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CRYSTALLIZATION PATTERNS OF MEMBRANE-BOUND (Na*t +K*)-ATPase
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Extensive formation of two-dimensional crystals of the proteins of the pure membrane-bound (Na* +K™)-
ATPase is induced during prolonged incubation with vanadate and magnesium. Some membrane crystals are
formed in medium containing magnesium and phosphate. Computer-averaged images of the two-dimensional
crystals show that the unit cell in vanadate-induced crystals contains a protomeric af8-unit of the enzyme
protein. In phosphate-induced crystals an (af3),-unit occupies one unit cell suggesting that interactions
between a -units can be of importance in the function of the Na*, K™ pump.

The membrane-bound (Na* + K*)-ATPase can
be purified from the outer renal medulla without
breaking native lipoprotein associations [1]. The
enzyme is pure with respect to the proteins that
constitute the (Na* +K™*)-ATPase, the catalytic
a-subunit with M, 104000, and the fB-subunit,
which is a glycoprotein, but it is uncertain if an
aB-unit forms the minimum active protein unit or
if an oligomeric (af8), structure is required [2,3].
Recently we demonstrated extensive formation of
two-dimensional crystalline arrays of the proteins
of the pure (Na™ +K*)-ATPase after prolonged
incubation with vanadate and magnesium and

some arrays in media containing phosphate and.

magnesium [4]. Crystal formation opens new pos-
sibilities for studying the structure of the (Na™*
+K™*)-ATPase proteins by high resolution elec-
tron microscopy, and image reconstruction [5,6].
Even at a limited resolution, this approach may
provide important information about molecular
sizes and subunit structure of the membrane-bound
Na®, K* pump from mammalian kidney [7].
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Two-dimensional crystals of membrane-bound
(Na® +K™*)-ATPase are limited in size by the
dimensions (100-500 nm) of the membrane frag-
ments in which they grow (Fig. 1 and 2). Compari-
son of Figs. 1 and 2 and diffraction analysis of
electron micrographs of such crystalline mem-
brane fragments show that (Na* +K*)-ATPase
can crystallize in different forms. The two-dimen-
sional vanadate-induced crystal in Fig. 1 is dis-
tinctly different from that illustrated in Fig, 2.
Lattice lines are observed in two directions both in
Fig. 1 and in Fig. 2, but in the phosphate induced
crystal in Fig. 2 the distance between the vertically
oriented lattice lines is considerably enlarged.
Three crystal forms, A, B, and C are illustrated in
Fig.3 and their unit cell parameters given in the
text to Fig.3. The diffraction patterns for all
crystals extend to about 25 A and they show the
lowest possible symmetry (Fig. 3b). The calculated
phases of the Fourier components can have any
value between 0° and 360° for crystals A and B.
For C they are restricted to 0° and 180° with a
residual phase error typically between 10° and
20°. This is consistent with assigning two-sided
plane group symmetry p1 for crystals A and B and
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Fig. 1. Two-dimensional crystals of (Na™ +K™*)-ATPase formed during incubation for four weeks at 4°C in 0.25 mM sodium
monovanadate, ] mM magnesium chloride and 10 mM Tris-HCI (pH 7.5) at 20°C. The enzyme was purified in membrane-bound
form from pig kidney outer medulla by selective extraction of plasma membranes with SDS in presence of ATP, followed by isopycnic
zonal centrifugation in a Ti-14 Beckman zonal rotor [1]. The membranes were negatively stained with uranyl acetate and micrographs
were obtained with a Jeol 100 CX electron microscope. Magnification 265000 <. Bar 0.1 pm.

Fig. 2. Two-dimensional crystals in membrane fragment of pure (Na* + K™ )-ATPase purified as in Fig. 1 but incubated in 12.5 mM
phosphate, 3 mM magnesium chloride and 10 mM Tris-HCI (pH 7.5). Magnification 265000 . Bar 0.1 pm.

p21 for C (nomenclature according to Ref. 9). The
results of the image reconstructions are shown in
Fig. 3c.

The size of an af-unit (protomer) of (Na™
+K™)-ATPase has been estimated earlier from
electron microscopy of negatively stained and
freeze-fracture specimens [10,11]. According to
these studies the diameter of an «aB-unit when
viewed along an axis perpendicular to the mem-
brane surface is about 50A. In the crystalline
specimens, the areas of the two-dimensional unit
cells for crystals A and B are 3540 A? and 2300 A2,
respectively. Consequently, it is reasonable to con-
clude that each unit cell only contains one afS-unit.
The reconstructed images also show one distinct
positive peak per unit cell that corresponds to the
aff protomer. If the outermost unbroken contour-
line in the maps in Fig. 3¢, which corresponds to
the average contrast in the original electron micro-
graph, is defined as border of the protein, the
diameter of an aB-unit is between 40 A and 60 A.
This is in good agreement with the value of about
50 A given above. In the C crystals on the other
hand, two aB-units can easily occupy one unit cell.
From the projection map, it is also evident that the

unit cell contains two strong positive regions. These
regions are subdivided into one large and one
smaller peak possibly corresponding to the a- and
B-subunits, respectively. The dimensions and shape
of the large peak are similar to the positive peaks
in A and B. The protein-rich regions in the p21
crystals are bounded by rows of negative stain
along the b-direction. At an angle of about 120° to
these rows, adjacent protein-units are connected
by stain deficient regions. Thus, two-fold rota-
tionally related protein-units tend to form pairs in
the [11]-direction of this crystal.

