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SUMMARY 

I. Comparative studies of the responses of Glc-6-P phosphohydrolase and 
PPi-glucose phosphotransferase activities of rat liver microsomal glucose-6-phos- 
phatase (EC 3.1.3.9) to in vitro phospholipid modifications have been carried out. 
Various conditions for assay of enzymic activities were employed, and results com- 
pared. 

2. Based on activity assays performed at pH 6 in the absence of added deter- 
gent, both activities decreased progressively and in parallel fashion with increasing 
length of exposure of microsomes to the action of phospholipase C (phosphatidyl- 
choline cholinephosphohydrolase, EC 3.1.4.3). These activities of such treated prepa- 
rations were increased by the addition of micellular dispersions of supplemental 
phospholipid (rat liver microsomal phospholipid preparations or, in one study, 
various classes of purified phospholipids). These observations provide yet another 
piece of evidence in support of catalysis of these two enzymic activities by a single 
microsomal enzyme. 

3. Tile degree of restoration of activities towards original control levels through 
phospholipid supplementation following phospholipase C exposure of microsomes 
was much less when based on activity values obtained in the presence of the deter- 
gent deoxycholate than in its absence. 

4. Enzymic activities of phospholipid-supplemented, phospholipase C-treated 
preparations were quite insensitive to stimulation by deoxycholate, while those of 
unexposed preparations were highly stimulated by this same detergent. 

5. The pH-act ivi ty  profile for PPi-glucose phosphotransferase activity ob- 
tained after phospholipase C exposure and phospholipid supplementation resembled 
strongly that noted with detergent-activated, otherwise untreated microsomal pre- 

Abbrev ia t ion :  H E P E S ,  N-2 -hydroxye thy lp ipe r i z ine -N ' - e thanesu l fo r i c  acid. 
* The  d a t a  p resen ted  are fronl a doctora l  d i s se r ta t ion  s u b m i t t e d  by  R o y  E. Snoke in part ial  

fu l f i lment  of  t he  r e q u i r e m e n t s  for t he  degree of  Doctor  of  Ph i l o sophy  in t he  G r a d u a t e  School of  
t he  Un ive r s i t y  of  N o r t h  Dakota ,  J a n u a r y  197 o. A p re l imina ry  repor t  ha s  appeared  1. 
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parations, displaying a maximum at p H  5.6 in comparison with that  at pH 4-5 
exhibited by  untreated microsomal preparations. 

6. These observations are interpreted to indicate that  phospholipid supple- 
mentat ion following phospholipase C exposure of rat  liver microsomes does not lead 
to the restoration of microsomal glucose-6-phosphatase in its original form. Further, 
it is concluded that,  in view of these findings and other observations in the literature, 
a reconsideration of the whole subject of the involvement of phospholipids in glu- 
cose-6-phosphatase action appears to be in order. 

INTRODUCTION 

During the past  2o years a number of interesting reports 2-7 implicating micro- 
somal phospholipids in glucose-6-phosphatase (glucose-6-phosphate phosphohydro- 
lase EC 3.1.3.9) function have appeared*. On the basis of work in our own laboratory s 
and that  of STETTEN 9, beginning in 1963, this important  biological catalyst  is now 
known to possess a multiplicity of functions (see reviews in refs. IO-I2), including 
potent PPi-glucose phosphotransferase activity. As part  of our continuing program 
of studies relating to the catalytic properties, physiological functions, and biological 
regulation of this multifunctional catalyst,  we undertook, beginning in 1966, a syste- 
matic study of the comparative effects of various lipids and lipid modifications on 
hydrolytic and synthetic activities of the enzyme. Results of some of these studies, 
on the effects of i n  vi tro phospholipid modifications, which appear particularly 
relevant with regard to the interpretation of a number of recent papers3, s, are de- 
scribed here. 

MATERIALS AND METHODS 

M a t e r i a l s  

Substrates, buffers, Glc-6-P dehydrogenase (o-glucose-6-phosphate: NADP + 
oxidoreductase, EC I . I . I .49  ), and deoxycholate were obtained from sources indicated 
in earlier papersS, 13o14. Lecithinase C (phospholipase C (phosphatidylcholine choline- 
phosphohydrolase, EC 3.I.4.3)), Type I, prepared from C l o s t r i d i u m  welchi i ,  and 1,2- 
dipalmitin ("approx. 99% pure") were purchased from Sigma Chemical Co., St. 
Louis, Mo. This phospholipase C preparation, an (NH4)2SO 4 fraction prepared from 
a culture filtrate as described by  MACFARLANE AND KNIGHT 15, previously has been 
employed in studies of enzymic phospholipid requirements by  DUTTERA et al. 3 and 
MARTONOSI et al. ~6. Assays of the microsome-free supernatant  following phospholi- 
pase C exposure for 15 min, as described in detail in MATERIALS AND METHODS below, 
by the ninhydrin method of LEE AND TAKAHASH117 failed to reveal any proteolysis, 
as also previously has been reported by  MARTONOSI et al. ~6 with a similar preparation 
of the enzyme from the same source and supplier. Chromatographically purified 
("96 + °/o pure") bovine preparations of various phospholipids were obtained from 

" While this work was in progress, a highly relevant report by DUTTERA et al. 3 appeared. 
An interesting, related paper by ZAKIM 5 appeared subsequent to the completion of the present 
studies, but prior to preparation of this manuscript for publication. Results from both of these 
laboratories are considered where appropriate throughout this paper. 
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Applied Science Laboratories, State College, Pa. Chloroform and methanol were 
"spectranalyzed" grade reagents purchased from Fisher Scientific Co., Fair Lawn, 
N.J., and Silica gel H was supplied by Brinkman Instruments,  Inc., Westby, Long 
Island, N.Y. Distilled, deionized water was employed in the preparation of all aque- 
ous solutions of reagents, and pH was adjusted as required with dilute NaOH and 
measured with a Beckman expanded scale meter. 

