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I. INTRODUCTION

The purpose of these experiments was to study the
structure of the protein paramyosin. Paramyosin is
readily obtainable from the adductor muscle of Venus
mercenaria (clams). This protein seems to be restricted
to clam muscle and 1s qulte p0551bly inyolved 1n the "catch"
mechanism of these muscles, the a;;é;;;om which enables the
clam to hold its shell tightly shut for long periods of
time with little ekpenditdfé 6ff%ﬁér§y. Fnowing the
structure of paramyosin might. suggest a model, for the
catch mechanism. Also, this knowledge mighy be combined
with the expensive studies on cellagen to suggest a pattern
or evolutionary relationship among the several fibrous
proteins (collagen, paramyosin,” myosin, tropomyosin, etc.)

At the start of fﬁé'p?béehtEihﬁéstléution a tairly
large body of data had been"ééchmhiﬁfed ~oncerning the
physical and chemical properties of'par;myosih, but such
basic properties as the monomer molecular xength}and weight
(the protein fiber consists of a staggered array of mono er
units). Paramybsih 9xtnam&w¢uundamiagdﬁ.bonditions according
to Hodge's method (see;hpﬂendixh exhikits a molecular weight

of about 110,000, Paramyosin extracted by other investigators
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at neutral pH exhibited molecular weights in the vic!
of 220,000, we used the aeld extraction procedurs Irom
Hodge's PhD. ithesis pecause at neutral pH myosin is co-
extracted.

From x-ray ditfraction and optiesl rotatory dispersion,
paramyosin is kxnown to pe a long rod-shaped molecule ~omposcd
of two side-by-side x-helices, the helical content being'~903.g
The x-ray diffraction patfarh of native paramyosin c¢-n be
interpreted formally by the array reproduc=d in {ig. 1,2
the principle axial repeat periods are 145 A and 725 A,

This pattern may reflect the presence of additional components,
however. :

Noelkin quotes the following valuas ror som2 physical

properties of paramyosin:

Property alue
shape rod

molecular weight 225,000
intrinsic viscosity 1.92 di/gm
radius of gyration 300 A
Length 1330 A
Diameter 19 A
sedimentation coeff. 3.1 8

partial specific vol., W©.733 cc/g

Do -6000

TMilton Noelkin, The Denaturation of Paramyosin, Bhb. thes:-
Washington univars ity, 1362, p. 109.

2A.J. Hodge, "Fibrous Protveins of Muscle," Rev. Mogern Phys.
31, p.¥19 (1959). |
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" The amino acid analysis of ylfulycsin reveals no cystines!

hence we do not expect to find disulfide linkages in paramyosin,

Typical of fibrous proteins, paramyosin can form several
crystalline structures'distinguishablo under the electron
microscope. The chains of paramyosin have 2 suitable
distribution of electron-stain binding side chains (mainly |
lysine and argenine) and stagger themselves in a regular
array in native tnd'artifiéillly precipitated fibrils so “
that a band pattern is observed trénsverse to the axis of
the fiber. So far fibrils with axial periods of ca. V0,
145, 725, and 1400 A have been observed?. '

Hodge and his co-workers have récently proposed a
subunit structure for the collagen molecule,. Proceeding
from fourier analysis of electron microscope band patterns,
they postilate that two of the three collagen chains are
composed of one supbunit, and the third chain, of another.

For paramyosin, Hodge 1s considering a 4-5 model. Une
of the objectives of these experiments was to demonstrate
a'subunit structure for paramyqsig, which would strengthen

the collagen subunit hypothpsis.

