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We report the solution NMR structures of the N-domain of
the Menkes protein (ATP7A) in the ATP-free and ATP-bound
forms. The structures consist of a twisted antiparallel six-
stranded (-sheet flanked by two pairs of a-helices. A protein
loop of 50 amino acids located between 33 and 34 is disordered
and mobile on the subnanosecond time scale. ATP binds with an
affinity constant of (1.2 = 0.1) X 10* M~ ' and exchanges with a
rate of the order of 1 x 10®> s~ !, The ATP-binding cavity is con-
siderably affected by the presence of the ligand, resulting in a
more compact conformation in the ATP-bound than in the
ATP-free form. This structural variation is due to the movement
of the al-a2 and 32-$3 loops, both of which are highly con-
served in copper(I)-transporting P;;-type ATPases. The present
structure reveals a characteristic binding mode of ATP within
the protein scaffold of the copper(I)-transporting Ps-type
ATPases with respect to the other P-type ATPases. In particular,
the binding cavity contains mainly hydrophobic aliphatic resi-
dues, which are involved in van der Waal’s interactions with the
adenine ring of ATP, and a Glu side chain, which forms a crucial
hydrogen bond to the amino group of ATP.

The Menkes protein (ATP7A or MNK) is a human P ;-type
ATPase that has a key role in the regulation of copper homeo-
stasis in a number of organs (1, 2). Like all the proteins belong-
ing to the P-type family, MNK uses the energy arising from ATP
hydrolysis to transport copper(I) across cell membranes (3). In
particular, MNK transfers the metal ion from the cytosol either
into the trans-Golgi network or into vesicles (4). In the former
case, the metal ion is subsequently incorporated into copper-
dependent enzymes within the secretory pathway. For example,
tyrosinase, peptidyl-amonooxygenase, and ceruloplasmin co-
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localize with copper(I)-transporting ATPases in the trans-
Golgi network and require the ATPase-mediated copper trans-
port for the formation of the holo-enzymes (5). Instead, the
copper(I) ions that are pumped into vesicles are subsequently
released into the extracellular environment, through the fusion
of the vesicles themselves with the cell membrane. This is the
mechanism by which the copper ions ingested with the diet can
cross the basolateral membrane of enterocytes (4). Mutations or
deletions in the gene encoding the MNK protein are associated
with a fatal childhood disorder, Menkes disease (6 —8). In Menkes
disease, MNK is not functioning, and copper export from the
enterocytes is impaired, resulting in copper accumulation in intes-
tinal cells and diminished copper transport to the blood and other
tissues (9). Elucidating the consequences of mutations on the
structure and function of MNK would help in a better understand-
ing of the molecular mechanism underlying Menkes disease.

All P-type ATPases are multi-domain membrane proteins,
sharing a basic core architecture (10). This comprises a hydro-
philic region protruding into the cytosol, which contains the
Actuator domain (A-domain) and the ATP-binding domain,
which in turn can be further separated into two smaller
domains named the phosphorylation domain (P-domain) and
the nucleotide-binding domain (N-domain). Another region
common to all P-ATPases consists of a number of transmem-
brane helices involved in the formation of an intramembranous
channel whose organization leads to the definition of five
P-type groups, which are referred to as type I-V (11). Within
these groups a number of different subtypes can be distin-
guished. Copper(I)-transporting ATPases belong to the P-
(sub)type. In addition to the core structure, their distinguishing
feature is the presence of a long N-terminal tail, which contains
avariable (between one and six) number of 70-amino acid inde-
pendently folded domains (12, 13), each of them binding a sin-
gle copper(I) ion through two cysteines (14).

P,;-ATPases share a common catalytic mechanism with the
other P-ATPases (15). A central feature of the catalytic cycle is
the formation of a transient acyl-phosphate intermediate upon
ATP hydrolysis. This reaction takes place at an invariant aspar-
tate residue in the highly conserved DKTG sequence located in
the P-domain. The intermediate is then dephosphorylated by
the invariant TGE sequence of the actuator domain (A-do-
main). The P- and A-domains are overall the most conserved in
sequence within all of the P-type ATPases (15). The N-domain,
which is the object of the present study, also plays a crucial role
with respect to the enzymatic activity, because it is involved in
ATP binding. However, the N-domain of P;z-ATPases shares
little sequence similarity to the corresponding domains of other
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P-type ATPases. The structures of the isolated ATP-binding
domain of CopA from Archaeoglobus fulgidus in the ATP-free
form (16) and complexed with an ATP analogue molecule
(AMPPCP)? (17) and the structure of the N-domain of the
human Wilson protein (ATP7B or WLN) (18) in the ATP-
bound form are available. In the present work we report the
solution structure of both the ATP-free and ATP-bound forms
of the N-domain of the human MNK protein. Their compari-
son provides a detailed analysis of the conformational changes
that the N-domain undergoes upon nucleotide binding, which
is a crucial requisite for the thorough understanding of the
enzymatic cycle of P;z-ATPases.

