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Abstract

Gap junctions are membrane channels permitting interchange of ions and

small molecules between adjacent cells. Rous sarcoma virus (RSV)-induced

transformation is marked by early and profound disruption of gap-junctional

communication, suggesting that these membrane structures may serve as sites

of pp60v-src action. This dissertation investigates this possibility by identifying

and characterizing putative fibroblast proteins (connexins) involved in junctional

communication. Findings indicate that uninfected mammalian fibroblasts do not

contain RNA or protein related to liver connexin32. In contrast, vole and mouse

fibroblasts contained a homologous 3.0-kb RNA similar in size to connexin43

RNA in heart tissues. Anti-connexin43 peptide antisera specifically reacted with

three proteins of approximately 43-kD, 45-kD and 47-kD from communicating

fibroblasts. Gap junctions from heart cells contained predominantly 45-kD and

47-kD species similar to those in fibroblasts. Uninfected fibroblast 45-kD and 47

kD proteins were phosphorylated on serine residues. Phosphatase digestions of

45-kD and 47-kD fibroblast and heart connexin proteins indicated that they

represent phosphorylated forms of the 43-kD protein. Additionally, proteolytic

mapping of the fibroblast and heart connexin proteins showed them to have

similar primary structures. Pulse-chase labeling studies showed that

phosphorylation of the fibroblast connexin protein appeared to occur shortly

after synthesis, followed by an equally rapid dephosphorylation. In contrast to

these results, connexin43 protein in RSV-transformed fibroblasts contained both

phosphotyrosine and phosphoserine. Thus, the presence of phosphotyrosine in

connexin43 correlated with the loss of gap-junctional communication in RSV

transformed fibroblasts. Furthermore, non-transformed cells expressing kinase-
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active, non-myristylated pp602A527F communicated at high levels and contained

connexin43 phosphorylated predominately on serine, but not tyrosine. In

contrast, cells transformed by kinase-active, myristylated pp60527F did not

communicate and contained connexin43 proteins phosphorylated on serine and

tyrosine. Additionally, activation of pp60v-src, temperature sensitive for

transformation, resulted in a rapid, simultaneous increase in relative

phosphotyrosine content of connexin43 protein and loss of gap-junctional

communication. These combined results suggested that connexin43 is a

functionally-relevant substrate of pp60v-src whose phosphorylation on tyrosine

may be involved in the disruption of gap-junctional communication.
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Chapter 1
Introduction

Gap junctions are intercellular channels which couple cells allowing them

to exchange small molecules. Thesestructures havebeen found in every organ

except fully differentiated skeletal muscle. They are different from other

membrane channels in that they maintain a pathway between cells, are

nonspecific and allow for passive diffusion (Revel et aI., 1985). Morphologically

they can be characterized by negative staining electron microscopy as closely

packed hexagonally shaped "donuts" (Goodenough, 1976; Unwin and Zampighi,

1980), and by thin sectioning as a pair of parallel plasma membranes separated

by a "gap" or 15-20nmspace (Revel and Karnovsky, 1967; Goodenough and

Revel, 1971; Yancy et aI., 1989). These channels with their 16-20 Angstrom

diameter pores (Flagg-Newton et aI., 1979) have selective permeability to

molecules less than 2nm in diameter or molecular masses of approximately 1,200

daltons (Caveny and Podgorsky, 1975; Simpson et aI., 1977). Second

messengers, ions, small peptides, and a hypotheticallystraight strand of DNA or

RNA can pass through these channels.

Each cell contributes one half of a single channel. This individual gap

junctional hemi-channel or connexon is composed of protein subunits (Unwin

and Zampighi, 1980). The currently accepted connexon topologic model

consists of 6 protein subunits surrounding a centralized core, the core is

considered the conducting passage (Unwin and Zampighi, 1980) (Figure 1.1 a).

Eachof the connexon subunit proteins is referred to as a connexin (Beyer, et aI.,

1987) (Figure 1.1 b and c). The differences in tissue specific connexins will be

discussed next, however, a generalized model can be proposed based on the

diagrams depicted by Beyer et aI., (1987) and Yanceyet aI., (1989) (Figure 1.1 c).
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They present evidence suggesting that the connexin protein crosses the cell

membrane 4 times, resulting in both its amino and carboxy terminal residues, as

well as an internal loop projecting into the cytoplasm. There are also 2 external

loops projecting into the extracellular gap. The 4 regions within the lipid bilayer

appear to be arranged in alpha helical configurations and are numbered 1-4

beginning at the amino-terminal end. The 3rd alpha helix appears to always

project towards the central core and is speculated to have alternating positive

and negative charges encapsulating the cellular channel (Kistler, personal

communication; Cascia et aI., 1990).

The identity of various tissue specific connexin proteins is beginning to

surface. The mammalian gap junction proteins described to date include the

liver connexin32 whose cDNA has been isolated from rat liver (Paul, 1986) and

human liver (Kumar and Gilula,1986). Introduction of connexin32 cDNA into

communication incompetent cells resulted in the expression of functional gap

junction channels (Eghbali et aI., 1990). The determined DNAsequence predicts

a protein sequence of molecular mass 32-kD. Isolated connexin32 proteins from

biochemically purified liver gap junctions migrate on sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE) at molecular mass 27-kD with a

dimer at 47-kD (Willecke, et. ai, 1988; D. Crow, unpublished). The 27-kD protein

was shown to be phosphorylated in vitro by protein kinase C (Takeda et aI.,

1987). This phosphorylation was found at the C-terminal domain of the

connexin32 (Takeda et aI., 1989). Connexin32 has been identified in brain, lung,

spleen, intestine, testes, kidney and stomach (Dermietzel et al. 1984; Hertzberg

and Skibbens, 1984; Zervos et aI., 1985). The liver is unique in that it was the

first tissue described to coexpress a second gap junction protein, referred to as

connexin26. Connexin26 has a calculated molecular mass of 26-kD but runs at
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21-kO on 50S-PAGE (Zhang and Nicholson, 1989; Look et aI., 1987; Nicholson

et aI., 1987).This protein has an approximately 48% protein sequence similarity

homology with the 27-kD protein (Nicholson et aI., 1987), and is localized in the

same gap junctional plaques (Traub et aI., 1989). The finding of two liver

proteins in the connexin family raises the posslbflty that their may be different

means of regulating gap junctions within a given tissue. The heart may also

express more than one connexin protein. The most studied heart connexin

protein is connexin43, its eDNAhas been sequenced by Beyer et al. (1987). It

has a predicted a protein of molecular mass of 43-kD, and migrates between 43

kO and 47-kD on SDS-PAGE (Crow et aI., 1990; Manjunath et aI., 1987). It differs

from connexin32 mainly in that it has a 17-kD carboxy terminal tail (Manjunath et

aI., 1987). Connexin43 itself is a cell-to-cell channel forming protein as

demonstrated by Werner et al. (1989). There is evidence that the connexin43

protein can be phosphorylated in vitro (Pressler and Hathaway, 1987). This

dissertation presents the only known in vivo phosphorylation data for this protein.

Connexin43 has been localized to heart intercalated discs, lens and corneal

epithelium, renal tubular epithelium, term uterus tissue, ovarian granulosa cells

(Beyer et aI., 1989), and mammalian fibroblasts (Crowet aI., 1990). Recently,

Beyer (1990) reported finding mRNA for two new heart connexin family proteins.

Their expression and localization to gap junction plaques has yet to be shown.

Another class of the connexin family gap junction proteins has been identified in

lens. MIP26, the protein once considered to be a lens connexin, lacks

experimental support. At this point in time, MP70, and it's processed form

MP38, are generally considered to be the lens gap junction protein (J. Kistler,

personal communication; Voorter and Kistler, 1989). The amino-terminal

sequence of this lens protein has a 40% homology with that of connexin32 and is
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50% identical with that of connexin43 (Kistler et. aI., 1988). Voorter and Kistler

(1989) have demonstrated that MP70can be phosphorylated in vitro by cAMP

dependent protein kinase, whereas MP38cannot.

Various agents are responsible for influencinggap junctional permeability.

Cyclic AMP is able to increase intercellular coupling in liver and heart cells (Saez

et aI., 1986; DeMello, 1984) presumably through the activation of a cAMP

dependent protein kinase (Spray and Burt, 1990). Membrane permeable cGMP

derivatives decrease gap junctional conductance, likely through a cGMP

dependent protein kinase. Elevated intracellular calcium concentrations also

decrease gap junctional communication (Rose and Loewenstein, 1976).

Physiologically the Ca2+ effect may be important in disrupted or injured cells to

prevent the loss of ions or metabolites. Gap junctions in uninjured cells have a

variable sensitivity to Ca2+. Noma and Tsuboi (1987) reported that gap

junctions in heart muscle start closing at free calcium concentrations between

pCa 7-6, which is within physiological range. They have also shown that the

junctional sensitivity to Ca2+ is pH dependent, in that as the hydrogen ion

concentration increases, the junctions become less sensitive to Ca2+. But

neither H+ or Ca2+ seems to exert a direct uncoupling effect on junctional

channels from crayflsh lateral axons, suggesting a soluble compound acts as an

intermediary for these ion effects. The intermediary candidate for Ca2+ is

calmodulin, which appears to bind to liver gap junctions. Furthermore, Ramon et

al. (1988) and Percchia (1988) have shown that a Ca2+-calmodulin intermediary

may have a direct effect on the closing of junctional channels. On the other

hand, there are no identified intermediaries for H+, as might be expected from

the wide hydrogen ion effect on proteins in general. Spray et al. (1981) have

observed that gap junctional conductance falls as the pH decreases. The gap
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junctions in heart and liver loose communicationwhen the pH falls below 6.5

(Spray et. aI., 1982; Noma and Tsuboi, 1987), although the range varies in

different tissues (Bennett et aI., 1988). The hydrogen ions appear not to act

through Ca2+ or calmodulin, but to act on the gap junction protein itself,

possibly by the titration of certain amino acids like histidine (Bennettet aI., 1988).

Hormones also modulate gap junctional communication. In the uterus

prior to parturition, circulating hormones cause an increase in uterine smooth

muscle gap junctional synthesis. This is probably a result of increases in cAMP,

thus allowing uterine contractions to be synchronized. Cyclic AMP appears to

have the opposite effect after birth, in that it appears to stimulate a degradation

of the junctions (Garfield et. aI., 1977; Cole and Garfield, 1985).

Other compounds affecting gap junctions are the local anesthetics

heptanol and octanol and the general anesthetics halothane and ethrene (Burt

and Spray, 1989). Their mechanism of action is unknown. It has been thought

to be either through membrane fluidity changes (Johnson et aI., 1980) or direct

channel closure (Burt, 1989).

As demonstrated with diacylglycerol (Yada et aI., 1985), gap junctional

communication is also inhibited by tumor promoting agents such as 12-0

tetradecanoylphorbol-13-acetate (TPA) (yamasaki, 1988). TPA replaces

diacylglycerol, the endogenous activator of protein kinase C. Its mechanism of

gap junctional communication inhibition is presumably by stimulating the

phosphorylation of nearby proteins which modulate gap junctions (yamasaki,

1988). Like chemical transformation, the loss of gap junctional coupling has

been correlated with malignant progression (Nicholson et aI., 1988) of tumor cells

or in cells transformed by viruses, or by oncogenes (Bignami et aI., 1988). Of the

oncogenes, cells transformed by ras exhibit a lack of cell-to-cell communication
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(VanHamme et aI., 1989). Expression of the src gene in RSV-transformed cells

also results in a loss of gap junctional communication. This dissertation is

particularly concerned with the effect the src oncogene product has on gap

junctions.

