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INTRODUCTION

Heme proteins play a significant role in many biological processes.
In vertebrates the most abundant heme protein, hemoglobin, is found in the
red blood cells and serves to transport oxygen.

The cytochromes are also

heme proteins and are found in virtually all aerobic cells.

The cyto

chromes are located in the mitochrondrial membrane in a lipo-protein com
plex.

Jfyoglobin is another heme protein that is found in the muscle cells

of all vertebrates and some invertebrates.
sarcoplasm of the muscle cell.

Myoglobin is located in the

The main function of myoglobin in the

muscle cell is to store oxygen, received from the hemoglobin of the blood,
and to transfer this oxygen to cytochrome oxidase in the mitochrondrial
membrane.
Investigators in ma.Txy different research areas are interested in the
myoglobin molecule. Physiologists are interested in following the increase
or decrease in nyoglobin concentration in the muscle cell as a function of
exercise of the animal, age of the am'mal, and adaptation of the animal to
either cold temperatures or high altitudes.

Medical investigators are in

terested in the amount and forms of myoglobin present in muscles with vari
ous muscle diseases.
Food scientists are interested in the myoglobin molecule from the
color aspect of meat.

Meat color is an indicator of the form of myoglobin
<

—

present in the meat and also an indicator of the condition of the meat.
Finally, biochemists are interested in the myoglobin molecule, for several
reasons.

The protein chemist looks at the myoglobin molecule as a small,

stable protein that makes an ideal model for the study of protein
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structure.

An analytical biochemist sees the myoglobin molecule as a

model protein that can be used to test new instruments and techniques.
Ifyoglobin works well as a model because of its small size, stability to
heat and lastly its ability to be seen.

Visually observing the action of

a protein on a new instrument or apparatus gives much additional informa
tion as to the effectiveness of the instrument or apparatus.
Recently, biochemists have become interested in the nyoglobin molecule
because it is microheterogeneous.

Several other nonheme proteins show a

similar microheterogeneity, but myoglobin has been the most widely studied.
The ntyoglobin from 8 species have been found to be microheterogeneous.
The number of metn^oglobin components from any one species varies with the
investigator and the separation technique used.
This study was directed toward determining the exact number of com
ponents present in bovine metmyoglobin and then trying to determine what
factors were causing the components to differ from one another.

Much

attention was given to new isolation and purification techniques as well
as techniques that could detect primary structural and conformational dif
ferences between the components.
The study was performed with the idea that further knowledge of the
microheterogeneity of inyoglobin could lead to a better understanding of
the actions of myoglobin in relation to muscle diseases and function in
the cell.

The study may also help the analytical biochemist understand

the limitations of an apparatus or isolation technique when the apparatus
or technique is used to study proteins.
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REVIEW OF LITERATURE

tfyoglobin in the Muscle
The muscles of all vertebrates and the muscles of a few invertebrates
contain a protein called nyoglobin.

This protein, which gives the red

color to muscle, is able to store and transport the oxygen that is needed
by the muscle cell,
Millikan (1939) states that myoglobin

is found in large amounts in

those muscles which require slow repetitive activity.

The highest concen

trations of myoglobin are found in the muscles whose complete cycle of
activity takes approximately one second.

Examples of this type of muscle

are the heart muscles of large mammals and the leg muscles of running ani
mals such as the dog or the horse. Those muscles which contract more than
two to three times a second usually contain large amounts of cytochrome
but little myoglobin.

These muscles are found in the wings of flying in

sects and may contract up to three hundred times per second.
Millikan (1939) also noted that the nyoglobin content of the heart
and skeletal muscles of dogs increased with the age of the animal.

It was

also noted that the myoglobin content in the skeletal, heart and diaphragm,
muscles increased with the increasing activity of the animal.
There are other factors which are able to increase the myoglobin
content in the muscle.

Tappan and Reynafarje (1957) studied the physio

logical and biochemical effects of high and low altitudes on various organs
of the guinea pig.

It was found that the adaptation to high altitudes

caused many changes in physiology.

Changes in enzyme systems, tissue

pigmentation az-i tissue mass occurred.

The heart size enlarged along with
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an increase in the amount of hemoglobin in the blood.

The ngroglobin con

centration in the muscles increased to give an increased efficiency of
oxygen utilization.

R^nafarje and Morrison (1962) studied the effects of

high altitudes on several species of very active rodents.

Those of the

species which were adapted to the higher altitudes had twice the concentra
tion of nyoglobin in the heart, diaphragm and leg muscles as did the ani
mals kept at sea level.
Several workers have noted that the changing seasons also affect the
level o£ n^oglobin in the tissues or various animais.

Rosenmamand Morri

son (1965) found a marked increase in the myoglobin concentration of the
diaphragm and gastrocnemius muscles of Alaskan snowshoe hares during late
winter when compared with the minimum summer values.

Chaffee et al. (1965)

studied the effects of cold acclimation on the myoglobin levels of
sparrows, mice, hamsters and monkeys.

It was found that the animals that

adapted to the cold climates had a very significant increase in tissue
nyoglobin.

Animals such as the monkey which were unable to adapt to cold

climates had no significant increase in their muscle myoglobin content.
Chaffee et al. (1965) and Kosenmann and Morrison (1965) believe the in
crease in myoglobin levels is due to an increase in the body metabolism.
The increased metabolism produces needed heat to maintain body temperature
and requires greater amounts of oxygen. The greater demand for oxygen
could make the elevation of nyoglobin in the muscle an adaptive process.
The principle function of myoglobin in the muscle cell is to store
oxygen.

Millikan (1939) measured the storage capacity of a typical muscle

with five mg myoglobin per gram of muscle. The oxygen capacity was 0.008
cc per gr of muscle, and if the oxygen consumption were 4.5 cc of oxygen
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per hour, the stored oxygen would be used up 560 times in an hour or once
every 7 seconds.

Millikan also states that the affinity of nyoglobin for

oxygen lies between that for hemoglobin and cytochrome oxidase, ^oglobin's greater affinity for oxygen causes it to fluctuate between 98 and
94 percent saturation while the hemoglobin fluctuates between 94 and 66
percent saturation.
Edwards and Griddle (1966) isolated a structural protein from
mitochrondria which bound initochrondial lipids and cytochromes.

Also, it

•sras shown thst mycglobin formed a soluble, stoichiometric complex with
this mitochondrial protein.

This mechanism, the binding of the myoglobin

to the mitochondria, effectively increased the local concentration of
oxygen around the mitochrondia.

The ability of myoglobin to bind to

mitochondria enhanced its ability to take the oxygen the myoglobin had re
ceived from hemoglobin in the blood and give this oxygen to cytochrome
oxidase in the mitochondria.

The Myoglobin Molecule
X-ray analysis
Kendrew et al. (1960) crystallized sperm whale metnyoglobin and
studied its structure with the aid of x-ray diffraction techniques. The
x-ray diffraction pattern of several isomorphous crystalline derivatives
of metmyoglobin were compared.

When the resolution of the procedure was

at 2 Â, the straight segments of the metmyoglobin chain were found to be
hollow tubes of very high density.

More detailed investigation showed

these hollow tubes to be «C-helices, consisting of a single peptide chain
revolving in a right-handed manner and with an axial repeat of about
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o
5.4 A.

The molecule was found to consist of eight othelical segments.

The «C-helical content of the molecule was from 65 to 72 percent.

When the

peptide chain turned a comer, the helical nature was disrupted. The num
ber of residues at a comer was quite often two to three, but at one large
non-helical section, 13-18 residues were present. The total number of
residues found was 153 and 100-110 of these were in the <C-helical array.
Kendrew (1963) analyzed crystalline sperm lAale metmyoglobin with
o
x-ray diffraction at 1.4 A resolution.

o
With 2 A resolution, the ability

to resolve each amino acid was very limited.

But '~'ith 1.4 A rssoluticn

each amino acid and its side chain could be identified.

It was found that

118 out of the 151 amino acid residues make up the eight segments of the
right-handed «frhelix.

The helical segments are connected by seven non-

helical segments.
The whole complex is folded into the shape of a flattened triangular
prism with dimensions of 45 by 35 by 25 S.

The molecule is very compact

and contains only five water molecules trapped inside the protein.

The

heme group is located almost normally to the surface of the molecule, with
the edge containing propionic acid being on the surface and the edge con
taining the nonpolar vinyl groups being buried inside the protein molecule.
The polar side chains on the protein are located at the surface of
the molecule whereas the nonpolar groups are concentrated in the interior
of the molecule.
When examining the various contacts between neighboring groups in the
molecule, the most important contribution comes from van der Waals forces
between the nonpolar residues which make up the interior of the molecule.
The hydrogen bonds, at the surface of the molecule, are very weak and very
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often prefer to bond with a water molecule.
The binding of the heme group to the apoprotein deserves special con
sideration.

The fifth coordination position on the iron atom links to a

ring nitrogen atom of a histidine lying along the protein backbone.

The

sixth position of the iron bonds to a water molecule when the iron is in
the ferric state.

The nonpolar portion of the heme group is inside the

molecule, and is held in place by van der Waals interactions.
Nobbs et al. (1966) investigated the structure of deoxysycglobin by
x-ray diffraction.

Their findings shew that deoxyniycglobin and mctmyo-

globin have extremely similar structures.

An important observation was

that the iron atom of deoxymyoglobin is not bonded to any molecule in its
sixth coordinate position.

In metnyoglobin, the sixth coordinate position

is occupied by a water molecule. The position of the heme group remains
unchanged in both forms.

Amino acid sequence
During the time the x-ray diffraction analyses were being done on the
sperm whale metmyoglobin, Edmundson and Hirs (1961) were working on the
amino acid composition of the same metmyoglobin molecule.

These authors

analysed the major metmyoglobin fraction from an Amberlite IRC-50 column
for amino acid composition.

Also the metmyoglobin was incubated with

trypsin, and the resulting peptides were investigated by end-group analy
sis.

The amino acid sequences were determined on 12 of the peptides re

leased by trypsin.
Edmundson and Hirs (1962a, 1962b, 1962c) looked further into the
amino acid sequence of sperm lAale metmyoglobin.

In these investigations

8

the amino acid sequences of all tryptic and chymotryptic peptides were de
termined.

Edmundson (1965) investigated the insoluble core that was left

after tryptic digestion of the sperm whale metmyoglobin molecule.

Since

this insoluble core comprised 30 percent of the nyoglobin molecule, its
amino acid sequence was needed.

By carboxymethylating the histidines on

the insoluble core peptides, the peptides became water soluble and were
cleaved easily by trypsin.

The entire sequence of all 153 amino acids in

the metmyoglobin molecule was then determined.
The chcsical invcstigstica was being carried out in parallel with
the x-ray analysis of the protein.

Before an unequivocal sequence could

be derived for sperm whale metnyoglobin, the information obtained from the
chemical and x-ray analyses had to agree.

This agreement occurred and the

complete amino acid sequence and structure of sperm whale metmyoglobin was
demonstrated.

Conformation in solution
The primary, secondary and tertiary structure of crystalline sperm
whale metmyoglobin was established by x-ray analysis and amino acid
sequence analysis.

Breslow et al. (1965) used both optical rotatory dis

persion and circular dichroism to study the conformation of sperm whale
metmyoglobin in solution. The results obtained from this study indicated
that metn^oglobin in solution has an ^-helical content of 60 percent.

This

value is much lower than the 75 percent helical nature of crystalline
metmyoglobin.

It is believed that there is some diminution of helical con

tent when the crystal dissolves in water.

Breslow et al. (1965) studied

the change that occurs in the structure of metmyoglobin when the heme
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group was removed. An apparent unwinding of from 5 to 15 percent of the
total number of residues occurred upon removal of the heme group.
Harrison and Blout (1965) used optical rotatory dispersion to deter
mine the loss of 4S-helix when the heme group was removed from the sperm
whale metmyoglobin.

The study indicated that when the heme group was re

moved, the <-helical content of the protein decreased by 20 percent.
Atassi and Cacciotti (1966) used infra-red spectral analyses to deter
mine the "C-helicsl contents of some metsycglobins and their apoproteins.
The apoproteins were four.d to have less of an ^-helical nature when com
pared to their parent heme proteins.

Crumpton and Poison (1965) used

ultracentrifugation, diffusion and immunological studies to demonstrate
that the conformation of sperm whale aponyoglobin was significantly differ
ent from that of the parent heme protein.

Ifyoglobin and Ion Binding
Cann (1964) revealed that Zn(Il) ions react with sperm whale metmyoglobin and can cause a major change in its ultraviolet and visible absorp
tion spectra.

Cann (1964) believed that the Zn(II) ions bind to sites on

the surface of the protein and weaken the protein structure.

The weakened

structure unfolds, and a Zn(II) ion binds to a critical and otherwise in
accessible site.

It is believed that the critical point of binding is on

the (F-8) imidazole which normally bonds to the heme iron.

Evidence sup

porting the idea that Zn(II) ions unfold the secondary and tertiary
structure of metmyoglobin, was that trypsin would readily attack the
Zn(II) treated protein.

Breslow and Gurd (1963) found that both Zn(II)

and Cu(II) react similarly with sperm whale metnyoglobin.

The two ions
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seem to compete for the same binding sites on the protein.

These authors

believe that the imidazole groups on the protein act as chelating sites to
bind the metal ions, and as the metal is bound the protein goes through a
conformational change.
Breslow (1964) believed that the Cu(II) ion not only binds to the
imidazole of histidine but also binds to a peptide bond nitrogen atom.
Banaszak et al. (1965) used x-ray diffraction analysis on sperm whale
metmyoglobin to discover exactly where the Chi(II) and Zn(II) ions were be
ing bounds

Only three side chains 'v;ere found to lie clcsc enough to the

Zn(II) ion to be potential binding groups.

