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SUMMARY
The selectivity in uifro of microsomal
acyl-CoA:monoacylsn-glycerol-3-phosphate
acyltransferases
was shown to be
variable
depending
upon the incubation
conditions.
The
availability
of the phospholipid
substrate can play an important role in regulating
the observed selectivity of the enzymes
giving higher selectivity
at lower monoacyl-sn-glycerol-3phosphate
concentrations.
Kinetic
considerations
support
an idea that different catalytic sites may be involved when
I-acyl-sn-glycerol-3-phosphate
is being acylated with different
acyl-CoA’s by rat liver microsomes.
Thus, when the acylation occurred at very low I-acyl-GP
concentrations,
palmitate
and arachidonate
tended to be excluded,
although
to a
different degree, from the 2-position
of diacyl-GP,
whereas
relatively
nonselective
acylation
occurs at high 1-acyl-GP
concentrations.

Phospholipids, one of the major components of biological membranes, contain saturated fatty acids predominantly
at the lposit#ion and unsaturated acids at the 2-position of the molecules
in mammalian tissues (1). Although this generalized pattern of
the positional distribution,
expressed in terms of saturated and
unsaturated fatty acids, does not apply to phospholipids
from
some bacteria (2-4), each fatty acid is usually distributed
between the l- and 2-positions of glycerolipids in a nonrandom
manner.
The physiological significance of the specific positioning of f:ltty acids in the phospholipid
molecules has not been fully
elucidated.
However, mechanisms that could be regulating the
specific positioning of fatty acids in the molecules have been
observed in several biosynthetic processes.
It htls been shown that microsomal acyltransferases in mammalian liver are highly specific in esterifying certain acyl-CoA’s
to the I- and 2-positions of monoacyl-GPC
or monoacyl-GPE’
(5-7).
,I highly specific synthesis of diacyl-GP with unsaturated
acids at the 2-position occurs wibh added glycerol in rat liver in
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vi110 or in liver slices (8-11).
In contrast, apparently inconsistent data have been reported with respect to the specificity in
the synthesis in vitro of diacyl-GP, which is regarded as the precursor of all diacylglycerolipids
in nature.
For instance, isolated
microsomes have not shown much selectivity in the acylation of
glycerophosphate
to form diacyl-GP, as both saturated and unsaturated acids are incorporated into both the I- and 2-positions
of diacyl-GP (8, 12-14).
Recently Possmayer et al. (15) reported
that the “radioactive fatty acids incorporated
into phosphatidic
acid occupied specific positions in the molecule, saturated fatty
acids being found predominantly
at the l-position, while unsaturated fatty acids were mainly confined to the 2-position.”
Kecalculation of their data revealed no, or very little, preference
for saturated acids at the l-position but high preference for unsaturated acids at the 2-position of diacyl-GP
(see Reference
I, p. 248). An earlier publication
described a selectivity in
esterifying the 2-position by rat liver microsomes that was lost
at higher protein concentrations, but this was not interpreted at
that time (5). An alternative synthetic route was suggested by
Hajra and Agranoff (16) in which dihydroxyacetone
phosphate
might be acglated specifically with saturated acids in the mitochondria, and then reduced to l-(saturated)acyl-GP
followed by
acylation in microaomes to form specifically acylated diacyl-GP.
This pathway, however, does not appear to be involved in the
selective synthesis of diacy-GP from added glycerol in rat liver
(17).
We have previously reported that t’he activity of 2-acyl-GP as
a substrate for microsomal ncyltransferase was about one-fifth
to one-tenth of that for l-ncyl-GP with several acyl-GoA’s examined (18). In addition, the observed relative acyltransferase
rates to the primary hydrosy1 for saturated and unsaturated
acyl-Co.i’s did not directly reflect the in viva fatty acid composition. iz similar inadequate selectivity for the acylation of Iacyl GP has been described (19-21).
Nevertheless, at least one
of the isomeric monoacgl-GP’s
must be an intermediate
and involved in the highly selective synthesis of diacyl-GP known to
occur in viva from added glycerol.
Therefore some further explanation is required for the discrepancies between the observed
acyltransfer rates in v&o and high specificity in viva.
In this paper, we present data showing that the apparent specificity in vitro of microsomnl acyl-CoA: monoacyl-GP acyltransferases is variable depending upon the incubation
conditions.
Apparently
the affinities of the enzymes for the phospholipid
substrate can play an important role in the manifestation of a
highly specific acylat’ion reaction.
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labeled acyl-CoA, and was then subjected to phospholipase
A
hydrolysis, more than 85y0 of the diacyl-GP was hydrolyzed
under the conditions used. Good recoveries were indicated by
the ratio of the nmoles of acid lost from the diacyl-GP fraction
by the venom treatment to those increasing in the fatty acid
plus I-acyl-GP fractions which was 1.01 f 0.09 (Table I). Furthermore, the ratio of the amount of nonesterified fatty acids released to the amount of fatty acids remaining in the I-acyl-GP
fraction was 1.17 + 0.12 in 5 assays indicating that little or no
over-reaction of the esters had occurred and that the radioactivity in the monoacyl derivative was detected with nearly the
same efficiency as that in the fatty acids.
In Table II, the selectivity of cytoplasmic extracts on the
acylation of isomeric monoacyl-GP’s with an equimolar mixture
of acyl-CoA’s was examined.
Data are expressed as amounts
(nmoles) of fatty acid esterified at each position.
The 3H:14C
ratios are shown in parentheses and brackets as a measure of selectivity in the acylation reactions.
Some degree of selectivity
was observed with all combinations of acyl-CoA’s and monoacyl
GP’s. However, in some combinations of palmitoyl- and oleoylCoh’s or palmitoyland linoleoyl-Cob’s,
the selectivity at the
l-position
was very small or occasionally even in the opposite
direction from that expected from in viva observations.
When
was found, as
l-acyl-GP was the acceptor, most of radioactivity
expected, at the 2-position.
The 2-hydroxyl group can be regarded as the major position available for acylation in that preparation.
However, a small amount of radioactivity
was also
found at the l-position
(the minor position), probably due to a
contaminating
isomer in the substrate preparation
used or because of the presence of some endogenous substrate in the enzyme
preparat’ion.
The same considerations
apply to the 2acyl-GP preparations
as discussed in the previous paper (18).
Interestingly,
the 3H:14C ratios observed for the major position
uniformly indicated a relatively low selectivity whereas those
for the minor positions reflected higher selectivities.
To examine the effect of mixed phospholipid
acceptors on selectivity, similar incubations were carried out with equimolar
mixtures of isomeric monoacyl-GP’s, as well as with glycerophosphate, in the presence of an equimolar mixture of acyl-CoA’s.
As shown in Table III, the selectivity was generally more appar-

