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Bee venom PLA2 possesses a binding site for long-chain fatty acids that can be acylated by
long-chain fatty acid imidazolides [Drainas, D. and Lawrence, A.J. (1978) Eur. J. Biochem.
91, 131-138]. Occupation of the site either by oleic acid or the oleoyl residue enhances the
catalytic activity by 45.7-fold in the presence of 20% 1-propanol and occupation of the site
by the oleoyl residue increases the lytic activity against rabbit erythrocytes by 60-fold.
Treatment of the enzyme with oleic acid and glutaraldehyde is known to produce irrevers-
ible activation [Lawrence, A.J. and Moores, G.R. (1975) FEBS Lett. 49, 287-291]. Here we
show that reduction of the glutaraldehyde-treated enzyme with borohydride stabilizes the
activated state and enables the fatty acid to be removed, revealing that a large proportion
of the induced activation does not require the presence of oleic acid and indicating that
activation is due to a change in the conformation rather than the hydrophobicity of the
protein. A kinetic study of enzyme activated by oleoyl imidazolide showed that this
modification stabilizes the protein against reversible inactivation by 1-propanol. Compari-
son of the CD spectra of native and oleoyl imidazolide-activated enzyme shows a change in
secondary structure with apparent increase in both a-helix and /9-sheet content. During
reaction of the enzyme with oleoyl imidazolide, the protein fluorescence shows a biphasic
response with an initial fall attributed to occupation of the binding site followed by a
progressive decrease with a shift of the emission maximum from 341 to 348 run. The rate of
the second phase closely matched the rate of increase in catalytic activity of the enzyme.
Free oleic acid caused a rapid fall in fluorescence emission without the subsequent slow
change. These results support the proposal that oleic acid or the oleoyl residue occupy a
very similar site on the protein and that occupation of this site increases the exposure of one
or both of the Trp residues to the aqueous environment. Binding studies show that
activation by oleoyl imidazolide does not increase the affinity of the enzyme for the
erythrocyte membrane. It is proposed that occupation of a long-chain fatty acid binding site
on the enzyme enhances catalytic activity by changing the conformation of the protein
rather than acting as a hydrophobic anchor to the substrate surface.

Key words: activation, acylation, circular dichroism, conformation, fluorescence, phospho-
lipase A2.

Venom PLA2 enzymes are small compact proteins with a magnitude (3), but within either surface type subtle
high disulfide bond content {1,2), which act at a lipid-water variations are possible that can have significant effects on
interface. Their catalytic properties are modulated in a reaction rates {4, 5). The effects of detergents on the
variety of interesting ways by amphiphilic molecules that substrate may obscure the possibility that some lipophilic
intercalate into the lipid phase and modify the properties of modulators of PLA2 activity could act directly on the
the interface. Neutral detergents, which can promote the enzyme.
transition from bilammelar to micellar morphology in the Long-chain fatty acids, for example, are thought to
substrate, may increase hydrolysis rates by 1-2 orders of activate phospholipase enzymes by increasing the charge

density of the lipid surface (6), but an observation that the
1 This work was supported by Glasgow University General Fund and activation of bee venom PLA2 by oleic acid could be
the S.E.R.C for provision of the CD facility. stabilized by glutaraldehyde treatment indicated not only
'To whom correspondence should be addressed. Tel: +44-141-330 t h a t ^e f a t t y a c i d ^ u n d to ^e enzyme, but also that it
5196, Fax: +44-141-3304501 E-mail: gba.09eudcf g W u k activated by changing the protein conformation (7). Subse-
Abbreviations: DOPC, dioctanoylphosphatidylcholine; GPC, glycero- , . , - , , , .. , , , . T.T A
phosphorylcholine; PC, phosphatidylcholine; PLA,, phospholipase < l u e n t experiments which showed that a sub-class of PLA2

A,; CD, circular dichroism; TLC, thin layer chromatography; SDS- enzymes could be irreversibly activated by moderately
PAGE; sodium dodecyl sulfate-polyacrylamide gel electrophoresis. reactive acylating derivatives of long-chain fatty acids
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strengthened the possibility that the free acids were
allosteric modifiers of enzymic activity (8, 9).

Although the activated enzymes were extremely stable
under non-denaturing conditions (20), all attempts to
characterize the acylation sites have failed, principally
because the linkage is labile upon partial denaturation and
the acyl residue is rapidly lost during acidic or basic urea
PAGE. These results suggested that a novel, highly labile,
acylation could be involved: this might form the basis of a
reversible regulation mechanism that would escape detec-
tion by conventional labeling experiments. One of the
attractive models for activation of phospholipase enzymes
by long-chain fatty acylation is that the modified side chain
acts as a surface anchor at the lipid interface (11, 12).
However, a number of pieces of evidence, including the
conformational stability of the activated enzyme, the
lability of the linkage on denaturation and the fact that a
bound acyl group would have very different anchoring
properties from free fatty acids support the earlier model
that activation results from a conformation change in the
protein.

