequencer ‘
-extens1vely ‘modified as described: (Wxttmann-Llebold et al.,
.- 1976 ; Wittmann-Liebold, T980 and Hunkapxller and Hood,
+*1978) . The repetitive yield was 92.6%%. For SM21 D, . -
.. phenylthiohydantoin. derivatives af Ser or Cys or their
degradation products were observed. at cycles'9, 12, 24, 27,
28 and 32 but no decision: could be made between them. Two . _
further samples were sequenced for confirmation, SM21 N’ (750 ;tyvg
" pmol of protein purified under, non-denaturing. condxtxons) )
- was carboxymethylated (Crestfield et al., 1963) and
sequenced on-an Applied onsystems 470 A Gas Phase Sequencer \\
_'according ‘to.Hewick et al. (1982). The repetitive yield vas
' 88.8 %.. Two. further samples were analysed for confzrmatzonqek,n
. Residue 24 could not be clearly identified. SM21-A (10 .nmol. '
" of aorta SM21) was 'sequenced in the same. manner as. SM21“D. .
;';The repet1t1ve y1e1d was 90 0 %.,‘ 4 L

‘

. R ‘ : i
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FIG; 6. BindinQVOE 125‘I—tr'c)pocnuyosin to muscle extracts"”
and standards on SDS—polyacryiamxde gels. The" method’of |

b1nd1ng is ngen in Materials and Methods w1th approxxmately

: 75 ug of protexn being loaded in lanes a, c, d, e and g and

10 ng in lanes b ‘and f. The separat1ng gel had d1mens1ons of‘
10 cm. (he1ght) 12 cm (wzdth) and 0.75 mm (depth), and
contalned a 10 to 18% polyacrylamxde gradxent. (&), A .
Coomass1e blue sta1ned gel of muscle\extracts and standards.

(B) A gel stmilar to A that has gone through the 1257~ -tropo- .

2 myos1n b1n9hng procedure and has been ‘dried down onto filter

-

paper. (C) An. autorad1ograph of B. Lanes 1nc1ude (a) oo
SDS-urea extract of chxcken breast skeletal muscle, (b)
rabbit skeletal muscle standards 1nclud1ng my051n (M), act1nh
(A), troponxn T (ThT),.tropon1n I (TnI) and troponzn—c
(TnC) (c) SDS urea extract of ch1cken g1zzard smooth
m cle,,(d) g1zzard smooth muscle not extracted by 1 M KCl,

]

(e) protexns extracted from g1zzard smooth muscle by 1 M KCly

and precxpztated by d1a1ysxsnagaxnst—dtsttiied H20 (f) cal£ o

thymﬁ& h1stones, from top to bottom Hl (doublet) H3 HZA
K
HZB, H4, (g) protexns extracted from g1zzard by 1 M KCl ahd

"f soluble after dzalys1s aga1nsE dxstxlled H o. The apparent _;;ff:

”figﬂzxproteln standards are myosxn 200 000 act1n '“:47
00 ,000, m 30 ooo TnI 22 ooo 'I‘nC 20 ooo a3







A B
The primary tropomyos1n b1nd1ng protein in ch:cken '””
gxzzard smooth muscle m1grates to a pos1t1on correspondzng |
to'a M of 21, 000 (F1g. 6 A to 6 C ; lane c). Several other |
\~prote1ns in smooth muscle, 1nc1ud1ng myos1n, g1ve a weak
' response 1n the whole extract »Further 1nvest1gatlons were
Ia1med at pur1f1cat1on and character1zatlon of the 21. kDa ,
"f»‘proteln (SM21) IR S | “: R |
. 4{ ?j o ; ‘, ﬂ; jf:“,f o = :
yPurlfxcatxon of SM21 from Chxcken zezard
The f1rst step 1n purxfy1ng SM21 was to extract
'g1zzards w1th 1 M RCl Th1s extract was then d1alyzed
,aga1nst dist1lled H O and the resultxng prec1p1tate was
_ pelleted and run, aldhg w1th the supernatant, on denatur1ng‘
:lpgels (F1g.‘6 A tov6 C lanes e and g) The results 1nd1catef}f
.pthat w1th the exceptxon of some myos1n and a 28 kDa | o
”5fprote1n, most . gf the tropomy051n b1nd1ng act1v1ty was

b.‘,~

"-hextracted w1thfﬁ M KCl (F1g. 6 A to 6 c 1ane dﬁ When th1sv;'

t“was d1a1yzed agalnst dxst111ed Hz ., most 65 the

w

| Ktropomyosxhwb1nd1ng prOtEIRS prec1p1tated (F1§, 6 A to 6 C
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T'protexns tentat1vely 1dent1f1ed from thear M as SM22

. o (RN

_SM21 vas separated from the h1stones by extract1on w1th
"(0 2 M KCl Th1s procedure leaves chromat1n und1ssolved along

B

‘w1th actomyosxn (F1g. 8; 1ane c) whxle solub111z1ng SM21: and

'ftropomyos1n,_ -act1n1n MLCK,\caldesmon, £1lam1n and actzn

.."(Fig.’B lanes e and f) SM21 was found to prec1p1tate‘uj:“

:‘fbetween 25 and 60% saturated (NH4)ZSO4J It then flowed |
}through a DEAE-cellulose column at pH 8 0 1n the presence ‘of

‘d*fB M urea. The DEAE flow through was then,fract1onated on

A fCM-cellulose at 'pH 4 7 1n the presence °f78;M urea (Flg 9)

‘-gThe peaks conta1n1ng SM21 and a 22 kDa proteln (SMZZ) were

‘*'eseparately pooled and run on denaturlng gels (Flg 10) The
’fGO% (NH4)2SO4 precrp1tate 1n F1g. 10 A to 10 C lane a,r
{1llustrates a case nhere SM21 and SM22 have not been clearly
‘.Nseparated by electrophoresxs. Thxs 1s a falrly common ’Ll
'tproblem thh SM21 On longer gels and can be remedled by
V"_runnlng min1 gels as 1n Fzg. 12 Desp1te the lack of

ﬂﬂfelectrophoret:c separat1on 1n F1g. 10 A to 10 c, lane a, 1t

.

nd not

“fcan be clearly seen 1n 1anes b and c that 1t 1s SM21

_‘251:tropomy081n. The y1eld‘of SM21



FIG 8'(vsns-polyacrylam1de "‘g‘el ‘electrophoresis .o£
of sM21 pur fication V’Ge
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| fxndxng suggests that SM21 is strongly bas1c..Ev1dence to

,3¢sequence obta1ned was

"phoresxs (Fzg. 11) Whlch demonstrates that SM21 1s~

f;fcons1derab1y more basxc than SM22 or. myoglobln whlch have

"1;The repetitxvely1eld was 78 5 %.1.

o
|D

:h. G1ven an apparent M for SM21 of 21 000, amlno ac1d ‘,

‘analys1s 1nd1cates that 1t conta1ns 33 ba81c re51dues (Lys, \

*back th1s f1nd1ng comes from 2 dxmen51onal gel electro- *i'

L}

‘a‘pIs 1n the rang& of 8 0 to 8. 5 (H1ra1 and leabayashx- 1983

"and chapter 5) From 1ts mob111ty on 2 d1mens1onal gels ve |

‘h'est}mate the pI of SM21 to be in the range of 9 5 to 10 We

‘“”'etermxned the sequénCe of the 30‘NH2 term1nal am1no

u:jdenaturlng cond1t10ns but ‘not. carboxymethylated (Flg. 5)

\

'f[have also part1a11y sequehced a cyanogen brom1de fragment1

“from SM21 that was pur1f1ed by gel elut;on. Ten nmol were

sequenced on a’ Beckman 890 B Sequencer..The amino ac1d _

‘Arg, H1s) and a; total Asx, Glx content of 29 resxdues. Th1s ;'7‘

".
»

I

"'.:i;»;;.;jm,a-Gln-Lys—Val Gly-Gly Gly-Asp—Gly~Gly Pro Ala-Val Gly-Gly. o

.
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D. Discussion.

AR

Our first attempt at finding a tropomyosin binding

proteip in smooth muscle involved searching for proteins

A

'that copurify with tropomyosin from‘an‘acetone powder of
bbvine'aorta. With a Sfeletal muscle acetone powder,
‘Qépeiectric precipitation of tropomyé¢sin from a high salt
\ ‘ -
\gkéract that also contains troponin‘does not fesult in
co-precipitation of'tropdnin. I: aorta smooth muscle.
however, this procedure does precipitate three basic

prdteins,*;wo with gel mobilities similar to troponin T and

LA

ogk\gimﬁlar‘té troponin I. while we have not‘chéracterized
the twg forms thag co-migrate with troponin T;\ye can guess
that the lower mébility brotein is glyceraidehyae
3—phosphat¢‘dehyarogeﬁase. Sanders et al.v(1986)'ha0e

demonstrated that this enzyme is presént in smooth muscle

and shares common antigenic determinants with troponin T. It

—~has a mobility 'on SDS-PAGE similar to that,pf troponin T and

is basic. The higher mobility protein may correspond to SM32
(See Fig. 11 and chapter 4).

The protein from the pH 4.6 precipitate with a mobility
similar to troponin 1 was further characterized and shown
not to resemble either troponfn I or T in amino acid
composition, NHz-tegginal amino adié sequence, or in
solubility propertié§ in the presence of tropomyosin and

calmodulin. We temporarily q}scbnxinued the project but soon

encountlered SM21 again in chicken gizzard smooth muscle.

0 K N o ‘

o
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Our next endeavour was the 12SI—trdpomyosin‘overlay.
When welelectrophorefed a whoie ghickeh skele£él'musdie
extract on a denaturing gel and probed the gel with
1251—tropbmyosin (chicken gizzard), w: found that it bound
toﬁsroponin T, trqpohih I and myosin; Sgﬁe explanationg for
the lack of binding to actin include the poSsibility that
actin was not renatured 6r that it did not polymerize,
making binding by a low concentration of tropomyosin
(0.15 uM) unlikely. Binding to myosin occurred only when it
was present in gross excess and is unlikoly to be sigﬁifi—
cant. Most ihporﬁant, a reaction occurred wiﬁh tropoé{hrT
and troponin I. We therefore believe that our system should
be capable of locating similar components in smooth muscle
if they exist.

The main tropomyosin binding protein in a SDS-urea
extract of gizzard smooth muscle is SM21. This protein is
present in a molar rat}o to actin of ml.O:lSA(see chapter 4)
~which is relatively low cdmpared to the 1.0:7.0 ratio of
troponin to actin in skeletal muscle. SM21 however, gives ;“
stronger binding reaction than either troponin T or troponin
I (Fig. 6 A to 6 C ; lanes.a-and c)

When gizzard Smooth mﬁscle was exfracteq with 1 M KCl1
and the extract dialeed against disti}led H,0, a precipi-
tate formed that contained cytoskelefal elements and

2SI-trOpomYOsin bound to_both SM21 and histones

chromatin.
in this precipitate. The binding of platelet tropomyosin to

a histone has been demonstratgd'previouély (Stewart et al.,
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1983). The s§gn1fxcance of this reactxon is not clear. When

the distilled H2

solution, SM21 was extracted along with several other

o precxpxtate was washed WIth a 0.2 M salt
J

proteins that have gel mobilitie#\similar to proteins known
to be involved with the micfofilément netwofk including
filamin, caldesmon, myos{n light! chain kinase, a;actia?h7 "
actin and tropomyosin (Fig. 8 ; lane f).JThis finding
provides some ev1dence for the xnteractxon of SM21 w1th the -
contrac;xle apparatus. It ig also possxble that SM21’

interacts with chromatin but is extracted at a 'lower salt
. f !

concentration than the histoneg.

f

| _ : .
We vere able to purify SM21 from the 0.2 M salt extract

bf“(NH4)2504 fractionation'and‘?on exchange chromatography
in the preserice of 8 M urea. m&e last- major contaminant to
be separated from SM21 was thg abundaht basic protein SM22.
'We weré able to clearly demonftrate that it is the minor

+ SM21 component of whole gizzard extracts and not the

abundant SM22 band that is binding ]251—t;opomyosin by
chromatographing the individﬁal CM-cellul&se peaks
containing these proteinS'oﬁ d%naturing gels followed by an
125I—tx;opomyosin binding aséay (Fig. 10).

The late elution of SM21 from CM-cellulose indica;es
that it is a basic. protein.'Further evidénce for this was
prov1ded by non- equ:llbrxum 2- dlmens1onal gel electro-
phoresxs Am1no ac1d analysis of SM21 also 1nd1cated that 1t
is a basic pgptein; Other|aspects of SM21's amino acid

. composition indicated that it was not similar to either
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t:oﬁonih T of'egoponin I. The greatest eifﬁergpces Wfre in )
the glycine aﬁd.half~cystihe content as well as in\the'total '

charge, The N-terminal amino'acid sequence of SM21 (30 |
residueS)‘bears ne resemSlance to any part of troponinfT or
troponin-I and is‘not‘eigniﬁieantly'similar to any amino

' acid’sequence in the National Biomedical Research

Foundatioﬁs protein seduence data base. In addition, ant i-

' bodies made againet SM21 did not cross—reectmwith troponin

components in an ELISA assay nor did antibodies to -

g

troponin-T or troponin-I cross-react with SM21 (unpublishedlv
results). SM21 purified id the presence of B8 M urea was

soluble to a maximum of 0.2 mg/ml infphysiological salt

buffer.

Lo a
This‘%rihgs us back to the protein with mobjility

v o

similar to troponin I that we first isolated from bovine

‘aorta. It is clear from amino acid& composition and

»

NH,-terminai}amino acid sequence that this:protein is

homologous to SM21 from gizze ~ Indeed, when the procedure

for purifyihg SM21 from gizzar &as applied to bovine (/,}
aortas, up to precipitation with 70 % saturated (NH,)2S0., a
‘considerable enrxchment of a.24~kDa—eropomyos1n binding
prote1n was detected (Fig. 12). We made attempts, u51ng both
'western blottzng and gel overlay, to determ1ne the txssue a
dxstr1but;on of SM21° (unpublished data), but on;y managed.to
‘clearlyidemonstrate ite‘preéence inlchicken gizzerd. In |
ie@{pspeet}‘the use ofgbaftial pprificatioh from‘eagh

" tissue, rather than Sﬁs-urea exﬁradts.may be a better‘&gthod‘
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- FIG. 12, andxng of 1251 tropomyosxn ‘to bovzne aorta
SM21. The separatlng ‘gel contazned 13% polyacrylam1de and

fhad'd1mens1ons of height (5. 5 cm), width (3 cm) and. depth
(0.75 mm). (A) coomassie' blue stained gel, (B) A gel similar
to A wh1ch was stained with coomass1e blue followlng the .
'1251 tropomyos1n b1nd1ng procedure, (C) an autorad1ograph of
. B. Lane (a) 25 ug of a 60% (NH&Q So4 prec1p1tate from bovznel
. aorta. (b) 0 5 ug of ch1cken gzzzard SM21 ' :

- ( .
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for investigating SM21's tissue distrlbution. SR
Jmmunofluorescence m1croscopy may also be a usef&l teohniquel

i

for this purpose.

‘We algo carried out a series of binding studieg§. We

‘found-that SM21‘would bind to tropomyosin and troponfh I

affxnxty columns and could not be removed by 6 6 M salt, but

was removed wzth 0.6 M salt and 8 M, urea (unpubl1shed

"bxnd an alkalxne phosphataSe labeled goqt 1mmunoglob9

result). SM21 also bound calmodulxn by gel overlay (Chap 4

H Fxg.n 87. We used ELISA to demonstrate that SM21 coyld

1n¢

directed aga1nst ‘rabbit' xmmunoglobulxn. The bxndxd@ to
/ .

1mmunoglobu11n st inhibited by non-immune serum or

'tropomyosxn but not by troponzn I, troponin T or calﬂodul1n

_ A N
‘(unpublished result). In lzght of our 1dent1fy1ng SM21 on

denaturing gels and then pur1fy1ng i ‘by-denatur1ng methods,

we‘wondered‘lf these b1nd1ng‘results had any significance. .

*

-‘Our approacp to this problem was a non denaturing vé
e ‘ .
‘ e

purification of SM21, ;? | o . . | Yy

A
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IV. Purification of SM21 under Non-denaturing/Conditions and
~Physical Characterization.
k.flntroduction o - | ‘v{ \
~ . . ! v
~In order to purify SM21 ,under non-denaturing conditions
we have chosen to start with a- myof1br1l preparatlon. A

‘ smooth muscle vers1on of th1s preparation was 1ntroduced by

‘ ;Sobleszek and Bremel (1975) 'It can be used for the

. by carry1ng out 1251-calmodul1n and 1251 SM21 overlays.._

purification of f11am1n,‘myos1n,‘caldesmon, MLCK, - 2/

actomy051n (reviewed in Small and Sob1eszek 1980); Ngai

1ntermed1ate ‘filament: protexns actin, tropomyosin, and
et al. (1984) mod1f1ed the . myof1br11 preparation for
pur1f1catlon of caldesmon and MLCK under near phy51olog1cal
solvent condztlonsr They extracted these protelns from
‘myof1br1ls w1th a buffer contaznlng 25 mM Mgz*nand then'uﬁ
'pur1f1ed them by column chromatography..51nce SM21 was
already known to’ co purify with myof1or111ar protexns we
'adapted the myofibril-high Mg2* extract procedure‘for d
pur1f1catxon of SM21 We were then able to physicallyd‘
‘characterlze 1t u51ng hydrodynamlcs and c1rcular d1chro1sm._i
The second a1m of this. chapter was to att!mpt to ga1n a‘

better understandlng of the bxndlng propertles of SM21 by

"mod1fy1ng the cond1txons of the 1251 tropomyoszn overlay and

a




B. Materials and Methods “ ‘ Voo

| o
"Non-denaturxng Purxfzcatxon of SM21

.
. a

1

b "«"
Fresh gxzzard smooth muscle (450 gm) was homogenized 1n

1 8 1 of wash buffer (20 mM Trxs, pH T 5, A mM MgCIZ; 1 mﬁ

DTT 1 mM EGTA 0 05% Tr1ton x—100) ina 31 Warxng blender
for 3 x 15 sec.‘The homogenate was centr1fuged at 16 000 g
for 30 min. The pellet<§bﬁithen resuspended ‘in 2 l of wash |
buffer thhout Triton §“100 and centrxfuged as above. Th1s"

' <
lattef step was repeated once The pellet was then suspended

‘in. 2. 0 1 of 40 mM Tris (pH 7. 5),.100 mM NaCl .25 mM MgCl,,

1 mM DTT, 1 mM EGTA and 0 25 mM phenylmethylsulfonyl |
fluorxde ‘homogenlzed for\15 sec and centr1fuged at 16 000 g

for 30 m;n. The supernatant vas then concentrated to 200 ml

‘with a M1n1tan tangéntzal flow f11tratlon device (M1llxpore)

u81ng a PTGC f1lter. Th1s step typ1cally requlred 6 h. Theé .

