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Renouncing electroneutrality is not free of charge:
Switching on electrogenicity in a Na*-coupled

phosphate cotransporter
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Renal type lla Na*-coupled inorganic phosphate (P;) cotransporters
(NaPi-lla) mediate divalent P; transport in an electrogenic manner,
whereas the renal type lic isoform (NaPi-lic) is electroneutral, yet it
shows high sequence identity with NaPi-lla. Dual uptake (32P;/22Na)
assays confirmed that NaPi-lic displayed Na*-coupled P; cotrans-
port with a 2:1 (Na*:P;) stoichiometry compared with 3:1 estab-
lished for NaPi-lla. This finding suggested that the electrogenicity
of NaPi-lla arises from the interaction of an additional Na* ion
compared with NaPi-llc. To identify the molecular elements respon-
sible for the functional difference between isoforms, we used
chimera and amino acid replacement approaches. Transport activ-
ity of chimeras constructed with NaPi-lla and NaPi-lic indicated that
residues within the first six transmembrane domains were essen-
tial for the electrogenicity of NaPi-lla. Sequence comparison be-
tween electrogenic and electroneutral isoforms revealed differ-
ences in the charge and polarity of residues clustered in three
areas, one of which included part of the predicted third transmem-
brane domain. Here, substitution of three residues with their
NaPi-lla equivalents in NaPi-lic (5189A, S191A, and G195D) resulted
in a transporter that displayed a 1:1 charge/P; coupling, a 3:1 Na*:P;
stoichiometry, and transient currents that resembled pre-steady-
state relaxations. The mutant’s weaker voltage dependency and
10-fold lower apparent P; affinity compared with NaPi-lla indicated
that other residues important for the NaPi-lla kinetic fingerprint
exist. Our findings demonstrate that, through a minimal number of
side chain substitutions, we can effect a switch from electroneutral
to electrogenic cotransporter function, concomitant with the ap-
pearance of a cosubstrate interaction site.

S econdary-active transporter proteins mediate uphill transport
of a solute by tapping into the free energy provided by the
concentration gradient of a coupled ion that is specific to the
transporter protein (e.g., H*, K*, or Na*). The coupling between
driving and driven species confers a strict stoichiometric ratio on
cotransport function. When stoichiometrically coupled movement
of net charge accompanies cotransport, an additional driving force
is available, derived from the free energy established by the
transmembrane electric field. For such electrogenic cotransporters,
it follows that membrane voltage also becomes a kinetic determi-
nant of the transport mechanism; moreover, under physiological
conditions, it can serve to enhance the concentrating ability of the
transport protein.

One of the many physiologically important transport processes
that rely on a secondary active mechanism is reabsorption of
inorganic phosphate (P;) in the renal proximal tubule. Two isoforms
of type II Na*-coupled P; cotransporters (NaPi-II), both localized
at the proximal tubule apical brush border membrane, have been
identified. Both cotransporters mediate inward transport of P; by
using the inwardly directed Na* gradient (1, 2). Type Ila cotrans-
porters (SLC34A1 or NaPi-Ila) couple three Na* ions to the
cotransport of one divalent P; ion, and each transport cycle is
accompanied by the inward translocation of one net positive charge
(3, 4). The NaPi-Ila cotransport rate is strongly dependent on
transmembrane potential. This dependency is hypothesized to
result from voltage-dependent transitions between favored confor-
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mational states of the protein that include the interaction of one
Na* ion with intrinsic mobile charges of the NaPi-Ila protein (4-9).

In contrast, renal type Ilc cotransporters (SLC34A3 or NaPi-IIc)
(2, 10) mediate electroneutral Na*-coupled P; cotransport yet, with
respect to other steady-state transport parameters (e.g., apparent
substrate affinities and pH dependency), resemble NaPi-ITa. Con-
sistent with electroneutral cotransport of divalent P;, it has been
proposed that NaPi-Ilc cotransports with a 2:1 Na*/HPO3 ™ stoi-
chiometry (2, 10). It follows that NaPi-IIc may lack one of the three
Na* binding sites postulated for NaPi-Ila. So far, neither the
absence of a Na™ binding site nor the stoichiometry have been
experimentally established. Topological prediction algorithms in-
dicate no significant differences between NaPi-ITa and NaPi-IIc (4),
which suggests that their respective transmembrane topologies are
most likely identical. Moreover, a sequence comparison of NaPi-Ila
and NaPi-Ilc indicates a high degree of similarity (10), particularly
in the predicted transmembrane domain (TMD) regions. These
findings imply that only small changes in the amino acid sequence
may be required to perform a functional switch between the
electrogenic and electroneutral behavior, together with a concom-
itant change in the stoichiometry.

