Biochimica et Biophysica Acta 1848 (2015) 1729-1743

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

journal homepage: www.elsevier.com/locate/bbamem

Review
General and specific lipid-protein interactions in Na,K-ATPasex @ CrossMark
F. Cornelius **, M. Habeck °, R. Kanai ¢, C. Toyoshima €, S.J.D. Karlish

2 Department of Biomedicine, Aarhus University, Aarhus 8000, Denmark
b Department of Biological Chemistry, Weizmann Institute of Science, Rehovot 76100, Israel
¢ Institute of Molecular and Cellular Biosciences, University of Tokyo, Tokyo 113-0032, Japan

ARTICLE INFO ABSTRACT

Article history: The molecular activity of Na,K-ATPase and other P2 ATPases like Ca®*-ATPase is influenced by the lipid environ-
Received 11 December 2014 ment via both general (physical) and specific (chemical) interactions. Whereas the general effects of bilayer
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interactions has only been realized within the last decade due particularly to the growing field of membrane pro-
tein crystallization, which has shed new light on the molecular details of specific lipid-protein interactions. It is a
remarkable observation that specific lipid-protein interactions seem to be evolutionarily conserved, and confor-
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ﬁl?,,l‘z%c‘l;;ase phospholipid mations of specifically bound lipids at the lipid-protein surface within the membrane are similar in crystal struc-
Cholesterol tures determined with different techniques and sources of the protein, despite the rather weak lipid—protein
Reconstitution interaction energy. Studies of purified detergent-soluble recombinant a3 or a3FXYD Na,K-ATPase complexes re-
Specific lipid—protein interactions veal three separate functional effects of phospholipids and cholesterol with characteristic structural selectivity.
X-ray crystal structure The observations suggest that these three effects are exerted at separate binding sites for phophatidylserine/
Recombinant Na K-ATPase complexes cholesterol (stabilizing), polyunsaturated phosphatidylethanolamine (stimulatory), and saturated PC or
sphingomyelin/cholesterol (inhibitory), which may be located within three lipid-binding pockets identified in
recent crystal structures of Na,K-ATPase. The findings point to a central role of direct and specific interactions
of different phospholipids and cholesterol in determining both stability and molecular activity of Na,K-ATPase
and possible implications for physiological regulation by membrane lipid composition. This article is part of a

special issue titled “Lipid-Protein Interactions.”
© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Integral proteins and lipids in biological membranes mutually affect
each other. This has recently been underscored by quantitative evidence
from non-equilibrium shape fluctuations in active membranes (Fig. 1),
i.e., giant liposomes reconstituted with Na,K-ATPase, where dynamic
flicker-noise analysis contain a relaxation time, which is comparable
to the turnover time of Na™-pumping [1]. Actually, the importance of
lipid—protein interactions was appreciated long ago, and several recent
reviews are available on the physical interactions of lipids and proteins
[2-6], but our understanding of all the salient features of the lipid-
protein interactions, especially the specific interactions, is only be-
ginning to emerge. Thus, with the resolution of several lipids in crys-
tal structures of membrane protein like the Na,K-ATPase [7,8], it is
now realized that specific lipid-protein interactions have to be
more closely considered, and functional studies of such interactions
have already demonstrated remarkable conjunctions with recent
structural observations [7-10]. It is therefore important to empha-
size that membrane proteins like Na,K-ATPase are regulated by
both general lipid—-protein interactions, where the physical properties
of the bilayer such as hydrophobic thickness, curvature stress, and
elastic moduli affect the membrane protein conformational mobility
and by specific lipid—-protein interactions, where lipids interact chem-
ically at lipid-binding sites located on the protein. The distinction,
however, between the two types of interactions is often unclear.
Typically, the general lipid-protein interactions are investigated in
model systems, e.g., using reconstitution of Na,K-ATPase into lipo-
somes of defined lipid composition [11,12], whereas specific lipid-
protein interactions can be investigated in solubilized Na,K-ATPase
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lipid-detergent micelles where the physical constrains of a bilayer
are more or less absent. Therefore, the two kinds of investigations
may complement each other.

1.1. Native membranes are soft matter

The cell membrane is a lipid bilayer composed of an asymmetric
disposition of a number of distinct lipid species, including cholester-
ol, containing adsorbed and integral membrane proteins. Lipid mem-
branes are soft and allow proteins to change their lateral position
and to adopt different shapes of their transmembrane (TM) domain
during conformational changes. Moreover, the activation of Na,K-
ATPase by ATP in the bilayer has been demonstrated to decrease
the bending rigidity of the bilayer, i.e., it becomes even more soft
by an amount equivalent to 7-8ksT, where kg is Boltzmann's con-
stant and T is the temperature in Kelvin, compared to membranes
with inactive pump [1]. Indeed, physiological membranes are fluid,
but in different ways. In the liquid-disordered (ly) phase, the lipid
fatty acid chains are conformationally disordered and the lipid mol-
ecules are spatially disordered, too, showing rapid lateral diffusion.
Plasma membranes of animal cells contain, apart from phospholipids
(PL), 30-50 mol% cholesterol (CHL), which in contrast to phospho-
lipids is a fairly rigid molecule due to the steroid core. The presence
of CHL restricts the conformational movements of adjacent fatty
acid chains but retains the liquid nature of the bilayer allowing the
lipids to be spatially disordered. Thus, CHL induces a so-called
liquid-ordered (l,) phase [13]. Due to this ordering of fatty acid
chains, the bilayer thickness increases significantly by inclusion of
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Fig. 1. Distribution of fluctuation amplitudes in GUVs reconstituted with Na,K-ATPase in the absence (a) and presence (b) of ATP. In the case where ATP is absent, the decay is
monoexponential, as predicted, with a time constant dependent on the mode number. In the presence of ATP where the Na,K-ATPase is activated, the decay function is double exponential
with a second time constant 7, = 0.5 s that is independent of the mode number but equal to the time scale of the pumping cycle.
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CHL. CHL also influences other important physical properties of the
bilayer like elastic moduli and intrinsic curvature.

1.2. Bulk, annular, and specifically bound lipids

The first shell of lipids that coat the protein TM surface are
termed boundary or annular lipids (orange spheres in Fig. 2). They are
motionally restricted even though they exchange rapidly between
positions along the protein TM surface and the bulk fluid phase (blue
spheres in Fig. 2) at a rate of 106107 s~ !, i.e,, they exchange with the
bulk lipids on a microsecond time scale [14,15]. For Na,K-ATPase, a little
more than 30 lipids are annular [16,17], whereas the closely related
Ca-ATPase has only about 20 annular lipids [18]. The composition of
the annulus lipids of Na,K-ATPase is mainly PC and CHL with a few
molecules of PS, whereas in Ca-ATPase it is mainly PC and PE. Thus,
the presence of CHL, together with the additional two TM helices, may
explain the larger number of annulus lipids in Na,K-ATPase compared
to SERCA. The protein interaction with the annulus lipids varies. The
shark Na,K-ATPase, e.g., has a higher specificity for anionic PL, especially
PS, than for neutral [17]. Other lipids are more tightly associated with
proteins in long-lived interactions that can be specific. Such lipids (red
spheres in Fig. 2) are often found between a-helices of proteins, or in
cavities on protein surfaces, and several PL's and CHLs have recently
been resolved after crystallization of Na,K-ATPase [7,8,19]. They are re-
ferred to as nonannular or specifically bound lipids. Since the protein
intramembrane surface is highly irregular, the specifically bound lipids
are often significantly distorted to fit into grooves between the trans-
membrane a-helices, or between subunits (cf. Figs. 9-12).

2. General lipid-protein interactions
First, we will consider the lipid—protein interactions that depend on

the lipid-induced changes in the physical properties of the bilayer that
may influence the functional state of the incorporated proteins.

Fig. 2. Sketch showing location of annular and specific lipids. Cross section of the TM domain
of Na,K-ATPase in the E1 ~ P-ADP-3Na™* crystal (PDB ID:3WGV) as seen from the extracellular
side of the membrane showing helices M1-M10 of the c-subunit, the [3-subunit, and the .
Colored spheres represent lipid head groups, polygons represent CHL. The first-shell lipids
(here 34) are termed annular lipids (orange) and have very restricted mobility due to inter-
action with residues on the protein surface. 5 PC (red spheres) and 3 CHL (red polygons) are
resolved in the crystal structure. They represent specifically bound lipids. Blue spheres indi-
cate the bulk lipids with unrestricted mobility.

