
Phospholipid Reactivation of Plasmalogen Metabolism 

JOHN S. ELLINGSON and WILLIAM E. M. LANDS, Department of Biological Chemistry, 
The University of Michigan, Ann Arbor, Michigan 48104 

ABSTRACT 

This report  is concerned mainly with 
the properties of an enzyme from rat 
liver microsomes which hydrolyzes the 
alkenyl ether bond of 1 - ( l ' - a lk - l ' - eny l ) -  
glycero-3-phosphoryl-choline ( a l k e n y l -  
GPC hydrolase).  

Destruction of the normal environment 
of the microsomes by treatment with phos- 
pholipases A or C caused inactivation of 
the alkenyl-GPC hydrolase, which was 
then partially reactivated by the addition 
of exogenous phospholipids. Both sphingo- 
myelin and diacyl-GPC were efficient in 
restoring activity; diacyl-GPE was less ef- 
fective; and monoacyl-GPC and mono- 
acyl-GPE were ineffective. The presence 
of two long hydrocarbon chains in the 
lipid activator is apparently required for 
reactivation, suggesting that interaction of 
hydrophobic areas of the enzyme with 
the phospholipid is necessary for maximal 
activity. High concentrations of sucrose 
mimicked the effect of phospholipids, and 
because the sucrose and diacyl-GPC did 
not show an additive effect, they may re- 
activate the enzyme in a similar manner. 

Disrupting the enzyme's environment 
by freezing and thawing the preparation 
also resulted in a loss of enzymatic ac- 
tivity, which was restored by added exog- 
enous phospholipids. 

The alkenyl-GPC hydrolase was inhibited 
by imidazole and some of its derivatives. 
Histidine and N-acetyl histidine did not 
inhibit the enzyme, presumably due to the 
presence of a negative charge on the car- 
boxyl group rather than the steric bulk 
of that group, since histidine methyl ester 
did inhibit the enzyme. Kinetic evidence 
showed imidazole to be a competitive in- 
hibitor. The enzymatic activity of imida- 
zole-treated microsomes also increased fol- 
lowing addition of exogenous phospho- 
lipids. Imidazole inhibition differed from 
the phospholipase A-inactivation in that it 
was partially reversed by KCI, but not by 
sucrose. Imidazole did not inhibit other 
microsomal enzymes tested, indicating 
that it is not a general inhibitor of mem- 
brane-associated enzymes. 

INTRODUCTION 

T HE IDEA HAS ARISEN that some enzymes 
associated with membranes require phos- 

pholipids (1-9).  The evidence for this is that 
removal of phospholipids from membranes by 
some process such as extraction with wet ace- 
tone or by treatment with a phospholipase 
resulted in inactivation of the enzyme. The 
activity could then be restored to the enzyme 
by adding exogenous phospholipid to the in- 
activated enzyme. Thus complexes of phos- 
pholipids and proteins occur and are probably 
very important in determining the properties of 
a membrane. Studies on the actual mode of 
interaction of the phospholipids with mem- 
brane-associated proteins have shown that both 
the polar and nonpolar moieties of the phos- 
pholipid can interact with proteins (10,11).  

Warner  and Lands (12) have described an 
enzyme present in rat liver microsomes which 
hydrolyzes the alkenyl ether bond of l - ( l ' -  
alk- 1 '-enyl) -glycero-3-phosphorylcholine. This 
report  presents evidence that this enzyme re- 
quires phospholipids. The enzyme is also in- 
hibited by imidazole, and some properties of 
this inhibition are described. 

MATERIALS AND METHODS 

Enzyme Assays 
The activity of l - ( l ' - a lk- l ' - enyl ) -g lycero-3-  

phosphorylcholine alkenyl ether hydrolase (al- 
kenyl GPC-hydrolase)  was measured by assay- 
ing aliquots from a I ml incubation mixture 
containing 9.9 #moles of potassium phosphate 
buffer, pH 7.1, 1.2 /~moles of the substrate, 1- 
( 1 '-alk- 1 '-enyl ) - g 1 y c e r o - 3-phosphoryl choline, 
and about 2 mg of microsomal protein. The 
reaction was started by adding 0.3 ml of a 
4 • 10 -3 M solution of alkenyl-GPC dissolved 
in either distilled water or in 0.033 M potas- 
sium phosphate buffer, pH 7.1. The aliquots 
(0.1 ml) were removed at timed intervals and 
added to a test tube containing 1 ml of chloro- 
form:methanol  (2:1,  v / v ) ,  and the tube was 
shaken slightly. Then 1 ml of chloroform and 
1 ml of chloroform:methanol  (2 :1)  were 
added successively with shaking. The result- 
ing mixture was filtered through glass wool by 
passing it through a 9-in. Pasteur pipette con- 
taining a small wad of glass wool. The original 
tube was washed twice with 1 ml portions of 
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chloroform : methanol (2:1) ,  each of which 
was transferred to the second tube by passing 
it through the Pasteur pipette. The resulting 
mixture was evaporated at 50C on a rotary 
evaporator, and the residue was taken up in 
0.5 ml of methanol. The methanol solution 
was analyzed for the substrate, 1-( l ' -a lk- l ' -  
enyl)-glycero-3-phosphorylcholine, by a slight 
modification of the procedure of Gottfried and 
Rapport (13). Five-tenths ml of a 2.5 • 10-4N 
iodine solution in 3% potassium iodide was 
added, and the tube was shaken vigorously for 
about 10 sec and allowed to stand for at least 
l0 rain. Then 4 ml of 95% ethanol were 
added, the solution was mixed thoroughly, and 
the absorbance was measured at 355 m~t. 

