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Abstract. To examine the mechanism(s) and pathwaysntroduction

of gap junction formation and removal a novel and re- _ )

versible inhibitor of protein secretion, ilimaquinone (IQ), Gap junctions are membrane channels between closely
was employed. 1Q has been reported to cause the vePposed cells that allow for intercellular exchange of
siculation of Golgi membranes, block protein transport ats€condary messengers and other small molecules (Flagg
the cis-Golgi and depolymerize cytoplasmic microtu- Newton, Simpson & Loewenstein, 1979; Loewenstein,
bules. Connexin43 (Cx43) immunolabeling and dye mi-1981). Gap junction proteins (connexins) have been
croinjection experiments revealed that gap junctionshown to oligomerize into hemichannels (connexons) af-
plaques were lost and intercellular communication wader they exit the endoplasmic reticuluem routeto the
inhibited following IQ treatment for 1 hr in BICR-M1R  Plasma membrane (Musil & Goodenough, 1993). These
rat mammary tumor cells and for 2 hr in normal rat hemichannels assemble further at the cell surface and
kidney (NRK) cells. Gap junction plaques and intercel-become densely clustered to form gap junction plaques
lular communication recovered within 2 hr when 1Q was (Caspar et al., 1977). Unlike the long half-life (>20 hr)
removed. 1Q, however, did not affect the distribution of of many integral membrane proteins (Chu & Doyle,
zonula occludens-1, a protein associated with tight junc1985; Hare & Taylor, 1991), gap junction plagues are
tions. Western blot analysis revealed that the 1Q-induce@tructures that turnover rapidly with in vivo half-lives of
loss of gap junction plaques was accompanied by a lim> hr in hepatocytes (Fallon & Goodenough, 1981) and
ited reduction in the highly phosphorylated form of 1.5 hr in cultured rat mammary BICR-M1Rumor
Cx43, previously shown to be correlated with gap junc-cells (Laird, Castillo & Kasprzak, 1995). In addition to
tion plaques. The presence of IQ inhibited the formationP€ing regulated through formation and removal of gap
of new gap junction plaques in BICR-MRells under junctions, intercellular exchange can also be regulated
conditions where preexisting gap junctions were downthrough gating of gap junction channels which undergo
regulated by brefeldin A treatment. Treatment of BICR- reversible conformational changes that temporarily close
M1R, and NRK cells with other microtubule depolymer- the channel in response to changes in th_e intracellular or
ization agents did not inhibit plague formation or pro- €xtracellular environment (Loewenstein, 1978; Ma-
mote rapid gap junction removal. These findings suggeskowski et al., 1984; Spray et al., 1984). Regulated in-
that 1Q disrupts intercellular communication by inhibit- tercellular communication is essential for proper embry-
ing the events that are involved in plaque formation andPhic development (Guthrie & Gilula, 1989;"Reme et

or retention at the cell surface independent of its effectsil., 1995) and for controlled cell growth and differentia-
on microtubules. Our results also suggest that additiondfon (Loewenstein, 1979; Mehta, Bertram & Loewen-
factors other than phosphorylation are necessary foptein, 1986).

Cx43 assembly into gap junction plaques. The gap junction protein, connexin43 (Cx43), has
been extensively studied over the past ten years and is

the best understood member of the connexin family. Itis
known to have several states of phosphorylation (Crow
et al.,, 1990; Musil et al., 1920b; Laird, Puranam &
Revel, 1991; Laird et al., 1995; Wang & Rose, 1995).
I The two most characterized of these phosphorylated spe-
Correspondence tdD.W. Laird cies are commonly referred to ag &d B (Musil et al.,
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199() although other phosphorylated species of Cx43may govern gap junction plaque formation and commu-
have been identified (Lau et al., 1992; Laird et al., 1995).nication competence.

Studies by Musil and colleagues have correlated the

phosphorylation of Cx43 with gap junction plaque for- Materials and Methods

mation and communication competence (Musil et al.,

199(; Musil & Goodenough, 1991). Phosphorylation CELL CULTURE

of Cx43 to the R and R, species was shown to occur at The rat BICR-M1R cell line, derived from a rat mammary tumor
the cell surface and the,Bpecies of Cx43 was linked to (characterized by Rajewsky & Gruneisen, 1972) and normal rat kidney
plaque formation (Musil & Goodenough, 1991). How- cells (NRK cell line obtained from the American Type Culture Col-
ever, in WB F-344 cells, Cx43 was present in nonfunc-lection, Rockville, Maryland; 1571-CRL) were maintained as previ-
tional gap junction plaques in the apparent absence of th sly described (Laird et al., 1995). Subconfluent to confluent cultures

. '70-100%) were treated in some studies withyd® 1Q (provided by
P, species of Cx43 (Oh et al., 1993). Conversely, Wangy, , “manotra) for 1-1.5 hr (BICR-M1Rcells) or 1.5-2 hr (NRK

