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ABSTRACT: The Na,K-ATPase is specifically inhibited by the cardiac glycoside, ouabain. Via a largely
undefined mechanism, the ouabain affinity of the Na,K-ATPase can be manipulated by mutating the residues
at the borders of the first extracellular (MM2) loop of thea subunit [Price, E. M., Rice, D. A., and
Lingrel, J. B. (1990)J. Biol. Chem. 2656638-6641]. To address this issue, we compared the effects of
two combinations of charged residues at the-N1A2 loop border, R113,D124 and D113,R124 (numbered
according to the rattl subunit), on the ouabain sensitivity of thd ando2 isoforms. We report that
ouabain sensitivity is dependent not only upon the identity of the residues at th&IRlloop border but

also upon the context into which they are introduced. Furthermore, at low concentrations of ATP, the
identity of the residues at the MIM2 loop border affects the regulation of ATP hydrolysis by potassium

in an isoform-specific manner. Analysis of chimeoicsubunits reveals that the effects of potassium are
determined primarily by the interaction of the N-terminus and-\W12 loop with the C-terminal third of

the a subunit. MEM2 loop border residues may, therefore, influence ouabain sensitivity indirectly by
altering the stability or structure of the intermediate of the Na,K-ATPase catalytic cycle which is competent
to bind ouabain.

The Na,K-ATPask both maintains and establishes the extracellular domainl). The cation occlusion site of the
electrochemical gradients present across the plasma memNa,K-ATPase is thought to be formed by multiple residues
brane of mammalian cells by catalyzing the ATP-dependent located in the membrane-spanning segments oéithad 8
transport of sodium and potassium ion).(It is an subunits 8). The ~6.5 kDay subunit has been shown to
oligomeric integral membrane protein consisting of two play a role in modulating K activation of the Na,K-ATPase
major subunitsec and, of which there are several isoforms, (2). During catalysis, the Na,K-ATPase alternates between
and a third small proteolipigh subunit @). The 100 kDao. two distinct conformational states, E1 and E2. Interconver-
subunit comprises 10 putative membrane-spanning segmentssion between E1 and E2 is intimately linked both to
M1—-M10, and a large intracellular loop containing the nucleotide binding and hydrolysis and to cation binding and
nucleotide binding site and catalytic aspartyl residue. The occlusion #). These conformational states can be distin-
40—60 kDag subunit consists of a short cytoplasmic strand, guished by their dissimilar affinities for phosphate, nucle-
a single membrane-spanning segment, and a glycosylatedbtides, and the specific inhibitor of the Na,K-ATPase,
ouabain §).
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H d Uni ity (7 Divinity Ave., Cambridge, MA 02138), and . ’
ng\girrted E';,’%f;%ts( DK'%’%'Z% a\,’% H,_%rgggs ?reom the NIH. )M?/nc the extracellular and intramembrane surfaces of the enzyme

was partially funded by NIH Training Grant GM07598. L.A.C. was When it is in the E2 conformation, thereby preventing
the recipient of a Howard Hughes Medical Institute Summer Research regeneration of the E1 conformation and catalysjgl). The

Internship at Harvard University. e P, .
*To whom correspondence should be addressed: Department ofsenSItIVIty of the Na,K-ATPase to inhibition by ouabain

Microbiology, University of Massachusetts, 203 N Morrill 4N, Amherst, appears to be determined exclusively by the identity of the
MA 01003. Phone: (413) 545-9647. Fax: (413) 545-1578. E-mail: ¢, subunit (]_) Natura”y occurringa subunits yie|d Na,K-

m%08ﬁ:\%ggfroot;i?\)l‘;g‘;‘;shﬁggﬁs ATPase molecules which vary dramatically in ouabain
§Cemenar>; College of Louisiana. sensitivity, withK;’'s ranging from 1x 10~ M [sheepal
"Harvard University. (5), rata2 (6), and rata3 (6)] to 1 x 10~* M ouabain [rat

! Abbreviations: Na,K-ATPase, sodiurpotassium adenosine triphos- 1 (7)]. One strategy used to identify the amino acids

gggéi%e;nygxsnéqggéfﬁgcggﬁén'fsogf fﬁ;ﬁ%cw_‘ﬁﬁggggj;ifnd involved in the interaction between ouabain anddreibunit

SE, standard error; SD, standard deviation; Tris, tris(hydroxymethyl)- iS t0 mutagenize ouabain-sensitixé subunits K; in the 1
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of the a subunit have been identified as determinants of potential role for the M+M2 loop in the regulation of the
ouabain sensitivity [reviewed by Croyle et &)} Thirteen E1-E2 equilibrium.
of these residues are conserved in the stieepubunit 9)
and in all three ratx subunits 10). EXPERIMENTAL PROCEDURES

There is convincing evidence for a direct contact with
ouabain for only one of the 16 residues identified as
determinants of ouabain sensitivity bysubunit mutagenesis.
Cys 104 [sheepl (9)], a conserved residue in M1, is thought
to interact with the steroid nucleus of ouabain via a hydrogen
bond (L1—-14). Mutagenesis of the remaining 15 residues
could potentially alter ouabain binding indirectly, either by
changing the orientation or properties of residues which
normally contact ouabain, by causing side chains to protrude
into the ouabain binding cleft, or by altering the E&2
equilibrium (15, 16). Site-directed mutagenesis (reviewed in
refs17 and18) and biochemical studies (reviewed in &f

Materials. All reagents used to culture HelLa cells were
purchased from GibcoBRL (Grand Island, NY). All chemi-
cals used were reagent grade or better3?P]JATP was
obtained from Dupont-NEN (Boston, MA). Ouabain and
Tris-ATP were purchased from Sigma Chemical Co. (St.
Louis, MO). The vectoral-pkC4 (/) and a version of the
vector i2-pkC4 @4), which was wild type at positions 111
and 122, were obtained from J. Lingrel (University of
Cincinnati, Cincinnati, OH). The mammalian expression
vector pMT2 @7) was obtained with the permission of the
Genetics Institute (Cambridge, MA), and the mammalian

have implicated residues in M4VI10 in cation binding and expression vector pcDNA3 was purchased from Invitrogen

