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Abstract

Dipteran insects have genes that code for two different Na*-dependent cation-chloride
cotransporter (CCC) paralogs. Aedes aegypti aeNKCCL1 is an ortholog of Drosophila melanogaster
Ncc69, a bumetanide-sensitive Na*- K*—2CI~ cotransporter (NKCC). Aedes aeqypti aeCCC2 and
aeCCC3 are orthologs of Drosophila Ncc83. Prior work suggests that the transport properties

of aeCCC2 differ from canonical NKCCs. In particular, Xenopus oocytes expressing aeCCC2
have increased Na*-dependent membrane currents compared to controls, whereas NKCCs are
electroneutral. Here, we further evaluated the function and localization of aeCCC2 and Ncc83.

In oocytes expressing aeCCC2 or Ncc83, membrane potential (Vy,) hyperpolarized upon Na*
removal; following hypotonic exposure the change in V,, was greater than it was in controls.

In voltage-clamp experiments, membrane currents were concentration dependent on Na* with

an apparent affinity (Ky,) of approximately 4.6 mM. In Malpighian tubules of larval and adult
mosquitoes, aeCCC2 was localized along the basolateral aspect of principal cells. Sequence
comparisons among transporters from Drosophila, Aedes, Anopheles, and Culex revealed 33
residues within the transmembrane domains (TMDs) that are fully conserved within paralogs but
that differ between orthologs of NKCC1 and orthologs of aeCCC2/Ncc83. These residues are
distributed across all 12 TMDs. Our results provide a foundation for further exploration of the
structural basis for functional differences between insect Na*-dependent CCCs.
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Introduction

Despite their medical and physiological importance, solute transporters are understudied
compared to other groups of proteins (César-Razquin et al., 2015). Moreover, because solute
transporters are relatively well-conserved in structure yet diverse in function, predicting
function from sequence comparisons can be difficult. For example, the cystic fibrosis
transmembrane conductor regulator (CFTR) is a member of the ATP-binding-cassette (ABC)
family of membrane proteins, which are mostly ATP-dependent pumps, but it functions
instead as a CI~ channel (Linsdell, 2018). Similarly, Drosophila melanogaster NHAL is

a member of the cation/proton antiporter (CPA, SLC9B) family but instead acts as a
Cl™-proton cotransporter (Chintapalli et al., 2015). Additionally, the CIC-family includes
both chloride channels and Cl™-proton exchangers (Jentsch and Pusch, 2018). Functional
differences between closely related transporters arise because relatively small changes in
primary amino acid sequence can result in dramatic changes in transport properties (Bacconi
et al., 2005; Broér et al., 2009; Uzdavinys et al., 2017). Thus, functional characterization of
solute transporters is especially necessary.

Members of the cation-chloride-cotransporter family (CCC, SLC12) have important roles
in cell volume regulation, intracellular CI™ regulation, and transepithelial salt movement
(Arroyo et al., 2013; Haas, 1994; Russell, 2000). In mammals, CCCs include four
K*-CI~ cotransporters (KCC, SLC12A4-SLC12A7), two Na*-K*—2CI™ cotransporters
(NKCC, SLC12A1 and SLC12A2), one Na*-CI~ cotransporter (NCC, SLC12A3), CCC9
(SLC12A8), and CIP1 (SLC12A9) (Hartmann et al., 2014).

Recent cryo-electron microscopy (cryo-EM) structures confirm earlier work showing

that the CCCs have 12 transmembrane domains (TMDs), with TMDs 1-10 forming an
inverted repeat structure that is typical of the Amino Acid-Polyamine-Organocation (APC)
superfamily of membrane transport proteins (Chew et al., 2019; Delpire and Guo, 2019; Liu
etal., 2019; Yang et al., 2020; Zhang et al., 2021). TMDs 11 and 12 are mainly involved

in dimerization. The cryo-EM structures also identify residues in TMDs 1, 3, 6, 8, and 10
as central to binding of Na*, K*, and CI~ ions. For example, a tyrosine in TM3 of NKCC1
(Y383 in the human NKCC1 sequence) coordinates with potassium ions. The tyrosine is
substituted with a histidine in NCC, consistent with the K*-independence of NCC (Chew et
al., 2019; Zhang et al., 2021).

Insects have genes coding for both KCCs and NKCCs (Hartmann et al., 2014; Pullikuth
et al., 2003). Drosophila melanogaster Ncc69 (CG4357) is a canonical NKCC with 1:1:2
Na*:K*:ClI~ stoichiometry and high sensitivity to bumetanide (Leiserson et al., 2011; Sun
et al., 2010). Additionally, insects have a clade of transporters (NaCCC2) that groups
most closely to vertebrate NKCC and NCC but does not have direct mammalian orthologs
(Piermarini et al., 2017). The NaCCC2 clade includes Drosophila melanogaster Ncc83
(CG31547), which is ~74% identical to Ncc69 across their transmembrane (TM) regions;
this is about the same identity shared by human NCC and NKCC1. Mosquitoes have two
NaCCC2s that probably resulted from a gene duplication early in mosquito evolution. In
Aedes aegypti, the NaCCC2 paralogs are differentially expressed among tissues. AeCCC2
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is abundant in hindgut of adults, whereas aecCCC3 is abundant in the anal papillae of larvae
(Durant et al., 2021; Piermarini et al., 2017).

