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Structural determinants of interaction, trafficking
and function in the CIC-2/MLC1 subunit GlialCAM involved
in leukodystrophy
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Key points

® The extracellular domain of GlialCAM is necessary for its targeting to cell junctions, as well as
for interactions with itself and MLC1 and CIC-2.

e The C-terminus of GlialCAM is not necessary for interaction but is required for targeting to
cell junctions.

e The first three residues of the transmembrane segment of GlialCAM are required for
Glial CAM-mediated CIC-2 activation.

Abstract Mutations in the genes encoding the astrocytic protein MLCI, the cell adhesion
molecule GlialCAM or the CI~ channel CIC-2 underlie human leukodystrophies. GlialCAM
binds to itself, to MLC1 and to CIC-2, and directs these proteins to cell-cell contacts. In
addition, Glial CAM dramatically activates CIC-2 mediated currents. In the present study, we
used mutagenesis studies combined with functional and biochemical analyses to determine
which parts of Glial CAM are required to perform these cellular functions. We found that the
extracellular domain of Glial CAM is necessary for cell junction targeting and for mediating inter-
actions with itself or with MLC1 and CIC-2. The C-terminus is also necessary for proper targeting
to cell—cell junctions but is not required for the biochemical interaction. Finally, we identified
the first three amino acids of the transmembrane segment of GlialCAM as being essential for the
activation of CIC-2 currents but not for targeting or biochemical interaction. Our results provide
new mechanistic insights concerning the regulation of the cell biology and function of MLC1 and
CIC-2 by Glial CAM.
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Introduction spongiform leukodystrophy characterized by early

onset macrocephaly (van der Knaap et al. 1995, 2012).
Megalencephalic leukoencephalopathy with subcortical Approximately 75% of MLC patients have an autosomal
cysts (MLC) (MIM #604004) is a neurodegenerative  recessive inheritance with mutations in the MLCI gene
(Leegwater et al. 2001; Boor et al. 2005), which codes
X. Capdevila-Nortes and E. Jeworutzki share first authorship. for a putative membrane protein of unknown function
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expressed mainly in astrocyte junctions (Teijido et al.
2007; Duarri et al. 2011). Searching for MLC1 binding
proteins to identify candidate genes underlying MLC
in patients without mutations in MLCI, Glial CAM was
identified as a major MLCI interaction partner; mutations
in GLIALCAM result in MLC (Lopez-Hernandez et al.
2011a). Patients with recessive mutations in GLIALCAM
(MLC2A, MIM #611642) have the same clinical pre-
sentation as MLCI gene mutated patients (van der
Knaap et al. 2010). The explanation for this similarity of
clinical phenotypes was recently revealed by the studies
of Mlcl and Glial CAM KO models in mice and zebrafish
(Hoegg-Beiler et al. 2014; Sirisi et al. 2014; Dubey et al.
2015). Thus, based on these studies, both types of patients
share mislocalization of the MLC1/Glial CAM protein
complex in astrocytic junctions. Interestingly, patients
with dominant mutations in GLIALCAM were associated
with transient features of MLC (MLC2B, MIM #613926)
for unknown reasons.

By means of membrane split-Tobacco etch virus
protease (TEV), a biochemical assay to quantify inter-
actions of membrane proteins (Capdevila-Nortes et al.
2012) and Foerster resonance energy transfer experiments,
it was shown that GlialCAM interacts directly with
MLCI1, and that it is necessary for its targeting to
astrocyte—astrocyte junctions (Lopez-Hernandez et al.
2011b). In addition, Glial CAM protects MLC1 from end-
oplasmatic reticulum-associated degradation, behaving
as an MLCI1 chaperone (Capdevila-Nortes et al. 2013).
Most GlialCAM proteins containing mutations found
in MLC patients are able to interact with and
stabilize MLC1, although they are unable to localize
GlialCAM properly and, consequently, fail to direct
MLC1 to cell-cell junctions (Arnedo et al. 2014b).
Split-TEV studies indicated that these trafficking-defective
mutants show a reduced ability to cis-homo-oligomerize
(Lopez-Hernandez et al. 2011b; Capdevila-Nortes et al.
2013; Arnedo et al. 2014a).

Triggered by the finding that Glial CAM but not MLC1
is expressed in oligodendrocytes (Favre-Kontula et al.
2008), a search for additional Glial CAM binding partners
revealed that GlialCAM also interacts with the CIC-2
Cl™ channel and directs the channel to cell junctions,
just as it does for MLC1 (Jeworutzki et al. 2012). In
addition, GlialCAM modifies the functional properties
of the CIC-2 mediated Cl~ current, increasing current
amplitudes and changing rectification and activation
properties (Jeworutzki et al. 2012) by affecting the
common gate (Jeworutzki et al. 2014). The fact that
MLC-related GLIALCAM mutations impair the targeting
of CIC-2 to cell junctions without affecting the interaction
with the channel or the modification of CIC-2 functional
properties suggested that, with respect to CIC-2, its
targeting to junctions is the physiologically most relevant
function of Glial CAM (Jeworutzki et al. 2012; Arnedo et al.
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2014a). Moreover, CLCN2 mutations found in patients
suffering from a form of leukodystrophy characterized by
white matter oedema, visual impairment and infertility
suggest a direct role for human CIC-2 in the ionic homeo-
stasis of myelin (Depienne et al. 2013; Di Bella et al. 2014)

In the present study, we performed a systematic analysis
based on domain-deletions, chimeras and scanning
mutagenesis to identify the regions of Glial CAM that are
necessary and sufficient for its diverse functional inter-
actions. We tested for biochemical interactions by means of
recently developed methods (Capdevila-Nortes etal. 2012)
(split-TEV) (Fig. 1A), cellular biology studies aiming to
quantify the amount of protein at the cell junctions (based
on fluorescence intensity profiles) (Fig. 1B) and detailed
electrophysiological analyses (Fig. 1C) using whole-cell
patch-clamp and two-electrode voltage-clamp techniques
to investigate the impact of GlialCAM constructs on the
CIC-2 slow gating mechanism. From our results, we were
able to propose a model to explain the regulation of CIC-2
and MLC1 by Glial CAM.

