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Connexin-specific distribution within gap junctions revealed in living cells
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SUMMARY

To study the organization of gap junctions in living cells, different connexin isotypes gathered within the same
the connexin isotypesa1(Cx43), B1(Cx32) and B2(Cx26) plaques. Connexins either codistributed homogeneously
were tagged with the autofluorescent tracer green throughout the plaque, or each connexin isotype
fluorescent protein (GFP) and its cyan (CFP) and yellow segregated into well-separated domains. The studies
(YFP) color variants. The cellular fate of the tagged demonstrate that the mode of channel distribution strictly
connexins was followed by high-resolution fluorescence depends on the connexin isotypes. Based on previous
deconvolution microscopy and time-lapse imaging. studies on the synthesis and assembly of connexins |
Comprehensive analyses demonstrated that the tagged suggest that channel distribution is regulated by intrinsic
channels were functional as monitored by dye transfer, connexin isotype specific signals.

even under conditions where the channels were assembled

solely from tagged connexins. High-resolution images & Movies available on-line:

revealed a detailed structural organization, and volume http://www.biologists.com/JCS/movies/jcs1735.html|
reconstructions provided a three-dimensional view of

entire gap junction plaques. Specifically, deconvolved ey words: Autofluorescent reporter technology, Cell-cell junction,
dual-color images of gap junction plaques assembled Deconvolution (DV) microscopy, Green fluorescent protein (GFP),
from CFP- and YFP-tagged connexins revealed that Oligomeric membrane protein

INTRODUCTION is required, and is sufficient, to construct gap junction
channels. At least 14 different connexin isotypes have now
A number of oligomeric proteins, including acetylcholinebeen cloned and sequenced from mice. All represent
receptors, aquaporins, tight junction occludin and claudins, arstructurally conserved non-glycosylated members of a multigene
gap junction channels, arrange into densely packed clustefamily that mainly differ in their C-terminal domain (see
arrays or strands in the plasma membrane (McNutt anBruzzone et al., 1996a; Bruzzone et al., 1996b; Goodenough
Weinstein, 1970; Friend and Gilula, 1972; Rash et al., 1974t al., 1996; Kumar and Gilula, 1996, for recent reviews).
Axelrod et al., 1976; Dunia et al., 1987; Peng, 1983; Yang eilthough the different connexin isotypes exhibit a distinct
al., 1996; Tsukita and Furuse, 1999; Tsukita and Furuse, 200@issue distribution, many cell types express more than one
However, the signals that regulate their packing are poorlgonnexin isotype. This may allow the assembly of hetero-
understood. Ultrastructural analyses revealed that gap junctiaiigomeric connexons constructed from different connexin
channels, in particular, arrange extensively into twodsotypes, in addition to the assembly of homo-oligomeric
dimensional sheets, or so-called gap junction plaques (McNutbnnexons constructed from a single connexin isotype.
and Weinstein, 1970; Friend and Gilula, 1972; Rash et al., Previous studies have shown that the connexin subunits are
1974; Ginzberg and Gilula, 1979). Less than a dozen to mamptranslationally integrated into the endoplasmic reticulum
thousand individual channels can be combined into a singlER) membrane in a process that is similar to that described
plaque that can extend from several nanometers to sevefal other transmembrane proteins (Falk et al., 1994). There, the
micrometers in diameter (McNutt and Weinstein, 1970). connexins adapt their native transmembrane configuration,
Gap junction channels represent double membrane proteiraversing the membrane bilayer four times with N- and C-
structures that form by the head-to-head docking of two haltermini located in the cytoplasm (Falk and Gilula, 1998).
channels, termed connexons, to create hydrophilic pores acrdasrther studies demonstrated that connexins can assemble
the membranes (Makowski et al., 1977). The channels mediateo functional hexameric connexons in the ER membrane
direct cell-to-cell communication by allowing the passage ofFalk et al., 1997). Subcellular fractionation studies
small biological molecules (up to approximately 1 kDa) from(Musil and Goodenough, 1991; Falk et al., 1994) and
one cell to the other (Gilula et al., 1972). Each connexon ienmunocolocalization analyses (Musil and Goodenough,
composed of six polytopic transmembrane protein subunitd,991; Laird et al., 1995) suggest that connexins pass through
termed connexins (Cx). Therefore, only a single type of proteithe Golgi apparatus to reach the plasma membrane. Connexons


http://www.biologists.com/JCS/movies/jcs1735.html

4110 M. M. Falk

are believed to dock in the plasma membrane to form th@anufacturer's instructions. Transfection efficiencies of 10-30% were

complete double-membrane channel structures, and channgknerally obtained with HeLa cells.

cluster into gap junction plaques (reviewed by Yeager et al‘l’h' ion elect :

1998; Falk, 2000a; Falk, 2000b). 5 e e with GEPA daxd3)
Many questions related to the biosynthesis and turnover 6f¢-2 C€lS Were transieéntly transiected wi -lagga.x

gap junction channels remain, however. Specifically, how an nd incubated overnight. Cells were fixed in 2.5% glutaraldehyde, 0.1

