

















FIGURE 4. Subcellular sorting of CIC-6. A, shown isimmunostaining of HeLa cells transiently transfected with
WT Clc_6 (top panel) or Clc_6Y48A,Y61 A,LL705/706AAY717AXY774A,Y784A,LL795/796AA,YB66A (

brackets).

introduced an HA epitope into the extracytosolic loop between
helices B and C of CIC-5 (34). As a negative control we
appended an HA tag to the cytosolic C terminus. All constructs
were expressed to similar extents in Xenopus oocytes (Fig. 3B).
The extracellular presence of the epitope was quantified using
an HA antibody in a chemiluminescence assay (34, 45). These
experiments revealed that the surface expression of CIC-5"'**
and WT CIC-5 were indistinguishable, whereas the PY mutant
CIC-5Y%"%F showed a roughly 2-fold higher surface expression
(Fig. 3C) as in our previous work (34). Likewise two-electrode
voltage clamp measurements of oocytes expressing the Y672E
mutant yielded about 2-fold higher currents than those
expressing either WT or Y14A CIC-5 (Fig. 3D). We conclude
that unlike the C-terminal PQPPYVRL®"®> motif, the N-termi-
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lower panel) for CIC-6 (green in
merge) and the TfR (red in merge). Both CIC-6 proteins colocalize strongly with the TfR (yellow). B, subcellular
localization of chimeras between CIC-6 and CIC-0 in transiently transfected HeLa cells is shown. In chimeras the
N terminus (first number of the name), the transmembrane region (second number), and the C-terminal domain
(third number) carry the respective parts of CIC-6 (6) or CIC-0 (0). Immunostaining used antibodies directed
against the N terminus of CIC-6 (6N2) or the C terminus of CIC-6 (6C3) or of CIC-0 (antibodies indicated in
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nal **YDDF motif does not play a
significant role in plasma mem-
brane localization of CIC-5.

CIC-6 Sorting through Its Cytosol-
ic Domains—To investigate the
role of the sorting motifs identified
in CIC-6, we compared the subcel-
lular localization of full-length WT
with mutant CIC-6 in transfected
HeLa cells. As reported previously
(37), heterologously expressed CIC-6
colocalized with the recycling-en-
dosome marker transferrin receptor
(TfR) (Fig. 4A) rather than with
markers of late endosomes (not
shown). This contrasts with the late
endosomal localization of native
CIC-6 (36). When the tyrosines of
the confirmed AP3-binding **°YQTI
motifand of the **YESL and ®'YLEV
consensus sequences were changed
to alanine either alone or in combi-
nation, the localization of the result-
ant mutant was not altered (not
shown). We, therefore, mutated all
potential “classical” sorting motifs
in the N and C termini of CIC-6 (Fig.
2A) in combination. However, even
thlS protein (Clc_6Y4<8A,Y61A,LL705/
706AAY717A,Y774A,Y784A,L1L794/795AA,
Y866A) was targeted to TfR-positive
endosomes of transfected cells like
WT CIC-6 (Fig. 4A4). We then intro-
duced into this heavily mutated
construct two other point muta-
tions (W590A,E591A) to disrupt a
potential unconventional sorting
signal reported to mediate lysoso-
mal targeting (49). These two resi-
dues are located at the end of the last
intramembrane helix R and had not
been included in the fusion proteins
used for pulldown experiments (Fig.
2A). However, even these additional
mutations did not change the co-localization of CIC-6 with the
TIR (not shown).

We finally generated chimeric proteins in which portions of
CIC-6 were replaced by equivalent segments of the plasma
membrane Cl™ channel CIC-0 from Torpedo marmorata (42).
Cytoplasmic N-terminal and C-terminal domains and the cen-
tral transmembrane domain were assembled in different com-
binations, and their subcellular localization was determined in
transfected HeLa cells (Fig. 4B). When both the N and C ter-
mini of CIC-6 were replaced in chimera 0-6-0 by those of CIC-0,
predominant ER-like staining was observed in less than 50% of
transfected cells. In the majority of cells the 0-6-0 chimera was
strongly plasma membrane-localized just like CIC-0 itself (Fig.
4B), demonstrating the importance of the cytosolic domains for
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endosomal sorting. Unfortunately, chimeras possessing the
CIC-6 C terminus and the N terminus of CIC-0 (0-6-6 and
0-0-6) did not leave the ER (Fig. 4B). The two chimeras with an
N terminus of CIC-6 and the C terminus of CIC-0 (6-6-0 and
6-0-0) localized to intracellular punctate structures (Fig. 4B)
where they colocalized with the TfR (not shown) just as heter-
ologously expressed CIC-6. Hence, the N terminus of CIC-6 is
sufficient for endosomal targeting. Unexpectedly, the chimera
6-0-6 displayed a perinuclear localization pattern (Fig. 4B) and
colocalized with the Golgi protein GM130 (supplemental Fig.
3A). Disrupting the C-terminal ***YQTI AP-3 binding site of
CIC-6 by the Y866A mutation did not affect the apparent ER
localization of 0-6-6 and 0-0-6 (not shown) nor the perinuclear
localization of 6-0-6 (supplemental Fig. 3B) even when com-
bined with mutations Y48A and Y61A, which together virtually
abolished binding of AP-2 and AP-3 to the CIC-6 N terminus
(Fig. 2D).

