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Brine shrimp (Artemia) are the only animals to thrive at sodium concentrations above 4
M. Salt excretion is powered by the Na*,K*-ATPase (NKA), a heterodimeric (af}) pump
that usually exports 3Na” in exchange for 2 K* per hydrolyzed ATP. Artemia express
several NKA catalytic a-subunit subtypes. High-salinity adaptation increases abundance
of a2y, an isoform that contains two lysines (Lys308 and Lys758 in transmembrane seg-
ments TM4 and TM35, respectively) at positions where canonical NKAs have asparagines
(Xenopus a1’s Asn333 and Asn785). Using de novo transcriptome assembly and qPCR,
we found that Artemia express two salinity-independent canonical o subunits (a1
and a3yy), as well as two P variants, in addition to the salinity-controlled o2yy. These
f subunits permitted heterologous expression of the a2y pump and determination
of its CryoEM structure in a closed, ion-free conformation, showing Lys758 residing
within the ion-binding cavity. We used electrophysiology to characterize the function
of o2y pumps and compared it to that of Xenopus ol (and its o2y -mimicking sin-
gle- and double-lysine substitutions). The double substitution N333K/N785K confers
o2ig-like characteristics to Xenopus a1, and mutant cycle analysis reveals energetic cou-
pling between these two residues, illustrating how a2;’s Lys308 helps to maintain high
affinity for external K" when Lys758 occuEies an ion-binding site. By measuring uptake
under voltage clamp of the K'-congener *'Rb*, we prove that double-lysine-substituted
pumps transport 2Na" and 1 K' per catalytic cycle. Our results show how the two lysines
contribute to generate a pump with reduced stoichiometry allowing Artemia to maintain
steeper Na® gradients in hypersaline environments.

electrochemical gradient | Na*,K*-ATPase | stoichiometry | extremophiles | transcriptome

Brine shrimp of the genus Artemia are crustaceans that adapt to salinities ranging from
20 mM NaCl to saturated salt solutions [i.e., up to 6 M salt, (1)]. These animals flourish
in inland salt lakes, some of the harshest environmental conditions on earth, where
brine-fly larvae are the only other animals known to persist. Brine shrimp are osmoregu-
lators with a tightly regulated hemolymph (1, 2). The molecular mechanisms used by
brine shrimp to tolerate the extremely high osmotic and ionic gradients are only partially
understood (3). Some adaptive features include the presence of a hard integument and
increased extrusion of Na™ and ClI” ions through specialized organs: the neck organ in the
larval nauplii (4) and the metepipodites of the phyllopodia (flat thoracic appendages used
for swimming) in adults (5).

A basolateral Na*,K*-ATPase (NKA) drives salt transport in ion-transport epithelia.
The NKA is a heterodimeric P-type 2C ATPase formed by association of a catalytic o
subunit (containing all the machinery for ion transport and ATP hydrolysis) and an
auxiliary B subunit (essential for plasma membrane targeting) (6). Most animals have
multiple NKA isoforms that form isozymes that operate with slightly different kinetic
parameters (7), fine tuning the ion-transport needs of various cells (8). Canonical pumps
export 3 Na' ions and import 2 K* per ATP molecule hydrolyzed (Fig. 14) (9). It is
thought that Artemia express two NKA o subunit isoforms (10): one isoform with canon-
ical ion-binding sites (alyy) and another with two striking asparagine-to-lysine substi-
tutions within the ion-binding site region (a2yy, Fig. 1B), specifically, K308 in TM4
(equivalent to N333 in the canonical Xenopus al) and K758 in TM5 (equivalent to N785)
(11). Both isoforms are present in every salinity, but a2« mRNA expression increases
drastically when brine shrimp are exposed to high salinity (12). It has been proposed that
o2k may have a reduced ion stoichiometry helping Artemia adapt to high salinity by
allowing it to build larger electrochemical gradients (12).

Here, we present a comprehensive study of the functional characteristics of Artemia’s
o2 NKA and the cryoEM structure of a2y without transported ions, showing the
presence of one of the two lysines within the ion-binding sites. To help interpret our results
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Fig. 1.

(A) Post-Albers canonical Na*, K*-ATPase catalytic cycle. The pump transports one charge per cycle as it transports 3 Na* in exchange for 2 K" while

harnessing the energy from ATP hydrolysis by alternating between phosphorylated and dephosphorylated forms of two major conformations E1 and E2. The
red dotted box encloses the states transited by the pump in the absence of external K" in the presence of Na*, when it produces the voltage-dependent transient
charge movement. (B) Alignment of the TM4 and TMS5 regions of various NKA o subunits showing the two lysines present in Artemia's a2y (third line), where
canonical NKAs have asparagines. (C and D) Extracellular view of the ion-binding site region showing ion-coordinating sidechains and N333 (Xenopus «1 numbering)
in the structures of the pig NKA formed by «181y, with 3 Na* ions bound in E1 (13) (C) and of the shark NKA formed by a1p1FXYD10 with bound K" in E2 (14) (D).
(E) Box plot of fold-change of Artemia’'s NKA isoforms in adult shrimp at high salinities. Data points from 5 (a3, B1 & p2) or 6 (a1 & a24) biological replicates
are shown as circles. The box edges are the quartiles, the line dividing the box is the median, the mean is an open square. A Kruskal-Wallis test indicates that
only alyy at2 M (P =0.006) and 4 M (P = 0.01) and a2, (P = 0.0001) at 4 M, are # than 1 (no change).

in structural terms, we utilized molecular dynamics (MD) simu-
lations performing in silico mutagenesis on previously available
ion-bound X-ray structures of canonical NKAs, which further
suggest how the double lysine substitution may reduce stoichiom-
etry and significantly alter ion-binding reactions. We utilized
two-electrode voltage clamp (TEVC) and patch-clamp electro-
physiology in Xenopus oocytes to characterize the function of a2y
pumps and compared it to the function of canonical NKA and
its double-lysine substituted mutant that mimics Artemia’s a2 .
We show that introduction of the two lysines on a canonical NKA
background recapitulates the functional characteristics of Artemia’s
o2k with respect to external ion 1nteract10n Due to limited
expression of a2y pumps, we measured **Rb uptake under volt-
age clamp in the double-lysine substituted Xenopus a1 and demon-
strate that it transports 2 Na":1 K" per cycle instead of the 3 Na":2
K" observed in canonical NKAs, thus allowing a2y pumps to
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build larger electrochemical gradients. By comparing the func-
tional consequences of single- and double-lysine substitutions, we
show how the interaction between both residues may be needed
to maintain physiologically relevant affinities for Na" and K" that
ensure 02 NKAs are functional under Artemia’s natural envi-
ronmental conditions. Thus, our results demonstrate experimen-
tally how both evolutionarily substituted lysine residues are
required for the reduced stoichiometry of a2y to confer an advan-
tage to brine shrimp, allowing them to generate a larger gradient
across the membranes expressing these NKAs.

