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Abstract: The two electrode voltage clamp technique havior of NaPi-5 could be describeg b 3 state model in
was used to investigate the steady-state and presteadyhich the partial reactions involving reorientation of the
state kinetic properties of the type Il N& cotransporter unloaded carrier and binding of Naontribute to trans-
NaPi-5, cloned from the kidney of winter floundétgeu- membrane charge movement.

dopleuronectes americanuand expressed iXenopus

laevis oocytes. Steady-statg-irduced currents had a Key words: Na'/P, cotransporter — Proximal tubule —

voltage-independent apparefy, for P of 0.03 v and  yoltage clamp — Steady-state — Presteady-state —
a Hill coefficient of 1.0 at neutral pH, when superfusing xenopus laevisocyte expression

with 96 nm Na'. The apparenK,, for Na" at 1 nm P,
was strongly voltage dependent (increasing from 32 m
at —-70 mV to 77 nm at =30 mV) and the Hill coefficient Introduction
was between 1 and 2, indicating cooperative binding of
more than one Naion. The maximum steady-state cur- The homeostasis of inorganic phosphatg) (& main-
rent was pH dependent, diminishing by 50% or more fortained via renal glomerular filtration followed by tightly
a change from pH 7.8 to pH 6.3. Voltage jumps elicitedcontrolled tubular reabsorption. One of the key compo-
presteady-state relaxations in the presence of @N@"  nents involved is a N4P, cotransport system localized in
which were suppressed at saturatingfPmm). Relax-  the brush border membrane of the tubular epithelium
ations were absent in non-injected oocytes. Charge washich mediates the uptake of &ainst the electrochemi-
balanced for equal positive and negative steps, saturateghl gradient from primary urine into the cell.
at extremes of potential and reversed at the holding po-  The N&/P, cotransporter has been cloned from sev-
tential. Fitting the charge transfer to a Boltzmann rela-eral mammalian species and it has been expressed an
tionship typically gave a midpoint voltag¥{s) close to  characterized functionally in a variety of eucaryotic sys-
zero and an apparent valency of approximately 0.6. Theems (eviewed in:Biber et al. (1996)). The cloned renal
maximum steady-state transport rate correlated linearlyubular Nd/P, cotransport systems which have been clas-
with the maximum Rsuppressed charge movement, in-sified as type | and type Il according to both molecular
dicating that the relaxations were NaPi-5-specific. Theand functional characteristics, exhibit basic and regula-
apparent transporter turnover was estimated as 33.sec tory properties known to be associated with proximal
The voltage dependence of the relaxations was P tubular brush border membrane ™B,-cotransport
independent, whereas changes irf NhiftedV, 5t0 -60  (Murer & Biber, 1996). For the type Il NP, cotrans-
mV at 25 nu Na'. Protons suppressed relaxations butporter, the reported kinetic parameters appakeptfor
contributed to no detectable charge movement in zergZNa" binding of approximately 50m and appareri,,, for
external N&. The voltage dependent presteady-state beP--.binding of the order of 0.1 m, agree with the values
obtained in studies with membrane vesicles and with cell
culture models. The pH-dependency represents the hall-
- mark of the renal proximal tubular brush border mem-
Correspondence tél. Murer brane N&/P-cotransport, whereby decreased transport
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rates occur at high proton concentrations (Amstutz et al.gvaries, collection and handling of the oocytes have been detailed
1985: Hoffman et al. 1976). elsewhere (e.g., Busch et al. 1992). Oocytes were injected with 10-14
Recently a N&P; cotransporter which satisfies the "9 (50 n) cRNA/oocyte or 50 nl water.

criteria for members_hlp of the type Il family has also STEADY-STATE MEASUREMENTS

been cloned from winter floundeP§eudopleuronectes

americanu} (Werner et al., 1994). In contrast to the Recordings were performed at room temperature 1-8 days after injec-

mammalian kidney Phandiing in fhe fish kidney in tion using a commercial two electrode voltage-clamp (Geneclamp 500,
g -

| both tubul b . d . Renf Axon Instruments, Foster City, CA). If not otherwise stated, the hold-
volves both tubular reabsorption and secretion (Renfro 8ﬁng potential was =50 mV and the data were filtered at 10 Hz and

Gupta, 1990). This special feature could reflect the siturecorded with MacLab hardware and compatible software for data ac-
ation in mammalian kidneys under pathological or ex-quisition and analysis (AD Instruments, Castle Hill, Australia). The
treme conditions of iFhomeos,ta_ti(; imbalance (Berndt & external control solution (superfusate) contained (m)n®6 NacCl, 2
Knox, 1992)_ KCl, 1_.8 Ca_lq, 1 MgCl, and 5 N—hydroxyethylpiperazin_eiF\I—ethane—
The flounder type II NaPi cotransporter (hereafter §ulfon|c acid (HEPE_S). Phosph_ate was gdded to th|s solution at the
designated as NaPi-5) was shown to share most of th 2% FXEToS, T Bt o e S e o+
functional and structural features with other members o*nduced currents, NaCl was partially replaced by choline chioride.
mammalian type Il N&P, cotransporters. At the pri- in those experiments KOH was used instead of NaOH for titration.
mary structural level, 80% sequence identity is foundThe flow rate of the superfusion was 20 ml/min and a complete ex-
between rat type Il isoform (NaPi-2) and NaPi-5 within change of the bath solution was reached within about 10 sec. The
the putative membrane Spanning segments in contrast ﬁSeady-state currentt ) stated are the maximal values measured dur-
the hycrophilc parts which reveal lile homology " # 20 s e, Faged s s v a2 e
(Wemer etal, 1994)' This (_:OtranSporter ShOV\_IS d'Stlncé—S-fOId, depending on the time of measurement after cRNA injection
differences from its mammalian counterparts with regardang on the batch of oocytes (from different animals). Therefore, we
to tissue distribution and intracellular sorting. NaPi-5 iS show experimental data obtained on the same day for each specific set
expressed in kidney as well as in intestine and in kidneyof experiments, unless otherwise indicated. Pooled data were tested for
it is localized basolaterally in the secreting part of thesignificance using the paired studert'test and only results witR <
tubule whereas the intestinal protein is found in the api_0.05_v_\/ere gonsidered as significant: Dose-re;ponse data were fit to the
cal membrane (Koh! et al, 1996). e e e v s eresion ey
So far the functional characterization of NaPi-5 has '
been limited to flux measurements USing tKenopus PRESTEADY-STATE MEASUREMENTS
laevis oocyte expression system. To characterize theEI tronhvsiol formed Usi laboratorv-built t |
transport kinetics and allow a detailed comparison withtrozcersgitgs'o Oigy was periormed 1sing a taboratory=bullt wo elec-

. o ge clamp, optimized for fast voltage clamping of the oocyte
other members of the type Il family, a more sensitive memprane (true membrane potential 10-90% rise time, typically <0.5
assay was considered necessary. We therefore rensec) using electronic compensation for the bath series resistance.
evaluated the functional characteristics of NaPi-5 elec©Oocytes were continuously superfused in a small chamber (approx.
trophysiologically, including both steady-state and pre-volume 200ul) at 6 mi/min. Data were acquired using custom built
steady-state analysis. The magnitude of thmﬂ’uced AD/DAC hardware and DATAC soﬁware (Bertrand & Bader, '1987),
currents for expressed NaPi-5 (up to 1000 nA at _1005ampled at 50 or 10Q.sec/point and filtered at 5 or 3 kHz using an

8-pole Bessel filter (Frequency Devices, Haverhill MA, Model 902).

mV) was a prerequisite for attempting the latter anaIySIS'Exponential curve fitting was performed using a Chebychev transform-

in exPression studies of the human, murine and rat typ@ased routine written C language (G. Malachowskirsonal commu-
I Na"/P;-cotransporters (Busch et al., 1994, 1995; Hart-nicatior). Hill equation and Boltzmann fitssée beloy were per-

mann et al., 1995), steady-state currents an order of magdpermed using the nonlinear regression analysis routines supplied with
nitude smaller have been observed. The concomitantl{plot/Prism software (Graphpad, San Diego, CA). The control super-

smaller presteady-state relaxations become difficult t usate was the same as for the steady-state measurements but witl
equimolar substitution of barium for calcium to reduce contamination

resolve with the two-electrode V0|tage clamp te,Chmquetrom Ca-activated Clcurrents. For sodium replacement experiments,
used under all substrate and m_embrane pOte_nt'aI CondIl\'l-methyID-glucamine was substituted for sodium and titrated to pH
tions (Forster et al., 1996). Kinetic analysis of pre- 7.4 with HCI. All presteady-state experiments were performed at 18 +
steady-state currents have been performed recently farsec.
other sodium coupled transporters (e.g., Wright et al., Typical data recordings for each experiment are shown for one
1996). These studies have demonstrated that this tecfgpresentative oocyte. Protocols were repeated for cells from the same
nique is an important tool for Characterizing transportbatch and other batches to generate the pooled data as indicated.
rates for cotransporter families and can provide insightsyo\ NEAR REGRESSIONANALYSIS FIT EQUATIONS
into the partial reactions of the transport cycle.

