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The functional dependence of membrane enzyme activities
on the composition of the lipid bilayers with which they are
associated has been studied by many techniques (1).
Unfortunately, many of these techniques may alter the
structure of the membrane-bound enzymes or, in the case
of chemical modifications of membrane lipids or phospho-
lipase treatment, the introduction of by-products may
affect enzyme activities. Recent advances in the isolation
and application of phospholipid transfer proteins permit
the manipulation of membrane lipid composition in vitro
under mild conditions that would not be expected to alter
the structure of functional membrane proteins. One of the
many "lipid-dependent" membrane-bound enzymes that
has been studied extensively is glucose-6-phosphatase, a
microsomal complex composed of a glucose-6-phosphate
(Glc-6-P) carrier and of a phosphohydrolase located on
the luminal membrane surface (2). In this communication
we present evidence that Glc-6-P phosphohydrolase activ-
ity is altered by some modifications of the microsomal
membrane lipid composition but not by others.

RESULTS AND DISCUSSION

Modification of membrane phospholipid composition was
accomplished by incubation of small unilamellar vesicles
(SUV) of varied phospholipid composition with micro-
somes and either phosphatidylcholine-specific transfer
protein (PC-TP) or nonspecific lipid transfer protein (NS-
TP). Incubations of microsomes with PC-vesicles and
PC-TP altered the distribution of fatty acids in membrane
PC without altering the phospholipid head group composi-
tion of the microsomal membrane (Table I). When 43% of
the PC was replaced by dipalmitoyl PC, Glc-6-P phospho-
hydrolase activity was inhibited by 10%, which suggests
that a substantial decrease in PC fatty acid unsaturation is
not crucial for enzyme activity. In contrast, incubation of
microsomes with PC-vesicles and NS-TP altered the phos-
pholipid head group composition of the membranes as well
as the fatty acid distribution of the membrane PC. Incuba-
tion of microsomes with SUV containing principally dipal-
mitoyl PC resulted in a small increase in membrane PC
and a substantial decrease in phosphatidylethanolamine
(PE), and phosphatidylinositol (PI) content as well as
enzyme activity. Incubations of SUV containing princi-
pally rat liver PC caused a large increase in membrane PC
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with decreases in PE and PI content (Table I). Accom-
panying these changes in phospholipid composition was a
26-33% inhibition of Glc-6-P phosphohydrolase activity
(Table I). The failure of control microsomes incubated
with NS-TP or SUV alone to show either an altered lipid
composition or enzyme inhibition suggests that the altera-
tions in enzyme activity result from the altered lipid
compositions. Glc-6-P phosphohydrolase activity in the
modified microsomes was inhibited to the same extent
when assayed in the presence and in the absence of
taurocholate (data not shown). The latter removes the
microsomal permeability barrier to Glc-6-P. This finding
demonstrates that phospholipid replacement affects the

TABLE I
EFFECT OF THE CHANGE IN MICROSOMAL
PHOSPHOLIPID COMPOSITION ON GLUCOSE-6-
PHOSPHATE PHOSPHOHYDROLASE ACTIVITY

Microsomal phospholipid
composition

PL-TP SUV DPPC Total PC PE PI Glc-6-Pase
(% total phospholipid) (% of control)

