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The effects of resorcinolic lipids (5-«-alk(en)ylresorcinols) isolated from cereal grains on the 
phospholipase A2 catalyzed hydrolysis of phospholipid vesicles were examined. Studied com­
pounds inhibited the apparent enzyme activity at the molar fraction in the membrane as low as 
0.025, which is equivalent to the concentration of 3 ( i M .  This effect was visualized by dramatic 
increase (over ten-fold) of the latency period of the reaction progress. This makes resorcinolic 
lipids one of the most potent inhibitors of phospholipase A, among already studied com­
pounds. Highest inhibitory activities were shown for dienoic and monoenoic homologs of 17 
carbon atoms in the aliphatic chain. Both saturation of the chain and the increase of its length 
reduced inhibitory properties of resorcinolic lipids. The data suggest that the compounds stud­
ied in this paper like other known amphiphilic inhibitors of phospholipase A2 owe most of 
their effects to the ability to modify the quality of the substrate interface. These are the altera­
tion of the enzyme binding, velocity of the formation and redistribution of the products. How­
ever part of the effect seems to be attributed to direct interaction and modification of enzyme 
properties by alk(en)ylresorcinols.

Introduction

Resorcinolic lipids, am phiphilic com pounds 
present in num erous plant m aterials [ 1 ] were also 
dem onstrated in cereal grains [2 -4 ]. The biologi­
cal role o f these com pounds, particularly  in the nu ­
tritional effects o f cereal grains and  cereal grain- 
derived products (e.g. b ran  products) is not 
known. Previous studies showed that resorcinolic 
lipids isolated from  rye grains strongly affect 
structure and function o f biom em branes and 
phospholipid bilayers [5-8]. M ost recent da ta  in ­
dicate tha t the alk(en)ylresorcinols also protect 
unsaturated  lipids against oxidative processes [9]. 
The enzymatic conversion o f arachidonic acid, one 
o f the essential unsaturated  fatty  acids, into b io­
logically active eicosanoids th a t control num erous 
pathophysiological responses [e.g. 1 0 ] is under ab ­
solute control by phospholipases and stim ulatory 
and inhibitory regulatory contro l by peroxides 
within the m em brane. Since phospholipases act on 
the substrate which is present as a bilayer m em ­
brane it was interesting to exam ine the effect o f re­
sorcinolic lipids on the activity o f these enzymes.
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In this paper the effects o f various resorcinolic 
lipids hom ologs on the action of phospholipase A 2  

on liposom e m em brane are presented. It is also 
shown th a t even fine changes o f bilayer structure 
upon interaction with small am ounts of additives 
can be dem onstrated by following the changes o f 
phospholipase A 2  kinetics.

Materials and Methods

The 5-«-alk(en)ylresorcinol hom ologs were iso­
lated from  rye grains using the procedure de­
scribed elsewhere [11]. The concentration o f the 
com pounds was determ ined colorimetrically [1 2 ]. 
F o r the study 2 m M  m ethanolic stock solutions o f 
each hom olog were used.

Phospholipase A 2  activity was studied by the 
continuous titra tion  o f fatty acid protons released 
during the hydrolysis o f liposome m em brane 
phospholipids [13]. The substrate (dimyristoyl- 
phosphatidylcholine (Avanti), 10 mg/ml) was pre­
pared in 0.1m  K C l-lO m M  C aCl2, sonicated
15 min in the bath-type sonicator and kept above 
lipid transition  tem perature (56 °C). The time- 
course o f hydrolysis o f vesicles by pig pancreatic 
phospholipase A 2  (Sigma) was followed in the 
presence o f C a2+ (10 mM) at pH  8.0 and tem pera­
ture 30 °C unless stated otherwise. F or the reac-
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tion  40 fil o f vesicles and 1 |ig o f phospholipase 
were used. The resorcinolic lipid hom ologs were 
injected in to  4 ml o f reaction mixture after the sub­
strate and allowed to interact with the vesicles for 
a t least 1 min. The reaction was started by the in­
jection o f aqueous solution o f the enzyme. The de­
crease o f the initial value o f the latency period (x) 
to  several m inutes was achieved by the injection of 
aqueous solution o f myristoyllysolecithin prior the 
enzyme according to the data  o f Jain and De H aas
[14].