The activity of D-glucose-6-phosphate phos- 
phohydrolase (ED 3.1.3.10) (glucose-6-phos- 
phatase) was assayed by a modified procedure 
of Harper (14). The reaction was performed 
in an incubation mixture containing 16.7 mM 
sodium citrate buffer, pH 6.5, 32 mM glucose- 
6-phosphate, pH 6.5, and about 1 mg micro- 
somal protein in 1.5 ml. At timed intervals, 
0.3 ml aliquots were removed and analyzed 
for inorganic phosphate. The enzymic assay 
for  acyl-CaA: 1-acylglycero-3-phosphorylcho- 
line acyltransferase (acyltransferase) was de- 
termined by the spectrophotometric assay de- 
scribed by Lands and Hart (15). The acyl- 
CoA hydrolase activity was measured by the 
same method used to measure the acyl-CoA 
:l-acyl-GPC acyltransferase except that 40-60 
mpmoles of the acyl-CoA were used and 1- 
acyl-GPC was omitted from the reaction mix- 
ture. 

Preparation of Enzymes 

Microsomes were prepared as described by 
Lands and Hart (15). A partially purified 
phospholipase A was prepared by dissolving 
60 mg of Crotalus adamenteus snake venom 
(Ross Allen's Reptile Institute, Silver Springs, 
Florida) in 1 ml of 0.05 M Tris-chloride buffer, 
pH 7.6 and put on a Sephadex G-100 column 
(2.4 • 36 cm). The phospholipase A was 
eluted with the same buffer. One-milliliter 
fractions were collected, and the active frac- 
tions were pooled. 

Preparation of Phospholipids 

The phospholipids were prepared by silicic 
acid chromatography as described previously 
(16-18). Sphingomyelin was prepared by dis- 
solving a crude sphingomyelin fraction in a 
small volume of methanol and then treating it 
with I% mercuric chloride in 90% aqueous 
acetic acid to hydrolyze alkenyl ethers pres- 
ent. Then 2 N methanolic sodium hydroxide 
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was added to adjust the pH to about 9 to hy- 
drolyze any esters present. After the saponi- 
fication had proceeded 30 minutes at room 
temperature, the reaction mixture was neu- 
tralized by adding ethyl formate, and enough 
CHCI 3 was added to make the chloroform: 
methanol ratio 2: 1. The chloroform layer was 
washed twice with 0.1 volume of water and 
then evaporated. The residue was washed 4 
times with diethyl ether, and the ether-insoluble 
sphingomyelin was then purified by silicic acid 
column chromatography using chloroform- 
methanol solvent mixtures. The 1-( l ' -a lk- l ' -  
enyl)-glycero-3-phosphorylcholine w as p r e- 
pared as described before (16) except that 
twice as much methanolic sodium hydroxide 
was added, the saponification procedure was 
allowed to proceed for 30 min at room tem- 
perature, and ethyl formate was added to neu- 
tralize the saponification mixture. 

The sonicated lipids for reactivation studies 
were made by adding 150 ,ttmoles of a pure 
phospholipid to a hand homogenizer (Dounce 
ball-type, Blaessig Glass Co.), and evaporat- 
ing the solvent. Then 6 ml of cold 0.25 M 
sucrose, 0.001 M EDTA were added to the 
homogenizer, and the mixture was homogen- 
ized to produce a milky emulsion of the phos- 
pholipid. This emulsion was sonicated for 15 
min at full power on a Branson model 75SL 
sonifier using an ice-salt-water bath to main- 
tain the temperature at less than 15C. The 
sonified mixture was adjusted to a final volume 
of 15 ml with the sucrose-EDTA. The diacyl- 
GPC preparations were centrifuged at 100,000 
• g for 1 hr, and the opalescent solution be- 
neath the floating lipid layer was collected and 
used. 

Treatment of Microsomes with Phospholipases 

Microsomes were adjusted to a concentration 
of 10-15 mg protein per ml with 0.25 M su- 
crose, 0.001 M EDTA. This suspension was 
sonicated for 4 min on a Branson model 75SL 
sonifier at a power of 6 amperes. An ice- 
salt-water bath was used to keep the tempera- 
ture between 0C and 10C. The sonicated 
microsomes were diluted with an equal volume 
of 0.05 M Tris-chloride buffer, pH 7.4. To the 
diluted microsomes 60 /d of the partially puri- 
fied phospholipase A (2 mg protein/ml) and 
30 #I of 0.1 M calcium chloride were added 
for each milliliter of the diluted microsomes, 
and the solution was rapidly mixed. For phos- 
pholipase C treatment, 3 mg of fatty acid-poor 
bovine serum albumin, 60 /d of a solution of 
Clostridium per/ringens phospholipase C (120 
mg/ml ) ,  and 30 #1 of 0.1 M calcium chloride 
were added for every ml of diluted micro- 
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somes. When samples were to be used for 
alkenyl hydrolase assay, 0.4 ml aliquots were 
removed and added to a test tube containing 
0.05 ml of 0.5 M EDTA, pH 7 which stops the 
phospholipase reaction by complexing the cal- 
cium ions required for phospholipase activity. 

Phospholipids were extracted from the treat- 
ed microsomes by adding 0.1 ml aliquots of 
the microsome-phospholipase mixture to 1 ml 
of chloroform : methanol (2:1 ). This mixture 
was evaporated under nitrogen, and another 
ml of the ch loroform:methanol  was added 
and evaporated. The residue was taken up in 
0.1 ml of the chloroform :methanol  (2: 1). 

For thin-laye r chromatography, 80 /d of the 
solution of the phospholipids extracted from 
the microsomes was spotted on a thin-layer 
plate spread with Absorbosil No. 2, which 
had just been heated at 80C-100C for 15 min 
and cooled to room temperature. Overheat- 
ing of the plate was avoided because it lowered 
the Rf of the diacyl-GPE. The separation was 
accomplished by developing the plate succes- 
sively in the following three solvent systems: 

(1) chloroform : methanol : ethanol : water: 
acetic acid ( 100 : 16 : 20 : 4 : 1 ) 

(2) methanol : 95% ethanol (1 : 3) 
(3) 95% ethanol : ether : methanol : wa- 

ter (100 : 25 : 25 : 2) 

The first solvent was allowed to travel a dis- 
tance of about 15 cm on the plate. The plate 
was allowed to dry for about 15 min between 
the transfers from one solvent to the next. 
The last two solvents were allowed to travel up 
to the diacyl-GPE spot which had been de- 
tected by rhodamine G. The detection was ac- 
complished by spraying one side of the plate 
where a standard diacyl-GPE had been put on 
the plate. The three solvent systems resulted 
in the separation of the mono- and diacyl deriv- 
atives of GPC and GPE from each other. Each 
compound was identified by comparing its Rf 
to that of a standard. 

