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Connexin37 (Cx37) forms gap junction channels be-
ween endothelial cells, and two polymorphic Cx37
ariants (Cx37-S319 and Cx37-P319) have been identi-
ed with a possible link to atherosclerosis. We studied
he gap junction channel properties of these hCx37
olymorphs by expression in stably transfected
ommunication-deficient cells (N2A and RIN). We also
xpressed a third, truncated variant (Cx37-fs254D293)
nd Cx37 constructs containing epitope tags added to
heir amino or carboxyl termini. All Cx37 constructs
ere produced by the transfected cells as demon-

trated by RT-PCR and immunoblotting and trafficked
o appositional surfaces between cells as demon-
trated by immunofluorescence microscopy. Dual
hole cell patch-clamping studies demonstrated that
x37-P319, Cx37-S319, and Cx37-fs254D293 had large
nitary conductances (;300 pS). However, addition of
n amino terminal T7 tag (T7-Cx37-fs254D293) pro-
uced a single channel conductance of 120–145 pS
ith a 24–30 pS residual state. Moreover, the kinetics
f the voltage-dependent decline in junctional current
or T7-Cx37-fs254D293 were significantly slower than
or the wild type, implying a destabilization of the
ransition state. These data suggest that the amino
erminus of Cx37 plays a significant role in gating as
ell as conductance. The carboxyl terminal tail has

esser influence on unitary conductance and inactiva-
ion kinetics. © 2000 Academic Press

Key Words: intercellular communication; connexin;
runcation; frame shift; GFP tag; T7 tag; conductance.

Gap junction channels facilitate the process of com-
unication between cells in a tissue by directly linking

he cytoplasm of two neighboring cells. Gap junction
hannels can synchronize cellular behaviors through
he intercellular passage of cations, anions, metabo-
ites, and second messengers including cAMP, IP3 and
216006-291X/00 $35.00
opyright © 2000 by Academic Press
ll rights of reproduction in any form reserved.
unication is critical for action potential propagation
n electrically excitable tissues (such as the myocar-
ium and smooth muscle), and its importance in coor-
inating cellular processes between nonexcitable cells
such as in the endothelium) has also been emphasized
5, 6).

Gap junction channels are formed by members of a
amily of subunit proteins called connexins (Cx). At
east 16 different members of this family have been
dentified and cloned. Functional expression studies
ave demonstrated that different connexins form chan-
els with differing gating, permeability, and selectivity
roperties (7). Sequencing and topology predictions
ave shown that the amino terminus and extracellular
nd transmembrane regions of these connexins are
ighly conserved among family members whereas the
ytoplasmic domains (a loop in the middle of the mol-
cule and the carboxyl terminus) are unique to each
onnexin (8). A substantial number of studies have
sed expression (primarily in Xenopus oocytes) of site-
irected mutants to correlate sequence features with
hannel function and regulation. Conclusions from
hese studies include localization of a number of fea-
ures to transmembrane and extracellular regions in-
luding a voltage sensor (9), pore-forming regions (10),
nd determinants of docking and heterotypic interac-
ions (11). The carboxyl terminal cytoplasmic domain
as been implicated in channel conductance (12) and
H-dependent gating (13, 14).
Several inherited diseases have been associated with
utations in human connexin genes. These connexin-

isease associations include: Cx32 with X-linked
harcot-Marie-Tooth disease (15, 16), Cx26 with sen-
orineuronal deafness (17), Cx46 and Cx50 with cata-
acts (18, 19) and Cx31 with erythrokeratodermia (20).
ost of these mutations are within coding regions and

ead to loss of macroscopic intercellular coupling as



demonstrated in expression systems. A few studies
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ave examined alterations in channel function due to
utations in humans (21). Polymorphic variants of
x32 (22), and Cx37 (23) and Cx43 (24) have also been

eported, but no analyses of functional consequences of
hese changes have been reported.