To identify the molecular elements responsible and gain insight
into the underlying mechanism that confers electrogenicity to
NaPi-Ila, we took advantage of the functional difference between
the NaPi-1Ia and NaPi-IIc isoforms by engineering complementary
chimeras between each isoform and expressing these in Xenopus
oocytes. We then refined the localization procedure by using a
bioinformatic approach. This approach led to the identification of
three residues in the predicted third TMD (TMD-3) that are
conserved in all electrogenic NaPi-II transporters so far identified.
By substituting the equivalent NaPi-Ila amino acids at these sites in
the NaPi-Ilc sequence, functional expression of this transport
protein in Xenopus oocytes displayed Na*-dependent P;-induced
steady-state currents and voltage step-induced transient currents,
neither of which were observed in oocytes that expressed the WT
NaPi-Ilc. Our findings document that TMD-3 mutations trans-
formed the electroneutral NaPi-IIc into an electrogenic cotrans-
porter, and we propose that the electrogenicity results from an
increase in the number of Na* ion binding sites from two to three.

Materials and Methods

Molecular Biology. Chimeras were based on mouse NaPi-IIa (in
pSport) and mouse NaPi-Ilc (in pT7T3D-Pac, a kind gift from K.-I.
Miyamoto, Tokushima University, Tokushima, Japan). To obtain
the NaPi-Ila and NaPi-IIc fragments, we introduced new restriction
sites at the junctions. The necessary amino acid substitutions were
located in predicted TMD linkers, where substitutions are usually
well tolerated (11). Mutagenesis and cRNA preparation were

Abbreviations: P;, inorganic phosphate; NaPi-Il, type Il Na*-coupled P; cotransporter; TMD,
transmembrane domain; PFA, phosphonoformic acid; NI, noninjected; /-V, current-
voltage.
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performed as described in ref. 9. Oocytes were injected with 50 nl
of water or with 50 nl of water containing 10 ng of cRNA.

Reagents and Solutions. The solution compositions were as follows.
Control superfusate (ND100): 100 mM NaCl/2 mM KCl/1.8 mM
CaCly/1 mM MgCl,/10 mM Hepes-Tris, pH 7.4, unless otherwise
stated. For pH <6.2, Mes was substituted for Hepes. Na*-free
superfusate (NDO): as for ND100 with isosmotic substitution of
choline Cl for NaCl. Solutions with intermediate Na* concentra-
tions were prepared by mixing NDO and ND100 in appropriate
proportions. Substrate test solutions: P; was added from 1 M
Ko;HPO, and KH,POy stocks premixed to give the required pH.
Phosphonoformic acid (PFA) was added from 100 mM stock.

Functional Assays and Data Analysis. Uptake assays (*Pi and 2?Na)
are described in refs. 3 and 9 and typically involved 5-9 oocytes per
group. For the dual 32P;/?’Na uptake, the Na* concentration was
lowered to 40 mM to achieve a high enough specific activity for ?Na
with 2 mM total P;. Electrophysiology was performed with a
two-electrode voltage clamp (5). Simultaneous uptake and elec-
trophysiology were performed on single oocytes with a chamber
designed by D. D. F. Loo (University of California, Los Angeles),
which was perfused at 50 ul/min with a peristaltic pump (3).
Steady-state current-voltage (I-V) relations were determined by
using a voltage staircase from —120 mV to +40 mV with 100-ms
steps (5) and by subtracting the control response in the absence of
substrate from the test response.

The P; and Na™ activation kinetics were determined as described
in ref. 8. Proton dependency was determined in ND100 with pH
ranging from 5.0 to 8.0 and total P; adjusted to give 1 mM divalent
Pi. Transient currents were acquired by using voltage steps from a
holding potential (V4,) = —60 mV to test potentials in the range
—160 mV to +80 mV as described (9). Charge (Q) was quantified
by fitting a single exponential commencing ~6 ms after the step
onset, extrapolating this to the step onset, and performing numer-
ical integration.

Data points are shown as mean = SEM. Curve fitting to data
points was performed by using nonlinear regression analysis
(prISM, GraphPad, San Diego).

Results and Discussion

Dual Uptake Assays Establish That NaPi-1la and NaPi-llc Have Different
Stoichiometries. In two previous studies, the cotransport stoichi-
ometry of rat NaPi-IIa, flounder NaPi-IIb (3), and human NaPi-Ila
(9) isoforms were determined under voltage clamp conditions and
yielded a Na/P;/charge ratio of 3:1:1. This ratio is consistent with
the inward translocation of one net charge per transport cycle, given
that divalent P; is the preferred species transported. To determine
the stoichiometry of the electroneutral NaPi-IIc, we performed a
dual uptake (*°P; and 2?Na) assay at pH 7.4 and plotted ?Na uptake
against 32P; uptake for each oocyte (Fig. 1). The fitted slope of a
linear regression line was 2.0 = 0.2 for n = 19 oocytes from three
donor frogs, which was consistent with electroneutral cotransport
of two Na* ions for each HPO3 ™~ ion.

