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Abstract

Aquaporins (AQPs) are a family of membrane proteins that function as channels facilitating water
transport in response to osmotic gradients. These play critical roles in several normal physiological
and pathological states and are targets for drug discovery. Selective inhibition of the AQP1 water
channel may provide a new approach for the treatment of several disorders including ocular
hypertension/glaucoma, congestive heart failure, brain swelling associated with a stroke, corneal
and macular edema, pulmonary edema, and otic disorders such as hearing loss and vertigo. We
developed a high-throughput assay to screen a library of compounds as potential AQP1 modulators
by monitoring the fluorescence dequenching of entrapped calcein in a confluent layer of AQP1-
overexpressing CHO cells that were exposed to a hypotonic shock. Promising candidates were
tested in a Xenopus oocyte-swelling assay, which confirmed the identification of two lead classes
of compounds belonging to aromatic sulfonamides and dihydrobenzofurans with ICgqs in the low
micromolar range. These selected compounds directly inhibited water transport in AQP1-enriched
stripped erythrocyte ghosts and in proteoliposomes reconstituted with purified AQP1. Validation
of these lead compounds, by the three independent assays, establishes a set of attractive AQP1
blockers for developing novel, small-molecule functional modulators of human AQP1.
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The discovery of ‘aquaporins’ (AQPs), a large family of membrane protein channels that
facilitate transport of water reviewed in refs. (1-24), has drawn attention to their role in
several normal physiological and pathological states that involve rapid water transport. As
water is so vital to all living cells and tissues, AQPSs represent key targets for therapeutic
intervention. At least thirteen AQPs, numbered 0 through 12, have been identified from
various mammalian tissues. Homologous genes for AQPs in amphibians, insects, and
bacteria highlight the evolutionary conservation and thus the importance of these water
channels. AQP proteins are similar in size (256-281 amino acids) and possess six
transmembrane a-helices and two half-helices one each in the N-terminal and C-terminal
half of the protein. These N-terminal and C-terminal halves exhibit substantial sequence
similarity to each other, but are oriented in opposite directions in the membrane elaborating
in-plane pseudo twofold symmetry (25). In this manner, corresponding regions are found on
opposite sides of the membrane and contain the Asp-Pro-Ala (NPA) sequence that is
characteristic of the major intrinsic protein of the lens (MIP) family of proteins of which the
AQPs are members. The first member of the aquaporin family, AQP1, was isolated from
erythrocytes (26,27). MIP26 of the lens fiber cell membrane, which was identified before the
discovery of AQP1, and initially thought to be a gap junction protein was shown to function
as a water channel (28) and therefore renamed as AQP0. AQPs are broadly classified into
those that transport exclusively water and those that have a broader specificity, for example
in transporting glycerol and other small solutes.

With more than 5000 papers published in the field during the last 18 years, much is now
known about the structure and function, tissue distribution, developmental expression, and
regulation of AQPs (see refs. 7-9,13,14,17,29-31 for recent reviews). Results from AQP
knockout mice experiments indicate that AQPs are important in mammalian physiology in
two general situations; when water movement is driven across a barrier by a continuous
osmotic gradient (as in the collecting duct of the kidney), and for active, near, iso-osmolar
fluid absorption/secretion (as in the salivary gland or kidney proximal tubule). High-
resolution three-dimensional crystal structures of AQPO, 1 and 4 are also available for
biophysical studies (32-36). Arguably the best known inhibitors of many AQPs are
sulphydryl-reactive compounds, which are non-specific cysteine-binding reagents. In the
case of AQP1, compounds in this family such as HgCl, and pCMBS (p-
chloromercurylbenzene sulfonate) were shown to inhibit water permeability through binding
to Cys189 residue that was reversed by reducing agents (37). Solutes which transport
through other aquaporins have been shown to be inhibited by gold (38) and copper (39)
compounds, which are all non-selective and uniformly toxic. In recent years, a number of
potential aquaporin blockers including tetraethylammonium (TEA) (40), acetazolamide
(41,42), with many turning out to be non-specific, for example, acetazolamide showing
inhibitory effect to both AQP1 (43) and AQP4 (42) have been suggested. In addition, a series
of arylsulfonamides (e.g. sumatriptan 1), anti-epileptic drugs (AEDS; e.g. topiramate) and
their analogs were shown to be inhibitory toward AQP4 (44,45). Yool et al. (45) indicate
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AgBO013, an arylsulfonamide as an antagonist for both AQP1 and AQP4 postulating a
putative binding site for this compound proximal to the cytoplasmic vestibule. Results from
other groups question the validity of most of the reported non-mercurial compounds. For
example, a comprehensive study by Sogaard and Zeuthen (46) in Xenopus oocytes showed
no inhibition of AQP1 water transport by TEA and acetazolamide contrary to the theoretical
studies (47). Further, inhibitory effects of AEDS and other compounds on AQP4 could not
be reproduced (33,48). In the case of AQP4, Mola et a/. (49) have carried out a careful
screening study of a library of compounds for AQP4 inhibition and found four top
candidates. Also, more recently, Seeliger et al. (50) report identification of three small
molecular mass compounds using virtual screening that showed inhibition of water
permeability in Xenopus oocytes with ~8 to 18 1M ICx.