: . . - . ‘M sodium cacodylate buffer, pH 7.3, 1 mM CgGbr 45 minutes at
in which oligomeric or clustered stage are the connexing, ., temperature (RT) and, after washing 3 times with 0.1 M

transported from the Golgi to the plasma membrane; whergcogylate buffer, with 1% osmium tetroxide in 0.1 M cacodylate
are the connexons integrated into the membrane; how dQffer (for 1 hour at RT). After washing in 0.1 M cacodylate buffer
connexons in apposing membranes align and dock to initia{8 times) cells were treated in 0.5% tannic acid (30 minutes at RT),
channel formation; what is the organization of the channels arid Na2SQs in 0.1 M cacodylate buffer (10 minutes at RT), followed
why do they cluster; how is biosynthesis and function regulatebly a rinse in 0.1 M cacodylate buffer. Cells were dehydrated in an
and which signaling molecules are involved; and finally, whagethanol series follovying an initial incubation in 1% uranyl acetate in
mechanisms are involved in gap junction turnover? 10% ethanol (15 minutes at RT) followed by a final treatment in 2-
To address these questions in living cells, we tagged the g drﬁxypiropygzetﬂgiylege" (Electroﬂn tM'CLOSngpg_ SE')?”lezs' LFgg
junction proteinsn(Cx43), p1(Cx32) ande(Cx26) with the Reasse;?ghonl’ndus'tries )Ilnce SBl\j\:ﬁli:leg‘;tOi -e\TTeUSeA)Inand- incu(ba?ted
2;;?1](“(’8?;)023: dtr;‘gﬁgvgr??ggl)ugg?jfigizgot;e'grsg I?:Eanrr:((j-:' (fernight at 60°C. Embed.(’jed cells Wer’e mc;unted, thin-sectioned and
this reporter technology with high-resolution fluorescence xamined with a Philips CM100 electron micrascope.
deconvolution (DV) microscopy, dual-color live cell and time-Immunoblot analysis
lapse imaging and three-dimensional volume rendering. Herbotal cell homogenates of transfected cells were separated without
| present (1) an extensive analysis of the tagged connexins aft&iling on 10% SDS-Mini protein gels (BioRad, Hercules, CA, USA),
expression in the HeLa model cell-line, (2) a detailed threelransferred onto nitrocellulose membranes, and blocked with 5% dry
dimensional view of entire gap junctions as they appear in tHgilk. Purified a1(Cx43) specific polyclonal antipeptide antibodies
plasma membranes of living cells, and (3) how Channelgls) (Milks et al., 1988), a monoclonal antipeptide antibody specific

: e —_ .- Tor the C-terminal amino acid residues@{Cx32) 31SB8), and a
assembled from different connexin isotypes distribute withi honoclonal antipeptide antibody specific for a portion of the

gap junction plagues. intracellular loop domain oB2(Cx26) (2JD5) (Risek et al., 1994)
were kindly provided by N. B. Gilula (The Scripps Research Institute,
La Jolla, CA, USA). A polyclonal anti-GFP antibody was obtained

MATERIALS AND METHODS from Clontech Laboratories. Primary antibodies were used at 1:1000
] dilution, horseradish peroxidase-coupled secondary goat anti-rabbit
Connexin-GFP cDNA constructs (BioRad) and goat anti-mouse (Pierce, Rockford, IL, USA),

cDNA sequences of the autofluorescent reporter proteins CFP, GF&spectively, were used at 1:15,000 dilution. Bound antibodies were
and YFP were fused in-frame to the C-terminus ofardCx43), detected by enhanced chemiluminescence (Pierce).

humanf1(Cx32) and raP2(Cx26) cDNAs. The authentic connexin o

stop codons were deleted by PCR mutagenesis using proofreadiigmunofluorescence staining

native PFU Polymerase (Stratagene, La Jolla, CA, USA). Amplified HeLa cells were seeded on microscope coverglasses treated overnight
connexin cDNAs were cloned into tliedR|l and BanHI restricted  with poly-L-lysine solution (Sigma, St Louis, MO, USA), transfected,
vectors pEGFPN1, pECFPN1 and pEYFPN1 (Clontech, Palo Altoand incubated overnight. Cells were fixed for 10 minutes at RT
CA, USA). The resulting connexin constructs contained the 5in 2% formaldehyde (Polysciences Inc. Warrington, PA, USA),
untranslated connexin sequence of variable length (187 untranslatpdrmeabilized in ice-cold acetone (5 minutes at —20°C), blocked (30
nucleotides in ther;[Cx43] construct, 62 untranslated nucleotides inminutes at RT in 2 PBS containing 1% bovine serum albumin),
the B1[Cx32] construct, and 48 untranslated nucleotides in thevashed 3 times inXLPBS, and incubated with primary antibodies
B2[Cx26] construct), the complete connexin specific coding sequencédescribed above) diluted 1: 100 in BBS containing 0.5% BSA (1

a seven-amino-acid linker (Ala-Asp-Pro-Pro-Val-Ala-Thr) and thehour at RT). Monoclonal anti-Golgi p58K protein (Sigma) and
CFP, GFP or YFP coding sequence, respectively. All constructs wemmlyclonal anti-calnexin antibodies (StressGen, Victoria, BC, Canada)

verified by restriction digest and automated DNA sequencing. were used at 1:100 dilution. Cy3-coupled goat anti-rabbit and goat
] ) N anti-mouse (Jackson Laboratories, West Grove, PA, USA),
Cell lines, cell culture and transfection conditions respectively, were used as secondary antibodies at 1:200 dilution.

Human epitheloid cervix carcinoma cells (HeLa, ATCC CCL 2;Nuclei were stained with DAPI before mounting in Fluoromount-G
American Type Culture Collection, Rockville, MD, USA) were used (Southern Biotechnology Associates Inc., Birmingham, AL, USA).
throughout this study. Chinese hamster ovary cells (CHO-K1, ATCCells were examined with a Zeiss Axiophot fluorescence microscope
CCL 61), African green monkey kidney cells (COS-7, ATCC equipped with a 100(Plan-Neofluar NA 1.3 oil immersion) objective
CRL1650), baby hamster kidney cells (BHK-21, ATCC CCL 10),lens and standard filter sets. Single, double and triple exposures were
embryonic mouse fibroblasts (3T3-Swiss albino, ATCC CCL 92)jmaged on Kodak 1600 ASA slide film.

adenovirus 5-transformed human embryonic kidney cell line 293 )

