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ABSTRACT. The Na/K*™-ATPase couples the chemical energy in ATP to transportaal K™ across the
plasma membrane against a concentration gradient. The ion pump is composed of two mandatory
subunits: thex subunit, which is the major catalytic subunit, and theubunit, which is required for
proper trafficking of the complex to the plasma membrane. In some tissues, the ion pump also contains
an optional third subunity, which modulates the pump activity. To examine the conformational dynamics

of they subunit during ion transport and its position in relation todh&nd thes subunits, we have used
fluorescence resonance energy transfer under voltage clamp conditions. From these experiments, evidence
is provided that they subunit is located adjacent to the MRI6—M9 pocket of thea subunit at the
transmembraneextracellular interface. We have also used fluorescence resonance energy transfer to
investigate the relative movement of the three subunits as the ion pump shuttles between the two main
conformational states,;Eand B, as described by the Alber$ost scheme. The results from this study
suggest that there is no relative change in distance betweean dinely subunits but there is a relative
change in distance between the@ndy subunits during the Bo E; transition. It was also observed that
labeling they subunit at specific residues with fluorophores induces a decrease-imdkiced stationary
current. This result could be due to a perturbation in thebkanch of the reaction cycle of the pump,
representing a new way to inhibit the pump.

The unequal distribution of Naand K" ions across the  FXYD2, is predominantly expressed in the kidney together
plasma membrane in most animal cells is maintained by thewith the oyf3:1-isozyme and was the first member of this
Nat*/K*-ATPase. This ion pump, which is a member of the family which was found to produce a functional effect on
P-type ATPase family as it is transiently phosphorylated at the Na/K+-ATPase 8—10). It has been proposed that these
a highly conserved aspartate residue upon ATP hydrolysis, effects, most notably a decreased affinity for intracellular
is comprised of two mandatory subunits. The large catalytic Na*, are of physiological relevance, as different segments
o subunit has approximately 1000 amino acids and 10 of the renal nephron have distinct roles for the*M&a -
transmembrane domains and contains the binding sites forATPase in the Nareabsorption proces3)

Na" and Kt as well as for the specific cardiac glycoside

inhibitors digitpxin and ouabair)l( 2.)' T_he fun_ctional all P-type ATPases was the elucidation of a series of
complex also includes & subunit which is required for. conformations of the sarcoplasmic reticulum?GATPase
trafficking to the plasma membrane and modulates cation (SERCA) by X-ray-crystallographyld, 12). However, as
binding afﬂmty_ (3-9). N ) the SERCA pump is comprised of only the catalytic

In selected tissues, the Ni*-ATPase also can contain  gypunit, no information is available about the conformational
an optional third subunity, which modulates the activity of flexibility of the 8 or y subunits of the N&K+-ATPase.
the ion pump §). They subunit is one of the FXYD family  Thys, we have previously utilized voltage clamp fluorometry
of proteins, which are found associated with the"Ma - to measure the conformational dynamics of the"Id-
ATPase in a tissue-specific manng)).(The y subunit, o ATpase during ion transport. This was achieved by cysteine-
specific labeling of the ion pump with the fluorescent dye
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Ficure 1: Reaction model and sequence and functional measurements of the€"N&TPase. (A) Albers-Post scheme for the N&*-

ATPase reaction cycle. (B) Sequence alignment of the bovine and shadmnit. (C) Schematic diagram of the transmembrane domain

and adjacent residues of the bovipsubunit of the N&/K+-ATPase. The diagram depicts residues Phe-11 to Leu-58; in bold are shown
the nine residues Glu-16 to lle-24, which were individually replaced by cysteines for the purpose of site-directed fluorescence labeling. (D)
Stationary pump currents of the N&*-ATPase are expressed with single-cysteine mutants of ggbunit 4 a 0 mV holding potential

in response to 10 mM K before (black bars) and after (open bars) labeling with TMRM. Data originated fre@ndacytes; values are
meanst SEM. The dotted line indicates the stationary current level of the wild-type construct. (E) Normalized stationary pump current for
thea/p/yT17C construct before (black bars) and after (open bars) a 10 min incubation with select cysteine reactive labeling groups, including
tetramethylrhodamine-6-maleimide (TMRM), [2-(trimethylammonium)ethyljmethanethiosulfonate (MTSET), (2-aminoethyl)methanethio-
sulfonate (MTSEA), (2-sufonatoethyl)methanethiosulfonate (MTSES), maleimide, and fluorescein-5-maleimide (fluorescein, FM). (F) Steady-
state TMRM and FM anisotropy values for different residues of the ion pump in the presence of exteroalkta Coding is as follows:

black bars, TMRM in the presence of externaliNapen bars, TMRM in the presence of external; Idiagonally striped bars, FM in the
presence of external Nahorizontally striped bars, FM in the presence of external Kll values are given as means SEM. Oocytes

were clamped te-20 mV to maintain continuity between anisotropy and donor photodestruction measurements. Data originated8from 5
oocytes.

