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Lipid-Protein Multiple Binding Equilibria in Membranes'

Jaakko R. Brotherus,! O. Hayes Griffith,* Martti O. Brotherus, Patricia C. Jost,*$ John R. Silvius,

and Lowell E. Hokin

ABSTRACT: Phospholipids at the lipid—protein interface of
membrane proteins are in dynamic equilibrium with fluid
bilayer. In order to express the number of binding sites (V)
and the relative binding constants (K) in terms of measurable
quantities, the equilibrium is formulated as an exchange re-
action between lipid molecules competing for hydrophobic sites
on the protein surface. Experimental data are reported on two
integral membrane proteins, cytochrome oxidase and (Na,-
K)-ATPase, reconstituted into defined phospholipids. Electron
spin resonance measurements on reconstituted preparations
of beef heart cytochrome oxidase in 1,2-dioleoyl-sn-3-phos-
phatidylcholine containing small quantities of the spin-labeled
phospholipid 1-palmitoyl-2-(14-proxylstearoyl)-sn-3-phos-
phatidylcholine (PC*) gave a linear plot of bilayer/bound PC*
vs. the lipid/protein ratio as predicted by the theory, with X
~ | and N = 40 (normalized to heme aa;). This demonstrates

Membrane proteins penetrating the lipid bilayer experience
two solvent systems: the binding of water and water-soluble
ligands by the hydrophilic regions protruding from the bilayer
and the binding or contact of lipids by the hydrophobic regions.
The binding of water-soluble ligands to the hydrophilic regions
of the membrane protein is formally the same as binding to
water-soluble proteins, for which there are well-established
treatments (Steinhard & Reynolds, 1969; Klotz & Hunston,
1971).

The problem of determining the equilibrium distribution of
the various lipid species between the hydrophobic protein
surface and the lipid bilayer has received very little attention
in the literature. The influence of lipid composition on the
function of membrane proteins is likely to be greatest at the
lipid—protein interface, and several effects of lipid composition
on membrane protein activities have been reported (Sander-
mann, 1978).

Until the introduction of appropriate techniques, it was not
possible to determine which lipids are in contact with the
proteins because the two phases cannot be physically separated
as is the case in classical enzymology. With the introduction
of electron spin resonance (ESR)! spectroscopy of spin-labeled
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that the spin-label moiety attached to the hydrocarbon chain
does not significantly perturb the binding equilibria. In the
second experimental system, (Na,K)-ATPase purified from
rectal glands of Squalus acanthias was reconstituted with
defined phosphatidylcholines as the lipid solvent and spin-la-
beled phospholipids with choline or serine head groups (PC¥,
PS¥) as the solute. The (Na,K)-ATPase has a larger number
of lipid binding or contact sites (V= 60-65 per a,8, dimer)
and exhibits a detectably larger average binding constant for
the negatively charged phosphatidylserine than for the cor-
responding phosphatidylcholine. These results show that a
multiple equilibria, noninteracting site binding treatment can
account for the behavior of lipids exchanging between the
protein surface and the lipid bilayer. Selective sites among
a background of nonselective sites are experimentally de-
tectable as a change in the measured relative binding constant.

lipids, it has become possible to distinguish the protein-asso-
ciated lipids from the bilayer lipids without macroscopic
separation ‘of the two species (Jost et al., 1973; Jost & Griffith,
1978). Recently, preliminary spin-labeling data have been
reported that indicate some selectivity for the polar head group
(Birrell et al., 1978; Brotherus et al., 1980; Marsh & Watts,
1982). Differential scanning calorimetry (Boggs et al., 1977),
Raman spectroscopy (Taraschi & Mendelsohn, 1980),
fluorescence spectroscopy (Kimelman et al., 1979), and nuclear
magnetic resonance spectroscopy (Van Zoelen et al., 1978;
Seelig & Seelig, 1978; Kang et al., 1979; Utsumi et al., 1980;
Paddy et al., 1981; Yeagle & Romans, 1981) also show
promise in characterizing lipid distributions.

