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Critical amino acid residues involved in the electrogenic
sodium-bicarbonate cotransporter kNBC1-mediated

transport

Natalia Abuladze, Rustam Azimov, Debra Newman, Pakan Sassani, Weixin Liu, Sergei Tatishchev,

Alexander Pushkin and Ira Kurtz

Division of Nephrology, David Geffen School of Medicine at UCLA, Los Angeles, CA 990095-1689, USA

We have previously reported a topological model of the electrogenic Nat—HCO; ™~ cotransporter
(NBC1) in which the cotransporter spans the plasma membrane 10 times with N- and C-termini
localized intracellularly. An analysis of conserved amino acid residues among members of the
SLC4 superfamily in both the transmembrane segments (TMs) and intracellular/extracellular
loops (ILs/ELs) provided the basis for the mutagenesis approach taken in the present study to
determine amino acids involved in NBC1-mediated ion transport. Using large-scale mutagenesis,
acidic and basic amino acids putatively involved in ion transport mediated by the predominant
variant of NBC1 expressed in the kidney (kNBC1) were mutated to neutral and/or oppositely
charged amino acids. AllmutantkNBC1 cotransporters were expressed in HEK-293T cellsand the
Na™-dependent base flux of the mutants was determined using intracellular pH measurements
with 2/,7’-bis-(carboxyethyl)-5(6)-carboxyfluorescein (BCECF). Critical glutamate, aspartate,
lysine, arginine and histidine residues in ILs/ELs and TMs were detected that were essential for
kNBC1-mediated Na™-dependent base transport. In addition, critical phenylalanine, serine,
tyrosine, threonine and alanine residues in TMs and ILs/ELs were detected. Furthermore,
several amino acid residues in ILs/ELs and TMs were shown to be essential for membrane
targeting. The data demonstrate asymmetry of distribution of kKNBC1 charged amino acids
involved in ion recognition in putative outward-facing and inward-facing conformations. A
model summarizing key amino acid residues involved in kNBC1-mediated ion transport is

presented.
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The electrogenic Na™-HCO;3~ cotransporter kNBC1
belongs to the SLC4 bicarbonate transporter family
(Kurtz et al. 2004, Romero et al. 2004). SLC4 trans-
porters mediate CI"-HCO;~ exchange, Nat-HCO;~
cotransport (electrogenic and electroneutral) and
Na*-driven CI"—HCO;~ exchange. These transporters
share a significant sequence homology especially in their
putative membrane domains (Tatishchev et al. 2003). Of
the known SLC4 transporters, NBC1 (SLC4A4) and NBC4
(SLC4A5) proteins cotransport sodium and bicarbonate
electrogenically. Two human variants of NBC1 have
been described, kNBC1 and pNBCI which differ in
their amino terminus (Romero et al. 1997; Burnham
et al. 1997; Abuladze et al. 1998, 2000). The electrogenic
Nat-HCO;~ cotransporter KNBC1 is highly expressed
on the basolateral membrane of the renal proximal tubule
where it mediates cellular efflux of bicarbonate (Schmitt
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et al. 1999, Bok et al. 2001). Despite its physio-
logical importance to proximal tubule transepithelial
bicarbonate absorption, the transport mechanism
of kNBCIl-mediated Nat-HCO;~ transport is
unknown.

AE1 is the only member of the SLC4 family, whose
transport mechanism has been studied in some detail.
Despite the fact that AE1 is an anion exchanger and kNBC1
is an electrogenic Nat—HCO;~ cotransporter, the two
proteins are ~30% identical at the amino acid level (Fig. 1)
and therefore may share specific transport mechanisms
(Kurtz et al. 2004). We have previously reported the
first topological model of NBC1 (Tatishchev et al. 2003).
Whereas both AE1 and kNBCI have intracellular N- and
C-termini (Alper, 2002), in contrast to AE1, which is
predicted to have 13 (Fujinaga et al. 1999; Zhu et al.
2003) or 14 (Groves & Tanner, 1999; Kuma et al.
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2002) transmembrane segments (TMs), KNBC1 spans
the plasma membrane 10 times (Tatishchev et al
2003). The C-terminal domain of both AE1 (Grinstein
et al. 1978) and AE3 (Kopito et al. 1989) appears
to be sufficient for mediating CI"—HCO;~ exchange.
In addition, co-expression of complementary fragments
of AEl resulted in the generation of a stilbene
disulphonate-sensitive uptake of Cl~ into Xenopus oocytes
(Groves & Tanner, 1995) except the pair of fragments
separated within the second exofacial loop (Wang et al.
1997), suggesting that integrity of the second exofacial loop
is necessary for transport activity.
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It is generally accepted that AE1 facilitates CI"—HCO;~
exchange by a ping-pong mechanism (Frohlich &
Gunn, 1986) wherein the transporter can either be
in the inward-facing or the outward-facing state.
Human AFEl has an intrinsic functional asymmetry,
therefore, at near neutral pH and equal extra- and
intracellular concentrations of Cl=, most of the
anion exchanger molecules are in the inward-facing
state (Knauf et al. 1989). The stilbene inhibitor
4,4’ -diisothiocyanatodihydrostilbene-2,2’-disulphonate
(DIDS) has been shown to bind preferentially to the
outward-facing state (Jennings et al. 1998). In addition,
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Figure 1. Amino acid sequence of human kNBC1
A, alignment of human kNBC1 and AE1. B, location of kNBC1 amino acids mutated in this study (filled circles).
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H,DIDS has been shown to covalently bind Lys539
and Lys851 in human AE! at physiological pH (Okubo
et al. 1994), whereas DIDS binds to Lys851 only at
pH > 12 (Kang ef al. 1992). According to current AEIL
topology models, both lysine residues are located in
TMs (Fujinaga et al. 1999; Groves & Tanner, 1999;
Kuma et al. 2002; Zhu et al. 2003). kNBC1 (Romero
et al. 1997; Burnham et al. 1997) and the pancreatic
form of NBC1, pNBC1 (Abuladze et al. 1998), as well
as all members of the SLC4 family, with the exception
of the electroneutral Na™—~HCO;~ cotransporter NBC3
(Pushkin et al. 1999), are stilbene-inhibitable supporting
an idea of possible shared mechanism(s) of ion transport.
However against this assumption is the finding that
inhibition by stilbenes is not limited to the members of
the SLC4 family suggesting that the mechanism of this
inhibition is non-specific and involves binding of stilbene
to exposed lysine residues leading to steric blocking of the
normal ion transport mechanism. For example, various
members of the SLC26 anion exchanger family that share
no sequence homology with SLC4 transporters, are also
stilbene-sensitive (Vincourt et al. 2003; Lohi et al. 2003).