In this paper we present evidence that both free oleic acid
and oleoyl imidazolide interact with bee venom PLA2 to
produce a conformation change and that the conformation
change is, to a large extent, responsible for the large
enhancement of catalytic activity.

MATERIALS AND METHODS

Organic solvents were analytical grade from BDH. Chemi-
cal reagents and honey bee {Apis meliffera) venom were
purchased from Sigma chemical. Bee venom phospholipase
A2, (PLA2) was purified from bee venom as described (10,
13). The purity was established by electrophoresis on acid/
urea and alkaline/urea polyacrylamide gel electrophoresis
(14, 15) and the concentration was determined by amino
acid analysis. Egg lecithin, prepared by the acetone extrac-
tion procedure (16) was further purified by chromatog-
raphy on alumina followed by exhaustive deionization on a
mixed bed resin and used to prepare glycerophosphoryl-
choline (GPC) as described (16). Diacyl phosphatidyl
choline derivatives were synthesized by a modification of
the method of Patel et al. (17), using a pyrrolidinopyridine
catalyst, but acylating the GPC free base directly. The
derivatives were purified by chromatography on alumina,
dried and redissolved in methanol and then exhaustively
deionized with Dowex MR-3 mixed bed resin. The products
gave single phosphomolybdate-positive, ninhydrin-nega-
tive bands on TLC. Lyso-phosphatidyl choline was prepar-
ed by bee venom catalyzed hydrolysis of egg lecithin in
solution in 20% 1-propanol with 1 mM CaCl2 maintained at
pH 8.0 by addition of NaOH. After reaction the product was
extracted with chloroform, washed with ethyl acetate,
dried, redissolved in chloroform and purified by alumina
chromatography and by treatment with a mixed-bed ion
exchange resin. Lyso palmitoyl phosphatidyl choline was
prepared from dipalmitoyl phosphatidyl choline by the
same procedure. Monoacyl phosphatidyl choline deriva-
tives were reacylated as described above and the products
purified by standard methods. [9,10(n)-3H]oleic acid was
purchased from Amersham International pic. as a solution
in toluene, dried and diluted 1:15 with unlabeled oleic acid
(to give a specific activity of 74 Gbq/mmol) and used as a 1

mg per ml solution in dry acetone for measurements of oleic
acid binding. [3H] Oleoyl imidazolide was prepared from
0.5 ml of this solution by addition of 0.7 mg of carbonyl
diimidazole (15).

Fluorescence measurements were made at 25'C using a
Perkin-Elmer LS 50 spectrofluorimeter. CD measure-
ments were made at 25*C using a JASCO-J-600 spectro-
polarimeter and secondary structure analysis was under-
taken using the CONTIN procedure (18).

Assays of phospholipase A2 activity were made by
conductimetric methods using a modified apparatus with
eight 2 ml capacity reaction cells (19). Hydrolysis of
phosphatidyl choline derivatives was carried out in 10 mM
triethanolamine HC1 buffer at pH8.0 and where stated
mixed with 1-propanol and the solvent concentration
defined on a volume percent basis (i.e. 20% 1-propanolic
buffer contains 200 ml of 1-propanol in a total volume of 1
liter). Assays were calibrated as described (19). Eryth-
rocyte leakage assays were by conductimetric measure-
ment as described using a 0.3% v/v suspension of rabbit
erythrocytes in isotonic sucrose medium buffered with 10
mM morpholinoproprionate-Na+, pH 7.4 (20).

RESULTS

Methods for Activating Bee Venom PLA2—The original
demonstration of activation by long-chain fatty acids was
obtained using a conductimetric modification of the stan-
dard titrimetric assay in which egg phosphatidyl choline
and its hydrolysis products were solubilized by the inclu-
sion of 20% 1-propanol. The conductimetric assay had
several advantages over the titration method, but most
importantly for this study it monitored precise events from
the inception of reaction and it indicated the level of
contamination of the substrate by ionic species. This
method revealed that reaction progress curves were bi-
phasic with sigmoidal character that was greatly enhanced
by deionizing the substrate using a mixed-bed resin (20).
Kinetic studies then showed that the activating product was
indeed the long-chain fatty acid. It was then found that the
requirement for free fatty acid could be by-passed by two
methods. In the first case the concentration dependence of
fatty acid activation was abolished by adding glutaralde-
hyde to a concentrated solution of enzyme in the presence
of an activating level of oleic acid. The "fixed" enzyme
retained activation after dilution whilst the control did not.
The second method involved treatment of the enzyme with
a stoichiometric equivalent amount of a moderately re-
active long-chain fatty acyl derivative leading to the intro-
duction of an acyl moiety into a 1-propanol-resistant
location in the protein (21).