Sorting Motifs Responsible for the Subcellular Localization of
CIC-7/0Ostm1—To investigate the role in lysosomal sorting of
CIC-7 of identified AP and GGA binding motifs, we transfected
HelLa cells with rat CIC-7 (rCIC-7) or with chimeras between
rCIC-7 and CIC-0. We did not cotransfect the 3-subunit Ostm1
because Ostm1 bound APs in our pulldown experiments and,
therefore, might have confounded our results. Transfected full-
length rCIC-7 nearly perfectly colocalized with the late endoso-
mal/lysosomal marker protein LAMP-1 (Fig. 5A) as observed
previously in native cells (40). When we replaced the cytosolic
N- and C-terminal regions of rCIC-7 by those of CIC-0, the
resulting chimera 0-7-0 yielded a predominantly reticular
staining pattern indicative of ER retention (Fig. 54). However, a
small proportion of 0-7-0 reached the plasma membrane.
Unlike WT CIC-7, the chimera did not colocalize with LAMP-1
(Fig. 5A).

The N terminus of rCIC-7 suffices to direct the plasma mem-
brane Cl~ channel to late endosomes and lysosomes, as
revealed by the co-localization of 7-0-0 with LAMP-1 in trans-
fected cells (Fig. 5B). When we disrupted in this construct the
N-terminal EGAPLL** and DDELL®” motifs (homologous to
EAAPLL?** and DDELL®® in human (supplemental Fig. 4),
which bind APs and GGAs, respectively (Fig. 2F)) either alone
(supplemental Fig. 5) or in combination (Fig. 5B), the mutant
7-0-0 chimeras were still sorted to late endosomes/lysosomes.
Additionally mutating tyrosine Tyr®> (homologous to human
Tyr®* in the YESL®* motif that was not involved in AP binding
(Fig. 2F)) did not alter this localization (supplemental Fig. 5).
Compared with human CIC-7, rCIC-7 exhibits an additional
(DE)XXXL(LI) consensus motif (EETPLL?) that is a candidate
site for AP protein binding (supplemental Fig. 4). Replacing
both leucines of this motif by alanines did not affect the
subcellular localization of 7-0-0, whereas the combined dis-
ruption of all three N-terminal dileucine motifs brought the
7-0-0 chimera to the plasma membrane (supplemental Fig.
5). Surprisingly, disruption of the GGA binding motif
DDELL®” was not required for this effect, as also the mutant
in which only both consensus sites for AP binding were dis-
rupted (7M123/24AALL36/37AA () reached the cell surface
instead of colocalizing with LAMP-1 (Fig. 5B).
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LL23/24AA,
LL66/67AA

LL23/24AA,
LL36/37AA
A

FIGURE 5. Lysosomal sorting determined by the CIC-7 N terminus. A, sub-
cellular localization of rCIC-7 (top), a chimera of rCIC-7 with N- and C-terminal
domains replaced by those of CIC-0 (0-7-0, below), and WT CIC-0 (bottom)
after transient transfection of HeLa cells, in comparison to LAMP-1 as marker
for late endosomes and lysosomes. CIC-7 colocalizes with LAMP-1, whereas
CIC-0 shows plasma membrane expression. The 0-7-0 chimera shows weak
plasma membrane expression in addition to strong ER-like staining. B, sorting
determinants in the CIC-7 N terminus investigated in Hela cells transfected
with a chimeric protein (7-0-0) in which the N terminus of the plasma mem-
brane channel CIC-0 was replaced by that of rCIC-7 (top panel) or by CIC-7 N
termini carrying two combinations of mutations in the EGAPLL?*, EETPLL?’,
and DDELL®’ dileucine motifs (EETPLL3” present in rat, but not humans). The
N terminus of CIC-7 sufficed to target CIC-0 to lysosomes, and combined
disruption of the first two motifs in 7--23/24AALL36/37AA o _ 0 resulted in cell
surface localization.
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CIC-7
LL23/24AA,
LL66/67AA.