(ATCC CRL 1573), liver oval cells (T51B, a gift of S. Shen, Dye transfer analysis

Northwest Hospital, Seattle, USA), and Madin Darby canine kidneyfo examine dye transfer capabilities of tagged gap junctions in HelLa
cells (MDCK, ATCC CCL 34) were used as controls. Cell lines werecells, medium was exchanged with pre-warmed”BS and dishes
maintained in standard cell culture medium supplemented with 10%ere placed on a stage heated to 37°C mounted on an inverted
fetal calf serum, and 100 i.u. penicillin and 100 U streptomycin peepifluorescence microscope (Zeiss Axiovert 100). Clusters and pairs
ml. For transfections, cells were split the day prior to transfection tof cells expressing GFP-labeled gap junction plaques were selected,
reach 60-70% confluency. Cells were transfected with Sup®rfectsingle cells of the clusters with gap junction plaques visible by
Transfection Reagent (Qiagen, Valencia, CA, USA) following thefluorescence illumination in their plasma membranes were
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microinjected with 5% solutions of either Lucifer Yellow, Cascadejunction plaques that were visible by fluorescence microscopy
Blue or Sulforhodamine (Molecular Probes, Eugene, OR, USA) ands green fluorescent puncta and lines in the adjoining plasma
imaged with a 68 long-distance objective lens (Olympus LC Plan membranes of transfected HelLa cells (marked with arrows in
FL, NA 0.70). Representative injection experimen&20 per Fig 1A). GFP expressed alone was not targeted and filled
connexin isotype) are shown. Non-transfected HelLa cells in the sanfe entire cell (Fig. 1A, bottom right panel). The size of the
dishes were injected as contrafs-20). o S .
plagues correlated with the connexin isotype, and time of
Deconvolution microscopy and image processing expression. ldentical plaques were also assembled in other
To obtain high-resolution images and three-dimensional volum&ommunication-competent and -deficient cell lines, such as
reconstructions of gap junctions in live cells a deconvolutionCHO, COS-7, BHK, NIH 3T3, 293, T51B and MDCK cells,
microscope system (DeltaVision Model 283, Applied Precision Inc.which were either transiently or stably transfected. HelLa cells
Issaquah, WA, USA) was implemented. DeltaVision’s deconvolutionwvere chosen for all further studies presented here since they
process computationally reassigns the fluorescent blur generated hgive been shown to efficiently assemble functional gap
out-of-focus fluorescence and lens aberration to its source using fimctions when transfected with connexin-specific cDNAs
inverse matrix algorithm, namely the constrained iteration methodg|fgang et al., 1995), they do not express endogenous
developed by Agard and Sedat (Agard et al., 1989) to noticeab .
enhance the resolution of the images (see Shaw, 1998; Falk and Laléf (Cx43), BL(Cx32) orP2(Cx26) (Eckert et al., 1993, Elfgang

2000, for methodology reviews). HelLa cells were seeded on pon-Lg al., 1995, Hulser et al,, 1997), and their growth is not

lysine-treated coverglasses (Bioptechs Inc. Butler, PA, USA) anﬁom"f‘Ct"nh'p'ted' The latter rgsults in the for_matlon of gap
transfected with tagged connexins. The next day, coverglasses wdrictions viewable onto their surface, besides the more
mounted in a closed live-cell chamber (Focht Live-Cell Chambe£Ommon view onto the edge of the plaques.

System FCS2, Bioptechs Inc.) using Phenol Red-free DMEM (Gibco Expression of GFP-tagged(Cx43) was observed first 4-5
BRL, Grand Island, NY, USA). Temperature was kept constant aoours post-transfection as diffuse fluorescence throughout the
37°C using the attached automatic FCS2 temperature controller. éell body (cells marked with asterisks in Fig. 1B, 4h) that then
Kodak Photometrics, CH350L liquid-cooled charged-coupled deviceccumulated in an area next to the nucleus (marked with arrows
(CCD) camera (500 KHz, 12 bit, 1347035 pixels) was used for i the images 4h and 5h in Fig. 1B). Protein localization studies
imaging, attached to an inverted, wide-field fluorescence m'Croscoﬁgdicated thato1(Cx43) localized to the ER and Golgi (see

(Olympus 1X-70). The autofluorescent tracer proteins CFP, GFP a . : : ) .
YFP were excited with a standard mercury arc lamp attached to a fib, ?lov}l)' ;I_'he first gap jlunctlons hwe:je _forlgnedléé 65?]0”5 p?St
optic illumination scrambler providing even illumination. GFp t@nsfection as a single (arrowhead in Fig. 1B, Sh) or a few

fluorescence was detected using a standard FITC filter set. CFP api@rall fluorescent spots (Fig. 1B, 5h and 6h). Time-lapse
YFP fluorescence was imaged alternating using an 86002 filter se@cordings (M. Falk, unpublished data) indicated that, over
(Chroma Technology Corp., Brattleboro, VT, USA). Optical sectiongime, smaller plaques increased in size or fused by moving
of gap junction plagues were acquired at maximum magnificatiotaterally within the plane of the membranes. After longer
(1500¢, PlanApo 108, NA 1.35 oil immersion lens, plus X5 expression times plaques could grow very large, filling large
auxiliary magnification). Section planes were collected in|"2  areas of the adjoining membranes (Fig. 1B, 40h). 50-60 hours
steps covering the entire gap junction maxis field of 5-1um using  post-transfection, when transcription had diminished from
the attached Appllgd PreC|§|on I.nc.. hlgh-pre0|§|on motorized stag ransiently transfected plasmids, only small gap junction
Images were acquired, setting binning and gain of the CCD cameEﬂaques were left (Fig. 1B, 60h), V\'/hiCh were degraded after 80

