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INTRODUCTION [ord
- e
IT HAS been established (for review see Goll et al., 1977a) that striated muscle cells are literally packed with myofibrilss fh

protein threads that are composed of about ten proteins; namely, myosin, actin, tropomyosin, troponin, @-actinin, M-profe! os6
(possibly two), C-protein and probably about two to four very recently discovered, as yet poorly characterized, proteins: . ajo
proteins are assembled into a highly ordered, structural complex composed of a double array of interdigitating thick and f it he
ments (Huxley, 1957, 1963, 1969). The thin filaments are anchored at one end to the transverse Z-line and extend betwee" 197
thick myosin filaments at the other end. Earlier studies in several laboratories, including our own (reviewed in Goll ef @'*/ 5
1974, 1977b; Parrish, 1978), have shown that, aside from the variable degree of shortening and overlap of actin and myos!” d!ing)/
ments (depends in turn upon factors such as degree of muscle restraint, temperature, species, fiber type, and antemortem dis’
the major structural alteration that occurs in muscle postmortem is centered around the Z-line structure. The Z-line gr Uach o
integrates with postmortem storage. Loss of Z~line integrity postmortem may, in turn, be due to the action of proteases, st ]976*’)’
the C02+—activafed, endogenous muscle protease (termed CAF) that we have recently characterized (Dayton et al., 197 ’80)'
or perhaps to a combination of muscle proteases, including CAF, working in concert (Bird et al., 1980; Okitani et al./ 1
Because of the importance of the Z-line region in maintaining overall integrity of the myofibril and muscle cell, we hc"e;;,
examined the structure and biochemistry of Z-line and Z-line-like structures (Robson et al., 1970; Robson and Zeece, 19 ‘;ies of
Dayton et al., 1976a, 1976éb; Schollmeyer et al., 1976; Stromer et al., 1976; Suzuki et al., 1976; Singh et al., ]977_; Ddof fra?
al., 1978; Yamaguchi et al., 1978; Zeece et al., 1979). During some of these experiments, which involved prepdfdf’.onso a e
tions enriched in Z~-line material from myofibrils of skeletal and smooth muscle, we observed an increase in the proportion ot of e
protein having a subunit molecular weight of 55,000. As described later, we think that this new protein is an important pe
muscle cell cytoskeleton; namely, 10-nm diameter filaments. l6
oft®" 1.,
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Within the past two to three years, it has become evident that essentially all vertebrate cells contain, in addition to micrw, '
and microfilaments (actin filaments), a third class of cytoplasmic filaments (often referred to as "intermediate" filaments b Hy"*
ameters of approximately 10 nm (Ishikawa et al., 1968; Uehara et al., 1971; Dahl and Bignami, 1975; Steinert et ale, om® .
and Destree, 1978; Starger et al., 1978; Franke et al., 1978; Goldman et al., 1979). Although these 10-nm filamenfs = oresﬂen
wide variety of cell types share some common structural and chemical properties, analysis by electrophoresis and immun©’” “ge
microscopy suggests there are at least as many as five major classes of 10-nm filaments composed of distinct subunit pro (ot
reviews by Goldman et al., 1979 and Lazarides, 1980); namely, differentiated muscle cell intermediate filaments, inter™ wved
filaments in mesenchymally derived cells (e.g., fibroblasts), tonofilaments and epidermal keratin filaments of epithe“c“de;1 som?
cells, glial cell filaments, and neurofilaments. Each class is, in general, characteristic of a particular cell type, althovd
cells may have two (Franke et al., 1979; Gard et al., 1979) or even three (Wang et al., 1980) co=existing classes.
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Relatively little is yet known about the properties and function of the 10-nm filaments present in muscle cells, Studies in 0% o
ratory (Schollmeyer et al., 1976; Huiatt et al., 1978, 1980) and in others (Cooke, 1976; Lazarides and Hubbard, 19767 .mhf of
Sobieszek, 1977; Bennett et al., 1978; Fellini et al., 1978) have suggested that a protein having a subunit molecular We,'gwill bt
approximately 55,000 (termed desmin by Lazarides and Hubbard, 1976, and skeletin by Small and Sobieszek, 1977; desm'"e (uﬁmg
used herein) is a major component of the 10-nm filaments present in vertebrate smooth muscle cells. By immunofluorescen® efal’/
antibodies produced against the smooth muscle protein) (Lazarides and Hubbard, 1976; Bennett et al., 1978, 1979; CamP 2]50 he?
1979; Richardson et al., 19801) and by two-dimensional gel electrophoretic analysis (Izant and Lazarides, 1977), desm'” arilY o
been identified in differentiated skeletal muscle cells. The immunofluorescent studies indicate that desmin is located Prl?;s with
or near the Z-line structure, and it is likely that desmin plays important roles in muscie Z=lines, in alignment of myofibr! 8 of