Modified Hill Equation for Substrate Dose Response

Response with respect to a variable substBateere quantified as peak
In vitro preparation of cRNA encoding NaPi-5 has been previously P-induced currentl() and the dose response fitted to a form of the Hill
described (Werner et al., 1994) and the dissectioX@fopus laevis  equation:

Materials and Methods
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lp = omax [S([S" + (Kiy)") (1) (n = 4)in the voltage-clamp mode at a holding potential,
. - .V, = 50 mV and a depolarization from 34 3 mV to
where [§ is the substrate concentratioh,., the extrapolated maxi- ~17 + 3 mV @ = 4) under current clamp conditions
mum currentK,* the concentration of substrawhich gives a half - . _ _ p X
maximum response or apparent affinity constant arttle Hill coef-  (Z€r0 current applied). Thus, in NaPi-5 expressing oo-

ficient. cytes, P induces an apparent net inward movement of
positive charges as previously described for the mamma-

Two State Eyring-Boltzmann Model for lian type Il N&/P, cotransporters (Busch et al. 1994,

Transmembrane Charge Movements 1995). In water-injected control oocytes no significant

inward current or depolarization was observddt& not
For a two state system in which a charged entity having an apparerghowr)_

valencyz can translocate betwe_en states 1 and 2 within the transmem- Figure 1A shows a typical family of Pinduced cur-
brane field over an energy barrier, the rate constants for the respective

. - +
transitions 100 2 and 20 1, according to Eyring-Boltzmann kinetics rents with R varying over three decades for 9G/niNa

(e.g., Jack et al., 1983), are given by: andV, = -50 mV, which indicates clear evidence of
saturation for P> 0.3 mm. The normalized dose-
ki = A, exp(-zeV/KT) andk;, = B, exp((1 —8)zeV/k] response behavior, pooled for 4 cells, is quantified in Fig.

where V is the transmembrane voltage,the electronic chargek 1B at tW0+Né' concentratlons. For both 96MYN§1+ and
Boltzmann's constanfl the absolute temperaturd,, B, are the rate 20 MV Na& the peak Rinduced current,,, normalized to
constants fol/ = 0 ands is an asymmetry factor (& 3 < 1) defining ~ the maximum currerit,,.,, at 96 ru Na’/1 mm P, shows
the electrical distance to the energy barrier for the transition from statea sigmoidal form on a semi-logarithmic scale. These
1._ qu a yoltage jump to a poter_ltik{l, the ind_uced charge _movement data were fit to the modified Hill equation (Eq. 1, Ma-
will give rise to a current relaxation with a time constargiven by: terials and Methods) to give an apparéqy for P (Km)
T = Uk + Ky) of 0.043 nm at 96 mu Na" and 0.080 mu at 50 nm Na’,
with a Hill coefficient of approximately unity in both
ie., casesgeelegend, Fig. B). The observed increasekit}!
with reduced Nais consistent with the behavior reported
for other type Il N&/P; cotransporters which have been
The steady-state charge distribution at any voltdder Ninde- ~ Characterized electrophysiologically (Busch et al., 1994,
pendent charged entities is given by: 1995). Moreover, the maximum;¥#hduced current
(Iomax Was reduced by approx. 25% when superfusing
Q= Qma/(1 + exp(Z&V = Vo J/kT)) with lower N Voltage dependence df is a further
where Q... = Nze the maximum charge which can be translocated Characteristic of type Il cotransporter behavior (Busch et
andV, 5 is the voltage at which the charge is distributed equally be-al., 1994, 1995), which we also confirmed for N&Pas
tween states 1 and 2, corresponding to the condkjgn= k;;. Fora  shown from the current-voltage relationship shown in
finite holding potential Vi, Fig. 1C. With 96 mv Na'/1 mm P, the steady-state cur-
Q = Quyp + QL + EXP(ZEV — Vo, JIKT)) 3 rentrelative to that at -90 mV was linearly related to the
holding potential V,, over the range —10 to —90 mV.
where:Q,, the charge at the hyperpolarizing limit which depends on We next examined the voltage dependence of sub-
Vi quations 2 and 3 were used for the nonlinear regression fitting tostrate/NaPi-5 interaction in the steady-state. The nor-
relaxation data. malized dose-response behavior is quantified in FiRy. 1
_ _ o for three holding potentiald4, = —-30, -50, —90 mV) i
Simulation of Three-State Kinetic Model = 5). For all threev,, the dose-response b normal-
Simulations were performed by solving differential equations describ—IZE(,j o t_he maximum Curre_ntpmwf at ,_90 my, s_hOWS
ing the kinetics using the standard matrix method for solution of & Sigmoidal form on a semilogarithmic scale with satu-
eigenvalues and eigenvectors. Routines were written in C and adapteé@tion for B > 0.3 mm. Fitting these data to Eq. 1 gave
from those given in Press et al. (1992). Km =0.03 mm, which was independent &, and further-
more the Hill coefficient was approximately unity for
eachV, (seelegend Fig. D).

T = (A, exp(-zedV/KT) + B, expegl - 3)V/KT)) (2)

Results Figure IE shows that with N&as the variable sub-
strate at a constant; Bf 1 mm, |, depended on Na
STEADY-STATE BEHAVIOR OF NaPi-5wiTH VARYING with an apparent affinity constank\® of 46 + 2 mw
SUBSTRATE CONCENTRATIONS AND HOLDING POTENTIALS (n = 5) at a holding potential of =50 mV. In contrast to
IS CONSISTENT WITH TYPE |l Na*/P, COTRANSPORT the voltage independent behavior whenas the vari-

able substrate, the apparent Ndose-response relation
Superfusion oXenopusoocytes expressing NaPi-5 with was voltage-dependent. Fitting these data to Eq. 1
P, (1 mv) induced an inward currenk of -276 + 26 nA  showed thak\? was shifted from 3 + 1 mm at =90 mV
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Fig. 1. Steady-state current characteristics of NaPi-5 expressing oocytes for varying substrate concentrations and holdingAjoReiasén-
tative set of recordings from the same oocyte expressing NaPi-5 in response to different Pi concentrations indicateeh fli@®@nd voltage
clamped to a holding potentia¥;, = =50 mV. R was applied at the time indicated by the arrows for 30 sec. After each application, the cell wa:
perfused again with the control solutiosegMaterials and Methods) until the baseline was stalg.Steady-state dose response fomP the
variable substrate &, = —50 mV with 96 v Na" (@) and 50 nm Na* (H). Data points were derived from sets of responses &s imormalized

to the maximunmi,, at 96 mu Na'/1 mm P, and pooled from 5 oocytes. Continuous lines are nonlinear regression fits of the modified Hill equatiol
to the normalized data. (Eq. 1, Materials and Methods). KRevalues (in nm) were: (96 nm) 0.043 + 0.004; (50 m) 0.080 + 0.025. The
differences folK"! are significantly different at th® < 0.05 level o = 5). The Hill coefficients were: (96 m) 1.0 + 0.03; (50 rw) 0.8 + 0.1 and

are not significantly different at the < 0.05 level 6 = 5). (C) Steady-state current voltage relationship for NaP5 at 96 v Na'/1 mm P,
showing the effect of holding potenti®, on B-induced current. Ordinate scalg () is the steady-state current relative to the respons, at

