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The aquaglyceroporins are a subfamily of aquaporins that con-
duct both water and glycerol. Aquaporin-3 (AQP3) has an impor-
tant physiological function in renal water reabsorption, and AQP3-
mediated hydrogen peroxide (H2O2) permeability can enhance
cytokine signaling in several cell types. The related aquaglycero-
porin AQP7 is required for dendritic cell chemokine responses and
antigen uptake. Selective small-molecule inhibitors are desirable
tools for investigating the biological and pathological roles of these
and other AQP isoforms. Here, using a calcein fluorescence
quenching assay, we screened a library of 7360 drug-like small mol-
ecules for inhibition of mouse AQP3 water permeability. Hit con-
firmation and expansion with commercially available substances
identified the ortho-chloride–containing compound DFP00173,
which inhibited mouse and human AQP3 with an IC50 of �0.1–0.4
�M but had low efficacy toward mouse AQP7 and AQP9. Surpris-
ingly, inhibitor specificity testing revealed that the methylurea-
linked compound Z433927330, a partial AQP3 inhibitor (IC50,
�0.7–0.9 �M), is a potent and efficacious inhibitor of mouse AQP7
water permeability (IC50, �0.2 �M). Stopped-flow light scattering
measurements confirmed that DFP00173 and Z433927330 inhibit
AQP3 glycerol permeability in human erythrocytes. Moreover,
DFP00173, Z433927330, and the previously identified AQP9
inhibitor RF03176 blocked aquaglyceroporin H2O2 permeability.
Molecular docking to AQP3, AQP7, and AQP9 homology models
suggested interactions between these inhibitors and aquaglycero-
porins at similar binding sites. DFP00173 and Z433927330 consti-
tute selective and potent AQP3 and AQP7 inhibitors, respectively,
and contribute to a set of isoform-specific aquaglyceroporin inhib-
itors that will facilitate the evaluation of these AQP isoforms as
drug targets.

Aquaporin-3 (AQP3)2 is a member of the major intrinsic
protein family of transmembrane channels that are known to

conduct water, glycerol, as well as hydrogen peroxide (H2O2)
(1, 2). Two other AQP isoforms of the so-called aquaglycero-
porin subfamily, AQP7 and AQP9, are expressed in the mouse.
AQP3 expression sites in the body include the kidneys (3, 4),
gastrointestinal tract (5, 6), airway epithelia (7), conjunctival
epithelium of the eye (5), urinary bladder (8), skin keratinocytes
(9), and human erythrocytes (10). AQP3 gene deletion in mice
results in extreme polyuria (11). Pharmacological inhibition
of AQP3 has thus been suggested as an approach to induce
aquaresis (12), selective salt-sparing removal of excess body
water that may be desirable for some clinical conditions such as
heart failure and hyponatremia. Surprisingly, the extremely
rare AQP3-deficient humans do not show any clinical manifes-
tations, including no polyuria (13). However, it cannot be
excluded that this observation is due to compensatory adapta-
tions in AQP3-deficient individuals. Consequently, AQP3
inhibitors could still have potential for treating human disor-
ders of water retention.

Beside uses for aquaporin inhibitors in water imbalance dis-
orders, several newer AQP3�/� knockout and knockdown
animal studies suggest a number of applications for potent,
selective, and nontoxic AQP3 inhibitors. This includes mouse
models of multistage skin tumorigenesis, non-small-cell lung
cancer, and breast cancer (14 –17). Moreover, AQP3-mediated
H2O2 conductance confers sensitivity to cytokines in T cells,
alveolar macrophages, and keratinocytes. Thus, AQP3�/�

knockout mice are largely protected from hapten-induced con-
tact hypersensitivity, psoriasis, and allergic airway inflamma-
tion (18 –20).

A second murine aquaglyceroporin, AQP7, is expressed in
adipose tissue, renal proximal tubules, muscle, and pancreatic
�-cells (21). Knockout mouse phenotypes suggest associated
functions in adipocyte glycerol release during lipolysis, glycerol
reabsorption in proximal tubules, energy supply to heart mus-
cle, as well as regulation of �-cell glycerol content (21–26).
More recently, AQP7 was also detected in skin dendritic cells.
Similar to Aqp3�/� knockout mice, Aqp7�/� knockout mice
were protected from hapten-induced contact hypersensitivity
(27). Up until now, it has not been clarified whether AQP7
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conducts H2O2 and has a role in cytokine signaling. However, it
is conceivable that combined inhibition of AQP3 and AQP7
could be useful in the treatment of atopic dermatitis.

