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Route, mechanism, and implications of proton import during Na*/K*
exchange by native Na*/K*-ATPase pumps

Natascia Vedovato and David C. Gadsby
The Laboratory of Cardiac/Membrane Physiology, The Rockefeller University, New York, NY 10065

Asingle Na*/K'-ATPase pumps three Na* outwards and two K' inwards by alternately exposing ion-binding sites to
opposite sides of the membrane in a conformational sequence coupled to pump autophosphorylation from ATP
and auto-dephosphorylation. The larger flow of Na* than K' generates outward current across the cell membrane.
Less well understood is the ability of Na*/K' pumps to generate an inward current of protons. Originally noted in
pumps deprived of external K" and Na ions, as inward current at negative membrane potentials that becomes
amplified when external pH is lowered, this proton current is generally viewed as an artifact of those unnatural
conditions. We demonstrate here that this inward current also flows at physiological K" and Na* concentrations.
We show that protons exploit ready reversibility of conformational changes associated with extracellular Na' re-
lease from phosphorylated Na'/K" pumps. Reversal of a subset of these transitions allows an extracellular proton
to bind an acidic side chain and to be subsequently released to the cytoplasm. This back-step of phosphorylated
Na'/K' pumps that enables proton import is not required for completion of the 3 Na'/2 K transport cycle. How-
ever, the back-step occurs readily during Na*/K" transport when external K" ion binding and occlusion are de-
layed, and it occurs more frequently when lowered extracellular pH raises the probability of protonation of the
externally accessible carboxylate side chain. The proton route passes through the Na™selective binding site III and
is distinct from the principal pathway traversed by the majority of transported Na'" and K' ions that passes through
binding site II. The inferred occurrence of Na*/K" exchange and H" import during the same conformational cycle
of a single molecule identifies the Na'/K" pump as a hybrid transporter. Whether Na'/K" pump-mediated proton

inflow may have any physiological or pathophysiological significance remains to be clarified.

INTRODUCTION

Na'/K"-ATPase pumps expel three Na' ions and import
two K' ions for each ATP hydrolyzed, generating the ion
gradients across the membrane that are essential to the
life of all animal cells. Each transport cycle comprises a
sequence of conformational transitions that permit ex-
tracellular K* jons to access the binding sites in phos-
phorylated pumps (E2P conformations; Fig. 1) and
cytoplasmic Na' ions to access the sites after dephosphory-
lation (E1 conformations; Fig. 1). Binding of the third
Na' ion triggers autophosphorylation, and binding of the
second K’ ion prompts auto-dephosphorylation. This
coupling of alternating ion access to ATP hydrolysis en-
sures forward, energetically uphill, progress of the Na'/K*
transport cycle. The larger pumped Na® efflux than K*
influx constitutes outward current, a direction tending to
make the membrane potential more negative. However,
because each step in the cycle is reversible (Fig. 1), if the
normally transported intracellular Na” and extracellular
K" are both scarce, the cycle can run backward, thus syn-
thesizing ATP (Garrahan and Glynn, 1967b) and gener-
ating inward, depolarizing current (Bahinski et al., 1988;
De Weer et al., 2001).
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For a fixed 3 Na'/2 K' transport stoichiometry (Post
and Jolly, 1957; Garrahan and Glynn, 1967a; Rakowski
et al., 1989), changes in the magnitude of outward (or
inward) pump current report alterations of average turn-
over rate of the cycle. Na/K" pump current is conve-
niently measured as the component of membrane current
abolished by specific Na’/K™-ATPase inhibitors such as
ouabain. During control assays of ouabain-sensitive cur-
rent under nonpumping conditions, Na'/K" pumps
stalled by withdrawal of external K (K',) and Na* (Na',)
were observed to conduct a measurable inward current
at negative membrane potentials (Rakowski etal., 1991).
The inward current became larger at more negative volt-
ages, and larger still as extracellular [H'] was raised, and
so was attributed to proton inflow (Efthymiadis et al.,
1993). This suggestion was supported by the negative
shifts of the current’s reversal potential that accompanied
the ouabain-sensitive intracellular acidification observed
after oocytes were held at negative potentials in pH-6.0
solution for several minutes (Wang and Horisberger,
1995). A link between this proton inflow and the third
Na'-binding site was inferred when mutations in a region
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suggested by homology modeling to be selective for Na*
binding (Ogawa and Toyoshima, 2002) diminished both
the inward current and inhibition by Na', of outward Na*/
K* pump current at negative potentials (Li et al., 2006).
More recently, the inward current was found to be aug-
mented by mutations at the Na*/K" pump’s C terminus
(Yaragatupalli et al., 2009; Meier et al., 2010; Poulsen
et al.,, 2010; Vedovato and Gadsby, 2010), and in some in-
stances was further enhanced in the presence of Na',;
these findings reinforced an earlier proposal (Vasilyev
etal., 2004) that Na"ions could also flow along what has
come to be referred to as the Na' /K" pump “leak” path-
way (Vasilyev et al., 2004; Yaragatupalli et al., 2009; Meier
etal., 2010; Poulsen etal., 2010; Azizan et al., 2013; Nyblom
etal., 2013).

We demonstrate here, however, that the inward Na*/K*
pump-mediated proton current requires neither the
absence of external K" or Na'" nor extreme negative po-
tentials, and can be observed in native Na'/K" pumps at
physiological K" and Na" concentrations and resting po-
tentials. Proton inflow is produced by phosphorylated
conformations through which each Na*/K" pump tran-
sits during every Na'/K' transport cycle. But whether a
proton traverses the Na*/K" pump in any given cycle is
determined by several factors. When even a small delay
in Na*/K" pump dephosphorylation postpones comple-
tion of the cycle, extracellular protons can exploit rapid
reversibility of Na'-releasing transitions among phos-
phorylated conformations to enter the cell. Protons hop
from a protonatable side chain accessible from the
extracellular side in one phosphorylated E2 conforma-
tion to another protonatable residue with access to the
cytoplasm in a kinetically adjacent phosphorylated E2
conformation. By systematic neutralization of carboxyl-
ates in the Na'/K' pump TM domain, we here identify
a glutamate and aspartate, and an intervening tyrosine,
as forming the core proton route, which traverses the
third Na'-binding site observed in the latest Na‘'/K"
pump crystal structures (Kanai et al., 2013; Nyblom
etal., 2013).
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Figure 1. The Post-Albers transport cycle (e.g.,
Post et al., 1972) of the Na",K*-~ATPase cartooned
as an ion channel with two gates. The gates open
strictly alternately to allow access to cation-bind-
ing sites from only one side at a time. The extra-
cellularside gate (red) is closed in all E1 states,
and the cytoplasmic-side gate (blue) is closed in

2K E2 states. Parentheses denote occluded ions, and
“-P” symbolizes the aspartyl-phosphate formed by
E1 2KTP autophosphorylation of E1 pumps once three cy-

toplasmic Na* jons have bound.

In corresponding E2 states of the related SERCA
Ca?*-ATPase, reversible protonation of cation-coordi-
nating carboxylates compensates the charge imbalance
that would otherwise attend release of the two transported
Ca* ions into the sarcoplasmic/endoplasmic reticulum
(Obara et al., 2005). Release of those protons to the cy-
toplasm in E1 states, before the next Ca* ions bind, re-
sults in countertransport of two or three protons each
ATPase cycle (Yu et al., 1993). The H'/K"-ATPases, the
closest relatives of Na*/K" pumps, also transport two pro-
tons but from the cytoplasm to the cell exterior, analogous
to the extrusion of three Na' ions by a Na'/K' pump;
and, like Na'/K" pumps, the H'/K-ATPases counter-
transport two K" ions. In H*/K" pumps, the “third” ion-
binding site is modeled to contain the positively charged
side chain of a lysine, not found in Na'/K' pumps
(Poulsen et al., 2010); replacing that lysine by alanine
makes the electroneutral H'/K" pump become electro-
genic (Burnay et al., 2003). But whether proton trans-
port by H" /K" pumps occurs by reversible protonation
of cation-coordinating carboxylates or by transport of hy-
dronium ions is not yet established (e.g., Law et al., 2008).

The proton inflow through the Na'/K" pump is ener-
getically downhill and is not obligatory for completion
of the forward Na'/K" transport cycle. But we speculate
that it might accompany Na'/K’ pumping at the normal
negative resting potentials of neurons, and cardiac and
skeletal muscle cells, if extracytoplasmic pH were to fall
sufficiently, as might occur, for example, during strenu-
ous muscle exercise or cardiac or cerebral ischemia,
and does occur in endosomes.

