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Abstract

Binding of a growth factor such as epidermal growth factor (EGF), to its

specific cell surface receptor results in numerous intracellular responses,

including increased DNA synthesis, regulation of epithelial proliferation and

differentiation. The events linking EGF-induced receptor activation to

these responses are still largely unknown. My work shows that EGF

treatment of T51 B rat liver epithelial cells resulted in a rapid and transient

disruption of gap junctional communication (gjc). EGF also stimulated the

activation of its receptor tyrosine kinase in a time-dependent manner which

occurred prior to the disruption of gjc. These results suggested that EGF

receptor activation may be the first of a cascade of events mediating the

disruption of gjc. EGF's ability to disrupt gjc was not due to any gross

alterations in gap junctional plaques or cell-cell contacts between adjacent

cells. Coincident with the disruption of gjc was the serine phosphorylation

of connexin43 (Cx43). In addition to this kinetic similarity, EGF's effects

were dose-dependent which also suggested that a functional relationship

may exist. This hypothesis was further substantiated when okadaic acid, a

serine/threonine phosphatase inhibitor prevented the dephosphorylation

and concomitant restoration of gjc. Therefore, it appeared that EGF

induced disruption of gjc functionally depends on the post-translational

serine phosphorylation of Cx43. While the signalling cascade(s) mediating

EGF's effects has not yet been defined, down-modulation of TPA-sensitive

PKC activity did not affect EGF's ability to reduce junctional permeability or

phosphorylate Cx43. This suggested that TPA-sensitive PKC may not be

required. EGF, in the presence or absence of chronic TPA treatment,

stimulated marked increases in Cx43 phosphorylation on numerous sites
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as determined by two-dimensional tryptic phosphopeptide mapping. It is

possible that Cx43 may be phosphorylated and/or regulated by multiple

serine kinases. Computer-assisted sequence analysis of Cx43 identified

several protein kinase phosphorylation consensus sites including two sites

for mitogen-activated protein (MAP) kinase. Thus, MAP kinase may

mediate, in part, EGF's ability to disrupt gjc and phosphorylate Cx43. EGF

stimulated the tyrosine phosphorylation and activation of MAP kinase in a

time- and dose-dependent manner where the kinetics of kinase activity

corroborated its possible involvement in mediating EGF's effects.

Moreover, purified MAP kinase directly phosphorylated Cx43 in vitro. Two

dimensional tryptic phosphopeptide mapping demonstrated that the in vitro

tryptic phosphopeptides represented a specific subset of the in vivo tryptic

phosphopeptides produced in response to EGF following chronic TPA

treatment. Therefore, EGF-induced disruption of gjc may be a functional

consequence of Cx43 phosphorylation.
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Chapter 1

Introduction

Structure of Gap Junctions

Gap junctions were initially characterized in electron micrographs as

membranous areas between cells separated by a 2 nm gap (Robertson,

1963). They have since been characterized as intercellular channels

composed of hemichannels (connexons) in the plasma membrane of one

cell "docking" to connexons from adjacent cells creating continuous

aqueous channels. These channels allow cells to communicate both

electrically and chemically. Each connexon is comprised of six protein

subunits termed connexins (Figure 1A) and each connexin protein is

believed to span the membrane four times (Figure 1B). The third

membrane spanning domain is believed to contribute a portion of the

central core channel. The amino- and carboxy-terminal ends as well as

the intracellular loop located medial to the second and third membrane

spanning domains extend into the cytoplasm (Figure 1B). It is believed

that these cytoplasmic domains of the protein are involved in regulating

the permeability of gap junction channels. In addition to the membrane

spanning and cytoplasmic regions, there are two extracellular loops (Figure

1B) each containing three conserved cysteine residues. These loops are

thought to be involved in the "docking" process.

Connexins are now recognized as a family of gap junction proteins

showing evolutionary conservation and diverse expression in various

tissues (Beyer et aI., 1990; Dermietzel et aI., 1990). Recent technological

advances in molecular biology have facilitated the discovery of novel

members of the connexin family throughout the evolutionary scale from
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invertebrates to vertebrates. In addition to evolutionary diversity, certain

connexin species may show extensive tissue distribution. For example,

connexin43 is found in cells of myocardial, myometrial, epithelial and

endothelial origin (reviewed in Dermietzel et aI., 1990). By contrast,

connexin expression can exhibit tissue specificity. For example,

connexin33 is found solely in rat testicular cells (Haefliger et al., 1992).

Functions of Gap Junctions

Gap junctions are involved in a number of physiological events

including synchronization of pacemaker cells and propagation of electrical

impulses throughout the myocardium, electrical coupling of nerve cells,

embryonic differentiation and generation of rhythmic uterine contractions

during parturition (reviewed in Beyer et al., 1990). In addition, gap

junctional communication (gjc) is believed to regulate tissue homeostasis,

cell growth and proliferation by allowing the exchange of ions, small

molecules such as metabolites and second messengers and possibly

growth regulatory molecules having molecular masses less than 1kDa

(Loewenstein and Rose, 1992). Previous studies have compared the

ability of normal and transformed cells to communicate intercellularly

(Mehta et al., 1986; Yamasaki, 1990). Cells transformed by the v-src or H

ras oncogenes exhibit reduced gjc (Arzania et al., 1988; Dotto et aI., 1989;

EI-Fouly et aI., 1989; Crow et al., 1990; Brisette et al., 1991). In addition,

cells transformed by a temperature-sensitive mutant of Rous sarcoma virus

exhibited a rapid and reversible reduction in gjc when the cells were

changed from the non-permissive temperature to the permissive

temperature required for cellular transformation (Atkinson et al., 1981;

Azarnia and Loewenstein, 1984; Crow et aI., 1992). Growth factors and

tumor promotors also disrupt gjc in a number of cell lines (Maldonado et
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al., 1988; Madhukar et al., 1989; reviewed in Klaunig and Ruch, 1990;

Berthoud et al., 1992; Lau et aI., 1992). Moreover, Mehta et al. (1991)

demonstrated that expression of a transfected Cx43 cDNA in

communication-deficient, transformed C3H 1OT1 /2 fibroblasts resulted in

the production of functional Cx43 leading to the normalization of gjc and

growth. Thus, the modulation of gjc is of particular interest because of its

possible role in regulating various physiological functions.

Regulation of Gap Junctional Permeability

Various regulatory mechanisms control the permeability of gap

junction channels. Some gap junctions are voltage-dependent. This

phenomenon was originally observed in the crayfish giant motor synapse

and subsequently observed in arthropod and embyonic vertebrate gap

junctions as well as several mammalian gap junctions (reviewed in

Dermietzel et al., 1990). In certain tissues, gap junctions are sensitive to

intracellular pH to varying degrees (Spray et aI., 1985). Junctional

permeability decreases as the hydrogen ion concentration increases and

the complete disruption of gjc occurs rapidly and reversibly. Although the

mechanism of action is as yet unclear, it has been suggested that the gap

junction protein may contain specific proton binding sites such as histidine

or lysine residues which may act to directly block junctional permeability

(Spray et aI., 1981). Gap junctions can also be regulated by the free

intracellular Ca+2 concentration where channels close in response to

elevating levels of Ca+2 (Loewenstein, 1981). During cell injury, elevated

levels of extracellular Ca+2 enter the cell. As a defense mechanism, gap

junction channels close to prevent the loss of ions, metabolites and small

molecules from neighboring cells. Several hypotheses as to the

mechanism of Ca+2 action have been suggested. The first suggests that
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the direct binding of Ca+2 to the gap junction channel blocks the passage

of molecules through the channel (reviewed in Ramon and Rivera, 1986).

Another suggests that Ca+2 action occurs indirectly through the interaction

with the calcium binding protein, calmodulin (Peracchia,1985,1988).

Whether either of these mechanisms is responsible for the Ca+2 effect

remains to be determined.

Recent studies have demonstrated the connexin protein to be a

phosphoprotein containing phosphates on serine and/or tyrosine residues

(Crowet al., 1990; Musil et al., 1990; Stagg and Fletcher, 1990; Laird et

al., 1991; Oh et al., 1991; Lau et al., 1991, 1992). These studies suggest

that phosphorylation may be a regulatory mechanism. However, the

enzyme(s) acting directly upstream of the connexin protein remains

unknown.

Previous studies have demonstrated a direct correlation between

increased levels of cyclic AMP (cAMP) and increased gap junction channel

permeability (Flagg-Newton et al., 1981; Saez et al., 1986). These studies

suggest that the cAMP-dependent protein kinase (PKA) may be involved.

To further support PKA's involvement, the catalytic subunit of PKA was

demonstrated to directly phosphorylate the connexin protein in vitro (Saez

et al., 1986, 1990). Moreover, a synthetic peptide corresponding to the

carboxy terminal domain of the connexin protein was phosphorylated by

PKA producing a similar two-dimensional tryptic phosphopeptide map as

that seen with the connexin protein phosphorylated in vivo (Spray et aI.,

1988) In addition to the short term effects of cAMP on the permeability of

gap junction channels, previous studies have suggested that cAMP may

also be involved in the biosynthesis of the connexin protein (Roesler e1 aI.,

1988; Risek et al., 1990). Taken together, these studies provide evidence
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that cAMP could regulate gap junctions at the transcriptional level as well

as the post-translational level. These findings are physiologically

significant in that the smooth muscles of the uterus which are normally

weakly interconnected via gap junctions become highly efficient in gjc prior

to parturition to enable synchronized uterine contractions during birth

(reviewed in Dermietzel et aI., 1990). It is believed that circulating

hormones induce an increase in the levels of cAMP leading to the up

regulation of gjc (Garfield et al., 1977; reviewed in Warner, 1988).

Another intensely examined enzyme believed to act directly on the

connexin protein is the Ca+2/phospholipid-dependent protein kinase

(PKC). Phorbol esters such as 12-0-tetradecanoylphorbol-13-acetate
(...

(TPA) are potent tumor promoters that inhibit gjc in a number of cell lines

(Konishi et al., 1990; Asamoto et al., 1991; Berthoud et al., 1992). To date,

the molecular mechanism(s) by which these tumor promoters inhibit

intercellular communication is unclear. However, it has been correlated

with their ability to activate PKC (Nakamura et aI., 1989), a

serine/threonine kinase described as the major phorbol ester receptor

(Parker et aI., 1986; Blumberg, 1988). Previous studies have

demonstrated TPA-induced phosphorylation of Cx26, Cx43 and MP26, a

lens gap junction protein in vivo (Lampe and Johnson, 1989; Brissette et

aI., 1991; Oh et al., 1991; Berthoud et al., 1992) or direct phosphorylation

of Cx32 by purified PKC in vitro (Takedaet aI., 1987; Saez et al., 1990). In

addition, diacylglycerol (DAG), the physiological activator of PKC (Bell,

1986; Ganong et al., 1986) as well as 1-0Ieoyl-2-acetyl-rac-glycerol (OAG),

a synthetic DAG derivative have been demonstrated to inhibit gjc in a

manner similar to that of phorbol esters (Gainer and Murray, 1985;

Enomoto and Yamasaki, 1985). DAG and phorbol esters bind to and

5



activate PKC at common overlapping sites in a competitive manner.

However, phorbol esters are more potent that DAG and not as rapidly

metabolized (Sharkey et aI., 1984; Burns and Bell, 1991). Therefore, TPA

induced disruption of gjc may be mediated by PKC.