to 1, resulting in a minimum pixel size corresponding to X448 t-t fecti der th . tal diti
nm (approx. 85 gap junction channels) of the specimen. In soméqours post-ransiection under these experimental conditions

experiments the relatively low signal and bleaching-tendency of CFF-19- 1B, 80h). Similar plaque assembly and degradation
required setting the gain to 4 to obtain adequate exposure times. Kinetics were obtained with GFP-taggesi(Cx32) and
general, 0.2-0.5 second exposure times were sufficient to obtafpe(Cx26).
images suitable for deconvolution with GFP1,100 gray levels; Gap junctions assembled from GFP-tagged connexins also
dynamic range of the cooled CCD camera was 0-4095). Exposuggppeared normal by high-resolution structural criteria. Typical
times were between 0.2-1 seconds for YFP and 2-6 seconds for CRfAp junction plaques with continuously joined plasma
Imalgetst_were(égveg ta”d) prqcestsk(]ad Donlt a\t/ta_ched ﬁilicon Griphf%mbranes throughout the area of the junctional membrane,
workstations {(Dz, Jctane) using the Deltavision software packagghe central gap, the 7-striped staining pattern, and no obvious
softWoRxVersion 2.5), and stored on CD-ROM. connections to cytoskeletal elements were visible in thin
Online supplemental material section eIect.ron micrographs of Hela (_:ells transiently
Five QuickTime movie sequences featuring animated threelf@nsfected witta(Cx43) (Fig. 1C). Gap junctions assembled
dimensional volume renderings of entire gap junction plaques imagdiom GFP-taggedi1(Cx43) appeared similar in width to gap
in living cells are included with this paper. junctions assembled from wild-type connexin (17-20 nm). This
is a result of the staining technique that only insufficiently
contrasts the GFP polypeptides. No gap junctions were

RESULTS detected in untransfected HeLa cells.

) ) Tagged connexins were further examined by immunoblot
GFP-tagged connexins traffic and assemble analysis using connexin, as well as GFP-specific antibodies.
efficiently into gap junction channels and typical Protein bands with an electrophoretic mobility of approximately
gap junction plaques 70 kDa, 59 kDa, 53 kDa, and 27 kDa, corresponding to

To study the organization of gap junctions in live cells, the Cea1(Cx43)-GFPS1(Cx32)-GFPB2(Cx26)-GFP and GFP alone,
termini of three major connexin isotypes(Cx43),1(Cx32)  respectively, were detected in transfected HelLa cells (Fig. 2A,
and 32(Cx26) were tagged with the autofluorescent reportelanes 1, 2, 4, 6, 8-11). No such protein bands were detected in
GFP. GFP-tagged connexins assembled into typical gapock transfected cells (Fig. 2A, lanes 3, 5, 7, 12). Also, no
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protein bands corresponding to endogenous connexins or GER(Cx43) (Musil and Goodenough, 1991; Laird et al., 1991,
alone were detected (Fig. 2A, lanes 1-10). Slower migratingaird et al., 1995). Some faster migrating protein bands probably
protein bands were detected in longer exposures (@x43)-  representing degradation products were detected with all three
GFP transfected cells (marked with an arrow in Fig. 2A, lane 2Efonnexin isotypes in longer exposures as well (marked with
They correlate with the phosphorylated forms of wild-typeasterisks in Fig. 2A, lane 2; shown f{Cx43]-GFP only).

A o1 (Cx43)-GFP B,(Cx32)-GFP

B2(Cx26)-GFP GFP
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Fig. 1. GFP-tagged connexins assemble into typical gap junctions. (A) HelLa cells were transiently transfected with GFP-tagged connexins
01(Cx43),B1(Cx32) and32(Cx26) and imaged 16-20 hours post-transfection. Gap junction plaques assembled in the adjoining plasma
membranes of neighboring cells are visible as green lines and puncta (labeled with arrows). Note the different sizescandifitemegies

of the plagues. Nuclei are stained with DAPI (blue). Fluorescence was imaged successively with FITC and DAPI filter sedshbyatibase-
contrast illumination. Cells transfected with GFP alone exhibited typical cytoplasmic fluorescence. (B) Kinetic analysisofigap j
assembly and degradation. HelLa cells transiently transfectedw43)-GFP were observed for 80 hours. Representative cells from one
dish were imaged at the time points post-transfection indicated on the images. Diffuse fluorescence throughout the cetldiedtied/isst
(4h, asterisks), which then accumulated next to the nucleus (arrows) before the first gap junctions (5h, arrowhead) wede Base2fjion.

(C) Ultrastructural analysis of thin-sectioned HelLa cells transfectedow(@x43)-GFP. Cells were fixed 16 hours post-transfection. Gap
junction plaques of typical appearance were found (arrow in left panel) and shown at higher magnification in middle anelsighbpgap
junction plaques were found in non-transfected HelLa cells. GJ, gap junction; M, mitochondria; N, nuclei; PM, plasma m&mRbraoghr
endoplasmic reticulum.

