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ABSTRACT

Analysis of platelet phospholipids was attempted by means of

high performance liquid chromatography (HPLC). In order to
separate phosphatidic acid (PA) in addition to phosphatidylinosi-
tol (PI), phosphatidylserine (PS), phosphatidylethanolamine (PE)
and phosphatidylcholine (PC), the mobile phase of Chen and Kou (J.
Chromatogr., 227, 25-31, 1982) was modified. For the quantitative
analysis, fluorescein was found to be a suitable internal standard.
With these inventions, the amount of phospholipids could be deter-
mined within 30 min after lipid extraction and 107 platelets were
required for one assay. Then, stimulus linked phospholipids break-
down was studied using HPLC and the results were compared with
those by conventional *?P-thin layer chromatography (TLC) method.
Similar results were obtained except that the amount of PA deter-
mined by TLC was much higher, probably due to active phosphoryla-
tion process. These observations suggest that the quantitative
analysis of phospholipids could be achieved by our method with
HPLC, which is advantageous over conventional methods in rapidity,
no requirement of isotopes and determination of absolute amount

of phospholipids.

INTRODUCTION

Blood platelets undergo secretion of granular contents upon physiologi-
cal stimulation such as collagen or thrombin. And as seen in other secretory
cells, this secretory reaction is coupled with a very rapid metabolism of
membrane phospholipids in part to supply arachidonate for cellular synthesis
of prostaglandins and thromboxanes. These reactions have been studied using

Key words: human platelet, phospholipid, TLC, HPLC
*Present address: Tokyo Metropolitan Komagome Hospital. Bunkyo-ku, Tokyo,
JAPAN,

335



336 PHOSPHOLIPID ANALYSIS BY HPLC Vol.36, No.4

radioisotopes and conventional TLC. In most of reports, radioisotopes
tagged with arachidonate (1-7), glycerol (1,2,7,8), inositol (4) or ATP
(3-5) were incorporated in living cells by means of incubation. These
labelled compounds might be selectively incorporated into phospholipids
with active turnover in resting state and less amount of isotopes into less
active turnover pool of phospholipids, which would play a vital role upon
stimulation. Therefore, it seems rather difficult to study actual turnover
of phospholipids in stimulated platelets using labelled compounds, As an
alternative method, measurement of phosphorus has been used (9,10) but this
method is time consuming and with inadequate accuracy. Therefore, we have
attempted to separate major phospholipids of platelets by means of HPLC and
to study active metabolism of platelet phospholipids upon stimulation. We
have originally applied the method of Chen and Kou (11) and modified it to
be able to detect PA, an important intermediate in PI-~cycle in addition to
PI, PS, PE, PC and we have also found fluorescein as a suitable intermal
standard to quantitate the amount of phospholipids.

MATERIALS AND METHODS

Preparations of washed platelet suspension.....Fresh human blood anticoagu-
lated with 0.387% trisodium citrate was obtained from healthy subjects who had
not received any medication in the previous two weeks. Platelet rich plasma
(PRP) was then obtained by centrifugation of the citrated blood at 120 g for
13 minutes. Though all the preparations were done at room temperature, using
siliconized or plastic tubes to avoid the activation of platelets, further
precaution was considered employing PGI, for cytoprotection according to

the method of Moncada et al. (12). PGI; (5 ng/ml) was added to PRP and the
mixture was centrifuged at 850 g for 15 minutes. Platelet pellets derived
from 20 ml of PRP were resuspended in 5 ml of a modified HEPES buffer (142
mM NaCl, 6.2 mM KC1, 2.4 mM MgSO,, 6.5 mM HEPES, pH 7.4). Then after the
second addition of PGI; (300 ng/ml) to the suspension, platelets were pel-
leted by centrifugation at 670 g for 10 minutes. The same washing procedure
was repeated once more and resuspended in the HEPES buffer without PGIa.

The final platelet count was adjusted to be 5x10%/ml. The suspension thus
obtained was found to be free of any contaminants by a microscopic examina-
tion and the viability of cells was repeatedly confirmed by the presence of
ATP secretion upon addition of an agonist using Lumi-aggregometer® (CHRONO-
LOG, U.S.A.).

Labelling procedure.....In order to label inorganic 32p to platelet phospho-

1ipids, 300 uCi of °?P (acid free, Amersham, JAPAN) was incubated at 37°C for
60 minutes with washed platelet suspension under gentle shaking, and the same
washing procedure was repeated twice as described earlier to remove free $2p

from the suspension. Samples for HPLC was also incubated in the same way.

Lipid extraction.....The following procedure was performed according to the
modified method of Bligh and Dyer (13). . Washed platelet suspension with or
without *2P was preincubated at 37°C for 2 minutes in glass tubes and then
platelets were stimulated under gentle shaking with bovine thrombin (0.5
U/ml) or calcium ionophore Azs31s7 (4 uM). And at designated times, the
reaction was terminated by adding 2 ml of cold extraction medium of Bligh
and Dyer [Chloroform / methanol / 10 N HCl / fluorescein (200 pg/ml in
methanol, added only for the samples for HPLC analysis) 100:200:2:1 (v/v)]
and the following procedures were done at 0°C. After vigorous mixing for

5 seconds, 600 pl of cold chloroform and 600 ul of 2 M KC1 were added in
succession under shaking for 30 seconds and then the mixtures were kept
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still for 5 minutes. After gentle mixing for 5 seconds, the mixtures were
centrifuged at 1,700 g for 10 minutes to separate the aqueous and organic
phase. 1In order to analyze by TLC, 1 ml each of solution was taken from
organic phase, and for HPLC analysis, 0.5 ml each was taken. Then the
solution was dried under N2 flush and sealed off from the air and the
samples were kept frozen at -20°C until assays.

TLC.....Separation of platelet phospholipids was performed by single-
dimension TLC according to the method of Jolles et al (14). TLC plates
(LK6D, Whatman, U.S.A.) were impregnated with 17 potassium oxalate and just
prior to application of samples, they were activated 60 minutes at 110°C.
The samples were redissolved with 35 ul of chloroform / methanol (9:1 (v/v))
under gentle shaking for 15 seconds. Twenty microliter of aliquots was
applied on the plate. Then, chromatography was performed at room temperature
using the solvent system [chloroform / acetone / methanol / glacial acetic
acid / water (40:15:13:12:8 (v/v))]. The lipids separated were visualized
with iodine vapor and the plate was autoradiographed on SAKURA SH-film
(Konishiroku, JAPAN). Each spot was identified by comigrated authentic
samples and the spots were scraped off and the radicactivity was measured
in a liquid scintilation counter.