M111tan retentate was then dzalyzed against 8 l of buffer

, conta1n1ng 45 mM potass1um phOSphate, pH 6.45, 1 mM EGTA and

”»1 mM DTT for 8 h and loaded on a column of CM-cellulose ‘
"(CM 32) as desct1bed in F1g 15 Column fract1ons conta1n1no

‘SM21 were pooled and fractzonated on. Aff1 gel Blue (BIO RAD)

(Flg. f%) The salt concentratlon of the column eluant was

) jmonxtored thh a Rad1ometer conduct1v1ty meter.,”

. ,_ ) :‘.\

. - e . _~» : ' o o )

“fCharacterxzatxon of su21

Natzve SM21 was carbo#ymethylated pr1or to sequenc1ng..mif_d»“'”

‘_;Its NH;-term1nal am1no ac1d sequence was determ1ned on an .ﬂl

r.




" T L 1‘pf”5 akpi' | ";“ 87 .
A | A - - A,
Appiied Biosystem5‘470A Sequedcer'accordihg fo Hewlck1étCéI,
(1981). ﬂ" - . L

For ultracentrxfugat1on studxes SMZI was dlalysed
aga1nst a buffet contaxnlng 0. 1 M KC1, 50 mM sodxum N
‘phosphate, pH 7 0 and 1 mM DTT Analytxcal gel ﬁxltratxon
was carrxed out 1n KMED (0. 1 M kCl 0 05 M ' A
3 (N morphol1no)propanesulfon1c ac1d 1‘mM ECTA 1”mM DTT,
pH 7. 0) buffe;;,C1rcular dlchro;sm was carrxed out in. 50 mM.
phosphate buffer, pH 7.0 w1th 1 mM DTT In some cases 0.1 M §
KCl was added for CD analys1s bet ween 210 and 230 nm or 0. 1

M KF was added for CD analy51s between~190 and 230 nm.

v
Voo \

\ -
‘n

Gel OverlayV* o . ' gn“\\
‘ Several of the gel overla)b in- thlS chapter were.
carried out oq\m1n1 gels (5 5 csx1n‘hexght) 1n orderlto

obtain hlgherxresolut1on of SM21 Labellng of SM21 and
bov1ne hjaxn calmodulin w1th 1251 was carrled out in the
3 same manner as descrxbed for tropomy051n ‘in chapter 3
Calmodul1n was labeled tora 1 mCx/mg and SM21 to x 0, 25
‘mC1/mg The overlay experlments thhvthese prote1ns were
e also 1dent1ca1 to those prev1ously described for

tropomyos1n,‘us1ng 2 ug/ml of 125I—calmodul1n or 10 ug/ml—of

’l,"SM21 1251 calmodul1n b1nd1ng experlments were carrxed out

"1n the presence of e1ther 1 mM EGTA.or 1 mM Ca2+ o

. .

T A



' C.;Results .

(W

Non—Denaturing'Purification of SMZT

f‘; We began thxs pur1f1cat1on by produc1ng myof1br1ls in a~
manner sxmxlar to that descrlbed by Nga1 et al (1984), a |
major dxfference bexng the lack of 40 mM NaCl in the wash
buffer. The materxal extracted by the wash steps 1ncluded
relatlvely large amounts of myosxn, act1n, tropomyosxn, SM22

' and myoglob1n (F1g. 13 A~ lane b) SM21. was extracted in
.good y1eld from the myof1br;ls by a hlgh Mg2+ buffer (Fig.

‘ 13‘A, lane e and Fzg. 14, and Table 11). The molar ratio of

: actzn to sM21 1n thxs extract is 0 7:1.0 as compared to |
16:1.0 in a SDS urea extract of: whole g1zzard smooth muscle
‘(F1g. ]4)‘ Other proteins greatly enrxched by this procedure" Ce
include Tilamxn caldesmon, and my051ntlxght cha1n k1nase.; |
sM22 is enr1ched to a lesser extent due to larger losses in BT
. the preced1ng washes, whzle tropomyos1n is. present 1n | |
minimal amounts (F1g 14) Mater1a1 1argely not extracted by.

l, the Mgz+ extract 1ncludes myos1n,va act1n1n, desm1n act1n, n
v-tropomyos1n a 32 kDa band which has not to oyr knowledge,n

" been prev:ously mentloned 1n the l1terature and h1stones )
(F1g. 13 A lane d) The hzgh Mg2+ extract was concentrated'l ’
u91ng-e M1l1tan f11trat1on apparatus and then chromato-{
graphed on, CM-cellulose at pit 6.5 (mg. 15) While this

‘\‘Jmethod results 1n separatxon of SM21 from most major o

contam;nants,pfurther pur1f1cat1on on Aff1 gel blue was

; required“to*obtaxn SM21 that was >95% Pure (Flg..15) ‘,7c;fff.é
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FIG. 13. Non—denaturxng purxfxcataon of SM21 (A) A SDS

gel, staxned with coomassie blue, c 4ta1n1ng 13% polyacryl— ;‘ f,;/t
amide thh length 5.5 cm and thzck ess 0,75 ‘mm. Lanes | h
1nclude (a’) SDS-urea extract of gﬁzzard smooth muscle (P)
-Ixndlcates from top- to.bottom,.m/osxn, myosxn lxght chaxn .
kinase, desmin, tropomyosin S Zl\aﬁd myoglobiﬁ (b) fxrst
low 'salt Triton X-100 wash of g1zzard smooth muscle (<)
indicates SM24 and SM20, (c) material not extracted after 3
low salt washes (myofxbrxls) (89 materxal not remqved from
meofxbrkls after hzgh Mgz/ extractzon (>)1nd1cates 20 kDa
MLCand 17, kDa MLC, (e) h igh Mg2* extract (<)1nd1cates from
mtop to bottom, f1lam1n, caldesmon, a- actxnln, actln, 32 kDa
‘ band and SM22, (f) f/ugm of , SM21 pur1f1ed under.

‘non- denatur1ng cond1tlons, (g) 5 ugm of rabbit skeletal

troponzn. The band desxgnatlons are made accord1ng to

v--..

. Hirai-and Hirabdyashi, 1983 ; Ngai et al., 1984 ; Walsh
et al., 1983 and Murakam1 and Uch1da,,1985) (B) A gel that
. has -been subject to ‘the 1251 -tropomyosin b1nd1ng procedure

(Soblezek and Bd7 el, 1975 ; Small and Sobieszek, 1980 .
y

/
as described in Materials and Methods and sta1ned with

.~ coomassie blue, (C) an autoradlograph of B~'(D) Autorad1o-

graph of chxcken g1zzard tropomyos1n that has been o S ) =
1251 -la eled wzth lactoperox1dase and: electrophoresed -on a |
';polya rylam1de gel° (E) 81m11ar to B- (F to’ J) Autoradxo-
(grapvs of gels szm1lar to E that have been 1ncubated 1n

buffer. conta1n1ng 0.15 uM 1251 tropomyoszn, 0. 15 M KC1,

'!75 mM 1m1dazole pH 7.0, 1 mM DTT' (F) No addztzon*‘(G) Plus.v
¥ uM unlabeled tropomyos:n°‘(H) Plus 20 uM SM21' (I) Plus o
510 5M KCl' (J) Autoradxograph of - a gel szmxlar to E. that has .
e’been 1ncubated with 0. 15 uM 1251 tropomyos1n in the presence‘f"

:&fof the h1gh Mg2+ extractxon sorut1on (see Methods)
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'”“jcorrespondzng to Flg. 13, lane a. (B) ngh Mg2+ exttact of

iy ngrf11am1n (F), caldesmon. (Cd) _myosin lzght chain kinase (MK)
‘“,Q@,3¢F40u‘5) tropomyos;n (Tm) myoglobln (Mb) ”‘E:}';z;xuu.

e

Mh

Cd' . K o E !H“““."“

SM22

w FIG 14 Dens:tometr:c scans of ch1cken gxzzard smooth
‘f’muscle proteins. (A) SDS-urea ‘extract of whole muscle K

‘,myofxbr1ls correspondzng to Fzg.~13 lane e, My051n,v(M)
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TABLE 11 (

\

Non-denaturing Purification of SM21 from Gizzard Smooth Muscle.
Details of the Purification are Given in Materials and Methods.

Al

Fraction Total Protein SM21 SM21 Yield

g % total g %
protein *
—_— _—

Whole smooth muscle

SDS-urea extract 51 0.77 0.39 100
High Mg™* extract 1.7 12 0.21 ™ s

Column chromatography 0.p8 95 0.08 21

SM21 was'quantitated by scanning densitometry of Coomassie Blue stained
gels (see Figs. 13 and 14). These values were related to a standard
curve of [SM21] versus peak area for identically stained gels.

+
“ .
. Lo
. v K
N '
\ .- oo .
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FIG. 15. CM-cellulose chromqtogréphié purification of"
SM21 under'non-denaturihg conditions. (A) Chromatographic
profile; the high Mg2* extract which had been concentrated
' to 200 ml by Militan ultrafiltration and dialyzed as
described in Materials and Methods was applied to a column
(5:x 45 cm) previously equilibrated with buffer containing
50 mM sodium phosphate, pH 6.5wand 1 mM DTT. The column was
then developed with 1.5 1 of the same buffer, followed by a
2 1 linear KCl gradient (0-0.15 M). Flow rate, 100 ml/h;
fraction size, 10 ml; () material pooled for Affi-gel
blue.u(B) SDS-polyacrylamide gel electrophoresis of
individual column fractions. (S) material loaded on column.

»
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| FIG. 16 Affi-gel Blue chroma%ographxc purification.of

SM21. The pH of material pooled from CM-cellulose was
_ﬂﬂadgusted to 7.0 and loaded on a column (2.5 x 15 cm). that

had been previously equilibrated with a buffer containing
50 mM potassium phosphate, -pH 7.0, 1 mM dithiothreitol. The
column was developed with 200 ml of this buffer followed by
200 ml of the same buffer containing 0.2 M NaCl, followed by
a 1-£ linear NaCl gradient (0.2 to - 1.2 M), Flow rate,
50 ml/h, fraction size, 10 ml. (—) indicates fractions
pooled to obtain purified SM21 (see Fig. 13 A, lane f).

[y
N
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SM21 Qas concentrated using a Millipore cx—ﬁof
immersible filter and a CentriCon 30 microconcentretor.'lt
was found to be soluble ‘to a concentratlon of at least
7 mg/ml in a solutxon containing 100 mM KCl 50 mM sodium
phosphate, pH 7.0 and 1 mM DTT. Amino ac;d analyeis did not
indicate any significant diﬁferenee between SM21 purified
under denaturing or non~dehaturieg conditions (Tablekl).
NH ~term1nal -amino acid- analysxs of carboxymethylated non-
denatured SM21 also confirmed its 1dent1ty with denatured
SM21 (Fig. '§). In addition SM21 purified under non-

denaturing conditions has the ability to bind 1251—tropo—

myosin following electrophoresis on denaturing gels (Fig. 13

A to 13.C; lanes e and f).

Protexn Binding Propertxes of SM21

The spec1f1c1ty of 1251- tropomyosxn binding to SM21 was
tested by making several alterations in the binding solutxon:

ig. 13 E to 13'J'; lanes e and £). The cedtfol binding

sol‘ution (5 ml) c.ontained' 6.15 M KCl,‘&.OS M imidazole,
pH 7.0, t mM DTT, and 0.15 uM‘1251—tropomyosin. Addition of
3 quunlabeled tropomyosin resulted in a 75% loss of
.binding, 10 uM SM21 reduced binding by 60%, O;S:M KC1
reduced binding by 70% and replacement of binding\501u;iepﬁ
by the high Mg2* extraction buffer (see Methods) ‘containing
0;15 uM 1251-tr6pomyosin resgife%;in a 40% increase in .

binding.
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In order to determine whether the binding of
12sI-tropomyosin £o SM2'1 depenoed on priof denaturation of
QMZI, we conduote& binding expefimeots using native\gels
(fig.'17), It‘can‘be‘seen tpet SM22 does not. bind
1251-tropomyosin while SM21 doee:‘thus shoﬁing the same
relatxonshxp as on denaturxng gels. SM21 pur1f1ed under
denaturxng cond1t1ons did not enter the separat1ng(boréxon
of the natxve gel but d1d b1nd 1257~ tropomyoszn. T
© Calmodulin that had been 1251 labeled wlth 1acto—
pesoxidase was also found to bxnd SM21 (Fig. 18). This
,bindlng'was found to increase in the presence of 1 mM EGTA
as coﬁpared to 1 mM Caélz; Myosin light ehe;n kinase‘bound
1ZSI—calmodulin in the presence of 1 mM CaCl, but not in the
presence of 1 mM EGTA as expected.‘Caldesmon wes paftiaily
lost from the gel‘during the overlay procedure. What
remained*did not show 125I—calmod'ulin binding activity.

In order to examine the poss1b111ty that SM21 bound to’
protelns other than tropomyos:n and calmodul1n we labeled
SM21 . w1th 1251 using lactoperoxldase ;n a method similar to
that for labeling tropomyos1n. We found that SM3+—beand ‘
pt1mar11y to actin 1n several chicken gxzzard smooth muscle
extracts that had been electrophoresed on denatur1ng gels

|~(FxgiM49);~It should be noted that-tropomyosxn is lost from
the polyacrylam1de gel dur1ng the course of the bxndzng

procedure (Fxg.‘s A and GB' lanes c and g)

I3
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. FIG. 17. andxng of 1255- tropomyosxn to sM21 on non- . <

_denaturxng polyacrylamxde gels. Non- denatur1ng gels were rUn
. according to the: Pharmac1a Gu1de ‘to Polyacrylamide Gel
Electrophoresxs. The - stacklng gel ‘'was 5% polyacrylamzde,
0.062 M acetic acid, pH 6.8 (KOH), the separat1ng gel . .
(5.5 cm in length, 0.15 mm in depth) cons1sted of 12% poly-.
acrylamxde, 0 375 M acetic acid, pH 4.3 (KOH) and the '
electrophore51s buffer was 0.35" M B-alan1ne, 0.14 M‘acetxc
‘acid, pH 4.5. (A) A non—denaturlng gel that has been
.~ subjected to the 1251-tropomyosin binding assay, with lanes/
~(a) 4 ug of SM22 (b) 2" pg of SM21. pur1f1ed ‘under " denatur1ng :
'cond1t1ons, ()2 ‘ug of SM21 pur1f1ed under non-denatur1ng
cond1t1ons. (B) Autorad1ograph of I.- :

. e . . . . i R o B




FIG. 18. andxng of 1251 calmodulxn to grzzard smooth
‘fmuscle rotezn. Gel dzmen51ons are length (9 cm), width
(6 ¢cm), depth (0.75 ‘mm) . (A) Coomass1e blue sta;ned gel’ w1th'_

7.‘1anes {a) SDS-urea extract of ch1cken g1zzard smooth musclé, .

“-{b) sM21, (4. ugm), (c) mxo51n lxght cha1n kinase (upper band)_“‘”

~'1Pand act:n, (@) caldesmon (2. ugm). (B)". Autoradxograph of a .

~'gel similar ‘to A that was incubated in the presence of . 1251- #

. calmodulin (0.2 M), 50 mM imidazole, pH 7.0, 0.15 M KCl, ..

u'“51 mM d1thiothre1tol and 1 mM CaClz.,(C) Autorad1ograph of é

T

; ; gel 1ncubated under cond;t:ons similar to ‘B but w1th 1 mM
"~gEGTA replacing 1 mM CaCl;.¢y,$1;fA‘ TR v?ngf“
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FIG.,19. andxng of 1251 SH21 to gxzzard smooth muscle,(
xtracts._The 1251 -sM21 b1ndxng assay Was 51m11ar to the. j\
1251 tropomy051n binding assay (see Methods) (A) A gel w1th6
dxmens1ons of - length (9. cm), w1dth (8 cm), and’ depth
7(0.75 mm) that has been subjected:to the 1251-sM21 b1nd1ng
assay. Lanes are (a) hlgh Mgz* extract‘of §1zzard L o

'tjfu\myof1brlls, (b) low salt- Ttlton x-100 extract of gzzzard

smooth muscle, (c) SDS- urea extract of g1zzard smooth J%u
muscle, (d) standards 1ncludxng from top to boitom, abb1t

‘( skeletal myosln, act;n, tropon1n T and Troponin I._(B) Auto-(
- rad109raph of‘A.f;Jﬁ ‘ o : e 4 :



Physxcal Propertxes

The phys1cal parameters determzned for SM21 are listed .