MATERIALS AND METHODS

Mutagenesis and expression

Substitutions in the Xenopus laevis Na®, K-ATPase a1 subunit cDNA
were introduced using QuickChange (Agilent Technologies) and
verified by automated sequencing, as described previously (Reyes
and Gadsby, 2006; Takeuchi et al., 2008; Vedovato and Gadsby,
2010). The substitution C113Y (Canessa et al., 1992) rendered the
Xenopus Na',K"-ATPase a1 subunit ouabain resistant and insensitive



to extracellular application of hydrophilic, membrane-impermeant
MTS reagents; this C113Y construct served as the template for
other mutations. After in vitro transcription of cDNA in pSDb5 vector,
15-45 ng of wild-type or mutant Na’,K-ATPase al subunit cRNA
was coinjected with 5-15 ng of Xenopus 33 subunit cRNA into de-
folliculated Xenopus oocytes, which were incubated at 18°C for
2-4 d before recording.

Solutions

External solutions contained 125 mM NaOH or tetramethylam-
monium-OH, 120 mM sulfamic acid, 0-30 mM K'-sulfamate, 5 mM
BaCl,, 1 mM MgCls,, 0.5 mM CaCls, plus 1 pM ouabain to inhibit
endogenous Na'/K' pumps (omitted in experiments to study
wild-type Xenopus a1/B3 Na'/K" pumps), and were buffered to
pH 7.6 with 10 mM HEPES or to pH 6.0 with 10 mM Mes; osmolal-
ity was 250-260 mosmol/Kg. To inhibit all Na*/K" pumps (whether
wild type or ouabain resistant), 10 mM ouabain was directly dis-
solved into the appropriate external solution. 2-(Trimethylammo-
nium)ethyl MTS (MTSET") was diluted from a 100-mM aqueous
stock into external solution to a final concentration of 1 mM just
before use. A subset of oocytes was injected with 50 nL of 1 mM
BeFx (1 mM BeSO, plus 25 mM NaF) aqueous solution, which was
expected to dilute to ~~100 pM in the oocyte intracellular volume.
Before recording, [Na*] was raised by putting oocytes for >2 h in
K*- and Ca*-free solution, containing 95 mM NaOH, 90 mM sul-
famic acid, 10 mM TEACI, 0.1 mM EGTA, and 5 mM HEPES,
pH 7.6; osmolality was ~210 mosmol/Kg. Pipette (cytoplasmic) so-
lution for outside-out patch recordings contained 125 mM NaOH,
120 mM sulfamic acid, 1 mM MgATP, 1 mM MgCl,, 0.1 mM EGTA,
10 mM HEPES, pH 7.4, plus 10 pM ouabain (to avoid palytoxin-
induced currents from endogenous Na‘/K' pumps). Palytoxin
(from Palythoa tuberculosa; Wako Pure Chemical Industries, Ltd.)
was dissolved in aqueous 0.001% wt/vol BSA solution, and the
100-pM stock solution was stored at —20°C. Just before use, it was
diluted to a final concentration of 100 nM in 125 mM Na, solu-
tion supplemented with 0.001% BSA and 1 mM Na-borate.

Electrophysiology

Oocytes expressing wild-type and ouabain-resistant mutant Na*/
K" pumps were studied at 22-24°C by two-microelectrode voltage
clamp, as described previously (Vedovato and Gadsby, 2010). Whole
oocyte currents were acquired with an OC-725A amplifier (Warner
Instruments) filtered at 1 kHz and sampled at 5 kHz with an 18-bit
ITC-18 A/D-D/A board controlled by Patch Master 2.20 software
(Instrutech; HEKA). Steady-state currents (and pre-steady-state
transient Na* currents in 125 mM Na“,, 0 K*,) were elicited with
50-ms voltage steps to potentials between —180 and +60 mV, in
increments of 20 mV, from a holding potential of —20 or =50 mV,
and were averaged over the last 10 ms of each step. Na* charge-
movement quantities, AQ, were obtained directly as integrals of
the ouabain-sensitive transient currents at the —20-mV holding
potential upon termination of each voltage step. Single-exponential
fits (beginning 1-3 ms after the start of the step) to the decay time
courses of the transient currents elicited by the ON voltage steps
gave relaxation rates of the slow components of pump charge
movement. Data were analyzed with IgorPro 6 (WaveMetrics) and
Origin 7.0 (OriginLab Corporation). C113Y or D935N(C113Y)
mutant Na*/K" pumps expressed in oocytes were also examined
at 22-24°C in outside-out excised patches. Patch current was re-
corded with an Axopatch 200B amplifier (Molecular Devices),
filtered at 500 Hz, and sampled at 5 kHz with a Digidata 1200
A/D-D/A driven by pClamp7 software (Molecular Devices). Paly-
toxin was applied to outside-out patches held at =50 mV in sym-
metric 125-mM Na* solutions until inward Na*/K" pump-channel
current reached a steady level, and was then washed out. Data
were analyzed with ClampkFit (in pClamp 9; Molecular Devices).
Results are reported as mean + SEM of n measurements.

Online supplemental material

Fig. S1 presents detailed average pump-mediated current—voltage
relationships with or without saturating K',, in 125 mM Na’, or
0 mM Na',, for E336Q, E783Q, D813N, and D817N mutant Na*/K*
pumps, with each mutant compared side-by-side with the parent
C113Y Na'/K' pump (Xenopus o1 subunit numbering throughout).
Fig. S2 similarly compares the pump current-voltage relationships
of C113Y pumps under all those conditions with those of Y780F,
D935N, E963Q, and double D935N/E963Q mutant Na*/K*
pumps. Fig. S3 summarizes the influence of assorted other muta-
tions (e.g., of TM histidines, of C-terminal basic residues and dele-
tions, and of alternative ouabain-resistance conferring residues) on
the ability of lowered extracellular pH (pH,) to amplify pump-
mediated inward current at large negative potentials, in comparison
to the response of C113Y Na*/K" pumps. Fig. S4 compares average
pump-mediated current-voltage relationships of wild-type Xenopus
al/B3 Na'/K" pumps with those of C113Y Xenopus a1/B3 Na'/K*
pumps, in 125 mM Na',, with 0 or 15 mM K',, all at pH,, 7.6 and at
pH, 6.0. The online supplemental material is available at http://
www.jgp.org/cgi/content/full/jgp.201311148 /DCI.

RESULTS

Outward Na*/K* transport current

Adding K, activates the millions of wild-type al/B3
XenopusNa* /K" pumps (believed to be the native isoforms;
Verrey et al., 1989; Good et al., 1990) overexpressed in
a Xenopus oocyte with elevated intracellular Na*, [Na*],
eliciting a large outward current that is rapidly abolished
by ouabain (Fig. 2 A; for consistency, 10 mM ouabain was
used in all experiments regardless of whether wild-type
or ouabain-resistant pumps were studied). Voltage steps
allow current measurements over a range of membrane
potentials with and without ouabain (Fig. 2 B), yielding
ouabain-sensitive, i.e., Na’/K" pump-mediated, currents
by subtraction (Fig. 2 C). At this saturating, 15 mM, [K',]
outward pump current approaches the same voltage-
independent maximum at positive potentials with 125 mM
Na', (Fig. 2 C, stars) or without Na“, (Fig. 2 C, triangles;
Nakao and Gadsby, 1989; Vedovato and Gadsby, 2010).
This reflects ultimate rate limitation of the forward 3
Na'/2 K" exchange transport cycle by K* deocclusion,
E2(K2)—El - 2K (Fig. 1; Post et al., 1972; Forbush, 1987a),
a step known to be voltage insensitive (Bahinski et al.,
1988). The maximal turnover rate of the cycle can be
calculated from this maximum current amplitude if the
number of functional Na*/K" pumps in each oocyte is
known. The latter is obtained from the total quantity of
charge moved by transient Na* currents in response to
voltage steps in 125 mM Na', in the absence of K', (e.g.,
Fig. 6, below; Nakao and Gadsby, 1986; Vedovato and
Gadsby, 2010). A Boltzmann fit to a plot of Na" charge,
AQ, elicited by each step against membrane potential
during that step gives total moveable charge, Q,, and
steepness, zq, and hence equivalent charge moved per
pump, 7, - €o; in each oocyte, the number of participat-
ing pumps is then determined as Np = Q /7, - €. For a
presumed 3 Na*/2 K* transport stoichiometry (Post and
Jolly, 1957; Garrahan and Glynn, 1967a; Rakowski et al.,
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Figure 2. Outward and inward current components in wild-type

