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Three distinct and sequential steps
in the release of sodium ions
by the Na*/K*-ATPase
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The Na'/K" pump, a P-type ion-motive ATPase, exports three
sodium ions and then imports two potassium ions in each
transport cycle. Ions on one side of the membrane bind to sites
within the protein and become temporarily occluded (trapped
within the protein) before being released to the other side'?, but
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details of these occlusion and de-occlusion transitions remain
obscure for all P-type ATPases. If it is deprived of potassium ions,
the Na*/K* pump is restricted to sodium translocation steps’, at
least one involving charge movement through the membrane’s
electric field*’. Changes in membrane potential alter the rate of
such electrogenic reactions and so shift the distribution of enzyme
conformations. Here we use high-speed voltage jumps to initiate
this redistribution and show that the resulting pre-steady-state
charge movements relax in three identifiable phases, apparently
reflecting de-occlusion and release of the three sodium ions.
Reciprocal relationships among the sizes of these three charge
components show that the three sodium ions are de-occluded and
released to the extracellular solution one at a time, in a strict
order.

The main electrical signals generated during Na'/K" pumping
result from Na* traversing part of the membrane’s electric field in an
access channel that connects Na'-binding sites to the extracellular
medium®”®. To investigate de-occlusion and release of the three
transported Na' ions, we measured pump-mediated charge trans-
location in voltage-clamped, internally dialysed squid giant axons,
using solutions designed to limit Na'/K" pumps to phosphorylated
conformations with Na*-binding sites either occupied and buried
or open to the external solution: (Na;)E,-P < P-E,-Na; « P-E,
(Fig. 1, dotted box). Pump-mediated charge was assayed as the
component of membrane current that was sensitive to dihydrodi-
gitoxigenin (H,DTG), a specific Na'/K'-pump inhibitor" (Fig. 2a
(2-3)). With 100 mM external Na* ([Na],), the change in pump
current induced by a voltage jump (20-ms step from 0mV to
—90 mV; current displayed at 50 ws per point in Fig. 2a) comprised
fast (the first ~10 points) and slow (7 = 4 ms) components, and
relaxed to near zero. As negative internal potentials electrostati-
cally favour the approach of external Na' to their binding sites
within the pump, we interpret the fast component (see ref. 8) as
reflecting rapid electrogenic binding of Nag to vacant sites (P-E,)
to satisfy the new P-E, <> P-E,-Na, distribution demanded by the
new membrane potential, —90 mV. The resulting increased abun-
dance of pumps in the P-E,-Na; state drives the slower (compara-
tively electroneutral; see below) occlusion reaction (P-E,-Na <
(Na;)E,-P), which is tracked by further electrogenic binding of
Na} to P-E,, now rate limited by the slow conformational change
and hence appearing as slow charge movement (see, for example,
refs 7, 11). We found no recruitment of additional slow charge (Qg
Fig. 2b, left) at extreme potentials, in accord with the expectation
that, in the steady state, pumps in the P-E, conformation should be

N T
— (Nag)E,-P ] .

Nay-E-ATP P-EyNag -

3Na* |¥ 3Na*
E,-ATP - P-Ep :

2K+ﬂ P— oK+
Ky E4-ATP P-EyK,
I— ATP-E,(Ky) — E,(Ky) —I
Intracellular Extracellular

Figure 1 Simplified Post—Albers transport cycle emphasizing two principal Na*/K* pump
conformations: E; with ion-binding sites facing the cytoplasm, and E, with ion-binding
sites open to the extracellular solution. Phosphorylation of E; by ATP occludes three Na™,
which are released to the external medium after the conformational change to E,,
whereupon two K* bind, eliciting dephosphorylation and K* occlusion. ATP binding
favours transition back to E, prompting K* release to the cytoplasm and binding of three
Na*, completing the cycle. The dashed (horizontal) line separates Na*- and K*-
translocation pathways; the dotted box encloses states isolated experimentally to yield the
charge movements examined.
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scarce at very negative potentials but maximally abundant at very
positive potentials. Also as expected, the positive and negative
potentials at which slow charge recruitment effectively ceased
depended on [Na], (Fig. 2b, left): at lower [Na], less positive
potentials can fully unload Na*-binding sites, and at higher [Na],
less negative potentials are required for Na* to fill all P-E, sites.
The relaxation rate (k) of the slow component reached a mini-
mum (~100s™") at positive potentials, but became faster at negative
potentials, and tended towards saturation (at ~1,400 s at large

a 100 uM
1 2 HDTG 4 4| 110uA
. |
20 ms
Time controls
(1-2) »
(3-4) > . 1uA
10 ms
H,DTG-sensitive
current
(2-3) » =
b oo 1,600
50 [Nalo 400 [Na]
0.7 1,200 °
0"’ 0.50 \'”L 800
x

