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ABSTRACT  The intermediate filament proteins desmin and
vimentin are two of the major 32P phosphate acceptors in chicken
myotubes differentiating in tissue culture. Analysis of the desmin
and vimentin phosphopeptides by two-dimensional tryptic peptide
mapping shows that both preteins are phosphorylated at multiple
sites, giving rise to 5 phosphopeptides in desmin and as many as
11 in vimentin. Addition of the cAMP analogue 8-bromoadenosine
3',5'-cyclic monophosphate (8-BrcAMP) to the culture medium of
mature (8-day-old) myotubes results in a 2- to 3-fold increase in
PO, incorporation into desmin and vimentin. Two-dimensional
tryptic analysis of desmin and vimentin from 8-BrcAMP-treated
myotubes shows increased >*PO, incorporation into a subset of the
phosphopeptides observed in control cells. Comparison of phos-
phopeptides from the two proteins shows the presence of at least
three comigrating peptides. All three comigrating peptides exhibit
cAMP-dependent increases in **PO, incorporation in vimentin,
while only two of the three exhibit 8-BrcAMP-dependent re-
sponses in desmin. While these peptides are the only two that are
sensitive to 8-BrcAMP in desmin, vimentin contains additional
peptides that exhibit increased **PO, incorporation in response
to 8-BrcAMP. This result suggests the existence of both common
and distinct phosphorylation sites between desmin and vimentin
that may be differentially regulated by cAMP. Thus, desmin and
vimentin, even though structurally related, may be capable of re-
sponding differently to physiological stimuli.

Avian embryonic skeletal myotubes cultured in vitro express
two intermediate filament (IF) proteins: desmin, the IF protein
identified first in smooth muscle and subsequently as the major
subunit of intermediate filaments in adult skeletal and cardiac
muscle, and vimentin, the IF protein found in most mesen-
chymal cells and all cells in culture (for review, see ref. 1). Early
in myogenesis, both filament proteins are found in-an extensive
network of cytoplasmic filaments (2, 3). Late in myogenesis,
however, both proteins become associated with the Z lines of
myofibril bundles, where they form a network of collars that
interlink Z discs of adjacent myofibrils (3-5). The mechanisms
that regulate this redistribution of intermediate filaments dur-
ing myogenesis are not yet understood.

We have previously observed that both desmin and vimentin
are phosphorylated in cultured skeletal muscle myotubes and
that, in mature myotubes, such phosphorylation can be stim-
ulated by the addition of B-adrenergic hormones or cAMP an-
alogues to the culture medium (6). Sensitivity to cAMP-stim-
ulated increases in IF protein phosphorylation is dependent on
the state of differentiation of the myotubes. The onset of sen-
sitivity appears to coincide chronologically with the redistri-
bution of intermediate filaments to the Z line during myogene-
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sis (6, 7). This result suggests that phosphorylation of intermedi-
ate filament proteins is intimately associated with filament
distribution.

In this study, we have analyzed the sites of phosphorylation
of vimentin from control and 8-BrcAMP-treated myotubes by
two-dimensional tryptic peptide analysis and compared them
with those previously identified in desmin. Our results show
that vimentin, like desmin, is phosphorylated at multiple sites
and that at least three (possibly four) of the vimentin phospho-
peptides comigrate with phosphopeptides from desmin, sug-
gesting sequence homology in the two proteins around these
phosphorylation sites. Comparison of the phosphorylated pep-
tides after exposure of mature myogenic cells to 8-BrcAMP
shows that individual peptides differ in their response to 8-
BrcAMP. This result shows that desmin- and vimentin-con-
taining intermediate filaments, although structurally related,
are capable of independent functional regulation.

MATERIALS AND METHODS

Cell Cultures. Cultures of embryonic myogenic cells were
prepared from 10-day-old chicken embryos as described (3, 6).

