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Summary 

The phos~holipases A*, C and D have been used to investigate the lo- 
calization of phosphatidylcholine in the phosphatidylcholine exchange protein 
from beef liver. The rate of enzymatic hydrolysis of the protein-bound phos- 
phatidylcholine was found to be very low. Addition of deoxycholate, isobuta- 
no1 or dioxane to the native protein, under conditions where delipidation did 
not occur, greatly enhanced the hydrolytic action of the phospholipases. From 
these results it is concluded that phosphatidylcholine may be buried in the 
protein molecule. 

Introduction 

The phosphatidylcholine exchange protein from beef liver contains one 
molecule of phosphatidylcholine which can be extracted with organic solvents 
[1,2] and as demonstrated in the preceding paper [3], with detergents at 
concentrations above the critical micelle concentration. In the present study 
the exchange protein has been incubated with phospholipases in order to ob- 
tain information on the localization of the phosphatidylcholine molecule. In 
general, phospholip~es have been very useful in elucidating the disposition of 
phospholipids in biological membranes [4-101 and serum lipoproteins [ ll- 
141. Besides investigating the native exchange protein, phospholipases have 
been used also in this study to determine how deoxycholate, isobutanol and 
dioxane affect the accessibility of the endogenous phosphatidylcholine mole- 
cule towards enzymatic action under conditions where the phosphatidylcho~ne 
remains on the protein. 

Detergents and organic solvents are able to disrupt lipid-protein interac- 
tions in serum lipoproteins [ 15,161 and biological membranes 117-231. It is 
thought that detergent [ 241 and organic solvent molecules [25] compete with 
the lipids for the hydrophobic sites on the proteins. Below the critical micelle 
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concentration deoxycholate, for example, will interact with lipid * protein 
complexes without actual delipidation taking place 122,261. A similar interac- 
tion may occur with organic solvents like y1- and isobutanol which have distinct 
hydrophobic and hydrophilic regions [25]. The hydrophobic character of these 
compounds is reflected in the relatively low solubility in water. Dioxan is 
completely miscible with water and very effectively lowers the dielectric con- 
stant. Below 15 vol.% this solvent will not in general influence the native 
structure of a protein [27]. However, increasing the dioxane concentration 
may give rise to an unfolding of the protein through the disruption of hydro- 
phobic bonds which play an important role in dictating the tertiary structure of 
a protein [28,29J. 

Previous studies [30,31] from this laboratory have shown that phospho- 
lipases evoke hemolysis of erythrocytes in the presence of sublytic concentra- 
tions of sodium deoxycholate. In this study, it is demonstrated that deoxycho- 
late, isobutanol and dioxan greatly facilitate the hydrolytic action of phos- 
pholipases towards the endogenous phosphatidylcholine molecule bound to the 
exchange protein. 

Materials and Methods 

Phosphatidylcholine exchange protein from beef liver, [Me-’ 4 C] phospha- 
tidylcholine exchange protein (spec. act. 15 Ci/mol), phosphatidylcholine from 
egg yolks, [Me-l 4 C ] phosphatidylcholine (spec. act. 62 Ci/mol) and lysophos- 
phatidylcholine were obtained as previously described [33. Phospholipase A2 
from NC& najc, phospholipase C from Bacillus cereus and Clostridium welchii, 
and phospholipase D from cabbage leaves were purified and kindly donated by 
Dr R.F.A. Zwaal. Phospholipase A2 from porcine pancreas was a gift of Dr 
G.H. de Haas. Phospholipase A2 from bee venom (Fluka, Switzerland) was used 
without further purification. Isobutanol and sodium deoxycholate were analyt- 
ical grade and were used without further purification. 1,4-Dioxan was distilled 
from solid potassium hydroxide and ferrous sulfate to remove peroxides. Phos- 
phatidylcholine exchange activity was assayed in the liposome-microsome assay 
as described previously [l] . Electrophoresis on polyac~l~ide gels was carried 
out according to the method of Davis 1321. Staining and slicing of the gel were 
performed as published [3] . 

Treatment with deoxycholate, dioxan and isobutanol 
[’ 4 C] Phosphatidylcholine exchange protein (10-20 ,ug protein per ml) is 

present in 0.05 M T&/O.05 M NaC1/0.02% NaN3 (pH 7.4). Solutions contain- 
ing different amounts of deoxycholate or dioxan are prepared in the same 
buffer and then mixed with the protein in a final volume of 2 ml. The samples 
were incubated for 30 min at 37°C and subsequently assayed for their suscep- 
tibility to phospholipase action. 

