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Ion exchange chromatography methods which have been 

developed in recent years appear to offer a sensitive technique that 

can be utilized very advantageously in studies on various proteins 

and their properties.    The application of such a procedure for the 

successful fractionation of bovine sarcoplasmic proteins should stim- 

ulate interest and research in characterizing the changes occurring 

in beef muscle during the post-mortem aging period. 

The research described herein pertains to the development and 

application of a DEAE-cellulose ion exchange chromatography pro- 

cedure for the fractionation of bovine sarcoplasmic proteins.    Results 

of preliminary experiments indicated that columns packed under 

pressure possessed superior fractionational qualities than did col- 

umns packed without pressure.    Also in the preliminary experiments, 

a Tris buffer system  (a starting buffer of 0.04 M Tris phosphate, 



pH 9.0,  and a limiting buffer of 0. 5 M Tris H  PO   ,  pH 3. 6) and a 

concave gradient elution procedure were developed which were found 

to separate the sarcoplasmic proteins satisfactorily. 

At least 16 components were recognized to be fractionated in the 

chromatography of beef sarcoplasmic proteins extracted two hours 

post-mortem.    Duplication of the chromatographic results was found 

to be quite good. 

Some changes that had occurred in the sarcoplasmic proteins 

during a post-mortem aging period of 10 days were detected by the 

chromatographic technique.    The changes observed were the appear- 

ance of new components,   and disappearance of some fractions while 

others diminished. 

Data obtained from experiments on the pre-chromatographic 

treatment of the samples showed that any deviation in procedure 

always resulted in chromatographic differences.    Hence,   strict 

uniformity must be maintained throughout the chromatographic 

procedure in order to obtain reproducible results. 

Although the experimental evidence obtained in this study indi- 

cates  that further research must be completed on the chromatographic 

procedure,   the method does offer a sensitive technique for gaining 

new information on the properties of the sarcoplasmic proteins. 
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FRACTIONATION OF BOVINE SARCOPLASMIC PROTEINS 
BY DEAE-CELLULOSE CHROMATOGRAPHY 

INTRODUCTION 

Investigations on the post mortem changes of meat during aging 

have been hindered in the past due to the lack of adequate procedures 

for the quantitative separation of muscle proteins.    In order to under- 

stand the actions and interactions of proteins in meat as it is being 

aged or processed,  a procedure capable of detecting proteolytic 

changes systematically would be of immense value. 

Cellulose ion exchange chromatography has proved particularly 

useful for the separation and fractionation of protein components of 

several complex biological materials  (30,   31).    More specifically, 

this technique has been used successfully for the fractionation of 

proteins of blood sera (29),   egg white,  hormonal mixtures  (30),  and 

milk (34).    Conversely,   relatively little systematic research has been 

conducted along these lines in the development of methods for the 

fractionation of muscle proteins.    Mandeles  (15) and Mohasseb (16), 

however,   recently showed that ion exchange chromatography offered 

a possibility of separating muscle proteins quantitatively.    Very 

recently,   Fujimaki and Deatherage (8) reported on the excellent frac- 

tionation of beef sarcoplasmic proteins by cellulose phosphate and 

diethylaminoethyl-cellulose (DEAE-cellulose) ion exchange 



chromatography.    Although they were very optimistic about the pos- 

sibilities of using this procedure in future studies on muscle proteins, 

they did emphasize the fact that much experimentation must be com- 

pleted to perfect the technique before it can be universally employed 

in meat research.    Incidentally,   their results appeared in print just 

as the experiments presented here were being completed. 

The research reported herein pertains to a study of the frac- 

tionation of bovine sarcoplasmic proteins by DEAE-cellulose ion 

exchange chromatography. 



LITERATURE REVIEW" 

Proteins are very labile biological entities.    Hence,   the choice 

of laboratory methods for separating them is limited since a slight 

alteration in the structure of the protein molecule can change its 

properties appreciably.    In order to keep proteins as near to their 

native state as possible,   they require special consideration in han- 

dling in regard to such factors as temperature,  pH and nature of the 

solvent. 

Many methods have been applied to the task of separating a 

mixture of proteins into its component parts.    Although several of 

the methods proved to be satisfactory for fractionating simple mix- 

tures of proteins,   they were found to be inadequate for separating 

mixtures containing many proteins having similar properties. 

Recently,  methods giving better separation have been developed and 

at present cellulose ion exchange chromatography appears to be one 

of the most promising (32,  p.   878-879). 

Cellulose Ion Exchange Chromatography 

A series of cellulosic ion exchangers possessing a high capacity 

for the adsorption of proteins have been developed by Sober and 

Peterson (22,  p.   751-755).     These adsorbents are available as either 

cation or anion exchangers.    Carboxymethyl-cellulose (CM-cellulose) 



and diethylaminoethyl-cellulose  (DEAE-cellulose) are examples of 

cation and anion exchangers,   respectively.    By reacting the pertinent 

halogen derivative with alkali-swollen alpha-cellulose,   the appropri- 

ate acidic or basic groups are attached to the cellulose (2.2,  p.   753). 

