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Summary
In C. elegans, loss-of-function (lf) mutations of the stomatin-like protein (SLP) UNC-1 and the
innexin UNC-9 inhibit locomotion [1,2] and modulate sensitivity to volatile anesthetics [3,4]. It was
unknown why unc-1(lf) and unc-9(lf) mutants have similar phenotypes. We tested the hypothesis
that UNC-1 is a regulator of gap junctions formed by UNC-9. Analyses of junctional currents between
body-wall muscle cells showed that electrical coupling was inhibited to a similar degree in unc-1
(lf), unc-9(lf), and unc-1(lf);unc-9(lf) double mutant, suggesting that UNC-1 and UNC-9 function
together. Expression of Punc-1::DsRED2 and Punc-9::GFP transcriptional fusions suggests that
unc-1 and unc-9 are coexpressed in neurons and body-wall muscle cells. Immunohistochemistry
showed that UNC-1 and UNC-9 colocalized at intercellular junctions, and that unc-1(lf) did not alter
UNC-9 expression or subcellular localization. Bimolecular fluorescence complementation (BiFC)
assays suggest that UNC-1 and UNC-9 are physically very close at intercellular junctions. Targeted
rescue experiments suggest that UNC-9 and UNC-1 function predominantly in neurons to control
locomotion. Thus, in addition to the recently reported function of regulating mechanosensitive ion
channels [5,6], SLPs may have a novel function of regulating gap junctions.

Results
UNC-1 dysfunction inhibited electrical coupling of body-wall muscle cells

We previously showed that C. elegans body-wall muscle cells are electrically coupled and that
the innexin UNC-9 plays a major role in the coupling [7]. To determine whether UNC-1
regulates gap junctions formed by UNC-9, we analyzed junctional currents (Ij) of body-wall
muscle cells in wild-type, unc-1 mutant, and unc-9 mutant. Muscle cells in the two ventral
quadrants were analyzed in pairs using the dual whole-cell voltage clamp technique. Compared
with wild-type preparations, intra-quadrant coupling (between a pair of neighboring R1-R2 or
L1-L2 cells, Figure 1A) was inhibited by approximately 70% in both unc-1(e719) and unc-1
(fc53) mutants (Figure 1B), which are putative nulls resulting from premature termination [4,
8]. The coupling defect of unc-1(e719) was completely rescued when wild-type UNC-1 was
expressed specifically in body-wall muscle cells under the control of the myosin promoter
Pmyo-3 [9] (Figure 1B). These results suggest that UNC-1 is required for normal electrical
coupling of body-wall muscle cells.
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Intra-quadrant coupling of body-wall muscle cells is mediated by UNC-9-dependent as well
as UNC-9-independent gap junctions, as suggested by the presence of residual coupling in
unc-9(fc16) [7], a putative null mutant resulting from a premature stop in the intracellular loop
between the second and third membrane spanning domains [10]. To determine if UNC-1 is
required specifically for UNC-9-based gap junctions, we compared the degrees of intra-
quadrant coupling among wild-type, unc-9(fc16), unc-1(e719), and unc-9(fc16);unc-1(e719)
double mutant. Intra-quadrant coupling was inhibited to a similar degree in unc-9(fc16) and
unc-1(e719), and was not aggravated in the double mutant (Figure 2A), suggesting that UNC-1
and UNC-9 likely function in the same pathway, and that the residual coupling mediated by
other innexin(s) is independent of UNC-1. We previously showed that inter-quadrant coupling
(between a pair of neighboring Rl-L1 cells at the same position along the body axis, Figure
1A) was essentially absent in unc-9(fc16) mutant, and the deficiency could be rescued by
expressing wild-type UNC-9 [7]. To determine whether UNC-1 is required for the function of
UNC-9, we tested whether unc-1(lf) would abolish the rescuing effect of wild-type UNC-9.
Indeed, expression of wild-type UNC-9 failed to rescue the coupling defect of unc-9(fc16) in
unc-1(e719) genetic background (Figure 2B), suggesting that the function of UNC-9-based
gap junctions requires UNC-1. Thus, UNC-1 appears to be required specifically for the function
of UNC-9-based gap junctions in body-wall muscle cells.