Flux assays and sequence comparisons suggest that insect NaCCC2s differ in function from
NKCC1s. When aeCCC2 was expressed in Xenopus oocytes, uptake of the Na* tracer Li*
increased, but uptake of the K* tracer Rb* was unchanged (Kalsi et al., 2019). Surprisingly,
this Li* uptake was not dependent on extracellular CI~ and was not affected by established
Na*-transporter inhibitors including furosemide, bumetanide, hydrochlorothiazide, and
amiloride. In voltage clamp experiments, oocytes expressing aeCCC2 had a Na*-dependent
membrane current, suggesting that aeCCC2 conducts electrogenic movement of Na*. The
TM3 residue corresponding to hNKCC1 Y383 is substituted with an asparagine in aeCCC2
and aeCCC3, suggesting a structural basis for K*-independence in these transporters
(Piermarini et al., 2017).

Because they have strong structural similarity but apparently have quite different functional
properties, comparisons of Ncc83 and aeCCC2 to NKCC1s may illuminate key structure-
function properties of the CCCs. Here, we further explore the function and localization

of dipteran NaCCC2s and evaluate sequence differences between NaCCC2 and NKCC1
orthologs from mosquitoes and Drosophila.

2. Methods

2.1 Exogenous expression in Xenopus laevis oocytes

As described previously, the aeCCC2 cDNA (AAEL009888) was synthesized and cloned
into the oocyte expression plasma pGH19 by a commercial service (Kalsi et al., 2019).
Plasmids containing ORFs for Ncc83 (GH09711) and Ncc69 (GH27027) were obtained
from the Drosophila Genome Resource Center (Bloomington, IN), and the ORFs were
subcloned into the pPGEMHE oocyte expression vector. The full ORF of each construct

was sequenced. CRNAs were transcribed from linearized plasmids using the T7 mMessage
mMachine kit (Ambion). Following previously described procedures (Romero et al., 1998),
isolated X /aevis oocytes were injected with 50 nl of cRNA in water (0.4-0.5 pg/uL, i.e.,
20-25 ng per oocyte) or water. Oocytes were maintained in OR3 media at 16 °C and studied
3-7 days after injection.

2.2 Membrane potential (Vi)

For measurements of V, oocytes were placed in a chamber, perfused with ND96 solution,
and impaled with a KCI microelectrode. Composition of ND96 was: 96 mM NaCl, 2.0 mM
KCI, 1.8 mM CaCly, 1.0 mM MgCl,, 5.0 mM HEPES, pH 7.5. V;, was measured as the
difference between the potential of the KCI microelectrode and an extracellular calomel
electrode. Na*-dependent changes in V,, were assessed by switching between a Na*-free
solution (isotonic replacement of Na* with N-methyl-D-glucamine) and standard ND96,
while maintaining constant chamber perfusion of approximately 5 ml/min.

To evaluate the activation of expressed cotransporters by swelling, we measured Na*-
dependent changes in Vy, prior to and following a 10 min exposure to 50% hypotonic
solutions. These exposures were either in standard ND96 or nominal CI~ (0CI-) ND96

Insect Biochem Mol Biol. Author manuscript; available in PMC 2022 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Duong et al.

2.3.

Page 4

(isotonic replacement of CI~ with gluconate) diluted 1:1 with deionized water. No
differences were observed between Na*-dependent V,, responses following exposures to
standard or 0 CI™ hypotonic media, so those data were pooled for analysis.

Resting Vp,, change in V,, upon Na* removal, change in V, during hypotonic exposure, and
rate of \/,, recovery following Na* re-addition were calculated using the same standardized
time intervals for each experiment. Resting Vy, was mean V, during the 60 s before the first
Na* removal maneuver. The change in V,, was the difference between V,, during the last

10 s before Na* removal and the V,, during the last 10 s in Na* -free solution. Change in
Vy, during hypotonic exposure was the difference in Vy, during the 10 s prior to hypotonic
exposure and the final 10 s of hypotonic exposure. The rate of V, recovery was the slope of
Vyy versus time over the first —60 s following Na™* return with constant chamber perfusion.

Two-electrode voltage clamp:. Oocytes were impaled with two KCI electrodes and perfused
with Na*-free ND96 (isotonic replacement of Na* with choline). After V, stabilized, V,
was clamped at 60 mV. Na*-dependent currents were measured by switching to solutions
with Na* at concentrations ranging from 2 mM to 96 mM. In some experiments, Na*
replacement was performed before and after exposure to hypotonic swelling as described
above.

Immunohistochemistry

Aedes aegyptieggs (BEI Resources) were hatched in tap water under vacuum. Larvae were
fed finely ground Total Goldfish® flakes and maintained at 28 °C, 80% humidity, and
14:10h light/dark cycle. Adults were fed 10% sucrose ad /ibitum. Fourth-instar larvae and
adult mosquitoes were cold-anesthetized and dissected in Ringer solution. Whole guts were
removed and fixed in 4% paraformaldehyde, rinsed 3 times in phosphate buffered sodium
(PBS) and once in PBS-0.1% Triton X-100 (Sigma Aldrich), and blocked with 10% normal
goat serum (NGS) and 1% casein in PBS-0.1% Tween for 1.5 h at RT.

