Biochemistry2001,40, 6361-6370 6361

80-Exchange Evidence That Mutations of Arginine in a Signature Sequence for
P-Type Pumps Affect Inorganic Phosphate Binding

Robert A. Farley;® Emad Elquzd, Jochen Miler-Ehmser¥, David J. Kan€e}' Agnes K. Nagy,
Vladimir N. Kasho! and Larry D. Faller#”

Department of Physiology and Biophysics and Department of Biochemistry and Molecular Biologgrditpiof Southern
California School of Medicine, Los Angeles, California 90033, and CURE: Digefiseases Research Center, Department of
Medicine, School of Medicine, and Department of Physiological Sciencesetdity of California at Los Angeles, and Veterans

Administration Greater Los Angeles Health Care System, Los Angeles, California 90073

Receied February 7, 2001; Résed Manuscript Receéd March 26, 2001

ABSTRACT. We have proposed a model for part of the catalytic site of P-type pumps in which arginine in

a signature sequence functions like lysine in P-loop-containing enzymes that catalyze adenosine
5'-triphosphate hydrolysis [Smirnova, I. N., Kasho, V. N., and Faller, L. D. (19¥8S Lett. 431309

314]. The model originated with evidence from site-directed mutagenesis that aspartic acid in the DPPR
sequence of Na,K-ATPase binds MdFarley, R. A,, et al. (1997Biochemistry 36941—-951]. It was
developed by assuming that the catalytic domain of P-type pumps evolved from enzymes that catalyze
phosphoryl group transfer. The functions of the positively charged amino group in P-loops are to bind
substrate and to facilitate nucleophilic attack upon phosphorus by polarizingghesphorusoxygen

bond. To test the prediction that the positively charged guanidinium group of R596 in raunien K-

ATPase participates in phosphoryl group transfer, the charge was progressively decreased by site-directed
mutagenesis. Mutants R596K, -Q, -T, -M, -A, -G, and -E were expressed in yeast membranes, and their
ability to catalyze phosphorylation with inorganic phosphate was evaluated by follé¥@ngxchange.
R596K, in which the positive charge is retained, resembled the wild type. Substitution of a negative
charge (R596E) resulted in complete loss of activity. The remaining mutants with uncharged side chains
had both lowered affinity for inorganic phosphate and altered phosphate isotopomer distributions, consistent
with increased phosphate-off rate constants compared to that of the wild type. Therefore, mutations of
R596 strengthen our hypothesis that the oppositely charged side chains of the DPPR peptide in Na,K-
ATPase form a quaternary complex with magnesium phosphate.

There is a growing consensus that enzymes evolve bya carboxylic acid side chain in the enzyme domain is unlikely
conserving the machinery to catalyze the most difficult step because thelpfor formation of an acyl phosphate from ATP
in an overall reaction mechanisi) (For example, the initial nonenzymatically is 2.25). Phosphorylation of the same
step in diverse reactions catalyzed by members of the enolaseesidue by Pis even less likely because thé& dor the
superfamily is abstraction of a proton with an estimatd p  nonenzymatic reaction is 7.6AG° ~ 10 kcal mot?Y).
of >30 from thea-carbon of a carboxylic acid. Acceleration  Therefore, we proposed a partial model for the active site

of this step by enolase requires two Mgions @, 3). of P-type ATPases based upon a review of known structures
Therefore, It was pl‘edICted that all members of the enolaseof enzymes that Cata|yze phosphory' group tranﬁ?r[‘n
superfamily need two Mg ions @). explicit assumption was that the dual functionality of pumps

Some mammalian ion pumps are classified as “P-type” gy plved by grafting an enzyme onto a chanri®l (
because formation of a phosphorylated enzyme intermediate

accelerates ATP hydrolysis. The reaction between ATP andi Our active-site model) hypothesizes a role for arginine

n one (DPPR) of the six signature sequences for P-type
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binds before Pand by searching for examples of ternary ~ The lysine in P-loops is strictly conserved and has two
enzyme-COO -Mg?"-P2~ complexes in determined struc- main functions. First, the positive charge contributes to
tures of enzymes that catalyze phosphoryl group transfer.substrate binding by electrostatic interaction with the poly-
Experiments with purified pig kidney Na,K-ATPdseon- phosphate moiety, and second, the positive charge partici-
firmed that the rate equation for ordered binding fit©- pates in catalysis by polarizing thephosphorusoxygen
exchange data for phosphorylation hyoBtter than equations  bond, thereby facilitating nucleophilic attack upon phospho-
for alternative mechanismg)( Homologous peptides form-  rus. Therefore, if R596 functions like P-loop lysines, both
ing quaternary enzymeCOO -Mg?" P2 = "HsN [or T(H2N).- the affinity of Na,K-ATPase for Rand the catalytic efficiency
CNH]—enzyme complexes were found in the crystal struc- of the enzyme were expected to progressively decrease when
tures of a number of phosphoryl group transferdses, the sign of the charge normally on the side chain was
suggesting that R596 cooperates with D593 in binding MgP changed from positive to negative. To test these predictions,
Aligning arginine in the DPPR sequence with lysine in the R596 was replaced with lysine, glutamine, threonine, me-
P-loop of enzymes that catalyze phosphoryl group transfer thionine, alanine, glycine, or glutamic acid, and the ability
also aligned a predicted heticoil—strand sequence in  of the mutant enzymes to bind &d catalyze phosphory-
P-type pumps with the secondary structural elements of alation was evaluated by following?O exchange. Some of
conserved hairpin. The hairpin juxtaposes the P-loop with the evidence supporting the principal conclusion drawn in
other amino acids that are important for catalysis in the this paper, viz., that arginine in the DPPR sequence of Na,K-
crystal structures of AK, AMPSase, DTBS;,and PCK. ATPase binds Phas been presented at sympodi§, (L6).
Therefore, we speculated that this motif might be an The results also predict disruption of specific hydrogen bonds
additional supersecondary structural signature for’Mg  observed in the crystal structure of Ca-ATPa%2) (vhen
dependent phosphoryl group transf@).(The hairpin is the enzyme changes from the © the & conformation.
present in the recently published crystal structure of SR Ca-

