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Importance of Na,K-ATPase Residad-Arg>** in the Segment Af*—Asp>®’ for
High-Affinity Binding of ATP, ADP, or MgATF
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ABSTRACT: To identify residues involved in ATP binding in the N-domain of th#&-subunit of Na,K-
ATPase, mutations were directed to the segmenf%rgisp®’, a f-strand-loop—helix structure with
Arg>*4positioned at the mouth of the ATP-binding pocket near the interface to the P-domain. Substitution
of Arg®>* with GIn abolished high-affinity binding of free ATP, while substitution with lysine reduced
ADP affinity with minor effects on ATP binding. The contribution of &f§to the change in free energy

of ATP binding was estimated to 6.9 kJ/ma#l4Gy) from double mutations with ASf® and to 7.8 kJ/

mol from the MgATP dependence of phosphorylation. The phosphorylation data show that binding of
Mg?" may increase the apparent affinity of wild-type enzyme for ARR{ATP) 12 nM]. Moderately
reduced affinities for ATP were seen after mutations of AspGIuP®6, Asp®S, or Asp®” with AAG,
~0.5—3 kJ/mol. Mutations of Cy®¥° did not affect ATP binding. In conclusion, Atf is important for
binding of ATP or ADP, probably by stabilizing thfe or y-phosphate moieties and aligning th@hosphate

for interaction with the carboxylate group of ASp

In mammals, Na,K-ATPase transforms-280% of the TGDGVND segment®). Ca-ATPase does not bind free ATP
current ATP production at rest to active Na,K-transport in with high affinity, and MgATP is bound with moderate
the kidney, central nervous system, and other cells of the affinity (Kp = 5.6 uM) (10). The nucleotide-binding N-
body. Na,K gradients across cell membranes are requireddomain in the high-resolution structure of Ca-ATPase is
for maintaining membrane potential, cell volume, and inserted as a subdomain of the P-domain in a Rossman fold
secondary active transport processes of other solutes. Renalll). It is formed by residues G¥f—Arg®% (6) correspond-
[a151y]Na,K-ATPase consists of three subunitssubunit ing to Arg®3—Arg>®in the a-subunit of Na,K-ATPase. The
with 1016 residues3-subunit with 302, angr-subunit with high-resolution structure6j confirms the involvement of
66—68 amino acids, and it is the largest protein complex in Lys*? (Lys* in Na,K-ATPase) known to be the receptor
the family of cation pump proteinsl( 2). Sites for ATP for 8-azido-ATP (2, 13), of Lys>®(Lys®), the site of FITG
binding and phosphorylation are located in the large central labeling (4, 15), and of Ph&’ (Phe™) (16), but the
cytoplasmic protrusion of the-subunit between the fourth  involvement of Th#*! and Arg® (Arg>*% has not been
and fifth transmembrane segment, while the cation-binding predicted by chemical labeling. L$8 (Lys®*! in Na,K-
sites lie in the intramembrane domaB(5). The cytoplas-  ATPase) and PH& (Phe&™) lie deep in the pocket around
mic protrusion is split in three domain$)(with a single the adenosine moiety of ATP, while A% (Arg>4) is
nucleotide-binding N-domain separated from the P-domain positioned near the mouth of the pocket. This region has
comprising the phosphorylated residue, Z8pand the not previously been examined in structwfanction studies.
C-terminal 708-TGDGVND segment, which is involved in The purpose of the present work has therefore been to

binding of Mg (7). identify specific amino acid residues contributing to high-
Na,K-ATPase is unique among cation pumps in its ability affinity binding of ATP in Na,K-ATPase in the segment
to bind one molecule of free ATP perl31 unit in EDTA- Arg>4—Asp*®’. Mutagenesis screening was combined with

containing buffer with high affinity Ko = 30—100 nM), high-yield expression in yeasi?, 18) and assay of ATP
while the apparent affinity of the K-bound form is very low binding at equilibrium 7, 19). Attention was drawn to the
(1, 8). The increase in binding energy of ATP associated Arg>*—Asp®’segment3) because it resembles the Walker
with the B[2K] < E;(2K) conformational transition con- B consensus sequence in the nucleotide-binding domains of
stitutes the driving force for transport of ‘Kacross the  adenylate kinase€2(), ADP/ATP exchange proteir2(), and
membraneg). Binding of MgATP and phosphoryl transfer ABC transporters22). When modeled on the fold of the
involves coordination of Mg to Aspl® in the 708- high-resolution structure of Ca-ATPas6),(the Arg*—
Asp>®” segment forms g8-strand-loop—helix in the N-