The stability of these adsorbents is considered to be essentially that 

of the cellulose matrix since the ionizing groups are attached to the 

cellulose by ether linkages  (31,  p.   1116). 

Primary Considerations 

Since proteins are large molecules and cannot enter into the 

adsorbent particles,   surface phenomena become the controlling 

influence in achieving separation.     Thus the adsorbent to be used 

must have a large,  well-hydrated surface area (22,  p.   751; 30, 

p.   62). 

It is believed that the proteins are held on the adsorbent sur- 

face principally by electrostatic forces  (24,  p.   3),  although van der 

Waal's forces and hydrogen bonding may also be involved (30,  p.   62). 

These are the very forces which apparently give the protein molecule 

its secondary and tertiary structure.     Thus it is important that the 

adsorbent to be used should bind the proteins very weakly in order to 

reduce the possibility of rupturing these weak structural forces  (30, 

p.   62).    Furthermore,   strong bonding of protein to the adsorbent is 

undesirable because strong eluting conditions are then required which 



are often injurious to the protein (22,  p.   751). 

The ideal adsorbent is one that binds proteins very gently,  has 

sufficient adsorptive capacity (22,  p.   755),  is chemically and physi- 

cally stable in the selected buffer system  (22,  p.   752),  and when 

packed in a column permits the flow of buffer downward under gravity 

or a slight hydrostatic head (30,  p.   62-63),    Although there are many 

requirements to be met,   the cellulosic ion exchangers developed by 

Sober and Peterson (19,  p.   273) meet these conditions quite well. 

Nature of the Mechanism 

Before chromatography the protein and adsorbent are usually 

equilibrated separately in the starting buffer  (24,  p.   12-14;  31, 

p.   1117).    Hence,   the selected pH of this buffer determines the num- 

ber and type of charges borne by each.    For example,  DEAE- 

cellulose,  an anion exchanger,  does not lose its positive charge 

until the buffer exceeds a pH of 9 (7,  p.   75;  28,  p.   569).    Accord- 

ingly,   the starting pH is usually set above the isoelectric point of 

the proteins so that they will have a net negative charge  (6,  p.   65-70). 

The protein and adsorbent,  both being polyelectrolytes,  can interact 

at several points although the number of bonds formed is dependent 

upon the number of appropriate charges available on the surface of 

each (30,  p.   64-65). 



In the initial stages of cellulose column chromatography,   some 

proteins immediately form many bonds with the adsorbent and are 

tightly held in that position upon the exchanger.    So long as the initial 

conditions are maintained,   the flow of the buffer down the column 

cannot move these proteins.    Conversely,  other proteins may not 

contain sufficient charges of the appropriate sign at the selected 

starting conditions and thus pass unhindered through the column.    A 

third class of proteins will be weakly held,  possessing only sufficient 

charges to permit,  under the existing eluting conditions,   a reasonable 

probability for the simultaneous dissociation of those forces restrain- 

ing the molecule.    At the instant of release the protein is carried 

down,   only to be held again at another site as the electrostatic bonds 

are re-established.    These weakly held proteins are undergoing 

"true chromatography" which is regulated by a series of successive 

adsorptive and desorptive stages for its high resolving ability.    The 

y rate of migration through the column will depend on the probability 

of the simultaneous dissociation of all bonds which in turn depends 

on the number of charges on the protein molecule (30,  p.   65-67). 

The affinity of protein for an anion exchanger can be reduced 

by changing the pH or salt concentration of the eluting buffer.    De- 

creasing the pH of the buffer results in a reduction of the anionic 

nature of the protein whereas an increase in pH reduces the ioniza- 

tion of the tertiary amine groups of the adsorbent (29,  p.   760).    An 



increase in salt content of the buffer promotes dissociation of the 

electrostatic linkages between the protein and adsorbent (31,  p.   1116). 

When working with complex mixtures of proteins,   the range of affin- 

ities for the adsorbent is usually too great to permit differential elu- 

tion of all proteins with a single eluant (31,  p.   1117).     Therefore,   the 

eluting power must be increased.    In the case of anion exchangers, 

this is accomplished by decreasing the pH or increasing the salt con- 

centration or using a combination of both (31,  p.   1116). 

Application and Technique 

Although column chromatography is a sensitive analytical tool 

for separating proteins (29,  p.   759;  30,  p.   71-82),   it is also quite 

sensitive to the slightest variation in operational procedure (15, 

p.   260;  30,  p.   71).    This fact can impose a very severe restriction 

on its use because the experimenter must be able to obtain results 

with a reasonable degree of reproducibility. 

The proper selection and preparation of the chromatographic 

column is an important factor that requires some initial considera- 

tion.     The size of the column is usually determined by the nature of 

the experiment.    Heftmann (11,  p.   380) recommends a diameter- 

length ratio of 1:60 for a single eluant experiment,   1:40 for gradient 

elution,   and  1:4 for stepwise elution.    Sober and Peterson (20, 

p.   137),  however,  recommend a 1:20 ratio for gradient elution. 
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Packing the column under pressure makes it more physically stable 

and appears to allow for better separation of the protein fractions 

(24,  p.   10). 