400 [Naly

-160  -80 0 80 -160  -80 0 80
Membrane potential (mV) Membrane potential (mV)

Figure 2 Charge movement during Na* translocation by the Na*/K* pump.

a, Determination of H,DTG-sensitive (pump-mediated) current. Traces 1—4 show
averages of 100 current responses to 20-ms voltage jumps, from 0 to —90 mV, applied at
4-min intervals to an axon exposed to 100 mM [Na], without (1 and 2) or with (3 and 4)
100 wM H,DTG. Difference currents (1-2) and (3—4) show stability with time; (2—-3)
shows pump-mediated current fitted with a two-exponential function (solid lines largely
obscured by data points), yielding 7 values of 0.06 ms and 4 ms at =90 mV (on), and
0.1 ms and 5ms at 0 mV (off). Arrowheads mark zero current. Filter 5 kHz, sampling
20kHz. b, Voltage dependence of slow component, elicited by 20—40-ms jumps from
—40mV at 400 (open circles), 200 (filled circles), 100 (open triangles) or 50 (filled
triangles) mM [Nal,. Left, normalized slow charge (Q.); Bolzmann fits yield, at 400, 200,
100 or 50 mM [Na],, (equivalent valence) z, = 1.15 = 0.05, 1.22 = 0.04,

1.32 = 0.04 or 1.55 + 0.09, and (midpoint potential) V, =6 =1, —25 + 1,

—48 =1 or —77 = 1mV. Right, relaxation rate constant (K); curves show simulta-
neous fit to modified Hill expression”:

Ky

Ky = K+
{Ky5(0) exp (\VF/RT)}"

1T+—

[Nalg

where k and k, are voltage-independent forwards (de-occlusion) and backwards
(occlusion) rate constants, Ky5(0) is half-activating [Na], at 0 mV, nis the Hill coefficient
and \ is the fraction of the electrical field dropped along the access channel. Overall best-
fit values: k; = 97 = 128", k, = 1,444 = 367s ", Ky5(0) = 6.95 = 1.47 M,
n=117+0.1and A = 0.71 = 0.04.
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negative voltages (Fig. 2b, right). This may indicate that, ultimately,
regardless of [Na],, the reactions limiting the rates of the slow
charge translocation in both the forwards (de-occlusion: extreme
positive potentials) and backwards (occlusion: extreme negative
potentials) directions are nearly electroneutral”®'". Between these
extremes the slow relaxation rate varies with [Na], and voltage,
reflecting the filling of Na*-binding sites''. Fitting these slow rates
(curves, Fig. 2b, right) to the simple three-state scheme (Fig. 1, box)
gave an estimate for the fraction (A\) of the membrane’s electric field
dropped along the access channel of 71% similar to our previous
estimate (69%) from analysis of the voltage dependence of **Na*
efflux mediated by Na;/Na, exchange under similar conditions’.
We tested whether the reactions underlying the fast and slow
components of pump charge movement occur in sequence, as
implied above, by making the membrane potential negative
enough (—110 mV) for long enough (20 ms) for complete relaxation
of the current in 400 mM [Na], before stepping back to 0 mV. As
anticipated, this conditioning step elicited a large fast component
(reflecting Na; binding) followed by a slow relaxation (reflecting
occlusion); but, although the jump back to 0 mV caused the return
movement of a comparable amount of slow charge, the fast
component preceding it was greatly reduced (Fig. 3a). Evidently,
because the occlusion/de-occlusion reaction is strongly poised
towards occlusion at —110mV in high [Na], (Fig. 2b, left), the
prolonged sojourn at this potential drove most pumps to the
occluded state, (Na;)E;-P, whence they could not immediately
release Na* (to generate rapid charge movement) when the potential
was returned to 0 mV. Positive voltage jumps also elicit fast and slow
movements of pump-mediated charge (Fig. 3b), the fast component
in this case reflecting migration of released Na* ions out through the
access channel, and the slow component tracking the rate-limiting
de-occlusion step. The prolonged positive potential should thus
leave newly unloaded pumps available to bind Na} and, hence, to
contribute to a slightly larger fast charge component upon the jump
back to 0mV (as observed, Fig. 3b). These findings with long
conditioning voltage steps show that the reactions underlying the
fast and slow charge movements are obliged to occur in sequence.
The simple scheme of Fig. 1 cannot, however, explain the
comparable amounts of slow charge moved during and after long
conditioning voltage jumps (for example, Figs 2a, 3a), particularly
large negative jumps®. If the three Na' bind virtually instan-
taneously to P-E,, as implied (Fig. 1), a sufficiently negative
voltage jump should rapidly saturate available Na*-binding sites,
causing a maximally large movement of fast-charge. But, if the

