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ABSTRACT. Mutation of Arg*?3 at the N-domain of N&/KT-ATPase resulted in a large decrease of both
TNP-ATP and ATP binding. Thus, this residue, localized outside the binding pocket, seems to play a key
role in supporting the proper structure and shape of the binding site. In addition, mutatiorfGfa&a
caused a large decrease of both TNP-ATP and ATP binding. On the basis of our computer model, we
hypothesized that a hydrogen bond between*#rgnd Gl#72 supports the connection of two opposite
halves of the ATP-binding pocket. To verify this hypothesis, we have also prepared the construct containing
both these mutations. Binding of neither TNP-ATP nor ATP to this double mutant differed from binding
to any of the single mutants. This strongly supported the existence of the hydrogen bond betw/éen Arg
and Gld#’2 Similarly, the conserved residue B¥bseems to be substantial for the proper interaction of
the third and fourtlf-strands of the N-domain, which both contain residues that take part in ATP binding.
Mutation of Asg“ affected only ATP, but not TNP-ATP, binding, suggesting that these ligands adopt
different positions in the nucleotide-binding pocket. On the basis of a recently published crystal structure
[Hakansson, K. O. (2003). Mol. Biol. 332 1175-1182], we improved our model and computed the
interaction of these two ligands with the N-domain. This model is in good agreement with all previously
reported spectroscopic data and revealed that®3séprms a hydrogen bond with the NHjroup of the
adenosine moiety of ATP, but not TNP-ATP.

Na'/K*-ATPasé is an enzyme of the plasma membrane S-subunit, a glycoprotein of~55000 Da, seems to be
exporting three sodium ions out of the cell and importing involved in the proper folding and trafficking of the enzyme
two potassium ions into it per ATP split,(2). Its energy of and may contain parts of the cation ionophdre ). Despite
hydrolysis leads to conformational changes of the catalytic a huge body of information, it is not understood so far on a
a-subunit (~110000 Da) and to the vectorial process. The molecular level how ATP hydrolysis is converted to vectorial
transport.
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obtained by F&-oxidative cleavage of NdK-ATPase 8)
were also consistent with the structure found for SERCA.
Furthermore, they confirmed that the position of all cysteine

residues, which were successfully labeled in experiments with Hs.
Na"/K™-ATPase, correspond to the residues on the surface
of the enzyme. These findings support the idea that the

topologies of the catalytic subunit of SERCA andN&*-
ATPase are very similar.

The single ATP-binding site was identified on the N-
domain. It is constituted by the central part of the major

cytoplasmic loop connecting transmembrane helices 4 and

5 (roughly Arg"®Arg®89) (9). Using the protein-reactive ATP
analogues 2-azido-ATPLQ) and 8-azido-ATP 11), it was
possible to label and identify GI§¢ and Ly<®, respectively,
as possible recognition sites for ATP. The facts that ATP
prevents modification of Ly$! by fluorescein 5isothiocy-
anate (FITC) 12 and that fluorescence of FITC attached to
this residue cannot be quenched by antifluorescks Ied

to the conclusion that LyS! is localized in the depth of the
ATP-binding pocket. Development of molecular biology
brought a new efficient way for examining the role of
individual amino acids in the ATP interaction with the

enzyme. Mutagenesis studies confirmed the important roles

of Lys*®° (14) and LyS% (15). Furthermore, it was shown
that mutation of Gléf® (16), Pheé?5 (15, 16), and GIrfé2 (17)
also substantially inhibited ATP binding. A recently pub-
lished structure of the N-domain estimated by NMR detected
a hydrogen bond between Gthand the adenosine moiety
of ATP; moreover, the backbone oxygen of Zfaalso
contributed to ATP binding1(8).

An NMR study of the isolated TRY Lewf® segment of
SERCA (corresponding to the N-domain) showed that§lu
Ser®8 and Va4 are influenced by nucleotide binding9);
the corresponding residues in NK*-ATPase are As}$®,
Sef”, and Met®, respectively. Moreover, Fée-oxidative
cleavage of N&/K*-ATPase suggested that Aépplays an
important role in ATP binding and/or phosphorylation of the
enzyme 8). The homology modeling of the 4+Hs loop
predicted that Séf” could participate in ATP binding9j.
Finally, the Me%® is closely connected to the important
region LySAla®% Using site-directed mutagenesis, we
mutated Asff®, Sef”’, and Met® to estimate the roles of
these amino acids.