Two potentially useful approaches to identify pharmacologically active AQP modulators
include structure-based drug design using computer modeling and high-throughput
screening (HTS) of combinatorial drug libraries. The compounds identified by HTS may be
useful in probing the AQP pore and sites of allosteric modulation; for studying animal
physiology; and potentially for the development of treatments for human disorders such as
brain swelling associated with the stroke, Sjogren’s syndrome, hypertension, pulmonary
edema, glaucoma, and otic disorders such as hearing loss and vertigo. Here, using a novel
high-throughput screening method, we report identification of several small-molecule AQP1
inhibitors that appear to be more potent than those reported in the literature to-date.

Methods and Materials

Transfection of the CHO-K1 cell line with human aqpl gene

The plasmid construct with the human agp gene was generated using the agpZ coding
sequence amplified from the I.M.A.G.E. consortium clone ID: CSODA009YJ21 accession:
AL518392 from Invitrogen (Invitrogen, Carlsbad, CA, USA). The full-length human agp1
gene was amplified using appropriate primers and a Kozak sequence was inserted at the 5
of the coding region and ligated into pcDNA3.1* vector (Invitrogen). The sequences of
selected clones were verified by restriction analysis, colony PCR, and sequence analysis.
The agp1 plasmid was used to transfect CHO-K1 cell lines (ATCC, Manassas, VA, USA)
using Lipofectamine 2000 (Invitrogen) according to manufacturer’s recommendations. After
48 h, the transfected cells were selected by the addition of 2 mg/mL of Geneticin
(Invitrogen). In parallel, a control-transfected cell line, the pcDNA3.1* vector with no insert
was transfected in CHO-K1 cells. Expression of AQP1 was confirmed by Western blot
analysis of cell extracts prepared from stably transfected cell lines using an antibody
directed against the AQP1 carboxyl-terminal tail (amino acid region 243-261) (Millipore,
Temecula, CA, USA). From several evaluated clones, the CHO-AQP-1_9C8 clone was
chosen for the screening assay; in addition, one CHO-pcDNA3.1* (no insert) clone was
selected as a background control.

Screening method using FlexStation Il 384™ and FLIPR fluorescent kinetic readers

The detection of rapid osmotic changes of the overexpressing AQP1 cell line using the
Calcein-AM fluorescent dye (Dojindo, Rockville, MD, USA) was used to characterize the
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cell line as well as to establish the screening assay for inhibitors of AQP1. For the
development of the cell line, we used the FlexStation 11 384™ microplate reader, and for the
screening exercise, we use (FLIPR Tetra; Molecular Devices, Sunnyvale, CA, USA).

