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Abstract. Desmosomes are composed of two morpho-
logically and biochemically distinct domains, a cyto-
plasmic plaque and membrane core. We have initiated
a study of the synthesis and assembly of these do-
mains in Madin-Darby canine kidney (MDCK) epithe-
lial cells to understand the mechanisms involved in the
formation of desmosomes. Previously, we reported the
kinetics of assembly of two components of the cyto-
plasmic plaque domain, Desmoplakin I/Il (Pasdar, M.,
and W. ). Nelson. 1988. J. Cell Biol. 106:677-685
and 106:687-699. We have now extended this analysis
to include a major glycoprotein component of the
membrane core domain, Desmoglein I (DGI; M, =
150,000). Using metabolic labeling and inhibitors of
glycoprotein processing and intracellular transport, we
show that DGI biosynthesis is a sequential process
with defined stages. In the absence of cell-cell con-
tact, DGI enters a Triton X-100 soluble pool and is
core glycosylated. The soluble DGI is then transported
to the Golgi complex where it is first complex

glycosylated and then titrated into an insoluble pool.
The insoluble pool of DGI is subsequently transported
to the plasma membrane and is degraded rapidly (z, <
4 h). Although this biosynthetic pathway occurs in-
dependently of cell-cell contact, induction of cell-cell
contact results in dramatic increases in the efficiency
and rate of titration of DGI from the soluble to the in-
soluble pool, and its transport to the plasma mem-
brane where DGI becomes metabolically stable (7, >
24 h). Taken together with our previous study of
DPI/II, we conclude that newly synthesized compo-
nents of the cytoplasmic plaque and membrane core
domains are processed and assembled with different
kinetics indicating that, at least initially, each domain
is assembled separately in the cell. However, upon in-
duction of cell-cell contact there is a rapid titration of
both components into an insoluble and metabolically
stable pool at the plasma membrane that is concurrent
with desmosome assembly.

junctional complex of epithelia. They form on the

plasma membrane of adjacent cells upon induction
of cell-cell contact, and play important roles in cell adhesion
and in maintaining the structural and functional interaction
of adjacent cells (6, 10, 14, 15, 20, 21, 34). Detailed morpho-
logical and biochemical studies have shown that desmo-
somes consist of several proteins organized into two structur-
ally and functionally distinct domains, a cytoplasmic plaque
and membrane core (2-5, 7, 8, 10, 16, 22, 47). Morphologi-
cally, the cytoplasmic plaque appears as a discrete electron-
dense plaque beneath the plasma membrane (4, 13, 16, 26).
Biochemically, the plaque is composed of nonglycosylated
proteins (the desmoplakins [DP]) with apparent relative mo-
lecular masses of 250,000 (DPI), 215,000 (DPII), 83,000

DESMOSOMES are major components of the intercellular

1. Abbreviations used in this paper: CSK, cytoskeleton extraction; DG, des-
moglein; DP, desmoplakin; endoH, endo-B-N-acetylglucosaminidase;
HCM, high (1.8 mM) Ca**-containing medium; LCM, low (5 uM) Ca**-
containing medium.
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(DPIII also called Plakoglobin), and 78,000 (DPIV) (3, 7, 8,
12, 13, 22, 27, 45). The cytoplasmic plaque is the binding
site for cytokeratin intermediate filaments and is localized
subjacent to the membrane core domain (6, 10, 32, 36). Bio-
chemically, the membrane core domain is composed of gly-
coproteins (the desmogleins {DG]) with apparent relative mo-
lecular masses of 150,000 (DGI), 120,000/110,000 (DGII/
DGIII), and 22,000 (DGIV)(2, 3, 5, 22, 26, 44, 45). The
membrane core domain is thought to be involved in the adhe-
sive function of the desmosome (5, 6, 15, 34).

Early morphological studies demonstrated that desmo-
somes are assembled rapidly on the plasma membranes of
adjacent epithelial cells upon induction of cell-cell contact
(20, 21, 32-36). Furthermore, assembly occurs from preex-
isting pools of proteins in the cytoplasm and on the plasma
membrane (5, 14, 24, 38, 39). However, the mechanisms that
regulate the biosynthesis of the two domains and their assem-
bly into a desmosome upon cell-cell contact are unknown.
To address this question we have initiated a study of the regu-
lation of assembly of desmosomes in Madin-Darby canine
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kidney (MDCK) epithelial cells by analyzing the kinetics of
synthesis, stabilization, and assembly of individual compo-
nents of the cytoplasmic plaque and membrane core do-
mains.

Previously, we reported the results of the first detailed
analysis of the assembly of two major components of the cy-
toplasmic plaque domain, desmoplakins I and II (DPI/II)
(38, 39). Our biochemical and morphological analyses
showed that the assembly of DPI/II into desmosomes com-
prises at least three stages. Stage I involves the formation of
a soluble ~77.3-S complex of newly synthesized DPI/II in a
3:1 molar ratio. This soluble complex appears to be as-
sociated with cytokeratin intermediate filaments but can be
easily extracted from the cell in a buffer containing high salt
and Triton X-100 (cytoskeleton extraction buffer [CSK}).
Stage II involves the titration of ~30% of DPI/II from the
soluble pool into an insoluble pool that appears to be tightly
bound to cytokeratins and is not extractable from the cell
with CSK buffer. Stages I and II occur independently of
cell-cell contact, but in the absence of cell-cell contact both
protein pools are metabolically unstable (¢, = 8-10 h).
Stage III requires cell-cell contact. Upon induction of cell-
cell contact the capacity of the insoluble pool gradually in-
creases threefold (within 3-5 h) and ~75% of DPI/II are
titrated from the soluble pool into the insoluble pool. Subse-
quently, the insoluble pool of DPI/II moves to the plasma
membrane and becomes stabilized as part of assembled des-
mosomes (f, > 72 h). DPI/II that remain in the soluble
pool are less stable (¢, < 8-10 h).

To understand the mechanisms that regulate assembly of
both desmosomal domains into a single structure we have
now extended our studies to a detailed analysis of a major
component of the membrane core domain, DGI. Using inhibi-
tors of glycoprotein processing and intracellular transport we
show that DGI biosynthesis is a sequential process involving
core glycosylation, oligosaccaride processing, entry into an
insoluble pool, and final transport to the plasma membrane.
These processes occur independently of cell-cell contact.
However, in the presence of cell-cell contact, the rate and
efficiency of transfer of DGI from the soluble into the insolu-
ble pool, and the rate of transport to the plasma membrane
is significantly higher. Cell-cell contact also results in the
stabilization of the newly synthesized DGI at the plasma
membrane (r, > 24 h). Taken together with our previous
analysis of DPI/II, these results provide the first molecular
insights into the regulation of cytoplasmic plague and mem-
brane core domain biosynthesis in desmosome assembly.

Materials and Methods
Cells

The morphology, growth characteristics, and culture conditions of the
MDCK cells (clone No. 8) used in this study have been described previously
(30). The degree of cell-cell contact in confluent monolayers of cells was
modulated by adjusting the concentration of Ca** in the growth medium
(for details see reference 31).

Preparation of a Desmosome-enriched Fraction from
Bovine Muzzle Epidermis

Desmosomes were purified from fresh bovine muzzle epidermis, and mem-
brane core glycoproteins were separated from intracellular plaque proteins
as described previously (45).
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Preparation of an Antiserum against DGI

The glycoprotein fraction of bovine muzzle epidermis was separated on
preparative SDS 5% polyacrylamide gels (23). The protein band corre-
sponding to the 150,000-M; (DGI) component of the desmosomes was
well-separated from other proteins (see Fig. 1 4) and was excised from the
gel, electroeluted from the gel slices (sample concentrator; ISCO, Inc., Lin-
coln, NE}, and used to immunize a New Zealand white rabbit (30). After
the second booster injection, serum was tested for antibody production by
immunoblotting (see below). The IgG fraction of this antiserum was
precipitated with (NH4)2804 at 50% saturation and used in all further
studies.