Because of its poor miscibili~ with water, isobutanol is introduced into 
the protein sample by dialysis overnight at room temperature. An aliquot of 
the ’ 4 C-labelled protein stock solution (15 ml) is dialysed against Tris/NaCl / 
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NaN, buffer (1 1) containing the desired concentration of isobutanol. Prior to 
incubation with the phospholipases, 1.3-ml aliquots of the dialysate are made 
up to 2 ml with the dialysis buffer in order to normalize the concen~ation of 
exchange protein during all treatments. 

The effects of the above treatments on the phosphatidylcholine exchange 
activity has been determined with unlabelled exchange protein. Aliquots 
(50-100 ~1) of these treated protein samples were added to the assay system 
containing ’ 4 Glabelled microsomes and liposomes in a total volume of 2.5 ml 
[I]. In this way, small amounts of deoxycholate, isobutanol and dioxan are 
introduced into the assay medium. With untreated protein it was shown that 
these amounts had no effect on the exchange activity and did not affect the 
blank0 incubations. 

hydrolysis of f~e-‘4C]phosph~~idy~c~ol~~e boded to the exchange protein 
The protein samples present in 2 ml ~is~NaCl~NaN~ buffer (pH 7.4) 

which were treated as described above are incubated at 37°C with a number of 
phospholipases. 

A. The hydrolytic action of phospholipase A2 from porcine pancreas and 
bee venom is measured in the presence of 0.001 M CaCl, ; that of phospho- 
lipase A, from ~~~~ naju in the presence of 0.01 M CaCl, . The reaction is 
terminated by addition of a 5-fold excess of EDTA. With zero-time incuba- 
tions, inhibitor is added prior to the enzyme. After inhibition the samples are 
extracted according to the method of Bligh and Dyer [33]. Phosphatidylcho- 
line (1.5 pmol) and lysophosphatidylcholine (1.5 gmol) are added to each 
sample as carriers. The extracted lipids are applied quantitatively to thin-layer 
plates (Silica gel G, Merck, Germany) and separated chromato~aphic~ly using 
the solvent system chloroform/methanol/acetic acid/water (25 : 15 : 4 : 2, 
v/v). Radioactive spots coinciding with phosphatidylcholine and lysophosphati- 
dylcholine were localized with a Panax scanner. The spots containing [I 4 C] - 
phosphatidylcholine were scraped off, transferred to small columns, and eluted 
with chloroform/me~anol (1 : 1, v/v). The eluted lipids were concentrated to 
dryness in vacua, dissolved in 0.3 ml methanol, and mixed with 16 ml of 
toluene (0.5% PPO, 0.03% POPOP). Radioactivity was measured with a Packard 
Tricarb liquid scintillation spectrometer and corrected to 100% absolute effi- 
ciency. The [I 4 C] phosphatidylcholine recovered is expressed in percent rela- 
tive to the radioactivity recovered after zero-time incubation. The decrease of 
this ’ 4 C label is taken as a measure of phospholipid hydrolysis. 

B. The hydrolytic action of phospholipase C from C. we&ii is measured 
in the presence of 0.001 M CaCI? and 0.0004 M ZnClz ; that of phospholipase 
C from B. cereus in the presence of 0.001 M CaCl, , and that of phospholipase 
D from cabbage leaves in the presence of 0.01 M CaCl, . The incubations with 
the phospholipases C are inhibited by addition of a 5-fold excess of EDTA and 
2 mg phenantroline chloride (Merck, Germany). Phospholip~e D action is in- 
hibited with only EDTA. With the zero-time incubations the inhibitors are 
added prior to the enzyme. After inhibition the samples are extracted accord- 
ing to the method of Bligh and Dyer [33] in the presence of 1.5 pmol of 
phosphatidylcholine added as carrier. The extracts are concentrated to dryness 
in vacua, and the radioactivity determined as described above. 
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Results 

Effect of sodium deoxycholate 
[Me-’ 4 C] Phosphatidylcholine exchange protein (13 pg of protein) is in- 

cubated with sodium deoxycholate at concentrations between 0.01 and 0.08% 
(w/v) aa described in Materials and Methods. In this concentration range deoxy- 
cholate does not delipidate the exchange protein as monitored by means of 
polyacrylamide gel electrophoresis according to the method described in the 
previous study [3]. Moreover, no adverse effect was detected on the exchange 
activity of the protein fractions due to the detergent treatment. However, 
incubations with phospholipases demonstrated that deoxycholate makes phos- 
phatidylcholine present in the exchange protein available for enzymatic hydro- 
lysis (Figs 1 and 2). 

