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Abstract. The functional interaction of cells in the
formation of tissues requires the establishment and
maintenance of cell-cell contact by the junctional
complex. However, little is known biochemically about
the mechanism(s) that regulates junctional complex as-
sembly. To address this problem, we have initiated a
study of the regulation of assembly of one component
of the junctional complex, the desmosome, during in-
duction of cell-cell contact in cultures of
Madin-Darby canine kidney epithelial cells. Here we
have analyzed two major protein components of the
desmosomal plaque, desmoplakins I (M, of 250,000)
and I (M. of 215000). Analysis of protein levels of
desmoplakins I and II by immunoprecipitation with an
antiserum that reacts specifically with an epitope com-
mon to both proteins revealed that desmoplakins I and
II are synthesized and accumulate at steady state in a
ratio of 3-4:1 (in the absence or presence of cell—cell
contact). The kinetics of desmoplakins 1 and II stabili-
zation and assembly were analyzed after partitioning
of newly synthesized proteins into a soluble and in-

soluble protein fraction by extraction of whole cells in
a Triton X-100 high salt buffer. In the absence of cell-
cell contact, both the soluble and insoluble pools of
desmoplakins I and II are unstable and are degraded
rapidly (z. ~ 8 h). Upon induction of cell-cell con-
tact, the capacity of the insoluble pool increases ~three-
fold as a proportion of the soluble pool of newly syn-
thesized desmoplakins I and II is titrated into the
insoluble pool. The insoluble pool becomes relatively
stable (¢ > 72 h), whereas proteins remaining in the
soluble pool (~25-40% of the total) are degraded rap-
idly (t+ ~ 8 h). Furthermore, we show that desmo-
plakins I and II can be recruited from this unstable
soluble pool of protein to the stable insoluble pool
upon induction of cell-cell contact 4 h after synthesis;
significantly, the stabilization of this population of
newly synthesized desmoplakins I and II is blocked by
the addition of cycloheximide at the time of cell-cell
contact, indicating that the coordinate synthesis of an-
other protein(s) is required for protein stabilization.

structural and functional interaction of constituent

cells. During development, this interaction is estab-
lished by a junctional complex that forms rapidly between
adjacent cells upon induction of cell-cell contact. Subse-
quently, the junctional complex appears to be involved in the
maintenance of cell-cell adhesion and the functional interac-
tions between adjacent cells.

The junctional complex exhibits cell and tissue specificity
in the expression of different junction components. In simple
epithelia, the complex may comprise up to five components
(14): zonula occludens (50, 51), zonula adherens (21, 54}, a
cell adhesion molecule (L-CAM or uvomorulin} (12), gap
junctions, and desmosomes (1, 4, 11, 14, 18, 19, 27, 38, 47).
Of these components, the desmosome has been extensively
analyzed in terms of its tissue distribution, morphology, and
molecular anatomy (1-10, 14, 16, 19, 20, 22, 24, 27, 28, 39,

3 characteristic feature of tissue organization is the close
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4], 42, 44, 46, 52). The desmosome can be isolated intact
and is resistant to solubilization by nonionic detergents and
buffers of high and low ionic strength (11, 35, 48, 49). It is
composed of 7-12 proteins that are segregated into two asso-
ciated structures, a cytoplasmic plaque and a membrane core
(7,11, 17, 23, 29, 35, 48, 49). The cytoplasmic plaque consists
of nonglycosylated proteins (M:s of 250000, 215000 [the des-
moplakins], 83,000 and 75,000) and is an attachment site for
cytokeratin intermediate filaments. The plaque appears to be
attached to the plasma membrane core of the desmosome.
The core consists of glycoproteins (M;s of 150,000, 110,000,
97,000, and 22 ,000), some of which span the lipid bilayer and
some of which are located extracellularly (3, 6, 8, 9, 16, 23,
35). The assembly of this complex structure is thought to
confer a high degree of structural integrity on the epithetial
cell monolayer (1).

Early morphological studies of junctional complex forma-
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tion between epithelial cells demonstrated that an initial
event upon cell-cell contact was the symmetrical appearance
of a desmosomal half-plaque on the plasma membrane of
each adjacent cell (40, 42-44). The plaque appeared to form
rapidly from proteins that were present in the cytoplasm of
the cell before induction of cell-cell contact (25, 56). These
results suggest that there is a close temporal and spatial coor-
dination between cell-cell contact and desmosome assem-
bly. However, little or nothing is known biochemically about
the regulation of assembly of this multisubunit complex on
the plasma membrane upon induction of cell-cell contact.

