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Abstract Homology modeling of the complete structure
of the large cytoplasmic loop between the fourth and
fifth transmembrane segments (H,~Hs loop) of the o
subunit of Nat/K+-ATPase is reported. The deduced ami-
no acid sequence shows high sequence identity and ho-
mology to the Ca?*-ATPase (32.8% identity and 53.3%
similarity in our alignment), whose tertiary structure has
been solved recently at 2.6-A resolution by X-ray crys-
tallography. This high homology allowed the construc-
tion of a model structure using the MODELLER pro-
gram. Refinement was achieved through interactive visu-
a and agorithmic analysis and minimization with the
TRIPOS force field included in the SYBYL/MAXIMIN2
module. The docking of ATP as a substrate into the
active site of the model was explored with the
AUTODOCK program followed by molecular mechan-
ics optimization of the most interesting complexes. Thus,
the docking of ATP into the resulting model of the
H,—Hs loop gave evidence for the existence of one ATP
binding site only. We were able to specify Cys>9, Phe>8,
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Introduction

Nat/K+-ATPase (EC 3.6.1.37) is an integra membrane
protein that transports sodium and potassium ions
against an electrochemical gradient. This enzyme con-
sists of two subunits, the catalytic a subunit with a mo-
lecular mass of about 112,000, which carries out all
transport and catalytic functions, and the associated [3
subunit, a glycoprotein with the molecular mass of
35,000 (neglecting the oligosaccharides). [1] Transport
of Na" and K* ions occurs by an oscillation of the en-
zyme between two major conformational states, the
E;Na* and the E,K*-conformations, which seem to be in-
timately connected to the E;ATP and E,ATP sites with
approximate K, values of 1 pM (E;ATP site) and 200 pM
(E,ATP site). [2] The high affinity E;ATP site (from
where the Na+ export starts by phosphorylation of the
Asp3® residue of the a subunit) and the low affinity
E,ATP site (which is involved in the K* import) seem to
interchange in their affinities during the transport pro-
cess. Contrary to the Albers—Post model assuming a con-
secutive change of a single ATP site [3, 4] on a single
(aB) protomer between E;ATP and E,ATP conforma-
tions, extensive kinetic analysis with various ATP ana-
logs [5, 6] as well as energy transfer measurements [7]
revealed that E;ATP and E,ATP conformers coexist dur-
ing catalysis and that both ATP binding sites cannot be
localized on the same a subunit. This favors the postu-
late that Nat/K+-ATPase may work as a functional (af),
diprotomer. Most of the information available localizes



the ATP binding site to the large cytoplasmic loop be-
tween the transmembrane helices H, and Hg (the H,—Hs
loop) [2]. The existence of two ATP-binding sites per
H,—H; loop or a subunit has been postulated. [8] A num-
ber of amino acid residues are thought to be involved in
ATP recognition and hydrolysis such as Glu#472, Lys?#0,
Glys02, Asp70, Asp?4 [9, 10, 11] as well as LysL,
Cys556, Lys’19 and Lys’66, [12] Site-directed mutagenesis
of Glu472 and Lys*0 suggests that interaction of the a
and 3 phosphate groups of ATP arrests the energy sub-
strate in a proper position prior to hydrolysis of the phos-
phate group. [11] Affinity labeling by ATP analogs re-
vedled that a cystein residue is involved in ATP binding
of Nat/K+-ATPase and Ca2*-ATPase of sarcoplasmic re-
ticulum. [13, 14, 15, 16] Cys™ has been identified to re-
side in the ATP binding site by labeling with dihydro-
4,4-diidothiocyanatostilbene-2,2"-disulfonate (H,DIDS).
[12] Affinity labeling at pH 7.4 of the E,ATP site by
erythrosin 5-isothiocyanate showed that loss of K*-phos-
phatase activity is most probably due to modification of
Cys9, [17]

P-type ATPases belong to the family of hydrolases
that are structurally typified by the L-2-haloacid dehalo-
genase. The amino acid homology suggests that the
phosphorylation domain adopts a Rossman fold. [18] Re-
cently the tertiary structure of Ca2*-ATPase, also a mem-
ber of the P-type ATPases, has been solved at 2.6-A res-
olution by X-ray crystalography and a single ATP bind-
ing pocket was identified [19].

