
Phosphorylated Carboxy Terminal Serine Residues Stabilize the Mouse Gap Junction
Protein Connexin45 Against Degradation

B. Hertlein, A. Butterweck, S. Haubrich, K. Willecke, O. Traub
Institut fuer Genetik, Abt. Molekulargenetik, Universitaet Bonn, Roemerstr. 164, 53117 Bonn, Germany

Received: 26 September 1997/Revised: 5 January 1997

Abstract. Phosphoamino acid analysis of mouse con-
nexin45 (Cx45) expressed in human HeLa cells revealed
that phosphorylation occurred mainly at serine residues,
but also on tyrosine and threonine residues. To charac-
terize the role of Cx45 phosphorylation, different serine
residues of the serine-rich carboxy terminal region were
deleted or exchanged for other amino acids residues.
Human HeLa cells deficient in gap junctional intercellu-
lar communication were stably transfected with appro-
priate constructs and analyzed for expression, localiza-
tion, phosphorylation, formation of functional gap junc-
tion channels and degradation of mutant Cx45.

After exchange or deletion of nine carboxy terminal
serine residues, phosphorylation was decreased by 90%,
indicating that these serine residues represented main
phosphorylation sites of mouse Cx45. The various ser-
ine residues of this region contributed differently to the
phosphorylation of Cx45 suggesting a cooperative
mechanism for phosphorylation. Substitution of differ-
ent serine residues for other amino acids did not interfere
with correct intracellular trafficking and assembly of
functional gap junction channels, as shown by localiza-
tion of mutant Cx45 at the plasma membrane and by dye
transfer to neighboring cells. Truncated Cx45 was also
weakly phosphorylated but was trapped in perinuclear
locations. Dye transfer of these transfectants was similar
as in nontransfected HeLa cells. The half-life of mouse
Cx45 protein in HeLa cells was determined as 4.2 hr.
Pulse-chase experiments with the different transfectants
revealed an increased turnover of Cx45, when one or
both of the serine residues at positions 381 and 382 or
384 and 385 were exchanged for other amino acids. The
half-life of these mutants was diminished by 50% com-
pared to wild type Cx45.
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specific mutagenesis

Introduction

Gap junctions consist of aqueous channels that directly
connect the cytoplasms of adjacent cells. These intercel-
lular channels are formed by transmembrane proteins,
the connexins (Cx) (for reviewsseePaul, 1995; Good-
enough, Goliger & Paul, 1996; Kumar & Gilula, 1996).
Different connexins are expressed in a cell type specific
manner. Connexin45 (Cx45) is one of thirteen murine
connexin proteins that have been described so far. It is
expressed in many tissues, e.g., lung, heart, kidney, brain
and skin (Beyer, Paul & Goodenough, 1990; Hen-
nemann, Schwarz & Willecke, 1992; Butterweck et al.,
1994) and in different mammalian cell lines including
WB, SKHep1, BHK and BWEM cells (Laing et al.,
1994b; Koval et al., 1995).

Connexin polypeptides are inserted into membranes
of endoplasmic reticulum and intramolecular disulfide
bonds are formed (Evans, 1994). Connexin proteins are
transported to the plasma membrane as hexamers.
Oligomerization seems to be a prerequisite for transport
to the plasma membrane. Musil & Goodenough (1993)
reported post-ER assembly of Cx43 hexamers in the
trans Golgi network, whereas Kumar et al. (1995) de-
tected oligomerized hemichannels already in the mem-
branes of ER of Cx32 transfectants. The mechanisms by
which connexin hexamers are directed to the plasma
membrane are not known, although vesicular transport
seems very likely to be involved. Upon cell-to-cell con-
tact, formation of gap junction channels can occur within
seconds or minutes (Rook et al., 1990). In the plasma
membrane of contacting cells, gap junction channels
were found as large aggregates, i.e., the gap junction
plaques (Loewenstein, 1981). Previously it was assumedCorrespondence to:O. Traub
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that gap junctions were removed from the plasma mem-
brane by endocytosis of the double membranous channel
complex, that is guided to the lysosomes for degradation
(Larsen & Tung, 1978; Larsen et al., 1979; Vaughan &
Lasater, 1990). Recent results indicate that Cx43 is de-
graded via the ubiquitin mediated proteosomal pathway
(Laing & Beyer, 1995). Gap junctions are very dynamic
structures. The half life of connexin proteins in different
cells was determined as 1–5 hr (Fallon & Goodenough,
1981; Traub et al., 1987 and 1989; Laird et al., 1991).