Immunoblotting

Proteins were transferred electrophoretically from SDS polyacrylamide gels
to nitrocellulose filters as described previously (52). Filters were incubated
with 1:1,000 dilution of antiserum followed by '*I-protein A (10 uCi/ug)
as described previously (30). Filters were exposed at —80°C to XAR-5
x-ray film using two intensifying screens (DuPont Co., Wilmington, DE).

Metabolic Labeling

Confluent monolayers of MDCK cells were established and maintained at
37°C in DME containing 5 gM Ca** (LCM) or 1.8 mM Ca** (HCM) on
collagen-coated 35-mm petri dishes. For metabolic labeling (for details see
reference 38), cells were preincubated in methionine-free medium for 30
min, and then were labeled metabolically with [**S}methionine (1,200
Ci/mmol; New England Nuclear, Boston, MA) for 15 min in methionine-
free LCM or HCM. The cells were then incubated in a >10,000 fold excess
of unlabeled methionine (chase medium) in the appropriate growth medi-
um. In some experiments inhibitors of glycoprotein processing (tunicamycin
and monensin) were added 1o the appropriate growth medium before the
metabolic labeling period. The inhibitor was included in the subsequent
pulse-label and chase media. Stock solutions of tunicamycin (25 pg/mi) and
monensin (25 mM) were made in DMSO.

To trypsinize the cell surface, cells were rinsed twice in a buffer contain-
ing 15 mM Tris-HCI, pH 7.5, 120 mM NaCl (Tris-saline), and then in-
cubated at room temperature in 1 ml of trypsin solution (0.125% {wt/vol]
in a buffer containing 137 mM NaCl, 5 mM KCl, 0.1% (wt/vol) glucose,
0.02% EDTA, pH 70, with NaHCOs5) for 2-5 min. The cell monolayer was
monitored at all times by phase contrast microscopy. Trypsin digestion was
stopped by the addition of 1 ml of FBS. The trypsin solution was removed
by aspiration and the cell monolayer was washed twice with ice-cold Tris-
saline containing 1 mM PMSE,

Cell Fractionation and DGI Immunoprecipitation

At each time point, cells were washed twice with ice-cold Tris-saline/PMSF
and extracted at 4°C on the petri dish for 20 min in a buffer containing 10
mM Pipes (pH 6.8), 50 mM NaCl, 300 mM sucrose, 3 mM MgCl,, 0.5%
(vol/vol) Triton X-100, 1.2 mM PMSF, 0.1 mg/ml DNase, 0.1 mg/ml RNase
(CSK buffer). (NH4)2SO4 was added to a concentration of 250 mM and in-
cubation was carried out for another 5 min (see reference 38 for details).
The cells were scraped from the petri dish and the soluble and insoluble
cell fractions were separated by centrifugation as described previously (38).
Immunoprecipitation was performed as described in detail previously (38)
with the following exception. Protein A-Sepharose CL-4B beads containing
antigen-antibody complexes were washed successively as follows: first, the
pellet was resuspended in 800 xl of HS buffer (15 mM Tris-HCI, pH 7.5,
5 mM EDTA, 2 mM EGTA, 1% [vol/vol] Triton X-100, 1% {wt/vol] Na-
deoxycholate, 0.1% [wt/vol] SDS, 120 mM NaCl, 25 mM KCI, 0.1 mM
DTT), underlayered with 200 ul of | M sucrose in HS buffer and centrifuged
at 12,000 g for 1 min; second, the resulting pellet was resuspended in | mi
of high salt immunoprecipitation wash buffer (HS buffer containing t M
NaCl) and centrifuged as above; third, the resulting pellet was washed in
low-salt buffer containing 10 mM Tris-HCI, pH 7.5, 2 mM EDTA, and §
mM DTT. Analysis of the efficiency of immunoprecipitation indicated that
>95% of DGI was precipitated under these conditions (data not shown).

For digestion with endo-8-N-acetylglucosaminidase H (endoH; Boehr-
inger-Mannheim Biochemicals, Indianapolis, IN), the final pellet of protein
A-Sepharose CL-4B beads containing the antigen-antibody complex was
resuspended in 200 ul of endoH incubation buffer (20 mM sodium phos-
phate buffer, pH 6.0, 20 mM NaCl), and the sample was divided in haif.
To one half, 2.5 pU of endoH was added; the other half was the control
and did not contain endoH. The samples were incubated at 4°C for 18 h.
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Figure 1. Characterization of an antiserum raised against DGI. (4) Coomassie blue-stained SDS/5-12.5% linear gradient polyacrylamide
gel of purified desmosomes from bovine muzzle epidermis. Relative molecular mass markers: myosin (M, = 205,000), 8-galactosidase
(M, = 116,000), phosphorylase b (M, = 97,000), BSA (M, = 68,000), ovalbumin (M, = 45,000), carbonic anhydrase (M, = 29,000). The
protein comprising the 150,000-M, band (DGI) was purified and used as an antigen. (B) Autoradiogram of an immunoblot of total bovine
epidermal desmosomal proteins (Des, lane 1) and of the soluble (S, lane 2) and insoluble (P, lane 3) fractions of MDCK celis with the
DGI antiserum. The proteins in B were separated on an SDS 5% polyacrylamide gel. (C-F) Indirect double immunofluorescence of DGI
and DPI/II in MDCK cell. Cells were cultured in HCM for 2 d, extracted with CSK buffer, and processed for double immunofluorescence
as described in Materials and Methods. The same field of cells was photographed with matched filters for rhodamin, DGI (C and E),
and fluorescein, DPI/II (D and F). Arrows indicate areas of codistribution of DGI and DPI/II. Bars: (C and D) 10 ym; (£ and F) 5 ym.

At the end of the incubation, 900 ul of low-salt immunoprecipitation buffer
were added, the samples were spun at 12,000 g for 2 min, and then washed
twice with the same buffer. Inmune complexes were boiled in SDS sample
buffer and analyzed by SDS 5% PAGE and fluorography (38).

The relative amount of radioactivity in the band corresponding to DGI
was determined from the resulting fluorograms by scanning densitometry
using a Du-7 spectrophotometer (Beckman Instruments, Inc., Palo Alto,
CA) equipped for automatic integrations; all x-ray films were preflashed (see
references 30, 38) and several different exposures were analyzed. The data
is expressed as normalized arbitrary units by summing the amounts of DGI
quantitatively immunoprecipitated from the soluble and insoluble pools and
then expressing the amount of DGI in each pool as a fraction of the total.
In each case data from one typical experiment are presented, although all
experiments were performed between three and five times.

Solubility Properties of DGI from MDCK Cells

Confluent monolayers of MDCK cells were established and maintained in
replicate 35-mm petri dishes in LCM. Cells were pulse-labeled with
[*S}methionine for 15 min and then incubated in growth medium contain-
ing a >10,000-fold excess of cold methionine. After 1 or 2 h in chase
medium, the cells were placed on ice, washed twice with ice-cold Tris-
saline/PMSF, and then extracted for S min on a rocking platform at 4°C in
buffer containing 10 mM Tris-HCI, pH 7.5, 2 mM EDTA, 0.1 mM DTT,
0.1 mM PMSEF, and 25 mM KCl that included different concentrations of
NaCl or Urea (see Fig. 5). Cells were scraped from the petri dishes in ex-
traction buffer, centrifuged, and the soluble and insoluble fractions were
processed for immunoprecipitation, SDS 5% PAGE, and fluorography as
described above.