Results

Our initial attempts to express the published version of Artemia’s
a2y (11) and P (15) in Xenopus oocytes were unsuccessful.
Therefore, we raised Artemia at three salinities, 250 mM, 2 M,
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and 4 M salt (mostly NaCl, see Methods), to perform RNAseq and
de novo transcriptome assembly. The resulting transcriptome con-
tains two P subunit splice variants (1 and f2). While 1 differs
from previously available sequences at a few residues within the
extracellular globular domain (15), 2 has a distinct N terminus
(SI Appendix, Fig. S1). We also found three, instead of two, cata-
lytic subunit isoforms: alyy, 02k, and adyy (S Appendix,
Fig. $2). The ol sequence has a longer N terminus than a pre-
viously reported sequence (16), while a3y, the isoform with the
lowest transcript abundance, also has canonical sites. The nonca-
nonical 02y from our RNAseq is almost identical to the originally
described sequence (P17326, ref. 11), except for three residues in
the intracellular loop between TM6 and TM7. All a and f isoform
sequences are found in the recently published genome (17).

The aligned sequences of the ion-binding site regions of o sub-
units from Artemia and other species illustrate the unique lysine
substitutions residing in TM4 and TM5 of a2y, where canonical
a subunits have asparagine residues (Fig. 1B). The zoomed-in
structural view of the ion-binding sites in the 3 Na'-bound
[Fig. 1B, (13)] and 2 K'-bound [Fig. 1C, (14)] states show that
N785 in TM5 (Xenopus al numbering) directly coordinates
bound ions, while N333 in TM4 is further away. We used qPCR
to interrogate which NKA isoforms change expression at different
salinities (Methods). Consistent with previous reports that consid-
ered an incomplete set of isoforms (12), we found that a2, is
drastically up-regulated when Artemia shrimp adapt to high salin-
ity, while changes in the other four isoforms are minor (Fig. 1D).
Compared to 250 mM salt, the increase in a2 mRNA at 2 M
salt was highly variable (150 + 208-fold, SD), but a much higher
expression was always observed at 4 M salt (787 + 133 fold
increase, SD).

We expressed the noncanonical 02y (P17326, see Methods) in
HEK cells for structural studies (Fig. 2) and in Xenopus oocytes
for functional evaluation (Fig. 3). NKA-mediated currents (meas-
ured in 125 mM Na" with 10 mM K) were larger in oocytes
injected with 02y and 2 (51 + 19 nA, 7 = 48) compared to those
injected with a2y and 1 (31 + 16 nA, 7 = 9), but substantially
smaller than currents mediated by Xenopus a1f3 in the same con-
ditions (330 + 186 nA, n = 49) or by previously reported NKA
isoforms from several species (18-22). Given the higher expression
with B2 versus B1, the P2 isoform was used as the partner for
expression of Artemia’s a2 in all further studies.

Protein expressed in HEK cells was purified in the absence of
transported ions, and the ion-free a2 B2 structure in the presence
of the inhibitor AIF, was determined to 3.4 A resolution by cry-
oelectron microscopy (SI Appendix, Fig. S3 and Table S3). The
overall structure shows an E2 arrangement (Fig. 2), viewed from
the membrane plane in Fig. 24. The arrangement of the trans-
membrane helices is close to that observed in the pig NKA with
2 K* ions occluded E2-P state (2zxe), with a RMSD of 1.43 A
(81 Appendix, Fig. S4). The density map (Fig. 2 B and C) shows
the TGES-motif of the A domain interacting with the AlF,” bound
to the P-domain (Fig. 2C), a hallmark of the E2-P state. The
zoomed-in slice shows that the ion-binding region is inaccessible
to the extracellular solution (S/ Appendix, Fig. S5). Thus, despite
the absence of transporting cations in this experimental set-up,
the 022 molecule accumulates in an E2-P occluded-like state.

Many side chains around the ion-binding region are well
defined, including the noncanonical lysines: Lys308 (correspond-
ing to Xenopus ol Asn333) and Lys758 (Xenopus ol Asn785)
(Fig. 2B). The amino group of Lys308 is within hydrogen-bond
distance of the main-chain oxygen of Met275 in TM3, facing
away from the binding cavity (Fig. 2C). In contrast, the side chain
of Lys758 in TM5, occupies the space between cation-binding

PNAS 2023 Vol.120 No.52 2313999120

Fig. 2. Structure of Artemia's a2.p2. (A) Overall cryo-EM structure of
Artemia’s a2, in the AlF, inhibited E2 state without bound ions viewed from
the membrane plane showing the o (multicolored) and p subunits (yellow).
Intracellular A-, P-, and N-domains are colored pink, green, and cyan. The
membrane position is indicated by the yellow shade. (B and C) Density map
in the region surrounding the ion-binding sites (B) and in the P domain, where
AlF,” binds to the P-type ATPase conserved aspartic acid (C). (D) Zoomed-
in view of the ion binding site region of the a2, structure viewed from the
extracellular side, approximately perpendicular to the membrane plane, a
similar orientation as the ion-bound canonical structures shown in Fig. 1C.

sites | and II with its e-amino group likely forming a salt-bridge
with TMG’s Asp786 (Xenopus al Asp813, Fig. 2Cand SI Appendix,
Fig. S4 B and C). Other potential electron donors in close prox-
imity include the main chain carbonyls from Ala307 and Val309
in TM4 and the side chain carboxyl groups from Glu311 in TM4
(E336 in Xenopus) and Glu761 in TM5 (E788 in Xenopus). These
amino acids primarily coordinate K" at site II in the canonical 2
K*-occluded E2-P state (S Appendix, Fig. S4 B and C). Thus, in
the absence of transported cations, Lys758 appears to interact
mostly with what corresponds to site II in the canonical NKAs,
leaving an empty space (presumably occupied by water) sur-
rounded by the site I-coordinating residues Ser757, Glu761, and
Asp790 (SI Appendix, Fig. S5, Xenopus S784, E788, and D817).
Because this empty space is too small to simultaneously accom-
modate two K" ions, our structure suggests that the charged
sidechain of Lys758 might substitute for one transported ion.
However, the structure alone falls short of demonstrating a non-
canonical NKA stoichiometry, or how the lysine residues might
interact to maintain a functional NKA under physiological
conditions.

