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ABSTRACT: Herein, the apparent equilibrium dissociation constant, ?PC ?PS ocut

Kpappr between Cu®* and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-

serine (POPS), a negatively charged phospholipid, was measured as a oo 4, o

function of PS concentrations in supported lipid bilayers (SLBs). The e o o °
results indicated that Kp,,, for Cu’ binding to PS-containing SLBs was ° Double © © © B
enhanced by a factor of 17 000 from 110 nM to 6.4 pM as the PS density in layer
the membrane was increased from 1.0 to 20 mol %. Although Cu** bound

bivalently to POPS at higher PS concentrations, this was not the dominant -
factor in increasing the binding affinity. Rather, the higher concentration of

Cu’* within the double layer above the membrane was largely responsible B Slsss
for the tightening. Unlike the binding of other divalent metal ions such as
Ca’" and Mg** to PS, Cu** binding does not alter the net negative charge
on the membrane as the Cu(PS), complex forms. As such, the Cu®*
concentration within the double layer region was greatly amplified relative
to its concentration in bulk solution as the PS density was increased. This created a far larger enhancement to the apparent
binding affinity than is observed by standard multivalent effects. These findings should help provide an understanding on the
extent of Cu®*—PS binding in cell membranes, which may be relevant to biological processes such as amyloid-f3 peptide toxicity
and lipid oxidation.

PS density: 1.0 — 20 mol %
Kpapp: sub pM —= pM

B INTRODUCTION _ [BI[R]s

Ligand—receptor interactions on cell membranes underlie [BR]g (2)

many fundamental biological processes such as cell signaling,
_ [BRE[R]
D2 =

multivalent binding systems, a higher surface concentration of [BR, ] 3)

pathogen recognition, and inflammatory response.' * In

membrane receptors not onl rovides more sites for . .
P VP The change in Kp,, as a function of [R]; can be fit to eq 1 to

abstract the Kp, and Kp, values.” If Ky, > [R],, there is almost
no change in Kp,, even with a 20-fold increase in [R],.

interactions but may also increase binding avidity and induce
. 1 . . . .
receptor clustering."** Curiously, increasing the surface density

of receptors typically leads to only modest changes in binding Conversely, if Kp, << [R],, then a 20-fold increase in membrane
avidity.l’z’s’6 One example is the bivalent interaction between receptor density leads to a 20-fold change in Kp,,, the
lipid membrane-conjugated haptens and antibodies. For this maximum possible.

system, the apparent equilibrium dissociation constant, Kp,, Increasing the interfacial charge can also modulate the
tightened by a factor of 12 as the ligand density was increased apparent7dissociation constant for charged membrane-binding
sufficiently to switch the binding mode from predominantly proteins.” The surface charge can be tuned by modulating the

pH or increasing the number of charged ligands at the surface.
When this occurs, the concentration of oppositely charged
analytes builds up in the double layer above the membrane
surface.® This tuning of interfacial charge typically leads to only
about an order of magnitude tightening in the Kp,,, value as

monovalent to overwhelmingly bivalent.”> For bivalent binding
at interfaces, it can be shown that Kp,,,, varies with membrane
receptor density [R],, which has units of mol/m? (eq 1).> The
individual dissociation constants, Kp; and Kp,, for this two-step

binding process can be described by egs 2 and 3, where [B] the surface charge on the membrane is rapidly quenched when
represents the concentration of bivalent ligands at equilibrium.’ oppositely charged proteins, peptides, or ions become bound.””
KpKpy

Dapp = T orot Received: March 30, 2015
Kp, + 2[R]g (1) Published: June 11, 2015

ACS Publications  © 2015 American Chemical Society 7785 DOI: 10.1021/jacs.5b03313
L2 4 J. Am. Chem. Soc. 2015, 137, 7785-7792


pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.5b03313

Journal of the American Chemical Society

® ¢ © ° [ )
®
o [ ] ® o ° Y
[ J Y o
o
° Double . o O oo % ©
layer o
_»
Glass Glass
Low PS density High PS density
Kpapp = sub pM Kpapp = pPM
L J IS
P o R 0 "o Mo 0
2 Ry O/\_:/\O O/\)LO . Cut ——= oyt 4 NG - JOL
Rz\n,o gHs Ny 2Cu~N, 0" "R,
o) o 0.,.0._~_O._R
o) \W)\V/ R ~N wr 1
o 00 o

Figure 1. (Top) Schematic representation of the change of Kp,,, with PS density in SLBs and (bottom) the binding reaction for Cu?* with two PS

molecules.

