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ABSTRACT. Bis(monoacylglycero)phosphate (monoasgglycero-1-phospho‘dmonoacylsnglycerol) is

a unique lipid that represents greater than 15% of the total phospholipid of the resident alveolar macrophage.
Bis(monoacylglycero)phosphate is not synthesitediao but rather is derived from phosphatidylglycerol

of the lung surfactant. There are two enantiomers of bis(monoacylglycero)phosphate synthesized, but
only thesn1, and not thesn-3, enantiomer accumulatés vivo. We recently published a scheme in

which thesn3 enantiomer was an intermediate in the synthesis of the fimal bis(monoacylglycero)-
phosphate. Here we further expand the understanding of the biosynthesis of bis(monoacylglycero)phosphate
by examining the proposed first two steps of the pathway. A phospholipase A and a transacylase activity
are partially separated by gel permeation chromatography. Both are optimally active in the acid pH range
that supports the concept that they function in the lysoseemelosome compartment of the cell.
Independently, these two enzyme systems are incapable of converting phosphatidylglycereBibis-
(monoacylglycero)phosphate. However, combination of the two partially purified enzymes reestablishes
the synthesis 0én3 bis(monoacylglycero)phosphate from phosphatidylglycerol. The results presented
here support our hypothesis that the phospholipase and transacylase are separate enzymes essential to the
synthesis of bis(monoacylglycero)phosphate.

Bis(monoacylglycero)phosphate (BMPmonoacylsn conclusively. The high unsaturated acyl compositiosref
glycero-1-phospho*imonoacylsnglycerol) is a unique lipid 1:sn-'-BMP does suggest that the acyl chains are esterified
found in most human tissues with the highest concentrationsat the secondary positions. Conflicting results have been
found in the pulmonary alveolar macrophage (PAM) (Rouser reported on this issue; NMR spectroscopic studies suggested
et al., 1969a,b; Mason et al., 1972; Siakotos & Fleischer, that the acyl groups are at the primary positions (Wherret &
1969; Baxter et al., 1969). We reported evidence suggestingHuterer, 1972), whereas Mason et al. (1972) reported that
that the alveolar macrophage synthesizes BMP from phos-poth acyl esters are located at secondary positions. Hy-
phatidylglycerol (PG) derived from lung surfactant (Cochran gyolysis of BMP with esterified radiolabeled C20:4 by the
et al., 1985, 1987; Waite et al., 1987). The bis(glycero)- |inase ofRhizopus delemayields a combination of radio-
phosphate backbone remains intact during synthesis and i§gpeleq products such as lysophosphatidylglycerol (LPG,
long-lived in the cell while the acyl groups rapidly turn over monoacylsnglycero-1-phosphoisnglycerol) and free fatty
(Cochran et al., 1987). BMP has been shown to be an ;. - gince th@. delematipase cleaves primary ester bonds

important component of PAM arachidonic acid metabolism n o o
. . . : onstereospecifically, the majority of the fatty esters appear
even though BMP is resistant to degradation by most classmalto be located at secondary positions (Slotboom et al., 1970).

PLAsIn uitro (Cochran etal., 1985, 1987; Waite et al., 1987). Our laboratory, as well as those of Hostetler (Hostetler et
The location of the acyl groups has not been demonstratedal” 1082, 1992; Matsuzawa et al.. 1978 Matsuzawa &
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dylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; In this proposed scheme, a PLAeacylates PG to form

P(1,2)PD, 1,2-diacyl-3n-glycero-1,2-propanediol; P(1,3)PD, 1,2-dia- .
cyl-3-snglycero-1,3-propanediol; PEG, 1,2-diacybBglyceroethylene ~ @CYI-LPG that is subsequently acylated to form BMP that

glycol; PLA, phospholipase A. has thesn3 rather than then1 stereoconfiguration. This
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sn-3-BMP then undergoes a stereorearrangement in whichMethods
the phosphate moiety is transferred to simel carbon with

the concomitant release of the 1-acyl group. We previously
demonstrated that removal of the 1-acyl group is required
for the conversion of PG ten1-BMP (Waite et al., 1987). . ) ;
Thesn1-LPG that results from the proposed stereoreorien- LPE, 0.25; PC, 0.35; PE, 0.6; and FFA’ 0.9. i )