R . . domain with Arg** positioned near the mouth of the pocket

the L'Q,'SOV_“,S{,'?JY? Zﬁg p@;’rﬁfﬁeﬁg Lr:)eu,?;;t'iz?]s esearch Foundation and and the interface to the P-domain (Figure 1). The mutations
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Table 1: Sequence of Primers Used for Site-Directed Mutagenesis
of Amino Acids R544-D567 and Double Mutant D369A/R544Q in
the a;-Subunit of Pig Kidney Na,K-ATPase

DNA sequence of the
allele coding strand of primers (53')

D369A  CAT CTG CTC AGC CAA AAC CGG
R544K GGC CTC GGG GAA AAG GTG CTG GGT TTC

R544Q GGC CTC GGG GAA CAG GTG CTG GGT TTC
C549A GCTGGGTTTCGCCCACCTTTTC

C549S GCTGGGTTTCTCCCACCTTTTC

D555E CTTTTC CTG CCG GAAGAGCAGTTCC
D555N CTTTTC CTG CCG AAC GAG CAGTTC
E556D CTG CCG GACGACCAGTTCCCCG

E556Q CCT GCC GGACCAACAGTTCCCCG
D565E CTT CCAGTT TGAAAC CGACGATG

D565N CTT CCAGTT TAACAC CGACGATG

D567E GTT TGACAC CGAAGATGT GAATTTC

D567N GTT TGA CAC C_AAT:GA TGTGAATTTC
a2The altered nucleotides are underlined.

Asp369 Asp710 . .
(5'551) (3%3) induced with 2% galactosd.§). Yeast cells were harvested

Ficure 1: Ribbons model of the position of residues of importance 48 h later.
for ATP binding in the N-domain in the-subunit of Na,K-ATPase Isolation of crude membranes, western blotting, and

in the backbone structure of Ca-ATPa& (Numbers of residues  Protein analysis were pgrformed as described previoasly (
in the a-subunit of Na,K-ATPase are given with residue numbers ~ Membrane Preparation and Assay&eatment of mem-

in Ca-ATPase in parentheses. Lines indicate the approximatepranes with SDS, equilibrium binding of ouabain, or assay

iti 5. 556 65_ 567 L. . .
positions of Asp™-GIu*® and Asp®-GIu®”. The text of the — of Ng K-ATPase activity was performed as described earlier
introduction gives reference to the evidence for involvement of the

marked residues in ATP binding. Mutations of Aty Cys$°, (17, 19). Inhibitors of proteolysis [leupeptin (Lg/mL),
AspP®S GIUPS7, AspPss, and GI§5e are examined in the present work.  chymostatin (lug/mL), pepstatin (kg/mL), and PMSF (1
mM)] were added during all assays7j.
were expressed in high yield as estimated by ouabain binding Equilibrium [PHJATP Binding.Aliquots containing 306
(17), and contributions to the free energy of binding were 500ug of membrane protein were incubated on ice for 30
estimated from assays of free ATP binding at equilibrium min with 5 mM MOPS-Tris, pH 7.2, 10 mM EDTA-Tris,
(7, 19). To determine the free energy contribution of the basic and PHJATP (Amersham, specific activity 36 Ci/mmol) to
groups of Arg** to binding of free ATP, double mutations  a final concentration of 621 nM plus an increasing amount
with Asp3®Ala were produced to exploit the high ATP of cold Tris=ATP resulting in final concentrations of ATP
affinity after removal of the phosphorylated carboxylate of 6—200 nM. Either 10 mM NaCl or 10 mM KCl was added
group of Asg® (7, 19). Binding constants for ADP were to allow specific binding to be calculated as binding in the
determined to examine if AP interacts with they-phos- presence of NaCl minus binding in the presence of KCI (
phate or with other moieties of the ATP molecule. Phos- 19). To prevent proteolysis protease inhibitors were added
phorylation assays at low concentrations of ATP in the to a concentration of 1 mM PMSF dg/mL chymostatin, 1
presence of oligomycin were exploited to determine the #g9/mL pepstatin, and Jug/mL leupeptin. Bound and
influence of mutations on apparent affinities for binding of unbound fHJATP were separated by centrifugation at