To further evaluate the structural distortion within the mem-
brane region, we introduced the lysine mutations in silico within
available structures of canonical 1 NKAs with 3 Na'-bound in
El (13) and with 2 K'-bound E2 (14) and performed molecular
dynamics (MD) simulations. We used the simulation trajectories
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Fig. 3. Electrophysiological characterization of Artemia's a2,p2 NKAs. (A)
Representative traces in NMG" solution at =50 mV, from oocytes injected with
cRNA to form Xenopus o143 (Top) or Artemia's a2,f2 (Bottom) NKAs. Addition of
K* activated outward currents in a concentration-dependent manner. Vertical
deflections in the traces correspond to application of 100 ms-long voltage
pulses used to obtain the K™-induced currents at different voltages to measure
the half-maximal activating concentration. (B) K, s obtained from Hill fits to
the K concentration dependence of the steady-state current, as a function
of the applied voltage obtained in the presence (solid symbols) or absence of
Na® (as in A, open symbols) for oocytes expressing Xenopus o1p3 (black circles)
Artemia’s a2p2 (green squares) or the double lysine mutant mimicking a2y,
Xenopus al1p3 (blue triangles). The Hill fits had Hill coefficient (shared between
all voltages) were ny = 1.20 + 0.09 for Xsa1p3, n, = 1 (fixed) for a2,,p2 and n,
=1.06 + 0.08 for Xsa1KKB3 in NMG, and n, = 1.55 + 0.09 (n = 13) for Xsa1$3,
ny = 1 (fixed) for a2,«p2 and n,; = 0.86 + 0.09 (n = 5) for Xsa1p3. (C) Ouabain-
sensitive transient currents (current without ouabain - current after ouabain)
measured in the presence of 125 mM Na“ when voltage pulses were applied
from -50 mV to the indicated voltages in two oocytes expressing Xenopus
a1p3 (Top) or Artemia’s a2y f2 (Bottom). (D) Q-V curve plotting the integral of the
current signal when the voltage pulse i |s turned off as a function of the applied
voltage for the same constructs in B. Line plots correspond to Boltzmann
equations fitted to the data from individual experiments (Methods) with slope
factors shared between all Boltzmann fits to different experiments (+SEM
from global fit) kT/zeq=35+03mV (n=18) for Xsa1p3, KT/zeq =64+ 23 mV
(n = 9) for a2p2; kT/ze, =49 £ 1.3 mV (n = 7) for Xsalyp3, and kT/ze, = 44 +
2.6 mV (n = 5) for a2, f2 and the midpoint voltage given in Table 1. The ICg,
for inhibition of a2,-mediated K*-induced currents by the specific inhibitor
ouabain was 135 + 90 uM (SD, n = 14) thus allowing separation of exogenous
from endogenous currents by preincubation in 1 pM ouabain (Methods).

to measure the RMSD of the ion-binding sites (Table 1), distin-
guishing effects on the bound ions (RMSD, ions) and the nonhy-
drogen atoms of the ion-binding-site residues (RMSD, residues).
The systems for ot 7g5 and o1 x335/k7g5 became particularly unstable
for K" ions in E2, due to the -N'Hj" sidechain group of K785 acting
as a cation surrogate. Consistent with this proposal, removing one
bound ion from one site of the ®1y33/755 simulations restored
ion-binding-site stability for both, Na* in E1 and K" in E2 (Table 1).
Representative snapshots from one replica in each system during
MD simulations are shown in SI Appendix, Fig. S6.

Functional implications of structural alterations were evaluated
by comparing the electrophysiological parameters of a2y P2 to
canonical pumps. Net transport of one charge in each cycle generates
an outward current when the oocyte is exposed to extracellular K*
in the presence of intracellular Na'. Representative traces from
Na'-loaded oocytes at -50 mV, bathed by external N-methyl
D-glucamine (NMG"), illustrate outward currents induced by step
changes in K" concentration in oocytes expressing canonical Xenopus
alp3 pumps (Fig. 3 A, Top), or Artemia’s 02y, P2 (Fig. 3 A, Bottom).
Vertical deflections correspond to 100 ms-long step changes in
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voltage to measure the K'-activated currents at different voltages,
to obtain the half-maximal activating concentration (K5 g) as a
function of voltage (Fig. 38 and Table 1). The K 5 x was measured
in the presence (solid symbols) and absence (open symbols) of exter-
nal Na". The presence of Na" increases K5 i at all voltages due to
Na" and K" competition, but the increase is larger at negative volt-
ages due to the stronger voltage dependence of external Na* binding
(24). Xenopus a1p3 (XsalP3, black circles) and Artemia’s a2, 2
pumps (green squares) have similar apparent affinities for K*. We
mutated Asn333 and Asn785 to lysine in the Xenopus al subunit,
to mimic 02y. K'-activated NKA currents of oocytes injected with
the double-lysine mutant and p3 (Xsat1yxf3) have similar charac-
teristics to those in a2y, including reduced 10 mM K'-induced
current amplitude in 125 mM Na® (169 £ 147 nA, n = 15,) and
affinities for external K' like those of a2y and the canonical
Xenopus wild type (Fig. 3B, blue triangles). The curve for a2y
appears slightly left shifted with respect to Xenopus a1 p3, while the
curve of alyxP3 falls between the curves of Artemia a2y and
wild-type Xenopus al (Fig. 3B). The apparent affinity for external
K" without Na" of noncanonical pumps is increased twofold with
respect to the Xenopus constructs. Thus, the small voltage-dependent
differences observed in the presence of external Na* probably reflect
the slightly higher apparent affinity for external K" of noncanonical
pumps and the lower apparent affinity for external Na” of both the
lysine-containing pumps.

Voltage-dependent transient-charge movement in the absence
of external K" allows evaluation of enzyme interaction with extra-
cellular Na*. Square-voltage pulses from -50 mV to voltages rang-
ing from -180 to + 40 mV were repeated, first in the absence, and
then in the presence of an NKA inhibitor (1 mM ouabain), to
obtain the ouabain-sensitive transient currents (Fig. 3C). Integra-
tion of the current observed when the voltage returns to -50 mV
yields the charge moved, which is plotted against the voltage of the
preceding pulse in the Q-V curve (Fig. 3D). The sigmoidal Q-V
curves are described by a fit to a Boltzmann equation (line plots).
Compared to the canonical Xenopus al (black circles), the curve
for Artemia a2y P2 (green squares) is shallower (larger slope factor,
see Methods) and the center shifted to more negative voltages. The
charge movement of the Xenopus ol mutant is also left-shifted
compared to the wild-type ol (Fig. 3D and Table 1) and has a
smaller increase in the slope factor. The reciprocal substitution
making a canonical NKA in the brine shrimp’s a2y background
by replacing the lysines with asparagines moved the Q-V curve to
the right and increased the slope (Fig. 3D, red stars). While slope
factor changes are difficult to interpret (25), the center of the
Boltzmann distribution, V, ,, relates to the overall apparent affin-
ity for external Na'. A left-shifted curve indicates a reduced Na”
affinity, whereas a right-shifted curve suggests an increased affinity
for Na" (25 mV shift per twofold change in affinity) (26, 27).
Thus, compared to Xenopus al, Artemia a2y and the Xenopus
ol mutant have a ~threefold reduction in apparent affinity for
external Na'.

Attempts to reliably measure ATP-activated currents in Artemia
a2 in giant patches were unsuccessful as the currents were too
small for reliable reproducible measurement. Thus, we utilized
giant inside-out patches from oocytes expressing wildtype or dou-
ble lysine-substituted Xenopus a1 with saturating external K" in
the pipette’s extracellular solution. ATP-induced NKA currents
were measured in the presence of variable intracellular Na" without
intracellular K* (Fig. 44) and plotted as a function of intracellular
Na" concentration (Fig. 4B). Each individual experiment was fit-
ted with the Hill equation yielding average K, 5 values in Table 1.
The double lysine mutation reduced intracellular Na* apparent
affinity to a similar extent as external Na* affinity (threefold).
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Table. 1.