MATERIALS AND METHODS

Preparation of Protein Samples—The DNA segment encod-
ing the N-domain of the MNK protein (hereafter N-MNK),
corresponding to amino acids 1051-1231 of ATP7A, was
amplified via PCR from human ¢cDNA and cloned in the gate-
way entry vector pPENTR/TEV/p-TOPO (Invitrogen) to include
the TEV protease cleavage site at the N-terminal end. This seg-
ment was then subcloned into pETG-30A (EMBL-Heidelberg)
through the gateway recombination reaction, yielding a plas-
mid expressing the protein fused with glutathione S-transferase
and a His tag at the N terminus. After cleavage of the tag, five
amino acids from the restriction site were left at the N terminus
of the protein. The plasmids were then transformed in Esche-
richia coli strain BL21(DE3) Rosetta2 (EMD Bioscience) for
protein expression. Protein expression was induced with 0.5
mM isopropyl B-p-thiogalactopyranoside, and the cells were
grown at 37 °C for 4 h in minimal medium cultures. For isotope
enrichment, (*>NH,),SO, and ['*C]glucose were used. The two
proteins were purified by using a HisTrap chelating FF column
(GE Healthcare). After this, the His tag was cleaved with
AcTEV protease (Invitrogen). The mixture derived from the
cleavage step was then applied on a 16/60 Superdex75 size
exclusion column. This allowed a complete separation of the
cleaved protein from the N-terminal tag. The protein purity
was checked by SDS-PAGE and matrix-assisted laser desorp-
tion ionization time-of-flight mass spectra. The typical yield
was 20 mg of pure protein/liter of culture. Because of the pres-
ence of five cysteine residues in the N-domain, the samples
were reduced with excess of dithiothreitol in an inert atmo-
sphere chamber (Coy Lab) prior to exchange in the final buffer.
NMR samples contained between 0.8 and 1.5 mM protein in 50
mM phosphate buffer at pH 7.0 and 2 mm dithiothreitol.
Dynamic Light Scattering analysis confirmed that the protein
was monomeric under these conditions. For the preparation of
the ATP-bound form of the protein, 3 equivalents of ATP diso-
dium salt (Sigma) were added to the ATP-free N-domain.

NMR Spectroscopy and Structure Determination—NMR
spectra were acquired at 298 K on Avance 900, 700, and 500
Bruker spectrometers equipped with triple resonance cryo-
probes. The NMR experiments used for the assignment of the
backbone and side chain resonances of N-MNK are summa-

3 The abbreviations used are: AMPPCP, adenosine 5'-(3,y-methylene)triphos-
phate; NOE, nuclear Overhauser effect; HSQC, heteronuclear single quan-
tum coherence; RMSD, root mean square deviation.
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rized in supplemental Table S1. The assigned backbone and
side chain peaks of both ATP-free and ATP-bound N-MNK are
reported in supplemental Tables S2 and S3. Backbone dihedral
angle constraints were derived from °N, *C’, "*Caq, '>Cg, and
Ha chemical shifts, using TALOS (19). Distance constraints for
structure determination were obtained from '°N-edited and
13C-edited three-dimensional NOE spectroscopy-HSQC spec-
tra. Additional distance constraints between the ATP molecule
and the N-MNK were extracted from a two-dimensional **C-
filtered NOE spectroscopy spectrum (20). One-bond 'H-'°N
dipolar couplings were measured for both the ATP-free and
ATP-bound forms on samples containing 11 mg/ml of filamen-
tous bacteriophage Pf1 strain LP11-92 isolated from wild type
Pseudomonas aeruginosa (ASLA, Ltd., Riga, Latvia) at 800 and
900 MHz, respectively, by using the in-phase/anti-phase
method (21).