The protein translated from the src gene, pp60v-src, was isolated by

Brugge and Erickson (1977). This 60-kD protein is translated on free ribosomes,

and complexed with the cellular proteins p50 and p90 (Brugge et aI., 1981). It is

localized to the cytoplasmic surface of the plasma membrane where it dissoci

ates from the complex. Pp60v-src is attached to the plasma membrane lipid

bilayer via a myristic acid covalentlybound to the Gly2 residue of its amino

terminus (Buss and Sefton, 1985). Pp60src was the first recognized tyrosine

specific kinase and tyrosine phosphorylation represents less than 0.01 % of

cellular phosphoamino acids (Hunter and Sefton, 1980). Tyrosine phospho

rylation on cellular protein substrates is believed responsible for the

transformation of Rous sarcoma virus {RSV)-infected cells (Sefton et. aI., 1980).

Pp60v-src is phosphorylated in vivo on serine (ser) 17 and tyrosine (tyr) 416

(Smart et aI., 1981; Cross and Hanafusa, 1983). Ser 17 appears to be a site of

cAMP-dependent kinase action (Collettet aI., 1979) and tyr 416 phosphorylation

is the result of autophosphorylation (Purchio, 1982). Ser 17 and tyr 416, the

major sites of phosphorylation appear to be dispensable for kinase activity and

cellular transformation (Cross and Hanafusa, 1983). In the presence of

orthovanadate, a tyrosine phosphatase inhibitor, in vitro activity of pp60v-src is

higher and the protein is phosphorylated in tyrosine at the amino-terminus

(Brown and Gordon, 1984). The increase in the enzyme's kinase activity (Collett

et aI., 1984) may indicate a mechanism for regulating pp60v-src's function.

Additionally in the presence of orthovanadate protein kinase C phosphorylates
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pp60v-src at ser 17 and ser 48 (Purchio et. aI., 1985); however, these has, as yet

no detectable effect on kinase activity.

The non-transforming cellular src protein, pp60c-src differs from pp60v-src

mainly in the carboxy-terminal end. The V-src protein substitutes 12 carboxy

terminal amino acids for 19 different residues in pp60c-src. Furthermore, there

are other single amino acid substitutions in pp60v-src as compared to pp60c-src

(Takeya and Hanafusa, 1983). Pp60c-src,s kinase activity is normally

suppressed by extensive phosphorylation of a negative regulatory site, tyr 527

(Cooper et aI., 1986). This site is missing from the truncated pp60v-src protein.

The kinase responsible for phosphorylating tyr 527 has yet to be identified.

Mutation or deletion of the tyr 527 site in pp60c-src induces it's kinase activity

and results in the autophosphorylation of tyr 416 (Kmiecikand Shalloway, 1987).

Furthermore, it has been shown that ser 17 is phosphorylated by a cAMP

dependent protein kinase (Patschinsky et. aI., 1986) and ser 12 is the major site

of phosphorylation by protein kinase C (Gould et. aI., 1985). These amino

terminal phosphorylations appear to have little effect on pp60c-src's in vitro

kinase activity. However, novel phosphorylations in the amino terminal 16-kD

region of pp60c-src appear to be major regulatory phosphorylation sites during

mitosis (Chackalaparampil and Shalloway, 1988). The mitosis-specific

phosphorylations occur at threonine (thr) 34, thr 46, and ser 72 with MPF

(maturation promoting factor) being the likely kinase (Shenoy et aI., 1989).

Purified MPF appears to be a complex of two proteins, a 34-kD ser/thr kinase

and a 45-kD phosphorylation substrate (Lohka et aI., 1988). The 34-kD protein is

a homolog of p34cdc2 (Gautieret aI., 1988) which is critical for regulating mitosis

in cells from yeast to man (Lee and Nurse, 1988).
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Attachment to the membrane and kinase activation is necessary for

pp60src,s transformation potential. Cells containing membrane bound kinase

active pp60src are transformed and contain a number of phosphotyrosine

containing substrates. Cooper and Hunter (1983) have reviewed many of the

presumptive cellular substrates of pp60v-src. These include: vinculin, a

component of focal adhesion plaques and a soluble cytosolic protein; p36 and

p81 which are associated with the submembranous cytoskeleton; the glycolytic

enzymes enolase, lactate dehydrogenase, and phosphoglycerate mutase; p42

the cytosolic protein that is also a substrate of growth factor receptor tyrosine

protein kinases; and p50, the cytosolic protein that binds to pp60src prior to it's

being attached to the plasma membrane. Cells in which the amino terminal

glycine is replaced with an alanine residue no longer bind myristic acid. Without

the myristic acid, pp60src is no longer membrane bound. Cells containing the

mutant pp60src also contain high levels of phosphotyrosine containing sub

strates. However, these cells are not transformed. Thus, the pllosphotyrosine

containing proteins in these mutant containing cells are not transformation

relevant proteins. Kamps et al. (1986) have shown that the aforementioned

substrates are also phosphorylated in myristate minus cells that are not

transformed. Indicating that these previously identified proteins reviewed by

Cooper and Hunter are not transformation relevantsubstrates of pp60v-src.

Thus, in the hunt to find the transformation relevant proteins, it is

necessary to identify those proteins that are phosphorylated on tyrosine in cells

containing the membrane bound kinase active pp60src, but are not

phosphorylated on tyrosine in cells containing the mutant pp60src protein.

These proteins are probably located in plasma membrane-matrix structures

(Hamaguchi and Hanafusa, 1989) whose phosphorylation is necessary for trans-
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formation. To this end Linder and Burr (1988) have identified 115-120-kDa

membrane-associated proteins, whose tyrosine phosphorylation by pp60v-src

may be necessary for the transformation of chicken embryo fibroblasts.

Reynolds et aI., (1989) describe a 120-kDa protein from cells expressing

oncogenic variants of the avian cellular src gene that appears to be

phosphorylation specific. Additionally, cellular glycoproteins of molecular mass

95-kDa, 130-kDa, and 135-kDa have also been implicated as substrates

important for transformation (Hamaguchi et al., 1990; Kozma et aI., 1990).

Evidence presented in this dissertation implicates the gap junction protein to

also be a transformation relevant substrate of pp60src.

Previous work has hinted at a possible relationship between pp60src and

gap junction proteins. Willingham et al. (1979) showed pp60v-src to be localized

to plasma membranesenriched for gap junctions. Pp60src appears to have a

reducing effect on gap junctional communication. Atkinson et al. (1981)

demonstrated that NRKcells infected with an avian sarcoma virus temperature

sensitive (ts) for transformation, exhibit gap junctional communication at the src

non-permissivetemperature, and rapidly loose their ability to communicate when

the cells are shifted to the src permissive temperature. Hunter et aI., (1979) have

shown that the pp60v-src kinase activity increases rapidly when ts RSV

fibroblasts are shifted to the src permissive temperature. Azarnia and

Loewenstein (1984) have verified that the effect of pp60src on junctional

communication cannot be reversed with the addition of cAMP,

phosphodiesterase inhibitors, or forskolin. Additionally, once the cells are at the

src permissive temperature, the addition of 20/lM sodium vanadate (a tyrosine

phosphatase inhibitor) does not allow communication to resume after shifting the

cells to the src non-permissive temperature (Rose et. aI., 1986). Furthermore,
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Azarnia and Loewenstein (1984) showed that the pp60src induced loss of gap

junctional communication is independent of cytoskeletal alterations and this loss

of junctional communication is one of the earliest detectable changes in cell

transformation. Lastly, overexpression of pp60c-src correlates with selective

reduction in gap junctional permeability. This permeability is further reduced by

mutating tyr 527 to phenylalanine or by replacing the c-src carboxy-terminus with

a v-src carboxy-terminal region (Azarniaet. aI., 1988).

Given this interesting relationship between src proteins and gap junctions,

we were intrigued as to whether pp60src acted directly by phosphorylating the

connexin protein on tyrosine. Because RSV-transformation is studied in

fibroblast cell systems it was necessary to identify and characterize the gap

junction protein in fibroblasts. Chapter two describes the identification of the

connexin43 mRNA and protein in uninfected and RSV-transformed fibroblasts.

This chapter also correlates the state of connexin phosphorylation with the level

of communication in these cells. Additionally, the turnover of phosphate on the

connexin protein is discussed. Evidence presented in chapter four indicates that

the heart connexin protein is identical to the uninfected fibroblast connexin

protein; and that connexins isolated from heart tissue are phosphorylated on

serine. Chapter three provides evidence supporting the contention from chapter

two that not only do RSV-transformed fibroblasts contain phosphotyrosine, but

these proteins are direct substrates of pp60src. Furthermore, studies in chapter

three using ts pp60src not only duplicate previous communication studies, but

for the first time show that the dynamic changes in communication are correlated

with pp60src kinase activity and the phosphotyrosine state of the connexin

protein.
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Figure 1.1. Proposed model of gap junction plaque and protein.

(a) Model of gap junctional plaque (the gap junctional plaques in biologic
systems contain many more channels). The gray plasma membranes are
separated by an extracellulargap of 15-20nm. Each cylinder is a connexon.
Two cylinders joined lengthwise form a cell-to-cell channel. Eachconnexon is in
turn made up of 6 connexin subunits surrounding the channel core. (b)
Representation of 1 of the 6 connexin subunits. Eachtube represents 1 of the 4
membrane spanning alpha-helixes of a single connexin protein (note: alpha helix
3 is proposed to be oriented toward the aqueous channel core). (c) Opened
arran~ement of the. connexin protein in the cells plasma membrane. Both the
-NH3 and ·COO· terminal residues are projected into the cells cytoplasm. The
symbols *, * and + are located in proposed areas of connexin43
phosphorylation. The letters a, b, and c representthe amino acid sequences
corresponding to the peptide antiserumsused in this dissertation.
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Abstract

Gap junctions are membrane channels that permit the interchange of ions

and other low molecular weight molecules between adjacent cells. Rous

sarcoma virus (RSV)-induced transformation is marked by an early and profound

disruption of gap-junctional communication, suggesting that these membrane

structures may serve as sites of pp60v-src action. We have begun an

investigation of this possibility by identifying and characterizing putative proteins

involved in junctional communication in fibroblasts, the major cell type currently

employed to study RSV-induced transformation. We found that uninfected

mammalian fibroblasts do not appear to contain RNA or protein related to

connexin32, the major rat liver gap junction protein. In contrast, vole and mouse

fibroblasts contained a homologous 3.0 kb RNAsimilar in size to the RNA in

heart tissues encoding the gap junction protein, connexin43. Anti-connexin43

peptide antisera specifically reacted with three proteins of approximately 43, 45

and 47 kDa from communicating fibroblasts. Gap junctions of heart cells

contained predominantly 45 and 47 kDa species similar to those found in

fibroblasts. Uninfected fibroblast 45K and 47K kDa proteins were

phosphorylated on serine residues. Phosphatase digestions of 45K and 47K

proteins and pulse-chase labeling studies indicated that these proteins

represented phosphorylated forms of the 43K protein. Phosphorylation of

connexin protein appeared to occur shortly after synthesis, followed by an

equally rapid dephosphorylation. In comparison to these results, connexin43

protein in RSV-transformed fibroblasts contained both phosphotyrosine and

phosphoserine. Thus, the presence of phosphotyrosine in connexin43 correlates

with the loss of gap-junctional communication observed in RSV-transformed

fibroblasts.
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Introduction

Emerging evidence indicates that there is a family of related gap junction

proteins, termed connexins (7). The major protein of purified rat liver gap

junctions has an apparent molecularweight (MW) of 27,000 daltons by SDS

PAGE (21,22) or a MWof 32,007daltons calculated from the deduced amino

acid sequence (26,33). Followingthe terminology suggested by Beyer, et at.

(7,9), this protein will be referred to as connexin32. The liver cDNA hybridized to

an RNA of 1.6 kb from rat liver, brain, stomach and kidney tissue (9,33).