Methods
Molecular biology

Plasmids were constructed using standard molecular
biology techniques employing recombinant PCR and
the Multisite Gateway System (Invitrogen, Carlsbad, CA,
USA). The integrity of all cloned constructs was confirmed
by sequencing. For localization studies in HeLa cells, rat
CIC-2 was tagged at the C-terminus with three copies of the
human influenza haemagglutinin (HA) epitope, human
MLC1 was HA-tagged at the N-terminus and human
wild-type GlialCAM or the different constructs were flag
tagged at their C-terminus (three flag copies) and cloned
into the pCDNA3 vector (Invitrogen). For patch-clamp
studies in human embryonic kidney (HEK) cells, rat CIC-2
was C-terminally fused to green fluorescent protein (GFP)
(Jeworutzki et al. 2012). All cDNAs are from human origin
except CIC-2. We use the almost identical rat clone that
exhibits better functional expression and is also modified
functionally by Glial CAM (Jeworutzki et al. 2012).

Transfection and immunofluorescence in transfected
cells

HEK 293A and Hela cells were grown in Dulbecco’s
modified Eagle’s medium containing 10% (v/v)
fetal bovine serum (Sigma, St Louis, MO, USA),
1% glutamine and 1% penicillin/streptomycin at
37°C in a humidity controlled incubator with 5%
CO,. Cells were cultured as described in accordance
with the manufacturer’s instructions (http://tools.
invitrogen.com/content/sfs/manuals/293acells_man.pdf)
and transfected with Transfectin Lipid Reagent (Bio-Rad,
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Madrid, Spain). Twenty-four hours after transfection,
the cells were split and transferred onto glass-coverslips
in Petri dishes and experiments were performed after
an additional 2448 h. For CIC-2, MLCI and Glial CAM
localization studies, we performed immunofluorescence
staining of cells. They were fixed with phosphate-buffered
saline (PBS) containing 3% paraformaldehyde for 15 min,
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Figure 1. Methods used to investigate the structural
determinants of the GlialCAM protein in its interactions with
MLC1 and CIC-2

A, typical example of split-TEV experiments used to detect
interactions between CIC-2 and Glial CAM. 4F2hc is used as a
negative control. Futher details are provided in the Methods. A,
typical experiment of immunofluorescence and intensity profiling
(inset) used to detect the localization in cell-cell junctions of CIC-2
co-expressed with GlialCAM. C, electrophysiological analyses
performed to reveal the functional modification of CIC-2 currents by
GlialCAM. Details are explained in the methods section. The voltage
protocol used in Xenopus oocytes is shown below the current trace.
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blocked and permeabilized with 10% FBS and 0.1%
Triton X-100 in PBS for 2 h at room temperature.
Primary antibodies were diluted in the same solution
and incubated overnight at 4°C. Cells were washed and
incubated for 2 h at room temperature with secondary
antibodies. Coverslips were mounted in Vectashield
medium (Vector Laboratories, Burlingam, CA, USA) with
1.5 ug ml~! 4’6-diamidino-2-phenylindole (Sigma) and
visualized using a DSU spinning disk confocal microscope
(Olympus, Tokyo, Japan).

Pairs of immunostained cells were analysed manually
to determine whether or not the staining was present
in junctions. Intensity profile analysis was used to
discern between junctional and plasma membrane
localization. This was carried out by quantification of
the fluorescence at cell—cell contacts versusthe fluorescence
at the cell membrane in contact free zones using Image
J (http://rsbweb_nih_gov/ij). For this purpose, a straight
line was drawn across a pair of cells and the fluorescence
profile across the line was calculated with Image J. The
position of the cell membranes was identified by the
peaks of the profile and the intensity was averaged in
a region of +/— 3 pixels around the peaks, resulting in
F,, the fluorescence at the contact free membrane of cell
1; F,, the fluorescence at the contact free membrane of
cell 2; and Fc, the fluorescence at the cell-cell contact.
The relative fluorescence at the contact versus the contact
free zones, Fy, was defined as Fr = Fc/(F; + F,). Thus,
if the Fr value is >1, the cell is considered as having
the immunolabelled protein concentrated at junctions.
This criterion was used to determine the percentage of
localization of the respective proteins in junctions. For
determination of statistical significance between groups,
an unpaired Student’s ¢ test was used. Data are provided
as the mean & SEM.

Split-TEV method

The Split-TEV assay was performed exactly as described
previously (Lopez-Hernandez et al. 2011b; Capdevila-
Nortes et al. 2012; Jeworutzki et al. 2012). Briefly, TEV
protease was divided into two fragments: the TEV-N
(residues 1-118) and the TEV-C (residues 119-242). We
fused the TEV-N fragment, the TEV protease recognition
site and the chimeric transcription factor GV to the
C-terminus of MLC1, CIC-2 and Glial CAM in a pCDNA3
vector containing a cytomegalovirus promoter. In
addition, we fused the TEV-C fragment to the C-terminus
of wild-type Glial CAM, as well as its derivative constructs
studied. All proteins with the TEV-C fragments were
cloned in a pCDNAG6.2/V5-pL Dest, containing the herpes
simplex virus thymidine kinase (HSV-TK) promoter,
to obtain low to moderate levels of expression. The
non-interacting protein 4F2hc was used as a negative
control.
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HeLa cells were transiently transfected with the
corresponding cDNA constructs. The total DNA trans-
fected was 2 ug, with the ratios: 0.75 pg of each
protein containing the TEV-N and the TEV-C fragments,
0.3 pg of the reporter gene pNEBr-X1GLuc and 0.2 ug
of the pCMV-BGal vector, which was used to monitor
transfection efficiency. After 48 h, 20 ul were removed
from the supernatant of the cells and Gaussia luciferase
activity was measured ina TD-20/20 luminometer (Turner
BioSystems, Madison, WI, USA) after the addition of
20 uM of native coelenterazine. To normalize the data,
cells were solubilized and 30 ] of the cell lysates were used
to measure the S-galactosidase enzyme activity using the
Luminiscent 8-Galactosidase Detection Kit II (Clontech,
Palo Alto, CA, USA) in the same luminometer. For
determination of statistical significance between groups,
an unpaired Student’s ¢ test was used. Data are provided
as the mean & SEM.

