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Received for publication, July 29, 2009, and in revised form, August 18,2009 Published, JBC Papers in Press, September 2, 2009, DOI 10.1074/jbc.M109.050054

Talya Belogus, Haim Haviv, and Steven J. D. Karlish'

From the Department of Biological Chemistry, Weizmann Institute of Science, Rehovot 76100, Israel

This work investigates the role of charge of the phosphoryla-
ted aspartate, Asp>®®, of Na*,K*-ATPase on E, <> E, conforma-
tional changes. Wild type (porcine a;/His;o-f3;), D369N/
D369A/D369E, and T212A mutants were expressed in Pichia
pastoris, labeled with fluorescein 5’-isothiocyanate (FITC), and
purified. Conformational changes of wild type and mutant pro-
teins were analyzed using fluorescein fluorescence (Karlish, S. J.
(1980) J. Bioenerg. Biomembr. 12,111-136). One central finding
is that the D369N/D369A mutants are strongly stabilized in E,
compared with wild type and D369E or T212A mutants. Stabi-
lization of E,(Rb) is detected by a reduced K, sRb for the Rb*-
induced E, <> E,(2Rb) transition. The mechanism involves a
greatly reduced rate of E,(2Rb) — E,Na with no effect on E; —
E,(2Rb). Lowering the pH from 7.5 to 5.5 strongly stabilizes wild
type in E, but affects the D369N mutant only weakly. Thus, this
“Bohr” effect of pH on E, <> E, is due largely to protonation of
Asp3®®. Two novel effects of phosphate and vanadate were
observed with the D369N/D369A mutants as follows. (a) E; —
E,P is induced by phosphate without Mg>* ions by contrast
with wild type, which requires Mg>*. (b) Both phosphate and
vanadate induce rapid E; — E, transitions compared with slow
rates for the wild type. With reference to crystal structures of
Ca®>*-ATPase and Na™,K*-ATPase, negatively charged Asp®>®°
favors disengagement of the A domain from N and P domains
(E,), whereas the neutral D369N/D369A mutants favor associa-
tion of the A domain (TGES sequence) with P and N domains
(E,). Changes in charge interactions of Asp®>*° may play an
important role in triggering E,P(3Na) <> E,P and E,(2K) —
E,Na transitions in native Na*,K*-ATPase.

The kinetic mechanism of P-type cation pumps is now well
established. Active cation transport involves covalent phos-
phorylation by ATP and dephosphorylation of an aspartate
residue coupled to cation movements mediated by E, <> E,>
conformational changes. The molecular mechanism is, of
course, the central question of energy transduction. Molec-
ular structures of the sarcoplasmic reticulum Ca**-ATPase
(SERCA1) in several conformations are available (1-3). Two
crystal structures of the Na*,K*-ATPase, consisting of «, 3,
and FYXD subunits (4), in an E,(2Rb)-MgF>~ conformation
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(equivalent to E,(2Rb)-P) have been published recently (5, 6).
The architecture of the « subunit is very similar to the Ca**-
ATPase, consisting of head, stalk, and membrane sectors, with
10 trans-membrane segments and a cytoplasmic sector consist-
ing of N (nucleotide binding), P (phosphorylating), and A
(anchor or actuator) domains. Compared with the first pub-
lished structure of the Na™,K™-ATPase at 3.5 A (5), the more
recent structure at 2.4 A (6) reveals greater detail of the cation
binding domain, resolution of the 8 subunit ectodomain, and
an FXYD protein ectodomain.

In the case of Na*, K" -ATPase, three Na* ions and two K*
ions are transported in the E,ATP — E,P(3Na) —E,P and the
E,P — E,(2K) — E,ATP halves of the cycle, respectively, at the
expense of one molecule of ATP. Binding of ATP with low
affinity to E,(2K) is the first step in the catalytic cycle and is
followed by accelerated conversion of E,(2K)ATP to E;-ATP in
which ATP is bound with high affinity (7-9). In the case of
Ca®>*-ATPase, two Ca®>" ions and two protons are transported
in the E,ATP — E,P — E,P E,P — E, — E;ATP halves of the
cycle, respectively.

The mechanism of energy transduction by P-type cation
pumps is best addressed by reference to the Ca*>*-ATPase,
which has been crystallized in most of the relevant conforma-
tions, reviewed recently in detail (1-3). Crystal structures of
Ca®"-ATPase show mainly rigid body movements of the N, P,
and A domains, mediated by the flexible linkers between the N
and P and between the A domain and trans-membrane segment
(M1-M3), coupled mechanically to movements of M1-M6
trans-membrane segments that allow alternate access of two
Ca”>" ions and two protons to the occlusion sites within M4,
M5, M6, and M8. M7-M10 segments appear to act as immov-
able anchors. In the E;ATP state, N and P domains are in close
proximity cross-linked by the bound ATP, whereas the A
domain is displaced to one side. Following phosphorylation to
E,P, the conformational change to E,P involves a large rotation
of the A domain bringing it into close proximity with the P
domain, and also the N domain, whereas the N domain is dis-
placed from the P domain. In particular, the conserved
sequence TGES (A domain) comes close to the phosphorylated
aspartate (P domain). Following hydrolysis of E,P and dissoci-
ation of phosphate, ATP bound to E, induces the change back
to the E; state, with the A domain displaced, and the P and N
domains come back into close proximity.

This study was prompted by the following paradox. In the
case of Ca®"-ATPase, dissociation of ADP from E,P triggers
the E,P — E,P transition. This arises because the ADP (in the
E,P structure) and the TGES loop (in the E,P structure) occupy
the same position relative to the P domain (3). In the case of
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Na™,K"-ATPase, ADP, like ATP, is known to stabilize the E,
conformation (9, 10). Thus, it is clear that ADP must dissociate
from E,P(3Na) to allow the transition to E,P. However, in the
absence of ADP or ATP, an E, conformation is stable either
with bound Na* or without Na* in a sufficiently high ionic
strength buffer (9, 11-13). This is different from Ca*>*-ATPase
in which E, is the principal conformation in the absence of
Ca”" ions at neutral pH (14—16). In other words, for Na*,K*-
ATPase a spontaneous conformational change of the dephos-
phoenzyme E, — E, or E;(3Na) — E, does not occur even when
ADP is absent, but it occurs only in the context of the phos-
phoenzyme E,P(3Na) — E,P. Thus, a question arises whether
dissociation of ADP from E,P(3Na) is sufficient or whether the
covalently bound phosphate/Mg>" itself plays a role in trigger-
ing the E,P(3Na) — E,P conformational change.

One way to address this issue is to investigate a possible role
of the phosphorylated aspartate, Asp®*®. D369N/D369A/
D369T/D369E mutants of Na',K*-ATPase have been
expressed previously in different cells and shown to abolish
ATP hydrolysis (17, 18). Pedersen et al. (19) expressed wild type
and D369N and D369A mutants in Saccharomyces cerevisiae
and found that, although they are inactive, the D369N/D369A
mutants have a very high affinity for ATP, compared with wild
type, but have a similar ADP binding affinity. By analyzing
antagonism of ATP binding by K™ ions, it was also suggested
that the E, <> E, equilibrium is altered, favoring E, conforma-
tions. The D369N mutant was later expressed in Pichia pastoris
(20) and studied by specific oxidative cleavages mediated by
Fe>", which substitutes for the catalytic Mg>" (21). The D369N
mutation strongly suppressed specific Fe>"-catalyzed cleav-
ages. Compared with the wild type Ca® " -ATPase, mutants of its
corresponding phosphorylated aspartate, D351N/D351A/
D351T, also bind ATP with a very high affinity (22). A recent
crystal structure of D351A with bound ATP is virtually identi-
cal to the wild type, showing that the high affinity is due to
removal of electrostatic repulsion between the y-phosphate of
ATP and the Asp®®! carboxylate, and not to a conformational
change (23).

Fluorescence probes are very useful tools for studying E; <>
E, conformational changes. They allow detailed characteriza-
tion of specificities and affinities of ligands that stabilize E; or E,
forms and especially measurement of rates of individual £, —
E, and E, — E| transitions (8, 11, 13). Fluorescence probes used
extensively to study native Na™ , K" -ATPase include intrinsic
tryptophan fluorescence (11), noncovalently bound formycin
nucleotides (8) and eosin (24), as well as covalently bound labels
such as FITC? (13), iodoacetamidofluorescein (25, 26), and the
electrochromic shift dye RH421 (27, 28). FITC covalently labels
the a subunit of renal Na*,K*-ATPase, predominantly at
Lys®°! within the ATP-binding site (the N domain) (13,29). The
fluorescein chromophore is sensitive to the pH of its local envi-
ronment. Because of the rather large fluorescence changes (25—

3 The abbreviations used are: FITC, fluorescein 5'-isothiocyanate; DDM, n-dode-
cyl-B-b-maltopyranoside; C,,Eg, octaethylene glycerol monododecyl ether;
SOPS, 1-stearoyl-2-oleoyl-sn-glycero-3-[phosphor-L-serine]; AMPPCP, adeno-
sine 5'-(B,y-methylenetriphosphate); Mes, 4-morpholineethanesulfonic acid;
MOPS, 4-morpholinepropanesulfonic acid; Tricine, N-[2-hydroxy-1,1-bis(hy-
droxymethyl)ethyl]lglycine; PDB, Protein Data Bank.
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35%) associated with E, <> E, conformational changes observed
for the FITC-labeled renal Na™*,K*-ATPase, it was possible to
carry out detailed equilibrium and stopped-flow fluorescence
studies (13, 30-33). FITC-labeled sarcoplasmic reticulum
Ca®"-ATPase (16, 34, 35) and gastric H*,K*-ATPase (36) have
also been used extensively to monitor E; <> E, conformational
changes.