In fact, most effects of ligand density, ligand presentation, and
modulation of the surface charge at membrane interfaces are
only moderately impactful to the apparent dissociation
constant."'°7*? A Coulombic effect could, however, cause the
apparent dissociation constant of a charged analyte to change
much more drastically if the surface potential remained
unquenched upon ligand—receptor binding.

As one of the most abundant negatively charged
phospholipids in human membranes, PS plays important
roles in cell apoptosis, blood clotting, and embryonic
development.">~"” PS has long been known to form complexes
with metal ions such as Ca®* and Mg?*.'®"*' These interactions
are assumed to be relatively weak with Kp,,, values generally
measured to be 107> M or weaker.”'®*° Despite an abundance
of studies on Ca**—PS binding, there is far less known about
how PS interacts with transition metal ions and how these
interactions manigulate the distribution and function of PS in
the membrane.'”*

Herein, we demonstrate that the apparent dissociation
constant between Cu®" and POPS is highly sensitive to PS
density in the membrane. Strikingly, the Ky, value of Cu’* for
POPS in SLBs tightened by a factor of 17,000 when the POPS
density was increased from 1.0 mol % to 20 mol %. This change
is significantly larger than what would be expected for merely
changing from monovalent to predominantly bivalent bind-
ing.>® Rather, this dramatic increase in affinity is largely caused
by the increased charge on the membrane, which leads to an
increase in Cu* concentration in the double layer (Figure 1).
The binding of Cu®* to PS causes little attenuation in the
surface potential, unlike other bivalent metal ions such as Ca*"
and Mg*" which neutralize or even reverse the surface potential
upon binding.”"*?° This is a result of the deprotonation of two
PS molecules upon the bivalent binding of Cu®" (Figure 1).
These results may have implications for Cu**—PS interactions
in cellular membranes, where the PS concentration on the
outer leaflet of the plasma membrane increases dramatically
upon apoptosis.1 ’
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B RESULTS

Cu**—PS Fluorescence Quenching Assay. A fluores-
cence quenching assay, which was performed inside micro-
fluidic devices, was used to make the binding measurements
described below. As reported previously, the quenching
phenomenon can be ascribed to the formation of a complex
between Cu** and PS, which in turn quenches a membrane-
bound dye molecule.’” The experimental setup is shown
schematically in Figure SI. To measure the Cu** binding
affinity at different POPS concentrations, vesicle solutions
containing 0 to 20 mol % POPS, 1.0 mol % Texas Red 1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine (TR-
DHPE), and 1-palmitoyl-2-oleoyl-sn-glyero-3-phosphocholine
(POPC) were incubated inside a parallel array of microfluidic
channels to form SLBs. Buffer solutions containing different
Cu’" concentrations were introduced into each channel and
flowed continuously until the fluorescence signal stabilized.
Figure 2 shows (A) fluorescence images and (B) the
corresponding line scans of SLBs containing 0, 5.0, 10, 15,
and 20 mol % POPS without (left) and with (right) 10 nM
CuCl, in the buffer. The fluorescence intensity of each channel
was essentially identical in the absence of Cu®". Upon
introducing 10 nM CuCl, into the solution, the fluorescence
of TR-DHPE was quenched to a significantly greater extent at
higher POPS concentrations. Specifically, the fraction of the
fluorescence that was quenched was 0.86 at 20 mol % POPS,
but only 0.56 with 5.0 mol % POPS. As will be discussed below,
such changes are the result of two factors, the tightening of the
Kpopp value between Cu’* and POPS at higher PS
concentrations as well as the shorter average distance between
Cu®**—PS complexes and the fluorophores.