In immunostained Hela cells transfected with GFP-taggetransiently transfected witlii(Cx43)-GFP are shown. In
01(Cx43), B1(Cx32), and B2(Cx26), all detectable GFP transfected cells with green fluorescent gap junction plaques in
fluorescence (Fig. 2B, column 1, green) corresponded tineir adjoining plasma membranes, intracellular located
connexins fluorescently labeled with connexin-specificconnexin-GFP (green) colocalized with ER and Golgi
antibodies (Fig. 2B, column 2, red), resulting in a completeompartments (red), resulting in yellow, connexin-GFP-
overlap of the two chromophores (Fig. 2B, column 3, yellow)containing ER and Golgi membranes, respectively. Similar
Representative cells typically seen on the slides in repetitivienages were obtained for GFP-taga(Cx32) and32(Cx26),
experiments are shown. and with protein disulfide isomerase (ER-specific) or

Some intracellular localized connexin-GFP fluorescencélannosidase Il (Golgi-specific) antisera.
was observed in the transfected cells as well (e.g. Figs 1A,B, )
2B). To examine whether these connexins may represef#@p junction channels assembled from GFP-tagged
transport intermediates in transit to the plasma membrangonnexins are functional
double-labeling experiments of connexin-GFP and ER or Goldio investigate whether connexins tagged with GFP form
membranes were performed. Antibodies directed again$tinctional gap junction channels, classical dye transfer
calnexin, an ER resident, and p58, a Golgi resident proteiexperiments using gap junction permeable dyes were
were used with secondary antibodies coupled to Cy3 (red) (Figerformed. Confluent monolayers of Hela cells were
2C). A typical staining of ER and Golgi membranes in fixedtransiently transfected with GFP-tagged Cx43), B1(Cx32)
Hela cells is shown in the left panels. On the right, HeLa cellser B2(Cx26) (shown in Fig. 3A,D,G,K). Individual cells in a
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Fig. 2. Characterization of gap junctions assembled
from GFP-tagged connexins. (A) Western blot
analysis of HelLa cells transfected with GFP-tagged
connexins. Connexin-GFP fusion proteins were
detected in transfected cells with connexin (Cx), and
GFP-specific antibodies (lanes 1, 2, 4, 6, 8-10). No
connexins, GFP or fusion proteins were detected in
untransfected (mock) cells. GFP was detected in the
control transfection (lane 11). Phosphorylated forms
of a1(Cx43) (arrow), and some degradation products
(asterisks) were detected in longer exposures as well
(lane 2). Protein size markers are shown on the right.
(B) Colocalization of GFP fluorescence detected in
Cx-GFP transfected HelLa cells (column 1) with
connexin protein (column 2). Double exposures are
shown in column 3. (C) Intracellular connexin-GFP
colocalizes with rough endoplasmic reticulum (rER)
and Golgi membranes. rER and Golgi membranes
were visualized in HelLa cells with marker proteins
as indicated (redi1(Cx43)-GFP derived gap
junction plaques are shown in green. Intracellular
locateda1(Cx43)-GFP colocalizing with rER or

Golgi membranes appear yellow. Nuclei are stained
with DAPI (blue). Successive triple exposures are
shown on the right. Stained rER and Golgi
membranes in fixed, non-transfected HelLa cells are
shown in controls on the left. Bars, gth.

group, or a pair of transfected cells w
microinjected. Cells were imaged before (|
3B,E,H), and shortly after (1-3 minutes) ¢
injection (Fig. 3A,C,F,,K). The dye spre
within seconds to the neighboring cells c
when gap junctions assembled from G
tagged connexins were present. Dye did
spread to adjacent untransfected cells of
monolayer even after prolonged incuba
times (16 hours at 37°C). Untransfected H
cells not expressing connexins (marked witl
asterisk in Fig. 3A) did not transfer dye eitl
Dye transfer was immediate (1-2 seconds
01(Cx43)-GFP andB1(Cx32)-GFP expressir
cells, and somewhat delayed (2-5 second
B2(Cx26)-GFP expressing cells. Similar res
were also obtained with other gap junct
permeable dyes, such as Cascade Blu
Sulforhodamine.

Taken together, these results demons
that connexins, tagged with GFP on their
terminus, trafficked, assembled and clust
normally into functional gap junction chann
and typical gap junction plaques.

Structural organization of gap junctions

in living cells

To investigate the organization of gap juncti
and to reconstruct three-dimensional view:
entire gap junctions as they appear betv
living cells, GFP-tagged connexins w
expressed in HelLa cells, and assembled
junctions were imaged in living cells
high-resolution  fluorescence deconvolut

i --
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Fig. 3. GFP-tagged connexins form functional gap
junction channels. A single cell in a cluster of
transiently transfected HelLa cells (arrows in A,C,F,l)
was microinjected with Lucifer Yellow. Non-
transfected HelLa cells injected as control (asterisks
in A) are unable to transfer dye. Gap junction
plaques between non-injected cells are marked with
arrowheads. Two areas of the monolayer, located
close to each other are shown in A. In (B,E,H), cells
were imaged before dye injection; in (A,C,F,l), after
injection. Fluorescence emission and phase contrast
were imaged simultaneously in A and K, while
representative areas of the monolayers are shown in
D and G. Bars, 50m.

microscopy. Stacks of consecutive microsc
z-sections were acquired from gap junc
plaques either visible onto their edge, or «
their surface, respectively, covering the el
depth of the plagues. Images were deconvo
and three-dimensional volume reconstruct )
were rendered from thezsections usin  1CX
softWoRx computer software that then w  GFP
rotated around their longitudinal axis.

selection of such volume views of smalle2

pm diameter) and largee% um diameter) ga

junction plaques assembled from GFP-tac 3,Cx-
01(Cx43) is shown in Fig. 4, and animated in GEP
QuickTime movie sequences 1-5. Gap junc

plagues were found to be quite diverse
appearance. In general, plaques were irregu

shape rather than circular. The edges of

plagues were usually wavy or jagged, B2Cx-
sometimes long protrusions (asterisk in Fig. GFP
or deep invaginations deprived of gap junc