A comparison of the amino acid composition of SLC4
transporters is a useful approach for identifying potential
amino acid residues that could play a critical role in
the kKNBC1-mediated transport mechanism (Kurtz et al.
2004). We utilized this approach as an initial strategy to
identify acidic and basic amino acids that were located
inside, or in close proximity to, TMs selected based
on our NBC1 topology model (Tatishchev et al. 2003).
Using large-scale mutagenesis, acidic and basic amino
acids putatively involved in ion recognition/transport were
mutated to neutral and/or oppositely charged amino acids
to determine the effect on kNBCIl-mediated function.
Furthermore, we modified amino acids in kNBCI that
are homologous to residues in AE1 previously shown to
participate in CI"—-HCO;~ exchange. Critical amino acids
potentially involved in ion transport mediated by kNBC1
were determined.

Methods

Identification of putative amino acid residues
involved in ion binding/transport mediated by kNBC1

Alignment of human members of the SLC4 family showed
conserved amino acids that are potentially critical residues
for kKNBC1-mediated ion transport. Using our NBCI
topology model we identified which of these conserved
amino acids are acidic or basic and located within or in
close proximity to TMs and therefore could be potentially
involved in ion binding/transport. In addition, we studied
several KNBC1 amino acids homologous to residues in
AEL1 that have been shown to be involved in DIDS binding
(Okubo et al. 1994; Salhany et al. 1995) or important for
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AE1-mediated ion transport (Miiller-Berger et al. 1995a,b;
Zhu & Casey, 2004). Amino acid residues studied in this
investigation are shown in Fig. 1.

Site-directed mutagenesis

All mutations in full-length wild-type (wt) human
kNBC1 were performed using a QuickChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA, USA). Sequences
of all constructs were confirmed by bi-directional
sequencing using an ABI 310 sequencer (Perkin Elmer,
Foster City, CA, USA).

Immunoblotting

SDS-PAGE was performed using 7.5% polyacrylamide
ready gels from Bio-Rad (Hercules, CA, USA) to
determine the expression of each construct before
functional measurements were performed. Proteins
separated by SDS-PAGE were electrotransferred onto
polyvinyl difluoride (PVDF) membrane (Amersham
Biosciences, Piscataway, NJ, USA). Non-specific binding
was blocked by incubation for 1h in Tris-buffered saline
(TBS) containing (mm): Tris-HCl 20 (pH7.5), NaCl
140, and 5% dry milk and 0.05% Tween 20 (Bio-Rad).
A previously well-characterised kNBCl1-specific anti-
body (Bok et al. 2001) was used at a dilution of
1:1000. Secondary horseradish peroxidase-conjugated
goat anti-rabbit antibody (Jackson ImmunoResearch) was
used at a dilution of 1 : 20000. Bands were visualized using
enhanced chemiluminesence (ECL) kit and ECL hyperfilm
(Amersham Biosciences).

Cell surface biotinylation

Cell surface biotinylation experiments were performed
as described previously (Li et al. 2000; Gross et al.
2001) with minor modifications to determine the surface
expression of each mutant. HEK-293T cells (American
Tissue Culture Collection, Manassa, VA, USA) grown
on fibronectin-coated coverslips for 24 h after trans-
fection were washed once with ice-cold borate buffer
containing (mM): boric acid 10, NaCl 154, KCI 7.2 and
CaCl, 1.8 mm; pH 9.0. Each coverslip was subsequently
incubated with 1 ml EZ-Link NHS-SS-biotin (Pierce,
Rockford, IL, USA) in borate buffer for 15 min at 0°C.
Control cells were incubated with borate buffer for 15 min
at 0°C. To quench the biotinylation reaction, cells were
washed with 0.2 m glycine/25 mm Tris, pH 8.3, and then
lysed in a solution containing 10 mm Tris-HCI (pH 7.5),
1% (w/v) deoxycholate, 1% (v/v) Triton X-100, 0.1%
SDS, 150 mm NaCl and 1 mm EDTA containing 1 mm
phenylmethylsulfonyl fluoride (PMSF), 1 um leupeptin
and 1 um pepstatin (all protease inhibitors were from
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Roche, Indianapolis, IN, USA). Following centrifugation
at 18000 ¢ for 10 min, the supernatant was incubated
with 0.1 ml streptavidin resin (Pierce) for 1 h at 4°C. The
supernatant was removed and analysed by SDS-PAGE and
immunoblotting with the kKNBCl1-specific antibody. No
detectable amount of kKNBC1 was found in the super-
natant in any experiments. The beads were washed with
the lysis buffer. Proteins were eluted from the beads with
1 x SDS Laemmli buffer and analysed by SDS-PAGE and
immunoblotting.

