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Fatty Acids and Anionic Phospholipids Alter the Palmitoyl Coenzyme A Kinetics of
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ABSTRACT: In order to gain a better understanding of the kinetics of activation and inhibition of hepatic
monoacylglycerol acyltransferase (MGAT) (EC 2.3.1.22) by fatty acid, we examined the effect of fatty
acid with respect to MGAT'’s long-chain acyl-CoA substrate in Triton X-100 mixed micelles. At
concentrations between 2.5 and 5.3 mol %, oleic acid stimulated MGAT activity 2-fold, whereas oleic
acid inhibited MGAT at concentrations higher than 7.5 mol %. The dependence on palmitoyl-CoA was
highly cooperative with a Hill constant of greater than 2.4. When present at less than 3 mol %, oleic acid
eliminated the lag in the dependence curve. When concentrations of oleic acid were higher than 3 mol
%, Michaelis-Menton kinetics were observed with an appaténtvalue of about 54«M for palmitoyl-

CoA but with progressively decreasing.ax values. This effect was not observed with octanoic acid,
suggesting that the medium-chain fatty acid is unable to associate stably with the mixed micelle and,
thus, cannot substantially alter substrate affinity. When anionic phospholipids were tested, phosphatidic
acid, lysophosphatidic acid, phosphatidylserine, and phosphatidylinositol eliminated some of the lag in
activation by palmitoyl-CoA. At high molar concentrations of the anionic lipid activators, applrent
values ranged from 7ZM for phosphatidic acid to 19&M for phosphatidylinositol. Zwitterionic
phospholipids had no effect, nor did the non-phospholipid activators bovine serum albusril @-
diacylglycerol. CaGlJ, but not neomycin or KCI, could overcome the inhibitory effect of oleic acid; thus,
the inhibitory effect of fatty acid did not appear to occur by electrostatic interactions. These blockers did
not change the effects observed with the anionic phospholipid activators or with the inhibitor, sphingosine.
An alteredK, for palmitoyl-CoA in the presence of fatty acid or anionic phospholipid suggests that both
long-chain fatty acids and phospholipid cofactors may induce a conformational change in MGAT, thereby
altering the enzyme’s affinity for its long-chain acyl-CoA substrate. These data further support the
hypothesis that the synthesis of glycerolipids via the monoacylglycerol pathway may be highly regulated
via a variety of lipid second messengers such as phosphatidic acid and diacylglycerol, as well as by the
influx of fatty acids derived from high-fat diets, or from the hydrolysis of adipocyte triacylglycerol during
fasting or diabetes.

Hepatic monoacylglycerol acyltransferase (EC 2.3.1.22) 1984), 75-fold higher in fetal guinea pigs (Coleman et al.,
(MGAT)!is a developmentally regulated microsomal enzyme 1987), and 15-fold higher in developing chick embryo
that catalyzes the stereospecific synthesisret,2-diacyl- (Sansbury et al., 1989); (3) MGAT activity is high in
glycerol from sn-2-monoacylglycerol and long-chain fatty hibernators such as marmots which must conserve essential
acyl-CoA (Johnston, 1977; Coleman et al., 1986). We have fatty acids for reproductive needs in the spring (Xia et al.,
hypothesized that the normal function of hepatic MGAT may 1993); and (4) MGAT activity increases in streptozotocin-
be to aid in retaining essential fatty acids during develop- induced diabetic rats (Mostafa et al., 1993). MGAT may
mental periods that are characterized by high rates of fattyalso play a more general role in regulating glycerolipid
acid oxidation because (1) MGAT activity is greatest with metabolism and second messenger function. MGASTis
sn2-monoacylglycerols that contain polyunsaturated acyl 2-monoacylglycerol substrate competitively inhibits glycerol-
chains (Xia et al., 1993); (2) compared with the low hepatic 3-phosphate acyltransferase, the committed step of the
activity found in adult animals, MGAT activity is as much alternate pathway of glycerolipid synthesis (Polheim et al.,
as 700-fold higher in neonatal rats (Coleman & Haynes, 1973; Coleman, 1988), and diacylglycerol kinase, a major