Na'/K" pumps. (A) Current in a single Na*loaded oocyte overex-
pressing wild-type a1 /B3 XenopusNa'/K-ATPase pumps, at =20 mV,
in 125-mM Na’, solutions. The addition of 15 mM K*, (bar labeled
“K”) activated large outward 3 Na';/2 K', exchange current that was
abolished by 10 mM ouabain (bar labeled “ouab”). Vertical lines are
responses to 50-ms jumps to other potentials. (B) Steady currents
from the oocyte in A plotted against voltage for the trials identified
by numbers 1-4 in A. (C) Average ouabain-sensitive currents (I ouab-
sens norm) obtained by subtraction of currents like those in B, at
every voltage and presence or absence of K',,, were normalized to the
mean amplitude between 0 and 60 mV of ouabain-sensitive current
at 15 mM [K',] in 0 or 125 mM Na',, as appropriate; normalized cur-
rents were then averaged across oocytes; +SEM is visible where larger
than the symbols; n=8 at 125 mM Na'y; n =5 at 0 Na’,. In direct com-
parisons in the same oocyte, maximal outward ouabain-sensitive
current at 15 mM [K',] and positive voltage is the same in the pres-
ence or absence of Na*, (Vedovato and Gadsby, 2010). (D) Ouabain-
sensitive currents in a representative oocyte at 0 mM Na’,. At pH,
7.6, ouabain-sensitive currents in 15 mM K, (closed triangles) or in
0 mM K, (closed circles) are like those in C, but upon lowering pH,
to 6.0 in 0 mM K, (open circles), inward current at negative poten-
tials increased approximately fivefold.

1989), and thus net movement across the membrane of
a single charge per cycle, the turnover rate at any given
pump current amplitude, Ip, at any membrane poten-
tial is estimated as Ip/Np - e; or Ip - z;/ Q. The maxi-
mal turnover rate of wild-type al/B3 Xenopus Na'/K*
pumps at room temperature is calculated in this way to
be ~45 s~ (compare to Vedovato and Gadsby, 2010).
In the presence of Na',, the outward Na'/K' pump cur-
rent declines at negative membrane potentials (Fig. 2 C,
stars). This reflects the strong influence of negative volt-
age to selectively enhance rebinding of extracellularly
released Na' to the Na'specific (Schneeberger and Apell,
2001; Li et al., 2005; Ratheal et al., 2010) site III, which
lies deep within the pump (Kanai et al., 2013; Nyblom
et al., 2013) partway through the membrane’s electric
field. As a result, the apparent affinity for Na', is increased
relative to that for K, at negative voltages (Nakao and
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Gadsby, 1989; Gadsby et al., 1993; Sagar and Rakowski,
1994; Vedovato and Gadsby, 2010), allowing bound Na*
to more effectively impede K, binding. Consequently,
dephosphorylation of E2P and formation of the occluded
E2(K2) state, and hence completion of the Na'/K" trans-
port cycle, are all delayed. Accordingly, when Na’,
is absent, the steep diminution of outward Na'/K'
pump current at negative voltages is greatly attenuated
(Fig. 2 C, triangles).

Pump-mediated inward proton current

Without K',, ions to activate Na'/K' transport, the wild-
type Na'/K' pumps generate little steady current at any
voltage at 125 mM Na’, (Fig. 2 C, squares). But in the
absence of both K', and Na',, there is an easily mea-
sured inward current (Rakowski et al., 1991) that in-
creases steeply at more negative potentials (Fig. 2 C,
circles). Upon closer inspection, this inward current is
discernible even in 125 mM Na',, although severalfold
smaller (Fig. 2 C, squares vs. circles; see also Figs. 8 B
and 5S4 A, closed squares). Its amplification on lowering
external pH (pH,), whether Na', is absent (Fig. 2 D,
open circles) or present (see Fig. 8 B), argues that pro-
tons carry the current (Efthymiadis et al., 1993; Wang
and Horisberger, 1995). Comparison of the size of this
inward current with maximal outward Na'/K" transport
current (representing outflow of ~45 positive charges/s
through each pump) in the same pumps indicates that,
even at —180 mV in 0 Na', at pH, 6.0 (Fig. 2 D), the
inward current represents inflow of only ~200 protons
s”! per pump. This meager throughput rate could re-
flect limitation of proton electrodiffusion through a
water-filled pore by the low proton concentration, here
1 pM (DeCoursey, 2003). However, the enthalpic activa-
tion energy of the inward current in Na'/K" pumps
lacking the two C-terminal tyrosines (AYY) was found to
be very high, ~140 kJ/mol, identical to that of outward
Na'/K" transport current in the same pumps (Meier
et al., 2010), suggesting that the inward current is rate
limited by substantial changes in pump conformation.
A plausible conformational mechanism for inward pro-
ton transport could be that a protonatable side chain is
exposed to extracellular fluid in one Na'/K" pump con-
formation that is in equilibrium with another conforma-
tion in which the side chain has cytosolic access (Fig. 3 A);
a proton gradient could then drive net proton move-
ment across the membrane. Just such a mechanism has
been shown to generate voltage-sensitive proton cur-
rent in Shaker voltage-gated K' channels in which a his-
tidine had been substituted for one of the voltage-sensor
arginines (Starace and Bezanilla, 2001).

Two carboxylates and a hydroxyl required

for proton inflow

Appropriate candidates for such protonatable residues
in the Na'/K" pump are six conserved acidic amino
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acids (Fig. 3 B) in the transmembrane (TM) domain that
have been implicated, or demonstrated to be involved,
in coordinating bound K’ and/or Na' ions. Thus, E336
(Xenopus o1 numbering) in TM helix 4 (TM4), E788 in
TM5, and D813 and D817 in TM6 are all involved in
coordination (directly, or via a water) of K or Na" ions
in sites I and II in the crystal structures of K'-bound
(E2 - MgF,*~ - 2 K; Morth et al., 2007; Shinoda et al.,
2009) or Na*-bound (E1 - AIF,” - ADP - 3 Na"; Kanai et al.,
2013; Nyblom et al., 2013) Na'/K" pumps. D935 in TM8
contributes to coordination of the Na* in site III (Kanai
et al,, 2013), and E963 in TM9 had previously been
linked to a Na'-selective binding site by homology mod-
eling (Ogawa and Toyoshima, 2002) and mutagenesis
(Li et al., 2005, 2006). To assess a possible role of each
of these residues in the proton current, we neutralized
them one at a time and then tested whether a pH,, drop
from 7.6 to 6.0 in K’ free, Na*Afree solution caused a large
increase in inward current, like that seen in wild-type
Na'/K" pumps in Fig. 2 D. These neutralizing mutations
were introduced one at a time into Xenopusal/B3 Na' /K"
pumps that had been made relatively ouabain resistant
by the single al-subunit mutation C113Y (Canessa et al.,
1992), so that 10 mM ouabain could be used to obtain
mutant pump currents, whereas the continuous pres-
ence of 1 pM ouabain silenced endogenous Xenopus
Na'/K" pumps (e.g., Takeuchi et al., 2008; Vedovato
and Gadsby, 2010).

The carboxylate mutants all expressed well, as revealed
by the magnitude of pump-mediated transient Na'
charge movements elicited by voltage steps. We found
wild-type-like Na'/K" outward currents, influenced in

A
H+

Figure 3.

the usual voltage-dependent manner by Na', (Fig. 2 C),
in the ouabain-resistant C113Y parent Na'/K" pumps (see
Vedovato and Gadsby, 2010), and in E788Q (Fig. S1 F;
Peluffo et al., 2000; Koenderink et al., 2003) and E963Q
(Fig. S2 D; Li et al., 2006) pumps, whereas 15-mM
K',-activated outward currents in D935N (Fig. S2 B)
and double D935N/E963Q) (Fig. S2 F) mutants failed to
saturate at positive voltage and were insensitive to the
presence or absence of Na',. In contrast, outward Na'/K"
transport currents were absent in E336Q and D813N
mutants, with or without Na', (Fig. S1, B and D; Nielsen
etal., 1998; Vilsen and Andersen, 1998; Koenderink et al.,
2003), and present in D817N only at 0 Na', and elevated
(80 mM) K, (Fig. S1 H).