In our previous work 17) we reported on another
interesting observation. Mutation of Af§, which is rather

Lansky et al.
MATERIALS AND METHODS

Construction of the Protein Expression Vector pGEX-H
The H,—Hs loop sequence was prepared by polymerase
chain reaction from the sequence of thesubunit of N&a/
K*-ATPase from mouse brain. The construction of the
expression plasmid pGEX-2T containing the cDNA for the
Hs—Hs loop (Lel#®* 11e8%%) was described previouslR(Q).
Site-directed mutagenesis was performed by polymerase
chain reaction with the QuickChange Kit (Stratagene). The
upstream primers for performed mutations were (altered
nucleotides are italic) (D443A)'8CTT AAG CGT GCA
GTA GCG GGA T GCT TCC GAG TCG GCG-3
(E472A) 3-G TAC ACC AAG ATA GTG TAG ATT CCT
TTC AAC TCC ACC-3, (S477A) 3-GTG GAG ATT CCT
TTC AAC GCC ACC AAC AAG TAC CAG CTC TCC-3,
(P489A) B-CAG CTC TCC ATT CAC AAG AAC GCA
AAC GCA TCG GAG CC-3, (M500A) 5-CCT AAG CAC
CTG CTA GTGGCG AAG GGC GCC CCA GAA AGG-

3, and (R423LE472A) 5GA ATT GCT GGT CTC TGT
AAC CTG GCA GTG TTT CAG GCT AAC C-3 and
primer for mutation E472A (used subsequently). The down-
stream primers were reverse complementary.

Expression and Purification of thesHHs Loop. TheE.
coli BL21 cells were grown to OB= 0.8 in 200 mL of LB
medium containing ampicillin (5@g/mL) at 37°C. After
addition of IPTG (final concentration 0.1 mM) the incubation
continued for another 12 h at 3W. Centrifuged cells,
resuspended in 10 mL of TENG buffer with protease
inhibitors, were disrupted by sonication. Another centrifuga-
tion was performed, and the supernatant was loaded into the
glutathione-Sepharose 4B column and incubated for 1.5 h
at 4°C. The fusion protein was eluted by 10 mM reduced
glutathione, dialyzed fo3 h at 4°C against the 1000-fold
excess of 50 mM TrisHCI, pH 7.5, and stored at20 °C.
Protein purity and concentration were determined by SDS
PAGE and the Bradford metho@1), respectively.

TNP-ATP Binding to the Fusion Proteinghe fluores-
cence probe TNP-ATP (&-0-(2,4,6-trinitrophenyl)adenos-
ine 3-triphosphate, trisodium salt) was purchased from
Molecular Probes. The emission of this fluorophore is
sensitive to the polarity of its environmenkZ 23).
Therefore, the binding of the probe to the protein could be
detected as the increase of the fluorescence intensity. Aliquots
of TNP-ATP were subsequently added to 1 mL of 50 mM
Tris—HCI or 1 mL of 50 mM Tris—HCI containing a 1.6

distant from the ATP-binding site, had a dramatic effect on ;M protein solution, the mixture was gently stirred, and the

the nucleotide affinity to the N-domain. We proposed that
Arg*?® forms a hydrogen bond to GI¥, and that this

fluorescence intensity was recorded after 1 min. The
fluorescence intensity measurements were performed at room