We have been studying the biophysical properties of
x37 channels. Cx37, which is endogenously expressed

n endothelial cells and in the developing ovarian fol-
icle, forms gap junction channels that have conduc-
ance larger (.300 pS) than any other known connexin
25, 26). A recent report (27) demonstrated that the
uman population contained two polymorphic variants
f Cx37 which differed at position 319 in the carboxyl
ail, containing either serine (Cx37-S319) or proline
Cx37-P319); these authors found an association of
x37-P319 with an increased incidence of atheroscle-

osis. In the current study, we have examined the
hannel function of Cx37-S319, Cx37-P319, a (trun-
ated) Cx37 carboxyl tail variant, and an N-terminus
agged form of the truncated Cx37.

ETHODS

PCR amplification of human Cx37 cDNA, subcloning and sequenc-
ng. Multiple clones of human Cx37 were isolated by hybridization
creening of a cDNA library (contained in the bacteriophage vector
ambda gt11) prepared from human umbilical vein endothelial cells
25). Cx37-P319 was subcloned into the expression plasmid pSFFV-
eo and Neuro2A neuroblastoma (N2A) cells were transfected as
reviously described (25). Additional clones were constructed by
olymerase chain reaction (PCR) amplification (28) from the lambda
lones using a sense primer corresponding to the amino terminus
ith an added EcoRI site and a consensus ribosome binding site (29)

59-GAATTCCACGCCACCATGGGTGACTGGGGCTTC-39) and an
ntisense primer corresponding to the carboxyl terminal end with

BamHI site (59-GACGGATCCACCTATACATACTGCTTCTTAG-
AG-39). The following antisense primer corresponding to the se-
uence spanning the frame shift was used to generate Cx37-D253;
9-GACGGATCCACAGTGCCCTGGGTCGGGGGTGC-39. In some
xperiments, to subclone into an alternative vector and to incorpo-
ate an epitope tag, an alternative antisense primer was used that
id not include a termination codon (59-GACGGATCCACTACATA-
TGCTTCTTAGAAG-39). Pfu DNA polymerase (Stratagene, La
olla, CA) was used to minimize amplification errors. The PCR
roducts were blunt end ligated into pT7Blue-2 Blunt Vector (Nova-
en, Inc., Madison, WI). Inserts were fully sequenced (30) using
equenase 2 (U.S. Biochemical Corp., Cleveland, OH) or using the
ig Dye Terminator Cycle Sequencing Ready Reaction Kit and an
BI automated sequencer (Applied Biosystems, Inc., Foster City,
A). For eukaryotic expression, inserts were subcloned into
cDNA3.1 (Invitrogen, Carlsbad, CA). In some cases, to facilitate
etection of expression of Cx37 variants, the amplified cDNAs were
pitope tagged at the carboxyl terminus by subcloning into the green
uorescent protein vector, pEGFP-N1 (Clontech Laboratories, Inc.,
. San Francisco, CA) or the Histidine-tag vector, pcDNA3.1 Myc-
is (Invitrogen, Carlsbad, CA) or a T7 tag was attached to the
-terminus by PCR.

Cell culture and transfection. Rat insulinoma cells (RIN, ATCC
RL 2058) were obtained from American Type Culture Collection

Manassas, VA) and were grown in RPMI 1640 (GIBCO-BRL) sup-
lemented with 10% heat-inactivated fetal calf serum and, 100 U/ml
enicillin and 100 mg/ml streptomycin. Cell cultures were main-
217
ere transfected with linearized plasmids using the calcium phos-
hate method or the lipofectin (GIBCO-BRL) or effectene reagents
Qiagen, Valencia, CA) following the manufacturer’s protocols. Sta-
le neomycin-resistant colonies were selected in 0.1–0.5 mg/ml G418
Geneticin, GIBCO-BRL).

RT-PCR. Connexin mRNA expression was verified by reverse
ranscription and polymerase chain reaction (RT-PCR). Total RNAs
ere extracted from connexin transfected RIN cells using RNA
TAT-60 (Tel-Test Inc., Friendswood, TX) following the manufac-
urer’s instructions. RT-PCR reactions were performed using the
ingle tube RT-PCR kit (GIBCO-BRL) and samples were electropho-
esed on agarose gels in parallel to molecular weight markers to
erify the size and homogeneity of the amplified products.