route of diacylglycerol signal attenuation (Bishop et al.,
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homogeneous aggregates. The development of mixed mi-Sprague-Dawley rats from Zivic-Miller were housed in the
cellar assays has allowed investigators to use surface silutionniversity of North Carolina animal facility under controlled
kinetics to study enzymslipid interactions within a micellar 12 h light cycles with free access to Purina rat chow and
structure that mimics the membrane bilayer (Carman et al., water. Within 24 h after birth, each litter was culled to a
1995). The mixed micellar technique is especially useful maximum of 12 pups.
for MGAT, which is an integral membrane protein that must  Partial Purification of MGAT Between the eighth to
interact with its substrates within the plane of the endoplas- eleventh day after birth, rats were decapitated, and KCI-
mic reticulum bilayer. We have employed mixed micellar washed liver microsomes were prepared and storeel7ét
assays in order to comprehend MGAT's regulation more °C (Bhat et al., 1993). Microsomes were solubilized with
fully. In asingle micelle, MGAT, itsn2-monoacylglycerol  0.3% Triton X-100, and MGAT was purified by sequential
and acyl-CoA substrates, and its lipid mediators can all be chromatography with QAE-Sephadex, CM-Sepharose (Fast
present, and molar concentrations of substrates and lipidFiow), and hydroxylapatite (Bhat et al., 1993). The partially
mediators can be readily manipulated. purified enzyme preparation was stored in aliquots-@0
Using Triton X-100/phospholipid mixed micelles, we have °C in a buffer containing 20% glycerol, 5% ethylene glycol,
shown that MGAT activity is markedly stimulated by anionic 20 mM 2-(N-morpholino)ethanesulfonic acid (pH 6.5), 1 mM
phospholipids (Bhat et al., 1994). With phosphatidic acid, EDTA, 1 mM DTT, 0.1 mM phenylmethanesulfonyl fluoride,
for example, activation was observed with a single molecule 1 ug/mL leupeptin and pepstatin, 0.5 mM benzamidine, 0.2%
of phosphatidic acid per micelle and full activation (11-fold) Triton X-100, and 0.2 M NaCl. Hydroxylapatite-purified
with as few as six molecules of phosphatidic acid per micelle. MGAT specific activity was measured as described (Bhat
These data suggest that anionic phospholipids stimulateet al., 1993). This enzyme preparation is free of phospho-
MGAT activity by interacting with a specific site on the lipids (Bhat et al., 1994).
enzyme. To be an activator, the phospholipid needs at least Assay of MGAT in Mixed MicellesStock solutions (stored
one long-chain fatty acid, suggesting that the anionic headin chloroform or hexane) of the different lipids employed
group must be anchored close to the micellar surface in orderwere dried under a stream of nitrogen in a glass tube and

to interact with the enzyme. Furthen-1,2-diacylglycerol,  solubilized in 0.2% Triton X-100 by vortex mixing and brief
MGAT's product, activates the enzyme in a highly coopera- sonication in a water bath at room temperature. Required
tive manner with a Hill number of 3.6. Thenl1,2- amounts of these lipids were then added to the reaction

diacylglycerol effect is stereospecific, requires the presencemixture. The concentration of each lipid in the mixed
of two long-chain fatty acyl groups (Bhat et al., 1995), and micelle, expressed as mol percent, was calculated by the
is additive with that of the anionic phospholipids (Bhat et equation 100[added lipid]/[total lipid}- [Trition X-100]
al., 1994). MGAT is inhibited potently by sphingolipids that (Carman et al., 1995). MGAT activity was assayed at 23
contain a free amino group and a long-chain hydrocarbon, °C in a 0.2 mL reaction mixture that contained 100 mM Tris-
and inhibition by sphingosine and sphinganine can also be HCI (pH 7.0), 0.5 mg/mL BSA, 15@M sn-2-monoC18:1-
demonstrated in cultured hepatocytes (Bhat et al., 1995).glycerol, 0.22% Triton X-100 (3 mM micelle concentratidn),
Because inhibition by sphingosine is competitive with respect 0—60 uM [3H]palmitoyl-CoA (115 Ci/mol), 0.250.5 ug
to activation by anionic phospholipids, we hypothesize that of hydroxylapatite-purified protein, and the indicated con-
the anionic phospholipids may activate at a specific site that centrations of specific lipids (Bhat et al., 1994). Palmitoyl-
is competitively blocked by sphingolipids. CoA concentrations are given as molar concentrations since
Previous studies indicated that fatty acids had an unusualthis substrate is added as a water-soluble component to the
biphasic effect on MGAT in Triton X-100 mixed micelles assay, and we cannot be certain how much is associated with
(Bhat et al., 1994). Low concentrations of fatty acid the micelles, particularly when albumin is present. Con-
stimulated MGAT activity, whereas high concentrations were centrations of palmitoyl-CoA higher than 60M were not
inhibitory. This inhibition by oleic acid is noncompetitive used because inhibition was observed aboveM@see inset
or mixed with respect to thesn2-monooleoylglycerol of Figure 2A). After a 10 min incubation, the products were
substrate. In order to gain a better understanding of the extracted and analyzed (Bhat et al., 1993). The remaining
kinetics of activation and inhibition by fatty acid, we portion of the heptane extract was concentrated in a Savant
examined the effect of fatty acid with respect to MGAT's Speedvac concentrator and chromatographed with carrier

