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Abstract

AQP5 and AQP8 possess targeting/retention motifs which mediate their localization to the apical and basolateral membranes,
respectively, of polarized MDCK-II cells. As targeting/retention motifs have been localized to the N- or C-termini of other AQPs,
we sought the location of such motifs in AQPs 5 and 8 by exchanging their corresponding N- or C-termini and examining the expres-
sion, localization, and function of the resultant chimeras. We did not detect the expression of constructs in which the C-terminus of
AQP5 was replaced by the C-terminus of AQPS. Substitution of the N-terminus of AQP8 for the N-terminus of AQPS5 generated a
construct which was trapped intracellularly and did not significantly facilitate transepithelial fluid movement. In contrast, modifi-
cations of the N- and C-termini of AQPS8 were better tolerated. Substitution of either AQPS8 terminus by the corresponding AQPS
terminus generated constructs which localized to basolateral membranes and facilitated transepithelial fluid movement. Our results
suggest that, unlike the other AQP targeting/retention signals reported thus far, an AQP8 basolateral targeting/retention motif

might reside between the two cytosolic termini.
Published by Elsevier Inc.
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The aquaporins (AQPs) are a family of polytopic
membrane proteins that facilitate the movement of
water and, in some cases, select small molecules (e.g.,
glycerol, urea) or ions [1] across membrane barriers in
response to an osmotic gradient (for general reviews
on AQPs see [2-4]). In membranes, the AQPs exist as
homotetramers, with each monomer containing a selec-
tive pore. The monomers are composed of six mem-
brane-spanning domains linked by five loops. The
N- and C-termini reside in the cytoplasm. An hourglass
model depicting AQP1 topology has been described [2].
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AQPs localize to apical, basolateral, or both domains
of epithelial plasma membranes. The localization of
AQPs to specific plasma membrane domains involves
the recognition of targeting/retention signals embedded
in AQP structures by components of the cellular protein
sorting machinery [5,6]. Knowledge of targeting/reten-
tion signals is important as these signals can be used
to help identify interacting components of the protein
localization machinery, and to direct proteins to appro-
priate membrane domains for therapeutic purposes.
Aberrant localization of membrane proteins has been
linked to human disease [7-10].

Previously we reported that AQPS5 and AQPS localize
to apical and basolateral membranes, respectively, in
polarized MDCK-II cells grown on polycarbonate
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membranes [11]. We have been interested in identifying
the regions of AQP5 and AQPS encoding apical and
basolateral localization information, respectively. Be-
cause localization signals have been reported to occur
in the cytosolic tails of AQP2 [12], AQP4 [13], and other
polytopic membrane proteins [5], we exchanged corre-
sponding N- and C-termini between AQP5 and AQPS,
and examined the expression, function, and localization
of the resultant chimeras.

Materials and methods

Expression constructs. The pTRE.AQPS [11], pTRE.AQP8 [11],
and pACCMVrAQPS [14] constructs were described previously. All
modifications of AQPS5 and AQP8 cDNA reported here were made
using these plasmid constructs and an Advantage HF PCR Kit from
Clontech. Predictions of parental and modified AQP membrane
topologies and molecular weights were obtained using: (i) GeneTool
(ver. 1.0) and PepTool (ver. 1.1), both from Biotools, and (ii) the
Swiss-Prot Protein Knowledge Base (http:us.expasy.org/psrot/). Pre-
dicted topological structures of parental and modified AQP structures
(PepTool) are given in Fig. 1. Exchange of corresponding N- or C-
termini between AQPS5S and AQP8 was accomplished using PCR-
mediated gene splicing by overlap extension [15]. The final PCR
products were inserted into the EcoRI and BamHI restriction sites of
the pTRE plasmid multiple cloning site. Table 1 lists cDNA fusion
sites and specific deleted and replacement amino acid residues for each
construct.

AQPS AQPE
&0QP5-8NT &0QP5-8CT A0P5-8TWCT
AQPE-5CT AQPE-5NT

Fig. 1. Predicted membrane topologies of parental and chimeric
AQPs. Parental AQPs 5 (red) and 8 (black) were used to construct
chimeric AQPs as described in Materials and methods. PEPTOOL
(ver. 1.1) was used to predict membrane topologies of the parental and
chimeric AQPs. For each chimera, deleted and replacement amino
acids are given in Table 1.

