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Preparations of rabbit rnyosin have been subjected to chromatographic frac- 
tionation on columns of hydroxyapatite at pH 6.8 with potassium phosphate buffers 
containing RCl. The best resolution is obtained with a stepwise elution procedure, 
utilizing phosphate concentrations of o.IG, 0.23, and 0~4 M, all in the presence of 
0.4 iV I<Cl. The ionic strengths of these buffers cover the range 0.7 to 1;4,. The chroma- 
tograms obtained are very consistent, as are the elution volumes at a given phosphate 
concentration, and the elution volumes are strong functions of, phosphate concen- 
tration. The fractions obtained are well separated, and clear-cut information is 
obtained on the presence in the preparation of proteins other than myosin and 
on the extent of aggregation of the myosin., Since the recovery of adenosine triphos- 
phatase activity is low the procedure described cannot be used for preparative 
purposes. 

INTRODUCTIOK 

Two of the most powerful tools for analytical and preparative fractionation 
and purification of proteins, viz. adsorption chromatography and electrophoresis, 
have been of limited use in work with myosin. This results primarily from the insol- 
ubility of this protein, at pH values near neutrality, at ionic strengths less than 
0.25 (ref. I), a range which is generally most useful in applying the techniques in 
question. Furthermore, myosin solutions contain the protein in non-monomeric form 
even at ionic strengths greater than 0,25 (ref. 2), the amount in the monomeric 
form increasing with increasing ionic strength. 

The difficulty can be circumvented by the use of either (I) an adsorbent which 
is effective even in solvents of relatively high ionic strength (the higher the better), 
or (2) a solvent which is exceptional in that myosin is soluble in it at relatively low 
ionic strength. Recent work in this laboratory has made use of both of these approach- 
es, The latter alternative has been applied to electrophoresis of, myosin. The former 
alternative constitutes the subject matter of this paper. 

Chromatography on hydroxyapatite is strongly dependent on the concentration 
of phosphates, e.g. orthophosphate, but is otherwise virtualjy independent of ionic 
strength. Since ‘YiCl-phosphate solvents of sufficient ionic strength (greater than 0~3) 
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are favored solvents 
solvents appeared to 
was the possibility of 
pII and KC1 concentration, and 
gradient or in a stepwise system. 
the results of their application are 

for myosin, chromatography on hydroxyapatite with such 
offer a reasonable chance of success. Particularly appealing 
elution with solvents of high ionic strength (9 0.7), constant 

increasing phosphate concentration, either in a 
These predictions were found to be correct, and 
reported herewith,. 

iMATERLALSANDMETlIODS 

Pre~aratio9z of 9nyosi9a 
All preparative operations, as well as chromatography, were carried out at 

z-5”. Phosphate buffers were made with the potassium salts. 
Myosin was extracted, usually from the longissirnus dorsi muscles of the rabbit, 

with Guba-Straub solution (0.3 M 1X1; potassium phosphate buffer, 0.15 M in 
phosphate; pII 6.59 =t 0.05; temperature, 3”). The protein was rendered insoluble 
by addition of water in two stages3 until the conductivity of the solution was equal 
to that of 0.033 M KCI. After standing for II/~ to 3 h most of the supernatant 
was siphoned off, and the precipitate isolated by centrifugation in a Sorvall GSA* 
rotor at 4000 r.p.m. for 15 min. A volume of 1.2 M KC1 equal to the weight of the 
precipitate was added to the latter, and the mixture stirred until the precipitate 
had dissolved. If necessary, the solution so obtained was clarified by centri- 
fug&ion at 30,000 r.p.m. for 45 min in the Spinco Model L centrifuge. The 
solution was subjected to a second cycle of precipitation at an ionic strength of 0.033 
and redissolution at 0.6. In all but two preparations bovine pancreatic ribonuclease 
at a concentration of IO m.g/m.l was then added*pG, 5 ml/l of myosin solution, yielding 
a ribonuclease concentration of 50 pg/ml. The solution was dialyzed against 0.6 iW 
KC1 for approximately 16 h, and subjected to a third cycle of precipitation and 
redissolution as above. Myosin prepared in this way was found to be free of myokinase 
activity. 

