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P-type ATPases are membrane-embedded ion pumps that are
present in all animal cells. ATPases utilize the energy released
from adenosine triphosphate (ATP) hydrolysis to drive the
vectorial transport of ions. Na,K-ATPase (NKA) contributes
to the maintenance of cellular potentials by actively exchang-
ing intracellular Na+ for K+ ions; this exchange is facilitated
by two enzyme conformations referred to as E1 and E2.

[1]

When sufficient Na+ ions are present to induce the
E1 conformation, NKA exhibits high affinity towards ATP
and adenosine diphosphate (ADP). Some 50 years after the
discovery of NKA, two structures of the enzyme in the
absence of a nucleotide were recently determined by X-ray
crystallography.[2] The conformation of the ATP substrate in
the high-affinity site is unknown.

Solid-state nuclear magnetic resonance (SSNMR) is a
powerful technique for the structural analysis of organic
ligands complexed with membrane-embedded receptors.[3]

Rotational-echo double resonance (REDOR) is an SSNMR
method for measuring heteronuclear (e.g., 13C–15N, 13C–31P)
dipolar couplings that encode interatomic distances.[4]

REDOR may be exploited to measure structurally diagnostic
distances between carbon sites and the three phosphorus sites
(Pa, Pb, and Pg) of ATP when complexed with NKA.
However, the quality of REDOR data is compromised by the
poor sensitivity of NMR spectroscopy and the low abundance
of membrane receptors. We have alleviated these difficulties
by using statistical information to assist the analysis of
REDOR data, and present the first experimentally derived
conformation of ATP in the high-affinity nucleotide site of
NKA in native membranes.

Figure 1a shows a 31P NMR spectrum of [U-13C,15N]ATP
complexed with approximately 16 nmol NKA and stabilized
by freeze-trapping.[5] The equilibrium binding curves are
consistent with rapid nucleotide binding to a single site, and
dissociation constants are in the range of 0.2–0.5 mm and a

capacity of about 2.9 nmolmg�1.[5, 6] Under these conditions,
we estimate that approximately 90% of the nucleotide is
bound to NKA. The procedure to form the complex prior to
freeze-trapping took less than 10 min, during which less than
10 mmol ATP were hydrolyzed out of the 160 mmol present.[6]

This result is confirmed by the 31P NMR spectrum, which
shows signals for the three phosphate groups of ATP in
approximately equal intensity. Figure 1b shows a cross-polar-
ization magic-angle spinning (CP-MAS) 13C NMR spectrum
after subtracting the background signals of the lipids and the
protein. We elected to measure Pa–C8, Pb–C8, and Pg–C8
dipolar couplings simultaneously in a frequency-selective
DANTE-31P(13C)-REDOR experiment[7] with 31P observation
and dephasing selective for C8. The C8 signal is well resolved
and favorable for selective inversion in the REDOR experi-
ment. Couplings between 31P and C5’ or C2, which are also
resolved in the spectrum, could provide additional structural
restraints, but were not measured because of the lengthy data
collection times involved.

REDOR dephasing (SD) was monitored from the Pa, Pb,
and Pg signal intensities at three echo times (26 days of data

Figure 1. Structure of ATP and SSNMR spectra of [U-13C,15N]ATP
complexed with NKA (at �25 8C). Dotted lines on the structure of ATP
denote the three C–P distances measured here. a) 31P MAS spectrum
of bound ATP. Pi denotes inorganic phosphate ions. Peaks are
assigned according to Ref. [5]. b) 13C CP-MAS spectrum of the same
sample, obtained after subtraction of the background signals of the
lipids and the protein. Peaks are assigned according to Ref. [13].
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collection). A 31P MAS spectrum recorded after the REDOR
experiment was virtually identical to the initial spectrum in
Figure 1a, thus confirming that ATP hydrolysis was negligible
over this period. The apparently short 31P echo lifetimes (T2