After the final solvents had evaporated from 
the plate, it was sprayed with the molybdate 
spray described below to detect the phosphate 
positive areas of the plate. The areas contain- 
ing the phospholipids were scraped into tubes, 
and 0.6 mt of 70% perchloric acid was added. 
This mixture was heated at 185Cfor 2 hr and 
then cooled to room temperature. Phosphate 
was measured by the  procedure of Bartlett 
(19). 

The molybdate spray was made from 2 
solutions. The first solution was prepared by 
adding 40.11 g MoO 3 to 1 liter of concen- 
trated sulfuric acid and heating gently until 
the MoO 3 dissolved. The second one was made 
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FIG. 1. Inactivation by phospholipase A. Treat- 
ment of the microsomes with phospholipase A, 
the removal of aliquots for alkenyl-GPC hydrolase 
assay and for phospholipid analysis, the analysis 
of the phospholipids, and the assay for the alkenyl 
GPC hydrolase under Methods. The figure shows 
the amount of diacyl-GPC (O O), mouoacyl- 
GPC ([] [] ), and diacyl-GPE ( V - -  - -  - - V )  
present after various amounts of time of phos- 
pholipase A treatment of microsomes. The specific 
activity (in mtzmoles/min/mg protein) of the 
alkenyl-GPC hydrolase ( A - - - - & )  is also shown 
as a function of the time of phospholipase A 
treatment. 

by dissolving 1.78 g powdered molybdenum in 
500 ml of the first solution and heating gently 
for 15 min. One ml of each solution was 
added to 3 ml of water to make the spray, 
which detects phospholipids by producing a 
blue color. 

Chemicals 
Imidazole was purchased from Eastman Or- 

ganic Chemicals, 1-methylimidazole from the 
Aldrich Chemical Co., and the other deriva- 
tives of imidazole from Sigma. These com- 
pounds were neutralized before use. Urea was 
obtained from Baker and Adamson, and the 
alkylated ureas were supplied by George Zo- 
graft, Department of Pharmacy, University of 
Michigan. Glucose-6-phosphate was purchased 
from Calbiochem. 

RESULTS 

The Effect of Phospholipase A 
When sonicated microsomes were treated 

with the partially purified phospholipase A, the 
enzymatic activity of the alkenyl-GPC hydrol- 
ase was reduced by 50-70% in 20 min. To show 
that the phospholipids in the microsomal mere- 
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T A B L E  I 

Effect of  Products  of  Phosphol ipase  A Reac t ion  on 
Sonicated Microsomes  

Rate  
Addit ions (m#moles /10  rain)  

N o n e  375 
0.33 #mole  each of  16:0, 18:0 

and 18:1 fat ty acids 375 

Santoquin  275 
Santoquin  + 0.3 #mole  18:3, 0.4 

#mole  18:1, and 0.4 gmole  18:2 
fat ty  acids 275 

N o n e  350 
0.21 /*mole m onoacy l -GP C 360 
0.42 #mole  m o n o a c y l - G P C  375 

N o n e  325 
0.42 #mole  m o n o a c y l - G P C  313 

The a lkenyl -GPC hydrolase  act ivi ty was  de termined as 
described under  Methods  with 3.9 mg  of  p ro te in  in a 1.1 
ml  incubat ion mixture .  The  incubat ion mixtures  had  the 
amounts  of  fat ty  acids or  m o n o a c y l - G P C  indicated.  The  
enzyme and lipid were  al lowed to incubate  for  5 min  be- 
fore the assay was ini t ia ted by addi t ion of the substrate.  

Fa t t y  acids were added:  
1) f r o m  a solution conta in ing  11 #moles  each of  16:0, 

18:0, and 18:1 fat ty  acids and 27 #li ters of  absolute 
e thanol  per  ml  of  0.05 M Tris-chloride buffer,  p H  7.4. The  
control  had  an equal  amount  of  Tris-chloride-absolute  
ethanol solution conta in ing  no fat ty  acids. 

2)  f r o m  a solution conta ining 40 #moles  of  each 18:1, 
and 18:2 fat ty  acids and 30 #moles  of  18:3 fat ty  acid in 
3 ml  of  0.05 M Tris-chlor ide buffer, p H  7.4. A small  
amoun t  of the ant ioxidant  Santoquin  (1,2-dihydro-6-ethoxy- 
2,2,4-trimethyl quinol ine)  was  present  in the polyunsat-  
u ra ted  fat ty acids, so a solution of Tr is  and  Santoquin  
conta in ing  no fa t ty  acids was  added to the control.  

Mo n o a cy l -GP C was  added:  
1) by adding a known  amount  f r o m  a ch loroform:  

methano l  (1 :1 )  solution to a test  tube and  evapora t ing  
the solvent under  ni t rogen.  The  lipid was dissolved in the 
incubat ion  m e d i u m  to which the enzyme and substrate  had  
not yet been added. 