LAMP-1

~

LL23/24AA,
LL36/37AA

FIGURE 6. Motifs responsible for the sorting of full-length CIC-7. Hela cells fixed 28 h after transient trans-
fection of full-length rCIC-7 carrying two combinations of mutations in the EGAPLL?*, EETPLL?’, and DDELL®”
dileucine motifs were immunostained with antibodies against CIC-7 (green in merge) and the late endosomal/
lysosomal marker LAMP-1 (red in merge). Although rC|C-7--23/24AALLES/67AA (yhper panel) almost completely
colocalized with LAMP-1 (yellow), rCIC-7"-23/24AALL36/37AR transfected cells (lower panel) displayed CIC-7 stain-

ing at the plasma membrane in addition to colocalization with LAMP-1.

We next explored the role of these N-terminal dileucine
motifs for the targeting of full-length rCIC-7. Introducing
those mutations that directed the 7-0-0 chimera to the
plasma membrane (Fig. 5B, supplemental Fig. 5) into rCIC-7
resulted in mutants that resided to some extent in the plasma
membrane (rCIC-7-123/24AALL36/S7AA (Fig  6) and rCIC-
7LL23/24-AA,LL36/37AA,LL66/67AA (supplemental Flg. 6)). In fur-
ther agreement with results for the 7-0-0 chimera, neither the
individual disruption of the three N-terminal dileucine motifs
(not shown, supplemental Fig. 6) nor the combined disruption
of the EGAPLL** and DDELL®” motifs (Fig. 6) changed the
localization of CIC-7.

The remaining partial colocalization of these mutants with
LAMP-1 cannot be attributed to signals remaining in the
mutated CIC-7 N terminus because these mutations com-
pletely abolished the late endosomal/lysosomal localization of
the 7-0-0 chimera (Fig. 5B). Because the 0-7-0 chimera (Fig. 54)
suggests that this localization is not owed to the transmem-
brane part, it is probably the C terminus, which bound AP adap-
tors in our pulldown experiments (Fig. 1B), that provides addi-
tional cues for endosomal/lysosomal sorting. Although
disruption of the only tyrosine-based consensus motif
("*YPRF”*®) in the C-terminal GST fusion protein of human
CIC-7 did not interfere with binding of APs (Fig. 2G), we
mutated the homologous Tyr’'® and Phe”'® in full-length
rCIC-7. This mutant (rCIC-7YF713/716AAy remained localized to
late endosomes/lysosomes (supplemental Fig. 6). When this
mutation was added on top of those combinations that already
partially shifted the constructs to the cell surface, the resulting
r(:l(:_7LL23/24-AA,LL36/37AA,YF713/716AA (nOt shown) and I'CIC-
7LL23/24~AA,LL36/37AA,LL66/67AA,YF713/716AA (supplemental Flg 6)

still displayed the partial colocalization with LAMP-1 in addi-
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tion to their presence at the plasma
membrane. Obviously the YPRF
motif of CIC-7 is not responsible for
the apparent ability of the CIC-7 C
terminus to partially direct CIC-7 to
lysosomes when N-terminal lysoso-
mal trafficking signals have been
disrupted.

CIC-7 is required for ER export of
its B-subunit, Ostm1, but CIC-7 is
targeted to lysosomes even in the
absence of Ostm1 (38). As we found
weak binding of APs to the CIC-7
B-subunit Ostm1 (Figs. 1C and 2H),
we wondered whether Ostm1 could
support lysosomal sorting of CIC-7
mutants whose dominant lysosomal
targeting sequences had been dis-
rupted. To this end, we transiently
cotransfected Ostml bearing a
C-terminal GFP tag (Ostml-GFP)
with either WT or sorting mutants of
rCIC-7. Coexpression of both WT
rClC—7 an d rClC—7LL23/ 24AALL36/37AA
was sufficient to ensure ER export
of Ostml. In both cases Ostml-
GFP colocalized with the CIC-7 construct (Fig. 7). With WT
CIC-7, Ostm1-GFP was sorted to late endosomes/lysosomes,
whereas it strongly labeled the cell surface in addition to a
partial lysosomal localization when cotransfected with rCIC-
7HL232AANLLB6/STAN " Thys, CIC-7 determines the localiza-
tion of Ostml1.