-90 mV. Continuous line is a best fit linear regressidm) Dose-response relation for & the variable substrate 4t = —90 mV (@), -50 mV

(A) and -30 mV (@#). Data points were derived from sets of responses &saind pooled from 5 oocytes. All data were normalized to the maximal
current at =90 mV and 96 mNa*/1 mm P,.. Continuous lines are nonlinear regression fit of the modified Hill equation to the normalized data (Eq
1, Materials and Methods). TH&,! values (in nm) were: (-90 mV) 0.035 + 0.001; (-50 mV) 0.031 + 0.001; (-30 mV) 0.032 + 0.001. The Hill
coefficients were: (-90 mV) 0.9 £ 0.1; (<50 mV) 1.1+ 0.1; and (-30 mV) 0.8 + 0.1. The differenc&$fand Hill coefficients at the each holding
potential are not significant at tHe< 0.05 level i = 5). (E) Dose-response relation for Nas the variable substrate\4{ = -90 mV (@), -50

mV (A) and -30 mV @) holding potential and P= 1 mm. All data were normalized to the maximal current at —90 mV at 96 Na". The
continuous lines are nonlinear regression fits of the modified Hill equation to normalized dat§NTkalues (in nv) were: (90 mV) 32 + 1;

(=50 mV) 46 + 2; (-30 mV) 77 + 2. The Hill coefficients for Nawvere: (=90 mV) 1.5 + 0.1; (-50 mV) 1.7 + 0.1 and (-30 mV) 1.5 £ 0.1. The
differences fork\? at the different holding potentials are significant at the 0.05 level i = 5).

to 77 +3 mv at-30 mV (Fig. E, n= 5). Moreover, the
Hill coefficient for the apparent Naaffinity was be-
tween 1 and 24eelegend, Fig. E) suggesting a coop-
erative reaction in which more than one Nian binds

per transport cycle.

NaP STEADY-STATE TRANSPORT IS #1 DEPENDENT

As phosphate transport in mammalian as well as in
flounder renal cells is influenced by pH (Amstutz et al.,
1985; Gupta et al., 1991) we next examined the effect of
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A 0

same oocyte shown in FigB2in addition to the smaller
P-induced currents, a shift in pH from 7.5 to 6.5 gives a

L, e clearly observable change in the Nainding. This be-
havior is quantified in Fig. €, where fitting the dose-
response to Eq. 1 indicated a significant shifkf from

0 46 + 1t0 89 + 3 mm (n = 5). For both pH conditions,

7.8

6.8 : the Hill coefficient for apparent Naaffinity was close to
pH 2 (see legendFig. 2C).

B

1 30 50 7
0 0 100 130 Na(mMm) VOLTAGE STEPS INDUCE PRESTEADY-STATE CHARGE

0
_{_‘\/l ‘ ‘ ‘ l MovEMENTS IN NaPi-5 ExPRESSINGOOCYTES

M The level of expression for NaPi-5 indicated by the mag-
‘_2_00 nA nitude of steady-state currents allowed us to investigate
i, in NaPi-5-expressing oocytes also displayed presteady-

state relaxations as reported for other electrogenit Na
L A A A | | coupled cotransporters (e.g., Hazama et al., 1997,
- V Wadiche et al., 1995). When voltage steps from holding
U \[ potential of -100 mV were applied to oocytes expressing
v V NaPi-5, a current relaxation was observed which was
superimposed on the normal capacitive charging tran-

C sient (Fig. 3\, left panel). This relaxation was absent if
1.0 the cell was superfused with saturating(P mwv) (Fig.
1/l mee 08l 3A, center panel) and was suppressed in the absence o
external Na (Fig. 3A, right panel). This latter finding
06 indicates that the;uppressed relaxations were induced
0.4 by the presence of Nan the external medium. Further-
02l o more, relaxations were not observed in non-injected oo-

cytes from the same batch under the same superfusior
0 — conditions (Fig. B).

Na (mM) To characterize these relaxations further, we fitted
them to multiple exponentials after each voltage step.
Fig. 2. Dependency of NaPi-5 expressing oocytes on superfusate pH-Or Doth the ON transition (step from holding potential)
(A) The P-induced steady-state current decreases with pH. Pooled reand OFF transition (step back to holding potential), good
sults from 5 oocytes showing the effect lprof decreasing pH from 7.8 fits were obtained with two exponentials (FigC)3 The
t0 6.3 (96 nm Na*/1 mm P,). All data were normalized to the maximum Vo|tage dependence of the fitted time constants is shown
current at pH 7.8. All differences are significantRik 0.05 g = 5). in Fig. 3D, which confirms that the two components

(B) Recordings from the same oocyte showing the effect of pH on the
Na'-dependence df, at 1 m P, andVy = 50 mV. Arows indicate were separated by at least a factor of 5 except at extreme

the beginning of 30 sec. superfusion witha® different Nd concen- hyperpolanzmg poter_ltlals. The fast component, (
trations indicated for pH 7.5 (upper traces) and pH 6.5 (lower traces)typically 400p.sec), which showed no detectable voltage
(C) Dose-response relation for Nat pH 7.5 @) and pH 6.5 @). Al dependence, was the same for both ON and OFF transi-
data were normalized to the maximum current at 130Ma” atpH 7.5 tions and arises from the endogenous capacitive charging
(Ipma)' The cqrves were obtained by flttlng the data to Eq 1. In this tranS|ent of the Oocyte The Slower Componea): has a
case, the maximum extrapolated current was 1.1 anb(,";ﬁeyalue_s (in _ “bell”-shaped voltage dependence for the ON transition
mw) were: (pH 7.5) 46 £ 1; (pH 6.5) 89 x 3. The corresponding Hil but no significant voltage dependence for the OFF tran-
coefficients were: (pH 7.5) 1.7 and (pH 6.5) 18 € 5). .

sition. Furthermore, the meap_og-at —100 mV for the

eleven OFF transitions from —-140 to +80 mV (2.60 *
pH onl, under conditions of constant, saturating®1  0.10 msec) lies betweern, oy at -80 mV andr, oy at
mm). As shown in Fig. A, raising pH from 6.3 to 7.8 —-120 mV. The apparent intersection of the two sets of
resulted in a significant increaselgfoy about 50%1f = data suggests that the same kinetic component has bee
5). For the mammalian type Il N&, cotransporter from detected from the fits to the ON and OFF relaxations.
rat it has been shown that the pH-dependency,dé  Such behavior would also be consistent with that of a
consistent with protons interacting with Nans at the transmembrane charge movement, the kinetics of which
Na" binding site on the NaP, cotransporter (Amstutz et depend on the transition target potential.
al., 1985, Busch et al., 1994) to result in a decreased As shown in Fig. &, the ON charge transfef.,)
transport of R For the typical set of recordings from the and OFF charge transfeQgp) are very similar over the
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+80 mV

A NaPis5 C

+80 mV

96 mM Na 96 mM Na 0 mM Na =100 mV

OmMP, 1mMP, omMP,

1

E Q(nC) 4
B Non-injected .

