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APPLICATION OF HYDI<OSYAl’ATITE CHI~OMRTOGI~API-IY TO 

ALKALINE MYOSIN SOLUTIONS’~” 

Tltc liglit components present in alkali-dissociated myosin were separal>le from 
tltc major fraction by alkaline ltydroxyapatite chromatography at uI_I 10.5 with a 
minimum yield of c~%. On allcalitie ltydrosyapatite colunlns in tlte 131-l range of IO- 

zz.5, as tltc pH was increased, the large myosin fraction eluted at progressively lower 
1’1 concentrations in accord with the bcltavior of proteins in general on hydrosyapatitc. 

Cltromatograplty on pH GS columns separated alkali-clissociatcd and then 
neutmlized myosin into two fractions. The iirst contained “free” Iigltt components. 
Tlte second cotttahccl tltc tnajor fraction (generally bclievccl to consist of two identical 
ltcavy sulxmits) combined with light components, When this second fraction was split 
hto tltrcc parts and individually rccltromatogral~ltecl, eaclt sample cluted witlt a fairly 
narrow and symmetrical peak Tltc sample front the peak part esltibitcd decreasccl 
binding to tltc ltyclrosyapatitc ; that. in tlte trailing edge elutccl at a similar PI molarity 
as did native myosin. Polyacrylan~iclc clcctropltoresis indicatecl that there were tnore 
light components elutccl with the lteavy subunits in tlte material in tlte trailing eclgc 
than tltat in tltc peak. 

Above pH 10.5 two or more low-tttolccular-weigltt components (“ligltt chains”) 
arc dissociated from myosin, leaving a “heavy” double-cltain corct-J. Separation of 
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the liglit ancl heavy coni!xmciits Iws Ixcn accon~!~!is!icx! by precipitntion of tlw latter 
by dilution wit11 watcr1~2 or l)>* addition of lx~tassium citrntc: I. TVitli botli procedures 
the precipitated heavy compr~ncnt is contaminated with Varying amounts of coprccip- 
itutcd or cntrnp1xd liglit com1x~ncnts. A cnnil~lctc scpnrntion of tlw light from the 
Iicnvv suhnits would Ix clcsiral~lc for studying tlic structure and function of the 
my&n subunits. 

This stuclJ* was iiiitiatcc! for tlic !x.w!xw ofc!ctcrniining wllctlicr liyc!roxya!x~titc 
(I-IAP) cli~oiilato~r~~1~li~~-~ rniglit Iiavc application for this !wp)sc, It was found tliat 
the sc!xlration cr~ulcl 1~2 ~~cl~icvcd and iii aclclitirm tlwt xllcalinc trcntnicnt of myosin 
rcsultcd in clizqcg2s wllicli could Ix dctcctcd by tlic Ixliavior of tlic myosin compncnts 
011 t11c I-1.41’ c01u11111. 

Dcionixccl glnss-c!istil!c*cl water lvus used routincl>*. I-IAI’ was prcprccl by tlic 
nietlic~~cl of IIxcxrww ANI) Bl~J~x~\I~I~1 (uii!~ul~!isl~ccl results), wliicli is a nioclilicntion of 
t!loSc of ‘~JSEJ.JL’S td td.” nncl .AsAc:Iclxt AsI> s’rosiB. D!SA1S-Srl>l~~lcs A-50 was 
!xwclinsecl from Plinrmacia. l’ris , i\‘IT, and liisticline-I-ICl wcrc ohtniiiccl from Sigma, 
ancl DTT from Cnll~ioclwm. Otlwr clwmicnls usccl wcrc rcagcnt grade. 

In al! cslxriments niyouin sani1~lcs wcrc ;Lt ;L tr:ni!xxaturc of o-4”. 
Myosin snni1~lcs wcrc prc!xtrccl from rabbit (New %e;i!niicl white) lxxlc niusclc by 

the cstraction mctliocl clescrilxcl by ‘I’oxo~lurzA ~9 UC. lo, followccl lw purification . 
cllromnto~rap!~~~ on D1L4l~-Se!~l~acles A-50 c01umns~~. 