Cell culture and transfection. The culture of MDCK-II cells and the
generation of stable transfectants (hygromycin-resistant) were carried
out as described previously [11]. Stable transfectants were maintained
in normal growth medium (hygromycin-free), and studies were con-
ducted no sooner than one week after hygromycin removal [16]. To
obtain transient transfectants for confocal microscopy, 3.4 x 10° cells/
well were seeded onto Costar 24 mm polycarbonate filters (Quality
Biologics), and transfections were performed 24 h later in 235 pl Opti-
mem containing 1.9 pg of a pTRE plasmid encoding a normal or
modified AQP transgene and 4.7 ul of Lipofectamine 2000 (prepared
as described by Invitrogen). To obtain transient MDCK-II transfec-
tants for Western blot analysis, transfections were performed on 10-cm
dishes using 3.8 x 10° cells/plate seeded 24 h prior to transfection, and
3.3 ml/plate Optimem transfecting medium containing 26.6 ng DNA
and 65.8 pl Lipofectamine 2000.

Confocal microscopy. MDCK-II parental cells or transfectants were
seeded on Corning 24 mm polycarbonate filters, fixed, immunostained,
and analyzed using a BioRad MRC 1024 laser scanning confocal
imaging system as described previously [11]. Primary and secondary
antibodies were affinity purified and used at 1:50 dilutions. Initial
concentrations of primary antibodies were as follows: rabbit-anti-
AQP5¢r (0.7 mg/ml); rabbit-anti-AQP8x (0.45 mg/ml); and rabbit-
anti-AQP8¢r (1 mg/ml). Rabbit-anti-AQP5¢r (recognizes the COOH
terminus of rat AQPS5) and rabbit-anti-AQP8yr (recognizes the NH,-
terminus of rat AQP8) have been described previously [14]. Rabbit-
anti-AQP8cr (recognizes the COOH-terminus of rAQP8) was
obtained from Alpha Diagnostics. The secondary antibody (FITC)-
conjugated Affinipure goat anti-rabbit IgG (H+ L) (1.5 mg/ml) was
purchased from Jackson ImmunoResearch Laboratories. Propidium
iodide was used to detect nuclei (red).

Western blot. For each transfected construct as well as non-trans-
fected MDCK-II cells, two 100 mm dishes of confluent cells were
harvested by scraping in PBS. Crude membranes were prepared by
centrifuging the cells at 3000g for 5 min, resuspending the pellet in lysis
buffer (100 pl) containing (in mM): 100 Tris—HCI (pH 8.0), 1 MgCl,,
0.5 Complete protease inhibitor containing EDTA (Roche), and 0.1
phenylmethylsulfonyl fluoride (Calbiochem), and freezing the lysate at
—80 °C. The lysate was then thawed on ice, homogenized with a syr-
inge and needle, and diluted to 1 ml with a buffer containing 0.25 M
sucrose, 10 mM Tris—Hepes (pH 7.4), 1%(v/v) aprotinin, 1 mM dithi-
othreitol, 0.5 mM AEBSF (Roche), 0.167 mM pepstatin A (ICN Bio-
medicals), and 0.167 mM leupeptin (ICN Biomedicals). The lysate was
centrifuged at 3000g for 20 min, and the resulting supernatant was
centrifuged at 50,000g for 1 h. The resulting pellet (crude membrane
fraction) was suspended in 20-30 pl water containing Complete pro-
tease inhibitor (Roche) and stored at —20°C. The BioRad protein
assay was used to measure protein concentrations. Western blots were
carried out using Novex 12% Tris—glycine gels and PVDF membranes.
Primary antibodies (described above) were used at a 1:1000 dilution.
The secondary antibody was used as described in an Amersham ECL
kit.

Transepithelial fluid movement. Measurement of osmotically ob-
liged transepithelial fluid movement was carried as described previ-
ously [11]. Monolayer cultures grown on 24-mm polycarbonate filters
were incubated in the presence of hypertonic apical medium
(440 mOsm) for 30 min in a 5% CO, incubator at 37 °C.