long-chain acyl-CoA substrate. lipids on a 10 cm silica gel G plate in heptane/isopropyl ether/
acetic acid (60:40:4, v/v). Lipids were visualized by
EXPERIMENTAL PROCEDURES exposure to 4 vapor, and the areas corresponding to

ial Il chemi diacylglycerol and triacylglycerol were scraped and counted.
hMgégna S dAf ¢ em|ce|1Is .vxégre ofhreaghen.t dglragelz Pho_s— Because more than 97% of the labeled product was diacyl-
phatidic acid (from egg lecithin), phosphatidylcholine (pig g\vcerol, thin layer chromatography was not routinely

liver), phosphatidylserine (beef brain), sphingomyelin (beef ; ;

) . i : performed. All assays contained optimal amountsreg-
brain), sr1,2-diC18:1-glycerol sn2-monoC18:1-glycerol, monoC18:1-glycerol and, with 26M [3H]palmitoyl-CoA
lysophosphatidic acid (from egg lecithin), and oleic acid were 5 4ctivating phospholipids present, measured initial rates.
purchased from Serdary Research Laboratories, Inc. BSA, Rat Liver Free Fatty Acid Analysis Liver from four

Triton X-100, DTT, EDTA, leupeptin, pepstatin, neomycin 9-day-old rats was quickly excised and cut into small pieces
sulfate, and CM-Sepharose FF were from Sigma Chemical Y q y P
Co. QAE-Sephadex and hydroxylapatite (Bio-Gel HTP)

were from Pharmacia and Bio-Rad, respectively. 2To calculate mole fractions, the aqueous monomeric concentration
imal imal h imal of Triton X-100 (0.3 mM) was subtracted from the total detergent
Animals Animal use was approved by the Animal Care concentration. Final concentrations include the Triton X-100 that is

Committee of the University of North Carolina. Pregnant added together with the purified enzyme.
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Ficure 1: Effect of fatty acids and fatty acid analogs on MGAT
activity in mixed micelles. MGAT activity was measured in Triton
X-100 micelles (3 mM Triton X-100 and 15AM sn-2-mono-
oleoylglycerol) in the absence of activating phospholipids as
described in Experimental Procedures. The individual concentra-
tions of fatty acids or their analogs were added in Triton X-100.
Control MGAT specific activity (100%) was 67 nmol mihmg.
Similar results were obtained using a different enzyme preparation.

using a scalpel. Liver lipids were extracted into chloroform
(Bligh & Dyer, 1959). Phospholipids and free fatty acids
were separated on Bond Elute aminopropylN\délumns
(Kaluzny et al., 1985). Phospholipid was quantified by
measuring inorganic phosphorus following perchloric acid
digestion (Bartlett, 1959). The methyl esters of free fatty
acids were quantified using a Perkin-Elmer AutoSystem gas
chromatograph with a DB 225 capillary column by gas
liquid chromatography. The internal standard was C17:0.
Other Methods Protein was measured with BSA as the
standard (Lowry et al., 1951)sn1,2-DiC18:1-glycerol was
separated from its racemic isom&n1,3-diC18:1-glycerol
on 20 cm 3% borate silica gel G plates chromatographed
with chloroform/acetone/methanol/acetic acid (90:5:2:0.5,
viv). After being scraped from the plate, th@t1,2-
diacylglycerol was quantified colorimetrically (Fletcher,
1968). PH]Palmitoyl-CoA was synthesized enzymatically
(Merrill et al., 1982).