To date several different groups have been able to
overexpress parts of the H,—Hs loop and to characterize
properties of its ATP sites. [20, 21] Gatto et a. [20] have
expressed the sequence Leus>—Leu’”* and showed that
the construct is able to bind nucleotide triphosphates.
Similar results were obtained in our laboratory using a
shorter sequence, Met38—|e784, [22] We now show that
there is evidence only for one ATP binding site per
H,—Hs loop construct and thus anticipate that our model
will serve as a tool to understand ATP binding on the
H,—H;s loop.

Methods
Choice of the templates and alignment

The choice of the templates was restricted to the Ca2*-
ATPase, whose tertiary structure has been solved recent-
ly at 2.6-A resolution by X-ray crystallography and for
which the PDB coordinates were available [19]. The
structure (1EUL) was extracted from the Brookhaven
Protein Data Bank [23] and loaded into SYBYL, [24]
where we extracted a shortened construct containing on-
ly the large cytoplasmic loop from Arg334 to Phe® with-
out any membrane parts of the protein.

The primary structure of pig-kidney Na*/K+-ATPase
[25, 26] from Leuss—L eu’’3 was aligned with the tem-
plate sequence by CLUSTALX. [27] The slow—accurate
mode with a gap opening penalty of 10 and a gap exten-
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sions penalty of 0.1 for the local alignment was used as
well as the Gonnet 250 protein weight matrix and hydro-
phobic penalties for the amino acids GPSNDQEKR. For
the global alignment a penalty of 9 has been employed
for gap opening and 0.2 for extension with the Gonnet
series. The regions from GIn3% to [1e#l” and Leu4%0 to
Arg#4 were not aligned satisfactorily with these parame-
ters. Thus, we have adjusted the alignment by hand using
the SwissPDBviewer alignment editor. [28] As a basis
for this manual adjustment we took a local alignment
performed with LALIGN [29] and the results of an
alignment together with secondary structures of several
ATPases by PHD. [30] An opening gap penaty of 14
and for the extension a penalty of 4 together with the
Blossum50 matrix were used for LALIGN.

Modeling

Three-dimensional models comprising all non-hydrogen
atoms were generated by the MODELLER4 package.
[31] Thisis based on a distance restraint algorithm, satis-
fying spatial constraints extracted from the alignment of
the known protein, which is the template structure, with
the target sequence [31, 32, 33, 34, 35] and from the
CHARMM-22 force-field. [36] The constraints for each
of the 15 features used to build 3D models of the loop
are listed in Table 1. These constraints are expressed as
probability density functions for the features to be re-
strained. The features are structural properties at residue
positions and relationships between residues including
solvent accessibility, secondary structure and hydrogen
bonding. These constraints, which determine stereo-
chemistry in the structures, combined with energy terms
are added up into an objective function. The 3D model
of aprotein is obtained by optimization of this molecular

Table1 Spatia constraints used to model the H,—Hs loop

Type of constraint na RMSP
1. Bond length (A) 3237  0.009
2. Bond angles (°) 4384 2.634
3. Stereochemical cosinetorsion (°)¢ 1918 51.519
4. Stereochemical improper torsion (°) ¢ 1271 1.187
5. Van der Waals contacts (A) 7417 0.003
6. C,—C, distances (A) 8100 0.476
7. Main chain N-O distances (A) 8240  0.450
8. Main chain Q dihedral angles (°) 419  3.872
9. Side-chain ¥, dihedral angles (°) 352 79.726

10. Side-chain X, dihedral angles (°) 259 75.744

11. Side-chain x5 dihedral angles (°) 111 74.159

12. Side-chain x, dihedral angles (°) 41  96.560

13. Side-chain-main-chain CH-CH distances (A) 3709  0.390

14. W/® pair of dihedral angles (°) 418 39.742

15. Side-chain-side-chain CH-CH distances (A) 1034  1.031

aNumber of constraints of a given type that were used to model
the loop

b Root mean square deviation between the actual and the most
likely values

¢ These dihedral angles constrain the planarity of peptide bonds
and rings as well asthe chirality of the chiral carbon atoms
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probability density function such that the model violates
the input restraints as little as possible. This optimization
procedure is done by the program using the variable tar-
get function method that applies the conjugate gradients
algorithm to positions of all non-hydrogen atoms. A bun-
die of five models from random generation of the start-
ing structure was calculated. It was shown that no signif-
icant improvement of the target function is obtained if
more models are calculated. [34] The representative
model was that with the lowest MODELLER target
function value (3016).