Unproteolyzed, purified rat heart gap junctions contain a major protein

component of approximately45,000to 47,000daltons (31,32). The composite

sequence of overlapping heart cDNAs contained a single open reading frame

encoding a 43,036 dalton polypeptide of 382 amino acids which is referred to as

connexin43 (7,9). The heart cDNA recognized a 3.0 kb RNAfrom heart, ovary,

kidney, uterus, and lens epithelium. Introduction of RNAencoded by either the

liver or heart connexin cDNA into Xenopus oocyte pairs induced junctional

conductance indicating that these proteins can form cell-cell channels (18,35).

A substantial amount of work indicates that the src oncogene of Rous

sarcoma virus (RSV) induces a profound loss of gap-junctional communication

observed in fibroblasts. In various fibroblastic cell types (NRK, NIH3T3, chicken

and quail embryo cells) infected with temperature-sensitive (ts) RSV, gap

junctional communication was disrupted rapidly upon shift to the permissive

temperature which correlated with activation of pp60v-src kinase activity

(1,2,3,14,34). Furthermore, fibroblasts infected with wild-type RSVor transfected

with v-src or c-src gene constructs containing kinase-activating mutations,

exhibited reductions in gap-junctional communication (4,6,14; D. Crow and A.

Lau, unpublished observations). Likewise, kinase-active pp60c-src, associated
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with polyoma virus middle T-antigen decreased rat F cell junctional permeability

(5,10,17). Pp60v-src has also been localized to membrane regions containing

gap junctions and other intercellular junctions (36).

We are particularly interested in the possibility that the loss of gap

junctional communication observed in RSV-transformed cells may result from

pp60v-src·mediated tyrosine phosphorylation of protein(s) functionally- or

structurally-associated with gap junctions. In order to examine the molecular

basis for src-induced disruption of gap junctional communication, it was first

necessary to identify and characterize the connexin protein(s) in the fibroblast

cell systems used to study RSV-transformation. Results presented in this report

examine the relation of RNA and protein species found in mammalian fibroblasts

to connexin43 and connexin32. They also describe the phosphorylation of the

gap junction protein in uninfected and RSV-transformed fibroblasts.
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Materials and Methods

Cells and Radioactive Labeling

Uninfected vole and mouse NIH 3T3 fibroblasts, and RSV-transformed vole

cells (clone 866RD utilized in this study were grown in culture as described

previously (25,27,28). Cells were radiolabeled with either [35S]-methionine

(NEN. NEG-009D at 50 pCi/ml for 4-6 hr at 3rC in methionine-free medium

(GIBCD) containing 2% dialyzed calf serum or [32p]-orthophosphate (NEN.

NEX-053) at 0.5 mCi/ml for 2 hr at 37°C in phosphate-deficient medium (GIBCD).

After radioactive labeling, cells were washed twice in phosphate buffered saline

(PBS) at 4°C. lysed immediately on the plates or frozen at -20°C for later use.

Measurement of Gap-Junctional Communication

All cells were grown at 37°C on 60 mm plastic culture dishes until they

reached confluency. Microinjection equipment consisted of a Zeiss

micromanipulator with a motorized controller. Eppendorf 5242 pneumatic

injector. and a Flaming-Brown P80/PC micropipet puller (Sutter. Inc.). Cells were

visualized with a phase-contrast, inverted microscope equipped with epi

fluorescence (Nikon Diaphot). This microscope is linked to a Loats Associates

computer-enhanced image analysis system for rapid digitization and storage of

microscopic images for future analysis. Single cells were microinjected with

Lucifer yellow (10% in 330 mM LiCI) which is a charged. highly fluorescent dye

used under standard conditions to measure gap junctional communication in

several cell types. including vole fibroblasts (4,6). Gap junctional communication

was quantitated by counting the microinjected cell plus the adjacent cells that

became fluorescent under ultraviolet light within 15-30 sec of injection. Non

junctional membrane permeability due to photo-bleaching or dye-leakage (3)
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was tested using sparse, uninfected and RSV-transformed cells and found to be

minimal under these experimental conditions.

Northern Blotting

A 1.5 kb, full length, liver connexin32 cDNA clone (33), a 1.6 kb heart

connexin43 cDNA (clone G2, 9) and cDNA to sea urchin ribosomal RNA (gift

from Dr. T. Humphreys) were excised from plasmid DNA and radiolabeled using

the Pharmaciaoligolabeling kit according to the manufacturer's instructions (20).

Probe specific radioactivities approached 109 dpm/mg using a-[32P]-dCTP

(NEN) at 3000 Ci/mmol. Total RNAfrom fibroblasts or liver and heart tissue was

purified by CsCI centrifugation and phenol extraction as described by Maniatiset

al. (29). Fifteen JlMg of each RNA preparation were electrophoresed on

formaldehyde-denaturing 1% agarose gels (29). RNAs were transferred by

capillary method to 0.45Jl NYTRAN nylon membrane (S&S). Membranes were

prehybridized for 2 hr at 4~C in 50% formamide-5x Denhardt's reagent

(1 x=0.02% Ficoll, 0.02% polyvinylpyrrolidine, 0.02% bovine serum albumin)-5x

SSPE (1x=0.18 M NaCI, 10 mM NaP04, pH 7.7,1 mM EDTA)-0.1% SDS-100-200

Jlg/ml denatured, calf thymus DNA. Hybridizationswere performed with 1-5x106

cpm/ml of [32P]-labeled cDNA in the prehybridization buffer at 42°C for 16 hr.

Hybridized membranes were wash twice in 6x SSPE-0.1 % SDS for 15 min at

room temperature, twice in 1x SSPE-0.1 % SDS at 3rC and once in 1x SSPE

0.1 % SDS at 65°C for 30 min. Membranes probed with the connexin32 and

connexin43 cDNAs were stripped by washing once in 50% formamide-6x SSPE

at 65°C for 30 min and once in 2x SSPE prior to rehybridization. Relative

amounts of connexin43 and ribosomal cDNAs hybridizing to vole and mouse

RNAs were estimated by computer-assisted densitometric scanning of the
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resulting autoradiograms. Results were expressed as ratios of connexin43 RNA

to ribosomal RNAfor each cell type.

Immunoprecipitation, Immunoblotting, Peptide Mapping and Phosphoamino

Acid Analysis Procedures

Rabbit antiserum against a peptide of rat heart connexin43 consisting of

amino acids 252-271 (peptide P) was used in these studies (8). This peptide is

located in the C-terminal, presumably, cytoplasmic domain of connexin43 (8,9)

and contains a potential phosphotyrosine consensus site (A. Lau, unpublished

observation). The heart peptide sequence diverges completely from the

corresponding sequence of rat liver connexin32 (9). Thus, this anti-connexin43

antibody would not be expected to cross-react with connexin32-related protein

and indeed fails to do so in immunoblotting and immunofluorescence

experiments with liver samples. The antibody stained myocardial intercalated

discs visualized by immunofluorescence microscopy and reacted predominantly

with a 43,000dalton protein from rat heartgap junctions by immunoblotting. In

addition, rabbit antisera directed against two 15-merpeptides corresponding to

the C-terminal (CT) amino acids (368-382) and residues (241-254) of connexin43

were used in these studies. These antisera immunoprecipitated and

immunoblotted heart connexin43 and identical fibroblast connexin43 proteins

recognized by anti-connexin43 peptide Pserum (A. Lau, unpublished results).

Heart gap junction-enriched membranes were isolated by sucrose

gradient centrifugation according to Manjunath and Page (30) using solutions

supplemented with 10 mM NaF, 1 mM PMSF and 100 JiM Na3V04'

Immunoprecipitation of [35S]-labeled, fibroblast protein was performed with

various antisera as previously described (12,28). Anti-connexin43 serum was

pre-blocked by incubation with purified peptide at 400Jig/ml for 30 min at 4°C.
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Immunoprecipitated proteins were electrophoresed on SOS-containing 7.5-15%

or 5-15% gradient polyacrylamide gels. Immunoblotting of gap junction

associated proteins was performed essentially as described previously (13,27),

except the nitrocellulose membranes were blocked with nonfat dry milk solution

(23). Immune complexes were detected with approximately 2x106 cpm of [1251]_

Protein A. Proteolytic mapping in one dimension on SOS-containing

polyacrylamide gels was performed as previously described (15,28). All proteins

were initially purified by SOS-PAGE before loading onto the peptide mapping gel.

For phosphoamino acid analyses, immunoprecipitated proteins were resolved on

50S-polyacrylamide gels, and electrotransferred to Immobilon-P membranes

(Millipore). Autoradiography was performed to localize the connexin43 proteins,

the bands on Immobilon were excised and hydrolyzed in 5.7 N HCI as described

by Kamps and Sefton (24). Lyophilized, acid hydrolysates were subjected to

two-dimensional phosphoamino acid analysis as previously described (27).

Phosphatase Digestions

Immunoprecipitates containing [32p]-orthophosphate- or [355]_

methionine-labeled connexin43 were treated with 400 ng of a purified

phosphoserine-specific phosphatase (37) for 30 min at 30°C in 20 mM Tris (pH

7.2)-10 mM MgCI2. Samples were then extracted from the Protein A-S. aureus

with 50S-gel sample buffer and resolved on 7.5-15% SOS-polyacrylamide gels.

Pulse-Chase Labeling of Vole Fibroblasts

Uninfected vole fibroblasts, grown to confluency on 60 mm dishes, were

either labeled with [35S]-methionine at 50pCi/ml for 4 hr or pulse-labeled at

150 pCi/ml for 15 min at 3rC. Radioactive medium on all plates was rapidly

removed and the plates were washed with non-radioactive complete medium.

Pulse-labeled cells were harvested at 0, 15, 3D, 45 and 75 min, after addition of
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unlabeled complete medium, by lysis on ice with RIPA buffer. Cell Iysates were

immunoprecipitated with connexin43 peptide P antiserum and the

immunoprecipitated proteins resolved by SDS-PAGE as previously described.

Immunofluorescence Microscopy Procedures

Cells, grown to confluence on glass coverslips or UV transparent plastic

slides, were washed twice at room temperature (RT) in PBS containing 0.8 mM

MgS04 and 0.7 mM CaCI2 and fixed in acetone for 2 min. The samples were

immediately washed in PBS and placed in blocking solution (PBS containing 5%

BSA, 0.1 M glycine, and 0.02% azide at pH 7.4) for at least 1 hr at RT. Samples

were washed once in PBS then incubated on ice with rabbit antiserum diluted

1:30 in borate-Blotto solution [2 parts borate buffer (166 mM boric acid-134 mM

NaCI-27.5 mM NaOH, pH 8.2) and 1 part Blotto (5% non-fat dry milk-PBS,

reference 23)] for 30 min. Preimmune serum, connexin43 C-terminal antiserum,

or antiserum (1.3pI) preblocked with peptide (20pg) in borate-Blotto solution for

30 min at 4°C, were used. Samples were rinsed once each in PBS, PBS-0.5 M

NaCI for 20 min, and PBS for 10 min. Samples are then incubated with goat anti

rabbit IgG FITC-conjugate (Sigma, F(ab')2 fragment) diluted 1:40 in borate-Blotto

solution for 30 min at 4°C. After washing as before, samples were mounted in

50% glycerol-50% PBS containing 50pg!ml p-phenylenediamine-2 HCI. Cells

were visualized using a Zeiss Axioplan Universal microscope equipped with

epifluorescence.
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Results

Northern Blotting Analysis of Fibroblast RNA

In order to determine if mammalian fibroblasts express RNA related to

either connexin32 or connexin43, total fibroblast RNA was reacted with

respective eDNA probes by Northern blotting. Initially, a 1.5 kb full length liver

connexin32 eDNA clone was used to probe RNA from liver, heart and vole

fibroblasts. We specifically detected a single '" 1.6 kb RNA in the liver sample

(Figure 2.1 a, LeONA, L lane) which is identical in size to that previously reported

for this tissue (33). However, under these hybridization conditions, no reaction

was obtained with the connexin32 eDNA against either heart or vole fibroblast

RNA (Figure 2.1 a, L eDNA, lanes Hand V). After the nylon membrane was

stripped and re-probed with a connexin43 eDNA (clone G2, reference 9), a

single, approximately 3.0 kb RNA from rat heart and vole fibroblasts was

detected (Figure 2.1 a, H eDNA, lanes Hand V). The 3.0 kb heart RNA detected

in these experiments is similar in sizeto that reported previously for heart tissue

(9). No reaction was obtained for the liver RNA sample (Figure 2.1 a, H eDNA,

lane L). Identical sized RNAs were reproducibly detected in independently

prepared and electrophoresed samples of heart and uninfected vole fibroblast

RNA (Figure 2.1 b, lanes Hand V). A 3.0 kb RNAwas also found in uninfected

mouse NIH 3T3 RNA (Figure 2.1b, lane M). Thus, both vole and mouse

fibroblasts contain a 3.0 kb RNA that hybridizes to connexin43 eDNA.