Chromatogra$hy 
In most cases, myosin obtained as described was, after dialysis against a 

suitable sample solvent, applied directly to a column of hydrqxyapatite (Bio-Gel 
HT, obtained from Bio-Rad Laboratories, Richmond, Calif.) which had been pre- 
equilibrated with the same solvent. In a few cases the myosin was first subjected to 
chromatography on DEAE-SephadexO, and the major peak of the effluent, after 
concentration and dialysis, then applied to hydroxyapatite. DEAE-SephadexO was 
preferred over DEAE-cellulose1 because myosin is adsorbed more strongly to it, 
permitting the use of lower PI-I (7.5) and higher ionic strengths (0.4 to 0.6). Effluent 
fractions from’ hydroxyapatite were sometimes rechromatographed on a column of 
the same adsorbent. All chromatography was performed in jacketed Pharmacia 
columns 2.54 cm in diameter. Column length varied (see figures), but was usually 
approximately’ 32 cm. 

Most column effluents were passed through a micro flow cell, maintained at 
2-5 “; in the cell compartment of a Beckman double-beam, grating spectrophotometer 

l lMention of commercial names does not imply enclorsemont by tho U.S. Department of Ayri- 
culture. 
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equipped with a programmer and a recorder. To prevent condensation on the cell, 
the compartment was flushed with dry nitrogen. The system wcas operated in the 
“point program” mode, and set to monitor end record transmittance at zsg,z7g, and 
330 nm. The transmittance mode wcas preferred to the absorbance mode since the 
latter is limited to a range of one absorbance unit, while the range of the former is 
limited only by factors such as stray light and electronic noise. With the spectrophoto- 
meter used the effective transmittance range corresponds to o-2.5 absorbance units. 
The slow monitoring cycle was used, with a period of approximately 2 ‘/z min. 

After being monitored the effluent was collected by a refrigerated Buchler 
fraction collector, using a photoelectric volumetric collection head equipped with an 
auxiliary device ensuring its unfailing operation O. The photoconductive cell was set 
at a level which yielded tube fractions of IO ml volume, the tubes being partially 
immersed in a liquid coolant maintained at 2-s”. Tube fractions which, on the basis 
of the recorder chromatogram, contained protein belonging to the same peak were 
pooled, yielding a “fraction”. 

Transmittance readings selected from the monitor record at suitably spaced 
intervals were each multiplied by the factor 100/T,, T, being the recorded transrnit- 
tance (%) of the solvent at the corresponding wavelength, and converted to absor- 
bance. The absorbance values of the pooled fractions were determined directly with 
a Beckman DU spectrophotometer calibrated ,for wavelength and absorbance8. 
Absorbance values were corrected for scattered light” according to the following 
formulae : 

459 = A259 - 330 

A& = A279 - 330 

(1.1 

(2) 

where A = measured absorbance, A’ = corrected absorbance, and subscripts are 
the wavelength values in nm. From these corrected absorbance values, concentration 
of protein was calculated with simultaneous equations utilizing the absorptivities 
of myosin and nucleic acid at 259 and 279 nm O-ll. These calculations were programmed 
and run on an Olivetti Programma IOI. The chromatographic patterns were drawn 
with an IBM plotter. All recoveries reported are b,ased on measurements made on 
pooled samples. 

Assays fey ewzym4t~ic actz’vitz’es 
Myokinase was assayed by the method described by COI~OWICI~~~. The concen- 

tration of KC1 was kept minimal (4 0.01 M), since high concentrations of salt inac- 
tivate this enzyme. Adenylate deaminase was assayed by a minor modification of 
the method described by NIXI~;ORUI~ AND COLOWICIC~~. The assay mixture was: 
o.G N in KCI; 0.05 M in citrate, pH 6.5 ; 80 ,uuM in bicarbonate; 40 ,uM in AMP; 
and approximately 0.8 mg/ml in protein. Phosphate was removed from the protein 
by dialysis before assay. ATPase was determined as previously describedla. 

A preliminary experiment showed that, at pH 6.8 and in the presence of 0.4 M 
KCI, no protein is eluted from hydroxyapatite until the orthophosphate concentra- 
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tion exceeds 0.1: M. On this basis a gradient elution system was chosen, with a constant 
KC1 concentration of 0~4 M, a p1-I of 6.8, an initial phosphate concentration of 0~1 M, 
and a final phosphate concentration of 0.3 M. Fig. I shows the result of a run of this 
kind. A trace of protein appearing at a volume of approximately 50 ml was followed 
by a “doublet” at approximately IOO ml, and an additional small peak at approx- 
imately 150 ml, after which the major peak was eluted. Elution of the major peak 
was completed with the upper-limit buffer (0.4 M KCl, 0.3 M phosphate, pH 6.S), 

