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The terpene trilactones (TTLs), ginkgolides and bilobalide, are structurally unique constituents
of Ginkgo biloba extracts, which exhibit various neuromodulatory properties. Although the
TTLs are believed to be responsible for some of these effects, the specific interactions with
targets in the central nervous system remain to be elucidated on a molecular level. Ginkgolides
are known antagonists of the platelet-activating factor (PAF) receptor. Herein, we describe
the first examination of the binding of native TTLs and their derivatives to the cloned PAF
receptor, confirming that of the TTLs, ginkgolide B is the most potent PAF receptor antagonist.
Ginkgolide derivatives carrying photoactivatable and fluorescent groups for the purpose of
performing photolabeling have been prepared and evaluated using the cloned PAF receptor.
These studies have shown that ginkgolide derivatives with aromatic photoactivatable substit-
uents are potent PAF receptor antagonists with K values of 0.09—0.79 uM and hence excellent
ligands for clarifying the binding of ginkgolides to PAF receptor by photolabeling studies.
Ginkgolide derivatives incorporating both fluorescent and photoactivatable groups still retained
binding affinity to the PAF receptor and hence should be promising ligands for photolabeling

and subsequent sequencing studies.

Introduction

Ginkgo biloba L., the last surviving member of a
family of trees (Ginkgoacea) that appeared more than
250 million years ago, has been mentioned in the
Chinese Materia Medica for more than 2500 years.! A
number of G. biloba natural products have been iso-
lated,? the most unique being the terpene trilactones
(TTLs), i.e., ginkgolides A, B, C, J, and M (1-35) and
bilobalide (6) (Figure 1).%7® The ginkgolides are diter-
penes with a cage skeleton consisting of six five-
membered rings, i.e., a spiro[4.4jnonane carbocycle,
three lactones, and a tetrahydrofuran (THF). The dif-
ference between the five ginkgolides lies in the variation
in the number and positions of hydrexyl groups on the
spirononane framework (Figure 1).

A standardized G. biloba extract (EGb 761) containing
TTLs (5—-7%) and flavonoids (22—24%) has demon-
strated neuromodulatory properties,” and several clini-
cal studies using EGb 761 have reported positive effects
on various neurodegenerative diseases,® 1% including
Alzheimer’s disease (AD}.!%15 A recent study by Schultz
and co-workers found that EGb 761 upregulated several
genes in rat hippocampus and cortex, including genes
expressing proteins such as transthyretin and neuronal
tyrosine/threonine phosphatase, both of which are be-
lieved to be involved in AD.!® Several recent studies on
healthy volunteers have shown positive effects of EGb
761 on short-term working memory indicating that
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R Bilobalide (BB, 6}
Ginkgolide A (GA, 1) R H OH

Ginkgolide B(GB,2) O4 H OH

Ginkgolide C (GC,3) oH OH OH

Ginkgolide J (GJ, 4} H OH OH

Ginkgolide M (GM, 5) o4 OH H

Figure 1. TTLs isolated from G. biloba. GA (1), GB (2), and
GC (3) are found in the leaves and root bark of G. biloba, but
GJ (4) is found only in the leaves, and GM (5) is found only in
the root bark.

constituents of G. biloba also influence the brain under
physiclogical conditions.!7~20

Although the molecular basis for the action of G.
biloba TTL constituents on the central nervous system
{CNS) is only poorly understood, it is known that the
ginkgolides, particularly ginkgolide B (GB, 2), is a
potent in vitro antagonist of the platelet-activating
factor receptor (PAFR).21 PAF (1-O-alkyl-2-acetyl-sn-
glycero-3-phosphocholine, Figure 2) is a phospholipid
mediator involved in numerous disorders including
acute allergy, inflammation, asthma, and ischemic
injury. These effects are manifested through binding of
PAF to the PAFR, a G protein-coupled receptor that is
found in organs such as the lungs, liver, kidneys,??-24
and brain 2528 The function of PAF in the brain is still
not clear, although PAF has been suggested to play a
role in diseases of aging?’ and in initiating human
immunodeficiency virus (HIV)-related neuropathogen-
esis.?® PAF has also been suggested as a retrograde

10.1021/jm020147w CCC: $22.00 © 2002 American Chemical Society
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Figure 2. Structures of PAF, the endogenous ligand for the
PAFR, and WEB 2086, a potent and selective antagonist, both
of which have been used in radioligand binding studies.

messenger in long-term potentiation (LTP).293% How-
ever, studies using PAFR knock-out mice gave contra-
dictory results; one study showed attenuation of LTP
in the hippocampal dentate gyrus regions of mice
lacking the PAFR,3! whereas another study showed that
the PAFR was not required for LTP in the hippocampal
CAT1 region.®? These discrepancies may be due to dif-
ferences in the hippocampal areas observed, as well as
the assay conditions used. However, it is still unclear
whether the neuromodulatory effect of TTLs or G. biloba
extract is related to the PAFR 3334

With few exceptions, previous structure—activity
relationship (SAR) studies of TTLs on the PAFR have
focused almost entirely on derivatives of GB (2). In all
cases, the derivatives were evaluated for their ability
to prevent PAF-induced aggregation of rabbit platelets.
Corey et al. investigated various intermediates encoun-
tered during the course of the total syntheses of
ginkgolide A (GA, 1),* GB (2),%6 and bilobalide (BB, 6)%"
and found that although the terminal methyl-bearing
lactone was not essential for activity and could be
replaced by other lipophilic groups,®® the tert-butyl
group was important for PAFR antagonism.*® Park et
al. synthesized over 200 derivatives of GB (2), with
particular focus on aromatic substituents at 10-OH, and
found most of them to be more potent than the parent
compound.?? Similar derivatives recently synthesized by
Hu et al. also yielded compounds more potent than GB
(2),4142 whereas other variations in GA (1) and GB (2)
led to a decrease in activity.*34

In the following, we describe the first evaluation of
the interaction of all native ginkgolides and bilobalide
with the cloned PAFR by a radioligand binding assay,
as well as their functional properties by intracellular
calcium measurements. A series of ginkgolide deriva-
tives with photoactivatable and fluorescent groups have

Scheme 12
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been prepared, and these analogues have been assessed
for their ability to displace radioligand binding to cloned
PAFR.

Results

Synthesis. A series of photoactivatable GB (2) and
ginkgolide C"(GC, 3) derivatives were designed based
on previous SAR studies of ginkgolides, which demon-
strated that bulky aromatic substituents in the 10-OH
position of GB (2) increase activity at the PAFR 40742
Three different photoactivatable moieties, benzophe-
none, trifluoromethyldiazirine, and tetrafluorophenyl
azide, were chosen as they have been described as being
among the most successful for labeling receptors and
enzymes.®~%7 Most importantly, upon irradiation, these
photoactivatable groups react with the receptor via
different intermediates, namely, a radical, a carbene,
or a (singlet) nitrene for the benzophenone, trifluoro-
methyldiazirine, and tetrafluorophenyl azide moieties,
respectively. > Because it is essentially impossible to
predict which group will be most readily incorporated
into the receptor, use of these different groups increases
the likelihood of a successful incorporation.

4-(Bromomethyl)benzophenone was commercially avail-
able, whereas trifluoromethyldiazirine 12484% and tet-
rafluorophenyl azide 15552 were synthesized, respec-
tively, as outlined in Scheme 1. The bromotrifluoro-
methyldiazirine 12 was synthesized starting from readily
available 4-bromotoluene, which was reacted with /N-
trifluoroacetylpiperidine®® to give trifluoroacetyl toluene
7. The trifluoroacetyl compound 7 was then reacted with
hydroxylamine hydrochloride in pyridine to form oxime
8. Reacting the latter with p-toluenesulfonyl chloride
led to the tosylated oxime 9, which was placed in a thick-
walled screw-capped flask and reacted overnight with
liquid ammonia in diethyl ether to form the diaziridine
10; under dim red light, diaziridine 10 was oxidized with
iodine to give methylphenyl-trifiuoromethyl-diazirine
11. Finally, 11 was brominated with /N-bromosuccinim-
ide (NBS) using a catalytic amount of 2,2’-azobisisobu-
tyronitrile (AIBN) to form 3-(4-bromomethylphenyl)-3-
trifluoromethyl-3H-diazirine (12, Scheme 1). Benzoyl
peroxide was initially used as a radical initiator, but
the reaction yielded multiple products resulting from
multiple bromine substitutions. The use of AIBN led to
a 4:1 ratio of monobromiated 12 and geminal dibromo-
substituted methylphenyl-trifiuoromethyldiazirine, but

3

NOTs
CFy
9

HN_ N, Ny
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2Reagents: (a) N-Trifluoroacetylpiperidine, n-butyllithium. (b) Hydroxylamine. (c) p-Toluenesulfonyl chloride, pyridine. (d) NHs. (e)

Iz, Et3N. () NBS, AIBN. (g) NaNj. (h) Me,NHBH;. (i) PBra.

— 162 —



4040 _Journal of Medicinal Chemistry, 2002, Vol. 45, No. 18

Scheme 27

GB(2,R=H)
GC (3, R = OH)

16 (R=H)

GB (@2, RA=H)
GC (3, R = OH)

18 (R=H)

GB (2, R=H)
GC (3, R = OH)

20 (A =H)
21 (R =OH)

2Reagents: (a) 4-(Bromomethyl)benzophenone, KH. (b) Com-
pound 12, KH. (¢} Compound 15, KH.

separation of the two products required several repeti-
tions of flash column chromatography to yield the
monobromo-substituted diazirine 12 in sufficient purity.

For the synthesis of tetrafluoropheny! azide 15,
pentafluorobenzaldehyde was heated with sedium azide
in an acetone—water mixture. Because pentafluorophe-
nyl groups that contain electron-withdrawing groups
undergo nucleophilic aromatic substitution regioselec-
tively in the para position, azidophenylaldehyde 13 was
obtained in high yield, and no ortho-substituted product
was observed. Aldehyde 13 was selectively reduced with
a dimethylamine—borane complex to form the benzyl
alcohol 14. The benzyl alcoho! 14 was then brominated
by refluxing with phosphorus tribromide in pyridine and
chloroform to give the desired product 15 (Scheme 1).

Preparation of GB and GC derivatives 16—21 was
performed by reacting GB (2) and GC (3) with 4-(bro-
momethyl)benzophenone, 3-(4-bromomethylphenyl)-3-
trifluoromethyl-3 H-diazirine (12), and l-azido-4-(bro-
momethyl)-2,3,5,6-tetraflucrobenzene (15), respectively
(Scheme 2). Ginkgolides GB (2) and GC (3) were
derivatized almost exclusively at 10-OH when potas-
sium hydride (KH) was used as base, as was previously
shown for GB (2),% whereas other bases were less
selective, giving rise to products derivatized at 1-OH as
well. It is noteworthy that 7-OH present in GC (3) does
not react under any of the above-mentioned reaction
conditions. Generally, the position of the substituent
was determined from the 'H NMR coupling of appropri-
ate protons in dimethyl sulfoxide (DMSQ)-ds, as well
as by correlation spectroscopy (COSY) spectra. The

Stromgaard et al.

Scheme 32

17 23 (R, = C-dansyl, Ry = OH)
24 (R, = OH, R, = O-dansyl)

a Reagents. (a) 4-Benzoylbenzoic acid, EDC, DMAP. (b) Dansyl
chloride, DMAP.

relative chemical shift of 12-H in DMSO-ds can also be
used in differentiating 1- and 10-OH substitutions.*?