jjl(og%hz ete al. Conference on the Chemistry of Muscular Contrastion 1957,
P o

Hodge, op.cit., p. +18.
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COLLAGEN MODEL
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PARAMYOSIN MODEL
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Two chains:

one composed of 81 subunits of length L/4

one composed of o subunits of length L/5




1I. Experimental

Our rirst experiments anvestigated an interesuing
result reported by Albert Kahn ( a former co-worksr with
Dr. Hodge). He dialized one sample of acid-extracted
paramyosin again:st a neutral pH high salt puffer (Buffer I:
0.6 M KC1, 0,00 M phosphate, pH v.4) aﬁd found thet avprox-
imately 20% of the protein pre@ipitates. He discarded the
precipitate and dlalyzed t1e remainder agaiast 0.35 M ammonium
acetate, pH 7.2>. All of the protein precipitated in the
form of thin ribbons (tactoids) with a characteristic
band pattern in the electron microscop2s, He then dial¥zed
another acld-extracted agalnst 0.1 . Kic broughe to nH 3.7
with 60ml/1 acetic acid (Buffer 1I1). <nen this sample w:s then
dialyzed against the U.35 M ammonium ccetate bulfer (But’er III), s
it formed a second kind of tactoid. Hodge's thesis work ‘
suggested that thers might ba a saconl componsat; Kahn's
experiment implised that this might be 2 dizlyzable comnoasat.
We redissolved each tactold against (ts original buf:
measured its molecular weight using sadimeatation 2quilibrian.
In both cases the molecular welght was nearly the same as
exhibited by untreated paramyosin under the same conditions

of pH and ionic strength (F-232, 237, 340,3%1 uliracentrituge

snd

«

runs). This does not eliminzte the oossibility of a se
component; however, we decided Aot to pursus thisc atleck

any further.
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"We used the technlque of sedimentztion equilibrium
exclusively to measure molecular weights of paramyosin
because i1t has provem more reliable than Ltight scattering
ror large protein molecules., The molecular weight is
calculated by measuring the concentration as a runction
of radial distance in the analytical ultracentrifuge,
using Raylelgh interference optics. We usec lHodge's
Zels optical interferomsetar %o measurs the initi:l protein

coacentration. The molecudar weight is givea pj‘ :

%2%_ og ¢ M = molecular weight
M= -ve d(rzg v = partial specific' wol
¢ = solvent density ]

A plot of concentration versus r2 shoull give 2 straight

0

line for a welght-homogenous solute, Unless .otherw.se

noted, all of our samples analyzed met this critsreon for
homogeneity, except for a small amount of heavy material

at the bottom of the cell, “The above 1ormula is re2dily
derived by eguating the chemigal pot~. 1ol to tle gravitatioaal
potential in the centrifugal field; however, it neglects

any contribution from an electric fiedd due to tle charge

on the sedimenting molecules. The electrostatic force

tends to oppose the concentration gradient of the solute

and lead to a reduced value of molecular weight. Since

paramyosin is a highly charged molecule, this error can

be quite large, as we observed (se= run "-2%8), [lthough
theoretical cerrections can be @ppliec, the most satisfactory
1Schachman, Ultracentrifugation in Biochemistry, p. 202.
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procedure is to run the solute in the presence of a
supporting electrolyte. A concentration of 0,05-0.1 M
NaCl was found to be sufficient to depress the charge
effect.

Paranmyosin ﬁas an isoclectric point at pH 6.2.
Centrifugation was done on both sides of the isoelectric
point under various lonic’tonditions. <The results
confirm our belief that the molecular weight of acid-
extracted paramyosin is in the wvicinity of 110,000,

Riddiford extracted paramyosin zt neutral pH and
then lyophilized her samples. She has observed molecular
weights of 220,000 and 33(),()00 for these samples., We
tried the Riddiford extration procedure, without lyophilizing, we saw
a molecular weight of 219,000 (F-348)., Upon heating to
359C.1in the ultracentrifuge this material showed 5 molecular
weight of 105;000. We interpret her 330,000 MW species
as a trimer, probably an artifact of lyophilization.
Lyophilizing is known to produce multimers in the case of
ribonuclease,

Concurrently, we studied our preparations under the
electron microscope. Sequential dialysis of acid-extracted
paramyosin against varigus combinations of buffers I, Il,and
LTI produced a variety of crystalline forms, all previously
reported. Riddiford's prep behaved like acid-extracted

paramyosin.
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The collagen investigators derived valuable information
from the”’sLs" crystals, a side-by-side array of monomers with
their ends in register. This form is precipitated by adding
ATP. We attempted to produce a paramyosin analog of the
SLS form. Starting with acid-extracted material, 1mg/ml.
| we added 0.2% ATP and looked without success for the
presence of 8LS-like particles in the electron microscope
(shadow-casting the grids). We also tried the citrate-gxtracted
material that Hodge used to precipitate PLS fibrils with.

