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Summary

Distal renal tubular acidosis (dRTA) is characterised by polarised cells, the mutant KAE1(R901Stop) was mis-
defective acid secretion by kidneya-intercalated cells. targeted to the apical membrane, while the KAE1(R589H)
Some dominantly inherited forms of dRTA result from  and KAE1(S613F) mutants did not reach the cell surface.
anion exchanger 1 (AE1) mutations. We have developed a These results demonstrate that dominant dRTA mutations
stably transfected cell model for the expression of human cause aberrant targeting of KAE1 in polarised kidney cells
kidney AE1 (KkAE1) and mutant KAE1 proteins in MDCKI and provide an explanation for the origin of dominant
cells. Normal KAE1 was delivered to the plasma membrane dRTA. Our data also demonstrate that the 11 C-terminal
of non-polarised cells and to the basolateral membrane of residues of KAE1 contain a tyrosine-dependent basolateral
polarised cells. The AE1 N-glycan was processed to a targeting signal that is not recognised byul1B-containing
complex form. Surprisingly, expression of KAE1 increased AP-1 adaptor complexes. In the absence of the N-terminus
the permeability of the paracellular barrier of polarised  of KAEL, the C-terminus was not sufficient to localise KAE1
MDCKI monolayers. All dominant dRTA mutations to the basolateral membrane. These results suggest that a
examined altered the targeting of KAE1 in MDCKI cells.  determinant within the KAE1 N-terminus co-operates with
The mutant proteins kKAE1(R589H), KAE1(S613F) and the C-terminus for KAE1 basolateral localisation.
kKAE1(R901Stop) were retained in the ER in non-polarised

cells, but the kKAE1(R901Stop) protein was also present in

late endosomes/lysosomes. The complex N-glycan of Key words: Renal tubular acidosis, Basolateral protein Targeting,
KAE1(R901Stop) was larger than that of normal KAEL. In  Kidney AE1 anion exchanger

Introduction between transmembrane span (TMS) six and seven (Bruce et

The human erythrocyte anion transport protein, the aniodl., 1997; Jarolim et al., 1998; Karet et al., 1998). Other
exchanger 1 (AE1) (also known as Red Blood Cell proteifinutations are S613F in TMS seven (Bruce et al., 1997), A858D
Band 3) carries out chloride-bicarbonate <(BCO3) in the final TMS (Bruce et al., 2000) and an 11 amino acid
exchange in the red blood cell and in the distal nephron of ttéeletion in the C-terminus (R901Stop, previously known as
kidney (reviewed by Tanner, 2002). The human kidney isofornRand 3 Walton) (Karet et al., 1998; Toye et al., 2002). The most
(kAE1) is identical to AE1 but lacks the N-terminal 65 aminoprevalent and thus the most clinically significant inherited forms
acids of AE1 (Kollert-Jons et al., 1993). KAE1 is located in thedf dRTA are associated with alterations of R589 of the AE1.
basolateral membrane of kidneyintercalated cells (Alper et~ Mutant AE1 proteins of dominant dRTA retain substantial
al., 1989; Drenckhahn et al.,1985; Schuster et al., 1986) ahion transport activity in the mutant red blood cells and also
functions in acid secretion into the urine. An apicdlATPase Wwhen these KAE1 proteins are expressedeénopusoocytes
pumps protons derived from hydrated £i@to the tubular (Bruce et al., 1997; Bruce et al., 2000; Toye et al., 2002).
lumen. The HC@ remaining in the cells is moved into the Furthermore, the presence of one transport-inactive AE1 allele
blood by kAEL1 in exchange for chloride. in simple heterozygotes (such as in Southeast Asian
Distal renal tubular acidosis (dRTA) is characterised byovalocytosis) does not give rise to dRTA (Bruce et al., 2000).
defective acid secretion by the-intercalated cells. All the This indicates that dominant dRTA does not result from a
reported dominantly inherited forms of the disease result frormimple reduction in anion transport activity of the mutant
mutations in the AE1 gene (Bruce et al., 1997; Bruce et alkAE1l, because a single normal kAE1l allele can provide
2000; Jarolim et al., 1998; Karet et al., 1998). These dominaatlequate acid secretion by the intercalated cells (Bruce et al.,
dRTA mutations include several that affect residue R589997; Bruce et al., 2000). Alternative mechanisms suggested
(R589H, R589S, R589C) located in the intracellular loodor the dominant disease include mis-targeting of the mutant



1400 Journal of Cell Science 117 (8)

protein to the apical membrane and/or altered targeting of th@onstruction of cDNAs encoding KAE1 mutants

normal protein by interaction with the mutant protein (Brucerhe plasmids BSXG.KB3, BSXG.KB3R589H, BSXG.KB3S613F

et al., 1997; Jarolim et al., 1998). BSXG.KB3R901Stop (previously denoted BSXG.KB3Walton) and
We recently demonstrated that, the kAE1l protein wa8SXG.B3mem have been described (Bruce et al., 1997; Toye et al.,

delivered to the cell surface when expressed in non-polaris@§02; Groves et al., 1996), and comprise the coding sequence of

stably transfected Madin-Darby canine kidney cells type normal kAEL and kAE1(R589H), kAEL(S613F), kAE1(R901Stop)

; nd AElmem in the expression vector BSXG. The normal kAE1
(MDCKI) cells, whereas the kAE1(R901Stop) mutant did r]OtaﬁNA was used to make C-terminal mutant constructs with YO04A

reach the cell surface (Toye et al., 2002). Other transier}
. . ! . ahd V907A [KAE1(Y904A,VO07A)], Y904F [KAEL1(Y904F)], an
transfection studies also showed that kAE1 with R589H 907A [KAEL(VO07A)] and the deletion of the C-terminal V

R901Stop mutations is retained internally in HEK293 cells an@gag1v911Stop) by PCR. The coding sequences were TOPO-TA
that each of the mutant kAE1 proteins can hetero-oligomerisgoned into pcDNA3 vector as directed by the manufacturer
with the normal kAE1 protein (Quilty et al., 2002a; Quilty et (Invitrogen, Paisley, UK). All constructs were confirmed by DNA
al., 2002b). However, to fully characterise the effects of thessequencing.

mutations on kAEL1 in the kidney and understand the basis of

the kidney disease, it is important to investigate these mutatior&ll transfection

gzglgrvzzdmodel system in which polarised targeting can bgtably-transfected MDCKI cells were obtained as described

: . eviously (Toye et al., 2002). Cells were polarised by either seeding
In this paper, we demonstrate the basolateral targeting ﬁ‘fem at high density on coverslips or by seeding them onto permeable

normal kAE1 in stably transfected polarised MDCKI cell fijers (Nunc, FisherScientificUK, Leicestershire, UK). LLC-PK1
cultures. We also show that the expression of normal KAE1 1Fells (g|ft from I. Mellman, Yale, USA) were grown as described
polarised MDCKI monolayers increases the permeability ofFolsch et al., 1999). LLC-PK1 cells were transfected using Fugene-
the paracellular barrier. Importantly, all three dominant dRTA6 reagerifl following the manufacturer's instructions (Roche,
KAE1l mutant proteins traffic abnormally in this system.Mannheim, Germany).