These three groups are histi

dine (GH-1), asparagine (GH-4) and lysine (A-14). It is impossible for
any main chain amino or carboxyl group to interact with the Zn(II) ion.
..

The Cu(II) binding site is closely analogous to the Zn(II) site.

It is

close to asparagine (GH-4) and lysine (A-14) but in this instance it is
closer to histidine (A-10).

Hartzell et al. (1967) states that the Cu(II)

binding sites are external and are capable of free equilibration with
hydrogen ions in the solvent.
histidine.

One of these external sites is the (A-10)

The Cu(II) binding sites that cause the heme-protein disruption

are located around the heme group, one being the (F-8) histidine that
normally binds to the heme iron.
Gillespie et al. (1966) have shown that incompletely deionized
preparations of sperm whale metnyoglobin are more stable towards dénaturation by Cu(II) ions than are completely deionized preparations. It was
shown that very small quantities of phosphate, a few moles per mole of pro
tein, repress the denaturation by Cu(II) ions.

These authors believe that

phosphate does contribute to the oxyion bond to the (E-7) histidine.

A
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phosphate bridge between the (E-7) histidine and the (CD-3) arginine great
ly stabilizes the molecule in a Cu(II) containing solution.

The sulfate

is believed to bridge these same two groups in the metmyoglobin crystal.
Hartzell et al. (1968) investigated the sensitivities of seal,
porpoise and sperm whale metmyoglobins to Cu(II) ions.

It was shown that

the rate of Cu(II) ion binding was much slower for sperm whale metnyoglobin than for seal and porpoise metmyoglobins.

Another difference was

noted in the sensitivities of the rates to the presence of phosphate.
Phosphate ions have little cr no effect cr. the Cu(II) icn disruption of
seal and porpoise metmyoglobins.

In seal and porpoise metmyoglobin, the

(CD-3) arginine residue has been replaced by a lysine residue.

This

change makes it impossible for a phosphate to bridge to the (E-7) histidine
residue, as is done in sperm whale metmyoglobin.

The lack of this phos

phate bridge causes the easy denaturation of the metmyoglobin by Cu(II)
ions.

Microheterogeneity of îfyoglobin
Colvin et al. (1954) states that whether a protein is homogeneous or
heterogeneous depends upon the particular stated technique.

Homogeneity

is a relative property and is defined by the operations to be performed up
on the preparation.

A protein preparation is said to be microheterogeneous

if there is experimental evidence for one or more minor differences between
individual protein molecules in the preparation.

Bovine myoglobin
Lewis (1954) was the first investigator to notice that bovine muscle
metmyoglobin did consist of more than one component.

During heme cleavage
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it was noticed that the curve of percent cleavage versus pH had several
breaks.
ple.

This Indicated the presence of an inhomogeneous metmyoglobin sam

This inhomogeneity was confirmed later by electrophoresis.

Lewis

and Schweigert (1955) detected two distinct components of bovine metayoglobin on paper electrophoresis.

The major peak contained about 80 percent

of the metnyoglobin while the minor peak contained 19 percent.

A very

small third peak appeared one half hour after the electrophoresis was be
gun, but disappeared later.

This peak was thought to contain about one

percent of the total niets^'oglobin.
Quinn et al. (1964) were able to detect and isolate three components
of bovine muscle metmyoglobin.

Carboxymethyl cellulose (CMC) chromatogra

phy gave tteee components from the crude metmyoglobin.

The peaks obtained

from CMC chromatography were never homogeneous, each contained a mixture
of all three components. The first peak to emerge from the column was con
taminated with nonheme protein.

Quinn and co-workers also separated three

metmyoglobin components from crude metmyoglobin with the aid of starch-gel
electrophoresis.
Quinn and Pearson (1964) isolated the three components of bovine
muscle metmyoglobin and analyzed each for their differences.

The absorp

tion spectra differed for each fraction, not in the location of the peaks,
but in the absorptivity values at most wavelengths.

Differences were also

noted between the three components in their rates of heme cleavage.

Since

differences were noted in both the absorptivity and the heme cleavage, the
authors surmised that the difference between the three components may lie
in the linkage to the heme group.
DuFresne (1964) used CMC paper chromatography to separate the three
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components of bovine heart muscle metnyoglobin.

All metnyoglobin prepara

tions gave four components, three of -which were heme proteins and one of
which was a nonheme protein.
protein.

The fastest moving component was the nonheme

This component was closely followed by a heme protein component

which made up about two percent of the total metmyoglobin.

The next two

peaks separated very well and together comprised 98 percent of the total
metnyoglobin.
Pelland (1968) was able to obtain several netsyoglcbiii components from
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chromatography varied with changes in column capacity and the equilibrating
pH.

A pH 6.0 CMC column, 25 cm in length, gave three metnyoglobin com

ponents.

If the starting pH of the same column was lowered to 5.5, veiry

little of the faster moving component was obtained and a fourth component
appeared as a shoulder on the next normal component.

When the starting pH

was maintained at 6.0, but the coluion was lengthened to 60 cm, the faster
moving component was absent and a total of five components were eluted.
Felland (1968) also used polyacrylamide-gel electrophoresis to separate
the components of crude metnyoglobin.

Upon gel electrophoresis the crude

metmyoglobin gave four components. The fractions that were obtained from
CMC chromatography were also run upon gel electrophoresis.

It was shown

that none of the fractions from CMC chromatography were homogeneous, each
contained at least three electrophoretic components.

The faster moving

components from CMC chromatography contained more of the negative electro
phoretic components when compared to the slower fractions from CMC
chromatography.
Felland (1968) also describes the ability of the components from the
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CMC chromatography and the polyacrylamide-gel electrophoresis to interconvert when placed back upon either a CMC column or gel electrophoresis.
She was able to rule out microheterogeneity due to protein-protein inter
actions, metal binding and acid-alkaline forms of metmyoglobin through
experimentation, and suggested that a conformational change in the
metmyoglobin molecule may be the cause of the microheterogeneity.

Horse myoglobin
âceson and Theorell (1960) successfully isolated three homogeneous
metntyoglobin components from horse skeletal muscle metnyoglobin.

Crude

horse metmyoglobin was passed through a large CMC column and the first
component eluted was a colorless protein along with a slightly colored
fraction.
peaks.

The majority of the metmyoglobin then came off as two broad

Upon analyzing each component from this CMC column, neither com

ponent was found to be homogeneous.

Each of the major components was

rechromatographed on a CMC column and placed upon a diethylaminoethyl
cellulose (DEÀE) column for final purification.

These purification proce

dures were able to give three homogeneous components from crude horse
metmyoglobin.

The homogeneity was determined by electrophoresis. &ceson

and Theorell then analyzed each component.

Iron analysis showed all three

components to be the same, as did sulfur analysis.

Amino acid and amide

nitrogen analyses were unable to show a difference between the components.
The N-terminal amino acid for all three components was glycine.
The three components of crude horse metnyoglobin were shown to be
heterogeneous by doing a fingerprinting analysis on each component,

âceson

and Theorell (1960) showed that each component gave a fingerprint or peptide
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map that differed from the others.

This difference indicates that a pri

mary structural difference may be present between the various components.
This primary structural difference could be the replacement of one amino
acid for another or since no differences were seen in the total amide ni
trogen content, it could be a difference in the arrangement of the amide
groups on the protein.
Akeson (1962) investigated the amino acid sequence at the carboxyl
terminal end of the horse metmyoglobin molecule.

The amino acid sequence

for the first 6 amino acids on the carboxyl terniirial end of each of the
three horse metnyoglobin components were identical.
Okubo (1963) isolated horse heart metmyoglobin completely free of all
hemoglobin contamination. The crude horse heart metnyoglobin was then
further purified upon CMC column chromatography and four components were
obtained.

Paper electrophoresis separated only two components from the

crude metmyoglobin.

Ultracentrifugation of the crude metnyoglobin gave

one peak with a sedimentation constant of 1.74 Svedberg units.
Vesterberg and Svensson (1966) used an isoelectric fractionation
apparatus to measure the isoelectric points of the various horse metmyo
globin components.

This apparatus was able to effectively separate a mix

ture of two horse metmyoglobin components which differed by only 0.06 of
an isoelectric point.

Vesterberg (1967) analyzed the three horse metmyo

globin components that were obtained from CMC column chromatography.

These

three components, I, II and III, were easily resolved upon isoelectric
fractionation.

This apparatus also resolved component II into two sub-

units; II, and II9 and resolved component III into three subunits; III,
III2 and Illg.

The isoelectric points for each of the 6 components
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present in horse metmyoglobin were determined. This extremely sensitive
tool was able to give Vesterberg the total number of components present in
his metmyoglobin and the exact isoelectric point of each component.
Jornvall (1967) thought that the heterogeneity of the various compo
nents of horse metmyoglobin could be explained as being due to an acetylation of the E-amino groups on several lysines.

The author analyzed the

various components for their acetyl content and found no acetyl groups were
present on any of the horse metnyoglcbin components.

Human myoglobin
The first instances of multiple forms of human myoglobin appeared
from studies comparing the nyoglobins from adult and fetal muscle.

Jonxis

and Wadman (1952) found that the fetal myoglobin was less soluble in ammo
nium sulfate than was the adult myoglobin.

They found no differences be

tween the two myoglobins by electrophoresis or absorption spectra in the
visible and ultra-violet regions.
Singer et al. (1955) prepared hemoglobin free extracts of myoglobin
from the muscles of premature and newborn infants.

The fetal myoglobin

from these tissues differed spectroscopically and electrophoretically from
normal adult nyoglobin. The fetal nyoglobin acted very much like fetal
hemoglobin.

It was shown that fetal myoglobin was gradually replaced by

adult myoglobin within the first 6 months of life.

Perkoff (1965) sug

gested that fetal myoglobin was present in certain diseases of the muscle
and in minor proportions in adult myoglobin.

He was unable to find any

adult myoglobin in the muscles of the unborn infants studied.

The fetal

myoglobin isolated seemed to have the same approximate size as did the
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fetal hemoglobin studied.
Perkoff (1966) was confident in his belief that a fetal myoglobin was
present in fetal muscle.

This fetal nyoglobin always migrated faster than

the adult form on both zone and gel electrophoresis.

The fetal nyoglobin

was shown to be larger in size, Wien compared to adult myoglobin, by ultra
filtration and ultracentrifugation.

Studies with sodium dodecyl sulfate

were able to show that the fetal nyoglobin molecule is made up of two or
more subunits.

In summary Perkoff (1966) states that this fetal myoglobin

resembles in many ways the "abncrnu:!" zycglobins seen in CuilduOOu muscular
dystrophy and also bears a strong similarity to one minor fraction found
in normal adult myoglobin.
Theil and Williams (1967) measured the absorption spectra of all of
the adult and fetal heme proteins.

After a comparison of the spectra of

fetal and adult myoglobin with the spectrum of fetal hemoglobin, it was
noted that fetal myoglobin and fetal hemoglobin closely resembled one an
other.
Wolfson et al. (1967) stated that there was no fetal myoglobin, but
it was really fetal hemoglobin.

Thus far, all fetal nyoglobin samples were

believed to have been contaminated with fetal hemoglobin.

Wolfson et al.

(1967) was able to show that fetal myoglobin and fetal hemoglobin migrate
the same on gel electrophoresis, give the same immunoelectrophoresis pat
terns, have identical spectra between 400 nm and 700 nm and give identical
peptide maps.

Schneiderman (1962) also stated that fetal myoglobin and

fetal hemoglobin are the same.

The nyoglobin, which is in extremely small

amounts in the fetus, is identical to adult myoglobin.
Several different forms of myoglobin have been noted in the muscle
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tissue and urine of patients with different muscle diseases.
Whorton et al. (1961), Whorton et al, (1963), Benoit et al. (1964)
and Perkoff (1964) ail noted that an abnormal myoglobin was present in the
muscles of indiriduals with progressive muscular dystrophy and myoglobinuria.
It was shown that this abnormal myoglobin was identical to the fetal myo
globin which was earlier noticed to be present in fetal muscle.

Mujoshi

(1963) investigated the abnormal myoglobins found in tissue of individuals
with the Ducherme type of progressive muscular dystrophy.

These abnormal

myoglobins had an absorption spectr-jsi thzt vas different frcsi the spcctrun:
of normal adult nyoglobin. The author did not compare this abnormal
spectrum with the known spectra of fetal myoglobin.
The proof of the existence of fetal myoglobin has not been clearly
demonstrated.

If such proof does develop, this form could not be con

sidered as a microheterogeneous component of human myoglobin, but just as
another heme protein present in fetal muscle tissue.
Perkoff and Tyler (1958) were able to find several microheterogeneous
components of normal adult human metmyoglobin upon electrophoresis.

They

believed that the components of human metmyoglobin were formed during the
long extraction and isolation procedures and are not present in human
muscle.

Perkoff et al. (1962) purified human metmyoglobin and chromato-

graphed it on a DEAE cellulose column.

Four components were eluted from

this column. Three components were heme proteins and the first component
eluted was a nonheme protein.

The major heme protein components were

identical by chemical and physical comparisons. One minor component was
slightly different upon chemical analysis, but this was thought to be due
to some nonheme protein contamination.

i
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Rat myoglobin
âceson et al. (1960) studied the life span of the nyoglobin molecule
in the body of the rat.

Glycine-2-C^^ was injected into each rat, and the

labeled amino acid was incorporated into nyoglobin.