RESULTS

Effect of Fatty Acids and Fatty Acid Dedtives on MGAT
Activity. Because we had previously found that oleic acid
has a biphasic effect on MGAT activity (Bhat et al., 1994),
we examined the effect of fatty acids and acyl derivatives
on partially purified rat hepatic MGAT activity (Figure 1).
At concentrations between 2.5 and 5.3 mol %, oleic acid
stimulated MGAT activity 2-fold, whereas oleic acid inhib-
ited MGAT at concentrations higher than 7.5 mol %. At 24
mol % oleic acid, MGAT activity was inhibited 90%.
Virtually identical results were obtained with linoleic acid,
linolenic acid, and arachidonic acid and with sodium oleate
(data not shown). Oleoyl alcohol and methyl oleate did not
show this biphasic effect on MGAT activity. At concentra-
tions lower than 15 mol %, methyl oleate, oleoyl alcohol,
octanoic acid, and butyric acid had little or no effect on
MGAT activity. Very high concentrations of oleoy! alcohol
(22.5 mol %) activated MGAT activity 2.4-fold; however,
high molar concentrations of lipids may alter the micellar
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Ficure 2: Effect of fatty acids on MGAT's dependence on
palmitoyl-CoA. (A) Dependence on palmitoyl-CoA in the presence

of low molar concentrations of oleic acid and (B) double-reciprocal
plot of these data. The inset shows the dependence on palmitoyl-
CoA from 0 to 120uM. (C) Dependence on palmitoyl-CoA in

the presence of high molar concentrations of oleic acid and (D)
double-reciprocal plot of these data. (E) Dependence on palmitoyl-
CoA in the presence of high molar concentrations of octanoic acid
and (F) double-reciprocal plot of these data. MGAT activity was
measured in Triton X-100 micelles with varying concentrations of
palmitoyl-CoA in the absence of activating phospholipids as
described in Experimental Procedures. Activity was measured in
the absence or presence of concentrations of oleic acid as indicated.
The double-reciprocal plots were analyzed by computer-assisted
least-squares analysis, and regression coefficients were greater than
0.95. Panels AD are representative of four independent studies
using two different enzyme preparations.

probably required to anchor the lipid molecule in the Triton
X-100 micelle.

In order to characterize the ability of fatty acid to activate
or inhibit MGAT, we examined the effect of oleic acid on
the kinetics of the enzyme’s activity with respect to its
dependence on palmitoyl-CoA. In mixed micelles, in the
absence of activating anionic phospholipids, the dependence
on palmitoyl-CoA was highly cooperative with a calculated
Hill constant of greater than Z4Figure 2A,B). When
present at 3.1 mol %, oleic acid eliminated the lag in the
dependence curve and reduced the calculated Hill constant
to 1.0. Because microsomal MGAT activity from sparrow
fat showed a similar in the palmitoyl-CoA dependence that
was eliminated in the presence of 20 mM concentrations
of several divalent cations (Mostafa, 1993), we tested the

structure (Lichtenberg, 1983; Robson, 1983). These results

suggested that the biphasic effect on MGAT activity was
specific for long-chain fatty acids and that the effect required
a free carboxyl group. The long-chain hydrocarbon is

3Because concentrations of palmitoyl-CoA higher than ;80
inhibited MGAT activity, the calculated Hill constant is a minimum
value.
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Table 1: Kinetic Constants for MGAT with Different Lipid
Activators
concentration at
which maximal
activation
is observed Km Vimax
lipidP mol % (mol %y (app)y (app}
C18:1 3.122.2 255 5449 270+ 134
C8:.0 11.3-19.2 >330 >2000
PA 0.4-14.8 5-10 884+ 19 23984 1367
LPA 3.5-12.7 36 1114+ 46 1831+ 717
PS 7.5-15.3 5-15 146 2480
PI 8.5-12.5 12-16 196 3508
SM 4.1-11.3 16-20 nc nc
PC 7.5-19.5 13-18 nc nc