At present, only few studies have described AQP3 inhibitors
(28). Cu2� as well as Ni2� ions bind to extracellular loop sites of
human AQP3 (29, 30). Inhibitor potency was not fully clarified
in these studies because it varied with the utilized buffer system.
When bicarbonate buffer was used, copper (IC50, �5 �M)
appeared to potently and selectively inhibit the water and glyc-
erol permeability of AQP3 but not of the homologous AQP7.
On the other hand, in the presence of chelators such as Tricine
and HEPES buffers, the apparent Cu2� potency was in the mill-
imolar range (29, 30). It should be noted that normal human
plasma Cu2� levels range from 1 to 15 �M (http://www.hmdb.
ca/ (31)).3 More recently, the gold(III) bipyridyl compound
Auphen was described as an AQP3 inhibitor. Auphen inhibi-
tion of AQP3 conductance to glycerol was potent, with an IC50
of �0.8 �M (32) in human erythrocytes. Besides AQP3, Auphen
also blocked AQP7 (IC50, �6.5 �M) in an adipocyte cell line
(33). Because of the apparent clinical potential of AQP3 inhib-
itors as well as to obtain new tools for experimental research, we
decided to identify novel AQP3 inhibitors. We previously iden-
tified inhibitors of the third murine aquaglyceroporin, AQP9,
by screening a commercially available library of small mole-
cules (34). The library contains chemically stable, diverse, drug-
like molecules with beneficial properties for further develop-
ment. Here we describe the identification of a potent and
selective mouse (m) and human (h) AQP3 inhibitor. Structure–
activity relationship analysis and AQP isoform specificity anal-
ysis have additionally resulted in the serendipitous discovery of
a potent AQP7 inhibitor.

Results

AQP3 inhibitor screen

Chinese hamster ovary (CHO) cells expressing mAQP3
under the control of a tetracycline promoter were grown in
96-well plates for identifying AQP3 inhibitors in a calcein
quenching– based assay of cell water permeability (34). Plates
1–23 of the Maybridge Hitfinder Library version 8, comprising
a total of 7360 different molecules, were screened at a final
concentration of 100 �M in assay buffer containing 1% DMSO.
HTS06792 was identified previously as a weak mAQP9 inhibi-
tor (34). Further analyses suggested partial inhibition of
mAQP3. HTS06792 was thus used as a positive control in each
screening plate, whereas DMSO-containing wells were used as
negative controls. Hits were arbitrarily defined as substances
that induced an increase in t1⁄2 of cell shrinking time of more
than 2.5 s (compared with �1 s for HTS06792). Ten substances
fitting this criterion were subsequently repurchased and
subjected to dose–response analyses for hit confirmation.
Inhibition of mAQP3 could be confirmed for five com-
pounds. In addition, JM00015 showed mAQP3 inhibition at
the highest tested concentration but at a lower efficacy than
expected (Fig. 1).

All confirmed active compounds appeared to be of relatively
linear structure, with exception of the weak active JM00015.
Besides the positive control, hits could broadly be categorized
into the single hit BTB09519 and a group of substances
described by a urea-containing linker (DFP00176, GK00877, or
SEW00832) or acetamide linker (BTB14129); a left-hand 2-ni-
trothiophene, ethyl-benzoate, or chlorobenzene group; and a
more variable right-hand side, as intuitively depicted (Fig. 1).
These substances shared structural elements that are similar to
the previously identified benzothiadiazole urea– containing
AQP9 inhibitors RF03176 and HTS13772 (34, 35). Indeed,
AQP3 inhibition by RF03176 was identified previously (34), and
this substance was the seventh best hit in the current screen.
We did initially not pursue RF03176 further because of its pre-
viously described low potency against AQP3 (34).

Structure–activity relationship

To explore this putative hit series further, a set of 12 com-
mercially available, structurally similar compounds was pur-
chased. These comprised six 1-(5-nitrothiophene-3-yl)urea
compounds, a 1-(1H-indole-3-yl)urea compound, four ethyl 4-
(carbamoylamino)benzoate compounds, and a methyl 4-(car-
bamoylamino)benzoate compound (Fig. 2, top left to bottom
right). Potency and efficacy were tested on both mouse and
human AQP3 isoforms, respectively. Two of these compounds
contained a urea linker, and ten compounds comprised
a methylurea linker. The most potent AQP3 inhibitor,
DFP00173, was identified among the two compounds com-
prising a urea linker. Between these compounds, a 2,6-di-
chlorophenyl right-hand side in DFP00173 was clearly
preferred to 4-chlorophenyl in DFP00172. Comparison of
several methylurea linker compounds (SEW00835, SEW00833,
and SEW00832 versus 9016645) suggests that 2-nitrothiophene
and ethyl benzoate left-hand sides result in similar potency. How-
ever, direct comparisons are not possible because of the lack of
commercially available molecules with identical right-hand
sides. Considering right-hand sides, 3,4-chlorophenyl
(7791389) appears to decrease efficacy and potency compared
with phenyl (9016645) and methoxyphenyl groups (9053871),
respectively. Interestingly, a right-hand phenylpyrazole
(Z433927330) group resulted in a potent but moderately effica-
cious compound. Overall, no clear potency differences were
observed between the inhibition of mAQP3 and hAQP3.