The half-life of the

crude metnyoglobin was determined. Three components of the crude metmyoblogin were separated and their half lifes were found to be identical.

The

half-life of the main population of the metmyoglobin molecules seemed to
be from 80 to 90 days.

Porpoise myoglobin
Hapner et al. (1968) isolated crude metmyoglobin from the muscle
tissue of the porpoise.

After purification with ammonium sulfate, the

metmyoglobin was chromatogrammed on a carboxymethyl Sephadex (CM-Sephadex)
column, and five heme protein components were obtained.

The main heme pro

tein component from the CM-Sephadex column was homogenous on gel electro
phoresis.

Hapner et al. (1968) state that the components of the porpoise

metnyoglobin seem to be in unit increments of negative charge, and th^
believe that these components are produced by a systematic hydrolysis of
residues of glutamine and asparagine to glutamic and aspartic acid.

Seal myoglobin
The seal, a diving mammal, is known to have 10 times the amount of
myoglobin in its muscle tissue as does the non-diving mammal. The press
juice of seal contains almost 10 percent nyoglobin.

Rumen (1959) was able

to isolate five metmyoglobin components from crude seal metmyoglobin.
Each component had the same crystal shape, iron content and amino-terminal
amino acid, glycine. The largest component had an isoelectric point (IP)
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of. 8.05, the IPs of the other components ranged from 7.6 to 6.2.

The

spectrophotometric analysis of the five components showed that they all
had the same maxima and minima but did differ in their absorptivity.
Breslow and Rumen (1967) determined the exposure of various histidine
residues for several of the seal metmyoglobin components.

To be able to

determine the exposure of the histidine residues on each component, a
potentiometric titration was done on the components.

It was shown that

the titration curves of several of the components were different.

This in

dicated a difference in the number of exposed histidine residues on each
component.

The difference in the exposure of histidine residues to the

solvent could be due to a difference in the conformations of the components.
Hapner et al. (1968) isolated crude seal metmyoglobin and further purified
it upon (M-Sephadex column chromatography. This CM-Sephadex column was
able to separate five metmyoglobin components from the crude seal metmyo
globin.

The main heme protein component was shown to be homogeneous by its

giving only one band on gel electrophoresis.

Hapner et al. (1968) believe

that since the components seem to fall into apparent unit increments of
negative charge, the components may have been produced by the systematic
hydrolysis of the glutamine and asparagine residues to glutamic and aspartic acid.

Whale myoglobin
The sperm whale, a diving mammal, is known to contain very large
amounts of myoglobin in its muscle tissue.

Since this protein was easily

isolated and crystallized, it was used by Kendrew et al. (1960) and Kendrew
(1963) as a model protein for x-ray analysis.

The complete structure, with
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1.4 A resolution, was elucidated by Kendrew (1963).

Stockwell (1961)

placed crude sperm whale metmyoglobin upon a CMC column and obtained two
metmyoglobin components.

She then used the "fingerprinting" procedure of

Ingram (1958) to compare the primary structure of the two components.
Upon comparison of the "fingerprints" or peptide maps, it was shown that
the minor metmyoglobin component contained one more spot or peptide when
compared to the major metnyoglobin component.

She believed that this

minor metmyoglobin component was a mixture of two components, one giving
the normal fingerprint and the other giving a sizilcr fingerprint but with
the extra spot.

Stockwell (1961) stated that an amide difference may be

causing the extra peptide and the microheterogeneity of the two metnyoglobin components.
Atassi (1964) isolated sperm whale metmyoglobin and chromatographed
it upon CMC columns.

He obtained 12 components from his CMC columns.

The

first component to come off the column was a nonheme protein, but the re
maining 11 components were all heme proteins.

The amino acid composition

of all 11 heme proteins was found to be identical, the amino acid composi
tion of the nonheme protein was found to be completely different.

The

possibility of the myoglobin molecules aggregating to form the different
components was eliminated when ultracentrifugal analysis showed all heme
protein components to have the same molecular weight.

The nonheme protein

had a molecular weight about three times that of the metnyoglobin compo
nents.

Atassi (1964) found that all of the heme protein components were

heterogeneous by analysis with the agar double diffusion technique.

He be

lieved that each component was in a constant equilibrium with the other
components, thereby making it impossible for one to obtain a homogeneous
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whale metnyoglobin and the Sephadex G-75 chromatography shows that two
components are different in size.

The larger of the two components was

thought to be an aggregate formed by the ammonium sulfate precipitation.
Disc and vertical polyaerylamide-gel electrophoresis routinely showed four
and occasionally five components from the crude metnç^oglobin.

Rechroma-

tography of the bands from the gel electrophoresis gave only one band.
This finding indicated that no conversion was taking place between the
various components-

In conclusion Hardman et al. (1966) stated that from

their data, the heterogeneity must be due to a dirference in amino acid
composition or in sequence.

This difference may lie in variations of the

total amide content of the glutamic and aspartic residues.
Hapner et al. (1968) isolated sperm whale metmyoglobin by the ammonium
sulfate precipitation technique.

Upon chromatography of this crude metnyo

globin on a CM-Sephadex column, five metmyoglobin components and one nonheme component were obtained.

The main component was shown to be

homogenous on gel electrophoresis.
Hapner et al. (1968) believed, as do several other authors, that the
microheterogeneity of metmyoglobin was due to a partial hydrolysis of
glutamine and asparagine to glutamic and aspaitic acid.

This change would

cause a difference in the overall charge of the component and change its
migration on electrophoresis and ion-exchange chromatography.

Tuna myoglobin
The knowledge of the physico-chemical properties of the myoglobins of
the lower vertebrates is limited.

Most of the studies have been done with

myoglobin obtained from the tuna fish.

Konosu et al. (1958) studied some
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chemical and physical properties of tuna nyoglobin.

They noted that tuna

nyoglobin contained one cysteine molecule per molecule of protein.

The

tuna myoglobin was also different from mammalian myoglobin in that its main
monoamino-monocarboxylie amino acid was alanine, whereas for mammalian nyoglobin, it was leucine. The total number of polar groups on the tuna myo
globin was quite low. This finding accounted for its relatively low
solubility in water.
Rossi-Fanelli and Antonini (1955) isolated and purified tuna Estsyoglobln^

Crystals obtained frc= this zctzycglcbin vers large and star

shaped.

The authors stated that the tuna metmyoglobin was homogeneous on

electrophoresis.
Matsuura and Hashimoto (1957) prepared metmyoglobin from the red mus
cle of tuna.

Upon electrophoresis, the metmyoglobin was shown to be micro-

heterogeneous.

The minor metnyoglobin component, which appeared during

electrophoresis, could be removed by repeated crystallization in ammonium
sulfate.

Matsuura and Hashimoto also noted that the IP of tuna metmyo

globin was 6.8.

Brown (1961) described a method that could be used to

quantitatively determine the amounts of nyoglobin in muscle extracts, to
differentiate the nyoglobin from the hemoglobin and to isolate the myo
globin from the muscle in a pure form.
lose column chromatography.

This method made use of DEAE cellu

Brown (1961) noted that v^en the partially

purified tuna metmyoglobin was further purified on a DEAE cellulose column,
several metmyoglobin components were obtained.

Hirs and Olcott (1964)

studied the amino acid composition of yellow fin tuna metmyoglobin.

Their

metnyoglobin was prepared by the method described by Brown (1961) and was
found to be homogeneous by ultracentrifugal analysis.

Chromatographic
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studies showed the tuna metnyoglobin to be heterogeneous.

One minor compo

nent could easily be seen and it was stated that two others might also have
been present.

The authors believed that these minor components would not

account for more than 10 percent of the total metnyoglobin.
In conclusion, it should be noted that of all of the species studied,
the nyoglobins from each show some degree of microheterogeneity.

It has

not been definitely demonstrated that these heterogeneous forms are actual
ly present in the living muscle and it has not been definitely shown that
they are artifacts of the isvlaclon procedure.

Before these questions can

be answered, we need to know what the actual difference is between the
components of the nyoglobin.

When this difference is known; whether it be

due to a change in conformation, amino acid sequence or composition, ion
binding, amide content or arrangement, then an answer to the question, of
their existence in vivo, can be sought.

Microheterogeneity of Other Proteins
The concept of heterogeneity and microheterogeneity of proteins came
into being along with new analytical techniques such as the ultracentrifuge
and the electrophoresis apparatus.

These instruments analyzed proteins,

^ich were believed to be homogeneous, and showed that the so called homo
geneous preparations consisted of several different components.

Colvin et

al. (1954), in a review article, reported that 22 different proteins, once
thought to be homogeneous, have been proven to be heterogeneous mixtures.
Such studies as migration on moving boundary electrophoresis, amino acid
composition, ultracentrifugation, diffusion, solubility, immunology,
toxicity, counter-current distribution, optical absorption and other

26

sensitive studies had proven these preparations to be heterogeneous.

Cytochrome £
Flatmark (1964) was able to isolate cytochrome c from beef heart mus
cle.

When the cytochrome c had been completely reduced, it was placed upon

polyacrylamide-gel electrophoresis and five components were seen.

The same

reduced cytochrome c also gave four components from an ion-exchange column.
Flatmark (1964) indicated that these components were not artifacts of a
sulfuric acid extraction, but were true components.

The same components

were obtained from reduced cytochrome c extracted with a saline-buffer solu
tion.
Flatmark (1966) was able to demonstrate the microheterogeneity of beef
heart cytochrome c in both the ferric and ferrous forms.

It was stated

that the four minor components differ in conformation, when compared to
the major component, pure reduced cytochrome c.

This hypothesis was indi

cated by observing the difference spectra of each minor component versus
the major component.

Flatmark and Vesterberg (1966) used the isoelectric

fractionation procedure developed by Vesterberg and Svensson (1966) to
separate the various components of reduced beef heart cytochrome c and
accurately measure the IP of each component.

This sensitive apparatus was

able to separate a minor component seen on gel electrophoresis into two
subcomponents.

The authors also noted that an interconversion of one com

ponent to another seemed to occur with the reduced cytochrome c components.
Flatmark (1967) studied the difference in the conformations of the various
reduced cytochrome c components.

The difference was seen as a difference

among the components in their optical rotatory dispersion and circular
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extracted and the extract containing the adrenocorticotropic (ACTE) activi
ty was further purified by ion-exchange chromatography.

Two incompletely

resolved peaks, both with ACTH activity, were obtained by ion-exchange
chromatography.

Counter-current distribution of the crude ACTS extract

gave four components with ACTH activity.

Amide analyses on the various

components from ion-exchange chromatography showed one component to have
four amides per molecule of protein and the other to have two amides per
molecule of protein.

Aside from this difference, the amino acid composi

tion o£ the components were identical.

It was assumed that the two labile

amides were cleaved from some otcorticotropin molecules during isolation
and thereby caused the microheterogeneity of this hormone.

Malate dehydrogenase
There has been much discussion of the multiple forms of various
enzymes.

Some of the differences among the components or isozymes of cer

tain enzymes is known to be due to an amino acid difference, caused by
variations in the genetic make-up of the cell.
isozymes are due to amino acid replacements.

Not all of the cases of

Schechter and Epstein (1968)

have isolated 7 components from crude mitochondrial malate dehydrogenase.
Both CMC column chromatography and starch-gel electrophoresis were used to
separate the components.

The gel electrophoresis gave the best separation.

The authors denatured each component with guanidine hydrochloride, renatured it with the removal of the guanidine hydrochloride, and finally
ran this renatured enzyme on gel electrophoresis.

This denaturation and

renaturation did not change the amounts of the various components.

The

authors believed that if the components were caused by conformational
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changes in the enzymes, the denaturation and renaturation would put all
components back into fewer conformations, and a difference could then be
seen on gel electrophoresis.

From this experiment it was suggested that

the components were not conformers, but differed in primary structure.

Lactoperoxidase
Carlstrom (1966) demonstrated that there were five enzymatically
active components to crude lactoperoxidase isolated from cow's milk.

Disc

electrophoresis gave three major and two minor components to the lacto
peroxidase.

The author briefly stated that the heterogeneity could have

been caused by a partial hydrolysis of some glutamine and asparagine resi
dues to glutamic and aspartic acid.

Insulin
Harfenist (1963) purified the insulins from beef, pork and sheep
glands.

All three of the insulins; beef, pork and sheep, consisted of two

components.

The two components, one major and one minor, had very similar

chemical and physical properties.

The components of pork insulin were shown

to differ in their contents of the amino acids threonine, serine, alanine,
glycine, valine and isoleucine.
components of lamb insulin.

The same difference was seen with the

The components of the beef insulin were found

to differ by only one amide group per molecule of insulin.

During the iso

lation, it is thought that the susceptible amide nitrogen on beef insulin
was hydrolyzed and this resulted in the formation of two components.

Plasma albumins
Aoki and Foster (1956) were able to demonstrate that bovine plasma
albumin was heterogeneous and this heterogeneity was pH dependent. They
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showed that two components, a fast and a slow component, were present in
bovine plasma albumin.

By lowering the pH in a stepwise manner, the amount

of the fast moving component steadily increased.

Sogami and Foster (1963)

state that this pH dependent interconversion of the two components of
bovine plasma albumin occurred rapidly, with a half-time not exceeding a
few minutes.

The authors state that the microheterogeneity exhibited with

this protein was not due to any amide hydrolysis or amino acid composition
differences.

The fact that the forms were able to equilibrate with one an

other by small changes in pH, indicated that no step such as the breaking
and reformation of a strong covalent bond, was occurring.