To investigate whether membrane potential influenced the rate
of 32P; uptake by NaPi-Ilc, we performed a 3?P; assay on individual
oocytes that were voltage-clamped at —20 or —80 mV. NaPi-Ilc
expressing oocytes clamped to —20 mV gave an uptake rate
(expressed as pmol per oocyte per minute) of 42 = 8 (n = 9)
compared with 44 = 8 (n = 9) at —80 mV. Control oocytes from
the same donor frog gave uptakesof 6 + 3 (n =4)and3 = 1 (n =
4)at —20mV and —80 mV, respectively. These data confirmed that
in this voltage range, the NaPi-Ilc cotransport cycle did not include
rate-determining voltage-dependent transitions (12).

Chimeras Localize NaPi-lla Electrogenicity to Sites in the First Six

TMDs. To identify the molecular elements that distinguish the
electrogenic and stoichiometric properties of NaPi-Ila from those
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Fig. 1. NaPi-lic has a 2:1 cotransport stoichiometry. Dual 22Na/32P; uptake
assay data for oocytes expressing NaPi-llc ((J) and control oocytes (O) from the
same donor frog. Slope of linear regression line: 2.0 + 0.2.

of NaPi-Ilc, our first strategy was to engineer chimeras between
each cotransporter. The chimeras were based on a consensus
topological model for NaPi-II proteins comprising eight TMDs and
intracellular N and C termini predicted by a hydropathy analysis (4)
(Fig. 24). We split the primary sequences at convenient sites in the
predicted linker regions to preserve the structural integrity of the
TMDs to make six chimeric constructs that comprised complemen-
tary sections of the C-terminal and N-terminal parts of each
full-length protein (Fig. 2B). We also constructed two triple chi-
meras in which a central portion of NaPi-Ila or NaPi-Ilc that
comprised five TMDs was inserted between the complementary N
terminus plus the first TMD and the C terminus plus the last two
TMDs, respectively. For all chimeras, we left intact the native amino
acid sequence that included the first intracellular and third extra-
cellular linkers (ICL-1 and ECL-3, respectively) and the two

ECL-4
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Fig.2. Chimerasof NaPi-licand NaPi-lla localize elements critical for the NaPi-lla
electrogenic phenotype to TMDs 1-6. (A) Topology of NaPi-Il protein based on
hydrophobicity analysis. (B) 32P; uptake of chimeras compared with WT NaPi-llc
and NaPi-lla. (Inset) Example of chimera composition for A6C2 and C2A6.
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Fig. 3. Sequence comparison of NaPi-lla/c. Multiple sequence alignment indicates position of residues that are 100% identical in all 21 candidate sequences
(Ident), changed between putative electrogenic and electroneutral sequences with 100% identity at the respective site (A-/dent) or changed with conservative
substitutions in either or both groups (A-Cons). Shaded areas (I, Il, and I11) indicate clusters of changed residues. Residue numbering is according to mouse NaPi-lla
sequence. Topological designation shows position and relative lengths of TMDs and linker stretches as predicted by hydrophobicity analysis. NT, N-terminal; CT,

C-terminal.

neighboring TMDs. These linkers are present in all NaPi-II iso-
forms and are thought to contain structural motifs that define the
cotransport pathway (13-15).

The 3P; uptake from oocytes expressing each chimera was
noticeably smaller than the uptake obtained from oocytes that
expressed either WT transporter (Fig. 2B). However, the activity
was at least 10-fold higher than noninjected (NI) oocytes from the
same donor frog, which indicated that functional chimeras were
targeted to the oocyte plasma membrane. Despite this low activity,
we expected that Pj-induced electrogenic responses would be
detectable over and above any endogenous oocyte activity (3).

