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The binding of cationic butyltri of pyrene to bevine platelets was initially rapid and then increased
gradually, unlike the bindings of other anionic and neutral derivatives of pyrene tested. The rate of increasc in binding of the
cationic prnbe depcnded on temperature and was due to its i in:o the cy ic side of the platelet membranes, as
shown y d in its bility with albumin. The penetration into the inner membrane
cornpartment did not reach equilibrium even after 4 h at 37°C. Slow penetrtion of a fluorescent probe such 2s this is useful in
studies on the physico-chemicai properties of the outer layer and cytoplasmic side of the platelet membranes and their changes.
Initial rapid bmdmg of the caunmc probc to platelets, representing lhe birding of the probe to the outer layer of the plasma

was d by induced platelet activation. Fl spectra in the presence of a relatively high
concentration of the cationic probe showed i mcrcase of the excumer of the cuuomc probe with the it ion of
the probe to the ic side. On i duced ion, the excimer-t y ratio of the probe in the
cytoplasmic side of the platelet membranes decreased, possibly due to dec-ease in fluidity of the hpnd layer near the probe or

change in distribution of the probe.

Introduction

Many fluorescent probes have been used to evaluate
the fluidity of lipid bil: in biol 1
{1]. These fluorophores become localized at different
depths in the lipid bilayer depending on their chemical
structures and give information on the lipid mobility in
the region in which they are located [2-4). Moreover,
due to the asymmetric distribution of lipids in biologi-
cal membranes [5,6], charged probes also seem to bz-
come distributed asymmetrically dependeni on their
electrical charges. We recently determined the loca-
tions of diphenylhexatriene (DPH) and its cationic and
anionic derivatives in platelet membranes [7] Transbl-
layer of the cationic tri
derivative of DPH (TMA-DPH) was first shown by
Bevers et al. [8]. It first binds to the outer layer of the
plasma and then gradually penetrates to the
cytoplasmic side by a flip process, binding to the cyto-

Correspondence to: S. Kitagawa, Niigata College of Pharmacy,
Kamishin'ei-cho 5-13-2, Niigata 950-21, Japan.

plasmic surface of the membrane which has a negative
surface potential. Due to this characteristic behavior,
TMA-DPH reveals the fluidity of the cytoplasmic side
of the platelet membrane as well as that of the outer
layer of the plasma membrane [7}. Thus, we demon-
strated asymmetry of membrane fluidity in the lipid
bilayer of bload platelets by the change in distribution
of TMA-DPH from its initial location in the outside
layer to its location on the cytoplasmic side at equilib-
rium (7).

Pyrere derivatives, which are alsc probes for moni-
toring membrane fluidity, give information cn mem-
brane fluidity by a different mechanism from DPH
derivatives. The excimer of pyrene is formed by colli-
sion of which is lled by the diffusion
rate of the latter [9,10]. The excimer-to-monomer ratio
of pyrene d has been ded as a
of the resistance of solvent agamst lateral diffusion of
the monomer [9,10], and has been used as an index to
evaluate the fluidity of the lipid bilayer in biological
memhranes {10-13]. Like TMA-DPH, the quaternary

i deriva-
tive is thought to be a promising probe to reveal the
asymmetrical membrane fluidity in biological mem-
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branes, but its binding and transport behaviors in bio-
logical membranes have not been studied. Therefore,
in this work we examined the binding of this cationic
derivative of pyrene to whole platelets and investigated
its incorporation into the inner membrane compart-
ment in comparison with those of other pyrene deriva-
tives. We also examined the fluorescence spectrum due
to excimer formation and its relation with the localiza-
tion of the cationic probe. To determine the value of
this cationic probe for use in studies on changes of the
physico-chemical properties of either the outside layer
of the plasma or the cy ic side of the
platclet we also d the effect of
platelet activation by ionomycin on the binding of the
cationic probe to the outside layer of the plasma mem-
brane and the fluorescent spectrum of the incorpo-
rated probe on the cytoplasmic side.

+

Materials and Methods

Materials

Pyrene derivatives were purchased from Molecular
Probe (Eugene, OR). Bovine serum albumin (essen-
tially fatty acid free) was from Sigma Chemicals (St.
Louis, MO). Yo ycin was from Calbiochem (LaJolla,
CA). Other reagents were all from Wako Pure Chemi-
cal Industries (Osaka, Japan).