AQP inhibitor specificity

We selected the two most potent compounds, DFP00173 and
Z433927330, as well as compound 9016645 for further charac-
terization of inhibitor specificity toward mouse aquaglycero-
porins. Of these, 9016645 showed moderate selectivity for
AQP3, whereas DFP00173 selectively inhibited AQP3, with
only minor inhibition of AQP7 and AQP9. Z433927330 inhib-
ited AQP7 potently and with good efficacy, whereas inhibition
of AQP3 and AQP9 was lower and seemed to be less potent (Fig.
3, A–C). Comparison of 9016645 and Z433927330 inhibition
profiles suggested that a shift in isoform specificity and potency
was caused by the additional right-hand pyrazole.

To investigate potential cytotoxic or anti-proliferative
effects, we incubated proliferating CHO cells for 48 h in the

3 Please note that the JBC is not responsible for the long-term archiving and
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presence of the inhibitors DFP00173 and Z433927330 and the
previously described AQP9 inhibitor RF03176 (34) before load-
ing cells with Calcein-AM. A 5.8-fold increase in cell number
was expected during this incubation period. Furthermore, the
fluorophore can only be retained in viable cells (36). We found
no negative effect of either substance on calcein fluorescence,
indicating no apparent negative effects of inhibitors on CHO
cell proliferation or vitality in the tested concentration range up
to 25 �M (Fig. 3D). However, incubation with 25 �M DFP00173
and Z433927330 but not 25 �M RF03176 resulted in higher
fluorescence, indicating increased proliferation or dye reten-
tion or a combination thereof.

Hydrogen peroxide permeability

AQP3 and AQP9 are known to function as hydrogen perox-
ide channels in chemokine signaling in T cells and neutrophils
(18, 37, 38). H2O2 permeability of AQP7 has currently not been
demonstrated. However, AQP7 is required for chemokine
responses in skin dendritic cells (27). Consequently, we tested
whether AQP inhibitors are suitable to block AQP-mediated
H2O2 permeability. AQP3, AQP7, and AQP9 were stably
expressed in CHO cells along with the H2O2 sensor HyPer-3

(39). Addition of extracellular H2O2 resulted in an increase in
490/420-nm fluorescence intensity ratio in all HyPer-3– ex-
pressing cell lines (Fig. 4). Faster changes were observed in
AQP3-, AQP7-, and AQP9-expressing cell lines compared with
HyPer-3– expressing cells without ectopic AQP expression.
H2O2 permeability in AQP-expressing cell lines was reduced by
isoform cognate inhibitors. The inhibitors did not show clear
effects on H2O2 permeability in CHO–HyPer-3 cells without
ectopic AQP expression.

Glycerol permeability of human erythrocytes

Human erythrocytes express water-permeable AQP1 as well
as glycerol and water-permeable AQP3 (10). To confirm AQP3
inhibition in a second assay as well as to test inhibition of AQP3
glycerol permeability, we isolated whole human erythrocytes
that were exposed to inward-directed glycerol gradients (Fig. 5,
A and B). Changes in scattered light intensity were re-
corded over time in a stopped-flow apparatus. Treatment with
DFP00173 and Z433927330, respectively, resulted in inhibition
of erythrocyte glycerol permeability as well as inhibition of ini-
tial water permeability (Fig. 5A). The observed potencies for
DFP00173 inhibition of glycerol permeability in erythrocytes

Figure 1. Dose–response curves for the ten most potent screening hits as well as for the positive control HTS06792. Shown is t1⁄2 of cell shrinking,
indicating that water permeability was measured in calcein-loaded, mAQP3-expressing CHO cells. Screening hits were repurchased before analysis to confirm
hit identity. Supplier product codes are indicated above each substance. Compounds MWP00821 and S04288 were not sufficiently soluble in DMSO and were
thus tested at lower concentrations than the other compounds. AQP3 inhibition could be confirmed for five hit compounds. In addition, JM00015 showed
AQP3 inhibition at the highest tested concentration and at lower efficacy than expected.
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(IC50, � 0.2 �M) and Z433927330 (IC50, � 0.6 �M) agreed
well with the observed inhibition of water permeability in
CHO cells. However, inhibition of glycerol permeability by
Z433927330 appeared to be more efficacious than inhibition
of CHO cell water permeability, causing similar levels of
reduced permeability as DFP00173 (Fig. 5B). Furthermore,
we tested the inhibition of AQP3 and AQP7 glycerol perme-
ability by these two compounds in CHO cells (Fig. 5, C and
D). We found highly specific inhibition of AQP3 glycerol
permeability by DFP00173, which did not apparently inhibit
AQP7 glycerol permeability. On the other hand, we found
moderate selectivity of Z433927330 for inhibition of AQP7
glycerol permeability compared with inhibition of AQP3
permeability. We note that inhibition efficacy has to be com-
pared cautiously between cell lines because we observed sig-
nificantly higher glycerol permeability in AQP7-expressing
cells compared with AQP3-expressing cells.