@ The kinetic values were calculated from the data shown in Figures
2—4.°The abbreviations are as follows: C18:1, oleic acid; C8:0,
octanoic acid; PA, phosphatidic acid; LPA, lysophosphatidic acid; PS,
phosphatidylserine; Pl, phosphatidylinositol; SM, sphingomyelin; PC,
phosphatidylcholine; nc, not calculabfg=rom Bhat (1994)¢ Means
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Shorter-chain lipids are similarly unable to activate diacyl-
glycerol kinase (Walsh et al., 1986). Alternatively, the
increased water solubility of octanoic acid could allow greater
movement of the medium-chain fatty acid on and off the
micelle, thereby decreasing its ability to interact with MGAT.
Effect of Anionic PhospholipidsThe sigmoidal shape of
the dependence on palmitoyl-CoA is similar to that of
allosteric enzymes that are regulated by specific effectors
and suggested that the fatty acid might be substituting for
an activating palmitoyl-CoA binding site. But because
anionic phospholipids are excellent activators of MGAT in
mixed micelles, we wondered whether they would have an
effect similar to that of fatty acids on the kinetics of MGAT
activity with respect to palmitoyl-CoA. Phospholipids were
tested both at low concentrations, at concentrations that
stimulate MGAT maximally, and at high concentrations that
begin to inhibit MGAT activity (Bhat et al., 1994). We did
not test phospholipids at total micellar lipid concentrations

+ S derived from data shown in the figures. In each case, three or of greater than 18 mol % because higher concentrations may

four determinations were usetiOnly one of the determinations was
calculablef Average of two determinations that varied by less than
5%.

effects of 2.5 and 10 mM Mgg|l CaC}, BaChk, ZnClh, and
MnCl, on MGAT activity with low concentrations (5 and
10 uM) of palmitoyl-CoA. None of these divalent cations
altered the palmitoyl-CoA dependence; 10 mM ZnGt
MnCl; inhibited MGAT activity (data not shown).

In order to determine whether the concentration of fatty
acid in liver membranes was normally in the range that would
activate MGAT, we measured fatty acid content in liver from
9-day-old rats. Free fatty acid content was 32.8.1 nmol/
(umol of phospholipid) § = 4).# This is about 3 mol %.
For the endoplasmic reticulum, which contains little cho-
lesterol or sphingolipid, 3 mol % is probably a reasonable
estimate and is within the range of maximal activation by
fatty acid.

We previously showed that high concentrations of fatty
acid (7.5-11.7 mol %) inhibited MGAT activity in the

alter Triton X-100 micellar structure and size (Litchenberg,
1983; Robson, 1983). The most potent activator of MGAT
activity is phosphatidic acid, which activates enzyme activity
11-fold at 4.2 mol % (Bhat et al., 1994). A decreasing order
of activation is observed with lysophosphatidic acid, phos-
phatidylserine, cardiolipin, and phosphatidylinositol. When
the effects of these phospholipids were tested on MGAT'’s
dependence on palmitoyl-CoA, phosphatidic acid (Figure
3A,B), lysophosphatidic acid (Figure 3C,D), phosphati-
dylserine (Figure 3E,F), and phosphatidylinositol (Figure
3G,H) eliminated some of the lag in activation by palmitoyl-
CoA. At high molar concentrations of the anionic lipid
activators, the apparei, values ranged from 8aM for
phosphatidic acid to 200M for phosphatidylinositol (Table
1). The apparen, values were lowest with the strongest
phospholipid activators (Table 1). The apparéni«values
were similarly variable, and like the corresponding study of
oleic acid, high concentrations of the anionic phospholipids
generally decreased the appar®ptx value.

Effect of Zwitterionic Phospholipids on MGAT Kinetics

presence of an activating amount of phospholipid (Bhat et Even at high molar concentrations, zwitterionic phospholipids

al., 1994). The inhibition appeared to be noncompetitive or
mixed with respect ten2-monooleoylglycerol, suggesting
that oleic acid might interact with a site that participates in

are poor activators of MGAT in Triton X-100/phospholipid
mixed micelles (Bhat et al., 1994). The addition of phos-
phatidylcholine at 7.519.5 mol % or sphingomyelin at

both substrate binding and catalysis. When concentrations4—11.3 mol % (Figure 4) had little effect on the kinetics of

of oleic acid were higher than 3 mol %, Michaetislenton
kinetics were observed with an appar&npt value of about
54 uM for palmitoyl-CoA but with progressively decreasing
Vmax Values (Figure 2C,D).

To determine whether the effect on palmitoyl-CoA kinetics
was specific for long-chain fatty acids, a similar study was
performed using octanoic acid (Figure 2E,F). Although
octanoic acid increased MGAT activity at low concentrations
of palmitoyl-CoA, even at 16 and 19 mol % octanoic acid,
the apparenKy, value was high and inconsistent (Table 1),

suggesting that the medium-chain fatty acid is unable to tions between 10 and 20 mol %.

the dependence of MGAT on palmitoyl-CoA.