a b 50 mV
omv - —  omwl!l
-110 mV
> > b

R

10 ms

Figure 3 Non-conservation of fast charge between on and off voltage steps. a, H,DTG-
sensitive current at 400 mM [Na], due to test step to —110 mV, with on-line subtraction of
scaled linear capacitance current elicited by small steps from the steady potential,
—110mV. Filter 20 kHz, sampling 100 kHz. b, H,DTG-sensitive current in the same axon
with same conditions as a, but for step to +50 mV. Filter 20 kHz, sampling 50 kHz.
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P-E,-Na, <> (Na,)E,-P occlusion reaction is intrinsically nearly
electroneutral, as concluded, the subsequent slow conformational
transition should engender only a negligible electrical signal, in
contrast to the large movement of slow charge recorded (Fig. 3a).
One proposal to account for such a discrepancy makes the access
channel state a high-energy, short-lived conformation sandwiched
between two occlusion/de-occlusion transitions®. This effectively
limits the size of the rapid charge movement (because the access-
channel state is rarely populated), but preserves a large slow
component (because release and binding of external Na' must
still proceed through the access channel). Our extension of the
model (Fig. 4a) posits that the three Na* within (Na;)E,-P are de-
occluded and released one at a time (see also ref. 12). Two
predictions of this new scheme are that the relaxation of pump
current after a voltage jump should comprise more than two
components, and that reciprocal relationships should exist between
the magnitudes of those components.

To resolve additional components we increased the sampling rate
to 2 mHz and used both briefer voltage steps and low [Na], to avoid
driving most pumps to the occluded state. Figure 4b shows the
pump current elicited by a 500-ws jump from 0 to —110mV at
100mM [Na],. Under these conditions the slow relaxation
(7= 3ms; Fig. 2b), appearing as an almost steady current at
—100 mV, can move only ~15% of its charge during the 500-ws
pulse. Because it moves even more slowly at 0mV (7= 5ms;
Fig. 2b), restoration of that small slow charge after the jump
back to 0mV is barely discernible as a small (practically time-
independent) displacement above the zero-current line (Fig. 4b).

a b
L] L]
- @ =
—_— —_—
o, — () -—
9 P O P
P-E,(Na,)-Na P-E,(Na)-Na

]|

(Nag)E,-P

4uA

250 us

(-110)

1.0

0

-200 -100 0 100 »
Membrane potential (mV)

o )

Figure 4 Faster sampling reveals medium-speed component. a, Model: predominant
electrogenic events are assumed to be migration of released Na* (black balls) along
access channels, narrow (high-field) for the first Na*™ but wide (low-field) for the next two
Na™; relatively electroneutral transitions (rate constants ki/k_4, k»/k_, and

kalk_3) de-occlude each Na™. b, Pump current elicited by 500-ps step from 0 to
—110mV, at 100 mM [Na],: solid line (asterisk) shows 2-exponential fit (ignoring first
150 ws) to off current; the medium-speed component, 7 = 220 s, was >20-fold faster
than the slow component, but ~10-fold slower than the fast component(s) which relaxed
in two phases (above fit ling) with 7 = 3 ws and = 30 ws (closely matching two phases of
capacitance current relaxation in that axon, and so reflecting the speed of membrane
potential change). Filter 100 kHz, sampling 2 MHz. ¢, Superimposed pump currents for
steps from OmV to +50, +10, =30, —70 and =110 mV at 100 mM [Na],; below, time
controls show subtraction of records taken 4 min apart before adding H,DTG. Filter
100 kHz, sampling 2 MHz. d, Voltage sensitivity of normalized medium-speed charge
(Qn; mean, n = 3) at 50 mM [Na],, measured at 0 mV (as in b) after 500-ws steps to
indicated potentials; Boltzmann fit parameters, z, = 1.1 = 0.1 and