The Effect of 1-Propanol on Activation—An intriguing
feature of the activated enzyme was its apparent substrate
specificity. Thus, treatment with oleoyl imidazolide, that
activated 50-fold using egg lecithin as substrate in 20%
1-propanolic medium or against rabbit erythrocytes in the
presence of albumin, produced no activation against diocta-
noyl phosphatidyl choline. Thus the enzyme seemed to
possess a specific binding site for long-chain fatty acids
which could be irreversibly occupied by a covalently linked
acyl group, but only increased the catalytic activity under a
limited range of reaction conditions. However no further
studies of the role of 1-propanol in the activation had been
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carried out. In part this was because the lower limit of
1-propanol concentrations in which the conductimetric
assay could be applied was limited to > 15% for the natural
substrate. Below this level the long-chain fatty acid reac-
tion products (>Ci0) formed non-conducting calcium ad-
ducts. To circumvent this we tested the effect of 1 -propanol
on the catalytic activity of the enzyme against short chain
diacyl phosphatidyl choline derivatives. As expected the
hydrolysis rate in a pure aqueous medium peaked with the
DOPC and fell smoothly with acyl chain length (Fig. 1).
However very significant differences were observed be-
tween the didecanoyl and dilauroyl derivatives where
triton X-100 changed from being a weak inhibitor to a
powerful activator. In addition the effect of 20% 1-propanol
changed from being strongly inhibitory to weakly activat-
ing. This is consistent with the model that dilauroyl
phosphatidyl choline is the smallest member of the series to
adopt liposomal rather than micellar morphology in pure
aqueous medium.

The effect of substrate hydrophobicity was further inves-

tigated using phosphatidyl choline derivatives which pos-
sessed a short acyl chain in the 2-position. Briefly the 2-acyl
derivatives of egg lysophosphatidyl choline were good
substrates for the bee venom enzyme, but the 2-nonanoyl
and higher derivatives gave biphasic progress curves where
the transition could be abolished by neutral detergents,
including the product monoacyl phosphatidyl choline
species, but not by the product fatty acid (Fig. 2A). Very
similar responses were obtained using the more precisely
defined compounds based on 1-palmitoyl lysophosphatidyl
choline, eliminating the possibility that rate transitions
could reflect substrate heterogeniety. These results indicat-
ed that the biphasic character was determined by a transi-
tion between low susceptibility liposomal and high-suscep-
tibility micellar morphology, which is the accepted basis for
detergent mediated activation for symmetrical diacyl
derivatives. When the 2-nonanoyl derivative of 1-palmito-
yl phosphatidyl choline was used as a substrate to compare
activated and native bee venom PLA2 it became clear that
the effects of activation were greater on the early than on
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Fig. 1. Modulation of the catalytic activity of bee
venom PLAi by triton X-100 and 1-propanol. The
hydrolysis of different symmetrical diacyl derivatives
of phosphatidyl choline by bee venom PLA, was
measured by conductimetric analysis using reaction
cells containing 2 ml of 10 mM triethanolamine/HCl,
pH 8.0 at 37'C, containing 0.5 mM phospholipid in each
case. Reaction was started by addition of 2 fi\ of 1 mg/
ml PLAi either under the conditions described ( ),
or in the presence of 0.025% triton X-100 ( — ) , or 20%
v/v of 1-propanol ( ). The results are shown for: (A)
diheptyl, (B) dioctanoyl, (C) dinonanoyl, (D) didecano-
yl, (E) diundecenyl, and (F) the dilauroyl derivatives of
phosphatidyl choline, respectively.
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the late phase of the reaction.
The effect of 1-propanol with this substrate differed

0.6 -,

400

Time (Seconds)

800

c 0.6
S

o
a.

..6

Fig. 2. Differential stabilization of normal and activated bee
venom PLA, against 1-propanol by a hydrophobic substrate.
Native bee venom PLA2 and PLA, prepared by treatment of a 1 mg
per ml solution in 10 mM triethanolamine/HCl, pH 8.0, with 10 ji\
per ml of 4 mM solution of oleoyl imidazolide in acetone were used to
hydrolyze an 0.5 mg per ml solution of 1-palmitoyl, 2-nonanoyl
phosphatidyl choline in 10 mM triethanolamine/HCl buffer, pH 8.0
at 3TC. (A) The time course of hydrolysis of 1-palmitoyl, 2-nonanoyl
phosphatidyl choline showing the measurement of initial and of
maximum rates. (B) The dependence of the rates of the initial and late
phases of hydrolysis of 1-palmitoyl, 2-nonanoyl phosphatidyl choline
on 1 -propanol concentration. Reactions were carried out as is (a) using
1 fig per ml of native PLA, at a range of difference concentrations of
1-propanol. Results are displayed as the initial (—O—) and the
maximum (—O—) reaction rates. The progress curves become mono-
phasic at 12% 1-propanol concentration. (C) As in B but using 1 //gper
ml of oleoyl imidazolide activated enzyme. Here the curves become
monophasic at 10% 1-propanol concentration.

significantly from that seen using DOPC. Here the two
phases of reaction responded differently with the early
phase being activated whilst the late phase was initially
activated and then inhibited (Fig. 2B). In consequence the
curves became monophasic at higher propanol concentra-
tion. These results showed that the major difference
between native and activated enzyme was the ability of the
latter to resist 1-propanol induced inactivation.