Protein KAE1 with R589H or S613F mutations does not reach

the surface of the polarised cells, whereas thg, . nofluorescence microscopy

kAE1(R901Stop) mutant is mis-targeted to the apical inste . : .
of the basolateral membrane. This mis-targeting of tr‘;’leells were processed for confocal microscopy as described previously

. oye et al., 2002). For antibody double labelling of cells for kAE1
KAE1(R901Stop) mutant from the basolateral to the ap'cirith intracellular markers, rabbit anti-calnexin, anti-TGN38, anti-

membrane is consistent with the removal of information AMP1, anti-COPI, anti-COPII or anti-EEA1 in 4% BSA was applied
required for basolateral localisation. The C-terminal aminafter incubation with anti-AE1 and followed by compatible anti-
acids deleted in the KAE1(R901Stop) mutant contain both mouse TRITC and anti-rabbit FITC secondary antibodies. Cells
tyrosine motif and a type-ll PDZ-interaction domain. Weprobed for LAMP-1 were incubated with 0.05% saponin (Sigma,
showed that the tyrosine residue, but not the PDZ domain, Rpole, UK) and then 3% paraformaldehyde and all subsequent steps
crucial for basolateral localisation. The kAE1l was alsgVere done in 0.01% saponin. For optimal images of KAE1 expressed
delivered to the basolateral membrane in LLC-PK1 cellsi" polarised MDCKI cells, the cells were treated with 5 mM sodium

: . ‘s butyrate for 12 hours and incubated at 27°C for 4 hours. Detection of
lejzg_glesung t?at KAE1 dloes ?Ot reguwel ?TEBICOTta;P"Ilg kAE1 was further improved by utilising a biotin-conjugated anti-

adaptor. compiex for asolatera raflicking. yoyse antibody and FITC-labelled anti-biotin antibody. Fluorescence
Furthermore, in the absence of the N-terminus of KAE1, thgnaging was done using a Leica TCS-NT confocal laser scanning
C-terminus was not sufficient to localise kAE1l to themijcroscope (Leica-Microsystems, Milton Keynes, UK) equipped with
basolateral membrane. These results suggest that a&r-Ar laser. For dual-labelling confocal microscopy studies, FITC
determinant within the KAE1 N-terminus co-operates with theor TRITC images were taken sequentially with excitation-emission
C-terminus for the basolateral localisation of KAE1. filters set at short pass 510 nm/band pass 530 nm for FITC and band

pass 568 nm/long pass 590 nm for TRITC.

Materials and Methods Labelling of cell surface AE1 with anti-AE1 antibody

Antibodies FITC-conjugated BRIC 6 (FITC-Bric 6) anti-AE1 antibody was
Bric 170 and Bric 155 recognise epitopes of kAE1 at the N- and Capplied directly to washed intact unpolarised cells on coverslips for
termini, respectively (Wainwright et al., 1989). Bric 6 reacts with an30 minutes at 3. Washed cells were fixed with methanol at —20°C
extracellular kAE1 epitope (Smythe et al., 1995). The above arfor 5 minutes and imaged by confocal microscopy. For cells polarised
mouse monoclonal antibodies. Rabbit anti-TGN38 was available inen permeable filters, intact cell layers were washed with ice-cold PBS
house (Wilde et al., 1992). Rabbit anti-LAMP1, anti-COPI and anti-and incubated at°€ for 15 minutes. FITC-Bric 6 was applied to
COPII antibodies were kindly provided by H. Mellor and D. Stephenspical and basolateral surfaces and cells were incubated at room
(University of Bristol, UK). Rabbit anti-calnexin (StressGen, Santemperature for 1 hour, washed, fixed and imaged as above.

Diego, CA), anti-early endosomal antigen (EEA1) antibody (Affinity

Bioreagents, Golden, CO), rat anti-ZO1 (Biogenesis, Poole, UK), o ) )

chicken anti- N&K*-ATPase (AbCam.com, Cambridge, UK) were [**S] methionine metabolic labeling of cells and

used. Other antibodies used were: Donkey anti-rat TRITC antibodynmunoprecipitation

(Research Diagnostics, Flanders, NJ), TRITC conjugated goat antiiDCKI cells stably transfected with KAE1, kAE1 variants or the
chicken antibody (Serotec, Oxford, UK), goat anti-mouse TRITC andector alone, were incubated with 5 mM sodium butyrate for
anti-rabbit FITC secondary antibodies (Stratec Scientificapproximately 12 hours and then incubated for 30 minutes in
Cambridgeshire, UK), biotin-conjugated anti-mouse antibody andnethionine-free DMEM (Sigma) at 3Z. The cells were then labelled
FITC-labelled anti-biotin antibody (Vector Labs, Burlingame, CA) . with 200 uCi/ml of Easy Tag™ °S]-L-methionine (NEN Life
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Science Products, London, UK) in methionine-free DMEM. After KAE1 and TGN38 (A.M.T., G.B., M.J.A.T., unpublished data),

labelling the medium was removed and replaced with DMEMsuggesting that the majority of the intracellular pool of KAE1
containing 10% fetal calf serum (FCS). Cells were lysed in 2% SD$n non-polarised MDCKI cells occurs in the later stages of the
in immunoprecipitation buffer (IP buf_fer) [which contained 150 mM secretory pathway.

NaCl, 6 mM EDTA, 50 mM Tris-HCl (pH 7.5), 20QuM We also made different MDCKI cell lines stably expressing
phenylmethanesulfonylfluoride (PMSF), 1@/ml aprotinin, and 5 gutated KAE1 with mutations associated with dominant dRTA

/ml each of leupeptin, pepstatin A and antipain], and then 2 .
\L/lglumes 1% Triton F))(-EOO, f%psodium deoxycholgte, ]1% BSA, 0.2% R589H, S613F or R901Stop); here referred to as, for example,

FCS in IP buffer was added. After pre-clearing with protein A-agaros/DCKI-KAE1(R589H). Mutant proteins kAE1(R589H) and
beads (Bio-Rad, Hertfordshire, UK), the lysate was incubate¢AEL(S613F) failed to reach the cell surface in unpolarised
overnight at 4C with Protein A-agarose beads preloaded with eitheMDCKI-kAE1(R589H) and MDCKI-KAE1(S613F) cells
Bric 155 or Bric 170 plus rabbit anti-mouse 1gG antibody (Dako). The(Fig.1). Only a small number of these stably transfected cells
beads were washed with IP buffer containing 1% Triton X-100, 1%ontained detectable amounts of the KAE1l mutants as
sodium deoxycholate and 0.1% sodium dodecyl sulfate (SDS), thgetermined by confocal microscopy. The KAE1(R589H) and

proteins detected by fluorography.

Cell surface biotinylation

Cell surface biotinylation was carried out on metabolically labell
cells as described by Li et al. (Li et al., 2000). Cells were treated \
non-penetrating biotinylation reagent EZ-link™ Sulfo-NHS-bioti
(Pierce, Rockford, IL) at*€ for 30 minutes, total KAE1 was ther
immunoprecipitated and the fraction of biotinylated kAE1 determir
by binding to streptavidin beads. For domain specific biotinylation
polarised cells grown on permeable filters, the non-penetra
biotinylation reagent was added &tC4for 30 minutes on the apica
or basolateral surface and then processed as above. To it
biotinylated monolayers, non-labelled cells on filters we
biotinylated for 30 minutes at’@ on the apical surface. Cells wer
then washed and fixed with methanol or methanol/acetone (6:4
(for KAEL1 colocalisation) at —2€ for 5 minutes. Cells were blockec
with 4% BSA for 15 minutes and biotinylated proteins were detec
with a goat anti-biotin antibody.