Whether chimeras were electrically active or silent allowed us to
draw conclusions about the localization of determinants of elec-
trogenicity. First, replacement of the last two TMDs of NaPi-Ila
with the corresponding stretch from NaPi-IIc (chimera A6C2) gave
a construct that was still electrogenic. Application of 1 mM P;
induced an inward current under voltage clamp [—42 = 4 nA (n =
5) at —60 mV] that was clearly larger than the magnitude of the
endogenous response, observed for NI oocytes (typically <5 nA
under the same conditions) (data not shown). A6C2 showed a
weaker steady-state voltage dependency than the NaPi-Ila WT. For
NaPi-Ila, a change in membrane voltage from 0 to —100 mV
resulted in an ~60% increase in P;-induced current (for an example,
see Fig. 4D), whereas A6C2 showed only an ~20% increase (data
not shown). Moreover, at —50 mV the estimated apparent affinity
for P; (K5} was 0.82 + 0.08 mM, which was significantly larger than
for WT NaPi-IIa determined from cells from the same donor frog
(0.14 = 0.01 mM). Although the small magnitude of the P;-induced
currents for A6C2 precluded further detailed kinetic characteriza-
tion, these findings indicated that kinetic determinants of the
NaPi-Ila fingerprint, including voltage dependency, were also lo-
cated within the stretch that included the last two TMDs of
NaPi-Ila. As expected, the reciprocal chimera (C6A2) was electri-
cally silent but exhibited 3?P; uptake comparable with A6C2.
Second, starting from A6C2, we replaced its TMD-1 with that from
NaPi-Ilc in an attempt to narrow down the critical region. This
triple chimera (C1A5C2) showed 32P; uptake comparable with
A6C2, but it was electrically silent, which suggested that TMD-1 was
also critical for conferring electrogenic behavior to NaPi-Ila. We
confirmed this idea by replacement of TMD-1 from NaPi-IIc alone,
which gave a functional but electrically silent chimera (C1A7).
Moreover, we concluded that TMD-1 from NaPi-IIa was, by itself,
insufficient to confer electrogenicity to NaPi-Ilc by documenting
that the dual (A1C7) and triple (A1C5A2) chimeras were electri-
cally silent. Finally, we retained TMDs 1-3 of NaPi-Ila and replaced
TMDs 4-8 of the NaPi-Ila sequence with the corresponding
elements from NaPi-IIc. This chimera (A3C5) was functional but
electrically silent, which suggested that, in addition to TMD-1,
elements critical for the electrogenicity of NaPi-IIa must also reside
in the stretch involving TMDs 4-6.

The chimera study indicated that although elements were dis-
tributed throughout the protein that contribute to the NaPi-Ila
electrogenicity, essential residues were most likely located in the
region encompassing TMDs 1-6.

12608 | www.pnas.org/cgi/doi/10.1073/pnas.0505882102

Sequence Alignment Reveals Altered Polarity and Charge of Residues
in NaPi-llc. Our second strategy involved making a multiple se-
quence alignment of four currently available mammalian NaPi-IIc
sequences and 17 sequences of NaPi-Ila as well as NaPi-IIb
isoforms, several of which mediate P;-dependent electrogenic ac-
tivity when expressed in oocytes (3, 16-19). The alignment showed
that, among the 21 sequences (excluding the N and C termini and
ECL-2, where large variations are observed between isoforms),
~75% of residues were 100% identical or in a few cases involved
conservative substitutions (Fig. 3, Ident). The alignment revealed 22
sites that differed between each group but were 100% identical
within the respective group (Fig. 3, A-Ident). In addition, we
identified a further 13 sites that differed between electrogenic and
electroneutral transporters and involved conservative substitutions
among members of each group (Fig. 3, A-Cons). Interestingly, the
majority of changed sites clustered into three areas (Fig. 3, shaded
boxes): cluster I comprised nine residues distributed in the second
half of ICL-1 and the first half of TMD-3; cluster II comprised 10
residues in TMD-5 and its neighboring linkers, ICL-2 and ECL-3;
and cluster III comprised eight residues distributed within the

Table 1. Changes in residues belonging to clusters from multiple
sequence alignment

Cluster Site Polarity Charge

I A1845/C +/—
1193V +
N1995
A2035
A/V207S
A2185/G
A2205S
T221A
D224G/S —(=)
I Q378R +(+)
T/Q389A
T/A489G/S
M410L
va14L
S422A
T425v -
1/V428M
1/L430V +
T/S442L/F -
n P488L/V
T492L
R/H497P —(+)
L502F
F512V
V528A
W536G/S
G541A

I+ o+ o+

[ e |

I+ o+ o+

Each entry refers to a residue in consensus electrogenic transporters that
has been changed in the NaPi-llc sequence. Numbering refers to mouse
NaPi-lla sequence. +/— indicates increase/decrease in polarity or charge,
respectively, according to a hydrophobicity scale (25).