Oncogenic protein products have also been implicated in gap

junction channel modulation. Earlier studies demonstrated that cells

infected with the Rous sarcoma virus exhibited reduced junctional

permeability (Atkinson et al., 1981 ; Azarnia and Loewenstein, 1984; Chang

et al., 1985; Azarnia et aI., 1988) The mechanism(s) by which gjc

becomes reduced is unclear. However, correlated with the reduction of gjc

was the phosphorylation of the connexin protein on tyrosine residues

(Crow et al., 1990, 1992; Swenson et al., 1990). In addition, cells

transformed by the polyoma virus also exhibit reduced junctional

permeability similar to that observed in src transformed cells (Azarnia and

Loewenstein, 1987). The viral middle T antigen has been demonstrated to

activate the src tyrosine protein kinase (Bolen et al., 1984). Whether the

sre tyrosine kinase directly phosphorylates the connexin protein or

activates a downstream tyrosine kinase is yet unclear. In addition to the

src oncogene, others have reported reduced gjc in cells transformed by

the ras oncogene. Total disruption of gjc, however, was induced by the

synergistic effects of ras and the phosphoinositol signalling pathway

activated by TPA (Dotto et aI., 1989; Paulson and Atkinson, 1989; Brissette

et al., 1991). Cellular transformation by the mye, mos., fps and neu

oncogenes has also been reported to reduce gjc (Atkinson and Sheridan,

1988; Bignami et al., 1988; Kurata and Lau, 1993). While these studies

demonstrate that oncogenic transformation is associated with modulating
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junctional permeability, further investigation as to the physiological

significance is required.

Growth factor-mediated disruption of gjc has been demonstrated in a

number of cells lines (Maldonado et al., 1988; Madhukar et al., 1989).

Whether this effect is regulated by phosphorylation is as yet unclear.

Moreover, the cascade of events linking growth factor receptor activation to

the disruption of gjc are still largely unknown.

Growth Factor-Mediated Signalling Pathways

Growth factors such as epidermal growth factor (EGF) and platelet

derived growth factor (PDGF) bind to specific cell surface transmembrane

receptors with intrinsic tyrosine kinase activity (reviewed in Varden and

Ullrich, 1988). Upon ligand binding and oligomerization, the receptor

tyrosine kinase is activated phosphorylating a number of cellular substrates

on tyrosine residues as well as its own polypeptide chain

(autophosphorylation). The autophosphorylation sites of the receptor are

located at the carboxy terminal tail which is presumed to be the regulatory

domain of the receptor (Helin et aI., 1991 ; Sorkin et al., 1991). It has been

suggested that autophosphorylation may induce a conformational change

of its kinase domain leading to the recruitment and/or activation of a

number of substrates including Shc, Grb-2, GTPase-activating protein

(GAP), Phospholipase C-gamma (PLC-gamma) and phosphoinositide 3

kinase (P13 kinase) (Ahn et ai, 1990a,b, 1991; Carpenter and Cohen, 1990;

Margolis et al., 1990; Weiel et aI., 1990; Cochet et al., 1991; Hsu et al.,

1991; Glenney Jr., 1992; Hernandez-Sotomayor and Carpenter, 1992;

Margolis, 1992; Pelicci et al., 1992; Rozakis-Adcock et al., 1992). The

recruitment mechanism for these substrates appear to utilize the src

homology (SH) 2 domain/phosphotyrosine association (Anderson et aI.,
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1990; Moran et aI., 1990; Koch et aI., 1991; reviewed in Pawson and Gish,

1992). These substrates may act as intermediates regulating growth

factor-induced disruption of gjc.

The association of SH2-containing Shc and Grb-2 proteins to the

activated receptor has been reported to lead to the activation of p21 ras

(Clark et aI., 1992; Lowenstein et aI., 1992). Ras activation ultimately

leads to the activation of MAP kinase (de Vries-Smits et aI., 1992; Hattori

et aI., 1992; Pomerance et al., 1992; Wood et al., 1992) through PKC

dependent and -independent signalling pathways (Vila and Weber, 1988;

Nel et aI., 1990; L'Allemain et aI., 1991; Meier et at., 1992). The exact

position of PKC in the Ras signalling pathway remains undefined.

MAP kinase, a serine/threonine kinase, is activated in response to a

variety of agents including insulin, EGF, PDGF, and TPA (Ray and Sturgill,

1987, 1988a,b; Kazlauskas and Cooper, 1988; Rossomando et aI., 1989;

Gotoh et aI., 1990a; Adams and Parker, 1991; L'Allemain et al., 1991). To

date, four distinct isoforms of MAP kinase have been identified (reviewed

in Pelech and Sanghera, 1992). These isoforms have been found in yeast,

sea star oocytes, rats and humans, among other species (Courchesne et

aI., 1989; Elion et al., 1990; Kyriakis et aI., 1991; Sanghera et aI., 1991;

Gonzalez et aI., 1992). Evolutionary conservation and diverse tissue

distribution suggest that MAP kinases are likely to be essential for cellular

processes and may serve isoform specific functions.

In response to various agonists, MAP kinase is phosphorylated on

tyrosine and serine/threonine residues resulting in enzymatic activation

(Ray and Sturgill, 1988b; L'Allemain et aI., 1992; Payne et aI., 1991).

MAP kinases have been referred to as "switch kinases", serine/threonine

protein kinases regulated by tyrosine phosphorylation, thought to be
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involved in integrating multiple signalling pathways (Anderson et aI., 1990;

Payne et al., 1991). A number of MAP kinase substrates have been

identified, including ribosomal S6 kinase, EGF-receptor, c-jun, MAP-2 and

transcription factor p62TCF (Ray and Sturgill, 1987; Sturgill et aI., 1988;

Northwood et aI., 1991; Pulverer et aI., 1991; Takishima, et aI., 1991; Gille

et al., 1992). Thus, MAP kinase may playa role in EGF's ability to disrupt

gjc in T51B cells.

In addition, EGF has been demonstrated to stimulate the

phospholipase C (PLC)-gamma/phosphoinositol pathway producing the

second messengers inositol 1,4,5-trisphosphate (IP3) and DAG which

mediate the release of intracellular Ca2+ and PKC activation, respectively

(Berridge, 1987; Nishizuka, 1986,1988). It is possible that PKC may

mediate growth factor-induced disruption of gjc. This signalling pathway

however, is not absolutely required for cellular function and is not observed

in all cell lines. Hill et al. (1990) have presented evidence that PDGF

induced PLC-gamma activation and the subsequent accumulation of IP3

and increase in intracellular Ca2+ are not required for DNA synthesis as

previously believed.

Protein Kinase Phosphorylation Consensus Sequences

Protein kinases recognize localized areas surrounding the amino

acid residue(s) acting as the phosphoacceptor. These areas have been

described as protein kinase phosphorylation consensus sequences and

are believed to act as determinants for substrate specificity (Kennelly and

Krebs, 1991). Although there are reports of various receptor activated

kinases, PKC and MAP 2 kinase are of particular interest because

computer-assisted sequence analysis of Cx43 identified consensus sites

for both kinases. PKC requires basic amino acid residues near the
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phosphoacceptor group. R/K-X-SIT-X-R/K has been described as the

consensus sequence for PKC where X can be substituted with any amino

acid (Kennelly and Krebs, 1991). Three consecutive repeats of PKC

consensus sequences were located at positions 361-373, near the

carboxyl terminal tail of the connexin43 protein. MAP kinase requires P-L

SIT-P as consensus sequences for substrate protein phosphorylation

(Alvarez et aI., 1991). Two perfect MAP 2 kinase consensus sites were

located at positions 252-255 and 276-279 of the Cx43 protein. In addition

to the PKC and MAP 2 kinase consensus sites, several other sites in the

connexin protein have been identified including those for p34Cdc2,

glycogen synthase kinase-3 and casein kinase I (Kennelly and Krebs,

1992). Thus, it is possible that Cx43 is a target of multiple signalling

pathways mediated by protein kinases.

Characterization of EGF-induced Disruption of GJC

In the current study, EGF's ability to disrupt gjc in T51B rat liver

epithelial cells is examined. Although associated with the disruption of gjc,

the significance of Cx43 phosphorylation has remained unclear. Studies in

Chapter 3 examine the effects of EGF on the integrity of gap junctional

plaques. In addition, the phosphorylation state of Cx43 following EGF

treatment will also be examined. If Cx43 becomes phosphorylated in

response to EGF, the question of whether a functional relationship exists

will be addressed. Also of considerable interest is the signalling

pathway(s) linking growth factor-induced receptor activation to the

disruption of gjc and Cx43 phosphorylation. Studies in Chapter 4

investigate the possible signalling cascades. EGF has been demonstrated

to activate the Ras signalling pathway through PKC-dependent and

-independent means resulting in the activation of MAP kinase. In addition,
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EGF has been shown to stimulate the PLC-gamma/phosphoinositol

signalling pathway resulting in PKC activation. One or both of these

signalling pathways may be involved in EGF's ability to modulate junctional

permeability. To investigate the possible role of PKC, the effects of

chronie TPA treatment on EGF's effects will be examined. Finally, if Cx43

becomes phosphorylated in response to EGF, identification of the

kinase(s) acting directly upstream of Cx43 will be required. Studies in

Chapter 5 examine the possible involvement of MAP kinase in mediating

EGF-induced Cx43 phosphorylation. EGF's ability to activate MAP kinase

in T51 B cells will be investigated. In addition, the ability of purified MAP

kinase to directly phosphorylate Cx43 will be examined.

Understanding the molecular mechanisms involved in regulating gap

junctional channels may provide insights about the role of gap junctions in

normal and pathological physiological events.
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Figure 1

Schematic model of gap junction plaque and connexin protein.

(A) Cross-section of a proposed model of a gap junction plaque. Apposed

connex~ns in the lipid bilayer of the plasma membrane of adjacent cells

join to form complete channels allowing the exchange of ions, metabolites

and small molecules less that 1 kOa. (8) Membrane topography of the

connexin protein, the functional subunit of the gap junction. The connexin

protein traverses the plasma membrane four times resulting in two

extracellular loops, an intracellular loop and the amino and carboxy termini

extending into the cytosol. The extracellular loops are believed to playa

role in the "docking" process bringing two apposed connexons together.

The regulatory domains modulating gap junction channel permeability are

thought to reside in the cytoplasmic regions of the protein which contain

protein kinase phosphorylation consensus sequences. The third

membrane spanning domain contains polar amino acids and is believed to

form a portion of the aqueous pore.
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Chapter 2

Materials and Methods

Cell Culture

T51 B rat liver epithelial cells (originally provided by Alton Boynton,

Pacific Northwest Research Foundation) were cultured in BME (GIBCO)

supplemented with 10% bovine calf serum (BCS; Colorado Serum Co.)

and maintained at 370C in a humidified 5% C02 incubator. Northern blot

analysis demonstrated that only Cx43 of the connexin cDNA's examined

(Cx26, Cx32, Cx37, Cx 40, Cx43 and Cx46) was expressed in T518 cells

(G. Goldberg and A. Lau, unpublished observations). In light of these

results, confluent and quiescent T51B cell cultures were used for all

experiments unless stated otherwise.

Assay of Gap Junctional Communication

Gjc was measured by the microinjection-dye transfer method (Crow

et aI., 1990). T518 cells were treated with phosphate buffered saline

(PBS; control), EGF or TPA for the indicated times and concentrations.