Model refinement

All models obtained were subjected to a short simulated
annealing refinement protocol availablein MODELLER.
For further model refinement of the representative mod-
el, the SYBYL package [24] was used. Hydrogen atoms
were added and the model of the generated structure was
minimized to convergence of the energy gradient of less
than 0.01 kcal mol-t A-1 using the TRIPOS force field
included in the SYBYL/MAXIMIN2 module. [25] The
minimization included electrostatic interactions based on
Gasteiger—Huckel partial charge distributions using a di-
electric constant with a distance-dependent function
£=4r and a non-bonded interaction cutoff of 8 A. [37, 38]

Structure validation

The geometry of the minimized structure was inspected
with the program PROSA. [39, 40] The method can be
used to identify misfolded structures as well as faulty
parts of structural models. PROSA calculates a score for
the modeled structure that indicates the quality of the
protein structure. A polyprotein was used for the Z score
calculation that comprises 230 proteins of known struc-
tures with a total length of about 50,000 residues. The
conformations of these proteins have a good stereochem-
istry and many features of native protein folds. The set
of conformations derived from the polyprotein represents
a sample of the conformation space of a given protein.
The amino acid sequences of the loop models were com-
bined with all conformations in the polyprotein and the
energies were calculated. The Z score is derived from the
resulting energy distributions.

Moreover, the method constructs an energy graph for
the energetic architecture of the protein folds as a func-
tion of the amino acid sequence position. These energy
graphs represent a detailed view of the energy distribu-
tions in protein folds from the residue interaction ener-
gies g;. The interaction energies g; (i, j=1,..., ) from the
energy matrix E of a conformation, where the sequence
length | corresponds to the dimension of the matrix.
From E the interaction energy e=2;; of a particular res-
iduei is derived. When g is plotted as a function of i, an
energy graph will result displaying the energy distribu-
tion of the sequence structure pair in terms of sequence

position. In this energy graph, positive values point to
strained sections of the chain and negative values corre-
spond to stable parts of the molecule.

Finally, the tertiary structure models were checked
with PROCHECK. [41] It produces a Ramachandran di-
agram and allows examination of various structural fea-
tures such as bond lengths and angles, secondary struc-
tures and exposure of residues to the solvent.

Docking procedure

The 3D structure of adenosine triphosphate was built us-
ing the Builder module in SYBYL and geometrically op-
timized using the TRIPOS force field. It was prepared as
MgATP with Gasteiger—Hiickel partial charges. To allow
flexibility of the ligand, all bonds, with the exception of
those fixed in rings, were assigned as rotatable with the
deftors program, included in AutoDock. [42] AutoDock
[42] is a program suite for automated docking of flexible
ligands to receptors. Initially the MgATP was placed in
arbitrary positions close to six amino acids belonging to
the probable binding sites published in the literature
(Cys¥7, [43] K480, [44] Glu*72, [11] K501, [12] Cys#9,
[17] Lys®9L, [45]). The positioning of the ligand in these
arbitrary sites was done with the DOCK module includ-
ed in SYBYL/MAXIMIN2 that calculates energies of in-
teraction based on steric contributions from the TRIPOS
force field and electrostatic contributions from any atom-
ic charges present in the ligand. AutoDock requires pre-
calculated grid maps, one of each atom type present in
the ligand being docked. A grid map consists of a 3D lat-
tice of regularly spaced points, centered on the region of
interest, the arbitrary position of the ligand. AutoGrid,
which is included in the AutoDock package, was used
with 120 grid points in each direction and a grid point
spacing of 0.2 A. Each point within the grid map stores
the potential energy experienced by a probe atom or
functional group due to all the atoms in the macromole-
cule. In addition to the atomic affinity grid maps, Auto-
Dock requires an electrostatic potential grid map, calcu-
lated by solvation of the linearized Poisson-Boltzmann
equation. For the explicit modeling of hydrogen bonds it
was necessary to add polar hydrogens and assign partial
atomic charges to the macromolecule. For the docking
the Lamarckian Genetic Algorithm (GA-LS), a hybrid
search technique that implements an adaptive global op-
timizer with local search [46] was used. The global
search method is a modified genetic algorithm, with
2-point crossover and random mutation. The genome
consists of floating point genes each of which encodes
one state variable describing the molecular position, ori-
entation and conformation. By setting the rate of genetic
crossover to zero, and increasing the rate of genetic mu-
tation, this hybrid genetic algorithm can mimic an evolu-
tionary programming method. The local search method
is based on the optimization algorithm of Solis and Wets,
[46] which modifies the phenotype. This is alowed to
update the genotype and utilizes the Lamarckian notion



