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ABSTRACT Human aquaporin 1 (hAQP1) forms homotetrameric channels that facilitate fluxes of water and small solutes
across cell membranes. In addition to water channel activity, hAQP1 displays non-selective monovalent cation-channel activ-
ity gated by intracellular cyclic GMP. Dual water and ion-channel activity of hAQP1, thought to regulate cell shape and volume,
could offer a target for novel therapeutics relevant to controlling cancer cell invasiveness. This study probed properties of
hAQP1 ion channels using proteoliposomes, which, unlike conventional cell-based systems such as Xenopus laevis oocytes,
are relatively free of background ion channels. Histidine-tagged recombinant hAQP1 protein was synthesized and purified
from the methylotrophic yeast, Pichia pastoris, and reconstituted into proteoliposomes for biophysical analyses. Osmotic wa-
ter channel activity confirmed correct folding and channel assembly. Ion-channel activity of hAQP1-Myc-His6 was recorded by
patch-clamp electrophysiology with excised patches. In symmetrical potassium, the hAQP1-Myc-His6 channels displayed co-
ordinated gating, a single-channel conductance of approximately 75 pS, and multiple subconductance states. Applicability of
this method for structure-function analyses was tested using hAQP1-Myc-His6

D48A/D185A channels modified by site-directed
mutations of charged Asp residues estimated to be adjacent to the central ion-conducting pore of the tetramer. No differences
in conductance were detected between mutant and wild-type constructs, suggesting the open-state conformation could differ
substantially from expectations based on crystal structures. Nonetheless, the method pioneered here for AQP1 demonstrates
feasibility for future work defining structure-function relationships, screening pharmacological inhibitors, and testing other
classes in the broad family of aquaporins for previously undiscovered ion-conducting capabilities.
WHY IT MATTERS A subset of aquaporins (AQPs) conduct monovalent ions. This channel property may contribute to
pathogenesis in some human diseases, leading to the proposal that AQPs are promising targets for drug discovery. AQP
ion-channel characterization using live cells is often hampered by background ion-channel activity and cell-to-cell
variation, which has slowed the progress of discovering new AQP modulators. Here, a cell-free method for recording
single human AQP1 (hAQP1) ion channels is presented. Novel features of hAQP1 were identified, including the single-
channel conductance and subconductance states in a defined membrane environment. The significance of this method
is its potential application to future discovery of new AQP ion-channel blockers, and new classes of ion-conducting AQPs
across biological kingdoms.
INTRODUCTION

Aquaporins (AQPs) are multifunctional transmem-
brane proteins that facilitate the passive movement
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of water and small solutes across cell membranes.
AQPs are permeable to diverse substrates, including
water (1,2), glycerol and urea (3–6), hydrogen peroxide
(7–9), carbon dioxide (10,11), as well as monovalent
anions (12) and cations (13,14). Transcript levels for
human AQPs 1–5, 8, and 9 are upregulated in some
classes of cancers (15), and these proteins have
been proposed as targets for anti-cancer therapies
(16,17). AQP mutations cause disorders; for example,
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FIGURE 1 Typical unilamellar blisters used for patch-clamp elec-
trophysiology in this study. Phase contrast micrograph of unilamel-
lar membrane blisters (black arrows) within solution that have
developed from a cluster of collapsed proteoliposomes in the pres-
ence of Mg2þ. Blisters are amenable to GU seal formation with a bo-
rosilicate glass micropipette (patch pipette, white asterisk). Dashed
lines flanking the patch pipette have been added for clarity.
impaired renal function due to loss of AQP1 function
(18) and nephrogenic diabetes insipidus due to muta-
tions in AQP2 (19). SomOther AQP-linked diseases
include obesity, congenital cataracts, neuromyelitis
optica, and epilepsy (20). New approaches to rapidly
characterize diverse AQP activities could facilitate
discovery of potential new therapies for AQP-
related disorders, as novel compounds could be effi-
ciently screened to determine their AQP-modifying ef-
fects (21).

A traditional approach for characterizing AQP activ-
ity is heterologous expression using Xenopus laevis
oocytes (2). This cell type is an excellent model for
measuring AQP-facilitated osmotic water permeability
(Pf) given the oocyte's low endogenous Pf. Moreover,
oocytes are useful for measuring the whole-cell
conductance (G) and single-channel conductance (g)
of heterologously expressed ion channels via two-
electrode voltage clamp (TEVC) and patch-clamp re-
cordings respectively (22). Electrophysiological re-
cordings of AQP-expressing oocytes determined that
human AQP1 (hAQP1) shows dose-dependent activa-
tion by cyclic guanosine monophosphate (cGMP),
which activates a non-selective monovalent cation
conductance through the central pore (13,23); rat (Rat-
tus norvegicus) AQP6 is an anion-permeable channel
sensitive to pH and covalent modification by mercuric
compounds (12,24), and AtPIP2;1 from Arabidopsis
thaliana is a calcium-sensitive non-selective cation
channel (25,26).

Despite obvious advantages, Xenopus oocytes show
variable levels of expression of injected channel
mRNAs, and activity of endogenous ion channels
(27), which can obscure or modify the signals gener-
ated by the heterologously expressed channels of in-
terest. The latter was noted for the mammalian
voltage-gated potassium (Kþ) channel Kv2.1, which
showed slower activation in the presence of endoge-
nous oocyte Kþ channels (28). Native oocyte signaling
cascades involving kinases and phosphatases can
complicate analyses by modulating ion-channel activ-
ity, as shown for human KCNQ4 Kþ channels ex-
pressed in Xenopus oocytes (29) and hAQP1 cation
channels (23). Furthermore, seasonal and genetic var-
iations affect Xenopus oocyte viability and the effi-
ciency of translation of introduced proteins (30).
Collectively, these disadvantages handicap reliability
and reduce the consistency of responses needed for
mass-throughput screening; for example, in searching
for compounds to target AQP ion-channel activity.