The coupling of GB (2) with 4-benzoylbenzoic acid
using 1-{3-(dimethylamino) propyl]-3-ethylcarbodiimide
HCl (EDC) and 4-(dimethylamino)pyridine (DMAP)
occurred exclusively at 10-OH to give 10-benzophenon-
ecarbonyl GB (22) in good yield (Scheme 3). In 10-
benzophenonecarbonyl GB (22), the photoactivatable
benzophenone moiety is linked to the ginkgolide skel-
eton through an ester linkage. After it is incorporated
into the receptor, the ester group can be aminolyzed
with a fluorescent amine such as 1-pyrenemethylamine,
thus avoiding the use of radicactivity for photolabeling
and sequencing.%

GC derivatives 17, 19, and 21 can be reacted further
to incorporate fluorescent groups; for example, ben-
zophenone derivative 17 was reacted with 1 equiv of
5-(dimethylamino)naphthalene-sulfony! (dansyl) chlo-
ride to give 10-O-benzophenone-7-O-dansyl GC (23) with
almost exclusive reaction at 7-OH (Scheme 3). Interest-
ingly, increasing the amount of dansyl chloride to 2
equiv gave 10-O-benzophenone-1-O-dansyt GC (24) as
well as 23 in a 1:1 ratio.

All compounds were characterized by NMR spectros-
copy and high-resolution mass spectrometry (FIRMS).
Purity of the derivatives 16—24, with aromatic groups,
was determined by high-performance liquid chromatog-
raphy (HPLC)~UV and 'H NMR and was in the range
of 98—100%. Because ginkgolides (1—5) and bilobalide
(6) absorb only weakly in the UV spectrum, HPLC—-UV
cannot be used for determination of purity. Instead,
observation of the 12-H 'H NMR signal of 1-6 is a
particularly useful way to determine purity, as this
signal has distinct and well-separated J-values for
ginkgolides, bilobalide, and their derivatives.

Pharmacology. The native TTLs (1—6), as well as
ginkgolide derivatives 16—24, were tested for their
ability to bind to PAFR using a radioligand binding
assay with membrane fractions from hearts and skeletal
muscles of PAFR transgenic mice.” Initially, compounds
were tested in concentrations of 5 uM against PH]WEB
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Table 1. K; Values of the Native TTLs

compd Ry R R3 K (uM)2
GA (1) H H OH 1.46
GB (2) OH H OH 0.56
GC (3) OH OH OH 12.6
GJ (4) H OH OH 9.90
GM (5) OH OH H >50
bilobalide (6) >50

2 Inhibition of [PH]WEB 2086 binding. Values are means of two
independent experiments performed in triplicate.

2086 (Figure 2), a potent, competitive PAFR antagonist
and [*H]PAF; the compounds were generally less potent
against [PH]PAF, but the relative potencies were com-
parable with the two radioligands. The degree of non-
specific binding was determined to be ca. 50% for
[SH]PAF and less than 5% for [PHJWEB 2086. Accord-
ingly, the assays were performed using [FHIWEB 2086
rather than [PH]PAF as the radioligand, due to the high
degree of nonspecific binding of the latter.

All compounds were dissolved in DMSO to obtain 5
mM stock solutions of test compounds. Examination of
the effect of DMSO on the binding of [FHJWEB 2086
revealed that up to 1% DMSO (final concentration) was
acceptable, but 1-2.5% resulted in a slight inhibition
of PHIWEB 2086 binding. Generally, this caused no
problem; however, with very weakly binding com-
pounds, the relatively high DMSO concentration in
solutions above 100 uM had a small inhibitory effect,
thus leading to a slight overestimation of their poten-
cies. Previous studies have reported problems associated
with the solubilization of ginkgolides specifically in
DMSO0,5% but similar problems were not observed in the
present study.

Native ginkgolides (1—5) and bilobalide (6) were
tested with the cloned PAFR (Table 1). GB (2) was the
most potent compound with a K; value of 0.56 1M, while
GA (1) was slightly less potent with a K; of 1.46 uM.
GC (3) and ginkgolide J (GJ, 4) were significantly less
potent, while ginkgolide M (GM, 5) and bilobalide (6)
both had K; values larger than 50 uM.

The GB-derived photoactivatable compounds 16, 18,
20, and 22 with K; values in the range 0.09—-0.15 uM
(Table 2) were all more potent than GB (2), while
compounds 17, 19, and 21 derived from GC (3) with K;
values of 0.47-0.79 uM were equipotent to GB (2) (Table
2), despite the fact that GC (3) itself is only weakly
potent. Besides proving that aromatic groups linked to
10-OH enhance activity in both GB (2) and GC (3)
derivatives, these results also indicate that the specific
type of photoactivatable group was less important.
Derivatives 23 and 24 possessing a fluorescent dansyl
group at either 1- or 7-OH were both less potent than
10-O-benzophenone GC (17) without the dansyl group,
with K values of 3.94 and 0.96 uM for 23 and 24,
respectively. However, an important difference was
observed in the activities between the two; the 1- and
10-disubstituted analogue (24) was ca. four times more
potent than the 7- and 10-disubstituted analogue (23).

Journal of Medicinal Chemistry, 2002, Vol 45, No. 18 4041

Table 2. K, Values of the Synthesized Derivatives
R 0

compd R+ R2 Ki (M)
16 H OO 0.15
17 OH 0.58
18 H %, 0.15
FsC
19 OH 0.47
20 H o Jr 0.09
21 OH F Fi l 0.79
0]
22 H

O 0.13

2 Inhibition of [*H)WER 2086 binding. Values are means of two
independent experiments performed in triplicate.

PAFR is linked to several intracellular signal trans-
duction pathways including elevation of intracellular
calcium concentration,? which can be used for analyzing
functional responses of PAFR ligands.’® In the present
study, the compounds with K; values below 5 uM, i.e.,
GA (1), GB (2), and analogues 16—22, were investigated
for their ability to mobilize intracellular calcium in
Chinese hamster ovary (CHO) cells expressing the
PAFR.5" While none of them evoked calcium responses,
they all suppressed PAF-induced intracellular calcium
increase (data not shown) confirming their function as
PAFR antagonists. Because the assay is based on the
measurement of the fluorescence of a Ca?* sensitive dye,
the fluorescence of analogues 23 and 24 interfered with
the measurement and could not be assayed.

Discussion

Nine analogues (16—24) with photoactivatable groups,
and in the case of 23 and 24 with fluorescent dansyl
groups as well, have been prepared from native gink-
golides GB (2) and GC (3) by selective derivatizations
of the hydroxy! groups. Generally, the increased reactiv-
ity of the 1-OH and 10-OH as compared to 7-OH has
been rationalized by stabilization of the corresponding
alkoxides by hydrogen bonding between 1-OH and 10-
OH,%8 but this does not explain the interesting selectiv-
ity for the 10-OH position in reactions with benzyl
bromide derivatives. Notably, reaction of GC (3) with a
bulky silyl chloride protection group occurs exclusively
at the 1-OH of GC.5® Three different photoactivatable
moieties, all of them benzyl derivatives, were incorpo-
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Figure 3. Concentration—displacement curves for native
TTLs, as measured by their ability to displace binding of [*H]-
WEB 2086 to the cloned PAFR. GB (2) was the most potent
analogue, while GA (1) was slightly less potent, and GC (3)
and GJ (4) were only weak antagonists. Bars represent the
standard deviation (SD).

rated into both GB and GC. The benzophenone moiety
was commercially available, whereas trifluoromethyl-
diazirine 12 and tetrafluorophenyl azide 15 moieties
were synthesized in six and three steps, respectively
{Scheme 1). The three different types of photoactivatable
groups were selected on the basis of their different
reactive intermediates when irradiated, the intermedi-
ates being a radical, a carbene, and (singlet) nitrene for
benzophenone, trifluoromethyldiazirine, and tetrafluo-
rophenyl azide, respectively.

All native TTLs (1—-6) as well as the derivatized
compounds were investigated with respect to their
binding to cloned PAFR isolated from transgenic mice
(Figure 3 and 4). To the best of our knowledge, this is
the first report on the effect of TTLs on the cloned
PAFR, since previous SAR studies of PAFR antagonism
with TTLs and derivatives was performed by monitoring
inhibition of PAF-induced rabbit platelet aggregation.
GB (2) has generally been reported to be a potent
antagonist of the PAFR based on the latter assay with
an ICsq value around 0.2 #M,**~%2 which corresponds to
the K value of 0.56 uM obtained in this study (Table
1). GA (1), with one hydroxyl group less than GB (2),
was only slightly less potent than GB (2, Figure 3),
indicating that the OH-1 is not essential for activity,
and neither is the hydrogen bonding between OH-1 and
OH-10. Generally, the binding of GC (3), GJ (4), and
GM (5) with hydroxyl groups at C-7, as compared to the
binding activity of GA (1) and GB (2) lacking the 7-OH,
was decreased showing that the 7-OH is not necessary
for binding to PAFR whereas hydroxyl groups at other
positions appear to be less important (Figure 3). The
study also confirmed that bilobalide (6), a TTL with only
one five-membered carbocycle and three lactones, is not
displacing [PHIWEB 2086 binding in concentrations up
to 100 xM (Table 1).

All seven photoactivatable analogues 16—22 with
aromatic substituents at 10-OH improved the affinity
to the PAFR relative to the activities of GB (2) and GC
(3) (Figure 4). This is in agreement with previous SAR
studies of GB (2),40742 as well as a three-dimensional
(3D)-quantitative SAR (QSAR) study on ginkgolides .5
However, it is interesting to note that aromatic substi-
tutions at 10-OH of GC (3) as in compounds 17, 19, and
21 improve the affinity to PAFR ca. 20-fold thus making
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Figure 4. (A) GB (2) and photoactivatable benzyl derivatives;
the three photoactivatable derivatives 16, 18, and 20 were all
ca. 6-fold more potent than GB (2), and the activities were
remarkably similar although bearing very different functional
groups. (B) GC (3) and photoactivatable benzy! derivatives (17,
19, and 21) were all more potent than GC (3), with a
remarkable increase in potency, thus being equipotent to GB
(2). Bars represent the SD.

them equipotent to GB (2), while the same substitutions
in GB (2) increase the affinity only 6-fold (Figure 4).
Furthermore, the similar affinities of GB derivatives 16,
18, 20, and 22 and the similar affinities of GC deriva-
tives 17, 19, and 21 (Figure 4) imply that it is the steric
bulk or the lipophilicity, including - interactions of
the substituents, rather than the specific functional
groups that are important for the increase in affinity.

GC derivatives 23 and 24 (Scheme 3) with dansyl
groups at 7-OH and 1-OH are less potent and equipo-
tent, respectively, to their parent compound, 10-O-
benzophenone-GC {17). In compound 23, which is ca.
six times less active than 17, the bulk at the 7-position
seems to be responsible for the reduction in affinity. The
fact that compound 24 is equipotent to 17 suggests that
once a bulky aromatic group occupies this area, further
aromatic groups neither increase nor decrease the
affinity.

In conclusion, an investigation of the effect of TTLs
isolated from G. biloba on the cloned PAFR has dem-
onstrated that among the native compounds, GA (1) and
GB (2) are the most potent. A series of photoactivatable
analogues have been prepared, and PAFR binding
assays showed that most of these analogues were more
potent antagonists than their parent compounds, thus
providing promising candidates for the planned studies
of the interaction of ginkgolides with the PAFR. The
ginkgolide derivative containing both a photoactivatable
and a fluorescent group, compound 24, retained affinity
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to PAFR and thus could be useful in photolabeling and
subsequent sequencing studies.