1.2 - 

1.0 - 

0.8 - 

0.6 - 

0.4 - 

0 100 200 300 400 ml 
k-O.1 -0*3M--------rJ 003M k-l.0 M4 Pi 

Fig. I. Chromatography of myosin with a lincar graclicnt of phosphate concentration, IOO mg 
of protein in 0.4 M KC1 containing I mM phosphate were applied to a column of hydroxya.patitc, 
2.54 cm (diameter) x 18 cm (length), which had been cquilibratod with the same solvent. Pi = 
phosphate. The concentration of KC1 was constant at 0.4 M, except in the last clution solvent, 
which contained none. pH = C.8 throughout. Recovery of protein : 88 O/“. 
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Fig. 2. Chromatography of, myosin with a two-step elution program. 304. mg of protein were 
applied to a column, 34 cm long, which had been equilibrated with the first elution buffer. The 
first eluant was 0.4,&Z in KCI, the second had none. pH A 6.8. Recovery of protcin : 63 y0 
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after which the column was eluted with I M phosphate buffer, pH 6.8 (without 
In the instance shown the last buffer eluted no protein, but in most cases 
protein was washed out of the column by this buffer (or by 0.4 M phosphate, 
this was used; see below). 

391 

KCl) I 

some 
when 

On the basis of the above gradient run (Fig. I), and three others like it, a 
phosphate concentration of 0.23 M was chosen, for the purpose of stcpwise elution, 
as just adequate to elute the major peak protein. A minimal concentration was chosen, 
rather than one on the high side of the peak, in order to permit resolution of the 
different components which may comprise the major peak (of the gradient runs). 
A typical chromatogram for such a run is shown in Fig. 2. Immediately apparent is 
the absence of the doublet, which, in the gradient run, preceded the major peak, as 
well as much earlier elution of the major peak (when the ratio of lengths of the 
columns in Figs. I and 2 is considered). The eluant containing 0.23 M phosphate 
(+ 0.4 M 1X1) moves the major peak into the doublet, so that the latter is buried 
in the former, and no longer resolved from it. The major peak displays more character 
than in the gradient runs, indicating heterogeneity of the moysin preparation, but 
the components within the major peak are not resolved. As usual, I it4 phosphate 
elufes a small amount of protein. 

To test whether different portions of the major peak (Fig. 2) contain different 
species of protein, it was divided into three portions ; each portion was concentrated, 
and, after dialysis against the initial buffer, applied to a column of hydroxyapatite 
for re-chromatography (Fig, 3). Several runs of this kind showed no clearly demon- 
strable differences in elution volume for the different cuts of the major peak. Sur- 
prisingly, however, although all of the protein applied to the second column. was in 
the major peak effluent of the first column. some protein was retained by the second 
column until it was eluted with I M phosphate, probably indicating conversion of 
major peak protein (isolated from the first column) into “I M protein”. 
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Fig; 3. Rochromatography of myosin on hyclroxyzpatito,~ 32 mg of protein, tho first third of the 
fraction olutcd by 0.23 M phosphate (+ 0.21 M KCl) from the column of Fig. 2, were applied to 
;I column, .33 cm long. Other conditions as in Pig. ‘2. Rccovcry of protein: 88%. 
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The converse experiment was also run, vLz., protein collected in the I M 
effluent of the first hydroxyapatite column was, after concentration and dialysis, 
rechromatographed on a second column of hydroxyapatite (Fig. 4). In addition to 
the protein eluterl in the expected (I M) position, a substantial amount of protein 
was eluted elsewhere, viz. with the initial solvent, again indicating interconversion 
of the different proteins eluted by the 0.23 M and I M solvents, In these runs it was 
also noted that the amount of “I M protein” appeared to increase with the post 
mortem age of the sample. 

To effect resolution of the different components which might be present in 

L 
60C 

L 

In 11 

_ 0.23M _I.OMA Pi 

Fig, 4. Rochromatography of protein clutcd by I M phosphate. 12 mg of protein cluted from the 
first column by I A.4 phosphate were applied to tho second column, 31 cm long. Other conditions 
as in Fig. 2. Rccovory of protein : IOO "/o. 