2.1. Hydrophobic matching and local deformations in bilayers during
conformational changes

Membrane proteins span the membrane, and this transmembrane
part of the protein, often in the form of a bundle of a-helices, is poor
in polar residues (Fig. 3). The length of the hydrophobic core of the
TM domain (I) should closely match the hydrophobic thickness of the
membrane (do) in order not to expose non-polar residues to water.
This is the so-called hydrophobic matching principle first proposed by
Mouritsen and Bloom [20]. The hydrophobic core region of the plasma
membrane corresponding to the acyl chains of the phospholipids is ap-
proximately 30 A thick. On either side of the core a membrane inter-
phase is situated about 12 A thick corresponding to the phospholipid
head groups. If a hydrophobic mismatch exists between I and the thick-
ness of the unperturbed bilayer, the bilayer in the vicinity of the protein
may deform by stretching/compressing and bending of lipids (Fig. 3).
The elastic deformation energy, AGqer, Will be dominated by the
chain extension/compression associated with a bilayer deformation
energy cost, which can be estimated by the semi-empirical equation:

AGger E 6.1I<BT% per di-18:1 PC molecule [3]. If the constant 6.1

has unit nm ™~ and the unit of lengths are in nm, AGger has the unit k] per

lipid molecule. At 21 °C the equation thus becomes AGger =15 % in

kJ-mol~" of lipid. When a hydrophobic mismatch corresponding to a
difference in acyl chain length of 5 carbons exists AGger becomes
about 1.5kgT per lipid compared, e.g., to the energy of a typical hydrogen
bond of 5kgT. The free energy related to bending distortion of the
membrane surface normally is less significant, typically about 0.015-
0.035kgT per lipid [3], i.e., two orders of magnitude smaller than that

Fig. 3. Hydrophobic mismatch between the protein hydrophobic core with thickness ! and
the undistorted membrane hydrophobic thickness d, leading to compression and bending
of the bilayer immediately adjacent to the protein. The Na,K-ATPase is shown as the water
accessible surface (o-subunit green, B-subunit raspberry, and the <y blue) in atom color.
Note that the surface of the core hydrophobic domain contains very few charged residues.
The hydrophobic core is about 30 A wide and sandwiched between the cytoplasmic (cyt)
and extracellular (ext) membrane interface regions each about 12 A wide containing
many charged residues.
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for chain stretching/compressing. Since proteins are much more rigid
than membranes [2], it implies that the bilayer adjust to the protein
and not vice versa, as depicted in Fig. 3. Nevertheless, the finite defor-
mation energy may cause the integral proteins to fine-tune the confor-
mations to better match the bilayer hydrophobic thickness as shown by
MD simulations of Ca-ATPase in bilayers of different chain lengths,
where it is apparent that hydrophobic mismatch induces both local
deformations in the lipid bilayer and in the protein that adapts to the
bilayer by small rearrangements of amino acid side chains and a-helix
tilts [21], as also suggested by Andersen and Koeppe [2]. In SERCA1a,
as the transmembrane helices move during turnover, the membrane
thickness and residues interacting with PL head groups change, and
even the orientation of the whole protein may change. This would result
in large changes in cross-sectional area of the transmembrane region
and lateral pressure of the lipids on the pump (see Section 2.3). It has
also previously been clearly demonstrated that increasing CHL, which
among other effects increases bilayer thickness, is able to shift the
E2P/E1P conformational poise of Na,K-ATPase towards E1P [22] and
the E2/E1 poise towards E1 [23].

The effects of lipid hydrophobic thickness on Na,K-ATPase activity
have been investigated by reconstitution of Na,K-ATPase into liposomes
produced from phospholipids of varying acyl chain length (n¢). Thus, the
hydrophobic lipid thickness in nm, {do) of PC with mono-unsaturated
acyl chains in the liquid-crystalline phase, at 30 °C relates approximately
to the number of carbons in the phospholipid acyl chain by the following
relation: (do) = 0.19(n¢c — 3.9) [3].

In Fig. 4a, results are shown where Na,K-ATPase is reconstituted into
liposomes produced from mono-unsaturated PL's of varying acyl chain
lengths from 14 to 24 with or without 40 mol% CHL [12]. For each
preparation, the amount of inside-out pumps was determined and the
associated specific hydrolytic activity (umol-mg~'-h™") measured [11,
24]. As seen from the figure, maximum activity is observed at an nc of
22 in the absence of CHL, corresponding to an average optimal
hydrophobic bilayer thickness of {do) = 3.82 nm. When the same ex-
periments were performed with liposomes containing 40 mol% CHL,
the optimum is decreased to an nc-value of 18, which also happens to
be the average length of acyl chains in the native membrane [23]. This
shift to shorter optimal chain lengths in the presence of cholesterol is
compatible with the effect of CHL to increase acyl chain order and bilay-
er thickness. When the bilayer deformation energy AGger is calculated
assuming [ equal to the bilayer hydrophobic thickness corresponding
to nc = 18 in the presence of CHL, it is observed that the AGger distribu-
tion (stippled curve in Fig. 4a) is much broader than the activity profile.
The increase in bilayer deformation energy, therefore, cannot alone
account for the observed effect of varying acyl chain length on activity,
indicating more specific effects of acyl chain lengths on Na,K-ATPase
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activity. Furthermore, it is also noted that cholesterol drastically in-
creases the enzyme activity obtained at the optimal bilayer thickness
without CHL. Indeed, CHL must have other, specific effects apart
from the general physical effects on Na,K-ATPase activity through
hydrophobic matching. Similar experiments have been performed
using sarco(endo)-plasmic Ca-ATPase, SERCA1a [25]. Here the optimum
acyl chain number in the absence of CHL was between 16 and 18 and the
distribution much broader corresponding closely to the elastic deforma-
tion energy distribution. Endoplasmic reticulum contains much less
CHL (about 10 mol%) than the plasma membrane. The closely related
Na,K-ATPase and Ca-ATPase thus seem to have adapted to the different
membrane environment they reside in. Another remarkable effect of
bilayer thickness on SERCA is that when the mole fraction of di-14:1
PC relative to di-18:1 PC increased to more than 0.5 the Ca®>* binding
stoichiometry of reconstituted SERCA1a apparently decreased from
the ordinary 2 to only 1 [4,25]. It is possible that the decrease of
membrane thickness induces a rearrangement of a-helix packing to
disrupt one of the two Ca® "-binding sites in SERCA.

2.2. Cholesterol

As previously mentioned, the animal plasma membrane contains
30-50 mol% CHL; in fact, all eukaryotes do, whereas it is absent in pro-
karyotes. Why is this sterol so important in our membranes? One rea-
son, as previously mentioned, is that it imposes a high degree of
conformational order on the phospholipid acyl chains thereby stabiliz-
ing the so-called liquid-ordered lipid phase [13]. This phase is still liquid,
allowing rapid lateral diffusion in the membrane plane and at the same
time confers mechanical stability to the bilayer by increasing the elastic
moduli and bilayer thickness. These effects are unique to cholesterol
whereas lanosterol, a closely related sterol with a less smooth steroid
surface due to three additional methyl groups on the steroid core, is
unable to induce the liquid-ordered lipid phase [26].