Endoglycosidase digestion of immunoprecipitates
Immunoprecipitates from?§S]methionine-labelled cells were elute:
from the protein A beads by boiling in SDS-PAGE sample buffer
30 seconds followed by adding 2 volumes of 2.5% NP40 (w/v) in :
mM sodium phosphate buffer (pH 7.5). Equal aliquots of the sarr
were not digested or digested with endoglycosidase H (Endo H) o
glycanase F (PNGase F) (New England Biolabs, Beverly, MA).

Results

Stable expression of normal and mutant KAE1 in a
kidney cell line

We have previously described transfected MDCKI cell clor
that stably express normal kKAE1 (MDCKI-KAEL cells) (Toy
et al., 2002). MDCKI canine renal epithelial cells form tig
polarised monolayers with electrical and biochemic
properties resembling those of collecting duct ce
(Richardson et gl 1981). We found no evidence fo
endogenous KAE1 in MDCKI cells by immunofluorescence
immunoblot analysis using anti-AE1 antibodies that recogr
AE1l in canine red blood cell membranes (A.M.T., G.E
M.J.A.T., unpublished data). Confocal microscopy studies
MDCKI-KAE1 cells with anti-AE1 antibodies showec
expression of KAE1 predominantly at the plasma membre
with some intracellular staining. To locate the intracellul
population of KAE1 in these non-polarised cells, we perforn
dual-label immunofluorescence analysis with a range
organelle-specific antibodies (see Materials and Methods).
observed a significant overlap only between KAE1 and CC

calnexin, an endoplasmic reticulum (ER) marker (Fig. 1C,F).
There was very little colocalisation with TGN38 or COPI

kAE1R589H R589H+Calnexin

kAE1S613F

R901Stop+Calnexin

Fig. 1. Colocalisation of KAE1(R589H), KAE1(S613F) and
kAE1(R901Stop) proteins with intracellular markers in non-polarised
MDCKI cells. (A-C) MDCKI-KAE1(R589H), (D-F) MDCKI-
kAE1(S613F) and (G-M) MDCKI-KAE1(R901Stop). Cells were
treated with Bric 170 anti-AE1, followed by anti-calnexin or anti-
LAMP1 antibodies and then incubated with TRITC-conjugated anti-
mouse secondary antibody and FITC-conjugated anti-rabbit
secondary antibody. (A,D,G,K) Visualising anti-AE1.

(B,E,H) Visualising anti-calnexin. (L) Visualising anti-LAMP1.

(C,F) Merged images show calnexin and kAE1(R589H) and
kAE1(S613F) staining (overlaps in yellow). (I,M) Merged images
show that KAE1(R901Stop) staining partially overlaps with calnexin
(I) and that KAE1(R901Stop) also localises to a perinuclear region
that overlaps with LAMP1 (M). Scale bar, .
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(A.M.T., G.B., M.J.A.T., unpublished data), suggesting that the
mutant proteins were being retained within the ER. Simila
colocalisation with calnexin was reported for KAEL(R589H) in
transiently transfected HEK293 cells (Quilty et al., 2002a).
The mutant protein KAE1(R901Stop) was retained withir
the MDCKI cells as previously observed (Fig. 1G) (Toye et al.
2002). Double antibody labelling showed that
kKAE1(R901Stop) partially colocalised with calnexin (Fig. 11I).
However, an intracellular pool of the mutant KAE1(R901Stop
also colocalised with LAMP-1, a late endosomal and/ol
lysosomal marker (Fig. 1M), suggesting that althougt
KAE1(R901Stop) does not reach the plasma membrane, it ex
the ER and mis-targets to late endosomes and/or lysosome:
Incubation of the cells at a lower temperaturé@7which
corrects CFTREF508) mis-trafficking in transfected cells
(Denning et al., 1992), did not alter the subcellular distributior
of KAE1 carrying the R589H, S613F or R901Stop mutation:
(A.M.T., G.B., M.J.A.T., unpublished data). A : At
FITC-conjugated Bric 6 (FITC-Bric 6) recognises an N ema] kKAE1R901Stop
extracellular epitope on kAE1 and was used to assess t v h
delivery of the normal and mutant forms of KAE1 to the cell
surface. After incubating FITC-Bric 6 with intact KAE1-
expressing cells, we found that FITC-Bric 6 was bound to th
surface of cells expressing normal KAE1 (Fig. 2D) but not the
surface of cells transfected with empty vector (Fig. 2B).
confirming that the normal KAE1 reaches the cell surface
FITC-Bric 6 failed to bind to intact MDCKI-KAE1(R589H) or ‘
MDCKI-KAE1(S613F) cells, even after overnight incubation | KkAETRS01Stop
with sodium butyrate to increase transgene expression fro R : :
cytomegalovirus (CMV) promotor and incubation at°@7
(Gorman and Howard, 1983; Denning et al., 1992). This i
consistent with the observation that these mutant proteins a
trapped in the ER. The vast majority of MDCKI-
kAE1(R901Stop) cells also did not bind FITC-Bric 6 (Fig. 2F).
However, a minority of the MDCKI-KAE1(R901Stop) cells
(2.8%;n=642 bound a small amount of FITC-Bric 6 (Fig. 2H),

and this proportion of cells increased following sodiumgig 2 syrface labelling of non-polarised MDCKI-KAEL cells with
butyrate treatment (6.6%9=602) (A.M.T., G.B.,, M.J. AT, FITC-Bric 6 anti-AE1 antibody. MDCKI cells stably expressing p3.1
unpublished data). vector (A,B), KAE1 (C,D) or kKAE1(R901Stop) (E-H) were incubated
Cell surface biotinylation was also used to determine theith FITC-Bric 6, which recognises an extracellular epitope on AE1.
amount of cell surface expression of kKAE1 and kAE1(R901StogA.C,E,G) bright field images. (B,D,F,H) fluorescence images. The
in non-polarised MDCKI cells at steady state. The percentage 8fajority of KAE1 cells bind FITC-Bric 6 (D), whereas the majority
the total KAE1 present at the cell surfats.q.) was 516% for ~ ©f KAEL(R901Stop) cells do not bind Bric 6, (F) with only a small
KAE1 (n=3) and 133% for KAEL(R901Stop)E3). These data number of obvious positive cells (H). Scale barpird
support the results obtained by using FITC-Bric 6 (Fig. 2) and
confirm that much less kAE1(R901Stop) reaches the cell surface
in non-polarised MDCKI cells. Interestingly, the proportion ofhigh density and allowed to polarise on coverslips or
total KAE1 present at the cell surface after incubation in thpermeable filters KAE1 localised to the basolateral membrane
presence of sodium butyrate was reduced #8%20for KAE1  (Fig. 3A). After seeding cells at high density, the expression
(n=6) and %2% for KAE1(R901Stop)nE6). This difference  of KAEL1 decreased with time possibly because of silencing
between cells incubated in the presence and absence of sodiamthe CMV promoter of the pcDNA3 vector (results not
butyrate correlates with the observation that sodium butyratthown). This was partially reversed by incubating the
treatment increases KAE1 expression, and indicates that thells with sodium butyrate and by following the strategies
increased KAEL expression results in less efficient delivery dfutlined in Materials and Methods. Polarised cells were
the protein to the cell surface. This is true for normal KAE1 andouble labelled with anti-kAE1 and anti-ZO-1 (which
kKAE1(R901Stop). defines the cytosolic face of tight junctions) and anti-kAE1
with anti-Na/K*-ATPase (a basolateral membrane marker).
Location of kKAE1 was on the lateral membrane below the
Expression of normal and mutant KAE1s in polarised tight junction marker ZO-1 (Fig. 3B) and together with
MDCKI cells Na'/K*-ATPase at the basolateral membrane (Fig. 3C). The
When the stable MDCKI-KAEL cell clones were seeded aapplication of FITC-Bric 6 antibody to both apical and
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Apical