Experimental animals 
Young, adult male albino rats (15o-25o g) were purchased from Sprague- 

Dawley, Inc., Madison, Wisc., and were maintained on tap water and Purina Lab 
Chow, ad libitum. I t  was decided that  fed animals, rather than rats fasted for 48 h 
as employed by others 3, be utilized since the latter t reatment  has been shown by 
NORDLIE et al) 8 to produce unique, activity-discriminating, detergent modifiable 
responses of synthetic and hydrolytic activities of microsomal glucose-6-phosphatase. 
Studies carried out supplemental to those described in this paper indicated that  Glc- 
6-P phosphohydrolase activity of microsomes from livers of fed animals were some- 
what less responsive to phospholipid supplementation after phospholipase C exposure 
than were similarly treated preparations from animals which had been fasted for 
48 h. For example, activity levels were observed to decrease to approx. 2o~o of ori- 
ginal values following exposure of hepatic microsomes from either fed or fasted ani- 
mals to phospholipase C for 15 min. The addition of 87 #g microsomal phospholipid 
P per mg microsomal protein to such exposed preparations from fasted animals 
restored activity completely (to IO3~ o of original values). In contrast, identical supple- 
mentat ion restored activity of preparations from fed animals to only 64% or original 
values, an observation repeatedly confirmed in the studies described below and one 
which must be kept in mind when at tempting to rationalize the various studies of 
this type 2-7 which have appeared in the literature. 

Isolation of microsomal fraction 
Livers were removed and homogenized, and microsomal fraction was isolated 

by conventional differential centrifugation technique 19, as in previous studies 14. 
Microsomal preparations were suspended in 5 vol. of 0.25 M sucrose per g of original 
liver, and were stored frozen at --15 ° (for less than 5 days) until used. 

Extraction and isolation of microsomal phospholipids 
Lipids were extracted from freshly isolated microsomal fraction by the method 

of FOLCH el al. 2°, Phospholipid was separated from the neutral lipid fraction by the 
silicic acid column procedure of ~BoRGSTROM al as described by DUTTERA et al. 3. The 
preparation, as a solution in chloroform, was stored under N~ at --15 °. The Folch 
washing procedure removes "essentially all non-lipid contaminants from total  pure 
lipid extract  ''2°. The silicic acid column procedure additionally provides for a lOO°/0 
recovery of phospholipid of greater than 97.5% purity ~1 from such lipid extracts. 

Preparation of phospholipid micelles 
Aliquots (approx. 8o mg of phospholipid) of the above solution of microsomal 

phospholipid in chloroform (or of commercial purified phospholipid in chloroform) 
were brought to dryness under a s tream of dry N~. Aliquots (IO ml) of 12.5 mM Tris-  
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Fig. I. Effects  of  phospho l ipase  C t r e a t m e n t  on mic rosomal  GIc-6-P p h o s p h o h y d r o l a s e  (A) and  
P P l - g l u c o s e  p h o s p h o t r a n s f e r a s e  (B) ac t iv i ty  levels, and  release of  acid-soluble  phosphorus .  As 
descr ibed in MATERIAL AND METHODS, mic rosomal  p r epa ra t i ons  were i ncuba t ed  wi th  Tris  buffer,  
phospho l ipase  C and  CaC1, for t he  ind ica ted  per iods  of  t ime.  E n z y m i c  ac t iv i ty  va lues  d e t e r m i n e d  
af te r  t r e a t m e n t  wi th  th i s  comple te  s y s t e m  are ind ica ted  (O) ;  resu l t s  o f  control  s tudies  in which  
e i ther  CaC1, (D) or phospho l ipase  C (0) was  omi t t ed  also are  p resen ted .  Acid-soluble  p h o s p h o r u s  
levels p r e sen t  a f te r  var ious  per iods  of  i ncuba t i on  also are  p re sen t ed  ( × ) .  E n z y m i c  ac t iv i ty  is 
expressed  as per  cen t  of  ac t iv i ty  ob ta ined  wi th  mic rosomal  p repa ra t i on  which  had  no t  been incu-  
ba t ed  wi th  phospho l ipase  C. Ac t iv i ty  va lues  in t he  l a t t e r  case were 0 .69/*mole  Glc-6-P hydro lyzed ,  
or  0.22/~mole Glc-6-P syn thes ized ,  per  5 rain per  m g  mic rosomal  protein.  

HC1 or N-2-hydroxyethylpiperazine-N'-ethanesulfonic acid (HEPES) buffer were 
then added and the samples dispersed by sonic disruption at o °, under N£, for 2.5 rain 
with a Biosonic I I  probe sonicator (Bronwill Scientific Co., Rochester, N.Y.) operat- 
ing at 75% of maximal  intensity. Final pH values of the dispersions, which did not 
sediment when centrifuged at 25 ooo × g for IO min, were pH 7.5 (Tris-HC1 buffer) 
and pH 7.0 (HEPES buffer). Such preparations were made shortly (less than 30 min) 
before use, and were kept in ice until added to microsomal preparations. 

Phospholipase C treatment of microsomal preparations 
Microsomes were incubated with 0.25 mM CaC12, 3.1 mM Tris-HC1 (pH 7.4), 

and 0.05 mg phospholipase C per mg microsomal protein at 21 ° for the times noted 
in the legends to figures and tables. At the specified time, EDTA (pH 6.2), to a final 
concentration of o.oi M, was added to chelate the Ca 2+, an essential cation for phos- 
pholipase action2m. In certain cases(see for example Fig. I) concomitant experimental 
controls were run in which either CaC12 or phospholipase C was omitted. After ter- 
mination of the reaction, the contents of incubation mixtures were centrifuged at 
27 ooo rev./min for 50 min in the No. 30 rotor of the Spinco Model L preparat ive ul- 
tracentrifuge (3 ooo ooog-min) ,  after which the supernatant  fractions were de- 
canted and retained for assay of liberated acid-soluble phosphorus. The resulting 
microsomal pellet was resuspended in ice-cold 0.25 M sucrose, to a concentration of 
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4 to 5 mg microsomal protein per ml. Such preparations were maintained at o ° 
until assayed for enzymic activities. 