Immunocytochemistry

All kKNBC1 constructs were examined by immuno-
fluorescence microscopy to complement the membrane
biotinylation studies in assessing membrane expression.
Human embryonic kidney HEK-293T cells (American
Type Culture Collection, Manassas, VA, USA) were grown
at 37°C, 5% CO,, in Dulbecco’s modified Eagle’s medium
(DMEM)-supplemented with 10% fetal bovine serum,
200mgl™! r-glutamine and penicillin-streptomycin
cocktail (Gemini Bio-Products, Calabasas, CA, USA).
Twenty-four hours before transfection, a 90% confluent
10-cm polystyrene plate (Becton Dickinson, Franklin
Lakes, NJ, USA) of cells was split 1:4 onto a
10-cm  polystyrene plate with 12ml medium that
was then immediately divided into a six-well plate
(2mlwell™!) containing fibronectin-coated coverslips
(Discovery Labware, Bedford, MA, USA). Twenty-four
hours later, the six-well plate was transfected with
purified plasmids (1 ug ul™'; Qiagen, Santa Clarita, CA,
USA) using the standard calcium phosphate method.
The transfection medium was removed after 16 h and
replaced with fresh medium. After 5h, the coverslips
were rinsed twice with 1 x PBS and then incubated
with 1 ml 4% paraformaldehyde for 2 min followed by
1 ml methanol (20°C) for 2min. The cells were then
rinsed twice with 1 x PBS and processed for examination
by immunofluorescence microscopy. The KNBC1-specific
antibody was applied at 1:100 dilution in PBS for 1 h at
20 °C. After several washes in PBS, goat anti-rabbit
IgG conjugated with Cy3 (1:500 dilution; Jackson
ImmunoResearch, West Grove, PA, USA) was applied
for 1h at room temperature. The slides were rinsed in
PBS and mounted in Crystal/Mount (Biomeda, Foster
City, CA, USA). A PXL charge-coupled device camera
(model CH1; Photometrics, USA), coupled to a Nikon
Microphot-FXA epifluorescence microscope was used to
capture and digitize the fluorescence images for image
acquisition.

Na* -dependent base flux mediated by kNBC1

HEK-293T cells were grown on fibronectin-coated
coverslips and were transiently transfected using the
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calcium phosphate precipitation method witha pcDNA3.1
plasmid (Invitrogen, Carlsbad, CA, USA) containing
the coding region for kNBCI1. Mock-transfected cells
were transfected with the vector alone. The plasmids
were purified with the Endofree plasmid purification
kit (Qiagen) prior to their use. Functional studies were
performed 24 h post transfection. Intracellular pH was
monitored using the fluorescent probe BCECF (Molecular
Probes, Eugene, OR, USA) and a microflourometer
coupled to the microscope (Sassani et al. 2002). Data were
obtained from ~20 cells per coverslip. A minimum of
five different coverslips were studied for each construct.
Calibration of intracellular BCECF was performed at the
end of every experiment by monitoring the 500/440-nm
fluorescence excitation ratio at various values of intra-
cellular pH (pH;) in the presence of high-K* nigericin
standards. The cells were initially bathed for 25min
in a Na't-free, Cl™-containing Hepes-buffered solution
containing (mm): TMACI 140, K,HPO, 2.5, CaCl, 1,
MgCl, 1, and glucose 5; pH 7.4. The cells were acutely
acidified by exposure to HCO; -buffered Na'-free,
Cl™-containing solution containing (mm): tetramethyl
ammonium chloride (TMACI) 115, K,HPO, 2.5, CaCl,
1, MgCl, 1, glucose 5 and TMAHCO; 25; pH 7.4. The
cells were then exposed to a HCO;™ -buffered Na-
and Cl -containing solution containing (mm): NaCl
115, K,HPO, 2.5, CaCl, 1, MgCl, 1, glucose 5 and
NaHCO; 25; pH 7.4, and the initial rate (initial 15s)
of pH; recovery was calculated. All solutions contained
5'(N-ethyl-N-isopropyl) amiloride (EIPA) (5um) to
block endogenous Na™—H™ exchange. Intrinsic cell buffer
capacity (B;) was measured as previously described (Kurtz
et al. 1994). In HCO; ™ -containing solutions, the total cell
buffer capacity (Br) was equal to B; plus the HCO;™
buffer capacity calculated as 2.3 x [HCO3~];. Base flux
through the cotransporter was calculated as dpH;/d¢ x Br,
where dpH;/dt represents the initial rate of change of pH;
after the addition of the Na™-containing solution. Typical
traces demonstrating the time course of pH; changes in
HEK-293T cells expressing wt-kNBC1 or mutant-kNBC1
constructs before and after sodium addition are shown in
Fig. 2.

Statistics

Results are reported as mean =+ s.e.M. Dunnett’s f test
was used when more than one experimental group was
compared. A value of P < 0.05 was considered statistically
significant.

Results

The data corresponding to specific amino acid
substitutions are shown in Figs2-5 and Tables 1-3.
Substitution of acidic/basic amino acids with neutral
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Figure 2. Functional characterization of wt-kNBC1 and
mutant-kNBC1
Constructs were expressed in HEK-293T cells.

or oppositely charged amino acids in internal (ILs)
and external loops (ELs) flanking TMs or located in
very close proximity to TMs significantly decreased
kNBCI-mediated function or blocked membrane

GGTKK_SGTQQ

wi-kNBC1
veclor
D416N
D419N
KBETR
KBETE
KB6TN
KB67Q
KBE8MN
KB70Q
TE7T1N

Z2 =Z =]

£f %

® = W
O =2 L oo~ W
eE25E2TEB LS Y
hhhttfgmmérgg
I T I I O [V o' or o

I

:?

Ay
SEF 2L 8S s E
oS IIBLBBXS I
D rrumo<e¥s ¥ B

. ol

kNBC1 amino acids critical for ion transport 721

targeting of the cotransporter (E459Q, S460L, E508N,
R510D, R538D, D647R, K667E, K668N, R680E, K681N,
D705N, K708Q, D754R, H776N, D778N, H807N, R833Q),
R904E and K924N).

In general, mutations of acidic/basic amino acidslocated
in loop segments more distant to TMs (D555N, K558Q,
Y567H, K670Q, R722Q and E731N, and in addition "**RK
to 7NN and 7KK to 7NN motifs) had a smaller
effect on kNBC1 function. It is important to note that
specific mutant constructs that were an exception to
this tendency included E542Q, K559Q, ***KK to ***QQ,
767HKLKK to 7 NNLNN and 3'EQR to 'QQQ, wherein
kNBCI1-mediated transport was significantly decreased.
D449N, E492Q, **RKEHKLKK to 7**NNENNLNN, and
881RLK to ¥!NLN prevented plasma membrane targeting
of the cotransporter.