Preparation of platelet susp

Plaielet-rich plasma was obtained from fresh bovine
(Holstein) blood with 10% by volume of ACD anti-
coagulant solution (74.8 mM sodium citrate, 38.1 mM
citric acid and 122 mM dextrose) {14]. The platelet-rich
plasma was then centrifuged at 1000 X g for 8 min and
the platelets were suspended in Na,K-Tris medium
(137 mM NaCl, 54 mM KCi, 11 mM dextrose, 25 mM
Tris-HCl adjusted to pH 7.4). Spontaneous platelet
aggregation during preservation was prevented by
adding 129 mM citrate (adjusted to pH 7.4) to this
suspension at a volume ratio of 1:9.

Measurement of binding of pyrene derivatives to platelets

The platelet suspension described above at a final
concentration of about 8- 10° platelets/ul was incu-
bated with 1.5 M concentrations of pyrene deriva-
tives. After incubation for various times, 0.5 ml of the
suspension vas collected and centrifuged at 3000 X g
for 1 min, and 0.2 ml samples of the supernatant and
pellet were collected for solubilization with 0.5%
sodium dodecyl sulfate (SDS). Fluorescence intensities
were measurcd in a 4010 spectrofluorometer (Hitachi
Seisakusho, Tokyo, Japan). The excitation and emis-
sion wavelengiths used with pyrene derivatives were 342
and 377 nm, respectively. Amounts of binding to

increase in the pellet. The resulting values were consis-
tent with each other and mean values from the two
evaluations were used.
o of L
methylammonium derivative
Incorporation of cationic probe into the inner mem-
brane compartment was quantitated by following de-
crease in extractability with albumin by a modification
of a reported hod [6]. After incubation of the
platelet suspensmn (8- 10%/p1) with 1.5 uM 1-
i bromide for various
umes, 0.5 ml of the suspension was collected and
transferred to 1 ml of 3% albumin solution. Albumin is
necessary to extract the probes located in the outer
leaflet of the plasma membrane because of the high
affinity of the cationic probe to the membrane. The
samples were centrifuged at 3000 x g for 1 min. The
precipitated platelets were washed once more with 1.5
ml of 1% albumin solution, and then solubilized with
0.5% SDS containing Na,K-Tris. The fluorescence in-
tensity of the cationic probe was measured as de-
scribed above, and the amounts of the probes incorpo-
rated into the cytoplasmic side were calculated.

poration of butyltri-

of exctmer
ive in
The fluorescence emission spectrum of the cationic
probe in the platelet suspension described above was
d after incubation in the p of 80 uM
probe at 37°C with excitation at 342 nm. The fluores-
cence spectrum of the probe on the cymplasmlc side of
the platelet was also S les of
0.5 ml of platelet suspension were collected and the
probe remaining in the medium and bound to the
outside layer of the plasma membrane was washed out
with albumin as described above, and resuspended in
0.5 ml Na,K-Tris for of its fl
spectrum.

by the butyltrimeth

Results

Binding of pyrene derivatives to platelets
We first examined the binding to whole platelets of
the butyltrimethylammonium derivative of pyrene and
the other pyrene derivatives shown in Fig. 1. Pyrene
derivatives have been used for measuring the fluidity of
the lipid bilayer in biological membranes and model
livid memtranes [9-13 15] and as markers of the effect
of lipid peroxid on biol | bilayer
{16]. However, the relationships of the structures of
pyrenc derivatives and their binding affinities to mem-
branes are still unknown. As shown in Fig. 2, the
butyltrimethyl derivative bound to

platelets were evaluated from both decrzase in the
concentration of the probe in the supernatant and its

the platelets immediately after its addition to a platelet
suspension, and then its binding increased gradually.
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Fig. 1. Chemical of the i ium deriva-
nve of pyrene and other pyrenc derivatives tested in this study. I,
i, 1 ic acid; M1, 1-
d ic acid; 1V, 1 1} acid; V, 3«N,N-di-
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After 4 h at 37°C the fraction bound to platelets was
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TABLE I
Binding of pyrene derivatives to platclets

Sampies of platelet suspension were incubated with 1.5 wM concen-
trations of pyrene derivatives for 2 mir at 37°C. Experimental
procedures were as for Fig. 2. Data are means+S$.D. for four
experiments. The roman numbers correspond to those of the pyrene
derivatives shown in Fig. 1.

Probe Bound probe
(10° malecules/platelet)
i} 1824019
i 5.48+0.18
v 0.09+0.02
v 0.35+0.06

incubation. As shown in Table I, of the denvatlves
tested, fatty acid derivatives,
derivatives, bound to platelets markedly. The sulfonic
acid derivative and zwitterionic derivatives bound much
less, indicating that thcy are not good probes because
for use as probes, pyrene derivatives must have high

66% of the total probe added and after 8 h it became affinity to t as they are fl in aque-
93% (data after 8 h not shown in Fig. 2). The rate of ous medium.

d ded on the p , being much
greater at 37°C than at 25°C. These ch istics of Transbil of the butyltrimethyle

binding of the quaternary ammonium probe are consis-
tent with those of TMA-DPH [7].