Bacconi et al.
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Fig.4. Steady-state properties of the triple mutant AAD-llc. (A) Representative current tracings of oocytes from the same batch, comparing NI, NaPi-lic, NaPi-lla,
and AAD-lIc under the superfusion conditions indicated. Na, ND100; P;, ND100 plus 1 mM P;; PFA, ND100 plus 1 mM PFA. Oocytes were voltage-clamped at —50
mV. (B) Net charge translocated plotted as a function of P; uptake for individual oocytes expressing AAD-lIc (m) and control oocytes from the same donor frog
(®). Slope of linear regression line: 0.9 = 0.1. (C) Dual uptake for AAD-lIc (m) and control oocytes (CJ) from the same donor frog. Slope of linear regression line:
3.0 *= 0.2. For comparison purposes, the data of Fig. 1 for the WT NaPi-llc have been replotted with the respective mean of control oocytes subtracted (O). (D)
Normalized |-V plots that compare NaPi-lla (m, n = 5) and AAD-IIc (®, n = 6). Each data point is the difference between the currents recorded in ND100 plus 1
mM P; and ND100, respectively, at a given V. Data for each cell were normalized to the Pi-induced current at —100 mV.

region, including ICL3 and the last two TMDs. The distribution of ~ porters, particularly in view of the finding that substituting Asp-224
changed residues between electrogenic and electroneutral trans-  in human NaPi-Ila with Gly resulted in electroneutral Na-
porters was consistent with the findings of the chimera study.  dependent P; transport (L.V.V., I.C.F., AB., J.B., and HM,,
Surprisingly, TMD-1 contained no nonconserved substitutions; yet, ~ unpublished data). In contrast, clusters II and III showed mixed
from the chimera study, we concluded that its presence was essential ~ changes in polarity, together with a gain and loss of positive charge
for conferring electrogenic behavior to NaPi-Ila. This requirement  at sites 380 and 499, respectively. Furthermore, cluster III included
might be a consequence of our choice of restriction site for =~ TMDs 7 and 8 and ECL-4, which we showed were not essential for
constructing the C1A7 chimera, whereby the part of ECL-1 that  preserving electrogenicity in NaPi-Ila (Fig. 2B) but could never-
contains a Gly-Ser substitution in all NaPi-IIc isoforms was in-  theless play a modulatory role, as evidenced by the weak voltage
cluded with TMD-1. In contrast, Cys substitution at this site does ~ dependency of chimera A6C2 and Cys mutagenesis studies in
not alter the electrogenic properties of NaPi-IIa, which indicated ~ ECL-4 (7, 8).
that the residue at this site was not a critical determinant of
electrogenicity but may play a modulatory role (8). Substitution of NaPi-lla Residues in TMD-3 Confers Electrogenicity to
Next, we focused on the amino acid changes in the three clusters  the NaPi-lic Backbone. Next we investigated the impact of the residue
(Table 1). We categorized the changes in terms of polarity and  changes in TMD-3 by using NaPi-IIc as a backbone into which we
charge, because these properties would potentially affect the elec-  substituted the equivalent NaPi-IIa residues. When we substituted
trogenicity and substrate coordination. Cluster I showed the most ~ Gly-195 with the NaPi-Ila equivalent Asp-224 (mutant D-IIc) or
significant changes with the majority of substitutions involving an  Ser-189 and Ser-191 with the NaPi-I1a equivalents Ala-218, Ala-224
increase in side-chain polarity (most commonly Ala—Ser) and  (mutant AA-IIc), we obtained functionally expressed mutants as
removal of negative charge at site 224 (Asp—Gly/Ser). Signifi-  evidenced by Na*-dependent 32P; uptakes that were significantly
cantly, this charge is conserved in all putative electrogenic trans-  greater than NI cells (data not shown). However, in neither case

Fig.5. Substrate dependency of AAD-lIc. (A) -V 05

plots for P; activation. Data for individual oocytes A 120 _3\'0)(mw -40 203 C

were determined for the P; concentrations indi- y O =0 0

cated (in mM) and data for each cellwerenormal-  —a-0.01 **—+——+ 4 | 45 ——10 -120

ized to the Pi-dependent current at 1 mM P;and  ——0.02 25 05

—100 mV (n = 4). (B) Apparent affinity for P- —¥0.1 e o oo #-10 ——50

activation (K%) for NaPi-lla (0, n = 3) and AAD-llc ~ —+—0.3 L -1.5 —=75 1.0

(w, n = 4) asfound by fitting a form of the Michae- ~ —*1 M gy 00

lis-Menten equation, lp, = ™ ([P1/([P] + K§) +  —52 ’ —+—125 Inorm | 4 g

K, to the data of A at each membrane potential, fnorm! 2.5

where [Pj] is the P; concentration, Kﬁ is the appar-

ent affinity for P, "™ is the maximum cotrans- B Km'™ (mM) 100 D Km'™ (mM) 100

port rate, and K is a variable offset (7). Note the

logarithmic ordinate scale. (C) I-V plots for Na* L 10

activation. Data for individual oocytes were deter-
mined for the Na* concentrations indicated (in P 50 <154 fnorm "
mM) with 1 mM P;, and data for each cell were

normalizedto the P-dependent currentat 1 mMP; o —o—o—o— !

and —100 mV (n 14). (D) Apparent affinities for Vmv) 0.01 V(mV)

Na™ activation (K7 for NaPi-lla (OJ, n = 4) and _1'20 —BID _"10 0 '1'20 -éU _"‘0 (I.'!

