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Abstract. Phosphoamino acid analysis of mouse con-Key words: Intercellular communication — Site-
nexin45 (Cx45) expressed in human Hela cells revealedpecific mutagenesis
that phosphorylation occurred mainly at serine residues,
but also on tyrosine and threonine residues. To charac- )
terize the role of Cx45 phosphorylation, different serinelntroduction
residues of the serine-rich carboxy terminal region were
deleted or exchanged for other amino acids residueg3ap junctions consist of agueous channels that directly
Human HelLa cells deficient in gap junctional intercellu- connect the cytoplasms of adjacent cells. These intercel-
lar communication were stably transfected with appro-lular channels are formed by transmembrane proteins,
priate constructs and analyzed for expression, localizathe connexins (Cx) (for reviewseePaul, 1995; Good-
tion, phosphorylation, formation of functional gap junc- €nough, Goliger & Paul, 1996; Kumar & Gilula, 1996).
tion channels and degradation of mutant Cx45. Different connexins are expressed in a cell type specific
After exchange or deletion of nine carboxy terminal manner. Connexin45 (Cx45) is one of thirteen murine
serine residues, phosphorylation was decreased by 90%@nnexin proteins that have been described so far. It is
indicating that these serine residues represented mafxpressed in many tissues, e.g., lung, heart, kidney, brain
phosphorylation sites of mouse Cx45. The various serand skin (Beyer, Paul & Goodenough, 1990; Hen-
ine residues of this region contributed differently to thenemann, Schwarz & Willecke, 1992; Butterweck et al.,
phosphory|ation of Cx45 Suggesting a Cooperative1994) and in different mammalian cell lines including
mechanism for phosphorylation. Substitution of differ- WB, SKHepl, BHK and BWEM cells (Laing et al.,
ent serine residues for other amino acids did not interferd 994b; Koval et al., 1995).
with correct intracellular trafficking and assembly of Connexin polypeptides are inserted into membranes
functional gap junction channels, as shown by localiza-0f endoplasmic reticulum and intramolecular disulfide
tion of mutant Cx45 at the plasma membrane and by dy&onds are formed (Evans, 1994). Connexin proteins are
transfer to neighboring cells. Truncated Cx45 was alsgransported to the plasma membrane as hexamers
weakly phosphorylated but was trapped in perinucleafligomerization seems to be a prerequisite for transport
locations. Dye transfer of these transfectants was similaf0 the plasma membrane. Musil & Goodenough (1993)
as in nontransfected HelLa cells. The half-life of mousereported post-ER assembly of Cx43 hexamers in the
Cx45 protein in HeLa cells was determined as 4.2 hrirans Golgi network, whereas Kumar et al. (1995) de-
Pulse-chase experiments with the different transfectantected oligomerized hemichannels already in the mem-
revealed an increased turnover of Cx45, when one oPranes of ER of Cx32 transfectants. The mechanisms by
both of the serine residues at positions 381 and 382 owhich connexin hexamers are directed to the plasma
384 and 385 were exchanged for other amino acids. ThE1embrane are not known, although vesicular transport

half-life of these mutants was diminished by 50% com-seems very likely to be involved. Upon cell-to-cell con-
pared to wild type Cx45. 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
I were found as large aggregates, i.e., the gap junction
Correspondence td. Traub plagues (Loewenstein, 1981). Previously it was assumed
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that gap junctions were removed from the plasma memearboxy terminal rich region of Cx45, that are potential

brane by endocytosis of the double membranous channsites of phosphorylation by multiple kinases. The mutant

complex, that is guided to the lysosomes for degradatiof©x45 constructs were expressed in HelLa cells and ana-

(Larsen & Tung, 1978; Larsen et al., 1979; Vaughan &lyzed. Our results showed that these serine residues are

Lasater, 1990). Recent results indicate that Cx43 is demajor sites of Cx45 phosphorylation. When the C-

graded via the ubiquitin mediated proteosomal pathwayerminus of Cx45 was truncated by 26 amino acid resi-

(Laing & Beyer, 1995). Gap junctions are very dynamic dues the remaining protein was not transported to the

structures. The half life of connexin proteins in different plasma membrane. Exchange of different serine residues

cells was determined as 1-5 hr (Fa”on & Goodenough,did not interfere with correct intracellular trafficking or