Activation by Glutaraldehyde—An earlier study showed
that bee venom PLA2 could be activated for attack against
long chain phosphatidyl choline substrates in 20% 1-pro-
panol by mild treatment with glutaraldehyde in the pres-
ence (but not in the absence) of oleic acid followed by
subsequent dilution for assay under conditions where the
fatty acid would normally dissociate from the enzyme (Fig.
3) (6). In the absence of oleic acid, glutaraldehyde treat-
ment slightly reduces the basal activity of the enzyme, but
strongly inhibits the development of sensitivity to activa-
tion by fatty acid reaction products, or to exogenous free
oleic acid. Enzyme activated by this method was not stable
and gradually lost its activity. Here we attempted to
stabilize the modified enzyme by borohydride reduction
and then to determine whether or not the long-chain fatty
acid could be removed whilst maintaining activation.
Figure 4 shows that borohydride reduction during activa-
tion halted the progress of reaction and did indeed stabilize

m
in

)

2

el
ea

se
d

•a

ac
i

>~.

Fa
t

0 10 20

0.6-

0 3 -

'
0-

c

1-Propanol (%)

C

^J \n y i \
J T ^ ! \

/ 1 \( J \
1 • 1 •

) 10 20
1-Propanol (%)

'c
B
i
<u
O
§

-a
«
CO

<u

y

Urn

0.6

300 600

Time (second)

Fig. 3. Stabilization of fatty acid activation of bee venom PLA,
by glutaraldlehyde. A solution of bee venom PLA, at 1 mg/ml in 10
mM triethanolamine/HCl, pH 8.0, containing 20% v/v 1-propanol,
was incubated at 25'C either alone (-a—), with 0.1 mM oleic acid
( - • - ) , with 0.25% glutaraldehyde ( - • - ) , or with 0.1 mM oleic acid
followed by 0.25% glutaraldehyde ( -C-) . After 5 min, 2 //I samples
were withdrawn for conductimetric measurement of the time course
of hydrolysis of purified egg phosphatidyl choline dissolved at 1 mg/
ml in the same buffer at 37'C.
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1228 T. Ahmed et al.

the activated state. Enzyme was now activated by glutaral-
dehyde in the presence of 3H- labeled oleic acid, reduced by
borohydride and subjected to gel filtration on Biogel P30 in
20% 1-propanol (Fig. 5). Table I shows the activation status
of the enzyme at all stages in these procedures in compari-
son with activation produced by oleoyl imidazolide treat-
ment. The results demonstrated very clearly that the fatty

"c

Time (minute)

Fig. 4. Borohydride reduction of glutaraldehyde treated bee
venom PLA,. Two samples of bee venom PLA, were activated by
treatment with 0.25% glutaraldehyde in the presence of 0.1 mM oleic
acid as in Fig. 3. One sample (-•—) was treated with sodium
borohydride and 2 //I aliquots withdrawn for assay as in Fig. 3 at
measured times. The other sample (—B—) was not treated with
sodium borohydride.
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Fig. 5. Activation of PLA, by glutaraldehyde does not require
the continued presence of oleic acid. Bee venom PLA2 was
activated by treatment with 0.25% glutaraldehyde in the presence of
0.1 mM *H-labeled oleic acid, reduced with borohydride, and then
passed through a column (10x1 cm) of Biogel P30 prepared in 10 mM
triethanolamine/HCl containing 20% v/v of 1-propanol and the
enzyme tested for the retention of activation. Enzyme activity (—C—)
and radioactivity (—•-).

acid free enzyme retained a significant degree of activation.
Many PLA2 enzymes are known either to dimerize at high
concentration, or else to be active as dimers (22, 23). One
possible mode of action of fatty acids or bound acyl residues
would be to stabilize a dimeric state and glutaraldehyde
could further stabilize such a dimer. Furthermore the
reduction of glutaraldehyde activated enzyme by borohy-
dride would render the linkage irreversible. However, no
form of the activated enzyme shows a change in Mr as
detected by gel filtration using Biogel P30 in 20% 1-pro-
panol (data not shown), or on acidic urea PAGE (14) or
basic urea PAGE (15). More cogently dimer was not
detected on SDS-PAGE (data not shown).

Circular Dichroism—In order to obtain direct evidence
for conformation change the circular dichroism (CD) spec-
tra of normal and activated bee venom phospholipase A2

were compared. The results, Fig. 6, show clearly that there
is a significant change in secondary structure on activation.
Using the CONTTN procedure (Provencher and Glcckner,
1981) the a -helix and /?-sheet contents of normal and
activated PLA2 were 30±1 to 39 + 2 and 38±1 to 45±2,
respectively (18).

TABLE I. Measurement of bee venom PLA, activation. Reac-
tion time courses for the hydrolysis of pure egg phosphatidyl choline
were obtained by conductimetric assay in 10 mM triethanolamine/
HC1 at pH 8.0 containing 20% v/v of 1-propanol at 37'C. The initial
and maximum rates of the biphasic progress curves were obtained
graphically. The activation factor was determined by dividing the
initial rates in each case by the initial rate of the control reaction and
product activation was determined from the ratio of the maximum to
the initial rate in each case. Results are the means of two independent
determinations.

