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Structure of Na*,K*-ATPase at 11-A Resolution: Comparison with
Ca?*-ATPase in E, and E, States
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ABSTRACT Na*,K"-ATPase is a heterodimer of « and 8 subunits and a member of the P-type ATPase family of ion pumps.
Here we present an 11-A structure of the heterodimer determined from electron micrographs of unstained frozen-hydrated
tubular crystals. For this reconstruction, the enzyme was isolated from supraorbital glands of salt-adapted ducks and was
crystallized within the native membranes. Crystallization conditions fixed Na*,K™-ATPase in the vanadate-inhibited E,
conformation, and the crystals had p1 symmetry. A large number of helical symmetries were observed, so a three-
dimensional structure was calculated by averaging both Fourier-Bessel coefficients and real-space structures of data from
the different symmetries. The resulting structure clearly reveals cytoplasmic, transmembrane, and extracellular regions of the
molecule with densities separately attributable to « and B subunits. The overall shape bears a remarkable resemblance to the
E, structure of rabbit sarcoplasmic reticulum Ca®"-ATPase. After aligning these two structures, atomic coordinates for
Ca®"-ATPase were fit to Na™,K™-ATPase, and several flexible surface loops, which fit the map poorly, were associated with
sequences that differ in the two pumps. Nevertheless, cytoplasmic domains were very similarly arranged, suggesting that the
E,-to-E, conformational change postulated for Ca®"-ATPase probably applies to Na*,K*-ATPase as well as other P-type
ATPases.

INTRODUCTION

The Na',K*-ATPase generates Naand K" gradients large extracellular domain, which is composed of 250 res-
across the plasma membrane in virtually all animal cells anddues with three sites of glycosylation. Thg subunit is

is a member of the P-type ATPase family of ion pumps (seelearly required for proper folding and targeting of
Moller et al., 1996, for a recent review of P-type ATPases)Na" ,K*"-ATPase to the plasma membrane, and may also
During one enzymatic cycle, NaK"-ATPase transports influence enzymatic properties of thesubunit (Hasler et
three N& ions out of the cell and two Kions into the cell  al., 1998; Abriel et al., 1999).

while hydrolyzing one molecule of ATP. This cycle also Early studies (Glynn, 1985) showed that Asp369 of
includes transient formation of a phosphoenzyme, whiclNa",K*-ATPase is phosphorylated from ATP whenNia
gives rise to the designation P type. Unlike other memberpresent. This phosphoenzyme cannot be hydrolyzed by wa-
of this family, Na",K"-ATPase, along with the highly ter, but retains sufficient chemical energy to be able to
homologous H,K*-ATPase, is a heterodimer composed oftransfer the phosphate to ADP, thus making ATP. Under
« and B subunits (Glynn, 1985). The subunit consists of different conditions, the enzyme can also be phosphorylated
~1020 amino acids and contains the sequence motifs thdty P; the relatively low energy of this phosphoenzyme is
define the P-type family. Analysis of cDNA sequences ofsuggested by its unreactivity with ADP, though it can be
the « subunit shows that there are 10 transmembrane helicésydrolyzed by water in the presence of KBecause the
(M1-M10) that contain the cation binding sites. There aresame residue has been phosphorylated in both cases, the
two cytoplasmic loops: a major loop between helices M4difference in reactivity has been explained by a structural
and M5 that contains the nucleotide binding and phosphordifference in the protein. The high-energy phosphoenzyme
ylation sites and a minor loop between M2 and M3. On thewas designated E-P and the low energy phosphoenzyme
extracellular side of the membrane, a small extracellulaE,-P. Two analogous unphosphorylated specigsft E)
domain is composed of short loops between various transvere subsequently identified, and a reaction cycle was pro-
membrane helices and contains the binding site for ouabaiposed to define the causalities between ligand binding and
The N-terminus of the8 subunit forms a small intracellular conformational change:

domain followed by a short transmembrane helix and a

E/ATP + Na <> E, ~ P-Na+ ADP
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anisms are consistent with experimental findings from otheMATERIALS AND METHODS
P-type ATPases, including €aATPase. Protein isolation
Subsequent to these thermodynamic investigations, the
existence of the two major conformations of Nt(+- Microsomes were prepared from supraorbital (or nasal) glands of salt-
ATPase was confirmed by various biochemical and bio_adapted immature ducks, according to Martin and Sachs (1999). Similar to

. . . their purification procedure, we used SDS to strip away peripheral mem-
physical techniques. For example, there are three majqj P P p away perp

) ) ] h - . rane proteins, but longer tubular crystals were obtained at lower SDS:

tryptic cleavage sites in the subunit, and their sensitiv- protein ratios (0.3 mg/ml SDS:1.4 mg/ml protein). Following SDS extrac-

ity to cleavage depends on the conformational state (Jottion, microsomes were centrifuged over a 10-50% sucrose step gradient.