‘d1n Table I11. Sed1mentat1on equ1l1br1um exper1ments thh

‘tSM21 y1elded a straxght 11ne when the log of the protexn R

concentration was plotted as a functxon of the square of the

o dxstance from the center of rotat1on (Fxg 20) The M ‘of

21 200 calculated from the slope of thlS l1ne is in good
agreement thh the value of 21, 000 obtaxned from SDS poly- -

acrylam1de gel electréphoresxs. ‘This agreement 1nd1cates

.that SM21 exists in the monomerlc state at Aonic strengths

" equation of:

- = 3

'f'the calculated Stokes radzus from sedxmentatlon (R
;:’24 5 A A fr:ct1ona1 ratzo~(f/f ‘% 1 27) was determ1ned

’f\for SM21 by d1v1d1ng the average of R by the‘5;

”;f;tO'asymmetry~alone (f/f ) was found to be 1 09. ;‘Q;h_'

4

¢
concentratxon (c) 1n mg/ml (F1g. 21) gave a regress1on llne

550, = 2-03 - 0.088c

Thus, SM21 behaves in a typlcal non~1deal manner and has an

'1ntr1nsxc sed1mentat1on constant,,s 20, of 2. 03 S.. In gel

I

‘;letratlog exper1ments, SM21 produced a 51ngle symmetr1c

peak w1th a Stokes rad1u5 (Rs ge

S+52d

m1n o

1 and R

'S ge s sed

‘»ffStokes rad;us of an 1dea11zed spherxcal part1cle of

iffﬁof protexn is taken 1nto account the fr1ct10nal ratlo due E

\

el 100

. clos to phys1olog1cal A plot of 520 w versus protexn 7; *_v

R

) was

l) of 21 8. A (Flg. 22) whlle .

q?;xdentzcal M f. When the estzmated hydrat1on of 0. 41 g qu/g ‘

PR
%
.
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: TABLE 111 o "

Phy51ca] Parameters of SM21 LA

ah

Parameter - . ‘,‘v Value . ‘h v
: _ . » &) ) .\:
M sedimentation equilibriuf. . 21,200 . |
M. SDS . gel eIectrophoresis 21,000
Partial specific volume? 0,723 Cm?/g
Stow . 2.03s
| Ry sed 24.5 R
R ’ge]b L . “ 21.8 ﬁ
Cf/f D A o
- hydration- . ' o 0.41
; f/fob | ) TR W S O
. o d “ . ‘ L T ] “ N
1 mg/ml : e : : ‘
[9]205e - : - -8, 600 deqree cmzdmol 1
(81509 ' | o —7 500 degree cmzdmol -1
o | -1 -1
Ae275e‘ ‘ -6.0‘M‘Lcm :

3

Ca]culated from amino acid comp051t1on (Table I) as’ 1n (Cohn
and Edsall, 1943). ~ - . ‘

b See General Mater1als and Methods for ca]culat1on methodology

Calcu]ated from am1no ac1d compos1t1on (Tab]e I) as in (Kuntz ‘h
" and Kauzmann~ 1974) , : 4 ‘ o

. Determ1ned in 0 05 M sod1um phosphate. pH 7 0 and 1 mM DTT
~{ € see F1g. 23 | | | o
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FIG. 20 Determtnatzon of the M ’of SM21 by

'*;sedxmentatxon equzlxbr;um.lSMzt in 0 1M Ke€l, 50 mM sod1um3‘\

73fphosphate, pH 7.0: and,l mM DTT was centrzfugeﬁ at. 17 000

©irpm{ ¥ was calculated’ from aming‘acid composition as 0. 7233[f’f

Tfﬂand p. was calculated as 1,01, Concentratlons (c) were"
”@determxned w1th Rayle:gh 1nterference optlcs.;-fj N

e
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| T | T I T |
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SM21 (mg/mi)

LI Cre

N | FIG 21 Concentratxon dependence of the sed:mentatxon;w ff
 ';‘Lcoe£f1c1ent of SHZI *SM21 samples (0.4 ml).in 0.1 M. KCl
0,05 M sodxum phosphate, pH 7, 0, ‘and ‘1. mM DTT were

fsedzmenf!ﬂ‘at 60 000 rpm uS1ng Kel F 2"centerp1ece§ (12 mm)
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FIG.;22 Determxnatxon o£ the Stokes radxus (Rs) of
b.suz1 ‘and. snzz by gel fxltratxon. Samples (20 ul) in KMED
;"buffer were aﬁplxed o’ a 7.5 mm by 600 -mm: TSK 'G3000.SW .
fﬂfcolumn. Flow: rate- was 0.5 ml/mzn. Part1txon coeff1c1ents (8)
. .were calculated from peak elutzon volumes. SMZI(O)and SM22(0)

f;were placed on the standard curve accord1ng to the1r ;e - f“g;hﬂ:'?

.'~;:_~.ifpart1txon coeffrcxents. T U ROV
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‘ o ‘ , s . ' o
stng a model for a prolate ellzpsoxd of revolutxon thxs‘
value nges-an axxal rat1o of 1 2 7, 1nd1cat1ng that the
| monomer1c SM21 molecule is moderately asymmetrlcal
R
r ercular Dxchroxsm ’
‘ The ‘far-uv cxrcular dxchr01c spectrum of 'SM21 is 1llus—-
"tra;ed in F1g ‘23. The greater dxchro;c 1ntensxty at 208 nm
compared to 222 nm 1nd1cates that SM21 consxsts of separate
Iﬂa ~helix" and -B-sheet rxch regxons (Manavalan and Johnson
1983) We have used two sets of reference spectra to
‘}est1mate the secondary structural content of SM21 The‘
*,reference spectrum of Chen et . al. (1974) which 1s based on
'the CD spectra of 5 protelns of known secondary structure
t(x—ray crystallography) ylelded a structural content of 27%
a- hellx,'15% B-sheet and 58% random c011 When the CD’
’spectrum of SM21 was analyZed accord1ng to a reference i
;spectrum based on 16 prote1ns of known secondary structure
(Provencher and Glockner v1981) a. compos1t;on of 17%

a- helxx, 32% B sheet 14% B turn and 37% random c011 was

_found‘?r“f'
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FIG. 23. Circular dichroic spectra of SM21.
for CD contained .0.63 mg/ml SM21, 50 mM sodium phosphate (pH
”AO) 1.0 mM d1thxothre1tol The path length was 0.0103 cm ‘
for the far ultrav1olet and 1.0 cm for the near ultraviolet
spectra. Ae = €, " €ep = [9]N/3300 where ¢ and €p are the
‘molar ext1nct10n coeff1c1ents for left and right. c1rcu1ar1y
polarxzed lxght, [6] is the ‘mean residue ellipticity and N
is the number of”amxno ac:d re51dues in SM21 (Strlckland
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The near‘UV circula; dichroic spectrum of SM21 (Fig.
2}) consists primarily of a broad negative band that reaches
a_minimﬁm at 275 nm. The intensi;y‘of this minimum
(Ae = 6.0) indicates that interactiong’1 Qolving aromatic
residues occur within the structuré‘of SM21 (Strickland,
1974). The spectrum is notable fof.the absence of tryptophan
étructure at 290 nm. This hight indicate that the 2 tryptb;
phans of SM21 are motile or that ;heir‘spectra cancel. If
the former case is correct, it is likely that the broad

minimum at 275 nm results primarily from the estimated 10

tyrosine residues in SM21 (Table 1). L

"~
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D. stcussion J

(§§ have modzfxed the procedure of Ngai et &l. (:1984)
for, the pur1f1cat1on of MLCK and caldesmon in order to
isolate SM21 in its native form and in high yield. We found
that a high M92+ extraot of gizzard myofibrils resulted in a
16 fold increase -in burity‘while‘retaining 60% of SM21.
Proteins co—extracted in abundance with SM21 included
several microfilament associated proteins.such eéifilamin,
caldesmon, MLCK, and actin, as well as SM22 which 1s
characterized in chapter 5. This extract/jhoyevet, contained
only a small amount of tfopomyosin. Salt precipitation of
SM21 was avoided by ehploying a Militan ultraﬁiitration
device to concentrate the‘nigh Mgz*‘ext:act. This‘waé
followed by colunn chromatograpny at pH 6.5 (CM-cellulose)
and pH 7.0,(Affi-§el Blue): The resulting SM21 was soluble
to at least 7 mg/ml at‘phfsiologicai salt concentretion. It!
was, however, indistinguishéble from SM21 purified in the -
presenée of 8 M urea}'in terms of amino acid composition,
N—terminel amino acid sequence, and binding to‘tropomjosin"
after electrophoresis on denaturing‘gels. |

As mentioned above, tropom§osin is a minor COmoonent of
the hxgh Mg2+ extract To see 1f SM21 would bind to tropo-
myosin under s1m11ar cond1t1ons, ‘we replaced our normal
b1nd1ng assay buffer with the hzgh M92+ extract buffer.

Under these: condlt1ons, SM21 bound 40% more 1251~ -tropo- -
myosin. Thqs a,ﬁactor other than buffer composition must be

. responsible for the lack of co-extraction of SM21 and .

LB
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tropomyosin in the high Mg2* buffer.

In order to investigate 'the possibility that inter-
action of SM21 w1th protexns other than tropom&osin is
‘respons1ble for this lack of do-extraetion, we labeled SH21
thh lactoperoxidase and studxed 1ts blndtng‘to gxzzard
extracts on denatur1ng gels. We found that the main bxndxng )
protein in these extracts, including a hxgh Mg2+ extract was
actin. It is thereéore possible that during the high Mg2*
extraction, SM21 15 being co-extracted with actin rather’

" than remaining bound tn tropomyosin. It should be noted that
tropomyosin is lost from polyacrylamide gels during the
”overiayAproéedute (see Fig. 6 A end 6 B lane e and g). ﬁe

-

‘also feund that '251-calmodulin will bind to SM21 on
. denaturing gelst This,binding was stronger in,the presence
of EGTA than Ca?*. | '.
It is also possible that tropomyosin will bind to SM21
only efter SM21 hés been electrophoresed on a denaturing

gel. We therefore tested SM21's ab111ty to b1nd to a tropo-

| myosin- Sepharose 4& afflnxty column. While this column did

" bind the T2 fragment of troponzn T, 1t did not bind SM21

~(unpublished results). However, when SM21 was electro-
| photesed on a ‘n'at.ive gel, it still bound 1251-iabe1'1ed E

, ttopomyosin; Thus, whiletelectrophoresis of SMZ%'on poly-
a¢ry1amide'ge;s”appeérs'to“be en impdrtant,factor'in its
‘binding to tropomyosin, prior denaturation‘does not appéar
to be essentlal. It is also poss1b1e that SM21 is: denatured‘_

»

at the pH of the nat1ve gel (pH 4. 3)
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MWe‘also examined some‘of the conditions that affect
1251-trooomyosin binding_to Sﬁ21 on denaturing gels. We -
found‘thatna 20;fold,excess of unlabeled tropomyosin (3 hM’
reduced b1nd1ng of 1251~ tropomyoson by onlx 75% thus it
appears that bxndlng of tropomyo&xn to SMZ{ is not saturated
at 0. 15 uM: tropomyoszn. Addition of 2 mg of SM21 to 5 ml of.
‘bzndxng solutxon 1nh1b1ted 1251 tropomyos1n b1nd1ng t&\Z ug ..
of gel localzzed sM21 by only . 60%,v1ndxcat1ng that gel .

‘ localzzed SM21 has greater affxnlty for tropomyos1n than
‘does SM21 in solut1on. This correlates with the f1nd1ng that
‘SM21 does not bind to a tropomyosin affxnxty column.
Add1t1on of 0‘5 M NaCl to the bindxng solutlon reduces
'SM21-tropomyosxn 1nteractxon by 70% which points to the
presence 6; an ionic component in»this interactionr'

~ Physical characterization of SM21 indicated that it is
a‘moderately,asymmetricaltﬁoiohular) monomer at ohysio-
logical salt and pH 7.0, Analysis of the far-UV circular
dichroic‘spectrum’of SMZIthdicates that it contains‘a'
erelativeiy high pro;ortion of random coil.‘There was),
however, a con51derable difference between the structural
"_content pred1ct1on of the two reference spectra that were
'employed Th1s d1fference may result from 1nadequate repre;‘
_sentatxon of prote1ns w1th structures 51m11ar to SM21 in one
or both of the databases. It has recently been poxnted out o
;}vthat the structural portlon of protelns referred to as
“"random c011 18 ‘not : actually random. Rather, much of thls o

L structure forms loops that may be 1mportant 1n



g
proteln proteln and.co factor- proteln 1nteractlons
(Leszczynski and Rose, 1986) The" possible presence of
multlple b1nd1ng loops in SM21 as represented by its hxgh
content of random coxl mlght help to explaxn 1ts diversxty
, of prote1n protexn 1nteract1ons. |
To summarize, we have pur1f1ed a‘21 kDa tropomfosxn
' b1nd1ng'prote1n from chlcken gxzzard smooth muscle. While we
. have not’ proved that thxs b1nd1ng 1s phy51ologxcally

's1gn1f1cant, the per51sta&t presence of SM21 in extracts of
, contractile apparatus assocxated protexns 1nd1cates that 1t
" may play .an important role in.therstructureand function of "
this apparatus. In addition, ve have used amino acid |

| analyses and stquencxng to demonstrate that SM21 is not
‘s1milar to troponxn T or troponln I, but is a un1que prote1n
that 1s present in such d1verse smooth muscle containing
organs. as chicken gizzard and bovxne aorta. }

I would also like to mention at th1s po1nt the p0551b1e-
usefullness of the myof1br11 preparatzon for the
‘pur1f1catlon of 4 other, h1gh mob111ty bas1c protexns (SM32
dSM24 SM22, and ssz)’?FS; smooth muscle - (see F1g.'11). Each
prote1n behaves d1fferently dur1ng th;s preparatlon. SM32
rema1ns largely in the mater1al not’ extracted by low salt or ..
“h1gh Mg2 . The low salt washes extract a large amount of |

'SM24 and SM22 but leave a faxr amount for extract1on wzth
A';h1gh M92+. SM20 along w1th myoglobln 1s almost completely
' extracted by the low salt washes. Pur1f1cat1on of SM22 and
SMZO w111 be descr1bed 1n the follow:ng chapters.u__;:;_\a“

’ ‘-/'.'r



V. Purxfzcatxon and Characterxzatxon of an Abundant and

. !

\\?ovel 22 ‘kDa Protein (SH22) -

introductxon | |
In our contxnuxng effort to flnd troponln 11ke",
‘ components 1n smooth muscle we have pur1£1ed a h1ghly
‘.abundant ba51c, 22, kDa prote1n (SM22)' This proteln was
-seen in- chapter 3 to be present in the d1st111ed water ‘J
"prec;p1tate along with SM21. It was also found in, the ‘high
92+ extract of chapter 4, but“1t was present in greatest
amounts in the dlst111ed water supernatant of chapter 3 and.
‘1ts pur1f1cat1on from th1s source is described in th1s

.

‘chapter. thle SM22 caq 'be seen on the gels of . _others

(Kendricr-Jones, 1973 s Sobleszek and Bremelp 1975 ; Hirai

and inrabaYashi, ‘1-983  Walsh et al., 1983 ; Adachi et al.,
1983 Nga1 et al., 1984 ; Murakam1 and Uchxda, T985) its "'
1solat1on and characterlzat1on have not prev1ously been | '
,reported In the present chapter ve descrxbe a method for
'pur1£1cat1on of SM22 1; good y1elds, as well as a number of
IltS chem1cal and physxcal propert1es. Based on. am1no ac1d
;'sequence (Pearlstone et a;:;‘1987), am1no ac1d composxt1on
'éand other character1st1cs, SM22 appears to be un11ke any |

-prev1ously chaé@pterxzed prote1n. ’




" B. Materxals and Methods 'L , o {:f}“

Fresh chicken g1zzards that had been cut open and

washed were donated by Lllydale Poultry Packers (Edmonton)

R Smooth muscle was cut away from the tough inner llnxng and

most of the external connectlve txssue sheath All further
pur1f1catlon steps were carrxed out at 4 C. Muscle (2 x 250
g) was homogen;zed in | 2 x‘l 75 1 of extractlon buffer (1 M |
Cl, 0 05 M imidazole, pH 7.0, 1 mM EGTA 0. 25 M phenyl-
methylsulfonyl fluorxde, 100 ug/ml soybean tryp51n
1nh1b1tor, 0.2 ug/ml leupeptin, 0. 2 ug/ml pepstat1n, and
1 mM DTT) 1n a3 1 War1ng blender. Blendxng was done at h1gh:
speed in three, 15 s runs spaced by 3 min 1ntervals The
homodgnate was centrlfuged at 16,000 x g for 60 min. The
resultlng supernatant was f1ltered through glass wool and
dlalysed aga1nst 2 X 15 1 of 0. 02% mercaptoethanol for 2 x 7
‘ h After clar1f1cat1on»by centr1fugat1on at 16,000 x‘g for
45 min, ‘the’ supernatant was ad]usted to pH 4.7, stlrred'for
15 min and centr1fuged (16, 000 x g, 45 m1n) Following
o adJustment of the supernatant to pH 7. 0, an ammon1um sulfatem

fractxon from 35 70% saturat1on was collected (16 000 x g, E

45 m1n), resuspended in 0 2 1 of O.DZ% mercaptoethanol

v d1alysed aga1nst the same solutxon and 1yoph111zed. The

lyoph111zed protexn was t en‘dlssolved in. 200 ml of column |
buffer and fractlonated hg CM-cellulose (Whatman 32) column ,'
chromatography (see F1g..27) The salt concentrat1on of the ;:
column eluate was mon1tored w1th ‘a’ Rad1ometer.conduct1vity -

*[ meter. For determ1nat10n of yxelds at each step of the

p—



pur1£1catxon, a sample of each fractlon was electrophoresed

-—

on SDS polyacrylam1de gels and stalned thh Coomassxe ‘Blue.

The relatxve proport1on of SM22 to total protein was then

est1mated by gel scannlng

Electrophoresxs
SDS- polyacrylamlde gel electrophores1s waS“run ps1ng a
Laemm11 (1970) buffer system with: a 5% stack1ng gel. The.

' p031txons of £1lam1n, myos1n, caldesmon,,a act1n1n, desm1n,

'~ actxn,‘tropomyosxn and- myoglob1n on gels was determlned =

+ «

accordxng to relative abundances and aggarent M\ as
‘described by Hirai and leabayashl (1983) Feramlsco and
Burrxdge (1980) and Ngai and Walsh (1985b) H1stones nere‘
pur1f1ed from the d1st111ed H 0 prec1p1tate (F1g. 26, 1ane‘
5) and album1n from the f1rst peak of the CM-cellulose '

: chromatographlc column (see F1g. 27) (unpubl1shed work)

' —
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C. Resultsdqu‘ L 3 . - 3".7‘“ “f

QSDS polyacfylamlde\gel electrophoresxs of a whole-
g1zzard smooth muscle extract demonstrates the presence of a
.major proteln band at 22 to 24 kDa (Fxg 24) Den51tometr1c Q‘
‘scann1ng 1nd1cated that the approxzmate molar rat;o\of
act1n- SM22' tropomy051n 1n this extract 1s 6 5 t 0 8: 2 0
HO 2~ 1 0. When a urea extract of g1zzard smooth muscle is
'electrophoresed on a two d1mensxona1 gel SM22 can be .
’1dent1£1ed as a,ba51c prote;n w;th.an 1soelectr1c poxntl
Similar‘to that of myogiohin (Fig. 25)' It 1s present as 3
txsgelectrlc varlants in ratxos of 14(a) 5(5) 1(1) |

| ' ' { o R \,

Purlfxcatlon of SM22 _ | o ‘

‘We have succeeded 1n developlng a- rapld high y1e1d |
i method for pur1£1catlon of SM22a and SM22B8. A br1ef summary
of the put1f1catlon 1s presented 1n Table IV. The flrst step
is extractxon thh 1M KCl (F1g 26, lane- 3) D1alys1s of
',fthe v M KCl. extract aga1nst dxstxlled H,) 0 quant1tat1ve1y |
1'prec1p1tates h1stones, desmln, my051n and caldesmon. It also
‘ prec1p1tates some actzn, tropomyos1n and a- act1n1n and about
'\20% of SM22 (Flga 26,, lanes & and 5), Ac1d1fy1ng the | | |
“-d15t111ed H 0 supernatant to pH 4 7 removes the ma;orzty of

'\Hrema1n1ng act1n, trqpomyos1n and f11am1n (Fzg. 26 lanes 6

‘hand 7). (NH ) SO fract1onat1on was then used to prec1p1tate
stuzz from the pH 4 7 supernatant and remove myoglobxn, whzch

'ttdrema1ns 1n the 70% supernatant (F1g.,26 lanes 8 11)
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e FIG. 24 Densztometr1c scan of chxcken gxzzard smooth

e muscle protexns from-a.10- 18% gradxent SDS-polyacrylamxde

S gely F11am1n (F), my051n heavy chain’ (MHC) ;" caldesmon (Cd)

ujfa-actznxn (At) .desmin (D), actln (A), tropomy051n (Tm). .