For experiments requiring chronic TPA treatment, T518 cells were

preincubated with TPA (100 ng/ml) for 24 hr at 370C prior to the EGF or

TPA treatments as described above. For experiments requiring okadaic

acid (OA), T518 cells were treated with P8S and/or dimethyl formamide

(control) or EGF (25 ng/ml) for 30 min or 3 hr in the presence or absence

or OA. OA was added either 1.5 hr prior to treatment with EGF for 30 min

or 1 hr following EGF addition for the 3 hr time point. Following the

various treatments, individual T51 B cells were microinjected pneumatically

with a glass micropipette (Flaming-Brown P80/PC micropipette puller -
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Sutton Instrument Co.) containing 10% (w/v) Lucifer yellow dissolved in

0.33 M lithium chloride using a Zeiss micromanipulator and Eppendorf

pneumatic injector. Dye transfer was visualized on a Nikon diphot phase

contrast inverted microscope with epifluorescence. Gjc was quantitated by

counting the number of cells that contained the Lucifer yellow dye one

minute after microinjection of a single cell.

Immunofluorescence Microscopy

T51 B cells grown to confluency on glass coverslips were treated with

PBS (control) or EGF (50 ng/ml) for the indicated times. Cells were rinsed

with PBS followed by fixation with 3% (w/v) paraformaldehyde in PBS for

20 min at room temperature (RT). Cells were permeabilized with 0.2%

Triton X-100 in PBS for 2 min then reduced with 26 mM sodium

borohydride for 15 min at RT. Following a 15 min wash in PBS, the cells

were incubated with either preimmune serum or rabbit antiserum directed

against a peptide encoding amino acids 368-382 of rat heart connexin43

(CT368) at a 1:1000 dilution for 2 hr at RT. Following the incubation

period, the cells were washed in PBS then blocked with normal goat serum

(1 :50) for 30 min at RT. The cells were incubated with fluorescein

isothiocyanate (FITC)-conjugated goat anti-rabbit IgG (1 :80) for 1 hr at RT.

The cells were rinsed with PBS and mounted with 50% PBS/50% glycerol

containing 1 mg/ml p-phenylenediamine and visualized on a Zeiss

Axioplan Universal microscope with epifluorescence.

Metabolic labeling, Immunoprecipitation and Quantitation of Cx43

T51 B cells were metabolically labeled as previously described (Crow

et aI., 1990) with [32Pil (NEN, NEX-53) at 0.5 - 3 mCilml in BME-1 % BCS
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phosphate-deficient medium (GIBCO) for 3 hr at 370C. During the labeling

period, cells were treated with PBS (control), EGF or TPA for the indicated

times and concentrations. Experiments requiring chronic TPA or OA

treatment were conducted, as described above, prior to or during the

labeling period. Following the labeling period, the cells were rinsed with

PBS and lysed in RIPA buffer [150 mM NaCI, 1% sodium deoxycholate,

1% TX-100, 0.1% sodium dodecylsulfate, 10 mM Tris-HCI (pH 7.2)] and

clarified by centrifugation. The Iysates were incubated with either non

immune rabbit serum (NRS) or Cx43 CT368 peptide antiserum for 1.5 hr

on ice as previously described (Crow et aI., 1990). The

immunoprecipitates were incubated with protein A-S. aureus (1 :20 ratio of

antisera) for 30 min on ice. The immune complexes were collected by

centrifugation at 1400 X g for 15 min at 40C, washed four times in RIPA

buffer and extracted by boiling in SOS sample buffer. The

immunoprecipitates were analyzed by SOS-PAGE on a 7.5-15%

polyacrylamide gradient gel (Laemmli et aI., 1970). Following

electrophoresis, the gel was stained in Coomassie blue, destained in 30%

methanol/10% acetic acid (vlv), dried and exposed to X-OMAT XAR-5 film

(Eastman Kodak Co.) for 1-3 days at -700C. For two-dimensional tryptic

phosphopeptide mapping experiments requiring purified Cx43,

unfixed/unstained wet gels were autoradiographed overnight at 40C.

Radioactive quantitation of the Cx43 proteins was accomplished by

excising and rehydrating gel bands followed by scintillation counting

(Beckman LS 3801 ).
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Phosphoamino Acid Analysis

T51 B cells were treated with PBS (control) or EGF (25 ng/ml) for the

indicated times or preincubated with TPA (100 ng/ml) for 24 hr prior to

EGF treatment as described above. Metabolic labeling,

immunoprecipitation and SOS-PAGE were conducted as described above.

Phosphoamino acid analysis of the phosphorylated Cx43 proteins was

conducted as described by Kamps and Sefton (1989). Following SDS

PAGE, the immunoprecipitated proteins were electrotransferred to an

Immobilon P membrane (Millipore Corporation) as previously described

(Matsudaira, 1987). The samples were acid hydrolyzed in 5.7 N HCI for 65

min at 11 OOC, lyophilized and mixed with a solution containing unlabeled

phosphoserine, phosphothreonine and phosphotyrosine standards. The

samples were spotted on 0.1 mm cellulose-coated thin layer plates and

electrophoresed in a pH 1.9 buffer at 40C, 1000 V for 32 min in the first

dimension then electrophoresed in a pH 3.5 buffer at 40C, 1000 V for 21

min in the second dimension. The standards were visualized by staining

with ninhydrin and the plates were exposed to Kodak X-OMAT XAR-5 film

with an intesifying screen (Dupont) for 21 days at -700C.

Western Blot Analysis

T51B cells were preincubated with PBS or TPA (100 ng/ml) for 24 hr

prior to treatment with EGF for the indicated times and concentrations.

Following the treatment period, the cells were either immunoprecipitated

with a polyclonal EGF receptor antibody (a gift of Dr. F. Fazioli; National

Institutes of Health, Bethesda, MD) as previously described or lysed in hot

SOS sample buffer, boiled for 5 min and clarified by centrifugation. The

immunoprecipitates or 20 Jlg of total cellular protein was analyzed by SOS-
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PAGE on 7.5% or 10% polyacrylamide gels and electrotransferred to an

Immobilon P membrane as described earlier. The membrane containing

the proteins of interest was blocked with 1% bovine serum albumin (BSA)

in tris buffered saline (TBS) [10 Mm Tris (pH 7.4),0.15 M NaCI] overnight

at RT. This step was conducted to prevent any nonspecific binding.

Following the overnight block, the membrane was washed in TBS

containing 1 mM EOTA and 0.05% Tween-20 for 30 min at RT. The

membrane was incubated with either 2 Ilg/ml phosphotyrosine monoclonal

antibody (Upstate Biotechnology Inc.), 21lg/ml rabbit anti-PKC zeta peptide

antibody (GIBCO BRL), 1 Ilg/ml anti-pan PKC polyclonal antibody (Upstate

Biotechnology Inc.) or a 1:2000 dilution of rabbit antiserum raised against

the C-terminal peptide of Xenopus MAP kinase (Xp42; a gift of Drs. J.

Posada and J. Cooper; Fred Hutchinson Cancer Research Center, Seattle,

WA) for 2 hr at RT. The membrane was washed as described above and

the immunoreactive protein bands were visualized by incubating the

membrane with either [1251] goat anti-mouse IgG (1 X 106 cpm) (NEN,

NEX-159)or [1251] goat anti-rabbit IgG (1 X 106 cpm) (NEN, NEX-155) for

1 hr at RT. The membrane was washed extensively as described above

and autoradiographed using Kodak X-OMAT XAR-5 film with an

intensifying screen for 1-3 days at -700C.

In vitro Protein Kinase Assays

PKC activity was assayed as described by Meier et al. (1991). T51B

cells were unstimulated or EGF-treated (25 ng/ml) for 15 min following

preincubation with PBS or TPA (100 ng/ml) for 24 hr at 370C. Cells were

scraped from culture dishes in extraction buffer [20 mM HEPES (pH 7.5),

10 mM EGTA, 2 mM EOTA, 2 mM OTT] and Oounce homogenized with 30
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strokes. The crude soluble fraction was obtained after centrifugation in a

TLA 100.2 rotor at 100,000 X g for 20 min at 40C in a Beckman TL-100

ultracentrifuge. The pellet was resuspended by passage through a 22G

1-1/2 inch needle in extraction buffer containing 0.1% Triton X-100 (v/v)

and incubated in ice for 30 min. The crude particulate fraction was

obtained following centrifugation in a TLA-100.2 rotor at 400,000 X g for 20

min at 40C in a Beckman TL-100 ultracentrifuge. PKC was partially purified

by DEAE-Sephacel chromatography as described by Meier et al. (1990).

All chromatography steps were conducted at 40C. The DEAE-Sephacel

column (1.5 ml bed volume/ 1 ml crude extract) was equilibrated with

column buffer [20 mM HEPES (pH 7.5), 2 mM EGTA, 2 mM EOTA, 2 mM

OTT]. The crude cytosolic fraction was applied to the column and washed

with 15 ml of column buffer. Soluble PKC activity was batch eluted in 0.1

M NaC!. The 1% Triton X-100-solubilized crude particulate fraction was

applied to the column and washed as described above. Membrane-bound

PKC activity was batch eluted in 0.15 M NaCI. PKC activity in OEAE

Sephacel eluates of cytosolic and particulate fractions of T51B cells were

assayed immediately following column chromatography. The 50 fll

reaction mixture contained 26 mM HEPES (pH 7.5), 10 mM MgCI2, 0.6

mM EGTA, 0.6 mM EOTA, 30 mM NaCI, 5.6 mM OTT, 60 J.lg/ml

phosphatidylserine (Avanti) , 50 J.lg histone Hi type IllS (Sigma), 6 J.lg/ml

diolein (Sigma), 50 J.lM [gamma-32p] ATP (NEN, NEG-002Z). The assay

was initiated by the addition of cytosolic or particulate fractions (2fl9) and

incubated for 6 min at 300C. The reaction was terminated by the addition

of 50 J.l1 2X Laemmli sample buffer and boiled for 2 min. The samples were

resolved by SOS-PAGE on a 12% polyacrylamide gel as previously

described. The gel was stained/destained, dried and autoradiographed as
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previously described. Quantitation of the phosphorylated histone proteins

was accomplished by excising and rehydrating the gei band followed by

scintillation counting (Beckman LS 3801).

Myelin basic protein (MBP) kinase activity was assayed as described

by Boulton et al. (1991a). T51B cells were treated with PBS (control) or

EGF for the indicated times and concentrations. For experiments requiring

chronic TPA treatment, T5; B cells were preincubated with TPA (100

ng/ml) for 24 hr at 370C prior to the addition of EGF as described above.

Following the treatment period, the cells were scraped from culture dishes

in extraction buffer [50 mM B-glycerophosphate (pH 7.4), 1 mM EGTA, 1

mM OTT, 2 mM PMSF, 0.1 mM sodium orthovanadate] then passed

through a 26G 3/8 inch needle five times. The samples were centrifuged

at 14,000 rpm in a microcentrifuge for 5 min at 40C. The resulting

cytosolic fraction was assayed immediately. The 30 JlI reaction mixture

contained 30 mM HEPES (pH 8.0),1 JlCi [gamma-32p] ATP, 1 mM OTT, 1

mM benzamidine, 10 mM MgCI2, 100 Jlg/ml BSA, 3 Jlg MBP and 10 Jlg

cytosolic fraction. The reaction was initiated by the addition of

MBp/[gamma-32p] ATP or [32P-gamma] ATP alone and incubated for 10

min at 300C. The reaction was terminated by the addition of 30 JlI 2X

Laemmli sample buffer and boiled for 2 min. The samples were resolved

by SOS-PAGE on a 12% polyacrylamide gels, prepared for

autoradiography and quantitated as previously described.