One of the most critical factors influencing the chromatographic 

separation of proteins lies in the selection of a proper elution pro- 

cedure.    The experimenter has the option of using one of three pro- 

cedures--single eluant,   stepwise elution,  or gradient elution (31, 

p.   1116).    A single eluting buffer is best suited for chromatographing 

a simple mixture of a few proteins whose behaviour on the column is 

similar.    Stepwise elution appears to be the best choice for the puri- 

fication of a single fraction or for the separation of a few fractions 

possessing diverse properties (24,  p.   15-16; 31,  p.   1122).    Gradient 

elution is generally employed for separating the more complex pro- 

tein mixtures because the pH and salt concentration of the eluant are 

gradually changed to match the ranges of the adsorption affinities of 

the proteins thought to be present in the mixture  (20,  p.   136). 

Although stepwise elution technique has been applied with fair 

success in the fractionation of some protein mixtures  (8,  p.   316-326; 

25,  p.   399-408;  34,  p.   589-606),   it has been found to produce mis- 

leading results by combining two peaks into one in some instances 

while in other cases it has caused one fraction to appear as two (24, 

p.   15-16; 30,  p.   68-69).    The probability of producing false fractions 

and compound peaks is minimized by gradient elution and thus it is 



now the most widely used elution technique for separating complex 

protein mixtures into as many fractions as possible with a single pass 

through the column (31,  p.   1116).    Quite often a mixture of proteins 

contains many components requiring a rather narrow range of condi- 

tions for adsorption and desorption.    In gradient elution,   the starting 

conditions can be designed to start as gradual as necessary to meet 

these critical demands.     The gradient technique also has other advan- 

tages in that it reduces the spreading and tailing of bands  (30,  p.   68- ^ 

70; 31,  p.   1116),   is more reproducible (31,  p.   1118),   and can be 

automated to fractionate a protein sample into a continuous spectrum. 

The latter is often called a "protein profile" (30,  p.   70) and it makes 

slight fractional differences easier to detect since it gives a total 

picture of the proteins over a range of gradually changing conditions. 

Gradient elution does,  however,  have one major disadvantage      ' 

in that the proper gradient for a particular protein mixture has to be 

worked out by trial-and-error tactics in a series of rigidly controlled 

experiments  (20,  p.   136-140).    Presently,   this deficiency is due to 

the lack of sufficient and precise knowledge on the intricacies of this 

procedure in which to form a basis so that the necessary and defini- 

tive guidelines can be developed. 

The interpretation of protein profiles and profile differences 

must be done with caution because small fluctuations in experimental 

conditions can shift the position of some components  (29,  p.   759; 
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30,  p.   65,   71-82).    Uncontrolled changes in pH,   salt concentration, 

temperature,   flow rate and gradient volumes have been shown to 

cause erratic differences between results of duplicate separations of 

the same sample  (15,  p.   260;  18,  p.   75; 24,  p.   19).    Even though pro- 

teins are usually eluted in the order of increasing electrophoretic 

mobility and complexity (20,  p.   138;  30,  p.   66),   it has been reported 

that two proteins with different charge densities are sometimes eluted 

from the chromatographic column together because of compensating 

differences in molecular size  (30,  p.   65).    Nevertheless,  if chroma- 

tographic results from  the same or identical samples can be readily 

duplicated and if every effort and caution is rigidly exercised to 

reduce and minimize experimental error,   then large differences in 

chromatograms can certainly be interpreted as sample differences 

(17,  p.   230). 
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EXPERIMENTAL PROCEDURE 

Preparation of Muscle Extract 

Muscle samples were obtained as needed from beef animals 

slaughtered by the usual procedure at a local meat processing plant. 

About one hour postmortem,   the rib eye muscle,   longissimus dorsi, 

was excised and taken to the laboratory where it was placed in a cold 

room at 4° C.  until used.    Fifty grams of muscle from which fat and 

connective tissue had been trimmed were diced and homogenized for 

two minutes with an equal weight of distilled water in a Waring    ' 

