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SUMMARY

An investigation was macde into the activon of a human pancreatic phospholipase A
on various synthetic phosphatides. L-a-Phosphatidyl ethanolamines were readily
hydrolysed in an aqueous system by this enzvme. Synthetic lecithins, however,
were not attacked in an appreciable ratc by the mammalian phospholipase A,
contrary to the action of the enzyvmes from animal poisons. Addition of deuxy-
cholate! or synthetic phosphatidic acid greatly cnhanced the degradation of syvn-
thetic lecithins hy the pancreatic phospholipase A.

The site of action of the human pancreatic phospholipase A was determined
with the aid of mixed-acid lecithins and phosphatidyl ethanolamines containing in
different molecular positions combinations of stearic and lauric acid, stearic and
oleic acid, palmitic and linolenic acid, respectivelv. I'he enzvme was demon-
strated to liberate always the f-cziorified fatty acids while the y-attached fatty acid
constituents were recovered in the produced lvso compounds. Hence the mode of
action of this phospholipase A from human pancreas is identical to the action of the
correspunding phospholipase from animnal poisons so far investigated.

INTRODUCTION

Recently MAGEE ef «l!' purified phospholipase A (phosphatide acyl-hydrolaze,
E.C. 3.1.1.4) from human pancrcas. It is unknown which fattv acid ester bond of the
phospholipid molecule is catalvtically hyvdrotysed by ihis encyme. I thic dast ¥
years phospholipase A from snake venom (Crotalus adamantheus} has been demon-
strated, contrary to carlier views, to act on the g-ester position only?-%. It cannot be
precluded that the mode of action of phospholipase A from other biological origins
might differ from the snake-venom enzvme by acting on y-ester or on both y- and
B-ester positions of the phosphoglyceride molecule. For this reason aw investigation
was made on the site of action of the pancreatic pnospnniipase A, using various
synthetic phospholipid substrates, containing within each molecule two different
fatty acid constituents.

* Contribution No. 30 in the series “"Metabolism and Functions of Phosphatides™.
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MATERLALS
Phosphoitpase A

Preparations of phospholipase A, obtained i, purified form from post-mortem
human pancreas according to the methods described by MAGEE ef al.?, were kindly
providad by Dr. W. L. MAGEE and Professor R. H. S THoMpsox. The heat-treated
phospholipase A referred to as fraction C in the original paper, was a white solid and
a jo-fold purified product.

A comparison was made between the rate of hydrolysis of the synthetic phos-
pholipids by pancreatic phospholipase A and this enzyme present in venom of Cro-
talus adawmanthens (.. Light ana Co., Colnbrook, England) and bee venom {Bienen-
trockengit, standardisiert, Fluka A.G., Buchs, Switzerland).

Syuthetic mixed-acid phosphatides

A de wono synthesis of lecithins containing two diffecent fatty acid constituents
wos reported by D Haas AND Van DEENEN?; preparations of (y-stcaroyl-g-oleoyl)-
i-z lecithin, (p-olcoyl-g-steavoyl)-1.-a-lecithin, {y-stearoyl-g-lauroyl)-i.-a-lecithia and
{v-lanrovl-p-sicaroyl)-vL-a-lecithin described in the original paper, were used in the
prescent study. Specimens of kephalins, (y-stearoyl-§-oleoyl)-L-a-phosphatidyl ethanol-
amine and (y-oleoyl-g-stearoyvl)-L-a-phosphatidyl ethanolamine were prepared fully
synthetically as described by De Haas axp Van DEenNEN’, as well as by an alter-
native procedure of DaEmex of al®. Two structurally isomeric 1-a-phosphatidyl
ethanoclamines containing one poly-unsaturated fatty acid in difierent positions viz.
{y-tinolenoyl-g-paimitoyl)-L-a-phosphatidyl ethanolamine and (y-palmitoyl-£-lino-

Frrm e
&

aovl) L-a-phosphatidyvl ethanolamine were synthesized according to comparable
methogs?.