MgATP. 26500@ for 30 min at 4°C. The supernatant was discarded,
and the pellet was resuspended for measurement of bound
EXPERIMENTAL PROCEDURES [BH]ATP by scintillation counting and determination of

Site-Directed Mutagenesislutations were constructed by prcliltg?D(;opn;ﬁggm Phosphorylation as a Function of MgATP.
site-directed mutagenesis according to Ho et 28) (1sing Aliquots of 200-300 ug of TDS-treated wild-type yeast
the primers shown in Table 1. The resulting PCR fragments membranes were incubated for 10 min af@0n Eppendorf
were digested withBanHl and Eag and inserted into tubes containing 190L of 3 mM MgCl,, 0.2 mM EDTA
similarly digested pPAP19337). The nucleotide sequence 30 uM oligomycin, 10 mM NaCl or KCl. 20 mM TES
of all PCR fragments was confirmed by dideoxy sequencing. Tris, pH 7.5, and ,protease inhibitorg) F,>hosphorylation

Transformation of Yeast Cell¥east cells were trans-  \yas started by addition of 10L of [y-32PJATP to final

formed according to Gietz et al24). concentrations from 1 nM to M, and the phospho-enzyme
Growth of Yeast and Expression of Na,K-ATPasans-  was isolated and counted as described beféye (

formed yeast cells were grown in an Applikon fermentor

equipped with an ADI 1030 Bio Controller and connected RESULTS

to a computer running the BioXpert program. Growth of  Expression in Yeast of Mutations of Atfj Cy$*%, Asp®,

yeast cells expressing wild-type Na,K-ATPase or the muta- Glu®¢, As¥%5, and Asp®” in the a-Subunit of Na,K-ATPase.

tion Arg®*4GIn at 30°C and Na,K-pump protein synthesis The conservative mutations are listed in Table 1, and in Table

induced with galactose were performed as befdi@. (Yeast 2 the expression levels are estimated by ouabain binding at

cells producing all other mutations were grown at@0until equilibrium, since it is known that ore3 unit of yeast Na,K-

all glucose was metabolized, transferred to U5, and ATPase binds one molecule of ouabain at saturatiaf. (
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Table 2: Capacities and Affinities for Ouabain Binding and %ﬁfgﬂgbg:gg’g C,Tr:’off',ﬂg"ﬁ,?on
Na,K-ATPase Activities after Substitutions of R544, C549, D555, 00— 8 . . : :
E556, D565, and D567
ouabain ouabain Na,K-ATPase 1
(pmol/mg of protein) Kg (nM) activity (%) g
R544K 5.0+ 0.1 6.0+ 0.6 30+ 8 ] 1
R544Q 10.4+- 0.5 8+ 2 0
C549A 45+ 0.5 442 494+ 3 g 7
C549S 9.3t1 8+2 84+ 10
D555N 9.1+ 0.7 8+ 2 38 e 0 Yy 1y | ¥
D555E 8.3+ 0.2 6.6+ 0.5 84 0 20 40 60 80 100120 " p 50 100 150 200 250
E556D 8+ 1 8+ 4 72 [Ouabain] nM [ATP] nM
E556Q 3.+0.2 6+1 45 L
D565E 10+ 1 441 84 Ficure 2: Effect of substitutions R544Ka() and R544Q ¥) on
D565N 5.4+ 0.6 7+ 3 38 the concentration dependence of ouabain binding (left panel) and
D567E 13.8: 0.6 114+ 2 75 ATP binding (right panel) compared to wild typ®). For ouabain
D567N 7.3+ 0.6 6+ 2 43 binding aliquots containing 2Q@g of yeast membrane protein were
WT 8.4+0.5 5£1 100+ 17 incubated for 60 min at 37C with 3 mM MgSQ, 3 mM Tris—

