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Abstract-The properties ofacyl hydrolase enzymes purified from the leaves of Phaseolus multiforus have been studied. 
Hydrolase I which deacylates phosphatidylcholine and oleoylglycerol had a pH optimum towards phosphatidylcholine 
of 5.3. Hydrolase II which deacylates glycosylglycerides and oleoylglycerol showed pH optima of 7.3 
(monogalactosyldiglyceride, MGDG) and 4.3 (sulphoquinovosyldiglyceride, SQDG). Both enzymes showed activity 
peaks towards oleoylglycerol at pH 6.8 and 8.8. Unesterified fatty acids and Triton X-100 inhibited the rate of SQDG 
hydrolysis while bovine serum albumin increased activity. An apparent K, for SQDG of0.15 mM was found. Hydrolase 
II catalysed transmethylation ofliberated fatty acids during the hydrolysis ofoleoylglycerol when methanol was included 
in the assay system. A number of salts inhibited SQDG hydrolysis but their effect on oleoylglycerol was less consistent. 
The position of ester cleavage of oleoylglycerol was determined by the use of H, “0 Cell-free extracts from P. mult$orus 
leaves degraded SQDG as far as sulphoquinovose. 

INTRODUCTION 

In contrast to animal and microbial phospholipases, which 
in some cases are quite specific [l 1, no such property has 
been clearly demonstrated in plants. For example, 
‘sulpholipase’ was also active with phospholipids [2] and 
galactolipid-hydrolysing enzymes from Phaseolus 
leaves [3,4] had higher activities with lysophospholipids 
and monoacylglycerol[5]. Non-specific acyl hydrolases 
from potato tubers have been studied in several 
laboratories (e.g. [S-8]). Similar enzymes have also been 
reported from P. vulgaris leaves [9, lo], rice bran [ll], 
potato leaves [12], spinach leaves [13] and P. multiforus 
leaves [4,14-l 61. 

Previous work on acyl hydrolase activity from P. 
multi$orus leaves showed that it was possible to partially 
purify two enzymes, one of which would preferentially 
hydrolyse phosphatidylcholine (PC) rather than 
glycosylglycerides and a second which had the opposite 
specificity. Both preparations would deacylate oleoyl- 
glycerol (OG). The MW of the glycosylglyceride- 
hydrolysing enzyme was in the range 70-78 000 [16]. 
Additional experiments had revealed that the enzyme 
would cleave both positions of the acyl substrates [14], 
with higher activity towards the monoacyl derivatives [ 151 
in a similar manner to the recently purified enzymes from 
other plant tissues [lo-121. This property contrasted, 
therefore, with the step-wise degradation of the plant 
sulpholipid (diacylsulphoquinovosylglycerol, SQDG) by 
extracts from Scenedesmus obliquus [2] or Chlorella 
pyrenoidosa [17]. 

t To whom enquiries and reprint requests should be addressed. 

The photosynthetic tissues of higher plants are rich in 
potential acyl lipid substrates for the acyl hydrolases. 
Characteristic of chloroplast lamellae are the three 
glycosylglycerides diacylgalactosylglycerol (mono- 
galactosyldiglyceride, MGDG), diacylgalabiosylglycerol 
(digalactosyldiglyceride, DGDG) and SQDG. Incontrast, 
PC is the major lipid of non-photosynthetic membranes. 
While the acyl hydrolases play an obvious role during such 
processes as senescence [18], they are also important in the 
normal turnover ofleafacyllipids (cf. [19]). Furthermore, 
it has been noted in several systems that the hydrolysis of 
photosynthetic membranes by acyl hydrolases causes a 
rapid impairment of their physiological function (e.g. 
[20]). Accordingly, we have now examined some of the 
properties of the acyl hydrolase activities from P. 
multijorus leaves. 