To address this question, we have initiated a study of des-
mosome assembly in Madin-Darby canine kidney (MDCK)
epithelial cells (reference 33). MDCK cells express a junc-
tional complex characteristic of simple epithelia that in-
cludes desmosomes (33, 55). Desmosome formation can be
analyzed conveniently in MDCK cells since the degree of
cell-cell contact can be modulated by adjusting the Ca**
concentration of the growth media (33, 34, 37). Confluent
monolayers of MDCK cells established in growth media con-
taining 5 pM Ca** exhibit little or no cell-cell contact and
no evidence of junctional complex formation. However, sub-
sequent incubation in complete growth medium containing
1.8 mM Ca** results in the rapid and synchronous induction
of cell-cell contact throughout the monolayer and the assem-
bly of the junctional complex (37).

The initial set of experiments reported here focus on the
synthesis and assembly of the two major protein components
of the cytoplasmic plaque, desmoplakins I (250,000 M,) and
IT (215,000 M;) (35). Our results demonstrate biochemically
that induction of cell-cell contact correlates with a dramatic
increase in the stability and insolubility of newly synthesized
desmoplakins I and II. Furthermore, our results indicate that
the assembly of newly synthesized desmoplakins I and II is
limited in MDCK cells and is regulated at three discrete
stages.

Materials and Methods
Cells

The morphology, growth characteristics, and culture conditions of the
MDCK cell clone (No. 8) used in this study have been described previously
(32, 36). The degree of cell-cell contact in confluent cultures of cells was
modulated by adjusting the concentration of Ca** in the growth medium
(for details, see reference 37).

Preparation of a Desmosome-enriched Fraction
Jrom Bovine Muzzle Epidermis

Desmosomes were purified from bovine muzzle epidermis as described pre-
viously (23, 35, 49). Fig. 1, lane 2 shows the protein profile of a typical
desmosome preparation, which comprises a characteristic group of des-
mosome-specific proteins including desmoplakins I (250,000 M,) and II
(215000 M) (cf. references 11, 23, 35, 49).

Preparation of an Antiserum against
Desmoplakins I and 11

The desmosome-enriched fraction was separated on preparative SDS 5%
polyacrylamide gels (30). The protein bands corresponding to the 250,000-
(desmoplakin I) and 215,000-M; (desmoplakin II) components of the des-
mosome were excised from the gel and electroeluted (sample concentrator;
Isco, Inc., Lincoln, NE) and used to immunize New Zealand white rabbits
(36). The serum was tested for antibody production using an ELISA assay
(13) and immunoblotting (see Fig. 1). The IgG fraction of the antiserum was
precipitated with (NH,),SO, at 50% saturation.
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Immunoblotting

Proteins were transferred electrophoretically from SDS polyacrylamide gels
to nitrocellulose filters (53) as described previously (36). Filters were in-
cubated with 1:1,000-5,000 dilution of antiserum and then "*I-protein A
(10 pCi/ug) as described previously (36). Filters were dried and exposed
at —80°C to XAR-5 x-ray film using two intensifying screens (DuPont Co.,
Wilmington, DE).