Reaction rate
(fatty acid released Activation Product

nmol/ml/min) factor activationTreatment

Initial Maximum
Control 19 875 - 46
Oleoyl imidazolide 901 901 47 1.0
Oleic arid+glutaraldehyde 130 529 6.8 4.0
Oleic acid+glutaraldehyde+ NaBrL

a) Before gel filtration 155 845 8.1 5.3
b) After gel nitration 151 654 7.9 4.3

Havtltngth tnaj

Fig. 6. Comparison of the CD of native and oleoyl imidazolide
activated bee venom PLA,. Bee venom PLA, (0.2 mg per ml) was
activated with molar equivalent of oleoyl imidazolide (solution in
acetone) as described. CD spectra of the native (a) and the modified
(b) enzymes were made at 25'C using a JASCO J-600 spectropolar-
imeter. A control spectrum of native PLA, in the presence of same
concentration of acetone was indistinguishable from that of the
enzyme in purely aqueous medium.
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Fig. 7. Perturbation the tryptophan fluorescence of bee venom
PLAj by oleic acid and oleoyl imidazolide. Fluorescence measure-
ments were made at 25*C using a Perkin-Ebner LS 50 spectrofluo-
rimeter. Enzyme solutions were prepared at 0.1 mg per ml (ca. 7 ̂ M)
and the emission spectrum for excitation at 290 nm obtained. (A)
Emission spectra over the range 300-400 nm were recorded for native
enzyme (- - ) , enzyme after lOmin of treatment with 8^M oleoyl
imidazolide (—), and enzyme after 60 min of treatment with 8 ^M
oleoyl imidazolide (•• ••). (B) Time course of fluorescence emission at
340 nm for enzyme treated as above but with 8 /*M of free oleic acid.
(C) Time course of fluorescence emission at 340 nm for enzyme
treated as above but with 8 /*M oleoyl imidazolide at pH 7 ( - • - ) , 8
(-X-), and 9 (-O-).

Tryptophan Fluorescence—Bee venom PLA2 contains
two tryptophan residues (24) one near the N-terminus,
Trp-8 and one near the C-terminus, Trp-128. In addition it
has 8 tyrosine residues widely distributed through the
sequence. The fluorescence emission spectrum of the native
protein (Ama* = 341 nm) showed that the Trp residues were
in a moderately hydrophobic environment (25). When the

enzyme was treated with a molar equivalent of oleoyl
imidazolide at pH 8.0 the fluorescence emission decreased
sharply and then declined progressively, undergoing a
small, but detectable red shift, Fig. 7A. The time course of
the slow phase corresponded to a half-life of ca. 5 min
which is in reasonable agreement with the kinetics of
activation (20). The simplest interpretation of these
results is that the highly hydrophobic reagent binds to the
enzyme very rapidly, perturbing the environment of one of
the tryptophan residues, and then undergoes a relatively
slow reaction in which the oleoyl group is transferred to an
acceptor residue; this leads to further perturbation of the
tryptophan environment. It was therefore anticipated that
free fatty acid might mimic the first part of this process, but
not the second and the results (Fig. 7B) are consistent with
this interpretation.

A preliminary investigation of the effect of pH on
fluorescence emission changes showed that the rate of the
slow phase was 2-3 fold lower at pH 7 than at pH 8, and
very slightly lower at pH 9 than pH 8, (Fig. 7C) in accord
with the known effect of pH on activation kinetics (26).

Erythrocyte Binding—Activation of the bee venom PLA2

with oleoyl imidazolide has a very dramatic effect on the
ability of the enzyme to lyse erythrocytes in the presence of
albumin (27). Because this effect occurs in an aqueous
medium it indicates that activation by free fatty acids or
acylation might have a physiological role. Although neither
the native nor the activated enzyme are lytic in the absence
of albumin, the enhanced activity of the activated enzyme
in the absence of albumin has been clearly demonstrated.
Enhancement of the lytic action of the enzyme could be
attributed either to increased binding of the enzyme to the
erythrocyte membrane or else to increased lytic properties
of the enzyme itself. To investigate the former possibility
erythrocytes were incubated with low quantities of normal
or activated enzyme and after a brief incubation the cells
pelletted and the residual PLA2 present in the supernatant
was assayed against DOPC substrate in the presence of 1
mM CaClj to give maximum sensitivity. When this experi-
ment was carried out in the presence of albumin, the
recovery of activity from solution was 97.6 ± 2% for native
enzyme and 96.1 ±3% for activated enzyme whilst in the
absence of albumin recovery fell to 63 ±4% for native and
61 ±3% for the activated enzyme. These results indicate
that both forms of the enzyme bind more strongly to
albumin than to the erythrocyte membrane, but the affinity
for the membrane is not altered significantly by acylation.

DISCUSSION

Before the present study only two assays have been
available to study phospholipase A2 activation by acyl
imidazolides, the erythrocyte leakage assay which is done
under physiological conditions and the hydrolysis of long-
chain substrates in the highly non-physiological 1-propanol-
containing medium. These methods have now been com-
plemented by the use of tryptophan fluorescence which,
together with CD measurements enables the structural
studies only possible in the 1-propanolic medium to be
extended to the aqueous medium.

