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ABSTRACT The signaling mechanisms that regulate CLC anion channels are poorly understood. Caenorhabditis elegans
CLH-3b is a member of the CLC-1/2/Ka/Kb channel subfamily. CLH-3b is activated by meiotic cell-cycle progression and cell
swelling. Inhibition is brought about by GCK-3 kinase-mediated phosphorylation of S742 and S747 located on a ~176 amino
acid disordered domain linking CBS1 and CBS2. Much of the inter-CBS linker is dispensable for channel regulation. However,
deletion of a 14 amino acid activation domain encompassing S742 and S747 inhibits channel activity to the same extent as
GCK-3. The crystal structure of CmCLC demonstrated that CBS2 interfaces extensively with an intracellular loop connecting
membrane helices H and I, the C-terminus of helix D, and a short linker connecting helix R to CBS1. Point mutagenesis of
this interface identified two highly conserved aromatic amino acid residues located in the H-I loop and the first a-helix (a1) of
CBS2. Mutation of either residue to alanine rendered CLH-3b insensitive to GCK-3 inhibition. We suggest that the dephosphory-
lated activation domain normally interacts with CBS1 and/or CBS2, and that conformational information associated with this
interaction is transduced through a conserved signal transduction module comprising the H-I loop and CBS2 a1.
INTRODUCTION
Members of the CLC superfamily of anion transport
proteins are found in all major groups of life including arch-
aebacteria. CLC genes encode anion channels and Cl�/Hþ

exchangers and are expressed in plasma and intracellular
organelle membranes where they perform essential physio-
logical functions including transepithelial transport, regula-
tion of membrane potential, and regulation of cytoplasmic
and intraorganelle Cl� and Hþ concentrations (1,2).

CLC channels are homodimers. Each monomer forms an
independently gated protopore that is opened and closed by
a fast gating process. A common or slow gate opens and
closes both protopores simultaneously. A CLC monomer
comprises 18 a-helical domains (designated A–R). Helices
B through R span or are embedded in the membrane (1–5).

Eukaryotic CLC proteins have extensive cytoplasmic
C-termini that contain two cystathionine-b-synthase (CBS)
domains (6–9). The CBS domain is a highly conserved
50–60 amino acid motif found in numerous diverse proteins
(10). Mutations in CBS domains give rise to several diseases
(10) and alter CLC gating (6,11–17) indicating that they
play a critical role in protein structure/function.

The structural bases of CLC gating and ion transport
have been studied extensively. However, little is known
about the cell signaling and biophysical mechanisms that
regulate CLC activity. We have addressed this important
problem using the nematode Caenorhabditis elegans. The
C. elegans clh-3 gene encodes two CLC anion channel splice
variants, CLH-3a and CLH-3b, which are members of the
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CLC-1/2/Ka/Kb channel subfamily. CLH-3b is expressed
in the worm oocyte and is activated by meiotic cell cycle
progression and cell swelling (18). Activation requires
dephosphorylation mediated by type 1 phosphatases (19).
Phosphorylation-dependent channel inhibition is mediated
by the Ste20 kinase GCK-3 (20–22). GCK-3 is a homolog
of the SPAK and OSR1 kinases, which play key roles in
both cellular and systemic ion and water homeostasis (23).

CBS1 and CBS2 of CLH-3b are connected by a ~176
amino acid linker. The last 101 amino acids comprise a regu-
latory domain. GCK-3 binds to the regulatory domain via
a SPAK interaction motif (21). Inhibition of CLH-3b by
GCK-3 requires concomitant phosphorylation of S742 and
S747 (20).

Multiple CLC proteins are regulated by phosphorylation
as well as by intracellular nucleotide binding. How are
C-terminus signaling events transduced into changes in
CLC activity? The crystal structure of the eukaryotic
Cl�/Hþ exchanger CmCLC from the thermophilic red
alga Cyanidioschyzon merolae (5) provides possible
insights. CBS2 of CmCLC interfaces extensively with
a short intracellular loop connecting membrane helices H
and I, the C-terminus of membrane helix D and a short
linker connecting membrane helix R to CBS1. The interface
has a shape complementarity index, which is a measure of
how well two protein domains fit together, similar to the
interface between an antibody and antigen. This suggests
that the interaction is highly specific and functionally signif-
icant and therefore may provide a signal transduction
pathway for regulating CLC function.

The goal of the current studywas to identifyCLH-3b struc-
tural components important in phosphorylation-dependent
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regulation.Wedemonstrate thatmuch of the ~176 amino acid
inter-CBS linker is dispensable for channel regulation.
However, deletion of a 14 amino acid domain encompassing
the two regulatory phosphorylation sites inhibits channel
activity to the same extent asGCK-3.Mutation of a conserved
tyrosine residue in the intracellular H-I loop or a conserved
histidine residue located in the first a-helix of CBS2 prevents
GCK-3-mediated channel inhibition. We suggest that the 14
amino acid domain in the inter-CBS linker of CLH-3b
interacts with one or both CBS domains when it is dephos-
phorylated, and that phosphorylation disrupts this interaction
leading to conformational changes that inhibit channel
activity. We also suggest that the H-I loop/CBS2 interface
serves to transduce cytoplasmic C-terminus conformational
information to channel membrane domains. Our studies
provide novel, to our knowledge, molecular insights into
long-range intraprotein signaling in CLC channels.
MATERIAL AND METHODS

Transfection and whole cell patch-clamp
recording

Human embryonic kidney (HEK293) cells were cultured and patch

clamped as described previously (24). Cells were transfected using

FuGENE 6 or X-tremeGENE HP (Roche Diagnostics, Indianapolis, IN)

with 1.0 mg GFP, 1.5–3 mg CLH-3b, and 1.5–3 mg GCK-3 ligated into

pcDNA3.1. Point and deletion mutations were generated using QuikChange

Lightning Site-Directed and Multi Site-Directed mutagenesis kits (Agilent

Technologies, Santa Clara, CA). All mutations were confirmed by DNA

sequencing. Experimental protocols were performed on at least two inde-

pendently transfected groups of cells.