blender  (8,  p.   317).    The homogenate was centrifuged for 20 minutes 

at 10, 000 X G and the supernatant was then filtered through Whatman 

No.   12 filter paper to remove fat par tides.    The sarcoplasmic ex- 

tract thus obtained was dialyzed against two 100-fold portions of the 

starting buffer for 24 hours  (24,  p.   12-13).    Whenever a standard 

sample was desired for a series of experiments,   15 ml aliquots were 

sealed under nitrogen and held at -20° C.    These aliquots were 

thawed and dialyzed for chromatography as needed.    In some experi- 

ments the dialysis step was altered or omitted entirely.    Deviations 

from the above procedure are indicated on the pertinent chromato- 

grams. 
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Chroma tography 

DEAE-cellulose (type 20,   1. 0 meq/gm) was suspended in 

1 N NaOH and mixed with a stainless steel paddle until it was com- 

pletely dispersed.    The suspension was placed in a Btichner funnel 

and the NaOH was removed by suction.    This step was repeated until 

the filtrate became colorless.    This was followed by the addition of a 

sufficient amount of 1  N HC1 to make the suspension strongly acid, 

followed immediately by filtering and rinsing on the Biichner funnel 

with water until the acid was removed.    The cellulose was then re- 

suspended in 1 N NaOH,  filtered,   and washed free of alkali with 

water  (24,  p.   6).    The adsorbent was next suspended in three volumes 

of starting buffer.    A relatively concentrated solution (0.5 M) of Tris 

phosphate which had been standardized to the pH of the starting buffer 

was added until the suspension was adjusted to within 0. 1 of the pH 

value desired.    Since the effective strength of the acidic or basic 

groups of the cellulosic ion exchangers increases markedly with salt 

concentration,   the suspension was diluted accordingly with water 

after the addition of the standardizing buffer (24,  p.   8).    The cellu- 

lose was then washed on the Biichner funnel with several volumes of 

the starting buffer and transferred to a large beaker,  where it was 

re-suspended in a sufficient amount of buffer to give a suspension 

concentration of 50 ml/g of cellulose (20, p.   137).    At this point the 
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suspension was allowed to settle and the fine particles remaining in 

suspension were siphoned off.    The precipitated cellulose was then 

diluted with five volumes of starting buffer and allowed to settle once 

again in order to remove the  "fines".    This process was repeated 

until the supernatant fluid became clear or nearly so. 

The washed cellulose suspension (50 ml/g adsorbent) was 

placed in a large filter flask fitted with a rubber stopper which could 

be clamped in place for use under pressure.    A magnetic  stirrer was 

used to agitate the suspension continuously during its transfer from 

the flask to the glass chromatographic column (2 x 50 cm).    A plug 

of glass wool was compressed at the bottom of the column and cover- 

ed,  first by a piece of filter paper followed by a disc of 80 mesh 

stainless steel screen on top.    After the column was filled with the 

starting buffer,   the slurry was allowed to siphon into the column 

through glass tubing (3/16 inch I.  D.) under gravity.    Shortly after 

gravity feeding had begun,  nitrogen pressure was applied to the flask 

containing the cellulose suspension which in turn exerted similar 

pressure on the chromatographic column.     This pressure was applied 

slowly initially,   then increased gradually until five p.s.i.  was ob- 

tained by the time the packed cellulose had reached a height of 15 cm. 

Thereafter,   the pressure was increased linearly with the height of 

the column until 15 p.s.i.  was reached just prior to completion of 

the ■packing procedure  (24,  p.   9).    When the cellulose in the column 
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reached a height of 40 cm,   the pressure was released and a disc of 

filter paper was placed on top of the packed cellulose to preserve its 

flat surface.    During the actual packing procedure,   the column was 

slowly rotated around its long axis to provide a slight but necessary 

agitation to obtain a level packing deposition of the cellulose.    The 

columns were placed in a cold room (4° C. ) immediately after pack- 

ing and cold starting buffer was passed through them until they were 

completely equilibrated to the desired pH.    All chromatographic 

separations were carried out at 4° C. 

After the completion of a chromatographic run,   the cellulosic 

columns in certain instances were cleaned for re-use by passing 

750 ml of 0. 1 M Na   PO   -0.2 percent Triton X-100 (a non-ionic 

detergent) solution through the column under gravity followed by 

prolonged rinsing with distilled water  (20,  p.   137).     Twenty-five ml 

of 0. 1 M Tris phosphate,  pH 9,  were then run into the column and 

the adsorbent was re-equilibrated by eluting the starting buffer 

through the column under a small hydrostatic head. 

Nine or twelve ml of the muscle extract (270 and 360. mg pro- 

tein,   respectively) was gently entered on top of the column and 

allowed to sink almost entirely into the cellulose before several 

small portions of the starting buffer were added to carry the extract 

completely into the adsorbent.    After  120 ml of the starting buffer, 

0.04 M Tris buffer standardized with H   PO    to pH 9.0,  had passed 
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through the column,   the gradient elution procedure was started.    A 

nine chambered variable gradient mixer,   the Varigrad (21,  p.   857- 

862),  produced the combination pH-salt gradient starting with 0. 04 M 

Tris,  pH 9.0,  and increasing to a final concentration of 0. 5 M Tris 

H  PO   ,  pH 3. 6.    This gradient consisted of a total volume of 2250 ml 

and was made by mixing the following volume percentages of the fjinal 

buffer with the starting buffer in the order of 0,   0.4,   0,   1.6,   0,   3, 

0,   5,  and 100 percent for the nine chambers of the Varigrad,   respec- 

tively.     The gradient provided by the Varigrad has been described as 

a concave gradient (31,  p.   1117) which refers to the linearity of the 

slope of increasing salt concentration of the eluting buffer and not to 

the effluent pH.    The gradient was then followed with several 100 ml 

additions of final buffer to chamber 9 of the Varigrad until the column 

was completely titrated to the pH of the final buffer,   3.6,  before elu- 

tion was halted.    A constant flow rate of 80 ml/hour was maintained 

throughout a run by means of a micropump connected in series 

between the Varigrad and the chromatographic column. 