a[*H]Ouabain binding was performed as described in Experimental Vanadate, 13mM EGTA, and 10 mM MOPSris, pH 7.2, in the
Procedures using aliquots of yeast membranes containing:gasi presence of{H]ouabain and cold ouabain to final concentrations
protein. Maximal capacities and dissociation constants were calculated®f 1—100 nM before separation of bound and unbound ouabain by
as described in the legend to Figure 2. Measurements of Na,K_ATpasecentrlfugatlon. Curves were fitted by a nonlinear least-squares

activities were made on 2@ of yeast membranes incubated with or f€gression using the equation: ouabain binding (pmolsngloual/

without 1 mM ouabain, and specific activity was determined as ouabain- (¢ * [0ua]) in whicha is the maximal capacity for binding arw
inhibitable release ofRis described beford), Activities of R544K, is the dissociation constari{,. For ATP-binding aliquots of 306

R544Q, C549A, C549S, and WT are given as the me&EM for n 500ug of yeast membrane protein were incubated for 30 min on
= 4—6, while the remaining activities are average values of two IC€ With 10 mM EDTA, 5 mM MOPSTris, pH 7.2, FHJATP

independent assays. (Amersham), and TrisATP to final concentrations of-6200 nM

in the presence of either 10 mM NaCl or 10 mM KCI before
separation of bound and unbound ATP as described in Experimental
The extrapolated capacities for ouabain binding varied from Procedures. Specific binding was calculated as the difference
4 tol4d pmo|/mg of protein’ in the same range as the between binding in NaCl and KCI. Curves were fitted using a

: _ ; : : nonlinear least-squares regression by using the equation: specific
concentrations afi-subunit protein as estimated from western ATP binding (pmolimg of proteir: alATP}/(c 4 [ATP]) in which

blotting (not shown). The affinities for ouabain<{41 nM) ais the maximum ATP binding andis the dissociation constant,

in the presence of vanadate andMugere close to the range  Kp. The estimated binding capacities and dissociation constants are
of wild-type Na,K-ATPase from yeast (5 1 nM). As shown in Tables 2 and 4.

previously observed, expression of these mutations to
residues in the cytoplasmic protrusion at*80caused folding Table 3: Consequences of Mutations of C549, D555, E556, D565,
problems and elicited the unfolded protein response andand aI\3567 for Maximal Capacities and Dissociation Constants for
proteolytic degradation, while the protein accumulation ATP

approached wild-type levels at P& (18). The properties AITP bi”fding _ Ko(ATP) kAAGb
of wild-type pig Na,K-ATPase from yeast cells were the (pmol/mg of protein) (M) (kJ/mob)
i C549A 3.3£0.3 27+8 0.04
fame whether Fhe_ fermentatm:n }N:;; processed atf30 orat15 Co495 8t 05 S8 0.76
C (18). As an intrinsic control of this procedure of protein  pzgsN 8.9+ 1.4 138+ 40 31
expression, data in Table 2 show that the temperature- D555E 5.1+ 0.4 55+ 12 2.1
iti i 9 E556D 5.4+ 0.8 79+ 25 2.7
serrllglt;]vle mlljtanons C?‘_égﬁer_l(()jr Cy#& A]::_a _V\_/eref exg_res_sed E5560 T 01 21t 6 -
at high levels at 15C with wild-type affinities for binding D565E 54+ 0.2 731 6 30
of ouabain or ATP and Na,K-ATPase activities. D565N 34401 52+ 6 1.9
itution 44 i a D567E 9.3+ 0.6 49+8 1.6
?u.?sit“;&/ of 'S‘r@” NW'tE IA_'Iy'IS:’ reducet_d . tNa’K Al\TF;asﬁe D567N 7.0+ 0.6 95+ 17 2.3
activity to 30%, and all Na,K- ase activity was lost after 74406 3+ 5 0