Noncompetitive Binding Measurement. In the next set
of experiments, multichannel microfluidic devices were used to
measure binding isotherms of Cu®" to POPS in supported
bilayers containing 1.0 to 7.5 mol % POPS (Figure 3). This was
done by monitoring the fraction of fluorescence quenched at
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Figure 2. (A) Fluorescence images and (B) line scans from
microfluidic devices with 0 to 20 mol % POPS in POPC SLBs
along with 1.0 mol % TR-DHPE. The fluorescence is shown in the
absence of CuCl, (left panel in A and red line scan in B) and in the
presence of 10 nM CuCl, (right panel in A and blue line scan in B) at
pH 7.4 with 10 mM Tris buffer. The fluorescence line scans in B were
taken along the regions with the dotted red lines shown in A. Besides
POPS, other PS with different acyl chains such as DPPS and DOPS in
POPC SLBs were also tested and they showed similar binding affinity
to Cu** (Figure S2).
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Figure 3. Quenching response of SLBs composed of 1.0 mol % TR-
DHPE in POPC with 1.0 to 7.5 mol % POPS as a function of CuCl,
concentration. The experiments were conducted at pH 7.4. The
fluorescence intensities in the presence of different Cu®* concen-
trations were normalized to the fluorescence response without Cu** in
400 uM EDTA. The fraction of fluorescent dye that was quenched
(one minus the normalized fluorescence intensity) is plotted in the
figure as a function of Cu®* concentration along with a solid line fit of
the data to eq 4
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each mol % POPS as a function of CuCl, concentration in the
bulk solution. The maximum fraction of fluorophores that were
quenched was found to increase by almost a factor of 3 with
increasing POPS concentration. This is expected as the average
distance between Cu**—PS complexes and fluorophores
becomes shorter at higher complex concentrations and,
therefore, the quenching becomes more efficient.> More
significantly, these curves revealed tighter binding between
Cu®* and POPS as the concentration of the latter was increased.
The data were fit to Langmuir isotherms using eq 4 in order to
abstract the apparent equilibrium dissociation constant, Kp,,,
at each POPS concentration:”****

[Cu®]

AF = AE, x — 0 1
[Cu™] + Kpypp

4)

In this equation, AF is the fraction of lipid-bound dye
molecules that were quenched by the Cu**—PS complex at each
Cu®" concentration, while AF,, represents the maximum
fraction quenched at the saturation concentration. [Cu®*]
represents the free Cu’* concentration in the bulk solution
when equilibrium was established. It should be noted that a
buffer containing CuCl, was continuously flowed over the SLBs
throughout the experiment so that the bulk Cu®" concentration
was not depleted when equilibrium was established. Moreover,
equilibrium was determined to have been achieved when the
fluorescence response from the membrane stopped changing as
a function of time as the buffer was flowed. The values of Kp,,
determined at each POPS concentration in Figure 3 are listed
in the Kp,,, (M, noncompetitive) column of Table 1.

Table 1
PS mol % in Kpypp (M, Kpapp (M,
SLBs noncompetitive) competitive) Kpeom (M)
1.0 1.1 x 1077 - -
3.0 1.5 x 1078 - -
5.0 2.7 X 107 - -
7.5 1.8 x 1071° 5.1 x 1074 5.1 %1076
10 - 1.6 x 10711 1.6 X 107¢
15 - 9.7 x 10712 9.7 X 1077
20 - 64 x 10712 64 % 1077