The cholesterol effects on the activation energy of Na,K-ATPase turn-
over can be evaluated by measuring the temperature dependence of the
turnover number (kc,) of the Na,K-ATPase reaction in liposomes with
or without CHL. A plot of In(kc.¢/T) vs. 1/T, the Eyring plot, may be linear
provided that a single rate constant in reaction cycle is rate determining
at the temperature range investigated. In this case, the values of AH* and
AS*, the enthalpy and entropy of activation, can be evaluated from the
slope (~AH*/R) and intercept (AS¥/R + 23.76). In Fig. 4b, the Eyring
plots are shown for Na,K-ATPase reconstituted into liposomes with
di-18:1 PC alone or together with 40 mol% CHL [12]. In both cases, a rea-
sonable linear relationship is found, and AH* and AS* can be calculated
from linear regression analysis to be AH* = 67.0 + 1.4 kJ-mol~' and
ASt = -9.9 4+ 0.2 'K~ 'mol~! in the absence of CHL and AH =

25 D + cholesterol
N.\

= 5 .
- £ -2.5|
3 =
s £ - cholesterol
- -5.0

-7.5

0.00320 0.00345 0.00370
1T

Fig. 4. (a) The specific hydrolytic activity of Na,K-ATPase reconstituted into liposomes of mono-unsaturated PL with acyl chain length between 14 and 24 plus 40 % CHL (red) or without
CHL (blue). The stippled curve is the free energy of elastic deformation by acyl chain compression. (b) Eyring plots of activation energy of Na,K-ATPase reconstituted into di-18:1 PC with

40 mol% CHL (red) and without CHL (blue). Data from Cornelius 2001 [12].
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73.7 £ 1.5 kJ'mol ! and AS* = 58.8 + 1.5]-K~'-mol~ ! in the presence
of CHL, respectively. Thus, the enthalpy of activation is independent on
the presence of CHL (slopes are the same), whereas the entropy of acti-
vation (from the intercepts) is negative in the absence of CHL but posi-
tive in its presence. This emphasizes that changes in physical property of
bilayers induced by CHL are being dominated by changes in entropy.
Increasing bilayer thickness, induced by using PC with longer acyl
chains than for di-C18:1 PC, has a similar effect on AS* as CHL when
nc > 20, indicating that this CHL effect manifests itself via the increased
bilayer thickness. From the relation AGF = AH* + TAS, the free energy
of activation can be calculated for di-18:1 PC in the absence or presence
of CHL to be 70.0 + 1.5 and 56.2 + 1.4 kJ-mol ™', respectively, i.e., CHL
reduces significantly the free energy of activation as the optimal bilayer
thickness is achieved. AG* depended on the bilayer thickness and is
minimum at nc = 18 in the presence of CHL, but at nc = 22 in its ab-
sence. Thus, AG* is minimum at a bilayer thickness that gives optimal
turnover (Fig. 4a), and is also equal to AG* of Na,K-ATPase in native
membranes [23].

Obviously, the Na,K-ATPase, which is confined to the plasma mem-
brane of animals, and the Ca-ATPase present in the endoplasmic reticu-
lum must have adapted differently to the diverse membrane content of
CHL. This is obvious already from the different optimal membrane thick-
ness, where SERCA1a matches thinner membranes than Na,K-ATPase
[4,12,25]. In Fig. 5a, the activity of Na,K-ATPase reconstituted into lipo-
somes containing varying CHL content from 0 to 40 mol% is shown
[27]. As seen, the hydrolytic activity is increased by CHL and is optimal
at 20 mol% CHL, with a slight decrease in activity at 40 mol%. The
increased activity is in accord with a CHL-induced increase in the rate
determining E2 — E1 reaction step and a stabilization of the E1
conformation [23]. Actually, every reaction step we could measure
in the NaK-ATPase reaction cycle was found to be significantly
affected by increasing concentration of CHL, including increased
phosphoenzyme level, increased apparent ATP affinity, change in the
cytoplasmic Na™ activation with inhibition at high Na* concentrations,
increasing rate of phosphorylation (Fig. 5b), and increased rate of
spontaneous and K*-activated dephosphorylation [23,27]. It seems
improbable that one single general physical property of the bilayer
like bilayer thickness could have such diverse impact on the enzyme
reaction kinetics. Rather, it indicates that CHL has more specific impact
on the Na,K-ATPase activity. This hypothesis now seems to be substan-
tiated considerably by the finding of CHL molecules specifically
bound to 3 different lipid-binding sites in the recent high resolution
Na,K-ATPase crystal structures ([7,8] see paragraph 3).

Contrary to Na,K-ATPase, CHL seems to be excluded from the SERCA
annulus lipids and SERCA1a is not activated by CHL [28-30], or is even
inhibited by CHL especially in PE-containing lipid mixtures [31]. CHL
does, however, interact with the TM surface and compete with PC
for binding in reconstituted SERCA [18]. As previously mentioned,
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endoplasmic reticulum, where SERCA resides, contains significantly
smaller amounts of CHL compared to the plasma membrane.

2.3. Polyunsaturated fatty acids as controller of curvature stress

Lipids containing polyunsaturated fatty acids (PUFA) like
decosahexaenoic acid (DHA) with 22 carbons and 6 double bonds in
the acyl chain have been shown to affect protein functions in several
cases, most notably in the case of rhodopsin [32]. In shark Na,K-ATPase,
it comprises 15 mol% of fatty acids [23]. With the very bulky acyl chains,
this lipid has a propensity to form non-lamellar phases like the inverted
hexagonal phase Hjy. The resulting bilayer curvature stress may be me-
diated energetically to the protein structure via the so-called lateral
pressure profile, which is a very fundamental physical property of lipid
bilayers. The lateral pressure profile results from the very constrained
state the lipids adopt when they are close together in a bilayer. It results
from three forces inside the bilayer: a repulsive force between the lipid
head groups that gives a positive pressure, hydrophobic forces acting at
the hydrophobic-hydrophilic interface resulting in a negative pressure,
and repulsive forces between the acyl chains of the fatty acids that
give a positive pressure. At equilibrium, the net tension across the bilay-
er is zero, which means that the pressure between the acyl chains
counteracting the two interface tensions becomes very large, typically
several hundreds of atmospheres (Fig. 6).

The lateral pressure profile can couple to the protein structure and
function via the stress it exerts on the protein TM domain if enzyme
turnover involves variations in the protein cross-sectional area across
the TM domain (Fig. 7). The work required to induce a conformational
change between two states, r and ¢, of a protein relates to the lateral
pressure profile, m(z) by the equation [33]: W = [n(2)[A(z) —
A/(z)]dz, demonstrating that the protein cross-sectional area in the
two states, A/(z) and A,(z), must be different for the protein to sense
the lateral pressure profile. As seen from Fig. 7, the cross-sectional
area at the level of the cytoplasmic membrane interface is quite differ-
ent for Na,K-ATPase in E1 ~ P and E2-P conformations.

When the turnover number of Na,K-ATPase reconstituted into lipo-
somes containing 10 mol% of lipid with di-22:6 PC or 16:0-22:6 PC is
measured, a significant decrease in turnover is observed. However,
this inhibition is much less if 40 mol% CHL is also included (Fig. 8a).
Thus, the Na,K-ATPase is inhibited in the presence of n-3 (w-3) polyun-
saturated PL, especially in the absence of CHL [34]. Also, the apparent
Na*-affinity is increased (Fig. 8b). The rigid cholesterol molecule
with its smooth steroid surface does not mix well with polyunsaturated
PL with their bulky lipid chains, and there is a tendency of CHL
and polyunsaturated PL to laterally phase separate into DHA-poor/
CHL-rich l,-microdomains and DHA-rich/CHL-poor Iq-microdomains.
The Na,K-ATPase may tend to be located to l,/lq-domain interfaces if in-
teraction of the Il,- and Ig-domains with the Na,K-ATPase is more

b
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Fig. 5. The hydrolytic activity (panel a) and the rate of phosphorylation (panel b) of Na,K-ATPase reconstituted into di-18:1 PC liposomes with increasing CHL content. Data from Cornelius

1995 [27] and Cornelius et al. 2003 [23].



1734

F. Cornelius et al. / Biochimica et Biophysica Acta 1848 (2015) 1729-1743

z ./ head group repulsion

a . b
head group repulsion | |increase
a@aﬁgaﬁ *_interface tension g
i( chain repulsion decrease
. -~
Mﬁ‘g interface tension

: increase
7(2)

0

-——
decrease

increase
—

decrease

Fig. 6. (a) Lateral pressure profile in a symmetric bilayer. The forces that give rise to the pressure profile are repulsion of head groups, the interface tensions, and repulsive forces between
the lipid chains. In panel b, the effects of CHL and 22:6 PC is indicated. CHL increases the lateral pressure in the middle of the bilayer and decreases it near the interfaces. 22:6 PC has the

opposite effects. Redrawn from Cornelius 2008 [34].

favorable than with each other [35,36]. Thus, DHA inhibition of Na,K-
ATPase could be the result of CHL exclusion near the pump surface. Fi-
nally, CHL and DHA are known to change the r1(z) profile through the bi-
layer (Fig. 6b). CHL increases the lateral pressure in the middle of the
bilayer and decreases it near the interfaces, whereas DHA has the oppo-
site effect, it increases pressure near the bilayer interfaces and decreases
it in the middle [33,37]. Thus, changes in the structure of protein inter-
faces during conformational transitions associated with a change in
cross-sectional area (Fig. 7) may be important.