The effluent was carried from the column by polyethylene 

tubing directly into a flow-through cell assembly mounted in a 

Beckman DB recording spectrophotometer where the absorbancy 

of the fluid was measured continuously at 280 m|j..    The effluent was 

then collected by a fraction collector equipped with a 10 ml volumetric 
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siphon and a marking device which made it possible to identify each 

fractions. 

The peak fraction of each component was analyzed for its 

absorption spectrum from 700 to 230 m|ji on a Beckman DK-1 record- 

ing spec trophotometer.    The pH gradient was determined by measur- 

ing every tenth tube of effluent with a Beckman Model G pH meter. 

The absorbancy and pH data of the various runs were used to con- 

struct the appropriate chromatograms.    Total nitrogen of the sarco- 

plasmic extracts was determined by the micro-Kjeldahl method (2, 

p.   643-644).    The amount of protein recovered from the columns was 

determined from the optical density measurements according to the 

procedure of Fujimaki and Deatherage (8,  p.   317). 
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RESULTS AND DISCUSSION 

A series of trial runs was completed prior to the initiation of 

the major chromatographic experiments.    These preliminary tests 

were carried out to determine the optimum experimental conditions 

for separating the bovine sarcoplasmic proteins by DEAE-cellulose 

ion exchange chromatography. 

Preliminary Results 

One of the most influential factors affecting the chromatographic 

technique is found in the proper preparation of the cellulose column. 

Initially,  columns were packed without the aid of pressure; however, 

many of these columns showed a "pleated" effect (24,  p.   10) which 

made them unsuitable for chromatographic purposes.    Columns 

packed under pressure as described in the experimental procedure 

possessed higher flow rates,  better fractionational and resolution 

abilities,  and gave more reproducible results than similar columns 

packed under gravity (24,  p.   10).    Hence,   the results reported herein 

were obtained through the use of pressure packed columns. 

i/ The selection of both the buffer system and gradient elution 

procedure comprise a set of factors that also exert an important 

influence on the chromatographic separation of proteins.    A Tris 

phosphate buffer system that was reported to be excellent for the 
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separation of blood serum proteins (20,  p.   138; 31,  p.   1118) was 

used in the early trial runs.    On the basis of these reports,   a 

0.005 M Tris phosphate solution,  pH 8.6,  was used as  the starting 

buffer while the limiting buffer was 0.5 M Tris H   PO   ,  pH of 3.6. 

Figure  1  shows that the sarcoplasmic proteins were separated into 

11 fractions as compared to only 6 obtained in previous work com- 

pleted in this laboratory by Mohasseb (16,  p.   63-69) who employed 

different buffer and elution procedures . 

However,   Figure  1 also shows that two large double peaks 

were eluted during the early part of chromatography whereas the 

separation in the latter stages appeared to be satisfactory.    Thus it 

was evident that changes would have to be instituted in the starting 

buffer.     The starting conditions were changed by gradually increas- 

ing the pH of the initial buffer  (30,  p.   63-67).    As the pH was raised, 

better separation of the first double peak was observed although 

resolution of the second doublet decreased wherein these two peaks 

merged together.    No matter how gradual the gradient was started, 

they could not be separated as the pH of the starting buffer approach- 

ed a value of 9. 0.    After testing several alterations with no improve- 

ment in resolution,   a solution of 0.04 M Tris standardized with 

H  PO     to a pH of 9.0 was selected as the starting buffer.    This 

buffer was prepared in terms of Tris since the amount of phosphate 

had become too small for accurate reproduction of buffer strength. 
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Initially,  cone-sphere and step-cone-sphere gradient elution 

procedures (31,  p.   1117) were used to meter changes in the eluting 

buffer continuously during chromatography.    Although these gradients 

separated the sarcoplasmic proteins reasonably well,  an example of 

which is shown in Figure 1,   the initiation of refinements to alter the 

gradient for better  separation could be accomplished only by changing 

one or more parts of the apparatus.    Such a condition proved to be 

cumbersome and unreliable in the exact duplication of gradients 

between any two runs.    Hence,   the Varigrad,   a variable gradient 

mixer   (21,  p.   857-862),  was incorporated into the chromatographic 

assembly which permitted the making of small changes in specific 

portions of the elution gradient to improve resolution where needed 

as well as providing the necessary means for the accurate duplication 

of the gradient. 