This ability of

interccnversion suggests that a conformation change is responsible for the
two components.
Foster et al. (1965) studied human mereaptaIbumin and found that it
consisted of two components which could be resolved on polyacrylamide-gel
electrophoresis.

The two human mercaptalbumin components were identical

to bovine plasma albumin conq>onents in their ability to interconvert.

The

solubility of the two components of the human protein was found to be dif
ferent.

When the plasma protein was placed in a solution of high ionic

strength, 3M KCl, oue component precipitated while the other component re
mained in solution.

Foster et al. states that there are a number of con

ceivable ways the structural microheterogeneity could arise.

The micro-

heterogeneity could be caused by subtle fluctuations in the secondary and
tertiary structure or the microheterogeneity could be due to a randomiza
tion of the disulfide cross-links, which are very prevalent in plasma
albumin.
Petersen and Foster (1965a) studied the ability of the components from
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human mercaptalbumin to interconvert.
components of bovine plasma albumin.

The same study was also done on the
Stable components, which will not

interconvert, were prepared from both the bovine and the human plasma al
bumins.

Interconversion of the two components would occur readily near

pH 3.9, but at pHs above this value, the components were found to be stable
for several weeks.
Petersen and Foster (1965b) isolated the subfractions of both human
mercaptalbumin and bovine plasma albumin.

The components of each were

easily isolated by precipitating one ccupcnent in a high Ionic strength
buffer while the other component remained in solution.

The ultraviolet

difference spectra of the components of human mercaptalbumin indicated that
one component had more tyrosine residues exposed.

The hydrogen ion titra

tion showed more carboxyl, £-amino and phenolic groups were exposed in the
same cosçonent.

The component which had more of its carboxyl, G-amino and

phenolic groups exposed was less resistant to heat denaturation.

The same

differences were seen between components of the bovine plasma albumin.
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MATERIALS AND METHODS

Materials

Laboratory reagents
The chemicals used in this investigation were reagent grade.

The

water used was distilled, deionized and then glass distilled.

Chromatography materials
Carboxymethy1 cellulose

All CMC used was of medium mesh and had

an exchange capacity of 0.63 meq. per gr.

The CMC was purchased from

Sigma Chemical Company, St. Louis, Missouri.
Chromatography paper

The chromatography paper used for the finger

printing procedure was Whatman number 3 MM. The dimensions of the paper
were 18% by 22% in.
Sephadex

Sephadex G-75 was used for all gel filtration columns.

The Sephadex G-75 had a particle size of 40 to 120yc and was purchased from
Pharmacia Fine Chemicals, Piscataway, New Jersey.

Electrophoresis materials
Ampholytes

The ampholytes used in the isoelectric fractionation

apparatus were obtained in bottles containing either 8 percent or 40 per
cent ampholyte.

The bottles were purchased from LKB Instruments Inc.,

Rockville, Maryland.
Cyanogum 41

The gelling agent for the polyacrylamide-gel electro

phoresis was Cyanogum 41.

The analytical grade gelling agent was purchased

from the E-C Apparatus Corporation, Philadelphia, Pennsylvania.
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Myoglobin
The bovine metmyoglobin used in this investigation was isolated and
partially purified by a modification of the method of Snyder and Ayres
(1961).

Methods
Garboxymethyl cellulose chromatography
Carboxvmethvl cellulose treatment

The Qffi was treated according to

the procedure described by Atassi, M. Z. (Buffalo, New York.
Private communication.

1964)«

CMC treatment.

The procedure calls for the washing of the

CMC overnight in 0.5 N NaCl - 0.5N NaOH.

The CMC was washed several times

with warm distilled water and then placed back into 0.5 N NaCl - 0.5N NaOH
for several hours.

Again the CMC was rinsed with distilled water until a

neutral pH was obtained. The fines were removed from the CMC by mixing
three to four volumes of distilled water with the CMC and allowing the mix
ture to stand 20 minutes.
were decanted.

After the 20 minutes, the supernatant fines

This procedure was repeated until the supernatant was

clear of all suspended fines.

The treated CMC was then adjusted to pH 6.0

with a pH 6.0, 0.10 M phosphate buffer.

When the OK reached pH 6.0, the

0.10 M phosphate buffer was removed by suction through a Buchner funnel.
The ionic strength of the CMC was adjusted by rinsing several times with a
pH 6.0, 0.01 M phosphate buffer. The CMC was stored in the 0.01 M phos
phate buffer, at pH 6.0 until used.
Column operation
column.

The CMC chromatography was done on a 2.5 by 25 cm

In order to obtain a column of these dimensions, the CMC that was

equilibrated to pH 6.0, was filtered to partial dryness on a Buchner funnel.
Sixty gr of the moist cellulose were weighed out and placed back into
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0.01 M phosphate buffer, pH 6.0. This slurry was then poured into the
column.

The column had been previously rinsed with the 0.01 M phosphate

buffer.

After one hour, the CMC had settled and the column was packed

under four pounds of nitrogen pressure.

When the column was packed,

either a closely fitting filter paper disk or a Sephadex sample applicator
was placed on top of the CMC. The column was then ready for use.
A separation on the CMC column was started by placing 10 ml of a myo
globin solution, containing about 500 mg of metnyoglobin, on the column,
when the metmyoglobin had absorbed on the column, the column was connected
to a pump which then pumped 0.01 M phosphate buffer onto the column.

A pH

gradient elution was found to be the most successful method of eluting the
metmyoglobin components from the column. A pH gradient from pH 6 to pH 8
was obtained by using two beakers, one with pH 6 buffer and the other with
pH 8 buffer, connected by a small glass tubing siphon.
The components, as they eluted from the column, were monitored with an
E-C Column Monitor (E-C Apparatus Corporation, Philadelphia, Pennsylvania).
Each component was collected in test tubes by a fraction collector.

Sephadex chromatography
Sephadex treatment

The Sephadex G-75 powder was mixed with 0.01 M

phosphate buffer, pH 6 and held for 24 hours.

After the Sephadex G-75 bad

completely swollen, it was placed in a vacuum desiccator and degassed for
or

half hour by vacuum.

This degassed Sephadex G-75 was poured into a

Sephadex column, and allowed to settle.

When the Sephadex G-75 had settled,

a Sephadex sançle applicator was placed on the gel and the column was
rinsed with several volumes of 0.01 M phosphate buffer, pH 6. The column

35

was then ready for use.
Column operation

The metmyoglobin sample, in one ml of buffer,

was placed on the column and 0.01 M phosphate buffer was used to elute the
components from the column. The individual components from the column were
collected with the aid of a fraction collector.

Fingerprinting
Trvptic hydrolysis

Fingerprinting a heme protein involves the re

moval of the heme group from the apoprotein and then the tryptic digestion
of the apoprotein.

The peptides resulting from this digestion are sepa

rated by a combination of paper chromatography and high voltage electro
phoresis.
The procedure of Theorell and &ceson (1955) was used to remove the
heme group from the metnyoglobin molecule.

To a one percent solution of

metmyoglobin, 20 volumes of acetone-HCl (2ml N HCl per liter of acetone)
are added at 0°C.
cold.

The apoprotein precipitated and was centrifuged in the

The apoprotein was dissolved in distilled water and dialyzed in the

cold against several changes of distilled water.
The pure apoprotein was then digested by trypsin according to the proo
cedure of Akeson and Theorell (1960).

The apoprotein, at pH 8.5, was

denatured by heating at 90°C for four minutes.

The denatured protein was

then adjusted to pH 9.5 and 0.25 ml of trypsin solution, containing one
mg of trypsin per ml, was added to the denatured protein solution.

This

solution was incubated at 37°C for 140 minutes and \dien necessary, it was
adjusted to pH 9.5 with 0.02 M KOH.

After the 140 minute incubation, the

solution was adjusted to pH 4.0 with 1 M acetic acid; this completely
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inactivated the enzyme trypsin.
The solution, containing the peptides, was lyophilyzed to dryness.
The peptides were dissolved in cold distilled water and the insoluble resi
due was removed by ceatrifugaticn.
lyophilyzed to dryness.

The soluble peptide solution was

The powdered peptides were dissolved in lOOyùtl of

distilled water and were then ready to be separated.
The trypsin used to hydrolyze the myoglobin apoprotein was purchased
from Sigma Chemical Company, St. Louis, Missouri. The trypsin was found
to contain a small amount of chymotrypsin as an impurity.

The chymotrypsin

was removed with the procedure described by Bernard et al. (1961).

A

trypsin solution, 10 mg trypsin per ml of 1/16 N HCl, was incubated at 37°C
for 24 hours.

The resulting solution was diluted with distilled water to

give a trypsin concentration of one mg per ml of solution.

The trypsin

solution can be stored in the cold for several days.
Peptide separation

The peptides were separated using the procedure

o
of Âkeson and Theorell (1960).

Large sheets of Whatman number 3MM filter

paper, 18% by 22% in were washed with a solution of 0.01 N acetic acid.
The papers, to be washed, were placed in the chromatography chamber, and
the acetic acid solution was placed in the solvent trays.

After 6 to 7

hours, the acetic acid solution had traveled through the paper, and had
washed all impurities out of the paper.

The paper was then dried overnight

at room temperature.
The peptides, from 2.5 to 5 mgs, were spotted in one comer of the
washed chromatography paper.

The peptides were then separated in one

dimension on the paper by paper chromatography.

The solvent for the paper

chromatography is butanol-acetic acid-water (4:1:5).

The solvent front
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of tris-citrate buffer and filtered.
of NjNjN'',

To this solution was added 0.20 mis

- Tetrametbylethylenediamine (Eastman Organic Chemicals).

The solution was mixed and 0.20 gr of ammonium persulfate was dissolved in
the solution.

The resulting solution was poured into the gel chamber of

the electrophoresis apparatus, and gelled in 20 minutes.
The tris-citrate buffer used in the gel contained 0.076 M tris and
0.005 M citrate per liter.

This buffer had a pH of 8.4.

The circulating

buffer, used with this procedure, contained 0.30 M boric acid and 0.05 M
NaOH pèîf llccf of SClutlOu.

This ulSCOritluUOUS buffer system wàS ucàCrlbèu

by Poulik (1957).
The metnyoglobin sample, to be run on the gel electrophoresis, was
made up in a concentration of 40 mgs myoglobin per ml of tris-citrate
buffer.

The amount of sample applied to each slot in the gel was from 0.3

to 0.4 mg in about lOy&l of solution.

When the sample had been applied to

the gel, the cooling water was started and a potential of 175 to 190 volts
was applied to the gel.

The time necessary for complete separation of the

metnyoglobin components was around 140 minutes.
Gel electrophoresis in urea

Several experiments were done with

gel electrophoresis and varying amounts of urea in the gel and in the cir
culating buffer.

These experiments were identical to those described

above, except urea was dissolved in both the tris-citrate and borate buffer
before the sample was dissolved or the gel was prepared.

Care was taken

to make sure all reagents contained the concentration of urea necessary for
that experiment.
Gel electrophoresis in CO2

One experiment was done with the borate

and tris-citrate buffers saturated with CO2. The buffers were saturated
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with CO2 by first cooling the "buffer in an ice bath, then stirring and
slowly bubbling CO2 through the buffer for several hours.

Care was taken

to be sure all solutions used in this experiment were saturated with CO2.
Gel staining

After electrophoresis, the gel was removed from the

apparatus and placed in a pyrex dish. The gel was either stained for heme
proteins with the benzidine stain or for all proteins with an amido black
stain.
The benzidine stain, described by Haut et al. (1962), consisted of:
50 ml o£ methanol saturatcu "with beriEiuine uiliyutochloriue, 10 mg o£ 6odium
nitroferricyanide in 50 ml of distilled water, 10 ml of glacial acetic
acid and three ml of three percent hydrogen peroxide.

The benzidine stain

was poured on the gel and the gel was stained for 20 minutes and then
rinsed with several changes of distilled water.
The amido black stain consisted of 10 g Amido Black 10 B (HartmanLeddon Company) in a solution of 500 ml of methanol, 500 ml of distilled
water and 100 ml of glacial acetic acid.

This stain was poured over the

gel and the gel was stained for 30 minutes.

The excess stain was removed

from the gel by several rinses in distilled water and then electrophoresis
in a charcoal-filtered chamber (E-C Apparatus Corporation).

The destain-

ing solvent contained 2 1 of methanol, 2 1 distilled water and 450 ml of
glacial acetic acid.
After the gels had been destained, they were wrapped in Saran Wrap
(Dow Chemical Company). Photographs were taken immediately.
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Isoelectric fractionation
The isoelectric fractionation procedure used in this investigation
was developed by Vesterberg and Svensson (1966).

The apparatus used was

purchased from LKB Instruments, Incorporated, Rockville, Maryland.
The electrolyte solutions; the cathode solution, anode solution and
the ampholyte solution, were prepared while the isoelectric fractionation
column was being cooled with 4°C water from a refrigerated water bath.
The cathode solution consisted of 1.6 ml of ethanolamine, 48 gr of sucrose
àïid 56 ml Or discilled wacer.

The anode solution had 0.4 ml or phosphoric

acid and 40 ml of distilled water.

The ampholyte solution consisted of two

solutions, one dense and the other less dense.

The dense solution con

tained 3.2 gr of ampholyte, 100 gr sucrose and 150 ml of distilled water.
The less dense solution contained 0.8 gr of ampholyte and 200 ml of dis
tilled water.

The ampholyte solution was distributed in 48 test tubes, each

tube containing various proportions of the dense and less dense solution to
give a sucrose gradient from 50 to zero percent sucrose.