occlusion. Thus mutagenesis of residues in or adjacent to(San Diego, CT‘A)' )
these membrane-spanning segments may influence ouabain Molecular Biology Alignment of theol ando2 sequences
binding indirectly as a consequence of alterations in cation ['umbering according to Shull et all@)] revealed two
binding @®). In fact, mutagenesis of a leucine residue in the c_onserved restriction sites at analogous posﬂmn_sAfﬂH
extracellular M5-M6 loop simultaneously decreased ouabain Site located near the phosphorylated aspartyl residuedrat
sensitivity and increased apparent potassium affiri§).( 0P 1406, H386; rat2, bp 1261, H384) and aNcd site in
The hairpin formed by M1, M2, and the extracellular M1~ MS (ratal, bp 2435, A729; rab2, bp 2287, A727). By
M2 loop is another region where mutations have the potential altering two nugleohdes of thel S_ub_unlt, it was possible
to alter ouabain binding indirectly. This hairpin links two 0 create a third common restriction sitblhd, at the
cytoplasmic domains thought to play a role in modulating N-terminus of M2 (ratol, bp 643, flanked by V130 and
ATP binding and regulating the EEE2 conformational ~ L131; rata2, bp 497, flanked by V128 and L129). Creation
equilibrium Q0—23). of thgal Sl_JbunllNhel site resulted in the substltutlor_1 5132A,_
Because they differ in ouabain-resistant and ouabain- alanine being th_e residue found at the corresponding position
sensitivea subunits £0), the two residues at the borders of Of the a2 subunit.
the M1—M2 loop [positions 113 and 124 of redl (9)] have The expression vector pMB2RD, which directs expres-
been the subject of considerable study. FurthermoreKthe sion of the rata2L111R,N122D ¢2RD) subunit, was
of three different ouabain-sensitive subunits can be constructed as previously describe@8) To facilitate
changed to values similar to that of the highly resistant rat construction of the various mutant and chimerzsubunits,
al subunit K = ~1 x 10~4 M) simply by substituting their ~ the completex2RD cDNA was excised from pMT@&RD
M1—M2 loop border residues with those of rat (7, 24). and ligated into thePst site of pGem3zf (Promega,
Mutations at the M:M2 loop border decrease ouabain Madison, WI). The substitutions L111D and N122R were
sensitivity by increasing the dissociation rate of the inhibitor introduced into an N-terminal restriction fragment of ti@
(13). However, the mechanism by which MM2 loop subunit by the method of Kunkel et akg). A HindIll —
border residues influence this rate is not well understood. Nhd fragment containing these substitutions was substituted
Although the presence of charged residues at the-M2 for the corresponding piece of2RD to generate the
loop border seems to be critical for ouabain resistance, therecompletea2DR coding sequence. Subsequently, PCR was
is no clear correlation between the type of charged residueused to generate Bindlll—Nhd restriction fragment of
present and the degree of ouabain resistaBcerhis result o2DR in which the 5 untranslated sequence was replaced
suggests that the MAM2 loop border residues may influence by a consensus Kozak sequen8€)(The sense primer was
ouabain affinity indirectly via their interaction with other as  5-GGG-AAGCTT-GCCGCCACC-ATG-GGA-CGT-GGG-
yet uncharacterized residues. This view is further supported GCA-GGG-CGT-3and encoded the N-terminal amino acids
by the observation that a monoclonal antibody, which MGRGAGR preceded by a GC clampHindlll site, and a
specifically binds the MEM2 loop, enhances rather than consensus Kozak sequence. The antisense primer was 5
blocks ouabain binding26). Finally, although the sugar CC-GC-TAG-CAC-GAT-ACC-TAG-ATA-3 and comple-
moiety of cardiac glycosides greatly affects their rate of mented the amino acid sequence YLGIVLA. The resulting
dissociation, the M:M2 loop border residues do not appear PCR product was ligated to the remainder of ét#ecoding

to interact with this moietyZ6). sequence to generate the full-lengt2ckDR coding se-
Here we report that the effect of particular residues at the quence.
M1—M2 loop border upon ouabain affinity is context- To facilitate further manipulation of thelRD subunit,

dependent. In addition, we present evidence that the-M1 the ratol subunit cDNA and adjoining polylinker were
M2 loop border residues can affect the kinetic properties of excised from a1-pkC4 (7) and ligated into thédindlll site
both theal anda2 isoforms of the rat Na,K-ATPase. Our of pGem3zf-. A novel Nhd site at bp 643 was introduced
data further support the hypothesis that the effects of theinto an N-terminal restriction fragment of tloel subunit by
M1—M2 border residues on ouabain affinity involve their the method of Kunkel et al29). An Apa —BsBI fragment
interaction with othero. subunit residues and point to a containing the novelNhd site was substituted for the
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corresponding piece of the wild typel subunit to generate  buffer containing 2.5 mM ATP, 3 mM Mg@l100 mM NaCl

the completexIRDNhel(S132A) coding sequence. PCR was or choline chloride, 20 mM KCI, 50 mM Tris/HCI (pH 7.4),
used to generate lindIll —Nhd restriction fragment con- 1 mM EGTA, and varying concentrations of ouabain.
sisting of a consensus Kozak sequence followed by the Membranes were pre-equilibrated with ouabain for 20 min
N-terminus of theal subunit coding sequence containing at 37°C in the absence of KCIl and ATP, and the ATPase
the substitutions R113D, D124R, and S132A. The sensereaction was initiated by the simultaneous addition of KCI
primer consisted of a GC clamp followed byHndlll site, and ATP. The rate of release ofWas measured according
a consensus Kozak sequence, and the first three amino acidso the method of Lanzetta et aB4). Na,K-ATPase activity

of the rato.l coding sequence, MGK. Its nucleotide sequence in the presence of LM ATP was measured at 37C in
was 3-GGG-AAGCTT-GCCGCCACC-ATG-GGG-AAG-  buffer containing 1 mM MgGl 100 mM NacCl or choline
G-3. The antisense primer complemented the amino acid chloride, 0.6-5 mM KCI or choline chloride, 50 mM Tris/
sequence AYGIDSATEEEPPNDRLYLGVVLA. Its se- HCI(pH 7.4),1 mM EGTA, and an appropriate concentration
quence was 'sSCCGC-TAG-CAC-GAC-CCC-GAG-GTA- of ouabain. Membranes were pre-equilibrated for 20 min at
CAG-TCG-ATC-ATT-TGG-TGG-TTC-CTC-TTC-TGT-  37°C in the absence of ATP, and the ATPase reaction was
AGC-ACT-ATC-GAT-GCC-ATA-AG-3. The resulting PCR initiated by the addition of|-32P]JATP/ATP. The rate of

product was ligated to the remainder of thdRDNhel release of From [y-32P]ATP/ATP was measured according
coding sequence to generate the full-lengttckDRNhel to the method of Pressley et aB5) with the following
coding sequence. modifications. Trichloroacetic acid was substituted for per-