An alternative platform for biophysical characteriza-
tion of AQPs can be achieved by reconstituting puri-
fied proteins into lipid vesicles or bilayers. These
systems are by design free of background ion chan-
nels and intracellular signaling cascades that are pre-
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sent in oocytes and other cell expression systems.
Purified bovine MIP26 (BtAQP0) from ocular lens fiber
cells, and its orthologs from chicken (MIP28) and soy-
bean (GmNOD26), were characterized as voltage-
sensitive anion and/or cation selective channels with
large unitary conductances (100–300 pS) in planar
lipid bilayers (31–36). Purified native hAQP1 and histi-
dine-tagged recombinant hAQP1 produced using
yeast (Saccharomyces cerevisiae) both displayed
cGMP-activated single-channel sodium (Naþ) and Kþ

conductances in planar lipid bilayers (37); however,
their unitary conductances were small (not exceeding
10 pS). This contrasted with the large unitary conduc-
tance (150 pS) of hAQP1 observed in patch-clamped
Xenopus oocyte membranes (13). These apparent dif-
ferences in the single-channel amplitudes of hAQP1
could have arisen due to differences in membrane lipid
composition between the preparations (38). Discrep-
ancies in results obtained from different experimental
systems is a recognized barrier to progress in aqua-
porin research (39). Development of rapid, reliable,
and reproducible methods for AQP ion-channel
characterization in defined membranes will facilitate
channel characterization and drug discovery.

Single-channel recordings of recombinant KcsA Kþ

channels, and bacterial mechanosensitive ion chan-
nels of large (MscL) and small (MscS) conductance,
have been successfully recorded using patch-clamp
on membrane blisters derived from proteoliposomes
(40-42). Blisters are unilamellar bilayers that emerge
from the sides of collapsed proteoliposomes in the
presence of magnesium (Mg2þ) (Fig. 1). This rapid
technique has not previously been applied to the char-
acterization of AQP ion-channel proteins. In prior work,



hAPQ1 was produced at high protein densities in het-
erologous host systems Pichia pastoris (43) and
S. cerevisiae (44). In those studies, hAQP1 retained
its correct assembly and function, as demonstrated
by the preservation of water channel activity when
the proteins were reconstituted into proteoliposomes
and measured using stopped-flow spectroscopy in
the presence of an osmotic gradient. The capacity
for functional recombinant hAQP1 ion channels to be
reconstituted into proteoliposomes and detectable us-
ing patch-clamp electrophysiology in a defined mem-
brane environment remained a gap in knowledge.

Work here confirmed the feasibility of single-
channel patch-clamp analysis of recombinant hAQP1
reconstituted into proteoliposomes and quantified
novel properties of the channel. Recombinant
hAQP1 with carboxy-terminal Myc and histidine tags
(hAQP1-Myc-His6) was produced at a high purity and
concentration from P. pastoris as described previously
(43) and was demonstrated to be functional with
respect to both water and ion-channel activities.
Reconstitution of hAQP1-Myc-His6 into proteolipo-
somes using a method adapted from Delcour et al.
(40) enabled recordings of single channels of large
conductance that were attributable to hAQP1. This
study paves the way for potentially rapid characteriza-
tion of novel AQP antagonists as tools for exploring
new therapeutic applications and for enabling the dis-
covery of other classes of aquaporins that are capable
of functioning as ion channels across the biological
kingdoms.
MATERIALS AND METHODS

Construction of P. pastoris expression vectors

The Xenopus expression vector pXbG-ev1-hAQP1 (2) was used as a
template in a PCR reaction to amplify hAQP1. Reactions consisted
of plasmid DNA template, 1� Platinum PCR SuperMix High Fidelity
(Thermo Fisher) and 200 nM forward and reverse primers containing
restriction sites, shown underlined (EcoRI forward primer:
50-CACCGCGGAATTCAAAATGGCCAGCGAGTTCAAG-30) (XbaI reverse
primer: 50-CGCTCTAGAGCTTTGGGCTTCATCTC-30) (ApaI reverse
primer: 50-CGCGGGCCCTTTGGGCTTCATCTCCAC-30). The PCR prod-
ucts were directionally cloned into pENTR using the pENTR/D-topo
kit (Thermo Fisher). Plasmids were digested with EcoRI and either
XbaI or ApaI. The hAQP1 bandswere excised from gels, purified using
Illustra GFX PCR DNA and Gel Band Purification Kit (GE Healthcare),
and ligated into the EcoRI and ApaI sites of pPICZ-A, or the EcoRI and
XbaI of pPICZ-B, to make translational fusion proteins encoding
hAQP1-Myc-His6-A and hAQP1-Myc-His6-B.

Constructs (10 mg) were linearized with SacI, purified using Illustra
GFX PCR DNA and Gel Band Purification Kit, and concentrated by
ethanol precipitation. P. pastoris strain X33 was transformed with
the linearized plasmid by electroporation in a 0.2-cm cuvette using
a Micropulser (Bio-Rad) on the “Pic” setting. Positive transformants
were selected on yeast extract peptone dextrose (YPD) medium con-
taining 1 M sorbitol and 100 mg/mL zeocin. To select for multi-copy
insertions, single colonies that appeared after 3 days at 30�C were
re-streaked onto YPD containing 500 mg/mL and 1000 mg/mL zeocin
and incubated for a further 3 days at 30�C. Transformed clones were
validated by colony PCR using the 50AOX1 primer (50-GACTGGTTC
CAA TTGACAAGC-30) and gene-specific reverse primer (50-TCAATG
ATGATGATG ATGATGGTC-30).

A site-directed double-mutant variant of hAQP1-Myc-His6 (hAQP1-
Myc-His6

D48A/D185A) was constructed in the pPICZ-B backbone using
sequential reactions of the QuikChange II Site-directed mutagenesis
kit (Agilent) following manufacturer's procedures. The primers used
for round 1 (D48A) were (50-CACCTTCACGTTGGC CTGGACCGCCGT-
30) and (50-ACGGCGGTCCAGGCCAACGTGAAGGTG-30). For round 2
(D185A), the primers were (50-CCACAGCCAGTGTAGGCAATA GCCA
GGAGGT-30) and (50-ACCTCCTGGCTATTGCCTACACTGGCTGTGG-30).
Immunoblotting

Samples diluted in Laemmli sample buffer (62.5 mM Tris-HCl pH 6.8,
10% glycerol, 1% LDS, 0.005% Bromophenol blue, 10% b-mercaptoe-
thanol) (Bio-Rad) were incubated at 65�C for 10 min and loaded onto
12% mini-PROTEAN TGX gels (Bio-Rad). Proteins were electrophor-
esed at 200 V for 25min, and then transferred to nitrocellulosemem-
branes (GE Healthcare) in transfer buffer (25 mM Tris, 192 mM
glycine, 20% (v/v) methanol) for 1 h at 4�C. Membranes were blocked
in TBS-Tween containing 10% skim milk powder, and then probed
with rabbit anti-His polyclonal primary antibody (Cell Signaling Tech-
nology) (1:1000) overnight at 4�C in 5% skim milk, followed by IRDye
800CW Goat anti-Rabbit secondary antibody (AbCam) (1:5000) for
1 h at room temperature in 5% skim milk. Membranes were imaged
using an Odyssey CLx (LI-COR Biosciences).
Production of hAQP1-Myc-His6