r -___r_‘_ I I 

I- 

Ic-----_- 0.23 M,T 0.4M-----~ Pi 

Fig, 3; Chromatography of myosin with ;I three-step elution program. 98 mg of protein obtained 
from,tho major peak effluent of a column of DEAR-Scphadexb was applied to a column of hydroxy- 
apatito, 26 cm long. The first two cluant buffers contained 0.4 iW I<Cl.~Recovoryof protein: 95 %. 
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the 1 M phosphate efffuent, the initial elution with 0.23 M phosphate (Fig, 2) was, 
in some runs, followed with 0.4 M phosphate (+ 0.4 M KCI) (Fig. 5.). Subsequent 
elution with I M phosphate did not bring off an.y .protein. Apparently, all of the 
protein previously eluted with the I M solvent was now eluted with the 0.4 M 
phosphate solvent. However, the latter solvent achieved partial resolution of the 
effluent protein into two components. In the cliromatogram of Fig. 5, the input 
protein consisted of the major peak obtaitied by chromatography on DEAE-Sephadexa, 
Preliminary chromatography on the latter absorbent may be a necessary condition 
for resolution in the 0.4 M phosphate solvent, but otherwise appears to have no 
discernible effect on the hydroxyapatite chromatogram. 

Since, on initial elution of hyclroxyapatite with 0.23 M phosphate (+ 0.4 M 
KCl), resolution of the “doublet” from the main peak was lost, the gradient 
chromatograms (in which the doublet was resolved) were reexamined. From these 
chromatograms it was estimated that a phosphate concentration of 0.16 M might 
effect separation of the doublet from the major peak. On this basis a four-step elution 
system was instituted (Fig. 6) with buffers of pH 6.8 containing phosphate at concen- 
trations of 0.16, 0.23, 0.40, and I M. The first thiee buffers contained KC1 at a level 
of 0~4 M; the last had no KCI. (The proteins eluted by these four buffers are referred 
to as fractions A, B, C, and D, respectively.) By means of this system the protein 
of the major peak was retarded, and the doublet was, indeed, cl.early resolved from it. 

The interconversion of protein between the fractions eluted by phosphate 
at low (0.23 M) and high (> 0.4 M) concentrations suggested that the latter (fraction 
C or D) might be a polymer or a mixture of polymers of the former (fraction B). 
To test this hypothesis, the two effluents were subjected to sedimentation velocity 
analysis after concentration and dialysis against 0.23 iW phosphate + 0.4 M KCI, 
pH 6.8. As shown in Fig. 7, fraction I3 protein sedimented as a typical, self-sharpening 
rnyosin peak, with a small amount of faster-running mateiral, while fraction C 
protein, run at the same concentration, yielded three peaks, none of which was 

0 200 400 600 600 IO00 1200 ml 
CC-0.16----cCc-0.23----rCc0.40~tI.0~~ Pi 

Fig. G, Chromatography of myosin with 8 four-step olution program. 37G mg of protein were applied 
to a column, 33 cm long. The first three buffers contained KC1 at ;c concentration of 0.4 Ilrl. 
Rccovcry of protein: 63%. 
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self-sharpening, and two of which sedimented more rapidly than the self-sharpening 
component of fraction B. Such a multi-peak pattern has been obtained frequently 
with aged myosin, and has been interpreted as resulting from “transformation 
reactions” of myosinlGg lo. 
- A further example of the consistency observed in the chromatograms obtained 
is shown in Table I, where the elution volumes are given for two runs on the same 
preparation: the second run was made seven days after the first. In spite of large 
differences in the amount of protein applied, in the input volume, and in the age of 
the samples, the elution volumes are in good agreement. 

Adenylate deaminase content was determined, in one run, on three cuts from 
the major peak (fraction B) obtained as effluent from hydroxyapatite. Two of these 

1 

, 08 (b) 

Fig. 7. Sedimentation velocity of the fractions elutcd at low and high concentrations of phosphate. 
The samples were run at 25,980 r,p.m. for 50 min, then atT5g,78o r.p.m. for the following time 
intervals: (a) zgmin and (b) 8g min. Wedge cell : fraction\B, eluted by 0.33 M phosphate. Standard 
cell: fraction C, sluted by 0.4 1c/I phosphate. Double-sector cells were used, with charcoal-Epon 
centerpieces and sapphire windows. Phase plate angle : 65”. Temperature : 4”. Protein concentra- 
tion: 2.68 mg/ml in both cells. 

TABLE I 

REPRODUCIBILITY OF RLUTION VOLUME 

Pvotein fvaction Phosphate 
conot. (M) 
in eluanl 

EZution volume (?NZ) 
fov myosi,n of agea 

5 Days 12 Days 

A 0.16 130-170 100-I 70 

c” 
0.23 150-3 IO 14o-34o 
0.4o x40-1 80 130-190 

Protein 
applied (mg) 101 376 : 

Volume 
applied (ml) 6,~ * 22 

‘, . I 
, .I I 

a Post mortem age. 
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had a specific activity of 0.003, the third o.ooS, pmole AMl?/min/m.g. The protein 
applied to the co1um.n had a specific activity of 0.049. 

