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Abstract 

This thesis describes the purification and initial biochemical characteriza­

tion of desmin, a major component of avian muscle 10 nm filaments. 

1. Extraction of chicken gizzard with KI solubilizes most of the acto­

myosin and other fibrillar proteins, leaving behind a KI insoluble residue containing 

10 nm filaments, desmin, and a small amount of insoluble actin. Antibodies pre­

pared against electrophoretically purified desmin do not cross-react with other 

muscle proteins. In conjunction with indirect immunofluorescence, they demonstrate 

the presence of desmin in close association with the Z-lines and plasma membrane 

of skeletal'muscle cells. Desmin also is associated with the Z-lines, intercalated 

discs, and intercellular adhesion sites of cardiac muscle cells. 

2. Both desmin and the actin that remain in the KI extracted gizzard 

are insoluble in high salt, but are soluble at low pH or in agents that dissociate 

hydrophobic bonds. Desmin may be purified by repeated cycles of solubilization 

by 1 M acetic acid and subsequent precipitation by neutralization to pH 4. During 

this process, a constant ratio of actin to desmin is attained. 

3. Gel filtration on Bio-Gel P300 in the presence of 1 M acetic acid 

reveals that actin is dissociated from the vast majority of desmin under these 

conditions. When the acetic acid is removed from actin-desmin solutions by dialysis 

against water, a gel forms that is composed of 12-14 nm diameter filaments. 

Both anti-actin and anti-desmin react uniformly with these filaments to a resolution 

limit of 250 nm. 

4. Actin and desmin can be extracted from homogenized chicken gizzard 

in soluble form by 10 mM EGTA. Both proteins are retained on a DNase I affinity 

column and also coprecipitate in indirect immunoprecipitation with either anti-actin 
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or anti-desmin. Velocity sedimentation of the EGTA extract shows that the actin 

and desmin cosediment as a series of stable complexes that range in size from 

6 to 60 S. The 50-60 S family has an actin to desmin stoichiometry of approxi-

mately 5 to 1. " 

5. Several proteases are investigated that selectively cleave desmin 

(mwt 50,000) to sequentially produce fragments of 43,500 mwt, 40,000 mwt, and 

a 35,000 mwt limit digestion product that lacks 82% of the tyrosine of the original 

desmin. The cleavage process results in the conversion of gelled desmin to a non­

cohesive, powdery, precipitate. These proteases remove the desmin from isolated 

myofibril bundles and cause their lateral separation into individual myofibrils. 

6. Based upon these observations, it is proposed that desmin is a major 

component of muscle 10 nm filaments and that it forms stable complexes with 

actin. It is further proposed that the cellular function of desmin is to mechanically 

interlink individual actomyosin contractile units, both to each other and to the 

plasma membrane. 
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CHAPTER ONE 

Introduction 
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The biochemistry of cellular motility is currently undergoing a renaissance. 

on one hand, there is explosive interest in the roles traditional muscle proteins 

such as actin, a-actinin, myosin, and tropomyosin, play in the motility of non­

muscle cells. This is matched by an interest in the nature of the structural frame­

work that appears to anchor these proteins to the plasma membrane and transmit 

the forces produced throughout the whole cell. 

My thesis describes a series of studies on the structure and function 

of 10 nm filaments in avian muscle. The data obtained will be used to develop 

and support the hypothesis that 10 nm muscle filaments are part of a system re­

sponsible for the organized transmission of force throughout the muscle cell. 

This introduction will review the literature on 10 nm filaments up to 

the point at which the research reported in this thesis begins. The concluding 

chapter will then finish the review, placing my research in its proper context 

with other contemporary work. 

10 nm Filaments in General 

Electron microscopy has identified a morphological class of cytoplasmic 

filaments whose average diameter of 10 nm (range 8-12 nm) lies between that 

of the actin thin filaments (5-6 nm) and the myosin thick filaments and micro­

tubules (15-25 nm). Found in a wide variety of vertebrate and invertebrate cells, 

they have been called intermediate filaments (in muscle), neurofilaments (in central 

and peripheral neuronal axoplasm), glial filaments (in astrocytes), tonofilaments 

(in epithelia), 100 K and 10 nm filaments (in a variety of mesodermal and endo­

dermal cell types). Specific examples are given below. I shall refer to the entire 

morphological class of these filaments, except tonofilaments, by the generic 
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term 10 nm filaments. The epidermal tonofilaments are composed of keratin 

and are sufficiently different from the rest of the 10 nm filaments to be considered 

as a separate entity (Bennett et al., 1978; Franke et al, 1978a,b; Fuchs and Green, 

1978; Brysk et al., 1977; Steinert et al., 1976). Morphologically identifiable 10 nm 

filaments are generally found in one of two characteristic cytoplasmic distribu­

tions. Typical of muscle fibers and neuronal axons are long bundles of separate 

10 nm filaments (Ishikawa et al., 1968; Rash et al, 1970; Cooke and Chase, 1971; 

Behrendt, 1977; Wuerker, 1970). On the other hand, spreading cells in tissue culture 

and aortic epithelium in vivo exhibit a condensed state in which tightly aggregated 

bundles of 10 nm filaments form perinuclear rings and caps (Starger and Goldman, 

1977; Blose and Chacko, 1976). This condensed state may be induced in the 10 nm 

filaments of a wide variety of cells by either of the microtubule depolymerizing 

drugs colchicine or vinblastine (De Brabander et al , 197 5; Holtrop et al., 197 4; 

Blose and Chacko, 1976; Wisniewski and Terry, 1967; Ishikawa et al., 1968; Croop 

and Holtzer, 1975). The effect occurs in the presence of 10-6-10-8 M colchicine, 

takes from 24 to 48 hr to mature, and is reversible on the same time scale after 

removal of the colchicine. Certain agents, including aluminum salts and acrylamide, 

also cause the specific aggregation of neurofilaments (and dementia) when in-

jected intradurally (Iqbal et al., 1975; Terry and Pena, 1965). 

The concomitant reduction in microtubule number and increase in 10 nm 

filament bundles observed in colchicine-treated cells has been interpreted to indi­

cate that 10 nm filaments arose as the breakdown products of microtubules 

Oshika wa et al., 1968). Studies showing a lack of correlation between microtubule 

disappearance and 10 nm filament appearance, a lack of colchicine binding to 

neurofilaments, and dissimilarities between various 10 nm filament subunits and 
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tubulin have proven this to be false (Daniels, 1973; Shelanski et al., 1971; 

De Brabander et al., 1975; Lazarides and Hubbard, 1976; Starger and Goldman, 

1977; Gilbert et al., 1975; Day, 1977; Cooke, 1976). 

There is, at present, no satisfactory explanation for the colchicine effect. 

While many authors comment upon the dramatic increase in observable 10 nm 

filament bundles, and imply a proportional increase in 10 nm filaments, few have 

actually quantitated the effect. Daniels (1973) found that colchicine causes only 

a 2-fold increase in neurofilaments and that they return to nearly the original 

number after removal of the colchicine. It is similarly unclear if de novo protein 

synthesis is required for the colchicine effect. Two groups report the effect of 

inhibiting 95% of protein synthesis with 0.1 mM cycloheximide before adding col­

chicine. De Brabander et al. (1975) report that it blocks 10 nm filament aggrega­

tion in mouse cells while Croop and Holtzer (1975) report that it has no effect 

on aggregation in chick cells. Finally, aluminum phosphate causes perikarial ag­

gregates of neurofilaments to form without affecting microtubules. As a result, 

it is not possible to relate the effect of colchicine to microtubule function in 

any simple way at present. 

10 nm Filaments in Neural Cells 

Several approaches have been employed in the isolation and purification 

of 10 nm filaments (Table 1), with most taking advantage of the relative insolu­

bility of the filaments. Neurofilaments and glial filaments are insoluble at low 

ionic strength, but disaggregate when exposed to high salt concentrations (.rl.0 M) 

and may be reversibly dissociated and reconstituted by raising and lowering the 

amount of salt in their environment (Day, 1977; Gilbert et al., 1975). They 
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can be isolated directly from single neurons and gliotic tissue, respectively, by 

lysing the cells in hypotonic media and collecting the released (insoluble) fila­

ments by centrifugation. Neurofilaments can also be isolated from central white 

matter, but some method, usually density centrifugation (Shelanski et al., 1971), 

is required to separate the neurons from associated glial tissue. All three methods 

are associated with technical problems. Of critical importance is the presence, 

in nerve tissue, of calcium-dependent proteases that degrade neurofilament sub­

units to fragments with the same molecular weight as the glial filament subunit 

(Liem et al., 1978; Benitz et al., 1976; Gilbert et al., 1975). This, coupled 

with the facts that density centrifugation procedures generally do not effect a 

complete removal of glial filaments from neuronal axons, and that gliotic tissue 

is rarely completely axon free, has produced a mass of conflicting and contradictory 

data (Benitz et al., 1976; Liem et al., 1975; Shelanski et al., 1971; Yen et al., 

1976; Goldman et al., 1978). The most reliable to date are probably those of Lasek 

and Hoffman (1976), Hoffman and Lasek (1975), Gilbert et al. (1975), and 

Liem et ~l. (1978), and are included in Table 1. The consensus of opinion now 

appears to be that vertebrate neurofilaments are composed of three subunits of 

approximately 200,000, 150,000, and 68,000 mwt. 

10 nm Filaments in Fibroblastic Cells 

A widely distributed class of 10 nm filaments has been isolated from 

a variety of fibroblastic cells. In contrast to the neural filaments, these are soluble 

in low salt buffers and insoluble in saline (Starger et al., 1978). They have been 

isolated from BHK-21 cells by lysing 10 nm filament cap containing cells in saline. 

The caps maintain their integrity under these circumstances and may be collected 
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by centrifugation (Starger and Goldman, 1977; Starger et al., 1978). A doublet 

of proteins at 54,000, 55,000 mwt, and a minor component of molecular weight 

J'300,000 are found in the caps. It is believed that the 54-55,000 mwt proteins 

are the major subunits of the 10 nm filaments, while the mwt 300,000 

component is fibronectin (Hynes, 1976). All three copolymerize from low 

salt solutions. 

Extraction of cultured cells with the detergent Triton X-100 and high 

salt solubilizes most of the cytoplasm, leaving behind cytoskeletons composed 

of 6 nm and 10 nm filaments (Brown et al., 1976; Bennett et al., 1978; also Franke 

et al., 1978b). The subunit of these 10 nm filaments is described by these workers 

as ranging in molecular weight from 52,000 to 58,000 (Table 1), but appears to 

be the same protein in every case. The molecular weight discrepancies appear 

to arise from the different electrophoretic systems employed. Molecular weight 

comparisons between different workers are generally in disagreement by about 

5000 for a 50-60,000 mwt protein. The cytoskeletons also contain actin and a 

large protein believed to be fibronectin (Brown et al., 1976). No physical associa­

tion has been observed between the 10 nm and actin filaments of fibroblasts, how­

ever. 

10 nm Filaments in Muscle Cells 

Developing embryonic muscle contains numerous free filaments, originally 

believed to be actin, but now identified as a species of 10 nm filament (Alan and 

Pepe, 1965; Ishikawa et al., 1968, 1969; Rash et al., 1970; Cooke and Chase, 1971; 

Uehara et al., 1971). 10 nm filaments are present in all three types of adult muscle 

(cardiac, skeletal, and smooth) but are most abundant in adult smooth muscle, 
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which has led to its frequent adoption as a starting point for the purification and 

study of these filaments. 

The 10 nm filaments in adult smooth muscle form an interconnected 

network that links the cytoplasmic dense bodies with membrane-bound dense plaques 

(Cooke and Chase, 1971; Cooke and Fay, 1972; Cooke, 1976; Ashton et al, 1975; 

Uehara et al, 1971). The dense bodies contain a-actinin and tropomyosin (re-

viewed in Schollmeyer et al, 1976). Morphological evidence also shows the inser­

tion of thin filaments into dense bodies and plaques (Ashton et al, 1975; Rice 

and Brady, 1973), but this has been disputed (Cooke, 1976; Small, 1977). 

Although common in embryonic striated muscle, 10 nm filaments become 

progressively less visible as the sarcomeres condense, and are rarely reported 

at all in adult muscle. 10 nm filaments have recently been found in adult cardiac 

muscle, however, following steroid-induced hypertrophy (Behrendt, 1977). The 

filaments are transversely oriented, encircling the myofibrils at their Z-bands 

and inserting into both the intercalated discs and sarcolemmal dense patches. 

These morphological associations provide a structural starting point 

for investigating the biochemistry of any actin-10 nm filament or actin-membrane 

interactions, and muscle presents itself as an ideal system in which to study such 

interactions. First of all, the internal structure of muscle is both regular and 

stable. Second, the biochemistry and structure of muscle contractile filaments 

has been well characterized. Both of these will facilitate the investigation of 

new structural relationships. This is in marked contrast to the situation in non­

muscle cells. Although they must possess analogous systems, their actomyosin 

structures are transitory, and their 10 nm filaments do not appear to be associated 
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with any well-defined cytoplasmic structures (Goldman et al, 1976; Lazarides, 

1975; Hynes and Destree, 1978). 
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Footnotes to Table 1 

1. +, calcium was added to the preparation; -, free calcium was reduced 

by the addition of a chelating agent; 0, calcium concentrations were 

not controlled; n/a, the procedure was such that the concentration of 

free calcium was irrelevant. 

2. Numbers in parentheses represent proteins visible on electrophoretic 

gels but not discussed by the authors. 

3. DEAE is diethylaminoethyl derivatized cellulose; PC is phospho cellulose. 
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10. Goldman et aL (1978). 

11. Gordon et aL (1978). 

12. Hoffman and Lasek (1975). 

13. Shelanski et aL (1971). 

14. Starger and Goldman (1977). 
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CHAPTER TWO 

Immunological Characterization of the S~bunit of the 

100 A Filaments from Muscle Cells 
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ABSTRACT We report the immunological characterization 
of the subunit of the intermediate sized (100 A) filaments from 
muscle cells. The protein as isolated from smooth muscle 
(chicken gizzard) has an apparent molecular weight of 50,000. 
It is insoluble in buffers that solubilize myosin and the majority 
of actin, but becomes soluble in the presence of urea. Under a 
variety of experimental conditions, that include the presence 
of 8 M urea, this new protein comigrates with actin during pu­
rification studies. The two proteins can be separated from each 
other by polyacrylamide gel electrophoresis in the presence of 
sodium dodecyl sulfate, and antibodies have been elicited 
against the 50,000 dalton protein purified by using this tech­
nique. These antibodies crossreact with the partially purified 
protein in urea, but show no detectable cross reaction with actin 
or myosin. Indirect immunofluorescence reveals that in skeletal 
muscle this protein is found in close association with the Z lines 
of the sarcomeres and extends between the Z lines of adjacent 
myofibrils; it is also associated with filamentous structures that 
run along the length of a muscle fiber hoth in close association 
with the plasma membrane and between myofihrils. These 
filaments appear to connect myofibrils to each other or to the 
plasma membrane at the level of their Z lines. In heart muscle, 
the protein shows the same distribution as in skeletal muscle . 
In addition, it is found intimately associated with intercalated 
disks and areas of membrane interaction between laterally as­
sociated heart muscle cells. The immuno!luorescent localization 
to the subunit of the 100 A filaments suggests that in muscle cells 
this molecule may serve to link actin filaments at the level of 
the Z line (or intercalated disk) with the muscle plasma mem­
brane. We believe that it functions in muscle primarily as a three 
dimensional matrix which interconnects individual myofibrils 
to one another and to the plasma membrane at the level of their 
Z lines. In this manner, this molecule may provide a framework 
that mechanically integrates all the contractile myofilaments 
during the contraction and relaxation of muscle. As a means of 
indicating its linking role in muscle, we have termed the protein 
desmin (from .i1e Greek liwµ.os = link, bond). 

Higher eukaryotic cells contain in their cytoplasm three major 
filamentous structures: microtubules, actin filaments, and a class 
of intermediate sized filaments known as tonofilaments or 100 
A filaments due to their characteristic diameter as seen in the 
dectron microscope. Intermediate sized filaments are present 
tn such diverse cell types as fibroblasts, epithelial cells, skeletal 
muscle, smooth muscle, nerve cells, and glial cells (1 - 10). 
However, little is known about the cellular function of these 
filaments, and even less is known about their biochemical 
c?mposition. A presumptive proteinaceous subunit of these 
fi_laments has recently been isolated and characterized 
biochemically and immunologically from neurons and glial cells 
(?-IO), but the relationship of the protein found in nervous 
tissues to that in other cell types is presently unknown. 

One of the most characteristic morphological features of the 

Ahbbrevialions: NaDodSO,, sodium dodecyl sulfate; DTT, di­
I tothrcitol. • f O thorn correspondence should be addres.sed at Division of Biology, 

,a tforrna Institute of Technology, Pasadena, Calif. 91125. 
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intermediate sized filaments is their intimate association in a 
variety of cell types with desmosomes, those distinctive struc­
tures that provide for attachment between adjacent cells within 
a tissue (for a review see ref. 11 ). The cytoplasm of both de­
veloping and adult smooth muscle cells contains a great number 
of these filaments which comprise a class distinct from the actin 
and myosin filaments that are involved in cellular contraction 
(12, 13). These filaments are known to insert characteristically 
into desmosome-like structures associated with membrane 
which are somehow involved in maintaining a strong cell to cell 
interaction between smooth muscle cells (14). We used smooth 
muscle as a representative differentiated cell system for the 
isolation and characterization of the subunit of the 100 t\ fila­
ments. In this paper, we report its immunological character­
ization from this type of muscle, and use indirect immunoflu­
orescence to probe its localization in smooth, skeletal, and 
cardiac muscle cells. 

MATERIALS AND METHODS 

Antibody Preparation, Analytical and preparative slab gel 
electrophoresis with 12.5% gels was performed according to the 
discontinuous Tris-glycine system of Laemmli (15). The 50,000 
molecular weight protein (desmin), for immunization, was 
purified from the 8 M urea extract of smooth muscle (see legend 
to Fig. lf), by introducing as a final purification step prepara­
tive sodium dodecyl sulfate (NaDodS04)/ slab gel electropho­
resis (refs. 16 and 17; see Results). After preparative electro­
phoresis of the 8 M urea extract (Fig. lf), the gels were stained 
for 15 min in 0.25% Coomassie brilliant blue, made up in 50% 
methanol (vol/vol) and 7.5% acetic acid (vol/vol), and then 
destained for 3 hr in 20% methanol (vol/vol) 7.5% acetic acid 
(vol/vol). The bands corresponding to a molecular weight of 
50,000 were removed with a razor blade, and neutralized in the 
NaDodS04 running buffer (per liter: 14.4 g of glycine, 3 g of 
Tris base, and 1 g of NaDodSO4 at pH 8.3). Several such bands 
were pooled and the 50,000 dalton protein was eluted electro­
phoretically as previously described (16, 17). Some of the 
polyacrylamide bands were homogenized directly in phos­
phate-buffered saline at pH 7.2 with the use of a Douncc ho­
mogenizer. The eluted protein and the protein containing gel 
homogenate were separately emulsified by using Freund's 
complete adjuvant. Because the eluted protein still contained 
appreciable amounts of NaDodSO4, it was difficult to emulsify 
it directly with the adjuvant. Complete emulsification was 
achieved by inducing the protein/NaDodSO4 solution to form 
a precipitate with AlCh This was done by making the eluted 
protein solution 1% in AlCh (wt/vol), and slowly neutralizing 
the mixture to pH 7.4 with 1 M NaOH. The Al/NaDodSO4 / 

protein precipitate that formed could be now emulsified 
completely with the adjuvant. Two white rabbits (New Zealand 
females) were injected subcutaneously each with approximately 
500 µg of the eluted antigen and approximately 200 µg of the 
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homogenized gel at multiple separate sites on their backs. This 

1 rocedure was repeated with the same quantities of antigen on 
the day 8, and the rabbits were bled by ear puncture on the day 
15. Precipitating antibodies could be already detected by this 
time (Fig. 3B). The rabbits were reinjected subcutaneously on 
the day 21 with 500 µg of the eluied protein only, emulsified 
in Freund 's incomplete adjuvant. The rabbits were bled by ear 
puncture a week later, and the last procedure of injection and 
bleeding was repeated once more. Serum was prepared by al­
lowing the blood to clot, and the globulins were partially pu­
rified by precipitation with 48% ammonium sulfate at 4°. The 
precipitated globulins were dialyzed against 0.15 M NaCl, 0.02 
M Tris•HCl at pH 7.8, 1 mM NaN.1, 5 mM ,-amino-n-caproic 
acid and stored at -20°, at an approximate concentration of 
25 mg/ml. Both animals responded efficiently to the injected 
antigen. The results obtained with the globulin preparations 
from either of the two animals have been indistinguishable. 

Indirect Immunofluorescence. For the preparation of 
skeletal myofibrils, skeletal muscle was allowed to stand for 48 
hr at 4° in a muscle-relaxing solution containing 50% glycerol, 
2.5 mM KCl, 0.014 M NaCl, 1 mM sodium phosphate buffer 
at pH 7.2, 0.2 mM MgCl2, and 2 mM ethylene glycol-bis(,B­
aminoethyl ether)-N,N', tetraacetic acid before blending. Heart 
muscle cells were incubated for 24 hr at 4 ° in the above relaxing 
solution in the presence of 25% glycerol (vol/vol). Exposure of 
heart muscle cells to low concentrations of Ca2+ ions causes the 
separation of individual heart muscle cells at their intercalated 
disks (18). The cardiac tissue was gently disrupted with a 
Dounce homogenizer, thus causing the dispersal of individual 
myocardial cells which retained one or both of their terminal 
intercalated disks as well as their lateral cellular connections. 
Frozen sections of skeletal muscle and intestine were obtained 
by using conventional techniques after embedding the material 
in OCT compound (Tissue-Tek II ; Lab-Tek Products), and 
immersing them in liquid nitrogen. The sections, approximately 
4 µm thick, were placed on slides, immersed into 95% ethanol 
at room temperature, and air dried before the application of 
the antibodies. Skeletal myofibrils and heart muscle cells were 
concentrated by centrifugation, and suspended directly in 
approximately 0.5 mg/ ml of the globulin fraction containing 
antibody against desmin. An equivalent concentration of 
globulin from control serum showed lio detectable reaction with 
any of the sarcomere structures. Indirect immunofluorescence 
was performed as previously described (19). The specimens 
were viewe,# under a Leitz microscope equipped with epiflu­
orescent opfics. Pictures were taken with TriX film using a 1 OOX 
immersion lens, and developed in Diafine (Acufine, Inc.). 