Pasdar and Nelson Regulation of De

Assembly in Epithelial Cells

Indirect Immunofluorescence

Confluent monolayers of MDCK cells were established on collagen-coated
coverslips. The cells were rinsed briefly in PBS and then either fixed and
permeabilized in 100% methanol at —20°C, or extracted in CSK buffer and
then fixed in 1.75% (vol/vol) formaldehyde and processed for indirect im-
munofluorescence as described in detail previously (39, 43). For double
labeling, a mouse monoclonal antibody specific for epithelial DPI/II
(Bochringer-Mannheim Biochemicals; 1:25 dilution in PBS) was applied to-
gether with the monospecific rabbit polyclonal prepared against DGI (1:100
dilution in PBS). The mouse antibody was visualized with biotinylated goat
anti-mouse IgG and FITC-strepavidin. The rabbit antibody was visualized
with rhodamine-conjugated anti-rabbit IgG. Alternatively cells were prein-
cubated with wheat germ agglutinin (2 ug/ml; Sigma Chemical Co., St.
Louis, MD) for 10 min at 4°C before fixation, and then the cells were
processed for double immunofluorescence and successive additions of
rhodamine conjugated wheat germ agglutinin (1/100 dilution in PBS; Sigma
Chemical Co.) and DGI antibodies (visualized with biotinylated goat anti-
rabbit IgG and FITC-streptavidin). Coverslips were mounted in Elvanol (42)
and the cells viewed in a Zeiss Axiophot Microscope equipped with epi-
fluorescence illumination.

Results

Characterization of the DGI Antibody

Immunoblotting of total proteins purified from bovine des-
mosome (Fig. 1 B) revealed that the antiserum raised against
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Figure 2. Synthesis, processing, and transport of DGI in confluent monolayers of MDCK cells grown in the absence of cell-cell contact.
Confluent monolayers of MDCK cells were established and maintained in LCM for ~16 h. Cells were pulse-labeled with [*Smethionine
for 15 min and chased in LCM for up to 12 h (4 and B). Duplicate petri dishes were treated with endoH (C) or 0.125% trypsin (D) as
described in the text. Cells were extracted with CSK buffer and the soluble and insoluble fractions were immunoprecipitated with DGI
antiserum and analyzed by SDS 5% PAGE, fluorography (4, C, and D), and scanning densitometry (B). (A) Tritration of the newly synthe-
sized DGI from the soluble () into insoluble (P) pool during a chase period. (B) Quantitation of fluorogram shown in A. Newly synthesized
DGI rapidly titrated from the soluble (- - -) into the insoluble pool ( ) which in turn is degraded (7., < 4 h). (C) Glycosylation of
newly synthesized DGI. At specific time points in the chase period, immunoprecipitated samples of DGI from soluble (S) or insoluble
(P) protein pools were incubated with endoH ( +) or without endoH (—) to determine the extent of complex glycosylation. (D) Appearance
of the newly synthesized DGI at the cell surface. Transport of DGI to the plasma membrane was detected by trypsin digestion of DGI
at the external cell surface. Digestion was detected by loss of DGI and the appearance of DGI tryptic fragments of 110,000 and 90,000

M. (arrows).

Desmoglein I reacted with a single polypeptide band (M,
~150,000) identified from previous studies as DGI (Fig. |
A, lane [). To analyze MDCK cell proteins, confluent mono-
layers of MDCK cells were maintained in HCM for 2 d and
then extracted with CSK buffer (see Materials and Methods).
The resulting soluble and insoluble protein fractions were
separated by centrifugation, and equivalent amounts of pro-
tein in each fraction were analyzed by SDS 5% PAGE and
immunoblotting. The antiserum reacted with a single poly-
peptide band in the CSK buffer insoluble fraction; this pro-
tein had an electrophoretic mobility similar to that of DGI
(Fig. 1 B, lane 3). No immunoreactive protein was detected
in the CSK buffer soluble pool (Fig. 1 B, lane 2). Immuno-
precipitation of extracts of whole MDCK cells revealed a sin-
gle polypeptide of 150,000-M. (see Figs. 2, 3, 5, 6, 7, 8,
and 10), which also reacted with DGIT antibodies in Western
blots (data not shown). Indirect immunofluorescence stain-
ing of MDCK cells with DGI antiserum revealed a punctate
pattern of staining at the plasma membrane of adjacent cells
(Fig. 1, C and E). The preimmune serum gave little or no
cell staining (data not shown). The staining pattern of DGI
colocalized with that of Desmoplakin I/Il observed in the
same cells by double immunofluorescence staining (Fig. 1,
D and F).
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Fate of Newly Synthesized DGI in the Absence of
Cell-Cell Contact

After 15-min pulse labeling with [**S]methionine all of the
newly synthesized DGI was present in a soluble pool of pro-
tein (Fig. 2 A, 0-min chase) and was sensitive to digestion
with endoH (Fig. 2 C). Within 1 h of synthesis a portion
(~50%}) of the soluble pool of DGI entered a pool of protein
which was insoluble in CSK buffer (Fig. 2, 4 and B). The
portion of DGI remaining in the soluble pool was degraded
very rapidly (¢4 ~ 30 min; Fig. 2 B). The insoluble pool of
DGI was resistant to digestion with endoH (Fig. 2 C). The
amount of newly synthesized DGI remaining in the insoluble
pool during the chase period declined rapidly showing that
in the absence of cell-cell contact DGI was metabolically un-
stable (., < 4 h) (Fig. 2 B).

To determine whether DGI was transported to the plasma
membrane in the absence of cell~cell contact, cells were
treated with trypsin at various times during the chase period
and the degradation of mature DGI and the concommitant
appearance of DGI-specific tryptic fragments was deter-
mined by immunoprecipitation and fluorography. Two major
tryptic fragments of DGI were detected (Fig. 2 D). A
110,000-M; polypeptide appeared first upon addition of tryp-
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Figure 3. Synthesis, processing, and transport of the newly synthesized DGI in confluent monolayers of MDCK cells upon induction
of cell-cell contact. Confluent monolayers of MDCK cells were established and maintained in LCM for 16 h when cell-cell contact was
induced synchronously by replacing the LCM with HCM. 1 h later, cells were pulse-labeled with [*S]methionine for 15 min and chased
in HCM for up to 30 h as described in the legend to Fig. 2. (A4) Tritration of newly synthesized DGI from the soluble (§) into insoluble
(P) pool. (B) Fate of newly synthesized DGI during the chase period. The soluble pool of newly synthesized DGI (- - -) was rapidly
and efficiently titrated into the insoluble pool ( ). The insoluble pool of DGI was degraded with a 7., ~ 24 h. (C) Sensitivity of
newly synthesized DGI in the soluble (S) or insoluble (P) pool to digestion with endoH (+). (D) The appearance of newly synthesized
DGI at the plasma membrane was detected by trypsin digestion as described in the legend to Fig. 2. Newly synthesized, insoluble DGI
appears at the plasma membrane within 1 h after chase as determined by the appearance of characteristic DGI tryptic fragments (arrows).

sin, and then was degraded to a 90,000-M, protein which  membrane as determined by the appearance of trypsin-
appeared to be resistant to further trypsin digestion (see also  sensitive DGI on the cell surface (Fig. 3 D). Analysis of the
reference 40). Both tryptic fragments of DGI were detected ~ amount of newly synthesized DGI remaining during a long
in the insoluble protein fraction. DGI in the soluble pool was  chase period revealed that in the presence of cell contact DGI
not sensitive to digestion by trypsin; therefore, we assume  was metabolically stable (2, ~ 24 h) (Fig. 3 B).
that this pool of DGI does not reach the plasma membrane These results demonstrate that glycosylation, formation of
(Fig. 2 D). This analysis revealed that trypsin-sensitive DGI  an insoluble pool, and transport of DGI to the plasma mem-
was first detected 1 h after synthesis. Densitometric scanning  brane are independent of cell-cell contact. However, induc-
of the fluorogram (Fig. 2 D) showed that at this time <10% tion of cell-cell contact results in significant increases in the
of DGI was trypsin sensitive. Within 2 h, >50% of the DGI  rates and efficiencies of these processes.
present in the cell was sensitive to digestion by trypsin.