gensen, 1975)_ Tryptic cleavage at the first site in theAn opaque, protem-rlch banq was collected, from which the microsomes

N-t inal tail blocked the transition from.EP to E.-P were pelleted by centrifugation and then were suspended in a solution
-terminal tail blocked the transition from, =+ 10 &- containing 50 mM imidazole pH 7.5, 60 mM NaCl, 10 mM KCl, 0.5 mM

(Jorgensen and Klodos, 1978). Intrinsic tryptophan fluo-eGTA, and 2.5% (wiv) sucrose.

rescence is higher in &han in E conformations (Karl-

ish and Yates, 1978), and fluorescence of probes such as

fluorescein (Karlish, 1980) and iodoacetamidofluores-Crystallization and data collection

cein (Kapakos and Stemberg, 1982), WhICh bind to‘ihe_ Microsomes were crystallized at 1 mg/ml in 50 mM imidazole pH 7.5, 10

subunit, change dramatically at key steps in the reactiomm Kcl, 2.5 mM MgCl, 0.5 mM EGTA, and 0.5 mM Ng/O, on ice.

cycle. All of these Changes were thought to reflect aAlthough not strictly required for crystallization, the orthovanadate species

global change in enzyme structure. More recentIy’(prepared by b0|I_|ng the stock solutlon for 10 min) seemed to_ s_tab|||ze the
crystals and to increase the proportion of tubular crystals; in contrast,

Changes in the pattern of irc_Jn-cataIyzed OXidati\_/e Cleav'decavanadate solutions (prepared according to Stokes and Lacapere, 1994)

age (Goldshleger and Karlish, 1999; Patchornik et al.provided only marginal improvement. Small amounts of detergent also

2000) were interpreted in terms of particu|ar domainaided crystallization, with 0.3—0.5 mg/ml diheptanoyl phosphatidylcholine

movements associated with the-B-E. transition. As a (Kessi et al., 1994) being optimal. For data collection, a suspension of

3 2" ’ . crystals was rapidly frozen in liquid ethane and imagedx&0,000

result of these and other experiments, it has been widelyagnification in the frozen-hydrated state with a Philips CM200 FEG

concludedhat the conformational changes provide the mechelectron microscope (Philips Electron Optics, Eindhoven, The Nether-

anism of communication between cytoplasmic and transmenands) operating at 200 kV with an Oxford CT3500 cryoholder (Oxford

brane domains. thus coupling ATP hydrolysis to ion transportInstruments, Eynsham, UK). Electron micrographs of tubes were screened
. ! . . . by optical diffraction, and well-ordered, tubular crystals were digitized at

though this conclusion is not universally accepted (‘]eanS_M-pum intervals with a Zeiss SCAIl microdensitometer (Carl Zeiss,

1989). Oberkochen, Germany).

The recently published atomic structure forCaATPase

in the E, conformation and its comparison with the 8-A

structure in the Econformation represents a major advancelmage analysis

not only in defining pump architecture but also in specifying the Fourier transform of a helical object comprises layer lines called

the structural basis for the,Ho-E, transition (Toyoshima et G, (RZz) (Klug et al., 1958), which can be directly averaged if objects have

al., 2000)_ Previous comparisons of 8-A structuredefi- the same helical symmetry. Real-space density maps are then determined

rosporaH*-ATPase and rabbit muscle &aATPase from by Fourlgr—BesseI transformation GL,_(R,ZJ to yield gn_,(r,Z|)_, followed by
summation of thesg,,(r,Z) and Fourier transformation with respectZo

cryoelectron microscopy (Kubrandt et al., 1998; Stokes et The tupes of Na,K *-ATPase showed much more variability in helical
al., 1999) provided a similar view of the conformational symmetry than C&-ATPase, which required us to employ a variety of
change, though specific assignment of the cytoplasmic dcaveraging schemes, involvinG,(RZ), gn(r.2)) as well as real-space

. . . . ities. Out of a total of 42 tubul tals with 20 diff t helical
mains was ambiguous at that time. With respect to Mg - densities. Out of a total of 42 tubular crystals with 20 different helica
symmetries, 27 tubular crystals spanning seven helical symmetries were