substitution for GIn. Substitution of carboxylate-containing = FHJATP binding assays were performed as described in Experi-

reS|du§s in the segment RF@—A§p567caused more _mOderate mental Procedures. Alterations in Gibbs free ener§AGy) were
reduction of Na,K-ATPase activity to 384% of wild-type calculated from th&p(ATP) values using the equation of Fersht et al.
levels (Table 2). (26): AAG, = —RTIn[(ATP:ouabain ratidko smut/(ATP:ouabain ratio/
Consequences for Free ATP Binding of Single or Double K_O,;,)WT]. The ATP:om_Jabain r_atic_) is the capa_city for binding of ATP
Mutations of Ar§* and Asp®®. Substitution of Ar§* with divided by the capacity for binding of ouabain.
lysine did not interfere significantly with the binding of free
ATP (Figure 2 and Table 4). As estimated in terms of ATP: of the transiently phosphorylated A8pwith Ala is known
ouabain binding ratio, the data for Afd_ys are close to  to increase ATP binding affinity 2630-fold (7, 19). This
those of wild type (Figure 2 and Table 4). In contrast, is also apparent in the experiment in Figure 3, where the
replacement of Argf* with GIn without a basic group  Kp for ATP binding was 1.5+ 0.2 nM for Asp%®Ala
abolished ATP binding in the range up to 200 nM free ATP, as compared with 3% 7 nM for wild type. TheKp for
whereas the affinity for ouabain binding remained close to ATP binding for the double mutation of A¥fGIn plus
that of wild type. Asp*%°Ala was 28+ 6 nM or about 19-fold higher than
To estimate the contribution of A¥f to the change in  for Asp®®°Ala (Table 4). From these data the contribution
Gibbs free energy of ATP binding, the substitution with GIn of the basic groups of Af§* to the binding of free ATP
was combined with mutation of A3{fAla. Replacement  was estimated to bAAG, = 6.85 kJ/mol (Table 4).
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Table 4: Dissociation Constants for ATP and ADP for Mutations
R544K and D369A/R544Q Compared to Wild Type and D369A

ATP:ouabain Kp(ATP) AAG, Kos(ADP) Kp(ADP)

ratio (nM)  (kJ/mol) (uM) (uM)
WT 0.88+0.06 32+5 0 0.10+£0.02 0.071
R544K 0.75+0.04 29+7 0.14 1.7+t0.5 1.26
R544Q 0.02 nd nd nd nd
D369A 0.9+ 0.1 15+£02 O 0.94+0.08 0.12
D369A/ 0.86+0.06 28+ 6 6.85 1.0+£0.3 0.74
R544Q

aValues are calculated from curves in Figuress3as described in
the legends. Alterations in Gibbs free enerdyAGy) were calculated
from the Kp(ATP) values as in Table 3. Values #&ip(ADP) were
estimated as beforel9) from the equation:Kapp = Ki2(ADP)Kare/
(Kate + [ATP]).

10 |

08 |-

06 |

04 |

ATP binding

02

0. 1
10

100

[ATP] nM

Ficure 3: Effect of single and double mutation D3694) or
D369A/R544Q ¥) on the concentration dependence of ATP
binding compared to wild type®). Binding assays were performed

Jacobsen et al.

Phosphorylation

0.001 10

0.01

0.1 1
[ATP] uM

Ficure 4: Effect of mutations of Argf* on MgATP dependence

of phosphorylation in the presence of oligomycin to stabilize the
E;P form. Phosphorylation was done as described in Experimental
Procedures, and the phosphoenzyme was isolated and counted as
described before7]. The lines were fitted, and [ATR} values
were estimated from the equation: phosphorylatiora[ATP]Y
(c" + [ATP]M in which a is the maximum phosphorylation level,
c is Kosatey andn is the Hill coefficient. The [ATP], value for
wild type was 12.2+ 0.7 nM (@); for Arg>#4Lys (a), 18.0+ 0.8
nM; and for Arg#/GIn(v), 389+ 105 nM.