Effect of Other Actiators on MGAT Kinetics Bovine
serum albumin andsn1,2-diacylglycerol are both non-
phospholipid activators of MGAT in mixed micelles. Each
was tested in order to determine whether it might alter the
kinetics of MGAT with palmitoyl-CoA. In the presence of
a fully activating concentration of a mixture of phosphati-
dylcholine and phosphatidylserine (1:1, w/w), bovine serum
albumin did not stimulate further (Figure 5)sn-1,2-
Diacylglycerol is a potent activator of MGAT at concentra-
Althougén-1,2-

associate stably with the mixed micelle and, thus, cannot dioleoylglycerol stimulated MGAT activity 2.3-fold in the

substantially alter substrate affinity. Because MGAT is an
integral membrane protein and can interact with lipids
throughout the entire length of their acyl chains, it may

require an acyl chain length longer than eight carbons.

4 Free fatty acid content can also be presented as-D.@®4umol/
(g liver wet weight) or as 132.8g/(g liver wet weight).

presence of 6&M palmitoyl-CoA, sigmoidal curves were
retained (Figure 6).

Does Fatty Acid Inhibit MGATvia lonic Effects? We
previously considered whether MGAT activation by anionic
phospholipids might be facilitated by electrostatic interac-
tions. Evidence for ionic interactions can be obtained by
using the blocking agents KCI, neomycin, or?Ca KClI
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Ficure 3: Effect of anionic phospholipids on the dependence on 2
palmitoyl-CoA. MGAT activity was measured in Triton X-100 2 s00
micelles with varying concentrations of palmitoyl-CoA in the &
absence or presence of concentrations of (A and B) phosphatidic g
acid, (C and D) lysophosphatidic acid, (E and F) phosphatidyl- % 250
inositol, or (G and H) phosphatidylserine as indicated. Panels B,
D, F, and H show the double-reciprocal plots of these data. The 0
double-reciprocal plots were analyzed by computer-assisted least- 0 20 40 60
squares analysis, and regression coefficients were greater than 0.97. Palmitoyl-CoA (uM)

Panels A-D, G, and H are representative of two to three

independent studies using two different enzyme preparations. Ficure 5: Effect of bovine serum albumin on the dependence on

palmitoyl-CoA. MGAT activity was measured in Triton X-100

. Lo . _micelles with varying concentrations of palmitoyl-CoA in the
screens surface charges, neomycin prevents ionic interactiongesence of activating 8.33 mol % phosphatidylcholine/phosphati-

by binding to negatively charged phospholipids (Palmer, dyiserine (1:1, w/w) as described in Experimental Procedures.
1981), and C# can form divalent metal ion bridges between Activity was measured in the absence or presence of the indicated

enzymes and negatively charged phospholipids and canconcentrations of bovine serum albumin.

screen negatively charged phospholipids. Because neitheipresence of various concentrations of Ga@ligure 7A).
KCI, neomycin, nor CaGlis able to block the MGAT Both with no fatty acid present and with an activating amount
activation attributable to phospholipids, we concluded that of fatty acid, MGAT activity decreased about 40% in the
phospholipid activation does not occur via electrostatic presence of 5 mM Cagl However, CaGlwas able to block
interactions (Bhat et al., 1995). the ability of 20.5 mol % oleic acid to inhibit MGAT activity.

In order to determine whether the effects of fatty acid on Although these data suggested that inhibition of MGAT
MGAT activity occurred by means of electrostatic interac- activity might occur via ionic interactions, similar studies
tions, we tested the ability of KCI, neomycin, and’*C#o using KCIl and neomycin did not confirm this interpretation.
block the ability of low concentrations of oleic acid to KCI at concentrations up to 1 M inhibited MGAT in both
activate MGAT and the ability of high concentrations of oleic the presence and the absence of oleic acid, and heomycin at
acid to inhibit MGAT activity. Although salts can also concentrations up to 2 mM had little effect (Figure 7B,C).
induce phase changes in phospholipid vesicles (PapahadA more likely possibility is that the presence of CaCl
jopoulos et al., 1977), micelles do not generally undergo relieved inhibition by precipitating excess oleic acid as a
phase changes. Partially purified MGAT in mixed micelles calcium soap.
was incubated with no addition or with activating (2.5 mol Because we could not attribute the effect of Gat0Glits
%) or inhibiting (20.5 mol %) amounts of oleic acid in the ability to block electrostatic interactions, we wondered
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Ficure 8: Effect of CaC} on the inhibition of MGAT by
Ficure 6: Effect ofsn-1,2-dioleoylglycerol on the dependence on sphingosine. MGAT activity was measured in Triton X-100
palmitoyl-CoA. MGAT activity was measured in Triton X-100  micelles with 25¢M palmitoyl-CoA in the absence of activating
micelles with varying concentrations of palmitoyl-CoA in the phospholipids as described in Experimental Procedures. The effect
absence of activating phospholipids as described in Experimentalof CaCh on MGAT activity was measured in the absence or the
Procedures. Activity was measured in the absence or presence opresence of two different concentrations of sphingosine as indicated.
concentrations oén1,2-dioleoylglycerol as indicated.