Certain amino acids in kNBC1 homologous to residues
in AE1 that were previously shown to participate in anion
exchanger function provided an additional rationale for
mutational analysis. KNBC1-Lys559 (AE1-Lys539) and
kNBC1-Lys924 (AE1-Lys851) located in EL1 and EL5,
respectively (Fig.1B) have been shown to participate
in AEl-mediated transport and also covalently bind
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Figure 3. Determination of wt-kNBC1 and mutant-kNBC1 construct plasma membrane expression in

HEK-293T cells

Cell surface biotinylation and immunoblotting with kNBC 1-specific antibody was used. Shown are the constructs

that were studied functionally.
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function

Designation of TMs, ELs and ILs is same as in Fig. 4. The residues that are required for plasma membrane expression
are shown in brown.
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Table 1. Effect of mutating residues in the intracellular loops, N- and C-termini on kNBC1 function

Total buffer Na*-dependent Na*-dependent

PH; capacity base flux base flux
Plasmid minimum (mm pH-") (mm min—") (% of wt)
wt-kNBC1 6.68 +0.19 38.1 +2.08 225+ 1.84 100 + 8.21
Vector 6.70 + 0.06 39.4 +5.69 0 + 0.05* 0*
D416N 6.65 + 0.02 35.5 4+ 2.21 19.5 4+ 1.38 86.7 +6.15
D419N 6.65 + 0.03 34.5 +2.66 24.4 +1.69 108 + 7.52
K667R 6.69 +0.19 39.0 +8.62 23.8 +3.61 106 + 16.0
K667E 6.65 + 0.28 34.6 + 2.49 4.16 + 0.32* 18.5 + 1.40*
K667N 6.67 +0.02 34.1 +£2.53 8.27 + 1.04* 36.8 + 4.64*
K667Q 6.67 + 0.07 35.1 +£5.95 5.79 + 0.48* 25.8 + 2.14*
K668N 6.71 4+ 0.02 36.1+1.82 6.82 + 0.62* 30.4 +2.78*
667KK-567NN 6.71 +0.03 36.7 + 2.47 2.27 £0.19* 10.1 + 0.86*
667KK-%67QQ 6.70 + 0.02 34.1 +1.53 0 + 0.04* 0*
K670Q 6.69 + 0.03 38.7+3.10 16.0 + 2.30* 71.1 + 10.0*
T671N 6.54 + 0.02 35.8 +1.72 3.10 £ 0.19* 13.8 £ 0.87*
T677G 6.74 +0.04 40.4 +2.98 12.9 + 1.52* 57.5 + 6.76*
R680Q 6.65 + 0.02 36.8+1.34 21.0 +1.97 93.0 +8.74
R680E 6.62 + 0.02 343 +2.56 5.35 + 0.30* 23.8 + 1.33*
K681N 6.72 + 0.05 35.5 + 0.04 9.96 + 0.64* 44.3 + 2.82*
680RK-680NN 6.69 & 0.02 35.14 1.44 4.94 + 0.48* 22.0 £ 2.12*
D754E 6.51 +0.02 35.4+1.99 5.26 + 0.43* 23.3 + 1.90*
D754N 6.69 + 0.04 37.8+5.92 1.94 +0.16* 8.64 + 0.74*
D754R 6.66 & 0.07 35.0 + 7.37 0+0.27* 0*
764RK-764NN 6.67 +£0.14 38.4+5.66 14.2 + 1.47* 63.2 + 6.53*
767HK-767NN 6.68 + 0.06 39.4 +5.73 21.3+3.87 94.7 +17.2
TT0KK-77ONN 6.67 +0.26 37.8+2.19 9.29 4+ 0.73* 41.3 +3.25*
767 HKLKK- 767 NNLNN 6.68 + 0.03 38.1 +£2.82 8.97 + 0.90* 39.9 + 4.00*
H776D 6.70 + 0.03 35.1 +2.90 18.0 + 1.10* 80.0 +4.91*
H776N 6.75 + 0.02 40.5 +3.76 12.2 + 0.86* 54.1 + 5.83*
H776S 6.75 + 0.03 38.3+3.14 9.56 + 0.75* 42.5 +3.33*
H776R 6.70 + 0.03 38.1+2.82 8.97 + 0.90* 39.9 + 4.00*
D778N 6.64+0.24 35.2 4+ 2.41 5.77 + 0.24* 25.6 + 1.07*
890K H-890NN 6.72 +0.03 38.4 +3.07 25.0 + 1.48 111 + 6.60
899RH-899NN 6.75 + 0.04 38.6 +4.32 25.1+1.79 112+ 7.97
R904E 6.59 + 0.02 35.3+4.23 5.45 + 0.27* 24.2 + 1.47*
R905E 6.60 + 0.02 34.2 +0.40 10.8 &+ 1.02* 48.1 + 4.55*
904RR-904QQ 6.74 +0.02 37.4+2.44 19.1 + 2.85* 85.0 +£ 12.7
R943N 6.68 + 0.04 37.2+3.63 8.74 + 1.01* 38.9 + 4.60*
R943E 6.56 + 0.07 37.0 £9.70 12.9 + 1.47* 57.3 + 6.53*

*P < 0.05 versus wt-kNBC1.

DIDS (Okubo et al. 1994; Miiller-Berger et al. 1995b).
Moreover, these two amino acids are conserved in all
members of the SLC4 family. Importantly, in the K559Q
mutant, KNBC1 function was completely inhibited, and
decreased by ~65% in the K924Q mutant (Table 3).
Substitution of residues located in close proximity to
Lys559 (D555N and A556T) also significantly decreased
kNBCI function, supporting the findings of Miiller-Berger
et al. (1995b) that the AE1 homologue of KNBC1-D555
(AE1-D535) participates in anion exchanger function. The
specificity of Lys559 for kNBC1 transport function was
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further supported by mutating neighbouring Lys558 to
glutamine. As shown in Table 3, unlike the K559Q mutant,
the function of the K558Q mutant was only partially
inhibited.