E: and B, of the Na/K*-ATPase as described by the of the o and 8 subunits with both donor and acceptor
Albers—Post scheme (Figure 1A138, 14). Furthermore, we  fluorophores and have been able to determine that there is a
have been able to establish distance constraints between theearrangement between selected residues ofattend

o andg subunits of the NaK*-ATPase using fluorescence  subunits during the conformational transition of the ion pump
resonance energy transfer (FRET) after site-specific labeling (15).
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Given the importance of the subunit in modulating the  oocytes were incubated in eithep® FM or 1 uM FM and
ion pump in select tissues, the aim of this study was to use4 uM TMRM for 30 min on ice in the dark followed by
voltage clamp fluorometry to investigate the interaction of washes in dye-free buffer. At a 4:1 acceptor to donor
they subunit with the holoenzyme. First, we have been able fluorophore ratio, it is predicted that the ion pumps will be
to establish distance constraints to model the location of thelabeled pairwise at the following proportions: 4% FM/FM
y subunit when compared to the and 8 subunits of the (D/ID), 32% FM/TMRM (D/A), and 64% TMRM/TMRM
Na"/K*-ATPase proximal to the extracellular side of the (A/A). Thus, the predominant measured species will be the
plasma membrane of the ion pump. Second, we have beer-M/TMRM pair, as the TMRM/TMRM pair will be excluded
able to determine the relative movement of all three subunits through the usage of the FRET filter set. Donor photode-
as a function of ion transport. Third, it has been determined struction measurements were performed iff kst solution
that labeling a specific residue on thesubunit with the (100 mM NacCl, 5 mM BaGl, 5 mM NiCl,, 10uM ouabain,
fluorophore TMRM or fluorescein-5-maleimide (FM) inhibits and 10 mM MOPS/Tris, pH 7.4) with continuous solution
the ion pump. This inhibition appears to be mediated by steric flow at —20 mV.
effects, as charged cysteine-reactive moieties have little effect Two-Electrode Voltage Clamp Epifluorescence Measure-
on the stationary current of the ion pump. The implication ments.An oocyte perfusion chamber was mounted on the
of these results, including the possibility of extending these stage of a fluorescence microscope (Axioskop 2FS, Carl
results fory-mediated, tissue-specific inhibition of the Na  Zeiss, Jena, Germany), equipped with ac4@ater immer-
K*-ATPase, will be addressed. sion objective (numerical aperture 0.8). Currents were

measured using a two-electrode voltage clamp amplifier,
EXPERIMENTAL PROCEDURES Turbo TEC-05X (NPI Electronic, Tamm, Germany). Fluo-

Molecular Biology, Oocyte Preparation, and cRNA Injec- rescence was excited by a 100 W tungsten lamp. The
tion. cRNA was obtained as previously describég, (14). following optical filter components were used: TMRM
Briefly, cDNAs of sheep N&K*-ATPasea; subunit with (535DF50 excitation filter, 565 EFLP emission filter, and
no extracellular cysteine residues (with mutations C911S and570DRLP dichroic mirror), FM (475DF40 excitation filter,
C964A) (16) and reduced ouabain sensitivity (with mutations 530DF30 emission filter, and 505DRLP dichroic mirror), and
Q111R and N122D)1(7) for the selective inhibition of the  FRET (485AF20 excitation filter, 565 EFLP emission filter,
endogenous N@dK*-ATPase as well as the shegpsubunit and 505DRLP dichroic mirror) (Omega Optical, Brattleboro,
were subcloned into vector pTLNLS, 14). The cattley VT). Fluorescence was measured with a PIN-022A photo-
subunit cDNA was synthesized (Sloning BioTechnology, diode (United Detector Technologies, Baltimore, MD)
Puchheim, Germany), sequenced, and also subcloned intonounted to the microscope camera port. Photodiode signals
vector pTLN. Single-cysteine mutations in the transmem- were amplified by a patch clamp amplifier, EPC-5 (HEKA
brane-extracellular interface of the bovinesubunit were Electronics, Lambrecht, Germany). Fluorescence and current
introduced by the QuikChange site-directed mutagenesis kitsignals were simultaneously recorded and subsequently
(Stratagene) and verified by sequencing. cRNA was preparedanalyzed with Clampex 8.0 (Molecular Devices, Sunnyvale,
using the SP6 mMessage mMachine kit (Ambion, Austin, CA) and Origin 7.5 (OriginLab Corp., Northampton, MA),
TX). respectively.