1981; Traub et al., 1987 and 1989; Laird et al., 1991). formation of functional gap junction channels. Instead,
Most connexins (Cx31, 32, 37, 40, 43, 45 and 46)Phosphorylation of the double serine motif near the car-

are phosphorylated proteins (Traub et al., 1987; Crow ePOXy terminus of Cx45 prevented accelerated degrada-

al., 1990; Musil et al., 1999 Jiang et al., 1993; Butter- tion of mouse Cx45 protein.

weck et al., 1994; Laing et al., 1994b; Traub et al., 1994,

1995). Cx43 is .phosp.horylated in the 'ER or cis Golgi\aterials and Methods

compartment, displaying the Cx43-P1 isoform, whereas

phosphorylation to the P2 isoform occurs in the plasma

membrane (Musil & Goodenough, 1991). Oligomeriza- CELLS AND CULTURE CONDITIONS

Flon and transport of Cx43 -tO the plasma membrane ar%iuman cervix carcinoma Hela cells (ATCC CCL2) were cultured in

independent of the processing of Cx43 to the P2 ISOformDuIbecco‘s modified Eagle’s medium supplemented with 10% fetal

but the existence of P2 isoform correlates with the ag-alf serum, 100 U/ml penicillin and 1Q8g/ml streptomycin at 37°C in

gregation of gap junction plagues and is necessary foa moist atmosphere of 10% GO

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-site specific mutagenesis was performed using the gapped-duplex

radation of connexins. The loss of higher phosphorylat-method (Kramer & Fritz, 1988). In mouse Cx45 cDNA (Hennemann et

ed isoforms of Cx43 correlated with a fast turnover of @l 1992) serine residues at positions 374, 376, 378, 381, 382, 384, 385,

gap junction plaques and with degradation of CX43387 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
(Crow et al., 1990; Laird et al., 1995). In analogy, acti- region, a stop codon was introduced at amino acid position 371. This

vation of protein kinase A increased phosphorylation ofresulted in a truncated carboxy terminal region with only 122 amino
Cx32 and slowed down uncoupling of hepatocytes, posacids left after the presumed forth transmembrane domain (construct
sibly due to a diminished withdrawal of connexins from C122). For the different constructs the following synthetic oligonucle-
the plasma membrane (Saez et al., 1989). Phosphoryléﬂdes were used (sequence differences to mouse Cx45 are underlined)
tion of Cx32 via activation of protein kinase C abolished >oo" & Sers74.376,378):
; , ) 5'-GTG GGGGCCAAA GCT GGG CCCAAC AAA GGC GGT
Cx32 proteolysis by calpain (Elvira et al., 1993, 1994). 5 3/
Phosphorylation of connexins occurs most fre-ser3s1,382:

qguently at serine residues (Cx43: Crow et al., 1990; Fil- 5-GGG TCC AAC AAA GGC GCTATT AGT-3'
son et al., 1990; Musil et al., 1980Cx32: Saez et al., Segﬁi‘éisiim ATT GOT TTAAA TCA GGG.3
1986; Traub et al., 1987). If Cx43 is phosphorylated at_ >~ i
tyrosine residues, e.g a)fter infection Fc))f ceFI)Is w)i/th Rousgser (- Ser374,376,378,381,382,384,385,387,393):

; 1= , : ) ) 5'-GTG GGGGCCAAA GCT GGG CCCAAC AAA GGC GGT
sarcoma virus or transformation with middle t-antigen of o_3' and
Polyoma virus, intercellular coupling is inhibited (Filson 5-ATT GGT GGCAAA GCAGGG GAT GGG AAG ACCGCC
et al.,, 1990). This indicates that communication viaGGC-3
gap junctions might be regulated by different kinases 122
Indeed many kinases have been shown to influence gap5 -CGG GAA AAG AAG GCCTAAGTG GGA TCC-3
junction mediated intercellular communication (Bennett
et al.,, 1991). So far it is unclear whether phosphoryla-TransrecTiON OFHELA CELLS
tion affects the gating of gap junctions directly or via
regulation of the turnover of different connexins. Possi-All mutant Cx45 gene constructs were ligated into the vector
bly different sites of connexin phosphorylation fulfill dif- pBEHpac18 (Horst et al., 1991) containing the SV40 early promotor, a

. . . : olyadenylation signal and a gene for puromycin resistance. DNA (2.5
}‘Srzil:[]ito];:'lsncuons in the metabolism and regulation of gapEug) of the linearized construct and 2@ of genomic DNA of HelLa

. cells were precipitated by calcium phosphate and added to the medium
To evaluate the role of phosphorylation of mouseof 60% confluent HeLa cells for 16 to 20 hr. Forty-eight hours after
Cx45, we replaced or deleted nine serine residues of theansfection, the medium was replaced by fresh medium containing 1

