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Adsorption of Ruthenium Red to Phospholipid Membranes

Dirk Voelker and Pavel Smejtek
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USA

ABSTRACT We have measured the distribution of the hexavalent ruthenium red cation (RuR) between water and phospho-
lipid membranes, have shown the critical importance of membrane negative surface charge for RuR binding, and determined
the association constant of RuR for different phospholipid bilayers. The studies were performed with liposomes made of
mixtures of zwitterionic L-a-phosphatidylcholine (PC), and one of the negatively charged phospholipids: L-a-phosphatidyl-
serine (PS), L-a-phosphatidylinositol (Pl), or L-a-phosphatidylglycerol (PG). Lipid composition of PC:PX membranes was 1:0,
19:1, 9:1, and 4:1. Liposomes were processed using freeze-and-thaw treatment, and their size distribution was characterized
by light scattering and electron microscopy. Experimental distribution isotherms of RuR obtained by ultracentrifugation and
spectrophotometry can be reproduced with the Langmuir-Stern-Grahame model, assuming that RuR behaves in the diffuse
double layer as an ion with effective valency <6. In terms of this model, PC-PS, PC-PI, and PC-PG membranes were found
to be electrostatically equivalent and the intrinsic association constants of RuR were obtained. RuR has highest affinity to
PS-containing membranes; its association constant for PC-Pl and PC-PG membranes is about 5 times smaller than that for
PC-PS membranes. From the comparison of RuR binding to mixed negatively charged phospholipid membranes and RuR
binding to sarcoplasmic reticulum (SR), we conclude that the low-affinity RuR binding sites may indeed be associated with

the lipid bilayer of SR.

INTRODUCTION

Ruthenium red (RuR) was discovered in 1892 (Joly, 1892).
It is an inorganic, intensely colored compound prepared
from RuCl, in a NH; solution and never occurs in nature.
Mangin first described the staining properties of RuR to
visualize pectin in plant cells (Mangin, 1893), and since
then it has been widely used in biology. RuR is used in light
microscopy as a generic stain for polyanions with a high
charge density (Murano et al., 1990). Reimann published
the first electron micrographs employing RuR as a stain
(Reimann, 1961), and several authors extensively discussed
its usage for electron microscopy (Dierichs, 1979; Luft,
1971a,b).

In addition to its staining properties, RuR is an extremely
potent modulator of biological activity. The spectrum of
RuR activity is broad because RuR associates with numer-
ous Ca”*-binding proteins (Charuk et al., 1990). Because of
its association with Ca®*-binding proteins, RuR interferes
with the function of the Ca®" ion as a chemical messenger.
For example, RuR is a potent inhibitor of Ca>* uptake and
Ca?* release in mitochondria (Moore, 1971; Vasington et
al., 1972; Luthra and Olson, 1977). RuR is known to inhibit
Ca** pump activity in membranes (Watson et al., 1971) and
to block the release of Ca** from the sarcoplasmic reticu-
lum (Salama and Abramson, 1984). RuR interference with
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nerve transmission is related to the reduction of neurotrans-
mitter release (Taipale et al., 1989). Another example is the
RuR-induced alteration of the enzymatic activity of the
Ca’*-binding protein calmodulin (Sasaki et al., 1992). The
use of RuR in sensory neuron research has been reviewed
by Amann and Maggi (1991). Because of the well-docu-
mented action of RuR on Ca”*-dependent events, it has
been extensively used in studies of Ca>* binding sites in
proteins. Most studies of the effects of RuR in biomem-
branes have been focused on proteins, but little is known
about the interaction of RuR with the lipid matrix of bi-
omembranes. The objective of this work was to study the
binding of RuR to well-defined phospholipid bilayer mem-
branes.

In an aqueous environment RuR is present as a hexava-
lent cation (Carrondo et al., 1980; Fletcher et al., 1961)

[(NH;)sRu" — O — (NH;),Ru"Y — O — Ru"(NH;)s]*,

which, due to its high positive charge, is expected to be very
responsive to negative charges on proteins, lipid mem-
branes, and cation carriers. The significance of electrostatic
effects in RuR binding follows from the expectation that the
distribution of the hexavalent RuR cation in the vicinity of
negatively charged groups on biomembranes will be deter-
mined approximately by a Boltzmann factor, exp(—6eV/
kT), where V is the local electrostatic potential.

The possibility of electrostatically mediated action of
RuR in biomembranes in relation to its adsorption to neg-
atively charged lipids has been already considered in the
literature. Moutin et al. (1992) proposed that the low-affin-
ity Ca®* binding sites in SR membranes may originate from
lipids in the vicinity of Ca®’*-ATPase. Another case of
electrostatically mediated action of RuR was invoked in the
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mechanism of inhibition of the Ca** pump in the plasma
membrane and in the rationalization of the stimulating ef-
fect of negatively charged lipids. It was proposed that the
inhibition of the Ca’* pump by RuR is of electrostatic
origin, mediated by the neutralization of negatively charged
phospholipids by adsorbed RuR cations (Missiaen et al.,
1990). Adsorption of ions to lipid membranes has recently
been reviewed by Tatulian (1993).

In view of the extensive use of RuR in studies of biolog-
ical membranes and the lack of quantitative data on adsorp-
tion of RuR to lipid bilayers, we have measured the distri-
bution of RuR between water and liposomes with a well-
defined surface charge density. The study was done with
liposomes prepared from mixtures of zwitterionic phos-
phatidylcholine (PC) and one of the negatively charged
lipids: phosphatidylserine (PS), phosphatidylinositol (PI), or
phosphatidylglycerol (PG). RuR was found to have higher
affinity to PS-containing membranes relative to PC-PG and
PC-PI membranes. We show that the distribution isotherms
can be reproduced with the Langmuir-Stern-Grahame ad-
sorption model (also called the Gouy-Chapman-Stern model
with mass action formalism or mass action equations).
Within the framework of this model the hexavalent RuR
behaves as a cation with effective valency <6. In addition,
effective valency was found to be a function of the mem-
brane surface charge density. We also discuss adsorption of
RuR to lipid matrix of biomembranes. Using the sarcoplas-
mic reticulum (SR) membrane as a prototype biomembrane
and the binding parameters of RuR for negatively charged
phospholipids obtained in this work, we conclude that ad-
sorption of RuR to the lipid matrix of SR can account for
RuR adsorption to the so-called low-affinity binding sites of
SR.

THEORY

Adsorption of RuR to the lipid bilayer is determined from
the decrease of RuR concentration caused by the adsorption
of RuR to liposome membranes. The distribution of RuR
between the liposome membranes and the aqueous phases is
measured according to

_ [RuR],
Reur = [RUR]init’ 1

where [RuR],, is the aqueous concentration of RuR in the
presence and [RuR],; is the RuR concentration in the
absence of liposomes. The ratio Rg g varies between 0 and
I; the smaller the Rg.g, the greater the adsorption. The
dependence of Rgp,i on [RuR],,; is defined as the distribu-
tion isotherm.