tation reaction is acylated to yield the final produst;1- System B chloroform/methanol/glacial acetic acid (65:
BMP. We previously demonstrated that macrophage and 38 V/V/V); R values, PE, 0.5; and PG, 0.7. _
liver contain lysosomal PLA(Franson & Waite, 1973; Waite System € chloroform/methanol/ammonium hydroxide
et al., 1992), and other laboratories have shown that LPG (130:70:10, VIV/V);R: values, LPG, 0.27; PG, 0.40; BMP,
can be acylated in a CoA- and ATP-independent reaction 0-53; and APG, 0.75. _ .
(Matsuzawa et al., 1978; Frentzen-Bertrams & Dubuch, 1981; System D chloroform/methanol/ammonium hydroxide
Huterer et al., 1993). Although little is known about this (150:50:10, ViV/V)Rsvalues, PG, 0.23; P(1,3)PD and P(1,2)-
acylation, it appears to be a transacylation in which the acyl PD, 0.487; BMP, 0.39; propanediol BMP analog, 0.55; and
group of a phospholipid is transferred to the head group Propanediol APG analog, 0.65.

glycerol of LPG.

In this paper, we describe some properties of the first two
steps in this proposed scheme. The PLAs and the transa- Radiolabeled phospholipids were synthesized as follows.
cylase are solubilized and separated by gel permeationThe vinyl ether bond of 5 mmol of plasmalogen PC (PE),
chromatography. Separately, these partially purified enzymedried as a film on a 50 mL conical tube, was cleaved by
preparations are not capable of converting PGrt8-BMP. exposure to HCI fumes for 5 min to form 2-acyl-lysoPC (PE).
Together, however, they are capable of this conversion thatThe lipid film was neutralized by the addition of 5 mL of
implicates them in the overall synthetic sequence proposed100 mM Tris (pH 8.55) to minimize acyl migration from

System A chloroform/methanol/glacial acetic acid/water
(75:48:12.5:2, viviviv) to 14 cm then hexanes/diethyl ether/
formic acid (90:60:4, v/v/v) to 17 cni values, LPC, 0.15;

Synthesis of Radiolabeled Substrates

in Scheme 1. the secondary position to tlser1 position that can occur at
an acidic pH value (Albright et al., 1973). Routinely, 250

MATERIALS AND METHODS uCi of [*C]palmitic acid (approximately 50 mCi/mmol)
dissolved in ethanol was aliquoted into the reaction vessel

Materials directly before the addition of 1 mL of 10 mM Mg£l

) ) ) containing 5 mg of coenzyme A and 100 mg of ATP. This

RAW 264.7 (murine monocytic, macrophage-like, Abelson mixture was sonically dispersed in a water bath sonicator
leukemia virus transformed BALB/c) cells were obtained for 5 min. Freshly prepared rat liver microsomes were added
from American Type Tissue Culture. Tissue culture medium (waite & Van Deenen, 1967), and after 60 min in a°&7
was from GIBCO, the fetal bovine serum from Flow shaking water bath, the reaction was quenched by extracting
Laboratories, and the gentamicin sulfate from Hazelton. the phospholipids by the method of Bligh and Dyer (1959).
Ampicillin, 1,2-dioleoylsnglycerol, pyridinium dichromate,  Radiolabeled products were resolved by systennAL4 cm
and phospholipase AEC 3.1.1.4) of Ophiophagus hannah on silica gel H plates (Analtech) and then resolved in the
and porcine pancreas were from Sigma. [13B8Glycerol same dimension by system,A0 17 cm. The positional
and NaBH, were purchased from American Radiolabeled specificity of the radiolabeled fatty acid was assayed by the
Chemicals. Silica gel G and H TLC plates were from formation of radiolabeled lysophospholipid and fatty acid
Analtech. Authentic phospholipid standards were purchasedafter exhaustive hydrolysis by snake venom BL&C
from Serdary. Escherichia coliBB26—36 strain was gener-  3.1.1.4). After 90 min, no diacylphospholipid remained as
ously provided by Dr. D. Leuking, Michigan Technological detected by TLC. Approximately 85% of the radiolabel was
University. routinely found in thesn1 position as determined by the
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relative amounts of radiolabeled fatty acid and lysophosho- with high glucose, 10 mM Hepes, 10% heat-inactivated fetal
lipid formed. Phospholipids with the radiolabel in position bovine serum, and 50 mg/mL gentamicin sulfate in a 245
2 were synthesized by the same method except 1l-acyl245 mm sterile culture plate. The cells were washed two
lysolipids (by PLA hydrolysis) were used. times in ice-cold isotonic saline and resuspended in 5 mL
The glycerol-labeled substrates were synthesized as previof 1 mM NaHCQ. After homogenization 50 times by a
ously described (Thornburg et al., 1991; Amidon et al., Dounce homogenizing apparatus, the crude homogenate was
1995). centrifuged at 100§ The supernatant was adjusted to 45%
Savoy cabbage PLD was isolated by the method of sycrose and fractionated using a discontinuous flotation
Davidson and Long (1958). Transphosphatidylation reac- scrose gradient. Over 11 mL of the adjusted supernatant
tions were carried out in a buffer containing 100 mM GACl \yere pipetted 9 mL of 40%, 7 mL of 35%, 7 mL of 30%,
100 mM sodium acetate (pH 5.6), and the appropriate alcohol 5,4 2 mL of 9% sucrose, all in 1 mM Tris-HCI (pH 7.4).