hydrogen bond stabilizes the shape of the whole ATP-binding temperature (22C) using the FluoroMax-2 (Jobin Yvon/
pocket (7). Another distant residue, which could be Spex) steady-state fluorometer, in &4L cm quartz cuvettes.
important for the proper shape of the ATP-binding pocket, Excitation and emission wavelengths were set to 462 and
is Prd®S, which is conserved among P-type ATPases. To 527 nm, respectively, both the excitation and emission band-
verify whether it is so, we also performed mutations of @lu passes were 10 nm, and the integration time was 5 s.
and Prd®, Calculation of the Dissociation Constant for TNP-ATP
The effect of point mutations was evaluated by the binding Binding to the Fusion ProteinsThe signal of buffer and
of the fluorescent ATP analogue TNP-ATP to the isolated protein (if present) was collected before the addition of TNP-
N-domain. Previously, we had estimated that some mutationsATP, and this value was subtracted from all further raw data
could affect only TNP-ATP binding but not ATP binding. as a background. Dilution corrections of the protein and
Therefore, the competitive displacement of TNP-ATP by probe concentrations were calculated. The fluorescence
ATP was also used to test the influence of the point mutation intensity was normalized so that the fluorescence intensity
binding of ATP. of a 1uM free probe was set to unity. The dependence of
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normalized fluorescence intensity on the TNP-ATP concen- Protein Data Bank (http://www.pdb.org). Hydrogens were
tration was fitted to the equatior24) added using the BIOPOLYMER module included in Insight
L Il (Accelrys Inc., San Diego, CA).
— v — _ Quantum Chemical Calculations of TNP-ATP Point
F=IPI+ 2 (IP1+[E] + Kp = ((PT+ [E] + Charges.Point charges applied in autodocking were solved
KP)2 — 4[P][ED*? to reproduce the electrostatic potential field determined by
) ) ) _ _ guantum chemical calculations. The TNP-ATP crystal struc-
whereF is the normalized fluorescence intensity, [P] is the tyre in PDB file format was converted by the program Babel
concentration of TNP-ATP, [E] is the concentration of the 1 g (http://smog.com/chem/babel/) to obtain a native input
protein, y is the fluorescence intensity enhancement factor fjje format of the electronic structure program Gaussian98
of the bound probe relative to the free probe, &pds the  (26). The value of the total molecule charge was set &
dissociation constant. The fluorescence intensity enhance-ap initio quantum chemical restricted HartreEock single-
ment factory was estimated to bg = 2.3+ 0.2. Allthe  pojint calculation and the 6-31G* basis set with polarization
parameters exceptr were kept constant during the fitting  functions on heavy atoms were used to create electrostatic
procedure. All values are presented as a me&@BEM from  potential at points selected according to the MeBingh—
at least three independent measurements. Kollman schemeZ7, 28). The calculations provided charge
ATP Binding to the Fusion ProteinATP was purchased  fie|ds which were consequently applied as the input for an
from Sigma-Aldrich (Germany). The experimental procedure Antechamber/RESF2, 30) (restrained electrostatic poten-
was the same as for TNP-ATP binding, except that titration tial) software package to obtain fitting point charges con-
was performed in 1 mL of 50 mM TrisHCI containing 20 sistent with the electrostatic potential.
mM ATP, pH 7.5. ATP is a weak acid and in high  Homology Modeling of the N-Domain and Ligand Dock-
concentration can cause a substantial shift of pH; therefore,ing_ A complete model of the N-domain of mouse brainNa
pH was adjusted by titration with HCI only after addition of g+ ATPase (Ar§"® Asp9 was generated by analogy to the
ATP. ATP competitively displaced the TNP-ATP from the crystal structure of the N-domain of porcine M&*-ATPase
binding sites, resulting in the lower fluorescence intensity (31, 32). This recently published structure lacks three 6, 10,
as compared to that of the titration in the absence of ATP. 3nd 6 amino acid residue long loops existing in the mouse
Calculation of the Dissociation Constant for ATP Binding  prain o; subunit. Hence, the three-dimensional structure of
to the Fusion ProteinsThe signal of buffer and protein (if  these three peptides was additionally modeled according to
present) was collected before the addition of TNP-ATP, and e procedure published previously for the-HHs loop of
this value was subtracted from all further raw data as a pig kidney Na/K*-ATPase 9) that was in turn generated

background. Dilution corrections of the protein and probe iy analogy to the C4-ATPase (PDB code 1EULY. The
concentrations were calculated. The fluorescence intensitysrimary structure of the mouse brain NK*-ATPase from

was normalized as described above. The dependence Oj;g378 to AspP®® was aligned with the template sequences

normalized fluorescence intensity on the concentration of by CLUSTALX (33). The sequence alignment used for the
TNP-ATP was fitted to the equatiod@ modeling is shown in Figure 1. The three-dimensional model
constituted by all non-hydrogen atoms was built and
examined by the MODELLERG6 packag®4j. The tertiary
structure model was checked with PROCHEG3%)( Dock-
Kp\2 1/2 ing of ATP and TNP-ATP as substrates was explored with
[E] + Kp + [A] K_) - 4[P][E]) ) the AutoDock program3g). Initially the substrate was placed
A in an arbitrary position close to the published binding site
which describes the situation where probe and ATP competeresidues. With the complete preparation of the ATP ligand
for the same binding site. [A] is the total concentration of and the docking procedure of both substrates, we used exactly
ATP, andK, is the dissociation constant for ATP. All the the parameters and methods published earfier (
parameters excepta were kept constant during the fitting
procedure. Th&p value was calculated as described above. RESULTS
Binding of TNP-ATP to the Fusion Proteinall the