RESULTS 
For the isolation and characterization of the putative subunit 
of the 100 A filaments, we made use of the observation that in 
smooth muscle (ch icken gizza rd ) this class of filaments is in­
soluble at salt concentrations that render the myosin and actin 
filaments soluble (14, 20). Fig. 1 shows that after prolonged 
extraction of actin and myosin with 0.6 M KCI, the insoluble 
residue (Fig. lb) is enriched in a new protein with an apparent 
molecular weight of 50,000 (hereafter called desmin, see Dts­
cussion ). The majority of the salt insoluble myosin and a sub­
stantial amount of the insoluble actin can now be extracted by 
moderate concentrations of potassium iodide (0.6 M Kl; Fig. 
Id) an agent that is known to depolymeri'ze actin filaments and 
to Jissociate actin from mynsin (21 ). The KI insoluble material 
is highly enriched in drsmin, but still contains a considerable 
amount of act in which dot's not seem to be soluble under con­
ditions that solubilize the majority of muscle actin (Fig. le and 
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FH;s. I AND 2. Fig. I. Partial purification of desmin from 
smooth muscle. Frozen chicken gizzards (500 g), were thawed and 
freed of the surround ing cartilagenous matrix. The muscle was 
thoroughly washed at 4° with 2 li ters of distilled H20 containing I mM 
dithiothreitol (DTII, 1 mM p-tosyl-L-arginine methyl ester, 0.5 mM 
phenylmethylsulfonyl lluoride (PMSF), and 25 units/ml ofTrasylol 
(Aproti nin , Sigma). The muscle was subsequently blended in the 
above solution in a Sorvall omnimixer for approximately 5 min, and 
the blended muscle was recovered at 8000 X 1/, The pellet was then 
successively extracted for :l hr, 6 hr, 12 hr, 12 hr, and finally 24 hr in 
f>ClO ml of fresh buffer containing 0.6 M KC), 20 mM Tris-HCI at pH 
8.7, 1 mM OTT, I mM p-tosyl-L-arginine methyl ester, 0.5 mM 
phenylmethylsulfonyl lluoride, and 25 units/ml of Trasylol and the 
insoluble material was recovered at 8000 X g. (a) 0.6 M KCI final 
soluble proteins. (b) 0.6 M KCI final residue. This residue was freshly 
extracted three times for 12 hr each with 500 ml of 0.6 M Kl, 20 mM 
sod ium thiosulfate, I mM OTI, 20 mM Tris-HCl, at pH 8.7, and 1 
mM ATP. Practically all of the residual actomyosin is solubilized 
within the first 2 hr. The insoluble material was recovered by cen­
trifugation at 9000 X Ii - (c) Initial KI residue. (d) Kl soluble material. 
(e) Final Kl residue. This KI insoluble material (Fig. le) was extracted 
with MKl ml of a buffer con taining 8 M urea (Ultra Pure, Schwarz/ 
Mann) . i mM OTT, 20 mM Tris-HCI at pH 8.7, for 12 hr, and the 
insoluble material was removed at 20,000 X J: for 20 min and suhse­
qucnt.lv at )00,000 X Ii for i hr. (f) Final soluble proteins. 
/.'i/j,. 2. Comparative electrophoresis of porcine hrain tubulin end 
dPsmin. Porcine brain tuhulin was a ~enerous i,tift of ,J. A. Snyder nnd 
,). H. Mdntosh. (n) Approximately 8 µm of tuhulin. (h) Ten micro­
grams 111' 8 M uren-!wluhle material of gizzard. (c} Approximately ll) 
µg of ~dzr.ard from u day-old chicken which wm, denatured and reduced 
directly in NaDodSO, sample buffer by placing in a boilin~ H,O hath 
for 6 min. A, actin; D, desmin; MHC, myosin heavy chain; MLC, 
myosin light chains; AHP, nrtin hinding protein (24, 2,'1): n-A, o-nc­
t.inin; TM, tropomyosin; TH, tuhulin; MAP, microtubule associated 
proteins. 

e). Because such salt insoluble ex tracts do not contain any actin 
or myosin filaments, but are highly enriched in 100 A filaments 
(20), we believe that the protein which is enriched in these salt 
insoluble extracts (desmin) is probably the major subunit of 
these filaments. The solubility properties of the actin that re­
mains insoluble with desmin are unusual for conventional 
muscle actin. It has been tentatively identified as actin on the 
basis of its molecular weight (42,000), its reaction with anti­
bodies raised against smooth muscle (gizzard) actin, and its 
isoelectric point. Actin and desmin can now be extracted in the 
presence of urea (Fig. If). 

Assuming that the molecular weights of the a and# subunits 
of tubulin are 56,000 and 54,000, respectively (22), and that of 
actin is 42,000 (23), Fig. 2 indicates that the apparent molecular 
weight of desmin is .50,000. 

Because desmin comigrates with the residual salt insoluble 
actin, we used preparative NaDodSO.i/gel electrophoresis as 
a final step in the purification of this protein prior to its use as 
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Fl<: , :1 , IA) Analytical ele,trophoresis or tlesmin encl ectin erter 
p11rifa·elion by preperntive NaDodSO ,/polyacryl•mide •lnh Kel 
t .•odsophore•i•. la) The 8 M uree extract (Fig. 10 that w•• used for 
pn•parnt ive purification or the two protein•. (h) He• rlectrophore•ed 
d~:--min ond ft') re-electrophoresed actin. PrepArat.ionR Aimilflr in 
purity i.o those depicted in this pictur<• were u•ed as ant.igens for the 
production or antibodies to desmin encl ,,din ( 19). When only •mall 
nm.,11nt• of d,.rnin (approximately I µg) ure re•electrophuresed, the 
pr.,lein 'fJlRrates into a closely spaced douhlet that i• poorly re•<>lved 
under the rcd11cinti: and 11oiielkylati11g t·imclititn1s of elertrophoresi!I 
employc-d here. !Bl Double immunocliffusion or the partially purified 
dt•smin nnd the fdol,ulin prepHrotion ohtained ugein!ll the clectro­
phoretkall_v purified anlit,?en. The immunndiffusion pint.es were I% 
•~nr equilihretecl in 0.6 M KCI, 0.02 M Tris•HCI nt pH 8.7. (al Ten 
micror.rums of the RM urce soluble exlrnl't Wig. H) . The hulTeruf thi• 
protein solution was 8 M urea, (l.02 M Tris•IICI at JJ!I 8.7, 2 mM DTT. 
(hi Approximately a 10-fold clilul.ion of the prol<'in solution in (e) . (c) 
Tt>11 mil'ro~rnms of!-lmoolh mu~de ertom.vo~in (Fig. In) in fJ.6 M KCI, 
II.~ M Tri :<•HCI •l pli 8.7 , I mM llTT, and the proteolytic inhihitors 
dt•scrihecl in the leKend of Fi~. I. (dl EiKht micrnlitcrs of t.hc urcn 
hulTer of the samples in (o} emf (h}, (el Vivo micr<>KrAITIR of skeletal 
rnusrl e n•ac·tinin in O.fl M K~'.I , 0.02 M Tris,HCI at pH 8.7 ( 19}. lm­
mttnodiffusion was for 72 hr at 4°. 'I'hl· Ha!ar plat.cs wr.rf' ~umequently 
wnshed for 7fl hr irt0,6 M KCI , 0.112 M Tris,flCI el pH 8.7, stained for 
:to min with 0.2:,•w, Cooma~~it• hrilliunt hluc medf' up in f>()'!h mrthnnnl 
n1Hl 7.!"l'll, 1ir1•tic urirl. end cte~lnined with 'lll")h mrlhnn,,I und 7 ,;)% arPtir 
ndd . For ahhreviat.ions, !-ICC' lc~rnd lo Fig:s. I 11ml :l . 

an anligen . Fig. ,'3A indicates that 11po11 re-dectrophnresls on 
an analrtical NaDodS04/ gel, clesmi11 migrates with the same 
molecul ~r weight as the original protein encl it shows no de­
tPctablia contamination by act in or any other protein of different 
molecular weight. In double immt111<>tliffusion, the antisl'rum 
against d,-smin reveals only one tldt'dable precipitin line with 
the protein partially purifi,·tl in tlu· presence of urea. but 110 
dPlectahle crossreaclio11 with acti11, myosin. n -ac-ti11ln, or thr. 
34,000 sub1111it of smooth musdt' tropo111yosi11 (Fig. ~R). These 
results. in conjunction with tlw inunu11ofl11ornscent results re­
ported below, indicate that the a11liserum ngulnsl df'smin is 
specific for the 50,000 molecular weight desmin, and carries 
no detectable antihodies to an)' of the other known major con­
tractile proteins of smooth musde. 

Indirect immunofluoreS<•f>nci, shows desmin localized along 
tlw Z lini,s of isolah•d, n•luwrl . or <·<111lrn<'lt>d ,k,,lc•tul rnvofih, ils 
(Figs. 4 •. 7) M!'d1a11kal sl1t·ari11g vf myofil>rils rt•sults in th" 
strl'lching ,,f a slender d,•.smin containing link between two 
adjacent Z lin,·s (Fig. 8) that indicates this molf'culr r,lend.s 
brtwren the Z lines of adjacf'nl myofibrils. M\'ofihrils separatrd 
this""'av can somelimes hr sef'n to <"onlain a "knob"-lik1• fluo­
rcscrnt .slrncturc al the encls of th!'ir Z lirn•s (Fig. !). arrow). 
Thes!' arc prrsumahly th,• sil,•s al whkh dt'smin snaps back 
when the two adjacent myofil.,rils art· firmlly ,hearrd away from 
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Pach othf'r at their respectivt' Z lines. The split appears to tak,• 
place on one or the other side of each "knoh:'-likt' strncl11rr with 
the result that desrnin sna(J!i bac-k only on onr or th!' other Z li nf' 
(comport• Fig,~. 8 and 9). Within a nmsde fibn. desmin is fo1111d 
associated with fhtorN:<·enl filanwnlous structures that rnn along 
the long uis of the fil,er both in close assodation with the 
plasma membrane and within the fiber betwren th1· Z linrs. 
Tht~ stml'lures appear to interwnnect myofibrils to rad, otl,n 
one! to thr plasma membrane at the level of thrir Z lines (Figs. 
10 and 12, arrows). When a bundle of mvofibrih is shrarr d 
away from the rest of lhe musde fiber, the ;hearing takrs plac-e 
along the filaments lound insirle along the long axis of tht> [ii,.., 

(Fig. JO upper). The resulting myofibril bundles bavt' thr samP 
fluorest'ent "knob"-like strudures nt the ends of tht>ir Z lint's 
(Fig. 11), as they do in individual myofibrils. Thi,se "knoh"-lik .. 
slru!'tures appear In be the sites of attachnwnt of lht• myofihril 
bundle's Z lines to thr filaments that run along tilt' ll'nglh of thl' 
fiber either within the fiber or in dose aSSOC'ialion with th<' fi ­
ber's plasma membrane. In a whol.e muscle fiber, dt'smin is 
localized in a diffuse form as wt>II as at the Z lines and in dose 
association with the plasma membrane (Fig. 12). The dose as­
sodatlon of desmin with filamentous structures that an· in lttrn 
associated with the fiber·, plasma membrane, is clearly dem­
onstrated In cross sections of the fibers (Figs. 13-lfi). Desmin 
is also found in areas where two muscle fibers make contact 
(l'ig. lfi), as wPII as in a fine transverse filamentous matrix that 
appears to interconnect the filaments that run along th,, long 
axis of the filwr, within the fiber and paralll'I to lht' plasma 
membrane (Figs. 14-·15). 

In Isolated ht'art muscll' cf'lls, desmin is fottnd i11ti111aft •lv 
assodaled with inlrrl'alatcd disks (Figs. (7 .- 18). and with art·a·s 
wheri, acljoc-ent heart musdt• c-ells makr contact (Figs. 19·-20). 
In ndclition. dcsmin shows tlw same hasic distrihttlion as ii d,~•s 
in skclelal 111ynfihrils; it is fo11ncl assodated with !'ardial' myo­
fibril Z linf's and in filamentous .~lmctur<'S that t•xtrnd ht•lw•·••n 
tht• two intert'alah.~I disks of th,· myocardial cell and onto which 
a grt'at munher of Z lint's appt'ar to connect (Figs. 17•-20). In 
frozen srdinns of inft•stinr. thf' dt'srnin antil><><h· n•ads with 
filnrnrntous strut'lurt-s in Ill<' t') loplasm of lht> inft~tinal sn1<M>th 
mttsd,, t'ells that rnn along tlu• whol .. lt•n~th of tht'St' n·lls l Fig. 
21 ). Tht' antibodv d,w•s not S<'rm In rea!'t with tlu· inlrslinal 
brush bonier whiih can ht· ~!town to reat·l inft•11St•ly with anli ­
hodit•s to adln (unpttblishPd ohst>rvations). Furtht•rmon• . thr 
d..smi11 antibodv also reads with filamentous strud11r1•s dislinl'I 
from adin fila;nenl .1 in gizzartl snux,1h musdt• and in hl<MKI 
vessels. Drsmin ulso shows a 1x•rin11d1•ar l,x·alizatinn in dif ­
fnrntialing rnuselt• <'<'lls growing in liss11t• c·ulturt• and lrt·al<"d 
with col1·1·111id, which is a d,aratkristi<- dislrih11tion of th<" I (Ml 
,\ filaments in ct'lls 1·,1•1St"<I lo this drug ( J -:l) (E. 1.azaridt•s. in 
pr<"puralion). 

DISCUSSION 

In smooth muscle. 100 ..\ filanlt'nl s all() adin filanl<'nts apflf'a r 
to trrminatr in dt'<•tro11 tlc•nSt· matnial I hat is found as.social<'tl 
all along th,• !'ell's plasma nwmbran,•, l'Spt>dally in art•:is wh1·r1• 
two smooth musd<• 1,.•lls ~hnr,• an inlt•r,•dlular jundion ( 12, 1,1). 
Tl,i.s l'l1•ctr11n-tl,•11S<• malt·rial :modatf•d with 111rmhra111•s Is 
morphnloJ,,;it'nlly i11dislinJ,,;lli~hahl1· from tlw rl<"dron-d,•11s1• 
rnatNial of 1h,• faseiut• adh<"rt•nft•s which ar,• th<' sift•s within a 
cardiac inlneulatt·d disk wh<'rt ' th1· adin filam,•11ls of tlw ft •r-
111i11al sarcomerr tnmi11alf• a11d inS<•rl into the plasma nH •m­
hram•. Quilt• frrquently , lht• !'lrctro11-de nSt' matnial of th!' 
fasdut• adhere111,,, is co11ti1111011s with i11tt'rvrni11g clrsmoS<m1rs 
and JOO A filam,•11ls wrrt• obsnv!'I i11 asStx·ialion with tl1C·«• tw11 
struclurt's in bot I, clt'v..lopi11g and utluh <"arcliac rntts<"h· cdls 
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j 
FH ;~_ -1 :m. 1: ;J.!... ./ i . Ttw IPn1liznl i1111 1,f d1•smin iu lht• '/. li1w:-. uf d1i1·k1•11 s k1•l«•l11I· m~·11lilirik M,·c,fihril :-- wn,· ri·111'11·d wi1 h 1111• 1l,·,111i11 

a11lil11,dv in i111lin•t ·I imm11n,,f11111r1•st·t•111 ·1•. a1ul ,·it•wl'fl wil h phn!-it' n111lrnst ! Fi.:s. •I n1ul fil 1trnl rpill1111r1•s , ·1·11I I Fi1::-- . :"1 an.I/ I 11111i1·-. . 'l 'lu • ,1rr1,w, 
t1•r11wd Z n•fn tc1 lht- h11 ·nlizali1m ,,f tlw Z lint• within n !-'nrnmwn•. Fi,-:s. -1 nml :", nn• 1h1,s t• 11111 r1·ln,r:1•1I mv1,l1l1ril tcli!-111111·1• l11•lw1•1·11 lm1 Z li111 •:-. 
approximnt,•1~· :!.fl µml. whil1 · Fii,!s. Ii a11d 7 nri' thost- of n fonlrndt•d mvorihril (disln111·p IH•lwt•,•n two Z li1ll's 11ppr11xi111;11t•l_v I Ii µm ; har -::: :1.:.! 
µml . \\"ii hin II snrc-011wrt•, a I hand st•t•ms to ht• llw Wt•nkt-sl pnrl 111 !ht· 111~·11fihril slnu·l11n•, 1111d nwdm11in1I :-,ht·ari111,! 11111111 :-,c 11· lm·11k:-, mvofiliril:-­
lhrollgh lht• I hnncfs on cim• or lhe o1ht•r s icl1• of the Z line ( IH). Surh m~,:olihriJ,,_ hm·t• n Z lirw ns IIH'ir tnminal slrudurt• . Nolt· in Fi:.!"" I 7 lriJ.:111 I 
that this is imln•tl tlu- c·~st• in lht>st• rny,,til,rils 111ul t hnt tlw lt•r111innl Z li111•-. n•nd with th•· dt•smin 11111 il1111I_\" . I hTu-.i,,nul l1,nJ.!il1uli11al l11111rt•:-1.1 ·1·nl 

t·onm•c·l ions llt.'lwt·t•n Z lint•s .irt· evidt•nl f six I h nuorescrnt Z line from t lu- ri,~ht in Fi~. 7; St'l' 111~11 lwlow). Vi~.'- - X J :! Slw,m•tl prod11t"1 !-> ol 11u1,dt• 

r,•,·t•nlinJ! t lw lrn·nlizati1111 ol rlrsmin in a 11111sdt· lihf'r. Sre lf>xt for fiKtlrt' t•xplnnnlion. Hnr = i µm fnr Fil,!s. H I'!.. hJ.!.,; 1:1 /H. Tiu- l,walizal ion 
of d( •smi11 i11 frozt•n noss s(idions of skt.' IPtnl musdE'. For detnils st•e the lt•.rf . Bnr = 11 µm for Fi~s. 1:t 1:-,. Fi~ . Ill. liar= X µ111 . l'ic·lt1rt•s wn,• 1uk1•11 

usinl,! :in c,il immt•rsion r,:~x lt•ns~ J.'r"g-. . /7 :!IJ Ttw lm·nliznt.ion of dt•s min in i).111latl'd hc•11rl m11-.dt• n•lk Fi1r!-> . 1-; f ph11st• 11ptin:I and I~ lt•pil111 
on•"-n•11I 11pl11·~) !-.how n fll'rttl 11111-;1 ·!1 • 1.1•11 wfiic-11 hn~ n•l11i1wd it~ i11lnnil11tt>d di!-ot' ( I.I>.) 011 tlw ti1,:ht sidt· n11cl i!-- s t ill 1·11111wdt•d In n11 ◄ 1llwr lw:1rl 
n •II "·ith it !- i11lt'f1 •,dalt•d dis, · 1111 tlu· l1 ·ft !-1th·. Fii-:. IHB is n rrp,•nl of Fi..: . IHA . lml whid1 hns lu•1•11 printi·d dark• ·r 111 n·,·t·al rn1irt· dt•nrh 1lu· pn·-.1·11n• 
of d1 ·smi11 ,ti th1• 1.1 ).s . Fi~~. l!J f ph:t s t• oplic ·s ) nrnl '!.I) lrpilluort·!'H·t•nl optirsl show !ht• pr1•~t•t11 ·1· ol d1• s 111i11 111 an• ;1:-- wlwn· lwo lw,1rl 1·1·!1:-, 111:1k1• 

l:1l1·1:11 f I.; s 1•1• al'-'• Fig, IH/\ t 1·11ruwc·ti,111s . Nol! • llw ap1111r1•11t nttm hnu,nt 11f I lws1• lutnnl tlt111rt'St·t•11t n1111wl"l11111:-- lo l1t111n•s1 ·t•11I ··k1111h" likt• nrnt..rial 
that is asso<·iatt•d with 1hr lwarl myufihril "/, li1ws (liar= 7 µmin Figs. 17 20) . 

(26- 28). Morphologically, lllt' ari•a of llw fascia acllwrPns was 
1'1111sid,·rt~I as 1hr terminal Z linr and it was assumt>cl thal thPS(' 
two strnd11n>s an• hi,x·lu•111il'ally r<'lal<'II (2H 28). 111 d,•wloping 
sk,·ldal or in heart rnuS(·I" n•lls. Z lim•s an• quite fn~11wntly Sf'l'n 

to original<• from intrrel'll11lar ,1,•smosomt•s or frmn ,·lc·ctrc111 
dt'flS4:' n1t>n1brant• c-onti1111alions of sud1 ar.;as wliil'h T('St'1t1hl«· 

rnorphologirally thr elc·l'lron-d,•ns,• 111alf•1ial of 1111· la,da ad ­
h..r,•ns (2H. 27, 29). Si111ilarly in ad11h eardi:1<· or sk,·l..tal 11111s,·l1·. 
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Fr<:. 21. Th1-1 lnfnli,.atlon f>f dr~min in inleAlimtl sm1K1lh muMde. 
Sirnilar n~sullq have heen ohtained with ){i7.znrrl ~mnoth mu11clc. Note 
thal the epilhelinl cr. lh~ ahu, Mhow a small n111u1111t of rrartit,n whirh 
may int:lit:nte an nnligP,nir cro!-.sreact.ion of lhf> cpitJualiel and mt1!4dc 
desmin ( .100 A fil aments; bar= 70 µm) . Pictures were t,1ken with a 25X 
lens. 

Z lines are ofte n seen in association with inlercellular junclions 
that are located along thf' longitudinal surfo<.'t.'S of these ,~!Is 
(3U). On the basis of this morphol,,gi<·a l ,•vid,•nce, the a.~sump­
tion was ma<le that thr .,1 .. ctron-d,• m,• mate rial found in u~so­
cialion with thr musdf' Z lines and the muscle int'!rcellular 
Junctions are biol.'he mieally n •latP.rl and share at least one 
structural component ( 12, 2f>-21l). The imn1unol11gical rvidence 
presented here indicates that one of the structural prote ins they 
may share is the subunit of lhl' 100 A filaments. 

Ry tlw immunofluoresc!'nt lol.'alizaliPn of this molecule, we 
lwli.,ve thal in mnsdr cl' lls th .. J()() ,\ filaments and/or thl'lr 
prnlt'in subunit muy mediate the attad11111·nl of 1t!'lin filaments 
to spec:ia lizP<I urrus of I he plasma nwmbrane (Z lines to plasma 
mrml,ranr assod nted inlPrt·,•llnlar ju11di,,11s terminal sarmmrn• 
a1·tin filament s tn fuscia r adhl'rl'nlrs ir, interrnlatrd disks, und 
aclin lilnmcnls to d e ns<' lw,di,·s in smooth muscle ). £11•ca1Jw 
musclr e,·lls stron!(l y inll:racl at a rPas whrre I (XI A filamrnts 
in<;t•rl lo tlw pl asma 111e mbra1w, w,• l'llvision that this dass of 
filame nts or llwir suh11nil f11nctio11s as a threr dimPnsional 
matrix which int<'rcm1111•1·ts indi, id11:d m vofihrils lo nru• anotlwr 
and In th,· pla sma rn,•mhraru· at th<' 1,·n;I of lhPir Z lines. Such 
an intPn·o11111'elit1p, matrix m ay provid,· t, ·nsi l,· strength to thP 
rnusel t' and t'nsllrP that !'ad, a11d all th, , nwofibrils, and t'tll'h 
and all thl' musdl' <1•lls, an· nll'dwnkally inlf'grnt,sl during th,• 
t·onlrnctinn and r..la xa tio11 of 11111s1:IP. To indiealt• th,• linking 
function 1h,1t this n111l1·1·nl1· mi~ht haV<' in mns!'IP crlls and us 
a nH'ans <1f sum111arizin~ its fluon•s(· t·nt lncali:r.atirm, we havf' 
ll'rtrwd th,· proh-in d,·sr11i11 (Iron, ll1t• c;,,.,,k b,.nµbs "' link. 
bond). 