Most connexins (Cx31, 32, 37, 40, 43, 45 and 46)
are phosphorylated proteins (Traub et al., 1987; Crow et
al., 1990; Musil et al., 1990a; Jiang et al., 1993; Butter-
weck et al., 1994; Laing et al., 1994b; Traub et al., 1994,
1995). Cx43 is phosphorylated in the ER or cis Golgi
compartment, displaying the Cx43-P1 isoform, whereas
phosphorylation to the P2 isoform occurs in the plasma
membrane (Musil & Goodenough, 1991). Oligomeriza-
tion and transport of Cx43 to the plasma membrane are
independent of the processing of Cx43 to the P2 isoform,
but the existence of P2 isoform correlates with the ag-
gregation of gap junction plaques and is necessary for
formation of functional Cx43 gap junction channels
(Musil et al., 1990b; Musil & Goodenough, 1991, 1993;
Puranam et al., 1993; Laird et al., 1995).

Phosphorylation also seems to be involved in deg-
radation of connexins. The loss of higher phosphorylat-
ed isoforms of Cx43 correlated with a fast turnover of
gap junction plaques and with degradation of Cx43
(Crow et al., 1990; Laird et al., 1995). In analogy, acti-
vation of protein kinase A increased phosphorylation of
Cx32 and slowed down uncoupling of hepatocytes, pos-
sibly due to a diminished withdrawal of connexins from
the plasma membrane (Saez et al., 1989). Phosphoryla-
tion of Cx32 via activation of protein kinase C abolished
Cx32 proteolysis by calpain (Elvira et al., 1993, 1994).

Phosphorylation of connexins occurs most fre-
quently at serine residues (Cx43: Crow et al., 1990; Fil-
son et al., 1990; Musil et al., 1990a; Cx32: Saez et al.,
1986; Traub et al., 1987). If Cx43 is phosphorylated at
tyrosine residues, e.g., after infection of cells with Rous
sarcoma virus or transformation with middle t-antigen of
Polyoma virus, intercellular coupling is inhibited (Filson
et al., 1990). This indicates that communication via
gap junctions might be regulated by different kinases.
Indeed many kinases have been shown to influence gap
junction mediated intercellular communication (Bennett
et al., 1991). So far it is unclear whether phosphoryla-
tion affects the gating of gap junctions directly or via
regulation of the turnover of different connexins. Possi-
bly different sites of connexin phosphorylation fulfill dif-
ferent functions in the metabolism and regulation of gap
junctions.

To evaluate the role of phosphorylation of mouse
Cx45, we replaced or deleted nine serine residues of the

carboxy terminal rich region of Cx45, that are potential
sites of phosphorylation by multiple kinases. The mutant
Cx45 constructs were expressed in HeLa cells and ana-
lyzed. Our results showed that these serine residues are
major sites of Cx45 phosphorylation. When the C-
terminus of Cx45 was truncated by 26 amino acid resi-
dues the remaining protein was not transported to the
plasma membrane. Exchange of different serine residues
did not interfere with correct intracellular trafficking or
formation of functional gap junction channels. Instead,
phosphorylation of the double serine motif near the car-
boxy terminus of Cx45 prevented accelerated degrada-
tion of mouse Cx45 protein.

Materials and Methods

CELLS AND CULTURE CONDITIONS

Human cervix carcinoma HeLa cells (ATCC CCL2) were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
calf serum, 100 U/ml penicillin and 100mg/ml streptomycin at 37°C in
a moist atmosphere of 10% CO2.

CONSTRUCTION OFMUTATED Cx45

Site specific mutagenesis was performed using the gapped-duplex
method (Kramer & Fritz, 1988). In mouse Cx45 cDNA (Hennemann et
al., 1992) serine residues at positions 374, 376, 378, 381, 382, 384, 385,
387 and 393 were exchanged for other amino acids (Fig. 2 and Table).
To delete the last 26 amino acids of Cx45, including the serine rich
region, a stop codon was introduced at amino acid position 371. This
resulted in a truncated carboxy terminal region with only 122 amino
acids left after the presumed forth transmembrane domain (construct
C122). For the different constructs the following synthetic oligonucle-
otides were used (sequence differences to mouse Cx45 are underlined):
3Ser (4Ser374,376,378):

