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ABSTRACT: Sphingosine-1-phosphate (S1P) is a sphingoli-
pid metabolite that is thought to participate in the regulation
of many physiological processes and may play a key role in
several diseases. Herein, we found that Cu2+ binds tightly to
supported lipid bilayers (SLBs) containing S1P. Specifically,
we demonstrated via fluorescence assays that Cu2+−S1P
binding was bivalent and sensitive to the concentration of S1P
in the SLB. In fact, the apparent equilibrium dissociation
constant, KDApp, tightened by a factor of 132 from 4.5 μM to
34 nM as the S1P density was increased from 5.0 to 20 mol %.
A major driving force for this apparent tightening was the
more negative surface potential with increasing S1P
concentration. This potential remained unaltered upon Cu2+

binding at pH 7.4 because two protons were released for every Cu2+ that bound. At pH 5.4, however, Cu2+ could not
outcompete protons for the amine and no binding occurred. Moreover, at pH 9.4, the amine was partially deprotonated before
Cu2+ binding and the surface potential became more positive on binding. The results for Cu2+−S1P binding were reminiscent of
those for Cu2+−phosphatidylserine binding, where a carboxylate group helped to deprotonate the amine. In the case of S1P,
however, the phosphate needed to bear two negative charges to facilitate amine deprotonation in the presence of Cu2+.

■ INTRODUCTION

Cations are known to interact with phospholipid headgroups
and play important roles in numerous physiological processes.
Such interactions have been shown to affect membrane surface
charge, protein association, signaling cascades, and lipid
domain formation.1−6 The importance of metal ion−lipid
interactions has been recognized for decades with many studies
focusing on the interactions of Ca2+ and Mg2+ with negatively
charged lipid vesicles.7−11 These studies indicate that alkali
metal cations have a dissociation constant of ∼10 mM for
phosphatidylserine (PS) or phosphatidylglycerol (PG) lipids.3

Other divalent metal ions, however, can show much tighter
binding than Ca2+ and Mg2+, depending on the headgroup
chemistry. For example, divalent transition-metal ions can bind
to both negatively charged and zwitterionic bilayers with
apparent dissociation constants in the low pM range when
amine moieties are present.12−14

Sphingosine-1-phosphate (S1P) is a single-tail lipid with a
high plasma concentration that can easily insert into the outer
membrane leaflet.15−17 The structure of this molecule is shown
in Figure 1a (left side). S1P, which is involved in the regulation
of numerous physiological processes, is known to regulate cell
growth and suppresses apoptosis. This suggests its potential
involvement in the pathogenesis of cancer and inflammation
disorders, such as asthma, osteoarthritis, and Alzheimer’s

disease.18−21 S1P promotes cell survival in peripheral tissues,
but excess S1P can be toxic to neurons.22,23 The effects of S1P
signaling have been evaluated in cellular assays by using
primary neurons and neuronal cell lines.24 Although some
studies have explored S1P in vesicles,25−27 very few have
examined the behavior of S1P in supported model membrane
systems, so little is known about the specific ion binding effects
in bilayers with this lipid. Nevertheless, this molecule contains
a primary amine and a phosphate moiety, which suggests that it
should form complexes with first row transition-metal ions
according to the Irving−Williams series.28

We demonstrate herein that S1P binds to Cu2+ in fluid-
supported lipid bilayers (SLBs) near neutral pH. A
fluorescence quenching assay was designed by incorporating
Texas Red 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanol-
amine (TR-DHPE) into the SLB.12−14,27−29 Changes in the
fluorescence response of this probe were monitored by
fluorescence microscopy upon Cu2+ binding. It was found
that a 1:2 Cu2+−S1P complex was formed (Figure 1a, right).
Moreover, the affinity of Cu2+ for S1P could be strongly
modulated by varying the system pH or by changing the
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number density of S1P molecules in the membrane.
Significantly, the binding of Cu2+ to S1P only occurred when
the phosphate group was doubly deprotonated. These results
provide insight into Cu2+−S1P complex formation. Its
inorganic coordination chemistry is distinct from, although
reminiscent of, previously characterized Cu2+−lipid complexes,
such as Cu2+−PS and Cu2+−PE, Figure 1.12,13,30