Tlll' 1u11n, · d, •s n,in d1 ·1111l<·s Iha! thi, protl'in, in addition In 
h,•i11~ 1111• snl11111it o( th,· IINI .\ filaoll'11ls, is nlso a eornpo111•11t 
nl 11111sd1· d,·snrnsnn11·-lik,· slrndnn•,. ii ,hn11ld h,· n·alizl'd that 
w,· do not k11ow yet wlwth,·r tlw sanw prolt'in is also a c·ompo­
nl'nt of th,· mor,• conV!'11tiu11al lvp, ·s 11( d1·si r1<JS11mes and 100 
..\ lilam1·11ls that ar!' S<·<'II in q>ilh!'lial ,,..lls. Similarly. it should 
I)(• l'mphasizt'CI tha t t Ill' ,·011d11siv<· id1•11lifkalinn nf d1•sn1in as 
ti..- s11l11111it 11f tlw l<Kl ,\ fila111,.11l s rl'quires lurtl11·r purification 
of !his 11101,•,·ul,• and lhl' d1·1111111sl ra li1111 In t•Hro that it rnn as­
S<•n,1,1,• l11t11 flla1111 ·11l.s "llh an 11ppro.,l 111111(• cllnmf'lt •r of I()():\. 
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The role of the actin that ropurifil'S with dr~min In the strul.'turP 
nf IOU A Filamn1t, Is prt•sently unknown. Its comigralion with 
dcsmin is inlrig11i11g, espel'ially f.,,,,.ouse it has soluhility prop­
crtiPs which arc charadcrislieally dislh1t:I I rorn those of eon­
ve nlional muscle at'lin. 

We are grateful lo Dr. K II . Porl!'f for the grnerou, u,.. nf his labo­
ratory locilllies durh,R thr rnurs~ of this work und In Ors. J. II. McIn ­
tosh, D. llirsh, K. R. Porln, or«I th,· revi,•wprs for lhrir valuable 
commt>nls on tlw m,u,usrript Wr an~ also grateful to Dr.\. D. Irwin. 
G. llruwnli'f' , D. llirslt, and J. I' 11,•vd for advising us In modify Ill<' 
originall y propoS<•d 11 0 111,· lur th,• proh-in . \Vp thunk Ms. S. Nolan for 
h,•r IN·hnicul assistums•. This work wus "'Pt•irll'tl hy a grant from th,· 
M11sc11lur D)·1troph)' As,«x·lulin11 of •\nll'rit-a (rmmb,•r 1,107:1) arul hy 
a µost•d1~:torol fdl,,wshlp from thr Musc·11lar Dystrophy Ass1H:iati1111 
of Amnku lo 11111• of 11s (E.I..). 
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CHAPTER THREE 

Copurification of Actin and Desmin from Chicken S!flooth Muscle and 

Their Copolymerization in vitro to Intermediate Filaments 
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COPURIFICATION OF AC"'TIN AND DESMIN FROM 

CHICKEN SMOOTH MUSCLE AND THEIR COPOLYMERIZATlON 

IN VITRO TO INTERMEDIATE FILAMENTS * 

BRUCE D. HUBBARD and ELIAS LAZARIDES 

From the Division of niology, California Institute of Technology , Pasadena, California 91125 

ABSTRACf 

Desmin is a 50,000-mol wt protein that is enriched along with 100-A filaments in 
chicken gizzard that has been extracted with 1 M Kl. Although I M KI removes 
most of the actin from gizzard, a small fraction of this protein remains persistently 
insoluble, along with dcsmin. The solubility properties of this actin are the same 
as for desmin: they are both insoluble in high salt concentrations, but are 
solubilized at low pH or by agents that dissociate hydrophobic bonds . Desmin 
may be purified by repeated cycles of solubilization by 1 M acetic acid and 
subsequent precipitation by neutralization to pH 4. During this process, a 
constant nonstoichiometric ratio of actin to desmin is attained . 

Gel filtration on Ultrogel AcA34 in the presence of 0.5% Sarkosyl NL-97 
reveals nonmonomeric fractions of actin and desmin that comigrate through the 
column. Gel filtration on Bio-Gel P300 in the presence of 1 M acetic acid reveals 
that the majority of desmin is monomeric under these conditions. A small fraction 
of desmin and all of th~ actin elute with the excluded volume. When the acetic 
acid is removed from actin-desrnin solutions by dialysis. a gel forms that is 
composed of filaments with diameters of 120-140 A. These filaments react 
uniformly with both anti-actin and anti-desmin antiserum. These results suggest 
that desmin is the major subunit of the muscle 100-A filaments and that it may 
form nonstoichiometric complexes with actin. 

KEY WORDS 100-A filaments chemical comparisons have indicated that the sub­
units of neurofilaments, glial filaments, and inter­
mediate filaments are chemically distinguishable 
(2, 7, 8, 21), and that they are apparently unre­
lated to the keratin which makes up epidermal 
tonofilaments (4, 35). 100-A filaments thus fom1 
a heterogeneous group. although the extent of this 
heterogeneity has not yet been determined. 

immunofluorescence • a-actinin Z disk 

A group of filaments with diameters of -100 A 
has been described in several widely differing cell 
types. They are known as "neurofilaments" in 
neurons (3 I, 43 ), "glial filaments" in glial cells 
and astrocytes (43), "10-nm filaments'' in cultured 
non muscle cells (3. 11 , 13), and "intermediate 
filaments" in muscle (I, S. 6, 39). 

The putative subunits of I 00-A filaments have 
bce11 isol!1ted from nerve crlls (9, 30). glinl cells 
(2, 7, 28) . culturctl l.'Clls (U. '.\4), aml ~mooth 
muscle cells (S. 22. 33). Immunological and bio-

Biochemical characterization of the subunit of 
intermediate filaments has recently become possi­
ble with the demonstration that the extraction of 
smooth-muscle actClmyosin at high ionic strength 
leaves an insoluble residue which is enriched in 
100-A filaments (6). '111ere are two predominant 
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proteins in this residue : actin and a 50-55 ,000-
mol wt protein (22). This latter protein has been 
characterized as the major suhunit of muscle 
intermediate filaments by several researchers (5. 
22, 33). We have isolated it from chicken gizzard 
as a 50,000-mol wt protein which we call desmin 
(22). 

In smonth muscle cells, one of the most charac­
teristic morphological features of the intermcJi­
ate-sized filaments is their insertion into cytoplas­
mic and membrane-hound dense bodies and their 
intimate associations with actin filaments at these 
sites (1, 5, 39) . In skeletal muscle. immunofluo­
rescence reveals that desmin is localized at the Z 
lines and where the Z lines come into apposition 
with the plasma membrane. Desrnin is also found 
at the Z lines and intercalateJ disks of cardiac 
muscle (22). These are all sites where actin stmc­
tures arc linked either together or to membranes. 
From these distributions, we concluded that des­
min forms a network in muscle cells which inter­
links individual myofihrils, at their Z disks, into a 
single integrated mechanical unit and also func­
tions in the linkage of this unit to the plasma 
membrane. 

In this paper, we present evidence that actin 
and desmin copurify from extracts of chicken 
gizzard and copolyrncrize into LOO-A-like fila­
ments. These results suggest that desmin and actin 
may form a stable complex and provide an insight 
to the molecular basis of how desrnin may function 
to link actin filaments in muscle cells. 

MATERIALS AND METHODS 

Materials 
From Eastman Organics (Rochester, N.Y.): acrylam­

ide (No. 5221) for slab gels, acrylamide (No. X5521) 
for isoelectric• focusing gels, and N ,N'-methylene bisac­
rylamide (No. 8383) were used as supplied without 
further purification. Sarkosyl NL-97 (Sarkosyl) is a 
trademark of CIBA-GEIGY (Greensboro. N.C.); Non­
idet NP-40 is a trademark of Shell Chemical Co. (New 
York) . Sodium dodecyl sulfate (SDS) was obtained from 
Serva (Heidelberg, West Gennany); Ultrogel and Am­
pholines were products of LKR Produkter (Bromma, 
Sweden); urea was the ultrapurc grade from Schwarz/ 
Mann (Orangeburg, N.Y.); Bio-Gel was a product of 
Bio-Rad (Richmond, Calif.). Fluorcsccine-labcled lgG 
fraction of goat anti-rabbit lgfi was ohtaincd from Miles 
Laboratories (G5-l 73-I; Miles Labs Inc., Elkhart, 
Ind.) . Chicken giz:z.ard was obtained from Pel-Freeze 
(Rogers, Ark.). Plus-X film (Kodak) was developed in 
Diafine (Accufine Corp ., Chicago. Ill.). Elvanol is a 
water-soluble polyvinyl alcohol (lJu Pont 51-05, E. I. 
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Du Pont de Nemours, Wilmington, Del.). All other 
chemicals were of reagent quality. Dialysis tubing was 
number 8 from Union Carbide (Chicago, Ill.). Eth}lenc 
glycol-bis-(/3-aminoethyl ethcr)N,N'-tetra acetic acid is 
EGTA. 

Analytical Methods 

Protein concentration was determined relative to a 
bovine serum albumin (BSA) standard by an elevated 
temperature modification of the Lowry method (29). All 
buffer pH values were determined at 20°C. Electrupho­
rctic recipes arc all wt/vol . 

Dialysis 

Dialysis tubing was prepared by simmering it in 0.1 M 
NaOH and 10 mM EDTA for 8 h. The tubing was then 
neutralized with Tris-HC'I, pH 6.8. extensively rinsed 
with water, and stored in water at 5°C. 

One-Dimensional SDS Slab Gel 
Electrophoresis (SDS-PAGE) 

One-dimensional electrophorctic analysis of proteins 
was performed on high-resolution SDS-polyacrylamide 
slab gels (SOS-PAGE) by a modification of the discon­
tinuous Tris-glycine buffer system (18) . The stacking gel 
contained: 5% acrylamide, 0 .13% N.N'-mcthylcne bis­
acrylamide, 0.125 M Tris-HCI, pH 6.8. and 0.1% SDS. 
The quantities of acrylamide and of bisacrylamide in the 
analytical (lower) gel were provided by a hyperbolic 
relationship: % acrylamide x % bisacrylamidc = I .3. 
Gels containing 12 .5 % acrylamide were used most often 
because of their high resolution in the molecular-weight 
range of actin and dcsmin. A 12.5% analytical gel 
contained: 12.5% acrylamide, 0.107% bisacrylamide, 
0.386 M Tris-HCI, pH 8 .7, and 0.1 % SDS . Polymeri­
zation was cataly:z.ed by the addition of I 00 µI of I 0% 
ammonium persulfate and JO µI of N,N,N' ,N'-tetra­
methylethylenediamine/30 ml of gel solution. The same 
running buffer was used in both the upper and lower 
reservoirs: 0 .025 M Tris base, 0.112 M glycine, and 
0.1 % SDS, final pH 8.5. Sample buffer (2 x) contained 
0 .1 M dithiothreitol, 0 .08 M Tris-HCI, pH 6 .8, 10% 
glycerol. 2 % SOS, and bromophenol blue. After electro­
phoresis, gels were stained overnight in 50% ethanol, 
l0% acetic acid, and 0.05% Coomassie Brilliant Blue 
R-250. Gels were destained by three changes of 10% 
ethanol, 5% acetic acid, and photographed over a light 
hox with Polaroid PN-55 film (Polaroid Corp., Cam­
bridge, Mass .), using an orange-colored filter to enhance 
contrast. In the figures. most of the well-stained. com­
pact bands represent 2-4 µg of protein, while faint 
bands may represent < II. I µg. In our experience. SOS-­
electrophoresis systems other than discontinuous Tris 
buffered slab PAGE do not adequately resolve or visu- • 
uli1.e significant minor components in desmin prepara­
tions. 

TI1e effluents of gel-filtration columns were analyzed 
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by SDS-PAGE . For fractions containing Sarkosyl NL-
97. aliquots were mixed directly with 0.2 vol of 5 x SDS 
sample buffer and heated hticfly before loading on gels. 
For fractions containing acetic a,id, aliquots were di­
alyzed first against distilkd w:,tcr. lyl>philizccl if neces­
sary, and then mixed with SDS sample buffer . 

Two-Dimensional lsoelectric-Focusing 
SDS-Gel-Electrophoresis 

(IEF/SDS-PAGE) 
Two-dimensional electrophoresis was carried out ar­

cording to the system of O'Fa11ell (24). The first dimen­
sion (isoelectric focusing) wa~ prepared and pre-nm as 
described ( I 5 ), but with the following modifications: the 
gels (2 .5 x 120 mm) contained 0.2% /\mpholines. pH 
range 3.5-10; 0.8% Ampholines. pH range 4-5; and 
2% Ampholines, pH range 5-7 (each supplied as 40'?'n 
solution). Ampholines were not added to overlay solu­
tions nor to lysis buffers. Samples (see below) were 
loaded, overlayed directly with 0.02 M NaOH, and run 
at 450 V for 16 hand then al 800 V for I h . Samples of 
native proteins were dissolved in 8 M urea at room 
temperature for 1 h. They were then made 1 % in 
Nonidct NP-40 and 0.5% in 2-mercaptoethanol. The 
samples were suhscquently isoclectric focused as de­
scribed above, but without being heated. 

Microscopy 

Unless otherwise specified in the text, all desmin gels 
for microscopy were induced from cycle-2 acetic acid 
extracts (see below) . Samples for electron microscopy 
were placed on carbon-coated 400-mesh copper grids . 
Because many of the samples were bulky. insoluble gels, 
it was found helpful to place a drop of water on the grid 
and then wipe the gel across it . These preparations were 
stained for 2 min with a 2% aqueous solution of uranyl 
acetate, excess stain was drawn off with a filter paper, 
and the grids were then air dried . The specimens were 
ohserved in a Philips EM 20 I electron microscope 
oper r' d at 80 kV. and photographed with a 35-mm 
camera. Final magnifications were determined from the 
calculated values for the J5-mm camera . 

Samples of desmin gels for fluorescence microscopy 
were placed on glass coverslips and spread by gentle 
flattening against a slide. This causes some of the gel to 
adhere to the covcrslip in a thin layer. The covcrslips 
were then dehydrated for 10 min in 95% ethanol, 
rehydrated in calcium- and magnesium-free phosphate­
huffered saline at pH 7.4 (PBS) . and stained for indirect 
in11nu11oflu11rcscencc as desn ihcd ( 19) . Antibndics 
against actin ( 19) and dcsrnin (22) were the same as 
those described. They were prepared against proteins 
purified to apparent homogeneity from smonth muscle 
(chicken gizzard). The coverslips were mounted on slides 
with a drop of Elvanol as mounting medium. Photomi­
croscopy was performed on a Leitz microscope equipped 

with a fluorescence epi-illumination system and Leitz 
FITC filter module H. Samples were photographed 
through a x I 00 nil immersion phase objective. Plus-X 
film was exposed at Din 28 and developed i11 Diafinc. 
Magnific.-ition was determined by photographing the 
lines ruled on a hemacytomcter. 

Enrichment of Gizzard Preparations 
for Desmin (see Scheme I) 

Desmin was extracted from chicken smooth muscle hy 
modifications of previous methods (6, 22. 3)) . All 
procedures were performed at 5°C. The details are 
presented in Scheme I. IJuring the extractions , gelati­
nous masses formed and were discarded. They were not 
analyzed. Tlle final Kl-insoluble residue (Kl-residue) 
was washed with water to reduce the KI concentration 
to below I mM and stored as a thick slurry in the 
presence of IO mM NaN 3 • Kl-residue stored as an actual 
pellet tended to solidify with time. Freezing ( at - 20°C) 
hastened this process . 

Water-washed KC!- or Kl-residue pellets were made 
into acetone powders (KCI-AP. KI-AP) by suspending 
them in an equal volume of water to prevent clumping . 
This suspension was then mixed with 3-5 vol of cold 
acetone. stirred for I h. and spun out. This was repeated 
with more acetone until the final suspension contained 
<5% of the original water. The final acetone-insoluble 
residue was air dried overnight and stored al - 20°C. 

Purification of Desmin from KC/- and 
Kl-residues (see Scheme II) 

Desmin was extracted from KC!- or KI-residues with 
acetic acid at low temperatures. because this resulted in 
the least number of artifactual charge modifications 
observable by IEF/SDS-PAGE (sec Results) . The de­
tails of this procedure and the notations used for the 
various desmin extracts are given in Scheme II. Cycle 2 
desmin was used in most experiments. 

Desmin was extracted from acetone powders as de­
scribed in Scheme II but with the following modification: 
the acetone powder was first extracted at room temper­
ature with water and then washed on a Buchner funnel 
to remove soluble actin and tropomyosin. The washed 
material was then extracted with acetic acid as dcscribt•d 
above. 

Purified dcsmin was occasionally stored by dissolving 
it in I mM HCI and keeping this solution frozen at 
-80°C. Desmin was stable for up to 2 wk under these 
conditions. If desmin was stored as a precipitate at pH 4 
in acetic acid/acetate or at 1,H 7 .5 in Tris-HCI. it tended 
to hecome add insoluhlc with time . Freezing either Kl­
residues or desmin precipitates for several weeks also 
caused desmin to become acid insoluble. In the cyclic 
purification procedure of Scheme II. desmin was found 
to he soluble in acid only at low ionic strength . Desmin 
was not solubilized away from contaminating proteins if 
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500 g frozen gizzards 

j Thaw rapidly with water at 20"C, then transfer to ice 
and remove mucosa and connective tissue . 

230 g smooth muscle 

Homogenize in Waring blender at low speed while 
slowly adding 200 ml of a solution of I 00 mM Tris­
HCI (pH 7.5) and 10 mM EGTA. Bring Volume to I 
I with this buffer and stir 3 h. Centrifuge 10,000g for 
20min. 

Homogenate supemate (Fig. 2a)4--------~ 1 

Homogenate pellet (Fig. I a) 

Repeat 3x Remff ' ar;;: chunks and resuspcnd to a volume of I 
I in a solution of \0 mM Tris-HCI (pH 7.5) and 10 
mM EGTA . Stir 3 h. Centrifuge 10,000g for 20 min. 

Low ionic strength supemates 1-3-------­
(Fig . 2b-d) 

Low ionic strength pellets 1-3 (Fig. 1 b-d) 

Repeat Jx Resuspended to a final volume of I I with a solution of 
I M Ket, 10 mM Tris-HCI (pH 7.5), and I mM 
EGTA. Stir 3 h. Remove gelatinous masses. Centri­
fuge 10,000 g for 20 min. 

High ionic strength supemates 1-34-------­
(Fig . 2e-g) 

High ionic strength pellets 1-3 (Fig . 1 e-g) 

La~t KO-insoluble pefict is KCl-residue (Fig. 
I g). Store at S°C with NaN3 . 

Repeat 3 x Resuspend to a final volume of I I with a solution of I 
M KI, \00 mM Tris-HCI (pH 8 .7), I mM EGTA, 100 
mM 2-mercaptoethanol, and 0 .5 mM Na2S20 3 . Stir 3 
h. Centrifuge IO ,000 g for 20 min . 

KI supcmates (Fig. 2h-j) +-----------
Kl-insoluble pellets (Fig . I h-j) 

I 
,__ _________ La_·_

st

_K_I-_inllub~=~l:tith water until (KIJ < I mM (centrifuge). 
Supemates (discard)~ 1 

KI-residue (Fig . I j) 
Store as slurry in IO mM NaN . 

SCHEME I 
Preparation of KCI- and Kl-Insoluble Residues of Gizzard 

too much salt remained in the precipitate . Desmin 
precipitates are very sticky. especially towards glass, and 
the manipulation of them was minimized to reduce 
losses. 

RESULTS 

Copurification of Acrin and Desmin 

PREPARATION OF EXTRACTED CHICKEN ­

GIZZARD RESIDUES T HAT ARE ENRICHED 

IN DESMIN (SCHEME 1): Figs. l and 2 show 
the proteins that are extracted (Fig. 2) and that 
remain insoluble (Fig. I) at each step of the 
extraction procedure descrihed in Scheme I. The 
presence of I OU mM Tris-HCI in the homogeni­
zation buffer releases some actomyosin (Fig. 2 a). 
During the next three low ionic strength (LI) 
extractions (20 mM Tris-HCI). actin and trop<r 
myosin. but not myosin. are released (Fig. 2b-d). 
As the LI extractions proceed. a-actinin. desmin. 
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KCI/Kl-residue acetone powder 

Soak I h in water at 2(1"C. 
Rinse well on Biichner funnel. 

KCI/Kl-residue 

l 

Reduce salt concentration to < I 
and collect as a pellet. 

mM 

Rinse water-contains,+-_,,., ______________ __, Pellet 

soluble actin and tro-
pomyosin. Discard . 

repeat Ix Suspend in 5 vol of I M acetic acid . 
Stir I h at U°C. 
Centrifuge 30,(lO0g for 15 min. 

Twice-extructed1+----------·, 
pellet, discard 

Pnnled ~upernates 

Filter through pyrex wool . 
Clarify by centrifugation at 20,000 g 
for 20 min . 

Insoluble residue,---------'' 
discard 

Extract-I 

Neutralize to pH 4.0-4.2 by dropwise 
addition of 0.15-0.22 vol of 1 M 
NaOH while stirring at o•c. Collect 
ppt. by low-speed centrifugation in 
swinging bucket rotor. 

Supemate-1, dis-+--------­
card 

Precipitate- I 

l Redissolve in 5 ml of I M acetic acid, 
U°C. 

Cycle- I desmin 

i Clarify by centrifugation at 20,000 g, 
20 min . 

Insoluble residuc,+-t --------
discard 

Extract-2 

i Neutralize to pH 4 .0-4.2 and collect 
ppt. as for extract above . 

Supernate-2, dis-+-~--------
card 

Preciplitat:~dissolve in desired volume of I M 

acetic acid . 

Cycle-2 desmin 

This cyclic procedure may be continued for an arbitrary number of steps . 