The present work focuses on the dynamic equilibrium oc-
curring within the membrane. The classical multiple equi-
librium binding treatment is rederived in a form useful for
extracting equilibrium constants and related thermodynamic
parameters from spin-labeling and other related lipid binding
data. As in the case of virtually all of the familiar equilibrium
binding treatments developed for biochemistry, the basic
thermodynamic formalism is not new. The membrane problem
differs from that of the usual binding site equilibrium of
water-soluble proteins or detergent-solubilized systems because
(1) different experimental variables are measured in the
membrane continuum and (2) the effective concentration of
membrane proteins in the lipid solution is high. The analytical
expressions derived for the general case and simplifying ap-
proximations, together with computer-generated plots for the
most relevant limiting cases, are presented. This treatment
is used to analyze experimental spin-labeling data from two

! Abbreviations used: ESR, electron spin resonance; PC, phosphati-
dylcholine; DOPC, 1,2-dioleoyl-sn-3-phosphatidylcholine; DEPC, 1,2-
dielaidoyl-sn-3-phosphatidylcholine; POPC, 1-palmitoyl-2-oleoyl-sn-3-
phosphatidylcholine; PC*, 1-palmitoyl-2-(14-proxylstearoyl)-sn-3-phos-
phatidylcholine; PS*, 1-palmitoyl-2-(14-proxylstearoyl)-sn-3-phosphati-
dylserine; proxyl, 2,2-disubstituted 5,5-dimethylpyrrolidinyl-N-oxy; cy-
tochrome oxidase, cytochrome ¢ oxidase (EC 1.9.3.1); (Na,K)-ATPase,
ATP phosphohydrolase (EC 3.6.1.3).
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representative integral membrane proteins reconstituted in
defined lipids.

Materials and Methods

Lipid-poor cytochrome oxidase was prepared by the method
of Yu et al. (1975) and stored at —196 °C in 1% cholate, 0.25
M sucrose, 50 mM phosphate, and 1 mM EDTA, pH 7.4, The
phospholipid spin-labels were prepared by using the procedures
of Keana (1979). Reconstitution was accomplished with
varying amounts of lipid (DOPC) containing low levels of the
spin-label (PC*) solubilized in the same cholate-containing
buffer. Subsequent removal of cholate by dialysis or su-
crose-gradient centrifugation, using cholate-free buffer, yielded
vesicular structures as visualized by electron microscopy of
negatively stained aliquots. The samples were concentrated
for ESR experiments by centrifugation. The lipid-poor en-
zyme, containing 11 nmol of heme a per mg of protein, was
assayed by the method of Kuboyama et al. (1972) and had
an activity of ~230 nmol of O, s™! mg™! with added DOPC
and Emasol 1130, 60 uM cytochrome ¢, 30 mM ascorbate,
0.7 mM EDTA, and 50 mM phosphate, pH 7.4. The final
reconstituted samples, when resolubilized and assayed under
the same conditions, showed no loss of activity within exper-
imental error.

Lipid-rich (Na,K)-ATPase was purified from rectal glands
of Squalus acanthias by the method of Dixon & Hokin (1978),
and lipid substitution followed the general method of Warren
et al. (1974) as modified by Hilden & Hokin (1976), except
that the buffer was 0.25 M sucrose, 1 M KCl, 20 mM Na(Cl,
30 mM imidazole, ] mM cysteine, 1 mM dithiothreitol, | mM
ATP, and 1 mM EDTA, pH 7.0, and the sample was not
vortexed. Two steps of lipid substitution (first step, 6-8 mg
of enzyme, 30 umol of PC, and 80 umol of cholate; second
step, 30 umol of PC and 65 umol of cholate) were followed
by adding the desired spin-label (at <2 labels/a,3, ATPase
unit, assuming a molecular weight of 314 000) and varying
amounts of unlabeled lipid in cholate at 0 °C with DOPC or
at 10 °C with DEPC. The mixture was diluted 2-fold and the
cholate reduced to <1 mol/mol of ATPase a,83, units (de-
termined as [*H]cholate) by gel chromatography on Sephadex
G-50. Void volume fractions were centifuged through 15%
sucrose, ] mM Tris, | mM EDTA, and 0.5 mM dithiothreitol,
pH 7.0, onto a buffered 55% sucrose pad, resuspended in
buffered 15% sucrose, and centrifuged again to concentrate
the sample for ESR measurements. Quantitative thin-layer
chromatography showed <1 mol of residual non-PC phos-
pholipid per mol of ATPase «,8, units. The final preparation
had a basal activity of ~4 pmol of phosphate min™' mg™! when
assayed as previously described (Brotherus et al., 1979), which
was stimulated approximately 2.5-fold by preincubation with
a 10-fold excess of asolectin.

The methods of ESR data analysis, integration and spectral
analysis, were as described by Jost & Griffith (1978), except
that final endpoints in the spectral titrations were selected by
comparing bilayer difference spectra with experimental spectra
recorded as a function of temperature from vesicles containing
the appropriate phospholipid and spin-label at a lipid:spin-label
ratio of 150:1.

