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I. I1fTRODUCTIOr1 

The purpose of the se experiments was t o study the 

structure of the .prote i n paramyosin. Paranyos_n 1s 

readily obta·nacle from the adductor muscle of Venus 

mercenar1a (clams). This protein seems to be restricted 

to clam muscle and is quite ossioly -1nv.01 ved in the "catch" 
, •• .. • ' ...... 'I' 

mechanism of these muscles, the mecl an sro , • ~L ena·Lles the 

clam to hold 1 ts shell tightly shut _·or ·ong pe:::-"1 od s o:' 

' time with lit t.le expenditure ore·nergy. : nowu1g th J 

structure of paramyos1n might sugres,t & r.i<dt:>I f or the 

catch mechan1 sm. L,o, tt i s l,{now.lcctge rn g.tn. l;)c cor1b1.nec 
I 

with the expensiv s udies on collagen to supgc:::t a pattern 

or evolutionary rela t 1onsh1p amon~· the seve:·G.l !'i bro us 

proteins (col I agcn, paramyostn; myo sin, t:-o)cmyosin, otc.) 

At the start of tr.e pr s ent 1.nvest1g l V ~n a t'airly 

large body of d, ta 
. . ) 

&d been ac t~"1ul,l ed ..,f.'rni ng tr.e 

physical and chemical properties of par-~yosi:1, b t such 

basic properties as the monomer rno1eclllar ! ength rtnd we .~ght 

(the protein fiber onsists of a stag~ered array of mono er 

units). Paramyosin ext " d unctem ·, i-d c'ond: t1 ms according 

to Hodge I s method ( see a ·ppendd.x) eyhi l::i t a molecular wei gl t 

of about 110,0uO. Pr ramyosin extract rl • y otter investigator 3 
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3. t neutral p:l exhi bite ,.! .ol'3cular wei g'.1ts L t'.1e 

of 220 ,000 . •ve us ed tht=l a cid extraction yr oc0dxi.·:: .::- ) .. 1 

.10dge' s PhD. l.hesis oe~aus e '1 t neutral pH myosin i s co­

ex.trac ted . 

rrom. x-ra y diffracti on and o pt 1c::il r o t .tory ctispers •. o:i , 

pa r amyo si n i a Known to oe a long r od- sltaped molecuJ.o ' •o :n) :i s...:C:. 
. 

of two si a - by- sid:3 ()( - heli ces, t he nelical contcr.t b':L.; "-- 90 ·,. ' 

1 2 

' 
the princip..Le axial r epeat peiiods are 1 ~, A 6nd 72 ~ A. 

This pattern- may re fl ec t the pre sence _, f n.d1it l ' :-:..1 c::>:n1:n:i·::1ts , 

ho'.vever. 

Uoelki n quotes 1.he f o l l.o ~•r · !lZ v .1 1 •;:; • J : .:;o.n:: :i :-:ysical 

propert i es of pa r~myosin: 

Propert~ value 

shape roct 

molecular we131t 22,,ouo 

i ntrinsic v iscos1 t :· 1. 92 11..L / gu"I 

radius of gyration 3oU A 

Length 1330 A 

Diameter 19 A 

sed i mcnta t i~~ coef f . J.1 S 

u. '/3 3 

-60QC 

1 Milton Noelk i n, The VenatUI' '"-l ti o:-.. <J_f _:a r arny o s.ln , B•:u . t:n~ ~, • 
:·/a shingto.1 un1vr·si t.1, 1%2, p. 1'>9. 

2A.J. Hodge~ "Fibrous ·Pro'te1ns of Muscle," fiil. Eooer: Phr!: .. 
J 1, p .419 (19)9). 
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The amino acid analysis ot para117osin reveals no cystines 1 

hence we do not expect to find disulfide linkages in paraoyos i n. 

Typical of fibrous proteins, paramyosin can form several 

crystalline structures distinguishable under the electron 

microscope. The chains or paramyos1n have a suitable 

distribution of electron-stain binding side chains (mainly 

lysine and argen1ne) and stagger themselves in a regular 

array in native and artificially precipitated fibri l s so 

that a band pattern is observed transverse to t he axis of 

the fiber. So far fibrils with axial periods of £§... ·;u, 

14?, 12,, and 1400 A have been observect 2 . 

Hodge and his co-workers have recently proposed a 

subunit structure for the collagen molecule. Proceeding 

from fourier analysis of electron microscope band patter.:-1 s, 

they postulate that two of the three colla6en chain•s arc 

composed of one suounit, and the third chain, of another. 

For paramyosin, 1-J:odge 1s consi der 1ne a 4-::> model. Une 

of the objectives of these experiments was to demonstrate 

a .subunit structure for paramyosin, which would strengthen 

the collagen subunit hypothesis. 

