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Summary

Farnesyl pyrophosphate (FPP) is an intermediate in cholesterol biosynthesis, and it has also been
reported to activate platelet LPA (lysophosphatidic acid) receptors. The aim of this study was to
investigate the role of extracellular FPP in platelet aggregation. Human platelets were studied with
light transmission aggregometry, flow cytometry and [3°S]GTP+S binding assays. As shown
previously, FPP could potentiate LPA-stimulated shape change. Surprisingly, FPP also acted as a
selective insurmountable antagonist to ADP-induced platelet aggregation. FPP inhibited ADP-
induced expression of P-selectin and the activated glycoprotein (Gp)llb/llla receptor. FPP blocked
ADP-induced inhibition of cAMP accumulation and [3°S]GTPyS binding in platelets. In Chinese
hamster ovary cells expressing the P2Y 1, receptor, FPP caused a right-ward shift of the
[3°S]GTP+S binding curve. In Sf9 insect cells expressing the human P2Y 1, receptor, FPP showed
a concentration-dependent, although incomplete inhibition of [3BH]PSB-0413 binding. Docking of
FPP in a P2Y, receptor model revealed molecular similarities with ADP and a good fit into the
binding pocket for ADP. In conclusion, FPP is an insurmountable antagonist of ADP-induced
platelet aggregation mediated by the P2Y 1, receptor. It could be an endogenous antithrombotic
factor modulating the strong platelet aggregatory effects of ADP in a manner similar to the use of
clopidogrel, prasugrel or ticagrelor in the treatment of ischaemic heart disease.
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Introduction

Farnesyl pyrophosphate (FPP) is an intermediate in the mevalonate biosynthetic pathway, an
important metabolic route controlling production of cholesterol, which is present in all
eukaryotic animals (1). FPP is formed by the sequential condensation of dimethylallyl
pyrophosphate (DMPP) and 3-isopentenyl pyrophosphate (IPP). Besides its function as a
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precursor in cholesterol synthesis, FPP also serves as a donor in post-translational
isoprenylation of proteins, both directly and indirectly, by being an intermediate for
geranylgeranyl pyrophosphate (GGPP) (2).

Although FPP is synthesised in the cytoplasm, it can be detected in human plasma. The
steady-state plasma level was reported to be 6.6 ng/ml (17 nM), but even the mild
physiological alteration caused by eating a meal has been demonstrated to increase the
plasma concentration 200 fold (3). Very little is known about plasma levels of FPP during
physiological or pathophysiological conditions, such as ischaemia. Since HMG-CoA
reductase is the main target for statins, the major group of cholesterol-lowering medications,
it is likely that statin therapy also affects the plasma FPP levels.

While the basic function of FPP seems to be structural, there have recently been several
reports indicating an additional role in signalling. FPP was shown to act as a natural
antagonist of the LPA, (lysophosphatidic acid type 2) and LPA3 receptors, while it was
reported to be an agonist at the structurally divergent LPA4 and LPAg receptors (4). In an
earlier report we surveyed the different G protein-coupled receptors present in platelet
cDNA and found high expression levels of LPAg and LPA; mRNA (5). In another study
Khandoga et al. (6) determined the expression level of LPA; — LPA, in platelets and
investigated them for their involvement in aggregation. It was concluded that none of the
investigated LPA receptors could be coupled with LP-mediated platelet activation. As there
have been conflicting reports regarding the function of FPP on platelets, we decided to
investigate this function. Somewhat surprisingly, we discovered that the main function of
FPP is not as an agonist at the LPA, and LPAg receptors, but rather as an antagonist at the
structurally related adenosine diphosphate (ADP) receptor P2Y 12, which is perhaps the most
important receptor in the platelet activation process. Furthermore, the molecular structure of
FPP is similar to ADP in having a diphosphate side chain. Here we demonstrate that FPP
attenuates platelet aggregation by antagonising the action of 2-MeSADP, both at the
receptor level and on a functional level.

Methods and material

Ethics

Chemicals

The Ethics Committee of Lund University approved the project. All volunteers submitted
written consent to participate in the study. The study conforms to the US National Institutes
of Health guidelines and the Declaration of Helsinki.

3,7,11-Trimethyl-2,6,10-dodecatrien-1-yl pyrophosphate ammonium salt (FPP), 3,7,11-
trimethyl-2,6,10-dodecatrien-1-yl monophosphate ammonium salt (FMP), all
trans-3,7,11,15-tetra-methyl-2,6,10,14-hexadecatetraenyl pyrophosphate ammonium salt
(GGPP), trans-3,7-dimethyl-2,6-octadienyl pyrophosphate ammonium salt (GPP),
isopentenyl pyrophosphate triammonium salt (IPP), -y,y-dimethylallyl pyrophosphate
triammonium salt (DMPP), 2-methyIthioadenosine-5"-diphosphate (2-MeSADP), Thrombin
Receptor Activator Peptide (TRAP), epinephrine and IBMX were bought from Sigma-
Aldrich (St. Louis, MO, USA). [3°S]GTPyS was bought from PerkinElmer (Waltham, MA,
USA). Ticagrelor (AZD6140) was a gift from AstraZeneca (R&D MdIndal, MéIndal,
Sweden). Fluo4-AM was from Invitrogen Life Technologies (Carlsbad, CA, U SA). N-
arachidonoylglycine was bought from Cayman Chemical (Ann Arbor, MI, USA).
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Platelet preparation for light transmission aggregation (LTA)

Aggregation studies on human platelet-rich plasma (PRP) were done as previously described
(7). Platelet concentration in PRP were nomalised to 300,000 cells/l. Preparation for
aggregation studies on washed platelets was performed as described (8). The final platelet
pellet was suspended to give a final concentration of 300,000 cells/p.l.