58-GTG GGGGCC AAA GCT GGG CCC AAC AAA GGC GGT
A-38

Ser381,382:
58-GGG TCC AAC AAA GGC GCTATT AGT-38

Ser384,385:
58-AGC AGT ATT GGT TTAAAA TCA GGG-38

9Ser (4Ser374,376,378,381,382,384,385,387,393):
58-GTG GGGGCC AAA GCT GGG CCC AAC AAA GGC GGT

A-38 and
58-ATT GGT GGCAAA GCA GGG GAT GGG AAG ACCGCC

GGC-38
C122:

58-CGG GAA AAG AAG GCC TAA GTG GGA TCC-38

TRANSFECTION OFHELA CELLS

All mutant Cx45 gene constructs were ligated into the vector
pBEHpac18 (Horst et al., 1991) containing the SV40 early promotor, a
polyadenylation signal and a gene for puromycin resistance. DNA (2.5
mg) of the linearized construct and 20mg of genomic DNA of HeLa
cells were precipitated by calcium phosphate and added to the medium
of 60% confluent HeLa cells for 16 to 20 hr. Forty-eight hours after
transfection, the medium was replaced by fresh medium containing 1
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mg/ml puromycin. Individual clones were picked and cultivated in
selective medium for further analyses.

NORTHERN BLOT ANALYSIS

Cells were homogenized using QIAshredder™ (Qiagen, Hilden, Ger-
many) and total RNA was isolated using the RNeasy Total RNA Kit
(Qiagen, Hilden, Germany) according to instructions of the company.
Electrophoresis, Northern blotting, hybridization at high stringency
(55% formamide, 42°C, 5× SSC), filter washing and autoradiography
were performed as described (Willecke et al., 1991). A BamH1 re-
striction fragment (1.2 kb) of mouse Cx45 cDNA, corresponding to the
region from nucleotide position 863 to position 2074, was purified,
denatured and used as probe for hybridization analysis.

IMMUNOCHEMICAL ANALYSIS

Cells were grown to 80–90% confluence and harvested in lysis buffer
(0.06 M Tris-HCl, pH 7.4, 3% SDS). Lysates were subjected to soni-
fication, SDS-PAGE and immunoblot analysis as described (Traub et
al., 1994). Polyclonal rabbit antibodies, directed to the carboxy termi-
nal part of mouse Cx45 (Butterweck et al., 1994), were used for de-
tection. Concentration of protein was determined using the Bicincho-
ninic Acid Protein Determination Kit (Sigma, Deisenhofen, Germany)
according to the company’s instructions. Immunochemical detection
of Cx45 protein and its mutants by indirect immunofluorescence was
performed as described (Traub et al., 1994). FITC conjugated goat anti
rabbit IgG (Sigma, Deisenhofen, Germany) were used as secondary
antibodies.

CRUDE SUBCELLULAR FRACTIONATION

Cells were grown to 80–90% confluence and harvested in homogeni-
zation buffer (10 mM EDTA, 10 mM Tris-HCl, pH 7.4, 320 mM sucrose,
1× Complete™ protease inhibitor cocktail (Boehringer, Mannheim,
Germany). Homogenization was performed by aspiration with a 1 ml
syringe through a 22-gauge needle. Homogenates were microscopi-
cally controlled for intact nuclei. Fractionation was obtained by suc-
cessive centrifugation steps of 10 min at 400×g (pelleting nuclei and
bigger fragments of the cells), 20 min at 15,000×g (pelleting plasma
membranes) and 20 min at 45,000×g (pelleting most cytoplasmic
proteins). Samples were resuspended in lysis buffer and used for im-
munoblot analysis.

MICROINJECTION AND DYE TRANSFER

Microinjection and detection of Lucifer Yellow (Sigma, Deisenhofen,
Germany) or neurobiotin (Vector Laboratories, Burlingame, CA) in
HeLa wild type cells and transfectants were performed as described
(Elfgang et al., 1995). For each cell line and tracer at least 20 injections
were carried out.