96 mM Na 96 mM Na 0 mM Na a
0mMP, 1mMP, 0mM P, 25

+100
4L V(mv)

|1_uA

10 ms

Fig. 3. Presteady-state relaxations induced by voltage steps applied to an oocyte expressing NaPiestéady-state relaxations recorded from
the same oocyte for the superfusion conditions indicated in response to voltage steps from a holding potential of ~100 mV to —140, =120, -80,
0, 40, 80 mV for 40 msecsgeinset). Each current trace is the average of 8 sweeps, sampling/point, 5 kHz filtering. Complete transient currents
have been cutoff to aid visualization. The dashed line indicates the steady-state response at —100 m\ifdia9%® mwm P;. The downward shift

of the baseline at -100 mV in the presence p{denter panel) compared to the records in the absence (#fPpanel) is due to th&;-induced
steady-state currenit, = ~210 nA. The baseline shift for 0mNa’/0 mm P, (right panel) results from a change in the oocyte leakage current in
the absence of NaSuperfusion with 0 m Na*/1 mm P, did not induce a measurable difference in the records compared with those witljdateP

not shown. (B) The response of a non-injected oocyte from the same batchAasoithe same voltage step and superfusion conditions shows no
P-induced current (center panel) and no relaxations in addition to the intrinsic membrane charging component (left and center panels). The ou
current seen for steps to +80 mV can be attributed to the activation of endogenalm@hels. ) Expanded view of the step transition from —100

to +80 mV in the presence of 96nmNa’/0 mv P, from the data inA. Dashed lines show the two exponential components found by applying a
bi-exponential fit to the datar{ = 360 ps; 7, = 3.7 msec). The original bi-exponential fit is indistinguishable from the raw d&@j. (
Voltage-dependence of fitted time constants for bi-exponential fit to presteady-state relaxations for same Aedlitts36 nv Na*/0 mm P,. Open
symbols are for the ON transitions (step from =100 mV holding potential), filled symbols are for the OFF transitions (return step to =100 mV). F
component,): @,0; slow component): B,C]. For T, the ON and OFFs are indistinguishable. Continuous line is a linear regression applied
to T,oe fOr steps from -140 to +80 mV, giving a slope not significantly different from zepMpltage-dependence of equivalent charge transfer
for slower component iD. Open symbols are for the ON transition (step from —100 mV holding potential) and filled symbols are for the OFF (retu
step to —100 mV). Charge was found by backward extrapolation of the fitted component to 1 msec after the step transition.

voltage range used and the direction of charge movemerxtremes of potential. Taken together with th¥ data,
reverses at the holding potential. This finding indicatestheseQ-V data are also consistent with the slower relax-
the charge movements are capacitive in nature. Furtheation component being a nonlinear transmembrane
more, theQ-V data show a tendency to saturate at bothcharge movement.
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A NaPi-5 +80mY C

-140 mV

Q0/Qon(0)
2.0

B Non-injected i
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0 I | | I
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Fig. 4. Characterization of Psuppressed presteady-state relaxation kinetis SQppression of presteady-state relaxations byM Pnin the
presence of 96 mNa", for the same cells as in Fig.8andB and the same voltage steps. Each record is the difference between the record withol
P, and with a saturating (1 m) P, and is a measure of the charge suppressed.tyhe steady-state offsets have been subtracted and records blanket
for the first 1.5 msec after the voltage transition because during this interval the time course of apparent charge movement is influenced b
voltage clamp and oocyte membrane chargif).Response from non-injected oocyte to same protocol &s (€) Time constant for relaxation
after ON ftransition, 4,,) found from single exponential fit to records A plotted as a function of voltage, (mearsem (n = 9)). Continuous

line is nonlinear regression fit to Eq. 8eMaterials and Methods). For the fit showly, = 60 + 10 set’, B, = 140 + 10 sec’, 5 = 0.67 + 0.04;

z = 0.55 + 0.02. D) NormalizedQq,-V relation obtained by integrating the-8uppressed relaxations asAnpooled and normalized to the value

of Qon at 0 mV, for the same 9 cells as @ Continuous line is a nonlinear regression fit to Eqs8gMaterials and Methods). For fit shown:
Vos = ¥8+1mV andz = 0.71 £ 0.02. E) Correlation between the magnitude of therRluced steady-state current at ~140 niy(<{140)) and

total charge movemen®,,.,) predicted from Boltzmann fit .-V data for 10 oocytes from different batches. Straight line is a linear regression
fit, forced through the origin giving a slope of 50 s&c

CHARACTERISTICS OF THEP,-SUPPRESSERELAXATIONS curve fitting procedure. Furthermore, it suppresses con-
tamination from endogenous Tturrents which some-
To characterize further thg-Buppressed relaxations we times appeared at high depolarizing potentials, depend-
subtracted the records with 1mTP, from those with 0 ing on the oocyte batch. Figuré4hows a typical fam-
mm P, both in the presence of 96urNa". In additionto  ily of P;-suppressed relaxations for the ON and OFF
the steady-state;fhduced current, this procedure gives transitions with the steady-state currents subtracted. No
the R-suppressed relaxations directly and eliminates angignificant relaxations were observed for the non-
oocyte endogenous component of the capacitive transielmjected oocyte under the same conditions (Fig).4
which might otherwise influence the accuracy of the We found that fitting the relaxation component to a
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single exponential could describe the relaxation timetest potential, with the Psuppressed relaxations super-
course satisfactorily and by integrating the differenceimposed at the ON and OFF transitions. The initial am-
records, we obtained an estimate of the apparent chargditude of these relaxations increases withbBt quali-
movement suppressed by saturatingHgure 42 shows  tatively there appears to be little change in the time
that the pooled, fitted time constam (= 9) for the  course of the relaxation. The equivalent ON-charge of
ON-relaxation foy) has a similar bell-shaped voltage the relaxation alone, after subtracting the steady-state
dependence as was obtained by fitting the total, unsubcomponents and plotted as a function gf(Fig. 5B) on
tracted relaxation (Fig.[3). Furthermore, th&-V data  a semilogarithmic scale shows a sigmoidal relation, simi-
for the same cells, normalized @,y at 0 mV to take lar to that obtained for the steady-state current (F&). 1
account of different levels of expression, show saturatiorif these data are fit to the modified Hill equatioseg
(Fig. 4D) at both extremes of potential. Thg,-V and  Materials and Methods), the midpointéncentration is
Qon-V data of Fig. € andD respectively could be well only weakly dependent on potential (varying from 0.03
fit to the corresponding equations for a simple two statemm at 0 mV to 0.05 nw at —-80 mV) and is close t&!
model, based on Eyring-Boltzmann transition rate theorydetermined from the steady-state analysis (0.03).m
(Egs. 2 and 3, Materials and Methods). For @g-V  As shown in Fig. &, over the voltage range —140 to +40
data, the Boltzmann fit gave a midpoint voltage +8  mV, the single exponential component found from fitting
mV and an apparent valencg, = 0.7. The fit to the the relaxationsoy, is independent of P Moreover,
Ton-V data gavez = 0.6 and an asymmetrical barrier Boltzmann fits to th&,,-V data shown in Fig. B, gave
located a fractional electrical distan8e= 0.6 from the  a similarzandV, s which shifts only 20 mV for a 10-fold
external medium. We noted that forcing the fit to have achange in P(seelegend, Fig. ®). These findings sug-
symmetrical barriery = 0.5) gave a significantly poorer gest that the voltage dependence of thesuppressed
fit to the data. relaxations is little influenced by the Binding reaction.
Finally, as shown in Fig. B, if the maximum  Together with the steady-state behavior of NaPi-5, they
steady-state current at ¥ —140 mV (,(-140)) for 96  provide further support for a voltage independent P
mmM Na'/1 mm P, derived from the plateau of the pre- NaPi-5 interaction.
steady state records, is plotted agait,, predicted
from the Boltzmann fit for different oocytes from differ-
ent batches, a linear correlation is found with a slope o
50 sec’. This finding strongly suggests that the- P
suppressed charge movement is related to functionalo investigate the effect of Naon NaPi-5 relaxation
NaPi-5 cotransporters. kinetics, we repeated the voltage step protocols with dif-
ferent N& concentrations and O mP,. The range of
Na" we used was limited to concentrations <10& m
because we were unable to obtain stable recordings for
oocytes exposed to a hyperosmolar superfusate for long

] ) periods. Nevertheless, based on our finding that the
Since both substrates transported by NaPi-5 bear elec”‘s‘teady-state voltage dependence feinBuced transport

cal charges, these relaxations could arise from the bindg Na'-dependent (Fig. @), superfusing at concentra-
ing/release of one or other of the _substrgtes with;MaP  tions <100 nw Na* was expected to result in a significant
and/or charge movements associated with the unloadeghange in the relaxation kinetics in the presteady-state.
or partially loaded carrier. To identify the source of Typical recordings are shown in FighAGwhere the ON

these relaxations more precisely, we performed experizng OFF relaxations are shown for voltage steps from a
ments under conditions of varying substrate concentrah0|ding potential of —100 mV to five test potentials.