V,= —55*2mV.
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The large-amplitude charge movements (two phases, mirroring
the two phases of capacitance current decline; see Fig. 4b) that
decay within the first ~100 s after both negative- and positive-
going voltage steps correspond to the fast component already
described (Figs 2a, 3). Then, however, a clear inflection in the
current relaxation at 0mV, ~100 ws after its onset, reveals a
subsequent additional, medium-speed component with a time
constant of roughly 200 ws (fitted curve; asterisk, Fig. 4b). The
charge moved at 0mV by this medium-speed component was
small following jumps to positive potentials, but, like the slow
component, it became prominent after pulses to potentials more
negative than —-70mV (Fig. 4c), and its magnitude varied
steeply with conditioning voltage (Fig. 4d).

If the underlying reactions are sequential (as proposed, Fig. 4a),
each component (fast, medium-speed and slow) must develop at
the expense of the preceding one. Figure 5a shows that the growth of
the medium-speed component (assayed at 0 mV; fitted curves) with
prolongation of the preceding —100-mV conditioning pulse from
200 to 800 s was accompanied by a decrease in the amplitude of the
fast component. This growth of medium-speed charge (Q,,) with
conditioning pulse duration was more rapid at 400 mM than at
100 mM [Na], (Fig. 5b), occurring in both cases with a time course
approximating the relaxation of the medium-speed component at
—100mV at the same [Na],. However, further prolongation of the
conditioning pulse reduced the magnitude of the subsequent Q,,,
with time constants similar to those measured directly for relaxa-
tion of the slow charge component at —100 mV and at the appro-
priate [Na], (Fig. 2b). Together, these results support our model
(Fig. 4a) by establishing that the medium-speed component grows
at the expense of the fast component, but then wanes as it populates
the enzyme conformations that generate the slow component.

We have shown here that the charge movements accompanying
release of three Na* ions by the pump are rate limited by three

100 [Na,

400 [Na],

I'o 1 2 3 4 5
Conditioning pulse duration (ms)

Figure 5 Sequential reactions underlie the three charge components. a, Conditioning
pulse duration (200, 400 and 800-ps steps from 0 to —100 mV at 50 mM [Na],)
influences relative sizes of subsequent fast and medium-speed components: solid lines
represent 2-exponential fits extrapolated to the off voltage jump; for all three traces,
medium-speed 7 = 140 ws. For illustration, an exponential curve (7 also 140 ws) has
been drawn through the extrapolated initial amplitudes. Filter 100 kHz, sampling 2 MHz.
b, Normalized medium-speed charge (@) moved at 0 mV after steps to —100 mV of
indicated duration, at 100 mM (open circles) and 400 mM (filled circles) [Na],: curves are
fits to difference of 2 exponentials, yielding 7 values of 0.13 = 0.01 and 1.74 + 0.45ms
at 400 mM [Na],, whereas at 100 mM [Na], 7 values are 0.23 = 0.01 and 2.6 ms (the
latter constrained as the mean 7 for the slow component at —100 mV and 100 mM [Na],,
from Fig. 2b, right).
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separate, sequential reactions, each of which probably opens a
binding site to permit one Na" to escape. Each charge component
has well defined characteristics. The slowest appears to reflect
strongly electrogenic (equivalent valence, z = 1; Fig. 2b) release of
the first Na*, through ~70% of the membrane field, in a reaction
that is rate limited by the slow (~100 to 1,400 s major
E,-P < P-E, conformational change, which itself seems relatively
electroneutral; this slow component shows low sensitivity to [Na],
(Fig. 2b) but has strongly temperature-sensitive rates’, revealing an
enthalpic activation energy of ~80kJ mol™ (10—-20°C; not shown;
see ref. 13). Like the slow component, the medium-speed (~6,000
to 20,000s™') component also has a steeply voltage-dependent
charge magnitude (z=1; Fig. 4d), and a relaxation rate that
increases with [Na], at negative potentials and shows a high
activation energy (~70Kk]J mol™%; not shown) and, hence, probably
reflects the reaction that de-occludes the second Na'. The fast
component mirrors the time course of the distributed membrane
capacitance transient and so must reflect charge transitions with
rates =10°s", appropriate for rapid Na* release through an access
channel, but still possibly rate limited by a minor conformational
change that de-occludes the final Na'; consistent with their high
speed, these relaxations show little temperature sensitivity (not
shown). In further contrast to the slow and medium-speed compo-
nents, the fast charge movement has extremely weak voltage
sensitivity (note simple scaling of the fast component amplitude
with potential over a 160-mV range in Fig. 4c), and it is seen in
virtual isolation at very low [Na], (=25 mM; not shown), indicating
that it may reflect release of the final Na* ion(s) from a relatively
high-affinity site(s) on P-E, (see refs 8,9, 12). Our failure to observe
any comparably high-speed charge movement displaying the strong
voltage sensitivity of the medium-speed and slow components,
despite exploring a broad range of [Na], and voltage, argues (see
ref. 8) that there must be negligible steady-state occupancy of the
narrow (high-field) access-channel conformation P-E,(Na,)-Na,
which we propose (Fig. 4a) is ultimately responsible for those
slower charge relaxations; this in turn implies that both rate
constants leading away from that state (k_; and k, in Fig. 4a) are
relatively large.