Metabolic Labeling and Cell Fractionation

Confluent monolayers of MDCK cells were grown in low Ca** (5 pM)
medium (LC medium)' or high Ca** (1.8 mM) medium (HC medium) on
collagen-coated 35 mm petri dishes. Cells were labeled metabolically with
cither [*S]methionine (1,200 Ci/mmol; New England Nuclear, Boston,
MA) or [*H]leucine (146.7 Ci/mmol; New England Nuclear) for either 15
min or 2 h in LC or HC medium, and then chased in a >10,000-fold excess
of unlabeled methionine in the appropriate growth medium (37). At the end
of the period of incubation, cells were transferred to 4°C, rinsed twice
with ice-cold Tris-saline containing 1 mM phenylmethylsuifonyl fluoride
(PMSF), and then extracted in situ with 1 ml of a buffer containing 50 mM
NaCli, 300 mM sucrose, 10 mM Pipes (pH 6.8), 3 mM MgCl,, 0.5% vol/
vol Triton X-100, 1.2 mM PMSF, 0.1 mg/ml DNase, and 0.1 mg/ml RNase
(CSK buffer, see reference 15) for 20 min on a rocker platform at 4°C. A
solution of 2.5 M (NH,),SO, was added to a final concentration of 250
mM and incubation was continued for another 5 min. Cells were scraped
from the petri dish with a rubber policeman and centrifuged at 48,000 g for
10 min to yield a supernatant (soluble fraction) and pellet (insoluble frac-
tion). The samples were processed for quantitative immunoprecipitation
and fluorography (36, 31) as described in detail previously (36). The relative
amount of radioactivity in bands corresponding to desmoplakins I and II was
determined from the resuiting fluorograms by scanning densitometry using
a spectrophotometer (Du-7; Beckman Instruments, Inc., Palo Alto, CA)
equipped for automatic integrations. All experiments were performed at
least three times with similar results, and the data from one typical experi-
ment is presented. In all cases, desmoplakins I and II exhibited identical
trends in stability and distribution between the soluble and insoluble pools
(see Figs. 2 and 3). However, only the data for desmoplakin I is presented.

Analysis of Soluble Desmoplakins I and 11
by Sucrose Gradient Centrifugation

Confluent monolayers of MDCK cells were metabolically labeled with
[**S]methionine and extracted with CSK buffer as described above. The
soluble fraction (200 nl) was loaded onto a 3.8-ml linear 5-20% wt/wt su-
crose gradient in 10 mM Tris-HCI, pH 7.5, 120 mM NaCl, 2 mM EDTA,
0.1 mM dithiothreitol (DTT). The gradient was centrifuged at 60,000 rpm
in the SW6UTi rotor of the L8-70M ultracentrifuge (Beckman Instruments,
Inc.) for 3-6 h at 4°C. The gradient was fractionated from the bottom to
the top (200 pl per fraction) and individual fractions were processed for im-
munoprecipitation with the desmoplakin II antiserum, followed by SDS 5%
polyacrylamide gel electrophoresis and fluorography as described above.

Results

Characterization of the Antibody
to Desmoplakins I and 11

Immunoblotting of total proteins of purified bovine desmo-
somes revealed that the antiserum reacted with desmoplakins
I (250,000 M) and II (215,000 M) (Fig. 1, lane 3). Immu-
noblotting (Fig. 1, lane 4) or high stringency immunoprecip-
itation (Fig. 1, lane 5) of MDCK proteins insoluble in CSK
buffer also revealed that the antiserum reacted with two pro-
teins with apparent molecular masses similar to those of des-
moplakins I and II, respectively. Antibodies affinity purified
against either purified desmoplakins I or II (from bovine
epidermis) reacted with both proteins in MDCK cells (Fig.

1. Abbreviations used in this paper. CSK buffer, cytoskeleton extraction
buffer; HC medium, high Ca** (1.8 mM)-containing medium; LC medi-
um, low Ca** (5 pM)-containing medium.
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Figure 1. Characterization of an antiserum raised against des-
moplakins I and II. Lane /, relative molecular mass markers: (a)
myosin (205000 M,), (b) B-galactosidase (116,000 M), (¢) phos-
phorylase b (97000 M,), (d) BSA (68,000 M,), (e) ovalbumin
(45,000 M,). Lane 2, Coomassie Blue-stained SDS/5-12.5% lin-
ear gradient polyacrylamide gel of purified desmosomes from bo-
vine muzzle epidermis. The protein comprising the 215000 M,
band (desmoplakin II) was purified and used as an antigen to im-
munize a New Zealand white rabbit. Lane 3, autoradiogram of total
bovine epidermal desmosomal proteins (lane 2) after immunoblot-
ting with the antiserum raised against desmoplakin II. Lane 4, au-
toradiogram of CSK buffer-extracted cell residue of MDCK cells
immunoblotted with the desmoplakin II antiserum. Lane 5, silver-
stained SDS/5-12.5% polyacrylamide gel of the CSK buffer-ex-
tracted cell residue of MDCK cells after immunoprecipitation with
the desmoplakin II antiserum. Lanes 6 and 7, autoradiograms of
CSK buffer-extracted cell residues of MDCK cells immunoblotted
with antibodies affinity purified against bovine epidermal desmo-
some desmoplakin I (lane 6) or desmoplakin II (lane 7).