Theory

A Form of the General Equation for Multiple Independent
Binding Sites Appropriate for Membrane Equilibria. Con-
sider a fluid lipid bilayer consisting of two molecular species,
solvent L and solute L*, and a membrane protein P that
contains m classes of lipid binding sites B, (i = 1, ..., m) on
its hydrophobic surface, each class being able to bind n; lipid
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molecules. The exchange equilibrium of the two types of lipid
between the bialyer and a single site on the protein is described
as

BL+L*=BL*+L

The chemical potential of the solute lipid in the bilayer is of
the form pyer = u®res + RT In (Y4 gX1e5) Where Xpa;is the
mole fraction of the free solute lipid in the bilayer, Xj.; =
L*¢/(Lg + L*g), v1s; is the activity coefficient of the free solute
lipid, and L*; and L; are the moles of free solute lipid and free
solvent lipid in the bilayer, respectively. Similarly, the chemical
potential of solute lipid bound to the ith class of protein sites
is Hpep, = “'oL‘,b, + RTIn (’YL‘,b/YL',b,) where XL'.b; = L*b;/(Lb,
+ L*,), vL«p, is the activity coefficient of the bound solute
lipid, and L*, and Ly, are the moles of solute lipid and solvent
lipid, respectively, bound to the protein sites B, There are two
analogous expressions for the chemical potential of the free
and bound solvent lipid. Each standard chemical potential,
u°, contains contributions from the internal free energies of
L or L* and contributions from the interaction of the lipid with
its neighbors in the standard state.2 The aqueous concen-
trations do not enter into these expressions explicitly because
the problem is formulated as an exchange occurring within
the hydrophobic bilayer (the monomeric solubility of L and
L* in water is very small). At equilibrium, Ay; = (upap, +
#L) — (uLp, + #reg) = 0, and the standard free-energy change
AG®; (or Au®)) is AG®; = -RT In K; where the relative binding
constant K; is

Xeap XL Y Yrew YLt
K=\%
LoXLes J \ YLbYLes

Since the exchange reaction is one to one, the denominators
in the mole fractions cancel, and all quantities can be expressed

as moles, so that
L*, Ly
K; = ( m )R'y (D

where R, represents the ratio of the activity coefficients in the
above equation.

The following assumptions are made in order to derive useful
simplified equations: (1) the individual binding sties are
noninteracting; (2) all binding constants of a given class X
are equivalent; (3) the ratio of the activity coefficients in eq
1 is unity; (4) the problem can be formulated as an exchange
equilibrium in which there are no unoccupied lipid binding
sites (all sites are occupied by either L or L*); (5) the mem-
brane sample is a homogeneous population of lipid and protein;
(6) all positions in the fluid bilayer can be treated as equivalent;
(7) the fluid bilayer is above the gel to liquid-crystalline phase
transition; (8) there is complete mixing of L and L* in the fluid
bilayer phase; (9) there exists a method of detecting the dif-
ference between the solute lipid bound to the protein and the
solute lipid (L*;) surrounded by other lipids in the fluid bilayer.
Detection of bound and free solvent lipid is not assumed.
Assumptions 1-3 are the usual starting points for multiple
equilibrium binding treatments in aqueous soltuion.

The remaining relevant properties of the system are de-
scribed by the conservation equations:

binding sites

Lby + L*bl = n,'P (2)

2 The standard state of the solvent lipid in the bilayer is the pure
solvent lipid bilayer. The standard state for the solute lipid in the bilayer
is chosen so that the activity becomes equal to the mole fraction (yp.s
— 1) as the mole fraction of solute lipid in the bilayer approaches zero.
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solute
m
L* + 2 L*, = L*, 3
i=1
solvent
m
L + _ZILb, =L 4)

where L, = total solvent lipid concentration, L*, = total solute
lipid concentration, P = total protein concentration, and n; =
number of binding sites of class i per protein.

Equations 1-4 form a set of 2m + 2 independent (but
nonlinear) equations from which the 2m + 2 variables (L*y,
Ly, L*;, and Ly) can be solved in terms of the constants of the
system (L*, L,, P, n; K;, and N) where N is the total number
of binding sites per protein. The most important variable is
the amount of free solute lipid (L*;). Therefore, the following
strategy is adopted to eliminate the other variables first.