Homology modeling and molecular docking

We previously identified a putative binding site for RF03176
and similar compounds on hAQP9 at the cytoplasmic side of
the pore. This binding site was examined by site-specific muta-

tions in hAQP9 (35). Based on calculated logP values (RF03176,
2.80; DFP00173, 3.97; Z433927330, 3.72), we reasoned that
inhibitors could diffuse across the lipid bilayer to reach the
cytoplasmic side of the pore. This assumption was tested in
epithelial barrier assays using mouse cortical collecting duct
mpkCCD cells (40), which express very little AQP2 under basal
culture conditions (41). Moreover, AQP2 is not expected to
reach the apical membrane in the absence of vasopressin.
Indeed, we found that all three substances crossed an elec-
trically tight mpkCCD cell monolayer at a rate comparable
with DMSO from the basal to the apical side, whereas cell-
impermeable TO-PRO-3 remained undetectable at the api-
cal side (Fig. S2).

Because of the chemical similarity between RF03176 and the
currently identified hit series, we hypothesized similar binding
of the newly identified compounds to mouse aquaglyceroporins
at the cytoplasmic pore side. To investigate this, we generated
homology models of the three mouse aquaglyceroporins
mAQP3, mAQP7, and mAQP9. Initial calculations of the pore
dimensions suggested that the pore appears to be too narrow
for inhibitor binding at the so-called aromatic/arginine region
and too shallow for strong inhibitor binding in its remaining

Figure 2. Potency and structure–activity relationship analysis of mAQP3 and hAQP3 inhibition, respectively, by commercially available hit ana-
logues. Shown is t1⁄2 of cell shrinking, indicating that water permeability was measured in calcein-loaded, m/hAQP3-expressing CHO cells. No clear potency
differences between mAQP3 and hAQP3 inhibition were observed. Error bars indicate standard deviation.
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extracellular segment (Fig. S1). Subsequent molecular docking,
utilizing the entire pore of these models as a potential interac-
tion surface, confirmed this hypothesis. Analysis of the top 50
poses for the newly identified ligands DFP00173, Z433927330
and 9016645, respectively, displayed a predicted binding site
similar to RF03176 at the cytoplasmic side of the pore of all
three aquaglyceroporins. Hydrogen bonds formed between the
inhibitor urea linker and backbone carbonyls of loop B are a
common motif (Fig. 6). Importantly, this binding prevents
carbonyl–water or carbonyl–solute interactions, which are
crucial for channel permeability. Further hydrogen bonds with
one or both of the NPA box asparagines are formed in some
AQP–inhibitor combinations. These asparagines of the two
NPA boxes are well conserved among aquaporins and appear to
be critical for selective channel permeability (42).

To exemplify inhibitor–AQP interactions, DFP00173 inter-
acts in a similar fashion with all three mouse aquaporins, with
the dichlorophenyl group at the cytoplasmic opening of the
pore and hydrogen bonding between the urea backbone of the
ligand and loop B of the aquaporins, as well as hydrogen bond-
ing between asparagines and the nitro group (Fig. 6A).

Compound Z433927330 differs from 9016645 by a pyrazole
group (Figs. 2 and 3). Molecular docking suggests that the pyr-
azole does not grossly influence the position of these molecules
in aquaglyceroporins (Fig. 6B). Besides the general interaction
of loop B carbonyls with the urea linker, oxygens from the ester

functional group act as hydrogen bond acceptors for asparagine
hydrogens here.

Docking calculations suggest that the hydrophobic phenyl
group in RF03176 is located close to the loop B asparagine,
creating a tight constriction at this site. A phenylalanine (Phe-
180) at the cytosolic entrance in m/hAQP9 is located proximal
to the RF03176 benzothiadiazole. Interactions between nitro-
gen lone pairs of the thiadiazole group and the �-positive edge
of Phe-180 are conceivable (Fig. 6C). An identical interaction is
seen in hAQP9 (35).

The homology models suggest interesting differences be-
tween mouse aquaglyceroporins. In line with similar channel
substrate permeability, pore-lining residues are highly con-
served. Differences that may explain inhibitor specificity are,
however, observed in residues at the cytoplasmic pore entrance.
Specifically, a Phe-180 in mAQP9 is replaced by Val-179 in
mAQP3 and Thr-159 in mAQP7. Furthermore, the chemical
environment surrounding the conserved histidine in loop B
(His-81 in mAQP3) is noticeably different. In mAQP3, a gluta-
mate (Glu-96) is involved in a hydrogen bond to the � nitrogen
of the histidine, which reduces its rotameric freedom. In
mAQP7 the unprotonated � nitrogen of the corresponding his-
tidine (His-61) constrains freedom of rotation as a hydrogen
bond acceptor to an asparagine (Asn-70). The latter is in a posi-
tion accessible for pore solutes. In contrast, the residues at these
two positions are both methionines in mAQP9 (Met-91 and
Met-97, respectively). This allows the histidine (His-82) to
adopt a different configuration that makes the pore narrower.