The metmyoglobin

sample replaced the less dense solution in several of the middle tubes.
The cathode solution was poured in the column.

The test tubes con

taining the ampholytes and the sucrose gradient were then poured in the
column, starting with the tube containing the 50 percent sucrose solution
and working toward the tube containing the ampholyte in distilled water.
When the ançholyte solution had been layered in the column, the anode
solution was poured in and the column was ready.
A potential of 500 volts was applied to the column. This potential
was increased 100 volts every hour until a maximum potential of from 900
to 1000 volts was reached.

Within 36 hours after the column was started.
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the metnyoglobin conçonents separated completely and focused at their
respective isoelectric points along the pH gradient in the column.

The pH

gradient, that had formed soon after the potential had been applied to the
column, was produced by the ampholytes (polyainino-polycarbcxylic acids)
moving to their respective isoelectric points.

Photographs were taken of

the components on the column.
When the metmyoglobin components had reached their isoelectric points
in the colunm, the potential was removed from the column and the column
was emptied inco a fraction collector by means of a pump.
were collected in test tubes.

The components

The isoelectric point of each component was

determined by measuring the pH at 23°C, of the tube containing the compo
nent.

The absorbance of each tube was measured at 409 nm and plotted

against ml of effluent to give an elution pattern for the run.

Using the

photographs and the elution pattern for each run, the number of components
was determined for the metnyoglobin sample analyzed.

Infra-red spectral analysis
The infra-red spectra of each metmyoglobin component from CMC column
chromatography was obtained on a Beckmen IR-12 infra-red spectrophotometer.
The components from the CMC column were dialyzed against several
changes of cold distilled water to remove all buffer from the metnyoglobin
solution.

The metmyoglobin solutions were then lyophilyzed to dryness.

The method used to make the KBr pellets for analysis on the IR-12 was a
modification of the procedure of Atassi and Saplin (1966).

One part of

dry metmyoglobin was mixed with 200 parts of anhydrous KBr. The KBr had
been dried at 100°C for several days and then stored in a desiccator until
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used.

The metanyoglobin-KBr powder was placed in a Wiggle-bug amalgamator

and mixed for 15 seconds.

The mixed powder was placed in the micro-pellet

die (Beckman Instruments Incorporated) and the die was placed in a hydrau
lic press.

The pellet was formed by applying 90,000 pounds per square inch

pressure on the powder for one minute.

Each metmyoglobin component was

analyzed between 200 to 4000 wave numbers (cm

.

Circular dichroism analysis
The three metmyoglobin components from CMC column chromatography were
analyzed on a Jasco OKD/UV-5 recording circular dichrograph.

The metiuyo-

globin solutions that were to be analyzed were in pH 6, 0.01 M phosphate
buffer.

The solutions were diluted with the phosphate buffer until each

had an absorbance of 1.00 at 222 nm. The circular dichroic spectrum for
each metnyoglobin component was determined from 350 to 195 nm.

Slit width

and photomultiplier voltage were recorded as the spectrum was being re
corded.

Amide analysis
An amide analysis was performed on the three metmyoglobin components
obtained by the CMC column chromatography of crude metmyoglobin.

The pro

cedure used was a modification of the procedure described by Laki et al.
(1954).
A standard graph was obtained with the use of asparagine (Mann Re •
search Laboratories Inc., New York, New York).

A standard solution of

asparagine, containing 52.8 mg asparagine per 100 ml distilled water, was
placed in a series of screw capped centrifuge tubes. The tubes had teflon
lined screw caps. The amount of asparagine was varied in each tube so the

amounts of amide nitrogen per tube would vary from 16 x 10"^ moles amide
nitrogen to 1.2 x 10"^ moles of amide nitrogen. The sample in each tube
was lyophilyzed to dryness and one ml of 1 N 52%^ was added to each tube.
The tubes were capped and placed in a boiling water bath for three hours.
When the three hour hydrolysis was completed, the tubes were removed from
the water bath, the tubes were cooled and the contents of each tube was
quantitatively transferred to a Modified Conway Microdiffusion Dish (Bio
logical Research, Incorporated, St. Louis, Missouri).

One ml of one par-

ccr.t bcric acid vss added tc the conter ehasbsr of the dish and then one ml
of 45 percent
1 N 52%^ solution.

was placed in the sample chamber to neutralize the
The dishes were sealed and held overnight.

The ammonia

passed from the neutral sample chamber into the boric acid in the center
chamber.

After overnight incubation, the boric acid-ammonia solution was

quantitatively transferred to a test tube with 1.5 ml of pH 5, 0.02 M
citrate buffer.
The amount of ammonia in each tube was determined by the photometric
ninhydrin procedure of Moore and Stein (1948).

One ml of ninhydrin solu

tion was added to the test tube containing the ammonia, and heated for 20
minutes in a boiling water bath.

The tubes were removed from the bath,

cooled for several minutes and diluted to four ml with a diluent solution.
Light absorbance was determined at 570 nm on a Bausch and Lomb Spectronic
20.

A blank was carried through the procedure with each run.
When a good standard curve had been obtained from the asparagine

standards, the three metmyoglobin components were run through the entire
amide analysis procedure.

The metmyoglobin samples, from 0.5 to 3.5 mg

metmyoglobin per tube, were analyzed and the amide nitrogen content of each
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was then determined.
The ninhydrin solution described by Moore and Stein (1948) consisted
of a solution of 0.80 gr of SnClg. 2H2O in 500 ml of pH 5, 0.02 M citrate
buffer, mixed with a solution containing 20 gr of ninhydrin in 500 ml of
methyl cellosolve. The final solution was stored under nitrogen in a
brown bottle.

Isolation of the bovine metmvoglobin
The bovine myoglobin was isolated by a modification of the method of
Snyder and Ayres (1961).
Ten pounds of beef round was freed of all visible fat and connective
tissue, and then ground. The meat was homogenized for 30 seconds, with an
equal volume of cold distilled water, in a Waring blendor.

This homogenate

was kept overnight in the cold. The particulate portion of the homogenate
was removed by centrifugation, at 4°C and at 8,000 x G for 30 minutes.

The

supernatant was saved and the residue was washed with 50 ml of cold dis
tilled water.

The supematants were then combined and concentrated by

either pervaporation in dialysis tubing or lyophilyzation.
The concentrated nyoglobin extract was heated to 55°C on a heated
magnetic stirrer.

This heat treatment removed all heat-labile proteins and

put all myoglobin into the metnyoglobin form.

The heat treated metmyo-

globin was then cooled in an ice bath, and the pH of the extract was ad
justed to 6.5 with 1 N KOH.
The metmyoglobin solution was then brought to 75 percent saturation
with ammonium sulfate (Mann Research Laboratories), and the pH was adjusted
to 6.5.

After standing overnight, the precipitated proteins were removed
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by refrigerated centrifugation at 12,000 x G for 30 minutes.

The metmyo-

globin was brought up to 85 percent ammonium sulfate saturation, the pH
was adjusted to 6.5, and held overnight in the cold.

The precipitate was

removed by centrifugation at 12,000 x G for 30 minutes in the cold.

The

solution was finally couipletely saturated with amasonium sulfate and ad
justed to pH 6.5. This solution was held overnight in the cold and the
precipitate was removed by centrifugation at 12,000 G for 45 minutes, in
the cold.

The last precipitate, between 85 and 100 percent ammonium sul

fate, contained almost ail of the metmyogiobin, no hemoglobin, a trace of
cytochrome c and a few nonheme proteins.
The final precipitate was dissolved in distilled water and extensively
dialyzed in the cold for 48 hours.

The final dialyzed metmyogiobin solu

tion was then lyophilyzed to dryness.

Approximately 5 to 6 gr of crude

metmyogiobin are obtained by this isolation procedure.

The crude metmyo

giobin was stored in a freezer until it was further purified on column
chromatography, gel electrophoresis or isoelectric fractionation.
The amounts of ammonium sulfate needed to bring the solution up to the
desired saturations were calculated with the use of an equation reported
by Kunitz (1952).
Calculation of metmyogiobin purity

The relative purity of the

metnyoglobin was determined by using the ratio of the Soret absorption peak
to the ultra-violet absorption of the solution. This ratio, 409/280 nm,
compares the amount of heme protein in the solution to the amount of pro
tein in the solution. A nonheme protein impurity will give lower 409/280
nm ratios when compared to the ratio, 5.50, for pure metmyogiobin.
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Calculation of metmyoglobin concentration

The metmyoglobin concen

tration was determined by measuring the absorption of cyanometmy og lob in at
540 im.

The extinction coefficient for the cyanometmyoglobin molecule at

540 cm is 11.3 x 10 ^ cm"^ moles"^.
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RESIILTS

The microheterogeneity of metnyoglobin has been shown to be present
in at least 8 different species.

The microheterogeneous metn^oglobin com

ponents of any one species can be separated by their charge differences.
Anion and cation exchange chromatography along with various electrophoretic techniques are able to separate the microheterogeneous components of
any crude metnyoglobin.
The data presented here will show that bovine metnyoglobin could be
separated into several components, the number depending upon the separation
method employed.

These components were then partially characterized both

chemically and physically.

Number of Metmyoglobin Components
Carboxvmethyl cellulose (CMC) chromatography
CMC column chromatography was the first method employed in the separa
tion of the various components of bovine muscle metnyoglobin. The CMC
chromatography on a column, 2.5 by 25 cm, gave four components from crude
metmyoglobin.

The first component obtained from the column was a nonheme

protein, the next three components were metmyoglobin. Figure 1 shows the
elution pattern of crude bovine metmyoglobin from a CMC column.
To obtain this pattern, 500 to 600 mg of the crude metmyoglobin were
placed on the column. The amount of metmyoglobin per cc of column material
ranged from 4 to 5 mg.

If amounts of metmyoglobin less than 4 mg per cc

of column material were used, none of the first heme protein would elute
from the column. This first heme protein component, the Fast Moving Frac
tion (IMF), was found to have a 409/280 nm ratio of 3.25.

This low ratio

Figure 1.

CMC column chromatogram of crude bovine metmyoglobin on a 2.5 by 25 cm column. 500 mg
of metmyoglobin on the column. A pH gradient from pH 6 co 8 was used to elute the
components. The absorbance was measured at 409 and 280 nm
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indicated that FMF vas contaminated with some nonheme protein.

FMF from

this column comprised five percent of the total metnyoglobin.
The second metnyoglobin component to elute from the column was Frac
tion II (Fr II). This fraction had a 409/280 nm ratio of 4,50 and com
prised about 10 percent of the total metmyoglobin.

The third heme protein

eluted from the column comprised about 85 percent of the metmyoglobin.
This component. Fraction I (Fr I), had a 409/280 nm ratio of 5.50.

This

hxgh 409/23C mû ratxo xndxcated that thxs component was pure metmyoglobin.
xne firsc compunenc exuceu rruu Ctic cuj.umii was a nuniieoie pjfucei.ii \ixnf /.
This component came off with the solvent front, pH 6.0.
in pH 6.3 buffer.

The FMF came off

Fraction II came off in pH 6.5 buffer and Fr I came off

in pH 6.75 buffer.

Polyacrylaim'de-gel electrophoresis
Polyacrylamide-gel electrophoresis was found to give a better separa
tion of the metmyoglobin components than CMC column chromatography.
A five percent gel, with 0.4 mg of crude metmyoglobin in each sample
slot, was able to separate four distinct metmyoglobin components «
The largest component, E^, was found to be the least negative compo
nent.
8.6.

The

component had the slowest migration toward the anode at pH

The next component seen on gel electrophoresis was E2, this metnyo-

globin component had a slightly larger negative charge, when compared to
E^.

The amount of E2 in crude metmyoglobin was much less than the amount

of E^.

The third component. Eg, had again a larger negative charge, when

compared to E^^ and E2.

The amount of E^ in crude metmyoglobin was small.

The most negative, and fastest moving component on gel electrophoresis was
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E^.

This component, E^, was present in very minute amounts in the crude

metmyoglobin.

Figure 2 shows a typical polyacrylamide-gel electrophoresis

pattern of crude bovine metmyoglobin.

Isoelectric fractionation
The isoelectric fractionation apparatus also demonstrated the microheterogeneity of bovine muscle metnyoglobin. Figure 3 shows, in diagram
form, the structure of the isoelectric fractionation apparatus.

This

apparatus separates the components and focuses them at their respective
isoelectric points.
Figure 4 is a photograph of an experiment with the isoelectric frac
tionation (IF) apparatus in which crude metmyoglobin was separated on a pH
3 to 10 gradient.

The crude metmyoglobin, 31.5 mg, was placed in the

column and a potential of 500 volts for 41 hours was used to separate the
metnyoglobin components. The column temperature was maintained at 16.5°C
with cold tap water.

The pH 3 to 10 gradient was able to separate three

components of the crude metmyoglobin. Figure 4 shows that the largest
component, IF^, has the highest isoelectric point (IP) and is therefore
the most positive component.

The component with the lowest IP, IF3, con

tained the least amount of metnyoglobin. The middle component, IFg, had an
IF between that of the major and minor band and also contained an amount
of metnyoglobin that fell in between the concentrations found in the major
and minor bands.
It was noted that a brown floculant precipitate appeared about 20 to
24 hours after the run was begun.
be denatured metmyoglobin.

This brown precipitate was believed to

This denaturation may have been due to the

Figure 2.

A typical polyacrylamlde-gel electrophoresis pattern of components,
E,,
and
from crude bovine metmyoglobln. This experiment used a five percent gel with the
trls-citrate, borate discontinuous buffer system. The amount of metmyoglobln In each
sample slot ranged from 0.4 to 0.8 mg
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Figure 3.

