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INTRODUCTION

Tenderness in meats is one of the most desired
qualities. T@néarneaa‘muﬂﬁ, perforce, accrue from the
chemical and physical propertlies of the constituents of
muﬂsie tissue. The bellef has long been paramount that the
connective tissue In muscle 1s one of the primary deter-
minants of tenderness. The morphologic complexity of
muscle tlssue has always challenged and, to a great degree,
defied investigators who would partition 1t. The skeletal
muscle c¢ells are long, unbranching cells usually termed
muiscle fibers; the membranous covering ls called the sarco-
lemma. The muscle cells are held together and unified into
& functloning structure by a matrix of connective tissue or
stroma. The ﬁultiplicity of methods that have been devised
for the estimation of tissue components end the divergency
of results are ample evidence of the difficultles encountered
in the assessment of skeletal tlssue.

An evaluation of the connective tissue must first deal
.With the compllicated problem of separating and removing,
qu&ntitaﬁiv&ly, the complex of proteins held within the
sarcolemma from the stroma proteins. This necessitates the

disruption of the sarcolemma, and desirably without altering



the proteins. Traditional solubility classifications of
proteins provided generallzed approaches in methodology,

but fall short of precise guidance becsuse of the diversity
and multiplicity of the Iintracellular proteins, A considers
avle number of varlables which affect the solubllity of each
of the proteins must be reckoned with. There is the cone
comitant rﬁqaiaite of meking certain that none of the stroma
proteing are removed during the fractlonation and removal of
intracellular scmp@n@n&a; The efficasciousness with which
the intracellular proteins, and only those, are removed will
be a peremptory determinant of the validlty of assesament of
the remaining connective tissue proteins. Thé term stroma
or connective tissue 1is employed throughout this thesis with
these limlitations in mind.

The second phase of the problem is the appraisal of the
not unconplicated constituents of the comnective tisaﬁe
propaf¢

Several methods of fractlionation have besn developed,
and the results have been both verified and controverted,

It was deemed worthwhile to investilgate some of the most
pertinent problems dealing with the lsclation and estimation
of connective tissus in bovine muscle because of its

importance in the tenderness of meats.



REVIEW OF LITERATURE

Archiltecture of Skeletal PTissue

Etriatad mugcle is fabricated from inﬁiviﬁual elongated
é&lls, or ibers, oriented In parallel alignment with each
other and with the longitudinal axis of the musecle. The
muacle fiber is an elongated, multinucleated, cylindrical
cell; its covering i1s a thin structureless membrane, the
- sarcolemma, The sarcolemms, appraised in multiple, must
comprise an important portion of the total muscle atructure;
it is considered here as a part of thﬁ stroma proteins. The
baale framawark of muscle stfucture is consldered as stroma;
in the work reported here the term sitrome is used inter-
changeably with connectlve ti&éua¢ The intracellular milieu,
within the aafcﬁlemma, is made up of myofibrils surrounded
by a sarcous medium, ﬁh@ sarcoplasm. The myofibrils are
aiign&ﬁ in register and are composed of myosin(s); therse
are several myosins. The sarcoplasm ls described as being
r;om,r;rised of myogen, myoalbumin, and globulin-X.

Remifying bebtween and arvound the muscle [ibers,
emairaling them Into bundles or groupings called fasciculi,

and Jjoining the fasclicull into the gross musela, is the



connective tiasﬁe¢ The functional role of connectlve tissue
in holding and uniting parenchymatous elements together is
implicit in the name. An extensive vascular network rami-
fiea throughout skeletal muscle; the rich caplillary bed
traverses the connectlve tissue septa in muscle. Three

types of components make up the connective tissue; the cellu-
lar, the fibrillar, and the ground substance. The cells in
connective tissue are minimal In terms of quantity, and

hence are usually neglected oy omitted in problems dealing
with structural retios and amounts. The predominant cell-
type lis that of the {ibroblast. The [ibrillar elements are
made up of strands of collsgen(s), Finer fibrous structures
debatedly termed reticulin by some but considered immature
or procollagen by others, and elesgtin filbers., The fibers or
strands are embedded in a homogeneous matrix described as

an emorphous ground substance, This interfibrillar meterial,
having adhesive or cementive function, is thought to be
composed largely of mucopolysaccharides. The structure and
composition of the complex ground substance, coupled wilth

the causes and significance of changes therein, are only

beginning to be investigated.



Connective Tlssue Components

Connective tissue 1s made up of the cellular components,
thevaeliagan atranﬂa; and the elastin fibers held and
supported In an adhesive matrix'ﬁf ground substance. The
rél&tiva ratios of each af the a@nstituenta, thé chemical
anmpbaitimn, and the architectural éiapaaitian are believed
to show some differencaa vetween ﬁﬁ&@iéﬁ, wiihin an organiam,
and as’a funetion of age, in addition to the differences and
distortions nausaﬁ by pathological conditions.

The megenchymal cell populatibn {potentially) diff@rQ
entlates ﬁntm a diversity of mbrpholagical cells, dapenﬁaﬁt
on physiélagieal stimmli and responses; but the primary cell
type 1s belleved to be that of the fibroblast. Thé role of
the fibf@blaﬂt is indicated in Iits name. Esing tissue culture
explanta, Parker (1933) demonsitrated that fibroblasts from
different parts of the body aﬁa physiocloglically different.

It seems plsusible to anticipate that their products mﬁy well
exhibit differences in diverse tissues bf the organism, in
addition to certain phylogenstic variatimﬁa.

The charascteristics used to describs and categorize
the components of connective tissue must be appralised in the
light of the diverse methods and techniques out of which

they have their inception. These methods have a dependency



on the work of the anatomist or morphologlst, for other
specialists train thelr methods of attack on those segments
which the morphologist delineates as connective tissue.

The chemist pursues his analysis of connective tlssue,
nsually on tendon, or hide, or 1ig&mant, but always on thoss
portions of tilssue which the morphologist has identified as

tendon, or hide, or ligament.

Collagen

The morphologist sees the collagens as groups or
bundles of thread-like fibers following an undulatory path.
A hierarchial description of the structural organigation of
collagen fibers was presented by Bear (1952) in which he
summarigzed much of the work done in microscopy. Bear
envisaged the thinnest filament embodying the basie struc-
tural configuration of collagen as a protofibril, The
specific configuration of the protofibril is such that, when
the greéofibrila are oriented into groups to make up the
fibrile, thelr axial juxtaposition results in a transverse
matching of nelighboring structural composites. Thus, the
fibrils, viewed with the slectron mieroscope, exhibit
repetitive banding, or periodic striae, along their lengths.
The larger fibers are made up of aggregates of fibrils.

The common forms of mammalian collagen which have been



studied indicate a rather universal fibrillar period of
about 640A° (Sehmitt, 1951) for dry specimens. It should
be noted that perlodiclity is only one kind of measurement,
and is observed in samples whieh have of necessity been sub-
Jected to rather severe treabtment, Iincluding complebe desic-
cation., It has Dbeen suggested that the seemingly constant
striae, at the level of electron microscopy, of collagens
from different sources should be interpreted as evidencing
only & similarity of band and interband components (Martin,
1953).

In tendon (rat taill) thers is & great dlversity of
fibril diemeters, whereas in skin (human) the fibrils
appesr to be of quite unifarm.ﬁalihar; The diameters of
fibrils in tissue cultures are extremely fine as contrasted
with those of spleen, which in turn are only a fraction as
large as those of hide or tendon. Tendon fibers are several
times the size of those of hide. Skin fibrils are also so
tightly integrated they rarely exhiblt longltudinal split-
ting, but tail tendon readily cleaves along the fibril
{Gross and Schmitt, 1948). Thus there appear variations in
the lateral forces holding the protofibrils together,

The collagen fibers have considerable strength and are
slightly flexible, but in comparison with certain other

fibers, are considered inextenslible. Some extensaibility has

been indicated with the finer fibrils; this may eventually



prove to be artefact, relatlve to the pretreatment recquisite
for elsctron microscopy (Wyckoff, 1952).

Thé histological Interpretations of collapgen have been
based on the response to certain atains and dyes. The concept
is crystallizing that the affinitles for many of the dyes are
quite non-specific and diffuse (Pennett, 1951). The come
plexity of ih@ reactions, the varlability in stsining reagents,
coupled with the requlisite subjective judgment of the operator
in most procedures glve rise to considerable variabllity in
tinctorial responseé. The empiriclism of staining methods is
pointed out by many workers in the field. Lillie (1952),
discussing the much-used sllver m@théﬁ and the argyrophilie
response of fibers, sald, "It seems utterly capricious."

There are also the Inherent problems of scamming meny fields
ana.ﬁaciaing what will be adjndged a representative sample.

Collagen 1s classified as one of the fibrous sclero-
proteins, made up of long and oriented polypeptide chains,
and characterized by marked Insolubility in neutral solvents.

Low (1953) concisely reviewed the theory of molecular
configuration and structure of c¢ollagen. 8She emphasized the
significance of hydrogen bonds and salt linkages as inter-
chain binding mechanisms. Jordan Lloyd (1938) referred to this
as internal molecular scaflolding.  Attentlion was directed to

the preponderance of proline and hydroxyproline residues in
collagen and the restrictions their bulkiness Imposed on the

polypeptide chains. A unique model of the structural



c@nfiggratiaﬁ of collagen, consisting of three polypeptide
chains colled into a helix, three such helixes having &
common axis, hag been proposed by Pauling and Corey (1961).

The chemical reference is not much more satisfying nor
unequivocal then are the other avenuss of inveafigatien. Many
tables have been compliled listing amine acid conbtent, but these
.eahnot be taken without reservation. ‘ﬁ@termimatiana of amino
gclds by direct chemical analysls have been dependent on the
vagaries of isoclatlion t&éhﬁiquﬁﬁg The instabllity of certain
amino aclds, for example tryptophane, upon subjection to hydro-
lytic conditions, calls Into gquestion the rellebility of some
tebulated analyses. . Another deterrent tb progress has been
the lack of definite eriteria of homogeneity. The earlier work
was fraught with inadequate and relativeiy non-specific methods.
in many cases the workers unknowingly used mixbures, and in
most instances thelr analyses were restricted to specifie
tissue which could rather readily be excised, such as tendon
or hide. Thisg latter factor, the use of dense, macroscople
aggregates, 1s always cited as one of the weaknesses of the
Roentgen~ray technique, yet it is no less true for the chemi~-
cal analyses. Oxhide collagen was used by Bowes and Kenten
(1949) as a reference for the comparison of other collagens.

They were careful to tabulate amino acld values from native
collagen or ox hide which had not received the alkaline or
enzyme treatment. However, hide collagen has been shown

to be considerably more refractory than some of the other
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collagens from the same animal.

There aré marked similarities, though not identitiesz, in
the amino acld content of the mammslian collagens that have
been analyzed. The collagens are unique among proteins in
thelr minimal esmounts of aromstic amino acids, in their high
content of non-polar amino acids, glycine and alanine making up
about one-third of the residues, and in their unusually high
percentage of proline and hydroxyproline; the latter constiltute
another one-third of the total residues. HNeuman and Logan
(1950a) stated the range of hydroxyproline content for most
collagens as determined from the amino acld composition of
gelatin to be from 13 to 14 per cent. Their hydroxyproline
figure for gelatin from bovine tendon was 13.4 per cent.

It is accepted that the collagens swell in aclids and
alkalies. More than two decades agzo, Knaggs (1929) discussed
the changes collagen undergoes when itreated with cold solutions
of HaOH or HCl. He made note of the Iinternal structural
changes induced and the difference in the hydrolytic products
in relation to the nature of the precursive agent. The caution
wag advanced that the chemical constitutlon of ccllapgens varies
with different tissues. Nageotte and Guyon (1l930) demonsirated
how differently homologous tissues In the same animal nmay
respond to solubilizatieg.' They dissocolved tendon from rat-tail
in very dilute acetic acid (0.0006 N); the tendons of rat-paws

required a preliminary btreatment with N NaOH before the acetic



acld effected their solution. Rabblit and dog tendon necessi-
tated treatment similar to that for rat-paws. Bovine tendons
were more reslistant than any of the other collagens.

The swelling of collagens in alkali with resultant weaken-
ing of structure through the breaking of linkages was pointed
out by Jordan Lloyd (1938). She demonstrated the swelling anﬂi
tearing of rat-tail tendon in very dilute NaOH. 1In 0.002 N
RaOl, pH 1l.4, the tail tendon was dlssolved.

Careful studies have been made by Bowes (1951) on the com-
position of skin collagen and the effect of alkalies on
collapen. B8he reported the hydrolysis of some peptide links;
the extent of hydrolysis of amide groups increased with pH and
with time of treatment. There were increases Iin water uptake
at all pH levels used. This uptake of water with subsequent
swelling of the collacen was Interpreted as meaning decreased
cohesion of collagen due to rupture of intermolecular bondings.
The possibllity of the partioular involvement, in the hydroly-
sis of peptide links, of the Imino groups of proline and
hydroxyproline was pointed out. 8peculative though this was,
the Inference of a hypersusceptibility of the imino-amide links
to the action of alkali would have considerable significance
for collagen and elastin with their high pyrollidine content.
Bowes showed that & per cent of the collagen was dissolved by
the alkall. This measurable chemical solubility is probebly

not the most important result of the investigation. The
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postulated changes in the breaking of the intermolecular bonds,
the loosening up of the fibers, with induced alterations in
the subsequent behavior of that collagen would appear to be of
conglderable lmport. Credit should be accorded Bowes that she
stressed the fact that tendon and cartilage collagen are mors
readily disperssed in alkall than 1s hide collagen, and warned
that findings on skin collagen are not necessarily appliceble
to other collagens.

The possibility of hyéfcxyaaiéé in protein combination
exhibiting a special labiliby toward alkall was shown by
Nicolet and Shinn (1941). The applicability of this concept
to hydroxyproline, and the question of the labllity of this
acid in the denaturation of connective tissue by alkali, are,
howsever, conjectural.

Partridge (1948) presented the theory that chondroitin
sulfaete cements the collagen molecules together to form macro-
molecules and these in turn are cemented to form fiber ﬁundlas.
1f this is the manner of organization, then the ready degrada~
tion of the acid polysaccharides in strong alkali would have
marked effects on the decreased cohssion of collagen and its
subsequent response to tresatment.

The earliest characterization of collagen was the con-
version, upon adeguate heating in an aqueous medium, to the
water-soluble protein, gelatin. This dissolution of native

collagen has served as the separatory technigue Iin analytical
methods.
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Because the tyrosine content of collagen is consistently
reported as low or nil, some investlgators have used negative
tests of tyrosine in gelatin dispersions as the criterion of
purity. This assumption rests on somewhat shaky premlses, 1%
has been demonstrated that the tyrosine content of gelatin is
dependent on the method of preparation. Loofbourow et al. (1949)
carried out studles of the abgerptian’sﬁaetra of eocllagens,
using collagens from different sources. For comparative pur-
poses they used "purified" rat-tall collagen as the standard
of pure collagen. They were unable to get beel tendon to dis-
solve in scetic acid as rat tail did. In their tests with
collagens from different sources and with diverse treabtments
for purification, they reported small absorption maxima at 270
and 280 nillimlerons. This could be construed as presumptlve
evidence of the presence of aromatic amino aclids In gelatin.