Although the packing arrangements of the en-
zyme molecules vary considerably in the crystal
systems studied, some common features can be
observed. The b-axis in A and the a-axis in B are
both 53 A. Moreover, the angle between b and the
[11]-direction (diagonal d,) in A is close to 120°
corresponding to y in B. Possibly B is a result of
shrinkage of A along d,, which, in turn, may be
related to a decrease in the amount of lipid within
the membrane crystal during the maturation of the
crystal. Crystal systems A and B may thus repre-
sent different developmental stages of the crystal.
The angle between b and the [11]-direction (diago-
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Fig. 3. Two-dimensional crystals of (Na* +K* )-ATPase. Each crystal form (A, B, Q) is illustrated with an electron micrograph (a),
the corresponding diffraction pattern (b), and the computer-reconstructed image from the same same crystal (c). Crystal A is part of
the crystal shown in Fig. 1 and Crystal C is part of the crystal shown in Fig. 2 while crystal B was formed in the same way as crystal
A. Selection of well-ordered crystalline arrays was made by optical diffraction. Images suitable for further analysis were densitome-
tered at 20-um intervals. The scanned area was 512X 512 steps corresponding to 1872x 1872 A2 (34700X) and 1575 X 1575 A2
(65000<) at the specimen level. Projection maps were calculated using the Fourier transform amplitudes and phases collected at the
reciprocal lattice points. No defocus correction was made since the images were taken sufficiently close to focus that the contrast
transfer function was uniform over the range of object spacings of interest. The processing of the electron micrographs was made on a
VAX 11/780 using the image analysis system EM [8]. The protein-rich regions (positive regions) were drawn with unbroken contour
lines while negative stain regions have dashed lines. The unit cell dimensions are: (A) a=69A, b=53A, v=105° (B) a =53 A,
b=51A,y=120°(C)a=135A, b=44 A, v =101°. The diagonals d,, and d. are referred to in the text. Magnification of electron
micrographs (a) 520000 X. Bar 100 A. In the diffraction patterns (b) 1 mm corresponds to 1.6-10~% A~ ". In the reconstructed images
(c) 1 mm corresponds to 4.9 A.
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nal d.) in C is also close to 120°. Thus, in all
crystal systems, an angle close to 120° is found
either between two unit cell axes or between an
axis and a diagonal. It is not possible to draw final
conclusions about the shape of the protein at this
resolution level and angle of projection. None the
less it can be observed that the strong positive
peaks in the reconstructed images of crystal A and
the larger peak in C have almost 3-fold symmetry.
Moreover, in B, the unit cell parameters are very
close to those of a hexagonal or trigonal system
although the diffraction pattern does not reveal a
perfect 6- or 3-fold symmetry. It is thus possible
that one part of the aB-unit has three structurally
similar regions inducing a quasi 3-fold symmetry.
Such a quarternary arrangement of domains in the
(Na®™ +K™*)-ATPase molecule may also explain
the commonly observed 120° angle between ap-
propriate directions in the membrane crystals. The
small peak in the p21 crystal (C) is not visible in
the p1 crystals (A and B). Possibly this part of the
molecules is covered by negative stain in those
more packed structures. Crystal system C, in con-
trast to systems A and B, has a unit cell corre-
sponding to an (af),-unit. This demonstrates that
(Na* +K™")-ATPase crystallizes in two principally
different forms but we cannot exclude the possi-
bility that the phosphate-induced system C repre-
sents a transitory stage in the formation of crystals
of type A and B. This possibility is consistent with
the presence of linear polymers consisting of paired
protein units during the formation of vanadate-in-
duced crystals [4].

The identification of the af-unit as the mini-
mum asymmetric unit in the vanadate-induced
crystals is not the first observation consistent with
the possibility that this is the functional unit of
(Na* +K™)-ATPase. The aB-unit may possess one
binding site for each of the ligands ATP, P,
vanadate, and ouabain [3,12,13] and the soluble
complex of renal (Na® +K*)-ATPase consists
predominantly of protomeric a8-units [2]. There is

also previous evidence for association between
af-units both in solution [2,14] and in the mem-
brane-bound state {7,10,11]. Our demonstration
that interactions in the two dimensional crystals
may occur either directly between protomeric af-
units of the Na*, K* pump or between dimers of
the protomers may in part explain the ambiguity
of the previous results of examinations on the
subunit structure of the (Na* + K" )-ATPase.
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