32pQ, Incubation for Two-Dimensional Gel Electrophore-
sis. Duplicate cultures in 60-mm Petri plates were washed twice
with 3 ml of phosphate-free minimal essential medium/1%
horse serum and incubated in the same medium containing
3pQ, at 50 uCi/ml (1 Ci = 3.7 X 10'° becquerels; New En-
gland Nuclear). 8-BrcAMP (Sigma) was added to one of the cul-
tures to a final concentration of 1 mM for 45 min prior to the
end of the 4-hr **PO, incubation. Preliminary experiments in-
dicated that this concentration of the cAMP analogue gave max-
imal stimulation in the phosphorylation of desmin and vimentin
for the indicated period of time (6). Labeled cultures were
washed once with cold phosphate-buffered saline (0.14 M NaCl/
3 mM KCl/10 mM NaK phosphate, pH 7.2), scraped from the
Petri dishes with a rubber policeman, and pelleted at top speed
in an IEC tabletop centrifuge (approximately 1,000 X g). Cell
pellets were then solubilized for 3-5 min at 100°C in 75 ul of
sample buffer (0.2% NaDodSO,/50 mM Tris"HCI, pH 6.8/1%
2-mercaptoethanol/15% glycerol). Samples were prepared im-
mediately for electrophoresis (see below) or frozen at —20°C
for later use. Two-dimensional electrophoresis was carried out
as described (6).

Two-Dimensional Tryptic Mapping. Two-dimensional tryp-
tic mapping of **PO-labeled desmin and vimentin was carried
out essentially as described (6). Briefly, 8-day-old myotubes (10
cells per 100-mm plate) were labeled as above for 4 hr with 100
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uCi of **PO, per ml. 8-BrcAMP was added during the last
hour of the labeling period. After two-dimensional isoelectric
focusing/NaDodSO,/polyacrylamide gel electrophoresis, staining
and destaining, the phosphorylated variants of desmin and vi-
mentin were excised and processed for tryptic digestion. Sam-
ples (approximately equal amounts of protein, representing
500-2,000 cpm) were spotted onto cellulose thin layer plates
(Eastman 13255) and analyzed by two-dimensional electropho-
resis/chromatography as described (6). The locations of phos-
phopeptides were determined by autoradiography.

RESULTS

Phosphorylation of Desmin and Vimentin in 8-Day-Old
Myotubes is Stimulated by 8-BrcAMP. We have previously
shown that the IF proteins desmin and vimentin are phos-
phorylated in avian embryonic myotubes cultured in vitro and
that both proteins exist as a major nonphosphorylated variant
and multiple more acidic phosphorylated variants (refs. 6, 7; see
Fig. 1 A and B). In the pH range of the isoelectric focusing sys-
tem used here {pH 4-7), the proteins most prominently labeled
with 32PQ, in 8-day-old myotubes were the muscle tropomyosins
and the IF proteins, desmin and vimentin (Fig. 1 A and B).
Comparison of the autoradiogram with the Coomassie blue-
stained gel shows that, as expected (7), the most basic variant
of both desmin and vimentin did not incorporate any **PO,.
2P0, was incorporated into at least two major desmin variants
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(termed @ and ' in order of decreasing isoelectric point) and
into one or more poorly resolved vimentin variants.
Treatment of 8-day-old myotubes with 1 mM 8-BrcAMP for
the last 45 min of a 4-hr incubation with 32PO, resulted in an
increase in incorporation of label into desmin and vimentin
(Fig. 1D) with no apparent increase in labeling of tropomyosin
(6). As previously shown, quantitation revealed a 3-fold increase
in 32PO, incorporation into desmin and vimentin in myotubes
treated with 8-BrcAMP (6). The 8-BrcAMP-induced increase
in 32PQ, incorporation into desmin and vimentin represents an
actual increase in phosphorylation of these proteins; this in-
crease is not due to protein phosphate turnover, is independent
of protein synthesis, and is not caused by a 8-BrcAMP-induced
change in the specific activity of the cellular ATP pool (6). This
increase is not observed when cells are treated with 8-bro-
moadenosine monophosphate (6). Comparison of the autora-
diogram of the 8-BrcAMP-treated cultures with its correspond-
ing Coomassie blue-stained gel showed that the cAMP analogue
causes no perceptible changes in the quantity of either desmin
or vimentin. Furthermore, the analogue caused no perceptible
changes in the ratios of desmin or vimentin isoelectric variants
during the labeling period (4 hr) used, as revealed by Coomassie
blue staining (see Discussion), suggesting that, although 2P0,
incorporation is increased by a factor of 2 to 3, the actual in-
crease in ghosphate content is less. This disproportionate in-
crease in *PQ, incorporation may result from the short labeling
times used in these experiments, which do not allow equili-
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FiG. 1 Two-dimensional isoelectric focusing (IEF)/NaDodSO,/polyacrylamide gel electrophoresis (PAGE) analysis of phosphorylation of in-
termediate filament proteins in control and 8-BrcAMP-treated 8-day-old myotubes. (A and B) Coomassie blue-stained gel and the corresponding
autoradiogram of control cultures. Cells were labeled for 4 hr with 32PQ,. (C and D) Coomassie blue stained-gel and the corresponding autoradiogram
of 8-BrcAMP-treated cultures. Cells were labeled as in A and B and treated with 1 mM 8-BrcAMP for the last 45 min of the 32PQ, incubation. Note
the increase in phosphate in both desmin (D) variants (a, a’) and in the acidic vimentin (V) variants (arrowhead). Coomassie blue staining reveals
no changes in the ratios of the desmin or vimentin isoelectric variants in control and 8-BrcAMP-treated cells. Autoradiograms were exposed for
18 hr. Isoelectric focusing is from right (basic end) to left (acidic end). pH range, 4-7. Ac, actin; Tm, tropomyosins.
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bration between the protein and the ATP pool.