Experimental Section

Chemistry. General Procedures. Ginkgolides and bilo-
balide (1—86) were obtained by extraction of leaves from G.
biloba, purification by column chromatography, and recrys-
tallization, as previously described,®%! and purity was >99%
as determined by 'H NMR. Sclvents were dried by eluting
through alumina columns. Triethylamine was freshly distilled
from NaOH pellets. Unless otherwise noted, materials were
obtained from a commercial supplier and were used without
further purification. All reactions were performed in predried
glassware under argon or nitrogen, and all reactions involving
azides or diazirines were performed in dim red light. Flash
column chromatography was performed using ICN silica gel
(32—~63 mesh) or ICN silica gel (32—63 mesh) impregnated
with sodium acetate.b!

Thin-layer chromatography (TLC) was carried out using
precoated silica gel 60 Fj54 plates with thickness of 0.25 ym.
Spots were observed at 254 nm and by staining with acetic
anhydride or cerium/molybdenum in H;SO4. 'H and 13C NMR
spectra were obtained on Bruker DMX 300 or Bruker DMX
400 MHz spectrometers and are reported in parts per million
(ppm) relative to internal solvent signal, with coupling con-
stants (J) in Hertz (Hz). For °F NMR spectra, hexafluoroben-
zene (—162.9 ppm) was used as internal standard. Analytical
HPLC was performed on a HP 1100 LC instrument using a 5
um C18 reversed-phase Phenomenex Luna column {150 mm
x 4.60 mmy), using 1 mL/min of water/acetonitrile/TFA 60:40:
0.1, raising to 50:50:0.1 after 10 min, and detecting by UV at
219 and 254 nm. Accurate mass determination was performed
on a JEOL JMS-HX110/100A HF mass spectrometer using a
3-nitrobenzyl alcohol (NBA) matrix and Xe ionizing gas, and
all are within 45 ppm of theoretical values.

2,2,2-Trifluoro-1-(4-methylphenyl)-1-ethanone (7).
4-Bromotoluene (9.45 g, 55.25 mmol) was dissolved in Et,0
(280 mL) and cooled to —40 °C. n-Butyllithium (1.1 M in
hexane, 40.5 mL,, 60.74 mmol) was added dropwise, and the
solution was warmed to 0 °C over a 2 h period. The solution
was then cooled to —60 °C and a solution of N-trifluoro-
acetylpiperidine®® (10.00 g 55.23 mmol) in dry Et;0 (60 mL)
was added in portions. The reaction was allowed to stir at —60
°C for 3 h and then warmed to room temperature. The sotution
was hydrolyzed with saturated NH,CI (50 mL) and washed
with NH4Cl (6 x 50 mL) and Hz0 (3 x 50 mL). The organic
phase was dried (MgS0,), and the solvent was removed in
vacuo. The remaining oil was purified by flash column chro-
matography eluting with hexane/CH,Cl; (5:1, 4:1, and 3:1) to
give a colorless oil (5.62 g, 54%). 'H NMR (300 MHz, CDClj):
d 2.46 (s, 3H), 7.26—7.36 and 7.96—7.98 (AA'BB’ system, 4H).
13C NMR (75 MHz, CDCl3): 6 22.3,117.0 (g, 'Jor = 292.5, CF3),
127.9, 130.2 (2 C), 130.7 (2 C), 147.4, 169.1 (q, 2Jcr = 60.0).

2,2,2-Trifluoro-1-(4-methylphenyl)-1-ethanone Oxime
(8).%8 Ketone 7 (2.60 g, 13.80 mmol) was dissolved in pyridine
(30 mL), hydroxylamine hydrochloride (2.88 g, 41.44 mmol)
was added, and the reaction was stirred at 70 °C for 3 h.
Pyridine was removed in vacuo, and the remaining residue
was dissolved in Et,0 (50 mL) and washed with 0.01 M HC1
(50 mL). The organic layer was washed with H0 (3 x 50 mL)
and dried (MgSQy,), and the solvent was removed in vacuo to
give a colorless solid (2.01 g, 72%), which was used without
further purification. 'H NMR (300 MHz, CDCls): 6 2.40 (s,
3H), 7.20—7.30 and 7.37-7.43 (m, 4H), 8.38 (bs, OH). Multiple
splitting patterns arise due to anti/syn configurations of the
oxime. 3C NMR (75 MHz, CDCly): § 21.9, 121.0 (g, 'Jcr =
277.5,CF;), 123.4,129.0 (2C), 129.7 (2C), 141.4, 148.4 (q, 2Jcr
= 37.5).

2,2,2-Trifluoro-1-(4-methylphenyl)-1-ethanone O-(p
Toluenesulfonyl) Oxime (9).%® To a stirred solution of oxime
8 (2.00 g, 9.85 mmol) in pyridine (36 mL}, p-toluenesulfonyl
chloride (2.82 g, 14.79 mmol) was added in portions and the
reaction mixture was refluxed for 3 h. Pyridine was removed
in vacuo, and the residue was purified by flash column
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chromatography eluting with hexane/CH,Cl, (2:1) to give a
white solid (2.90 g, 82%). 'H NMR (300 MHz, CDCly): 6 2.40
(s, 3H), 2.48 (s, 3H), 7.26—7.34 (m, 4H), 7.37—-7.40 and 7.87—
7.90 (AA'BB’ system, tosyl aromatic H, 4H}. 3C NMR (75 MHz,
CDCly): 6 21.9, 22.2,120.0 {q, *Jcr = 285.0, CF5), 122.0,128.9
(2C), 129.7 (2C), 129.9 (2C), 130.2 (2C), 132.0, 142.7, 146.4,
154.0 (q, 2Jcr = 67.5).
3-(4-Methylphenyl)-3-trifluoromethyldiaziridine (10).*®
In a thick-walled screw-cap tube, 9 (2.90 g, 8.12 mmol) was
dissolved in Et;0 (20 mL). The solution was cooled to —78 °C,
and liquid ammonia (3.5 mL) was added. The tube was screwed
tightly, and the solution allowed rising to room temperature.
The reaction was stirred for 12 h, and the solution was cooled
to —78 °C. The cap was removed, and the mixture risen to
room temperature to remove ammonia. The solution was
partitioned between Et,0O (50 mL) and H,O (50 mL}, the
organic layer was dried (MgS0Q,), and the solvent was removed
in vacuo. The product was purified by flash column chroma-
tography eluting with chloroform to give a colorless solid (1.25
g, 77%). 'H NMR (300 MHz, CDCls); 6 2.19 (NH, d, 1H), 2.38
(s, 3H), 2.74 (NH, d, 2H), 7.22—7.24 and 7.49-7.51 (AA'BB’
system, 4H). 3C NMR (75 MHz, CDCls): 6 21.7, 57.9 (q, 2Jcr
= 34.9), 125.0 (g, 'Jor = 278.7, CFy), 129.3 (2C), 129.7 (2C),
130.1, 140.0.
3-(4-Methylphenyl)-3-trifluoromethyldiazirine (11).8
Diaziridine 10 (1.25 g, 6.18 mmol) was dissolved in CHCl,
(25 mL), and triethylamine (2.58 mL, 18.54 mmol) was added
and cooled to 0 °C. Iodine (1.73 g, 6.80 mmol) was added in
small portions until a brown color persisted. The solution was
washed with 1 M NaOH (25 mL), H,O (25 mL), and brine (25
mL). The organic phase was dried (MgS0Oy), and the solvent
was carefully removed in vacuo at 20 °C due to volatility of
the product. The crude product was purified by flash column
chromatography eluting with hexane/CH,Cl; (20:1) to give a
colorless solid (1.03 g, 82%). 'H NMR (300 MHz, CDCl3): &
2.36 (s, 3H), 7.07—7.10, 7.19 and 7.22 (AA'BB’ system, 4H).
3C NMR (100 MHz, CDClg): 6 21.5, 28.9 (q, 2Jcr = 39.6), 123.0
(q, *Jcr = 274.7, CF3), 125.5, 127.1 (2C), 130.8 (2C), 141.1.
3-(4-Bromomethylphenyl)-3-trifluoromethyldiazir-
ine (12).%° A solution of diazirine 11 (0.50 g, 2.50 mmol) in
CCl (10 mL) was heated to 70 °C and powdered NBS (0.66 g,
3.75 mmol) was added and stirred for 10 min, then AIBN (10
mg) was added, and the reaction was refluxed for 2 h. The
precipitate was filtered, the solvent was removed in vacuo at
20 °C, and the crude product was purified by column chroma-
tography eluting with hexane/CH,Cl, (20:1) to give an oil (0.30
g, 40%). 'TH NMR (400 MHz, CDCl3): 6 4.50 (s, 2H), 7.17—
7.23,7.43 and 7.47 (AA’BB’ system, 4H). 13C NMR (100 MHz,
CDCls): 8 28.3 (q, &Jcr = 40.5), 39.7, 122.2 (q, 'Jcr = 275.0,
CF3), 127.3 (2C), 129.6, 129.9 (2C), 139.8.
4-Azidotetrafluorobenzaldehyde (13).3° To a solution of
pentafluorobenzaldehyde (2.69 g, 13.72 mmol) in acetone (24
mL) and H,O (9 mL), NaN; (1.06 g, 14.54 mmol) was added
and the mixture was refluxed for 8 h. The solution was cooled
to room temperature and diluted with HzO (20 ml). The
solution was extracted with ether (3 x 30 mlL), the organic
phase was dried (MgSQ,), and the solvent was removed in
vacuo. The maroon-colored gum was sublimed at 70 °C under
reduced pressure to give a colorless solid (1.80 g, 60%). 1°F
NMR (282 MHz, CDCl3): 6 —152.14 (m, 2F), —146.10 (m, 2F).

4-Azidotetrafluorobenzyl Alcohol (14).5° 4-Azidotetraflu-
orobenzaldehyde (13, 1.80, 8.21 mmol) was dissolved in acetic
acid {27 mL), and Me,NH'BHj3 (0.58 g, 9.85 mmol) was added.
The reaction was stirred at room temperature for 1 h. The acid
versatiles were removed in vacuo at 45 °C. The residue was
dissolved in CHCl;s (10 mL) and washed with 5% NazCOj3 (3 x
10 mL). The organic phase was dried (MgSQy4), and the solvent
was removed in vacuo to give a colorless solid (1.74 g, 97%),
which was used without further purification. 'H NMR (300
MHz, CDCls): 8 2.41 (OH, broad s, 1H), 4.79 (s, 2H). °F NMR
(282 MHz, CDCl3): 6 —150.90 (m, 2F), —143.75 (m, 2F).

1-Azido-4-(bromomethyl)-2,3,5,6-tetrafluorobenzene
(15).5152 Alcohol 14 (1.74 g, 7.93 mmol) was dissolved in a
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mixture of CHCl3 (40 mL) and pyridine (0.32 mL, 3.97 mmiol).
Three portions of PBrs (3 x 0.05 mL, 1.58 mmol) were added
dropwise every 30 min to the refluxing solution. After the last
portion of PBrs was added, the reaction was refluxed for 2 h.
The solution was cooled to room temperature, 2-propanol (20
ml.)} was added, and the reaction was stirred for an additional
10 min. The solution was washed with 1 N NaHCO3; (3 x 50
mL) and dried (MgSQy), and the solvent was removed in vacuo
to give a white solid. The crude product was purified by flash
column chromatography eluting with hexane/ethyl acetate (8:
1) to give a slightly yellow solid (1.20 g, 53%). 'H NMR (300
MHz, CDCl3): 6 4.51 (s, 2H). F NMR (282, MHz, CDCly): ¢
—150.50 (m, 2F), —141.80 (m, 2F).