A diagramatic sketch of the isoelectric fractionation apparatus
manufactured by LKB-Productor AB. The ampholyte volume is 440
ml and has a capacity of 20 to 40 mg of protein

CATHODE

GAS VENTS
ANODE
ANODE
SOLUTION
WATER COOLING
JACKETS
AMPHOLYTE
SOLUTION

CATHODE
SOLUTION

Figure 4.

An isoelectric fractionation experiment with a pH 3 to 10 gradient. The sample was
crude metnyoglobin, 31.5 mg. The potential of 500 volts was maintained on the column
for 41 hours and the column was maintained at 16.5°C during the run. The cathode is
at the bottom of the column
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exposure of the protein to the large potential for such a long time at this
elevated temperature.

A fourth band was also noticed to be present just

above the minor metmyoglobin component.

This fourth band disappeared as

the brown flocculant precipitate appeared.
found to contain some oxymyoglobin.

The middle component,

was

It was believed that the crude metmyo

globin placed on the column contained no oxymyoglobin, but the oxymyoglobin
was formed in the IF apparatus during the 41 hour run.

Cytochrome c,

present in the crude metmyoglobin, migrated toward the bottom of the column
and focused at its IP, 9.70.

The IP of each metnyoglobin component was

found; IF^, 7.18; IF2, 6.88 and IFg, 6.59.

The IPs were determined at 23°C.

Figure 5 shows the elution pattern for this pH 3 to 10 run on the
crude metmyoglobin.

The resolution seen on the photograph was lost when

the column was emptied.
In order to obtain a better separation of the metmyoglobin components,
crude metnyoglobin was run on a pH 6 to 8 column.

The metnyoglobin sample,

28.5 mg, was separated into 7 components on the pH 6-8 run.

The run was

made at 3°C with a potential of 1000 volts applied to the column for 41
hours.

Figure 6 shows a photograph of the metnyoglobin components on the

pH 6 to 8 gradient.
The IF]^, IF2 and IFg areas were present in this run, as they were in
the pH 3-10 run.

This run demonstrated that these areas were made up of

subcomponents, IF2 having three subcomponents and IF3 also having three
subcomponents.

The column was emptied and two ml fractions were collected.

The absorbance at 409 ran and the pH at 23°C were measured on each tube.
Figure 7 shows the elution pattern of the pH 6 to 8 isoelectric fractiona
tion column.

Figure 5. The élution pattern of the pH 3 to 10 isoelectric fractionation experiment. The sample
is crude metnyoglobin, 31.5 mg. and the run lasted 41 hours with a 500 volt potential,
Two ml fractions were collected and analyzed for pH and absorbance at 409 iim
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Figure 6. Metnyoglobin from a pH 6 to 8 isoelectric fractionation column. The metmyoglobin sample,
28.5 mg, was separated with a 1000 volt potential for 41 hours. The column temperature
was maintained at 3°C. The cathode is at the bottom of the column

Figure 7.

The elution pattern from the pH 6 to 8 isoelectric fractionation column. The sample was
crude bovine metnyoglobin, 28.5 mg. A potential of 1000 v for 41 hours was used to
separate the components of the crude metrayoglobin. The column was maintained at 3°C
during the experiment
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The élution pattern shows that the IF^, IFg and IF^ areas separated
very well, but the subcomponents in each area were found to have very poor
separation.

The excellent resolution seen on the photograph was lost when

the column was emptied.
were measured.

The IPs of the major and a few minor components

The IP of IF^ was 7.06; IFg g, 6.90; IF2 2> 6.87; IF2 i,

6.80 and IFg, 6.53.
Estimates of the IPs of IFg
distances on the photograph.
ence between IF^ and IFg

IF^ g and IF^ ^ were made by measuring

The known distance and the known IP differ

were used to set up a IP per mm value.

This

value was then used to estimate the IPs of the three subcomponents of IF3.
Estimates put the IP of IFg ^

6.49, IF3 2 at 6.54 and IFg g at 6.58.

The pH 6 to 8 run also demonstrated that IF^ contained 94.5 percent of the
total metmyoglobin, IF2 contained 3.4 percent of the total metmyoglobin
and IFg contained 2.1 percent of the metmyoglobin.
The three general metmyoglobin components IF^, IF2 and IFg, correspond
to the E^, E2 and

bands on gel electrophoresis.

A fourth component was

seen to appear very lightly on several isoelectric fractionation runs.
This fourth component was believed to correspond to E^ seen on gel electro
phoresis.

To determine the IP of the IF^ component, the FMF from CMC

chromatography was run on the IF apparatus.
visible in this run.

This component was found to be made up of two sub

components, IF^ 2 and IF^ 2*
from the photograph.

The IF^ component was clearly

The IP for each subcomponent was estimated

The IP for IF^ ^ was estimated at 6.15 and the IP

for IF^ 2 at 6.35.
Table 1 gives the isoelectric points for all 9 components
crude bovine metmyoglobin.

found in

The average deviation is also given for
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Table 1.

Isoelectric points for the 9 metmyoglobin components^

component

average IP

number of trials

IFl

7.10

6

+0.03

1:2,1

6.79

6

+0.03

6.85

5

+0.02

IF2,3

6.90

4

+0.01

IF3,1

6.48

2

+0.01

:F3,2

6.54

2

+0.01

1*4,1

6.15

1

1*4,2

6.35

1

^^2,2

average deviation

^IPs were determined at 23°C.

several IPs.
To determine the exact charge difference between each fraction, the
titration curve must be known for at least one component.

Data from the

titration curve along with the IP data can be used to determine exact
charge differences.

Since no titration curves were determined for any of

the bovine metnyoglobin components, the exact charge difference between
each component could not be calculated.

Heterogeneity of Each Metmyoglobin Component
Heterogeneity on gel electrophoresis
Previous results show that crude bovine metmyoglobin is made up of
several metmyoglobin components.

The number of components seen in the

crude metmyoglobin varies with the separation procedure.

CMC chromatography

67

showed three components, polyacrylamide-gel electrophoresis indicated that
four components were present and isoelectric fractionation showed a total
of 9 components in the crude metmyoglobin.
The components from CMC column chromatography, when separated on gel
electrophoresis, were found to be heterogeneous.

Each fraction or com

ponent, Fr I, Fr II or EMF, contained at least two and as many as four
components on gel electrophoresis.

Figures 8 and 9 show a gel electro

phoresis experiment in which each fraction from CMC chromatography was
separated into several components.
The most homogeneous fraction from the CMC chromatography was Fr I.
Upon gel electrophoresis Fr I was shown to consist primarily of
slight amount of E^.

with a

Fraction II contained much E^, a large amount of ££,

some Eg and a trace of E^.

The FMF contained almost equal amounts of E^

and Eg, less E^ and a small amount of E^.
CMC chromatography does not give a homogeneous fraction, but it does
give fractions which have varying amounts of the different components seen
upon gel electrophoresis.

The most negative fraction from CMC chroma

tography, FMF, contained more of the negative electrophoretic components
and the most positive CMC chromatography fraction, Fr I, contained primari
ly the more positive electrophoretic components.

Heterogeneity on isoelectric fractionation
The isoelectric fractionation apparatus was able to demonstrate the
heterogeneity of both the CMC chromatography fractions and the poly
acrylamide-gel electrophoresis bands.

Each CMC chromatography fraction

gave more than one component when qgg^ated on the isoelectric fractionation

Figure 8.

A polyacrylamide-gel electrophoresis experiment separating the com
ponents in the Fractions I and II, from CMC column chromatography.
A tris-citrate, borate discontinuous buffer system was used to
separate the components. The gel was stained with the benzidine
stain.

Figure 9.

A polyacrylamide-gel electrophoresis experiment separating the com
ponents in the EMF from a CMC column. A tris-citrate, borate dis
continuous buffer system was used to separate the components.
The gel was stained for heme proteins with a benzidine stain

«A ig.
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apparatus.
Figure 10 demonstrates that Fr I is made up of IF^, IFg ^ and IFg g.
The latter components are present in very small amounts.

The IF2

ponent was found to be contaminated with some oj^myoglobin.

com

Figure 11

demonstrates that Fr II consists almost equal amounts of IF^ and IF2
The components IFg £ aiid IF2 ^ appeared in Fr II in very small amounts.
The IF^ area was also present, but only two components, IFg 2
were present in the Fr II.

IF3 g

Figure 12 indicates that the FMF contains

equal amounts of IF^ and IF2 ^ with measurable amounts of IF2 2 and IF2 3.
The IF3 area in this fraction was easily seen and was shown to contain
IFg 2, IF3 2 aiid IF3 2*

Visible amounts of IF^ ^ and IF^ 2 were also

present.
Figure 13 gives the elution pattern of Fr I on a pH 6 to 8 isoelectric
fractionation column.

This elution pattern indicates that Fr I consists

mainly of IF^, 97 percent, with a small amount of IF2, 3 percent.

The IF2

in this run was contaminated with some oxynyoglobin which made the com
ponent look larger than it actually was.

Figure 14 demonstrates that Fr II

contains mostly IF^, 52.9 percent, along with a large amount of IF2, 40,5
percent.
Fr II.

The IFg area contained 6.6 percent of the total metmyoglobin in

Figure 15 indicates that 41.8 percent of FMF is made up of IFj^.

The IFg component contained 42.5 percent of the metnyoglobin in the frac
tion.

The IFg component contained 13.9 percent of the metmyoglobin and

IF^ had 1.8 percent of the metmyoglobin present in the FMF.

Figure 10.

The components of Fr I
separated on a pH 6 to
8 isoelectric fraction
ation column. 40.2 mg
of Fr I was separated
with a 900 volt poten
tial for 22 hours. The
cathode is at the bottom
of the column. The col
umn was maintained at 4°C

Figure 12.

The components of FMF on a pH 5 to 8 isoelectric fractionation
column. 28.1 mg of FMF was placed on the column and separated
with a 1000 volt potential for 36 hours. The cathode is at
the bottom of the column. The column was maintained at 4°C

Figure 11.

The components of Fr II
on a pH 5 to 8 isoelec
tric fractionation col
umn. The sample, 35.5 mg,
was separated with a 900
volt potential for 38
hours. The cathode is at
the bottom of the column.
The column was maintained
at 4°C

72

Figure 13,

The elution pattern of Fr I on a pH 6 to 8 isoelectric fractionr
ation column. The sample, 40.5 mg, was separated into its com
ponents by a 900 volt potential for 22 hours. The absorbance
was measured at 409 nm and the pH at 23°C

Figure 14.

The elution pattern of Fr II on a pH 5 to 8 isoelectric fraction
ation column. A potential of 900 volts for 38 hours was used to
separate the sample, 35.5 mg. The absorbance was measured at
409 nm and the pH was measured at 23°C

Figure 15.

The elution pattern of FMF on a pH 5 to 8 isoelectric fraction
ation column. A potential of 1000 volts was used to separate
the sanrple, 28.2 mg. The potential was applied for 36 hours.
The column was maintained at 4°C
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Nonheme protein contamination
The low 409/280 nm ratios of Fr II and FMF indicate that they may be
contaminated with some nonheme protein.

Since this contaminating protein

has similar charge characteristics to the fraction it contaminates, it was
believed that separation by size might prove successful.

The most suitable

gel filtration material for a small protein like myoglobin was Sephadex
G-75.
A Sephadex G-75 column, 0,9 by 50 cm, using a pH 6.0, 0.01 M phosphate
buffer was able to separate a nonheme protein from IMF.

The nonheme pro

tein (NHP), came off ahead of the metnyoglobin, indicating its larger size
when compared to the metmyoglobin molecule.
pattern of FMF on a Sephadex G-75 column.

Figure 16 gives the elution

Upon removal of the nonheme pro

tein from FMF, the purified metmyoglobin, FMF^, had a 409/280 nm ratio of
4.25.

The 409/280 nm ratios of FMF^ and Fr II were now almost equal.

Sephadex G-75 gel filtration was applied to Fr II to see if any fur
ther purification could be obtained.

The metmyoglobin of Fr II was not

purified by gel filtration at pH 6.0.
Now both FMF and Fr II had 409/280 nm ratios between 4.25 and 4.50.
If these low ratios were due to nonheme protein contamination, the con
taminant protein may have been bound to the metmyoglobin since gel filtra
tion at pH 6.0 was unable to remove the contamination.

Sephadex G-75 gel

filtration at pH 5.0 was used, with the belief that this lower pH would
dissociate any bound peptide or protein.

Gel filtration at pH 5.0 was

unable to further purify either Fr II or FMF.

f

Figure 16.

The elution pattern of FMF on a 0.9 by 50 cm Sephadex G-75 column. The buffer used was
pH 6.0, 0.01 M phosphate. The flow rate was 0.25 ml per minute and one ml fractions were
collected

409 nm

14 16 18 20 22 24 26 28 30 32 34
ml EFFLUENT
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Visible and Ultra-violet Spectra
Since metmyoglobin is a heme protein, it has absorption bands in the
visible as well as in the ultra-violet spectrum.

Metmyoglobin has absorp

tion bands at 280 nm, 409 nm, 505 nm and 630 nm; with the largest absorp
tion band at 409 nm, the Soret band.

Figure 17 shows the complete ultra

violet and visible spectra of EMF, FMF-|_, Fr II and Fr I.
The positions of the absorption bands were the same for all of the
fractions.

The fractions did differ in their absorbance at 700 nm and

their absorbance minima at 254 and 470 nm.