HPLC.....The equipments used comprised the following units: solvent delivery
system BIP-I®, injector VL-614®, variable wavelength UV detector UVIDEC-100-
V® from JASCO, JAPAN, integrating recorder CRIA-CHROMATOPAC® from Shimadzu,
JAPAN. The stainless-steel columns prepacked with silica, LS-320®, pore
size 5-8 um, were purchased from TOYO-SODA, JAPAN. For column elution,
different solvent mixtures of acetonitrile, methanol, and 85% phosphoric
acid were used. The solvent was delivered to the column at a flow-rate

of 1 ml/min at a pressure of approximately 50 kg/cm2 at room temperature.
Absorption determination was done at 203 nm and absorbance range was 0.064.
The samples, platelet lipid extracts and authentic phospholipids, were
dissolved in 10 pul of methylenechloride. After mixing vigorously for

15 seconds, an aliquot (3 ul) was applied to HPLC.

Miscellaneous.....The following authentic phospholipids were purchased

from SERDARY, CANADA; PA from egg, PI, PE and PC from pig liver, PS from

beef brain. All the chemicals for HPLC were of highest grade available and
obtained from NAKARAI, JAPAN., PGI, was kindly donated by ONO, JAPAN. Bovine
thrombin was also donated by MOCHIDA, JAPAN. And Aj31s87 was purchased from
CALBIOCHEM, U.S.A..

RESULTS

Employing the HPLC instruments mentioned above, it was possible to sepa-
rate PI, PS, PE and PC of human platelets, although PI was eluted very close
to the solvent front (SF). In order to study the active metabolism of mem-
brane phospholipids, separation of additional phospholipids and metabolites
were desired, such as PA and diacylglycerol (DG). With repeated preliminary
experiments, it was found possible to separate and identify PA by reducing
the amount of phosphoric acid in the original solvent system., With this
modification, PI was also clearly separated from SF. However, it was unable
to identify DG with these solvent systems. Identification of respective
peaks of phospholipids was carried out by comparison of retention time with
that of authentic lipids. Then, phospholipids from resting platelets and
from thrombin stimulated platelets (0.5 U/ml) were separated and compared
using these two different solvent systems. A typical pattern was shown
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in FIG. 1. One minute after the stimulation, the amount of respective phos~
pholipids was apparently decreased and the concomitant formation of PA was
detected.

FIG. 1

HPLC pattern of lipid extracts from
Pl SF resting and stimulated platelets.
Lipids were extracted as described
Ps in MATERIALS & METHODS from 2.5x10°
PE resting platelets and from the same
number of platelets stimulated by
0.5 U/ml thrombin for 1 min at 37°C.
Each extract was dissolved in 10 ul
of methylenechloride. After mixing
for 15 sec, an aliquot (3 ul) was
applied to HPLC. Chromatographic
conditions; flow rate—l ml/min, UV
detection at 203 nm, absorbance range
0.064, mobile phase—acetonitrile /
SF methanol / 85% phosphoric acid
(FIG. 1-a 130:5:1.3 (v/v); FIG. 1-b
130:5:0.006 (v/v)); SF-solvent front,
IS—internal standard, X—unknown peak;
————— resting, stimulated

Pl

Calibration curves.....In order to quantify the amount of phospholipids
separated by HPLC, several calibration curves were obtained, using authentic
samples of known amount with or without extraction procedures. With the
modified solvent system, calibration curves for PI and PA were obtained as
shown in FIG, 2-a, b. Without extraction procedure (FIG. 2-a), as low as

10 ng of lipids were found to be determined, while microgram order of 1lipids
were required for the assay with extraction procedure (FIG. 2-b). Calibra-
tion curves for PI, PS, PE and PC were also obtained in the same way using
the original solvent system (11) (FIG. 2-c, d, e). Without extraction (FIG.
2-c, d), it was found that as low as 10 ng of PI, PS or PE can be quantified
whereas a minimum amount of 150 ng was required for quantitation of PC. With
lipid extraction procedure, microgram order of phospholipids were required
for quantitation by HPLC. The final amount of authentic phospholipid into
sample was about 10% (PI: 12.51%#0.01%, PS: 10.84*0.01%, PE: 12,39%0.01%,

PC: 7.90:£0.01%, PA: 14.06%0.027; meanxtS.D., n=4) due to dilution and lipid
extraction.

Internal standard..... Since a considerable amount of phospholipids of
original sample was lost due to extraction procedure and dilution, a suitable
internal standard substance was searched for. Among several candidates, it
was found that fluorescein may be used as an ideal internal standard because
it possesses sharp spectrum at 203 nm, dissolves easily in organic compounds
and does not overlap with other peaks.

Then, analysis of phospholipids of resting platelets was compared with
or without the internal standard. The results from 2.5x10% cells were listed
in TABLE 1 and the values with internal standard were apparently with less
deviation.
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Calibration curves for authentic PA (O), PI (®), PS (A), PE (W) and PC (X).

Extraction was performed in samples of FIG. 2-b, e, as described in MATERTALS
& METHODS, while samples dissolved in methylenechloride were directly applied
on HPLC, FIG. 2-a, ¢, d.

except that internal standard was omitted.

Chromatographic conditions were same as in FIG, 1
I.C.—integrated count

TABLE 1., Values of integrated counts of respective peaks of phospholipids
derived from 2.5x10° resting human platelets with or without internal
standard.
I.C.* I.C.* with I.S,*%*
PI 57,712 + 8,146 57,638 + 888
PS 135,523 + 17,285 135,556 + 3,546
PE 211,576 * 31,625 211,244 = 5,199
PC 296,859 * 45,017 296,319 * 7,797
I.8 49,588 * 6,353 (49,588)
* I,C. integrated count (X + 5.D., n=3)
%% 1,S. internal standard
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Constituent phospholipids of human platelets.....With the present HPLC
method, the composition of phospholipids per 10° cells was calculated using
the results in Fig. 2 and TABLE 1 as follows; PI: 19,9%2,7 ug, PS: 71.049.0
ug, PE: 38.2%5.9 pg and PC: 138.1+20.2 pg (meantS.D., n=3). The comparative
results on similar studies by different methods such as TLC with phosphorus
determination and gas liquid chromatography were summarized in TABLE 2
together with the present results expressed both in weight percentage and in
I.C. percentage. Although there were slight differences between the present
results expressed in weight percentage and values reported by others, values
were very similar when the present results expressed in I.C. percentage were
compared with the reported results.