Rabbit polyclonal antibodies were developed by a commercial supplier (ProteinTech,
Chicago, IL) against aeCCC2 (C2-1-2) and aeCCC3 (C3-1-2) using peptides identified
previously to be antigenic and unique to aeCCC2 (Cys-VDMHSKLLQHFTDNDGTQIP)
and aeCCC3 (Cys-ISVNVPNEAQDNKTTPEA) (Piermarini et al., 2017). The C2-

1 antibody brightly stained the plasma membrane of oocytes expressing aeCCC2
(supplemental Figure 1). No specific membrane staining by C2—1 was observed in oocytes
expressing aeCCC3. Conversely, the C3-1 antibody stains plasma membranes of oocytes
expressing aeCCC3 but not aeCCC2. To selectively stain stellate cells, we used the a5
monoclonal antibody against the Na*-K*-ATPase alpha-subunit, which was deposited to the
Developmental Studies Hybridoma Bank (DSHB Hybridoma Product a5) by Fambrough,
D.M. (Lebovitz et al., 1989).

Whole guts were incubated at 4 °C overnight with C2-1-2 primary antibody diluted 1:50
in PBS-0.1% Tween/Casein. Negative controls were incubated without primary antibody.
Following three washes in PBS, samples were incubated with goat anti-rabbit Dylight-488
Fluor 2° antibody (1:200 in PBS/casein; Thermo Fisher) overnight at 4 °C or 1.5 h at

RT. Tissues were treated with DAPI (Invitrogen; 5 min) to counterstain nuclei and then
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washed once with PBS-0.1% Tween. Whole mounts were visualized with Nikon DS-L2 or
with TCS SPS 1l confocal microscope with Leica Microsystems LAS AF software (Leica
Microsystems).

Image analysis was performed within FIJI (ImageJ 1.52p).

2.4 Sequence analysis

Protein sequences from mosquito (Aedes, Anopheles, and Culex) and fruit fly (Drosophila)
species were collected from Vectorbase and NCBI databases using protein BLAST searches
with insect NKCC1s or NaCCC2 as queries. Sequence analysis was conducted using a set
of customized R Markdown scripts (R 4.0.3). Sequences were aligned using ClustalO-mega
at default parameters through the msa 1.22.0 package. Partial and duplicate sequences were
identified and removed. Sequences from a species were not used in further analyses unless
sequences for all paralogs (two for Drosophila; three for mosquitoes) were identified. For
routine quality control, neighbor-joining phylogenetic trees were generated through pairwise
distance alignment values using the seqinr 4.2—4 and ape 5.5 packages and rooted with
vertebrate NKCCL1 sequences. Phylogenetic relationships were also evaluated and visualized
using Maximum Likelihood tree with default parameters and bootstrapping in MegaX
10.2.4. In total, we used sequences from 10 mosquito (2 Aedes, 1 Culex, and 7 Anopheles)
and 10 Drosophila species (Supplemental Table 1). In some analyses, sequences from H.
sapiens and D, rerio were used as reference sequences but were not included in conservation
and consensus calculations. TMDs were defined according to human NKCC1 (hNKCC1)
cryo-EM structures (Yang et al., 2020; Zhang et al., 2021). Throughout the paper, residues
are numbered in reference to the numbering scheme of hANKCC1.

Amino acid sequence conservation was determined as percent identity compared to paralog-
specific consensus sequences. For analysis of TMD domains, percent identity was calculated
individually for each TMD of each sequence as the number of residues that match

the consensus divided by total residues in the TMD and multiplied by 100. We also
identified individual residues that were 100% conserved within each paralog but different
between paralogs. These analyses were performed separately for mosquito and Drosophila
sequences and for mosquito and Drosophila sequences combined. We compared these results
to residues known to be involved in ion and inhibitor affinities or crucial for overall

protein structure-function in vertebrate NKCC1 (Aradjo et al., 2021; Chew et al., 2019;
Somasekharan et al., 2012; Yang et al., 2020; Zhang et al., 2021).

2.5. Modeling

Figures were generated in Pymol using the published cryo-EM structure of ANKCC1 as
reference (PDB: 6PZT) (Yang et al., 2020). After non-TMD residues and TMDs 11-12 were
removed for visual clarity, annotated residues were highlighted in “ball-and-stick” model
and colored based on TMD. lons absent from the original PDB were retrieved from other
published PDB structures and manually docked into reported binding sites (Chew et al.,
2019; Yang et al., 2020).
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2.6. Statistics

Data were assessed for normality by the Shapiro test and by inspection of histograms. When
the assumption of normality was not justified, the non-parametric Kruskal-Wallis test was
used to evaluate statistical significance of differences. Otherwise, ANOVAs with Tukey’s
post-hoc comparisons and paired t-tests were used. Central tendencies are reported as mean
+ Box and whiskers plots (Figs. 2, 3 and 7) depict the interquartile range (IQR) with boxes,
the range with whiskers, and the outliers (more than 1.5 times the IQR above or below the
IQR) with dots.

3. Results

3.1. Oocyte experiments

We studied oocytes expressing aeCCC2, Ncc83, and Ncc69 in isotonic and hypotonic
solutions because hypotonic swelling activates Na*- dependent CCCs in vertebrates and
insects (Dowd and Forbush, 2003; Murillo-de-Ozores et al., 2020; Rodan, 2018; Wu et al.,
2014). Oocytes expressing aeCCC2 had different membrane potential (V) and responses to
hypotonic swelling than oocytes injected with water or other expression constructs (Fig. 1).
The aeCCC2 oocytes had a resting V,, of approximately =12 mV, approximately 20-30 mV
more positive than oocytes injected with water, Ncc83, and Ncc69 (Fig. 2a, Kruskal-Wallis,
p < 0.01). During hypotonic swelling, V,, of aeCCC2 oocytes increased, becoming more
positive by 13.7 + 6.5 mV (mean + sd). In contrast, V,, of control and Ncc69 oocytes
hyperpolarized, becoming more negative by 12-14 mV (Fig. 2b, ANOVA, Tukey’s post-hoc
test, p < 0.001). The V,, of Ncc83 oocytes hyperpolarized by only 3.1 + 8.5 mV.