Competitive Binding Measurements. Binding curves
could not be established for SLBs containing more than 7.5 mol
% POPS because the value of Kp,,, continued to tighten and
quenching measurements needed to be made with ever lower
concentrations of CuCl, in the buffer. This was problematic
because trace Cu®* contamination in the buffer began to affect
the results as the Kp,,, value continued to tighten. Therefore, it
was necessary to switch to a competitive binding method to
obtain Kp,,, values from SLBs containing 7.5 to 20 mol %
POPS (Figure 4). Such methods are routinely applied to
measuring the binding affinity of transition metal ions to
proteins and geptides when the binding constant is below the
nM level.**>* For the experiments performed here, 10 4M of a
metal ion chelator, nitrilotriacetic acid (NTA), was used to shift
the binding curves into the yM concentration range where the
background Cu®" contamination was negligible.27’ ® In fact, in
the NTA-containing buffers used in the experiments described
below, observable quenching only occurred when more than
0.1 uM CuCl, was introduced into the system. The data in
Figure 4 are also plotted with a logarithmic x-axis in the
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Figure 4. Quenching response of SLBs containing 1.0 mol % TR-
DHPE, 7.5 to 20 mol % POPS in POPC with 10 uM NTA. The
quenched fraction was normalized to the fluorescence response
without Cu®* at the same pH (pH = 7.4) where 400 uM EDTA was
also added to the system. The solid lines represent least-squares fits of
the data using eq S. Moreover, buffers containing 1 M NTA were also
tested to confirm the K, values and gave similar results (Figure S4).

Supporting Information (Figure S3) to directly compare with
Figure 3.

The quenching curves in Figure 4 were fit to a modified
Langmuir isotherm binding model based on the available Cu**
concentrations (eqs S and 6):

[Cu’"]

AF = AE,, X ——d
[Cu ] + I<Dcom (5)
NTA™
KDcom = KDapp{l + u}
L (6)

Here AF and AF,,, represent the quenched fraction of lipid-
bound dye and the maximum fraction quenched, respectively.
[Cu®] is the Cu®" concentration added into the NTA-
containing buffer. Ky, is the dissociation constant extracted
from the competitive binding curve when NTA is present.
Kpqpp is the apparent dissociation constant of the Cu**—PS
complex, and eq 6 shows the relationship between Kp.,,, and
Kpapp- In €q 6, Ky is the NTA—Cu?** binding constant at pH 7.4,
which was calculated to be 107'° M, based upon the known
protonation constant of NTA.*>*' The derivation of these
equations is described in detail in the Supporting Information.
Using eqs S and 6, Kp,,, values for PS concentrations up to 20
mol % were abstracted and are listed in the Kp,, (M,
competitive) column of Table 1 along with the Kp,, values
under each set of conditions.

To confirm that the competitive binding experiments
provided accurate Kp,,, values, the Kp,, value was obtained
for membranes containing 7.5 mol % PS, a concentration that
was also measured noncompetitively (Figure 3). In this case,
the calculated Kp,,, value from competitive binding was 5.1 X
107" M, which differs by a factor of less than 3 from the
noncompetitive binding measurements. One might have wished
to use the competitive binding method to compare dissociation
constants with even lower concentrations of POPS. However,
Kpeom values under those circumstances were larger than 10
UM. Unfortunately, introducing more than 10 M Cu*" exceeds
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the metal-buffering capacity of the 10 yuM NTA solution.
Therefore, the NTA-based competitive binding method was
only used for the range of POPS concentrations from 7.5 to 20
mol %.

Characterization of the Surface Charge in the
Presence of the Cu**—PS Complex. The data in Figures 3
and 4 were fit to Langmuir isotherms that assume non-
cooperative binding. This assumption is unusual for cation
binding at an interface. Indeed, cation binding would normally
be expected to be anticooperative because early binding events
would normally make subsequent ones less favorable due to
increasing electrostatic repulsion. For example, Ca>* and Mg**
bind with phosphate and carboxyl groups on PS'*** and this
attenuates and eventually reverses the negative charge on the
bilayer at sufficiently high concentrations.”'® This is not
expected to be the case for Cu**—PS binding where two
protons should be released for every Cu’* that binds bivalently
to phosphatidylserine (Figure 1). To verify this, vibrational sum
frequency spectroscopy (VSFS) experiments were performed
to probe the extent of interfacial water structure that was
present after Cu®" and Ca®* binding, which is linked to surface
charge.34_36

VSES measurements were made in the CH and OH stretch
region of the vibrational spectrum with 100 yuM CuCl, and 100
uM CaCl, in the aqueous subphase below a Langmuir
monolayer of DPPS lipids (Figure S). The sharper peaks at
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Figure S. VSFS spectra of DPPS monolayers with 100 uM CuCl, (red
data points) and 100 M CaCl, (blue data points) in the subphase.
The spectrum of a DPPS monolayer with a 10 mM Tris buffer without
any divalent metal salts is shown for comparison (black data points).
All measurements were made at pH 7.4 with a surface pressure of 17
mN/m at 21 °C. The fitting of the spectra is described in the
Supporting Information, and the fitting results are listed in Table S1.

