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ABSTRACT

Fluorogenic analogues of phosphatidylcholine and lysophosphatidylcholine, DDPB and lysoDDPB, were synthesized by an enzyme-assisted
strategy. The analogues were evaluated as substrates for phospholipases C and D and lysophospholipase D. DDPB was cleaved by bacterial
and plant phospholipase D (PLD) enzymes and represents the first direct fluorogenic substrate for real-time measurement of PLD activity.
Both fluorogenic substrates have potential in screening for PLD and PC —PLC inhibitors and for monitoring spatiotemporal changes in PLD
activity in cells.

PLC, PLD, and lysoPLD are three phospholipases that PLD isozymes found in mammals are involved in a
catalyze hydrolysis of phospholipid (PL) headgroups. PLC diversity of normal and disease-related biological procésses.
catalyzes the hydrolysis of the PL phosphodiester glyceryl The PLD enzymes found in mammals, plants, and some
P—0O bond to give diacylglycerol and a phosphomonoester. bacteria are called “HKD PLD” because they share a
PLD cleaves the headgroup P-bond of the phosphodiester consensus amino acid sequence (HiBxGG/S) and
linkage, to produce phosphatidic acid (PA) and an alcohol. employ a common catalytic mechanism involving a covalent
LysoPLD catalyzes the same reaction as PLD but is selectivehistidine intermediat& The “non-HKD PLD” enzymes lack

for lysophospholipids. Most PLDs also catalyze transphos- an HKD consensus sequence and have a catalytic mechanism
phatidylation? in which a primary alcohol replaces water as
the cleaving nucleophile. (3) Ramoni, C.; Spadaro, F.; Menegon, M.; PodaJ Ammunol 2001,

. PI._C Isozymes selectively hydrolyze PLs with (?Ithel’ 1621)232Ean38|?£.Y.; Awai, K.; Masuda, T.; Yoshioka, Y.; Takamiya, K.;
inositol or choline headgroups. There are at least 11 different onia. H.J. Biol. Chem 2005, 280, 7469-76.
phosphoinositide-selective PLCs {RLCY and two putative (5) Foster, D. A.; Xu, LMol. Cancer Res2003,1, 789—800.

phosphatidylcholine-selective PLCs (PELC) in mammals 54(()6);{23’*’“9' Z.; Siddhanta, A.; Shields, Trends Cell Biol 203,13,

and one PC—PLC in planfs. (7) Bandyopadhyay, G.; Sajan, M. P.; Kanoh, Y.; Standaert, M. L.; Quon,
M. J.; Reed, B. C.; Dikic, |.; Farese, R. ¥. Biol. Chem2001,276, 35537
(1) Yang, S. F.; Freer, S.; Benson, A. A.Biol. Chem1967, 242, 477— 35545.
484. (8) Muller, G.; Petry, SLipases and phospholipases in drugvdep-
(2) Bradshaw, R. A.; Dennis, E. Alandbook of cell signalingAcademic ment: from biochemistry to molecular pharmacologyiley-VCH: Wein-
Press: Amsterdam, Boston, 2004. heim, 2004; p xvii, 336.
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Scheme 1. Synthesis of Didabcyl Intermediate
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in which metal ions are required to position the PL substrate Fluorogenic substrates for lysoPLD have recently been
and activate the attacking nucleopHil&treptomyces chro-  described*2°

mofuscusPLD (scPLD) is an archetypical non-HKD PLD. We report here the synthesis of fluorogenic PC and lysoPC
Similar to the non-HKD PLD, lysoPLD requires metal ions analogues that contain a fluorescence quencher (dabcyl, a.k.a,
for catalysis and does not contain an HKD sequéfidée p-methyl red) at each acyl chain terminus and a fluorophore
lysoPLD autotaxin, a nucleotide pyrophosphatase/phosphodi-appended to the PL headgroup through a choline-mimetic
esterase, catalyzes hydrolysis via an active site thredhine. linker. These PL analogues, deno2DPB andlysoDDPB,

HKD PLDs can be detected in cell biological studies by were evaluated in microtiter plate assays as substrates for
inhibition with exogenous ethanol, 1-propanol, or 1-butanol. lysoPLD, scPLD, PLC, and phospholipasg(RLA,), as well
Biochemical assays employ radioact®er fluorescerif as several commercially available HKD PLD enzymes.
PLs, requiring extraction, separation, and detection. Alter- DDPB and lysoDDPB were synthesized efficiently as
natively, PLD products can be detected in vitro using difect illustrated in Schemes 1 and 2. The lysophosphatidylcholine
or indirect® 18 methods. There are also indirect assays for intermediate2 containing the shorter dabcyl acyl chain was
PC—PLG®* and lysoPLD?° in particular, p-nitrophenyl obtained by a selective monoacylation of the commercially
phosphate analogues have also been used for monitoring nonavailable glycerol phosphocholing,followed by installation
HKD PLD and lysoPLB'??2 and PC—PL& in vitro. of the longer-chain dabcyl quencher at 8re2 position (4,

Scheme 2. Synthesis oDDPB andLysoDDPB
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Scheme 1). Although the longer, dodecanoy! acyl chain at ||| N 3

sn-2 improved the lipophilicity of the analogue over com-
pounds with two hexanoyl chains, adding a secondiGker

atsn-1 afforded a less-soluble analogue that did not exhibit

either improved micelle insertion or in vitro enzyme activity
(data not shown).