All of the restraints used for structure calculation (upper dis-
tance limits, ¢ and ¢ backbone dihedral angles, and residual dipo-
lar couplings) are reported in supplemental Tables S14-and S5. The
residual dipolar coupling values were measured for amide signals
not overlapped in the >N HSQC spectra (supplemental Fig. S1).
For residual dipolar coupling restraints, the x tensor parameters
were obtained with FANTAORIENT, and they were optimized
through iterative cycles of PSEUDOCYANA until convergence
(22). For structure calculations, 500 random conformers were
annealed in 13,000 steps using the program CYANA-2.1 (23).

The 20 conformers with the lowest residual target function
values for both ATP-free and ATP-bound N-MNK domains
were subjected to restrained energy minimization with AMBER
10.0 package in explicit water solvent (24). We evaluated the
quality of the structures using the PROCHECK NMR (25),
WHATTIF (26), and PSVS (27) programs for both the ATP-free
and ATP-bound forms of N-MNK. The data are summarized in
supplemental Tables S4 and S5. The program MOLMOL (28)
was used for visualizing the structures.

Acquisition and Analysis of NMR Heteronuclear Relaxation
Data—"°N longitudinal and traverse relaxation rates (29) and
>N (*H)-NOEs (30) were recorded at 298 K and at 500 MHz at
a protein concentration of 1.2 mMm. R; and R, relaxation rates
were obtained by fitting the cross-peak volumes, measured as a
function of the relaxation delays, to a single exponential decay
as described in the literature (31). Heteronuclear NOE values
were calculated as the ratio of peak volumes in spectra recorded
with and without 'H saturation. In all experiments the water
signal was suppressed with the “water flipback” scheme (30).
The relaxation data (R,, R,, and *>N(*H)-NOEs) were analyzed
according to the model-free approach of Lipari and Szabo (32,
33), using the program TENSOR?2 (34) (supplemental Fig. S2).

Calorimetry—Isothermal Titration Microcalorimetry exper-
iments were performed at 298 K with a VP-ITC microcalorim-
eter (MicroCal, Inc., Northampton, MA). After an initial injec-
tion of 1 ul, aliquots of 10 ul of 5.9 mm ATP were stepwise
injected into the sample cell containing a 115 um solution of
ATP-free N-MNK until complete saturation. We performed all
of the experiments in 50 mM phosphate buffer at pH 7.0. The
heats of dilution were measured by injecting the ligand into
buffer and then subtracted from the binding heats. The ther-
modynamic parameters and affinity constant values were cal-
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FIGURE 1. Solution structures of ATP-bound N-MNK (A) and ATP-free N-MNK (B). The average backbone
RMSD between ATP-free and ATP-bound N-MNK domains is of 1.01 A. The secondary structure elements
comprise residues 1054-1061 (81), 1070-1081 («1), 1090-1100 («2), 1108-1114(B2),1118-1124(33),1178 -
1183 (B4),1186-1190 (a3), 1197-1209 (@4), 1212-1218 (B5), and 1221-1230 (B6) for ATP-bound N-MNK and
residues 1054-1061 (1), 1070-1080 («1), 1087-1100 («2), 1110-1114(B82),1118-1123 (B3), 1178-1183 (B4),
1186-1191 (a3), 1197-1209 (@4), 1212-1218 (B5), and 1221-1230 (B6) for ATP-free N-MNK, respectively. Top
panels, the radius of the tubes is proportional to the backbone RMSD of each residue. The unstructured loop
was omitted for simplicity. Bottom panel, the backbone traces for the twenty lowest energy conformers are

superimposed. The unstructured loop is shown in blue.

culated, fitting data to a single binding site model with ORIGIN
7.0 software (Microcal, Inc.).

RESULTS

The Solution Structures of ATP-free and ATP-bound N-MNK—
We overexpressed the soluble nucleotide-binding domain of
the human MNK protein (N-MNK) and determined the solu-
tion structures of its ATP-free and ATP-bound forms using
multidimensional NMR spectroscopy. Their "H-'>N HSQC
spectra showed well dispersed amide signals for both forms
(supplemental Fig. S3). Only the peaks of the stretch 1125-1176
clustered in the random coil region. '°N relaxation data for
these residues featured negative >°N-"H NOE values, indicating
that they experienced dynamics on the subnanosecond time
scale, as commonly observed for amino acids in random coil
conformation (supplemental Fig. S2).