■ RESULTS

Determining the Stoichiometry for the Binding of
S1P with Cu2+. In a first set of experiments, bulk fluorescence
assays were used to determine the stoichiometry of binding
between S1P and Cu2+. Measurements were made in vesicle
solutions containing 20 mol % S1P, 0.5 mol % TR-DHPE, and
79.5 mol % 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC). The vesicles were analyzed at a concentration of 0.9
mg/mL, and the corresponding structures for TR-DHPE and
POPC are provided in Figure S1. The vesicles, which were
formed through the extrusion process, had a diameter of 120 ±
10 nm, and the solutions contained a net concentration of 262
μM S1P. It should be noted that CuCl2 was introduced both
inside and outside the vesicles during extrusion. Moreover, the
TR-DHPE dye, imbedded in the membrane, acted as a probe
to determine if Cu2+ bound to S1P.29 The dye became
quenched in the presence of Cu2+ because of the overlap of the
Cu2+−S1P complex absorption band with the emission band of
TR-DHPE (Figure S2). The fluorescence intensity from the
vesicles was quenched rapidly at low Cu2+ concentrations, but
the rise in F0/F became much more gradual above 130 μM
Cu2+ (Figure 2). The y-axis in the figure represents the ratio of
the fluorescence intensity in the absence of Cu2+, F0, divided
by the intensity, F, at each Cu2+ concentration plotted along
the x-axis. The crossover region between the two linear slopes
occurred when the Cu2+ to S1P concentration ratio was almost
exactly 1:2. This ratio suggests that the complex had 1:2 Cu2+−
S1P stoichiometry as depicted schematically in Figure 1a. This
value is identical to the 1:2 complexes that were previously

reported for PE and PS lipids on the addition of Cu2+ (Figure
1b,c, respectively).12,13,29

Zeta potential measurements with 20 mol % S1P vesicles
were also made as a function of Cu2+ concentration (Table
S1). These studies indicated that the surface potential was
initially −19 mV and did not begin to increase until after the
1:2 complex formation was completed. Such results are
consistent with the idea that the amine moieties from S1P
were deprotonated on Cu2+ binding (Figure 1a). Moreover,
the rise in zeta potential at higher Cu2+ concentrations suggests
that the cation interacted with additional sites on the
membrane at elevated concentrations, but that no further
deprotonation occurred. Such additional binding probably
represents weaker ion pairing interactions with the phosphate
moieties.3

Figure 1. (a) Schematic representation for the binding of Cu2+ with two S1P molecules. The binding of Cu2+ to the amine and phosphate on two
neighboring S1P lipids forms a bivalent complex with a net charge of −2. (b) The binding of Cu2+ to the amine groups on two neighboring PE
lipids forms a bivalent complex with a net charge of 0. (c) The binding of Cu2+ to the amine and carboxylate groups on two neighboring PS lipids
form a bivalent complex with a net charge of −2. KDInt values are provided for systems with 10 mol % S1P, PE, and PS in phosphatidylcholine
membranes at pH 7.4.

Figure 2. A Stern−Volmer plot showing the titration of 20 mol % S1P
vesicles with CuCl2. Lipid films were rehydrated with 10 mM
tris(hydroxymethyl)aminomethane (Tris), 100 mM NaCl, and the
indicated amount of Cu2+ as CuCl2. The pH was 7.4 at all Cu2+

concentrations. Each data point represents an average of five
independent vesicle preparations. The linear rise depicts the region
in which the fluorescence is quenched before reaching a plateau
(∼130 μM Cu2+). The red dashed lines are fits to the two linear
regimes.
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Modulation of Cu2+ Binding Affinity to S1P by
Modulating the Lipid Charge. To determine apparent
equilibrium dissociation constant values, heterogeneous assays
were run using SLBs. This was done inside polydimethylsilox-
ane/glass microfluidic devices coated with SLBs. Buffer
solutions at pH 7.4 containing a given concentration of Cu2+