ATPase 12), where it connects the DPPR sequence to EXPERIMENTAL PROCEDURES

another signature sequence for P-type pumps (MVTGD)
containing threonine and aspartic acid residues implicated
in function by site-directed mutagenesiS). Aligning R596 Preparation of Yeast Expression Plasmiblsiman Na,K-

with lysine also aligns D593 with aspartic acids in the ATPasea subunit angs subunit cDNAs were obtained from
P-loops of two phosphoryl group transferases (AMPSase and]. Lingrel (University of Cincinnati, Cincinnati, OH). Human
DTBS). The conserved charges form a quaternary complexo; cDNA (3072 base pairs) was released from the pRcCMV
with MgP; in at least one of them (AMPSase). D13 in the plasmid by restriction digestion witkcd andDralll. After
P-loop of AMPSase is essential for activity and is located the 3 end had been filled in and exonuclease treatment of
3.16 A from M@* in the crystal structure of the enzyme the 3 end, a blunt end fragment was obtained containing 1
cocrystallized with the divalent cation and a combination of base pair of untranslated sequence at trenl and 15 base
substrates and products, or their analogids @ NOs™ ion pairs at the 3end. This fragment was then ligated into the
between M@" (2.56 A) and K16 (2.73 A) occupies the EcdRI-digested yeast expression plasmid YEp1RT) o
presumed position of the phosphoryl group in the transition create the expression plasmid YN Human3; cDNA (912
state during transfer from GTP to IMP in the first step of base pairs) was released from the pKC4 vector by digestion
adenylosuccinate synthesis. Energy minimization calculationswith BstX| and Bcll. The 5 end was cut back, and thé 3
indicated that the DPPR peptide of Na,K-ATPase could end was filled in by treatment with T4 DNA polymerase,
assume the observed configuration of DEGK coordinated to resulting in a blunt-ended fragment without any untranslated
Mg?" and NQ" in the structure of AMPSas@); Therefore, base pairs at the Bnd and with two untranslated base pairs
we proposed the DEGK sequence in the P-loop of AMPSaseat the 3end. The fragment was then ligated into BeanHI-

as a model for the DPPR sequence of Na,K-ATPase with digested and nuclease-treated yeast expression vector pG1T

Materials

arginine functioning like lysineg). (18), in which it is expressed under the control of the
inducible GAL1 promoter. The resulting plasmid is desig-
nated Ghi$1.

1 Abbreviations: Na,K-ATPase, Mg-dependent and Naand K'- .
stimulated ATPase (EC 3.6.1.37); Ca-ATPase2'Cand Md'- For mutagenesis, BanHI—Spé fragment was removed

dependent ATPase (EC 3.6.1.38); AK, adenylate kinase (EC 2.7.4.3); from the YhNol plasmid and was ligated int®anmHI-cut

AMPSase, adenylosuccinate synthetase (EC 6.3.4.4); DTBS, dethio- S i ;
biotin synthetase (EC 6.3.3.3);,lbovine mitochondrial FATPase (EC andSpe—cut PK (St'ratagen.e )- PC.R primers vyere designed
3.6.1.34); H-ATPase, yeast proton ATPase (EC 3.6.1.35); PCK, 0 introduce the desired amino acid change into the Na,K-

phosphoenolpyruvate carboxykinase (EC 4.1.1.49): CheY, bacterial ATPasea subunit using the QuickChange procedure (Strat-
chemotaxis regulator; HAD, haloacid dehalogenase; SR, sarcoplasmicagene)_ TheBanHI—Spé fragment was then ligated back
reticulum; WT, wild type; XTP, adenosine or guanosit¥riphosphate; : : -

IMP, inosine 5-monophosphate; Hnorganic phosphate; BSA, bovine Into YhNa;I., anq the_presence of the mutation was confirmed
serum albumin; ChoCl, choline chloride; DTT, dithiothreitol; EDTA, ~ bY restriction digestion. All mutant cDNAs were sequenced

ethylenediaminetetraacetic acid; HEPES2-hydroxyethyl)piperazine- ~ to confirm the presence of the expected mutation and to
N'-2-ethanesulfonic acid; NADH, reduced nicotinamide adenine di- ayclude unexpected mutations.

nucleotide; SDSPAGE, sodium dodecyl sulfatgolyacrylamide gel - -
electrophoresis; TBS(T), Tris saline buffer (Tween 20); Tris, tris-  EXPression of Wild-Type and Mutant Human Na,K-ATPase

(hydroxymethyl)aminomethane; PCR, polymerase chain reaction; AE, in Yeast Yeast 30-4 cells (MATa trpl ura3 Vn2 GAL+)
average (isotope) enrichment; rms, root-mean-square; SE, standard errofyere transformed with wild-type or mutant Ylddl plasmids

TN, turnover number. - . -
2P and the protein ligands may be in outer aqueous coordination and Ghg1 plasmids £9). Single colonies were selected and

spheres of the metal ion, e.g., the DGFPR and DMLR peptides of AK Were grown as liquid cultures in 0.17% yeast nitrogen base
(1D. supplemented with ammonium sulfate, adenine, and amino
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acids, except tryptophan and ura@gy. Cells were collected, Assay of Na,K-ATPase Agitly. Nat- and Kt-stimulated
and microsomal membranes were prepared as previouslyATPase activity was measured by enzymatically coupling
described 21). The microsomal membranes were purified ATP hydrolysis to NADH oxidation Z5). As described
with 0.1% (w/v) SDS following a published protocd3). previously (0), reaction mixtures containing the reagents
Synthesis offO-Enriched Inorganic Phosphateltrapure required for the colorimetric assay, 10 mM HEPES-triethyl-
PCk (Alpha Products) was reacted witf©-enriched ¢ 99%) amine buffer adjusted to pH 7.4, 120 mM NaCl, 20 mM
water (Icon) in a drybox to make isotopically enriched P KCI, 2.5 mM MgCk, 1 mM EDTA, 5 mM sodium azide, 1
(23). The measured AEYP'#0;1%0,_ /43 P80;1%0, ;) of the mM DTT, and from 0.025 to 1 mM ATP, in a final volume
product ([8O]P,) was 99.3% with 97.1% containing fotiO of 1 mL were incubated at 37C for 15 min. The reaction
atoms. Nonenzymatic oxygen exchange betweamdéwater was started by adding 260 ug of SDS-extracted yeast
is negligible when solutions are stored at neutral pH. membrane protein, and oxidation of NADH was followed
at 340 nm with a Beckman DU-650 spectrophotometer for
Methods 30 min at 37°C. Control measurements in the presence of
Quantitation of Expression Lels by Western Blot Analy- 0.5 mM ouabain were used to correct for ouabain-insensitive
sis. SDS-extracted yeast membrane protein (H) was activity. The maximum rateMunay and Michaelis constant
loaded onto a 10% SDolyacrylamide gel in lanes for  (Km), which may be an apparent value, were estimated from
each mutant and for the wild-type Na,K-ATPase expressed nonlinear least-squares fits of the Michaelis equation to the
in yeast. In addition, six different amounts of purified dog experimental data.
kidney Na,K-ATPase (5100 ng) were loaded onto the same Measurement and Analysis 80 ExchangeThe methods
gel to serve as standards. After electrophoresis, the samplegised in our laboratory to asse$® exchange between P
were transferred to an Immobilon-P membrane. The mem- and water by mass spectrometry and analyze the results have
brane was soaked in 0.5% BSA in TBST for at lea at been described in detail previousk)(Most of the observed