' CONSTRUCTION OFMUTATED Cx45
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rg/ml puromycin. Individual clones were picked and cultivated in (Traub et al., 1994) using polyclonal rabbit antibodies directed to the
selective medium for further analyses. carboxy terminal part of mouse Cx45 (Butterweck et al., 1994). After
SDS-PAGE, gels were fixed, dried and used for autoradiography.
Labeling with2P-phosphate was performed for 4 hr. Autoradiographs
NORTHERN BLOT ANALYSIS were scanned and the signals’@®-phosphate labeled Cx45 compared
with the total amount of protein in the lysate. Since the antibodies used
Cells were homogenized using QlAshredder™ (Qiagen, Hilden, Gerfor immunoprecipitation were directed to the carboxy terminal part of
many) and total RNA was isolated using the RNeasy Total RNA Kit Cx45 protein, mutations in this region could have influenced binding of
(Qiagen, Hilden, Germany) according to instructions of the company the antibodies. For correct interpretation of phosphorylation signals,
Electrophoresis, Northern blotting, hybridization at high stringency the precipitable amount of Cx45 in each transfectant was estimated by
(55% formamide, 42°C, 5x SSC), filter washing and autoradiographyimmunoprecipitation of°S-methionine labelled cellgiéta not showh

were performed as described (Willecke et al., 1991). A BamH1 re-From the intensity of the signals obtained, the extent of phosphoryla-
striction fragment (1.2 kb) of mouse Cx45 cDNA, corresponding to thetjon of mutant Cx45 was calculated.

region from nucleotide position 863 to position 2074, was purified,
denatured and used as probe for hybridization analysis.
ANALYSIS OF PHOSPHOAMINOACIDS

IMMUNOCHEMICAL ANALYSIS To analyze the phosphorylated amino acids of Cx¥®-phosphate
labeled proteins were immunoprecipitated and separated by electropho-

Cells were grown to 80-90% confluence and harvested in lysis buffefresis as described above. The separated proteins were blotted onto :

(0.06m Tris-HCI, pH 7.4, 3% SDS). Lysates were subjected to soni- PYDF membrane (Immobilon, Millipore, Eschborn, Germany) and

fication, SDS-PAGE and immunoblot analysis as described (Traub etjsed for autoradiography. The band represenfififlabeled Cx45

al., 1994). Polyclonal rabbit antibodies, directed to the carboxy termi-was identified on the membrane and cut out. After rehydration (incu-

nal part of mouse Cx45 (Butterweck et al., 1994), were used for de-hation in methanol, followed by 40, each bathing for 0.5 min), acid

tection. Concentration of protein was determined using the Bicincho-hydro|y3is, two-dimensional separation of phosphoamino acids and au-

ninic Acid Protein Determination Kit (Sigma, Deisenhofen, Germany) toradiography were performed as described (Traub et al., 1989).

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 anfPULSE-CHASE ANALYSIS AND DETERMINATION

rabbit 1gG (Sigma, Deisenhofen, Germany) were used as secondarge HALE-LIFE

antibodies.

For pulse-chase analysis, cells were labeled #®-methionine as
described above. After 1 hr the medium was replaced by non-
radioactive medium, supplemented with additional 15 mg/I methionine

) ) (final concentration: 45 mg/l). Cells were harvested at different time
Cells were grown to 80—90% confluence and harvested in homo@e”"points of chase (0, 1, 2, 3, 4, 6 and 8 hr) and used for immunoprecipi-

zation buffer (10 rm EDTA, 10 mw Tris-HCI, pH 7.4, 320 mu sucrose,  tation analysis. Autoradiographs #iS-methionine labeled Cx45 pro-
1x Complete™ protease inhibitor cocktail (Boehringer, Mannheim, oin were scanned (Scantec system, Biometra, Goettingen, Germany).
Germany). Homogenization was performed by aspiratioh @il ml - The densitrometric values of the signals were correlated to the amount
syringe through a 22-gauge needle. Homogenates were MicroSCoPst protein in the lysates. Using the software“Table curve 2D” (Jandel
cally controlled for intact nuclei. Fractionation was obtained by suc- gejentific Europe, Erkrath, Germany) the mathematical functign=n
cessive centrifugation steps of 10 min at 4@P¢pelleting nuclei and 5 1 px was used for approximation of the results obtained. From these
bigger fragments of the cells), 20 min at 15,009fpelleting plasma ¢y ryes the half-life was calculated. Pulse-chase experiments were re-
mempranes) and 20 min at 45,00@x(pellet|_ng most cytoplasmic . peated twice with each transfectant. From each experiment, autoradio-
proteins). Samples were resuspended in lysis buffer and used for iMyaphs were used after three different exposure times to determine the
munoblot analysis. half-life. Then the average half-life of the Cx45 protein in each trans-
fectant was determined.

