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Phospholipase substrate analogs containing both a
uorescent BODIPY group and a quenching 2,4-dini-
rophenyl (DNP) group were synthesized. They
howed little fluorescence, but upon hydrolysis be-
ame fluorescent as the quenching group was re-
oved. Two substrates were phosphatidylethanol-

mine analogs with a BODIPY-pentanoyl group at the
n-2 position and DNP linked to the amino head group.
he third was a phosphatidylcholine analog with a
ODIPY-labeled alkyl ether at the sn-1 position and a
-(DNP)-8-amino-octanoyl group at the sn-2 position.
hese compounds were evaluated as substrates for
ytosolic (85 kDa) phospholipase A2 (cPLA2) and
lasma platelet-activating factor acetylhydrolase
rPAF-AH). Two were good substrates for cPLA2 (spe-
ific activities: 18 and 5 nmol min21 mg21) and all were
ood for rPAF-AH (specific activities: 17, 11, and 6
mol min21 mg21). The minimal amount of enzyme de-

ectable was 50 ng for cPLA2 and 0.1 ng for rPAF-AH.
hese substrates were active in assays of PLA2 in ze-
rafish embryo extracts and one was well suited for
maging of PLA2 activity in living zebrafish embryos.
mbryos were injected with substrate at the one- to

our-cell stage and allowed to develop until early somi-
ogenesis when endogenous PLA2 activity increases
ramatically; substrate persisted (12 h) and specifi-
ally labeled cells of the developing notochord. © 1999

cademic Press

Key Words: BODIPY; cytosolic (85 kDa) phospho-
ipase A2; plasma platelet-activating factor acetylhy-
rolase; fluorescence; quenching; zebrafish; embryo;

maging; assay.
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The 85-kDa cytosolic phospholipase A2 (cPLA2)
2 (a

roup IV phospholipase A2) plays an important role in
ediating the release of arachidonic acid from the sn-2

osition of phospholipids for eicosanoid biosynthesis
1). The human plasma platelet-activating factor
cetylhydrolase (rPAF-AH) is a 45-kDa secreted en-
yme that catalyzes the hydrolysis of the sn-2 acetyl
roup of platelet-activating factor (2). It has been
idely studied for its association with inflammatory
iseases, and may also play an important protective
ole in oxidative processes that are thought to be asso-
iated with early vascular disease since it will also
ydrolyze phospholipids with an oxidatively frag-
ented acyl group at the sn-2 position, but not phos-

holipids with long-chain sn-2 fatty acids (3).
We initiated this study with the aim of developing a

ubstrate analog for fluorescent imaging of cPLA2 in
ells. We were looking for a nonfluorescent analog that
ould become highly fluorescent upon hydrolysis by
LA2. Bis-BODIPY-C11-PC (4) has been used for this
urpose, but it gives excimer fluorescence that is

2 Abbreviations used: BODIPY-FL-C5, 4,4-difluor-5,7-dimethyl-4-
ora-3a,4a-diaza-s-indacene-3-pentanoic acid; BODIPY-FL-C5-HPC,
-hexadecanoyl-2-(BODIPY-FL-pentanoyl)-sn-glycero-3-phosphocho-

ine; Bis-BODIPY-C11-PC, 1,2-bis-(BODIPY-FL-undecanoyl)-sn-glycero-
-phosphocholine; BODIPY-FL-lyso-PAF, 1-(N-(BODIPY-FL-penta-
oyl)-11-aminoundecyl)-sn-glycero-3-phosphocholine; BC11-DNPC8-PC,
-(N-(BODIPY-FL-pentanoyl)-11-aminoundecyl)-2-((N-(2,4-dinitro-
henyl)amino)-8-amino-octanoyl)-sn-glycero-3-phosphocholine; DNP-X
HPE, N-((6-(2,4-dinitrophenyl)amino)hexanoyl)-1,2-dipalmitoyl)-

n-glycero-3-phosphoethanolamine; DTPM, 1,2-ditetradecyl-sn-glyc-
ro-3-phosphomethanol; EM, embryo medium (see “zebrafish in vitro
ssay”); MBPEDNP, N-(2,4-dinitrophenyl)-1-palmitoyl-2-BODIPY-
L-pentanoyl-sn-glycero-3-phosphoethanolamine; PBPEC6DNP, N-

(6-(2,4-dinitrophenyl)amino)hexanoyl)-1-palmitoyl-2-BODIPY-FL-
entanoyl-sn-glycero-3-phosphoethanolamine; rPAF-AH, recombinant

latelet-activating factor acetylhydrolase; cPLA2, cytosolic phospho-
ipase A2; ppPLA2, porcine pancreatic phospholipase A2.