4 °C, followed by overnight incubation at 4C with isotope exchange is inhibited by ouabain, when the wild type
monoclonal antibody C-464.6 (M. Kashgarian, Yale Uni- or mutants are expressed in yeast celig)(because there
versity, New Haven, CT) which is specific for; subunits. is no endogenous Na,K-ATPase and the exogenous enzyme

Membranes were washed three times for 10 min each inpinds P more than an order of magnitude tighter than the
TBST at 4°C and were incubated at room temperature for yeast proton ATPas&6). Therefore, correction for adventi-

1 h with rabbit anti-mouse 1gG. After incubation with the tious P introduced with the membranes and ouabain-
secondary antibody, the membranes were washed three timefhsensitive exchange was achieved by using the isotopomer
at room temperature for 10 min each with TBS. The distribution estimated for a control experiment in the presence
membranes were incubated with 5 uCi of [1®]protein of 0.1 mM ouabain from thé&O-enriched Pdistribution as

A at room temperature fdl h and then were washed three the starting distribution for Na,K-ATPase-catalyzed (ouabain-
times at room temperature for 10 min each with TBS. The inhibitable) exchange. Details of the experiments are given
membranes were rinsed briefly with 80% methanol and were in the figure legends and table footnotes.

dried in a fume hood. Radiolabeled bands were identified Theory of80 ExchangeWe have shown that Na,K-

by autoradiography after 0-8 day exposures, and pieces aATpase functions as a metalloenzyme catalyZit@ ex-
of Immobilon-P membrane corresponding to the radiolabeled change between; Rnd HO by an ordered mechanism in
bands were excised and counted for Cherenkov radiation.,yhich M+ binds before P(7).

The abundance oft subunit relative to the purified dog

kidney Na,K-ATPase standards was calculated for each K ron

mutant, and the expression level was determined as a E+ Mgz+K~——‘MgE+PifMgE-Pi ” MgE—P

percentage of the total SDS-extracted yeast membrane " ’ e 1)

protein, or in picomoles per milligram assuming a molecular

mass of 112 kDa for the. subunit. In eq 1,Kyq is the M@* dissociation constant for re-forming
Quantitation of Expression Lels by H]Ouabain Bind- the apoenzyme (E)Ky' is the dissociation constant for

ing. Tritiated-ouabain binding to phosphoenzyme formed dissociation of noncovalently bound flom the metalloen-
from B was assessed by the protocol described previouslyzyme (MgE);k_pon is the rate constant for water loss from
(10) with minor variations. SDS-extracted membrane protein the Michaelis complex (Mgf) via nucleophilic attack of
(130—-470ug) was incubated with 0.25 nMHl]Jouabain (Du a carboxyl group on the enzyme upon phosphorus, i.e.,
Pont-New England Nuclear, specific activity of 230 Ci phosphorylation of the enzyme; akdnon is a pseudo-first-
mmolt) and increasing concentrations of nonradioactive order rate constant for hydrolysis of the covalent phospho-
ouabain (0.251000 nM). Maximum ouabain binding capac- enzyme (MgE-P) bond that includes the concentration of
ity (Bmaxy and the ouabain dissociation constalig)(were isotopically unenriched water (55.6 M).

estimated from nonlinear least-squares fits of the equation  Two parameters can be estimated by fitting equations for
for binding by a single site to the experimental data. A the relative amount of each of the fivé¥60, ; (0 < j <
control experlment in which;Rvas r_eplaced with 2 mM Tris- 4) isotopomers at a single time poir7j to the observed
vanadate confirmed that the estimatesBaf. for mutants  jsotopomer distribution. The partition coefficief® is the

were not affected significantly by changes in theliBsocia-  probability of R entering the exchange reaction.
tion constant. Vanadate is a transition-state analogue of

phosphate that binds several orders of magnitude tighter than K nom
phosphate to Na,K-ATPasg4), virtually ensuring saturation P.= P a— (2
of mutants by millimolar levels of vanadate. —PR —HOH
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Ficure 1: Western blot and quantitation of expression levgdg Purified dog kidney Na,K-ATPase in the amounts indicated below the

blot was separated by SB®PAGE and immunoblotted as described in Experimental Procedures. The blot shows the autoradiogram obtained
after detection exposure of film to th&j]protein A-labeled samples. (B) Ten micrograms of SDS-extracted yeast membranes containing
the wild type (WT) or Na,K-ATPase mutations indicated below the blot were separated and blotted as described for panel A. The blot
shows the autoradiogram. (C) Radioactivity is plotted as a function of the amount of Na,K-ATPase shown in each lane of panel A. The line
through the data is the least-squares fit of a straight line to the data. (D) The amourgubiunit present in each band of panel B is
tabulated as a percentage of the total yeast protein in each sample.

The exchange rated,) is the rate at which unlabeled oxygen
enters P

[Pl
a)1:F)|] + K0.5

For the ordered binding mechanism in eq 1, the maximum
rate ¥may IS given by eq 4.