Electrophysiology

Oocytes were obtained by surgery of Xenopus frogs and
the follicular layer was enzymatically removed as described
previously (Estevez et al. 2003). This study was performed
in accordance with a protocol reviewed and approved by
the Ethics committee of the Istituto di Biofisica in full
compliance with Italian national guidelines. Oocytes were
kept at 18°C in a solution containing (in mm) 90 NaCl,
2 KCl, 1 MgCl,, 1 CaCl, and 10 Hepes/NaOH (pH 7.5).
Usually, for CIC-2, 5 ng of cRNA/oocyte were injected. To
study the CIC-2/GlialCAM complex, 1.25 ng of cRNA of
Glial CAM wild-type or variant cRNA was co-injected with
CIC-2. Under standard conditions, cells were perfused
with (in mm): 100 NaCl, 5 MgSO, and 10 Hepes/NaOH
(pH 7.3).

For patch-clamp experiments, fluorescent HEK-293
cells, expressing CIC-2-GFP with or without GlialCAM
constructs, were measured with an extracellular solution
containing (in mM): 140 NaCl, 2 MgSOy, 2 CaCl, and
10 Hepes/NaOH (pH 7.3), using the standard patch-clamp
technique. Intracellular solution was (in mm) 130 NaCl,
2 MgSQOy, 2 EGTA and 10 Hepes/NaOH (pH 7.3). With
2 mM EGTA, the free calcium concentration of the intra-
cellular solution was verylow, thus precluding activation of
endogenous calcium activated conductances. The fusion
of GFP to the C-terminus of CIC-2 does not influence its
activity (Jeworutzki et al. 2012).

To confirm the specificity of the CIC-2 mediated
Cl™ currents in voltage- and patch-clamp experiments
with different co-expressed constructs, at the end of the
experiment, current blockade by iodide was assessed
(Grunder et al. 1992; Thiemann et al. 1992). Data
were acquired at room temperature with the custom
acquisition software GePulse (http://users.ge.ibf.cnr.
it/pusch/programs-mik.htm) and with a Turbotec 03
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amplifier (NPI, Tamm, Germany) for Xenopus oocytes
and with an EPC-7 amplifier (List Medical, Darmstadst,
Germany) for whole-cell patch-clamp recordings.

To quantify the effect of the various constructs on CIC-2,
we first estimated the constitutively active conductance
under resting conditions by applying a short pulse to
60 mV. Then we activated CIC-2 with a 3 s long pulse
to —140 mV (2 s long pulse to —120 mV for HEK
cells), followed by a tail pulse to 60 mV. The current
deactivation during the tail pulse is well described by a
double exponential function of the form:

as exp <—T—tf> + as exp (—;i)

I(f) = I+ (Imax — I
() SS+( a SS) af—"—as

where I is the (extrapolated) steady-state current, being
proportional to the constitutive open probability, and
Imax 1s the maximal activated current by the preceding
hyperpolarizing pulse. The decaying part of the current
is described by fast and slow time constants, 7y and
T, and their respective relative amplitudes, af and a;.
The parameters I,,x and I are indicated in Fig. 1C.
The most relevant parameter quantifying the effect of the
various Glial CAM constructs on the common gate of
CIC-2 is provided by the ratio I/, For determination
of statistical significance, Student’s ¢ test was used. Data
are provided as the mean £ SEM.

Results
Deletion studies in Glial CAM

To obtain an initial idea about which Glial CAM segments
are involved in protein interaction and targeting to
cell—cell junctions, we performed several deletions in the
Glial CAM molecule and first studied their localization
in junctions after expressing them. Examples for some
selected constructs are provided in Fig. 2A. Quantification
of targeting to cell-cell junctions is shown in Fig. 2B.
We also studied the localization of MLC1 or CIC-2 after
co-expressing with the deletion construct (Fig. 2B). As
expected, deletion of the whole extracellular N-terminus
domain (AN) or the Ig domains (AIgV or AIgC2)
completely abolishes Glial CAM localization in junctions
(Fig. 2B), although the protein without IgV or IgC2
retained the ability to traffic to the plasma membrane
(Fig. 2A). Similarly, MLC1 or CIC-2 co-expressed with
these GlialCAM deletion constructs were not detected in
cell—cell junctions (Fig. 2B). Deleting the extracellular
domain or the IgV domain dramatically reduced, but
did not completely abolish, the ability to interact with
Glial CAM, MLC1 or CIC-2 (Fig. 2C). However, because
protein levels of these deleted constructs were reduced
compared to wild-type GlialCAM (Fig. 4A), we cannot be

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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sure whether this defect is the result of reduced protein and AC(398), were still able to arrive at cell-cell junctions,

expression. although at reduced levels compared to wild-type protein
Deleting the whole C-terminus of GlialCAM also  (Fig. 2B). These C-terminal truncations also affected
dramatically inhibits its localization in junctions (Fig. 2B).  the junctional localization of their associated proteins