Oocytes were obtained by collagenase treatment after FRET and Anisotropy Measuremerfter FRET distance
partial ovarectomy fronXenopus laeis females and were  measurements, irreversible donor photobleaching traces were
injected with 25 ng ofx subunit, 1 ng of3 subunit, and 1 usually fit to a monoexponential function. In some cases,
ng of y subunit cRNA. After injection, the oocytes were kept the traces were best fit by a biexponential function where
in ORI buffer (90 mM NacCl, 2 mM KCI, 2 mM CaGJ and the time constant corresponding to the fast component was
5 mM MOPS, pH 7.4) containing 1 mg/mL gentamycin at used and the slow time constant was only a small fraction
18 °C for 3—6 days before the measurements. of the total decay 15, 19). The origin of the smaller slow

Oocyte Pretreatment and Fluorescence Labelfgor to component is unknown; however, it could be due to a
the measurements, the oocytes were incubated for 45 mindiffusion process on the plasma membrane of the oocyte.
in loading buffer (110 mM NacCl, 2.5 mM sodium citrate, To determine the efficiency of energy transfd),(the
and 10 mM MOPS/Tris, pH 7.4) and 15 min in postloading following equation was usedE = 1 — 7pa/tp (Wheretpa
buffer (100 mM NaCl, 1 mM CaG] 5 mM BaCh, 5 mM and tp are the time constants of donor photobleaching in
NiCl,, and 10 mM MOPS/Tris, pH 7.4) to elevate the the presence and the absence of acceptor, respecti28)y) (
intracellular Na concentration 18). For stationary current  FRET efficiency was converted to distance using thesteo
measurements, cysteine-specific labeling was achieved byequation: E = 1/(1 + RY/RS), whereR is the distance
incubating the oocytes in Natest solution containing FM  between the donor and acceptor aRgl is the distance
or TMRM (Molecular Probes, Carlsbad, CA), (2-sulfonato- corresponding to 50% efficiency for a specific donor
ethyl)methanethiosulfonate (MTSES), [2-(trimethylammo- acceptor pairZ0). R, is defined by the equatioR, = ((9.7
nium)ethyllmethanethiosulfonate (MTSET), or (2-aminoethyl)- x 10%)J®pn~%2)6 (), whereJ is the normalized spectral
methanethiosulfonate (MTSEA) (Gentaur, Brussels, Belgium), overlap of the donor emission and acceptor absorptia,
or maleimide (Sigma, St. Louis, MO) for 10 min in the is the donor emission quantum yield in the absence of the
measuring chamber. Stationary current measurements werecceptorn is the index of refraction, anef is the orientation
obtained before and after cysteine-specific labeling following factor for a dipole-dipole interaction Z1).
extensive washes in reagent-free buffer. Uncertainties in anisotropy and subsequértalculations

For donor (FM) photodestruction experiments, the method can lead to errors in the estimateRy{since residues which
was performed as previously describekb)( Briefly, the exhibit significant polarized emission can limit the amount
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of energy transfer between the donor and acceptor fluoro-transition. As three residues which are reactive with fluo-
phores and influence the distance measurements which argophore labeling, but are insensitive to thet& E; transition
derived from irreversible fluorophore bleaching measure- on either theo or the 8 subunits, have previously been
ments R2). Therefore, the anisotropy of the donor and identified @L306C, al788C, andsP66C), changes in the
acceptor fluorophores was measured on the oocytes whichrelative orientation of each of the three subunits were
represent a quasiplanar system and evaluated through theletermined with the following double-cysteine constructs:
use of the following equationr = (I, — 1)/(I; + 2I), where aL306CB/yR19C,al788C3/yR19C, andh/fP66CHR19C
Iy is the parallel andlis the perpendicular emitted light with  (15).
respect to the polarized excitation light at each amino acid Measurements and Analysis of Transient Currefitan-
(Figure 1F) R2, 23). The two components were measured sient Na/K*™-ATPase currents under NéNa" exchange
sequentially with polarized filters (Linos Photonics, Inc., conditions were obtained as the difference between current
Guottingen, Germany) placed adjacent to the emission andresponses to a specific voltage step in"Nast solution
excitation filters. To calculate the error in the distance containing first 1M and second 10 mM ouabain to block
measurements due to anisotropy, the following equationsthe endogenous and heterologously expressed ouabain-
were used:k?max = %/3(1 + Fig + Fra + 3FdFr) andi?in = insensitive forms of the NdK *-ATPase, respectively17).
2l3(1 — (Frg + Fra)/2), whereF g = (ra/ro)®5, Fra= (raro)°5, Time constants were obtained from monoexponential fits to
andr, is the fundamental anisotropy (FM, 0.4; TMRM, 0.38) the data. The first few milliseconds after the voltage step
(24, 25). For theaL306C/3/yR19C double mutant, the range were excluded to avoid artifacts arising from capacitance
of possiblex? values is 0.3-1.9. For theal788C/5/yR19C charging of the oocyte membrane. The displaced ch@ye (
double mutant, the range of possikfévalues was deter- is the time intensity of the fitted currents, extrapolated to
mined to be 0.32.0. For theo/fP66C{R19C double onset of the voltage pulses. The result@gV curves were
mutant, the range of possiblé values was determined to fitted according to a Boltzmann function:
be 0.3-2.0. As the anisotropy measurements indicated that
all of the residues had a reasonable mobilifjyvas assumed Qrmax — Qmin
to be 2/3. ThereforeR, was estimated for the FM/TMRM Q(V) = Quin + Vo

. 14+ g% (Vo.s—V)/RT)
pair to be 55 A.