During our analyses of UNC-9 subcellular localization by expressing UNC-9::GFP (GFP fused
to UNC-9 carboxyl terminus) in muscle cells under the control of Pmyo-3 [7], we observed
that the transgenic animal was nearly paralyzed (not shown). Interestingly, this effect of
UNC-9::GFP persisted in unc-1(lf) mutants (not shown). One plausible interpretation for these
observations is that UNC-9::GFP is a gain-of-function protein that no longer requires UNC-1
to function. Indeed, expression of UNC-9::GFP in unc-9(fc16);unc-1(e719) double mutant led
to an unusually high degree of inter-quadrant coupling (Figure 2B), indicating that
UNC-9::GFP could form functional gap junctions in the absence of UNC-1. These observations
suggest that UNC-1 is unlikely an essential structural component of gap junctions formed by
UNC-9. Rather, it might be a regulatory or ancillary protein.

UNC-1 and UNC-9 were coexpressed in muscle cells and neurons
To confirm that UNC-1 is required for the function of UNC-9-based gap junctions, it is
important to show that unc-1 and unc-9 are coexpressed in C. elegans. We compared the in
vivo expression patterns of unc-1 and unc-9 by expressing Punc-1::DsRED2 and Punc-9::GFP
transcriptional fusions in C. elegans. In transgenic animals, both DsRED2 and GFP were
expressed in body-wall muscle, vulval muscle, anal depressor muscle, stomatointestinal
muscle, most if not all ventral cord motor neurons, and many other neurons (Sup. Figure 1).
These observations suggest that UNC-1 and UNC-9 might function together in neurons as well
as various muscle cells.

UNC-1 and UNC-9 colocalized at intercellular junctions
We previously showed that UNC-9 is localized to intercellular junctions of body-wall muscle
cells when it is expressed under the control of Pmyo-3 [7]. The functional dependence of
UNC-9-based gap junctions on UNC-1 suggests that the two proteins might colocalize. To
examine this possibility, we coexpressed UNC-1::HA and Myc::UNC-9 either in body-wall
muscle cells under the control of Pmyo-3 [9] or in neurons under the control of Punc-47 [11].
In body-wall muscle cells, UNC-1::HA and Myc::UNC-9 colocalized at intercellular junctions
between muscle cell bodies, and between muscle arms along the ventral and dorsal nerve cords
where muscle cells from the two different quadrants form gap junctions [7,12] (Figure 3A).
UNC-1::HA and Myc::UNC-9 also colocalized in the nervous system (Figure 3B), suggesting
that they might also function together in neurons. The subcellular localization patterns of
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UNC-1 and UNC-9 are consistent with the finding that UNC-1 is required for the electrical
coupling mediated by UNC-9-based gap junctions.

UNC-1 and UNC-9 appeared to be physically very close at intercellular junctions
The functional interactions and colocalization of UNC-1 and UNC-9 shown above suggest that
the two proteins might be physically very close. To examine this possibility, we performed
bimolecular fluorescence complementation (BiFC) assays [13] with UNC-1 and UNC-9. The
BiFC assay was chosen for our analyses because it shows not only whether protein-protein
interactions occur but also where they occur in vivo. In these assays, the non-fluorescent YFP
amino and carboxyl terminal fragments were fused to the carboxyl termini of UNC-1 and
UNC-9, respectively. The fusion proteins were coexpressed in body-wall muscle cells under
the control of Pmyo-3. In transgenic animals, fluorescent puncta were observed between muscle
cell bodies, and between muscle arms along the ventral and dorsal nerve cords (Figure 3C, top
panel). Similar results were obtained when the amino terminal (amino acids 1−167) of UNC-1
was deleted (Figure 3C, middle panel). However, no fluorescent puncta were observed at
intercellular junctions when the carboxyl terminal (amino acids 171−289) of UNC-1 was
deleted (Figure 3C, lower panel) despite that the fusion protein was still expressed, as
determined by immunohistochemistry (not shown). These observations suggest that UNC-1 is
physically very close to UNC-9 at intercellular junctions, and has the potential to physically
interact with UNC-9.

UNC-9 expression and subcellular localization were not altered in unc-1 mutant
UNC-1 could potentially be required for UNC-9 function, stability, trafficking, or subcellular
localization. To determine how UNC-1 might function to promote electrical coupling, we
generated an UNC-9-specific antibody and analyzed UNC-9 expression and subcellular
localization in wild-type and unc-1(e719) mutant by immunohistochemistry. In wild-type
animals, immunoreactive puncta were observed at body-wall muscle intercellular junctions,
along the ventral and dorsal nerve cords, and in the nerve ring (Figure 4, left panels), which is
consistent with the UNC-9 expression pattern revealed by the Punc-9::GFP transcriptional
fusion (Sup. Figure 1). The immunostaining pattern of UNC-9 in unc-1(e719) genetic
background (Figure 4, center panels) was indistinguishable from that in the wild-type,
suggesting that the expression and subcellular localization of UNC-9 do not depend on UNC-1.
Thus, UNC-1 is most likely required for modulating the function of UNC-9-based gap
junctions.