Synthesis of 16—21. General Synthetic Procedure. GB
(2) or GC (3) (0.07 mmol) was dissolved in THF (4 ml), and
KH (0.008 g, 0.24 mmol) was added at room temperature. The
reaction mixture was stirred for 10 min, and then, a solution
of 4-(bromomethyl)benzophenone, 12, or 15 (0.212 mmol) in
THF (1 mL) was added dropwise. The reaction was stirred at
room temperature for 4 h. The solution was then cooled to 0
°C, and concentrated HCI (0.3 mL) was added. The mixture
was diluted with H,O (10 mL), extracted with EtOAc (3 x 10
mL), and washed with saturated aqueous NH,4Cl solution (30
mlL), brine (30 mL), and H,O (30 mL). The organic phase was
dried (MgSQ4), and the solvent was removed in vacuo. The
crude material was purified by flash column chromatography
using either A: CHCly/MeOH (100:1 and 50:1), B: CHCly/
MeOH (30:1 and 20:1), or C: cyclohexane/acetone (3:1 and 2:1).
All ginkgolide derivatives were white solids that decomposed
above 250 °C.

10-O-Benzophenone Ginkgolide B (16). Purified by
method B; yield, 0.035 g (78%). 'H NMR (400 MHz, CD;0D):
) 1.13 (s, tert-butyl), 1.24 (d, J=7T7.1, CHg), 1.92 (dd, J=14.3,
5, 8-H), 2.07 (td, J = 13.9, 44, 7a-H), 2.27 {dd, J = 13.5,
6, 78-H), 3.06 (q, J= 7.1, 14-H), 4.31 (d, J= 7.2, 1-H), 4.55
d, J=17.2, 2-H), 4.85 (d, J = 11.5, benzylic-H, 1H), 5.28 (s,
10-H), 542 (d, J = 4.0, 6-H), 5.59 (d, J = 11.5, benzylic-H,
1H), 6.15 (s, 12-H), 7.53-7.60 (m, Ar—H, 4H), 7.65-7.67 (m,
Ar—H, 1H), 7.77-7.82 (m, Ar—H, 4H). 3C NMR (100 MHz,
CD;0D): & 7.25, 28.46 (3C), 32.18, 37.26, 42.29, 49.61, 68.21,
72.59, 72.80, 74.45, 76.76, 79.48, 83.53, 93.15, 99.78, 110.83,
127.96 (2C), 128.58 (2C), 130.03 (2C), 130.52 (2C), 132.94,
137.76 (2C), 141.67, 171.52, 172.70, 177.33, 196.45. HPLC~
UV: 98.5%. HRMS: CzHsOn requires M + Na at m/z
641.1999; found, 641.2018.

10-O-Benzophenone Ginkgolide C (17). Purified by
method A; yield, 0.023 g (64%). '"H NMR (400, MHz, CD30D):
0 1.20 (s, tert-butyl), 1.24 (d, J=17.1, CHg,), 1.78 (d, J = 12.5,
8-H),3.04 (q J=17.1, 14-H), 4.21 (dd, J= 12.5, 4.3, 7-H), 4.28
d, J=170, 1-H), 4.54 (d, J = 7.0, 2-H), 4.87 (d, J = 11.6,
benzylic-H, 1H), 5.13 (d, J= 4.3, 6-H), 5.28 (s, 10-H), 5.60 (d,
J=11.6, benzylic-H, 1H), 6.17 (s, 12-H) 7.53—7.61 (m, Ar—H,
4H), 7.65-7.67 (m, Ar—H, 1H), 7.77—7.83 (m, Ar—H, 4H). 13C
NMR (100 MHz, CD;0D): & 7.34, 28.50 (3C), 32.12, 42.26,
50.00, 64.48, 67.40, 72.77, 74.28, 75.14, 76.74, 79.49, 83.55,
93.28, 99.54, 110.63, 127.95 (2C), 128.59 (2C), 130.03 (2C),
130.53 (2C}, 132.96, 137.68 (2C), 141.65, 171.41, 172.55,
177.27,197.03. HPLC—~UV: 99.3%. HRMS: C34H34012 requires
M + 1 at m/z 635.2129; found, 635.2098.

10-O-(Trifluoromethyl-3 H diazirine) benzyl Ginkgolide
B (18). Purified by method B; yield, 0.024 g (59%). 'H NMR
(400 MHz, CD;0D): §1.11 (s, tertbutyl}, 1.23 (d, J= 7.1, CHa),
1.89 (dd, J = 14.3, 4.3, 8-H), 2.01 {td, J = 13.9, 4.3, To-H),
2.25 (dd, J=13. 44,7,31—1) 3.05(q, J=T.1, 14-H), 4.27 (d,
J=173,1-H), 453 (d, J= 7.3, 2-H), 4.77 (d, J = 11.2, benzylic-
H, 1H), 5.24 (s, 10-H), 5.39 (d, J=13.9, 6-H), 5.51 (d, J=11.2,
benzylic-H, 1H), 6.14 (s, 12-H), 7.29 and 7.53 (AA'BB’ system,
Ar—H, 4H). 13C NMR (75 MHz, CDCls): 6 7.67, 21.57 (g, &Jcr
= 40.9, CCF3), 29.56 (3C), 32.65, 37.49, 49.31, 68.07, 72.88,
73.57, 74.57, 76.56, 77.65, 80.08, 83.90, 90.90, 99.05, 110.68,
122.33 (g, ' Jor = 274.3, CFy), 127.83 (2C), 129.53 (2C), 131.086,
1‘3644, 171.25, 171.50, 175.87. F NMR (282 MHz, CDClg):
4 —66.23 (s, 3F). HPLC—-UV: 99.1%. HRMS: CasHz0FsN;010
requires M + 1 at m/z 623.1853; found, 623.1834.
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10- O-(Trifluoromethyl-3 H-diazirine)benzyl Ginkgolide
C (19). Purified by method A; yield, 0.023 g (51%). '"H NMR
(4006 MHz, CD30D): 6 1.17 (s, tert-butyl), 1.24 (d, J = 7.1,
CHs,), 1.76 (d, J=12.5,8-H),3.02 (g, J=1T7.1, 14-H), 4.15 (dd,
J =125, 4.3, 7-H) 4.24 (d, J = 7.0, 1-H), 4.52 (d, J = 7.0,
2-H), 4.79 (d, J— 11.3, benzylic-H, 1H), 5:10 (d, /= 4.3, 6-H),
5.23 (s, 10-H), 5.52 (d, J = 11.3, benzylic-H, 1H), 6.15 (s, 12-

H), 7.29 and 7.54 (AA’BB’ system, aromatic-H, 4H). 13C NMR
(75 MHz, CDCly): 6 7.65, 23.77 (q, 2Jcr = 38. 9 CCF3), 29.52
(3C), 32.65, 41.94, 50.92, 64.43, 67.48, 73.89, 74.30, 76.03,
76.34, 79.63, 83.90, 90.91, 98.94, 110.53, 122.32 (q, 'Jor =
275.0, CF3), 127.94 (2C), 129.68 (2C), 131.26, 136.07, 170.97,
171.07, 175.69. %F NMR (282 MHz, CDCly): § —66.25 (s, 3F).
HPLC-UV: 97.9%. HRMS: CzgHzFaNzOy requires M + 1 at
m/z639.1802; found, 639.1790.

10-O-Tetrafluorobenzyl Azide Ginkgolide B (20). Puri-
fied by method B; yield, 0.023 g (50%). 'H NMR {400 MHz,
CDClg): 6 1.13 (s, tert-butyl), 1.32 {d, J = 7.0, CHg), 1.84~
1.97 (m, 8-H and 7a-H), 2.27-2.33 (m, 78-H), 2.84 (d, J= 3.5,
1-OH), 2.99 (s, 3-OH), 3.06 (g, J = 7.0, 14-H), 4.29 (dd, J =
7.9,3.5, 1-H), 4.61 (d, /= 7.9, 2-H), 4.81 (d, /= 10.7, benzylic-
H, 1H), 4.94 (s, 10-H), 5.39 (d, /= 3.4, 6-H), 5.64 (d, J= 10.7,
benzylic-H, 1H}, 6.03 (s, 12-H). 13C NMR (100 MHz, CDClg):
¢ 7.70, 29.52 (3C), 32.62, 37.37, 42.03, 49.30, 61.21, 68.11,
72.79, 74.65, 80.07, 83.89, 91.00, 99.12, 108.95,110.73, 139.71,
142.24, 144.45, 147.10, 170.69, 171.45, 175.83. 1%F NMR (282
MHz, CDCl3): 6 —143.31 (m, 2F), —150.85 (m, 2F). HPLC~—
UV: 98.8%. HRMS: CyHjzsF N3O0 requires M+ 1 at m/z
628.1554; found, 628.1565.

10-O-Tetrafluorobenzyl Azide Ginkgolide C (21). Puri-
fied by method C; yield, 0.080 g (54%). 'H NMR (400 MHz,
CDCLy): 6 1.22 (s, tertbutyl), 1.33 (d, J= 7.0, CHs,), 1.71 (d,
J=124,8H),2.33(d, J=10.6, 7-OH), 2.88 (d, J= 3.4, 1-OH),
3.01 (s, 3-OH), 3.08 (g, J= 7.0, 14-H), 4.08 (m, 7-H) 4.27 (dd,
J=138, 3.4, 1-H), 4.62 (d, J = 7.8, 2-H), 4.83 (d, J = 10.7,
benzylic-H, 1H), 4.96 (s, 10-H), 5.09 (d, J = 4.4, 6-H), 5.58 (d,
J=10.7, benzylic-H, 1H), 6.04 (s, 12-H). '3C NMR (75 MHz,
CDCly): 0 7.64, 29.42 (3C), 32.59, 42.08, 50.64, 51.16, 61.47,
64.35, 67.32, 74.27, 75.88, 79.64, 83.88, 91.26, 99.14, 110.71,
120~150 (m, 6C), 170.72, 171.17, 176.29. 1°F NMR (282 MHz,
CDCl): & —143.56 (m, 2F), —151.08 (m, 2F). HPLC—UV:
99.1%. HRMS: CyrHzsF4N;04, requires M + 1 at m/z644.1503;
found, 644.1527.

10-O-Benzoylbenzoic Ginkgolide C (22). 4-Benzoylben-
zoic acid (0.018 g, 0.08 mmol) and 2 (0.028 g, 0.07 mmol) were
dissolved in THF (5 mlL), and the mixture was cooled to 0 °C.
EDC (0.018 g, 0.092 mmol) and DMAP (0.002 g, 0.01 mmol)
were added, and the reaction mixture was stirred at 0 °C for
1 h and continued overnight at room temperature. The solvent
was removed in vacuo, and the crude product was dissolved
in EtOAc (20 mL) and washed with a saturated 5% NaHCQ;
solution (20 mL) and brine (20 mL). The organic fraction was
dried (MgSQ,), and the solvent was evaporated in vacuo. The
crude product was purified by flash column chromatography
eluting with hexane/EtOAc (2:1) to give the product as white
crystals (0.026 g, 62%). 'H NMR (400 MHz, CD;0D): § 1.07
(s, tert-butyl), 1.26 (d, J = 7.1, CHj), 1.98—2.10 (m, 8-H and
Ta-H), 2.30—2.36 (m, 78-H), 3.12 (q, J= 7.1, 14-H), 4.37{d, J
= 6.5, 1-H), 4.55 (d, J = 6.5, 2-H), 5.66 (d, J= 3.2, 6-H), 6.32
(s, 10-H), 6.45 (s, 12-H), 7.54—7.58 (m, Ar—H, 2H), 7.67—7.69
(m, Ar—H, 1H), 7.80—7.83 (m, Ar—H, 2H), 7.86—7.88 (m, Ar—
H, 2H), 8.42-8.44 (m, Ar—H, 2H). 3C NMR (100 MHz, CDs-
OD): 6 7.42, 28.22 (3C), 32.16, 37.27, 42.29, 49.42, 67.81, 70.64,
72.74,74.42, 79.29, 83.64, 95.13, 100.51, 111.12, 128.73 (2C),
129.92 (2C), 130.17 (2C), 130.58 (2C), 131.61, 133.41, 137.06,
142.66, 164.56, 168.93, 171.41, 177.33, 196.48. HPLC-UV:
99.2%. HRMS: C34H;;0; requires M + Na at m/z 655.1791;
found, 655.1790.