For an initial small-scale screen, seven P. pastoris transformants
containing pPICZ-A-hAQP1-Myc-His6 and seven containing pPICZ-
B-hAQP1-Myc-His6 were analyzed. P. pastoris were grown overnight
in 5 mL of buffered glycerol-complex medium (BMGY) at 30�C with
shaking, and then transferred to 5 mL of buffered methanol-complex
medium (BMMY) containing 0.5% (v/v) methanol and grown at 30�C
with shaking for 24 h. Cells were pelleted and then resuspended in
100 mL of lysis buffer (20 mM Tris-Cl pH 7.6, 100 mM NaCl,
0.5 mM EDTA, 5% (v/v) glycerol, supplemented with 1% aprotinin,
10 mg/mL leupeptin, 10 mg/mL Pepstatin A, 10 mM PMSF, and
2 mM sodium orthovanadate) and 200 mL of 0.5-mm glass beads.
Cells were lysed using a Precellys 24 homogenizer (Bertin Instru-
ments) for 3 � 30 s at 4�C. Cell debris was cleared by centrifugation
for 500 � g for 5 min. Cleared lysates (5 mL) were analyzed by a dot-
blot immuno-assay as described previously (45).

A medium-scale screen was performed using single clones con-
taining pPICZ-A-hAQP1-Myc-His6 and pPICZ-B-hAQP1-Myc-His6
with confirmed high protein expression levels. Strain X33 harboring
BcAP8-His6 (46) was used as a positive control. P. pastoris were
grown in 25 mL of BMMY from a starting optical density 600
(OD600) of 1.0. Cells were harvested by centrifugation after 6 h and
24 h. Cells were broken in a 1:1:1 ratio of cells:lyisis buffer:glass
beads as described above. Total protein content of the cleared
lysate was estimated using the Pierce 660 nmProtein Assay reagent
(Thermo Fisher) using bovine serum albumin as a standard. Total
protein (10 mg) was mixed with 1� Laemmli buffer and assessed
by immunoblotting as described above.

For large-scale production, a single clone of X33/pPICZ-B-hAQP1-
Myc-His6 was grown overnight in BMGY and used to inoculate
4� 1 L of BMMY supplemented with Antifoam 204 (Sigma) and
1% (v/v) methanol to an initial starting OD600 of 0.8. Cells were
grown at 30�C with vigorous shaking in Thomson Ultra Yield baffled
Biophysical Reports 3, 100100, March 8, 2023 3



flasks, and 10 mL of 100% methanol was added after 24 h. Cells
were harvested by centrifugation at 5500 � g for 15 min after 48 h
of growth. Cell pellets were resuspended in an equal volume (v/w)
of breaking buffer (20 mM Tris-Cl pH 7.6, 100 mM NaCl, 0.5 mM
EDTA, 5% (v/v) glycerol, 1� Complete EDTA-free protease inhibitor
cocktail (Roche)) and lysed by six passes through a cell disruptor
(Microfluidics M-110L) at 75 psi. The lysate was clarified by centrifu-
gation at 3000 � g for 10 min followed by 10,000 � g for 30 min at
4�C. To isolate themembrane fraction, the supernatant consisting of
the crude extract was centrifuged at 108,000 � g for 90 min in a
Beckman ultracentrifuge with Type 70 Ti rotor. The membrane pellet
was resuspended in 16 mL of breaking buffer (1 mL per 250 mL of
starting culture).
Solubilization and purification of hAQP1-Myc-His6

The membrane fraction, comprising 50 mg of total protein, was
diluted to 2 mg/mL in solubilization buffer (20 mM Tris-Cl pH 8.0,
100 mM NaCl, 10 mM imidazole, 20% (v/v) glycerol 5% (w/v) octyl
b-D-glucopyranoside (b-OG) (Sigma), 1� Complete EDTA-free prote-
ase inhibitor cocktail). The mixture was stirred at low speed on ice
for 3.5 h. Solubilized protein was cleared by ultracentrifugation at
160,000 � g for 30 min at 4�C. The supernatant was incubated over-
night at 4�Cwith 0.6 mL of HisPur Ni-NTA resin (Thermo Fisher), with
gentle end-over-end rotation. Themixture was transferred to a 10-mL
column (Bio-Rad) and washed with 10 mL of solubilization buffer
containing 1% (w/v) b-OG. The protein was then eluted sequentially
with 600 mL of solubilization buffer (1% (w/v) b-OG) containing 100,
250, and 475 mM imidazole. Fractions of 200 mL were collected. The
total protein content of each fraction was determined, and 1 mg of
each fraction was resolved on a TGX gel as described above. The
protein bands were visualized using Coomassie staining and imaged
on the 700-nm channel of the Odyssey CLx (LI-COR).
Reconstitution of hAQP1-Myc-His6 into
proteoliposomes for vesicle shrinkage assays

Small unilamellar vesicles were prepared from Escherichia coli Polar
Lipid Extract (Avanti). Lipids in chloroform (5mg) were transferred to
a borosilicate glass test tube and dried under a constant stream of
N2 gas, then further dried under vacuum for 45 min. Lipids were
rehydrated by vortexing in 500 mL of reconstitution buffer (50 mM
Tris-Cl pH 8, 100 mM NaCl) and then sonicated in an ice bath until
translucent (about 1 h). The surfactant b-OG was added to a concen-
tration of 1.2% (w/v), and vesicles were incubated for 1 h at room
temperature. Protein (100 mg) was added to the liposome suspen-
sion, giving a lipid:protein ratio (LPR) of 50:1. After a 20-min incuba-
tion at room temperature, the mixture was diluted by adding 17.5 mL
of reconstitution buffer and then centrifuged at 140,000 � g for
40 min to pellet the proteoliposomes. The proteoliposome pellet
was resuspended in reconstitution buffer to a lipid concentration
of 2 mg/mL. Control vesicles were prepared in parallel by adding
buffer instead of protein.
Reconstitution of hAQP1-Myc-His6 into
proteoliposomes for patch-clamp electrophysiology