Relatve Mavement of Specific Residues on the3, and
y Subunits.Determination of the relative movement of
specific residues of different subunits during thet& E;
transition was performed as previously describdd).(

where Qmax and Qmin are the saturation values of displaced
charge Vo is the voltage of half-maximal activation, is
the fraction of charge that is displaced through the entire
Double-cysteine mutant constructs were expressed where onf ansmembrane f|eld,:'|s the Faraday constari 1S the
residue is known to bind a fluorophore (i.e., demonstrates molar gas constantf IS temperature (K), and/ is the
fluorescence changes during solution exchange that inducdransmembrane potential. All experiments were performed
the B to E; transition) and where it is unknown whether at 20-22°C.

the second residue binds a fluorophore (i.e., no quorescenceRESUI_.I.S

changes during solution exchange). The double-cysteine

mutant constructs were subsequently labeled with donor (FM) ~ Site-Specific Labeling of the Subunit of the Na/K*-

and acceptor (TMRM) fluorophores. A FRET filter set was ATPaseOur initial objective for this study was to examine
used to excite the donor fluorophore and measure thethe conformational dynamics of thesubunit as a function
emission of the acceptor fluorophore. Only when both sites of ion transport. Since our previous studies were carried out
have a bound fluorophore will one be able to observe a on sheep NaK*-ATPase, we attempted to obtain the sheep
fluorescence change of TMRM which is the product of an y subunit sequence. Unfortunately, although sequencing
environmental change of the fluorophore at the residue which efforts have begun on the sheep genome, the entire sequence
demonstrates changes in fluorescence intensity during solu-of the v subunit was not available. The only available
tion exchange that induce the B E; transition following sequence is a fragment which does not contain the entire
energy transfer from the donor fluorophore. Using this coding sequence8( 26). However, as there are only two
strategy, thexN790C[5/yR19C construct was expressed. It mutations between the sheepsubunit fragment and the
was previously determined that th@N790C construct  bovine sequence, both of which occur at the N-terminus of

demonstrates a fluorescence change during theéoHEE; the protein, the boviney sequence was used for the
transition (L4). In contrast, although functional, no change experiments described in this paper (Figure 18)26).

in fluorescence intensity was observed for thR19C Cysteine-scanning mutagenesis was performed to identify
construct if expressed with thes wild-type construct during residues on the subunit at the cytoplasmigransmembrane

the & to E; transition following labeling with TMRM. interface which demonstrate changes in fluorescence intensity

Following fluorophore labeling with FM and TMRM, the  as a function of membrane potential and/or external solution
double-cysteine mutant construct exhibited a significant exchange (Figure 1C). Functional expression of each con-
change in acceptor fluorescence intensity following donor struct was assessed by measuring stationary pump currents
excitation upon addition of 10 mM KCI, and the change in upon addition of 10 mM K in two-electrode voltage clamp
fluorescence intensity disappeared upon the addition of 10experiments (Figure 1D). All solutions contained iM
mM ouabain, indicating that the change in fluorescence ouabain to inhibit the endogenous M&t-ATPase. It should
intensity is directly attributable to the N&KT-ATPase (data  be noted that all the constructs had a reduced ouabain
not shown). Thus, the’R19C construct is accessible to sensitivity in the millimolar range, as shown for the sheep
fluorophore labeling but is insensitive to the, B0 E; Naf/K*-ATPaseo subunit 7). In coexpression experiments
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FiGURE 2: Voltage pulse-induced transient current measurements. (A) Voltage dependence of translocated charg@/fiof IT€ construct

of the Na/K*-ATPase before (black squares) and after (open circles) labeling with fluorescein-5-maleimide. Data arg: RE&hfrom

five oocytes. Fits of the Boltzmann function yielded the following parameters: before FM labélineg; —71+ 2 mV, z; = 0.78+ 0.05
(solid line); after FM labelingVos = —77 = 3 mV, z; = 1.1 £ 0.1 (dashed line). (B) Rate constants (reciprocal of time constants) for
transient currents before (black squares) and after (open circles) FM labeling. Data are4m8&ih from five oocytes. (C) Voltage
jump-induced transient currents, obtained as ouabain-sensitive difference currents recordeal/ft3y &' C construct. (D) Voltage jump-
induced transient currents, obtained as ouabain-sensitive difference currents recordedghythe7C construct following labeling with
FM.