These properties of DGI in confluent monolayers of cells  Recruitment of Newly Synthesized DGI

grown in LCM appear to be the result of the lack of cell-cell  into a Stable, Insoluble Pool upon Induction of
contact rather than the effect of the low Ca** concentration  Cell-Cell Contact

of the growth medium. Analysis of sparse, single cell cul-
tures grown in HCM revealed similar kinetics of synthesis,
processing, and degradation of DGI as those in confluent
monolayers of cells grown in LCM (data not shown).

We analyzed the fate of the newly synthesized DGI in cells
which initially did not have cell-cell contact but were subse-
quently induced to form cell-cell contact. As shown in Fig.
4, in the absence of cell-cell contact the soluble pool of

. . newly synthesized DGI was titrated into an insoluble pool
Fate of Newly Synthesized DGI upon Induction of which in turn was degraded very rapidly (¢ < 4 h). I-fow—
Cell-Cell Contact ever if cell-cell contact was induced 1 or 3 h after synthesis
In the presence of cell-cell contact newly synthesized DGI  of this population of DGI, the portion of the newly synthe-
initially entered a soluble pool of protein (Fig. 3, A and B)  sized pool of DGI that had not been degraded during the
and was sensitive to endoH digestion (Fig. 3 C, 0-min  chase period in the absence of cell-cell contact now became
chase). DGI was then rapidly (¢t ~ 30 min) and efficiently = metabolically stable (z,, > 24 h; Fig. 4). Thus, the metabol-
(>90%) titrated into the insoluble pool (Fig. 3, Aand B) and  ically unstable pool of DGI synthesized in the absence of
became resistant to endoH digestion (Fig. 3 C, 1-h chase).  cell-cell contact could be rapidly recruited into a stable pool
Within 1 h, >90% of DGI was transported to the plasma  upon induction of cell-cell contact.
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10 Figure 4. Recruitment of the
newly synthesized DGI into a
stable pool of protein upon in-
duction of cell-cell contact.
MDCK cells were established
in LCM for 16 h, pulse-la-
beled with [*S)methionine
for 15 min, and chased either
continuously in LCM (a, a)
or induced to form cell-cell
contact after | (@) or 3 h (m)
by replacing the media with
HCM. The amounts of {**S}-
methionine-labeled DGI in the CSK buffer soluble () and insolu-
ble (o, @, m) fractions were determined by immunoprecipitation,
fluorography, and scanning densitometry.

NORMALIZED ARBITRARY UNITS

0.0

A
0 2 4 6 B8 10 12 14 16 18 20
TIME (HOURS)

Characterization of the Soluble and Insoluble Pools of
Newly Synthesized DGI

A characteristic feature of DGI biosynthesis in the absence
or presence of cell-cell contact is that DGI is found initially
in a soluble pool of protein and is subsequently titrated into
an insoluble pool. We have sought to characterize these two
pools of newly synthesized DGI.

The soluble pool of DGI was analyzed by centrifugation
on sucrose gradients (as described in reference 38). MDCK
cells were established and maintained in LCM, pulse-
labeled with [**S)methionine and then incubated for a 15-
min chase period. At this time ~75% of newly synthesized
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DGI was present in the soluble pool of protein that was ex-
tractable with CSK buffer (Fig. 2 A). Analysis of the
sedimentation profile of soluble, newly synthesized DGI on
sucrose gradients revealed a single, broad band of protein
(data not shown). The peak fractions (11 and 12) had a
sedimentation rate of ~7 S compared to standard proteins of
known sedimentation values but the distribution of DGI was
skewed to the bottom (heavy side) of the sucrose gradient
(data not shown).

The insoluble pool of DGI was analyzed by testing for the
extractability of DGI in buffers containing high salt or urea.
MDCK cells were pulse-labeled with [*Sjmethionine for
15 min and incubated for a chase period of 1 (Fig. 5 D) or
2h(Fig. 5, A-C). Atthese times, ~50% and >85% of newly
synthesized DGI, respectively, was present in the CSK buffer
insoluble pool (Fig. 2). Replicate cultures of cells were ex-
tracted with buffers containing Triton X-100 and increasing
concentrations of NaCl (Fig. 5 A) or urea (Fig. 5 B). After
centrifugation, DGI was immunoprecipitated from the re-
sulting soluble and insoluble pools of protein. DGI was rela-
tively resistant to solubilization with buffers containing 0.5%
(vol/vol) Triton X-100 and NaCl concentrations ranging
from 0 mM (hypotonic) to 1 M; 1 M NaCl extracted <20%
of DGI from the cells (Fig. 5, A4 and C). Extraction of celis
in a buffer containing 0.5% Triton X-100 and 4 M urea also
resulted in the solubilization of <25% of DGI (Fig. 5, B and
C). However, extraction with a buffer containing 6 M urea
resulted in the solubilization of ~60% of the DGI (Fig. 5,
B and C). Similar results were obtained when cells were ex-
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Figure 5. Extractability of DGI from MDCK cells. Confluent monolayers of MDCK cells were established and maintained in LCM for
16 h, metabolically labeled with [**S]methionine for 15 min, and chased in LCM for either 1 (D) or 2 (A-C) h. Cells were extracted on
the petri dish in a buffer containing 0.5% Triton X-100 and increasing concentrations of NaCl (A) or urea (B) (for details, see Materials
and Methods). The resulting soluble (S) and insoluble (P) fractions were immunoprecipitated with DGI antiserum and analyzed by SDS
5% PAGE and fluorography (4 and B). The fluorograms were quantitated by scanning densitometry, and the percentage of total DGI in
the soluble (heavy stipling) and insoluble fractions (light stipling) was expressed in the form of a histogram (C and D).
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Figure 6. Synthesis, processing, and transport of DGI in confluent monolayers of MDCK cells grown in the presence of tunicamycin and
absence of cell-cell contact. Confluent monolayers of MDCK cells were preincubated in LCM containing 2.5 ug/ml tunicamycin for 2 h.
Cells were pulse-labeled with [**S]methionine for 15 min and chased in presence of 2.5 ug/ml tunicamycin. (A) Partitioning of DGI in
the soluble and insoluble pools during the chase period. (B) Quantitation of the fluorogram in A; soluble pool (- - -), insoluble pool

(

). (C) Resistance of DGI to digestion by extracellular trypsin; note that the characteristic tryptic fragments of DGI digestion are

not detected (for comparison see Fig. 2 or 3); the decrease in the amounts of DGI are due to cellular degradation of this protein.

tracted either 1 (Fig. 5 D) or 2 h (Fig. 5 C) after pulse-
labeling with [**S]methionine.

The Biosynthetic Pathway of DGI in MDCK Cells:
Dissection of Stages Using Inhibitors of Glycoprotein
Processing and Transport

Our analysis of DGI synthesis in MDCK cells grown in the
absence or presence of cell-cell contact have shown that DGI
is complex glycosylated and enters an insoluble pool of pro-
tein before arrival at the plasma membrane. We have sought
to determine the sequence and intracellular location of stages
of DGI biosynthesis and transport to the plasma membrane
using general inhibitors of glycoprotein processing and
transport.