1, lanes 6, and 7, respectively), indicating that the antiserum
recognizes an epitope common to both proteins. These re-
sults confirm a previous finding that desmoplakins I and II
are present in MDCK cells (33); however, several other
studies have been unable to positively identify desmoplakin
IT in nonstratified epithelia (5, 24, 45).

Unequal Synthesis and Accumulation of
desmoplakins I and 11 in MDCK Cells

Analysis of steady-state protein levels of desmoplakins I and
IT in MDCK cells by immunoblotting (Fig. 1, lanes 4, 5, and
7) and immunoprecipitation (Fig. 1, lane 5) revealed that
these proteins are present in a ratio of 3:1-4:1. To determine
whether this ratio was a reflection of an unequal rate of syn-
thesis of desmoplakins I and II, replicate 35-mm petri dishes
of confluent MDCK cells were labeled metabolically for
short periods of time with [**S]methionine or [*H]leucine,
extracted in situ with CSK buffer, and the resulting soluble
(Fig. 2 B) and insoluble fractions (Fig. 2 C) were subjected
to immunoprecipitation with the desmoplakin I and II antise-
rums. The results demonstrate that in MDCK cells, des-
moplakin I is synthesized in an approximately three to four-
fold excess of desmoplakin II, and that this ratio was
manifested in both the soluble and insoluble fractions at all
periods of synthesis (Fig. 2, B and C).

Soluble Desmoplakins I and II Cosediment
on Sucrose Density Gradients

We sought to determine the nature of the soluble pool of these
newly synthesized proteins by sucrose density gradient cen-
trifugation. [3°S)methionine-labeled proteins were solubi-
lized with CSK buffer and fractionated on linear 5-20% su-
crose density gradients (Fig. 3). The distribution of newly
synthesized desmoplakins I and II on the gradient was deter-
mined by immunoprecipitation and fluorography (Fig. 3 A).
The results demonstrate that desmoplakins I and II have
identical distributions on the sucrose gradient. The peak dis-
tribution was in fractions 11 and 12, which corresponds to
an apparent sedimentation coefficient of ~7.3 S compared
with that of protein standards (Fig. 3, A and B). Significantly,
desmoplakins I and II were present in a ratio of ~3-4:1,
similar to that of the proteins in the insoluble pool (compare
with Fig. 2, A and B). When the centrifugation was per-
formed for different times (3, 5, and 6 h) desmoplakins I and
I invariably cosedimented, indicating that they were behav-
ing as a complex (data not shown).

Figure 2. Unequal synthesis of desmoplakins I and
ITin MDCK cells. (A) MDCK cells were metabol-
ically labeled for 2 h with either [*S]methionine
(lanes I and 2) or [*H]leucine (lanes 3 and 4).

25— ——
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Cells were extracted with CSK buffer and the solu-
ble (lanes ! and 3) and insoluble (lanes 2 and 4)
fractions were immunoprecipitated with des-
moplakin II antiserum and analyzed by SDS/5%
polyacrylamide gel electrophoresis and fluorogra-
phy (7). (B) Rate of synthesis of desmoplakins I
(solid line) and II (broken line) in confluent
monolayers of MDCK cells grown in LC medium.
1  Cells were metabolically labeled with [*S])methi-
onine for different periods (15-120 min). Subse-
quently, cells were extracted with CSK buffer and
the soluble (open circles, open squares) and in-
soluble (solid circles, solid squares) fractions
were analyzed by immunoprecipitation with des-
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du moplakin II antiserum followed by fluorography
and scanning densitometry (37).
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Figure 3. Cofractionation of soluble desmoplakins I and IT on sucrose density gradients. Confluent monolayers of MDCK cells were metabol-
ically labeled with [*3S]methionine for 90 min. Soluble and insoluble fractions were obtained after extraction with CSK buffer. The solu-
ble fraction (200 pl) was loaded onto a linear 5-20% wt/wt sucrose gradient. After centrifugation at 245,000 g for 5 h, the gradients were
fractionated from the bottom to the top. The 20 fractions (200 ul each) were immunoprecipitated with desmoplakin II antiserum and ana-
lyzed by SDS/5% polyacrylamide gel electrophoresis, and fluorography (A4), followed by scanning densitometry (B). The distribution
of desmoplakins I and II were compared with the sedimentation coefficient of standard proteins of known S values that had been centrifuged
on a duplicate sucrose gradient: apoferritin (17.2 S), catalase (11.3 S), aldolase (7.35 S), BSA (4.6 S), cytochrome ¢ (1.7 8).