Prior to hypotonic swelling, removal of Na* produced only small changes in Vy, in all
treatments (Fig. 3a). In contrast, following 10 min exposure to hypotonic medium, oocytes
expressing both aeCCC2 and Ncc83 had decreases in Vy, of 26.5 + 11.6 and 20.0 + 6.2 mV,
compared to mean declines in Ncc69 and water injected oocytes of less than 5 mV (Fig.

3b, ANOVA, Tukey’s post-hoc test, p < 0.05). Following re-addition of Na*, the rate of Vy,
recovery was faster in oocytes expressing aeCCC2 and Ncc83. Prior to swelling, mean rate
of Vy,, increase was 0.80 + 0.68 mV/s in aeCCC2 and 1.1 + 1.2 mV/s in Ncc83 oocytes,
compared to 0.16 = 0.09 mV/s in water-injected and 0.11 £ 0.05 in Ncc69 oocytes (ANOVA,
p = 0.07). Following swelling, recovery rate of V, increased in aeCCC2 oocytes to 2.4 +
1.3 mV/s and 1.7 + 0.9 mV/s in Ncc83 oocytes, whereas that of water and Ncc69-injected
oocytes remained lower than 0.15 mV/s. The recovery rates following hypotonic treatment
in Ncc83 and aeCCC2 oocytes were significantly greater than those in Ncc69 oocytes and
controls (ANOVA, p < 0.001).

In a separate series of experiments, we measured Na*-dependent currents before and after
a 10 min hypotonic exposure in voltage-clamped oocytes expressing aeCCC2. Prior to
hypotonic treatment, current increased by 109 + 56 mA (n = 5) upon returning Na* to
oocytes held in 0 mM Na*. Following hypotonic treatment, Na*-dependent current was 165
+ 70 mA, and was greater in every oocyte compared to the pre-hypotonic condition in the
same oocyte (paired #test, p 0.04).
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We evaluated the concentration dependence of membrane current on extracellular [Na*] in
oocytes expressing aeCCC2 at 60 mV. Following 10 min hypotonic exposure, we measured
changes in current when oocytes were switched from 0 mM Na* to solutions with [Na*]
ranging from 2.4 to 96 mM (Fig. 4). Inward currents were observed in oocytes expressing
aeCCC2 in response to returning Na*. The magnitude of changes in current in response to
Na* replacement was maximal (~200-300 nA) at [Na*] of 24, 48, and 96 mM, only slightly
smaller at 9.6 mM, and declined to ~50% of maximum at 4.8 mM (Fig. 4). The response to
[Na*] was consistent with simple Michaelis-Menten kinetics with an apparent affinity of 4.6
+ 1.1 mM (Fig. 4b, n =5).

Immunohistochemistry

A polyclonal antibody against aeCCC2 (C2-1) stained the entire length of Malpighian
tubules from adult and larval mosquitoes (Fig. 5). Staining of midgut and hindgut was
also observed, but we did not further evaluate those tissues in this study. In larval tubules,
staining was most prominent along the basolateral aspect of principal cells (Fig. 5A).
Staining by C2-1 was largely absent from stellate cells (Fig. 5B and C). Staining along the
basal margin was observed in both proximal (Fig. 5D) and distal portions of tubules (Fig.
5E) when Z-sections across the tubule were averaged and also in single 1 uM Z-sections
(Supplementary Fig. 2A and B). Some variation between tubules in the pattern of staining
by C2-1 was noted, with staining in certain tubules less distinctly restricted to the basal
margin (Fig. 5F and supplemental Figure 2C). However, staining of the apical membrane
by C2-1 was never observed. In Malpighian tubules of adult female mosquitoes, staining
by C2-1 also primarily occurred along the basolateral aspect of principal cells, but punctate
intracellular labelling was also observed (Fig. 5G). As expected, the A5 antibody against
the Nat—K*-ATPase stains stellate cells of larval Malpighian tubules (supplemental Figure
2C) (Patrick et al., 2006). No staining was observed in negative controls in which primary
antibody was omitted (Supplementary Figure 2D).

3.3. Sequence analysis

The amino acid sequences used in this analysis grouped as expected (Fig. 6). To evaluate
differences in conservation among paralogs, we separately calculated percent amino acid
identity of mosquito and fruit fly sequences to their paralog-specific consensus sequences.
Absolute conservation values may differ between the mosquito and Drosophila sequences
simply because of the evolutionary distances between the selected species, especially
because we collected sequences from three genera of mosquitos. For this reason, we focus
on differences in the patterns of conservation among paralogs and TMDs within mosquito
and Drosophila instead of differences in absolute conservation between the groups.