~~o~z ~ • ~• Conference sm, the Chemisti·y .2£ Muscular Contradltion .!ill, 

2 Hodge, 5m . .sil,., p. 418. 
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three chains: 
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Two 

two composed of o<..1 subunits of legth L/") 

one composed of c,(,.2 subunits of legth L/6 

PAttAMYOSIN MODEL 
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chains: 

one composed· of 1 subunits of lengt r... 1/4 

one composed of ~ 2 subunits of l ength L/5 
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11. Exper1.menta1 

Our rirst experiments ..i.nvestigated an inte1•,,st;ing 

result reported by .U bert Kahn ( a former co-wor:t ·:: r with 

Dr .. Hodge). He dialized one sample of acid-extracted 

paramyosin again-·t a neutral 0H high salt ouffE.r tBuffer I: 

0.6 M l':Cl, O.Oo M phosphate, J:-I ·1 . 4) and foUJ;.,J L!.::...t __ ;p! ·• , _ 

acetate, pH 1.2,. Ali of the protei n precip1tate1 in the 

form of thin ribbons (tactoids) with a charac teri stic 

band pattern .1n the electron microsco_r;? . !-!e then ctialjzed 

another acid-e:x:tr2. ted qgainst 0.1 :r... K ,'tc broug .l, to .>:I 3.·1 

with 60ml/l acetic ·1~ id l 3uf fer 1 I J . ·Jrien tM s ~ai:iplc w. s the.'.1 

it formed a second kind of tactoid. Hodge's the!,fs work 

suggesitad that ther~ ,night oa a se ... u:11 _0.1 ... ::.r::.• .. t; I(ahn I s 

experiment 1.mplieJ t ::at this might be :?. di· iyz- 1) ,1 -:'"',n ' 0[.:1.0.t . 

measured its molecu.12.r ,veig:1t using s.i L. J.'l~ - tl◊,l '1ll.li ;..i.b,.. : n . 

In both cases the molecular weig~t was ne ~~ly th8 s~Je R ~ 

exhibited by Wltrentel iJarar:1yos i.1 1J11jsr 'L' e .3am-:i con-jiti ::ns 

of pH and ionic strength (F-232, 237, 34-0,3+1 ull,racentriruge 

runs). This does not elimine.te t'B :1ossioi.lity o'· 3. se c.n.l 

component; '".owev~r, we dec1d d not V , ,, 

.1ny fu.r t:.ier. 



• We used l.he te chn1 ue of sedimenta. tion equili briu.-rn 

exclusively ~o measure ~olecular weights of paramyosin 

because J. t has provem more reliable t~nn .light sGa ttori rl6 

ror large protein r'lolecul0s. '1.he :nolecular ,,,cig • .t ". s 

calculated by m~asuring the concentration as a 1unction 

of radial distance in the ana.1yt1cal ul~racentr ifuge , 

using Ray!eigh interference optics. We use f .~dge 1 s 

Zaiss optt:al interferomet,1r to measure t;1c i nit 1 .:.l p:-0 tei 1 

concentration. 1'he molecular we"i.g:1t is gi .'.)-'l :.v1 

2RT d~lo' ci M = molecJ.1 -: r 1.-rei g '1 t 
M ::: ~ d ~r:~ V -::: par tit: S)·.=:: ~11 ~ 

~ = solvent ..io:is1. '- ./ 

\ plot of concentr ::i tion versus r2 s :10 u J g i. ,:3 ..,_ .3 ~r 1ight 

line for a waight- homogenous sol ute . Unless .otherw.1.se 

noted, all of our samples analyzed mat this critereon for 

homogeneity, exce pt for a small amount f neavy materi al 

at the bottom of 1.he call. 'l'he above !ormula is re ·1 j:i l y 

Jotential in the centrifugal field; however , it neglects 

any contribution from an electric fi ead due to t:.e charge 

on the sedirtten ting molecules. Tl:e electr0stL. t::.c .:.·ore ·~ 

tends to oppose the concentration gradier: t of the solute 

and lead to a reducel1 valu& of :r.1clecular .r2 61 t . .3.i.nce 

paramyosin is a highly charged molecule , this error can 

·,01. 

be quite large, as we observed ( stJtJ .,.. .. m 7- :'•8). :.::.. t:. ')ug!·1 

theoretical corrections can to ap)l:.oe, t~e ~ OS~ sat i sfactory 

1schachman, Ultracentrifugation in BiochemistI~, p. 202 . 



procedure is to run tue ..,olute in the presence if a 

supporting electrolyte. A concentration of 0.0,-0.1 M 

NaCl was found to be sufficient to depress the charge 

eff ect. 

Faramyosin has a1 isoelectr~c 1 o1nt at pH 6 .2. 

