bioRxiv preprint doi: https://doi.org/10.1101/2022.05.12.491617; this version posted May 12, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Biophysical and functional characterization of K'-CI' co-transporters from

Drosophila melanogaster and Hydra vulgaris

Satoshi Fudo!, Marina Verkhovskaya!, Coralie Di Scala?, Claudio Rivera?, Tommi Kajander'#

nstitute of Biotechnology, University of Helsinki, Finland
2Neuroscience Center, University of Helsinki, Finland

#corresponding author: tommi.kajander@helsinki.fi


https://doi.org/10.1101/2022.05.12.491617
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.12.491617; this version posted May 12, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Abstract

The cation-chloride co-transporter (CCC) superfamily includes ion symporters, which co-
transport monovalent cations and Cl. CCCs have crucial roles in shaping signalling and neuronal
connectivity in the vertebrate brain. K*-Cl" co-transporters (KCCs) are a subfamily of CCCs and carry
out the symport of K™ and CI” ions across the plasma membrane. The KCC proteins are involved in
various physiological processes, such as cell volume regulation, transepithelial ion transport, synapse
formation and signal transmission, and blood pressure regulation.

Among KCCs, KCC2 has gained attention because of its unique and crucial functions in the
central nervous system neuronal network. Loss of activity of this transporter has been associated with
several neurological disorders including schizophrenia, epilepsy, and chronic pain.

On the other hand, only a limited number of studies of KCCs have been published for
invertebrates. Among invertebrate proteins, the Drosophila melanogaster KCC (DmKCC) has been
studied most and suggested critical for neuronal transmission. Also Cnidarian Hydra vulgaris has been
shown to have a functional KCC (HvKCC). Comparative analyses of these transporters with vertebrate
ones and understanding functional and biophysical aspects of them as a model system can help
understand the KCC mechanism of ion transport and its regulation and evolution broadly.

In this study, we chose DmKCC and HvKCC as model systems and purified DmKCC and
HvKCC from Sf9 insect cells and characterized their biophysical properties with differential scanning
fluorimetry and light scattering techniques. We tested their functionality using a fluorescence assay

and developed a method to measure recombinant KCC ion transport activity with flame photometry.
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Introduction

Members of the cation-chloride co-transporter (CCC) superfamily are secondary active ion
symporters, which co-transport cations (Na“ and/or K*) and CI" [1, 2]. CCCs have crucial roles in
shaping proper inhibitory signalling and neuronal connectivity in the vertebrate brain [3]. K*-CI" co-
transporters (KCCs) are a subfamily of CCCs that carry out the symport of K" and CI™ ions across the
plasma membrane. The KCC proteins are involved in various physiological processes, such as cell
volume regulation, transepithelial ion transport, neuroendocrine signaling, synapse formation and
signal transmission, and blood pressure regulation [1].

Among KCCs, which include KCC1-4 in most vertebrates [4], in particular KCC2 has gained
attention because of its unique and crucial functions in the central nervous system neuronal network
[5, 6]. The KCC2 protein is known to be responsible for maintaining low intracellular CI™
concentration at the postsynaptic membrane, which is indispensable for inhibitory signaling by the
GABAA receptor [7]. It is also involved in the development of dendritic spines on excitatory
glutamatergic synapses through the regulatory domains [8]. The involvement of KCC2 both in
excitatory and inhibitory synapses indicates its importance as one of the key molecules for proper
signal transmission in the brain. Loss of activity of this transporter has been associated with several
neurological disorders including schizophrenia [9], epilepsy [10], traumatic brain injury [11], and
chronic pain [12]. KCC2 is considered to be one of the drug targets towards treatment of these diseases
[13, 14].

KCC proteins consist of 12 transmembrane o-helix (TM) domain and N- and C-terminal
cytoplasmic domains (NTD and CTD). The TM domain is the actual ion transport domain, while NTD
and CTD are involved in regulation of transport activity for example through
phosphorylation/dephosphorylation of several residues in the domains [6, 15]. CTD is also known to
act as a binding scaffold to other proteins. Interactions of KCC2 CTD with Protein Associated with
Myc (PAM) [16] and PACSINI [17] regulate KCC2 expression positively and negatively, respectively,
and affect KCC2-mediated ion flux accordingly, while its interactions with 4.1N [8] and B-PIX [18]
are critical for proper dendritic spine formation. Recently, cryo-EM structures of different KCCs were
solved, showing an inward-open conformation of the TM domain in each structure [19-24]. Those
structures also revealed binding sites for K" and CI" with highly conserved residues coordinated to
those ions.