10-O-Benzophenone-7-O-dansy!l Ginkgolide C (23). A
solution of dansyl chloride (0.010 g, 0.035 mmol) in acetonitrile
(0.3 mL) was added to a solution of 17 (0.020 g, 0.032 mmo})
and DMAP (0.008 g, 0.063 mmol) in acetonitrile (1.5 mL}. The
reaction mixture was stirred for 16 h at rcom temperature,
then a saturated aqueous NH4Cl solution (2 mL) was added,
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and the mixture was extracted with EtOAc (3 x 5 mL). The
combined organic phase was washed with saturated aqueous
NaCl solution (3 x 15 mL), dried MgS0y), and the solvent
was removed in vacuo. The crude product was purified by flash
column chromatography eluting with cyclohexane/acetone (2:
1) to give the product as a slightly yellow solid (0.015 g, 56%).
'H NMR (400 MHz, DMSO-dg): 8 0.83 (s, fert-butyl), 1.09 (d,
J =172, CHs) 1.94 (d, J= 125, 8H), 2.81 [m, 14-H and
N{(CHa)2], 4.26 (t, J=5.3, 1-H), 4.53 (d, J = 5.4, 2-H), 4.79 (d,
J=13.2, benzylic-H, 1H), 4.89 (dd, J = 12.5, 4.0, 7-H), 5.19
{(d, J=4.0,6-H), 5.23 (s, 10-H), 5.46 (d, J = 13.2, benzylic-H,
1H), 6.07 (d, J = 5.3, 1-CH), 6.21 (s, 12-H), 6.51 (s, 3-OH),
7.28—7.30 (m, Ar—H, 1H), 7.50-7.70 (m, Ar—H, 7H), 7.79—
7.82 (m, Ar—H, 4H), 8.18—8.20 (m, Ar—H, 2H), 8.54—8.56 (m,
Ar—H, 1H). HPLC—UV: 98.9%. HRMS: CyH4s5NO14S requires
M + 1 at m/z 868.2639; found, 868.2642.

10-O-benzophenone-1-O-dansyl Ginkgolide C (24). Syn-
thesized as 23 but using 2 equiv of dansyl chloride (instead of
1.1 equiv) gave rise to a ca. 1:1 mixture of 23 and 24. The two
products were separated on analytical TLC giving 24 (0.008
g, 30%) as a slightly yellow solid. 'H NMR (400 MHz, DMSO-
dg): 8 0.91 (s, tert-butyl), 1.16 (d, /= 7.6, CHy), 1.78 (d, J=
12.5, 8-H), 2.80 [s, N(CHa)2], 2.97 (g, J=1T7.6, 14-H), 4.22 (d, J
= 3.8, 1-H), 4.26 (m, 7-H), 4.57 (d, J= 3.9, 6-H), 4.80 (d, J =
13.2, benzylic-H, 1H), 5.20 (d, J = 3.8, 2-H), 5.30 (s, 10-H),
531 (d, J= 4.9, 7-OH), 5.49 (d, J = 13.2, benzylic-H, 1H),
5.95 (s, 12-H), 5.98 (s, 3-OH), 7.25—7.27 (m, Ar—H, 1H), 7.54—
7.79 (m, Ar—H, 11H), 8.18—8.24 (m, Ar—H, 2H), 8.47—8.49
(m, Ar—H, 1H). HPLC—UV: 99.0%. HRMS: C4H4NO4S
requires M + 1 at m/z 868.2639; found, 868.2668.

Radioligand Binding Assay. Heart and skeletal muscles
from 13 to 27 months old PAFR transgenic (PAFR-Tg) mice,®
which overexpress guinea pig PAFR, were homogenized in a
Polytron homogenizer in cold buffer A [25 mM Hepes/NaOH
(pH 7.4), 0.25 M sucrose, 16 mM MgCl,, 1 mM PMSF, and a
protease inhibitor cocktail Complete (Boehringer Mannheim)].
An 800g (for 10 min) supernatant of the homogenate was
centrifuged at 100 000g at 4 °C for 1 h, and the resulting pellet
was suspended in buffer A and stored at —80 °C until use.
The protein concentration of the suspended membrane fraction
was 1.37 mg/mL, as measured by the method of Bradford®
using the Bio-Rad protein assay solution and fatty acid-free
bovine serum albumin (BSA; Bayer, Kankakee, IL) as a
standard. The radioligand binding assays were performed
essentially as previously described.?® The membrane fractions
from hearts and skeletal muscles of PAFR-Tg mice (50 uL. of
suspension containing 121 fmol of PAFR) were mixed with 2
pmol of PH]WEB 2086 (NEN Life Science Products, Boston,
MA) in 50 pL of buffer B [25 mM Hepes/NaOH (pH 7.4), 0.25
M sucrose, 10 mM MgClz, 0.1% BSA], and the compound was
to be tested in 100 ul of buffer B in a 96 well microplate in
triplicate for each concentration. These mixtures were incu-
bated at 25 °C for 90 min, upon which the receptor-bound [*H]-
WEB 2086 was filtered on a UniFilter-GF/C (Packard Bio-
science, Meriden, CT) using a MicroMate 196 simultaneous
96 well harvester (Packard Bioscience). The filter was then
washed 10 times with cold buffer B and dried at 50 °C for at
least 90 min, 25 ul of MicroScint-0 scintillation cocktail
{(Packard Bioscience) was added, and filters were placed in a
TopCount microplate scintillation counter (Packard Bio-
science). Binding data were analyzed with the nonlinear curve-
fitting program Microplate Manager I1I (Bio-Rad, Hercules,
CA). Calculated ICsp values were then converted to K; values
using the Cheng—Prusoff correction,® with the following
equation: K = ICs/(1 + [LI/Kp), where [L] is the concentration
of the radioligand, and Kp is the previously determined
dissociation constant for FH]WEB 2086 (4.3 nM).% Nonspecific
binding was determined using methods as previously de-
scribed.%3

Intracellular Calcium Mobilization. CHO cells express-
ing human PAFRS were subjected to the calcium assay as
described previously®® except that Fura-2/AM was loaded in
the presence of chromophore EL (0.01%, Sigma). Each com-
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pound (100 uM) was applied to the cell suspension, and then,
PAF (10 nM) was added after 3 min.
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Barbuti, Andrea, Satoshi Ishii, Takao Shimizu, Rich-
ard B. Robinson, and Steven J. Feinmark. Block of the
background K* channel TASK-1 contributes to arrhythmo-
genic effects of platelet-activating factor. Am J Physiol Heart
Circ Physiol 282: H2024-H2030, 2002. First published Jan-
uary 31, 2002; 10.1152/ajpheart.00956.2001.—Platelet-acti-
vating factor (PAF), an inflammatory phospholipid, induces
ventricular arrhythmia via an unknown ionic mechanism.
We can now link PAF-mediated cardiac electrophysiological
effects to inhibition of a two-pore domain K* channel [TWIK-
related acid-sensitive K* background channel (TASK-1)].
Superfusion of carbamyl-PAF (C-PAF), a stable analog of
PAF, over murine ventricular myocytes causes abnormal
automaticity, plateau phase arrest of the action potential,
and early afterdepolarizations in paced and quiescent cells
from wild-type but not PAF receptor knockout mice. C-PAF-
dependent currents are insensitive to Cs™ and are outwardly
rectifying with biophysical properties consistent with a K*-
selective channel. The current is blocked by TASK-1 inhibi-
tors, including protons, Ba?*, Zn®*, and methanandamide, a
stable analog of the endogenous lipid ligand of cannabanoid
receptors. In addition, when TASK-1 is expressed in CHO
cells that express an endogenous PAF receptor, superfusion
of C-PAF decreases the expressed current. Like C-PAF,
methanandamide evoked spontaneous activity in quiescent
myocytes. C-PAF- and methanandamide-sensitive currents
are blocked by a specific protein kinase C (PKC) inhibitor,
implying overlapping signaling pathways. In conclusion, C-
PAF blocks TASK-1 or a closely related channel, the effect is
PKC dependent, and the inhibition alters the electrical ac-
tivity of myocytes in ways that would be arrhythmogenic in
the intact heart.

two-pore domain potassium channels; Kenk3 ventricular
myocytes; inflammatory lipids; mouse

LETHAL ARRHYTHMIAS commonly occur after myocardial is-
chemia, especially when the ischemic myocardium is
reperfused. These arrhythmias are usually initiated by
ectopic activity triggered by early (EADs) and delayed
afterdepolarizations (DADs) of the membrane poten-
tial. One consequence of ischemia and reperfusion is a

rapid migration of polymorphonuclear leukocytes (PMNL)
into the infarcted zone. Activated PMNL bind to acti-
vated myocytes and release several gubstances, includ-
ing oxygen radicals, proteolytic enzymes, and inflam-
matory lipids that increase the extent of myocardial
injury (15). Depletion of circulating neutrophils or
treatment with anti-inflammatory drugs effectively
limits the size of the infarct zone and the extent of the
damage in hearts from several species (15, 20, 22)

Hoffman et al. (4, 5) demonstrated that activation of
PMNL bound to igolated canine myocytes dramatically
changed the myocyte transmembrane action potential.
These changes included prolongation of the action po-
tential duration (APD), EADs, and in some cases arrest
during the plateau phase of the action potential. It was
also shown that direct superfusion of myocytes with
the inflammatory phospholipid platelet-activating fac-
tor (PAF) mimicked the action of activated PMNL and
that, under similar conditions, PMNL produce signifi-
cant levels of PAF. Furthermore, incubation of myo-
cytes with the PAF receptor (PAFR) antagonist CV-
6209 prevented both PAF- and PMNL-induced changes
in myocyte membrane potential. PAF also induces ar-
rhythmias in mice that overexpress the PAFR when
the lipid is administered at intravenous doses that
have little effect on wild-type (WT) animals (7). These
observations suggested that PMNL-derived PAF could
induce triggered activity and thus ventricular arrhyth-
mias.

There is considerable confusion regarding the molec-
ular mechanisms by which PAF could alter the electri-
cal activity of the heart. Although PAF binds to a cell
surface, G protein-linked receptor and ultimately in-
creases cytosolic Ca?* levels (17, 19), little is known
about the effects of PAF on membrane channels.
Wabhler et al. (26) showed that subnanomolar concen-
trations of PAF markedly decreased the inwardly rec-
tifying K* channel (/x;) in guinea pig ventricular myo-
cytes, whereas Hoffman et al. (5) suggested that
depolarizing Na* current may play a role in the ar-
rhythmogenic action of PAF.

Address for reprint requests and other correspondence: S. J. Fein-
mark, Center for Molecular Therapeutics, Dept. of Pharmacology,
Columbia Univ., 630 W168th St., New York, NY 10032 (E-mail:
sjf1@columbia.edu).

H2024

0363-6135/02 $5.00 Copyright © 2002 the American Physiological Society

The costs of publication of this article were defrayed in part by the
payment of page charges. The article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

http://www.ajpheart.org

— 170 —
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Taking advantage of genetically modified mice in
which PAFR have been knocked out [knockout (KO)
mice] (6), we tested the ability of carbamyl-PAF
(C-PAF), a nonmetabolizable PAF analog, to alter the
membrane potential of isolated murine ventricular
myocytes with the intent of clarifying the mechanisms
determining the arrhythmogenic effects of this lipid.