The Davies model for muscle contraction suggested that

a divalent cation might help our cause; we tried 10="M Ca++,
Even though none of these tricks brought success, we feel
that this approach deserves furtier pursuit. ADP and AMP
might be tried in place of ATP, for instance. The addition
of ATP did cause the protein samples to gel; perhaps under '
different ionic or pH conditions SLS-types could be found.

We also attempted to obtain the molecular langth of the
paramyosin molecule directly by electrnon microscopy. The
molecules are barely visible undgf ?iéfﬁing (uranyl formate
worked the best of the stains tried), but the molecules
tend to clung making measurements exceedingiy difficult.

The other line of approach we took was to look for
subunits by degrading the molecule, Firstly, we tried to
separate the two chains of paramycsin. Guanidine hydrochloride
and thiocyanate are known to denature paramyosin, as revealed

by a decreased helix content! They are believed to act by

1Noelkin, op. cit,




‘disrupting hydrogen bonds. Therefore, we would expect

the two chains of paramyosin to be separated in these
reagents if the chains are only held together by hydrogen
bonding. We find that the MW of paramyosin is about 120,000
(wé assume the ¥ is still 0.733) in both of these reagents.
(F=342, 3#3), suggesting that the chains are crosslinked and
not separated 6M G-HCl or 5M G-SCN.

We also tried adding /¥M NHoOH.HC1l, pH/.3, to.the G~SCN
buffer, and heating the sample to 50°C for 2 hours., When
brought to equilibrium at low speed, the pattern indicated
a two-component system of molecular weights 25,000 and
35,000, These aY¥e very close to the size fragments expected
from Hodge's 4-5 subunit model. However, when the centrifuge
was run up to higher speed to achieve the thantls condition,
the pattern indicated a single specles of molecular weight
ca, 110,000, We would like to interpret this result as

meaning that paramyosin was degraded into its two subunits,

10

which subsequently renatured, either thermally or by concentratiog

at the higher centrifuge speed. We then tried to separate
subunits from freshly denatured paramyosin by acrilomide gel
electrophoresis, but the sambles consistently failed to
penetrate the gels we used. A sample heated in the presence
of G-HCl gave exactly the same behavicr in the ultracentrifuge
as the NHRQH:HC1l sample.
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‘Schmitit reported' that trypsin did not change the
sedimentation velocity of paramyosin, but did increase its
diffusion rate markedly. If the effect of the trypsin were
to divide the molecule inte to rods of half the original
length, we would not expect to see a significant change
1in the sedimentation velocity, because this property 1s
a very insensitive measure of the length of a long,thin
rod. |

We looked at the mogecular weight of trypsin-treated
paramyosin ih the ultracentrituge and found that it was
indeed homogenous, of molecular weight one-half of the

value obtained Por untreated paramyosin (F-340, 351).

We know that trypsin cleaves at the lysines &nd argenines 1a the

polypeptide chain. If we assume that each subunit has

trypsins located at its ends and middle (as electron
microscopy sdggests 1s the case), then we would expect

trypsin to cleave paramyosin in half, according to the

Hodge model, because only in the middle is there a co-incidence
of labile loci. . Even though there would be a nick at

dvery lys/amg site in the molecule, the cross-linking of the
chains would hold the molecule together everywhere except

at its center. Note that this is a feature of zny n-m model,

where n is even and m is odd, not just of the 4=5 model,

1Locker and Schmitt, J, Biophys Biochem Cytol, 3, u95 (1957)
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"A persistent problem in chemical denaturation of paramposin
is that the protein tends to flocculate when the denaturant
is added. Sometimes the problem could be solved by dialyzing
the sample against the denaturant. Usually the precipitate
would dissolve slowly if the sample were allowed to stand
at room temperaturc; after 4-5 days there was sufficient
protein in solution to do analytical ultracentrifugation.