100
2
c
=2
>
g
ot
20
LC-M
Zh -
c
.
|
1 1
0 5 10 15

Hours Chase

Figure 4. Turnover of newly synthesized desmoplakin I in confluent
monolayers of MDCK cells in the absence of ceil-cell contact.
MDCK cell cultures were established and maintained in LC
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Rate of Turnover of Newly Synthesized
Desmoplakins I and 11 in the Absence
of Cell-Cell Contact

Confluent monolayers of MDCK cells that had been estab-
lished and maintained without cell-cell contact in LC
medium for 12 h were pulse-labeled with [**S]methionine
for 15 min and then chased for up to 14 h in LC medium con-
taining a >10,000-fold excess of unlabeled methionine. At
each time point during the chase period, cells were extracted
in situ with CSK buffer. The relative levels of newly synthe-
sized desmoplakins I and II in the soluble and insoluble frac-
tions were determined by immunoprecipitation, fluorography,
and scanning densitometry; similar trends in the relative sta-
bility of desmoplakins I and II were obtained, but only the
data for desmoplakin 1 is presented. The results show that
newly synthesized desmoplakins I (Fig. 4) and 1I (data not
shown) were unstable in confluent monolayers of MDCK
cells in the absence of cell-cell contact, and that the soluble
and insoluble pools of protein were degraded equally rapidly

The stability of newly synthesized desmoplakins I and II
was also determined in cultures of single MDCK cells grown
in HC medium (see Fig. 1 in reference 36). Under these con-
ditions, newly synthesized desmoplakins I and II were also

medium (LC-M) for 12 h. Cells were pulse labeled with [**S]me-
thionine ( P) for 15 min and chased in LC medium forupto 4 h
(). The rate of decrease in levels of [**Sjmethionine-labeled des-
moplakin I in the CSK buffer soluble (open circles) and insoluble
(solid circles) fractions was determined by immunoprecipitation,
fluorography, and scanning densitometry (37).
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degraded rapidly (r» ~ 9 h; data not shown). Together
these results indicate that the instability of newly synthesized
desmoplakins I and I in MDCK cells grown in LC medium
is not due to the low levels of calcium in the medium per se,
but to the absence of cell-cell contact.

Differential Stabilization of Soluble and
Insoluble Pools of Newly Synthesized
Desmoplakins I and I upon Induction of
Cell-Cell Contact

Analysis of the fate of newly synthesized desmoplakins I and
1I 3 h after synchronous induction of celi-cell contact re-
vealed dramatic changes in the rates of turnover of the solu-
ble and insoluble pools of protein (Fig. 5). For the first 5-6 h
of the chase period, the soluble pool of desmoplakin I (and
desmoplakin II, data not shown) was depleted rapidly of
newly synthesized protein {r, ~ 2 h). Concomitantly, there
was a proportional increase in the amount of newly synthe-
sized protein in the insoluble pool. Subsequently, the fates
of these two pools of newly synthesized proteins were dra-
matically different. Desmoplakins I and II remaining in the
soluble pool (~25-40% of the total) were degraded rapidly
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Figure 5. Rate of turnover of desmoplakin I in confluent monolayers
of MDCK cells 3 h after the induction of cell-cell contact. MDCK
cell cultures were established in LC medium (LC-M) for 12 h.
Cell-cell contact was induced by exchanging the LC medium with
HC medium (HC-M). 3 h later cells were pulse labeled with
[**Simethionine (P) for 15 min and then chased in HC medium
for up to 24 ( C). Soluble (open circles) and insoluble (solid circles)
fractions were obtained by extraction in CSK buffer. The rate of de-
crease in levels of [**S]methionine-labeled desmoplakin I was de-
termined by immunoprecipitation, flurorography, and scanning
densitometry (37).
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with a half-life similar to that of the soluble proteins in cells
maintained in LC medium (7, ~~ 8-10 h). In contrast, in the
insoluble pool desmoplakins I and II were relatively stable
and exhibited little or no decay during the 24-h period of
chase (¢t > 72 h).