Solving eq 1 for L*;, and eliminating Ly, by using eq 2 give

nK,P(L*:/L
N R ®
Substituting eq 5 into eq 3 and rearranging terms give
L* - L* m  nK(L*:/ Ly)
P T ETrkeon @

where 7 (also called r) is the bound solute/protein ratio. This
form of the general binding equation is useful in cases where
L; as well as L*; can be measured directly (in principle, in some
differential scanning calorimetric and spectroscopic experi-
ments). However, in the conventional spin-labeling experi-
ment, L*;, but not L;, is measured directly. In order to elim-
inate L;, we note that the total amount of free bilayer in the
system is L, + L*, - NP, where NP (i.e., N X P) is the total
number of binding sites in the system. Therefore, the con-
centration of free solvent in the bilayer (L) is®

Li=L + L* - NP- L% @)
Substituting eq 7 into eq 6 and simplifying yield
[*-L% m nkK;
P AL AN -NP- DIt K O

Finally, defining x to be the total solute lipid/protein ratio,
x = L,/ P; x* to be the total solute lipid/protein ratio, x* =
L*/P; and y to be the bilayer/bound ratio for the solute lipid,
y = L*;/(L* - L*;), and rearranging terms give
m
z

nKy =1
=1+ KA +p)x*+x-N

®

which can also be rearranged into a polynomial of degree m
+ 1. Equation 9 is symmetrical in that the roles of L; and L*;
can be interchanged, and there are no theoretical restrictions
on the relative amounts of solute, solvent, and protein, other
than that all sites are occupied by lipid. The experimentally
observed variable chosen here is the ratio of free (bilayer) to
bound solute because this quantity is most readily obtained
in the ESR experiment. Other possible choices besides 7 and
y include the ratio of free solute to total solute, L*;/L*,, and
the ratio of bound solute to total solute, (L*¥, — L*;)/L*,.
Similarly, the concentration variables (x, x*) can be replaced

3 Equation 7 cal also be derived by combining eq 2-4.
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by others, for instance, the total lipid to protein ratio (x + x*)
or the mole ratios of protein to lipid (i.e., 1/x and 1/x*).
These alternative choices lead to slightly different formulations
of the general eq 9.

Comparison with Equations for Ligand Binding to
Water-Soluble Proteins. Equation 6 is readily reduced to the
familiar form of the binding equation by replacing the mole
ratio L*;/L; by the concentration of free solute [L*;] in moles
per liter of solution. This approximation is valid for typical
solution binding studies where L; ~ L,, because of the large
excess of solvent. In this limit, eq 6 becomes

__ mKi[L%] mKy[L¥] K[ L*]
NETEKLY] T LKLY 1+ K,,,[L*(f] )
10

where K now contains the concentration of water (<55 M)
and solvent lipid, For the case of one class of binding sites,
eq 10 becomes the familiar relation 1/3 = 1/n+ 1/(nK{L*{])
(Steinhard & Reynolds, 1969; Klotz & Hunston, 1971).
However, this equation is not appropriate since a significant
fraction of the total lipid is at the lipid—protein interface in
most membranes (Jost & Griffith, 1980).

Limiting Approximations at Low Solute Levels. In most
labeling experiments, the solute concentration (x*) is kept low.
Under these conditions, a useful limiting case is to assume that
the terms containing x* in eq 9 are so small that they can be
neglected, i.e., (1 + Kp)(1 + ) Ix* « x - N. It follows that
TiinKy/(x - N) = NK,,y/(x - N) where

m
Ky = i_Zln:Ki/N (11)

K,, is the average of all individual binding constants. This
equation can be rewritten as

approximation I

-x _1
NK, K

so that a graph of y vs. x is a straight line with a slope of
1/(NK,,), a y intercept of —1/K,,, and an x intercept of N.
This behavior is identical with that of the case of one class
of binding sites (see below).

At somewhat higher values of x*, a better approximation
is

y (12)

approximation II

x + x* 1
= - — 1
MK, Ku )
This follows from eq 9 by setting (1 + Kp)(1 + y)"'x* ~ x*.
Equation 13 is a linear relationship between x and y and has
the same x-axis intercept (/N — x*) as that of the general eq
9.

One Class of Binding Sites. When all protein binding sites
are identical, only one term of eq 9 remains, and this can be
simplified to

x*
1+y

x
T+ K - N (14)
The terms of this equation have simple physical interpretations:
x*/(1 + y) is the average occupancy of the protein by the
solute (¥), and x/(1 + KYy) is the average occupancy by the
solvent lipid (N - »).

Equation 14 is equivalent to a second-degree polynomial
equation in y. At low solute lipid concentrations, it reduces
to the same two linear approximations I and II as for the
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FIGURE 1: Calculated binding curves for one class of binding sites
as a function of the solvent lipid to protein ratio (x). Solid lines are
plots of the exact eq 9, and I and II refer to the approximate solutions
eq 12 and 13, respectively. For this particular example, the total
number of binding sites (V) equals 40, and the solute to protein ratio
(x*)is 1 (A) and 10 (B). The binding constant (X) is varied between
0.2 and 10.