Various charged and uncharged residues in kNBC1
were specific for Nat-dependent members of the SLC4
family and differ in their respective positions in AE
transporters. The effect of substitution of these residues
to homologous residues in AE proteins was also
examined. In addition to basic amino acids located
in IL2, two threonine residues, Thr671 and Thr677,
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Table 2. Effect of mutating residues in transmembrane segments on kNBC1 function

Total buffer

Na*-dependent Na*-dependent

pH; capacity base flux base flux
Plasmid minimum (mm pH-1) (mm min—") (% of wt)
Y433F 6.58 + 0.05 34.2 +1.69 12.1 £ 1.73* 54.0 +£7.70*
433797y A33F797F 6.60 + 0.04 34.0 + 0.68 12.7 £ 1.03* 56.4 + 4.58*
D528N 6.64 + 0.03 36.0 + 1.67 20.0 + 2.50 89.0 + 11.1
D528R 6.56 + 0.02 38.9+ 1.50 25.6 + 1.49 114.3 + 6.63
F656M 6.64 + 0.03 37.0+2.72 5.27 +0.33* 23.4 + 1.46*
5$684G 6.63 + 0.02 349 + 1.56 2.20 +0.18* 9.79 + 0.80*
D685N 6.71 + 0.02 37.5+2.06 5.24 + 0.32* 23.3 + 1.44*
D685R 6.58 + 0.02 344+0.74 6.45 + 0.43* 28.7 + 1.93*
K854E 6.61 +0.02 34.7 +1.65 3.15 +0.16* 140+ 1.21*
H907D 6.71 + 0.02 37.2+1.70 8.97 £ 0.79* 39.9 + 3.50*

*P < 0.05 versus wt-kNBC1.

Table 3. Effect of mutating residues in the extracellular loops on kNBC1 function

Total buffer

Na*t-dependent Na*t-dependent

pH; capacity base flux base flux
Plasmid minimum (mmpH—") (mm min~T) (% of wt)
E459Q 6.67 + 0.04 3454294 2.02 £0.12* 8.99 + 0.55*
R538N 6.73 + 0.04 37.8+4.19 11.5 £ 0.92* 51.1 +4.19*
R538Q 6.66 + 0.02 34.1 +£1.75 4.79 + 0.36* 213+ 1.61%
E541Q 6.78 + 0.04 38.2 + 2.65 19.3+£2.26 85.7 +£10.10
E542Q 6.63 + 0.02 38.8 + 1.45 7.55 + 0.08* 33.6 + 0.36*
D555N 6.49 + 0.04 38.8+3.61 12.8 + 1.04* 56.9 + 4.62*
A556T 6.61+ 0.04 34.6 +3.35 1.68 £ 0.14* 7.48 + 0.64*
K558Q 6.54 + 0.03 35.4 + 2.81 12.0 £+ 0.96* 53.4 + 4.27*
K559Q 6.70 = 0.03 39.8 +3.25 0.97 + 0.05* 4.30 + 0.22*
538K K-558QQ 6.77 + 0.03 41.0 +2.98 3.28 + 0.24* 14.6 + 1.06*
Y567H 6.61+ 0.05 35.6 + 1.81 20.6 + 1.88 91.8 +8.34
D647R 6.62 + 0.02 34.7 +£0.42 2.43 +£0.21* 10.8 + 0.95*
D705N 6.68 + 0.19 35.6 + 1.58 8.82 + 0.99* 39.2 + 4.40*
R722Q 6.65 + 0.04 38.2+ 1.72 10.8 + 1.30* 48.1 +£5.78*
E731N 6.77 + 0.02 42.0 +£2.28 16.4 + 1.48* 72.9 + 6.56*
D809N 6.66 + 0.02 35.2+ 1.82 11.4 £ 0.75* 50.7 + 3.30*
K812T 6.76 + 0.03 36.4 + 3.48 20.4 +3.11 90.6 + 13.9
8T4ETE-814MSK 6.68 = 0.19 37.0 £3.07 7.18 £ 0.20* 31.9+ 1.86*
G828E 6.65 + 0.07 36.0 + 3.45 25.8+1.84 114.7 £ 8.18
E831Q 6.68 + 0.02 35.0 + 2.23 7.22 + 0.82* 32.1 +3.63*
831EQR-83'QQQ 6.63 + 0.03 35.6 + 1.85 0.71 £ 0.04* 3.17 £ 0.18*
K924Q 6.78 + 0.02 41.6 +2.28 8.11 + 0.44* 36.1 + 1.96*

*P < 0.05 versus wt-kNBC1.

when mutated to asparagine and glycine located in
homologous positions in AE1 demonstrated significantly
decreased transport as a percentage of control (~14%
and ~58%, respectively; Fig.5; Table1). However,
substitution of residues specific for Na'-dependent
SLC4 members with residues present at homologous
sites in AE proteins was also found in certain
instances to affect membrane targeting. Specifically, when
Ala450 and Ser460 were mutated to their homologous
residues present in AE proteins (lysine and leucine,
respectively), plasma membrane expression was blocked
(Fig. 5).

The TMs have a significantly smaller number of charged
amino acids than ILs and ELs of KNBC1. Specifically, there
are only five charged amino acids within kNBC1 TMs
(Fig. 1B). Asp685, Asp699 and His907 are conserved in the
SLC4 family whereas Asp528 and Lys854 are not conserved.
Three of these residues, Asp685, Lys854 and His907 located
in TM5, TM8 and TM9Y, respectively, were important
for kKNBC1 function (Table2). Specifically, the D685R,
D685N, K854E and H907D mutants had approximately
29, 23, 14 and 40% of normal function, respectively. In
addition, H907R and H907N mutants were not targeted
to the plasma membrane. Furthermore, we were not able
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to determine the effect of conserved Asp699 in TM5 on
cotransporter function because both a D699K and D699N
mutant also had impaired plasma membrane targeting
(Fig. 5). Substitution of non-conserved Asp528 (TM3) to
arginine did not affect cotransporter function.