Twomilligrams of azolectin granules (Sigma) were dissolved in 2mL
of chloroform in a clean borosilicate glass test tube. The chloroform
was evaporated under a constant stream of N2 gas with gentle rota-
tion of the tube to obtain a thin lipid film. Chloroformwas completely
removed from the lipids by further drying in a vacuum desiccator.
Lipids were rehydrated with 2 mL of dehydration/rehydration (D/R)
4 Biophysical Reports 3, 100100, March 8, 2023
buffer (200 mM KCl, 5 mM HEPES pH 7), and then sonicated until
opaque. In a clean glass tube, 200 mL of the subsequent liposomes
were mixed with recombinant hAQP1-Myc-His6 at a protein:lipid ra-
tio of 1:1000. Volume was increased to 2 mL with D/R buffer and
the mixture was incubated for 2 h with gentle rotation. Detergent
was removed using Bio-Beads SM-2 Resin (Bio-Rad) following man-
ufacturer's instructions. Detergent-free proteoliposomes were har-
vested by ultracentrifugation at 217,000 � g for 30 min at 4�C and
resuspended in 60 mL of D/R buffer. Aliquots of 10 mL were spotted
onto clean glass slides and dried in a vacuum desiccator overnight
at 4�C.
Stopped-flow spectroscopy

The water transport activity of recombinant hAQP1-Myc-His6-B was
assessed by measuring the light scattering on a DX.17MV stopped-
flow spectrophotometer (Applied Photophysics, Leatherhead, UK).
Within the instrument, control and hAQP1-Myc-His6-containing ves-
icles were diluted 1:1 with a hyperosmotic buffer (50 mM Tris-Cl pH
8, 100mMNaCl, 300mMsorbitol) and 90� light scatter was recorded
in volts. Data were normalized, averaged, and presented as the mean
of five traces. Rate constants are reported as mean 5 95% confi-
dence interval.
Oocyte expression

The engineered pPICZ-A and -B plasmids were used as templates to
amplify hAQP1-Myc-His6-A and hAQP1-Myc-His6-B by PCR using
Platinum PCR SuperMix High Fidelity (Thermo Fisher) as described
above, with 400 nM of forward 50-CACCATGGCCAGCGAGTTCAAG-30

and reverse 50-TCAATGATGATGATGATGATGGTC-30 primers. The
PCR products were cloned into pENTR (Thermo Fisher) and then
subcloned into the Xenopus expression vector pGEMHE-DEST using
Gateway LR clonase (Thermo Fisher). Expression vectors were
linearized with NheI-HF and used to synthesize cRNA encoding
hAQP1-Myc-His6-A and hAQP1-Myc-His6-B in an in vitro transcrip-
tion reaction with the mMessage mMachine T7 kit (Ambion). The
cRNA was purified using the MEGAclear Kit (Thermo Fisher), ethanol
precipitated, and quantified by agarose gel electrophoresis and UV
spectrometry (Nanodrop 2000).

Oocyte swelling assays

Oocytes were injected with 50 nL of water with cRNA encoding
hAQP1-Myc-His6 or without RNA (serving as non-AQP-expressing
water-injected control oocytes). The amounts of cRNA injected
were 1, 2.5, 5, and 10 ng. Oocytes were incubated for 2 days at
18�C in Ringer's solution (96 mM NaCl, 2 mM KCl, 0.6 mM CaCl2,
5 mMMgCl2, 5 mMHEPES pH 7.6, 10% horse serum, 100 U/mL peni-
cillin, 0.1 mg/mL streptomycin, 0.5 mg/mL tetracycline, and 500 mM
Na-pyruvate). Water flux rate was assayed by measuring swelling
rates in hypotonic saline by videography. Hypotonic saline was
made by diluting isosmotic saline with deionized water in a 1:1 ratio.
Electrophysiology

Oocytes were assessed 2 to 3 days post cRNA injection by TEVC us-
ing a GeneClamp 500B amplifier (Axon Instruments). Borosilicate
glass electrodes were backfilled with 1 M KCl. Currents from oocytes
were recorded in Ca2þ-free isotonic saline (100 mM NaCl, 2 mM KCl,
5 mM MgCl2, 5 mM HEPES, pH 7.6 NaOH). Conductance was
measured in the initial condition, after activation with 10 mM (Rp)-8-
(para-chlorophenylthio)guanosine-30 ,50-cyclic monophosphorothioate
(CPT)-cGMP (from a 1 mM stock dissolved in Ca2þ-free isotonic



saline) and after the addition of 600 mM CdCl2 (from a 60 mM stock)
using a voltage step protocol. From a holding potential of �40 mV,
command potential was stepped from þ60 mV to �120 mV
for 200 ms. Data were digitized with a Digidata 1322 (Axon Instru-
ments) and analyzed with pCLAMP Version 8 software (Molecular
Devices).

Patch-clamp electrophysiology was performed on proteolipo-
somes that were rehydrated on glass slides for 1 to 3 days in an
equal volume of D/R buffer at 4�C. Rehydrated liposome suspen-
sions (2–4 mL) were added to a patch-clamp recording chamber con-
taining 3 mL of recording buffer (112 mM KCl, 32 mM MgCl2, 4 mM
HEPES pH 7, 10 mM CPT-cGMP). Unilamellar blisters formed after
approximately 20 min of incubation at room temperature. Pipettes
were pulled from borosilicate glass using a vertical puller (Nara-
shige, PP-83) to a resistance of 3 to 5 MU in recording buffer. Pi-
pettes were not fire polished or coated and were backfilled with
recording buffer without CPT-cGMP. Seals with a resistance greater
than 1 GU were formed by touching the blister with the electrode,
combined with gentle suction. Excised patches (equivalent to the in-
side-out configuration) were achieved by pulling the pipette away
from the blister and briefly exposing the tip to air, then resubmerg-
ing. Data were recorded using an Axoclamp 200A amplifier with
CV201A headstage (Axon instruments), digitized with a Digidata
1550B (Molecular Devices) with integrated hum silencer, and
collected at a sampling frequency of 1 kHz using pCLAMP 11 (Mo-
lecular Devices). Single-channel detection and analyses were per-
formed using Clampfit versions 10 and 11 (Molecular Devices).
The single-channel search function was used to set channel levels
and generate idealized events, from which amplitude histograms
were constructed. Events with durations less than 3 ms were
excluded. Due to the presence of multiple channels in each patch,
the single-channel open probability (Popen) could not be accurately
quantified using total open time/total time (to/T). Instead Popen
was estimated using Popen ¼ To/NT, where N is the number of chan-
nels in the patch, and To¼