We also examined the bindings of other probes to
whole platelets. Unlike the binding of the cationic
probe, those of other derivatives did not change during

@
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nium derivative

In previous studies on TMA-DPH, it was found that
time-dependem increase in binding of the quaternary
ammomum probe to platelets is due to its transbilayer
incor [7, fore, we next examined the
incorporation of the butyltrimethylammonium deriva-
tive of pyrene into the inner membrane compartment.
As shown in Fig. 3, incorporation of the cationic probe
into the inner membrane compartment was gradual
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Fig. 2. Time courses of change in binding of the ¢ Fig. 3. I of the batyltrimeth into
nium derivative to platelets during incubation at 37°C (o) and 25°C the inner membrane compartment at 37°C (0) and 25°C (®). Incor-
(®). A final concentration of 8:10° platelets/pi was incubated with poration of the derivative into the inner was

1.5 #M derivatives at each temperature. Then 0.5 ml of the suspen-

sion was collected and i The fl of

the probe in the and pellet were and bindings

were as described in ials and Methods. Data are
means +5.D. for four experiments,

assayed by measuring increase of the fraction mot cxtractable with
albumin, After incubation with 1.5 uM derivative, platelets were
washed twice with a solution of albumin and snlnhxhzed with SDS,
The amount of i probe was d by ing the
fluorescence intensity. Data are means S.D. for four experiments.
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and did not reach equilibrium even after 4 h. Atter 4 h
at 37°C the fraction incorporated into the cytoplasmic
side was 42% of total probe added and after 8 h it
became 69% (data aftex 8 h not shown ir: Fig. 3). At
25°C the rate of incorporation was much less. These
results are consistent with those on increases in the
total binding shown in Fig. 2 and prove that the in-
crease in total binding is due to the incorporation of
the butyltrimethylammonium derivative into the inner
membrane compartment. The data shown in Fig. 2
minus those in Fig. 3 indicate the binding of the probe
to the outer leaflet of the plasma membrane. The data

btained by this calculation led that the ratio of
the amount of the probe in the outside layer of the
plasma membrane to that on the inner membrane
compartment was 1.0:1.8 after 4 h and it became
1.0:2.9 after 8 h when most of the probe added had
already bound to the platelets. Preferential binding of
the probe to the cytoplasmic side is consistent with that
{fuor TMA-DPH reported previously [7,8]. However, the
ra*e of transbilayer incorporation of the butyltrimeth-
ylammonium derivative of pyrene was much slower
than that of TMA-DPH, although its affinity to the
platelet membrane was rather more than that of TMA-
DPH, possibly due to a difference in its molecular
structure from that of TMA-DPH.

TABLE 11
Effects of S juM ionomycin or binding of pyrene dericatives to platelets

Samples of platelet suspension as for Fig. 2 were incubated with 1.5
M concentration of pyrene derivatives in the presence or absence
of 5 uM ionomycin for 2 min at 37°C. Binding was assayed as
described for Fig. 2. Binding of each derivative in the absence of
ionomycin was defined as 1.00 and mean relative values+8S.D. in
four experiments in the presence of ionomycin are listed. The roman
numerals [or pyrene derivatives correspond to those in Fig. 1. The

was i by Student’s r-test: *** P <
0.001.
Probe Relative binding amount
i LI8£0.04 ***
i H 0.98 +0.02
m 0.98+0.04

was observed in the presence of 10 uM ionomycin
(data not shown in Table II). Although there is a
possibility that the increase in membrane bmdmg of
the probe d from the i inits t

movement as suggested by Bevers et al. [8], we con-
firmed that the increase was not due to the incorpora-
tion of the probe into the inner membrane compart-
ment {data not shown). On the other hand, the bind-
ings of membrane permeable fatty acid derivatives to
platelets were nct changed by activation of the platelets.
The increase of the binding of the cationic probe to the

Change in binding of the butyltrimethyl
derivative to the outer leaflet of the plasma membrane
after platelet activatic