ur
ol

respect to each other and to the rest of the muscle cell, and in maintaining overall integrity of the muscle cell (i.e./ =

important functional part of the muscle cell cytoskeleton). reas"”’
. . . g . fninC

The major problem that has hindered work on desmin has been the lack of a satisfactory method for preparing the prote!” Ioofh m‘g)

ably pure form. We have recently succeeded in preparing highly homogeneous preparations of desmin from both avian 5 . 196

cle (Huiatt et al., 1978, 1980) and from adult mammalian (porcine or bovine) skeletal muscle (O'Shea et al., 1978, !

and have been able to partially characterize some of the properties of desmin. fly 4"

rie

The major purposes of this paper are to 1) review our recent biochemical and structural studies on muscle desmin, and 2):5 of

cuss the potential importance of desmin to the muscle cell in vivo and implications for meat quality of postmortem chand

occur in desmin.

MATERIALS AND METHODS ‘

d from P:c’

DETAILED procedures for preparation of crude desmin extracts and purification of desmins from avian smooth muscle an® ™ .
cine skeletal (semitendinosus and biceps femoris) muscle are described in Huiatt et al. (1980) and O'Shea et al. (1980)’65‘ th
tively. Purification of the two desmins included successive chromatography on hydroxylapatite and DEAE-Sepharose cL- pe”
presence of urea. The Ca2t-activated muscle protease was prepared according to the procedure of Dayton et al. (177 ).
scriptions of the isolation of crude desmin and subsequent purification will be given in the Results and Discussion sectio””

] - yoe ;
F. Richardson, M. Stromer, T. Huiatt and R. Robson, manuscript in preparation.
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E'*ﬁr
Mhthemew\ce of sodium dodecyl sulfate (SDS) was done either on cylindrical polyacrylamide gels essentially
fony (Lqeg t°.fhe methods of Weber and Osbom (1969) or on polyacrylamide slab gels using a discontinuous Tris-glycine buffer sys-
;“’ﬂe g m"“'! 1970). Preparation of all insoluble samples (myofibrils, native intermediate filaments, etc.) for electrophoresis was
°c0sing escribed in Huiatt et al. (1980) and O'Shea et al. (1979, 1980). For two-dimensional electrophoresis, the isoelectric
°Cry|qmi:°5 done in the first dimension according to the method of O'Farrell (1975) in 4% acrylamide gels, and the SDS- poly=
Sal, ( € gel electrophoresis in the second dimension was done on 10% polyacrylamide slab gels according to the method of Allen
Seti ) using the Laemmli (1970) buffer system. Porcine skeletal (o=variant) and turkey gizzard (primarily the y-variant)
(197 for standards in two dimensional gels were extracted and purified from acetone powders by the method of Spudich and

S deges Pepf.ide mapping comparisons of purified desmin from porcine skeletal, porcine smooth, and avian smooth muscle were
oo cribed in O'Shea et al. (1979).