according to Comfurious et al. (1977). After incubation for Thase tubes were centrifuged at 6466r 290 min in a
90 min, reactions were quenched with methanol/chloroform g man L5-50 instrument in a Beckman SW-27 rotor.

(2:1) and phospholipids were extracted according to Bligh

Fractions 1 isol h i P
and Dyer (1959). ractions 1, 3, and 5 were isolated by hand using a Pasteur

i 0, 0, 0, I _
A transphosphatidylation reaction was used to convert PE pipet from the 9/30%, 30/35%, and 35/40% sucrose inter

. i faces, respectively.

to 1,2-diacylsnglycero-3-phosphoac-glycerol sn3:rac- i ] ]
PG). 1-Acyl-2-lysosnglycero-3-phospheoac-glycerol En BMP Synthesis by Subcellular FractionFraction 1
3:rac-LPG) was formed by PLA (porcine pancreatic) isolated from RAW 264.7 cells was used to Synthesﬂe
hydrolysis of PG, while 1-lyso-2-acyrglycero-3-phospho- ~ 3:sn1'-BMP. Radiolabeled PG (510 x 10, 0.1-1 mM)
rac-glycerol was formed by hydrolysis wifR. delematipase ~ or LPG (5-10 x 10%, 0.1-1 mM) was sonically dispersed
(Cochran et al., 1987). The synthesis of PG analogs with ain a buffer containing 100 mM sodium acetate (pH 4.5) and
differing polar head group was also accomplished using a 10 mM 2-mercaptoethanol and incubated at’@7for 60—
transphosphatidylation reaction, but ethylene glycol, 1,3- 90 min with 50-100ug of protein. The incubation mixture
propanediol, R)-1,2-propanediol, or)-1,2-propanediol was  was extracted by the modified method of Bligh and Dyer,
used in the place of glycerol. Each of these compounds wasand chloroform soluble products were resolved using system
isolated by thin layer chromatography, and routinely, there C.
was an 86-90% efficiency of the transphosphatidylation
reaction.

The metabolism of substrates by intact RAW 264.7 cells

In order to separate the PLA and transacylase, cell
homogenates or subcellular fractions were delipidated by the
) addition of an equal volume of ice-cold, water-saturated
was carried out as follows. RAW 264.7 cells{8 x 10°) butanol (Huterer & Wherret, 1989; Matsuzawa et al., 1978).

were grown to confluency in 35 mm 10 mm culture dishes. After gentle mixing of the two phases for 2 min, the mixture
The substrate was prepared by evaporating solvent under a

nitrogen stream followed by sonic dispersion in the cell :Nas centnfug(;ad iﬁ%ﬁog(;otrhls mt|1n agd tﬂe aqlugz%%lom{er
culture medium (sonifier at 20% for8 15 s before addition 'Y€ Femoved and fitered through a sephacty! 5-s0bcolumn

to cells, 1.5 mL/culture dish). After incubation, the medium (1_'5 x 84 c_m) equilibrated at pH 7.4 with 10 mM Tr|s:
was removed and the cells were washed twice with ice-cold EIGNty fractions of 1.1 mL each were collected. This
saline followed by scraping cells from the dish into methanol, SePhacryl column (1.5 84 cm) had a void volume of 33
The phospholipids were extracted by the method of Bligh ML, and a total volume of 148 mL was used to partially
and Dyer (1959) modified by the use of 10% acetic acid in separate the transacylase and the _phosphollpase_ enzymes.
the place of water and resolved by TLC. The chloroform The transacylase and the phospholipase preparations were
extractable products were isolated on silica gel H plates usingstored in 35% glycerol (v/v) at20°C. Greater than 75%
system C. The products were located by scanning radioac-Of the activity was recovered after 6 weeks.