V. = K+rorEo
" 14 Kyon

Vex = K tpolE—PI =V, 3)

4)

Eo is the total enzyme concentration, afighr (K-HoH/K' +HoH)

is the equilibrium constant for formation of the phosphory-
lated enzyme from the Michaelis complex. The half-
maximum substrate concentratioldo) depends inversely
upon the M@*" concentration.

K0 5 KP’ /

Co 1+ KHOH\

[Mg*']

(5)

Therefore Kug, Ke'/(1 + Khon), andVmax can be estimated
from an array of measurements @f as a function of total
P and Mg " concentrations. The free concentrations offMg
and R in eqs 3 and 5 were calculated from the total

o1 and R596 mutants were expressedseccharomyces
cerevisiag and a microsomal membrane fraction was iso-
lated. After extraction of the membranes with 0.1% (w/v)
SDS, the amount of expressegdsubunit in each membrane
preparation was estimated by Western blotting as described
in Experimental Procedures. Expressedsubunits were
guantified by Cherenkov counting of théJ]protein A-
labeled samples and by comparing the heterologously
expressed subunits to a series of dog kidney Na,K-ATPase
standards on the same blot. The results of a representative
experiment are shown in Figure 1. The autoradiogram
obtained from the samples is shown in the upper part of the
figure, and the standard curve is shown below the autorad-
iogram. In the preparations shown, the level of W3$ubunit
expression was approximately 0.8% of the yeast membrane
protein level after detergent extraction (621 pmol mg?),
and the level of mutart subunit expression ranged between
~0.1 and 0.5% (631 pmol mg?). Although some of the
bands in Figure 1 are difficult to see because of low
expression levels, all samples could be accurately quantified
by counting*?9. The expression levels for other preparations
of the mutants (except R596E) are reported in picomoles
per milligram in column 2 of Table 1.

Quantitation of the Functional Pump Number by Ouabain
Binding Na,K-ATPase forms a phosphorylated intermediate

concentrations by assuming a 1:1 complex is formed with a f,om either ATP or P to which ouabain binds with high

Kq of 8.5 mM (7).

RESULTS

Expression Leels of R596 Mutant and Wild-Type Human
o1 Na,K-ATPase in YeadWild-type human Na,K-ATPase

affinity. Therefore, ouabain binding can be used to identify
pumps that are capable of forming the phosphoenzyme from
either of these substrates. TKgandBax values estimated

for the R-dependent reaction of the WT and mutant protein
preparations summarized in Table 1 are reported in columns
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Table 1: Summary of Control Assays

expressioh ouabain binding Na,K-ATPase activity
level (pmolmg?) n Kg(NM) Brmax(pmolmg?) n Ky (x10mMM) Vmax(x10 gmol min~tmg™) n turnover number(s™)

WT 79+ 8 2 23+13 25+ 4 3 3.1+ 1.0 16.0+ 1.4 3 107+ 26
R596K 45+ 1 2 284+10 29+1 3 1.9+0.3 17.5+£ 1.0 3 101+ 9
R596Q 48+ 3 2 4547 8.4+ 0.7 4 1.4+ 0.3 2.54+0.2 3 50+ 8
R596T 20+ 1 2 32+14 1.2+ 04 4 2.0+ 0.8 0.36+ 0.02 2 50+ 19
R596M 35+ 6 2 4847 2.94+0.6 4 1.6+0.1 0.44+0.14 3 254+ 13
R596A 36+ 1 2 354+19 8.7+£1.2 2 2.0+ 0.6 3.4+ 05 3 65+ 19
R596G 24+ 2 2 28415 1.8+ 05 3 1.6+ 0.7 0.78+ 0.06 6 72+ 26
R596E 10 1 né nce nc® nc® nc®

aparameter estimates are reportecgtandard erro? Western blot¢ Phosphorylation by P9 Via/Bmax. The standard error was calculated by
propagating the standard errors in the numerator and the denomihidtairdetermined.

4 and 5, respectively. All of the mutants, with the exception Table 2: Comparison of Observed with Fitted Isotopomer
of R596E, could form phosphoenzyme fromand could  Distributions for RS96K

bind ouabain both before detergent extraction and after isotopomer observed (%) fitte o) residual (%)
detergent extraction of the membranes. Ouabain binding  piag, 33.80 34.08 —0.27
levels for R596E were too low to quantify accurately. All P180;160; 35.14 34.93 0.20
ouabairky values were within a factor of 2 of the WT value, 2221282 Zg-gg 281-513 —0(-)8244
oo R L 1160, ) . .
indicating that the structure of the ouabain binding site is picO, 542 175 0.67