Because of the electroneutral nature of its ion transport, KCC activity has been analyzed by
measuring changes in intra- or extracellular ion concentration [6]. Early work on CCC transporter

activity was done with flame photometry [25]. More recently, TI* and 8Rb" ions have often been used
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as substitutes for K" to detect KCC activity. This is done by measuring fluorescence of T1"-sensitive
dye loaded into cells [26] or radioactivity of ®Rb" transported into cells [27, 28], respectively, while
NHa4" has also been employed as a K" surrogate to measure KCC activity [29]. On the other hand, the
measurement of intracellular Cl- concentration in response to KCC activity has been also done with
variable methods including gramicidin perforated patch clamp recording [30], single GABAA channel
and NMDA channel recording [31], soma-to-dendrite Cl- gradient [32], quinolinium halide-sensitive
indicators [33, 34], and genetically encoded Cl-sensitive indicators [35, 36]. Each of these methods to
measure KCC ion transport activity has its advantages and limitations, and therefore it will be still of
great benefit to develop alternative methods to detect KCC activity.

To date, only a limited number of studies of invertebrate KCCs have been done. Among the
invertebrate proteins, Drosophila melanogaster KCC (DmKCC) has been studied the most and
suggested to be critical for proper neuronal transmission in Drosophila [37, 38]. DmKCC is
homologous to mammalian KCC2 and can be inhibited by mammalian KCC2-specific inhibitor,
VU0463271 [39, 40]. Cnidarian Hydra vulgaris is another species which was shown to have a protein
mediating Na*-independent K*(TI") and CI transport (HvKCC) [41]. Although ion transport activity
of HVKCC appears to be significantly lower than Rattus norvegicus KCC2 (rat-KCC2), comparative
functional, biophysical and structural analyses of this and the DmKCC protein with KCCs from other
species could be of great use in order to understand the mechanism of ion transport and its regulation
by the KCC transporter family.

In this study, we chose DmKCC and HvKCC as model systems and tested their functionality
with a ratiometric Cl™-sensitive fluorescent probe [42]. We also developed a novel method to follow
ion transport activity of KCCs with flame photometry. In addition, we purified DmKCC and HvKCC
from Sf9 insect cells and characterized their thermal stability with differential scanning fluorimetry
(DSF) and size-exclusion chromatography-coupled multi-angle static laser light scattering (SEC-

MALLS).

Materials and methods

Plasmid construction

For insect cell expression, cDNAs coding Drosophila melanogaster KCC (DmKCC) variant B
(NCBI Reference Sequence: NM 166632.2), Hydra vulgaris KCC (HvKCC; NCBI Reference
Sequence: XP _012555566.1), and C-terminal domain-truncated HvKCC (HvKCC-ACTD) were PCR-
amplified with primers containing N-terminal 8xHis and FLAG tags and inserted into the pFastBacl
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vector, separately. For mammalian cell expression, cDNAs coding DmKCC, HvKCC and rat-KCC2b
were PCR-amplified with primers containing N-terminal FLAG tag and inserted into the pcDNA3.1(-)

vector, separately. The constructs were confirmed with DNA sequencing.

Baculovirus generation and protein expression

The pFastBacl vectors containing DmKCC, HvKCC, or HvKCC-ACTD genes were
transformed into E. coli DH10Bac cells, and the cells were plated on LB agar plates containing 50
pg/ml kanamycin, 10 pg/ml tetracycline, 7 pg/ml gentamycin, 40 upg/ml isopropyl B-D-1-
thiogalactopyranoside (IPTG), 100 pg/ml X-Gal and incubated for 24 h at 37 °C. Positive recombinant
colonies (white ones) were selected by the blue-white screening method. The white colonies were
picked and re-streaked on another plate and incubated for 24 h. Recombination was further confirmed
with colony PCR using M13 primers, and the recombinant bacmid DNA was then extracted. Sf9 cells
on a 6-well plate were transfected with the bacmid DNA using TransIT LT1 (Mirus Bio LLC). After
incubation at 27 °C for 5-6 days, low-titer virus stock was obtained. High-titer virus stock was obtained
by infecting Sf9 cells with the low-titer stock and shaking at 27 °C until the cell viability went below
50%.

For the potassium transport activity assay, Sf9 cells at 1.6 x 10° cells/ml were infected with the
high-titer virus stock with multiplicity of infection (MOI) of 2. At 60 h post-infection, the cells were
diluted with fresh culture medium to 2.0 x 10° cells/ml and used for the assay. For detergent
solubilization screening and protein purification, Sf9 cells at 1.5-2.0 x 10° cells/ml were infected with
the high-titer virus stock with MOI of 2. At 60 h post-infection, the cells were harvested by
centrifugation at 7000 x g for 10 min.