that an adaptation of an individual to its environment can
be inherited by its offspring. Variances are used for prob-
abilistically determining the change to a particular state
variable. The relative magnitudes of translation and rota-
tion are also taken into account in these variances. The
exploration of docking positions included for every
arbitrary position 50 hybrid GA-L S docking runs using a
population size of 50, a maximum number of energy
evauations of 25,000, a maximum number of genera-
tions of 27,000 and 300 iterations of Solis and Wets' lo-
cal search. The resulting positions were clustered accord-
ing to an rms criterion of 1 A and the most energetically
favorable position of every cluster was analyzed visualy.
The selected docking positions were subjected to 2000
steps of steepest descent minimization, optimizing both
internal and relative geometries of the substrate and the
binding site residues.

Calculation of binding energies

The non-bonded interaction energy between the loop-
model and the ATP within the optimized complex was
calculated using the TRIPOS force field. This estimation
of real interaction energy neglects solvation and desolva-
tion effects.

Results and discussion
Sequence similarity and confidence in the alignment

The quality of the alignment can be seen as the most im-
portant step in homology modeling. Therefore, the de-
gree of similarity between the target sequence and the
template and the reliability of the alignment are the most
critical problems. These two problems are of course par-
tially interconnected, since the degree of similarity of
two structures decreases with the degree of sequence
identity. [47] In our case the pairwise identity with Ca2*-
ATPase was 32.8% and the similarity was 53.3%. Simi-
larity in this case included not only identical amino ac-
ids, but also indicated that amino acids of the stronger
groups were conserved. Stronger groups are: CSTA,
NEQK, NHQK, NDEQ, QHRK, MILF, HY, FYW. These
amino acids should conserve the structure and are
marked in the alignment with two stars. For such a de-
gree of similarity, alignment errors were possible. [48]
One basis of homology modeling is the assumption that
it is possible to define a unique optimal sequence-based
alignment that coincides with a structure-based align-
ment. Thisis not true in general because every alignment
program tries to maximize the number of alignable resi-
dues, although these residues might not be spatially su-
perposable. This limitation and source of error is intrin-
sic and should always be taken into account when esti-
mating the degree of confidence of a certain model. We
tried to minimize this error by adjusting the alignment by
hand when necessary, especialy taking into account the

187

regions of proposed functionally key residues. The align-
ment used for further modeling is shown in Fig.l. A
number of experiments with ATP analogs have shown
the existence of an SH group within the ATP binding site
[11, 13, 14, 15, 16] and indicated this cystein as Cys™°.
[17] Although the presence of a sulfhydryl group was
also shown in the ATP binding site of Ca?*-ATPase, [14]
both cysteins are in non-conserved regions and cannot be
properly aligned to each other.

Modeling and model validation

Energy minimization of a model is necessary in order to
relieve short contacts and to rectify bad geometry that
may be present in the model. Inconsistencies are particu-
larly possible in regions where aloop is melded with the
core of the protein. Despite an rmsd value of 0.74 A be-
tween the unminimized post-MODELLER structure and
the final model, there were a number of reasons to justify
this approach. The post-MODELLER model had several
amino acids not properly modeled, five were even in dis-
allowed regions of the Ramachandran plot, but especial-
ly there were shortcomings at side-chains. The correct-
ness of side-chains is necessary for further docking and
therefore a higher rmsd value has been accepted. In order
to have amore realistic model, it is desirable to take into
account the effect of the solvent. We have therefore cho-
sen a distance-dependent dielectric constant equal to 4r,
which was especially suitable for mimicking the solvent
environment in the inner part of the protein. The use of a
distant-dependent dielectric constant has become cus-
tomary in molecular mechanics protein computations to
account for the effect of the solvent implicitly. [49, 50,
51, 52] There are a number of reasons that justify this
approach. An explicit solvation by soaking the protein
with bulk water would be a computationally highly de-
manding method, which makes it unwieldy for medium-
sized proteins. [50]

The Ramachandran plot of the predicted structure cal-
culated with PROCHECK, shown in Fig.2, reveded a
good quality stereochemistry, as indicated by the torsion
angles ® and W. The &, W torsion angles of 73% of the
residues had values within the most favored areas and
24% of the residues had values within additionally al-
lowed regions of the Ramachandran plot. No residues
were found in disallowed regions. The overall g factor of
the structures obtained showed a value of —0.38. The g
factor should be above —0.5 and values below —1.0 may
need investigation.