not likely to be affected by the mutations. Expression levels
of a subunits were higher in every case than the number of
functional pumps determined by ouabain binding. There are
at least two possible reasons for this difference. First, the
difference may be related to the use of two different plasmids the aggregate uncertainty in the estimate¥qf and Brax
to express then and 8 subunits of Na,K-ATPase. After ~Was too great.
transformation of yeast, the plasmids are likely to be present Effects of Mutations to R596 offO Exchange.The
in the cells in different copy numbers, and since bothnd exchange parameterg, and P, can be estimated from the
S subunits must assemble together to form functional pumpsisotopomer distribution at a single tim# foint. Table 2
(29), functional expression is limited by the less abundant shows a typical example for one pair of free Mand R
subunit. In these mutants, thfesubunit appears to be the concentrations in a mutant R596K array. Fewer than 6 pmol
limiting factor. A similar observation has been made with of expressed R596K was required to measure the isotopomer
other mutants and chimeras expressed in yeast, where thealistribution in the presence and absence of ouabain. The fitted
limiting abundance of the3 subunit protein has been distribution in column 3, assuming the observed distribution
confirmed by Western blotting with anfi-antibodies 29). plus ouabain as the starting distribution, is compared with
Second, the proteins expressed in yeast may be more easilyhe observed distribution in the absence of ouabain (column
denatured by SDS extraction than Na,K-ATPase in mam- 2). The fit is slightly poorer if the isotopomer distribution
malian membranes. The antibody used to measgebunit of the synthesized§O]P,, which does not take into account
abundance recognizes both functional and nonfunctional adventitious PO, is used as the starting distribution
polypeptides. (correlation coefficient of 0.99898, compared with 0.99926
Effects of Mutations to R596 on Na,K-ATPase #Ati for the fit in column 3), but the fitted isotopomer distribution
With the exception of R596E, all of the mutants were able is not significantly different [FFO, (34.12%), P?0;3°0,
to catalyze ouabain-sensitive ATP hydrolysis (Table 1). The (34.93%), P90,'°0; (21.34%), P%0,'%0; (8.08%), and PO,
estimatedK,, values of the mutants that do catalyze ATP (1.53%)] because only 4% of the exchange was catalyzed
hydrolysis are not statistically different from the WT value by ouabain-insensitive enzymes in the yeast membranes. The
(column 7). The turnover number (TN) in column 10 was Square root of the sum of the residuals in column 4 squared
calculated by dividing the maximum ATPase activitt,) is 1.2%, and the rms residual is 0.5%. In Figure 2, the
by the ouabain binding capacitz) for each sample, to  observed distribution in Table 2 for R596K (AE 72.4%)
compare the activities of the mutants with that of wild-type is compared with a point in an R596A array with ap-
Na,K-ATPase expressed at different levels. The percentageproximately the same AE (75.9%). Visible skewing of the
SE in the quotient is the sum of the percentage standard errorfR596K  distribution (solid bars) compared to the R596A
in the numerator and the denominator. As expected for the distribution (open bars) toward folecules containing fewer
hypothesized role of arginine in phosphoryl group transfer, *0 atoms shows that the small difference (0.17) between a
the R596K mutant, which retains a positive charge on the Pc of 0.20 (R596K) and & of 0.030 (R596A) can be
amino acid side chain, had normal Na,K-ATPase activity. measured easily. For example, the observed difference
Loss of the positive charge was associated with a reductionbetween the P05'%0, peaks was 5.42%, whereas the sum
in activity in all of the mutants with uncharged amino acid of the rms residuals in the estimates of the isotopomer
side chains, and replacement of the positive charge with apercentages for the two mutants was only 0.55%.
negative charge in the R596E mutation resulted in an inactive  Figure 3 shows tha, s depended inversely upon the free
enzyme. However, it was not possible to rank the effects of Mg?" concentration as predicted by eq 5. Two arrayspf
the uncharged amino acid substitutions on activity becausemeasurements as a function of free ¥lg@nd R concentra-

a[Mg?*]ee= 1 MM. [Plree=5 mMM.t =2 h. AE= 72.4%.P P, =
0.20, andvex = 0.076atom mirmt mg2.
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FiGure 2: Effect of P. on isotopomer distribution. Observed . 003
isotopomer distributions after catalyzing approximately the same 7y,
amount of exchange with differeRt values are compared. TR g
values estimated from the distributions, with the distribution of a "=
control experiment in which ouabain was present (not shown) as ‘g 02
the starting distribution, were 0.20 for R596K (AE72.4%) and £
0.030 for R596A (AE= 75.9%). Details of the experiment are s
given in Table 2 for mutant R596K. For R596Awas 4 h with g 0.01
the following parameters: [Mdliee = 2 MM, [Pliree = 4 MM, ~
and estimatede, = 0.037uatom mint mg2. N

tions were combined without any normalization to show the
reproducibility of data for the same expressed WT prepara-
tion (Figure 3A) and are compared with an array for R596G
with uncharged side chain (Figure 3B). The range of half- Ficure 3: Dependence of thBO-exchange rate on Mg and R
maximum free Pconcentrations is visibly higher for the concentrations. The isotope exchange ratg) (s plotted vs free

P, concentration for different fixed concentrations of free ag
mutant than for WT because only the observed WT exchange " oo o onie were taken at 36 and pH 7.4 in 100 mM

rate approached saturation despite the broader range of Pris-Hc| buffer containing 10 mM KCI, 0.25 mM sodium azide,
concentrations used to study the mutant. The parameterthe free concentration of, Bhown on the abscissa, enough ChoCl
estimates-standard error) obtained from global fits of the to adjust the ionic strength to 150 mM, and different fixed
rate equation (eq 3) to data for all the Mgconcentrations concentrations of free Mg. The total volume was 200L. (A)

: : L WT (0.37 mg/mL) afte 3 h with 0.5 @), 1 (O), 2 (a), 5 (&), or
in each array simultaneously were as follow&yg = 1.1+ 10 mM free M@+ (H). Points from two separate arrays are shown

0.2 mM,K'e/(1 + Kon) = 1.3+ 0.2 mM, andViax = 0.26 with points at 1, 2, and 5 mM free My averaged and the scatter
+ 0.01gatoms mint mg-* for WT (n = 40) andKyg = 1.1 indicated by error bars, when it was greater than the size of the

+ 0.3 mM,K'g/(1 + Kpon) = 8.0+ 2.1 mM, andViax = symbol. (B) R596G (0.74 mg/mL) aftel h with 0.125 @), 0.25
0.046+ 0.004uatoms min® mg-* for R596G (1= 20). In  (©), 0.75 @), or 2 mM free Mg™ (2).
contrast toK'p/(1 + Knon), Which was significantly larger
(6-fold) for the mutant than for WTKug was the same within - nearly 7 times more membrane protein was used in an effort
experimental error. The estimates\6f.« were also signifi- to detect exchange catalyzed by R596E.
cantly different for the plotted arrays. Howevek,. values The exchange parameters estimated from all of the arrays
cannot be compared directly because the exchange rate i$or WT and mutants are summarized in Table 3. Ouabain-
expressed per milligram of total membrane protein. The inhibitable exchange by R596T could be detected but was
fraction of the observed exchange that can be inhibited by not fast enough for determination of an array. The reason is
ouabain ranged from 89 to 97% for WT and fron#0 to that exchange catalyzed by the expressed human enzyme
90% for R596G. became nonlinear with time after4 h, in contrast to
The bar graph in Figure 4 shows the effect of changing expressed sheep enzyme, which was stable for up to 20 h
the sign of the charge on the side chain of amino acid 596. (10). Results for the other mutants fall into three categories.
In contrast to Figure 2, which compares observed isotopomerin the first category, the positive charge on the side chain
distributions for two different mutants, observed distributions was retained. The exchange properties of R596K were
for the same mutant in the presence (solid bars) or absencesxperimentally indistinguishable from those of WT. In the
(open bars) of ouabaim(= 1) are plotted in Figure 4. No  second category, the positive charge was replaced with a
inhibition by ouabain was detectable after incubation for 3 negative charge. No exchange catalyzed by R596E could be
h with R596E, in which the side chain is negatively charged. detected (Figure 4). The remaining mutants are in the third
The observed reduction in AE from 99.3 to 84.9% because category with uncharged side chains. In every case, neutral-
of ouabain-insensitive exchange was greater than in theization of the positive charge normally on amino acid 596
ouabain control (not shown) for R596G (Figure 3B) at resulted in (a) unchanged affinity for Mg (column 3)
comparable free Mg and R concentrations (95.9%) because compared to that of WT, (b) reduced affinity forahd/or a