P
Lto, where L is the level of channel open-

ing. L was set to the highest level observed, which, due to the long
gap-free recording times, was estimated to be the best approxima-
tion of N. In total, 3.44 h of gap-free data were recorded for empty
liposomes, and 15.5 h of gap-free data were recorded for liposomes
containing hAQP1. Channels were recorded from two independent
preparations of hAQP1-Myc-His6 protein. AQP1 channels show
modal behavior as described previously (13) with long closed or
inactive states (lasting many minutes) alternating with equally sus-
tained highly active periods; only recorded sections with at least one
active channel were analyzed for the estimated open times pre-
sented here.
RESULTS

Carboxyl-terminal tagged hAQP1-Myc-His6 is a
functional water and ion channel when expressed in
X. laevis oocytes.

hAQP1 was subcloned into the P. pastoris pPICZ-A and
pPICZ-B expression vectors to produce constructs
that differed by two amino acid residues in the linker
between the carboxyl (C) terminus of hAQP1 and the
Myc tag (Fig. S1). The recombinant C-terminally
tagged hAQP1-Myc-His6 protein from pPICZ-B was
shown previously to function as a water channel
when reconstituted into proteoliposomes (43); howev-
er, the ion conduction properties of hAQP1 with an
additional histidine tag were unknown. Therefore,
Xenopus expression constructs encoding hAQP1-
Myc-His6 from pPICZ-A and pPICZ-B were developed
for rapid functional screening. When oocytes were
transferred into a 50% hypotonic saline solution, those
injected with cRNA encoding for hAQP1-Myc-His6
from either the -A or -B construct displayed significant
increases in cell volume as a function of time due to
water influx (Fig. 2 A). Non-AQP-expressing control oo-
cytes displayed only a slight increase in volume, indic-
ative of minimal swelling (Fig. 2 A). Compared with
water-injected control oocytes, the swelling rate was
more than ninefold greater for oocytes injected with
hAQP1-Myc-His6, and this difference was statistically
significant (Fig. 2 B). Immunoblotting of membrane-
enriched oocyte fractions with an anti-His antibody de-
tected a band corresponding to the theoretical molec-
ular weight (31.2 kDa) of hAQP1-Myc-His6, which was
absent in non-AQP-expressing water-injected controls
(Fig. 2 C). This indicated that the increased water
permeability of oocytes was due to the presence of
hAQP1-Myc-His6 protein in the oocyte plasma mem-
brane. Oocyte water permeability was positively corre-
lated with the amount of hAQP1-Myc-His6 cRNA
injected (Fig. 2 D), a property that has previously
been demonstrated for the wild-type AQP1 (2). Hence,
hAQP1-Myc-His6 displayed all the hallmarks of a func-
tional AQP1 water channel when expressed in Xenopus
oocytes. Water channel function was independent of
the P. pastoris expression construct from which the
tagged AQP1 was derived.

Wild-type AQP1 elicits ion currents in oocytes after
stimulation with cGMP (13), which interacts with the
gating domain (loop D) at the intracellular side of the
protein (23,47,48). To determine whether C-terminal
tagging of AQP1 with histidine affected the cGMP-
dependent activation of AQP1 ion conductivity, TEVC
was performed. Oocytes injected with hAQP1-Myc-
His6 showed an activation of an ion conductance
when 10 mM CPT-cGMP was added to the bathing so-
lution, as well as a positive shift in the reversal poten-
tial, as would be predicted by the Nernst equation for
current mediated by a cation-permeable channel in
external 100 mM Naþ (Fig. 3 A). The ionic currents
were reduced in the presence of 600 mM CdCl2
(Fig. 3 A), consistent with previous findings of Cd2þ

block of wild-type AQP1 ion channels (26, 49). No cur-
rents were activated by cGMP in non-AQP-expressing
control oocytes (Fig. 3 B). In contrast, control oocytes
showed trends toward a slight decrease in conduc-
tance after the application of cGMP, also seen
with Cd2þ. Unlike hAQP1-Myc-His6, which showed
significant activation by cGMP and block by Cd2þ

(Fig. 3 C), slight differences in conductance values
for water-injected oocytes were not statistically signif-
icant (Fig. 3 D). Large whole-cell currents (microamp
Biophysical Reports 3, 100100, March 8, 2023 5
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FIGURE 2 Water channel activity of hAQP1-
Myc-His6 in X. laevis oocytes. (A) Oocytes ex-
pressing tagged human hAQP1 variants, or
control oocytes, were exposed to 50% hypo-
tonic saline at t ¼ 0. Relative volume
change was measured from the time-lapse
images. Data are mean 5 SEM of three
untagged wild-type (WT), 13 (variant A), 12
(variant B), and seven (control) oocytes. (B)
Boxplots showing the swelling rates of oo-
cytes measured in (A). Significant differences
were determined by one-way ANOVA.
****p< 0.0001; ns, not significant. (C) Immuno-
blot of plasma-membrane-enriched fractions
from 15 pooled oocytes injected with hAQP1-
Myc-His6-B or from 15 water-injected controls.
Bands were visualized using an anti-His
antibody. (D) Water permeability increased
linearly when oocytes were injected with
increasing amounts of cRNA (1–10 ng) encod-
ing hAQP1-Myc-His6-B. Data are mean 5 SD
of 10 oocytes (except 2.5 ng, which are 11
oocytes) after the mean water permeability
of 12 control oocytes (injected with 50 nL of
water) was subtracted. Data were fitted with
a linear regression (R2 ¼ 0.59).
amplitude) were elicited by cGMP in hAQP1-Myc-His6-
expressing oocytes (Fig. 3 E), consistent with previous
results for wild-type AQP1-mediated currents in the
oocyte expression system (13). These data show
hAQP1-Myc-His6 is a cyclic nucleotide-gated monova-
lent cation channel with properties comparable
with the wild-type hAQP1 channel when expressed in
Xenopus oocytes.
Recombinant hAQP1-Myc-His6 produced in
P. pastoris forms a functional water channel in
proteoliposomes

Quantities of recombinant hAQP1 protein sufficient for
crystallization have been synthesized in P. pastoris
strain X33 using the pPICZ-B expression vector (43).
The same approach was used here to produce
hAQP1 protein of sufficient quantity and purity for
biophysical characterization. The highest-producing
transformants were selected from an initial small-
scale (5 mL) preparation. After methanol induction of
protein expression, crude protein extracts from seven
independent transformants were assessed using a
6 Biophysical Reports 3, 100100, March 8, 2023
protein dot-blot probed with an anti-His antibody
(Fig. 4 A). Clones from pPICZ-A and pPICZ-B showing
the highest expression levels were selected for further
work.