2880 and 2950 cm™" are CH stretch modes from the lipid acyl
chains,***” while the broader peaks at 3200 and 3400 cm ™ are
OH stretches arising from the alignment of interfacial water
adjacent to the monolayer.®® The peak assignments can be
found in Table S1. The oscillator strength in the OH stretch
region at 3200 cm™" has been shown to vary with the interfacial
potential for monolazers composed of lipids, surfactants, and
macromolecules. 33> Specifically, highly charged surfaces
order more water molecules, resulting in a larger OH stretch
oscillator strength.** The relatively large peak intensities in the
OH stretch region in the absence of added divalent metal
cations (black data points in Figure 5) come from the negative
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charge on the lipid layer. The 3200 cm™" peak is expected to be
attenuated by the addition of metal cations if the interfacial
potential is reduced. Indeed, the oscillator strength of this
resonance decreased 48% upon the introduction of 100 M
Ca’" (blue data points in Figure S). By contrast, the addition of
100 uM Cu*" only causes a reduction of 7% in the oscillator
strength of the 3200 cm™ peak (red data points in Figure $).
The much greater attenuation of this resonance upon the
introduction of Ca®" is consistent with the significantly greater
attenuation of the negative charge.** The more modest change
upon the addition of Cu®** supports the idea that the surface
charge is less perturbed upon Cu®* binding. It should be noted
that a slight attenuation in the 3200 cm™ resonance might be
expected with 100 uM Cu®* because this concentration is
sufficiently high to lead to some Cu®" binding with the
negatively charged phosphate moieties even after all the amine
sites are bound. Also, the 3400 cm™' resonance was strongly
perturbed by both Ca®* and Cu®* as this resonance reflects
aligned water molecules directly bound to the lipid headgroup,
which should be perturbed by divalent cation binding.***'

B DISCUSSION

Change of Cu**—PS Binding Affinity with PS Density.
As demonstrated above, the apparent affinity of Cu®* for SLBs
increased by a factor of 17 000 as the concentration of POPS
was increased from 1.0 to 20 mol %. Below, we explore the
extent to which this enhancement was caused by an increase in
binding valency versus an increase in the surface potential. To
begin, the Kp,y,, value as a function of POPS concentration was
fit to eq 1, which takes into account the extent of monovalent
vs bivalent Cu®* binding (Figure 6A). As can be seen, the best
fit of eq 1 to the data (red line in Figure 6A) is extremely poor.
The change in apparent binding is far too great to be explained
by binding valency changes alone. Indeed, the charge on the
surface was also increased 20-fold as the POPS concentration
was raised from 1.0 to 20 mol %. This caused a large change in
the interfacial potential in the double layer, which can be
quantified by using the Grahame equation (eq 7).°

o= 0.117sinh(i)
S1.4

B 1/2
x {[Tris+] + [C“‘“z][z ' "p(zs_w7)]} @)

where 6 is the surface charge density (C/m?), y, is the surface
potential (mV), and [Tris*] and [CuCl,] are the concentrations
of protonated Tris and CuCl, in the buffer (M). The derivation
of eq 7 can be found in ref 8. The surface charge density, o, can
be determined by using eq 8:

—e
°=5 X Ops + Jir) (8)
where the lipid headgroup area, S, was taken to be 70 A*** and e
is the fundamental unit of charge. Moreover, yps and yrp
represent the mole fractions of POPS and TR-DHPE in the
SLBs, respectively. This calculation takes into account the fact
that both the TR-DHPE and POPS possess a net charge of —1.
The calculated ¢ values are provided in Table 2 and were
plugged into eq 7 to solve for . Using the surface potential,
Wy, together with the Kp,,, values measured in Figures 3 and 4,
it is possible to calculate the intrinsic dissociation constant,
K, (eq 9)18'9