Temporal Coordination of Cell-Cell Contact
and Stabilization of the Insoluble Pool of
Newly Synthesized Desmoplakins I and 11

To determine how closely coordinated the induction of cell-
cell contact and increased stability of desmoplakins I and II
are, we analyzed the rates of turnover of newly synthesized
protein at the time of induction of cell-cell contact, 30 min
and 3 h after induction (Fig. 6). The results showed that at
all time points examined a substantial proportion of newly
synthesized desmoplakin I (and desmoplakin II, data not
shown) was rapidly titrated from the soluble pool (Fig. 6 4)
to the insoluble pool of protein (Fig. 6 B). In all cases, this
titration occurred over a period of 3-5 h after the short
period of labeling (15 min). The protein remaining in the
soluble pool was degraded relatively rapidly (£, ~ 4-8 h),
whereas the protein in the insoluble pool was relatively sta-
ble (1, > 72 h).

Recruitment of Unstable Newly Synthesized
Desmoplakins I and II into a Stable, Insoluble Protein
Pool upon Induction of Cell-Cell Contact

The experiments described above were designed to deter-
mine the fate of desmoplakins I and II synthesized in the ab-
sence or presence of cell-cell contact. Next, we wanted to
analyze the fate of these proteins synthesized in MDCK cells
that did not initially have cell-cell contact but which were
later induced to form cell-cell contact. Since the insoluble
pool of newly synthesized desmoplakins I and II is unstable
in cells without cell-cell contact (¢, ~v 8 h; see Fig. 4), we
sought to determine whether this pool of protein could be sta-
bilized upon cell-cell contact.

As shown earlier (Fig. 4), in the absence of cell-cell con-
tact both the soluble (Fig. 7 A) and insoluble (Fig. 7 B) pools
of newly synthesized desmoplakin I (and desmoplakin II,
data not shown) were degraded relatively rapidly (t» ~ 8 h).
However, if cell~cell contact was induced 2 h (line B)or4 h
(line C) after synthesis, the insoluble pool of desmoplakins
I and II increased in size at the expense of the soluble pool;
soluble protein titrated into the insoluble pool for a period
of up to 2-3 h after induction of cell-cell contact. Subse-
quently, the insoluble pool became stabilized (¢, > 72 h).
On the other hand, newly synthesized desmoplakins I and II
that remained in the soluble pool were degraded rapidly with
a rate of turnover similar to that of the soluble proteins in
cells without celi~cell contact (z, ~v 8 h).

Is Protein Synthesis Required for the Stabilization
of Newly Synthesized Desmoplakins I and I1 upon
Induction of Cell-Cell Contact?

To determine whether protein synthesis is required for
stabilization of newly synthesized desmoplakins I and II, we
analyzed the fate of newly synthesized desmoplakins I and
I upon induction of cell-cell contact in the presence of cy-
cloheximide (Fig. 8). The results showed that the rate of
turnover of protein in both the soluble pool and the insoluble
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Figure 6. Fate of the newly synthesized desmoplakin I
upon induction of cell-cell contact in confluent
monolayers of MDCK cells. MDCK cell cultures were
established in LC medium (LC-M) for 12 h. Cells were
metabolically labeled with [**S]methionine (P) for 15
min in HC medium (HC-M) at the time of cell-cell con-
tact (line A), 30 min after induction of cell-cell contact
(line B), or 180 min after induction of cell-cell contact
(line C), and then chased for up to 14 h in HC medium
(c). Cells were extracted with CSK buffer and the rate of
decrease in levels of [3S]methionine-labeled des-
moplakin I in the soluble (4) and insoluble (B) fractions
was determined by immunoprecipitation, fluorography,
and scanning densitometry (37).