METABOLIC LABELING AND IMMUNOPRECIPITATION

Cells at 80–90% confluence were metabolically labeled with32P-ortho-
phosphate and35S-methionine as described (Traub et al., 1994). How-
ever, Na-ortho-vanadate (10 mM) and protease inhibitor cocktail (Boeh-
ringer, Mannheim, Germany) were added to RIPA lysis buffer instead
of phenylmethylsulfonylfluoride (PMSF) and Trasylol.32P- and35S-
labeled lysates were subjected to immunoprecipitation as described

(Traub et al., 1994) using polyclonal rabbit antibodies directed to the
carboxy terminal part of mouse Cx45 (Butterweck et al., 1994). After
SDS-PAGE, gels were fixed, dried and used for autoradiography.
Labeling with32P-phosphate was performed for 4 hr. Autoradiographs
were scanned and the signals of32P-phosphate labeled Cx45 compared
with the total amount of protein in the lysate. Since the antibodies used
for immunoprecipitation were directed to the carboxy terminal part of
Cx45 protein, mutations in this region could have influenced binding of
the antibodies. For correct interpretation of phosphorylation signals,
the precipitable amount of Cx45 in each transfectant was estimated by
immunoprecipitation of35S-methionine labelled cells (data not shown).
From the intensity of the signals obtained, the extent of phosphoryla-
tion of mutant Cx45 was calculated.

ANALYSIS OF PHOSPHOAMINOACIDS

To analyze the phosphorylated amino acids of Cx45,32P-phosphate
labeled proteins were immunoprecipitated and separated by electropho-
resis as described above. The separated proteins were blotted onto a
PVDF membrane (Immobilon, Millipore, Eschborn, Germany) and
used for autoradiography. The band representing32P-labeled Cx45
was identified on the membrane and cut out. After rehydration (incu-
bation in methanol, followed by H2O, each bathing for 0.5 min), acid
hydrolysis, two-dimensional separation of phosphoamino acids and au-
toradiography were performed as described (Traub et al., 1989).

PULSE-CHASE ANALYSIS AND DETERMINATION

OF HALF-LIFE

For pulse-chase analysis, cells were labeled with35S-methionine as
described above. After 1 hr the medium was replaced by non-
radioactive medium, supplemented with additional 15 mg/l methionine
(final concentration: 45 mg/l). Cells were harvested at different time
points of chase (0, 1, 2, 3, 4, 6 and 8 hr) and used for immunoprecipi-
tation analysis. Autoradiographs of35S-methionine labeled Cx45 pro-
tein were scanned (Scantec system, Biometra, Goettingen, Germany).
The densitrometric values of the signals were correlated to the amount
of protein in the lysates. Using the software‘‘Table curve 2D’’ (Jandel
Scientific Europe, Erkrath, Germany) the mathematical function lny 4

a + bx was used for approximation of the results obtained. From these
curves the half-life was calculated. Pulse-chase experiments were re-
peated twice with each transfectant. From each experiment, autoradio-
graphs were used after three different exposure times to determine the
half-life. Then the average half-life of the Cx45 protein in each trans-
fectant was determined.

Results

PHOSPHOAMINO ACID ANALYSIS OFCx45

Stable transfection of HeLa cells, defective in intercel-
lular transfer of Lucifer Yellow, with mouse Cx45 cDNA
led to expression of the 45 kDa protein that was phos-
phorylated (Butterweck et al., 1994). Analysis of the
phosphoamino acids of Cx45 revealed phosphorylated
serine, threonine and tyrosine residues (Fig. 1). A strong
signal was detected for phosphoserine. With prolonged
time of acid hydrolysis, the intensity of this signal in-
creased, whereas the signal for phosphotyrosine de-
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creased. Phosphothreonine was detected only after two
hours of acid hydrolysis as a weak signal. However, the
predominant phosphoamino acid in mouse Cx45 ex-
pressed in HeLa cells is phosphoserine.

EXCHANGE OF CARBOXY TERMINAL SERINE RESIDUES

In the carboxy terminal part of Cx45 there is a region rich
in serine residues. The amino acids at position 374 to
396 include nine serine residues, four of which are ar-
ranged in a double serine motif. In a variety of con-
structs (Fig. 2) we deleted all these serine residues (con-
struct C122) or exchanged them for other amino acids
(constructs 3Ser, Ser381,382, Ser384,385 and 9Ser).
After transfection of HeLa cells, expression of the mu-
tated mouse Cx45 cDNA was determined by Northern
blot analysis (data not shown). Transfectants showing
the highest level of Cx45 mRNA (2.2 kb) were selected
for further examination. In immunoblot analysis (Fig.
3), we obtained signals for wild type as well as mutant
Cx45 protein in which different serine residues were ex-
changed. Deletion of the last 26 amino acids of Cx45 led
to a faster migrating protein, observed at a position cor-
responding to 42 kDa.