It is quite clear from our results that 1-propanol induces
a low activity conformation of the enzyme and that this
change can be counteracted by the combination of a long-
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chain substrate and a free fatty or bound acyl residue. The
fact that the bound acyl residue also activates the enzyme
in a purely aqueous medium indicates that the same
mechanism is involved. The major problem is to determine
whether or not the apparent activation site is a site for free
fatty acids or for long-chain acyl groups. Investigation of
fatty acid activation in aqueous media tends to give ambig-
uous results because it is virtually impossible to distinguish
between ligand binding to the enzyme or to the substrate,
but no ambiguity is present when the enzyme is modified by
long-chain fatty acylation. At present neither the nature of
the bond between the acyl group and the enzyme, nor the
relationship between the fatty acid binding site and the
acylation site is known although the two sites appear to be
closely related.

Known modifications of proteins by long chain fatty acids
include stable modification of the N-terminal glycine amino
group by myristate (28-30) and the thio-esterification of
cysteine by palmitoyl residues (31, 32). Whereas the
former derivative is extremely stable, the latter is labile
both to alkaline conditions and also to cellular deacylating
enzymes. Nevertheless both types of derivatives are suffi-
ciently stable to be characterized by SDS-PAGE (33).
Many features of the present modification indicate that a
novel bond type is involved which is extremely labile once
the protein has been denatured. Thus the activated enzyme
shows no detectable modification after acid urea PAGE (14)
and although [3H]oleoyl imidazolide introduces a labeled
group that is resistant to extraction by organic solvents (9)
or by albumin, the label is rapidly lost on SDS-PAGE (26)
or under the mild conditions required for reduction and
carboxymethylation of the protein.

The function of long-chain acyl residues in proteins is a
matter for debate. They may stabilize protein oligomers
(34), or facilitate both stable or transient protein-mem-
brane interactions (28, 35) where the acyl chain may
extrude from the protein and penetrates the lipid layer
acting as a hydrophobic anchor. Such a model would appear
to be a logical feature for a phospholipase and enable the
protein to "scoot" (36) on the substrate surface. Neverthe-
less the results obtained here provide good reason to
believe that it does not apply in the present case.

Studies of activation in 1-propanolic medium indicate
that the major effects is to stabilize the enzyme against
denaturation by the solvent. Thus there appears to be a site
on the protein that can bind long-chain fatty acids or fatty
acyl residues and reverse the inactivating effect of 1-pro-
panol. However activation is substrate-dependent and not
observed for a short-chain compound such as DOPC, but is
present with the 1-palmitoyl, 2-nonanoyl PC derivative,
hence the presence of both activator and long-chain sub-
strate is required to reverse the denaturing effect of 1-
propanol. Proof that a conformation change occurs has been
obtained by glutaraldehyde fixation in the presence of oleic
acid where the present results show that the major compo-
nent of activation by this modification persists even when
the fatty acid has been removed.

To extrapolate from stabilization against organic solvent
to a role for the activating modification in aqueous medium
it is necessary to show that the enzyme is capable of
undergoing a conformation change under these conditions
and that it can be correlated with the activating modi-
fication. Although the three dimensional structure of the

enzyme is stabilized by five disulfide bridges (1), the
protein nevertheless undergoes a significant conformation-
al change on activation as shown by the changes in far U.V.
CD.

This conclusion was strengthened by the changes in
tryptophan fluorescence which indicate that occupation of
the fatty acid binding site causes a conformation change. On
the basis of the red-shift in the emission maximum, the
conformational change increases the exposure of at least
one tryptophan residue to the solvent. As anticipated, the
effect is instantaneous when induced by the free fatty acid,
but when produced by oleoyl imidazolide has an appropriate
rate and pH dependence to correlate with activation. Of the
two Trp residues present in this protein, Trp-8 is in a
relatively internal hydrophobic environment near the
active site, whilst Trp-128 is in a less compact region of the
protein with a lower density of hydrophobic residues, hence
Trp-8 is the more likely source of the observed changes. It
is of interest that the acidic PLA2 isoform from the spitting
cobra Naja mossambica mossambica has three Trp residues
(vis. Trp-18, Trp-19, and Trp-60), and on reaction with
oleoyl imidazolide it gives significantly larger fluorescence
changes than the bee venom enzyme (our unpublished
work) suggesting that the two adjacent Trp residues could
be involved.

The bulk of the evidence presented here shows that the
enzyme is capable of conformation change and that such
change does accompany activation associated with occupa-
tion of a hydrophobic site on the enzyme. Nevertheless the
observations do not entirely preclude the alternative model
that the acyl group occupies a surface location and acts as a
hydrophobic anchor linking the enzyme to the substrate.
Based on the apparent equivalence of free fatty acid
activation and acyl group activation, strong linkage of the
fatty acid to the enzyme must involve the carboxylate
group and a proximal part of the acyl chain with the distal
part of the acyl chain penetrating the substrate. We have
shown elsewhere (20, 37) that a chain length >6 carbon
atoms is required for specific reaction at the activating site.
It would now be of interest to use the fluorescence technique
to study the relationship between structural changes in the
enzyme and activation as a function of acyl chain length to
see if the requirements for activation and for conformation
change differ, as would be expected for the hydrophobic tail
model, but not for the conformation change model of
activation.