A medium-scale study was performed in shake
flasks (25 mL) to define the expression levels and in-
duction times for hAQP1-Myc-His6. Total protein ex-
tracts from lysed cells were separated by SDS-PAGE
and analyzed by immunoblot with an anti-His anti-
body. No signal was detected after 6 h (Fig. 4 B), which
contrasts with a previous study (43). However, after
24 h of induction by methanol, strong signals were
observed from protein extracts for two independent
transformants (Fig. 4 B). Signals could be attributed
to hAQP1-Myc-His6 based on immunoblotting results,
which revealed a single band close to 31 kDa that was
absent in the untransformed strain X33 (Fig. 4 B). The
BcAP8 positive control, an aspartic protease from
Botrytis cinerea that has previously been produced to
high densities in P. pastoris (46), correctly showed
three bands representing the inactive pre-pro-protein,
the cleaved active protease, and the smaller pro-
domain after cleavage (Fig. 4 B). hAQP1-Myc-His6
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FIGURE 3 Ion-channel activity of hAQP1-Myc-His6 in X. laevis oocytes. (A and B) Current-voltage relationships of oocytes injected with
hAQP1-Myc-His6 (A) or water-injected controls (B) in isotonic Ca2þ-free saline at the start of the recording (initial), after activation with
10 mM CPT-cGMP (labeled “cGMP”), and after application of 600 mM CdCl2 to the activated cells (Cd2þ). Data are mean 5 SEM for six
(hAQP1-Myc-His6) or three (water-injected control) oocytes. (C and D) Slope conductance values for individual oocytes expressing hAQP1-
Myc-His6 (C) or water-injected controls (D) before activation (initial), after activation (cGMP), and after block (Cd2þ). Different letters indicate
statistically significant differences between the means (ANOVA, p < 0.001). (E) Whole-cell current trace recordings illustrate the CPT-cGMP
activation of hAQP1-Myc-His6-mediated ion currents. Dashed lines indicate zero current levels.
derived from pPICZ-B produced a stronger signal than
that from pPICZ-A (Fig. 4 B); the pPICZ-B clone was
therefore used to produce recombinant hAQP1-Myc-
His6 for biophysical characterization.

Purified hAQP1-Myc-His6 protein was isolated
using nickel-NTA agarose affinity chromatography
and eluted stepwise from the column by sequentially
increasing the concentration of imidazole. Denaturing
SDS-PAGE analyses of eight eluate fractions stained
with Coomassie blue revealed highly purified samples
with major bands representing the hAQP1-Myc-His6
monomer (Fig. 4 C). The highest purified protein
concentration (up to 4 mg/mL) was achieved in the frac-
tions eluted with 250 mM imidazole. This concentra-
tion was sufficient to generate proteoliposomes with
protein:lipid ratios suitable for single-channel electro-
physiological recordings, as described previously for
MscS and MscL (41).
Initially, water channel activity of purified recombi-
nant hAQP1-Myc-His6 was assessed using proteolipo-
somes. Vesicles were exposed to hypertonic solution
in a stopped-flow spectrophotometer, and the rate of
vesicle shrinkage was inferred by measuring light
scattering as a function of time. The mean response
curve of liposomes reconstituted with hAQP1-Myc-
His6 displayed robust shrinkage, with a rate constant
(k) of 13.3 5 0.26 s�1 (Fig. 4 D, blue line). In contrast,
empty vesicles without protein showed a slower rate
of shrinkage, with a rate constant of 8.9 5 0.06 s�1

(Fig. 4 D, gray line). In hAQP1-Myc-His6 vesicles that
were incubated with the AQP1 water channel blocker
mercuric chloride (HgCl2) (500 mM), the rate constant
was reduced to 6.4 5 0.07 s�1, indicating a reduced
rate of vesicle shrinkage (Fig. 4 D, red line). These re-
sults are consistent with previous findings of hAQP1-
Myc-His6 produced in P. pastoris and reconstituted
Biophysical Reports 3, 100100, March 8, 2023 7
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into proteoliposomes (43), and indicated that the func-
tional protein had been synthesized and assembled
correctly, confirming the channel integrity needed for
subsequent biophysical investigations of ion-channel
function performed using electrophysiology.
Patch-clamp recordings of reconstituted hAQP1-
Myc-His6 channels in liposomes reveals cGMP-
activated KD channel activity

The electrical activity of channels in proteoliposomes
was assessed using patch-clamp electrophysiology of
excised inside-out patches from unilamellar mem-
brane blisters. When patches containing hAQP1-Myc-
His6 were held at a constant voltage of �100 mV,
the application of 10 mM CPT-cGMP (labeled in the
figure as "cGMP") to the bath triggered a flickering
conductance activity and included events seen as
long bursts of channel openings interrupted by brief
closings (Fig. 5 A and B). The amplitudes of the chan-
8 Biophysical Reports 3, 100100, March 8, 2023
nel opening events showed apparent stepwise transi-
tions to amplitudes greater than 60 pA, indicating
that the single-channel conductance was high or
that multiple channels could be gated cooperatively
to account for the observed activity (Fig. 5 B). In
contrast, control patches from empty liposomes
without added AQP1 protein (n ¼ 18) did not display
channel activity (Fig. 5 C (þ60 mV) & 6C (5100 mV))
with or without CPT-cGMP. Electrical noise was
occasionally observed in patches due to poor seal for-
mation, but this was clearly distinguishable from ion-
channel activity. The orientation of hAQP1-Myc-His6
within the membrane patches was unknown, but it
was likely to be a random mixture of cytoplasmic-
side-out and extracellular-side-out configurations.