Across all twelve TMDs in mosquitos, NKCC1 has the highest percent identity (95.3%),
followed by CCC3 (92.2%) and CCC2 (89.9%) (Kruskal-Wallis, p 0.003). In contrast, CCC2
(97.2%) is better conserved than NKCC1 (94.3%) in fruit flies (Kruskal-Wallis, p < 0.001).
Thus, NKCC1 is better conserved in mosquitoes whereas CCC2 is better conserved in fruit
flies.
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To evaluate differences among TMDs, we compared percent conservation of amino acids
among TMDs of mosquitoes and fruit flies. TMDs differed in their percent identity
(Kruskal-Wallis, p < 0.001). The most highly conserved TMDs are 1, 6, 8, and 10. In fruit
flies, percent identity is 99.7% or greater across those TMDs in CCC2 and 97.1% or greater
in NKCC1 (Fig. 7b). The same pattern is found in mosquitoes (Fig. 7a). Percent identity is
greater than 94.5% in TMDs 1, 6, 8 and 10 for NKCC1, CCC2, and CCC3, except for TMD
10 in CCC3 (91.3%). Aedes and Culex sequences differ to a greater extent than Anopheles
sequences from the consensus sequence, probably because the majority of sequences in the
analysis were from Anopheles.

Conservation of TMD2 and TMD3 differs between both species and paralogs. In fruit flies,
TMD2 is more highly conserved in NKCC1 (97.8%) than CCC2 (91.9%), but TMD3 is less
highly conserved in NKCC1 (91.9%) compared to CCC2 (97.8%). In mosquitoes, TMD?2 is
only moderately conserved in all three paralogs (89.6%-91.9%). However, TMD3 is highly
conserved in NKCC1 and CCC3 (97.5% and 96.4%), but less well conserved in CCC2. In
summary, TMD2 is best conserved in fruit fly NKCC1, whereas TMD3 is best conserved in
fruit fly CCC2 and mosquito NKCC1 and CCC3.

3.4. Single residue analysis

To explore which amino acid residues might contribute to the functional differences between
NaCCC2s and NKCC1, we identified residues that are 100% conserved within both CCC2
and NKCC1 but differ between the paralogs (Fig. 7, Table 1). Of 307 residues in the 12
TMDs, 33 meet this criterion, including at least one residue from every TMD. TMD3 has

7 such residues, TMD8 and TMD10 have 5 each, and TMD2 has 4. Of the 33 residues,

at least 12 were previously identified as functionally or structurally important residues in
NKCC1 or CCC2 (Araujo et al., 2021; Chew et al., 2019; Dehaye et al., 2003; Gagnon et
al., 2002; Isenring et al., 1998; Payne, 2012; Somasekharan et al., 2012; Yang et al., 2020;
Zhang et al., 2021). For a third of the identified residues, the amino acid substitutions are
relatively conservative swaps between small hydrophobic amino acids (A, I, L, and V). Only
one instance involves a charged residue — the substitution of R in NKCC1 with P in CCC2
(R294 in hNKCC1 numbering) in TMDX. In 7 cases, the substitutions involve changes in
polarity. Notable examples include the substitution of Y383 in NKCC1 with N in CCC2 in
TMD3 and the substitution of A497 in NKCC1 with S in CCC2 in TMD6. Residue 502

in TMDG6 is worth noting even though it does not meet the criteria of 100% identical in
NKCC1 and NaCCCs. This residue is a L in NKCC1 and a Q in all Drosophila CCC2, all
mosquito CCC3s, and 90% of mosquito CCC2s. In Angpheles merus, this residue is a H
rather than a Q. When mapped onto hNKCC1, the conserved differences cluster towards the
core of the transporters and tend to orient towards the ion binding sites (Fig. 8).

In the intracellular loops (ICL) and extracellular loops (ECL) between TMDs, 7 residues
meet the criteria of 100% conserved within but different between NKCC1 and NaCCC2s
of mosquitoes and Drosophila (Supplemental Table 2). Of particular interest are one site in
EL3 where in NaCCC2s S substitutes for N469 and two sites in EL4 where in NaCCC2s Q
substitutes for E594 and M substitutes for \V596.
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SPAK kinases activate Na*-dependent CCCs (Dowd and Forbush, 2003; Murillo-de-Ozores
et al., 2020; Rodan, 2018; Wu et al., 2014). We assessed whether the mosquito and
Drosophila sequence have consensus Ste20-related proline alanine-rich kinase (SPAK)
binding and phosphoacceptor sites (Delpire and Gagnon, 2007; Gagnon and Delpire, 2010).
The consensus SPAK binding site (RFX[V/1]xx[V/I/TIS] is present in all Drosophila and
mosquito NKCC1s, Drosophila CCC2s, and Aedes CCC2 and CCC3 (Supplemental Figure
3). However, it is absent in Angpheles CCC3 sequences, and in Angpheles CCC2 sequences,
RF is substituted with QY. Four nearby threonine residues are SPAK phosphoacceptor

sites in vertebrates (Gagnon and Delpire, 2010). These sites are variously conserved in the
dipteran sequences (Supplemental Figure 4). Notably, a S replaces T at the third site in all
the sequences except Anopheles CCC2. This S is followed in every case by a hydrophobic
residue, a functional requirement in vertebrate NKCC1 (Gagnon and Delpire, 2010). The
fourth site is conserved as a T in all sequences except Anopheles CCC3s.

4. Discussion

Our physiological findings support the hypothesis that the NaCCC2s, including aeCCC2 and
Ncc83, are electrogenic sodium transporters. We also found conserved differences between
insect NaCCC2s and NKCC1s across the TMDs, suggesting that widespread changes in
primary sequence underpin the functional differences between NaCCC2s and NKCCls.