, 7 myog1ob1n (Mb) ‘The’ inset isoa.photograph of the gel that RN

~ -'was scanned’ above. Mr markers (arrowheads) 1nc1ude from: top— e

Later bottom, rabbat skeletal myosin’ heavy cha1n (200 000) SR
Agizzvrd tropomyoszn ‘subunits (43,000 and’38,000) and ra@b1t et

skeletal myos1n 11ght chazns (25 000, 18 000 and 15 000)
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. FIG. 25 Two-dzmensxonal gel of a 9 M utea extract of R
‘;gxzzard smooth muscle. The hor1zontal dxmens1on 1s ;ﬁﬂ -ffme
. non- equ111bt1um 1soe1ectr1c focu51ng carrxed out for 3000 Vh
'*;e1n the presence of pH 3= 10 amphollnes (LKB) The vertical.

d1mens1on is- SDS polyacrylamzde gel electrophore51s. TheV
kvar1ants of SM22 are marked as . B, y.nﬁ‘ﬁ"'.§ 
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\“‘ ‘ : a <‘
CTABLE IV c
. Purificafibn‘of'SMZZ from gizzard smooth fuscle , '
Detail‘s‘,‘,‘ of the puriflicatio;n: .prbcedUrle"é're descr;iti)ed
under Matérials & Methods . ”
~Fraction Total Protein  SM22  SM2Z - Yield
- g % total . - g = %
: o - protein:. '
I}lhd‘]e smooth. muscleé SDS- . ‘ S SR .
urea extract . 56 4.5 2.5 . 100
|1 MKeL extract 2 7.3 15 70
| Distilled H,0 supernatant 13 .10 1.3 52
pH = 4.7 vs'upet"nata‘nt‘ - 4.2 .29 1.2 ‘ | 48
70% (NH4)2§04‘. 2.2 41 0.9 . 36
| precipitate ‘ -
CM-cellulose ' 0.6 >95 . 0.6 - 24

8

)

) .



(1) sDs-urea extract -of g1zzard
RN M KCl,.(3) 1. M“KCl extract
‘  ,(5) dlStllled H20 preczpltate, (6) pH 4,7 supetnatant, (7).
. pH 4,7 prec1p1tate, (8) 35% (NH.) SO, supetnatant, (9). 35% "

' NH SO prec1p1tate,
- ‘as’in- F1g.'1. Abbrev1at1ons are-as in F1g
'Ladd1t1on of hxstone H1 (H1), xhe core h1stones (CH) (from

©~ . top to bottom-H3, H2B, HZA, a4) an
RN chaln fMEC}““ SIS |

C FIG 26 SDSPpolyacrylamxde gel electrophoresxs of
h,fractxons at’ varlous stages of SM22 purxfxcatxon. Lanes are’

(2) materlal 1nsolubie in.
(4) dlst1lled 20 supernatant,;

(10) 70%- (NH4) 2S04 supernatant,,(11) 70%.
(13)! M standards.

NH.),SO. prec1p1tate, (12) pur1f1ed SM22 |
1 and’ 2, with the

Qe 20 kDa my051n l1ght 3

\‘,"
; N :
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ﬁ“‘ Fxnal purxfzcatxon of SQZZ and separation of its

. varxants was carried out by CM—cellulose C;Iumn
chromatography (Fxg 27 A). SDS-Polyacrylamide gel, eléctro-
Rporesxs of the column fractxons xllustrates the separatlon

p “of components a, B and y (Fig. 27 B). A shoulder on the

4 leading edge of the major peak in Fig. 27 A indicates the
possible presence of a fourth vénlant. Indeed 2- dxmen51onal
gel electrophoresis of the shouldeér fractxon 1nd1cates that
it has,an apparent M equal to a but an isoelectric pq}nt
equel to ﬁ'(Fig 27 C). We were unable to reéolne this
varfﬁht (B’ ) on 2- d1mensxonal gels of whole gizzard extracts
(Fxg. 25). Thxs may be due to a lower resolutxon obtainable

-

" with whole extracts or it could indicate that B' is an
"vartxfactual modxfzcatxon produced during purification.
;b . ‘ ‘ | ‘ N -
[ Amino Aczd Compositxon and Sequenc1ng ‘ i

| Amino ac1d analyses of SM22a and B (Table V) 1nd1cate.
that they are highly similar in composition. The major ﬁ“'&b.‘
difference"iS'tpe presence of one helf-cystine in a and’%wc'&
paif—cystines in B. B also appears to have fewer besic
cesidueS‘nhich-might account for its more acidic isoelectric‘
po1nt Table \'4 compates the amino composxtlons of'SM22 WIth .
myokznase (Van Zabern et al. 1976) ‘skeletal tropon1n I |
- (Wilkinsol and Grand 1978), and a cytosollc 23 kDa $es1c';

proteln from brain (Bernler and Jollés, 1984).

‘.



Fld. 27. CM—Cellu%ose Chromatog;eéhic Pupffieatien of
SM22. (A) Chromatographic Profile; 2:.g of lyophilieed 70i‘
(NHn)zSO.‘precipiéate in 100 ml of buffer (70 mM;;aCl 50 mM
sddium"acetate 1 mM EGTA, pH 4.7) were applied" to the 2

P

column (5 x 45 cm) prevxously equxlxbrated thh the same
buffer. The colude‘was then developed with 1.6 liter of the.
same buffer followed by a 3 liter llnear NaCl gradlent (70
to 125 mM). Flow rate; 100 ml/h; fraction size, 9 ml. (B)
SDS—polyaery}amide gel electrophoresis‘of'indieidual
fractions. Leadings for fractions 30 to ng were four times
those of 385 to 530 to permit visualization of Sﬁ227. (c)
Two-dimensional gels of fractions I to V from A above.‘Sperm
whale myoglobin (3-5 ug) (see arrowheads) was added to each

fraction to provxde a reference for comparxson of SM22

‘Lsoforms a, B, B', and vy. ' ' !
‘l) . o )
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\ L TABLE V o . e
s Amfr&o actd compositions of SM22 variants and other baaic proteina with
' \‘ aimilar Mr ' .

The composiiion of SM22 a and 8 were based on 14 alanines in order to approach
the sedimentation equilibrium moTétular weight of SM22 o and keep the number of
histidines near an integral value. Samples of SM22 were hydrolysed for 24, 72
and 120 hrs. Values for serine and threonine were extrapolated to 0 time, .
Valine and isoleucine were taken from the average of 72 and 120 hr hydrolysates.
M, s cal‘gulated from the amino acid composition. :

’

Residue - SM22, SM228 . Myokinase® Bratn 23 kDa® Troponin-1©
\ : protein :
> +

Asx 19! 19 Y- 22 | 15
e 62 68 4. 10 3 7.
Ser 13\ 13 T Y 10
61x 25 28 27 20 L2
Pro” 95 9.6 6 17 5
6ly 18 17 19 19 ~
Ala 1 .\ 14 8 8 Y
val 14 S U I 17 ¢ 15 7
Met 7.5 . 6.8 ' 9
e 6.5 . b5 9 S s 5
Leu 14 114 .18 o 7
Tyr 6.0 \s.8 7 10 2
Phe 7.1 . 6.9 5 06 3
His 3.2 ' %.3 , 4
lys 18 17, .. 19 16 I
Arg 9.2 8.4 13 10 .15
Trp 30 2.9 o 5 1

CHalfCys 11 2.2y 2 ” 2 : 3
Total 195 192\ . 19 a0 178
L 21,700 21,400 \ 21,700 23,500 - 20,700

b See Bernier and Jolles (1984)

2 ‘From amino acid sequence of huma\ muscle isoenzyrﬁe I adénylate kina‘se;‘
Van Zabern et al., (1976) : ‘

L. - : b

.

€ From amino acid sequence of rabbit keletal Atropqnin-l; Wilkinson and Grand (1978)
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Wh1le these prote1ns have sim:lar sxzes and 1soelectr1c
points, thexr compos1txons ‘do not 1nd1cate homology w1th
SM22 Attempts to sequence 1ntact SM22 from its NHz—term1nus‘

were not successful ;nd1cat1ng “that it was blocked.

Physical Propefties

Physical parameters determined for SM22« are listed in

'

Table VI Sedxmentatxon equilibrium exper1ments with SM22a

o y1e1ded a straxght l1ne when the log of prote1n concen-

tratlon was plotted as a functlon of the square of the

distance from the center of rotat1on (F1g.”28) The M_ of

‘22 000 calculated from the slope ‘of. this 11ne is in good
agreement w1th the value of 22, 000 to 24 000 obta1ned from
SDS-polyacrylam1de gel electrophores;s. Thzs agreement

indicates that SM22a eiists in‘the‘monomeric'state at ionzz\\\\\r
strengths'close to physiological. A‘plot ofs20 w versus

prote1n concentrat1on (c) (Figqg. 29) gave a regress1on l1ne

~ equation of:

P

¢ 50, T 2017 0.031c

9

-

Thus, SM22 behaves 1n a typxcal non 1dea1 manne; and has an
azntr1n51c sedlmentatzon constant 5‘20 Q of 2 01 S. In gel
f1ltrat10n experxments (Fig. 22), SM22a produced a sxngle '

“dsymmetric peak thh a Stokes*fadlus (R ) of 25 8 A,

5, gel ‘
' wh1ch hgrees well wzth a calculated Stokes rad1us from

N
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T -
TABLE VI
Physical Pai"amet'ers‘of SM22a
Pahdheter ‘ - | Vall‘ue‘
M sedlmentat;on equ1l1br1um L 22,000
M .SDS gel electrophores1s A 23 000
Part1a] spec1f1c volume ‘ 0.734 cm /g‘~‘
C Shom A 2018
: Rs,sedb" _ : | . ‘ 25.1 ﬁ‘
Rs ger® o A . 2584
f/fm"l \ : y 1.3
'hydratlon ' | ‘ , .+ 0.38
fh° S | 1.8
£l ng/m’ | WY,
280 o . .
[91206 : : ‘ ‘ ‘—18 900 degree cmzdmol '
el - | \ -14,100 degree cn’dnol >
[91189 N . 28,800 degree cmzdmol -1
| o S R S
Beooq - T 1.3 M en”
~re87 , 1 -1
4280 ez M

s

2 Calculated from amino acid compos1t1on (Table II) ’
Cohn and Edsall (1943) ' ‘ :

b See Genera] Mater1als and Methods for calcu]at1on methodology .f

Ca]culated from amino acid comp051t1on (Table II)
" Kuntz and Kauzmann (1974)

d Determ1ned 1n 0. 01% tr1f1uoroacet1c ac1d

‘e See F1g 30
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log ¢ (mg/mi)

52

. FIG.,ZB Determxnat1on of the M of suzz by ,
fscdxnentat;on eqnxlxbrzum. SM22 in KMED (0 1 il) was

Afcentrzfuged at -20, 000 tpm. V. was calculated from am1no ac1d”f;f

fffgcomposxt1on as 0. 734 and P was- calculated as 1, 0045
~"(:c.mcent:rat:mns (c) were determxned w1th Rayle1gh

et 1nter£erence optzcs. h'gjjl W T _pf St
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“S20w(s)

i | TR 1 1 ")
. o 3 5 o 7
.. SM22 (mg/mD)

T "‘

“-i FIG. 29 Concentratxon dependence of the sedxmentatxon

uﬁie'ceeffxcxent ot SH22 SM22 samples (0 4 ml) in ‘KMED' were

f sedzmented at 60, 000" tpm,ius1ng Kel F 2‘ centerpleces (12
mm) and sch11eren photography. : R T
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".sed1mentat1on (R ) of 25.1 A A fr1ctxona1 rat1o
o , ,sed

(f/fmm s 1. 35) was determxned for SM22a by d1v1d1ng the

by the Stokes rad1us ‘of an

'y‘average of R and R

‘ s, gel S, sed
‘1deal1zed spher1cal partxcle of 1dent1ca1 M When the

'

'est1mated hydratlon of 0 38 g H 0/g of proteln is taken 1nto
account the fr1ctxona1 rat1o due to. asymmetry alone (f/f )
fwas found to. be 1. 18 051ng a model for a prolate ell1psozd

‘:of revolut1on, thxs value g1ves an ax1a1 rat1o of 4: 1

’ ‘1nd1cat1ng that the monomerlc SM22a molecule is’ moderately

\

"asymmetrlcal
The near ultra v1olet CD spectrum of SM22a 1nd1cates,“
’ 1that at . least a port1on of 1ts aromat1c res1dues are in a
‘reglon of opt1ca1 asymmetry (Flg 30) The outstand1ng
fr;feature of this spectrum is the large posxt1ve band at 293
fi,nm, which probably results from the 0- 0" Lb electronxc.
o ;tran51txon of tryptophan wh1ch has been hlghly red sh1fted
'from the normal pos1t1on at 289 4 nm- (Strzckland 1974)

smaller 0.+ 850 cm gl

| Lb companlon band is present at f

v"284 nm. Three features of SM22 s CD spectrum 1nd1cate that
;7more than one tryptophan is. 1nvolved in produc1ng d1chro1sm."

l'f These 1nc1ude ‘the presence of flne structure from ";‘Z*h

.:f 295-310 nm, the 1ntenszty of the 293 nm hand (Ae = 3 6

._‘1..;'.‘_«1 e

where a max1mum of 2 5 1s expected for a 51ngle

,;ophan) and the greater 1nten51ty of the 0 0 transxtlon
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| '“FIG .30, erculq; dxchroxc spectra o£ SMZZa. Solut1ons I
for o1:] conta1ned 0. 54 mg/ml SM22a, 50 mM sod1um phosphate

,;e'(pH 7. 0) 21,0 mM DTT “The . path 1ength was. 0, 0103 cm. for the

‘ f'f1ext1nct1on coeffxc:ents for left and rzght cxrcularly
"3.ﬂpolar12ed light,"

e f:1974)

‘l“far ultrav1olet and 1 Oﬂcm-for the“near ultraV1olet spectra..
 Ae = eL.4;‘§§='[9]N/3300 where 'L and 'R are the molar T

| :[9} is the mean resxdue e111pt1c1ty‘§nd N
"f1s the number of’ amxno ac1d res1dues 1n SMZZa (Str1ckland,
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"'when compared tp the 0 + 850 cm~1 tran51t1on (Strxckland

1974) The negatxve f1ne structure at 280 and 287 nm 1s .
11ke1y due to tyr081ne as’ szm1lar bands have been .
attrzbuted to tyrosyl vxbronxc tran51t10ns in cytochrome c
(Strlckland 1974). A shoulder at 275 nm maf also result

from tyrosxne~wh1Ie structure ‘at 256 262 and 268 nmmxs S

oA

probably due to phenylalan1nes. The far-UV CD spectrum of
SM22a (Fxg 30) was analysed by computer comparlson to “',ﬂ‘

protelns thh known x—ray crystallographxc structure

L

'l‘

(Provencher and Glockner, C:I) The program 1nd1cated that

SM22a conta1ns 37% a- hel1x, 1% B sheet, 5% B turn and 27%

random coil. The far-UV CD schtrum (215 nm-230 nm) of SM22

f
1n a buffer conta n1ng 0.1, M KCl 0 05 M sod1um phosphate,; o

A
PH 7 0 and 1 mM DTT was analysed for structural content by

- the method of Chen et al., (1974) (not shown) It y1elded 41

o
‘l,
.

% a- hellx,‘34 % B—sheet and 25 %trandom c011

a\ - B :', PP R K '~.‘
T " . y ) [ ‘."” (s
N N - '. coN e
) A

. “' . “. ) “‘“"‘_” > "-‘ - . F A '
Interact1on Propertxes of SM22 j?fﬂ:ﬁﬁfw

In order to determxne whethergSMZZ 1nteracted w1th the




TABLEVI1 Negative.assays for SM22 function.