‘The slow penetration of the quaternary ammonium
probe described above suggests that this probe should
be useful in studies on the physico-chemical properties
of both the outcr layer and the cytoplasmic side of the
platelet membrane. In the initial stage, this probe was
scarcely incorporated in the inner leaflet of the plasma
membrane, allowing study of its binding to the outside
of the plasmia membrane without consideration of its
incorporation into the membrane. Binding of this
cationic probe Lo the outer leaflet of the plasma mem-
brane is thought to be affected by change of the
membrane surface potential [17]. Therefore, change in
the surface potential of the platelet plasma

outer layer corresponded with d in
the fluorescence intensity of the anionic, membrane
impermeable probe 2-p-toluidinylnaphthalene-6-sulfo-
nate {TNS), which represents decrease of its binding to
the outside layer of the plasma membranc {about 10%
decrease in fiuorescence intensity was observed in these
conditions). These changes may correspond with the
app of phosphatidylserine on the platelet sur-
face mentioned above and associated change of mem-
brane surface potential.

Excimer f of the i d butyltrimethyle
monium derivative and its change on platelet acm'atton
Pyrene derivatives are known to form excimers in
membrane lipid bilayers and their formations have
been d in studies on membrane fluidity [9-13].

on activation of platclets could be d by mea-
suring the binding of the probe to the outer leaflet of
the platelet plasma membrane. Platelet activation is
reported to be i with the apy of the
acidic phospholipid phosphatidylserine in the outer
leafiet of the plasma membrane [18,19]. We invesi-
gated the effect of the Ca?* ionophore ionomycin on
the binding of the butyltrimethylammonium derivative
to the outer leatlet ot the platelet plasma membrane.
As shown in Table I, binding of the cationic probe
to platelets (hinding to the outer leaflet of the plasma
membrane) increased on activation of the platelets
with 5 M ic About 30% i of binding

The rate of pyrene excimer formation in a phospho-
lipid bilayer is reported to be related with the lateral
diffusion coefficient of the probe [9,10]. Therefore,
using a higher concentration of the cationic derivative,
we next examined its excimer formation during its
incorporation.

As shown in Fig. 4, just after the addition of 80 uM
probe to the platelet ion, a highly str d
band (peak at 377 nm), which corresponds to the
emission of the excited monomer {10], was observed
but scarcely any excimer formation at longer wave-
length was detected. At this stage, the fluorescence was
that of the probe in the medium and that present in
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Fig. 6. Change ol‘ lhe fluorescence spectrum of the butyltrimethylam-

Flg 4. Fluorescence spectra of 80 uM
d ive after incubation with platelet for 2 min at 37°C.
The solid line shows the spectrum of whole probes in platelet
suspension and the broken line shows the spectrum of probes on the
cytoplasmic side. Platelets were i d with 80 M derivative for

monium into the ic side by activa-
tion of platelets with 5 #M ionomycin. The solid line shows the
control spectrum and the broken line shows the spectrum of the
probe in the presence of ionomycin. After incubation with 80 oM
ivative for 120 min at 37°C, the platelets were washed with

2 min at 37°C before measurement of the fluorescence spectrum.

The fluorescence spectrum of the probe on the cytoplasmic side was

measured after washing the platelets with a solution of albumin

and resuspending them in Na,K-Tris. The excitation wavelength
was 342 nm.

the outer leaflet of the plasma membrane. However, as
shown in Fig. 5, after 120 min incubation of thc probe
with the platelets, a broad str band (peak at
479 nm) was seen, which represented emission of the
excimer {10], and the intensity of emission of the
monomer had decreased. The spectrum of the incorpo-
rated probe present in the inner membrane compart-
ment, which is shown in Fig. 5, indicates that the
excimer was formed by the probe incorporated into the
cytoplasmic side. At this stage, the concentration of the

Fluorescence ntensity

4 4o 500 550
Wavelength (am)

Fig. S. Fluorescence spectra of 80 uM butyltrimethylammonium
derivative after il ion with platelet ion for 120 min at
37°C. The solid line shows the spectrum of probe in a whole platelet
suspension, the broken line shows the spectrum of probes on the
cyteplasmic side and the dot-dash hne shows the difference spec-
rum, Experimental procedurcs were as for Fig, 4 cxcept for the
incubation time.

albamin and resuspended in Na,K-Tris as described for Fig. 2. Then

the suspension was incubated for 2 min at 37°C in the presence

or absence of 5 uM ionomycin and fluorescence spertra were
measured.

probe on the cytoplasmic side was similar to that in the
outer layer of the plasma membrane. Moreover, the
spectrum duc to excimer formation was observed ear-
lier (even after 60 min; data not shown), These results
suggest that on the cytoplasmic side the probe is in a
condition in which it readily forms excimer, although it
is difficult to conclude the lack of excimer formation in
the outer layer only from these experimcntal results.