tivity and then scraped and extracted from the silica and The transacylase and PLA activities were assayed as
either quantitated for radioactivity by liquid scintillation or  follows. The conversion of LPG to BMP was used to
analyzed for stereoconfiguration as described earlier (Amidon describe transacylase activity. Solvent was evaporated under
et al., 1995; Thornburg et al., 1991) AnaIySiS of water/ a stream of Nfrom a mixture of [1'2,33.H]_Sn_3:rac_1_acy|_
methanol soluble products by TLC revealed that LPG was | pG (1 x 10° dpm, 100 pmol) and 30 nmol of RAW lipid

the major tritiated mgtaboll_te>(80%) and that this _LPG had prior to sonic dispersion in buffer A. PLA activity was
the same stereoconfiguration as that recovered in the £HCI yatermined by the hydrolysis of PG to LPG. Solvent was

phase of the modified Bligh and Dyer extraction system. evaporated under a stream of Mom [1,2,3%H]-sn-3:sn
Therefore, the amount of LPG formed was calculated as a1/_pg (1x 10° dpm, 100 pmol), with or without 30 nmol

combination of water soluble products and LPG isolated by . c R
) of RAW lipid, before sonic dispersion in buffer A. All
TLC. The metabolites of P(1,2)PD, P(1,3)PD, and PEG were reactions were run at 37TC at pH 4.5 for 45-60 min and

further studied by acylation with caproyl chloride of their stopped by extracting the phospholipids using the modified

BMP analog products isolated from the thin layer plate. In ) ;
. ethod of Bligh and Dyer. Radiolabeled products were
each case, P(1,3)PD, P(1,2)PD, and PEG yielded a pmduc{gsolved by TLC as before. All studies were carried out

upon acylation that had the sarRevalue as their acylated . i . X

BMP analog (system D.) This is predicted since each two t9 five t|m(_as in duplicate, and the results among

compound should have a single hydroxyl group free for experiments varied by no more than 10%.

acylation. Analytical Methods The protein content was determined
The cell homogenization and fractionation was carried out by the method of Peterson (1977), and the lipid phosphorus

as previously described (Waite et al., 1990). Briefly, RAW was quantitated by the method of Chalvardjian (Chalvardjian

264.7 cells were grown to confluency in Dulbecco’s MEM & Rudnicki, 1970).
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20%

Table 1: Effect of C&", ATP, and Coenzyme A on BMP Synthesis
by Fraction #

distribution of radiolabeled E 15%1
products from PG =)
(% total radioactivity) —= 10%
additions PG LPG BMP APG b=3 5% %BMP
none 28 18 44 10 CS ’ 8 %LPG
1 mMCa* 31 16 45 8 0%
5mM Ca" 54 10 33 3 o
10 mM C&* 73 7 19 1 +10 nmol  +0 nmol
10 mM Mg 8 5 14 3 Acyl Donor Added
2-mercaptoethanol 23 20 46 9 o ) o
CoA 30 19 44 6 Ficure 1: Reconstitution of BMP synthetic activity from butanol-
ATP 41 24 30 5 delipidated extract. A RAW 264.7 cell homogenate was centrifuged
ATP + Mg?* 62 9 26 3 at 100@, and the supernatant was delipidated with ice-cold water-
ATP + Mg?* + CoA 56 9 25 10 saturated butanol as described in Materials and Methods. The

delipidated protein was dialyzed against 10 mM Tris (pH 7.4) for
3 h to remove any residual butanol. Lipids from the whole cell
were used as the source of acyl donor in the reconstitution assay
and were collected by extracting a portion of the whole-cell
homogenate by the method of Bligh and Dyer (1959). Assays were
run with 20ug of delipidated protein in 100 mM sodium acetate at
pH 4.5 and either X 1C° dpm [1,2,3%H]PG or a combination of

0.1 nmol of 1x 10° dpm [1,2,33H]PG and 10 nmol of RAW 264.7
lipid. Reactions were quenched after 45 min of incubation at 37

aThe effect of various cofactors on the conversion of [13B-
sn3:sn1'-PG to [1,2,3*H]-sn-3:sn1'-BMP by fraction 1 was examined.
The standard incubation mixture was buffered at pH 4.5 with 200 mM
sodium acetate with 10 mM EDTA and contained /& of protein
from fraction 1. Calcium, Mg, ATP (13uM), and coenzyme A (1
uM) were added minus EDTA as indicated to the reaction mixture.
The reactions were quenched after 60 min by extracting phospholipid.
Results are described as the percentage of the total radioactivity
recovered for each compound.