For the screening, CHO-AQP-1_9C8 cell line was seeded at 33 x 10° cells/T-150 cm? flask
density in staining medium (Dulbecco’s modified Eagle’s medium [DMEM] without
pyruvate and L-glutamine containing 10% FBS from Invitrogen and 6 ¢M Calcein-AM) and
incubated for approximately 30 min at room temperature (RT). Next, cells were harvested
and seeded at 10 000 cells/well in 20 4L of assay media (DMEM without pyruvate and L-
glutamine containing 10% FBS) into 384-well black clear bottom assay plates (Corning,
Lowell, MA, USA) using the multidrop liquid dispenser (Thermo Fisher Labsystems,
Waltham, MA, USA). Cells were incubated overnight at 37 °C and 5% CO, tissue culture
incubator. On the day of the assay, 80-90% confluent cell plates were washed with 50 gL
PBS twice using a plate washer (ELx405 BioTek; Winooski, VT, USA) and centrifuged at
100 x gfor 10 seconds. Twenty microliters per well of PBS buffer was added to each assay
plate well and incubated at RT for 15 min. Then, 2.2 x4 of compound samples at 9% v/v
DMSO was dispensed into the assay plates with a Biomek FX (Beckman Coulter,
Indianapolis, IN, USA) and incubated for an additional 10 min at RT. Assay plates were
transferred to the FLIPR Tetra where the baseline fluorescence reading was registered and
after about 18 seconds, 22 L of DPBS without Ca2* and Mg2* (minimum response;
Invitrogen) or H,O (maximum response) was added automatically to specified wells. The
fluorescence in relative fluorescence units (RFU) was recorded at intervals of 0.5 seconds
using an excitation filter (1gx = 470-495 nm) and an emission filter (1gm = 515-575 nm,
cutoff 515 nm). Fluorescent readings were acquired using the SOFTMAX PRO software
(Molecular Devices) and analyzed with Excel fit (Microsoft). A running average of five
consecutive points enabled rapid assessment of the rise time in fluorescence yielding the rate
V (RFU/second). The start point of the running average was the instance of dispensing plus
the dispensing (dead time) and the mixing time (0.5 seconds). The extent of inhibition I in
terms of a dynamic range may be defined by the following expression:

1-M=V)
‘/III - ‘fo

I(%)=100 x

where V4, is the maximum RFU rate for AQP1-expressing cells subject to hypo-osmosis, V4
is the RFU rate for AQP1-expressing cells treated with a compound. V4, is the minimum
RFU rate measured from AQP1-deficient cells subject to hypo-osmosis. Vi~ V4, defines the
functional dynamic range, and /is the percent inhibition. Compounds identified as hits,
based on the above formula, were selected and retested for confirmation. To assess the
overall quality of the high-throughput screen (HTS), the statistical parameter for
examination of the HTS assay, the Z-factor (51) was evaluated. Briefly, Z relates to the
equipment dynamic range, Vi~ V¢, and the variation in RFU according to

3om+30,

Z=1
‘/m - V::
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where V4 is the control (AQP1-expressing cells) response, that is, the signal variation in
RFU obtained by an isotonic shock. In our hands, V,was indistinguishable at the level of
measurement accuracy from V,, (Figure 1). The sigmas in the above formula are the standard
deviation of W, and V. The effective equivalence of V¢ and V simplified the experimental
set-up and approach in HTS.

Xenopus oocyte assay to measure water permeability of human aqpl

The coding sequence of wild-type human agpl (WT-agpl) was amplified by polymerase
chain reaction using primers 5” (atggccagcgagttcaagaag) and 3” (ctatttgggcttcatctccac)
(52,53). pcDNA 3.1 myc-His vector (Invitrogen) carrying a T7 promoter for Xenopus oocyte
expression was used. /n1 vitro cRNA transcription was performed using T7 RNA polymerase
(MMESSAGE mMACHINE kit; Ambion®, ThermoFisher, WA, MA, USA). Purified cRNA
was dissolved in distilled water and stored at —80 °C until injection into the oocytes. Oocytes
in stage V and VI were injected with 25 ng of human agp cRNA. Stock solutions of drug
compounds were dissolved in 100% anhydrous dimethyl sulfoxide (DMSO; Sigma Aldrich,
St Louis, MI, USA) and stored in —80 °C under darkness until use. Water permeability of
Xenopus oocyte membrane was estimated as described in Varadaraj et a/. (52,53). This
permeability (7) was calculated from the initial change in volume using the equation:

dv/dt
Pf:m where V/(cm3) is the oocyte volume calculated from the cross-sectional area,
S (cm?) is the oocyte surface area calculated from the cross-sectional area, V is the molar
volume of water (18 cm3/mol), and Ac s the change in bath osmolality (120 mOsm).