METHODS

19, 10-3H]Palmitic
acid, [9,lOVH]stearic
acid, [9,lOV’H]oleic
acid, and [5,6,8,9,11,12,14,15-3H]arachidonic
acid were purchased from New England Nuclear.
[l-14C]Palmitic acid, [V4C]stearic acid, [l-14C]oleic acid, [l-‘VJlinoleic
acid are the products
of Amersham-Searle
(Arlington
Heights, Illinois).
Acyl-CoA
esters were synthesized by modification
of Seubert’s procedure
(22) from acyl chlorides and Co-4 (Boehringer Mannheim,
Germany) as described previously (23). The purity of acyl-CoA’s
was assessed by comparing the values obtained by A232:A260
assay with the amounts of CoA released by acyltransferase systems (5). Bovine serum albumin (Fraction V, fatty acid poor)
is a product of Pentex (Kankakee, Ill.).
I-Acyl-GP
was prepared as described by Long, Odavi6, and Sargent (24) in a purity
higher than 95% as indicated by thin layer chromatography
and
the periodate method (25) applied previously (18). The 2-acylGP was prepared as described by Okuyama et al. (18) and contained principally oleate and linoleate in contrast to the l-acyl
derivative that was principally a palmitate ester. Cytoplasmic
extracts and microsomes were prepared from perfused rat livers
as described by Eibl, Hill, and Lands (26). The protein content
was estimated with a nomograph based on the values given by
Warburg and Christian (27).
The incubation mixture contained varying amounts of acylCob, I-acyl-GP, or 2-acyl-GP, or glycerophosphate, enzyme protein, 1 mM DTNB and 0.1 M Tris chloride (pH 7.4). Enzyme
was usually preincubated
with DTNB for I to 2 min to inhibit
acyl-Coh:glycerophosphate
acyltransferase activity (5) before
starting the reaction by adding acyl-Coh’s.
When glycerophosphate was an intended acceptor, DTNB was omitted from
the incubation mixtures.
The product, diacyl-GP, was purified
by preparative thiu-layer chromatography
and the radioactivity
esterified to the l- and 2-positions of diacyl-GP were measured
after phospholipase A hydrolysis (12, 18). Radioactivity
was
measured in a Packard Tri-Carb scintillation
spectrometer with
aqueous dioxane scintillation
fluid (28).
RESULTS

When diacyl-GP was extracted from a typical reaction
ture containing
microsomes, precursor glycerophosphate,
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TABLE I
Recovery

of materials

from

the

of diacyl-GP

hydrolysis

formed

from,

glycerol-S-phosphate

The results represent five separate experiments from which the diacyl-GP was treated with venom phospholipase A, and chromatographed on thin layer chromatography.
In all cases, a corresponding
amount of diacyl-GP was chromatographed
without venom
treatment and t,hc difference between the control sample and treated sample was calculated in terms of nmoles of each acid based on
the observed radioact,ivit,y.
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1.54

5.96
7.50

-5.41
-7.93
-13.34

.._...

4.39
;

1.99
6.38

0.40

4.25
4.G5

0.87
3.79

0.05

2.40

-3.35
-5.19
-8.54
2.92

2.24

0.16

-1.31
-3.41
-4.72
1.14

1.14

2.28

1.49

0.06

1.54
-0.77
-2.07
-2.84
0.71

0.60
1.31

1.69
1.75

-0.98
-2.23
-3.21
0.93

0.54
1.47
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of monoacyl-GP’s b:y cytoplasmic
extracts
l’leaction mixtures contained 27.5 mg of cytoplasmic protei;l,
GOnmoles of [3H]acyl-CoA, GOnmoles of [14C]acyl-CoL4, 250 nmoles
of I-acyl-GP or 2-acyl-GP, 8 rmoles of DTNB, and 0.1 M Tris
chloride (pH 7.4) to make a final volume of 5 ml. Inclthation
was carried out at room temperature (23 - 25") for 20 min. The
ratio of esterified 3H:14C is given in parentheses for the nlinor
position and in brackets for the major position.
Acylation

Incorporation
Acceptor

I-POsition

Acyl-CoA

Z-POsition

Acyl-CoA

l-position

?moles

l-a-GP

2-a-GP

l-a-GP

3H-16:O
W-18:0

3H-16:0
“C-18:0

3H-1G:O
'"C-18:
1

1.1
1.0

5.1
3.3

(1.1)

Il.51

3.2

8.9

2.6
0

[0.38

1 (=)

1.0.
3.1

0.4
6.9

(0.32

2-a-GP

0
0

[0.70]

1-a-GP

31X-16:0
“C-18:2

8.5
13.5

of glycerolS-phosphate
monoacyl-GP’s

3H-18:O
‘4C-18:l

3H-18:O
“C-18:2

2-a-GP

3H-16:0

9.3

'"C-18:2

3.5

i

P.71

1
3H-18:O
“C-18: 2

or
by cyloplasmic

0.3
0

7.4
11.5

Cm)

[O.G41

(i ci
2. (i

0.07
3.1

L2.51

(0.02)

0.8
0

7.1
12.6

(ml

[0.56]