Following their assembly, the various mutant and chimeric chloric acid, and the organic phosphomolybdate complex was
o subunits were introduced into one of two mammalian extracted into a 1:1 mixture of ethyl acetate and isobutanol.
expression vectors, pMT20RRD, a2DR, alRDNhel,
a2RDNhelnl, alRDNcola2, a2RDNhelalNcol2, and ~ RESULTS
a1RD(Nhel)Aflll a2Ncolal] or pcDNA3 [02ckDR, a2ck- Capacity of VarioustDR and aRD Subunits To Support
DRNhelal, alckDRNhel, andalckDRNhela2]. Growth of Ouabain-Resistant ColonieBwvo combinations
Tissue Culture and TransfectiodeLa cells were cultured  of charged M3+-M2 loop border residues, R114,D12R0,
at 37 °C and 5% CQ in Dulbecco’s Modified Eagle’s  numbering refers to the ratl subunit) and D114,R12DR),
Medium supplemented with penicillin, streptomycin, glutamine, were introduced into rattl, o2, and chimerical—o2
and 10% fetal bovine serum. HelLa cells were transfected subunits. We chose tHeD combination, because it occurs
by the calcium phosphate method as previously describednaturally in the ouabain-resistant raf subunit (0). The
(28). After 2—4 weeks of growth in selective media combinationDR was selected for its capacity to turn the
containing 1M ouabain, ouabain-resistant colonies were sheepal isoform into a “super ouabain resistant” enzyme
either stained with crystal violet for counting or cultured with aK; in the millimolar range §).
individually to generate ouabain-resistant cell lines. All  To create the various chimericsubunits shown in Figure
ouabain-resistant cell lines were maintained in medium 1, we exploited a naturally occurringhd restriction site
containing 1uM ouabain. which cleaves thex2 subunit cDNA at the N-terminus of
Membrane Preparation&ll membrane preparations were M2 (bp 497, flanked by V128 and L129). Alignment of the
aliquotted, flash-frozen, and stored-a¥0 °C. The protein ol anda2 sequences reveals that mutagenesis of two base
concentration was determined according to the method of pairs in theal subunit sequence creates an analod\ius
Peterson3l). Rat skeletal muscle membranes were preparedsite (bp 643, flanked by V130 and L131). Creation of the
according to the method of Barchi et aB2j. Following a ol subunitNhd site also results in the substitution S132A,
crude dissection to enrich for the outer medulla, rat kidney alanine being the residue found at the corresponding position
microsomes were prepared and SDS extracted according taf the 0.2 subunit.
the method of JargenseB3). Crude membranes from the The endogenoual subunit of HeLa cellsqlQN, has a
various Hela cell lines were prepared according to the high affinity for ouabain and can be fully inhibited by
method of Jewell and Lingrel2d) with the following micromolar concentrations of the inhibitor. Exogenously
modifications. After Nal extraction, the membrane pellets expressed ouabain-resistansubunits such as ratlRD (5)
were resuspended in wash buffer containing 10 mM Hepes/andoa2RD (24) can assemble with the endogengassubunit
Tris (pH 7.5) and 0.2 mM EDTA/Tris. After repelleting, the of HelLa cells and enable them to grow at normally toxic
membranes were resuspended in32mL of wash buffer concentrations of ouabain. We began by investigating the
and dialyzed for at least 24 h agatidsL of 10 mM Hepes/ capacity of the various mutant and chimexesubunits
Tris (pH 7.4) to eliminate any residual sodium. The dialyzed shown in Figure 1 to support the growth of ouabain-resistant
membranes were then diluted in wash buffer, pelleted, andcolonies of HeLa cells. As shown in Figure 1, expression of
resuspended in the same buffer. the a1l subunit containing the nov&lhd site (a1RDNhel),
Na,K-ATPase Assaydla,K-ATPase activity was deter- o2RD, or a2RDNhelal, a chimeric subunit consisting of
mined as the rate of;Release from ATP that was either the N-terminus of the2RD subunit joined to the C-terminus
ouabain-inhibitable or sodium-dependent. The use of Tris- of the al subunit, yields hundreds of ouabain-resistant
ATP enabled measurement of the rate of ATP hydrolysis in colonies.
the absence of sodium. Incubation times and membrane Surprisingly, expression af subunits with the M+M2
concentrations were adjusted such that the rate of ATPloop border residueBR consistently yields fewer ouabain-
hydrolysis remained linear (less than 25% of the total ATP resistant colonies than the corresponding subunits Ri?h
hydrolyzed) throughout. For the ouabain titrations shown in at the loop borders (Figure 1). The number of ouabain-
Figure 2, Na,K-ATPase activity was measured at’G7in resistant colonies generated by expressionlafkDRNhel,



Isoform-Specific Effects of Na,K-ATPase Mutations Biochemistry, Vol. 38, No. 8, 1999497

GIRDNkel 7
c2RDNhelal 070
ccKDRNTel s

Number of ouabain resistant colonies
per calcium phosphate transfection

Ficure 1: Ability of rat a1, rata2, and chimeriax subunits with substitutions at the borders of the-M42 loop to support growth of
ouabain-resistant colonies. HelLa cells were transfected with vectors directing expression of theovswiowsits by the calcium phosphate
method as described in Experimental Procedures. Following eitled{Nhel, a2RD, anda2RDNhel) or 3 weeks (remaining subunits)

of growth in medium containing AM ouabain, ouabain-resistant colonies were stained with crystal violet and counted. Data shown are as
means+ SE. An asterisk indicates that transfected HelLa cells were cultured in medium containing 10-fold less ouaba¥).(@He
nomenclature of the various subunits is as follows. The residues at the-MA2 loop borders are indicated in boldface type. The letters
“ck” indicate that the 5Suntranslated sequence was replaced by a consensus Kozak se@@prit¢nhel” refers to either the restriction site

used to fuse the N- and C-termini of the various chimerisubunits or the presence of a no#id restriction site and resulting S132A
substitution in thenl subunit cDNA. Solid lines and white rectangles demo2esubunit sequences. Cross-hatched lines and rectangles
denoteal subunit sequences.

a2DRNhelal, and a2DR was 45.98+ 15.40%, 2.62+ by a2DR expression grew so slowly in the presence of 1
0.66%, and 0.24t 0.16%, respectively, of the number of uM ouabain that further culturing was not feasible. However,
colonies generated by expression of tHeD counterparts.  there was abundani2DR expression in the absence of

The few ouabain-resistant colonies of HelLa cells generatedouabain in transiently transfected COS-7 cells (data not



2498 Biochemistry, Vol. 38, No. 8, 1999 Coppi et al.

2100 A 100
g £
& 80 & g0
o o
g 60 &
= £ 60
< 4
& 40 ¥ 404
< )
Z 504 Z
K] o10ON (HeLa) = 204
] 2
0 Y 5 ol
T T T T T T T T T T T T T T T T T
10 10° 10% 107 10° 10° 10" 107 10 10" 10° 10% 107 1w* 107 10" 10° 107
{ouabain] [ouabain]
£100 fF—i- B 2
i 2100
4 80+ <
o v 80
£ 60 &
= = 60
< b
22 40~ 2
s < 40
Z. 2 o1RD and o2LN -4
- (rat muscle) 'g 20
2 -
2 04 - ES
T T T T T T T T T
10 107 10° 107 10° 10° 10° 107 107 10
[ouabain] [ouabain]
i~ 21004
Fioog g3t T F £ H
o : 2 s
< 80 < T
8
& 60 & 60
3 <
¥ 40 M 404
e %
Z 4
3 204 ) 32
= olRD (rat kidney) 2 o2ckDR
& 0o 2 04
T T T T T T T T T T T T T T T T T
10 10° 10% 107 10° 107 100 100 107 10 16° 1% 107 10° 10° 107 10° 107
[ouabain] [ouabain]
2 B I
g E 100 i
3 3 ¢
s 507 S 50
8 4
£ 604 & 60
s <
¥ 404
% 40 % 40
Z o Zz
=5 20 = 204
g S 209 o2ckDRNhelot
. o4 =
= 0 T T T T T T T T T s 0 T T T T T T
10 107 10* 107 10° 107 10* 10° 107 10" 10°® 10° 10* 107 10°
[ouabain] [ouabain]
2100 2 100 de-
0 E o |2uof—ie J
£ 50 < 80
@ 2
2 s
£ 60 & 60
13 B
< <
¥ 40 ¥ 10
< <
z z.
F 204  «IRDNhel E 204
2 2 olckDRNhelo2
2 A
= 0 T T T T T T T T &0 T T T T T T
10 10° 10® 107 10° 10° 10" 107 107 10" 10° 10° 10* 10 10°
[ouabain] [ouabain]

FiGURe 2: Determination of ouabain sensitivity of varioassubunits. The nomenclature af subunits is identical to that described in
Figure 1. Na,K-ATPase activity was measured in buffer containing 2.5 mM ATP, 100 mM NacCl, 20 mM KCI, 3 mM,MgCiM

Tris/HCI (pH 7.4 and 37C), 1 mM EGTA, and the indicated concentration of ouabain as described in Experimental Procedures. Raw data
were least-squares fitted to either a one-component or a two-component inhibition curve with the program Igor (Wavemetrics, Lake Oswego,
OR). To fit the data for membranes prepared from HelLa cells expressing “super ouabain resistamihits (G, I, and J), ATPase activity

in the absence of sodium was considered to be equivalent to ATPase activity in the préseMeuabain. Single-component curves (A

and C) were fitted to the function = c,[1 — X/(c; + X)] + C, wherec is the total Na,K-ATPase activity is the ouabain concentration,

c1 is theK;| for ouabain, and; is the ouabain-resistant ATPase activity. Two-component curves (B arilj ere fitted to the function