The final bundles of 20 conformers of N-MNK in the two
forms have, after energy minimization in explicit solvent, aver-
age target functions of 1.17 = 0.19 and 1.53 + 0.21 A2 (CYANA
units) (23) and average backbone RMSD values (to the mean
structure) of 0.86 = 0.15 and 0.77 = 0.08 A (over residues
1057-1124 and 1177-1230), respectively. The region 1125—
1176, which constitutes a long loop between strands 83 and 34,
is disordered in both structures consistently with the lack of
long range NOEs involving these residues and with its afore-
mentioned dynamics.

The solution structures of ATP-free and ATP-bound
N-MNK (Fig. 1) consist of a twisted six-stranded, antiparallel
B-sheet, flanked by two pairs of a-helices, one on the concave
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side of the sheet (a1 and a2) and the
other on the convex one (a3 and a4;
Fig. 1). Helices a1 and o4 are tightly
packed against the two sides of the
B-sheet and, together with it, form
the hydrophobic core of the protein.
The orientation and position of
helix a2 within the protein struc-
ture is determined by its hydropho-
bic contacts with residues of helix
al, specifically involving the ali-
phatic side chains of Leu'"%
Ala'®”®, and Val*®”” (a1) and I1e'?°?
Tyr'°%, and Leu''*® (a2). Helix a3
is constituted by five amino acids; its
orientation within the protein
structure is defined by the hydro-
phobic contacts formed by the two
most N-terminal residues (Trp''®’
and Met''®®) and the B-sheet.

The Structural Features of the
ATP-binding Site of N-MNK—OQOur
ITC data (Fig. 2) could be fitted well
to a model assuming a single bind-
ing site, with an affinity constant of
(1.2 = 0.1) X 10* m~ L. This value is
very similar to the value (~1.4 X 10*
M~ 1) reported for N-WLN (18). The
position of the ATP molecule within
the N-MNK-binding site was defined through an NMR charac-
terization in solution. The addition of increasing amounts of
ATP to N-MNK, either '*N- or '°N-'3C-labeled, up to a
N-MNK:ATP ratio of 1:3, induced chemical shift changes (Fig.
3) that were monitored for the backbone amide groups through
'H-'"N HSQC spectra. The chemical shift changes increased
upon increasing ATP concentration, indicating that ATP binds
to the protein. The ATP-bound and ATP-free forms of the pro-
tein exchanged with one another with a rate fast with respect to
the resonance frequency differences in the two species. For a
few signals, experiencing the largest changes in chemical shift
upon ATP binding, we observed an intermediate exchange
regime. The available data allowed us to set the exchange rate
between the two forms in the range between 5 X 10® and 3 X
10% s~ ". The chemical shift changes are mapped on the protein
surface in Fig. 44. The ATP-binding site comprises residues
located in the loops between helices al and &2 (hereafter
referred to as the al-a2 loop), between strands 82 and B3
(B2-B3loop), some residues in strands B4 and B5, and also a few
residues in the N- and C-terminal regions (Fig. 3).

We obtained 32 ATP/N-MNK NOEs (supplemental Table
S6) from the analysis of the spectra acquired on protein samples
where the N-MNK:ATP molar ratio was 1:3. An extensive net-
work of NOEs between the H2 and H8 adenine protons of ATP
and the protein residues indicated a single conformation for the
base ring of bound ATP. The NOEs between the H2 proton and
residues Ile’*'® and Ile''®* and between the H8 proton and res-
idues His'*®®, Pro'®®’, Leu'°®®, and Gly'°*° defined the orienta-
tion of the ring. We observed a lower number of restraints
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FIGURE 2. ATP binding by N-MNK. Top panel, raw ITC data demonstrating
saturable exothermic evolution of heat upon sequential additions of ATP to
N-MNK. Bottom panel, normalized ITC data for ATP titration plotted versus the
molar ratio of nucleotide/N-MNK.

between the ATP ribose protons and the protein resonances. In
particular, NOEs were detected between the ribose and the side
chains of Leu'°®® and Asn''®* and with the amide proton of
Gly1116.