channels extended from their edges. Circule

well as irregular-shaped areas (approx. Outn

in diameter) lacking gap junction channels were detectedll possible combinations in transfected HelLa cells. Both
within the gap junction channel plaques (arrows in Fig. 4D,E)connexin isotypes gathered within the same junctional
Furthermore, fluorescent vesicles were detected in intracellulanembrane areas and assembled into gap junction plaques that
compartments such as rER and Golgi membranes (Figontained both connexin isotypes. When tad@i€@x32) was
4A,C,E), on the edges (arrowhead in Fig. 4E), and in closeotransfected with tagge@:(Cx26), the two proteins were
vicinity of the plaques (arrowheads in Fig. 4F,G). Note thadistributed homogenously throughout the entire plaque,
some of the more complex gap junctions shown in Fig. 4D,F,Gesulting in homogenously yellow plaques (Fig. 5, row 2).
and in the QuickTime movie sequences 3-5 appear moMhen taggedai(Cx43) and B1(Cx32), or ai1(Cx43) and
fluorescent in their center where the plaques are imaged orfie(Cx26) were coexpressed, still both proteins gathered within
their edges. This is due to the imaging technique and does rtbe same gap junction plaques, however, completely segregated
reflect a true increase in fluorescence. In the plane view areim$o well-separated domains (green, or red) consisting of either
of the plaques only two layers of GFP, located on either sideonnexin isotype (Fig. 5, rows 3,4). ldentical results were
of the channels, are present per section (see Discussion astatained with exchanged tags. To further eliminate the
Fig. 7). Approximately 20 channels including their GFP taggossibility that the protein tags were responsible for this
are present per section in the areas where the plaques wspecific channel distribution, cells were cotransfected with two

sectioned through their edges. cDNAs encoding the same connexin isotype, but tagged either
- o with CFP or YFP, respectively. In all these instances, the

Structural composition of gap junctions assembled tagged connexin isotypes were distributed evenly, resulting

from more than one connexin isotype in homogenously yellow plaques (shown for[Cx43]-

To investigate whether different coexpressed connexin isotyp&FPh1[Cx43]-YFP in Fig. 5, row 1). Segregation was
would gather within the same junctional plaque and how theindependent of plaque size — small (Fig. 6A) and larger plaques
would distribute, the connexin isotypes(Cx43), B1(Cx32)  (Figs 5, 6B) showed identical segregation and ratio of the two
and B2(Cx26) were tagged with the GFP color variants CFRexpressed connexins, as shown for coexpresaé@x43)-

and YFP, respectively. Tagged connexins were coexpressedYiirP/B2(Cx26)-CFP in Fig. 6B.
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Fig. 4. Three-dimensional volume
reconstructions of gap junctions. Structural
features of the plaques such as wavy and jagged
edges, invaginations (as in G), protrusions
(asterisk in D), regular and irregular shaped
areas not containing gap junction channels (dark
areas within bright areas, arrows in D and E) are
clearly resolved. Fluorescent vesicles are
present on the edge (arrowhead in E) in the
close vicinity of the plaques (arrowheads in F,G)
and in intracellular compartments, such as rER
and Golgi membranes (A,C,E). That gap
junction plaques represent two-dimensional
sheets extending throughout the plane of the
membrane is clearly demonstrated by this
technique. (D-G) More complex gap junction
plaques with ‘U’ or ‘L’-shaped cross-section
profiles. Plagues are shown in the projection
angle in which images were acquired, and with
a 90° tilt in A-C. Bars, .um. (See also attached
QuickTime movie sequences for animated
presentations.)

DISCUSSION

Three different  connexin  isotypt
01(Cx43), B1(Cx32) and 2(Cx26), were
tagged with the autofluorescent prote
CFP, GFP and YFP and this repo
techniqgue was combined with single
dual-color, high-resolution fluorescer
deconvolution (DV) live-cell microscoy
and volume rendering. This approi
permitted a study of the structu
organization and the distribution
channels within gap junction plaqt
assembled from one or two differ
connexin isotypes in living cells.

Functional integrity of GFP-tagged
gap junction channels

When the tagged connexins were expre
in transfected HelLa or other communication-competent opuncta. Whether the GFP tag may reduce efficiency of
-deficient cell lines, they assembled into functional ga1(Cx32) transport and/or assembly, and by this influences
junctions that appeared indistinguishable by structural anfi(Cx32) gap junction plaque size, was not further
ultrastructural analysis from wild-type gap junctions. Dyeinvestigated. Interestingly, howevéi(Cx32) assembled into
microinjection analysis indicated that the tagged channelgrger plagues (5-10m in diameter) when it was coexpressed
allowed the passage of gap junction permeable dyes, &dth another connexin isotype, suchcagCx43) orf32(Cx26)
described for wild-type gap junction channels. Further(see Fig. 5). Large gap junction plaquedQ pm diameter)
Bukauskas et al. (2000) found that the electrical properties ofere found in different tissues, such as the otocyst sensory
channels assembled from GFP-tagge(Cx43) were identical epithelium (Ginzberg and Gilula, 1979), embryonic epidermis
to those of wild typet1(Cx43), except for a reduced sensitivity (Risek et al., 1994), and between pillar cells in the organ of
to transjunctional voltage. Corti in the inner ear (Andrew Forge, University College
Further, it was found that the size of the gap junctiorLondon, personal communication).
plaques, in general, correlated with the connexin isotype. Gap Expression of GFP-taggeuh(Cx43) monitored over time
junctions assembled fromi1(Cx43)-GFP, in general, formed indicated that expression is initiated in the ER and then
more solid, brightly fluorescent plaques, which over time couléccumulated in the Golgi region before the first gap junctions
grow very large ¥10 um diameter). Gap junctions assembledwere formed at specific sites of the adjacent membranes,
from B2(Cx26)-GFP formed less fluorescent plaques, whictsimilar to results obtained for wild-type connexins (Musil and
grew to intermediate sizes10 pum diameter). Gap junctions Goodenough, 1991; Laird et al., 1991; Laird et al., 1995; Falk
assembled fronf1(Cx32)-GFP generally remained smatR( et al., 1994). Some intracellular fluorescence detected in
um diameter), often only visible as a line of relatively faintai(Cx43)-GFPB1(Cx32)-GFP an@2(Cx26)-GFP transfected
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edge views plane views