CELLULAR LOCALIZATION OF MUTATED Cx45

Indirect immunofluorescence analysis of the different
HeLa transfectants revealed the typical punctuate stain-
ing pattern of gap junctions at the plasma membrane

(Fig. 4). Except for the deletion mutant C122, all other
transfectants showed immuno signals at apposed plasma
membranes. With C122, fluorescent signals could only
be detected in perinuclear location. To confirm these
results we used a simple protocol to prepare subcellular
fractions from different transfectants. The distribution of
mutant Cx45 in these fractions is shown in Fig. 5. Trun-
cated Cx45 was found predominantly in the cytoplasm,
whereas with all other mutants the strongest signals were
obtained in the fraction of plasma membranes.

PHOSPHORYLATION

In all mutants the level of phosphorylation of Cx45 was
decreased (Fig. 6A). Compared to wild-type Cx45, ex-
change (construct 9Ser) or deletion (construct C122) of
all nine carboxy terminal serine residues led to a 89%
decrease of phosphorylation signals (Fig. 6B). Since
both mutants still showed weak signals, other phosphor-
ylated sites were present besides the serine-rich carboxy
terminal region. These findings correlated with the re-
sults of phosphoamino acids analysis, showing that in
addition to serine residues other amino acids became also
phosphorylated.

If distinct serine residues of the carboxy terminal
region were missing, phosphorylation was decreased by
67% with mutant 3Ser, by 78% with mutant Ser381,382
and by 32% with mutant Ser384,385 compared to wild-
type Cx45. This means that serine residues at positions
381 and 382 contributed much more to the extent of

Fig. 1. Phosphoamino acid analysis of Cx45.
HeLa cells transfected with mouse Cx45 cDNA
were metabolically labeled with32PO4 and protein
extracts were subjected to immunoprecipitation
with anti-Cx45 as described in Materials and
Methods. Acid hydrolysis of immunoprecipitates
was performed at 110°C for 30 min (A) and 2 hr
(B). Lysates were separated two-dimensionally by
electrophoresis and chromatography, followed by
autoradiography (exposure time: 6 weeks). The
positions of phosphoserine (Ser-P),
phosphothreonine (Thr-P) and phosphotyrosine
(Tyr-P) were determined by nonradioactive
phosphoamino acids.
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phosphorylation of Cx45 than the other serine residues.
Summation of the residual phosphorylation signals of
the mutants 3Ser, Ser381,382 and Ser384,385 exceeded
the 100% level of phosphorylation of wild-type Cx45.
Therefore we conclude that the different events of serine
phosphorylation are dependent of each other.

INTERCELLULAR COMMUNICATION

To analyze whether gap junction channels made of mu-
tant Cx45 protein were functional, the fluorescent dye

Lucifer Yellow was microinjected into different trans-
fectants. Dye transfer was observed in all transfectants
expressing mutated Cx45 protein in which serine resi-
dues were substituted. Figure 7 shows the results of
transfectants with wild-type Cx45 and mutant 9Ser. The
deletion mutant C122 as well as nontransfected HeLa
cells did not transfer any Lucifer Yellow to neighboring
cells (data not shown). Compared to Lucifer Yellow (Mr
443, two negative charges) injection of neurobiotin, (Mr

287, one positive charge) into HeLa cells transfected
with wild-type Cx45 caused more extensive spreading of
the microinjected dye. Therefore gap junctional commu-
nication was also analyzed by transfer of neurobiotin
(Table 1). Again the deletion mutant C122 showed less
than 10% transfer of microinjected neurobiotin to neigh-
boring cells compared to wild-type Cx45 transfectants.
This low level of dye transfer did not exceed the one
observed with nontransfected HeLa cells. Thus, trans-
fection of HeLa cells with construct C122 did not lead to
any additional gap junction channels between adjacent
cells. The other HeLa transfectants, expressing mutant
Cx45, showed increased coupling compared to nontrans-
fected cells, indicating that exchange of serine residues
did not interfere with formation of functional gap junc-
tion channels. Dye transfer of the transfectants
Ser381,382, Ser384,385 and 9Ser was similar as in wild
type Cx45 transfectants. The decreased cell to cell trans-
fer of mutant 3Ser was most likely due to the low level
of expression of this protein.