AAD-lIc (m, n = 4) as reported from fitting a form
of the modified Hill equation: /p, = /™ {[Na]{}/[[Na]}} + (KN3)21} + K, to the data of panel C at each membrane potential, where [Na] is the concentration of Na*, ny
is the Hill coefficient, Kﬁa is the apparent affinity for Na*. (E) Proton dependency for NaPi-lla (circles, continuous lines) and AAD-IIc (squares, dotted lines) at 0 mV (open
symbols) and —120 mV (filled symbols). Data for NaPi-lla (n = 5) and AAD-lIc (n = 5) were normalized to the response to 1 mM HPO3; ™~ at —100 mV, pH 7.4. Current reversal

at low substrate concentrations in A and C results from the subtraction of the uncoupled leak current (7, 9).
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could we detect P;-induced currents. For mutant D-IIc, where the
32p; uptake was only ~4-fold greater than the NI uptake, we were
nevertheless confident that electrogenic activity should have been
detectable, because this uptake rate would correspond to currents
with a magnitude >10 nA. Remarkably, after we substituted all
three NaPi-Ila residues at the corresponding sites in NaPi-Ilc, the
triple NaPi-Ilc mutant (AAD-IIc) displayed Na*-dependent 32P;
uptake and a Pj-induced electrogenic response (Fig. 4). When
challenged with 1 mM P; in ND100, AAD-IIc gave robust, inward
currents (typically in the range 50-250 nA)) at —50 mV; in zero
external Na* (NDO), no significant current was detected under the
same conditions (Fig. 44). Furthermore, we did not detect a
response to P; when Li* was substituted for Na* (data not shown),
which indicated that AAD-IIc had retained the NaPi-II specificity
for Na* as its cosubstrate. Like WT NaPi-Ila, AAD-IIc also
responded to the Na™ P; cotransporter inhibitor, PFA, which was
evidence of block for a Na*-dependent leak current associated with
the expressed cotransporter protein (5). Neither control (NI) nor
NaPi-Ilc-expressing oocytes from the same donor frog showed
significant responses to P; or PFA under the same superfusion
conditions (Fig. 44). The holding current decrease observed after
removal of external Na* was in part due to endogenous Na*-
dependent channels and a transporter-related leak.

To determine whether the P;-induced currents were stoichiomet-
rically coupled to P; cotransport, we assayed the charge and 32P;
uptake on individual voltage-clamped oocytes (V;, = —50 mV). This
assay yielded a slope of 0.9 = 0.1, which established that AAD-IIc
transported one net charge per cotransported P; molecule (Fig. 4B).
Moreover, by dual ?Na/*?P; uptake, we documented a slope of
3.0 = 0.2, which indicated a 3:1 Na/P; stoichiometry (Fig. 4C).
Taken together, these findings demonstrate conclusively that the
three TMD-3 mutations alone were sufficient to establish Na*-
coupled electrogenic P; cotransport in the electroneutral NaPi-IIc
backbone, namely a Na/P;/charge stoichiometry of 3:1:1. More-
over, the increased Na/P; stoichiometry suggests that the mutagen-
esis had revealed a new Na™ interaction site.

The steady-state voltage dependency of AAD-IIc was, however,
clearly weaker than NaPi-Ila when the normalized I-V data were
compared (Fig. 4D). This finding indicated that residue changes at
other sites in the NaPi-IIc backbone would be necessary to establish
the type Ila electrogenic profile.

AAD-lic Shows Altered Substrate Activation Characteristics. The P;
cotransport kinetics for NaPi-IIc (10) are similar to those previously
reported for NaPi-IIa isoforms from several mammalian species (5,
9, 20), i.e., similar apparent affinities for P; and Na* and a strong
proton dependency. This finding suggested that both isoforms share
the same molecular elements for substrate recognition and inter-
action and, importantly, that these processes are not directly
dependent on the electrogenic properties of the transporter. To
investigate whether engineering in TMD-3 had altered these pa-
rameters, we assayed the P;, Na*, and H* dependency of AAD-IIc
under voltage clamp.