kAE 1
ZO-l
Merge

Fig. 3.In polarised MDCKI cells, KAE1 is
localised to the basolateral membrane. MDCKI
cells stably expressing KAE1 were seeded at
high density and allowed to polarise. (A) Cells
were incubated with anti-AE1 Bric 170, then a
biotin-conjugated anti-mouse antibody and
visualised using a FITC-labelled anti-biotin
antibody. The upper and lower images show
focal planes parallel and perpendicular to the
cell monolayer, respectively. (B,C) MDCKI-
KAEL1 cells were double-stained with anti-AE1-
Bric 170, and either a tight junction marker anti-
Z0O-1 antibody (B) or an anti-N&*ATPase
antibody (C). Merged images show kAE1
located on the lateral side of the ZO-1 (B) and
colocalises with the basolateral marker Ma-
ATPase (C). Scale bars, ufn. AP, apical; BL,
basolateral.

Basolateral

kAE1
Na‘K*ATPase

Bl Merge

Basolateral

basolateral surfaces of intact MDCKI-KAEL cells that wereapical and basolateral surfaces (A.M.T., G.B., M.J.AT,,
polarised on filters also resulted in exclusively basolaterainpublished data), showing that both proteins [KAE1(R589H)
binding of the antibody (Fig. 4D), demonstrating that normabnd kAE1(S613F)] do not reach the plasma membrane of
KAEL is expressed at the surface of the basolateral membrapelarised cells. By contrast, protein KAE1(R901Stop) localised
of the cells. to the apical membrane in polarised MDCKI cells (Fig. 4C).

Because the kAE1 mutants associated with dRTA fail tdpical localisation was also observed in the absence of sodium
reach the surface of non-polarised MDCKI cells, we asketbutyrate (A.M.T., G.B., M.J.A.T., unpublished data),
whether similar trafficking defects are apparent in stablysuggesting that this localisation is not because of
transfected but polarised cells. As observed with MDCKI-overexpressed kKAE1(R901Stop) protein, overwhelming the
kKAE1, polarisation reduced the number of cells expressingellular sorting machinery. Furthermore, the application of
detectable amounts of mutant KAE1 proteins (A.M.T., G.B.FITC-Bric 6 to apical and basolateral surfaces of intact
M.J.A.T., unpublished data). Mutants KAE1(R589H) andMDCKI-KAE1(R901Stop) cells that had been polarised on
kAE1(S613F) were distributed throughout the polarised cell§ilters, resulted in an exclusively apical binding of the antibody
and did not reach the cell surface (Fig. 4A,B). Also, these celldig. 4E) and confirms that KAE1(R901Stop) localises to the
did not bind FITC-Bric 6 when the antibody was applied toapical surface.

Fig. 4. Polarised expression of dominant dRTA
kAE1 mutants. MDCKI-KAE1(R589H) cells (A),
MDCKI-KAE1(S613F) cells (B), MDCKI-
kAE1(R901Stop) cells (C,E) and MDCK1-kAE1
cells (D) were polarised on filters. (A-C) Cells were
stained for AE1 using Bric 170 (green), (A-C,
bottom panels) tight junctions were localised with
anti-ZO-1 antibody (red). (D,E) FITC-Bric 6
antibody was added to apical and basolateral
surfaces of the intact cell monolayer. (Top panels)
Focal planes taken parallel to the epithelium near
the centre of the cells (A,B,D) and at the apical
surface (C,E). (Bottom panels) Focal planes
perpendicular to the epithelium. (A-C, top) Staining
with anti-AE1 Bric 170; (A-C, bottom) merged images of anti-AE1
(green) and anti-ZO-1 staining (red). Proteins KAE1(R589H) and
KAE1(S613F) are both distributed throughout the polarised cells (A,B,
respectively), whereas KAE1(R901Stop) is at the apical membrane (C)
and was detected exclusively at the apical surface by FITC-Bric 6 (E).
kKAE1 was detected exclusively at the basolateral surface by FITC-Bric
6 on filters (D). Scale bar in C, 12n (for A-C); scale bar in E, 1j5m

(for D,E); AP, apical; BL, basolateral.
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with the passage of KAE1l through the secretory
A I Pulse ,1 Hr Chase ‘4Hr Chase.ﬂ HrChasel pathway. Similar results were obtained when non-
polarised MDCKI-KAE1 cells were used (Fig. 5C).
EndoH - + - - + - - + - - + - We were unable to achieve sufficient radioactive
PNGase - - + - - + - - + - -+ labeling of KkAE1l in polarised MDCKI-
125— ; kA|E1(F%Oﬁ'StOp3 cells E)o bloth)':\in corres%p%ndilng
- pulse-labelling data, probably because of the low
80— o u u“ L t ﬁﬂ ~ number of cells expressing the mutant protein after

polarisation.

We compared the protein expression of normal
123 4 56 7 8 9 10 111213 KAE1 and KAE1(R901Stop) in3jS]methionine-

labelled non-polarised MDCKI cells. The

B C kAE1 KAE1(R901Stop) mutant was expressed at a level
Chase Time (Hr) similar to normal KAE1 in non-polarised cells (Fig.

KAE1 KAF1(R901Stop) 0 1 2 4 8 20 5B). Protein KAE1(R901Stop) was present as a form
ieval U of higher molecular weight than kAE1 (Fig. 5B,

125 compare lane 1 with lane 4) and was insensitive to
184 — | 80— —H..“ ! endo H (lane 5) but sensitive to PNGase F (lane 6),
125 -. .. and thus contains a complex N-glycan. Therefore,
80 — — KAE1(R901Stop), like normal kAE1l, receives
1 23 4 5 6 D kgfalgi?n?:f::;p} modifications to its N-glycan that normally occur in
o 1 2 4 8 20 or beyond the medial Golgi. This is consistent with
the immunofluorescence localisation data shown in
Fig. 1. The complex N-glycan of KAE1(R901Stop)

E _KAEL KAEI(R901Stop)

APBLAPBL 125 — UHF A is larger than that of normal kAE1l because it
125— g0 — (N e migrates more slowly on SDS-PAGE, even though
%0 Iy the KAE1(R901Stop) polypeptide is 11 amino acids

shorter (Fig. 5B, compare lanes 1, 2 with lanes 4, 5).