Discussion

Here we describe the identification of novel mAQP3 and
mAQP7 inhibitors. Together with previously identified specific
mAQP9 inhibitors, this provides a complete set of potent
mouse aquaglyceroporin inhibitors, in part with high isoform
specificity suitable for dissecting the function of these channels
in cell-based assays.

These are not the first aquaporin inhibitors described in the
literature. However, as raised by Verkman et al. (43), several
previously described AQP inhibitors were not sufficiently vali-
dated upon discovery. Consequently, the effect of some AQP
inhibitors could not be reproduced by independent laborato-
ries (44 –46). Here as well as in a previous study, we tested
inhibitor specificity among related and less related AQP iso-
forms (34). We consider the observed inhibitor specificity as a
strong argument for fidelity of the inhibitors described in these
studies.

In further support for this class of inhibitors, we previously
described the effect of hAQP9 point mutations on inhibition by
RF03176 and structurally similar molecules (35). DFP00173
and Z433927330 share structural similarities with RF03176.
Moreover, we confirmed inhibition of hAQP3 glycerol perme-
ability by some of the described inhibitors in human erythro-
cytes, utilizing stopped-flow scattered light intensity re-
cordings, a method considered a gold standard in inhibitor val-
idation (43). Relative inhibitor potency measurements sug-
gested good agreement of inhibitor potency between CHO
cell water permeability and erythrocyte glycerol permeability
assays.

Figure 3. AQP isoform specificity of three selected compounds. A–C, cell
water permeability was measured in calcein-loaded recombinant CHO cell
lines. The structurally similar compounds 9016645 (A) and Z433927330 (B)
show reversed isoform specificity. DFP00173 (C) specifically inhibits AQP3
over the homologous AQP isoforms AQP7 and AQP9. 9016645: IC50, �6 �M

(mAQP3); IC50, N.D. (mAQP7); IC50, N.D. (mAQP9). Z433927330: IC50, �0.2 �M

(mAQP7); IC50, �0.7 �M (mAQP3); IC50, �1.1 �M (mAQP9). DFP00173: IC50,
�0.1 �M (mAQP3); IC50, N.D. (mAQP7); IC50, N.D. (mAQP9). The AQP isoform
was identified as a significant source for variation in two-way ANOVA for all
three substances at p � 0.0001; n � 3. D, cell proliferation and viability of CHO
cells are not reduced after 48 h of incubation with AQP inhibitors compared
with solvent (DMSO). 1, DFP00173; 2, Z433927330; 3, RF03176. Calcein reten-
tion was not affected at 2.5 �M. Exposure to 25 �M of either DFP00173 or
Z433927330 resulted in increased fluorescence (p � 0.001; n � 4 for inhibitors
and 8 for DMSO). Error bars indicate standard deviation. AU, arbitrary units.

Aquaporin-3 and aquaporin-7 inhibitors

J. Biol. Chem. (2019) 294(18) 7377–7387 7381

http://www.jbc.org/cgi/content/full/RA118.006083/DC1


Figure 4. Shown are H2O2 permeability (top row) and water permeability (bottom row) in H2O2 sensor (HyPer-3)– expressing CHO cell lines. Expression of
mAQP3, mAPQ7, and mAPQ9 conferred a faster fluorescence increase in response to H2O2 addition (150 �M), compared with control cells (no AQP). Addition
of cognate inhibitors resulted in a slower fluorescence increase in AQP-expressing cell lines after H2O2 addition, whereas no clear effects on control cells (no
AQP) were observed. Similarly, AQP inhibitors reduced water permeability in AQP-expressing cell lines only (cell shrinking in response to sucrose addition 3.6 s
into each read). The same HyPer-3– expressing cell lines were loaded with calcein before water permeability measurements. We note that the calcein fluores-
cence intensity is about 10-fold higher than HyPer-3 fluorescence under the conditions used. HyPer-3 did not seem to interfere with water permeability
measurements. Furthermore, we noted a small baseline fluorescence decrease induced by DFP00173 and RF03176 treatment that was present before H2O2
addition. The reason for this effect is unknown. Means of four recordings are shown.