The paramyosin problém is still far from under control..
Most of our data can be rationalized by the Hodge model.

The complete fosults of our analytical data appear, complete
with some inconsistencies., At this point it would be’
feolhardy to try to summarize this data or elaborate 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 Albert Kahn,
who helped me get started, and the late Alex Lielaustis, who
taught me electron microgcopy and halped me in innumcrable ways.

This work was supported by a ten-week summer traineeship,
sponsored by the National Science Foundation, during the
summer of 196k,

These investigations are being continued by Don Robberson,
a graduate student in Br, Hodge's group.
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Ultrnccntrifn;o Runs
summary of analytical data
log no| pH . buffer protein Mol. Wt. sample ireatment
cone, ‘
F=232 6.95 0.6 NaCl ¥,0 mg 144,000
: 0.1 phosphate ml
F-238 3.% 0.1 NaCl 5.2 0,000
F-258 3.4  ==m-- 4.3 16,000
F-259 3.4 0,15 NaCl 4,5 100,000
F-296 3.%4 0,05 NaCl b,y 191,000
F-340 7.2 0.0 NaCl 3.4 151,000 dialyzed against
Q.06 phosphate putfers I=siil-al
' (Buffer 1)
F-341 3.3 0.1 K Acetate 5.3 90,000 cdialyzed against
(Buffer 11) burfers ti--i1ll--I1
F-342 7.4 6 M G-HC1 25,000 and 35,000 @ 15,220 rpm
0.1 phosphate 120,000 @ 21,740
F-343 7.4 5 M G=SCN 6.k 120,000 '
F-348 7.1 Buffer i 0.5 105,000 and 210,000 @ 189C
105,000 (7 350C
‘sample extracted by HKiddiford's method (see Appendi
F=350 .4 5M G-SCN 1.6 23,000 and 32,000 @ 10,509 rpm
1M NH,UH-HQL 112,000 @ 15,220 rpm
F=351 7.3 Buffer 1 3.0 73,000 digested with .O09%

trypsin - 2 hr. @ 35°

All runs made on Hodge's Beckman Modet & Analiytical ultracentrifuge
"Felicity"
Temperature 20° C unless otherwise noted.

Equilibrium established by tak;ng two pictures at 12 hour
intervals, during which time the pattern does not change.

Where the molecular weight is quoted for two centrifuge speeds,
the higher speed represents the Ypnantis condition ( protein
concentration -» O at the meniscus)
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4. Surifieation o0f aramyosin Fibrile

'he adductior suscles of the clam, Venus mercenaria, were

dsel ;r the source of nxtericl throughout the present invedti-
Za%ion, firstly beccuee previous work hss been mainly concerned
#tir _uroayosin frowm this source, and segondly becuuse Venus
4o cestisble in quantity throughout the year.
| “rash Qlams were craoked open und the adduotors excieed,
gare zeing taken to remove as much adhering mantle and other
= terpin]l o8 péaatble. Since the wihite purt of the adductor
ie onasileradly rizher Iin peramyosin than the yellow, it slone
& uaually employed in the prepusation of suscensions of
syem-omin €ibrils. The separstion of the two parta 4is quite
st®.ic stnoe they gre clesrly demarcated. The white parta of
e - 1tuctors were then pl.oed in ice-cold 7.2 M KJ1l solution
ge «wy it further treatment. The most effective way of libere
“iﬁﬁ ‘ue peramyosin fiorile from the intzect luscle.ltructur;
»u@ hosogenization in a Taring blendor for & short time. Im
¢ ty.ic. 1 yrogedure, 18 to 27 grams of the white material was
pleades in 777 ml, of .2 M KCl for ubout one minute. The
resulting homogenenate wus then cenzfifugod in the oo0ld in
the Internationel fafrtz-ratad centrifuge ;t about 4000 rpm
7 tan ~inutes. “hLis wem suffliolent to pack the paramyosina
( rile, togeiher wi'h lurger wggrege.ee .nd cell rmembraznes,

the bottom of the tube, lecving & somewhit turbdid
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sourn. tent, whieh wis dieoarded (exgept {n g fow instsnoes