The fluorescence methods described above have not been
applied to recombinant Na*,K"-ATPase. Recent publications
from this laboratory describe expression of Na*,K™-ATPase in
P. pastoris and purification of the recombinant protein in a
detergent-soluble functional state in quantities up to 1 mg (20,
37, 38). The high yield of purified protein now makes it possible
to carry out detailed biochemical and biophysical work. Devel-
opment of fluorescein-labeled recombinant Na*,K*"-ATPase
described here has allowed us to examine directly effects of
charge neutralization on Asp®®*® on E, <> E, equilibria and to
investigate its mechanism.

EXPERIMENTAL PROCEDURES

Materials—Escherichia coli XL-1 blue strain was used for
propagation and preparation of various plasmid constructs.
Yeast Lytic Enzyme from ICN Biomedicals, Inc. (catalogue
number 152270), was used for transformation of yeast. P. pas-
toris protease-deficient strain SMD1165 (his4, prb1) was used
for transformation. DDM (catalogue number D310) and C,,Eg
(25% w/w, catalogue number O330) were purchased from
Anatrace. Synthetic SOPS (sodium salt)) was obtained from
Avanti Polar Lipids and stored as chloroform solutions. BD
Talon™ metal affinity resin (catalogue number 635503) was
obtained from Clontech. Cholesterol, ouabain (03125), and
FITC (catalogue number F7250) were from Sigma. [*>P]JATP
and [*H]ouabain were obtained from Amersham Biosciences.
All other materials were of analytical grade.

Media—YPD is 1% bacto-yeast extract, 2% bacto-peptone,
2% dextrose. To solidify the medium 2% Bacto-agar was added.
YNB is yeast nitrogen base without amino acids (Difco). BMG is
1.34% YNB, 0.04% biotin, 0.1 M potassium phosphate buffer, pH
6.0, glycerol 0.2—-1%. BMM is 1.34% yeast nitrogen base without
amino acids, 0.04% biotin, 0.1 M potassium phosphate buffer,
pH 6.0, 0.5% methanol.

Construction of Yeast Plasmids for the Expression of a and 3
Subunits—The pHIL-D2(a;/His;,-B3;) construct contained
cDNAs encoding wild type or mutant porcine «, (GenBank™
accession number X03938) and porcine 3, (GenBank™ acces-
sion number X04635) with a 10X His tag at the N’ terminus of
the B subunit is described in Ref. 37. D369N/D369A/D369E,
T212A, and E214A/E214Q mutants were prepared by the
methods described previously (39).

Yeast Transformation and Selection; Screening for Expression;
Yeast Growth and Induction of Protein Synthesis—10 ug of lin-
ear DNA, obtained by digestion of the pHIL-D2 (wild type or
mutant a,/His, ,-B,) with Notl, were used to transform sphero-
plasts of P. pastoris SMD1165, and His“Mut® transformants
were selected (20). Mut® clones were grown in 5 ml of BMG
cultures, and expression was induced with methanol for 5 days.
Small scale membrane preparations were made. Samples were
run on SDS-PAGE, and relative expression in the different Mut®
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clones was determined by Western blots, using the antibody
anti-KETYY antibody (at a dilution of 1:3000), which recog-
nizes the C terminus of the a subunit. Ouabain binding was also
carried out to determine the highest expressing clones that
were subsequently used routinely.

For large scale growth and expression of the recombinant
Na™,K"-ATPase (20, 37), single colonies propagated in YPD
medium were inoculated into 5 ml of BMG liquid medium,
which was incubated for 48 h with vigorous shaking at 30 °C.
The culture was further diluted 100-fold to a final volume of 300
ml and grown in the BMG medium (glycerol 1%) for a further
24 h to an Ay, of 2—6. Cells were then poured into 3 liters of
BMG medium (with 0.2% glycerol) in Bellco Spinner Flasks™
with air supplement (0.5 liter/min) and magnetic stirring at 250
rpm, and temperature was maintained at 30 °C. After 24 h, cell
growth had stopped (Ay, = 2—4). Expression of the Na™,K*-
ATPase was induced by adding 0.5% methanol daily for 5 days.
Routinely, the wild type was induced at 25 °C and mutants at
20 °C.

The maximal A,,, achieved under these conditions was
~10-15. On the 6th day cells were collected and stored at
—20°C.

Membrane Preparations and FITC Labeling of Membranes—
Cells were broken with glass beads, and membranes were pre-
pared as described previously (20). Membranes were stored at
—80 °Cin asolution containing 10 mm MOPS/Tris, pH 7.4, and
25% glycerol, with a mixture of protease inhibitors (1 mm phen-
ylmethylsulfonyl fluoride, 10 ug/ml pepstatin, chemostatin,
and leupeptin). Roughly 1 g of membrane protein was obtained
per 3 liters of culture. For FITC labeling (see Ref. 13, 31), mem-
branes were suspended at 2 mg/ml in a buffer containing 50 mm
NaCl, 1 mm EDTA, 20 mm Tris, pH 9.2, with protease inhibi-
tors. Fluorescein 5'-isothiocyanate (usually 1-2 um FITC dis-
solved in DMSO) was added, and membranes were incubated
for 1 h at 20 °C in the dark. The suspension was then diluted
3-fold with an ice-cold solution of 100 mm MOPS, pH 6.45,
mixed for 10 min, and centrifuged at 100,000 X g for 80 min.
The pelleted labeled membranes were resuspended at 1 mg/ml
in 10 mm MOPS/Tris, pH 7.4, and 25% glycerol. Fluorescein
bound to « subunit, separated by SDS-PAGE, was detected with
a Typhoon fluorescence imager with excitation supplied by a
blue laser and emission at 520 nm set by a monochromator.

Solubilization and Purification of FITC-labeled Recombinant
Na*t,K"-ATPase—The methods have been described in detail
(37, 38, 40). Briefly, unlabeled or FITC-labeled membranes
(1-2 mg/ml) were homogenized well for 15 min on ice with
DDM (DDM/protein, 2:1 w/w) in a medium containing 250 mm
NaCl, 20 mm Tris-HCI, pH 7.4, 5 mm imidazole, 0.5 mMm phen-
ylmethylsulfonyl fluoride, and 10% glycerol. Unsolubilized
material was removed by ultracentrifugation. The soluble
material was incubated with shaking overnight at 4 °C with BD
Talon™ beads (Co**-chelate), at a ratio of 1 ml of beads per
supernatant from 100 mg of membrane protein, together with
50-100 um EDTA. Beads were washed twice with 5 volumes of
buffer containing 125 mm NaCl, 10 mm Tricine, pH 7.4, 5%
glycerol, 10 mm imidazole, 0.1 mg/ml C,,Eg, 0.05 mg/ml SOPS,
0.01 mg/ml cholesterol. The Na™,K™-ATPase (0.2-3 mg/ml)
was eluted by mixing with 1 volume of a solution containing 150
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mM imidazole, 20 mm Tricine, pH 7.4, 0.1 mg/ml C,,Eg, 0.05
mg/ml SOPS, 0.01 mg/ml cholesterol, 25% glycerol for 45 min
at 0 °C and stored on ice.

Protein was determined by scanning Coomassie-stained gels
for the « subunit content of the purified recombinant enzyme
and compared with known amounts of pig kidney Na™ K™ -
ATPase. Ouabain binding to yeast membranes was assayed
using [*H]ouabain essentially as described (19). Na™,K*-
ATPase activities and covalent phosphorylation were done as
described (38, 40, 41).