HALF-LIFE OF Cx45 MUTANTS

Pulse-chase analyses with35S-methionine were per-
formed in order to determine the half-life of mutant Cx45

Fig. 2. Location of Cx45 carboxy terminal
mutations. Schematic representation of the
carboxy terminal region of mouse Cx45 (amino
acids 364-396) and the different constructs with
serine residues exchanged or deleted. I, serine
residue;✴, substituted serine residue; , deleted
region.

Fig. 3. Expression of mutant Cx45 in HeLa transfectants. Immunoblot
of electrophorezed protein lysates of different HeLa transfectants after
incubation with polyclonal rabbit Cx45 antibodies as well as125I-
labeled protein A and autoradiography. In each lane 50mg of protein
were applied onto the gel.
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protein. Figure 8 shows autoradiographs of different
transfectants after a pulse of one hour and a chase of up
to 8 hr. The signals were measured by densitometric
analysis, correlated to the total amount of protein in the
lysates and expressed as a mathematical function. From
these values, the half-life of each Cx45 mutant was cal-
culated. The average half-life times of the different
mutants are shown in Table 1. Pulse-chase experiments
revealed a half-life of 4.2 hr for Cx45 in HeLa-
transfectants. After substitution of all nine serine resi-
dues of the carboxy terminal region of Cx45 (construct
9Ser), the half-life was reduced by 50%. If the serine
residues at positions 381 and 382 (construct Ser381,382)
or at positions 384 and 385 (construct Ser384,385) were
exchanged, half-life times were decreased to 2.3 and 2.6
hr, respectively. Exchange of serine residues at position
374, 376 and 378 (construct 3Ser) or deletion of the last
26 amino acids (construct C122) had little influence on
the turnover of Cx45. The half-life time of the 3Ser mu-
tant protein was 4.1 hr, and that of the C122 protein 3.9
hr.

Discussion

PHOSPHORYLATION OFCx45 IN HELA TRANSFECTANTS

Analysis of phosphorylated amino acids of mouse Cx45
expressed in HeLa transfectants revealed signals for
phosphoserine, phosphothreonine and phosphotyrosine,
with serine residues as the major target of phosphoryla-
tion. Previously, phosphorylation on serine residues has
been established for Cx43 (Crow et al., 1990; Filson et
al., 1990; Musil et al., 1990a), Cx32 (Traub et al., 1989;
Crow et al., 1990) and Cx45 (Darrow et al., 1995). In
contrast to our findings, the latter publication reported
serine residues as the only phosphoamino acids of Cx45
in cultured neonatal rat ventricular myocytes. However,
these primary cells express Cx45 in quite lower amounts
than HeLa Cx45 transfectants. The phosphorylation of
tyrosine residues of Cx45 observed in our experiments
did not lead to an inhibition of dye transfer between
transfected HeLa cells. This is in contrast to tyrosine

Fig. 4. Localization of mutant Cx45 protein by
indirect immunofluorescence in cultured HeLa
transfectants Cx45, 9Ser and C122 after incubation
with polyclonal rabbit Cx45 antibodies and FITC
conjugated goat anti-rabbit IgG. Micrographs
shown on the left side were taken at fluorescent
illumination. On the right side the corresponding
phase contrast images are depicted. Bar
corresponds to 20mm.
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phosphorylation of Cx43 by pp60v-src that inhibited gap
junctional intercellular communication (Crow et al.,
1990; Filson et al., 1990). Phosphorylation of connexins
at different sites was hypothesized to fulfill different
functions. It was shown that under similar phosphory-
lating conditions permeability and single-channel con-
ductances of gap junction channels composed of Cx26,
43 or 45 were differentially regulated (Kwak et al.,
1995).

We found that phosphorylation of mutant Cx45 in
HeLa transfectants was decreased, compared to normal
Cx45. Exchange (construct 9Ser) or deletion (construct
C122) of all nine serine residues of the serine-rich car-
boxy terminal region (amino acids 374-396) caused a
decrease of phosphorylation signals by about 90%, indi-
cating that these serine residues were the main sites of
Cx45 phosphorylation. Since the mutated 9Ser and
C122 proteins were weakly phosphorylated, other amino
acids besides these serine residues were functioning as
targets of phosphorylation. Phosphorylation of these
other sites was independent of the existence or phosphor-
ylation of serine residues in the carboxy terminal region.
Laing et al. (1994a) had reported multiple phosphoryla-
tion sites of chicken Cx45 protein in the carboxy termi-
nal region and the cytoplasmic loop. In contrast to Cx43
(no serine residues in the cytoplasmic loop), the central
cytoplasmic loop of mouse as well as chicken Cx45 con-
tains three serine residues, representing possible candi-
dates for phosphorylation. The various serine residues
contributed differently to the phosphorylation of Cx45.
Possibly, phosphorylation of serine residues at positions
381 and 382 is a prerequisite for additional phosphory-
lation on other amino acids. Such a cooperative mecha-
nism for phosphorylation has been shown for the protein
p53, that is only a substrate for SV40 T-antigen activated