ATPase, although it was the first member of this family t0 chosen for structure analysis (Table 1). Within each helical symmetry,
be discovered (Skou, 1957) and the first to form two-G,(RzZ)were averaged and were used as a reference data set for correcting
dimensional (2D) crystals (Skriver et al., 1981), Structura|digs;or)tionshof the inqgllidual tulbes (Unwin, 1993; Berom;khim a]:nd chJ_nwin_,
-y - 1997). Where possible, overlapping repeats were chosen for distortion
models have ,been limited to25-A resolution (Mohraz et correction, thereby maximizing the number of molecules in the data set,
al., 1987; Skriver et al., 1992; Hebert et al., 1985, 1988)eyen if this resulted in a non-integral number of repeats along a given tube.
because of poor order, small crystal size, and the use dfefocus values were determined as previously described (Zhang et al.,
negative stain. Here we present a structure ofstate 19|98)|, ar:jdbthe ;ontrzsg‘);ransf?r f(;mction of thi microscope (C'I;FL was
i - calculated based on 4.6% amplitude contrast, chosen because of the sim-
Na™,K _-ATPase_ from (.:ryoeilectron mlcr0§00py at Jfl-A ilarity of these tubular crystals to those ofZaATPase (Toyoshima et al.,
resolution, offering the first view of the entire heterodimer 1993b). A weighted sum o6,,(RZ) was calculated for each symmetry
with unambiguous assignment of its domains. Comparisoroup, using CTF values for individual repeats as weights during averag-
of our structure with E and E models of CA"-ATPase ing; these data were then corrected for the summed value of the CTF

indicates that the molecular architecture as well as th&/nWin 1993). The crystals had p1 symmetry, and data obtained from the
near and far sides of the tubes were kept separate during these and

conformational changes from,Bo E, are likely to be g psequent manipulations to allow for calculation of phase residuals and
conserved across the P-type ATPase family. Fourier shell correlation coefficients (see Fig. 3).
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TABLE 1 Summary of helical symmetries

Unit cell (mean* SE)

Symmetry Number of Number of Number of

(N1, D* tubes repeats molecules a(A) b (A) v (°)
(—32,11) 3 4.00 5506 60.5 0.5 67.6*= 0.5 69.8+ 0.2
(—33,11) 7 7.67 10964 613 0.3 67.2+ 0.2 70.3+£ 0.3
(—34,11) 3 3.20 6977 61.3 0.3 67.2 0.1 70.0£ 0.2
(—38,13) 3 3.00 5111 61.6 0.4 67.8= 0.2 70.2= 0.3
(35,11) 6 6.75 9902 61.£ 0.2 67.1+ 0.3 68.5+ 0.1
(36,11) 3 3.33 5669 61.6¢ 0.7 67.8 0.5 68.4+ 0.2
(37,11) 2 2.33 3157 60.7 0.3 67.2+ 0.1 68.8+ 0.3
Sum 27 30.3 47286

*Refers to the Bessel order or start number of the layer lines derived from the (1,0) and (0,1) directions of the underlying 2D lattice.

To combine the seven helical symmetries into a single map, we adoptetigh signal-to-noise ratio were used for alignment. However, we found that
recent strategies for aligning and averagigg(r,Z) (DeRosier et al.,  removal of low-amplitude data from the final map did not significantly
1999). This technique was adopted because our initial data set consisted ifiprove its quality, as judged both by phase residuals and by correlation
10 tubes with 10 different helical symmetries, thus preventing the standardoefficients, so we chose to include all data out to 9-A resolution for the
averaging ofG,(R,Z) and making alignment of 3D structures for real- final reconstruction.
space averaging problematic. Collection of more micrographs expanded These same real-space alignment procedures were used to compare
the population of several symmetry groups; nevertheless we found nQz+ K +-ATPase and G4 -ATPase. In this case, the alignment included
improvement when we used real-space averaging, so we continued primagp, the cytoplasmic domains after trimming off the decavanadate peak
ily with averaging ofg,,(r.Z). As described by DeRosier etal. (1999), there y,,; is ynique to G -ATPase (see Results). After alignment, the corre-
is a direct correspondence of particuipyr.Z,) for objects with the same lation coefficient between these cytoplasmic regions was 0.84, which
underlying 2D lattice but different helical symmetries (defined by the Stancompares favorably with the value of 0.90—0.95 routinely obtained be-
number () of the (1,0) and (0, 1) layer lines). Thus, the corresponding tween independent structures of’CeATPase
0.(r,Z) can be averaged after adjusting the radial coordinBjefdr a '
systematic difference in tube diameter and for any slight magnification
differences. This technique is valid only in cases where the unit cell is
identical, and to be absolutely safe, we separated our seven symmetries into B . .
two groups, based op (Table 1). Tubes withy of ~70.1° were scaled to DOCKing of atomic coordinates to electron
match the reference symmetries characterizeagy= —32 andn, ; = density maps
11, whereas symmetries with of ~68.5° were scaled to match the
reference symmetry characterized by, = 35 andn,, = 11. This We used the automated docking package Situs (Wriggers et al., 1999)
effectively divided the symmetry groups based upon the sigm gf It is to fit the atomic coordinates of a-ATPase (accession code 1EUL,
unusual for the sign of the start number to vary among different helicalToyoshima et al., 2000) to the NgK"-ATPase electron density map.
symmetries, but in NaK*-ATPase crystals, tha axis of the unit cellis ~ We initially tried using the flexible docking procedure described by
very nearly parallel to the meridional axis of the tubes. Thus, the corre\Wriggers et al. (2000), but this procedure led to an unacceptable loss of
sponding helical family can be either right- or left-handed, depending orsecondary structure in the atomic coordinates of‘CATPase. We
the circumferential vector that relates the 2D lattice to the helical lattice.therefore divided these coordinates into four domains (N, P, nose, and
This behavior has been previously observed in mutant bacterial flagellatransmembrane) and used the Situs 1.3 package for rigid-body docking
filaments, which come in both left- and right-handed forms (Yamashita etinto the corresponding regions of the density map. Both the nose and P
al., 1998). To align theg(r,Z) data, we used a complicated procedure domains were optimally described by four code-book vectors, whereas
involving an inverse Fourier-Bessel transform of individual data sets tothe N domain was best described by five code-book vectors. A density
Gn(RZ), which provided resolution-dependent phase statistics for deterypreshold was applied to the map corresponding to 20% of its maximum
mination of radial shift and relative magnifications. These manipulationsdensity; however, the results were not sensitive to this level (the
required that the andl values forg,,(r,Z) be systematically re-indexed to threshold for Fig. 5 is~25%). Atomic coordinates with a temperature
match the reference data set. Ultimately, the variGygRZ) data sets 061 ahove 90 were not considered in the fitting, because these are