I-MI? columns wcrc pncltccl as clcscrilxxl Iy 131’.Iwc’Ar~Ix12. 
Furtlicr cliromntojirnpl~~, on neutral I-IAP columns was pcrformcd with tlie 

purified mpsin in 0.2 Al I’ 1 or 0.5 AW KC!-0.01 .W 1’1 huffcr solutions at 1A-I 6.23. 
Protein was elutecl with ;i linear 1’1 graclicnt. The myosin fraction was prccipitntccl by 
clhlysis apinst 0.05 M l<Cl-l’~ buffer, and tlic resulting !3rccipitntc was clialyzccl into 
the desired solvent. 

Allcnli-clissocintccl myosin was prcprccl for sc!xwatioii cm iicutrn! MAP columns 
l,t dialysis of puriticcl myosin snniplcs against 111-I Ix buffers for g-36 Ii. Tlic III-1 of 
tlic samples was tlicn ncljustccl to 6.S I,* ciin!>*sis foi 3q. Ii against the buffer to lx usccl 
for cliroiiintojira1~li~~ on ncutrnl I-IN columns. 

For cl~romatogra!~!iy on alltalinc HAP columns botli tlic columns nncl snmples 
were !mqm.recl nt 131-I v~lucs wliicli rruigecl from 10 to 12.5, Tlic purified myosin 
s:I.~~~!cs were acljustccl to tlic clcsirccl !>I-1 l>y the careful addition of I N ICOI-1. ~Vlicn 
0,001 AI Pi was usccl in tlic starting hffcr, tile p1-I lcvcls of tlic clutccl solutions ViWicd. 
Tlic clesirccl pI-I was acliicvecl by using in liiglicr molnrity iii the rinsing solvent or by 
the aclclition of glycine to the eluting lwffcr. 

Volumetric dilutions of lwotcin solutions wcrc routiiicly scannccl from 350 to 245 
nin iii f-cm qUilrtZ cells on a Cnry 15 automatic rccorcling s1xctrol~liotonictcr. ‘I’lie 
nbsor!xtncc at the pcnlc (21 27,, ,,,,,) bVi1S corrcctccl for ligllt scattering material by lincitr 

estr~!~o!atic~n from 350 to 320 mii. l’lic nl~sorlxmcc of co!unin fractions nt zS0 nm 
WRS mensurccl with R Zeiss iU4 QIII s1x2ctrc~1~liotometcr. 

ATPase activity \ViIS mcasurccl by tlic proccclure used by liJcl-rAJ~JX ct nl.“. To 

cletcrmine if rcconstitutccl niyosin I~acl A’l’l’ase activity, 3,o nil of o,IGo/0 light com- 
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poncnts was aclclecl to 3.5 ml of o.So/: licnvy c n 1 0 i x~nents. Tlic pH of tlie mkturc was 
raisccl from neutrality to pI-I 10.7 witli 1 X ICOI-I, stirred for 4 min mcl tlmn clinlyxccl 
back to l>H 7.5, 

Polyacrylamiclc gel clcctroI~lwrcGs analyses wcrf2 lxdormccl on 3,r)OA, jicls in 
glycine-‘l‘ris buffers containing o.3%, soclium cloclccyl sulthtc, pI-I 8 (Pr\‘rI:wox 1\Nl) 
STIw~IBIANID). Appros. x nig/nil Ixotcin for myosin or tllc licavy compoiicnt fraction, 
and 0.1 m&ii1 protein for tlic light chains were clinlyzccl against 0.3 :V SnCl, 0.001 ~11 
PI prior to clcctroplwrcsis, 

Seclinicntation velocity cspcrinicnts wfxc lwrformccl wit11 a 13cclc111an Spinco 
idoclel 15 at gc),ooo r.p.ni ,, and pnttcrns wcrc olwcrvccl with schlicrcii rqdics at an So” 
pilasc-plate angle. 