The strictly sequential nature of the three charge components
shown here indicates that the three Na* may be released from the
Na'/K" pump in a fixed order. Ordered occlusion/de-occlusion of
two K" by kidney microsomal Na'/K'-ATPase'* and sequential
occlusion, translocation and release of the two Ca®" ions trans-
ported by the sarcoplasmic reticulum Ca’"-ATPase'® have been
detected using isotopes and rapid filtration techniques (time
resolution ~10 ms), but the far higher time resolution and sensi-
tivity of the electrical recording methods used here permit extrac-
tion of finer molecular kinetic detail*'>'°. Closer examination, using
these methods, of the interactions of extracellular Na" ions with
their binding sites within the Na*/K* pump will now be required to
discern the precise molecular rearrangements that surround these
principal charge movements in the Na*/K" transport cycle. O

Methods

Giant axons from the squid Loligo pealei were voltage clamped", internally dialysed and
externally superfused at 20—22 °C with Cl"-free solutions”"” designed to restrict the
pump to Na* de-occlusion/release steps (Fig. 1). Intracellular (in mM; pH adjusted with
HEPES): 80 Na-HEPES, 57 N-methyl-p-glucamine(NMG)-HEPES, 50 glycine,

50 phenylpropyltriethylammonium-sulphate, 5 dithiothreitol, 2.5 1,2-bis(2-
aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid (BAPTA), 15 Mg-HEPES, 5 Tris-ATP,
5 phospho(enol)pyruvate tri-Na*-salt and 5 phospho-L-arginine mono-Na"-salt. Extra-
cellular (in mM): 400 Na-isethionate, 75 Ca-sulphamate, 1 3,4-diaminopyridine,

2 X 10~ * tetrodotoxin, 5 Tris-HEPES and 0.05 EDTA (pH 7.7). Osmolality of all solutions
was ~930 mOsmol kg™". To lower [Na],, Na-isethionate was replaced by tetramethylam-
monium-sulphamate or NMG-sulphamate. Voltage pulses were generated and currents
recorded using a 16-bit PC44 A-D/D-A converter board (Innovative Technologies) with
software developed in-house. Currents were filtered at 12.5-200 kHz, then sampled at
20 kHz—2 MHz. Current records were sometimes acquired after subtraction of appro-
priately amplified small current signals, obtained in a voltage range where pump-mediated
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charge movement tended towards saturation, to minimize currents from linear membrane
capacitance. Pump current was determined as current sensitive to 100 uM H,DTG'".
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The C. elegans heterochronic gene pathway consists of a cascade of
regulatory genes that are temporally controlled to specify the
timing of developmental events'. Mutations in heterochronic
genes cause temporal transformations in cell fates in which
stage-specific events are omitted or reiterated’. Here we show
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