SCH EME II 
Cyclic Purification of Desmin Extracted wilh Acetic Acid 

and ::i high mokcular weigh! protein (l·IMW) 
begin to appear in the supcrnate. especially in LI 
supernate 3 (Fig. 2d). Two-dimensional gel elec­
trophoresis of LI supemate } (Fig. } ) reveals the 
presence of the o: an~i f3 components of desmin 
( 15). the presence of {3- and y-actin (IO. 15. 27. 

36. 42). a pair of spots designated * (shown most 
clearly in Fig . 6). and three isocleetric variants of 
a-actinin . The HMW does not appear on our tw<r 
dimensional gels. We have adopted the conversion 
of labeling the actin isoclcctric variants of smooth 
muscle as f3 am.I y. with y denoting the most hasic 
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kabcdefgh abcdefgh 

1 2 
FIGURES I AND 2 The extraction or chicken giv.ard proteins at low and high ionic strength, showing, 
respectively, the insoluble (_Fig. I) and soluble (Fig. 2) proteins at each step or the extraction. See 
Materials and Methods for details. and Results for discussion. The protein loads in the various wells have 
been roughly equalized to aid viewing and do not represent the concentrations actually present at that 
step. (1 k) shows the initial homogenate in 100 mM Tris-HCI, pH 7 .5 . (I a) Pellet and (2a) supemate 
from the initial homogenate . 111ree successive extractions with 10 mM Tris-HCI, pH 7.5, produced 
insoluble petlets (I b--d) and soluble supernates (2b--d). Three subsequent successive extractions with IM 
KCI produced insoluble pellets ( I e-g) and soluhle supernates (2e-g ) . Finally, three subsequent successive 
extractions with 1 M Kl pmduct"d insoluble pellets (I h-j) and soluble supemates (2h-j). The final Kl­
insoluble residue that is enriched in 100-A filaments is (I j) . Actin and ,8-tropomyosin form a d<•ublet on 
less heavily loaded gels. Actin (A), a -actinin (a-A), desmin (D) , high molecular weight protein (HMW), 
myosin heavy chain (MHC), tropomyosin (TM). 

variant ( I , 15). 
High ionic strength (HI) extraction of the LI­

insoluble residue with I M KCI (Fig. 2e-g) and 
then with I M KI (Fig. 2/t-j), releases most of 
the actomyosin, a-actinin, HMW. and tropomyo­
sin . The remaining Kl-insoluhlc residue (Fig. I j) 
contains mostly actin and desmin. We have not 
quantitated yields or fold purification during this 
purification because of the lack of a suitable 
quuntitativc US'IOY for dc~lllin . <.'omp111iso11 \If Fig. 
I a and k and examination of the soluhilizcd 
proteins (Fig . 2), however , indicates that the 
pu1ification is substantial. The total amount of 
recoverable desmin in gizzard is quite small, how­
ever. and 200 g of gizzard muscle will typically 
yield I 00-200 mg of moderately pure desmin 

' 

(such as the cycle-2 desmin shown in Figs. 5 and 
6). 

The actin and desmin that remain in the Kl­
insoluhle residue are still associated with a consid­
erable bulk of SOS-insoluble matrix. the compo­
sition of which is unidentified . . Two-dimensional 
electrophoresis of the Kl-residue reveals the pres­
ence of a- and 13-desmin. of *1 and *2 (brackets), 
and of y-actin (Fig. 4). A band is seen next to 
dcsmin on one-dimensional gels of some KI-resi­
due preparations. It has never been unambigu­
ously observed on the corresponding two-dimen-· 
sional gels. however, and is most likely either the 
a- or J3-component of dcsmin . We have not 
observed an y marked tendency for desmin to he 
proteolyzcd during our extraction procedures . 
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FmURF. 3 Two-dimensional gel .of the low ionic 
strength supemate-3 (Fig . 2d ). Indicated are a-actinin, 
a· and {J-desmin, proteins • 1 and • 2 , {J- and -y-actin, and 
gizzard tropomyosin ( a, f3 TM). a-Actinin focuses into 
three isoelectric variants. The acid side is on the left. 
The samples were loaded at the upper right (base side) 
for the first (isoelectric, IEF) dimension. The second 
(SOS-PAGE) dimension i~ top tn bottom. The very high 
molecular weight proteins generally do not resolve on 
these gels. 

The desmin from KI-extracted muscle has the 
same molecular weight and isoelectric variant 
composition as desmin from fresh muscle (15). 
Desmin. however, is slowly degraded at low pH. 

SOLU Bl LIZA TION OF D ESMI N: Crude 
desmin may be solubilizcd from KCI- or Kl-ex­
tracted gizzard residues by 1 M acetic acid (refer­
ence 33 and this paper) . concentrated ethylene 
diamine, 0 .5% Sarkosyl NL-97, 3 M sodium 
trichloroacetate, or 3 M urea. Of these, l M acetic 
acid a 0°C was chosen for routine extraction of 
desmin because it is easy to work with and to 
remove, is reasonably selective, and does not 
appear to denature or rapidly damage desmin. 
Although acetic acid at elevated temperatures is 
reported to give better yields of desmin (33), its 
use was avoided because it produced extensive 
charge heterogeneity in both actin and desmin. 
and also solubilized considerable quantities of 
collagen and myosin . The major difference be­
tween the KI-residue and the KI-residue acetone 
powder is that the latter yields much purer des­
min. 

CYCLIC PURIFICATION OF DESMIN SOI.· 

UBILIZED RY ACE,TIC ACID (SCHEME 11): 

When the first acetic acid extract (0°C) is neu-

4 

··• ; ' _,,,, . ... 

' r-Actln 

·• · 
FtGURF. 4 Two-dimensional gel of the KI-insoluble 
residue (Fig . I j). a,{J-desmin, proteins • 1 and • 2 • and -y­
actin are present. 

tralized, a fine prec1p1tate containing desmin 
forms at about pH 4.0. As the pH is increased to 
4.2, the precipitate coalesces into small flocculent 
masses. These are extremely sticky and easily trap 
air bubbles. A desmin-containing precipitate also 
forms if a 1-- M acetic acid extract is brought to 
0.3-0.4 Min NaCl. 

The first acid extract of a Kl-residue (Fig . 5 a) 
was purified by four cycles of precipitation and 
solubilization as described in Materials and Meth­
ods (see Scheme II). The supernate from each 
precipitate was dialyzed against water and lyophi­
Iized. Precipitates 1-4 are shown by one-dimen­
sional SOS-PAGE in Fig . 5b-e, and concentrated 
supernates 1-4 in Fig. 5 f-i. During this process of 
cyclic precipitation, a constant protein composi­
tion is attained, with >90% of the actin and 
desmin precipitating in each cycle. The small 
amount of actin and desmin which remains in the 
final supernate-4 are in the same relative propor­
tion as the actin and desmin in precipitate-4. 
Desmin (mol wt 50,000) isolated in this manner is 
associated with four other proteins: myosin (mol 
wt 2 I 0,000) , two intennediate-sized proteins ( mol 
wt • 1: 45-47 ,000; mol wt • 2 : 43-45,000). and 
actin (mol wt 42,000) (Fig. 6). Other proteins 
sometimes appear in the region between actin and 
desmin, but • 1 and • 2 predominate. 

Prccipitate-4 (Fig. 5 e) was analyzed by two­
dimensional electrophoresis. It contained both a­
and {3-desmin, • 1 and • 2 , and actin . The actin has 
an isoelectric-focusing mobility corresponding to 
the -y-variant of this molecule ( 15). It can be 
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FIGURE 5 Proteins extracted from a KI-residue by I 
M acetic acid. The initial extract (cxtrnct-1) made with 1 
M acetic acid at 0°C for l h. Extract- I was cyclically 
precipitated with NaOH (at pH 4) and redissolved in 
acetic acid (see Scheme 11) to yield precipitate- I (5 b ). 
supemate-1 (5/), precipitate-2 (Sc). supemate-2 (Sg ), 
precipitate-3 (5 cl), supcmate-1 (5 I,), prccipitate-4 (St) , 
and supemate-4 (5i). By cycle 4. a constant ratio of 
actin to desmin is attained both in the precipitate (5 e) 
and in the supemate (5 i ). 

further shown to be actin by reaction with anti­
actin antibody (see below) . The amount of myosin 
that is observed with desmin is variable and is 
virtually absent from desmin extracted from KI­
residue acetone powders. Every nondenaturing 
purification scheme that we have investigated so 
far has failed to selectively solubilize desmin away 
from either the * proteins or from actin. It is of 
interest thut both dcsmir• 11ml lht"" proteins thnt 
copurify with it have P1's of -5.71 in 9 M urea/ 
1 % Nonidet NP-40 . 

Although there is a certain amount of variability 
in the relative proportions of o:- and /3-desmin in 
purified desmin, we have never observed the 
purification of one desmin variant without the 
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FIGURE 6 Cycle-2 desmin extracted by acetic acid 
from a KCl-residue acetone powder (KCI-AP; 6h ), and 
from a KI-residue acetone power (Kl-AP; 6c ) . Molec­
ular weight (MWT) standards (6a) are t3-galactosidase 
(Gal; 130,000). phosphorylase a (Pos; 100,000), bo­
vine serum albumin (BSA; 68,000), pyruvute kinase 
(PyK; 57,000), ovalbumin ( O/v; 43,000). D-amino acid 
oxida,;e (AAX; 37,000), myoglobin (Myo; 17,200), and 
cytochrome c (Cyt; 11,700). The SDS-PAGE is a 20% 
acrylamide gel. Calculated mol wt are: 50,000 for des­
min; 47,000 for•,; and 45.000 for • 2 . Actin is given to 
have mol wt 42,000. Note that more actin is extractable 
from a KCl-acetone powder. When a Kl-AP is washed 
with I M KCI before the preparation of a cycle-2 extract . 
the high-salt treatment reverses the effect of acetone 
powdering ( 6 d ) . 

other. At least some of this variability appears to 
be artifactual. a-Desmin is particularly susceptible 
to conversion to a more acidic variant. Urea , 
heating, and the use of pH 4-6 Ampholines will 
all promote this conversion. In the presence of the 
pH 4- 6 Ampholines, the o:-dcsmin spot splits into 
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two. with one remaining in the old position and 
one running -0.05 I', units more acidic (data not 
shown). 

GEL CHROMATOGRAPHY OF ACTIN AND 

DES MIN: The consistent copurification of actin 
and desmin suggested that they might be associ­
ated together as a complex. Because purified 
desmin is insoluble under conditions of low or 
high ionic strength. we studied desmin that had 
been solubilizcd with the medium-strength anionic 
detergent Sarkosyl NL--97. This detergent docs 
not appear to denature dcsrnin. because dcsmin 
preparations that have hecn solubilized with Sar­
kosyl will form I 00-A filaments when the Sarkosyl 
is dialyzed away (see below) . When Sarkosyl­
snlubilized desmin is chromatof!raphed by gel 
filtration on a column of Ultrngel AcA 34 (range 
20,000-340,000 mol wt). it is fractionated into 
two populations: one containing act in. des min. 
and HMW that is excluded from the column; and 
one containing actin. desmin, *,. and *2 that is 
barely included in the column (Fig. 7). Two­
dimensional electrophoresis (not shown) revealed 
the presence of a· and ,B-desmin and of y-actin in 
both protein populations (fractions 17 and 37). 

When desrnin is chromatographed on Bio-Gel 
P300 in the presence of I M acetic acid and 0.05 
M NaCl (Fig. 8). the vast majority of dcsmin 
elutcs in what is probably a monomeric position 
and is not associated with actin under these con­
ditions . A small fraction of the desmin elutes with 
the excluded volume . The actin present docs not 
appear to be monc,meric. and most of it also elutes 
with the excluded volume. 

Copolymerization of Actin and Desmin 
FORMATION OF DESMIN GELS: When pu­

rified desmin is recovered from I M acetic acid 
(pH .4) by neutralization to pH 4 .1. it gt..r,,rally 
precipitates as cohesive. cotton like flakes. Hew­
ever. if the acetic acid is instead removed hy 
dialysis against several changes of distilled water, 
three different and alternate phenomena are ob­
served: (a) the spontaneous formation of a clear 
gel; (h) a clear solution; or (c) a cohesive precipi­
tate . All three represent different states of desmin 
and of the proteins that cnpurify with it. as no 
differential participati11n of any of them is oh­
served . A spontaneous gel is the most frequently 
observed state. The gels arc extremely sticky. 
especially tc themselves and lo glass. but they will 
also coat tl,e insides of plastic pipette tips. Desmin 
gels are .ilrong enough to hold their shape when 
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FIGURE 7 SOS-PAGE analysis of the fractions pro­
duced hy the gd filtration of desmin and associated 
proteins on Ultrogel AcA 34 in the presence cif 0.5% 
Sarkosyl NL-97. A Kl-AP w.is washed with I M KCI 
and then with water. This resolubilizes some of the high 
molecular weight proteins. The washed pellet was ex­
tracted with I M acetic acid and. this was cycled as 
described in Materials and Methods to produce a precip­
itate-2 (cycle-2 desmin). This was rinsed with 0 .1 M 
Tris-HCI. pH 7.5. and then soluhilized with 0.5% 
Sarkosyl NL-97, 100 mM NaCl. 10 mM Tris-HCI. pH 
7 .5, IO mM 2-mercaptoethanol. and IO mM NaN,. 
Ultrogel AcA 34 (range 20,000-350,000 mol wt) was 
equilibrated in this buffer and poured as a column of 2 
x 40 cm. Blue dextran-2,000 eluted wiih a peak at 
fraction 17. and an included dye marker eluted with a 
peak at -fraction 120. In the actual run. all of the 
protein eluted between fractions 12 and 55 . Fractions 
were heated with 0.2 vol of 5 x SOS-sample buffer 
hefore analysis on SOS-PAGE. We have not determined 
whether the micell structure of Sarkosyl NL-97 had any 
effect on the elution profile. 

extruded from the dialysis hag. This includes any 
notches and wrinkles that resulted from their 
association with the nonuniform contours of the 
dialysis membrane. If they are left undisturbed. 
the clear gels contract slowly and become translu­
cent over a period of several days. This sponta­
neous contraction can be speeded up. so that it is 
complete within I h. if the ionic strength or 
divalent cation concentration of the dialysis me­
dium is raised. Fig. 9a shows an uncontracted gel 
in the dialysis bag in distilled water. Fig. 9h shows 
the same gel I h after the addition of I mM MgCl2 

to the dialysis medium. 
The dialysis of cycle-purified desmin from acetic 

acid into water occasionally results in a metasta­
ble, nongcllcd solution (state 2). If left undis-

i74 TnE JoURN/\1. OF CELI . BlOL()(i Y • Vol.UME 80. 1979 



o- .. .. 
A · 

8 

5 10 15 

MHC 

BSA 
B1 

-·-:------•- W ft ■ • n< D 

B2 

--------►Cyt 

FIGURE 8 SOS-PAGE analysis of the fractions pro­
duced by gel filtration of desmin and its associated 
proteins on Bio-Gel P300 in the presence of l M acetic 
acid and 0 .05 M NaCl. Blue dextran-2,000 eluted in 
fractions 1 and 2. BSA and Cyt were mixed with the 
desmin before it was loaded on the column. The majority 
of desmin elutes as a monomer while a small fraction of 
desmin elutes with the excluded volume. All of the actin 
chromatographs in a manner similar to the partially 
excluded desmin. The elution profile for desmin is 
retarded relative to that expected for a ~0.000 mol wt 
protein; one possible reason is that dcsmin may interact 
with Bi()-Gel P300 under the above conditions. If this is 
so, caution should be exercised in assigning a monomeric 
molecular weight to this dcsmin fraction . The pro1cins 
Bl, H2, and 83 are most likely BSA degrudation 
products and they are not present when desmin alone is 
run on the column . Other abbreviations are as in Figs, 
I, 2, and 6. 

turbed in the dialysis membrane, these solutions 
will remai in this state for days at 5°C. However. 
if even a small amount of an ionic substance 
(Table I) is dialyzed into the metastable solution, 
gelation is initiated and is complete within 1 h 
(state I above) . Glass will also trigger gelation 
(Fig. I 0). Syneresis of the gel occurs subsequently. 
While we have not measured the relative effective­
ness of various ions in inducing gelation, we have 
twt m•ti<:cll nny nbviou, n:quirements for any 
particular ions. All of lh(i above gclation and 
syneresis phenomena are apparently passive in the 
sense that an external source of energy is not 
required. 

Finally . the gelation phenomenon is nol re­
versed hy the removal of any of the substances 
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listed in Table I (by extensive dialysis against 
water). The gels may he resolubilized in I M 
acetic acid, however, and the gelation procedure 
repeated. 

Sarkosyl NL-97 solutions of desmin will also 
form spontaneous gels when the Sarkosyl is re­
moved by extensive dialysis against water. These 
gels appear to be similar to the acetic acid gels , 
but were not investigated extensively. They are 
composed of fibrils with - I 00-A diameters ( data 
not shown). 

LIGHT MICROSCOPY OF DESMIN GELS: 

Phase microscopy of semicontracted dcsmin gels 
reveals a tangled network of branching fibers that 
are often embedded in an amorphous matrix (Fig. 
11 ). These fibers are < I µ,m wide and appear to 
be bundles of many smaller fibrils. No differences 
in morphology are seen when spontaneous gels or 
ion-initiated gels (10 mM KCI or 10 mM MgCl2) 
are compared. The matrix and fibril bundles are 
intimately associated with each other (Fig. 11 ). 
We were unable to selectively solubilii.e either 
matrix or fibers at any of several concentrations of 
urea between 0.1 and 1.0 M. Desmin precipitated 
from acetic acid by rapid neutralization to pH 4. I 
is usually amorphous, but occasionally exhibits 
fibril bundles similar to those observed from des­
min gels produced hy dialysis (data not shown). 

In indirect immunofluorescence, both the fi~ 
hrous and matrix components of the desmin gels 
are uniformly reactive with anti-desmin (Fig . 12) 
and anti-actin (Fig. 13) at the level of resolution 
of the light microscope. No periodicities or differ­
ential reactivity has been observed. Control 
pre immune antisera were unreactive. 

ELECTRON MICROSCOPY OF DESMIN 

GELS: The insoluble gizzard residue whkh re­
mains after extraction with I .0 M KCI was inves­
tigated by negative staining to determine what 
fiher morphologies it contained before the extrac­
tion of desmin with acetic acid. High magnifica­
tion pictures show tangled groups of well-pre­
served 100-A filaments (Fig. 14a-c). The 100-A­
fiber configurations of Fig . 14a-c are similar to 
those seen in association with dense bodies ( I . 5 . 
39). The measured diameters of the fibers in Fig. 
14 ranµe from I ~O IP 140 A, 

·1 Ill' most characte1 istic microscopic feature of 
desrnin gels is that the long , tangled fibers seen at 
low magnification (Fig . 15 a ) actually represent a 
network of extensively intertwined fibrils that 
become visible at high magnifications (Fig. !Sb, 
c). Neither microtubulcs nor F-actin . both of 
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9a 10 
FIGURE 9 The formation of a spontaneous desmin gel. Acetic acid-solubilized cycle-2 desmin was 
dialyzed against several changes of water for 2 days at 4°C. lhe gel that resulted was photographed in the 
dialysis membrane (Fig. 9a ). Dialysis was continued and I mM MgCl2 was added to the dialysis medium 
to initiate contraction of the gel. The gel was rephotographed I h after the addition of Mg02 (Fig. 9b ). 

FIGURE IO Gelation of metastable aqueous desmin upon contact with glass. A 1-M acetic acid extract of 
cycle-2 ·desmin was dialyzed against water to yield a metastable solution. The solution was removed from 
the dialysis membrane by inverting the open end of the membrane directly into a glass tesi tube. Gelation 
occurred within seconds, trapping air bubbles which appear suspended in the gel. The gel was 
photographed horizontally. 

FtoURF. 11 Light micrograph (phase optics) of a desmin gel similar to that depicted in Fig. 9b. Phase 
contrast dense fibers are seen embedded in an amorphous matrix . The fibers were probably oriented while 
tl\e preparation was being flattened. Final magnification is x 1,000; 10 ,-im/cm . 

which can form gel-like solutions, show this mode 
of twisting self-interaction . The fibril morphology 
of these gels is not uniform and a single gel may 
contain fibrils which exhibit regular profiles, 
twisted ribbon-like profiles, and intertwined pro­
files (Fig. 15 c ). The most consistent interpreta­
tion of these profiles is that they iire actually flat 
ribbons of 120-140 A width which have un inher­
ent tendency to twist. The thin regions (60-80 A; 
Fig. 15 c, arrow) • would corre!'.pond to nodes 
where the ribbon is parallel to the electron beam. 
We have not observed any profiles which can be 
interpreted as being .,~trictly cylindrkal along their 
entire lengths. 

DISCUSSION 

Solubility Properties of Desmin 

Desmin is present in smooth muscle in two 
forms: a "soluble" one that is released during 
extraction al LI with EGTA, and an "insoluble" 
one that remains after extraction of the muscle 
cells at HI . In both cuses. desmin is associated 
with actin. 

The HI-insoluble desmin is solubilized either at 
low or high pH, or by agents that dissociate 
hydrophobic bonds. Two solubilizing agents were 
investigated in detail : acetic acid ( I M) and Sar­
kosyl NL-97 (0.5%). Acetic acid soluhilizcs des-
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TABLE I 

Conditions Causing the Gelation and Subsequent 
Contraction of Metastable Desmin Solutions 

MgCI2 

ATP 

Salt 

Mg2 + + ATP 
Mg2+ + K+ + ATP 
CaCl2 

EDTA pH 7.5 
PIPES pH 6.9 
Tris-HCI pH 6.9 
KCI 
NaCl 
Glass 

Concentrations tested 

mM 

0.1-100 
0 .1-10 

0.1, each 
0.01, each 

0.1-50 
0.02-0.1 

100 
10 
10 
10 

min along with a variety of other proteins from 
KCl- or KI-insoluble residues. Of these, only 
desmin, actin, and two proteins designated * 
precipitate quantitatively at pH 4 .0 (Fig . 5). The 
pH-dependent precipitation of desmin is probably 
not a simple isoelectric phenomenon, however. 
First, desmin does not resolubilize above pH 4 
until a very high pH is reached (e.g ., with ethylene 
diamine) . Second, the dialysis of desmin from 
acetic acid into water sometimes results in a 
metastable soluble state . Exposure of these solu­
tions to an ionic environment causes the immedi­
ate coprecipitation of both actin and desmin. 
These properties are unlike any previously de­
scribed for actin (26). 

Desmin from avian muscle is resolved into two 
major isoelectric variants by two-dimensional elec­
trophoresis ( 15, 21). Both variants are always 
present in every preparation and appear to behave 
identically in each of the purification schemes that 
we have employed (i.e., salt extractions, acetic 
acid cyclin!, and gel filtration in the presence of 
Sarkosyl). There is usually an excess of /3-desmin 
over a-desmin in gizzard, however. One reason 
for this is the tendency of a-desmin to become 
modified and focus as two or more species. It is 
presently unknown whether a- and /3-desmin are 
distinct gene products or if one arises by modifi­
cation of the other. 