were continuously flowed above the SLBs until the
fluorescence intensities stopped changing. This ensured that
equilibrium had been achieved with a known Cu2+

concentration in the bulk solution. In the first experiment, a
two-channel microfluidic device was run with 99.5 mol %
POPC and 0.5 mol % TR-DHPE in the left channel, whereas
the right channel contained 10 mol % S1P, 89.5 mol % POPC,
and 0.5 mol % TR-DHPE (Figure 3a). The micrograph on the

left shows the two-channel device before CuCl2 was
introduced, whereas the micrograph on the right shows the
same device after continuously flowing 25 μM CuCl2 for 120
min. As can be seen from the corresponding linescan profiles
(Figure 3b), the fluorescence intensity with 10 mol % S1P
SLBs decreased by ∼8% on exposure to Cu2+, whereas the
intensity for the 0 mol % S1P SLBs showed little, if any
changes. Additional data were taken at a total of eight different
Cu2+ concentrations, and these points are plotted as red
triangles in Figure 4a. Also, experiments were performed at pH
5.4 and 9.4 (Figure 4a, black and green data points,
respectively). The experiments at pH 5.4 corresponded to
conditions where the phosphate was singly deprotonated. At
pH 7.4, the phosphate was doubly deprotonated, whereas at
pH 9.4, 28% of the amines were also deprotonated (see text in
Supporting Information and Table S2 for details). An
illustration of the corresponding protonation states is provided
in Figure 4b.
The data at pH 5.4 were essentially flat with the

concentration and could be fit to a straight line. On the
other hand, the data at pH 7.4 and 9.4 were fit with Langmuir
isotherms. KDApp values, which were in the high nanomolar
range, were abstracted from these fits and are listed in the

center column of Table 1. It should also be noted that data
under the most basic conditions were not taken beyond 10 μM

CuCl2, as the solubility limit of Cu(OH)2 had been reached, as
indicated by an increase in particle dispersity for Cu2+ in PBS
buffer at pH 9.4 (Table S3). The data in Figure 4a indicated
that Cu2+ could compete with hydronium ions for the binding
sites at intermediate and high pH values but not when the pH
was lowered to more acidic conditions. Moreover, having the
phosphate group in the doubly deprotonated state appeared to
be a requirement for Cu2+ binding.

Binding Measurements for Cu2+−POPA. To verify that
an amine group is strictly necessary for submicromolar
complex formation, binding measurements were also made
with 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate (POPA).
POPA contains a phosphate group but not a free amine
(Figure 5a). Figure 5b shows the binding data with Cu2+ at pH
7.4 using SLBs made from 10 mol % POPA, 89.5 mol %
POPC, and 0.5 mol % ortho-rhodamine B−POPE (oRB−
POPE) (structure provided in Figure S6). Details regarding
the dye and data collection with POPA are provided in the
Supporting Information section (Figure S7). POPA likely
becomes doubly deprotonated on the binding of Cu2+. In fact,

Figure 3. (a) Fluorescence micrographs of two parallel microfluidic
channels containing SLBs. The left channel contained an SLB with 0
mol % S1P, whereas the right channel contained 10 mol % S1P. The
two-channel image on the left shows the SLB in the absence of CuCl2,
whereas the right image is with 25 μM CuCl2. The experiments were
run at pH 7.4 in 10 mM phosphate-buffered saline (PBS) buffer with
100 mM NaCl. (b) Linescans of the fluorescence images prior to
(blue line) and after (red line) exposure to CuCl2. The scale bar in
the bottom right corner of the first image is 100 μm in length. Control
experiments were performed to verify that the SLBs were fluid under
the conditions that were employed (Figure S3). Higher magnification
images revealed that the bilayers appeared to be essentially
continuous and relatively defect free down to the defraction limit
(Figure S4).