27
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28 HENDRICKSON ET AL.
ighly concentration dependent. Thuren et al. (5) de-
eloped an intramolecularly quenched pyrene-labeled
hospholipid analog, with a fluorescent pyrenehex-
noyl group at the sn-2 position and a quenching N-
rinitrophenyl group on phosphatidylethanolamine, as
substrate for the assay of PLA2. We sought to modify

his type of analog with a BODIPY group, suitable for
uorescence microscopy with an argon–ion laser.
Given the availability of BODIPY-labeled PAF ana-

ogs that we had developed and other BODIPY-labeled
hospholipids available from Molecular Probes, Inc.
Eugene, OR) (see left side of Scheme 1), we synthe-
ized the three substrate analogs shown on the right in
cheme 1. Since plasma rPAF-AH is also specific for
he hydrolysis of phospholipids with bulky and polar
cyl groups at the sn-2 position, we also looked at these
nalogs as possible substrates for the assay of rPAF-
H. Here we present fluorescence-based continuous
ssays of cPLA2 and rPAF-AH, and the use of one of
hese substrates for in vivo fluorescent imaging of
PLA2 in zebrafish embryos.

ATERIALS AND METHODS

aterials

Source of lipids and enzymes. cPLA2, a human re-

SCHEME 1. Synthetic precursors (left)
ombinant 85-kDa cytosolic enzyme (6), was obtained
rom Professor M. Gelb, University of Washington.

s
c

PAF-AH, a human recombinant plasma enzyme (7),
as obtained from ICOS (Bothell, WA). ppPLA2 was
urified from porcine pancreas as described by Nieu-
enhuizen et al. (8). These enzymes were greater than
5% pure on the basis of SDS–PAGE. Concentrations
ere determined from their extinction coefficients at
80 nm: ppPLA2, 1.23 mL mg21 cm21; cPLA2, 0.827 mL
g21 cm21; PAF-AH, 1.4 mL mg21 cm21 (L. Paul, ICOS,

ersonal communication). Naja naja PLA2 and dimy-
istoyl phosphatidylethanolamine were obtained from
igma (St. Louis, MO). DTPM was prepared as de-
cribed by Jain et al. (9). DNP-X DHPE, BODIPY-
L-C5, BODIPY-FL-C5-HPC, and BODIPY-FL-lyso-PAF
ere obtained from Molecular Probes (Eugene, OR).

ynthesis of Lipid Substrates

Synthesis of PBPEC6DNP. DNP-X DHPE was
eacylated at the sn-2 position with N. naja PLA2 as
escribed by Ali and Bittman (10). The lysophospho-
ipid was acylated with BODIPY-FL-C5 in the presence
f dicyclohexylcarbodiimide and 4-(dimethylamino)py-
idine (11) to give PBPEC6DNP. The product was pu-
ified by DEAE-cellulose chromatography (12). TLC:
ingle spot, Rf 5 0.66, CHCl3:CH3OH 4:1, detected by
V fluorescence and phosphorus-specific spray. Vis ab-

e 5 78 3 103 21

d phospholipid substrate analogs (right).
an
orption spectrum: 505 nm (BODIPY, M
m21); 350 nm (DNP, e 5 24 3 103 M21 cm21).
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29PHOSPHOLIPASE ASSAYS AND FLUORESCENCE IMAGING
Synthesis of MBPEDNP. Dimyristoylphosphati-
ylethanolamine was converted to the N-DNP deriva-
ive with 2,4-dinitrofluorobenzene as described (13).
his was then deacylated using PLA2 and reacyl-
ted with BODIPY-FL-C5 as described above for
BPEC6DNP. The product was purified by DEAE-cel-

ulose chromatography. TLC: single spot, Rf 5 0.70,
HCl3:CH3OH 4:1, detected by UV fluorescence and
hosphorus-specific spray. Vis absorption spectrum:
05 nm (BODIPY, e 5 78 3 103 M21 cm21); 350 nm
DNP, e 5 24 3 103 M21 cm21).