This miaht indi L
Fig. 5. Radiolabelling of KAE1 and kAE1(R901Stop) in polarised (A,E) or non- kAIE1(Ré%f5tlgg)lc?éerouaghloﬂ]%ermgggsllt G%T;? 2;

polarised (B,C,D) MDCKI cells. Cells were preincubated with sodium butyrate . d I f th tant tei

and labelled with 20Q.Ci/ml Easy-Tag™ $>S]methionine for 30 minutes INcreased recycie process of the mutant protein, or
(A,C,D) and pulse chased, or steady-state labelled for 4 hours (B,E). different trafficking C0m_par6d V\_/Ith normal kAEl_ _
Immunoprecipitates were prepared using anti-AE1 Bric 155 (A) or Bric 170 Pulse-chase metabolic labelling was carried out in
(B-E) as described in Materials and Methods. Immunoprecipitates were treatedon-polarised MDCKI cells expressing normal
with endo H or PNGase F where indicated and analysed by SDS-PAGE. kKAE1 (Fig. 5C) and KAE1(R901Stop) (Fig. 5D). No
(A) shows a pulse-chase experiment on MDCKI-KAEL cells polarised on filtersintermediate form (of a size corresponding to the
The p3.1 vector control is shown in lane 1. (B) Steady-state labelled non- normal complex N-glycan) was observed on the

polarised MDCKI-KAE1 and MDCKI-KAE1(R901Stop) cells, respectively. KAE1(R901Stop) mutant before the formation of the
(C,D) Pulse chase studies on non-polarised MDCKI-KAEL1 cells (C) or MDCK"Iarger complex N-glycan. The similar amounts of

kKAE1(R901Stop) cells (D). (E) Selective biotinylation of the apical or
basolateral surfaces of KAE1 and KAE1(R901Stop) cells polarised on filters. _ngormal KAEL and KAEL(RS01Stop) after 20 hours

apical and basolateral surface was selectively biotinylated, total AE1 f pU|SEI'Chase indicate that th.'S mutant prOte!n was
immunoprecipitated and the biotinylated fraction selected using streptavidin &S Stable as normal kAE1 in the cells (Fig. 5,

beads. AP, apical; BL, basolateral. compare C with D). '
The expression levels of KAE1 in all the MDCKI-

kAE1(R589H) and MDCKI-KAE1(S613F) cell
Complex N-glycosylation of KAE1 and kAE1(R901Stop) clones were too low to visualise by using radioactive
in MDCKI cells methionine labelling, even in non-polarised cells after
AE1 contains a single N-glycosylation site at N642. Pulsetreatment with sodium butyrate and incubation at 27°C
chase experiments were carried out on polarised MDCKIKA.M.T., G.B., M.J.A.T., unpublished data). This is consistent
KAE1 cells (Fig. 5A) labelled with3fS]methionine. Labelled with the small proportion of cells that contain detectable
kAE1 was then immunoprecipitated and its susceptibility taamounts of the kAE1l mutants as assessed by confocal
endoglycosidases was examined. At the start of the pulse chas&roscopy (A.M.T., G.B., M.J.A.T., unpublished data).
(Fig. 5A, lane 2), KAE1 manifests as a single band of ~93kDAaleither the proteosome inhibitor lactacystin, nor the lysosomal
that is both endo H and PNGase F sensitive (lanes 3 and p¥oteinase inhibitor leupeptin increased the number of cells
respectively), indicating that the KkAE1l N-glycan isexpressing detectable levels of the recombinant proteins
predominantly of the high mannose type at this point. WithifA.M.T., G.B., M.J.A.T., unpublished data).
1 hour, an additional diffuse upper band was observed that wasDomain selective cell surface biotinylation was carried out
endo H-insensitive (lane 6) but PNGase F-sensitive (lane 7in polarised MDCKI cells that expressed normal kAE1 and
Over time, this diffuse upper band, which contains the complekAE1(R901Stop) and were grown on permeable filters. Under
form of N-glycan, increased in intensity whereas the endo Hhese conditions, KAE1 was accessible to the impermeant
sensitive band intensity decreased, an observation correlatibgptinylation reagent from both the apical and basolateral
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Fig. 6. Polarised MDCKI cells expressing KAE1 are
permeable to biotin reagent. MDCKI (A), MDCKI-
kAE1(R901Stop) (B) and MDCKI-KAE1 (C) cells
were selectively biotinylated on the apical surface.
Biotinylated proteins were detected using a FITC-
conjugated anti-biotin antibody. (D) MDCKI-kAE1
cells stained for biotinylated proteins (green, top
panel) and KAE1 (red, middle panel). KAE1 cells
have lateral staining (C, top panel D) suggesting that
they are permeable to the usually impermeant
biotinylation reagent. Polarised MDCKI-KAE1 cells
biotinylated on the lateral membranes (green) clearly
correspond to cells expressing KAE1 (red)