Mehta & Rose (1995) showed that gap junction plaqueseiis), 2-5.g/ml BFA (CedarLane Laboratories, Hornby, ON) for 6 hr,

did not form in tunicamycin-treated mouse hepatomai00g/ml nocodazole for 1.5 hr (Boehringer Mannheim, PQ, Canada),

cells transfected with Cx43 even though Cx43 was ex-or 1 um colcemid for 1.5 hr (Boehringer Mannheim, PQ, Canada).

tensively phosphorylated. In recovery studies, cells were washed and allowed to recover in the
The intracellular trafficking, maturation and assem- presence of BFA, 1Q, colcemid or nocodazole' for 1-2 hr. In other

. . . . recovery studies, BICR-M1Rcells were treated with gg/ml BFA for

b_ly of Cx43 into functional gap Jun(_:t'ons has been_elu'e hr, washed and allowed to recover for 1-2 hr in the presence or

cidated further by the use of brefeldin A (BFA) (Musil & absence of 1gum 1Q. All experiments involving 1Q, nocodazole and

Goodenough, 1993; Laird et al., 1995). In a recent studygolcemid were carried out in complete culture medium supplemented

we used brefeldin A to reversibly block protein secretionwith 25 v Hepes, pH 7.4 (Veit et al., 1993).

in BICR-M1R, tumor cells and uncouple the events that

lead to gap junction formation from processes that resultMMUNOFLUORESCENTLABELING, MICROINJECTION AND

in their removal from the cell surface (Laird et al., 1995). CONFOCAL MICROSCOPY

Gap junctions and functional intercellular communica- Control and drug-treated BICR-M1Rand/or NRK cells grown on

tion were inhibited in BICR-M1Rcells that were treated coverslips were fixed, blocked of nonspecific binding sites and immu-

with BFA for 6 hr, a finding consistent with the preven- nolabeled as describgd by Laird and Revel (1990). In single Igpeling or

tion of new gap junction formation and the rapid turn- double labeling experiments cells were labeled with jLgfml affinity

. . . purified anti-Cx43 antibody (CT-360) raised against the amino acid
over kinetics of Cx43 (Lalrd etal, 1995)' Recemly’ asegment, 360-382 of Cx43 as described by Laird and Revel (1990)

novel inhibitor of protein secretion, ”imaqUi_none_ (lQ) followed by a 500-fold dilution of goat anti-rabbit antibody conjugated
has been shown to possess some properties similar t6 rhodamine or fluorescein. In double labeling experiments, cells
BFA. IQ is a major metabolite of several dictyoceratidswere labeled with 100-fold diluted monoclonal anti-Cx43 antibody
sponges and was first obtained from Hippospongia meta(_lngram & Be_IL Montreal, PQ) follpwed by goat anti-mouse secondary
antibody conjugated to fluorescein. The same cells were then labeled

chromia (Luibrand et al., 1979). 1Q has been shown tOwith either rabbit anti-MG-160 serum (resident proteimeddial Golgi

rapujly and reverS|ny'd|sassempIe GOIg' membranes, In?:isterna) (Gonatas et al., 1989; Croul et al., 1990) or with rat mono-
cluding thetrans Golgi network, into small vesicles and cional anti-z0-1 (tight junction associated protein) (Developmental
to inhibit protein transport between successive Golgi cis-Studies Hybridoma Bank, lowa City, IA and Baltimore, MD) followed
ternae (Takizawa et al., 1993; Veit et al., 1993; Acharyaby goat anti-rabbit antibody or goat anti-rat IgG antibody, respectively,
et al., 199%,b). However, unlike BFA, IQ does not conjugated to rhodamine.

. . - Untreated, 1Q-treated for 1-1.5 hr (BICR-MDR1.5-2 hr (NRK)
cause ER/GOlgI fusion and retrOgrade trafflcklng of or cells that were allowed to recover from 1Q treatment for 1 hr (BICR-

Golgi proteins (Takizawa et al., 1993). In addition, 1Q M1R,) or 2 hr (NRK) were pressure microinjected with 5% Lucifer
induces the depolymerization of cytoplasmic microtu-yellow in 10 mv Hepes (pH 7.4) to assay for gap junction coupling (

bules independently of its effects on the Golgi mem-= 15-25 injections/treatment). Microinjected dye was allowed to
branes (Veit et al., 1993). spread for 15 min before fixing the cells for 5 min in Phosphate Buff-

In the present study, we examined the effect of IQ o _ered Saline (PBS) containing 3.7% paraformaldehyde. All fluorescent

. . . . . images were visualized and photographed using a Zeiss Axiophot fluo-
gap Juncuon plaques in a fibroblastoid (,BICR'M'J)R rescgent microscope and Kozak T?nas 400 filmgat 800 ASA.pDoubIe
cell line from a rat mammary tumor and in NRK cells immunolabeled cells were analyzed on a Zeiss LSM 410 inverted con-
which both express moderate to high levels of Cx43.focal microscope as described by Laird et al. (1995). Images were
We showed that IQ inhibits gap junction formation and saved on a Bernoulli multidisk and printed on a Kodak XLS 8300 high
regulates the level of gap junction plaques found on theesolution (300 DPI) color printer.
cell surface independent of its effects on microtubules.