The equilibrium concentration [RuR],, depends on the
adsorption of RuR to the bilayer, namely on the membrane
surface density of RuR, (RuR),,. For bilayers prepared from
the two types of phospholipids, electrically neutral PC and
negatively charged PX (PX represents one of the charged
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lipids PS, PI, or PG), the balance of free and bound RuR
ions is given by

[RUR]eq + (RuR),(Ppx[PX] + Ppc[PC]) = [RuR ]y

Ppx and Ppc designate the area per lipid of negatively
charged and neutral lipids, and [PX] and [PC] are their
respective concentrations in the suspension of liposomes. A
similar balance equation is needed, in principle, for the
monovalent cations. In modeling RuR adsorption it was
assumed that the concentration of monovalent cations in
water did not appreciably change, [CAT],, =~ [CAT],; (this
simplification is justifiable in view of the rather small
binding constant of potassium ions to negatively charged
lipids (1 M) and the experimental conditions).

Experimental data were analyzed in terms of two versions
of a model originally proposed by McLaughlin and Harary
(1976), which combines Langmuir adsorption isotherms
with the Gouy-Chapman theory of the diffuse double layer.
This model has been found adequate for a number of ad-
sorbing species (McLaughlin, 1989).

Two models of RuR adsorption, designated A and B, are
considered. In model A the adsorption sites are only the
negatively charged lipids; in model B adsorption to mem-
brane lipids is assumed to be nonselective. Both models
include co-adsorption of RuR and monovalent ions (CAT)
to phospholipid bilayers, which is described by a Langmuir
adsorption isotherm. Accordingly, the membrane surface
density of RuR ions, (RuR),,, depends upon the association
constant, K o.r, the concentration of RuR adjacent to the
membrane surface (in view of the fact that some liposomes
may be multilamellar, it is assumed that RuR does not form
“trans” complexes between lamellae), [RuR],, and the den-
sity of sites available to RuR cations, fg,g. Similar equation
holds for monovalent cations, such as potassium, therefore

(RuR)m = KmRuR[RUR]iffRuR (CAT)m
3

= Kmca1l CA T]iff CAT-

A Boltzmann relation is used to relate the interfacial
concentrations of adsorbing species to their concentrations
in the bulk solution

[RuR]if —e _ Zrur, eit€Vim
[RuR], P kT

[CAT]; _ ( ev,
[car],” “P\ ™~ ﬁ)
@)

V. is the electrostatic potential at the membrane surface. To
fit the experimental results, it became necessary to introduce
an effective charge of the hexavalent cation RuR, zg,g .-

The membrane surface charge density o,,, depends on the
charge density of the native PC-PX membrane, o, and on
the surface densities of adsorbed cations,

O = 0y + e(CAT),, + 6e(RuR),,. 5)

Factor “6” associated with the surface density of adsorbed
RuR reflects the fact that physical charge of RuR is +6
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(experimental results are consistent with this assumption
and suggest “anomalous” behavior of RuR within the dif-
fuse double layer). Grahame’s equation relates o, to V,,

-z Vm 12
On = {(2eweokm2q[exp(—,;%) - 1]} . (©)

where C; is the bulk concentration of ions of valency z; in
the suspension, including RuR and counter-ions.

Model A

In Model A RuR and monovalent salt cations bind exclu-
sively to negatively charged lipids in the bilayer, forming
1:1 complexes. Thus adsorption is lipid specific, and both
ions compete for the free, unoccupied, negatively charged
lipids.

(RuR)m + (CAT)m +f= QPX, (7)

where f is the membrane surface density of unoccupied
negatively charged lipids. In model A the adsorption sites
for RuR and CAT are indistinguishable; therefore fg,z =
Jear = f QOpx is the surface density of all negatively
charged lipids, complexed and free. It is equal to

_Ipx] .
Crx = Pl PX] + PedPCT' ®

where the denominator is the membrane surface area per
unit volume of liposome suspension.

Model B

Model B assumes no lipid-specific adsorption; both ions
compete for the free, unoccupied, membrane surface. The
membrane surface area balance is

(RuR)mPsRuR + (CAT)mPsCAT + Af =1. (9)

It is convenient to consider each term as the fractional area,
viz. the first term represents the area occupied by RuR, the
second term that by monovalent cations, and A; the unoc-
cupied area available for binding. P,z and P,,r are
adsorption site areas defined as the membrane surface areas
within which adsorption of other ions is excluded. The
density of sites available for adsorption of RuR and CAT,
needed in Langmuir equations (Eq. 3), is given by

Jrur = Af/Pgryr Jear = A¢/Pycar. (10)

The theoretical distribution isotherm is obtained by solving
a set of equations for adsorption model A (Eqs. 1-8) or
model B (Egs. 1-6, 9, 10).

MATERIALS AND METHODS

Adsorption of RuR to liposomes was studied by using a spectrophotometric
method. The measurements were based on the comparison of absorbance of
two samples: one contained RuR in buffer solution (reference) and the
second one (test sample) contained the solution of RuR after equilibration
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with liposomes. The test sample had originally the same RuR concentration
as the reference solution. Before the spectrophotometric measurements the
RuR-containing liposome suspension (test sample) was processed in sev-
eral freeze-and-thaw cycles (FAT cycles) to achieve an equilibrium distri-
bution of RuR. The liposomes were subsequently pelleted in a centrifuga-
tion step, and the UV/VIS spectrum of the supernatant was compared with
that of the reference RuR solution. The difference in optical absorbance,
together with the data on lipid content in the suspension, was used to
characterize the adsorption of RuR to lipid membranes.

Chemicals

Potassium phosphate-dibasic trihydrate (K,HPO,:3H,0) and boric acid
(H;BO;) (Mallinckrodt Chemicals, St. Louis, MO), potassium citrate-
monohydrate (K;CqH;0,°H,0; Matheson Coleman and Bell Manufactur-
ing Chemists, Norwood, OH), and chloroform (American Burdick and
Jackson, Muskegon, MI) were at least reagent grade. L-a-Phosphatidyl-
choline (egg yolk, PC, MW 760.09), L-a-phosphatidyl-serine (brain, PS,
MW 810.03), L-a-phosphatidylinositol (bovine liver, PI, MW 909.12), and
L-a-phosphatidylglycerol (egg-sodium salt, PG, MW 771) were bought in
various concentrations from Avanti Polar Lipids (Alabaster, AL). The
phospholipids were dissolved in chloroform and were all 99% pure. Ru-
thenium red (RuR, MW 858.5) was obtained from Fluka (Fluka Chemie
AG, Buchs, Switzerland; listed purity 90-95%). All chemicals were used
without further purification.