Furthermore, vole fibroblasts do not appear to contain RNA that is recognized by

the connexin32 eDNA under these stringent hybridization conditions.

We also noted by densitometry measurements that vole fibroblasts

contained approximately 7-fold more connexin43-specific RNAthan mouse NIH

3T3 cells when normalized to the amount of ribosomal RNA (Figure 2.1 b, lanes V
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vs. M). These results correlated closely with the greater degree of gap-junctional

communication measured in the vole versus mouse NIH 3T3 fibroblasts.

Junctional communication in fibroblasts was determined by microinjecting the

fluorescent dye, Lucifer Yellow, into single cells. Uninfected vole fibroblasts

exhibited exceptionally high levels of dye transfer with an average of

approximately 46 cells (46.4 / 17.0, n = 27) in communication with the single,

microinjected cell. Mouse NIH 3T3 fibroblasts also demonstrated junctional

communication, but at a level (5.8 / 1.8, n = 25) approximately 8-fold lower than

that observed for the vole fibroblasts. In contrast, two clones of RSV

transformed fibroblasts (866RT and IT) showed markedly depressed levels of

junctional communication (1.04/0.19, n=27; 1.10/0.30, n=20).

Connexin43·Related Proteins are Detected in Fibroblasts

To examine the expression of connexin43 protein in fibroblasts, we

performed immunoprecipitation experiments using an antiserum directed against

a synthetic peptide representing amino acids 252-271 (peptide P) of connexin43

(8). Anti-peptide P connexin43 serum immunoprecipitated three major proteins

of approximately 42-43,000 (43K), 44-45,000 (45K), and 46-47,000 (47K) daltons

from [35S]-methionine (met)-Iabeled vole fibroblasts (Figure 2.2a, lane Pl. The

specificity of this immunoprecipitation was evident by the demonstration that

these proteins were not detected by either non-immune rabbit serum (lane C),

pre-immune rabbit serum (lane PI) or by immune antiserum that had been

blocked by pre-incubation with peptide P (lane PB). A similar triplet of proteins

were immunoprecipitated using antisera directed against either the 15-mer C

terminal peptide (Figure 2.2a, right half, lanes CT1 and CT2), or the peptide

comprising residues 241-254 (data not shown) of connexin43. The specificity of
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the C-terminal peptide antiserum reaction was evident from the lack of reactivity

of either preimmuneserum (lane PI) or immune serum blocked with C-terminal

peptide (data not shown). Uninfected, mouse NIH 3T3 fibroblasts yielded similar

protein profiles, although apparent levels of immunoreactive protein were lower

than those observed in vole fibroblasts (Figure2.2c).

To substantiate these immunoprecipitation results, gap junction

associated protein from rat heart and total cellularprotein from vole fibroblasts

were analyzed by immunoblotting with anti-peptide P connexin43 serum.

Uninfected vole fibroblast samples contained a triplet of proteins migrating

between 43-47,000 daltons that were recognized by the antiserum (Figure 28,

lane V). Theseproteins were identical in size to the [35S]-met-labeled 43K, 45K

and 47K proteins immunoprecipitated from these cells. Immunoblotting of rat

heart gap junction material detected two major proteins of approximately 45,000

and 47,000daltons (Figure2.2b, lane H). These heart proteins migrated similarly

to the 45K and 47K polypeptides immunoprecipitated from the uninfected vole

fibroblasts. A protein corresponding to the fastest-migrating 43K fibroblast

protein was not routinely detected in these heart gap junction-enriched

membrane preparations. The immunoblotting reaction obtained with heart gap

junctions at approximately 70-90 kDa (Figure2.2b, H lane) was not observed

when antiserum against the connexin43 C-terminal peptide was used, suggesting

that this reaction was non-specific.

Immunofluorescence Microscopy

Antiserum against the C..terminal peptide of connexin43 was used to

visualize the distribution of connexin43-related protein in cultured, confluent

fibroblasts by immunofluorescence microscopy. The reactions were

predominantly localized to the periphery of cells corresponding to plasma
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membrane regions and were generally punctate in appearance (Figure 2.3). The

specificity of these reactions was evident from the complete lack of reaction

obtained with either preimmune serum or serum pre-blocked with peptide

(Figure 2.3).

Phosphorylation of Uninfected Fibroblast Connexin43 Protein

The observations of a single 3.0 kb RNA, together with a triplet of proteins

in fibroblasts that reacted with connexin43 eDNA and antibodies, respectively,

suggested the possibility that the 45K and 47K proteins represented post

translational modifications of a 43K primary translation product. Since

phosphorylation of proteins commonly results in such shifts in mobility on SDS

polyacrylamide gels (16,19), vole fibroblasts were radiolabeled with [32p]_

orthophosphate and the connexin43-related proteins immunoprecipitated with

peptide P antiserum in order to examine this possibility. Two phosphorylated

proteins were detected in such experiments (Figure 2.4, P lane of [32P]-labeled

Iysates) which co-migrated with the [35S]-labeled 45K and 47K connexin43

proteins (Figure 2.4, P lane of [35S]-labeled Iysates). The 43K protein was not

phosphorylated (compare the 43K protein in P lanes of [35S]_ and [32P]-labeled

Iysates). Phosphoamino acid analysis in two-dimensions revealed that the 45K

and 47K phosphoproteins contained predominantly phosphoserine (Pser),

although a slight phosphothreonine reaction was also detected in the 47K protein

(Figure 2.4b).

In order to study these modifications further, we treated connexin43

related proteins in vitro with a Pser-specific phosphatase purified from bovine

brain (kindly provided by Dr. A. Boynton). This phosphatase (37), which is

probably a member of the type 1 family of protein phosphatases and has the

unique feature of being activated by inositol 1,3.4,5-tetrakisphosphate, was
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incubated with immunoprecipitates containing [32p]_ or [35S]-labeled-

connexin43-related polypeptides. In the experiment shown, the phosphatase

completely eliminated the [32P]-radiolabel of the 47K protein and greatly

decreased the labeling of the 45K protein (Figure 2.5, 32p P+ lanes).

Phosphatase treatmsnt of [35S]-labeled connexin43 proteins resulted in the

complete removal of the 45K polypeptide and an increase in amount of

radioactive 43K protein (Figure 2.5, 35S P+ lanes). Although the 47K protein

band was contaminated with a non-specifically immunoprecipitated protein on

this gel, the phosphatase-induced decrease in band intensity suggested that the

connexin43-related 47K protein was also removed from this region of the gel.

Pulse-Chase Labeling Studies of Connexin43

In order to estimate the rapidity of ser site phosphorylation in connexin43

related proteins, uninfected vole fibroblasts were pulse-labeled with [35S]_

methionine for 15 min, then chased for various times in medium containing non

radioactive methionine. Subsequent immunoprecipitation of cell Iysates with

connexin43 peptide P antiserum showed that the 43K protein, and a small

amount of an approximately 44K species, were the first connexin43-related

proteins detected in the 15 min pulse period (Figure 2.6, 0 chase). The

connexin43 profile obtained from cells labeled for 4 hr exhibited predominantly

43K (and perhaps co-migrating 44K protein) with lower levels of both 45K and

47K proteins. During the subsequent 15 min chase period of the 15 min pulse

labeled cells, intensity of the 43K band decreased markedly while the 44K band

increased dramatically, and the 45Kand 47K proteins appeared. After 30 min of

chase, the 47K, 45K and 44K proteins largely disappeared and the 43 K band

reappeared at the intensity similarto that seen during the 15 min pulse-label (0
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chase band). Cells collected at the 45 min chase period showed primarily 43K

protein with a decrease in its intensity at 75 min of chase.

Phosphorylation of RSV·Transformed Fibroblast Connexin43 Protein

In order to examine possible differences in phosphorylation of connexin43

from uninfected communicating fibroblasts and non-communicating fibroblasts

transformed by RSV, cells were radiolabeled with [32p]-orthophosphate and

immunoprecipitated with connexin43 C-terminal peptide antiserum. RSV

transformed vole fibroblasts contained three phosphorylated connexin43

proteins with approximate molecular weights of 44,45, and 47 KDa (Figure 2.7a,

866RT lanes). The 45K and 47K proteins co-migrated with those isolated from

uninfected fibroblasts (Figure 2.7a, V lanes). The 44K protein appeared to

correspond to the 44K protein observed in the pulse-chase labeling studies of

uninfected fibroblasts (Figure 2.6). Phosphoamino acid analyses revealed the

presence of phosphotyrosine (Ptyr), as well as Pser amino acids in the 44K, 45K,

and 47K phosphoproteins isolated from RSV-transformed cells (Figure2.7b). In

addition, a faint phosphothreonine reaction was detected in the 47K protein from

RSV-transformed cells. These results were similar to those obtained for

connexin43 proteins from uninfected vole fibroblasts, however, they differed in

that connexin43 proteins from RSV-transformed cells contained appreciable

levels of Ptyr.
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Discussion

Mammalian Fibroblasts Contain RNA and Protein Related to the Heart

Connexin43

Our experimental results indicated that RNAwhich hybridized to connexin32

eDNA was not detectable in unlnfected, mammalian fibroblasts (Figure 2.1). We

were also unable to detect a liver connexin32-like protein by either

immunoblotting fibroblast gap junction or plasma membrane protein with anti

connexin32 monoclonal antibody or immunoprecipitation of whole fibroblast

Iysates using anti-connexin32 peptide serum (data not shown).

In contrast to the apparent lack of connexin32-like RNA and protein,

mammalian fibroblasts clearly contain RNA and protein related to rat heart

connexin43. Connexin43 eDNA reproducibly hybridized to a single RNA species

of approximately 3.0 kb from uninfected vole and NIH 3T3 fibroblasts (Figure 2.1 a

and 2.1 b). A polyclonal antiserum against a synthetic peptide representing

residues 252-271 of connexin43 permitted us to identify unambiguously in

uninfected vole fibroblasts, not one but three proteins, ranging in molecular mass

from 43,000 to 47,000 daltons (referred to as 43K, 45K and 47K) by both

immunoprecipitation and immunoblotting experiments (Figures 2.2a and 2.2b).