6.7
0.8

0
4.1

18.41

mixture
exlracts

Mixed acyl-GP
precursor

Acyl-CoA

3H-16:0
‘“C-18:0

3H-16:O
“C-18: 1

3H-16:O
“C-18:2

3H-18:O
“C-18: 1

3H-18:O
'"C-18:2

ent with a mixture of monoacyl-GP’s than that observed in Table
II, where each monoacyl-GI’
isomer was incubated separately.
In most combinations of saturated and unsaturated acyl-CoA’s
examined the selectivity at both positions was consistent with
and almost as high as that expected for in vivo systems. It should
be noted that the concentration
of each isomeric monoacyl-GP
in Table III was half the concentration used in Table II to avoid
possible inhibition at a high substrate concentration (20). When
glycerophosphate
was an acceptor, a consistent selectivity was
also observed both at the I- and 2-positions, that is, more unsaturated acids were incorporated into the 2- position and saturated acids into the l-position of diacyl-GP.
When a combination of palmitate and stearate was examined with either a
mixture of monoacyl-GP’s or with glycerophosphate
as acceptor,
palmitate was esterified more than stearate at the 2-postion and
the reverse occurred at the l-position of diacyl-GP.
Because partially purified systems appeared to have less selectivity t.han the intact liver tissue, the specificity of isolated microsones was examined by using a mixture of palmitoyl- and lin-

a

of ~someric

Incorporation

l-position

j Z-position

Glycerol-3-phosphate
pXC”*SOr
~ l-position

/ Z-position

4.3
4.4

(1.0)

(1.1)

2.6
5.3

8.3
2.7

(0.49)

(3.1)

7.!)
2 6

3.5
(i.7

~ 11.0
4.0

10.2

(3.0)

(0.52)

~ (2.8)

(0.25)

7.7
0.7

1.9

~ 10.9

7.4

~

2.3

3.1
10.3

(4.7)

(0.30)

9.6
3.6

3.4
10.4

(11)

(0.33

III

Reaction mixtures contained 29 mg of cytoplasmic protein,
nmoles of [%]acyl CoA, 60 nmolcs of [14C]acyl CoA, a mixture
of 125 nmoles of 1-acyl-GP, and 125 nmoles of 2-acyl-GP or 1
rmole of nL-a-glycerophosphate
and 0.1 M Tris chloride (pH i.4)
to make a final volume of 5 ml. Incubation was carried ollt nt
room temperature for 20 min and the radioactivity
at the l- and
2-positions of diacvl-GP was determined as described in the text.
The 3H:14C ratio for each position is given in parentheses.

3H-lC,:0
W-16:0

%-18:O
W-18: 1

5

60

I-

(6)

1.3
4.0

Acylation

z-position
nmoles

1 [0.93]

3H-1G:O 9.3
“C-18: 1 13.4

Vol. 247, so.

~

;:j

I
~ (0.72)

~

(0.2G)

7.0
1.2

0.04
5.3

~

(5.8)

(0.01)

1 (2.7)

5.7
0.2
(29 1

1.2
7.2
(0.17)

1O.G
~

9 .3
5 D
(I.(i)

2.

6

(0.33)

2.2

2.3
0.2

(4.8)

(0.25)

oleoyl-Cob’s with monoacyl-GI’
isomers as acceptors.
A\s seen
in Table IV, all microson
l)reparatiolls used also showed some
specificity in acylating monoacyl-GP’s.
However, the degree
of selectivity at each position, expressed in terms of 3H:14C
ratios, was variable depending upon the incubation conditions.
For each position serving as the minor position (e.g. the l-position
when l-acyl-Gl’ preparation was the acceptor), a higher selectivity was observed than when the position served as the major
position in the acylation of monoacgl-GP’s.
Furthermore higher
specificity was observed at both positions when mixtures of
monoacyl-GP’s
were used.
The numbers shown in Table IV indicate the accumulation of
acids at positions, however they do not represent initial velocities
or maximum velocities of the acyltransferase activity.
When
the time course of the reaction was followed in the system used
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Reaction mixtures contained 2.5 mg of microsomal protein, 30
nmoles of [3H]palnutoyl-CoA,
30 nmoles of [W]linoleoyl-CoA,
2.5 pmoles of DTNB, 100 nmoles of 1-acyl-GP or 100 nmoles of
Zacyl-GP or a mixture of 50 nmoles of I-acyl-GP, and 50 nmoles
of 2-acyl-GP and 0.1 M Tris-chloride
(pH 7.4) to make a final
volume of 2.5 ml. Incubations were carried out at room temperature for 5 min. Parentheses and brackets were used to give
3H:W ratio for the minor position and for the major position,
respectively.
A, frozen microsomes used within a month of
preparation; B, the same microsomes as A, but with 5 mg of albumin in the incubation mixture; C, microsomes kept more than
1 year at - 10’; I), deoxycholate was added to a crude microsomal
solution to a final concentration
of 0.01% and the mixture was
sonicated.
The t,reated microsomes were centrifuged at 100,000 X
9 for 60 min and the supernatant was used.

2'ime course of the acylation of monoacyl-Gp’s
by microsomes
In Experiment A the incubation mixtures contained 1 mg of
microsomal protein, 12 nmoles of [3H]palmitoylCoA,
12 nmoles of
[i*C]linoleoyl-CoA,
20 nmoles
of 1-acyl-GP,
20 nmoles
of 2-acylGP, 1 rmole
of DTNB,
and 0.1 M Tris chloride
(pH 7.4) in a final
volume
of 1 ml.
Reaction was started by adding a mixture of
acyl-CoA’s
after 2 min of preincubation.
Controls
without
added
acyl-GP
incorporated
0.5 nmoles
of palmitoyl
CoA and 0.4
nmoles
of linoleoyl
CoA in 5 min.
In Experiment
B the incubation mixtures
contained
0.2 mg of microsomal
protein,
10 nmoles
of [3H]palmitoyl
CoA, 10 nmoles
of [i%]linoleoyl-CoA,
20 nmoles
of I-acyl-GP,
20 nmoles of 2-acyl-GP,
1 pmole of DTNB,
2.5 mg of

albumin,

and 0.1

M

Tris chloride

ml.
The reaction
was started
after 2 min of preincubation.
are given in parentheses.

(pH 7.4) in a final volume of 1

by adding
The 3H:W

a mixture
of acyl-CoA’s
ratios for each position

Incorporation
Incorporation
Microsomal
preparation

1-acyl-GP
Bl

Incubation
time

2-acyl-GP
HZ

81

N2

rY1

82

mmles

3H-16:O
X-18:2

0.3
0

6.3
12.7

6.4
2.4

(m)

[0.50]

12.71

(0.25)

0
0

6.7

11.1

7.7
1.5

5.1
12.3

[0.60

I 15.11

2.2
8.8

0.08
0

5.56
1.90

0.34
3.25

2.83
0.13

2.25
5.41

to.771 [:2.931

(0.10)

(22)

(0.42)

2.53
0

1.83
5.24

1.53
1 0

3.26
6.74

[O.GOl Iml

0.35)

(m)

(0.48)

6.79
8.82

5.0
3H-16:O
“C-18:2

0.64
0.01
(64 )

4.25
7.08

A

Experiment

B

-position

1P-posltlon .