1(ii) Varying Na

PRESTEADY-STATE BEHAVIOR WITH VARYING
SuBSTRATE CONCENTRATIONS

tions. These data indicate that for hyperpolarizing steps, the
amount of charge transferred appears to be larger for 25
Varying P mm Na" than 96 nm Na*. Furthermore, for depolarizing

steps, the relaxation kinetics appear faster at 25Na".
Figure BA, shows typical recordings for voltage steps These observations were quantified by exponential curve
from —100 mV to the voltage indicated for fouf €n-  fitting to give the -V and Q-V relations for the ON
centrations, which were chosen to cover the sloping retransitions, shown in Fig. B and C, respectively. Re-
gion of the steady-state dose-response charactesstic ( ducing Nd resulted in significant changes in the relax-
Fig. 1B). In each case Nawas fixed at 96 m. To  ation voltage dependence: the peak of th¥ data
characterize the effect of changing ®Re subtracted the shifted to more hyperpolarizing potentials, the maximum
record for 0 nm P, from the corresponding record at the 7y, decreased and theoy,V data became skewed
test R, at each potential. The difference record showssuch that relaxation rates at potentials to the right of the
the R-induced steady-state current at —100 mV and thegpeak were faster, whereas those to the left of the peak
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Fig. 5. Characteristics of presteady-state kinetics with varyingpRcentration.4) Typical recordings of currents from the same oocyte for voltage
jumps to the indicated potential for 60 msec from a holding potential of —100 mV for four concentrationsndfidated. Each record is the
difference between the record in the presence; @@ the corresponding record with Gun®,. The dashed line indicates the zero current level in
each case B) Dose response of the-Buppressed charge obtained by integrating the relaxations alone plotted as a functitor tid>same cell

and same test potentia®(= O mV; B = —-40 mV; A = —80 mV). Continuous lines are nonlinear regression fits to data points using Eg. 1 giving,
forV=0mV,n= 168K} =0.03m;V=-40mV,n = 1.17,K} = 0.04 v and V = -80 mV, n= 1.6,K}! = 0.05 mv. (C) ton-V

data obtained from single exponential fits tesBppressed relaxations, pooled from 4 representative oocytes fiomfp. £ = 0.01;A = 0.03;

O = 0.06;0 = 0.1. D) Qon-V for a single oocyte for the same & above. Continuous lines are nonlinear regression fits of Eq. 3 to the data
giving: ((0: 0.01 M P) z = 0.8,Vy5 = +14 mV; Q10 = 3.4 nC; (A: 0.03mv P) z = 0.8,Vy5 = -5 mV, Qo = 10.5nC; (©: 0.06 mm P),
z=07,Vo5=-7TmV,Quax = 18nC; ©: 0.1 mu P) z = 0.7,Vy5 = -5mV, Q,,..x = 22 nC.

were slower. Changes in tt@@,\-V relations were also data and the closeness of the time constant to the intrinsic

observed (Fig. 6): fitting to the Boltzmann equation oocyte capacitive transient.

(Eg. 3, Materials and Methods) showed a significant ~ The pooled fitting results are summarized in the

negative shift in the midpoint potential as Naas re- Table. At each N&concentration, the fits to th®-V and

duced and th&,\-V curves appeared to flatten. This 7-V data predict approximately the same apparent va-

effect is more clearly apparent from the normalizedlency, which decreases with decreasing” ftam 0.6 at

Qon-V data 6eeinset and legend, Fig.@. 96 mv to 0.3 at 25 mu. In contrast the maximum charge
For 0 and 10 ma Na" we were also able to detect a transfer, normalized to that at 96vNa’*, decreased by

relaxation superimposed on the capacitive charging comapproximately 20% for a fourfold decrease in"Na

ponent for large (>40 mV) jumps. However, over the ... .

voltage range possible with the two electrode voltage('”) Varying pH

clamp, no charge saturation occurred, as shown in Figin a final set of experiments, we investigated the effect of

6C, and meaningful fitting to the Boltzmann equation pH on NaR-5 relaxations. This was prompted by the

was not possible for 10 mNa*. Furthermore, for small previously reported findings that protons can act as a

voltage steps it was difficult to obtain reproducible sepa-substrate for a number of cotransporters and contribute to

ration by curve fitting due to the intrinsic noise on the the presteady-state relaxations (e.g., Boorer et al., 1994
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Fig. 6. Presteady-state kinetics with varying Neoncentration.4) Typical presteady-state relaxations recorded from the same oocyte for=Na

96 mm and 25 nu with voltage steps from =100 mV to —-140, -120, -80, 0, +60 mV. For these records the first 1.5 msec during the capaciti
charging of the oocyte have been suppresdgr .-V relation derived from single exponential fits to presteady-state relaxations from the cell in
Afor 96 mv Na" (M) and 50 nw Na* (A) and 25 nm Na* (#). Continuous lines are fits to Eq. 2 giving: (96mNa"); A, = 80 sec?, B, = 150

sect, z = 0.6,5 = 0.7; (50 mu Na*); A, = 70 sec?, B, = 200 sec*, z = 0.5,8 = 0.7, (25 mu Na*); A, = 90 sec?, B, = 220 sec?, z =

0.4,5 = 0.6. C) Qon-V relation for relaxations at four concentrations of N mm): 96 (Ml); 50 (A) and 25 @) and 10 @)). The continuous
lines are fits to Eq. 2, giving: (96 mNa’) z = 0.6,V = -4 mV, Q.. = 6.68 nC; (50 mu Na") z = 0.5,V 5 = =26 mV, Q.. = 5.68 nC;

(25 mv Na") z = 0.4,V,y 5 = =46 mV, Q..x = 5.12 nC. For 10 m Na", the lack of saturation prevented obtaining a reliable fit to Eq. 3. Inset
shows same data offest [, obtained from each fit and normalized @,,,, for 96 mv Na". Boltzmann fits and data points have been
superimposed at the depolarizing limit to show the shift/jn..

1996) and our finding of pH dependence of steady-statéegend, Fig. 7), predicted from the single Boltzmann fit,
P-induced currents for NaPi-5 (Fig. 2). is concomitantly reduced with increased externdl H
Figure A shows typical presteady state recordingsRelative to the steady state response at pH [f.4vas
for voltage steps from —100 to —140, —60, 0 and +60 mVreduced to 63 + 6%n = 6) at pH 6.8 and to 28 + 3%
for superfusion with 96 m Na" at pH 7.4 and pH 6.2. (n = 6) at pH 6.2 under the same recording conditions.
These records show that relaxations are suppressed Byhen N& was removed from the external medium, no
the increase in Hconcentration (from 0.04m to 0.63  P-induced steady-state current could be detected at 1 m
M), Quantification of these relaxations by bi-expo- P, for a change in pH from 7.4 to 6.21&ta not showhn
nential curve fitting gave the,-V data for the slower Furthermore, as shown in FigD7 there was no detect-
relaxation component and correspondiQy,-V data able change in the relaxation time course for a pH change
shown Figure B and C respectively. For pH ranging from 7.4 to 6.2. These findings indicate that for NaPi-5,
from 7.4 to 6.2, therg,-V data agree well, particularly protons neither substitute for Nas a substrate nor con-
for V > 0 mV, where reliable separation of the two ex- tribute directly to the voltage dependence of the pre-
ponential components was possible for this particularsteady-state relaxations under normal physiological con-
cell. The correspondin@q,-V data show tha®, . (see  ditions.
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Table. Fit of two state Eyring-Boltzmann model equations to poof@d V and -V data with varying
Na" concentration

Na* Fit to Qon-V data* Fit toTonV data*
(mm)

Qmax/Qos Vo5 (MV) 4 A, (sec™) B, (sec?) z 5
96 1.0 -2+3 0.6+£0.1 70 £ 20 150 + 30 0.6+£0.1 0.7+0.1
50 0.8+£0.1 -24+4 05+0.1 60 £ 20 200 £ 20 05+0.1 0.7+0.1
25 0.8+0.1 -60+9 0.3+0.1 93+20 200+ 20 04+0.1 0.6+0.1