Determination of liberated acid-soluble phosphorus 
The action of phospholipase C, above, is to release phosphorylcholine (and some 

phosphorylethanolamine, etc.) from microsomal phospholipid. To determine the ex- 
tent of such hydrolysis, I -ml aliquots of the supernatant  fraction resulting from the 
centrifugation described immediately above were mixed with I.O ml of lO% (w/v) 
trichloroacetic acid solution to precipitate soluble protein and centrifuged at 2500 
rev./min for IO rain in a Model CL International  Clinical centrifuge. Aliquots (0.5 nil) 
of this deproteinized solution were evaporated to dryness in a heating block over a 
flame, cooled, and assayed for Pi (see below). 

Enzymic assays 
The procedures basically were as described by NORDLIE AND ARION 14. Incu- 

bations routinely were carried out, with shaking, for 5 rain at 2I °, except for the ex- 
periment depicted in Fig. I where the temperature was 3 o°. Assay mixtures, pH 6.0, 
contained in 1.5 ml, 4 ° mM sodium cacodylate buffer and either 6. 7 mM sodium 
Glc-6-P (phosphohydrolase), or 6. 7 mM sodium PPi plus 16o mM o-glucose (PPi-  
glucose phosphotransferase). A combination of 40 mM sodium cacodylate buffer and 
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Fig. 2. Effects  of  phospho l ipase  C t r e a t m e n t  and  phosphol ip id  s u p p l e m e n t a t i o n  on levels of  Glc- 
6 -P  p h o s p h o h y d r o l a s e  (A) and  P P i -g l ucose  p h o s p h o t r a n s f e r a s e  (B) ac t iv i t ies  a s sayed  a t  va r ious  
p H  values .  Mierosomal  p repa ra t ions  were i ncuba t ed  for 15 rain wi th  t he  comple te  phospho l ipase  
C s y s t e m  as descr ibed in t he  t e x t  ( 0 ,  O), or wi th  t he  s y s t e m  minus phospho l ipase  C (0, 0 ) .  
Such p repa ra t i ons  were t h e n  s u p p l e m e n t e d  wi th  mic rosomal  phospho l ip id  in H E P E S  buffer,  
p H  7 ( 0 ,  0 ,  A, I t , V ) ,  or wi th  t he  suspend ing  vehicle  on ly  (0, ©). S u p p l e m e n t e d  phosphol ip id  
concen t ra t ions ,  expressed  as m g  phospho l ip id  per  nag mic rosomal  protein,  were as follows: I~, 
O, 1 . 8o ;~ ' ,  1.65; II, i . i o ;  a n d  &, 0.55 (i m g  phosphol ip id  cor responds  to 38/zg P). Af te r  5 rain 
p re incuba t ion  of  mic rosomal  p repa ra t i ons  wi th  s u p p l e m e n t a l  phospho l ip id  a t  21 °, enzymic  act ivi -  
t ies were a s sayed  as descr ibed in the  t ex t .  Specific enzymic  ac t iv i ty  is as defined in Table  II .  
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4 ° mM sodium acetate buffer, at a variety of pH values, was employed in the studies 
depicted in Fig. 2. Pi liberated in the Glc-6-P phosphohydrolase reaction was assayed 
by  the colorimetric method of FISKE AND SUBBAROW 2~, while Glc-6-P produced in 
the phosphotransferase reaction was assayed spectrophotometrically with the aid 
of Glc-6-P dehydrogenase in the presence of excess NADP+ (see ref. 14). 

Other analytical techniques 
Microsomal phospholipids, prepared as described above, were separated from 

one-another by chromatography on silicic acid by  the method of PARKER AND 
PETERSON 24 as modified by MILLER AND CORNATZER 2~. Pi was determined on eluates 
from such chromatographic plates, and on acid-soluble phosphorus samples arising 
during phospholipase C incubations of microsomes (see above), by the method of 
FISKE AND SUBBARow ~3 after acid hydrolysis and adjustment of pH (ref. 25). 

RESULTS 

Effects of phospholipase C 
Effects on enzymic activity and acid-soluble phosphorus levels. The effects on 

enzymic activity levels of exposure of rat  liver microsomes to the action of phospho- 
lipase C for various periods of t ime are described in Fig. I. Concomitant losses of both 
Glc-6-P phosphohydrolase (Reaction I ;  see Fig. IA) and PPi-glucose phosphotrans- 
ferase (Reaction 2; see Fig. IB) progressive with increasing periods of phospholi- 
pase C t reatment  were observed. Little or no change in levels of enzymic activity was 
noted in companion, control studies in which either phospholipase C or CaC12, which 
is essential for phospholipase C activity TM, was omitted from incubation mixtures 
(see data indicated by <) and [] in Figs. IA and IB). The release of acid-soluble phos- 
phorus (indicated by × in Figs. IA and IB) progressive with increasing duration of 
incubation of microsomes with phospholipase C plus CaC12 also is apparent  from Fig. 
I. This acid-soluble phosphorus represents principally phosphorylcholine 19 and some 
phosphorylethanolamine ~6 released from microsomal phospholipid through the action 
of this phospholipase (see Eqn. 3)- 

Glc-6-P + H~O-+ glucose + Pj 

PPI + glucose ~ Glc-6-P + PI 

Phosphatidylcholine (or other phospholipid) + HlO 

(I) 

(2) 

Ca2+ 
a,/~-diglyceride + phosphoryl- 

choline (or other correspond- 
ing phosphoryl derivative) (3) 

Effects on microsomal phospholipid content. The effects of various periods of 
exposure of microsomal preparations to the action of phospholipase C on microsomal 
total  phospholipid content and concentrations of various individual classes of phos- 
pholipids are described in Table I. Phospholipids were extracted, isolated from total  
microsomal lipid, separated into the various classes by thin-layer chromatographic 
procedures, and assayed as described in MATERIALS AND METHODS. The progressive 
decrease in total  microsomal lipid phosphorus as the period of incubation with phos- 
pholipase C was increased is apparent  from data in the second vertical column in 
this table. I t  is also obvious from the data in Table I that  while the absolute con- 
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T A B L E  I 

E F F E C T S  OF P H O S P H O L I P A S E  C T R E A T M E N T  ON T H E  P H O S P H O L I P I D  C O M P O S I T I O N  OF RAT L I V E R  M I C R O S O M E S  

Microsomal  p repa ra t i ons  were i ncuba t ed  wi th  phospho l ipase  C, for t he  ind ica ted  per iods  of  t ime,  as described 
in the  tex t .  Lip ids  were ex t r ac t ed  f rom resu l t ing  mic rosomal  pellets  by  t he  c h l o r o f o r m - m e t h a n o l  procedure~°; 
phosphol ip ids  were s epa ra t ed  by  th in - l aye r  c h r o m a t o g r a p h y ,  and  p h o s p h o r u s  a s sayed  as descr ibed in the  tex t .  