Results and Discussion

The reaction progress curves for the hydrolysis 
o f phospholipid bilayer by phospholipase A 2  are 
complex, showing several already described steps 
[15, 16]. As shown in Fig. 1 externally added 
5-«-heptadec(en)yl resorcinols inhibit the reaction 
by increase o f the latency phase. This phase is re­
flecting the period o f enzyme binding to the sub­
strate  and form ation within the bilayer o f the criti­
cal mole fraction o f the products, necessary for the 
in itiation  o f the next, steady-state step [13, 16, 17]. 
The effect o f incubation o f substrate (phospho­
lipid vesicles) with constant am ounts o f studied 
com pounds for various periods o f time upon the 
values o f the latency phase gives some inform ation 
concerning the binding o f alk(en)ylresorcinols to

Fig. 1. Reaction progress curves for the hydrolysis of di- 
myristoylphosphatidylcholine vesicles by pig pancreatic 
phospholipase A2 in absence (A) and presence (B ,  C) of 
5-«-alk(en)ylresorcinol at 25 °C. S, E, I, injection of sub­
strate, enzyme and inhibitor, respectively; X,, molar 
fraction of inhibitor in the substrate vesicles; B , 5-«-hep- 
tadecylresorcinol (Xj = 0.05); C, 5-n-heptadecenylresor- 
cinol (X; = 0.05).

TIME OF INCUBATION (min)

Fig. 2. The effect of incubation of substrate vesicles with 
5-w-heptadecenylresorcinol (X; = 0.03) on the latency pe­
riod of the reaction progress curve for the hydrolysis of 
dimyristoylphosphatidylcholine vesicles by pig pan­
creatic phospholipase A2 at 25 °C.

the substrate interface. This process, as shown in 
Fig. 2, is fast and already after 30 sec o f the incu­
bation  o f the vesicles w ith resorcinolic lipid the 
latency period reaches its maximal value.

Phospholipase A 2  b inding to the substrate in ter­
face is sensitive to the type o f phase separation in­
duced therm ally as well as with the use o f various 
additives [18], The m ost pronounced binding 
which results in the reduction o f the latency phase 
appears in codispersions containing both  products 
[13, 19] or in the presence o f freshly, externally 
added lysophospholipids [14], The effect o f resor­
cinolic lipid on the latency value o f the system in 
which the initial latency period was lowered by 
freshly added m yristoyllysolecithin is shown in 
Fig. 3. Also in this system the latency period was

TIM E (m in )

Fig. 3. The effect of 5-w-alk(en)ylresorcinol (X; = 0.027) 
on latency phase of the hydrolysis of dimyristoylphos­
phatidylcholine vesicles by pig pancreatic phospholipase 
A2 in the presence of 1-myristoyllysophosphatidylcho- 
line (XLPC = 0.1) at 30 °C. A, control; B , 5-w-heptadecyl- 
resorcinol; C, 5-«-heptadecenylresorcinol; D, 5-w-hepta- 
decdienylresorcinol. S, E, I, as in Fig. 1; LPC, injection 
of lysophospholipid.
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increased in the presence o f resorcinolic lipid. The 
effect o f resorcinolic lipids was observed already at 
the m olar fractions o f these additives in the bilayer 
as low as 0.025, which was equivalent to the con­
centration o f 3 |iM . The ability for increase o f the 
latency was highest for dienoic and  m onoenoic 
hom ologs with an aliphatic chain length o f 17 car­
bon atom s. Both, saturation  of the side chain and 
the increase o f its length reduced their inhibitory 
effect (Fig. 4).

MOLE FRACTION OF RESORCINOLIC LIPID

Fig. 4. The effect of various mole fractions of resorcin­
olic lipids on latency phase of the hydrolysis of dimyris- 
toylphosphatidylcholine vesicles in the presence of lyso- 
phosphatidylcholine (XLPC = 0.1) at 30 °C. • ,  5-«-hepta- 
decdienylresorcinol; O, 5-«-heptadecenylresorcinol; ®, 
5-«-heptadecylresorcinol; A , 5-H-tricosenylresorcinol; 
A, 5-rc-tricosylresorcinol.

The incorporation o f resorcinolic lipids into 
phase boundaries o f phase-separated dom ains will 
modify the phase equilibria (for some calorim etric 
da ta  see ref. [6 ] and [2 0 ]) and can result in destabi­
lization and disappearance of the asym m etrical 
packing defects. This process m ay reflect the in­
crease of the latency phase due to  restriction in 
binding o f the enzyme or the reduction o f its m o­
bility and subsequent form ation o f enough p ro d ­
ucts necessary for reaching the steady-state step o f 
the reaction. This is in agreement w ith data  show ­
ing the ordering effect o f resorcinolic lipids on the 
m otional freedom o f m em brane phospholipids 
[21].