Figure 7. Recruitment of the newly synthesized unstable
desmoplakin I into a stable insoluble pool upon induction
of cell-cell contact. MDCK cell cultures were estab-
lished in LC medium ( LC-M) for 12 h. Cells were pulse
labeled with [3*S]methionine for 15 min (P) and chased
(C) continuously in LC medium (line 4), or induced to
form cell-cell contact after 2 (line B) or 4 h (line C) in
LC medium by replacing the media with HC medium.
The decrease in levels of [**S]methionine-labeled des-
moplakin I in the CSK buffer soluble (A4) and insoluble
(B) fractions was determined by immunoprecipitation,
fluorography, and scanning densitometry (37).
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Figure 8. Degradation of newly synthesized desmoplakin I in
confluent monolayers of MDCK cells induced to form cell-cell
contact in the presence of cycloheximide. MDCK cell cultures were
established in LC medium (LC-M) for 12 h. Cells were pulse la-
beled with [**S]methionine ( P) for 15 min and then incubated in
HC medium (HC-M) containing 4 yg/ml cycloheximide (CHX) (C).
Cells were extracted with CSK buffer and the rate of decline in the
levels of [*S}methionine-labeled desmoplakin 1 in the soluble
(open circles) and insoluble (solid circles) fractions was determined
by immunoprecipitation, fluorography and scanning densitometry
37).

pool was rapid (¢, ~v 5 h). In addition, we did not detect a
titration of newly synthesized protein from the soluble into
the insoluble pool, as had been shown previously to be the
case upon induction of cell-cell contact in the presence of
protein synthesis (Figs. 5-7).

Discussion

The experiments performed in this study have sought to ana-
lyze biochemically and kinetically the regulation of assem-
bly of the desmosome upon cell-cell contact in MDCK epi-
thelial cells. Particular emphasis has been placed on the two
major cytoplasmic plaque proteins, desmoplakins I and II.
These proteins were identified using a polyclonal antiserum
that recognized an epitope common to both proteins. To
study the asseembly of desmosomes, monolayers of MDCK
cells were extracted in situ in order to preserve the native
subcellular distribution and conformation of proteins with
respect to cell-cell and cell-substratum contact (cf. refer-
ence 15). The extraction of MDCK cells with CSK buffer
resulted in a soluble and insoluble protein fraction of newly
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synthesized desmoplakins I and II (see below). Significantly,
the fates of these two pools of protein were different upon in-
duction of cell-cell contact, indicating that they are not de-
rived artificially from a single pool of protein (see below).

Temporal Coordination between Cell-Cell Contact
and the Assembly of Desmoplakins I and 11

The fate of protein pools of newly synthesized desmoplakins
I and II in the presence and absence of cell-cell contact was
determined by modulating the degree of cell-cell contact in
confluent monolayers of MDCK epithelial cells by adjusting
the Ca** concentration of the growth medium (37). In the
absence of cell-cell contact we detected both a soluble and
insoluble pool of newly synthesized desmoplakins I and II,
both of which were unstable and were degraded equally rap-
idly (¢4, ~ 8 h). The fact that a proportion (~35%) of des-
moplakins I and II was insoluble under extraction conditions
that did not solubilize desmosomes (11, 15, 23, 25, 33, 35, 48,
49) indicates that they were in a conformation, perhaps with
other desmosomal proteins (see below), similar to that in
fully assembled desmosomes, even though desmosomes had
not formed at the plasma membrane (see accompanying
paper).

When the rate of degradation of newly synthesized des-
moplakins I and II was analyzed at the time of induction of
cell-cell contact or 3 h after induction, we found that there
was a significant difference in the fate of the insoluble and
soluble pools of protein. While the soluble pool of protein
was degraded as rapidly as in cells without cell-cell contact
(t» ~ 8 h), the insoluble pool was stabilized (¢, > 72 h).
Thus, there appears to be a close temporal coordination be-
tween the induction of cell-cell contact and the stabilization
of this insoluble pool of newly synthesized desmoplakins I
and II.