In K'-free, Na'free solution, inward current at large
negative potentials increased severalfold on lowering
pH, to 6.0 in the ouabain-insensitive background C113Y
Xenopus Na'/K" pumps (Fig. 4, A-D and F, black sym-
bols repeated in each graph), just like in wild-type Xeno-
pus Na'/K" pumps (Fig. 2 D). Relatively large inward
currents at pH, 6.0 were also preserved in E336Q and
D813N (Fig. 4 A), and in E788Q and D817N (Fig. 4 B)
individual mutant Na'/K" pumps, but were greatly di-
minished in D935N (Poulsen et al., 2010) and E963Q
(compare to Li et al., 2006) mutants (Fig. 4 C; also in
D935C, Fig. S3), and were essentially abrogated in the
D935N/E963Q double mutant (Fig. 4 D). Because the
residual inward currents in D935N (Fig. 4 C) and D935N/
E963Q) (Fig. 4 D) pumps are displayed normalized to the
observed outward current at positive potentials in those
pumps, despite its failure to reach a voltage-insensitive
maximum (Fig. S2 B), those currents are overestimates

side view

—»x1.5

Proposed proton transport mechanism and candidate carboxylates. (A) Cartoon of proposed mechanism indicating pro-

tonation/deprotonation of a side chain (red circle) with alternate extracellular and cytoplasmic access in kinetically adjacent pump
conformations; gray mass represents protein barrier to proton diffusion in the relevant segment of Na*/K" pump TM domain struc-
ture. (B; from left to right) Increasingly magnified (factors indicated by blue arrows) views of Xenopus «1/B3 Na'/K" pump homology
model based on x-ray crystal structure of the K*-bound E2 - MgFf* Na'/K*-ATPase (Protein Data Bank accession no. 2ZXE; Shinoda
et al., 2009), showing the a subunit (gray, with 5 of the 10 TM helices colored), § subunit (green surface), and -y subunit (red helix).
(Middle and right) Side and top (from extracellular surface) views of the a-subunit TM domain (helix numbers in white) identifying
six candidate carboxylates, three Glu (red spheres) and three Asp (green spheres), at the level of binding sites I and II that contain K*
ions (black balls); the colored TM helices are: pale blue, TM1; magenta, TM2; blue, TM4; purple, TM5; and green, TM6. Gray, TM3 and
TM7-TM10; lime spheres, C113 in TM1; yellow spheres (left) or sticks (right) mark T806 at the top of TM6.
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Figure 4. External pH sensitivity of ouabain-sensitive inward
current in 0 Na‘, and 0 K*, after conservative mutation of each
candidate residue in partially ouabain-resistant C113Y pumps.
Each Glu (red circles) and Asp (green circles) was neutralized,
and the inward current response to lowering pH,, (open vs. closed
circles) was compared with that of the parent C113Y pumps
(black circles). For these comparisons, inward current was nor-
malized to maximally K',-activated (10-30 mM [K',]), ouabain-
sensitive outward pump current (Figs. S1 and S2) recorded in the
same oocyte, averaged between 0 and +60 mV; because E336Q
and D813N pumps lacked K',-activated current (Fig. S1, Band D),
inward current was normalized to total pump-mediated Na*
charge movement, Q,,, in 0 K, 125 mM Na’, solution (Nakao
and Gadsby, 1986; Vasilyev et al., 2004; Meier et al., 2010; Poulsen
et al., 2010; Vedovato and Gadsby, 2010) in the same oocyte. In-
ward current of (A) E336Q (n=3) and D813N (n=6), and of (B)
E788Q (n=7) and D817N (n = 5), pumps, like that of control
C113Y pumps (n = 12-16), increased substantially on lowering
pH, from 7.6 to 6.0; inward current at pH, 6.0 and —180 mV
in E336Q, D813N, and D817N was >60%, and in E788Q it was
43%, that of C113Y pumps. But inward current of (C) D935N
(n=>5) and E963Q) (n=4) pumps was comparatively small at pH,
6.0, and that of (D) D935N/E963Q double mutant (cyan; n = 3)
pumps was almost absent compared with C113Y pumps (n = 16);
as K'-activated currents of D935N and D935N/E963Q pumps fail
to reach a voltage-independent maximum at positive potentials
(Figs. 9 and S2), their normalized inward current magnitude
shown here is overestimated (by greater or equal to threefold;
Fig. 9). (E) D935 (green sticks) and E963 (red sticks) are ~10 A
apart in the Xenopus al Na'/K" pump homology model of the
E2 - MgF,®~ conformation (Fig. 3 B), with the hydroxyl of TM5 Y780
(purple sticks) between them; view magnified 2.5 times, from the
right-hand image of Fig. 3 B. (F) The response of inward current
in Y780F (n = 4) mutant pumps to lowering pH, from 7.6 to 6.0
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for purposes of comparison with C113Y. Indeed, assess-
ments of D935N expression levels using transient Na*
charge movements or palytoxin-induced currents (see
Fig. 9) indicate that the D935N inward currents (Fig. 4 C)
are overestimated by about threefold. Given the relative
positions of E963 and D935 in the Na'/K" pump’s TM
domain (Fig. 3 B), the apparent requirement of both
carboxylates for robust proton inflow that our findings
indicate could be explained if extracellular protons bind
to E963 and subsequently transfer to D935, from where
they access the cytoplasm (compare to Fig. 3 A). Estimates
of pKa based on the E2 - MgF,*~ - 2 K" Na*/K' pump crys-
tal structure do imply that E963 and D935 are both pro-
tonated in that conformation, and a cytoplasmic route for
D935 protonation and deprotonation has been proposed
(Poulsen et al., 2010).

However, the E963 and D935 carboxylates are sepa-
rated by ~10 A in the K-bound E2 - MgF,*~ structure
(Fig. 4 E; Shinoda et al., 2009; also in the Na'-bound E1
structure, Kanai et al., 2013). We therefore examined
whether the hydroxyl of the intervening tyrosine Y780
might serve to allow proton relay. The inward current
increase on lowering pH, to 6.0 was markedly attenuated
by the conservative mutation Y780F (Fig. 4 F), which
did not affect outward Na'/K" currents (Fig. S2 H), con-
firming that the hydroxyl is also required for proton
inflow (Li et al., 2006). In comparison, a substantial
amplification of inward current at pH 6.0 was not pre-
vented (Fig. S3) by individual mutation of TM histidines
(H292A, H295A, H921A, and H921N; compare to Vasilyev
etal., 2004) nor of C-terminal arginine or lysine (R1007N
and K1008A), nor by C-terminal truncation (AYY and
AKESYY). Collectively, these results argue that extracel-
lular protons travel from E963 to Y780 to D935, residues
in or near Na'-binding site III (Ogawa and Toyoshima,
2002; Poulsen et al., 2010; Kanai et al., 2013; Nyblom etal.,
2013). Near abolition of inward current by a conserva-
tive mutation at any one of these three positions dem-
onstrates the absence of alternative, parallel, pathways
for net proton flow.

The proton route is distinct from the principal pathway

for transported Na* and K* ions

The proton route we infer, between TM9, TM8, TM5,
and TM6 (Fig. 3 B), passes through Na' site III (Kanai
et al., 2013; Nyblom et al., 2013) and differs from the
principal pathway proposed for translocation of pumped
Na' and K' ions, between TM1, TM2, TM4, and TM6,
passing through site II (Fig. 3 B; Takeuchi et al., 2008).
The latter path, evident as a funnel open to the extracy-
toplasmic side in crystal structures of the related SERCA
Ca-ATPase in a BeF; -trapped E2P-like conformation

is small, as in D935N or E963Q pumps, compared with that of
C113Y pumps.



(Olesen et al., 2007; Toyoshima et al., 2007) and in re-
lated Na'/K" pump models (Takeuchi et al., 2008), was
corroborated by a cysteine scan of TM1-TM6 accessibil-
ity to the small positively charged MTS reagent, MTSET",
in palytoxin-bound Na‘/K" pump channels (Reyes and
Gadsby, 2006; Takeuchi et al., 2008); palytoxin trans-
forms Na'/K" pumps into ion channels by disrupting
the coordination between their alternating gates (Artigas
and Gadsby, 2003).

Because cytoplasmic-side access to sites I and II is closed
in BeFs; -bound SERCA structures (by a 15-20-A barrier;
Olesen et al., 2007), and Na'/K" pump treatment with
BeFx prevents channel opening by palytoxin (Takeuchi
et al., 2008), to further distinguish the proton route
from that taken by pumped Na" and K', we examined
the influence of BeFx on inward proton current. BeFx
injection into oocytes (Fig. 5 A) essentially abolished
the large K',-activated outward current at positive po-
tentials in C113Y Na'/K'" pumps (Fig. 5, A and B), but
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Figure 5. Closing the cytoplasmic Na® and K" access pathway in

C113Y pumps by using BeF to restrict them to phosphorylated-
like states does not impair inward proton current. (A) Outward
current in C113Y Na'/K* pumps at —20 mV in Na',-free solution
was twice activated by 15 mM K, before online injection of 1 mM
BeFx into the oocyte (black downward arrow and gray current
recording). The slow current decay in 15 mM K, after BeFx in-
jection reflects accumulation of pumps in stable E2P-like states
incapable of Na‘/K" exchange (Olesen et al., 2007; Toyoshima
etal, 2007). The numbers mark the voltage trials used to obtain
the subtracted currents shown in B and C. (B and C) BeFx abol-
ished ouabain-sensitive outward current in 15 mM K7, at positive
voltages (B; open vs. closed triangles) but did not alter inward
current in 0 K', (C; open vs. closed circles). BeFx also prevented
K*, inhibition of inward current at negative voltages (B; open vs.
closed triangles); two other identical experiments gave the same
results, as did nine experiments with C113Y-AYY pumps (C-ter-
minal truncation mutant; Vedovato and Gadsby, 2010) in 0 Na‘,
(n=6) orin 125 mM Na*, (n=3).

inward proton current in K' free, Na',Afree solution re-
mained unaltered (Fig. 5 C). Importantly, after Na*/K"
pump inhibition by BeFx, presumably by formation of
relatively stable E2P-like states with tightly bound BeFy,
15 mM K', failed not only to activate appreciable outward
current at positive potentials but also to inhibit inward
proton current at negative potentials (Fig. 5 B). This ar-
gues that dephosphorylation of E2P, required for K, oc-
clusion and for completion of the Na'/K" transport cycle
(Fig. 1), is also required for K, to prevent proton in-
flow. Unaltered inward proton current in BeFx-inhibited
Na'/K' pumps provides unequivocal evidence that proton
import requires only phosphorylated states.