METHODS

Detzrmination of the mode of action of tancreatic phospholipase A

Enzymic hydrolysis: A borate-bufiered reaction system (0.10 M, pH 7.0) was
used in most of the experiments reported. Final pH adjustments were made with a
glass electrode. Thie svntho®ic lecithins were emulsified in buffer to a concentration
of 20 mginl A solution of sodium deoxycholate in water (50 mg/ml) was added, so
that .6 ml of the resulting emulsion contained I1¢ mg oi jecithin and 5 mg of sodiwmn
desxychalate. To this emulsicn 0.5 m! was added of the enzyme solution (5 mg/ml)
i» buffer. The incubation was carried out under shaking at 37°. i1he phosphatidyl
cthanolamines were treated in a similar way, omitting, however, the addition of
deoxyvchotate.

The cazymic hydrolysis was controlled at 30-min intervals by making quali-
tative examinationg of the degree of breakdown with the aid of thin-layer chromato-
Sraphy. Small sampl-s of the incubation medium were introduced on microscopic
slides which had been covered with a layer of silica (Merck A. G. silica for thin-layer
chromatography) by immersing them in an emulsion.of silica in chloroform according
to the method of PEWFER'. The thin-layer chromatograms were developed and
stained as described previouslv for macroslides!. This method allowed clear-cut in-
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farmation to be obtained about the degree of breakdown in a time span of about
15 min. The enzymic hydrolysis was in most cases continued until a complete or
maximal breakdown of the substrates could be detected.

At the end of the incubation the complete reaction mixture was subjected to
frecze-drying.

Separation of hydrolysis products: The lvophilized material was extracted with
1 ml of pure chloroform; a sampie of 0.3 ml was applied in a streak of 3 5cm to
Whatman paper (3 MM} impregnated with silicic acid. The paper chromatograms
were developed in a carbon dioxide atmosphere with diisobutylketone acetic acid—
water (40 : 25 : S, v/v) according to MARINETTI & al.'’. Localization of the spots was
carried out by staining parts of the paper chromatograms, serving as references,
with rhodamine 6G reagent, the tricomplex staining procedure!?, the reagent of
HANES AND ISsHERwoOOD'* und in the case of kephalins also with ninhyvdrin. The
corresponding zones on the paper chromatograms comsisting of the liberated fatty
acids and formed lysophosphatides were cut out and used for analysis of the fatty
acids.

Determination of fatly acids: The papers were cut into small pieces and refluxed
with 25 ml of a 39 solution of hydrochluiic acid in methanol for 2 h in an atmosphere
of nitrogen. Subsequently 25 ml of pentane (Merck A.G., reagent grade) were added
and the liquid, after separating from the paper, transferred into a separation funnel.
The solution was shaken with 25 ml of water and the separated water fayver treated
with two 25-ml vols. of pentane, which were added to the oviginal organic snlvent
phase. The combined pentane fractions were again shaken thrce times with 25 ml
of water in order to remove the remaining hvdrochioric acid. After drying over
anhydrous sodium sulphate, the solution was concentrated under an atmosphere ot
nitrogen. The samples of fatty acid methyl esters thus obtained have been analysed
by gas-liquid chromatography, using a polvethylene glycoladipate column and
argon ionization as the method of detection.

The chromatograms of the enzymically freed fatty acid fractions sometimes
showed small peaks, corresponding to fatty acids, which were not present in the
synthetic phosphatides as such. This difficulty could be overcome by using highly
purified solvents in all manipulations involved and by pre-washing the silica papers
used in the chromatographic pivcedure with pure chloroform.

Estimation of the degrcc of enzymic hydrolvsis: Although for the determination
of the mode of aciion of the enzyme the hydrolysis experiments were stopped after
a time sufficient for a practically complete bieakdown as indicated qualitatively by
thin-layer chromatography, additicnal determinations on the degree of breakdown
were made on a larger scale. Samples containing an amount of 50 g lipid phosphorus
were subjected to chromatography on silica-impregnated paper and the amounts of
lyso compounds produced and diacvl-phosphatides remaining were cstimated, using
methods described pscviously'™. In a number of rxperiments pentadecanoic acid or
margaric acid were added as internal standards to the enzymic liydrolysates in
order to determine the degree of hydrolysis from the gas-liquid chromatograms of
the liberated fatty acid fractions. Both latter methods were also emploved for the
guantitative comparison of the rate of hydrolysis of the synthetic substrates by
phospholipase A preparations from different origins.
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TABLE 1

DEGRADATION OF SYNTHETIC PHOSPHATIDES BY PAOSPHOLIPASE A
FROM DIFFERENT GRIGINS

Emulsians of 15 mg of phosphatide together with 1 mg of ¢nzyme preparation in 1.5 ml of borate
buffer (pH 7) wereincubated 3 h at 37, Determinations of the degree of hydrolysis were made by
a gas-chromatographic cstimation of the amount of released farty acid (sec METHODS).