Furthermore, the IQ-induced inhibition of intercellular METABOLIC LABELING, CELL LYSATES AND
communication was correlated with a limited reduction MEMBRANE PREPARATIONS

in the most highly phosphorylated form of Cx43 sug- in metabolic labeling studies, BICR-M1Rells were first grown on 60
gesting that additional factors other than phosphorylationnm tissue culture dishes. Cells were labeled \ifg-trans-label for
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100 min as described in Laird et al. (1995) in the presence of 1Q. Aﬂerparanudear location (FigB). Following treatment with
washing the cells in culture medium, the cells were chased for 3 hr in|Q for 1 hr gap junction plaques were not observed (Fig.
complete medium supplemented with 21rmethionine and Jug/ml 1C) the Golgi became vesicular and dispersed through-

brefeldin A. The cells were lysed in RIPA buffer and protein concen- .
trations were determined using the BCA assay and albumin as a stargl'It the cytoplasm (Flg'D')' When 1Q-treated cells were

dard. Cx43 was immunoprecipitated, resolved by SDS-PAGE and de/lowed to recover in the absence of 1Q for 1 hr, punctate
tected by fluorography as previously described (Laird et al., 1995). Cx43 immunostaining was again observed at locations of
In other studies, BICR-M1Rand NRK cells were grown in 75  cell-cell apposition (Fig. E) and MG-160 had a para-
cn? flasks. Control and drug-treated cells were rinsed three times anchyclear distribution (Fig.B). Lucifer yellow spread ex-
scraped in 10 ml of cold PBS. The cells were pelleted in a clinical tensively from the microinjected cell (Fig.A2and B;
centrifuge and sonicated in 300-600 of modified Laemmli sample asterisk) to neighbor cells in untreated cell cultures.

buffer as described by Laird et al. (1995). . . o
Cell membrane fractions were prepared as described by PoIIak!_iowever' a less fibroblastoid morphology was exhibited

Polychronakos & Richard (1990) with the following modifications. IN 1Q-treated BICR-M1R cells and Lucifer yellow re-

Equal cells treated with or without IQ for 1-1.5 hr (BICR-MgRr  mained within the boundaries of the microinjected cell

1.5-2 hr (NRK), were rinsed two times in cold PBS and lysed in (Fig. 2C andD, asterisk). Dye spread extensively from

hypotonic buffer (0.0 Tris, pH 7.4, 1 v EDTA, 2 mm PMSF, 1 gn |Q-treated cell that was allowed to recover for 1 hr in

P;:g/ml Ieu_pegtin_, r’}sogm sli)diur? orthovanerartf) on if(I:e. rS:ells Were tha absence of IQ (Fig.[—2and = asterisk).

omogenized with 10 strokes of a Potter-Elvehjem teflon homogenizer . . . .

and centrifuged at 1,000¢for 10 min (pellet= nuclei). Supernatants AnalySIS, of'gap junction plaques and intercellular

were then centrifuged at 15,000g<for 15 min to reduce lysosomal c_on_1mun|cat|on in NRK cells f”‘fter IQ treatment revealed

contamination. Finally, supernatants were centrifuged at 50,090 x Similar effects to those seen in BICR-M{Bells. Punc-

for 35 min and the pellet was resuspended in Laemmli sample buffertate Cx43 immunostaining was seen at sites of cell-cell
apposition (Fig. 8) and dye spread extensively from the
microinjected cell (asterisk) to neighboring cells (Fig. 3

WESTERN BLOTTING andC). Cells that were treated with 1Q for 2 hr did not
have a distinct cell surface punctate staining pattern (Fig.

Total cell lysates from an equal number of cells and prestained stan3D) and dye failed to spread from the microinjected cell

dards were resolved on a 10% SDS-polyacrylamide gel, transferre%asterisk) (Fig. g andF). Distinct gap junction plaques

onto nitrocellulose paper and immunostained for Cx43 as described b Fig. 3G dd fer f h . .. d I
Laird et al. (1995). Western blots of membranes from control and 9. ) an ye transfer from the microinjected ce

IQ-treated cells were loaded equally and compared to total cell lysateé@Sterisk) (Fig. Bl andl) were observed 2 hr after the
taken from control cellsseeFig. 10). All Western blots were per- removal of IQ. In all cases, the morphology of the drug-
formed in triplicate with the exception of the NRK membrane blot (Fig. treated and microinjected cells was unchanged as indi-
10B) which was performed twice with similar results. The blots were cated by the Corresponding phase images (@B |)
exposed to Amersham Hyperfilm-MP with an intensifying screen and/|n both BICR-MlR( and NRK cells that were treated

or quantified by exposing to a Molecular Dynamics phosphorimager.. . . . s . o
Cx43 species in Western blots exposed to the phosphorimager (Figs. | ith 1Q, Lucifer yellow remained within the microin

and 10) were quantified by determining volume counts and subtractindeCted cell or transferred to first order cells.
background counts from equal volumes of the blot where no Cx43
signal was observed. The signals obtained from the blots were quan-
tifiable as the phosphorimager is linear over five orders of magnitude.
RAPID RECOVERY OF GAP JUNCTION PLAQUES