In Gel M8 P Kinase Assay

MAP kinase activity was analyzed in MBP-containing polyacrylamide

gels as previously described (Kameshita and Fujisawa, 1989; Tobe et aI.,

1991; Wang and Erikson, 1992). Briefly, cellular extracts containing 20 Jlg
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of protein were separated on a 10% SOS-polyacrylamide gel containing

0.4 mg/ml MBP. Following electrophoresis, the gel was washed two times

with 20% isopropanol in Buffer B [50 Mm Tris (pH 8.0), 5 mM 2

mercaptoethanol] for 1 hr at RT then reequilibrated with Buffer B alone for

1 hr at RT. The proteins were denatured with 6 M guanidine HCI in Buffer

B for 1 hr at RT followed by renaturation with Buffer B containing 0.04%

Tween 40 for 16 hr at 40C. Following renaturation, the gel was

preincubated in kinase buffer [20 mM Tris (pH 7.2), 10 mM MgCI2, 15 mM

B-glycerophosphate, 0.3 mM sodium vanadate] for 30 min a RT. The

kinase reaction was initiated by incubating the gel with 5 ml kinase buffer

containing 50 ~M ATP and 50 ~Ci [gamma-32p] ATP for 30 min at RT.

The reaction was terminated by washing the gel extensively with 5%

trichloroacetic acid (TCA, w/v) solution containing 1% sodium

pyrophosphate. A control experiment performed with a gel polymerized in

the absence of MBP substrate indicated that the observed MBP kinase

activities were not due to autophosphorylation. The washed gel was dried

and autoradiographed with Kodak X-OMAT XAR-5 film for 1-3 days at

-700C. Quantitation of MBP phosphorylated by MAP kinase was

measured by excising and rehydrating the gel bands and scinitillation

counting as previously described.

In vitro phosphorylation of Cx43 by MAP kinase

In vitro phosphorylation of Cx43 by MAP kinase was performed

using the kinase buffer and assay conditions as described by Thomas et

al. (1992). Cx43 was partially purified from Cx43 recombinant baculovirus

infected Sf9 cells (Loo et aI., 1993). The cells were Dounce homogenized

in homogenization buffer [50 mM Tris (pH7.5), 0.15 M NaCI, 2 mM EDTA,
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1 mM EGTA, 25fl9/ml leupeptin, 25 uq/rn! aprotinin] with 30 strokes. The

crude particulate fraction was obtained after centrifugation in a TLA 100.2

rotor at 100,000 X 9 for 20 min at 40 C in a Beckman TL-100

ultracentrifuge. The pellet was resuspended in homogenization buffer by

passage through a 22 G 1-1/2 inch needle and treated at 650C for 5 min

to minimize endogenous kinase activity. Heat treatment did not degrade or

affect the mobility of Cx43 as determined by Western blot analysis (data

not shown). 70 fl9 of the particulate fraction was incubated in kinase buffer

[30 mM HEPES (pH 7.4), 10 mM MgCI2, 1 mM OTT, 20 J.lM ATP, 20 J.lCi

[gamma-32p] ATP, 5 mM benzamidine] with 18 J.lg of purified MAP kinase

(Ray and Sturgill, 1988a) from EL4 cells (a gift of Dr. M. Weber, University

of Virginia, Charlottesville, VA) for 30 min at 300C. Kinase reactions were

terminated by the addition of RIPA buffer followed by immunoprecipitation

with Cx43 CT368 peptide antiserum and the immunoprecipitated proteins

were resolved by SOS-PAGE , autoradiographed and quantitated as

previously described.

Two-Dimensional Tryptic Phosphopeptide Mapping

T51B cells metabolically labeled with [32pj] or in vitro kinase

reactions as described above were solubilized in RIPA buffer,

immunoprecipitated with Cx43 CT368 peptide antiserum and the proteins

were resolved by SOS-PAGE as previously described. Two-dimensional

tryptic phosphopeptide mapping was conducted as described by Boyle et

at. (1991). The labeled Cx43 proteins were excised and eluted from

unfixed, unstained wet gels in 1 ml 50 mM ammonium bicarbonate for 4 hr

at RT. The eluate was precipitated with 250 III 100% TCA and 20 Ilg

pancreatic RNase A as a carrier protein for 2 hr on ice. The precipitated
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protein was collected by microcentrifugation at 12,000 rpm for 10 min at

40C. The pellet was washed in 500 J..l1 ice cold absolute ethanol and

microcentrifuged as described above. The washed and dried TeA

precipitate was oxidized in 50 J..l1 ice cold performic acid for 1 hr on ice and

lyophilized to complete dryness. The oxidized protein was resuspended in

50 J..l1 50 mM ammonium bicarbonate and 25 J..lg 1-Tosylamide-2

phenylethyl chloromethyl ketone (TPCK)-trypsin (Worthington) for 14 hr at

370C. 10 J..lg of TPCK-trypsin was added for an additional 2 hr at 370C.

The TPCK-trysin was diluted with 500 J..l1 water and lyophilized. The

phosphopeptides were washed again as above then resuspended in pH

1.9 buffer [2.5°/0 (vlv) formic acid (88%), 7.8% (vlv) glacial acetic acid] and

relyophilized. The samples were resuspended in 5 J..l1 pH 1.9 buffer. The

resulting tryptic peptides were separated on cellulose TLC plates (Curtin

Matheson Scientific) by electrophoresis using pH 1.9 buffer for 1 hr at 1 KV

in the first dimension and by ascending chromatography using isobutyric

acid buffer in the second dimension. The TLC plates were exposed to

Kodak X-OMAT XAR-5 film with an intensifying screen for 12-14 days at

-zovc.
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Chapter 3

EGF·induced disruption of GJC and connexin43 phosphorylation

As mentioned earlier, growth factors such as EGF have been

demonstrated to reduce junctional permeability in several cell lines

(Maldonado et aI., 1988; Madhukar et aI., 1989). The studies in Chapter 3

examine EGF's ability to modulate gjc in T51 B rat liver epithelial cells.

The integrity of gap junctional plaques as well as the phosphorylation state

of Cx43 following EGF treatment are examined.

EGF disrupts gjc in a rapid and transient manner.

EGF (25 ng/ml) treatment of T51 B cells resulted in a rapid reduction

of gjc where a 30% reduction (60 cells in control to 40 cells) occurred as

early as 10 min following agonist addition (Figure 3.1A). Further

reductions in gjc occurred at 20 min (8 cells) and reached maximum levels

of reduction «2 cells) by the 1 hr time point. This EGF-induced effect was

transient in that gjc was restored nearly to levels observed in control cells

(50 cells) by 2 hr and maintained at that level for 24 hr (Figure 3.1 B).

Control cells exhibited a slight decrease in gjc over the same time course

(Figure 3.1A).

EGF-induced receptor tyrosine kinase activation.

To determine the kinetics of EGF-induced receptor tyrosine kinase

activation, autophosphorylation of the EGF receptor was examined.

Phosphotyrosine immunoblot analysis of T51 B cells immunoprecipitated

with the EGF-receptor anitbody following EGF treatment detected a protein

with an apparent molecular mass of 180 kDa (Figure 3.2). The
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immunoreactive protein most likely represents the EGF receptor. EGF

stimulated a rapid increase in the phosphotyrosine content of the receptor

where the earliest detectable changes occurred at 2 min and maximum

levels were reached within 5 min (Figure 3.2). The phosphotyrosine

content of the receptor progressively decreased nearly to levels observed

in control cells by 1 hr (Figure 3.2). These findings indicate that the EGF

receptor tyrosine kinase is activated well in advance of the disruption of gjc

suggesting that a growth factor-induced signalling cascade may mediate

EGF's effects on gjc.

EGF-induced disruption of gjc was not the result of dissociated gap

junctional plaques.

Treatment of cells with various agents may dissociate gap junctional

plaques or induce morphological changes which may indirectly disrupt cell

cell contacts between adjacent cells. These changes may underlie EGF's

ability to disrupt gjc. Therefore, T51 B cells were analyzed by

immunofluorescent microscopy using the Cx43 CT368 peptide antibody.

Control and EGF treated T518 cells observed under phase-contrast

appeared intact at the gross microscopic level (Figure 3.3). Distinct,

punctate Cx43 antibody reactions were detected in areas of cell-cell

contact (Figure 3.3). The highly reactive areas most likely represent gap

junctional plaques between adjacent cells. The gap junctions appeared

aggregated at localized areas throughout the periphery of the cell in control

cells as well as 10 and 30 min following EGF addition when gjc was

observed to be greatly diminished. The gap junctions appeared less

clustered nevertheless still present between adjacent cells at the 3 hr time

point, when restoration of gjc was nearly to levels observed in control cells
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(Figure 3.3). These immunologic reactions observed in the control and

EGF treated cells were specific in that the preimmune serum did not elicit

similar responses for all time points examined (Figure 3.3, 30 min time

point shown). Thus, at the light microscopic level, EGF's ability to disrupt

gjc appears unlikely to be due to any gross alterations in gap junctional

plaques.

EGF alters the migration pattern of Cx43 proteins and stimulates a

rapid and transient increase in Cx43 phosphorylation.

Previous studies have demonstrated post-translational

phosphorylation of the connexin protein to be associated with the

requlatlon of junctional permeability (Crow et al., 1990, 1992; Musil et al.,

1990; Swenson et aI., 1990; Brissette et al., 1991; Berthoud et aI., 1992;

Moreno et al., 1992). To determine whether the same association is

observed in T51B cells, the phosphorylation state of Cx43 following EGF

stimulation was examined. As shown in Figure 3.4A, Cx43 was modified

by phosphorylation in response to EGF. In mock-treated cells, the 45 kDa

(Cx431) species was predominant. A minor 47 kDa (Cx432) band was

also present (Figure 3.4A, lane 2). Within 10 and 30 min of EGF addition,

the phosphorylation state of Cx43 markedly increased 2.1- and 2.9-fold,

respectively, resulting in a predominant Cx432 species in addition to the

appearance of a novel >47kDa (Cx433) species (Figure 3.4A, lanes 4 and

6). These marked increases in Cx43 phosphorylation occurred

concomitantly with decreased junctional permeability. Following 3 hr EGF

treatment, when gjc was restored nearly to levels observed in control cells,

Cx43 phosphorylation levels also returned nearly to levels observed in

control cells (Figure 3.4A, lane 8). These results are in agreement with
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previous studies demonstrating the association between junctional

permeability and the phosphorylation states of the connexin protein.

EGF stimulates the phosphorylation of Cx43 on serine residues.

To determine which amino acid residues are phosphorylated in

response to EGF, phosphoamino acid analysis as described by Kamps

and Sefton (1989) was conducted on the phosphorylated Cx43 proteins.

Phosphoamino acid analysis revealed that all Cx43 species contained only

phosphoserine residues for all time points examined (Figure 3.48). These

results suggest that a serine kinase(s) is acting directly upstream of Cx43

in response to EGF stimulation.

EGF-induced disruption of gjc and Cx43 phosphorylation are dose

dependent.