Bilayer/Bound (y)
Bitayer/Bound (y)

e} 40 80 120 160
Solute lipid/Protein {moles/mole} (x*)

FIGURE 2: Calculated binding curves for one class of binding sites
as a function of the solute lipid to protein ratio (x*). This is the same
case as in Figure 1 but with the total lipid (x + x*) held constant
at 80 molecules/protein (A) and 160 molecules/protein (B).

general case, except that K, becomes X, the binding constant
of the single class.

Other linear approximations to eq 14 can be derived, in-
cluding, for example, y = x/(NK) + x*/N-1/Kand y = (x
+ x* - N)/[(N - x*)K + x*]. By analogy with the Scatchard
and double -reciprocal equations for classical binding equi-
libria, there are other ways of graphing the data to yield useful
linear plots. For example, rearranging eq 12 with K replacing
K,, and plotting y/x vs. 1/x give a line with a slope of -1/K,
an intercept on the abscissa of 1/N, and an intercept on the
ordinate of 1/(NK). This plot resembles the familiar
Scatchard plot in that it has a negative slope. For more than
one class of binding sites, this resemblance disappears.

The effect of the binding constant on the calculated ratio
of free to bound solute (p) is shown in Figure 1 as a function
of the lipid to protein ratio (x). The exact solution and two
linear approximations are plotted in this figure. The horizontal
axis corresponds to the case K = = and the vertical axis to
K=0.

Plots in Figure 2 show the dependence of the binding ratio
(») on the solute lipid to protein ratio (x*) for the same system
as in Figure 1. All curves of Figure 2A or 2B approach the
same point as the lipid mixture approaches 100% solute, since
at this point the solute molecules are competing only with other
solute molecules. The lower left quadrant of each set of curves
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FIGURE 3: Calculated binding curves for two classes of binding sites
as a function of the solvent lipid to protein ratio (x) with five selective
sites (n,) and the remaining 35 sites (n;) nonselective (K; = 1). The
total number of sites (V) is 40, and the solute to protein ratio (x*)
is 1 (A) and 10 (B). The excluded site case (K; = 0) is shown by
dashed lines.

shows the correct limiting behavior; i.e., for very high binding
constants, the amount of free solute lipid remains very low until
all sites are saturated, after which all added solute remains
in the bilayer.

Two Classes of Binding Sites. For this biologically inter-
esting case, eq 9 becomes

mKy +
I+ Kp)(1+y)yix*+x-N
mkKyy
(I +Ky)(1 +yylx*+x-N

=1 (15)

Equation 15 is useful in analyzing data when there is selectivity
in lipid-protein interactions, for example, if most of the sites
represent transient contact sites between the lipid and protein,
and only a few sites exhibit specificity for the geometry or
charge of the lipid polar head group.

In Figure 3, binding isotherms are plotted for one selective
class of sites with varying binding constants (X,). For the
nonselective sites, the binding constant (Xj) is equal to 1. The
curves are calculated by using eq 15. At low solute level
(Figure 3A), the binding curves are essentially linear and
resemble the curves of Figure 1A. The x intercept is still V,
because at low lipid levels all solute molecules will bind to (or
contact) the protein. The slopes for the one- and two-class
cases are the same for K = 1, but in the two-class case, the
slope decreases more slowly with increasing binding constant,
because the slope is inversely related to the average of all
binding site affinities (see eq 11). If the solute concentration
level is increased well above the number of the selective sites,
the curves become markedly nonlinear (Figure 3B). For an
equivalent number of solute molecules (x*), the curvature is
much greater than that for the single class case. Thus, these
two cases are distinguishable at higher solute levels.

In Figure 4, the binding curves for the two-class case are
plotted as a function of the solute to protein ratio (x*) for two
different numbers of selective binding sites. These curves differ
from those in Figure 2 in that they become convex at values
of x* > n, (for K; > 1). Another difference is that, for high
binding constants, the region of high curvature is in the
neighborhood of n,, well below the total number of binding
sites (V).

Excluded Sites and Nonexchangeable Lipid. Excluded sites
are sites that bind the solvent but have a zero binding affinity
for the solute (K, = 0). For eq 15, if K, = 0, the first term
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FIGURE 4: Calculated binding curves for the two-class model as a
function of the solute to protein ratio (x*). The number of specific
binding sites is 1 (A) and 10 (B), and the total number of sites in
both plots is 40. The total lipid (x + x*) is held constant at 80
molecules/protein. As in Figure 3, K| = 1 for the nonspecific sites.
The excluded site case (K, = 0) is shown by dashed lines.

vanishes, and at the limit of low solute levels, the equation
becomes y = x/[(N - ny)K,] —= N/[(N - ny)K,], where n, is
the number of excluded sites. The x intercept is still NV, the
same as that for cases where all sites are accessible (the exact
intercept is still N — x*). The slope of the curve of y vs. x is
larger for the excluded site case. [Another way of showing
this is from eq 11: NK,, = (N - n)K; + ny(0) = (N - np)K,
< NK,.] The examples of K, = 0 curves are shown as dashed
lines in Figures 3 and 4.