The adenine ring of ATP is located in a hydrophobic cavity
formed by His'®®®, Pro'®®’, Leu'*®®, Gly'%®°, (al-a2 loop),
lle'''® (B3), lle''®* (B4), Val'*'* (B5), and Ile'>*® (B6) (Fig. 5A).
At the bottom of this cavity, the charged side chain of Glu'*®!
forms a hydrogen bond (in the majority of the conformers of the
bundle) with the NH,, group of the ATP adenine ring. All of the
aforementioned amino acids are conserved in copper-trans-
porting P;5-type ATPases (Fig. 6). The ATP ribose ring is par-
tially exposed with the H1' proton being more buried within
the protein structure, whereas the H5" and H5” protons are the
most exposed. Finally, the y-phosphate group protrudes into
the solvent (Fig. 5). This is consistent with its subsequent trans-
fer to the invariant Asp residue of the DKTG motif of the P-do-
main during the catalytic cycle, from the E1 to the E1P state of
the enzyme (35). The present structural features are in agree-
ment with previously reported titrations of the N-domain of the
homologous human copper(I)-transporting Wilson ATPase
(N-WLN) with ATP, ADP, or AMP (18, 36), which suggested
that there is very little or no interaction of the y-phosphate
group with the protein.
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FIGURE 3. Combined chemical shift variations of signals between ATP-free
N-MNK and ATP-free N-MNK in the presence of 3.0 equivalents of ATP.
Empty columns correspond to residues whose backbone experienced significant
structural changes upon ATP binding; these residues are shown in red/pinkin Fig.
5B. Combined chemical shift variations are calculated from the experimental 'H
and >N chemical shift changes (A8('H) and A8(**N), respectively) between cor-
responding peaks in the two forms, through the following equation (43),

1200 1220

1 2 ! 15 2
/<A8< H)? + 5£(A3(°N))

Agombined — . The missing assignment for residue

2
lle'""® of the ATP-free N-MNK prevented the determination of its chemical shifts
perturbations. The position of secondary structure elements is shown.

1119

CpB-Leu1088 Cp-Leu1088

CB-Asn1184 Cp-Asn1184
Ca-Gly1116 Ca-Gly1116

FIGURE 4. Chemical shift mapping of the surface of N-MNK. A, mapping of
chemical shift changes on the molecular surface of the ATP-bound N-MNK
domain. B, molecular surface of ATP-free N-MNK domain. The CB atoms of
Leu'?® and Asn''8* and the Car atom of Gly'""® are shown as gray spheres. Dis-
tances between such atoms are also indicated. The unstructured loop was omit-
ted for simplicity.

Fig. 5B shows an overlay of the ATP-free and ATP-bound
N-MNK structures where regions experiencing meaningful
differences, i.e. outside the uncertainty of the two bundles,
are colored in pink and red, respectively. The effect of ATP
binding was already evident from chemical shift variation
data (Fig. 3). All of the residues experiencing structural rear-
rangement of their backbone indeed featured appreciable
combined chemical shift changes. The backbone conforma-
tion of residues 1214 —1215, whose amide signals had varia-
tions larger than 0.2 ppm (Fig. 3), was not affected by ATP
binding, whereas the side chains of these residues were rear-
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disorder in ATP-free N-MNK,
whereas it is more ordered in the

ATP-bound form. In ATP-free
. N-MNK, His'?®¢, whose mutation
\ / / . to GIln in the ATP7B protein

causes Wilson disease, has RMSD
values of 1.4 and 2.2 A, for back-
bone and side chain atoms, respec-
tively, whereas these values drop
to 0.5 and 0.8 A in the ATP-bound
form. Indeed, the imidazole ring of
His'?®%¢ interacts with the adenine
moiety of ATP. Also the SNH,
group of Asn'°®?, which experi-

Leu1088
Gly1089

lle1228

ences a large chemical shift varia-
tion upon ATP binding, is more
ordered in the ATP-bound form
(side chain RMSD of 0.71 A for
the ATP-bound form and 2.16 A
for the ATP-free form) because of
contacts with the side chains of
Cys''°® and Ile*'°° both located in
strand B2. Such interactions are
absent in ATP-free N-MNK
structure.

On the side of the adenine ring
H2 proton (Fig. 5B), the ATP-pro-

lle1119  Gly1118

FIGURE 5. ATP-binding mode of N-MNK. A, the structure of ATP-bound N-MNK showing the side chains of
in yellow, which are in contact with the ATP molecule. The
unstructured loop was omitted for simplicity. In the zoom on the ATP-binding cavity, the amino acids are
labeled. B, overlay of the structures of ATP-free (pink) and ATP-bound (red) N-MNK, highlighting the regions of

hydrophobic amino acids in blue and of Glu'%®’

structural variation.