1 I-posltmn .

0.3
0

1.6
4.6

(ml

(0.35)

0.9
0

1.5
4.8

0.1
0

3.0
4.1

cm 1

(0.31)

Cm)

(0.73)

1.2
0

1.5
4.9

0.2
0

4.2
6.7

cm 1

(0.31)

(a 1

(0.63)

0.6
0

6.6
9.8

Cm)

(0.67)

/ 2.position

3H-16:O
“C-18:2

3H-16:o
‘“C-18:2

(0.41)
2.0

3H-16:O
1%.18:2

Experiment

min
0.5

1.0
3H-16:O
“C-18:
2

Acyl-CoA

Mixed

in Table IV, the exteut of the acylation of I-acyl-GP was almost
maximal at 30 set of incubation,
although only 30% of the
added l-acyl-GP was used. On the other hand, the acylation
of 2-acyl-GP proceeded slowly, but consistently, up to 2 min as
shown in Table V (Experiment
A). At 30 set of incubation,
more than 30% of the added acyl-CoA’s
remained in the
incubation
mixture.
These suggest that the limitation
of
the conversion of I-acyl-GP was not brought by consumption of
acyl-CoA’s, but rather by using up the available l-acyl-GP.
The
amount capable of reacting may have been less than the added
amount because of nonspecific binding of I-acyl-GP with protein
(see “Discussion”).
As shown in Experiment
B in Table V,
relatively longer linearity of the reaction was observed when
microsomal protein was decreased to one-fifth the amount used
in Experiment A. Appreciable amounts of fatty acids were incorporated into the l-position under these conditions and t.he
selectivity at that position was quite high. Reaction of 2-acylGP was very slow compared to that of 1-acyl-GP under these
conditions.
Larger initial velocities and longer linearity were

3H-16:O
“C-18:2

3H-16:0
“C-18:2

1.6
0

-

1.6
4.9
(0.33)

-

observed with increased monoacyl-GP
concentrations
(18).
However, in these latter systems, selectivity at the 2-position
was relatively low throughout the reaction (3H : 1% ratios ranging
from 0.60 to 0.74) whereas the selectivity at the l-position was
high although the amount incorporated was low.
As seen in Tables II, III, and IV, a higher selectivity was observed at the 2-position when a mixture of isomeric monoacylGP’s were incubated than when each isomer was incubated separately.
The difference in the observed specificity might arise
from the different concentrations of monoacyl-GP as noted above,
or by one of the isomers affecting the specificity of acylation for
the other isomer. The experiments in Table VI were designed
to examine the effect of added 2-acyl-GP on the specificity of
acylation of I-acyl-GP.
In this experiment and in the following
experiments, care was taken to use conditions which give initial
velocities by using smaller amounts of microsomal protein and
shorter incubation times. The additions of 2-acyl-GP did not
affect the selectivity of I-acyl-GP acylation significantly under
these conditions.
Next, the effect of the concentration
of mixed monoacyl-GP’s

Phosphaticlate

The palmitate

of I-acyl-GP
0.2 mg of microsomal

to linoleate

ratios are given in parentheses.

Acceptor

Incorporation
Acyl

l-acyl-GP

CoA

/ Z-acyl-GP

l-position

nmoles/ml

, 2-position
?moles/Z

0

50

3H-16:O
“C-18:2

0
0

ml

0.6
1.5
(0.40)

50

50

3H-16:O
l*c-18:

50

100

_~--

2

3H-16:O
‘“C-18:

Vol. 247, so. 5
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on the acylation

The incubation
mixtures
contained
protein, 10 nmoles of [3H]palmitoyl-CoA,
10 nmoles of [“C]linoleoylCo&
1 ymole of DTNB,
50 nmoles of l-acyl-GP,
varying
amounts
of 2-acyl-GP,
and 0.1 M Tris chloride
(pH 7.4) in a final volume
of 1 ml.
Incubation
was carried
out at room temperature
for 1

min.

in Rat Liver

VI

TABLE

of added .%acyl-GP

Effect

Formation

2

0.2
0

0.7
1.3

Cm)

(0.54)

0.3
0

0.7
1.6

Cm)

E$ect

VII

of acceplor
concentrcfion
on the selectivity
acyl-CoA
esteriJm/ion

of

In Experiment

A the incubation
mixtures
contained
0.2 mg of
10 nmoles
of [3H]palmitoyl-CoA,
10 nmoles
of [W]linoleoyl-CoA,
1 rmole of DTNB, varying
amounts
of
monoacyl-GP’s
and 0.1 M Tris chloride
(pH 7.4) in a final volume
of 1 ml.
Enzymes
were preincubated
for 2 min before starting
the
reaction
by adding
acyl-CoA’s.
Incubation
was carried
out at
room temperature
for 1 min.
The total volume
was increased
to
obtain
sufficient
radioactivity
for analysis.
In Experiment
B
the incubation
mixtures
contained
0.067 mg of microsomal
protein, 5 nmoles
of [3H]palmitoyl-CoA,
5 nmoles
of [W]linoleoylC’oA, 1 pmole of DTNB,
varying
amounts
of monoacyl-GP’s
and
0.1 M Tris chloride
(pH 7.4) in a final volume
of 1 ml.
Incubation
was carried
out at room temperature
for 2 min.
Palmitate
to
linoleate
ratios
for each position
are shown ir parentheses.

microsomal

protein,

Incorporation
1-acyl-GP
+ 2acyl-GP

Total
WlUme
incubated

Acyl-CoA

Experiment

A

Experiment

i l-position

B

1-position

2-position

0.04
0

0.9
1.2

I

0.1
0

0.6
1.2

(a)

10.75)

’

(m)

(0.50)

0.08
0

0.8
2.3

)

0 3
0

(0.35)

’

(m)

(0.38)

0.6

I
)