Sample preparation
Liposomes

Chloroform solutions of PC, and PS, PI, or PG were mixed in different
mass ratios in 50- or 100-m! round-bottom flasks and diluted with chlo-
roform to a final volume of no more than half the flask volume. The
chloroform was slowly evaporated in a rotary flash evaporator (Buchler
Instruments, Fort Lee, NJ), leaving a thin lipid film on the inside wall of
the flask. The remaining chloroform was removed from the flask with a
rotary pump connected to the flask for at least 1 h (more for higher lipid
concentrations). In the next step a measured volume of the buffer solution
was added to the flask, which was then filled with nitrogen gas. Gentle
shaking removed the lipid film and produced a suspension of multilamellar
liposomes with a predetermined lipid concentration. All experiments were
carried out in potassium phosphate/citrate/borate (KPCB) buffer solutions
with molar ratios 0.002/0.002/0.0005 M titrated to pH 7.3 with KOH. All
studies were carried out at room temperature,

Ruthenium red

RuR was dissolved in buffer solution in a polycarbonate tube and heated to
60°C under continuous stirring. The solution was then centrifuged at
100,000 X g (20°C) for 2 h to remove particles and undissolved RuR.
Stock solutions were prepared at least 1 day in advance and used for no
more than 5 days after preparation. Solutions were kept in the refrigerator.
Actual RuR concentrations were determined spectrophotometrically by
the method described by Luft (1971a). Luft reported the absorbance of
purified RuR in water to be 1.583 at 533 nm (measured in 10-mm quartz
cells) for a concentration of 2.34 X 1075 M. Furthermore, to correct the
RuR absorbance for the effect of impurities we used Luft’s formula:

ARuR, corrected — A533 nm (020 A360 nm +0.25 A734 nm) s (1 1)

which corrects the absorbance at the RuR peak (533 nm) for overlaps of
ruthenium brown (RuB, peak at 360 nm) and ruthenium violet (RuV, peak
at 734 nm).

Because we found similar absorbance values of RuR in water and in
KPCB buffer, this method was used. A calibration curve confirmed that,
within the range of concentrations used, there was a linear relationship
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between RuR concentration and the absorbance. The above formula was
not usable for centrifuged liposome suspensions because remaining lipids,
due to light scattering, introduced additional absorbance at 360 nm. For
these samples Asq, n Was replaced by A¥e, .

A;a) nm = RaAs33nm, (12)

where parameter R, = As40 am/As33 nm 15 the ratio of absorbances at A3 1
and Asi3; ,m for RuR solutions without liposomes. (We have established
that the UV/VIS spectra of the supernatant can be understood as a super-
position of apparent absorbance from light scattering due to residual lipids
and a conventional spectrum of RuR. To avoid using experimental absor-
bance at 360 nm, which is strongly affected by the residual lipids, when
correcting for the presence of RuB impurity, the parameter R, provides a
better method of correction.)

When the spectrophotometrically obtained RuR concentration was com-
pared with that obtained gravimetrically, significant differences between
listed and actual dye contents were found. Fluka-RuR (listed dye content
90-95%) actually contained only about 20-25% of RuR. (It may be useful
for others to know that Fluka uses a chloride titration as the purity test. We
found that the data provided by the company are misleading because most
RuR impurities contain chloride as the counter-ion.)

Adsorption measurements
Experimental procedure

RuR stock solutions were diluted and mixed with the same volume of
liposomes or buffer in polypropylene tubes. Final volumes were between 2
and 4 ml. The tubes were filled with nitrogen and vortexed briefly. Tubes
containing the lipids were frozen in liquid nitrogen, thawed in water at
25°C, and vortexed for a few seconds (tubes made from glass or polysty-
rene tended to break during this process). It was found that five FAT cycles
are sufficient to reach an equilibrium distribution of RuR. In the next step,
the lipid containing solution was centrifuged at 100,000 X g (20°C) for 2
h. Pellet and supernatant were separated immediately after centrifugation.
Neither the FAT procedure nor the centrifugation protocol had a measur-
able effect on the RuR concentration.

For spectrophotometric measurements a Beckman DU-7 spectropho-
tometer was used (Beckman Instruments, Irvine, CA). Either semi-micro
cells made from UV grade methacrylate or self-masking micro cells made
from Spectrosil were used. Each cell had a 10-mm optical path length.
Because of the variations in path length, the plastic cells were calibrated by
using RuR-saturated quartz cells. Plastic cells were used whenever possible
because they were much less stained by RuR solutions.

Characterization of the RuR-liposome system
Ruthenium red

Fig. 1 a illustrates a typical spectrum of commercially available ruthenium
red: a main peak at 535 * I nm (RuR) with a slight shoulder at about 480
to 500 nm, a very broad peak at 735 * 5 nm of ruthenium violet (RuV),
a small peak at 362 + 3 nm due to ruthenium brown (RuB), and a sharp
peak at 256 * 1 nm with a broad shoulder around 300 nm. The spectrum
can be understood qualitatively using the spectra of pure RuR impurities
given by Luft (1971a) as a reference. Luft reported absorption peaks of
RuR at 533 nm, RuV at 734 nm, and RuB at 360 and 460 nm. A
superposition of the 533 nm RuR peak and the 460 nm RuB peak accounts
for the slight shoulder and the average 2-nm offset of the RuR peak
observed in our batch. (RuR shows another smaller peak at 376 nm. Luft
reported the absorbance ratio of these peaks Agsz ymiA376 nm t0 be 10.9 in
another work (Fletcher et al., 1961); the ratio was found to be 9.8. Because
we found Ass; nmiAs76 nm = 5 = 0.6, it is likely that half of the RuB peak
is caused by RuR. The 376-nm RuR peak also causes the average 2-nm
offset of the RuB peak.) The absorption peak at 256 nm is most likely
caused by nitrosylruthenium impurity.

Membrane Adsorption of Ruthenium Red 821

T T T T T T

a— 535nm, RuR peak

(a)

1.0
0.9
0.8
0.7
06
05
0.4
03
0.2}
0.1

0.0
200 300

T T T
1 1

T

Absorbance

T

735nm, AuV peak

T

\

362nm, RuB peak
400 500 600 700 800
Wavelength, (nm)

T T T T T T T T T 1
®
fbooacﬁ%»oo %00, o
| 00 000000~ 0 o]
* © %0 o

“~ (b)
0417 | %, ]
0415 | & % |
%L

W@ %

0413 | KT X XXX X X XX X
X XX o

000 456 |

0419

x
x X X X X X X
oo X x

0.411 | . .