The energy graph calculated with PROSA from the
modeled structure of the H,~Hs loop of the a subunit of
Nat/K*-ATPase is shown in Fig.3. In general, the energy
graphs of the observed sequence structure pairs have
negative values that correspond to stable parts of these
molecules. The Z score of this structure was —8.54. Z
scores indicate the quality of protein structures. The
scores of native folds are in a characteristic range and
they depend on the sequence length. For a sequence
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Fig. 1 Sequence alignment of the large cytoplasmic loop of the a
subunit of pig-kidney Na*/K+-ATPase with Ca2*-ATPase, whose
tertiary structure has been solved recently at 2.6-A resolution by
X-ray crystallography and for which the PDB coordinates were
available. [19] The structure (1EUL) was extracted from the
Brookhaven Protein Data Bank. [22] Sequences are colored on the
basis of an automatic calculated alignment consensus
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Fig. 2 Ramachandran plot of the predicted structure of the large
cytoplasmic loop of the a subunit of Nat/K+-ATPase. The good
stereochemical quality is shown by the presence of 73% of the res-
idues in the most favored regions. In red are shown the most fa-
vored regions, bright yellow are shown additionally allowed re-
gions and light yellow are shown generously allowed regions. Dis-
alowed regions are white. Glycin residues are shown as triangles

dede dedke o+ codkdes b sk s

s

L
[ 1

Energy
-
-
'-._?::-
=
"
L

—

#

=
1

i i i i i i
3% AlHE 450 Stk 50 AiHy L) Tk TE

Amino acid sequence

Fig. 3 Energy graph of the tertiary structure model of the large
cytoplasmic loop. The graph is smoothened by a window size of
50 residues. In this energy graph negative values correspond to
stable parts of the molecule

length of 420 amino acids, the value should be within a
range from —8 to —10. The Z score of our structure was
dlightly lower but still in very good agreement compared
with the X-ray structure of the large cytoplasmic loop of
Caz*-ATPase, which has a Z score of —9.55. The validity
of the model is supported by a negative energy graph and
the correlation of this energy graph with the template
structure. We can establish that the structure corresponds
to stable parts of this molecule.

Both the energy graph and the results from the
PROCHECK procedure support the principle correctness
of our model structure.



Fig. 4 The large cytoplasmic loop of the a subunit of Na*/K+-
ATPase consists of two well-separated domains. Domain P com-
prises the N-terminal and C-terminal ending and contains the
phosphorylation site. Domain N binds nuclectides, and has only
one binding site for ATP

Function and structure of the large cytoplasmic loop

The large cytoplasmic loop of the a subunit of Na/K+*-
ATPase consists of two well-separated domains (Fig.4).
The domain closer to the membrane contains the Asp369
residue of phosphorylation and therefore we call it do-
main P. This domain is composed of the N-terminal
part, which is connected to the fourth transmembrane
segment H, in the complete enzyme, and the C-terminal
part, which is connected to the fifth transmembrane seg-
ment Hg in the complete enzyme. These two parts form
atypical Rossman fold as predicted by sequence homol-
ogy, [18] and the secondary structure of this domain can
be divided into a seven-stranded parallel (3 sheet with
eight short associated helices (Fig.5). Asp3¢, the resi-
due of phosphorylation, is situated in the C-terminal end
of the central B strand. Thus, Asp3® is the residue of
phosphorylation as shown previously experimentally.
[53] This is a typical position for nucleotide-binding
proteins containing a Rossman fold, also observed with
the Ca2*-ATPase [19] and conserved in the alignment.
Around the residue of phosphorylation, we observe a
highly negatively charged surface that was accessible to
solvent (Fig. 5). The large haloacid dehal ogenase super-
family of hydrolases comprises P-type ATPases, phos-
phatases, epoxide hydrolases and L-2 haloacid dehalo-
genases. There are identified highly conserved motifs
playing a key role in phosphorylation in a multiple se-
gquence aignment of members of this family: [54]
Asp369, Lyst9l, Asprl0 and Asp4 (Fig.6). A mechanism
of ATPase and phosphate activity is proposed: [54] A
magnesium ion is coordinated by oxygen atoms from
the three Asp residues. One of the carboxylate oxygen
atoms of Asp3®9, mediated by the Mg2* ion, performs a
nucleophilic attack on the phosphorus atom of the termi-
nal phosphate of ATP. The ADP is cleaved off and an
acyl phosphate intermediate is formed. The other car-
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Fig. 5 Three-dimensional representation of the structure of the
large cytoplasmic loop of the o subunit of Nat/K*-ATPase from
Leus> to Leu’. The picture shows the phosphorylation site
Asp389, Lys®9t Asp’10 and Asp’i4 on the P-domain and the ATP
binding site comprising Cys®9, Phe>8, Glus05, Lys50l, GIn482,
Lys*0, Ser477, Phet7s and Glu#46 on the N-domain. Glu#72 is a part
of the structurally important 3 strand directly above the binding