Transfected cells were identified by GFP fluorescence and patch clamped

using a bath solution containing 90 mM NMDG-Cl, 5 mM MgSO4, 1 mM

CaCl2, 12 mM Hepes free acid titrated to pH 7.0 with CsOH, 8 mM Tris,

5 mM glucose, 95 mM sucrose, and 2 mM glutamine (pH 7.4, 310 mOsm),

and a pipette solution containing 116 mM NMDG-Cl, 2 mM MgSO4,

20 mM Hepes, 6 mM CsOH, 1 mM EGTA, 2 mM ATP, 0.5 mM GTP,

and 10 mM sucrose (pH 7.2, 275 mOsm). Cells were swollen by exposure

to a hypotonic (250 mOsm) bath solution that contained no added sucrose.

Patch electrodes were pulled from 1.5 mm outer diameter silanized boro-

silicate microhematocrit tubes; electrode resistance ranged from 4 to 8 MU.

Currents were measured with an Axopatch 200B (Axon Instruments, Foster

City, CA) patch clamp amplifier. Electrical connections to the patch clamp

amplifier were made using Ag/AgCl wires and 3 M KCl/agar bridges. Data

acquisition and analysis were performed using pClamp 8 software (Axon

Instruments).
Quantification of CLH-3b current properties

Whole cell currents were elicited by stepping membrane potential from

a holding voltage of 0 mV to test voltages of �140 to þ60 mV in 20 mV

increments. Test voltages were maintained for 1 s and cells were then

returned to the holding voltage of 0 mV for 1 s. CLH-3b is strongly

inwardly rectifying and does not exhibit tail currents due to rapid inactiva-

tion at positive potentials. Current-to-voltage plots were therefore used to

estimate channel activation voltage (i.e., the voltage at which current acti-

vation is first detected) (21). A line was first drawn by linear regression

analysis of currents measured between 0 and 60 mV where channel activity

is low. A second line was then drawn by linear regression analysis of

currents measured between the first test voltage at which inward current
was detected and a second voltage 20 mV more negative. The point at

which these two lines intersect is defined as the activation voltage.

The kinetics of hyperpolarization-induced activation of CLH-3b are

described by either mono- or biexponential fits describing slow or fast

and slow time constants, respectively. The nature of the fit is dictated by

channel phosphorylation (21). To simplify presentation and interpretation

of activation kinetics under different experimental conditions, time

constants are not used. Instead, the time required for whole cell current

to reach 50% activation when membrane voltage is stepped from 0 to

�100 mV for 1 s is quantified. This time is defined as the 50% rise time.
Production of recombinant inter-CBS linker
protein

The inter-CBS linker (amino acids 619–793) was cloned into the bacterial

expression vector pET47b(þ) (Novagen, Darmstadt, Germany) resulting in

a 197 amino acid (~22 kD) construct that included an N-terminal His tag

and an HRVC protease cleavage site. The linker construct was transformed

into Rosetta 2(DE3) competent cells (Novagen) and expressed using the

Overnight Express Autoinduction System 1 (Novagen). Bacterial cells

were grown at 22�C to a final culture volume of 400 ml.

Approximately 1 g of bacterial pellet was lysed in 16 ml of Bugbuster

Protein Extraction Reagent (Novagen) and inclusion bodies were purified

according to the manufacturer’s instructions. Protein was bound to Ni-

NTA His-Bind resin (Novagen) under denaturing conditions (100 mM

sodium phosphate buffer, 8.0 M urea, 10 mMTris, pH 8.0), washed 10 times

with 1 ml of binding buffer and then dialyzed against 100 mM sodium phos-

phate buffer, 10 mM Tris, pH 8.0. The resin-bound protein was then washed

10 times with 1 ml of 20 mM imidazole in 50 mM phosphate buffer,

300 mM NaCl, pH 8.0, followed by 10 1 ml washes of 75 mM imidazole,

and finally eluted with four 1 ml aliquots of 250 mM imidazole and two

1 ml aliquots of 300 mM imidazole. Each elution fraction was collected

into a tube containing 1 ml of the elution buffer to keep the protein concen-

tration low and prevent aggregation. Eluates were analyzed for purity by

SDS-PAGE gel electrophoresis before they were pooled for the final dial-

ysis into 200 mMNaCl, 50 mMTris, 10% glycerol, pH 7.5. Protein concen-

trations were estimated using SDS-PAGE gel electrophoresis with 22 kD

protein standards and by Coomassie Blue Plus (Thermo Fisher Scientific,

Rockford, IL) protein assay. The protein was concentrated to 1 mg/ml before

analysis using 4 ml capacity centrifugal filter units with a 10 kD molecular

mass cutoff (Millipore, Cork, Ireland).
Circular dichroism (CD) measurements

CD spectra of the linker protein were recorded on a Jasco J-810 system

(Jasco, Easton, MD) at room temperature in a 0.1 cm path length cell.