B1 al a2
1051 HGTPVVNQVKVLTESNRISHHKILAIVGTAESNSEHPLGTAITKYCKQELDTETLGTCIDFQVVEGCGIS 1120

1034 HGVPRVMRVLLLGDVATLPLRKVLAVVGTAEASSEHPLGVAVTKYCKEELGTETLGYCTDFQAVPGCGIG 1103
CopA 431 KGKPEVTDLVPLNGD----ERELLRLAATAERRSEHPIAEATVKKALE-HGIE-LGEPEKVEVIAGEGVY 494

MNK
WND

%]
=) @D
MNK

WND
CopA 495 A—————-————————————

a.s ad g5 g6
MNK 1191 NGLVINNDVNDFMTEHERKGRTAVLVAVDDELCGLIAIADT 1231

WND 1157 NGLTISSDVSDAMTDHEMKGQTAI LVAIDGVLCGMIAIADA 1197
CopA 509 FGVAVSNEVELALEKLEREAKTAVIVARNGRVEGIIAVSDT 549

FIGURE 6. Alignment of the sequences of the N-domains of the MNK, WLN, and A. fulgidus CopA ATPases.
The position of secondary structure elements is shown. Conserved residues are shaded.

ranged. The al-a2 loop and the N-terminal region of helix
a2 undergo the largest conformational changes upon ATP
binding. The establishment of tight contacts between the
side chain of Leu'°®*® and the ATP adenine ring induces con-
formational changes in the backbone of the al-a2 loop that
are instrumental to allow the ATP molecule to bind inside
the cavity. The stretch SEHP (residues 1084 —-1087) of this
loop, fully conserved in all organisms, has conformation
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al—-a2 loop

1121 CKVTNIEGLLHKNNWNIEDNNIKNASLVQIDASNEQSSTSSSMIIDAQISNALNAQQYKVLIGNREWMIR 1190
1104 CKVSNVEGILAHS-----—---—--— ERPLSAPASHLNEAGSLPAEKDAVP---—--— QTFSVLIGNREWLRR 1156

—————— DGILVGNKRLMED 508

tein interaction further involves res-
idues located in the 32-B3 loop, the
N-terminal region of strand 33, and
the C terminus of strand 4. The
backbone chemical shifts of the res-
idues located in these regions, espe-
cially the invariant Gly'''® and
Gly'"'8, are indeed affected by the
interaction with the ATP molecule
(Fig. 3). Furthermore, the NH,
group of Asn''®% located at the C
terminus of strand (4, also shows
meaningful chemical shift variation
upon ATP binding and a number of
contacts, which are absent in the
spectra of ATP-free N-MNK. In the
ATP-bound structure its side chain
is oriented toward the ribose group
of the ATP molecule, whereas it is
solvent-exposed in the free form.
The size of the ATP-binding cav-
ity is considerably affected by the
presence of the nucleotide mole-
cule, resulting in a more open conformation in the ATP-free
form than in the ATP-bound state. In the ATP-free structure
the CB of Leu'*®® is 14.1 = 2.0 and 14.5 = 1.6 A away from
the Ca of Gly'''® and the CB of Asn''®*, respectively (Fig.
4B), whereas these distances are significantly smaller in
ATP-bound N-MNK (9.8 + 1.6 and 10.6 = 1.3 A) (Fig. 4A).
The decrease in size of the adenine ring binding cavity,
caused by the movement of both the al-a2 and 82-83 loops,

B2—B3 loop
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g
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FIGURE 7. Comparison of the structures of various copper(l)-transporting ATPases. ATP-bound N-MNK (A)
is compared with the structures of ATP-bound N-WLN (18) (B) and of the ATP-bound PN-domains of A. fulgidus
CopA (17) (C). The common core of the N-domain is in dark gray in all panels. The unstructured loop of N-MNK
and N-WLN, which is absent in CopA, and the P-domain in the structure of A. fulgidus CopA are in light gray. The
structures in the three panels were superimposed by best fitting the coordinates of the backbone atoms of the
corresponding residues in the alignment of Fig. 6. Only residues involved in secondary structure elements were
taken into account. For clarity, the structures have been translated horizontally after superimposition. C-term,

C-terminal; N-term, N-terminal.
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FIGURE 8. Comparison of the ATP-bound structure of N-MNK and of the
N-domain of AMPPCP-bound A. fulgidus CopA showing in detail the pro-
tein-substrate interactions. A, superimposition of the overall structures of
the N-domain of CopA (molecule A in 3A1C, red) and N-MNK (green). The
substrates are shown as sticks. The unstructured loop of N-MNK was omitted
for simplicity. Details of the nucleotide-binding regions are shown in B for
N-MNK and in C for CopA.

allows the structure of ATP-bound N-MNK to tightly pack
around the ATP molecule.