Single channels were observed in some patches
(Fig. 6). No net current was observed when the mem-
brane was clamped at 0 mV, as expected for a cation
channel in symmetrical Kþ solutions (Fig. 6 A). Channel
activity detected over a broad range of membrane



1 s20 pA

cGMP (10 μM)

1 s
20 pA

-100 mV

-100 mV

-60 mV
4 s20 pA

A

B

C
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erties of proteoliposomes reconstituted with
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(C) Gap-free recording of a control (empty)
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of 10 mM CPT-cGMP. Dotted lines indicate
zero current levels.
potentials showed no apparent voltage dependence
(Fig. 6 B). Once channels were activated, the predomi-
nant pattern was that multiple channels remained
open for long durations; thus, fully closed states repre-
senting the zero-current baseline were rare. In patches
inwhich apparent single-channel eventswere detected,
the estimated open probability was close to 1 at all
tested voltages (Fig. 6 B). This is likely to be due to
the presence of cGMP in the bath, which has been
shown to increase the open probability of AQP1 chan-
nels in oocyte membranes (13). Hence the open proba-
bility of AQP1 channels was close to 1, as they were
recorded in their open states. Channel activity was
absent in control patches (Fig. 6 C). Single-channel
amplitude histograms were constructed from events
measured at different holding potentials and fitted
with Gaussian functions to determine mean single-
channel current amplitudes. An example compiled for
events at �100 mV is shown in Fig. 6 D. For purposes
of calculating channel event amplitudes, the detection
algorithm baseline was set at the highest conductance
state (themaximumnumber of open channels), andsin-
gle-channel amplitudes were quantified from the step
changes during closing event deflections (Fig. 6 B). Sin-
gle-channel conductanceswere determined from linear
fits of current-voltage (I/V) plots, from three patches
from different proteoliposomes (Fig. 6 E). The recombi-
nant hAQP1-Myc-His6 showed a mean single-channel
conductance (g) of 75.4 5 7.2 pS (SD).

The amplitude histograms revealed subconduc-
tance states (Fig. 6 D) that were more apparent when
the holding potential was clamped at supraphysiologi-
cal voltages (exceeding 5100 mV). For example,
at þ200 mV, hAQP1-Myc-His6 events showed pre-
dominant residence times at an amplitude near
16 pA. Intermittently, a subconductance state of
5 pA was combined (Fig. 7 A), reaching an amplitude
near 21 pA for the apparent open channel amplitude
(Fig. 7 B). This small excursion could suggest that
open channels can transition occasionally to a slightly
higher conducting state, or that an additional channel
in the population operating at a small subconductance
amplitude contributes to the activity, but with a rela-
tively low open probability.

To further assess the utility of the reconstituted
proteoliposome method for AQP analyses, a double-
mutant construct of hAQP1, replacing two aspartate
(D) residues with alanine (A), was constructed
(Fig.8A).Weattempted toproduce fourdifferentmutant
variants of hAQP1 (hAQP1D48K/D185K, hAQP1D48N/D185N,
hAQP1D48R/D185R, and hAQP1D48A/D185A). However, in
this project, only the hAQP1D48A/D185A double mutant
produced sufficient protein yields for reconstitution,
whereas the other mutants did not. The rationale was
based on AQP1 crystal structure; a ring of Asp is shown
to surround the central pore (Fig. 8 A), and might influ-
ence ion permeation (50), resulting in an altered single-
channel conductance. A disadvantage of this approach
is that available crystal structures for AQP1 have been
generated in the absence of a stimulus (cGMP ligand),
and thus are likely to represent a closed/non-activated
ion-channel state. Similar to the wild type, the
mutant construct hAQP1-Myc-His6

D48A/D185A showed
ion-channel activity that was activated by CPT-cGMP
in Xenopus oocytes (Fig. 8 B). With patch-clamp,
single-channel activity of the mutant construct was
demonstrated, but no difference between hAQP1-Myc-
His6 and hAQP1-Myc-His6

D48A/D185A in single-channel
conductance was observed (Fig. 8 C and D).
DISCUSSION

First described as the channel-forming integral mem-
brane protein of 28 kDa (CHIP28), hAQP1 was shown
Biophysical Reports 3, 100100, March 8, 2023 9
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to facilitate transmembrane water fluxes in Xenopus
oocytes (2) and reconstituted in proteoliposomes
(51). Later work demonstrated that hAQP1 expressed
in Xenopus oocytes mediated a gated cation-channel
activity (52) with a single-channel conductance of
150 pS, activated by cGMP (13). Although the ion-chan-
nel property of hAQP1 was initially questioned (53),
similar results were obtained for rat AQP1 natively ex-
pressed in choroid plexus (49). Ion-channel activity
was verified independently in a study showing hAQP1
reconstituted into planar lipid bilayers exhibited
cGMP-dependent cation-channel activity, albeit at
a low unitary conductance, 10 pS in 100 mM Naþ or
Kþ (37). Work here with proteoliposomes containing
recombinant hAQP1-Myc-His6 showed the unitary
10 Biophysical Reports 3, 100100, March 8, 2023
conductance of hAQP1 is greater when reconstituted
in a membrane lipid environment; azolectin-based pro-
teoliposomes showed channel events with a conduc-
tance near 75 pS in 112 mM symmetrical KCl saline.
The appearance of additional subconductance states
could offer insight into discrepancies observed be-
tween experimental preparations.

The unitary conductance of hAQP1 in proteolipo-
somes (75 pS) is approximately half that measured
in excised patches from Xenopus oocytes (150 pS)
(13) but more than sevenfold greater than seen in lipid
bilayers. Henderson and colleagues (38) have pro-
posed the variations could reflect differences in mem-
brane compositions of Xenopus oocytes compared
with planar bilayers (37) or the soybean phospholipid
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mixture (azolectin) used in this study. Other work has
shown that the water permeability of bovine lens
aquaporin BtAQP0 was reduced when reconstituted
in proteoliposomes with high cholesterol or sphingo-
myelin (54); similarly, AQPZ from E. coli displayed
higher water permeability when reconstituted into
liposomes made from 1,2-dioleoyl-sn-glycero-3-phos-
phocholine (DOPC) compared with 1,2-dioleoyl-sn-
glycero-3-phosphoglycerol (DOPG) (55). Given that
the functional properties of other ion channels (e.g.,
Kþ channels and ligand-gated nicotinoid receptors)
are sensitive to lipid environments (56,57), it is reason-
able to speculate that hAQP1 ion channels are
affected by membrane composition. Future work us-
ing methods described in this study would be of inter-
est to ascertain the modulatory effects of membrane
lipids on hAQP1 ion-channel activity.