Detection of proteins directed by plasmid constructs: In vitro trans-
ation. The hCx37 constructs in pcDNA-3.1 were transcribed and
ranslated using the TNT quick coupled transcription/translation
ystem (Promega, Madison, WI). The translated proteins were simul-
aneously labeled using 35S-methionine. The protein samples were
lectrophoretically resolved on an SDS-containing denaturing poly-
crylamide gel, and labeled proteins were detected by autoradiogra-
hy using Fuji X-ray film.

Immunoblotting. Transfected RIN cells were homogenized in
3 gel electrophoresis sample buffer containing 0.125 M Tris.HCl,
H 6.8, 4% SDS, 10% b-mercaptoethanol, 20% glycerol and 0.004%
romophenol blue (31). Extracts were sonicated for 15 min, boiled
or 5 min at 95°C, and clarified by centrifugation; the superna-
ants were used for experiments. Gel electrophoresis and immu-
oblotting were performed as described (32). Mouse anti-T7 tag
ntibody (Novagen, Madison, WI) or rabbit anti-GFP antibody
living colors peptide antibody, Clontech, S. San Francisco, CA)
as used for immunoblots.

Immunostaining of transfected cells. Transfected RIN cells
rown on sterile coverslips were fixed in freshly prepared ice cold 2%
araformaldehyde/0.1% Triton X-100 in PBS (137 mM NaCl, 2.7 mM
Cl, 10 mM Na2HPO4 z 7 H2O, 1.4 mM KH2PO4, pH 7.2) for 30 min.
ells were washed twice in cold PBS for 5 min each, blocked with
ormal goat serum and incubated with primary antibodies at 4°C
vernight in a humidified chamber. Primary antibodies included
abbit antibodies raised against the unique C-terminal regions of rat
x37 (a kind gift from D. L. Paul) and mouse monoclonal antibodies
irected against T7-tag (Novagen, Madison, WI) or C-terminal oli-
ohistidine tag (Anti-(His)6 (C-terminal)): Invitrogen, Carlsbad, CA).
fter washing the slides three times in PBS at room temperature,
ells were incubated with FITC-conjugated goat secondary antibod-
es (Organon Teknika Corporation, Durham, NC) for 45 min. After
ashing with PBS three times for 5 min, coverslips were mounted
sing Vectashield mounting medium (Vector Laboratories, Burlin-
ame, CA). Slides were viewed using an epifluorescence microscope
ith an excitation band filter of 465–495 nm and an emission band
ass filter of 515–555 nm and photographed (33).

Confocal microscopy. Transfected RIN cells grown on sterile cov-
rslips were fixed in freshly prepared ice cold 3% paraformaldehyde
n PBS for 30 min, washed with PBS (33) and mounted on slides.
ells were scanned using a 633 oil immersion objective. Confocal
icroscopy was performed using confocal laser scanning on a Nikon

nverted epifluorescent microscope equipped with an argon-krypton
aser (Noran Odyssey System, Noran Instruments, Inc., Middleton,

I). Excitation laser lines of 488 nm were used for the detection of
ITC labeled antibodies and GFP-tag. Images were collected with a
00 nm band pass filter (green channel). The images collected and
tored were analyzed using Meta Morp imaging system (Universal
maging Corp., West Chester, PA). Confocal generated computer
mages were analysed using Adobe Photoshop 5.0 software (Adobe
ystems Inc., Mountain View, CA).
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Electrophysiological studies. Transfected cell pairs were ana-
yzed by dual whole-cell patch-clamp methods (34–36). Patch elec-
rodes had resistances of 2 MV, and were filled with 110 mM CsCl,
mM MgCl2, 5 mM EGTA, 0.5 mM CaCl2, and 10 mM HEPES, pH