Assay to check for cytotoxicity

AQP1-expressing CHO cells were grown overnight on 96-well plates (15-20 000 cells/well).
Cells were washed with PBS twice and then incubated with compounds in 100 L of PBS at
room temperature for 30 min. Cytotoxicity effect of compounds on the AQP1-CHO cells
was determined using CytoTox-One kit from Promega. CytoTox-One reagent (100 /1) was
added to each well and incubated at 22 °C for 10 min. Stop solution (50 £L.) was added to
each well and mixed by shaking the plate for 10 seconds. Fluorescence was measured using
a Fluorocount Microplate Fluorometer (Packard Instrument Company, Meriden, CT, USA.)
with an excitation wavelength of 540 nm and an emission wavelength of 590 nm. Maximum
LDH release was calculated as the percent cytotoxicity for a given compound by comparing
the LDH release to the maximum LDH release by known toxic compound.

Purification of native AQP1

Purification of native AQP1 was carried out using, at a time, one unit of outdated human red
blood cells (RBC; NZ blood bank). The procedure adopted followed that described in van
Hoek et al. (54) with some modifications. Following solubilization of AQP1-enriched
membranes produced by stripping of the ghost membranes with 3% N-lauryl-sarcosine
(NLS), the solubilized material (in 400 mM BOG) was loaded onto a Q-Sepharose ion
exchange column (GE Healthcare Life Sciences, Milwaukee, W1, USA) washed with up to
150 mM NaCl and eluted at 250 mM NacCl in Tris buffer (Tris-HCI pH 8.0, ~50 mM NacCl,
0.1 mM EDTA, 40 mM pOG). Fractions containing AQP1 were pooled and treated with
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recombinant PNGaseF produced in-house, as described in Loo et a/. (55), for generating
deglycosylated AQP1. The amount of PNGaseF used varied from one-tenth to half of the
amount of AQP1 present (estimated by absorbance at 280 nm), depending on enzyme
activity. AQP1 was incubated with PNGaseF for 48 to 72 h at 18 °C. PNGaseF was removed
by a second Q Sepharose chromatography run, as described above but using a smaller resin
volume to enable concentration of purified AQP1. AQP1 was concentrated further using a
CENTRICON with 50 kD molecular weight cutoff and loaded onto a Superdex S200 10/300
GL (GE Healthcare Life Sciences) size-exclusion column as a final purification step.

Preparation of AQP1 Proteoliposomes

AQP1 proteoliposomes were prepared using the synthetic lipid DOPC at a lipid to protein
ratio of 10:1 (w:w). Solvent chloroform/ethanol (4:1) of DOPC stock was evaporated under
N>, and residual traces of the solvent were removed using a SpeedVac at RT for 15-30 min.
The lipid film was hydrated by suspending it in EDTA—phosphate buffer (Buffer C)
containing 152 mM (4%) S-octyl-glucoside (BOG) by vortexing followed by a brief N,
purge and stirring on a wheel for 2-3 h, until clear. Typically, a cocktail for preparing
proteoliposomes contained 27 pL of Buffer C (with 40 mM pOG), 5.5 /L of stock 1 M SOG,
50 L of stock DOPC in buffer (20 mg/mL), and 23 L of AQP1 (4.35 mg/mL) that was
incubated on a wheel overnight at RT. Detergent was removed at RT by applying biobeads at
20 mg to the cocktail and incubating for 2 h, repeating as necessary or by dialysis using
Spectra/Por dialysis membrane, at 28 °C for up to 10 days. SDS-PAGE of the reconstituted
proteoliposome suspension SDS-PAGE was used to confirm the incorporation of AQP1 into
proteoliposomes.