pocket

boxylate oxygen could be held in position by the Mg2*
ion. In the next step, the acyl phosphate intermediate is
hydrolyzed by nucleophilic attack of a water molecule
on the phosphorus atom to yield phosphate and free en-
zyme. The positive charge of the Lys®! (Fig. 6) may be
involved in binding the terminal phosphate and supply
charge shielding of the negatively charged phosphate
group. In addition, it might also be involved in the acti-
vation of the attacking nucleophile and the stabilization
of the leaving group.

The second domain binds nucleotides and therefore
we call it domain N. It is larger than domain P and has
M,=24 K. This domain is formed by the middle part of
the loop sequence (roughly Arg378—Arg®89). Its secondary
structure showed a seven-stranded antiparallel [3 sheet
with two helix bundles sandwiching it. On this domain
Phe>48, GIud05, Lysh0l, GIn482, Lys#80, Serd?7, PheA’s and
Glu*46 formed a positively charged binding pocket to be
able to dock MgATP (Figs. 7 and 8). The attempts to
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Fig. 6 The negative charged cavity around the residue of phos-
phorylation Asp 3% on a Conolly-type surface, representing the
surface accessibility, with the electrostatic potential as a property.
Blue color stands for negative charged areas and red color for pos-
itive charged areas on the solvent accessible surface. The three

residues Lys®9, Asp70 and Asp”i4 playing probably a major role
in phosphorylation are highly conserved

Fig. 7 ATP docked into the positively charged binding pocket on
the N-domain. The ATP bound on the N-domain is located in a
distance about 25 A far from the phosphorylation site

dock MgATP into other binding sites proposed in the lit-
erature were not successful, although we had around ev-
ery arbitrary position a grid map with 24 A in every di-
rection. Our results thus support the hypothesis of only
one ATP binding site on each H,—H; loop of the a sub-
unit of Na*/K+-ATPase. However, the presence of anoth-
er binding site in a different conformation of the protein
cannot be excluded. Since entropy contributions are not
considered in the docking procedure, the calculated in-
teraction energies represented only an estimation of the
interaction enthal py. Nevertheless more negative interac-
tion energy should correlate with a higher affinity of the
ligand to the substrate. The calculated non-bonded inter-

Fig. 8 Phed8, Glud%, Lys0l, GIn%82, Lys*80, Ser477, Phet’s and
Glu#6 on the N-domain of the large cytoplasmic loop of the a
subunit of Nat/K+-ATPase are taking part in MgATP binding. The
magnesium ion, Mg?*, is coordinated to two phosphate oxygen at-
oms, one each from the y and 3 phosphates. Oxygen atoms from
the side-chain of Glus0 anchor the magnesium ion to the protein.
Glu#46 forms a hydrogen bond to the NH, hydrogen donor of the
adenine moiety of ATP. The side-chain of Glu#6 is stabilized by
hydrogen bonding with the Lys>! and GIn#82 side-chains