3. Specific lipid—protein interactions—a structural view

In the first complete crystal structure of Na,K-ATPase from shark in
the E2-Pi-2 K* conformation, a CHL molecule (CHL1) was resolved [7]
in what is now designated lipid site C between the 3 and aM3, aM5,
and aM7 (Fig. 7, Table 1). It is located at a position essential for stabiliz-
ing the kink in M7, which is important to make room for binding of the
K" -ions. Remodeling of the shark structure resolved, however, two ad-
ditional PL's that can be modeled as PS and PC, respectively, in what was
designated site A and B [9]. In the recent E1 ~ P-ADP-3Na™ structure [8],
CHL1 in lipid-binding site C is preserved, demonstrating that it is evolu-
tionary conserved, and two additional CHL's are resolved (CHL2 near
the B-subunit and CHL3 near the vy) plus 5 PL molecules positioned in
3 lipid-binding regions A, B, and C (Figs. 7, 9-12, Table 1). The PL elec-
tron density was continuous throughout the acyl chains indicating
that these PL's are immobilized by tight association to the protein. The

E1~P

lipids are distorted to various degrees by binding in grooves at the pro-
tein surface. Since native lipids may be substituted by PCs added in the
crystallization buffer, it is not known whether the PL's represent native
PL's. Indeed, the structures strongly indicate the presence of specifically
bound lipids to Na,K-ATPase as also previously inferred from X-ray
structures of the closely related SERCA1a, where 5 different binding
sites for PL head groups can be identified [38], some of which are
homologous to the sites described here, V-type Na*-ATPase [39],
bacterial photosynthetic reaction center [40], bacteriorhodopsin [41],
cytochrome c oxidase [42], and K" -channel [43], among others (for a
more comprehensive list, see reviews by Fyfe et al. [44]; Contreras
etal [5]).

In the Na,K-ATPase crystal structures, the CHL's are found to be
H-bonded to protein residues in the membrane interface region, and
the steroid core and acyl chain by hydrophobic interactions with
non-polar residues. A general arrangement seems to be that the CHL
molecules are all confined to deep grooves in the protein surface and
at boundaries between subunits. Thus, CHL1 is positioned at the o3 in-
terface on the cytoplasmic side (lipid site C), CHL2 at the a3 interface on
the extracellular side (lipid site A3), and CHL3 at the oy interface at the
extracellular side (lipid site A2). The CHL's in the E1 ~ P state are covered
by associated PL's. Also, the PL's are partly embedded in deep grooves in
the protein surface. The PL head phosphodiester group and glycerol
oxygens are coordinated by polar residues in the membrane interface
regions (Table 1, Figs. 10-12) and the acyl chains by van der Waals
interactions with surface-exposed hydrophobic residues in the TM

E2P

Fig. 7. Cross-sectional area of Na,K-ATPase in the pig kidney E1 ~ P-ADP-3Na* (PDB ID: 3WGV) and in shark E2-Pi-2 K* (PDB ID: 2ZXE) structures near the membrane interface at the cy-
toplasmic side. The protein perimeter in E1 ~ P-ADP-3Na™ indicated by the stippled curve is also shown around the E2-Pi-2 K* structure for comparison. PL's (orange) are seen at lipid sites
A,B,and CinE1~P-ADP-3Na™ from pig kidney, whereas the two PL's at site C are not resolved, or absent possibly due to the narrowing of the binding crevice in shark E2-Pi-2 K*. However,
a CHL (CHL1) molecule is conserved at similar positions in site C in both structures. In site B of E2-P, the groove around M1-M2 expands by a lateral movement of M1-M2, and the PL
changes its conformation accordingly. Movements around M2 in the transition to E2-Pi-2 K* narrow lipid site B and the PL take up another position closer to the FXYD. The a-subunit

is in green, (3 in raspberry, and FXYD in blue. PL's orange and CHL's red.



F. Cornelius et al. / Biochimica et Biophysica Acta 1848 (2015) 1729-1743

1000

+Chl

-

turnover/min

lipid composition

1735

b

1.00

0.754

18:1 PC/chol, control

relative turnover/min’

e A 18:1 PClchol + di-22:6 PC
O 18:1 PC/chol + 16:0-22:6 PC
0.004 . . ' .
0 25 50 75 100
[Na}/mM

Fig. 8. Panel a shows that inclusion of 10 mol% di-22:6 PC (red) or 16:0-22:6 PC (blue) into di-18:1 PC (green) liposomes with reconstituted Na,K-ATPase results in a decreased maximum
turnover both in the absence and presence of 40 mol% CHL. In panel b, it is shown that the apparent Na*-affinity increases with addition of polyunsaturated PC to CHL-containing di-18:1
liposomes from a Ky 5 of 25 mM to about 15 mM. In liposomes without CHL, addition of polyunsaturated lipids did not affect apparent Na™ affinity (not shown). Data from Cornelius 2008

[34].

core region. The key residues coordinating the specifically bound PL's
and CHL's are shown in Table 1. Astonishingly, all the listed coordinating
residues are conserved throughout the ac1-04 isoforms, except E840,
which is a His, and K943, which is an Arg in a4.

3.1. Lipid site A—a composite site with four sub-sites

Lipid-binding site A is located between aM8-M10, FXYD, and 3 in
the crystal contact area between two protomers. Lipid-binding sites A
and B in the shark Na,K-ATPase as remodeled from 2ZXE are shown in
Fig. 9a. The PL at site A is modeled as PS, probably carried over from
the native lipids, whereas the one at site B is modeled as PC. The position
of the PS head group in the shark enzyme very close to FXYD10 at the
cytoplasmic membrane interface is interesting since acidic PL's have
been shown to affect several kinetic properties of Na,K-ATPase including
the ion-activation, the K*-deocclusion, and the E1/E2 conformational
equilibrium [45]. In Fig. 9b, lipid site A in the pig kidney crystal structure
(PDB ID:3WGV) is shown. As seen, it is composed of 4 lipid-binding sub-
sites A1, A2, A3, and A4 positioned between aMS8, 9, 10, and FXYD. The PS
found in the shark structure is located at site A1. In the pig structure, PCs
are associated with CHL at sites A2 and A3 in protomer A and only at site
A3 in protomer B. In this crystal, these PCs are shared with the ones at
sites A1 or A4 of the other protomer due to the crystal packing. Lipids
bound at crystal contact sites have previously been identified in various
crystal structures of SERCA1a (reviewed in ref. [38]). Such association of
PC with CHL bound to the protein may be important for function and/or
stability of Na,K-ATPase. Lipid site A1 contains one PL modeled as PC in
pig kidney enzyme, which is located at approximately the same position
as PS in shark enzyme close to the FXYD10. The head group phosphodies-
ter of shark PL in site A1 is within H- bonding distance from K950 and
K452 (K943 and K945 in pig numbering). In pig kidney, Q940 and Q939

main chain carbonyls are within bonding distance of the PL phosphate ox-
ygens, and M942 and V935 carbonyls are close to the glycerol hydroxyls
(Fig. 10). In pig kidney, another PC on the opposite side of F938 is posi-
tioned in lipid-binding site A4. The PC head group in site A4 is coordinated
by R1003 in «M10 and a glycerol hydroxyl by S936 side chain (Fig. 10,
right panel). A PL has been modeled in SERCA1a at a homologous site
[46], and the head group is there coordinated by R989 comparable to
R1003 in Na,K-ATPase (PDB ID: 3AR3-7). In Fig. 9b, lipid sub-sites A2
and A3 are seen in pig kidney located at the extracellular membrane
leaflet. In lipid site A2, a CHL3 is positioned in a deep pocket near the y-
subunit so that the CHL3 hydroxyl is coordinated by yV26. In lipid site
A3, CHL2 is positioned also in a deep pocket close to the p-subunit. The
hydroxyl of this CHL is coordinated by «E868 in M7 and by aT979 in
M10. A CHL molecule equivalent to CHL3 at site A2 was also observed in
the E2P-ouabain crystal structure (PDB ID: 4HYT) at a similar position
[19]. The head group of the PL at site A2 is coordinated by Y68 and
Y21, and the PL head group of PC in site A3 by 3T60 main chain carbonyl.