Ultraviolet spectroscopy was used by Sizer (1952) in
estimating the purity of collagen. Collagen samples from
several sources were used; samples were hydrolyzed at 100%C. in
6 N NaOH. Tryptophane was glven as low or lacking and phenyl-
alanine made a relatively small amntribution* Assuming the
absence of other absorbing substances, the tyrosine content was
estimated from the absorption at 275 millimierons. By this
method the tyrosine content was several fold the value by
chemical measurement. Siger resolved the anomaly by dlscussing
the possibllity of absorbing impurities; the Jjustification for

this appears dublous.
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¥hen Qollagen fibers are subjected to temperatures of
80°C., they exhibit pronocunced contraction to about one-fourth
the initisl length (Bear, 1952). As the fiber cools, it
lengthens spontaneously, but 1ts original length is not
recovered. Winegarden et al. (1952) in work with dense sec-
tions of connective tissue Indicated the thermal changes more
nearly at 65°C.

The response of the collagens to enzymle degradation is
in need of cautious repetition of much of the early work with
critical appralsals of the results. The statement appears
aftsﬁ in the literature that thﬁ native collagens are resistant
to digestion by proteolytic enzymes such as trypsin, chymo-
trypsin, and papain. In analytical work on excised tissues, or
in determinations on muscles, or meats, the procedure Iinvari-
ably involves a segmentation of the tissue, often to a very
fine state of subdivision. The crux of the problem involves,
not how doss & gross portlon of Intact tendon respond to enzyme
action, but rather, what is the reactivity of finely divided
collagen to enzymic treatment. Even more important is the
gquestion of the surface area of the connective tlssue which ia
presented to the enzyme Iin use. Variations in surface area
would influence the degree of lability to the action of the
enzZyme .

Trypsin has had & long and varied appliecability in the

degradation of proteina and particularly in the fractionation
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work involving connective tissue. The Intent of the applica-
“tion of trypsin has been the removal of all and only non-
collagen protein (Bowes, 1951; Loofbourow et al., 1949). It
was demonstrated by Sizer (1949) that native tendon in large
pleces was refractory té trypsin action and other proteases,
except pepsin. However, when the eollagenrwas comminuted, it
was attacked by trypsin, With increases in degree of division
6f the Fibrils there was an increase in the rate of digestion
by trypsin. In light of the known variations In the diameters
of collagen fibers,(in the compactness and cohesion of collagen
fibers and in the gradetions in mascerative procedures, Sizer's
findings should have profound implleations both for potential
enzymic changes in muscle in gitu and as 1t 1s subjected bto
analytical procedures.

The significance of the all too prevalent disregar& of
agseptic techniques in the preparation of ensymes and in the
assessment of their activity is becoming inereasingly clear.
Ashley et al. (1935) reported work in their laboratory with
commercial trypsin and crystalline trypsin. They revealed the
finding of both sources of trypsin conteminated wlth bacteria,
and the former very heavily so. They carried out a procedure
for freeing the crystalline trypsin of bacteria and ascer-
tained that the subsequent sctivity of the enzyme was greatly
decreased, VWhen this type of extraneous causative apgent is

present in producing and confounding degradative changes, the
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speciflc enzymic effects cannot be differentisted nor assessed.
How extensively this conditlon has exlsted or how persistently
it should be kept in view when perusing the literature is a
matter of conjecture.

The alterations of collagen samples incident to prepara-
tory processes were shown by Neuman and Tytell (1950) to
markedly influence later enzymlc treatment. When any step of
the preliminary procedure is harsh or drastic the collagen is
théreby modified and weskened, and it then exhibits lncreased
suscepbibility to digestion by proteolytic enzymes. Hence,
the response of hide powder collagen (prepared by drastic
procedures), gelatin, or cotherwise modified and "cleaned”
collagens to enzymic degradation cannot be applied in spscula-
tion to native collagen reaction. In Neumsn and Tytell'!s work,
all of the rigorously pre-treated collagens were degraded more
readlily by the proteases which they tested. Using what they
described as mlld processes, collagens from several sources
and from several speclies showed resistance, st pH's near
neutrality, to trypsin, chymotrypsin, and papain. These cella;
gens were readily attacked by the proteolytic enzyme(s) in the

filtrates of Cl. histolyticum, by pepsin at pH 2, and to a

lesser degree by proteases of the (l. perfringens.

The collagenases represent, In all likelihood, a family of
enzymes: the substrate preferences required by the various
collagenases from different sources have not been established,

The collagenase activity of papain and ficin has been



noted by Rosenblum and colleagues (1953) to teke place in a
pH range of 2.0 to 4.5, but was not detected near neutrality.
Their belief was that in the indlcated acldic range collagen
first undergoes & physical alteration which then causes the
protein to be enzymically digestible.

There are ehanges in collagenous tissue with age. Studles
of human skin morphology, using the electron microscope,
indicated thet the skin of infants had much greater proportions
of ground substance to fibers than was observed in mature skin
(Gross and Schmitt, 1948). The amorphous material did not seem
as tightly adherent to the fibers in infant skin. Andrew (1952)
called attention to the very gelatinous nature of Infant skin
and thereby indilcated a fundamental difference in the amorphous
matrix in the skin of the very young &s contrasted with adult
skin. Oross (1850) reported increases in the width and amount
of collagen fibers in rat skin aging from two days to three
months.

Some histologists have emphasized the presence of fibers
finer than collagen in connectlive tissue areas, and these have
been termed reticulin. The differentlation 1s based primarily
on size of fiber and tinectorial response, particularly the
argyrophiliec {(the Maresch~-Bielschowsky method) reaction.
Reticulin fivers are always described as fine and sometimes
branching. The fine fibers are often traced to & merging with

larger fibers. The phenomenon of branching is never applied



to collagen fibers, but this branching may only appear

because the fine fibers have not aggregated or coalesced with
enough neighboring fibrils to present the bulk necessary for
the waviness typiecal of the mature collagen fiber. Gross's
work, employing electron optics In the study of rat skin,

would indicate the so-called reticulin 1s one of the collagens,
probably immature, and with aging shows transition to colla-
gen. As the term reticulin was originally used 1t referred to
the framework of the special parenchymatous organs such as the
spleen. Robb-Smith (1952) stressed differences in the archi-
tectural fashion in which reticulin fibers are lald down, such
as strap-like in the skin and a membranous type in muscle. The
evidence would appear to indieabte that reticulin will find its
place in the category of the collagens.

It is sccepted that there are a number of collagens within
the same organism; these have certaln common denominators and
hence éam@ distinet similarities, yet it has been established
that they also possess differences with respect to certain

other phases.

Elastin

A meapger amount of work has been done on elastin. Out of
the investigabtions on slastin certaln properties appear duite

trenchant and characterizing, yet this apparent clarity nay
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delude because of the paucity of research upon which 1t is
based. It may well be that many of the concepts take their
rise from inference rather than fact.

Elastin is classified as one of the scleroproteins. 1t
is consgidered Insoluble in watér, In dilute salt solutions,
and in most other solvents. The elastin fibers have great
mechanical strength; their resvonse to stress is indicated in
the name. These flbers are straight, thread-like, refractive
fibers with a marked tendency to anastomose. The elastic
fibers in a young animal sre clear and glistening; with
sdvancing age their color characterization is yellowish.

Creat differences in the caliber of elastic fibers are
observed, varying with placement throughout an organism. In
the ligamentum nuchea the fibers are gross and coarse as com-
pared with the finer anastomosing elastlie flbers found In loose
connective tissue. In the sorta both coarse and fine fibers
are laid down in rather dense plates or as lamallae (lansing,
1952). |

| The differentlations in morphologic aspects are reflected
as variations in staining responses. Within the skin some of
the elaaﬁia fibers will show a strong affinlty for certain
dyes, while other dermal elastic fibers stain very lightly.
The widely used hematoxylin stalin is not taken up by young
slastic fibars, but hematoxylin does stain old elastic fibers

in varying degrees (Lansing, 19852). It can be sald that with
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all of the stains employed thefe are numerous variations in
the tinctorial responses of the dilversely architectured
elagtic {ibera.

In studying compilations of the amino acid composition
of elasting, 1t should be kept in mind that the separation of
elastin from other tiaﬁue components 1s bazed on the estab-
lished concept of insolubillity. Classically, in analyses,
elastin is the resliduum after everything else has been
extracted with dilute acids or alkall, Chemical analyses
indlcate thet th@ elastim&‘ara rich in glyeine, alanine, the
leucines and veline, Their hydroxyproline content has been
estimated to be approximately 2 per cent; Neuman and Logan
(1950a) report 1.9 per cent hydroxyproline from bovine
ligamentum nuchae snd aorta. There are differences in the
amino scid compositions of elastin in relation to source and
also differences which are correlated with sge. In the aged
type of elastic fibers lansing et al. (1951) presented data
showing appreciable increages in the amounts éf aspartic and
glutamic acids. |

When rings of canine sorta were extracted with B8 per cent
formic acld for 96 hours, Ayer and co-workers (1951) reported
that the elastic fibrils showed considerable extension and
became readily separsble. Thelir electron microscopy studies
revealed linear branching threads having faint longitudinal

striationss This latter sppearance might be construed as
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evidence of a composibte of very fine fibrillae.

It is generally believed that elastin is slowly digested
by the enzyme trypsin. However, this belief is now being
gquestioned. From crude pancreatin Balo and Banga (1950) iso~
lated an enzyme named elastase, which solubllized elastin
fibers. 1t was also shown that trypsin preparations which were
obtained after the removal of elastase were conslderably less
active. The mode of action was considered not a hydrolytic one
for they could not detect released amino acids; the interpre-
tation was that of aam?ersian of an insocluble Tibrous protein
into a solubilized globular one. With this clarification it
appears that earlier reported tryptic digestion of elastin has
been dus to the sctivity of elastase-contamination in trypsin.

The Cermen workers, Schwarz and Dettmer (1953), used the
electron microscope in studying human aorta. Among other
approaches they treated unfixed asoritic tissue with elastase.
They reported a dissolutlion from the elastic fibers of a
caﬁsnting substance with fine fibrillae left intact. Micro-
scopic examination of these fibrillae appeared to show fibrils
{(elastiec) ldentical with the conventlonal picture of collagen
fibrils. Banga (1953) reasoned that previocus fallures to
detect this cementing substance as an Iintegral part of elastic
fibers have been due to traditional application of severe and
caustic treatments to "purify" the elastin, and hence it has

always been a denatured product that has been studied. Bangs
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subjected collagen to cerbain denaturing procedures, then
treated the collagen with elastasze, and reported rapid solu~
bilization of the collagen. He theorized that mucopolysaccha-
rides, bonded by collagen's dicarboxylic acids, enveloped the
collagen fibrils; and when this coverage was weakened or
removed the elastase was then able to atback the mscramalecule.
This points up the limitatlons in the use of the term
elastase for an enzyme solubilizing collagen. Wore interesting
than the morass of nomenclature is the postulation of the
homology of éallagen and elastin fibers. This has long besn a
tantalizing concept, for with the derivation of the two types
of fibers belleved to be from a common origin, the fibroblast,
the enigma of their seemingly diverse structures begged
resolution. If this work can be verified, what has thus far
appeared as baslic differences hetween the types of fibers will
be atbtributable to artefacts imposed by manipulative
proaeémrea; | i
In the alterations of elastin by elastase, Lensing (195&)
discussed the release and separstion of a fraction having
lipid~like properties. This would appear to be a very intimate
if not integral part of the elastic fibers, because even after
treatment with a number of defatting extractives some lipld-
like content remains. The composite of protein complexed with
lipid would appear to be appropriately termed proteolipid
{Foleh and Iees, 1951); its solubilities appear similar to
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those of llpids rather than the 1ip$pr0taina.

That there are distinet changes in slastic tissue with
age has been noted, but the é@gre@lmf alteration differs
wilthin an organlsm. In general, the flbers lncrease in size
with maturity; they fray and fragment with advancing time,
and an inereased mineralization is evidenced as caleium
phosphate is deposited In aged elastic tissue. Some restric-
tive mechanism is in play in vive, however, for the elastin
from the pulmonary aritery does not shew‘the increases of
aspartic acid and glutamic acld nor the caleiflc accumulations

so pronounced In aged sortic tissue (Lansing et al., 1951).

The Ground Bubstance

The ground substance of connective tilssue is the milieu
in which the fibrillar components are held. This extracellular
and interfibrillar material varies in consistency from & jelly-
like substance to one that is conslderably more fluld. This
vaﬁiability in physiochemical behavior ls evidenced in the
organism when, in some states or conditions, certain connec-
tive tissue 1s cohesive, tough, and difficult to cut; then in
altered or exaggerated situmstions 1t can be shown to be soft,
very watery, and readily separable with & probe.

A complex of mucoproteins makes up this matrix termed

the ground substance} several differing carbohydrate~protein
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combinations have been isclated from various comnnective ifissues
(Meyer et al., 1953). The mucoproteins which have been iso-
lated, not all from the same source, include: hyaluronie

acld or a complexed substance similar to hyaluronic acid,
chondroitin sulfates A, B, and ¢, and a gsulfated muicopoly~
saccharide terméd keratosulfate. The latter has thus far been
found only in bovine cornea (Meyer et al., 19568). Undoubtedly
there are other saccharide polymers and protein complexes
which will, with extending investigations, be isoclated and
identified, but these are the best lmown at present. Little is
known about the composition of the chondroitin sulfates except
that upon hydrolysis they yield acetyl galactosamine, ester
sulfate, aﬁd‘gluauranie acid, The mucopolysaccharides are
thought to be loosely aamhinﬁé with proteins or may exist In
the free state. Day (1949) suggested that the amhi‘éwﬁumﬁ
matrix‘waa held by linkages that were rather wesk and labile,
He used trypsin and reported the digestion of the Interfibril-
- lary substence; his contentlon was that a scaffolding of
peptide linkages constituted the continuum of the ground subwe
stance. In working with hyaluronic acid Meyer (1947) referrsd
to the weak baﬁdagaa between the polysaccharide molecules and
the proteins, as well as between the polysaccharide molecules
as they form polymers. He pointed out that the weak linkages
were readily broken during lsolation procedurss. Reyetitiama

as the concept is, it is worthy of note that all of these



delineated mucoproteins have becn fractionated from rather
dense or specialized sreas of connective tissue, such as heart
valves, cartilage, skin tumors, symphysis publs, umbiliecal
cord, and synovial fluid.

The mucoproteins In the amorphous ground substance appear
to exist In varying degrees of asggregation. Gersh and
Catchpole (1949) pointed out the plausibility of considering
different degrees of polymerization In an organ at different
times, and In diverse orgens at the same time. When the sub-
stances are highly polymerized there is & high concentration
of immobile colloid which appears to exert selective effects
toward ion exchanges and water (Joseph et al., 1952). With
disaggregation the seleetive effects are lost, the components
of the ground substance become devolymerized to varying
extents, and there is an increase in the water~soluble frec-
tion. In the pioneering work on chondroitin sulfates the
nature and extent of polymerization was not noted because, as
Partridge (1948) indicated, the extracting agents used were
strong alkalies. Subsequent work has revealed that the poly-
saccharides were rapldly degraded by strong alkalies., This
lability toward alkali would not only alter the continuum of
the ground substance but would also condition secondary changes
in the architecture of the fibrous elements, 1f the mucopoly-
saccharides function In cementive roles In the structuring of

collagen fibers (Partridge, 1948) and in elastin fibers (Banga,
1953).