.1. The cells were bathed in a solution containing 110 mM CsCl, 1.3
M KCl, 1 mM MgCl2, 1.8 mM CaCl2, and 10 mM HEPES, pH 7.2.
ll experiments were performed at room temperature (20–22°C).
ransjunctional voltages (Vj) were applied by stepping the holding
otential of cell1 (V1) from a common value (V1 5 V2 5 0 mV, where
2 is the holding potential of cell2) to a new value in 10 mV incre-
ents between 2150 and 1150 mV. The step sequence was to first

pply a prepulse of 10 mV followed by a positive or negative step of
certain amplitude for 400 ms followed by a step of equal amplitude
ut opposite sign for 400 ms (35). For some experiments the prepulse
as 1 s long and the following step protocol employed steps of 10 s.
or this latter protocol steps of 5, 10, 15, 20, 25, 30, 50, 70, 90, and
10 mV were employed. Single channel data was collected when
ctivity of only one or two operational channels was observed (6).

ESULTS

Isolation and sequencing of human Cx37 polymor-
hic variant clones. Because of the recent reports of
olymorphic forms of human Cx37 (23, 27), we wanted
o isolate cDNA clones for different Cx37 variants and
tudy the channels which they produced in stably
ransfected cells.

We reexamined the clones which we originally iso-
ated from a human umbilical vein cDNA library (25).

e originally isolated more than 10 different phage
lones containing Cx37 cDNAs some of which were less
han full length (25); the published sequence was a
onsensus of those sequences. One cDNA clone which
as subcloned into pSFFV-neo and expressed in N2A

ells was fully sequenced. That sequence (denoted as
x37-P319) encodes a proline at amino acid position
19 and otherwise matches the sequences published by
27); but contains several differences (likely mistakes
ue to sequencing errors or consensus formation) from
ur originally published sequence; a revised sequence
as been deposited in GenBank (Accession No.
96789).
We obtained a second clone (Cx37-S319) which is

dentical to Cx37-P319, except that it encodes a serine
t residue 319. Cx37-S319 thus corresponds to the
olymorphic variant isolated by others (27).
We also isolated a third variant (Cx37-fs254D293).

his cDNA is identical to Cx37-S319 except for position

FIG. 1. Comparison of derived amino acid sequences in the carb
os.: Cx37-P319, M96789; Cx37-S319, AF181620; Cx37-fs254D293,
218
61 (numbered starting from the ATG start codon)
here the nucleotide ‘C’ is absent. This base deletion

eads to a shift in the predicted reading frame after 253
mino acids and introduces 40 amino acids of which 34
re different, and a premature TAG stop codon, yield-
ng a predicted polypeptide of 293 amino acids.

These three Cx37 variants all differ within the car-
oxyl terminal cytoplasmic regions. A comparison of
he sequences of these regions is shown in Fig. 1. To
urther analyze the effects of alterations in the cyto-
lasmic carboxyl tail of Cx37, we used PCR to create a
x37 variant that was truncated at approximately the
ame position as the frame shift (Cx37D253). Because
vailable anti-Cx37 antibodies directed against the
arboxyl tail of the protein react poorly on immuno-
lots and would not recognize the truncated Cx37 pro-
ein (because of the absence of epitopes), detection of
he polymorphic variants was facilitated by prepara-
ion of some constructs incorporating T7 epitope tag at
he amino terminus or GFP or (His)6 tags at the car-
oxyl termini. The locations of changes are depicted
sing topological models of Cx37 in Fig. 2.
We also examined the cDNA sequences and ex-

ressed sequence tags (ESTs) which have been depos-
ted in GenBank. Of 19 sequences which span the
egion encoding amino acid residue 319, nine clones
ncode proline and 10 clones encode serine, suggesting
hat as demonstrated by Boerma et al. (27), Cx37-P319
nd Cx37-S319 are true polymorphic variants. In con-
rast, none of the deposited sequences contained the
x37-fs254D293 base deletion, suggesting that this
ay be either a rare polymorphism or a mutation in-

roduced during PCR amplification or cloning. Several
equences encoding either valine or isoleucine at posi-
ion 130 were also found in the database, suggesting
hat these may also be true polymorphisms, although
nly valine was found in any of our clones.

Expression of the Cx37 variants. To examine func-
ional properties of the cell-cell channels produced
rom the Cx37 variants, RIN cells were stably trans-
ected with polymorphic variants.