In addition, BeFx-inhibited C113Y Na'/K' pumps
generated unaltered transient Na' currents in response
to voltage steps in 0 K';, 125-mM Na', solution (Fig. 6,
A and B; Nakao and Gadsby, 1986; Holmgren et al., 2000;
Meier et al., 2010; Vedovato and Gadsby, 2010). The as-
ymptotes of the AQ voltage plots (Fig. 6 C) are attrib-
uted to Na'/K' pump accumulation in state E2P, with
no bound Na', at positive potentials, and in E2P and
E1P states, with three Na' ions bound, at negative poten-
tials (Heyse et al., 1994; Hilgemann, 1994; Holmgren
et al., 2000; Gadsby et al., 2012). Moreover, the slow
(Fig. 6 D) components of Na* charge movement exam-
ined here are believed to be rate limited by the major
E1P(Na3)<>E2P(Na2)Na conformational change (Fig. 1;
Heyse et al., 1994; Hilgemann, 1994; Holmgren et al.,
2000; Gadsby et al., 2012). These unaltered charge
movements therefore demonstrate that BeFx-bound
Na'/K" pumps are not locked into a single conforma-
tional analogue of the E2P ground state (e.g., Cornelius
et al., 2013). Rather, BeFx-bound Na'/K' pumps are
faithful mimics of phosphorylated pumps and, in the
presence of Na',, they can adopt all conformations, and
can undergo all transitions, of phosphorylated pumps,
from E2P to the occluded E1P(Na3) form.

We found previously that modification by MTSET" of
a cysteine substituted for T806, at the extracellular end
of TM6 (Fig. 3 B), abolished the large inward Na' cur-
rents (>10° Na' s™' per pump; e.g., Fig. 9) that flow
through palytoxin-bound T806C Na'/K" pump channels
(Reyes and Gadsby, 2006; Takeuchi et al., 2008). We there-
fore examined whether that modification of the external
cation transport pathway would similarly impair inward
proton current (Fig. 7). MTSET" reaction with T806C
(without palytoxin treatment) abolished K',-activated
outward Na*/K" pump current (C113Y-AYY pumps; Fig. 7,
A and B), but large inward proton currents persisted
(Fig. 7 C, before vs. after), although their voltage depen-
dence was altered somewhat. Strikingly, after MTSET"
treatment, large inward currents were observed even
in the presence of 15 mM K',, (Fig. 7 B), implying that
MTSET" modification of T806C abolishes outward Na'/K*
pump current by interfering with the binding and oc-
clusion of K', ions. These results with MTSET" further
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Figure 6. BeFx-bound Na'/K' pumps mimic conformational transitions of normal phosphorylated pumps. (A and B) C113Y Na'/K*
pump-mediated pre-steady-state Na* charge movements (e.g., Nakao and Gadsby, 1986; Meier et al., 2010; Vedovato and Gadsby, 2010)
elicited by steps from —20 mV to potentials between —180 and +60 mV, in 125 mM Na',, 0 K, before (A) and after (B) oocyte injection
with 1 mM BeFy (as in Fig. 5 A). (C) Ouabain-sensitive charge, AQ, on termination of each step is plotted against step voltage, and AQ-V
is fitted with the Boltzmann relation to determine total charge moved, Q,,,, effective valence, z,, and midpoint voltage; none was altered
by BeFx injection. The ratio of Q,,, before versus after BeFx was 1.2 for A and B, and averaged 1.1 + 0.1 (n = 3). The same results were
obtained with C113Y-AYY mutants (Q,, ratio = 1.15+ 0.02; n=4). In contrast, the ratio of K’ -activated outward pump current after versus
before BeFx injection was <0.2 for C113Y pumps (e.g., outward current was reduced by 88% for the oocyte of A and B, and by ~90% for
C113Y-AYY pumps). (D) Mean (n = 3) relaxation rates of the transient currents elicited by the ON voltage steps, plotted against voltage,
were not altered by BeFy. The unaltered transient Na* charge movements demonstrate that BeFx-bound and inhibited Na'/K" pumps
remain capable of a subset of normal conformational changes in 125-mM Na*, solutions.

substantiate our above conclusion that the protons travel
a pathway distinct from that used by the preponderance
of transported Na" and K" ions.

Proton inflow results from back-steps during

Na*/K* transport

We chose absence of K, and Na', as the experimental
condition in the above tests to emphasize the contribution
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of the inward proton current and thus facilitate its char-
acterization. But does net proton influx occur only in
the absence of K%, as generally stated (Rakowski et al.,
1991; Efthymiadis et al., 1993; Wang and Horisberger,
1995; Vasilyev et al., 2004; Li et al., 2006; Yaragatupalli
etal., 2009; Meier et al., 2010; Poulsen et al., 2010; Ratheal
et al., 2010; Vedovato and Gadsby, 2010; Nyblom et al.,
2013), or does it also happen at physiological Na* and

Figure 7. Preventing extracellular access to the principal
Na' and K' transport pathway does not impair inward pro-
ton current in C113Y-AYY Na'/K' pumps. (A) Recording of
abolition by 1 mM MTSET" of K’ -activated outward current
in T806C(C113Y-AYY) mutant Na*/K" pumps, at =50 mV
in 125-mM Na*, solutions; the AYY mutant was chosen as
background because that C-terminal truncation ampli-
fies proton currents in 125 mM Na',, (Yaragatupalli et al.,
2009; Poulsen et al., 2010; Vedovato and Gadsby, 2010),
the condition in which MTSET" abolished large Na* cur-
rents in palytoxin-bound Na'/K" pump channels (Reyes
and Gadsby, 2006; Takeuchi et al., 2008). 10 mM dithioth-
reitol (bar labeled “DTT”) was first applied to reverse any
spontaneous cysteine oxidation. Outward pump current
was assessed before and after the modification by MTSET*
(bar labeled “MTSET"”). Black and red stars, respectively,
mark voltage trials that typically yielded the average sub-
tracted currents shown in B (at 15 mM K*,) and C (at 0 K*,,).
(B) Ouabain-sensitive currents were normalized to the
outward pump current between 0 and +60 mV in 15 mM
K', before MTSET" in each oocyte, and then averaged.
In 15 mM K',, outward current at positive voltages was
reduced by 90 + 0.02% (n = 7 oocytes) by MTSET", but
current was inward at large negative potentials, indicating
that K';, could no longer inhibit inward proton current.
(C) Inward currents in 0 K*, were normalized to the ouabain-
sensitive outward current between 0 and +60 mV in 15 mM
K', before MTSET" in each oocyte, and then averaged.
MTSET" modification of T806C did not diminish inward
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60 current amplitude at —180 mV (n = 7 oocytes), although
voltage sensitivity was altered.



K" concentrations? If so, does it accompany normal Na*/
K" transport, and might it even be obligatory for Na'/K"
exchange? To address these questions, we determined
current generated by wild-type Na'/K" pumps (i.e., over-
expressed Xenopusal/B3) exposed to 125 mM Na’, both
with 0 K, and with 15 mM K*,,, all at pH,, 7.6 (as in Fig. 2,
A-C), and then repeated the measurements at pH, 6.0
(Fig. 8, A and B). Without K',, inward current at negative
potentials was small but measurable at pH, 7.6 (Fig. 8 B,
closed squares; see Fig. S4 A for mean data), and was
considerably amplified at pH 6.0 (Figs. 8 B and S4 A,
open squares), qualitatively similar to the large amplifica-
tion of inward current observed on lowering pH, to 6.0
in the same wild-type pumps in 0 Na', (Fig. 2 D).