RESULTS AND DlSCUSSlON 

A number of important properties for the P. multijiorus 
acyl hydrolases have already been demonstrated. The 
enzymes are able to cleave both the l- and 2-positions of 
acyl lipids and, since monoacyl substrates were apparently 
hydrolysed faster than the diacyl substrates, no lyso 
intermediates accumulated during the reaction [14]. This 
was in contrast to SQDG hydrolysis in Scenedesmus 
obliquus [2] and Chlorella pyrenoidosa [17] but agrees 
with recent data for acyl hydrolases from potato tuber [9] 
and leaves [ 121, rice bran [ 111 and P. vulgaris leaves [lo]. 
The enzymes from P. multijlorus were relatively unspecific 
with regard to substrates hydrolysed. Partial separation of 
two enzymes was achieved [16] with the less hydrophobic 
enzyme (hydrolase I) hydrolysing OG and PC while the 
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other (hydrolase II) hydrolysed OG and glycosyl- 
glycerides. Until the final stage of purification (hexyl- 
agarose chromatography), the acyl hydrolase resembled 
those from potato [9,12], rice bran [ll ] or P. vulgaris [lo] 
in that it would hydrolyse alarge number ofacyl lipids. The 
relative rate of hydrolysis of these different substrates was 
very similar for the P. mult~~orus enzyme when compared 
with those from a range ofplant sources. The general order 
ofhydrolysis was OG > lyso PC > MGDG > DGDG > 
PC > SQDG > triacylglycerol [ 15,19 1. The P. mult$orus 

enzyme also cleaved molecular species of SQDG in the 
order dilinolenoyl- > palmitoyl, linolenoyl- > 
dipalmitoyl- [ 141. 

The pH profile of the hydrolysis of SQDG was studied. 
The acyl hydrolase preparation which had been purified up 
to the hydrophobic chromatography stage had a broad pH 
optimum of (‘(1 pH4.6. A similar broad pH curve was 
obtained for the hydrolysis of MGDG and DGDG by a 
crude preparation from runner bean leaves [3 1. On further 
purification, the pH optimum was shifted to ca 4.2.-4.3. 
This alteration in pH profile for SQDG hydrolysis may 
have been due to the removal of a surface-active agent 
during hydrophobic chromatography since it has been 
noted with the potato tuber enzyme that the addition of 
surface-active compounds caused a large shift in the pH 
optimum [6]. 

The pH profiles were also determined for the two 
purified acyl preparations towards OG, PC and MGDG. 
Hydrolase I which contained phospholipase A rather than 
glycosylglyceride acyl hydrolase activity showed a pH 
optimum with PC as substrate of ca 5.3. This preparation 
showed a bimodal curve of hydrolysis towards 
oleoylglycerol with peaks at pH 6.8 and 8.8. The second 
acyl hydrolase (hydrolase 11) gave a pH optimum for 
MGDG of 7.3 and a bimodal pH curve profile towards OG 
which was very similar to hydrolase I. These values can be 
compared with the recent data from Hirayama’s group on 
purified acyl hydrolases. They found that hydrolysis of 
MGDG by the rice bran enzyme had a pH optimum of 
7.5 [l 11 and of 5.3 for the enzymes from P. L&aris and 
potato leaves [lo, 121. The latter enzyme had a pH 

optimum for PC of 5 [12] whereas the enzyme from P. 
mlgaris had an optimum of 6.5 [IO]. 

It had previously been noted [ 141 that the rate ofSQDG 
hydrolysis started to fall significantly after 60 min inspiteof 
the fact that only a small percentage of the substrate had 
been hydrolysed at that point. It was also noted that 
unsaturated molecular species of SQDG were hydrolysed 
preferentially. This result was also found with PC; 
distearoyl-, dipalmitoyl- and dioleoyl-species being 
hydrolysed at 2.72, 2.66 and _5,52,~tmol,‘hr:mg protein. 
respectively. These rates were approximately doubled 
when the substrates were extensively sonicated and it was 
assumed that the physical size of the micelles caused the 
different rates of hydrolysis of molecular species. 

In an effort to increase the rates of hydrolysis and the 
linearity of the reaction. detergents were added. None of 
these were effective; in fact Triton X-100 at 0.3”,, 
concentrations caused 52”,, inhibition (cf. Table 1). The 
potato lipolytic acyl hydrolase was stimulated by 
unesterified fatty acids with PC as substrate but was 
unaffected with OG as substrate [21]. The effect of added 
linoleic acid or bovine serum albumin (BSA) additions on 
SQDG hydrolysis is shown in Fig. 1. The results show that 
unesterified fatty acids cause an inhibition of acyl 
hydrolase activity and this conclusion is confirmed by the 
stimulatory effect of BSA. However. it will be seen that 
addition of BSA failed to increase the linearity of the 
enzyme reaction which might have been expected if the 
slowed hydrolysis was due to accumulation ofunesterified 
fatty acid products. Moreover. BSA was not routinely 
added to the incubation system since it caused difficulties in 
the quantitative extraction of fatty acid products. 