with a and 8 subunits all nine cysteine mutants of the the stationary current was only modestly affected. To further
subunit led to functional ion pumps; however, no changes determine whether the inhibition was specific to tetra-
in fluorescence intensity for any of the TMRM-labeled methylrhodamine, we also labeled the ion pump with FM.
mutants following a voltage jump or application of extra- It should be noted that FM, unlike fluorescein 5-isothiocy-
cellular K were observed. In contrast, it was observed that anate, which also inhibits the ion pump, reacts specifically
the stationary pump current was significantly reduced for with free cysteine residues, and no inhibitory effect of FM
three residues, T17C, L23C, and 124C, upon TMRM labeling. or TMRM was observed on the wild-type protei28j.
The most significant decrease in stationary current was Following stationary current measurements with and without
observed upon fluorophore labeling of theg/yT17C FM, we observed the largest inhibition, where 38% of the
construct. original current was maintained. These data suggest that the
To further investigate this observation, cysteine-specific inhibition of the ion pump that is mediated through labeling
labeling of the o/f/yT17C construct with a variety of  of they subunit is not due to charge, but is primarily due to
moieties was achieved by incubating the oocytes in féat the volume of the labeling reagents (see Figure 1E).
solution containing 5«M labeling reagent for 10 min, Transient Current Measurementas it is clear that FM
followed by extensive washes in reagent-free buffer. The has the most dramatic effect upon the stationary current of
stationary current was measured before and after labeling.the Na/Kt-ATPase, we were interested in further under-
To examine whether charged groups would affect the standing the fluorophore-induced inhibition of the ion pump.
function of the ion pump, the construct was labeled with Thus, we performed voltage pulses in the absence “of K
three charged cysteine-reactive groups, MTSEA, MTSES, Under these conditions, the N&KT-ATPase is restricted to
and MTSET (Figure 1E). MTSES is a negatively charged Na'/Na® exchangeZ9). Because dephosphorylation in the
compound, while MTSEA and MTSET are positively absence of K is slow, the enzyme shuttles in a voltage-
charged, and each of these molecules has been used to prol@ependent manner almost exclusively betweghdhd EP.
the electrostatic interactions of a variety of membrane Information about the charge translocation process caused
proteins such as the nicotinic acetylcholine recep).( by the EP—E,P conformational transition can be derived
Labeling thea/3/yT17C construct with these probes resulted from analysis of the translocated charge. When plotted
in a small decrease in the stationary current; however, thereagainst the membrane potential, the amount of charge moved
was no significant difference in the decrease of the stationaryduring a transient current follows a Boltzmann function
current between the positively and negatively charged (Figure 2A,C,D). Positive voltage pulses lead to maximal
moieties. accumulation of BEP, while negative pulses lead to ac-
As reported in the previous section, labeling thé/ cumulation of EP. As the charge movement occurs during
yT17C construct with TMRM had a dramatic effect on the the EP to EP conformational change, tiig-V curve allows
stationary current, so we were interested to learn whethera direct measure of the amounts ofPEand EP at any
this was due to tetramethylrhodamine or maleimide. Thus, voltage. When compared to thep construct, theV, s for
we labeled this construct with maleimide and observed that the o//T17Cy construct is not significantly different from



262 Biochemistry, Vol. 47, No. 1, 2008

the wild-type value {74+ 12 mV vs—714+ 2 mV for o/fs
vs a/fflyT17C, respectively). Following FM labeling of the
o/BlyT17C construct, th®, s for the Boltzmann distribution
is shifted to a slightly more hyperpolarizing potentiadql
+ 2 mV vs—77 4+ 3 mV for the unlabeled vs labeled/3/

Dempski et al.

yields a slower macroscopic photobleaching. Furthermore,

donor-acceptor pairs that are close together demonstrate a
slower photodestruction rate of the donor fluorophore in the
presence of the acceptor fluorophore when compared with a
set of fluorophore-labeled residues that are further a8yt (

yT17C construct, respectively), thus stabilizing the ion pump 22). Therefore, the difference between the rate of irreversible
in the EP conformation. In additiorg,, the fraction of charge  photodestruction of the donor fluorophore in the presence
that is displaced through the entire membrane field, is and absence of the acceptor fluorophore can be used to
significantly increased following fluorescein-5-maleimide calculate the distance between the two fluorophores using
labeling of theo/p/yT17C construct (0.78& 0.05 vs 1.1+ the Foster equationZ0).
0.1 for the unlabeled and labeled constructs, respectively). For these experiments, the ion pump was labeled with
We were further interested in measuring the transient either the donor alone or the donor and the acceptor
current kinetics upon addition of FM. In these experiments, fluorophores in a 1:4 ratio. At this ratio, if both the donor
voltage jumps determine the kinetics of electrogenic reactionsand acceptor fluorophores label the ion pump at the same
and shift the distribution between and EP, giving rise rate at each residue (the chemistry is identical), the fluoro-
to transient currents. The main electrogenic events are thephore ratio of double-cysteine constructs DD:DA:AA, where
sodium binding steps, which occur on a microsecond time D is the donor fluorophore and A is the acceptor fluorophore,
scale, but the detected transient charge movement is ratewould be 0.04:0.32:0.64. The main component A/A is not
limited by the conformational change®{Na)<> E,P (Na) observed due to the appropriate choice of the excitation and
(30). Relaxation into a new distribution of states occurs with emission filters used during donor photodestruction measure-
the sum of forward and backward reaction rate constants,ments. Thus, the majority of fluorophores measured during

and transient currents decay with first-order kinet$; 81,
32). Current signals were analyzed by fitting with a mo-

donor photodestruction would be the D/A pair.
The rate of decay of the donor fluorophore, in the presence

noexponential function to obtain the voltage dependence of or absence of an acceptor fluorophore, was measured at a

the apparent rate constants (Figure—2B. The transient
currents of thea//yT17C construct at depolarizing mem-
brane potentials drive the pump into thegPEconformation,
which enables electrogenic Naeuptake, resulting in a

controlled membrane potentia-20 mV) under Na/Na*
exchange conditions (0 mM ¥ to maintain a constant
distance between subunits for three double-cysteine mutants
(al788Cp3/y19C, 0306 CPHIy19C, and/fP66CH19C). Each

negative transient current. The transient currents decayed abocyte was tested for Kinduced stationary currents, and