Flow cytometric analysis of platelet activation

Whole blood was collected into 0.129 M Na-Citrate using a Vacutainer® tube (BD, Franklin
Lakes, NJ, USA). For P-selectin and GPIIb/Illa activity, whole blood was incubated in
HEPES-saline buffer (145 mM NaCl, 5 mM KCI,10 mM HEPES pH 7.4) with fluorescently
labelled monoclonal antibodies against P-selectin (CD62P) and GPIIb/Illa (PAC-1) or
corresponding isotype control antibodies (BD). Whole blood was pre-incubated for 5
minutes (min) with 30 .M FPP. To induce platelet activation varying doses of ADP
(between 1 M and 20 nM) or 2MeS-ADP (between 100 nM and 0.2 nM) was added. After
15 min in the dark and at room temperature RT), 0.2 % parformaldehyde was added to fix
the cells. All samples were diluted 1:20 in phosphate-buffered saline (PBS) and analysed on
a Coulter EPICS XL flow cytometer (Beckman Coulter, Brea, CA, USA). The platelet
population was gated based on forward and side scattered light. A threshold for non-specific
fluorescence was set using the isotype control antibodies, and all events above that value
were considered positive. A total of 3,000 events were collected in the platelet gate from
each sample.

Calcium flux assay on platelets

Washed platelets for studies on intracellular Ca2*-release mediated through receptor
stimulation was prepared as described earlier (9), with the following modifications: 5 pM
Fluo4-AM was used instead of 2 uM Fluo4-AM and calcium free Hanks medium was used
in the assay. Platelet count was normalised to 100,000 cells/p.l. The platelets were injected,
at low speed (25 pl/second [s]), into a 96-well plate where each well contained buffer
solution and test substances. Fluorescence (excitation 485 nm, emission 535 nm) was
recorded for 30 s in a Victor3 spectrophotometer, 1420 Multi-label Counter (PerkinElmer).

CcAMP assay on platelets

PRP prepared as described earlier was incubated in the presence of 1 mM acetylic salicylic
acid (ASA), 0.3 U/ml apyrase (15 min, RT). After incubation, the PRP was further incubated
with 5 mM EDTA and centrifuged (700 rcf, 10 min RT). The supernatant was discarded and
the PRP-pellet was resuspended in HEPES-Tyrode buffer (145 mM NaCl, 5 mM KClI, 0.5
mM NayHPO4, 1 mM MgSQy, 10 mM HEPES, 5 mM glucose, 0.3 U/ml apyrase, pH 7.4),
and pelleted again. The supernatant was removed and the pellet was resuspended to give
1.65 x 108 cells/ml in modified HEPES-Tyrode buffer (145 mM NaCl, 3 mM KCI, 0.5 mM
NayHPO4, 1 mM MgSOy, 10 mM HEPES, 5 mM glucose, 0.6 U/ml apyrase, 1 mM IBMX -
phosphatase inhibitor, pH 7.4). 0.2 x 108 platelets were incubated for 15 min at 37°C before
addition of stimulants. After 10 min platelets were pelleted by centrifugation at 800 rcf for 5
min. The platelets were lysed in 100 pl of 0.1 M HCI and pelleted again (1,200 rpm, 5 min,
4°C). The supernatant was stored in —80°C until analysis. For measuring the stimulated
platelets a Cyclic AMP EIA assay (Cayman Chemical) was used following the
manufacturer’s instructions. The readout of the results from the cAMP assay was performed
in a Victor3 spectrophotometer, 1420 Multilabel Counter (Perkin Elmer).

Platelet [3®S]GTPyS binding

PRP was prepared from ACD-treated whole blood through centrifugation (150 rcf, 20 min,
RT) and passed carefully through a Pall Autostop™ Leukocyte removal filter (Pall Medical,
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Port Washington, NY, USA). The filtrated PRP was centrifuged (17,000 rcf, 15 min, RT).
The pellet was resuspended in a room tempered membrane-buffer (20 mM HEPES, 20 mM
EDTA, 150 mM NacCl, pH 7.4, RT) and the centrifugation was repeated once. The pellet
was first resuspended into 3 ml ice-cold membrane-buffer (20 mM HEPES, 5 mM EDTA,
pH 7.4) then homogenised for 30 s in a Polytron (setting 6), and diluted to 30 ml with ice-
cold membrane-buffer (20 mM HEPES, 5 mM EDTA, pH 7.4). The platelet homogenate
was pelleted twice (35,000 rcf, 15 min, 4°C). The final pellet was resuspended in ice-cold
membrane buffer (20 mM HEPES, 0.6 mM EDTA, 5 mM MgCl,, 0.1 mM PMSF, pH 7.4)
and stored at —80°C. Protein concentration was measured with a modified Lowry protein
assay kit (Thermo Scientific, Rockford, IL, USA).

The binding assay was performed essentially as described (10). Briefly, the final volume of
the assay was 200 pl and contained 20 g platelet membranes in binding buffer [20 mM
HEPES, 100 mM NaCl, 5 mM MgCl,, 10 pg/ml saponin, pH 7.4 + 4 nM [3°S]GTPyS, 20
KM guanosine diphosphate (GDP)]. The mixture was incubated (30 min, 30°C) and then
filtered through a glass fibre filter (GF/C, Whatman, Brentford, UK). The filters were
washed with 3 x 500 .l ice cold binding buffer and then counted using OptiPhase Hisafe 3
(PerkinElmer) in a Liquid Scintillation Counter (Beckman Coulter).

[35S]GTPYS binding on P2Yq,-transfected CHO-K1 cell membranes

pcDNAS3 vector with cDNA for the human P2Y 15 receptor (Missouri S&T cDNA Resource
Center, Rolla, MO, USA) was transfected into Chinese Hamster Ovary Cells-K1 (CHO-K1)
by using TransIT®-CHO Transfection kit (Mirus Bio, Madison, WI, USA). [3°S]GTPyS
binding studies on competent P2Y 1o-transfected CHO-K1 cell membrane were performed
essentially as described (11).