We also tested whether UNC-1 subcellular localization depends on UNC-9 by comparing the
immunostaining patterns of UNC-1::HA in body-wall muscle cells between wild-type and
unc-9(fc16) mutant. The localization pattern of UNC-1::HA was indistinguishable between the
two transgenic strains (Sup. Figure 2). Thus, UNC-1 subcellular localization is also
independent of UNC-9.

Neuronal functions of UNC-1 and UNC-9 predominated in controlling locomotion
The locomotion defects of unc-1(lf) and unc-9(lf) could potentially be caused by deficiencies
in both neurons and body-wall muscle cells. To determine whether a neuronal or muscle
function of UNC-1 and UNC-9 plays a more important role in locomotion, we analyzed the
locomotion behavior of mutant animals in which either a neuronal or muscle deficiency of
unc-1 or unc-9 was rescued by expressing the corresponding wild-type gene. We found that
expression of wild-type unc-1 or unc-9 in neurons of a corresponding mutant largely rescued
the locomotion defect. In contrast, expression of the wild-type gene in body-wall muscle cells
of a corresponding mutant showed no obvious effect (Sup. Figure 3). These observations
suggest that UNC-1 and UNC-9 function predominantly in neurons to control locomotion. This
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conclusion is supported by the observation that specific inhibition of UNC-9 function in body-
wall muscle cells only causes a moderate locomotion defect [7].

Discussion
The C. elegans genome contains twenty-five innexin genes [14] and ten SLP genes
(www.wormbase.org). Despite the existence of so many innexins and SLPs, only two innexins
(unc-7 and unc-9) and two SLPs (unc-1 and unc-24) are associated with similar mutant
phenotypes [1-4,15-17], suggesting that specific interactions may occur among them.
However, no evidence has been shown that direct interactions exist between the two families
of proteins. Our analyses suggest that, in body-wall muscle cells, UNC-1 may be specifically
required for the function of UNC-9-based gap junctions. This conclusion may appear somewhat
surprising given that unc-7 mutants have grossly similar phenotypes as unc-9 mutant. However,
UNC-7 does not contribute to body-wall muscle electrical coupling [7]. Thus, it is probably
true that UNC-1 specifically regulates UNC-9-based electrical coupling in body-wall muscle
cells.

Gap junction is a head-to-head assembly of two hemichannels, with each hemichannel
consisting of six subunits, which are innexins in invertebrates [14,18] and connexins or
pannexins in vertebrates [19-21]. The similar phenotypes of unc-7 and unc-9 mutants could
conceivably be due to deficiencies of heteromeric or heterotypic gap junctions formed by
UNC-7 and UNC-9. Because UNC-7 does not contribute to body-wall muscle electrical
coupling [7] and UNC-1 and UNC-9 appeared to function predominantly in neurons to control
locomotion (Sup. Figure 3), UNC-1 may be also required for the function of putative
heteromeric or heterotypic gap junctions formed by UNC-7 and UNC-9 in neurons.

How might UNC-1 contribute to the function of gap junctions? The apparently normal
expression and subcellular localization of UNC-9 in unc-1(lf) suggest that the main function
of UNC-1 is unlikely to be related to UNC-9 synthesis, membrane trafficking, or subcellular
localization. UNC-1 also did not appear to be an essential structural component of gap junctions
formed by UNC-9 because UNC-9::GFP could form functional intercellular channels in the
absence of UNC-1 (Figure 2B). Thus, the primary function of UNC-1 could conceivably be to
modulate the gating of gap junctions. Based on our observations and a published model for pH
gating of connexin-based gap junctions [22], we propose that UNC-9-based gap junctions are
mainly in the closed state in the absence of UNC-1; UNC-1 may interact with a gating domain
of UNC-9 to prevent it from closing the gap junction. The carboxyl terminal of UNC-1 may
be important for this function because deletion of UNC-1 carboxyl terminal abolished its
interaction with UNC-9 in the BiFC assay, which is consistent with the previous observations
that all of the temperature-sensitive unc-1 alleles resulted from mutations in the carboxyl
terminal, and that the amino terminal was unnecessary for UNC-1 function [4]. Interestingly,
the C. elegans SLP MEC-2 also modulates a mechanosensitive ion channel through a gating
effect [5]. Both gap junction proteins [23] and SLPs [24,25] may associate with lipid rafts,
which are dynamic assemblies of proteins and lipids in cellular membrane [26]. It remains to
be determined whether the modulation of gap junctions by UNC-1 is related to association with
lipid rafts.