DISCUSSION

Despite the pivotal role of CLC Cl1~/H™ exchangers in endo-
somal/lysosomal function, it has remained enigmatic how their
differential localization to the various endosomal/lysosomal
compartments is achieved. We used GST fusion proteins of the
N- and C-terminal cytosolic domains of all intracellular CLCs
to systematically test and compare their interactions with clath-
rin and its adaptors, AP-1-4 and GGA proteins. The resulting
interaction pattern did not depend on the source of cell lysates
used for the pulldown assay (HeLa cells, mouse brain, or kid-
ney) and agreed well with the subcellular localization of the
various CLC proteins (Fig. 1D). For example, AP-3, which
mediates cargo sorting for transport to late endosomes, inter-
acted specifically with late endosomal CIC-6 and lysosomal
CIC-7/Ostm1, whereas it was not bound by the other CLCs,
which localize to earlier endosomal compartments or the
plasma membrane. On the other hand, the AP-2 adaptor com-
plex involved in endocytosis from the plasma membrane was
strongly bound by CIC-5, which cycles between endosomes and
the cell surface.

The amino acid sequences of cytoplasmic CLC domains sug-
gested the presence of consensus binding motifs. In several
cases, N- or C-terminal domains displayed more than one can-
didate binding site. For instance, the N terminus of CIC-7 con-
tains sites for both AP and GGA binding, and the N terminus of
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CIC-7 Ostm1-GFP

LAMP-1

.JLL23/24AA,
LL36/37AA
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FIGURE 7. CIC-7-dependent transport of Ostm1. Subcellular localization of LAMP-1 (magenta in merge),
CIC-7 (yellow in merge) and Ostm1 (cyan in merge) in HeLa cells transiently cotransfected with Ostm1-GFP and
WT rCIC-7 (upper panel) or the rCIC-7"-23/24AALL36/S7AR mytant that shows partial cell surface expression (lower
panel). Although Ostm1-GFP stains an ER-like pattern in cells that do not overexpress CIC-7 strongly (asterisk),
it colocalizes with CIC-7 to LAMP-1-positive late endosomes/lysosomes in rCIC-7-overexpressing cells and with
endosomes/lysosomes as well as the plasma membrane in cells expressing rClC-7--23/24AALL36/37AA