It is shown in Fig. 1A and B that in the absence of deoxycholate phospho- 
lipase AZ from bee venom and phospholipase C from B. cereus hydrolyze the 
protein-bound phosphatidylcholine at a very low rate only. For each enzyme 
the rate of hydrolysis already appears to be maximal, as increasing the enzyme 
concentration has no further effect. Incubation in the presence of deoxy- 
cholate greatly enhances the hydrolytic action of these phospholipases towards 
phosphatidylcholine on the exchange protein. For both enzymes, under condi- 
tions where delipidation of the protein does not occur, the rate of hydrolysis 
increases with increasing deoxycholate concentration. Electrophoresis of ex- 
change protein on polyacrylamide gels after incubation with phospholipase AZ 
in the presence of 0.05% deoxycholate, demonstrated that at least one of the 
hydrolysis products formed i.e. [’ 4 C] lysophosphatidylcholine remained bound 
to the protein. 

In order to determine whether other phospholipases would hydrolyze the 
endogenous phosphatidylcholine, the activity of phospholipase AZ from 
porcine pancreas (Fig. 2A), phospholipase AZ from N. nuju (Fig. 2B), phospho- 
lipase D from cabbage leaves (Fig. 2C) and phospholipase C from C. welchii 
(Fig. 2D) were assayed in the absence and presence of 0.05% deoxycholate. It 
is seen that in the absence of detergent all phospholipases hydrolyze the phos- 

10 20 30 10 20 30 
TIME OF INCUBATION (min) 

Fig. 1. The effect of deoxycholate on the hydrolysis of [ 14Cl phosphatidylcholine, bound to the ex- 

change protein, by phospholipase A2 from bee venom (Fig. 1A) and phospholipase C from B. cereus (Fig. 
1B). Incubations contained 13 pg of radiolabelled exchange protein (spec. act. 15 Ci . mol-l i.e. 0.6 run01 
of phosphatidylcholine), 0.2 Fg phospholipase A2 or 1 wz phospholipase C (1 unit). Incubations were 
carried out as described in Materials and Methods. a-, 0% deoxycholate; o-------i), 0.01%: 

9-a 0.03%; x -X, 0.05% (Fig. 1A) and 0.08% (Fig. 1B). 
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Fig. 2. Hydrolysis of [ 14C] phosphatidylcholine bound to the exchange protein by phospholipases in the 
absence (e-) or in the presence of 0.05% deoxycholate (X -X). 17 kg radiolabelled exchange 

protein (spec. act. 15 Ci . mol -1 i.e. 0.8 nmol of phosphatidylcholine) is incubated with 1.25 unit of 

phospholipase A2 from porcine pancreas (Fig. 2A): 1.25 units of phospholipase A2 from N. nsia (Fig. 
2B); 2.0 units of phospholipase D from cabbage leaves (Fig, 2C) and 1.25 units of phospholipase C from 
C. welchii (Fig. 2D). Incubations were carried out as described in Materials and Methods. 

Fig. 3. The effect of isobutanol on the exchange activity of the exchange protein. Samples of 50 !.d 
containing protein (1.5 Hg) and different concentrations of isobutanoi were transferred to a liPosome- 
microsome system (2.5 ml total volume). The initial rate of exchange was measured at 37OC. PC, phospha- 
tidyleholine. 

phatidylcholine molecule at a low rate. This rate was found to be independent 
of the enzyme concentration. However, in all instances the presence of deoxy- 
cholate greatly enhanced the susceptibility of protein-bound phosphatidylcho- 
line to the hydrolytic action of these phospholipases. 