But with 15 mM K7, the asymptotic outward currents
at positive potentials were identical at pH, 7.6 and 6.0
(Fig. 8 B, closed vs. open stars), showing that pumps
reach the same maximal Na'/K" transport rate (i.e., for-
ward cycle rate, ~45 s™!) regardless of pH, level, and
hence that proton current is absent at the most positive
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Figure 8. Wild-type Na'/K' pump currents in 125 mM Na', at
normal and lowered pH,. (A) Current record at —20 mV (same
oocyte as in Fig. 2, A and B) during the addition of 15 mM K*, and
ouabain, as indicated, at pH, 6.0 (gray current trace) and pH,
7.6 (black trace). (B) Ouabain-sensitive steady currents without
(squares) and with (stars) 15 mM K',, at pH, 7.6 (closed sym-
bols) and 6.0 (open symbols), from subtraction of currents in
numbered voltage trials in A (the same results obtained in n =8
oocytes are shown averaged in Fig. S4 A).

voltages (proton current is also absent at positive poten-
tials in 0 K',; Fig. 8 B, closed vs. open squares). Proton
influx is therefore not obligatory for Na“/K" exchange.
At potentials more negative than —120 mV, ouabain-
sensitive current in 15 mM K', remains outward at pH,
7.6 (Fig. 8 B, closed stars) but is net inward at pH, 6.0
(Fig. 8 B, open stars). Reversal of the 3 Na'/2 K' transport
cycle (Fig. 1) is thermodynamically infeasible under
these conditions, because the Na'/K" pump equilibrium
potential (e.g., Veech et al., 1979; Tanford, 1981; De
Weer et al., 1988) is estimated to be at least as negative
as —240 mV under physiological conditions (and even
more negative at the elevated [K',] and [Na’] of these
experiments), and it is not expected to vary with pH,.
All Na*/K" transport current must therefore be outward
over the entire voltage range explored here. Thus, the
net inward current measured at extreme negative volt-
age means that the inward proton current generated by
the entire population of Na'/K" pumps exceeds any
outward Na'/K" exchange current being generated by
that pump population at the same time. As that same
population of pumps generates only outward current at
positive potentials under these conditions (15 mM K7,
at pH, 6.0), if we assume the pumps are all identical,
then each pump must be capable of generating both
outward Na'/K' transport current and inward proton
current. A pump must complete a forward (clockwise)
step through every transition in the Na'/K" transport
cycle (Fig. 1) to generate net outward current, but it
needs to visit only the phosphorylated subset of states in
that cycle (Figs. 5 and 6) to generate inward proton cur-
rent (Fig. 5, B and C). We therefore conclude that each
pump may generate both inward proton current and
outward Na'/K" current during the same transport cycle.
Moreover, proton current prevalence at more negative
voltages, where completion of the forward Na'/K'
transport cycle slows (and outward current thus de-
clines), suggests that proton inflow results from reversal
of a step that is a normal participant in Na'/K" trans-
port; i.e., reversal of a transition between phosphory-
lated states.

Near —120 mV, where net current is zero in 15 mM
K', at pH,, 6.0 in this oocyte (Fig. 8 B, open stars), out-
ward Na'/K" exchange current must just balance in-
ward proton current; i.e., on average, a single proton
enters the cell through every Na'/K" pump during each
complete Na'/K" transport cycle. In other words, at
—120 mV and pH, 6.0, approximately one proton-im-
porting back-step occurs in each cycle before K, bind-
ing triggers E2P dephosphorylation and K" occlusion,
thereby preventing any further proton inflow in that 3
Na'/2 K" transport cycle. At the most negative membrane
potentials, each complete Na'/K" transport cycle at pH,
6.0 must on average include multiple reiterations of
the proton-importing back-step (perhaps as many as 10
at —180 mV in this example, from comparison of the
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amplitude of outward current in 15 mM K*, at pH, 7.6
[Fig. 8 B, closed stars] with that of the net inward cur-
rent in 15 mM K', at pH, 6.0 [open stars]). Even be-
tween —60 and 0 mV, outward current in 15 mM K, is
somewhat smaller at pH, 6.0 (Fig. 8 B, open stars) than
at pH, 7.6 (closed stars), indicating that, also at modest
negative potentials, in every Na'/K" pump an occa-
sional proton-importing back-step interrupts forward
progression of the normal Na'/K' transport cycle at
pH, 6.0. At =80 mV, a value between the resting poten-
tials of cardiac and skeletal muscle (—90 mV), and those
of neurons (—60 to —70 mV), the normalized (to maxi-
mal outward current, corresponding to ~45 cycles s ')
inward proton current in 0 mM K',, 125 mM Na', at pH,
7.6 (Figs. 8 B and S4 A, closed squares) averaged —0.025 +
0.003 (n = 8), corresponding to ~1 proton entry s ',
and at pH,, 6.0 (Figs. 8 B and S4 A, open squares) was
—0.287 £ 0.009 (n = 8), corresponding to ~13 protons
entered s~'. Because outward pump current at —80 mV
and at pH, 7.6 (Fig. 8 B, closed stars) corresponded to
~80 Na'/K' exchange cycles s™', we can conclude that,
even under these relatively physiological conditions, on
average one proton enters the cell through each Na'/K*
pump every ~~30 transport cycles. The results for C113Y
Na'/K' pumps were qualitatively similar to the findings
in wild-type Xenopus Na'/K" pumps (Fig. S4, A vs. B),
except that inward currents, and hence proton inflow
rates, were consistently larger in the C113Y pumps, as
noted previously for both C113Y and RD ouabain-resistant
pumps (Vedovato and Gadsby, 2010).

DISCUSSION

Normalization procedures for reliable comparison

of Na*/K* pump mutants

To allow for differences in expression of the same Na*/
K" pumps from oocyte to oocyte, and to permit mean-
ingful comparisons between wild-type and mutant Na*/
K" pumps, it was important to establish reliable proce-
dures for normalizing pump-generated currents and to
validate them with estimates of numbers of functional
pumps. Relative magnitudes and voltage sensitivities of
currents mediated by wild-type or mutant pumps under
various conditions are well preserved by normalization
to the amplitude of outward Na'/K" transport current
at positive potentials and saturating [K',] measured in
the same oocyte (i.e., to maximal turnover conditions); in
practice (Figs. 4, S1, and S2), we normalized to the aver-
age current between 0 and +60 mV because, in wild-type
and C113Y parent pumps, outward current is constant
over that range. But to calculate molecular turnover
rates for inward and/or outward pump currents—even
in E336Q and D813N pumps that generate no K’ -acti-
vated current (although both show robust amplification
of inward current on lowering pH, to 6.0)—we used
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Boltzmann fits to measured transient Na* charge move-
ments to determine the total charge moved, Q ., and
hence to estimate the number of pumps in the oocyte
surface (as described in Results). Although, strictly, two-
state Boltzmann fits yield accurate estimates of Q ., only
when the charge moves in a single step (Chowdhury
and Chanda, 2012; Bezanilla and Villalba-Galea, 2013),
thatis likely to be a reasonable assumption in this instance.
Thus, the slow component of charge measured here is
rate limited by the single step E1P(Na3)<>E2P(Na2)Na
(Heyse et al., 1994; Hilgemann, 1994; Holmgren et al.,
2000; Gadsby et al., 2012), and it amounts to ~95% of
the total moved in the three steps associated with re-
lease/rebinding of the three Na' ions (Gadsby et al.,
2012). In addition, we limited estimation of turnover
rates to only those mutants for which z, values were lit-
tle altered.

The maximal voltage-independent turnover rate at
saturating [K',] of C113Y al Xenopus pumps determined
in this way in these experiments was 18 + 157 (n=13). As
reported previously, this is identical to that of RD «l
Xenopus pumps and wild-type rat (RD) al pumps, and
roughly half that of wild-type al/B3 Xenopus pumps
(Vedovato and Gadsby, 2010). This maximal turnover
rate was unaltered in E788Q (18 +1s™'; n=11) and E963Q
(17 £ 0.1 s™'; n = 7) pumps, but the turnover rate at
0 mV was diminished approximately threefold in D935N
(6+0.25 5 n=11) and D935N/E963Q (7+1s ', n=4)
pumps, and was zero in E336Q and D813N pumps. The
AQ-voltage plots for these six mutants had Q,,, z,, and
midpoint voltage values comparable to those of C113Y,
but were somewhat shallower and shifted, by ~30 mV
positive for D817N and by ~30 mV negative for Y780F,
precluding reliable Boltzmann fits and hence turnover
rate estimates for those mutants. The principal conse-
quence of using the charge movement values to convert
the inward current data at 0 Na',, 0 K',, and pH, 6.0 in
Fig. 4 to rates, therefore, is diminution of the relative
proton import rates of D935N and D935N/E963Q
pumps to 12 and 3%, respectively, of parent C113Y pro-
ton transport rates under those same conditions.