METHODS

Cell preparation. Adult mice, 2—3 mo old, were anesthe-
tized with ketamine-xylazine, and their hearts were removed
according to protocols approved by the Columbia University
Institutional Animal Care and Use Committee. Experiments
were performed on single, rod-shaped, quiescent ventricular
myocytes dissociated using a standard retrograde collage-
nase perfusion (11) from hearts of mice that were either WT
or PAFR KO. Both WT and KO mice were bred on a C57/Bl6
background. The derivation of the KO mice has been de-
scribed previously (5).

Heterologous expression. The TWIK-related acid-sensitive
K* background channel (TASK-1) clone (provided by Profes-
gsor Y. Kurachi, Osaka University, Osaka, Japan) was co-
transfected in CHO cells with CD8 plasmid using Lipo-
fectamine Plus (Invitrogen) according to the manufacturer’s
instructions. Forty-eight hours later, cells were transferred
to the electrophysiology chamber, and anti-CD8-coated beads
(Dynal Biotech) were added to identify CD8-expressing cells.
The CD8-expressing cells were voltage clamped using a ramp
clamp (see Electrophysiological recordings). CHO cells were
used in these experiments in part because they express
endogenous PAFR.

Buffers and drugs. Before electrophysiological measure-
ments, cells were placed into the perfusion chamber and
superfused at room temperature with Tyrode buffer [contain-
ing (in mM) 140 NaCl, 5.4 KC1, 1 CaCls, 1 MgCls, 5 HEPES,
and 10 glucose; pH 7.4]. The whole cell patch-clamp tech-
nique was used with pipettes having resistances of 1.5-3 M{)
{the intracellular solution contained (in mM) 130 aspartic
acid, 146 KOH, 10 NaCl, 2 CaClg, 5 EGTA, 10 HEPES, and 2
MgATP; pH 7.2]. Solutions of C-PAF, the PAFR antagonist
CV-6209 (BIOMOL), and the protein kinase C (PKC) inhibi-
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tor bisindolylmaleimide I (BIM I; Calbiochem) were prepared
in water and diluted in Tyrode buffer before use. An inactive
analog of BIM I (BIM V; Calbiochem), anandamide, its non-
hydrolyzable analog, methanandamide, and an inhibitor of
anandamide hydrolysis, arachidonyltrifluoromethyl ketone
(ATFK) (BIOMDOL), were dissolved in DMSO and then di-
luted in Tyrode buffer. The final DMSO concentration did not
exceed 0.1%. A custom-made fast perfusion device was used
to exchange the solution around the cell within 1 s (2).
Electrophysiological recordings. Current and voltage pro-
tocols were generated using Clampex 7.0 software applied by
means of an Axopatch 200B amplifier and a Digidata 1200
interface (Axon Instruments). During voltage clamp, steady-
state current traces were acquired at 500 Hz and final fil-
tered at 10 Hz. During current clamp, membrane voltage was
acquired at 5 kHz and filtered at 1 kHz. Ramp clamps were
conducted by imposing a voltage ramp (14 mV/s) at an acqui-
sition rate of 500 Hz with 1-kHz filtering. Data were ana-
lyzed using pCLAMP 8.0 (Axon) and Origin 6.0 (Microcal)
and are presented as means = SE. Steady-state current was
determined by computer calculation of average current over
a time period of at least 5 s. In all experiments, the n value
indicates the number of myocytes studied and represents
pooled data from at least two (voltage clamp) or three (cur-
rent clamp) animals. Student’s ¢-test, one-way ANOVA, and
x2-tests were used; a value of P < (.05 was considered
statistically significant. Records have been corrected for the
junction potential, which was measured to be 9.8 mV.

RESULTS

C-PAF alters the rhythm of paced, WT ventricular
myocytes. Myocytes from WT mice were paced (cycle
length, 1,000 ms) and monitored in current-clamp
mode to record action potentials. When the APD was
stable for 2 min, cells were superfused with 185 nM
C-PAF (Fig. 1), a concentration that elicited electro-
physiological effects in 9 of 11 cells. C-PAF-evoked
responses occurred after a delay (94 * 21 s; range,
23-184 s) and typically included abnormal automatic-
ity (Fig. 1; 110 s) leading to a maintained depolariza-

Fig. 1. Carbamyl-platelet-activating factor (C-PAF) al-
ters normal action potentials in mouse ventricular myo-
cytes. Paced action potentials (cycle length, 1,000 ms)
were recorded in current-clamp mode under control
conditions (0 s) and after perfusion of C-PAF (185 nM),
After a delay, C-PAF caused abnormal automaticity
(110 s) and sustained depolarization (111 s). The action
potential progressively shortened and normal rhythm
was reestablished, indicating desensitization of the re-
ceptor in continuous presence of drug (113 and 140 s).
Inset: traces during control perfusion and after recovery
completely overlap. The data are derived from a single
cell and are typical of 8 cells. The traces were recorded
immediately before the application of C-PAF (0 s) and
110, 111, 113, and 140 s after C-PAF application.
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tion (Fig. 1; 111 s). In eight of nine cells, alteration of
the membrane potential slowly returned to normal,
presumably due to receptor desensitization, and after 3
min of agonist perfusion was indistinguishable from
that of controls (Fig. 1, inset).

C-PAF decreases an outward current that is K* se-
lective and carried by TASK-1. Cells were held at —10
mV, and total steady-state membrane currents were
measured. The mean holding current was 133 £ 12 pA
(n = 24). WT myocytes responded to C-PAF with de-
creased net outward current that often began to re-
verse during the perfusion and recovered completely
after washout (Fig. 24). Because a depolarizing shift in
steady-state current can be caused by increased in-
ward currents or decreased outward currents, we de-
termined how C-PAF affected conductance. When a
+10-mV step was applied during control and agonist
superfusion, we found that C-PAF decreased conduc-
tance 17.5 + 3.9% (n = 5, P < 0.05), indicating that the
lipid inhibits outward currents. The main conductance
maintaining resting potential in the ventricle is Ik
therefore, we tested whether this inwardly rectifying
K™ current was involved in the action of C-PAF. Cs* (5
mM), which largely blocks Ik, under these conditions
(data not shown), did not reduce the C-PAF-sensitive
current in cells held at —70 mV. The average C-PAF-
sensitive current density was 0.047 * 0.01 pA/pF in
control cells compared with 0.047 = 0.03 pA/pF in cells
in the presence of Cs* (n = 6). By extending the
voltage-clamp study to other potentials, we obtained a
nearly linear current-voltage relation for the C-PAF
difference current (Fig, 2B, #&). In KO myocytes, the
C-PAF-gensitive current was absent at all potentials
tested (Fig. 2B, @).

We did not observe a clear reversal potential in
physiological K* over the voltage range tested. There-
fore, we conducted additional experiments in elevated
extracellular K* [0 mM K, with Na™ reduced to 100
mM, plus 5 mM Cs* and 1 mM tetraethylammonium
ion (TEA™)] designed to measure the reversal potential
of the C-PAF-sensitive current. In elevated extracellu-
lar K*, our results show a weakly outward rectifying
current with a current-voltage relation that is consis-
tent with that of a predominantly K*-selective channel
(Fig. 2C). The calculated K* equilibrium potential for
these recording conditions is —27.6 mV, and the ob-
served reversal for the C-PAF-sensitive current oc-
curred at —20.4 + 3 mV (n = 5).

The C-PAF-sensitive current was blocked by the
PAFR antagonist CV-6209 (100 nM; Fig. 3). The lack of
a C-PAF-dependent response in the presence of CV-
6209 was identical to the results obtained in myocytes
derived from KO mice (Fig. 3). Taken together, these
results confirm that the C-PAF effect is mediated by
the PAFR and involves inhibition of an outward K*
current distinet from Ix,.

These characteristics of the C-PAF-sensitive current
suggested that it may be mediated by a member of the
“two-pore domain” K* channel family (13). TASK-1is a
member of this family that is expressed in the mam-
malian heart (9, 10, 13, 14). In heterologous expression
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Fig. 2. Application of C-PAF causes a depolarizing shift in net
membrane current in wild-type (WT) but not in knockout (KO)
myocytes. Superfusion of C-PAF (185 nM) caused a transient de-
crease in the net outward current in a8 WT myocyte held at —10 mV
(A). In this trace, the baseline outward holding current was adjusted
to zero to illustrate the C-PAF-sensitive current. The spontaneous
reversal of the C-PAF effect probably indicates desensitization of the
PAF receptor (PAFR). The current (I)-voltage (V) relation of the
C-PAF difference current (control minus C-PAF) is plotted as a net
outward current over a range of potentials in WT myocytes (B, &). In
KO myocytes (@), no C-PAF-sensitive current was detected at all
potentials tested. Each data point is the mean + SE of data from at
least 4 cells at each potential. The I-V relation was also measured
using a ramp protocol in high extracellular K+ (50 mM) plus Cs* (5
mM) and tetraethylammonium ion (1 mM) to permit determination
of the reversal potential (C). Each data point is the mean * SE of
data from at least 5 cells from 2 animals.

systems, this channel is outwardly rectifying and is
blocked by H*, Ba?*, Zn?", and anandamide, an en-
dogenous cannabinoid receptor ligand (9, 10, 13, 14, 16,
18, 24). Consistent with this, in isolated myocytes,
when the external pH was lowered to 6.4 or when Ba®*
(3 mM) or Zn?" (3 mM) was present, the C-PAF-
sensitive current was significantly reduced (Fig. 4).
Methanandamide (10 pM), a stable analog of anand-
amide, also inhibited the C-PAF-sensitive current (Fig.
4). In contrast, anandamide inhibition was only signif-
icant in the presence of ATFK (10 uM), an inhibitor of
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Fig. 3. The C-PAF-sensitive current is receptor mediated. The C-PAF-
sengsitive current was measured in WT myocytes held at —70 mV
under various conditions. The current under control conditions in
WT myocytes disappeared in the presence of the PAFR antagonist
CV-6209 (100 nM, n = 6§). There was no C-PAF-sensitive current
detected in myocytes from KO mice (n = 3). ¥P < 0.01.

anandamide hydrolysis (Fig. 4), suggesting rapid me-
tabolism of anandamide by ventricular myocytes.
ATFK alone had no effect (data not shown).

CHO cells expressing TASK-1 exhibited a large out-
wardly rectifying current that was pH sensitive. The
mean current-voltage relation at alkaline and acidic
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Fig. 4. Block of the TWIK-related acid-sensitive K* background
channel (TASK-1) decreases the C-PATF-sensitive steady-state cur-
rent. WT' myocytes were held at —10 mV, and the C-PAF-gensitive
current was measured at pH 7.4 (n = 25). The change in net current
elicited by C-PAF (185 nM) was significantly decreased in the pres-
ence of Tyrode buffer at pH 6.4 (n = 6), Ba?* (3 mM, n = 6), or Zn?*
(83 mM, n = 8). The stable anandamide analog methanandamide (10
wM, n = 12) also significantly reduced the C-PAF-sensitive current,
as did anandamide in the presence of arachidonyltrifiuoromethy!
ketone (ATFK), a drug that inhibits anandamide metabolism (10
pM, n = 8), Anandamide alone did not significantly inhibit the
current (10 pM, n = 5) due to its rapid metabolic inactivation, *P <
0.05 compared with control at pH 7.4.
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pH is shown in Fig. 5, left, and demonstrates that the
reduction of the external pH to 6 completely eliminated
the outwardly rectifying current. Mean current dengity
at +30 mV in cells expressing TASK-1 was 26 pA/pF
compared with 0.6 pA/pF for nontransfected cells.
When TASK:1-transfected CHO cells were superfused
with C-PAF (185 nM), the expressed current was re-
duced (Fig. 5, right), demonstrating the inhibitory ef-
fect of C-PAF on TASK-1-dependent current.