CRUDE SUBCELLULAR FRACTIONATION

MICROINJECTION AND DYE TRANSFER

Microinjection and detection of Lucifer Yellow (Sigma, Deisenhofen, Results

Germany) or neurobiotin (Vector Laboratories, Burlingame, CA) in

HelLa wild type cells and transfectants were performed as describe%_|OSF,HOAMINO ACID ANALYSIS OF Cx45
(Elfgang et al., 1995). For each cell line and tracer at least 20 injections

were carried out. . . -
Stable transfection of HelLa cells, defective in intercel-

lular transfer of Lucifer Yellow, with mouse Cx45 cDNA
METABOLIC LABELING AND |MMUNOPRECIPITATION led to expression of the 45 kDa protein that was phos-
phorylated (Butterweck et al., 1994). Analysis of the

phosphate an&S-methionine as described (Traub et al., 1994). How phosphoamino acids of Cx45 revealed phosphorylated
ever, Na-ortho-vanadate (10vhand protease inhibitor cocktail (Boeh- S,e“ne' threonine and tyrosine reS|dugs (Flg: 1)' A strong
ringer, Mannheim, Germany) were added to RIPA lysis buffer instezadsf'gnal was detected fpr phosphosgrme. W'th prolonged
of phenylmethylsulfonylfluoride (PMSF) and Trasylg?P- and®ss-  time of acid hydrolysis, the intensity of this signal in-

labeled lysates were subjected to immunoprecipitation as describeéreased, whereas the signal for phosphotyrosine de-

Cells at 80-90% confluence were metabolically labeled Withortho-
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Start

Fig. 1. Phosphoamino acid analysis of Cx45.
Tyr-p ; Hela cells tra_nsfected with mouse Cx45 cDNA
were metabolically labeled witf?PQ, 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 mi(and 2 hr

TN~ e (B). Lysates were separated two-dimensionally by
Lritis ; electrophoresis and chromatography, followed by
- autoradiography (exposure time: 6 weeks). The
X positions of phosphoserine (Ser-P),
__é phosphothreonine (Thr-P) and phosphotyrosine

(Tyr-P) were determined by nonradioactive
phosphoamino acids.

Start

creased. Phosphothreonine was detected only after tw@g-ig. 4). Except for the deletion mutant C122, all other
hours of acid hydrolysis as a weak signal. However, thedransfectants showed immuno signals at apposed plasm:
predominant phosphoamino acid in mouse Cx45 eximembranes. With C122, fluorescent signals could only
pressed in HelLa cells is phosphoserine. 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,

!n the _carboxy terminal part O.f CX4E_’ there is aregion rIChwhereas with all other mutants the strongest signals were
in serine residues. The amino acids at position 374 t%btained in the fraction of plasma membranes

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 (COMpLosPHORYLATION
struct C122) or exchanged them for other amino acids

(constructs 3Ser, Ser381,382, Ser384,385 and QSerP. Il mutants the level of phosphorvlati f Cxd5
After transfection of HelLa cells, expression of the mu- n all mutants the level ot phosphorylation of Lx25 was

; decreased (Fig.A). Compared to wild-type Cx45, ex-
tated mouse Cx45 cDNA was determined by Northern hange (construct 9Ser) or deletion (construct C122) of

blot analysis (data not shown). Transfectants showin

the highest level of Cx45 mRNA (2.2 kb) were selecteddII hine car?ox%/ terrr?inall ierine. resildueé:. IethSo_ a 89%
for further examination. In immunoblot analysis (Fig. ecrease of phosphorylation signals (Fig).6Since

3), we obtained signals for wild type as well as mutantbOth mutants still showed weak signals, other phosphor-