Potassium transport activity assay

S19 cells infected with baculovirus expressing DmKCC and HvKCC-ACTD were used. One
milliliter of the cell suspension (2.0 x 10° cells/ml) was centrifuged at 500 x g for 3.5 min, and then
the cells were resuspended in 1 ml of the assay buffer (200 mM MES/BTP, pH 6.2, 2 mM MgSOy).
The reaction was initiated by an addition of RbCl or RbNOs3 as indicated and after incubation for
different times at 20 °C, stopped by centrifugation at 4°C. Then the cells were washed with 1 ml of

500 mM ice-cold mannitol and centrifuged at 700 x g for 3.5 min. The cells pellet was resuspended in
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2 ml of Li-test solution, and K™ content was measured by flame photometry (PFM 234, Instrumentation

Laboratory) immediately.

Detergent solubilization screening

A cell pellet of infected Sf9 cells was resuspended in 10 mM Tris-HCI pH 7.5, containing
protease inhibitor cocktail. The cells were homogenized using a dounce homogenizer with 40 strokes.
The cell lysate was centrifuged at 6000 x g for 10 min at 4°C to pellet nuclei and unbroken cells. The
supernatant was centrifuged at 150,000 x g for 0.5 h at 4 °C. The resulting pellet was resuspended in
PBS plus 100 mM NaCl containing protease inhibitor cocktail. This suspension was then split into
aliquots, and each stock detergent solution was added at 1:10 v/v ratio to each aliquot so that each
sample contained the desired final concentration of each detergent. For a positive control, milliQ was
added instead of a detergent solution to an aliquot (total membrane fraction). The divided samples
were then rocked at 4 °C for 16 h. The samples were then centrifuged at 150,000 x g for 0.5 h at 4 °C.
The resulting supernatants, detergent-soluble fractions, were loaded on an SDS-PAGE gel. For the
positive control (total membrane fraction), the centrifugation step was skipped, and the suspension was
loaded on the gel. Proteins were subsequently transferred to PVDF membranes, blocked with 5% milk
solution and probed with a mouse anti-FLAG antibody followed by a goat anti-mouse IgG-HRP
(horseradish peroxidase)-conjugated antibody. The membrane was incubated with ECL Prime Western
Blotting Detection Reagent (GE Healthcare), and then protein bands were detected using ChemiDoc
XRS+ (Bio-Rad).

Protein purification

Cell pellets expressing KCC were resuspended in Lysis buffer (10 mM Tris, pH 7.5, 5 mM
MgCl,, 10 mM KCI, 0.001 mg/ml DNase I, protease inhibitor cocktail) and then centrifuged at 200,000
x g for 20 min. The pellet was resuspended in Lysis buffer, dounce-homogenized, and then centrifuged
at 200,000 x g for 20 min. This step one repeated one more time. The pellet was then resuspended in
High-salt buffer (10 mM Tris, pH 7.5, 5 mM MgCl;, 10 mM KCI, and 1 M NaCl), dounce-
homogenized, and centrifuged at 200,000 x g for 20 min. This step was repeated three more times.
The resultant pellet was resuspended in Solubilization buffer (50 mM Na phosphate, pH 7.5, 150 mM
NaCl, 50 mM KCI, 10% glycerol) and dounce-homogenized, and 10%/2% n-dodecyl-B-D-maltoside
(DDM) /cholesteryl hemisuccinate (CHS) stock solution was added to the sample so that the final
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concentration was 1%/0.2% DDM/CHS. The sample was rocked for 16 h at 4 °C and centrifuged at
170,000 x g for 15 min. The supernatant was incubated with Ni-NTA resin for 3 h at 4 °C in the
presence of 10 mM imidazole. The resin was loaded onto a column and washed with Wash buffer (50
mM Na phosphate, pH 7.5, 150 mM NacCl, 50 mM KCI, 10% glycerol, 0.02% DDM, 0.004% CHS, 30
mM imidazole). The KCC protein was eluted with Elution buffer (50 mM Na phosphate, pH 7.5, 150
mM NaCl, 50 mM KClI, 10% glycerol, 0.02% DDM, 0.004% CHS, 250 mM imidazole). The eluate
was concentrated to ~0.5 ml using an Amicon Ultra spin concentrator, 100 kDa cutoff
(MilliporeSigma) and run through a Superdex 200 10/300 column (GE Healthcare) with Running
buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 50 mM KCl, 0.015% DDM, 0.003% CHS, 5% glycerol).

Peak fractions were pooled and concentrated to 1.0 mg/ml.

Oligomerization state analysis

Size-exclusion chromatography-coupled multi-angle static laser light scattering (SEC-
MALLS) was used for characterizing oligomerization states of the purified protein. The protein sample
at 1.0 mg/ml was run through a Superdex 200 10/300 column (GE Healthcare) with Running buffer
(20 mM HEPES pH 7.4, 150 mM NaCl, 50 mM KCI, 0.015% DDM, 0.003% CHS, 5% glycerol) at a
flow rate of 0.3 ml/min with an HPLC system (Shimadzu), a MiniDAWN TREOS light scattering
detector, and an Optilab rEX refractive index detector (Wyatt Technology Corp.). Data were then
analysed with the protein conjugate program in ASTRA 6 software (Wyatt Technology Corp.).