The ground substance has exhiblited an evasiveness and
refractoriness toward extractive procedures which parsallels
that of other tissue components. Though of hydrophilic nature,
it cannot be leached out with water (Day, 1949). The isolation
of the constituents causes considerable depolymerization.

Meyer and Rapport (1952} have observed that during the isocla-
tion of hyal&raﬁic acid it is degraded, and the viscosity of
the lsolated constituent is considerably less than In the
original source. |

In the absence of reliable extractlve procedures, many of
the data available have been based on histologlcal work. It is
now recognized that most of the staining techniques used In
pioneering experiments did not differentiate the components of
the ground substance; they have, indeed, besn gquite non-
specific. Tﬁe metachromatic staining, for example, has enjoyed
cons iderable popularity. This was the use of a specific basic
dye, such as toluidine blus, and the resultant development of
the purplish-~red color was conslidered due to the reaction of
the acid mucopolysaccharides. However, it has been shown that
any macromolecule with & free acid radical will exhibit metea-
chromasiasy so this falls short of specifieity (Angevine, 19551).

The utilization of enzymes as cleavage tools of the ground
substance has offered considerable promise. Cersh and Catchpole
(1949) reported that the mucoproteins of subcutaneous connec-

tive tissue were affected by pepsin or trypsin, as well as by
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the toxin of Clostridium welchii, and hyaluronidase. The use

of trypsin in this eapacity has been cited above. The site of
attack of the grc£ease3 would be at peptide linkages. The
cleavage of any portion of the protein~polysaccharide complex
would appear to increase the possibility of solution of either
molety or both. |

| Work with the depolymerizing enzymes has been reported
under the heaéing‘%mucinasa@“, "spreading factors®, and
hyaluronidase. There appears to be agrsement that hyaluroni-
dase is a general term applying to & family of enzymes.
Hyaluronidase is elaborasted from diverse origins, including
certain pathogenic bacteria, snake venom, ané certain mammalian
tissues. A source of high concentration of hyaluronidase, and
hence avallable commerclally, is from mature bovine testes.
The apprecisble discrepancies in results reported from various
- laboratories are probably based on differences in the origin
of the enzyme, modifications in methods of preparation, as
well as a diversity of methods of assessment.

Hyaluronidase of testicular origin hydrolyzes not only
hyaluronie acid, but also two of the chondroitin sulfates. In
contradistinction the hyaluronidases of streptococcal and
pneumococcal origins do not digest the chondroitin sulfates.
The marked variations In the extent of hydrolysis and in the
size of the constituent cleavage products were related by

Woods (1947) to the source of the snzyme. The variations in
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cleavage of the polymers resuliting from hydrolytic procedures
are suggested by Woods as having & determinative effect on the
éctivity of the enzyme, for wlth a decrease in the molecular
weight of the substrate there was a dscrement In the enzyme-
substrate affinity. Testiecular hyaluronidase has been shown
to release less reducing sugar than do the bacterial hyaluroni-
dases for a given physiochemical change (Meyer and Rapport,
1952). The presence of a f&th@r large grouplng, designated as
a "carrier”, was described by Malmpgren (1953) in his compari-
son of crude testioular extracts with more highly fractionated
enzymic materlial. Differences in the degres or extent of
removal of thils "earriler" in the purification process, as well
as possible differences in the carrier per se, may help
account for the lack of concordant results from enzymatic
sﬁuﬁi&ﬁ*

Hyaluronie acid 1s the primary substrate of hyaluronlidase.
Meyer and ﬁallﬁagﬁﬁs {1952) have done a preponderate amount of
work on hyaluronie acid. They delineate it as a straight chaln
polymer of eguimolar guantitles of H-acebtyl glucosamine and
glucuroniec acid, with the reducing group on the acetyl glucos-
amine portion. In the natlive state this highly polymerized
macopolysaccharide has considerable hydration capacity and is
gél~1ike In character. The easy opening of labile bonds in
hyaluronic acid, during isolation procedures, results in

marked lessening of the viscosity because of the formation of



readily diffusible lowemolecular-welght substances., This same
pattern of physical changes occurs when degradation is brought
‘about by hyaluronidase actlvity, in addition to which there is
an increase in reﬁﬁai&g power owing to the liberation of the
aldehydic group as the glucosamine bond is cleaved.

in a comparison of methods of assay of hyaluronidase
activity, Rapport et al. (1950) contrasted physiochemical
methmﬁﬁj%ith an Increase in reducing sugar. When the substr&te 
system could be relatively purified they concluded that the
inerement In reducing sugar was & more valid index of the
progress of enzyme activity than the decrease in viscosity or
the loss of bturblidity. Using testicular hyasluronidass in a
system buffered with 0.02 M citrate-phosphate, they established
the optimal pH values for enzyme activity. Thelr pH aetiv;ty
curve showed a rather broad optimum at values 5.4 and below;
with more alkaline values there was a rapld decrease in
activity. They speculated from their data that the site of
the enzymic attack was within the macro«chain and not that of
terminal attack.

There has been no unequivocal Investigation to partleular-
ize the mucopolysaccherides which constitute the ground sub-
stance of connective tissue as 1t ramifies throughout skeletal
muscle. Heyer et al., (1952) hypothesized that comnective tlssue
in muscle contained not hyalureﬁic acid but rather two of the

chondroitin sulfates and only one of them was responsive to the



hydrolytic attack of testlcular hysluronidase. The formation
of grmmnﬁ substance was discussed by Gersh (1949) as the result
of fibroblastic activity, and also the dynamlc equilibrating
activity, in vivo, of depélymsrizing enzymes, elaborated
presumably by the fibroblasts.

An Increase in density or an increased degree of polymeri-
zation of the carbohydrate-protein complexes in the ground
aubstance is considered as‘part of thg aging process {Andrew,

- 1952).

Mothods of Assessment

Since the turn of the century there have been mumerous
attempts to devise methods of objectively measuring the connec-
tive tissue of muscle because workers have so firmly believed
the stromal tissues play & dominant role in the tenderness of
meats. The attainment of 8 chemlical method of quantitation
has lured researchers with a Meccan appeal. The chemical
methods of assessment have been reviewed by Prudent (1947).
Since Prudent's review, a method designed for the rapid deter-
mination of collagén,has been published, in 1948, by Hartley
and Hall. Neuman and Logan (19850b) proposed a method for the
determination of collagen and elastin based on their colori-
metric method for the estimation of hydroxyproline (1950a).

This procedure for the estimation of the collagen content of
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tissues is based upon the belief that hydroxyproline does not
oceur in tissue other than the connective tissue.

A repetitive pattern of procedural similarity threads
through the evolvement of all the methods.

The beginning was always concerned with some means of
comminuting the tissus. Many approaches have been tried:
trituration in a mortar, slicing thin sections from a frozen
block, grinding ﬁhraugh food chopper, mascerating In a ball
mill, shaking with sand, and homogeniging in a Waring blendor.
The two primary objectives were minimization of sampling varia-
tion and mechanical severance of cells to facilitate the
release and subsequent extraction of intracellulsar consiltuents.

The presumpbtive bages inherent in this first step were:
the tissue would be rather uniformly disrupted; neither the
manipulations nor the temperabtures used would cause denatura-
tion of the various proteing and thereby alter their subseguent
solubility behavior; the slurry could quantitatively be removed
from the apparatus used in its masceration.

The second phase has usually besen the dispersal of the
mascerated tissue with an extracting solution. In many cases
this step has been combined with the execution of the first one.
The sxtractants have included: distilled water at dlffering
temperatures, alkaline solutions of strengths from 5 to 0.4 per
cent NaOH, lithium ehloride of 7 per cent concentration, dilute

HCL, ané 20 per cent urea solutions. The methods of mixing



the tissue with the solution, the btemperatures employed, the
time-intervals for solubilization, and the number of repetitive
extractions are as varied as the sundry laboratoriss In which
the methods have been developed.

They have assumed that the commective tlssue proteins in
what must have been varied states of dispersion were inert
tawar& the extractants, and that the response of the proteins
within the muscle fibers was diametric to that of the stromal
proteins In reiatiaﬁ to the extractant. It was necessary also
to assume that the agitation necessary for dispersion did not
cause denaturation whiech would alter solubililities; and that each
of the types of préteim, that within the sarcolemms as well as
’aanﬂﬁcﬁiva tlssue proteins, rescted independently of the other.

Manifestly, the next phase was concernsed with the separa-
tion of the dispersed proteins. An early attempt used filtra-
tion through a eaﬁﬁonnlinaé Blichner funnel. In some methods
aepératian was mechanlieally effected by sleving. Then the
residue was taken up in extractant, washed thoroughly, and
re~filbered through the sleve., Thls washing and sleving was
usually repeated several times, the filtrates being discarded.
The meshes of sieves varied from 40 to 120. Water at tempera-
tures of 40° to 50°C. was sometimes used because the fat then
presented less of a problem. In one procedure the tissue
dispersion was poured on s sleve and, using several liters of

water for washing, the residue was massaged between the fingers
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until it felt resilient. Iater Iin other laboratories exhaus-
tive extractlions were made using centrifugation and decantation
as the separatory scheme. In an adaptation of an earlier
mnethod to cooked tilissue the filtrates from the sievings were
drained gently through linen on & Blchner funnel. The finely
granular material thus retained was added back to the sieved
regldue.

In this fractionation sbep, irrespective of the specific
procedure, it appears that the assumptions weres all of the
connectlive tlssues were retained by the sieves, filters, or
centrifugations; that stroma proteins were not lost in the
manifold manipulative processes; and that the finely granular
material legitimately belonged with the connective tissues.

In all the methods the retained residues were then hydro-
lyzed for the conversion of collagen to gelatin. Autoclaving
periods varied from 1/2 hour to 6 hours, using 15 to 50 pounds
pressure. The most commonly used time-interval was two hsursg
The residues were frequently washed several times, and the
wéghingﬁ decanted and filtersd. Early workers used hot 0.5
per cent NaOH to solubilize the collagen. In one method
(Spencer et al., 1937) no attempt was made to remove the intra-
cellular proteins. Minced nuscle was ﬁahyératsé'with acetone,
it was finely ground, then water was added and the entire
slurry wes autoclaved for twe hours. Hob-water washings with

centrifugations removed the pelatin. The gelatin was
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preclipitated with 5 per cent tamnic acld. The collagen content
of all the filtrates, decantates, or precipitetes was estimated
from nitrogen determinations,

In all methods it was assumed that prior separatory
processes had removed all the non-stromal proteins, and only
these, or, if any intrescellular proteins were retained, that
they had no effect on comnective tlssue proteins and their
measurement. Implicit also was. the assunpition that the auto-
claving and washings, of whatever duration, selectively hydro-
lyzed the collagen quantitatively to gelatin. Concomitant with
this was the assumption that & nitrogen determination of the
solubllized hydrolysate would serve as a valld eﬁtimation‘af
collagen. Spencer and colleagues (1937) assumed that tannic
acid selectively precipltated gelatin.

1t was assumed th&t an estimation of thé gelatin constl-
tuted an accountal of the most important part of connective
tissue. For an estimation of the elastin three approaches
predominated. 1In some as soon as the collagen was washed from
the residue, & nitrogen determination was made on the residue
and this calculated as elastin. Others subjected the residue
to trypsin digestion, filtered and washed the residue, and
calculated the elastin from the nitrogen content of the termi-
nel residue. In the Lowry, Gilligan and Katersky (1941) method
the collagen-free residue was extracted with 0.1 N NaOH in

boiling water bath, centrifuged and washed, then dried toc a



constant weight. This terminal weight was used in estimating
the percentage of slastin.

Hartley and Hall (1949) employed Waring blendor homogenie
zation, with an acldic adjustment of pH, and centrifugation as
the separatory technique. They did not attempt a measure of
elastin. Diffliculby in obtaining & sharp separation by
centrifugation in the cooked samples, subsequent to autoclaving,
was mentioned. Conspieuous in thelr work was the assumption
that the intracellular proteins, numerous though they are, had
2 single or common iscelectric point. The assumption was also
made that by repeated centrifugations sharp separations could
be achieved.

Neuman and Logan (1950b) presented a method for the
determination of collagen and elastin deslgned particularly
for applicability to small‘ameunts of tissue. Thelr signal
contribution wes that the quantitation of the collagen and
elastin was based, not on a general nitrogen value, but on the
estimation of a distinctive constituent hydroxyproline. This
latter determination was made by a colorimetric method these
same authors had published earlier (1950a). In their method
for tissue analysis the preliminary preparatlion differed
according to the approximaste amount of connective tissue In
the sample. In the assessment of tissues reslatlvely low in
connective tissue, as in muscle, the intracellular proteins

were extracted by grinding In a mortar with sand and a4 solution
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of 20 per cent urea. The muscle tissue slurry was stirred in
the uresa solutlon for an hour, cenbtrifuged, and washed. The
residue was autoclaved, washed, and decantatlons evaporated to
dryness. The hydroxyproline content was determined according
to the Neuman and Logan method (1950a). In pursuing the esti-
mation of elastin the collagen-free reslidue was autoclaved and
washed apgain to decrease the posslbility of adherent non-
slastin proteins. The terminal residue was then anaslyzed for
hydroxyproline in thé same menner as for eallagan; The authors
noted that the precision of the elastin estimation leaves much
~to be desired.

Neumasn and Logan (1950b) assumed that none of the connsc-
tive tlssue was lost or solubilized by the grinding with sand
and extracting with urea. However, the solubility-promoting
action of urea has been demonstrated for many proteins
(schmidt, 1938). Neuman and Logan (1850b) called attentien
to their assumption that the collagen was quantitatively
fractionated from the residual proteins. One of the vulnerable
spote in this method is the essentialily of an elaztin refer-
ence of lmown hydroxyproline content for use in the caleulation
of the analyzed sample. In the beef tissue analysses the value
used is that in bovine ligamentum nuchas, yet the elastin in
thig area may differ consliderably from that found intramuscu-
larly. It appears of significance, also, that a goodly portion

of the data which Neuman and Logan {1950b) presented was from
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work with skins or hidesg of different species.