In addition to the change in the stability of the insoluble
pool of newly synthesized desmoplakins I and II upon
cell-cell contact, we observed that there was a change in its
relative size (Figs. 5-7). In the absence of cell-cell contact,
after 1 h of chase, the relative sizes of the insoluble and solu-
ble pools of newly synthesized protein remained constant
and were subsequently reduced at the same rate by degrada-
tion (¢, ~ 8 h). However, after induction of cell-cell con-
tact, there was a gradual titration of newly synthesized pro-
tein from the soluble to the insoluble pool (Fig. 5). That the
soluble pool was being depleted of newly synthesized protein
was reflected in the very rapid loss of protein from this pool
(t» ~ 2 h). Concomitantly, the insoluble pool increased in
size by approximately three to fourfold over a period of 3-5
h, and then the level of protein remained relatively constant.
At this time, the rate of loss of protein from the soluble pool
slowed to a rate similar to that in cells without cell-cell con-
tact (¢, ~ 8 h), at which time loss of protein was presum-
ably due to proteolytic degradation. Significantly, we found
that when cell-cell contact was induced 2 h or 4 h after syn-
thesis of a discrete population of desmoplakins I and I, there
was a similar rapid titration of these proteins from the unsta-
ble soluble pool to the stable insoluble pool. Hence, the ca-
pacity of the insoluble pool of desmoplakins I and II in-
creases upon cell-cell contact as newly synthesized proteins
are recruited from an unstable soluble pool of protein.
Therefore, while the formation of the insoluble pool of des-
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moplakins I and II is independent of cell-cell contact (see
above), its capacity and stability are strictly dependent upon
cell-cell contact.

That newly synthesized desmoplakins I and II can be rap-
idly recruited from the soluble to insoluble pool upon cell-
cell contact indicates that the soluble pool of protein might
represent a precursor step in the assembly of desmoplakins
I and II into the insoluble pool. Significantly, analysis of the
soluble pool by sucrose density gradient centrifugation re-
vealed that desmoplakins I and II cosediment as a complex
in the same molar ratio as that of the newly synthesized pro-
teins in the insoluble pool. This is consistent with the possi-
bility that the soluble desmoplakins I and II are a precursor
pool of protein that can be rapidly titrated into the insoluble

pool.

Regulation of Assembly of Desmoplakins I and I1

Even under conditions of extensive cell-cell contact, not all
of the soluble newly synthesized desmoplakins I and II are
titrated into the insoluble pool of protein. This result indi-
cates that the capacity of the insoluble pool of newly synthe-
sized desmoplakins I and II is limited. This is supported by
our analysis of the effect(s) of inhibition of protein synthesis
on cell-cell contact. In this experiment, we analyzed the fate
of desmoplakins I and II synthesized in a narrow window of
time (0-15 min) before the induction of cell-cell contact and
the addition of cycloheximide. Under these conditions, the
preformed soluble and insoluble pools of newly synthesized
desmoplakins I and II were degraded equally rapidly (z,. ~
5 h). While there is clearly a dramatic effect of inhibition of
protein synthesis on the stability of preformed soluble and in-
soluble pools of newly synthesized desmoplakins I and Ii,
there appears to be little or no temporal or spatial effect of
this inhibition on the assembly of desmoplakins I and II at
steady state into desmosomes upon cell-cell contact in
MDCK cells (see accompanying paper). Thus, these results
indicate that the assembly of newly synthesized desmoplak-
ins I and II requires the coordinate synthesis of a protein(s)
that regulates the capacity and stability of the insoluble pool
of this population of newly synthesized desmoplakins I and
11. However, desmoplakins I and H that had accumulated at
steady state together with this limiting protein(s) before the
induction of cell-cell contact are able to assemble into des-
mosomes in the absence of additional protein synthesis. This
protein(s) appears not to be involved in the formation of the
insoluble pool of desmoplakins I and II per se, since the ratio
of proteins in the soluble and insoluble pools was the same
in the presence of cycloheximide as in the absence of celi-
cell contact. However, since the increase in capacity of the
insoluble pool upon cell-cell contact coincides temporarily
with the formation of desmosomes on the plasma membrane
(see accompanying paper), one of the membrane core sub-
units located on the plasma membrane may play a role in
stabilizing newly synthesized desmoplakins I and II.

This study of the stabilization and organization of des-
moplakins I and II raises several questions concerning the
regulation of protein transition between these assembly
stages, and the interconnection of the soluble and insoluble
pools of protein. Analysis of the organization and stability
of other desmosomal proteins, particularly with respect to
the soluble and insoluble pools of desmoplakins I and II, may
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provide answers to some of these questions. In the accom-
panying paper, we have reevaluated the coordination of cell-
cell contact and assembly of desmoplakins I and II by im-
munofluorescence microscopy in the light of these new ob-
servations, and have sought to determine the spatial nature
of the soluble and insoluble pools of these proteins.
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