C = Co[1 — [X(c1 + X)]c, — (Wes + X)(1 — ¢)] + ¢4 Wherec is the total Na,K-ATPase activity is the ouabain concentratiog, is the

K;i for ouabain of the high-affinity componerg; is the fraction of the total Na,K-ATPase activity that can be attributed to the high-affinity
componentgs is theK; for ouabain of the low-affinity component, amyglis the ouabain-resistant Na,K-ATPase activity. Data are plotted

as a percentage of the total Na,K-ATPase activity that was defined by the optimal curve fit. Unless otherwise indicated, data plotted are
meanst SE of three independent measurements. An asterisk indicates a point isHr#&rof six independent measurements. Ouabain
titrations were performed on membranes prepared from the following. (A) Untransfected HelLa cells expressing only the endogenous
subunit,a1QN. Total Na,K-ATPase activity (meatt SD) = 38.5+ 0.49 nmol of Pmg~! min~1. (B) Rat muscle membranes containing
o1RD anda2LN. Total Na,K-ATPase activity= 1665.3+ 22.5 nmol of Pmg! min~1. (C) SDS-extracted rat kidney microsomes expressing
olRD. Total Na,K-ATPase activity= 5250.34 136.1 nmol of Pmg~t min~1. (D) Two different colonies of HeLa cells expressiagRD.

Total Na,K-ATPase activity= 17.37+ 0.39 nmol of Pmg! min~! for black circles and 16.44 0.41 nmol of Pmg~! min~* for white

circles. White circles represent data from the membrane preparation used to measure potassium inhikitMrAdaP1 (E) HelLa cells
expressingr1RDNhel. Total Na,K-ATPase activity= 34.14+ 0.55 nmol of Pmg* min~1. (F) Two different colonies of HelLa cells
expressingt2RD. Total Na,K-ATPase activity= 25.6+ 0.31 nmol of Pmg~t min~! for black circles and 19.3% 0.41 nmol of Pmg

min~! for white circles. White circles represent data from the membrane preparation used to measure the effect of potag$iuATax 1

All asterisks refer to white circles. (G) HelLa cells expressidigkDRNhel. Total Na,K-ATPase activity: 28.29+ 1.05 nmol of Pmg!

min~t. (H) HeLa cells expressing2ckDR. Total Na,K-ATPase activity= 38.27+ 0.54 nmol of Pmg ! min~2. (1) HeLa cells expressing
a2ckDRNhelol. Total Na,K-ATPase activity= 29.40+ 1.34 nmol of Pmg min~. (J) HeLa cells expressinglckDRNhela2. Total
Na,K-ATPase activity= 21.60+ 0.56 nmol of Pmg~ min~2.
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shown), demonstrating that the expression vector wasTpe 1: Context-Dependent Effect of MM2 Loop Border

competent. Residues on Ouabain Sensitivity
The failure of ano. subunit to support efficient growth of % total
HelLa cells in the presence of micromolar ouabain can have _ membrane _ Na,K-ATPase
several causes. The difference between the ouabain affinity__ & subunit source Ki for ouabain (M) activity
of the a subunit and the endogenou$QN subunit of HeLa alQN Hela cellls ((4-35t 0-30g>< 10; 100.0+ 0.0
; ; i ~i a2LN rat muscle 4.7# 0.57)x 10~ 62.60+ 1.90
cells may be to_o small to maintain a sufficiently I.arge o1RD ratmuscle  (0.894 0.192)x 104 37.40+ 1.90
popqlatlon of_actlve Na,K-ATPase _molecules. AItgrnanver, o1RD ratkidney ~ (L9k 0.24)x 104  100.0+ 0.0
the introduction of substitutions into am subunit may alRD Helacells (0.920+0.189)x 1074° 60.23+ 2.61
compromise the assembly or catalytic activity of the Na,K- DAY
ATPase _17). In bot_h of these cases, increasing the level of (1.93+ 0.46)x 1074¢ 52,06+ 3.03
o subunit expression may generate enough Na,K-ATPase o1RDNhel (1.89+0.18)x 104  81.90+ 1.50
activity to enable cell division in the presence of ouabain. ©2RD (3.95+0.30)x 104¢  76.02+ 0.92
E o t th . diatel ding th (5.11+ 0.86) x 1074¢  66.70+ 2.54
~ Examination of the sequence immediately preceding the 1 cprnhel (5.85+0.93)x 103 84.51+ 2.22
initiation codon of thea2 subunit revealed a suboptimal o2ckbR (2.394£0.92)x 105 44.85+ 8.99
Kozak sequencel(Q, 30). To increase the level ai2DR a2ckDRNhelol (2.04+0.44)x 102 86.32+2.86
alckDRNhelo2 (7.7+ 1.60) x 1073 41.23+ 1.56

anda2DRNhelol expression, we substituted theubtrans-
lated region of these cDNAs with a consensus Kozak aThe identity of residues at the MIM2 Iqop borde_rs i_S i_ndica_1ted
sequence. As a result of this change, the number of ouabain " Poldface type. The nomenclature of variausubunits is identical

: . . . to that in the legend of Figure 1. Th& for ouabain of the various
resistant colonies resulting from transfection of tick- subunits was determined as described in the legend of Figure 2. Data
DRNhelal cDNA (2284 42.6) rose to a level comparable  are meanst SD.® Derived from the data depicted as black circles in
to that achieved by transfection of itRD counterpart Figure 2D.¢ Derived from the data depicted as white circles in Figure
(a2RDNhelal, 313.04 40.5). This result indicates that an 2D. d_Derived from the data_ depicted as black ci_rcles_ in Figure 2F.
increase in the expression level of @@DRNhelol subunit ¢ Derived from the data depicted as white circles in Figure 2F.
is sufficient to overcome the alterations in either ouabain
affinity or enzymatic activity caused by tH2R mutations. the endogenouslQN subunit to the total Na,K-ATPase
This is not the case fon2ckDR, where the number of  activity in these cell lines varies widely, ranging from 14 to
colonies remains low despite introduction of a consensus59% of the total.
Kozak sequence. Substitution of theushtranslated region As shown in Table 1, the identity of the residues at the
of a2DR with a consensus Kozak sequence did, however, borders of the M:+M2 loop is not an accurate predictor of
enable us to successfully culture a few colonies expressingouabain sensitivity. This is particularly evident if we compare
o2ckDR in 1 «uM ouabain. Surprisingly, decreasing the the ouabain affinities of the variowsDR subunits. Similar
concentration of ouabain in the selective media from 1 to to sheepalDR, alckDRNhel yields a “super ouabain
0.1uM increased the number of colonies to 58, suggesting resistant enzyme” with &; for ouabain in the millimolar
that a2ckDR, unlike sheepalDR (5), has a fairly high range [(5.85% 0.93) x 1072 M]. In contrast, then2ckDR
affinity for ouabain. subunit is relatively ouabain-sensitive; Ksfor ouabain is