2)  by  adding an al iquot f r o m  an aqueous solut ion con- 
ta ining 4.2 #moles  m o n o a c y l - G P C  per ml  to the incuba-  
t ion m e d i u m  (lowest  section of  the t ab le ) .  

branes were being hydrolyzed by phospholipase 
A, the lipids were extracted from a microsome- 
phospholipase incubation mixture at timed in- 
tervals and analyzed. The results of such an ex- 
periment are shown in Fig. 1. The rate of disap- 
pearance of diacyl-GPC was equal to the rate of 

T A B L E  l I  

Reac t iva t ion  of Phosphol ipase  A-Trea ted  Enzyme  with  
D iacy l -GPC 

Rate  
T rea tmen t  (m#moles /10  m i n )  

Sonicated 375 
PLA- t rea ted  125 
P L A  + 0.2 /*mole d iacy l -GPC 138 
P L A  + 0.8 /*mole d iacy l -GPC 263 
P L A  + 2.0 ~moles  d iacy l -GPC 338 

The  mic rosomes  were  sonicated and t reated w i t h  phos-  
phol ipase  A as described under  Methods .  The alkenyl-  
G P C  hydrolase  was assayed as s tated under  Methods  us ing 
3 m g  protein.  Sonicated d iacyl -GPC was added in the 
amoun t s  indicated.  
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Fro. 2. Reactivation of phospholipase-treated 
enzyme by phospholipids. The enzyme was soni- 
cated and treated with phospholipase A for 30 
minutes as described under Methods. The enzyme 
was assayed as described in Methods using 3 mg 
protein. The figure shows the enzymatic rate (ex- 
pressed as mgmoles/min/mg protein) of the phos- 
pholipase-treated enzyme in the presence of differ- 
ent amounts of sonicated diacyl-GPC (O O), 
sphingomyelin ( A - - - - A ) ,  diacyl-GPE ( [ ~ - -  
[3), monacyl-GPC ( o - - - - - - o ) ,  and monoacyl- 
GPE ($7 ~7). 

appearance of monoacyl-GPC. The rate of gain 
on monoacyl-GPE (not shown in the figure) 
was found to be equal to the loss of diacyl- 
GPE. Thus the rate of loss of the substrates 
of the phospholipase A reaction was equal to 
the rate of gain of the products. The data 
presented in Table I show that the products 
of the phospholipase A reaction did not inhibit 
the alkenyl-GPC hydrolase activity. The phos- 
pholipase A incubation was done at 20C in the 
presence of 3 • 10 -a M CaCI~, and the phos- 
pholipase A reaction was stopped with 0.06 
M EDTA, pH 7.0. Incubation at 20C for 30 
min with either of these reagents did not cause 
inactivation of the alkenyl-GPC hydrolase. 

Addition of diacyl-GPC prepared from egg 
yolks to the phospholipase-inactivated enzyme 
resulted in a reactivation of the enzyme, and 
the results presented in Table II show that the 
amount of reactivation was dependent on the 
amount of diacyl-GPC added. Other phospho- 
lipids were also tested for their ability to re- 
store the inactivated enzyme. The results in 
Fig. 2 illustrate that both diacyl-GPC and 
sphingomyelin were good reactivators. Diacyl- 
GPE could reactivate, but was not nearly as 
efficient as diacyl-GPC or sphingomyelin. 
Monoacyl-GPC and monoacyl-GPE were total- 
ly ineffective as reactivators. 
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FIG. 3. Reactivation of phospholipase-treated by 0 l0 20 30 40 

sucrose. The enzyme was sonicated and treated 
with phospholipase A for 30 minutes as described 
under Methods. The alkenyl-GPC hydrolase was 
assayed as described under Methods using 3 mg 
of protein. The figure shows the rate (expressed 
as m~mole/10min) of the phospholipase-treated 
enzyme in the presence of different amounts of 
sucrose (O O). The rate in the presence of 
both sucrose and sonicated diacyl-GPC is indi- 
cated by the symbols �9 and Z~; the amount of 
sucrose present in the combination experiments is 
shown on the abscissa, and the amount of diacyl- 
GPC used was 0.93 #moles ( � 9  and 0.47 ~moles 
(A). 

The data in Fig. 3 indicate that high con- 
centrations of sucrose, restored activity to the 
enzyme. Diacyl-GPC and sucrose did not have 
an additive effect. Two other polyols, glycerol 
and mannitol, were tested for the ability to re- 
activate the enzyme, and neither one restored 
activity. 

The Effect of Phospholipasa C 

If intact phospholipids are really required 
by the enzyme, then the enzyme should be in- 
activated if they are degraded in a different 

TABLE I I I  

Effect of Freezing and Thawing 

Rate 
Conditions (m~moles/10 rain) 

None 
Control 350 
Control 4- 1.9 #moles diacyl-GPC 363 

Frozen and thawed 10 times 257 
Frozen and thawed 10 times 4- 1.9 

#moles diacyl-GPC 363 

Microsomal preparations (9 nag protein/nal) were naade 
up in 0.2 M sucrose, 0.001 M EDTA. Each solution was 
frozen in a freezer maintained at -20C and thawed in a 
cold water bath kept at 17C or less. Enzymatic activity 
was determined as described under Methods using 1.8 nag 
microsomal protein and, where indicated, 1.9 #moles of 
sonicated diacyl-GPC. 

MINUTES 

FIG. 4. Inactivation by phospholipase C. The 
sonication of microsomes, the treatment with 
phospholipase C, and the analysis of phospholipids 
are described under Methods. The assay of alkenyl- 
GPC hydrolase was as described under Methods 
using 3 mg of protein. Where indicated, 2 ~moles 
of sonicated diacyl-GPC were added to the assay 
mixture of the enzyme treated with phospholipase 
C for 40 rain. 

The figure shows the amounts of diacyl-GPC 
(O O), and diacyl-GPE ([3 V]) present 
after different amounts of time of phospholipase 
treatment. It also shows the specific activity of 
the alkenyl-GPC hydrolase ( A _ _ _ _ A )  as a func- 
tion of the time of treatment with phosphoiipase 
C. The specific activity of the enzyme which had 
been treated with phospholipase for 40 rain when 
assayed in the presence of 2 #moles of sonicated 
diacyl-GPC is indicated (V) .  

manner. This was tested by treating the micro- 
somes with phospholipase C. Fig. 4 illustrates 
the phospholipase C degraded both diacyl-GPC 
and diacyl-GPE in the microsomal preparation. 
After 40 minutes, the alkylhydrolase was in- 
activated 50%. When sonicated diacyl-GPC 
was added to the phospholipase C-inactivated 
enzyme, activity was restored as indicated in 
Fig. 4. 