All the Ka values are presented as the meaiSEM of at
mutants were expressed as GST fusion proteing.igoli

least three independent measurements.

Thermal Stability Purified proteins were diluted to M and purified. The purity of the proteins was checked by 12%
concentration, and the steady-state tryptophan fluorescencéw/v) SDS-PAGE, and we observed a single band at 53
was monitored in the temperature range up to°65 The kDa. The expression level was high for all mutants, except
excitation wavelength was 295 nm, both the excitation and for P489A mutant, which was expressed significantly less
emission band-passes were set to 3 nm, and the emissioifroughly 20%; see Figure 2). However, even in this case the
spectrum was collected with a step of 0.5 nm between 310synthesis was sufficiently high to perform all our experi-
and 400 nm. The position of the maximum in the emission ments. To verify that the GST protein itself does not bind
spectrum is sensitive to the polarity of the tryptophan TNP-ATP, the GST protein was incubated with TNP-ATP
environment and can, thus, reflect the changes the proteinand the fluorescence was recorded. The fluorescence intensity

_ 1 Kp
F=[PI+5(r - l)([P] + [E] + Kp + [A] K_A(([P] +

conformation. The plot of the emission spectrum maximum
vs temperature was evaluated using a sigmoidal fit.
Preparation of the TNP-ATP Ligand for Computer Model-
ing. The crystal structure of TNP-ATP was extracted from
the PDB coordinate file 115D265) that is deposited in the

of TNP-ATP in buffer was not different in the presence or
absence of GST protein (not shown). Thus, there was no
significant binding of TNP-ATP to GST observed over the
whole range of TNP-ATP concentrations used in our study
(Figure 3). Accordingly, the GSTH;—Hs loop fusion
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Mouse-brain RMTVAHMWFDNQIHEADTTENQSGVSFDKTSATWFALSRIAGLCNRAVFQANQENLPILK 437
Crystal MMTVAHMWFDNQIHEADTT- - - - - - TFDKRSPTWTALSRIAGLCNRAVF---------- K
peptidl 0 ---meeemeemeemee-o-- ENQSGV-=-----mmmmmmcmccmcmm e m e m e e -
PEPLId2 e e e e QANQENLPIL-
peptid3 = = o smeeeeemmememmeemem e e e e e -

khkkhkkkkhkkkkkkkkkkkk *hkkhk Kk kk khkkkkkkkkkkkkk *
Mouse-brain RAVAGDASESALLKCIEVCCGSVMEMREKYTKIVEIPFNSTNKYQLSIHKNPNASEPKHL 497
Crystal RDTAGDASESALLKCIELSCGSVRKMRDRNPKVAEIS------ YQLSIHEREDNPQS-HV
peptidl = @ —eeeeemmememe e e e e e e e -
peptid2 @ = e eeeeemmmemeecmem e e e -
peptid3 = = | o —m-eeeeeeememmecemmemmmm e e FNSTNK------=--=--=-------

* *hkkkkkkkkkkkk * kK k * % * * * * %k ok kk *

Mouse-brain LVMKGAPERILDRCSSILLHGKEQPLDEELKDAFQNAYLELGGLGERVLGFCHLLLPDEQ 557
Crystal LVMKGAPERILDRCSSILVQGKEIPLDKEMQDAFQONAYLELGGLGERVLGFCQLNLPSGK

kkkhkkkkhkhkhkkkkkkkkkk *kkk *kk Kk kkhkkhhkkkkhhkhkhkkhkhkkhkrhrkdkx * K%

Mouse-brain FPEGFQFDTDEVNFPVDNLCFVGLISMID 586
Crystal FPRGFKFDTDELNFPTEKLCFVGLMSMID
kk kk kkkkk kkk kkkkkk Khkkk

Ficure 1: Sequence alignment of the N-domain of thle-subunit of mouse brain N&*-ATPase with that of the porcine2-subunit of
Nat/K+-ATPase, whose tertiary structure has been solved recently at 2.6 A resolution by X-ray crystallography and for which the PDB
coordinates are available. Three 6, 10, and 6 residue long peptides from our published structure of the complete pig-kiriey Na
ATPase were aligned to fill the gaps in the recently published structure. Identical amino acids are marked by an asterisk.