Moreover, the identical set of proteins were immunoprecipitated by antisera

directed against peptides comprising the C-terminal 15 amino acids (Figure 2.2a)

and residues 241-254 of connexin43. One-dimensional peptide mapping of the

43K proteins recognized by these three different antisera demonstrated that the

43K proteins were identical (A. Lau, unpublished results). The slower migrating

45K and 47K fibroblast proteins are similar in size to those we, and others, have

found in purified rat heart gap junctions (Figure 2.2b; 31,32). Thus, based upon

similar molecular masses and similarities at three distinct antigenic sites, the
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fibroblast 45K and 47K proteins appear to be closely related to the 45K and 47K

forms of the connexin43 gap junction protein. Peptide mapping of

corresponding connexin43-related proteins from heart tissue and fibroblasts are

underway to compare their primary structures directly. Clearly, further

experiments are required to demonstrate that the fibroblast connexin43-related

proteins are indeed located in gap junction structures in these cells. However,

immunofluorescence light microscopy performed with the connexin43 C-terminal

peptide antiserum demonstrated specific punctate reactions localized primarily to

plasma membrane regions between adjacent cells (Figure 3). These results are

consistent with the notion that the connexin43-related proteins recognized by this

antiserum are localized to plasma membrane structures that may represent gap

junction plaques.

An interesting correlation also exists between the apparent higher levels

(7-fold) of connexin43-related RNA (Figure 2.1) and gap-junctional

communication (8-fold) observed in vole fibroblasts (46.4 / 17.0 cells) compared

to mouse NIH 3T3 fibroblasts (5.8/ 1.8 cells). This higher level of expression of

connexin43-related RNA also correlated with an elevated level of connexin43

.protelns (Figure 2.2a and 2.2c) which may reflect the increased number of

permeant membrane interfaces that exist in cultures of these vole fibroblasts.

These observations suggest that vole fibroblasts may serve as a useful cultured

cell system to characterize the structure and function of connexin43-related

proteins, as well as the possible involvement of these proteins in pp60src_

induced disruption of junctional communication.

Fibroblast Connexin43-Related Proteins are Phosphorylated

Immunoprecipitation of [32P]-labeled vole fibroblast Iysates with anti

connexin43 peptide antisera followed by phosphoamino acid analysis
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demonstrated that the connexin43-related 47K and 45K proteins are not only

phosphorylated, but that phosphorylation occurs predominantly on serine

residues (Figure 2.4). Furthermore, Pser-specific phosphatase treatment not

only dephosphorylated the 47K and 45K proteins as expected; but significantly, it

caused the apparent complete conversion of the 45K protein (and probably also

the 47K polypeptide) to the non-phosphorylated 43K species (Figure 2.5). The

latter results indicates that the 45K protein is stoichiometrically phosphorylated

on ser, such that each 45K molecule must contain at least one phosphorylated

ser residue. These results suggest that the fibroblast 43K protein is a non

phosphorylated, primary translation, or an early processed, product of the 3.0 kb

connexin43 RNA, which subsequently undergoes phosphorylation at one or

more ser sites to produce the 45K and 47K proteins.

The predominant connexin43 proteins in gap junction-enriched heart

plasma membranes corresponded to the ser phosphorylated 45K and 47K

fibroblast polypeptides. The deduced amino acid sequence of connexin43 from

the cloned heart cDNA predicts the primary translation product to be 43,036

daltons with proteolytic removal of the initiating methionine residue resulting in a

processed protein of 42,866 daltons (9). Although, we typically did not detect a

43K polypeptide in purified heart gap junction material, it is possible that co- or

rapid post-translational phosphorylation converts the 42,866 dalton polypeptide

to the 45K and 47K forms observed by immunoblotting. Consistent with this

possibility, recent results have indicated that potato acid phosphatase treatment

shifts heart connexin 45K and 47K proteins to the 43K protein form (D. Crow and

A. Lau, unpublished observations). However,we must also consider an alternate

explanation for the low levels of 43K polypeptide which suggests that it resides in

a subcellular compartment other than plasma membrane gap junctions, and
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therefore might have gone undetected in our experiments utilizing biochemically

purified gap junctions.

Nevertheless, these results highlight the interesting correlation between

the presence of phosphorylated connexin43 polypeptides (45K and 47K bands)

in mammalian fibroblasts, and perhaps heart cells, and their ability to

communicate with each other through plasma membrane gap junctions. Thus,

the mechanism(s) that generates these various connexin43-related proteins may

be relevant to the regulation of gap-junctional communication in vivo in

mammalian heart tissue, as well as in cultured mammalian fibroblasts.

Fibroblast Connexin43-related Proteins are Rapidly Phosphorylated and

Dephosphorylated

Results of the pulse-chase labeling studies of fibroblast connexin43

metabolism support the concept that the 47K and 45K proteins originate from the

43K protein via a post-translational mechanism. These results together with the

knowledge that the 45K and 47K proteins are phosphorylated on ser residues,

indicate that ser-specific protein kinases are involved in this mechanism. These

combined resuits are inconsistent with the alternate interpretation that the 43K

and 45K species represent proteolytic degradation products of the 47K protein.

Currently, it is uncertain if the 44K, 45K, and 47K species are derived from the

43K protein by phosphorylation in a stepwise, sequential fashion. It is possible

that these various modified forms are derived from the 43K protein independently

of one another.

During the chase period, the appearance and loss of the 45K and 47K

proteins (also the novel 44K species) was very rapid, occurring during 30 min of

chase which suggests that vigorous ser protein kinase and phosphatase

systems phosphorylate and dephosphorylate connexin43 in cultured fibroblasts,
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respectively. It is interesting to note that a cycle of connexin43 phosphorylation

and dephosphorylation appears to occur only once, shortly after synthesis (0-30

min of chase), and does not re-occur at a later period on existing 43K protein

(only 43K is present in 45 min chase period). Phosphorylation of the protein may

be necessary for its assembly into channels, or proper channel function. Upon

dephosphorylation, the protein becomes refractory to further phosphorylation

which may indicate its relocation to a differentcellular compartment. This then

leads to eventual protein degradation. A similar rapid phosphory

lation/dephosphorylation of connexin43 may occur in normal tissues, such as

heart; however, further experimentation is required to demonstrate its existence.

Connexin43 from RSV-transformed Fibroblasts is Phosphorylated on

Tyrosine

The results presented in Figure 2.7 demonstrate that the major

phosphorylated connexin43 proteins in RSV-transformed fibroblasts have

approximate molecular weights of 47K, 45K, and 44 KDa. Identically-sized

phosphoproteins were also detected in uninfected fibroblasts (Figure 2.4),

however, the 44K protein was most easily visualized in 15 min pulse-chase

labeling experiments (Figure 2.6). Of greatest significance are the observations

that all three connexin43 proteins from RSV-transformed cells contained Ptyr, in

addition to Pser. The presence of Ptyr in connexin43 correlateswith the marked

loss of gap-junctional communication induced by pp60v-src in fibroblasts. These

results suggest that pp60v-src may act directly upon junctional proteins to effect

this alteration in intercellular communication. Experiments are currently

underway examining connexin43 phosphorylation in cells containing mutants of

pp60src to elucidate the functional significance of these Ptyr phosphorylation

events.
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Figure 2.1. Mammalian Fibroblasts Express Heart Connexin43-Related
RNA.

Panel A. Fifteen J.lg of total RNA from liver OJ. heart O:D or uninfected vole
fibroblast M were resolved on a formaldehyde-denaturing 1% agarose gel.
transferred to nylon membrane and reacted with the 1.5 kb full-length liver
connexin32 eDNA (b eDNA). This membrane was stripped and re-probed with
the 1.6 kb heart connexin43 eDNA ill eDNA}. The positions of the 1.6 kb liver
connexin32 RNA and 3.0 kb heart connexin43 RNA are indicated by arrowheads
at the left and right panel edges, respectively. Positions of the 188 and 288
ribosomal RNAs are pictured.

Panel S. Fifteen J.lg of independently prepared total cellular RNA from
heart O:D. vole M and mouse NIH 3T3 (M) fibroblasts were Northern blotted
using the heart connexin43 cDNA ill eDNA}. This membrane was stripped and
re-probed with a ribosomal cDNA (B eDNA) as a control for amount of RNA
loaded. Position of the 3.0 kb heart connexin43 RNA. is indicated by arrowheads
at left margin. Marker RNA's (SRL) in kilobases are also shown at left.
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Figure 2.2. Mammalian Fibroblasts Contain Connexin43-Related Protein.

Panel A. Immunoprecipitation of connexin43-related protein from3~0le

fibroblasts. Equal amounts of vole fibroblast lysate, labeled with [ S]
methionine, were reacted with the following antisera: C, non-immune serum; e,
antiserum against peptide P of connexin43; PI, pre-immune serum; PS, peptide P
antiserum pre-blocked with peptide P; and CT1 and CT2, primary and secondary
immune sera against the C-terminal peptide of connexin43.

Panel S. Immunoblotting of vole fibroblast connexin43 protein. One
hundred pg of purified heart gap junction protein O:D, or total cell protein from
vole fibroblasts 00 were immunoblo~~with connexin43 peptide P antiserum
and the reactions were detected with [ I]-Iabeled Protein A. The 47K, 45K and
43K connexin protein positions are shown at the left margin.

Panel C. Immunoprecipitation of connexin43-related:Rf,0tein from mouse
fibroblasts. Mouse fibroblasts (NIH 3T3) were labeled with [ S]-methionine and
equal amounts of cell lysate were immunoprecipitated with: C, non-immune
serum; and e, antiserum against peptide P of connexin43.

In all panels, immunoprecipitates or protein samples were
electrophoressg on SDS-containing 7.5-15% polyacrylamide gels. Those
containing [ S]-Iabeled proteins were treated with PPO-DMSO and
fluorographed (11). All autoradiograms were prepared with Kodak XAR-5 film at
-70°C with or without the aid of intensifying screens. Positions of connexin43
related 43K, 45K and 47K proteins are shown at the left of each panel. Positions
of molecular weight markers are shown in kilodaltons at the right.
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Figure 2.3. Immunofluorescence Antibody Staining of Connexin43 Protein
in Fibrobiasts.

Acetone-fixed vole fibroblasts were reacted with antiserum against the C
terminal peptide of connexin43, pre-immune serum, or C-terminal peptide
antiserum pre-blocked with peptide as described in the Material and Methods.
Fluorescent and phase images of the resulting cells are presented.
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Figure 2.4. Uninfected Fibroblast Connexin43-Related Proteins are
Phosphorylated on Serine.

Panel A. Fibroblast connexin43-related 45K and 47K are ~gosphorylated.

Separate cultures of vole fi3>2oblasts were labeled with either [ S]-methionine
(50 jlCi/ml, 4 hr, 3rC) or [ P]-orthophosphate (0.5 mCi/ml, 4 hr, 3rC). Cells
were washed in PBS, lysed in RIPA buffer-1 mM PMSF + 10 mM NaF + 160 J.lM
Na3V04 and clarified as described previously (12,27). Clarified Iysates were
immunoprecipitated with either non-immune rabbit serum (Q) or connexin43
peptide P antiserum (E). Proteinswere resolved by SDS-PAGE and detected by
autoradiography of the fluorographed gel. Positions of the 47K, 45K, and 43K
connexin43 proteins are shown at the left margin.

Panel B. The 45K and 47K connexin43 proteins contain Pser. The 47K
and 45K connexin~~ protein bands, immunoprecipitated by connexin43 peptide
P antiserum from [ P]-orthophosphate-Iabeledvole cells were electrophoresed
on SDS-polyacrylamidegels and transferred to Immobilon-P membranes. Acid
hydrolyzed, phosphorylated amino acids were prepared from the connexin
proteins bound to Immobilon (24). Thin layer electrophoresis of the acid
hydrolysates in the first dimension at pH 1.9 and in the second dimension at pH
3.5 are shown. Migration of the Pser (m, Pthr mand Ptyr CO unlabeled
standards are cutlined in the figure. Autoradiograms were prepared on Kodak
XAR-5 film with the aid of an intensifying screen.
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Figure 2.5. Phosphatase Digestion of Connexin43 from Uninfected
Fibroblasts.