FoLLowING THE REMOVAL OF 1Q

Results
To determine the time course of gap junction plaque
reassembly upon the removal of 1Q, IQ-treated BICR-
Loss OFINTERCELLULAR COMMUNICATION AND GAP M1R, cells were allowed to recover in drug-free medium
JUNCTION PLAQUES IN IQ-TREATED CELLS for up to 60 min. Control (Fig. A) and drug-treated

(Fig. 4B) cells were immunolabeled for Cx43 using a
IQ is known to cause Golgi membranes to breakdown insensitive polyclonal antibody to Cx43 and visualized by
a number of culture cells, including BHK, CHO, HelLa, epifluorescent microscopy. Similar to results obtained
MDCK and NRK cells (Takizawa et al., 1993). The ef- using an anti-Cx43 monoclonal antibody (FigC)1 gap
fect of IQ on gap junction plaques, Golgi membranes andunction plaques were not observed after 1Q treatment
intercellular communication was examined in rat BICR- (Fig. 4B), however, a reticular intracellular network of
M1R, tumor cells. Cells were double immunofluores- light immunofluorescent labeling was seen throughout
cent-labeled for Cx43 and MG-160 (residentroédial these cells. Gap junction plaques that were beginning to
Golgi cisternae) or microinjected with Lucifer yellow. form were observed as early as 10 min (Fig, &rrows)
In control cells, a punctate Cx43 immunostaining patternafter the removal of I1Q. Plaques were easily recogniz-
was observed by confocal microscopy between neighable after 20 min (Fig. B) 30 min (Fig. £) and 60 min
boring cells (Fig. A) and MG-160 was organized in a (Fig. 4F) of recovery.
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Fig. 1. 1Q-induced reversible loss of gap junction
plaques in BICR-M1R cells. Rat BICR-M1R

cells were untreated, treated with 1Q for 1 hr or
recovered from 1Q-treatment for 1 hr. Cells were
permeabilized and double immunolabeled for
Cx43 (mouse anti-Cx43 monoclonal antibody) and
MG-160. Immunolabeled cells were imaged using
a confocal microscope. In control cells, Cx43 was
seen in abundance between neighboring céis (
and MG-160 was organized in a paranuclear
location @). Following treatment with 1Q, Cx43
punctate labeling was los€f and MG-160 was
found in dispersed vesicle®). When IQ-treated
cells were allowed to recover in the absence of
1Q, punctate Cx43 labelings) and a paranuclear
MG-160 staining pattern were observeg).(Bar

= 10 pm.
ReEcoVERY OF GAP JUNCTION PLAQUES Is NoT nostaining at sites of cell-cell apposition (Figh)éwas
DePENDENT ONCx43 TRAFFICKING TO THE CELL significantly reduced following IQ treatment (FigBh
SURFACE FROM BFA-SENSITIVE COMPARTMENTS Upon the removal of 1Q, gap junction plaques formed

both in the absence (FigD§ or presence of BFA (Fig.

IQ inhibits protein transport at theis-Golgi and, upon 6E). These observation would suggest that the Cx43 in-
removal of the drug, protein transport is restored\/_olved in the reformation of gap Junctlon plagues is de-
(Takizawa et al., 1993). To determine whether the rapidived from a pool of Cx43 found distal to theansGolgi,
recovery of gap junction plagues upon the removal of IQPOsSibly residing within thérans Golgi network (TGN)
was dependent upon Cx43 trafficking to the cell surface®r Plasma membrane.

from the endoplasmic reticulum or Golgi compartments, 10 provide evidence that BFA was an effective
BICR-M1R, cells were allowed to recovery from IQ in blocker of protein trafficking after 1Q treatment, BICR-
the presence or absence of BFA (Fig. 5). BFA has preM1Ry cells were labeled witB>S-trans label in the pres-
viously been shown to block protein transport within a €nce of 1Q and chased in IQ-free medium supplemented
fused ER/Golgi compartment (Misumi et al., 1986; with BFA (Fig. 7). A doublet of Cx43 ath2/43 kD was
Chege & Pfeffer, 1990; Lippincott-Schwartz et al., 1989, immunoprecipitated from cells labeled in the presence
1991; Klausner et al., 1992) and also to prevent Cx43f IQ (Fig. 7, lane a). This same Cx43 doublet was
trafficking to the cell surface and its maturation to highly observed in cells that were labeled witfs-trans label
phosphorylated species (Laird et al., 1995). The puncin the presence of IQ and chased in the presence of BFA
tate cell surface Cx43 immunostaining pattern seen irfor 3 hr. The presence of BFA prevented the maturation
control cells (Fig. 3), was not evident in IQ-treated cells of Cx43 to the well-characterized higher molecular
(Fig. 5B). However, when 1Q-treated cells were allowed weight phosphorylated species (Musil et al., 1890iu-

to recover in the absence of BFA (FigDpor presence sil & Goodenough, 1991; Laird et al., 1995) that are
of BFA (Fig. 5E) numerous gap junction plaques were thought to occur after the protein exits that Golgi appa-
observed. In NRK cells, distinct punctate Cx43 immu- ratus.
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Fig. 2. 1Q-induced reversible loss of dye transfer
in BICR-M1R, cells. UntreatedA andB),
IQ-treated C andD) or 1Q-treated and recovered
(E andF) rat BICR-M1R, cells were
microinjected with Lucifer yellow (asterisks).
Transmitted light A, C, B or fluorescent®, D,