Tryptic Analysis of Desmin Phosphopeptides. A representa-
tive peptide map of 32PO-labeled desmin from 8-day-old myo-
tubes is shown in Fig. 2A. Cultures were incubated with 32PO,
for 4 hr and 8-BrcAMP-treated cells received 1 mM 8-BrcAMP
during the last hour of the **PO, incubation. We have previ-
ously shown (6) that the *2P-labeled peptide maps of a- and a'-
desmin are indistinguishable and therefore we have used total
desmin (@ and a') for the maps presented here. Total desmin
obtained from 32PO,-labeled control myotube cultures exhib-
ited two or three major **P-labeled peptides (A, B, and C) and
two or more minor ones (D and E; Fig. 24). The 32P-labeled
peptides of desmin from 8-day-old myotubes treated with 8-
BrcAMP were qualitatively similar to those of control desmin.
The most noticeable difference was a large increase in **PO,
incorporation into peptides C and D (Fig. 2B), while peptides
A, B, and E remained unchanged. We have previously shown
that there is a 7- to 10-fold increase in incorporation of 3P0,
into peptides C and D, which is sufficient to account for the 2-
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to 3-f('0§d increase in 3P0, incorporation observed for total des-
min (6).

Tryptic Analysis of Vimentin Phosphopeptides. At least 11
phosphopeptides were resolved in vimentin isolated from cul-
tures labeled for 4 hr with 32PO (Fig. 2C). Analysis of vimentin
phosphopeptides from cultures incubated with 1 mM 8-BrcAMP
during the last hour of **PO, incubation showed that, of the 11
peptides, at least 8 exhibit a substantial increase in **PO, in-
corporation (designated by arrowheads in Fig. 2D), in compar-
ison with peptides from untreated cells. With the exception of
peptide B, the majority of the 8-BrcAMP-sensitive phospho-
peptides in vimentin were barely detectable in control myotube
cultures indicating that, in control cells, they are minor sites
or are labeled at a very low specific activity.