°C.
RESULTS Void Volume Total Volume
25% 80%

The conversion ofsn3:sn1'-PG to sn3:sn1'-BMP is TA  PLA _
postulated to be a two-step process beginning with the < 2% e -60% <
hydrolysis ofsn-3:sn1'-PG to formsn3:sn1'-LPG that is E 159 / )
subsequently transacylated to fosm3:sn1'-BMP. A lipid- [ 0% (O
enriched, low-density subcellular fraction (fraction 1) from > 10%- 5
RAW 264.7 cells was shown to convesir3:sn1'-PG to ;\e 5% F20% 3@
sn3:sn1'-BMP, but notsn-1:sn1'-BMP (data not shown).
The formation ofsn3-BMP was inhibited by ATP and the 0% . + 0%

0 10 20 30 40 50

divalent cations Cd and Mg" but was not influenced by .
CoA, EDTA, or 2-mercaptoethanol (Table 1). This fraction Column fraction

contains 10% of |ysosoma| marker enzyme yet is devoid of Ficure 2: Partial separation of transacylase and PLA enzyme

all other marker enzymes (Waite et al., 1987). This systems. RAW 264.7 cells were homogenized and delipidated by
- y . . . the addition of an equal volume of ice-cold water-saturated butanol.
subcellular fraction appeared to be suitable for assaying theaser centrifugation (15006, 15 min), the aqueous lower phase

first two steps of the pathway proposed in Scheme 1. was filtered using a Sephacryl S-300 column equilibrated with 10

The butanol-delipidated fraction 1 did not have transacy- mM Tris (pH 7.4). Fractions (2.8 mL, total volume) were assayed
lase activity in the absence of other added lipids, but the for transacylase activity by monitoring the conversion of [1,2,3-
gcjcivity could be reconstituted by the addition of endogenous hv]derlgj sitg 0[%‘[21’,‘?5’gg';?gé'stgl[iz'\ggH?Cngl(‘sg ea%';{grigé E:r?d
lipid extracted from the cells to act as the acyl donor. pethods). RAW 264.7 lipid (25 nmol from the whole cell) was
Without the addition of exogenous acyl donor, 8re3:sn added to each assay: PLA activity (PLA):LPG formed by the
1'-PG was hydrolyzed to forman-3:sn1'-LPG that demon- hydrolysis of PG @) and transacylase activity (TA):BMP formed
strates the presence of PLA activity (Figure 1). The addition PY the transacylation of LPGY).

of 10 nmol of RAW lipid yielded BMP with a concomitant . )
decrease in the LPG recovered. In this study, the PLA(S) molecular weight standards on this Sephacryl S-300 column

deacylated approximately 17% of the PG and addition of &€ 190 000 for the transacylase and 36 000 for the phos-
the acyl donor led to 7% acylation of the LPG to form BMP. Pholipase (data not shown). It s possible that aggregation
In order to study the phospholipase and transacylaseW'th other proteins can oc_:cur.durmg gel filtration Wh!Ch
postulated to be responsible for the conversiomsre8:sn would result in an overestimation of the molecular weight
1'-PG tosn3:sn1'-BMP, it was necessary to separate the Of €ach enzyme.
two enzymes using Sephacryl S-300 chromatography. In A pool of transacylase activity was collected that did not
most cases, butanol-extracted cell homogenates were usedontain appreciable levels of PLA activity as shown by a
rather than that of fraction 1 in order to obtain sufficient failure to hydrolyze a pool of PG (data not shown).
material. The transacylase activity was determined by the Likewise, the PLA pool synthesized little BMP even though
conversion obn3:sn1'-LPG tosn3:sn1'-BMP, while the considerable LPG was formed from PG (Figure 3). The PLA
PLA activity was measured by the hydrolysissrf3:sn-1'- degradesn3:sn1'-PG tosn-3:sn1'-LPG, and this hydrolysis
PG tosn3:sn1'-LPG (Figure 2). The transacylase activity steadily increases over the entire experiment. Only after 90
eluted before the PLA even though some overlap of the two min was any BMP detected, and it amounted to no more
was found. The apparent molecular weights of the transa-than 5% of the isolated radiolabeled metabolites found. When
cylase and the phospholipase as determined by comparisorthe PLA pool was assayed with LPG as the acyl acceptor
with the elution volumes of globular proteins with known and RAW lipid as the acyl donor, a low level of transacylase
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Time (min) Ficure 5: Recombination of the transacylase and PLA activities.
: ' i [1,2,33H]PG (1 x 10° cpm, 100 pmol) and 30 nmol of acyl donor
FIGURe 3. Metabolism of PG by the PLA. Fractions (338) from lipid were incubated with the PLA (&g) alone for a variable time