F) images were collected from a confocal
microscope. Note that I1Q reversibly inhibited dye
transfer. Bar= 10 pm

Fig. 3. 1Q-induced reversible loss of intercellular
communication and gap junction plagues in NRK
cells. In untreated NRK cells, a punctate Cx43
immunostaining was seen between neighboring
cells () and Lucifer yellow spread extensively
from the microinjected cell (asterisk) to
neighboring cells® and C). Following treatment
with 1Q for 2 hr, gap junction plaque®j, and

dye transfer from microinjected cell (asterisk)
were not observede andF). When 1Q-treated

cells were allowed to recover in the absence of 1Q
for 2 hr, punctate immunofluorescent labeling was
observed G) and dye transferred from the
microinjected cell (asteriskH andl). The
morphology of the drug-treated and microinjected
cells was unchanged as indicated by the
corresponding phase images, (F, I). Bar =

10 pm
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untreated 1Q 60min
(A) (B)
Fig. 4. Gap junction plagues reassemble rapidly
upon removal of 1Q. BICR-M1Rcells were
1Q, 10min 1Q,20min  untreated &) or treated with IQ for 1 hrB), then
recovery recovery rinsed and allowed to recover in drug-free medium
(©) (D) for periods of 10 min €), 20 min @), 30 min
(E), and 60 min F). The cells were permeabilized
and immunostained with an anti-Cx43 polyclonal
antibody (CT-360) (Laird & Revel, 1990). The
loss of Cx43 punctate immunostaining at the cell
3 surface in 1Q-treated cells was accompanied by a
1Q, 30min ¥ : 1Q, 60min  rgticular network of light immunofluorescent
recovery ] “’ recovery labeling. Throughout the time course of recovery
(E) )] from IQ treatment, a gradual increase in gap
junction plaques (arrows) was observed. Bar
10 pm

Fig. 5. 1Q-induced loss of gap junction plaques and its effect on plague formation in BICR:M&IR are not due to the depolymerization of
microtubules. Cells were untreated)(treated with 1Q for 1 hri) or nocodazole for 1.5 hQ). |Q-treated cells were washed and allowed to recover
in drug-free medium @), in medium supplemented with BFAE( or in medium supplemented with nocodazol) for 1 hr. Cells were
permeabilized and immunolabeled for Cx43 (CT-360 antibody). Cx43 punctate immunolabeling was observed at sites of cell-cell appos
following nocodazole treatmen€j. Moreover, cell surface punctate Cx43 immunolabeling was observed in cells that were recovering from I1Q |
the presence of BFA and nocodazole. All confocal images were collected using identical contrast and brightness settind$. |Bar

IQ-INDUCED Loss oFGAP JUNCTION PLAQUES AND ITs allowed to recover from IQ treatment in the presence of
INHIBITORY EFFECT ONPLAQUE FORMATION ARE NOT nocodazole (Fig.B). Similar to control cells (Fig. A), a
DuUE TO THE DEPOLYMERIZATION OF MICROTUBULES punctate Cx43 immunostaining pattern was observed at

) . ) sites of cell-cell apposition in cells treated with nocodazole
IQ acts as a microtubule depolymerizing agent (Veit et al. Fig. 5C) and in cells that were recovering from 1Q in the
1993). To determine if the loss of preexisting gap junCtiO”presence of nocodazole (FigF)s As in BICR-M1R, cells,
plagues and the inhibition of gap junction plaque formationynctate Cx43 immunostaining was localized at sites of
were likely the result of IQ's affect on microtubules, BICR- ¢ejl.cell apposition in NRK cells pretreated with noco-
M1R, cells were either treated with nocodazole (Fig) br dazole (Fig. €), as well as in cells recovering from 1Q in
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Fig. 6. Loss and recovery of gap junction plaques in IQ-treated NRK cells is not dependent on microtubule assembly or on protein trafficking
the cell surface. Cells were untreatey),(treated with IQ for 2 hrB) or nocodazole for 1.5 hiQ). 1Q-treated cells were washed and allowed to
recover in drug-free mediunDj, in medium supplemented with BFA) or in medium supplemented with nocodazadtg for 2 hr. Cells were
permeabilized and immunolabeled for Cx43 (CT-360 antibody). Cell surface Cx43 punctate immunolabeling was observed following nocoda
treatment C). In addition, punctate immunostaining for Cx43 was seen in cells that were recovering from IQ in the presence of BFA and nocodaz
All confocal images were collected using identical contrast and brightness settings: Barmm

the presence of nocodazole (Fid-)6 Similar results as a b
described above were observed when the microtubule de
polymerization agent colcemid was usemdults not
shown). These results suggest that 1Q disrupts gap junctiorkD
plaques independently of its effects on microtubules.