CIC-6 displays several sites for AP binding that may be func-
tionally redundant to some degree. Candidate binding sites
were validated experimentally by disrupting them through
mutagenesis, either individually or in combination. When
introduced into the respective fusion protein, these mutations
often abolished or reduced binding of adaptor proteins or clath-
rin, thereby confirming these motifs as being functionally rele-
vant (an overview of these motifs is given in supplemental Table
1). In some cases, however, such mutations failed to affect bind-
ing. This situation is not unusual because the candidate binding
site might be sterically inaccessible or may require more amino
acids than those specified in the consensus sequence. More-
over, even if a “real” binding site had been disrupted by
mutagenesis, the functional consequence might be masked by
an additional, unidentified binding site in the fusion protein.
Indeed, unconventional binding sites do exist, and we were
unable to identify the site(s) by which the C termini of either
CIC-7 or its B-subunit Ostm1 bound AP-2 and AP-3.
Whereas the binding of specific adaptor proteins to the var-
ious CLC transporters agreed well with their intracellular local-
ization (Fig. 1D), it often proved difficult to demonstrate their
involvement in the intracellular trafficking of CLC proteins.
Even when all confirmed adaptor binding sites in the N and C
termini of CIC-6 were disrupted by mutagenesis, the heavily
mutated CIC-6 was still trafficked to TfR-positive recycling
endosomes just like transfected WT CIC-6. One has to realize,
however, that this localization is abnormal. Native CIC-6 is
found in late endosomes of neurons, the only cells significantly
expressing this CLC protein (36). Because the CIC-6 mRNA is
rather ubiquitously expressed (50), CIC-6 might require a neu-
ron-specific B-subunit for its stability similar to CIC-K Cl™
channels, which are unstable without their B-subunit barttin
(51), or like CIC-7, which needs Ostm1 (38). In contrast to
Ostm1, which is not needed for the lysosomal localization of
CIC-7 (38), barttin plays a crucial role in targeting CIC-K chan-
nels to the plasma membrane (18). Likewise, a so far unknown
B-subunit for CIC-6 might traffic CIC-6 to late endosomes. If
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so, our study addressed a situation
that is not found in vivo. Nonethe-
less, the present 6-0-0 chimera
showed that the N terminus of
CIC-6 contains endosomal target-
ing signals. Unfortunately, we
obtained ambiguous localization
results (not shown) when we dis-
rupted the confirmed N-terminal
AP binding sites in this chimeric
construct. We are, therefore, unable
to state with confidence that those
motifs play a role in CIC-6 sorting.
The situation is much clearer
with the late endosomal/lysosomal
CIC-7/Ostm1  heteromer  (38).
Although AP-1 and AP-2 bound
weakly to an unidentified binding
site in its C terminus, Ostm1 did not
significantly influence the localiza-
tion of CIC-7 in transfected cells,
agreeing with our previous work (38). Even when the disruption
of lysosomal sorting signals in CIC-7 led to a partial mislocal-
ization of the transporter to the plasma membrane, co-expres-
sion with Ostm1 did not increase the proportion of CIC-7/
Ostml1 found in late endosomes/lysosomes. Likewise, and also
agreeing with our previous work (38), co-transfection with WT
CIC-7 trafficked Ostm1 to late endosomes/lysosomes. Impor-
tantly, CIC-7 mutants that mislocalized to the plasma mem-
brane carried Ostm1 to that domain as well. Hence, the subcel-
lular localization of Ostm1 seems to depend entirely on sorting
signals in CIC-7, and Ostm1 lacks an effect on CIC-7 trafficking.
Both N and C termini of CIC-7 strongly bound AP-3, an
adaptor involved in trafficking to late endosomes. Subsequent
transport to lysosomes does not require further sorting. The
CIC-7 N terminus also bound GGA proteins, which might
direct CIC-7 to early endosomes from where it would be sorted
to late endosomes by AP-3. The prominent role in lysosomal
sorting of the CIC-7 N terminus was revealed by a chimera in
which it replaced the N terminus of the plasma membrane C1™
channel CIC-0. The resulting chimera 7-0-0 was targeted to late
endosomes/lysosomes rather than to the plasma membrane.
Strong lysosomal targeting signals are provided by the two
dileucine AP-binding motifs present in the rat CIC-7 N termi-
nus. When these two motifs were disrupted together, the
mutated 7-0-0 chimera was found in the plasma membrane like
CIC-0. Somewhat surprisingly, the GGA binding site did not
seem important for lysosomal sorting. Full-length CIC-7 could
be partially directed to the plasma membrane by disrupting just
those two AP binding motifs. However, a large proportion of
the mutant remained in late endosomes/lysosomes to which it
was probably directed by its AP-3 binding C terminus. As dis-
ruption of the only conventional candidate AP binding site in
the C terminus had no effect, we were unable to fully direct
CIC-7 to the plasma membrane with a few point mutations.
Nonetheless, the partially plasma membrane localized CIC-7
mutant that carries just four point mutations in the cytoplasmic
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N terminus should prove useful for characterizing its biophys-
ical properties.

With the notable exception of the N terminus of CIC-5,
which bound AP-2 (and clathrin) to a site that we confirmed by
mutagenesis, the N and C termini of CIC-3 through CIC-5 did
not bind APs or GGAs in our pulldown experiments. Although
AP-2 binding to CIC-5 would fit well with the assumed recy-
cling of CIC-5 over the plasma membrane, the disruption of its
binding motif did not increase its abundance in the plasma
membrane. Hence, other mechanisms must operate in direct-
ing these endosomal CLCs to their respective compartments.
One such mechanism may be binding to clathrin as described
previously for CIC-3 (23). In addition, there might be binding
sites in the cytoplasmic aspect of the membrane-spanning parts
of CLC proteins, an issue we could not investigate with our
pulldown experiments. Indeed, a tyrosine-based motif between
intramembrane helices D and E has recently been implicated in
the rapid recycling of the CI™ channel CIC-2 between the
plasma membrane and an endosomal compartment (17). On
the other hand, CIC-3, -4, and -5 may heterodimerize (4, 52)
akin to the previously described heteromer formation between
plasma membrane CLC channels (44, 53), and sorting signals
present in one of the subunits may determine the trafficking of
the heterodimer.

In summary, we newly identified several AP and GGA bind-
ing sites in the cytoplasmic parts of vesicular CLC anion/proton
exchangers. The known roles of confirmed binding partners in
facilitating specific sorting steps agreed well with the native
subcellular localization of the CLCs they bound to. In several
cases, however, these interactions are not the only ones that
direct vesicular CLCs to their normal destination, because no
change in localization was observed when the respective bind-
ing sites were disrupted. Those cases where vesicular CLC pro-
teins could be directed to the plasma membrane with a few
point mutations, however, should provide excellent opportuni-
ties to study their biophysical properties in detail.
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