The Effect of Freezing and Thawing 

The alkenyl-GPC hydrolase was inactivated 
by freezing and thawing the microsomes sev- 
eral times. The enzyme activity was about 
30-40% of the original value after being 
frozen and thawed 10 times. The enzyme was 
reactivated by diacyl-GPC, as shown in Table 
II1. If diacyl-GPC was present during the 
freezing and thawing process, it failed to pre- 
vent the inactivation of the enzyme, and the 
enzyme no longer showed the ability to be 
reactivated by phosphatidyl choline. Also 
large particles settled out of the solution when 
microsomes were inactivated in the presence 
of diacyl-GPC. 

LIPIDS, VOL. 3, No. 2 
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T A B L E  1V 

Reversal  of  Imidazole  Inhibi t ion 

Specific act ivi ty 
( m g m o l e s / m i n / m g  

Trea tmen t  prote in)  

A - -  None  14 
B -  2,0 #moles  Imidazo le /ml  4 
A - - C e n t r i f u g e d  and resuspended 18 
B -  Cent r i fuged and resuspended 19 

A prepara t ion  of m]crosomes  in 0.25 M sucrose, 0.001 
M E D T A  was  divided into two equal parts.  O n e  ha l f  was  
m a d e  u p  to 9 m g  protein  per ml ( total  vo lume ~ 5 ml )  
wi th  0.25 M sucrose,  0.001 M E D T A ,  and the o ther  ha l f  
was m a d e  up to 9 mg  protein per  microl i ter  and 2 /zmoles 
of imidazole-chloride,  pH  7.0 per microl i ter .  Each  diluted 
prepara t ion  was centr i fuged for 1 hour  at 39,000 rpm in 
a SW39 swinging bucket  rotor,  The resul t ing pellets were 
resuspended in 5 ml  of  0.25 M sucrose,  0.001 M E D T A .  
The resuspended pellets were then assayed for  alkenyl-  
G P C  bydrolase act ivi ty as described under  Methods .  

The Inhibit ion of Imidazole 

Warner (20) found that imidazole inhibited 
the alkenyl-GPC hydrolase. As seen in Fig. 5, 
the enzyme was inactivated 50% when imida- 
zole was present in concentrations of 1 /~mole 
per milliliter of reaction mixture. The imida- 
zole inhibition occurred immediately, for the 
same degree of inhibition occurred whether 
imidazole was added after the reaction had 
already begun or was preincubated with the 
enzyme for 30 min before the reaction was 
started. The reversibility of the imidazole in- 
hibition of the hydrolase was demonstrated in 
two ways. Because the enzyme is particulate, 
it can be centrifuged at 100,000 • g for one 
hour, and the resulting pellet can then be re- 
suspended. When the enzyme was centrifuged 
from a medium containing 2 /zmoles of imida- 
zole per milliliter and resuspended in a medium 
free of imidazole, the activity returned to con- 
trol levels (Table IV). Table V reveals that 
the imidazole inhibition could be reversed by 
diluting the solution. When the enzyme was 
assayed with different amounts of substrate in 
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FIG. 5. Inhibition by imidazole. Enzymatic 
activity was determined as described under Meth- 
ods using 1.8 rng microsomal protein and a total 
volume of 1.0 ml. Imidazole was added in the 
amounts indicated before the reaction was started 
by adding substrate. The figure shows the percent 
inhibition of the enzymatic activity obtained with 
different amounts of imidazole. 

the presence and absence of imidazole and the 
data were plotted according to the method of 
Lineweaver and Burk (21), a plot as shown in 
Fig. 6 was obtained. This graph indicates that 
imidazole is a competitive inhibitor. 

Since Warner (20) had shown that histidine 
did not inhibit alkenyl-GPC hydrolase, the 
microsomes were treated with other derivatives 
of imidazole. As shown in Table VI the deriv- 
atives containing a negatively charged carboxyl 
group did not inhibit the enzyme, whereas all 
other compounds tested inhibited about 75% 
at a concentration of 0.003 M. 

Urea is known to inhibit many enzymes, and 
as Table VII shows, it inhibits the alkenyl- 

T A B L E  V 

Reversa l  of  fmidaz01e Inhibi t ion  by Di lu t ion  

Rate  
Trea tmen t  (m/zmoles/10 m i n )  

N o n e  338 
+ 2 /tmoles I m i d a z o l e / m l  75 
+ 0.4 #mole  ] m idazo l e /m l  300 
lmidazole  diluted f r o m  2.0 # m / m l  

to 0.4 # m / m l  294 

A mi c ro som a l  p repara t ion  was  divided and diluted as 
descr ibed in the legend for  Table  IV .  T h e n  0.2 ml  of  
each diluted enzyme was assayed as descr ibed in Methods .  
Imidazole  hydrochlor ide ,  p H  7.0, Was added to the diluted 
mic rosomes  conta in ing  no imidazole  for  the  assays con- 
ta in ing 2 #moles  imidazole  per  microl i ter  and 0.4 ~mole  
imidazole per  microl i ter .  

~ P m S ,  V O L .  3, N o .  2 

T A B L E  V I  

Inhibi t ion  by Imidazole  and Its  Der ivat ives  

Reagent  added Rate  
(3 # m o l e s / m l )  (mumoles /10  min)  

N o n e  213 250 263 
Imidazole  100 113 
N-Methyl imidazole  100 
His t amine  I 13 
His t id ine  Methyles ter  150 75 
N-Acety l ,h i s tamine  125 100 150 
Hist idine 213 275 
N-Acetyl ,his t id ine 263 263 

The  enzyme was  assayed as descr ibed under  Methods  
using 1.8 m g  of  protein.  Each  reagen t  was adjusted to  
p H  7.0 and added 5 min  before  the substrate  solution w a s  
added to s tar t  the  reaction.  
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T A B L E  VI I  

Inhibi t ion by Urea  

Rate Percent 
Addit ions (m#moles /10  min)  inact ivat ion 

None 473 - -  
1.0 M Urea  381 19 
3.0 M Urea  184 61 
5.0 M Urea  40 92 

The enzyme was assayed as described under Methods 
using 1.3 mg of protein and an incubat ion volume of 1.1 
ml. Where indicated, enough urea was added before the 
substrate to give the final concentration stated. The re- 
agent and enzyme were allowed to incubate together for  
5 min at room temperature before the substrate was added 
to start the reaction. 