Equilibrium and Stopped-flow Fluorescence Measure-
ments—Equilibrium fluorescence changes were measured in a
Varian fluorimeter at room temperature (20-23 °C). 10-15 ug
of FITC-labeled purified recombinant enzyme were incubated
for 30 min at room temperature and then added to a stirred
cuvette containing 2 ml of the following solution: 150 mm cho-
line chloride, 10 mm Hepes (Tris), pH 7.5 (and other pH values
between 7 and 8), or 10 mm Mes (Tris) (pH range 5.5-6.5). The
same buffer with no enzyme was used to bring the fluorescence
level to zero before addition of the enzyme. Excitation was at
495 nm, and emission was at 520 nm, with both slits adjusted to
5 nm. After stabilization of the fluorescence, ligands such as
RbCl, KCI or NaCl, P,(Tris), and vanadate (Tris) were added
until no further fluorescence change occurred. For equilibrium
titrations, graded concentrations of ligands such as RbCl were
added, and the fluorescence change was recorded. For each
addition, a correction was made for the dilution effects of the
added volume.

Stopped-flow fluorescence measurements at 23 °C were
made using an Applied Photophysics stopped-flow fluorimeter.
Excitation via a monochromator was at 495 nm, and emission
was measured via a 515-nm cutoff filter. The two syringes were
loaded with 1.2 ml of solution. Each push utilized 70 ul per
syringe. 3—4 pushes were used to fill the flow tubes, thus allow-
ing up to 10 replicates for repetitive measurement in each con-
dition. Dead time was ~1.5 ms. Purified enzyme was incubated
for 30 min at room temperature before mixing with the relevant
solution. Traces were smoothed with the use of an “over-
sample” function of the machine. 4-9 such traces were then
averaged to produce a single trace and analyzed as described
below.

Solutions—Total ionic strength of all solutions in syringe 1
and 2 was maintained at 175 mM, consisting of 10 mm Hepes,
pH 7.5, and choline chloride, RbCl, KCl, NaCl, or other ligands
such P, (Tris) or vanadate (Tris) at a total ionic strength of 165
mM. Solutions not containing monovalent cations or other
ligands consisted of 10 mm Hepes, pH 7.5, and 165 mM choline
chloride. The final concentrations of all ligands not present in
both syringes was half that given below. The design of the
experiments follows that developed previously (8, 11, 13).

E,(2Rb) — E,Na—Syringe 1 contained FITC-labeled wild
type or 20-30 ug of D369N/D369A mutants and 20 mm RbCl
or KCI (wild type) or 4 mm mutants. Syringe 2 contained 80 mm
NaClL

E, — E,(2Rb)—Syringe 1 contained FITC-labeled wild type
or 20-50 ug of D369N/D369A mutants. Syringe 2 contained
40, 60, and 165 mm RbCl (wild type and D369N/D369A
mutants) or 20-165 mMm KCI (wild type).
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E, - E,;P and E, — E,Vanadate—Syringe 1 contained
FITC-labeled wild type or 15-30 ug of D369N mutants and 4
mm MgCl,, and 15-30 pg of D369A without MgCl,. Syringe 2
contained 50 mm P; (Tris), pH 7.5, or 2 mm vanadate (Tris) and
4 mm MgCl,.

Derivation of Kinetic Parameters—All fits were done using
the KaleidaGraph program (Synergy Software).

1) Rb™ titrations in equilibrium measurements were fitted to
the following form of the Hill Equation 1,

AF = AF,.. - [Rb]"/([Rb]” + Ky5") (Eq. 1)

where n = Hill coefficient, and K, ; = concentration of Rb™
ions required for half-maximal fluorescent signal. For each
curve AF__was found by fitting the raw data, and the ratio of
AF/AF,, was then recalculated. Values of AF/AF, ., for repli-
cate experiments were combined, and the best fit average
parameters 7n,; * S.E. and K, ; £ S.E. were recalculated. This
normalization enables comparison of the curves in different
conditions or for wild type and mutant proteins.

2) Time courses in the stopped-flow fluorescence experi-
ments were fitted either to single or double exponential func-
tion as shown in Equations 2 and 3,

F = end point + a; - exp ™9 (Eq.2)

or

—ka-t)

F = end point + a, - exp™“"? + a, - exp' (Eq.3)

The “end point” is the constant fluorescence intensity after the
reaction has reached equilibrium; k; and k, are rates of first and
second exponentials. 2, and a, are amplitudes of first and sec-
ond exponentials.

RESULTS

Expression of Wild Type and Mutants of Na*,K"-ATPase in
P. pastoris—Expression of pig «;8; subunits and T212A,
D369A, D369N, and D369E mutants was done as described
under “Experimental Procedures” and as described previously
(20). The wild type was expressed optimally at 25°C, and
mutants were expressed at 20 °C. The expression levels of the
proteins in the yeast membranes were estimated by immunob-
lots of the a subunit and also ouabain binding. The range of
ouabain binding was as follows: wild type, 20 — 40 pmol/mg pro-
tein; D369A, 20 -30 pmol/mg protein; D369N, 15-35 pmol/mg
protein; D369E, 3-7 pmol/mg protein; and T212A, 20-30
pmol/mg protein. Attempts to express E214A and E214Q
mutants were not successful.

Labeling and Purification of Fluorescein-labeled Na™,K™ -
ATPase; Optimization of Fluorescence Signals—W e have taken
two possible approaches to labeling the recombinant enzyme
with FITC to detect fluorescence signals associated with E; <>
E, conformational changes (see Fig. 3 for examples of the lat-
ter). As one approach, we purified the protein and then
attempted to label it with FITC at pH 9.0. However, K- and
Na*-induced fluorescein fluorescence changes were not
observed, probably because the high pH during labeling inacti-
vates the protein. The protein is much more stable in the yeast
membrane than in the detergent-soluble state (40) and should
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TABLE 1

Inhibition by FITC of phosphorylation of recombinant
Na*,K*-ATPase

Wild-type membranes suspended in a medium containing 50 mm NaCl, 1 mm
EDTA, 20 mm Tris, pH 9.2, were incubated with FITC at 0.10 or 50 uMm for 1 h at
room temperature. The membranes were then centrifuged to remove the FITC and
resuspended in the normal medium. Phosphorylation by ATP was then measured.

Ouabain Phosphoenzyme
binding  Nonlabeled +10 pm FITC +50 pm FITC
pmol/mg pmol of ATP/mg of membranes

25.7 18.5 2.85 (84.6% inhibition) 0 (100% inhibition)

wT D369E
ATPuyM: 0 1 101001000 O 1 10100 1000
OL—> S - - -
* - = 5 o & P h ” “ -

Fluorescence: 100 86 65 55 38
(% of control)

10078 74 70 53

D369A
101001000 0 1

1111

10078 50 39 25

T212A

ATPpuM: 0 1 10 100 1000
O~ " v e o

* B - e s

Fluorescence: 100 46 39 36 29

(% of control )

FIGURE 1. Selective labeling of recombinant Na*,K*-ATPase by FITC and
protection by ATP. FITC-labeled membranes show fluorescein label in the «
subunit, with ATP 0-1000 um. The asterisk indicates a contaminant protein. The
fluorescence associated with the a subunit was measured with the Typhoon
fluorescence imager. The values at each concentrations of ATP are recorded
below the appropriate lane, as a percent of control without ATP. WT, wild type.

survive the incubation at pH 9.0. Therefore, we labeled the
Na®,K"-ATPase in the yeast membranes with FITC before
purifying the fluorescein-labeled enzyme. This strategy turned
out to be successful. The expressed Na*,K*"-ATPase consti-
tutes no more than 0.5-1% of the yeast membrane proteins, and
therefore FITC could label many proteins at pH 9.0. However,
at low concentrations of FITC, one could expect to label
Na™,K*-ATPase more selectively at Lys*°! than at other lysines
and minimize labeling of other proteins. Unrelated fluorescein-
labeled proteins should be removed during the purification.
With these assumptions, extensive optimization of labeling,
purification of labeled Na™, K" -ATPase, and K" - and Na™-de-
pendent fluorescence changes were undertaken. FITC labeling
prevents ATP binding and inactivates covalent phosphoryla-
tion by ATP (13). As seen in Table 1, incubation of the yeast
membranes with 10 uM FITC for 1 h at pH 9.0 inactivated
phosphorylation by 84.6%, whereas 50 um inactivated fully.
Therefore, 10 um FITC was chosen initially, although subse-
quent optimization experiments showed that lower concentra-
tions of FITC were preferable. A more sensitive criterion for
selective labeling by FITC at Lys®*' is that it should be sup-
pressed by ATP (13). Fig. 1 shows an experiment in which
membranes expressing wild type and the mutant proteins were
incubated with 1 um FITC at pH 9.0 for 1 h in the absence and
presence of 1-1000 um ATP. The fluorescence of the bound
fluorescein was detected at 520 nm. Indeed, the labeling of the «
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subunit was progressively suppressed by increasing concentra-
tions of ATP. This is indicative of selective labeling. For com-
parison with labeling of the « subunit, labeling of an unrelated
protein (Fig. 1, asterisk) was not affected by the presence of
ATP. Several other unrelated bands were also labeled unselec-
tively and are not shown. As a semi-quantitative measure of the
effect of ATP concentrations, the fluorescence intensity associ-
ated with the a subunit was scanned for each concentration of
ATP, and the values relative to the control are recorded below
each lane in Fig. 1. One obvious finding was that the concentra-
tion of ATP required to suppress labeling of the D369A mutant
was much lower than that required to suppress labeling of the
wild type, D369E, and T212A mutants (compare the values at 1
uM). Because the ATP binding affinity of the D369A mutant is

WT D369N T212A

-— ey ww <+— @ subunit

~]+— B subunit

FITC-labeled

B -
@ subunit

FIGURE 2. Purification of fluorescein-labeled wild type (WT) and mutant
Na™*,K*-ATPase. Coomassie-stained gel of purified proteins. The fluorescein
fluorescence in the a subunit of the purified complexes was visualized with a
UV lamp.