200 micellar assays have facilitated the analysis of enzyme
B kinetics regarding substrate specificity and the regulation of
activity by lipid activators or inhibitors (Carman et al., 1995),
many important questions remain unanswered.

MGAT is among the first of the acyltransferases to have
been purified sufficiently to be studied in mixed micelles.
We previously reported that MGAT is activated by anionic
phospholipids which increase both the appakénkand the
o 20 ae o2 o2 o5 o 10 apparenK, with respect tesn-1-monooleoylglycerol (Bhat
CaCl2 (mM) K1 (VM) et al.,, 1994). The enzyme is also activated by its product
sn1,2-diacylglycerol but not bgn-1,3-diacylglycerol or by
the ether analogs of diacylglycerol (Bhat et al., 1994). We
have also reported that the ability of sphingolipids to inhibit
MGAT activity requires a free amino group and a long-chain
hydrocarbon, that inhibition by sphingosine is competitive
with respect to activation by phosphatidic acid, phosphati-
dylinositol, or phosphatidylserine, and that sphingosine and
sphinganine can inhibit MGAT activity in cultured hepato-
T Tos 19 15 20 cytes from neonatal rats (Bhat et al., 1995). These studies

Neomycin (mM) suggested that the anionic phospholipids might activate
Fiure 7: Effect of blocking ionic interactions on the stimulation MGAT at a site that is competitively blocked by sphinolipids.
and inhibition of MGAT by oleic acid. MGAT activity was  Activation by phospholipids does not result from ionic
tmheasbured in Tfritot_n Xt_-100 t:nicerlllel_s \_/(\;ith Z%JI pal_rgﬂt((j)yl-(EZoA in . Ii:teractions because &aneomycin, and KCI have similar

€ absence ol activating phospholipids as aescribed in Expermentaleffects on the enzyme activity whether phosphatidic acid,
PIOCEEATES, e cfect o () CatTB) K01 and (©) neomycin _the most potent activator, i present (Bhat et al, 1995).

0, 2.5, or 20.5 mol % oleic acid as indicated. This figure is  The data presented in this study showing that MGAT
representative of two independent studies using two different dependence on palmitoyl-CoA was highly cooperative allow
enzyme preparations. us to infer that the amount of acyl-CoA available to the
. . . ) enzyme could play a major role in determining MGAT
whether calcium might play a specific role in MGAT  a¢tivity in vivo. Hepatic concentrations of long-chain acyl-
inhibition. CaC} did not, however, have any effect on the coa have been reported to be in the range of45 nmol/
ability of sphingosine to inhibit MGAT activity (Figure 8). (g wet wt) [reviewed in Bretcher (1983)] or 94.3 nmol/(g
dry liver weight) in fed rats (Corkey, 1988) with a 2:3-
DISCUSSION fold increase after fasting (Corkey, 1988; Bretcher, 1983;