Membrane preparations from Sf9 cells expressing the human P2Y,, receptor

The human P2Y 1, receptor was expressed in Sf9 insect cells using the baculovirus
expression system (Alsdorf B, Schiedel A, Miller CE, unpublished data) by analogy to a
previously described method (12). Cells were disrupted and homogenised with 20 strokes in
a Dounce homogeniser in 50 mM Tris-HCI buffer, pH 7.4, containing 1 mM
phenylmethylsulfonyl fluoride. The resulting suspension was centrifuged for 10 min at 200 g
and 4°C. The supernatant was then centrifuged at 48,000 g for 60 min at 4°C, and the
resulting cell membrane pellet was resuspended in 50 mM Tris-HCI buffer, pH 7.4. The
protein concentration was determined. Membranes were kept frozen at —80°C until use.

Radioligand binding experiments

The competition assays were carried out using [2H]PSB-0413 (13), at a concentration of 5
nM. The non-specific binding was determined using either 10 mM ADP or 100 uM 2-
methylthio-ADP, with both ligands giving the same results. Different dilutions of test
compound were prepared in assay buffer consisting of Tris-HCI (50 mM), NaCl (100 mM),
and MgCl, (5 mM). The assays were performed in a final volume of 500 p.l in duplicate in
test tubes containing incubation buffer. After addition of the membrane preparation (100-
150 pg of protein/vial) samples were incubated for 60 min at RT. The incubation was
stopped by vacuum filtration through Whatman GF/B glass fiber filters using a 48-channel
cell harvester (Brandel, Gaithersburg, MD, USA). The vials were rinsed three times with 1
ml aliquots each of Tris-HCI buffer, 50 mM, pH 7.4.

Molecular modelling

The crystallographic structure of the human chemokine receptor type 4 (CXCR4) (14) was
retrieved from the Protein Data Base (15), (PDB ID: 30DU) and used as structural template
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for the construction of the P2Y 1, receptor model by means of the Molecular Operating
Environment software (MOE 2009.10, Chemical Computing Group Inc., Montreal, QC,
Canada). The protein was cleaned from water molecules and ions and hydrogen atoms were
added to the protein. All the ligands structures were sketched in Maestro and minimised with
the Polak-Ribiere Conjugate Gradient (PRCG) minimisation consisting of 1,000 steps of CG
until a gradient of 0.01 kJ/(molA2).

The molecular docking of the ligands was performed with Glide (16). The docking site was
defined according to the site-directed mutagenesis data (17, 18) and previous modelling
results (19-21). For each ligand, the best ranked docking conformations were retained and
subjected to conformational analysis by means of Monte Carlo Multiple Minima (MCMM)
for further structural optimisation and energy minimisation of the complex. During the
conformational search full flexibility was granted to the ligand and the residues within a
radius of 4 A from the ligand. All the other residues of the receptor were considered
conformationally frozen during the calculations. A total of 1,000 steps of MCMM were
performed with the MMFF force field and the GB/SA model for water as implicit solvent.
The PRCG minimisation method with a convergence threshold on the gradient of 0.05 kJ/
mol-A was used. No constraints were used during any of the docking calculations. The top
scored model for each ligand was chosen as a final binding conformation.

Calculations and statistics were performed using GraphPad Prism 4.0 software. Statistical
significance was accepted when p < 0.05, using one-way ANOVA or Student’s t-test to
analyse the data. Values are presented as mean + standard error of the mean (SEM) (n =
number of tests).

FPP potentiates LPA-stimulated platelet shape change but has no effect on LPA-
stimulated aggregation

FPP has previously been reported to stimulate platelet shape change. However while our
results show that 30 wM FPP clearly potentiated LPA-stimulated shape change (“p=0.017,
n=10), we were unable to show an effect of FPP alone (Fig. 1A). While FPP affected LPA
stimulated shape change it had no effect on LPA stimulated aggregation (Fig. 1B). That was
also the case for A-arachidonyl glycine (NAG) which, like FPP, has been reported to
activate LPAg and LPA4 (22) and (4).

FPP antagonises 2-MeSADP-stimulated platelet aggregation

While confirming the results of Williams et al. (4), we noticed that FPP was also exerting an
inhibitory effect on platelet aggregation in addition to the documented effect on shape
change. In order to investigate this effect, we stimulated platelets with 30 nM 2-MeS-ADP
in the presence of either 30 .M FPP or 30 uM NAG. The results revealed a clear,
concentration-dependent inhibition of aggregation for FPP while NAG was without effect
(Student’s t-test: “"p<0.01, n=15) (Fig. 2A). Interestingly, the inhibitory effect was specific
for ADP-mediated aggregation, as aggregation stimulated by both TRAP (15 pM),
(Student’s t-test: "5p=0.077, n=7) and epinephrine (1 .M), (Student’s t-test: "Sp=0.063,
n=10) was unaffected by 30 M FPP (Fig. 2B, C). In the next experiment, we tested the
other intermediates of the mevalonate pathway for their ability to inhibit ADP-stimulated
aggregation, but FPP was the only member with this activity (ANOVA: **p=0.01, n=6) (Fig.
3A). The FPP-mediated inhibition of aggregation was dose-dependent resulting in 40 + 5%
inhibition at 10 uM ("p=0.01, n=15) (Fig. 3B The dose-dependency of FPP was further
demonstrated by performing 2-MeSADP dose response curves in the presence of increasing
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concentrations of FPP. It was found that increasing the FPP concentration successively
displaced the dose response curves to the right while, at the same time, depressing the
maximal signal (Fig 3C) (ANOVA:"p=0.0122, n=6).

FPP decreases ADP-stimulated activation of GPIIb/llla and P-selectin presentation on
platelets and inhibits ADP-mediated attenuation of cAMP production, but has no effect on
calcium mobilisation

To assess the effect of FPP on the platelet activation markers glycoprotein (GP)IIb/Illa and
p-selectin, dose-response experiments were performed on platelets stimulated with ADP or
2-MeSADRP in the presence or absence of 30 uM FPP (n=4). As expected, ADP and 2-
MeSADP dose-dependently increased the proportion of PAC-1*/p-selectin® platelets as
measured by flow cytometry (Fig 4A). FPP caused a significant right shift of the dose-
response curve for both ADP and 2MeS-ADP. The ECsg value for ADP alone was 16 uM
and 59 uM in the presence of FPP (p=0.01) whereas the ECsq for 2MeS-ADP was 2.9 nM
and 7.8 nM in the presence of FPP (p=0.04). A statistically significant decrease in the
maximal response to both ADP and 2MeS-ADP was also observed in the presence of 30 uM
FPP (P=0.01 and 0.03, respectively).