In Fig. 10, the PL lipid-binding sites A1 in the shark (PS) and A1,A4 in
pig structures (PC) are compared. The PS of shark enzyme and the PC of
pig enzyme in lipid-binding site A1 are at almost identical positions al-
though their conformations are slightly different. The A4 lipid-binding
groove in the pig structure is much more confined than in the A1 sites
of both shark and pig, and the bound PC is more distorted (Figs. 9 and
10). Also, the terminal part of the lipid acyl chains of this PL extends
quite significantly from the protein surface (~10 A).

3.2. Lipid-binding site B
Lipid-binding site B is located in the cleft between aM2, M5, M9,

and FXYD. The lipid site of the two structures (shark PDB ID: 2ZXE and
pig PDBID: 3WGYV) are compared in Fig. 11. The PL head group of the pig

Table 1
Characterization of the specific lipid-binding sites of Na,K-ATPase.
Lipid-binding site State Lipid TM Location Key coordinating residues Leaflet Functional role References
Al E2-P PS aM8-10, FXYD, (3 K943, K945 Cyt Stabilization 8-10, 54-56, 58, 59
E1~P PC Q939, Q940
A2 E1~P PC aM8-10, FXYD, B K977, pY68, vyY21 Ext Stabilization 8,10
CHL3 YV26
A3 E1~P PC aM8-10, FXYD, 3T60 Ext 8
CHL2 E868, T979
A4 E1~P PC aM8-10, FXYD, p R1003 Cyt 8
B E2-P PC aM2,6,9, FXYD K342 Cyt Stimulation 8,9,10
E1~P PC/PE Y142,Q143, K146, Y817
C E2-P CHL1 aM3,57,p E1013" Cyt 7,8,10
E1~P 2PC T834 Inhibition?
CHL1 E840, pR27

* Coordinating via a H,O molecule. Numbering is according to pig kidney Na,K-ATPase sequence.
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Fig. 9. Panel a shows lipid sites A1 and B in the crystal structure of shark Na,K-ATPase in the E2-Pi-2 K™ crystal structure (PDB ID: 2ZXE). Remodeling of the 2ZXE structure resolved two
phospholipids at the cytoplasmic side of the protein on either side of the FXYD10 designated lipid-binding sites A1 and B. The PLin site A1 is modeled as PS, and the one in site B as PC. In
panel b, lipid site A of pig kidney is shown. In shark only one PL (PS) is resolved, whereas in pig there are 4 sub-sites: A1 and A4 on the cytoplasmic side containing each one PC molecule,
and A2 and A3 on the extracellular side containing CHL3 and CHL2 each associated with a PC molecule. In the crystal structure site A of pig kidney, protomer A is in close contact with that
of the neighboring protomer B in the next asymmetric unit. Due to the tight crystal packing, it is possible that the two protein units share lipids at the interface. c is colored green, 3 is

raspberry, and FXYD is blue. PL's are orange and CHL's red.

enzyme is coordinated by several residues like Y142, Q143, and K146 on
M2, as well as Y817 on the M6-M7 loop. In both structures, the lipid
head group is very close to the FXYD protein. Several hydrophobic resi-
dues in M2 and M9 interact with the lipid acyl chains. The very narrow
pocket forming lipid-binding site B in the pig structure (Fig. 11a,b) has
expanded considerably in the shark E2-P structure due to the different
positions especially of M1-M2 helices (Fig. 11c,d), as also previously de-
scribed [9]. The PL has changed its conformation accordingly, and the PL
head group has separated from the coordinating residues of M2 and is
now coordinated by K349 (K342 in pig numbering). The E1 ~ P structure
still hosts a PL in binding site B, now very distorted and compressed. In
SERCA1a, a PC molecule is also observed here both in the E1Ca; and the
E2 conformation [46] coordinated by Q108, a homologue of Q143 in
Na,K-ATPase.

3.3. Lipid-binding site C

Lipid site C of pig kidney enzyme (PDB ID: 3WGV) is shown in
Fig. 12. It is positioned in a very narrow pocket between aM3, aM5,
aM?7, and B. It hosts one CHL1, which is at a similar position as the
CHL found in the shark crystal structure (PDB ID: 2ZXE), and in addition
two stacked PL's modeled as PC. The head group of the innermost PL is
coordinated by T834 main chain carbonyl and the glycerol hydroxyls
are close to V838 and N839. E840 is contacting a glycerol hydroxyl of
the outer PL as well as interacting with the hydroxyl of CHL1. The phos-
phate oxygen of the two PL head groups are within hydrogen bonding
distance of each other. CHL1 in the two structures of shark and pig is
positioned in a hydrophobic pocket mainly composed of hydrophobic
residues from the B-subunit. The hydroxyl of CHL1 in the pig kidney

Fig. 10. Comparison of lipid site A1 in shark (left) and A1, A4 in pig kidney (right). The PC in pig kidney and PS in shark in site A1 are positioned almost at identical locations between
aM8-M9, whereas PC in pig site A4 is on the other side of F938 (F945 in shark) between aM8 and M10. In shark the PS, head group is coordinated by K950 and K952 (K943 and K945
in pig), and the acyl chains lie in a hydrophobic pocket composed of W931, F992, F989, W988, F999, F959, and Y778 (shark numbering). In the pig structure, the PC head group in
lipid site A4 is coordinated by R1003. The residues F938, F992, and F985 form the hydrophobic pocket (pig kidney numbering).
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Fig. 11. Lipid site B. Panels a and b show pig kidney E1 ~ P-ADP-3Na™ structure (PDB ID: 3WGV) with PL at site B squeezed into a narrow groove formed by a-helices M2, M4, M6, and M9
and the y-subunit. The phosphate and glycerol oxygens interact with side chains of the polar and charged residue (sticks) at the cytoplasmic membrane interface region. The PL head group
is coordinated by Y142 (M2), Q143 (M2), K146 (M2), and Y817 (M6). The hydrophobic pocket consists of residues like V132,1135, F139 of M2, V810, and 1813 on M6, and 1946 and F949 on
M. In panel b, the PC head is partly covered by the overhanging y-subunit. Panels c and d show site B of the shark E2-P-2 K* (PDB 2ZXE). The head group is no more coordinated by the M2
residues and is now coordinated by K349 (K342 in pig) in M4 and is only weakly interacting with Y824 (Y817 in pig). The acyl chains interact with hydrophobic residues like Y131, F146,
and Y149 of M2, and F956 and F967 on M9. The binding cleft is expanded due to lateral displacement of M1-M2. The flexible PL (here modeled as a PC) adapts to the new crevice. Residues
involved in interactions with the PL head groups are shown in stick.

Fig. 12. Lipid site C of pig kidney Na,K-ATPase (PDB ID: 3WGV) containing CHL1 and two PLs in a very confined groove between the M3, aM5, M7, and . In panel a, coordination of CHL
and the PL's are shown, including BR27, ®E840 (M7) side chains, and main chain carbonyl of «T834 and «V838 (M7). Several hydrophobic residues especially on the 3-subunit participate
in the hydrophobic pocket. In panel b, the surface is shown with the two PC molecules squeezed into the protein crevice between 3 (raspberry) and o (green) almost covering CHL1 (red).
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structure is coordinated by E840 and BR27. In Fig. 12, left panel, coordi-
nating residues are shown, and in the right panel, the surface is shown.
As seen, YF15 and YW32 together with aF294 almost cover the site.

4. Functional effects and location of specifically bound lipids

In principle, lipids bound specifically to the Na,K-ATPase or
other membrane proteins may affect protein stability, enzyme activity
(activation or inhibition), ligand binding, protein-protein interactions,
trafficking to and from the cell membrane and location in specific
microdomains, or combinations of various effects (reviewed in [2-6]).
While molecular structures of the Na,K-ATPase reveal phospholipids
and cholesterol bound in pockets between transmembrane segments,
detailed biochemical studies are required to define the functional roles
and locations of particular lipids. Indeed, not all phospholipids and
cholesterol seen in the structures may have specific functional roles.