Time of exposure t~g total Phospholipid composition of microsomes* 
to lipid P per 
phospholipase C mg mierosomal Phosphatidyl- Phosphatidyl- Phosphatidyl- Phosphatidyl- Other 
(rain) protein choline ethanolamine inositol serine 

o I4.3 58 (8.3) 23 (3.3) 13 (1.8) 2 (0.30) 4 (0.60) 
5 lO-3 54 (5 .6) 26 (2.7) II  ( i . i )  3 (o.30) 6 (0.60) 

io  3.1 38 (1.2) 28 (o.90) 25 (0.80) 3 (0.09) 6 (o.19) 
15 2.8 17 (0.48) 37 (I.O) 37 (i.o) 3 (0.09) 6 (o.17) 
20 i.  7 i i  (o.19) 39 (o.66) 39 (0.66) 6 (o.io) 6 (o.io) 

* o//o of  to ta l  lipid phosphorus .  Values  in pa r en t he se s  p re sen t  /,g lipid p h o s p h o r u s  per  mg  mic rosomal  
protein.  

centrations of all the individual classes of phospholipids, expressed in terms of #g 
lipid phosphorus per mg microsomal protein, decreased with increased length of incu- 
bation, phosphatidylcholine concentration diminished most rapidly. As a conse- 
quence of this specificity of hydrolysis, the relative proportion of total microsomal 
phospholipid represented by phosphatidylethanolamine and phosphatidylinositol (see 
"% of total lipid phosphorus" values in Table I) increased significantly as incubation 
progressed. 

Effects of phospholipid supplementation with phospholipase C-treated and unexposed 
microsomal preparations* 

Supplementation with phospholipid of plant origin (asolectin, from soybeans) 
was for the most part employed by other workers3, 5 who previously have studied 
the effects of phospholipids on phosphohydrolase activity of this enzyme. In the 
present studies, rat liver microsomal phospholipid extracts routinely were employed, 
since it was felt, on the basis of possible specificity effects, that such preparations 
would be more appropriate for reactivation studies after phospholipid depletion of 
preparations of the enzyme from rat liver. 

Fig. 2. describes alterations in Glc-6-P phosphohydrolase (Fig. 2A) and PPi-  
glucose phosphotransferase (Fig. 2B) activities of microsomal glucose-6-phosphatase 
when exposed to phospholipase C and/or supplemented with micelles of total phos- 
pholipids extracted from rat liver microsomes. The addition of phospholipid (O) to 
unexposed microsomes (<>) produced little or no significant change in the level of 
either activity. Exposure to phospholipase C for 15 rain markedly decreased the 

* T h r o u g h o u t  th i s  paper ,  the  t e r m s " u n e x p o s e d  p r e p a r a t i o n "  or " u n e x p o s e d  mic rosomes"  
are used  to refer  as briefly as possible to mic rosomal  p repa ra t i ons  wh ich  were p r e incuba t ed  wi th  
3.1 mM Tris-HC1 buffer,  p H  7.4, and  0.25 m M  CaCla in t he  absence  of  phospho l ipase  C, and  were 
o therwise  t r ea ted  as were phospho l ipase  C-exposed mic ros0mes  as described in detai l  in t he  tex t .  
"Vehic le"  refers to t h e  s u s p e n d i n g  m e d i u m  employed  in t he  p repa ra t ion  of  phosphol ip id  micelles, 
which  rou t ine ly  was  added  to control  s amples  in e x p e r i m e n t s  in which  phosphol ip id  supp l emen-  
t a t ion  was  s tudied .  

Biochim. Biophys. Acta, 258 (1072) 188-2o 5 
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enzymic activity (©); and as assayed at pH 6, a progressive increase in both activi- 
ties was observed when increasing amounts of phospholipid (see A, n, • and • in 
Figs. 2A and 2B) were added to the exposed preparations before assay. However, 
although both activities were significantly elevated, the extent of increase at pH 6 
seemingly was in an activity-discriminating manner. Supplementation of exposed 
preparations with 1.65 mg or 1.8o mg phospholipid per nag microsomal protein in- 
creased the phosphotransferase activity to values greater than those for activity 
levels of unexposed preparations, while the phosphohydrolase activity was returned 
only partially towards unexposed activity levels. 

Effects of varied assay pH on response patterns. It was felt that additional in- 
sight relating to the mechanism of action of phospholipid supplementation might be 
gained by measuring activity levels of the various preparations over a broad spec- 
trum of assay pH values. These data also are presented in Fig. 2A and 2B. Phospho- 
lipid addition to unexposed preparations (1.8 mg phospholipid per nag micros•real 
protein) was without significant effect at any assay pH value. In addition, the 
same general patterns of response noted at pH 6 were observed throughout the 
entire pH range studied, in the case of phosphohydrolase activity (Fig. 2A). How- 
ever, in marked contrast, the pattern of response obtained with the phosphotrans- 
ferase activity was highly dependent on the pH value chosen for assay. The pH 
optimum for this synthetic activity of unexposed micros•rues, pH 4.5 (see • and ¢, 
Fig. 2B), shifted significantly towards neutrality upon phospholipid supplemen- 
tation of phospholipase C-exposed microsomes, with a well defined maximum at 
pH 5.6 (see • ,  Fig. 2B). Under such conditions, phosphotransferase activity assayed 
above pH 5 exceeded that of unexposed preparations (~), 0) while the activity as- 
sayed below pH 5 was much less than control activity values. Further, the entire 
pH-activi ty profile obtained under these conditions is highly reminiscent of that 
obtained either with partially purified enzyme s or after supplementation of micro- 
somes with deoxycholatOS, ~7 or other detergents 27. The possible significance of these 
observations will be considered further in the DISCUSSION, below. 