Synthesis of BC11-DNPC8-PC. 8-Amino-octanoic
cid was converted to the N-DNP derivative as de-
cribed above for phosphatidylethanolamine. BODIPY-
L-lyso-PAF was deacylated using PLA2 and reacyl-
ted with BODIPY-FL-C5 as described above for
BPEC6DNP. The product was purified by DEAE-cel-

ulose chromatography. TLC: single spot, Rf 5 0.42,
HCl3:CH3OH:conc NH3:H2O 90:54:5.5:2, detected by
V fluorescence and phosphorus-specific spray. Vis ab-

orption spectrum: 505 nm (BODIPY, e 5 80 3 103 M21

m21); 350 nm (DNP, e 5 22 3 103 M21 cm21).

hospholipid Dispersions

Phospholipids were stored as chloroform–methanol
olutions at 220°C. Phospholipid concentrations were
etermined by phosphorus analysis (14). Aliquots of
hospholipid analogs and DTPM were mixed and dried
nder a stream of nitrogen and then under high vac-
um. Buffer (50 mM Tris, pH 8, 100 mM NaCl, 1 mM
aCl2) was added, and the solution was vortexed and
onicated to give an optically clear dispersion.

luorescence Spectroscopy

Fluorescence emission (excitation, 500 nm; emission,
12 nm; 3 nm bandwidths) was measured on a Perkin–
lmer MPF-44B spectrofluorometer equipped with
tirring and temperature controls.

nzyme Assays

ppPLA2 and rPAF-AH. An aliquot of phospholipid
as placed in a 1 3 1-cm fluorescence cuvette and
uffer (50 mM Tris, pH 8, 100 mM NaCl, 1 mM CaCl2)
as added to a total volume of 1.3 mL. The tempera-

ure was allowed to equilibrate at 35°C with stirring
or several minutes and the background emission was
ecorded (the background rate was undetectable). En-
yme (1–10 mL) was added and the emission was re-
orded.

cPLA2. An aliquot of phospholipid (78 mL of 0.05
M substrate/0.5 mM DTPM) was placed in a 1 3 1-cm

uorescence cuvette and buffer (50 mM Tris, pH 8, 100
M NaCl, 1 mM CaCl2, 30% glycerol) was added to a

s
j

otal volume of 1.3 mL. The temperature was allowed
o equilibrate at 35°C with stirring for several minutes
nd the background emission was recorded (the back-
round rate was undetectable). Enzyme (1–10 mL) was
dded with extra mixing of the viscous solution, and
he emission was recorded.

Calibration. A measured amount of BODIPY-
L-C5 (in the case of PBPEC6DNP and MBPEDNP) or
ODIPY-FL-C5-lyso-PAF (in the case of BC11-DNPC8-
C) was added to the phospholipid substrate solutions
nder the same conditions as the assays above, and the

ncrease in emission was recorded. The factor, pico-
oles of BODIPY product/intensity unit increase, was

hen used to convert emission increase/sec to picomoles
f product/second in the assays.
Zebrafish in vitro assay. Single embryos were as-

ayed as previously described (15). Briefly, embryos
ere placed in 0.15 mL of embryo medium (EM: 13.7
M NaCl, 0.537 mM KCl, 0.025 mM Na2HPO4, 0.044
M KH2PO4, 1.30 mM CaCl2, 1 mM MgSO4, 4.2 mM
aHCO3, pH 7.2) (16) containing 150–200 ng of a
uorescent phospholipid substrate, and sonicated for
–5 s. After 1 h at 37°C, reactions were stopped by the
ddition of 0.45 mL of chloroform:methanol (2:1) (17),
ixed, and centrifuged (30 s, 16,000g). The aqueous

raction was discarded and an aliquot of organic frac-
ion was loaded on thin-layer chromatography plates
Si250 PA, J.T. Baker, Phillipsburg, NJ). Plates were
eveloped in toluene: diethyl ether: ethanol: acetic acid
50:40:2:0.2) and quantified using a laser scanner (Mo-
ecular Dynamics, Sunnyvale, CA).