A comparison of the Hartley and Hall method with the
Lowry* method (essentlally an extraction of non-stromal pro-
teins with 0.1 ¥ NaOH) wes maede by Griswold and Leffler (1952).
The comparative study was preciplitated by the anomalous finding
of more collagen in 60 per cent of their cocked samples than
in the raw samples when analyzed by the Hartley and Hall method.
They then attempted tests for tyrosine and tryptophane on the
filtrate. Comment has been made earlier regarding these aro-
matlc amino aclids. As a reference control in comparing the two
methods they ran analyses on purified steer-hide collagen.
Their results on purifled hide collagen alone indicated agree-
ment within 5 per cent by the two methods. The use of purified
hide collagen a&s & check on the two methods may have contrib-
uted more distortion to the pleture than the deslired sharpening
of focus. In the employment of purified collagen from the
corium of the hide they svaded the problem of solubilizing and
removing non-stromal proteins; so they did not actually test
the difficult initial riddance of the intracellular protelins.
In the use of a purifled callagen {prepared according to
Buschnsr's method as reported by Jacobs, 1949) they were using

a material which had alrsady been subjected to considerable

%?hraughout the remainder of this discussion, for purposes
of gimplification, the Lowry, CGilligan, and Katersky (1941)
method will be referred to as the Lowry method.



processing and manipulation. In addition to this, the litera-
ture now contains considerable evidence, as well as specula-
tions and implieations, that the other collagens in the body
may well respond differently from hide eell&gén,

In CGriswold's study, the collagen content of raw samples,
as determined by the Lowry method, was one-half or less than
that determined by Hartley and Hall method. In all instances
the collagen of cooked samples was, by the Lowry method, less
than that found In parslleled raw samples. Using the Lowry
method, the determinations on the cooked samples were from
one~fourth to one-ninth the amounts resulting from the employ-
ment of the Hartley and Hall procedure. The summarizing state-
ment made by the authors was that the Lowry method was superior
to the other one. This appears é completely untenable con-
cluslon; the data do not substantiste it. Theilr data showed
only considerable divergency of results. Just the fact that
less collagen was found, by a nitrogen determination, when
using the Lowry procedure could scarcely be construed as proof
of superiority. The speculation Is legitimete that the
Hartley and Hall data may be spuriocusly high; the reverse side
of the same coin might suggest that the Lowry procedure yields
regults unduly meager. The aubhors have offered no evidence
that measurable amounts of intramuscular collagen may not have
been lost in the Lowry alkaline extraction prier to

auntoclavinge.



Cognizance should be taken of the general use and depend-
ency of early workers on powdered hide collagen from limed
hides as thelr reference. In view of the harsh treatment
euployed in the preparation (Thels and Jacoby, 1942) and keep-
ing in mind the lnown diversities among collagens and alsc the
changes which have been demonsirated to be induced by alkalies,
the use of limed hide powders as reference collagen invites
considerable skepticism.

It should also be noted that there ia an inexplicable
range In the guantitles of stroma proteins in muscle tissue
reported from different laboratories. The distribution of the
fractions of muscle proteins was glven by Weber (1950) as:
albumin 20 per cent, globulin-X 20 per cent, myosin 40 per
cont, and stroma 20 per cent. The averaged collagen and elas-
tin valuses, combined, reported by Prudent (1947) were roughly
4 per cent. OCriswold's collagen values (1952) by the Lowry
method were in the same category as Prudent's. While 1t may be
congsidered that Weber's 20 per cent for stroma proteins should
be viewed as maximal, the dlscrepancy between these values

gannot be dlamisgsed.
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OBJECTIVES

The objectlives of this study were to explore the possi-
bilitles of several sapproaches in an endeavor Lo achieve an
effective fractianatian of the intracellular from the extra-
cellular components of skeletal tissue. Diverss methods of
initlel disruption of the tissue as well as the employment of
differing extracting solutions and separatory mecheanlsms were
to be investigated:. The first aims diffuse Inexbtricably into
a second grouping of objectives, némaly attempts to evaluate
the effects of the above procedursl manivulations on the iso-
lated woiety which remained. One of the most difficult and
baffling aspects of fractionation efforts ls that there l1s
rarely any Independent evidence of the homogeneliy of the
reaultémt fraction. Nitrogen determinations were to he‘maﬁa
on the various fractions, with the view that such an over-all
measure would not delineatively identify nor differentiate,
but might serve as a general framing within which to make com-
parisons. Detorminations of the hydroxyproline content of
some extractions and residues were Lo be made; these, it was
anﬁicipate&, might be guite characterizing. Some preliminary
probings of the posgibilities of certalin enzymes as cleavage

agents were planned. The assessment of the latter was to be
in terms of nitrogen determinations, hydroxyproline content,

and reducing actlvity.
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EXPERIMENTAL PROCEDURE

Tigsue ﬂﬁ@a

‘Bovine skeletal rmuscle was the tissue used thieughcut
this study. Hinimization of the problems arising from bieé
logical variation among tissue was desired. The study was
restricted to the employment of few mmscles from few animals.
The ma jor yértian of these Investigetions employed one muscle,
in the initial phase some cooked and correlated raw samples
were employed, but following this unlt all of the tissues

weres unoooked.

Chemical Determinations

The nitropgen determinstions were carried out on the micro-
Kjeldahl scale. ¥Ho one who has roubtinely employed Kjeldahl
determinations will gainsay that they are onerous. In an
attewmpt to lessen the teéium,‘the estimation of nitrogen con-
tent by Nesslerigation was tried. But this method presents its
own problems; and in thils study where certain extractions were
in the alkaliﬁa range, considerable turbidity was often im-
parted and & amlarimétric method was then vitiated. Because
of difficulties with Nesslerization, most of the nitrogen

determinations were obbtained by Kjeldahl procedure. Nitrogens
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resulting from the use of the Kjeldahl procedure are indicated
“as "W by Kj." in several iables.

The hydroxyproline determinations were made according to
the Neuman and Logan (1950a) method. To calculate the collagen
nitrogen, the mgm. of hyércxypraliﬂa were multiplied by the
factor 1.365. Neuman and Logan (1950a) list the hydroxyproline
- content of bovine tendon as 13.4 per cent and the nitrogen
content of gelatin is listed by Block and Bolling (1951) as
18.3 gef cent; thus %%f%-z 1.365., The elastin factor,
8.943, wes computed in a similar manner. The hydroxyproline
content of bovine nuchea and aorta 1s 1.91 per cent according
to FNewman and Logan (1950a}, and Stein and Miller (1938) give
the nitrogen content of elastin as 17.1 per cent; hence
%%%%*X = B.943. Thus the mgm. of hydroxyproline as Indicated
from the colorimetric test multiplied by the factor B8.943 yleld
the mgm. of elastin nitrogen estimated from the hydroxyproline
content. The collagen nilitrogen and elastin nitrogen calculated
from hydroxyproline content are listed in the tables as
Y by Ho~p". Martin and Axelrod (1953) developed a modifica-
tion of the Neuman and Logan method of determination of
hydroxyproline. The MNartin and Axelrod modification was
employed in analyzing certain samples previously asssssed by

the Neuman and Logan mebhod. 1t could not be established that

the modifled method gave more conslstent data. Therefore, the
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original Heuman and Logan method was employed to obtain all of
the hydroxyproline values of the tissues studied during these
investigations.

It is notable that either procedure requires carefully
standardized preyaratian of the reagents. A particularly
troublesome task was to obtaln a satlislactory p-dimethylamino-
bengaldehyde. Several attempts were made to recrystallize the
p~dimethylaminobenzaldehyde from several sources, such &s alco~
hol, benzene, and other aalvénﬁs; but in no case could a color=
less product with a sharp melting point be obtained, éven after
several recrystallizations. Thé reagent from the source sug-
cested by Martin and Axelrod proved to be no betiter than that
prepared in the laboratory. Criteria used to determine whether
g glven preparation of p-dimethylaminobenzaldehyde was sabiz-
factory were based upon rate and intensity of final color
development and stabllity of the final colored complex.

The evaluatlon of collasen content was in all cases an
estimation of the protein solubillized by autoclaving for 4 to
6 hours at 15 to 20 pounds pressure.

The [inal resliduum is conventionally designated as slastin.
In the modified Lowry method this had been subjected to 0.1 N
alkall st boiling water-bath temperatures, washing and centri-
fugétian, and then had been refluxed in 87 per cent reagent
grade formic mcid for 24 hours. In all other fractionation
efforts, the elastin was the end residue but accrued from less

gevere treatment.
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The Park and Johnson {(1949) method for determination of
glucose was used In the assessment of the extent of enzymatle
activity on the ground substance. The procedure was used in
the bellef that the release of aldehyde groups ls a measurs
of the extent of depolymerization. The samples were read in

an Evelyn colorimeter at 660 millimicrons.

Tissue Anslyses

Lowry method

The origin of this entire study was in the analysis of
certain samples of beef muscle, using & modification of the
Lowry method. An extensive project was in progress, in
related laboratories, in which the Lowry method with certailn
modifications was the method of assessment of connective tissue
content. The alterations in the Lowry method were in the inl-
tial masceration of tlssue and in the substitutlon of a volu-
metric assessment of collagen and elastin for the original
gravimetrie determination, and in the final step for solubiliz-
ing the elastin, The sample of meat was comminuted by grinding
through a food~chopper, mixing with crushed dry ice, and then
pulverized by passing the mix through a small mill, After the
COp had been dissipated, welghed portions were mixed with
water and Waring blended for about 45 minutes. The entire

dispersion was transferred to volumetric flasks. Aliquots



- 45 -

from this mix constituted the analyzed portions. HReference

hag already been made to the plan for solublilization of

elastin in Tormic acid. To relterate, these modifications of
the Lowry method had been plamnned and the modified method was
in use in routine analyses in a related project. Because of
cerbtain anomalies in the data, a familiarity with the modifiled
Lowry method and its application In some analyses was utillzed
as the point of departure in this study. Samples of uncooked
meat and related samples of cooked meat were analyzed for
collagen and elastin content. Samples 1 and 2 were from a beef
carcass graded Commercial . Sample 1 was {rom the longissimus
dorsl and sample 2 was from the semitendinosus. Samples 3 and
4 were from & beel carcass graded Choice . Sample 3 was from
the longissinmus dorsi and sample 4 was from the semitendinosus.
The values are reported in terms of collagen nitrogen and

elastlin nitrogen as per cent of total nitrogen.

Initial investigation with KC1

The foremost deslideratum in initlating exploratory
attempts was the employment of an extractant which would be
mild. Bate Smith (1934) had suggested that LiCl was an
efficient extractant for muscle protein. The salts which have
been used include KCl, NaCl, CaClp, RagCOsz, Eaﬁﬂﬁs, ﬁaﬂgPOQ,
and KCHS. 'ﬁewever, gsince it has been shown that KC1 and NaCl

have less destructive effect upon the stroma proteins than the
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other salts, KC1l salt extractions were employed. Extractlons
of muscle protein with LiCl were not as efficient as those
made with extracting solutlions containing KCl. Gradations of
molarities of Kﬁl,'with two successive extracilons, werse tried.
The tlissue for these first investigabtlve extractions was from
the semimembranosus muscle of a carcasg graded Good . It was
cut Into compact ssgments; these were frozen, foll-wrapped,
and stored in the freezing compartment of a lavoratory refrig-
erator. The tlssue was shredded from the frozen segment,
minced with a sharp knife, and then & 25-gram portion was
Waring blended in 250 ml. lce water for 3 minutes. Aliquots
of 50 ml. were taken, solutions of KC1 ranging from molarities
1.0 ¥ teo 2.5 M were added, volumes adjusted to 60 ml., and the
stoppered tubes shaken for 30 minutes. The tubes were
centrifuged and decanted. These extractions were made at

pH 9.0.

The advisablility of first removing & water-soluble
frsction, followed by successive KC1l extractlons, was pursued.
The method of initial dispersion was identlcal with that just
indicated, except that the BO-ml., aliquots were diluted to
volumes of 200 }‘ﬁl., with the addition of KCl equivalent to
1.0 M. Subsequently, a comparison of the extent of dilution
of the 5C-ml. aliguot to 60 ml. contrasted with 200 nml. was
made. The first two extractions were water, followed by a EC1

extraction and finally extrection with NaHCOz of 0.0l M.
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Freezing to disrupt the muscle fibers

Because the literature contains numerous suggestions for
the freezing of tissue as a method of disrupting the csll wall
of muscle fibers this technique was itried. The manipulation
of tissue up to this time had been done 8t room temperature.
The ease with which the proteins may be denatured at room tem-
peratures may explain, in part, some of the variability between
samples. In the treatment of the three following samples the
comminution and shaking were carried out in & cold room (5°.).
The shaker was the end-over-end type. Facilitles were such
that 1t was still necessary to do the centrifuging and re-
dispersion at room temperatures. The object of the treatment
of the next three samples, with replicates of four each, was to
determine the effect of repeated freezing and thewing 7 times
on the extractabllity of Intracellular proteins. The resulis
are recorded in Table 5. Extractlions from the frozen samples
are glven in the rows numbered l. Extractions from unfrozen
or control samples will be seen in the rows numbered 2. The
seguence of steps in handling of the samples was: first
extractlion with water for approximately 24 hours; then two suc-
cessive 1 M KC1l extractions each of about 12 hours duration; &
water wash followed; then the residue, in 25 ml. of HoO, was
autoclaved 4 hours at 15 pounds pressure. It was deemsd
desirable for purposes of comparison to determine the effect of

C.1l NaQl on the connsective tlssue resldue after autoclaving.
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Hence, a 24~hour sxtraction with 0.1 ¥ NaOH at room temperaturse
was made. A water wash followed, end the terminal residue was
considered elastin., The content of the eellagen of the
autoclave-solubllized fractions was determined by three
methodss from nitrogen values obtalined by Hesslerigzation,

from its hydroxzyproline content, and from the gelatin estima-~
cion by the tannate procedure (Cover et al., 1944). The
terminal residue was estimated by the filrst two methods listed

above 1n the assessment of collagen.

Fractionation by centrifugation

Subsequent work was carried out at 0.5 to 2°C. in a cold
room. The psoas major muscle was excised from a beef carcass
graded Commercial which had hung In the cooler 10 days. All
extraneous surface fat was carefully trimmed from the muscle,
but no attempt was made to remove the epimysial covering. The
entire muscle was comminuted for three minutes in a Silent
Cutter, which is & revolving bowl with & rapidly spinning
central knife. This was done to effect more uniform sampling.
- The mascerated tissue was mixed and blended by hand, then
30~-gram portions were wrapped in aluminum foil. The foil-
wrapped portions were frozen and held at -30°¢C.

Preliminary varlations were ﬁade using centrifugation for
separation. In Initial dispersions there were no real differ-

ences between using the Waring blendor for two minutes, for
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five minutes, or carefully blending by hand with 2 glass rod.
When water was the first extractant en Increase of shaking time
from 7 hours to 24 hours did not increase the amount of nltrogen
removed. A series of extractions using varying concentrations
of KC1, all buffered with 0.03 M NaHCOgz, indicated: 1little if
any difference in extraction hetween water extraction and

0+.25 ¥ KCl; no difference bebtween 0.5 and 0.75 M KCl as
extractants; marked inecrease in the gelation within the tube
when molarities were Iincreased to 1.0 ¥ and 1.25 M. In these
trials there was considerable gelling in the tube, There was
often & straetification of the gelatinous material. The high
viscosity of the gelatinous material precluded effective sedi-
mentation. Therefore a more efficaclous method of pertltion-

Ing the fractions needed to be smought.

Glaes wnal entrapment

The possibility of physical entrapment of the sclero-
proteins on a mass of glass wool in an Erlemmeyer flask was
explored. Thé procedure was an alliquoting of tlssue-
dlspersions into flasks containing glass wool. The stoppered
flasks could be shaken gently at the cold-room temperatures.
The dispersed proteins were then to be decanted from the flask
through a filter pad of glass wool. Rather thorough washing
of the glass wool wlth the extracting solution was feasible*

The stroma proteins would, theoretically, be entrapped and

retained on the glass wool.
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in a series of preliminaryvtriala the effect of the
following factors was investigated: dispersion of tissue by
hand-mixing versus use of Waring blendor, differing grades of
glass wool, lengths of glass wool strands, quantities of
glass wool, varying dilutions of the 5 grams of tlssue from
30 ml. to 100 ml., length of shaking btimes, decanting and
washing at 09C to 2°C. versus room temperature. In the modi-
fications imposed by varying the factors listed above, thers
were no marked differences in the amounts of protein extracted,
Successive trials gave good asgreement Iin percentage of total
nitrogen removed; the average was approximately 85 per cent.