LY a8 retulned for eiperivem‘ation). The sediment wmas
#ily wr sroted &t this slege int> & lighter and heavier
4~./:;:-tx-» 100 the .. rJer pggregates, ove., tended te pack
wapy firmly ot the sairewe Potteom of the tube, the lighter
#teyis’ bDelng more cssily dic,ersed om the cddition of “urttey
“% Sp.ution, Both tr&o\ium wvere rediapersed 8 KUY 6. .-

ton B siirring end use of a2 syringe. The suspeanions vere 3
#en ownrify,ed under identieal ocomdittens, Iud Oy v ehe
Avperdtien into Yight end be.vy froetions owvitad oot im “
“Ghe. ™is proocedure of cenirifug.tion amd rec i) ciom wgd
wiplan 2ut five or six $imes, or until the mm m
+ %8 frec of dissolved proteim. By this uffmuual ﬂ)hl i
4 wse erible t0 obtain two suspensions, oRe nﬁdu‘
iy rﬂu\vuy fine peruuyosin fibrils (es J‘dgd vy oo
sasmmtion, Fig. 3), the other, coarses fidrils and pertlally . %

Asen mecle Tibere, eto. The suspensions were them sfoved
% tbe @0i0\ It woe found thet slthougd the uee gj‘ln_t'h- B

ks "f* 1.'
e P

L2 I8 T nnlnblc in the sbove procedurs im ardey t9

e e e

ﬂxnutu tha onwnuy of :uutuutca. it was mot really

e ——

agevcary, alno« uttonnou were olocrv-d ia the M“

f suspensi s .‘)l.pt-red nt no- tgmpor. fure.

N ——

B. Pﬂp.rlﬂw of rarasyosin Solusions
T™he Shick white suspensions »ee mted by the ubove sethel
suld be brrw.nt into solution serely by the sddition of aeid,
vuelly coeic seld, since this Nes seee Duffering sumeoity in

S



g e LUEGT S EXATAactlionl prodedurs
Crepecut Lo - © L ~The preparstives methed of Jomeou ' sl.
A Tew nasges Seemt-Opergyl, 199Y). The b

1L adlacest ' the dersal margic was crecked, and

nippe of 7 groceediag both anteriorly and
‘e ter addugicr wuseles
1Tt | The sxclised suscole SRS

Lo wmied, sl oy Teimmes of sold O.1M

e Mmuumrpmmuh'c.mm
. contrifugation was done in a refrigerated Servall centrifuge

W After extrastion for 15 mizutes wWith gentls stirring
4 h““d“ﬂ. 0.0kM pH 7.5 Tris buffer, the éxtrset
s wtpm“mu’m the residue

| dlocardes. Thres volmmes of 95% ethancl were added to the extrast at
'nw (25° C.) to densture the acteayosin. After two howll
Tomm tesperatare, the precipitate was separated by & 30 mimute n*'
mmu. resuspended 1n 0.6 KC1, 0,01 pH 7.0 phosphate buffer aad
Wm&mmutswmum-nuhut.
| ,pm(mm)rcmm-zm,mmmmuur‘h :
the last treces of precipitated denatured actomyosin. The swpernatant
was then dialysed against three volumes 0.01M pH 6.0 phosphate buffer
. for 24 hours. The paremyosin erystals were recovered by 10 mimute |
centrifugation at 10,000 rpm and nhuqnnt): redissolved im O.6M
5’0.01! ﬂ 7.0 phosphate buffer. ro recrystallise the protein, tho'
| pH 7.0 solution was dlalysed against 6 volimes 0.01M pH 6.0 phosph
-j,hltc for 30 hours. The crystals wers treated as befcre lnqt
um thay wers redisselved, the solution was lyephilised. This

. codure yielded a stable form of the protein which was
¥ 1yephilided state st k° C.