Effect of isobutunol 
Isobutanol had been introduced into the solution containing the exchange 

protein by dialysis overnight at room temperature (see materials and Methods). 
This had the advantage that at no time the exchange protein is in contact with 
a two-phase system. At room temperature, phase separation occurred at ap- 
prox. 7.6% (v/v) isobutanol. The highest concentration used in this study was 
7.4% isobutanol. Chromatography of [’ 4 C] phosphatidylcholine exchange pro- 
tein on a Sephadex G-75 column in 7.4% isobutanol showed that the radio- 
activity peak coincided with the protein peak. This indicates that under condi- 
tions where the buffer is nearly saturated with isobutanol, phosphatidylcholine 
remains bound to the protein. The effect of isobutanol on the exchange activ- 
ity of the protein fractions obtained after dialysis, is shown in Fig. 3. Concen- 
trations up to 4.7% isobutanol have little significant effect, while at 7.4% the 
exchange activity had diminished by approximately one-third. 

The influence of isobutanol on the susceptibility of pro~in-bound phos- 
phatidylcholine to the action of phospholipase A2 from bee venom and phos- 
pholipase C from B. cereus, is shown in Fig. 4A and B. It is apparent for both 
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Fig. 4. The effect of isobutanol on the amounts of [ 1 4Cl phosphatidylcholine, bound to the exchange 
protein, hydrolyzed by phospholipases during 5 min of incubation at 37OC. The incubations contained 13 
/.~g of exchange Protein, spec. act. 15 Ci . mol -1 i.e. 0.6 nmol of phosphatidylcholine. in the presence of 
1 pg of phospholipase A2 from bee venom (Fig. 4A) or 2 l.lg of phos’pholipase C (2 units) from R. 

ccreu~ (Fig. 4B). 

enzymes that the percent hydrolysis of [I 4 C] phosphatidylcholine increases 
with increasing isobutanol concentration. Only the percent hydrolysis after 5 
min incubation are given as time curves up to 30 min did not differ from those 
given in Fig. 1. In general, it appears from the hydrolysis data that isobutanol 
and sodium deoxycholate exert a similar effect on the phosphatidylcholine 
exchange protein. 

Effect of dioxan 
Dioxan is at all concentrations miscible with water and very effectively 

lowers the dielectric constant of the medium. This is in contrast to the behav- 
iour of isobutanol. At a concentration as high as 28% (v/v), dioxan did not 
delipidate the [ ’ 4C] phosphatidylcholine exchange protein. This was shown by 
electrophoresis on polyacrylamide gels where all ’ 4C label was recovered in the 
protein band [3]. At concentrations above 15% (v/v), dioxan begins to dimin- 

5 10 15 20 25 30 

1-4 DIOXANE (vol. pmmimt) 

Fig. 5. The effect of dioxan on the exchange activity of the exchange protein. Samples of 50 ~1 Containing 
exchange protein (1.5 pg) and different concentrations of dioxan were transferred to a liposome-micro- 
some system (total volume 2.5 ml). The initial rate of exchange was measured at 37°C. 
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Fig. 6. The effect of dioxane on the amounts of [ 14C] phosphatidylcholine, bound to the exchange 

protein, hydrolyzed by phospholipases during 5 min of incubation at 37’C. The incubations contained 15 
pg of exchange protein of a specific radioactivity of 15 Ci * mol -’ i.e. 0.7 run01 of phosphatidylcholine. in 

the presence of 0.2 pg phospholipase A, from bee venom (Fig. 6A) or 1 /&g of phospholipase (1 unit) C 

from B. cereus (Fig. 6B). 

ish the exchange activity of the protein (Fig. 5); at 27% dioxan, the loss of 
activity is 70%. This inactivation of the protein is irreversible as removal of 
dioxan by subsequent dialysis does not reactivate the protein. 

The effect of dioxan on the susceptibility of protein bound phosphatidyl- 
choline to the hydrolytic action of phospholipase AZ from bee venom and 
phospholipase C from B. cereus was also measured (Fig. 6A and B). For both 
enzymes the rate of hydrolysis is very dependent on the dioxan concentration. 
Below 15%, hydrolysis of [’ 4 C] phosphatidylcholine is negligible; above 15%, 
the rate of hydrolysis increases with increasing dioxan concentration. The re- 
sults in Figs 5 and 6 suggest that there is a parallel between the inhibition of 
exchange activity and the rate of [i 4 C] phosphatidylcholine hydrolysis. 