R13SUJ.‘lX 

A typical clution pttcrn obtainecl tvlicn myosiii, which Iincl hen puriliccl by 
DISAIS-Scpliacles clironiato~rapli~, was clutccl from HAP nt ncutrnl pIi is shown in 
‘Fig, I. TIE same clution profile was obtninccl when tlw solvent was 1’1 or I+I<CI. 

Two typicnl I-IAP chromatogranis of myosin solutions which 11~1 first Ixxn 
acljustccl to alknlinc conclitions ancl tlwn lxwught to pH G.Snrc sl~own in Figs. za nncl 11. 
The first pc;~k in Fig:. 2;~ IEWli~Cl a protein-type nbs’orption spctrum ancl wiw not 
invcstigatecl furtlicr. The scconcl Ixalc in I;ig. 2a runtI tlic small pcnls in Fig:. zb con- 
taiticcl about half of tlic light comI~oncnts nnd no lirxvy coinponents as clctcrminccl by 

Pig. 1. I-lr\P column cllr0lIlittOgWIll of rabbit mpsin. Column a,5 x .10 cm: myosin ~rppliotl, 
3.~8 mg in zoo ml; clution system, graclicot PI buffur (400 ml 0.2 &I 1’1 plus .+oc~ ml 0.5 &I I+), pI.1 G.8. 
-0-Y Absorbnncc; - x -, 1’1 molwitv . * 
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l~olyncrylaniiclc gel elcctropliorcsis, Scclimcntation vclocity i~nnlysis of ;I scpnratc 
myosin sample siniilnrly treated sl~~wecl tlint nbout half of the ligld chains 1w.d 
reassociated with the heavy components. Tlic amount of reconil~ination of light with 
licavv components after dialysis to neutrality wns not cunstant but clcl:enclecl upon 
tllc tInie of exposure to tllc alkaline ld-W4, 

The large fraction began to emerge at about 0~24 n/f PI and clevelolxxl a broad 
and skewed peak (Figs. 2a and b). This peak was scpratccl into three fractions (Fr. I, 
Fr. II, nncl I;r. III in Fig. zn), which upon rechron~atog~~al~lly, elutccl with rather 
narrow symmetrical peaks ancl at about the same 1’1 concentrations ;w they did in the 
original cliromatogram (0.23, 0.2G. and 0.3 111 PI, rcspcctivcly, see Pigs, 2c, cl and e). 
The clution molarity of Fr. III was similar to that of native myosin (0.3 M), Poly- 
acrylamicle gel patterns rcvcalecl tliat l:r. III containccl 11nncls on the gels that were at 
similar positions as bands of native niyosin with rcspcct to both small wicl Inrgc sub- 
units while I:r, I containecl mainly lxwls that were inclicrttivc of the lnrgc subunits. 

*As tlic pH values of the IiAP columns were raisccl over 10.0, tlwre was an 
increase in the amount of UV absorbing material iii the void volume (Kg. 3). At pI-I 
10.5, 0 & 2% of light components appeared in the voicl volume (average of three HAP 
runs, cf, Fig. 3b), The light components were distinctly scpnmtecl from the heavy 
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IQ. 3. HAP column chromatogr:ui~s of allwli-trcatcd myosin nt PI-1 x0-11.7. Id-1 is shown in 
Figs. n-f. Columns, 1 X fo cm for n, 12, cl, iLncl f; 2.5 X 40 cm for b, itntl 1.5 2: 30 cm for c. Totnl 
prutcin rrppliccl: D, la mg in 2 ml: t, 50 mg in I0 ml; c, 10 mgin 2 ml; cl, 13 mg in 2 ml: L’, 1G 
mg in a.7 ml: f, ra mg in 2 ml. ISlution syatcms, 0.5 M IKI-gmdicnt 1’1 buffer, c~s follows: ;I, 
c, cl, 40 ml 0.001 M 1’1 plus 40 ml 0.8 Al PI: b, L', zoo ml O,OI M 1’1 plus aoo ml 0.8 M Pi; f, 40 ml 
0.01 III 1’1 plus 40 ml 0.8 M 1’1. ‘I’lic total protein that clutccl bcforc yrirclicnt wx~ appliccl imountctl 
to: n, none; 1, 0::: c, IS%,: tl, 32q:; L’, SHO,:,; f, ~ooo/o. 