Main Experiments 

The results reported in this section were evaluated larg,ely on 

the number of distinct fractions separated and on the similarities or 

differences between chromatograms in relation to both the effluent 

volume and pH at which the various fractions were eluted.    One of 

the proposed advantages of gradient elution is that practically every 

hump observed on a chromatogram represents a protein fraction at 

that position (31,  p.   1117).    Such an assumption,  however,   leads to 
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the arbitrary designation of the fractions and in the case of minute 

peaks,   considerable confusion may result even though attempts are 

made to maintain some degree of uniformity.    In this study,   the 

fractions have been labelled in numerical order according to their 

sequence of elution from the DEAE-cellulose columns. 

Reproducibility 

After the development of suitable chromatographic procedure, 

experiments were conducted to determine the reproducibility of the 

technique in fractionating the sarcoplasmic proteins of beef muscle. 

Figure 2 shows the chromatograms of duplicate runs in which 12 ml 

samples of extract (360 mg protein) were fractionated on each of two 

chromatographic columns,  both of which were recently packed with 

DEAE-cellulose.    The extract was obtained two hours post-mortem. 

Since only one chromatographic assembly was available during the 

course of this study,   the runs could not be carried out concurrently. 

Hence,   the second run was started 30 hours after the beginning of the 

first run.    At least 16 peaks were recognized on both chromatograms, 

An equipment failure occurred in the first run after 2200 ml of efflu- 

ent had passed from the column.     Thus the lower chromatogram in 

Figure  2 does not show the two fractions that were observed to be 

eluted at the end of the second run.    Many similarities became evi- 

dent when these two chromatograms were compared,   especially in 
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Figure 2.    Reproducibility of the chromatography of beef sarcoplasmic proteins extracted two hours 
post-mortem.    Sample size:   12 ml of dialyzed extract (360 mg of protein).    Concave 
gradient elution:   starting buffer,  0. 04 M Tris phosphate,  pH 9. 0; limit buffer,  0.5M 
Tris H2PO4,  pH 3. 6.    Gradient started at 120 ml.    Lower and upper curves are the first 
and second separations,  respectively. 
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regard to the positions of the eluted components on the profile as 

well as to the pH at which they were eluted.    There were,  however, 

differences between the heights of some of the corresponding peaks 

in the chromatograms which indicate differences in the amount of 

proteins in the peaks--the higher the peak,   the greater the protein 

concentration.    These differences might well be attributed to slight 

alterations that may have occurred during the storage  (40C.) of the 

protein sample used for the second run since there was a. time differ- 

ential of 30 hours between the runs. 

The large component (fraction 6) emerging at approximately 

900 ml,  pH 8.5,   in both chromatograms of Figure 2 contained about 

90 percent of the red pigments in the sarcoplasmic extract.     This 

fraction showed absorption maxima (X. 542 and 580 m\i) corre- 
max 

spending to that of oxymyoglobin (8,  p.   318).    Absorption spectra 

also showed that the remaining 10 percent of the pigment was found 

in those fractions eluted between 1280 and 1530 ml (fractions 8,   9, 

10 and  11) at a pH range of 8. 2 to 7.7.    The last components  (frac- 

tions  15 through 18) to be released from the column between 1980 and 

2280 ml,  pH range of 5.8 to 3.5,  possessed almost as much absorb- 

ency at 254 mp as they did at 280 mjji.    Fujimaki and Deatherage (8, 

p.  318) also eluted a fraction from their columns at pH 5.0 that 

showed a high optical density at 260 mji.     They speculated that this 

fraction was a nucleoprotein. 
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The results of the above experiment agree quite well with those 

of Fujimaki and Deatherage  (8,  p.   316-326) who reported the separa- 

tion of at least 14 fractions on cellulose phosphate columns.    Other 

than comparing the number of fractions separated and the absorption 

spectra data,  further comparisons cannot be made because Fujimaki 

and Deatherage used stepwise elution procedure with phosphate buf- 

fers ranging from pH 5 to 11.     The latter conditions were necessary 

since cellulose phosphate is a cationic exchanger and requires a pH 

gradient directly opposite of that needed by DEAE-cellulose,  an 

anionic exchanger. 

The chromatograms shown in Figure 3 are also the results of 

another test of the reproducibility of the chroma to graphic  technique.   In 

this case,  however,   the column used in the second run was  the same as 

that used for the first separation after the DEAE-cellulose had been 

thoroughly cleaned and re-equilibrated in the column as described 

earlier.   In addition,   the sarcoplasmic proteins used for both of these 

separations were extracted three hours post-mortem and stored for 

three weeks at -20° C.  and therefore,  cannot be directly compared 

with the results shown in Figure 2.   A high degree of similarity could 

be noted in the comparison of these two chromatograms in regard to 

number of fractions separated,   effluent volume required for  their 

elution,   and the pH at which they were eluted.    The only appreciable 

difference between these protein profiles is that fraction 9 shows a 
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Figure 3.    Reproducibility of the chromatography of beef sarcoplasmic proteins extracted three hours 
post-mortem and stored for three weeks at -20°C.    Sample size:   12 ml of dialyzed extract 
(360 mg of protein).    Concave gradient elution:   starting buffer,  0. 04 M Tris phosphate, 
pH 9.0; limit buffer,  0.5 M Tris H2PO4,  pH 3.6.    Gradient started at 120 ml.    Lower 
curve - new cellulose column; upper curve - used,  clean, re-equilibrated cellulose column. 
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higher peak when separated on the freshly packed column than on the 

column that has been re-used,   cleaned and re-equilibrated.    Other 

differences between these chromatograms appear to be of a minor 

nature. 