Effects of Inhibiting DGI Core Glycosylation
with Tunicamycin

Replicate 35-mm petri dishes of confluent monolayers of
MDCK cells were established and maintained in LCM for
~16 h. The growth media was replaced with LCM contain-
ing 2.5 ug/ml tunicamycin (Figs. 6 and 7), an inhibitor of
N-linked core glycosylation (18, 51). 1 h later the growth me-
dia in one set of petri dishes were replaced with HCM con-
taining 2.5 pg/ml tunicamycin (Fig. 7). The incubation was
continued for another hour in both sets of cultures. Cells
were pulse-labeled with [¥*S]methionine and chased in ap-
propriate growth medium containing tunicamycin for up
to 13 h. At specific time points during the chase period,
cells were extracted with CSK buffer. An additional set of
petri dishes containing LCM or HCM and tunicamycin were
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treated with trypsin to determine the presence of DGI at the
cell surface (Figs. 6 C and 7 C). DGI was immunoprecipi-
tated from the soluble and insoluble fractions and analyzed
by SDS 5% PAGE, fluorography, and scanning densitometry
(Figs. 6, A, B, and C and 7, A, B, and C).

In the absence (Fig. 6) or presence (Fig. 7) of cell-cell
contact, tunicamycin inhibited core glycosylation of newly
synthesized soluble DGI by the following criteria: (a) there
was no decrease in the electrophoretic mobility of DGI com-
mensurate with core glycosylation; (b) there was no effect of
incubation with endoH on the electrophoretic mobility of
DGI (data not shown); and (c) there was no incorporation
of [’H]glucosamine into DGI (data not shown).

In the absence of cell-cell contact, DGI appeared in the
soluble pool of protein upon synthesis but was not titrated
into the insoluble pool at any time during the chase period
(Fig. 6 A). Inaddition, newly synthesized DGI was not trans-
ported to the plasma membrane as determined by the fact that
it was resistant to extracellular trypsin digestion (Fig. 6 C).
Analysis of the amounts of newly synthesized DGI remain-
ing during the chase period showed that the protein was
degraded very rapidly (1, < 3 h; Fig. 6 B).

In the presence of cell-cell contact, as in the absence of
cell-cell contact, tunicamycin inhibited core glycosylation of
the newly synthesized DGI (Fig. 7 A). However, in contrast
to the effects in cells without cell-cell contact treatment with
the drug in the presence of cell contact showed no effect on
either the rate (¢, ~ 30 min) or efficiency (>90%) of titra-
tion of newly synthesized DGI from the soluble into the in-
soluble pool (Fig. 7 B) as compared to control cultures (for
comparison see Fig. 3). Furthermore, the ungiycosylated in-
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Figure 7. Synthesis, processing, and transport of the newly synthesized DGI in confluent monolayers of MDCK cells grown in presence
of tunicamycin and cell-cell contact. Confluent monolayers of MDCK cells were established in LCM and then preincubated with 2.5 pg/ml
tunicamycin in LCM for 1 h. The medium was replaced with HCM (containing 2.5 pg/ml tunicamycin) to synchronously induce cell-cell
contact. After 1 h, the cells were pulse-labeled with [33S)methionine and chased in the presence of tunicamycin. (4) Titration of newly
synthesized DGI from the soluble (S) into the insoluble (P) pool during the chase period. (B) Quantitation of the fluorogram in 4; soluble

pool (- - -), insoluble pool (
tryptic fragments (arrows).

soluble pool of DGI was rapidly transported to the plasma
membrane (within 1 h of synthesis), as determined by the
sensitivity of DGI to extracellular trypsin digestion (Fig. 7
C). At the plasma membrane, DGI was metabolically stable
(t» > 24 h; Fig. 7 B).

Effects of Inhibiting DGI Transport between the Golgi
Complex and Plasma Membrane with Monensin

Confluent monolayers of MDCK cells were established and
maintained in LCM for ~16 h and then the growth medium
was changed to HCM for 1 h. Cells were preincubated for
30 min in the presence of 25 uM monensin or 25 uM monen-
sin and 2.5 pg/ml tunicamycin. Monensin is an ionophore
which inhibits the transport of membrane glycoproteins
between the Golgi complex and plasma membrane (19, 49,
50). Replicate 35-mm petri dishes were pulse-labeled with
[**S]methionine and chased for up to 4 h in HCM contain-
ing monensin or monensin and tunicamycin. Control cells
were pulse-labeled and chased in the absence of the inhibitor.

In the presence of cell-cell contact and monensin newly
synthesized DGI was core glycosylated (endoH-sensitive),
became complex glycosylated (endoH-resistant), and en-
tered the insoluble pool with kinetics similar to the control
(data not shown). However, the majority of the insoluble
pool of DGI synthesized in the presence of monensin was not
transported to the plasma membrane (Fig. 8). In the absence
of inhibitors (Fig. 8), 100% of the insoluble pool of DGI be-
came sensitive to extracellular trypsin demonstrating trans-
port of the protein to the plasma membrane. In MDCK cells
treated with monensin, only ~25% of newly synthesized
DGI became sensitive to extracellular trypsin indicating that
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). (€) Sensitivity of DGI to trypsin digestion during the chase period; note the appearance of DGI
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Figure 8. Intercompartmental transport of DGI in MDCK celis
grown in presence of cell-cell contact and inhibitors of core
glycosylation (tunicamycin) and glycoprotein transport (monen-
sin). Confluent monolayers of MDCK cells were pulse-labeled with
[¥S]methionine and chased in either HCM (control), HCM con-
taining 25 uM monensin, or HCM containing 2.5 pg/ml tunicamy-
cin and 25 yM monensin. Triplicate petri dishes were treated
with extracellular trypsin at the conclusion of a 240-min chase
period. Arrows indicate the appearance of the tryptic fragments;
scanning densitometry shows that >75 % of DGI is resistant to tryp-
sin digestion in cells treated with monensin, and >90% is resistant
in cells treated with monensin and tunicamycin. Note also the
differences in electrophoretic mobility of DGI tryptic fragments in
the cells treated with tunicamycin compared to the control due to
the inhibition of core glycosylation.
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~n75% of the protein remained intracellular. The fraction of
DGI transported to the plasma membrane may be due to
leakiness in the inhibition of vesicle transport by monensin.
It is noteworthy that in MDCK cells treated with monensin
and tunicamycin >90% of newly synthesized unglycosylated
DGI was not transported to the plasma membrane (Fig. 8).

Effects of Blocking DGI Processing and Transport in
the Golgi Complex at 19°C

To investigate intermediate stages in the transport of DGI to
the membrane we have used a reduced temperature assay
which slows down or prevents the transport of membrane
glycoproteins between the stacks of the Golgi complex and
the cell surface (25).

Indirect immunofiuorescence of MDCK cells maintained
in LCM at either 37°C or 19°C shows dramatic differences
in the distribution of DGI. At 37°C DGI exhibits a uniform,
diffuse staining over the whole cell which extends to cell pe-
riphery (Fig. 9 a, arrows). There is little or no staining of
subcellular compartments. However, MDCK cells incubated
at 19°C exhibit an intense perinuclear staining (Fig. 9 b, ar-
rows). The staining is localized to the cytoplasm on one side
of the nucleus. Note that there is little or no diffuse staining
of the cell periphery in comparison to that in the control (Fig.
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Figure 9 Indirect immunofluo-
rescence of DGI in MDCK cells
maintained at 37°C or 19°C. Cul-
tures of MDCK cells were estab-
lished and maintained at 37°C (a)
or transferred to 19°C overnight
(b, c, and d). For single immuno-
fluorescence staining of DGI (a
and b), cells were fixed and per-
meabilized in 100% methanol at
~20°C and then processed as de-
scribed in Materials and Methods.
For double fluorescence labeling
of the Golgi complex (¢) and DGI
(d) in the same cells, cultures of
MDCK cells at 19°C were prein-
cubated with wheat germ aggluti-
nin for 10 min at 4°C to saturate
the plasma membrane binding
sites. Cells were fixed and per-
meabilized as described above,
and then incubated first with rho-
damine-labeled wheat germ aggiu-
tinin and then with DGI antibod-
ies followed by biotinylated goat
anti-rabbit IgG and FITC-avidin.
The same field of cells were pho-
tographed with matched filters for
rhodamine (c) and fluorescein
(d). Bar, 20 um.