Effects of individual classes of phospholipids. The responses of Glc-6-P phos- 
phohydrolase and PPi-glucose phosphotransferase activities to supplementation by 
a number of individual types of phospholipids are compared in Table II. These 
effects were studied both with unexposed and phospholipase C-treated micros•real 
preparations. Supplemented phospholipid concentration in each instance was 1.8 rag/ 
mg micros•real protein. Equivalent concentration values, expressed as #g lipid P 
per mg microsomal protein, for each individual phospholipid, are given in Table II. 

A number of valid conclusions appear justified on the basis of these data. With 
both unexposed and phospholipase C-treated preparations, similar patterns of re- 
sponse of both Glc-6-P phosphohydrolase and PPi-glucose phosphotransferase acti- 
vities to phospholipid supplementation were noted, providing yet another confirma- 
tory piece of evidence in support of catalysis by a single enzyme. With unexposed 
microsomes, supplemental phosphatidylcholine, phosphatidylserine and total micro- 
somal phospholipid were without significant effect on levels of either activity, while 
phosphatidylethanolamine and lysophosphatidylcholine produced significant in- 
creases in both. With phospholipase C-treated microsomes, in contrast, all supple- 
mentary phospholipids produced significant increases in both activities. The extents 
of response of both types of activities under the conditions described were greatest 

Biochim. Biophy.~. Acta, 258 (1972) 188-2o5 
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TABLE II 

C O M P A R A T I V E  R E S P O N S E S  O F  Glc-6-P P H O S P H O H Y D R O L A S E  A N D  P P i - - G L U C O S E  P H O S P H O T R A N S F E R A S E  A C T I V I T I E S  

O F  P H O S P H O L I P A S E  C - E X P O S E D  A N D  U N E X P O S E D  M I C R O S O M E S  TO V A R I O U S  S U P P L E M E N T A L  P H O S P H O L I P I D S  

Microsomes were incubated for 15 min with the complete phospholipase C system, or with the system minus 
phospholipase C ("unexposed microsomes"), EDTA added, and microsomal pellets recovered by centrifugation 
as described in the text. The various phospholipids or microsomal lipid (I.8 mg phospholipid per mg microsomal 
protein) dispersed in HEPES buffer, pH 7.0, were added, preparations were incubated for 5 min at 21 °, and en- 
zymic activities assayed as described in the text. The vehicle, HEPES buffer, pH 7.0, only, was added as indi- 
cated. Phospholipid content of microsomes was 14. 3 and 2.8/~g lipid P/rag microsomal protein in mlexposed and 
phospholipase C-treated preparations, respectively. Concentrations of individual, supplemented phospholipids 
(/2g lipid P per mg microsomal protein) were as follows: phosphatidylcholine, 54.4; phosphatidytserine, 4o.0; 
phosphatidylethanolamine, 73.6; lysophosphatidylcholine, 83.9; nlicrosomal phospholipid, 68. 4. 

Addition Enzymic activity" 

Vehicle, only 
Phosphatidylcholine 
Phosphatidylserine 
Phosphatidylethanolamine 
Lysophosphatidylcholine 
Microsomal phospholipid 

Unexposed microsomes Phospholipase C-treated microsomes 

Glc-6-P PP,-glucose Glc-6-P PPi-glucose 
phosphohydrolase phosphotransferase phosphohydrolase phosphotra*zsferase 

6.7 2.9 I.O (I5) o.18 (6) 
7.2 3.0 r.7 (23) o.91 (31 ) 
5.8 3.0 1.6 (28) I.O (33) 
9.5 8.5 2.9 (3 ° ) 2.6 (3 o) 

16.1 9-5 2.3 (17) o.73 (8) 
6.5 2.9 3-4 (51 ) 3.7 {I3°) 

* Enzymic activity = io × #moles Glc-6-P hydrolyzed (phosphohydrolase) or synthesized (phospho- 
transferase) per 5 rain per mg microsomal protein. Values in parentheses present IOO × activity with phos- 
pholipase C-treated preparation]activity observed with corresponding microsomal preparations unexposed to 
phospholipase C. 

with total microsomal phospholipid, both a bit less pronounced with lysophospha- 
tidylcholine, and only moderate with phosphatidylcholine or phosphatidylserine. 
Lysophosphatidylcholine, in the amount added, produced the smallest noted increase 
in phosphotransferase activity with phospholipase C-treated microsomes, in marked 
contrast with its effects with unexposed microsomes. The reasons for this difference 
are not presently apparent. 

Responses of mannose-6-P phosphohydrolase and mannose-6-P-glucose phospho- 
transferase activities 27 to phospholipid modifications. Because of the interesting re- 
sponses to the effects of phospholipase C treatment plus phospholipid supplementa- 
tion noted with PPi-glucose phosphotransferase activity (see, for example, Fig. 2B), 
two additional, also highly detergent-sensitive (T. L. HANSON AND R. C. NORDLIE 
unpublished observations) activities of microsomal glucose-6-phosphatase were 
chosen for the studies described in Table III.  The responses of both activities to 
phospholipid supplementation of both phospholipase C-treated and unexposed micro- 
somal preparations were studied. Little or no response to supplementation with phos- 
pholipids was noted with the latter preparation (compare the second with the first 
horizontal line of data in Table III), while, as with PPi-glucose phosphotransferase 
the supplementation of phospholipase C-treated microsomal preparations with ap- 
prox. 2 mg microsomal phospholipid per mg microsomal protein produced elevations 
in activity levels to significantly greater than unexposed microsomal control values 
(compare the fourth with the first horizontal line of data in Table III). It thus ap- 
pears that those activities of microsomal glucose-6-phosphatase most extensively 

Biochim. Biophys. Acta, 258 (1972) 1 8 8 - - 2 0 5  
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TABLE I I I  