Nonexchangeable lipid, by definition, does not exchange
with either the solvent or the solute lipid. For example,
nonexchangeable lipid will occur experimentally if the mem-
brane protein has some high-affinity binding sites occupied
by a lipid species that differs from both the added solvent and
solute lipids. If the nonexchangeable lipid is not extracted
and/or measured by chemical analysis, and hence does not
appear in x, then the x intercept remains the value of the
number of sites involved in equilibrium binding. However,
if the nonexchangeable lipid is measured in the total lipid, then
this case is technically the same as the excluded site case both
in the x intercept and in the slope. The extrapolated value
of N will include both the nonexchangeable sites (n,) and the
equilibrium binding sites. The excluded site case may occur
in a reconstituted system, depending on the choice of the solute
and solvent lipids.

Results

Cytochrome Oxidase. An experimental binding curve for
this mitochondrial integral membrane protein reconstituted
in phosphatidylcholine vesicles is shown in Figure 5. The
experimental design involved reconstituting beef heart cyto-
chrome oxidase with DOPC containing a low level of spin-
labeled PC (PC*). The ESR spectra exhibited two compo-
nents, one characteristic of the fluid bilayer and the other
motion-restricted. The motion-restricted spectral component
is present only when the protein is present, and there is con-
siderable evidence from previous studies using similar phos-
pholipid and fatty acid spin-labels that this spectal component
represents lipid in direct contact with the protein (Jost et al.,
1973; Jost & Griffith, 1978; Birrell et al., 1978; Brotherus et
al., 1980; Marsh & Watts, 1982). The narrower spectral
component is characteristic of lipid bilayers, and there is es-
sentially no label in the aqueous phase in which the vesicles
are suspended. We take the ratio of the integrated intensities
of the bilayer component to the motion-restricted component
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FIGURE 5: Experimental binding curve at 25 °C for beef heart cy-
tochrome oxidase reconstituted in phosphatidylcholine (solvent lipid)
containing low levels of a phosphatidylcholine spin-label (sotute lipid).
(A) Plot of y vs. x with K, = 1 and N = 40 (eq 12); (B) the same
data plotted as y/x vs. 1/x.

Free PL™Bound PL" (y)
N
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FIGURE 6: Experimental solute lipid binding curves at 25 °C for
(Na,K)-ATPase reconstituted with pure PC (DOPC or DEPC) as
the solvent and low levels of PC* (closed circles) or PS* (closed
squares) as the solute lipid at <2 labels per a,3, functional unit (see
Materials and Methods). For comparison, data reported by Griffith
et al. (1982) for the binding of charged long-chain amphiphiles to
the shark enzyme in a POPC background are plotted as well: positively
charged quaternary amine lipid label (QA, open triangles) and
negatively charged methyl phosphate lipid label (MePO,, open
squares). The dashed line is calculated for X,, = 4.5 to fit N for our
data. Note the closely similar behavior of the cationic (QA) and
neutral (PC) spin-labels, which differs from the behavior of the
negatively charged lipid labels (PS and MePO,).

as the free to bound ratio, y. Figure 5A shows the resulting
plot of y vs. x, the molar ratio of phospholipid to protein. The
curve is linear, and it has an x-axis intercept of N = 40 (given
5.5 mol of heme aa; per mg of protein). The slope of the curve
coincides, within experimental error, with the X = 1 line* of
eq 12. Figure 5B shows a plot of y/x vs. 1/x using the same
data, and again the points fall on the line corresponding to X
= 1. These data were collected at 25 °C, well above the
transition temperature of the bulk lipid.