WT D369N

20 mM RbCI

V 5 mM RbCI

' 50 mM
50 mM NaCl 125 mM NaCl
%‘
§ie D369E T212
- A
10 mM RbCI 20 mM RbCl

t

100 mM NaCl !

40 mM NaCl

—_—
10 sec

FIGURE 3. K*- and Na*-induced E, <> E,conformational changes of wild type and mutant Na*,K*-
ATPase. Typical fluorescein fluorescence changes of wild type (WT) and mutant proteins labeled with FITC in
optimal conditions. The concentrations of Rb™ and Na™ were chosen to give maximal responses for each

protein. a.u., arbitrary units.
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known to be greatly increased compared with that of the wild
type (19), this observation provides a further indication for
selective labeling of Lys°°". It is also noticeable that 25-50% of
the labeling in the different clones was not suppressed by ATP,
even at 1000 uM. This indicates that some of labeling of the o
subunit is unselective, even in optimal conditions.

After labeling the protein with FITC, the next step was solu-
bilization by B-DDM and the purification of the wild type and
mutant Na¥,K*-ATPase as described under “Experimental
Procedures.” The proteins were eluted in a medium containing
150 mm imidazole, 0.1 mg/ml C,,Eg, 0.05 mg/ml SOPS, and
0.01 mg/ml cholesterol, as described, but the elution buffer was
nominally devoid of both Na™ and K™ ions, because the fluo-
rescence experiments involved measurement of responses after
addition of Na™ and K*. Fig. 2 presents an example of purifica-
tion of wild type and two mutant proteins (D369N and T212A)
after labeling membranes in the optimal conditions discussed
below. The proteins are all about 80-90% pure, and the « sub-
unit was clearly labeled as detected by the fluorescein fluores-
cence (the B subunit does not bind FITC and is not fluorescent).
D369A was purified to the same extent as the proteins shown in
Fig. 2, whereas D369E was less pure due to the lower level of
expression (data not shown). The final step was the detection
and optimization of fluorescein fluorescence changes. Fig. 3
shows a standard equilibrium fluorescence experiment with
excitation at 495 nm and emission at 520 nm. The detergent-
soluble fluorescein-labeled Na*,K*-ATPase was added to a
medium containing 166 mm choline chloride, which stabilizes
an E, conformation. Upon addition of sufficient Rb* or K™
ions, the protein is converted to an E,(2Rb)/(2K) conformation,
and the fluorescence drops. Upon subsequent addition of suf-
ficient Na™, the protein is re-converted to an E,Na conforma-
tion, and the fluorescence change reverts to the original level.
Fig. 3 shows that this behavior is seen for the wild type and all

the mutants, indicating that £, <> E,

D369A transitions can be detected in each
case. One difference already evident
10 mM RbCI in these initial experiments is that

reversion of the signal in D369N is
incomplete at 50 mm NaCl. The
experiment in Fig. 3 shows the sig-

¢ nals for typical optimized prepara-
50 mM NaCl tions and denotes the amplitude of
the signal changes, for example
13.7% in the case of the wild type
protein. However, in initial experi-
ments a fluorescence change of only
7% was achieved with the wild type
protein. Optimization of the label-
ing conditions included variation of
pH during labeling, FITC concen-
tration, and time and temperature
of the labeling reaction. Eventually,
optimal signal amplitudes were
obtained after labeling the mem-
branes at room temperature with 1
uM FITC for 1 h at pH 9.0 (the con-
ditions in Fig. 1).
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FIGURE 4. Equilibrium titrations of the E, < E,(2Rb) conformational
change. Representative titrations of the E; <> E,(Rb) change for wild type
(WT) and mutants. The data have been normalized, as described under the
“Experimental Procedures,” to permit comparison between the different pro-
teins. Solid lines represent curves fitted to the data and provide the parame-
ters in Table 2 for Rb™.
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The effects of Rb* (K™) and Na™ in the high ionic strength
buffer are quite similar to those observed previously using the
native membrane-bound renal Na™,K*-ATPase except for a
lower amplitude, typically 12—15% for recombinant wild type,
compared with 25-35% for renal Na®,K"-ATPase (13).
Another similar property is that the emission maximum for the
fluorescein-labeled recombinant Na™,K*-ATPase was 520 nm
and did not change upon addition of Rb* or K* ions (not
shown). Thus, the fluorescence change represents a change in
fluorescence intensity of the bound fluorescein and not a spec-
tral shift, as also found previously for renal Na*,K*-ATPase.
These features provide strong evidence that the basic E; <> E,
mechanism is preserved in the purified detergent-soluble
recombinant protein and can be studied using fluorescein flu-
orescence changes.

Analysis of E, <> E,(2Rb) Conformational Transitions of Wild
Type and D369N/D369A Mutants—This section compares
equilibrium fluorescence titrations of the E, <> E,(2Rb) transi-
tions and rates of the individual transitions E,(2Rb) — E;Na
and E, — E,(2Rb) measured in a stopped-flow fluorimeter. Rb™
ions are congeners of K* ions and are used routinely in place of
K™ ions because the rates of transitions are slower, but some
experiments have also been done with K™ ions.

Equilibrium titrations of the dependence on Rb™ concentra-
tion of the fluorescence change accompanying the E;, <
E,(2Rb) transition were analyzed by recording the response to
graded additions of RbCl. Fig. 4 shows typical Rb™ titrations for
wild type, D369A, D369N, D369E, and T212A mutants. It is
obvious that the curves for wild type, D369E, and T212A
mutants differ significantly from those for the D369N and
D369A mutants. The titration curves were sigmoid and were
fitted to a Hill function leading to a value of the K, ;-Rb and Hill
coefficient , summarized in Table 2 (and also K™ titration data
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TABLE 2
Equilibrium titrations of the E; <> E,(2Rb) conformational change

Parameters were obtained by fitting the normalized data in Fig. 4 to the Hill equa-
tion. The K™ titrations for the wild-type are derived from a separate experiment.

K, ;Rb(K) Hyy

mm * S.E.
Wild type, Rb* 5.60 = 0.09 1.8 * 0.04
Wild type, K* 3.90 = 0.04 1.7 = 0.08
D369N, Rb™ 0.90 = 0.02 21*0.1
D369A, Rb™" 1.70 = 0.07 1.98 = 0.14
D369E, Rb™ 6.33 £ 1.0 1.63 = 0.17
T212A, Rb™ 6.6 £ 0.08 2.3 £0.05

for the wild type). The clear finding is that the K, ;Rb for the
D369A and D369N mutants is severalfold lower (6.22-fold for
D369N and 3.3-fold for D369A) than for the wild type, D369E,
and T212A, which are quite similar. The Hill coefficients, in the
range 1.6-2.3, are not significantly different between wild type
and mutants. The Hill equation is used here empirically to
obtain a value for K, ;Rb and #. Although, in principle, no
mechanistic significance can be attributed to ny;, a value close
to 2 is, of course, suggestive of occlusion of two Rb™ ions, as is
known to be the case (42).

The following simple kinetic Scheme 1 and the accompany-
ing Equation 4 depict occlusion of two Rb™ ions coupled to the
conformational change and illustrate an important point on the
analysis of the mutants.

E, + Rb™ <> E;Rb + Rb™ <> E;2Rb <> E,(2Rb)

KR1 KRZ KC

SCHEME 1

Ky, and Ky, are the dissociation constant for the two Rb™ ions
and K is a conformational equilibrium constant. In an equilib-
rium fluorescence titration between E; and E,(2Rb) the follow-
ing relationship will hold (Equation 4),

AF/AF..., = [Rb]/([Rb]* + Ko[RbI/Kc + KroKri/Kc)
(Eq.4)

It can be shown that K, ;Rb is a function of all three constants
Ki1, Ky and K, and without independent information it is not
possible to estimate the individual constants. Thus, the Hill
equation is more useful as an empirical measure of the “appar-
ent affinity” of the Rb™ ions. However, the point of showing the
equation is that the difference in K, ;Rb between wild type and
D369N and D369A mutations could reflect differences in either
or both the intrinsic dissociation constants, Ky; and Ky,, and
the conformational equilibrium constant, K. Thus, it is neces-
sary to obtain independent evidence to distinguish between the
possibilities.