TABLE 2. Constituent phospholipids of human platelets.

METHOD UNIT PI PS PE PC Ref.
HPLC I.C. % 8.2"! 19.4 30.2 42.3 This work
we'? g 7.4 26.6 14.3 51.7 This work
eLc™ | mol % 7.6 13.8 29.0 49.6 (15)
TLC P4 mo1 % | 5.0 13.3 35.2 46.5 (9
TLC P mol % 3.9 1.1 33.5 51.6 (16)

*1, PI + PS + PE + PC = 100%

*2. Wt 7% — weight percentage

*#3, GLC gas liquid chromatography
*4, P -— phosphorus

Time dependent changes in phospholipids of stimulated platelets.....Time de-
pendent changes in phospholipids was analyzed by using thrombin (0.5 U/ml) or
Azsz1g7 (4 uM) as a stimulant, since each agent activates platelets well even
in the absence of plasma proteins. When washed platelets were stimulated by
0.5 U/ml thrombin, as shown in FIG., 3-a, rapid decrease in the amount of PI
was observed. On the other hand, with 4 uM Az3187 stimulation (FIG. 3-b),

a considerable amount of PI, PE and PC was decreased in the similar rate.

Stimulus linked hydrolysis of PI and formation of PA were analysed by both
HPLC and °2P-TLC.....In addition, secretion of ATP was monitored in Lumi-
aggregometer® in parallel with lipid analysis. As in FIG. 4-a, thrombin
stimulated hydrolysis of PI was observed by both methods. The gradual
formation of PA was detected by HPLC, while very rapid formation of 32p_pA
was observed by TLC. Thrombin stimulated secretion of ATP was very rapid
and reached plateau within 15 seconds. When similar study was performed
with A23187 as a stimulant, which evoked slow and gradual ATP secretion as
in FIG. 4-b, slight decrease in PI without any formation of PA was observed
by HPLC, although $2p_TLC analysis revealed sharp decrease in the amount of
PI and considerable formation of ®2P-PA.
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PS Time dependent changes in phospho-
;E lipids of human platelets stimulated

by 0.5 U/ml thrombin (a) or by 4 uM
Ay3187 (b). Extraction of lipids
50 Pl and HPLC were performed as in the

[ text., The results were expressed
as percentage of the amount in
resting platelets.
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Analysis of hydrolysis of PI and formation of PA in 0.5 U/ml thrombin (a)
or 4 uM Az3187 (b) stimulated platelets. Analysis was performed by HPLC
(0—o0) and by TLC (&—=®) with *2P-incorporated platelets ATP secretion
was monitored simultaneously by Lumi-aggregometer®,

DISCUSSION

With recent advances in cell biology, the significance of phospholipid
metabolism has been entertained, which are the major constituents of cellular
membranes. However, it has been rather difficult to quantify species of
phospholipids by conventional methods. Since the recent improvement on HPLC
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systems, several attempts were made to apply HPLC in the analysis of phospho-
lipids. The earlier studies using silica gel columns (17-20) or ion exchange
columns (21-24) were not satisfactory to obtain rapid and reproducible reso-
lution of phospholipids because water rich mobile phases were used which
interfered the separation of PI and PS. 1In 1982, Chen and Kou (11) reported
successful separation of major phospholipids employing a novel solvent system
which was essentially devoid of water and use phosphoric acid as ion suppres-
sion. In the present study, we have modified their solvent system in order
to separate PI and PA sharply, which are the major components of PI cycle.
With the modified solvent system, it became possible to analyze PI cycle

to some extent, though further modifications are necessary to identify

and quantify DG and polyphosphoinositides.

Since the value in UV (190-210 nm) detection of HPLC is influenced most-
ly by double bonds, and slightly by carbonyl, carboxyl residue and phosphate
(17,18), quantitation should be performed by comparing integrated count of
known amount of authentic phospholipids (17,20,21,24), Although the con-
stituent phospholipids per certain number of platelets was calculated for
the first time as in RESULTS using standard curves obtained with authentic
substance, the values might not reflect the actual composition because it
was impossible to obtain calibration curves using authentic samples of plate-
let origin. Especially the curve of PE was apparently deviated from those of
other phospholipids, which could explain the difference in the amount of PE
assayed by different methods. Nissen and Kreysel (20) in their HPLC analysis
obtained almost identical standard curves for PE from authentic substances of
different species, and Briand (24) reported also identical curves for four
major phospholipids by his HPLC analysis. The reason for these discrepancies
should be elucidated to establish quantitative HPLC analysis of phospholipids
from biological specimens by performing phosphorus determination of respec-
tive peak in HPLC. In our present method, however, it was impossible to
do so because our mobile phase is composed of phosphoric acid.

A solid internal standard such as fluorescein in the present study is
absolutely required for quantitative analysis. With our methods, as low as
10 ng of authentic phospholipid was required for the analysis of PA, PI, PS,
and PE but about 150 ng was necessary for the determination of PC which has
longer retention time. When biological materials such as platelets were
used as samples, 10 times more amount was necessary because 907 of phos-
pholipids were lost due to dilution and 1lipid extraction. Therefore at
least 107 platelets per assay is required for the quantitative analysis
of phospholipids in our HPLC system.

The phospholipids breakdown in thrombin stimulated platelets studied
by the HPLC system was very similar with those by TLC in several literature
(2-5,8)., The simular study by HPLC with As3187 stimulated platelets also
confirmed the reported data using TLC (3-5).