were We'g_hmd according to the square root of the number of mOIeCUIeﬁkely to represent disordered regions in the density map. Fitting the P
they contained, were averaged, and finally were used to calculate 3D maps,

T pocedures o wonpencen 30 maps 01 ard (% ATIE before nd e eroun e e sensty
68.5°), which were aligned and averaged in real space. For alignment, th% o ) .
resolution was limited to 14 A and maps were calculated at 1-A intervals. see Results). This same process was used tp dock the atomic coordi-
Individual molecules were masked in each map, adjusted for density anf&t€S 10 the 8-A Czaf-ATPase electron density map (Zhang et al.,
magnification differences, and finally aligned by cross-correlation. Thesel998). €xcept that the high-density peak corresponding to decavanadate
same alignment parameters were then applied to maps with 9-A resolutioVS removed. To quantitate the fit, Situs calculates both RMS deviation
which were summed. For one measure of resolution, inverse Fourierof code-book vectors and correlation coefficients after generating den-
Bessel transforms were applied to averaged maps calculated from near-si@ly maps from the fitted coordinates. In our case, the fitted domains
and far-side data for calculation of their amplitude-weighted phase residwere reassembled into a single set of atomic coordinates, and Situs then
ual; another measure of resolution was based on Fourier shell crosgequired another round of rigid-body docking before calculating these
correlation (Miyazawa et al., 1999) from these same two data sets. Suparameters. For this final fit, we specified only three code-book vectors
traction of background frons,,(R,.Z) (Beroukhim and Unwin, 1997) was for the entire molecule to prevent any further reorganization of the
performed during intermediate alignment steps to ensure that data witdomains.
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RESULTS AND DISCUSSION Moore, 1970). Unlike flat 2D crystals, these tubular crystals
do not require tilting, and the resulting resolution is isotro-
pic due to their inherent cylindrical symmetry. Images of
For crystallization, we used native microsomes from duckiubular crystals in the frozen hydrated state were recorded
supraorbital glands (Martin and Sachs, 1999) and buffeand the underlying helical symmetry was characterized by
conditions that were discovered almost 20 years age@ssigning Bessel orders to the primary layer lines compos-
(Skriver et al., 1981). These conditions include orthovanaing the Fourier transform (Fig. 2). A total of 27 tubes falling
date, which inhibits most if not all P-type ATPases by into seven helical symmetries were used for our reconstruc-
mimicking the transition state for phosphorylation-dephos-ion (Table 1). We used standard techniques for Fourier
phorylation in the E state (Cantley et al., 1978). However, space averaging within each helical symmetry. The symme-
we found that although orthovanadate increased the propotry groups were divided into two parts based on their unit
tion of crystalline material, it was not absolutely essentialcells, and Fourier-Bessel components were averaged within
for crystallization. This suggests that the stabilization of thethese groups (DeRosier et al., 1999). Density maps were
E, conformation by K and Mg may be the key to then calculated for both unit cells, and real-space averaging
crystallization. Indeed, stabilization of,# with ouabain ~was used to generate the final structure. Measures of phase
prevented crystallization altogether. A similar conclusionresiduals and correlation coefficients are shown in Fig. 3;
was reached for Ga-ATPase crystals, which require although phase residuals are better than random and there is
EGTA and decavanadate; thapsigargin forms a dead-ergbsitive correlation all the way to 9 A, our inability to
complex with C&"-ATPase in the E conformation and resolve any: helices (e.g., transmembrane helices) suggests
thus dramatically stabilizes these crystals (Sagara et althat the effective resolution is somewhat worse than 10 A.
1992; Stokes and Lacapere, 1994). At 11 A, the phase residual (62°) and correlation coefficient
Our Na' ,K*-ATPase crystals adopted a wide variety of (0.37) compare favorably with the corresponding values
morphologies (Fig. 1), but tubular crystals were chosen fo(60° and 0.3) reported by Miyazawa et al. (1999) for tubular
analysis because their helical symmetry offered a convesrystals of the nicotinic acetylcholine receptor.
nient means of determining 3D structure (DeRosier and