Data were collected from 190 to 260 nm at a scanning speed of 50 nm/min.

The raw CD signal in millidegrees was converted to molar ellipticity [q]

using the relationship:

½q� ¼ 100ðsignalÞ
ðCnlÞ ;

where n is the number of amino acid residues, C is the protein concentration

in mM, and l is the path length in cm.
Statistical analyses

Electrophysiological data are presented as mean 5 SE. n represents the

number of patch-clamped cells from which CLH-3b currents were

recorded. Statistical significance was determined using Student’s t-test for

unpaired means.
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RESULTS

The distal C-terminus of CLH-3b is not required
for regulation by GCK-3 or cell swelling

Fig. 1 A shows a schematic diagram of the organization of
CLC membrane-associated a-helices and the cytoplasmic
C-terminus of CLH-3b. We first deleted the last 156 amino
acids of CLH-3b downstream from CBS2 to determine if
the distal C-terminus was required for channel regulation.
Wild-type (WT) and D846-1001 mutant channels were
coexpressed with kinase dead or WT GCK-3 and current
properties were measured before and 1 min after cell
swelling was induced by exposure to a 250 mOsm bath solu-
tion. GCK-3 reduced current amplitude, hyperpolarized
channel activation voltage, and slowed voltage-dependent
activation kinetics (Fig. 2). Cell swelling reversed these
effects (Fig. 2). The GCK-3 and swelling-induced changes
in the functional properties of the D846-1001 mutant were
not significantly (P > 0.3) different from those of WT chan-
nels. We conclude therefore that the distal C-terminus of
CLH-3b is not required for regulation of CLH-3b by either
GCK-3 or cell volume changes.
Structural properties of the inter-CBS linker
domain

Fig. 1, B and C, show details of the ~176 amino acid inter-
CBS linker containing the GCK-3-binding motif (21) and
two regulatory phosphorylation sites, S742 and S747 (20).
Several protein structure analysis programs (e.g., DisEMBL
Disopred, FoldIndex, Disprot, PONDR) predicted that the
inter-CBS linker is largely disordered. Fig. 3 A shows
Biophysical Journal 103(8) 1706–1718
PONDR analyses (25) for this domain. Two small regions
had low PONDR scores suggesting that they are relatively
structured compared to the rest of the protein. The first
region includes the GCK-3-binding motif (RFLI; amino
acids 668–671; 21).

Amino acids 734–753, which encompass the regulatory
phosphorylation sites S742 and S747, had near-zero
PONDR scores. When S742 and S747 were substituted
with glutamate, which mimics the effects of phosphoryla-
tion on channel activity (20), the PONDR scores increased
suggesting an increase in disorder.

We generated a recombinant protein encompassing amino
acids 619–793 (Fig. 3 B) and used CD to directly assess the
overall structural characteristics of the inter-CBS linker.
Fig. 3 C shows CD spectra for a WT linker and a mutant
linker in which S742 and S747 were mutated to glutamate.
Glutamate substitution had no obvious effect on CD spectra
indicating that phosphorylation is unlikely to cause large-
scale secondary structure changes in the linker. However,
phosphorylation could induce secondary structure changes
in small domains within the linker that are not detectable
by CD spectroscopy.

The overall properties of the spectra suggest that the
linker contains little secondary structure. We used K2D3
(26) software to analyze the spectra. This software predicts
protein secondary structure from a CD spectrum by
comparing it to spectra theoretically derived from over
16,000 protein chains with known structure. The software
predicted that ~62% of the linker comprises random coil.
However, it should be noted that the error associated with
this estimate is likely to be high. The K2D3 software
compares a queried CD spectrum with the most similar
FIGURE 1 CLH-3b structural features. (A)

Schematic diagram showing organization of the

membrane-associated domain of a CLC protein

monomer and cytoplasmic C-terminus of CLH-

3b. Rectangles indicate a-helices. Regions of

helices highlighted in red function in channel

gating and to coordinate Cl� within the ion-con-

ducting pore. R-helix is connected to CBS1 via

a short cytoplasmic linker (green). (B) Model

showing putative interface of CLH-3b intracellular

domains with membrane-associated domains.

Interface features are based on the crystal structure

of CmCLC (5). CBS1 and CBS2 dimerize to form

a Bateman module. Helices D, F, N, and R form the

Cl� (red circles) conducting pore of a CLC mono-

mer. CBS2 interacts with the R-helix linker

(green), the C-terminus of the D-helix, and an

intracellular loop (black) connecting helices H

and I, which form part of the interface between

two CLC monomers. The inter-CBS linker is

shown in purple. (C) Diagram of inter-CBS linker

domain. Linker is ~176 amino acids long (amino

acids 615–790) and contains a highly charged

motif, a GCK-3-binding motif (RFLI), and two

regulatory phosphorylation sites, S742 and S747.



FIGURE 2 Effect of deletion of the distal C-terminus (D846-1001) on CLH-3b regulation. WT or D846-1001 mutant channels were coexpressed with

kinase dead or WT GCK-3. Current properties were measured before and 1 min after cell swelling in 250 mOsm bath medium. Changes in WT and

D846-1001 current amplitude (A), activation voltage (B), and 50% rise time (C) induced by GCK-3 and swelling were not significantly (P > 0.3) different.