Culture and transfection of HEK-293 cells

Human embryonic kidney 293 cells (HEK-293) were maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM), supplemented with 10% of fetal bovine serum and 50 IU.mL"! penicillin-
streptomycin. Cells were transfected with the appropriate pcDNAs using Lipofectamine reagent 2000
(Life Technologies) and used 40-44 hours after transfection. Briefly, the cells were placed in
suspension in Opti-MEM media (6 x 10° cells/mL) and mixed with 150 puL of Lipofectamine / DNA
complex. Lipofectamine/DNA complex was obtained by incubating 75 uL of Opti-MEM media with
3.5 uL of Lipofectamine reagent 2000 (mix A containing Lipofectamine 2000). The mix of 75 pL of
Opti-MEM and 0.75 pg of DNAs encoding constructs of interest (e.g. 0.5 pg of rat-KCC2 as positive
controla and mock-KCC (empty vector) as a negative control, DmKCC or HvKCC and 0.25 pg of
SuperClomeleon ; mix B containing DNA) was further prepared. Mixes A and B were mixed,

incubated for 20 minutes at room temperature and then incubated with freshly prepared HEK cell
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suspension. The cells were distributed into a 96-well plate and incubated at 37°C, 5% CO,. Then after
12 hours, transfection was terminated by substitution of 90% of the Opti-MEM media by fresh DMEM

media. Cells were used in the experiments 40-44 hours after transfection.

Fluorescent chloride assay

To determine the activity of the rat-KCC2, DmKCC and HvKCC, change in the fluorescence
emitted by the Cl" sensitive SuperClomeleon probe [42] in response to change in [Cl']i concentration
were recorded. Cells expressing rat-KCC2, DmKCC, HvKCC or the mock-KCC2 vector were loaded
with [CI]; by incubating them in solution containing high [K*], and [Cl],. This solution named “75K"
solution” (containing 148 mM CI- and 140 mM K" (in mM): 140 KCl, 10 HEPES, 20 D-glucose, 2
CaCly, 2 MgCly, pH 7.4, osmolarity adjusted to 300 mOsm by adding Na-gluconate) was diluted in
HEPES-buffered (HBS) solution (in mM) (140 NaCl, 2.5 KCl, 10 HEPES, 20 D-glucose, 2.0 CaCl,,
2.0 MgCl,, pH 7.4, osmolarity 300 mOsm, adjusted using NaCl). After 10 minutes of loading, a free
[K*]o (K" free solution containing 148 mM CI- and 0 mM K (in mM): 140 NaCl, 10 HEPES, 20 D-
glucose, 2 CaCly, 2 MgCly, pH 7.4, osmolarity adjusted to 300 mOsm by adding Na-gluconate) was
added in the extracellular media. The addition of the K" free solution changes the sum of
electrochemical gradients and provokes KCC-dependent extrusion of CI  and changes of [Cl]; This
triggers modification of the SuperClomeleon fluorescence and a decrease of the ratio of CFP/YFP
signal (Rcrp/yrp) that reflects the functionality of the studied KCC. The fluorescence was measured by
using a microplate reader (FluostarOptima, BMG Labtech) with two filter sets activated consecutively.
The first measurement was performed using filter set detecting CI™ sensitive fluorescence of YFP part
of the SuperClomeleon probe (excitation 500 nm, emission 560 nm) sensitive to Cl, and the second
measurement was performed using filter set detecting Cl- insensitive fluorescence of CFP part of the
SuperClomeleon probe (excitation 450 nm, emission 480 nm) non sensitive to Cl". The intervals
between measurements were 90 seconds. Non-transfected cells were used as control for background
fluorescence level. Each experiment was made in triplicate. The results were analyzed using Excel and

Graphpad Prism.

Protein structure modelling

The model for DmKCC was generated using the SwissModel server [43]. Several models
were generated with various KCC structure templates. A model generated with KCC3 dimer
structure (PDB ID: 6mly) as a template was chosen because KCC3 has the highest sequence identity
to DmKCC (60% identity in the modelled parts). The template structure had the bound K* and CI
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ions in the structure, and no other inhibitors, ligands or mutations that could potentially affect the
conformation are present, whilst differences are rather small and other templates could have also

been used. The GMQE and QMEAN scores for the model were 0.64 and -4.07, respectively.