Several differences were observed in the amount of PI and PA by the
simultaneous study of stimulated platelet both by HPLC and TLC. The amount
of PA in thrombin stimulated platelets was much higher than that by TLC
analysis, which was probably due to active incorporation of 32p_ATP into PA.
And the amount of PA formed in HPLC was much less than that of PI hydrolysed,
which could be due to different UV absorption at 203 nm or to consumption
in DG lipase (7,25) or phospholipase Ay (3-6) mediated pathway. In Ar3i1g7
stimulated platelets, the difference in the value of PA was also noticed,
most likely due to de nove active phosphorylation of PA. These observations
suggest that HPLC is superior to TLC in the quantitative analysis of phospho-
lipid metabolism. However, further improvements are required to separate
additional lipid such as DG and polyphosphoinositides for full appllcatlon
of HPLC in the study on cellular phospholipid metabolism.
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ABSTRACT
With our proposed method to analyze platelet phospholipids, utiliz-
ing a normal phase high performance liquid chromatography (HPLC),
it was able to quantify the amount of major platelet phospholipids
(Thromb. Res. 36, 335-344, 1984). A prominent peak of unknown
nature (PX) was identified close to the peak of phosphatidylcholine
in the HPLC analysis of platelet phospholipids, and the attempts
were made to elucidate the nature of PX. By applying several
additional authentic phospholipids and those treated by acids on
both the HPLC and thin layer chromatography, it was concluded that
the major component of PX is l-lyso phosphatidylethanolamine plas-
malogen (PEP), artificially degraded from PEP by the acidic HPLC
solvent system. No further degradation of 1-lyso PEP was observed
and the absorbance of possibly co-migrated 2-lyso PE in activated
platelets was negligible because it was devoid of C-2 double bonds
sensitive to the absorbance used in the assay. Therefore, the re-
lative amount of PEP may be detected based on the number of double
bonds in platelet PEP. The amount of PEP thus measured was signifi-
cantly decreased in thrombin-stimulated platelets, suggesting a
possible participation of PEP in stimulus-linked platelet reaction.

INTRODUCTION

We have devised a simple and rapid method to quantify platelet phospho-
lipids by a normal phase high performance liquid chromatography (HPLC) without
use of radioisotopes (l). During the study, a prominent peak of unknown
nature (PX) was identified, which was eluted just after the peak of phospha-
tidylcholine (PC). It was not possible, however, to elucidate the nature of
PX, as none of authentic phospholipids tested yielded the corresponding peak
to PX (1). Therefore, the attempts were made to characterize the nature of
PX and the results were presented herein.

Key words: Human platelet, phospholipid, plasmalogen, TLC, HPLC
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MATERIALS AND METHODS

Preparation and stimulation of human platelet suspension.....Fresh human
blood anticoagulated with 0.387% trisodium citrate was obtained from healthy
subjects. Preparation of washed platelets was performed as described pre-
viously, using PGI, for platelet cytoprotection (1), Washed human platelets
(4x10%/m1) were finally suspended in HEPES buffer (142 mM NaCl, 6.2 mM KCI1,
2.4 mM Mg80,, 6.5 mM HEPES, pH 7.4). For activation, they were incubated
with 1 U/ml thrombin or saline (control) under stirring for designated times.
Lipids were then extracted as described below.

Lipid extraction.....All lipid extraction procedures were performed accord-
ing to the slightly modified method (1) of Bligh & Dyer (2). The extraction
mixture was composed of sample (0.5 ml), [chloroform/methanol/fluorescein
(100:200:1)] (2.0 ml), chloroform (0.6 ml) and distilled water (0.6 ml).

HPLC.....Analysis of phospholipids by HPLC was performed as described
previously (1). Briefly, chromatography was run on a JASCO Model liquid
chromatograph, consisting of DG-3310® degasser, VL-614® injector, BIP-I®
solvent delivery system and UVIDEC-100-V® variable wave length UV detector
(JASCO, JAPAN) and supplemented by a CR-1A CHROMATO PAC® integrating recorder
(Shimazu, JAPAN). The column used was LS-320 packed with silica, 0.4x30 cm,
5-8 um particle size (Toyo-Soda, JAPAN). Before analysis, the column was
conditioned as follows; the column was eluted by 20 ml each of methanol,
methanol/water (1:1) and mixture of acetonitrile-methanol-857% phosphoric acid
(130:3:1.3 v/v) at a flow rate of 0.5 ml/min. The column condition was set up
more than ten hours before running. The eluate used was a mixture of acetoni-
trile-methanol-85% phosphoric acid (130:3:1.3). The solvent was delivered to
the column at a flow rate of 1.5 ml/min at room temperature. Monitoring of
column effluent was done at 203 nm and absorbance range was 0.064. The sam-
ples were dissolved in 25 ul of methylene-chloride. After mixing vigorously
for 15 sec, an aliquot (3 ul) was applied to HPLC.

TLC.....Separation of platelet phospholipids was performed by single dimension
TLC. TLC plates (LK6D, Whatman, USA) were used. Chromatography was performed
at room temperature using the solvent system [chloroform/methanol/water
(70:35:7)]. The lipids separated were visualized with iodine wvapor.

Miscellaneous.....The following authentic phospholipids were purchased from
Serdary, CANADA; phosphatidylethanolamine (PE), PC, lyso-~phosphatidyletha-
nolamine (LPE) and lyso-phosphatidylcholine (LPC) from pig liver, phospha-
tidylethanolamine plasmalogen (PEP) from beef brain, phosphatidylcholine
plasmalogen (PCP) from beef heart. All the chemicals for HPLC and TLC were
of highest grade available and obtained from Nakarai, JAPAN. PGI; was kindly
donated by Ono, JAPAN., Bovine thrombin was also donated by Mochida, JAPAN.

RESULTS

On the HPLC analysis of platelet phospholipids, a distinct peak of PX
was always eluted with retention time of approximately 37 min right after
the peak of PC as shown in FIG. 1. As a fixed amount of fluorescein (200-800
ug/ml) was always premixed with samples as an internal standard, an apparent
decrease in the amount of PX as well as phosphatidylinositol (PI), PE and PC
was observed in platelets stimulated by 1 U/ml thrombin for 5 min (FIG. 1-b).

In the previous study, none of the authentic phospholipids tested formed
any peak corresponding to that of PX. Taking this fact into account, a
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5min[

FIG. 1
A typical HPLC pattern of lipid extracts from human platelets. Lipid
extraction and HPLC application were described in MATERIALS & METHODS.
a) control; b) 5 min after 1 U/ml thrombin stimulation: chromatographic
conditions; flow rate—1.5 ml/min, UV detection—203 nm, absorbance range—
0.064, mobile phase—acetonitrile/methanol/85% phosphoric acid (130:3:1.3
v/v). SF-solvent front, PI-phosphatidylinositol, PS—phosphatidylserine,
PE—phosphatidylethanolamine, IS—internal standard, PC-phosphatidylcholine.