Crystallization and structure determination

Orientation in the membrane

The orientation of N&,K"-ATPase in the membrane can be
deduced from cross sections through the tubes (Fig).4
The membrane appears as two discontinuous regions of
high density that circumnavigate the section, and individual
molecules appear to protrude from both sides of this mem-
brane. The membrane borders are more precisely defined by
circumferentially averaging the mass distribution across the
tube, and the resulting profile (Fig.B) reveals two peaks
corresponding to electron-dense phosphates from the lipid
headgroups. This high scattering density also results in low
contrast and consequent blurring of the molecule at the
membrane borders. Both the cross section and the averaged
mass distribution show that the majority of the molecular
mass is located inside the tube, with a smaller mass on the
outside. This is opposite to the tubular crystals of Ga
ATPase, in which most of the mass, corresponding to the
cytoplasmic domain, is located outside of the tube (Toyo-
shima et al., 1993a). Nevertheless, if the?GATPase
profile is inverted, it closely resembles that of the \i& " -
ATPase, except for the smaller extra density on the outside
of the Na',K"-ATPase tubes (Fig. 8). This implies that
internal densities in the NaK "-ATPase tubes correspond

to the cytoplasmic domains and external densities tosthe
subunit. These assignments are consistent with ATPase
FIGURE 1 Negatively stained crystals of N&"-ATPase. Most of the 5 ¢tjyity measurements of microsomes before crystallization,

vesicles contained ordered arrays and many developed distorted corner:

reflecting the underlying arrays. A small proportion of vesicles eIongaltedWShICh require detergent permeablllzatlon for full activity

into tubes~800 A in diameter, which contained a helical array of & - (Martin and Sachs, 1999; our unpublished data). Also, when
ATPase molecules. a single molecule from the map is contoured to correspond

Biophysical Journal 80(5) 2187-2197
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FIGURE 2 Image and Fourier data for a frozen-hydrated tuleElectron micrograph of a tubular crystal embedded in amorphous ic&&®°C. Scale

bar, 100 nm.B) The calculated diffraction pattern of the tube is composed of a set of layer lines, three of which have been indexed according to the Miller
indices f, k) of the underlying 2D lattice. Layer lines as high as (2, 4) were often visible, corresponding to approximately 1/16-A resG)utiomlitudes

and phases for layer lines labeledBnwhich are consistent with p1 symmetry. Amplitude units are arbitrary but indicate the relative intensities of layer
line data. Each layer line is labeled according to lank] index and helical start numben)(

to the appropriate molecular mass of 147 kDa, 54% is insideeconstructions of NaK*-ATPase (Mohraz et al., 1987;
the tube, 23% is within the membrane, and 23% is outsidé&kriver et al., 1992; Hebert et al., 1985, 1988), but with
the tube, which is consistent with predictions based on anore clearly defined domains and membrane topology. The
10-transmembrane helix-chain model (58%, 17%, and cytoplasmic headpiece is reminiscent of that fronf Ga
25%, respectively; Moller et al., 1996). The overestimate inATPase in the Econformation, which consists of a highly
the percentage within the membrane is likely to be a coneonserved phosphorylation domain (P) sitting on top of a
sequence of the low contrast at the membrane boundaryparrow stalk with a nose pointing to one side and a nucle-
Carbohydrate groups, which are heterogeneous and likely totide-binding domain (N) above (Toyoshima et al., 2000).
be disordered, were not included in these predicted sizesTwo notable differences are a cleft that separates the nose
from the N-domain and a protrusion on top of the P-domain
ot (Fig. 5 C, asterisR. This protrusion is involved in a strong
Overall shape of Na™,K™-ATPase crystal contact with the N-domain of the adjacent molecule
The molecular envelope of the reconstructed™Ma -  (Fig. 5C, arrow) and the cleft corresponds to a very high
ATPase is shown in Fig. 5. On the cytoplasmic side of thedensity in the C&'-ATPase map, which has been associated
membrane, the NgK™-ATPase« subunit consists of a with an intramolecular site for decavanadate (Stokes and
stalk just above the membrane, which is connected to &reen, 2000; Toyoshima et al., 2000). The location of this
tripartite head extending 75 A above the membrane. Gen- site at the intersection of the three main cytoplasmic do-
erally speaking, this structure is consistent with previousmains together with the polyanionic nature of decavanadate