R E S P O N S E S  OF M A N N O S E - 6 - P  P H O S P H O H Y D R O L A S E  A N D  M A N N O S E - 6 - P - - G L U C O S E  P H O S P H O -  

T R A N S F E R A S E  A C T I V I T I E S  OF M I C R O S O M A L  G L U C O S E - 6 - P H O S P H A T A S E  TO P H O S P H O L I P A S E  C - T R E A T -  

M E N T  A N D  P H O S P H O L I P I D  S U P P L E M E N T A T I O N  

Microsomes were incubated without  ("unexposed") or with phospholipase C for 15 rain, EDTA 
was added, and microsomal pellets were collected by centrifugation as described in the text.  
Phospholipid content  of unexposed and phospholipase C-treated microsomes was 14.3 and io.3/~g 
lipid P per mg microsomal protein. Microsomal phospholipid [2 mg phospholipid (7 6/~g phospho- 
lipid P) per mg microsomal protein] suspended in H E P E S  buffer, pH 7.o, or the buffer ("vehicle") 
only, was added and samples incubated at  2I ° for 5 min, followed by assay for enzymic activity. 
Assay incubations were for 5 min at  2I°. 

Preparation Enzymic activity* 

Mannose-6 -P  Mannose-6 -P-glucose 
phosphohydrolase phosphotransferase 

Unexposed microsomes 
plus vehicle 0.98 (IOO) 

Unexposed microsomes 
plus microsomal phospholipid I.O (lO2) 

Phospholipase C-treated 0.26 (27) 
microsomes plus vehicle 

Phospholipase C-treated 
microsomes plus microsomal 
phospholipid 1. 4 (143) 

0.46 (IOO) 

o.41 (89) 
0.24 (52) 

0.93 (202) 

* Activities are expressed as in Table II. Values in parentheses present  ioo × observed 
act ivi ty/act ivi ty  observed with unexposed microsomes supplemented with vehicle, only. 

activated by detergents - -  mannose-6-phosphatase and mannose-6-P-glucose phos- 
photransferase as well as PPl-glucose phosphotransferase (see Fig. 2 and Table II) - -  
are also considerably more responsive to activation by supplemental phospholipid 
after phospholipase C exposure of microsomes than is Glc-6-P phosphohydrolase 
(see Fig. 2 and Table II), which also is relatively less extensively activated by 
detergentsla,ls,27-30. 

Effects of deoxycholate. Deoxycholate 18,18,~-3° and a variety of other deter- 
gents28, 29, as well as high-pH treatment 8~ and mechanical disruption 3~, are known to 
produce activation of various activities of microsomal glucose-6-phosphatase. Such 
treatments particularly affect PPi-glucose phosphotransferase activity, and produce 
significant shifts towards neutrality in pH-act iv i ty  profiles, in a manner quite similar 
to that  noted with phospholipid supplementation of phospholipase C-treated micro- 
somes in the experiments depicted in Fig. 2B. For this reason, studies were carried 
out in which the responses of synthetic and hydrolytic activities of microsomal 
glucose-6-phosphatase to phospholipase C treatment and phospholipid supplemen- 
tation, as assayed in the presence of supplemental deoxycholate (to 0.2%, w/v, in 
microsomal preparations; see ref. 27), were compared with responses to phospholipid 
modifications as assayed in the absence of this steroid detergent. The data obtained 
are presented in Table IV. 

Rigorous consideration of the results of these experiments indicates to us that  
a new perspective is needed for the interpretation of the results of studies on the in vi- 
tro effects of phospholipases and supplemental phospholipids on activities of this 
enzyme. Activity data obtained in the absence of deoxycholate (vertical columns I 

Biochim. Biophys. Acta, 258 (1972) 188-2o5 
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and 4, Table IV), interpreted as in earlier studies 2-5, indicate (a) no response to 
supplemental phospholipids by preparations unexposed to phospholipase C (compare 
relevant data in horizontal line B with those in line A); (b) a significant lowering of 
activity levels after exposure of microsomes to phospholipase C (compare horizontal 
line C with line A); and (c) a partial (Glc-6-P phosphohydrolase) or nearly total 
(phosphotransferase) restoration to unexposed control activity levels following ad- 
dition of supplemental microsomal phospholipids to phospholipase C-exposed prepa- 
rations (compare horizontal line D values with those in lines A or B). 

In contrast, the quantitative aspects of the latter responses are quite different 
when based on activity data obtained with deoxycholate-treated preparations 
(vertical columns 2 and 5, Table IV). Here, again, supplemental phospholipid exerts 
only small effects with unexposed microsomal preparations (see horizontal lines A 
and B), while nearly doubling Glc-6-P phosphohydrolase activity and increasing 
5-fold phosphotransferase activity of phospholipase C-treated microsomes (compare 
data in horizontal line D with those in line C). However, most significantly, the abso- 
lute activity values obtained here with phospholipid-supplemented, phospholipase 
C-treated preparations (line D), still are only a fraction of those values obtained with 
original, unexposed microsomal preparations (line A) (i.e. 3.6 versus 13 original units 
for Glc-6-P phosphohydrolase; 2.6 versus 14.o original units for phosphotransferase). 

Additional insight relating to the effects of phospholipase C treatment and 
phospholipid supplementation also is provided by the data on the activating effects 
of deoxycholate on levels of enzymic activities under the various conditions (see 
vertical columns 3 and 6; Table IV). As previously noted with homogenates or 
microsomal preparations13,1s, 27-3°, the addition of deoxycholate, to 0.2%, w/v, 
activated both Glc-6-P phosphohydrolase and PPi-glucose phosphotransferase acti- 
vities of unexposed microsomes whether supplemented with phospholipid or not 
(see horizontal lines A and B). The detergent activated the phosphotransferase 
activity (column 6) to a considerably greater extent than the phosphohydrolase 
activity (column 3). The extent of activation by deoxycholate was, however, reduced 
after phospholipase C treatment of microsomes. Under these conditions the acti- 
vations by detergent were approximately the same for both hydrolytic and synthetic 
activities (see horizontal line C). And when phospholipid was supplemented to such 
phospholipase C-exposed microsomes (horizontal line D, Table IV), only a very small 
amount of activation by detergent (I6-I8%), was observed. 