Two sequential truncations of the C-terminus, AC(331) MLC1 and CIC-2 (Fig. 2B). However, the junctional
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Figure 2. Deletion mutants of GlialCAM

A, typical immunofluorescence images of Hela cells transfected with representative GlialCAM deletion mutants.
Scale bar = 20 um. For clarity, a scheme of the GlialCAM molecule is provided, showing the two immuno-
globulin folds present in the N-terminal domain of the molecule and the transmembrane and the C-terminus
domains. B, using representative images from three to nine independent experiments, the localization of Glial CAM
(n = 124-459 cells), MLC1 (in co-transfection with GlialCAM constructs; n = 116-224 cells) and CIC-2 (in
co-transfection with GlialCAM constructs; n = 77-160 cells) was quantified. Statistical analyses were performed
as described in the Methods. C, split-TEV interaction studies. Cells were transfected with Glial CAM, MLC1 or CIC-2
fused to the N-terminal TEV fragment, the TEV recognition substrate and the transcription factor GV. They were
also transfected with the indicated deletion construct fused to the C-terminal TEV fragment. The non-interacting
protein 4F2hc fused to the C-terminal TEV fragment was used as a negative control. Fold interaction was calculated
by dividing the signal from the construct by the signal transfected only with the GV-fused construct. The result is
representative of at least six independent experiments. Unpaired Student’s multiple comparison tests were used
comparing with the negative control protein 4F2hc. *P < 0.05; **P < 0.01. ns, not significant.

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society



4170

X. Capdevila-Nortes and others

A
TacA chim-GlialCAM TacA chim-MLC1 TacA chim-CIC-2
.5 *kk 8 T
k3]
©
@
S
o
(e}
[T
GTTTGTG G TTTGTG G TTTGT G EXT
G TTGTGT G TTGTGT GTTGTGT T™
G TGTTGG G TGTTGG G TG TT G G INT
B TaCA chimeras MLCA ClC-2
gso . N 80 Hkk 80 Hkk
©
c
3.40 [ 40 40 I
c o N -
o ns ns ns ns ns
BN 0 - W 0 ns g s ns 0 .
GTTTGT G GTTTGTG G TTTGT G EXT
GTTGTGT G TTGTGT GTTGTGT T™
G TGTTGG G TGTTGG TG T TG G INT
C . .
Hep2 chim-GlialCAM Hep2 chim-MLC1
c *kk 8 * *
916 *kk
812 - ns ns
2 g e 4 NSNS ng
5 4 ns
o
“ o 0
GHHHGHGG GHHHGHGG®G HHHGHGG EXT
GHHGHGHG GHHGHGHG GHHGHGHG T™
GHGHHGG GHGHHGGH HGHHGGH INT
D ClC-2

80

40

% in junctions

ns Nns ns ns

GHHHGHGG HHHGHGG EXT
GHHGHGHG GHHGHGHG T™
GHGHHGGH HGHHGGH INT

Figure 3. Interaction and localization studies of GlialCAM chimeric proteins

Chimeric proteins are labelled with the nomenclature: G, GlialCAM domain; T, Tac domain; H, HepaCAM2 domain.
We exchanged the N-terminus extracellular domain (EXT), the transmembrane domain (TM) and the C-terminus
intracellular domain (INT). For example, chimera GTG contains the extracellular and the intracellular domains
of GlialCAM and the transmembrane domain of TacA. For clarity, the extracellular domain is shown in grey. A
and C, split-TEV interaction studies for of TacA chimeras (A) or HepaCAM2 chimeras (C). Cells were transfected
with GlialCAM, MLC1 or CIC-2 fused to the N-terminal TEV fragment, the TEV recognition substrate and the
transcription factor GV. They were also transfected with the indicated chimera fused to the C-terminal TEV
fragment. The non-interacting protein 4F2hc fused to the C-terminal TEV fragment was used as a negative
control. Fold interaction was calculated as in Fig. 2. The result is representative of eight independent experiments
for GlialCAM, twelve independent experiments for MLC1 and six independent experiments for CIC-2. Unpaired
Student’s multiple comparison tests with the negative control protein 4F2hc were used. *P < 0.05; **P < 0.01;
**Pp < 0.001. B and D, trafficking studies of TacA chimeras (B) or HepaCAM2 chimeras (D), expressed alone
or co-transfected together with MLC1 or CIC-2. Pairs of double-transfected cells contacting each other were
analysed manually and proteins scored for localization in cell—cell junctions by intensity profile quantifications. Data
represent the mean of four to 13 independent experiments, corresponding to 449-742 cells (TacA), 135-296 cells
(TacA+MLC1), 124-202 cells (TacA+CIC-2), 232-574 cells (HepaCAM2), 100-159 cells (HepaCAM2+MLC1) and
172-314 cells (HepaCAM2+CIC-2). D, HHG and HGG chimeras are marked in grey, which are located in junctions
when expressed alone, whereas the corresponding TacA chimeras (TTG and TGG) are not. Unpaired Student’s
multiple comparison tests were performed using the TacA (B) or the HepaCAM2 (D) proteins in comparison.
*P < 0.05; **P < 0.01; **P < 0.001. ns, not significant.
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localization of CIC-2 was affected less compared to MLC1
or GlialCAM when co-expressed with the GlialCAM
C-terminus deletion constructs (Fig 2B) (Jeworutzki et al.
2012). Because protein levels of the C-terminal deletions
were similar or even higher [AC(331)] (Fig. 4A), we
compared their ability to homo- and hetero-oligomerize
by split-TEV studies (Fig. 2C). The results obtained
indicated that the C-terminus could be deleted without
abrogating homophilic (with itself) or heterophilic
(with MLC1 or CIC-2) cis-interactions (in the same
cell).