H“io ::lyl stained preparations of native and synthetic 10-nm filaments were prepared according to the procedures described in
;%ncef\trqr- - (1980) and O'Shea et al. (1980) and examined in an RCA EMU-4 electron microscope operated at 100 KV. Protein

(;V Xper; Ions, quantitation of percent desmin in fractions at selected steps during isolation and purification, sedimentation veloc-
980)_ Ments, CD spectra, and amino acid analyses were done as described in O'Shea et al. (1979, 1980) and Huiatt et al.

sy
aEcALTSS AND DIscussION
E :
"\usﬂe desmin (subunit molecular weight of 55,000) makes up approximately 5.0% of the total protein in homogenized gizzard

o.° by
?u“ficq io only about 0.18% of the total protein in homogenized skeletal muscle, we first developed procedures for isolation and
O isolays of desmin from smooth muscle. This information was then used to help us in the difficult task of developing procedures

C in : : . :

u% L géthe small amount of desmin from mature mammalian skeletal muscle. Because previous studies (Cooke and Chase, 1971;
Sl:'%yosin i Schollmeyer et al., 1976) showed that intermediate filaments in smooth muscle remained insoluble ofter extraction of
ey at high ionic strength from myofibrils, a similar procedure was used in our experiments on avian smooth and porcine

. Ureq musde. desmin to first obtain a fraction enriched in desmin before solubilization and further purification by chromatography

V;IQOt r:,:,e'fher the skeletal or smooth preparation, well-washed myofibrils (including washes with solutions containing Triton
QQ:‘S. xqmiove.membrqnous material) were first prepared. The myofibrils were then exhaustively extracted with actomyosin sol-
undfuin q,.nqhon of the actomyosin-exiracted residues from smooth muscle with the electron microscope demonstrated thai" 1'|'.\ey

S OMe g '9¢ numbers of native intermediate filaments, together with dense bodies (Z-line analogs), insoluble collagen fibrils
Milgr . .s'dUGI membranes (Huiatt et al., 1980). Studies now are under way to try to unambiguously identify 10-nm filaments in
Wy facts prepared from skeletal muscle.

Qy
i e fo 2 - .
nt Und that smooth muscle desmin can be quantitatively solubilized by overnight extraction of these crude intermediate fila-

th, Pre 2
iti’ﬁctoris::'ms with 6 M urea-containing solutions (Huiatt et al., 1980). For preparation of crude desmin from skeletal muscle,
f & 4, onen'EXfrocted residues were also extracted with Kl (primarily to remove more of the actin contamination) and were sub-
De:“. ond _C)’Cle of desmin=solubilization in acetic acid followed by precipitation of desmin by pH neutralization (adapted from
e;“'n Compr~leszek' 1977) in order to further enrich the fractions in desmin prior to solubilization in urea (O'Shea et al., 1980).
hqve*ul Muse Ises approximately 25% and 20% of the total protein in the urea-solubilized, crude desmin fractions of the smooth and
ty 1e3m°IeCUI S Pre.porafions, respectively. Major contaminants present in the urea solubilized, crude desmin from smooth muscle
hili 0,0 [Qr W?'ghfs on SDS-gels of 42,000 (actin) and 200,000 (myosin). Minor contaminants correspond in molecular weight
aned, Crudp‘-'fﬂhve vinculin/focsin (Geiger et al., 1979; Burridge and Feramisco, 1980)] and 100,000 (a~actinin). The urea-solu=-
Sntg € desmin extracts from porcine skeletal muscle contain a large amount of poorly resolved, high-molecular-weight com-

! Plus signis: eae . o o . .
Wy i S significant quantities of actin and g~actinin, as well as several other minor contaminants (O'Shea et al., 1980).