When   360 mg of protein were applied to the columns,   325- 

330 mg were recovered in the effluent indicating a protein recovery 

of more than 90 percent.     The subsequent washing of the columns 

with 0. 1  N NaOH removed an additional one percent of the protein 

originally applied.    An example of this residual protein is the peak 

shown to be eluted at 2750 ml in the lower chromatogram of Figure 4. 

These results compare quite well with the recovery data recorded in 

the literature on chromatography of various other proteins (8, 

p.   317;  16,  p.   20; 29,  p.   759).    Most of these reports showed a 

recovery rate of 90 percent or slightly higher in certain instances. 

Along the vein of work described above,   an experiment was 

completed in which the objective was to determine whether DEAE- 

cellulose ion exchange chromatography could detect changes in the 

sarcoplasmic proteins during aging.    Scopes  (26,  p.   201-207) 

reported that certain of these proteins were unstable post-mortem 

as determined by vertical starch-gel electrophoresis.    Figure 4 

shows  the differences in the chromatography of sarcoplasmic pro- 

teins extracted two hours post-mortem  (upper curve) versus those 

extracted from the same source  10 days later  (lower curve).    In 
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Figure 4.    Chromatography of beef sarcoplasmic proteins extracted 10 days post-mortem.    Sample 
size:   12 ml of dialyzed extract (360 mg of protein).    Concave gradient elution:   starting 
buffer, 0.04 M Tris phosphate,  pH 9. 0; limit buffer,  0.5 M Tris H2P04,  pH 3. 6. 
Gradient started at 120 ml.    Lower curve - 10 days post-mortem; upper curve - 2 hours 
post-mortem. 
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order to maintain continuity   in numbering the fractions,   the lower 

curve  (10-day sample was transposed over the upper diagram and the 

numbering of the fractions was designated accordingly.    It can 

readily be noted that after 10 days of aging,   some fractions disap- 

peared  (fractions 7 and 15),  others diminished (fractions  1,   3,   12, 

13,  and  14),   certain new fractions appeared (fractions  la and lb), 

and the emergence of some peaks was delayed  (fractions 3,  and 8 

through 14 inclusive).     These results definitely indicate that changes 

do occur in the sarcoplasmic proteins during aging.    Fujimaki and 

Deatherage  (8,  p.   316-326) also detected some chromatographic 

changes in these proteins after  12 days of post-mortem aging. 

Effect of Dialysis upon Chromatography 

After evaluation of the reproducibility of the chromatographic 

procedure,   experiments were completed to determine whether differ- 

ent methods of dialysis would improve the technique. 

Figure 5 illustrates the chromatographic differences between 

a sample dialyzed against the starting buffer  (upper curve) and a non- 

dialyzed sample (lower curve).    There is very little similarity 

between these chromatograms.     The iiiitial fraction and fractions  16 

and 17 of the non-dialyzed extract show much higher peaks than do 

comparable fractions of the dialyzed sample.    In addition,   several 

other deviations are quite apparent between these chromatograms. 
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Figure 5.    Chromatography of dialyzed and non-dialyzed beef sarcoplasmic proteins extracted two 
hours post-mortem.   Sample size and gradient elution conditions were the same as those 
described in Figure 4.    Lower curve - non-dialyzed extract; upper curve - extract dialyzed 
24 hours against starting buffer. 
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In another dialysis experiment,   a chromatographic comparison 

was made between a sample dialyzed against distilled water,   then 

diluted with one volume of starting buffer  (8,  p.   317) and a non- 

dialyzed extract adjusted to pH 9.0 (pH of the starting buffer) by addi- 

tion of 1 N NaOH.    In comparing the lower curve of Figure 6 with the 

bottom diagram in Figure 7,  it can readily be noted that adjusting the 

pH of the non-dialyzed extract to the pH of the starting buffer resulted 

in some improvement in the chromatographic resolution.    However, 

in comparing the chromatograms in Figure 6,  major differences can 

still be observed between the two diagrams,   especially in regard to 

the initial fractions and fraction 12. 

Figure 7 gives the results of the last dialysis experiment to 

be completed.    In this case,   the chromatography of the non-dialyzed 

extract was compared with that of a sample dialyzed against a buffer 

composed of 0. 5 M sucrose in 0.01 M Tris-0.001 M citrate,  pH 8.5 

(26,  p.   202).     These results also show large chromatographic differ- 

ences between the dialyzed and non-dialyzed samples. 