I)ISCUSSION . 

Of the twenty-five runs made on hydroxyapatite columns, the six which yielded 
the best recovery of protein were with myosin (input) samples which had previously 
been purified chromatographically, either on DEAE-Sephadex or on a previous’ 
column of hyclroxyapatite. However, two input samples which had “seen” hydroxy- 
apatite yielded only a moderate recovery, and one a low recovery. The probable 
reason for these results is apparent when recovery is plotted as a function of the 
(post mortem) age of the protein (Fig. 8). The recovery for the myosin previously 
purified with hydroxyapatite is distinctly higher than for “unpurified” myosin 
of the same age. For three samples (not plotted) ‘which had been run on DEAE- 
Sephadex the recoveries were also high, viz. gI”Ioo %; these samples were 12-14 
days old. It thus appears that, in addition to the three fractions (A, B, and C or D) into 
which myosin preparations are resolved by hydroxyapatite, there is a fourth fraction 
which is irreversibly adsorbed to this medium. Further elution with two column 
volumes of 1.6 M phosphate buffer at pH 6.8 and temperature 3” followed by two 
column volumes of I<H,PO,, of the same molarity does not elute any detectable 
protein whatever. This fraction is also eliminated by chromatography on DEAE- 
Sephadex. Its amount depends on the age of the preparation. We have little quantita- 
t,ive data on the distribution of ATPase activity in the effluent peaks, but it is clear 
that the recovery of activity is quite low. Qualitatively, it can be stated that the 
doublet (fraction A) contains no ATPase, while both the major fraction (B) arid the 
last fraction eluted (C or D) have ATPase activity. This is consistent with the inter- 
pretation that the latter fraction is a mixture of polymers of the former fraction. 

The low recovery of enzyme may be due to denaturation of the myosin resulting 
from its low concentration in the’ effluents, or to the removal by hydroxyapatite 

I I I 
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40 I I I 0 . . 
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IO 20 30 

P’OST MORTEM AGE .(DAYSl 
Fig. S. Recovery of protcin,from hydroxyapatitc.columns as a function of age. 0, Sample applied 
was from the major peak of a prcvious:run on hydroxyapatito; 0, column input had not previously 
been subjected to chromatography. 
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of nucleic acids or proteins which stabilize or regulate ATPase activity. The removal 
of proteins of low molecular weight closely associated with myosin is known to result 
in loss of enzymatic activity of myosin from white or fast musclel’. Most of the 
work described here was done with the longissimus dorsi muscle of the rabbit. 

Data so far obtained have not demonstrated any substantial differences 
between the ribonuclease-treated myosins of “red” and “white” muscles of the rabbit. 
A more detailed comparison is being made. 

In contrast to the appearance of fraction C (or D) on rechromatography on 
hydroxyapatite of the major fraction (B), fraction A does not reappear on rechromato- 
graphy. Furthermore, although some fraction A is present even in myosin which 
has been purified by chromatography on cellulose phcsphate and DEAE-Sephadexag lo, 
the amount of A appears to be considerably less than in the unchromatographed 
preparation (unpublished experiments). Therefore, chromatography of a preparation 
of myosin on hydroxyapatite yields clear-cut information on contamination, Le. 
the presence of proteins other than myosin (peak A), as well as on the presence of 
aggregated myosin (peak C). Comparable data have not been obtained by any other 
means. 

Chromatography on DEAE-cellulose yields chromatograms in which there is 
a doubled peak of specific ATPase activity (Fig. 5 in Ref. I). This could conceivably 
result from resolution of two enzymatically active protein species, as discussed by 
Pll~~yl. Howeves, when these two effluent fractions were isolated and rechromato- 
graphed, the positions of the effluent peaks overlapped, the peak maxima apparently 
being approximately IO ml apart (Fig. 2 in Ref. I). The alternative explanation, 
offered by PERRY as a possibility, viz. that there is enzymatically inactive material in 
the middle of the myosin ATPase peak, therefore appears by far the more plausible. 
Thus, the patterns obtained with DEAE-cellulose, while suggesting heterogeneity, 
suffer from a failure to satisfactorily resolve the components responsible for the 
heterogeneity. By contrast, the fractions obtained with hydroxyapatite are completely 
resolved. Thus (Fig. 6), peaks A and I3 are separated by more than 200 ml and B and 
C by more than 150 ml. 
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