Cx45 protein in which different serine residues were ex_ylate_d sites were present be_sides the serine-rjch carbox,
erminal region. These findings correlated with the re-

changed. Deletion of the last 26 amino acids of Cx45 led its of phosoh i id \vsis. showing that i
to a faster migrating protein, observed at a position cor>U'tS 0T pnospnoamino acids analysis, showing that in
: addition to serine residues other amino acids became alsc
responding to 42 kDa.
phosphorylated.
If distinct serine residues of the carboxy terminal
CELLULAR LOCALIZATION OF MUTATED Cx45 region were missing, phosphorylation was decreased by
67% with mutant 3Ser, by 78% with mutant Ser381,382
Indirect immunofluorescence analysis of the differentand by 32% with mutant Ser384,385 compared to wild-
Hela transfectants revealed the typical punctuate stainype Cx45. This means that serine residues at positions

ing pattern of gap junctions at the plasma membrane&81 and 382 contributed much more to the extent of

ExcHANGE OF CARBOXY TERMINAL SERINE RESIDUES
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amino acid position
serine residues 396
376 382 385 l
374 378 381 384 387 393

L i | |1 wildtype Cx45

* x * T [ | 3ser

LT 1 o | I | ser3s1,382

mutations. Schematic representation of the

carboxy terminal region of mouse Cx45 (amino
* Ox o+ R * ] 9Ser acids 364-396) and the different constructs with
serine residues exchanged or deleted. |, serine
residue;, substituted serine residue; , deleted
C122 region.

T
—]
—
—
—] 1 T , | seras4.385 Fig. 2. Location of Cx45 carboxy terminal
—
—

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
kDa 1 1 23] 4a]s | 6 | 7 deletion mutant C122 as well as nontransfected Hela
cells did not transfer any Lucifer Yellow to neighboring
cells data not showp Compared to Lucifer Yellow (M

68> G 443, two negative charges) injection of neurobiotin, (M
- : : 287, one positive charge) into HelLa cells transfected
as» ‘ s . ‘ - ‘ 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.
Fig. 3. Expression of mutant Cx45 in HeLa transfectants. Immunoblot 1 iS low level of dye transfer did not exceed the one
of electrophorezed protein lysates of different HeLa transfectants aftePbserved with nontransfected HelLa cells. Thus, trans-
incubation with polyclonal rabbit Cx45 antibodies as well '&§8- fection of HelLa cells with construct C122 did not lead to
labeled protein A and autoradiography. In each lanqu§®f protein  any additional gap junction channels between adjacent
were applied onto the gel. cells. The other Hela transfectants, expressing mutant
Cx45, showed increased coupling compared to nontrans-
) ] ) fected cells, indicating that exchange of serine residues
phosphorylation of Cx45 than the other serine residuesyig not interfere with formation of functional gap junc-
Summation of the residual phosphorylation signals ofijon channels. Dye transfer of the transfectants
the mutants 3Ser, Ser381,382 and Ser384,385 exceede@(3g1,382, Ser384,385 and 9Ser was similar as in wild

the 100% level of phosphorylation of wild-type Cx45. tyne Cx45 transfectants. The decreased cell to cell trans-
Therefore we conclude that the different events of seringer of mutant 3Ser was most likely due to the low level

phosphorylation are dependent of each other. of expression of this protein.

[ ]
%o
vy

INTERCELLULAR COMMUNICATION HALF-LIFE oF Cx45 MUTANTS

To analyze whether gap junction channels made of muPulse-chase analyses wifiS-methionine were per-
tant Cx45 protein were functional, the fluorescent dyeformed in order to determine the half-life of mutant Cx45
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Cx45 wildtype

Fig. 4. Localization of mutant Cx45 protein by
indirect immunofluorescence in cultured HelLa
transfectants Cx45, 9Ser and C122 after incubation
with polyclonal rabbit Cx45 antibodies and FITC
conjugated goat anti-rabbit 1I9G. 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 2pum.

protein. Figure 8 shows autoradiographs of differentDiscussion

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 thePHOSPHORYLATION OF Cx45IN HELA TRANSFECTANTS
lysates and expressed as a mathematical function. From