UNC-24 may be also required for the function of UNC-9-based gap junctions because
unc-24 mutants show similar phenotypes as unc-9 mutants [3,15]. However, UNC-24 might
function through a different mechanism compared with UNC-1. It has been suggested that
UNC-24 may help to maintain UNC-1 stability because the amount of UNC-1 protein is greatly
reduced in unc-24 mutants [15]. Thus, deficiencies of SLPs could potentially affect gap
junctions through other mechanisms as well.
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Sensitivity to anesthetics in C. elegans is measured according to the effectiveness of an
anesthetic to immobilize or paralyze the worm. Although it is well established that lf mutations
of unc-7, unc-9, unc-1, or unc-24 suppress the enhanced sensitivity to volatile anesthetics
caused by unc-79(lf) or unc-80(lf) [3,15,17,27,28], molecular mechanisms for these mutant
effects are unknown. One possibility is that volatile anesthetics immobilize worms by hyper-
activating gap junctions formed by UNC-7 and UNC-9; that these gap junctions are modulated
by UNC-1/UNC-24 as well as UNC-79/UNC-80; and that the functions of UNC-79 and
UNC-80 are to suppress gap junction activity. Gap junctions are generally inhibited by
halothane [29-31], which is a volatile anesthetic. However, there might be a population of gap
junctions that are activated by volatile anesthetics.

Previous studies have shown that SLPs could modulate mechanosensitive ion channels of the
degenerin/epithelial Na+ channel (DEG/ENaC) family in C. elegans [5] and mice [6]. The
present study adds gap junctions as a second type of channels that may be regulated by SLPs.
Vertebrate gap junctions are formed by connexins, and possibly, pannexins [19-21]. Pannexins
were discovered by database search for invertebrate innexin homologues [32,33], and belong
to the same superfamily of proteins as innexins [34]. Although the three families of proteins
are distinct in primary sequence, major structural features are conserved among them [14,35].
Furthermore, both vertebrate and invertebrate gap junctions may be modulated by similar
physiological factors and blocked by a similar spectrum of pharmacological agents [7,35-39].
Thus, regulation of gap junctions by SLPs is potentially a conserved mechanism of controlling
intercellular communication. Gap junctions in the mammalian nervous system are particularly
attractive candidates for potential regulation by SLPs because at least ten connexins [19,21],
two pannexins [32], and four SLPs [40-43] are expressed in the central nervous system. The
recently discovered erythrocyte pannexin1 hemichannel [44] could potentially be regulated by
stomatin, which is enriched in the erythrocyte membrane [45]. The implication of UNC-1 and
UNC-9 in anesthetic sensitivity of C. elegans [3,4] suggests that regulation of gap junctions
by SLPs is potentially related to actions of anesthetics. Thus, the biological significance of gap
junction regulation by SLPs is likely much broader than what has been revealed by this study.