Representative whole cell current traces for WT and D846-1001 channels coexpressed with GCK-3 before and 1 min after induction of cell swelling are

shown in the right panel of A. Values are mean 5 SE (n ¼ 4–5).
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CD spectrum in its data set and calculates the distance
between them over a given wavelength interval. The
distances between highly similar spectra are small and the
errors in structural predictions are therefore expected to be
correspondingly small. For the CLH-3b inter-CBS linker,
the distance between its CD spectrum and the most similar
spectrum in the K2D3 data set was above the maximal value
reported by the program. Because reference spectra are ob-
tained from protein chains with well-defined secondary
structure, this finding again suggests that the linker is largely
disordered.
Identification of regions within the inter-CBS
linker domain required for GCK-3 regulation

Deletion of linker amino acids 668–768, which includes the
GCK-3-binding motif and S742 and S747, generates a
mutant channel phenotype resembling that of WT CLH-3b
inhibited by GCK-3 (11). This observation suggested that
residues within the linker might interact with another
portion of the channel, and that phosphorylation or deletion
of this domain disrupts the interaction leading to inhibitory
conformational changes. However, the specific amino acids
involved in this putative interaction are unclear. Despite the
widely accepted importance of disordered domains in
protein regulation (27), it has been difficult to identify
motifs that are required for their function and that mediate
putative protein-protein interactions (28). We therefore
generated a series of deletion mutations to assess the role
of domains within the inter-CBS linker required for phos-
phorylation-dependent channel regulation.

A highly charged domain in the linker extends from
amino acids 635–651 (Fig. 1 C). Large deletions in this
domain (D628-647 and D648-667) or replacement of
multiple charged amino acids with alanine (Ala-636–647)
had little effect on channel regulation by GCK-3 (Table 1).

Deletion of a region containing the GCK-3-binding motif
(D668-687) and 22 amino acids immediately following this
region (D688-709) prevented channel inhibition by the
kinase (Table 1). To determine if the effect of the D688-
709 deletion was due to disruption of GCK-3 binding
and/or altered phosphorylation-dependent conformational
Biophysical Journal 103(8) 1706–1718



FIGURE 3 Biophysical properties of recombinant inter-CBS linker protein. (A) Prediction of disorder in the inter-CBS linker domain using PONDR (25).

Predictions were generated for WTand S742E/S747E linkers. PONDR scores were identical for the two proteins except for amino acids 728–760, which are

shown on the plot and contain the two regulatory phosphorylation sites (S742 and S747 shown in red). In the WT linker (black line), amino acids 734–753

have near-zero PONDR scores suggesting a high degree of order. Replacement of S742 and S747 with glutamate (red line) to mimic phosphorylation

increases the PONDR scores in this region suggesting an increase in disorder. The GCK-3-binding motif (RFLI; amino acids 668–671) is shown. (B)

SDS-PAGE gel of 1 mg of purified inter-CBS linker protein (amino acids 619–793). (C) Near ultraviolet CD spectra of WTand S742E/S747E mutant linkers.

Spectra indicate that the WT and S742E/S747E mutant linkers contain little secondary structure.
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changes, we replaced S742 and S747 with glutamate resi-
dues (i.e., D688-709/S742E/S747E), which fully mimics
phosphorylation (20). The glutamate for serine substitutions
in the D688-709 mutant significantly (P < 0.02) reduced
current amplitude, hyperpolarized activation voltage, and
slowed voltage-dependent activation kinetics (Table 1).

D708-727 and D769-777 mutant channels had WT prop-
erties and were inhibited by GCK-3 (Table 1). In contrast,
D728-748 and D748-768 mutants coexpressed with kinase
dead GCK-3 exhibited greatly reduced current amplitudes
(Fig. 4, A and B), hyperpolarized activation voltages
(Fig. 4 C), and greatly slowed activation kinetics (Fig. 4 D).
These properties resemble those of WT CLH-3b coex-
pressed with and inhibited by GCK-3 (see Fig. 2). Coexpres-
sion of D748-768 or D728-748 with GCK-3 had no further
inhibitory effect on channel properties (Fig. 4). Cell swelling
Biophysical Journal 103(8) 1706–1718
did not activate D728-748 and D748-768 mutant channels
coexpressed with the kinase (data not shown). These results
show that the region between amino acids 728–768 mediates
putative interchannel protein-protein interactions required
for phosphorylation-dependent inhibition.

Smaller deletions (Fig. 5 A) in the region containing
amino acids 728–768 were generated to identify the
minimal domain required for GCK-3-dependent channel
inhibition. D728-737, D752-759, and D760-768 mutants
exhibited largely normal kinase regulation (Table 1). In
contrast, deletion of amino acids 738–751, which includes
S742 and S747, resulted in a channel with functional prop-
erties similar to those of WT CLH-3b coexpressed with
GCK-3 (Fig. 5, B–D). We conclude that amino acids 738–
751 comprise an activation domain. Deletion or phosphory-
lation of this domain inhibits channel activity.