These observations, along with the pH-activity profiles in Fig. 2, suggest to 
the authors that a combination of phospholipase C treatment plus phospholipid sup- 
plementation serves to convert existing molecules of glucose-6-phosphatase-phospho- 
transferase to the essentially fully activated form, and that therefore the superimpo- 
sition of deoxycholate on such preparations has little further activating effect on re- 
maining enzymic activity. This is in marked contrast to the effect of detergent- 
treatment on enzymic activities of glucose-6-phosphatase of unexposed microsomes. 

Effects of products of phospholipase C action on enzymic activities 
Soluble products. Various components of the phospholipase C incubation 

medium, as well as soluble products of phospholipase C action on microsomes ~ 
phosphorylcholine, some phosphorylethanolamine, etc.--routinely were removed 
through centrifugation (see MATERIALS AND METHODS) prior to further supplemen- 

Biochim. Biophys. Acta, 258 (1972) 188-2o5 
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tat ion and t reatment  of microsomes and assay for enzymic activities. DUTTERA 
et al. ~ previously have demonstrated that  these materials were without significant 
effect on Glc-6-P phosphohydrolase activity. In experiments supplementary to the 
present study, no differences in levels of either Glc-6-P phosphohydrolase or PP i -  
glucose phosphotransferase were noted, whether or not such soluble materials were 
removed by  centrifugation following phospholipase C exposure of microsomes for 
IO rain as described in MATERIALS AND METHODS. 

Diglyceride. In contrast with phosphorylcholine, which is watersoluble and 
hence may be easily washed out of phospholipase C-exposed microsomes as indi- 
cated above, diglyceride, the other product of phospholipase C action, remains with 
the membrane as droplets visible in the electron microscope TM. The possibility thus 
existed that  diglyceride in this form may  not be very inhibitory since most of the 
enzyme may not be in contact with the diglyeeride droplets, but that  the detergent 
deoxycholate might bring the diglyceride into intimate contact with the enzyme and 
thus potentiate its inhibition of activities of glucose-6-phosphatase. I f  this were so, 
such effects could explain, in part,  differences noted in the presence in contrast with 
absence of deoxycholate in the experiments described in Table IV, for phospholipase 
C-exposed microsomes would contain diglyceride while unexposed microsomal pre- 
parations would not. The following experiments accordingly were performed to ex- 
plore the feasibility of such a possible rationalization of the differences in extent of 
recovery of enzymic activities noted in the presence in contrast with absence of 
deoxycholate, as described in Table IV. 

Microsomal preparations, either exposed at 2I ° to the action of phospholipase 
C for 5 rain as described in detail in the MATERIALS AND METHODS, or unexposed, were 
employed as enzyme source. Soluble products of phospholipase C action and other 
components of the incubation medium were removed by centrifugation as described 
above. Such microsomal preparations were then dispersed in 0.25 M sucrose and di- 
luted to a concentration of 5 mg microsomal protein per ml. Various amounts of 
diglyceride (I,2-dipalmitin) which had been dispersed by  sonication (5 min exposure 
in the cold, under N 2, in the Bronwill Biosonic U probe sonicator operating at 75°/0 
of maximal  intensity) in a solution consisting of 9 parts  of 12.5 mM H E P E S  buffer, 
pH 7, p lus  I part  95% ethanol were then added (see Table V) and the preparations 
allowed to stand 5 min at 21 °. At this t ime deoxycholate solution, to a final concen- 
tration of 0.2%, w/v, (or an equal volume of distilled water) was added. The samples 
were maintained at o ° for 30 rain and then assayed for enzymic activity. 

The amounts of diglyceride added, o, o . n ,  o.21, or 0.42 mg dipalmitin per mg 
microsomal protein, were calculated by  analogy with the method employed by 
DUTTERA et al. 3 in similar studies. As indicated in Table I, incubation of microsomal 
preparations for 5 or 15 min under the conditions used here led, respectively, to a 
loss of 4.0 and i1.5 #g lipid P per mg microsomal protein. These values correspond, 
respectively, to o.13 and 0.37/,mole diglyceride per mg microsomal protein. As- 
suming a I :I stoichiometric relationship between lipid P lost and diglyceride generat- 
ed, and a molecular weight of 569 for 1,2-dipalmitin, it may  be calculated that  0.075 
and o.21 mg 1,2-dipalmitin, respectively, correspond with those amounts of digly- 
ceride formed per mg microsomal protein by  phospholipase C action during 5 and 
15 rain of exposure to microsomes. Hence, it follows that  those amounts of supple- 
mental  diglycerides added, as indicated in Table V, correspond with approx, o X, 
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1.4 ×,  2.9 ×,  and 5.8 x that amount of diglyceride generated during a 5 min exposure 
of microsomes to phospholipase C, and to o ×,  0.5 ×,  I x ,  and 2 × that amount of 
diglyceride produced per 15 min exposure of microsomes to phospholipase C. 

As can be seen from the data in Table V, supplemental diglyceride exerted little 
or no effect on either synthetic or hydrolytic activity of glucose-6-phosphatase, 
either with unexposed or phospholipase C-treated microsomes. In no case, whether 
or not deoxycholate supplementation of microsomal preparations was involved, was 
a change in activity greater than IO~o noted even with a relatively large excess of 
supplemental diglyceride. Potentiation by deoxycholate of inhibition of enzymic 
activities by diglyceride produced through phospholipase C action thus appears 
precluded as a possible basis for explaining the lesser apparent stimulation by the 
steroid detergent of enzymic activities of phospholipase C-exposed preparations as 
compared with unexposed microsomes, as described in Table IV. 