Despite the presence of a consensus Kozak sequédge ( (2.39 & 0.92) x 105 M. As shown in Figure 2H, it was
expression of the chimeriglckDRNhela2 subunit yielded difficult to resolvealQN from a2ckDR activity. Surpris-
very few colonies (0.33t 0.33,n = 3). Decreasing the ingly, joining thea2 N-terminus containing thBR substitu-
ouabain concentration in the selective media did not appeartions to the C-terminus afl yields an enzymeo@ckDRN-
to significantly increase the number of ouabain-resistant helol) which is even more ouabain-resistaftfor ouabain
colonies (2,n = 1). Thus, the inability oftlckDRNhelo2 of (2.04+ 0.44) x 1072 M] than a1ckDRNhel. In contrast,
to support efficient growth of ouabain-resistant colonies is the complementary chimeralckDRa?2, yielded an enzyme
probably not due to a high ouabain affinity and may instead with a K; for ouabain that was very close to that of
be due to a defect in the ability ofL.ckDRNhela2 to form olckDRNhel, (7.70+£ 1.60) x 1072 M. There is also a 2-fold
functional Na,K-ATPase molecules. The possibility that difference between the ouabain affinities of th&RD and
olckDRNhelo2 is nonfunctional and that the few colonies a2RD subunits.a2RD [K; = (4.53 + 0.091) x 1074 M,
obtained may be mutants of the original construct has not average of ¢ and d, Table 1] is roughly 2-fold more resistant

been excluded. to ouabain inhibition than eitherlRD [K; = (1.43+ 0.50)
Ouabain Sensitities of VariousaRD and aDR Subunits x 1074 M, average of a and b, Table 1] atlRDNhel [K;
To better understand the effects of tiRD and DR = (1.89+ 0.18) x 104 M].

substitutions, we measured the ouabain sensitivity of the Thus, ouabain sensitivity is dependent not only upon the
Na,K-ATPase activity present in membrane preparations of identity of the residues at the MAM2 loop border but also
Hela cells expressing the varioassubunits and compared upon the context into which they are introduced. The fact
it to that of the endogenouslQN subunit of HeLa cells as  that the ouabain sensitivity of the chimed2ckDRNhelol

well as to that of the wild type1lRD anda2LN subunits subunit is distinct from that of either2ckDR or o 1ckDRN-
(Figure 2 and Table 1). As shown in Figure 2, the Na,K- hel indicates that residues located both C-terminal to and
ATPase activity present in all of the ouabain-resistant HeLa N-terminal to or within the M+M2 loop are important in
cell lines expressing the varioassubunits could best be fit  determining the effects of substitutions at the borders of the
by a two-component inhibition curve in which the ouabain M1—M2 loop upon ouabain sensitivity. It is, therefore,
sensitivity of the high-affinity component was consistent with unlikely that the MEM2 loop border residues are involved
that of the endogenous1QN subunit. The contribution of  in a direct interaction with ouabain.
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Effect of Potassium onlQN and a2RD Na,K-ATPase
Activity at 1 uM ATP. Agents which alter the conformational
(E1—-E2) equilibrium of the Na,K-ATPase also induce
changes in ouabain affinitylp, 16). Given the context-
dependent effects of MAM2 loop border residue substitu-

tions upon ouabain sensitivity, we hypothesized that these

substitutions might influence ouabain affinity by perturbing
the EL-E2 equilibrium. In fact, the MEM2 loop links two

cytoplasmic segments which have been implicated in modu-

lation of the EX-E2 equilibrium: the N-terminus2(l—23,
36) and the M2-M3 loop (20). Truncation of the raic1RD
subunit N-terminus and introduction of a point mutation,
E233K, into the M2-M3 cytoplasmic loop both result in a
shift in the EX:-E2 conformational equilibrium toward E1.

Both of these alterations also cause the effect of potassium

upon Na,K-ATPase activity at low ATP concentrations to
switch from inhibition to activationZ0, 23). Because changes
in the effects of potassium on Na,K-ATPase activity at low

ATP concentrations are fairly easy to measure and might

indicate perturbations of the EEE2 equilibrium, we decided
to investigate the effects of substitutions of the-M12 loop
border residues upon this parameter.

To perform this analysis, we needed to be able to separate
the effects of potassium on the various mutant and chimeric

o subunits from its effects on th®lQN activity present in

all of our preparations. Previously, this had been attempted

by adding a concentration of ouabain (@) which would
inhibit a1QN without substantially inhibiting ouabain-
resistant isoforms. In the presence ofl ATP, 100 mM
NaCl, and 0 mM KCI, 1q:M ouabain fully inhibitsa 1QN
(data not shown). However, as shown in Figure 3A, the
addition of potassium significantly reduces the extent of
inhibition of a1QN by 10 #M ouabain. In Figure 3B, the
appareniollQN activity was calculated by subtracting the
rate of ATP hydrolysis in the presence of ouabain from the
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Ficure 3: Effect of potassium om1QN activity at 1uM ATP.

(A) Effect of 10u4M ouabain and potassium on ATP hydrolysis by
membranes prepared from untransfected Hela cells. The rate of
ATP hydrolysis by 1ug of membranes was measured in the
presence of kM ATP, 100 mM NacCl, 50 mM Tris/HCI (pH 7.4
and 37°C), 1 mM EGTA, 1 mM MgC}, and 0.0, 0.25, 1.0, 2, and

5 mM KCI as described in Experimental Proceduregl) ATP
hydrolysis in the absence of ouabain a®) ATP hydrolysis in

the presence of 1&M ouabain. Data are the average of two
independent experiments. Data for ATP hydrolysis in the absence

rate of ATP hydrolysis in the absence of ouabain at each of ouabain could be fit to a straight line with ahof >0.99. Data

potassium concentration. The resulting potassium inhibition
curve (i) is quite different from that of actuallQN activity

(if) which we calculated by subtracting the amount of ATPase
activity that was resistant to 1M ouabain at 0 mM KCI
from the total ATPase activity at each concentration of KCI.
The difference between these two curves Hiiii

equal to the amount af1QN activity that is not inhibited

by 10uM ouabain in the presence of potassium. As shown
in Figure 3B, approximately 30% of thelQN activity is

not inhibited by 10uM ouabain in the presence of 5 mM
KCI. Thus, the ouabain affinity ortlQN at low ATP
concentrations is significantly reduced by millimolar con-
centrations of potassium.

There are therefore two ways to assess the effect of

potassium on a subunit expressed in HelLa cells. One is

for ATP hydrolysis in the presence of ouabain were not linear but
could be fit to a power function with ar? of =0.99. (B) Addition

of KCl reduces the extent of inhibition ofLQN by 10uM ouabain.
Data shown are calculated for the 25 min time point using curve
fits described in part A. In the absence of potassiatQN was
nominally completely inhibited by 10M ouabain. In addition, the
activity of other ATPases in our membrane preparations was not
significantly affected by the addition of KCI (data not shown). (i)
% apparentt1QN activity. ApparentolQN activity is defined as
the difference between the rate of ATP hydrolysis in the absence
and presence of 1M ouabain at each KCI concentration{l —

@ in panel A). (i) %al1QN activity. «1QN activity was calculated

by subtracting the amount of ATPase activity that was resistant to
10 uM ouabain at 0 mM KCI from the total ATPase activity at
various concentrations of KCI. (iii) a1QN activity which is
resistant 1tM ouabain €ii — i) at various concentrations of KCI.

4. In panel A, we determined that the ratioo#RD to a1QN

to measure total Na,K-ATPase activity and then subtract the activity in the presence of 4M ATP and 0 mM KCl was

amount of Na,K-ATPase activity due t@lQN at each

potassium concentration. The other is to measure Na,K-

ATPase activity in the presence of M ouabain and then
subtract the amount af1QN activity that is not inhibited

essentially identical to the ratio of the activity of the two
isoforms undekmax conditions (Figure 2Fx2RD comprises
71.11+ 1.81% of the total Na,K-ATPase activity at 0 mM
KCl and 1uM ATP (Figure 3A) and 66.7@ 2.54% of the

by 10 «M ouabain at each potassium concentration. Thesetotal Na,K-ATPase activity undeVmax conditions (Figure

two methods require knowledge of both the effect of KCI
on alQN activity (Figure 3B) and the ratio of expressed
subunit toalQN activity at 0 mM KCI and 1uM ATP.