However, when we loaded platelets with Fluo-4AM and tested the effect of FPP on calcium
signalling, stimulated by ADP and by thrombin, the results revealed no statistical
significance between platelets stimulated either with 5 M ADP ("-$p =0.24, n=6) (Fig. 4C:
1) or with thrombin (0.5 U/ml) (™$p=0.46, n=6) in the presence or absence of 30 uM FPP
(Fig. 4C:2). The absence of a typical activation peak is likely caused by the employed
technique of injecting the platelets, resulting in the platelets being partially in an activated
state.

2MeSADP-stimulated [3°S]GTPyS binding in platelets is antagonised by FPP

As the preceding results indicated the likely target to be the P2Y 1, receptor, we isolated
platelet plasma membranes and investigated the ability of FPP to interfere with 2-MeSADP-
stimulated [3*S]GTPyS binding. 2-MeSADP-stimulated [3*S]GTP+S binding displayed a
slightly bell-shaped dose-response curve a property of the P2Y 1, receptor that has
previously been reported by van Giezen et al. (11). The presence of 60 nM of the P2Y ;,-
specific antagonist ticagrelor right-shifted the dose response curve, thus confirming the
identity of the target as the P2Y 1, receptor (2-MeSADP; EC59=17 nM vs. 2-MeSADP + 60
nM ticagrelor; EC50=0.42 M) (Fig. 5A). FPP 1 M alone generated a small, but significant,
increase in [3°S]GTPyS binding, an effect that was readily blocked by 10 M ticagrelor
(*p=0.05, "*p=0.05, n=4) (Fig. 5). However, when increasing the concentration of FPP, the
antagonist properties became more obvious by simultaneously decreasing the efficacy and
right-shifting the concentration-response curve of 2-MeSADP (Fig. 5C). EC5p values were
calculated and analysed, (ECsg(controly: 2.6 "M, ECs([rpp] 1+10 ~5m): 7.8 NM,

ECso(rpp] 5+10 ~5Mm): 22 NM). The inhibitory effect mediated by FPP vs. 2-MeSADP 1 pM
yielded an ICgq value of 45 uM.

The backbone structure of FPP is similar to that of ADP since both ligands consist of a
hydrophobic and a hydrophilic region. While the hydrophobic part of FPP is made up of a
15-carbon chain, the corresponding part on the ADP nucleotide is composed of a ribose and
adenine ring. However, the hydrophilic parts of the two ligands are similar in that they both
contain a negatively charged pyrophosphate group

FPP is a ligand to the P2Y 1, receptor

We next repeated the [3°S]GTP+yS binding experiment using CHO cells stably expressing
the P2Y 1, receptor (Fig. 6). The results clearly confirm the identity of the P2Y 1, receptor as
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the target. This conclusion is based on the dose-dependent inhibition pattern of 2-MeSADP-
stimulated [3°S]GTP+S binding that is very similar to the one obtained with platelet
membranes. The higher maximal response at 100 wM FPP is likely due to the higher
receptor density of the CHO cells in combination with the partial agonist nature of FPP. This
was confirmed by the P2Y1,-CHO cells having an transcription level about 20 times higher
than platelets (58 copies/ng RNA vs 2.6 copies/ng RNA). We repeated the calculation and
analysis of ECsq values from the CHOK1 binding assay, (ECsg(2-mes-app): 3.7 NM,
ECso((rpp) 1#1075m):10.3 nM, ECso((rpp] 5410-5Mm): 29.4 NM, ECs((rpp] 1+10-4Mm): 21 NM),
and the results were similar, i.e. increasing the concentration of FPP decreased the potency
of 2-MeSADP to about the same extent.

Radioligand competition binding assays were carried out using the P2Y 1,-selective
nucleotide antagonist radioligand [?H]PSB-04132 (5 nM) in membrane preparations from
Sf9 insect cells recombinantly expressing the human P2Y 1, receptor. Non-specific binding
was determined using 10 mM ADP or 100 M 2-methylthio-ADP, both of which gave the
same results.

We showed that [3H]PSB-0413 exhibited high-affinity binding to Sf9 cell membranes
expressing the P2Y 1, receptor, but not to membrane preparations of non-transfected cells.
The labelled binding sites showed the following rank order of potency typical for P2Y 1
receptors: the nonnucleotide PSB-0739 (21, 22). >2-methylthio-ADP > ADP (Abdelrahman
A, Alsdorf BB, El-Tayeb A, Miiller CE, unpublished data). ICs values were about 10-fold
higher as compared to previously published values for these compounds obtained in
radioligand binding studies at human platelet membrane preparations. This may be
explained by a different environment of the receptors within the Sf9 insect cell membrane as
compared to platelet membranes, and/or by different posttranslational modifications in
insect versus mammalian cells.

FPP caused a concentration-dependent inhibition of [3H]PSB-0413 binding with an ICsq
value of 65.8 uM (Fig. 7). While the P2Y 1, agonists ADP and 2methylthio-ADP as well as
the antagonist PSB-0739 led to a complete inhibition of binding of the ATP analogue
[3H]PSB-0413, FPP only resulted in a partial inhibition of radioligand binding even at very
high concentrations. Maximal inhibition by FPP amounted to about 30-40%.

Docking of FPP to a P2Y 1, receptor model

FPP contains a hydrophobic chain and a negatively charged pyrophosphate group. It
presents a very different scaffold from ADP or 2-MeSADP, typical agonists of the P2Y 1,
receptor, but it shares a negatively charged phosphate moiety with ADP and 2-MeSADP. In
order to propose a hypothetical binding mode of FPP and 2-MeS-ADP within the same
receptor and to find a common rational basis for these modes, a molecular modelling study
was conducted. A three-dimensional model of the P2Y 1, receptor was built (21), based on
the recently released X-ray structure of the chemokine CXCRA4 receptor (PDB code: 30DU)
(14), and the binding modes of 2-MeS-ADP and FPP were studied by means of flexible
molecular docking.