Cx37-P319 mRNA expression in N2A transfectants
as previously been demonstrated by RNA blotting
25). Expression in RIN cells of Cx37-S319, Cx37-

l terminal regions where Cx37 variants differ. GenBank Accession
180815.
oxy
AF
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s254D293 and Cx37-D253 mRNAs without and with
FP tag was verified by RT-PCR (Fig. 3a).
We also verified production of the expressed Cx37

roteins. Production of Cx37-P319 protein in N2A cells
as previously shown by immunoblotting (35). Exam-
les of in vitro translation products and immunoblot
etection of Cx37 in the new transfected cells are

FIG. 2. Topological models of Cx37 variants (a–f ) illustrating pos
anuscript. All Cx37 variants are denoted as Cx37 with the position

nd deletions/truncations D293, D253). In some cases, to facilitate det
ere appended to the connexin constructs at the amino or carboxyl e

onnexin mutant name, respectively (e.g., T7-Cx37-fs254D293). (a) C
7-Cx37-fs254D293; (f ) Cx37-fs254D293-GFP or Cx37-fs254D293-(H

FIG. 3. Verification of Cx37 expression. (a) RT-PCR detection in R
), Cx37-S319-GFP (lane 4), Cx37-fs254D293 (lane 5), Cx37-fs254D2
utoradiographic detection of in vitro translated Cx37-S319 (lane 1),
FP (lane 4). (c) Immunoblot detection of Cx37-S319-GFP (lane 1) an
219
hown in Fig. 3. In vitro translation of Cx37-S319 and
x37-fs254D293 led to production of polypeptides of

he expected sizes of 37 and 33 kDa (Fig. 3b, lanes 1
nd 2). In vitro translation of T7-Cx37-fs254D293 and
x37-S319-GFP led to production of 34 and 64 kDa
rotein bands, respectively (Fig. 3b, lanes 3 and 4).
mmunoblots of RIN cells transfected with Cx37-S319-

ns of amino acid differences and nomenclature used throughout this
f changes denoted (i.e., substitutions P319, S319; frame shift fs254;
ion of expressed proteins, epitope tags including T7, GFP, and (His)6

and are denoted by such an abbreviation preceding or following the
7-P319; (b) Cx37-S319; (c) Cx37-S319-GFP; (d) Cx37-fs254D293; (e)
; (g) Cx37-D253; (h) Cx37-D253-GFP.

cells; molecular size marker (lane 1), GFP (lane 2), Cx37-S319 (lane
GFP (lane 6), Cx37-D253 (lane 7) and Cx37-D253-GFP (lane 8). (b)
37-fs254D293 (lane 2), Ty-Cx37-fs254D293 (lane 3), and Cx37-S319-
7-Cx37-fs254D293 (lane 2) in lysates of stably transfected RIN cells.
itio
s o
ect
nds
x3

is)6
IN
93-
Cx
d T
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FP and T7-Cx37-fs254D293 (Fig. 3c, lanes 1 and 2)
howed major bands that migrated similarly to the
xpected sizes.
Immunofluorescent staining of cells transfected with

nmodified Cx37 constructs or constructs with ap-
ended epitope tags all produced similar staining (Fig.
). All images revealed immunoreactive Cx37 within a
iffuse perinuclear cytoplasmic distribution and with a
unctate appearance at appositional membranes as
xpected for gap junctions in the RIN transfectants.

Electrophysiological studies. The properties of
hannels formed from the Cx37 variants were exam-
ned by double whole-cell patch-clamp analysis of sta-
ly transfected cells. Examples of the macroscopic
unctional currents elicited from cells expressing sev-
ral Cx37 variants are shown in Fig. 5. Like many
ther gap junction channels, the Cx37 junctional cur-

FIG. 4. Detection of Cx37 in stably transfected RIN cells by fluo
ocus at an intermediate section through the cells expressing Cx3
ontacting cells contribute Cx37 gap junction channels with punctate
s characteristic of connexin localization in the Golgi apparatus. (a, c,

arked 1 and 2 on left are those which show coupling in the correspo
x37-S319 immunostained with anti-Cx37 antibodies; (c, d) Cells t
ntibodies; (e, f ) Cells transfected with Cx37-fs254D293-(His)6 imm
ells transfected with Cx37-fs254D293-GFP.