The effect of potassium on the activity o2RD in the
presence of kM ATP and 100 mM NacCl is shown in Figure

2F and Table 1).

In Figure 4B, we show the calculation oPRD activity
from total Na,K-ATPase activity (i). According to the
ouabain titration shown in Figure 4A, in the absence of
potassium 28.9% of the total Na,K-ATPase activity is due
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Ficure 4: Effect of potassium on2RD Na,K-ATPase activity at kM ATP. Membranes were from the same preparation used to generate
the data depicted in Figure 2B). The rate of ATP hydrolysis at AM ATP was measured as described in Experimental Procedures. (A)
Effect of 0 mM KCI and 1uM ATP on the ratio ofa2RD to a1QN Na,K-ATPase activity in membranes prepared from Hela cells
expressing ratt2RD. Raw data were least-squares fitted to a two-component ouabain inhibition curve as described in the legend of Figure
2. Data plotted are means SE of three independent measurements, and are plotted as a percentage of the total Na,K-ATPase activity
defined by the optimal curve fit [0.668 0.014 nmol of Pmg~! min~! (meant SD)]. (B) a.2RD activity as a function of KCI concentration,
determined from total Na,K-ATPase activity. (i) % total Na,K-ATPag&(@N ando2RD) activity, determined by subtracting the amount

of ATP hydrolyzed in the absence of sodium from the amount of ATP hydrolyzed in the presence of sodium at each KCI concentration.
Data are means SE of three independent measurements. The 100% total Na,K-ATPase activity at 0 mM KCI ist006886 nmol of

P, mg! min~2. (ii) % total Na,K-ATPase activity due talQN. At 0 mM KCI, the % total Na,K-ATPase activity due tllQN was set

at 28.9% in accordance with the ouabain titration shown in panel A. This value was multiplied by the fracti@@Nbactivity in untransfected

Hela cells that was active at each potassium concentration (1 at 0 mM KCI, £.92656 at 0.25 mM KCI, 0.644- 0.181 at 1 mM KCl,
0.5842+ 0.204 at 2 mM KCI, and 0.516 0.160 at 5 mM KCI). Data are meards SE of 11 experiments where 10091.131+ 0.042

nmol of B mg~t min~2. (iii) % total Na,K-ATPase activity due ta2RD, calculated by subtracting curve ii from curve i. (iv) &RD

activity as a function of KCI concentration, calculated from curve iii by defining the amount of total Na,K-ATPase activity @2ie@o

at 0 mM KCI as 100%. (Cp2RD activity as a function of KCI concentration, determined from the total Na,K-ATPase activity in the
presence of 1M ouabain. (i) % totalNa,K-ATPase ¢2RD and a1QN) activity in the presence of 1M ouabain, determined by
subtracting the amount of ATP hydrolyzed in the presence of either 0 mM NaCl or 10 mM ouabain from the amount of ATP hydrolyzed
in the presence of 100 mM NaCl and A ouabain at each KCI concentration. Data are me&r8E of nine independent experiments,
where 100% is 0.334- 0.008 nmol of Pmg~t min~. (ii) % total Na,K-ATPase activity at 1@M ouabain due tax1QN. Na,K-ATPase

activity at 10uM ouabain and 0 mM KCI¢2RD activity at 0 mM KCI) was multiplied by the ratio ai1QN to a2RD activity at 0 mM

KCl and 0 mM ouabain (0.406, determined from ouabain titration shown in panel A) to detexd@ie¢ activity in the absence of potassium

and ouabain. This value was subsequently multiplied by the fractiarl@N activity that is resistant to 1M ouabain at each KCI
concentration (calculated as described in the legend of Figure 3B). (ii2R® activity as a function of KCI concentration, calculated by
subtracting curve ii from curve i.

to a1QN. To calculate the percentage of the total Na,K- the presence of kM ATP. Thus, both approaches appear

ATPase activity due taclQN in the presence of potassium
(i), we assume that 1QN in membranes containing2RD
is inhibited by potassium to the same extentcd®N in

to be valid methods for determining the effect of potassium
on a particulalNa,K-ATPase isoform when a mixed popula-
tion of isoforms is present.

membranes prepared from untransfected Hela cells. The Effect of Potassium oalRD and a2LN Na,K-ATPase

amount of Na,K-ATPase activity due ta2RD (iii) is
subsequently calculated by subtractia@QN activity (ii)
from the total Na,K-ATPase activity (i). By defining the
amount of Na,K-ATPase activity due ¢RD at 0 mM KCI
as 100%02RD activity, we can then determine2RD
activity as a function of potassium concentration (iv).

Figure 4C (i) shows the effect of potassium upon Na,K-
ATPase activity in the presence of 10/ ouabain. In the
absence of potassium,IQN is completely inhibited by 10
uM ouabain, and thus, all the Na,K-ATPase activity is due
to a2RD. By multiplying this quantity by the ratio ai1QN

Activity at 1 uM ATP. To determine if theRD mutations
altered the potassium sensitivity of the isoform at low
ATP concentrations, we investigated the effect of potassium
on the wild typeo2LN subunit (Figure 5). We used rat
muscle membranes as our sourceod@LN, because the
ouabain sensitivity ofx2LN [K; = (4.77 &+ 0.57) x 1077

M] precludes selection for its expression in HeLa cells. Both
the alRD and a2LN isoforms are present in rat muscle
membranes37). As shown in Figures 5A and 2B, the ratio
of a2LN to a1RD activity in rat muscle was very similar
under suboptimal (LM ATP and 0 mM KCI, Figure 5A)

to a2RD activity in the absence of potassium and ouabain andVmax conditions (Figure 2F, open circles): 55.82.43

(determined from the titration shown in panel A), we can
calculatealQN activity in the absence of potassium and
ouabain. To determine how much of thidQN activity is

resistant to 1M ouabain in the presence of potassium (ii),

versus 62.60t 1.90% of the total Na,K-ATPase activity,
respectively.

In Figure 5B, o2LN activity as a function of KCI
concentration (iv) was determined by the method used to

we performed a calculation analogous to that shown in Figure derive the data shown in Figure 4B, by measuring the effect

3B. Theo2RD activity as a function of potassium (iii) was
subsequently calculated by subtractaadtQN activity which
was resistant to 1@M ouabain (ii) from the total Na,K-
ATPase activity in the presence of 10 ouabain (i).

of potassium on the totabllRD ando2LN ) Na,K-ATPase
activity (ii) in rat muscle and then subtracting the amount
of Na,K-ATPase activity due ta1RD (jii) at each potassium
concentration. Rat kidney membranes, a source of the

As shown in Figure 4, the approaches used to derive thepurified a1RD isoform 33), were used to determine how
data shown in panels B and C yield essentially the samethe activity of alRD changes as a function of potassium

result. As previously reported by Daley et &2), a2RD

concentration. As previously reportedlf, o1RD activity

undergoes a modest activation in response to potassium in(i) was inhibited by the addition of potassium in the presence
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Ficure 6: Effect of KCl on chimeriax1RD—o2RD subunits. (A)
Chimerico subunits: (i)a2RDNheladNcola2, (i) a2RDNhelod,