Biophysical Journal 80(5) 2187-2197
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FIGURE 3 Statistics of data averagingy) (Amplitude-weighted phase FIGURE 4 Mass distribution across the membram®. Cross section
residuals between independent near and far data sets were calculated frgfjough a reconstructed tube shows 13"N&"-ATPase molecules are

Fourier data. A phase residual of 90° is expected from random d&ta. ( arranged around the tube, reflecting the dominant 13-start helices indexed
Fourier shell correlations were calculated from 3D maps derived from thegg (0, 1). One molecule is circled, and the membrane boundaries are
near and far data sets according to Miyazawa et al. (1999). This procedutigghlighted with black lines at the top of the figurdB)(Average radial
produces both phase residua®) @nd correlation coefficientdl). density distribution of N&,K*-ATPase $olid lin€) is compared with that

of C&*-ATPase ¢otted lind. A good match was obtained after inverting
the C&"-ATPase profile and aligning the phosphate headgroups delineat-
raised the possibility that decavanadate was artificiallying the membraneagrows). Thus, the broader peak at low radius corre-
holding the cytoplasmic domains together. In contrast, th&Ponds t the cytoplasmic domain, and the smaller peak at high radius,
which is not present in C4-ATPase, corresponds to tifiesubunit.
x-ray structure of the Estate revealed that these same
domains have very little interaction and have undergone
large inclinations and rotations (20°-90°) relative to the EM
structure of the E state. Nevertheless the rather similar
spatial arrangement of these cytoplasmic domains in th®©ur map of N& ,K*-ATPase was aligned with that of
current structure of NaK'-ATPase suggests that their C&*-ATPase by using cross-correlation to fit the cytoplas-
more compact organization is characteristic of a natiye Emic regions of the two molecules (Fig. 5). Cross sections
conformation. through the aligned maps show that their phosphorylation
The transmembrane domain of NK*-ATPase is nar- (P) domains, which include most of the highly conserved
row in the middle of the membrane but widens at the twosequences, are virtually superimposable and that the other
membrane surfaces, giving it an hourglass shape. This widwo cytoplasmic domains (N and nose) are of comparable
ening is also apparent in lower-resolution maps of'Ga shape and size (Fig. @& andB), though the N-domain is
ATPase (Toyoshima et al., 1993a; Yonekura et al., 1997%lightly displaced due to its different tilt (Fig. B). Other
and can be partly explained by the lower contrast inherent aifferences include the decavanadate density for QT -
the membrane boundaries. On the extracellular side of thBase and an extra lump on the P-domain of")¥a -
membrane, Na,K*-ATPase forms a dense globular struc- ATPase (V, and asteriskin Fig. 6 B, respectively). As
ture that is mostly composed @ subunit, which is dis- mentioned, the cleft between the N-domain and the nose of
cussed in more detail below. Na",K*-ATPase is primarily due to the absence of the

Comparison with Ca%?*-ATPase
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FIGURE 5 A 3D reconstruction of NgK "-ATPase and alignment with Ea-ATPase. A-C) Two views of Na' ,K* ATPase at 11-A resolution, with

A andC related by a 90° clockwise rotation aBdplotted at a higher density threshold. The cytoplasmic head is subdivided into three parts: nose and P-
and N-domains. A protuberance from the P-domain (*) is involved in a crystal contact with the N-domain of a neighboring molecule (contact site indicat

by thearrow). The membrane domain is delineated by the horizontal white lilesz)( Na",K *-ATPase has been aligned withTaATPase (yellow)

showing a generally similar disposition of the domains. Extra densities on the bottom'dk NATPase and at the cytoplasmic membrane surface are

likely attributable to the3 subunit. InB, 1 and 2 indicate regions of contact betweeand 8 subunits, which are near loops between M7/M8 and M3/M4

of the a subunit (see Fig. D). Solid surface renderings were prepared with the Advanced Visual Systems software suite (Waltham, MA) and fishnet
renderings with the program O (Jones et al., 1991). Alignment was done by cross-correlation between the cytoplasmic domains of the two molecules. The
surfaces correspond t675% of the expected molecular volume, excepBjnwhich is ~50%.