Comparative Analysis of Desmin and Vimentin Phospho-
peptides. Coelectrophoresis of desmin and vimentin phospho-
peptides from control (not shown) and 8-BrcAMP-treated cul-
tures (Fig. 2E) revealed comigration of three vimentin phospho-
peptides with phosphopeptides previously identified in desmin
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F16. 2. Comparative peptide mapping of desmin and vimentin phosphopeptides in control and 8-BrcAMP-treated cultures. Desmin and vimentin
phosphorylated in vivo (as described in Fig. 1) in the absence or presence of 8-BrcAMP were subjected to tryptic peptide analysis. High-voltage
electrophoresis at pH 1.9 was from left to right; ascending chromatography was from bottom to top. (A and B) 3?P-Labeled peptides of desmin labeled
in the absence (A) or presence (B) of 8-BrcAMP, showing a significant increase in *
No changes are apparent with peptides A, B, and E. V, Location of a vimentin-specific peptide that is not observed in desmin. (C and D) 32P-Lab«gled
peptides from vimentin phosphorylated in the absence or presence of 8-BrcAMP. Arrowheads indicate those eight peptides showing reproducible
increases in 32PO, incorporation in 8-BrcAMP-treated cells. 3?P-Labeled vimentin peptides that comigrate with desmin peptides are labeled ac-
cordingly (peptides B, C, and D). Stars in C and D denote the location of desmin peptide E, which is not observed in vimentin. (E) Comigration of
peptides from desmin and vimentin (B and D) from 8-BrcAMP-treated myotubes. Stars indicate the location of comigrating peptides B,‘C, and D
and the closely similar migration of desmin peptide A with a major vimentin peptide. The locations of the unique peptides V (vimentin) and E

(desmin) are indicated.

, incorporation into peptides C and D in response to 8-BrcAMP.
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(designated B, C, and D), and one phosphopeptide exhibited
nearly identical migration (peptide A). Comparison of Fig. 2 B,
D, and E shows that these four phosphopeptides (designated
with stars in Fig. 2E) respond differently in the two proteins
in 8-BrcAMP-treated myotubes. Peptide A showed no change
in either desmin or vimentin, peptide B exhibited an increase
in 32PO, incorporation in vimentin but not in desmin, while
peptides C and D exhibited increases in both desmin and vi-
mentin. In addition, both vimentin and desmin exhibited
unique phosphopeptides, allowing us to rule out the possibility
of cross-contamination between samples used for mapping.
Peptide E is unique to desmin and did not respond to 8-BrcAMP
(see Discussion). However, at least three of the peptides unique
to vimentin exhibited a substantial increase in **PO, incorpo-
ration in the presence of 8-BrcAMP (Fig. 2D) while at least one
major peptide (designated as peptide V in Fig. 2E) did not.

DISCUSSION

We have previously shown that desmin and vimentin are two
of the major phosphoproteins in 8-day (or older) cultures of
chicken skeletal myotubes (6). Peptide mapping of desmin and
vimentin metabolically labeled with 3*PO, in vivo shows that
both proteins are phosphorylated at multiple sites; in desmin,
5 phosphopeptides have been reproducibly identified while, in
vimentin, a much more complex pattern with as many as 13
phosphopeptides is observed. This observation is consistent
with the observed presence of multiple phosphorylated iso-
electric variants in both desmin and vimentin (7).

Addition of 8-BrcAMP to myotube cultures during the 32PO,
labeling period results in a rapid increase in **PO, incorporation
into desmin and vimentin while incorporation into other cellular
proteins remains unchanged. This response has been concluded
to indicate a cAMP-dependent increase in IF protein phos-
phorylation (6). This result is consistent with earlier findings
that both desmin and vimentin serve as substrates for the
cAMP-dependent protein kinases in vitro (8) and strengthens
the conclusion that phosphorylation of intermediate filaments
in cultured myotubes in vivo is in part due to the action of
cAMP-dependent protein kinases. Phosphorylation of vimentin
in several nonmuscle cell types has also been found to be mod-
ulated by cAMP (refs. 6, 9, 10; however, see ref. 11).