Becausse earlisr work Jdid not Indicate differences Iin the
efficiency of 0.5 ¥ as contrasted with C.75 M KCl it was
decided to use 0.6 M KC1l, plus 0.03 M NaHC Oz, which was very
similar to the widely used Weber-Edsall extracting solution
{Mommaerts, 1950). The pH of this EKCl extracting soclution is
8.3.

Based on the rather exhaustive trials relating to environ-
mental factors noted above, certain conditions were established
because of feasibility of manipulation; these were kept uniform
.threughout the remainder of the work. Erlenmeyef flasks of
300 mls volume with tightly fitting aluminum foll-covered
rubber stoppers were used. (lass wool was cut in 3/4-inch

lengths ‘and 1.25 gm. of glass wool was used in each flask.



For the first extraction the flasks were shaken 3 hours. The
speed of the horizontal shaker could be adjusted (about 25
excursions per minute) zo the solution moved complebely
through the mat of glass wool with each back-and-~forth motion
of the shaker, but care was taken to avoid foam formation.

Five grams of the frozen tissue was weighed into the
flask; and then approximately 1 ml. of water was introduced,
but care was taken that the water was not In contact with the
tissue. The {lasks were tightly steppefed, and the tissuse
thawed overnight. The following morning the tissue wes
manipulated into & uniformly soft mass by using a glass rod.
Small portions of the extracting solution were blended with
the tissue so that the slurry was kept sg uniform in conslst-
ency as possible. The glass wool was added graduslly in small
portions in order to effect uniform dispersion of the tissue.

For the total nitrogen determinations, a 10~-gm. pufﬁicn
was homogenized in a Waring blendor with 190 ml. of water for
3 minutes. Aligquots of 5 ml. were used in Kjeldahl determlina-
tione. In the procedursl hanﬁling of the glass wool-entrapped
residues, a triple washing of 100 ml. each of distilled water
was routinely employed to wash the mass before another solu-
tlon or another treatment was utilized.

All of the subsequent work, with a few exceptions which
will be indicated, was done with tilasue from the semitendinosus

muscle of a beef carcass graded Cholece . The muscle was
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prepared exactly In the mamnner previously described for the
psoas major muscle.

It was planned to extract the tissue with C.6 ¥ KC1 and
then subject the entrapped residue to varying treatments.

With one series, extractions with 0.1 N NaOH were compared
with those with 1 N NaOH; and following the extraction with
alkall, the protein soclubliliszed by autoclaving was quantitated.
After the KCl extractions and decantations the residues were
triple~washed; then 50 ml. of planned extractant was added and
the flasks were shaken., Aliguots were removed at 4-hour
intervals for a 48-hour period. HResildues were agalin washed,

50 ml. éf water was added to each flask, and the samples were
sutoclaved 4 hours at 15 pounds pressure. These data are
recorded in Table 8.

In the subsequent series the alkaline extractions prior
to autoclaving were repsated. Correlated samples were auto-
claved immediately after the XK(C1 decantatlons and then subjected
to 0.1 N NaOH extractions.

In the next series the samples were KU1l extracted and then
subjectsé to sutoclaving. Kjeldahl nitrogens and hydroxypro-
line estimations were made on the fraction sclubilized by this
hydrolysis. For the hydroxyproline determinations, the
residues were washed and hydrolyzed with 25 ml. of 6 N HCl by
aﬁtoclaving 8 hours at 20 pounds pressure. They were filtered
while hot, neutralized, and brought to volume (Neuman and

Logan, 1950a).
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1t seemed expedient to vary the normallty of the alkaline
extracting solution from 0.06 to 0.85 N. Fifty ml. af NaOH
solution was In contact with the residues for 20 hours at room
temperature; then the resiéues were washed and autoclaved for
4 hoursg at 15 pounds préssure, Two samples in this series
were autoclaved as soon as the KCl extrsctant had been decanted
and the residuss washed; these were not treated with alkali.
The values on the non-alkaline-treated samples ave listed In
t&@ last two columns of Table 9. As in the prior serles, the
Kjeldahl nitrogen and hydroxyproline determinations were made
onn the gelatin fraction. After washing, the final residues
were hydrolyzed with 6 N HC1l preparatory for hydroxyproline
determinations. The values so obtained were used to calculate
the elastin content.

A repetition of the deslign reported in Table 9 was exe-
cuted, with the addition of two samples. The additlional semples
were not KCl-extracted; the initial exbtracting solutlion of the
added samples was 0.1 N NaOH.

Becauge routline analytlcal work on meat samples, using the
modified Lowry method, was proceeding in a related laboratory,
there wes an opporbunity to make certain comparisons. A sample
of tissue {semimembrancsus from a Choice beef carcass) which
the techniclan had ground with dry ice was obtalned. Five
grams of this tissue was welghed into each flask and carried

through the improvised pglass wool procedure. Two flasks were
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extracted with 0.6 M ECl and two with 0.1 ¥ NaOH. An aliquot
of autaagave~salubilized collagen from this same sample of
semimembrancsus tissue which the techniclan had prepared by the
Lowry procedure was obtained. HNitrogen content by Kjeldahl
procedure and by hydroxyproline determination was estimated;
these could be compared with the sarlier valueé obtained when
the semimembranosus tissue had been subjected to the glass

wool procedure. Determinations of nitrogen content were also
made on the final residues. | |

The next step sppeared to be that of taking the semiten-
dinosus tissue, used in most of these axgloratory problems,
and analyzing it by the Lowry procedure. This was done in the
related laboratory so all égeaial equipment could be utilized.
Comparative determinations were carried out on the collagen
and terminal residues.

It was repeatedly observed that the color of the gelatin
and elastin hydrolysates varied with the method of preparing
the residues. The acld hgﬂrélyaataa resulting from the ;lass
wool procedure and by the Lowry method prepared for the
rydroxyproline determinations were employed for the absorption
studies. Absorption readings were made using & Besckman D U
spectrophotometer over the range of 250~700 millimicrons at
intervals of 20 millimlcrons. |

The absorption spectra of gelatin hydrolysates and the

elastin hydrolysates, obtained by the glass wool procedure and
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by the Lowry method, were determined using & Beckman D U
spectrophotometer. The acid hydrolysates were preparsd by the
usual methods for the determination of hydroxyprolline. The
objective in view was a comparison of the color components in
relation to the method of derivation of residues. No gquanti-
tative determination was intended; the aim was a comparison of
the gualitative patterns of optical densitles. These data are

recorded graphically in figures 1 and 2.

Use of engzymes

Because there was a reference in the literature (Rosenblum
et al., 1953) indicating that papain possessed collagenase
activity, attenpts to assess the response of the entrapped
regidue to papain were made. DBPulfered solutlons of pH's 4.0,
8.5, and 2.7 were made up as described by Hurst (1953). Acti-
vation of the engyme was accomplished by blending 1 gm. of
papain with 1.3 o2n. of cysteine ﬁyﬁrechloriﬁe and 10 ml. of
water, and incubating the preparation at 37°C. for 1 hour.

The pH was adjusted to 7.0 with the addition of 2.5 N HaOH and
the entire dlspersion brought to 100 ml. One ml. of tﬁe papain
solution was used for each gram of muscle tissue. Five ml. of
the papain suspension was used on the reslidue Iin each flask;
then 95 ml. of the rsspective buffering solutlion was added.

(ne ml. of toluene was added to each flask; the flasks were

tightly stoppered and incubated at 37°C. for 48 hours.



In the first group, 4 samples were to be exbracted with
EC1 and 4 with 0,1 N ¥aOH. Then the papain suspension and 95
ml. of water were added to sach flask. The flasks were swirled
scaasianallﬁ'ﬁuring the incubation period. The washings,
autoclaving, and determinations on extractions and on terminal
residues were as indlcated for earlisr treatments. Subse-
quently the pH of the buffered solutions, for papain activity,
was adjusted to 4.0 for some samples and B.5 for others.

In a third series of KCl-extracted residues buffered
solution of pH 2.7 and pH 4.0 were used,

.Trials were made using hyaluronidase to determine if any
measurable changes In the entrspped residues could be induced.
Ten-gram sampleg of btissue were used. Two samples were
extracted with KC1l and two with WaOH. Half of the residues
were subjected to papain for 48 hours at 37°C. prior to serving
as substrate for the hyaluronidase., Commercial testicular
hyaluronidase was procured. Twenty~five mgm. of hyaluronidase
was dissolved in 25 ml. of 0.1 ¥ NaCl; 5 ml. of this solution
was used in each flask. 7o each flask was added 45 ml., of
0.1 ¥ acetate solutlon adjusted to pH H.2. A vial of toluene
wag placed in each flask. The flasks were tightly stoppered
and incubated at 37°C. for 24 hours. The glucose equivalents
per gram of tlssue were esiimated after the papain digestion
and following the hyaluronidase treatment.

FPor the concluding unit, the pattern just described was
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repeated with the extensions of checking the reducing activity
at the end of 48 hours, and 72 hours Iincubation. Two additional
¥Cl-extracted samples were carrled throughout the processing;
these are indicated in Table 19 as flasks 3 and 4. Flasks 3

and 4 had Hy0 on the resldues during the papain digestion.
Hyaluronidase was omitted from flask 3, but 0.1 M sodium
acetate solution was on the residue during the 72-hour incuba-
tion. Flask 4 (KCl-extracted) hed hyaluronidase addition,
1dentical with the aliquots used in flasks 1, 2, 5, and 6.
Kjeldahl nitrogens and hyéfgxyprﬁlima determinations were made

on the papain digesis.
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RESULTS

The tissue used throughout this study was bovine skeletal
muscle.

For the sake of convenience, the nitrogen, however
estimated, in the autoclave-solubilized fraction is termed
collagen nltrogen, whereas the nitregen contained in the
hydrolyasates of the terminal residues is designated as elastin
nitrogen.

Beveral attempis wers made to determine whether the XEC1l
extracts contained hydrozyproline, but no evidence that they

contalined this anmine acid was obbsined.

Use of the Lowry Procedure

The employment of the modified Lowry procedure in the
analysis of certalin samples of raw (r) tissues and of the
correlated cooked (¢) samples from the paired loecation in the
carcass pgave the values rscorded in Table 1. Samples 1 and 8
were from a beef carcass graded "commercial®; samples 3 and 4

were from a "cholce™ beef carcass.
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Table 1
Collagen Nitrogen and Elastin Nitrogen

in Raw and Cooked Samples of Four Muscles

Sample Collagen N Elastin N

(Per cent of Total Nitrogen)

Longissimus dorsi

lr .98 0.06

le Q.10 0.07
Semltendinosus

2 ¢ 0.48 1.17 v
Longissimus dorsi

3r 1.26 0. 03

S e .04 C.08
Bemitendinosus

4 r 1.80 0.66

4 ¢ Q.60 1.56

Ave. T 1.88 0.26

c 0.81 0.71
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Initial Investigation with XCl

The separation of fractions by centrifupgation gave per-
sistent and considerable difficulty. The residue was often
soft and gel-like and lacked a sharp line of demarcetion from
the supernatant. More often than not some of the strand-like
particles in the supernstant would nﬁt‘saﬁim@nt‘ﬂﬁwn effi~
eiently. In the coolked samples there was such marked gelation
within the centrifuge tube that decantations were highly
dependent sn,thé mamipul&tar*é Jjudgment. The surfacing of the
tubes, in the firast three extractions with lipld-like material
and enmeshed strands, wes a constant problem.

The trial use of increesing molarities of XC1l solutions

from 1.0 ¥ to 2.6 ¥ as extractants is ﬁacmrééd in Table 2.

Table 2

Effect of Conecentratlion of KC1l in Extracting Solutions
on Amount of Protein Extracted

(411 velues expressed as %N of T.N.)

‘Series I 75,8 60.8 5341 49.6
IZ{ 64\*9% 69;1 58t6 4?14:
111 654 62.2 60.2 55,0




In the KC1l extractlions some of the supernatants were
rather turbid. Surface films formed on all of the tubes; with
an increase In concentration of salt there was an increase in
the thickness of film on the surface. The residues in the
contrifuge tubes were somewhat gelatinous In consistency.

Table 3 shows the comparison between having the first
extraction that of mater, as in I, versus an initial KCl

extraction, as shown in II.

Table &

Effieciencies of Initial Water and
Salt Extractiong of Protsin

(All values expressed as %N of T.N.)

Treatment I Iz
Water 31.5 g
KC1l, 1.0 M B 5349
KCl, 1.0 ¥ 5348 el
KCl, 1.0 M 4.0 3.7
Bum €8.3 65.0

In Table 4 are the results obtained by diluting the 50-ml.
aliquot (containing 5 gm. tissue) to 60 ml. and to 200 ml.
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Table 4
Effect of Volume of Extracting Sclution
in Amount of Muscle Protein Soclubllized

{All values expressed as %N of T.N.)

Series Extractions 60 ml. 200 ml.
I Water 274 20435
Water Sed 99
KC1, 1.0 © 13.7 4544
Kaﬁﬁﬁs, 03 M 2.7 6.5
Sum 47.2 90.5
II Water 275 28.1
KC1l, O.5 M 10.7 19.9
KC1, 1.0 U Ted 27.1
NaHCO5, -0l W 2.5 8.1
Sum 50.1 83.2

The water extractions were opalescent 1in appearance.
Suspended particles in the salt extractions imparted a

cloudiness.

Freezing

The influence of freezing and thawing the initial water

extraction 7 times 1g shown in T&ble 5.



Table 5

Effect of Freezing on Solubllization

of Muscle Protein by Water and by KC1
(A1l values expressed as %N of T.H.)

Series I Iz I1T
Samples A B A B A B
Water 1.% 24.6 26.3 @ 24.6 24.6 = 27.4 27.4
2. 23.4 £3.4 Bl.0 2l.6 24.8 23.5
KCl, 1.0 ¥ 1. 15.6 12.0 18,1 15.8 14.4 14.4
2. BB, 28.3 27.5 27.5 35.3 B4.0
Collagen
N, Hess., 1. 11.4 13.1 12.8 14.9 15.2 15.2
2. 9.2 9.2 9.6 8.8 12.2 12.4
N, Tann. 1. —— 7.8 ———— 0,1 - an
2: 5Q5 2 " A 512 !7*8 8»8
ﬁ, HQ"‘}; li 2:7 %:2 315 5&5 3.3 504
2. 2.4 2.4 2.6 2.3 2o 2.9
Elastin
N, Ness. 1. 9.3 9.4 18.5 17.8 8.8 8.8
2:¢ W o W< 3.8 8*8 15‘1 l‘g: tl
N, Ho~-p 1. 0.18 0.22 0.6 0.6 0.3 0ed
2. 0.04 0.05 0,14 0,04 Ced G;S

*1. Frogzen samples
2. Unfrozen samples

In Table 5 above is the only work reported in which the
nitrogens were determined by Nesslerization; they are indi-

cated in the table as "N, Ness." The values for the water and
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KC1 extractions were cbtalned by Wesslerization. In Table B
also are the only presentations of the assessment of the
céllagen fraction by the teannate procedure; these valuez are
listed as "N, Tann." |

| An alkaline extraction with 0.1 W NalOl was made after the
collagen fraction had been removed. The values for the alka-
line extraction of Seriss II were, by hydroxyproline estima-
tion, 0.18 and 0.16 for the frozen samples A and B respectively,
and 0.18 and 0,16 for the correlated unfrozen samples. These
values were calculated as collagen nitrogen in per cent of
total nitrogen.