Results and discussion

Here we report the effect of exchanging N- and C-ter-
mini on the localization of AQPs 5 and 8. Such ex-
changes might involve the gain or loss of apical or
basolateral sorting determinants, potentially altering
AQP localization. Results of previous studies have
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Table 1
AQP constructs

Plasmid

Residues exchanged (deleted — replacement)

Fusion site

pTRE.AQP5-8CT
pTRE.AQP5-8STMCT
pTRE.AQP$-5CT
pTRE.AQP5-SNT
pTRE.AQPS-5NT

AQPS Fre-Hags = Lra7-Ross AQPY
AQPS Hjp3-Hags — Farg—Roes AQP8
AQP8 Gjs55-Rag3 — Payy—Haes AQPS
AQPS5 MK 5 — M;-Q33 AQP8
AQP8 M;—Qs3z — M-K;, AQPS

TACCTGCTC/ATTAGGCTC
AGCCCCTCT/TTCCATTGG
CTCTTCATT/CCCTCCTCT
GTACATACA/AGCGGTGTT
TTCTTCAAG/CCGTGTGTG

Above is given detailed structural information regarding the AQP constructs represented schematically in Fig. 1. The deleted and replacement amino
acid residues for each encoded protein are identified. In addition, the AQP chimeric cDNA transgene fusion sites are identified. Methods used to
prepare the various AQP constructs are discussed in Materials and methods. The sequences of all transgene fusion sites and vector/insert joining sites

were verified using an ABI 3100 Prism Genetic Analyzer.

shown that basolateral sorting signals generally domi-
nate apical sorting signals when both signals are present
in the same protein (for an exception, see [17]). Thus,
when a basolateral sorting signal is lost (e.g., by deletion
or mutation), the basolateral protein might sort apically
due to the presence of a recessive apical sorting signal
[18]. Conversely, addition of a basolateral sorting signal
to an apical protein might cause redirection to the baso-
lateral surface [19]. Altered localization might also occur
if apical and basolateral sorting determinants are com-
pletely lost. In such a case, a protein might undergo sto-
chastic partitioning to both apical and basolateral
domains [5,6,12], or it might be retained and degraded
in the endoplasmic reticulum [20].

Exchange of the C-termini

As shown in Table 1 and Fig. 1, the generation of the
AQP5-8CT construct involved the deletion of 40 amino
acids from the AQPS5 C-terminus (F»»s—Hgs5), which
were replaced by 17 amino acids from the C-terminus
of AQP8 (1,47—R163). This construct was transfected into
MDCK-II cells. When examined by Western blot analy-
sis or confocal immunofluorescence microscopy, we
were unable to detect AQP5-8CT expression using either
transient transfectants (24-72 h post-transfection), or
stable, hygromycin-resistant transfectants generated by
co-transfection with pTK.Hyg (see Materials and
methods).

Since we failed to detect AQP5-8CT expression, an-
other construct, AQP5-8TMCT (Table 1 and Fig. 1),
was prepared. In this construct, 63 amino acids from
AQPS (Hyp3-Hygs) were replaced by 36 amino acids
from AQP8 (F3—R»¢3). This exchange involved AQP
regions containing cytosolic C-termini, adjacent trans-
membrane regions (No. 6), and portions of extracellular
E loops. As with the AQP5-8CT construct, we were un-
able to detect AQP5-8TMCT expression.

In contrast to results of replacing the AQPS5 C-termi-
nal regions, replacement of the C-terminus of AQP8 by
the C-terminus of AQPS5 resulted in a chimera that
was expressed. AQPS-5CT (Table 1 and Fig. 1) was cre-
ated by replacing 12 amino acids (Gjs,—Rg3) from
AQPS8 with 39 amino acids (P,,;—Hygs) from AQPS.

When crude membranes from a stable AQPS8-5CT
transfectant were probed with anti-rAQP-5c1 antibody,
Western blot analysis (Fig. 2A, lane 3) revealed a lower
molecular weight band corresponding to the predicted
size of the non-glycosylated AQPS-5CT monomer
(~31.2kDa, 290 amino acids). As expected, AQPS5
(Fig. 2A, lane 2) migrated as a smaller monomer (pre-
dicted size ~28.4 kDa, 265 amino acids). Molecular
weight moieties in lane 3 larger than the ~31.2 kDa
band likely represent glycosylated forms of AQP8-5CT
[11,21]. Similar higher molecular weight moieties were
observed in crude membranes from an AQPS transfec-
tant probed with either anti-AQP-8c1 (Fig. 2B, lane 2)
or anti-AQP-8xr (Fig. 2C, lane 2). As reported previ-
ously [11] and as shown in Fig. 2, we were unable to de-
tect endogenous AQPS (panel A, lane 1) or AQPS (panel
B, lane 1; panel C, lane 1) in crude membranes of non-
transfected MDCK-IT cells.

Using the anti-rAQP-8n1 antibody we were also able
to detect the expression of AQPS8-5CT by Western blot.
As shown in Fig. 2 (panel C, lane 4), a band of
~31.2 kDa was detected, as were larger bands (presum-
ably glycosylated forms of the AQP8-5CT monomer).
As expected, the non-glycosylated AQP8-5CT monomer
was larger than the non-glycosylated AQP8 monomer
(Fig. 2C, lane 2), which migrates near its predicted size
(~28 kDa, 263 amino acids).