Copurification of Actin and Desmin 

The most significant finding of this research is 
the suggestion that desmin and actin form nonsto­
ichiometric complexes. The evidence for this is as 
follows: (a) A small fracti0n of gizzard actin has 
solubility properties that are different from the 
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bulk of the actin but which are the same as for 
desmin. ( b) Both actin and desmin copurify dur­
ing repeated cycles of acetic acid solubilization 
and pH 4 precipitation. A constant ratio of actin 
to desmin is attained and this ratio is found in 
both the pH 4 precipitate and the supemate (Fig . 
5 e and i). ( c) Gel filtration in the presence of 
0 .5% Sarkosyl NL-97 reveals an included fraction 
of actin and desmin that comigrate through the 
column. ( d) Both actin and desmin appear to 
copolymerize from a metastable soluble state to 
form :: . :. ,;,:: species of 100-A-like filaments in 
which they are homogeneously distributed (see 
discussion below). The simplest interpretation of 
this is that actin and desmin are able to form 
stable, nonstoichiometric complexes with each 
other. We have hypothesized that desmin func­
tions in muscle to bind separate actin-containing 
structures together into mechanically integrated 
units (22). The formation of an actin, desmin­
containing polymer may provide a molecular basis 
for this hypothesis. It is important to note, how­
ever, that we have not excluded the possibilities 
of nonspecific interaction of actin and desmin or 
of separate populations of actin and desmin that 
simply have similar solubility properties . 

Copurification of other Proteins 
with Desmin 

At least two other proteins , termed *1 and *2 , 

appear to be associated with desmin in a manner 
that is similar to that discussed for actin above . 
We wish to avoid giving these proteins names until 
we can determine whether they are specifically 
associated with desmin and whether or not they 
are cleavage fragments of desmin . This latter is a 
strong possibility. *2 Comigrates with a known 
proteolytic fragment of desmin (in preparation) , 
and both *1 and *2 are seen occasionally as 
isoelectric doublets on two-dimensional gels (data 
not shown). This further suggests that they may 
be derived from the cleavage of a- and {3--desmin. 
It is intriguing to note that some preparations 
contain similar amounts of actin, *1, and *2 (Fig. 
6c). 

The remaining proteins that associate with des­
min are HMW, myosin, a-actinin, and tropomyo­
sin. These are all proteins that are known to bind 
to actin in the absence of desmin and are probably 
bound to the actin that copurifies with desmin . 
The HMW protein may be filamin, an actin-bind­
ing protein from smooth muscle (40, 41). How 
the cell chemically specifies the interactions of 
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actin with these proteins remains a matter for 
speculation. 

Copolymerization of Actin and Desmin 

to 100-A.-like Filaments 

Desmin appears to exist as an insoluble hydro­
phobic polymer under physiological conditions. 

_. d .. y •· - • __ ..... -~ 
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These polymers may be solubilized by conditions 
of low or high pH (at low ionic strength) or by 
agents which dissociate hydrophobic bonds (5, 22, 
33). Acetic acid-solubilized desmin forms either 
spontaneous gels or metastable solutions when the 
acetic acid is replaced with water by dialysis . The 
metastable solutions rapidly convert to gels if the 

FIGURE 14 100-A-diameter fibers in a KCl-residue . Fig . 14a--c shows tangled groups of 100-A fibers 
with a well-preserved substructure and diameters of 120-140 A. 

FIGURE 12 ndirect immunofluorescence of desmin gels using desmin specific antibodies. Desmin fibers 
(described in Fig. 13) were reacted with anti-desmin and observed with phase contrast (Fig. 12a and c) 
and epifluorescence (Fig. 12b and d) optics. Fig . 12b shows a fine fluorescent network, between the 
fluorescent-filament bundles, that is nearly invisible in 12a . The larger fibers thus appear to be aggregates 
of thinner fibers. The fluorescence is uniformly distributed throughout the whole length of the fibers. 
Preimmune antisera (not shown) were completely negative . x 100 oil-immersion objective, NA 1.32; 
final magnification is x 1,000; 10 µ.m/cm . 

FIGURE 13 Indirect immunofluorescence of desmin gels using actin specific antibodies. Desmin fibers 
from a gel were reacted with anti-smooth-muscle-actin and viewed with phase contrast (Fig. 13 a) and 
epifluorescence (Fig. 13 b) optics. As in the case with anti-desmin (Fig . 12), the fluorescence is uniformly 
distributed throughout the whole length of the fibers. No periodicities or differential staining of matrix or 
fibers is seen with either anti-actin or with anti-desmin. Preimmune antisera (not shown) were uniformly 
negative. The gels used for Figs. 12 and 13 were cycle-I acetic acid extracts of KI-residue. The extracts 
were dialyzed against water and the resulting metastable solutions were induced to gel with 10 mM MgCl2 . 

These extracts are relatively rich in desmin-associated actin . x 100 oil-immersion objective, NA 1.32; 
final magnification x 1,000; 10 µ.m/cm . 
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FIGURE 15 Typical gels produced by the dialysis of cycle-2 acetic acid extracts of KI-residue acetone 
powders against water. Many long, straight fibers can be seen in Fig. 15 a and b. Most of these are 
composed of twisted and intertwining fibrils of 130 A diameter (15b). Ribbonlike characteristics are 
evident in Fig. 15c. Occasional 11-15-A profiles , which may be protofilaments, are visible in Fig. 15c. 
The substructure in Fig. 15 c resembles that of the 100 A filaments shown in Fig. 14 b and c. The arrow 
indicates a region of apparent twistin&. Final magnifications: (I Sa) x 5,200, 2 µ.m/cm; (15 b) x 21,000, 
4,750 A/cm; (15c) x 140,000,700 A/cm. 



concentration of ions rises above roughly micro­
molar values or if they are exposed to ionic 
surfaces (e.g., glass). These gels are characteristi­
cally composed of a network of highly intertwined 
fibrils which measure 120-140 A in diameter. 
I\ 1ost of the negatively stained fibril images are 
consistent with an interpretation of the fibrils as 
flat ribbons. These ribbons appear to intertwine 
to build up the macroscopic fibers that are visible 
in the light microscope, although it is possible that 
the fibers are an artifact of the negative staining 
procedure. 

Immunofluorescence indicates that desmin and 
the actin that copurifies with it are uniformly 
distributed in desmin fibers at a resolution limit of 
2,500 A (Raleigh criteria for self-luminous points 
at>.. of 530 nm and NA of 1.32; 32). Similarly , 
there is no overt evidence at the electron micro­
scope level of separation into distinct filament 
morphologies. The gels also contain the same 
ratios of actin and desmin that the ungelled solu­
tion did . In addition, gel filtration in acetic acid 
indicates that most of the actin and desmin are 
unassociated under these conditions (Fig. 8). If 
the high molecular weight actin and desmin are 
not already associated in acetic acid, then they 
must become associated once it is removed. Thus, 
actin and desmin appear to copolymerize from 
solution. 

Comparison of the Gelation of Desmin and 
Actin 

A variety of cytoplasmic extracts have been 
discovered to undergo gelation and subsequent 
syneresis in vitro, and it is of interest to compare 
these with the gelation and syneresis of desmin . 
Typically, extract that is capable of undergoing 
gelation is produced by homogenizing cells at 0°C 
in a buffered solution containing ATP, EGTA, 
and sucrose or glycerol. Upon being warmed, 
these extracts gel and then undergo syneresis if 
the gelled state is maintained. The gel-forming 
components of Acanthamoeba (23, 25), Dictyo­
stelium (38), pulmonary macrophages (12, 37), 
and sea urchin eggs (16, 17) have been fraction­
ated. While these are not identical systems, gel 
formation generally appears to depend upon the 
polymerization of G-actin to F-actin and on the 
subsequent cross-linking of this F-actin by one or 
more accessory proteins. In most cases, syneresis 
is magnesium-ATP dependent and is based upon 
the interaction of the cross-linked F-actin with 
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myosinlike proteins. Exceptions to this include the 
ATP-independent syneresis of sea urchin egg gels 
( I 6, 17) and F-actin-filamin gels ( 41) . 

The formation of desmin gels does not depend 
upon any conditions which are known to stabilize 
F-actin: gel formation can be triggered by sub­
physiological concentrations of many different 
ions; neither ATP nor calcium is required; gel 
formation is not reversible except by resolubiliza­
tion in acetic acid or Sarkosyl NL-97; and synere­
sis ocr 1ir, in the absence of myosin or ATP . The 
adhesiveness of desmin for itself suggests that the 
syneresis of desmin gels may result from an au­
toaggregation process. It thus appears that the 
gelation of extracts based predominantly on actin 
is significantly different from the gelation of ex­
tracts that are predominantly desmin. The physi­
ological significance of gelation and syneresis re­
mains to be determined. 

Are Desmin Filaments Related to 
I 00-A Filaments? 

Two lines of evidence indicate that desmin is a 
major subunit of the 100-A filaments of muscle . 
The first is based on the solubility properties of 
these filaments . Smooth muscle that has been 
extracted at high ionic strength is enriched in 100-
A filaments and contains actin and desmin as its 
major protein constituents (5 , 6, 22, 33. See also 
above). Urea solubilizes these two proteins and 
also removes the I 00-A filaments from extraction 
enriched muscle (5) . Second, the subsequent re­
moval of solubilizing agents from desmin by di­
alysis has resulted in the production of -100-A­
sized filaments from urea (5), acetic acid (refer­
ence 33 and this paper), and Sarkosyl NL-97 
(data not shown). We have shown that most of 
the actin can be removed from desmin and that it 
will still polymerize to intermediate-sized fila­
ments. These filaments are very similar to in vivo 
100-A filaments. 

There are apparently two major differences 
between in vitro desmin fibrils and in vivo muscle 
100-A filaments. First, if desmin fibrils are in fact 
ribbonlike, then they differ from in vivo 100-A 
filaments, which are shown to have cylindrical 
cross sections in the vast majority of preparations 
(I, 6, 39). It is possible, however, that the nega­
tive staining and drying procedures induced arti­
factual flattening and twisting in otherwise cylin­
drical desmin fibrils. Second, the adhesiveness of 
in vitro desmin fibrils and precipitates is unex-
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pected because the 100-A filaments of smooth 
muscle are not aggregated under normal circum­
stances . This phenomenon may result from either 
our in vitro assembly conditions or from an inter­
action of desmin with one of the proteins that 
copurifies with it. However, the formation of 100-
A-filament aggregates in colcemid-treated cul­
tured cells has been reported for a variety of cell 
types , including striated muscle (14), cardiac mus­
cle (20), and smooth muscle (unpublished obser­
vations). Although the mechanism of this aggre­
gation remains unknown, it may reflect the un­
masking of adhesive properties in vivo which are 
similar to those shown by the desmin fibrils in 
vitro. 
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CHAPTER FOUR 

An Actin-Desmin Complex from Chicken Smooth Muscle 
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Abstract 

Extraction of chicken gizzard muscle with 10 mM EGTA results in the 

solubilization of a small number of proteins including actin, desmin, tropomyosin, 

a-actinin, and filamin. The retention of both actin and desmin on a DNase I af­

finity column, and their coprecipitation in indirect immunoprecipitation with 

either anti-actin or anti-desmin specific antisera indicates that these two proteins 

may be solubilized in the form of a complex. Velocity sedimentation of the EGTA 

extract indicates that actin and desmin form a series of complexes ranging in 

size from 6 to 60 S. On isolation and resedimentation of the 50-60 S actin-desmin 

species, it resediments to its original position on the gradient. The 50-60 S actin­

desmin component has an approximate stoichiometry of 5 actin molecules per 

desmin molecule, and contains no free actin, as shown by anti-desmin affinity 

chromatography. 

Introduction 

Several lines of evidence suggest that desmin, the major subunit of avian 

smooth muscle 100 A filaments (Cooke, 1976; Lazarides and Hubbard, 1976; Small 
) -

and Sobieszek, 1977; Hubbard and Lazarides, 1979), associates with actin in vivo. 

Morphological studies have shown that 100 A filaments coterminate with actin 

filaments in the dense bodies of smooth muscle and in the intercalated discs of 

cardiac muscle (Uehara et aL, 1971; Ashton et aL, 1975; Cooke, 1976). Immuno­

fluorescent staining with specific antibodies has also indicated that both actin 

and desmin are present at the peripheries of striated myofibril Z-discs (Lazarides 

and Hubbard, 1976; Granger and Lazarides, 1978). During the extraction and purifi­

cation of desmin from smooth muscle, a small proportion of the total cellular 
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actin consistently copurifies with the desmin (Hubbard and Lazarides, 1979). 

0 

This mixture of actin and desmin will polymerize in vitro to form 120 A diameter 

filaments. lmmunofluorescence and electron microscopy indicate that both actin 

and desmin are present in these filaments (Hubbard and Lazarides, 1979). 

The form of desmin described above was insoluble, except at pH extremes 

or in the presence of denaturing agents, making the unequivocal demonstration 

of an actin-desmin complex difficult. As we previously reported, however, a por­

tion of the total smooth muscle actin and desmin becomes soluble during extrac­

tion at low ionic strength in the absence of calcium (Hubbard and Lazarides, 1979). 

In this paper we present evidence that this soluble desmin is extracted from smooth 

muscle as a family of actin-desmin complexes. 

Materials and Methods 

Materials 

Biogel A-15m and A-150m are products of BioRad (Richmond, CA), and 

Sephadex G-200 is a product of Pharmacia (Piscataway, NJ). DNase I was RNase 

free grade ~PFF from Worthington Biochemicals (Freehold, NJ). Triton X-100 

is a trademark of Rohm and Haas (Philadelphia, PA). All other materials were 

as described previously (Hubbard and Lazarides, 1979). 

Analytical Methods 

Protein concentrations were determined as described previously (Hubbard 

and Lazarides, 1979). 
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Electrophoresis 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

was performed as previously described (Laemmli, 1970; Hubbard and Lazarides, 

1979). Two-dimensional electrophoresis (IEF/SDS-PAGE) was performed using 

the previously described modification of the O'Farrell method (O'Farrell, 1975; 

Hubbard and Lazarides, 1979). 

Extraction of Gizzard at Low Ionic Strength 

Chicken gizzards were homogenized and subsequently extracted with 

10 mM Tris-HCl, pH 7.5, 10 mM EGTA (TE buffer; EGTA is ethylene glycol-bis­

[8-aminoethyl ether] N,N,N',N'-tetraacetic acid) to produce low ionic strength 

supernatants as previously described (Hubbard and Lazarides, 1979). The third 

such low ionic strength supernatant was clarified by centrifugation for 30 min 

at 30,000 x g and used at a concentration of 2 mg protein per ml (TE extract). 

This supernatant was stored at 4°C in the presence of 10 mM NaN
3

; it precipitated 

if subjected to repeated cycles of freezing and thawing. 

Gel Filtration, Affinity Chromatography, and Velocity Sedimentation 

The details are given in the appropriate figure legends. 

Immunoprecipitation 

The preparation of antibodies against electrophoretically pure actin 

(Lazarides, 1976) and desmin (Lazarides and Hubbard, 1976) has been described. 

These antibodies exhibit no cross-reactivity with any other smooth muscle proteins 

or with each other, as judged by both immunodiffusion and by adsorption analysis 
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(Lazarides, 1976; Lazarides and Hubbard, 1976). Antisera were purified by am­

monium sulfate precipitation and reconstituted in phosphate buffered saline (PBS). 

Control sera were completely unreactive on myofibrils by immunofluorescence 

(1:10 dilution). 

For immunoprecipitation, antibodies were diluted 1:10 with 100 mM 

Tris-HCl, pH 7.5, 10 mM EGTA, 2% Nonidet Ni--40, 1 mM 1,10-phenanthroline 

(TEN buffer). Formalin-fixed, heat-killed, protein A bearing Staphylococcus aureus 

(SpA, 7) was used as a 10% suspension in TEN buffer. The 1,10-phenanthroline 

was included to inhibit a SpA associated protease that degrades desmin. 100 µl 

of diluted antibody and 50 µl of TE extract (100 µgm) were mixed and allowed 

to react for 1 hr at room temperature. 100 µl of 10% SpA was then added and 

allowed to react an additional 15 min. The SpA were collected by centrifugation 

and washed 3 times in TEN; 3 times in PBS, 10 mM EGTA, 2% NP-40; and once 

in water. The bound proteins were dissociated from the final SpA pellet in 50 µl 

of 8 M urea, 0.1 M B-mercaptoethanol, 2% NP-40 for 15 min at room tempera­

ture. The bacteria were removed by centrifugation for 5 min at 7000 x g and 

the supernatant was loaded onto IEF /SDS-PAGE gels. Since desmin and the heavy 

chain of IgG have similar molecular weights but different isoelectric points, the 

two molecules are not resolved by the one-dimensional SDS-PAGE employed here, 

but are well resolved by two-dimensional IEF/SDS_:-PAGE. 

Results 

Extraction and Gel Filtration of EGTA Soluble Desmin and Actin 

The repeated extraction of homogenized chicken gizzard with TE buffer 

(20 gm gizzard muscle per 100 ml TE buffer) slowly solubilizes a small number 
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of proteins, including S- and y-actin; a.-actinin; a.- and S-desmin; a.- and s-tropo­

myosin; a high molecular weight protein, presumed to be filamin (Wang et al, 

1975; Wang and Singer, 1977); and uncharacterized proteins of 118K, 129K, and 

137K molecular weight (Fig. 1). Of these, filamin is extracted least efficiently, 

and its presence in the TE extract is variable. At least 50% of the total cellular 

desmin can be solubilized during the three successive extractions employed in • 

the Methods. As the release of these proteins from gizzard is dependent on the 

presence of EGTA, we investigated the effect of readdition of divalent cations 

to the TE extract. Actin, desmin, 129K protein, and filamin are induced to pre­

cipitate upon the addition of 10 mM ca2+ to the TE extract (Fig. 2). However, 

if the extract is first dialyzed against water to remove the EGT A (which does 

not induce precipitation), then the addition of 0.1-0.2 mM ca2
+ is sufficient to 

induce precipitation. This precipitation is inhibited at higher ionic strengths, 

e.g. 0.1 M NaCL Mg2
+ ions have the same effect as Ca2+ ions, while manganese 

or zinc ions cause the quantitative precipitation of every protein in the TE extract 

(data not shown). The proteins in the TE extract do not precipitate under condi­

tions known to polymerize G-actin to filaments in vitro (i.e., dialysis first against 

water to remove the EGTA, then against 50 mM KCl, 10 mM Tris-HCl, pH 7.5, 

0.5 mM ATP, 2 mM CaC12, 2 mM MgC12, 0.5 mM S-mercaptoethanol). Electron 

microscopy of this latter preparation after negative staining reveals much aggre­

gated material, but no clearly identifiable filaments (data not shown). 

We attempted to isolate actin-desmin complexes from the TE extract 

by several methods, including gel filtration, affinity chromatography, immuno­

precipitation, and vefocity sedimentation. Gel filtration of the TE extract on · 

Biogel A-150m shows (Fig. 3) that desmin migrates independently of a.-actinin, 
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tropomyosin, and 137K protein, and that the chromatographic profile of actin 

overlaps with that of each of the other proteins. 

DNase I Affinity Chromatography 

The elution profile of the TE extract on a Biogel A-15m DNase affinity 

column is shown in Figure 4e-g. Approximately 50% of the total protein applied 

to the column does not bind and washes through with the loading buffer (Fig. 4e). 

A 0. 75 M guanidine-HCl wash, which releases nonspecifically bound protein 

(Lazarides and Lindberg, 1974), fails to elute any further protein (Fig. 4f). The 

3. 0 M guanidine-HCl wash, which releases specifically bound actin from DNase I 

(Lazarides and Lindberg, 1974), elutes actin, desmin, 129K, and 137K proteins 

together (Fig. 4g). Tropomyosin and a-actinin do not bind to the column, but 

small amounts of filamin are present in overloaded gels of the 3.0 M guanidine-HCl 

wash. 

Since calcium is required for DNase I activity (Hitchcock et aL, 1976), 

a control column of underivatized Biogel A-15m was run to rule out the possibility 

that these results were due to calcium induced precipitation of actin and desmin 

' in the column. None of the TE extract proteins are retained by the control column 

in the presence of calcium (Fig. 4b-d). 

Indirect Immunoprecipitation with Actin and Desmin Specific Antisera 

The existence of an actin-desmin complex is further demonstrated by 

indirect immune precipitation with anti-actin or anti-desmin antibodies and pro­

tein A bearing Staphylococcus aureus. Actin and desmin are the major components 

of the indirect immune precipitates produced with either anti-desmin (Fig. 5a) 
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or anti-actin (Fig. 5b). Tropomyosin and a-actinin are not precipitated by the 

antibodies, but 129K protein, 137K protein, and filamin appear as minor components 

of both anti-actin and anti-desmin precipitates on one-dimensional SDS-PAGE 

gels (data not shown). Immunoprecipitates of the TE extract with either preimmune 

sera or SpA alone were completely negative, and the SpA bacteria did not con­

tribute significant amounts of extraneous protein under our conditions (Fig. 5c). 

Velocity Sedimentation 

More direct evidence on the size, stability, and stoichiometry of the 

actin-desmin complex was obtained by velocity sedimentation. Figure 6 shows 

the distribution obtained by sedimenting the TE soluble proteins through a 10-30% 

sucrose gradient. Both actin and desmin sediment as broad, overlapping bands 

that range in size from about 6 S to 60 S. a-Actinin and tropomyosin sediment 

as sharp bands that are independent of each other, desmin, filamin, and most of 

the actin. Filamin, 137K protein, 129K protein, and a minor protein at 95K all 

sediment as broad bands between about 6 S and 40 S. 

The stability of the actin-desmin sedimentation distribution produced 

by the ex riment of Figure 6 was investigated by dividing 5 similar gradients 

into four partitions (Pl through P4, Fig. 6), and then resedimenting each pooled 

partition individually. P4, P2, and Pl are shown in Figures 7b-9b, respectively 

(P3 has been omitted); the corresponding resedimented distributions are shown 

in Figures 7a-9a, respectively. Each partition retains its original actin-desmin 

distribution during recentrifugation, although some spreading occurs. This spreading 

may indicate that the ,components of the complex are in a slow dynamic equilib­

rium or it may be due to the effects of hydrostatic pressure on the complex during 

cen tri f uga ti on. 
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The 50-60 S actin-desmin component, identified and isolated by centri­

fugation, was examined for the presence of free actin by chromatography through 

a Biogel A-15m anti-desmin affinity column. An aliquot of the Pl partition was 

repeatedly passed through the column until all of the desmin was adsorbed (Fig. 10). 

The final flowthrough, shown in Figure 10a, contains no residual actin or desmin. 