Stopped-flow assay

Results

Osmotic water permeability was measured at 22—24 °C by monitoring 90° scattered light
intensity at 520 nm wavelength. Measurements were made using a PiStar 180 (Applied
Photophysics, UK), with a dead time of 1-2 milliseconds. Thirty minutes prior to the assay,
stripped red blood cell ghosts or proteoliposomes containing purified AQP1 and stored in ice
were treated with mercuric chloride (50-100 £M; positive control for inhibition) or with the
various compounds usually at a concentration of 150 zM. Stock solutions of compounds
were in 100% ethanol (for stripped erythrocyte membrane experiments) and in 100% DMSO
(for proteoliposome experiments). An inwardly directed osmotic gradient (hyperosmotic
shock) was created by mixing the vesicles maintained in Buffer A (50 mM sodium
phosphate buffer pH, 200 MM NaCl, 1 mM EDTA, 0.025% sodium azide) with an equal
volume of 200 MM mannitol. On the other hand, vesicles preincubated with 200 mM
mannitol were mixed with Buffer A to create an outwardly directed osmotic gradient (hypo-
osmotic shock). The change in right-angle scattering light intensity was measured for 1 or 2
seconds, as appropriate, and each measurement was repeated at least three times.

Development of cell-based AQP1 assay

Stable human agpI-transfected cells were developed using the CHO-K1 cell line. The
overexpression of AQP1 from individual clones was analyzed by Western blot.
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Characterization of AQP1 expression in the various clones is shown in Figure S1. We found
a prominent band corresponding to a molecular mass of ~28 kD (Figure 1A) in a clone-
labeled AQP1-9C8. AQP1 function was measured in a confluent cell layer using the
established calcein-quenching assay (56-59). We used 6 £M calcein-AM, and subsequent
diffusion into the cells led to entrapped calcein in a quenched state. A plate reader performed
the measurement of fluorescence as described in Methods and Materials. AQP1-9C8 gave a
robust response to a hypo-osmotic challenge, leading to swelling (Figure 1A-bottom,
cartoon), which was highly sensitive to mercuric chloride (Figure 1B), indicating that the
expressed AQP1 was functional. To establish the dynamic range of the assay, we tested the
swelling response in the AQP1-deficient parental CHO-K1 cell line (Figure 1C). Here, the
hypo-osmotic (r =—150 mOsm) response did not show dequenching of entrapped calcein
measured over the 60-second time— course (see Discussion). This difference in response
between AQP1-9C8 and CHO-parental cells is substantial and is significant in a high-
throughput setting (52), because it not only increases the functional dynamic range, but also
the equipment dynamic range — V4 and \/ are effectively identical in our hands (see
Methods and Materials and ref. 52). The absence of any dequenching of calcein-AM in the
parental cell line following hypotonic shock (Figure 1C) can therefore be mimicked by an
iso-osmotic experiment with the AQP1-9C8 cell line. Using 96-well and 384-well set-ups,
continuous recording for individual wells before and after dispensing of a hypotonic (H,0)
or isotonic (PBS) solution was carried out to screen the 9C8 confluent cultures. Example
data are shown in Figure 1D. Figure 2 summarizes the data obtained for increasing
concentrations of HgCl, to up to 100 #M. In agreement with Figure 1B, increasing HgCl»
concentration decreased the extent of fluorescence significantly — in fact to the level of zero
fluorescence observed with CHO cells not expressing AQP1 (cf. Figure 1C). The titration
with HgCl, was carried out in triplicate on 3 different days to assay for consistency in the
generated data. The estimated mean 1Csq value was calculated to be 7.53 4M (+0.60).