In addition to acidic/basic amino acids located in TM3,
TM5, TM8 and TM9 we analysed several non-charged
amino acids in these and other TMs as candidate
residues forming an ion-binding site. The involvement
of non-charged amino acids in substrate binding has
been shown for several transporters including lactose
permease of E. coli (DeFelice, 2004). Two amino acids
Phe656 (TM4) and Ser684 (TM5) that are conserved
in Na'-dependent members of the SLC4 family were
replaced with methionine and glycine, respectively, present
in homologous positions in AEs. These amino acids were
substituted with residues present in homologous positions
in AE proteins. Both the F656M and S684G mutants
demonstrated significantly decreased kNBCI-mediated
transport (Table 2) indicating that these amino acids are
critical for kKNBC1 function. In addition, substitution of
Tyr433 (TM1) which is conserved in the SLC4 family to
phenylalanine decreased KNBC1 function by ~50%. The
latter finding complements the data of Dinour et al. (2004)
who characterized a naturally occurring NBC1 S427L
mutation also located in TM1. Finally, unlike Tyr433 in
TMI, non-conserved Tyr797 in TM7 was not critical as its
substitution with phenylalanine did not affect the function
of the cotransporter.

Both N- and C-termini of kKNBC1 are located in the
cytoplasm and therefore could be directly or indirectly
involved in cotransporter-mediated ion transport. It was
previously shown (Igarashi et al. 1999) that the R298S
mutant in the N-terminus of human kNBC1 has ~55%
of normal function. The C-terminus of human NBCI is
involved in binding of carbonic anhydrase II (Pushkin
et al. 2004), which is important for the cotransporter
function (Gross et al. 2001, 2002, 2003; Gross & Kurtz,
2002). We performed additional experiments to evaluate
the involvement of acidic/basic amino acids in both
termini flanking or located in close proximity to TM1
and TM10. Mutation of Arg943 in the C-terminus of
kNBC1 flanking TM10 to glutamate and asparagine
decreased the cotransporter function to ~57% and ~39%
of normal, respectively (Table 1). Asp416 and Asp419 in
the N-terminus of KNBC1 when mutated to asparagine
did not affect KNBC1-mediated transport.

Discussion

This report represents the first large-scale mutagenesis
study of KNBC1 (as well as of any Na'-dependent
HCO;™ transporter) where critical amino acid residues
involved in the ion transport process have been successfully
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characterized. Prior to the current study, the only data
available to provide potential mechanistic information
regarding kNBC1 cotransporter function were based
on mutations in the human SLC4A4 gene resulting in
proximal renal tubular acidosis and ocular abnormalities
(Igarashi et al. 1999; Dinour et al. 2004). Based on our
NBC1 topology model we were able to categorize all
critical amino acid residues spatially into two groups
(Figs 4 and 5). Group 1 residues were amino acids located
within TMs, and therefore potentially involved in ion
translocation/binding. Group 2 residues were amino acids
located outside TMs, and therefore potentially involved
in ion selectivity. The data in this study provided strong
evidence for a model detailing: (1) amino acid residues
in ELs and ILs potentially involved in an ion selectivity
filter (ISF) for Na* and HCO;~ in inward-facing and
outward-facing conformations; and (2) amino acids in
TMs involved in ion translocation/binding site (ITS). In
this transport model, ions interact initially with residues
in the ISF and subsequently with the ITS. A similar ISF has
been previously described in AE1 that acts as a substrate
channel leading from the aqueous medium to a separate
transport site located in TMs (Falke & Chan, 1986b). The
model complements a kinetic analysis of KNBC1-mediated
transport in mouse proximal tubule cells (Gross & Hopfer,
1998).

Given that AE1 mediates exchange of negatively charged
chloride and bicarbonate ions and kNBCI cotransports
negatively charged bicarbonate and positively charged
sodium, one would expect a priori that the ISF in AEI1
would be composed mostly of positively charged residues,
whereas in KNBC1 the ISF would also contain negatively
charged amino acids that interact with Na™. It is inter-
esting that a global analysis of the net charge (pI) of ELs
and ILs in AE1 and kNBCI based on current topological
models yielded fundamentally different results (Fig.6).
Specifically, the majority of human AEl ELs and ILs
are positively charged at physiological pH. In contrast,
three of five ELs in kNBC1 (EL1, EL2 and EL4) have
an acidic pl, whereas only EL5 has basic pI (Fig.6).
EL5 consisted of only three amino acids ***KST and its
positive charge was provided by Lys924, an analogue of
human AE1-Lys851 shown to interact with DIDS (Okubo
et al. 1994; Salhany et al. 1995). Three of four kNBC1
ILs (IL2, IL3 and IL4) have an alkaline pI and ILI
has acidic pl. The asymmetric distribution of specific
negatively and positively charged residues in the ELS
and ILS of kNBC1 could play an important role in
optimizing the interaction of the cotransporter with Na™
and HCO;™ in the inward-facing and outward-facing
conformation.

Several basic lysine and arginine residues in ILs 2—4
shown in this study to be important for KNBC1-mediated
transport, are apparently involved in the ISF in the
inward-facing conformation (Fig. 7A). His776 whose AE1
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Figure 6. Isoelectric point (pl) of ELs and ILs of human kNBC1
and AE1
—, pl below 7; +, pl above 7; 0, pl ~7.

homologue has been hypothesized to be involved in the
anion exchange mechanism (Miiller-Berger et al. 1995b)
was also shown in this study to be extremely important
for kKNBC1-mediated transport. KNBC1-His776 may play
a role of proton donor as its substitution with arginine
decreased function by ~60%, whereas in the H776D
mutant KNBC1 function was only decreased by ~20%.
In addition, Asp754 and Asp778 flanking TM6 and TM7,
respectively, and Thr671 and Thr677 located in IL2 are
also involved in the ISE Asp778 is conserved in the
SLC4 family and glutamate is located in the position

A
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homologous to Asp754 in AE transporters. AE1-Glu681
homologous to kNBC1-Asp754 has been implicated
in the AE transport mechanism (Miiller-Berger et al.
1995b). When mouse AE1-Glu699 (human AE1-Glu681)
was mutated to glutamine, the exchanger lost CI™—CI™
exchange transportactivity and demonstrated electrogenic
SO,*~—Cl™~ exchange in Xenopus oocytes (Chernova et al.
1995).