TABLE 1 Functional properties of inter-CBS linker domain mutants

Current @�140 mV (pA/pF) Activation voltage (mV) 50% rise time (ms)

Mutant �GCK-3 þGCK-3 �GCK-3 þGCK-3 �GCK-3 þGCK-3

D628-647 �360.4 5 26.2 �167.2 5 27.6 �40.0 5 1.1 �67.2 5 2.1 4.1 5 0.9 74.7 5 14.8

P < 0.0015 P < 0.0001 P < 0.02

D648-667 �403.9 5 39.5 �108.5 5 13.2 �36.2 5 0.8 �60.5 5 1.7 2.2 5 0.2 32.6 5 12.8

P < 0.0004 P < 0.0001 P < 0.05

Ala-636-647 �318.9 5 48.8 �122.4 5 14.8 �36.5 5 0.8 �58.5 5 1.1 3.0 5 0.2 59.1 5 5.3

P < 0.0001 P < 0.0001 P < 0.0001

D668-687 �299.0 5 42.4 �406.8 5 23.3 �35.7 5 0.6 �35.4 5 1.3 2.7 5 0.2 2.7 5 0.4

P > 0.1 P > 0.8 P > 0.99

D688-709 �362.3 5 14.8 �382.3 5 52.3 �33.8 5 0.7 �34.5 5 0.4 1.8 5 0.3 1.9 5 0.1

P > 0.7 P > 0.4 P > 0.8

D688-709/S742E/S747E �223.1 5 27.1* �43.7 5 1.1y 11.2 5 2.5z

D708-727 �404.9 5 43.8 �211.6 5 36.5 �34.7 5 0.4 �57.2 5 1.3 2.2 5 0.2 29.2 5 7.5

P < 0.01 P < 0.0001 P < 0.01

D769-777 �344.0 5 34.9 �66.7 5 10.7 �45.6 5 1.1 �65.5 5 0.3 15.6 5 2.7 79.4 5 5.3

P < 0.001 P < 0.0001 P < 0.0001

D728-737 �154.2 5 34.5 �60.0 5 12.8 �48.2 5 1.0 �66.7 5 0.8 15.1 5 2.4 56.3 5 10.2

P < 0.04 P < 0.0001 P < 0.01

D752-759 �134.3 5 23.0 �49.9 5 14.5 �43.5 5 1.1 �70.8 5 1.6 7.8 5 1.9 51.1 5 7.5

P < 0.02 P < 0.0001 P < 0.005

D760-768 �195.0 5 24.0 �91.1 5 6.0 �45.2 5 3.5 �62.8 5 2.9 6.2 5 1.8 66.0 5 5.6

P < 0.0007 P < 0.008 P < 0.0002

Values are mean 5 SE (n ¼ 3–12). Channels were coexpressed with either kinase dead GCK-3 (�GCK-3) or WT GCK-3 (þGCK-3).

*P< 0.005, yP< 0.0001, and zP< 0.02, and compared to D688-709 mutant. P values shown for all other mutants were generated by comparing to the mutant

channel expressed with kinase dead GCK-3.
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Conserved aromatic amino acid residues in CBS2
and the intracellular loop connecting membrane
helices H and I are essential for GCK-3 regulation

The linker connecting the C-terminus of the R-helix to
CBS1 of CmCLC (5) passes over and makes multiple close
contacts with CBS2. CBS2 also interacts with the D-helix
and a short intracellular loop connecting helices H and I
(H-I loop). Helices D and R form part of the CLC ion-con-
ducting pore (3,4) and the H and I helices contribute to the
interface between CLC monomers (4) (Fig. 1, A and B). We
used the CmCLC structure to design mutagenesis experi-
ments that would test the role of the CBS2/membrane
domain interface in phosphorylation-dependent regulation
of CLH-3b. Fig. 6 A shows molecular details of this inter-
face. CmCLC F273 is located on the H-I loop and faces
the first a-helix, a1, of CBS2. The distance between F273
and a1 is ~3.5 Å (5). F273 is conserved or exhibits conser-
vative substitution in many CLCs proteins (Fig. 6 B). The
equivalent amino acid in CLH-3b is Y232 (Fig. 6 B). We
mutated Y232 and neighboring amino acids to assess the
role of the H-I loop in signal transduction. Mutating Y232
to alanine completely prevented GCK-3-mediated channel
inhibition (Fig. 7). In contrast, V231A and F233A mutant
channels showed normal kinase regulation (Table 2).

The close apposition of the H-I loop to a1 of CBS2 sug-
gested that it may also play a role in phosphorylation-depen-
dent signal transduction. We therefore mutated H805, S809,
and L810 a1 to alanine (Fig. 6 A). The S809A mutant was
inactivated in the presence of GCK-3 (Table 2). GCK-3
had no significant (P > 0.5) effect on current amplitude of
the L810A mutant, but it did hyperpolarize activation
voltage and slowed voltage-dependent activation kinetics
(P < 0.0001; Table 2).

Activation voltage (Fig. 7 C) and 50% rise time (Fig. 7 D)
for the H805A mutant were unaffected (P> 0.2) by GCK-3.
However, current amplitude was significantly (P < 0.02)
reduced at membrane voltages of �80 to �140 mV (Fig. 7
B). It is possible that GCK-3 may regulate CLH-3b current
amplitude and voltage-dependent properties via distinct
mechanisms that are differentially sensitive to the H805A
mutation. Alternatively, reduced membrane expression of
the phosphorylated H805A mutant channel could account
for the apparent GCK-3-dependent reduction in current
amplitude. We tested these possibilities by swelling cells co-
expressing GCK-3 and the H805A mutant. Four minutes
after cell swelling was induced, the mean 5 SE relative
whole cell current measured at �100 mV was 0.96 5 0.03
(n ¼ 4), which was not significantly (P > 0.3)
different from 1. WT CLH-3b in contrast exhibits a three-
to fourfold increase in current amplitude under similar condi-
tions (24). We conclude therefore that the GCK-3 induced
reduction in H805A current amplitude reflects reduced
membrane expression rather than the existence of indepen-
dent mechanisms for regulating channel conductance and
voltage-dependent gating.