fraction which cmcrgecl only after tlic snlt gradient was applied. IJolyacrylan~icle gel 
patterns confirnrcd the idcntitics of the light and heavy components. On the nlkalinc 
I-IAIJ columns the major fraction emerged at lower PI molarities than on the p1-I G.S 
columns indicating that the affinity of myosin for HAP had been rcduccd, even at 
pH 10 where the light components had not yet been released. This clccrease in affinity 
for HAP with increasing pH is a characteristic of proteins in general. At higher pI-I 
levels there was a gradual sharpening of the pcalc of the large fraction, along with a 
decrease in the PI molarity necessary to elute it. Above pE_E II the large fraction 
became increasingly more evident in the voicl volume along with the small and at p1-I 
11.7 and above, all fractions eluted in the void volume. 

A TPase aealysis 
hlyosin samples incubated at p1-I 11.0 and. dialyzed back to pI-I 7 had no 

significant ATPnse activity. The scparatecl large and small fractions from a myosin 
sample run on HAP at pH 10.5 showecl no apprcciabIc enzymatic activity indiviclually 
or when combined, in agreement wit11 the results of DREIZJSN AND GJ~RSI-IMAN~~. How- 
ever, the recombination of myosin fractions from LiCl-citrate dissociation is rcportecl 
to result in substantial recovery of the original ATPase activityl+lR. 

Polyncrylarnidc gel nmdysis 
Polyacrylamidc gel clcctrophorcsis in sodium cloclecyl sulfttte was used to 

establish the presence of light and/or hcnvy subunits in the fractions from HAP 
columns. Fig. 4c-3 is a photograph of rabbit myosin which had been chromatographed 
on DIME-Scphadex A-50 columns. Pig. 4c-4 is a pattern of a chicken rnyosin sample 
prepared by PATRRSON. Both show slow bands tllat rcprescnt the heavy subunits and 
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Fig. 4, Disc gel clcctrophorcsiw of componcnte in nlltali-disuociiltccl myosin :rftcr sopnmtion on 
HAL’ columw. In a, b, c, the fractions applictl we: (a) -I, -2, 
Fig. 3c; 

100 ng CilCll from void volurllc of 
-3, -.I, from 1’1 gracliont of Fig. 3c, 25, 50 ng, rcspcctivclv; (11) -1. -a, rccombinccl fractions 

a-1 nncl a-3. 50 ng, 100 ng, rwpctivdy; -3, 
(C) -1, SIlIllC ll.S II-3 i\llCl I)-+, 5Cl llg CilCll : 

-4, fraction froni v&l volume of Pig. 3f, 50 ng CilCll ; 

-3, friwtion froni 1’1 griulicnt fraction 01’ Fig. 3f, 100 ng: 
-3, rabbit myosin, 1.5 116; -.I, chicltcn mycain, 15 ng, 

two fast bnncls whic11 nrc indicative of light chains lfl, Tlie gel results with alltali- 
treated myosins slwwccl that the p1-I at which a separation bctwecn light and heavy 
components can be rnncle on HAP columns NUS about pH 10.5. Pllotographs of 
typical void volume fractions containing mainly light chains are sllown in Pigs, 48-1,. 
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b-3, ancl C-I. ~Vllctlicr two or four bnncls wcrc visualized (Figs 4a-1, and b-3, c-1, 
rcspctivcly) prc~lx~bly dcpc~nclccl on tllc ELmount of sample tlxtt was appliccl to the gel. 
Even purified myosin appe;vcd to contain only two fast bands when 15 pg was applied. 
As an csamplc of unclcrlortding of gels, no fast band wns dctectccl on the photograph 
of tllc Pi grxlicnt frnction of a pl-I 10.5 HAP run (which normnlly containccl tlic licavy 

fmction only) when 25 pg wils ;tppliccl (Fig. 4~1-3) but a f&z bancl w;ts obscrvccl on the 
pllotograph of the s;mic saniplc when 5opg w;~s applied (Fig. 4a-4). 15vcn the 1’1 
grnclicnt frnction nf ;I p1-I 11.7 column run sliowcd sonic smnll conipnent when I00 
pg w;~s applied (Fig. 4~2). 