Several amino acids located in EL1-5 are apparently a
part of the ISF in the KNBC1 outward-facing conformation
(Fig. 7B). Asp647 and Asp705 flanking TM4 and TMS5,
respectively, are the only acidic amino acids flanking TMs
extracellularly. Our results demonstrated that the local
negative charge at Asp647 and Asp705 is required for
the cotransporter to function normally. It is important
that Asp647 is not conserved in all members of the SLC4
family and is notably absent from the anion exchangers
AE1-3. Of interest, the analogous residue is present in
AE4 suggesting that AE4 is Na*-dependent as has been
reported in preliminary studies by Parker et al. (2002).
Acidic Asp647 flanking the junction of EL2 and TM4, is
potentially involved in the interaction of external Na* with
KkNBCI1. Asp705 is conserved in electrogenic Nat—HCO; ™~
cotransporters suggesting that this residue is involved
in the electrogenicity of NBC1- and NBC4-mediated
transport. Acidic Glu459 in EL1 is conserved among
members of the SLC4 family. Substitution of this residue
with glutamine significantly decreased kNBC1 function
(Table 3). In the topology model of AE1 (Zhu et al
2003), the analogous residue Glu439 is located within
the second TM unlike KNBCI1. There are currently no
studies addressing whether AE1-Glu439 plays a role in

B
TM4

™3

TM10 ™S

Figure 7. Amino acids in ILs and in ELs involved in ISF of kNBC1
A, amino acids in ILs involved in ISF in the inward-facing conformation of kNBC1. B, amino acids in ELs involved in
ISF in the outward-facing conformation of kNBC1. Amino acids involved in the ITS are shown with a smaller font

in A and B.
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AE1l-mediated anion exchange. Differential topographic
localization of kNBCI-Glu459 compared with AFI
suggests that this residue is required for Na' recognition
in the outward-facing conformation. In addition, Arg538,
Glu542, Asp555, Asp705, Asp809, Glu814, Glu816, Glu831
and Arg833 could also be involved in the ISF in the
outward-facing conformation.

Although Asp555is not conserved in all SLC4 members,
acidic charge conservation at this site may play an
important transport role as suggested by the involvement
of homologous Glu535 in the human AEl transport
(Miiller-Berger et al. 1995b). The importance of this site
is highlighted by the fact that adjacent residue, Ala556,
when mutated to threonine inhibited KNBC1 function to
a significantly greater degree (Table 3). Asp555 is located
in close proximity to Lys559, which is very important
for kNBCI1 function (Table 3). It is also important that
the homologous residue in AE1, Lys539, covalently binds
DIDS (Okubo et al. 1994; Salhany et al. 1995). Lys559 is
located in EL2, the largest EL of NBC1 whereas in AEl
this region is located in TM5. It has been shown that
AE1-Lys539 is not a part of the AE1 Cl~ binding site
(Falke & Chan, 1986a,b; Salhany et al. 1994; Salhany, 2001).
Mutations of Lys539 and Lys891 in the DIDS binding site
significantly reduced the DIDS affinity to AE1 but did not
significantly alter the K, for chloride self-exchange (Wood
etal. 1992). As the mutation of human kNBC1-Lys559 and
Lys924 significantly inhibited the cotransporter function,
it is clear that these residues play a principally different
role than the homologous Lys539 and Lys891 residues
in human AEIL. The data suggest that Lys559 and Lys924
are involved in HCO; ™ recognition in the outward-facing
conformation of kKNBC1. These kNBCI1 residues, located
extracellularly are potential targets for DIDS inhibition.
As stilbenes were shown to inhibit KNBC1 when applied
both extra- and intracellularly (Heyer et al. 1999), intra-
cellularly located Lys667, Lys668 and Lys681 adjacent
to TM4 and TM5 together with Lys854 in TMS8 could
be targets of DIDS. Alternatively Lys559 (and possibly
Lys924) could be accessible to DIDS in the inward-facing
conformation. This assumption requires that Lys559 (and
Lys924) migrates from the extracellular compartment to a
location near the cotransporter ITS in the inward-facing
conformation to stabilize this conformation by potentially
interacting with negatively charged amino acids (e.g.
Asp647 or/and Asp705). This interaction could also
prevent access of ions to the ITS from the extracellular
compartment. It should be noted that the Lys559 homo-
logue in AE1 (Lys539) is located in TM5 and therefore
could be more easily accessible from both sides than
KkNBC1-Lys559. However, inhibition of AE1 by DIDS has
been reported only from the extracellular compartment
(Kaplan et al. 1976; Cabantchik & Greger, 1992). Asp555,
Ala556 and Lys558 probably assist Lys559 and Lys924 in
HCO;™ recognition. The region where these amino acids
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are located in kKNBC1-EL2 is homologous to AE1 TM5.
We have specifically shown that the KNBC1 amino acid
residues from 539 to 564 do not possess any membrane
insertion activity (Tatishchev et al. 2003). The second
half of EL2 containing naturally glycosylated Asn597 and
Asn617 (Choi et al. 2003) is located extracellularly. The
movement of Lys924 should be more constrained than
Lys559 because of the small size of EL5 where this residue
is located. Nevertheless because Lys924 is located very
close to the plasma membrane, its small movement into
the plane of the membrane could be enough to maintain
binding of bicarbonate to both lysines and to make Lys924
accessible to intracellular DIDS.