In this report, we have analyzed the response of individual
phosphopeptides of desmin and vimentin to 8-BrcAMP. Tryptic
peptide analysis of desmin and vimentin from myotubes labeled
with 32PO, in the presence of 8-BrcAMP reveals an increase in
radiolabel incorporated into specific subsets of the phospho-
peptides identified in control cells. In desmin, two peptides
(C and D) exhibit a 7- to 10-fold increase in 32PQ, incorporation
while three others (A, B, and E) remain at a basal level of in-
corporation. That only two peptides showed a response was
somewhat surprising considering our previous observation that
four out of five desmin peptides (E excluded) were identifiable
in desmin phosphorylated in vitro by the catalytic subunit of
cAMP-dependent protein kinase (6, 8). This result may indicate
the site-specific control of cAMP-dependent phosphorylation
in the two polypeptides.

In vimentin, at least eight peptides were found to exhibit
substantially increased incorporation of **PQ, in response to
8-BrcAMP. Several of these peptides were not apparent, or
were seen at only very low levels, in untreated control myotubes
and showed increases estimated to be greater than 10-fold,
while others (peptide B, for example) show less dramatic in-
creases. At least three vimentin phosphopeptides exhibit little
or no response to 8-BrcAMP. '

It is important to note that the observed increases in 32PO,
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incorporation do not accurately reflect the actual increase in
occupancy of a given phosphorylation site, since the short la-
beling period used for these experiments results in an ATP do-
nor pool with a specific activity much higher than that of the
phosphorylated protein prior to 8-BrcAMP addition. Thus, the
increase in 32PO, incorporation is probably disproportionately
larger than the increase in total phosphorylation of a given site.
Nevertheless, these results reflect the response of each phos-
phorylation site in a qualitative manner.

Three of the 8-BrcAMP responsive peptides observed in vi-
mentin (B, C, and D) were found to comigrate exactly with pep-
tides identified and labeled correspondingly in desmin. In ad-
dition, peptide A of desmin may partially comigrate with a
vimentin peptide. While peptides C and D respond to 8-
BrcAMP in both desmin and vimentin, peptide B exhibits a 8-
BrcAMP-mediated increase in phosphate incorporation in vi-
mentin but not in desmin. The possibility of cross-contamina-
tion of the protein samples used for peptide mapping can be
ruled out by the presence of prominent phosphopeptides
unique to either desmin (peptide E) or vimentin (peptide V).

Considerable evidence has shown that desmin and vimentin
are structurally related polypeptides (12, 13); direct sequence
analysis of the carboxyl-terminal one-third of the protein mol-
ecules indicates a significant (approximately 60%) amount of
amino acid sequence homology (14). Previous results (15), and
those presented here, suggest that desmin and vimentin share
at least three sites of sequence homology around these phos-
phorylation sites. We have shown that, in desmin, these sites
contain phosphoserine as the phosphorylated amino acid (6, 8).
Examination of the carboxyl-terminal protein sequences pub-
lished for desmin and vimentin (14) reveals no serine-containing
sequences that show similarity to previously established cAMP-
dependent phosphorylation sites (16—18). This suggests that the
majority of the phosphorylation sites may be clustered in the
amino-terminal two-thirds of the polypeptides, indicating se-
quence homology in addition to that observed in the carboxyl
terminus.

An important point raised by the heterogeneity of response
of individual phosphopeptides to cAMP is the possibility of
multiple modes of regulation of intermediate filaments by phos-
phorylation. This is evident in phosphopeptides that vary in
their responses to exogenous stimuli such as cAMP. In addition,
the presence of homologous phosphorylation sites on desmin
and vimentin may indicate the presence of a coordinate regu-
lation while unique phosphopeptides may allow for differential
effects of stimuli on the two polypeptides. The functional sig-
nificance of these potential regulatory sites is as yet unknown.
Immunofluorescence studies of desmin and vimentin during
myogenesis (3), and in vitro polymerization studies (19), have
suggested that desmin and vimentin may polymerize into het-
eropolymer filaments. We have previously suggested that, by
varying the subunit composition of intermediate filaments (i.e.,
the desmin/vimentin ratio), either globally or locally, the func-
tional properties of the filaments themselves might be altered
(3, 20). The sequential expression of IF subunits that occurs
during muscle (3) and neural (21) differentiation lends support
to this hypothesis. The differential response of desmin and vi-
mentin phosphorylation to stimuli such as cAMP may be a man-
ifestation of such functional differences between desmin and
vimentin.