Figure 4. (a) Titration curves of SLBs containing 10 mol % S1P, 89.5
mol % POPC, and 0.5 mol % TR-DHPE with various CuCl2
concentrations at three different pH values. The experiments were
performed in solutions containing 10 mM PBS and 100 mM NaCl.
The error bars represent standard deviations from 10 independent
SLBs. The y-axis depicts the fraction of dye quenched by Cu2+ (one
minus the normalized fluorescence). The solid curves represent least
square fits to Langmuir isotherms at pH 7.4 and 9.4, whereas the
dashed black line at pH 5.4 is a straight line fit to the data. An
extended Cu2+ titration curve at pH 5.4 is provided in Figure S5. (b)
Chemical equations for pKa2 and pKa3 of S1P.

Table 1. (a)KDApp and KDInt for Cu
2+−S1P in 10 mol % S1P

Membranes; (b) KDApp for Cu
2+−PA in 10 mol % S1P

Membranes at pH 7.4

(a)

pH KDApp (M) KDInt (M)

5.4 N/A N/A
7.4 6.4 ± 2.5 × 10−7 5.7 × 10−6

9.4 4.5 ± 0.8 × 10−7 4.0 × 10−6

(b)

pH KDApp (M)

7.4 1.0 ± 0.3 × 10−4
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PG lipids, which cannot doubly deprotonate, bind much more
weakly to Cu2+ (Figures S8 & S9).
The data presented in Figure 5b were fit to a Langmuir

isotherm, and the KDApp value was determined to be 100 μM.
This is in stark contrast to Cu2+ binding to the S1P headgroup
at the same pH, which is more than 2 orders of magnitude
tighter (Figure 4a, Table 1). This experiment suggests that
Cu2+ interactions with S1P and POPA are dissimilar and
consistent with the idea that the Cu2+−amine interaction is of
central importance for tight binding. Indeed, the binding of
Cu2+ to POPA almost certainly represents ion pair formation
between phosphate and the metal ion. By contrast, the doubly
deprotonated phosphate on S1P aids in metal ion-assisted
deprotonation of the amine. The latter interaction is
reminiscent of the one for Cu2+ binding to PS, whereby a
deprotonated carboxylate moiety is necessary for the Cu2+ to
displace a proton on the amine (Figure 1c).12,29,30

KDApp Tightens with Increasing Concentrations of
S1P. As noted above, the formation of a 1:2 Cu2+−S1P
complex should require the loss of a proton from each of the
two lipids. This leaves the surface potential unchanged.
Moreover, increasing the concentration of S1P in the
membrane will increase the interfacial potential. This would
be expected to increase the concentration of Cu2+ in the
double layer at constant bulk concentration. This should, in
turn, lower KDApp for Cu2+ binding. To test this idea, the
affinity of Cu2+ for bilayers containing different densities of
S1P was measured at pH 7.4 (Figure 6). These studies were
conducted with 0.5 mol % TR-DHPE and a varying mixture of
S1P and POPC corresponding to the other 99.5 mol % of
lipids. As expected, the quenching efficiency at saturation
increased with increasing concentrations of S1P in the bilayers.
This is due to the decreased average distance between the
Cu2+−S1P complexes and TR-DHPE.12 Indeed, at 20 mol %
S1P, 8% of the fluorescence was quenched at saturation,
whereas at 5.0 mol % S1P, only 3% of TR-DHPE was
quenched. More significantly, the KDApp value decreased with

increasing concentration of S1P in the bilayer, tightening from
4.5 μM at 5 mol % to 34 nM for bilayers containing 20 mol %
S1P. This 132-fold change was the result of an increase in the
surface charge, as the surface potential remained constant
irrespective of the Cu2+ loading. The apparent tightening of the
equilibrium dissociation constant should stem only in part
from the higher concentration of Cu2+ in the double layer as
the surface potential was made more negative. The remainder
of the change should arise from increasing the fraction of Cu2+

that is bivalently, rather than monovalently bound, as will be
described below.
All values of KDApp extracted from Figure 6 are provided in

the second column of Table 2. A Gouy−Chapman model can

be used to convert these KDApp values into intrinsic equilibrium
dissociation constants, KDInt. To do this, one starts with the
surface charge density (σ), which can be calculated by
assuming the area per lipid is 0.70 nm2.31 The surface
potential (ψ) can then be calculated from σ by using the
Grahame equation32

k T2 ( Na e Cu e

HPO e Cl e Na

Cu HPO Cl )

e k T e k T

e k T e k T

2
0

/ 2 2 /

4
2 2 / /

2
4

2

0 0

0 0

σ ε ε= · · · · [ ] + [ ]