deconvolved unprocessed deconvolved

Fig. 5. Distribution of channels within
gap junctions composed of different
connexin isotypes. Connexin isotypes,
either CFP (pseudocolored green) or
YFP-tagged (pseudocolored red) were
cotransfected into HelLa cells as
indicated. Stacks of dual-color
fluorescence images were acquired,
and images were displayed in the
projection acquired. Deconvolved
images of plaques imaged onto their
edge are shown in the left panels.
Unprocessed and deconvolved images
of plaques imaged onto their plane are
shown in the middle and right panels,
respectively. Gap junction plaques
composed of both connexin isotypes
were assembled under these
conditions. Connexin isotypes
distributed homogeneously
throughout the plaque (yellow plaque
color) or arranged into well-separated
domains (red or green), depending on
the connexin isotypes that were
coexpressed. Note the structural
features of the plaques mentioned in
the legend of Fig. 4, and the yellow
areas in the unprocessed images of
plagues assembled from
01(Cx43)B1(Cx32) and
01(Cx43)B2(Cx26) that disappeared,
or were reduced to narrow lines in the
border regions between red and green
domains in the deconvolved images.
Bars, 5um.

HelLa cells, however, did not colocalize with ER and GolgiThe crystal structure of GFP (Ormo et al., 1996) revealed that
markers and, therefore, does not represent connexin cargs 238 amino acid residues (27 kDa) fold into a tightly packed
vesicles in transit to the plasma membrane (visible as greean 2442 A in size. This unique tight structure is believed to
vesicular structures in Fig. 2C, panels 2 and 4). These vesiculae responsible for its inert behavior (Misteli and Spector,
structures may include internalized fragments of gap junctiod997). Fig. 7 shows a schematic representation of a gap
plagues destined for degradation (Larsen et al., 1979; Mazginction channel drawn to scale that is assembled solely from
et al.,, 1985; Severs et al.,, 1989); alternatively, traffickedsFP-tagged connexins. Dimensions were adapted from
connexins (George et al., 1999), mis-targeted fusion proteindakowski et al. (1977) and Unger et al. (1999). The scheme
or connexin-GFP degradation products. Time-lapse recordingsdicates that sufficient space for the six GFP tags is available
(M. Falk, unpublished data) indicated that the plaques couldithin the connexon. The electron cryocrystallographic
grow by the addition of channels and by plague fusion due tanalysis of gap junction channels suggests that the C-terminal
lateral movement in the plane of the membrane. Comparabt®omains of the connexin polypeptides form the outer portion
results were also obtained by Jordan et al. (1999) and Holm et the connexon that faces the cytoplasm (Unger et al., 1999).
al. (1999). The N- and C-termini of the GFP polypeptide are located close
GFP was fused to the C-terminus of connexins since earliéo each other on one end of the barrel (Ormoé et al., 1996).
studies showed that deletions (Unger et al., 1999), as well daherefore, it appears likely that the GFP tag simply extends the
additions (Sullivan and Lo, 1995) to the C-terminus ofconnexon into the cytoplasm without altering (1) the overall
connexin subunits were possible without interfering with theconnexon structure, (2) its docking into complete gap junction
intracellular transport, or disrupting assembly of the mutatedhannels and (3) packing of the channels with their natural
subunits into gap junction channels and gap junction plaquespacing of 90A center to center (Revel and Karnovsky, 1967).
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A

Fig. 6. Segregation of noncompatible channel types is independent o
plaque size or ratio of the two connexin isotypes. (A) HelLa cells co-
transfected with the connexin isotypes as indicated were fixed 6
hours post-transfection when plaque size was still small. (B) HeLa
cells were co-transfected with different ratiof3efCx26)-CFP and
01(Cx43)-YFP (1:4 in top panel; 1:1 in middle panel; and 4:1 in
bottom panel) and fixed 16 hours post-transfection. Segregation of
the different channel types was pronounced in all images. Nuclei
were stained with DAPI. Bars,in.

This results in two layers of GFP, one on each cytoplasmic sidee diverse in shape (Fig. 4), typically with wavy or jagged
of the adjoining membranes, and in approximately 100,00@dges and long extending protrusions and deep invaginations.
tagsiim2. This explains the strong fluorescence of the gafFluorescent vesicles detected at the edge and in the close
junction plaques, which even allows imaging in the presenceicinity of the plaques, as well as further away in the
of phase-contrast illumination (see Figs 1A, 3). Taken togethecytoplasm, probably represent transport vesicles and/or
our analysis demonstrates that GFP-tagged conneximmrtial plaque degradation products. Striking circular and
assemble into functional gap junction channels, and cluster insbmetimes irregularly shaped areas (approx. Opi¥lin

bona fide gap junctions. diameter) deprived of gap junction channels that could move

quite rapidly were found within the plaques. Such channel-
Structure and organization of entire gap junctions in free areas were first described by freeze-fracture electron
living cells microscopy and were termed nonjunctional membranes

The detailed structural organization of gap junctions inFriend and Gilula, 1972). Currently, we are investigating the
living cells was investigated by employing high-resolutionnature, significance and dynamics of these nonjunctional
fluorescence deconvolution microscopy. Predominantlynmembrane areas.