Further, the results of the experiments described in Table V also contra- 
indicate the possibility that deoxycholate may potentiate the inhibition of activities 
of glucose-6-phosphatase by small amounts of free fat ty acid which may be formed 
from diglyceride through the action of acyl hydrolase endogenous to microsomes ~3. 
Inherent in the experimental design described above was the exposure of supple- 
mental  diglyceride to microsomal preparations for 5 min at 21 ° under the same 
conditions employed in the initial incubation of microsomes with phospholipase C 
(see above detailed procedural description). Any free fat ty  acid generated in 5 min 
through the action of microsomal acyl hydrolase on the excess supplemented digly- 
ceride thus also was present, along with diglyceride, when supplementary deoxy- 
cholate was added and when enzymic activities were assayed. 

DISCUSSION 

The studies described in this paper on the effects of phospholipase C exposure 
and phospholipid supplementation of glucose-6-phosphatase differ conceptually 
from earlier investigations of DUTTERA et al.  ~ and of ZAKIM 5 in that (a) they involve 
hepatic microsomes prepared from fed rats (rather than from beef 5 or from fasted 
rats 3, (b) phosphotransferase activity of the enzyme receives equal emphasis with 
Glc-6-P phosphohydrolase; (c) hydrolase and transferase activities involving man- 
nose-6-P are included; (d) supplemental phospholipid from animal (rat liver micro- 
somal extract) rather than plant (asolectin, fromsoybeans) sources was employed 
exclusively; (e) considerable emphasis is placed on responses of enzymic activities 
over a broad range of pH rather than at a single pH value; and (f) the modifying 
effects of detergent (deoxycholate) supplementation on patterns of response of en- 
zymic activities to phospholipid modifications are considered. 

Results of these studies represent an advancement beyond the findings of other 
investigators in that  they (a) support the common identity of PPi-glucose phospho- 
transferase and Glc-6-P phosphohydrolase; (b) provide novel, new insights regard- 
ing the nature of the effects of phospholipid modifications on the properties of 
glucose-6-phosphatase-phosphotransferase which indicate that  the enzyme obtained 
following phospholipase C exposure and phospholipid supplementation is catalytical- 
ly significantly different from the microsomal enzyme in its original form; and (c) 
raise serious questions (as have certain other recent studies of somewhat different 
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designS,33, 84) regarding the obligatory requirement for phospholipids in glucose-6- 
phosphatase-phosphotransferase action. A detailed consideration of these points is 
made in the succeeding paragraphs where the ramifications of certain particularly 
relevant observations are elaborated upon. 

In view of the various observations and considerations reported in this paper, 
and especially on the basis of observations described in Fig. 2 and in Table IV (as 
well as in Tables I I I  and V), it is apparent that the interpretation in a mechanistic 
fashion of the results of the studies on the effects of phospholipid modifications on 
enzymic activities of this catalyst is extremely complex. 

The various data presented above do indicate, as do those of earlier workers3, 5, 
that (a) exposure of microsomal preparations to phospholipase C does lead to a 
marked reduction in demonstrable enzymic activity, both hydrolytic and synthetic; 
and (b) supplementation of such phospholipase C-treated preparations with various 
micellular phospholipid preparations does effect an increase in activity. With respect 
to this latter point, it may be seen from the values in braces in horizontal line D of 
data in Table IV that  the addition of microsomal phospholipid extracts to phospho- 
lipase C-treated preparations effects an increase in levels of both activities, whether 
or not deoxycholate is present. Increases in Glc-6-P phosphohydrolase activity from 
1.3 to 3.I units (an increase of 138%) and from 2.0 to 3.6 units (an increase of 80%) 
was noted in the absence and presence, respectively, of deoxycholate, while corre- 
sponding values for PPi-glucose phosphotransferase were from 0.36 to 2.2 units (an 
increase of 5II°/o) and from 0.60 to 2.6 units (a 333% increase). 

However, it is also clear from a consideration of experimental observations, 
especially those described in Fig. 2 and Table IV (as well as in Table III) that (a) 
the activity of phospholipase C-treated preparations is catalytically different from 
that  of unexposed microsomes, whether or not supplemental phospholipid has been 
added (see Fig. 2) ; and (b) that the extent of return towards activity values originally 
seen with unexposed microsomal preparations which is effected by phospholipid 
supplementation after phospholipase C exposure appears to be much less than that 
previously concluded to be the case on the basis of studies a,5 in which activities were 
assayed without detergent. This latter conclusion is based on a comparison of activity 
levels with the various preparations observed with deoxycholate added (see columns 
2 and 5, Table IV). 

A possible rationalization of these differences noted in the presence and ab- 
sence of deoxycholate on the basis of potentiation by the detergent of inhibition of 
glucose-6-phosphatase activities by products of phospholipase C action has been ob- 
viated experimentally, as considered in detail in the RESULTS. 

It thus appears that  phospholipase-treated, phospholipid--supplemented pre- 
palations may already be nearly maximally activated, while this is not tiue with 
unexposed p1 eparations, either plus or minus supplemental phospholipid. As a conse- 
quence, the additional latent activity of the unexposed microsomes, but not that of 
the phospholipid-supplemented exposed preparations, may be brought out by deoxy- 
cholate. 

While other interpretations of the data presented here are possible, it appears 
to the authors that  the observations described may be explained most realistically 
as follows: Phospholipase C treatment effects a highly significant loss in measurable 
enzymic activity through an undefined action that  does not involve inhibition by its 
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hydrolysis products (see Table V and accompanyign discussion). At the same time 
such phospholipase C action sensitizes the remaining enzyme molecules to activation 
by supplemental phospholipid. The addition of phospholipid to such preparations 
then activates the remaining potentially functional enzyme molecules in a deter- 
gentqike manner (see especially Fig. 2), to restore manifest activity values partially 
(but by no means completely) towards those originally observed. 

On the basis of these observations, it appears that the whole question of the role 
of phospholipids in glucose-6-phosphatase-phosphotransferase is in need of a search- 
ing re-examination. This is particularly emphasized by the recent interesting obser- 
vations of POLLAK et aI.34, * who have noted a marked (2-4-fold) increase in synthetic 
and hydrolytic activities of microsomal glucose-6-phosphatase concomitant with the 
depletion of microsomal lipid and an inhibition of these enzymic activities when 
phospholipid is added to such depleted preparations**. 
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