luorescence Imaging

PBPEC6DNP was purified by TLC to remove low-
bundance BODIPY-labeled degradation products im-
ediately prior to injection into zebrafish embryos.
urified PBPEC6DNP (5 mg) was dried under N2 and
esuspended in ethanol (10 mL) followed by the addi-
ion of EM (10 mL). The solution was again dried under

2 until the volume was approximately 5 mL to ensure
he evaporation of most of the ethanol. Phenol red (0.5
L of a 2% stock) was added to allow easy identification
f injected embryos. Embryos (one- to four-cell stage)
ere injected (2 nL of the solution described above)

hrough the yolk cell to a region directly adjacent to the
eveloping blastoderm. Embryos were incubated in
M (2–6 h at 28°C; 1 mL/embryo) and visualized using
Leica TCSNT confocal microscope.

ESULTS

ynthesis of BODIPY-DNP-Labeled Phospholipids

BODIPY-DNP-labeled phospholipids were synthe-

ized by standard methods. The products were pure as
udged by a single spot on TLC, and Vis absorption
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30 HENDRICKSON ET AL.
pectra indicated stoichiometric amounts of BODIPY
nd DNP chromophores as judged by their extinction
oefficients (18). Fluorescence emission of the lipid dis-
ersions in the enzyme assays prior to the addition of
nzyme was about 10% or less of full scale at the
ighest signal gain used (303).

nzyme Assays, General Remarks

The specific activities of ppPLA2, cPLA2, and
PAF-AH with different substrates are shown in Table
. All substrates were incorporated into anionic DTPM
esicles to enhance enzyme binding at the interface.
BPEC6DNP was the best substrate for ppPLA2, while
C11-DNPC8-PC was a very poor substrate. BC11-
NPC8-PC was the best substrate for cPLA2;
BPEDNP was a very poor substrate, while the intro-

uction of a C6 spacer in the head group of
BPEC6DNP greatly increased its activity. cPLA2 was
est determined in the presence of 28% glycerol; in the
bsence of glycerol, enzyme activity was erratic (19),
ften dying within the first minute. BC11-DNPC8-PC
as the best substrate for rPAF-AH, although the
ther two substrates also gave good activities.

ssay of rPAF-AH

rPAF-AH was best assayed with 10 mol% BC11-
NPC8-PC in the presence of DTPM. Figure 1A shows
typical progress curve for the assay of 0.8 ng of

nzyme. Activity was proportional to the amount of
nzyme (Fig. 1B) and the minimal amount of enzyme
etectable is estimated to be about 0.1 ng. The specific
ctivity of the enzyme was about 17 mmol min21 mg21.
ctivity as a function of bulk concentration of lipid is
hown in Fig. 1C. An apparent Km 5 9.8 mM was
bserved. Activity as a function of surface concentra-

TABLE 1

Activities of Enzymes with BODIPY-Labeled Substrates

Enzyme Substratea Specific activity

p-PLA2
b BC11-DNPC8-PC 20 nmol min21 mg21

PBPEC6DNP 15 mmol min21 mg21

MBPEDNP 3.1 mmol min21 mg21

PLA2
c BC11-DNPC8-PC 5.0 nmol min21 mg21

PBPEC6DNP 18 nmol min21 mg21

MBPEDNP 0.02 nmol min21 mg21

PAF-AHb BC11-DNPC8-PC 17 mmol min21 mg21

PBPEC6DNP 5.9 mmol min21 mg21

MBPEDNP 11 mmol min21 mg21

a 3 mM substrate, 30 mM DTPM.
b Buffer: 50 mM Tris, pH 8.0, 100 mM NaCl, 1 mM Ca21.
c Buffer: 50 mM Tris, pH 8.0, 100 mM NaCl, 1 mM Ca21, 28%

lycerol.
ion of substrate is shown in Fig. 1D. An apparent
nterfacial K*m 5 2.16 mol% was observed.