The function of intermediate filament protein phosphoryla-
tion during myogenesis remains to be established. It is inter-
esting that the onset of sensitivity of phosphorylation to mod-
ulation by exogenous 8-BrcAMP coincides in time with the
association of intermediate filaments with the myofibril Z line
during myogenesis (3, 6). This suggests that phosphorylation of
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desmin and vimentin may be one mechanism for the regulation
of filament associations with the Z disc during myogenesis.

We thank Ilge Lielausis for her expert technical assistance with tissue
culture and Chung Wang, John Ngai, Spencer Danto, Bruce Granger,
and Jim Nelson for helpful discussions. This work was supported by
grants from the National Institutes of Health, the National Science
Foundation, and the Muscular Dystrophy Association of America. E.L.
is a recipient of a Research Career Development Award from the Na-
tional Institutes of Health.

Lazarides, E. (1980) Nature (London) 283, 249-256.

Bennett, G. S., Fellini, S. A., Toyama, Y. & Holtzer, H. (1979)
J. Cell Biol. 82, 577-584.

Gard, D. L. & Lazarides, E. (1980) Cell 19, 263-275.

Granger, B. L. & Lazarides, E. (1978) Cell 15, 1253-1268.
Granger, B. L. & Lazarides, E. (1979) Cell 18, 1053-1063.
Gard, D. L. & Lazarides, E. (1982) Mol. Cell. Biol. 2, 1104-1114.
O’Connor, C. M., Balzer, D. R. & Lazarides, E. (1979) Proc.
Natl Acad. Sci. USA 76, 819-823.

O’Connor, C. M., Gard, D. L. & Lazarides, E. (1981) Cell 23,
135-143.

Steinberg, R. A. & Coffino, P. (1979) Cell 18, 719-733.
?Lown)ing, E. T. & Sanders, M. M. (1980) J. Cell Biol. 87, 179
abstr. ).

© NGtk w P

—
S ©

11.
12.
13.
14.
15.

16.
17.
18.
19.

Proc. Natl. Acad. Sci. USA 79 (1982)

Cabral, F. & Gottesman, M. M. (1979) J. Biol. Chem. 254, 6203—
6206.

Gard, D. L., Bell, P. B. & Lazarides, E. (1979) Proc. Natl. Acad.
Sci. USA 76, 3894-3898.

Steinert, P. M., Idler, W. W. & Goldman, R. D. (1980) Proc.
Natl. Acad. Sci. USA 77, 4534-4538.

Geisler, N. & Weber, K. (1981) Proc. Natl. Acad. Sci. USA 78,
4120-4123.

O’Connor, C. M., Gard, D. L., Asai, D. ]. & Lazarides, E. (1981)
in Protein Phosphorylation, Cold Spring Harbor Conferences on
Cell Proliferation (Cold Spring Harbor Laboratory, Cold Spring
Harbor, NY), Vol. 8.

Yeaman, S. J., Cohen, P., Watson, D. C. & Dixon, G. H. (1977)
Biochem. ] . 162, 411-421.

Kemp, B. E., Graves, D. J., Benjamini, E. & Krebs, E. G. (1977)
J. Biol, Chem. 252, 4888-4804.

Potter, R. L. & Taylor, S. S. (1979) J. Biol. Chem. 254, 9000-
9005.

Steinert, P. M., Idler, W. W., Cabral, F., Gottesman, M. M.
& Goldman, R. D. (1981) Proc. Natl. Acad. Sci. USA 78, 3692
3696.

Lazarides, E. (1981) Cell 23, 649-650.

Tapscott, S. J., Bennett, G. S., Toyama, Y., Kleinbart, F. &
Holtzer, H. (1981) Dev. Biol. 86, 40-54.