Average RMSD of binding-site residues and ions from MD simulations of the ion-bound E1 and E2 states

(left 4 columns) and functional parameters (right three columns) from TEVC (K, 5« and V,,,) and patch clamp (K, 5 n2)

experiments

RMSD, residues RMSD, ions Functional parameters
E1 E2 Na®in E1 K" in E2 Kosx (MM) V,,, (MV) Kosna (MM)
Canonical a1 1.39+0.09 0.82+0.03 243+0.09 0.73+0.11 0.21£0.10 -47 +7 3.3+0.25
(n=19) (n=18) (n=3)
olyzss 2.01+0.14 110+£0.28 239+1.11 1.06+0.39 0.12 £ 0.06 -117 £ 23 6.4+0.1
(n=5) (n=18) (n=3)
alyzes 1.75+0.17 226+042 195+0.12 3.21+0.83 2.66 +2.08 -120 £ 11 9.3+04
(n=28) (n=28) (n=3)
ol 1.93£0.03 1.83+0.38 3.50%£0.21 19.5+28.2 0.25+0.09 -84+8 10.2 £ 2.1
(n=7) (n=7) (n=3)
aly -1 cation 1.61+0.07 1.35+0.07 1.72+0.13 1.84+0.08
a2y ND ND ND ND 0.10 £ 0.06 -70+£12 ND
(n=6) (n=9)
a2y ND ND ND ND ND -40+12 ND
(n=5)

For MD simulations, residues within 4.5 A to any of the bound ions were assigned as binding-site residues. Errors are SEM calculated from three replicas. When the site Il ion was removed
from N333K/N785K the E1 system was unstable. The wild-type simulation RMSD are from ref. 23. For functional experimental parameters, errors are SD. The Hill coefficients for K inter-
action with alyss; and al,;gs were ny = 1.28 £ 0.07 and ny, = 1.14 + 0.08, respectively. And for intracellular Na" ny = 2.5 + 0.69 and n,, = 1.3 + 0.69. The slope factors from Q-V curves were
KT/ezq=52+2mV (n = 13) for alys33 and kT/ez, = 45 + 2 mV for aly;s. Quantities in bold font illustrate large deviations from wild-type canonical parameters.

The stoichiometry of the double lysine mutant was determined
by measuring the uptake of radioactive **Rb* [a K* congener with
affinity similar to K* (28) in oocytes under two-electrode voltage
clamp (Fig. 4C). The current traces at -50 mV show that perfusion
of 1 mM *Rb" in the NMG" solution evoked outward pump
current in oocytes injected with both wild-type Xenopus al1p3
(Fig. 4 C, 1op) or the Xenopus ol p3 mutant (Fig. 4 C, Bottom).
After 2-3 min, the **Rb* was washed away and the current returned
to baseline. The oocyte was collected and the indicated level of *Rb*
uptake by the oocyte was determined. The integral of I, gives the
charge extruded by the oocyte (converted to moles of elementary
charge using Faraday’s constant). The mean ratio of imported Rb*/
exported charge in individual oocytes was 2.11 + 0.46 (= 40, SD)
for wild type and 1.06 + 0.20 (= 21, SD) for al i (Fig. 4D). This
result demonstrates that 3 Na" are exported for 2 Rb" imported in
wild-type canonical pumps, as expected, while pumps with the two
lysine residues export 2 Na" per Rb™ imported.

The functional characteristics of the single mutants were also
evaluated (Table 1), completing the mutant cycle to determine
whether the two residues are energetically coupled. Compared to
wild type (K5 = 0.21+ 0.10), the affinity for external K" was reduced
by ~20-fold in the ol y-g5 mutant (K 5 = 2.66 + 2.08), while o153
(Ky5=0.12 + 0.06) resembles wild type. Both single lysine mutants
01533 and ol 5 caused an ~eightfold reduction in apparent affin-
ity for external Na* (~-75 mV shift to the left in Q-V curve). The
apparent affinity of intracellular Na" was 3.3 + 0.25 (7 = 3) for wild
type 6.4 £ 0.1 (7 = 3) for Al ;35 (twofold reduction in affinity) and
9.3+ 0.4 (n = 3) for alygs (threefold reduction in affinity). Thus,
mutant cycle analysis demonstrates energetic coupling between the
two mutations, as the effect of the double mutant on the K5 for
K" and Na" is different than the additive effects of each single muta-
tion. This interaction is likely critical for this pump to function
under physiological conditions.

Discussion

Since determination of the first P-type ATPase structures, it has
been suspected that certain NKA isoforms with cationic amino
acids in their ion-binding sites may have an altered stoichiometry.
Given that expression of these NKA isoforms increases when
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osmo-regulating animals adapt to extreme salinities, it suggests
that this characteristic may allow them to maintain larger electro-
chemical gradients. Our results demonstrate the noncanonical
stoichiometry of provide the high-resolution structure of an envi-
ronmentally regulated NKA.

Structural Features of a2, Pumps. Our o2 2 structure shows
that the amino group of Lys758 points to site II rather than site
I. H,K-ATPases (HKA) have a lysine residue at the contiguous
position, equivalent to Ser784 in NKA. The proximity of position
784 to site I ensures that site I is physically blocked by the lysine
in HKA, ensuring a single K binds to site II, contrasting with
our observations with K758 in a2y . There are two possibilities
for a single K" ion binding in a2, 1) K" might bind to site
I, electrostatically repulsing Lys758’s e-amino group toward the
unwound part of TM4 and improving its interaction with the
site II amino acids to trigger dephosphorylation, or 2) the e-
amino group of Lys758 may orient toward site I and the K" ion is
occluded in site II. The first hypothesis appears structurally more
feasible because in canonical NKAs K" at site IT is coordinated by
three main-chain and one side-chain oxygen atoms from TM4’s
unwound region, which are found at distances (2.8 A-32 A,
2zxe) that would be ideal for hydrogen bonds to form between
nitrogen and oxygen, and we observe similar distances between the
e-amine of Lys758 and the surrounding oxygens in the Artemia
a2y structure (Fig. 2D and ST Appendix, Figs. S4 and S7A). The
second hypothesis appears less likely because the e-amine and 8-
carbon of Lys758 would clash with site II even if the Lys758 side
chain faces site I (S Appendix, Fig. S7B). An ion-bound structure
is needed to unequivocally distinguish between these possibilities.