� 1.5 ms, estimated from the full-echo spectra) result in large
errors at the longest (4 ms) echo time even though signal
accumulation was eight times longer than at the 2 ms echo
time. Comparison of the SD values with simulated curves gives
distances of (4.5� 0.5) � for Pa–C8, (4.4� 0.4) � for Pb–C8,
and a Pg–C8 distance greater than 6.0 � (Figure 2a). A set of

200 000 ATP conformations was computed stochastically,
noting the values of torsional angles (1)–(9) (defined in
Table 1) consistent with the three measured distances. The
C8–P distances alone are poor structural restraints as very few
values of (1)–(9) are excluded (Figure 2b) and principal
component analysis (PCA) of the nine angles did not identify
clear patterns in the restrained conformations (Figure 2c).
This unsatisfactory outcome is a result of the few independent
distances that could be measured, and is compounded by the
uncertainties in the distance values.

Adenyl nucleotide ligands may generally adopt preferred
conformations, which could help to strengthen the REDOR
distance restraints. We analyzed coordinates for ATP, ADP,
and adenosine monophosphate (AMP) ligands from 437
crystal structures of a variety of soluble proteins in the protein
data bank (PDB). The nucleotide Pa–C8, Pb–C8, and Pg–C8
distances measured from the PDB coordinates are distributed
multimodally (Figure 3 a). Torsional angles (1)–(7) and, to a
lesser extent, (8) and (9), assume correspondingly restricted

distributions (Figure 3b), thus confirming that adenyl nucle-
otides have favored conformations. We isolated a subset of
ligands for the C8–P distance distributions that encompass the
REDOR distances for the ATP–NKA complex (highlighted
in dark gray in Figure 3a). The structures of the correspond-
ing protein partners were inspected in order to ascertain
whether this subset of ligands is biased toward conformations
imposed by specific types of nucleotide binding domain
(NBD), which may or may not be relevant to NKA. We found
no common NBD for approximately 60% of the structures,
but for the ATP ligands about 20% of NBDs were of the
adenylyl transferase type and around 20% were of the tRNA
synthetase type. These two latter NBD types can accommo-

Figure 2. 31P,13C-REDOR measurements for [U-13C,15N]ATP complexed
with NKA. a) Plots of dephasing measured from the peak intensities
for Pa, Pb, and Pg. Errors are estimated from the level of noise. The
solid lines bounding the grey regions are calculated dephasing curves
corresponding to the upper and lower limits of the 31P–13C distance
range (see main text). The inset shows REDOR spectra at a 4 ms
dephasing time (black: control, red: dephased). b) 3D histogram of
torsional angle distributions (in 108 bins) consistent with the REDOR
distances. c) Scores plot of the first two principal components (PC1
and PC2) calculated from the values of the nine torsional angles for
each of the constrained conformers.

Table 1: Definition of torsional angles (1)–(9) and summary of the
angular values (standard deviation in brackets) for groups A–E in
Figure 4a. The numbering system is defined in Figure 1.

Torsional angle Value [8]
A B C D E

(1) C8-N9-C1’-O4’ 49 (11) 49 (12) 50 (12) 50 (11) 50 (11)
(2) N9-C1’-O4’-

C4’;
223 (8) 224 (8) 225 (8) 224 (8) 225 (8)

(3) C1’-O4’-C4’-C5’ 122 (17) 122 (17) 118 (15) 124 (15) 123 (15)
(4) O4’-C4’-C5’-

O5’
297 (16) 302 (16) 307 (14) 311 (12) 310 (13)

(5) C4’-C5’-O5’-Pa 197 (24) 202 (23) 201 (24) 210 (21) 211 (21)
(6) C5’-O5’-Pa-Oa 106 (22) 107 (19) 119 (21) 120 (20) 126 (17)
(7) O5’-Pa-Oa-Pb 43 (9) 43 (8) 152 (15) 155 (16) 164 (14)
(8) Pa-Oa-Pb-Ob 140 (19) 133 (16) 134 (16) 148 (34) 281 (20)
(9) Oa-Pb-Ob-Pg 163 (16) 82 (8) 85 (10) 151 (20) 156 (16)