Substance-assayed

‘

‘fTechoiqug " Posttive - Conditions
for'bindjhg to SM22 - S control ‘ R
bromosulfophtha]ein gél filtration (a ) albumin 0.1 M KC1, 50 mM NaPO,
(1 mg/ml) o s "~ ‘ ‘ pH = 7.00 ‘

. ATP,ADP.AMP,GTP,GDP\,-< e R (b)) . none ’ 25 mM Mops,. pH = 7.2
GMP,cGMP,cAMP CTP, ! . e 150 mM KC1, 1 mM EDTA
CMP,CDP ,NAD,NADH, . ‘ : 1 mM EGTA, 2 mM DTT

.. FAD,NADP : ; 0.7 mM SM22, 0.8 mM
. T : . nucleotide + 0.1 - 5 mM

'MgCl
45 ++ o : - S ‘ ‘
Ca o - gel filtration (c ). Troponin C 50 mM Trds‘pH = 7.5
R - o o , 0.1 MKC13 1 mM MgCl
— R 0.1 mh DTT, 13 M 981
N\ . . | ' ,‘ ' I ‘\, !
1125 Ca]modulin N\ "gel overlay {(d) Myosin” 5 .-50 mM 1midazole pH = 7. 0
- Coh Light chain 0.i5 M KC1, 1 mM DTT,
Kinase (1 mM EGTA or 1 mM. CaCl )
Troponin ¢ - " affinity ‘C-ferminal | .-10 mM Tris, .01% NaN.
Sepharose - chronatography (e) fragment of 0.1 m4 CaClp, 0.1 M RaCl
‘ . ‘ Troponin T (T2} | - - .
1125 Tropomyosin .. gel overlay ; ']roponjn T 50 mM imidazole, pH = 7.0
; ' SM22 on the gel and Troponin I 0.15 M KC1, 1 mM DTY
whole giz;oro o gel ggerlay L Calmodulin "
extract with 1125 sM22 o ‘
“actin. cosedimentation (f) _gizzard 100 mM’ KC] 10 'mM MgClz.
Co . T " tropomyosin 2 mM ATP, 2 m 01T, ,

10 mM 1m1dazole. pH = |
7.8 actin 11,6 yM

-Nsnzzoas*az;-n

" Troponin € affinlty chromatography was done by Joyce Pearlstone.
were done by Clive Sanders. : . ‘

. {a)’ Bernier and. Jolles (1984)

‘(b) Nageswara Rao et al.
{c) Hummel and Dry( 11?52)
1981

(@) Carlin. et a)

(1978)

" .(e) Pearlistone and: Sm\Illgv(l978)

“(f) Eaton' et al. (1975)

. (12) Residues T 59-259 of ‘trovpor‘nn T

r

Actin bindingustumés
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b stcussxon o S
N &

In the comparxson of smooth and skeletal muscles,

V -

1mportant differences have been found 1n contractxle

\
. »

propertxes, structure, metabol1sm and membrane phys1ology

1

One mxght expeqt that these d1fferences would be manlfest in

.'v'.‘ y\, h

the type and quantity of protexns present 1n the two

\ .
t1ssues. Indeed comparxson of two dzmen51onal gels of

smooth and skeletal muscle does 1ndxcate major alteratxons

'
i

in” proteln composxtxon (Hiraz and H1rabayash1, 1983 ‘,'c‘”'

Murakam1 and Uchxda, 1985 and erabayashl, 1981) Of the

. B I
prote1ns present 1n gxzzard smooth muscle‘and absent from B
\ RN r, L B

skeletal muSclen SM22 15 the most abundant o Mi'jl»u

ﬁ‘] ..' . . ) ‘,)

'3 We have d slgned a 51mp1e scheme for both the pur1f1—'

s \
b
! o i J

v\ xcatlon of SM22 and the part;al separat1on of 1ts varlants.f

"o

1 . N ;
. V ] . .' ' W ¢

Th1s scheme can-aiso be used for eff1c1ent pur1f1cat1on of@

“v'several other smooth muscle prote1ns. For example we have

sed column chromatography to purxfy hxstones {rom Rhe 1f~jh”
”1n from the 70% (NH 894

I‘\
1ius
& 0y ; -
}g‘ dzstrlled Hzo pred1patate, myog

W '\(




fdescr1bed in th1s chapter.\ ‘ [
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‘:.‘ Co
)

-was 1ncreased 31gn1f1cantly by 1nc1ud1n9 40 mM NaCl in’ the

same buffer (unpublxshed result) ngnxfxcant levels of

r

“myos1n ‘actxn, myoglobin and tropomyosxn were also recovered

1n theSe extracts..Further extractlon of thls re81due w1th

the same buffer but 1nc1ud1ng 25 mM MgCl2 and 60 mM NaCl led,

Al

to close to. quantxtatlve extract1on of the remaxn1ng SM22

Jalong w1th SM21 my051n l1ght cha1n k1nase, caldesmon‘

R

”‘fxlamln and some actln. CM—cellulose purxficat1on of - SM21‘\

from th1s extract has been shown to y1eld nearly pure SM22

f',

.as a byaproduct (Flg 15 A and 15 B G fractxons 100 to 120).

a

A hlgh MgCl extractzon could p0551bly be’ used as an

| alternatxve to the 1n1t;al 1 M KCl- extractlon prOceduren

Y
Examxnat1on of selected fract1ons from the CM cellulose,

”chromatographac proflle by one—,and two d1mensxonal dgel

'electrophores1s 1nd1cated the presence of at least three

(a,B,y) and perhaps four 1soforms of SM22 (see Fxg., ),‘Of'

,these a 1s the predom1nant and most bas1c form and - Tj N

*ﬁgconstltutes about 70% of thé total SM22 1n th1s tlssue w1th

- P

.h‘about 25% B The B and B components have sl1ght1y lower M A

|\

'as Judged by the1r slightlyofaster mlgratlon rates on the ,

fnSDS polyacrylam1de gels. However these do not seemfto have

l

?ﬁ‘arxsen from proteolysis durlng the pur1f1cat1on procedures f'g?

,.”Vﬁfff(de51gnated p ) observed 1n Frg 27 B and 27 C has the same?

'fs1nce all three are present 1n a 9 M urea extract of the

L

']_ychlcken glzzard tzssue (see F1g. 25) A further varlant

v
N

¢'fapparent M as the a 1soform bpt w1th the same charge ?;w{_”""

R ' [ v . RN . PSRN PR oA



d

I '

properties as the g isoform. Since this‘component was not
: ‘ . g

.resolved on two—dimensional gels of'a 9 M urea extract of

wvhole tissue (see Fig. 25) it may have arisen artifactually

[
. .

during the preparative procedures.

The bossibiiity'that these minor and more acidic -

. 4)

1soforms may: represent sxngly or multxply phosphorylated

, .

forms of the major a isoform was 1nvest1gated by E. coli

elkaline‘phosphatase digestion of both whole extracts of the:

tissue as“nell as fractions from the CM-cellulose onromato~'
graphic profile (see Fig. 27). No changes'in the\ieoform
distribution on two-dimensionel gels weréiobserved ae a
result of this treatment‘ | ,
Houever SM22 can be phdsphorylated by the catalytlc
eubun1t of cAMP-dependent protein n1nase. While examining
ohosohorylatién of myosin light chain kinase (in a high Mg2+
concentratxon extract of chicken gxzzard) by this enzyme,
Adachi et al 1983 found that actin and a protexn of lower
nr were also phosphorylated We have subsequently observed
that SM22 is the magor lower M component of thzs extract
and that pur1f1ed SM22 'is phosphorylated on a serine residue
e

by the catalyézc subun1t of this enzyme.? However, the

physxologlcal s1gn1fi€ance of thlS observatxon is unclear

,_s1nce the level of phosphorylat1on obtained was never

greater than 0 5 moles per mole of prote1n even after ,

prolonged 1ncubat1on at high enzyme to protexn ratlos.

: . . 13
-—d ——————————— - e -

* Heeley, D.H. and Smillie, 'L.B. unpublxshed result.

s Heeley, D.H., Weber, M, and Sm1111e, L.B. unpublxshed <

data.

.-
L)
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‘ S | ?
Examination. of the phosphorylated SM22 on two-dimensional

‘gels indicated that the singly phosphorylated species

.migrated in a position more acidic than the B isoform(Fig.

31), a further-indication that the B isoform is not a

phosphorylaged derivative‘of «. . | {
Amino acid analyses of the purified a and g isogpf;s

also sppporf the view that these are distinct entities .(see

Table V). While -they are very similar, differences wefé

observed in'the half-cystine content (one in a and two in B)

and in a higher level of basic amino acids in the a isoform.

This latter difference probably accounts for the more acidic
pdgition of B on the two-dimensional gels and its earlier
elution from the CM-cellulose chromatographic column. Failed
attempts at automatic sequencing of the protein in@icéted a\
blocked NHé—terﬁinus. 'm‘ ‘

The M_ 6f:SM22, est§%ated ?t 22,000 by sedimentation
equilibrium at close to physiolégical ionic strengths, is in

reasonable agreement with the value of 22 to 24 kDa from SDS

pOIYacrylamidé gel electrophoresis. This agreement indicates

that it is present as a monomer under these conditions. When
R ’ . .

— L A}

the average of:fhe Stokes radii (Rs) estimated from sedimen-
1 '/ .

tation velocity and gel fiItration‘was used to calculate a .

translational frictional ratio (f/f . ) for SM22, a value of

min
1.35 was obtained. This may be compared with estimated

- values of 1.40, 1.53 asd 2.4 for rabbit cardiac troponins-C,

-1 and -T respectively (Byers and 'Kay, 1982_; Byers‘and;K#y,
1983) and.values of 1.2-1.3 -typically observed for”glgbuiar
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a B \
A e -
B L & - = -

. \ ' .
.
FIG. 31, PhospHOtylat1on‘of sM22. (A) an NEPHGE gel,
- stained with coomassie blue, of SM22a slightly contam1nated

. with SM223 (B) As in A but after §M22 has . been

‘-phosphorylated in a solution conta1n1ng 0.05 mg/ml of the

- catalytic subunit of bovine cycl:c-AMP dependent’ protein,

‘kinase, 2 mg/ml SM22, 1-32P ATP (0.12-mM and 200 dpm/pmol),
20 mM Hepes, PH 7.5,'12 mM KC1 and \3.mM MgClz for 24 h. at -
30°C. (C) Autoradiograph of B (k1ndly prov1ded by D. H.

-LHeeley and L.B. Sm1111e ) -

’
a
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proteins (Edsall,‘1953). This suggests‘thét SM22 is a
moderately asymmetr1c molecule. The est1mates of 37%
a—helxx, 31% B sheet, 5% B turn and 27%‘random coil, derived
from fer.ultravjolet CD meaSurements‘ere also consistent
. with a globular structure. Wé haVe also examined the near
ultravxolet CD spectrum of SM22 The spectrum produced by
this technxque depends on the structural envxronment of
aromatic res1dues and thus 1s<relat1vely unique for indivi-
dual proteins. The near ultfaviolet,CD‘of‘SMZZ is remarkably
similar to that of azurin (Tang et al., 1968), a protein
that is involved in electron transport in Pséudohbnas |
aEPuganSé and mhose tertiary structure is_known from X~ray |
ICrystallographic-stuaiesi(Adman et él., 1978).‘fhese B
indicate that the near ultra;folet CD spectrum of azbrin
>der1ves mainly from a 51ngle tryptophan residue in close
contact w1th a phenylalan1ne and a 51ngle tyr031ne, all
within the hydrophoblc conflnes of ap barrel structure..The\
major d1fference between the CD spectra of azurln and SM22
is the contrlbutxon of more than one tryptophan to the
v pectrum of SM22. It is therefore worthy of note that the CD
spectrum of SM22 also closely resembles that of Chlronomus
" thummi apohemoglob1n 1 in wh1ch 1nteract1on between 2.
‘tryptophans forms the bas1s of its major spectral character-
istics (Str;ckland 1974 ‘and Wollmer and Buse,‘1971) ‘
Hirai and Hirabayash1 (1983) uslng a spec1ally "541-
:-constructed two-d1mens1onaﬂ'electrophoretxc gel system -

(H1rabayash1, 1981) for the separat1on of ch1cken g1zzard

5,
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.usmooth‘musc1e proteins, observed an‘ahundantlbasic 23 kba
.”"protein-of two isoelectric.variants(isoelectrlc points of

' -apprOximately d.6 and.B.és), Deuelopmental studies indicated‘
that this protein; almost certainly identical to SM22, u
'iappeared by}day 10 post‘fertiiisation shortlyyafter‘
tropomyosin and desm1n and at the same tzme as myosin llght
" chain one. These observat1ons 1nd1cate that SM22 is
expressed in the developlng chack embryo almost 51mu1tane—
dously with the other major proteins of the contractxle
apparatus. However, SM22 appears not to be related to any
known protexn with sxmllar phy51ca1 propert1es. Its amino
ac1d compos1t1on is distinct from myokinase, troponin-1 and.
a 23 kDa prote1n isolated from brain, all of whzch are
monomer1c basic protelns w1th similar M. (Table V). We found
that SM22’ does not produce ATP from ADP, does not copur1fy
with myokinase*from smooth muscle (using an, adaptation'of
mthe method of Scopes. and Stoter (1982) for pur1f1cat1on of
myok1nase from skeletal muscle) .nor bind ATP, ADP, AMP or

| ‘bromosulfophthalexn,.all properties shown by myok1nasevor
bra1n 23 kDa. | B o

The complete amlno ac1d sequence of SM22 (Flg. 32) has

[P N

"pbeen determ1ned by Pearlstone et al (1987) The prote1n

v

o cons1sts of ‘a s:ngle polypept1de chaln of. 197 re51dues, and o

df;has an M of 21 978 and net charge of +4. 5 at neutral pH A
‘~ﬁhpattern of alternat1ng hydrophoblc and hydroph111c re51dues“'.’
| 5“as found throughout the length of SM22, 1n agfeement Wlth .

'}its ex1stence as a globular prote1n.5\
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FIG. 32 The amxno acxd sequence of snzza from chxcken.

izard smooth muscle.‘(From Pearlstone et al., 1987)
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The structural content of SM22 was predlcted from 1ts amxnof

ac1d sequence us1ng values based on conformat1onal

1’pre£erence parameters. It was pred1cted to conta1n 31%

o, a- hel1x, 24% B- sheet 18% B turn and 27% random coxl whlch

'_agrees reasonably well thh the pred1ct1ons made from the CD

N spectrum. Pearfstone et al. (1987) used the FASTP program of

‘prman and Pearson (1985) to compare the known amxno ac1d
sequence of SM22 to the Natxonal B1omed1cal Research |
VFoundat1on K] (Wash1ngton) protexn sequence data base.fIts
vsequence was not s1gn1f1cantly 51m1lar to any prev1ously
determ1ned protexn sequence. o

Wh1le no 1n£ormat10n is. ava1lable on' the cellular
locallzatzon of SM22 the relatzve ease thh wh1ch it is
rextracted by salt solut1ons 1nd1cates that 1t is not an

'1ntegral membrane proteln nor t1ghtly assoc1ated w1th
membranous structures The presence of SM22 1n extracts
wh1ch conta1n elements of the contractlle apparatus such as.

Lvactin, tropomyosxn caldesmon, myosxn lzght chain"kznase,

. -actin1n and myos1n (see F1gs. 13 and 26) may 1nd1cate that

“q‘SM22 is at least partlally assoc1ated an the cell w1th one
:or more of these protelns. However 1n pre11m1nary

“ffexperlments we have been unable to demonstra;f

Tﬁxnteractxon W1th F-actln, tropomyos:n or.cal odulxn nor 1n

'jfthh_any prote1n'component 1n a ;ken gxzzard muscle

*extractﬂtNegatxve observat;onsﬂw’ also obtalned for Ca

2""" |

Thindxng‘(gel f1ltrat10n) and for 1nteract10n Hlth a varzety

2;iﬂ£act, uszng rad1olabe11ed SM22 1n3the gel overlay techn1que;f77f°




of nucleot1de der1vat1ves (NMR) TheSe apparent lack of
1nteract1ons w1th 1nd1v1dual contractlle elements may
‘1nd1cate a requlrement for mult:ple contacts 1n the normal
In vivo act1v1ty of SM22. ' |
Wh1le the functlonal propert1es of SM22 are presently
obscure, its presence as a major component of smooth muscle
tlssues suggests an 1mportant role 1n the1r phys1ology. Its
1solat1on and’ characterlzatxon in a pure form as descrlbed

_1n thls’work should fac111tate 1nvestxgat10ns dlrected

-towards an understand1ng ‘of. 1ts xnteractxve and blologlcal

propertles.
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"Vl; SM22 is W;dely D1str1buted in Smooth Muscles. "
f{.315h‘; l‘)frjd Pur»fxcatlon from Bov1ne Aorta | |
“‘nA‘ Introductzon o b-ﬁ' 1'f ':““{‘ o \‘gv‘* o 'vﬁh‘ RS
' In the prev1ous chapter we 1solated and characterlzed
an abundant basxc 22 kDa prote1n (SM22) present in ch1cken
I:glzzards at a molar ratxo to act1n of ai :3. Wh11e the '
' cellular locatlon and funct1onal role of the proteln 1s ‘
‘presently unknown, 1t 1s unxque in 1ts comp051t1on and
| propert:es and by amxno ac1d sequen01ng shown to resemble no‘
Iother prevxously character1zed prote1n (Pearlstone et al.,
”1987) —To further aSSess the 1mportance of SM22 as a smooth
.muscle component ve have 1n th1s chapter-démonstrated 1ts
”‘fpresence in a var1ety of ch1cken smooth muscles by 1mmuno—
N blottlng. Its presence 1n bov1ne aorta and porczne carotld
- has been shown by two-d1menszonal and SDS polyacrylamlde ge1"
‘ﬁfﬁelectrophore51s and 1ts molar ratxo to actln est1mated to be
0.9: 6 0 and 1 4 6 0 respectlvely. A procedure for |
':fmpur1f1cat1on of SM22 from bov1ne aorta 1s descr1bed and 1ts.grl

'ﬂgamino ac1d compos1t1on shown to be 51m11ar to that of the .

5fﬁhch1cken g1zzard proteln..We conclude that SM22 1s wzdely

”}j;dzstr1buted 1n smooth muscles as a maJor proteln component.,nf7?u5




‘ Bf-Materiaishand‘Methods‘

‘d1ncomplete adjuvant were at 10 day 1ntervals for 3 months.'

e

‘vf
Preparatxon of Antlbodxes and Immunoblottxng
The a 1soform of chxcken glzzard SM22 was prepared—a3“~“*—‘

prevxously descrxbed 1n chapter 5 For. the raxszng of

"polyclonal ant1bod1es~ 200 g of SM22a d1ssolved in 500 ul
‘of water and 500 ul of Freund s complete adjuvant was
‘1n3ected 1nto a, rabb1t, half subcutaneously and half 1ntra—

“muscularly. Further 1nject10ns of 200 ng 1n Freund'°'

<
Product1on of antlbodles was mon1tored by enzyme l1nked

v

.1mmunoabsorbent assay (Engvall 1980),‘followed by the1r e

"1solatxon on a protezn A aff1n1ty column. Immunoblottlng was

fby the method of Towbln et al (1979) SDS urea extracts of
“plch1cken tlssues were electrophoresed on SDS polyacrylamxde'
h~,gels(13 %), usxng the buffer system of Laemm11 (1970)

' "Followlng electrophoretlc transfer to n1troce11ulose

(Schlelcher and Schuell) ‘and. 1ncubat10n w1th ant1 SM22a

;fantlbody at ‘a dllutlon of 1t 5000 the reactlve prote1ns were:;ﬁi

f;idetected w1th goat ant1rabb1t IgG alka11ne phosphatase

17

”(Slgma) and a solut1on conta1n1ng 1 mg/ml fast red TR salt

\ -"l(S1gma) 1 mg/ml naphthol AS Bl phosphate (Slgma) 0 1 M

‘“mfsﬂslectrophoresxs and Gel 533““‘“9

‘?5jffby~Ga1ners Inc. (Edmonton)

‘dhnTr1s, pH 9 2 and 5 mM MgCl (0 Connor & Ashman, 1982)

-
. oy

".