EFFeCT OFIQ ON THE TIGHT JUNCTION ASSOCIATED

ProTEIN, ZO-1
53.2-
To examine whether 1Q causes a redistribution of othe

junction proteins, we examined IQ’s effect on the distribu- -
tion of zonula occludens-1, ZO-1. ZO-1 is a tight junction
associated protein which is localized on the cytoplasmic
surface just beneath the membrane of tight JunCtlontig. 7. Inhibition of extensive phosphorylation of Cx43 in the presence
(Stevenson et al., 1986; Anderson et al., 1988; Furuse et aky | and brefeldin A. BICR-MLR cells were metabolically labeled
1993). Untreated NRK cells (FigA8andB), cells treated  with 3°S-trans in the presence of IQ (laapand subsequently chased
with IQ (Fig. 8C andD) or cells recovered from IQ (FigEB  for 3 hr in the presence of brefeldin A (la}. Cx43 was immuno-
andF) were double-labeled for Cx43 and ZO-1. The punc-precipitated from cell lysates, resolved by SDS-PAGE and detected by
tate Cx43 Iabeling at sites of cell-cell contact was lost influorography. A doublet of Cx43 was identified &@#2/43 kD in bot_h
IQ-treated cells but was restored upon recovery from IQ.IQ-treated cells and_ cells that were allowed to recover from IQ in the
However, the beltlike staining pattern of ZO-1 around thePeoence of brefeldin A
periphery of the cell was not altered by 1Q treatment. These . .
results indicate that 1Q does not affect the spatial distribu%i%%%hn(gzlaﬁOggtgol)thsvgn?rzzré?ggr\?v;?,:;s t(gMel;(Sa{Imﬁe
tion of ZO-1 in NRK cells by inducing its dissociation from gn, ' ; :
the plasma membrane. v_vhether the IQ-lnd_uced loss of mtercelll_JIar communica-
tion and gap junction plaques resulted in a loss of Cx43
IQ-INDUCED REDUCTION IN THE 46 KD SPECIES OFCX43 phosphorylation in BICR'M:LB and NRK cells. Un-
treated, |Q-treated or recovering BICR-M1Bnd NRK
Gap junction plaque formation and intercellular commu-cells were lysed and subjected to SDS-polyacrylamide
nication competence have been associated with Cx4gel electrophoresis and probed for Cx43. Control lanes

34.9-
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Fig. 8. 1Q does not affect the spatial distribution
of ZO-1, a tight junction associated protein. NRK
cells were untreated\(andB) IQ-treated for 2 hr
(C andD) or recovered from IQE andF) for 2

hr, permeabilized and double immunofluorescently
labeled for Cx43 and ZO-1. Immunolabeled cells
were imaged using a confocal microscope. The
punctate Cx43 labeling at sites of cell-cell
apposition A) was lost upon 1Q treatmen€j and
restored when cells were allowed to recover from
1Q (E). The beltlike pattern of ZO-1
immunostaining at the cell peripher (D, F)

was not altered by 1Q treatment. Bar 10 um

(Fig. 9A andB, lanea) revealed a series of bands betweenwere represented in the control membrane fractions (Fig.
42 and 46 kD characteristic of unphosphorylated andLOA andB, laneb). In 1Q-treated NRK cells (Fig. 18
phosphorylated Cx43 (Musil et al., 1990; Laird et al., andB, lanec) a nearly identical pattern of Cx43 was seen
1995). In BICR-M1R cells, phosphorimager analysis with only a 20% reduction in the Cx43 doublet at 46 kD.
revealed that the Cx43 doublet at 46 kD was reduced by
26% after IQ treatment while the remaining phosphory-
lated forms of the protein were relatively unchanged!Q INHIBITS THE ASSEMBLY OF Cx43 INTO GAP
(Fig. 9A, lane b). However, when NRK cells were JUNCTION PLAQUES WITHOUT AFFECTING
treated with IQ there was a 38% increase in Cx43 aiTS MATURATION
42/43 kD and a 27% increase in the band at 44 kD with
an[10% decrease in the Cx43 doublet at 46 kD (FBB, 9 To examine the effect of IQ on newly forming gap junc-
laneb). The increase in Cx43 at 42/43 kD was antici- tion plaques we used an inhibitor of protein trafficking,
pated since 1Q also acts as an inhibitor of protein transBFA (Misumi et al., 1986) to uncouple events leading to
port at thecis-Golgi, allowing for protein accumulation gap junction assembly from those events related to gap
in this early compartment. In recovering cells (FigA 9 junction removal (Laird et al., 1995). BICR-M]Rells
andB, lanec), there was an increase in all forms of Cx43 were treated with BFA for 6 hr, recovered in the presence
including the doublet at 46 kD. or absence of 1Q for 1 hr and Cx43 was detected by
Transport of Cx43 to the cell surface has been demimmunofluorescence (Fig. 11) or by Western blotting
onstrated to precede Cx43 phosphorylation to the maturé~ig. 12). Gap junction plaques were cleared from the
P, and B forms of the protein (Musil & Goodenough, cell surface after BFA treatment for 6 hr (Fig.
1991). To further examine the effect of IQ on Cx43 11A). Plaques were restored follovgra 1 hrrecovery
species, membrane fractions were prepared from contrdtfom BFA in the absence of IQ (Fig. B} arrows).
and IQ-treated BICR-M1Rand NRK cells. Western However, cells recovering from BFA in the presence of
blot analysis revealed that, as in the total cell lysatedQ for 1 hr (Fig. 1XC) did not restore plaques. Cells
(Fig. 10A andB, lane a), all forms of the Cx43 protein recovered from BFA in the presence of 1Q for 1 hr fol-
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Fig. 10. Cx43 was found in membrane fractions following IQ treat-
Fig. 9. Western blot analysis of total Cx43 in 1Q treated BICR-MIR  nent. Western blots of membrane (M) fractions from untreated and
and NRK cells. Untreated\(andB, lanea), IQ-treated (1 hr—BICR- |q.treated BICR-M1R and NRK cells were immunolabeled for Cx43.
M1R,; 2 hr—NRK cells) & andB, laneb), or cells recovered from IQ A5 compared to cell lysates @ndB, lane a) and membrane fractions