Figure 5. Inhibition of glycerol permeability. A, addition of extracellular glycerol causes a rapid scattered light intensity (SLI) increase, indicative of water exit,
mainly through hAQP1 and hAPQ3, followed by a slower scattered light intensity decrease, indicative of swelling induced by the osmotic influx of water,
following glycerol entry mainly through AQP3. Representative example traces show clear inhibition of erythrocyte water and glycerol permeability by addition
of 25 �M DFP00173 compared with solvent (1% DMSO). B, relative potency of erythrocyte glycerol permeability inhibition, measured as t1⁄2 of the scattered light
intensity decrease. Apparent IC50 values were �0.2 �M (DFP00173) and �0.6 �M (Z433927330). Substance was identified as a significant source for variation in
two-way ANOVA at p � 0.0001; n � 6. C, example traces of glycerol permeability in calcein-loaded CHO-mAQP3 cells in an isotonic shrinking assay. DFP00173-
treated (25 �M) and solvent control (1% DMSO) cell traces of relative fluorescence intensity are shown. Cells were preincubated in 500 mM glycerol buffer before
addition of 500 mM membrane-impermeable sucrose. Fluorescence quenching indicates cellular glycerol efflux along its gradient. D, dose–response curves of
glycerol permeability inhibition in CHO cells expressing mAQP3 and mAQP7, respectively. Fluorescence quenching kinetics expressed as t1⁄2 were measured.
Apparent IC50 values were �0.7 �M for DFP00173 (mAQP3), N.D. for DFP00173 (mAQP7), �11.5 �M for Z433927330 (mAQP3), and �2.6 �M for Z433927330
(mAQP7). n � 3. AU, arbitrary units. Error bars in B and D indicate standard deviation.
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A number of aquaporins, including AQP3, AQP8, and AQP9,
have recently been described to function as H2O2 channels in
cytokine and growth factor signaling, primarily in leukocytes
(18, 19, 37, 38, 47–51). Similarly, altered cytokine responses
have been described for AQP7-deficient dendritic cells (27).
However, altered water and/or glycerol permeability of AQP7
deficient cells was proposed as an explanation. To our knowl-
edge, this is the first study that describes AQP7-mediated H2O2
permeability, providing an alternative explanation for reduced
cytokine responses in AQP7-deficient dendritic cells.

Verkman et al. (43) have previously branded aquaporins as
“important but elusive drug targets.” The elusive part of the
assessment was based in part on a low hit discovery rate in an
unpublished screen for AQP1 inhibitors conducted by the
authors. Only a few weak AQP1 inhibitors could be discovered
in a screen of 100,000 small molecules (43). As an explanation,
narrow AQP pore geometry as well as the necessity to find
molecules binding deeply in this pore to inhibit water (and sol-
ute) transport has been given. In agreement with this view, we
found that the pore diameter at the aromatic/arginine region
seems to be too narrow to contain the AQP inhibitors discov-
ered in this study. This results in a very limited surface that
remains available for potential inhibitor binding at the extracel-
lular orifice of mouse aquaglyceroporins. In contrast, we found
that the aquaglycerol channel pore on the cytoplasmic side of
the aromatic/arginine constriction can ideally fit linear aro-
matic molecules. It may well be confirmed that the discovery of
inhibitors for pure water channels such as AQP1 is more chal-
lenging. This study identified at least one hit series containing
potent as well as specific AQP3 and AQP7 inhibitors, respec-
tively, in a medium-throughput screen of 7360 molecules.
Moreover, in a previous screen, we identified two hit series
containing potent and specific AQP9 inhibitors in a screen of
only 1920 molecules (34). These outcomes suggest that the pore
geometry of aquaglyceroporins permits inhibitor discovery.

We have previously characterized the binding of several
hAQP9 inhibitors in a pore region facing the cytoplasm using

computational and experimental methods (35). Our analyses in
this study suggest that inhibition cooperatively results from
steric hindrance of the pore by bulky functional groups and
disruption of the pore–water hydrogen-bonding network. The
role of steric hindrance is exemplified by the differences
between DFP00173, comprising two ortho-chlorides, and the
closely related but less potent DFP00172 (para-chloride) and
SEW00833 (meta-chloride), respectively. Aquaporin water
and solute permeability require backbone carbonyls in loops B
and E as hydrogen bond acceptors and NPA asparagines as
hydrogen bond donors. All of our described inhibitors form
hydrogen bonds to backbone carbonyls, thus mimicking
channel–substrate interactions. Indeed, AQP7 and APQ9 are
permeable for urea (34, 52), which is a commonly observed
linker in the aquaglyceroporin inhibitors we identified.

In light of this common inhibitor binding, the experimentally
observed inhibitor specificity requires further consideration.
Molecular docking analyses did not provide clear explanations
for this selectivity. Interestingly, although occupying carbonyls
of the channel polypeptide backbone, the inhibitor urea
linker offers its own carbonyl as a potential substitute. At
physiologically relevant temperatures, inhibitors and chan-
nels are dynamic. It is thus conceivable that alternative
hydrogen bonding involving the urea carbonyl facilitates
permeability through a residual pore. Thus, overall channel
diameter as well as local inhibitor-bound isoform-specific
pore constrictions may explain the most striking experimen-
tally observed inhibitor specificities.