It is conceivable that the Y232A and H805A mutants
cannot be phosphorylated by GCK-3. To test for that
Biophysical Journal 103(8) 1706–1718
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FIGURE 4 Effect of inter-CBS linker deletions D728-748 and D748-768 on channel functional properties. Mutant and WT channels were coexpressed

with kinase dead or WT GCK-3. When coexpressed with kinase dead GCK-3, D728-748 and D748-768 current amplitudes (A and B), activation voltages

(C) and 50% rise times (D) were similar to those of GCK-3 inhibited WT channels. Coexpression of the deletion mutants with GCK-3 had no effect on

functional properties. Values are mean 5 SE (n ¼ 4–8).
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possibility, we bypassed the requirement for phosphoryla-
tion by mutating S742 and S747 to glutamate (20). Current
amplitude, activation voltage, and 50% rise time for the
triple mutant channels Y232A/S742E/S747E and H805A/
S742E/S747E were not significantly (P > 0.2) different
from those of the Y232A and H805A mutants expressed
with or without functional GCK-3 (Fig. 7). Thus, we
conclude that the Y232A and H805A mutant channels
cannot be inactivated by either phosphorylation or mutation
of regulatory phosphorylation sites to glutamate.

A short stretch of amino acids termed the R-helix linker
connects the C-terminus of helix R to the N-terminus of
CBS1. Several CLC crystal structures show that this linker
is ordered (5,7–9). In the CmCLC crystal, amino acids
Y526, M527, and P528 are located on the N-terminus of
the R-helix linker and in close proximity to a1 of CBS2
(Fig. 6 A). These amino acids are highly conserved in
eukaryotic CLCs and are typically considered to form the
C-terminus of the R-helix itself (7–9,29,30). Given their
conservation and apparent close association with CBS2,
we mutated the equivalent amino acids, Y540, L541, and
Biophysical Journal 103(8) 1706–1718
P542, to alanine. Y540A, L541A, and P542A mutants
were responsive to GCK-3 (Table 2).

The CmCLC crystal structure revealed a close interaction
between CBS2 and the C-terminus of membrane helix D
(Fig. 6 A) (5). The most C-terminal amino acid in the
D-helix of CLH-3b is R134. This amino acid aligns with
CmCLC S175, which lies close to a1 of CBS2 (Fig. 6 A).
Mutation of R134 to alanine had little effect on the respon-
siveness of CLH-3b to GCK-3 (Table 2).
DISCUSSION

Regulatory phosphorylation sites have been identified in
the cytoplasmic N- and C-termini of CLC-1, CLC-2, and
CLC-3 (31–35). However, there is as yet no clear under-
standing of the physiological context under which phosphor-
ylation-dependent regulation occurs, the signaling pathways
that mediate changes in the protein phosphorylation state,
and the molecular mechanisms by which phosphoryla-
tion induces changes in the activity of these CLC proteins.
Detailed understanding of phosphorylation-dependent



A B

DC

FIGURE 5 Effect of deletions in inter-CBS linker amino acids 728–768 on CLH-3b functional properties. (A) Sequence of amino acids 728–768 and sche-

matic diagram showing location of 8–14 amino acid deletions. (B) Current amplitudes, (C) activation voltages, and (D) 50% rise times for WT CLH-3b

coexpressed with functional GCK-3 and the D738-751 mutant coexpressed with kinase dead GCK-3. Functional properties of the WT and mutant channels

were not significantly (P > 0.1) different. Values are mean 5 SE (n ¼ 6–11).
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regulation of CLCs has been hampered by contradictory
results due to species, splice variant, and/or experimental
differences.

We have exploited our extensive understanding of CLH-
3b function and regulation to gain insights into how phos-
A B

FIGURE 6 Structural and sequence features of CLC intracellular domains. (A)

domains with CBS2. Intracellular loop connecting membrane helices H and I (ye

a1 of CBS2 (red) are shown. Numbers indicate CmCLC amino acids that were u

acids are identified in the lower left corner and the equivalent residues mutated

Chimera software. (B) Alignments of CLH-3b membrane helices H and I and

CmCLC. Red shows Y232 in CLH-3b and F273 in CmCLC.
phorylation of the cytoplasmic C-terminus regulates
channel activity. Previous studies (11) as well as the current
work (Fig. 4) show that deletion of a region within the inter-
CBS linker encompassing the regulatory phosphorylation
sites S742 and S747 inhibits CLH-3b. This indicates that
Ribbon diagram showing interface of CmCLC membrane and intracellular

llow), membrane helix D (green), N-terminus of R-helix linker (purple), and

sed to guide point mutation studies in CLH-3b. The specific CmCLC amino

in CLH-3b are shown in parentheses. Figure was generated using UCSF

intracellular loop connecting them with various CLC proteins including
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FIGURE 7 Effect of the H-I loop mutation Y232A and the CBS2 a1 H805A on CLH-3b regulation. Y232A and H805Amutant channels were expressed in

the presence of kinase dead or functional GCK-3. Current amplitudes (A and B), (C) activation voltages, and (D) 50% rise times of Y232A and H805A

mutants. Activation voltage and 50% rise times are plotted on the same scale as data in Fig. 2, B and C, to facilitate comparison with WT CLH-3b activity.

Values are mean 5 SE (n ¼ 5–7). *P < 0.02 compared to H805A mutant expressed with functional GCK-3.
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the linker is required for maintaining CLH-3b in an active
state. The minimal activation domain is ~14 amino acids
long and extends from D738 to Q751 (Fig. 5).