(1 hr—BICR-M1R; 2 hr—NRK) (A andB, lancec) were lysed and (A andB, laneb) from untreated cells, all forms of Cx43 were repre-
subjected to SDS-PAGE and Western blotting for Cx43. A series ofganted in the membrane fractions of IQ-treated callardB, lanec)

bands between 42 and 46 kD was seen in untreated cellsd}am® ity only a slight reduction in the Cx43 doublet at 46 kD in NRK cells.
both BICR-M1R, and NRK cells there was a reduction in the Cx43

doublet at 46 kD after 1Q treatment. In recovering cells there was an
increase in all forms of Cx43 including the doublet at 46 kD. ing inhibitor, ilimaguinone (1Q), to examine the mecha-
nisms and factors involved in gap junction plaque for-
mation and retention in rat mammary tumor BICR-M1R
lowed by an additional 1 hr in the absence of IQ as-and NRK cells.
sembled gap junction plaques (Fig.0;larrows). West- Previous studies have examined the effect of I1Q on
ern blot analysis of BFA-treated cells revealed the 42/43he structural organization of Golgi membranes, protein
kD doublet of Cx43 while the more mature phosphory-transport and cytoplasmic microtubules (Takizawa et al.,
lated species of Cx43 were lost (Fig. 12, lax)eas pre-  1993; Veit et al., 1993; Acharya et al., 1995). IQ
viously described (Laird et al., 1995). The maturation ofcauses a complete breakdown of Golgi membranes into
Cx43 to the 44 and 46 kD phosphorylated species omall vesicles and in the process inhibits protein traffick-
Cx43 was observed follow@na 1 hrrecovery from BFA  ing (Takizawa et al., 1993). A similar vesicularization of
in the absence (Fig. 12, larg or presence of 1Q (Fig. the Golgi membranes and inhibition of protein transport
12, lanec). All species of Cx43 were clearly seen in occurs in cells undergoing mitosis (Featherstone, Grif-
cells that were allowed to recover in IQ for 1 hr followed fiths & Warren, 1985; Lucocq & Warren, 1987). In ad-
by an additional hour in the absence of any inhibitors ofdition, IQ causes the depolymerization of cytoplasmic
protein trafficking (Fig. 12, lanel). microtubules resulting in the dispersal of small Golgi
vesicles throughout the cytoplasm (Veit et al., 1993).
) ) These processes are reversed and recovery follows
Discussion quickly after the removal of 1Q.
In our studies, 1Q induced the loss of gap junction
Regulated intercellular communication has been proplaques and inhibited intercellular communication within
posed to be essential in embryonic development (Larsef hr in both BICR-M1R and NRK cell cultures. In a
& Wert, 1988; Raume et al., 1995), differentiation previous study on BICR-M1Rcells, the loss of gap
(Ginzberg & Gilula, 1979), proliferation (Mehta et al., junction plagues and inhibition of intercellular commu-
1986; Dermietzel et al., 1987; Mehta et al., 1991; Naus ehication occurred aftea 6 hr BFAtreatment (Laird et al.,
al., 1992) and cell cycle control (Yee & Revel, 1978; Su1995). Considering that the half-life of Cx43 in these
et al., 1990; Xie, Huang & Hu, 1991; Lee et al., 1992). cells is[1..5 hr, we proposed that removal of Cx43 and
At some stage during these processes there is a temporgép junction plaques resulted from mechanisms endog-
uncoupling of cells from their neighbors followed by enous to BICR-M1R cells. However, in the present
reestablishment of intercellular communication with thestudy, since gap junction plaques are lost in <2 hr we
same or new neighbors. One of the principle mechasuggested that I1Q is inducing their dispersal and/or re-
nisms of downregulating intercellular coupling is the re- moval from the cell surface. Alternatively, it is possible
moval of preexisting channels and gap junction plaqueshat IQ may only be blocking gap junction formation
from the cell surface. In the present study, we used avhile preexisting gap junction plaques are internalized
novel microtubule depolymerizing and protein traffick- under normal cellular control. However, for gap junc-
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Fig. 11. Immunolocalization of Cx43 in IQ treated
BICR-M1R, cells. Cells treated with BFA for 6 hr
(A), were allowed to recover in the absen& ¢r
presence@) of IQ for 1 hr or BFA-treated cells
were recovered for 1 hr in IQ followed by an
additional 1 hr in the absence of I@). All cells
were permeabilized and immunostained for Cx43.
No Cx43 punctate immunostaining was observed
after BFA treatment. Cx43 punctate
immunostaining was restored follovgra 1 hr
recovery from BFA in the absence of 1Q but was
not restored in the presence of 1Q until the cells
were allowed to recover for an additional 1 hr.
Arrows denote areas of gap junction plaques. Bar