K1 value of 12 nM ATP for wild type is much lower than
previous estimates of the apparent affinities for MgATP for
phosphorylation Z5), but these assays were conducted at
much higher concentrations>{ u«M) of Na,K-ATPase
protein. The substitution of AR* by lysine had only minor
effects on the apparent affinity for MgATP, whereas
substitution by glutamine caused a 30-fold increase of the
Ky value for binding of MgATP. This corresponds to a
change in free energy of binding of MgATP of 7.8 kJ/mol.

as described in the legend to Figure 2, and estimated binding dataThis value is close to that (6.85 kJ/mol) obtained from the

are given in Table 4.

Consequences of Substitutions of ®tdor Binding of
MgATP and PhosphorylatiorBinding of Mg?™ to Asp’*?

(7) and other negatively charged residues on the surface of
the P-domain is expected to reduce electrostatic repulsion

of the phosphate groups and thus facilitate binding of
MgATP. Binding of MgATP cannot be determined in
equilibrium conditions since the-phosphate is rapidly
transferred to the A$f® residue at high rates, e.g., 190's

at 21°C (25) in the phosphorylation reaction:

MgATP + E <> MgEATP — MgE,P + ADP

double mutant analysis in Table 4, suggesting that®&rg
has as important function in high-affinity binding of ATP
in the Na'-bound & form of Na,K-ATPase.

Consequences for ADP Binding of Single or Double
Mutations of Ar§**and Asg®. One approach to examine if
Arg>*interacts with the/-phosphate or with- or 5-phos-
phate moieties of ATP is to determine the binding constants
for ADP. From the curves of ADP displacement of ATP in
Figure 5, the binding constants for ADRKApp) were
estimated as in Table 4.

As previously observed1@), the Asp%°Ala mutation
caused only a minor change &fapp while the double
mutation with Arg*4GIn increase&pp 6-fold. The Arg**-

To monitor binding, the phosphorylated intermediate can be Lys mutation consistently had a larger effect xpp than

trapped in the MgEP[3Na] complex with oligomycin, which
prevents transition to the,E conformation. From Figure 4
it is seen thak,, values as low as 12 nM ATP in medium
with 3 mM Mg?" can be obtained when the protein
concentrations of yeast or pig kidney wild-type Na,K-ATPase
are kept at 3-5 nM, as estimated from the ouabain-binding
capacity (7). TheKy, value of 12 nM ATP is at least 3-fold
lower than the dissociation constamtp = 38 £ 5 nM
(Figure 4) for binding of free ATP at equilibrium in absence
of Mg?". Binding of Mg may therefore increase the
apparent affinity of wild-type Na,K-ATPase for ATP. The

on Karp, suggesting that the lysine provides sufficient binding
energy for the interaction between enzyme and ATP, while
it may not be capable of interacting with ADP.
Consequences for ATP Binding of Consgive Mutations
of Cy$%, Aspp®5, GIut%5, AsfF%® and Asp®’. In the segment
Cys*—Asp*®’, the mutations of Cy4° by Ala or Ser had
properties similar to those of wild type. Significant reductions
of ATP affinities by 3-4-fold were seen after conservative
substitutions of negatively charged groups, &3pr Asp®,
with Asn or Glu. As seen from Table 2, the affinities for
ouabain binding of these mutations were close to those for
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Displacement of [3H]—ATP
100

80

60

40

20

0 . s ‘
0 2 4 6 8

[ADP] uM [ADP] uM FiIGURe 7: Potential interactions of the andy-phosphates of ATP