Chimeric proteins containing GlialCAM segments

To further improve our knowledge of the role of the
different segments of Glial CAM, we constructed chimeric
proteins, fusing the different segments of Glial CAM
(N-terminus, transmembrane domain, C-terminus) to
two different membrane proteins with the same topology:
the human IL-2 receptor (TacA) (Eicher et al. 2002; Rickert
et al. 2005; Worch et al. 2010) and the closest human
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homologue of Glial CAM, HepaCAM2 (Klopfleisch et al.
2010), which, similar to other [gCAM molecules, is also an
oligomeric protein (Freigang et al. 2000; Soroka et al. 2003)
(demonstrated by split-TEV studies; data not shown). We
chose to base the chimeric constructs on two different
proteins (TacA/HepaCAM?2) to detect possible differences
that may depend on the oligomerization state of the
selected proteins. Chimeras were designated with a three
letter code: for example, chimera ‘GTT is composed of
the extracellular N-terminus of Glial CAM (first letter) and
the transmembrane domain (second letter) and the intra-
cellular C-terminus (third letter) from TacA.

Almost all TacA-chimeras showed similar expression
levels (Fig. 4B). We addressed their ability to interact
with GlialCAM, MLCL1 or CIC-2 (Fig. 3A). Exchanging
the extracellular domain of TacA with that of Glial CAM
restored the ability to interact with GlialCAM, MLC1
or CIC-2 (chimeric protein GTT) (Fig. 3A). Similar
results were observed for HepaCAM?2 chimeras (Fig. 3C).
However, because the expression levels of the different
HepaCAM?2 chimeras differ (Fig. 4C), the quantitative

A GlialCAM deletions E
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Figure 4. Expression and protein levels of the
different constructs of GlialCAM B TacA chimeras
A, Hela cells were transfected with the indicated 95 kD -] %] i
GlialCAM deletion mutants, extracts were obtained & . ‘ : l B @
and immunodetected by western blotting using flag 72 kDa- . Flag g5
antibodies. Actin was used as a loading control. The s5kDa. | ™ - 2
result is representative of four independent §
experiments. B and C, Hela cells were transfected
with the indicated Glial CAM (G)-TacA (T) chimeric 53 kDa- “.. B-Actin = | |
mutants and Glial CAM (G)-HepaCAMZ (H) chimeric GTGTGT T EXT G T G T G T T EXT
mutants, extracts were obtained and GTTTTGG T™ g ¥ ¥ ('g é (T?‘ g |TNMT
immunodetected by western blotting using flag G TTGGTGIIN
antibodies. The N-terminal domain is indicated in
grey. Actin was used as a loading control. The result is
representative of four independent experiments. In all C HepaCAM2 chimeras
experiments, the presence of different bands may be
a result of the presence of SDS-resistant oligomers or 95 kDa- ; "
possibly degradation products. The signal from 72 kDa- T Flag 5
several experiments was quantified using ImageJ and 55 kD ' 2
normalized using wild-type protein. Relative units of & - 5
expression are shown for each construct. For T
determination of statistical significance between 53kDa- @ e v v v v o @ S-Actin . =
groups, an unpaired Student’s t test was used. GHHHGHGG EXT B " H H G & EXT
*P < 0.05; **P < 0.01; **P < 0.001. ns, not GHHGHGHG ITNMF G HHG HGHGTM
GHGHHGGH G HGH H G G HINT

significant. Data are the mean + SEM.
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results of the interaction should be interpreted with
caution. In any case, from these interaction studies,
we conclude that the extracellular domain of GlialCAM
is capable of independently mediating homophilic and
heterophilic cis-interactions.

We next addressed the localization in junctions of the
different TacA and HepaCAM2 chimeras expressed alone
(Fig. 3B and D, respectively). Although TacA chimeras
required both the extracellular and intracellular segments
of GlialCAM to be localized in junctions (construct
GTG), HepaCAM2 chimaeras were located in cell—cell
junctions after simply exchanging the C-terminus with
that of GlialCAM (chimeras HHG or HGG; shown in
grey in Fig. 3D). Similar to the TacA chimeras, the
HepaCAM?2 chimera containing the extracellular and
intracellular segments of GlialCAM (GHG) was also
localized in junctions. Thus, the extracellular HepaCAM?2
Ig domains appear to be able to mediate trans-homophilic
(between different cells) interactions, and are able to
arrive at junctions if aided by the C-terminus of
Glial CAM.

We next tested the ability of the chimeras to direct MLC1
and CIC-2 to cell-cell junctions. Chimeras containing
the extracellular and intracellular segments of Glial CAM
(GTG, GHG) were able to localize MLC1 and CIC-2 to
cell-cell junctions (Fig. 3B and D). Interestingly, even
though the HepaCAM2 chimeras HHG and HGG by
themselves are localized in junctions, they cannot direct
MLCI1 or CIC-2 to junctions (Fig. 3D); this shows that the
extracellular domain of GlialCAM is the most important
region for a stable interaction with MLCI and CIC-2 in
junctions.

We also conclude, from the different TacA and
HepaCAM?2 chimeras, that the transmembrane segment of
Glial CAM is not capable of mediating either strong homo-
or heterophilic interactions or localization to cell—cell
junctions.