(D, bottom panel). Scale bar, isn

surfaces (Fig. 5E). This conflicted with the results of the C-terminal mutations were constructed in KAE1l to
immunochemical staining, which demonstrated a uniquelyletermine the role of the potential targeting motifs in AE1
basolateral localisation for KAE1. Although barely detectablebasolateral localisation. Stable MDCKI transfectants
the KAE1(R901Stop) mutant was labelled only at the apicatxpressing these kAE1l mutants were generated.®Yxx
surface, entirely consistent with the confocal imaging data. Teequences associate with fhesubunit of adaptor complexes
establish the reason for the discrepancy between tHgy binding a region of thg subunit containing pockets for Y
immunocytochemical data and the biotinylation results foand® residues (Owen and Evans, 1998). Therefore, we created
normal KAE1, polarised MDCKI, MDCKI-KAE1 and MDCKI- the double mutant KAE1(Y904AV907A), in which tyrosine and
KAE1(R901Stop) cells were all biotinylated at the apicalvaline of the YDEV sequence were substituted with alanine.
surface under the same conditions. The biotinylated regiona polarised cells, kAE1(Y904AV907A), like the
were visualised with a FITC-conjugated anti-biotin antibodykAE1(R901Stop) mutant, is mis-targeted to the apical
Biotinylation was restricted to the apical surfaces of polarisechembrane (Fig. 7A). We also created single substitution
monolayers of MDCKI or MDCKI-KAE1(R901Stop) cells mutants of V907A [KAE1(V907A)] and Y904F
(Fig. 6A,B). By contrast, ‘patches’ of laterally stained cells[kAEL1(Y904F)] to assess the importance of these individual
were observed among the polarised MDCKI-KAEL cells (Figresidues. The KAE1(V907A) mutant did not change KAE1l
6C and D, top). Double staining of these monolayers for thbasolateral localisation in polarised cells (Fig. 7B). Either
biotin reagent and anti-kAE1 showed that these ‘patches’ 67907 is not crucial for the basolateral targeting of KAE1 or the
cells with lateral staining for biotin were also expressing KAEXargeting machinery can tolerate the substitution of valine with
(Fig. 6D, bottom). Furthermore, while the transepithelialalanine at this position. However, the mutation Y904F altered
electrical resistance of polarised untransfected MDCKI cells okAE1 localisation and resulted in the intracellular retention of
kAE1(R901Stop) MDCKI cells grown on permeable filtersthe mutant KAE1 (Fig. 7C). Cells expressing KAE1(Y904F) did
rose to 9000-13,000Q/cm during polarisation, the not bind FITC-Bric 6 when the antibody was applied to apical
transepithelial resistance of MDCKI-KAE1 cells only rose toand basolateral surfaces, showing that this mutant does not
half this value (4000-600Q/cm), even though tight junctions reach the plasma membrane of polarised cells (A.M.T., G.B.,
(defined by ZO-1 staining) were still present. The increasetl.J.A.T., unpublished data). This contrasts with the apical
penetration of the usually membrane-impermeant biotinylatiotocalisation of the mutants kAE1(R901Stop) and
reagent through the monolayers indicates that expression KAE1(Y904A,V907A) and suggests that the single Y904F
kAE1 at the basolateral membrane of polarised MDCKI cellsnutation alters kAE1 trafficking in a different way. Taken
increases the permeability of the paracellular barrier, rathéogether, these data confirm that Y904 is essential for the
than enhancing a permeability pathway through the cellbasolateral targeting of KAEL.
themselves. This reconciles the differences observed betweenThe PDZ-domain-interacting sequence remained unaltered
the immunocytochemical and biotinylation results. in the above mutants even though some mutants were mis-
targeted. Thus the PDZ-binding sequence is not sufficient to
. . target KAE1 to the basolateral membrane. To abolish PDZ
KAE1 Basolateral sorting determinants domain interactions (Silver, 2002), we also constructed a kKAE1
The aberrant localisation of KAE1(R901Stop) compared wittmutant, in which the last valine residue is deleted
normal KAE1 in polarised MDCKI cells, clearly suggests thafkAE1(V911Stop)]. This mutant was localised to the plasma
the 11 residues at the C-terminal end of kAElmembrane in non-polarised cells (A.M.T., G.B., M.J. AT,
(-RDEYDEVAMPV) contain a basolateral targeting or unpublished data) and targeted basolaterally in polarised
retention determinant. The C-terminus contains two motifs tha¥lDCKI cells (Fig. 7D). Mutant KAE1(V911Stop) was
are absent in the mutant KAE1(R901Stop) and that might targketcalised to the basolateral membrane, and kAE1(V911Stop)-
kKAEL1 to the basolateral membrane: a potential tyrosine-baséihnsfected cells contained more intracellular KAE1 protein
sorting motif YDEV (conforming to Yx$ where x is any than cells transfected with normal KAE1 (compare Figs 3A and
amino acid andp is a hydrophobic amino acid) and a class-114D with Fig. 7D). These results suggest that although the PDZ-
PDZ-interacting domain (AMPV) (Cowan et al., 2000). interacting domain is not essential for basolateral localisation,
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it might be required for more a efficient trafficking to, or for MDCKI stable cell line expressing the AE1 membrane domain
retention at the basolateral surface. (AE1lmem) (residues 361-911 of AE1) that lacks the N-
A comparison of the C-terminal sequence of AEL1l interminal domain but retains the C-terminus (Groves et al.,
different species illustrates that a tyrosine residue is present 1996). Unlike kAE1(R901Stop), AE1lmem was efficiently
human, mouse, rat, bovine, chicken and trout (Fig. 7H)localised to the plasma membrane in non polarised cells
Chicken KAE1 has two basolateral localisation determinants i(A.M.T., G.B., M.J.A.T., unpublished data). Surprisingly, the
the N-terminus that are absent in the human KAE1 (Adair-KirlAELmem construct was also localised to the apical membrane
et al, 1999). When these N-terminal determinants aref polarised cells (Fig. 7E). Therefore an element within the
removed, chicken KAE1 localises to the apical membrane eveéyrterminal sequence is required in addition to the @ xwotif
though the C-terminal tyrosine motif remains. We explored thef the C-terminus for the basolateral targeting of KAE1.
importance of the human kAE1 N-terminus by generating a TheulB subunit of the AP-1 adaptor interacts with tyrosine
based sorting signals and can mediate
basolateral sorting (Folsch et al., 1999).
KAE1Y904A,VO07TAR ~ kAEIVO907A "% kKAE1YY04F LLC-PK1 cells, which lack thgqulB
subunit, missort basolateral membrane
proteins and carry p1B-dependent
tyrosine-based sorting signals to the
apical membrane (Folsch et al., 1999).
LLC-PK1 cells were transiently
transfected with kAE1 and were
allowed to polarise. The kAE1 protein
was targeted exclusively to the
basolateral membrane in the polarised
LLC-PK1 cells, suggesting thatlB is
not necessary for basolateral sorting of
this protein (Fig. 7F). The transient
expression of KAEL1(R901Stop) in
polarised LLC-PK1 cells resulted in
both apical and basolateral distribution
of the protein (Fig. 7G).

Discussion

Human kAE1 has a basolateral location
in kidney a-intercalated cells (Alper et
al., 1989; Drenckhahn et al., 1985) that

H is essential for its function in acid
Human AE1 -GRDEYDEVAMPV-COOH secretion. The Study of human kAE1
Mouse AE1 -GLDEYDEVPMPV-COOH trafficking and the role of kAEl

mutations in dRTA, therefore required

Rat AE1l -GLDEYDEVPMPV-COOH oo -
the availability of a polarised cell

Tal?rus AE1 -GODEYDEVAMPV-COOH model. To address this, we have
Chicken AEl -GODVYNEVQMPS-COOH developed a stably transfected cell

Trout  AEl -GEDMYESPLP---COOH model for the expression of kAE1 and

. . i i o kAE1 mutant proteins in polarised
Fig. 7. Effects of KAE1 C-terminal mutations and the deletion of the KAE1 N-terminus in MDCKI cells. We show that mutations

polarised MDCKI and LLC-PKI cells. Filter-polarised cells MDCKI-KAE1 (Y904A,V907A) . .

(A), MDCKI-KAE1(V907A) (B), MDCKI-KAE1(Y904F) (C), MDCKI-kAE1(V911Stop) (D) 1N dominant dRTA cause aberrant
and MDCKI-AE1mem (E) were stained with Bric 170 for AEL. Tight junctions were stained targeting  of - kAE1l. These dRTA
with ZO-1 antibody. (B-D, top panels) Focal planes parallel to the epithelium near the centriUtations highlight regions within the
of the cells. (A,E, top panels) Focal planes at the apical surface. (All bottom panels) Focal KAE1, which are essential for the
planes perpendicular to the epithelium. (A-E, top and middle panels) Staining with anti-AEIcorrect localisation of the protein in
Bric 170. (A-E, bottom panels) Merged images of anti-AE1 (green) and anti-ZO-1 staining kidney cells.