EGF's ability to disrupt gjc was dose-dependent where the lowest

tested concentration of 0.5 ng/ml resulted in a 60% reduction (from 68

cells to 28 cells) in gjc (Figure 3.5). Further reductions in gjc occurred for

up to a concentration 25 ng/ml. EGF-induced Cx43 phosphorylation was

also dose-dependent. At a concentration of 0.5 ng/ml, Cx43

phosphorylation levels increased approximately two-fold and continued to

increase for up to a concentration 10 ng/ml (Figure 3.5) A slight decrease

in Cx43 phosphorylation was observed at a concentration 25 ng/mJ. These

changes in Cx43 phosphorylation were inversely correlated with those

observed in gjc which suggested that a functional relationship may exist.
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Okadaic acid prevents the dephosphorylation of Cx43 and the

restoration of gjc.
_ • • 4

To further investigate the possible functional relationship between

Cx43 phosphorylation and disruption of gjc, the effects of okadaic acid

(OA), a serine threonine phosphatase inhibitor (Bailojan and Takai, 1988;

Haystead et aI., 1989) were examined. If the disruption of gjc is dependent

on Cx43 phosphorylation, preventing the dephosphorylation of Cx43

should prevent the restoration of gjc. OA treatment for 2 hr during the 3hr

EGF treatment period prevented the restoration of gjc usually observed

following 3 hr EGF treatment (Figure 3.6). Occurring concomitantly was

OA's ability to prevent the dephosphorylation of Cx43 (Figure 3.6, lane 12).

OA also reduced gjc in the 30 min EGF-treated cells beyond the levels of

disruption generally observed (Figure 3.6). Furthermore, the basal levels

of gjc observed in control cells were also reduced. Consistent with the 3 hr

time point, hyperphosphorylation of the connexin protein was also

observed in control as well as 30 min EGF-treated cells (Figure 3.6, lanes

4 and 8). These data strongly suggest that EGF-induced disruption of gjc

is functionally dependent on Cx43 phosphorylation.
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Figure 3.1

EGF-induced disruption of gjc in T51B rat liver epithelial cells.

T51 B cells were treated with EGF (25 ng/ml) for up to 60 min (A) or 24 hr

(8) and assayed for gjc at the indicated times as described in the

Materials and Methods. Mock-treated cells were exposed to PBS for the

indicated times prior to assaying gjc. Each point represents the average (±

SEM) of 15-20 determinations.

29



c
- leOK

"

Antiserum: NI E NI E Nt E NI E NI E--- --
Time (min): Mock 2 5 10 30

Nt E

60

Figure 3.2

Time-dependence of EGF receptor activation. T51B cells were

treated with EGF (50 ng/ml) for the indicated times, lysed in RIPA buffer

and immunoprecipitated with either nonimmune serum (NI) or EGF

receptor poly clonal antiserum (E) as described in the Materials and

Methods. The immunoprecipitated proteins were resolved by SDS-PAGE

and electrotransferred to an Immobilon P membrane. The activated EGF

receptor was detected by immunoblotting with phosphotyrosine antibody

and autoradiographed using Kodak X-OMAT XAR-5 film with an

intensifying screen for 5-7 days at -70oe. These results are representative

of 2 individual experiments.
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Figure 3.3

Immunofluorescent localization of Cx43 in mock- and EGF

treated T51B rat liver epithelial cells. T51B cells were treated with PBS

(control) or EGF (25 ng/ml) for the indicated times. The cells were fixed,

permeabilized and incubated with either preimmune serum or Cx43 CT368

peptide antiserum as described in the Materials and Methods. The

immunoreactive complexes were visualized by a secondary reaction with

fluorescein isothiocyanate (FITC)-conjugated antiserum. Fluorescent and

phase-contrast images were examined and photographed on a Zeiss

Axioplan Universal microscope with epifluorescence. Results shown are

representative of 2 individual experiments.

31



Mock

Anti
Cx43

30"

3hr

preimmune
serum

Fluorescent

32

Phase



w
w

Figure 3.4

EGF-induced serine phosphorylation of Cx43. (A) T51B rat liver

epithelial cells were metabolically labeled with [32p] orthophosphate.

During the labeling period, the cells were treated with either PBS (mock)

for 30 min or EGF (25 ng/ml) for the indicated times. The cells were lysed

in RIPA buffer and immunoprecipitated with either nonimmune rabbit

serum (lanes 1,3,5,7 and 9) or Cx43 CT368 peptide antiserum (lanes

2,4,6,8 and 10). The immunoprecipitated proteins were resolved by SDS

PAGE and autoradiographed as described in the Materials and Methods.

(B) Phosphoamino acid analysis of Cx432 from EGF-treated T51B cells.

The samples were acid hydrolyzed in 5.7 N Hel, lyophilized and mixed with

standards as described in the Materi~ls and Methods. The samples were

eletrophoresed using pH 1.9 buffer in the first dimension and pH 3.5 buffer

in the second dimension as indicated at the botton right corner. The

positions of unlabeled phosphoserine (P-S), phosphothreonine (P-T) and

phosphotyrosine (P-Y) standards are outlined. Results shown are

representative of 2-4 individual experiments.
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Figure 3.5

Dose-dependence of EGF-induced disruption of gjc and Cx43

phosphorylation. T51 B cells were treated with EGF (30 min) for the

indicated concentrations and either assayed for gjc as described in the

Materials and Methods following the treatment period or 32P-labeled

during the treatment period. Cells were lysed-in RIPA buffer and Cx43

was immunoprecipitated from the lysate with Cx43 CT368 peptide

antiserum as described in the Materials and Methods. The

immunoprecipitated proteins were resolved by SOS-PAGE and

autoradiographed with Kodak O-MAT XAR-5 film for 1-2 days at -20oC.

The phosphorylated Cx43 proteins were excised from the gel, rehydrated

and quantitated by scintillation counting. These data represent the

average (± SEM) of 2-4 independent experiments.
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Figure 3.6

Effects of okadalc acid on EGF-induced modulation of gjc and

Cx43 phosphorylation. T51B cells were treated with PBS (control) or

EGF (25 ng/ml) for 30 min or 3 hr in the presence or absence of okadaic

acid (1 nM). Gjc was assayed by the dye-transfer method as described in

Materials and Methods. The top panel represents an autoradiogram of

[32p] Cx43 from T51B cells treated as follows: lanes 1 and 2, control;

lanes 3 and 4, okadaic acid; lanes 5 and 6, EGF for 30 min; lanes 7 and 8,

EGF for 30 min plus okadaic acid; lanes 9 and 10, EGF for 3 hr; lanes 11

and 12, EGF for 3 hr plus okadaic acid. The CX432,3 represents Cx432

and Cx433 proteins that have not resolved well due to interference by the

immunoglobin heavy chain migrating immediately above Cx433. [32p]_

labeled companion cells were lysed in RIPA buffer and the lysate was

immunoprecipitated with either nonimmune rabbit antiserum or Cx43

CT368 peptide antiserum. The immunoprecipitated proteins were resolved

by SOS-PAGE and autoradiographed using Kodak X-OMAT XAR-5 film for

1-3 days at -200C. The phosphorylated Cx43 proteins were excised from

the gel, rehydrated and quantitated by scintillation counting. Results

shown are representative of 3 independent experiments.
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Chapter 4

EGF-induced disruption of gjc and connexin43 phosphorylation

may be mediated through PKC-indpendent signalling pathways.

The studies in Chapter 3 demonstrated EGF's ability to disrupt gjc

and phosphorylate Cx43 on serine residues in T51B rat liver epithelial

cells. However, the intermediate events mediating EGF receptor activation

to modulating junctional permeability and Cx43 phosphorylation have not

been determined. The studies in Chapter 4 examine the possible role of

PKC in mediating these EGF-induced events.

Down-modulation of TPA-sensitive PKC does not affect EGF-induced

disruption of gjc.

EGF (25ng/ml) or TPA (10 ng/ml) treatment of T51B cells resulted in

rapid reductions in gjc (Figure 4.1 A). A 60% reduction in gjc occurred 10

min following EGF addition which reached maximum levels of disruption

(76% reduction) by 30 min (Figure 4.1A, open squares). Gradual

reestablishment of gjc occurred at the 1 hr time point with restoration

nearly to levels observed in control cells occurring by 3 hr. These results

are essentially similar to those reported previously (Lau et aI., 1992). Gjc

was reduced by 47% and 79% following TPA treatment for 10 and 30 min,

respectively (Figure 4.1 A, open circles). The lowest levels of gjc (99%

reduction) were observed at the 1 hr time point and unlike the restoration

in gjc observed in EGF treated cells, disruption of gjc persisted at 3 hr

following TPA addition. The time course of TPA-induced disruption of gjc

is similar to that observed in IAR 20 rat liver epithelial cells (Asamoto et aI.,

1991). Preincubation of T51 B cells with TPA (100 ng/ml) for 24 hr resulted
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in the desensitization of cells to subsequent TPA treatments where only

nominal decreases in gjc were observed 10 and 30 min following acute

TPA treatment (11% and 5% reduction, respectively) (Figure 4.1A, closed

circles). Gjc appeared slightly elevated above control levels at the 1 hr and

3 hr time points. Conversely, chronic TPA exposure of T51 B cells did not

affect EGF's ability to alter gjc where the time course and levels of

disruption and subsequent restoration of gjc closely paralleled that

observed in EGF-treated naive cells (Figure 4.1 A, compare solid and open

squares). Thus, EGF's ability to disrupt gjc does not appear to require

TPA-sensitive PKC.

Down-modulation of TPA-sensitive PKC does not affect EGF-induced

Cx43 phosphorylation.

To determine if the observed changes in gjc caused by EGF and

TPA correlated with phosphorylation of Cx43, [32P]-labeled cell Iysates

were immunoprecipitated with Cx43 CT368 peptide antiserum and the

proteins were resolved by SOS-PAGE. A 2.1-fold increase in Cx43

phosphorylation occurred as early as 10 min following EGF addition with

maximum levels of phosphorylation (2.9-fold increase) occurring at the 30

min time point (Figure 4.1 B, open squares). These changes in Cx43

phosphorylation inversely correlated with those observed in gjc. The levels

of Cx43 phosphorylation decreased at the 1 hr time point, approaching

levels observed in control cells by 3 hr following EGF addition. TPA

treatment also resulted in 2.0- and 2.7-fold increases in Cx43

phosphorylation at 10 and 30 min, respectively (Figure 4.1 B, open circles).

In contrast to decreasing levels of Cx43 phosphorylation observed 1hr and

3 hr following EGF treatment, maximum levels (3.2-fold increase) of Cx43
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phosphorylation occurred 1 hr following TPA treatment. Moreover, Cx43

phosphorylation levels remained elevated at the 3 hr time point which

correlated with the prolonged disruption of gjc (Figure 4.1 A). Acute TPA

treatment of T51 B cells following chronic TPA exposure resulted in little

change in Cx43 phosphorylation like that observed in control cells (Figure

4.1 B, closed circles). However, chronic TPA exposure did not affect

EGF's ability to induce Cx43 phosphorylation in that the time course and

levels of Cx43 phosphorylation and dephosphorylation closely paralleled

those observed for EGF treatment of naive cells (Figure 4.1 B, closed

squares). These latter results were most significant since they suggested

that EGF's action on Cx43 phosphorylation was independent of TPA

sensitive PKC activity.

Chronic lPA treatment of 151B cells down-modulates protein kinase

C activity.