We next examined the effect of ionomycin on the
fluorescent spectrum of the incorporated probe. The
results in Fig. 6 show that after platelet activation, the
ratio of excimer decreased. The ratio of the fluores-
cence intensity of excimer at 479 nm to that of monomer
at 377 nm was 0.192 + 0,011 for control platelets and
0.168 + 0.005 for ionomycin-activated platelcts (means
+ S.D. for four experiments). This decrease could be
due to decrease in fluidity near the probe. Another
possibility is change in distribution of the cationic
probe because its distribution may be heterogencous
due to possible heterogeneity in the distribution of
phospholipids in the leaflets.

Discussion

Quaternary ammonium ions such as I-pyrenebu-
tyltrimethylammonium tested here seem to bind first to
the outer layer of the plasma membrane and then

into the cy side by a flip
process. Theoretically, in equilibrium condmons, they
should b bound preft ially to the cy
surface of the membranes which has a negative surface
potential due to the p of acidic phospholipid:
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[20). For example, in erythrocytes, quaternary alkyl
ammonium ions have been shown to flip slowly to the
inner leaflet and change the initial echinocytogenic
shape to a stomatocytogenic shape by preferentially
binding to the inner layer {21]. Likewise, the results
shown in Figs. 2 and 3 show that the butyltrimethylam-
monium derivative of pyrene bound preferentially to
the cytoplasmic surface of the membranes in equilib-
rium conditions.

layer from the increase in transbilayer incorporation,
which may have caused discrepancies in the results of
the previous papers {7,8]. The transbilayer incorpora-
tion rate of 1-p ium is much
lower than that of TMA-DPH. Therefore, for the
cationic pyrene denvatlve, ionomycin-induced increase
in its binding to bably reflects only the
increase in its binding to the outer leaflet of the plasma
membrane These things may be the reason why iono-

The ch; istic of the butyltrimethyl o
derivative of pyrene of slow penetration through lhe
plasma membrane is favorable for use of this derivative
to study the physico-chemical properties of both the
outer layer of the plasma and cytoplasmi

in of the pyrene

denvatwe to platelets was much less than that of
TMA-DPH [7,8].

The transport mechanism of quaternary ammonium

ions th h biological membranes is still unknown.

side of platelet membranes and their changes. The
observation that formation of excimer of the probe was

d with its incor into the inner mem-
brane compartment suggests that the lipid environment
near the cationic probe on the cytopiasmic side of
platelet membranes is more fluid than that in the
outside layer. This possibility is supported by previous
results on the fluorescence anisotropy of TMA-DPH
[7]. However, our findings do not exclude the possibil-
ity that binding sites of the probe on the cytoplasmic
side are more condensed than those on the outside
layer and that excimer forr-ation is facilitated by a
possible heterogeneous distribution of lipids in the
leaflets. Moreover, the binding sites of the probe on
the cytoplasmic side may be compiex. As shown in
fibroblasts [13], some proportions of cationic probes
penetratmg lo the cytoplasmlc side seem to bind to
¢ i formation may also stem
from binding of the probes to intrinsic proteins which
would restrict their lateral mobility.

Significant loss of membrane phospholipid asymme-
try occurs when platelets are stimulated with a Ca®*
ionophore [19]. This loss of asymmetry is probably
related to the observed changes in fluorescence prop-
erties, namely, the increase in the binding of the probe
to the outside layer of the plasma membrane and
change in the fluorescence spectrum of the probe on
the cytoplasmic side of the platelet membranes, be-
cause phosphatidylserire appears in the outer layer
possibly resulting in loss of asymmetry of membrane
fluidity.

Bevers et al. led that i i d
rapid flip-flop of TMA-DPH in human platelets which
induced more than three times increase in total amount
of its membrane binding [8]. We also observed that
ionomycin induced an about 2-fold increase in fluores-
cence intensity of the same probe in bovine platel

Transport is significantly temperature-dependent, sug-
gesting the presence of a large energy barrier. Some
investigators have suggested that various quaternary
ammonium ions permeate through the lipid bilayer as
Jipophilic ion-pairs with endogenous anions [22]. Re-
cently TMA-DPH has been suggested to be internai-
ized by 1929 cells and macrophages by endocytosis
[23]. Because of the slow penetration of quaternary
ammonium probes, two conditions can be distin-
guished: that in which the probes are localized in the
outer leaflet of the plasma membrane and that in
which they b localized in the ic side of
the platelet b after i hing. There-
fore, these quaternary ammonium probes seem to be
useful for studies on the physico-chemical properties of
both sides of biological membranes and their changes.
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