58.4 24.2 12.0
A 0.5 57.8 24.2 12.5 100

PC-TP A 25.0 57.1 24.9 12.5 90 + 6
NS-TP A 19.1 65.2 20.4 8.9 67 + 6

B 58.8 24.0 11.7 100
PC-TP B 59.1 23.8 11.6 97 + 5
NS-TP B 71.5 15.2 7.8 74 + 5

C 58.0 24.8 11.7 100
PC-TP C 58.0 25.1 11.3 103 + 7
NS-TP C 61.4 25.1 8.1 95 + 5

Microsomes (5 mg protein) were incubated for 60 min at 370C with 0 or
1.25 units transfer protein (3) and 0 or 5000 nmol phospholipid in the
form of SUV composed of: (A) DPPC/ rat liver PC/ diPG/ cholesterol
(7.5/2.5/1/1.5; mol/mol), (B) rat liver PC/ diPG/ cholesterol (10/1/1;
mol/mol), (C) rat liver PC/ egg PE/ diPG/ cholesterol (7.5/2.5/1/1;
mol/mol). Microsomes were sedimented and resuspended in sucrose
buffer. Phospholipid compositions were determined after lipid extraction,
correcting for "sticking" of SUV (4). P1 may be contaminated with PS.
Glc-6-P phosphohydrolase activities were measured at 300C and pH 6.5
as previously described (5). Activities are expressed as percent of control
microsomes incubated with SUV in the absence of transfer protein and
are the mean and standard deviation of 3 experiments. Abbreviations:
PL-TP, phospholipid transfer protein; diPG, diphosphatidylglycerol;
DPPC, dipalmitoyl PC.
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luminal phosphohydrolase activity and not the Glc-6-P
carrier To investigate whether the enzyme responds to the
decrease of membrane PE or of PI, microsomes were
incubated with NS-TP and SUV composed of PC and PE
(3:1 mol/mol). In contrast to the above studies, this
resulted in an increased PC content and decreased PI
content, but no change in membrane PE (Table I). Very
little Glc-6-P phosphohydrolase inhibition (5%) was
produced by these incubations. The role of PI was further
investigated with PI-specific phospholipase C. Incubation
of microsomes with phospholipase C caused hydrolysis of
over 55% of the PI, no change in other membrane lipids,
and no change in phosphohydrolase activity.

We conclude that microsomal Glc-6-P phosphohydro-
lase activity is decreased by 26-33% when PE is depleted
by 24-28%. Alterations in PI and PC contents of the
membrane or in PC fatty acid unsaturation produce little
or no change in enzyme activity.
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The oxidative deamination of biogenic monoamines is
accomplished by two functionally different forms of
membranous monoamine oxidase (MAO), EC 1.4.3.4) (1):
MAO-A type preferentially deaminates serotonin and is
more sensitive to inhibition by clorgyline. MAO-B type
deaminates phenylethylamine and is more sensitive to
inhibition by deprenyl. Biochemical and immunological
studies strongly suggest that the A- and B-type activities
which depend upon the different natures of lipid-protein
interactions in situ in the membrane may reside within the
same enzymic protein (2, 3).

RESULTS AND DISCUSSION

The phospholipid requirement and the lipid-protein inter-
actions for the multiple forms of MAO were investigated
by rebinding the purified phospholipid to a lipid-depleted
brain mitochondrial preparation. It was found that phos-
phatidylinositol uniquely stimulated the A-type activity to
80% over that in the original intact mitochondria (Fig. 1).
Other negatively charged phospholipids, although not as
potent, could fully or partially reactivate the A- or B-type
activity. Phosphatidylcholine, a zwitterionic phospholipid,
reconstituted 70% of the A-type activity but did not

influence the B-type. Phosphatidylethanolamine had no
effect on either type. More importantly, efficiency-
gradient analyses indicated a distinct nature in the molec-
ular mechanism of lipid-protein interactions for the nega-
tively charged and the zwitterionic phospholipids (Fig. 2).
The potencies of the negatively charged phospholipid,
phosphatidylserine, cardiolipin, or phosphatidylinositol
decreased sharply with increasing lipid molecules. No
further stimulation could be detected when the lipid:pro-
tein ratio reached - 30 mol of negatively charged phos-
pholipid/ 100,000 daltons of membrane protein. The nega-
tively charged phospholipid appeared to bind directly to
the monoamine oxidase protein boundary with a high
affinity. In contrast, the potency of activating MAO-A
remained constant up to the first 150 mol of phosphatidyl-
choline. Phosphatidylcholine which interacted with the
enzyme with a lower affinity and higher capacity might
reassociate as the membrane fluid bilayer.

It can be speculated that the properties of the nega-
tively-charged phospholipid associated with the enzymic
protein at the lipid-protein interface may regulate, rapidly,
the conformation of the active site, which in turn
influences the nature of substrate and inhibitor specificity
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