Sy Q 3
bgcess has qur'efY of chromatographic methods for purification of desmin from the urea-solubilized crude desmin extracts. The best
N E‘Se €en achieved with successive chromatography of the crude desmin on hydroxylapatite (phosphate salt gradient) and

?anving Q:riose CL-6B (NaCl-gradient) in the presence of urea. The hydroxylapatite column, in particular, waos effective in
(]97()0? the Dn (does not stick to column and elutes before initiation of the phosphate salt gradient) from desmin. Typical prepara-
pu'ur)  Webe, ‘Sephorose-purified desmins contained no actin contamination, as judged by electrophoresis done by the .Loer‘nmli
Yieldlve Prote ? u?d Osborn (1969) methods. A small amount (less than 2% of protein) of a 48,000—da|fo'n.compone:nt, whn'ch is a
o, So PUrif? ytic breakdown product of desmin (Huiatt et al., 1980), was generally present in the purified desmin. Typical

of dem() 9 mj 'ed desmin averaged 150-200 mg from preparations started with 100 g minced gizzard (Huiatt et al., 1980) and 6 mg
b Smin s NCed porcine skeletal muscle (O'Shea et al., 1980). These comparative figures reflect the much higher concentration

amj

in i
. SMmooth muscle (desmin makes up 8% of avian smooth muscle myofibrils, but only 0.35% of skeletal muscle myofibrils).

o
of th;?f the purified desmins by two-dimensional gel electrophoresis demonstrated that the avian smooth muscle desmin is com=
704 'Soelectric variants, o~ (more acidic) and g-desmins. B-desmin is the more prominent of the two, constituting approxi-
mio s ( /° of the protein. Purified porcine skeletal muscle desmin consists almost entirely of one major desmin variant. The
(g, S b anv"’" and mammalian) are clearly resolved from each other on 2-D gels. Analysis of our purified smooth and skeletal
vi en‘:? and two-dimensional gels also has demonstrated clearly that we have no fibroblastic intermediate filament protein

'n by Franke et al. , 1978) in our preparations.

Sens
\5‘2)'0008r:|n;em°i"5 soluble after removal of urea by extensive dialysis against 10 mM Tris-acetate, pH 8.5, om.i clarification
QQQ'O? When, egx oul 1 hr. Analytical ultracentrifugation showed that purified avian smooth desmin sedimented as a single peak (5‘2’
%, pH g oMined in 10 mM Tris-acetate, pH 8.5. The ultra\fjflef dbsorption spectrum of desmin, measured in 10 mM Tris-
ik Y showed a maximum at 278 nm and o measured A, of 5.57 (protein conc. measured by biuret) and a ratio of
m“el' PH g 5) ,8 nm to that at 260 nm of 1.64. The ultraviolet Gircular dichroism spectra of soluble desmin (in 5 mM sodium phos=
y *¥)1s typical of an e~helical protein, with two negative extrema at 208 and 222 nm. The protein contains approxi-
elix, suggesting that the purified desmin adopts a native structure after removal of urea (Huiatt et al., 1980).

Oy, SCid
p%fiv,::zlyfes of avian smooth and porcine skeletal desmins indicate a similar amino acid composition (O'Shea et al, 1979).
Ptide maps of the two desmins after selective cleavage by CAF or frypsin (O'Shea et al., 1979) suggest some homol-
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d
ogy between the avian and mammalian desmins, but also some distinct differences, a result consistent with our rwo-dimefjs"’:eak-
electrophoresis experiments. A notable property of desmin is its marked sensitivity and susceptibility to partial proteolytic

down.
of

To determine whether our purified desmin would form "synthetic" filaments in vitro, solutions of either soluble porcine Skelemgo) d
avian smooth desmin were dialyzed against 100 mM NaCl, 1 mM MgCl,,, 10 mM imidazole-HCI, pH 7.0, (O'Shea et al.s aﬁ\/eb
150 mM NaCl, 10 mM imidazole-HCl, pH 7.0, (Huiatt et al., 1980)." The resulting, transparent, viscous suspension was e frond5
stained and examined in the electron microscope. Both desmins had assembled into filaments that appeared as long, flexib}e senﬁ
with a diameter very close to 10 nm. The morphology of these synthetic filaments is very similar to that of native 10-nm ilar
present in crude intermediate filament fractions before urea extraction (Huiatt et al., 1980). et
hat hos