The putative binding site of the P2Y 1, receptor was identified, based on the available site-
directed mutagenesis data (16, 17) and on previously published modelling studies by
Costanzi et al. (19). The recently published mutagenesis data confirmed the key role in the
ligand binding of residues including Arg2565-55 and Tyr2596-58 in the sixth transmembrane
domain (TM6) and Lys2807-3% in TM?7, as also suggested by the docking model proposed by
Costanzi et al. In our P2Y 15 receptor model with docked agonists, these residues are directly
involved in H-bond interactions with the ligands. The binding pocket in our model is located
in a pocket formed by residues of TM1, TM2, TM3, TM6, and TM7. In addition to the
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hydrophilic and charged residues such as Arg2566-55 and Lys2807-3, several aromatic
residues including Tyr321-39, Phe1043-32, Tyr1053-33, Tyr2596-58, Phe2777-32 and Phe177
(EL2), hydrophobic residues including Met1083-36 and Leu2847-39, and polar residues
including Thr1003-28 and Ser1013-2° delineate the binding pocket of the P2Y 4, receptor.

From the docking results of 2-MeSADP in the P2Y 1, receptor binding pocket, there is a
crucial role of Arg2565-5% and Lys2807-3° in anchoring the diphosphate group of 2-MeSADP
to the binding cavity. In addition, the hydroxyl group of Tyr2596-58 stabilises the molecule
from above with another H-bond interaction with the distal phosphate group. The adenine
ring of 2-MeSADRP is involved in a rt-m stacking with the aromatic side chain of Phel77 in
EL2, while the amino group at the N® position interacts with the carboxyl group of the
Asp842-:63 side chain. Other favourable interactions occur between 2-MeSADP and the
residues Phe1043-32 and Leu2847-39 at the bottom of the pocket, Tyr321-3% and the carbon
chain of Lys802:60, as shown in Figure 8B.

From the docking results of FPP in the P2Y 1, receptor binding site, the pyrophosphate
group binds, as expected, in a similar way to the diphosphate moiety of 2-MeSADP (Fig.
8A). Strong electrostatic interactions occur between the diphosphate moiety of FPP and the
side chains groups of Arg2566-55, Tyr2596-58 and Lys2807-35. The binding mode of FPP
showed a conformation with an extended orientation of the flexible chain of FPP. The
hydrophobic nature of the isoprenoid chain of FPP would be expected to lead to a more
folded conformation. The 15-carbon flexible farnesyl group can assume either a trans or
gauche disposition about the C4-Cs bond of the chain. The frans conformation leads to an
extended form of the chain, while the gauche conformation leads to a folded form of FPP.
From the docking results of FPP in the P2Y 1, receptor binding pocket, the compound adopts
a trans conformation about the C4-Cs bond with an extended isoprenoid chain. An extended
conformation of the farnesyl chain of FPP both in solution and in a protein-bound
conformation was already observed in several other experimental and computational studies
on isoprenoid derivatives (23-25). The diphosphate group of FPP in the docking pose is
located between TM6 and TM7, anchored by strong H-bond interactions, while the long
hydrocarbon chain is oriented toward TM2 and TM3, where the aromatic and hydrophobic
side chains of residues such as Phe792-5%, Phe1043-32 and Thr1003-28 make optimal contacts
creating a favourable environment to embed the FPP. Other residues that are close to the
isoprenoid chain of FPP are Phe177 in EL2 and Leu2847-39 in TM7 that lie, respectively,
above and below the compound in the pocket.

Some of the residues in the pocket arrange their side chains in different ways in the two
complexes, adjusting the pocket to optimise the interactions with each ligand. The aromatic
ring of Phel77 in EL2, for example, in the 2MeSADP-P2Y 1, complex, is parallel to the
adenine ring to form -1 stacking with the compound. In the FPP-P2Y 1, complex, the side
chain of Phel77 is instead above the isoprenoid chain of the ligand. In TM3, Tyr105 acts as
an H-bond acceptor from the 3’-hydroxyl group of 2MeSADP, while in the FPP-P2Y 1,
complex the Tyr105 ring is slightly rotated with the hydroxyl group farther from the
hydrophobic chain of the ligand, rendering the pocket less polar. Another residue that moves
its side chain in order to make more favourable contacts with the ligands is Lys8020. In
both complexes the charged group of Lys80 makes no direct contact with the ligands, but
the long carbon chain is oriented in different ways. In the 2MeSADP-P2Y 1, complex, Lys80
is oriented deep in the pocket exposing the carbon chain to the 2-methylthio group of the
ligand. In the complex with FPP, Lys80 is instead pointing up to interact with Glu2817-36, to
open a space in the pocket to accommaodate the terminal portion of the isoprenoid chain.

Figure 9 illustrates a superposition of the best docking poses of FPP and 2-MeSADP to
show the overlap between the two molecules. The diphosphate group of FPP is
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superimposed on the diphosphate group of 2-MeSADP, and the diphosphate groups of both
compounds share the same strong electrostatic interactions with the residues in the top part
of the P2Y 1, receptor binding pocket.

Discussion

In the present study we demonstrate that FPP, apart from being an intermediate in the
mevalonate pathway, is an endogenous antagonist of the P2Y 1, receptor acting as an
inhibitor of ADP-induced platelet aggregation.