*mean £sem (n = 4)

A C

Qo ~
pH 7.4 pH 6.2 ") 2.0

-100 0 +100

— | —
F r
B I 500 nA

10 ms

l | | | |

-100 0 +100
V (mV)

Fig. 7. The effect of changing external pH on NaPi-5 relaxatiod$. Rresteady-state relaxations recorded in response to voltage jumps from &
holding potential= =100 mV to -140, -60, 0, +60 mV, superfusing with 96" Kamm P, at the two pHs indicated. Records were made from the
same oocyte with 8 averages, filtered at 5 kHB). The T~V data for the slower time constant derived from exponential curve fitting relaxations
from a representative oocyte for superfusion in 96 Na*/0 mm P, with pH 7.4 (J), pH 6.8 () and pH 6.2 ¢ ). Points at pH 7.4 have been joined

by lines for visualization(C) The correspondin@q,-V data for pH 7.4[0), pH 6.8 () and pH 6.2 © ). Continuous lines are fits to Eq. 3 giving

the following parameters: pH 7.4, 5 = =19 mV,z = 0.6,Q,.x = 2.1 nC; pH 6.8Vy5 = -18 mV,z = 0.7,Qax = 1.5nC; pH 6.2V, 5 =
-3mV;z = 0.7;Q.x = 1.3 nC. D) Presteady-state relaxations recorded in response to voltage jumps from a holding pstentida0 mV to
-140, -60, 0, + 60 mV for superfusion with 0 N& mm P, at the two pHs indicated. Same cell and same recording conditioAs in

Discussion NaPi-7 (mouse), the flounder N, cotransporter NaPi-
5, displays qualitatively similar steady-state characteris-
STEADY-STATE PROPERTIES OFNaPi-5 tiCS (BUSCh et al., 1994, 1995, Hartmann et al., 1996)

In particular, NaPi-5 shows high-affinity Nalependent
As reported in earlier studies of mammalian type Il renalP-induced currents with K[} which agrees in magnitude
Na'/P; cotransporters such as NaPi-2 (rat), NaPi-3 andvith earlier uptake studies of NaPi-5 expresseXémo-
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pus oocytes (Werner et al., 1996). Furthermore, ourent affinity constants do not necessarily reflect the volt-
finding thatl,, is an inwardly directed current and strictly age dependence of binding for that substrate alone.
Na“-dependent indicates that it is mediated by a net in-  Steady-state transport rate was also pH-dependent
ward positive charge transfer as shown for its mammain agreement with previous findings from tiptake stud-

lian analogs, with a stoichiometry for Nand R (e.g., ies (Werner et al., 1994) and this behavior was consistent
3:1), whereby the negative charge of the phosphate aniowith the notion that protons compete for occupancy of
is overcompensated by cotransported ms. the N& binding site (Amstutz et al., 1985). The effect of

External Nd changed the apparent affinity for P PH onl, was qualitatively consistent in both the steady-
which supports a model of ordered interaction betweerftate and presteady-state measurements, however th
substrates and cotransporter as opposed to random bint@ster superfusion and solution exchange possible with
ing models (e.g., Stein, 1990). Concomitant with the in-the presteady-state recording setup may account for the
crease in apparemt? with reduced N& the maximum  greater sensitivity to pH observed. Changes in pH influ-
P-induced current at saturating @), was also sup- enced th_e steady-state kinetics of NaPi-5 less than its
pressed. This behavior would be expected for orderedtammalian analogs (Busch et al., 1994, 1995; Hartmann
binding models in which Nais the second substrate to ©tal-, 1995). Forexample, gecreasmg the pH from 7.5 to
bind (Stein, 1990). The lack of clear saturation for the®-5 increased the apparéfi* about threefold for the rat
Na" dose-response prevented us drawing further concluNaPi-2 (Busch et al., 1994), whereas the appakayt
sions about the binding order of external substrates base"%r NaPi-5 increased only about twofold for the same
on the steady state measurements alone. The Hill coefNaNge In pl_-|. _Slgnlflcantly, th_e Hill co_effu:lent for ap-
ficient for apparent Nabinding never exceeded 2 in the pgrent N& blndmg was essenﬂally PH independent in-
present study, in further contrast to mammaliar/Ra dlcatm.g.that H ions aﬁect the affinity but not the co-
cotransporters, where a typical Hill coefficient of 3 was operativity of this reaction.
obtained for apparent Nabinding (Busch et al., 1994;

Hartmann et al., 1995). Assuming a stoichiometry of atpresteADY-STATE RELAXATIONS AND NaPi-5 TURNOVER
least 3:1 for NaPi-5, reduced cooperativity might result

from independent Nabinding to more than one binding ¢ characterization of cotransporter function in terms of

site. Moreover, the presence of an uncoupled Mak  cparge movements associated with presteady-state kinet
as described for the Naglucose transporter (Umbach et jcs s now an established technique and has been appliec

al., 1990) may also influence the apparent cooperativityy 53 number of N&dependent transporters (e.g., "Na

of Na" binding. The lack of a suitable high affinity c|-/GABA transporter, GAT-1 (Mager et al., 1993); iso-
blocker for N&/P, cotransporters, such as phlorizin in the tgyms of Nd/glucose transporters, SGLT-1 (Chen et al.,
case of SGLT-1, precludes the straightforward electro996: Hazama et al., 1997; Loo et al., 1993: and Panay-
physiological measurement of uncoupled leak. At presptova-Heiermann et al., 1995), Neyoinositol trans-

ent we are unable to reach more definitive conclusions aporter, SMIT (Hager et al., 1995) and Mglutamate

to the stoichiometry of Nabinding to NaPi-5. More transporter, EAAT-2 (Wadiche et al., 1995)). Analysis
insight would be expected from studies involving labeledof charge movements indicated by presteady-state relax-
substrate uptake and electrophysiological measureations provides further insights into the individual steps
ments performed on the same cell (e.g., Klamo et al.of the transport cycle which are not available from the
1996). steady-state analysis alone.

Membrane potential affected the apparent affinity For NaPi-5, we have demonstrated that relaxations
for Na" at saturating f but significantly did not affect can be measured which are directly related to the expres-
the apparenK} at 96 mu Na’. Similar behavior has sion of functional NaPi-5. These relaxations have the
also been reported in studies on the human type TYfljla  properties of intra-membrane charge movements associ-
cotransporter isoform (NaPi-3) (Busch et al., 1995). Asated with voltage-dependent transitions as indicated by:
we observe a voltage dependency for the appa€fit (i) charge balance on ON and OFF transitions; (i) re-
we would also expect this to be reflected in the apparentversal at the holding potential; (iii) saturation of the
K since bothK? and lomax are affected by Na Our  equivalent charge-voltageQ¢V) relation and (iv) a re-
inability to detect such a voltage dependence in the aplaxation time constant which is dependent on the target
parent binding of Pmay result from a masking of the potential. That NaPi-5 itself is the source of these relax-
true R binding voltage dependence by that of Nehich  ations is suggested indirectly by the absence of relax-
occurs under nonsaturating Neonditions present here. ations in non-injected oocytes, and more directly by the
It should be noted in this context that the apparent affindinear correlation between maximum steady-state current
ity constant for each substrate is a complex function ofat a strongly hyperpolarizing potential ,(~140) and
the true affinity constant for that substrate and rate conQ,,,, predicted from the Boltzmann fit to th@-V data
stants of other partial reactions in the transport cyclefor different oocytes (Fig. B).