.- —

Hydrolyns (%) by phospholipase
roms

A1
Subsirete T T -
Crotale:
Human Aee -
pancreas venom ‘d":‘a’“kﬂ"
(y-Stearcyl-g-lauroyl)-L-a-lecithin 4 Bo 45
(p-Oleoyl-f-stearoyl)-L-a-lecithin 10 g2 Ro
(y-Stearoyl-g-oleoyl)-rL-a-phosphatidyl
cthanolamine 8o 95 85
(y-Oleovl-F-stearovl)-L-a-phoiphatidyl
ethanolamine 9o an 8s

RESULTS

In contrast with experiments performed on phospholipase A from snake and bee
venom, synthetic lecithins emulsified in a borate-buffered system were not attacked
at an appreciable rate by the human pancreatic phospholipase A (TableI). In
keeping with previous ohservation made by MAGEE ¢ al.! on ovolecithin, the syn-

TABLE 11

DETERMINAIION OF THE MODE UF ACTION OF PHOSPHOLIPASE A FROM HUMAN PANCREAS
BY HYDKOLYSIS OF SYNTHETIC MIXED-ACID FHOSPHATIDES

The lecithing and phosphatidy] ethanolamines were incubated with the enzyme for 6 and 4.5 h,

with and without the addition of deoxycholate respectively, under conditions described in the

METHODS scedction. The degree ot hydrolysis was measured by determination of the amounts of

produced lyso compound and of unhyvdrolysed substrate. The fatty acid composition of the frecd

fatty acid fraction and lyso compounds, previously separated Ly silica paper chromatography,
vere determined by gas liquid chromatography (compare METHODS gection).

Cubstral l ;?ffl:f of Fatty acid compusition of hydrolysis prodwcts
Substrales ydrody 3y —_— - - - ———— . -
(Y] Liberaied falty acsds Lyso compownds
(p-Stearoyl-f-oleov-L a- 2. B9 atearic acid 100 %, stearic acid
lecithin ab 97.2%, oleic acid 0%, oleic acid
(3-Olvoyl-f-stearoy))-L-u- 1009, stearic acid 1% stearic acid
le_cithin 95 0% olaic acid 99 % oleic acid
{y-Stearoyl-#-laurovly-L-a- 0.89, stearic acid 100% stearic acid
lzcithin 79 99.2%, lauric acid 0% lauric acid
(y-Lauroyl-8-stearoyl)-p1.-u- 98 % steanic acid 09, stearic acid
( lg:ithin 1-Boleny] 48 2% lauric ac:idd vo 2;;, lauric a::idl
v-Stearovl-f-olenyl)-r.-a- 59 stearic aci 90 %, stearic acic
phosphatidyl ethanolamine 100 a5 % oleic acid 1%, oleic acid
{y-Oleor!-8-stearcyl;-L-o- %, stearic acid o %, stearic acid
phosphatidyl cthanolamine 100 2 % olvic acid 100 %, oleic acid
{»-Palmitoy!-Z-linolenoylj-L- 3% palmitic acid 90.5Y, palinitic acid
a-phosphatidyl ethanolamine 100 97 % linolenic acid 0.5%, linolenic acid
(¥-Linolenoyl-8-paimitoyl)-L- 1009%, palmitic acid 2% palmitic acid
a-phosphatidyl elthanolamine 100 0% linulenic ~e¢id 98 94, tinoJenic acid
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thetic lecithins were, however, readily hyvdrolysed by the pancreatic phospholipase A
in the presence of deoxycholate (cempave Table II). Thin-layer chromatography
and quantitative determinations performed by chromatography on silica-impregnated
paper showed that the investigui«d pancreatic preparations catalysed the hydrolysis
of the synthetic lecithins into lysuvlecithins and iree fatty acids only. In accordance
with earlier reportst, no detectable lysophnspholipase (phospholipase B} activity was
exhibited by the ensyme preparation:.