+ [ ] + [ ] − [ ]

− [ ] − [ ] − [ ]

ψ ψ

ψ ψ

+ − · + − ·

− · − · +

+ − −
(1)

where ε is the relative permittivity of water (80.2), ε0 is the
permittivity of vacuum (8.85 × 10−12 F/m), kT is the
Boltzmann constant times the temperature at which the
experiments were performed (298 K), e is the fundamental unit
of charge (1.60 × 10−19 C), and [ion] represents the

Figure 5. (a) Structure of POPA. (b) Quenched fraction of SLBs
containing 10 mol % POPA, 89.5 mol % POPC, and 0.5 mol % oRB−
DOPE at pH 7.4 versus Cu2+ concentration (CuCl2). The
experiments were performed in a buffer solution also containing 10
mM Tris and 100 mM NaCl. The error bars represent standard
deviations for data collected from six independent SLBs. The y-axis
plots the fraction of dye quenched by Cu2+ (one minus the
normalized fluorescence). The solid curve represents a least square
fit to a simple Langmuir isotherm.

Figure 6. Quenching response of SLBs containing 2.5−20 mol % S1P.
The experiments were conducted at pH 7.4. CuCl2 was introduced in
a buffer solution composed of 10 mM PBS and 100 mM NaCl. The
geometric shapes and error bars represent data collected and averaged
from over 10 independent SLBs. The y-axis shows the fraction of dye
quenched by Cu2+ (one minus the normalized fluorescence). The
solid lines represent fits to Langmuir isotherms. The data points for
2.5 mol % S1P are fit to a straight line.

Table 2. KDApp, σ, ψ, and KDInt for Cu
2+−S1P in 2.5−20 mol

% S1P Membranes

mol % S1P KDApp (M) σ (V/cm2) ψ (mV) KDInt (M)

2.5 N/A −6.9 × 10−3 −8 N/A
5.0 4.5 ± 2.6 × 10−6 −1.3 × 10−2 −15 1.4 × 10−5

10 6.4 ± 2.5 × 10−7 −2.4 × 10−2 −28 5.7 × 10−6

15 1.1 ± 0.3 × 10−7 −3.5 × 10−2 −40 2.5 × 10−6

20 3.4 ± 0.5 × 10−8 −4.7 × 10−2 −50 1.7 × 10−6
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concentrations of the respective ions in units of ions/m3. The
values for σ and ψ are listed in columns three and four of Table
2, respectively. At this point, KDInt can be calculated from
KDApp and ψ by using the Stern equation3

K K e e kT
DInt DApp

2 /0= × ψ−
(2)

The corresponding values of KDInt are provided in column
five. As shown in Table 2, after correcting for changes in the
surface potential, KDInt only tightened by a factor of 8. As such,
a factor of 16.5 from the change of KDApp with S1P
concentration comes from the greater surface potential (16.5
× 8 = 132). Once the surface potential portion is removed, the
values of KDInt can be fit to a bivalent binding model (Figure
S10), which is consistent with an increase in the fraction of
bivalently bound Cu2+ as the fraction of S1P was increased.
Indeed, at sufficiently high concentrations of S1P, nascently
formed 1:1 metal−lipid complexes should diffuse on the fluid
membrane surface to find a second S1P molecule. This process
completes the formation of the bidentate, bivalent complex. At
lower mole fractions of S1P, Cu2+ was increasingly likely to
dissociate from the lipid membrane before the 2:1 complex
could be formed.

■ DISCUSSION
Comparisons among S1P, PS, and PE Binding to Cu2+.