Approximately 50% of the recoverable actin-desmin can be eluted by TE buffer 

in the presence of 0.1 M NaCl (Fig. 1 Ob). This may represent the partial dissoci­

ation either of actin-desmin complexes in 0.1 M NaCl, or of low affinity desmin­

antibody complexes. The remainder of the actin-desmin can be eluted with 8 M 

urea (Fig. 1 Oc). Since no IgG heavy chain is released during this process, the rela­

tive amount of desmin present in each fraction could be determined from one­

dimensional SDS-PAGE. 

The stoichiometry of the 50-60 S actin-desmin complex has been obtained 

from densitometric tracings of Coomassie brilliant blue stained gels of the Pl 

partition (Fig. 11). The actin:desmin density ratio ranges from 3. 5:1 to 4. 5:1 at 

580 nm. These same ratios are present in both the 0.1 M NaCl (Fig. 10b) and the 

8 M urea (Fig. 10c) eluates from the anti-desmin affinity column. The actin to 

desmin (density) ratio in the unfractionated TE extract is 10:1, suggesting that 

about 40% of the actin present may be involved in the formation of complexes 

with desmin. The composition of actin-desmin complexes smaller than 50 S_ has 

not yet been investigated. 

Discussion 

The Existence and Properties of an Actin-Desmin Complex 

In the present paper we have investigated the properties of the actin 
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and desmin that are slowly released from chicken gizzard smooth muscle during 

extraction with Tris-HCl buffered EGTA. The results presented here show that 

actin and desmin form a series of stable complexes ranging in size from 6 S to 

60 S which can be isolated without the use of potentially denaturing solubilizing 

agents. The existence of these complexes is supported by 1) the specific coretention 

of actin and desmin on a DNase I affinity column, 2) the coprecipitation of actin 

and desmin by either anti-actin or anti-desmin antibodies, and 3) the isolation 

of stable size classes of actin-desmin complexes by velocity sedimentatio11.. The 

majority of these complexes sediment in the 30-40 S range. The stoichiometry 

of the largest class of actin-desmin complexes (partition Pl, 50-60 S) is approxi­

mately 5 actin molecules per desmin molecule. About 40% of the total TE soluble 

actin is involved in the formation of actin-desmin complexes. 

We have previously reported that both desmin and a portion of the total 

cellular actin remain insoluble in residues of chicken gizzard that had been enriched 
0 

in 100 A filaments by extraction with 1 M Kl (Lazarides and Hubbard, 1976; Hubbard 

and Lazarides, 1979). It was found that this actin and desmin had similar solubility 

properties and that they always copurified with each other throughout a variety 
; 

of different extraction procedures. They also comigrated during gel filtration 

in the presence of the detergent Sarkosyl NL-97. Preparations that were highly 

enriched in desmin would reassociate from acetic acid to form filaments with 

diameters of 120-140 X. The residual actin that was still present appeared to 

bind tenaciously to these filaments. From these data, we concluded that desmin 

is the major component of avian muscle 100 X filaments and that actin and desmin 

form a complex (Lazarides and Hubbard, 1976; Hubbard and Lazarides, 1979). 
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The previously described actin-desmin complex was only soluble in agents 

such as acetic acid, detergents, and urea, and it either precipitated or formed 

insoluble filaments when these agents were replaced with water. These solubility 

properties differ from those of the EGTA solubilized complexes described in these 

Results. These latter complexes remain soluble if the EGTA is removed by dialysis, 

so long as the divalent cation concentration remains low. These differences may 

be due, in part, to the differing procedures used to isolate the complexes. From 

our results, at least half, and perhaps all, of the desmin in freshly homogenized 

gizzard may be extracted by TE buff er. In contrast, once the extracted gizzard 

muscle has been dehydrated with acetone, TE buffer can no longer solubilize desmin 

from it (unpublished observations). Similarly, actin-desmin containing filaments 

that have been prepared from acetic acid extracts are not soluble in 20 mM EDTA 

(Hubbard and Lazarides, 1979). Thus, the exposure of desmin to acetic acid, Sarko­

syl NL-97, urea, or dehydration may alter its solubility properties (Hubbard and 

Lazarides, 1979). 

Other major proteins present in the TE extract are actin, a-actinin, 

tropomyosin, 129K protein, and 137K protein. The TE solubilized e- and y-actin 

retains both its antigenicity and DNase I binding activity in spite of prolonged 

exposure to low calcium, low ATP conditions (up to 5 months). This is in contrast 

to a-actin, which permanently loses its DNase I binding activity after even brief 

exposure to low calcium conditions (Hitchcock et al, 1976). It is not known if 

this marked stability of TE soluble actin in low Ca 2+ is a characteristic property 

of smooth muscle actin alone, or if it is due to a stabilizing effect from one or 

more accessory proteins found in the EGTA extracts. The DNase column data 

indicate that such a stabilizing effect might be due to desmin, 129K protein, or 
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137K protein. Neither a-actinin nor tropomyosin were observed to associate with 

actin under our conditions. This is consistent with data indicating that the binding 

of skeletal muscle tropomyosin to a-actin requires Mg2
+ and/or KCl, but is dis­

sociated by high salt (Eaton et al, 1975). Not all of the actin (or actin associated 

desmin) bound to the DNase column. This appears to be a reproducible, but pres­

ently unexplained result. 

The Origin of the Actin-Desmin Complex from Smooth Muscle 

We have previously proposed that desmin serves to mechanically integrate 

the individual contractile units of striated muscle (Lazarides and Hubbard, 1976; 

Granger and Lazarides, 1978; Hubbard and Lazarides, 1979). This might occur 

through an actin-desmin complex similar to that described in these Results. Con­

sidering the stability of this complex in 0.75 M guanidine-HCl (Fig. 4f) it seems 

likely that the same associations may exist in vivo. It has been shown that the 

removal of calcium promotes the efficient extraction of both actin and desmin 

(these Results) and of dense bodies (Schollmeyer et al, 1976). In addition, thin 

filaments (actin) and 100 A filaments (desmin) are seen to associate with and 
,:: 

insert into dense bodies (Uehara et al, 1971; Ashton et al, 1975; Cooke, 1976). 

Finally, a-actinin and tropomyosin are associated with dense bodies (Schollmeyer 

et al, 1976) and are extracted along with the actin and desmin above. These 

data suggest that the low calcium soluble actin-desmin complexes may be a con­

stituent of the smooth muscle dense bodies. From these results, we suggest that 

actin-desmin complexes exist in smooth muscle as components of a calcium stabil­

ized structure(s), presumably dense bodies. Removal of the calcium by chelation 
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at low ionic strength would allow the slow dissociation of these structures to occur 

with the concomitant appearance of soluble actin-desmin complexes of various 

sizes. 
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Figure 1 SDS-PAGE analysis of the proteins extracted from chicken gizzard 

by low calcium, low ionic strength (TE) buffer. 20 µl of TE extract at 2 mg/ml 

of protein was loaded onto the gel Present are actin (A), a-actinin (a-A), desmin 

(D), filamin (F), a- and e-smooth muscle tropomyosin (a-TM, e-TM), and unidenti­

fied proteins of molecular weight 118,000 (118), molecular weight 129,000 (129), 

and molecular weight 137,000 (137). These molecular weights were determined 

by relative comigration, on SDS-PAGE, against standards of myosin heavy chain 

(molecular weight 200,000), e-galactosidase (molecular weight 130,000), phos­

phorylase A (molecular weight 100,000), bovine serum albumin (molecular weight 

68,000), pyruvate kinase (molecular weight 57,000), and actin (molecular weight 

42,000). 

Figure 2 Precipitation of TE soluble proteins by 10 mM CaC1
2

. The TE extract 

was dialyzed against 10 mM NaN
3

, 10 mM Tris-HCl, pH 7.5, 10 mM CaC12, and 

the resulting precipitate (2a) was separated from the remaining soluble proteins 

(2b) by centrifugation at 7000 x g for 5 min and analyzed by SDS-PAGE. 
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Figure 3 SDS-PAGE analysis of the fractions produced by gel filtration of the 

TE soluble proteins on Biogel A-150m. 0.5 ml (1 mg) of TE extract was loaded 

on a 1.2 x 50 cm column of Biogel A-150 (molecular weight limits of 5 x 106-1.5 

x 108) that was equilibrated in 10 mM Tris-HCl, pH 7. 5, 1 mM EGTA. The material 

was eluted in the same buffer at a flow rate of 12 mVhr. 1 ml fractions were 

collected, lyophilized, and fractions 8, 10, ... , 54 were redissolved in SDS sample 

buffer and analyzed by SDS-PAGE. A void volume marker of T4 phage began 

eluting in fraction 18 while an included dye marker eluted in fractions 47 to 55. 

Little filamin was present in this TE extract. Abbreviations are as in Figure 1. 
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Figure 4 DNase I affinity chromatography of the TE soluble proteins. DNase I 

was coupled to Biogel A-15m agarose at the rate of 1 mg DNase I per 1 ml of 

damp-packed resin as described (Lazarides and Lindberg, 1974). The DNase I 

derivatized resin was treated with 1 mM phenylmethylsulfonyl fluoride for 1 week 

before use. 250 µl of TE extract (0.5 mg) was diluted 1:1 with 0.5 M sodium acetate, 

1 mM Cac12 (buffer A) and loaded onto a column containing 0.5 mg of immobilized 

DNas~. No precipitation occurred during this step. The column was then sequen­

tially eluted with 6 ml of buff er A, 6 ml of buff er A + 0. 75 M guanidine-HCl, 

and 6 ml of buffer A + 3M guanidine-HCL In each case, all of the eluted protein 

was contained in the first 2-3 ml of effluent, which was dialyzed against water, 

lyophilized, and analyzed by SDS-PAGE. (4b-d) an underivatized Biogel A-15m 

column and (4e-g) DNase I column. (4b,e) 0.5 M sodium acetate flowthrough; 

(4c,f) 0. 75 M guanidine-HCl eluate; and (4d,g) 3M guanidine-HCl eluate. (4a) 

shows the initial sample. Abbreviations are as in Figure 1. 



72 

F 

--- ..... 137 
129 ---
a A 

4 

abcdefg 

= ~ 



73 

Figure 5 IEF /SDS-PAGE analysis of the TE soluble proteins precipitated by 

anti-desmin (5a), anti-actin (5b), and control anti-serum (5c). Indirect immuno­

precipitations were preformed using SpA and analyzed as described in the Methods. 

The basic side of the first (IEF) dimension is in the upper right and focusing oc­

curred from right to left. The second dimension of SDS-PAGE proceeded from 

top to bottom. Labeled in (5b) are: e- and y-actin (e-, y-A), a- and S-desmin 

(a-, S-D), and a protein marked O which has the same molecular weight and anti­

genicity as actin, but which is otherwise uncharacterized. The same proteins 

are present in (5a). 
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Figure 6 Sedimentation profile of the TE soluble proteins on 10-30% sucrose 

density gradients. Gradients of 10 to 30% (w/w; 0.303 to 0.988 M) sucrose in TE 

buffer were prepared and 400 µl of TE extract (0.8 mg protein) was layered on 

top of each gradient. The gradients were then sedimented at 5°C in a SW50.1 

rotor for 9 hr at 40,000 rpm, and collected into 5-drop fractions (0.3 ml each). 

The fractions of one gradient were lyophilized, redissolved in 100 µl of SDS sample 

buffer, and 50 µl of this loaded onto SDS-PAGE. Ribosomes were prepared by 

homogenizing 10-day-old chick embryo thigh muscles in 0.12 M KCl, 1 mM MgC12, 

20 mM Tris-HCl, pH 7.5, and .05% Triton X-100. The homogenate was clarified 

at 15,000 x g for 15 min at 4°C. 400 µl aliquots of the supernatant were layered 

on top of 10-30% RNase free sucrose gradients containing 0.12 M KCl, 1 mM 

MgC12, and 20 mM Tris-HCl, pH 7.5. The ribosome peaks were located by their 

OD at 260 nm. The relative positions of the small and large subunits are indicated 

by the 40 Sand 60 S arrows, respectively. The sedimentation constant of a-actinin 

is 6. 25 S (Robson et al, 1970). The bottom of the gradient is in well 1, the top 

is in well 18, and the unfractionated TE extract is shown in well 20. The designa­

tions Pl-P4 are explained in the legend to Figure 7; all other abbreviations are 

as in Figur 
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Figures 7, 8, 9 Resedimentation of actin-desmin complexes. The fractions 

corresponding to Pl - P4 in Figure 6 were pooled from 5 identical gradients. Each 

pooled partition, Pl-P4, was dialyzed against TE buffer to remove the sucrose 

and its volume then reduced from 5 ml to 0.5 ml by immersing the dialysis bag 

in dry Sephadex G-200. The concentrated P4 is shown in Figure 7b, P2 in Figure Sb, 

and Pl in Figure 9b; P3 has been omitted as it is similar to P2. Each partition 

was then individually resedimented and analyzed by SDS-PAGE as in Figure 6. 

The resulting distributions are shown in Figure 7a for P4, Figure Sa for P2, and 

Figure 9a for Pl. The bottoms of the gradients are in well 1. All other abbrevi­

ations are as in Figure 1. 
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Figure 10 Affinity chromatography of partition Pl on an anti-desmin derivatized 

Biogel A-15m colurnTl. Ammonium sulfate purified anti-desmin (50% saturation 

cut) was coupled to cyanogen bromide activated Biogel A-15m agarose in the 

ratio of 2 mg protein per 1 ml of damp-packed resin using the method described 

(Lazarides and Lindberg, 1974). Columns containing 2 ml of coupled resin in a 

5 ml syringe were prepared. These were washed with 8 M urea, followed by 0.1 M 

NaCl, and finally by TE buffer before use. Pl partition was prepared as described 

in Figures 6 and 7, but was not dialyzed or concentrated, and contained 27% sucrose 

and 30 µgm protein/ml. 1.0 ml of this was passed repeatedly through the column 

for a total of 10 times. The column was then washed with 6 ml of 0.1 M NaCl 

in TE buffer and subsequently eluted with 6 ml of 8 M urea in TE buffer. No protein 

bled from one step to the next. Each final effluent was dialyzed against 1 mM 

NaCl, lyophilized, redissolved in 150 µl of SDS sample buff er and 50 µl of this 

loaded on SDS-P AG E. (1 0a) shows the protein remaining in the input aliquot after 

the tenth pass through the column. (10b) shows the protein released by 0.1 M 

NaCl. (10c) shows the protein released by 8 M urea. 

Figure 11 Densitometer tracing of fraction 4 of Figure 9a. The gel was stained 

with Coomassie brilliant blue R250 and scanned at 580 nm. The height of the 

• actin (A) peak is 0.1 OD and the height of the desmin peak (D) is 0.035 OD. The 

peak areas were measured by cutting them out and weighing them. The ratio 

A/D here is 3.50. This ratio ranges from 3.5 to 4.5 on various partition 1 prepar­

ations. If an average stain density ratio of 4.0 is assumed, this gives a molar ratio 

of 5 actin molecules to 1 desmin molecule (mwt :actin = 42,000; desmin = 50,000). 
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CHAPTER FIVE 

Studies on the Proteolytic Digestion of Desmin 
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Abstract 

Clostridial collagenase was found to cleave desmin, sequentially pro­

ducing fragments of 43,500 mwt, 40,000 mwt, and a limit digestion product of 

35,000 mwt. The 35,000 mwt product lacks 60% of the methionine and 82% of 

the tyrosine of the original desmin (molecular wP-ight 50,000). The cleavage process 

results in the conversion of gelled desmin to a non-cohesive, powdery, precipitate. 

e- and y-actin from smooth muscle are also degraded, but a-actin, a-actinin, 

and myosin are all comparatively resistant. Proteolysis requires the presence 

of ca2+, can be inhibited by EGTA, and 1,10-phenanthroline, but was unaffected 

by either PMS.For N-ethylmaleimide. 

Fractionation of the collagenase by gel filtration on Ultrogel AcA-34 

produced four fractions of differing protein composition that exhibit desmin cleav­

ing activity (DCA). These did not coincide with the major peak of collagenase 

activity and three of the four desmin cleaving activities had no collagenase activity 

at all. Two other proteases that produced similar cleavages of desmin were identi­

fied by comparing two-dimensional gels of the fragments. One of the proteases 

is associate with Staphylococcus aureus, while the other is the calcium activated 

factor of muscle (Dayton et aL, 1976a,b). 

The effect of the collagenase associated DCA on the structure of polymeric 

desmin was investigated by gel filtration and bifunctional protein cross-linking 

reagents. Possible physiological roles of the DCA are discussed. 

Introduction 

Living skeletal muscle cells display a characteristically striated appear­

ance, resulting from the regular transverse alignment of their component myofibrils. 
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This alignment is maintained in the small bundles of myofibrils that are produced 

by mechanical disruption of the original cells, and does not depend upon either 

actin-myosin interaction or the plasma membrane (see, for example, Granger 

and Lazarides, 1978). During the course of other experiments, it was noticed 

that clostridial collagenase caused the separation of these bundles of aligned myo­

fibrils into single myofibrils. This was a surprising observation inasmuch as col­

lagen is not generally believed to be an intracellular component of striated muscle. 

More surprising was the subsequent observation that collagenase also removed 

the desmin, observable by indirect immunofluorescence, from these myofibrils. 

This chapter describes the fractionation of clostridial collagenase into its active 

components, and the effect of these components on the structure of desmin. 

Materials and Methods 

Materials 

Desmin was extracted from acetone powders of KI extracted chicken 

gizzard and purified through two cycles of precipitation and resolubilization as 

described Hubbard and Lazarides, 1979). The cycle-2 desmin was stored at -80°C 

in 1 mM HCl; its shelf life was about three weeks under these conditions. a.-Actin 

was prepared from chicken breast muscle as described (Spudich and Watt, 1971). 

Reagents 

Digestion buffer contains 200 mM NaCl, 10 mM CaC12, 100 mM Tris-HCl, 

pH 7.5, and 2 mM PMSF, pH 7.5. Cross-linking buffer contains 0.5 M NaCl, 10 mM 

NaC12, and 0.5 M triethanolamine-HCl, pH 8.0. EGTA/P solution contains 10 mM 

EGTA and 20 mM O-phenanthroline in 50% aqueous ethanol. Dithiobis (succinimidyl 
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propionate), DTSP, was prepared as a stock solution of 20 mg/ml in anhydrous 

acetone and stored dessicated in the dark. It was diluted 1:10 with water just 

before use to produce a working solution of 2 mg/ml in 10% acetone. Non-reducing 

SDS sample buffer for SDS-PAGE of cross-linked proteins was the same as reducing 

sample buffer, except that the reducing agent was omitted (Hubbard and Lazarides, 

1979). 

Collagenase (CLS-3), soluble calf skin collagen (CLCS), and TPCK-treated 

trypsin (TRTPCK) were purchased from Worthington Biochemical Corporation 

(Freehold, NJ). Dithiobis (succinimidyl propionate) was from Pierce Chemical 

Co. (Rockford, IL). PMSF is phenylmethylsulfonyl fluoride; TLCK is tosyllysine 

chloromethylketone; TPCK is tosylphenylalanine chloromethylketone; O-phen­

anthroline is 1,10-phenanthroline; EGTA is ethylene glycol bis(e-aminoethyl ester) 

N,N,N',N'- tetracetate. 

Methods 

Electrophoresis, protein concentration, and molecular weight determina­

tions were performed as previously described (Hubbard and Lazarides, 1979). 

Amino Acid Analysis 

Des min for amino acid analysis was solubilized directly from KI insoluble 

residues of chicken gizzard with hot 1 % SDS, 10 mM 2-mercaptoethanol and clari­

fied by centrifugation at 40,000 x g for 20 min at 20°C. Desmin was fractionated 

from the SDS extract by gel filtration on a 110 x 2 cm column of Ultrogel AcA-34 

equilibrated with 1 % SDS, 100 mM NaCl, 10 mM Tris-HCl, pH 7.5, and 1 mM NaN 3. 

The column was eluted at a rate of 12-15 ml/hr and 1 ml fractions were collected. 
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The fractions were assayed by SDS-PAGE and those containing the purest desmin 

were pooled and dialyzed against water, causing the desmin to precipitate. The 

purified desmin was collected by centrifugation and dissolved in 6 N redistilled 

HCl in thick walled glass tubes. The tubes were purged with nitrogen, sealed 

under a pressure of 1.5 x 10-2 Torr, and heated for 2, 4, 6 or 8 hr at 145°C (Roach 

and Gehrke, 1970). The hydrolyzed desmin was lyophilized and subjected to auto­

mated amino acid analysis on a Durrum D-500 amino acid analyzer (Durrum Instru­

ment Co., Palo Alto, CA). Hydroxyproline was determined by the method of 

Bergman and Loxley (1963). 

Results 

Proteolysis 

Cycle-2 desmin (containing about 15% actin) was initially proteolyzed 

with unfractionated Worthington CLS-3 collagenase, a preparation described as 

being especially low in extraneous proteolytic activities (Worthington Enzyme 

Manual). Desmin was first precipitated from acid solution as a cohesive mass 

by rapid ne tralization to pH 7.5, then treated with 1% collagenase (w/w) in the 

presence of 5 mM Ca2+. Typical results are shown in Figure 1. The desmin (molec­

ular weight 50,000) is sequentially cleaved to yield major fragments D1 of molecular 

weight 43,500, D2 of molecular weight 40,000, and limit digestion fragment D3 

of molecular weight 35,000. During this process, the cohesive desmin precipitate 

is converted into a fine and non-cohesive powder. The desmin-associated actin 

(S- and y-isoelectric variants) is slowly degraded into unidentified products. 

This occurs at about the same rate as the cleavage of desmin so that the complete 

conversion of desmin to D3 corresponds with the disappearance of identifiable 
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actin from SDS-PAGE. These cleavages appear to be fairly specific as both bovine 

serum albumin and a-actin are completely resistant to digestion. Both a-actinin 

and myosin are also found to be comparatively resistant to degradation in muscle 

extracts containing these proteins (data not shown). Neither trypsin nor chymo­

trypsin cleaves desmin in the same limited fashion that collagenase cleaves it 

in. 

Analysis of the C LS-3 collagenase by SDS-PAGE revealed the presence 

of several protein bands. These were fractionated by gel filtration on Ultrogel 

AcA-34, the effluent fractions divided into four major groups, designated Fl 

through F4 (Fig. 2), and assayed for activity against desmin (Fig. 3). Fraction 

Fl has no activity, while fractions F2 and F4 have the previously described limited 

proteolytic activity against desmin. This requires ca2+ and is inhibitable by either 

EGTA or O-phenanthroline. PMSF, N-ethylmaleimide, TAME, TPCK, TLCK, 

arginine, and soybean trypsin inhibitor have no effect on it (data not shown). 

Fraction F3, containing at least two activities, causes extensive degradation of 

desmin and cannot be completely inhibited by either EGTA or O-phenanthroline. 