DISCUSSION

The fold of N-MNK structure is close to that of the corre-
sponding N-WLN domain, which was solved by NMR (Protein
Data Bank code 2ARF (18)), and of CopA from A. fulgidus,
which was solved by x-ray (Protein Data Bank codes 2B8E (16),
3A1C,and 3A1D (17)). The structures of CopA contain also the
P-domain. The backbone RMSD values with respect to the
above structures are, respectively, 3.5 and 2.0 A (values calcu-
lated with respect to ATP-free N-MNK). The sequence identity
of N-MNK to the same domain of the two other proteins is 51
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and 22%, respectively (Fig. 6). Nota-
bly, the CopA N-domain lacks the
long unstructured loop involving
residues 1125-1176 of N-MNK.
Indeed this loop is present only in
higher eukaryotes, suggesting that it
could play a functional role distinct
from the catalytic cycle. This sol-
vent-exposed loop is rich in hydro-
phobic residues and thus might be
involved in interdomain or inter-
molecular interactions, or both.

As shown in Fig. 7, the B-strands
of the three structures could be
superimposed well, whereas the rel-
ative orientation of the a-helices is
variable. In particular, in the
N-WLN domain the relative orien-
tation of helices a1 and a2 and of helices &3 and o4 differ from
that observed for the same pairs of helices in N-MNK and in
the N-domain of CopA. The packing of the helices against the
B-sheet is also different in N-WLN with respect to that of the
other two proteins. These differences are not related to the fact
that the N-WLN structure is in the ATP-bound form, because
the present data on N-MNK and those reported for the AMP-
PCP-free and -bound forms of CopA (16, 17) show that the
relative orientation of the helices is not affected by substrate
binding. The helices in N-WLN have a different orientation
with respect to those in the present N-MNK structure despite
the high sequence similarity of the two proteins. The packing
quality of the ordered residues (as automatically defined by the
PSVS server (27)) in the two structures shows a significantly
better packing for the present one; in particular, the clash score
for the N-WLN structure is very poor (Molprobity (37) Z-score
around —9.0 versus +1.0 for the present structure), indicating a
number of bad van der Waal’s contacts. All of the various qual-
ity parameters computed by the software validation tools are
somewhat better for the present structure and in line with the
average values obtained for high quality x-ray structures. When
comparing N-MNK and CopA (Fig. 7), the largest variation is in
the orientation of the al-a2 pair with respect to the 3-sheet,
which is partly justified by the fact that the human protein con-
tains a four-amino acid insertion in the loop between strand 81
and helix al.

In the structure of CopA in complex with the AMPPCP mol-
ecule (17), the protein-substrate interactions involve the same
regions as found in N-MNK («a1-&2 and 82-83 loops) (Fig. 8).
The orientation of the AMPPCP within the protein scaffold is
slightly different with respect to N-MNK. In particular, the ade-
nine ring of the AMPPCP molecule lies against the 3-sheet, and
both the N, and the Ny atom of the amino group are in a posi-
tion allowing the formation of hydrogen bonds with the side
chain of Glu**” (CopA numbering). Instead, only one hydrogen
bond involving the amino group is present in N-MNK. In the
bacterial protein, the N_, atom of the imidazole ring of His***
(His'*®¢ in N-MNK numbering) forms hydrogen bonds with
the aand 3 phosphates of the AMPPCP molecule (Fig. 8C). The
resonance of the H_, proton of the His'*®® ring was not observ-
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able in the NMR spectra of ATP-bound N-MNK, thus prevent-
ing us from observing the aforementioned hydrogen bond. The
position of His*®? is defined also by van der Waal’s interactions
between its side chain and the adjacent proline residue (Pro*®*
in CopA numbering corresponding to Pro'®®” in N-MNK). In
turn, the latter amino acid is in van der Waal’s contact with the
side chain of Thr**® of the P-domain. The absence of this
domain in the present structure can be responsible for the dif-
ferent orientation, within the binding cavity, of the fully con-
served His'°®® (Fig. 8B). Unfortunately, it is not possible to
perform a comparison of the binding mode of ATP also with
ATP-bound N-WLN, as the deposited 2ARF structure does not
contain the coordinates for the ATP molecule.