The highest inhibitory effect o f enoic hom ologs 
is consistent with previous studies [5 -7 ] indicating 
that the presence o f double bonds in aliphatic 
chain is an im portant fact determ ining the high

m em brane perturbing properties of resorcinolic 
lipids.

Alk(en)ylresorcinols also show the ability for 
some reduction o f the rate o f the steady-state peri­
od o f the phospholipid hydrolysis (Fig. 5). The ex­
tent o f this reduction is also dependent upon the 
chain length and unsaturation  o f the homolog. 
The effect, however, is less pronounced than  the 
effect o f the latency phase. The extent o f the effect 
is dependent on the tim e-point o f the addition of 
the inhibitor (Fig. 6 ). The earlier the injection of 
resorcinolic lipids after the initiation o f the reac­
tion, the larger the increase o f the latency period. 
W hen the resorcinolic lipids were injected just at

N °

MOLE FRACTION OF RESORCINOLIC LIPID

Fig. 5. The rate of steady-state phase of the hydrolysis of 
dimyristoylphosphatidylcholine vesicles by pig pan­
creatic phospholipase A2 as a function of resorcinolic 
lipid concentration expressed in mole fractions. The 
reactions were performed at 30 °C in the presence 
of freshly added 1-myristoyllysophosphatidylcholine 
(XLPC = 0.1). # ,  5-«-heptadecdienylresorcinol; O, 5-n- 
heptadecenylresorcinol; ®, 5-rc-heptadecylresorcinol.

TIM E  (m in)

Fig. 6. The effect of the delay of injection of the inhibitor 
(5-rt-heptadecdienylresorcinol, X; = 0.027) into the reac­
tion mixture on latency phase of the dimyristoylphos­
phatidylcholine vesicles hydrolysis by phospholipase A2 
in the presence of 1-myristoyllysophosphatidylcholine 
(XLpc = 0.1) at pH 8.0 and 30 °C. Other abbreviations as 
in Fig. 3 legend.
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the beginning o f the steady-state phase only some 
decrease o f the rate was observed. These results in­
dicate th a t the presence o f resorcinolic lipids in the 
bilayer affects the form ation and possible d istribu­
tion o f the nascently form ed products. The inhibi­
to r molecules would affect the packing at the in ter­
face and  protect the form ation o f the specific 
phase-separated regions that are responsible for 
the further binding and  action o f  the enzyme. The 
ability o f the inhibitor to  destabilize the products- 
dependent defects is closely related to  the mole 
fraction o f products already form ed in the bilayer. 
At higher mole fraction o f resorcinolic lipid pres­
ent in the m em brane higher critical mole fraction 
o f products is necessary for in itiation o f the 
steady-state phase (data  not shown). W hen addi­
tional portion  of the substrate vesicles was injected 
into the reaction m ixture after com pletion o f the 
reaction the rate o f their hydrolysis was signifi­
cantly reduced in the presence o f resorcinolic lipid 
(Fig. 7). This also suggests the restrictive action o f 
resident in the bilayer inhibitor m olecules upon the 
m obility o f enzyme an d /o r products and their ex­
change between substrate vesicles.

Fig. 7. The effect of 5-w-alkenylresorcinol presence on 
the rate of hydrolysis of additional portion of phospho­
lipid vesicles injected after the first portion of the sub­
strate was hydrolyzed. The conditions as in the legend of 
Fig. 6. S', injection of new portion of the substrate, other 
abbreviations as in Fig. 3 legend.

The effect o f resorcinolic lipids upon  the ap p ar­
ent phospholipase activity is several times stronger 
than  the effect o f o ther simple am phiphiles like fa t­
ty acids (data no t show n and [22]). It m ight be re­

lated to stronger interface disturbing properties o f 
cone-shaped, odd num bered molecules o f resorcin­
olic lipids. It is very likely th a t the effect o f resor­
cinolic lipids upon phospholipase activity is dual. 
First, these com pounds effect the interfacial sub­
strate properties determ ining binding and  scooting 
o f the enzyme (as it was shown for bilayers con­
taining one o f the products) similarly to  e.g. fatty 
acids [22]. Second, the presence o f resorcinolic lip­
ids would affect the affinity o f  the enzyme to  the 
substrate by the direct alk(en)ylresorcinol-protein 
interaction. This is very likely as resorcinolic lipids 
were shown to interact directly with hydrophobic 
dom ains in the protein molecules [23] w ith the ex­
tent several times stronger than  fatty  acids and 
other am phiphiles [24]. The higher values o f the la­
tency determ ined in the systems in which enzyme 
was preincubated w ith the studied inhibitors (data 
not shown) support this possibility. A lthough 
quantitative discrim ination between participation 
o f m entioned events in the effect o f resorcinolic 
lipids on phospholipase activity is still to be solved 
the results indicate possibility o f biom edical im ­
portance o f the studied com pounds. They could 
play a role in the m odulation o f arachidonate me­
tabolism  similarly as was shown for urushiol, an 
other m em ber o f the phenolic lipids family [25]. 
Participation o f these com pounds in alteration o f 
synthesis o f arachidonic acid m etabolites w ould be 
of im portance in m odulation o f num erous cellular 
processes e.g. inflam m ation, antim icrobial action 
o f m acrophages etc.