9 a). We suggest that this difference in staining is due to the
fact that DGI present at the plasma membrane at the start of
the 19°C block had been degraded (z, ~ 3 h) during the
overnight incubation at 19°C. At the same time, newly syn-
thesized DGI accumulated in an intracellular compartment
and was not transported to the plasma membrane (see be-
low). Double staining of MDCK cells with DGI antibodies
and rhodamin-labeled wheat germ agglutinin (Fig. 9 ¢),
which labels the Golgi complex (43), revealed very similar
perinuclear staining patterns (Fig. 9, ¢ and d, arrows). These
results indicate that at 19°C DGI accumulates in the Golgi
complex (see below).

To determine the effect of 19°C on the transport and pro-
cessing of newly synthesized DGI, cells were pulse-labeled
with [*S]methionine for 10 min at 37°C in LCM or HCM.
The medium was removed and the cells rinsed twice in chase
medium precooled to 19°C. The cells were immediately
transferred to an incubator at 19°C and chased in the appro-
priate media for up to 180 min. At this time, duplicate plates
were rinsed in growth medium warmed to 37°C and then
returned to an incubator at 37°C. The chase period was con-
tinued for a further 10 or 30 min. DGI processing was deter-
mined by analysis of soluble and insoluble cell fractions by
immunoprecipitation (Fig. 10, A and B) and resistance to en-
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Figure 10. Synthesis, processing, and transport of DGI in MDCK cells grown at 19°C. Confluent monolayers of MDCK cells were estab-
lished and maintained in LCM for 16 h. Cells were pulse-labeled with [**Sjmethionine in either LCM (4) or HCM (B) at 37°C for 10
min and immediately transferred to 19°C where they were incubated for a chase period of up to 180 min. After 180 min duplicate plates
were returned to 37°C and the chase was continued for another 10 or 30 min. Cells were digested on the petri dish with trypsin as described
in Materials and Methods. Cells were extracted with CSK buffer and the resulting soluble and insoluble fractions were immunoprecipitated
with DGI antiserum. Immunoprecipitated samples from the set of cultures incubated in HCM were divided in half, and one-half was digested
with endoH and the other half was used as control (C); duplicated plates were also treated with trypsin (D). Immunoprecipitated samples
were analyzed by SDS 5% PAGE and fluorography. (4 and B) Fluorograms of DGI immunoprecipitates from MDCK cells grown in the
absence (A) or presence (B) of cell-cell contact for 180 min at 19°C and subsequently for 10 or 30 min at 37°C (insoluble pool [P}, soluble
pool [S]) (C) Soluble (S) and insoluble (P) fractions of MDCK cells grown in the presence of cell contact for 180 min at 19°C and then
10 or 30 min at 37°C were immunoprecipitated and digested with endoH (+). (D) Cells grown in the absence or presence of cell contact
were treated with trypsin at different times of the chase period (180 min at 19°C, or subsequent times of 10 or 30 min at 37°C). Arrows
indicate the 110,000-M; tryptic fragment of DGI. NS, nonspecific protein coimmunoprecipitated with DGI antiserum.

doH digestion (Fig. 10 C). Transport and appearance of
newly synthesized DGI at the plasma membrane was deter-
mined by the sensitivity of proteins to trypsin digestion at the
cell surface (Fig. 10 D).

Incubation of MDCK cells at 19°C resulted in the core
glycosylation of newly synthesized DGI (Fig. 10, A-C; 15-
180 min) but blocked complex glycosylation as determined
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by the sensitivity of DGI to digestion by endoH throughout
the incubation time (Fig. 10 C). In addition, the 19°C incu-
bation inhibited the titration of DGI from the soluble to the
insoluble pool (Fig. 10, A and B; 15-180 min chase) and the
transport of DGI to the cell surface (Fig. 10 D; 180 min +
cell-cell contact). Note that in the controls, all of the newly
synthesized DGI was processed and transported to the cell
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surface within 180 min (see Figs. 2 D and 3 D). The inhibi-
tion of DGI processing and transport in the Golgi complex
at 19°C occurred in the presence or absence of cell-cell con-
tact (Fig. 10).

Upon raising the temperature to 37°C, the inhibition of
DGI processing and transport was lifted. However, further
processing of DGI occurred in a precise sequence. 10 min
after raising the temperature to 37°C, there was a significant
increase in amount of a new DGI protein band in the soluble
pool with an electrophoretic mobility slower than that of the
core glycosylated, endoH-sensitive form of DGI (Fig. 10, A
and B). This new protein band was resistant to digestion by
endoH (Fig. 10 C) indicating that trimming of high mannose
and addition of complex sugars had been initiated in the solu-
ble pool of protein. Next, we detected endoH-resistant DGI
in the insoluble pool (Fig. 10 C). This temporal sequence
is most clearly observed in the samples from cells without
cell-cell contact (Fig. 10 4); in the presence of cell contact,
the kinetics of complex glycosylation and entry into the in-
soluble pool are faster and more difficult to uncouple. Anal-
ysis of the sensitivity of DGI to trypsin digestion at the cell
surface revealed that little or no DGI was present at the
plasma membrane 10 min after raising the temperature to
37°C. However, after 30 min, a small portion of newly syn-
thesized DGI in the insoluble pool had become sensitive in-
dicating that transport of DGI to the plasma membrane had
been initiated. After 1 h at 37°C, all of the DGI was trypsin
sensitive (data not shown).

Discussion

Previous studies have characterized the substructure of the
desmosome in great detail and have shown that it is com-
posed of two domains, a cytoplasmic plaque and a membrane
core, each of which has a distinct morphology and protein
composition (for references, see the introduction to the arti-
cle). These studies provide the foundation for our analysis
of the biosynthesis of proteins of these domains and the regu-
lation of their assembly into desmosomes. We recently
reported the results of our detailed analysis of two major
components of the cytoplasmic plaque domain, DPI/II (38,
39). We have now extended this analysis to a major compo-
nent of the membrane core domain, DGI. The experimental
design is similar in both studies, which allows us to compare
the kinetics of biosynthesis and processing of these different
proteins. Our experimental approach to the analysis of DGI
biosynthesis has involved the dissection of the stages of pro-
cessing and transport of the newly synthesized protein to the
plasma membrane. An understanding of the sequence of
these stages will allow us to ask questions about the mecha-
nisms that regulate DGI transport and assembly, as well as
those that regulate the coordinate assembly of the membrane
core and cytoplasmic plaque domains during the formation
of desmosomes.

Sequential Stages in DGI Processing and Transport to
the Plasma Membrane

Upon synthesis, DGI is present exclusively in a pool of pro-
tein which is soluble in a buffer containing Triton X-100 and
a high concentration of salt, CSK buffer (Figs. 2 and 3).
Analysis of the soluble pool of DGI on sucrose gradients
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shows that the protein has a sedimentation value of 7.0-7.5
S (data not shown). The soluble pool of DGI is sensitive to
digestion with endoH (Figs. 2 and 3) an enzyme that cleaves
the high mannose precursor oligosaccharide of core glyco-
sylated proteins (48). Tunicamycin blocks glycosylation of
DGI (Figs. 6 and 7; see also reference 40); this drug inhibits
the synthesis of the dolichol-pyrophosphate~linked oligosac-
charide precursor that is required for core glycosylation of
proteins in the endoplasmic reticulum (9). From these re-
sults, we conclude that the soluble pool of core-glycosylated
DGI is formed in the endoplasmic reticulum.