Measurement of the rates of the individual transitions
E,(2Rb) — E,Na and E; — E,(2Rb) by stopped-flow fluores-
cence allows analysis of the mechanism of the change in K, ;Rb
seen in equilibrium titrations. It is assumed that the cation
binding and dissociation steps are rapid by comparison with the
conformational change in either direction. Thus, the rate con-
stants of the observed fluorescence changes are limited by the
rates of the conformational changes. Fig. 5 shows an experi-
ment that measures the rate of E,(2Rb) — E;Na. The enzyme
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FIGURE 5. Stopped-flow traces of E,(2Rb) — E,Na for wild type and
D369N/D369A mutants. Each trace for the wild type (WT) and D369N/D369A
mutant proteins represents the average of 5-10 replicates. The curves have
been fitted to single exponential functions. Rate constants are shown in Table
3. Wild type, black; D369N, gray; D369A, light gray.

TABLE 3

Rates of E,(2Rb) — E,Na and E, — E,(2Rb) conformational changes
Fitted rate constants for the traces in Figs. 5 and 6 are given. Rate constants of
E,(2Rb) — E,Na for wild type and Asp>*® represent averages from several independ-

ent experiments. The data for E,(2K) — E,Na are from a separate experiment and
that for E;, — E,(2K) are derived from Fig. 7.

Conformational wild type D369N D369A
change
ks~ ' =S.E ks~ =S.E kst = S.E
E,(2Rb) — E,Na 0.544 + 0.087  0.026 + 0.005 0.039 + 0.001 s~
(n=15) (n=2)

E, — E,(2Rb)

20 mmM Rb™ 51+002s ! 37+001s"

30 mm Rb™* 135+05s'  88*015s"' 84*01s"!

83mMRb", Exp.1 338+ 0.6s ' 282*05s 37 075!

83mMRb™, Exp.2 289 +0.15s ! 274+02s !

E,(2K) — E,Na 33 +0.03s!

E, — E,(2K) 125 + 155~

Extrapolated
maximum value

was pre-stabilized in the E,(2Rb) conformation and then mixed
rapidly with Na™ ions, which stabilize the E;Na conformation
detected by the progressive rise in fluorescence. The rate for
D369N and D369A is much slower than for the wild type. The
traces were fitted to single exponential functions and gave the
values of the rate constants in Table 3. The data show that
the rate of E,(2Rb) — E,Na for D369A is 13-fold and that for
D369N is 20-fold slower than for the wild type. It was also a
repeated finding that a larger effect on the conformational
change was seen for D369N compared with D369A (see Tables
2 and 3). The rate of E,(2K) — E,Na was also measured for wild
type and is faster than that for E,(2Rb) — E;Na (Table 3).

Fig. 6 shows experiments to measure the rates of the opposite
conformational transition E, — E,(2Rb) at several Rb* concen-
trations (20, 30, and 83 mwm) for wild type and D369N or D369A
mutants. In this type of experiment, the proteins are suspended
in an Na™-free high ionic strength medium and mixed with
different concentrations of Rb™ ions in the stopped-flow fluo-
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rimeter. The conversion of the E; to the E,(2Rb) conformation
is associated with a decrease in fluorescence. Evidently, the
rates of this transition for wild type and mutants are quite sim-
ilar. The rate constants obtained from fits to an exponential
function are plotted against Rb* concentrations in Fig. 74,
which shows clearly that there is little or no difference between
the wild type and either mutant (exact values = S.E. are givenin
Table 3). According to the kinetic scheme above, for a
Rb ™ (K™")-induced conformational transition the observed rate
constant shows a saturating dependence on Rb™*(K™) concen-
tration. The data in Fig. 74 show the rates of the transition
increased as the Rb* concentration was raised, in the case of all
the wild type and mutant recombinant proteins, although sat-
uration was not reached at the highest Rb™ concentration used
(but see Fig. 7B for saturation by K™ ions). A technical limita-
tion of this experiment was that the accessible range of Rb™
concentrations was limited by the total ionic strength, and the
number of Rb™ concentrations that could be analyzed, partic-
ularly for the mutants, was limited due to the necessity to use
large amounts of protein. However, because the rate of E; —
E,(2Rb) was unaffected at any of several Rb™ concentrations, it
is unlikely that the D369N/D369A mutations affect either the
maximal rate of E, — E,(2Rb) or the intrinsic affinity for Rb™
ions. Thus, the simple conclusion is that the mechanism
involves a large reduction in the rate of E,(2Rb) — E,Na with
little or no effect on the rate of E; — E,(2Rb) or Rb™ affinity.

Fig. 7B provides an interesting mechanistic insight into the
lack of effect of the mutations on E; — E,(Rb). For the wild type
protein, we compared the rates of E; — E,(2K) and E, —
E,(2Rb) at increasing concentrations of K* and Rb™ ions,
respectively. The raw data for E; — E,(2K) were fitted to expo-
nential decay curves, and the rate constants are plotted as a
function of K* concentration. The data for the Rb™ are the
same as in Fig. 7A. The figure shows that the rate for £, —
E,(2K) is about 3-fold higher than for E; — E,(2Rb) and also
shows saturation behavior in the accessible range of K" con-
centrations. The data for E; — E,(2K) have been fitted to a
hyperbola with kz; . z0 125 * 15571, and the K was 39 +
10.5 mM. As we discuss below, the difference with K™ and Rb™
ions shows that the rate of E; — E,(2X) is limited by events in
the cation- binding sites rather than in the active site.

Effects of pH on E; <> E,(2Rb) Conformational Transitions of
Wild Type and D369N Mutant—It was reported many years
ago that pH affects the conformational equilibrium E;, <
E,(2Rb), by a “Bohr”-like effect (12). In particular it was
observed that acidic pH favors E,(2Rb) and alkaline pH favors
E,. The observations in Figs. 8 and 9 and Table 4 provide a
mechanistic explanation of this Bohr-like effect. The Rb™ titra-
tions in Fig. 8 (and the fitted parameters in Table 4) show that a
reduction of the pH from 7.5 to 5.5 has a large effect on the
K, 5Rb of the wild type, the value being reduced by 10-fold from
3.45 = 0.1 to 0.35 = 0.03 mM. By contrast, the K, ;Rb for the
D369N mutant is reduced only from 0.91 * 0.02 at pH 7.5 to
0.37 £ 0.01 mm at pH 5.5, a factor of 2.45-fold. An increase in
apparent affinity of the wild type for Rb™ caused by raising the
proton concentration by 100-fold must be due to an effect of the
pH on the conformation of the protein. (Note for comparison
that raising the pH even further to 8.0 actually causes a fall in
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FIGURE 6. Stopped-flow traces of E; — E,(2Rb) for wild type and D369N/D369A mutants. Each trace for the wild type and D369N/D369A mutant proteins
represents the average of 5-10 replicates. Final Rb ™ concentrations are indicated. The curves have been fitted to single exponential functions. Rate constants
are shown in Table 3. Wild type (WT), black; D369N, gray; D369A, light gray. Note that the solution in syringe 1 consists of 20-30 g of FITC-labeled enzymes,
choline chloride, plus RbCl (wild type 20 mm, mutants 4 mwm) to a total concentration of 165 mm plus 10 mm Hepes, pH 7.5, and that the solution in syringe 2

consists of 165 mm NaCl plus 10 mm Hepes, pH 7.5.

E, < E, Transitions of Wild Type

and D369N/D369A Mutant Induced
by Phosphate and Vanadate—As
shown previously, addition of inor-
ganic phosphate/Mg* or vanadate/
Mg™ to fluorescein-labeled renal
Na®,K"-ATPase in an E, confor-
mation, without Na™ and K* ions,
stabilizes an E, conformation,
detected by fluorescence quench-
ing, and subsequent addition of
Na™ ions reverses the fluorescence
change (13, 30, 32). The equilibrium

A w , , : : B 10 .
" WT .
35} | a D369N y
® D369A
30k -
-
’a 25 L 4 fa
3 3
ha¥ 20 B =
8 8
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8 i 8
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FIGURE 7. Rate constants of E; — E,(2X) at different concentrations of the monovalent cation. A, rate
constants of E; — E,(2Rb) at 20, 30, and 83 mm RbCl for wild type (WT) and D369N/D369A mutants. The graph
depicts the fitted rate constants from the data in Table 3. The values of the rate constants for D369N and D369A
are virtually identical and cannot be seen as separate points. Note that the solution in syringe 1 consists of
20-50 pg of FITC-labeled enzymes, 165 mm choline chloride, plus 10 mm Hepes, pH 7.5, and the solution in
syringe 2 consists of choline chloride + RbCl to a total concentration of 165 mm plus 10 mm Hepes, pH 7.5.
B, comparison of rate constants of £, — E,(2X) at different Rb* or K* concentrations for wild type. The data for
K™ represents fitted rate constants from an experiments similar to that in Fig. 6 for arange of K concentrations
from 10 to 83 mm. The solid line for K* represents the hyperbolic fit with the parameters ke, g 125 £ 15

and the K 39 = 10.5 mm. The data for Rb™ are taken from Table 3.