Intrinsic membrane-bound enzymes of glycerolipid syn- Tardi, 1992). These data allow a calculation of acyl-CoA
thesis interact with their hydrophobic or amphipathic sub- of 0.19-0.76 mol % in membranés.
strates at the surface or within the plane of the membrane. The amount of nonesterified fatty acid in the endoplasmic
In the pathway of triacylglycerol biosynthesis, one must reticulum is not known. We found 32.6 nmol of fatty acid
envisage fatty acids, acyl-CoAs, lysophosphatidate, phos-per micromole of phospholipid in liver from 9-day-old rats
phatidate, monoacylglycerol, and diacylglycerol anchored to (approximately 3 mol %). Like the acyl-CoAs, cytosolic
the membrane by their acyl chains. How do the enzymes fatty acid is probably bound to fatty acid binding protein,
that use these substrates interact with their substrates withirand the partitioning between cytosol and membranes is
the forest of phospholipid acyl chains that comprise the unknown, although most of the fatty acid is probably in
membrane? How do lipid mediators interact with enzymes membranes. Additionally, nonesterified long-chain fatty acid
within the bulk membrane phospholipid? Although mixed may not be evenly distributed among all membranes.
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Unless a specific mechanism exists to bring substratesThese investigators concluded that activation occurred after
directly to the enzyme, MGAT would normally be function- the lipids had changed the enzyme’s conformation (Walsh,
ing in microsomes that contain very low amounts of its 1986). Several groups have shown that specific lipids can
monoacylglycerol (Xia et al., 1993) and acyl-CoA substrates. alter the affinity of protein kinase C for its activators. For
At the low acyl-CoA concentrations that are likely to exist example, arachidonic acid allosterically enhances the affinity
in the endoplasmic reticulum, relatively small changes in the of PKCa for sn-1,2-diacylglycerol (MacEwan et al., 1993),
membrane content of long-chain fatty acid could alter sn1,2-diacylglycerol reduces the mole percent of phosphati-
palmitoyl-CoA kinetics dramatically. At 0.8 and 3.1 mol dylserine needed for maximal activation (Hannun et al.,
% oleic acid (25 and 10@M if assumed to be dispersed 1985), and oleate acts as a cofactor in allowing diacylglycerol
throughout the entire assay solution and not restricted to theto activate protein kinase C when phospholipid cofactors are
micelle), MGAT activity in the presence of 1M palmitoyl- absent (Touney et al., 1990). Thus, a number of enzymes
CoA increased 2- and 4-fold, respectively. Thus, one can that require lipid cofactors have similar properties, suggesting
envisage a situation in which a rapid influx of fatty acid into that similar kinds of lipid-protein interactions may occur.
hepatocytes might enhance the incorporation of existing acyl-  Our previous studies of MGAT in Triton X-100/phospho-
CoAs into glycerolipids, thereby releasing more free CoA lipid mixed micelles have strongly suggested that this
required by acyl-CoA synthase to activate the additional fatty microsomal enzyme can be regulated by its phospholipid
acids. microenvironment and by lipid second messengers such as

The phospholipid microenvironment of the endoplasmic Phosphatidic acidsn-1,2-diacylglycerol, and sphingoid bases
reticulum could play an additional critical role in regulating (Bhat et al., 1994, 1995). In the present study, we show
MGAT activity. Several specific phospholipids lower that the apparenKn, of MGAT for its palmitoyl-CoA
MGAT's appareni, for palmitoyl-CoA. Phosphatidic acid, ~substrate can be altered dramatically by small changes in
lysophosphatidic acid, phosphatidylserine, and phosphati-the concentration of long-chain fatty acids or specific anionic
dylinositol altered palmitoyl-CoA kinetics such that they Phospholipids, including phosphatidic acid, a putative intra-
could be subjected to MichaefidMenton analysis. Even cellular second messenger (Lee & Bell, 1989; Hannun &
then, the appareri,, values obtained were more than 10- Bell, 1987; Bell & Burns, 1991). These data further support
fold higher than the range of probable acyl-CoA concentra- the hypothesis that the synthesis of glycerolipids via the
tions in microsomal membranes (Table 1). At very low acyl- monoacylglycerol pathway may be highly regulated in
CoA concentrations, however, small amounts of each of theseneonatal animals (Coleman & Haynes, 1984), in diabetes

anionic phospholipids would be able to dramatically increase (Mostafa et al., 1993), and in hibernators (Xia et al., 1993).
MGAT activity. Regulation could occur via a variety of lipid second

messengers as well as by the influx of fatty acids derived
from high-fat diets or from fatty acids derived from the
hydrolysis of adipocyte triacylglycerol during fasting or
diabetes.

An alteredK,, for palmitoyl-CoA in the presence of fatty
acid and anionic phospholipids suggests that both long-chain
acyl-CoAs and lipid cofactors may induce a conformational
change in MGAT, thereby altering the enzyme’s affinity for
its substratg. AItered substrate kinetics have been reportedACKNOWLEDGMENT
in other mixed micellar studies of membrane-associated
enzymes. In Triton X-100 micelles, EGF-mediated phos- We thank Dr. Patricia A. Gallagher for quantifying rat liver
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