- o o with the guanido group of wild-type AP, the amino group of

FiGURe 5. ADP displacement ofH]ATP binding at equilibrium mutant Ly§*, or the carboxamide group of mutant &t Only
to membranes of wild type®) and R544K4), D369A (#), and the parts of the amino acid side chains that are relevant for
D369A/R544Q ¥). The displacement assay was performed as jnteractions with ATP are shown.
described in Experimental Procedures using-3000 ug of yeast
membrane protein and 8H]ATP concentration of 13 nM. Lines . -
were fitted, and the dissociation constant for AR, Was ATPase activity. The ability to transfgr phosphate from ATP
estimated by nonlinear least-squares analysis using the equationf0 the protein was preserved but with 30-fold reduction of
Kapp = [ADP]y(Kate/(Katp + [ATP])), where [ADP}; is the the apparent affinity for MgATP. This can explain the loss
concentration of ADP needed to displace half of the initially bound of Na,K-ATPase activity as the large reduction of the affinity

ATP, Katp is the dissociation constant for ATP (Table 4), and [ATP] s
is the concentration of ATP used during the assay. Estimated values"&Y prevent ATP binding in the presence of iins. These

of Kapp are shown in Table 4. defects were not due to inadequate expression of the protein
in yeast, since both western blot analysis and ouabain binding
Ouabain binding (pmol/mg pr)  ATP binding (pmol/mg pr) showed that the--subunit protein of the AfR§*GIn mutation
—_——— 8 —————— was expressed at levels similar to those of wild type. The
8r ] preservation of high-affinity ouabain binding also shows that

6 . the mutant protein interacts with Mgand vanadate. These

substitutions thus interfere selectively with the binding of

1 ATP, and Arg* is essential for high-affinity ATP binding

in the range up to 200 nM ATP and for completion of the

] Na,K-ATPase reaction cycle. The free energy of ATP binding

as estimated from the binding affinity of wild typ&{ =

O 20 40 60 8 100120 C o 50 100 180 200 250 39 nM) is 39 kd/mol, suggesting that a number of residues
contribute to coordination of ATP in the high-affinity site

. of the & conformation of the protein.

The large changes in affinity for ADP after substitutions
with Lys or GIn exclude the possibility that At interacts
1 exclusively with they-phosphate of ATP as observed for
Arg*2 in the -subunit of R-ATPase ofEscherichia coli
1 (27). Instead, the relative changes of the affinities for ADP
o L 0 L and ATP (Table 4) suggest that the single positive charge
0 20 40 60 80 100120 Q@ 50 100 150 200 250 of the guanido group of AR§*is shared between the negative
[Ouabain] nM [ATP] nM charges at the- and$-phosphates. The 15-fold decrease in

FieuRe6: Effect of substitutions DS55N) and DSB5E ¥) (upper ADP affinity of the ArgP*4Lys mutation without changes of
panels) ‘or D567N £) and D567E ¥) (lower panels) on the the ATP affinity (Table 4) could reflect that substitution of

concentration dependence of ouabain binding (left panels) or ATP argin.ine with lysine |OC§1“Z€S th? positi.ve chargg to t.he
binding (right panels) compared to wild typ®), The same €-amino group and restricts the interactions of this amino
procedure as in Figure 2 was used. Estimated values are given ingroup to a single phosphate, tirgphosphate. In contrast,
Tables 2 and 3. introduction of a glutamine residue removes the positive
charge and introduces an amino group and a carbonyl group.

the AspAsn mutation with Kp for ATP = 138 nM Hydrogen bonding between the amino group and the
corresponding to an increase of 3.1 kJ/mol of the Gibbs free f-phosphate and repulsion _between the carbonyl group gnd
energy of ATP binding (Table 3). This residue is positioned {€7-phosphate could explain the observed 19-fold reduction
11 residues downward from A, Mutation of the car- in the affinity for ATP and the more modest 6-fold reduction
boxylate groups of A5 and Asf®’ also caused only in ADP affinity of the Arg544GI|j mutation. From these
moderate changes & for ATP corresponding to contribu- ~ considerations, the mutagenesis data suggest theft**Arg
tions of 2-3 kd/mol to the free energy of free ATP binding Nteracts with they- andf-phosphates of ATP and with the

wild type. The largest change of ATP affinity was seen for

(Table 3). p-phosphate of ADP.
The identification of Ar§** as important for ATP binding
DISCUSSION agrees with previous chemical labeling data demonstrating