Vole cell proteins, labeled with either [35S]-methionine or [32p]_
orthophosphate, were immunoprecipitated with non-immune rabbit serum (Q) or
peptide P antiserum (E). Immune complexes, collected on Protein A -~. aureus,
were incubated for 30 min at 30°C in the absence (-) or presence (+) of
approxiately 400 ng of purified Pser-specific phosphatase (37). The resulting
products were resolved by SDS-PAGE and the radioactive bands detected by
autoradiogaphy or fluorography. Positions of the 47K, 45K and 43K connexin43
proteins are shown in the middle of the figure. Positions of unlabeled molecular
weight markers (in kilodaltons) are shown at the right margin.
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Figure 2.6. Uninfected Fibroblast Connnexin43-Related Proteins are
Rapidly Phosphorylated and Dephosphorylated.

Vole fibroblasts were radiolabeled with [35S]-methionine in methionine
free medium at either 50pCi/ml for 4 hr at 3T' or pulse-labeled at 150 pCi/ml for
15 min at 3T'C. Radioactive medium on the pulse-labeled cells was rapidly
removed by aspiration and the cells washed once with complete medium. The
15 min radiolabeled cells were subjected to chase in complete minimal essential
medium for 0, 15, 30, 45 and 75 min. Each clarified cell lysate was
immunoprecipitated with non-immune rabbit serum (g or connexin43 peptide P
antiserum (E). Immunoprecipitated proteins were resolved by SDS-PAGE,
treated with PPO-DMSO and fluorographed on Kodak XAR-5film. The 47K, 45K,
44K and 43K designations at the left margin indicate the positions of connexin43
proteins. The 240 min label designatiOl;~gdicates the connexin protein pattern
obtained from cells labeled for 4 hr with [ S]-methionine.
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Figure 2.7. RSV-Transformed Fibroblast Connexin43 Proteins are
Phosphorylated on Tyrosine and Serine.

Panel A. Phospho~ated connexin43 proteins from RSV-transformed
fibroblasts. Lysates of [ P]-orthophosphate-Iabeled uninfected and RSV
transformed (clone 866RT) vole fibroblasts were immunoprecipitated with either
non-immune rabbit serum (g or connexin43 C-terminal peptide antiserum (QI)
and analyzed as described in Figure 4. Positions of the 47K, 45K, and 44K
connexin43 proteins are shown at the right margin. Positions of molecular weight
markers are shown at the left.

Panel B. Connexin43 proteins from RSV-transformed cells contain Ptyr.
Phosphoamino acid analyses were performed on the phosphorylated 47K, 45K,
and 44K proteins isolated from RSV-transformed vole fibroblasts (clone 866RT)
as described in Figure 4B. Migration positions of the Pser @), Pthr m and Ptyr
CO unlabeled standards are outlined in the figure. The directions of migration in
the first and second dimensions are as described in Figure 48.
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Abstract

Disruption of gap-junctional communication in cultured fibroblasts by

pp60v-src is correlated with phosphorylation of the gap junction protein,

connexin43, on tyrosine (tyr). In this study, we examinedthe functional relevance

of these observations by studying connexin43 phosphorylation in cells containing

kinase-active, non-myristylated ppSo2A527F or ppSOv-src temperature-sensitive

(ts) for transformation. Non-transformed cells expressing ppSo2A527F

communicated at high levels and contained connexin43that was phosphorylated

predominately on serine (ser)I but not tyro In contrast, cells transformed by

kinase-active, myristylated ppS0527F did not communicate and contained

connexin43 proteins which were phosphorylated on ser and tyro Additionally,

activation of ts ppSOv-src upon shift of cells to the permissive temperature

resulted in a rapid, simultaneous increase in relative Ptyr content of connexin43

proteins and loss of gap-junctional communication. These combined results

support the conclusion that connexin43 is a functionally-relevant substrate of

ppSOv-src whose phosphorylation on tyr is involved in the disruption of gap

junctional communication observed in RSV-transformed cells.
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Several cellular proteins have been described recently as transformation

relevant substrates of pp60v-src based upon the observation that non

myristylated pp60src failed to phosphorylate these proteins on tyrosine (tyr).

These include: 95 and 130-135 kDa glycoproteins (Kozma, et aI., 1990;

Hamaguchi et aI., 1990); 120 kDa proteins (Reynoldset aI., 1989; Under and

Burr, 1988); and 52,57,75, and 160 kDa proteins (Kamps and Sefton, 1988). In

addition, proteins in the 120-150kDa range have been described as relevant

substrates using cells containing pp60v-src mutations in the SH2 or src

homology domain (Wendler and Boschelli, 1989). The identity of these proteins

or the roles they play in cellular transformation, metabolism, or processes is, for

the most part, currently unknown.

Gap junctions are ubiquitous structures in plasma membranes of multicellular

organisms which can transfer electrolytes, second messengers, and nutrients

between adjacent cells (Warner, 1989). Gap-junctional communication is

affected by changes in pH (Spray et. aI., 1981), cAMP (Saez et. aI., 1986), Ca2+

(Loewenstein, 1981), and is markedly diminished by the presence of kinase

active pp60v-src (Atkinson et aI., 1981; Arzania and Lowenstein, 1984; Chang et

aI., 1985; Crowet. aI., 1990) or kinase-activated pp60c-src (Azarnia et aI., 1988).

Furthermore, the loss of gap-junctional communication has been proposed to be

involved in the induction and maintenanceof the neoplastic transformed state

(Loewenstein, 1979; Mehta et aI., 1986; Yamasaki and Katoh, 1988). Although

the molecular mechanism(s) underlying these effects has yet to be completely

elucidated, we have recently reported that inhibition of gap junctional

communication by pp60v-src is correlated with the phosphorylation of the

connexin43 gap junction protein on tyr in vivo (Crow et. aI., 1990). These results

suggested the possibility that connexin43 represents a substrate of pp60v-src.
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To establish whether connexin43 is a functionally-relevant substrate of

pp60v-src, we examined the phosphorylation of connexin43 proteins in cells

containing non-myristylated, kinase-active pp60c-src. Cells used in this analysis

included: Rat-1 fibroblasts, Rat-1 cells transfected with pp60c-src genes mutated

at either tyr527 to phe (kinase-activepp60527F), or gly2 and tyr527 to ala and

phe (non-myristylated, kinase-active PP602A527F) respectively (Reynolds et al.,

1987, 1989). Rat-1 cells transformed by pp60v-src were also employed

(Johnson et al., 1989). Intracellulargap-junctional communication exhibited by

these cells was measured following microinjection of Lucifer yellow dye (Table 1).

Rat-1 fibroblasts containing kinase-active, myristylated pp60527F showed nearly

nonexistent levels of gap-junctional communlcatlon. These cells also exhibited a

highly transformed cellular morphology (Reynolds et al., 1987). In contrast, gap

junctional communication was considerably elevated in Rat-1 cells transfected

with kinase-active, non-myristylated PP602A527F. The morphology of these cells

was very similar to that of uninfected Rat-1 fibroblasts (Reynolds et aL, 1989)

which displayed the highest levels of gap-junctional communication. In

agreement with previous results, pp60v-src-transformed Rat-1 cells did not

communicate with adjacent neighbor cells (Crow et al., 1990).

32P-labeled connexin43 was immunoprecipitated from these various Rat-1

fibroblasts using connexin43 C-terminal peptide antiserum generated in rabbits.

As previously reported (Crow et al., 1990), the major phosphorylated connexin43

proteins from all cells had apparent molecular masses of 47K and 45K Da (Figure

3.1 a). A minor 44K Da phosphoprotein previously detected in pulse-chase

labeling experiments (Crow et al., 1990) was also observed in these

immunoprecipitates. This protein appeared to have a greater phosphorylation

intensity in transformed cells (see pp60v-src lanes, Figure 3.1 a). Consistent with

54

- ----------------



previously reported results (Crowet aI., 1990), phosphoamino acid analysis of

connexin 45K and 47K proteins from uninfected Rat-1 cells demonstrated

predominately Pser and no Ptyr residues (Figure 3.1 b). However, connexin43

proteins from pp60v-src-transformed Rat-1 cells were phosphorylated on both tyr

and ser at nearly equivalent levels (Figure 3.1 b). Futhermore, non

communicating cells transformed by kinase-active, myristylated pp60527F

exhibited connexin 45K and 47K proteins that were phosphorylated on tyr, in

addition to the predominant Pser residues (Figure 3.1 b). Tyr phosphorylation of

connexin43 proteins by these kinase-active, myristylated pp60src molecules

confirms the concept that the loss of gap-junctional communication observed in

these cells is likely to be mediated by the tyrosine phosphorylation event. Most

significantly, connexin43 proteins from cells containing pp602A527F were not

phosphorylated on tyr, but contained predominantly Pser and some Pthr in the

47K protein (Figure 3.1 b). Thus, the kinase-active Pp602A527F protein which is

non-myristylated and therefore does not localize to the plasma membrane

(Reynolds et aI., 1987, 1989), appears incapable of phosphorylating connexin43

proteins on tyr to effect the disruption of junctional communication. These results

were not explained by a lower level of kinase-active pp602A527F in this cell since

expression of the pp602A527F protein is actually greater than that of pp60527F

in Rat-1 cells (Reynolds et aI., 1989). As previously described (Crow et aI., 1990),

the 47K form of connexin43 from the other cell types also contained a low level of

Pthr which represents a novel phosphorylation site.

The lack of Ptyr in connexin43 proteins from cells containing kinase-active,

non-myristylated pp60src satisfies one of the major criteria currently used to

judge the relevance of putative substrates of pp60v-src (Kamps et aI., 1986;

Linder and Burr, 1988; Kamps and Sefton, 1988; Reynolds et aI., 1989; Kozma, et
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aI., 1990; Hamaguchi et aI., 1990). We thus conclude that connexin43 is a

functionally-relevant substrate of pp60v-src. This conclusion is in keeping with

the knowledge that functional connexin43 proteins in gap junctions is situated in

the plasma membrane which is the major site of action of pp60v-src (Kamps et

aI., 1986; Linder and Burr, 1988; and Reynolds et aI., 1989). Furthermore,

elevated levels of pp60v-src have been localized to membranes described to be

enriched for gap junctions (Willingham et aI., 1979).

To further substantiate that phosphorylation of connexin43 proteins by

pp60v-src and loss of gap-junctional communication occurs in a manner

consistent with a cause-effect relationship, we determined the kinetic

relationships between the activation of pp60v-src kinase activity, phosphorylation

of connexin43 on tyr, and the loss of junctional communication in cells infected

by ts La90 RSV which is temperature-sensitive for transformation. Upon shift of

cells from 40°C to 33°C, pp60v-src kinase activity increased as early as 15 min

after shift (Figure 3.2). This increase was nearly two-fold 45 min after

temperature shift. Similar rapid increases in pp60v-src kinase activity have been

reported upon shift of ts RSV cells to the non-permissive temperature (Hunter et

aI., 1979). Gap-junctional communication exhibited a progressive decline

beginning with the 15 min time point and was non-existentat 45 min following

temperature shift. Most notably, a rapid, nearly three-fold rise was observed in

tyr phosphorylation of the 45K connexin43 protein at 15 min which

corresponded to the early increase in pp60v-src kinase activity (Figure 3.2). A

further, slight increase in Ptyr content of connexin 45K was observed at the 45

min time point. In contrast, Pser levels in this connexin 45K protein were not

altered significantly after shift to the permissive temperature.
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Although the close timing of the events in these experimentsdo not allow

us to ascertaina precise sequence beginning with pp60v-src kinase activation,

followed by connexin43 tyr phosphorylation, and ending with loss of junctional

communication, these results clearly demonstrate their concommittent

occurrence. It was critical for the validity of our hypothesis that loss of gap

junctional communication induced by shift to the permissivetemperature did not

occur prior to the activation of pp60v-src or connexin43 tyr phosphorylation.