Absorbance

0.409 | . T

0.407
ML IO
0.0. o

0

0.405

1 L 1

0 100 200 300 400 500 600 700 800 900
Time, (s)

FIGURE 1 Properties of ruthenium red. () UV/VIS absorption spec-
trum in KPCB buffer (1.34 X 107°M RuR, 1 cm quartz cells). (b)
Interaction of RuR with spectrophotometric cells: @, clean quartz cells; O,
saturated quartz cells; X, clean plastic cells. A difference in optical path
length causes the absorbance offset between O and X.

Luft lists three other potential impurities: ruthenium (III) hexamine
trichloride (273 nm), ruthenium (III) chloropentamine dichloride (327 nm),
and nitrosylruthenium (250 nm). Hochmann et al. (1981) reported 275 nm
for the peak of ruthenium (III) hexamine trichloride and 323 nm for
ruthenium (II) chloropentamine dichloride.

Based on spectrophotometric measurements, the purity of RuR in the
batch used in our studies was 21 * 3%.

Time stability of RuR solutions

Spectra of RuR solutions were monitored for 50 days. During this time the
solutions changed their color from magenta to reddish brown to clear. We
found an exponential decay of RuR absorbance (533 nm RuR peak) for
both KPCB and HEPES buffer solutions at pH 7.3. Within about 30 days
the absorbance values decreased to 37% of the initial readings.

Interaction of RuR with glassware

We found that RuR strongly adsorbed to all conventional laboratory
glassware. We therefore replaced all glass containers and tubes with plastic
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ones. No measurable adsorption to polycarbonate, polypropylene, or poly-
styrene was found.

Fig. 1 b illustrates the interaction of RuR with the two different kinds of
cells. Clean quartz cells strongly adsorbed RuR, and their surface became
saturated after about 15 min. When the saturated cells were filled with the
same RuR solution without intermediate cleaning almost no additional
adsorption of RuR was observed. Clean plastic cells showed far lower
affinity to RuR than clean quartz cells. All plastic cells were calibrated for
optical path length with two saturated quartz cells.

FAT cycle characterization

Two sets of experiments were done to optimize and characterize the FAT
procedure. In the first set we measured the RuR concentration in the
supernatant of a centrifuged RuR-liposome suspension as a function of the
number of FAT cycles (Fig. 2 a). Adsorption of RuR to liposomes was
proportional to the difference between the initial and the final, equilibrium
concentration of RuR. Only weak adsorption of RuR was observed without
the FAT procedure. This indicated that adsorption occurred to the outer-
most layers of multilamellar liposomes. RuR adsorption increased with
each successive FAT cycle for up to 4 FAT cycles. For 4 or more FAT
cycles RuR adsorption appeared to decrease, which was an experimental
artifact caused by fragmentation of liposomes and the difficulty of pelleting
small particles by centrifugation. We found, in agreement with Mayer and
co-workers (Mayer et al., 1985), that 5 FAT cycles was optimal.

Changes of particle size distribution during the FAT procedure were
characterized in another set of experiments. We have used Angstrom’s
relationship (1929) between the apparent absorbance and the wavelength of
light,

AxA™, (13)
according to which light scattering from particles should produce a straight
line in a log-log plot of the absorbance versus wavelength. The slope of this
line, a, gives qualitative information about the particle size. The exponent
a can change between 0, for Thomson scattering, and 4, for Rayleigh
scattering. For a suspension of liposomes with a fixed amount of lipids, an
increase of absorbance at a certain wavelength indicates an increase in the
density of particles with a diameter comparable to that wavelength. Fig. 2
b shows a log-log plot of the apparent absorbance due to scattering as a
function of the wavelength for a liposome suspension subjected to a
different number of FAT cycles. Values of a ranged from 1.2 (no FAT) to
2.9 (9 FAT cycles); for 5 FAT cycles a = 2.6. Data in Fig. 2 b illustrate
that FAT procedure causes a decrease of absorbance at long wavelengths,
which is compensated by its increase at short wavelengths. These spectral
changes can be used to parameterize the changes of the particle size
distribution in FAT processing of liposomes.

Liposome size distribution

Electron micrographs of liposomes were taken on a Hitachi HS-7S trans-
mission electron microscope (Hitachi Instruments, San Jose, CA) at 50 kV
acceleration voltage. Samples were stained by adding ruthenium red. Drops
of the suspension were placed onto a carbon-coated grid and dried.

Fig. 2 ¢ shows the particle size distribution in the liposome suspension
after 5 FAT cycles. The total number of particles counted, which were
mainly single-layered liposomes, was 268. The solid curve represents a fit
of a theoretical particle size probability distribution (Winterhalter and
Lasic, 1993):

R R \?
w(R)ocR—z exp[ - (ﬁ) ], (14)

where w is the probability of finding a vesicle with radius R (in nm). R, for
liposomes subjected to 5 FAT cycles was 103 nm.
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FIGURE 2 Properties of liposomes. (@) FAT cycle-dependent adsorption of
RuR to liposomes (PC:PS 9:1 at 1 mg/ml lipid concentration, 1.03 X 1075 M
RuR, 2 h centrifugation at 100,000 X g). A, initial RuR concentration; @, RuR
concentration after FAT. The solid line represents an exponential fit to the 0 to
5 FAT cycle data. (b) Effect of FAT processing on the wavelength dependence
of apparent absorbance due to light scattering by liposomes (PC:PS 9:1, 0.17
mg/ml lipid concentration). @, X, [, +, O, data for 0, 1, 2, 5, 9 FAT cycles,
respectively. The dashed and dotted lines represent fits for 0 and 9 FAT cycles.
The corresponding values of a in Angstrom’s proportionality are 1.2 and 2.9.
The solid line represents the Rayleigh slope (@ = 4). (¢) Size distribution of
liposomes after 5 FAT cycles (PC:PS 9:1). The solid line represents a fit of the
data to a theoretical particle size model (Eq. 14).
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RESULTS

We measured adsorption of RuR to PC, PC-PS, PC-PI, and
PC-PG membranes by determining the dependence of ratio
Rgur (Eq. 1) on the total concentration of RuR in liposome
suspension. The measurements were done with FAT lipo-
somes prepared with various proportions of zwiterionic PC
and negatively charged lipids (19:1, 9:1, 4:1 at 1.0 mg/ml
lipid concentration; Fig. 3) and in suspensions with various
lipid concentrations (0.3, 1.0, 3.0, 10 mg/ml at a ratio 9:1 of
uncharged to charged lipids; Fig. 4). RuR concentrations
were calculated from the absorbance data using Luft’s for-
mula Eq. for RuR solutions and using the modified formula
(Eq. 11) for the supernatant (centrifuged solutions contained
residual lipids). We examined two versions of the Lang-
muir-Stern-Grahame adsorption model. Fits of the adsorp-
tion models A and B to experimental data were done nu-
merically. The quality of the fits was checked visually, and
the best parameters were determined by minimizing a
weighted yz, viz.