The most cogent argument against the hydrophobic tail
model is that direct determination of the binding of the
enzyme to erythrocyte membranes is not significantly
altered by activation. Thus on balance the most plausible
model is that acylation involves a buried acyl residue that
forces a conformation change which makes the enzyme
more effective against long-chain substrates whilst having
no effect against short-chain substrates. This includes the
possibility that contact with the substrate surface itself
actually forces the enzyme into a low activity conformation
and the effect of the activator is to overcome this induced
change.

The present study has been confined to the bee venom
enzyme for the principal reason that it is the only such
enzyme that can be activated by the combination of glutar-
aldehyde and free fatty acid and therefore provides unique
evidence for conformation change. Cobra venom enzymes
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that can be activated by acyl imidazolides clearly do not
possess the fortuitous spacing of primary amino groups that
allows the activated conformation to be stabilized by cross-
Unking. A study of the snake venom enzymes, which
provide a series of natural mutants with varied susceptibil-
ity to acyl imidazolides, should allow the nature of the fatty
acid site and the acylation site to be determined.

The authors wish to thank Dr. D. Mousdale for amino acid analysis
and Mr. A. Hart for technical assistance.

REFERENCES

1. Dennis, E.A. (1994) Diversity of group types, regulation, and
function of phospholipase A,. J. Biol. Chem. 269, 13057-13060

2. Davidson, F.F. and Dennis, E.A. (1990) Evolutionary relation-
ships and implications for the regulation of phospholipase Ai
from snake venom to human secreted forms. J. Mol. Evol. 31,
228-238

3. Roberts, M.F., Adamich, M., Robson, R.J., and Dennis, E.A.
(1979) Phospholipid activation of cobra venom phospholipase
A,. I. Lipid-lipid or lipid-enzyme interaction. Biochemistry 18,
3301-3314

4. Roholt, O.A. and Schlamowitz, M. (1961) Studies of the use of
dihexanoyllecithin and other lecithins as substrate for phospho-
lipase A with addendum on aspects of micelle properties of
dihexanoyllecithin. Arch. Biochen. Biophys. 94, 364-379

5. Cho, W., Tomasselli, A.G., Heinrikson, R.L., and Kezdy, F.J.
(1988) The chemical basis for interfacial activation of monomeric
phospholipase A2. Autocatalytic derivation of the enzyme by acyl
transfer from substrate. J. Biol. Chem. 263, 11237-11241

6. Bangham, A.D. and Dawson, R.M.C. (1959) The relation between
the activity of a lecithinase and the electrophoretic charge of the
substrate. Biochem. J. 72, 486-496

7. Lawrence, A.J. and Moores, G.R. (1975) Activation of bee venom
phospholipase A, by fatty acids, aliphatic anhydrides and glutar-
aldehyde. FEBS Lett. 49, 287-291

8. Drainas, D., Moores, G.R., and Lawrence, A.J. (1978) The
preparation of activated bee venom phospholipase A2. FEBS
Lett. 86, 49-52

9. Drainas, D. and Lawrence, A.J. (1978) Activation of bee venom
phospholipase A2 by oleoyl imidazolide. Eur. J. Biochem. 91,
131-138

10. Camero Diaz, R.E., Elansari, O., Lawrence, A.J., Lyall, F., and
McLeod, W.A. (1985) Activation of bee venom phospholipase A,
by oleoyl imidazolide produces a thiol- and proteinase-resistant
conformation. Biochim. Biophys. Acta 830, 52-58

11. Van der Wiele, F.C., Atsma, R.B., Van Linde, M., Binsbergen,
J.V., Radvanyi, F., Raykova, D., Slotboom, A.J., and De Haas,
G.H. (1988) Site specific epsilon-NHj monoacylation of pancre-
atic phospholipase A2. 2. Transformation of soluble phospho-
lipase A, into highly penetrating 'membrane-bound' form.
Biochemistry 27 1688-1694

12. Van der Wiele, F.C., Atsma, W., Dijkman, R., Schreurs,
A.M.M., Slotboom, A.J., and De Haas, G.H. (1988) Site specific
epsilon-NHj monoacylation of pancreatic phospholipase A2. 1.
Preparation and properties. Biochemistry 27, 1683-1688

13. Shipolini, R.A., Callewaert, G.L., Cottrell, R.C., Doonan, S.,
Vernon, C.A., and Banks, B.E.C. (1971) Phospholipase A from
bee venom. Eur. J. Biochem. 20, 459-468

14. Chettibi, S. and Lawrence, A.J. (1989) High resolution of honey
bee (Apis mellifera) venom peptides by propionic acid/urea
polyacrylamide gel electrophoresis after ethanol precipitation.
Tozicon 27, 781-787