Figure 3. Conformational preferences of adenine nucleotides. a) Histo-
grams showing the multimodal distribution of C–P distances for
adenyl nucleotide ligand coordinates (numbers given) taken from the
PDB. The dark-gray regions highlight the distributions which encom-
pass the distance ranges measured by REDOR (denoted by black
bars). b) Histogram (2D contour representation) of torsional angle
distributions from the nucleotide structure set. Light-gray contours
denote the highest frequencies. c) Histogram of torsional angle
distributions for the nucleotide structures corresponding to the dark-
gray regions in (a).
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date other ATP conformations that are not consistent with the
REDOR data, however. We conclude that the subset of
nucleotide conformations selected by NMR spectroscopy is
not biased in favor of, or predictive of, a specific NBD type.

The torsional angle distributions (1)–(9) for the subset
(Figure 3c) are much narrower than seen in the statistically
unconstrained REDOR analysis (Figure 2b), thus indicating
that the distance restraints are considerably stronger when
conformational preferences are applied. A fresh set of 200 000
ATP conformations was generated by imposing the torsional
angle ranges in Figure 3c. Each conformation that satisfies all
three REDOR distance restraints is represented as a point on
the PC scores plot in Figure 4 a. The points now cluster into

five distinct groups (A–E) that are characterized by the
torsional angle combinations in Table 1. Representative
structures from each group overlaid in Figure 4 b show high
similarity in the region between C8 and Pa.

We modeled the NKA nucleotide site based on the
structure of the sarco(endo)plasmic reticulum Ca2+-ATPase
(SERCA) with a bound ATP analogue (AMPPCP).[8] All
ATP structures fit within the nucleotide site, but the
representative structure from group A has the geometry
that is most favorable for placing the g-phosphate close to the
NKA phosphorylation site Asp369 and the adenyl ring close
to Asp443. Mutation of Asp369 to Asn or Ala—removing one

net negative charge on the protein—leads to a 40-fold
increase in affinity for ATP because of a severely lowered
electrostatic repulsion between the negative charge on the g-
phosphate and the mutated residue.[9] In addition, mutation of
Asp443 affects the Mg2+ binding to ATP[10] and the negative
charge on Arg544 has been shown to be important for ATP
binding.[11] In our model, Asp443 hydrogen bonds with N5 of
ATP, and Arg544 is capable of an ionic interaction with the
ATP b-phosphate. The results of these mutations and the
remarkable conformational similarity of ATP and AMPPCP
thus corroborate our model.

In conclusion, REDOR structural analysis of membrane
protein ligands may be improved dramatically by considering
ligand conformational preferences. A similar approach could
be applied to molecules such as amino acids and saccharides,
which are well-represented as soluble protein ligands in the
PDB but which are structurally poorly represented as
membrane protein ligands.

Experimental Section
NKA membranes from pig kidney and the [U-13C,15N]ATP–NKA
complex were prepared as previously described.[5,6] NMR experi-
ments were performed at �25 8C using a Bruker Avance 400
spectrometer at a magnetic field of 9.3 T. Samples were spun at an
MAS rate of 10 kHz in a 4 mm zirconium rotor. The pulse sequence
described in Ref. [7] was adapted for DANTE-31P,13C-REDOR
experiments. The numbers of scans at each dephasing time were
80 K at 2 ms, 320 K at 3 ms, and 640 K at 4 ms. Dephasing curves were
simulated in the SIMPSON[12] environment for a four-spin system of
Pa, Pb, Pg, and C8, taking into account the 31P–31P J-coupling and
dipolar coupling constant. Further experimental details are given in
the Supporting Information.
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