1 (Ri,exp - Ri,th)2
3 ,
par \/(Ri exp R; ,m)

where R, is the distribution ratio for RuR concentration
point i.

X=% (15)

points

Effect of negatively charged lipids in PC-PS, PC-
Pl, and PC-PG membranes

In Fig. 3 a we present the distribution isotherms obtained for
pure PC membrane (open symbols) and for PC-PS mem-
branes with different content of PS. For pure PC membranes
the distribution ratio Ry g remained unity, indicating that
the adsorption of RuR to PC membranes was not measur-
able. Adsorption of RuR was not measurable even when the
lipid concentration was increased to 10 mg/ml. This finding
confirms that the nonelectrostatic component of RuR bind-
ing to PC is rather weak.

Adsorption of RuR became measurable in the presence of
negatively charged lipids, such as PS (Fig. 3 a), PI (Fig. 3
b), and PG (Fig. 3 ¢). For example, when the membrane
contained about 5% PS (PC:PS ratio 19:1) the distribution
ratio Rg,r decreased from 1.0 to ~0.5, indicating that
~50% of RuR became bound to liposomes. Adsorption of
RuR to similar PI- and PG-containing membranes was less.

The lower values of distribution ratio Rg,z for 9:1 and
4:1 PC-PS, PC-PI, and PC-PG membranes demonstrate the
enhancement effect of membrane surface charge. For the
most strongly charged 4:1 PC-PS membranes ~99% of
RuR originally present became bound to liposomes and
~1% remained in the aqueous phase. Binding of RuR to
similar PC-PI and PC-PG was always smaller.

Qualitatively, the origin of the enhanced RuR binding
with increasing surface density of negatively charged phos-
pholipids is due to the increased RuR concentration at the
aqueous side of the membrane-water interface. (At low RuR
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concentration the surface potential of liposomes is deter-
mined only by the screening effect of the buffer solution and
adsorbed potassium ions. For 19:1 PC:PS, PC:PI, and
PC:PG membranes we estimate the surface potential to be
~—40 mV. The Boltzmann factor, exp(—6eV,/kT), pre-
dicts the interfacial concentration of RuR to be ~1.5 X 10*
greater than the bulk RR concentration. Binding of RuR
becomes measurable because the surface density of bound
RuR is linearly proportional to the interfacial concentration
of RuR.) This is the primary effect observed with all three
types of membranes. Quantitatively, the increase of the
interfacial concentration depends on the magnitude of the
Boltzmann factor (Eq. 4). There were secondary, lipid-
dependent variations in the degree of adsorption of RuR; the
strongest binding was observed for PC-PS membranes. Af-
finity of RuR to PG- and Pl-containing membranes was
about the same but lower compared to PC-PS.

The dependence of the distribution ratio Rg,z on the
concentration of RuR can be understood in terms of the
screening and neutralization of the negative membrane sur-
face charge. At low RuR concentrations the change in the
membrane surface charge density caused by the adsorbed
RuR was insignificant. Consequently, the slope of the dis-
tribution isotherm is small. As the RuR concentration in-
creased, the negative charge on the membrane became more
screened by the free RuR and partially neutralized by the
adsorbed RuR. These two mechanisms decrease the mem-
brane surface potential, which in turn reduces the magnitude
of the Boltzmann factor (Eq. 4). In this regime the interfa-
cial concentration of RuR does not proportionately increase
with the bulk RuR concentration. The consequence is
smaller than proportional incremental binding of RuR. As
the magnitude of the membrane surface potential V,, de-
creases further, the distribution isotherm ultimately ap-
proaches unity at high RuR concentration.

We have found it impossible to fit the data with either
variant of the adsorption model (see Theory) using the
Boltzmann factor exp(—6eV, /kT). This Boltzmann factor
overestimates the interfacial concentration of RuR and thus
overestimates RuR adsorption. It was found necessary to
introduce an effective valency for RuR, zgp,r o (Eq. 4),
whose value was obtained from the fit of the model to the
data (see below).

Dependence of distribution isotherms on
lipid concentration

The amount of lipids in the suspension determines the
membrane surface area available to adsorption, and in this
way it affects the value of the distribution coefficient Ry .
We have measured the distribution isotherms for different
total concentrations of lipids to obtain the binding parame-
ters of adsorption models. The experimental distribution
isotherms for PC-PS, PC-PI, and PC-PG liposomes as a
function of the total lipid concentration in the suspension
are given in Figs. 4. The ratio of uncharged to charged lipids
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was set at 9:1, and the lipid concentration was varied from
0.3 to 10 mg/ml. Two features of the experimental iso-
therms are noticeable. First, as the concentration of lipids
increased, the distribution ratio decreased because greater
membrane surface area resulted in greater degree of deple-
tion of RuR in the aqueous phase. Second, the distribution
isotherm shifted toward greater RuR concentration with
increasing lipid concentration. This property is also a con-
sequence of greater membrane surface area: greater initial
concentration of RuR was needed to reduce the membrane
surface potential V,,,, resulting in the reduction of the Bolt-
zmann factor. Consequently, the steep increase in the dis-
tribution ratio Rp,r takes place at higher RuR concentra-
tions.

Adsorption parameters of RuR for PC-PS, PC-PI,
and PC-PG membranes

To fit the Langmuir-Stern-Grahame model to experimental
results it was found necessary, for both versions of the
model, to introduce effective valency zg g ¢ Of RuR ions.
(Model A assumes competition between monovalent salt
cations of the buffer and RR ions for the negatively charged
lipids. In contrast, in model B the adsorption of both types
of ions is nonspecific to the type of lipids; ions compete
only for the free available surface.) A lower value of effec-
tive valency accounts for nonideal behavior of RuR within
the diffuse double layer.