WT P489A role of the trinitrophenyl moiety of the fluorescence probe
in the complex with the protein. Hence, one may not exclude
the possibility that the interaction of the trinitrophenyl moiety
itself with the ATP-binding site is altered in our mutants.
Therefore, we determined the dissociation constant of ATP
peptide complexes for all constructs as well.

Competition for the binding sites between ATP and TNP-
ATP was used to characterize the binding of ATP to the
FicuRe 2: SDS-PAGE: Expression and purification of GST fusion ~ fusion proteins. Notably, the presence of ATP in buffer
proteins. The expression level for the P489A mutant was lower (without any protein) did not influence the fluorescence

than that for the wild type. All other mutants were expressed intensity of TNP-ATP.
comparably to the wild type.

97.4
67

45

However, ATP changed significantly the fluorescence
protein was considered to be a suitable tool for studying the intensity of TNP-ATP when titrated with S477A and MS00A

binding of TNP-ATP to the ATP-binding site. In contrast, Mutants (Figure 3). The decrease in fluorescence intensity
incubation of all fusion proteins with TNP-ATP resulted in N the presence of ATP indicated that some binding sites

a clear and significant increase in fluorescence intensity Were occupied by ATP. Notably, this effect was much
Compared to that of GST in buffer or buffer alone. smaller with the D443A, E472A, and R423L472A mutants,

suggesting that the ATP was bound to these mutants very
weakly. Indeed, we observed an increase of the value of the
dissociation constant 62 0.7 mM estimated for the wild

We confirmed our previous result§) and estimated that
the binding of TNP-ATP to the GST[Leu®>*11e5%4 fusion

protein (wild type, WT) yielded the value of the dissociation
constantkp = 3.1+ 0.2 uM (see Table 1)16). We found type (Table 1) to 32= 8 mM for D443A, 20+ 11 mM for

that mutation M500A showed no alteration in TNP-ATP E472A, and 35 15 mM for R423LE472A. On the contrary,
binding and also the mutation D443A influenced TNP-ATP no significant change was observed for the mutations S477A
binding only very slightly. On the other hand, mutation (7 =+ 1 mM)and MS00A (5+ 2 mM). The fact that mutant
S477A led to the significant decrease of the TNP-ATP P489A_d|d not S|gn|f|ca_ntly |r.1telract with TNP-ATP dlsgblgd
fluorescence intensity, as compared to that of the wild type, Fhe gstlmatlon of the dissociation constant for ATI? b!ndmg
suggesting that TNP-ATP binding was prevented in this case N this case. The results of TNP-ATP and ATP binding to
(Figure 3). An even larger effect was observed for the E472A all mutants are summarized in Table 1.
mutant, and interestingly, further mutation of A#(i.e., Thermal Stability The emission spectrum of the tryptophan
construct R423LE472A) had no significant additional effect fluorescence is sensitive to the polarity of the tryptophan
(Table 1). The most dramatic change was observed with themicroenvironment, which allows monitoring of the confor-
construct P489A; the TNP-ATP titration in the presence of mational changes. We observed a systematic red shift of the
this mutant was undistinguishable from that in the absence maximum when the temperature was increased. Notably, this
of any protein Kp > 100 uM). The estimated dissociation  effect was more pronounced for the construct containing the
constant values are sumarized in Table 1. R423LE472A mutation than for the wild type (Figure 4).
Binding of ATP to the GST Fusion Proteifde dissocia-  The center of the sigmoidal curve was at 54@ for the
tion constant of ATP binding to the HHs loop of Na'/ wild type, but only 46.6°C for the R423LE472A protein,
K*-ATPase is about 3 orders of magnitude higher than that suggesting that the performed mutations influenced the
of TNP-ATP (see Table 1). This suggests a certain stabilizing overall stability of the protein.
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Ficure 3: TNP-ATP binding to the bHs loop protein with point mutations in the presence and absence of ATP, respectively. GST
fusion proteins (1.6«M) containing point mutations (A, M500A; B, D443A; C, S477A,; D, E472A; E, P489A; F, wild type) were titrated