Another possible reason for the non-linearity of 
substrate hydrolysis might have been the removal of 
products by the action of lipoxygenase which has been 
reported in extracts of runner bean leaves 1221. 
Accordingly, enzyme preparations were monitored for 
such activity but none was detected. 

The rate of hydrolysis of SQDG was followed over a 
60min period at SQDG concentrations varying between 
27and266~rM.Initialreactionrateswereextrapolatedand 

Table 1. The effect of various reagents on the hydrolysis of SQDG or OG 

Addition 
Final concn of 

reagent 

SQDG substrate OG substrate 

Activity (pmol!‘hr,/mg Activity (~mol.:hr/mg 
Measured pH protein) Measured pH protein) 

None 4.5 1.64 7.0 31.64 

MgCl, 1OmM 4.7 0.73 6.9 24.09 

MnClz 1OmM 4.6 0.59 6.4 46.36 

FeSO, 1OmM 4.6 0.46 6.6 18.18 

Fe,Cl, 1OmM 3.8 0.18 5.9 23.64 

CaClz 1OmM 4.6 0.46 6.8 42.27 

EDTA 5mM 4.6 1.55 7.0 29.32 

EGTA 5mM 4.5 1.55 7.0 34.14 

o-Phenanthroline 5mM 4.8 1.50 7.1 il.XI 

Triton X-100 0.3 “:, 4.7 0.86 

Triton X-100 0.6”,, 4.7 0.86 

Triton X-100 0.3”,, 5.7 0.82 

Triton X-100 0.6”,, 5.7 0.4 1 

Assays were with the hydrolase II peak from the hexyl-agarose column (see Experimental). 
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Fig. 1. Effect of fatty acids and bovine serum albumin on SQDG 

hydrolysis. The enzyme preparation had been purified as far as the 

hexyl-agarose column. n - A, Control assay; 0 - 0, assay in 

thepresenceof0.3 mgbovineserumalbumin; 0 - 0,assayinthe 

presence of 0.15 mg linoleic acid. 

an ‘apparent K,’ found to be 0.15 mM. A I/maxof 1.09 pmol 
fatty acids released/hr/mg protein was also obtained. 
These values compare with K, values of 0.65 and 0.31 mM 
obtained by Helmsing [4] for MGDG and DGDG and 
Sastry and Kates [3] found 7.8 and 1.5 mM respectively for 
these lipids with their preparations of the runner bean 
enzyme. K,s for MGDG hydrolysis of 0.34,0.24,0.26 and 
0.80 mM respectively were obtained for the acyl hydrolases 
fromricebran [ 111, P. oulgaris [lo], potatoleaves [12] and 
potato tubers [6]. Because ofthe K, we had determined for 
SQDG, we used concentrations of 1SmM routinely for 
assay. This was below the concentration ofsubstrate found 
to be inhibitory for the unspecific acyl hydrolase from 
potato tubers [22]. 

Under appropriate conditions, acyl transferase activity 
would predominate over acyl hydrolysis for the potato 
enzyme [5]. The existence of such transferase activity was 
examined using a purified runner bean enzyme. OG was 
used as a substrate at pH 7 with increasing concentrations 
of methanol up to 40%. The results (Fig. 2), in agreement 
with data for the potato enzyme [5], showed that 30% 
methanol gave optimal rates of acyl transferase activity. 

A number of acyl hydrolases from plant tissues are 
known to be susceptible to changing cation concentrations 
as well as various sulphydryl reagents. Different salts and 
chelating agents were tested on the hydrolysis of SQDG 
and OG (Table 1). The rate of hydrolysis was unaffected by 
the chelators but was reduced for SQDG by various salts. 
The inhibition by ferric chloride may, in part, have been 
due to the pH shift and the cation effects may have been 
caused by the insolubility of the different salt forms of 
SQDG. Indeed, it has been reported [23] that 
sulphoquinovose was precipitated by calcium ions and 
that SQDG deacylation in Chlorella was inhibited by 
calcium and magnesium ions [17]. Because of the 
possibility ofcation effects on SQDG substrate, theeffect of 
similar additions on OG hydrolysis was also tested. In this 
case, magnesium chloride, ferric chloride and ferrous 
sulphate were inhibitory while manganese chloride and 
calcium chloride were stimulatory. As with SQDG 
hydrolysis, theadditionofchelatorshadnoeffect (Tablel). 
In a similar way, the recently purified acyl hydrolases from 