If both C-PAF and methanandamide block TASK-1,
then methanandamide itself should cause a decreased
net outward current. Thus the methanandamide-sen-
sitive current was measured (Fig. 6). Because this
current is comparable to the C-PAF-sensitive current,
we also asked whether the methanandamide-sensitive |
current was mediated by the PAFR and found that the
lipid was fully effective in the presence of the PAFR
antagonist CV-6209 or when applied to myocytes from
KO mice (Fig. 6). Thus the effect of methanandamide is
not mediated by the PAFR.

C-PAF action involves PKC-dependent block of TASK-1.
In many cell types, PAF initiates an intracellular path-
way that results in activation of PKC (1, 17, 19, 23). To
determine whether C-PAF initiates this cascade in
ventricular myocytes, we incubated cells with BIM I, a
selective PKC inhibitor (25) [inhibitory constant, 14
nM], before applying C-PAF. The C-PAF-sensitive cur-
rent was blocked in a dose-dependent manner (Fig. 7, 4
and B) by BIM I but was not altered by the addition of
an inactive analog, BIM V. The inhibition occurred in a
voltage-independent manner (Fig. 7C).

We then asked whether the methanandamide-sensi-
tive current also required PKC activity. BIM I (100
nM) significantly reduced the methanandamide-sensi-
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Fig. 5. TASK-1 heterologously expressed in CHO cells is sensitive to
pH and to C-PAF, Net steady-state current was measured by a ramp
clamp under alkaline (pH 8) and acidic (pH 6) conditions, demon-
strating the pH sensitivity of the expressed TASK-1 current. The I-V
relation of each cell was normalized to the current at 30 mV to
correct for cell-to-cell variability in expression levels, and the mean
normalized current density was plotted (left, n = 13). In CHO cells
exposed to C-PAF (185 nM), the expressed TASK-1 current was
decreased (right). Representative I-V relations before (control) and
during drug treatment (C-PAF) were compared. This result is rep-
resentative of 8 cells. On average, the I-V relation returned to within
5% of control value after washout of C-PAF.
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Fig. 6. The methanandamide-sensitive current is independent of the
PAFR. WT cells held at —10 mV were superfused with methanand-
amide (10 uM), and the methanandamide-sensitive current was
measured (WT control, n = 6). The methanandamide-sensitive cur-
rent did not differ from control when WT cells were incubated with
the PAFR antagonist CV-6209 (100 nM, n = 3) or in myocytes
derived from PAFR knockout mice (KO control, n = 6).
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Fig. 7. The C-PAF-sensitive current is blocked by inhibition of pro-
tein kinase C (PKC). The C-PAF-sensitive current was completely
blocked in myocytes (held at —10 mV) exposed to bisindolylmaleim-
ide I (BIM 1), a specific PKC inhibitor (100 nM; A). In this trace, the
baseline holding current was adjusted to zero to illustrate the ab-
sence of a C-PAF-gensitive current. BIM I-mediated inhibition of the
C-PAF-sensitive current is dose dependent (B; 40 nM, n = 7, and 100
nM, n = 11). An inactive BIM I analog, BIM V, does not block the
C-PAF-sensitive current (B; n = 10). The inhibition of the C-PAF-
sensitive current by BIM Lis independent of voltage (C; 100 nM BIM,
n = at least 4 for each data point). *P < 0.05 and **P < 0.001 vs.
control,
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tive current in WT myocytes (P < 0.05, n = 5; data not
shown).

C-PAF and methanandamide induce spontaneous ac-
tivity in quiescent myocytes. Because C-PAF and meth-
anandamide affect net steady-state current at voltages
near the resting potential, we asked whether electro-
physiological effects occurred independent of pacing.
Membrane potential was recorded from myocytes that
remained quiescent for at least 2 min. Every WT qui-
escent myocyte tested was sensitive to C-PAF superfu-
sion (11 of 11 cells; Fig. 84), typically responding with
an action potential that arrested in the plateau phase
(Fig. 84, inset), and exhibited many small fluctuations
of the membrane potential and EAD. Eventually, the
membrane repolarized. The duration of the effect was |
variable, but its appearance always followed an initial
delay (96 =+ 11 g). In contrast, when C-PAF was applied
to ventricular myocytes isolated from PAFR KO mice,
there was no response in most of the cells (7 of 9 cells;
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Fig. 8. C-PAF and methanadamide elicit spontaneous activity in
quiescent WT myocytes. Quiescent myocytes from WT and KO mice
were studied in current-clamp mode. C-PAF (185 nM) application
elicited spontaneous activity in WT (4) but not KO myocytes (B).
Superfusion of methanandamide (10 pM) over WT myocytes caused
the same effect as C-PAF (C). There was no measurable change in
the resting potential before impulse initiation. These recordings are
typical of 11 cells for A, 7 cells for B, and 7 cells for C.
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Fig. 8B). The responsiveness of WT and KO myocytes
to C-PAF differed significantly (P < 0.01, x? = 9.96),
although their resting potentials did not (=70.6 = 1.1
vs. —71.83 = 1.5 mV). Finally, six of eight quiescent WT
cells failed to respond to C-PAF (185 nM) after BIM 1
treatment (100 nM). A comparison of BIM-treated
to control myocytes indicated a significant reduction
in susceptibility to spontaneous activity (P < 0.01,
x? = 8.84).

If the decrease in outward current caused by block-
ing the TASK-1 channel ig related to the arrhythmo-
genic effects of C-PAF, application of a TASK-1 inhib-
itor in current-clamp mode should mimic the effects of
C-PAF and evoke spontaneous activity. Accordingly,
when methanandamide was applied to quiescent WT
myoeytes, spontaneous action potentials were observed
(7 of 12 cells; Fig. 8C). Statistical analysis showed no
difference in the occurrence of spontaneous activity
during methanandamide compared with C-PAF super-
fusion.

DISCUSSION

Inflammatory products released by PMNL can have
negative effects on cardiac function and the survival of
areas at risk after periods of ischemia and reperfusion
(15). Our earlier studies in isolated canine ventricular
myocytes (4) demonstrated that PAF, a PMNL-derived
inflammatory lipid, could alter action potentials by
prolongation of the APD, EADs, and arrest at the
plateau. The present study demonstrates that in mu-
rine ventricular myocytes, C-PAF also triggers a series
of alterations in action potentials, including spontane-
ous beats, EADs, and prolonged depolarization gsimilar
to those observed in canine myocytes (4, 5). This sup-
ports the validity of the mouse as a model in which to
study the molecular basis of the arrhythmogenic effect
of PAF.

We measured changes in the membrane potential,
spontaneous activity, and in specific ion currents in
myocytes as they were exposed to C-PAF. This lipid
causes a small change in net current that develops over
the first minute after application. Changes in the ac-
tion potential (or appearance of spontaneous action
potentials in quiescent cells) lag behind the peak cur-
rent by ~20 s (at ~70 mV, the C-PAF-sensitive current
peaked by 74 = 13 s). The generation of spontaneous
activity in quiescent myocytes implies that changes in
membrane potential are not strictly dependent on the
stimulus or alterations in active currents but rather
that it is likely that the agonist perturbs the balance
among those currents active at the resting membrane
potential. Voltage-clamp experiments measuring changes
in conductance indicate that C-PAF effects are depen-
dent on a decrease in outward currents. In addition,
the C-PAF-sensitive current, measured in elevated K™,
showed weak outward rectification and had a reversal
potential close to the calculated K* equilibrium poten-
tial. These data indicate that the C-PAF-sensitive cur-
rent is largely carried by K*.

H2029

Because experiments utilizing Cs™* argue against the
involvement of Ix; in the ionic mechanism underlying
the PAF-sensitive current, our attention shifted to
other K* channels that are active at rest. The two-pore
domain K* channels (13) are voltage- and time-inde-
pendent background channels having characteristics
similar to the channel respongible for the C-PAF-sen-
sitive current. Within this family, TASK-1 [also re-
ferred to as ¢TBAK-1 (9) and Kenk3 (14)] is expressed
in the heart (10). TASK-1 is sensitive to small varia-
tions in external pH and is almost completely inhibited
at pH 6.4. It is also blocked by Ba%* or Zn%* and by the
putative endogenous lipid ligand of the cannabinoid
receptors anandamide (16). The C-PAF-sensitive cur-
rent in murine ventricular myocytes was sensitive to .
all these interventions, suggesting that C-PAF-medi-
ated effects are associated with inhibition of TASK-1 or
a closely related channel. Confirmation that the
TASK-1 channel is sensitive to C-PAF was obtained by
expressing TASK-1 in CHO cells. When TASK-1-ex-
pressing CHO cells were superfused with C-PAF, the
expressed current was reduced.

Because our data suggested that the C-PAF-gensi-
tive current is due to TASK-1 blockade, we reasoned
that anandamide treatment might prevent myocytes
from responding to C-PAF. In fact, both anandamide in
the presence of ATFK, an inhibitor of anandamide
hydrolysis, and its nonhydrolyzable analog, methanan-
damide, significantly reduced the C-PAF effect, con-
firming our hypothesis. It follows that if C-PAF and
methanandamide both inhibit TASK-1 and if this is the
ionic basis for the C-PAF-sensitive effects, methanan-
damide should induce similar changes in myocyte
physiology. As predicted, methanandamide caused
both a decrease in net outward current and an increase
in spontaneous activity in quiescent myocytes. There-
fore, we conclude that both C-PAF and methanandam-
ide exert their biological effects at least in part by
inhibiting TASK-1 or a closely related channel.

In a heterologous expression system, Maingret et al.
(16) found that anandamide inhibition of TASK-1 was
not mediated by the known cannabinoid receptors,
and, because the drug was effective on excised macro-
patches, they concluded that the lipid interacted di-
rectly with the channel. PAF, in contrast, is known to
activate cells through a G protein-linked receptor that
initiates a signaling cascade involving activation of
phospholipase C, generating inositol phosphates and
elevating intracellular calcium and diacylglycerol, ul-
timately activating PKC (1, 8, 17, 19). In our studies,
the effect of C-PAF is clearly mediated by the PAFR
because its activity can be blocked by the antagonist
CV-6209 and is absent in myocytes derived from mice
in which the PAFR has been genetically deleted. In
addition, we found that inhibition of PKC blocked the
C-PAF-sensitive current. Although several reports
suggest that TASK-1 is insensitive to PKC activators
(8, 12), Lopes et al. (14) found that phorbol 12-myris-
tate 13-acetate causes a slowly developing block of
TASK-1 current in an oocyte expression system. This
further supports our hypothesis that C-PAF activity is
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mediated by activation of PKC-dependent phosphory-
lation, and, although it does not resolve the mechanism
behind the somewhat unexpected time course of the
effect, it is entirely consistent with our findings.

Interestingly, PKC inhibition also reduced the meth-
anandamide-sensitive current, suggesting that the two
lipids share overlapping intracellular signaling path-
ways. Therefore, we tested whether methanandamide
required the PAFR for its activity and found that it was
fully functional in the presence of CV-6209 and in
myocytes derived from KO mice. These data suggest
that the methanandamide effect is dependent, at least
in part, on PKC activation. Alternatively, the block of
the TASK-1 channel by methanandamide may require
a basal phosphorylation of the channel itself or an
accessory protein and thus ultimately depends on, but
is not mediated by, PKC. Such a scenario was recently
described for a similar effect of anandamide on the VR
vanilloid receptor, a nonselective cation channel. In
this case, activation of the receptor by anandamide was
significantly enhanced when the channel had been
phosphorylated by PKC, and anandamide itself stimu-
lated PKC (21).