The mevalonate pathway is a metabolic pathway of great importance to all eukaryotic cells.
Although the isoprenoid metabolites of this pathway, FPP, GGPP, DMPP and IPP are
mainly known as precursors in the biosynthetic route to cholesterol or to mediate the
membrane association of certain GTPases (1), there have been several recent reports that
indicate alternative functions. FPP was reported to serve as an antagonist at the classical
LPA, and LPAg receptors (26, 27) while being an agonist on the atypical LPA,4, LPAs and
LPAG (28). Furthermore, FPP has also been described as an agonist of the pain producing
TRPV3 channel (29), while GGPP is known to antagonise the liver X receptor (LXR) (30).
In two previous studies, the message of the recently deorphanised LPA receptors LPA,4 and
LPA:s were identified in human platelet mMRNA (5). As these receptors both have been
described as receptors for FPP by Williams et al. (4), we tested the effect of this compound
on platelet activation. Although we were able to confirm the findings of Williams et al. who
reported an effect of FPP on platelet shape change mediated by LPAs, we noticed that the
major effect was antagonistic rather than agonistic and specifically antagonistic to ADP-
stimulated aggregation, as aggregation triggered by either TRAP, epinephrine or LPA was
unaffected. Furthermore, NAG was without effect on both LPA and 2-MeSADP stimulated
aggregation. Since NAG which, like FPP has been reported as an agonist to LPA4-LPAG,
was without effect, this rules out the involvement of LPA receptor mechanisms. FPP had no
effect on 2-MeSADP-stimulated calcium mobilisation in platelets, therefore eliminating the
other pro-aggregatory ADP receptor, P2Y, as a target. Moreover, dose response curves, for
2-MeSADP and ADP stimulated P-selectin/ GPI1b/ll1a activation, were both displaced to the
right in the presence of FPP. These results correlate well with results from the cCAMP
measurement, which showed that FPP repressed an ADP-induced decrease in CAMP
generation. When we studied the effect of FPP on 2-MeSADP-stimulated [3°S]GTPyS
binding in platelet membranes, we found that the action of FPP at concentrations above 10
M was clearly antagonistic affecting both efficacy and potency, i.e. indicative of the
typical hallmarks of noncompetitive antagonism. At concentrations below 6 wM, FPP
independently stimulated [3°S]GTP+yS binding rather than blocking it. This effect could be
completely reversed by ticagrelor to identify the P2Y 15 receptor as the main target. In order
to confirm the interaction with this receptor, we tested the ability of FPP to compete with 2-
MeSADP on P2Y 1 receptors expressed in CHO cells. The results substantiated the platelet
results as FPP was able to antagonise the effects of 2-MeSADP stimulated [3°S]GTPyS
binding also in a recombinant system. The antagonistic response to FPP in P2Y 1,-CHO cells
was slightly less than for platelet membranes, and the most likely explanation for this
difference is that FPP, being a partial agonist, is more dependent on receptor density. Thus,
in a recombinant cell system with a high receptor density an affinity-driven partial agonist
will activate a higher proportion of receptors. Binding studies using the P2Y 15-selective
antagonist radioligand [3H]PSB-0413 demonstrated that although FPP does compete with
[3H]PSB-0413 only 30-40 % of the radioligand is displaced. These results indicates that
FPP binds to the human P2Y 1, receptor; however, its binding site appears to be — at least
partly — different from that of the physiological agonist ADP and its competitive inhibitors
ATP and PSB-0739.
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The affinity of FPP for the P2Y 1, receptor is understandable, partly because of the structural
similarity between ADP and FPP, but also because the LPAg and LPAg receptors, both
phylogenetically related to P2Y 5, have previously been demonstrated to bind FPP. As
LPAs, LPAg and P2Y 1, receptors all belong to the purinergic cluster of GPCRs (31) and
share a high degree of general structural similarity, they are also likely to have similarities in
the receptor binding pocket. Indeed, a chemogenomic evaluation of the trans-membrane
ligand binding cavity of GPCRs placed LPAg (GPR92), LPAg (P2Ys) and P2Y 5 in the
same group (32).

To further explore a possible structural basis for the observed nucleotide-competitive
component of FPP binding, we evaluated the ability of FPP to dock into the binding cavity
of the human P2Y 1, receptor. From the docking poses of 2-MeSADP and FPP, we could
deduce that the positively charged residues in the upper part of the binding cavity of the
P2Y 1, receptor are essential for the binding of the negatively charged diphosphate groups.
The docking modes of FPP and 2-MeSADP closely superpose, with the side chain at die C2
position of 2-MeSADP and the terminal part of the farnesyl chain of FPP pointing both
toward a region of the P2Y 1, receptor binding pocket formed by residues of TM2 and TM3.
The aromatic and hydrophobic residues in the P2Y 1, receptor cavity create a favourable
environment for both compounds. The side chains of the residues in the binding pocket are
able to adapt well around the different structural components of the ligands. To summarise,
as the docking modes of FPP and ADP are super-imposable, there is reason to expect that
these coincident docking poses also reflect function, i.e., it is likely that FPP would display
properties as a partial agonist or antagonist. We cannot fully explain with molecular
modelling the complex interaction of FPP with the P2Y 1 receptor, and the possibility of
binding to multiple sites remains. While the docking study cannot distinguish between an
allosteric and an orthosteric modulator, it shows that FPP can bind to the binding site of the
P2Y 1, receptor with good interaction with the residues of the pocket.

FPP is probably best described as an antagonist with an insurmountable component since it
both produces a parallel rightward shift of the agonist concentration-response curve and
depresses the maximal response. Insurmountable antagonists are usually classified as either
allosteric modulators that interact with alternative binding sites or antagonists with a slow
dissociation rate. While the radioligand binding studies indicates a complex binding mode
involving orthosteric as well as allosteric interactions, it also supports the view of FPP as an
insurmountable antagonist of the first type characterised by allosteric modulation of receptor
function. The presence of alternative binding sites on P2Y 1, capable of allosteric
modulation agonist function has previously been reported by van Giezen et al. (33). It could
be speculated that the orthosteric FPP binding site, supported by both the docking and the
binding study, and a putative allosteric interaction with an alternative site could have
different functional effects on the receptor protein that might explain the partial agonism
observed.