4.1 Electrophysiology

In previous work, oocytes expressing aeCCC2 had increased Li* up-take and Na*-dependent
current compared to water injected controls (Kalsi et al., 2019). The Li* uptake was not
dependent upon external CI~ or inhibited by bumetanide, suggesting functional differences
from Na*-K*-CI~ cotransporters. Here, we show that following hypotonic swelling, oocytes
expressing both Ncc83 and aeCCC2 have greater hyperpolarization in response to Na*
removal than controls. Thus, these effects on transport physiology are not unique to

oocytes expressing aeCCC2, but more generally reflect response to expression of NaCCC2s.
As explained below, our results strongly suggest that aeCCC2 and Ncc83 are directly
responsible for the Na*-dependent electrogenic behavior. Although we cannot fully rule out
the possibility that activation of an endogenous conductance in the oocytes also contributes
to some of the electrical activity we detect, the Na* conductances we describe here differ
from the endogenous voltage-gated and ligand-gated sodium channels described in oocytes
(Antoine et al., 2007; Terhag et al., 2010).

Oocytes expressing Ncc83 and aeCCC2 had different resting Vyy, and responses to hypotonic
swelling. Consistent with prior work (Kalsi et al., 2019), oocytes expressing aeCCC2 had
depolarized resting V, compared to control oocytes (Fig. 2a). However, Vy, of ococytes
expressing Ncc83 did not differ from controls. Depolarization of resting Vy, in oocytes
expressing aeCCC2 might be because aeCCC2 is partly activated in isotonic conditions.

The unchanged resting Vy,, in oocytes expressing Ncc83 argues against the possibility that
responses of oocytes to Na* removal are an indirect result of changes in resting Vy, since
oocytes expressing Ncc83 have the response to Na*™ removal but do not have altered resting
V. Oocytes expressing aeCCC2 differed from all other treatments in their increase in
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Vy, during hypotonic swelling. This depolarization could be due to activation of a Na*
conductance mediated by aeCCC2 during hypotonic treatment.

Differences in the V, response to Na* removal between controls and oocytes expressing
aeCCC2 and Ncc83 were only observed after hypotonic swelling (Fig. 3). This result
suggests that aeCCC2 and Ncc83 are activated by swelling, and is consistent with prior work
in which oocytes expressing aeCCC2 were studied after hypotonic swelling (Kalsi et al.,
2019). However, although swelling is the most likely explanation for the activation of Na*
conductance, it is also possible that other factors — such as the change in membrane potential
during the first Na* removal or Na* removal and replacement itself — might be involved.

The similar activation of Na* conductances by hypotonic treatment of voltage-clamped
oocytes expressing aeCCC2 argue against these other factors, since there was no change

in V, during these experiments and they were exposed to Na*-free solution prior to the
pre-swelling assessment of Na*-dependent current. Activation of aeCCC2 and Ncc83 by
swelling is expected because they contain binding and phosphorylation sites for SPAK
(Supplemental Figures 3 and 4); and SPAK is known to upregulate CCCs in response to
hypotonic swelling in vertebrates and insects (Dowd and Forbush, 2003; Murillo-de-Ozores
et al., 2020; Rodan, 2018; Wu et al., 2014).

The response of oocytes expressing aeCCC2 to removal and return of Na* in voltage clamp
experiments (Fig. 4) was consistent with previous work (Kalsi et al., 2019). Furthermore,
saturation of the current response to Na* return at relatively low Na* concentrations suggests
a carrier mechanism rather than a channel. In this experiment, the apparent Na* affinity of
aeCCC2 is 4.6 mM. This Ky, is approximately the same as the value determined for Ncc69
(7.4 mM) in one study (Leiserson et al., 2011) and considerably lower than the value (~50
mM) measured in another study (Sun et al., 2010).

4.2. Sequence analysis

Cryo-EM studies show that TMDs 1, 3, 6, 8, and 10 are particularly important in forming
ion-binding sites of vertebrate NKCC1 (Chew et al., 2019; Yang et al., 2020; Zhang et al.,
2021). These TMDs are also mostly well-conserved in insect NaCCC2s, suggesting that
they also have key functional roles in the NaCCC2s (Fig. 7). A partial exception is TMD3,
which is highly conserved in Drosophila CCC2s but less so in mosquito CCC2s. This
difference follows the general trend of greater conservation of Drosophila CCC2s compared
to mosquito CCC2s and CCC3s. The gene duplication that resulted in the CCC2 and CCC3
paralogs in mosquitoes may have reduced constraint and made possible diversification of
these paralogs into new functional roles, resulting in the observed variation. Such variation
in TMD3 might be especially central in shaping functional properties, given the known
functional importance of TMD3 (Somasekharan et al., 2012).

The results of our comparison of the mosquito and Drosophila NaCCC2s to NKCC1s
support the conclusion that the NaCCC2s differ substantially in function from NKCCls.
Most notably, dipteran NaCCC2s have a conserved substitution of R for Y at residue 383

in TMD3, consistent with previous work (Piermarini et al., 2017). According to recent
cryo-EM studies, this residue coordinates K+ ions (Chew et al., 2019) and in vertebrate
K*-independent NCCs this residue is H rather than Y. Thus, this conserved substitution may
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at least partly explain the lack of K* transport by aeCCC2 (Kalsi et al., 2019). Similarly,
R294 in TMD1 and L502 in TMD6 have been implicated in CI~ binding of NKCC1 (Chew
et al., 2019), so the substitutions of P at residue 294 and Q at residue 502 are consistent with
insect NaCCC2s performing CI™-independent, electrogenic transport (Kalsi et al., 2019).