K, sRb, which might be explained by a reduction of direct com-
petition between Rb™ ions and protons between pH 7.5 and
8.0.) Consistent with the notion that lowering the pH below 7.5
stabilizes the E,(2Rb) form, the stopped-flow measurements in
Fig. 9 show that the rate of E,(2Rb) — E;Na for the wild type is
much slower at pH 6.0 compared with 7.5 (pH 7.5 as follows:
Kby — 1 = 042 + 0.002; pH 6.0 and kyp gy . 1 = 0.073 =
0.001 s~ '), quite similar to the effect of the D369A and D369N
mutants at pH 7.5. In summary the effect of lowering pH from
7.5 to 5.5 on the conformational transition of the wild type is
similar to the effect of neutralizing the charge on Asp®®® in the
D369N mutation. Furthermore, the effect of pH is largely abol-
ished in the D369N mutation itself.
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data in Fig. 10 and stopped-flow flu-
orescence datain Fig. 11 and Table 5
compare fluorescence responses to
phosphate and vanadate of the wild
type and mutant proteins and reveal
two new phenomena. For the wild
type, the fluorescence quench
induced by phosphate or vanadate
occurs only in the presence of Mg>™"
ions (Fig. 10), similar to the
response seen for renal Na*,K™-
ATPase (13). The new finding is that
for both the D369A and D369N mutants, the fluorescence
quench response to phosphate is observed without added Mg> ™"
ions, i.e. Mg>" ion is not required for the phosphate-dependent
stabilization of E, (Fig. 10). Vanadate differs from phosphate in
that the response of D369N and D369A is like the wild type
protein and requires the presence of Mg®" ions (Fig. 10). Addi-
tion of Na™ ions at high concentrations (100 mwm), after vana-
date/Mg>", partially reversed the fluorescence change of the
wild type, as found previously for renal Na™, K™ -ATPase (30).
Interestingly, the vanadate/Mg>"-induced signal change for
D369A was also partially reversed by 100 mm NaCl but that for
D369N was not reversed by NaCl, showing again that the

mM KCI or RbCI

—1
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centration dependences were not
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satisfactory due to a slow time
course or small signal size and diffi-
| culty in determining the end points
after graded addition of phosphate
or vanadate.

We have also looked at the rate of
fluorescence quenching in the
stopped-flow fluorimeter when the
proteins were mixed with phos-
1 phate/Mg>" (wild type, D369N) or
phosphate alone (D369A) (E;, —

mM RbCI

FIGURE 8. Equilibrium titrations of E, <> E,(Rb) at varying pH. A, wild type; B, D369N. The data have been nor-
malized as described under “Experimental Procedures.” Solid lines represent curves fitted to these data and provide
the parameters in Table 4. At pH values lower than 7.0, a linear drift was subtracted from the fluorescence signal

changes.
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FIGURE 9. Stopped-flow traces of E,(2Rb) — E,Na for wild type at pH 7. 5
and 6. Conditions were as under “Experimental Procedures,” except that
solutions at pH 6.0 contained 10 mm Mes. Each trace represents the average of
5-10 replicates. The rate was measured at pH 6.0 rather than at 5.5 to avoid a
fluorescence drift that interferes with the measurement.

TABLE 4

Equilibrium titrations of the E, <> E,(2Rb) conformational change at
different pH values

Parameters were obtained by fitting the normalized data in Fig. 8 to the Hill equation.

pH Wild type K, Rb * S.E. D369N K, .Rb * S.E.
mm mm

55 0.35 + 0.03 0.37 = 0.01

6.5 0.71 + 0.02

7.0 1.06 + 0.04

75 345+ 0.1 0.91 = 0.02

8.0 1.5+ 0.03

D369N is more strongly poised toward E,. The concentrations
of phosphate and vanadate required to induce these signal
changes were in the several millimolar and tens of micromolar
range, respectively, but attempts to determine accurate con-
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E,P) or vanadate/Mg>" (E, —
E,vanadate) at high concentrations
that induce the full response (Fig.
11). These experiments show a sec-
ond clear difference between wild
type and mutants. As seen in Fig. 11,
the rate of quenching by either
phosphate/Mg>" or vanadate/Mg>* is very slow for the wild
type protein, but a much faster component was observed for
both D369N and D369A with either phosphate or vanadate.
The rate constants of all the curves were fitted to double expo-
nential functions, giving the values of k; and k, recorded in
Table 5. In the case of the wild type, k, is very slow and may
represent an artifact due to photo-bleaching of the bound
fluorescein. For quenching induced by phosphate, k, for the
D369N and D369A mutants is 25—34-fold faster than the k;
of the wild type. It is noticeable that k for these mutants has
about the same rate as the k; of the wild type. For quenching
induced by vanadate/Mg®*, the k, was about 11-fold
(D369A) or 141-fold (D369N) faster than the k, of the wild
type, and again, the k, for the mutants has about the same
rate as the k; of the wild type. Possible explanations of these
observations are given below.

mM RbCI

DISCUSSION

This study introduces the use of the purified fluorescein-
labeled recombinant Na®,K*-ATPase and its mutants for
detailed study of E, <> E, conformational changes. This repre-
sents a significant advance in functional analysis compared
with experiments on Na™ ,K*-ATPase expressed at rather low
levels in mammalian cells or Xenopus oocytes or even after
expression in yeast S. cerevisiae or P. pastoris membranes with-
out purification, which permit studies such as ligand binding
(ATP, ouabain), Rb™ occlusion, or proteolytic and Fe**-cata-
lyzed oxidative cleavages (20, 43). The selective effects of
ligands (K", Na™, P,/Mg>", vanadate/Mg>", effects of pH) on
the fluorescein fluorescence responses of the purified deter-
gent-soluble recombinant Na™,K*-ATPase are quite similar to
those found previously for native membrane-bound renal
Na™, K" -ATPase, although the amplitudes of the responses are
smaller (12—15% for wild type compared with 25-35% for renal
Na™,K*-ATPase). The specific effects of the ligands are diag-
nostic so that the basic enzymatic mechanism is preserved. In a
complementary approach, fluorescence signals of the electro-
chromic shift dye RH421 have also been detected recently for
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FIGURE 10. Phosphate- and vanadate-induced E, <> E, conformational changes of wild type (WT) and
D369N/D369A mutants.

B

4 mM MgCL,
500 uM Tris-vO,

D369N titrations (Fig. 4). Another mutant,
T212A, which does not change the

30 mM Phosphate charge within the active site,
: behaved similarly. Thus, the

T I

observed changes in conforma-
tional transitions of the D369N/
D369A mutants can be attributed
to neutralization of the negative
' charge of the aspartate. The present
observations are consistent with the
proposal (19) that D369N/D369A
mutants stabilize E,, but the direct
measurements show that the effect
is much larger than inferred from
effects of K* ions on ATP binding.
More importantly, the fluorescence
measurements allow elucidation of
the detailed mechanism. Stabiliza-

100 mM NaCl
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tion of the E, conformation was
detected by a lower K, ;:Rb in equi-
librium titrations, 3.3-fold for
D369A and 6.2-fold for D369N (Fig.
4 and Table 2). The origin of this
change in apparent affinity for Rb™
ions is a large reduction in the rate
of E,(2Rb) — E;Na, 13-fold for
D369A and 20-fold for D369N, with
little or no effect on the rate of E;, —
E,(2Rb) or intrinsic Rb™ binding
affinity (Figs. 5-7 and Table 3).

Time (sec)

FIGURE 11. Stopped-flow traces of rates of phosphate- and vanadate-induced E, — E, conformational
changes for wild type and D369N/D369A mutants. A, phosphate: wild type (WT) and D369N, 25 mm phos-
phate (Tris), 4 mm MgCl,, D369A, 25 mm phosphate (Tris). B, vanadate: wild type and mutants 1 mm vanadate
(Tris), 4 mm MgCl,. Traces represent averages of 4 -8 replicates and are fitted to a double exponential function;

see Table 5.

the detergent-soluble purified recombinant Na*, K" -ATPase,*
similar to RH421 fluorescence changes for native renal
Na*,K*-ATPase (27). RH421 signals reflect changes in the
local electrical field accompanying cation binding and dissoci-
ation and are also indicative of an intact catalytic mechanism.
Tryptophan fluorescence changes of glycerol-stabilized puri-
fied detergent-soluble Ca>*-ATPase have also been described
recently, as another example of the utility of the fluorescence
approach (44).