CHOLINE PHOSPHOLIPID ETHANOLAMINE PHOSPHOLIPID
PCP (J 5 PEP
PC : E PE
Lpc ¥ LPE
s g
PC PX
FIG, 2

HPLC patterns of different classes of choline- and ethanolamine-phos-
pholipids. The amount of phospholipids applied to HPLC was as follows.
PCP, LPC and LPE-10 ug, PEP-5 ug, PC—2 ug, PE-1 ug. See MATERIALS &
METHODS for details of chromatographic conditions.
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possibility was raised that PX might represent different types of well-known
phospholipids such as alkyl- or alkenyl-type, if retention times are different
between these phospholipids. At the same time, another possibility was
brought up that PX may contain degraded phospholipids, as our HPLC eluate
contains weak acid.

Thereby, additional authentic samples including alkenyl type and lyso
phospholipids were analyzed on the HPLC. As shown in FIG. 2, it was found
that alkenyl type choline- or ethanolamine-phospholipids (PC or PE plasmalogen
(PCP or PEP)) contains two peaks, one of which is exactly corresponding to the
peak of PX. Also, lyso-PE (LPE) was found to yield a small peak corresponding
to that of PX, while no peak of lyso-PC (LPC) was appeared within 40 min after
the application. Then, in order to study possible degradation of various
phospholipids by phosphoric acid present in our HPLC eluate, various authentic
phospholipids were incubated with the HPLC eluate for 20 min at room tempera-
ture and after neutralization with diluted NaOH in methanolic solution, the
products were analyzed on TLC. As shown in FIG. 3, the product of PEP yielded
an additional spot of the same Rf value as PX and LPE. Untreated PCP con-
tained the same peak, which was not altered by the treatment. Furthermore,
these alkenyl type of phospholipids were treated by strong acid (3N HC1l in
methanol) for 20 min and the products were analyzed by HPLC. As in FIG. 4,
by such treatment, both peaks of PEP were slightly lowered and only PX peak
of PCP was disappeared, suggesting that PX may contain LPEP and PCP.

EXTRACT FROM HPLC | AFTER EXPOSURE TO
EFFLUENT OF PX ACID IN HPLC ELUENT

FRONT - —

NO TREATMENT

PX ZONE | § lO ;.8.[‘ iOF i Qg e IOIORJ

PE PEP PC PCP  LPELPC PX PE PEP PC PCP

FIG. 3
Instability of alkenyl type of authentic phospholipids to weak acid such
as phosphoric acid in the HPLC eluate was shown by TLC. The solvent used
was a mixture of chloroform/methanol/water (70:35:7 v/v). The lipids
separated were visualized with iodine vapor. Four samples on the right
side were pretreated with HPLC eluate containing phosphoric acid for 20
min. See MATERIALS & METHODS for details of chromatographic conditions.
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PEP PCP

CONTROL
EXPOSURE TO
3N HCI IN
METHANOL | , ‘
PE PX PC  PX
FIG. 4

Instability of alkenyl type of authentic phospholipids to strong acid (3N
HC1l in methanolic solution). After alkenyl phospholipids were treated by
HC1 for 20 min at 25°C, products were neutralized with NaOH. Lipids were
extracted and analyzed by HPLC as described in MATERIALS & METHODS.

FRONT «»
O lo V‘J e
) ] ) )

PX ZONE
PEP PCP |P SF+Pl PS PE PC PX

FIG. 5
HPLC analysis of platelet phospholipids fractionated on TLC. Platelet
extracts and authentic samples (PCP or PEP) were separated on TLC.
Those spots corresponding to PE, PC or PX were scraped off, extracted
in chloroform/methanol (8:2), and dried under N; flush. An aliquot was
applied to HPLC. Details of chromatographic conditions were described
in MATERIALS & METHODS. I.P—phospholipid extracted from intact platelets.
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Then we proceeded to study the content of these alkenyl type of phospho-
lipid in human platelets. Platelet phospholipid extracts were separated on
TLC with neutral solvents along with PEP and PCP and then lipids extracted
from these zones corresponding to PE, PC and PX were analyzed on HPLC. As
in FIG. 5, PE fraction from TLC yielded two peaks on HPLC corresponding to
that of PE and PX, respectively. ©Neither PC or PX fraction formed any peak
on HPLC corresponding to PX. These results indicated that major constituent
of PX is LPEP in human platelets.

Since we found that the amount of PEP in human platelets may be quanti-
fied as the amount of PX by the HPLC, the time dependent changes in the amount
of PEP as well as PI, PS, PE and PC were determined in platelets stimulated by
1 U/ml thrombin. As shown in FIG. 6, the amount of PX was decreased within 5
min as PI, PE and PC (statistically significant; P<0.05 in Student's t test),
suggesting the possible participation of PEP in stimulus-linked metabolism of
phospholipids.

ac) N ' v
X104
5r 1 FIG. 6
‘\\‘\I T Changes in phospholipids of
2 —F PX thrombin-stimulated platelets.
% %“‘-.___§ PC Washed human platelets (5%x10%/m1
at ] in calcium free HEPES buffer)

were stimulated by 1 U/ml throm-
bin. Lipid extraction and HPLC
analysis were done as described
alT in MATERIALS & METHODS. I.C. =
L integrated count. Values shown
‘\\\‘f T Z PE are means * S.D. from three
experiments.