GPC hydrolase at high concentrations. The 
concentration of urea needed to achieve about 
60% inhibition was 3.0 M. This is in contrast 
to imidazole which gave 75% inhibition at 
0.003 M. The data in Table VIII  also show 
that the addition of a hydrocarbon side chain 
to the urea molecule made it a more potent 
inhibitor of the enzyme. The difference be- 
tween 1.0 M urea and 0.1 M n-butyl urea dem- 
onstrates that the ability of the alkylated ureas 
to inactivate the enzyme is greater with in- 
creasing length of the hydrocarbon chain. 

Relief of the Imidazole Inhibition 

Since the enzyme preparations inactivated 
by phospholipases and by freezing and thaw- 
ing could be reactivated by phospholipids, the 
effect of these compounds on the imidazole- 
inactivated enzyme was studied. As Fig. 7 
reveals, both sphingomyelin and diacyl-GPC 
reactivated the imidazole-inhibited enzyme. 
The amount of reactivation obtained being de- 
pendent on the amount of phospholipid added. 

Because the phospholipase A-inactivated 
enzyme showed increased activity in the pres- 
ence of sucrose, the effect of polyols on the 
imidazole inhibition was studied. The polyols 
sucrose, mannitol, and glycerol did not re- 
activate the imidazole-inhibited enzyme. How- 
ever, the imidazole inhibition could be re- 
lieved by the addition of potassium chloride. 

T A B L E  V I I I  

Inhib i t ion  by Alkylated Ureas  

Rate Percent 
Addi t ions  (m#moles /10  min)  inact ivat ion 

None 330 - -  
1.0 M Urea  289 12 
1.0 M Methyl  urea 289 12 
L0 M Ethyl  urea 110 67 
0.5 M n-Butyl urea 2 8  92 
0.1 M n-Butyl urea 179 46 

Condit ions were the same as described for Table V I I  
except that  1.0 mg protein was used in an incubat ion 
volume of 1.05 ml. 

T A B L E  IX 

The Effect of Imidazole on Other Membrane-Associated 
Enzymes 

Specific activity 
( mumoles /min /mg  ) 

Without  3mM 
Enzyme Imidazole  Imidazole 

Glucose-6-phosphat ase 51.5 61.5 
Alkenyl -GPC hydrolase 35.0 9.0 
Acyl CoA:  1-Acyl-GPC-acyltransferase 

with 20:4 (n-6) acyl-CoA 35.0 29.0 
Acyl-CoA hydrolase 

with 20:4 (n-6) acyl-CoA 22.0 22.0 

The enzymes were assayed as described under Methods.  
When  imidazole hydrochloride was included, i t  was added 
to a final concentrat ion of 3.0 mM, and it  was added be- 
fore the substrate was added to start the reaction. 

Potassium chloride did not reactivate the 
alkenyl-GPC hydrolase activity in phospho- 
lipase A-treated microsomes. 

Since phospholipids could bring about a re- 
activation of the imidazole-treated enzyme, and 
because phospholipids are known to reactivate 
certain other membrane-associated enzymes 
which have been inactivated, the effect of 

0.5 ~ o 

0.4 

0.2 o 

~ i , , 
1.0 2.0 3.0 

1/N 
FIo. 6. The effect of substrate concentration on 

imidazole inhibition. The enzyme was assayed at 
25C in the presence of 15 ~moles of potassium 
phosphate buffer, pH 7.1, 1.8 mg microsomal pro- 
tein, and the amount of substrate indicated per 
milliliter of incubation mixture. Aliquots which 
contained about 0.1 #mole of substrate at zero 
time were removed and assayed as described under 
Methods. The reaction was initiated by adding 
the enzyme. The figure shows the enzyme rate 
obtained using different amounts of substrate. 
Where indicated two ,~moles of imidazole hydro- 
chloride, pH 7.0, were added before the substrate. 
The figure shows the plots of reciprocal velocities 
(n~moles/min) -1 vs. reciprocal substrate concen- 
trations (~moles) -1 in the presence (VI I7) 
and absence (O O) of imidazole. 
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, o t J ,  , , 
0 1 2 3 
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FIG. 7. Relief of imidazole inhibition by phos- 
pholipids. The enzyme was assayed as described 
under Methods using 1.8 mg of protein in the 
presence of 2 gmoles imidazole hydrochloride, 
pH 7.0. Sonicated phospholipids were added in 
the amounts indicated after the addition of the 
substrate solution. The figure shows the rate of 
the imidazole-treated microsomes in the presence 
of different amounts of diacyI-GPC (O O) 
and sphingomyelin ([] D).  

imidazole on other membrane-associated en- 
zymes was studied. Table IX shows that, of 
the microsomal enzymes tested, only alkenyl- 
GPC hydrolase was strongly inactivated by 3.0 
mM imidazole. 

DISCUSSION 

Treatment of the sonicated microsomes with 
phospholipase A results in the loss of enzymatic 
activity. This suggests that the loss of activity 
is due to the destruction of the microsomal 
phospholipids. The phospholipids were actual- 
ly degraded by the phospholipase A and the 
possibility that loss of enzymatic activity was 
due to the inhibition by the products of the 
phospholipase reaction was ruled out, as 
neither fatty acids nor 1-acyl-glycero-3-phos- 
phorylcholine inhibited the enzyme. The fact 
that polyunsaturated fatty acids did not cause 
inhibition is especially important, since the fatty 
acids released from phosphatidyl choline and 
phosphatidyl ethanolamine by phospholipase A 
are released from the 2-position of the glycerol 
moiety (22-24), which contains mainly unsat- 
urated fatty acids in naturally occurring phos- 
pholipids (25). I.oss of activity was not at- 
tributable to any of the reagents used in the 
phospholipase treatment of the microsomes. 