with increasing amounts of TNP-ATP in 50 mM T+isiICl, pH 7.5 (triangles). Binding of TNP-ATP resulted in an increase of the fluorescence
intensity. Similar experiments were then performed in 50 MM-THEI, 20 mM ATP, pH 7.5 (circles); the pH of the buffer was adjusted

to 7.5 after addition of ATP. Some of the binding sites were occupied by ATP, resulting in a lower initial slope of the fluorescence
intensity. For comparison, titration in pure buffer in the absence of any protein is shown (squares). Note that the same result was obtained,
when only GST protein itself or ATP was present (data not shown). Open symbols in graph D represent data for the double mutant
R423LEA472A.

Computer ModelingWe created a structural model of the of the structure obtained showed a value-@3.31. Theg
N-domain from Arg’® to Asp® using a restraint-based factor should be above 0.5, and values below1.0 may
comparative modeling approach. The final model had 84.9% need investigation.

of the residues in the most favored regions of the Ram-  For the docking the Lamarckian Genetic Algorithm (GA-
achandran plot and an acceptable overall geometry, bothS), a hybrid search technique that implements an adaptive
determined with the ProCheck progra®b). No residues global optimizer with a local searct8Y), was used. The
were found in the disallowed regions. The ovegfactor global search method is a modified genetic algorithm, with
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Table 1: Dissociation Constants for TNP-ATP and ATP Binding to
the GST- [Leu®>* 1le%9 Fusion Proteins Are Summarized

Ko(TNP-ATP) AAG(TNP-ATP) Kp(ATP) AAG(ATP)

protein (uM) (kJ'mol1) (mM)  (kJmol™)

wild type 3.1+ 0.2 6.2+ 0.7

D443A 3.7+ 0.2 0.4 32+ 8 4.0
R423L° 18+ 2 4.3 31+ 9 4.0
E472A 15+ 4 3.9 20+ 11 29
R423LE472A 145 4.2 35+ 15 4.2
S4T77A 9+ 1 2.6 71 0.1
P489A >100 NAC

M500A 3.6+ 0.6 0.4 5+ 2 —-0.5

aThe presented values are the averag8EM from at least three
independent measurements. The difference in binding energies com-
Eared to that of the WTAAG) was calculated as described in #f
From ref17. ¢ Not analyzed.

350

fluorescence maximum (nm)

w
D
o

Temperature (°C)
Ficure 4: Effect of the R423LE472A mutations on the thermal
stability of the N-domain. Steady-state emission spectra of the
tryptophan fluorescence of the wild type (squares) and R423LE472A
mutant (circles) were recorded. The position of the maximum
reflected the conformational changes as a result of the temperatureficure 5: Three-dimensional representation of the complete
increase. N-domain. It has the topology of a twisted, six-stranded, antiparallel

. . p-sheet that is flanked by twa-helices on either side. It is able to
two-point crossover and random mutation. The local searchpind ATP or its analogue TNP-ATP in a well-defined binding

method is based on the optimization algorithm of Solis and pocket. N-terminal and C-terminal connections to the P-domain are
Wets, which modifies the phenotype. marked N and C, respectively.

The exploration of docking positions included for every ) )
arbitrary position 50 hybrid GA-LS docking runs using a solved structure with ATP bound showed that the N-domain
population size of 50, a maximum number of energy has the topology of a twisted, six-stranded, antiparallel
evaluations of 25000, a maximum number of generations of A-sheet that is flanked by twa-helices on either side (Figure
27000, and 300 iterations of the Solis and Wets local search.5)- Later also the crystal structure of the N-domain appeared,
The resumng positions were clustered according to an rmSWhiCh allowed further rectification of the side chain atom
criterion of 1 A, and the most energetically favorable position POsition 81, 32). On the other hand, the authors were unable
of every cluster was analyzed visually to exclude artifacts. 0 efficiently soak the nucleotide into the crystals. Although
As final docking positions were selected only those positions this structure has a good-quality stereochemistry and well-
that occur most, which means more than 20times for the 50 esolved side chains, three 6, 10, and 6 residue long gaps in
GA-LS docking runs. The final docked energies wet2.06 ~ the structure, and particularly the lack of Pheo Lys*®
kcal/mol for ATP and—10.11 kcal/mol for TNP-ATP. This  residues (which forms a substantial part of the ATP-binding
estimation of real interaction energy neglects solvation and Pocket), made it necessary to remodel thg-Hs loop
desolvation effects and therefore cannot be compared to theStructure. Only the complete region of the ATP-binding site
dissociation constant values. However, in general, valuesmakes the structure suitable for docking experiments, and
lower than—8 kcal/mol demonstrate a binding interaction therefore, we decided to do this modeling to be able to