Results and discussion
Protein expression and purification

Both of the HYKCC and DmKCC constructs were expressed by baculoviral expression from
Spodoptera frugiperda S9 cells, with final yields of 0.1-0.2 mg/l and 0.3-0.4 mg/l for HvKCC and
DmKCC, respectively. Solubilization screen indicated (Fig. 1) that overall, not much difference was
seen between tested maltoside detergents for DmKCC, whilst for the Hydra vulgaris protein results
indicated that the harsher B-octyl glucoside worked less well. Based on the results, DDM was chosen
for both proteins as initial detergent for purification. The HvKCC protein purified with DDM in
combination with CHS was in the dimeric state (Fig. 2), which is thought to be a functional form for
mammalian KCCs [3], hence this was used for both proteins, as is commonly required for many
membrane proteins from eucaryotic species. Both proteins were purified by Ni-affinity
chromatography followed by size exclusion chromatography, and fractions were pooled for the peak
representing the presumed dimer (Fig. 1). Purity of the pooled fractions were verified by SDS-PAGE,
and the samples were taken further to differential scanning fluorimetry (DSF) and SEC-MALLS

analyses.

Biophysical characterization

Protein thermostability was analysed by label-free DSF (Prometheus, Nanotemper). HvKCC
behaved less well, but DmKCC had a clear transition and was also more stable with Tm of

approximately 52 °C vs 44 °C for HvKCC as measured from the data (Fig. 2).

SEC-MALLS data showed that the Hydra protein was mostly dimeric with protein molecular
weight of ca. 236 kDa (Fig. 2) and total protein:detergent:CHS complex mass of 456 kDa, whilst
unfortunately for the Drosophila protein, it was not possible to get accurate measurements due to
aggregate carryover in light scattering signal. Based on elution profiles (Fig. 1) for both proteins, the

main peak corresponds to a dimer as verified for HvKCC.


https://doi.org/10.1101/2022.05.12.491617
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.12.491617; this version posted May 12, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Activity measurements

As the proteins have not been extensively characterized, we tested in-cell activity of both
proteins by the chloride extrusion assay, which shows that the Drosophila protein has higher activity,
close to the rat-KCC2 control protein, for which the assay has been set up, while the Hydra protein
was relatively inactive in the HEK-293 cell culture assay (Fig. 3). The initial pumping rate is
significantly higher for the Drosophila protein in this assay, which may mean that there is a difference
in functionality of the two proteins or that the Hydra protein is differently regulated e.g., by

phosphorylation or other mechanisms in the experimental setup in mammalian cell culture.

Potassium transport activity assays were performed in Sf9 cells to verify activity of the proteins
in the expression system (Fig. 4). For this purpose, the cells were suspended in K™ and Cl- or NO3-
free medium and then RbCl or RbNO3 were added. Atomic absorption method that discriminates K*
and Rb" was used for monitoring K* content in cells. Influx of Rb* resulted in decrease of internal K.
Observed K" efflux was strictly dependent on Cl- (but not NO3-) and inhibited by bumetanide. This
process was associated with active KCC expression, since no such K* efflux was found in Sf9
expressing inactive truncated HvKCC. Therefore, a novel cell-based assay for activity of KCCs was
constructed, which can be useful for future studies on ion transporters expressed on insect cells.

Activity of HYKCC could not be detected in this assay.

Structural and sequence comparison to known KCC structures and implication for ion binding

and specificity

Based on the sequence alignment, HvKCC has 51-53% sequence identity to human KCC1-4
and DmKCC, while DmKCC has 55-58% identity to human KCC1-4 and 52 % sequence identity to
HvKCC. Based on sequence alignment and structure modelling, the K* and CI binding residues in both
proteins are conserved similar to human KCC1-4. A model of DmKCC was aligned with human KCC4
structure solved at 2.9 A resolution [22], which is a highest resolution dimeric wild type structure
without inhibitors or mutations and with the ions present. Comparison of the models shows, as
expected, that the overall fold is highly similar to the known structures. Both HvKCC and DmKCC
have the APC family 12-TM helix fold as the other KCCs, and moreover the ion binding residues and
their conformation are conserved including residues equivalent to KCC4 K'-coordinating (KCC4
numbering) Tyr216 and Thr432 and backbone carbonyls of Asn131 and Thr132, and Cl-coordinating
Tyr589 and backbone amides of Vall35, Gly433 and Ile444 (Fig. 5), while the Na® binding site
residues (TM8 Ser614 and Ser165) as seen in NKCC1 structure [44] are not found in DmKCC nor in

10
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the HvKCC model or sequence. Thus, the structural modelling as demonstrated in Fig. 5 for DmKCC
shows that the proteins are structurally highly conserved, and the studied proteins have the same

functional sites as the mammalian KCCs.