The conserved substitution of S for A in residue 497 in TMD6 may also contribute to

the functional differences between NKCC1 and NaCCC2s. Mutation of this residue to a
cysteine results in a non-functional protein, and a recent modeling study suggests that this
residue may contribute to sensitivity of CCC2 and CCC3 to cinnamic acid (Aradjo et al.,
2021; Dehaye et al., 2003). Another intriguing set of substitutions is at or near residues
that coordinate with Na* in TMD8. In NKCC1, the side chain oxygen of S614 coordinates
with Na* and KCCs have a G at this site (Chew et al., 2019). This residue is substituted
with T in NaCCC2s, a conservative substitution that maintains the coordinating side-chain
oxygen but might influence the geometry of the binding pocket. Moreover, in KCCs, Q
replaces S at position 618, whereas NaCCC2s have an N at this position. Finally, conserved
differences between NKCC1 and NaCCC2s in the EL3 and EL4 are intriguing because these
extracellular loops interact with the extracellular end of TMD1 in hNKCC1 (Yang et al.,
2020). The functional significance of these substitutions as well as the others reported in
Table 1 and supplemental Table 2 are unknown, but they are attractive candidates for future
site-directed mutagenesis experiments.

Conserved differences between the dipteran NKCC1s and NaCCC2s are found across all 12
TMDs. This finding suggests that the evolutionary transition between ancestral NKCC1s and
NaCCC2s required widespread structural adjustments, including changes in TMDs that do
not directly coordinate with ions. TMD?2 is particularly intriguing, because although it does
not directly bind ions, prior work has suggested that it influences key functional properties
such as ion binding affinities (Gimenez and Forbush, 2007; Payne, 2012). Intriguingly, the
conserved differences between dipteran NaCCC2s and NKCC1s in TMD2 orient inward
towards TMD6 and the ion binding pockets, suggesting that they might exert an influence
indirectly through their interactions with TMD6 and other TMDs (Fig. 8). Overall, the
sequence analysis suggests a complicated set of substitutions resulted in the divergence of
insect NaCCC2s from NKCCL1.

Localization

The C2-1 antibody raised against aeCCC2 stained the basolateral margin of principal

cells of Malpighian tubules. The basolateral location of aeCCC2 matches the proposed
localization of NKCCs in both Drosophila and mosquitoes (Piermarini et al., 2011; Rodan,
2019). In contrast, in the midgut of tobacco hornworm (Manduca sexta), the aeCCC2
ortholog msBSC is expressed apically (Gillen et al., 2006). Tissue-dependent localization
has been observed for mosquito ATPases (Patrick et al., 2006) and MANKCC2, a NaCCC2
ortholog from housefly Musca domestica (Barroso et al., 2020). Some tubules lacked
distinct staining by C2—-1 on the basolateral margin, but instead showed intracellular
staining. This variability could reflect regulatory differences. Na*-dependent CCCs can be
activated by translocation from intracellular vesicles into the plasma membrane (D’ Andrea-
Winslow et al., 2001).
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4.4 Summary and implications

The functional data and sequence analysis presented here support the hypothesis that insect
NaCCC2s, including aeCCC2 and Ncc83, are electrogenic Na™ transporting proteins (Kalsi
et al., 2019). Moreover, the localization of aeCCC2 is consistent with possibility that

it could contribute to the basolateral Na* conductance of mosquito Malpighian tubules
measured in prior studies by other groups (Beyenbach and Masia, 2002; Hegarty et al.,
1991; Sawyer and Beyenbach, 1985). Na* secretion is rapidly activated in tubules following
a blood meal in female mosquitoes via the activation of a Na* conductance that depolarizes
the basolateral membrane (Beyenbach and Petzel, 1987; Coast et al., 2005; Kwon et

al., 2012; Williams et al., 1983). Our finding that oocytes expressing aeCCC2 exhibit

an increased Na*-dependent conductance and depolarization of V, following hypotonic
treatment prompts the hypothesis that aeCCC2 could contribute to this post-blood meal

Na* conductance and natriuresis. In Drosophila tubules, the NKCC1 paralog Ncc69 was
found to mainly contribute to K* secretion following stimulation (Rodan, 2019), with Na*
probably recycling through the basolateral Na*—K*-ATPase of principal cells. If Ncc83 is a
K*-independent Na* transporter, then it could provide an additional pathway for Na* and
thus contribute to tubular Na* secretion. Further characterization of NaCCC2s in expression
systems as well as in intact tissues is needed to test these hypotheses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Changes in membrane potential (V) in response to isotonic replacement of Na* with

NMDG before and after swelling in 50% hypotonic solution. Top: Water-injected control
oocyte. Bottom: Oocyte injected with aeCCC2 cRNA.
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Fig. 2.