(red). The double mutant KAE1(Y904AV907A) and also KAE1Y904F were mis-targeted in

MDCKI cells (A and C, respectively) whereas KAE1(V907A) had identical localisation to

normal KAE1 (B). This suggests that the tyrosine residue at position 904 is crucial for KAE1 Expression in MDCKI cells
basolateral targeting of KAE1. Removal of the N-terminus in the construct AE1mem also : :

resulted in the mis-targeting of KAEL1 to the apical membrane. (F,G) Polarised LLC-PK1 cel\é/IId type KAE1 was localised to _the
transiently transfected with normal kAE1 (F) or KAE1(R901Stop) (G). Cells were stained fo asolateral membrane of polarised,

AE1 using Bric 170. localisation of kKAE1 was basolateral in LLC-PK1 cells, while stably transfected, MDCKI cells. This
KAE1(R901Stop) showed apical and basolateral location. (H) Sequence alignment of C-  MIITOrs the basolateral I_ocallsatlon of
termini of AE1 from different species. Scale bars in Epg0(for A-E), in F and G, 1Qm. kAE1 in human kidneya-intercalated

AP, apical; BL, basolateral. cells. We also show that human kAE1 is
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progressively converted from a core glycosylated form to &MSs six and seven do not appear to be essential for the anion
complex glycosylated form in both polarised and non-polarisettansport function of AE1 (Groves et al., 1998). Localised
MDCKI-KAE1 cells. Similar processing to a complex N- misfolding in the region around TMSs six and seven might
glycan was observed on chicken kAE1 in MDCK cells (Adair-increase the aggregation of the mutant proteins (thus affecting
Kirk et al., 1999). These results contrast with those obtainettheir exit from the ER (Ellgaard and Helenius, 2003)
using human kAE1 transiently transfected into HEK-293 cellsAlternatively, it might lead to mutant proteins being retained
where processing of normal KAE1 and kAE1(R901Stop) dicdby chaperones and delivered to the degradation machinery or
not proceed beyond the core N-glycan (Li et al., 2000; Quiltyo the endoplasmic reticulum associated degradation system
et al., 2002a; Quilty et al., 2002b). This probably reflect{ERAD).
intrinsic differences in trafficking of KAE1 in HEK293 cells
and MDCKI cells.
Trafficking of KAE1(R901Stop) protein
o _ This mutant protein had distinctly different cellular locations
KAEL1 affects the permeability of polarised MDCKI in polarised and non-polarised MDCKI cells, which also
monolayers differed from the locations of normal kAEl and the
Domain selective biotinylation is a widely accepted techniqu&AE1(R589H) and kAE1(S613F) mutants. In non-polarised
for ascertaining the surface membrane domain that proteins arells the majority of KAE1(R901Stop) was internally retained
delivered to in polarised cells. Surprisingly, we found thatas judged by surface antibody labelling and biotinylation.
polarised monolayers of MDCKI cells that expressed wild-typdPulse-chase studies on non-polarised MDCKI cells suggest
kAE1 were leaky to the impermeant biotinylation reagentthat KAE1(R901Stop) leaves the ER, passes through the Golgi
although the localisation of the tight junction marker ZO-1compartment (probably more slowly than normal KAE1 or by
appeared to be unaffected. These cells also had lowardifferent route, as hinted at by the aberrant glycosylation
transepithelial electrical resistance than control cells, anoth@rofile) and is retained in a post-Golgi compartment. The
indication of increased paracellular permeability. This waobservation that normal kAE1 and kAE1(R901Stop) both
observed only in cells transfected with normal KAE1 and noéxhibit similar half lives suggests that this compartment is not
the KAE1(R901Stop) mutant, which suggests that disruption dfsosomal. The larger than normal size of the complex N-
the paracellular barrier either involves the C-terminal residueglycan on the KAE1(R901Stop) protein might also indicate that
of KAE1 or requires kAE1 to be localised at the basolaterghis mutant recycles between the late endosomes and TGN,
membrane. The decrease in transepithelial electrical resistanicecause it is unable to reach the plasma membrane.
is small, suggesting a localised failure of a modest number of Mutant protein KAE1(R901Stop) was localised to the apical
compromised cells rather than a global failure of the entirenembrane in polarised MDCKI cells. Transient expression of
paracellular barrier. This is entirely consistent with thekAE1(R901Stop) in polarised MDCK cells has been recently
presence of small ‘patches’ of kAEl-expressing cells irreported, but Devonald et al. found that the protein had a non-
polarised MDCKI-KAE1 cell monolayers, where groups ofpolarised distribution, with the mutant protein present at
KAEL1 positive cells are surrounded by cells with no detectablbasolateral and apical membranes (Devonald et al., 2003). This
KAE1. The paracellular permeability can be altered in severalearly differs from the purely apical localisation observed in
ways, including perturbation of the actin cytoskeleton (whichour studies and might be due to different KAE1 expression
also leaves Z0O-1 localisation unaffected) (Stevenson and Bedgyels in stably and transiently transfected MDCK cells. In
1994; Takakuwa et al., 2000). Overexpression of KAE1mighsupport of this, we found that transient expression of
interfere with the actin-spectrin cytoskeleton and affect th&«AE1(R901Stop) in polarised LLC-PK1 cells also resulted in
organisation of the paracellular permeability barrier providedboth apical and basolateral distribution of the protein (Fig. 7G).
by epithelial tight junctions. Further work will be necessary to The different localisation of normal kAE1 and
elucidate the mechanism of this effect. kAE1(R901Stop) in non-polarised and polarised MDCKI cells,
clearly show that the 11 residues at the C-terminal end of KAE1
o ] contain both a plasma membrane targeting determinant (in
Trafficking of KAE1(R589H) and kAE1(S613F) proteins non-polarised cells) and a basolateral targeting or retention
The KAE1(R589H) and the KAE1(S613F) dRTA mutants weraleterminant (in polarised cells). The loss of this plasma-
internally retained in non-polarised and polarised MDCKImembrane basolateral signal could allow previously cryptic
cells, with no evidence for cell surface delivery of eithersignals in the normal KAE1 protein to become dominant. It is
protein. Protein KAE1(R589H) was transiently expressed imlso possible that a different hierarchy of signals is involved in
non-polarised HEK293 cells and also did not reach the plasmmn-polarised and polarised cell states. This could explain the
membrane (Quilty et al., 2002a). Mutations of R589 aralifferent locations of KAE1(R901Stop) in non-polarised and
associated with the most prevalent and clinically mospolarised cells. For example, within the cytoplasmic loop of
significant form of dRTA and the localisation of this proteinkAE1 (between TMSs six and seven) is a tyrosine based
and the kAE1(S613F) mutant in polarised cells has not beesequence (YFPGK-) that is similar to the lysosomal targeting
reported previously. Both, R589H and S613F, mutations affecignal YFPQA found in the third cytoplasmic loop of the
the region around TMSs six and seven of AE1 and thelysosomal protein cystinosin (Cherqui et al., 2001) and which
probably act in a similar fashion. The mutations do not causmight influence kAE1l targeting in non-polarised cells.
gross misfolding of the mutant proteins because they still haveurthermore, the altered, more complex N-glycan observed on
significant transport activity in botkenopusoocytes and red kAE1(R901Stop) could potentially act as an apical targeting
blood cells (Bruce et al., 1997; Jarolim et al., 1998). Howevesignal. This is because in the absence of a basolateral targeting
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determinant, N-linked glycans can act as an apical targeting-terminus. Unusually, the N- and C-terminal determinants are
signals (Benting et al., 1999; Gut et al., 1998; Rodriguezboth necessary for basolateral localisation.
Boulan et al., 1999) in polarised cells. Further work is required Basolateral targeting determinants often rely on tyrosine or
to identify the signals that contribute to the abnormal targetingileucine-dependent motifs. The sequen8@YEV within the
of KAE1 when the C-terminus is absent. C-terminus conforms to the consensus motif ®xwhich
binds to medium-chain subunits of adaptor complexes involved
_ _ _ _ _ in various clathrin dependent and independent trafficking
Mechanisms leading to dominant dRTA associated with events (Aguilar et al., 2001; Boehm and Bonifacino, 2001;
KAE1 mutations Dell’Angelica et al., 1997; Ohno et al., 1996; Stephens and
All three mutations associated with dominant dRTA that werdanting, 1998). The Y(904)DEV motif is similar to YMEV,
examined in this study altered the targeting of KAEl inone of two motifs required for basolateral targeting of
MDCKI cells. Any attempts to explain the mechanism ofaquaporin- 4 (Madrid et al.,, 2001). The potential tyrosine-
dominant dRTA need to describe how the mutations cause thased sorting signal in KAE1 is adjacent to a type-ll PDZ-
disease even though the patients carry a normal AE1 allele bsding motif, which was shown to bind PICK-1 (Cowan et al.,
well as the mutant allele. The mutant KAE1 could be mis2000). PDZ-binding-domain proteins are widely expressed, are
targeted to the apical membrane, as was reported for a variasften involved in targeting and regulation of membrane
LDL receptor in familial hypercholesterolemia (Koivisto et proteins (Sheng and Sala, 2001) and can retain apical or
al., 2001). In addition, the mutant KAE1 could alter thebasolateral membrane proteins in their respective domains
targeting of normal KAE1 as a result of hetero-(Moyer et al., 1999; Olsen et al., 2002). However, we have
oligomerisation of the two proteins. This occurs in autosomashown that Y904, but not the C-terminal PDZ-binding motif,
dominantdiabetes insipiduswhere the mutant aquaporin-2 is absolutely required for the basolateral localisation of KAE1.
mis-targets the wild-type protein by forming mixed oligomersThe importance of Y904 was recently confirmed independently
(Asai et al., 2003; Marr et al., 2002). It has already beeby transiently expressing epitope-tagged kAE1Y904A in
demonstrated that both the kAE1(R589H) and theVIDCK cells (Devonald et al., 2003). Although not essential
KAE1(R901Stop) proteins can form hetero-oligomers withfor kidney basolateral targeting, increased intracellular KAE1
normal KAE1 when co-transfected in HEK293 cells (Quiltylevels were observed in polarised MDCKI cells when the PDZ-
et al., 2002a; Quilty et al., 2002b). interaction domain was truncated in the kAE1V91llstop
Our study suggests that dRTA can arise by both mechanismsutant. This suggests that this PDZ motif might still play some
described above. The R589H mutation (and very likely theole in the efficient trafficking and/or retention at the
S613F mutation) probably causes the intracellular retention dfasolateral membrane.
the normal KAE1 by associating with the mutant protein. The The mutation of Val to Ala at position Y+3 in the Y&x
R901Stop mutation mis-targets the protein to the apicahotif in KAEL still resulted in basolateral sorting, whereas a
membrane. The mis-targeted EICOs-exchanger at the valine mutation at Y+3 changed the basolateral localisation of
apical membrane would allow HG©o move into the tubular aquaporin-4, suggesting that, even aquaporin-4 and kAE1l
lumen together with protons secreted by tHeAfiPase, thus share a similar tyrosine motif, they probably interact with
negating net acid secretion by the cells. In addition, thdifferent targeting components. Alanine is present at Y+3 in
KAE1(R901) might misroute the normal protein by formingthe major basolateral tyrosine sorting motif of the
hetero-oligomers with it (Quilty et al., 2002b). Finally, it also Na*/taurocholate co-transporter (Sun et al., 2001). This motif
possible that the abnormal localisation of active KAE1 affectsoes not conform to the standard ¥xxargeting motif and
intercalated cell function in other ways, for example bySun et al. suggest that it does not interact with a clathrin-
perturbing the pH in intercellular compartments. Experimentadaptor complex for basolateral targeting (Sun et al., 2001).
using co-transfection of normal KAE1 with the mutant KAE1sEither the basolateral targeting machinery that interacts with
in the polarised MDCKI cell system would have defined mor&kAEL1 can tolerate the V907A substitution or KAE1(V907A) is
conclusively the molecular basis of the dRTA associated witfocalised to the basolateral membrane by an alternative
each kAE1 mutation. Unfortunately, our attempts to do thisnechanism.
using transient transfection were unsuccessful. In particular, The adaptor complex AP-1B, mediates basolateral sorting of
we have so far been unable to observe polarised co-expressemme membrane proteins in epithelial cells (Folsch et al., 1999).
even when cDNA for epitope-tagged mutant kAE1 wasWe found that KAE1, when transiently expressed in LLC-PK1
transiently transfected into stable cell lines expressing normaklls (a cell line that lacks thplB subunit of AP1B and
kAE1 carrying a different epitope tag. Therefore, in order taonsequently lacks any functional AP-1B heterotetramer) had
investigate further the effects of co-expression of dRTAa basolateral localisation, whereas kAE1(R901Stop) had a non-
mutants on normal kAE1l we are now pursuing a duapolarised distribution in these cells. The C-terminal tail of KAE1
expression stable cell model system. also targeted a proportion of the normally exclusively apical
protein CD8 to the basolateral membrane in LLC-PK1
o _ (Devonald et al., 2003). Taken together, these results suggest
Basolateral sorting signals in kAE1 thatp1B is not necessary for KAE1 trafficking to the basolateral
Many normally basolateral membrane proteins are localised tmembrane of epithelial cells. Another adaptor complex such as
the apical membrane after the removal of their basolaterdlP-4 (Simmen et al., 2002) or other unidentified components
targeting signals (Matter and Mellman, 1994). We weranight direct KAE1 to the basolateral membrane.
surprised to find that KAE1 has a requirement for two Chicken kAE1 has two basolateral localisation determinants
basolateral determinants, one in the N-terminus and one in tirethe N-terminus that are absent in human kAE1 (Adair-Kirk
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et al., 1999) but the C-termini of both KAE1 orthologues are (4) Unexpectedly, expression of normal KAE1 but not of
similar and contain a Yx®& motif. Chicken KAE1 is targeted kAE1(R901Stop), reduced the transepithelial electrical
apically when the N-terminal targeting determinants areesistance and increased the permeability of the paracellular
removed (Adair-Kirk et al., 1999) but much of the N-terminusbarrier of the polarised MDCKI monolayers.