Deletion of the activation domain inactivates CLH-3b to
the same extent as coexpression with GCK-3 (Figs. 4 and
5, B–D). The simplest interpretation of these data is that
the activation domain normally interacts with another part
of the channel and that phosphorylation or deletion disrupts
that putative interaction leading to channel inactivation. The
small size of the activation domain and the results of our
deletion studies (Table 1) suggest that it is unlikely that it
interacts with another part of the inter-CBS linker. Given
that CBS2 of CmCLC interacts in a highly specific manner
with membrane-associated domains of the channel (5), we
postulate that the most likely site for the putative activation
domain interaction is one or both CLH-3b CBS motifs.

CBS domains are found in numerous proteins from all
kingdoms of life and mutations in these motifs give rise to
diverse human diseases. The precise functions of CBS
domains are not well understood, but they are clearly
involved in protein regulation (10,36). For example, CBS
domains bind adenosyl compounds such as ATP, ADP, and
Biophysical Journal 103(8) 1706–1718
AMP, and this in turn modulates protein activity (37–39),
including the activity of CLCs (9,15,37,40–42). The CBS
domains of the MgtE Mg2þ transporter bind Mg2þ and
likely function as part of an intracellular Mg2þ sensor that
regulates transporter function (43). Recent studies on the
bacterial osmoregulatory organic osmolyte transporter
OpuA have shown that CBS motifs regulate the transporter
on/off state by binding in an ionic strength-dependent
manner to charged membrane domains (44).

CBS domains are ~50–60 amino acids long and have
a highly conserved secondary structure consisting of an
N-terminal b-strand (b1) followed by an a-helix (a1), two
b-strands (b2 and b3), and an a-helix (a2). They are typi-
cally present in proteins as two or four copies. Pairs of
CBS motifs associate to form a dimeric structure known
as a Bateman module or domain, and Bateman domains in
turn can interact to form oligomeric structures (5,7,9,10).

What mechanisms could mediate the putative regulated
interaction of the CLH-3b activation domain with CBS
motifs? One possibility is suggested by recent studies on
cystic fibrosis transmembrane regulator (CFTR). The
channel is activated by phosphorylation of S768, which is



TABLE 2 Functional properties of channels with mutations in the H-I loop, R-helix linker, D-helix, and a1 of CBS2

Current @�140 mV (pA/pF) Activation voltage (mV) 50% rise time (ms)

Mutant �GCK-3 þGCK-3 �GCK-3 þGCK-3 �GCK-3 þGCK-3

V231A �392.2 5 12.6 �125.4 5 43.5 �36.3 5 1.5 �66.7 5 1.1 4.0 5 0.6 94.6 5 6.2

P < 0.004 P < 0.0001 P < 0.0007

F233A �248.0 5 36.0 �133.9 5 20.0 �42.2 5 2.8 �69.1 5 1.1 2.6 5 0.7 12.3 5 4.1

P < 0.01 P < 0.0001 P < 0.03

Y540A �126.9 5 18.1 �61.3 5 7.9 �48.6 5 0.8 �84.9 5 3.5 4.0 5 0.4 22.6 5 2.7

P < 0.006 P < 0.0001 P < 0.0001

L541A �171.7 5 21.2 �83.1 5 13.0 �43.5 5 1.4 �84.0 5 2.9 2.9 5 0.4 9.2 5 1.7

P < 0.0012 P < 0.0001 P < 0.01

P542A �215.35 28.6 �47.2 5 16.2 �36.6 5 2.7 �62.1 5 2.9 1.7 5 0.2 20.7 5 3.4

P < 0.0002 P < 0.0001 P < 0.0008

R134A �158.3 5 20.8 �32.1 5 7.2 �29.4 5 0.5 �74.8 5 2.3 1.5 5 0.2 27.0 5 8.0

P < 0.0007 P < 0.0001 P < 0.013

S809A �191.3 5 67.3 �51.1 5 13.7 �33.0 5 1.1 �65.4 5 4.0 3.1 5 0.5 36.4 5 8.5

P < 0.03 P < 0.001 P < 0.02

L810A �290.8 5 43.7 �342.3 5 63.1 �31.6 5 0.9 �49.0 5 1.1 5.3 5 0.4 17.5 5 2.0

P > 0.5 P < 0.0001 P < 0.0001

Values are mean5 SE (n ¼ 3–10). Channels were coexpressed with either kinase dead GCK-3 (�GCK-3) or WT GCK-3 (þGCK-3). P values shown were

generated by comparing to the mutant channel expressed with kinase dead GCK-3.
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located in the cytoplasmic regulatory (R) domain. Mutagen-
esis and sulhydryl cross-linking studies suggest that unphos-
phorylated S768 forms a hydrogen bond with a histidine
residue located on a cytoplasmic loop of a membrane span-
ning domain. Phosphorylation disrupts the hydrogen
bonding and activates the channel (45).

S742 and S747 could conceivably form hydrogen bonds
with CBS domain amino acids when CLH-3b is active.
Phosphorylation would disrupt these hydrogen bonds result-
ing in channel inhibition. However, CLH-3b remains fully
activated when alanine, which is poorly reactive and does
not form hydrogen bonds, is substituted for S742 and
S747 (20). Similarly, channels in which S742 and S747
are replaced by phenylalanine, a bulky and strongly hydro-
phobic amino acid, remain fully active (H. Miyazaki and K.
Strange, unpublished).