Conclusions

We have characterized purified KCCs from Drosophila melanogaster and Hydra vulgaris
expressed from insect cell culture and shown that the proteins have K" CI" transport activity. In
particular, purified Drosophila protein was shown to be well-behaved in our studies. We also
established a cell-based assay to monitor activity of the expressed protein produced for biochemical
studies in insect cells, which can be valuable in general for ion transport protein quality control.
Detailed characterization of activity of Hydra protein was demonstrated earlier [41]. We also showed
that the ion binding residues are conserved based on structure prediction from closely related KCC

structures recently solved experimentally.
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Figure 1. Detergent solubilization screen and purification of KCCs. A) DmKCC and B) HvKCC
western blot detection from solubilization with various detergents compared to total membrane
preparation. Purification of proteins: C) DmKCC gel filtration profile with collected fractions marked
in grey; insert shows the SDS-PAGE of the purified material. D) HvKCC gel filtration profile with
collected fractions marked in grey; insert shows the SDS-PAGE of the purified material.
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Figure 2. Biophysical characterization of KCCs. A) Differential scanning fluorimetry analysis of

the thermostability of DmKCC (red) and HvKCC (black). B) SEC-MALLS analysis of HYKCC

shows an apparent dimeric species as the prominent oligomer form with protein molecular mass of

ca. 236 kDa, as shown.
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Figure 3. Cell based chloride extrusion assay for KCC activity. Data plotted for A) HvKCC (red
squares), B) DmKCC (red squares). The wild type rat-KCC2 used as positive control in A and B (black

circles). Cells transfected with the empty vector (grey circles) were used as negative control in both

measurements.
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Figure 4. Rb*-dependent K* efflux by KCCs from Sf9 cells. A) A bar chart showing HYKCC-ACTD
(negative control) in light grey and DmKCC in dark grey. B and C) Dependence of Rb*-induced K*
efflux from S19 cells expressing DmKCC on Cl” concentration and the incubation time. B) Dependence
of K* efflux on [CI'] at different incubation times: rhombs 5 min, triangles 10 min, circles 20 min,
squares 30 min. The solution contained 50 mM RbNOs. C) Kinetics of K* efflux at different [CI]:
rhombs 10 mM, squares 20 mM, circles 40 mM, triangles 80 mM. At zero min, 50 mM RbNO; was
added.
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Figure 5. Structural model of DmKCC. A) Overall transmembrane region structure of DmKCC
(blue) based on homology modelling compared with KCC4 ion binding helices (in green) with bound
CI (cyan) and K" (magenta) ions shown as spheres. B) The ion binding site and key residues in TM-
helices 1, 3 and 6 (magenta), overlayed with analogous KCC4 residues (green) (KCC4 residue
numbering shown, see text). C) Sequence alignment of HYKCC and DmKCC with human KCC1-4
(hKCC1-4) and human NKCC1-2 (hKNCCI1-2), with the conserved residues in transmembrane helices
TM1, TM3, TM6, TMS8 and TM10 coloured as indicated in the figure.

Y N O B o Tws

C

T™1 TM3 TM6

DmKCC 96 TLIGVFLPEIONMEGVILEIRLTWVVG DmKCC 182 YTGTTL IVEAVEIVLT DmKCC 379 SETLLIGIFERSVEGIMAGSNRSGOLA
HvKCC 111 TIAGVYLPCLONMIEGVIFEIRESWVVG HvKCC 197 YLGTSFAS) ILGAVEILLT {CC 386 SETILLANF VEGIMAGSNRSGNLK
hKcCl 120 TLMEVYLPCLONMFGVILELRLTWMVG hKCC1 206 YLGTTFRA] ILEAIEILLT 419 SETVLVGHEEF] VEGIMAGSNRSGDLR
hKcez 99 TFMEVYLPCLONMFGVILELRLTWVVG hKCC2 185 YLGTTFAG ILETIEILLA 399 YETLLVGEY| VEBGIMAGSNRSGDLR

hKCC3 187 TFMEMYLPELO|
hKCC4 120 TFIGMYLPELO
hNKCC1 287 WIKGVLVREM
hNKCC2 179 WVKGVLVREI

SVEGIMAGSNRSGDLK
SVEGIMAGSNRSGDLK
ABGILAGANISGDLA
GILAGAN [ SGDLE

FGVILELRLTWVVG hKCC3 273 YLGTTE] TLEAIEIFLY 484 SETLLVGHF]
ILGVILELRLTHING hKCC4 206 YLGTTFRG ILETIEIFLT 419 M
IGVMLE IRLSWING hNKCC1 373 AFANAVAV] VVEGFARTVVE hNKCC1 486 '
IGVMLE IRLSWING hNKCCZ 265 AFANAVAV, VVGEFAETVVD hNKCC2 379

TM8 TM10

464 OWVELIGSFLSELGAGEQSETGARR DmKCC 539 PLLSMEFLMCYGE
iy GAGHOSLTGAPR HvKCC 546 PIITMEELMCY!

B: K*-coordinating residues
: Cl-coordinating residues

SAGRQSETCARPR hKCC1 579 PILSMEBEEMCY C . + . . o
484 GAGHOSLTCARR hKCC2 559  BILSMEEBMCY ACAV :Na —coordlnatlr_]g residues
569 GAGLOSLTGARR hKCC3 644  BILSMEEEMCYLEVNLACALQ : Conserved residues

hKCC4 504
hNKCC1 600
hNKCC2 493

GAGHQSETGAPR hKCC4 579 BILSMEEEMCYLEVNLACAVQ
\ BK hNKCC1 676 BITSNEEEASYALINFSVFHA

hNKCC2 569 BITSNEEEASYALINFSCFHA

16


https://doi.org/10.1101/2022.05.12.491617
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.12.491617; this version posted May 12, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

made available under aCC-BY-NC-ND 4.0 International license.