In the chromatography of the non-dialyzed sarcoplasmic 

extracts  (lower chromatograms of Figures 5 and 7),   large break- 

through fractions were shown to be eluted from the columns that are 

not apparent in the chromatograms of the dialyzed samples (upper 

curves of Figures 5 and 7).    Thus it would appear that these initial 

fractions of the non-dialyzed extracts were negatively charged at 
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Figure 6.    Chromatography of dialyzed and pH adjusted,  non-dialyzed beef sarcoplasmic proteins, 
10 days post-mortem standard extract.    Sample size:  9 ml of extract (270 mg of 
protein).    Gradient elution conditions were the same as those described in Figure 4. 
Lower curve - non-dialyzed extract adjusted to pH 9.0; upper curve - extract dialyzed 
24 hours against distilled water,  then diluted with one volume of starting buffer. 
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Figure 7.    Chromatography of dialyzed and non-dialyzed beef sarcoplasmic proteins,   10 days post- 
mortem standard extract.    Sample size:   9 ml of extract (270 mg of protein).    Gradient 
elution conditions were the same as those described in Figure 4.    Lower curve - non- 
dialyzed extract; upper curve - extract dialyzed 24 hours against a buffer of 0. 5 M 
sucrose in 0. 01 M Tris-0. 001 M citrate,  pH 8. 6. 



33 

their particular pH or were complexed with salts or other non- 

protein substances which neutralized or diminished the net surface 

charge density of the proteins to allow these components to pass 

through the column with relatively little chromatographic  separation. 

In addition,  other components eluted later in the chromatography of 

the non-dialyzed extracts showed fractions with much higher peaks 

than did comparable fractions of the dialyzed extracts.    Once again 

it would appear that non-dialyzed fractions were complexed with non- 

protein substances which may have altered the surface charge density 

or changed the spatial arrangement of the ionizable groups to allow 

these fractions to accumulate and build up at the particular pH and 

effluent volume at which they were eluted. 

General Discussion 

In view of the complexity of the chromatographic technique and 

the material under investigation,   a fairly high degree of reproduci- 

bility was obtained in the experiments reported in this study.    The 

gradient elution procedure is the preferred method of elution because 

it permits the adjustment of a continuous gradient to the elution re- 

quirements of any mixture of proteins  (31,  p.   1116).    In this regard, 

a Varigrad was found to be a necessity for metering and duplicating 

the exact buffer system for the gradient elution procedure when doing 

a series of chromatographic separations.    The success of obtaining 
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accurate duplication of chromatographic results resides largely in 

being able to maintain rigid control over all phases of the chromato- 

graphic technique from one experiment to another. 

The dialysis experiments graphically demonstrate how different 

pre-chromatographic treatments may alter the chromatography of the 

sarcoplasmic proteins.    Hence,  it is emphasized once again that 

maintaining strict uniformity in experimental procedure must be 

exercised whenever using the ion exchange chromatographic  technique. 

Although the results obtained in this study on the fractionation 

of the sarcoplasmic proteins are very encouraging,  each of the iso- 

lated fractions should be re-chromatographed individually in order 

to determine the homogeneity of the components.    Further studies 

are also needed to clarify the chromatographic changes observed to 

occur in the sarcoplasmic proteins during the  10 day post-mortem 

aging period.     The elucidation of these changes should help to 

enlarge the knowledge of the specific properties of meat and on the 

post-mortem tenderization process. 
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SUMMARY AND CONCLUSIONS 

The fractionation of the sarcoplasmic proteins of beef skeletal 

muscle was studied by the use of DEAE-cellulose ion exchange 

chromatography. 

Investigations on some of the variables of the chromatographic 

technique indicated that packing the columns with the adsorbent by a 

linear increase in pressure resulted in columns superior  to those 

packed without the aid of pressure.    Also in the preliminary experi- 

ments,  a concave gradient elution procedure and a Tris buffer sys- 

tem which were developed jointly were found to be quite suitable for 

the adequate fractionation of the sarcoplasmic proteins.     The buffer 

system consisted of a starting buffer of 0.04 M Tris standardized 

with H   PO    to a pH of 9. 0 while the limit buffer was  0. 5 M Tris 

H2P04,   pH 3.6. 

The effluent diagrams of the chromatography of the sarco- 

plasmic proteins extracted two hours post-mortem showed that at 

least 16 fractions were recognized.    The reproducibility of the 

technique for fractionating the proteins was considered to be very 

good and the differences observed between duplicate runs were con- 

sidered to be of a minor nature. 

The chromatographic  technique was able to detect some of the 

changes  that had occurred in the sarcoplasmic proteins of beef 
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muscle during a post-mortem aging period of 10 days.     These 

changes consisted of some fractions disappearing while certain new 

components became visible and others diminished. 

In the experiments completed to determine the effects of 

dialysis upon the chromatography of the sarcoplasmic proteins,   the 

data indicate that any changes initiated in the pre-chromatographic 

treatment of the samples always resulted in chromatographic differ- 

ences . 

It was emphasized in the discussion that strict uniformity must 

be maintained throughout the chromatography procedure in order to 

obtain reproducible results. 
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