[PI] free (mM)
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FIGURE 4: Mutant R596E did not catalyz80 exchange. The
isotopomer distributions observed after reactid§OJP; with
membranes containing R596E fdh at 30°C in the presence (solid
bars) and in the absence (open bars) of 0.1 mM ouabain are
compared. The free Mg concentration was 2 mM; the freg P
concentration was 5 mM, and the protein concentration was 2.4
mg/mL. Other conditions are given in the legend of Figure 3.

|

Table 3: Summary of®O-Exchange Parameter Estimdtes

Vmax
K'p/(l + KHOH) (>< 1% ,uatom
N®  Kyg (MM) (mM) Pc min~tmg)
WT 4 09+0.1 2.0+ 1.0 0.224+0.04 30+2
R596K 2 0.7£0.2 2.0+£0.2 0.224-0.04 36124
R596Q 2 0.8:0.1 1442 0.044+0.01 1042
R596T 0 nd nde nd° nd°
R596M 1 1.1+0.2 941 0.024+0.01 6.3+:0.3
R596A 3 0.7£0.1 14+ 6 0.04+ 0.01 17+ 5
R596G 3 1.3:0.3 11+ 5 0.034+0.02 5+1
R596E 0 nd nd® nd* nd*

aMean+ SE.°” Number of arrays ofi (14—34) measurements of
vex = f([Mg?*trea[P]free). ¢ NoOt determined.

shift in the MgEPR, = MgE—P equilibrium toward MgEP,
(column 4), and (c) loweredP; values (column 5). The
differences between the parameter estimates for the un
charged mutants are not statistically significant. Therefore,
the mean valuest{standard error) were calculated giving

the following exchange parameter estimates for uncharged

mutants: Kyg = 1.0+ 0.1 mM, K'e/(1 + Kyon) = 12.4+

2.4 mM, andP, = 0.035 4+ 0.004 (N = 9). Although
uncharged mutants generally had lower measured exchang
rates than WT, the expression levels (Figure 1 and Table 1,
column 2) were also lower and the fraction of protein

detected by Western blot that bound ouabain was much lower!

(cf. columns 2 and 5 of Table 1). Turnover numbers are not
tabulated because the scatter in values calculatedWyith
and B« estimates for different mutant preparations (SE
25—-53%) precluded meaningful comparison with those of
WT. However, the TN estimated for WT (215 16 s'%, N

= 4) is in reasonable agreement with the value (259 s
obtained from studies of purified pig kidney enzynfeX0).

DISCUSSION

In determined structures of P-loop-containing enzymes that
catalyze nucleotide triphosphate hydrolysis, the positively
charged side chain of lysine is positioned to bind negatively

Biochemistry, Vol. 40, No. 21, 20056367

charged Pand polarize they-phosphorusoxygen bond,
facilitating nucleophilic attack by an acceptor. Transfer of
the phosphoryl group occurs via a pentacoordinate interme-
diate B0) with inversion of the chirality of phosphoru31).
There is evidence that P-type ATPases catalyze phosphoryl
group transfer by the same mechanism. The acceptor is a
carboxyl group on the proteir8®); pentacoordinate ortho-
vanadate is a transition-state analog@é);(and phospho-
rylation and dephosphorylation of the enzyme (two transfers
of the same phosphoryl group) occur with retention of
configuration 83). If R596 of human Na,K-ATPase is
functionally equivalent to the lysine of P-loop-containing
phosphoryl group transferases, the simplest predictions based
upon charge type for tH€O-exchange activity of the mutants
made to test the theory are as follows. First, R596K should
resemble WT because the positive charge is retained. Second,
R596E might not bind Rand be inactive because the negative
charge repulses; Prhird, R596Q, R596T, R596M, R596A,
and R596G should have reduced affinity fopaRd activities
paralleling the polarizability of their uncharged side chains.

Evidence for Correct FoldingFigure 1 and Table 1 show
that all of the mutants were expressed in yeast cells and that
all of them bound ouabain and catalyzed ATP hydrolysis
except R596E. The affinity of WT for ouabain is indistin-
guishable from the affinity of Na,K-ATPase in human tissue
homogenates (unpublished experiments) for ouab&in<
18 4+ 6 nM). The TN estimated for WT~100 s?) falls
between values of TN estimated froina and Bmax
measurements for Na,K-ATPase purified from other sources,
such as shark rectal (70% gland 34) and duck nasal (160
s 1) glands 85). It is almost identical to the TN (11179
recently obtained for shee;3; Na,K-ATPase expressed
in insect cells 86). Therefore, WT human Na,K-ATPase
expressed in yeast cells appears to function normally. The
estimated ouabain affinities and Michaelis constants also
indicate correct folding of all the mutants except R596E.
The ouabain affinities (column 4) of R596K, -Q, -T, -M,
-A, and -G are indistinguishable from that of WT (row 1),
and the Michaelis constants (column 7) are indistinguishable

from the value obtained in this study for WT (row 1), or in
other studies from this laboratory (unpublished experiments)
for WT humano31 expressed in yeast (2081). The mean
turnover numbers estimated for all of the mutants with
uncharged side chains are lower than the mean value for