The absorbance at 700 nm and

the lack of a minima at 254 and 470 nm are caused by light scattering.
By observing the absorption spectra in Figure 17, it is seen that FMF,
FMF^ and Fr II possess light scattering properties.

The FMF has the low

est 409/280 nm ratio and possesses the most light scattering.

The purified

FMFj^ and Fr II have similar 409/280 nm ratios and seem to possess the same
amount of light scattering.

Fraction I has the highest 409/280 nm ratio

and seems to possess no light scattering characteristics.

Since light

scattering has a larger affect at the lower wavelengths, light scattering
may be one factor affecting the 409/280 nm ratios of the FMF, FMF^, and
Fr II.

Studies on the Metmyoglobin Conformation

Polvacrvlamide-gel electrophoresis in urea
Polyacrylamide-gel electrophoresis in the absence of urea gave four
bands from crude bovine metmyoglobin.

Each fraction from CMC column

chromatography gave at least two and often four bands upon gel electro
phoresis.

Figure 17.

The visible and ultra-violet absorption spectra of the FMF, FMF^, Fr II and Fr I from
the CMC column chromatography

1.0

o—o FMF
A-A FMF|
o—o FrE
FrI

.8

y

Ld
O
Z
<

.6

m
a:
o

00"

o

(O

S .4

\
\
\

0

100

200

-I-

300
'
WAVE

400
LENGTI-

500
n m)

4

/\
600

+

700

81

When crude metmyoglobin, Fr I, Fr II and FMF were separated by gel
electrophoresis in 8 M urea, the usual banding pattern disappeared.

The

8 M urea opened the secondary and tertiary structure of the metmyoglobin
molecule.

This unfolded protein migrated just into the gel and then lost

its heme group.

The heme group traveled very rapidly while the unfolded

apoprotein had a very slow migration rate through the gel.
shows a gel electrophoresis run in 8 M urea.
heme proteins with the benzidine stain.

Figure 18

This gel was stained for

The run in 8 M urea had no heme

proteins (HP) present, but the amido black stain, in Figure 19, shows the
presence of two unfolded apoprotein bands.
bands,

These unfolded apoprotein

and U^, do have different rates of migration on the gel.

A similar run using 7 M urea demonstrated that a very small amount of
the heme protein (HP) was present in the gel.

Figure 20 shows that a heme

protein was present just above the heme band.

An amido black stain of a

similar gel shows that the two unfolded apoprotein bands,
present in 7 M urea.

and Ug, are

The amido black stain. Figure 21, is much less sensi

tive than is the benzidine stain and is therefore unable to detect the
small amount of heme protein on these gels.
When crude metmyoglobin, Fr I, Fr II and FMF were separated on gel
electrophoresis in 5 M urea, the different metmyoglobin bands reappeared.
Figure 22 shows the gel electrophoresis run in 5 M urea.

Fraction I con

sists of mainly one band, Fr II seems to consist of two electrophoretic
bands.

The FMF consists of three bands.

bands is extremely low.

The intensity of the three FMF

The protein stained section of this gel shows U

1

and U2 are present and that a large amount of heme protein is also present.

Figure 18.

The gel electrophoresis pattern of crude metmyoglobin, Fr I,
Fr II and FMF in 8 M urea. The buffer system used was the
tris-citrate, borate discontinuous system. The buffer con
tained 8 M urea. The gel was stained for heme proteins with
the benzidine stain

Figure 19.

The gel electrophoresis pattern of crude metmyoglobin, Fr I,
Fr II and FMF in 8 M urea. The discontinuous buffer system
was used. All buffers contained 8 M urea. The gel was stained
for all proteins with the amido black stain
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Figure 20.

A polyacrylamide-gel
electrophoresis pattern
of crude metniyoglobin,
Fr I and Fr II in 7 M
urea. The discontinuous
buffer system was used.
The gel was stained for
heme proteins with the
benzidine stain

Figure 21.

A polyacrylamide-gel
electrophoresis pattern
of crude metmyoglobin,
Fr I and Fr II in 7 M
urea. The discontinuous
buffer system was used.
The gel was stained for
all proteins with the
amido black stain

Figure 22.

This experiment separated Fr I, Fr II, FMF and crude metmyoglobin
on gel electrophoresis in 5 M urea. The FMF, Fr I and Fr II were
stained with the benzidine stain while the crude metmyoglobin was
stained with the amido black stain
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Infra-red spectral analysis
Each fraction obtained from CMC column chromatography was analyzed on
an IR-12 recording spectrophotometer.
spectra of the IMF, Fr II and Fr I.

Figure 23 shows the infra-red

Each fraction has an identical spec

trum in all areas except the area between 1400 arid 800 wave numbers
(cm

. The Fr II and FM are different from Fr I in that they start to

drop into their 1105 cm"^ band at 800 cm

As a result of this difference,

the CHg- out of plane bending band is present in the Fr I spectrum but
absent in the spectra of Fr II and FMF.

The other area where Fr I differs

from the FMF and Fr II is the presence of a strong -COH stretching absorp
tion of the phenolic amino acid at 1150 cm ^ in Fr I, and the absence of
this band in Fr II and FMF^.

The FMF and Fr II do have a strong -COH

stretching band at 1035 cm~^ which is absent in Fr I.

Circular dichroism analysis
Circular dichroism was another technique that was used to study the
conformation of the various components of crude bovine metmyoglobin.
Circular dichroic analysis of Fr I, Fr II and IMF between 190 and 350 nm
demonstrated that each of the three fractions does differ in its ^helical
content.

Figure 24 is a circular dichrogram of th.e._thr.ee fractions from

CMC chromatography.

Fraction I has the largest amount of circular

dichroism at 222 nm, with Fr II having a slightly smaller amount of circu
lar dichroism at the same wave length.

The IMF has the least amount of

circular dichroism at 222 nm.
The amount of circular dichroism present at 222 nm is in direct pro
portion to the 4rhelical content of the sample being analyzed.

Figure 23.

The infra-red absorption spectra of Fr I, Fr II and FMF between 400 and 3800 wave num
bers (cm"l)
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Figure 24.

A circular dichrogram of the three fractions from CMC column
chromatography. The spectra were taken between 190 and 350 nm
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Studies on the Metmyoglobin Primary Structure

Fingerprinting analysis
Fingerprinting analysis of the fractions from the CMC column chroma
tography demonstrated that some of the components of crude metmyoglobin
may differ in their primary structure.
Figure 25 shows a fingerprint of Fr I.

Fraction I, assumed to be

pure metmyoglobin, gave 21 peptides upon hydrolysis of its apoprotein with
trypsin.

Almost all of the 21 peptides were completely separated by the

combination paper chromatography-high voltage electrophoresis technique
used in the procedure.

Several peptides in the upper region of the finger

print were partially unresolved.
FMF.

Figure 26 shows the fingerprint of the

This fraction has the same 21 peptides seen in the fingerprint from

Fr I.

The only difference between the fingerprint of FMF and Fr I is that

FMF has an extra peptide. A, in the upper right hand region of the finger
print.

Fraction II also had the same 21 peptides characteristic of the

fingerprint from Fr I, but it also had a trace of the extra peptide A.
The fingerprinting analysis was run many times on each CMC chroma
tography fraction and the same results were obtained each time.
Efforts to remove the extra peptide A, and find its amino acid compo
sition were without success.

Amide analysis
The amide content of the fractions from CMC column chromatography was
determined by analyzing for the nitrogen released from each fraction by a
three hour incubation with 1 N H2^4'

Figure 27 shows the results of the

amide analysis on each CMC chromatography fraction.

Figure 25.

A fingerprint of the peptides obtained from the tryptic hydroly
sis of Fr I. The paper chromatography was run in the vertical
direction while the high voltage electrophoresis was run in the
horizontal direction. Ninhydrin was used to develop the color
of the individual peptides

Figure 25.

A fingerprint of the peptides obtained by the tryptic hydrolysis
of the EMF. The paper chromatography was run in the vertical
direction with high voltage electrophoresis in the horizontal
direction. Again the color was developed with ninhydrin
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Figure 27.

The amide content of Fr I, Fr II, FMF and the purified FMF-.
The 409nm/280nm values are also given for each fraction. The
standard deviation for each amide nitrogen value is indicated
by the vertical line
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Fraction I has approximately 7 molecules of amide nitrogen or 7 amide
groups, per molecule of metmyoglobin.

Fraction II has approximately 8

amide groups per molecule of metnyoglobin while the purified FMF^ contains
approximately 7.5 amide groups per molecule.

The amide content of EMF was

quite high, 8.6 amides per molecule of heme protein.

This high amide con

tent was found to be due to the nonheme protein contamination present in
this fraction.

The purified FMF^ has a much lower amide content.

The standard deviation are also shown for each fraction.

In all cases

the standard deviation is quite large.

Interconversion of Components
The belief that one metmyoglobin component may be in an equilibrium
with the other components arose during the study.

Since the IF^ component

from the isoelectric fractionation apparatus was believed to be pure
metnyoglobin, it was collected from several IF runs and stored in powder
form in a freezer for two weeks.
on the IF apparatus.
the IF apparatus.
globin (Mb02).

The IF^ component was then placed back

Figure 28 shows a photograph of the IF^ component on

The main band is IF^ and the second band is oxynyo-

The oxymoglobin was believed to have been formed during

the experiment, since all metnyoglobin had been treated with K^FeCCN)^ be
fore being placed on the column.
the experiment.

Figure 29 sho\fs the elution pattern for

The only detectable metnyoglobin component present after

the second isoelectric fractionation of the IF^ component, was the IF^
component.
(Mb02).

The small component, with an IP of 6.77, was oxymyoglobin

Figure 28.

The component IF, placed back upon the IF apparatus. The gradient used in this run was
a pH 5 to 8 gradient. The potential was 1000 v, the column was maintained at 4°C. The
cathode is at the bottom of the column

Figure 29. The elution pattern of the isoelectric fractionation experiment which IF, was placed
back on the column. The column was emptied at a rate of two ml per minute and two ml
alequotes were collected

25

20

LxJ

O
z
<
CO

15

a:

o
(/)

§ IQ

OXYMYOGLOBIN
0

50

100

150

200
250
ml EFFLUENT

300

350

400

101

Metnyoglobin and OO2 Binding
An experiment was done, using polyaerylamide-gel electrophoresis, to
determine if bovine metmyoglobin would bind COg.

It was known that hemo

globin would bind several CO2 molecules, and it was thought that GO2 bind
ing could be causing some of the microheterogeneity of bovine metnyoglobin.
The gel electrophoresis experiment utilized Fr I and the normal arrangement
except all of the buffers used were saturated with CO2.

Figure 30 shows

the gel from the electrophoresis experiment with the CO2 saturated buffers.
The banding pattern obtained from crude metnwoglobin in this experiment
was not significantly different from the pattern obtained from Fr I in a
normal gel electrophoresis experiment.

Figure 30.

A gel electrophoresis experiment using CO» saturated buffers.
A benzidine stain was used to detect the heme proteins

The sample was Fr I.
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DISCUSSION

The results given in the previous section indicate that the microheterogeneity of bovine muscle metmyoglobin may be due to two factors, pri
mary structural differences and conformational differences between the
various metnyoglobin components.
In this study, it was shown that CMC column chromatography could re
solve crude bovine metinyoglobin into three components.

Quinn and Pearson

(1964), DuFresne (1964) and Felland (1968) were able to separate bovine
metmyoglobin into three components with the aid of CMC chromatography.
The three components or fractions obtained from the CMC chromatography
were found to be heterogeneous on gel electrophoresis.

Each CMC chroma

tographic component contained from two to four electrophoretic components.
The heterogeneity of the CMC chromatographic components was observed by
Quinn et al. (1964), Atassi and Saplin (1966), fkeson and Theorell (1960)
and Felland (1968).
The two minor CMC fractions were found to make up 15 percent of the
total metnyoglobin.

But, the isoelectric fractionation apparatus has

shown that the minor fractions from CMC chromatography are very hetero
geneous.

Fraction II, as analyzed by IF, contained 52.9 percent IF^.

is believed to be pure metnyoglobin.
41.8 percent IF^.

IF^

The FMF has been shown to contain

Actually the minor components of bovine metmyoglobin do

not make up 15 percent of the total metnyoglobin, but make up only 5 to 6
percent of the total metmyoglobin.
Polyacrylamide-gel electrophoresis was able to resolve four components
from crude bovine metmyoglobin.

When compared to the separation on CMC
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chromatography, gel electrophoresis was found to give a better separation
of the components.

Other investigators have resolved bovine metmyoglobin

on gel electrophoresis.

Quinn et al. (1964) resolved three components from

bovine metmyoglobin on starch-gel electrophoresis.

Felland (1968) was

able to resolve four components from the bovine metmyoglobin with polyacrylamide-gel electrophoresis.
Both CMC chromatography and polyacrylamide-gel electrophoresis demon
strated that the minor components of bovine metmyoglobin have a greater
over-all negative charge when compared to the main metmyoglobin component.
The isoelectric fractionation apparatus developed by Vesterberg and
Svensson (1966) was used in this study to separate the various bovine met
myoglobin components.

The IF apparatus was able to resolve 9 components

from crude bovine metmyoglobin.

The IF apparatus was able to completely

separate all 9 components on the column and give the isoelectric point of
each component.
cellent.

The precision of the IP measurement was found to be ex

In this study, the IF apparatus demonstrated that each of the

four bands seen on polyacrylamide-gel electrophoresis, corresponded to a
heme protein area seen on the IF apparatus, and each electrophoretic band
consisted of several subcomponents.
apparatus had several subcomponents.