It should be noted that maximum absorption for solutions
of hydroxyproline prepared for assay by the Neuman and Logan
(1950a) procedure is at 560 millimicrons, and not the 540 milli-
microns that Weuman end Logan reported. Thils observation has
been reported by Howard (1951) and Baker et al. (1953). Figures
1 and 2 slso show that maximum absorption of the color complex
iﬁ the colorimetric determination for hydreoxyproline is at 560
millimicrons. The major portion of the hydroxyproline assays
had been completed before thils discrepancy was diacavera&*
Therefore all hydroxyproline values reported were read at 540
millimierons. The color campamantayef aeld hydrolysates of
collagen by either the glass wpol procedure or the Lowry
method of fractionation and of standard solutions of

hydroxyproline had absorptive characteristics which gave
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sssentially equivalent optical density patterns.

The use of the end-over-end shaker resulted in consider-
able foam formation. In the water extractions there were
visible particles in the supernatants. The Irozen samples A
and B upon final defrosting had a matted, filamentous residue
in the bottom of the container with a watery upper layer. The
KCl supernatants appeared somewhat cloudy. In the samples
which had been frozen no surface films formed on centrifugation,
but they were very difficult to sediment. It was necessary to
centrifuge, chill, and recentrifuge; & conspicuous amount of
suspended material was taken off in the supernatant. 1In the
non-frozen samples the KC]l extractlions formed stringy surface

films on centrifugation.

Glass Wool Entrapment of Connective Tissues

In the following work the muscle was from the semiten-
dincsus of & Choice beefl carcass, except one sample, which
wag used in a camgarativa‘m&aner, and its grade and source
have been indicated. Also, in the subseguent work the impro-
vised glass wool method of retaining the stromal proteins was
uged except in a comparative problem with the Lowry proceﬁﬁrs.

The influence of the length of time on the amounts of
protein solubilized by 0.1 ¥ NaOH and 1.0 N HaOH are reported

in Table 6. An 1lnitlal KCl extraction was made; then the
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regidue was extracted with alkell; sample A& was extracted
with 0.1 ¥ NaOH, while B was subjected to 1,0 N NaOH., The
residues were auboclaved subsequent to the alkaline itreatment.

All values in Table 6 result from the Kjeldahl determinatione.

Table 6
Effect of Length of Time on Amount of Protein
Extracted by 0.1 and 1.0 N HaOH
{All values expressed as %N of T.N.)

KC1 Alkalil

0.6M '
4 hr. 8 hr. 24 hr. 48 hr.
Sample A 87.3 y
0.1 N NaOH 4.8 5.4 6.7 6.6
Sample B 83.1 b
1.0 N NaOH 8.4 8.8  10.9  14.2

The collagen content of sample A in Table 6 (N by the
Kjeldahl method)} after 0.6 M XCl and 0.1 N HaOH extractions,
was 4.2 per cent of the total nitrogen; while that of sample
B, which had been treated with the more concentrated alkall,
contained 0.9 per cent collagen nitrogen.

The contrasting effects; of an alkaline treatment before
auntoclaving and subsequent to the autoclaving are reported in

Table 7.



- B7 -

Table 7
Effect on Collagen Content of Alksline Treatment
Prior to and Feollowing Autoclaving
(411 values expressed as N of T.N.)

Seriea: I IT 111
Treatment
KCl, O.6 M 8047 84.8 83.6
Alkali, prior to
sutoclaving 7. 6%
Collagen N 3.8 10.2 11.4

Alkalli, following ! ,
autoclaving 0.1% 0.9%*

#* 5.1 N NaOH used in series I and II
##1.0 ¥ NaOH used in series IIT

Estimation of the protein seolubilized by autoclaving,
immediately after decantation of the salt-dispersed portion,
is shown in Table 8 for 4 samples. A comparison of the colle-
gen values as debtermined by two different methods, EKjeldahl

nitrogen and hydroxyproline, is given in TPable 8.



Table 8

Comparison of Two g@thaéa of Assessment
of Collagen Content

(A1l values expressed as 4N of T.N.)

Extracted by 0.6 M KC1
85,7 86.4 86,4 85,0

Autoelave-solubilized fractlon
(B by KjJ
’12.6 14.2 2.6 13.6
(¥ by Ho=~p.)
| 4.3 443 | 4.0 | 4.0

Gradations in the normality of HNeOH used for extraction,
varying from 0.05 N to 0.25 N, were used on the residues
immediately after the ﬁﬁl extraction and are reported in
Table 9. Samples 7 and 8 had no alkaline extraction, but
were autoclaved immediately after decantatlion of the salt-

dispersed protein.
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Table ©

Fractions of Muscle Proteins Resulting
| from KC1 and NaOH Treatmenta
{All values expressed as %N of T.N.)

‘ Extrection with 0.6 M KC1
72.9  7B.5 .5 75,9 5.3 80.5 78.9 8.7

Normality of HaOH
0,05 0.075  0.10 0.15 0.20 0,25

Extraction of residue by alkali
(N by Kj+)
12.4 10.7 10.5 12.8 10:6  10.4
(¥ by Ho=p.)
«13 .15 15 «19 <19 +23

Auvtoclave-solubllized fraction

5.3 S.8 349 5.9 3.6 3.6 16.5 14.9

(¥ by Ho-ps)
4.1 Be'7 3.8 3.8 ST 348 4.3 4.3

Elastin N in terminal residue
(¥ by Ho=pa)
2.4 2.3 2.4 2.5 2.5 2.6 2.6 2.1

¥ not scecounted for
(N by difference)

7.0 4.7 5.9 4.9 4.0 2.9 2.0 4e3




In the subsequent tables 10a and 10b, the pattern of
~extractions and methods of analyses of the fractions used in
gsecuring data in Table 9 were repeated. Two samples were
added; these appesar in the third and fourth coluwmns of

Table 10b. The two additional samples were not extracted with

0.6 ¥ EC1, but had an initial extraction of 0.1 ¥ KaOH.
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Table 1l0a
Fractions of luscle Proteins Resultling
from KC1 and NaOE Treatments
(411 values expressed as ZN of T.H.)

Extraction with 0.8 ¥ KC1
82.6 82.2 80.0 81,1 “82*8 83.3

Normality of NaOH ‘
0.05 0.075 0.10 0.15 0«20 (.25

Extraction of residue by alkall

(w by Kj&)
8.8 8.7 9.3 B4 O.1 D8

(¥ by Howp.)
16 .2 L8 -2 -2 «3
Autoclave-solubilized fraction
(¥ by KJj.)
5.0 4.7 4.0 4.0 3.9 4.0
| (¥ by Ho=p.)
4.0 3.9 S 5.6 3.6 3.7

Elastin ¥ in terminal residue

(}3 by EO‘*@Q )
2.2 2.4 243 2eB 2.4 Z2atk

¥ not accounbed for

(N by difference)
1.4 2.0 4.4 4.3 1.8 0.5




Table 10b
Fractions of Muscle Proteins Resulting
from KC1 and NaOH Treatments
(A1l values expressed as %N of T.H,)

Extraction with 0,6 ¥ KCl
84,9 84.3

Extrsction of residue by alkali
(N by Kj.) |
0.5 80,1
Autoclave-~sclubilized fraction
(N by Kj.)
{ﬁjby Ho-ps)

4.0 4.1 349 4.1
Blagtin ¥ in termiﬁal residue
2.6 2.0 2.4 2.4
¥ not accounted for
(N by difference)

O Oud 3.0 3.4

The pH of the KC1 decantations, diluted to 250 ml., was
8.4 to 8.5, The pH of the 0.1 N NaOH extraction, diluted to
250 ml., was 12.3 to 12.5 (uncorrected).
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A sample of semimembrenosus from & Cholce beef carcass,
ground with dry ice and initially prepared for analysis by the
Lowry procedure, was obiained. In B~gram portions this tissue
was analyzed using the glass wool procedure. The values are
listed in Table 11;

Table 11
Fractionation of Semimembranosus Tissue
Using Glass Wool Procedure
(All values expressed as ZN of T.N.)

Extractant
0.6 M KC1 Ol B ¥NadH
B2..0 81l.4 894.1 905.0

Autoclave-solubilized fraction
(N by Kj.) E

11.0  1B.7 2.8 2.1

2.0 2.4 1.8 2.4

Elastin ¥ in terminal residue

(N by Ho=p.)
0.8 0.8 0.8 0*8‘

¥ not aceounted for

(N by difference)
6.2 2.1 2ed 2¢1
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Aliquots of an auteclave-solublillized fresction prepared
by the Lowry procedure were secured. These aliquots accrued
from the fracticnation of the same sample of semimembranosus
reported In Table 11, On these collagen aliguots the
Kjeldahl nitrogens were determined and hydroxyproline deter-
minationg were &lsﬂ.méﬁa; The slastin residues were guanti-
tated by these two methods also. The values from the resgidusal

fractions of collagen and elastin are given in Table 12.

Table 12
Fractionatlion of Hesidual Connective Tissues
Using Lowry Procedure
{411 values expressed as %N of T.N.)

Auntoclave-solubilized frection

(N by Kj.)
1.1 1.1 1.1 1.1 1.2 1.2

(¥ by Ho=p.)
"?) '“‘-f i

Elastin in terminal residue
(¥ by Kj.)
0.18 0.18

(¥ by Ho-p.)
0.12 0.15 0.16 0.17
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The semitendinosus tlissue used In the work recorded from
Table 7 through Tsble 10b was assessed by the modifled Lowry
method and is reported in Table 13. Hydroxyproline determina-
tiong of the collagen fraction and of certaln elastin residues

are included.

Table 13
Collagen and Elastin Content of Resldues of
Semitendinosus Tissue by the Lowry NMethod
{A11 values expressed as %N of T.W.)

Autoclave~solubilized fraction
(¥ by Kj.)
57 S 3.4 Sad S+5 Sa8B
(¥ by Ho=ps)
.9 4ol S8 38 3B 4.2

Elastin ¥ in terminal residus

(I by Kj.)
2ed 2.5 203
(N by Ho~-p.)
2.8 2.8 2%

The hydroxyproline preparations on the elastins prepared
by the Lowry procedure exhibited a color development on

oxidation with the 5262 which was analogous with that developed
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in the e¢ollagen hydrolysates; it was a yellow«brown color with
a brown precipitate sedimenting out, whersas in the terminal
residues derived by glass wool entrapment, the elastins were
always a distinet yellow-green at the astage of the peroxide
reaction.

The terminal color developed in the aclid hydrolysates of
elastins prepared by the Lowry method was the same coclor, a
purplish-red, as that In the collagens and in the standard
hydroxyproline solutlons. The terminal color of the acid
hydrolysates of the glass wool-entrapped elastins was
characteristically and observably different from that of the
collagens; these elastins were of a brownish or bronzy cast.

The optical density curves of the acid hydrolysates of
collagen and gelatin obtained by glass wool retention are
ghown in Figure l. In Figure 2 are the patterns of optical
denslties as they resulted from aﬁalyais of the acid hydroly-~

sates of cellagen and elastin prepared by the Lowry procedure.
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Use of Papain and Hysluronldsasse

The results of the treatment of musele tissue residues
with papain prior to sutoelaving are given in Tables l4a
through 17. The first extracting solution is indicated in
each table. The initial pH at which sach sample was bulfered
is also indicated. The pH's of certain papain digests and of
the autoclave~solubllized fractions are given in Table 16.
These pH values were determined on the fractions reported in

Tables 1lba and 15b.
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Table l4sa

Influence of Papain on ECl-extracted Hesidues
of Wuscls Tissue

(A1l values expressed as %N of T.N.)

Extraction with 0.6 M KC1
772 755 75.1 749
Papain-solubilized fraction
(¥ by Kj.)
1.6 1.7 1.8 1.7
02 «02 04 +04

Autoclave-golubilized fraction
11.86 12.4 11.%9 12.9
( N by Ho=pe. )

4.1 4.1 4.1 4.1

Elastin ¥ in terminal residue
(N b’y Ho=pa ) ‘
2.6 Zad 2.3 2.4

¥ not sccounted for

(¥ by difference)
T+0 8.1 9.0 8.1
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Table 14b

Influence of Papain on NaOH-extracted Residues
of Musecle Tissue

(A1l values expressed as 9N of T.H.)

Extracted with 0.1 ¥ NaOH
89.8 80.4 90.1 89.8

Papain-soclubilized fraction

{¥ by Kj.)
lel 1.2 1.0 1.0
(¥ by Ho-p.)
«04 « 03 +03 « 03
Antoelave-solubilized fraction
(N by K5.)
4B 4.8 4.8 4.8
(¥ by Ho=p.)
S8 S8 S8 4.0

Elastin ¥ in terminael residue

{N by Ho-p«)
,2#3. g;l 203. gl%

¥ not accounted for

{R by difference)
2.2 2.8 2.0 2.0
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Table 15a
Influence of Papain on Residues of Muscle Tissue

(A1l vslues expressed as 9N of T.H.)

Extractant
0.6 ¥ KC1 0«1 ¥ HaQH

THe2 7448 85.8 85.6

Initial pH 4.0

Papain-solubilized fraction
(N by Kj.)
242 2&2 la? ll‘?
(K by Ho=pe)
.08 - 06 08 .09

Autoclave-solubiligsd fraction

12.5 12.5 4.7 447
(X by Ho-p.)
3.8 Ged. 3.1 G §

Rlastin N in berminal residue

(N by Ho=p.)
2.2 2.2 1.9 2.0

H not acecounted for
(N by difference}
9.9 B«S 5.9 6.0
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Table 15b

Influence of Papain on Eesgldues of Muscle Tissue
(A1l values expressed as 9N of T.H.)

Exztractant
Ol B Kal O«l ¥ NaCH

69.5  69.8 88.2 87.8

Initial pH B.5

Papain-solubilized fraction
(X by Kj.)
6.0 BT 1.8 2.0

(N by Ho=p.)
*02 &(}2 Co +08 063

Autoclave~solubilized fraction

(§ by KJ.)

10.7 12.8 » 4.8 4.6
{¥ by Ho~p.)

B35 Sad 3.2 Sed

Elagtin ¥ in terminal residue

(¥ by Ho-p.)
1.9 1.8 2e1 241

¥ not asceounted for
(¥ by difference)

11.9 12.5 Sed Jeb
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Table 16

The pH of Papalin Digests and
Autoclave-solubilized ¥Fractions

0.6 ¥ ECl-extracted residues
Initial pH 4.0

Papasin-solubilized fraction
443 4.3 4.25 4.3

Autoclave~golubllized fraction

G0 D.15 8.8 D.4
0«1l K BaOH-~extracted residues
Iﬂitiﬁl pH 8.5
Papasin-solublilized fraction
94}. D05 9e1 gul

Antoclave-solubilized fraction

B.8 9.0 9.0 9.0
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Table 17
Influence of Papain ﬁn-Rﬁﬁiéﬁéﬁ of Muscle Tissue

(All values expressed as %N of T.N.)

Extraction with 0.6 M KC1
78.2 7546 76,0 72.8

Initial oH 2.7 Initial pH 4.0

Papein-solubilized fraction

(¥ by KJ.)