the s-300 gell filtration column containing PLA activity were pooled. pofore the addition of the transacylase«) for 60 min. The time

This pool of PLA was defined as the partially purified PLA, and | ts the lenath of ti bef the additi £ th
assays were conducted at pH 4.5 and®@#with [1,2,3°H]PG (1 ;;?]Saéigsegepnogl pr?)te?rrl‘.g ot fime betore the addition of the

x 10° dpm, 100 pmol) using &g of the PLA pool protein. Results
are described as a percentage of total radioactivity.

a
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FIGURE 4: Recombination of the transacylase and PLA activities. b
[1,2,3°H]PG (1 x 10° dpm, 100 pmol) was first incubated with
the PLA (1ug) for 60 min, after which 5«g of the transacylase  _, 20% 100%
and 30 nmol of RAW 264.7 lipid were added. At various times, & Y e TA (total)
the reactions were stopped by extracting the phospholipids. Thegls%_ ................................. | 959 E
time scale represents the length of time after the addition of the 5 n
transacylase pool protein. F90%

E 10% - 45 —e— BMP
activity was detected (data not shown). While the small 2 ! P 85% S+ APG
amount of transacylase activity found in the phospholipase § 5% g0 BTN LPG
pool is most likely contamination, some PLAs possess & s
transacylase activity which may be the case here. These® g4 4 75%

0 15 30 45 60 75 90

experiments verify that there is adequate separation of the Time (minutes)

PLA and the transacylase, since ther_e_i_s very low Syn-theSiSFlGURE 6: (a) Effect of protein concentration on transacylase. [1,2,3-
of sn-3:sn1'-BMP when the two activities are examined 3H]-sn35rac-LPG 1 Xp105 dpm, 100 pmol) and 25 nnﬁ'ol of.ac’yl’
independently. donor lipid were incubated with varying amounts of the transacylase
Two sets of experiments were conducted to demonstratepool protein for 30 min. The total transacylase activity was
that the PLA produced then-3:sn1'-LPG that was substrate ~ calculated as the sum of BMP and APG formation. (b) Time-
for the transacylase. Firssn-3::1-1'-PG was hydrolyzed gependent transacylase activity. [1,2t8-sn-3rac-LPG (1 x 10°
. > ) A » pm, 100 pmol) and 25 nmol of acyl donor lipid were incubated
by the partially purified PLA for 60 min prior to the addition  with 5 ug of the partially purified transacylase at 3€ and pH
of the transacylase (Figure 4). At various times after the 4.5. At various times, the reactions were quenched by extracting
addition of the transacylase and acyl donor lipig-@® min), phospholipid and quantitated as described in Materials and Methods.
the reactions were quenched, the phospholipids extracted, ) ) ] _
and the radiolabeled products quantitated. The zero timefixed time of 60 min. At all times, LPG was the major
represents the point at which the aliquot of the transacylasemetabolite isolated. Importantly, there was a time-dependent
was added. The amount of BMP synthesized increased upincrease in the amount ain-3:sn1'-BMP formed. These
to 60 min of incubation, at which time over 20% of the total Studies demonstrated that the product from the phospholipase
radiolabeled lipid is BMP. The percentage of LPG remained activity was a suitable substrate for the transacylase activity
relatively constant while PG decreased, indicating that PLA in the formation of BMP.
activity remained active. Little APG accumulated, suggest-  The protein dependency of the transacylase was studied
ing that the second acylation of either glycerol is not a major over a 30 min time period using [1,23B]-sn-3:sn-1'-LPG
reaction. and RAW 264.7 cell lipid as the acyl donor (Figure 6a).
The second approach is presented in Figure 5. In this There was a linear increase #m-3:rac-BMP synthesized
study, the PLA was allowed to hydrolyaa-3:sn-1'-PG for up to 1.4ug; above this concentration, there is a more gradual
0—90 min prior to the addition of the transacylase for the increase irsn-3:rac-BMP. The reduction irsn-3:rac-LPG
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Table 2: Substrate Specificity of the PEA PLAj Activity PLAj Activity
30% %
% total hydrolysis 30% P .
hospholipid PLA PLA p= )
ProSpToTP : B 20%-] 20%] [
PC 13 3 10 o)
PE 23 8 15 =
PG 48 13 35 ° 10%- 10%1
PA 3 b
PI 0 ES
BMP 0 0% F——pr—————— 0%
2 The substrate specificity of the partially purified phospholipase was 0 15 30 45 60 75 90 0 15 30 45 60 75 90
examined by incubating 5 nmol of each phospholipid witigsof the 5~ %[BPHILPG Time (min) *— %[14CILPG
phospholipase for 45 min at pH 4.5. The total hydrolysis was —o- o [14CIFFA 2 =~ o [3HIFFA