Bov:ne aortas and porc;ne carotxds were k1nd1y donated

‘SDS urea extracts'weretrun on




l'accordxng to'

“fSDS polyacrylam1dé gels (13 %) and the relat1ve amounts oﬁfﬁﬂﬁf

““"“5“22 a“d tr°P<>mlr<>sm determned usmg ‘a Joyce Loeblq;k,"f\“- U

“'Chromoscan 3 scann1ng dens1tometer as descr1bed 1n qcn.rar: Ve

Mater1als and Methods.§Re1at1ve staxnlng 1ntens1t1es thh

‘ A
coomass1e blue were based on standard curVes for rabb1t
I

| skeletal actxn and ch1cken g1zzard tropomy051n and SM22.;_

] [T
s i

.‘.\)“,-

"Ident1f1catxon of aorta prote1ns on the gels was made R

‘1r relat1ge abundance and ngratlon

3
spropertxes as descr1bed for act1n,'my051n and tropomyoszn

"

. '\
% T .
'V(Cohen & Murphy, 1978), v1mentan and desmrn (Gabblanzr L

\

ﬁfet al 1981) and caldesmon (Clark et al.n‘1986) Filamrnrld

- was tentat1vely 1dent1fled by congrat1on wlth 1ts g1zzard
' A\ R \

counterpart and albumln was pur1£1ed from the 70% saturated *5ung?

L(NH4)2SO4 supernatant descr1bed below and 1dent1f1ed from

‘ T1ts am1no ac1d comp051t1on.‘1n all cases the prote1n |

"‘11dent1t1es were checked by two-d1mens1ona1 gel electro—“

,.'

'7phore51s and/or pur1f1cat1on propert1es. Two d1menszonal

‘

wﬂ[gels were run wzth non—equ111br1um pH gradlent electro—

‘f5rphore51s 1n the f1rst dxmen51on as descr1bed by o' Farrell "ih

;x V'

: “"'-'?".‘_V'et al (1977)

"‘. B .‘ pA cy B . '\“ g . . . B
“quurxfxcat'on of SM22 from Bov1ne aorta




.
SNy

the aorta proteln was not homogeneous at thlS stage, a “‘

I

further pur1f1catxon step was carr1ed out on a 2.5 x 20 cm

column of Aff1~gel Blue (Blorad) at pH 8. 0 (see Flg 39)

.'k\o “i
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Detectxon of SM22 1n SDS-urea Extracts of Var:hus Organs

\“-‘ 3
We have used the ammunoblott1ng procedure of Towbxn

A

‘ et al (1979) to 1nvest1gate the presence or absence of

o » L

SM22 1n SDS urea extracts»of a var1ety of organs from the

chlcken and of bov1ne aorta. Rabb1t ant1 SM22 antxbod1es

: were found to b1nd to a. 22 kDa prote1n 1n extracts of

chxcken organs that contaln smooth muscle (F1g 33) hese .
1ncluded 1ntest1ne, uterus, g1zzard esophagus, and aorta.‘ |
W1th overloadlng (not shown) trace amOunts of SM22 were

observed 1n heart bra1n and 11ver but none was detected 1n
breast muscle. Ant1 SM22 antlbodles also cross reacted w1th
‘a 70 kDa prote1n 1n esophagus wh1ch we have. been unable to
1dent1fy. The ant1bod1es to g1zzard SM22 d1d not cross react i
w1th an SDS urea extract of bov1ne aorta or w1th purlfled

SM22 from th:s source (F1g. 44) A very weak cross reactlon,

.wh1ch appeared to. occur w1th the heavzly overloaded act1n

5*'band was seen 1n the whole extracts 1n Flg. 34 Th1s f !

anomaly was not seen w1th the act1n standard*1n Flg. 34

lane 4 or 1n Flg.333..xvgf ;l"i;,'l,f°ﬂfgf“ff““{ '
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: Fig. 33 xmmunoblot oﬁ/chxcken organ Qgtracts.\(h)

:'10~18% SDS polyacrylamxde gel of chxcken organ\§DS—urEa// -

extracts, staxned with Coomas@ie Blue~ xntestxne (1) uterus

(2), heart (3) gxzzard (&) l;ver (S) SM22 (6),; bra1n~(7)

esophagus (8), skeletal muscle (9) aorta\(IO) (B) -

4 (33
Nxtrocallulose transfer of a gel thh the same composxtlon

) ™

as. 1n A and 1mmunosta)ned for SM22 as descrxbéd 1n Materxals

~

and Methods Sample lbadlngs are’ approxxmately 50 ug pef\

lane w1th the exceptlon of SM22 (0 5 ug), g1zzard (15 ug)

and skeletal muscle (100 ug) IS ,l' o 7', *4‘,

ﬂ||

-

LoD
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FIG. 34 Immunobl t of an SDS-urea extract from bovine
.aorta, SDS-urea extracts of bovine aorta, 40 g (1) and

chicken gizzard, 20 ug (2) were electrophoresed on 13 %
~ polyacrylamide gels and transferred to nittocellulbse Other
.lanes include, Jaorta SM22, 1 ug (3) and standatds (arrow-
heads) from tdp to.bottom actin (42,000), rabblt skeletal
troponin. T (38,000), troponin I (24,000), g1zzard sM22, and
troponih‘c,i(17,000)~(4), (A) stained with amzdo black° (B)
immunostained for sM22. ’

7 - o ‘ o



150

Presence ‘of SM22 in Mammalian‘hrtéries
_SDS-urea extracta of bovine aorta and porcine carotid
arteries exhibiteda major 22 kDa band (SM22) wﬁea electro-
phoresed on SDS-polyacrylamide gels (Fig..35). The molar
ratio of act1n°SM22 tropomy051n is 6.0:0.9: 1 0 in bov1ne
aorta and 6.0:1, 4 1.0 in porc1ne carot1d Thzs may be
compared with ratios of 6.5:2.0:1.0 in chicken g1zzard
(chapter 5). SM22 was also detected in non- equ111br1um, two~-
‘dimensicnal gels of ufea extracts from mamma}xan arteries
(Fig. 36). When the‘most basic variant,-(a), of gfzzard‘SMZZ
was co-electrophoresed Qith a9M urea.extract of pigr
carotid it.was'indistinguishable, in both apparent M and pl
from the most bas1c variant of SM22 in the carotid trssue.
The pig carotid SM22, like the gxzzard SM22, appeats to
consist of at leaat three varxants, des1gnated a, B and y in
order of‘cecreasing basicity. The relative level of the B
‘andﬂy components- in this tissue is higher_(ratio of a;B:y
s *2.,5:2:1) than in the chicken Qizzard (ratfd of~14:5:1) |
"’(Chapter 5). In the case of'boaine aorta, the a:f8:v ratio‘,
'was‘also ~2,5:2:1 andAa sti;l‘mOfe acidic variant, '8 (Fig.
36 A, 1aaet) Qas detected'when higher loadings of the
extract were appl1ed to the two-dimensional gel. ' This

variant was not seen ;n the chicken gizzard extracts,'
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FIG. 35. Densztometr1c scans of vascular tzssue v

extracts. SDS-urea extracts of bovine aorta (A) and porc1ne )
~carotid (B) were run on 13% SDS-polyacrylamide gels.,F11am1n ’
(F), myosin heavy chain (MHC), caldesmon (Cd), albumin (AB?,

intermediate filament protg1ns vimentin and desmin (IF),'
actin (a), tropomyosin: (TM), myosin light chain (MLC) . The
1nsets are photographs of the gels that vere . scanned.

A28
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FIG 36. Two-dxmenszonal gels of a 9 M urea extract of

porc;ne carot:d (A) 'and porcine carotzd with added chxcken\\;;_;ﬁ fﬁ

g:zzard suzz 'a.(B). The horlzontai—dtmensron is -non
,‘-equalibrzum 180e1ectr1c focuss1ng carrzed out: £or 3000 Vh in
“the: presence of pH 3 10 ampholxnes (LKB) “The vert;cal
dxmension is 14% SDS-polyacrylam1de gel eIEUf?GpHU?észs._The
inset is SM22 cut Jout from a two-dxmens1onal gel of bov1nev
aorta. a, B, 7 and 6 1ndzcate the varlants of SM22 from most

basic to most acxdxc. ! SRRV AR
. iy .
~ o !

k]
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To provide‘further evidence for the identity of,SM22,in
bovxne aorta we have pur1f1ed a mxxture of 1ts a and B

lsoforms through an extensxon of the procedure used for its‘

purxfzcatxon from chxcken gxzzards. This procedure was‘_'

essentlally the samé-as that prevxously deScrxbed in- chapter,,f~

5, up to and 1nclud1ng prec1p1tat1on w1th 70% . saturated

(NH,) 250, (Flg 37)‘"At this stage the 22 kDa band was

heavily contam1nated with several other prote1ns madekup

N

‘ | .
pr1mar1ly of a 58 kDa component and a basic 20 kDa proteln

‘(SMZO). Subsequent CM-cellulose chromatography (F1g. 38)

,.' ' » . N ' .
achieves a COnsiderable increase in purity of SM22-‘but\
{)
unlxke the .case with the glzzard extracts, leaves 1t still

contamxnated Wlth the 58 and 20 kDa protexns. An add1t10na1

"pur1f1cat1on step on Affl blue gel (Fig. 39) however vas.

successful 1n yleldzng an SM22 preparat1on that was >90%

pure, com1grated with chicken glzzard SM22 on SDS poly-

acrylam1de gels (F1g. 34) and cons1sted pr1mar11y of a
mlxture of « and' B 1soforms (not’ shown) Amino ac1d analeis~

of th1s product (Table VIII) 1nd1cated that its composxt1on

N

"was very 51m11ar to that of the ch1cken glzzard SM22 a and B

Pelen g e m—

1so£orms..
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et FIG. 37 SDS~PAGE of %ract:ons at varxous stages of
\_faorta SH22 pur1£1catlon. Lanes are (1) 1 M "KC1 extract of
vp3fbov1ne aorta, (2)dlst1lled H,o prec1p1tate, (3) dzstllled
.. Ha0; supernatant, (4) pH 4.7, supernatant, (5) pH 4. 7. f‘
fifﬁprecipxtate, (6) 35 % (NH.);SO. prec1p1tate, (7). 70 %
 §§(NH.);S0. preczp1tate. Abbrev1at10ns$are as :in. Frg} 3 w1th
~‘the ‘addition of (CH}~core histores from top to bottom" H3
'V"HZA and HZB,vand H4‘§“(58) un;dentlfzed 58 kDa band..-
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FIG. 38 CM-cellulose chromatographxc pur;fication off;'f?

"Tbovxne ao:ta SM22.. The' 70% . saturated (NH )4 SO prec:pxtatef

was taken up in 120 ml- of buffer (60 NaCl 50 mM sodzumjft*7

‘Uﬁacetate, 1 mM ‘EGTA, * pH 4 7), d1alysed aga1nst~the same - ,{_,7ﬂﬂg

, 5;buffer and applzed to a5 x 45 cm- column, prevzously equzl:-?‘ﬁ
.“d.ffbrated w1th the same buffer. The column was: then developed i

. With'1 liter of.the same biiffer followed by a3 liter linear
. Na€l’ grad:ent (60 to 135 mM); Flow rate, 2120, ml/h, fract1on- -
f;QS1ze, 18 ml.; Insef shows SDS-polyacrylamxde gel of¢
*3csaturated ‘(NH, )2804 fraction applied: to the column
"T;Fractzons were pooled as 1nd1cated s e

‘thev70%¢%
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NaCl (M)

F RACTION NU MBER

‘ i
‘

) “' e FIG. 39. Aff1 gel blue chromatographlc pur1f1cat1on of
. SM22,. One hundred mg of. the dlalysed ‘and lyophzhzed

: "',matenal pooled in Flg.‘ 38 ‘was dissolved in 30 ml of buffer
I ¢ -2-hydroxyethy1p1peraz1ne N1-2 ethanesulfomc ac1d
1f(Hepesl, pﬂis;o, 10 mM NaCl 1 mM EDTA 1 mM DTT) and ;Tur-“"~‘“'

P
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- ‘Amino’ acid ébi;rpqéi#,iqn"“ of \qu'zz]from bovine aorta

. The composition of aorta: $M22, which was approximately a 60:40 mix
. of a and g'variants, was based on 11 alanines in order to -approach. _
“ithe sediméntation equiTibrium My of gizzard’ SM22a (22,000). Samples' . .-
of SM22 were hydrolysed for 24, 72 and 120 hrs. Values for serine . -
and threonine were extrapolated to 0 time. Valine and isoleucine -
were taken from the average of 72 and 120 hr hydrolysates. = Values
for SM20 were calculated from its apparent Mr of 20,000, =

N

Residue  Morta S22 - Gizzard S22« Gizzard SM226®  Morta SW0.

— f‘"““ SR, T : -
Asx 16 L 190 19 16
The. 69 . 6.2 . 68. ' 6.9
Ser 12w w3 e 3
PO L RO - LR SRR )
Pro © 95 1t gl hge o |
CGly 200 a0 ey
CMa e A tm
Cval o 6t T ia R L
CoMet 77 TD7s T R
STle 507 6.8 65
B (- NS U PRI AR U SN
o Tyr ;:5;7.'-7fj”.
CoPhé 60
CoHis 32
T Lys e 16T
Ry T RIRSRA § I
""1f3 Trpiff“ﬂﬁfj,ﬁid.« LSy
& Half-Cys'  nudi. T

‘ S'fyﬁfSegtCﬁébtéf Si
P nid. not determined -
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lPurxiacatxon oi Aorta SHZO »

We have prev1ously noted the presence of a basxc 20 kDa”
.-proteln in chxcken gzzzards (F1g 11) By two dlmensxonal ‘
‘electrophoresxs th1s proteln appears to be’ more abundant
,(relat1ve to SM22) 1n aorta than 1n g1zzard (compare F1g. Ii
‘ w1th Fig. 36) In order to- purzfy‘SM20 from bovzne aorta wef
'ipooled fract1ons 61 to 71 ﬁgom CM-cellulose chromatography :
(Fig. 38) Th1s mater1al was chromatographed on Aff1-Gel |
‘Blue and: SM20 was obta1ned 1n =90 % purlty (F1g. 40 ? pool
,:II). Its am1no ac1d comp051t1on was 51m11ar to that of SM22
“'(Table VIII) An attempt to determzne 1ts NH; term1na1 amino.

‘ac1d sequence was unsuccessful 1nd1cat1ng that 1t was f,

dblocked as 1s that of SM22 We have alsb noted that SM20
tfxncreases 1n abundance relat1ve to SM22 in frozen g1zzards
‘”compared to fresh (unpub11shed observatxon) It 1s poss1b1e‘ 3

‘that SM20 results from endoproteolytxc cleavage of SM22 in -

"rlts COOH-termxnal reglon to produce a truncated vers1on of

ggthe 1atter prote1n. L
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FIGu 40 Aifx—gel blue chromatograph:c purxfzcatxon?of
“aorta SMZO (A) Chromatographlc proflle.,Flfty mg:of: protezn _
v- pooled from fractlons 61 to 71" of . Flg. 38 vwas dlalysed ;’e
,vaga1nst 2. 1 of buffer contaxnlng 20 mM. Hepes, pH 8.0, 0 1 M :
‘4,j<.u‘NaC1 ‘ImM:EDTA and AmM DTT, and applLed to a 12 by 10 cm‘ '“
S eolumn, prev;ously equxlxbrated with' the same buffer. Thej‘ {Q¢
. .column wag then developed with 20 ml .of the same buffer T
S ﬂffollowed by a 109~m1 linear NaCl gradxent {041 t0" 0.6 M);:41;[~
“15ﬂf\f;Flow rate 20 ml/h. “fractlon ‘size:2 .ml, Fractions were S
~ % ‘pooled. into- 5" groups r o V. (B)'SDS PAGE of pooled_“&f
'Effractlonsxf:om A.,(S) starting mater1a1 R
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©D. stcussxon ; |
| Many of the abundant smooth muscle protexns have now .
;‘heen pur1f1ed and characterzzed thle most of thxs work was'
done in1t1a11y w1th chlcken gxzzards the recent pur1f1catxon

v“and characterlzatzon of prote1ns such as myosln 11ght cha1n K
kxnase (Hatha;%y et al 1985), caldesmon (Clark et al
'1986), actxn (Strzelecka-Golaszewska et al >1985) and
]meosln (Chako & Rosenfeld 1982) from mammal1an vastular
;mooth muscle is. 1nd1cat1ve of the grow1ng 1nterest 1n thzs
phys1olog1cally 1moortant txssue. Indeed the flrst obser- u';
vvat1on that myoszn lxght cha1n phosphorylat1on does not
correlate wlth malntenance of tens1on (Drxska et a7 1981-‘ \;;;
hBarany et al., 1985) in smooth muscle was made thh strips' | |
| of vascular tlssue. These f1nd1ngs 1nd1cated the requ1rement
-Lfor a second control mechan1sm 1n smooth muscle. Some
'“possxbilxt1es that have been proposed but not proven 1nclude

) b1nding of Caz+ to myos1n (Chako & Rosenfeld 1982), th1n ".xlﬂﬁE

'-fxlament 11nked control by leloton1n (Ebash1, 1980) and a

'“calmodulln linked Ca2+ regulat1on by caldesmon (Marston &'

i
PRI R IR TR

hthmlth, 1985)

Surpr1szngly,:l1ttle attentlon has been pa1d to the ,ﬂf ﬁj;;

ﬂf{posszb111ty that low M (below 30 000) prote1ns other than ‘i.j’"ft
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The poss1b111ty that these or. other low. M protexn f’ﬁ
- components may contr1bute to the regulat‘%n of smooth muscle ‘
. G .
metabollsm deserves further 1nvestlgatxon.