15. Ahmad, T. and Lawrence, A.J. (1993) Purification and activation
of phospholipase A2 isoforms from Naja mossambica mossambica
(spitting cobra) venom. Toxicon 31, 1279-1291

16. Brockerhoff, H. and Yurkowski, M. (1965) Simplified prepara-

tion of L-ff-glycerol phosphoryl choline. Can. J. Biochem. 43,
1777

17. Patel, K.M., Morriset, J.D., and Sparrow, J.T. (1979) A conve-
nient synthesis of phosphatidylcholine: Acylation of sn-glycero-
phosphocholine with fatty acid anhydride and 4-pyrroldinopyri-
dine. J. Lipid Res. 20, 474

18. Provencher, S.W. and GlSckner, J. (1981) Estimation of globular
protein secocndary structure from circular dichroism. Biochemis-
try 20, 33-37

19. Mezna, M. and Lawrence, A.J. (1994) Conductimetric assays for
the hydrolase and transferase activities of phospholipase D
enzymes. Anal. Biochem. 218, 370-376

20. Chettibi, S., Lyall, F., and Lawrence, A.J. (1990) Rapid activa-
tion of the non-toxic basic isoform of phospholipase Aj from Naja
mossambica mossambica (spitting cobra) by long-chain fatty
acylation. Toxicon 28, 953-961

21. Drainas, D., Harvey, E., Lawrence, A.J., and Thomas, A. (1981)
Mechanisms for albumin-mediated membrane damage. Eur. J.
Biochem. 114, 239-245

22. Romero, G., Thompson, K., and Biltonen, R.L. (1987) The
activation of pancreatic phospholipase A2 by dipalmitoylphos-
phatidylcholine large unilamellar vesicles. J. Biol. Chem. 262,
13476-13482

23. Hendrickson, H.S. and Dennis, E.A. (1984) Analysis of the
kinetics of phospholipid activation of cobra venom phospholipase
A2. J. Biol. Chem. 259, 5740-5744

24. Kuchler, K., Gmachl, M., Sippl, M.J., and Kreil, G. (1989)
Analysis of the cDNA for phospholipase A, from honey bee
venom glands: The deduced amino acid sequence reveals homol-
ogy to the corresponding vertebrate enzymes. Eur. J. Biochem.
184, 249-254

25. Eftink, M.R. and Ghiron, C.A. (1976) Exposure of tryptophanyl
residues in proteins. Quantitative determination by fluorescence
quenching studies. Biochemistry 15, 672-680

26. Lyall, F. (1984) Activation and regulation systems for venom
phospholipase A,. PhD dissertation, University of Glasgow

27. Drainas, D. and Lawrence, A.J. (1980) Phospholipase A2 activat-
ed with oleoyl imidazolide. FEBS Lett. 114, 93-97

28. Grand, R.J.A. (1989) Acylation of viral and eukaryotic proteins.
Biochem. J. 258, 625-638

29. Magee, A.I. and Courtneidge, S.A. (1985) The two classes of fatty
acylated proteins exist in eukaryotic cells. EMBO J. 4, 1137-
1144

30. Magee, A.I. (1990) Lipid modification of proteins and its rele-
vance to protein targeting. J. Cell Sci. 97, 581-584

31. Schmidt, M.F.G. and Lambrecht, B. (1985) On the structure of
the acyl linkage and the function of fatty acyl chains in the
influenza virus haemagglutinin and the glycoproteins of semliki
forest virus. J. Gen. Virol. 66, 2635-2647

32. Branton, W.D., Rudnick, M.S., Zhou, Y., Eccleston, E.D., Fields,
G.B., and Bowers, L.D. (1993) Fatty acylated toxin structure.
Nature 365, 496-497

33. Viet, M., Ntimberg, B., Spicher, K., Harteneck, C, Ponimaskin,
E., Schultz, G., and Schmidt, M.F.G. (1994) The alpha-subunits
of G-proteina d 2 and Gn are palmitoylated but not amidically
myristoylated. FEBS Lett. 339, 160-164

34. Carr, S.A., Biemann, K., Shoji, S., Parmelee, D.C., and Titani,
K. (1982) n-Tetradecanoyl is the NH2-terminal blocking group of
the catalytic subunit of cyclic AMP-dependent protein kinase
from bovine cardiac muscle. Proc. Nail. Acad. Sci. USA 79,
6128-6131

35. Resh, M.D. (1994) Myristylation and palmitylation of Src family
members: The fats of the matter. Cell 76, 411-413

36. Jain, M.K. and Berg, O.G. (1989) The kinetics of interfacial
catalysis by phospholipase A2 and regulation of interfacial
activation: Hopping versus scooting. Biochim. Biophys. Acta
1002, 127-156

37. Chettibi, S. (1990) Activation mechanisms for venom phospho-
lipase A2 enzymes. PhD dissertation, University of Glasgow

Vol. 120, No. 6, 1996

 at C
hanghua C

hristian H
ospital on O

ctober 2, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/