Methanol concentration, % 

Fig. 2. Effect of methanol on hydrolysis of OG and 

transmethylation of the fatty acid product. The enzyme 

preparation contained the combined active fractions after hexyl- 

agarose chromatography. o-0, Fatty acid methyl esters after 

methylation with diazomethane; A-A, fatty acid methyl ester 

reaction products. 

P. uulgaris and potato leaves and from rice bran [lo-121 
were variously sensitive to the addition of salts. Whereas 
PC hydrolysis could be stimulated a-fold by the addition 
ofTriton X-100 to the potato enzyme [6], the reagent only 
inhibited SQDG hydrolysis in the present work (Table 1). 
However, there was some evidence of a pH effect in this 
inhibition, perhaps due to a shift in the pH optimum 
because of the inclusion of the surface-active reagent (cf. 
[6] and previous discussion). Inhibition by Triton X-100 
has also been noted for the galactolipase from rice 
bran [l 11. In addition to the compounds shown in Table 1, 
a number of sulphydryl reagents were tested for inhibition 
of SQDG hydrolysis. These included sodium arsenite, p- 
chloromercuribenzoate, N-ethylmaleimide, iodoacet- 
amide, 5’,5’-dithiobis (2-nitrobenzoic acid) and cysteine. 
None of the compounds, at the concentrations tested, 
produced any effect. Although sulphydryl inhibitors were 
found to be similarly ineffective with two other acyl 
hydrolase preparations [4,11] cysteine was found in these 
cases to be a particularly effective inhibitor. As discussed 
before [ 141, it is possible that these inhibitions were due to 
changes in the pH of the solution on adding cysteine. The 
galactolipid acyl hydrolase from P. vulgaris [24] was 

Table 2. MS analysis of the M+ of oleic acid produced by the 

hydrolysis of OG in the presence of H,160 or HZ’*0 

Isotope of water 

Intensity of M+ as 

M + (oleic acid) percentage of 

mle base peak 

H I60 
H2’60 

282 9.88 

Z 284 0.91 

H ‘so 

HZ’80 

282 3.25 

2 284 3.56 

H,‘*Owas usedat afinalenrichment of48.1”/, in themedium. 
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Fig. 3. Possible sites of fatty acyl ester cleavage 

unaffected by cysteine addition in agreement with the 
present work. 

The position ofhydrolysis ofOG was imestigated by the 
use of H?‘*O. In order to minimize possible exchange 
between Hz’“0 and the released fatty acids, the 
incubations were carried out at pH 5 or less. The 
hydrolysed unesterified fatty acids were isolated and 
examined by MS. If the hydrolysis took place at position A 
(Fig. 3) then the glycerol product should have been 
enriched with ‘*O and if at position B then the oleic acid 
product would have been enriched. The original 
incubation was carried out in h2.5”,, ‘so-enriched E-I,0 
which after dilution by enzyme and buffer was 4X.1”,, 
enriched. 

The results in Table 2 showed that the oleic acid product 
M was enriched in ‘*O to a similar level as the water. This 
clearly showed that OG was cleaved on the fatty acid side of 
the oxygen ester bond (i.e. mechanism B in Fip. 3). 

Although the above properties concern acyl hydrolase 
activity in runner bean leaves, it is ofinterest to note some 
observations on the further breakdown of the deacylated 
product. Incubation of [“‘S]-SQDG with homogenates of 
runner bean leaves released water-soluble radioactivity 
which was separated by TLC (see Experimental). Two 
radioactive peaks were observed. which corresponded 
respectively to sulphoquinovose and sulphoquinovosyl- 
glycerol. It was apparent. therefore. that the latter was 
degraded by the cell-free homogenate perhaps by the 
actionofaglucosidase.Sastryand Kates [3j suggested that 
digalactosylglycerol was degraded by x-galactosidase to 
galactosylglycerol which in turn was cleaved by /j- 
galactosidase to glycerol and galactosc. These enzymes 
were detected in the soluble fraction from P. rmdt~flflorus. 