e
c

ssays of cPLA2 and ppPLA2

cPLA2 was best assayed with PBPEC6DNP, al-
hough BC11-DNPC8-PC also gave good activity.
BPEDNP, which lacks the C6 spacer in the head

roup, was a very poor substrate. Figure 2A shows a
ypical progress curve for the assay of 0.2 mg of enzyme
ith PBPEC6DNP. Activity was proportional to the
mount of enzyme (Fig. 2B), and the minimal amount
f enzyme detectable is estimated to be about 50 ng.
he specific activity of the enzyme was about 18 nmol
in21 mg21. These assays required 28% glycerol in the

uffer, presumably to stabilize the enzyme; without
lycerol, reactions were erratic and the enzyme activity
ften died in the first minute. Glycerol significantly
ncreased the viscosity of the solution, so extra care
as required to insure adequate mixing; after addition
f enzyme the solution was stirred with a small paddle
or several seconds. ppPLA2 was best assayed with
BPEC6DNP, although MBPEDNP was also a fair
ubstrate. Activity with BC11-DNPC8-PC, however,
as very poor.

alibration of Assays

Enzyme assays were calibrated by determining the
mission intensity increase as a function of the amount
f fluorescent product. Product was added to phospho-
ipid substrate solutions under the same conditions as
he assay. Figure 3A shows the addition of BODIPY-
L-C5 to buffer or PBPEC6DNP/DTPM. Addition of
ODIPY-FL-C5 to buffer showed a linear increase in
mission; however, addition to lipid showed a smaller
onlinear increase, presumably due to limited quench-

ng in the presence of substrate DNP. The initial slope
f emission increase in the presence of lipid (up to 40
mol of BODIPY-FL-C5) was nearly linear and was
sed to calibrate assays using PBPEC6DNP or
BPEDNP as substrate.
The addition of BODIPY-FL-C5-lyso-PAF to buffer or

C11-DNPC8-PC/DTPM is shown in Fig. 3B. No sig-
ificant quenching was observed in the presence of
ubstrate. The slope of this emission increase in the
resence of lipid was used to calibrate assays using
C11-DNPC8-PC as the substrate.

n Vitro Assays with Zebrafish Embryo Extract

To compare the fluorophores in a more physiologic
ontext, the specific activity of zebrafish extract PLA2

as determined using various BODIPY-PC analogs.
ach assay contained the extract of a single embryo

1000-cell stage) in the presence of 150–200 ng of flu-
rescent substrate. These assays were performed un-
er saturating conditions because extracts also contain
ndogenous zebrafish lipids (data not shown). The spe-

ific activity of a single BODIPY-labeled PC (BODIPY-
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31PHOSPHOLIPASE ASSAYS AND FLUORESCENCE IMAGING
L-C5-HPC) was also determined and compared with
he quenched fluorophores. The quenched compounds,
C11-DNPC8-PC and PBPEC6DNP, were clearly better
ubstrates than BODIPY-FL-C5-HPC, with BC11-
NPC8-PC being significantly better than either
BPEDNP or PBPEC6DNP (Fig. 4).

luorescence Imaging

Having established that quenched fluorophores were
ood PLA2 substrates in vitro, we examined whether
hey could function in the living zebrafish embryo.
mbryos were injected with approximately 2 ng of
ubstrate at the 1- to 4-cell stage and allowed to de-
elop for a number of hours until early somitogenesis

IG. 1. Assay of rPAF-AH with BC11-DNPC8-PC. (A) Reaction prog
TPM. (B) Rate as a function of the amount of enzyme; 10 mol% BC1

C) Rate as a function of the bulk concentration of lipid; 4.76 mol% B
m 5 9.8 6 2.8 mM. (D) Rate as a function of the surface concentrati
pparent interfacial K*m 5 2.16 6 0.82 mol %.
tages when endogenous PLA2 activity increases dra-
s
a

atically (15). While BC11-DNPC8-PC is an excellent
ubstrate in vitro, it is metabolized too rapidly for use
n the living embryo (data not shown). However,
BPEC6DNP injected into the early blastula persisted
ntil somitogenesis (12 h after injection) and often (25
f 45 injections) specifically labeled cells of the devel-
ping notochord in living embryos (Fig. 5). In most
ases where notochord labeling was not observed, flu-
rescence was weakly observed in the yolk near the site
f injection.