Lys308, the other lysine in a2yp2, interacts with the main
chain carbonyl of Met275 in TM3, a residue that corresponds to
an asparagine in canonical NKAs (Asn333 in Xenopus al) and to
a tyrosine (Tyr340) in the gastric HKA. The mutation Tyr340Asn
is one of five simultaneous substitutions required to engineer a
second K'-binding site in the gastric HKA (29). It is thought that
this substitution alters the rotamer of Asn792 (which corresponds
to Lys758 a2,) by interacting with Tyr863 (Tyr854 in canonical
NKAs and Tyr827 in a2y). We therefore speculate that Lys308
in a2y P2 indirectly adjusts the position of Lys748 helping them
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Fig.4. Intracellular Na® affinity and stoichiometry of a1,p3. (A) Representative
traces from two patches held at 0 mV. Application of 4 mM MgATP at different
intracellular Na* concentrations induced larger outward NKA currents as Na*
concentration is raised. Sharp vertical deflections correspond to application
of 25 ms pulses ranging from —-140 to +40 mV. (B) Average NKA current as a
function of Na* from three patches for each mutant. Line plots represent the
Hill equations with parameters Ky 5y, = 3.3+ 0.25, n; = 1.6 + 0.1 for wild-type
Xsa1p3 (black circles) and Ky, =10.2 + 2.1 ny; =1.3 £ 0.1 (black circles) for
Xsalp3 (blue triangles). The three individual experiments were fitted with
a shared Hill coefficient. Error bars are SEM from the fit. (C) Representative
traces from oocytes expressing wild-type Xsa1p3 (Top) or Xsalp3 (Bottom),
held at =50 mV bathed by NMG. Application of 1 mM #*Rb* over the oocytes
reversibly induced outward current. The current integral gives the charge
extruded by the oocytes. After current deactivation, the total ®Rb" uptake by
each oocyte was measured in a scintillation counter, indicated for individual
experiments. (D) Bar graph summarizing the average ratio of Rb* uptake/
charge extruded from the indicated number of oocytes (from two oocyte
batches for each mutant). The total uptake was 1.00 + 0.06 nanomoles in
oocytes expressing WT pumps, 465 + 39 picomoles, 283 + 54 picomoles in
oocytes expressing N333K/N785K, and 17 + 4 picomoles (n = 12) in impaled
uninjected oocytes pretreated with ouabain. Non-NKA-mediated uptake (i.e.,
uptake in uninjected oocytes) was subtracted from the uptake measured in
injected oocytes in the same batch of oocytes to obtain the NKA-mediated
uptake (Methods).

Xsal,, B3

occupy one of the two binding sites when the pump is open to
the external side, a hypothesis supported by functional studies
discussed below.

Although we lack an E1 structure, all residues required to form
Na" site IIT are present in a2y with identical side chain arrange-
ments as in canonical NKA E2 structures (S Appendix, Fig. §4).
These residues include those that directly coordinate Na* (Tyr753,
Asp906, and Q903) (27, 30-32) and those indirectly contributing
to site III formation (Cys907, Trp904, and Glu934), some of
which are absent in HKA pumps (33, 34). Importantly, a lysine
at the position equivalent to Xenopus N785 maintains the selec-
tivity for cytosolic Na" (Fig. 4), while the presence of a lysine at
the contiguous position in HKAs (Xenopus 784) is required for
proton selectivity (29, 33). Interestingly, Ser784Lys, eliminates

Rb* uptake in NKA (35), indicating that the continuous occu-
pancy of site I by Lys784 side chain blocks NKA function, prob-
ably by steric hindrance of access to site 111, the first site to bind
Na'. In the canonical binding sequence, Na" binding to site III
forms site I, subsequent Na* binding to site I forms site II, and
Na" binding to site II triggers full Na"-occlusion and phosphoryl-
ation (13). Considering the electrogenicity of a2 f2 and the 2
Na":1 K" stoichiometry measured in algf3 (the a2y mimic),
two Na' ions must bind in the inward-facing E1 state, meaning
that Lys758 between sites I and II, must occupy sufficient space
to ensure that only Na" reaches site III to initiate the occlusion
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sequence with high selectivity. Such a mechanism would be con-
sistent with a recent proposal, in which Mg** binds to E1 between
site I and site II, leaving room for a Na" to enter site I to initiate
occlusion (36). Thus, we propose that after site III occlusion, the
g-amino group will move to site I, followed by binding of Na" at
site II, triggering final occlusion and phosphorylation. Another
unlikely alternative, due to conservation of site II as the main
transport site in P-type ATPases, is that the lysine occupies site 11,
meaning site I is the last to bind before complete occlusion of two
Na" ions in this pump. The concrete resolution between these two
alternatives will require solving the 2 Na'-bound E1 structure of
o2y pumps.

Functional Characteristics of Pumps with Noncanonical Lysine
Residues at TM4 and TM5. Structural and MD studies conducted
here suggest that pumps with a lysine at positions 333 and 785,
where the Xenopus al and other canonical pumps have asparagines,
should have altered stoichiometry. Our **Rb uptake experiments
demonstrate such reduced stoichiometry that, as discussed below,
likely contributes to Artemias ability to adapt to higher salinities. The
effect on external Na" interaction of the double lysine substitution
on canonical NKAs is of similar amplitude and in opposite direction
to the substitution of the two a2y lysines with asparagines. The
presence of the two lysines yields NKAs with reduced expression,
that appear less stable than canonical NKAs. Examination of our
structure indicates that K758, the lysine in TM5, is necessary to
occupy one binding site, substituting for one K" in E2 and one Na"
in E1. We infer the importance of TM4’s K308 in a2y from our
mutant cycle analysis.

Individual lysines introduced at the equivalent positions of
canonical NKAs had distinct effects on ion binding (Table 1).
Compared to the canonical template, N785K reduced apparent
affinity for both Na" and K", a result consistent with the removal
of the oxygen coordinating both K" ions bound in E2 and one of
the Na" ions bound in E1 of canonical NKAs (Fig. 1C). However,
N333K reduced apparent affinity for Na” without modifying the
apparent affinity for K*. This observation is consistent with pre-
viously published structures of canonical NKAs which show a
hydrogen bond between N333 and N785 in Na'-bound E1; this
hydrogen bond is absent in the K'-bound E2 structure where
N333 points away from the binding sites, as seen in our a2y
structure. The simultaneous lysine substitutions caused nonaddi-
tive effects that demonstrate energetic coupling between these
residues. Substitution of N333K on the N785K background
increases apparent affinity for external Na" and K* compared to
the N785K mutant. This suggests that the lysine in TM4 helps
rescue the K'-affinity of the lysine in TM5. With respect to intra-
cellular Na* binding, the K| 5 for intracellular Na* of the double
mutant measured in patch clamp experiments (Fig. 4) is similar
to that of single mutants (Table 1). Therefore, based on the shift
observed in Q-V curves (Table 1), the double mutant has a higher
extracellular Na" affinity (i.e., smaller K;5) than either single
mutant, but it does not alter intracellular Na" affinity, indicating
that the lysine alters the external and internal occlusion rates to
different extents.

We measured the apparent, rather than the real, affinity for
intracellular Na" (which is affected by the occupancy of all states
in the cycle). Jorgensen and Amat (12) studied the effect of the
two lysine substitutions on Na'-dependent phosphorylation of
pig a1B1 pumps in the presence of oligomycin to evaluate affinity
for intracellular Na". They observed ~10-fold reductions in affinity
for intracellular Na* binding in all mutants (the two single mutants
and the double lysine mutant). Thus, while the presence of a lysine
in TM4 ensures that the high affinity for extracellular K is
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maintained, we have yet to confirm the affinity of Artemia’s pumps
for intracellular Na". Based on transient charge movement in our
o2k and a2 x-mimic pumps, as well as in measurements of intra-
cellular Na* affinity in the algx mimic, a2¢y appears to have a
slightly lower apparent affinity for intracellular Na* than most
canonical NKAs. Speculatively, this reduced affinity for intracel-
lular Na™ may serve as a reservoir for sodium pumping capacity
under conditions of elevated intracellular Na". Specifically, rising
intracellular Na" in salt gland cells may be the signal to increase
o2k expression as the environmental conditions stifle o1,y NKA
transport in the salt gland due to the extreme voltage across the
basolateral membrane.