(e.g., Restrepo & Kimmich, 1985). Therefore the appar-  The slope of thé,,,,/Qnax relation can be used to
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estimate the equivalent turnover rate for NaPi-5. HereV, . = kT/zeln[3A/(1 - 8)B,)] (6)

we assume that the charge translocation is a single step

having an apparent valeneeand that the same number Thus, for a decrease in external N&q. 6 predicts a left
of transporters contribute to the maximum steady-statghift of the position of the/,,,, as we observe (Fig.B,
current in the presence of saturating & contribute to  and an increase in the maximum time constag, (Eq.

the maximum charge moveme®4,,) in the absence of  5) which is the opposite of what we observe. This sug-

P,. The transporter turnoved, is then given by: gests that the observed presteady-state relaxations cannc
be explained simply in terms of a single ion well model
¢ = lpmax" Z/Qnax (4)  involving one binding step for Na More complex mod-

els could be proposed: for example, the*Nzinding
Takingz = 0.71 (Fig. ) and |l y,/Qmax = 50 seC®  might involve several kinetic steps which cannot be de-
(Fig. 4E). Equation 4 givesh = 35 seC' at -140 mV  tected, or N& might bind at several sites as suggested
and 96 nm Na*. This compares well with estimates®f above. Nevertheless, in the context of developing a ki-
for other N&-coupled transporters expressedienopus netic model for N&P; cotransport, the observed Na
oocytes at the same Naoncentration: (e.g., rat SGLT-1 dependence of the presteady-state relaxations and thei
(30 sec?), Panayotova-Heiermann et al. (1995); humanpresence with 0 m P, strongly suggests that in any
EEAT-2 (29 sec'), Wadiche et al., 1995 and canine ordered binding scheme, the first external binding step
SMIT (5-25 sec?), Hager et al., 1995)). It should be should involve NA.
noted this represents a lower limit for estimatihdoe- Our finding that increasing the pH decreases the
cause of the assumption that the apparent valence for themount of charge in full Naprovides further support for
single step reaction iz and does not take account of the hypothesis that protons compete for occupancy of the
multiple subunits, each having a valenzy(seeZam-  Na" binding site(s) (Busch et al., 1994; Murer & Biber,
phigi et al., 1995). Furthermore, this estimate is made al996). Furthermore, in agreement with earlier uptake
a nonsaturating Naconcentration. studies (Amstutz et al., 1985), ng-iRduced steady-state
transport was measured in the absence of external Na
with a >10-fold change in H(pH 7.4 to 6.2). Interest-
ingly, at the time resolution available with the two elec-
) ) ] trode voltage clamp, under the same superfusion condi-
At the temporal resolution possible with the two elec-tjong we also observed no change in the relaxation time
trode voltage clamp, we have shown that the N&P oy rse over a wide range of test potentials from pH 7.4
voltage—dep_endent presteady-state kinetics are mdepe&; 6.2. This suggests that protons might not enter the
dent of R (Fig. 5C andD), whereas the relaxation kinet- y-ansmembrane electric field, but simply prevent access
ics with varying external Naare strongly voltage-de- i the N4 binding site through an allosteric mechanism
pendent. This Narelated voltage dependence is mostq; girectly at the point of entry of Nainto the trans-
clearly seen from the negative shift s for the Q-V. memprane field. This latter action of protons would add
relation (Fig. &€). At first sight this behavior appears fther support to the hypothesis that ‘Nainding in-
qualitatively consistent with that predicted for a single ,o|yes multiple sites, not all of which lie within the trans-
step reaction for Nabinding. In such an ion-well ,ambrane field.

model, the Na binding site lies within the transmem- Finally, the unloaded carrier itself could be a likely
brane field and is accessible from both sides of the memgqntributor to the total charge movement, since we ob-
brane but not both simultaneously (e.g., Kimmich, 1990).eryed charge movements in the absence of exterrial Na
The simplest form of this model predicts that the forward ¢ should be noted however that with the intact oocyte
rate constant is proportional to the Naoncentration prenaration, we cannot exclude the possibility that with 0
raised to the powaen, wheren is the number of Naions 1y external N4, binding of internal N& could also
which simultaneously bind at the site, Wlt.h an apparenioontripute to the measured charge movements. This
valencyz. From the Table the results of fitting theV¢oy14 only be tested using the cut-open oocyte technigue
data to a single transition Boltzmann function (Eq. 2,\yhich, in addition to faster voltage clamping, would al-

Materials and Methods) show that this is clearly not the|qy internal perfusion (e.g., Chen et al., 1996; Tagliala-
case, since the zero voltage forward rate constagt ( tg|3 et al. 1992).

varies only weakly for a 4-fold change in Naoncen-

tration, whereag decreases significantly. Moreover, by

differentiating Eq. 2 it can be shown that the maximumA SiMpLE KINETIC SCHEME ACCOUNTS QUALITATIVELY

of the t-V curve, T, iS given by: FOR THE VOLTAGE DEPENDENCE OFNaPi-5 FRESTEADY
STATE RELAXATIONS

ORIGINS OF THERELAXATIONS

Tmax = [(1 = /A ~° [3/B,]° ®)
The above findings have allowed us to identify certain
and the maximum occurs at a potentgl,. partial reactions in the overall N, cotransport cycle
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which form part of a multi-state ordered kinetic schemetransition (10 2) (0.2). The magnitude of this latter pa-
as depicted in Fig.&. This model is similar to the 6-state rameter suggests that in tleés orientation, the binding
scheme proposed for the cloned sodium-glucose cotransite is located close to the external membrane surface.
porter (SGLT-1) (Loo et al., 1993, Hazama et al., 1997;Finally, some asymmetry for the energy barrier positions
Parent et al., 1992), derived from electrophysiologicalfor each transition was assigned to achieve agreement
measurements, but incorporates twd lWanding steps as  with the measured-V data.
for the ordered terter model developed by Restropo &  As shown in Fig. 8, this model predicts presteady-
Kimmich (1985) to describe the sodium-glucose systenstate relaxations having the same form as those measure
in chick epithelia. In these models the substrate bindingcompare with Fig. 8) for nominally 96 nu and 25 nm
site(s) can be orientated either towatdmsor cissides  Na'. As expected for a three state model, two non-zero
of the membrane through reorientation of the carrier.eigenvalues or exponential components are present, bott
From our findings for substrate NaPi-5 interaction, weof which are functions of all 4 rate constants. In our
assume that on thas side, the first substrate to bind to case, the faster relaxation was not measurable with the
the unloaded carrier is one Néon (10 2) (see beloyw  whole oocyte configuration because it is mixed with the
which then facilitates the ;Pbinding reaction (213).  endogenous oocyte capacitive transient and is low-pass
The final N& binding reaction (8 4), involving two filtered by the intrinsic impedance of the oocyte mem-
Na" ions, takes account of the dependence gf,,on  brane. Moreover, as shown in FigC8its 7-V curve is
Na" (Fig. 1B) to give an overall net positive charge relatively flat over the experimental voltage range. The
movement, assuming; Bs transported in its divalent voltage dependence of the reciprocal rate constants at 9¢
form. The only voltage-dependent transitions arise frommm and 25 nv Na" is also shown. With respect to the
the translocation of the unloaded carrier, assumed to bslower time constant, the model predicts the observed
negatively charged, and the first Nbinding (611;  shiftin V,,,, as well as the decreaseip,,, when exter-
10 2). For simplicity, the second Nainding transition nal Na is reduced. This is seen from the Na
(30 4) is also assumed voltage independent. This is independence of one rate constant, or high Na" con-
directly supported by our finding that the presteady statecentrations, the Nabinding transition 1 2 is very rapid
kinetics appear to be unaffected by changes;inti® and the detected exponential will be principally deter-
presence of which would allow transition]3} to occur.  mined by the rate of constants from the unloaded carrier
However, additional experiments would be required totransition &1 1. As N& is reducedk,, decreases which
test this assumption more fully, since rapid voltage-causes skewing of the-V relation and a reduction in
dependent transitions could be masked by the limited,,,,. The fast exponential component becomes slower,
signal resolution available with the whole oocyte clamp.but still detection of two components in the presteady-
On thetrans side, we have arbitrarily lumped the sub- state relaxation would be difficult because the separation
strate release transitions togethell %) because the in- in 1s is too small.
tact oocyte preparation does not allow ready modifica-  For the correspondin®-V curves, shown in Fig.
tion of internal substrate concentrations to characteriz8D, the model predicts the negative shiftig ; observed
these transitions. Finally, we assume that there is ngseeFig. 6C) and a constancy for the apparent valency
uncoupled transport (i.e., Ndeak), as considered by andQ,,.. At96 mm Na’the two transitions have similar
Wright and colleagues (e.g., Umbach et al., 1990). midpoint voltages and the slope of the total charge curve
To explore the behavior of this model in terms of its at the midpoint voltage predicts an apparent valency of
ability to account for the presteady state behavior, value§.6 which agrees with measurement. As"Nacreases,
for the four voltage dependent rate constanisks,,  the distribution of charge due to Naependent transi-
ke, Kie apparent valencies and asymmetry factors wergion 10 2 shifts to the left. This causes a skewing of the
assigned such that reasonable agreement with the meaverall Q-V curve which explains the reductionszmand
suredr-V andQ-V data (Fig. 8 andC) was obtained for Q,,.« in the Table, which were obtained by assuming a
two nominal concentrations of Na96 mm, 25 mm). single Boltzmann distribution. Note that the charge dis-
To account for the change iV relation with N& con-  tributions for both transitions are affected by a change in
centration and shift inv, 5 of the Q-V relation, it was Na" since both are functions of the occupancy of state 2.
sufficient to assume that only one Nian contributes to  In practice it would be necessary to fit tigV data to a
the presteady-state relaxations. As noted by Chen et atlouble Boltzmann distribution to resolve the two appar-
(1996) for SGLT-1, it is difficult to distinguish between ent valencies, however the lack of saturation at low Na
models with one or two Naions contributing to the over the workable voltage range and measurement at 2C
voltage dependence on the basis of the relaxation kinetmV intervals limits the accuracy of the fit (Hazama et al.,
ics alone. Furthermore, good agreement with data wa3997).
obtained for the apparent valency of the unloaded carrier ~ As we have not performed a model optimization, the
(0.5) greater than that associated with the" Manding  set of kinetic parameters chosen is not necessarily
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C Fig. 8. Modeling the voltage dependent partial reactions of NaP%5 (
10 / 1o/ State diagram of 6 state kinetic model for NaPi-5. Voltage-dependent
T on (MS) o Tou(ms) | K transitions identified by experiments are shown shaded. Under
61 ‘, 61