As shown in Fig. 3, the isolated CLH-3b inter-CBS linker
appears to be largely unstructured, a finding consistent with
structural studies of CLC-0 and CmCLC (5,8,46). Intrinsi-
cally disordered domains are common in proteins and are
thought to play critical functional roles (27,28). It has
been suggested that unstructured domains located within
well-structured protein regions function to fish in or sample
a large volume of the cytoplasm for binding partners such as
kinases and phosphatases (27).

Phosphorylation sites occur predominately in disordered
domains (27,28). There is a growing body of work in diverse
proteins demonstrating that phosphorylation induces order-
to-disorder transitions or the converse in intrinsically disor-
dered domains, and that these transitions in turn modulate
function (47–51). For example, recent work on CFTR has
demonstrated that the R-domain is intrinsically disordered,
but contains small helical regions. R-domain phosphoryla-
tion, which is required for channel activation (52,53),
reduces the propensity of these regions to form helices
and this in turn reduces the interaction of the R-domain
with nucleotide-binding domain 1 (NBD1) (54).

Numerous structure prediction programs suggest that
although largely disordered, the CLH-3b inter-CBS linker
may also contain small, well-ordered helical regions. One
of these predicted helical regions encompasses much of
the activation domain (see Fig. 3 A). Interestingly, substitu-
tion of S742 and S747 with glutamate residues to mimic
phosphorylation (20) increases the PONDR scores and
hence predicted disorder in this region (Fig. 3 A). Although
highly speculative at this stage, phosphorylation may induce
an order-to-disorder transition in the activation domain
similar to that proposed for the R-domain of CFTR (54).
This in turn may disrupt interactions with CBS motifs
leading to channel inactivation. Clearly, extensive biochem-
ical and structural studies are required to determine if there
is a regulated interaction between activation and CBS
domains.

How could phosphorylation-dependent changes in CBS
conformation be transduced into changes in CLH-3b
channel activity? The CmCLC crystal structure demon-
strated close and apparently highly specific interactions
with the short loop connecting membrane helices H and I,
the C-terminus of membrane helix D, and a short linker con-
necting membrane helix R to CBS1 (5). Using the CmCLC
structure as a guide, we made mutations in each of these
interacting domains. Mutations in the R-helix linker or the
D-helix had no effect on the ability of GCK-3 to inhibit
CLH-3b (Table 2) suggesting that these domains may not
be important for signal transduction. In contrast, a single
point mutation in the H-I loop, Y232A, completely pre-
vented inhibition by GCK-3 or mutation of S742 and
S747 to glutamate (Fig. 7, A, C, and D).
Biophysical Journal 103(8) 1706–1718
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Y232 shows strong conservation or conservative substitu-
tion in CLH-3b, CmCLC, and various mammalian CLC
proteins (Fig. 6 B). Of importance, the H and I helices
form part of the subunit interface of the CLC homodimer
(4). The subunit interface is the site of multiple disease
causing mutations (55,56). Disease and site-directed inter-
face mutations alter CLC biophysical properties as well as
protein folding and trafficking. Studies on CLC-1 have
demonstrated that the subunit interface plays an important
role in common gating and may function in intersubunit
communication thereby allowing the common gate to close
both protopores simultaneously (57,58). The interface may
also play a role in Ca2þ-dependent regulation of CLC-K
channels (59). Given the functional importance of the
subunit interface then, it is logical to propose that it may
also function as at least one site at which CBS domain
conformational changes transmitted through the H-I loop
are transduced into changes in channel activity. An attrac-
tive and testable hypothesis is that phosphorylation-depen-
dent changes in the structural properties of the subunit
interface regulate CLH-3b common gating.

A phenylalanine residue at position 318 in CLC-7 aligns
with Y232 (Fig. 6 B). Mutation of F318 to leucine causes
a dominant form of osteopetrosis (60). Interestingly, the
F318L mutant expresses and traffics normally (60). This
observation suggests that F318L disrupts CLC-7 ion trans-
port or possibly its regulation by the accessory protein
Ostm1.

In CmCLC, the H-I loop lies close to a1 of CBS2 (5).
Consistent with this, we found that mutating H805 to
alanine renders the channel insensitive to GCK-3 or the
S742E/S747E double mutation (Fig. 7, B–D, and Results).
We conclude that CBS2 a1 plays a central role in phosphor-
ylation-dependent regulation of CLH-3b activity.

Of importance, H805 shows strong conservation in
eukaryotic CLC proteins. H805 aligns with H736 in
CLC-0, H838 in CLC-1, and H811 in CLC-2 (6). Mutating
these histidine residues to alanine causes striking changes in
the voltage-dependent gating properties of these three chan-
nels (6,13). Aromatic-aromatic amino acid interactions play
critical roles in protein structure/function (61). We postulate
that Y232 and H805 may interact directly and that this puta-
tive interaction represents a conserved signal transduction
module in CLC proteins.

In conclusion, our studies provide the first, to our knowl-
edge, detailed mechanistic insights into how structural
information associated with C-terminus phosphorylation is
transduced into changes in CLC channel activity. Although
our studies do not rule out the possibility that other CLH-3b
membrane-associated domains may also play a signaling
role, we suggest that a1 of CBS2 and the H-I loop represent
a critical phosphorylation-dependent signal transduction
module. This module may also be important in regulation
of CLC proteins by nucleotide binding (9,15,37,40–42)
and accessory proteins (60,62–64).
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