In order to confirm that 24 hr TPA treatment of T51 B cells down

regulated PKC activity, DEAE-Sephacel eluates of cytosolic and particulate

fractions of T51B cells were assayed for PKC activity using histone type

IllS as a substrate, in the absence or presence of Ca2 +,

phosphatidylserine (PS) and diacylglycerol (DAG). The PKC activity

values shown in Figure 4.2 represent the relative increases in histone

phosphorylation over the nominal activity observed in the absence of

Ca2+, PS and DAG. PKC activity was predominantly localized in the

cytosolic fraction (6.3-fold increase) of unstimulated T51 B cells with the

membrane-bound PKC showing limited activity (2.1-fold increase) (Figure

4.2). However, upon EGF treatment for 15 min, membrane-bound PKC

activity markedly increased 6.3-fold above the nominal kinase activity
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(Figure 4.2). Increased PKC activity in the particulate fraction of T51B

cells in response to EGF was presumably due to PKC translocation to the

membrane following activation (reviewed in Niedel and Blackshear, 1986).

PKC activity in the cytosolic fraction of EGF-treated cells was slightly

reduced from that observed in unstimulated cells (Figure 4.2). Most

significantly, chronic TPA treatment greatly diminished PKC activity in both

cytosolic and particulate fractions of T51B cells (Figure 4.2). In addition,

EGF no longer stimulated PKC activity in cells chronically treated with TPA

(Figure 4.2). These findings strongly suggested that 24 hr TPA treatment

of T51 B cells results in the down-modulation of TPA-sensitive PKC.

EGF-induced connexin43 phosphorylation following chronic TPA

treatment occurs on serines.

As shown previously, chronic TPA treatment did not affect EGF's

ability to stimulate the phosphorylation of Cx43 (Figure 4.1B) and the

kinetics of Cx43 phosphorylation and dephosphorylation appeared similar

to that of EGF alone. Phosphoamino acid analysis demonstrated that

Cx43 was phosphorylated only on serine residues in response to EGF

following chronic TPA treatment (Figure 4.3). These profiles were

maintained for all Cx43 species at each time point examined (Figure 4.3,

Cx432 species shown). These results indicate that chronic TPA treatment

of T51 B cells does not induce the activation of a threonine or tyrosine

kinase which directly phosphorylates Cx43.
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EGF stimulates the phosphorylation of Cx43 at numerous sites in

vivo.

The phosphorylation sites of 32P-labeled Cx43 from T51B cells were

examined by two-dimensional tryptic phosphopeptide mapping as

previously described (Boyle et aI., 1991). Tryptic digestion of Cx43 from

untreated T518 cells generated numerous phosphopeptides which were

nominally phosphorylated (Figure 4.4A). However, EGF treatment for 30

min resulted in marked increases in phosphorylation of the

phosphopeptides (Figure 4.48). The tryptic phosphopeptide map of Cx43

from cells chronically treated with TPA appeared similar to that observed

for untreated cells although several phosphopeptides showed slightly

higher levels of phosphorylation (compare Figures 4.4A and 4.4C, open

arrows). EGF treatment following chronic TPA treatment resulted in a

tryptic phosphopeptide map very similar to that of EGF alone with the

exception of several missing phosphopeptides, possibly containing the

TPA-sensitive PKC phosphorylation sites (Figure 4.48, closed arrows).

These results indicated that Cx43 becomes highly phosphorylated on

numerous sites in response to EGF. Furthermore, chronic TPA treatment

does not affect EGF's ability to stimulate the phosphorylation of these sites

with exception of three phosphopeptides which may contain TPA-sensitive

PKC phosphorylation sites. Thus, EGF appears to stimulate the

phosphorylation of Cx43 on numerous sites, possibly mediated by the

actions of several serine protein kinases.
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Figure 4.1

Effect of chronic TPA treatment on EGF-induced disruption of

gjc and Cx43 phosphorylation in T51B rat liver epithelial cells. (A)

T51B cells were preincubated with PBS or TPA (100 ng/ml) for 24 hr prior

to acute treatment with EGF (25 ng/ml) or TPA (10 ng/ml) and assayed for

gjc at the indicated times as described in the Materials and Methods.

These data represent the averages (± SEM) of 8-17 determinations. EGF

and TPA-induced disruption of gjc was determined relative to the average

control value of 101 cells communicating in the absence of 24 hr TPA

treatment and 72 cells communicating in the presence of 24 hr TPA

treatment. (8) T51B cells treated as described above were metabolically

labeled with 32Pi and Cx43 was immunoprecipitated from cell Iysates with

Cx43 CT368 peptide antiserum as described in the Materials and

Methods. The proteins were resolved by 50S-PAGE and

autoradiographed using Kodak X-OMAT XAR-5 film for 1-3 days at -20oC.

The Cx43 proteins were excised from the gel, rehydrated and quantitated

by scintillation counting. Increases in Cx43 phosphorylation were

determined relative to the average control value of 197-248 cpm. These

data represent the averages of (+ SEM) of 2-3 individual experiments.
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Figure 4.2

Effect of chronic TPA treatment on EGF-induced PKC activation

in cytosolic and particulate fractions of 151 B cells. lSi B cells were

preincubated with PBS or TPA (100 ng/ml) for 24 hr prior to treatment with

PBS or EGF (25 ng/ml) for 15 min. Crude cytosolic and particulate

fractions were fractionated on DEAE-Sephacel as described in the

Materials and Methods. Cytosolic and membrane-bound PKC was batch

eluted with O.1M and 0.15M NaCI, respectively. DEAE-Sephacel eluates

(2 J.lg) of cytosoJic and particulate fractions were assayed for PKC activity

in the presence or absence of Ca2+, phosphatidylserine and

diacylglycerol. The samples were resolved by SDS-PAGE and

autoradiographed using Kodak X-OMAT XAR-5 film for 1 day at -200C .

The phosphorylated histone proteins were excised from the gel, rehydrated

and quantitated by scintillation counting. The nominal histone

phosphorylation observed in the absence of Ca2+, phosphatidylserine and

diacylglycerol was regarded as nonspecific kinase activity and the values

represented in Figure 4.2 are expressed relative to this nonspecific kinase

activity. Each point represents the average (+ SEM) of two independent

experiments.
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Figure 4.3

Phosphoamino acid analysis of Cx432 from EGF-stimulated

T51B cells chronically treated with TPA. T51B cells were preincubated

with TPA (100 ng/ml) for 24 hr prior to treatment with EGF (25 ng/ml) for

the indicated times. The samples were prepared, electrophoresed,

electrotransferred and autoradiographed as described in the Materials and

Methods and Figure 3.4. The positions of unlabeled phosphoserine (P-S),

phosphothreonine (P-T) and phosphotyrosine (P-Y) standards are outlined.

The directions of first and second dimension electropheresis are indicated

at the bottom right corner.
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Figure 4.4

Tryptic phosphopeptide maps of 32P-labeled Cx43. Cx43 from

32P-labeled T51B cells either untreated (A), EGF-treated for 30 min (8),

TPA-treated for 24 hr (C) and EGF-treated for 30 min following chronic

TPA treatment (0) were immunoprecipitated with Cx43 CT368 peptide

antiserum, resolved by SDS-PAGE and autoradiographed. Cx43 was

eluted from unfixed, unstained wet gels, digested with TPCK-trypsin and

analyzed by electrophoresis in the first dimension (pH 1.9 buffer) and

ascending chromatography (isobutyric acid butter) in the second dimension

as described in the Materials and Methods. The closed arrows-indicate

the positions of three phosphopeptides possibly containing TPA-sensitive

PKC phosphorylation sites. The origin is indicated by an arrowhead.
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Chapter 5

EGF-induced Cx43 phosphorylation may be mediated by MAP kinase.

The results in Chapter 4 suggest that EGF is able to stimulate the

disruption of gjc and Cx43 phosphorylation independent of TPA-sensitive

PKC activity. EGF's ability to activate MAP kinase independent of PKC

activity, taken together with the presence of two MAP kinase

phosphorylation consensus sites in Cx43, suggest that MAP kinase may

mediate EGF's effects. Chapter 5 examines the effects of EGF on MAP

kinase activity in T51B rat liver epithelial cells as well as the possible

involvement of MAP kinase in Cx43 phosphorylation.

EGF alters the migration pattern of MAP kinase isoforms in a time

and concentration-dependent manner.

EGF stimulated a rapid shift in mobility of p42 and p44 isoforms of

MAP kinase to slower migrating species as determined by immunoblotting

analysis using rabbit antiserum against MAP kinase (Figure 5.1 A). These

changes occurred as early as 2 min following EGF addition (the earliest

time point examined). The slower migrating, apparently higher molecular

weight forms which predominated at the 2, 5 and 10 min time points

progressively reverted to the faster migrating forms observed in control

cells by 1 hr (Figure 5.1A). EGF's ability to modify the migration pattern of

MAP kinase was also dose-dependent (Figure 5.1 B) with effects observed

at a concentration of 0.5 ng/ml (the lowest tested concentration) which was

also demonstrated to be effective at diminishing gjc (Lau et aI., 1992). The

altered migration pattern was observed for up to a concentration of 25

ng/ml (Figure 5.1 B). Chronic TPA treatment had no affect on the time
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course or dose-dependence of EGF-induced changes in MAP kinase

mobility (Figures 5.1 A and 5.1 B).

EGF stimulates the tyrosine phosphorylation of MAP kinase.

We were interested in determining if the observed shifts in MAP

kinase mobility were associated with changes in its phosphorylation on

tyrosine which has been correlated with its enzymatic activation (Ray and

Sturgill, 1988b; Rossomando et aI., 1989). EGF treatment of T51 B cells

resulted in a rapid tyrosine phosphorylation of both p42 and p44 isoforms

of MAP kinase as determined by immunoblotting analysis utilizing

phosphotyrosine (Ptyr) monoclonal antibody (Figure 5.1A). Tyrosine

phosphorylation of both isoforms occurred as early as 2 min following EGF

addition and reached maximum levels at 5 min, then progressively

decreased nearly to control cell levels by 1 hr (Figure 5.1A). Only the

slower migrating species of each of the p42 and p44 MAP kinase isoforms

appeared to contain Ptyr. This EGF-induced effect was also dose

dependent where the lowest tested EGF concentration of 0.5 ng/ml

resulted in a marked increase in Ptyr content of both isoforms of MAP

kinase (Figure 5.1B). This level of tyrosine phosphorylation was

maintained for up to a concentration of 25 ng/ml (Figure 5.1 B). Chronic

TPA treatment did not affect the time course or dose-dependence of EGF's

ability to stimulate Ptyr accumulation in both p42 and p44 isoforms of MAP

kinase (Figures 5.1 A and 5.1 B). Thus, it appears that EGF stimulated the

tyrosine phosphorylation of p42 and p44 isoforms of MAP kinase which

suggest that both enzymes may have been activated.
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EGF stimulates activation of the p42 and p44 isoforms of MAP kinase.