these values, the half-life of each Cx45 mutant was calanalysis of phosphorylated amino acids of mouse Cx45
culated. The average half-life times of the differentexpressed in HelLa transfectants revealed signals for
mutants are shown in Table 1. Pulse-chase experimenishosphoserine, phosphothreonine and phosphotyrosine
revealed a half-life of 4.2 hr for Cx45 in Hela- with serine residues as the major target of phosphoryla-
transfectants. After substitution of all nine serine resi-tion. Previously, phosphorylation on serine residues has
dues of the carboxy terminal region of Cx45 (constructbeen established for Cx43 (Crow et al., 1990; Filson et
9Ser), the half-life was reduced by 50%. If the serineal., 1990; Musil et al., 199§), Cx32 (Traub et al., 1989;
residues at positions 381 and 382 (construct Ser381,382)row et al., 1990) and Cx45 (Darrow et al., 1995). In
or at positions 384 and 385 (construct Ser384,385) wereontrast to our findings, the latter publication reported
exchanged, half-life times were decreased to 2.3 and 2.6erine residues as the only phosphoamino acids of Cx45
hr, respectively. Exchange of serine residues at positioin cultured neonatal rat ventricular myocytes. However,
374, 376 and 378 (construct 3Ser) or deletion of the lasthese primary cells express Cx45 in quite lower amounts
26 amino acids (construct C122) had little influence onthan HeLa Cx45 transfectants. The phosphorylation of
the turnover of Cx45. The half-life time of the 3Ser mu- tyrosine residues of Cx45 observed in our experiments
tant protein was 4.1 hr, and that of the C122 protein 3.2did not lead to an inhibition of dye transfer between
hr. transfected Hela cells. This is in contrast to tyrosine
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A Cxd5 3Ser Ser381,382  Ser3s4,385 9Ser ci22
wild-type
N PM C N PM C N PM C N PM C N PM C N PM C
45 kDo
- *e® o - ) I .
e a= " - - - Fig. 5. Localization of mutant Cx45 proteins

Cx45  wild-

type

Ser381,382

Ser384,385

9Ser

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, 5Qug of protein were applied to

the gel, with exception of the cytoplasmic
fractions of transfectants HelLa45, 3Ser,
Ser381,382 and C122, where due to smaller
yields only 30p.g of protein were applied. (B)
Diagrammatic representation of the results shown
in A after densitometric evaluation of the
autoradiographs, standardized pey of protein

applied to each lane.

phosphorylation of Cx43 by pp&06™ that inhibited gap
junctional intercellular communication (Crow et al., A
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 Cx2¢€
43 or 45 were differentially regulated (Kwak et al.,

1995).

We found that phosphorylation of mutant Cx45 in o
Hela transfectants was decreased, compared to norm -
Cx45. Exchange (construct 9Ser) or deletion (construc
C122) of all nine serine residues of the serine-rich car-
boxy terminal region (amino acids 374-396) caused &
decrease of phosphorylation signals by about 90%, indi
cating that these serine residues were the main sites «
Cx45 phosphorylation. Since the mutated 9Ser anc| B
C122 proteins were weakly phosphorylated, other aminc %
acids besides these serine residues were functioning
targets of phosphorylation. Phosphorylation of these
other sites was independent of the existence or phospho| e
ylation of serine residues in the carboxy terminal region.
Laing et al. (1994) had reported multiple phosphoryla-
tion sites of chicken Cx45 protein in the carboxy termi-| 21—
nal region and the cytoplasmic loop. In contrastto Cx43|
(no serine residues in the cytoplasmic loop), the centra
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 positiongig' 6. Phosphorylation of mutant Cx454) Autoradiograph of*PO,
' abeled and immunoprecipitated Cx45 protein of different transfectants.

38,1 and 382 is a prereqwsne for additional phosphory-me wrg of protein extract were applied to the geB) Diagrammatic
lation on other amino acids. Such a cooperative meCh_Q'epresentation of the extent of phosphorylation evaluated as described.

nism for phosphorylation has been shown for the proteinrhe average values of phosphorylation are shown in relation to wild
p53, that is only a substrate for SV40 T-antigen activatedype Cx45.

Ser381,382  3Ser 9Ser  Ser384,385 Cxd45 wild-

type

c122
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Cx45 wildtype

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, 2Q.m.

kinase after it has been phosphorylated by cdk-2-kinas

. . . . X Pulse Chase
at an adjacent serine residue {Mu & Scheidtmann, 6 1 2 3 4 & 8
1995). B i
Cx45 wild-type ‘ . ‘ ‘ ‘ ‘ ‘
PHOSPHORYLATION AND INTRACELLULAR TRANSPORT :
OF Cx45 3 |
3Ser
We conclude from our results that accumulation of the ‘ ® e e . . -