Experimental Procedures
This information may be found in the supplement.
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Figure 1.
Electrical coupling of body-wall muscle cells was deficient in unc-1 mutants. A: Photograph
of a muscle preparation for electrophysiological recording. The two ventral quadrants, with
the ventral nerve cord (VNC) and hypodermal ridge (HD ridge) between them, are shown.
Each quadrant consists of a monolayer of two rows of muscle cells. Cells in the right quadrant
are designated as R1 or R2, whereas those in the left quadrant as L1 or L2. Scale bar = 50 μm.
B: Intra-quadrant coupling (between a pair of neighboring R1-R2 or L1-L2 cells) was
significantly inhibited in unc-1(fc53) and unc-1(e719). The coupling defect of unc-1(e719)
could be rescued by expressing wild-type UNC-1 specifically in body-wall muscle cells under
the control of the myosin promoter Pmyo-3. Representative junctional currents and means of
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the junctional conductance (Gj) are shown. The asterisk indicates a statistically significant
difference compared with the wild-type (one-way ANOVA followed by Bonferroni posthoc
tests). The number of samples analyzed is indicated by the value above each column.
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Figure 2.
UNC-1 appeared to be specifically required for the function of UNC-9-based gap junctions in
body-wall muscle cells. A: Intra-quadrant coupling (between a pair of neighboring R1-R2 or
L1-L2 cells) was indistinguishable between the unc-9(fc16);unc-1(e719) double mutant and
either of the single mutant, suggesting that UNC-1 and UNC-9 function in the same pathway.
The unc-1(e719) data is the same as that in Figure 1B. B: Wild-type (WT) UNC-9 but not
UNC-9::GFP required UNC-1 to rescue electrical coupling of body-wall muscle cells. Inter-
quadrant coupling (between a pair of neighboring R1-L1 cells) was nearly absent in unc-9
(fc16) or unc-1(e719) mutant. Expression of WT UNC-9 in body-wall muscle cells under the
control of Pmyo-3 rescued the coupling defect of unc-9(fc16). In the unc-1(e719) and unc-9
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(fc16) genetic background, UNC-9::GFP but not WT UNC-9 rescued the coupling defect. The
Gj from animals expressing Pmyo-3::UNC-9::GFP might be underestimated because only a
small number of progeny expressing the non-integrated transgene survived into adulthood, and
these adult animals are conceivably those expressing the transgene at a lower level or in fewer
cells. The asterisk indicates a statistically significant difference compared with the WT. The
open triangle indicates a statistically significant difference compared with the “unc-9
(fc16);unc-1(e719);Pmyo-3::UNC-9” group. One-way ANOVA and Bonferroni posthoc tests
were used for the statistical analyses. The number of samples analyzed is indicated by the value
above each column. Please note that shown in A and B are intra- and inter-quadrant couplings,
respectively, which have different levels of junctional conductance (Gj) and are inhibited to
different degrees in unc-9(fc16), as reported previously [7].
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Figure 3.
UNC-1 and UNC-9 colocalized in body-wall muscle and the nervous system. A: When
UNC-1::HA and Myc::UNC-9 were coexpressed specifically in body-wall muscle cells under
the control of Pmyo-3, colocalization was observed at body-wall muscle intercellular junctions,
muscle arms, and near the ventral and dorsal nerve cords, where muscle arms from the two
ventral or dorsal quadrants interdigitate. Immunoreactivity was absent in some muscle cells
due to mosaic expression of the non-integrated transgenes. The nerve cord is indicated by arrow
heads in the merged picture. Scale bar = 50 μm. B: When Myc::UNC-9 and UNC-1::HA were
coexpressed specifically in neurons under the control of Punc-47, colocalization of the two
proteins was observed along the nerve cords. Scale bar = 20 μm. C: Coexpression of
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UNC-1::YFPa (UNC-1 fused to YFP amino terminal) and UNC-9::YFPc (UNC-9 fused to
YFP carboxyl terminal) in body-wall muscle cells under the control of Pmyo-3 reconstituted
the fluorophore of YFP in vivo. Top panel: Fluorescent puncta were observed at intercellular
junctions between muscle cell bodies and between muscle arms along the nerve cord with full-
length UNC-1 and UNC-9. A selected region (marked by a rectangular frame) is enlarged and
shown above the image (same for the Middle panel). Middle panel: Fluorescent puncta were
still observed with deletion of the amino terminal of UNC-1 (amino acid residues 1−167).
Lower panel: Deletion of the carboxyl terminal of UNC-1 (amino acid residues 171−289)
prevented the BiFC. The bright fluorescent signal in this image was due to autofluorescence
of the gut. Scale bar = 50 μm. A note about functionalities of these fusion proteins may be
found in the Supplement.
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Figure 4.
UNC-9 showed normal expression and subcellular localization in unc-1 mutants.
Immunostaining was performed in whole-mount worms with an anti-UNC-9 antibody. In wild-
type worms, immunoreactive puncta were observed in the nerve ring (indicated by an arrow),
along the ventral or dorsal nerve cord (indicated by arrow heads), and between body-wall
muscle cell bodies (not labeled). Overexpression of wild-type UNC-9 in body-wall muscle
cells under the control of Pmyo-3 caused an enhancement of the immunoreactive puncta. In
unc-1(e719) mutant genetic background, UNC-9 expression and subcellular localization were
unaltered. In unc-9(fc16) mutant animals, no immunoreactivity was observed, suggesting that
the antibody was specific to UNC-9. The nerve cord is marked with arrow heads. Selected
regions of UNC-9-immunoreactive puncta (indicated by rectangular frames) are enlarged and
shown as insets. Scale bar = 50 μm.
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