References

1. Kaila, K., et al., Cation-chloride cotransporters in neuronal development, plasticity and
disease. Nat Rev Neurosci, 2014. 15(10): p. 637-54.

2. Blaesse, P., et al., Cation-chloride cotransporters and neuronal function. Neuron, 2009. 61(6):
p. 820-38.

3. Hartmann, A.M. and H.G. Nothwang, Molecular and evolutionary insights into the structural
organization of cation chloride cotransporters. Front Cell Neurosci, 2014. 8: p. 470.

4. Hartmann, A.M., et al., Evolution of the cation chloride cotransporter family: ancient origins,
gene losses, and subfunctionalization through duplication. Mol Biol Evol, 2014. 31(2): p. 434-
47.

5. Chamma, 1., et al., Role of the neuronal K-ClI co-transporter KCC2 in inhibitory and excitatory
neurotransmission. Front Cell Neurosci, 2012. 6: p. 5.

6. Medina, 1., et al., Current view on the functional regulation of the neuronal K(+)-Cl(-)
cotransporter KCC2. Front Cell Neurosci, 2014. 8: p. 27.

7. Rivera, C., et al., The K+/CIl- co-transporter KCC2 renders GABA hyperpolarizing during
neuronal maturation. Nature, 1999. 397(6716): p. 251-5.

8. Li, H., et al., KCC?2 interacts with the dendritic cytoskeleton to promote spine development.
Neuron, 2007. 56(6): p. 1019-33.

9. Hyde, T.M., et al., Expression of GABA signaling molecules KCC2, NKCCI, and GADI in
cortical development and schizophrenia. J Neurosci, 2011. 31(30): p. 11088-95.

10.  Puskarjov, M., et al., 4 variant of KCC?2 from patients with febrile seizures impairs neuronal
Cl- extrusion and dendritic spine formation. EMBO Rep, 2014. 15(6): p. 723-9.

11. Wu, H., et al., Melatonin attenuates neuronal apoptosis through up-regulation of K(+) -CI(-)
cotransporter KCC2 expression following traumatic brain injury in rats. J Pineal Res, 2016.
61(2): p. 241-50.

12.  Price, T.J., F. Cervero, and Y. de Koninck, Role of cation-chloride-cotransporters (CCC) in
pain and hyperalgesia. Curr Top Med Chem, 2005. 5(6): p. 547-55.

13. Gagnon, M., et al., Chloride extrusion enhancers as novel therapeutics for neurological
diseases. Nat Med, 2013. 19(11): p. 1524-8.

14.  Loscher, W., M. Puskarjov, and K. Kaila, Cation-chloride cotransporters NKCCI and KCC2
as potential targets for novel antiepileptic and antiepileptogenic treatments.
Neuropharmacology, 2013. 69: p. 62-74.

15. Kahle, K.T., et al., Modulation of neuronal activity by phosphorylation of the K-ClI
cotransporter KCC2. Trends Neurosci, 2013. 36(12): p. 726-737.

16.  Garbarini, N. and E. Delpire, The RCCI domain of protein associated with Myc (PAM)
interacts with and regulates KCC2. Cell Physiol Biochem, 2008. 22(1-4): p. 31-44.

17. Mahadevan, V., et al., Native KCC?2 interactome reveals PACSINI as a critical regulator of
synaptic inhibition. Elife, 2017. 6.

18.  Llano, O., etal., KCC2 regulates actin dynamics in dendritic spines via interaction with -PIX.
J Cell Biol, 2015. 209(5): p. 671-86.

19. Liu, S., et al., Cryo-EM structures of the human cation-chloride cotransporter KCC1. Science,
2019. 366(6464): p. 505-508.

20.  Reid, M.S., D.M. Kern, and S.G. Brohawn, Cryo-EM structure of the potassium-chloride
cotransporter KCC4 in lipid nanodiscs. Elife, 2020. 9.

21. Chi, X., et al., Cryo-EM structures of the full-length human KCC2 and KCC3 cation-chloride
cotransporters. Cell Res, 2021. 31(4): p. 482-484.

22. Xie, Y., et al., Structures and an activation mechanism of human potassium-chloride

cotransporters. Sci Adv, 2020. 6(50).

17


https://doi.org/10.1101/2022.05.12.491617
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.12.491617; this version posted May 12, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

made available under aCC-BY-NC-ND 4.0 International license.