The maximum conductance measured for hAQP1-
Myc-His6 in proteoliposomes was 75 pS, and a small
subconductance state (5 pS) also was detected
(Fig. 7). An interesting explanation for the lower
hAQP1 conductance values (2, 6, and 10 pS) reported
in planar lipid bilayers (37) might be that the bilayer
preparation favored the hAQP1 subconductance
states, possibly as a result of differences in membrane
lipid composition or other factors that remain to be
identified. Homologous ion-conducting AQPs from
animals (bovine, BtAQP0) (31) and plants (soybean,
GmNOD26) (35) showed subconductance state activ-
ity when reconstituted in planar lipid bilayers. Multiple
conductance states are a widespread feature of many
types of ion channels, seen in diverse classes ranging
from cardiac sodium channels (58) to non-selective
cation channel Polycystin-2 (59) and cyclic nucleo-
tide-gated channels, in which the probability of occu-
pying subconductance states depends in part on the
number of cGMP ligands bound to the protein (60).
Future work investigating factors that influence
hAQP1 occupancy of subconductance states might
consider dose-dependent effects of cGMP concentra-
tion, block by divalent cations, or contributions of res-
idues lining the central pore, which is the proposed ion
conduction pathway in hAQP1 tetramers (Fig. 8A)
(48). Future work might also explore the channel prop-
erties of recombinant AQPs synthesized from different
host cells, including insect (61), yeast (44), and
mammalian cell lines (62), which could give rise to a
clearer understanding of the effects of posttransla-
tional modifications on hAQP1 function.

The AQP superfamily extends across all kingdoms
of life, although only a subset of this broad channel
family has thus far been found to conduct monovalent
ions (38,63,64). It is likely many as-yet unknown ion-
conducting AQPs remain to be discovered. Not all
AQPs reside within plasma membranes that are
accessible to patch-clamp electrophysiology. For
example, AQP11 is localized to the endoplasmic retic-
ulum (65), and AQP12 similarly has been suggested to
be localized to intracellular organelles (66). Reconsti-
tution of these recombinant AQPs into membrane blis-
ters could potentially elucidate novel AQP ion-channel
functionalities. As-yet uncharacterized AQPs such as
Biophysical Reports 3, 100100, March 8, 2023 11
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(112 mM) Kþ solutions at 120 mV with CPT-
cGMP displaying channel activity.
plant X intrinsic proteins (XIPs), which have been pro-
posed as candidate ion-conducting AQPs (64), could
be capably assessed using the techniques described
in this study.

AQPs are implicated in a range of human diseases
and have attracted interest as potential therapeutic
targets. Human AQP1 and AQP4, for example, are
strongly elevated in glioblastoma cells (17). AQP1
has been proposed to facilitate glioblastoma invasive-
ness via a mechanism that is dependent on both its
water and cation influx activities (67). Combined inhi-
bition of hAQP1 ion and water channel pores was
shown to slow colon cancer cell migration in vitro
more effectively than blocking single AQP1 perme-
ation pathways alone (68). The cation conductance
of hAQP1 was proposed to account for a hypoxia-
induced ionic leak current in sickled erythrocytes
that was blocked by the anti-sickling compound
12 Biophysical Reports 3, 100100, March 8, 2023
5-hydroxylmethyl-2-furfural and structurally related
furan compounds (69). The discovery of new medici-
nal compounds that regulate AQP ion channels has
clear potential to expand therapeutic options, a goal
that would benefit from establishment of a rapid
screening technique free from background interfer-
ence. A high-throughput electrophysiological evalua-
tion using reconstituted AQP1 proteoliposomes
could expedite discovery of AQP-inhibiting pharmaco-
logical agents.

Caveats of the patch-clamp approach for assessing
hAQP1-Myc-His6 activity in proteoliposomes should
be noted. Despite the apparent simplicity of the
method, the percentage of excised patches containing
discernible channel activity was 40%, (n¼ 53 patches),
and patches harboring single ion channels were rare.
In another study, green fluorescent protein (GFP)-
tagged Transmembrane Channel Like (TMC) proteins
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1 and 2 were successfully analyzed in proteolipo-
somes using the patch-clamp (70). Therefore, the effi-
ciency of detecting hAQP1 single channels may be
improved by reconstituting liposomes with a fluores-
cent fusion protein (hAQP1-GFP) to visually identify
blisters containing hAQP1, provided that tagging
does not modify the ion conductance properties. Sec-
ond, although relatively pure and biologically active
hAQP1-Myc-His6 was produced, the effects of long-
term storage on protein activity were not assessed.
The orientations of the channels in the proteolipo-
some membranes were unknown, which could have
implications for mechanistic understanding of the
channel. Further purification of hAQP1-Myc-His6
might improve the long-term reproducibility of patch-
clamping proteoliposomes reconstituted with the pro-
tein as an efficient and viable alternative to cell-based
systems for compound screening.

An example of the application of the method was
demonstrated by investigating the functional proper-
ties of hAQP1-Myc-His6

D48A/D185A. The mutant protein
displayed cGMP-activated cation-channel activity in
Xenopus oocytes but showed no apparent difference
in single-channel amplitude. The negatively charged
Asp residues might not be located sufficiently close
to the central ion-conducting pore in the open state
to influence cation permeation. Alternatively, anions
might carry electroneutral currents in the mutant
channel. It also is conceivable that the conformation
of the open AQP1 channels could be quite different
from closed-state views that have been deduced
from crystal structural analyses, suggesting better
identification of pore lining residues might await new
methods for crystallizing the channel in a constitu-
tively ion-channel-activated state. The potential
impact of introduced mutations on protein production,
as we noted when only one of four tested double-
mutant constructs was successfully reconstituted,
might be noted with interest in future studies. Charged
residues (such as D48 and D185 tested here) could
affect structural properties influencing reconstitution,
beyond possible effects on channel conductance
alone. Nonetheless, successful reconstitution and
characterization of the mutant AQP1 construct dem-
onstrates that testing of channel properties by muta-
genesis is feasible, and could provide in-depth
understanding of mechanisms of ionic selectivity,
open probability, cooperativity, and open dwell times
that are not measurable using TEVC.

In summary, hAQP1-Myc-His6 ion channels were
characterized here using patch-clamp in a clean,
molecularly defined system, establishing a new tool
for assessing aquaporin ion-channel function in a
preparation in which interference from background
proteins is minimized. Establishing this assay paves
the way for future work identifying new classes of
ion-conducting AQPs and screening for AQP ion-
channel inhibitors that could have valuable therapeu-
tic uses.
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