Performance tests of HTS

Initially, the 96-well plate format for the Flex Station 11 384™ was utilized to characterize
the behavior of CHO and AQP1-expressing cells. The screening capacity was increased to a
384-well format using the FLIPR Tetra apparatus. The variability in the fluorescence
response was minimal as observed by comparing results of assays on different days and also
from plate to plate (Figure 3) with Z-values >0.5. The scaling up using the 384-well format
(Figure 4), wherein smaller amounts of fluids were dispended in the form of cell suspensions
and osmotic solutions, yielded Z-values >0.5. The Zvalues between 0.5 and 1.0 are
considered excellent in assays for high-throughput screening (52). These observations
indicate that the 96- and 384-well plate formats are suitable for confluent cells that are
subject to osmotic swelling.

Primary screening of compounds

Approximately 6000 drug-like molecules from AICON’s collection of compounds were
selected for screening. We used structurally diverse small molecules that vary in terms of
functional groups and charge. Compounds were tested individually by incubating with the
cells for 10 min at a 50 M final concentration. After the primary screening, 307 compounds
were identified that inhibited water channel permeability of AQP1 by at least 30% and these
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compounds were retested for confirmation. From those, we identified 29 compounds
showing >50% inhibition of water permeation when applied at a 50 £V concentration.
Concentration—response inhibition studies were performed on all of these 29 compounds.
Six of these compounds belonging to aromatic sulfonamide (ASQ) and dihydrobenzofuran
(DHBF) structure classes (Table 1) showed ICgq values in the range of 3-30 zM. A
representative dose— response curve for Compound 1 is shown in Figure 2-inset. (Individual
ICsq curves determined on 3 different days for Compound 1 are shown in Figure S2). To
exclude compound-induced cytotoxicity, a membrane integrity assay, based on the release of
LDH, was carried out. CHO cells were incubated with 50 1M of each of these six
compounds, and there was no observable cytotoxicity. The purity of these compounds was
>95% as confirmed by LCMS (see Figure S3). Compounds from these two structural classes
were considered lead candidates for further testing in Xenopus oocytes, AQP1-enriched
erythrocyte ghosts and AQP1 proteoliposomes.

Characterization of lead compounds in the oocyte assay

To eliminate molecules that affect calcein fluorescence independent of an AQP-mediated
process, evaluation of compounds was carried out using the oocyte-swelling assay. P-values
of AQP1-expressing oocytes and control oocytes (n7=15) were 258 £ 58 and 13 + 2 ym/
second, respectively (Figure 5). Raw permeability data for the cohort of 15 oocytes tested
are provided in Table S1. The dynamic range, AP = ~200 pm/second, is particularly
noteworthy. We observed that ‘lead’ compounds 1 and 4 significantly inhibited swelling
kinetics in AQP1-expressing oocytes (Figure 5). We used higher concentrations of the
compounds compared to the concentrations used in HTS to investigate the inhibitory effect
on AQP1 function. Such an approach is not unusual to overcome the high level of yolk in the
frog oocyte that may act as a sink for many molecules (including antibodies), effectively
reducing the ambient concentration.

Characterization of lead compounds in stopped-flow assays

To rule out the possibility that inhibition of swelling kinetics in CHO cells and Xenopus
oocytes might be related to non-aquaporin endogenous membrane proteins, we carried out
hypotonic shock experiments in N-lauroyl sarcosine stripped erythrocytes vesicle
membranes. These vesicles comprised of uncharged lipids represent the native environment
of AQP1 and are highly enriched in AQP1 (~95%) (54). Figure 6 shows that a hypotonic
shock was highly sensitive to HgCl,, as has been noted in other studies. Overall, consistent
with cell-based results discussed above, compounds in the class | (ASQ Compounds 1-3),
and class 1l (DHBF compounds 4-6) families uniformly show largest reduction in water
transport qualitatively similar to that for HgCl,. Among the tested compounds, compounds 2
and 3 from the ASQ class and compounds 4 and 5 of the DHBF class (Table 1) elicited the
strongest inhibitory action. AQP1 proteoliposomes reconstituted from purified
deglycosylated AQP1 and synthetic lipids subjected to hypertonic shrinking (Figure 6, inset)
confirmed that the aromatic sulfonamides and dihydrobenzofurans act similarly on AQP1.
We note that although tetraethylammonium (TEA) was shown to be an effective inhibitor
both by Brooks and colleagues (40) and Detmers and colleagues (60), TEA appears
ineffective in our hand (Figure 6), in line with previous reports (46,61).
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Discussion