0.4

2.9

i

0

0.3
2.1

Cm)

(0.14)

n?noles/ml

20 +

~

2-position

nmoles

20

3H-16:O
‘“C-18:2

(0.44)

on the specificity of their acylation was examined.
To obtain
enough radioactive product for subsequent analysis of positional
location, the incubation volumes had to be increased when the
lower monoacyl-GP concentrations were desired.
As shown in Table VII, a consistent increase was observed in
the specificity at the 2-position at lower acyl-GP concentrations.
Furthermore,
the incorporation
of fatty acid into the l-position,
although very small, always occurred with high specificity.
To see if there were a similar concentration effect on specificity with changing acyl-CoA concentrations
(see Table VIII),
a mixture of monoacyl-GP’s in Experiment A and only l-acylGP in Experiment
B was incubated with varying amounts of
acyl-CoA’s at different microsomal protein levels. In both cases,
the observed selectivity changed a little, but apparently in an
opposite direction from that expected.
One uncertainty in these
experiments was whether or not the concentrations of each acylCo,4 available for enzymic action remained equal to each other
conthroughout the reaction, particularly at the lower acyl-CoA
concentrations.
Normal liver levels of acyl-CoA were reported
to be in the 50 nmoles per ml range (29).
Experiments with the standard DTNB assay system indicated
approximate K, values of about 0.5 X lo-” M for palmitoyl- and
linoleoyl-CoA
in the acylation of 1-acyl-GP.
However, even at
the maximum sensitivity with a full scale recorder deflection for
15 nmoles of CoA, this method did not allow very accurate measurement of initial velocities with acyl-Cod concentrations below
or around the K, values. Estimates of K, values were also
obtained by measuring instantaneous
velocities for many time
points during a given reaction and plotting them against the
substrat’e concentrations
at that time, and these values were
about the same magnitude as those determined from initial velocitiey.
In Table IX, the effect of changing the amount of microsomal

515

3H-l(i:0
“C-18:
2

(= 1
1+1

3H-16:0
“C-18:2

0.3
0
(=)

(0.21) I

0.5
1.3

protein on the specificity of the monoacyl-GP acyltransfer reaction was examined.
The apparent specificity at the 2-position
was higher with the higher microsomal protein contents in agreement with results in Table V. In addition, the specificity was
quite high at the l-position under all these conditions.
The data above suggest that the concentration
of I-acyl-Gl’
can affect the selectivity of esterification at the 2-position, giving
higher specificity at lower monoacyl-Gl’
concentrations.
When
glycerophosphate
was an acceptor we repeatedly noted that
most of the esterified radioactivity
was in the diacyl-GP fraction
throughout the reaction, indicating a very low, steady state coilcentration of the intermediate
monoacyl-GP.
An attempt was
made to see if the apparent specificity could be changed by using
varied amounts of microsomes that had been treated with DTNB
to remove the glycerophosphate
acyltransferase
activity but
retain monoacyl-GP acyltransferase activity (5, 18). In all incubation systems used in Table X, the selectivity at the 2-position was quite high corresponding to low monoacyl-GP concelltration throughout the reactions, whereas the selectivity at the
l-position was relatively low.
When the effect of monoacyl-GP concentration
was examined
with a mixture of isomeric monoacyl-GP’s
the variable selectivity was easily observed for the a-position of diacyl-GP (Tables
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TABLE

Effect of acyl-CoA

concentration
on the acylalion
of monoacyl-GP
in microsomes
In Experiment
A the incubation
mixtures
contained
0.2 mg of
microsomal
protein,
20 nmoles of 1-ncyl-GP,
20 nmoles
of 2-acylGP, 1 pmole of DTNB,
varying
amounts
of acyl CoA’s, and 0.1 M
Tris chloride
(pH 7.4) in each 1 ml of final volume.
Incubation
was carried
out at room temperature
for 1 min.
In Experiment
B
the incubation
mixtures
contained
0.067 mg of microsomal
protein, 25 nmoles of 1-acyl-GP,
1 pmole of DTNB,
varying
amounts
of acyl CoA’s,
and 0.1 M Tris chloride
(pH 7.4) in each 1 ml of
final volume.
Incubation
was carried
out at room temperature
for 2 min.
The palmitate
to linoleate
ratios at each position
are
presented
in parentheses.

AC+CoA

VOlUltX

incubated

Experiment

A

of various

Selectivity

Experiment

S

microsomal
preparations
glycerol-J-phosphate

in

for 60 min, the pellet was suspended in 0.25
1 mM

EDTA

Incubation

and

designated

as

M

of

sucrose containing

DTNB-treated

was carried out at room temperature
determinations

B

microsomes.)

for 1 min.

The

and the standard

Incorporation
#l

sy2

I

ml

nmoles

1

3H-16:O
“C-18:
2

5

50

3H-16:O
‘K-18:2

TABLE

Effect

the acylation

The incubation
mixtures
contained
3 Mmoles of D, L-a-glycerophosphate,
20 nmoles
of [3H]palmitoyl-CoA,
20 nmoles
of [WIlinoleoyl-CoA,
2.5 mg of microsomal
protein
or 2.5 mg of deoxycholate-treat,ed
microsomal
protein
(D in Table
IV) or 2.5 mg of
deoxycholate-treated
microsomal
protein
plus 2.5 to 5.0 mg of
DTNB-treated
microsomal
protein.
and 0.1 M Tris chloride
(pH
7.4) in a final volume
of 1 ml.
(Crude
microsomes
were treated
with 5 mM DTNB
for 10 min. After centrifugation
at 100,000 X g

numbers
are the average
of eight
errors
are shown in parentheses.
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of the amount

0.04
0

0.9
1.2

(a 1

(0.75)

0.14
0

1.3
1.2

Cm)

(1.1)

0.3
0

2.3
1.7

Cm)

(1.4)

5
5

0.2
0.5

3H-16:O
“C-18:2

(0.40)
0.5
0.5

3r-I : 1%

0.1
0.1

1.25

l-position

0.50

3H-1G:O
‘“C-18:2

0.08

(0.02)