= 10 pm
tions plaques to be lost from the cell surface in <2 hr it &
would require that the kinetics of gap junction removal S Q 0"
be substantially faster than the half-life of Cx43 in .$@ .$’ .\Q\,’&
BICR-MIR, cells (1.5 hr; Laird et al., 1995) and in NRK Q_é' Q_z‘ Qg?@
cells (2-2.5 hr; Musil et al., 199%). NN A 4
IQ did not appear to alter the integrity of the NRK & Qvﬂ@?‘ @fbé

cell sufficiently to cause ZO-1 to redistribute from the
plasma membrane. The tight junction associated proteir
Z0-1, is linked to actin based filaments (Madara, 1987) a b ¢ d
which are not affected by 1Q as its effect on the cy- D
toskeletal network is limited to microtubules (Veit et al.,
1993). Wang and Rose (1995) demonstrated in MHD1-
43A cells that the cAMP-induced clustering of channels  4—
composed of Cx43 into plaques is abolished by the dis 2= .-..
ruption of microfilaments suggesting that actin based
filaments play a direct role in gap junction formation.
To date there is no evidence that gap junction plaque.
interact with microtubules (Kerjaschki, 1978; Kidder,
Rains & McKeon, 1987; Wang & Rose, 1995)' More- Fig. 12. Maturation of Cx43 was not affected in IQ treated BICR-
over, when microtubules were depolymerized with nO—Mle ce_IIs. Cells treated with BFA for 6 hr (lare, were allowed to
. . . . recover in the absence (lahg or presence (lane) of 1Q for 1 hr or

dee_lZOI_e or colcemid, no Changes In gap junction plaqu%FA-treated cells were recovered for 1 hr in IQ followed by an addi-
distribution at the cell surface of BICR-M1Rnd NRK  iona 1 hr in the absence of IQ (lar. Western blots were probed
cells occurred. Consequently, our results suggest thaiith anti-Cx43 antibody (CT-360). In the presence of BFA a 42-43 kD
the effect of IQ on gap junction plagues is independent ofioublet was seen while the remaining phosphorylated forms of Cx43
its effects on microtubules. were lost. Upon recovery from BFA in the absence or presence of 1Q,

The reassembly of Cx43 into communication- the_44 kD and 46 kD band§ rgappeared. Th_e additipnal 1 hr recovery
competent gap junctions and gap junction plagues fol-pe”Od from IQ showed a similar Cx43 banding profile.
lowing the removal of IQ may be derived from three
possible Cx43 pools; (i) accumulated Cx43 in a compart-  To examine whether gap junctions were being reas-
ment within the endoplasmic reticulum or Golgi appara-sembled by using endoplasmic reticulum or Golgi stores
tus as IQ blocks protein transport between successivef Cx43, we allowed 1Q-treated cells to recover in the
Golgi compartments (Takizawa et al., 1993); (ii) mol- presence of BFA which is known to block protein traf-
ecules of Cx43 that were assembled into gap junctiorficking to the plasma membrane in Golgi compartments
plaques prior to 1Q treatment; or (iii) Cx43 within the excluding the TGN (Chege & Pfeffer, 1990). The reas-
plasma membrane that was not previously assemblesembly of gap junction plaques under these conditions
into gap junction plaques. suggests that Cx43 was being recruited for plaque as-

& & & eV
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sembly from either the TGN or the plasma membrane buthat these two pools are differentially regulated indepen-
not from the endoplasmic reticulum, intermediate com-dent of microtubules. IQ inhibits the assembly and pro-

partment.cis Golgi network,cis, medialor trans Golgi. ~ motes the loss of gap junction plaques while a nonplaque
Evidence that BFA was indeed capable of inhibiting pool of Cx43 is available to reassemble gap junction

Cx43 trafficking to the cell surface even after 1Q treat- plagues upon the removal of 1Q. Such a mechanism of
ment was provided by a pulse-chase experiment wher&ggulation may facilitate transient gap junction coupling

BFA inhibited extensive phosphorylation of Cx43 that is in cellular processes such as mitosis and development.
thought to emanate at the cell surface.
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