4.0 5.4 S.1 3.2

{(§ by How=p.)
0.1 C.1 0.1 0.1

Autoclave~solubilized fraction

(W by Ki.)
10.6 11.0 113 11.6
(¥ by Ho=-p.)
4.2 4.1 4.1 44
Elastin H in terminal residus
{E b’:{" EQ"'@‘}
2.4 2e4 e 2.2
N not seccounted for
(N by difference)
4.8 5.6 T 10.2




The iInfluence of hyaluronidase on the residues, with and
without prior papain digestion, is recorded in Tables 18 and
19. The measurement of reducing sugar is in mgm. of glucose-

equivalents per gram of tissue.

Table 18

Gluecose~aquivalents in Residues from Muscle Tissuse
(Mgm./g. of tissue)

Treatment Papain  Hysluronidase Total

0.8 ¥ KC1 - 0.03 . 0.03

0.6 ¥ KC1 O.84 007 0.91

0.1 ¥ HaCH - 0.03 0.03

0.1 ¥ HaOH 0.81 0.12 0.93
Table 18

Glucose-~equivalents in Residues from Muscle Tissue
(Mgm./g. of tissue)

Treatment Papain Hysluronidase Total

| 48 hr. 72 hr.
0.6 M KC1 - 0.04 0.04 0.04
0.6 ¥ KC1 0.71 0.13 0.15 0.86
0.6 M KCL(tev' 0,11 = 0.01 0.01 0.12
0.6 ¥ KCL1%% 0.14 0.02 0.02 0.16

Uel N NaQH - Q.04 0.086 0.05
0.1 ¥ NeOH 0.72 0.11 0.13 0.85
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In Table 20 are shown the results of Kjeldahl nitrogen
and hydroxyproline determinations on the papain digests and
the extractions after 72 hours of hyaluronidase treatment.
The samples are the same ones inéiﬁateé in the left columm of

Table 19.

Table 20

Nitrogen and Hydroxyproline Determinations on

Papain and Hyaluronidase Digests

Papain digest Hyaluronidase digest

Hitrogen Ho~proline ﬁitrogan Ho~proline
mgm./g. tissue mem./g. tissue wmgm./g. tissue mgm./g. tissue

Extraction with 0.8 ¥ EC1l

S v 0.11 0

2.58 trace 0.33 0

0.81 o 0

1.07 0 0
Extraction with 0.1 ¥ NaOH

o n e 0.11 0

1.79 trace 1.49 0

It can be seen that small smounts of protein were solu-
bilized during the extractions, but hydroxyproline was not

detected or was found only in traces.
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DISCUSSION

The analyses by the Lowry method of certain correlated
raw and cooked beef samples, tabulated in Table 1, indicate
two concepts. The Kjeldahl nitrogen content of the autoclave-
solubilized fraction and of the terminal residue {in the Lowry
method these fractions reprosent callégan and elastin respec-
tively) formed a very small proportion of the total nitrogen;
in the raw samples the additive amount wes slightly over
2 per cent. Secondly, the cooked samples contained a larger
amount of terminal, residual nitrogen, in every instance, than
did the corresponding raw sample.

Prudent {1947) ussd the Lowry method, with some modifica-~
tions, in the analysls of beef samples from two animals; the
roasts were stored at 34° to 36°%. for varylng lengths of time.
With the Lowry wmethod of aasegsmaﬁt she was not able to demone
strate any conslstent relationship, or effect, of the length
of storage on collagen and elastin content. 8tudy of the
summary table of Prudent's data showed the average of all
collagen nitrogen in the uncooked samples was 3.5 per cent and
the uncooked elastin nitrogen was 0.9 per cent of the total
nitrogen. In 4 out of 10 muscles the collagen content of the
cooked sample was higher than the collagen content of the

corresponding uncoocked sample. In 2 out of 10 of the cooked
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samples the elastin nitrogen showed an increase over the
amount Iin the uncooked sample. If the percentages of collagen
‘anﬂ elastin nlitrozgen are averaged for all the muscles, one
point is copgent: the cooked samples ghowed incresses of both
collagen and elastin conbent contrasted with the uncooked
samples.

It appears uneqgulivocal that the validity of the Lowry
method of assessment must be challenged, for there can be no
real increase of collagen or elastin per se with coockery.

Griswold and Leffler's (1951) utilization of the Lowry
method in analyzing beef round resulted in values not very
divergent from those in Table 1 or Prudent's data. For the
raw samples thelir aversged value was 1,05 per cent collagen,
and the cooked samples varied in per cent of collagen from
0,33 to 0.93. They did not determine the nitrogen content of
the terminal residue. In their hands the Lowry procedurs
yvielded consistent decrements in collagen from the raw samples
to cooked ones. This points out one of the characterlistics of
the Lowry method, namely, the variability in results due to
differences in individual manipulation in different
laboratories.

Another procedure for effecting release of the intracellu-
lar components of the muscle cells was investipgated. Haurowitz
(1850} in discussing the extraction of proteins stated, "The

simplest and best method for the destruction of the cellular
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membranes is disintegration by repeated freezing and thawing."

Initial extractions of repeatedly frozen and thawed
samples of muscle tilssue were carried oubt by using water
followed by 1.0 ¥ KC1 solutlon. Centrifugation was utilized as
the separstory mechanism. The data in Table 5 reveal that this
method of effectling the release of intracellular components was
quite in&ffiaiaﬁt~ It will be noted that the initlal water
extraction was 1little affected by the freezing and thewing,
but the subsequent KC1 extraction was markedly influenced by
thé freezing process. Purthermors, in the frozen samples the
per cent of total nitrogen extracted was disappointingly lows
only about 40 per cent was removed with the first two
extractions.

In these experiments the collagen nitrogen content of the
residues prepared from repeatedly frozen and thawed tissues
were measured by three different methods of assessment. Tt is
apparent that estimetes of the collagen eanﬁent of the autoclave-
solubilizged fractions by the Nesslerization and tannate pro-
cedures were significantly higher than those obtained by
hydroxyproline estimations. If 1t can be assumed that only the
connectlive tlssues contain hydroxyproline, the data obtained
by Nesslerization or by the tannate method are spuriously high.

The tannate procedure inviies error and criticism because
a8 a precipitant of gelatin tannic acid is non-specific. If it

selectlvely precipitated gelatin the values obtained by the
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tannate method would be expected to parallel the hydroxy-

proline estimations.

In view of the ineffectivensza of obtaining the fractions
of the nitrogen~bearing components of muscle tissue by
centrifugation, other separatory techniques were investigated.
The difficulties which attended the fractionation of the
proteins by centrifugation dictated the need for avolding the
use of the centrifuge. It was for this reason that the
possibility of entrapping comnectlive tlissue on glass wool was
explored. The date shown in Tables 6 through 19 were obtained
on tlssue residues prepared by glass wool entrapment.

There is not san adequate base of r&fafenea concerning
the composition of the stroma proteins of muscle tissue owing
to the paucity of data. Weber's estlmate (1950) of 20 per
cent for stroma proteins may be viewed as maximal, but not
necessarily an absolute value. BSeveral guestlons must be
raiged about the validity of this estimation, This figure was
obtained by subtraeting the nitrogen representing the protein
extracted by KC1 from the ﬁetal nitrogen content of the tissus.
It must also be ecknowledged that the order of magnitude of a
20 per cent stromal moiety is disturbing in contrast with the
values which accrue following alkaline exﬁr&ctigns of muscle
tissue such as that employed in the Lowry procedure. The

response of muscle tissue to fractlionation procedurscs revealed
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several marked differences dependent upon prior treatment.
Tha data in Tablesa 7 through 10b appear to indicate that:

l. HRather large amounts of protein messured by XKjeldahl
nitrogen were solubiligzed whem'tha'r@ai&uﬁa were autoclaved
irmmediately after the KC1l extractions. Classically, it is
agsumed that the auntoclave-solubllized protein represents the
collagen content of muscle.

2. The hydroxyproline determinations on this fraction
"~ indicated about one~third of the nitrogen was collagen nitro-
gen. It could be presumed from this that in much of the
earlier work in the literature, where not all of non-collagen
protein was removed, there would be considerable doubt aboutb
the ceollagen content reported. %hié evaluation 1is based upon
the assumption that the hydroxyproline l1s a valid measure of
connectlive tissue content. ‘

3. When O.1 ¥ NaOH extraction was made prior to auntoclaving
the KCl-~insoluble residue, the Ej&ldaﬁl nitrogen determination
and the hyﬁfaxypraline aatimatian‘inﬂicataé aimiiar collagen
content. | |

4. Hgﬁrexyproiinﬁ determinations on several of the alkaline
extractions showed the solublilization of very small amounts of
material containing hydroxyproline.

5. 'The elastins estimated by hydroxyproline determinations
were approximately the same in.quantity regardless of the

extractions made prior to the removal of the collagen fraction.



‘6, The constancy of the collagen nitrogen resulting from
the Kjeldahl nitrogen and hydroxyproline estimations on the
asutoclave-sclublilized fraction was striking. An aggregate
average may be used to describe a ratlio: Kjeldahl nitrogen/
hydroxyproline nitrogen. The sawples which had been extracted
with 0.6 ¥ KC1 prior to autoclaving yielded a ratio of 3.4.
‘Tha samples extracted with 0.1 N NaOH before autoclaving showed
ratieé af 1.2, The difference in these two ratios is attribut-
able to the removel of protein which contained negligible
amounts of hydroxyproline by the alkali treatment.

Comparisons of the results of analysis by the Lowry
method and of the glass wool procedure were made in an effort
to investigate further the nature of the EKCl-insoluble residue.
The,callageﬁ nitrogen contents of the autoclave-solubilized
fractioné were very similar; the elastin nitrogen contents of
the terminal residues also paralleled. The nitrogen content of
the residues by the Kjeldahl determinations are closely
related to the method of prior treatment.

Throughout thess iny&stigafiuns efforts were made to
qnanﬁitativaly account for the total nltrogen content of the
mascle tissue. The following discussion attempté to encompeass
the inherent problems in obtaining quantitative nitrogen data
for fractionated muscle tissue.

Channels through which comnecitive tissue proteins escaped
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measurement may include: mechanicsl losses Iin decantation of
extracting solutions, mechanical losses In washings, solu-
billzation in axtrécting solutions, the weakening of certain
fivers by contaect with solutions and their subsequent
dissolution in washing of the residues.

The amount of strand-like substances meehanieally‘laab
appeared guite significant as determined by visual examinabtion
of the EC1 supernatants. The data in Tables 9, l1l0a, and 10b
do not indicate that this fraction contained appreciable
amounts of nitrogen. The amount of nitrogen actually accounted
for is completely dependent upon the method of assessment.
Whether the material decanted @iﬁh the KCl1l supernatants was an
important connective tlssue component remalins unknown. In
this connsction, nitrogen data per se should be interpreted
with caution.

Little data can be found on the specific effects of salt
solutions on connective tissue proteins. Neutral salt solu-

ions were employed with two views: solubilizatlions of the
intracellular muscle proteins such as the myosins {Mommaerts,
1950), and less destructive effects on the stroma protelns
than alkali would exert. It may be suggested that the use of
neutral salts may have effects on the very delicate strands
and finer fibers of muscle tlssue. Some swelling of the fibers
appeared to occur when they were in contact with soclutions of

KCl. This interfibrillar swelling could have seguential



- 05 -

effects, such as, during subsequent washing of the entrapped
regidues, the weakened, sﬁallen fibers would be more suscen-
tible to hydratlion and yerh&ps'@culé undergo sclution during
the waahing of the rssiéua; The possibility that the water
washings contained hydroxyproline was not pursued.

The mean of the percentage of nitrogen not accounted for
in samples extracted with KC1 before autoclaving was 5.7 per
cent of the total nitrogen, whereas an slkaline extraction of
the sample resulted in a mean of 3.2 per cent nitrogen of
total nitrogen not accounted for.

The wvalues iﬁ the tables indleating the nitrogen not
accounted for wafa saicmlate@ by difference. The Kjeldahl
nitrogen content of each fraction, and the hydroxyproline
~derived value for elastin nitrogen, were summed. The total of
the partitioned values was subtracted from the value for total
nlitrogen content of the tissue. The remaining fractlon is the
nitrogen not accounted for. In the autoclave-solubilized
fraction there was opportunity for sssessment by two methods,
the molety measured by the accepbance of the hydroxyproline
values accounted for only alyertian of the nitrogen contained
by this fraction as determined by the Kjeldahl method. 1In the
case of the terminal r@éiﬁuea§ conventionally conslidered
el&stin, and measured only by hyér@xygraline determinations,
the Kjeldahl method might have also given higher nitrogen

values.



A further endeaver to obbtain Information concerning the
properties of the ECl- and alksli-insocluble protein reslidues
involved the use of enzymatle digestion. Pepaln has been
reported to possess caliag&nﬁ&e~astivity in the pH range of
2.0 to 4.5 (Rosenblum et sl., 1955). The results of the
treatment of glass wool entrapped residues to papain prior to
autoclaving are given in Tables l4a to 17. The nitrogen data
for the papain-treated residues sre listed In the tables.
Opportunity for papain digestion was provided prior to suto-
claving. Analysis of the pepain digest yielded an unimpressive
amount of nltrogen as determined by the XKjeldahl method. The
amount of collagen nitrogen in the papain digests as indicated
by hydroxyproline estimations was conslistently so small that
it can be regarded as negligible.

The subgequent seolubilization of protein by autoclaving
appeared not to have been Influenced by previous papain
treatment. Repeated btrials show values very closely correlated,
and also in close agreement with earlier determinations on this
fraction. The elastin valuss determined by analysis of hydroxy-
proline content were uniform and are in good agreement with the
data previously obtained. Thus It may also be stated that the
results of these investigations, as indicated by the hydroxy-
proline data, show that papain does not digest collagen or
elastin at mcld or alkaline pH's. These findings are not in

hermony with those reported by Rosenblum.et al. (1953).
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Attempts were made to see if changes in mucopoly-
saccharides could be induced and assessed by hyaluronidase
treatment. The data In Tables 18 and 19 suggested that treat-
ment of the residue with papain prior to the use of hyaluroni-
dase was conducive to incressed activity of the hyeluronidase.
In each instance the reducing sugar measurements exhibited
increases when the residue had first been subjected to papain.
Increased activity of the hyaluronidase appeared releated to
some previous effect of the papain, and was not marel§ the
result of the effect of solutlions in which the enzyme incuba-
tion was carried out. This was substantiasted by measurements
on samples in flasks 3 and 4, in Table 19, which were held in
these solutions but ﬁara not subjected to papain digestion.

Kjeldahl nitrogen and hydroxyproline determinations on the
papain digests and also on the extractions following hyalu-
ronidase activity resulted in values in asgreement with the
papain results reported in Tables l4a to 17. Small amounts of
protein were solubilized, but they di1d not contain hydroxypro-
line. Hence they were nobt collagen or elastin strands if it
can be assumed that these constltuents contaln appreciable
amounts of hydroxyproline. The investigatlons with hyaluroni-
dase revealed, on the other hand, that not all of the ground
substence 1s removed by KC1l, alkall, or by papain treatment.
The apparent content of reducing sugar shows that at least

some ground substance remains after these treatments. While
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some nitrogen was present in the fractions solubilized by
papain and by hyaluronidase, the presence of hydroxyproline

in these fractlons could not be demonstrated. Evidence was
obtained that papain affected the ground substance because
following papalin treatment of residues the values for milli-
grams of glucose-equivalents per gram of tissue were consider-
ably higher than those observed following hyaluronlidase treat-
ment. This suggestion is further substantiated by the fact
that the component of the residue released by papalin was not
collagen or elastin since the presence of hydroxyproline could
not be demonsirated in the digests. It further appeared that
the effect of hyaluronidase was enhanced by prior papain
treatment. The significance of these observations at present
is not known except that collagen or elastin fibers per se
were not affected by these snzyme treatments.