Again, neither PMSF nor N-ethylmaleimide has any effect on fraction F3 activity. 
) 

These fractions were also assayed for collagenase activity against soluble calf 

skin collagen (Fig. 4). The strongest collagenase activity is found in fraction Fl 

(Fig. 4, column 1), while a weaker activity occurs in fraction F3 (Fig. 4, column 4). 

Both of these activities are ca2+-dependent and can be inhibited by EGTA or 

O-phenanthroline (data not shown). From this comparison of fractions Fl, F2, 

and F4, it appears that .the anti-desmin and anti-collagen activities in commercial 

collagenase are unrelated. 
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The limited proteolysis of desmin by fraction F2 was investigated by 

IEF /SDS-PAGE as shown in Figure 5. Both a- and e-desmin appear to be cleaved 

in a fashion that maintains a relative P
1 

differential between them. While there 

is very little change in PI values after cleavage 1 (desmin to Dl) or cleavage 3 

(D2 to D3), a major change occurs after cleavage 2 (Dl to D2) that results in a 

shift in the average PI from 5.7 for Dl to 5.2 for D2. 

Two other proteases that produce limited digestions of desmin that are 

very similar to those produced by the above described collagenase fractions have 

been discovered. One is a protease that is associated with the Cowan I strain 

of Staphylococcus aureus that is used as a source of protein A (Kessler, 1975). 

It is active in the presence of EGTA, but is inhibited by O-phenanthroline. The 

other is the calcium activated protease of muscle (Dayton et aL, 1976a,b). Both 

of these produce the same pattern of desmin fragments on IEF /SDS-PAGE as 

was shown above in Figure 5 (data not shown). 

The effect of fraction F4 cleavage on the polymeric state of desmin 

has been investigated with gel filtration and bifunctional cross-linking agents. 

Both desmin and its cleavage products are essentially insoluble in aqueous buffers 

at pH 7-8. Consequently, the gel filtration and cross-linking was done in the pres­

ence of Sarkosyl NL-97. Previous work has shown that Sarkosyl solubilizes cycle-2 

desmin by dissociating it into two major actin-desmin-containing components, 

one of which migrates through Ultrogel AcA-34 with an apparent molecular weight 

of 200,000, while the other is excluded from such a column (Hubbard and Lazarides, 

1979). Sarkosyl does not appear to cause the type of extensive denaturation that 

SDS does, as 100 A-like filaments can still be formed by desmin that has been 

treated with S~rkosyl, but not with SDS. 
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Cycle-2 desmin was digested with F4 to yield a mixture containing roughly 

equal proportions of Dl, D2, D3 and uncleaved desmin. These were solubilized 

in 0.5% Sarkosyl NL-97 and analyzed by gel filtration on Ultrogel AcA-34 as shown 

in Figure 6. The dissociation of desmin into two major components is similar 

to that previously reported. Of interest is the presence of fragments D1-D3 in 

the high molecular weight fraction, and also the apparently independent migration 

of desmin, Dl, D2, and D3 in the lower molecular weight component. This lower 

molecular weight component migrates in the 150,000-200,000 mwt region of the 

column. It contains considerably less actin than the higher molecular weight com­

ponent. 

Three bifunctional cross-linking agents were investigated, and dithiobis 

(succinimidyl propionate) was found to be considerably more satisfactory under 

our conditions than either dimethylsuberimidate or methyl-4-mercaptobutyrimidate. 

In the absence of Sarkosyl, di thiobis (succinimidyl proprionate), DTSP, cross-links 

both desmin and its cleavage fragments into high molecular weight products that 

are too large to enter SOS-PAGE stacking gels (data not shown). The results 

of cross-linking desmin in the presence of S!3-rkosyl are shown in Figure 7. Figure 7a 

shows selected fractions from the column of Figure 6, representing both the high 

and low molecular weight components of solubilized desmin. Figure 7b shows 

these fractions after being partially cross-linked with DTSP under non-reducing 

conditions. Fractions 13 to 17 produce cross-linked products in the molecular 

weight range of 100,000-200,000 while fractions 7 to 11 produce only very large 

products that fail to enter the gel. DTSP cross-linking of pure D3 in the presence 

of Sarkosyl produces products in the molecular weight range of 90,000-110,000 
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(data not shown). Under these conditions, DTSP did not produce any cross-linking 

of desmin in the presence of SDS instead of Sarkosyl (data not shown). 

The amino acid compositions for desmin and fragment D3 have been 

obtained as described in the Methods, and are shown in Table 1. Desmin is com­

paratively rich in ASX and GLX residues, but it is not known how many of these 

are in the amide form. A peak running between phenylalanine and histidine co­

migrated with D-galactosamine, indicating that desmin may be a glycoprotein. 

During the cleavages that result in the production of D3, unusually high percentages 

of both methionine and tyrosine are lost from the molecule. No hydroxyproline 

was detected in desmin (Bergman and Loxley, 1963). 

Discussion 

The Specificity of Desmin Cleaving Enzymes 

In this paper I report the discovery of a new proteolytic activity from 

Clostridium histolyticum and characterize its action on desmin, the subunit of 

100 A filaments in avian muscle. The desmin cleaving activity (DCA) was initially 

discovered .as a contaminant in clostridial collagenase preparations, from which 

it was fractionated into three partially overlapping fractions, F2, F3, and F4, 

by gel filgration. F4 contains components of molecular weight <17 ,200, F3 con­

tains proteins of molecular weights 31,000 and 38,000, and F2 contains a protein 

of 42,000 mwt. While the low molecular weight components of F4 certainly contain 

DCA, incomplete separation of the F4 components from F3 and F2 during gel 

filtration makes it impossible to assess the relative contribution to DCA of the 

other proteins present. The proteolytic and inhibition properties of F3 differ 
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from those of F2 and F4, however, indicating that it probably contains at least 

one additional activity that is not present in either F2 or F4. It also exhibits a 

weak collagenase activity. 

The F4 DCA requires ca2+ for activity and can be inhibited by EGTA. 

It can also be inhibited by O-phenanthroline, even in the presence of Ca 2+, indi­

cating the additional presence of a bound transition element. O-phenanthroline 

forms high stability complexes with transition elements, of which iron, cobalt, 

nickle, copper, and zinc are of most interest from a biochemical point of view. 

In particular, zinc is an essential component of many proteases, including carboxy­

peptidases, aminopeptidases, collagenases, and neutral proteases (Boyer, 1971). 

In the case of carboxypeptidase A, there is one atom of zinc situated at the active 

site where it serves to polarize the carbonyl group of the peptide bond that is 

under attack (Boyer, 1971). 

DCA is resistant to inhibition by either PMSF or N-ethylmaleimide, indi­

cating the absences of both serine and cysteine from the active site. Finally, 

DCA is active in the pH range of 7 to 8. While we have not determined the spec­

ificity of cleavage of DCA, it is not appreciably inhibited by any of arginine, 

tosylphenylalanine chloromethylketone, or tosyllysine chloromethylketone. 

These properties serve to classify DCA in the category of neutral bac­

terial proteases (Boyer, 1971). As a group, the neutral proteases show a preference 

for bulky hydrophobic amino acids, especially leucine, phenylalanine, and tyrosine, 

on the amino side of the bond being cleaved. While most of the neutral proteases 

do not appear to be highly selective, the specificity studies performed with them 

have generally involved synthetic peptides and denatured proteins as substrates. 

Native proteins would not be expected to contain sequences of hydrophobic amino 
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acids on their surfaces and this consideration could lend greater specificity to 

the neutral proteases under our conditions. 

In the following section, similarities between the specificities of clostridial 

DCA and a calcium-dependent protease of brain and muscle will be discussed. 

If this may be anticipated, Guroff (1964) has determined that the brain protease 

selectively cleaves the oxidized 8-chain of insulin at the tyr-leu bond in the se­

quence NH2-glu-ala-leu-tyr•leu-val-cys-gly. The protease was inactive, however, 

on a wide range of di- and tripeptides and on a collection of ten enzymes involved 

in intermediary metabolism (Drummond and Duncan, 1968). The tyr-leu bond 

is one of the most widely recognized by neutral proteases, but they are also active 

on the tyr-leu dipeptide, however, and on related bonds such as his-leu, ala -leu, 

leu-val, phe-phe, and phe-tyr (Boyer, 1971). Consequently, the adjoining amino 

acids must be of considerable importance in determining the specificity of DCA. 

The IgA protease produced by certain strains of streptococci and neisseria is one 

example of a very specific neutral protease (Plaut, 1978). It is specific for the 

pro-thr bond in the sequence thr-pro-pro·thr-pro-ser-pro-ser that occurs only 

in the hinge region of human IgA-1. 

During the course of this investigation we encountered two other proteases 

with DCA activity. One is produced by Cowan I Staphylococcus aureus and is 

most similar to the clostridial F3 DCA. The other is a calcium-activated protease 

that selectively degrades the Z-disc densities of striated muscle (Dayton et al., 

1976b). This protease is one of a growing number of highly specific calcium­

dependent proteases discovered in mammalian tissues in recent years. Included 

in this group are a protein kinase activating enzyme from brain (Inoue et al., 1977), 

an estrogen receptor cleaving enzyme (Puca et al., 1977), a protease that is specific 
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for certain proteins found in platelets (Phillips and Kakabova, 1977) and a calcium­

dependent phosphorylase b kinase activating factor bound in both brain and muscle 

(Drummond and Duncan, 1968; Meyer et al., 1964; Guroff, 1964). Comparative work 

by Drummond and Duncan (1968) and by Dayton et al. (1976a) has shown that the 

phosphorylase b kinase activating factors (KAF) of brain and muscle are essentially 

identical to each other and to the calcium-activated protease of muscle (CAF). 

The in vivo functions of KAF and CAF have not yet been elucidated. 

There are several problems. First is that these proteases require the presenc~ 

of roughly millimolar concentrations of calcium before showing appreciable activity 

in vitro. Second is that the kinase activation produced by KAF is irreversible, 

which does not fit into the accepted scheme of cAMP-dependent phosphorylase b 

kinase activation/inactivation (Drummond and Duncan, 1968; Rubin and Rosen, 

1975). Based upon its ability to degrade Z-bands, Dayton et al. (1976a,b) suggest 

that CAF is involved in the catabolism of muscle proteins, especially in damaged 

or dysfunctional muscle. 

I would like to suggest an alternate approach to the functions of KAF 

and CAF, as follows. When an enzyme is assayed in vitro, one is looking for con­

ditions thJ produce extensive activation and substrate turnover during a time 

course that is usually measured in minutes. This level of activation may be entirely 

inappropriate in terms of the in vivo function. For example, 10-5 M calcium may 

produce a low level activation of KAF that operates satisfactorily over a time 

span of days, instead of minutes. There may also be as yet undiscovered activating 

factors that amplify the effects of low calcium concentrations. In terms of a 

specific model, it is possible that CAF is a muscle restructuring enzyme and not 

simply a catabolic agent. For example, it has been observed that desmin surrounds 



93 

each myofibril Z-disc in striated muscle like a collar (Granger and Lazarides, 

1978). During the hypertrophy of muscle, the myofibrils split longitudinally and 

new desmin is deposited between them (Goldspink, 1971; Granger and Lazarides, 

197 8; Shear and Goldspink, 1971 ). It is possible that the old collar of des min 

would have to be loosened during this process, which CAF could accomplish in 

its capacity as a desmin cleaving activity. The increased calcium concentration 

transients associated with exercise might produce just enough active CAF to ful­

fill this function, but not enough to degrade the entire Z-band as occurs in the 

in vitro assay. 

CAF, in its capacity as KAF, could also produce a long-lived but low­

level activation of phosphorylase b kinase. This would result in increased glycogen 

catabolism and allow a higher level of metabolic activity in resting muscle, which 

would also aid in the process of hypertrophy. Such an effect has been observed 

in heavily exercised muscle. During single episodes of muscle activation, there 

is a rapid conversion of phosphorylase b to phosphorylase a, followed by a return 

to the previous resting level of phosphorylase a after activation (Danforth and 

Helmreich, 1964; Danforth et al., 1962). In muscle that has been subjected to 

a regimen f training, however, there is a 20-100% increase in the resting phos­

phorylase a levels over the untrained levels (Taylor et al., 1972; Lamb et al., 1969; 

Exner et al., 1973; Staudte et al., 1973). The actual mechanism underlying this 

increase in the basal level of phosphorylase a is presently unknown. 

The Cleavage of Desmin by DCA 

DCA sequentially cleaves desmin to produce major fragments Dl of 

molecular weight 43,500, D2 of molecular weight 40,000, and D3 of molecular 
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35,000. During this process, the P
1 

shifts from 5.7 for desmin to 5.2 for D3 and 

approximately 82% of the tyrosine is lost. This is accompanied by a loss of co­

hesiveness of the precipitated desmin, although D3 is not appreciably soluble in 

aqueous buffers at pH 7 .5. The desmin-associated B- and y-actins are degraded 

during the cleavage of desmiu and while it is not known if these two processes 

are connected, the net result is to effect the release of D3 from the associated 

actin. 

DCA also causes the release of desmin from skeletal myofibril bundles 

and the con_comitant separation of these bundles into single myofibrils (data not 

shown). This provides additiona-1 evidence that the function of des min involves 

mechanically interlinking the individual myofibrils. 

The gel filtration and cross-linking data permit some conclusions to be 

drawn on the effect of DCA on desmin-desmin interactions. The ability of DTSP 

to cross-link the desmin family that migrates with an apparent molecular weight 

of 200,000 during filtration, into a complex that migrates with the same molecular 

weight during SDS-PAGE, indicates that this family actually represents a polymeric 

structure and is not simply the result of anomalous migration in the presence 

of a detergent. The cross-linked molecular weight of 200,000 could accommodate 

a letrameric structure of desmiri. The possible contribution to th is from actin 

will be ignored since relatively little actin is present in this family. Similar con­

siderations apply to the >350,000 mwt family, although why this family is relatively 

resistant to both Sarkosyl dissociation and to DCA is not clear. 

The DCA cleaved products of the molecular weight 200,000 family appear 

to migrate independently on gel filtration but cross-link to complexes in the 100,000 

to 200,000 mwt range. One explanation for this apparent anomaly would require 
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that only desmin could associate with desmin, Dl with Dl, D2 with D2, and D3 

with D3, which seems unlikely. A more appealing explanation is that this apparent 

independent migration is actually a superposition of all of the 35 possible tetramers 

of desmin and its fragments: D.D.D.D, D.D.D.Dl, D.D.Dl.Dl, ... , D2.D3,D3.D3, 

D3.D3.D3.D3. A theoretical calculation of the sizes and frequencies of each of 

these species, in a digest containing equimolar amounts of D, Dl, D2 and D3, 

matches the distribution observed in Figure 6 reasonably well. The calculation 

also matches the distribution of bands in fraction 17 of Figure 7b fairly closely 

with one exception. The shape of the theoretical distribution is a skewed bell­

shaped curve that does not contain appreciable amounts of material in its upper 

and lower quadrants. The cross-linked complexes do contain dense bands in these 

regions. This may be due either to a more complex process than the simple one 

described here, or to non-uniform cross-linking. 

In summary, a proteolytic activity has been discovered that produces 

specific cleavages of desmin. These activities are widespread in nature and may 

range from aiding in pathogen invasiveness to the structural modification of muscle 

that occurs during periods of use and disuse. 
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Table 11 

Amino Mole Percent 
Corresponding A;gino 

Acid Residues Loss of Amino Acid 
Acid Residues from 

Desmin D3 Desmin D3 Desmin to D3 (%) 

Asx2 9.3 9.7 42 31 26 

SLX2 16.8 19.5 76 62 18 

HIS 1. 7 1.7 8 5 38 

LYS 5.2 5.7 24 17 29 

ARG 7. 6 8.9 35 28 20 

Avg. 40.5 45.6 185 143 26 

Thr 6.0 5.3 27 17 37 

Ser 6.1 5.2 28 17 39 

Cys3 0.3 0 1 0 100 
Tyr4 2.5 0.6 11 2 82 

Avg. 14.9 11.1 67 36 53 

Pro 2.4 2.1 11 7 36 

Gly 6.6 6.5 30 21 30 

Ala 9.3 9.1 42 29 31 

Val 6.'l 6.1 28 19 32 

Met 2.3 1.1 10 4 60 

Ile 4.7 5.1 21 16 24 

Leu 9.5 10.0 43 32 26 

Phe 3.5 3.1 16 10 38 

Avg. 44.5 43.3 202 138 35 

Avg. 30 

Total 100 100 454 317 
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Footnotes to Table 1 

1. These data are the averaged values of timed hydrolyses at 145°C for 

2, 4, 6, or 8 hr. The values of threonine, serine, and tyrosine are repre­

sented by least squares estimates of the amounts present at Ohr. 

2. Asparagine and glutamine were not determined separately. 

3. Cysteine was not reliably discriminated by the computer program that 

analyzed the peak area data. It was always visible, however, as a shoulder 

on the value peak. 

4. The values for tyrosine were variable, and this estimate is probably low. 

5. This is for an average amino acid molecular weight of 110. 



101 

Figure 1 Timed digestion of cycle-2 desmin by unfractionated Worthington 

CLS-3 collagenase. 100 µgm of cycle-2 desmin in 100 µl of 1 mM HCl was pre­

cipitated by the addition of 100 µl of pH 7.5 digestion buffer. 1 µgm of CLS-3 

collagenase in 10 :\ of digestion buffer was added at time 0, and the reaction was 

allowed to proceed at 20°C. 20 µl aliquots were removed at the indicated times 

and stopped with 2 µl of EDTA/P solution. The entire aliquot was then mixed 

with hot 2X SDS sample buffer and analyzed by SDS-PAGE as described in the 

Methods. (1) cycle-2 desmin standard; (2) 3 min; (3) 9 min; (4) 30 min; (5) 90 min. 

Identical results are obtained by using increasing concentrations of collagenase 

for a fixed time interval. Desmin (D) has molecular weight 50,000; actin (A) has 

molecular weight 42,000; fragment D1 has molecular weight 43,500; fragment 

D2 has molecular weight 40,000; and fragment D3 has molecular weight 35,000. 

Molecular weights were determined as in Hubbard and Lazarides (1979). 

Figure 2 Fractionation of CLS-3 collagenase by gel filtration on Ultrogel AcA-34. 

A 1.5 x 40 cm column of Ultrogel AcA-34 was equilibrated in a buffer containing 

150 mM Na 1, 25 mM Tris-HCl, pH 7.5 and 5 mM Cac12. 20 mg of Worthington 

CLS-3 collagenase was dissolved in this buffer+ 1 mM PMSF and eluted at a rate 

of 8 ml/hr into 1 ml fractiontions. Protein (OD 280) eluted in fractions 30 to 

70 while an included dye marker began eluting with fraction 100. Selected fractions 

were analyzed on SDS-PAGE, as indicated. The fractions were stored at -20°C 

and were stable to repeated freezing and thawing. Individual fractions within 

each group Fl, F2, F3, or F4 were used interchangeably for experiments described 

in the text. CL is a standard of unfractionated collagenas~. 
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Figure 3 Assay of proteolytic activity, directed against desmin, present in frac-

tionated CLS-3 collagenase. Aliquots of 10 µl of 1 mM HCl were precipitated 

with 10 µl of pH 7.5 digestion buffer. Each aliquot was then mixed with 2 µl of 

a selected collagenase fraction from the column in Figure 2 and incubated for 

60 min at 20°C. The reactions were stopped with 10 ;\ aliquots of hot 2X SOS 

sa mple buffer and the results analyzed by SOS-PAGE. The collagenase fractions 

used are indicated at the top of the figure. The group that each fraction belongs 

to is indicated by Fl-F4 at the bottom of the figure. Proteins designated* have 

been previously described (Hubbard and Lazarides, 1979). 01 comigrates with 

*2. 

Figure 4 Assay of proteolytic activity, directed against collagen, present in 

fractionated CLS-3 collagenase. Each assay contained in 100 mM NaCl, 5 mM 

CaC12, 100 mM Tris-HCl, pH 7.5, and 700 µgm of soluble calf skin collagen. Col­

lagenase activity was identified by adding 10 µl of the appropriate collagenase 

fraction to an assay and then incubating it for 5 hr at 37°C. The reactions were 

stopped by { he addition of hot SOS sample buffer and the results analyzed by SDS­

PAGE. (1) fraction Fl (column fraction 42), (2) fraction F2 (column fraction 

54), (3) fraction F3 (column fraction 62), (4) fraction F4 (column fraction 82), 

(5) collagen standard bands C, C'. 



D !9 : , 
01-•2 - · 

02 

D3 

3 

30 38 46 

F1 

C 

4 

104 

54 62 70 78 86 90 98 ' 

F3 F4 

1 2 3 4 5 



105 

Figure 5 Two-dimensional electrophoretic analysis of cleaved desmin. 125 µgm 

of cycle-2 desmin in 125 µl of 1 mM HCl was precipitated by the addition of 125 µl 

of pH 7.5 digestion buffer. 25 µl of F2 (as column fraction 58, Fig. 3) was added 

and the reaction was incubated for 90 min at 20°C before it was stopped by the 

addition of 25 µl of EGTA/P solution. Then, 25 µl of 2-mercaptoethanol, 100 µl 

of 10% Nonidet NP-40, and 0.45 gm of urea were added and dissolved. 50 µl of 

this solution was analyzed on IEF /SDS-P AGE as described in the Methods. The 

basic side of the gel is in the upper right corner and focusing of the sample occurred 

from right to left, while SDS-PAGE occurred from top to bottom. 

For the determination of isoelectric points, first dimensional gels were 

stained by a modification of Reisner et al (1975). The focusing gels were soaked 

overnight in 15% perchloric acid and then stained in 0.04% Coomassie brilliant 

blue G-250 in 3.5% perchloric acid. If the gels turned dark, the stain was changed 

every few hours until the background became orange, revealing green protein 

bands. This method appears to be at least as sensitive as normal staining with 

Coomassie R-250 in acetic acid/methanol, but does not suffer from high back­

grounds due to the ampholines. Microgram amounts of protein are easily visualized 

with it. 
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Figure 6 Analysis of F4 digested cycle-2 desmin on Ultrogel AcA-34 in the 

presence of 0.5% Sarkosyl NL-97. A 2 x 43 cm column of Ultrogel AcA-34 was 

equilibrated in 100 mM NaCl, 0.5% Sarkosyl NL-97, 10 mM Tris-HCl, pH 7.5, 

10 mM NaN 
3 

- , and 10 mM 2-mercaptoethanol. 2 mg of cycle-2 desmin in 0.5 ml 

HCl, pH 3.0, was precipitated with 0.1 volume of pH 8.0 cross-linking buffer and 

digested with 70 µl of EDTA/P solution and 0.5% Sarkosyl was added. The digested 

des min was loaded on the column in 0. 8 ml and eluted into 0. 5 ml fractions at 

the rate of 6 ml/hr. 10 ml were discarded before fraction counting began; blue 

dextran 2000 began eluting with fraction 5, while an included dye marker eluted 

from fraction 45. 30 µl aliquots of the indicated fractions were heated with 8 \ 

of 5X SDS sample buffer and analyzed by SOS-PAGE. 
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Figure 7 Cross-linking of desmin cleavage fragments with dithiobis (succinimidyl 

propionate). 100 µl aliquots of selected fractions from the gel filtration experi­

ment of Figure 6 were mixed with 11 µl of pH 8.0 cro~s-linking buffer. 10 µl 

of freshly prepared DTSP at 2 mg/ml in 10% acetone was added and the reactions 

were incubated for 5 min at 20°C before being stopped by the addition of 14 µl 

of 1 M lysine-HCL The excess DTSP and lysine were removed by immediately 

centrifuging the reaction mixtures through 1.0 ml columns of Sephadex G-25 that 

were equilibrated in non-reducing SDS sample buffer (Neal and Florini, 1973). 