Each heme protein area on the IF
The sensitive IF apparatus gave the

exact composition of each heterogeneous CMC chromatographic fraction.
The IF apparatus agreed with both gel electrophoresis and CMC column
chromatography by showing that all of the 8 minor components of bovine met
myoglobin had a lower IP and a larger over-all negative charge when com
pared to the main metnyoglobin component.
Vesterberg (1967) obtained the three horse metmyoglobin fractions
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from CMC column chromatography and analyzed each on the IF apparatus.
Vesterberg demonstrated that each fraction from the column chromatography
consisted of several subcomponents.
It was also noticed that the IF apparatus caused the reduction of some
of the metmyoglobin in the IF^ band.
rapidly formed oxymyoglobin (Mb02).

This unstable reduced myoglobin
The Mb02 was found to migrate toward

the anode because of the loss of a positive charge, caused by the Fe(III)
in the metnyoglobin changing to Fe(II) in the reduced and oxymyoglobin
forms.

The Mb02 was found to have an IP of 6.78, the same IP was reported

for the IF2 2 component.
equal to one.

The charge difference between IFj^ and Mb02 is

The same charge difference is present between IF-j^ and IF2

The one charge difference corresponds to an IP difference of 0.30 units.
Vesterberg (1967) also noticed that Mb02 formed from the main horse metmyo
globin isoelectric fractionation component, had an IP which was identical
to the IP of his IF2 2 component.

For Vesterberg, the one charge differ

ence between his IF^ and Mb02 components was a IP difference of 0.50 units.
The difference seen between bovine and horse metmyoglobin, in the IP
difference per one charge difference, is difficult to explain.

The IP

differences per one charge difference are quite large, much too large to
be expected for such similar proteins.
When the fractions from CMC column chromatography were analyzed by
both visible and ultra-violet absorption spectrophotometry, light scatter
ing properties were observed in the two minor fractions.

The light

scattering is believed to be due to the aggregation of unstable metmyo
globin molecules, in the solution, just prior to precipitation.

Breslow

and Rumen (1967) noticed that their fastest moving fraction, of seal
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metn^oglobin from CMC column chromatography, had a low 409 absorbance, was
not contaminated with nonheme protein and was so unstable that it easily
precipitated.

The abnormal properties seen by Breslow and Rumen go along

with the abnormal properties seen in the minor fractions of bovine metmyoglobin.

The ïMF and Fr II from bovine metmyoglobin have low 409/280 nm

ratios, which are not due to nonheme protein contamination in either frac
tion, and the FMF is easily precipitated upon standing.
At this point in the study, two ideas were apparent as to the probable
cause of the microheterogeneity of the bovine metnyoglobin.

Definite

charge differences between the components, as demonstrated by CMC chroma
tography, gel electrophoresis and isoelectric fractionation, indicated that
a primary structural difference may be present between the components.

The

light scattering properties of the minor components indicated that a con
formational difference may also be present.
To determine if a conformational difference was present between the
components, crude metmyoglobin was separated on polyacrylamide-gel electro
phoresis using various levels of urea.

The gel electrophoresis pattern in

8 M urea demonstrated that when all tertiary structure was disrupted in
the metmyoglobin molecule, two bands still appeared.
bands did have a definite charge difference.

These two apoprotein

The major apoprotein band

(Ug) possessed a greater negative charge, when compared to the minor apo
protein band (U^).

The disappearance of two heme protein bands by dis

rupting tertiary structure indicated that several components differed in
their conformation.

The two components present in the 8 M urea may have a

primary structural difference.
When the urea concentrations were lowered to 7 and 5 M, the
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microheterogeneous heme proteins components were seen to reappear on the
gel.

The lower urea concentrations caused a renaturation of the protein

molecules and the reappearance of microheterogeneous heme protein com
ponents.
It is interesting to note that the bovine metnyoglobin components,
when opened by urea will return to their original conformation.

This

ability, of each component, to return to its original conformation after
denaturation, demonstrates that the abnormal conformations seen in some of
the minor components are stable and are the response to a definite differ
ence in the components.

For at least one component, this difference is

thought to be a primary structural difference.

For the other 7 components

this difference is unknown.
Infra-red spectral analyses of the fractions from CMC chromatography
indicated that the conformation of Fr I differed from the conformation of
Fr II and FMF.

Fraction I differed from Fr II and FMF in the presence of

a strong absorption band at 1150 cm

-1

, phenolic C-OH stretching, and the

absence of the absorption band at 1035 cm

, C-OH stretching.

The differ

ences in the spectra may indicate that a conformational difference exists
between the minor fractions, II and FM, and the major fraction, I.

Frac

tion I may have a critical tyrosine group, phenolic amino acid, in a much
different environment than does either Fr II or FMF.

If a conformational

difference is present between the fractions, it is very small since no
-1

shifts were seen in the amide absorption bands at 1650 cm
1260 cm~^ and 660 cm"^.

-1

, 1534 cm

,

Atassi and Cacciotti (1966) noticed shifts in the

amide absorption bands of the metmyoglobin molecule ^en the heme group
was removed.

The removal of the heme group caused a 25 percent drop in
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the othelical content of the protein.
Circular dichroism was able to show that Fr II and FMF do have differ
ent fiC-helical contents when compared to Fr I.

The measurement of the

circular dichroism of the fractions at 222 nm showed Fr II had less
"(-helix than Fr I.

FMF had a lower oJ-helical nature when compared to

either Fr II or Fr I.

A similar shift in the circular dichroism at 222 nm

was observed by Breslow et al. (1965) when the heme group was removed from
the metmyoglobin molecule.

The decrease in circular dichroism was much

larger, when the heme group was removed, since removal of the heme group
caused a loss of 25 percent of the proteins "(-helical content.
Thus far visible, ultra-violet and infra-red absorption spectra along
with circular dichroism and gel electrophoresis in urea have all indicated
that the components of bovine metmyoglobin differ in their secondary and
tertiary structure.
Over-all charge differences between the metmyoglobin components indi
cate that they may differ in primary structure.

The fingerprinting pro-

o
cedure developed by Ingram (1958) and modified by Akeson and Theorell
(1960) showed that Fr I was distinctly different from FMF.

The finger

printing procedure showed that an extra peptide was present in FMF.

Since

the FMF is heterogeneous, the appearance of an extra peptide was not un
expected.

The component on FMF that has the primary structural difference

gives the extra peptide plus 20 "normal" peptides.

The component or com

ponents present in FMF which have no primary structural differences, give
the "normal" 21 peptides.

Since both metmyoglobins exist in FMF, a finger

print is obtained which contains the normal 21 peptides plus the extra
peptide.

Fraction II was seen to have a trace of the extra peptide.

This
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trace being present in Fr II could again be explained by the heterogeneity
of Fr II.

Fraction II may contain only a small amount of the component

with the primary structural difference.
The occurrence of an extra peptide is not uncommon.

Stockwell (1961)

found an extra peptide in a fingerprint of the fast moving fraction of
sperm whale metnyoglobin.
column chromatography.

The metmyoglobin had been fractionated by CMC

Stockwell explains the appearance of the extra pep

tide as being due to the presence of two metnyoglobin components in the
fast moving fraction.

One component gives the normal peptides while the

other component, with the primary structural difference, gives the extra
peptide along with almost all of the normal peptides,

^keson and Theorell ;

(I960) found that, of the three homogeneous horse metmyoglobin components
from CMC chromatography and electrophoresis, one had one extra peptide
while another had two extra peptides.

&ceson and Theorell were unable to

explain the presence of the extra peptides.
Thus far many investigators have indicated that they believe the
microheterogeneity of the metnyoglobins they were investigating may be due
to an amide difference between the various components.

Stockwell (1961),

Hardman et al. (1966), Jornvall (1967), Vesterberg (1967) and Hapner et al.
(1968) believed that the microheterogeneity of their respective metnyoglobin molecules may be due to amide differences.
The amide content of each fraction from CMC chromatography was deter
mined in this study.

The standard deviation of the amide value for each

fraction was so large, no significant differences could be assumed to be
present between the fractions.

The only other study that has analyzed the

amide content of the microheterogeneous metmyoglobin components was, the

Ill
o
study by Akeson and Theorell (I960), on horse metnyoglobin.

No significant

amide differences were found to be present between the metmyoglobin com
ponents.
The amide difference concept has been used by many investigators to
explain the microheterogeneity of their metmyoglobins.

The possibility of

the microheterogeneity being due to amide differences between the com
ponents seems unlikely.

This amide difference has been explained by many

to have been caused by a stepwise deamination of the metmyoglobin molecule.
The ability to cleave an amide group does not seem as easy as is indi
cated.

The bond between the amide group and the carbon to which it is

attached is a covalent bond.

The strength of this bond is such that to

quantitatively cleave the amide groups from a protein, to determine its
amide content, 1 N HgSO^ and a lOO^C hydrolysis must be used.

No isolation

procedure mentioned thus far has been as harsh to the metmyoglobin molecule
as would be a hydrolysis in 1 N

at 100°C.

The most severe step the

metmyoglobin molecule must pass through is the ammonium sulfate precipita
tion.

This step would be considered mild when compared to an acid

hydrolysis.
Âtassi and Saplin (1966) and Felland (1968) indicated that the metmyo
globin components of sperm whale and bovine metmyoglobin respectively, may
interconvert with one another.

In this present study, the interconversion

of bovine metmyoglobin was examined. The IFi band was collected from
several IF experiments and stored as the dialyzed, lyophilyzed powder for
two weeks.

The IFj^ component was then placed back on the IF apparatus.

After running the component on the IF apparatus the second time, the only
metmyoglobin component seen was IF^.

No interconversion to form the minor
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components was shown to occur.
Giustina et al. (1955) indicated that methemoglobin would bind about
10 CO2 molecules per molecule of heme protein.
myoglobin bound essentially no COg.

Giustina stated that met-

Since the microheterogeneity of

bovine metmyoglobin affects only a small portion of the metmyoglobin
molecules, 5 to 6 percent, the idea arose that CO2 may bind to some of the
metmyoglobin molecules and cause the microheterogeneity.

An experiment

was done using Fr I, the gel electrophoresis apparatus and CO2 saturated
buffers, to determine if CO2 was causing some of the microheterogeneity.
The gel electrophoresis pattern obtained for Fr I in the CO2 saturated
system was not significantly different from a normal gel electrophoresis
pattern of Fr I.

This experiment showed that CO2 had no affect on the

microheterogeneity of bovine metnyoglobin.
The ability of metmyoglobin to bind both cations and anions has been
discussed earlier.

The possibility of an anion binding to metmyoglobin to

cause some of the microheterogeneity is present.

Felland (1968) was able

to rule out cation binding to the metmyoglobin molecule as the cause of
the microheterogeneity.

The probability that anion binding is a cause of

the microheterogeneity is small since the same microheterogeneity was seen
to be present in many different buffer systems.

Each buffer system,

borate, citrate, phosphate or polyamino-polycarboxylie acids, consists of
entirely different anions.

Even though each buffer system used is com

pletely different, the same microheterogeneity is present in each.
The possibility, that the metmyoglobin molecules would bind cations
or anions, is present during the grinding and extraction of the myoglobin
from the muscle.

At this step the myoglobin is exposed to a multitude of
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ions.

If a cation were bound to the protein, then 95 percent of the metnyo-

globin molecules (IF^) would have the cation bound.

X-ray diffraction data

has not indicated the pretience of cations being bound to native myoglobin
molecules.

Since IF^ is the most positive component it would have to be

binding cations, not anions.

—

If an anion is bound, it would cause a negative fraction.

If an

anion is bound, it is bound to 5 to 6 percent of the metnyoglobin molecules.
This would still leave unanswered the question of what difference in struc
ture exists which causes the binding of an anion to such a small percent
age of the molecules.

It is this question which casts doubt on the possi

bility that the microheterogeneity is caused by ion binding.

j
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ST3MMARY AND CONCLUSIONS

This study has shown that bovine muscle myoglobin consists of 9 com
ponents.

The major component comprises about 95 percent of the total met-

myogiobin.

The other 8 components comprise about 5 percent of the total

metmyoglobin.
The isoelectric fractionation apparatus was the only apparatus that
could resolve all 9 components of the bovine metmyoglobin.

CMC column

chromatography and polyacrylamide-gel electrophoresis were unable to re
solve the components of the metnyoglobin.

The fractions from CMC chroma

tography and the bands from gel electrophoresis were heterogeneous on iso
electric fractionation.
The 8 minor components of bovine metmyoglobin were found to have lower
isoelectric points, when compared to the major metmyoglobin component.

The

minor components were shown to differ in their conformation by circular
dichroism, infra-red spectral analysis and gel electrophoresis in urea,
when compared to the major component.

Circular dichroism demonstrated that

the minor components had less %-helicity than did the major component.
Fingerprinting analysis of the fractions from CMC column chromato
graphy showed that one minor component does have a primary structural dif
ference, when compared to the other minor components and the major com
ponent.

Amide content analyses of the CMC chromatographic fractions showed

that they did not differ significantly.
This study also demonstrated that the components of bovine metmyo
globin were unable to interconvert.

The interconversion described by

earlier workers is believed to have been due to the heterogeneity of the
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CMC fractions they were investigating.
It was also shown that COg binding to the metmyoglobin molecule does
not cause the microheterogeneity of the metmyoglobin.

The possibility that

ion binding was the cause of the microheterogeneity was also discussed.
The possibility of the myoglobin molecule binding ions during the extrac
tion from the muscle was not eliminated, but the possibility of ion bind
ing during separation on column chromatography, electrophoresis or isoelec
tric fractionation was eliminated.
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