ISCUSSION

Thuren et al. (5) introduced the use of intramolecu-
arly quenched pyrene-labeled phospholipid analogs as
ubstrates for the assay of PLA

s curve: 0.8 ng of rPAF-AH with 10 mol% BC11-DNPC8-PC in 30 mM
NPC8-PC in 30 mM DTPM; specific activity 5 16.8 mmol min21 mg21.
-DNPC8-PC in DTPM; Vmax 5 20.4 6 1.9 mmol min21 mg21, apparent
of substrate; [DTPM] 5 30 mM; Vmax 5 19.7 6 2.8 mmol min21 mg21,
res
1-D
2. In looking for a suit-
ble fluorescence-labeled substrate for fluorescence im-
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32 HENDRICKSON ET AL.
ging of PLA2 activity, we considered an intramolecu-
arly quenched BODIPY-labeled phospholipid analog;
he reaction product would have spectral properties
uitable for fluorescence microscopy using an argon–
on laser and be stable to photobleaching and insensi-
ive to environmental factors, and the substrate would
how little or no fluorescence emission. These analogs

IG. 2. Assay of cPLA2 with 10 mol% BPPEC6DNP in 30 mM DTP
f the amount of enzyme; specific activity 5 17.9 nmol min21 mg21.

IG. 3. Fluorescence emission as a function of added reaction produ

, 100 mM NaCl, 1 mM CaCl2) (E), or 10 mol% PBPEC6DNP in 30 mM
uffer (Œ, dotted line), or 5.8 mol% BC11-DNPC8-PC in 30 mM DTPM (F
ere easily synthesized from BODIPY-labeled PAF an-
logs that we have developed and other BODIPY-la-
eled phospholipids available from Molecular Probes.
e used the 2,4-dinitrophenyl group as an intramolec-

lar quencher since it can easily be added to amino
roups by use of the Sanger reagent, 2,4-dinitrofluoro-
enzene.

(A) Reaction progress curve, 0.2 mg enzyme. (B) Rate as a function

. (A) Addition of BODIPY-FL-C5 to 1.3 mL of buffer (50 mM Tris, pH
cts

DTPM (F). (B) Addition of BODIPY-FL-C5-lyso-PAF into 1.3 mL of
, solid line).
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33PHOSPHOLIPASE ASSAYS AND FLUORESCENCE IMAGING
Several continuous fluorometric assays of the 85-
Da cPLA2 were developed by Bayburt et al. (20). As-
ays using 1-pyrenedecanoyl-2-arachidonylphosphati-

IG 4. Zebrafish extract PLA2 activity determined with BODIPY-
abeled substrates. Activity was assayed as described under Materials
nd Methods. Individual embryo extracts were prepared from shield
tage (approximately 6 h postfertilization) embryos and assayed for
LA2 activity using various BODIPY-labeled PC analogs as described
nder Materials and Methods. Data represent the mean (n 5 4) 6 SE.
IG 5. PLA2 activity in living embryos. (Right) A dorsal DIC view of t
Left) The same embryo visualized with confocal microscopy using only
ylcholine, adapted from that of Radvanyi et al. (21),
re most sensitive (1.4 mmol min21 mg21, 0.5 ng mini-
um detectable) but require 100% fluorescent sub-

trate to achieve intermolecular excimer fluorescence.
n assay using the nonfluorescent ester of g-linolenic
cid and 7-hydroxycoumarin to release a fluorescent
roduct is less sensitive (36 nmol min21 mg21, 10 ng
inimum detectable) but convenient, and the sub-

trate can be incorporated into vesicles of anionic lipid
o give kinetics in the “scooting mode” (22). The assay
f cPLA2 described in this paper with PBPEC6DNP is
lmost as sensitive (18 nmol min21 mg21, 50 ng mini-
um detectable) and the substrate can be incorporated

nto anionic lipid vesicles at a low mole fraction. With
0 mol% substrate, only about 3% of substrate was
ydrolyzed in over 30 min of the assay shown in Fig. 2A.
To compare cPLA2 with a more readily available

ecretory enzyme, we looked at the assay of ppPLA2.
BPEDNP and PBPEC6DNP showed low activity