Comparison of E, <> E, Conformational Transitions of
Wild Type and D369N/D369A/D369E Mutants—Replace-
ment of the negatively charged aspartate by asparagine and ala-
nine in the D369N/D369A mutants reveals a clear-cut stabili-
zation of the E, conformation (Figs. 4—7 and Table 2). One
important observation is that substitution of the aspartate with
the negatively charged glutamate, D369E, led to behavior much
like the wild type, as judged by the equilibrium fluorescence

“Habeck, M., Cerri, E., Katz, A, Karlish, S. J. D., and Apell, H. J. (2009) Biochem-
istry 48, in press.
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Although the absolute values of the
conformational equilibrium con-
stant K- with Rb™ ions could not be
calculated due to lack of saturation
of E; — E,(2Rb), one can calculate a
lower limit value as kz; _. £(orp) 83
mM, Kgoorp) — £1va- Lhe values cal-
culated from the rate constants in
Table 3 are for wild type, 57.62 * 1.1; D369N, 1069 = 19.2;
D369A, 948 *+ 30.2, i.e. 16.5-18.5-fold in favor of E,(2Rb) for
the mutants. For the wild type, the value of K. with K™ ions
could be calculated as k,..z1 — r2210'KE2(2K) — E18va AN €quals
K. =379 = 4.6 (see Table 3).°

For the wild type, lowering the pH from 7.5 to 5.5 had a
similar effect on the K, ;Rb in equilibrium titrations and rate
of E,(2Rb) — E;Na as the D369N/D369A mutants (Fig. 8 and
Table 4). Furthermore, because replacing the protonatable
carboxyl by the neutral carboxamide group in D369N abro-
gated about 75% of the effect of pH on K, ;Rb compared with
the wild type, the inference is that the effect of reducing pH
on the wild type is due largely to protonation of the carboxyl
of Asp®®® and neutralization of its charge. Thus, in essence,

® The value of K for the wild type with either Rb™ or K* is lower than the K,
inferred for native membrane-bound renal Na*,K*-ATPase (K- ~ 1000)
(13) and shows that the K of the detergent-soluble recombinant wild type
enzyme is poised less strongly toward E,. This will be described in a sepa-
rate paper (T. Belogus and S. J. D. Karlish, manuscript in preparation). It
does not affect the conclusions on the effects of the mutations.
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TABLE 5
Rates of E; — E,*P and E; — E,"vanadate conformational transitions
Rate constants obtained by double exponential fits of the data in Fig. 11.

Wild type D369N D369A
s'+SE sT'+SE s SE
E, —E,P k, 0026 + 0.001  k,,0.67 *0.09  k;,0.89 = 0.05
k,, 0.004 = 0.0001 k,, 0.036 = 0.002 k,, 0.038 = 0.001
E, — E,-vanadate k;,0.086 = 0.001 £;,12.18 £ 0.37  k;,0.97 £ 0.18
k,, 0.011 * 0.0001 ky 0.1 £0.006 k, 0.17 = 0.017

B
C
R560 R678
S A"

FIGURE 12. Active site of Na*,K*-ATPase in E,-P conformation and Ca**-
ATPase in the E,ATP conformation. A, active site of Na*,K*-ATPase in
E;MgF2~. Mg®" conformation (PDB code 2XZE). B, as in A without the
bound MgF2~Mg?>". Arrows indicate Asp>®° and Glu*'* and Arg>**-Glu?'® and
Arg®®°-Glu**' pairs. C, active site of Ca*>"-ATPase in E,"AMPPCP (PDB code
1VFP) showing proximity of Arg>®® and Arg®’® to the bound AMPPCP. The
figure was drawn with PyMOL. P domain, green; A domain, red; N domain,
blue.

the membrane Bohr effect described in Ref. 12 has the same
origin as the neutralization of the charge in the D369N/
D369A mutations.

Structural Basis for Effect of D369N/D369A Mutations on
E, <> E,(2Rb) Conformational Changes—Fig. 12 depicts resi-
dues in the active site of Na™,K™-ATPase in the recent struc-
tures of the E,-P(2Rb)-like conformation with bound MgF;
an analogue of bound phosphate, and Mg>* ion or depicted also
without the bound MgF2~ and Mg>" (Fig. 12, A and B) (5, 6).
The conserved TGES sequence of the A domain (Fig. 12, red)
comes close to the P domain (green), and in particular Glu®** (A

31048 JOURNAL OF BIOLOGICAL CHEMISTRY

domain) is poised above the MgF2 . As seen in the 2ZXFE struc-
ture with bound MgF2~ and Mg?>" removed (Fig. 12B, double-
headed arrow), Glu*** is the closest charged residue of either
the A or N domain to the active site Asp>*®. Because an impor-
tant characteristic of the E, conformation is the interaction of
A-P and A-N domains, a simple hypothesis is that removal of
electrostatic repulsion between the negative charges of Asp>*®
and Glu®'* stabilizes the E, conformation.

Using Coulomb’s law, we can calculate approximately the
change in electrostatic repulsion between Asp®®*® and Glu*'%,
when the charge on Asp®*® is removed, and predict the effect on
the conformational equilibrium. This follows a similar calcula-
tion, which determined the effects of neutralization of the
charge on Asp®" of Ca®"-ATPase on ATP affinity (23). The
nearest approach distance between Asp®®*® and Glu*'* (PDB
code 2ZXE) is 6.2 A, and in the homologous structure of Ca?*-
ATPase (PDB code 1WPG), the distance between Asp®*! and
Glu'®® is 6.5 A. In the E, conformation of Ca?*-ATPase (PDB
code 1IWO) without bound MgF; /Mg>*, the P and A
domains are more separated, and the closest distance between
Asp®* and Glu'®?is 10.8 A. For the calculation, we will assume
that the distance between Asp*®® and Glu*** in an E,(2Rb) con-
formation of Na*, K" -ATPase without MgF2~ /Mg>" lies in the
range 6.5-10 A. The electrostatic potential between Asp>®® and
Glu*"*is calculated from Coulomb’s law as in Ref. 23. The range
of values is 111 to 72 mV.° Assuming that the effect of the
D369N/D369A mutations on K is due only to removal of the
electrostatic repulsion with Glu®'%, the predicted effect is cal-
culated from the Nernst equation,® and the range of values is
85- to 18-fold at 6.5 or 10 A distance, respectively. The experi-
mental range of the 16.5-18.5-fold change in poise of K.
toward E,, calculated from the kinetic data, falls in this pre-
dicted range with a distance between Asp®*® and Glu*'* close to
10 A. Of course, these calculations depend on assumptions of
the dielectric constant and the distance within the active site,
but they certainly seem to be reasonable.

Fig. 12B depicts another important point, namely that out-
side of the active site the A domain makes very few contacts
with the P and N domains. However, two salt bridges, Arg®**—
Glu*'® (N-A) and Arg®®-Glu®*' (P-A) can be clearly detected.
The interactions of the residues in these salt bridges in different
conformations provide a simple but convincing explanation of
the well established effect of ATP to accelerate the rate of
E,(2K) — E;Na in wild type Na™, K" -ATPase and, as a conse-
quence, the effects of D369N/D369A on the rate of E,(2K) —
E,Na. Comparison of the Na®,K"-ATPase structure in the
E,(2Rb)-P conformation with the Ca®>"-ATPase structure with
a bound ATP analogue in an E,-AMPPCP conformation (Fig.
12C) (45) shows that the homologous arginines of Ca®"-
ATPase, Arg®”® (Arg®®), and Arg®®® (Arg®**), directly bind the
AMPPCP. Mutations of Arg®** in the Na*,K"-ATPase have
also shown that this residue is crucial for high affinity binding of