~60 st at 0 mV, which agrees well with published data
from Xenopusoocytes 18). At hyperpolarizing membrane
potentials 160 mV), the transient currents decayed-a60

s %, which is slower than that observed for previously
published constructs which contained only theand
subunits {3). The addition of FM, however, does not appear

only oocytes with a stationary pump current of greater than
100 nA were used for analysis. Each data set was normalized,
averaged, and fit to a mono- or biexponential function.
Distance measurements were calculated through thetd¥o
equation and were determined to be 5@:00.2 A for
al788CJ3/yR19C, 62.9+ 0.3 A for a306Cp3/yR19C, and

to have an appreciable effect on the transient current kinetics57.0+ 0.2 A for a/8P66C#R19C (Figure 3A-C). It should

(Figure 2B).

be noted that these distance measurements do not directly

As neither the charge distribution nor the transient current take into account errors due to the effects of anisotropy, as

kinetics are dramatically altered upon labeling @g/y T17C
construct with fluorescein-5-maleimide underida’ ex-

«? is assumed to be 2/3, and thus the error associated with
these distance measurements could be larger than calculated

change conditions and as there is a decrease in the amourabove.

of K*-induced stationary pump current after FM labeling,
the inhibition of the N&/K*-ATPase by fluorophore labeling
is most likely mediated through the *Kbranch of the
Albers—Post scheme (Figure 1A).

Distance Measurements of the lon Pump Subufits.
determine distance constraints between jtheubunit and

Relatve Movements of the, 5, and y Subunits during
lon Transport A number of single-cysteine constructs of the
Nat/K*-ATPase which are labeled with a fluorophore have
been previously identified because the fluorescence intensity
changes during the;Ho E; transition and the fluorescence
change are inhibited by high concentrations of ouab&® (

the a or 5 subunit of the ion pump, the time dependence of 14). However, the majority £80%) of single-cysteine
donor photodestruction was measured following labeling with constructs demonstrate no fluorescence changes during the
the donor fluorophore (FM) in the presence or absence of E; to E, transition of the ion pump, and these constructs
the acceptor fluorophore (TMRM) on double-cysteine con- have not been further studied. The absence of fluorescence

structs of the N&/K*-ATPase as described previoushpy.

change for these constructs has two possible explanations;

In these experiments, the observed photodestruction rate ofeither the residue is not accessible to the extracellular solution
the donor fluorophore depends on the donor cumulative and cannot be labeled, or the residue is labeled with a

excited lifetime (5). On a single-molecule level, the donor,

fluorophore and there is no environmental change during the

when not paired to an acceptor fluorophore, has a long E; to E; transition. Thus, we developed a method to identify
excited-state lifetime and, therefore, on a macroscopic level,residues that were labeled with a fluorophore but were

photobleaches at a relatively fast rad8)( The excited-state

insensitive to the Eto E; transition to follow changes in

lifetime of the donor fluorophore is shortened in the presence FRET intensity following fluorophore labeling of two of
of an acceptor fluorophore due to energy transfer, which these residues.

allows the donor, on a single-molecule level, to undergo more  To identify residues which can be labeled with a fluoro-
excitation cycles before photodestruction, which subsequentlyphore but where the fluorescence intensity is insensitive to
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Ficure 3: Distance measurements and relative movement offlfle andy subunits of the N&/Kt-ATPase. (A-C) NormalizedAFgonor
photobleaching for the N@K t-ATPasealL306C/3/yR19C,al788C/3/yR19C, andu/P66CHR19C constructs, respectively, labeled with
donor fluorophore alone (black line) or donor plus acceptor fluorophore (gray line) in a 1:4 ratio. The results are the med@rsoof/tes

=+ standard error. The photodestruction ratesofibB06C/3/yR19C are 99.% 0.4 s'* for the donor only and 144.% 0.2 s* for the donor

in the presence of acceptor. The photodestruction rates!#@8C3/yR19C are 156.3t 0.9 s for the donor only and 434 2 s for

the donor in the presence of acceptor. The photodestruction ratef3®66C{R19C are 161.1 0.6 s* for the donor only and 291.&

0.6 s* for the donor in the presence of acceptor—E) Relative movement of theL306C residue (M3-M4 loop) of thea subunit, the
al788C residue (M5M6 loop) of thea subunit, and thggP66C residue (extracellutatransmembrane interface of tifiesubunit) in

relation to theyR19C residue (extracellulatransmembrane interface of thesubunit), respectively. Parallel recording of the pump current
(lower, black) and fluorescence resonance energy transfer change (upper, grayd atV under Na/Na" exchange conditions (black

bars) in response to 10 mM*Kdark gray bars) and 10 mM ouabain (light gray bars). Results are from a single oocyte, but the experiments
were repeated, with essentially identical results, on at least four occasions. The inset of each figure (in black) shows the fluorescence
response to a change in membrane potential from 82060 mV (arrows indicate the onset and offset of the membrane potential pulse)
where the scale bars on tlieandy axes are 0.019AF/F and 200 ms, respectively.