FIG. 5. Macroscopic junctional currents. (a) Cx37-S319: A series
f a step protocol identical to that used by Brink et al. (1997) and
x37-fs254D293: Same as in (a). (c) T7-Cx37-fs254D293: Same as in
oltage protocol of 10 s was used, 5 s. This longer step duration allo
221
ents showed a time- and voltage-dependent decay in
urrent magnitude. This voltage-dependent current
ecay appeared to be relatively similar for all of the
arboxyl terminal region alterations (including Cx37-
319 as shown by (25) and Cx37-S319 and Cx37-

s254D293 as shown in Figs. 5a and 5b). The only
otable difference being a broadening of V0. In con-
rast, an alteration of the amino terminal end in T7-
x37-fs254D293 slowed voltage-dependent inactiva-

ion dramatically (Fig. 5c), but did not destroy voltage-
ependence as shown by application of a long-pulse
rotocol (Fig. 5d).
Figure 6 shows a comparison of the transjunctional

oltage (Vj)-dependence of normalized steady state
unctional conductance (Gss) for Cx37-S319 (a, n 5 10
airs), for Cx37-fs254D293 (b, n 5 6 pairs) and for
7-Cx37-fs254D293 (c, n 5 6 pairs). Only with pro-

ence microscopy. (a–h) Confocal laser microscopy with the plane of
olymorphs. The arrows indicate either the locations where both

uctures or Cx37 protein localization in the perinuclear region which
) Bright field images. (b, d, f, h) Corresponding confocal images. Cells
ing confocal images shown on right. (a, b) RIN cells transfected with
sfected with Ty-Cx37-fs254D293 immunostained with anti-T7 tag
stained with anti (His)6 tag antibodies. (g, h). GFP fluorescence in

unctional currents are illustrated which result from the application
cribed under Methods. The duration of the steps was 400 ms. (b)
. Note that the kinetics are slowed. (d) T7-Cx37-fs254D293: A long

d elucidation of the steady state for T7-Cx37-fs254D293.
resc
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onged voltage steps are the kinetics of voltage inacti-
ation revealed for the T7-Cx37-fs254D293 construct.
horter pulses of 400 ms revealed that the N-terminus
agged Cx37-fs254D293 had both activation and inac-
ivation like behaviors for large Vj steps which showed
n initial activation or increase in Ij with sufficiently
arge Vj (660 mV and greater) followed by a slow
ecline in Ij. With step durations of sufficient length a
teady state was attained which revealed a V0 of 31 mV
hich is the same as the Cx37-S319 form (Table 1).
The biophysical properties of all of the carboxyl

erminal variants, appeared similar to Cx37-P319 or
ad slightly reduced unitary conductances relative to
x37-P319 (3, 25). This includes Cx37-D253-GFP,
x37-D253, Cx37-fs254-D293. Table 1 shows the differ-
nce in the biophysical characteristics of the truncated
ariant in comparison to Cx37-P319. Since the bio-
hysical properties of Cx37-D253 and Cx37-fs254-D293
ere indistinguishable, data obtained for the two were
ooled for Table 1.
Representative single channel records for the full

ength Cx37 polymorph (Cx37-S319), the truncated
x37 variant (Cx37-fs254D293) and the truncated
ariant with an amino terminal epitope tag (T7-Cx37-

FIG. 6. Normalized steady-state junctional conductance-voltage
elationships for (a) Cx37-S319 at the end of 400 ms step, (b) Cx37-
s254D293 at the end of a 400 ms step, and (c) T7-Cx37-fs254D293 at
he end of a 5 s step revealing that the steady state junctional
onductance is similar for the wild type and the T7 but that for the
atter the time course required is 10–203 greater.
222
s254D293) are shown in Figs. 7a, 7b, and 7c, respec-
ively. There was no significant difference in the uni-
ary conductance recorded for any of the C-terminal

Biophysical Characteristics of Cx37 Variants Expressed
in Transfected Cells

Cx37 variant

Voltage-
dependence,

V0 (mV)