The results described above demonstrate that Cu2+ binds to
S1P lipids with high nM affinity, forming a 1 metal ion to 2
lipid complex. Similarly, Cu2+ binding to PS or PE lipids also
forms a 1:2 complex. Figure 1 depicts all three cases.12,13,29,30

Despite the fact that PE and S1P contain the same two
functional moieties in their headgroups, Cu2+ binding is quite
different in these two cases. Indeed, KDApp changes quite
significantly with S1P concentration (Figure 6), whereas it
remains essentially unchanged when the PE density is
modulated.13 This is because the surface is continuously
charged by the introduction of S1P but not by the introduction
of zwitterionic PE. Moreover, metal ion-assisted deprotonation
occurs when Cu2+ binds to S1P but not with PE. Indeed, PE
needs to be deprotonated in advance for Cu2+ to bind. In that
case, the surface potential becomes more positive on Cu2+

binding. There are, however, some important similarities
between Cu2+ binding to S1P and PE. Most importantly, the
value of KDInt for S1P is only slightly weaker than for PE
(Figure 1). As such, the phosphate group on S1P only
contributes modestly to the thermodynamic stability of the
complex, which implies that the amine is the dominant entity
in both cases.
In some respects, S1P binding to Cu2+ is more similar to that

of PS due to the fact that both S1P and PS give rise to metal
ion-assisted deprotonation (Figure 1). Moreover, both S1P
and PS bear a negative charge, and the introduction of either
one into the membrane causes more Cu2+ to accumulate in the
double layer. Also, the binding of Cu2+ does not lead to a
change in the surface potential in either case. This means that
the phosphate oxygen interaction with Cu2+ from S1P (blue
atoms in Figure 1a) can be thought of as a reasonable
substitute for the carboxylate oxygen from PS (blue atoms in
Figure 1c). Nevertheless, the phosphate must be doubly
deprotonated to cause metal ion-assisted deprotonation,
whereas the carboxylate serves this same purpose with just a
single negative charge. This difference might stem from the fact
that there are two carbons in between the amine and the

phosphate, whereas there is just one in between the amine and
the carboxylate. Moreover, the PS also contains the same singly
charged phosphate group as in S1P, and this can also help
contribute to metal ion-assisted deprotonation. In fact, KDInt is
nearly 3 orders of magnitude tighter for the 1:2 Cu2+−PS
complex than it is for the 1:2 Cu−S1P complex (Figure 1).
These considerations indicate that the carboxylate moiety
ultimately plays a more important role in complex stabilization
that does the phosphate. Indeed, metal ion-assisted deproto-
nation can occur at pH 5.5 with bilayers containing PS,29

whereas the pH needs to be closer to 7.4 for Cu2+ binding to
S1P (Figure 4).

Biological Implications of Cu2+−S1P Binding. Copper
ions are the third most abundant transition-metal ions in the
body. They are necessary for the function of many cellular
enzymes. At elevated concentrations, however, they can be
toxic and may participate in the formation of reactive oxygen
species, leading to cellular damage.33−37 Such toxicity may play
a role in numerous cancers and neurodegenerative dis-
eases.38−42 As such, copper ion homeostasis must be carefully
regulated through chaperone proteins. These metallochaper-
ones function to provide copper ions directly to specific
cellular pathways so that cells are protected from intracellular
copper scavangers.43,44 Although free Cu2+ essentially do not
exist on the inside of healthy cells, it has been suggested that
transition-metal ion dishomeostasis may play a key role in
disease.43,45,46 If free Cu2+ do exist in such cases, then S1P
would be an adventitious ligand to bind with it.
Under normal physiological conditions, the blood−brain

barrier (BBB) is impermeable to copper ions. As such,
movement of copper across the BBB requires specific transport
systems in this case. Only when the barrier’s permeability is
compromised may copper ions enter the brain through passive
diffusion. Although S1P is known to be a key regulator of the
BBB, questions remain as to whether Cu2+ binding to S1P may
influence the BBB. The results described herein demonstrate
that Cu2+ can bind to S1P with sub μM affinity and can be
tuned by the protonation state of the S1P molecule and its
concentration in the SLB. No binding occurs at pH 5.4. Near
physiological pH and above, however, the binding becomes
rather tight. Overall, the rather tight binding between Cu2+ and
S1P suggests that its role in pathophysiology should be
investigated.
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to POPG; and fits to the bivalent binding model for S1P
versus mol % (PDF)
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