3–15 mmol min21 mg21) compared to an activity of over
000 mmol min21 mg21 with the natural phosphatidyl-
holine substrate (23). BC11-DNPC8-PC showed even
ower activity; the presence of two bulky and polar acyl
roups at the sn-1 and -2 positions of the substrate
ppears to be unfavorable for this enzyme.
rPAF-AH activity is usually determined in a radio-

hemical assay using [3H-acetyl]PAF (24, 25). Discon-
inuous fluorometric assays have been developed that
ive similar sensitivity (26, 27). The continuous assay
eported here for plasma rPAF-AH with BC11-
NPC8-PC is just as sensitive and more convenient to
se. It can detect as little as 0.1 ng of enzyme at rates
f a few picomoles/minute. MBPEDNP is also a suit-
ble substrate for this assay. This assay is restricted to
he somites and notochord of an embryo injected with PBPEC6DNP.
the argon laser (488 nm) for excitation.



t
s
o
t
(
f

w
i
C
a
i
d
t
4
c
b
c
o
i
n
s
m
3

b
p
a
P
t
b
D
e
b
H
i
i
t
s
t
t
n
i
l
a

i
D
p
P
c
a
C
d
m
I

a
t
t
r

A

t
H

R

1

1

1

1

1

1

34 HENDRICKSON ET AL.
he plasma enzyme since the cytosolic enzyme has
trict specificity for an acetyl group at the sn-2 position
f PAF (2). This assay is about 10-fold more sensitive
han a continuous colorimetric assay using 2-thio PAF
Cayman Chem. Co., Ann Arbor, MI), and about 100-
old more sensitive than a pH-stat assay.

We utilized living zebrafish embryos to assess
hether these quenched BODIPY-labeled phospholip-

ds could be used for in vivo imaging. Bis-BODIPY-
11-PC had previously been employed to measure PLA2

ctivity in neutrophils (28) and specifically PLA2 activ-
ty in zebrafish embryos (15); however, quenching is
ependent on the use of exogenous lipids. We found
hat PBPEC6DNP could be injected into yolk of 1- to
-cell-stage embryos and, in more than half of the
ases, incorporated into the developing embryo. When
lastoderm labeling was observed, the notochord, and
ells adjacent to the notochord, showed increased flu-
rescence indicative of PLA2 activity. This is interest-
ng because of the well-established signaling role of the
otochord and its precursors in patterning the nervous
ystem and the somites (structures that give rise to
uscle, skin, and bones of the back) of vertebrates (29,

0).
It is presumed that cleavage of Bis-BODIPY-C11-PC

y PLA2 results in a rapidly reacylated fluorescent
hospholipid and a more diffusable fluorescent fatty
cid. To better label only cells that contained active
LA2 in a tissue or embryo containing a mixture of cell

ypes, we designed BC11-DNPC8-PC such that cleavage
y PLA2 results in a fluorescent lyso lipid. While BC11-
NPC8-PC was the best PLA2 substrate using embryo

xtracts (Fig. 4), it was found to be rapidly metabolized
y living embryos when injected early in development.
owever, this fluorophore might prove superior in liv-

ng systems when it is delivered shortly before assay-
ng activity (i.e., by soaking embryos a liposome solu-
ion as opposed to injecting at the 1-cell stage). Since
ignal transduction events in vivo involve communica-
ion between a variety of cell types in spatially and
emporally dynamic fashion, the ability to monitor sig-
aling events in real time is essential. These data

ndicate that for PLA2-mediated signaling, BODIPY-
abeled phospholipids are excellent substrates for im-
ging enzymatic activity in a continuous assay.
The substrates reported here may also be used to

dentify isozymes in in vitro assays. For example, BC11-
NPC8-PC is a very poor substrate for the secreted
pPLA2, but a good substrate for cPLA2 and plasma
AF-AH; however, it cannot serve as a substrate for
ytosolic PAF-AH, which has strict specificity for an
cetyl group at the sn-2 position. Differences in the
a21 dependency (plasma PAF-AH is Ca21-indepen-
ent) and relative specificities of the three substrates

ay distinguish between cPLA2 and plasma PAF-AH.

n living cells it would be difficult to distinguish the
ctivities of these three enzymes, or possibly others not
ested, with these substrates. Other methods, such as
he use of selective inhibitors or antibodies (15), may be
equired for positive identification.
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