Confocal microscopy was utilized to determine the
localization of stably transfected AQPS8-5CT in polar-
ized MDCK-II monolayers. As shown in Fig. 3, when
monolayers were probed with the anti-rAQP-8xt anti-
body, examination in either the x—z plane (panel A) or
stacked 1 um sections in the x—y plane (panel B),
AQP8-5CT was found localized to basolateral mem-
branes. The same result was obtained when monolayers
were probed with anti-rAQP-5¢; i.e., examination of x—
z sections (panel C) or stacked 1 um sections in the x—y
plane (panel D) demonstrated basolateral localization.

The results in Fig. 2D, show that AQP8-5CT was
able to function as a water channel. Fluid movement
across stable AQPS8-5CT transfectant monolayers was
significantly greater (77 + 7.6% greater, mean + SEM;
P <0.001) than fluid movement across parental
MDCK-IT cell monolayers, and less than the fluid
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Fig. 2. Expression of AQPS, AQPS, and AQP chimeras in MDCK-II cells. (A—C) Transfections were carried out and crude membranes were
prepared (Materials and methods). Each preparation (60 pg protein) was analyzed by Western blot. (A) Membranes from control MDCK-II (lane 1),
AQPS5 (lane 2), AQP8-5CT (lane 3), and AQP5-8NT (lane 4) transfectants probed with rabbit anti-rAQP5¢r antibody. (B) Membranes from control
MDCK-II (lane 1), AQP8 (lane 2), AQP8-SNT (lane 3) transfectants probed with rabbit anti-rAQP8ct antibody. (C) Membranes from control
MDCK-II (lane 1), AQP8 (lane 2), and AQP8-5NT (lane 3), AQP8-5CT (lane 4), and AQP5-8NT (lane 5) transfectants probed with rabbit anti-
rAQPS8ynT antibody. Indicated molecular weight markers are given in kDa. (D) Measurements of osmotically driven transcellular water flow across
wild-type and stably transfected MDCK-II monolayers were carried out as described in Materials and methods. Monolayers were incubated in a
hypertonic apical medium for 30 min at 37 °C in 5% CO,. Experiments were performed in replicates of 9 (AQPS5), 8 (AQPS), 12 (AQP8-5NT), 12
(AQP5-8NT), and 11 (AQP8-5CT). Matching controls (non-transfected MDCK-II cell monolayers) were also tested in each case. Results are given as
percent of control for each transfectant. Osmotically driven water flow across all transfectant monolayers except AQPS-8NT was statistically
different from controls (i.e., P < 0.05) as judged by a ¢ test. In total, water flow across control MDCK-II cells was 1.2 + 0.008 pl/cm?® (mean -+ SEM,
n=>54).

movement across either AQPS5 or AQPS stable transfec- lane 4) that migrated near the predicted size of the

tant monolayers. This result might reflect: (i) intrinsic AQP5-8NT monomer (~31.5kDa, 291 amino acids).

differences in AQP water channel permeabilities, (ii) dif- The anti-rAQP-8xT antibody also detected a band that

ferences in levels of AQP expression, or (iii) both (i) and migrated near the predicted size of the AQPS5-SNT

(ii). monomer (Fig. 2C, lane 5). A comparison of lanes 2

and 4 (Fig. 2A) shows that, as expected, the size of

Exchange of the N-termini AQPS5-8NT was larger than AQPS (~28.4 kDa, 265
amino acids).

In the AQPS5-8NT construct (Fig. 1, Table 1), 12 ami- As shown in Fig. 4, the localization of the AQPS5-

no acids from the N-terminus of AQP5 (M —K,) were 8NT construct was different from parental AQPS, which
replaced by 38 amino acids from the N-terminus of sorts apically in polarized MDCK-II cells [11]. Exami-
AQP8 (M;—Q3g). When crude membranes from stable nation in the x—z plane (Fig. 4A) or in stacked 1 pm sec-
transfectants were examined by Western blot analysis, tions in the x—y plane (Fig. 4B) shows that the anti-
the anti-rAQP-5ct1 antibody detected a band (Fig. 2A, rAQP-5ct1 probe did not detect AQPS5-8CT localized
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Fig. 3. Localization of AQP8-5CT and AQP8-5NT. Stable transfectants were grown as polarized monolayers on polycarbonate filters. Cells were
fixed, incubated with appropriate antibodies and propidium iodide, and examined by confocal immunofluorescence microscopy. (A,C) AQP8-5CT
x—z sections; (B,D) AQP8-5CT 1 um sections stacked in the x—y plane. (E) AQP8-5NT x—z section. (F) AQP8-5SNT 1 pum sections stacked in the x—y
plane. (A,B) Monolayers probed with the primary antibody rabbit anti-rAQP8yxT; (C,D) Monolayers probed with the primary rabbit antibody anti-
rAQP5cr; and (E,F) Monolayers probed with the primary antibody rabbit anti-AQP8ct. FITC-goat anti-rabbit IgG (H + L) served as the secondary

antibody.