- In chapter 5 we. purxfxed and characterxzed SM22 from

\ chxcken glzzard Thxs proteln has an apparent M ~on

‘

'SDS polyacrylam1de gels of 22, OQO and is d1st1nct frpm any
L prev1ously character1zed prote1n In the present study we

Jhave made polyclonal antxbodles to glzzard SM22 and used
Lf ",,ﬁhem in. the 1mmunoblot procedure to test for the presence of
» , m .
0
5 SM22 in extracts from a varlety of chlckeﬂ organs. The

mruresults show thaﬁ SM22 1s present prrmarlly 1n organs that
R ‘ L T |‘ L .
;LA,gL c'%ta1h abunﬁant smooth muscle txssue (Fig. 33) and are ‘

‘1 éherefor con51stent Yxth SM22 be1ng a smgoth muscle spec1f1c_‘
~$‘ proteln.limmuuohlst chem1ca1 studles w1ll however be

;‘ Adjfrequxred to sutstahtxate thls observatxon. Wﬂ!found that our..
‘pédi; xirabbat antx chxcken‘ 22 ant1bod1es d1d not’ cross react wlth

ra -

exéracts from bov12§ aorta (Flg. 34) One can howeven detect

5"%@ 2

2

:,'.“ . ,.-1 . o
3' an'abundan? prote:n on two dlmenszonal gels of bov1ne aorta '
¢ ? apd}po;cin carotld extracts w1th the same M and.. “f*ﬁﬁmﬁ“

@H:'ever the Presence of major contamxnants afteg,CM— r"”f

i .
£

‘V éeflulose chromatography 1n the aorta preparat1on (Fzg.,39




162,
' “‘?‘\‘ * ‘
"’Amxno acid analy51s of a mxxture of a and B xsoforms of

aorta SM22 (Tablé VIII) Iﬁxcate that this protein is

slmilar to gizzard. SM22 despxte xts lack of antibody
cfoss-reactxvxty. ‘The Isoform distribution of vascular and
.gizzard SM22, is also similar, although the hore acidic B and

X xubﬁhzts are relangelylmore abundant in vascular ‘tissue
,o“?w N

K /
‘Q(a. 12.5:2,0:1.0). A fourth still more acidic yariant

-«

'ﬂ(o),‘ggtbdetected in chicken giézard, is present in aorta.,
B iArhe- ‘ A ) :

" The relativenyolar_abudencé'of SM22 compa;ed to actin ,and

-~

A}
- gizzard.

'tropomyosin in vascular ﬁissge is about 1/2 that found in

.Y
1, 3

o
» »

We conclude that/SMZZ is present as a major component ‘
T ®

’

in the smooth musclea of both bxrds and mammals. Alth0ugh
the funct%on of SM22 rema1ns unknown its abundance suggestst
s . '

an important role in the physxo}ogy of smooth muscle t1ssue.

Lt
\ 1

i 3
"

S




.be extremely diffiéult to determine the ﬁunctiou‘of these

1dent1fy1ng tropon1n like" components.

that is strongly bas;c and possesses a dxstznctxve amzno

_ ] -
-jac;d composztxon (h1gh in half ch and Gly) and.NHz-terminal

-

’
VII. Summary and Future Prospects

Smooth muscle is an 1mportant component of many

_vertebrate internal organs. It has understandably been

subjected to intehse‘pharmacologicdl characterization. The
biochemical characterization of smooth muscle was however
only bogun"in earnest during the 1970s. Much remains to be
léorned about'metabolism, contract%}e,activity, and
eioitation—contraotion coupling in this tissue. in orde; to
understand these processes we will have to identify and
characterize the proteins that carry them’ouf.

In.the vast majority of cases, proteins are purified .

because they have been associated with a specific function.

T

‘However With‘modern techniques of‘gel.elec;rophoresis and

recombinant-DNA technology, we can identify many'proteins

‘without knowledge of their function. It can, unfortunately, .

. . T Y
proteins., Some apprbaches to this problem will be discussed

below. - ' ‘ .

We began our study of ‘smooth muscle by search1ng for

| tropomyosin b1nd1ng pro;e1ns, thh a special 1nterest 1n_

1251 tropomyos1n gel

overlay studxes 1ed to thé, discovery of SM21 After 1nit1a1

fd1f£1cult1es in characterzz;ng SM21 follow:ng a dennturing

pur1f1cat1on, we developed a non- denatur:ng pur1£icat16n

[y

protocol SM21 1s a moderately asymmetr1ca1 globular monomer ’

'.i»!‘\---' NS T I VX T . Lo : A |
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amino acid sequence. It is present in medium abundence in
both chicken gizzard (= 1 : 16 with actin) and bovine aorta
smooth muscles. Although the gel overlay indicates that SM21
can bxnd to tropomyosin, actin and calmodulin, its amino
acid composition and NH;-terminal sequence do not resemble
that of troponin I which also binds to all of these
““proteins. .

In addition to binding,%o estin, ealmodu1in and
tropomyosin; SM21 also co-purifies'with severe; contractile
apbaratus‘associated_proteins such as MLCK, caldesmon and »
gi}amin: These Tinaiﬁgs indicate a ﬁerticular need for two ’
types of further research. | | - .

(1) Actomyosin ATPase‘studies should be carried out,
.‘preferablyfwith’smooth muscle'combonentsr These studies

" should be carried out wiih\Botb,depﬁosohorylated, and
pﬁosphorylated ﬁyosio} and in ;he presence ené absence of

other potential smoobh muscle requlatory pfoteins, such’as

caldesmon and lexotonln.

R ¢ muanluorescence studlbs should be used to determ1ne'

the locRtion of SM21 in cells. If SM21 ﬂhn be assoclated

~

wlth a dlstxnct organelle or f1lament system, then progress -

towards determ1n1ng its actual functxon w1ll he greatly

facilztated

N

'h pure SM22 One ofnthe reasons Ybr this f1nd1ng is. that SM22

/

-‘:

L 1s extremely abund_ th(m 1 3 3 molar ratlo to actxn)

d
.-

Afte; 1ncreasingethe yzeld and purzty of the SM22 -';_”J;‘

thle pur1fy1ng SMZI we 1nev1tably ended up thh faxrly



. In ‘order to d1scover th1s role it w111 be useful to carry
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2 ™
preparation, wé embarked on the task of finding its
_ function. One possibiijty was that structureiwould;give us a
clue. | R

SM22 is a moderately asymmetrical globular protein. fts
amino aoid composition.is—not distinctive but its neat-UV CDl
spectrum does show 1nterest1ng similarities with two metal
blndxng protexns,tapurxn and Chlronomous hemoglobin. The
lsequence of SM22 was -not similar to any prev;ously
determined protein sequence€ (Pearlstone et al., 1987).

SMZ&lis interesting*in the ahsolute negativity it,‘
displays’in attempts to define its funotion. At
_COncenttations near mM,vit had no detectable etfect on a,
wide range of nucleotide phosphate resonanoes (NMR). In a‘i
gel oVerlay study, 1251~ SM22 showed no b1nd1ng to any
prote1n in an, SDS urea extract of chicken gizzard. It is
poss1ble that the most ac1d1c 1soforms of SM22 (y and 6)
mlght result from phosphorylat1on of 'the more basic o -
1soforms. However we were uhable to alter the isoform '
composition of SM22 q1th alkalxne phosphatase or demonstrate;t
that SM22 is phosphorylated In vivo. SM22 1s wzdely o
'd1str1buted amongst smooth mpscle conta1n1ng organs 1n

| ch1cken and is also found in bovzne aorta and p1g catotxd.-‘

.We be11eve that 1t plays an 1mportant role 1n smooth muscle.

b

”V{ out actomyos1n ATPase assays and 1mmunoh1stochem13try as

\

o .
mentzoned prevaously for SM21 Other stuéxes should 1nc1ude:

my "
B

» :
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'(1)x~ray7crystéllograph§ ; determ1natxon of the

structure of SM22 may reveal a structural element that is
.,sxmxlar to that of a proté1n of known funct1on.

» (2) CIon1ng ;_eluc1dat1qn of thewtranscrxpt and gene
ﬁstructure of SM22 might reveal‘the existence of

non-transcribed sequences that are shared with broteins of

hnown function. In addition it would heio to resolve the

origin .of the SM22lisoforﬁs. In the'case of SM21 clon1ng
’E'would also be useful for obtaxnzng the remaxnder of the |

{
=sequence. '

(3)Both sM21 and SM22 should be tested for the abllxty

to effect tensxon productxon and ma1ntenance in sklnned

..; i
=z

smooth muscle f1bers. It would be espec1a11y 1nterest1ng to

.determ1ne their effect on the maintenance of tens1on in the

. presence ‘of CTP (Hoar et al., 1985)

RS

. The problem w1th all of the ab0ve stud1es is that they
‘may turn out to be negatxve. In the case of x—ray |
| crystal%ography and clonlng a negat1ve result w111 not Be
d1sastrous as’ the 1nformat10n galned will stzll be useful
o whgn the funct1on 1s found. With ATPase and ten51on assays 1

L.

wduld suggest that'the work be carr1ed dut 1n oonjunct1on

a N '

‘ ,,wlth another progect. : -

ﬂ‘In summary, ve have pur1f1ed and character1zed two ‘«F.imi o
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ciarify fhe cénpoéition of the high\nobility pfoteins of

smooth muscle and to. prov1de 1nforma£30n that should be‘A' ‘
helpful in. purxfy1ng some of the uncharacterzzed components. -
We have arso provxded further ev1dence agalnst the existence.

| of protelns in smooth. muscle that resemble.;ropon1n I or T

'\by the criteria of M‘, primary sequence and abundance. SM32-

is probably the only remaining candxdate that m;ght poss1bly

e

meet all of these criteria. ' e .
’( . , ' . . .\ . ,?,, .



" Bibliography . o

" ‘Abe, y;.ahd Tomita, 7. (1968) J. ;PhySIo7" 196, 87-100.
Acha21, R.K. (1982) in Baslc Bfology of, MUscIe (Eds. Twarog,

B.M., Levine, R.J.C. and Dewey, M.M. ) pp. 291 308 Raven

Press, New York ‘ e
1

Adach1,‘ .. Carruthers, C A. and Walsh M. P. (1983) Bfochem
Blophys Res Commun. 115, 855-863 | o

: Adelsteln, R S. and. Eisenberg, E. (1980) Ann Rev Blochem
‘. 49, 921 956, B | . ‘
£ C

' Adman, E. T., ‘Stenkamp, R E.,, S1eker, L. C. and Jensen, L H
(1978) 'J. Mol. Blol: 123, 35-47. T

Aksoy, M.0., Mras, S., Kamm, K. E. and Murphy, R A. (1983)
Ami dJ. Physlol '245,.-C255-C270. N

Aksoy, M.O., Murphy, R A. and Kamm, K. E (1982) Am. J. 'f
: Physiol ‘242, c109 C116.. . . R

nlberts, B., Bray, D., EEw1s J., Raff M., Roberts, K.,'and‘f
Watson, .D. (1983) Molecular Blo}ogy of the CeH p '
555 Garland Publxshing Inc., New. York ‘

Amos, L A., uxley, H E., Holmes, K C., Goody, R S. and
Taylor, : (1982) Nature 299 467 469., -

, ’Asano, M. & Stulﬂ J 'I'. (1985) in Calmodul I Antagonlsts and,
ﬂ“uT' Ce’lular Phystology, (Hidaka, H.. & Hartshorne, D.J., -

by s
NS b
St

PSR

& Ash1ba, G., A ada, T. and Watanabe, (1980) d' Biochem

~edg), pp, 225 260 Academ1c Press,.lnc., Orlando qur1da.‘,‘3;g

deomlyo, A P (9975)IU.FMb1.‘u};'u=””

tstr-y of Smooth Musc e (Ed.
i..Pp. 1784 cnc press. 14 Boc




Hartshorne, D. J.,'eds) PP 199‘223,'Academic Press,
Orlando Florlda. AR S o ﬁ-(,

Bernzer,'I;,,and Jollés, P. (1984) BIochimL'Blophys,:Acté
790,'174—181 ' D : ‘

,Berfiqgg,'mva; and TIrvine, R.F. (1984) Nature 312,315-321.
'getcbﬁel, P.J. (1979) J Biol. Chem. 254, 1755 1758..‘
Bolton, T.B: (1979) Physlol Rev 89, 606- 718.',
| Bond, M; and Somlyo A V (1982) J. Cell BIOI 95 403—4137
S ?aBozler,'E. (1954) d Gen Physiol 3, 149 159, o

Brad;ng, a., Bulbr1ng, 'E. and Tomita, T. (1969) d Physiol
200 637 654. ‘ ‘

~

, Bremel R. D. (1974) Nature 252 405- 407
Bremel, R D., Murray, J.M. and Weber, A, (1972) Cold Sprlng
‘ Harbor Symp. Quant ‘Biol. 37, 267 -275.

- Bretcher, A. (1984) J. Bfol.»Chem 259, 12673-80. .

. Bretcher, A. and Lynch W. (1985),d. C&:I'Biol: 100,
1656 1663.<‘? LT R

o

Burnstock 6. (1985) Experimentia 81, 869;873cer

.Burrldge K. and Connell L (1983) d. CeII‘Bfol. 97,
. 389-367.0 - R R

I 4
K

QJBurrldge, K. and Feramlsco, J R.,(1981) NBfUhéf2§44 565—565:f”“
WgByers, D Mg, and Kay, C M.:(1982) Biochemistry 21 229 233

e

Byers, D. M. and Kay, C M. (1983) Ui Biol Che”=4258,,__1‘.““ ‘

'2851-2954. o ,ﬁ..~w,ﬁ g

Cantor, C R. and Schlmmel P R. (1980)—Blophyslca1 G
L wChemistry, Part II,,pp 409 428 W H Freeman,and Co. san?;;;
Franc1sco. w%ﬁ~‘_ B SO I S hﬁ_Je, AT

arl1n, R K., Gtab.i;D J., and Slekev1tz, P..(1980) Ann."pff}f
. Acad. Scl. 356 73-74. s S

Carlsen F., Knappezs; C G. ahdehchthal F
-,-Biochem‘ Cytol 11, 95-117.




470

‘Chacko, S., Contl, ‘M.A. and Adelsteln, R. S (ﬂ977)*Pnoc:‘.‘ . f lf
| Nat1. Acad. Sci. USA 74, 129-133. , SR

“'Chacko, S. & Rosenfeld . (1982) Proc. Natl Acad. Sci. USA®
©79,202-206. T N SR

}Chalov1ch J M. and Exsenberg, E;,(1986) d.’BfoI; Chem. 261,
‘ 5088- 5093. - L e - -_“

» b
L)

’Chatterjee M. and Murphy,‘R A. (1983) Sctence 221 464- 466.

Chen, Y., Yang, J. T., and Chou K H (1974) Biochemlstny 13f:. 
1350~ 1389, . | | |

Chervenka C. H (1969) A Manual of Mbthods for the

Analytfcal Ultracentrifuge p :45, Sp1nco Division of"
g Beckman Instruments, Inc., Palo Alto Callforn1a.‘

. M'CIark T., Nga1, P.K., Sutherland, C., Groschel Stewart, u.
B & Walsh M.P. (1986) d Blol. Chem 261 aoza -8035.

- Cohen, D.M," & Murphy, R. A. (1978) d Gen Physiol 72,
©369-380. |

:4Cohn, E.J. and Edsall J.T. (1943) Pnotelns, Amino Acids and
- *, Peptides pp. 37oa331 Relnhold New York, .

'Cole, H.A.,. Grand, R. Q“A. and Perry, S.v. (1982) Biochem J
- 206, 319-328,. . | )

“wContx, M.A, ,and Adelsteln, R A. (1981) d Blol Chem 256

L o378 3181 o | ‘
'ﬂftété G P and Sm1111e, L. B. (1981) u, Blol. Chem zss
11999~ 12004..,,,, - ;,“ S

:*’Crestf1e1d AL Moore 'S. andyStein, WJH- (1953) J 3’07
K Chem 238 622 627 R S e A

V"chUmminst*‘f and Perry, S. V. (1973) Biochem . 133, 765 777

“; o ska, H A Szpacenko, A, and
5) Ji MUsc. ‘Res, Cell Mbtlllty 4




D1llon, P. F., Murphy, A. and Claes, v. A (iSQQ)fAm;HJ:ﬂ; . .'
Physiol 242 €102- C108 o DT A

- ‘ Drlska, S. P., Aksoyh M. 0 and Murphy, R A (fQéi)"Am; dQl flf‘;’
- Physlol 240 c222 0233. R

Eaton, B. L., Komlnz, D R., and Elsenberg, E!](T§75) o

_Blochemistry 14, 2718~ 2724
_.Ebash1, s. (1963) Natur'e 200 1010 f/
,‘Ebashx, 5. ( (1980) Pndc R. Soc Lond B 207 259 286 S -
‘Ebash1, S. and Ebaghl, ; (1965) d Bfochem, 59 7 12 .ja'dnyfwv
Ebashx, 5., Iwakura, H., NakaJlma,,H., Nakamura, R and 001,/-;
. £ (1966) Biochem g-; 345, 201- 211 B I PR 1‘/.[‘-
| .thEbaShl, S.: and Kodama,. (1965) d Blochem 58 107 108 dt
N*Ebask1, S., Nondnura, Y., Nakamura, S., Nakasone, H. and"~;
oo . azuhzro,; (1982) Federatlon Proc 41 2863 ~2867. /' L
v Edsall J.T. (1930) d. ‘Bfol‘ C‘hem. 89, 289 313 B _/‘_",i

Edsall 3.7, (1953) in The Protelns (Neurath H. and Ba11eyyﬁ’
: K., eds.) Vol. 13 PP 549 726 Academ1c Press Inc.y New . -
York. N \.h‘ »‘:-a-‘. g o . : myb Y

e /
e,

Ell1ott A.‘and Bennett P M.‘(1982) 1n Baslc Blology of
E— MUScIe (eds. Twarog, B.M., Levine, R J.: C and Dewey,
o i M M. ) p Raven Press, New York .»v L

0

. . i" R L '

R Emerson C., Flschman, Q., NadaI-G1nard B. and Saddxqui VA
‘MJA. Q (1986) Mo]eaﬂar- Biology of Muscle Devefopment o

Alan R. L1ss, Incg, New York

Engelhafdt‘ w A..and Ljpb1mova”"M N



GOpglakr1shna,lR., and dndenson w B (ﬂ982) Blochem "
Blophysu Res.;CQMm\\104 330 836 ,A
\ Gorecka, A., Akso M,O.,and Hattshorne, D J. K1976) Qi:f te
| ‘Biocheir, ‘Biopl s. RES..Cbmm. ", 325-331. Coone
Greéser; M’L;Tand Gergely, d (1971) d Blol Chem. 246,”;.‘4lf,&
4226 4233..1,;4-, ,“‘,_“ , B L

Greaser' M.L:\and GefgelY-~3 (i973)‘d;¥31014 Chem,v243;:_“ i
;‘ ;mg 2125~ 2133._.. Gt J85ce : 2

M . e

V._vw . . T F

Groschei Stewart, U., Chamley, J H., McConnell J D. and. ;
‘ Burnstock‘” (1975)-H£StOCbem 43 215 244 ‘
HanSon J. and Huxley, H EQ (1953) Nature 172 530 582 T

2 M‘V «&‘Coollcan, S A. (1985) d. L | gﬂg
{‘17 +841-850.." A R

'\L“

Eman C ‘S., Ku1smanen, E¢, F1nn, L A. and‘
: amawakxﬁxa'aoka,nY.,(JSBG)-MbI ,Ce]I Blol el

" e
] . ~

15*'He1;man.QD M;} FeramlsCO,JT”
PR cfgak)‘d. Blol Chem 259




g ' . ‘k: ,» “ o . . "‘, ' “‘*-"v "“‘ .' ,'.‘ Vel ';" | “ “ . ‘ "". !
Hummel J.P. and Dreyer, w J. (1962) Biochim. Blophys. Acta
.. ‘- .*63, 530-832. -~ T ° S A

a

Co ngnkapzller, Miws and Hood L E (1978).Bioch¢mlétpy.i7, o
e 2124521330 - i A

q,'t(' , ,'

«W o ) \ . ""1\‘\

Hﬁﬁkap1ller, Lu;an, . Ostrander,lF.,land bed{fﬁ;E: o

s Enzym 9, /227 236

0(?983) : _ |

! xley, A, F.‘(1980) 1n Muscle Contractlon (Eds Ebashz,ls.,“

S Marugama, K.. and Endo, M.) PP‘( -18 Japan Scxentxfic '
: Soc1et1es Pregs, Tokyo. 3

,.'_‘

B Huxley, H E. (1960) 1n The: Cell (Eds; Brachet' J. 'Mxrskyf
: ‘ A.D.) Vol IV pp. 365 481 Academlc Press, New York

L Huxley, H. E. (1969) Sclence 164 1356 1366.