Membrane potential (V) responses in oocyte injected with cRNA encoding Ncc69, Ncc83,
or aeCCC2 and water-injected controls. Stars indicate values significantly different than
control (p < 0.05). A) Resting Vy,, in control ND96 saline. Kruskal-Wallis (chi-squared =
11.71, p-value < 0.01). B) Change in Vp, during 10 min of swelling in 50% hypotonic
solution. ANOVA (F = 26.1, p < 0.001).
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Membrane potential (V) changes in response to replacement of Na* with choline in oocyte
injected with cRNA encoding Ncc69, Ncc83, or aeCCC2 and water-injected controls. Stars
indicate values significantly different than control (p < 0.05). A) Change in V,, with Na*
replacement prior to swelling. ANOVA (F = 2.8, p-value = 0.07). B) Change in V, with Na
* replacement following 10 min of swelling in 50% hypotonic solution. ANOVA (F = 14.4, p
< 0.001).
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Dependence of Na*-dependent currents on [Na*] in voltage clamped oocytes expressing
aeCCC2. A) Current tracing showing changes in current following switching from Na*-free
(isotonic substitution with choline) solutions to solutions with 9.6, 24, 48, and 96 mM Na™.
B) Summary of five experiments with currents normalized to maximum Na*-dependent
currents in 96 mM Na*. Apparent affinity for Na* is 4.6 £ 1.1 mM (n = 5).
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Fig. 5.

In?munohistochemical visualization of aeCCC2 in Malpighian tubules of Aedes aegypti.
A) Larval Malpighian tubule stained with an antibody against aeCCC2 (C2-1). Average
intensity projection of 37 z-slices (1 uM each). B) Larval Malpighian tubule stained with
C2-1. Average intensity projection of 21 z-slices (3 uM each). Arrow points to stellate
cell. C) Bright-field image corresponding to panel B. D) Proximal portion of a Malpighian
tubule of larvae stained with C2—1. Average intensity projection of 43 z-slices (1 M each).
E) Distal portion of Malpighian tubule of larvae stained with C2-1. Average intensity
projection of 28 z-slices (1 uM each) through the middle of the tubule. F) Distal portion of
Malpighian tubule of larvae stained with C2-1. Average intensity projection of 32 z-slices
(0.5 uM each) through the middle of the tubule. G) Distal Malpighian tubule of adult female
stained with C2-1. Average intensity projection of 11 z-slices (13.4 uM total). H) Larval
Malpighian tubules stained with an antibody against the Na*-K*-ATPase (A5). Average
intensity projection of 8 z-slices (18.1 uM total). 1) Larval Malpighian tubule with no
primary antibody. Average intensity projection of 13 z-slices (10.3 uM total).
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Maximum likelihood tree of sequences used in sequence analysis (Kumar et al., 2018).
Bootstrap values are inferred from 100 replicates. Triangles represent clades with multiple
sequences. Triangle height reflects number of sequences: 10 for Drosophila, 7 for
Anopheles, and 3 for Aedes. Triangle width reflects divergence in substitutions per site.
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Fig. 7.

Cc?nservation of transmembrane domains in mosquito and Drosophila NKCC1s and
NaCCC2s. Conservation is reported as percent identity to paralog-specific consensus
sequences. Colors of dots indicate species. A) Conservation of TMDs in the mosquito
paralogs of NKCC1, CCC2, and CCC3 (n = 10 species per paralog). B) Conservation of
TMDs in Drosophila paralogs of NKCC1, and CCC2 (n = 10 species per paralog)
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Fig. 8.
Residues conserved within paralogs but different between dipteran NKCC1 and NaCCC2s

are depicted in color on a hNKCC1 monomer (PDB: 6PZT) (Yang et al., 2020). A) Side
and extracellular view of hNKCC1 (TM 1-10) with annotated residues depicted in stick
representation and color-coded based on TMD as shown in panel. B) A view highlighting
the K* (purple) binding site with both CI~ (green) and Na* (yellow) ions visible in frame.
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Transmembrane domain residues that are fully conserved within Drosophila and mosquito NKCC and

NaCCC2 paralogs but different between paralogs.

Table 1

TMD 2eCCC2 Ncc83 aeNKCCLl Ncc69  hsNKCCL

1 P152 P145  RI85 R221  Roga*

2 1181 1174 L214 L250  y303*

2 5185 s178  T218 T254  pg07*

2 c189 c182  T222 T258  T33L

2 L196 L189  M229 M265  Ta3g*

3 V226 V219 1259 1295  |368*

3 V229 V222 1262 1298 1371*

3 A231  A224  S264 S300  A373

3 F232 F225  L265 L301  F374

3 N241  N234 Y274 Y310 yags*

3 T242 T235 V275 V311 y\3g4*

3 1243 1236 V276 V312 V385

4 c283 C276 V316 V352 S424

5 1301 1204 1334 L370  L442

6 $362 S356  A395 A432 pag7*

6 V363 V357  A396 A433  A498

7 L391 L385 1423 1460 1526

7 394 S388  T426 T463  T529

7 F401 F395  M434 M471 V536

8 T465 T463  S500 S537  gea*
T468 T466  A503 A540  AB17
N469  N467  S504 S541  g18*

8 V4T3 V4Tl AS508 A545  AB22

8 G48L G479 C516 C553 €630

9 Y503 Y501 V538 V575 L652

10 Y533 Y531 F568 F605  pggo*

10 53 S534  AS7L AG08  S685

10 c543 C541  S578 S615 S92

10 A548  AB46  S583 $620  S697

10 VE50 VB4  AS85 A622  AB99

11 1577 1575 V612 V649 V726

12 1593 1591 V628 V665 V742

12 F59% F592  L629 L666  L743

*
( )denotes residues previously identified to have functional or structural significance.
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