Contribution of the Noncanonical Substitutions to High Salinity
Adaptation. The finding that a2y, operates with a reduced
stoichiometry raises the question as to whether this isoform is
needed to adapt to high salinity. When Artemia adapt to 4 M
salinities, there is a concomitant remarkable ~800-fold increase
in o2 mRNA. However, the a2y transcript increase is much
more variable at 2 M salt (Fig. 1), only fourfold higher salinity
than normal sea water. Jorgensen and Amat (12) reported a similar
increase in 02, x mRNA at high salinity. The variable expression of
o2 that we observed at 2 M may indicate that ac Na™ gradients
around 2 M salt, the electrochemical potential may become too
steep for canonical NKAs thus setting up the need for a2y pumps.
If o,k pumps were apically localized, their function would be
more straightforward to understand, i.e., pumping Na" back into
the environment (or gut lumen). However, the concentration of
mitochondria toward the basolateral membrane (37) suggests that
increased o2y expression occurs on the basolateral side. Thus, salt
extrusion in Artemia salt glands probably follows the model proposed
by Conte (3), where Na' is extruded through the paracellular
pathway and Cl is extruded across the cell, using the Na*,K",2CI -
cotransporter (NKCC) powered by the basolateral Na* gradient and
an apical Cl” channel, a candidate being the newly described CFTR
homologue (38). Passive apical Cl” extrusion requires a very negative
voltage that must be generated by the NKA.

Hemolymph bathing the basolateral membrane contains 125
mM Na" and 6 mM K" (1). A back of the envelope calculation
assuming the intracellular Na* concentration in salt glands and
gut cells is 10-20 mM, as in most cells from osmoregulating
animals, puts the equilibrium potential for Na* (given by the

) RT, | [Nali .
Nernst equation, Ej,= - In{ Nelo }, where R is the gas constant,

T the absolute temperature and F the Faraday constant) at ~+60
mV at 25 °C. Consequently, the 500-600 mV of energy available
from hydrolysis of one ATP molecule (36) would be insufficient
to support simultaneous transport of 3 Na" ions if the basolateral
voltage is more negative than ~-90 mV, in which case translocat-
ing 3 Na" would cost 450 mV (150 mV per Na®) plus enthalpy
(heat generation). Estimates of NKA efficiency indicate that under
physiological conditions, ~15% of the free energy from ATP
hydrolysis is released as heat (39), bringing the cost to ~520 mV,
the maximal available energy. However, the energy from ATP
hydrolysis at -90 mV is enough to transport 2 Na" per ATP hydro-
lyzed (300 mV plus enthalpy). Although the trans-basolateral
voltage has never been measured in these epithelia, Conte (40)
reported the Na" dependence of the transepithelial voltage as +75
mV, at 2.5 M external NaCl, slightly below the equilibrium poten-
tial for Na". This value would increase at higher Na’, as the equi-
librium potential for Na" across the epithelium is raised. If we
consider the augmented expression of a2y, it is reasonable that
these pumps would contribute to generate voltages much more
negative than -90 mV.
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Brine shrimp and brine fly larvae (Ephydra) are the only animals
known to dwell in the Great Salt Lake in Utah, when salinities are
above 2 M. Ephydra cinerea are the most abundant brine fly but
the most detailed study on salinity tolerance has been done in the
alkali fly Ephydra (Cirrula) hyans (41, 42). In contrast to brine
shrimp, Ephydra cannot tolerate salinities above 180 g/L (sodium
carbonate instead of sodium chloride), corresponding to about 2
M salt. A search for NKA sequences in the published genome of
Ephydra gracilis indicates the presence of canonical sodium pumps
without noncanonical ones. The fact that the brine fly larvae are
less tolerant to extreme salinities is further evidence pointing to
02k noncanonical pumps as essential for adaptation to salinities
above ~2 M.

The genome of another branchiopod crustacean, the freshwater
flea (Daphnia) has an a2, pump with lysine residues at the posi-
tions equivalent to N333 and N785. The reason for their inability
to survive high salinity is unclear but is probably related to the lack
of an impermeable integument. Daphnia living in salinities up to
8 g/L (~125 mM) increase the expression of both ol and a2y
isoforms (43). Artemia and Daphnia o2y pumps share 72%
sequence identity. It has identical TM4, TM5 and TM6 segments,
but with very dissimilar inter-transmembrane loops, including
loops 1-2, 2-3, and 5-6 known to be important to determine ion
affinities and occlusion (44). We hypothesize that the a2y, pumps
of freshwater branchiopods have been modified to play a role in
fighting a very large gradient in the opposite direction, allowing
them to absorb Na* from low-salinity environments. Interestingly,
fishes that adapt to freshwater like cichlids (45), salmonids (46),
and zebrafish (47, 48) frequently have one K785 containing al
subisoform whose mRNA expression increases in the gills when
the animals adapt to low salinity, a phenomenon thought to allow
them to absorb Na" from freshwater via gill epithelia. Future studies
will evaluate how these and other K785 containing NKAs interact
with other ion-transport mechanisms to collectively enable adap-
tation to both high and low extreme salinity environments.

Methods

Brine Shrimp Rearing and Maintenance. Artemia franciscana cysts (Brine
Shrimp Direct) were hatched in three tanks: one at half strength Instant Ocean™
artificial sea water (~250 mM NaCl) and two others in full strength artificial sea
water supplemented with 1.5 M NaCl (~2 M NaCl) after hatching, one of the 2 M
tanks was left to evaporate until it reached ~4 M salt (as assessed by osmolality).
Animals were collected after more than a week under these conditions. Before
animal collection, water salinity was confirmed by measuring osmolality of the
solution with a Wescor osmometer. Aquariums were maintained at 26-28 °C
under continuous light and aeration. Feeding the shrimp with algae began 12 h
posthatching and continued once or twice daily until collection.

Transcriptome Assembly and NKA Isoform Verification. We assembled an
Artemia franciscana transcriptome from RNASeq data to determine the number
of NKAisoforms present and their sequences. To capture sufficient RNA for library
preparation, 5-10 whole individuals were pooled together in each sample and
RNA was extracted using Trizol. The transcriptome was assembled from three
samples at 250 mM, three samples at 2 M, and two samples at 4 M treatments,
eachwith 2 x 150 bp lllumina sequencing.To minimize the unnecessary addition
of read errors, each sample was truncated to 40 million reads, as suggested by
MacManes (49). Reads were cleaned with trimmomatic (50), filtered through
khmer (51) without digital normalization, and input to Trinity (52). This workflow
was facilitated by the elvers pipeline (53). Transcriptome assembly statistics are
shown in S/ Appendix, Table S1.