the B to E; transition, double-cysteine mutant constructs fluorophores but are insensitive to changes in membrane
were expressed where one residue is known to bind apotential and/or solution exchangey. Using the strategy
fluorophore (i.e., demonstrates fluorescence changes duringoutlined above, we identified a residue on thesubunit,
solution exchange) and where it is unknown whether the R19C, which could be labeled with a fluorophore but did
second residue binds a fluorophore (i.e., no fluorescencenot demonstrate fluorescence changes upon changes in
changes during solution exchange). The constructs weremembrane potential and/or external solution exchange (data
subsequently labeled with donor (FM) and acceptor (TMRM) not shown). Following this step, double-cysteine constructs
fluorophores. In these experiments, we were not measuringwere expressed to determine whether there was a confor-
the relative movement of the two cysteine residues. Instead,mational rearrangement of thesubunit when compared to
one cysteine is used as a relay to transfer energy to the seconthe a. or 5 subunits of the N&K™-ATPase 5).
residue. Only when both sites have a bound fluorophore will  Neither theaL306C/3/yR19C construct nor thel788C/
one be able to observe a fluorescence change which is thg3/yR19C construct demonstrated a change in fluorescence
product of the environmental change of TMRM at one intensity of the acceptor fluorophore following donor excita-
residue. It is irrelevant which of the two residues has a donor tion upon addition of 10 mM KCI (Figure 3D,E). In contrast,
or acceptor fluorophore as each pairing will exhibit the same thea/fP66C{/R19C construct exhibited a significant change
result. If, on the other hand, only one of the two residues is in fluorescence intensity of the acceptor fluorophore follow-
labeled, no change in acceptor fluorescence intensity will ing donor excitation upon addition of 10 mM KCI (Figure
be observed. 3F). This fluorescence change is directly attributable to the
Residues on the M3M4 (aL.306C) and M5-M6 (al788C) Nat/K"-ATPase as the FRET intensity change is abolished
loops of thea subunit as well as at the transmembrane  following the addition of 10 mM ouabain. One concern from
extracellular interface of theg subunit BP66C) have  these experiments was that unequal solution exchange would
previously been identified which can be labeled with result in a fluorescence artifact where a change in fluores-
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Ficure 4: Two-dimensional helix arrangement viewed from the
surface of the cell, including 10 transmembrane helices which form
the a subunit (M1-M10), the transmembrane domains of {he

(in green) and the (in yellow) subunits, and the distance constraints

Dempski et al.

subsequently result in an overestimation of the distance
between they subunit and either the or g subunit. Thus,

in this instance, the distance constraints determined in this
paper would be the outer limit for the orientation of the
subunit when compared to the holoenzyme. It has been
determined that the subunit can be isolated as an oligomer
in native kidney membrane8T). However, it is unknown
whether these oligomers are present after the ion pump is
expressed irKenopusoocytes.

In contrast to static intermediate structures determined by
crystallography, our studies can also be used to obtain insight
into the relative movement of the three subunits during ion
translocation. By identifying residues proximal to the plasma
membrane-extracellular interface of all three subunits, where
the fluorescence intensity is insensitive to the conformational
dynamics of the holoenzyme, it is possible to study the
relative movement of specific residues of the ion pump

determined in this study. Distance constraints were determined usingfollowing labeling with donor and acceptor fluorophores.

residuesaL306C (in blue),al788C (in red),SP66C, and/R19C.

From these experiments, it was determined that no large
conformational rearrangement is observed between residues

cence intensity would be observed. In fact, it was seen thatgp gjther the M3-M4 or the M5-M6 loop of thea. subunit
a transient fluorescence signal is observed following addition \yhen compared to the subunit. This result is consistent

and removal of external Kin Figure 3F. Therefore, changes
in fluorescence intensity were measured following voltage
pulses from 0 to—200 mV, which eliminates any artifact
which might arise as a function of solution exchange (Figure
3D—F, inset). The change in FRET is also not due to a

with the observation that no residues on thesubunit
demonstrated a change in fluorescence intensity following
changes in the external ionic conditions and/or membrane
potential as the environment of thesubunit is unchanged
during ion transport. However, it was observed that there is

change in the orientation of the donor and/or acceptor g conformational rearrangement betweenilamdy subunits

fluorophore dipoles between theg Bnd E conformations
as there is no significant change in anisotropy for either FM
or TMRM at any of the residues tested in either external
Na' or external K (Figure 1F).