(Na,K)-ATPase. Experimental binding curves for this
transmembranous protein reconstituted in vesicles are shown
in Figure 6. The vesicles were doped with low levels of lipids
with different polar head groups, each solute lipid labeled with
the nitroxide moiety to make it detectable by ESR. The solid
symbols compare the behavior of two solutes, the neutral

4 A small correction may be needed for any nonexchangeable di-
phosphatidylglycerol (DPG) present in this system. There are approxi-
mately two molecules of tightly bound DPG that do not exchange for
DOPC during the reconstitution, equivalent to four PC sites. Thus, NK,,
= (40)(1) = mK; + nyK, = (36)K, + (0)(4). Thus, K, = 40/36 = 1.1.
This value cannot be distinguished from 1.0 within experimental error.
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phosphatidylcholine (PC) and the negatively charged phos-
phatidylserine (PS) both in phosphatidylcholine as the solvent
lipid. The solid lines correspond to K,, = 1, N = 64 for PC
and K,, = 1.5, N = 64 for PS. Since moles of lipid per mole
of protein is calculated for a protein molecular weight of
314000, the number of binding sites (V) refers to the a,0,
dimer. The remaining data are for two single-chain lipids with
different polar head groups, replotted from Griffith et al.
(1982). In these single-chain amphiphilic labels, a 14-pr-
oxyloctadecyl chain (resembling the 3 chain of the lipid shown
at the top of Figure 5A) is attached to either a positively
charged quaternary amine (Figure 6, open triangles) or a
negatively charged methyl phosphate moiety (Figure 6, open
squares). The dashed line associated with the methyl phos-
phate data points corresponds to N = 64 and K,, = 4.5, while
the quaternary amine data approximately fall on the N = 64
and K,, = 1 line.

Discussion

Beginning with the plausible assumption that the multiple
lipid—protein binding in membranes can be treated as an ex-
change reaction with the phospholipid bilayer, we derived two
types of useful formulas. One describes the general case (eq
9) for the lipid—protein associations over a wide range of solute
lipid concentrations. The other type (eq 12 and 13) is line-
arized equations that are easier to use and apply when the
solute lipid concentration is low. This is the most frequently
encountered case in labeling experiments. The experimental
quantities needed are the lipid /protein ratio of the membrane
system determined chemically, and a measure of the amount
of solute lipid associated with the protein. This can be esti-
mated, for example, by ESR using spin-labeled solute lipids.

The predicted behavior of the bilayer/bound solute ratio,
¥, 18 sensitive to the value of the relative binding constant K
and gives the number of binding sites N directly, as illustrated
in Figure 1 for the single class of sites case.” Figure 1 also
shows the accuracy of the linear approximations I and II
compared to the exact solution (solid line). At low solute levels,
for example, one solute molecule per protein (x* = 1 in Figure
1A), all three curves are very nearly superimposable for all
values of K, and the intercept is essentially N. Even when the
solute level is increased 10-fold, both approximations are still
reasonably good (Figure 1B). Both have the same slopes, and
approximation II gives the same x-axis intercept as that of the
exact solution (N - x*). Approximation I is easier to apply
because it does not require the exact knowledge of the solute
concentration other than that it is low with respect to the
protein. The effect of progressively higher solute concentra-
tions for fixed lipid/protein ratios is shown in Figure 2.

When all sites are not equivalent, which is the case one
would predict for many membrane proteins, the two classes
of sites treatment is the simplest starting point for describing
the system. It is useful and important that the same types of
plots are obtained regardless of the number of classes of sites,
when the labeling level (solute) is low. Thus, without
knowledge of the number of classes of sites or the exact solute
to protein ratio (x*), a plot of y vs. x will be essentially linear
and gives the weighted average of the relative binding con-
stants, K,,, and the total number of binding sites, N. This
follows from the general eq 9, neglecting terms in x*. Ap-
proximation I is again the most useful form, even when an

5 It should be noted that the measurement of a relative binding con-
stant does not necessarily imply specific sites with high-affinity binding.
Transient contact sites between lipid and protein are included as binding
sites, providing they are detected by the experimental technique.
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unknown number of classes of binding sites is involved. Plots
of this type are shown in Figure 3. To proceed further and
determine the number of sites and binding constants for each
class of sites, the experimental design must be changed to vary
the moles of solute lipid per mole of protein. This is equivalent
to a saturation of sites experiment (Langmuir isotherm).
Theoretical plots for one class of sites and two classes of sites
are shown in Figures 2 and 4. In the absence of these kinds
of data, which are experimentally more troublesome to obtain,
some additional information about the system can be obtained
at low values of x* if a series of solutes that differ in the polar
head groups are used.

The experimental applications reported here were designed
to test three thrings: (1) whether linear plots can be obtained
as predicted by the theory; (2) whether attachment of the
spin-label moiety near the end of one acyl chain on the solute
phospholipid affects the relative binding constant; and (3)
whether or not there is any polar head-group selectivity in the
lipid-protein association.

For both experimental systems, cytochrome oxidase (Figure
5) and (Na,K)-ATPase (Figure 6), plots were obtained that
are linear within experimental error over the range of lipid/
protein ratios, as predicted by the theory. These linear plots
also provide evidence that there is no large-scale protein ag-
gregation that traps variable amounts of labeled lipid as the
protein concentration is decreased. Such aggregation would
almost certainly produce significant nonlinearities.