The synthetic 1.-a-phnsphatidyl ethanclamines proved highly susceptible to the
action of the pancreatic phospholipase A, and in contrast to the lecithins did not
require the presence of deoxycholate in arder to obtain a readv and complete enzymic
breakdown (Table [}. With a view to previous results obtained on the activation ot
phospholipase C (C. welchii a-toxin} action towards phosphatidyl ethanolamines by
addition of lecithins!1.18 it was considered of interest to investigate whether reversely
action of the pancreatic phospholipase A towards lecithins could be enhanced by the
presence of phosphatidvl ethanolamines. Only a weak activation appeared to occur,
as was shown bv paper-chrumatographic determination of the decrease of lecithin
and the increase of lysolecithin in enzvmic hvdrolveates containing various propor-

.
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Fig. 1. Effcct of the additiui of phosphatidic acit on the rate of hydrolysis of w synthetic lecithin
by human pancreatic phospholipase A. Ordinate’ prrreentage of hydrolysis of lecithin, as defer-
mined by estimation of the disappearance of lecittun and th: production of lysclecithin after 4
paper-chromatographical separation. aAbscissa: time of incobation. F.ower curve (A} in:.ul);:ti.{n
of 5 mg of {y-oleoyl-B-stearoyl)-L-u-lecitnin ir 1 al ¢t borate buffer with 3 mg of human pancreatic
phoapholipase A. Upper cure (B): incubatior of ;: mg of (y-oleoyl-g-stearoyl)-ra-lecithia, emul-
sified together with 5 mg of (y-vleoyi-g-palmit oyl)-1-a-phesphatidic acid in 1 ;i of torate hufter
with 3 mg of human pancreatic phospholipase. (in the Jatter experiments 4 separation was achieved
on silica-impregnated paper, with decreasing £ 5 value, of phusphatidic acid, Jecithin, lysophos-
phatidic acid and lvsolecithin, respectively)

Biochim. Biopays. Acta, 67 {1303) 295-304
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tions of a synthetic lecithin and a phosphatidyl ethanolamine, emulsified together.
However, the more negatively charged phosphatidic acid, véiz. a synthetic specimen
of (y-oleoyi-p-palmitoyl}-L-a-phosphatidic acid® brought about a notable increase in
the degreec of hydrolysis of a synthetic lecithin by the pancreatic enzyme (Fig. 1).
Determinations of the site of action of the phospholipase A were made by esti-
mating the liberated fatty acid and the fatty acid constituents of the produced lyso
compound by gas-liquid chromatography, after the hydrolysis of the substrate had
proceeded as completely as attainable. This was achieved in the case of the lecithins
by addition of deoxycholate to the incubation mixture. The results of a typical ex-
periment are reproduced in Fig. 2, showing the paper-chromatographic behaviour
of a svntheiic lecithin and its hydrolysis products, together with the gas -liquid
chromatograms of the fatty acid methylesters obtained from the concerning spots.

PAPER CHROMATOGRAM GAS=-LIGUID CHROMATOGRAM

[

1 . .

F 18:0 et2:0 \
Fig- 2. Demonstration of the mode of action of human pancreatic phospholipase A. On the left
gilica paper chromatogram of (11 {3-stearovi-g-lauroyl)-t.-a-lecithin (spot A), and (2) the hydrolysis
praducis obtained after a breakdown of the phosphatide producing the lysolecithin (spot B) and
free fatty acid (C). On the right gas -liquid chromatograms of the fatty acid methylestera obtained
{rom the correspending spots on the paper chromatograms. A, Gas-liquid chromatogram of {;*-stea-
royi-S-lauroyl}-L-g-lecithin showing equimolar amounts of stearic acid (18 : o) and lauric acid
{:2 : 0); B, Gas-liquid chromatogram of the produced lyso compound demonstrating stearic acid
to be the fatty avid constituent; C, Gas liquid chromatogram indicating the enzymically released

fatty acid to be lauric acid.