The global fold of the N-domains of copper-transporting
ATPases is shared by the corresponding domains of other
P-type ATPases, such as the mammalian SERCA calcium-
transporting ATPase (Protein Data Bank codes 1IWO, 1SU4,
and 1VEP (38, 39)), the mammalian Na*,K*-ATPase (Protein
Data Bank code 1IMO8 (40)) and the bacterial Kdp-ATPase
(Protein Data Bank code 2A00 (41)), despite their low sequence
similarity. However, there are notable variations in the way
each of these domains binds ATP. In the bacterial Kdp-ATPase,
the crucial protein-ATP interactions involve hydrogen bonding
of the adenine NH,, group to the side chain of Asp®*, a 77
stacking interaction between the adenine ring and Phe®”” and a
m-cation interaction between the adenine ring and the side
chain of conserved Lys®*® (41). In the N-domain of rat Na*,K* -
ATPase, the amino protons of the base form a hydrogen bond to
the Oe€l atom of GIn*®?, whereas the adenine ring is again
involved in a -7 stacking interaction with Phe®”® (40). Simi-
larly, in the SERCA complex with an ATP analogue, the sub-
strate molecule forms a hydrogen bond with Glu*** and a 77
stacking interaction with Phe*®” (38). At the rim of the ATP-
binding cavity, there are positively charged amino acids whose
side chains interact with the phosphate groups. However, these
interactions with the N-domain appear to be relatively loose.
Indeed the N-domain of Kdp-ATPase, similarly to the N-WLN
protein as already mentioned (36), does not discriminate
between AMP, ADP, and ATP, indicating that the energetics of
the phosphate-protein interactions is modest (41). In the 1VFP
structure of the full-length SERCA protein, the y-phosphate
group of the bound ATP analogue interacts with the P-domain
(38). The substrate therefore acts as a bridge between the N-
and P-domains. In the present structure, the amino group of
ATP forms a hydrogen bond with Glu'®®', which is three amino
acids before the Asp>** of Kdp-ATPase, and it is located at the C
terminus of helix a1, whereas Asp*** is located in the al-a2
loop. Moreover, in the binding pocket there are neither an aro-
matic residue to form - stacking interactions nor a positively
charged residue to give rise to 7-cation interactions. These are
replaced by an extensive ensemble of hydrophobic interactions
(Fig. 5). We can speculate that the formation of the hydrogen
bond is somehow “mandatory” as the amino group of the ade-
nine ring becomes fully buried upon binding. At the same time,
this very specific interaction may be instrumental to orient the
ring within the cavity, because the other interactions appear in
the present structure to be less specific. Finally, at the level of
the entire protein backbone, the rearrangements that we
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observed in N-MNK upon ATP binding are similar to those
reported for the N-domain Kdp-ATPase (41), involving
the same loop regions (Fig. 5), and instead differ from those
reported for the N-domain of Na™,K*-ATPase (40), where a
rearrangement of the -sheet structure occurs.

In summary, the comparison of the solution structures of
ATP-free and ATP-bound N-MNK provides interesting
insights in the ATP-binding mode that is presumably general to
all eukaryotic copper(I)-transporting ATPases. In particular,
the ATP-protein interactions comprise a hydrogen bond
between a carboxylate group (that of Glu'®®! in the case of
N-MNK) and the amino group of the adenine ring, an interac-
tion that is common to the other structurally characterized
N-domains but features a network of hydrophobic interactions
instead of the commonly observed -7 stacking interaction
with an aromatic side chain, present in the other P-type
ATPases (40—42). This is in agreement with very recent data
on a bacterial homologue of MNK, that is A. fulgidus CopA (17).
At a global level, the backbone rearrangements observed are
small and mainly limited to two loops in the vicinity of the ATP
molecule. In line with this, the N-MNK protein dynamics is also
affected only atalocal level, i.e. for a few amino acids and amino
acidic side chains within the binding pocket. It therefore
appears that the atomic level mechanism of ATP binding by the
various members of the broad family of P-type ATPases fea-
tures a mixture of common and subfamily specific behavior.
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