Addition of micellar phospholipids caused 
reactivation of the phospholipase-treated en- 
zyme, the amount of reactivation being de- 
pendent on the amount of lipid added. Thus 
alkenyl-GPC hydrolase is similar to other mem- 
brane associated enzymes which have been 
treated with phospholipases and reactivated 
with phospholipids. Reactivation by more than 

one phospholipid has been demonstrated for 
other enzymes such as glucose-6-phosphatase 
from rat liver microsomes (9) and ATPase 
from sarcosomes (5). Ganoza (9) found that 
phospholipase A-treated glucose-6-phosphatase 
was reactivated by both phosphatidyl choline 
and phosphatidyl ethanolamine, while phos- 
phatidyl ethanolamine was not a very efficient 
reactivator of alkenyI-GPC hydrolase. Mar- 
tonosi (5) found that both diacyl-GPC and 
monoacyl-GPC could reactivate the ATPase 
and the concomitant Ca § uptake of the sar- 
coplasmic reticulum after inactivation with 
phospholipase C. In fact, monoacyI-GPC was 
the more efficient reactivator. This is in direct 
contrast to inactivated alkenyI-GPC hydrolase 
which could not be reactivated with monoacyl- 
GPC. Thus microsomal enzymes display some 
selectivity as to which phospholipids reactivate 
them, which makes it seem more plausible that 
phospholipids have specific functions in mem- 
branes and that reactivation is more than just 
an effect of surface-active compounds. This 
is especially apparent with lipid-deficient mito- 
chondrial ATPase which is reactivated by both 
detergents and phospholipids, but only natu- 
rally occurring phospholipids restore the olig- 
omycin sensitivity characteristic of the untreat- 
ed enzyme (3). One membrane enzyme has 
been fotmd which requires a specific phospho- 
lipid. This enzyme, fl-hydroxybutyric dehydrog- 
enase from mitochondria, shows an absolute 
requirement for phosphatidyl choline which has 
at least one unsaturated fatty acid component 
(4,26). 

Since phosphatidyl choline reactivates the 
alkenyI-GPC hydrolase but phosphatidyl eth- 
anolamine reactivates less, some specificity 
for the polar group of the phospholipid mole- 
cule must exist. That sphingomyelin also re- 
activates the enzyme supports this conclusion. 
as it also has phosphorylcholine as a hydro- 
philic component. However, monoacyl-GPC 
does not effect reactivation, suggesting that 
there is also specificity for the apolar part of 
the phospholipid, two long hydrocarbon 
chains or else one chain linked to the 2-posi- 
tion apparently being required. 

The importance of the hydrophobic areas 
for this enzyme's activity is also implicated 
by the fact that alkylated ureas are more po- 
tent inhibitors than urea, those with longer 
side chains being more potent i~hibitors. The 
hydrocarbon side chains presumably interact 
with hydrophobic areas in the membrane, per- 
haps disrupting the interaction between the 
phospholipids and proteins. 

The normal membrane environment can 
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be considered as a phospholipid-protein ar- 
rangement, and destruction of the membrane 
phospholipids by phospholipase presumably 
destroys the native environment of the en- 
zyme. The effect of adding phospholipid to 
the inactivated enzyme could be to recon- 
struct the natural membrane environment. 

The phospholipase-treated enzyme was al- 
so reactivated by incubating it in high con- 
centrations of sucrose. Because the addition 
of both phosphatidyl choline and sucrose did 
not have an additive effect in reactivating the 
enzyme, it does not seem likely that they act- 
ed differently. It is possible that both may 
cause a conformational change in the en- 
zyme, converting it from an inactive form to 
an active form. Phospholipids could cause 
this by direct binding to the enzyme whereas 
sucrose might induce a similar change 
through an osmotic effect on the membrane, 
causing it to contract or become dehydrated. 
Microsomes are known to behave osmotically 
(27). If this is the cause of reactivation by 
sucrose, other polyols might mimic this ef- 
fect. However, the two that were tested. 
glycerol and mannitol, did not elicit as large 
a reactivation as sucrose. Both are much 
smaller molecules than sucrose, and therefore 
might penetrate the membrane and not exert 
an osmotic effect. Sucrose could prove to be 
a useful tool in understanding how phospho- 
lipids reactivate the alkenyl-GPC hydrolase. 

Treating sonicated microsomes with phos- 
pholipase C results in the inactivation of the 
enzyme. The phospholipase C reaction did not 
occur unless albumin was added, which could 
a d s o r b  a n y  monoacyl-GPC present. This 
lipid can be a potent inhibitor of phospho- 
lipase C (28). Microsomal phospholipids 
were shown to actually be degraded by this 
enzyme. The products of the reaction, di- 
glyceride and phosphorylcholine and phos- 
phorylethanolamine, differ from the products 
of the phospholipase A reaction, providing 
further evidence that the products of the 
phospholipase A reaction were not responsi- 
ble for inactivation of the enzyme. The phos- 
pholipase C treated alkenyl-GPC hydrolase 
was also reactivated by phospholipids. Phos- 
pholipase C treatment is a second way to hy- 
drolyze membrane phospholipids and thereby 
inactivate the alkenylhydrolase, lending sup- 
port to the idea that it requires intact diacyl 
phospholipids in its environment for maximal 
activity. 