© The electrostatic potential Aysis calculated from the relationship Ads ~ e-k/
Drr, where e is the electronic unit charge (1.6.107'° C); k is the Coulomb
constant (9:10° N'm?-C~2); D is the dielectric constant in the site, assumed
to have a value of 20; and r is the distance (in meters). The Nernst equation:
INKcay = o = INKc + (ZF/RT)Ads— or logKc oy, — o/Kc = Adp/57 (in mV).
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ATP and ADP (46), and Arg®”® in Ca?*-ATPase was shown to
be cross-linked to the N domain by glutaraldehyde, and this is
disturbed by ATP binding (47).Thus it is clear that in E,(2K)
binding of ATP to Arg®** and Arg®®® will compete with Glu®'®
and Glu®*' of the A domain for these residues. In other words,
ATP and the A domain compete for the interaction with the
P and N domains, and attraction of ATP for Arg>** and Arg®®®
and repulsion of Glu*'® and Glu**' will destabilize the interac-
tion of the N and P domains with the A domain and stabilize the
ATP-mediated interaction of the N to P domain. The result of
this competition is the greatly accelerated rate of E,(2K) —
E Naby ATP bound to E,(2K) with a low affinity and stabiliza-
tion of E; by ATP bound with high affinity. The explanation of
this effect of ATP implies that the slow rate of E,(2Rb) — E;Na,
without ATP, is limited, at least partially, by the high activation
energy required to break these electrostatic interactions.
Because the total strength of N-A and P-A domain interactions
represents the balance of attractive and repulsive forces, one
can presume that removal of the Asp>***~Glu?** repulsion in
the D369N/D369A mutants allows the A domain to approach
the N and P domains more closely and increase their interac-
tion energy via the Arg®**~Glu*'® and Arg®**~Glu®*! proxim-
ities. This will, in turn, increase further the activation energy
required to break them and slow the rate of E,(2Rb) — E,Na
compared with the wild type. Fig. 12C also shows that Arg®®°
and Arg®”® interact with the oxygens on the B-phosphate and
on the sugar moiety of the ATP analogue, respectively. There-
fore, another implication is that ADP should be as effective as
ATP in repulsing the A domain and accelerating the E,(2K) —
E Na transition. Acceleration of E,(2K) — E;Na by ADP, as for
ATP, has indeed been inferred from effects of ADP on K*-K*
exchange reactions (48), proteolytic digestion (10), and demon-
strated directly using an iodoacetamidofluorescein-labeled
Na*,K*-ATPase (49). Finally, it is of interest that for Ca**-
ATPase, although the two arginines (Arg®*® and Arg®’®) are
conserved, the residue at position Glu*'® of Na™*,K*-ATPase is
Val'® in Ca®>"-ATPase, and the residue at position Glu**" is
Asp®® in Ca®"-ATPase. Thus, only one of the salt bridges can
be formed in the E,P or E, conformations. Although it has been
known for many years that ATP activates the E, — E; transi-
tion of Ca®>*-ATPase (50), ATP accelerates the rate of E, <> E;
in Ca®>*-ATPase much less (20-fold at pH 6.0 and less at higher
pH (51)) than it accelerates the rate of E,(2K) — E,Na of
Na*,K*-ATPase (100-150-fold) (11, 49, 52).

The lack of effect of the D369N and D369A mutants on the
rate of E;, — E,(2Rb) indicates that, in these conditions, the
limiting step is not affected by neutralization of the charge on
Asp®® but is the same as in the wild type. The result in Fig. 7B
shows that the rate of this transition depends on the nature of
the bound cation and that with K* being considerably faster
than that with bound Rb*. Thus, the experiment indicates that
the limiting process is the movement of trans-membrane seg-
ments with occluded K™ or Rb™ ions. The rate of these move-
ments should be the same in wild type and D369N/D369A
mutants.

Effects of Phosphate and Vanadate—The finding (Fig. 10)
that phosphate induced the E; — E,-P transition in the D369N/
D369A mutants even without added Mg>* ions, by contrast
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FIGURE 13. Scheme showing alternative pathways for conformational
change from E, to E,P.

with the wild type, can be understood by reference to the struc-
ture in Fig. 12A. The Mg>" ion interacts with the MgF; ~, with
the carboxyl groups of Asp®*® and Asp”'?, with the carbonyl of
Thr*”!, and via a water molecule with Gly*'>. Binding of Mg*"
ions to Asp”'® has also been inferred by mutation work (53).
The MgF; ™ also interacts strongly with Asp®*®, Lys®®®, and
Thr®'® and is very close to Glu*** (2.4 A). Because Mg?" is not
required for the E; to E, P transition in the D369N/D369A
mutants, an important role of the Mg in the wild type appears
to be neutralization of the negative charge on the Asp®®® with
bound phosphate and enabling the A domain to approach the P
domain. Without charge neutralization between the MgF2~
(HPO?2") and Glu®'*, which are only 2.4 A distant from each
other, there should be strong repulsion between P and A
domains. Bound Mg?" will neutralize the negative charge on
the MgF2~ and reduce the charge repulsion with Glu***. The
structure also clarifies two related previous findings. First,
D369A binds ouabain weakly even without added Mg*" ions,
although binding to wild type is absolutely dependent on Mg?™"
ions (19). Ouabain binding stabilizes the E, conformation, and
again, one would infer that Mg>" is required in the wild type,
but not in D369A, to allow Glu*'* (A domain) to approach
Asp>®® (P domain). Second, Fe*"-dependent oxidative cleav-
ages in the active site, characteristic of the E, conformation, are
largely suppressed in the D369N mutant (20). Because Fe**
substitutes for Mg>" ions in catalyzing phosphate transfer, the
result is consistent with suboptimal binding of Fe>" to the
D369N mutant. It is interesting that the D369N/D369A
mutants behave differently with vanadate, compared with
phosphate, in that Mg>" ions are still required to stabilize the E,,
conformation. Vanadate is a phosphate transition state ana-
logue, binds much more tightly than phosphate, and could be
expected to show different interactions. Indeed, Asp”*®, which
is a Mg>*-ligating residue, has been shown to be much more
important for vanadate compared with phosphate bindingin E,
(53).

The scheme in Fig. 13 can explain simply the finding that, for
the D369N/D369A mutants, the rate of conversion of E; — E,'P
or E; — E,-vanadate showed a fast component, by contrast to
the slow rate of conversion for the wild type (Fig. 11 and Table
5). Both phosphate and vanadate are assumed to bind much
more tightly to E, than to E;. By the left-hand path, E,'P or
E,-vanadate are stabilized by preferential binding of phosphate
or vanadate to E, and prevention of the back reaction, E, — E|.
The slow observed rate of fluorescence change is presumably
limited by the E; — E, transition without bound phosphate or
vanadate. This is assumed to be the path for the wild type. By
contrast, the right-hand path may apply to the D369N/D369A
mutants. Although phosphate and vanadate bind weakly to E,,
neutralization of the charge on the Asp®*® allows a fast confor-
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mational change from E;'P — E, — P or Evanadate —
E,-vanadate, i.e. bound phosphate or vanadate induce the fast
component observed in Fig. 11. Again, it is interesting that the
effect with D369N is stronger than with D369A, at least with
vanadate. The slow component may correspond to the fraction
of molecules, which reach the E,'P or E,-vanadate conforma-
tion by the slow left-hand route E; — E, — E,-P.

Role of Electrostatic Interactions of Asp>®® in the Normal Cat-
alytic Cycle—Bound Mg>" ions are already known to play a
crucial role in reducing negative charge repulsion, between the
v-phosphate of bound ATP and the aspartate, enabling close
proximity necessary for phosphorylation. D369N/D369A
mutants of Na®,K"-ATPase and D351A/D351N/D351T
mutants of Ca>"-ATPase have a very high ATP affinity, which
is the result of removal of electrostatic repulsion between the
y-phosphate and the aspartate (19, 22, 23). In the wild type,
binding of Mg>* ions to the Asp®*® (Na*,K"-ATPase) or
Asp®*! (Ca®*-ATPase) and the y-phosphate reduces this repul-
sion. Indeed, in the case of Ca’"-ATPase ATP binds only
weakly in the absence of Mg®" ions (22).

We propose here an additional role of charge interactions of
Asp®®® in the normal catalytic cycle, namely as triggers of
E,P(3Na) — E,P and E,(2K) — E,Na conformational transi-
tions. As discussed in the Introduction, dissociation of ADP
from E,P(3Na) is necessary but may not itself be sufficient to
trigger the spontaneous conformational change to E,P. The
lack of requirement of Mg>" ions for the phosphate-induced
conformational change (Fig. 10), and the fast phosphate- or
vanadate-induced E; — E,'P or E; — E,-vanadate transitions,
observed for the D369N/D369A mutants (Fig. 11), suggest that
the behavior of the mutants resembles that of normal wild type
E,P(3Na) with bound Mg>* ions. Thus E,P(3Na) — E,P may be
triggered by neutralization of the charge on Asp®®® resulting
from binding the divalent cation, Mg>", together with the
covalently bound phosphate (which is a mixture of -C-O-PO3 ™~
and -C-O-POH; at physiological pH). The interconversion
between conformational states has been described as “fairly sto-
chastic,” i.e. one in which the energy barriers between states are
comparable with the thermal energy (2, 3). In the stochastic
process of approach, binding, and disengagement of A to and
from P and N domains, the lack of repulsion between Asp>©°-
phosphate/Mg>" and Glu®'%, as well as attraction of the bound
Mg>" ion to the A domain via Gly*'> and a water molecule,
should favor approach of the A domain to the P and N domains.
E,P, with Mg®" ions tightly bound, may then be stabilized via
the Arg®®*-Glu**! and Arg®**~Glu®'® salt bridges between A
and P and A and N domains, respectively. After dephosphoryl-
ation of E,P, phosphate/Mg>" dissociates, and the negative
charge on Asp®**® should favor disengagement of the N-A and
P-A domains in E,(2K) due to repulsion of the Glu®'* in the A
domain. Dissociation of A from P and N domains in E,(2K) and
transition to E, is then strongly accelerated by ATP, which
breaks the Arg®®*—Gly**' and Arg®**~Glu>'® salt bridges, as
discussed above.
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