of—s ; ; es]
T
s
l\
t b T 4
[ = T L Pl
° (o} J5 Ig 2.5 (min)
DISCUSSION

In the foregoing paper, it was not able to elucidate the nature of PX
just by running major authentic phospholipids on the same HPLC (1), though
it was suspected that PX is a class of phospholipid and is not a natural
metabolite as it was extracted by lipid extraction and was rich in resting
platelets. In our present study, it was found that authentic LPE yields small
but exactly the same peak as that of PX on the HPLC. As detection of peaks
in our HPLC is based on the absorbance at 203 nm, arising mainly from double
bonds of unsaturated fatty acids linked to C~2 position of glycerol structure
in phospholipids (3,4), lyso-phospholipids lacking unsaturated fatty acid in
C~2 position should yield much smaller peak. Furthermore, there should not be
a considerable amount of lyso-~phospholipids in resting platelets (5). Taking
these facts together into account, it was further speculated that PX may be
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l-1lyso PE formed during the HPLC, which is rich in double bonds. The eluate
in our HPLC contains phosphoric acid (1%), which could degrade certain species
of phospholipids. Among them, the plasmalogens, alkenyl type of phospholip~
ids, have been known to be labile upon acid treatment (6). And as demonstrat-
ed in the present study, both authentic PEP and PCP yielded two peaks, respec-
tively, one of which was most likely due to contamination as it was hardly
possible to separate alkenyl- or alkyl-type of single class of phospholipid by
conventional methods (7-9). Actually, as shown in the present study, not PCP
but PEP was degraded by phosphoric acid present in the HPLC eluate. And in
the separation of platelet phospholipids the degradation is likely to be proc-
essed immediately after the injection of sample, as the peak of PX was always.
clearly separated without interfearing other peaks. The additional fact that
both authentic PEP and PCP were degraded by 3N HCl in methanol may be explain-
ed by a possible contamination in commercially available authentic plasmalo~
gens of cyclic acetal phospholipids, which are resistant to weak acid (10).

Natarajan et al. (11) reported that PEP represents 45,3 mol % of etha-
nolamine phospholipids and PCP does only 1.4 mol % of choline phospholipids
in human platelets, It was also reported by Mueller et al. (12) that PEP
and PCP represent 60.4 and 8.8 mol 7 of ethanolamine and choline phospholip-
ids, respectively. Therefore, we concluded that the predominant component of
PX is l-lyso PEP formed by the action of phosphoric acid during the HPLC and
that the total area of the peak is proportional to the amount of PEP in plate-
lets, as co-eluted 2-lyso PE (LPE) possibly formed in activated platelets may
be negligible because of the lack of C-2 double bonds sensitive to absorbance
at 203 nm (3,4). In the foregoing paper (1), we reported the phospholipid
constituents of human platelets analyzed by the HPLC, where the amount of PE
was smaller than that reported by other investigators (5,11-13). This might
be well explained by the fact that we were separating PEP from PE, while
others were not. It was not possible, however, to quantify the absolute
content of PEP in platelets, unless the pure authentic PEP is available.

The plasmalogen was first discovered by Feulgen and Voit in 1924 (14)
and it was roughly quantified in human platelets in 1960 (15). Until present,
the plasmalogens have been measured by the following method; 1) assay of fat-
ty aldehydes (16,17) or phosphate ester (18) of HgCl, or acid treated samples.
ii) assay of iodination to alkenyl ether bond (19,20). iii) TLC (21-23), GLC
(24) or HPLC (25) assay on enzyme treated, acetylated, HCl-gas treated or
vitride treated samples. Comparing our method with above listed procedures,
it might be concluded that our method is advantageous over them, especially ,
in simplicity and rapidity. Using the HPLC assay method, we have also demon-
strated that the amount of PEP is decreased upon stimulation of platelets by
thrombin, suggesting possible participation of PEP in stimulus linked interg
mediary reaction of platelets, details of which have yet to be elucidated,
though Rittenhouse suggested the active metabolism of PEP in human platelets
(26).

-
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ABSTRACT

The interrelationship between ATP-secretion, protein phosphoryla-
tion and intracellular Ca?’ concentration ([Ca2+]i) was studied

in both 3%P and quin 2 loaded human platelets stimulated by throm-
bin or thromboxane A, analogue (STAz). In platelets stimulated by
thrombin, the degree of 47,000 dalton polypeptides (P47) phospho-
rylation was observed in completely dose-related manner, regardless
of the amount of [Ca2+]i. In the same condition, the degree of
myosin light chain (P20) phosphorylation, however, was well cor-
related with ATP secretion and [Ca2+]i, when platelets were stimu-
lated by lower dose of thrombin. The similar results were obtained
in platelets stimulated by STA;. These findings suggested that
P20, but not P47, phosphorylation in activated platelets is medi-
ated by a rise of [Ca2t]i and is well correlated with the secretory
reaction. It was unlikely that P47 phosphorylation plays any role
in promoting platelet activation.

INTRODUCTION

Stimulus linked phosphorylation of several polypeptides in platelets
has been implicated as the important regulatory mechanism of the platelet
reaction (1)(2)(3), though the physiological significance of these phospho-
rylation has not been fully elucidated. Among several polypeptides phospho-
rylated in stimulated platelets, it has been well known that P47 (4)(5) and
P20 (6)(7) (identified as myosin light chain) are phosphorylated by C-kinase
(8) and myosin light chain kinase (MLCK) (6), respectively. C-kinase can
be activated by ca2t or diacylglycerol (DG) (8) and MLCK by calmodulin and
Ca2t (9). As the measurement of intracellular Ca2t concentration ([Ca2t]i)
in smaller cells such as platelets and lymphocytes became possible in our
hands, using ingenious device of quin 2 system (10), the interrelationship

Key words: platelets, intracellular [Ca2*], quin 2, P20, P47, phosphorylation
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between protein phosphorylation, [Ca2t]i and secretion was studied in stimu-
lated platelets to obtain some clues to elucidate physiological roles of
protein phosphorylation in platelet reaction.

MATERIALS AND METHODS

Preparation of washed platelets (WP) and the study of platelet reaction.....
Human WP in HEPES buffered saline (145 mM NaCl, 5mM KC1l, 1 mM MgSO,, 10 mM
HEPES, 5 mM glucose, pH 7.4, at 37°C) were prepared from fresh human blood
anticoagulated with 0.38% trisodium citrate, as described elsewhere (10).

The final platelet count was adjusted to be 1x10%/ml. To simulate the con-
dition in which [Ca2+]i was measured using quin 2 system described hereafter,
WP were incubated with 2.5 uM quin 2 AM for 25 min. at 37°C and unloaded '
quin 2 AM was removed by washing with the same buffer. Then, quin 2-loaded
platelets were stimulated in the Lumi-aggregometer® in the presence of varied
extracellular Ca2* concentration ([Ca2+]e) and aggregation and ATP-secretion
were monitored simultaneously as described previously (11).

A desired [Ca2t]e in suspending buffer was prepared using strictly
adjusted Ca*-EGTA buffer, basically as described previously (12). As a
certain amount of [Ca2t]i had been chelated by quin 2~loading to platelets
(10)(13), [Ca2+]i was elevated to about 90 nM by a passive influx of Cal+
upon addition of 1 mM CaCl; to the suspending medium and after 5 min. [Ca2+]e
was then adjusted by adding a fixed amount of EGTA in order to adjust [CaZt]e
strictly.