The process of freezing and thawing mi- 
crosomes probably inactivates the alkenyl- 
GPC hydrolase by physical means. The en- 

zyme inactivated by this method was also re- 
activated with phospholipid. Glucose-6-phos- 
phatase, which also requires phospholipids, is 
likewise inactivated by freezing and thawing 
(29). Lusena (30) has shown that the re- 
lease of fl-hydroxybutyric d e h y d r o g e n a s e  
from mitochondria by freezing and thawing 
is probably not due to the formation of ice 
per se, but exposure to transient high concen- 
trations of sucrose and redilution being the 
main cause of damage. Electron microscopy 
revealed that under conditions where fl-hy- 
droxybutyric debydrogenase was released, the 
mitochondria underwent drastic structural 
changes (31). Freezing and thawing micro- 
somes probably produces similar alterations 
in their structure, destroying the normal 
membrane environment and disrupting inter- 
actions between the phospholipids and the 
proteins, thereby inactivating the alkenyl- 
GPC hydrolase. Adding phospholipid to 
frozen and thawed microsomes may restore 
enzyme-phospholipid interactions, and, conse- 
quently, enzymic activity. 

Imidazole causes immediate inhibition of 
the alkenyl-GPC hydrolase, indicating that 
the site of interaction on the enzyme is read- 
ily accessible to the imidazole molecule. Urea 
also inhibits the enzyme, but there is about 
a 3000-fold difference in the concentrations 
of urea and imidazole required to achieve 
the same degree of inhibition. The alkenyl- 
GPC hydrolase was the only microsomal en- 
zyme of those tested which was inhibited by 
imidazole, demonstrating it is a specific in- 
hibitor of this enzyme and not a general in- 
hibitor of microsomal enzymes. 

Several derivatives of imidazole inhibited the 
enzyme at the same concentration as imidazole. 
The two derivatives which did not inhibit the 
enzyme, histidine and N-acetylhistidine, had a 
negative carboxyl group present in the mole- 
cule. The steric bulk of the carboxyl group 
does not seem to be the responsible factor, 
since histidine methyl ester is as potent an in- 
hibitor as imidazole. Thus, the negative charge 
must prevent bistidine and N-acetylhistidine 
from interacting with the enzyme in such a way 
as to cause inhibition. 

Imidazole is known to bind divalent cations, 
so it might inhibit the enzyme by removing a 
tightly bound metal ion. However, the inhibi- 
tion was reversible by dilution, indicating that 
imidazole does not remove a metal ion or any 
other cofactor. 

Kinetic studies performed in the presence 
and absence of imidazole revealed that the in- 
hibition of alkenyl-GPC hydrolase is competi- 
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IMIDAZOLE ALKENYL ETHER 
FIG. 8. S t ruc tura l  fo rmulas  of imidazo le  and  

an a lkeny l  ether.  The  dot ted line encloses the 
par ts  of each c o m p o u n d  which are s imi lar  in 
s tructure.  

t ive.  R e v e r s i b i l i t y  o f  the  i n h i b i t i o n  is c o m -  
p a t i b l e  w i t h  th i s  resu l t .  I m i d a z o l e  a nd  the  

s u b s t r a t e  m i g h t  c o m p e t e  for  the  s a m e  s i te  o f  
t he  e n z y m e .  W a r n e r  ( 2 0 )  ha s  p o i n t e d  o u t  t h a t  

t h e r e  a re  c e r t a i n  s i m i l a r i t i e s  b e t w e e n  the  s t ruc -  

t u r e s  o f  the  n o r m a l  s u b s t r a t e  a n d  i m i d a z o l e  o r  
its d e r i v a t i v e s  n a m e l y ,  b o t h  h a v e  a cis d o u b l e  

b o n d  w i t h  an  e l e c t r o n  r i ch  c e n t e r  in the  v i n y l  
p o s i t i o n  ( F i g .  8 ) .  T h a t  i m i d a z o l e  i n h i b i t i o n  is 

r a t h e r  spec i f ic  fo r  the  a l k e n y l - G P C  h y d r o l a s e  

m a k e s  the  i d e a  t h a t  i m i d a z o l e  a n d  the  sub-  

s t r a t e  c o m p e t e  for  the  s a m e  s i te  m o r e  a t t r a c -  
t ive.  

I n h i b i t i o n  b y  i m i d a z o l e  c o u l d  be p a r t l y  re-  

v e r s e d  b y  p h o s p h a t i d y l  c h o l i n e  a n d  s p h i n g o -  

m y e l i n ,  t he  a m o u n t  o f  r e a c t i v a t i o n  b e i n g  pro-  

p o r t i o n a l  to  the  a m o u n t  o f  l i p id  a d d e d .  T h u s  
t h e r e  a r e  t h r e e  w a y s  o f  i n a c t i v a t i n g  the  e n z y m e  

w h e r e  a d d i t i o n  o f  p h o s p h o l i p i d s  r e s t o r e s  ac-  

t iv i ty ;  h y d r o l y s i s  o f  the  l i p o p r o t e i n  p h o s p h o -  
l ip id ,  f r e e z e - t h a w i n g  a nd  i m i d a z o l e  a d d i t i o n .  

T h e  i m i d a z o l e - i n h i b i t e d  e n z y m e  di f fers  f r o m  

the  p h o s p h o l i p a s e  A - i n a c t i v a t e d  o n e  in t h a t  it 
is n o t  r e a c t i v a t e d  b y  s u c r o s e  b u t  is r e a c t i v a t e d  

b y  p o t a s s i u m  c h l o r i d e .  E x a c t l y  h o w  the  phos -  

p h o l i p i d  r e a c t i v a t e s  t he  e n z y m e  is n o t  k n o w n  

fo r  a n y  o f  the  t h r e e  s i t ua t i ons ,  b u t  f u r t h e r  
s t u d y  of  t he  s y s t e m  m a y  p r o v i d e  v a l u a b l e  in-  

s i g h t  i n t o  t he  r o l e  t h a t  p h o s p h o l i p i d s  p l a y  in  
the  m i c r o - e n v i r o n m e n t  o f  c e l l u l a r  m e m b r a n e s .  
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