The resulting samples were analyzed by SDS-PAGE without being reduced. (a) 

Fractions 7, 9, 11, 13, 15 and 17 from the filtration experiment of Figure 6. (b) 

The cross-linked fractions corresponding to those shown in (a). The cross-linked 

products in fractions 13-17 range in molecular weight from 100,000 to 200,000. 

More extensive treatment with DTSP would have cross-linked all of the residual 

desmin and fragments into products in this size range. Prior treatment of the 

proteins with SDS prevents their being cross-linked, even when 10-fold higher 

concentrations of DTSP are used (data not shown). 
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CHAPTER SIX 

Conclusions 
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The Biochemical Properties of Desmin 

The extraction of smooth muscle with 0.6 M KCl solubilizes most of 

the actomyosin and leaves an insoluble residue that is enriched in 10 nm filaments 

(Cooke and Chase, 1971; Cooke, 1976; Small and S~bieszek, 1977). This residue 

contains predominantly actin, myosin, and a novel 50-55,000 mwt protein (Cooke, 

1976; Hubbard and Lazarides, 1979; Lazarides and Hubbard, 1976). The variability 

in the molecular weight of the 50-55,000 mwt protein reflects actual differences 

in the systems used to measure its size. It migrates slower than tubulin in Cooke 

(1976) but faster than tubulin in Lazarides and Hubbard (1976). A comparison 

of amino acid analyses, physical properties, and chemical properties indicates 

that it is the same protein in every case, however, and I will refer to it as desmin, 

molecular weight of 50,000 (Cooke, 1976; Lazarides and Hubbard, 1976; Small 

and Sobieszek, 1977; Hubbard and Lazarides, 1979; Chapter Five of this Thesis). 

Desmin occurs as two isoelectric variants, a and e, which are always found to­

gether in avian muscle cells (Izant and Lazarides, 1977). Recent evidence indicates 

that a-desmin is phosphorylated in vivo (O'Connor et al, 1979). 

Hubbard and Lazarides (1979) studied the properties of the insoluble 

actin and desmin remaining in KI extracted chicken gizzard residues. It was found 

that this actin and desmin had similar solubility properties and always copurified 

with each other throughout a variety of extraction procedures. They also comi­

grated during gel filtration in the presence of the detergent Sarkosyl NL-97. 

Preparations that were highly enriched in desmin would reassociate from acetic 

acid to form filaments with diameters of 12-14 nm (also Small and Sobieszek, 

1977). Immunofluorescence indicated that the residual actin was still tenaciously 

bound to these filaments. From these results, it was concluded that a portion 
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of the cellular desmin was stably associated with actin. This conclusion is com­

plicated by the lack of simple actin-desmin stoichiometries in the system and 

by the insolubility of the actin and desmin under physiological conditions. Conse­

quently, a second study concentrated on the actin and des min that were extracted 

from freshly homogenized chicken gizzard into low salt, low calcium buffers (Chap­

ter Four of this Thesis). Velocity centrifugation indicates that this actin and 

desmin form a series of complexes that range in size from about 6 S to 60 S. 

Further evidence for the existence of these complexes includes (1) the specific 

co-retention of actin and desmin on a DNase I actin affinity column, (2) the co­

precipitation of actin and desmin by either anti-actin or anti-desmin antibodies, 

and (3) the isolation of stable size classes of actin-desmin complexes by partition­

ing the velocity centrifugation gradients. The 50-60 S complex isolated in this 

way had an actin:desmin stoichiometry of approximately 5:1. 

Finally, a variety of evidence indicates that desmin is the major subunit 

of (avian) muscle 10 nm filaments. Urea extracts both desmin and 10 nm fila­

ments from KCl insoluble smooth muscle residues (Cooke, 1976). Desmin will 

polymerize in vitro to form 10 nm-like filaments (Cooke, 1976; Hubbard and 

Lazarides, 1979; Small and Sobieszek, 1977). Anti-desmin antibody reacts with 

colcemid cappable 10 nm filaments in cultured cardiac muscle cells, and the fila­

ments thus visualized are different from those shown by either anti-actin or anti­

tubulin (Lazarides, 1978a,b). 

Distinguishable Classes of 10 nm Filaments 

The various 10 nm filaments all have a variety of properties in common. 

These include varying degrees of insolubility, their appearance, colcemid cappability, 
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and similar amino acid compositions (see Small and Sobieszek, 1977; Starger et al., 

1978; Brysk et al, 1977, for tables showing comparative amino acid analyses). 

These similarities underline the question of how closely related the different 10 nm 

filament families are. The main evidence on this question comes from serology. 

While desmin occurs in avian cardiac skeletal, and smooth muscle cells, 

anti-desmin does not cross-react with avian non-muscle cells nor with muscle 

from mammalian sources (Lazarides and Balzer, 1978). Chicken muscle cells 

do not label with either anti-neurofilament or anti-fibroblast 10 nm filament anti­

sera, and desmin, tubulin, and neurofilaments have differing peptide maps (Franke 

et al, 1978b; Bennett et al, 1978; Davison et al, 1977). Thus, desmin is serologi­

cally unrelated to both non-muscle 10 nm filaments and non-avian muscle 10 nm 

filaments. 

Serological analysis has indicated that neurofilaments and glial filaments 

are immunologically distinguishable from both each other and the other 10 nm 

filaments (Bennett et al, 1978; Liem et al, 1978; Lazarides and Balzer, 1978). 

This agrees with the results of partial peptide mapping (Davison et al, 1977) and 

has led the above workers to suggest that the neurofilaments and glial filaments 

form two distinct classes of 10 nm filaments. These results are somewhat compli­

cated by earlier reports of serological identity between neurofilament and glial 

filament subunits (Yen et al, 1976). The work of Liem et al (1978), however, 

makes it appear likely that such cross-reactions were due to cross-contamination 

of filament types during purification. 

Antibodies prepared against the fibroblast 10 nm filament subunit react 

with a wide variety of different cells by immunofluorescence. Included are myo­

genic, retinal pigment, spinal ganglion, gizzard, and chondrogenic cells (Bennett 
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et al., 1978), PtK2, 3T3, melanocyte, neuroblastoma, endothelial, and glial cells 

(Franke et al, 1978b), and neuroblastoma (Starger et al, 1978). In contrast, anti­

neurofilament is specific for neurons, anti-glial filament is specific to glia, anti­

keratin is specific to epithelia (PtK2 cells [Franke et al., 1978a,b]), and anti-muscle 

10 nm filaments are specific to muscle. This leads to the conclusion that neuro­

filaments, glial filaments, fibroblast 10 nm filaments, muscle 10 nm filaments, 

and tonofilaments are all distinguishably different classes of 10 nm filaments 

(Lazarides and Balzer, 1978; Davison et al, 1977; Bennett et al, 1978). The fibro­

blastic 10 nm filaments may coexist with other 10 nm filament classes in many 

cell types, however. 

The Cytological Localization of Desmin in Striated Muscle 

Although 10 nm filaments are rare in adult skeletal muscle, the presence 

of desmin has been demonstrated by both electrophoresis and immunofluorescence 

(Lazarides and Hubbard, 1976; Izant and Lazarides, 1977; Granger and Lazarides, 

1978). Before describing the immunofluorescence results, I would like to present 

a nomenclature for describing the structure of the Z-line (Lazarides and Hubbard, 

1978; Granger and Lazarides, 1978). The sarcomeres of a single myofibril are 

connected longitudinally by individual Z-discs. The Z-disc is therefore confined 

to a single myofibril and is the smallest unit that I will be considering. In a bundle 

of myofibrils, the Z-discs of each fibril are in lateral register and define a Z-plane. 

When a myofibril bundle is viewed laterally (side view), the Z-discs in each Z-plane 

superimpose to form the Z-line observed in whole muscle fibers by light microscopy. 

Lazarides and Hubbard (1976) originally discovered that desmin is localized 

in the Z-lines of skeletal muscle. More recently, Granger and Lazarides (197 8) 
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have developed a technique for performing immunofluorescent localization on 

the surface of a single Z-plane. They find that desmin is restricted to the boundary 

region that separates the individual Z-discs from each other in the Z-plane, and 

that desmin is not a component of the Z-disc itself. This distribution is visible 

in the transverse muscle fiber sections (Lazarides and Hubbard, 1976), is also 

very similar to that described above for the 10 nm filaments in cardiac cells. 

Finally, the distribution of desmin overlaps that of the T-tubule membrane system 

in rat and chicken (Lazarides and Granger, 1978; Behrendt, 1977; and my own 

observations). The T-system is an elaborate invagination of the plasma membrane 

that is electrically active and provides a pathway for coupling the excitation of 

the plasma membrane with the interior of the muscle cell (Franzini-Armstrong 

and Porter, 1964; Peachey, 1965, 1968; Huxley, 1971). 

The Function of Desmin in Muscle 

For many years, the 10 nm filaments have been assigned the vague function 

of "playing a structural role." This was based as much upon their lack of involvement 

in any obvious cellular activity as it was upon known attributes. The data reviewed 

above all demonstrate a particular relationship between muscle 10 nm filaments, 

actin, and the plasma membrane. Based upon this, it has been proposed that the 

function of desmin and muscle 10 nm filaments is to mechanically interlink in­

dividual actomyosin contractile units, both to each other and to the plasma mem­

brane. Such a system would provide for the uniform transmission of force from 

the interior to the exterior of the muscle cell (Lazarides and Hubbard, 1976). 

An additional consequence of a system that interlinked Z-discs might be the regular 

alignment of Z-discs into Z-bands that characterizes striated muscle. Additional 
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evidence for this is provided by the separation of myofibrils that occurs after 

desmin has been removed by a desmin cleaving activity (Chapter Five of this The­

sis). 

Not enough is presently known about the structure of contractile units 

in smooth muscle to permit specific statements about the function of its 10 nm 

filament network (Shoenberg and Needham, 1976). There are no structures in 

smooth muscle that are obviously equivalent to the striated muscle Z-line. Whether 

or not the 10 nm filament-dense body network performs an analogous function 

has been the subject of controversy for some years (Prosser et aL, 1960; Bois, 

1973; Ashton et aL, 1973; Small and Squire, 1972; Cooke, 1976; Small, 1977; re­

viewed by Schollmeyer et aL, 1976). Most of the evidence against this equivalence 

is indirect or negative. Positive evidence for their equivalence includes (1) the 

association of desmin with Z-discs and dense bodies; (2) the insertion of actin 

filaments into Z-discs and dense bodies; and (3) the presence of a-actinin and 

tropomyosin in Z-bands and dense bodies (Lazarides and Burridge, 1975; Schollmeyer 

et al., 1974, 1976). The Z-discs and dense bodies thus appear to be similar, both 

in composition and in function as interlinking structures. The internal structure 

of the two appears to be vastly different, however. The Z-disc has a mesh-like 

structure, while the dense body is amorphous (Franzini-Armstrong and Porter, 

1974; Hay, 1963; Kelly, 1967; Knappeis and Carlsen, 1962; Ashton et aL, 1975; 

Cooke, 1976; Small, 1977). Consequently, the equivalence of the dense body and 

the Z-disc remains unresolved. 

Our observations that desmin is complexed with B- and y-actins in smooth 

muscle (Chapter Four of this Thesis) raises the question as to whether or not the 

Z-bands of striated muscle contain unusual actin variants. This is important in 
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light of our observation that cx-actin is resistant to DCA. Neither e- or y-actin 

has yet been observed on two-dimensional gels of adult skeletal muscle (Garrels 

and Gibson , 1976). Measurements of the ratio of Z-band area to I-band area indi­

cates, however, that less than 5% of the total actin is in the Z-band. It is unlikely 

that e- or y-actin would be detectable at the 5% level due to the tendency of 

cx-actin to smear in the first dimension (Izant and Lazarides, 1977). 

The Role of the Actin-Desmin Complex 

It is not known how these actin-desmin complexes fit into the physiology 

of 10 nm filaments. Several studies have failed to find heavy meromyosin binding 

to various types of 10 nm filaments (Ishikawa et al, 1969; Burton and Kirkland, 

1972; Chang and Goldman, 1973; Goldman et al., 1976). It is possible, of course, 

that if a population of 10 nm filaments did bind heavy meromyosin, then they 

would be misclassified as actin filaments. It is also possible that desmin masks 

the presence of actin in the complex, although this was not the case with either 

the in vitro actin-desmin filaments or the soluble actin-desmin complexes. Anti­

actin and anti-desmin antibodies reacted with both (Hubbard and Lazarides, 1979; 

Chapter Thre~ of this Thesis). Anti-actin and anti-desmin also reveal different 

populations of filaments in cultured cells (Lazarides, 1975, 1978a,b). A possible 

exception to this spatial separation of actin and desmin is found in Granger and 

Lazarides (1978). They found actin distributed over the entire Z-plane, including 

the interdisc boundary region where desmin is localized. It is hard to determine , 

however, if this actin was present in the boundary region in vivo, or if it was de­

posited there during an actomyosin extraction step during the production of the 

Z-planes. 
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Possibly, the actin-desmin complex represents the "joint" between an 

actomyosin unit and a desmin interlink. This would require some mechanism for 

localizing the actin-desmin interaction. No data are presently available on either 

the existence or the nature of such a mechanism, but there are several possibilities. 

First, the actin-desmin interaction may require a third protein~ Candidates for 

such a protein are the * proteins that copurify with actin and desmin in the 40-50,000 

mwt range (Hubbard and Lazarides, 1979; Chapter Five of this Thesis). Evidence 

against this is the absence of these proteins from the 50-60 S soluble actin-desmin 

complex, and also evidence that the * proteins are desmin cleavage products (Chap­

ter Five of this Thesis). Second, an analogous situation is encountered in bacterio­

phage morphogenesis where one structure serves as the nucleating site for the 

self-assembly of a second (Casjens and King, 1975). Thus, some actin configuration 

may initiate the growth of a pure desmin filament from that site. Unsolved by 

this hypothesis is how the growing end of the desmin filament becomes anchored 

on another actin structure. Third, specific variants of the molecules involved 

may be responsible for the actin-desmin interaction. For example, there are ex-, 

8-, and y-isoelectric variants of actin and ex- and 8-isoelectric variants of desmin 

in muscle (izant and Lazarides, 1977; Garrels and Gibson, 1976). Although ex-actin 

is restricted to skeletal muscle while 8- and y-actins occur in smooth and non­

muscle cells, it has not yet been possible to demonstrate any differences in func-

tion or spatial localization for any of the desmin variants. Finally, there may 

be different types of desmin polymer in muscle cells. Evidence for this comes 

from the observation that the number of visible 10 nm filaments decreases during 

myogenesis. This suggests that the 10 nm filaments in striated muscle may be 

a storage form of desmin. These would be progressively disassembled as the desmin 
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was required for the formation of inter-Z-disc linkages. This model would require 

that desmin not bind to actin while in its storage form, but places no limit on 

the extent of actin-desmin interaction elsewhere. It should be noted, however, 

that desmin does not simply bind to actin wherever it encounters it within the 

cell. Other proteins, such as tropomyosin or actin isoelectric variants, may play 

a role in mediating this restriction. 

The Rheological Properties of Cytoplasmic Gels 

By comparing the physical properties of desmin based polymers with 

those of various actin based polymers, it is possible to infer several principles 

that may be of general importance. The biochemistry of these two systems is 

compared elsewhere (Hubbard and Lazarides, 1979; Pollard and Weihing, 1974; 

Pollard, 1976a; Taylor, 1977) and will be considered here only as it relates to their 

rheological properties. Pure F-actin prepared from skeletal muscle by the Spudich 

and Watt procedure (1971) forms viscous solutions that exhibit non-newtonian 

flow. Non-newtonian flow is that in which the apparent viscosity is dependent 

upon the rate of shear (Tanford, 1966) and is common property of solutions of 

asymmetric or interactive molecules. F-actin solutions exhibit complex, non­

Newtonian, behavior under shear, but they may be described as being thixotropic 

in the simplest analysis (Maruyama et al., 1974; Brotschi et al, 1978). A thixo­

tropic solution is one in which the viscosity decreases as the steady state shear 

rate increases. A simple and satisfactory explanation for this behavior can be 

provided for the ideal case of stiff, asymmetric molecules. These are normally 

randomly oriented due "to thermal agitation, but tend to become aligned parallel 

to the direction of flow in a velocity gradient (Tanford, 1966; Meares, 1965). 
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Light scattering measurements on F-actin are consistent with this picture of 

freely diffusing rods (Carlson and Fraser, 1974). Studies with a rotational viscom­

eter, however, show that the viscosity of F-actin is inversely proportional to the 

velocity gradient over a wide range of values (Maruyama et al, 197 4). This is 

in contrast to the behavior of molecules such as flagella, collagen , and tropomyosin 

aggregates, which exhibit constant viscosities in low velocity gradients (Maruyama 

et al., 197 4). This has been interpreted as indicating that stable but weak inter­

actions exist between the F-actin molecules that result in their being cross-linked 

into large networks. This may be due to the presence of small amounts of cross­

linking contaminants in the actin preparation. 

A striking property of many cytoplasmic extracts is their ability to under­

go gelation and subsequent syneresis in vitro (Kane, 1975, 1976; Bryan and Kane, 

1978; Kane et al, 1977; Hartwig and Stossel, 1975; Stossel and Hartwig, 1976; 

Maruta and Korn, 1977; Taylor, 1977; Pollard, 1976b; Weihing, 1976). These gels 

are based upon the interaction of F-actin with one or more accessory proteins 

that appear to cross-link the actin filaments into bundles and networks. The cross­

linking proteins vary from system to system and have been tabulated by Taylor 

(1977). These gels are frequently described as being physically strong. They do 

not flow and break into chunks if sheared (Weihing , 1976; Stossel and Hartwig, 

1976; Pollard, 1976a). The gels formed in vitro by 12-14 nm desmin filaments 

behave similarly (Hubbard and Lazarides, 1979). 

Several groups have investigated the effects of some presumed cross­

linking proteins on F-actin. Both a-actinin and heavy meromyosin increase the 

viscosity and modulus of elasticity of F-actin solut ions (Abe and Maruyama, 1973, 

1974; Holmes et al., 1971; Ebashi and Maruyama, 1965; Maruyama and Ebashi, 
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1965). These results are interpreted as indicating the formation of limited net­

works, although the solutions remain thixotropic. Additional evidence for cross­

linking comes from (univalent) myosin subfragment 1, which produces only 10% 

of the increase in visco-elasticity that (divalent) heavy meromyosin does (Abe 

and Maruyama, 1974). In the case of a-actinin, its binding to F-actin saturates 

at 12-16 mole percent, or about 1 a-actinin per turn of the actin helix (Holmes 

et aL, 1971; Abe and Maruyama, 1973). The F-actin precipitates under these 

conditions and electron microscopy reveals loosely bound bundles of actin fibers 

(Kawamura et aL, 1970). 

Myosin, filamin and actin-binding protein (ABP) all produce gels when 

mixed with F-actin (Wang and Singer, 1977; Stossel and Hartwig, 1976). The physi­

cal characteristics of these gels has been investigated by Brotschi et aL (1978). 

They find that skeletal muscle actin alone is thixotropic and recovers 50% of 

its initial rigidity by 15 min after shearing. In contrast, while myosin, filamin , 

and ABP form gels that are 4-5 times as strong as F-actin alone, these are per­

manently destroyed by shearing. They do not spontaneously reform after being 

disrupted. Brotschi et aL (1978) also find that these gel forming, actin cross-linking 

proteins are extremely active. The minimum effective molar ratios for gel forma­

tion is 1:100 for myosin, 1:190 for filamin, and 1:7 40 for ABP (actin:cross-linker 

ratio). This is in agreement with measurements made on the gel forming com­

ponents of amoeba and sea urchin egg cytoplasm (Maruta and Korn, 1976; Bryan 

and Kane, 1978). 

Desmin, Cytoplasmic Gels, and the Cytoskeleton 

Amoeba cytoplasm is not only contractile, but it also exhibits localized 
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and reversible changes in its viscosity (reviewed by Allen, 1961). More recently, 

Thompson and Wolpert (1963) found that extracts of amoeba cytoplasm can be 

made to gel and contract in vitro by warming them in the presence of ATP. The 

discovery that in vitro gelation is due to actin has stimulated considerable specula­

tion about the possible role of actin in the control of cytoplasmic structure in 

vivo. This possibility has been reviewed at length by Pollard (1976a) and is of 

interest here because desmin forms a physically similar, although biochemically 

distinct, gelation and syneresis system (Hubbard and Lazarides, 1979). 

In the previous section, it was shown that gel forming polymers could 

be divided into two classes: those that are thixotropic and those that are not. 

Thixotropic gels would be suitable for the maintenance of temporary structures, 

perhaps ones that are intended to be dynamically remodeled. Non-thixotropic 

gels, in contrast, are capable of withstanding considerable force and would be 

suitable for constructing permanent structures or for transmitting forces from 

one site to another. Desmin gels are of this type and it is consequently evident 

that they are eminently suited for the proposed role of transmitting force laterally 

through muscle cells. 
-~ 

Why does the cell employ desmin to serve this function, instead of some 

other actin cross-linking molecule such as a-actinin of filamin? The answer is, 

at present, unknown. I would like to suggest, however, a reason that is based 

upon the principle of hierarchical design (Simon, 1962). Early in myogenesis, actin 

is forming actomyosin and the sarcomeres are assembling. This requires lateral 

bonding between myofilaments. In order to ensure the formation of compact 

structures, this bonding should be restricted to operating only over short distances. 

Thus, molecules like a-actinin would be employed in forming the Z-discs. After 
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the myofibrils have formed, the requirements for lateral bonding are somewhat 

different, because the spacing between myofibrils is greater and exhibits less 

uniformity than that between myofilaments. A molecule that can bond over wide 

gaps and intervening membranes is now required. An actin-binding polymer fills 

this requirement very nicely, which is just the type of structure that desmin can 

form. 
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