Identification of modulators of aquaporin water channel activity is a relatively challenging
proposition (61). An important aspect to facilitate the discovery of suitable modulators is the
establishment of high-throughput screening (HTS) assays that are robust, reproducible and
appropriately sensitive to allow unequivocal identification of agents (51) that selectively
modify AQP function. We describe here a modification of a calcein-quenching method
reported earlier (56) in a HTS by monitoring real-time cellular fluorescence kinetics in a 96-
and 384-well format using a conventional fluorescence plate reader equipped with integrated
liquid handling. It allows screening of thousands of compounds in a short period of time and
can be applied to other AQP family members. Recently, a similar method was used for
screening inhibitors of AQP4 (49). We screened 6000 compounds and identified several
novel AQP1 small-molecule inhibitors.

A salient feature of our CHO swelling assay is the apparent absence of a modulation of the
fluorescence signal when the parental cell line was subjected to hypotonic shock. This is
generally not encountered in water transport physiology when non-confluent cells are
utilized (49). Indeed, if a volumetric response were by definition the only feature of osmosis,
we would conclude that these CHO cells are not suitable to study water transport. The
absence of a volumetric response has parallels in plant physiology where the osmotic
pressure changes the turgor because plant cells have a rigid wall. Hence, an osmotic
challenge (action), by definition, leads to a coupled force and volume reaction (62,63). In the
absence of a measurable volumetric effect in our case, we hypothesize that the confluent
state restricts swelling; the cells support each other and build up a turgor as a response to the
osmotic pressure. This is a defining feature of our assay because the introduction of water
channels changes the dynamics of the coupled force-volume reaction to the osmotic
challenge (action). No longer is the turgor capacity sufficient to withstand a volumetric
change; in fact, it facilitates HTS by an all-or-non-volume change, which is the read-out of
the assay. We further hypothesize that the expression of membrane-integrated AQP1 should
make the membrane more elastic, but the cell still resists expansion as is apparent from the
overshoots seen in fluorescence (Figure 1B). The high level of expressed AQP1, which
serves to increase rapidly the fluorescence signal, is another factor that facilitates HTS.
Further, and in spite of the fact that the rate of fluorescence change is partly obscured by the
dead time of dispensing and mixing time with a hypotonic solution, the process allows one
to measure change in the shortest possible time and within the dynamic range.

In HTS, it is necessary to determine the statistical factor Zthat includes the background of
the fluorescent signal, to judge whether the response is significant in a high-throughput
setting. We used isotonic responses of AQP1-containing CHO cells because it ensured
consistency in the number of cells used and the confluent state in each well. Also, the extent
of fluorescence appeared to be a function of the number of expressed AQP1 channels based
on the effects of the HgCl, dosage. However, given the reasons outlined (resisting force,
mixing time), dose—response curves from HTS may not agree wholly with dose— response
curves from other established assays, for example as reflected in the estimated 1Cgq values.
Notwithstanding, our HTS method with Z-values above 0.5 is robust and reproducible (52)
to identify potential lead compounds — the ultimate goal in HTS.
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The molecular dimensions of the inhibitors identified here are substantially larger than Hg?*,
and therefore, the binding footprints are not likely to be confined to the constriction region
of AQP1, for example near the selectivity filter at the extracellular face. Binding to a loop
region in the AQP1 vestibule may affect water transport in one direction (swelling), but not
the other (shrinking). We could not unequivocally address this important consideration
because preparations of AQP1-enriched vesicles from stripped erythrocyte ghost membranes
have likely inside-out and right-side-out configurations while AQP1 in proteoliposomes has
an equal population of ‘up” and ‘down’ molecules.