Transport of the soluble pool of newly synthesized DGI
from the endoplasmic reticulum to the Golgi complex was
detected by the appearance of DGI that was resistant to diges-
tion with endoH (Figs. 2 and 3). Previous studies have shown
that glycoproteins are resistant to endoH digestion after trim-
ming of the high mannose precursor oligosaccharide and
addition of the first terminal GlcNAc residue (48). Signifi-
cantly, the enzyme involved in the addition of the GicNAc
residue, GlcNAc-transferase I, has been localized to the
medial stacks of the Golgi complex (11). Hence, resistance
to endoH digestion marks kinetically the point in time that
DGI passes through the medial stacks of the Golgi complex.
This is significant because we have found that DGI enters an
insoluble pool of protein at about the time resistance to diges-
tion by endoH is acquired (Figs. 2 and 3).

The insoluble pool of newly synthesized DGI is not ex-
tracted from MDCK cells in buffers containing Triton X-100
and either 1 M NaCl or 4 M urea (Fig. 5). These properties
are similar to those of DGI in whole desmosomes isolated
from bovine keratinocytes (45), and of DGI at steady-state
in MDCK cells, which has been localized to desmosomes as
shown by immunofluorescence microscopy (Fig. 1). Signifi-
cantly, however, the insoluble pool of newly synthesized DGI
in MDCK cells is formed in the presence or absence of
cell—cell contact (Figs. 2 and 3), and before the protein is
transported to the plasma membrane (see below). We con-
clude that the formation of the insoluble pool is not a conse-
quence of arrival of DGI at the plasma membrane or its as-
sembly into desmosomes.

Where in the cell does DGI become insoluble? Our
detailed kinetic analysis allows us to define in some detail the
intracellular component involved. We found that incubation
of MDCK cells at 19°C blocked the normal transfer of newly
synthesized DGI into the insoluble pool and inhibited the ac-
quisition of endoH resistance (Fig. 10). Based on this result
we suggest that, under these conditions of incubation, DGI
had not reached the site of GlcNAc-transferase I in the medi-
al stack of the Golgi complex (see above). It is a formal possi-
bility that GicNAc-transferase I activity could be reduced or
inhibited at 19°C. However, similar studies have shown that
hemagglutinin is complex glycosylated under these condi-
tions (25) indicating that GlcNAc-transferase I is active at
19°C in MDCK cells; we do not know the reason for the
different effects of 19°C on the processing of these two glyco-
proteins. Although, these experiments do not enable us to
pinpoint the subcellular location of the 19°C block in newly
synthesized DGI transport, indirect immunofluorescence of
the steady-state pool of DGI at 19°C shows intense staining
of DGI at the Golgi complex (Fig. 9). Upon raising the tem-
perature to 37°C, we showed that endoH-resistant form of
DGl first appeared in the soluble pool and then began to enter

173



TUNICAMYCIN 19°C  MONENSIM

Na cell-cell contact: Blocks Blocks
Blocks slages 14 Slages 24 | Staged
Cull-cell contact:

No glycosylation
but transport to PM

Plasma
Membrane

Endoplasmic
Reticulum

CI$ ——» TRANS

STAGES IN DGI BIOSYNTHESIS

1. Core-glycosylation and transport to
the golgi complex in a soluble pool

2. Complex glycosylation in the golgi complex
3. Enters insoluble pool
4. Transport to the plasma membrane

the insoluble pool (Fig. 10). This indicates that kinetically
the insoluble pool of DGI is formed after complex glycosyla-
tion of DGI is initiated and, therefore, is located distal to the
medial stack of the Golgi complex.

To determine more precisely the location of the insoluble
pool we used the results of the experiment with the iono-
phore monensin (Fig. 8), which inhibits transport of vesicles
from the Golgi complex to the plasma membrane (49, 50).
The results showed unequivocally that in the presence of
monensin newly synthesized DGI was endoH resistant and
insoluble, but was not transported to the plasma membrane
(Fig. 8). Taken together with the results of the 19°C experi-
ment, our data indicate that transfer of newly synthesized
DGI from the soluble to insoluble pool of protein occurs in
a compartment located between the medial stack of the Golgi
complex and the vesicles which transport proteins from the
Golgi complex to the plasma membrane.

Effects of Cell-Cell Contact on DGI Biosynthesis

Previously, morphological studies have shown that cell-cell
contact results in the rapid assembly of desmosomes at the
plasma membrane of adjacent cells. Our studies on the bio-
synthesis of DGI show that cell-cell contact has significant
effects on the rates and efficiencies of titration of the soluble
into insoluble pool and transport of newly synthesized in-
soluble DGI to the plasma membrane, and it is also a critical
determinant of the metabolic stability of newly synthesized
DGIL

In the absence of cell-cell contact and desmosome assem-
bly only ~v50% of newly synthesized DGI is transferred to
the insoluble pool 60 min after synthesis (Fig. 2). The re-
maining portion of DGI is degraded very rapidly in the solu-
ble pool (¢, ~ 30 min). This indicates that, in the absence
of desmosome assembly, the insoluble pool of DGI has a
limited capacity. However, upon induction of cell-cell con-
tact and desmosome assembly, we found that the rate of
transfer of newly synthesized DGI to the insoluble pool in-
creased approximately twofold, and that >90% of the soluble
pool was titrated into the insoluble pool by 1 h (Fig. 3). Thus,
the capacity of the insoluble pool of DGI increases substan-
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Figure 11. Schematic diagram of the stages involved
in the biosynthetic pathway of DGI in MDCK epi-
thelial cells and the stages blocked by various in-
hibitors of glycoprotein processing and transport.
For details, see the text.

tially upon cell-cell contact. Cell-cell contact also increases
the rate (1 h vs. 2 h) and efficiency (>90% vs. ~50%) of
transport of the newly synthesized insoluble DGI to the
plasma membrane (see below).

In addition, we found that the metabolic stability of newly
synthesized DGI is strictly dependent upon cell-cell contact
(Figs. 2 and 3; see also reference 41). In the absence of
cell-cell contact newly synthesized DGI is transported to the
plasma membrane and is degraded rapidly (r. < 4 h). In
the presence of cell-cell contact this pool of DGI becomes
metabolically stable (z, > 24 h). Since DGI is colocalized
with DPI/II in desmosomes after cell-cell contact (Fig. 1),
we assume that the metabolic stability of DGI correlates with
the assembly of the protein into desmosomes. At present, we
do not know the nature of the degradative process that re-
moves DGI from the plasma membrane in the absence of
desmosome formation. However, our experiments show that
newly synthesized DGI remains at the plasma membrane in
the absence of desmosome assembly, since induction of
cell-cell contact at intervals of 1 or 3 h after synthesis results
in the stabilization of DGI (Fig. 4). This result indicates that
in the absence of desmosome formation, newly synthesized
DGI does not appear transiently at the plasma membrane and
is then internalized and degraded, but remains at the plasma
membrane in a state that can be assembled and stabilized into
desmosomes upon cell-cell contact up to 3 h after synthesis.

Regulation of DGI Processing and Transport to the
Plasma Membrane

The results of this study indicate that the biosynthetic path-
way of DGI comprises four stages (see Fig. 11): (a) formation
of a soluble pool of core-glycosylated DGI in the endoplas-
mic reticulum; () transport of this pool of protein to the
Golgi complex and the completion of complex glycosylation;
(c) titration of complex glycosylated protein into an insoluble
pool; and (d) transport of the insoluble pool from the Golgi
complex to the plasma membrane. The definition of these
stages is useful since it provides a basis for deducing the
regulation of DGI transport and assembly.