Fig. 5. Localization of mutant Cx45 proteins
analyzed by subcellular fractionation. (A)
Immunoblot of electrophorezed protein lysates of
different HeLa transfectants that have been
fractionated into nuclei (N), plasma membranes
(M) and cytoplasmic proteins (C) as described.
In each lane, 50mg of protein were applied to
the gel, with exception of the cytoplasmic
fractions of transfectants HeLa45, 3Ser,
Ser381,382 and C122, where due to smaller
yields only 30mg of protein were applied. (B)
Diagrammatic representation of the results shown
in A after densitometric evaluation of the
autoradiographs, standardized permg of protein
applied to each lane.

Fig. 6. Phosphorylation of mutant Cx45. (A) Autoradiograph of32PO4

labeled and immunoprecipitated Cx45 protein of different transfectants.
Fifty mg of protein extract were applied to the gel. (B) Diagrammatic
representation of the extent of phosphorylation evaluated as described.
The average values of phosphorylation are shown in relation to wild
type Cx45.
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kinase after it has been phosphorylated by cdk-2-kinase
at an adjacent serine residue (Mu¨ller & Scheidtmann,
1995).

PHOSPHORYLATION AND INTRACELLULAR TRANSPORT

OF Cx45

We conclude from our results that accumulation of the
shortened Cx45 protein (C122 mutant) in the cytoplasm
was due to truncation of the polypeptide and not to the
missing serine residues. Probably the very end of the
carboxy terminus of Cx45 contains signal sequences nec-
essary for trafficking to the plasma membrane. Alterna-
tively, the carboxy terminus may be important for the
oligomerization process which is assumed to be a pre-
requisite for transport of connexins to the plasma mem-
brane (Musil & Goodenough, 1993). In contrast to
mouse Cx45, truncation of Cx43 or Cx32 protein did not
interfere with the formation of functional gap junction
channels (Spray et al., 1996). When truncated Cx45 was
expressed in ROS cells, it could be detected at the plasma
membrane (Koval et al., 1995). However, ROS cells en-
dogenously express Cx43, in contrast to HeLa cells used
in our experiments. Therefore, it is possible that in ROS
cells truncated Cx45 was transported to the plasma mem-
brane together with Cx43 via heteromeric hemichannels.

Although truncated Cx45 was not transported to the
plasma membrane in transfected HeLa cells, it still be-
came phosphorylated. Therefore, phosphorylation of

Fig. 7. Intercellular transfer of microinjected
Lucifer Yellow. Fluorescence of wild type Cx45
and 9Ser HeLa transfectants after microinjection
of Lucifer Yellow. Micrographs shown on the left
were taken at fluorescent illumination, the
corresponding phase contrast images are depicted
on the right,., injected cell; bar, 20mm.

Fig. 8. Half-life of Cx45 mutants determined by pulse-chase analysis.
Autoradiographs of35S-methionine labeled and immunoprecipitated
Cx45 of the different transfectants are shown. Cells were labeled for 1
hr (pulse) and chased in nonradioactive medium for up to 8 hr.
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Cx45 at other sites than the carboxy terminal serine resi-
dues must have occurred early in the process of traffick-
ing. Phosphorylation in endoplasmic reticulum or Golgi
has been shown for many other proteins, among them
Cx43 (Laird et al., 1995). The functional role of con-
nexin phosphorylation in these compartments is yet un-
known. Possibly it prevents misfolding or early degra-
dation of connexins or supports the process of oligomer-
ization of connexins to form hexamers. Our experiments
revealed that carboxy terminal serine residues of Cx45
are not involved in this process.