Centrifugation was done on both sides of the isoelectric 

po i nt under various ioni c con J~ions. : e rcsul s 

confirm our belief that the molecular we.:.ght of acid­

extracted paramyosin is i n the vic inity 01 ·110, / 10 . 

Riddiford e~tracted paramyosin ~t ne utral pH and 

then lyophilized her samples. S.e has observed molecular 

weights of 220, uoo 1nd 330, ()OlJ • r <: .. c !:.: c sa / l e s. '. e 

tried the Riddiford extra t ion pro cedure , wi thbut lyophili zing, we J·:w 

a molecular weight of 219,000 (F-34(j). Upon heating to 

3:,°C . 1n the ultracentrifuge this material showed a molecu ... ur 

weight of 10),0UO. We interpret her 330 , 00 MW species 

as a trimer, probably an artifact of lyophilization. 

Lyophil1 zing is '{no· rr to Jroduce r.1 , l t l me r 1n tl e case of 

ri bonucl.ease. 

Concurrently, we studied our prep,rations under the 

electron microscope. Sequential dialysis of acid-extracted 

paramyos1n against various combinat ions of buffers I , II,and 

111 produced a variety of crystalline forms, all previously 

reported. Riddiford's prep behaved 1 ke acid - extracted 

paramyosin. 



the collagen inve s tigators derived valuable information 

f the !' SLS'\ crystals, id b id f • ti-. rom a s e- y-s e array o r1ono:1crs v:.. ,. 

their ends in register. This form is precipitated by addi ng 

ATP. We attempted to produce a paramyosin analog of the 

SLS form. Starti_ng •:1th acid- ext:rac te j ma tor i:11, 1 mg/ml. 

we added O. 2% ATP and looked wi t ·. out success for the 

presence of 8LS-like particles in the electro r. m"crosc op0 

(shadow-casting the grids).. We also tried the ci trate-qxtra.cte~ 

material that Hodge used to precipitate PLS .:ibr·Js ·.r~th . 

The Davies model for muscle contraction s4gr ested tha t 

a divalent cation might help our cause ; we tried 10-41-r C.·. -++. 

Even though none of these tricks brought success, we fee] 

that this approach deserves furt .er pursuit. ADP and AMP 

might be tried in place of ATP, for instance. The addi tion 

of ATP did caus e t he protein samples to gel; perhaps under 

different ionic or pH conditions SLS- types could be found. 

We also attempted to ob~~in the mo} cul~r l ength of the 

paramyosin molecule directly by electrr,n ,icroscopy. The 
neJative 

molecules are barely visible under staining (uranyl formate 

worked the best of the stains tried), but the molecules 

tend to clWIQ makine measurements exceedingi..y dif icult . 

The other line of approach we to\k w~s to look for 

subunits by degrading the molecule. firstl y, we tr:ed to 

separate the two chains of pa.ramyosin . Guanidine hydroc:1lor .1.de 

and thiocyanate are known to denature paramyosin, as revnaled 

by a decreased helix content! They ~re tcl.eved to 1ct by 

1Noelkin, .Q_Q. cit. 



disru_pting hydrogen bonds. Tb refore, we would expect 

the two chains of paramyosin to be eeparated in these 

reagents -~f the chains are only held together by hydrogen 

bonding. We find that the MW of paramyosin is about 12.0, f'O~ 

(we assume the v 1s still O. '/33) in both of these reagents . 

(F-342, 343), suggesting that the chains arc crosslinke~ and 

not separated 6M G-HCl or 5M G-SCN. 

We also tried adding. ,1M ~OH,;fCl, p:Ff/.3, t;o _. the G,-SCN 

buffer, and heating the sample to 50°c ror 2 hours . When 

brought to equilibrium at low speed, the pattern indjcated 

a two-component system of molecular wei~~ts 2J,ooo and 

3S,uoo, These a~e very close to the size fragmonts expected 

from Hodge's 4-5 subunit model. However, when the centrifuge 

was run up to higher speed to chieve the Yphant1s condition , 

the pattern indicated a single species of molecular weight 

ca. 110,000. We would like to interpret this result as 

meaning that paramyosin was degraded into jts two subunits; 

which subsequently renatured, either thermally or by ·concentratioq 

at the higher centrifuge speed. We then tried to separate 

subuni~s from freshly denatured paramyosin by acrilo~ide gel 

electrophoresis, but the samples consistently f ailed to 

penetrate the gels we used. A sample heated in the presence 

of G-HCl gave exactly the same behavi or in the ultracentifuge 

as the N~OH~HCl ~ample. 