Lee and Benson [2S] studied the mctaholism of 
sulpholipid in the coral tree (Eq~tkrinu crisla-go//i) and 
alfalfa (Me&cugo s&ra)leaves. They found breakdown of 
SQDG via sulphoquinovose to sulpholactate and 
sulphoacetate. We directly tested a purified z-glucosidase 
with [“5Sj-sulphoquinovosy1g1ycerol and [“S_-SQDG 
but were unable to detect any [“S]-sulphoquinovose 
under the conditions tested. Runner bean extracts arc. 
therefore, capableofdegradingsulpholipid at least as far as 
sulphoquinovose. The nature of the cnrymc cleaving 
sulphoquinovosylglycerol is. however. unknown at 
present. 

EXPERIMENTAL 

Suhstratr.s. DGDG, MGDG and SQDG wcrc isolated from 

Swiss chard or Spring cabbage as previously described r14.26 /. 
Fatty acid standards and other lipids were obtained from Sigma. 

Purity of substrates was checked before use by TLC -14: 

Enz~nz@ assrr~‘.s. Acyl hydrolase activity was routinely 

determined using the CH,N: procedure as described m ref jl4]. 

Quantitation was with an int. standard of pentadecanoic acid. 

Fatty acid Me esters were separated by GLC on 15”,, diethylcne 

glycol succinate on Chromosorb W AW or on IS”,, EGSS-X on 

Supelcoport columns at 185”. Lipoxygenase activity was assayed 
with linolenic acid substrate :27‘ and I-glucosidasc (yeast) with 

maltose 128 :. Protein was determined. after precipltatlon Rith 
10” (, TCA and solubiliaation at 100” for 5 min with M N&H. by 

the method of ret 72Yj. Where the total protein in the sample was 
Ices than lOl~g.themethodofrcf .30Iwasuscd. Inbothcascs.BSA 

was used as standard. 

,5’:nzyme p~rr[frc~lio~ Runner bean seeds (I-‘. mu/t~/iur~~.~ cc 
Scarlet Emperor) were obtained from Thompson and Morgan. 

Leaves were harvested from plants grown In John Innes No. 2 

compost with normal daylight conditions between 2 and 4 weeks’ 

of growth. Leaves were homogenized and the 6.1 :’ min 

aupernatant prepared as previously described ; I6 ;. Acyl 

hydrolasc activity was purified by heat treatment. DEAE- 

cellulose chromatography. gel filtration and hrxyl-a&arose 

hydrophobic chromatography : 16 1. The last stage resulted in two 

active fractions. The first (hydrolasc 11 aould deacylate PC and I - 
oleoylglycerol (OG) and the second (hqdrolase II) would 

deacylate glqcosylglycerides (MGDG. DGDG. SQf>G) and 
OG [ 16;. 

(‘arubolism of L”‘S]-SQDG. :“S]-SQDG HHS prepared 

biosynthetically by incubating runner bean leaves with ;“S]- 

sulphate [3l j. [“5S]-Sulphoquinovose was prepared from ,“S_- 

SQDG by the method of ref. (32: and LA5 Si-sulphoquinovosyl- 

glycerol by mild alkahne digestion and further purification by 

TLC on Si gel G usmp CHCI, MeOH H,O (x:5:1). 

Sulphoqumovose and sulphoqu~novosylglycerol had R,s of (‘(I 

0.14 and 0.78 in this system Incubation of :“S.-SQDCJ was 

carried out with a cell-free homogenate of runner bean leaves L16 j 

andthereactionproductsseparated hytwo-phaseextraction i33]. 
CH<‘I,-soluble products were separated by TLC on SI gel G using 

CHCI, MeOH H1O (65:25:4) and only “S_-SQDG was 

detected. H,O-soluble products \vere separated by TLC on Si gel 
G using CHCI, MeOH H,O (8:5:1). 

ZIS. H?“O (62.5 atom ‘I,) cxccss of ‘“0: British Oxygen) was 

used in an incubation with purified acyl hydrolasc at pH 5 and the 

samples analysed at 70eV ~\ith a direct insertion probe ai 150’. 
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