larger gap junction plaques (2-15m in diameter) were Volume rendering of entire-section stacks enabled us to
investigated since they cannot be confused with vesiculdransform gap junction plaques, so far only imaged as one-
structures and their structural characteristics can better liémensional puncta, lines or fragmental sheets with
resolved. However, the same characteristics were also seerncionventional imaging techniques, into complete three-
smaller €2 um diameter) gap junction plaques (compare Figslimensional structures, thereby demonstrating for the first time
4A,B, 5, rows 2 and 3 left panels and 6A), and in gap junctiohow gap junctions appear in the adjoining membranes between
plagues assembled from stable transfected and endogendiing cells. The volume reconstructions were further animated
expressed connexins (M. Falk, unpublished results). Gajp better demonstrate the gap junction plaque structure (see
junction plaques imaged with this technology were found t@ttached QuickTime movie sequences 1-5).
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Connexin isotype specific distribution <«~— 65A —>
The distribution of connexins within gap junction plaques wa: 24A
investigated by tagging different connexin isotypes with the
GFP color variants CFP and YFP, allowing simultaneou:
observation of both proteins in living cells. Coexpressec
B1(Cx32) and32(Cx26) distributed homogeneously throughout
the plaques, as indicated by the yellow plaque color, whil
01(Cx43) and31(Cx32), ora1(Cx43) and32(Cx26) segregated

into well-separated domains. Segregation or mixing o
channels was independent of plague size and ratio of the tv T Connexon -

expressed connexin isotypes (Figs 5, 6). This demonstrates tl l
the mode of channel distribution is strictly dependent on th 1

connexin isotype. 30A Gap
Segregated areas consist of homomeric, homotypic channe v v
that will either result in a red or green color. Yellow areas
present in unprocessed images of some of these plaques co
be interpreted as a mixing of the two connexin or channel type
in these contact areas (see unprocessed images in rows
and 4 of Fig. 5). However, these yellow areas disappeare
completely, or were reduced to narrow borders located onl
between green and red domains, after the images we
deconvolved (Fig. 5, right panels). This indicates that domain
consisting of mixed channel populations do not exist in thes
o/f plaques and the appearance of yellow is an imaginFig. 7. Schematic representation of a gap junction channel solely
artifact, generated by the limited spatial resolution of lightassembled from GFP-tagged connexins drawn to scale. Location and
microscopic techniques. Ideally, the yellow borderlineorientation of connexons and GFP tags are shown. The scheme
should disappear completely in the deconvolved images indicates that sufficient space is available within a gap junction
homogenous domains solely adjoin each other. However, a thconnexon for the six GFP tags. Connexin assembly, connexon
yellow line will remain if pixels on the photochip of the CCD \(/jv(i)lgk:;geaggn%tg(?r?sel/\fi’tahcl(t:re]gégg :’;5:;'2};’; g)ire]?]%?rl];utsr:gn as
camera used fpr imaging overIap thg bO(der region an_d Wiop o nels into the cytoplasm,
sense both emission signals as is visible in the plaque imag
shown in Figs 5, row 3, 6A, bottom panel, and 6B, lowel
panels. How can connexin isotypes mix homogenously, or

The mixed plaques can consist of heterotypic, mixedegregate? To my knowledge, this is the first time that such a
homotypic, or heteromeric channels. The pixel Sizé:lear_separatmn has been desc_rlbed for a clustered membrane
corresponds to 4815 nm, corresponding to approx<&gap  Protein. The complete separation of theand B channels
junction channels when images were acquired at highestiggests that the affinity between alike channels is greater than
magnification (as in the plane-view images of Fig. 5). Thighe affinity of channels thqt are not al|ke, 'and such channels
requires that the two connexin isotypes must mix thoroughigomposed of noncompatible connexin isotypes segregate
throughout the entire plaques since the plaques appeartio separated domains. Yet unknown characteristics shared
homogenously yellow. Although heterotypic channels can b8y PB1(Cx32) and p2(Cx26) could allow a homogenous
formed between cells expressifi)(Cx32) and pp(Cx26)  codistribution, while connexins with different characteristics
(Elfgang et al., 1995), the formation of heterotypic channel§01[Cx43] plusPi[Cx32] andai[Cx43] plusP2[Cx26]) would
appears not to be very likely under the conditions of thesgegregate from _e'ach other. Su_ch characteristics could be based
experiments, since both cells forming the junction wereén the composition of the lipids that surround the channels
transfected with a mixture of the two connexin cDNAs and(reviewed in Gil et al., 1998), or on structural motifs encoded
therefore, both cells should express both connexins. Mixelly the connexin amino _aCld sequence. _Further experiments
homomeric connexons were found in liver gap junction plaqueghould uncover such signals and elucidate their intrinsic
assembled from two different connexin isotypes by scanningharacteristics. Furthermore, it remains to .be. established
transmission electron microscopy (STEM) analysis (Sosinskyvhether the observed channel segregation within the plaque
1995; reviewed in Sosinsky, 1996). Alternatively, the yellowiS temporary, or permanent, and if the composition of the
p|aques can be formed by heteromeric channels that Comamlaques _cor_relates with their function in direct cell-to-cell
both connexin isotypef{[Cx32] andB2[Cx26]). This would Ccommunication.
be consistent with previously published results on gap junction
channel composition obtained by biochemical, immunologicatl acher, colleague and friend, who died on September 27, 2000 after
and electrophysiological approaches (Stauffer, 1995; Jia Yis Iendthy bat?le with cancer,. | thank Kelly Moﬁremen for ;’)roviding

and Goodenough, 1996; Falk et al., 1997; Brink et al., 199 ; i ho : P
o ’ ’ ’ ' annosidase ll-specific antibodies, Norton B. Gilula for providing
Bevans et al., 1998; He et al., 1999). Other methods CapatllYlgnnexin-specific antibodies, equipment and encouragement,

of resolving connexon composition are, however, required tf1aicolm Wood and Theresa Fassel for help with electron microscopy
determine the channel composition in fi€Cx32)PB2(Cx26)  and initial training in deconvolution microscopy, Peijuan Shen for
plagues. technical assistance, and Lucio Benedetti, Lukas Buehler, Jutta Falk-

| dedicate this work to the memory of Norton Bernie Gilula, my
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