When MDCK cells were grown in the presence of cell—cell
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contact and the inhibitor tunicamycin we showed that newly
synthesized DGI is not core or complex glycosylated (Figs.
6 and 7, see also reference 40). However, DGI is transferred
from the soluble to the insoluble pool of protein and is trans-
ported to the plasma membrane with similar kinetics as in
control cells. It was a formal possibility that DGI was trans-
ported to the plasma membrane by an unconventional route,
for instance, directly from the endoplasmic reticulum to the
plasma membrane. However, we showed that in the presence
of tunicamycin and monensin newly synthesized DGI was in-
hibited from transport to the plasma membrane (Fig. 8). This
result strongly indicates that in the presence of tunicamycin
DGI was transported to the plasma membrane via the Golgi
complex.

This result has several implications for understanding the
role of glycosylation and intracellular transport in DGI bio-
synthesis. First, this result indicates that glycosylation per se
is not an obligatory step required for the transfer of newly
synthesized DGI to the insoluble pool or its transport to the
plasma membrane. Thus, it is unlikely that transfer of DGI
to the insoluble pool is a consequence of conformational
changes in the protein that might occur through N-linked
glycosylation. Rather, the results imply that the formation of
the insoluble pool of DGI is a consequence of the protein
reaching a specific intracellular location in the biosynthetic
pathway (e.g., transit through the late Golgi complex). It is
possible that DGI undergoes another form of posttransla-
tional modification at this location that renders it insoluble.
Alternatively, DGI may form a complex with other proteins
of the desmosome at this location that results in the increased
insolubility of the protein; as noted earlier, the insoluble pool
of newly synthesized DGI has properties similar to that of
the membrane core domains in fully assembled desmo-
somes. The second implication of these results is that DGI
glycosylation is not required for targeting the protein to the
plasma membrane and the formation of desmosomes. This
is in agreement with earlier studies by Overton (37), who
showed that desmosomes were formed in cultures of ex-
planted epithelial cells grown in the presence of tunicamycin.

The present results do not allow us to make any definitive
conclusion about whether entry into the insoluble pool is re-
quired for transport to the plasma membrane. However, there
is correlative evidence to indicate that this may be the case.
First, we never detected the soluble pool of DGI at the
plasma membrane as determined by the fact that this pool of
DGI never became sensitive to extracellular trypsin diges-
tion (Figs. 2 and 3). Second, inhibition of DGI processing
in cells treated with tunicamycin in the absence of cell-cell
contact blocked DGI transfer into the insoluble pool and
transport to the plasma membrane (Fig. 6). These results in-
dicate that the formation of an insoluble pool of DGI must
occur intracellularly (see above) and that it is an obligatory
step in the transport of DGI to the plasma membrane and the
formation of desmosomes.

Regulation of Assembly of the
Cytoplasmic Plqque and Membrane Core Domains
during Desmosome Formation

This detailed kinetic analysis of DGI biosynthesis taken to-
gether with our similar analysis of DPI/II (38, 39, and see
the introduction to this article) provide a strong basis for an
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initial comparison of the stages in assembly of the membrane
core and cytoplasmic plaque domains of the desmosome.
There are several striking similarities in the biosynthesis of
these proteins. First, upon synthesis both DPI/II and DGI
initially enter a soluble pool of protein. Detailed analysis of
the sedimentation of the soluble pools of these proteins
shows that the peak fractions have a similar sedimentation
rate of 7.0-7.5 S. However, the distribution of DGI is skewed
to the heavy end of the gradient (data not shown), while that
of DPI/II is skewed to the light end of the gradient (38). We
are at present analyzing the overlapping fractions in more de-
tail to determine whether DPI/II and DGI are part of a com-
plex (see also below). Second, both DPI/II and DGI are
titrated into an insoluble pool of protein as defined by the rel-
ative extractability of the proteins in CSK buffer (see below).
Third, the formation of insoluble pools of these proteins does
not require cell-cell contact per se. Fourth, the metabolic
stability of both DPI/II and DGI increases ~10-fold upon in-
duction of cell-cell contact.

Although the processing and assembly of DPI/II and DGI
appear to be similar, the kinetics are quite different. For in-
stance, a small portion of DPI/II (~20-30%) enters the in-
soluble pool almost immediately upon synthesis, whereas
the insoluble pool of DGI forms ~30-90 min after synthesis.
In addition, although cell-cell contact increases the capacity
of the insoluble pools of both proteins, the rate of titration
is different; <60 min for DGI, and 3-5 h for DPI/II. Taken
together these results indicate that initial stages in the assem-
bly of the membrane core and cytoplasmic plaque domains
are noncoordinate, but that the formation of the desmosome
occurs by the integratéd assembly of the two domains at the
plasma membrane.

Based upon these results, we propose a simple, testable
model of the steps involved in the assembly of these domains.
We suggest that initially newly synthesized DGI enters an in-
soluble pool of protein in the frans-Golgi complex. Although
we do not yet know how this pool of protein is formed we
suggest that insolubility may result from clustering of DGI
in the plane of the lipid bilayer, perhaps with other compo-
nents of the membrane core domain. DGI is then transported
in vesicles to the plasma membrane. Concurrently newly
synthesized DPI/II and perhaps other components of the cy-
toplasmic plaque domain are present in the cytoplasm in
soluble and insoluble pools that are associated with cytokera-
tin intermediate filaments (see Fig. 4, reference 39). In the
absence of cell-cell contact and desmosome formation the
two domains are not induced to coassemble into complexes
on the membrane and, as a consequence, remain metaboli-
cally unstable and are degraded rapidly.

Induction of cell-cell contact causes a dramatic change in
the spatial organization and metabolic fate of the proteins.
We suggest that this is initiated by the aggregation of small
clusters of DGI and associated proteins on the plasma mem-
brane at the areas of cell-cell contact. This process may be
analogous to ligand-induced patching of cell surface recep-
tors and elements of the peripheral cytoskeleton (1, 29). How
might this patching be induced? Cowin et al. (5) have shown
that components of the membrane core interact functionally
on the plasma membranes of adjacent cells; such interactions
might trigger the aggregation of membrane core clusters.
Alternatively, initial patching may be induced by the cell
adhesion molecule, uvomorulin, which appears to initiate
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cell-cell adhesion (17) by homotypic interactions of proteins
on adjacent cells (28). We suggest that the formation of
patches or aggregates of DGI together with other compo-
nents of the membrane core domain on the plasma mem-
brane may act as a nucleation site for the targeting and as-
sembly on the plasma membrane of components of the
cytoplasmic plaque domain (e.g., DPI/II). The increase in
the number and affinity of binding sites may increase the ca-
pacity of the insoluble pools of protein resulting in an in-
creased efficiency of titration from the soluble to insoluble
pools, as shown in our experiments (see Figs. 2 and 3). The
formation of an integrated complex of cytoplasmic plaque
and membrane core domains results in the increased meta-
bolic stability of the constituent proteins. This type of regula-
tion would ensure not only that desmosome assembly was
strictly dependent upon cell-cell contact, but also that as-
sembly was initiated only at discrete and symmetrical sites
on the plasma membrane of adjacent cells.

Although we interpret our kinetic analyses to suggest that
complexes of DPI/II and DGI are assembled separately be-
fore arrival at the plasma membrane, we cannot exclude at
present the possibility that a complex that includes both pro-
teins is formed at the time DGI becomes insoluble; such a
complex might include, for instance, proteins synthesized at
different times. However, we can distinguish between these
possibilities by comparing the intracellular distribution of
the proteins before cell-cell contact, and by biochemical
analysis of the insoluble pools of DPI/Il and DGI. The
results of these studies will be reported later.
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