decavanadate density, but is enhanced by the greater disrane surfaces, though corresponding extra density is not
tance between nose and N-domains. Although this differdirectly visible in the middle of the membrane. In particular,
ence is relatively minor, it illustrates the flexibility of these there is considerable extra density at the cytoplasmic sur-
domains, even in this particulay, Eonformation. The mem- face (left side of Fig. 3 and bottom of Fig. @), which is
brane region was generally similar, though unlike the elecmost likely to correspond to the N-terminus of fBsubunit
tron microscopy maps of Ga-ATPase and H-ATPase, and which is consistent with extra density in a similar
our map for Nd,K*"-ATPase did not define individual location on the extracellular side of the membrane (Fig. 5
transmembrane helices. As a result, the gap between the&g. These observations suggest that the membrane-spanning
helices that was previously postulated to form a water-filledhelix of the 8 subunit passes close to M7 and M10, perhaps
channel from the extracellular surface (Zhang et al., 1998interacting with the C-terminus or the M6/M7 loop of the
Gadsbhy et al., 1993) could not be resolved. Neverthelesghain in the cytoplasm. On the extracellular side, interac-
the molecular envelope in the middle of the membrandions betweerB and the M7/M8 loop ofx are well estab-
suggests that the arrangement of helices ifi Kd-ATPase lished (Lemas et al., 1994; Colonna et al., 1997) and have
is very similar to CA"-ATPase and H-ATPase, though been specifically localized to the portion @that is close to
rotated a few degrees clockwise relative to the P-domaiithe extracellular membrane surface. In fact, the extracellular
(Fig. 6,D andE). part of B appears to be divided into two parts: residues
The transmembrane location of tBesubunit is suggested 60-112, which are near the membrane surface and are
by extra density at the cytoplasmic and extracellular mempredicted to have a significant amount of secondary struc-
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FIGURE 6 Cross sections through the aligned™Na"-ATPase and
C&"-ATPase molecules shown in Fig. 3)(The shape of the N-domain
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ture, and residues 125-302, which have little predicted
secondary structure but contain the three disulfide bonds
and three glycosylation sites. Indeed, when our map is
displayed at a high-density cutoff (Fig.B, the 8 subunit
appears as two discrete densities connected by a narrow
loop. The portion closer to the membrane (labeled 1 in Fig.
5 B) is well positioned to interact with the M7/M8 loop of

«, Whereas the distal portion ¢ is larger and less inti-
mately associated with this M7/M8 loop. Nevertheless, this
distal portion does appear to contact theubunit near the
M3/M4 loop (contact labeled 2 in Fig. B) and potentially

to cover the putative, water-filled cavity leading to the
ion-binding sites.

Fitting of Ca®*-ATPase coordinates

To further aid our modeling of NgK*-ATPase, we em-
ployed both manual and automated docking of atomic co-
ordinates to electron density maps. We started by dividing
the atomic coordinates for the,Btate of CA"-ATPase
(PDB accession code 1EUL) into three parts (nose, P-, and
N-domains) and then did the same for the electron density
map of Na ,K"-ATPase. We then used Situs 1.3 (Wriggers
et al.,, 1999, 2000) to dock each of the three domains
individually by rigid-body movement. For the N-domain
and nose, we were able to choose between several equally
likely fits based on the connectivity of the N- and C-termini
with other parts of the molecule. However, fitting of the
P-domain produced 12 different models with equivalent
correlation coefficients, probably due to the symmetrical
shape of this region and the extensive editing at domain
interfaces before docking. When these same procedures
were applied to the 8-A C4-ATPase map, the higher
resolution and fidelity of sequence produced unique fits for
all three domains (manuscript in preparation). Furthermore,
the resulting model visually resembled that described by
Toyoshima et al. (2000). We therefore docked the P domain
manually into our N&,K*-ATPase map, using our fitting to
the C&"-ATPase map as a guide. The resulting fit (Fig. 7)
is characterized by a correlation coefficient of 0.601, com-
pared with a value of 0.623 for automated docking to the
Cca*-ATPase map.

is well conserved, though the entire domain is shift&)\(,, indicates the
decavandate binding site between the N-domain and the nose %n Ca
ATPase, and the asterisk indicates the protuberance from the P-domain of
Na“,K"-ATPase (seen also in Fig. 5CY The shape of the P-domain is
exceedingly well conserved, which is consistent with its high degree of
sequence homologyDj The cytoplasmic membrane surface of Ni&™-
ATPase has extra density on the bottom, which likely corresponds to the
N-terminal part of the8 subunit. This region is noisier due to the presence
of the lipid phosphatesE) The inset indicates the position of transmem-
brane helices in Gd-ATPase together with their sequence based on the
x-ray structure. The level of each section is indicated by the bar across the
inset on the upper right of each panel.
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FIGURE 7 Fitting of C&"-ATPase coordinates in the, Eonformation to the map of NaK *-ATPase in the Econformation. Automated docking of

atomic coordinates to electron density maps was performed using the program Situs 1.3 (Wriggers et al., 1999). Each cytoplasmic domain was separate!
docked to the corresponding region of N& “-ATPase. The side chain of Asp351 of TaATPase, which is analogous to Asp369 of Nk " -ATPase

and is phosphorylated by ATP, is shown as a white space-filling mo#&eC)(Three different views of the cytoplasmic domains with protruding surface

loops identified according to their Ea-ATPase sequenceD] Side view of the entire molecule illustrating the relationship of the transmembrane domain

to these cytoplasmic domains. The magenta ribbon corresponds to the location of these helices after rigid-body fitting of the P-domain into the
Na*,K*-ATPase map. The white ribbons illustrate a more reasonable fit to the density map. This sugge4@s arclination and~30° rotation of the