Prospective acand f subunitisoforms of NKA were found within the transcrip-
tome by BLAST searches (54) with known Artemia sequences. To verify the nucleo-
tide sequences of each hit, fastp-processed reads from one sample were aligned
with bowtie2 (55) using local alignments with an ambiguous base penalty of
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zero to the prospective subunit isoforms. Mapped reads were then sorted with
samtools (56) and visualized using IGV(57). When discrepancies existed between
transcriptome sequences and the mapped reads, the transcriptome sequences
were altered to match the reads. This process was conducted iteratively until the
sequences had full continuous support by read mapping. Each sequence was
then confirmed by Sanger sequencing. SNPs that resulted in differing amino acid
sequences were verified in both NGS and Sanger sequencing.

Real-Time Quantitative PCR. Quantitative real-time PCR was performed
using the Applied Biosystems PowerSYBR™ Green PCR system (Fisher Scientific,
#4368702) as per the manufacturer's recommended protocol. Briefly, the PCR
reactions (1x PowerSYBR™ Green PCR Master Mix, 300 nM forward primer, 300
nM reverse primer,and 0.5 pig template cDNA) were aliquoted into a MicroAmp”
EnduraPlate™ Optical 96-Well reaction plate in triplicate. These reactions were
performed using Applied Biosystems Quant Studio 3 Real Time PCR System under
the following conditions: A hold stage consisting of 2 min at 50 °C, 10 min at 95
°C; a PCR stage consisting of 40 cycles of 95 °Cfor 15 sand 60 °Cor 30s; and a
melt curve stage consisting of 95 °C for 15 s followed by cooling to 60 °C for 1
min before ramping to 95 °Cat 0.1 °C/s.

Primers for qPCR were designed to target specific amplification of the o and
B isoforms as well as control housekeeping genes (S/ Appendix, Table S2). Primer
specificity was determined visualizing single product bands of anticipated size via
agarose gel electrophoresis (2%). Primer efficiency was determined by performing
the gPCR reaction with decreasing concentration of template cDNA following a
5x serial dilution scheme and finding the slope of the resultant standard curve
of Ctvalues vs. log(cDNA copy #).

Expression and Purification of a2,$2 for Cryo-EM. Procedures for protein
expression and purification are essentially the same as those reported previ-
ously (33, 58). Briefly, a hexa-histidine tag and the enhanced green fluorescence
protein (EGFP) were inserted in the amino-terminal side of Leu16 of the brine
shrimp a2, subunit and followed by a tobacco etch virus (TEV) protease recog-
nition sequence and subcloned into a hand-made vector. The wildtype brine
shrimp B2-subunit was also cloned with the Flag epitope tag (DYKDDDDK) and
the TEV protease recognition site in its N terminus. The a2 2-complex was
expressed using baculovirus-mediated transduction of mammalian HEK293S
GnT1™ cells [BacMam (59) purchased from ATCC. Cells were directly solubilized
with 1% lauryl maltose neopentyl glycol (LMNG) in the presence of 40 mM
MES/Tris (pH 6.5), 10% glycerol, 5 mM dithiothreitol, T mM MgCl,, in the pres-
ence of 50 mM Choline-Cl, T mM AICl;, 4 mM NaF and 5 mM ADP (tris salt) on
ice for 20 min. After removal of insoluble material by ultracentrifugation, the
supernatant was mixed with anti-FLAG M2 resin (Sigma) at 4 °C for 3 h, which
was followed by washing with buffer containing 40 mM MES/Tris (pH 6.5), 5%
glycerol, 1 mM MgCl,, and 0.06% glycerol-diosgenin (GDN), in the presence of
50 mM Choline-Cl, 1 mM AICl;, 4 mM NaF, and 0.1 mM ADP. After addition of
TEV protease and endoglycosidase, anti-GFP nanobody was incubated at 4 °C
overnight. Digested peptide fragments containing EGFP and endoglycosidase
were removed by passing the fractions through a Ni-NTA resin (Qiagen). Flow-
through fractions were concentrated and subjected to a size-exclusion column
chromatograph using a Superroseé Increase column equilibrated in buffer com-
prising 20 mM MES/Tris (pH 6.5), 1% glycerol, T mM MgCl,, and 0.06% GDN with
50 mM Choline-Cl, T mMAICI,, 4 mM NaF, and 0.1 mM ADP. Peak fractions were
collected and concentrated to 8 mg/mL.The final concentration of 5 mM ADP was
added to the protein sample.

Cryo-EM. The purified protein samples (at 8 mg/mL) were applied to a freshly
glow-discharged Quantifoil holey carbon grid (R1.2/1.3, Cu/Rh, 300 mesh),
using a Vitrobot Mark IV (FEI) at 4 °C with a blotting time of 4 s under 99%
humidity, and the grids were then plunge-frozen in liquid ethane. Prepared
grids were transferred to a CRYO ARM 300 microscope (JEOL), running at 300
kVand equipped with a Gatan K3 Summit direct electron detector in the electron
counting mode. Imaging was performed ata nominal magnification of 60,000,
corresponding to a calibrated pixel size of 0.753 A/pix (SPring-8 EMO1CT). Each
movie was recorded in a correlated-double sampling (CDS) mode for 2.6 s and
subdivided into 60 frames. The electron flux was set to 8.46 e /pix/s at the detec-
tor, resulting in an accumulated exposure of 60 e /A at the specimen. The data
were automatically acquired by the image shift method using SerialEM software
(60), with a defocus range of —0.8 to —1.8 pm. The dose-fractionated movies
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were subjected to beam-induced motion correction, using Relion 3.1 (61), and
the contrast transfer function (CTF) parameters were estimated using patch CTF
estimation using cryoSPARC v4 (62).

For each dataset, particles were initially picked by blob picker using cryoSPARC
and extracted with down-sampling to a pixel size of 3.0 A/pix. These particles
were subjected to several rounds of 2D classifications. The 2D classes that show
clear secondary structures were then subjected to ab initio reconstruction in four
models, and these are further refined by heterogenous refinement. Part of 2D
classes that were not used for the initial ab-initio reconstruction (i.e., second
best) were subjected to ab initio reconstruction, and these apparently junk parti-
cles were subjected to the heterogenous refinement together with the best class
obtained from the initial heterogenous refinement. This operation increases the
number of particles reconstituted in the best class. After several rounds of iter-
ative process, particles were subjected to nonuniform refinement. The particles
were re-extracted with a pixel size of 1.35 A/pix and subjected to heterogeneous
refinement to remove junk particles. The best class is further processed by non-
uniform refinement with per-particle defocus refinement, beam-tilt refinement
in cryoSPARC. (The flow chart for analysis is shown in S/ Appendix, Fig. S3F). The
particle set was then transferred to Relion to perform Bayesian polishing (63).
Polished particles were extracted with 0.752 A/pix, reimported to cryoSPARC and
performed nonuniform refinement (S/Appendix, Fig. S3F). Resolution of the ana-
lyzed map was defined according to the FCS = 0.143 criterion (64) (S/ Appendix,
Fig. S3D). The local resolution and angular distributions for each structure were
estimated by cryoSPARC (S! Appendix, Fig. S3C). All the models were manually
builtin Coot 0.9.4(65) using the homology model derived from the crystal struc-
ture of NKA in (K*)E2-P state (2zxe). Phenix (66) was used for refinement of
other regions. Correlations between build model and EM maps (full, half) are
also shown in S/ Appendix, Fig. S3E. The model contained 93.76/6.24/0.0% in
the favored, allowed, and outlier regions of the Ramachandran plot, respectively.