When Arg510 in the first IL1 was mutated to aspartate,
plasma membrane targeting of kNBC1 was blocked. It
should be mentioned that a patient has been described
wherein a mutation of KNBC1-Arg510 to histidine caused
renal proximal tubular acidosis with ocular abnormalities
(Igarashi et al. 1999). The authors demonstrated that
the function of the R510H mutant expressed in ECV304
cells was decreased by 43%. In the current study,
mutation of Arg510 to acidic aspartic acid completely
prevented plasma membrane expression of the
cotransporter. Abnormal plasma membrane targeting
of the R510H mutant may underlie the transport defect
in these patients. Mutations of two additional charged
amino acids in this loop, including conserved Glu492
(E492Q) and Glu508 (E508N), also blocked plasma
membrane targeting. These data indicate that IL1 plays
an important role in plasma membrane expression of
kNBCI. ELI1 is highly homologous in the SLC4 family
and like IL1 is important for membrane targeting, as
mutations of Asp449, Ala450 and Ser460 blocked kNBC1
plasma membrane expression.

In AEI, it has been hypothesized that charged lysine,
histidine and glutamic acid residues lining the ITS have
the potential to form a chain of hydrogen bonds traversing
the thickness of the plasma membrane (Miiller-Berger
et al. 1995a,b). In addition to its different topological
structure and different pattern of DIDS inhibition, kNBC1
has significantly fewer charged amino acids in its TMs
than AE1 (Fig. 1) suggesting that some differences exist
between these two members of the SLC4 family in
their transport mechanisms. There are five acidic/basic
amino acids in kNBC1 TMs (Tatishchev et al. 2003).
Human AE1 homologues of these amino acids are also
located in TMs. One acidic residue (Asp685) and two
basic residues (Lys854 and His907) were shown in this
study to be involved it kNBC1 function. Asp685 (TM5)
and His907 (TM9) are conserved in members of the
SLC4 family and therefore are likely to participate in
translocation of bicarbonate. A human AE1 homologue
of kKNBC1-His907 (His834) has been hypothesized to
participate in AE1-mediated ion transport (Miiller-Berger
et al. 1995b). Lys854 (TM8) that is not conserved in AE
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transporters but is conserved in Na*-dependent members
of the SLC4 family, could therefore play a role in the Na*
binding of the cotransporter. Phe656 in TM4 and Ser684
in TM5 specific for Nat-dependent SLC4 transporters also
could participate in Na%t translocation whereas Tyr433
that is conserved in the SLC4 family could participate in
HCO; ™ translocation.

Our results suggest that TMs 1, 4, 5, 8 and 9 participate
in the ITS of kKNBC1. The importance of TM8 and TM9
is supported by the data of Inatomi et al. (2004) who
described a new kKNBC1 mutation (deletion of adenine
2311) leading to permanent isolated renal tubular acidosis
because of a frame shift at codon 721 eliminating the last
five TMs. Xenopus oocytes transfected with this mutant
did not demonstrate any electrogenic Na™-HCO;~
cotransport. The importance of TM1 is supported by the
data of Dinour etal. (2004) who described a kKNBC1-S427L
mutation with significantly decreased kNBC1 function.
We cannot exclude involvement of additional TMs in the
ITS, for example TM6 and TM7, as EL3, EL4 and IL3
flanking these TMs have residues that are very important
for KNBC1 function.

Based on our results, we have developed a preliminary
structural and mechanistic model for kNBC1-mediated
transport that provides a basis for future study. Our
model is based on the assumptions that: (1) the kNBC1
monomer can mediate Nat—-HCO;~ cotransport; (2) the
cotransporter exists in inward-facing or outward-facing
conformations (Wright, 2001; Forster et al. 2002; DeFelice,
2004); and (3) simultaneous binding of both Na* and
HCO;™ ions is necessary for the ion transport in both
directions (Jentsch ef al. 1986; Gross & Hopfer, 1998).

In our model the inward-facing conformation is
stabilized by basic Lys559 in EL2 and possibly Lys924
in EL5 that form salt bridges with acidic Asp647
and Asp705 flanking TM4 and TM5 and prevent
extracellular ion binding to the ITS. HCO;~ and Na*
transferred through the ISF comprised of amino acids
located in IL2—4 subsequently are translocated to the
ITS (Ser427, Tyr433, Phe656, Ser684, Asp685, Lys854,
His907 and potentially Asp699). The order of ion
binding is currently unknown. When both Nat and
HCO;™~ are bound to the ITS, the cotransporter switches
to an outward-facing conformation and the ions are
released extracellularly. This change in conformation
destroys the salt bridges between Lys559, Lys924, Asp647
and Asp705. Electrostatic interactions between acidic
Asp754 and Asp778 with basic lysine and arginine
residues flanking IL4 probably stabilize this conformation.
In the outward-facing confirmation Na* and HCO;~
ions are transferred to the translocation site and are
subsequently released intracellularly. The cotransporter
then returns to its inward-facing conformation and is
ready for another transport cycle. The kNBC1 amino acid
residues important for Na™ and HCO;~ transport are
shown in Fig. 7.
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For simplicity, our model does not include interaction
of kNBC1 with carbonic anhydrase II, which has been
shown to bind to the C-terminus of the cotransporter
and increase KNBC1-mediated transport (Gross & Kurtz,
2002; Gross et al. 2002, 2003; Pushkin et al. 2004). It
has been shown that kKNBC1 is expressed on the plasma
membrane of HEK-293T cells as a mixture of monomers,
dimers and tetramers (Pushkin et al. 2001). Oligomers
of anion exchangers AE1 (Clarke, 1975; Nakashima &
Makino, 1983; Schubert et al. 1983; Casey & Reithmeier,
1991; Dodler et al. 1993; Wang et al. 1993) and AE3
(Pushkin et al. 2000) have been previously described, and it
is currently accepted that the active form of AE1 is a dimer
(Alper, 2002). Oligomerization could be a characteristic
feature of SLC4 transporters (DeFelice, 2004). Additional
studies are required to resolve whether oligomerization of
kNBCl is necessary and/or modulates its properties.
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