homologous to human kAE1l remains present. Although the (5) The development of this model system will allow
YDEV sequence in the KAE1 C-terminus can direct humanletailed analysis of the signals and mechanisms involved in
kKAEL1 to the basolateral membrane, the YNEV sequence in tthe polarised trafficking of this multispanning membrane
chicken C-terminus can not (Adair-Kirk et al., 1999). Ourtransporter, and an understanding of the molecular mechanisms
results show that the N-terminus of human kAE1, in additioeading to distal renal tubular acidosis.

to its C-terminus, is required for basolateral localisation

because the protein localises to the apical surface when the NWe thank N. Simmons for MDCKI cells and I. Mellman for LLC-
terminal region is absent. The nature of this N-terminaPKl cells. We thank D. Anstee, H. Mellor and D. Stephens for
basolateral determinant of human kAE1l has vyet to b ntibodies, R. Mushens for culturing antibodies and making the FITC-
determined. The human KAE1 N-terminal domain might itsel ric 6 antibody, and M. Young for providing the p3.1AElmem

tai b lateral retenti . | it miaht h | .%Iasmid. We also thank the Medical Research Council for an
contain a basolateral retention signal or It mig ave a rolé Wlgasirycture award to establish the School of Medical Sciences

the trafficking pathway before the C-terminal tyrosine motifimaging Facility and M. Jepson and A. Leard for their assistance with
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