The key step was the modification of the headgroup of
intermediated4 by transphosphatidylation, using Genzyme
PLD(P) and a designed “choline-like” primary alcotsl

prepared as shown in Scheme 2. Transphosphatidylation has

been exploited previousl§ 28 to generate PL analogues with

both natural and unnatural headgroups. In this case, the

headgroup remodeling allowed the installation of a phos-

phodiester linkage bearing an internal quaternary amine
similar to choline as well as a protected primary amine that

could be used for further conjugation reactiois $cheme

2). The primary amine was deprotected and allowed to react

with an activated ester of BODIPY —FL (Molecular Probes)
to give the fluorogenic PC analogueDPB (Scheme 2).
Removal of thesn-2 ester oDDPB by cobra venom PLA
gavelysoDDPB, a fluorogenic lysoPC analogue.

Mixed micelles containind@DPB or lysoDDPBin Triton
X-100 (reduced) were incubated with commercial PLDs from

various sources for 3 min in buffers near each enzyme’s pH

optimum. Over this period)DPB (Figure 1a) gave robust

fluorescence increases with the enzyme used for its synthesis,

Genzyme PLD(P), and with scPLDysoDDPB (Supporting
Information, Figure S2), over 3 min, gave a signal compa-
rable to that of scPLD but only a very small response to
Genzyme PLD(P). Over 60 min (Figure 1il)DPB mixed
micelles with HKD PLD from peanut, cabbage, attep-

(9) Zambonelli, C.; Roberts, M. FProg. Nucleic Acid Res. Mol. Biol.
2005,79, 133—181.

(10) Gijsbers, R.; Ceulemans, H.; Stalmans, W.; BollenJ MBiol. Chem.
2001,276, 1361—1368.

(11) Stefan, C.; Jansen, S.; Bollen, Wrends Biochem. Sc2005, 30,
542—-550.

(12) Jiang, X.; Gutowski, S.; Singer, W. D.; Sternweis, P Methods
Enzymol.2002,345, 328—334.

(13) Xie, Y.; Meier, K. E.Methods EnzymoR002,345, 294—305.

(14) Mezna, M.; Lawrence, A. Anal. Biochem1994,218, 370—376.

(15) Kinkaid, A. R.; Wilton, D. CBiochem. Soc. Tran4997, 25, S595.

(16) Hergenrother, P. J.; Haas, M. K.; Martin, S.Lkpids 1997, 32,
783-788.
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41, 1532—1538.
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171.
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60—64.

(22) Cha, J.; Lee, J.; Koh, E.-H.; Choi, M.-Bull. Korean Chem. Soc.
1994,15, 1001—-1003.

(23) Kurioka, S.; Matsuda, MAnal. Biochem1976,75, 281—289.

(24) Takakusa, H.; Kikuchi, K.; Urano, Y.; Sakamoto, S.; Yamaguchi,
K.; Nagano, T.J. Am. Chem. So002,124, 1653—1657.

(25) Ferguson, C. G.; Bigman, C. S.; Richardson, R. D.; van Meeteren,
L. A.; Moolenaar, W. A.; Prestwich, G. 0Drg. Lett.2006,8, 2023—2026.

(26) D'Arrigo, P.; de Ferra, L.; Piergianni, V.; Selva, A.; Servi, S.; Strini,
A. J. Chem. Soc., Perkin Trans.1D96,21, 2651—2656.

(27) Wang, P.; Schuster, M.; Wang, Y.-F.; Wong, C.HAm. Chem.
Soc.1993,115, 10487—10491.

(28) Pisch, S.; Bornscheuer, U. T.; Meyer, H. H.; Schmid, R. D.
Tetrahedron1997,53, 14627—14634.

Org. Lett, Vol. 8, No. 12, 2006

350 X a
300 = 3
250 X
X
200 = »
; 150 X
Y]
100 x % s
50 x o0 ®
X g o
e RRnppnpnoenn
550 50 100 150 200
Time (sec)
200 b
A
A A
150 A A "=
A n ¥
AR m
100 g
g = o o0 *
50 __n P )
®
" I
0
20 40 60
-50
Time (min)
450 c
400 .
as0 - L
300 =
250 »
Ezw n
150 L
100
50
o A A A A A A A
-sna . tol l Iwa ’ ‘13‘0' ¥ 260
1ime (sec)