shortened Cx45 protein (C122 mutant) in the cytoplasn
was due to truncation of the polypeptide and not to the :
missing serine residues. Probably the very end of the|serss1,3s2 ‘ . ® e
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|Ser384,385 ® 0= - -
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 [9Ser ® 0 - .
channels (Spray et al., 1996). When truncated Cx45 wa
expressed in ROS cells, it could be detected at the plasir _—
membrane (Koval et al., 1995). However, ROS cells en- ‘ ‘
dogenously express Cx43, in contrast to HeLa cells use|®1?2 ‘ & e .
in our experiments. Therefore, it is possible that in ROS
cells truncated Cx45 was transported to the plasma men
branAelttr?get?]etr with ?)(;42 V£I1a5 heteronﬁnc hemltcréatnntehlsltig. 8. Half—life of Cx45 muta_nt§ determined by pulse—chase gn_alysis.
oug runca_e X4o was no ranSpor,e _0 eAutoradlographs off°S-methionine labeled and immunoprecipitated
plasma membrane in transfected HelLa cells, it still bexas of the different transfectants are shown. Cells were labeled for 1
came phosphorylated. Therefore, phosphorylation ofr (pulse) and chased in nonradioactive medium for up to 8 hr.
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Table. Results of analyses performed with the different Cx45 mutants

Name of Mutation Protein  Main protein  Transfer of Transfer of Neurobiotin Phosphorylation Half-life of
transfectant (kDa) localization Lucifer Yellow protein
Number of Number of Percentage % Hours %
stained cells stained cells  of transfer
HelLa45wt 45 M 11 30 100 100 4.2 100
3Ser S374A 45 M 3 13 43 33 41 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 21 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.

Cx45 at other sites than the carboxy terminal serine resimembranes but accumulated in the cytoplasm, the for-
dues must have occurred early in the process of traffickmation of additional gap junction channels was obvi-
ing. Phosphorylation in endoplasmic reticulum or Golgi ously abolished. In Cx43, exchange of the serine residue
has been shown for many other proteins, among themat position 364 led to a significant reduction of dye trans-
Cx43 (Laird et al., 1995). The functional role of con- fer between cells expressing this mutated protein (Britz-
nexin phosphorylation in these compartments is yet unCunningham et al., 1995). We did not observe a similar
known. Possibly it prevents misfolding or early degra- effects of an altered serine residue in the carboxy termi-
dation of connexins or supports the process of oligomernal region of Cx45. Only with construct 3Ser, dye trans-
ization of connexins to form hexamers. Our experimentder between transfected cells was lower than with other
revealed that carboxy terminal serine residues of Cx4%°x45 mutants. But this decrease was most likely due to
are not involved in this process. the lower expression level of this mutated Cx45 protein.
Further analyses are necessary to determine whethel
single channel conductance of Cx45 is changed due to

PHOSPHORYLATION AND FORMATION OF FUNCTIONAL the exchange of different serine residues.

GAP JUNCTION CHANNELS OF Cx45

The function of gap junction channels was determined byPHOSPHORYLATION AND DEGRADATION OF Cx45

transfer of Lucifer Yellow or neurobiotin between cells

expressing mutated Cx45 protein. Compared to nonPhosphorylation of connexins has been correlated to deg-
transfected Hela cells, all transfectants with serine resiradation of these proteins. Laird et al. (1995) showed a
dues substituted showed increased dye transfer to neigleorrelation between the loss of higher phosphorylated
bouring cells. Even when all nine carboxy terminal ser-isoforms of Cx43 and a rapid turnover of gap junction
ine residues of Cx45 had been replaced, the mutarplagues. Phosphorylation of Cx32 slowed down inter-
transfectants showed the same extent of dye transfer amlization of gap junction channels from the plasma
wild-type Cx45 transfectants. The deletion mutant C122membrane and led to the decreased proteolysis of con-
led to the same low level of homotypic dye transfer asnexins (Saez et al., 1989; Elvira et al., 1993, 1994). For
measured in non transfected Hela cells. Since truncatechick Cx45 it has been shown that decreased phosphor-
Cx45 protein could not be detected at apposed plasmglation coincided with degradation of this protein (Laing
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& Beyer, 1996)_ The half-life time of Cx45 in rat myo- Rous Sarkoma Virus-transformed mammalian fibroblaMsl.

cytes was demonstrated to be 2.9 hr (Darrow et al., Cell. Biol. 10:1754-1763 _

1995). In our analyses the half-life of wild-type Cx45 barrow, B.J., Laing, J.G., Lampe, P.D., Safftz, J.E., Beyer, E.C. 1995.
. Expression of multiple connexins in cultured neonatal rat ventricu-

protein in HeLa_ cglls was 4.2 h_r. We_ found that phos- - myocytes Circ. Res.76:381-387

phorylation of distinct serine residues in the carboxy ter-gitgang, c., Eckert, R., Lichtenberg-Fraté., Butterweck, A., Traub,

minal region of mouse Cx45 correlated with increased o., Klein, A.R., Hilser, D.F., Willecke, K. 1995. Specific perme-

degradation. Cx45 protein of the constructs Ser381,382, ability and selective formation of gap junction channels in connexin