To measure EGF activation of MAP kinase directly, cytosolic

fractions of EGF-stimulated T51B cells were assayed for myelin basic

protein (MBP) kinase activity. We found that phosphorylation of MBP by

EGF-activated MBP kinase occurred in a rapid and transient manner in

vitro. A 2.9-fold increase in MBP kinase activity was observed 2 min

following EGF stimulation which reached maximum levels within 5 min

(4.2-fold increase) and progressively declined nearly to the control cell

levels by 1 hr (Figure 5.2A, open squares). Preincubation of T51B cells

with TPA (100 ng/ml) for 24 hr did not interfere with EGF's ability to

stimulate MBP kinase activity since the time course of its activation closely

paralleled that of EGF alone (Figure 5.2A, closed squares). EGF-induced

MBP kinase activation was also dose-dependent. Treatment of T518 cells

with increasing concentrations (0.5-25 ng/ml) of EGF tor 5 min resulted in a

marked increase in M8P kinase activity which appeared to plateau at 10

ng/ml (Figure 5.28, open squares). A concentration of 0.2 ng/ml was

required to reach half maximal stimulation of MBP kinase activity (Figure

5.28). A very similar dose-response curve was observed for cells

chronically treated with TPA prior to stimulation by EGF (Figure 5.2B,

closed squares).

The cytosolic fraction of T51 B cells was assayed in situ to confirm

that the MBP kinase activity was actually due to MAP kinase. Cytosolic

fractions were resolved by SOS-PAGE in MBP-containing polyacrylamide

gels and the kinase reaction was conducted directly in the gel containing

the renatured proteins. We found that EGF transiently stimulated 44 kDa

and to a lesser extent, 42 kDa MBP kinase activities which reached

maximum levels within 5 min of EGF treatment (Figure 5.2C). This activity
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progressively decreased nearly to levels observed in control cells by 60

min (Figure 5.2C). No other protein kinases which phosphorylated MBP

were detectable throughout the gel. Control experiments conducted using

a gel polymerized in the absence of MBP substrate, indicated that the

observed MBP kinase activities were not due to autophosphorylation

(negative control data not shown). These combined results strongly

suggested that the cytosolic fractions of EGF-treated T51B cells contain

p42 and p44 MBP kinases which electrophoretically and kinetically behave

as activated MAP kinases. Furthermore, EGF-activation of MAP kinase

persists in T51 B cells chronically treated with TPA and correlates with the

phosphorylation of Cx43 and disruption of gjc.

MAP kinase phosphorylates Cx43 in vitro.

To determine if Cx43 is a direct substrate of MAP kinase, partially

purified Cx43 in particulate fractions of Cx43 recombinant baculovirus

infected 8f9 cells were subjected to phosphorylation by purified MAP

kinase in vitro (a gift of Dr. M. Weber). We discovered that

phosphorylation of Cx43 in the presence of MAP kinase was 5.1-fold (± 1.1

8EM) above that observed in the absence of MAP kinase (Figure 5.3). In

vitro phosphorylated Cx43 contained only phophoserine as determined by

phosphoamino acid analysis (L. Loo and A. Lau, unpublished results). The

slight phosphorylation of Cx43 observed in the absence of MAP kinase

was possibly due to endogenous insect cell kinases which survive the heat

inactivation process designed to reduce endogenous kinase activity

present in 8f9 cell membrane fractions (M. Kanemitsu and A. Lau,

unpublished results). Nonetheless, in the presence of MAP kinase, Cx43
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was markedly phosphorylated in vitro suggesting that Cx43 may be an in

vivo substrate of MAP kinase.

Common phosphopeptides exist in Cx43 phosphorylated in vivo and

by MAP kinase in vitro.

Two-dimensional tryptic phosphopeptide mapping of Cx43

phosphorylated by MAP kinase in vitro revealed that several unique sites

were phosphorylated directly by MAP kinase (Figure 5.4A,

phosphopeptides a-d). One phosphotryptic peptide appeared to represent

the major site of in vitro phosphorylation (Figure 5.4A, phosphopeptide b).

Whether these phosphopeptides contain unique phosphorylation sites or

are the result of partial tryptic digestion is not yet clear. The endogenous

8f9 insect cell kinase activity described earlier may have also contributed

to the phosphorylation of these minor sites. Most significantly, these in

vitro produced phosphopeptides appeared to migrate very similarly to

phosphopeptides produced from Cx43 labeled in vivo after EGF-treatment

(compare Figures 5.4A and 5.48). Comigration experiments confirmed

that the in vitro produced phosphotryptic peptides did indeed represent a

unique subset of the in vivo labeled ones (compare Figure 5.4C with

Figures 5.4A and 5.48). These results suggested that MAP kinase may

phosphorylate Cx43 directly in vivo.
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Figure 5.1

Time- and dose-dependence of EGF-induced mobility shift and

tyrosine phosphorylation of p42 and p44 lsotorms of MAP kinase.

T51B cells were untreated or EGF-treated for the indicated times (A) and

concentrations (8) following preincubation in PBS or TPA (100 ng/ml) for

24 hr. The cells were fractionated, resolved by SOS-PAGE and

electrotransferred to an Immobilon P membrane as described in the

Materials and Methods. The proteins were immunoblotted with either

rabbit antiserum against the C-terminal peptide of Xenopus MAP kinase or

phosphotyrosine monoclonal antibody and the immune complexes were

detected with [1251] goat anti-rabbit IgG or [1251] sheep anti-mouse IgG,

respectively. The membrane was autoradiographed using Kodak X-OMAT

XAR-5 film for 1-3 days with an intesifying screen at -700C. The p42 and

p44 isoforms of MAP kinase are marked. Results shown are representative

of 2-4 experiments.
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Figure 5.2

Time- and dose-dependence of EGF-induced MBP kinase

activation. T51B cells were treated with EGF for the indicated times (A)

and concentrations (8) following preincubation with PBS (open squares)

or TPA (100 ng/ml, closed squares) for 24 hr. Cytosolic fractions (10 Jlg)

were assayed for MBP kinase activity in vitro as described in the Materials

and Methods. The samples were resolved by SOS-PAGE and

autoradiographed. Phosphorylated MBP was excised from the gel,

rehydrated and quantitated by scintillation counting. These data represent

the averages (± SEM) of 2 individual experiments. (C) Cytosolic fractions

(20 Jlg) of T51B cells were resolved by 80S-PAGE in MBP-containing gels

followed by denaturation with 6 M guanidine Hel and renaturation, and the

kinase assay was performed in situ as described in the Materials and

Methods. The arrows indicate p42 and p44 isoforms of MAP kinase.
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Figure 5.3

Phosphorylation of Cx43 by MAP kinase in vitro. Cx43 from

particulate fractions (70~g) of Cx43 recombinant baculovirus-infected 8f9

cells were incubated in the absence (-) or presence (+) of purified MAP

kinase (18 ~g) as described in the Materials and Methods. Cx43 was

immunoprecipitated with the Cx43 CT368 peptide antiserum, resolved by

80S-PAGE and autoradiographed using Kodak X-OMAT XAR-5 film for 1

2 days at -20oC.
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Figure 5.4

Tryptic phosphopeptide maps of Cx43 metabolically labeled in

vivo and phosphorylated by purified MAP kinase in vitro. Cx43 from

particulate fractions of Cx43 recombinant baculovirus-infected Sf9 cells

and phosphorylated by purified MAP kinase in vitro (A) and 32P-labeled

T51B cells treated with EGF for 30 min following chronic TPA treatment

(B) were immunoprecipitated with Cx43 CT368 peptide antiserum and

resolved by SOS-PAGE as described in the Materials and Methods.

Two-dimensional phosphotryptic peptide analysis of Cx43 was performed

as described in the Materials and Methods and Figure 4.4.

Phosphopeptides representing possible MAP kinase phosphorylation sites

are designated a-d. In mixing experiments (C), comigrating

phosphopeptides are designated a-d. The origin is indicated by an

arrowhead.
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Chapter 6

Discussion

Intercellular communication is responsible for the coordination and

regulation of cellular signals in tissue and organ systems. Ubiquitous

expression and evolutionary conservation suggest that gap junctions are

fundamental components of physiological processes. While the functional

significance of gjc is becoming clearer, the regulatory mechanisms

involved are as yet undefined. The current study attempts to gain a better

understanding of the manner in which gap junctions are modulated,

specifically by phosphorylation/dephosphorylation mechanisms. In

addition, the signalling cascade(s) as well as the enzyme(s) linking growth

factor receptor tyrosines to gap junctional modulation are examined.

In agreement with previous studies (Maldonado et aI., 1988;

Madhukar et aI., 1989) we have demonstrated EGF-induced disruption of

gjc in T51 B rat liver epithelial cells (Figure 3.1, Lau et aI., 1992). EGF

stimulated a rapid and transient disruption of gjc in T518 cells where the

kinetics of disruption was similar to that observed by Maldonado et al.

(1988) in normal rat kidney (NRK) or Balb C 3T3 cells. Both cell types

express the EGF receptor and showed decreased junctional conductance

in response to EGF. In contrast, EGF did not affect junctional permeability

in NIH 3T3 cells, in which EGF receptors were below the detection level

(Maldonado et aI., 1988).

To examine the possibility that EGF-induced disruption of gjc in

T518 cells was due to gross alterations in gap junctional piaques,

immunofluorescent microscopy using the connexin43 CT368 peptide

antibody was conducted (Figure 3.3; Lau et aI., 1992). Distinct, punctate
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Cx43 antibody reactions most likely representing gap junctional plaques

appeared aggregated and intact for all times examined including the 30

min time point when gjc was greatly reduced. The pattern of

immunoreactivity observed in T51 B cells closely resembled gap junctional

plaques immunolocalized from frozen sections of liver (Hertzberg and

Spray, 1985). Furthermore, phase-contrast microscopy demonstrated that

T51 B cells remained intact without any apparent loss of cell-cell contact

between adjacent cells following EGF treatment (Figure 3.3; Lau et aI.,

1992). These results suggest that EGF's ability to disrupt gjc was unlikely

to be due to gross alterations in gap junctional plaques.

Receptor autophosphorylation is one consequence of EGF-induced

receptor tyrosine kinase activation. In T51B cells, the EGF receptor

tyrosine kinase is activated in a rapid and transient manner in response to

EGF (Figure 3.2). Maximum levels of activation occurred within 5 min of

agonist addition, well before disruption of gjc occurred (Figure 3.1). EGF

receptor activation may be the earliest of a cascade of events leading to

the disruption of gjc and Cx43 phosphorylation in T51B cells.

Maldonado et al. (1988) proposed two possible mechanisms by

which EGF could modulate junctional permeability. The first mechanism

involves Ca2+. Previous studies have demonstrated growth factor-induced

elevation of intracellular Ca2+ concentration in human fibroblasts

(Moolenar et aI., 1984). Moreover, Rose and Loewenstein (1975)

demonstrated Ca2+-mediated reduction of junctional permeability. While

these studies suggest that Ca2+ may mediate EGF-induced disruption of

gjc in T51B cells, ionomycin-mediated increases in intracellular Ca2+

levels did not result in reduced gjc (Danesh and Boynton, unpublished

observations). Moreover, EGF's ability to disrupt gjc appears to be
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independent of extracellular Ca2+ levels (Danesh and Boynton,

unpublished observations). Taken together, these results suggest that

EGF-induced disruption of gjc in T518 cells is unlikely due to the Ca2+

mechanism proposed.

The second mechanism proposed by Maldonado et al (1988)

suggested that reduced junctional permeability may be due to tyrosine

phosphorylation of the connexin protein by receptor tyrosine kinases.

Previous studies have correlated reduced junctional permeability in src

transformed cells with tyrosine phosphorylation of the connexin protein

(Crow et aI., 1990, 1992; Swenson et aI., 1990). Whether the tyrosine

kinase of pp60src directly phosphorylates connexin or activates a

downstream tyrosine kinase has not been determined. EGF treatment of

T518 cells resulted in a marked increase in Cx43 phosphorylation (Figure

3.4A; Lau et al., 1992) which occurred in a rapid and transient manner.