Various findings from the older literature imply the existence of spe-
cific lipid-Na,K-ATPase interactions. As one very old example, based on a
requirement for anionic phospholipids, especially phosphatidyl serine
(PS), to maintain Na,K-ATPase activity of detergent-soluble brain micro-
somes, it was concluded that “the system for active transport of Na and
K involves a complex unit of phosphatidylserine and the protein of the
ATPase” [46]. Similarly, in order to maintain activity of detergent solubi-
lized renal Na,K-ATPase separated on size-exclusion HPLC columns, it
was necessary to add an anionic phospholipid, preferably PS, to the run-
ning buffer [47]. Furthermore, the PS affected oligomeric state [48], and
there was some selectivity for synthetic 18:1-18:1PS [49], suggestive of
a direct stabilizing interaction. In an extensive study using spin labeled
lipids [15], anionic lipids such as cardiolipin and PS were inferred to
bind more specifically to renal Na,K-ATPase than neutral lipids and
fatty acids. Furthermore, binding of PS was preserved in extensively
trypsinized Na,K-ATPase, in which the major cytoplasmic segments
are removed but transmembrane segments and extracellular loops re-
main [50], suggesting that “the primary determinants of selectivity are
preserved,” most likely positively charged residues near the
membrane surface [51]. It has been known for many years that
cholesterol is required for optimal Na,K-ATPase activity as shown, for
example, in [52] using renal membranes or in [27] using reconstituted
proteoliposomes. The effects of cholesterol depletion or enrichment on
Na,K-ATPase activity were interpreted either as due to bilayer effects
[10] or specific cholesterol-Na,K-ATPase interactions [11]. The subsequent
detailed study of effects of cholesterol and PCs of different chain lengths
on Na,K-ATPase activity discussed above [12,23] implies that both bilayer
effects and specific cholesterol-Na,K-ATPase interactions occur.

The examples just quoted are by no means exhaustive but, in any
case, a more systematic study of specific lipid-Na,K-ATPase functional
relations has become possible only with the development of purified
detergent-soluble recombinant Na,K-ATPase, expressed at high levels
in the methanotrophic yeast Pichia pastoris [53]. This system can
provides mg quantities of ~90% purified Na,K-ATPase, including
various human or pig isoform combinations (a«1His1031, «2His10p31,
a3His10p1, a2His10p3, a2His10p2) and mutants, prepared with dif-
ferent synthetic lipids and controlled lipid content [9,10,54-58]. After
solubilization of the P. pastoris membranes in n-dodecyl-3-p-maltoside
(DDM), purification is achieved by affinity chromatography on BD-
Talon beads. The protein is eluted in a medium containing octaethylene
glycol monodecyl ether (C;,Eg) or DDM and PS, without or with addi-
tional cholesterol and other phospholipids [54,55,57,58]. Regulatory
EXYD proteins are expressed separately in Escherichia coli, purified and
reconstituted spontaneously with the a3 complex and are eluted as
aBFXYD complexes [56,59]. Several physical techniques show that the
purified Na,K-ATPase consists mainly of monodisperse a3 or o BFXYD
protomer complexes, detergent, and presumably bound phospholipids,
with minor amounts of (a¢131FXYD1) di-protomers [10,54,55]. It is im-
portant to emphasize that the mixed protein-detergent-lipid micelles
are fully soluble and can be centrifuged at high speed without

precipitating or eluted on size-exclusion HPLC columns, and effects of
added lipids are seen at rather low concentrations (<100 pM). This ex-
perimental set-up allows detection of specific lipid interactions based
on their structural selectivity, dependence on cholesterol, effects of mu-
tations, and other features, and avoids the inherent ambiguity in inter-
pretation of lipid effects in experiments based on reconstituted lipid
vesicle, namely, whether the effects are caused by specific lipid—protein
interactions or by changes in physical properties of the bilayer.

4.1. Site A—stabilization by anionic lipids and cholesterol

In the absence of an anionic lipid in the wash and elution buffers, the
purified recombinant Na,K-ATPase (ct131) is inactive [55]. PS is superior
to PI in supporting activity, while PC supports activity initially, but it is
rapidly lost, and PE does not support activity at all. The selectivity for
the anionic lipids resembles that for renal Na,K-ATPase [48], consistent
with a stabilizing role of PS. The structural selectivity of the fatty acyl
chains of PS provides strong evidence for a specific interaction [55]. As
seen in Fig. 13a, human o131 made with synthetic PS having only
saturated fatty acyl chains rapidly loses Na,K-ATPase activity, even at
0 °C. At least one double bond is required to maintain activity over
time. Furthermore, 18:0-18:1PS is superior to 18:1-18:1PS at 0 °C and
even more so at higher temperatures (>20 °C) [55]. Overall, the order
of stabilizing effectivity is 18:0-18:1PS > 18:1-18:1PS ~ 18:0-
18:2PS > 18:2-18:2PS> > 14:0-14:0PS > 16:0-16:0PS =~ 18:0-18:0PS.
Fig. 13b shows that addition of cholesterol to the 18:0-18:1PS leads to
strong additional stabilization although little activity is seen with cho-
lesterol alone. The major yeast sterol ergosterol is a poor stabilizer. As
seen in Table 2, the initial Na,K-ATPase activity for preparations made
with 18:0-18:1PS, 18:1-18:1PS; 14:0-14:0PS 18:1-18:1PS/ cholester-
ol, and also 18:1-18:1PC without or with cholesterol are all equivalent
and are quite independent of their ability to stabilize [55].

Evidently, anionic lipids such as 18:0-18:1PS, with or without
cholesterol, stabilize activity but do not affect activity as such, at least
in this system. Two observations suggested that cholesterol and the PS
interact directly. First, in the presence of cholesterol the K 5 for 18:0-
18:1PS is lowered from ~ 50 uM to =~ 25 uM. Second, cholesterol is
less effective as a stabilizer in combination with 18:2-18:2PS compared
to 18:0-18:1PS or 18:0-18:2PS [55]. Cholesterol is known to bind opti-
mally to saturated acyl chains [60], making this observation under-
standable. An important observation is that the order of stability with
different cationsinthe mediumisNa®™ >K* ~Rb™>choline™ >Cs* ~Li*
[55]. This is indicative of selective stabilization by Na™ ions (and not dif-
ferent stabilities of E1 and E2 conformations). Furthermore, the Ky 5 for
18:0-18:1PS prepared in media containing Na™ is about 3-fold lower
than in Na*-free media (H. Haviv and S,J.D. Karlish, unpublished).

Ion mobility mass spectrometry is rapidly becoming an essential
technique for detecting and characterizing specific lipid-binding sites
on membrane proteins [61,62]. Indeed, we have recently applied this
technique to the purified recombinant a131FXYD1 complex and ob-
tained direct evidence for binding of one molecule of 18:0-18:1PS (M.
Habeck, S.J.D. Karlish and M. Sharon unpublished work). This approach
will become invaluable for testing hypotheses on lipid-binding sites,
mutants etc.

Two sets of data indicate that PS/cholesterol bind in pocket A
bounded by tM8-10/FXYD.

1. FXYD regulatory proteins are expressed in a tissue specific fashion
and modulate kinetic properties of the Na,K-ATPase so as to adapt
them to the needs of the cell, reviewed in [63,64]. Another function
of FXYD proteins is to stabilize the Na,K-ATPase (both human
a1P1 and a231) against thermal- and excess detergent-mediated in-
activation [56,59]. Fig. 14a shows the protection of reconstituted
a1B1FXYD complexes against thermal inactivation by purified FXYD
proteins, with the order of effectiveness FXYD1 > FXYD2 > FXYD4
[59]. The mechanism involves amplification of the effect of PS,
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Table 2

Initial Na,K-ATPase activities of ot131 complexes prepared with different phospholipids and cholesterol.