between the ligand and the substrate. observe docking on an atomic level. Our new model of the
mouse brain domain N from A to Asp®® shows a root-
DISCUSSION mean-square deviation {Cof 0.41 A only with respect to

The solely expressed sHHs loop—GST fusion protein the crystal structure.
misses the interactions with other domains of the sodium A part of the H—Hs loop of Na"/K*-ATPase (sequence
pump and is not affected in its structure by Nar K*- Leu™*1le%%%) was used to test the influence of point
dependent conformational changes of the transmembranenutations on the binding of ATP. The fluorescent analogue
part. Moreover, it is well-known that this loop has a self- of ATP, TNP-ATP, has been used to evaluate the changes
supporting structure and retains the ability to bind ATB, ( of the ATP and TNP-ATP dissociation constants. Notably,
38) and to hydrolyze very slowlyp-nitrophenyl phosphate  all residues were replaced by residues of similar or lower
in a Mg?*-dependent way30). polarity. This can, in principle, increase the TNP-ATP

Recently, detailed information about the structure of the microenvironment polarity within the binding pocket and,
N-domain has become available. The NMR spectroscopy consequently, influence the assessment of the dissociation
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TNP-ATP

Ficure 6: Difference in binding between ATP and TNP-ATP. (A) The most important interactions in ATP binding are the aromatic
stacking between the adenosine moiety and F475 and the hydrogen bonding of, its/éifBlgen donor with Q482 and D443. (B) The
adenosine moiety of TNP-ATP is in the opposite position compared with ATP, and ghixtogen donor lies too much in the back of

the picture to form a hydrogen bond with D443.

FiIGURE 7: Hydrogen bond between GId and Ard?3. The shape

of the ATP-binding pocket is supported by a hydrogen bond
between Gl&"2 and Argi?3 that brings the stretch of amino acids
containing residues P#Hé& and GI##? (not shown) close to other
residues involved in ATP binding, such as &Riand Ly$°! (not
shown).

constant. Fortunately, this effect is likely to be much less
than the observed difference betwdé&nvalues for the WT

and resulted in binding of both substrates. The quality of
our model, however, in interpreting studies of TNP-ATP and
ATP binding to the H—Hs loop (Table 1) had to be tested.
Additionally, this model had to interpret by in silico docking
experiments (Figure 6) the observed changes in terms of
interaction with specific amino acids (Table 1).

As we have shown recently, besides the previously
reported amino acids L§¥, Lys°®, and Gly%, also G5,
Phe’, and GIrt®2form the ATP-recognizing pocket of NA
K*-ATPase 16, 17, 24). The NMR structure of the N-
domain confirmed the close proximity of all these residues
to the ATP-binding site and detected a hydrogen bond
between GIf#? and the adenosine moietyl8). In our
previous work we reported that mutation of Afgresulted
in a strong inhibition of both TNP-ATP and ATP binding
(Kp(TNP-ATP) = 18 &+ 2 uM and Kp(ATP) = 31 £+ 10
mM) (17). This was rather surprising because this residue is
7 A from the bound ATP molecule and lies outside the
binding pocket 9). Hence, we proposed that this residue
might stabilize the shape of the ATP-binding pocket by a
hydrogen bond to GRi2 over a distance of 1.7 A.