Thus, these results cogently argue for a cause-effect relationship between

activation of pp60v-src kinase, connexin43tyr phosphorylation and the loss of

gap-junctional communication.

Considered together, these results characterizing the phosphorylation of

connexin43 in cells containing non-myristylated or temperature-sensitive mutants

of pp60src indicate that the loss of junctional communication induced by

pp60v-src is indeed mediated by phosphorylation of connexin43 on tyr and they

strongly substantiate the conclusion that connexin43 is a functionally-relevant

substrate of pp60v-src. Since the cellular function of connexin proteins is known

(young et aI., 1987), it should be feasible to elucidate the molecular mechanism

by which pp60v-src·induced tyr phosphorylation results in the functional

alteration of connexin43. The extent of tyr phosphorylation that is required for the

disruption of gap-junctional communication is presently uncertain. Although

pp60v-src·transformed Rat-1 fibroblasts demonstrate connexin43 proteins with

equivalent Pser and Ptyr levels, pp60v-src·transformed vole cells contain

connexin43 with Ptyr levels approximately 1/6-1/10that of Pser (Crow et aI.,

1990). Some models of connexon structure propose 6 connexin43 molecules

per hemi-connexon (Loewenstein, 1981). Conceivably, stoichiometric

phosphorylation of connexin43 on tyr may not be required to effect disruption of
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gap-junctional communication. Thus, it may be sufficientto phosphorylate only 1

of the 6 connexin43 molecules in a hemi-connexon (or 1 of 12 in a complete

connexon structure between 2 adjacent cells) on tyr in order to disrupt

communication. Clearly further work is required to clarify this important issue.

Finally, although these results also suggest that connexin43 is a transformation

relevant substrate of pp60v-src, additional work is necessaryto clarify the role

that gap-junctional communication may play in RSV-induced cellular

transformation.
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Table 1

Gap-Junct!onal Communication in Rat·1 Fibroblasts

Rat·1 fibroblasts

Normal

n

24

Average (± SO)

29.2 ± 10.2
------------------ppsQ2A52yF---------------------2S-------------------------13:0-~---4~O-------------

------------------p-pS0527F-------------------------27-------------------------1-~1--~--O~3--------------

----------------------------------------------------------.---------------------..-------------------------------
pp60v-src 27 1.5 ± 0.9

Gap-junctional communication of normal Rat-1 fibroblasts, and those

containing pp60v-src, pp60527F, or pp602A527F was assayed by microinjection

of the fluorescent dye, Lucifer yellow, into single cells within a confluent field.

Junctional communication was quantitated by enumerating the total number of

adjacent cells containing the fluorescent dye within approximately 20 sec

following the injection of a single cell (Crow et aI., 1990).

62



Figure 3.1. Phos~horylation of connexin43 in Rat-1 fibroblasts containing
non-myristylated pp60c- rc.

Normal Rat-1 fibroblasts, Rat-1 cells transfe~7l! with pp60c-src genes
mutated at either tyr527 to phe (kinase-active pp60 'l...Q5~ and tyr527 to
ala and phe (non-myristylated, kinase-active pp6(jO\ ), res~ectively
(Reynolds et aI., 1987, 1989) and Rat-1 cells transformed by pp60v- rc were
analyzed (Johnson et aI., 1989). These cells were kindly obtained from Dr. T.
Parsons.

~) Immunoprecipitation of [32P]-labeled connexin4~~rom normal and
pp60sr -containing Rat-1 fibroblasts. Cellswere labeled with Pi (1 mCi/ml for 4
hr at 3rC), lysed in RIPA buffer supplemented with 100 pM Na3V04' 10 mM
NaF, and 1 mM PMSF, and clarified. Lysates were immunoprecipitated with
either normal rabbit serum (Cappel Labs, C lanes) or connexin43 C-terminal
peptide antibody (I lanes) as described previously (Brugge and Erickson, 1977;
Crow et aI., 1990). Immunoprecipitated proteins were resolved by 5DS-PAGE
and autoradiographed with the aid of intensifying screens. Positionsof the 45K
and 47K connexin43 proteins are indicated at the left margin.

(B) Phosphoamino acid analyses of 45K and 47K connexin43 proteins.
Phosphorylated 45K and 47K connexin43 proteins were purified by
immunoprecipitation and SDS-PAGE, and subjected to two-dimensional
phosphoamino acid analysesas described previously (Lau, 1986; Kamps and
Sefton, 1989). Electrophoresis in the first dimension at pH 1.9 and the second
dimension at pH 3.5 are shown at the bottom right nf the panel. Positionsof the
non-radiolabeled phosphoamino acid standards a ~ outlined in the figure: Pser
(s), Pthr (t), and Ptyr (y). All autoradiogramswere prepared on Kodak XAR-5 film
at -70°Cwith or without the aid of an intensifying screen.
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Figure 3.2. Alterations in pp60v-src kinase activity, connexin43 tyr
phosphorylation, and gap-junctional communication in ts La-90 RSV-infected
cells.

Ts La-90 RSV-infected Balb/c 3T3fibroblasts (kindly obtained from Dr. J.
Brugge) were grown in MEMmedium (Gibco) at 3rC with 5% CO2 on 60mm
plastic culture dishes until confluent. Cellswere incubated at either 40°C or 33°C
for 48 hr. Replicatecultures of cells at~~OC were then shifted to 33°Cfor 0, 15,
and 45 min. Cells were labeled with Pi at 1 mCi/ml in phosphate-deficient
medium (Gibco). Hadiolabeling commenced at 2 hr prior to cell harVesting which
coincided with the end of the various incubation periods at 33°C or 4QOC. Gap
junctional communication was measured by Lucifer yellow dye transfer (see
Table 1) on a companion set of unlabeled cells immediately at the end of the
various incubation periods at the different temperatures. Activation of pp60v-src
kinase activity upon shift to the permissive temperaturewas measured bv in vitro
phosphorylation of the immunoglobulin (Ig) heavychain of anti-pp60v-src tumor
bearing rabbit serum (Lau, 1989). Kinase activities were quantitated by liquid
scintillation counting of the phosphorylated Ig gel bands or by densitometric
scanning of autoradiograms using a computer-assisted image anal~2is system
(Loats Associates). Phosphoamino acid content of in vivo P-Iabeled,
immunoprecipitated 45K connexin43 protein was determined as described in
Figure 1. Results for the kinase assays and phosphoamino acid analyses were
expressed relative to the values obtained at 40°C. The biochemical data shown
are the averages of two independent determinations. The data symbols
represent: gap-junctional communication (0---0), pp60v-src kinase activity
(6. 0 0 06..), as well as, Ptyr (.-.) and Pser (A-A) content of the connexin
45K protein. Note that the standard error bars for kinaseactivity data points are
within triangles.
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Chapter 4

Dephosphorylated Heart Connexin43 has a Primary Structure like

that of the Non-phosphorylated Fibroblast Connexin43

Gap junctions in functioning heart tissue are crucial in allowing impulse

conduction throughout the myocardium. They are permeable to anions and

cations having radii less than 0.5nm (Spray and Burt, 1990). The conductance

through gap junctions is rapidly increased by elevations in cAMP concentrations

(Saez et aI., 1986; Loewenstein, W.R., 1985), presumably through the induction

of a cAMP-dependent protein kinase. Mutant cells deficient in this protein kinase

display a lack of communication (Loewenstein, W.R., 1985). Furthermore, agents

expected to activate protein kinase C also bring about an increase in cell-to-cell

communication (Spray and Burt, 1988and 1990). These results indicate that

phosphorylation events may be responsible for the observed changes in gap

junctional conductance.

The protein forming the hexameric connexons within heart gap junctions

has been identified and is referred to as connexin43 (Beyer et aI., 1987 and

1989). The proposed topology of this protein is outlined in Chapter 1.

Connexin43 has the ability to assemble into functioning channels. This was

demonstrated by Swenson et al. (1989) and Werner et al. (1989) following

microinjection of connexin43 mRNA into Xenopus oocytes.

In vitro phosphorylation of connexin43 by the catalytic subunit of cAMP

dependent protein kinase has been observed (Pressler and Hathaway, 1987).

However, there have been no previous reports regarding the in vivo

phosphorylation of the heart connexin43 protein. The in vivo phosphorylation

status of the fibroblast connexin43-like proteins have been well documented by

Crow et al. (1990). The fibroblast 47-kD and 45-kD connexin43-like proteins are
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phosphorylated, whereas the fibroblast 43-I~O connexin protein shows a lack of

phosphorylation. Furthermore, the fibroblast 47-kD and 45-kD connexin43-like

proteins can be dephosphorylated by serine specific phosphatase activity (Crow

et al., 1990). These phosphorylated connexin species appear to be important for

communication; since, with extended cell passage, communicating fibroblasts

begin to loose their ability to transfer fluorescent dye; biochemically, this is

correlated with a relative decrease in the 47-kD and 45-kD connexin phospho

proteins, and an increase in the 43-kD connexin protein (D. Crow, unpublished

results).

Gap junction preparations from mouse heart display a predominant

45-kD-to-47-kD connexin protein (Figure 4.1, lane 1; Crowet aL, 1990). Given

the data on fibroblast connexins, this suggests that the heart connexin43 protein

is likely to be phosphorylated; as high levels of gap junctional communication are

necessary for impulse propagation.

Previous results have shown that both heart and fibroblast express

connexin43 mRNA. Additionally, the connexin proteins from these tissues are

recognized by three different peptide derived polyclonal antiserums (Crowet aI.,

1990). In an effort to determine structural similarities as well as the in vivo

phosphorylation status of heart connexin43 proteins, a portion of a heart gap

junction preparation was digested with potato acid phosphatase. The digested

protein had an apparent molecular mass identical to the non-phosphorylated 43

kD fibroblast connexin protein (Figure 4.1, compare lanes 1, 2, and 3). Next,

both the heart and fibroblast 43-kD connexin protein structures were compared

by proteolytic peptide mapping (Cleveland et al., 1977; Figure 4.1, lanes 3 and

4). S. aureus va protease digestion products were found to have identical

peptide cleavage patterns. These results demonstrate that the fibroblast
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connexin43 and heart connexin43-like proteins have very similar primary struc

tures.

In summary, indirect evidence shows the heart 47-kD connexin protein to

be phosphorylated, as it can be dephosphorylated to a 43-kD protein. The heart

connexin phosphorylation status is in agreement with recent experimental

findings in which immunoprecipitation of 32P-labeled myocytes revealed 47-kD

and 45-kD connexin43 phosphoproteins. Phosphoamino acid analysis of these

proteins showed them to contain predominantly phosphoserine residues (Lau,

Hatch-Pigott, and Crow, manuscript in preparation). These experiments support

the hypothesis that heart connexin 43 proteins are phosphorylated on serine in

vivo. Furthermore, this information provides evidence that the cAMP-dependent

protein kinase acts directly on the connexin43 proteins to both initiate and

increase gap junctional conductance. Finally, the findings in this chapter solidify

the primary relationship between the heart and fibroblast connexin43 proteins.

This allows us to establish our cell system as a model for further investigations of

the connexin43 protein.
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Figure 4.1. Connexin43 from Heart and Fibroblasts are Identical by
Peptide Mapping.