Although FPP has been reported to be present in circulation (2), only a single report
describes physiological circumstances affecting FPP plasma levels, showing that fasting and
feeding cause different diurnal variations in the FPP plasma levels (3). To understand a
possible physiological role for FPP as platelet regulator, we need to know the plasma
concentrations under different physiological and pathophysiological situations, such as
coronary ischaemia and inside a thrombus. At low concentrations, FPP could have a
prothrombotic effect both by stimulating LPA-induced shape change via LPA receptors or
by partial agonism at the P2Y 1, receptor. However, at higher concentrations (micromolar),
FPP is anti-thrombotic by blocking the fundamentally important positive feedback loop of
ADP stimulating the P2Y 1, receptor. P2Y 1, blockers are among the most widely used drugs
for the treatment of acute coronary syndromes. Clopidogrel has a variable effect, and
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patients with diabetes or CYP2C19 variants are commonly poor responders. The more
potent P2Y 1, antagonists prasugrel and ticagrelor have been shown to be superior to
clopidogrel in preventing major adverse cardiac events (32, 34). Another interesting aspect
relates to the action of the widely used statins, which are inhibitors of the mevalonate
pathway and thereby FPP synthesis. Could this be one explanation for the pleiotropic effects
of statins? In the MIRACLE and ARMYDA-ACS studies, the incidence of myocardial
infarction was reduced very early, and it has been argued that this is too short a time for
cholesterol lowering to reduce plaque burden or even to stabilise the plaque (34, 35). Based
on this, pleiotropic effects have been suggested to explain the early effects of statins (36).
Statins have been shown to reduce platelet aggregation. Whether changes in FPP synthesis
could contribute to these effects needs to be examined.

In conclusion, FPP is mainly an antagonist of ADP-induced P2Y 1, receptor-mediated
platelet aggregation with a complex mode of interaction with the receptor giving rise to an
insurmountable component and partial agonism. Further insights into the structural basis for
these interactions would require the use of site-directed mutagenesis of the receptor. It could
be an endogenous antithrombotic factor modulating the strong platelet aggregating effects of
ADP in a manner similar to the use of clopidogrel, prasugrel or ticagrelor in the treatment of
ischaemic heart disease.
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Abbreviations

ACD acid citrate dextrose

FPP 3,7,11-trimethyl-2,6,10-dodecatrien-1-yl pyrophosphate

FMP 3,7,11-trimethyl-2,6,10-dodecatrien-1-yl monophosphate

GGPP all trans-3,7,11,15-tetra-methyl-2,6,10,14-hexadecatetraenyl pyrophosphate

GPP trans-3,7-dimethyl-2,6-octadienyl pyrophosphate

IPP isopentenyl pyrophosphate

DMPP v,v-dimethylallyl pyrophosphate triammonium salt

LPA lysophosphatidic acid

LTA light transmission aggregation

MeSADP 2-methylthioadenosine-5’-diphosphate

MCMM Monte Carlo Multiple Minima

PRP platelet rich plasma

PSB-0413 2-propylthioadenosine-5"-adenylic acid (1,1-dichloro-1-phosphonomethyl-1-
phosphonyl) anhydride

PSB-0739 1-amino-4-/4-phenylamino-sulfophenylamino]-9,10-dioxo0-9,10-
dihydroanthracene-2-sulfonic acid disodium salt

TRAP Thrombin Receptor Activator Peptide

NAG N-arachidonoylglycine
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Figurel. LTA with PRP

A) 30 .M FPP has an additive effect on 10 uM LPA-mediated platelet shape/change.
(Student’s t-test: "p=0.017, n=10). Representative shape/change curves from platelets treated
with LPA 10 M and platelets first pre-treated with FPP, 30 LM for 5 min and further
treated with LPA 10 uM. B) LTA on platelets aggregation with LPA (10 £M) alone or with
platelets pre-incubated with FPP (30 tM) or NAG (30 tM). No statistically significant
inhibitory effect was seen on the platelet aggregation between platelets treated with LPA vs.
platelets pre-treated with FPP or NAG (ANOVA: "$p=0.13, n=8). The values from the
turbometric LTA PRP tests are presented as mean platelet aggregation (MPA), where a
mean value is calculated from the sum of all observations divided with the number of
observation, and presented in %.
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Figure2. LTA with PRP

A) (30 wM) FPP shows an inhibitory effect on (0.03 M) 2-MeS-ADP mediated platelet
activation (Student’s t-test: “"p<0.01, n=15). B) (30 wM) FPP has no inhibitory effect on (10
M) TRAP-mediated platelet activation (Student’s t-test: "-Sp=0.077, n=7). C) (30 oM) FPP
has no inhibitory effect on (1 uM) epinephrine-mediated platelet activation, (Student’s t-
test: Sp=0.063, n=15). A representing tracer accompanies each of the bar graphs.
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Figure 3. FPP inhibits-ADP-induced platelet aggregation

A) LTA study on washed platelets. The different intermediates of the mevalonate pathway
were screened for antagonistic activity on platelets stimulated by 2-MeSADP (0.04 pM). 2-
MeSADP were also used as control, from which MPA where calculated. Farnesyl
pyrophosphate (FPP), Geranylgeranyl pyrophosphate (GGPP), Farnesyl mono-phosphate
(FMP), Geranyl pyrophosphate (GPP), Dimethylallyl pyrophosphate (DMAPP),
Isopentenyl-5-pyrophosphate (IPP). Intermediates (30 M) vs. 2-MeSADP (0.04 wM). Only
FPP displayed a statistically significant effect (ANOVA: "*p<0.01, n=6). The values from
each of the observations with the intermediates where normalised vs. its control (2-
MeSADP). B) LTA on PRP. Bar graphs representing the effect of increasing FPP
concentration on 2-MeSADP stimulated platelet aggregation (ANOVA: *p<0.01, n=15). C)
Dose-response curves with LTA on platelets stimulated with increasing concentrations of 2-
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MeSADP (H) EC5p= 27 nM and pre-incubated with [FPP] 15 uM (O) ECsg = 82 nM and

FPP 30 uM (@) ECs0= 0.15 pM. LTA results are normalised to [2-MeSADP].
(ANOVA:"p=0.012, n=6).
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Figure 4. Platelet effects of FFP on PAC-1, p-selectin, cAMP and calcium flux