Pi-dependent currents in 100 mM Na™* (pH 7.4) showed a weak
voltage dependency even up to 2 mM total P;, with no evidence of
saturation for potentials in the range —120 mV = V= 0 mV (Fig.
5A4). At higher substrate concentrations, P; complexed with divalent
cations in ND100 solution, thereby rendering the estimate of free
P; uncertain. Because oocytes were electrically unstable in divalent-
free conditions, we were unable to achieve saturating activation,
which resulted in a large uncertainty in the estimate of K+ (Fig. 5B).
Nevertheless, this parameter was ~10-fold larger than the values
documented in this study for NaPi-Ila or for NaPi-IIc determined
from 32P; uptake (10) (70 uM). Whereas K+: for NaPi-ITa showed
a weak increase with depolarization, as previously reported for the
rat isoform (5), the estimates of K- for AAD-IIc reported by the fit
suggested an inverse relationship with membrane potential. How-
ever, the fit uncertainties precluded drawing a definite conclusion.
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Fig. 6. Voltage steps induce transient currents. (A) Currents recorded in

response to a series of voltage steps in the range —140 mV to +60 mV from a
—60-mV holding potential for a representative WT NaPi-lic- and AAD-Ilc-
expressing oocyte from the same donor frog (superfusion in ND100). (B)
Correlation of charge movement for AAD-lIc induced by a voltage step from
—60 mV to —100 mV for superfusion in NDO, with the steady-state current
induced by 1 mM P; at —100 mV (superfusion in ND100). Line is a linear
regression, with r2 = 0.74, n = 9. (C) Normalized charge-voltage (Q-V) data for
superfusion in NDO and ND100 for the same batch of AAD-lIc-expressing
oocytes (n = 8). The charge induced by a voltage step from —60 mV to —100
mV (in NDO) was used to normalize data for each cell before pooling. Error bars
smaller than symbols are not shown. [0 indicates ON charge movement from
—60 mV to target potential. m indicates OFF charge movement from target
potential to —60 mV. Continuous lines are fits to data using a Boltzmann
equation of the form: Q = Qnyp + Qmax/[1 + exp(—ze(V — Vq5)/kT)], where
Qmax is the maximum charge translocated, Qnyp, is the steady-state charge at
the hyperpolarizing limit and depends on V4, Vg5 is the voltage at which the
charge is distributed equally between two hypothetical states, z is the appar-
ent valency per cotransporter, e is the elementary charge, k is Boltzmann'’s
constant, and T is the absolute temperature. The dashed line indicates the
hyperpolarizing limit for ON charge movement with NDO superfusion.

In contrast to P; activation, Na™ activation at constant P; (1 mM)
showed a saturating electrogenic response (Fig. 5C). The activation
characteristic for a given 1< 0 mV was sigmoidal with an inflection
at low Na* (data not shown), indicative of a system in which more
than one Na™ ion interacted with the protein per transport cycle.
Compared with NaPi-IIa, the apparent affinity for Na* (Ky*) of
AAD-IIc was ~50% greater and slightly increased with depolar-
ization (Fig. 5D).

Finally, we examined the effect of external acidification on
AAD-IIc because protons are known to modulate the kinetics of
electrogenic type II Na*/P; cotransporters (5, 6, 9, 16). To elimi-
nate errors from the titration of P;, we maintained the divalent P;
at 1 mM so that any change in activity would reflect the effect of
protons on the cotransport rate. At V= 0 mV, a pH change from
7.4 to 6.2 gave a 43% loss of electrogenic activity for NaPi-Ila
compared with 80% for AAD-IIc under the same conditions (Fig.
SE). The latter result is consistent with the reported NaPi-Ilc pH
dependency data (10, 21) when account is taken of the reduced
availability of divalent P; and suggested that AAD-IIc has preserved
the proton sensitivity of NaPi-Ilc. In contrast, at ' = —120 mV,
both AAD-IIc and NaPi-Ila showed similar dependency for 5.0 =<
pH = 7.4. These findings suggest that mutagenesis in the NaPi-Ilc
backbone has established the same proton interaction mechanism
in AAD-IIc as for NaPi-Ila (6, 9).
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AAD-lic Displays Transient Currents Related to Transport Function. A
common kinetic feature of electrogenic cotransporters is that
voltage steps induce transient currents referred to as pre-steady-
state relaxations (5, 22). We documented robust transient currents
in AAD-IIc-expressing oocytes (Fig. 64). These currents were
easily distinguishable from the oocyte linear capacitive charging and
were undetectable in oocytes that expressed NaPi-Ilc, which we
confirmed to mediate substantial 32P; uptake, and NI oocytes from
the same donor frog (data not shown). We also detected transient
currents in the absence of external Na*, which suggested that the
TMD-3 mutations introduced mobile charges to the NaPi-Ilc
backbone. We note that our inability to detect transient relaxations
in NaPi-IIc does not necessarily exclude the possibility that it has
charges that respond to the transmembrane field, but they are
immobilized over the range of potentials used.