Depolymerization of the mucoprotelns by hyaluronidase ls
‘belieﬁaé to be the result of hydrolysis of some of the gluco~
gaminidic bonds. The breaking of & relatively feﬁ bonds in
the center of, or within, the polysaccharide chain (Rapport
et al., 1950) would result in consliderable éiaaggregatian,‘
with the liberatlion of but few reducing groups. The amounts
of reducing sugar estimated per gram of tissue, Tables 18 and
19, appear small., Based on their theoretical derivation, they
may yrepresent considerable depolymerization in the ground

substance.
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There 1s the possiblility that the reducing groups may not
be attributable to the cleavage of the polysaccharide polymers,
but derived I'rom other sources, such as contamination with
glycogen. However, since alkali treatment of the sample did
not lower the reducing values, it is guite unlikely that this
was an invelvement. |

In areas from whieh connective tissue can be excised or
tensed, 1t has been demonsirated that there are marksé‘varian
tionsg iIn the siges of fibers, in ithe cohesive forces that
maintain the integrity of the fibers, and in the response of
the varied fibers to diverse treatments. Reference has been
made to the dissolution of certain tendons in extremely dilute
acetic acid (Nagoette and Guyon, 1930) and to the solubilizing
of certain tendons in very dilute NeOH solutions (Jordon Lloyd,
1938). Orekhoviech et al., Russian investigators, extracted
skin with a citrate buffer at pH 4.0 {(1948). They postulated
the viscous extract of solubilized protein was a precursor of
collagen on the basis that this material had meny properties
assocliated with gelatin. Analogous concepis of diversity of
components and of treatment-responses mpply equally well to
the ground substance, not withstanding the meager amount of
work which has been done.

The literature concerning connective tissue is prodiglous;
however, relatively little 1s known with definitiveness of

intramuscular connective tissue, sand even less is known about
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its composition. There must be an extensive gradation in -
fiber sizes relevant to the funetional role in the architec-
ture of muscle, with some fibers being extremely fine and
delicate; there must algo be related variations in the prayér*
tions and composition of ground substance, as a reflection of
functionalism aad location. In light of the demonstrated
responses of diverse Tibers Lo chemical treatments 1t may be
expected that alkaline solubions may produce varying sffects
upon them. The length of time the tissue 1s in contact with
the alkall would be expected to be an important factor. The
data in Table & substantiate this concept. In the Lowry pro-
- cedure extrecting periods as long as 20 hours st room tempera-
ture were employed. The inference may be drawn that only the
more grogs and compactly organized fibers would be able te
withstand ihﬂ degradative effects of alkaline extractants.
Actually (Table 10a)} the hyﬁraﬁgyralina values for the protein
extracted by alkalil from tissue residue failed to confirm that
alkali dissolves connective tlssue f{lbers to any appreclable
extent. |

The data in Tebles 9, 10a, and 10b show that there exists
an apyreoiabl@'fracticn containing nitrogen which can be
identified only as being KCl- or water-insoluble but whiah can
be solubilized by 0.1 ¥ WelH and by autoclaving. It was
further demonstrated that this fraction was not appreciably

solubllized by papsin treatment regardless of the pH at whieh
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digestion was effected. 1t was also shown that the fraction
which was solubilized by papain treatment did not contain
slgnificant amounts of hydroxyproline. The amounts of
hydroxyproline in either the alkasll or papain solubilized
fractions of the residues remaining after EC1l sxiractlon and
water washing were consistently negligible.

1t is noteworthy that, regardless of the prior treatment
of residue, similar hyﬁrﬂxypreiina values were obtained for
the autoclave~solubilized portion of the residue. The nitrogen
values as determined by the Kjeldahl method did reflesct
differences in the earlier treatment of the sutoclave-
solubilized fractlon. %The hydroxyproline content for the
hydrolysates of the terminal residues were not influenced by
the different procedures used in thelr preparation. The only
difference in the response of the terminal residues was that
attributable to variations in optical properties (see figurss
1 énd 2, pe 77 and 78).

If it is accepted that the presence of hydroxyproline
specifiically identifies collagen and elastin in muscle tissue,
procedures which involve the Kjeldahl nitrogen determination
for estimating the collagen content of autoclave~solubillzed
muscle protein are in serious error in the absence of rigorous
and prior alkall treatment of the residues.

If it is assumed that 0.6 M KCl extractions quantitatively

remove proteins of intracellular derivation then there exists
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a fraction which camnot be desoribed as fibrillar connective
tissue since it‘éaaa not contain appreclable amounts of
hydroxyproline. This fraction can be further characterized as
‘being labile to autoclaving and somewhat susceptible to papain
digestion. It was further demonstrated that in the absence

of alkall treatment, the acid hydrolysates of the residues
remaining after sutoclaving possessed a characteristic color
when prepared for the hydroxyproline assay. The maximum
abgorption of thils colored complex was observed to be at 480
millimierons. Optical ﬁensity readings for similar prepara-
tions obtained by the Lowry method were characteristically
conglstent with that observed for sclutions containing
hydroxyproline only.

The KCl extractlon removed approxzimately B0 to 85 per
cent of the total nitrogen of the muscle tissue when the glass
wool procedure was used. Thus there remained from 15 to 20
pe? cent of the nltrogen to be accounted for. This residual
fraction has been designated by Weber (1950) as stroma protein.
On the assumpbtion that connective tissue fibers contain
hydroxyproline, of the 15 to 20 per cent molety approximately
B to 6 per cent is accounted for as collegen and elastin. The
remalining fraction is accounted for almeat quantitatively by
the nitrogen contained in the alkali-soluble portion of the
residue. Thus the only way that one can account for a stroma

protein content of 15 or 20 per cent for muscle tissue 1s to
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include the alkall and autoclave lablle fraction. In view of

the fact thaﬁ this fractlion does not contalin hydroxyproline in

‘significant amounts the qguestlon whether thls fraction is asso-
ciated with commeetive tissue per se 1s conjectural.

It can be suggested, however, that the alkall labile frac-
tion is indeed an integral portion of the ground substance,
which is the very matrix of connective tissue. Support for
this belisf can also be cobialined frém the observatlions made by
'Partriéga {1948), who states that ground substance 1s readily
degraded by alkali. »

If these postulations can be veriflied 1t wmeans that even
a sensitive measure of the collagen and elastin content would
not serve as a quantitative measure of connective tlssuse

content.
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SUMMARY

Extractions of proteins from bovine skeletasl tissue
using KCl, NaOH at several csncentratieﬁa, and at different
pH's, were studied. HKepsated freezing and thawing of beef
muscle tissue was used in preliminary attempts to facilitate
removal of the intracellular proteins, but was found to be
ineffective, The KC} and NalH~insoluble proteins were obtained
by ceﬂtrifﬁgatian and by entrapment on glass wool. Nitrogen
content of the KCl- and NaOH-insoluble residues, before and
after aunteoclaving, and papain digestions were determined by
the Nesslerization, tannate precipitation, Kjeldahl, and
hydroxyproline procedures. Someé residues following KCl, NaCH,
and papaln treatment were subjected to hyaluronidase digestlon.

1. XKC1l extracting solutiona (VWeber-Edsall) were found
to remove 80 to B85 per cent of the total nitrogen of muscle
tissue when glass wool waes used in shake flasks to enbtrap the
connective tissues during the extraction period.

2. NaOH at concentrationa of 0.1 N caused removal of
approximately 90 to 95 per cent of besf muscle protein as
detsrmined by the Kjeldahl nitrogen prceeéurg.

3. It was demonstrated that the KCl-insoluble fraction
contained a nitrogen-bearing fraction which could not be

removed by papain to any appreciable degree, nor could it be
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removed by water; but 1t could be solubllized by autoclaving
at 15 pounds pressure for 4 hours, and by extractlion with
0.1 N NaQOH for 3 hours at 0.5 to 2.0°. This fraction did
not econtain significant emounts of hydroxyproline.

4. The collagen and elastin content of selected beef
muscle tissue, based upon the results of the hydroxyproline
assay, were not influenced by prior KCl or NaeOH extraction or
by papain digestion of the tissue.

8. Estimates of collagen and elastin content of autoclaved
KCl-insoluble musecle tissue based on Kjeldahl nitrogen values
are much higher then the collagen or elasiin contents deter-
mined by the hydroxyproline procedures Iif 0.1 ¥ NaOH is not
used on the residue after the KU1l extraction.

6. Most procedures for analyzing muscle tilssue for colla-
gen and elastin which have been described in the literature
give results whieh are spuriously high when cé&@areé with
results obtained by hydroxyproline determinations.

7. The acid hydrolysates of the terminal residues of the
KCl~insoluble fractions prepared for hydroxyproline assay
exhibited & characteristic color with maximum absorption at
420 millimicrons. Analogous preparations of the terminal
residues pregﬁreﬁ by the Lowry procedure showsd colors and
optical density reading which paralleled those of standard
solutions containing only hydroxyproline with maximum

absorption at 560 millimicrons.
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8. Papain did not digest collagen or elastin from the
residues, based upon hydroxyproline data. Absence of hydroxy-
proline in the enzyme digests demonstrated that papain had not
solubilized collagen or elastin fibers per se at elther acid
or alkaline pil'a.

9. Papain was more effective than hyalﬁranidase in
releasing reducing substances from KOl and NaOH~insocluble
&uﬁcle tissue residues. Prior treatment of the residues with
papain enhanced the activity of the hyaluronidase on the
residuss. Some ground substance reémalined after treatment of
the residues with 0.6 ¥ ECl, 0.1 K NaOH, or papain.

10. Results of these investigations 1ndicate quantltative
accounting of the nitrogen in bovine skeletal tissue may be
effected by acceptance of the following fractionst & KCl=-
soluble portion, approximating 80 to 85 per cent; a collagen
and elastin fibrillar fraction of 5 to € per cent; an
alkali-labile, autoclave-labile moiety of 8 to 12 per cent.
The insignificant asmounts of hydroxyproline in the latter
preclude its clasgification as collagen or elastin. 1t is
suggested that ﬁhis fraction is & component of the ground

substance.
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MODIFTCATION OF THE LOWRY ET AL. (1941) PROCEDURE
‘ FOR THE DETERMINATION OF
COLLAGEN NITROGEN AND ELASTIN NITROGEN

Grind muscle tlssue through a meat grinder twice. Using
crushed dry lce with the ground meat, pass thrgugh a
pulverizing mill.

Weigh out two 35~g, samples and put into chilled blendor j
jars with trace of water.

Blend 10 times for 2-minute periods in Waring blendor with

~ intermittent chilling in an ice bath. After the first 3

4.

periods, wash down, keeping the volume of distilled water low.
(An additional washing 1s usually necessary.)
Transfer blended mixture to a 500-ml. volumetric flask and

bring to volume with water. Bhake to mix thoroughly.

TOTAL NITROGER

Sa

6.

Pipette 5 ml. of #4 into a 50-ml. volumetric flask, bring to
volume and take Z2e~ml. duplicates into micro-Kjeldahl flasks
and add 2 ml. N-free 36 N sulfuric scid and digest. (Do in

triplicate.)
Caleulations
rams
- 00 100 1 50
(ml. 0.01L N HC1) x (N.F.) x 289 x X wee X 2 = % Nitrogen
5 7 785 T I000 T "2 T Ler 100 g.

fresh tissue
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COLLAGEN

7a. Pipette 80 ml. aliquots of #4 into 100~ml. centrifuge
tubes, using 50-ml., 25-ml., sand 5-ml. pipettes. (Do in
triplicate.)

be Centrifuge and discard supernatant. (3 min. at 3000 r.p.m.)

S8a. Add 70 ml. of water. Bring to 80 ml.

b. Add 4 ml. of 2 N NaCH.

9. 8tir vigorously and occasionally for 1 hr. and let stan§
overnight at room temperature (about 20 hr.).

10. 8tir vigorously, centrifuge at 3000 r.p.m. for § min. and
discard supernsatant liquid which may not be entirely clear.

11. Add 70 ml. of 0.1 N HaOH and stir vigorously.

12. Let stand 2 hr. with occasional stirring.

13. Centrifuge 5 min. at 3000 r.p.m. and discard supernatant
liquid.

14. Add 40 ml. water and 1 drop of 0.1% phencl red.

15. Adjust to & very faint plnk with 0.1 ¥ HC1l (pH 7.0) with
vigorous stirring end allowing time (1 hr.) for diffusion
of alkali from the suspended particles.

16. Centrifuge 5 min. and discard supernatant liquid.

17. Add 40 ml. of a 3:1 mixture of 95% alcohol and anhydrous
ether.

18. Let stand 10 min., centrifuge, and discard supernatant.

19. Add 40 ml. anhydrous ether, stir, centrifuge, and discard

"supernatant liguid.
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20, Add 20 ml. distilled water and bend a loocse tin foll ecap
over each tube.

21, Autoclave 6 hr. at 20 lb. pressure.

22. Centrifuge anﬁ transfer supernatant ligquid to a 5b~m1.

| vglumatric flask for collagen determination.

23, Wash remaining btissue with 20 nl. distilled water, centri-
fuge, and add wash water to #22 and bring to volume with
distilled water. (Store in refrigerator in test tubes.)

24, The supernatants from #22 and #23 serve as material for
collagen determination by nitrogen method. Use 5H-ml
aliguots in micro~Kjeldahl flasks.

25. Collagen determined and reporited as collagen nitrogen.

Caleulations 4
grams
. - 50 _ 100 _ 500 1
L {ml. 0.01 ¥ HC1) x (H.F.) x = x &= x 56 * 1556 = collagen
N o < 80 000 nitrogen
ELASTIN:

26. Tube #23. Add 40 ml. of 0.1 N NaOH

27. Place centrifuge tubes in bolling water bath for 30 min.

28. Centrifuge and discard supernatant liquid.

29. Wash with 40 ml. water, stir vigorously, centrifuge, and
aiaearﬁ’sugernstant liguid.

30. Reflux for 24 hr. in 3 ml. of 87% formic acid. Use 50-ml.
Erlenmeyer flasks inverted over centrifupge tubes as alr
condensers. (May need to replace formic acld which

svaporates.)
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31l. Transfer digest to micro~Kjeldahl flasks with washings.
ﬁae’fermic acld for the first 2 washings. ILast washing
is 1 ml. HpO.

32. Evaporate water from micro-Kjeldahl flasks over open flame
to avold bumping and to shorten digestion period, adding
1 to 2 drops of Hp80, and water to keep volume to 1 to 2 ml.
Important to free solution of all formie acld.

33. Elastin determined and reported as elastin nitrogen.
Calculations

grams %

(ml. 0.0l ¥ HCL) x (N.F.) x 290 x 100 o 1 = giaatin
80 g5 ~ 1000 nitrogen
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