EGF's ability to stimulate Cx43 phosphorylation inversely correlated with its

effects on reducing junctional permeability (compare Figures 3.1 and

3.4A). Phosphoamino acid analysis of Cx43 phosphorylated in response

to EGF indicated that the protein was phosphorylated only on serine

residues for all time points examined (Figure 3.4-8). In contrast to

previous studies with src-transformed cells, these results suggested that

the activated EGF receptor itself or another tyrosine kinase(s) is not

directly involved but that a serine kinase(s) is acting directly upstream of

Cx43.

To investigate the possible functional relationship between Cx43

phosphorylation and reduced junctional permeability, dose-dependence of

EGF's effects on junctional permeability and Cx43 phosphorylation were

examined. Increasing concentrations of EGF resulted in a progressive
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decrease in gjc and a concomitant increase in Cx43 phosphorylation

(Figure 3.5). Therefore, in agreement with previous studies, Cx43

phosphorylation appears to be associated with the disruption of gjc in T51 B

cells.

The time course of EGF-induced Cx43 phosphorylation

demonstrated that following EGF treatment for 3 hr, Cx43 phosphorylation

is restored nearly to levels observed in control cells (Figure 3.4A). This

occurrence may result from the inactivation of a kinase(s) and/or the

activation of a phosphatase(s). A dynamic collaboration between kinases

and phosphatases is certainly possible. Okadaic acid, an effective

serine/threonine phosphatase inhibitor (Bailojan and Takai, 1988;

Haystead et aI., 1989) has previously been utilized as a means to

investigate the functional significance of phosphorylation/dephosphorylation

events. Okadaic acid exhibits high specificity towards type 2A (pp2A) and

type 1 phosphatases (pp1), inhibiting their activities at concentrations of 1

nM and 1 ~M, respectively (Bialojan and Takai, 1988). Okadaic acid at a

concentration of 1 nM inhibited the dephosphorylation of Cx43 which

typically occurred following 3 hr EGF treatment (Figure 3.5). These results

suggested that pp2A may mediate the dephosphorylation of Cx43

observed at the 3 hr time point. Higher concentrations of okadaic acid (1

p-M) resulted in the detachment of cells from the culture dish, therefore, the

possible involvement of pp1 on Cx43 dephosphorylation could not be

examined. Most notably, okadaic acid's ability to prevent the

dephosphorylation of Cx43 was coincident with its ability to inhibit the

restoration of gjc observed following 3 hr EGF treatment (Figure 3.5).

Taken together, these results demonstrate a strong correlation between

the phosphorylation states of Cx43 and modulation of junctional
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permeability. While these findings are significant, site-directed

mutagenesis of the EGF-induced phosphorylation sites will be required to

determine the functional significance of EGF's ability to stimulate the serine

phosphorylation of Cx43.

While the studies in Chapter 3 strongly suggest that EGF-induced

disruption of gjc may result from the serine phosphorylation of Cx43, the

signalling pathways mediating EGF's effects have not been established.

Numerous signalling cascades generated in response to activated

growth factor receptor tyrosine kinases have been proposed. Previous

studies have characterized TPA- and OAG-induced disruption of gjc

(Enomoto and Yamasaki, 1985; Gainer and Murray, 1985; Dotto et al.,

1989; Somogyi et aI., 1989; Katoh et aI., 1990). In addition, others have

demonstrated TPA-induced phosphorylation of Cx26, Cx43 and MP26, a

lens gap junction protein, in vivo (Lampe and Johnson, 1989; Brissette et

al., 1991; Oh et aI., 1991; Berthoud et aI., 1992) or direct phosphorylation

of Cx32 by purified PKC in vitro (Takeda et aI., 1987; Saez et aI., 1990).

Furthermore, EGF has been demonstrated to stimulate the phospholipase

C/ phosphatidylinositol pathway ultimately leading to the activation of PKC

(Berridge, 1987; Nishizuka, 1988). These earlier studies suggest that EGF

may stimulate PKC activity in T51 B cells resulting in the disruption of gjc

and serine phosphorylation of Cx43.

To examine this possibility, TPA-sensitive PKC was down-modulated

with chronic TPA treatment as previously described (Young et al., 1987;

Wolfman et al., 1987; Adams and Gullick, 1989) prior to assaying EGF

induced disruption of gjc and Cx43 phosphorylation. Preincubation of

T51 B cells with TPA (100 ng/ml) for 24 hr inhibited the TPA-induced

disruption of gjc and Cx43 phosphorylation previously observed (Figures
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4.1 A and 4.1 B) suggesting that PKC activity has been down-modulated.

Direct measurement of PKC activity in T51B cells demonstrated that

chronic TPA treatment did indeed down-modulate PKC activity (Figure

4.2). Conversely, chronic TPA treatment did not affect EGF's ability to

disrupt gjc and phosphorylate Cx43 (Figure 4.1A and 4.1B).

Phosphoamino acid analysis of Cx43 phosphorylated in response to EGF

following chronic TPA treatment demonstrated that only serine residues

were phosphorylated for all Cx43 species and time points examined

(Figure 4.3). These results indicate that chronic TPA treatment does not

induce the activation of a tyrosine or threonine kinase to directly

phosphorylate Cx43, but that a serine kinase(s) is involved. Possibly the

same serine kinase(s) acting on Cx43 in response to EGF alone may be

invovled.

Most notably, two-dimensional tryptic phosphopeptide mapping

demonstrated that the marked phosphorylation of Cx43 on numerous sites

in response to EGF was (with three exceptions) largely unaffected by

chronic TPA treatment (compare Figures 4.48 and 4.40). The three

missing Cx43 phosphopeptides may possibly contain TPA-sensitive PKC

phosphorylation sites which do not appear to be necessary for EGF's

effects on Cx43. As mentioned earlier, computer-assisted sequence

analysis of Cx43 identified several protein kinase phosphorylation

consensus sites including two MAP kinase sites (Alvarez et aI., 1991) as

well as sites for PKC, p34Cdc2, casein kinase I and glycogen synthase

kinase-3 (Kennelly and Krebs, 1991). Our data suggest that one or more

of these other serine kinases may mediate EGF's effects on gjc and Cx43

phosphorylation.
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The studies in Chapter 4 suggested that EGF is able to modulate gjc

and Cx43 phosphorylation by a signalling pathway independent of TPA

sensitive PKC. As mentioned earlier, the presence of two MAP kinase

phosphorylation consensus sites (Alvarez et aI., 1991) as well as EGF's

ability to activate MAP kinase independent of PKC activity (Northwood and

Davis, 1990) suggested that EGF-induced disruption of gjc and Cx43

phosphorylation may be mediated by MAP kinase.

We found that EGF treatment of T51 B cells resulted in the tyrosine

phosphorylation and activation of p42 and p44 isoforms of MAP kinase in a

time- and dose-dependent manner (Figures 5.1 and 5.2). These results

are consistent with previous reports describing MAP kinase as a mitogen

activated serine/threonine kinase requiring tyrosine and threonine

phosphorylation for activity (Ray and Sturgill, 1988b; Rossomando et aI.,

1989; Anderson et aI., 1990; Ferrel and Martin, 1990; Boulton et aI., 1991;

Payne et aI., 1991). In addition, the kinetics of EGF-induced activation of

MAP kinase in T51 B cells was similar to previous studies demonstrating

EGF-induced MAP kinase activation in human foreskin fibroblasts, human

epithelial carcinoma A431 cells and rat embryonic fibroblastic 3Y1 cells

(Gotoh et aI., 1990b; Chao et aI., 1992). EGF-induced stimulation of MAP

kinase activity occurred prior to the disruption of gjc and Cx43

phosphorylation which suggested that MAP kinase may mediate those

responses. This hypothesis was further substantiated when we

demonstrated the ability of purified MAP kinase to phosphorylate Cx43 in

vitro (Figure 5.3). Moreover, tryptic phosphopeptide mapping

demonstrated that Cx43 was phosphorylated by MAP kinase in vitro on

several sites which represented a subset of the sites phosphorylated in
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vivo in response to EGF (Figure 5.4). These results strongly suggest that

Cx43 may be an in vivo substrate of MAP kinase.

While previous studies have associated EGF receptor activation to

the activation of MAP kinase (Ahn et aI., 1990a,b, 1991), the possible

intermediate events involved have only recently become clearer. It has

become evident that EGF-stimulated signalling involves, in part, multiple

protein interactions and kinase cascades downstream of the activated

receptor tyrosine kinase. Upon ligand-induced receptor activation, SH2

containing Shc proteins associate with the receptor and become tyrosine

phosphorylated (Pelicci et aI., 1992). Grb-2, a 23 kDa SH2-containing

protein also forms a complex with Shc and the receptor (Rozakis-Adcock

et aI., 1992). These protein interactions have been implicated in the

activation of Ras in both C. elegans and mammalian HER 14 cells (Clark et

aI., 1992; Lowenstein et aI., 1992). Ras activation has been demonstrated

to ultimately lead to MAP kinase activation (Wood et aI., 1992; de Vries

Smits et aI., 1992; Hattori et aI., 1992; Pomerance et aI., 1992) mediated

by a complex protein kinase cascade involving Raf-1 ( Dent et aI., 1992;

Howe et aI., 1~92; Kyriakis et aI., 1992; Troppmair et aI., 1992; Wood et

aI., 1992), possibly a MAP kinase kinase kinase (Gomez et aI., 1992)

and MAP kinase kinase (Adams and Parker, 1992; Haystead et aI., 1992;

Nakielny et aI., 1992; Matsuda et aI., 1992; Wu et aI., 1992). Thus, this

signalling pathway may not only mediate the reduced junctional

permeability observed in EGF-treated cells, but also cells transformed by

the ras oncogene (Datto et aI., 1989; EI-Fouly et aI., 1989; Brissette et aI.,

1991 ).

A number of proteins have been identified as substrates of MAP

kinase including MBP (Erickson et aI., 1990), MAP-2 (Ray and Sturgill,
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1987), ribosomal S6 kinase (Sturgill et aI., 1988), c-jun (Alvarez et aI.,

1991; Pulverer et aI., 1991), transcription factor p62TCF (Gille et aI., 1992),

c-myc (Alvarez et aI., 1991) and the EGF receptor (Countaway et aI., 1989;

Northwood et aI., 1991; Takishima et aI., 1991). This study suggests that

Cx43 may also be a substrate of MAP kinase.

Taken together, the data presented in this study demonstrated that

EGF's ability to disrupt gjc in T51B rat liver epithelial cells was correlated

with the serine phosphorylation of Cx43. Moreover, the signalling

cascade(s) stimulated by EGF does not appear to require TPA-sensitive

PKC but appears to be mediated, in part, by MAP kinase. Although this

study examines that role of kinases in mediating EGF-induced disruption of

gjc and Cx43 phosphorylation, identification and characterization of the

possible serine phosphatase(s) involved will also be of interest. In

addition, preparation and characterization of phosphorylation site mutants

as well as other genetic manipulations will enable us to establish the

functional significance of these EGF-induced phosphorylation events.

Furthermore, EGF's ability to modulate gjc and Cx43 phosphorylation in

T51 B cells provides an excellent system for facilitating further

characterization of EGF-stimulated protein kinase signalling pathways

involved in regulating critical cellular functions.
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