Discussion 

Phospholipases have been very helpful in obtaining information on the 
disposition of phospholipids in membranes [4-111 and serum lipoproteins 
[12-141. Use of these enzymes has been particularly successful in establishing 
the asymmetric distribution of phospholipids in the human erythrocyte mem- 
brane [lo]. In the present study phospholipases A?, C and D have been used to 
gain insight on the localization of phosphatidylcholine bound to the exchange 
protein from beef liver. For each enzyme tested, phosphatidylcholine was hy- 
drolyzed very slowly (Figs 1 and 2). By and large, the above results suggest that 
the phosphatidylcholine molecule is well embedded in the exchange protein 
structure and effectively shielded from the medium. This idea is reinforced by 
the fact that enzymatic hydrolysis of the phospholipid is very much stimulated 
by deoxycholate under conditions where the detergent concentration is too 
low to actually delipidate the exchange protein. This observation implies that 
the accessibility of the protein-bound phosphatidylcholine can be improved. 
Phospholipase A2 splits off the fatty acid at the 2-position, phospholipase C 
the phosphorylcholine group and phospholipase D the choline group of phos- 
phatidylcholine. In spite of this diversity of action, each phospholipase used 
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can form the proper enzyme * substrate complex upon interaction with the 
exchange protein. 

The interaction of deoxyeholate with soluble protein is well documented 
[ 34,35 ] . The effect on phospholipid hydrolysis observed in this study indicates 
that deoxycholate also interacts with the exchange protein. Its amphipathic 
character makes it suitable for binding to hydrophobic sites on the protein. 
Given the overall hydrophobic character, this process may in fact precede an 
actual competition with phosphatidylcholine for a specific binding site on the 
protein, This would create a “lipophilic domain” on the protein in which the 
endogenous phosphatidylcholine molecule could dissolve. It could be envisaged 
that this “lipophilic domain” and the specific binding site compete for the 
phosphatidylcholine molecule. This notion of competition is supported by the 
fact that the rate of hydrolysis increases with increasing deoxycholate concen- 
tration . 

In this study the effects of isobutanol on the phosphatidylcholine-ex- 
change protein complex, under conditions where delipidation does not occur, 
parallel those of deoxycholate. Having marked hydrophilic and hydrophobic 
properties, this alcohol has a detergent-like action [25]. For this reason it is 
thought that isobutanol interacts with the exchange protein displacing phos- 
phatidylcholine from its binding site and making it susceptible to phospho- 
lipase action (Fig. 4). At room temperature, isobutanol has a dielectric constant 
of approx. 16 [36]. This alcohol, therefore, at the highest concentration used, 
i.e. 7.4%, will have little significant effect on the dielectric constant of the 
medium; however, an extensive binding to the exchange protein may lower the 
local dielectric constant. This may result in conformational changes to the 
extent that the phospholipases could act more effectively. The 30% loss of 
exchange activity observed with 7.4% isobutanol may be due to such a con- 
formational change (Fig. 3). Thus, in contrast to the effect of deoxycholate 
where competition for a hydrophobic binding site may be prevalent, isobutanol 
may well exert both this competitive effect as well as an effect on the protein 
conformation. 

Since dioxan has a very low dielectric constant (E = 2) and is completely 
miscible with water, it has been used extensively in studies on protein confor- 
mation [27]. Because dioxan lacks a hydrophobic region it will have little 
tendency to interact with hydrophobic sites on a protein or, for this matter, 
compete with phospholipids for hydrophobic sites in a lipoprotein complex. Its 
lowering of the dielectric constant of the medium, however, will weaken those 
hydrophobic interactions dictating, to a large degree, the tertiary structure of 
the protein [Z&29]. In a similar manner it may be understood that dioxan at 
13 vol.% caused hemolysis of bovine erythrocytes without any detectable ex- 
traction of lipid occurring [37]. In general, many proteins in 15-20% dioxane 
begin to undergo a conformational change from an ordered state to a “random 
coil” [27]. It was, therefore, not entirely unexpected that in the present study 
the dioxane concentration had to surpass 15% before phospholipases demon- 
strated appreciable activity towards the protein-bound phosphatidylcholine. The 
exchange activity of the protein also decreased at dioxan concentrations of 
15% and higher. These observations suggest that dioxan induces conformational 
changes in the protein to the extent that phospholipases can act. However, it 
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cannot be precluded that in addition dioxan affects the binding of phosphati- 
dylcholine to the exchange protein. 

The use of phospholipases in defining the effects of deoxycholate, iso- 
butanol and dioxan on the exchange protein necessarily limits the interpreta- 
tion. Spectroscopic techniques are currently in use to expand on this interpre- 
tation. 
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