Determination of [Ca2+]i..... WP were incubated with quin 2 AM dissolved in
0.25% dimethylsulfoxide in the condition described above. The intracellular
concentration of quin 2 was estimated to be 1.2 mM in our method (10). The
final platelet count was adjusted to be 7x107/ml. Fluorescence of quin 2
was recorded at 37°C in HITACHI fluorescence spectrophotometer (model 650-40)
with excitation at 336 nm and emission at 500 nm, as described elsewhere
(10). [Ca2+]i was calculated from fluorescent signals as described by

Rink et al. (14).

Measurement of P20, P47 phosphorylation.....WP were incubated with inorganic
32P (Amersham Japan, 200 uCi/ml) for 60 min. at 37°C and at the same time
with 2.5 M quin 2 AM for 25 min. Then, unincorporated 3?P and quin 2 AM
were removed by washing. Before stimulation, the loaded platelets were
incubated with 1 mM CaCl, for 5 min. and with a fixed amount of EGTA to
adjust [Ca2t]e. In preliminary experiments, time dependency of P20 and

P47 phosphorylation in stimulated platelets was studied and the maximal
phosphorylation of both polypeptides was obtained at 30 sec. and 15 sec.

for thrombin and STA;, respectively. After an addition of thrombin for 30
sec. or STAz (thromboxane A, analogue) for 15 sec., the reaction was termi-
nated by an addition of 1.3 vol of 4% sodium dodecyl sulfate containing 10%
mercaptoethanol. The mixture was heated at 100°C for 1 min. and subsequently
glycerol (10% in final concentration) and bromphenol blue (1%) were added.
Then solubilized proteins along with calibrations proteins (Mr. 340,000,
170,000, 97,400, 55,400, 36,500, 20,100, Boehlinger Japan) were applied to
polyacrylamide gel electrophoresis according to the method of Laemmli (15).
Then gels were stained by 0.25% Coomassie brilliant blue. After destaining,
the gels were dried by vacuum and were autoradiographed on Sakura® X-ray
film for overnight. Then, the degree of phosphorylation was measured densi-
tometrically. In preliminary experiments, the gels were sliced into several
pleces to determine the radioactivity by scintillation counting and the
result was found to be well correlated with the densitometric assay.
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Miscellaneous.....Quin 2 AM was obtained from Dojindo Laboratories
(Kumamoto, JAPAN). STA; was kindly donated by Ono Pharmaceutical Company
(Osaka, JAPAN), Bovine thrombin was supplied by Mochida Pharmaceutical
Company (Tokyo, JAPAN). All other chemicals were of highest grade available
and obtained from Nakarai Chemicals (Kyoto, JAPAN).

RESULTS

[ca2t+]i monitoring in platelets stimulated by thrombin or STA; are
shown in FIG. 1. 1In the presence of 1 mM [CaZt]e, a rapid increase in
[Ca2+]i to over 1 pM was always observed, followed by gradual decrease in
fluorescent intensity when platelets were challenged by 0.5 U/ml thrombin.
In the same condition, stimulation by STA; resulted in sharp but transient
increase in fluorescent intensity as shown in FIG. 1. This rapid change
was also confirmed by the image of fluorescence by memoryscope.

(Ca®*)i DIGITONIN EGTA (Ca?t)i
1 mMM= 1mM
2 M- 2 «M
1 M- 1 «M

500nM -500nM
!
200 M+ H —200nM
:
100nM ) -100nM
THROMBIN STA2
50 M- 0.5U/ml 200 M - 50nM
0 -1 . L - 0
(Ca?*)e:1mm 1My

FIG. 1 Typical patterns of fluorescence monitoring of quin 2 loaded plate-
lets stimulated by 0.5 U/ml thrombin or 200 nM STA,. Calculated [Ca2 11
was also shown. See MATERIALS AND METHODS for details of the procedure.

First, we investigated the interrelationship of agonist concentration,
[Ca2+]i and [Ca2t]e. When quin 2 loaded WP were challenged with thrombin in
the presence of 1 mM [ca2t]e, maximal [Ca2+]i was increased in a dose related
manner, reaching up to 1 uM with a high dose of thrombin as in FIG. 2. On
the contrary, in the presence of 20 nM [CaZt]e, maximal [Ca2+]i of about 250
nM was obtained even with more than 0.1 U/ml thrombin. Obviously, the incre-
ment of maximal [Ca2t]i in the presence of these different amounts of [Cal+t]e
may be considered to be Ca2t influx.
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T FIG, 2 Determination of maximal
1 [Ca2t1i of quin 2 loaded platelets
4 stimulated by varied concentrations
J of thrombin in the presence of 20
1500- ‘ om (O) or 1 mM (®) [Ca2*]e. Values
] were shown as mean + SD of three
i separate experiments.
(Ca**le: 1TmM
] ¢ 1
3 .
= 1,000
m ]
®
8 -
m-
;xl (Ca**)e: 20nM
- P T LT o
200 d,—?' i
100+ _-.—é‘
[ )Y

A | 1 L A i T T ¥
O 001 0.02003 005 0.1 0.2 0.5 1
THROMBIN (U/mb)

Using quin 2 loaded WP prepared by the same way, ATP secretion and
aggregation by varied concentrations of thrombin were studied. The amount
of ATP secreted by 3 min. stimulation with thrombin in the presence of 1
mM [Ca2t]e was increased in a dose related manner up to 0.2 U/ml thrombin
as shown in FIG. 3. The degree of aggregation was of similar pattern as
ATP-secretion but values were not consistent because of relatively low
platelet counts.
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In the similar condition as above, phosphorylation of P20 and P47 in
thrombin stimulated platelets was then studied. As shown in FIG. 4, the
phosphorylation of both polypeptides was increased in a dose related manner
up to 1 U/ml thrombin, though the degree of phosphorylation of P47 was more
than twofold of that of P20 by stimulation with thrombin above 0.1 U/ml.

400
(Ca?t)e:1mM
o"‘o..~§
©
Rel P47
&
4
&
= &
£ 3004 g
g K
o ’
5 A
R 9'
Zz ’
o K
S K
= 200' Y2
14 4
e}
I
o
[72]
o
I
[a W
100 ©Omd

0.5

N

0.02 003 0.05 04
THROMBIN (U/mi)

0.01

FIG. 4 Phosphorylation of P20 (®) and P47 (©) polypeptides in quin 2 loaded
platelets stimulated by varied amount of thrombin. The degree of phospho-

rylation was expressed as relative density, 100% being the density in
non-stimulated platelets.