To further corroborate the diminished Na'/K' trans-
port rates of D935N pumps, we exploited the ability of
palytoxin to readily transform even mutant pumps into
cation channels (e.g., E336C, D813C, D817C; Reyes and
Gadsby, 2006), and made side-by-side comparison of
palytoxin-induced current in excised patches and Na‘/K*
pump current at saturating [K',] in intact oocytes in-
jected with the same amount of cRNA encoding either
CI113Y or D935N pumps (Fig. 9). Palytoxin-induced
currents had the same amplitude in patches containing
C113Y pumps as in patches containing D935N pumps
after 1 d, and after 2 d (when the currents were twice as
large), of expression (Fig. 9, A and B). In contrast, how-
ever, in the same oocytes after 2 d of expression, out-
ward Na'/K" transport current at 0 mV was almost



fourfold smaller for D935N than for C113Y pumps (Fig. 9,
C and D). The same-sized palytoxin-induced currents
(D935N, —2.1 £ 0.1 nA and n=38; C113Y, —2.1 + 0.2 nA
and n = 15) suggest that the surface densities of D935N
and of C113Y pumps are the same; this assumes that the
D935N mutation has little influence over the single-
channel conductance or open probability of palytoxin-
bound pump channels (observed to be 20.9 in the
presence of mM ATP, as used here, for all palytoxin-
bound pump channels examined to date; e.g., Artigas
and Gadsby, 2003, 2006). That the surface expression
levels of D935N and C113Y pumps are indeed similar is
also suggested by the similar total charge movements
recorded after expression of the same amounts of cRNA
for the same time: Q,, for D935N = 8.5 + 0.5 nC, n = 5;
Qo for C113Y = 9.3 £ 1.2 nC, n = 13. These similar Q,,,
and corresponding z,, values, determined in the same
experiments that yielded the D935N and C113Y out-
ward Na'/K" transport currents in Fig. S2 B, resulted in
the approximately threefold smaller turnover rate at 0 mV
estimated for D935N compared with C113Y pumps, cor-
roborating the impaired pump function of D935N pumps
(Einholm et al., 2010; Poulsen et al., 2010).

Structural underpinnings of proton

translocation mechanism

SERCA Ca*-ATPases pump out two cytoplasmic Ca®*
and countertransport two to three protons per cycle (Yu
etal., 1993). But close proximity of binding-site oxygens
demands protonation of at least two carboxylates, even
with two Ca* ions bound in sites I and II (Sugita et al.,
2005). Similarly, pKa calculations on K*-bound E2 - MgF,*~
Na'/K"™-ATPase suggest that three site I and II carboxyl-
ates, equivalent to E336, E788, and D817 (Figs. 3 B and
4, A and B), as well as carboxylates D935 and E963 near
site III (Figs. 3 B and 4, C and E), all examined here, are

protonated in that conformation (Poulsen et al., 2010;
Yu et al., 2011). In fact, disengagement of the Na’/K*
pump’s C terminus, thus uncovering an aqueous path-
way that permits D935 protonation from the cytoplasm,
was proposed (Poulsen et al., 2010) to rate limit the
E1P(Na3)—>E2P(Na2)Na deocclusion transition and
hence extracellular release of the first of the three Na*
ions. That proton was suggested to return to the cyto-
plasm after intracellular K" ion release to allow binding
of the next three intracellular Na* ions (Poulsen et al.,
2010). We propose here that once site III becomes va-
cant upon extracellular release of the first Na" (whether
that Na' leaves from site II followed by lateral shuffling
of the two remaining Na', or leaves directly from site
III), an extracellular proton may bind to E963, within
10 A of that empty site, and then relay via Y780 to D935
from where it can access the cytoplasm via the aqueous
pathway. The hydroxyl of that tyrosine might stabilize a
hydrogen-bonded water chain, enabling fast proton
transfer by a Grotthuss-type mechanism, as in cytochrome
c oxidase (Backgren et al., 2000). In such cases, the dy-
namics of proton translocation reflect the time taken
for waters to enter and establish the chain. Indeed, a
bound water bridges E963 and Y780 equivalents in both
the K'-containing E2 - MgF,*~ structure (Shinoda et al.,
2009) and the recent 2.8-A resolution structure of
E1 - AlF,” - ADP - 3 Na', which contains three Na* ions
(Kanai et al., 2013). A 4.3-A resolution structure of the
same E1 - AlF,~ - ADP - 3 Na® conformation (Nyblom
et al., 2013) also locates the third Na* between TMS,
TMb5, and TM6, coordinated by D935 equivalent, in the
site previously called IIIb (Poulsen et al., 2010). It was
recently suggested that the originally proposed third
Na' site, containing E963 and Y780 equivalents (Ogawa
and Toyoshima, 2002; Li et al., 2005), which has been
referred to as site IIla (Poulsen et al., 2010), might be a
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Figure 9.

Comparing expression and function of D935N(C113Y) and parent C113Y pumps. (A and B) Representative recordings of

pump—channel currents induced by 100 nM palytoxin (PTX), at =50 mV with symmetrical 125-mM [Na'] solutions, in outside-out
patches excised from oocytes injected with the same amounts of cRNA (30 ng o subunit plus 10 ng 8 subunit): (A) after 1 d of expres-
sion (black, C113Y: steady current amplitude, —1.2 £ 0.2 nA and n = 4; green, D935N: —1.1 £ 0.2 nA and n=4), and (B) after 2 d (black,
C113Y: —2.1 £0.2 nA and n = 15; green, D935N: —2.1 + 0.1 nA and n=8). (C) Ouabain-sensitive outward Na‘/K" transport currents at 15 mM
K', in 125 mM Na', from the very same two C113Y-expressing (black stars) and D35N-expressing (green stars) oocytes from which the
patch recordings in B were obtained. (D) Average outward pump currents in 15 mM K, and 125 mM Na’, for C113Y (black stars;
n=12) and D935N (green stars; n=9) after 2 d of expression, recorded in oocytes (including those of B and C) from the same batches

that yielded the average excised-patch data in B.
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transient site for extracellular Na" release/rebinding
(Nyblom et al., 2013); it was also suggested, in accord
with the findings presented here, to be a site where ex-
tracellular protons might bind and then transfer to the
site previously called IIIb and escape to the cytoplasm,
generating inward current (Nyblom et al., 2013).

Itis notyet possible to specify precisely the phosphory-
lated states involved in proton import or pinpoint the
high activation energy transitions between them that
rate limit proton inflow. But the responsible step must
have relatively high transition rates (relative to the rate-
limiting K" deocclusion step) because, at large negative
membrane potentials and low pH,, multiple proton-
importing back-steps seem to occur in each completed
(albeit slowed) 3 Na'/2 K' cycle (Fig. 8 B). Analyses of
the three sequential steps responsible for extracellular
release of the three Na' show that after the slowest step,
E1P(Na3)—>E2P(Na2)Na, enables release of the first Na*,
deocclusion and release of the second and third Na" ions
occur relatively rapidly (Heyse et al., 1994; Hilgemann,
1994; Holmgren et al., 2000; Gadsby et al., 2012). The
rates of all Na'-releasing steps after the slow E1IP—E2P
conformational change therefore seem appropriate for
allowing several forward and reverse transitions, im-
porting several protons, before the binding of two K,
ions prompts dephosphorylation, precluding further
proton entry. Raising the external proton concentra-
tion enhances proton inflow whether K', and/or Na’,
are present or absent (e.g., Figs. 2 D and 8), although to
a greater extent when both are absent (Fig. 2 D); pre-
sumably, lowered pH, raises the probability of the extra-
cellularly accessible E963 being protonated and so
increases the frequency of the proton-importing back-
step. The similar magnitudes of the inward current in-
crements at negative potentials caused by lowering pH,
to 6.0 in 125 mM Na',, whether K', is present (15 mM)
or absent (Fig. 8 B), support that interpretation, but
they also imply that, at least in the presence of Na',, the
steady-state fractional occupancy of the phosphorylated
conformation involved in accepting an extracellular
proton is independent of that of the K™-occluded con-
formation. This relatively constant occupancy of the
proton-accepting conformation in 125 mM Na', might
be explained if, under those conditions, it were a high
energy state with a short lifetime, determined by fast
transition rates in either direction, as proposed previ-
ously (Hilgemann, 1994) to account for characteristics
of the major electrogenic Na' release that follows the
slow EIP—E2P deocclusion.