Notably, among our homology models, mAQP3 is narrowest
at the NPA region. The nitro group in DFP00173 is predicted to
form a very strong interaction with the asparagine of the first
NPA box. Furthermore, Ile-71 restricts alternative backbone
inhibitor interactions, locking DFP00173 in a position that does
not allow residual pore permeability. The analogous Val-51
provides more room for alternative positioning in mAQP7.
Similarly, favorable positioning seems to be hindered in

Figure 6. Representative AQP-inhibitor binding sites. A–C, the calculated diameter of the AQP pore is shown in transparent surface view, colored from blue
(narrowest) to red (widest). Docked ligands and select amino acids are shown in stick representation. Hydrogen bonds form between the inhibitor urea linker
and backbone carbonyls of each AQP isoform. Asparagines of the NPA boxes form interactions between AQP3 and DFP00173 (A) and between AQP7 and
Z433927330 (B). Phe-180 is unique to AQP9 and may form a positive edge interaction with an RF03176 nitrogen lone pair, thereby stabilizing a conformation
that constricts the entrance to the pore (C).
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mAQP9 by Phe-180, as ligands can only take up discrete posi-
tions along the carbonyl backbone.

Residual pore permeability may also provide an explanation
for the previously observed RF03176 specificity to m/hAQP9
(34). AQP9-specific Met-91 and Met-97 are positioned in such
a way at the cytoplasmic pore entrance that access to the under-
lying loop B backbone carbonyl His-82 may be obscured when
RF03176 is bound. In support of this mechanism, we have pre-
viously mutated Met-91 and His-82 of hAQP9 (35). A M91N
mutation could conceivably have provided better access to
His-82 and did result in almost complete loss of inhibition. A
H82A mutation may also have provided better access to the
backbone carbonyl at this position and did result in lower inhib-
itor potency. For mAQP3 and mAQP7, similar shielding of the
corresponding histidine carbonyl does not seem to be the case.
For Z433927330, molecular docking interactions are almost
identical to those of 9016645, whereas the additional pyrazole
in Z433927330 resulted in higher experimentally observed
potency. A simple explanation is that the additional pyrazole
group in Z433927330 offers additional hydrogen bonding pos-
sibilities. However, docking calculations did not correlate well
with the experimental observations. Further analyses will be
required to find explanations for these effects.

In conclusion, we identified a complete set of aquaglycero-
porin inhibitors. All described compounds are commercially
available for independent verification. We confirmed the iden-
tity and purity of the three currently most useful substances,
DFP00173, Z433927330, as well as the previously described
HTS13286 (34), of one batch from the described sources by MS.
The substances should be useful in future cell-based experi-
ments, e.g. investigation of AQPs in cytokine signaling. All three
substances provide useful starting points for further develop-
ment of substances that are suited for in vivo experiments and
potentially for drug development.

Experimental procedures

CHO cell experiments

Generation of the utilized CHO cells with tetracycline-in-
ducible ectopic AQP expression has been described previously
(34, 35). For H2O2 permeability assays, CHO cells with stably
integrated tetracycline repressor were stably transfected with
VspI-linearized pC1–Hyper-3 (39) and pC1-SypHer (53) plas-
mids, respectively, before selection of transfected cells with
G418 (800 �g/ml, Thermo Fisher Scientific) for 2 weeks and
subsequent sorting of a pool of YFP fluorescent cells on a BD
FACSAria II flow cytometer (BD Biosciences). Human AQP3
was ligated from IMAGE clone ID 3877096 (Source BioScience)
into pcDNA5/FRT/TO (Thermo Fisher Scientific) following
KpnI/NotI digestion of the parent vectors. These DNA recom-
binations were designed with the help of AiO software (54).

The use of a plate reader to measure water permeability has
been described previously (55) and was used with modifica-
tions. CHO cells were cultured in DMEM/F12/10% donor
bovine serum, 250 �g/ml hygromycin, and 10 �g/ml blasticidin
(all from Thermo Fisher Scientific) in a humidified incubator at
37 °C and 5% CO2.