The attachment of labels can, in principle, alter the lipid—
protein association. A solute lipid is used that has the same
polar head group as that of the solvent to test whether this
effect is significant with the labels used here. The result should
be a measured relative binding constant K, ¢ 1, regardless
of the number and types of sites present. The experimental
result is that, when both the solute and solvent lipids are
phosphatidylcholines, the value of the binding constant for the
labeled lipid relative to that for the unlabeled lipid is ap-
proximately equal to 1 (see Figure 5 and the top curve of
Figure 6). This result is consistent with earlier data on cy-
tochrome oxidase (Griffith & Jost, 1979; Jost et al., 1973;
Knowles et al., 1979). We conclude that the presence of the
spin-label moiety does not significantly enhance or inhibit the
phosphatidylcholine association. Therefore, the phosphati-
dylcholine spin-label is faithfully reflecting the behavior of the
unlabeled phosphatidylcholine. This result is significant both
for experiments to evaluate the number of sites (V) and po-
tential selectivity (K,,) using low levels of solute and for de-
signing experiments to determine the number of selective sites
by saturating the sites. In the latter case, the troublesome
consequences of high concentrations of pure labels, such as
exchange and dipolar interactions between spins or quenching
of fluorescence labels, can be circumvented by successively
diluting the labeled solute with unlabeled solute lipid.

The total number of lipid binding sites obtained from these
data is consistent with the idea that there is a substantial
hydrophobic surface area of these proteins that interacts with
lipids in the bilayer. The number obtained from the experi-
mental data for the beef heart cytochrome oxidase monomer
is consistent with the earlier method that assumed K = 1 (Jost
et al.,, 1973) and approximates the slightly higher number
estimated for the yeast cytochrome oxidase (Knowles et al.,
1979). The total number of binding sites for the shark ATPase
is consistent with that obtained in an earlier study of the
electric eel (Na,K)-ATPase studied as a function of salt
suppression of specific binding rather than as a function of
the lipid/protein ratio. While the number of binding sites for
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the functional dimer was earlier estimated as being on the
order of 61 (Brotherus et al., 1980), the equilibrium binding
method presented here is more generally useful and reliable
in determining the number of binding sites, and in addition
provides the average relative binding constants.

In the case of (Na,K)-ATPase where different solute lipids
have been used in the phosphatidylcholine solvent, the data
show a change in the average relative binding constant, K,,.
The value of K,, is detectably higher for phosphatidylserine
(K, ~ 1.5) than for phosphatidylcholine.

Other data for a single tail lipid label carrying a positive
charge (quaternary amine) also fall on the K, ~ 1 line, while
the corresponding negatively charged lipid (methyl phosphate)
shows the greatest selective binding, with K, ~ 4.5 (Figure
6). There is clearly some charge preference in the (Na,K)-
ATPase system.

An increase in K, can be the result either of a small number
of sites with a higher selective binding constant or of a large
number of sites with a much smaller affinity for the negatively
charged lipids. The maximum value of the selective binding
consistent with the measured value of K, ~ 4.5 for the methyl
phosphate label occurs when there is only one selective binding
site per ATPase «,0, functional unit. Since NK,, = nK; +
n,K,, then (64)(4.5) = (63)(1) + (1)(KX;), giving K, = 225,
corresponding to a AG.of about —3 kcal/mol. Similarly, for
PS, the maximum value is K, = 33 (AG ~ -2 kcal/mol).
Thus, the value of K, need not be very large to indicate
substantial binding constants when the number of selective
binding sites is small. At the other extreme, if all of the
binding sites are the same and have a limited uniform pref-
erence for the negatively charged lipids, then X;, = K.

The similarity in behavior between the neutral (PC) and
the positively charged quaternary amine (QA) with the
{(Na,K)-ATPase suggests that only a few sites can be selective
for negatively charged lipids. Otherwise, the positively charged
label would show a diminished interaction with the protein,
which would shift the slope of the binding curve to the left of
the K = 1 line. This is not observed.

Finally, we wish to point out that modest values of lipid
binding constants in membranes have the same effect as much
larger values of ligand binding constants in aqueous solution
because of the concentrated nature of the membrane system.
For example, to achieve 90% occupancy of a specific lipid
binding site on a protein in a bilayer containing 10 mol % of
the specific lipid requires a binding constant (X;) of 102 For
comparison, 90% occupancy of a ligand binding site on a
water-soluble protein in a dilute solution with an aqueous
ligand concentration of 10~ M requires a binding constant on
the order of 5 X 107 in comparable mole fraction units.
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