(i) alRDNcolo2, (iv) a1RDNhel, (v) . 1RD, and (vi)alRD(Nhel)-
Afllll a2Ncolal. The chimeriax subunits were constructed using
three restriction sitesAfllll, Ncd, andNhd. The Afllll and Ncd
sites are naturally occurring restriction sites located at analogous
positions in the twao. subunit cDNAs. TheAfllll site is located
near the catalytic aspartyl residue (celt, bp 1406, H386; rat.2,

bp 1261, H384), and thMcd site is located near the C-terminus
of M5 [rat al, bp 2435, A729; rat2, bp 2287, A727; numbering
according to Shull et al.10)]. An Nhd site at the N-terminus of
M2 (bp 497, flanked by V128 and L129) occurs naturally in the
rato2 subunit cDNA. An analogoushd site (bp 643, flanked by

uM ATP. Membranes were from the same preparation used to V130 and L131) was introduced into tbd subunit cDNA by site-

generate panels B and C of Figure 2. (A) Effect @il ATP and
0 mM KCI on ratio of a1RD to a2LN Na,K-ATPase activity in

directed mutagenesis. Creation of & subunitNhd site results
in the substitution S132A, alanine being the residue found at the

membranes prepared from rat muscle. Data were least-squares fitteg¢orresponding position of the2 subunit. The nomenclature of the

to a two-component ouabain inhibition curve as described in the various o subunits is as follows. The names of the subunits
legend of Figure 2. Data are mea#isSE of three independent ~ comprising the various regions of the chimeras and the names of
measurements and are p|otted as a percentage of the total Na,KIhe restriction sites used to Jjoin them are listed from the N- to

ATPase activity defined by the optimal curve fit, 50.450.90
nmol of R mg ! min~! (meanz+ SD). (B)a1RD anda2LN activity

as a function of potassium concentration. Data are measE.

(i) % a1RD activity in rat kidney membranes, where 10080=

6) is 117.69+ 8.43 nmol of Pmg~t min~L (ii) % total Na,K-
ATPase ¢1RD and o2LN) activity in rat muscle membranes (

= 9). (iii) % total Na,K-ATPase activity in rat muscle membranes
due toa1RD, calculated as described in the legend of Figure 4B,
using the results of the ouabain titration (part A) combined with
the data for the potassium sensitivity aflRD in rat kidney
membranes (i). (iv) %a2LN activity, determined from the

C-terminus. (Nhel) indicates that &thd site and S132A substitu-
tion are present but that ti¢hd site was not used to fuse thel
N-terminus to the rest of the molecul@2 subunit sequences are
depicted as solid lines and white rectangles, wheegasubunit
sequences are depicted as cross-hatched lines and rectangles. The
plasma membrane is indicated in gray, and solid lines denote
restriction sites. (B) Effect of KCI on activity of chimericsubunits

at 1 uM ATP. Chimeric a. subunit activity as a function of
potassium concentration was calculated from the total Na,K-ATPase
activity in the presence of 1M ouabain as described in the legend
of Figure 4C. The totaNa,K-ATPase activity in the presence of

difference between curves ii and iii as described in the legend of 104M ouabain was determined by subtracting the amount of ATP

Figure 4B.
of 1 uM ATP. In contrasta2LN (iv) undergoes a dramatic

activation in response to the addition of potassium, the
magnitude of which is much larger than that of the modest

activation ofa2RD by potassium [Figure 5B (iv) vs Figure
4B,C (iii)]. Therefore, theRD substitutions appear to alter

hydrolyzed in the presence of either 0 mM NaCl or 10 mM ouabain
from the amount of ATP hydrolyzed in the presence of 100 mM
NaCl and 10uM ouabain. Data plotted are meassSE. (i) %
a2RDNhelolNcolo2 activity. The 100% level(= 6) is 0.200+
0.0095 nmol of Pmg~ min~L. In the absence of potassium and
ouabain, the ratio otlQN to a2RDNhelolNcola2 activity is
0.683. (ii) % 02RDNhelal activity. The 100% levelr( = 6) is
0.520+ 0.014 nmol of Pmg~1 min~2. In the absence of potassium

both the ouabain affinity and the kinetic properties of the and ouabain, the ratio @f1QN to a2RDNhelol activity is 0.272.

a2LN isoform.

Effect of Potassium on ChimerielRD—o2RD Na,K-
ATPase Actiity at 1 uM ATP. We were curious about
whether inhibition or activation by potassium, like ouabain
sensitivity, involved the interaction of the N-terminus and
M1—Mz2 loop with residues located in the remainder of the

(iii) % alRDNcola2 activity. The 100% level(= 3) is 0.309+
0.020 nmol of Pmg~t min~%. In the absence of potassium and
ouabain, the ratio ot 1QN to alRDNcola2 activity is 0.495. (iv)

% a1RDNhel activity. The 100% leveln(= 6) is 0.891+ 0.045
nmol of B mg~! min~L. In the absence of potassium and ouabain,
the ratio ofalQN to alRDNhel activity is 0.221. (v) % 1RD
activity. The 100% levelr{ = 6) is 0.291+ 0.0250 nmol of P
mg~! min~. In the absence of potassium and ouabain, the ratio of

a subunit. We therefore investigated the potassium sensitivity 1ON to oRD activity is 0.912. (vi) %a1RD(NheAflll a2Ncolocd

of four chimericalRD—o2RD subunits. The cDNAs for
the various chimeric. subunits (Figure 6A) were constructed
using three restriction sitesNhd (previously described),
Ncd, and Afllll. The Afllll and Ncd sites are naturally

activity. The 100% levelr{= 6) is 0.7734+ 0.028 nmol of Pmg~?*
min~L. In the absence of potassium and ouabain, the ratbd QN
to alIRD(Nhel)Aflll a2Ncolal activity is 0.233.

C-terminus of M5 [ratl, bp 2435, A729; rat2, bp 2287,

occurring restriction sites located at analogous positions in A727; numbering according to Shull et alqj]. For all four

the twoa subunit cDNAs. Théfllll site is located near the
phosphorylated aspartyl residue (edlt, bp 1406, H386; rat
o2, bp 1261, H384), and thicd site is located near the

of these chimeras, we obtained fairly high numbers of
colonies in the presence of M ouabain (at least-100
colonies per transfection experiment). In addition, the
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cultured colonies grew at rates similar to those of colonies
expressingalRD and o2RD in media containing 1uM
ouabain (data not shown). We therefore assumed that the
ouabain affinities of the various chimefiRD subunits were
comparable to those @f1lRD and a2RD.

As shown in Figure 6, analysis of these chimeoic
subunits reveals that the effect of potassium at low ATP
concentrations is determined primarily by the interaction of
the N-terminus and M2M2 loop with the C-terminal third
of the a subunit. Substitution of either the C-terminal third
[Figure 6A (iii)] or the N-terminus and M2M2 loop [Figure
6A (ii)] of the a.1RD subunit with the corresponding pieces [KCI] (M)
of a2RD did not significantly alter potassium inhibition g - 7: Effect of KCl on the Na,K-ATPase activity of2ckDR,
[Figure 6B (ii and iii vs iv and v)]. However, a chimera q1ckDRNhel, and chimerie:lDR—a2DR subunits at M ATP.
consisting of M2-M5 of the al subunit flanked by the N-  The nomenclature and structure of the variaussubunits are

and C-termini of a2RD, a2RDNhelo1Ncola2 (i), was described in the legend of Figure 1A. Data are mearS8E. ATP