Three days before water permeability or H2O2 permeability
assays, 6000 cells/well were seeded in black, clear-bottom, poly-
lysine– coated 96-well plates (Greiner, 655 946). Twenty-four
hours after seeding, AQP expression was induced with tetracy-
cline; in water permeability assays, tetracycline was titrated for
each cell line to reach uninhibited cell shrinking of t1⁄2 of �1 s.
For H2O2 permeability assays, all cell lines were induced with 5
ng/ml tetracycline, which leads to a maximal increase in water
permeability in the tested cell lines. Cells were grown for an
additional 48 h. Before water permeability assays, cells were
incubated in fresh medium containing 5 mM probenecid, 2.5
�M calcein O,O�-diacetate tetrakis(acetoxymethyl) ester (Cal-
cein-AM, BD Biosciences) for 45 min. The plates were trans-
ferred to a Fluostar Optima plate reader, and fluorescence
intensity was recorded for 30 s (water permeability) and 79 s
(H2O2 permeability). Optical filters were 485BP12/520 for cal-
cein and 420BP10/490BP10 excitation and 520LP emission for
HyPer-3 recordings. Osmotic cell shrinkage was induced 3.6 s
into reads by addition of 1 volume of 500 mM sucrose in assay
buffer. The other assay buffer components were as follows:
MgSO4, 0.8 mM; KCl, 5.0 mM; CaCl2, 1.8 mM; NaHEPES, 25 mM;
NaCl, 111.5 mM; and probenecid, 5.0 mM (pH 7.4). Similarly, 1
volume of 150 �M H2O2 was added 3.6 s into HyPer-3 record-
ings. All assay buffers contained 1% DMSO to keep DMSO
concentrations of inhibitor-treated wells constant during vol-
ume additions (44). For cytotoxicity assays, CHO cells were
grown in the presence of the indicated inhibitor concentrations
for 48 h, followed by cell loading with Calcein-AM as for water
permeability assays and similar fluorescence recording at a sin-
gle time point.

Inhibitor compounds

Maybridge Hitfinder Library version 8 was purchased from
Thermo Fisher Scientific. Follow-up compounds were collec-
tively purchased via MolPort (Riga, Latvia) from various ven-
dors: S04288, MWP00821, SEW00832, BTB14129, GK00877,
BTB09519, S15361, DFP00176, SPB00688, JM00015, HTS06792,
DFP00173, DFP00172, SEW00835, SEW00834, and SEW00833
(all from Maybridge/Thermo Fisher Scientific); F2740-0111
(Life Chemicals Inc.); Z433927330 (ENAMINE); 9016645,
9053871, and 7791389, (ChemBridge Corp.); and IVK/0050432
(Alinda Chemical, Ltd.). All compounds were dissolved in
DMSO and applied in assay buffer containing a final concen-
tration of 1% DMSO.

Erythrocyte isolations and stopped-flow light scattering

Freshly collected human whole blood was washed three
times in PBS (spinning at 800 � g) to remove serum and the
cellular buffy coat. Stopped-flow light scattering experiments
were carried out on a BioLogic MPS-200 stopped-flow reaction
analyzer (BioLogic, Claix, France) as described previously (56).
For measurement of glycerol permeability, suspensions of
erythrocytes (�1% hematocrit) in PBS were subjected to a 100
mM inwardly directed gradient of glycerol. The erythrocyte vol-
ume changes were recorded as the kinetics of the scattered light
intensity at 20 °C at a wavelength of 530 nm and with a dead
time of 1.6 ms and a mixing efficiency of 99% in less than 1 ms.
Data were fit to a single exponential function, and the related
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half-life time (t1⁄2) of the cell swelling phase during entry of glyc-
erol and water into the erythrocytes was measured. During this
phase, the t1⁄2 values represent an index of the glycerol permea-
bility of the analyzed erythrocytes. A series of stopped-flow
light scattering experiments were done for each inhibitor com-
pound, testing the effects of concentrations obtained by serial
dilution. All compounds were dissolved in DMSO and applied
in 1% DMSO for 10 min at 20 °C prior the light scattering mea-
surement. Erythrocyte suspensions containing 1% DMSO (10
min, 20 °C) represented the control condition.

Homology modeling

To rationalize AQP inhibitor isoform selectivity, we gener-
ated homology models of murine AQP3, AQP7, and AQP9. The
sequences were aligned to the Escherichia coli glycerol trans-
porter GlpF using ClustalW version 2.1 (57, 58) and inspected
manually. The 2.2-Å X-ray structure of GlpF (PDB code 1FX8)
(59) was used as a template for homology modeling, and all
three input files were submitted to the I-TASSER server (60).
The geometry of the resulting homology models was optimized
by fragment guided molecular dynamics simulation using the
FG-MD server (61), followed by manual correction of a few
pore residues using the Coot software (62). Noteworthy is phe-
nylalanine 64 in AQP9, which was further into the pore than
expected, probably because of the lack of pore waters in the
generation of the models. Pore radii were calculated utilizing
the program HOLE (63).

Molecular docking

The ligands DFP00172, RF03176, Z4339927330, and
9016645 were docked into the pore of the AQP3, AQP7, and
AQP9 using the LeadIT Molecular Docking software. To avoid
bias, the pore in its entirety was defined as a binding site. A
library containing the four ligands of interest was created, and
docking was performed using standard settings. The results
were optimized using Hyde, a program in the LeadIT software
package (version 2.3.2, BioSolveIT GmbH, Sankt Augustin,
Germany).

Statistical analysis

Dose–response curves were compared between AQP iso-
forms and substances by two-way ANOVA in GraphPad Prism
5.0.
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