The solid curves in Figs. 3 and 4 illustrate the distribution
ratio of RuR predicted from adsorption model A. Two
model parameters were optimized: the effective valency of
RuR ions, zgyg, ofr» and the association constant of RuR for
negatively charged lipids, K g,r- Adsorption of potassium
ions to negatively charged lipids was accounted for by
association constant K,car = 1.0 M7}, as in other ion
adsorption studies (Langner et al.,1990). The adsorption
parameters for all three types of membranes obtained from
the best fit of model A are given in Table 1. There are
several notable characteristics in the results. First, the PC-
PS, PC-PI, and PC-PG membranes are electrostatically
equivalent. A single value of effective valency of RuR ions
was found for the same fixed ratios of uncharged and
charged lipids in all three types of membranes. Second, the

TABLE 1 Adsorption parameters, model A

19:1 9:1 4:1

PC:PS

ZRuR, eff 50+03 39*02 3101

Kprur M7 55%25 55%20 55*15
PC:PL

ZRuR, eff 50+x03 39+02 33201

Korug M7 09 =04 09+03 09 +0.2
PC:PG

ZRuR, eff 50x03 39+0.2 33x0.1

Kyrer M7 09 04 09 *03 0.9 *+0.2
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dependence of distribution isotherms on the concentration
of lipids can be fitted with a single value for the association
constant, one for each type of lipid: K, g,r = 5.5 M~ ! for
PS and K, g,r = 0.9 M™! for both PI and PG. Third, the
adsorption data indicate that RuR ions do not behave as
hexavalent species within the Gouy-Chapman diffuse dou-
ble layer. For the weakly charged (19:1) membranes the
effective valency was found to be 5.0 = 0.3. It decreased
with increasing density of the negative surface charge to 3.1
* 0.1 for the strongly charged membranes (4:1).

The experimental results shown in Figs. 3 and 4 can be
equally well fit with model B, which does not assume
specific adsorption of ions to negatively charged lipids
(theoretical curves not shown). This model does not exclude
possible adsorption of RuR to PC. (It is conceivable that
adsorption of RR to PC also takes place, but it is significant
only because of the concentrating effect of negatively
charged membrane surface, as reflected by the Boltzmann
factor.) It is of interest to compare the adsorption parameters
obtained from the fit of models B and A. Again, it was
found impossible to fit the data by means of association
constants and adsorption site areas, even when all possible
systematic experimental errors were considered. It became
necessary to invoke effective valency zg,g ¢ s in model A.
To keep the number and the type of parameters in model B
the same as in model A, i.e., Zgug, ofr a1d K rur» We have set
the adsorption site areas for RuR ions to Pz,z = 5.0 nm?
and that for potassium ions to P,cor = 0.72 nm”. P g x Was
estimated as the ion exclusion area using a simple electro-
static argument (Smejtek and Wang, 1990), and P, Was
made equal to the membrane surface area of hydrated egg
PC (Small, 1986).

Table 2 summarizes the best values of zg g o and K gur
obtained from the fit of model B to data shown in Figs. 3
and 4. Because it was uncertain how to treat adsorption of
potassium ions to the mixed lipid membranes, the analysis
was done for two cases. In case i) adsorption of potassium
was ignored (K cor = 0), and in case ii) adsorption of
potassium was slightly overestimated (K,cay = 1.0 M™Y.
ZRuR, eff aNd K pur given in the left column in Table 2
correspond to an assumed absence of adsorption of potas-
sium (case i); those in the right column correspond to
conditions in which potassium ion adsorption was overes-
timated (case ii). It is noteworthy that the patterns in the
values of the adsorption parameters for model B and model
A are similar. The effective valency of RuR ion decreased
with the increasing presence of negatively charged lipids in
the membrane, and the ratios of association constants for
PC-PS and PC-PI or PC-PG membranes were about the
same as in model A. Furthermore, the values of binding
parameters obtained from model B overlap with those ob-
tained for model A.

Fig. 5 illustrates how the effective valency of RuR ion,
obtained from the fit of model A, depends on the density of
electric charge on the membrane’s surface. The effect of
reduced valency of RuR follows from the overestimation of
the concentration of RuR ions at the membrane/water inter-
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TABLE 2 Adsorption parameters, model B
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19:1

PC:PS

ZRuR, eff 43+ 0. 69 +05

Kpror M7 32%15 8.0+ 3.0
PC:PI

ZRuR, eff 43 *+03 69 + 05

Koror M7 0.6 = 0.25 1.3+04
PC:PG

ZRuR, eff 43+ 03 69 *05

Kper M7 0.6 = 0.25 13+04

9:1 4:1
3.6 +0.2 55*03 29+0.1 43*02
32*x10 80x25 32*08 8.0+20
36*02 5503 3001 45 *02
0.6 £0.2 1.3*+03 0.6 = 0.15 1.3 202
3.6 0.2 55*03 3.0*+0.1 45*02
0.6 +0.2 1.3 %03 0.6 +0.15 1.3£0.2

Values on the left side of each column correspond to X, (CAT) = 0.0; those on the right side were obtained for K, (CAT) = 1.OM™".

face. As the data indicate, the magnitude of this discrepancy
increases with the increasing density of membrane surface
charge.

DISCUSSION

This work has shown that the presence of negatively
charged phospholipids in lipid bilayer is essential for the
adsorption of RuR cations to phospholipid membrane, al-
though it is not clear whether the adsorption is lipid specific
or not, because models A and B provided very similar
adsorption parameters. Another feature of the results is that
it became necessary to invoke an effective charge of the
RuR cation, which turned out to be smaller than the physical
charge of +6e. We have examined the potential impact of
impurities in the commercial samples of RuR and concluded
that the impurities cannot meaningfully alter the above
results. (It is important to keep in mind that commercially
available RuR used in this study as well as in others re-
ported in the literature was not pure and that some of the
impurities present in RuR are ionic. The two possible pro-
cesses in which the ionic impurities would affect our results
are i) reduction of membrane surface potential below the

55} 1

35 1

30f T 2

0.00 0.0S 010 0.1‘ 5 D.éO 0.25 0.30
Surface charge density, (e/nm2)

Effective valency

FIGURE 5 Dependence of effective valency of the RuR cation on sur-
face charge density of PC-PS, PC-PI, and PC-PG membranes obtained
from the fit of model A.

value expected from the content of negatively charged lipids
in the membrane due to additional screening and ii) adsorp-
tion to the membrane. Therefore, association constants
given in this paper should be considered as the lower limit
for pure RuR. However, we have several reasons to believe
that our values are only slightly affected by impurities: a)
The adsorption parameters for RuR are primarily deter-
mined by the values of the distribution ratio within the low
RuR concentration segment. Within this range the ionic
screening is determined by the KPCB buffer and not by
RuR, and therefore not by impurities in RuR. b) The pre-
dictions of the adsorption model indicate only low surface
coverage by RuR in the low RuR concentration range; this
means that competition of RuR for unoccupied negatively
charged lipids (model A) or free membrane surface (model
B) would not limit RuR adsorption. ¢) We did not observe
changes in the UV/VIS spectrum that were not caused by
RuR. Furthermore, we have verified the stability of our
results and conclusions against the effect of impurities using
our computer model by assuming the presence of 45%
ruthenium brown (with adsorption properties similar to
RuR) in addition to RuR.)