Schmitt reported1 that trypsin did not change the 

sedimentation velocity of paramyosin, but did increase its 

diffusion rate markedly. lf the effect of the trypsin were 

to divide the molecule into LO rods of half the original 

length, we would not expect to see a signific r: nt change 

in the sedimentation velocity, becau~e tnis property is 

a very insensitive measure of the length of a long,thin 

rod. 

We looked at the moiecular weight of try psin-treated 

paramyosin in the ultracentrifuge and f ound t ~i at it was 

indeed homogenous, of mo l ecular weig ht one-half of the 

value obtained for untreated paramyosir .. (F-340, 351). 

We know that trypsin cleaves at the lysines and argenincs • n the 

polypeptide chain. If we assw1;e that each subunit has 

trypsins located at 1t ends and middle (as electron 

microscopy suggests 1s the case), t . en we would expect 

trypsin to cleave paramyosin in half, uccording to the 

Hodge model, because only in the mtddle 1s there a co-incidence 

of l~ bil• loci. Even though tr· ere would be a nick at 

every lts/q site 1n the molecule, the :ross-linking of the 

chains would hold the molecule togettier very •iherc except 

at its center. Note that this is a eRture of ony n-m model, 

where n is even and m 1s odd, not just of the 4-5 model. 

1Locker and Schmitt, J, Bioohys 3iochem Sytol, 3, ~9 J (1 9h7) 



• 

• A persistent problem in ch_emical denaturation of paramp-osin 

is that the protein tends to flocculate when the denaturant 

is added. Sometimes t he problem could be solved by dialyzing 

the sample against the denaturant. Usually t he preclpitate 

would dissolve s1ow1y if the sample were allowed to stand 

at room temperatur~; after 4-5 days t ~ere w&s suffi cient 

protein in solution to do analytical ultracentrifugation. 

The paramyosin problem is still far from under control. 

Most of our data can be rationalized by the Hodge model. 

The complete results of our analytical data appear, co~plete 

with some inconsistencies. At this pojnt i t woll.d be' 

f olhardy to try to summarize this data or elaborc. .. te on 

the Hodge model: more experimental evidence.is needed. 

I wish to thank Prof. Alan J. Hodge for his patient 
assistance and helpful advice throughout this project. Also, 
I would like to acknowlegge the contributions of AJ..bert Kahn , 
who helped me get started, and the late 1U x Lielausts, who 
taught me electron m.icro•copy and h3lped me in i nnum ..... r able ways. 

This work was supported by a ten-w9ek summer traineeship, 
sponsored by the National Science Foundation, during the 
summer of 1961+. 

These investigations are being continued by Don Robberson, 
a graduate student in Br. Hodge's group. 
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Ultracentrituge Buns 

swnmary or analytical data 

log no pH . buffer 

F-232 6. 9? o. o. NaCl 
0.1 phosphate 

F-23ti J.~ 0.1 NaCl 

F-2d8 3.~ -----

F-2~9 3.4 0.1; NaCl 

F-296 3.4-

F-3'+-0 '/. 2 

0.05 NaCl 

O.t> NaCl 
O.u6 phosphate 

(Burrer I) 

0.1 K Acetate 
tBuffer 11) 

F-3~2 7.~ 6 M G-HCl 
0.1 phosphate 

5 M G-SCN 

protein, Mol. 
cone. Wt. I sample ~reatnent 

':¼-. o mg 1 ~, voo 
ml 

5.2 tS0,000 

t+.3 10,uOO 

4-. tj 1 00 , 000 

1 V1 , uOO 

1 51,000 dialyzed against 
buffers I➔ J 1 1➔1 

~O,OUO ci alyzed against 
bur f ers li--111--Il 

2J,vVv ~no 3 , ,v0u 0 1? , 220 r pm 
1 2U, uou C' 21 , '/4-0 

120, uoo F-343 7.4-

F-34-8 '/. 1 Buft'er .1 0.5 105,0VO and ~10,0UO ,:i 1~°C 
105,uoo , 350c 

sample extracted by R1dd1ford•s ~thod (see append1 

F-350 ,.~ 5M G-SCN 1. 6 
1 M NH2UH• H Cl 

Butter J. 

23 ,000 and 32,000 l~ 1 o, '.)o9 rpm 
112,000 @ 15,220 rpm 

·13,000 digested with .o,~ 1 

trypsin - 2 hr. ,_. 3 5° • 

ill runs made on Hodge•s .BeCJanan Mode~~ Ana~ytical Ultracentr i fuge 

Temperature 20° C unless otherwise noted. 
"Felicity" 

Equilibrium es~ablished by ~aking two p~ctures at 12 hour 
intervals, during which time the pattern aces not change. 

Where the molecular weight 1s quoted for t'WO centr i fuge speeds, 
the higher speed represents the Ypnantis condition t protei n 
concentration ➔ 0 at the meniscus) 
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