Figure 1. Fluorescence evolution g¥Aem = 500/530 nm) during
(@) 3 min incubation oDDPB mixed micelles with PLD from
various sources (blu¢ = peanut PLD; redll = cabbage PLD;
yellow a = Strep. PMFPLD; brownx = Genzyme PLD(P)D =
scPLD), (b) 60 min incubation ddDPB mixed micelles with PLD
and PLA from various sources (blue¢ = peanut PLD; redll =
cabbage PLD; browm = Strep. PMFPLD; greenx = cobra
venom PLA; O = bee venom PLA), and (c) 3 min incubation of
DDPB or lysoDDPB mixed micelles with PC—PLC or PI-PLC
from B. cereusor C. perfringengred® = B. cereusPC—PLC+
DDPB; blue o = B. cereusPC—PLC + lysoDDPB; ¢ = C.
perfingens PC—PLC- DDPB; orange® = C. perfringensPC—
PLC + lysoDDPB; brown+ = B. cereus?|-PLC + DDPB; green
rectangle= B. cereusPI—PLC + lysoDDPB).

tomyces PMKBIOMOL) evolved fluorescence to a degree
approaching that observed in 3 min with scPLD, but bee
and cobra venom sPLAlid not generate a fluorescent signal
over the same time period, consistent with the retention of
an intramolecular quencher even after cleavage oftha
guenched acyl chain. A longer incubation time wiyiso-
DDPB mixed micelles (Supporting Information, Figure S3)
only amplified fluorescence from Genzyme PLD(P). These
results support the idea that lysophospholipids are substrates
for scPLD* but are not substrates for HKD PL3330
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Next, mixed micelles of the PC analogues were tried as DDPB andlysoDDPBwere both designed to be PC-like,
substrates for PEPLC, fromBacillus cereusandClostrid- amphiphilic probes that could be used in living cells by
ium perfringens, and PI-PLC, from. cereugFigure 1c). insertion into lipid bilayers; neither is freely soluble in water.
Over 3 min,DDPB gave an overwhelmingly large fluores- DDPB was further engineered to have fluorescence quench-
cence response witB. cereusPC—PLC and virtually none  ers at the end of each acyl chain to prevent fluorescence

with B. cereusP|—PLC orC. perfringens?C—PLC.Lyso- increases resulting from cellular PLAr PLA; activity.
DDPB gave a small but detectable signal whcereus?C— Indeed, no fluorescent signal was observed even after
PLC but none with the other PLC tested. incubation of DDPB with venom PLA at 37°C for 1 h

We anticipated thalysoDDPB would be accepted as a (Figure 1c).
fluorogenic substrate by lysoPLD, but neitHgsoDDPB- Given the well-established importance of the HKD PLDs

nor DDPB-containing mixed micelles produced fluorescence and the growing importance of PC—PLC in cell signaling,

when assayed in the presence of FBS, an abundant sourc@DpPB andlysoDDPBhave the potential to be valuable tools
of lysoPLD activity?* even after 60 min incubation. Onthe in cellular and molecular biology. The utility of these
other hand, the commercial lysoPLD substrgthi®-TMP* fluorogenic substrates with mammalian HKD PLD has been
and FS-3° both generated significant UV and fluorescence gpserved and will be reported elsewhé&&oth DDPB and
signals, respectively (Supporting Information, Figure S4). |ysoDDPB are cell permeant (data not shown) and may be
LysoDDPB was assayed with 50% FBS at 3C, but no  applicable for cell-based assays, as previously described for
fluorescence increase was observed even when the concenp| A, 3536 Further studies examining the use@DPB and
tration oflysoDDPB was quadrupled and the FBS concen- |ysoDDPBin living systems are merited and will be reported
tration was increased to 80% (data not shown). Incubation in due course.
of lysoDDPB-containing micelles with up to 2g of venom
from Loxosceles reclusanother known source of lysoPLB, Acknowledgment. We thank C. Ferguson (Echelon
failed to show a fluorescence increase (data not shown).  Bjpsciences, Inc., an Aeterna Zentaris company) for provid-
The inability of lysoPLD to hydrolyzdysoDDPB was  ing a gift of FS-3. The Center for Cell Signaling, a Utah
unexpected, considering the close structural similarity among center of Excellence (19972002), and the NIH (Grants

lysoPC, lysoDDPB, and FS-3 (Supporting Information, 1| 070231 and NS29632 to G.D.P.) provided financial
Figure S4). The phosphate linker of FS-3, despite its lack of support.

a quaternary amine, is nearly twice the length of that in
lysoDDPB. This extra length may give the bulky fluorescent Supporting Information Available: Figures S2, S3, and

group of FS-3 flexibility to avoid unfavorable interactions S4, full experimental details, and NMR and MS spectroscopic

in the binding site. Increasing the chain length between the 4o for the characterization 6fDPB andlysoDDPB and
phosphate and the fluorophore in future fluorogenic ana- yheir intermediates. This material is available free of charge

logues of lysoPC could test this supposition. via the Internet at http:/pubs.acs.org.
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