The “anomalous” behavior of charged molecules at mem-
brane-water interfaces is often discussed in terms of the
discreteness of charge. The membrane charges due to neg-
atively charged lipids dispersed in the matrix of electrically
neutral lipids are discrete, whereas the Gouy-Chapman
model of the diffuse double layer assumes membrane
charge smeared at the membrane surface (Nelson and Mc-
Quarrie, 1975; Andersen et al., 1978; Wang and Bruner,
1978; Schoch and Sargent, 1980; Tsien and Hladky, 1982;
Schwartz and Beschiaschvili, 1989; Beschiaschvili and
Seelig, 1990). Probing the concentration of co-ions and
counter-ions in the vicinity of the charged membrane sur-
face by fluorescence, EPR probes and {-potential methods
indicated that the Langmuir-Stern-Grahame model de-
scribed remarkably well the experimental results when
membranes contained singly charged lipids (Winiski et al.,
1986; Langner et al., 1990), as in our case. Anomalies were
found for PC membranes containing negatively charged
trivalent lipids, phosphatidylinositol 4,5-biphosphate, PIP,
(Langner et al., 1990). What is most interesting is that
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anomalies were found for the distribution of negatively
charged probes, i.e., of co-ions, whereas dominating effects
due to the discreteness of charge were expected for the
counter-ions (Nelson and McQuarrie, 1975). In general, the
Gouy-Chapman-Stern theory was found to be satisfactory
for the description of membrane surface potential and ion
adsorption for monovalent as well as multivalent counter-
ions along with PC membranes containing monovalent,
acidic lipids (McLaughlin and Harary, 1976; Lau et al.,
1981; McLaughlin et al., 1981; Chung et al., 198S5;
McLaughlin, 1989; Graham et al., 1990; Smejtek and
Wang, 1990; Tatulian, 1993, 1994), as well as for Ca**
adsorption and dependence of Ca’* adsorption on ionic
strength for ATPase in SR membranes (Scofano et al.,
1985).

Is the anomalous behavior of RuR due to the discreteness
of membrane charge? In the present study the membranes
contained singly charged lipids, and the adsorbing species
were hexavalent counter-ions. The discrete charge effects
are generally expected to be prominent when the separation
between charges is greater than the Debye length. In our
system the average separation between negative phospho-
lipids varied from 3.8 nm (19:1 membranes) to 1.9 nm (4:1
membranes), and the Debye length of the aqueous medium
remained ~2.5 nm, within the greater portion of the exper-
imental RuR concentration range. Because the separation
between charges and the Debye length was comparable and
considering the computed electrostatic potential distribution
for charged membranes using a nonlinearized Poisson-Bolt-
zmann equation (Peitzsch et al., 1995), the discrete charge
effects are not expected to be prominent in the present work.
Furthermore, estimates of the Boltzmann factor based on a
simple discrete charge model (Nelson and McQuarrie,
1975) suggest that zg,g ¢ should be much greater than the
physical charge of RuR, which is in conflict with our
experimental finding.

Effective charges smaller than the physical charge, ze,
were also reported in studies of adsorption of bee venom
peptide melittin (z.¢ =~ 2, in contrast to z = 5-6) (Schoch
and Sargent, 1980; Schwartz and Beschiaschvili, 1989; Be-
schiaschvili and Seelig, 1990); for positively charged pep-
tides lysine, and arginine,, Zpenraysine, efe = 2 instead of z =
5 (Kim et al., 1991); for mixed peptides z.4 =~ 2.5 in
contrast to z = 5 (Mosior and McLaughlin, 1992); and for
peptides corresponding to the pseudosubstrate region of
protein kinase C, z.¢ =~ 2.5-3 instead of z = 5 (Mosior and
McLaughlin, 1991). It was assumed that the effect of re-
duced charge of these large peptides was associated with the
discreteness of membrane charge, partial neutralization, and
finite size of the peptides. It is interesting that Stankowski’s
model (1991) predicts z.¢ < z, as observed in the binding
studies with peptides. It is not clear a priori that the origin
of “anomalous” behavior of peptides and RuR is the same.

Another possible origin of reduced effective charge of
multivalent ions is the formation of complexes. It is con-
ceivable that RuR®* would form complexes with counter-
ions, such as OH . However, if such mechanisms were
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effective in the adsorption of RuR, the concentration of
RuR®*-nOH™ complexes at the membrane/water interface
would decrease with the increasingly negative membrane
surface potential because of the repulsion of OH™ from the
membrane/water interface. According to this scenario z.¢ is
expected to increase with the increasing content of nega-
tively charged lipids in the membrane, whereas the opposite
is taking place (Fig. 5). (This argument, which eliminates
the formation of RuR®*+nOH~ complex as the origin of
reduced effective charge of RuR, was contributed by the
reviewer. Furthermore, RuR is stable within a narrow range
of pH, which precludes studies of the effect of pH on z..)

Reduced screening of the membrane surface by multiply
charged ions and therefore reduced interfacial concentration
(compared to that predicted from simple Gouy-Chapman
theory) was observed for charged molecules with widely
separated charges, such as hexamethonium (Carnie and
McLaughlin, 1983; Alvarez et al.,, 1983). This effect is
prominent when the Debye length is shorter than the sepa-
ration between charges. RuR can be regarded as a charged
cylinder of length 1.2 nm (Carrondo et al., 1980) or as a
linear array of three charges separated by 0.6 nm. Under our
experimental conditions the length of the RuR ion is smaller
than the Debye length (~2.5 nm), and thus it is not known
how effective this mechanism of reduction of the interfacial
concentration of RuR would be in our case. We speculate
that the effect of reduced effective charge of RuR is the
consequence of the finite size of RuR and the assumption of
ions as pointlike particles in the Gouy-Chapman model of
the diffuse double layer. (Finite size effects are expected to
be prominent for hexavalent RuR because the Boltzmann
factor for pointlike RuR ions is equal to the sixth power of
the Boltzmann factor for monovalent cations. This approach
leads to extremely short inter-ion distances and unrealisti-
cally high concentrations of RuR within the double layer
close to the membrane surface.)

It is also possible that some RuR trapped in the diffuse
double layer is removed from the aqueous phase when
centrifuging the liposomes. If the entrapment effect domi-
nated the removal of RuR in our studies, we would not be
able to observe differences between PC-PS, PC-PI, and
PC-PG membranes. Computer modeling of this effect indi-
cated that the S shape of the distribution isotherm, as seen
in our experimental results, is possible only when adsorp-
tion of RuR takes place in addition to entrapment within the
diffuse double layer. The consequence of introduction of the
entrapment effect (for which we do not have data) would be
an increase of the magnitude of the association constant and
a decrease of effective valency. Thus the values of associ-
ation constants reported here should be regarded as their
lower limit and those for the effective valency as their upper
limit.