18:2

of

2-position

0

pM
1-acyl-G P added

10

20

30

FIG.
1. Effect
of 1-acyl-GP
concentration
on the acylatiou
of
palmitoyland linoleoyl-Coil’s
by microsomes.
The amount.
of
palmitate
and linoleate
at each position
shown
in Table
XI were
plotted
as a function
of 1-acyl-GP
concentrations.
-O-,-O-,
linoleate
(18:2)
esterified
at the 2-position;
-O-,-W-,
palmitate
(16:0)
esterified
at the 2-position.

n?noles

I

3H-16:0
‘4C-18:2

(f0.19)

IX

.3H-16:O
W-18:2

1.84

(0.8)

Acyl-CoA

m

(0.09)
(0.35)

0.5
0.6

Incorporation

2.50

0.33
4.04

(0.90)

of microsomal
protein
on the incorporation
acyl-CoA’s
into diacyl-GP

protein

(+0.32)
(+0.18)

0.9
1.0

The incubation
mixtures
contained
varying
amounts
of microsomal
protein,
30 nmoles
of [3H]palmitoyl-CoA,
30 nmoles
of
[‘4C]linoleoyl-CoA,
50 nmoles
of I-acyl-GP,
50 nmoles
of 2-acylGP, and 0.1 M Tris chloride
(pH 7.4) in a final volume
of 2.5 ml.
The palmitate
to linoleate
ratios
are shown in parentheses.

Microsomal

2.32
1.35

2.2
0

3.8
12.1

Cm)

(0.31)

0.8
0

3.3
8.7

(-1

(0.38)

0.3
0

2.2
4.4

(ml

(0.50)

IV and VII).
Experiments were then designed to see if the effect
could be due to changed 1-acyl-GP concentrations
alone. With
the IYI’NB spectrophotometric
assay a R, value between 5 and
15 I.IM was apparent for I-acyl-GP when esterified with linoleate
or palmitate
(see Fig. 1). In these experiments, we noted a
radioactive compound with a mobility similar to that for diacylGP on thin-layer chromatogram.
It represented an impurity
in the acyl-CoA preparations (-2%)
and was not hydrolyzed by
treatment with the venom phospholipase.
At the lower l-acylGP concentrations, the amount of diacyl-GP synthesized became
smaller, the total acyl-Cob used was larger, and the relative
amount of the unidentified compound became larger (50 to 707,
of the total radioactivity
in diacyl-GP fraction at the lowest
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TABLE
concentration

I-acyl-GP

Total vo “me

1-Acyl-GP

ml

W?&?S/d

5

30

5

10

25

25

Acyl-CoA

‘“C-18:2
3H-16:0

‘4C-18:2
3H-1B:O

16

“C-18:2
31-L16:O

8

W-18:2
31%.1G:O

3

‘4C-18:2
3H--1G:O

0

I
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XI

on the specificity
oj acyl-CoA:
1-acyl-GP acyltransfer reactiona
The incubation mixtures contained 0.2 mg of microsomal protein. 10 nmoles of [3H]palmitoyl-CoA,
10 nmoles of [W]linoleoylCoA, 1 pmole of DTNB, varying amounts of 1-acyl-GP, and 0.1
M Tris chloride (pH 7.4) in each 1 ml of final volume.
Knzymes
were preincubat,ed for 2 min before starting the reaction by adding acyl-CoA’s.
Incubation was carried out at room temperature for 1 min. The total volume was increased to obtain suffcient radioactivity
for analysis. The linoleate to palmitate
ratios are shown in parentheses.

B$ect

Vol.

Incorporation
2-position

8
7

into

3.28”
3.45

3.3Gb
3.43

(0.96)

(0.98)

3.47
2.87

3.22
2.66

(1.21)

(1.21)

4.77
2.36

4.7G
2.24

(2.02)

(2.13)

I.G5
0.43

1.56
0.36

(3.84)

(4.33)

0.03
0.33

9

0
0

(0.09)

a Calculated from the fatty acids increased after phospholipase
A treat merit.
b Cal&at ed from t,he diacyl-GP decreased aft,er phospholipase
A treatrnenl .
1-acyl-GP concentration examined in Table XI).
However, the
contribution
of this unreactive compound could be minimized
by calculating the nmoles of fatty acids at the 2-position based
on (a), the increased fatty acids or (b), the decreased diacyl-GP
following phospholipase A treatment.
The results in Table XI
ratios instead of
show that the two methods agree. The 14C:3H
3H:14C ratios used in other tables, are shown for convenience in
discussing the selectivity for linoleate.
The results show higher selectivity at lower I-acyl-GP concentrations.
Control incubations without added 1-acyl-GP showed
more incorporation
of saturated acid than unsaturated acid, although both were very low, indicating that the higher selective
incorporations observed at lower I-acyl-GP concentrations really
represented an enzyme-catalyzed
acylation of l-acyl-GP.
The
l(C:311 ratios shown in Table XI, together with those obtained
by two additional series of experiments were plotted against lacyl-GP concentration in Fig. 2. In all cases, [‘“Cl 18 : 2/[3H]16 : 0
ratios were markedly higher when l-acyl-GP concentrations were
below 10 PM.

0

10

20

30

40

50

1-acyl-GP , CM
Fro.
2. Effect of I-acyl-GP concentration on the incorporation
of [“HI-palmitoyland [‘4C]-linoleoyl-CoA’s.
See legends on
Table XI.
lPC:sH ratios were calculated based on fatty acids
increased (open symbols)
and on diacyl-GP decreased (closed
symbols)
after phospholipase A-treatment
of diacyl-GP fraction
from three separate experiments.