The C-terminus mediates targeting to cell—cell
junctions when fused to oligomeric proteins

From the GlialCAM deletion studies, we conclude that
the C-terminus is important for Glial CAM clustering.
This result may indicate that that the C-terminus by
itself could be able to mediate the targeting to cell—cell
junctions. On the other hand, chimera HHG but not
chimera TTG is localized in cell-cell junctions (Fig. 3B
and D, left), suggesting that the C-terminus alone
cannot mediate cell-cell junction targeting. Alternatively,
for the C-terminus to be able to mediate targeting
to junctions, it should be present in a higher-order
oligomeric protein because TacA is dimeric, whereas
HepaCAM2 is oligomeric, similar to other CAM molecules
(Soroka et al. 2003).
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To test this hypothesis, we fused the C-terminus of
Glial CAM to another unrelated protein, the human CD4
molecule, which is monomeric, and to a CD4 to which
a tetramerization coiled-coil sequence (cc) was added at
the C-terminus (Yuan et al. 2003). To confirm that these
new fusion proteins were able to interact, we performed
split-TEV experiments (Fig. 5A). The results suggest that
the addition of a cc segment to CD4 (with or without the
C-terminus of Glial CAM) transformed the CD4 molecule
from a monomeric to an oligomeric state, probably
tetrameric (Yuan et al. 2003).

We next addressed the localization of the different
CD4 chimeras, which contained the cc sequence or
the C-terminus of GlialCAM either alone or together.
The results from these experiments revealed that the
C-terminus of GlialCAM was able to redirect the CD4
chimera to cell-cell junctions but only when fused to
CD4 containing a tetramerization domain cc sequence
(Fig. 5B). However, the amount of the CD4cc C-terminus
Glial CAM chimera in cell—cell junctions was much smaller
than that of the HepaCAM2 C-terminus GlialCAM
chimera (Fig. 3D), possibly because Hepacam?2 may also
form trans interactions similar to other CAM molecules
(Soroka et al. 2003).

Electrophysiological analysis of CIC-2/Glial CAM
deletions and chimeras reveals a functional role
of the transmembrane domain

Glial CAM activates CIC-2 currents and completely
changes the rectification properties from a slowly
activating, inwardly rectifying phenotype to almost time
independent instantaneous currents (Jeworutzki et al.
2012). Further studies showed that GlialCAM activates
CIC-2, as well as other CLC channels, by stabilizing the
open configuration of the common gate (Jeworutzki et al.
2014). Thus, in the present electrophysiological studies, we
focused on determining the ratio of the constitutive open
probability at positive voltages and the maximal activable
activity evoked by a hyperpolarizing stimulus. For CIC-2
alone, this ratio is <<1, whereas, with co-expression
of wild-type GlialCAM, this ratio is close to 1 (Figs 6A
and 7A). Because ion channel activity may differ between
transfected cells and Xenopus oocytes, we used both
systems for all the mutants studied (HEK cells: Fig. 6;
oocytes: Fig. 7). As shown in Fig. 1C, cells were first pulsed
to + 60 mV to obtain a relative estimate of the open
probability at resting conditions. The subsequent pulse
to =120 mV (HEK cells) or —140 mV (Xenopus oocytes)
activates all CIC-2 channels that are still activable by hyper-
polarizing voltages. The tail pulse to + 60 mV results in
a partial deactivation with reproducible kinetics and can
be well described by a double exponential function (see
Methods). The parameter I,y is a relative measure of the

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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expression level. The ratio of the (extrapolated) steady
state current (I ) and the initial, maximal current (I.x),
L/ Imax, represents the above-mentioned ratio of the
constitutive open probability and the maximal activable
activity (Jeworutzki et al. 2014). This ratio, Iis/Imax, reflects
the stabilization of the common gate, and is thus a
measure of the strength of interaction between CIC-2 and
Glial CAM.

Our first aim was to find which parts of the Glial CAM
molecule were required to activate the CIC-2 Cl™ channel.
We analysed all constructs that previously showed an inter-
action with CIC-2 (by the Split-Tev method; shown in
grey in Figs 6 and 7). As a control, we also included some
constructs that did not exhibit interaction.

As reported previously (Jeworutzki et al. 2012),
deletions within the C-terminus of GlialCAM did not
affect the activation of the CIC-2 channel (Fig. 6A). As
suggested by previous studies with mutations found in
MLC patients (Jeworutzki et al. 2012; Arnedo et al. 2014a),
deleting the first immunoglobulin domain (IgV) also
did not influence CIC-2 activation (Fig. 6A). However,

60 -

Fold interaction

Figure 5. Oligomerization-dependent
targeting role of the C-terminus of
GlialCAM

A, split-TEV studies addressing homo-oligomer
formation by the CD4 protein after fusing the
tetramerization cc sequence alone or together
with the C-terminus of GlialCAM. The
non-interacting protein 4F2hc fused to the
C-terminal TEV fragment was used as a
negative control. Fold interaction was calculated
as in Fig. 2. The result is representative of four
independent experiments. Statistical analyses
were performed as described in the Methods
using the non-interacting 4F2hc protein as a
negative control. B, trafficking studies of
CD4-fused proteins. Pairs of double-transfected
cells contacting each other were analysed
manually and scored for localization at cell—cell
junctions by intensity profile quantifications.
Data represent the mean of four or five
independent experiments, corresponding to
265-428 cells. Scale bar = 20 um. Unpaired
Student’s multiple comparison tests were
performed using the CD4 protein as a
comparison. **P < 0.001. ns, not significant.

CD4
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deletion of the membrane proximal IgC2 domain reduced
the activation properties of the channel, although not
completely (Fig. 6A). Similar results were obtained in
Xenopus oocytes (Fig. 7A).