. 2,
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Figure 6. (A) Kpapp values and (B) Kpyn values plotted as a function of
POPS surface density. The data points (black dots) are plotted as
POPS surface density in units of ymol/m? (top x-axis) and POPS mol
% (bottom x-axis). The red lines in each panel are best fits of eq 1 to
the data. To clearly present the data points and the fitted curves, the y-
axis in (A) is plotted as a logarithmic scale while the y-axis in (B) is
linear. The curve in Figure 6A does not fit the data, as the change in
K)Dapp is far too great to be fit by a change in binding valency alone (eq
1).

Table 2

PS mol % o (C/m?) ¥, (mV) Kpine (M)
1.0 —4.6 x 1073 -22 6.1 x 1077
3.0 —9.1 x 1073 —40 34 %1077
5.0 —14 x 1072 -56 2.1 %1077
7.5 —1.9 x 1072 -71 45x 1078
10 -2.5 % 1072 —83 1.0 x 1078
15 —37 % 1072 —101 25 %1078
20 —4.8 X 1072 —115 49 x 1078

—2ey, )
Ky, = K X e
Dint Dapp XP( kT (9)

The calculated Ky, values are listed in Table 2 and take into
account the adjustment of Kp,,, for a given value of the surface
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potential. As can be seen, the Kp,;, values only tightened by a
factor of 12 between 1 and 20 mol % POPS.

Figure 6B plots Kp;,, as a function of POPS density in the
membrane (black squares). The red curve is the best fit to these
data using eq 1. By contrast with Figure 64, it can be seen that
Figure 6B is satisfactorily fit by this equation. The roughly 1
order of magnitude change in Kp;,, occurs because the binding
changes from predominantly monovalent at low POPS
concentration to overwhelmingly bivalent at 20 mol %. The
bivalent Cu**—PS binding is assumed to occur in two
sequential steps that have individual dissociation constants
Kp, and Kp,, respectively. The best-fit values for these
constants (red curve in Figure 6B) are 1.8 uM and 0.026
umol/m?, respectively. Since Kp,, changes by only a factor of
12 with POPS density, there is another factor of roughly 1400
in Kp,p, that should stem from the increase in surface potential
as the membrane is made more negatively charged (eq 9).

Since Cu** can bind monovalently or bivalently to POPS,
two different limiting case scenarios need to be considered to
appreciate the greater than 3 orders of magnitude change in
Kp,pp which arises as the surface charge is increased. First, for
monovalent binding, the resulting Cu(PS) complex would be
neutral because of the displacement of a proton upon ion
binding. In this case, the membrane would have half its surface
charges quenched at a bulk Cu** concentration equal to Kpapp-
If, hypothetically, Cu** only bound monovalently to a
membrane containing 20 mol % POPS, then the surface
potential would be reduced from —115 mV to —83 mV under
the conditions of these experiments (Table 2). This would still
produce a 175-fold enhancement of Kp,,, due to the surface
potential. Alternatively, if Cu>* bound bivalently to POPS, but
did not undergo deprotonation of the amine, the membrane
would also still bear half its charge at a bulk Cu** concentration
equal to Kp,,,. Therefore, again one would expect a 175-fold
tightening of Kp,,, from the surface potential as the POPS
concentration was raised from 1.0 to 20 mol %, even if Cu®*
could not deprotonate the amine. The additional value of
deprotonation, therefore, is worth approximately a factor of 8
out of a factor of 1400 that is attributed to the electrostatic
portion of the binding enhancement.

The lack of change in the surface charge upon Cu** binding
to PS is different from the binding of other divalent cations
such as Ca>* and Mg?*.>"®*° It has been shown that Ca®* binds
primarily in a monovalent fashion with PS and does not
deprotonate the amine upon binding to PS head groups.” The
saturation binding of Ca*" to PS in the bilayer actually leads to
a complete inversion of the charge at a saturation concentration
of Ca®*. Moreover, the surface charge should be zero at the
point where the bulk Ca** concentration is equal to Kpapp:
Under these conditions, Kp,,, is equal to Kpy.