Heart connexin 45-kO protein was purified by sucrose gradient (Manjunath
and Page, 1988). Identical preparations were incubated in phosphatase buffer
(40mM PIPES pH 6.0, 1mM On) with or without 1 unit of potato acid
phosphatase (Boehringer Mannheim) for 30 minutes at 3-rC. The heart gap
junction protein samples, and non-phosphorylated connexin 43K from vole
fibroblasts isolated by immunoprecipitation, were purified by SOS-PAGE (Crow et
aI., 1990). Gel purified samples of control heart, dephosphorylated heart, and
vole connexin 43-kDwere run on a proteolytic 11-20% 50S-PAGE (Cleveland et.
aI., 19n) with or without S. aureus V8 protease. The peptides were
electrotransferred to a nitrocellulose membrY~5' and immunoblotted with
connexin43 C-terminal peptide antiserum and I-protein A. Autoradiograms
were prepared on Kodak XAR-5 film at -70°C. Migration positions of the 45K and
43K proteins are shown at the left margin.
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Chapter 5

Summary Discussion

Previous studies have shown that one of the cellular responses to pp60src

is the loss of gap junctional communication (Azarnia et aI., 1988). The

mechanism of action is unknown, but is independent of that due to

morphological changes (Azarnia and Loewenstein, 1984). Two general

possibilities explain this pp60src induced loss of cell-to-cell communication: 1.

The pp60src tyrosine kinase acts directly on cell-to-cell channels. 2. The

pp60src tyrosine kinase acts on an intermediate that causes channel closure.

Before studying these hypotheses we had to verifythat, in our hands pp60src

did in fact influence gap junctional communication.

Gap junctional communication is disrupted by pp60src in fibroblasts.

The extent of gap-junctional communication was measured by microinjection of

the fluorescent dye Lucifer yellow. All microinjection data indicate that when

pp60src is membrane bound and kinase active, gap junctional communication

ceases to exist (Chapter 2; Chapter 3, Figure 3.2). On the other hand, gap junc

tional communication is seen in: Uninfectedcells; cells containing kinase active

but non-membrane bound pp60src; and cells containing temperature sensitive

pp60src at the src non-permissive temperature. Clearly, there is some gap

junctional effect due to pp60src. To evaluate the proposed possibilities, the

nature of the gap junction protein in the fibroblasts had to be determined.

Fibroblasts express connexin43 related mRNA and protein. RNA from

rat liver, rat heart, and vole fibroblasts was probed using either connexin43 or

connexin32full length cDNA probes. Connexin32 cDNA hybridized with a 1.6 kB

RNA from liver but did not recognize RNA from heart or fibroblasts. The

connexin43 cDNA probe did not react with liver RNA, but did hybridize with a 3.0
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kB RNA from heart and fibroblasts (Chapter 2; Figure 2.1). These results

indicate that fibroblasts do not synthesize liver connexin32-like mRNA but do
.--"

produce a heart connexin43-like mRNA. Additionally, RSV-transformed

fibroblasts also produce a connexin43-like mRNA (data not shown). Thus, the

loss of communication seen in these cells is not due to their inabilityto transcribe

the connexin gene.

As expected, fibroblast connexin proteins were not identified using a liver

connexin32 MAb. However, the connexin proteins from fibroblasts and heart

tissue were identified using connexin43 peptide derived antiserum. In fact, the

fibroblast proteins were recognized in both immunoprecipitation and immuno

blotting experiments using heart connexin43 synthetic peptide derived

antiserums against 3 separate epitopes. This antigenic similarity between the

heart and fibroblast proteins may be explained by their common embryonic

origin. The heart proteins that were detected had apparent molecularmasses of

47-kD and 45-kD (Chapter 2; Figure 2.2b). Fibroblast proteins from both unin

fected and RSV-transformed fibroblasts were discovered with apparent

molecular masses of 47-kD, 45-kD, and 43-kD (Chapter 2; Figure 2.2 a, b, and c,

for uninfected). In establishing the relationship between these 3 fibroblast

proteins it was clear that they each shared at least 3 epitopes in common with

the heart connexin proteins. Further characterization required determining the

phosphorylation state of the fibroblast connexin proteins.

The fibroblast connexin43-related protein is phosphorylated.

lmmunoprecipitation of 32P-labeled uninfected fibroblasts using connexin43

synthetic peptide antiserum revealed the 47-kD, 45-kD, and novel 44-kD proteins

to be phosphorylated (Chapter 2; Figure 2.4). The 43-kD protein was not

phosphorylated. The 47-kD and 45-kD phosphoproteins are found at levels
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approximately 8 fold greater than the 44-kD phosphoprotein. The same

phosphoproteins are found in RSV-transformed cells, except all three are present

at levels equivalent to the 47-kD and 45-kD phosphoproteins in uninfected cells

(Chapter 2; Figure 2.7). This data presents a currently unexplained correlation

between the high level of 44-kD phosphorylation (when comparing uninfected to

RSV-infected fibroblasts) and the lack of communication.

Individual phosphoproteins from the uninfected and RSV-transformed

cells were evaluated by phosphoamino acid analysis. All three phosphoproteins

from uninfected fibroblasts contained predominantly phosphoserine residues,

with phosphothreonine containing residues in the 47-kD protein (Chapter 2;

Figure 2.4). Connexin phosphoproteins from RSV-transformed cells were all

phosphorylated on both serine and tyrosine, as well as threonine in the 47-kD

protein (Chapter 2; Figure 2.7). The existence of phosphotyrosine in these cells

provides evidence that a tyrosine kinase, possibly pp60src, acts directly on gap

junctions to affect communication.

Although the 47-kD, 45-kD, and 43-kD fibroblast connexin proteins share

at least three similar epitopes, there are still 3 possibilities as to the origin of these

proteins: (i) the 45-kD and 43-kD proteins are proteolytic cleavage products of

the 47-kD connexin protein; (ii) they are all different connexin proteins except at

some homologous sequences; and (iii) the 47-kD and 45-kD connexin proteins

arise from progressive phosphorylations of the 43-kD connexin protein. Taking

advantage of the knowledge that the 47-kD and 45-kD connexin proteins were

phosphorylated on serine, we began to explore these possibilities using a serine

specific phosphatase.

Phosphoserine phosphatase digestion of the immunoprecipitated

connexin immune complex from uninfected 32P-labeled fibroblasts resulted in a
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loss of the 47-kD and 45-kD phosphoproteins. The same experimentusing 35S_

methionine labeled cells resulted in the disappearance of the 47-kD and 45-kD

proteins and an apparent increase in the 43-kD connexin protein (Chapter 2;

Figure 2.5). This data suggests that removal of phosphate from serine residues

within the 47-kD and 45-kD connexin proteins cause them to migrate with a

molecular mass of 43-kD. Thus, a primary relationship between the three

fibroblast connexin proteins may exist, such that the 43-kD protein may be a

nonphosphorylated form of the 47-kD and 45-kD proteins.

Additionally, phosphoserine phosphatase digestion of biochemically

prepared gap junctions from mouse heart resulted in the loss of the 47-to-45-kD

proteins and the appearance of a 43-kD protein (Chapter 4; Figure 4.1). This

experiment provides indirect evidencethat the heart connexin43 proteins are

phosphorylated on serine in much the same manner as the fibroblast connexin

proteins.

Pulse chase experiments indicate that the 43-kD protein is a precursor to

the phosphorylated species. Theseexperiments using fibroblasts, revealed that

after an initial 15 minute radio-labeling pulse, the only immunoprecipitated

connexin species was the 43-kD protein. Following a 15 minute chase period,

44-kD, 45-kD, and 47-kD protein bands were immunoprecipitated. After a 30

minute chase period, the 47-kD and 45-kDproteins diminished and the 43-kD

protein reappeared. Connexin immunoprecipitation subsequent to a 45 minute

chase period showed only the 43-kD protein, and that protein began to vanish

after 75 minutes of chase (Chapter2; Figure 2.6). These results strongly support

the contention that the 44-kD, 45-kD, and 47-kD connexin proteins arose from

the 43·kD protein. This phenomena appears to have occurred due to

phosphorylation of the 43-kD precursor protein. The results do not support a

76

~--- --- --------------



conclusion that the 43-kD protein is a cleavage product of the slower migrating

47-kD and 45-kD bands.

The fibroblast connexin protein is gap junction associated and has a

primary structure similar to heart connexin43. Researchers have shown that

the heart connexin43 is capable of forming functioning connexons in Iiposomes

(Claassen and Spooner, 1988) and Xenopus oocytes (Werner et aI., 1989). We

have shown the fibroblast and heart connexin proteins to be immunologically

related at three different epitopes and have similar mRNA's. Additionally, both

heart and fibroblast connexin proteins can be dephosphorylated to a 43-kD

species; the heart connexin43's predicted molecular mass (Beyer et aI., 1987).

Proteolytic mapping of these respective 43-kD connexin species resulted in

identical peptide maps between the heart and fibroblast (Chapter 4, Figure 4.1).

This strongly indicates a similar primary structure between the heart and

fibroblast connexin43 proteins. Furthermore, immunofluorescent microscopy

using connexin43 synthetic peptide derived antiserum revealed gap junction

proteins to be localized in areas of fibroblast cell-to-cell contact (Chapter 2,

Figure 3). These punctate reactions are consistent with regions proposed to

contain gap junctions. This experiment reinforces the belief that the fibroblast

connexin proteins are in fact gap junction associated.

The fibroblast connexin protein is potentially a functional

transformation relevant substrate of pp60src• Communicating fibroblasts

containing myristate minus, kinase active pp60c-src had connexin residues

phosphorylated on serine but not on tyrosine (Chapter 3; Figure 3.1). On the

other hand, noncommunicating fibroblasts expressing myristylated, kinase

active pp60c-src contain connexin residues phosphorylated on serine and

tyrosine. This data, and the fact that pp60src is localized near gap junctional
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plaques (Willingham et aI., 1979), fulfills the two major criteria for suspected

transformation relevant proteins. In that: (i) The suspected proteins must

contain greater amounts of phosphotyrosine in cells containing myristylated,

kinase active pp60src than uninfected cells or cells containing myristylated,

kinase inactive pp60src. (ii) The suspected proteins must not be phosphorylated

on tyrosine in cells expressing non-myristylated,kinase active pp60src.

Functionally, activation of temperature sensitive pp60v-src in Balb\c 3T3

cells results in a loss of gap junctional communication. This is correlated with an

increase in pp60v-src,s relative kinase activity and connexin phosphotyrosine

content (Chapter 4; Figure 4.2). This effect occurs prior to morphologic changes

(Azarnia and Loewenstein, 1984). Moreover, the phosphoserine content

remained constant throughout the temperature shifts (Chapter 4; Figure 4.2).

This information, together with the data implicating the connexin protein as a

potential substrate of kinase active pp60c-src, gives for the first time, a putative

function to a substrate of pp60src.

Future connexin research focuses on the phosphorylation sites within

fibroblast connexins. 2D Tryptic peptide analysis of 32P-labeled connexin

proteins, using selective protease digestions, will help identify the serine,

tyrosine, and threonine phosphorylation sites. Using this knowledge, site

directed mutagenesis can be carried out. These resultant mutated cDNA

expression vectors could be transfected into non-gap junctionally communicating

cells. Studying the gap junctional communication and in vivo phosphorylation

characteristics in these cells will provide better understanding of the importance

of these phosphorylation sites in functioning gap junctions. Furthermore, using

the same cells that also contain active pp60src or cAMP-dependent protein

kinase A will advance the understanding of these proteins on specific sites.
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Other experimental research must include finding and characterizing the

serine and tyrosine phosphatases that are probably required for gap junctional

functioning.

Studying the molecular effects of inotropic agents on connexin protein

phosphorylation may provide clinical benefits. Additionally, the identification of

substances that stabilized the connexin mRNA, upregulate the connexin RNA

transcription, or stabilize the connexin protein could be clinically significant.

Advances in these areas might prove to be useful in slowing, stopping, or

reversing cancers or myocardial instabilities.

Finally, future work is needed in analyzing how the connexin protein is

inserted and removed from plasma membranes. This would address whether

phosphorylation is a necessary step in the connexin proteins initial membrane

insertion or turnover.
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