We next studied the TacA and HepaCAM2 chimeras.
Interestingly, a TacA chimera containing the extracellular
and the C-terminal domain of GlialCAM (GTG), which is
able to interact and localize to cell—cell junctions similar
to wild-type protein (Fig. 3A and B), was unable to
modify CIC-2 currents similar to GlialCAM (Fig. 6B).
Furthermore, analysis of the CIC-2 deactivation properties
indicated that the channel co-expressed with this chimera
shows almost no constitutive open probability, and also
exhibits an even stronger rectification and more complete
deactivation compared to that of CIC-2 expressed alone
(Fig. 6B). Similar results were obtained for the GTG
chimera in oocytes (Fig. 7B) and also for the analogous
HepaCAM?2 chimera GHG (Figs 6C and 7C for HEK
cells and oocytes, respectively), which interacts with
CIC-2 and direct the channel to cell-cell junctions
(Fig. 3). Furthermore, chimera GGH, which contains the
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transmembrane domain of Glial CAM and had the ability
to interact (Fig. 3C), partially rescued CIC-2 activation
(Figs 6Cand 7C).

Hence, the transmembrane domain may mediate most
of the functional effects of Glial CAM and even contain

an important interaction site with the common gate of
CIC-2.
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Mutagenesis studies to dissect the putative
transmembrane interaction site of Glial CAM
with the CIC-2 common gate

To analyse further which specific amino acids of the
transmembrane domain mediated these functional effects,
we mutated amino acids three at a time to alanine
and performed functional measurements (Fig. 8A), as
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Figure 6. Whole-cell patch-clamp studies of the deletion and chimeric Glial CAM constructs

A, deletion constructs. B, TacA chimeric constructs. C, HepaCAM2 chimeric constructs. CIC-2-GFP was
co-expressed with the indicated constructs. A long hyperpolarizing pulse at —120 mV followed by a 5 s pulse at
+ 60 mV was applied, as indicated. Typical example current traces of the indicated construct are plotted against
time. The dashed line corresponds to the value of the currents at the resting potential. The deactivation kinetics
at + 60 mV was analysed with a double exponential function and the ratio of /s and /max at + 60 mV is shown
(n = 5-12 mean =+ SEM experiments per construct). Student’s t tests were used comparing cells expressing CIC-2
and wild-type GlialCAM protein. *P < 0.05; ***P < 0.001. Chimeras showing a positive interaction by split-TEV

studies are indicated in grey, as in Fig. 34 and C.
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described for the deletion and chimeric constructs (Figs 6
and 7).

Interestingly, only mutating the first three amino acids
to alanine completely abolished the functional ability of
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the GlialCAM molecule to activate the CIC-2 channel
expressed in HEK cells (Fig. 8B) or in Xenopus oocytes
(Fig. 8C). As a control, we also investigated whether these
alanine mutants showed deficits in their trafficking to
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Figure 7. Two-electrode voltage-clamp studies in Xenopus oocytes of the deletion and chimeric

GlialCAM constructs

A, deletion constructs. B, TacA chimeric constructs. C, HepaCAM2 chimeric constructs. rCIC-2 was co-expressed
with the indicated constructs. A long hyperpolarizing pulse at —140 mV followed by a 5 s pulse at + 60 mV
was applied, as indicated. Typical example current traces of the indicated construct are plotted against time. The
dashed line corresponds to the value of the currents at the resting potential. The deactivation kinetics at + 60 mV
was analysed with a double exponential function and the ratio of /s and /max at + 60 mV are shown (n > 6
mean =+ SEM experiments per construct). Student’s t test was used comparing cells expressing CIC-2 and wild-type
GlialCAM protein. *P < 0.05; ***P < 0.001. Chimeras showing a positive interaction by split-TEV studies are

indicated in grey, as in Fig. 3A and C.
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cell—cell junctions. However, as suggested by our previous ~ Discussion
studies (Fig. 3), mutations in the transmembrane domain
did not affect the localization of Glial CAM or CIC-2 to
cell—cell junctions (Fig. 8D).

We have analysed the contribution of the regions of
GlialCAM that are necessary to perform its biochemical
functions: interactions with itself and with their associated
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Figure 8. Alanine-scanning mutagenesis of the transmembrane domain of GlialCAM

A, scheme of the GlialCAM molecule, showing the two immunoglobulin folds in the extracellular domain and
the sequence of the predicted transmembrane (TM) domain. TM amino acids are shown in groups of three, and
numbered according to its position. B, ratio of /max to ls for CIC-2 co-expressed with wild-type GlialCAM or
different alanine mutants in the TM, measured by whole-cell patch-clamp (n > 9 experiments per construct).
Student's t tests was used to compare data sets of every construct co-expressed together with CIC-2 against
CIC-2/Glial CAM wild-type. *P < 0.05; **P < 0.001. C, examples of current traces of non-injected oocytes (n.i.),
CIC-2 expressed alone or co-expressed with GlialCAM and two representatives Alanine mutants (123 and 789)
from TEVC experiments on Xenopus oocytes. D, CIC-2 was co-expressed with GlialCAM containing the mutation
Ala123 in Hela cells, and both proteins were detected by immunofluorescence. A typical picture from three
independent experiments is shown. Scale bar = 20 um.
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proteins MLC1 and CIC-2, trafficking to cell-cell junctions The extracellular domain of GlialCAM can mediate
and modulation of CIC-2 mediated currents. Based on  independently cis-homophilic and cis-heterophilic inter-
these new data and on previous results, we propose a  actions. We have not been able to detect differences in
schematic model for the interaction between these  the mode of interaction between these proteins, although
three associated proteins at the plasma membrane  MLC1 and CIC-2 bear no sequence similarity. Because
(Fig. 9). MLC1 and CIC-2 interact with Glial CAM through similar
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or in complex
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Figure 9. Current working model of the functional interaction between GlialCAM and the chloride
channel CIC-2 or the membrane protein MLC1