It should be noted that while bivalent binding of Cu** only
directly leads to a modest enhancement of binding avidity with
POPS, it is of indirect importance because it leads to less
quenching of the surface charge than monovalent binding. Also,
one may wonder why Cu®" binding can be predominantly
bivalent at higher concentrations of PS, while Ca** remains
overwhelmingly monovalent. The reason should be related to
the tight binding between the transition metal ion and the
amine groups,” whereas Ca®* can only bind electrostatically
with either the carboxyl or phosphate groups.'”**** The K,
value for the Cu**—PS complex found here, 1.8 uM, is
approximately 4 orders of magnitude tighter than the
monovalent binding between Ca** and PS.” If it was assumed
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that the Kp, value for the Ca>*—PS complex is also several
orders of magnitude weaker than that for the Cu®*—PS
complex, then little bivalent binding should be expected for
Ca’ even when the membrane consists of 100 mol % PS.
Indeed, that is exactly what has been previously found.’
Nevertheless, it is curious to note that Ca** binding to
membranes can lead to domain formation.**

Physiological Implications of Cu**—PS Binding. As the
third most abundant transition metal in the human body,
copper is necessary for the activity of various proteins and is
tightly regulated by chaperons and enzymes in healthy cells.**¢
In healthy tissues, the total copper concentration can be around
0.1 mM™ and there is little uncomplexed copper (~107'8 M)
in the cytoplasm.*” This can change in diseased tissue. Previous
reports concerning the unbound copper concentration in the
cytoplasm are mainly based on studies in bacteria and yeast.*” It
has been argued that the situation in higher organisms with
specialized tissues such as the human nervous systems might be
different, especially under specific pathological conditions.*
For example, it has been found that a buildup of labile Cu®* is
probably toxic to cells and may be linked to neurodegenerative
disorders such as Wilson’s disease and Alzheimer’s disease.***®

Various approaches have been employed to study Cu**—
protein interactions, and Cu’* is generally found to bind
negatively charged moieties on proteins as well as the lone
electron pairs of nitrogen on histidine, lysine, arginine, and the
N-terminus.**~>> By contrast, there has been little discussion as
to how Cu®" interacts with lipids or the possibility of lipid
membranes serving as metal ion reservoirs when copper
homeostasis breaks down. The interactions between Cu** and
PS may directly affect the physical properties of the membrane.
It has been shown that Cu®* can destabilize multilamellar lipid
vesicles at very high metal ion concentrations and change the
membrane fluidity.>** These changes have been suggested to
occur due to domain formation induced by Cu®* binding to the
phosphate moiety on lipid head groups at mM Cu®*
concentrations.> By contrast, no evidence of domain formation
was found in the work presented here, where the primary
interactions should be with the amine and carboxylate moieties.
Indeed, the 2 PS to 1 Cu** complex formed in the pM to uM
range has a charge of —2. As such, bivalent Cu**~PS complexes
should be electrostatically repulsive, making domain formation
unlikely. Moreover, no domains should be formed under the
typical physiological concentrations of Cu®" around cell
membranes, which is 1 to 10 uM.*

In addition to changes in the physical properties of lipid
membranes, Cu®" binding might also disrupt PS-dependent
protein—membrane binding. For example, Cu** has been found
to enhance the association of Af with mixed PC/PS bilayer
systems.>® Moreover, the oxidative damage of cell membranes
containing polyunsaturated fatty acids (PUFA) could also be
enhanced when copper ions, which are redox active, are
attracted to the membrane surface."**>* The consequences of
these interactions are probably more pronounced when PS is
flipped from the inner to the outer leaflet of plasma membranes
during cell apoptosis or other biological events, which increases
the exposed PS density on cell surfaces and brings PS into
direct contact with a Cu**-rich environment.”””® With a
relatively high negatively charged PS density on the cell surface,
the apparent binding affinity to Cu’* should be enhanced,

which would make PS a putative copper ion reservoir.
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