DISCUSSION

The results from this study have resolved distance
constraints between thesubunit and thex or § subunit of
the Na/K*-ATPase. Our data agree qualitatively with

proximal to the transmembranextracellular interface of the

ion pump during the Eto E transition. Thus, although the

o. andy subunits move together during thetd E; transition,
there is a significant relative conformational rearrangement
between theo. and y subunits when compared to the
subunit during ion translocation. It should be noted that it is
unlikely that there is zero relative movement betweencthe
andy subunits during the Eto E; transition as it is well
established the fifth transmembrane domain undergoes a

electron microscopy studies, cross-linking experiments, and conformational rearrangement during ion transp@g}.(Most

functional effects of mutations in TM®34—36). However,

likely, the relative movement between these subunits is below

the distance constraints obtained from donor photodestructionthe limit of detection for the fluoresceirrhodamine FRET

measurements suggest that thesubunit is not directly
adjacent to the M2M6—M?9 groove of theo. subunit, but
is somewhat distal from the subunit at the transmembrane
extracellular interface (Figure 4). It is important to note that

pair and is less than the relative movement ofjtreeibunits
when compared to thg subunit during the conformational
transition of the ion pump. It is likely that th8 subunit
undergoes the largest relative movement when compared to

the distance measurements have been interpreted in a twothe o or y subunit, especially considering that it has already
dimensional model by assuming that the residues are locatedbeen demonstrated that tAesubunit has two distinct tryptic
in the same plane parallel to the cell membrane. As both thedigest profiles when the holoenzyme is in the & E;

M3—M4 and the M5-M6 loops on thex subunit are only
six residues long and the residues from ghendy subunits

conformation, which suggests that thesubunit undergoes
a large conformational rearrangement during thedE;

are proposed to be adjacent to the plasma membraneransition B9).

according to hydropathy analysis, this assumption is reason-

able. If, however, the residues are located at different

The results from our experiments have also determined
that labeling selected residues of thesubunit inhibits the

distances from the plasma membrane, then the FRETion pump. Further development of this observation could
measurements will overestimate the intersubunit distances prove rewarding, as the N&-ATPase has been implicated
and the residues will seem further apart in our model when in the pathogenesis of many diseases, including bladder,

compared with a true three-dimensional model. In addition,

renal, and prostrate cances). However, as the ion pump

if y subunits are present in the plasma membrane which areis ubiquitously expressed in all cell types, utilization of a

not associated with the holoenzyme, this would result in a
population of subunits which could be labeled with fluores-

broad inhibitor of the N&/K*-ATPase would have only a
limited benefit. As they subunit is primarily expressed in

cein, without an associated acceptor fluorophore. This would the kidney, identification of drugs which could selectively

result in a decay curve for the donor/acceptor pair which is

bind to the wild-typey subunit and inhibit the ion pump

faster than a decay curve of only the holoenzyme and would could have an important therapeutic benefit in selective
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anticancer drugs, such as the treatment of kidney/urinary tract 3.

cancers, where it has already been identified that a high
concentration of digitoxin lowers the risk for this cancét)(

At this point, inhibition of the ion pump, induced by
cysteine-specific labeling of the subunit, is not well
understood. It has previously been determined thatythe 5
subunit induces an increase\hax andKq s for Na™ as well
as a decrease in th& s for K* at hyperpolarizing membrane
potential when expressed Xenopusocytes 42). However,
following fluorophore labeling of the/s/yT17C construct, 6
the reduced stationary current is not accompanied by a
dramatic shift in transient current kinetics nor Wys,

although it appears that the inhibition is mediated by steric 7.

effects and that the addition of either TMRM or FM affects ¢
the K" branch of the AlbersPost scheme. Whether this
inhibition is specific to they subunit or can be expanded to
other members of the FXYD families of proteins is also an
unresolved question.

Previously, site-directed mutagenesis and protein modeling
as well as electron microscopy studies have suggested that
the FXYD proteins are docked within the M3M4—M9
cavity of thea subunit 84, 36). In addition, tryptophan-
scanning mutagenesis has been employed to examine the
interaction between FXYD7 and the subunit of the N&
K*-ATPase 43). From these studies, it was proposed that

there are two faces of the FXYD7 protein, one where the 12.

amino acids are implicated in the structural and/or functional
association of the ion pump and therefore facectiseibunit

of the ion pump and one where there is no structural and/or 13

functional association of the N&™-ATPase and where
these residues face away from the ion pump. Following
homology modeling of the subunit and the FXYD7 protein,
theyT17C residue is predicted to be located at the interface
of these two regions and oriented toward the M2 transmem-
brane domain. Thus, it is plausible that inhibition of the'Na
K*-ATPase could be uniquely mediated at this position as
the residue is both accessible to fluorophore labeling and
adjacent to thex subunit of the ion pump.

Thus, from our measurements we have been able to resolve
distance constraints between the three subunits of tHé Na
K*-ATPase by selectively labeling double-cysteine con-
structs. We have been able to determine that there is no
conformational rearrangement between the and y
subunits, but there is a rearrangement betweerf thied y
subunits proximal to the transmembrarextracellular in-
terface of the ion pump during the B E; transition. These
data complement an earlier finding, where it was
determined that there is a conformational rearrangement
between then and 8 subunits proximal to the transmem-
brane-extracellular interface of the ion pump during the
E; to E; transition (5). Finally, we have identified a novel
way to inhibit the ion pump, by selectively labeling a residue
on they subunit of the N&/K*-ATPase, which underlines
the tight coupling of they subunit to the function of the

pump.
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