The magnitude of the charge in NDO for a 40-mV step to —100
mV correlated with the Pi-induced steady-state currents at —100
mV (Fig. 6B) for oocytes with different steady-state cotransport
activities. These data indicate that the transient currents were
directly associated with the amount of functionally expressed
AAD-IIc in the membrane. We determined the voltage depen-
dency of the charge movements in the range —160 mV to +80 mV
for superfusion in NDO and ND100 (Fig. 6C). Because pre-steady-
state relaxations reflect the reversible movement of a fixed number
of charges, we expected charge balance and saturation of charge
movement at extreme potentials. These criteria were only satisfied
for hyperpolarizing voltage steps, where we documented clear
evidence of saturation and <20% error in charge balance. The
rate-limiting behavior of charge movement for steps to hyperpo-
larizing potentials also agreed with the steady-state I-V data for
AAD-IIc (Fig. 4D), which exhibited similar behavior for < 0. This
finding strongly suggested that the transient currents were directly
associated with the AAD-IIc transport cycle. Moreover, the charge
at the hyperpolarizing limit in ND100 was suppressed by ~50%
compared with NDO (Fig. 6C). This finding suggests that the
interaction of external Na* ions with the protein had immobilized
part of the intrinsic charge movement. Importantly, this interaction
occurred in the absence of Pj, in support of an ordered kinetic
scheme for Na*-coupled electrogenic transport in which the bind-
ing of one Na* ion precedes P; binding (5).

For depolarizing steps, the corresponding ON charge was
significantly smaller than the OFF charge that accompanied a
return to —60 mV from depolarizing voltages. It is possible that
some charge was missed by the fitting procedure if, for example,
a very fast component were masked by the oocyte charging
transient. In contrast, the monotonic increase in charge and
initial amplitude with starting potential in the OFF transient
suggested the involvement of another mechanism. For example,
part of the transient current could be resistive and reflect
voltage-dependent closure of a channel-like pore, as suggested
for the SHT transporter (23, 24). A fit of the ON charge
movements with a Boltzmann function reported midpoint po-
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tentials (Vps) of +22 = 12 mV (n = 7) in NDO and +61 * 14
mV (n = 7) in ND100 and a paired ¢ test indicated that the shift
in Vys was statistically significant (P = 0.05). The apparent
valencies (z) were 0.42 = 0.03 (» = 7) in NDO and 0.47 = 0.04
(n = 7) in ND100. These were similar to values reported for
NaPi-IIa (5, 8, 9) and NaPi-IIb isoforms (6, 16).

In terms of an alternating access model for cotransport,
whereby the empty carrier can assume either an outward or
inward facing conformation, depending on the transmembrane
electric field, the positive V) 5 suggested that for I’ < 0, AAD-IIc
already favors an outward conformation that would allow Na*
ions easy access to their binding site. When Na™ ions interact
with AAD-IIc, the intrinsic charge movements are constrained
so that stronger depolarization is required to mobilize charge,
consistent with the more positive Vs in ND100. This result is in
agreement with the rate-limiting behavior and weak voltage
dependency of the steady-state Pi-activation (Fig. 4D). AAD-IIc
differs from NaPi-1IIa isoforms, which typically show a Vs in the
range —20 to —60 mV (5, 6, 9) and which we previously
interpreted as evidence of the empty carrier occupying an
inwardly facing conformation at IV = 0 that changes to outward
facing with increasing membrane hyperpolarization (7).

Conclusions

AAD-IIc displays three characteristics unique to Na*-dependent
electrogenic P; cotransport: 3:1 Na*/P; stoichiometry, 1:1 P/
charge coupling, and transient charge movements that correlate
with steady-state activity. These findings suggest that (i) mutagen-
esis of the NaPi-IIc backbone has created, directly or indirectly, a
Na* interaction site, the occupancy of which leads to the stoichi-
ometric translocation of an additional Na™ ion per transport cycle;
(#f) Pr-induced steady-state currents result from a net movement of
+1 charge per cycle; and (iii) the voltage dependency of the
transient charge movements is a direct determinant of the steady-
state voltage dependency

Detailed kinetic analysis of AAD-IIc and comparison with the
typical fingerprint of electrogenic type NaPi-Ila/b cotransporter
isoforms also revealed significant functional differences: a weak
steady-state voltage dependency, which, according to the alter-
nating access model, suggested that the empty carrier favors an
outward-facing conformation for V' < 0, a low apparent affinity
for P;, and a transient charge imbalance that may indicate that
the mutagenesis has created a channel-like leakage pathway.
These differences underscore the complexity of structure—
function relationships and indicate that mutagenesis at other
sites is required to establish the typical electrogenic behavior in
the NaPi-IIc backbone.
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