Oocyte Isolation and Molecular Biology. Oocytes were isolated from anesthe-
tized female Xenopus laevis frogs, as previously described (67), and kept until the
day of recording in S.0.S. solution (in mM: 100 NaCl, 2 KCl, 1.8 CaCl,, 1 MgCl,,
and 5 HEPES, pH 7.4) supplemented with horse serum and antimycotic-antibiotic
solution (Anti-Anti, Gibco) at 16 °C. All procedures were done in accordance with
the institutional animal care and use committee. Codon-optimized version of
Artemia's a2, (accession number P17326), 1 and B2 were cloned into the pSD5
vector by Gibson assembly. The Xenopus a1 ouabain-resistant Q120RN131D-
Xenopus a1-subunit was used as a template for mutations mimicking o2y For
simplicity, we refer to this so-called "RD" template as wild type. Plasmid ¢cDNA
was linearized using Bglll (New England BioLabs) and cRNA was transcribed using
SP6 mMessage machine (Ambion). The cRNAs encoding o subunits (50 ng) were
mixed in equimolar ratios with a p subunit (Xenopus a1p3 and Artemia a2 p1 or
a2p2) and injected into healthy oocytes 3-d before recording.

Recording Solutions. For TEVC, extracellular solutions contained (in mM): 133
methanesulfonicacid (MS), 5 Ba(OH),, T Mg(OH),, 0.5 Ca(OH),, and 10 HEPES,
with 125 N-methyl D-glucamine (NMG™) or 125 NaOH to pH 7.6. K" was added
to extracellular solutions from a 450 mM K-MS stock. For Rb uptake experi-
ments, the extracellular solutions contained (in mM): 120 NMG™, 5 Ba(OH),,
1 Mg(OH),, 0.5 Ca(OH),, 10 HEPES and 0.05 bumetanide to inhibit the NKCC
(pH 7.6 with HCI). RbCl was added to extracellular NMG ™ from a 200 mM RbCl
stock, to which *RbCl was added. For patch-clamp experiments, the patch was
formed in a solution containing (in mM): 100 aspartic acid, 100 KOH, 20 KCl,
10 HEPES, 4 MgCl,, and 2 EGTA, pH 7.0. Immediately after excision, the bath
solution was switched to the experimental intracellular solutions composed of 1
MgCl,, 10 Tetraethylammonium (TEA)-CI, 5 EGTA, 10 HEPES, and 110 glutamic
acid, with either 125 NMG™ or 125 NaOH, pH 7.4. Intermediate intracellular
Na* concentrations were obtained mixing NMG* and Na™ solutions. MgATP
was added from 200 mM stocks (pH 7.4 with NMG ™). The extracellular pipette
solution contained 1 pM ouabain to inhibit endogenous pumps and (in mM)
125 NMG, 5 BaCl,, 1 MgCl,, 0.5 CaCl,, 10 HEPES, and 5 mM KCI (pH 7.4 with
HCI) to measure NKA current.

Electrophysiology. TEVC was performed as previously described (27). Before
recording, oocytes were Na*-loaded by =1-h incubation in a solution contain-
ing (in mM): 90 Na-sulfamate, 20 HEPES, 20 TEA-CI, and 0.2 EGTA (pH 7.2 with
NaOH), supplemented with 2-10 uM ouabain to inhibit endogenous pumps.
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In ®Rb* uptake experiments, after withdrawal of *Rb* from the NMG* bath
solution oocytes were individually placed in a scintillation tube with 3 mL of
ScintiVerse BD (Thermo-Fisher Scientific) and radioactivity determined by liquid
scintillation spectroscopy (LS6500 liquid scintillation Counter, Beckman-Coulter).
The average uptake in uninjected oocytes under TEVC(i.e., the non-NKA-mediated
uptake) was subtracted from the uptake in each injected oocyte before dividing by
the extruded charge to obtain the stoichiometry in individual oocytes. Inside-out
patches were performed as described (67).

Data Analysis. Electrophysiological data were analyzed using pClamp and
Origin (OriginLab Corp.). Ky s values for extracellular K™ or intracellular Na* were
obtained by fitting the Hill equation:

= o (15177 (K215,

to the steady-state ion-induced currents at each voltage as a function of ion
concentration, where |, is the maximal current activated at a saturating concen-
tration of the ion (S), n is the Hill coefficient, and K s the concentration inducing
half-maximal current activation.

The transient currents elicited by voltage pulses from =50 mV to different
voltages were integrated and the charge moved was plotted against the applied
voltage to obtain the "Q-V" curves. A Boltzmann distribution was fitted to the
Q-Vdata(27):

Q=0 — Qu/ (1+exp (zqe(V—Vw)/kT) ).

where Q,,, is the charge moved by hyperpolarizing voltage pulses, Q,, is the total
charge moved, and V,, is the midpoint voltage; e is the elementary charge, k
is the Boltzmann constant, Tis the absolute temperature, and z, is the apparent
valence of a charge crossing the whole electric field. kT/ez, is the slope factor. The
datain Fig. 3D are presented normalized (by subtracting Q,, and dividing by Q)
to highlight the change in V;;, usually associated with changes in extracellular
Na™ apparent affinity (27).

Simulations. MD simulations of canonical NKAs with the mutations N333K,
N785K, or N333K/N785K (1333, 0t Ty7g5, and a1y, respectively) were carried out
as previously described for the wild-type pump (23). Briefly, the crystal structures
3WGV(13)and 2ZXE (14) representing the transition-state phosphate analogue-
inhibited conformation E1.ADP.Pi with 3Na* ions bound and E2.Pi with 2 K*
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jons bound, respectively, were used in the corresponding simulations of the
pump embedded in a POPC membrane bilayer. In 3WGV, chains A (a-subunit),
B (B-subunit), and G (y-subunit) were kept. For each condition, three copies of
the system were simulated. The most favorable rotameric states of the lysine sub-
stitutions were determined by scanning the side chain torsion angles (y;.,) and
calculating the energy of the entire system. The 10 lowest energy systems were
recorded. Three systems from the 10, including the one with the lowest energy,
were simulated. Four additional sets of simulations with the bound ions (Na™ or
K*)removed from either site | or site Il were included for the a1, double mutant
inboth E1and E2 structural models. Before the simulations started, the protona-
tion state of the binding-site residues was assigned using PROPKA3.1 (68). Each
system was subjected to a 675-ps equilibration with reducing restraints on the
nonhydrogen atoms to relax the initially uncorrelated components, followed by a
10-ns unrestrained preproduction using the simulation package NAMD2.11(69).
After equilibration, the systems were simulated for hundreds of ns each using
the special-purpose supercomputer Anton (70), which is designed for long time
scale simulations (Table 1).
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