physiological conditions (membrane potential <0) transport proceeds
anti-clockwise around the loop. The unloaded carrier can face either the
cytosol (G: state 6) or external mediunC{: state 1), but favors the
external medium fol <0. Each state is distinguished by the substrate(s)
bound and its membrane orientation. One"Nan binds first (transition
10 2) followed by PR (transition Z1 3) and a second Nébinding step
involving two Na" ions (3] 4) occurs, whereupon the fully loaded
carrier can reorientate to the cytosolic face (transitiah53 and release
the bound substrates (lumped as transitioh6). (B) Presteady-state
V (mV) \' currents predicted from model in response to voltage steps indicated
from a holding potential of =100 mV with nominal 96mNa* and 25
mm Na'. Voltage step is assumed to occur instantaneously—i.e., no
account has been taken of the speed of voltage clamp and charging of
oocyte membrane. Model parameters, based on trial and error parameter
adjustment comparing with data of Fig. 6, are as followsVat 0, ks,
D = 140 sec’, ks = 550 sech; ky, = 10000 M*sec?; k,, = 440
sectandzg; = 0.5;z, = 0.2;84, = 0.3. Ordinate scale is in
electronic units (eu) sé& where 1 eu= 1.602 x 10*°C. (C) -V

Q(eu) 08 Q(eu) 0.8 curves for model with same two Na&oncentrations using parameters
given in B, showing exponential components which account for the
» Qi relaxations ofB (continuous curves). The 3-state model predicts two
time constants: the faster one would not be easily detectable using a
two-electrode voltage clamp, but may influence the fitting procedure.
The voltage-dependence of the reciprocal rate constants is also shown
(dashed curves) of whicki is the only reciprocal rate constant
dependent on Na (D) Q-V curves for model with same two Na
concentrations. Steady-state charge distribution for total charge transfer
(in eu’s) is shown by continuous lines; charge distributions for the
individual steps (transitions[®1; 11 2) are shown dashed.

25 mM Na
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unique, nevertheless we are able to account qualitativelfusch, A.E., Kavanuagh, M.P., Varnum, M.D., Adelman, J.P., North,
for the voltage dependence of the presteady-state behav- R-A. 1992. Regulation by second messengers of the slowly-
ior observed over a fourfold change in Neoncentra- activating, vqltage-dependent potassium currenX@nopusoo-
tiqn. It shquld therefore serve as a basis for futgre mOd_Busccyl:?sA\.]I‘ETh\yvsi;?(;g:;;?i_.‘,m:erzer, T. Biber, J.. Markovich, D.,
eling studies with the availability of more precise data Hayes, G., Murer, H., Lang, F. 1994. Electrophysiological analysis
and, moreover, be able to predict the steady-state behav- of Na*/P, cotransport mediated by a transporter cloned from rat
ior. The presteady-state relaxations we have measured kidney in Xenopusoocytes.Proc. Natl. Acad. Sci. USA1:8205—
from NaPi-5 expressing oocytes are approximately three- 8208 _

fold faster than those reported for SGLT1 (Loo et al.,Busch. AE., Wagner, C.A., Schuster, A., Waldegger, S., Biber, J.,
1993). This represents the lower limit of time domain ~ Murer: H.. Lang, F. 1995. Properties of electrogenitansport by

. . . NaPi-3, a human renal brush border'& transporterJ. Am. Soc.
resolution possible with the two electrode voltage clamp Nephrol. 6:1547-1551 b P

applied to an intact oocyte because of the bandwidththen, x.z., coady, M.J., Lapointe, J-Y. 1996. Fast voltage clamp
limitations imposed by the intrinsic oocyte impedance. discloses a new component of presteady-state currents from the
It also explains why we were only able to detect one Na'-glucose cotransporteBiophys. J.71:2544-2552

exponential component in the relaxations with confi- Forster, I., Busch, A.E., Lgpg, F., Biber, J., Murer, H. 1996. Pre-steady-
dence. To improve the signal resolution necessary for state relaxa_tlons exhibited by the rat renal type Il Naftrans-
more advanced modeling of NaPi-5, the cut-open oocyte porter (NaPi-2) expressed Kenopuoocytes.J. Am. Soc. Nephrol.

. . . . . ; 7: Abstract A2770, ASN Meeting 1996
technique will be required to provide improvement in Gupta, A., Renfro, J.L. 1991. Effects of pH on phosphate transport by

bandwidth and voltage clamping speed (Chen et al., fiounder renal tubule primary cultuream. J. Physiol260:R704—
1996; Taglialatela et al., 1992). 711

The kinetic behavior we report here for the flounder Hager, K., Hazama, A., Kwon, H.M., Loo, D.D.F., Handler, J.S.,
that for other Né—dependent cotransporters. Our find- inositol cotransporter expressedXenopusoocytes.J. Membrane

. . Biol. 143:103-113
ings suggest that, despite the lack of structural homolog%artmann’ C.M.. Wagner, C.A., Busch, A.E., Markovich, D., Biber, J..
between type Il NaP, cotransporters and members of | 5y . Murer, H. 1995. Transport characteristics of a murine
the Na-.'—/glucose, Né/neurotl’ansmlttel’ families (W“ght renal Na/RcotransporterPfluegers Arch430:830-836
etal., 1996), a common mechanism of action is shared byazama, A., Loo, D.D.F., Wright, E.M. 1997. Presteady-state currents
many electrogenic cation-coupled cotransporters. of the Nd/glucose cotransporter (SGLT1). Membrane Biol.
155:175-186
Hoffmann, N., Thees, M., Kinne, R. 1976. Phosphate transport by
isolated renal bush border vesicl&luegers Arch362:147-156
Jack, J.J.B., Nobel, D., Tsien, R.W. 1983. Electric current flow in
excitable cells. Oxford University Press, Oxford
Rimmich, G.A. 1990. Membrane potentials and the mechanism of in-
testinal N&-dependent sugar transpait. Membrane Biol114:1—
27
Klamo, E.M., Drew, M.E., Landfear, S.M., Kavanaugh, M.P. 1996.
Kinetics and stoichiometry of a protanycinositol cotransporter.
J. Biol. Chem271:14937-14943
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