To ascertain the location of desmin in muscle cells, we have prepared antibodies to DEAE-Sepharose=-purified desmin that "o
zatiolh = g

further purified by preparative electrophoresis. Indirect immunofluorescence localization studies! demonstrated locali :
desmin near the Z-lines of striated muscle cells. A connecting link between Z-lines of adjacent myofibrils often can be seebe;ng
general, the immunofluorescent studies indicated that desmin was located around the periphery of the Z-line, as oppos 2
in the Z-line proper as is a-actinin. Immunoelectron microscope experiments using the horseradish peroxidase techniqué
strated electron-dense end product, primarily between adjacent myofibrils at the level of the Z-line!, in harmony with fh€ I
fluorescent localization of desmin. The localization studies strongly suggest a cytoskeletal role for desmin in muscle cells-

SUMMARY

d
THE PRESENCE of significant amounts of actin and other contaminants in desmin preparations (Fellini et al., 1978; HUbbard a:d
Lazarides, 1979) has severly hampered interpretations of previous studies on desmin. In contrast, our studies have demons*"':1 he
that highly purified desmin can be routinely prepared that is free of electrophoretically detectable quantities of actin. Eve
small amount of desmin known to be present in skeletal muscle cells (Izant and Lazarides, 1977; Fellini et al., 1978) can ®” o
successfully prepared and studied. The results described herein provide a purified system that permits a detailed examinafi®
potential interactions of desmin and desmin filaments with other cytoskeletal and myofibrillar components such as actin an : ameﬂw
actinin, and a simple, well-defined in vitro system for study of the self-assembly process and structure of synthetic desm!” ) n"f
ed format'?

The only reliable, currently known functional test for desmin is that it forms 10-nm filaments. We have demonstrat reng™’
ics r ffhe

10-nm filaments from highly purified smooth or skeletal muscle desmin at near physiological conditions of pH and ion
The synthetic filaments are similar to native 10-nm filaments from smooth muscle. Although antibodies to desmin bind fo °e||s
periphery of) skeletal muscle Z-lines, 10-nm filaments have never been unambiguously identified in adult skeletal muscle © ]973;
(see discussion in Bennett et al., 1979). They have been observed in cells of the working myocardium (Ferrans and Roberf® e
Behrendt, 1977). Lack of identification of 10-nm filaments in skeletal muscle cells may reflect the small number of such f]o’
present. We cannot, however, rule out the possibility that the skeletal muscle desmin is not present in the assembled for™ ctlyr
nm filaments. That the highly purified skeletal muscle protein will self-assemble into 10-nm filaments argues, albeit indiré

for their presence in skeletal muscle cells. o
filame'fﬁa.
10-nm f'mbrﬂf" ‘

Although studies on the muscle cell cytoskeleton are still in their infancy, it now seems clear that desmin and 10-nm
going to be an important part of this system. Our studies indicate that desmin is the major subunit of mature muscle o
ments and ties adjacent myofibrils together at their Z~line levels and also to surrounding parts of the cell such as the c€. mof e
and nucleus (i.e., it ties myofibrils into the cell cytoskeleton). It is likely that desmin plays an important role in orderind 26 o
muscle subcellular components, in maintaining myofibrillar integrity, and perhaps even in maintaining overall muscle c€
shape. we
In preliminary studies (O'Shea, Robson and Stromer, unpublished) on postmortem changes in bovine skeletal muscle desﬂ]‘”;wmeﬂ’;
have found that desmin is degraded at about the same rate as troponin-T. We suggest that specific postmortem changes 'nf-bril i
of the cytoskeleton, which are responsible for both the lateral association between myofibrils and for integrating the my°"'

the three-dimensional meshwork of the entire muscle cell, may have profound effects on certain quality attributes of meat
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