Ser384,385 and 9Ser was degraded twice as fast, result- transfected HeLa cellsl. Cell Biol. 126:805-817

ing in half-lives of 2 to 2.5 hr. Protein of the construct Elvira, M., Diez, J.A., Wang, K.K.W., Villalobo, A. 1993. Phosphor-

P . _Ylation of connexin-32 by protein kinase C prevents its proteolysis
3Ser showed a similar turnover as Cx45 wild type, al by w-Calpain and m-Calpaind. Biol. Chem 268:14294-14300

thouqh phos_phorylanon of mutant 3Ser was less thartlvira, M., Wang, K.K.W., Villalobo, A. 1994. Phosphorylated and
phosphorylation of Ser384,385. Only when the double  non-phosphorylated connexin-32 molecules in gap junction plaques
serine residues at positions 381 and 382 or 384 and 385 are protected against calpain proteolysis after phosphorylation by
were exchanged for other amino acids, the half-life time  protein kinase CBiochem. Soc. Tran22:793-796

was decreased up to 50%. Since the deletion mutarﬁvansI W.H. 1994. Assembly of gap junction intercellular communi-
C122 also lacked these serine residues, the turnover of ”Zar‘]“og ghag’;i'ifg:ger:“ szc'ggi‘gézgi‘:ﬁzhal e of mouse
C122 protein should have been less than the observed 3.9 liver gap’juncﬁon pmtei’nj_ Cell Biol. 90-531-526

hr. However, in contrast to the other mutants, trunca‘te(ftilson, A.J., Azarnia, R., Beyer, E.C., Loewenstein, W.R., Brugge, J.S.
Cx45 could not be detected at the plasma membrane and, 1990. Tyrosine phosphorylation of a gap junction protein correlates
therefore, was probably degraded via a different path- with inhibition of cell-to-cell communicationCell Growth Differ.
way. During accumulation in perinuclear membranes, 1:661-668

C122 protein was not subject to obvious degradationGoodenough, D.A., Goliger, J.A., Paul, D.L. 1996. Connexins, con-
Possibly it was not preferentially eliminated as a defec- nexons, and intercellular communicatioAnn. Rev. Biochem.

i . . ! 65:475-502
tive protein, but did not carry the necessary signals forHennemann, H., Schwartz, H.J., Willecke, K. 1992. Characterization of
correct transport to the plasma membrane.

. . ‘ gap junction genes expressed in F9 embryonic carcinoma cells:
The mechanism(s) by which Cx45 is degraded may  molecular cloning of mouse connexin31 and -45 cDNEsr. J.

include the ubiquitin-mediated proteolysis in protea- cCell Biol. 57:51-58

somes. This pathway has been shown to prevail in degHorst, M., Harth, N., Hasilik, A. 1991. Biosynthesis of glycosylated

radation of Cx43 (Laing & Beyer, 1995). Further analy- human lysozyme mutantd. Biol. Chem266:13914-13919 _

ses should provide more information about the Corre|a_J|ang, J.X., Paul, D.L., Goodenough, D.A. 1993. Posttranslational

. : A . phosphorylation of lens fiber connexind6: a slow occurrete.
tion between phosphorylation and ubiquitination of vest. Ophthalmol. Vis. Sc#4:3558-3565

Cx45. De_gradatlon of dephOSphorylated _|soforms Coqlqmval, M., Geist, S.T., Westphale, E.M., Kemendy, A.E., Civitelli, R.,
reveal an important role of phosphatases in the regulation geyer, E.C., Steinberg, T.H. 1995. Transfected connexin45 alters
of intercellular communication via gap junctions. gap junction permeability in cells expressing endogenous con-
nexin43.J. Cell Biol. 130:987-995
a|i<ramer, W., Fritz, H.J. 1988. Oligonucleotide-directed construction of
mutations via gapped duplex DNMeth. Enzymol154:350-367
mar, N.M., Friend, D.S., Glilula, N.B. 1995. Synthesis and assembly
of humanB1 gap junctions in BHK cells by DNA transfection with
the human31 cDNA. J. Cell Sci.108:3725-3734
Kumar, N.M., Gilula, N.B. 1996. The gap junction communication
channel.Cell 84:381-388
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