action energy AE of ATP with the H,—H; loop of the a
subunit of Nat/K+-ATPase was —156.9 kcal mol-1. The
K4 measured for MQATP on the native enzyme was for
the E; conformation 0.3 pM and for the E, conformation
120 pM. [55] Despite the fact that the calculated interac-
tion energy could hardly be compared directly with the
K4 values, we have obtained a strong binding of MgATP
and therefore our structure was probably in an E;-like
conformation. Almost all nucleotide triphosphate hydro-
lyzing enzymes require magnesium ions. Magnesium is
presumably required in these enzymes both for proper
positioning of the phosphate groups and for weakening
the P-O bond that is split during catalysis. A magnesium
ion, Mg?*, is coordinated to two phosphate oxygen at-
oms, one each from the y and 3 phosphates. Oxygen at-
oms from the side-chain of Glu% anchored the magne-
sium ion to the protein. The side-chain of Lys*0 that was
located in a short loop connecting the B strands, formed
an ion-pair interaction with the 3-phosphate group. The
aromatic ring of ATP was located near Phe*’s, which
seemed to be a critical residue for ATP binding. Residue
Glu#6 formed a hydrogen bond to the NH, hydrogen do-
nor of the adenine moiety of ATP. The side-chain of
Glu*6 was stabilized by hydrogen bonding with the
Lys®01 and GIn482 side-chains. Thus, Lys*! was located
in the depth of the binding pocket at a distance of around
5 A to the adenosine moiety, which also explains the in-
hibition of ATP binding by chemical modification of this
residue with fluorescein 5-isothiocyanate [56] (Fig.8).
Glu472, a structurally conserved amino acid in several
P-type ATPases which has been shown to be essential for
the enzyme activity of the sodium pump, [11] seems not



to interact during binding of ATP. However, as a part of
the structurally important 3 strand directly above the
binding pocket, it probably plays an important role in
phosphorylation, which has to be an extraordinarily dy-
namic process to overcome the distance of over 20 A be-
tween the binding pocket and the residue of phosphory-
lation. Cys™9, which has been shown by the use of eryth-
rosin 5-isothiocyanate to be part of the E,ATP site, [17]
lies in the binding pocket just beneath the solvent-acces-
sible surface behind Phe>8, and the sulfhydryl group is
accessible by induced fit.

Conclusion

On the basis of the recently solved tertiary structure of
Caz+-ATPase, the complete 3D structure of the large cy-
toplasmic loop between the fourth and fifth transmem-
brane segment (H,—Hs loop) of the a subunit of Nat/K+*-
ATPase, beginning with Lys3>* and ending with Lys’73,
was modeled using the method of restraint-based com-
parative modeling. Due to the relatively high degree of
homology of more than 50% with respect to the cyto-
plasmic loop of Ca2t-ATPase and the sufficient amount
of background information, contributed by different la-
beling techniques of certain residues and kinetic studies,
it was possible to create a model in which al amino ac-
ids were modeled convincingly. Molecular modeling of
protein structures is becoming of increasing importance
in predicting the folds of proteins for which homology
with known templates can be reliably identified. We
have shown that the ATP binding site and the phosphory-
lation site are located on two different, well-separated
domains, which together form the large cytoplasmic loop
(Fig. 4). For these domains we propose to use the fol-
lowing names: domain P comprises the N-termina and
C-terminal ending of the H,~Hs; loop and contains
Asp389, the residue of phosphorylation surrounded by a
highly negatively charged surface; and domain N, which
binds nucleotides. These names were recently proposed
by Toyoshima et al. [19] for the analogical loop of Ca?*-
ATPase and we consider it useful to have a common no-
menclature within the family of P-type ATPases. We
show that there is evidence for only one ATP binding
site on the N domain of the H,—Hs loop, and we were
able to specify Cys™9, Phe>8, Glud0s, Lysh0l, GIn4ez,
Lys*0, Ser47’, Phet’™> and Glu#6 as parts of the ATP
binding site with Lys>0! |ocated in the depth of the posi-
tively charged binding pocket. According to Linnertz et
a. [57] the microenvironment of the high affinity ATP
binding site is dlightly acidic, which correlates to the
positive charge in parts of the pocket of our model. Even
though we might still be far from replacing experimental
structure determinations with calculated model struc-
tures, we believe that the model presented hereis of gen-
eral validity and especially helpful for the expression of
shortened constructs and site-directed mutagenesis. At
this time we know neither the crystal structure of the so-
dium pump, nor the exact pumping mechanism. We thus
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believe that this calculated model of the large cytoplas-
mic loop is a valuable step towards the understanding of
the sodium pump and will be a source of inspiration for
further studies.

Supplementary material Model of the H,~Hs loop of
the a subunit of Na‘/K+-ATPase in PDB format
(H4H5loop.pdb)
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