P-domain relative to the transmembrane domain during thetoEE, conformational change. The figure was created with Swiss PDB viewer
(http://expasy.cbr.nrc.ca/spdbv) with the final rendering done by POVray (http://www.povray.org).

Visual inspection of the docked coordinates showed thasize of this insertion is consistent with the size of the extra
various surface loops from the €aATPase coordinates fit density. In the crystals, this region contacts the N-domain of
poorly within the Na,K"-ATPase map. In contrast, the adjacent molecules, tempting us to speculate that this loop
ca&*-ATPase map generally had bulges that accommodateshight mediate the self-association@subunits, which has
these loops (not shown). By referring to a recent sequencpreviously been attributed to the sequence Arg554-Pro785
alignment (Stokes and Green, 2000), we found that théKoster et al., 1995).
badly matched loops could all be explained by variations in  To explain the loops that protrude from the NK™-
the amino acid sequences of TaATPase and NaK*-  ATPase density (Fig. 7), this same sequence alignment
ATPase. In particular, the prominent protrusion from thepredicted deletions from G&-ATPase residues 374-392
P-domain of N&,K*-ATPase is close to the variable loop and 457-468, which correspond to two of these surface
between residues 644 and 650 inCaATPase, which is loops. C&*-ATPase residues 397—402 compose a specific
followed by an insertion of 20 amino acids in the K- interaction site for phospholamban (Toyofuku et al., 1994),
ATPase sequence (after Glu635 of Nik™-ATPase); the so it is not surprising that this structural feature is not
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conserved in N&K'-ATPase. C&'-ATPase residues not resolve individual helices within the membrane, our
574-589 form a highly exposed “crown” helix preceded bystructure allowed us to postulate the location of flsub-
an extended loop; although there is no corresponding delasnit transmembrane helix nearsubunit helices M7 and
tion in the Na ,K *-ATPase sequence, this region shows noM10. In addition, the extracellular portion ¢ may have
real homology and, in fact, is deleted in the correspondingwo sites of interaction with the: subunit. In future work
H*-ATPase and CadA sequences. Finally, the loop 428-we will increase the number of images included in our
433 corresponds to a three-residue insert in™ & - reconstruction in an attempt to improve resolution. Such a
ATPase, which is near its T1 tryptic cleavage site (R438)strategy has been successful foPCaATPase, which im-
that is accessible in Ebut not in E (Jorgensen and proved from 14 @ 8 A with a fivefold increase in the
Andersen, 1988). The protrusion of the latter two loopsnumber of tubes (Zhang et al., 1998), and nicotinic acetyl-
suggests that the correspondingNé&*-ATPase loops are choline receptor, which has been defined to 4.6 A
either disordered or folded differently. (Miyazawa et al., 1999). For NaK *-ATPase, we hope that
In addition to rearranging these cytoplasmic domainsthe next step will reveal the packing of membrane-spanning
this E-to-E; conformational change also induces a largehelices and will better define the interaction betweeand
displacement of the transmembrane domain relative to th@ subunits.
P-domain (Fig. 7D). After positioning the P-domain, an
~40° inclination and~30° rotation is required to fit the
transmembrane helices from thq EZ " -ATPase crystal We thapk N. Unwin for the use of programs fo_r hel_ical image analysis, C.
. I . . Toyoshima for the use of programs for CTF estimation, and S. Darst for the
structure into the Emap of Na' ,K™-ATPase (Fig. D); a . o
L. . . use of programs for helical re-indexing.
Slmﬂar movement s requ”ed to match the, Enap of This work was supported by National Institutes of Health grants GM56960
Ca2 -ATPa_Se' I_n aCtua“ty’ th_e membrane domiilr_] mOSt(D.L.S.) and DK19185 (J.R.S.). W.J.R. was supported by a postdoctoral
likely remains fixed and the binding of €a or Na* in- fellowship from the Human Frontier Science Program. H.S.Y. was sup-
duces the corresponding movement of the P-domain as wegbrted by a Scientist Development grant from the American Heart Asso-
as an~80° counter-rotation of the nose and arR0°  ciation, Heritage Affiliate.
inclination of the N-domain, all of which serve to dissociate
the cytoplasmic domains and provide wide-open access to
the site of phosphorylation. REFERENCES
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