In conclusion, we have identified several compounds that are inhibitory to AQP1 based on
three independent assays carried out in, AQP1-expressing CHO cells, in Xenopus oocytes
injected with AQP1 cDNA, in stripped erythrocyte vesicles enriched in AQP1 and in AQP1
reconstituted proteoliposomes using synthetic lipids. To improve potency, specificity, and
pharmacological properties of selected lead compounds, it will be necessary to define their
structure—activity relationship (SAR) by testing similar existing compounds and/or by
generating optimized structurally related analogs. These inhibitors may provide a novel
therapeutic strategy in restoration of normal water balance in several human diseases such as
glaucoma, brain edema, and congestive heart failure.
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Time (seconds)

Simultaneous calcein dequenching of confluent AQP1-expressing CHO cells using a robotic
plate reader: (A) Western blot of CHO-K1 cells and CHO-9C8 AQP1-expressing cells (top),
using an anti-AQP1 antibody (a.a. 243-261) (Millipore, Temecula, CA, USA). The cartoon
(bottom) indicates the swelling of AQP1 cells by osmotic shock, while cells without AQP1
channels do not swell notwithstanding the presence of the osmotic shock. (B) Characteristic
fluorescence response showing a rapid rise in fluorescence as the result of dequenching of
entrapped calcein. HgCl, reduces the extent in signal with a small effect in the rise time. (C)
CHO cells without AQP1 do not respond to an osmotic pressure. (D) Representative data
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from a 96-well experiment, showing responses of AQP1-expressing cells in the absence
(bottom curves) and presence (top curves) of an osmotic gradient.
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Figure 2.
Dose-dependent inhibition of AQP1-expressing CHO cells by HgCl,: The W, V, and V-

values from fluorescence traces (Figure 1) were transformed to percentage inhibition as
described in Methods and Materials and fitted to a 4-parameter function against the HgCl,
concentration. Shown are three curves representing fits against data points obtained from
three separate experiments. (Inset): Dose-dependent inhibition by compound 1 (see text).
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Figure 3.

Examination of the performance of AQP1 assay on 3 different days: In order to establish the
adequacy of the assay in HTS to determine the Z values. CHO-AQP1-9C8 confluent cells, in
the presence or absence of a compound, were exposed to a hypotonic shock (maximum

response) or isotonic shock (minimum response).
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Figure 4.

Performance of AQP1-functional assay in HTS: Reproducibility of the AQP1 assay was
determined across 10 384-well format plates (A) and from well-to-well variations (B).
Dynamic range was consistent across various plates as well as across various wells with 2

values above 0.5.
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Figure 5.
Characterization of AQP1 inhibitors using Xenopus oocyte-swelling assay. Membrane water

permeability of Xenopus laevis oocytes injected with distilled water (control) or 25 ng/
oocyte human AQP1 cRNA (experimental) is shown. Oocytes were incubated in culture
medium, DMSO (solvent used for dissolving the compound) or AQP1 inhibitor dissolved in
DMSO as represented in the figure. Membrane water permeability was determined as
described in the Methods and Materials section. Each bar represents mean + SD from 15
oocytes.
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Characterization of AQP1 inhibitors using vesicular assay. The plots represent swelling of
NLS-treated AQP1-enriched erythrocyte ghosts under hypo-osmotic shock. Control is ghost
only, without any compound. Inset shows a shrinkage assay for purified AQP1 reconstituted
proteoliposomes exposed to hyper-osmotic shock. Control is AQP1 proteoliposome only,
without any compound. In both sets of experiments, the compounds were at final
concentration of 75 xM while HgCl, was at a concentration of 50 M.
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Table 1
AQP1 inhibitors (ICsq and structures)

Compound Structure Class 1C59 pM
Compound 1 @ ASQ 2706 (n=10)
Ty,

e Ty
Compound 2 ] ASQ  3.9x04(n=6)
g
e B
ey
Compound 3 Q)\L; ASQ  58+05(n=6)
b8
Compound 4 DHBF 9.8%0.7 (n=10)
Compound 5 DHBF 15.2+1.1(n=3)
Compound 6 DHBF 29.4+0.8(n=3)
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