Then, protein phosphorylation, ATP secretion and [Ca2+]i in quin 2
loaded platelets stimulated by thrombin (0.03 U or 0.5 U/ml) were studied
in the presence of varied concentration of [Ca2+]e. As illustrated in
FIG. 5, when platelets were stimulated by 0.5 U/ml thrombin, the degree of
ATP secretion and protein phosphorylation was not influenced by varied con-
centration of [Ca2t]e, though maximal [CaZt]i was increased in proportion
to [Ca2t]e. On the contrary, when they were stimulated by 0.03 U/ml throm-—
bin, ATP secretion and P20 phosphorylation were proportionally increased
as [Ca2*]i, while P47 phosphorylation was not influenced by [Ca2t]e at all.

765
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FIG. 5 Phosphorylation of P47 (A) and P20 (B), ATP-secretion (C) and [Ca2+]i
(D) in quin 2 loaded platelets stimulated by 0.03 U/ml (©) or 0.5 U/ml (®)
thrombin in the presence of varied [Ca2t]e, In (A) and (B), the maximal
densitometric value in the presence of 1 mM [Ca2t]e was designated as 100%
phosphorylation. Values are expressed as mean * SD from 3 to 5 experiments.
Statistical analysis was performed by Student's t test. (* — P<0.01,

*% — P<0.05)

Similar experiments were conducted using an optimal concentration of
STA; as an agonist. In preliminary experiments, the concentration of STAj
for maximal ATP-secretion and phosphorylation was 200 nM (data not shown).
As shown in FIG. 6, P20 phosphorylation, ATP secretion were increased in
proportion to the amount of [Ca2+)e, while P47 phosphorylation was constant
regardless of varied [CaZt]e.
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FIG. 6 Phosphorylation of P47 and P20 (A), ATP-secretion (B) and [Ca2t]i
(C) in quin 2 loaded platelets stimulated by 200 nM STA; in the presence

of varied [CaZt]e. Values are expressed as mean * SD from 3 to 5 experi-
ments. Statistical analysis was performed as in FIG, 5.
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FIG. 7 shows a typical autoradiogram of SDS-solubilized polypeptides
of %2p-, quin 2-loaded platelets. A marked phosphorylation of P20 and P47
was seen in platelets stimulated by 0.5 U/ml thrombin. When platelets were
stimulated by 0.03 U/ml thrombin, the degree of P20 but not P47 phosphoryla-
tion was proportional to [CaZt]e.

P47 — '
&
=

P20 — ‘ &

¥

(Ca’t)e 2nM 1xM 1mM 20nM 1xM  1mM  1mM
THROMBIN (u/mi) 0.03  0.03 003 05 05 0.5 0

FIG. 7 A typical autoradiogram of SDS-solubilized polypeptides of %2p and
quin 2 loaded platelets stimulated by varied concentration of thrombin in
the presence of varied [Calt]e.

DISCUSSION

As one of the important intermediary reactions of platelet activation,
stimulus-linked phosphorylation of polypeptides have been extensively studied
in recent years (16)(17)(18). It has gained unanimous agreement that P20
phosphorylation is leading to generation of contractile force by actin, acti-
vated myosin ATPase (6)(7). A possible involvement of actin-binding protein
(P260) phosphorylation in cytoskeletal motility has been proposed (19), but
it was not possible to detect any significant changes in P260 phosphorylation
in our present study (data not shown). The significance of P47 phosphoryla-
tion in promoting platelet reaction has been controversial partly because the
nature of P47 has not been fully elucidated yet (5). The phosphorylation of
P20 and P47 has been shown to be mediated by Ca2t at least in vitro. Little
information on the relationship between the phosphorylation and [Ca2+]i in
platelets is available, though such relationship has been studied recently
in permeabilized platelets (20)(21). It is possible to adjust [Ca2*]i ex-
actly in permeabilized platelets but it may be impossible to simulate a sharp
rise in [Ca2t]i seen in intact platelets stimulated by physiological agonists
such as thrombin. Thereby, the present study was conducted to elucidate the
relationship between [Ca2t]i, protein phosphorylation and platelet reaction,
utilizing quin 2 system. Though [Ca2t]i determination by quin 2 system is
fairly accurate and reproducible, this may exert an inhibitory effect on
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platelet reaction by chelating an excessive amount of intracellular Calt
(10). Thus, much attention was paid not to load quin 2 excessively and
platelet reaction and protein phosphorylation were studied in platelets, to
which the same amount of quin 2 was loaded as that used for [CaZt]i determi-
nation. 1In platelets stimulated by thrombin, the degree of P47 phosphoryla-
tion was observed in totally dose-related manner, regardless of the amount of
[Ca2t]e or [CaZ*]i. P20 was also phosphorylated in the agonist-dose related
manner in the presence of 1 mM [Ca2+]e. However, in platelets stimulated by
a lower dose of thrombin (0.03 U/ml), which is considered to be more physio-
logical, the degree of P20 phosphorylation was well correlated with ATP-
secretion and [Ca2+]i, while no such correlation with P47 phosphorylation
was observed. The very similar results were obtained in platelets stimulated
by STAz. These findings suggested that P20, but not P47, phosphorylation in
activated platelets is mediated by a rise of [Ca2t]i and is well correlated
with the secretory reaction. P47 phosphorylation in stimulated platelets may
not be mediated by a rise in [CaZ*]i but it seems to be agonist-dose depend-
ent phenomena such 'as polyphosphoinositides breakdown (13). Though the
degree of P47 phosphorylation is impressively marked among polypeptides of
platelets phosphorylated by activation, it is unlikely that P47 phosphoryla-
tion is promoting platelet activation. In supporting to the aforementioned
idea, platelet activation without accompanying P47 phosphorylation has been
reported (16)(22), and other roles of C-kinase dependent P47 phosphorylation
have been proposed such as negative feed back mechanism in phosphoinositide
metabolism (23)(24) and in P20 dependent expression of myosin ATPase (17)

and as terminating the transduction process (24).
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Operation CCD=Choledochocystoduodenostomy : CCJ=Choledochocystoje junostomy | ED=External drainage
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