The model presents a summary of the interactions between Glial CAM, MLC1 and CIC-2 in glial cells. The N-terminus
of GlialCAM, containing two immunoglobulin domains (IgV and IgC2), is essential for trans- and cis-homophilic
(red arrows) and heterophilic interactions (green arrows). The first three amino acids of the transmembrane domain
(SLY) are important for the CIC-2 current activation role of GlialCAM (blue arrow). The GlialCAM C-terminus is
not essential for interactions but is required for the correct trafficking of GlialCAM to cell-cell junctions, probably
by interactions with the cytoskeleton (yellow arrow).
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regions, it may be that, in vivo, in a cell expressing all
three proteins, competition to occupy the same inter-
action surfaces exists. Previous experiments suggest that
the interaction between MLC1 and GlialCAM, which
is required for MLCI to be localized in the plasma
membrane, occurs at the level of the endoplasmic
reticulum (Capdevila-Nortes et al. 2013). By contrast,
CIC-2 can travel to the plasma membrane independently
of GlialCAM (Cornejo et al. 2009). This result may
explain why astrocytes, which express all three proteins,
exhibit CIC-2 activity as if it was not interacting with
GlialCAM (strongly inward rectifying) (Ferroni et al.
1997; Makara et al. 2003; Jeworutzki et al. 2012). The
functional properties of CIC-2 were only changed after
Glial CAM overexpression in astrocytes (Jeworutzki et al.
2012). Considered together with the results of the pre-
sent study, we suggest that the levels of Glial CAM free to
interact with CIC-2 may be limited by MLCI or Glial CAM
sequestering.

Furthermore, we suggest that the extracellular domain
of GlialCAM is also able to mediate trans-homophilic
interactions (between Glial CAM molecules from different
cells) and that it is required for the proper localization
of GlialCAM (and associated proteins) in cell—cell
junctions. Thus, it could be speculated that dominant
mutations in GLIALCAM found in MLC2B patients
affect these frans-interactions, although direct evidence
is still lacking. Homophilic trans-interactions have also
been observed for other related members of the same
family (Yan et al. 2007). However, we do not consider
that there are trans-interactions between Glial CAM from
one cell and CIC-2/MLC1 from the other cell, in
agreement with recent localization data using cell mixing
experiments (Hoegg-Beiler et al. 2014). Nevertheless,
there is the possibility that a Glial CAM/MLC1 complex
in one cell interacts with a Glial CAM/CIC-2 complex
in a neighbouring cell via homophilic Glial CAM
trans-interactions. This hypothesis agrees with the results
obtained in MLC1 knockout mice, where mislocalization
of MLC1, an astrocytic protein, leads to the mislocalization
of CIC-2 in oligodendrocytes (which are devoid of MLC1)
(Hoegg-Beiler et al. 2014)

Although the C-terminal domain of Glial CAM is not
necessary for the formation of Glial CAM oligomers or
for the interaction with MLCI1 or CIC-2, it is necessary
for the proper localization in cell—cell junctions. Deleting
the C-terminus of GlialCAM completely abolishes the
localization in junctions of GlialCAM and MLCI,
although some CIC-2 is still present in cell—cell junctions
(Jeworutzki et al. 2012). Based on previous results, we
speculate that the C-terminus may mediate intracellular
interactions with the cytoskeletal actin network, which
could help to anchor the complex in regions of defined
cell—cell contact regions (Moh et al. 2009). CIC-2 could
have additional interactions with actin that may perform
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the same function, as has also been described previously
(Ahmed et al. 2000).

In the present study, we tested and confirmed
the hypothesis that the role of the C-terminus in
mediating localization in cell—cell junctions depends on
the oligomerization state of the CAM protein. We envisage
that the localization of GlialCAM/associated proteins
in cell-cell junctions can be described as a two-step
process. First, an adequate oligomerization state and low
affinity interactions between molecules from different
cells will be achieved through cis- and trans-homophilic
Glial CAM interactions. The formed complex will be
further stabilized with interactions of the C-terminus with
intracellular components, such as those present in the
actin cytoskeleton (Fig. 9). With these results in mind,
it can be hypothesized that recessive GLIALCAM mutants,
which have a reduced ability to cis-homo-oligomerize
(Lopez-Hernandez et al. 2011b), will have also a defect
in trafficking because, in part, the C-terminus inter-
action with intracellular components may be influenced
negatively by the defect in oligomerization.

Electrophysiological analyses of the different constructs
allows us to conclude that the first three amino acids of the
transmembrane domain mediate most of the functional
effects on CIC-2. Deletion of the IgC2 segment may
influence the functional properties of the channel in an
indirect manner through this region or by contacting
directly the extracellular regions of the channel. An
interesting finding is that chimeras in which the trans-
membrane domain of GlialCAM is exchanged by other
domains (GTG and GHG) did not activate the channel
but, instead, resulted in a more complete inactivation. This
shows that physical association of GlialCAM (or of these
chimeras) with CIC-2 per se is not sufficient to activate
the channel but is specifically mediated by the first part of
the transmembrane domain. Because GlialCAM appears
to modulate the common gating of CIC-2 (Jeworutzki
et al. 2014), mapping the interaction site of the trans-
membrane domain on CIC-2 may provide new insights
into the process of common gating. Apart from its role in
MLC disease and its interaction partners, little is known
about the function of MLC1 (Brignone et al. 2011; Duarri
et al. 2011; Ridder et al. 2011; Lanciotti et al. 2012;
Capdevila-Nortes ef al. 2013). Thus, we cannot conclude
whether Glial CAM also modifies the yet to be discovered
function of MLCI.

In summary, the findings of the present study offer
new clues about the biochemical relationships between
these three proteins involved in leukodystrophies.
This information will be wuseful for the design
of novel physiological experiments and for inter-
preting the results obtained from complex genetic
experiments. For example, a knock-in animal containing
mutations in the transmembrane domain of GlialCAM
could be useful for dissecting the specific role of the
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functional modification of CIC-2 currents in glial water
homeostasis.
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