Fig. 4. Localization of AQP5-8NT. Experiments were carried out as
described in the legend to Fig. 3, using an AQP5-8NT stable
transfectant. (A) x—z section; (B) 1 um sections stacked in the x—y
plane. The monolayer was probed with the primary antibody rabbit
anti-rAQP5ct. FITC-goat anti-rabbit IgG (H + L) served as the
secondary antibody.

to apical membranes. Rather it appears that this con-
struct was trapped in intracellular structures. Further-
more, results in Fig. 2D demonstrate that osmotically
obliged transepithelial fluid movements across parental
MDCK-II and stable AQP5-8NT monolayers were not
significantly different (P = 0.285). Our failure to detect
facilitated transepithelial fluid movement by AQPS5-
8NT might have resulted from: (i) a loss of water chan-
nel function, (ii) lack of AQP5-8NT expression at the
plasma membrane, or (iii) both (i) and (ii).

In the AQPS-5NT construct (Table 1 and Fig. 1), a 12
amino acid sequence from AQP5 (M;-K,) replaced a
38 amino acid sequence in AQP8 (M;—Qs3g). When
probed with anti-AQP-8ct antibody, a band near the
predicted size of the monomer (~25kDa, 237 amino
acids) was detected in crude membranes from a stable
transfectant (Fig. 2B, lane 3). This band was slightly
smaller than AQP8 (compare lanes 2 and 3), which
has a predicted size of ~28 kDa (263 amino acids). As
expected, we did not detect a band using the anti-
AQP-8yt probe (Fig. 2C, lane 3).

Confocal analysis was performed on polarized mono-
layers of the stable AQPS-SNT transfectant. When
probed with anti-AQP-8ct, AQP8-5NT was localized
to basolateral membranes when viewed in the x—z plane
(Fig. 3E) and in stacked 1 um sections in the x—y plane
(Fig. 3F). Thus, this modification of of the N-terminus
of rAQP8 did not alter basolateral localization in
MDCK-II cells.

Results shown in Fig. 2D demonstrate that fluid
movement across AQP8-5NT transfectant monolayers
was significantly greater (34 4+ 8.3% greater, mean +
SEM; P =0.013) than that across non-transfected
MDCK-II cell monolayers, indicating that this con-
struct possesses at least some of the functional proper-
ties of an AQP water channel. As with the result
concerning AQP8-5CT, however, this increase in fluid
movement was considerably less than that observed
across AQPS5 or AQPS transfectant monolayers, perhaps
due to differences in AQP permeabilities and/or levels of
expression.

Summary

The modified AQP5 constructs studied here were
either not detectable or did not display a typical apical
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or basolateral localization pattern, such as those dis-
played by native AQP5 and AQPS, respectively [11].
These constructs might have been unstable or mistar-
geted due to protein misfolding and a disruption of tet-
ramer formation. In contrast, our modifications of both
the N- and C-termini of AQPS8 were stably expressed,
facilitated osmotically obliged transepithelial fluid trans-
port, and localized to the basolateral membranes of
MDCK-II cells. The failure of cytosolic termini modifi-
cations to affect AQPS basolateral localization suggests
that either a basolateral signal is not located in the ter-
mini of AQP8 or that a basolateral signal was added
to AQP8 from a replacement AQPS terminus. While
we cannot rule out the latter possibility, it seems unli-
kely. As stated previously, basolateral sorting signals
usually dominate apical sorting signals when both are
present in the same protein, suggesting, therefore, that
AQP5 probably does not possess a basolateral sorting
signal. Thus, the most likely explanation for our failure
to change AQPS8 basolateral localization is that, unlike
the AQP2 and AQP4 targeting/retention signals re-
ported previously, the AQP8 basolateral targeting/re-
tention signal lies between the N- and C-cytosolic
termini. Further experiments will be required to either
confirm or deny this possibility.
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