; ; ; o ; hydrolysis that was not due to the Na,K-ATPase was assessed at 0
activated by potassium in a manner reminiscent of intact mM KCl and 0 mM NaCl. Except fon2ckDR, the effect of KCI

o2RD [Figure 4B,C (iii)]. Likewise, «1RD(Nhel)AflllI- on the varioust subunits was determined as described in the legend
a2Ncolal (vi), a chimera consisting of the central third of  of Figure 4C, by subtracting thelQN activity that is resistant to
a2RD flanked by the N- and C-terminus af1RD, was 10 uM at each potassium concentration. Because the ouabain

inhibited by potassium like the intaaflRD subunit [Figures ~ affinities of a2ckDR anda1QN are very similara2DR activity
58 (i) and 68 (V)] as a function of potassium conceniration was determined as

described in the legend of Figure 4B, by subtracting dti€®N
Effect of Potassium om2DR, alDR, and Chimeric activity from the total Na,K-ATPase activity. (i) %1ckDRNhel

o1lDR—a2DR Na,K-ATPase Actity at 1uM ATP. Because activity. Data were derived from two ouabain-resistant colonies.
the effects of théR substitutions on the ouabain sensitivity e 100% level is 2.608 0.096 nmol of Pmg * min~* (n = 3)

: - and 0.763+ 0.025 nmol of Pmg~ min~! (n = 5) for the first and
of theod ando._2 |sof(_)rms were so extreme and unpred|_cta_ble second colony, respectively. In the absence of potassium and
(Table 1), we investigated the influence of these substitutions gyabain, the ratio 0 1QN to aIDRNhel activity is 0.127 for the
on Na,K-ATPase activity as a function of potassium con- first colony and 0.183 for the second. (ii) 2ckDR activity. The
centration at low ATP concentrations. As shown in Figure tlhoeoﬁblsec\e/ﬁ(l:g :f 63;?a2562r?]ia?]§2;1 ggng?llqofﬂfemg tl'mrlnxigl\lf ig

H H H U u n, 1
L e e e, GhDh 1 ol NaicATPace ki s 1330 (1) e
o : DRNhelal activity. The 100% level(= 6) is 0.642+ 0.031 nmol

profoundly affects Na,K-ATPase activity as a function of of P, mg-2 min~L. In the absence of potassium and ouabain, the
potassium concentratiom1ckDRNhel (i), in contrast to ratio of alQN to o2ckDRNhelol activity is 0.158. (iv) %
CIRD [Figures 5 and 65 (0] andRDNnel [Fgure 6B S1e0mNhetcssey, T Klerl( sS40
iv)], is activated by potassium. We were equally surprised ol : i '
’EO )gliscover thatxngBR (i), unlike a2RD (chgurg 4B,F()3) the ratio ofalQN to alckDRNhelo2 activity is 1.425.
ando2LN (Figure 5B), is essentially completely inhibited
by potassium. Our analysis of twdlDR—02DR chimeras
confirms that inhibition or activation by potassium, like
ouabain sensitivity, involves the interaction of the N-terminus
and M1-M2 loop with residues located in the remainder of
the a subunit. The effect of potassium upon both of the
a1DR—a2DR hybrids (iii and iv) was distinct from its effect
on either intacttlckDRNhel (i) or a2ckDR (ii). a2ckDRN-
helol (iii) underwent a dramatic activation in response to
the addition of potassium, whereasckDRNhela2 remained
relatively constant (iv).

% Na,K-ATPase Activity

tion with other residues located both C-terminal to and within
or N-terminal to the MEM2 loop. This result suggested to
us that rather than interacting directly with ouabain, these
residues might influence ouabain sensitivity by destabilizing
or altering the E2 intermediate of the Na,K-ATPase catalytic
cycle to which ouabain binds preferentiall) ( We pro-
ceeded to investigate the effects of substitutions at the M1
M2 loop border on the potassium sensitivity of the Na,K-
ATPase at low ATP concentrations, because modifications
of regions proximal to the MtM2 loop have been shown
to alter both potassium sensitivity at low ATP concentrations

In conclusion, the residues at the borders of the W2 4. the E+-E2 conformational equilibriumi@, 20, 23). In
loop influence both ouabain and potassium sensitivity in a fact, we have found that MiM2 loop border substitutions
context-dependent manner. can significantly alter potassium sensitivity at low ATP

concentrations, and that they do so in a context-dependent
DISCUSSION manner. To summarize, we have provided additional evi-

In this study, we compared the effects of two combinations dence that the MiM2 loop border residues influence
of charged M+M2 loop border residuesgD andDR, on ouabain sensitivity |nd|rect_ly, and we hav_e demons_trated that
ouabain affinity within the context of the ratl, a2, and the M1-M2 loop plays an important role in determining the
three chimeriax1—a2 subunits. We report that the sensitivity ~catalytic properties of the Na,K-ATPase.
of the Na,K-ATPase to inhibition by ouabain is dependent We found no noticeable correlation between ouabain
not only upon the identity of the MiM2 loop border affinity and the effect of potassium on Na,K-ATPase activity
residues but also upon the environment into which they are at micromolar ATP concentrations (Table 1 vs Figures 4, 5,
introduced. Furthermore, the effect of the M¥2 loop and 7). Although we suspect that substitutions at the-M1
border residues on ouabain sensitivity involves their interac- M2 loop border may influence ouabain affinity by shifting
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the EX-E2 conformational equilibrium toward E1, we cannot ~ Given the fact that thg subunit can influence potassium
make firm conclusions in this regard. It has recently been affinity (45), it is also possible that the striking difference
shown that one cannot predict alterations in the-E2 between the magnitude of the potassium activation of the
equilibrium of theal isoform on the basis of changes in 02RD (~30%) and thex2LN (~250%) isoforms may be
potassium sensitivity at micromolar ATP concentrations. due to differences irf subunit content in HelLa and rat
Mutations which result in activation of thel isoform by skeletal muscle cells and not to the presence of Rie
potassium at low ATP concentrations have been associatedsubstitutions. HelLa cells express only ti#& isoform,
with shifts in the EX-E2 conformational equilibrium toward ~ whereas all threg subunit isoforms have been detected in
both E1 @0, 23) and E2 (8). skeletal muscle37, 46).

Table 1, we propose that the MM2 loop border residues ~ the borders of the MiM2 loop has been used as a means
interact with residues located both within the M2 loop ~ to facilitate the study of the properties of the ouabain-
and in the C-terminal third of the. subunit. The fact that  Sensitive, ra2 anda3 isoforms in ouabain-sensitive cell
the DR substitutions affect both ouabain sensitivity (Table lin€s such as HelL.&f). The data presented herein indicate
1) and potassium sensitivity at low ATP concentrations that caution is warranted in assessing the significance of
(Figure 7) in an isoform-dependent manner implies that the results obtained witl subunits containing substitutions at
effects of ME-M2 loop border substitutions are influenced the borders of the M*M2 loop. We have shown that M1

by other residues which differ in thel anda2 subunits. M2 loop b_order s_gb_stltutlons can s_lmultanec_Just alter both
Because the ouabain sensitivity and potassium sensitivity ofthe ouabain sensitivity and the kinetic properties of the Na,K-
the a2ckDRNhelal chimera as well as the potassium ATPase. Thls stl_de in conjunction W|th that of Arys_tarkhova
sensitivity of then1ckDRNhelo2 chimera are clearly distinct ~ €t @l €9), in which a monoclonal antibody specific to the
from those of both the intaait2ckDR and olckDRNhel M1—M2 loop is shown to enhance ouabain binding, points

subunits (Table 1 and Figure 7), these other residues arel® @ Potentially critical role for the M:M2 loop in

likely to be located both C-terminal to and within or regulating the conformatic_;nal shifts which occur throughout
N-terminal to the M+M2 loop. In fact, the properties of the Na,K-ATPase catalytic cycle.

the various chimeripalRD—qZ_R_D ;ubunits _(Figure. 6)  ACKNOWLEDGMENT
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