‘Ikebe, M and- Hartshorne, D J (1985) Blochemlstry 24

| 2§§o -2387. P | . |
‘“Ikebe, M. and Hartshorne, D J- (1985b) J BIOI"Chem 260 f\
S 13146 13153. ‘ : L , '

v . S 4

e T |
‘ “Ikebe, M., H1nk1hs,‘ . and Hartshorne D J (1983)‘
Biochemlstry 22, 4580 4587 o ‘ . ;-.f
l"*Jackson, P., Amphlett,.G W. and Perry,_s V (1975) |
SH Blochem J. 151, 85-97,
PRl Jogkusch " B. M. and Isenberg,‘ (1981) Gold Spﬁlng HanOn
7< Symp Ouant Blol 46 '613- 623.;‘, }

- Johansson,,B. and‘Somlye (19&0) in ThelHandbook of

. .‘ . sacPhysiology.. . The: Car'diovascular' System,, Vasculan Smooth
MUSCIe (Eds. 'hohr, 'D.F.,. Somlyo,. 'A.P. and. Sparks, H: V.), :
Vol II, pp.‘3Q1h324 Amerlcan'Phy51ologlcal Soc1ety, u¢’gf




5174‘:f,

‘ BoaafRath‘RFlorida;.‘ N | |
" Kuntz, 1. D;,‘Jr and Kauzmann W. (1974)]Ad&.‘Proteln‘Chém,',‘aq
28, 239 345. RS R e

”Laemmlx, u. K. (1970) Nature 227, 680 685

VLakx, K.; Maruyama, K. and Komlnz,_D R (1962) Arch
Blochem Blophys 98, 323- 330, 7L “

f‘Lash J., Sellers,-;. and Hathaway, D;j(19§65 d; Musc,‘Rés.
: Cell Mbtlllty 7, 374, . K AN

ﬁ[‘Laszt,‘L ~and. Ham ir, (1961) Blochlm. Blophys..Acta 50,
' 430 ....' § ‘ . %
‘Leav1s,‘P c. and Gergelyd :(1984) CRC Crft;‘RéV.iBfochem.‘

R 16 235 305 : ‘ : o o

oo SR JRERTY ‘ i
- Lehman,. .y Kendrlck Jones, J. and Szent Gyorgy&,‘ (1972)
Cold Spr*fng Har'bor' symp Ouant Blol‘ '37, 319- 330.‘ .

g<“newis AM.G., Coté, G.P., ‘Mak, 'A s. and Sm1111e,_L.B.\(1983)‘:
[ FEBS th rs 156, 269- 273. A ‘ SR

'"eLeszczynskz, J R. and Rose, G D. (1986) Scfence 234,;ﬂ
' 849- 855 v . '

1“7fL1m, M s. and Walsh M,P. (1986) Blochem. d 238 -523- 530. A

[N

1L1pman, D J. and Pearson, W. R.-(1985) Science 227 _ S
©1435- 1431 R , | - S
‘~;Lundholm, L., Pettersson, G., Andersson, R G G. and o '
..+ :Mohme=Lundholm" (1983) in Biochemlstr'y Of :Smodth: Muscie .
. ”i, (Ed’~$tephena, N.L.) Vol. II,- pp.g 85- 108 CRC Press, o
P ’.'an B ca Raton, Flor1da. g‘_ ; :“ S e

R,, Houlker, C., Re1nach F C.,;Sm:ll1e, L B., ff S
K‘, Modz, G. and Walsh, F S H(1985) Proc thl.rk“;wﬁ




! o I
. ) e
- ' N
4 . i o . ) ' " " Ld a ‘\.

Marston, S.B. and Smxth,'C.W;J (1985) d-vMDSC' Ees.,Celldihhﬁ
HWotirity's, ee9-708] T e

o . ere
N Maqston“ s. B., Trevétt R.M. and Walters (19&0)
Blochem 185, 355 65. y N e

$ o . ,."“vﬂhhﬂww&
7“af“Ya“3 K. 'and Ebashl,{‘ (1965) u Bf;;EEm*~gfy 13_1g'a~~2\

SR Masak1§‘T., Endo M. and Ebashl, (1967) dJ. B}ochem 62,‘j¢w

630 632 ‘ | \// | )
' o (). 5 . . ; , . o
'oMCLaChla"' A.D. éﬂd‘iie*értu M...(1975) J. Mble‘BIOJQ‘95f S
- 293 304 . o AR »

McLachlan, A.D. and Stewart M; ti976)"d-’Mb7;‘Blbf.f10j, ‘ 13

271-298. | o R

| . IMcwaney, B.A. and Robson, J M. (1929) d Physlol ‘68{n'f.~

L 124=131, o Sev

Yj{;jmikaﬁa (1979) J. Blochewv%QS 875831 | ; S

"_‘M;ller JR., §11ver, p.d. and Stull,,J T. (1983)‘Mbi. ‘
"7 pharmacol . 24, 235- 202, A A

:EN”QI_‘Moote; (1963)‘d Bfol. Chem 238, 235-237. Ll )

“,‘Mofgan J P. and Morgan, K G (1982) Pflugers Apch 395 R
' ‘_' 75 77 | ; . ) ) . S \

dj;m‘;‘?Murakaml, U and Uchlda,.gﬁi§1985)‘d.18jochem (T@kyo) 98
T, 187197, ;v N W_’-“" | .
»'f;ﬁageswara, R, Cohn M, gnd Noda, (197&% d BIOI Chem
mL 253, 1149 1158'0[v* R

4
v . ' o -.‘.‘\
3 KR | i,ﬁﬁ:—g

d’Nga1, P. K., ﬁar?ubhers, C A and Walsh M P (1984) Bfochem.,~
‘,.fgq; 218,.863-870. 1 . ¢ K \~L"“ 3 L

Nga1, P. K. 'and Walsh M PM198.4)\ d BIoI hem 259

o 13656 13659 S e

“d*in'Ngalp P.K, and Walsh M. P (1985a) BlocheT Blophys-wRes"ﬁiﬁf
; L Comm. 127"533—539.- : ‘ %'




.
\ . | . .
\ ) o0
\ \\ il ' » '

)

‘O'Farrell, P.Z., Goodman; H. M , and O Farrell P.H. (1977)

Cell 12, 1133-1142.

‘\\'v

f' Ohtsuki, I., Masaki, T., Nonoimura, Y. and Eﬁashi, S. (1967)

‘. Biochem. 61, 817~819.

*Qﬁ;suki,,l?, Maruyama, K. and Ebashi, S. (1986) Adv. Proteln

Chem 38, 1- 67

\‘Oncley, J.L. (1941) Ann N.Y. Acad. Scf. 41, 121*150

l Otto 3.3. (1983) J. Cell Biol. 97, ‘1283~1287

\.Pato, M.D. and Kerc, E. ("1985) d0 Biol. Chem. 260,

1 12359-12366.

Pearlstone, J.R., Johnson, P., Carbentér, M.R., and Smillié,‘
“~  L.B. (1977) J. Blol. Chem 252, 983-989. ’

"“mpeiflstone, J.R. "and Smxllxe, L.B. (1978{_Can. J. Blochem.

56, 521-527.

Pearlstone, J.R. and Smillie, L.B. (1982) J. Blol. Chem.
257, 10587-10592. - o

-

‘Peéflstone,bJ.R.,‘and Smillie, L.B. (1983) J. Bjol. Chem.

257, 10587-10592. : ‘ ' -

Pearlstone, J.R., Weber, M., Lees-Miller, J.P., Carpenter,
M.R. and Smillie, L.B. (1987) J. Biol. Chem. in press.

Perrie, W.T., Smillie, L.B..and Perry, S.V. (1973)
Bfochem J 135, 151-164 ,;

Perry, S.V. and Corsi, A. (1958) Biochem. J. 68, 5-17.
Perry, S:V. and Grey, T.C. (1956) Blochem. J. 14, SP.

Persechini, A. and Hartshorne, D.J. (1981) Science 213,
1383~1385.
. . | "

Persechini, A., Mrwa, U. and Hartshorne, D,J, (1981)
Biochem Biophys. Res. Comm 98, 800 805

Phillips, G N., Fillers, J.P. and Cohen C. (1986) J. Mol.
Biol. 192, 111-131. ,

Provencher, S., and Gléckner,-J. (1981) BfochemJStFy 20,

33-37.

’

| Rapopqxt, ‘R.M., Draznlg, M.B. &’'Murad, F. (1982) Proc. Natl.
Acad :

Scl. USA 79,76470-6474. .
Rldhards, E. G., Teller, D.C. and Schaghman, H.K. (1968)

/‘*’\
-

4



177

’

Blochemistry 7, 1054-1076.

Ruiz-Opazo, N., Weihberger, J. and Nadal-Ginard, B. (1985)
> Nature 315, 67-70. ' AN

‘ h .
Sanders, C. and Smillie, L.B. (1984) Can. J. Blochem. Cell
Biol. 62, 443-448. 2 ‘

- Sanders, C. and Smillie, L.B. (1985) J. Blol. Chem.,zed,
7264-7275. ' o

Sandefs C., Stewart, D.I.H. and Smxllxe L.B. (1987) J.
MusCc. Res. Cell Motillty in press.

Schachman H.K. «1959) Ultracentrffugatlon In Blochemlstny,
pp- 239 Acédemxc Press, New York.

' Scopes, R.K. nd Stoter, A. (1982) Meth. Enzym. 90, 479-490.
' AY

Seidel, J.C., Nath, N. and Nag, S. (1986) Bfochim. Biophys. .
Acta 871, 93-100. ° -

Shapiro, A.L., Vinuela, E. and Maizel, J.V. (1967) Biochem.
Biophys. Res. Comm. 28, 815-820. :

Siegel, L.M., and Monty, K.J. (1966) Biochim. Blophys. Acta
11?, 346-362.

Simpson, R.J., Neuberger, M.R., and Liu, T.-Y. (1976) J.
Biol. Chem. 251, 1936-1940.

Small, J.V: (1974) Nature 249, 324-327.
Small, J.V. (1985) EMBO J. &, 45-49.

Small, J.V., Furst, D.O. and DeMay, J. (1986) J. Cell Blol.
102, 210-220.

Small, J.V., and SObieszek, A. (1980) Int. Rev. Cytol. 64,
241-306.

Small, J.V. and Sobieszek, A. (1983) in Bfochemistry of
Smooth Muscle (EAd. Stephens, N.L.) Vol. I, pp. 85-140
CRC Press Inc., Boca Raton, Florida. .

szllxe, L.B. (1979) Trends in Blochem Sci. 4, 151-155.

smillie, L.B. (1982) Methods Enzymol. 85, 234-241.

Snabes, M.C.,‘Boyd 111, A.E., and Bryan, J. (1981) J. cell |
Biol. 90, 809-812. R _ AR

" Sobieszek, A. (1977) in Blochemistry of Smooth Muscle (Ed.
. Stephens, N.L.) pp. 413-443, Univ. Park Press,



i . I | T e

‘ Baltiﬁbﬁ%, Maryland.

. ‘,."\“ ) .

Sobieszek, and Bagylko, B. (1984) in Smooth Muscle
Contnactfon (Ed. Stephens, N.L.) pp. 283-327, Marcel

Dekker Inc., New York. ,

Sobieszek, A. gnd Bremel R.D. qf975) Eur. J. Biochem. 55,
49-60. - » | |

Sobieszek, A. and Small, J.V. (1977) J. Mol. Blol. 112,
559-576. o L 2D PN
Sobue,.K., Morimoto, K., Inui, M., Kanda, K. and Kakiuchi,
* S. (1982) Biomed. Res. 3, 188-196. oo

Sobve,. K., Muramoto, Y., Fujita, M. and Kakiuchi, S. (1981)
Proc. Natl. Acad. Scf. {JSA 78, 5652-5655.

- Somlyo, (1985) Circul ..Res. 57, 497-507.

| . a ’ .

Somlyo, A.V. and Franzini- Arms%rong, C. (1985) Experimentia
41, 84} 856. C [ o '

‘Sparrow, M.P. and van Bockxmeé;l F.M. (1972) J. Blochem. 72,

1075~1080. [ -
Squire, J. (1981) The StrugtuLal Basis of Muscle antractlon
Plenum Press, New York. )

Stewart, D.I.H., Golosinka, K. and Smillie, L.B. (1984) FEBS
Letters 152, 202-~206. . ‘ .

+,Strickland, E.H. (1974) CRC lnff. Rev.‘BIochem{ 2, 113-175.

Strzéiecka -Golaszewska, H., Zmorzynskx, S. & Mossakowska M.

‘ ( (1985) Biochim. Biophys. Acta 828, 13-21. \

Stull J T., Silver, P.J., Miller, J.R., Blumenthal, D.K.,
"Botterman, B.R. and Klug,) G.A. (1983) Federatlon Proc. e
42, 21-26. - o ‘ /

Suzuki, H., Onishi, H;, Takahashi, K. and Watanabe, S.
(1978) J. Biochem. 84, 1529- 1542 » .

Svedberg, T., and,Pederson, K.0. (1940) The Ultracentnlfuge. :
' p 273, Oxford Un1vers1ty Press, London. -\\/\\

.Szent- Gyorgy1, A, (1945) Acta Physiol. Scan. 9, Suppl XXV,

Szent Gyorgyl, A. (1951) Chemistry of MUscIe COntractlon,
: Academic Press, New York, ' . _ Lo

. . . :
Szent Gyorgy1, A G., Szent- K1raly1, E.M. and Kendr1ck Jones,

e



oy
- 179

.\Szpaéenko, A. and Dabrowska, R. (1986) FEBS Letters 302," A
182-186. ' '@ ‘ A ‘
: ‘ S

Tang, S. w., Coleman, J.E., and Myer, Y.P. (1968) J. Biol.
Chem 2&3 4286-4297.

Tomita, T., Takax, A. and Tokuno, H. (1985) Experimentfa 41,
963-970. | eriment a &1

Towbin, H., Staehelin, T. & Gordon, J. (1979) Proc. Nat].
Acad. Sci. USA 76, 4350-4354. . .

Toyota, N., Obinata, T. and Terakado, K. (1979) Comp. .
Blochem. Physiol. 62B, 433-44]. :

Trybus, K.M., Huiatt, T.W. and Lowey, s. (1982) PPOC.,NafIg -

Acad. Sci. USA 79, 6151-6155. SRR R

vy

Trybus, K.M., and Lowey, S. (1985) J. BIOI. Chem. 260,
15988-15995. - .

»

Van Zabern, I., Wittmann- Liebold, B. » Untucht- Grau, ﬁ.
Schirmer,-R.H. and Pai, E.F. (1976) Eur. J. Biochem 68,

281-290.

Vibert, .f ‘Haselgrove, g.c., Lbny, J. and Poulsen, F.R.
(1972) JP Mol. Biol. 71, 757-767. ; - K

Walsh, M.P, (1978) Ph. D. Thes1s, Univ. of Man1toba,'
W1nn1peg, Manxtoba.

Walsh, M.P., Dabrowska, R., Hxnk1ns, S. and\Hartshorne, D.J.
(1982) B!ochemistry 21, 1919 1925. . .

‘Walsh, M.P. and Hartshorne, D. (1983) in Biochemistry of
Smooth Muscle (Ed. Stephens} N.L.) Vol. 2, pp. 2-84, CRC
'Press Inc., Boca Raton, Flaq 'da. o N P

Walsh, M P., Hinkins, S., Dabrowska, R. and Hartshorne, D. J
(1983) M@thods Enzym. 99, 279-288.

'Wang, -E., F1schman, D., Liem, R.K. H. and Sun, T.-T. (Eds.)
(1985) Ann. N.Y. Acad. Sci. 455, 1-832, o ‘

w‘ Wang, K., Ash, J.F. and Slnger, S. J (1975) PPOC.iNatit )
‘ Acad. Scf. USA 72 4483 4486. -

Weber, A, and Wxnxcur, s. (1961) d,.Biol. Chem 236

.- 3198- 3202._, - o |
- Weber, K. and Gexsler, N.,(1985) Ann N Y. Acad Sci. 455,
| 126-143, , A | R &

. Weber, K. and Osborn, M. (1969)rd,{Biol. Chen. 244,



N . . _1‘180
4406-4412.. |
. Wegner, .A. (1979) J. Mol. Biol. 131, 839-853, ,
\ | t = v N N
Wilkinsom, J,M., and Grand, R.J.A. (1978) Nature 271, 31-35.

williams;'D.Ll;kGreene,&L.E. and Eisenberg, E. (1985)

- Blochemistry 23, 4150-4.155. R C L

Wittmann-Liebold, B., Graffunder, H. and Kohls, H. (197§)
‘Anal. Biochem. 75, 621-633. - RN L

. Wittmann-Liebold, B. (1980) ‘in Polypept ide Hormones (Béers,'
. R.F.J. and Bassett, E.G., eds) pp. 87-120, Raven Presgs,

: Ney.York. ‘ o , Co S ‘

~

f

Wollmer, A. and Buse, G. (1971) FEBS Letters 15,'301§31o.
Woods, E(F. (1969) Blochemistr@ 8, 4336-4384. ' |
o o S A A R
B L o

L L A

~