These results suggest, for the first time, a role for the
TASK-1 channel in PAF-mediated arrhythmias. How-
ever, additional questions remain. While block of
TASK-1 channels could contribute to a longer APD and
subsequent EADs, this does not preclude additional
effects on other currents active during the action po-
tential plateau, including Ca?", Na®, and the delayed
rectifier currents. In addition, the mechanism by which
TASK-1 blockade might lead to initiation of spontane-
ous activity in a quiescent myocyte is not clear, because
no measurable change in membrane potential was ob-
served immediately preceding initiation of activity in-
duced by either C-PAF or methanandamide. Addi-
tional mechanisms, either secondary to the block of
TASK-1 or independent of this action, may occur after
exposure to PAF, The murine model, and its amenabil-
ity to genetic manipulations, should prove useful in the
ultimate resolution of these remaining questions.
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Cysteinyl leukotrienes (LTs) are important proinflam-
matory mediators. Their precise roles in mice need to be
elucidated to interpret mouse models of inflammatory
diseases. For this purpose, we cloned and characterized
mouse receptors for cysteinyl LTs, mCysLT;, and
mCysLT,. mCysLT, and mCysLT, were composed of 339
amino acids with 87.3% identity and 309 amino acids
with 73.4% identity to human orthologues, respectively.
A pharmacological difference was noted between mouse
and human CysLT,. Pranlukast, a specific inhibitor for
human CysLT;, antagonized mCysLT, responses as
determined by Ca®" elevation and receptor-induced
promoter activation. The mRNA expressions of both
mCysLTs were higher in C57BL/6 mice than in 129 mice.
mCysLT; mRNA was expressed mainly in skin, lung, and
small intestine. mCysLT, was seen more ubiquitously
with high expressions in spleen, lung, and small intes-
tine. By in situ hybridization we demonstrated for the
first time that mCysLT; and mCysLT, were expressed in
subcutaneous fibroblasts. The different pharmacologi-
cal characteristics of CysLT, between human and mouse
and the different distributions of CysLTs between
mouse strains suggest that careful choice and interpre-
tation are necessary for a study of CysL'Ts using animal
models.

Cysteinyl leukotrienes (I.Ts)! including LTC,, LTD,, and
LTE, are inflammatory mediators previously known as SRS-A
(slow reacting gsubstances of anaphylaxis) (1-4). They are pro-
duced by LTC, synthase from the biologically inactive precur-
sor LTA,, a product of 5-lipoxygenation of arachidonic acid
(5-7). LTC, synthase is expressed in inflammatory cells includ-
ing mast cells, eosinophils, basophils, and monocytes/macro-
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phages (7). The cysteinyl LTs are potent bronchoconstrictors
and macrophage activators, and have been identified in urine
and tissues in asthmatic patients (8—10). At least two cysteinyl
LT receptors (CysLT, and CysLT,) have been defined pharma-
cologically as G protein-coupled receptors. Most of the biologi-
cal reactions of cysteinyl LTs including bronchospasm, plasma
exudation, vasoconstriction, mucus secretion, and eosinophil
recruitment are mediated through interaction with CysLT;
(11). CysLT, antagonists, montelukast (Singulair™) (12, 13),
zafirlukast (Accolate™) (14), and pranlukast (Onon™) (15) are
currently used clinically for the treatment of bronchial asthma
and allergic rhinitis. Human CysLT;, human CysLT,, and
mouse CysLT, were recently cloned and characterized (16-21).
Human CysLT, mRNA was detected in airway smooth muscle
cells, tissue macrophages, monocytes, and eosinophils (16, 17).
Human CysLT, mRNA was prominently expressed in lung
macrophages, airway smooth muscle, cardiac Purkinje cells,
adrenal medulla cells, peripheral blood leukocytes, placenta,
spleen, and brain (18-20).

Ovalbumin sensitization and aerosol challenge in mice elicits
release of L'TB, and LTC, into bronchoalveolar lavage fluid,
eosinophilia in the mucosa and the bronchoalveolar lavage
fluid, and increased airway reactivity to methacholine (22).
Although cysteinyl L'Ts are not established as bronchoconstric-
tors in mice, MK-571, a CysLT;-selective antagonist, inhibits
eosinophilia, bronchial hyperreactivity, and microvascular
leakage of mice (23), suggesting a contribution of cysteinyl LTs
in these processes. We cloned and characterized the mouse
CysLT, (mCysLT,) and CysLT, (mCysLTy) to better study the
roles of cysteinyl LTs in animal models of diseases.

MATERIALS AND METHODS

Antagonists~Pranlukast was a generous gift from Ono Pharmaceu-
tical Co. (Osaka, Japan). MK-571 and BAY u9773 were purchased from
BIOMOL Research Laboratories (Plymouth Meeting, PA). Pranlukast
and MK-571 were dissolved in 100% ethanol to make 10 mM stock
solutions.

Cloning and Esxpression of mCysLT, and mCysLT,—A mouse ge-
nome library (129 inbred strain) in AFix II vector (Stratagene, La Jolla,
CA) was screened with [«-32P]dCTP-labeled partial open reading frame
(ORF} of human CysLT, (581 nucleotides), and a clone was isolated. The
CysL'T, ORF from C57BL/6 was obtained by PCR with a genome
template using sense (5'-ATTCCTGGAGAACATGAATGG-3') and an-
tisense (5'-CATTGTTCTGCACTGTAGATGAG-3') primers. A mouse
expressed sequence tag clone with 88.4% identity in ¢cDNA sequence to
the human CysLT, was found during a routine BLAST search of the
NCBI data base (GenBank™ accession number AI506060), and it was
purchased from Genome Systems (St. Louis, MO). These three clones
were sequenced using an automated DNA sequencer 373A (Applied
Biosystems, Foster City, CA) and found to be completely identical, The
ORF of the expressed sequence tag clone was amplified by PCR with
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Fia. 1. Amino acid sequence of mCysLT, and mCysLT,. A, structures of mCysLT, and mCysLT, are shown. The putative transmembrane
segments I-VIl of mCysL.T; and mCysLT, are underlined. The asterisks indicate identical amino acids, and dots indicate similar amino acids. B,
amino acid identities between mCysLT;, mCysLT,, human CysLT,, and human CysLT, are shown. A4, amino acids.

sense (5'-CGGGATCCCGAATGGAACTGAAAATCTGAC-3') and
antisense (5'-GCTCTAGAGCTTATTCGTTACATATTTCTT-3’) prim-
ers, subcloned into a pGEM-T Easy Vector (Promega, Madison, WI),
digested with restriction enzymes (BamHI and Xbal), and subcloned
again into an expression vector, pcDNA4HisMax (Invitrogen, Carlsbhad,
CA) to obtain pedHM-mCysLT,. For the cloning of a mouse CysLT,
orthologue, the mouse genomic library in AFixIl vector was screened by
plaque hybridization using [e-*2P1dCTP-labeled full-length ORF of hu-
man CysLT, cDNA (19) as a probe. The fragments that hybridized to
human CysLT, probe were sequenced as described above. The putative
ORF was attached with an hemagglutinin tag at its N terminus and
subcloned into an expression vector pcDNA3.1 (Invitrogen) between the
Kpnl site and the Xbal site to obtain pc3.1-mCysLT,. The CysLT, ORF
from C57BL/6 was obtained by PCR with a genome template using
primers designed from the 129 genome sequence.

Cell Culture and Transfection—HEK-293 cells and B103 cells were
cultured in Dulbecco’s modified Eagle’s medium (Sigma) supplemented
with 10% fetal calf serum (FCS; Sigma), 100 1U/ml penicillin, and 100
ng/ml streptomycin; PC12 cells in Dulbecco’s modified Eagle’s medium
supplemented with 10% horse serum, 10% FCS, 100 TU/m! penicillin,
and 100 pg/m! streptomycin; and CHO cells in Nutrient Mixture F-12°
HAM (Sigma) supplemented with 10% FCS, 100 TU/ml penicillin, and
100 pg/ml streptomycin. Superfect (Qiagen, Valencia, CA) was used for
the transfection of HEK-293 cells, B103 cells, and PC12 cells, and
FuGENE 6 (Roche Molecular Biochemicals) was used for the transfec-
tion of CHO cells, according to the manufacturers’ protocols. To obtain
HEK-293 cells stably expressing mCysLT),, the cells were transfected
with pc4dHM-mCysLT, and selected with 500 pg/ml Zeocin (Invitrogen).
Two lines of the cells (named HEK 7-1 and HEK 7-3) were chosen by the
increase of intracellular Ca®* concentration ([Ca®*],) in response to
LTD, (see below) and maintained in Dulbecco’s modified Eagle’s me-
dium with 10% FCS, 100 IU/m! penicillin, 100 pg/ml streptomycin, and
200 wg/ml Zeocin. The expression of mCysLT; was confirmed by North-
ern hybridization. HEK-293 cells transfected with the vector alone were
also kept in a medium with Zeocin and used as a vector control. To
obtain CHO cells stably expressing mCysLT,, the cells were transfected
with pe3.1-mCysLT, and selected with 1 mg/ml G418 (Invitrogen). Two

lines of the cells (named CHO-7A1 and CHO-8B3) were chosen by
Northern hybridization and maintained in F-12 with 10% FCS, 100
IU/ml penicillin, 100 pg/ml streptomycin, and 300 pg/ml G418, CHO
cells transfected with the vector alone were also kept in a medium with
G418 and used as a vector control.

Ca®* Response Assay—The cells stably expressing mouse CysLTs
were loaded with 3 uM Fura2-AM (Dojindo, Kumamoto, Japan) in a
moedified HEPES-Tyrode’s bovine serum albumin buffer (25 mm Hepes-
NaOH, pH 7.4, 140 mm NaCl, 2.7 mum KCl, 1.0 mMm CaCl,, 12 mm
NaHCOg, 5.6 mM p-glucose, 0.37 mM NaH,PO,, 0.49 mm MgCl,, and
0.1% (w/v) bovine serum albumin (Wako, Osaka, Japan)) containing
0.01% Cremophor EL (Sigma) at 37 °C for 1 h. The cells were detached
from dishes with PBS containing 2 mm EDTA, collected, centrifuged at
240 X g for 5 min in a 15-m} tube, and resuspended in the modified
HEPES-Tyrode’s bovine serum albumin buffer (2 X 10° cells/ml). The
change in the fluorescence ratio (340 nm/380 nm) in response to LTs
was monitored using a Ca®* analyzer, CAF-100 (Jasco, Tokyo, Japan).
[Ca®*], was estimated as described previously (24). A receptor antago-
nist was applied 5 min before stimulation with LTC, or LTD,.

Reporter Gene Assay—We have recently established a zif268-driven
promoter assay induced by receptor activation (25), and the original
method was modified, Briefly, 1 X 10* B103 cells were seeded in colla-
gen-coated 96-well microplates (Asahi Techno Glass, Tokyo, Japan) and
transfected with 25 ng of pc4HM-mCysLT, or vector alone in combina-
tion with 150 ng of zif268-firefly luciferase/pGL2, which was a generous
gift of Dr. T. Naito at Japan Tobacco Inc. (Tokyo, Japan). They were
incubated for 48 h and treated with LTs in a serum-free medium.
Receptor antagonists were applied 15 min before the stimulation. The
cells were lysed after 4 h of incubation at 37 °C. Luciferase activity was
determined by measuring luminescent signals using a luciferase re-
porter gene assay system, PICAGENE Dual Seapansy (Toyo Ink,
Tokyo, Japan) and a Top Count luminescence counter (Packard, Meri-
den, CT). For the assay of CysLT,, 2 X 10° PC12 cells were transfected
with 250 ng of pe3.1-mCysLT, or vector alone, 300 ng of zif268-firefly
luciferase/pGL2, and 250 ng of thymidine kinase-Renilla luciferase/pRL
(Promega) and seeded in collagen-coated 24-well plates. After serum
starvation for 1.5 h, they were stimulated with ligands for 6 h. Firefly
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