Apparently, from the compound studied, wiz. (p-stearoyl-3-lauroyl)-L-a-lecithin, the
human pancreatic phospholipase A liberates the f-esterified fatty acid, while the y-
fatty u_id remains within the lysciecithin molecule. This turned cut o be true also
for tiie bydrolysis of the other mixed-acid phosphatides, as demonstrated by the
results compiled in Table IT. Within the class of lecithins, two structural isomers

* Synthesis to be published,
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containing oleic acid and stearic acid in teverscd position liberated different fatty
acids, whiie the respective lysolecithins consequently turned out to contain also
different fatty acid constituents. The results of the breakdown of the synthetic
lecithins carrying stearic acid and lauric acid consistently indicated the $-specificity
of this enzyme. It has to be noted that the hydrolysis of the pr-compound was less
than 509%,, even when the incubation period was prolonged up to 24 h. This may be
due to a sterevspecificity of the pancreatic enzyme for L-a-isomers. Phospholipase A
from snake venom was demonstrated not to act on synthetic p-a-lecithins®.

The results of experiments with mixed-acid phosphatidyl ethanolamines serving
as substrates for the pancreatic phospholipase A, confirmed and extended the in-
formation on the site o1 ucuon of this enzyme. The two isomeric L-e-phosphatidyl
ethanolamines composed of oleic acid and stearic acid, upon enzymic hydrolysis
behaved like the corresponding L-e-l=cithins. Furtheomore, the positional specificity
of the phospholipase A was demonstrated by ti:ic breakdown of two isomeric 1-a-
phosphatidyl ethanolamines esterified with linclenic acid and palmitic acid in different
positions. Apparently the enzyme does not exhibit a preference for either a saturated

fatty acid, a long-chain fatty acid ur a poly-unsaturated fatty-acid constituent
{Table IT}.

DISCUSSION

In keeping with the observations of MAGEE ef ai.! on ovolecithin, the phospholipase A
af human pancreas does not attack the synthetic lecithins readily unless the sub-
strate has been emulsified with sodium deoxyche!ste. Phosphatidic acid to some
extent could replace deoxycholate. The synthet- . phosphatidyl ethanolamine, when
cmulsified adcquately, did not require the : 'dit'on of any activator to obtain an
optimal breakdowsn. These observations are in agreement with the reports of Rivox
AND SHaAPIRO"Y indicating that the rate cf reaction by a phospholipase A from ox
pancreas was much slower with lecithin tlian wiily other substrates e.g. phosphatidyl
ethanolamine and phosphatidic adud. Probably both corresponding pancreatic en-
zvmes exhibit a maximal activity towards negatively charged substrate micelles. In
this respect it is noteworthy that these preparations of pancreatic phospholipase A
showed optimal activity at pH 9.0 (MAGEE ¢f al.t). 'he present experiments were
carried out, however, in a medium pH 7.0 in order to prevent non-enzymic hyvdrolysis
which could lead to erroneous assumptions regarding the site of attack of the enzyme.
As regards the activating effect of deoxycholate on lecithin hydrolysis, various
possibilities can be envisaged. As pointed out alrcady by MAGEE ef al.!, the in-
crease in activity produced with sedium deoxycholate rather than ether, suggests
that the deoxycholate itself is capable of some solut.ilization of the enzyme, but the
effect may also be due to solubilization of the substrate molecules. Actually, addition
of sodium deoxycholate does clarify the emulsions of synthetic lecithins considerably.
On the other hand the synthetic phosphatidyl ethanolamines, being more difficult to
emulsify than the corresponding lecithins, were hydrolysed at a faster rate than the
lecithins, even in the absence of deoxycholate. This finding indicates that the activat-
ing effect of deoxycholate may perhaps be explained on the basis of the work of
Dawsoin Axp BaxcHam!™-2! on the activatic;: of certain phospholipases. These
authors showed that various enzymes of this class require the phosphatide micelles
to have a certain minimum net zeta-potential before hyvdreolysis commenced; they

Riockim. Biophys. dcta. 67 (1963} 205-304
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demonstrated that certain activators can bring about the required charge of the
substrate micelles. Bearing in mind the observations that the human pancreatic
phospholipase exhibits an optimal activity at pH g.0 with ovolecithin as substrate,
and that the more negatively charged phosphatidyl ethanolamines are hy irelysed
at a faster rate than the iccithins, the necessity of adding devxycholate {m obtaining
an optimal hydrnlysis of the latter phosphatides may perhaps be due to a reduction
of the charge of the lecithin micelles.