Zhang, S., et al., The structural basis of function and regulation of neuronal cotransporters
NKCCI and KCC2. Commun Biol, 2021. 4(1): p. 226.

Chi, G., et al., Phospho-regulation, nucleotide binding and ion access control in potassium-
chloride cotransporters. Embo j, 2021. 40(14): p. e107294.

Geck, P., et al., Electrically silent cotransport on Na+, K+ and ClI- in Ehrlich cells. Biochim
Biophys Acta, 1980. 600(2): p. 432-47.

Zhang, D., et al., A thallium transport FLIPR-based assay for the identification of KCC2-
positive modulators. J Biomol Screen, 2010. 15(2): p. 177-84.

Gillen, C.M., et al., Molecular cloning and functional expression of the K-Cl cotransporter
from rabbit, rat, and human. A new member of the cation-chloride cotransporter family. J Biol
Chem, 1996. 271(27): p. 16237-44.

Payne, J.A., Functional characterization of the neuronal-specific K-Cl cotransporter:
implications for [K+]o regulation. Am J Physiol, 1997. 273(5): p. C1516-25.

Williams, J.R. and J.A. Payne, Cation transport by the neuronal K(+)-CI(-) cotransporter
KCC2: thermodynamics and kinetics of alternate transport modes. Am J Physiol Cell Physiol,
2004. 287(4): p. C919-31.

Balakrishnan, V., et al., Expression and function of chloride transporters during development
of inhibitory neurotransmission in the auditory brainstem. J Neurosci, 2003. 23(10): p. 4134-
45.

Tyzio, R., et al., Postnatal changes in somatic gamma-aminobutyric acid signalling in the rat
hippocampus. Eur J Neurosci, 2008. 27(10): p. 2515-28.

Jarolimek, W., A. Lewen, and U. Misgeld, 4 furosemide-sensitive K+-CI- cotransporter
counteracts intracellular CIl- accumulation and depletion in cultured rat midbrain neurons. J
Neurosci, 1999. 19(12): p. 4695-704.

Chen, P.Y., N.P. lllsley, and A.S. Verkman, Renal brush-border chloride transport
mechanisms characterized using a fluorescent indicator. Am J Physiol, 1988. 254(1 Pt 2): p.
F114-20.

Verkman, A.S., Development and biological applications of chloride-sensitive fluorescent
indicators. Am J Physiol, 1990. 259(3 Pt 1): p. C375-88.

Duebel, J., et al., Two-photon imaging reveals somatodendritic chloride gradient in retinal
ON-type bipolar cells expressing the biosensor Clomeleon. Neuron, 2006. 49(1): p. 81-94.
Chamma, 1., et al., Activity-dependent regulation of the K/CI transporter KCC2 membrane
diffusion, clustering, and function in hippocampal neurons. ] Neurosci, 2013. 33(39): p. 15488-
503.

Hekmat-Scafe, D.S., et al., Mutations in the K+/CI- cotransporter gene kazachoc (kcc)
increase seizure susceptibility in Drosophila. J Neurosci, 2006. 26(35): p. 8943-54.

Rusan, Z.M., O.A. Kingsford, and M.A. Tanouye, Modeling glial contributions to seizures and
epileptogenesis. cation-chloride cotransporters in Drosophila melanogaster. PLoS One, 2014.
9(6): p. el01117.

Delpire, E., et al., Further optimization of the K-CI cotransporter KCC2 antagonist MLO77:
development of a highly selective and more potent in vitro probe. Bioorg Med Chem Lett, 2012.
22(14): p. 4532-5.

Chen, R., et al., Functional Coupling of K(+)-CI(-) Cotransporter (KCC) to GABA-Gated CI(-)
Channels in the Central Nervous System of Drosophila melanogaster Leads to Altered Drug
Sensitivities. ACS Chem Neurosci, 2019. 10(6): p. 2765-2776.

Hartmann, A.M., et al., Molecular cloning and biochemical characterization of two cation
chloride cotransporter subfamily members of Hydra vulgaris. PLoS One, 2017. 12(6): p.
€0179968.

Grimley, J.S., et al., Visualization of synaptic inhibition with an optogenetic sensor developed
by cell-free protein engineering automation. J Neurosci, 2013. 33(41): p. 16297-309.

18


https://doi.org/10.1101/2022.05.12.491617
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.12.491617; this version posted May 12, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

43.  Waterhouse, A., et al., SWISS-MODEL: homology modelling of protein structures and
complexes. Nucleic Acids Res, 2018. 46(W1): p. W296-w303.

44. Chew, T.A., et al., Structure and mechanism of the cation-chloride cotransporter NKCCI.
Nature, 2019. 572(7770): p. 488-492.

19


https://doi.org/10.1101/2022.05.12.491617
http://creativecommons.org/licenses/by-nc-nd/4.0/