é{VT, but the mutants are not statistically distinguishable from

each other (column 10). The reduction in TN of mutants to
23—67% of the WT value falls within the range reported
previously for the ATPase and transport activities of mutants
in which the corresponding arginine of yeast plasma mem-
brane H-ATPase3{) or SR Ca-ATPasel@) was changed.
Reductions in H-ATPase activity to between 10 and 60% of
that of WT were provisionally attributed to a reduced affinity
for ATP; however, the estimateld,, values were within a
factor of 2 of that of WT, and the uncertainties in the
estimates were not reporte87j. A lower affinity for ATP

was ruled out as the cause of the reduced transport activity
by the mutation R604M in Ca-ATPase because the percent-
age of WT transport activity was approximately the same
with ATP (65%) or acetyl phosphate (70%) as the energy
source 13). Changes in activities dependent upon multiple
steps in the catalysis-transport cycle are inherently difficult
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to interpret unambiguously because the reactions are chemiby the mutations within experimental error (column 3). The

cally coupled.
Evidence That R596 Binds.Pn contrast to N&- and Kt-
dependent ATP hydrolysis, catalysis ¥0 exchange be-

estimates oKyg and K'e/(1 + Kuon) for the WT human
enzyme expressed in yeast cells differ somewhat from the
values (3.8+ 0.6 and 0.57+ 0.07 mM, respectively)

tween P and water in the presence of a saturating concen- obtained for the enzyme purified from pig kidneyd,(but

tration of K™ involves only two discrete steps in the overall

P. was the same within experimental error (0-260.03).

reaction cycle, viz., Pbinding and phosphorylation and Moreover, the Michaelis constant estimated by fitting the
dephophorylation of the enzyme (eq 1). The exchange Michaelis equation to the 2 mM Mg data in Figure 3A
parameters summarized in Table 3 confirm the first two (1.9 £ 0.1 mM) is not significantly different from th&,,
predictions made by equating R596 with lysine in the P-loops obtained for sheep kidney enzyme expressed in yeast
of other enzymes that catalyze Rtgdependent ATP hy-  membranes (1.3 0.2 mM), andP. (0.20+ 0.02) was the
drolysis. In agreement with the first prediction, R596K, in same 10). The small differences in affinity for Mg and R
which the positive charge on the side chain was retained,of WT expressed in yeast membranes compared to the
resembled WT in all of itd80-exchange properties. R596E, affinities of the enzyme isolated from natural membranes
in which the sign of the charge was changed from positive (both purified by SDS extraction) could result from species
to negative, was inactive, consistent with the second predic-differences, or from the different lipid environments of the

tion, although incorrect folding of the negatively charged
mutant cannot be ruled out. The third prediction is partially
confirmed. The estimates &fp/(1 + Kyon) were higher for

protein in natural and yeast membranes.
Interpretation of the Result3.he evidence from internal
comparison of mutants with WT of the same species

all of the mutants with uncharged side chains than for WT expressed in yeast membranes for incred€elfl + Kyon)

(column 4). The observed increasekifp/(1 + Kyon) could
result from an increase iK'p, a decrease iKyon, Or some
combination of the two. It is unlikely that the average
observed increase-g-fold) in K'e/(1 + Kpop) could result
entirely from a shift in the equilibrium between Mg& and
MgE—P toward MgEP, for the following reason. Estimates
of Kuon from the effect of K on the stoichiometry of
metalloenzyme phosphorylation ranging from 038)(to 1
(39) bracket our estimate (0.59) froffO-exchange measure-
ments with Na,K-ATPase purified from pig kidneyg)(
Therefore, a decreaselkyon could only account for a 2-fold
increase inK'e/(1 + Kyon). On the other hand, both the
observed increase iK'e/(1 + Kyon) and the roughly
comparable 6-fold decrease B (column 5) caused by

(Figure 3) and reducel. (Figure 2) is compelling. The fact
that both changes can be explained by a 7.5-fold increase in
the R-off rate does not mean that other rate constants for
the partial reactions involved iffO exchange (eq 1) are
unaffected. However, the dominant effect appears to be on
k-p, resulting in a reduced affinity for;Pif published
estimates ofKpon (7, 38, 39) are correct. The effects of
neutralizing the charge on D593 &tis/(1 + Kyon) and P
could also be explained by an increase in thefPrate (L0).

The other effect of neutralizing the charge on R596 appears
to be slower turnover of the complete reaction cycle (Table
1). The D593N mutation 1) lowered the TN for ATP
hydrolysis to about the same percentage (32%) of WT as
mutations of R596 (2367%). The explanation could be

neutralizing the charge on R596 can be consistently explainedeither a direct effect on the step limiting the rate of ATP

by an increase iKK'p resulting from an increase in the-&ff
rate. An ~7.5-fold increase irk-p would be needed to
explain the lowelP. of the uncharged mutants compared to
that of WT, if k_yon is not affected. The theoretical value
of K'e/(1 + Knony), calculated by increasirigp, 7.5-fold and
assuming +1on is also unaffected (15 mM), is only about
one standard error from the mean value (124.4 mM)

hydrolysis by WT or a change in rate-limiting step caused
by the mutations. The reactions in eq 1 are not normally
rate-limiting. Expressed WT Na,K-ATPase catalyZ€@
exchange (TNx~ 200 s) twice as fast as ATP hydrolysis
(TN ~ 100 s%), and increasing the;#ff rate would not be
expected to slow the reaction cycle. A more likely candidate
for a step that might become rate-limiting is the —

calculated by averaging the estimates from all of the arrays E,—P conformational change. MacLennalB) concluded
(N = 9) for uncharged mutants (Results). Therefore, the that neutralizing the charge on the aspatrtic acid in Ca-ATPase

simplest explanation of thé®O-exchange results is that
neutralization of the side chain charge in position 596
increases the iPff rate. The corollary expectation that
participation of the positive charge on R596 indthding

corresponding to D593 (D601N) slowed the-#° — E,—P
transition without affecting dephosphorylation of the E
conformation. Neutralizing D593 or R596 might also slow
the B-ATP — E;-ATP transition, which is generally

would increase the phosphorylation rate by polarizing the considered to be rate-limiting for the sodium pump reaction
phosphorusoxygen bond could not be confirmed by the cycle @1, 42). Therefore, the DPPR sequence may be
180-exchange results. Within experimental error, the mean important for conformational stabilization of the pump as
turnover numbers fot%O exchange catalyzed by mutants well as phosphoryl group transfer.