The tentative conclusion that the human pancreatic phospholipuse A does
require a net minimum negative charge of the substrate micelles before hydrelysis
starts, is supported by the observation that addition of a phosphatidic acid acel-
ierates the enzymic breakdown of lecithin. Inasmuch as the synthetic phosphati.iic
acid itseif was rather difficult to emulsify, this effect is not to be attributed to
enhanced solubilization of the lecithin substrate.

As regards the mode of action of the phospholipase A from human pancreas, the
nature of the liberated fatiy acids and of the fatty acid constituents of the lyso
compounds obtained by enzymic hydrolysis of the mixed-acid phosphatides demon-
strated that the enzyme preferentially releases the fatty acid esterified onto the
f-position of the phosphoglyceride molecule. The results described above have been
independently confirmed by THoMmPpsox ef ai.22, Envisaging the various possibilities
summarized iv Reaction scheme 1, the results obtained allow the conclusion that
this mammalian phospholipase A, like the snake- or bee-venom phospholipase A,
acts according to pathway A.

L8

li
H,C - O—P-—0—CH,—CH, -X
' I

LT O
) A o HC—OH
L | + K,
HeL o ' o CH, CH, X :
! . HC—0O—C- R,
¥ l ¢ I
C O C K O
o " !
O e — .
H O —O—C—R, :
1 . | O
& ¢ S
) H ¢ O—D—0O-CH.—CH4-X
. ) ! |
XN - NH, o O~
. HC—O—C—p, -~ R,
* \ 1 II
or N(UH,), L U
H,C OH

Rezction scheme 1

Counsidering in detail the results compiled in Table 11, it appears that to a very
small extent the hydrolysis of the y- or a’-fatty acid (pathway C) was also effected
during the experiments. It has to be noticed that this small effect was encountered
with various structural isomers, thus ruling out any preference for a certzin fatty
acid (pathway B). Since the investigated mixed-acid phosphatides included com-
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pounds having in different molecdar positions combinations of stearic and lauric
acid, stearic and oleic acid, palmitc and linolenic acid, the hydrolysis results make
clear that the activn of the enzyme is not directed by chain length or degree f n-
saturation of the fatty acid consttuents. Irasmuch as ihe amounts of liberated y-
fatty acids are very limited, it is 10t believed likely that the studied enzymic pre-
paration contained an active mom fatty acid releasing phospholipase (pathway C),
having a mode of action differing from the major abundart enzyme. Small imper-
fections in the claborate synthesi: de nove of the mixed-acid phospholipids. together
with inaccuracies ot the analytica methods involved, probably may account for the
greater part of the deviations naed. Furthermore, the results of experiments with
the pancreatic phospholipase A, vhich shows only slight activity in a pure ethereal
medium!, may be influenced to asmall degree by a non-enzymic hydrolysis occurring
in an aqueous system.

The results leading to theconclusion that pancreatic phospholipase A is p-
specific—although done on othr types of phosphatides -are conflicting with the
observations of Risox AND StAPIROY, who reported that the bovine pancreatic
phospholipase A converts a phophatidic acid into a S-acyl-a-glycerolphosphate. The
structure of this hydrolysis proluct, however, wus established by oxidative means,
which method is now believedio give erroneous resuits®23, The mode of action of
the pancreatic phospholipase /, as determined by Rimox axp Suariro, however,
agreed with the opinion acceptd at that time with respect to the site of attack of
the snake-venom phospholipas A. This holds true for the present study, showing
that the mode of action of th mammalian enzyme and that of the enzyme from
non-mammalian poisons studid so far, are identical, but contrary to earlier views
arc catalyzing the hydrolysis offatty acid present in S-ester linkage. This coincidence,
of course, does not preclude theexistence of other mono fatty acid releasing phosphio-
lipases with a different mode ¢ action.
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