It is highly desirable to measure in future studies of
interaction of RuR with charged membranes the electro-
phoretic mobility of liposomes to determine the membrane
surface potential directly and, if possible, the interfacial
concentration of RuR. These quantities would provide in-
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formation on the magnitude of the Boltzmann factor. New
studies will require novel approaches, e.g., microelectro-
phoresis with ultrasonic rather than optical detection of
liposome velocity because RuR solutions are strongly col-
ored, and use of special plastics because of strong staining
of glass surfaces by RuR.

Relevance to biomembranes

Results of binding studies with phospholipid bilayers make
it possible to examine the significance of the binding of
RuR to the lipid bilayer matrix in biological membranes.

We consider the membrane of the sarcoplasmic reticulum
(SR) as a prototype biomembrane. Although functionally
complex, its composition is simple; the SR consists primar-
ily of calcium pumps that constitute about 90% of the
membrane proteins, and its lipid matrix contains a signifi-
cant amount of phospholipids. In the discussion of RuR
binding to SR, we assume the same molar ratio of phos-
pholipids to protein as used in the analysis of x-ray diffrac-
tion data (Herbette et al., 1985), viz. 128 mol phospholipids/
mol calcium pumps.

Based on x-ray diffraction results (Herbette et al., 1985) the
Ca pumps form a lattice with unit cell size ~11-12.5 nm. The
outer disk of the pump covers approximately 20—40 nm? of
membrane surface area, and the arrangement of Ca pumps
corresponds to one pump per ~ 140 nm? of membrane surface.
Consequently, the area of the “protein-free” bilayer represents
~80% of the total membrane surface of SR. These data make
it possible to relate adsorption of RuR measured for phospho-
lipid bilayers to that observed for SR membranes.

The surface charge of the SR membrane is negative, and
the charge density reported in the literature is (5.4 — 9.2) X

107*C/m? (Arrio et al., 1984; Liu and Oba, 1990), which’

corresponds to —(0.034-0.058)e/nm”. The values for the
surface charge density of SR were determined from the
electrophoretic mobility of SR vesicles and should be re-
garded as the lower limiting value of surface charge density.
(The reason for this caution is that the Ca pumps protrude
from the SR membrane surface, so that the position of shear
plane at which {-potential is determined is unknown. The
presence of protrusions results in additional frictional force,
which also have not been accounted for. The surface charge
density of SR may be therefore underestimated.) We expect
that the charge density of the SR membrane is comparable
to that of liposomes made from mixtures of uncharged to
charged phospholipids within the 19:1-9:1 range.

The density of RuR binding sites in SR membrane obtained
in various studies is about 10 nmol/mg protein. Specifically,
Corbalan-Garcia et al. (1992) reported RuR binding of 6
nmol/mg protein for the rabbit skeletal SR vesicles. Moutin et
al. (1992) found two populations of RuR-binding sites for
rabbit skeletal SR vesicles. One group of sites was found to
bind ~10 nmol/mg protein and was assigned to the high-
affinity Ca®* transport sites of the Ca>*-ATPase; the other
group of sites bind 15-17 nmotl RuR/mg protein. This second
group was thought to represent “nonspecific cation binding
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sites of the SR Ca**-ATPase or of a closely associated ele-
ment” (Moutin et al., 1992).

We examine now the possibility of RuR binding to the
lipid matrix of SR, using our results for 19:1 and 9:1 PC:PS
membranes. The RuR binding assays of biomembranes em-
ploy, typically, micromolar concentrations of RuR. Con-
sider, for example, an equilibrium aqueous concentration
[RuR]., = 8 uM. For this concentration of RuR we ob-
tained the surface density of bound RuR as ~3 nmol/m? for
19:1 PC:PS and ~15 nmol/m? for 9:1 PC:PS membranes.
Because the free lipid bilayer surface in the SR membrane
was estimated to be 80% of the total surface, the respective
surface densities of RuR in the Ca pump-containing phos-
pholipid membrane model are ~2.4 nmol/m? (for 19:1
PC:PS) and ~12 nmol/m? (for 9:1 PC:PS bilayer). Further-
more, we assume that in this phospholipid matrix there is
one Ca pump per ~140 nm? of membrane surface area, as
estimated from the x-ray diffraction data. Thus, for this
phospholipid analog of the SR membrane, the corre-
sponding protein mass per unit area of membrane surface
is equal to (119 X 10° g pump protein/mol)/(N av * 140 X
10~ '®m?) = 1.4 mg protein/m®. This conversion factor
makes it possible to relate RuR adsorption to phospho-
lipid bilayers to RuR adsorption in SR because adsorp-
tion to biomembranes is conventionally referenced to the
amount of protein in mg. The above estimation yields a
binding of 1.7 nmol RuR/mg protein for an SR analog
based on 19:1 PC:PS and 8.6 nmol RuR/mg protein for
9:1 PC:PS analog. Thus, the levels of RuR binding in the
model calcium pump-containing phospholipid bilayer are
comparable to those obtained with native SR vesicles.
These estimates illustrate that the binding of RuR to the
lipid matrix may indeed represent a significant fraction of
the total RuR binding in negatively charged biomem-
branes and support the hypothesis (Moutin et al., 1992)
that the so-called low-affinity sites on SR membranes can
be indeed associated with the lipid matrix.

Another relevant point to the studies of RuR adsorption
on biomembranes is that in spite of small values for the
intrinsic association constant of RuR with the phospholipid
membranes, the adsorption of RuR to negatively charged
phospholipid bilayers is significant, even at low RuR con-
centrations. This is due to the strong attractive force acting
on hexavalent RuR ions within the diffuse double layer. The
electrostatic interactions between RuR and the negatively
charged membrane result in interfacial concentrations of
RuR ions many orders of magnitude higher than in the bulk
solution. This increased interfacial concentration of RuR
shifts the binding equilibrium toward a greater density of
membrane-bound RuR. Thus, regardless of the origin of
binding sites, be it active sites on membrane-bound proteins
or the lipid matrix, the fraction of these sites occupied by
RuR is equal to

0~ KmRuR[RUR]eqexp( — Zrur et VlksT)
1+ KmRuR[RUR]eleP( — ZRur et Vil ks T)’

(16)
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From this follows that 1) the product K g.r[RuR]
€XP(— VRyR, eft€V/kT) determines the degree of occupancy
of adsorption sites, 6, and 2) the intrinsic association
constant is not the quantity obtained in conventional binding
studies because the value of the Boltzmann factor,
eXp(—Zrur, efi€ Vi/kT), is usually unknown.
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