To verify this hypothesis, we also mutated @fuo see
whether this mutation would have an effect similar to that
of the mutation of Ard®3. Indeed, a strong decrease of
nucleoside triphosphate binding was observed for TNP-ATP

and most mutants. First, the ATP-binding site is composed (Kp = 15+ 4 uM) and ATP Kp = 20 + 10 mM) binding,

of eight amino acids, and thus, one point mutation can hardly and the values matched within the range of error values
cause a dramatic change in its polarity. Second, we performedestimated for Ar¢?>. Moreover, the performance of the
model calculations to show that even a relatively large error R423L mutation on the construct already containing the
in they value estimation would vary the dissociation constant E472A mutation (i.e., the R423LE472A construct) did not

for ATP only moderately; e.g., increasing thevalue from
2.3 to 4.5 would increase the calculateg{ ATP) for E472A
from 20 to 24 mM only. Therefore, we could treat the

bring any significant effect on both TNP-ATP (15 uM)
and ATP (35t 15 mM) binding, and the values match well
the values obtained for the R423L mutant. Thus, we can see

fluorescence enhancement factor as a constant for all mutantsthat these two mutations has no additive effect on the

The new model structure was taken for computational
docking experiments with free ATP and TNP-ATP. In silico
docking experiments identified well the ATP-binding site

nucleotide binding, and this finding strongly supports the
suggestion that a hydrogen bond exists betweert?Aemnd
Glu*? (Figure 7). Such information is beyond the resolution
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of both the N-domain structures mentioned above. Breaking without ATP and 3.4 A with ATP. Moreover, already
this hydrogen bond leads to instability in the stretch of amino recently published mutagenesig¢2] and iron-oxidative

acids containing the residue PHeLys*? or GIn82 within

the binding pocket, which are in proximity of the other

residues involved in ATP binding, such as B8}sor Glu*s,
This corresponds to our observation that mutations of#%rg

and Gld" affected the thermal stability of the N-domain

and also to the finding that mutations of Gllead to a

cleavage 43) experiments suggested the importance of this
residue for ATP binding. This discrepancy could reflect

different transient subconformations of the protein and/or
some segmental dynamics. However, explanation of the
discrepancy between the NMR structure and other experi-
ments may need further investigation.

strong inhibition of Na/K*-ATPase 14). Mutation of Meb® altered neither TNP-ATP nor ATP
Even more dramatic changes were observed after mutationbinding. Thus, although the peptide backbone of this residue
of the conserved residue P# We were not able to detect is 6.1 A from the ATP molecule, its side chain is probably
any TNP-ATP binding, suggesting that the performed buried under the surface and its mutation cannot influence
mutation substantially influenced the structure of the nucle- ligand binding.
otide-binding site. Indeed, P18 is located on the loop In conclusion, we have proven that a hydrogen bond
connecting the third and fourffrstrands of the N-domain.  petween Aré? and GI72 supports the connection of two
Proline is the only residue that forces the peptidic backbone opposite halves of the ATP-binding pocket. Similarly, the
to adopt the cis conformation. Thus, its replacement by any conserved residue Pf8is substantial for the proper interac-
other amino acid probably results in the change of the mutualtion of the third and fourthg-strands, which both contain
position of the third and fourt/i-sheets. The thir-strand  residues that take part in ATP binding. Mutation of A8p
contains residues L§¥ and GIrt®2, while the fourth3-strand  syggested that TNP-ATP and ATP adopt different positions
contains the segment LY$ Ala>®. Proper mutual position  in the nucleotide-binding pocket. On the basis of the recently
of these residues is required for the effective ATP recogni- pyplished crystal structure, we improved our model and
tion. Thus, the Pr§® mutation affects the backbone forming computed the interaction of these two ligands with the
the ATP site rather indirectly, similarly to what was discussed N-domain. This model is in agreement with all previously
for Arg*>® and GId"?in the previous paragraph. reported spectroscopic data and revealed that4Aéprms
Mutation of Sef’” resulted in a moderate change of the a hydrogen bond with the 6-Ntgroup of the adenosine
dissociation constant for TNP-ATP binding, whereas ATP mojety of ATP, but not TNP-ATP.
binding was not affected at all (Table 1). Although this
residue is localized more than 4.1 A away from ATP, its ACKNOWLEDGMENT
closest distance from the Meissenheimer complex of TNP- o . .
ATP is only 2.5 A. We therefore must conclude that*@er We thank K. O. Hal+<ansson for providing the atomic
interacts with the trinitropheny! residue of the more bulky Ccoordinates of the NaK*-ATPase N-domain crystal struc-
TNP-ATP. ture.
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