The observed inhibition of proton current by extracel-
lular Na* (e.g., Fig. 2 C; 125 vs. 0 mM Na',; Efthymiadis
etal., 1993; Wang and Horisberger, 1995; Vasilyev et al.,
2004) could reflect direct competition between Na',
ions and external protons for binding to E963 (e.g., if
the first Na® is released directly from site III), or Na',-
mediated redistribution of Na’/K" pump states and hence
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destabilization of the proton-accepting conformation.
The latter is more consistent with the recent structural
interpretation of single-file binding of three Na' ions
from the cytoplasm (Kanai et al., 2013) and earlier indi-
cations of strictly sequential, last-in first-out, external
release of two K" ions (Forbush, 1987b) and three Na*
ions (Wuddel and Apell, 1995; Wagg and Gadsby, 1997).
Because the new structure suggests that the last cyto-
plasmic Na' resides in site II (Kanai et al., 2013), exter-
nal release of that Na' via the principal pathway between
TM1, TM2, TM4, and TM6 would allow site III to be
vacated by lateral hops of the two residual Na’, enabling
proton inflow. In the absence of Na',, site III would re-
main vacant and proton inflow would continue. But in
the presence of Na',, rebinding of Na' to site II would
allow occupancy of site I, and thence, occasionally, site
III, with resulting temporary interruption of proton in-
flow. K', ions, if present, would occupy sites I and II
(readily, in the absence of competition from Na',, and
eventually, in its presence) and trigger dephosphoryla-
tion, precluding proton inflow.

By the same token, modified responses to Na', of the
inward currents in mutant pumps might reflect altered
distribution of pump states or altered interactions with
Na',, or both. Altered consequences of changes in ex-
tracellular concentration of Na'" or Na* substitutes have
contributed to suggestions that cations other than pro-
tons might carry the inward current through wild-type
or mutant pumps (Vasilyev et al., 2004; Yaragatupalli
etal., 2009; Meier et al., 2010; Poulsen et al., 2010; Ratheal
et al., 2010; Azizan et al., 2013; Nyblom et al., 2013). In
no case, however, has modification of proton current
caused by redistribution of pump states been ruled out.
In particular, the strong inward rectification of the pro-
ton current makes measurements of its reversal poten-
tial problematic for both wild-type and mutant pumps,
and appropriate weighting of small inward current dif-
ferences observed in mutants will require accurate nor-
malization for numbers of pumps, using methods like
those introduced here.

Physiological/pathophysiological implications

This work establishes that, even in the presence of physi-
ological K, and Na', concentrations, when Na‘/K' pumps
hesitate in E2P states, after releasing the first Na* ion
but before binding and occluding K', ions—for exam-
ple, at negative potentials that strengthen effective com-
petition between Na', and K', ions—a reverse transition
in the cycle can import a proton. Proton inflow occurs
at measurable rates when [H',] is elevated (Figs. 2 D
and 8 B; compare to Efthymiadis et al., 1993; Wang and
Horisberger, 1995), so pump-mediated proton delivery
to the cytoplasm must be considered a possible conse-
quence of Na'/K' pump exposure to low extracytoplasmic
pH. Interestingly, activity of endocytosed Na'/K" pumps
has been reported to limit H-ATPase acidification of



early endosomes to pH 26, as treatment with ouabain
was found to further lower endosomal pH to <5.5 (Cain
etal., 1989; Fuchs etal., 1989; Zen et al., 1992). Although
H'-ATPase slowing by a more positive endosome inte-
rior as a result of electrogenic Na'/K" transport was ini-
tially proposed as the mechanism (Fuchs et al., 1989),
direct Na'/K" pump-mediated flow of protons from en-
dosome interior to cytoplasm now provides a reasonable
alternative explanation.

Moreover, in human skeletal muscle, extracellular pH
is known to fall rapidly during vigorous exercise (from
7.4 to below 7.0 in 5 min, and still falling; Street et al.,
2001), and is lowered because of poor perfusion in tumors
(Gillies et al., 1994) and during ischemia in the brain
(Vorisek and Sykova, 1997) or heart (Yan and Kléber,
1992). Although proton import rates per pump may be
relatively low (Fig. 8 B), Na'/K" pump densities in mus-
cle, nerve, and heart can be very high (21,000 pm’g;
Nakao and Gadsby, 1986; Anderson et al., 2010). It seems
plausible, therefore, that if negative resting potentials
are maintained (as measurements in working skeletal
muscle imply; Street et al., 2001), and if pH, becomes
low enough, proton inflow might become significant.
For example, in rabbit heart papillary muscle, ischemia
lowered pH, from 7.4 to an average of 6.46 in 18 min
(Yan and Kléber, 1992), and a pH,, drop from 7.4 to 6.4
resulted in acidification of the interior of guinea pig
cardiac myocytes by ~0.1 pH units min~' (Sun et al.,
1996). Depending on whether the buffer power inside
myocytes is taken as 15 mM/pH unit (Bountra et al.,
1990) or 60 mM/pH unit (Vaughan-Jones et al., 2009),
the observed acidification rate requires a net proton in-
flux of 1.5-6 mM H* min ', some 80-85% of which was
reported to be mediated by two Cl™,-dependent anion
exchangers (Sun et al., 1996); in that case, only the re-
mainder, 0.3-1.2 mM H' min™", could possibly enter a
myocyte via Na'/K" pumps. As Na'/K" pump-mediated
Na' efflux in myocytes beating at 1 Hz is ~3.5 mM
min~' (e.g., Bers et al., 2003), pump-mediated proton
entry of 0.3-1.2 mM H' min™' would require a proton
to enter every fourth Na'/K' transport cycle to once
every cycle when pH, is 6.4. Our results (Fig. 8 B) in-
deed show that, at a membrane potential of —80 mV,
outward Na'/K" pump-mediated current in 15 mM K',
and 125 mM Na’, at pH 7.6 (closed stars) becomes
smaller by about one quarter when pH, is lowered to
6.0 (open stars). Assuming that the smaller net outward
pump current is entirely attributable to increased inward
proton current (e.g., compare open with closed squares
in Fig. 8 B) summed with unaltered outward Na'/K"
transport current, the implication is that on average,
one proton enters the oocyte every four Na'/K' trans-
port cycles under these conditions (i.e., pH, 6.0). Our
data suggest that even at pH, 7.6, one proton enters
every 25-30 pump cycles at =80 mV (Fig. 8 B, closed
squares vs. closed stars). As most of the myocyte and

oocyte data compared here were gathered at room tem-
perature, extrapolation to more physiological condi-
tions should be undertaken only with caution. For at
least that reason, it seems safe to conclude that whether
Na'/K" pump-mediated proton uptake plays any physi-
ological or pathological role remains to be established.

Na*/K*-ATPase: A hybrid transporter?

These results show that the Na*/K"-ATPase can behave
as a mixed function, or hybrid, transporter, exporting
three Na* and importing two K* uphill in each ATPase
cycle, during which it may also import one or more
protons downhill. Other examples of hybrid transport-
ers (Gadsby, 2009) include members of the human ex-
citatory amino acid transporter (EAAT) family. These
transporters, in addition to carrying out Na'-coupled
stoichiometric glutamate uptake, generate Cl™ ion cur-
rents that are activated by substrate binding but are en-
ergetically uncoupled from its transport (Fairman et al.,
1995; Vandenberg et al., 2008). The Cl™ ion pathway
exists in only a subset of the conformations visited during
the substrate transport cycle (Wadiche and Kavanaugh,
1998). A potential structural correlate of the anion-
conducting state was recently identified in an interme-
diate conformation of a prokaryotic homologue (Verdon
and Boudker, 2012) as a crevice between the very mo-
bile transport domain and the static trimerization scaf-
fold domain (Reyes et al., 2009). So the CI™ current
might reasonably be viewed as the unavoidable byprod-
uct of the evolution of a structure and a mechanism that
efficiently cotransports Na* and glutamate. However,
variation in the relationship between substrate transport
rate and Cl” current amplitude among EAAT isoforms
(Wadiche et al., 1995; Vandenberg et al., 2008), with
correlated variation in their physiological role (Veruki
etal., 2006; Tzingounis and Wadiche, 2007), implies se-
lective modulation by evolution of the stability and/or
physicochemical characteristics of the conformation(s)
underlying the Cl”~ current. Similarly, the possibility that,
at sufficiently low pH,, protons may traverse the Na*/K*
pump to reach the cytoplasm can be viewed as the price
paid by evolution for efficient export of three Na* and
import of two K" across the cell membrane. But whether,
like EAAT-mediated Cl~ current, Na'/K" pump-mediated
proton inflow varies among isoforms of Na*/K"-ATPase
a and/or B subunits, or is subject to regulation, has yet
to be explored.
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