A) Dose-response experiments with ADP or 2MeS-ADP in the presence of FPP (n=4). The
proportion of PAC-1*/p-selectin® platelets was measured in the presence of increasing ADP
(EC50=16 M) or 2MeS-ADP (ECsg=3 nM) concentrations, either alone or pre-incubated
with 30 M FPP (EC50=59 .M and 8 nM, respectively). The maximal response of both
ADP and 2MeS-ADP was significantly decreased in the presence of 30 M FPP (p=0.01
and 0.03, respectively). *p<0.05. B) cAMP measurements in platelets. Statistical
significance was observed between (10 M) forskolin-treated platelets vs. platelets
incubated with (1*1079M) 2-MeS-ADP, (ANOVA: "p<0.01). A significant difference in
CAMP production was also seen between platelets treated with 2-MeSADP and forskolin vs.
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platelets also pre-treated with (30 wM) FPP, (ANOVA:"p<0.05, n=4). Untreated platelets
were used as control. C) Calcium flux in platelets. Trace 1.2-MeSADP-treated platelets (?)
vs. platelets pre-treated with (30 M) FPP (@), (Student’s t-test: "SP=0.24, n=6). Trace 2.
(0.5 U/ml) thrombin (O) vs. platelets, pre-treated with (30 M) FPP (@), (Student’s t-
test: NSp=0.46, n=6). Calcium flux is expressed in values of relative fluorescence units
(RFU). Unstimulated platelets were used as control (H).
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Figure5. Effects of FFP on ADP-induced [35S]GTPyS binding

A) Upper panel: 2-MeSADP stimulated [3°S]GTPyS binding in isolated platelet
membranes. Adding the P2Y 1o-receptor antagonist ticagrelor, shifted the concentration-
response curve to the right. Platelet membranes treated with increasing concentrations of 2-
MeSADP (O) display an ECsq value of 17 nM, while in platelet membranes pre-incubated
with ticagrelor (60 nM) (@) the EC5q value is increased to 0.4 wM. Lower panel: The bar
graphs represents the effect of ticagrelor (1 and 10 M, respectively) on 2-MeSADP-
mediated P2Y 5 receptor in platelet membranes (ANOVA: "p<0.01, **p<0.001, n=4).
Untreated platelet membranes where used as control. The number of disintegrations per
minute (dpm) from basal and fully stimulated cells (signal-to-noise) in the assay was 3,191 +
239 and 6,507 + 324 dpm (mean + SEM), respectively. B) Bar graph representing the
stimulating effect of 1 M FPP on platelet [3°S]JGTPyS binding. This effect was suppressed
by 10 uM of the P2Y 15 receptor antagonist ticagrelor, which indicates that FPP interacts
with the P2Y 1, receptor. (ANOVA: "p<0.01, "*p<0.001, n=4). Untreated platelet
membranes where used as control. C) Upper panel: 2-MeSADP stimulated [3°S]GTPyS
binding in isolated platelet membranes. Dose response curves were generated in the
presence of increasing concentrations of FPP. 2-MeSADP (control), EC59=2.6 nM (H), 2-
MeSADP with; [FPP] 10 M, EC5¢=7.8 nM (O), [FPP] 50 .M, EC5y=22 nM (@), and
[FPP] 100 wM, ECsp=n.d. (O). Increasing the FPP concentration depressed the maximal
signal and shifted the concentration-response curve to the right. The radioactivity counts
from basal and fully stimulated cells (signal-to-noise) in the assay were 3,217 + 70 and
6,727 £ 199 dpm (mean + SEM), respectively. Lower panel: 2-MeS-ADP-stimulated
[35S]GTPS binding in isolated platelet membranes. Platelet membranes were stimulated
with 2-MeSADP (1 M) in the presence of increasing concentrations of FPP. The 1Csq
value was calculated to be 45 uM.
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Figure 6. 2-M eSADP-stimulated [35S|GTPS binding in membranesisolated from CHOK 1-cells
expressing the human P2Y 15 receptor

Dose response curves were generated in the presence of increasing concentrations of FPP. 2-
MeSADP (control), EC50=3.7 nM (H), 2-MeSADP with: [FPP] 10 pM, EC50=10.3 nM (0O),
[FPP] 50 uM, EC5p=29.4 nM (@), and [FPP] 100 uM, EC50=21 nM (O). As with platelet
membranes, increasing the FPP concentration resulted in a depressed maximal signal and a
right-shifted concentration-response curve. The radioactivity counts from basal and fully
stimulated cells (signal-to-noise) in the assay were 8,180 + 398 and 12,913 £+ 561 dpm
(mean £ SEM), respectively.
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Figure 7. Concentration-dependent inhibition of [3H]PSB-0413 binding (5 nM) to human P2Y 1o
receptorsrecombinantly expressed in Sf9 insect cells (membrane prepar ations) by FPP
An 1Cs5q value of 65.8 + 27.1 uM was determined (n=4).
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Figure 8. Binding modes of FPP and 2-MeSADP after docking in the human P2Y 15 receptor
putative binding site

A) Calculated docking pose of FPP in the binding cavity of the P2Y 1, receptor model. The
FPP (depicted as ball and stick with yellow carbon atoms) is anchored in the pocket by
strong electrostatic interactions between the charged and hydrophilic side chains and the
negatively charged diphosphate group. The isoprenoid chain of FPP is favourably embedded
by aromatic and hydrophobic residues of the P2Y 1, receptor. B) 2-MeSADP in a ball and
stick representation with green carbon atoms. The diphosphate group of 2-MeSADP has the
same interactions with the residues of the P2Y 1, receptor shown for FPP in panel A.
Differently from the hydrophobic chain of FPP, the more hydrophilic adenosine group of 2-
MeSADP is anchored in the pocket by other electrostatic interactions with the residues in
the pocket.
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Figure 9. Calculated superposition of the docking poses of FPP (in yellow) and 2-MeSADP (in
green) in the binding pocket of the human P2Y 15 receptor
Only the ribbon representing the backbone of the receptor is shown, sequentially coloured

from blue (TM1) to red (TM7).
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