Added PL None 18:1-18:1PS  18:0-18:1PS

16:0-18:1PS

14:0-14:0PS  18:1-18:1PS/cholesterol ~ 18:1-18:1PC  18:1-18:1PC/cholesterol

Na,K-ATPase, pmol/min/mg 1.7+ 0.1 1144+ 1.0 119+ 09

126 +1.2

115+ 04 122+ 10 119+ 14 11.8 +03

probably due to direct binding of PS and the transmembrane segment
of the FXYD protein, as inferred from several observations such as in
Fig. 14b and c. Fig. 14b shows the FXYD proteins reduce the Kj s for
18:0-18:1PS in the order FXYD1 > FXYD2 =~ FXYD4, to about 5-
10 uM for EXYD1. Fig. 14c shows that the FXYD1 also strongly protects
against inactivation by treatment with phosphatidylserine decarbox-
ylase (PSD), an enzyme that converts PS to PE, which does not support
Na,K-ATPase activity. In retrospect, an old finding that complete hy-
drolysis of PS by PSD does not inactivate renal NaK-ATPase
(a1B1EXYD2) might be explained by protection of the PS by FXYD2
[65]. Protection by FXYD proteins expressed in HeLa cells against ther-
mal inactivation of Na,K-ATPase [58] and an observation that renal
Na,K-ATPase in FXYD2 knock-out mice becomes thermolabile [66],
showing that stabilization by FXYD proteins occurs also in mammalian
cells. Taken all together, these findings provide a strong indication for a
direct 18:0-18:1PS-EXYD1 interaction. As seen in Fig. 9, the trans-
membrane segment of the FXYD protein contacts phospholipids in
both pocket A1 and B. Without further knowledge, either site could
be a candidate for the selective interactions with PS.

2. Clear-cut evidence for the location of the 18:0-18:1PS and cholesterol
stabilization site in pocket A has come from studies of the o231
isoform. a2B1 is a thermally unstable protein by comparison with
a1p1 and a3p1 as shown both in yeast membranes expressing the
three isoforms or the purified isoform proteins themselves [56,58],
and also in rat heart membranes [58]. The origin of the relative insta-
bility was shown in [58] to be a weaker stabilizing interaction of
a2p1 with 18:0-18:1PS compared to o131 and a3p1. A survey of
residues unique to o2 compared to a1 and o3, focusing on transmem-
brane segments, revealed three residues in the pocket TM oi2M8
(A920), M9 (L955), and M10 (V981) adjacent to TM FXYD. Fig. 15a
depicts these residues, which have been mutated, singly or in combi-
nation, to the equivalent residues of a1 A920V, L955F, and V981P.
Fig. 16a shows that while a231 is very unstable compared to a1p31,
and single or double mutants have partial effects, the triple mutant re-
ferred to as «2VFPP1, with all three substitutions to the a1 residues,
shows thermal stability close to that of at1p1 itself [58]. Similar effects
were seen for detergent-mediated inactivation. Furthermore, the

140 =
a

120 -

100 =1

relative activity (% of control)

a2VFP showed a higher “affinity” for 18:0-18:1PS compared to
231 and also for FXYD1 for stabilization against thermal inactivation,
both properties being closer to those of a131. Significantly, ®2VFPPR1
does not affect Na,K-ATPase activity or any enzyme kinetic properties
compared to a2p1, consistent with these being purely stabilizing
mutations. Another finding of interest is the identification of an unsat-
urated lactone, 6-penty-2-pyrone, isolated from a marine fungus, that
acts as a 18:0-18:1PS antagonist and inactivates o231 at lower con-
centrations than a131 or a3p1, and again inactivation of a2FVPR1 is
more similar to a11 [58]. A recent and highly salient observation
shown in Fig. 16b [10] is that the stabilization of ®2VFPB1 compared
to o231 is much greater in the presence than absence of cholesterol
(tos 02VFP/a2 2.4-fold versus 8.2-fold).

Conclusions from the findings in [ 10,58] and also [55] are that (a) the
residues ®2A920, L955, and V981 (or equivalent residues in a1 V917,
F952, P978) collaborate to facilitate 18:0-18:1PS PS/ cholesterol medi-
ated stabilization in pocket A; (b) 18:0-18:1PS and cholesterol interact
directly and with the FXYD protein transmembrane segment pocket A
to amplify stabilization compared to 18:0-18:1PS alone. A likely posi-
tion of the relevant cholesterol (CHL3 in lipid sub-site A2, Fig. 9b) is in-
dicated in Fig. 15b. CHL3 is in direct contact with ae1P978 and indirect
contact with a1V917, which impacts ce1W981 that forms the direct
contact with CHL3. F952, the third residue altered in a2VFP, does not
contact the cholesterol but interacts with the FXYD protein (via V40,
A37), which interacts directly with the cholesterol (via F33, G30, and
V26). One likely candidate for the stabilizing PS is that in site A1 of the
shark enzyme (Fig. 9A), which contacts the FXYD protein, faces the cy-
toplasmic surface as PS usually does, and may also come close enough
to CHL3. The PL in site A4 of the renal enzyme (Figs. 9b and 10) is some-
what differently bound and is not in contact with the FXYD protein.

As proposed [10,58], the bound 18:0-18:1PS (in sub-site A1), CHL3
(in sub-site A2), and the FXYD protein, interacting with each other
and the aM8-10 segments, seem to constitute a stability “hot spot”
that maintains the topological stability of the aM8-M10 [20,21],
which can be everted upon thermal destabilization [67,68,69]. A likely
role of this “hot spot” is preservation of the unique Na™ site III,
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Fig. 13. Stability of human o:1B1 Na,K-ATPase complexes prepared with (a) PS with different fatty acyl chains and (b) 18:0-18:1PS without or with cholesterol (ref [55]).
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Fig. 14. (a) Thermal stability of human ot131 Na,K-ATPase complexes reconstituted with FXYD proteins. (b) Dependence of Na,K-ATPase activity on 18:0-18:1Ps concentrations of human
a1PB1 complexes reconstituted with FXYD proteins. (c) Protection against phosphatidylserine decarboxylase of human a131 complexes reconstituted with FXYD1.

comprising residues from aM5, 6, and 8, which determines the selectiv-
ity and cooperativity of binding of the three Na™ ions [8] (consistent
also with the Na™-selectivity for stabilization by 18:0-18:1PS [55]).

In shark rectal gland Na,K-ATPase, anionic lipids may play a different
role to that in the renal and recombinant mammalian Na,K-ATPase.
Anionic PL's affect several kinetic properties of Na,K-ATPase, including
the ion-activation, the K*-deocclusion, and the E1/E2 conformational
equilibrium [45]. The PS head group is very close to FXYD10 at the
cytoplasmic membrane interface, and interestingly, cross-linking
experiments show that acidic PLs are important for the stabilization of
FXYD-« interaction, probably due to interaction of the PS head group
with a conserved cluster of basic residues on FXYD near the cytoplasmic
membrane interface (K42, R44, and K46). This effect could be screened
by addition of Ca®* [45]. Possibly these effects, near FXYD10, are
exerted from site B; see the next section.

4.2. Site B-stimulation by polyunsaturated neutral phospholipids (PE or PC)

Recently, we have described stimulation of Na,K-ATPase activity of
the purified human o131 or a1R1EXYD1 complexes by neutral PUFA
PC or PE [9,10]. In the presence of 18:0-18:1PS, soy PC (mainly 18:2-
18:2PC) increases the molar Na,K-ATPase turnover rate from 5483 +
144 to 7552 4 105 min~ .. Analysis of ®131FXYD1 complexes prepared

with native or synthetic phospholipids shows that the stimulation is
structurally selective for neutral phospholipids with polyunsaturated
fatty acyl chains. Fig. 17 shows a detailed screen of the structural selectiv-
ity, showing that asymmetric 18:0-20:4 or 18:0-22:6 PE or PC are opti-
mal, and can stimulate activity of human a131FXYD1 up to about 1.6-
fold, about the same as natural brain PE (mainly 18:0-20:4 and 18:1-
20:4 PE). By contrast, symmetric 18:2-18:2 PC and PE are like soy PC
with a significant but lower effect, symmetric polyunsaturated 20:4-
20:4 or 22:6-22:6 PE and PC are even less effective, and 18:0-18:1PC
or PE have little or no effect. Human a231FXYD1 and «3p1FXYD1 iso-
forms are stimulated similarly to c131EXYD1 [10]. The structural selec-
tivity for the neutral lipid class and asymmetric saturated plus PUFA fatty
acyl chain structure is one strong indication for a specific interaction with
the Na,K-ATPase. Stimulation by 20:4-20:4 PE or PCis quite independent
of cholesterol and the FXYD protein, by contrast to stabilization by 18:0-
18:1PS/cholesterol. The thermal stability in this preparation is somewhat
lower than with 18:0-18:1PS/cholesterol with the order K* > Na™,
which contrasts with the order Nat > K™ for the recombinant protein
made only with 18:0-18:1PS/cholesterol, but it is similar to the renal
Na,K-ATPase [70]. Other similarities of human at131FXYD1 made with
18:0-18:1PS/cholesterol/18:0-20:4PE to purified porcine renal Na,K-
ATPase (a1p1FXYD2) include the maximal specific Na,K-ATPase of 30-
35 pumol/min/mg protein, phosphoenzyme (EP) up to 5 nmol/mg