Similar experiments were carried out for an oleoyl- and linoleoyl-CoA equimolar combination as well as for a linoleoyl- and
arachidonyl-Cob
combination.
As shown in Fig, 3, the [14C]linoleate to [3H]oleate ratios at the 2-position of diacyl-GP shifted
to a slightly higher value at lower 1-acyl-GP concentrations,
although the change was not so prominent as in the case of palmitoyl- and linoleoyl-CoA
combination.
When a mixture of
linoleoyland arachidonyl-CoA
was incubated with varying
amounts of I-acyl-GP the [‘Qlinoleate
to [3H]arachidonate ratios
were much higher at lower l-acyl-GP concentrations
as shown
in Fig. 4. Thus, when the acylation occurred at very low lacyl-GP concentrations,
palmitate and arachidonate
tended to
be excluded, although to a different degree, from the 2-position
of diacyl-GP, whereas relatively nonselective acylation occurs
at high l-acyl-GP concentrations.
DISCUSSIOPj

111 the siml)test systems, the abundance of product formed is a
function of the relative availability
of substrate to form an enzyme-substrate
complex and the relative probability
that the
complex will rearrange to form product.
The composition of
fatty acids at the 2-position of diacyl-GPC in erythrocytes was
shown by Waku and Lands (30) to be closely related to acyl-CoA:
1-acyl-GPC acyltransfer reactions.
In that system, the product
of the acyltransfer rates (which are maximum velocities, VI and
V2, for the reaction)
and the prevailing
plasma fatty acid
compositions (substrate concentrations, S1 and &) closely predicted the observed fatty acid composition (Cl and CJ at the
2-position of diacy1-GPC for human or bovine erythrocytes.
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1

30 /..IM

1-acyl-GP added

2

G / K;

See legends on Fig. 2.
FIG. 3 (left). Effect of 1-acyl-GP concentration on the incorporation
of [3H]oleoyl- and [14C]linoleoyl-CoA’s.
FIG. 4 (center). Effect of 1-awl-GP concentration on the incorporation
of [3H]arachidonyland [~4C]linoleoylCoA’s.
See legends on
Fig. 2. .
FIG. 5 (right). Theoretical curves predicted from Equation 15.
The relationship observed in those systems apparently did not
need to propose selectivities in acid: CoA ligase reactions or K,
differences for the thiol ester intermediates to give useful predictions. The very low activity noted for 2-acyl-GPC makes it
possible that in this highly modified type of cell, many of the
acyltransferase activities have been lost and the maintainance of
acids at the 2-position is the function of a single, surviving enzymic activity.
Comparison of the results from erythrocytes
and liver, makes the presence of multiple acyltransferases in
liver more probable.
In a simplsed description of the system being examined, three
substrates may be considered in the reactions, that is, a saturated and unsaturated acyl-CoA (or any two other acyl-CoA’s
arbitrarily)
and l-acyl-GP.
The reactions preceding bond formation can be expressed in terms of eight equilibria assuming
the Michaelis conditions:
Saturated

acyl-CoA

LAcyl-GP

+ E, $ E,.l-acyl-GP

Saturated

+ E,=

acyl-CoA.E,

saturated

+ I-acyl-GPe

acyl-CoA.E,

saturated

acyl-CoA $ saturated

:K,
+

E, =

unsaturated

+ E, ti E,.l-acyl-GP
acyl-CoA.E,

+ I-acyl-GPti

E,.l-acyl-GP

+ unsaturated

acyl-CoA.1.acyl-GP

(4)

:Ki,

(5)

:K;

(6)

:Kgu

(7)

acyl-CoA = unsaturat,ed
:K,

vu
V8
Since the erythrocyte

unsaturated

acyl-CoA. E,. 1 -acyl-GP

where vu and vs are velocities, V, and V, are maximum velocities
for the two acyl-CoA’s, and U, S, and G are the concentrations
of unsaturated
acyl-CoA, saturated acyl-CoA, and l-acyl-GP,
respectively.
Combining
Equations
9 and 10 and using the expressions
K;,.K,” = K,.K;,, Ki,.K,”
= K,.Ki”,, and K;, = K,“, to simplify, we get:

(3)

acyl-

CoA.E,

Unsaturated

(2)

acyl-

CoA. E,. I-acyl-GP

l-Acyl-GP

:K:,

:K*=

E,. 1-acyl-GP + saturated

acyl-CoA

(1)

acyl-

CoA.E,.l-acyl-GP

Unsaturated

:K;,

where Ki,, Ke,, K,“, K,, Ki,, Ki”,, K,“, and K, are the Michaelis
and dissociation constants of the above equations, respectively.
If only one enzyme is acting in the acylation for both acylCoA’s (E, = E, and accordingly Equation 2 is equal to Equation
6) the two acyl-CoA’s will compete for the catalytic site, and:

(8)

Vu. i7.R,
V,.S.K,,

composition
Cl
VI
-=-=-cz
Y%

(11)

data tend to fit the equation
VI Sl
vz sz

(lla)

which is comparable to Equation 11, the ratio K,:K, must be
approximately
equal to one. Further investigations
are necessary to verify these kinetic considerations
in the erythrocyte
system.
Data have been accumulating to support the idea that in rat
liver the transfers of two different acyl-CoA’s to the acceptor are
catalyzed by different enzymes or at least different sites of an
enzyme. For instance, the stability to storage of microsomal
acyl-CoA:
I-acyl-GPC
acyltransferase
activities
differed foi
A9-octadecenoyl-CoA
and Ar2-octadecenoyl-CoA
(31) and a sol-
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Formation

vent effect for the same reaction was also different among octadecadienoyl-Cob
isomers (32).
If two different catalytic sites were acting independently then:
(12)
(13)
and from Equations

12 and 13:

(14)
Equation 14 indicates that the ratio of the velocities for two
acyl-CoA’s is a function of the concentration of I-acyl-GP, G, if
two different catalytic sites are working, whereas the ratio is independent of G if a single catalytic site (Equation 11) is serving
for both acyl-CoA’s.
When [S] and [U] are quite high compared to K,, Ki,, K, and
Z<is, the factor f in Equation 14 is simplified as follows:

Equation 15 was shown graphically in Fig. 5, where the ratio
Z<,,S:Z<QUwas tentatively assigned values of 1, 2, 4, 8, or 16.
Equation 11 is not a function of G, and would give a horizontal
line if plotted in a similar fashion as does Equation
14 when
zi(,S:K”Y = 1.
The curves in Figs. 2, 3, and 4 show a striking similarity to
those shown in Fig. 5 and consequently the results can be interpreted in terms of Equation 14 or 15 but not Equation 11. Thus,
it would appear that the transfers of palmitoyl- and linoleoylCoA’s to I-acyl-GP could be catalyzed by two different catalytic
sites in microsomes at which the maximum velocities for two
acyl-CoA’s are quite similar.
On the other hand, the K, values
for l-acyl-GP at the two sites (KOs and KBu) appear to be significantly different, and that difference can play an important role
at low l-acyl-GP concentrations in regulating the specificity of
the acylation to form diacyl-GP.
Efforts to show differences in K, values for 1-acyl-GP with
palmitoyl- and linoleoyl-CoA’s
by the spectrophotometric
assay
(18) have not been successful, because of the micellar nature of
substrates and the limit of sensitivity as discussed by Barden
and Cleland (21). Another problem is that the extent of acylation of l-acyl-GP did not proceed beyond 30 to 50% of the added
amount under the conditions used, even when more enzyme and
more acyl-CoA was added to the system. A similar phenomenon
was observed earlier in the acylation of monoacyl-GPC
(5). A
low purity for the substrate or the presence of high phospholipase
activity in microsomes does not seem to be the explanation for
the incomplete conversion of substrate.
A more likely one is
that some of the added 1-acyl-GP binds nonspecifically
with
protein and the binding is irreversible or the dissociation is very
slow, resulting in the decrease of the effective concentration
of
substrate.
The data in Fig. 1 show an abnormal curvature at
low acyl-GP concentrations.
A similar phenomenon
was observed in the spectrophotometric
assay. The curves can more
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closely resemble the typical ones if one assumes that 3 to 4 pM
of the added I-acyl-GP were bound to microsomal protein.
Then the apparent K, values for I-acyl-GP would be approxiacyl-transfer
mately 7 to 8 pM with the palmitoyl-CoA:l-acyl-GP
acylreaction and 1 to 2 pM with the linoleoyl-CoA:l-acyl-GP
transfer reaction.
The fact that the esterification rate increases
with increasing l-acyl-GP levels (up to 20 fiM) indicates that the
limiting critical micelle concentration value of 4 to 8 PM described
by Barden and Cleland (21) is not directly observable in our
experiments with 0.2 mg microsomal protein per ml. Interestingly, those authors propose a K, value of 20 PM for the l-acylGP derived from egg lecithin.
An apparent K, value for an anionic lipid is subject to the
influence of the critical micelle concentration of the material, the
extent of interaction with protein and the extent to which mixed
micelles may form with the other substrates and lipoprotein
membranes used. The Equation
14 and Fig. 5 theoretically
allow one to estimate relative K, values for an acyl-GP in a
competitive
system, since the intercepts at the y-axis could
give K,” : K,” as shown in Fig. 5. Although it was difficult to
obtain an accurate measure of vu/v8 values (and consequently,
KgS: K,” values) at low l-acyl-GP
concentrations,
the data
shown in Figs. 2, 3, and 4 indicate that the K, values for l-acylGP with various acyl-CoA’s examined are in the order of linoleoyl
2 oleoyl > arachidonyl
> palmitoyl.
The order observed does
not parallel the order of melting points of fatty acids or the expected solubility of their derivatives, thereby lowering the possibility that the observed phenomenon is simply a reflection of
physicochemical
properties of the fatty acids. Palmitate and
arachidonate, although quite different, were both poorly incorporated at the a-position relative to linoleate when the l-acyl-GP
concentration
was low. The most significant feature of these
results, then, is the identification
of conditions under which a
selectivity mirroring that presumably operating in intact cells
(8) can be observed with particulate
preparations.
Furthermore, the appearance of enhanced selectivity at the lower concentrations of acceptor (and its loss at high concentrations)
is a
predictable quality of a mixture of enzymes rather than a single
enzyme.
Contrary to the incomplete reaction of added l-acyl-GP, acylCoA was observed to give complete liberation of CoA in the
spectrophotometric
assay system. However, the assay method
did not allow an accurate determination
of the very low K, values
for acyl-CoA’s and no differences for this constant among the
different acyl derivatives could be recognized.
The apparent
K, values for acyl-CoA’s in the DTNB assay system were all
below 0.6 PM under the conditions used, and thus were comparable to those (-0.1 PM) given by Barden and Cleland (21).
To examine the effect of varied acyl-CoA concentrations,
Equation 14 can be rearranged as follows:

Under conditions where S = U and G is either constant or much
greater than KBS, K,“, K&, and KY,,, the equation shows curvatures similar to those in Fig. 5, depending upon the values of the
dissociation constants for the acyl-CoA’s.
Some experiments were attempted to show the effect of the
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differences in K, values for acyl-CoA’s, if any, on v,: vS (Table
VIII).
It was fairly difficult to interpret the data, because of
the difficulty in keeping two acyl-CoA concentrations
equal
throughout the reaction at low acyl-CoA concentrations.
It is
not certain at present whether or not there are differences in K,
and K, or in Ki, and Ki, which affect v,:v, ratios.
The intermediate monoacyl-GP did not accumulate in vivo or
in microsomes during the synthesis of diacyl-GP from glycerophosphate (5, 12, 14). Accordingly,
it is quite probable that
monoacyl-GP concentration in vivo is quite low and the apparent
difference in K, values for l-acyl-GP may play an important
role in the specificity of 1-acyl-GP acylation in vivo. Although
the concentration of long chain acyl-CoA in liver is reported to
be 50 to 130 nmoles per g of tissue (29), which is much higher
than the K, values for acyl-CoA’s observed in vitro, the uncertainty of their free, solvated state in the presence of high protein
levels leaves unsettled the importance of differences, if any, in
their K, values for the acyl-CoA: I-acyl-GP acyltransfer reactions in wivo. Thus, high specificity observed at the 2-position
of glycerophosphate
could be correlated with high selectivity in
the acylation of a low concentration
of l-acyl-GP.
However,
specificity observed at the l-position of diacyl-GP in the acylation of glycerophosphate
was much lower than that observed in
the acylation of 2-acyl-GP and could not be correlated with in
vivo observations.
The kinetic considerations discussed above might be applicable
also to other enzyme systems in which contradictions
occur between the in tivo and in vitro results. For example, the diglyceride: CDP-choline cholinephosphotransferase
in liver showed no
or very little specificity in vitro; that is, there was not much difference among maximum transfer rates with various diglyceride
species (33-36), whereas a high specificity was indicated for the
enzyme in vivo (11). The curves in Fig. 5 emphasize that very
high selectivities for different substrates may be suppressed by
concentrations
near and above the K, value. Differences in
K, values might then be a factor regulating the specificity of the
enzyme in vivo even though difficult to demonstrate with such
substrates in vitro.
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