PHOSPHORYLATION AND FORMATION OF FUNCTIONAL

GAP JUNCTION CHANNELS OF Cx45

The function of gap junction channels was determined by
transfer of Lucifer Yellow or neurobiotin between cells
expressing mutated Cx45 protein. Compared to non-
transfected HeLa cells, all transfectants with serine resi-
dues substituted showed increased dye transfer to neigh-
bouring cells. Even when all nine carboxy terminal ser-
ine residues of Cx45 had been replaced, the mutant
transfectants showed the same extent of dye transfer as
wild-type Cx45 transfectants. The deletion mutant C122
led to the same low level of homotypic dye transfer as
measured in non transfected HeLa cells. Since truncated
Cx45 protein could not be detected at apposed plasma

membranes but accumulated in the cytoplasm, the for-
mation of additional gap junction channels was obvi-
ously abolished. In Cx43, exchange of the serine residue
at position 364 led to a significant reduction of dye trans-
fer between cells expressing this mutated protein (Britz-
Cunningham et al., 1995). We did not observe a similar
effects of an altered serine residue in the carboxy termi-
nal region of Cx45. Only with construct 3Ser, dye trans-
fer between transfected cells was lower than with other
Cx45 mutants. But this decrease was most likely due to
the lower expression level of this mutated Cx45 protein.
Further analyses are necessary to determine whether
single channel conductance of Cx45 is changed due to
the exchange of different serine residues.

PHOSPHORYLATION AND DEGRADATION OF Cx45

Phosphorylation of connexins has been correlated to deg-
radation of these proteins. Laird et al. (1995) showed a
correlation between the loss of higher phosphorylated
isoforms of Cx43 and a rapid turnover of gap junction
plaques. Phosphorylation of Cx32 slowed down inter-
nalization of gap junction channels from the plasma
membrane and led to the decreased proteolysis of con-
nexins (Saez et al., 1989; Elvira et al., 1993, 1994). For
chick Cx45 it has been shown that decreased phosphor-
ylation coincided with degradation of this protein (Laing

Table. Results of analyses performed with the different Cx45 mutants

Name of
transfectant

Mutation Protein
(kDa)

Main protein
localization

Transfer of
Lucifer Yellow

Transfer of Neurobiotin Phosphorylation Half-life of
protein

Number of
stained cells

Number of
stained cells

Percentage
of transfer

% Hours %

HeLa45wt 45 M 11 30 100 100 4.2 100

3Ser S374A 45 M 3 13 43 33 4.1 98
S376A
S378P

Ser381,382 S381G 45 M 3 26 87 22 2.3 55
S382A

Ser384,385 S384G 45 M 4 30 100 68 2.6 62
S385L

9Ser S374A 45 M 8 30 100 11 2.1 50
S376A
S378P
S381G
S382A
S384G
S385G
S387A
S393A

C122 K371Stop 42 C 0 3 10 11 3.9 93

M, apposed plasma membranes; C, cytoplasm.
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& Beyer, 1996). The half-life time of Cx45 in rat myo-
cytes was demonstrated to be 2.9 hr (Darrow et al.,
1995). In our analyses the half-life of wild-type Cx45
protein in HeLa cells was 4.2 hr. We found that phos-
phorylation of distinct serine residues in the carboxy ter-
minal region of mouse Cx45 correlated with increased
degradation. Cx45 protein of the constructs Ser381,382,
Ser384,385 and 9Ser was degraded twice as fast, result-
ing in half-lives of 2 to 2.5 hr. Protein of the construct
3Ser showed a similar turnover as Cx45 wild type, al-
though phosphorylation of mutant 3Ser was less than
phosphorylation of Ser384,385. Only when the double
serine residues at positions 381 and 382 or 384 and 385
were exchanged for other amino acids, the half-life time
was decreased up to 50%. Since the deletion mutant
C122 also lacked these serine residues, the turnover of
C122 protein should have been less than the observed 3.9
hr. However, in contrast to the other mutants, truncated
Cx45 could not be detected at the plasma membrane and,
therefore, was probably degraded via a different path-
way. During accumulation in perinuclear membranes,
C122 protein was not subject to obvious degradation.
Possibly it was not preferentially eliminated as a defec-
tive protein, but did not carry the necessary signals for
correct transport to the plasma membrane.

The mechanism(s) by which Cx45 is degraded may
include the ubiquitin-mediated proteolysis in protea-
somes. This pathway has been shown to prevail in deg-
radation of Cx43 (Laing & Beyer, 1995). Further analy-
ses should provide more information about the correla-
tion between phosphorylation and ubiquitination of
Cx45. Degradation of dephosphorylated isoforms could
reveal an important role of phosphatases in the regulation
of intercellular communication via gap junctions.
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