Unitary conductance,
gj, main state

(pS)*-minimum to
maximum range

x37-P319** 28 300–375
x37-S319 (n 5 10) 30 348–374
x37-fs254D293 1
Cx37D253 (n 5 6)

50 277–317

7-Cx37-fs254D293
(n 5 6)

31§ 60–155

* The range of unitary conductances is shown for each connexin.
, the number of experiments. In all cases CsCl pipette solutions
ere used.
** Reed et al., 1993; Veenstra et al., 1994; Brink et al., 1997;

amanan et al., 1999.
§ V0 determined using the long step protocol.

FIG. 7. Single channel records are shown for three cases: Cx37-
319 (a) which shows a main conductance of 370 pS and a subconduc-
ance or residual state of 70 pS; Cx37-fs254D293 (b) which shows a
ain state of 330 pS and subconductance state of 100 pS and T7-Cx37-

s254D293 (c) which shows a main state of 140 pS. Transjunctional
oltage steps of 630 mV were used in the three cases shown.
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onductances reported for Cx37, once corrected for salt
oncentration, is between 300 and 400 pS (26, 37, 38).
urthermore, the residual or subconductance level of-
en observed with Cx37 (26, 37, 38) was present in all
ases. In contrast, the amino-terminal tag had a
rofound effect on unitary conductance. Unitary con-
uctance was reduced by a factor of approximately
.5–3.0 (7c).

ISCUSSION

Our data show that the unitary conductance and
oltage-dependent gating properties of two previously
dentified polymorphic variants of Cx37, Cx37-P319
nd Cx37-S319 (27), are indistinguishable. The prop-
rties of a third Cx37 variant (Cx37-fs254D293) iso-
ated from the same cDNA library also appears to be
imilar with only a broadening of V0. All of the clones
id show some passage of Lucifer yellow (data not
hown), but the relatively low level of channel expres-
ion in these clones made more detailed examinations
f permeability/selectivity unrealistic.
Our approach was sensitive to functional changes

nduced by connexin mutations, since the addition of a
7 tag to the amino terminus of Cx37-fs254D293 pro-
uced profound changes in both channel gating and
nitary conductance. These Cx37 data may not be sur-
rising in view of the series of experiments (39, 40)
mplicating the amino terminus of Cx32 in voltage-
ependent gating. The slowed kinetics but normal
teady state (Vo) suggest a destabilization of the tran-
ition state between open and closed states. Two expla-
ations are possible. Either the N-terminus tag is
hysically interacting with the channel orifice or it has
aused a conformational change resulting in the appar-
nt destabilization.
Taken together, our data show that the cytoplasmic

arboxyl terminal tail of Cx37 has little influence on
x37 gating and single channel conductance. The data
uggest that the C-terminus is not a major contributor
o channel gating by transjunctional voltage. With re-
ard to the latter point, our data on Cx37 do contrast
ith a report which suggested that progressive dele-

ions from the carboxyl terminus of Cx43 altered uni-
ary conductance (12) but are in agreement with other
ecent observations of unitary conductance made on
runcated Cx43 channels (41).

Another point is the broadened V0 of the C-terminus
runcated forms. We have not utilized the longer du-
ation step protocols on these forms to see if they also
ould conform in terms of V0 with the Cx37-S319 form
ith sufficient time to achieve steady state.
Our data suggest that the polymorphic variants de-

ected by Boerma et al. (27) might have little influence
n a number of properties of Cx37-mediated intercel-
ular communication. One interpretation might be that
223
epresent disease-associated genetic markers. Alterna-
ively, the carboxyl terminus of Cx37 may be involved
n other aspects of the regulation of gap junction-

ediated intercellular communication. In Cx43, the
arboxyl tail has been implicated in channel gating via
hree mechanisms. They are: (a) changes in intercellu-
ar pH (13, 14), (b) activation of protein kinase cascades
42, 43), and (c) altered dwell time (41). Perhaps future
nvestigations of such “chemical and voltage gating” in

utant Cx37 channels would be appropriate.
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