were not different from the TN for exchange catalyzed by  Implications for the Structure of the,EEonformation of
WT. However, an additional prediction based upd®- Na,K-ATPaseWhile the research reported in this paper was
exchange studies of purified Na,K-ATPase was also con-in progress, the first high-resolution structure of a P-type
firmed. Since M@" binds before P(7), no change irKyg ATPase was published ). Figure 5 shows the structure of
was predicted,and none was observey, was unaffected  the hairpin connecting the DPPR (residues -6604)
sequence to a threonine (T625) and an aspartic acid (D627)
implicated in function by site-directed mutagene4id) @nd

the spatial arrangement of the DPPR sequence in the open
(presumably B conformation of SR Ca-ATPase with two
Ca* ions bound 12). The phosphoryl group acceptor (D351)

3 A tacit assumption is that Mg is effectively screened, e.g., by
water, from charge on the side chain of amino acid 596 in the
apoenzyme. A precedent for this assumption is statistical binding of
two Mn2* jons to sites separated by 4.2 A in the crystal structure of
yeast inorganic pyrophosphatagd)(
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To N-domain N- and P-domains required for catalysis to théQainding
sites in the M-domain. D601 is also hydrogen bonded to the
backbone nitrogen of N359 in the coil (green) after D351
connecting the P-domain to the N-domain. Therefore, another
consequence of disrupting the hinge region by neutralizing
the charge on either D601 or R604 could be slower
transitions between the Bnd E conformations, as proposed
by MacLennan 13).
_ The ®O-exchange experiments described in this report
D627 : were not designed to detect domain movements. Conversely,
it is extremely unlikely that the evidence summarized in
Table 3 for reduced Paffinities and altered isotopomer
o : distributions of uncharged mutants can be explained by a
- L‘TB protein conformational change. TH&-exchange rate in
‘ ; mixtures of N& and K' is proportional to the fraction of
the enzyme in the £conformation with M@" and two K"
ions bound, calculated with equations derived for a concerted
change in the conformation of the unphosphorylated enzyme
(45) and monovalent cation dissociation constad® {rom
the metalloenzyme (unpublished experiments). Ten times the
Mg?* and K" concentrations needed to shift Na,K-ATPase
entirely into the E conformation were used to avoid any
ambiguity in the interpretation dfO-exchange data because
of coupling between the reactions in eq 1 and the=EE;
equilibrium. The substrate is;,Pwhich presumably must
occupy they-phosphate site in the exchange reaction.
’ Therefore, confirmation of nearly all the predictions of our
active-site model is strong evidence that the oppositely

. . . charged side chains of DPPR bind Mgfear the carboxyl
Ficure 5: Hinge region of Ca-ATPase. The putative phosphory- . .
lation site in the open conformation of Ca-ATPase is shob®). acceptor in the fconformation of P-type ATPases. We

The coil (green) after D351 (Ca-ATPase numbering) in the signature Propose that the hydrogen bonds constraining D601, R604,
DKTGT sequence connects the phosphorylation domain to the and D351 in the open conformation of Ca-ATPase (Figure

nucleotide-binding domain. The coil containing D601 and R604 5) gre broken so that the side chains are free to rotate in the
reconnects the N-domain to the P-domain. The hairfistand _josed conformation and the coil (green) connecting the P-
in front with a-helix behind) connecting signature sequences (DPPR d N-d ins is di d Th : id f .
and MVTGD) in our model for the active sit&)(is on the left. an B omallns '§ Isrupted. There Is evidence from iron-
Hydrogen bonds between D601 and N359 (2.68 A) and between catalyzed oxidative cleavage that the MVTGD sequence
D604 and both G354 (3.08 A) and D737 (2.41 A) stabilize the containing T625 and D627 is closer to the signature DKTGT

open conformation. D351 points toward K684 because of hydrogen sequence containing D351 in the &nformation of Na,K-
bonds (2.91 and 3.34 A) to K684. T625 and K684 participate in ATPase than in the £conformation 47)

phosphoryl group transfer in the HAD moddlgj, and D703 and . .
D707 in the signature TGDGVND sequence bind 21g44). Roles for T625, K684, and D707 (Figure 5) in phosphory!
group transfer are predicted by the HAD modé8)(based

upon the similarity between the folds of the P-domain and
and the DPPR sequence are located in two coils forming members of the HAD superfamily, such as L-2 haloacid
the only tenuous connections between the nucleotide-bindingdehalogenase and phosphoserine phosphatase. D627 and the
(N) and phosphorylation (P) domains of the protein. The DPPR sequence are not in the HAD model. Roles for D703
nucleotide binding (not shown) and phosphorylation sites are and D707 in the signature TGDGVND sequence in?Mg
separated by more than 25 A, in good agreement with the binding were inferred from alignment of HAD superfamily
distance estimated for their separation in the@hformation members with members of the CheY superfamily)(and
of Na,K-ATPase £29 A) by energy transfer measurements are supported by site-directed mutagenesis of the aspartic
(43). The carboxyl group of D351 points away from the acid corresponding to D703 in Na,K-ATPast9) and by
putative MgRbinding site in our model toward two carboxyl studies of M@" binding to a 38-amino acid peptide contain-
groups (D703 and D707), which have been proposed asing D703 and D70750). However, a more recent study of
ligands for the metal44), because of interactions with a mutations in Na,K-ATPase concludes that amino acids in
lysine side chain (K684). Similarly, the side chain of arginine the TGDGVND sequence corresponding to D703 and N706
(R604) points away from the carboxyl group (D601) that in Ca-ATPase are not responsible for high-affinity Vg
coordinates MgHin our model because of hydrogen bonds binding in the E conformation $1), consistent with our
to backbone carbonyls in coils connecting the P-domain to hypothesis for the Ephosphorylation site. In the HAD
the N-domain (G354) and to the transmembrane (M) domain model, K684 coordinates; Polarizing they-phosphorus
(D737). Toyoshima et al1@) proposed that the network of  oxygen bond instead of R604. K684R could be phosphory-
hydrogen bonds between the positively charged side chainlated by ATP, but not by R52). The structure of a P-type
of R604 and amino acids in other coils connecting the N-, pump crystallized with M§" and R, or a transition-state
P-, and M-domains links the large relative movement of the analogue like vanadate bound, is needed to decide whether

Hairpin

4
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both positively charged amino acids (R604 and K684) in
addition to M@* are required to overcome the energy barrier
to formation of a carboxylie phosphoric anhydride from; P
(AG° ~ 10 kcal mot?).
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