Extracellular

Extracellular

Fig. 15. (a) Design of mutants of a2 (L955F, A920V, and V981P singly or combined). (b) Cholesterol CHL3 (in sub-site A2) interacts with stabilizing residues.
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protein, and kinetic parameters such as Ky s Na™, Ko 5 K™, KL,ATP, and
Kivanadate [71]. The structural selectivity for the stimulation by 18:0-
20:4 or 18:0-22:6 PE or PC, as well as the distinct functional effects,
and independence of cholesterol, makes it easy to distinguish these ef-
fects from the stabilization by 18:0-18:1PS/cholesterol. Evidently, the
neutral PUFA phospholipids and 18:0-18:1PS occupy different sites.

Lipid site B is the optimal candidate to explain the stimulatory effects
of 18:0-20:4 PE or 18:0-22:6 PE, as both the protein and lipid undergo
conformational changes (and the site lacks cholesterol). As seen in
Fig. 11, in the E1 ~ P conformation, the PL is located in a very narrow
crevice between TM helices ®M2, 4, 6 and 9, whereas in the E2-P struc-
ture, the lipid site expands considerable due to the different positions,
especially of aM1-M2 helices and, accordingly, the PL expands to
change its own conformation (Figs. 7 and 11). In this way, the PL may
facilitate the E1P-E2P conformational transition (i.e., by lowering the
activation energy). In the reverse conformational transition E2-E1, the
conformation of the PL should readjust to fit back into to its binding
site in the E1 conformation.

Arecent photolabeling study of detergent-soluble renal Na,K-ATPase
using ['2°1]TID-PC/16 determined that the transmembrane domain
of the Na,K-ATPase incorporates about 30% more label in the E2 confor-
mation than in E1 conformation [72]. Although it was assumed that
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['21]TID-PC/16 is non-selective and, therefore, the degree of incorpora-
tion reflects lipids bound in the annular layer, the assumption of
non-selective labeling would predict a approximately 30% increase in
exposure of transmembrane segments to the surroundings in the E2
conformation. Since the crystal structures show clearly that this is not
the case, it is likely that the ['2°I]TID-PC/16 labeling is more selective
than assumed (i.e., reacting with a relatively small number of residues).
Indeed, by identifying labeled residues, it should be possible to identify
the moving transmembrane segments of the pump and compare them
to those identified in crystal structures in E1 and E2 conformations.

4.3. Site C inhibition by saturated PC or sphingomyelin

Fig. 18 shows that for preparations of the human a131EXYD1 com-
plex made with all saturated phospholipids, and sphingomyelin (SM)
Na,K-ATPase activity is inhibited up to 80% compared to the preparation
made with PS/cholesterol alone [10]. The selectivities for the head group
and fatty acyl chain length are in the order PC > PE > PS and
22:0 < 20:0 = 18:0 > 16:0 > 14:0, respectively. Also, brain and egg
sphingomyelin with choline head groups and major fatty acyl chain
18:0 and 16:0, respectively, inhibit by about 70%. An important feature
is that cholesterol is required for the optimal inhibition (inhibition

mixed acyl

Fig. 17. Structural selectivity of neutral phospholipids (PE or PC) for stimulation of Na,K-ATPase activity of human a131FXYD1 complexes.
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Fig. 18. Structural selectivity of phospholipids with saturated fatty acyl chains or
sphingomyelin for inhibition of Na,K-ATPase activity of human a131FXYD1 complexes.

being only about 40% in the absence of cholesterol). Other important
features are a lack of competition with PUFA PE and, in addition, when
preparations are made with different proportions of brain PE and
brain SM the activity can vary over a 10-fold range. These selectivity
features distinguish this effect from the stimulation by PUFA neutral
PL's and stabilization by 18:0-18:1PS/cholesterol and are consistent
with a specific interaction of saturated PC or SM/cholesterol at a
separate inhibitory binding site.

Since the inhibitory effect of saturated PC/SM is greatly amplified by
cholesterol, and although there is no direct evidence, a possible site is
close to the cholesterol molecule (CHL1) in the binding pocket C bound-
ed by B, aM7 and M3 (Fig. 12). The pocket accommodates two phos-
pholipid molecules, one in close contact to the cholesterol, and it is
conceivable that in some circumstances an inhibitory lipid could fit in
next to the cholesterol. CHL2 and CHL3 in pocket A are less likely to be
involved in inhibition since the aM 8,9,10 helices of the a-subunit
undergo few if any movements during the reaction cycle. Also, CHL3
appears to be involved in stabilization.

A detailed analysis of kinetic mechanisms of both stimulatory effects
of 18:0-20:4PE and inhibitory effects of brain SM shows that both
classes of lipid stabilize E2 conformations of the protein but they do so
by different mechanisms [10]. 18:0-20:4PE stimulates the rate of
E1P-E2P, as suggested by the E1 and E2 structures in Fig. 11, whereas
brain SM inhibits the rate of E2(2 K™)ATP-E13Na™ATP. In this way,
18:0-20:4PE stimulates or brain SM inhibit the Na,K-ATPase turnover
rate, respectively, from the presumed different sites.

4.4. Physiological roles of specifically bound phospholipids and cholesterol?

If we assume that the specific lipid-protein interactions observed
with the purified proteins and synthetic lipids reflect interactions that
can occur in vivo, they could represent evolutionary adaptations of the
pump to its immediate lipid environment that provide optimal stability
or activity. Specific example of all three effects of the lipids, stabilization,
stimulation, or inhibition are discussed at greater length in [10]. In rela-
tion to native cell membranes, which contain a much higher percentage
of PUFA PE (or PE plasmalogen) compared to PC, the more likely
“native” stimulatory lipid is PUFA PE, and, similarly, because native
membrane contains only low amounts of all saturated PC but relatively
large amounts of 18:0SM or 16:0SM, SM is the more likely “native”
inhibitory lipid [10,73]. Of course, stimulatory and inhibitory effects of
lipids are unlikely to co-exist in the same pump molecule. Thus, an in-
hibitory effect of SM/cholesterol, independent of the PE-interaction,
could imply the possibility of a pool of inactive or non-pumping
Na,K-ATPase under some physiological conditions- for example in
SM/cholesterol-rich microdomains [74]. Accordingly, the activity of

the pump could be regulated depending on the relative percentage of
stimulatory and inhibitory lipids in the membrane and its compartmen-
talization in different domains.

5. Conclusion

It is remarkable that three different PL's and cholesterol binding
pockets (A, B, and C) are observed in the crystal structures of
Na,K-ATPase, and three separate functional effects have been
detected: phophatidylserine/cholesterol (stabilizing), polyunsaturated
phosphatidylethanolamine (stimulatory), and sphingomyelin/cholesterol
(inhibitory). Of course, the hypothesis that these effects are mediated by
lipids bound in sites A, B, and C must now be tested more systematically
by mutating the putative PL/cholesterol binding residues. It is also possi-
ble that different bound lipids will be seen as more crystal structures
become available. Nevertheless, the concept that direct and specific inter-
actions of particular lipids determine both stability and activity of the
Na,K-ATPase, in parallel with the indirect effects of bilayer structure,
represents a novel paradigm for lipid-protein interactions of the pump.
It may also serve as a precedent for other membrane proteins.
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