The presented results also show the usefulness 
o f phospholipase kinetic studies as a system for the 
first instance in vitro screening o f potential enzyme 
inhibitors as well as m em brane alterating agents.

A cknowledgemen ts

This work was done in the fram e o f K B N  grant 
Nr. 4 1294 91 01. The au th o r is very grateful to 
Professor M ahendra K. Jain for the opportun ity  
of carrying out part o f the study in his laboratory  
for which support was provided by PHS gran t G M  
29703.



612 A. Kozubek ■ Inhibition of PLA2 by Resorcinolic Lipids

[1] J. H. P. Tyman, Chem. Soc. Rev. 8,499 (1979).
[2] E. Wenkert, E. M. Loeser, S. N. Mahapatra, 

F. Schenker, and E. M. Wilson, J. Org. Chem. 29, 
435(1964).

[3] G. W. Wieringa, On the Occurrence of Growth In­
hibiting Substances in Rye (H. Veenman en Zn., 
eds.), N. V., Wageningen 1967.

[4] D. E. Briggs, Phytochemistry 13, 987 (1974).
[5] A. Kozubek and R. A. Demel, Biochim. Biophys. 

Acta 603, 220 (1980).
[6] A. Kozubek and R. A. Demel, Biochim. Biophys. 

Acta 642, 242 (1981).
[7] A. Kozubek, Acta Biochim. Polon. 34, 357 (1987).
[8] A. Kozubek, Acta Biochim. Polon. 34, 387 (1987).
[9] D. G. J. Struski and A. Kozubek, Z. Naturforsch. 

47 c, 47(1992).
[10] Arachidonic Acid Metabolism and Inflammation: 

Therapeutic Implications, Drugs 33, Supl. 1 (1987).
[11] A. Kozubek, Acta Aliment. Polon. 9, 185 (1985).
[12] F. Tluscik, A. Kozubek, and W. Mejbaum-Katzen- 

ellenbogen, Acta Soc. Bot. Polon. 50, 645 (1981).
[13] R. Apitz-Castro, M. K. Jain, and G. D. de Haas, 

Biochim. Biophys. Acta 688, 349.
[14] M. K. Jain and G. D. de Haas, Biochim. Biophys. 

Acta 736, 157(1983).

[15] G. C. Upreti and M. K. Jain, J. Membrane Biol. 55, 
113(1980).

[16] D. O. Tinker and J. Wei, Can. J. Biochem. 57, 97 
(1979).

[17] M. K. Jain and O. G. Berg, Biochim. Biophys. Acta 
1002, 127 (1989).

[18] M. K. Jain and D. V. Jahagirdar, Biochim. Biophys. 
Acta 814, 313 (1985).

[19] M. K. Jain, M. A. Egmond, H. M. Verheij, R. Apitz- 
Castro, R. Dijkman, and G. H. de Haas, Biochim. 
Biophys. Acta 688, 341 (1982).

[20] A. B. Hendrich and A. Kozubek, Z. Naturforsch. 
46c, 423 (1991).

[21] A. Kozubek, A. Jezierski, and A. F. Sikorski, 
Biochim. Biophys. Acta 944,465 (1988).

[22] M. K. Jain, B.-Z. Yu, and A. Kozubek, Biochim. 
Biophys. Acta 980, 23 (1989).

[23] J. Kieleczawa, A. Szalewicz, A. Kozubek, and 
E. Kulig, in: Progress in Photosynthesis Res. (J. Big­
gins, ed.), Vol. 11.11, 585 (1987).

[24] A. F. Sikorski, K. Michalak, M. Bobrowska, and
A. Kozubek, Stud. Biophys. 121, 183 (1987).

[25] H. Wagner, M. Wierer, and R. Bauer, Planta Med. 
No. 3, 184(1986).