Liglit clltiins of 9 f 2%, in rnbbit myosin cnn Ix separnted from the hcuvy 
coniponcnts on HAP columns :\t pI-I 10.5, This yielcl compres roughly with those 
reportccl by several ot licr aut liar b * -BJ‘1Jy*20. IJolyacryIamicle gel elcctroplioresis showccl 
tliat the light chins emerged in the voicl volume of the HAP cllrornntogrnm ; tlic 
ilC!iIVy conipoiicrits clicl not appear until after npplicntion of tlic snlt graclient. 

The Inrgc components of myosin zlre prcsumccl to be made up of two identical 
subunits, molecular U*cight 194,000-220,000 (rcfs. I, 2, 19). The similarity of seclinien- 
tation cocfficicnts :\t 1’1-1 7 ancl III-I 12, inclicatcs that esposure to pH 12 does not cxusc 
separation of tlicse two chins. Siniihr results have been rcportcd by othcrs1J4. 
l’oxoa1L~1~A cl nZ.Q1 found :I dccrcasc in myosin helix content from Go to 8% in high 
concentrations of LiRr at neutral ~1-1. Some preliminary evidence” indicates that 4 M 
J,iBr acts cliffcrcntly on myosin nt pH II than at pI_I 8. 

Our CliltLl. suggest tllrtt a combination Of high Salt allcl high pH may hasten il. 
clcnnturation process of niyosin. I-MI’ nppe&rs to distinguish between cxtcnts of 
dcnaturation. At the lliglier pI-I levels of protein samples and columns, the large 
compncnts elute nt incrcnsingly lower Pi molarities in accorcl with tlic lxl~avior of 
proteins in gcncral on HAP. Scdinientation studies have shown thnt the myosin 
molecules csliibit an incrcasecl coiicentrntion clcpenclcnce ancl increased nggrcgation 
tcnclcncy as tlic pI-I is raised 1. Thus the dccrcasc in HAP binding wit11 increRsc in p1-I 
is possilAy tlic result of tliesc known configurational changes leading to a loss of 
nvailablc carlxxsyl group Mnding sites. Br~w~~rznr AND I<AWASAKI~ hacl suggestecl 
tlint n graclu:~l clecrcasc in tlic binding of collagen to HAP columns at incrcnsingly 
higher tempcraturcs could be csplainccl by such n mecllanism. 

ISvidcncc wns obtninccl that my&n can be separated into native-like and 
Ixirtially clcnnturecl molcculcs. Myosin, rnisecl to pH II and then returned to pH 6.S, 
elutccl from ;t p1-I 0.8 I-MI’ column wi.t.11 il, broacl skewccl major frnction. This fraction 
was split into three parts so that tlic protein solutions from the trailing edge, the pen!<, 
ancl the cut half-way in htwcen cnulcl be inclividunlly rccllrornatograpllecl. Each 
sarnplc emcrgcd at LL 1’1 molarity similar to its position in the original cllromatogram 
with n slinrp, symmetrical petLli (set Figs, 2a, c, cl, e), The material at the trailing edge 
actecl like tlic originill nlyosin since (I) it clutccl at ;L similrir PI niolarity, about 0.3 Al; 
and (2) ~~olyacryl;uiiiclc electropliorcsis sliowccl tlint it containecl more liglit chins 
tlinn clicl tlic mnterial in tile peals. It mny be inferrccl that the cliffcrent 1’1 elution 
molaritics eshibitccl by the trailing cclge, tlic pcalz, and the midcllc fraction represent 
cliffcrenccs iii their sccondnry structure. 
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