The substitution of Argf* with GIn in the a-subunit that Na,K-ATPaseZ8) and H,K-ATPaseZ9) are inactivated
abolished high-affinity binding of free ATP and the Na,K- by specific modification of arginine residues. In adenylate
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kinase, the guanido group of Afis engaged in stabilization
of the negative charges of tle and-phosphates of ATP

(20). In ADP/ATP translocase several arginine residues are

essential for oxidative phosphorylation in yea3d)(

The N-domain is separated from the P-domain by about

20 A in the high-resolution structure of Ca-ATPagg hile

there is evidence that the gap between the N-domain and

P-domain is closed in the ATFE3Na] form of the
o-subunit of Na,K-ATPase, even in the absence of?Mg
(7, 19). In Na,K-ATPase, binding of free ATP in the absence
of Mg?* elicits strong electrostatic repulsion between the

Jacobsen et al.

2. Arystarkhova, E., Wetzel, R. K., Asinovski, N. K., and
Sweadner, K. J. (1999). Biol. Chem 274, 33183-33185.

3. Jorgensen, P. L., and Andersen, J. P. (1988)lembr. Biol.
103 95-120.

4. Lingrel, J. B., and Kuntzweiler, T. A. (1994) Biol. Chem
269 19659-19662.

5. Capasso, J. M., Hoving, S., Tal, D. M., Goldschleger, R., and
Karlish, S. J. D. (1992). Biol. Chem. 26,/1150-1158.

6. Toyoshima, C., Nakasako, M., Nomura, H., and Ogawa, H.
(2000) Nature 405 647-655.

7. Pedersen, P. A., Jorgensen, J. R., and Jorgensen, P. L. (2000)
J. Biol. Chem 275, 37588-37595.

y-phosphate and the negative charges at the surface of the 8. Norby, J. G., and Jensen, J. (1988¢thods Enzymoll56,

P-domain 7, 19). Removal of the charge of the carboxylate
groups in the Asff°Ala mutation increases the affinity for
ATP 30-40-fold (19), and substitution of AspCfor Ala in
the P-domain of Na,K-ATPase causes a more moderaBe 2
fold increase of the ATP affinityd). The strong electrostatic
repulsion indicates that the phosphate of the tightly bound

free ATP approaches the surface of the P-domain in Na,K-

ATPase as discussed befoi.(Considering the positions
of Arg®*, Asp*®°, and Asp*?in the structure model of Figure

1, it is therefore reasonable to assume that the interactions

of Arg® with the phosphate moieties of ATP can be
important for aligning the/-phosphate for interaction with
the phosphorylated residue, A&b The phosphorylation
experiments suggest that the apparent affinity for MgGATP
may be higher than for free ATP. Coordination of Mdo

the phosphate groups of ATP and to AS«(7) and other

negatively charged groups in the surface of the P-domain
may therefore reduce the electrostatic repulsion and thus

facilitate ATP binding and phosphoryl transfer.

Mutation of the negatively charged carboxylates further
down the sequence, AZp GIuw6, Asp®5 and Asp®,
revealed more moderate contributions of-83%kJ/mol to
the change in free energy of binding of free ATP. Mutations
of Cys#? did not interfere with high-affinity ATP binding,

and the substitution for Ala caused only a moderate depres-

sion of Na,K-ATPase activity, in agreement with previous
data @1). It is therefore unlikely that Cy4® contributes
directly to coordination of high-affinity ATP binding. C¥/$

has been identified as the site of covalent attachment of

erythrosin isothiocyanate at neutral pB2), and insertion

of this compound interferes with ATP binding. These data
are not in conflict with our observations since it is probable
that insertion of a large fluorophore group at €§snay
interfere with the folding of this amino acid segment or with
the function of the neighboring basic guanido group of%Atg

in coordination of ATP.
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