determined as the sum of the percent of total radioactivity in the assay . . . .
received as either radiolabeled fatty acid or radiolabeled Iysophospho-;:'GUR.E 7'f .Hydrglc);/&s of 1'F]4C].Clg'0.'2h'FH]|$18'2'FG. as a
lipid. PLA; activity is defined as the release 6f¢]C16:0 from PC unction of time. PG was synthesized with eith&paimitate at

- . the sn-1 position or fH]linoleate esterified at then-2 position as
and PG or the generation Sf€C]LPE from PE, whereas PLAs defined - - L . .
as the formation of radiolabeled LPC and LPG or the release of described in Materials and Methods. Five nanomoles of mixed

14C]C18:2 from PE. Abbreviations: PC, $4€]C16:0-2-acyl-PC; PE,  'adiolabeled PG (1 1C° dpm*®H and 0.25x 10f dpm *C) was
[1-agyl-2-[‘4C]C18:2-PE; PG, 11m]016:0-2£lyl-PG; PA,)i,z-diacyI- incubated with 1ug of the PLA preparation for 060 min at pH

[1,2,3glycerolH]-PA; P, 1-acyl-2-PH]C18:1-PI; BMP, [1.2,3H]- 4A.5. Radioactive lipids were quantitated by TLC resolved in system
sn3:sn1'-BMP. :

60
was approximately equal to the increase in the suraref 504

3rrac-BMP andsn3:rac-APG. The accumulation a$n-3:
rac-APG amounted to about 5% of the total radiolabel, and
no PG was noted at any protein concentration.

The transacylase was also monitored with respect to time
using 5.0ug of partially purified transacylase protein (Figure
6b). There was a rapid increasesn3:rac-BMP synthesis 10+
through the first 10 min, but then the level remained
relatively constant throughout the remainder of the experi- 2-acyl-LPG 1-acyl'LPG
ment. A precursorproduct relationship could be shown Acyl Acceptor
between then3rac-LPG andsn3rrac-BMP as seenby the 5 re 8: positional specificity of the transacylase. 2-Acyl[1,2,3-
rapid decrease in then-3:rac-LPG during the first 15 min 3H]LPG was formed by hydrolysis of [1,234]PG by the lipase
of incubation. Interestingly, the synthesissst3:rac-APG of R. delemayand 1-acyl[1,2,3H]LPG was formed by porcine
was as rapid as the synthesis of BMP even though thepancreatic PLAhydrolysis of [1,2,3H]PG. RAW 264.7 lipid (30

; nmol) which was used as the acyl donor and [138-PG (1 x
reacylation presumably uses BMP as the precursor to APG'106 dpm, 100 pmol) were sonically dispersed together before the

Atno point didsn-3:rac-PG accumulate, as found in Figure  gqgition of transacylase preparationy(8) for 45 min at pH 4.5.
6a. Reactions were stopped, and radiolabeled products were quantitated

The effect of pH on the conversion sh3:rrac-LPG to as in Figure 3a. Results are expressed as a percentage of the total
sn-3rac-BMP was monitored using the partially purified radioactivity in the assay.
transacylase. The enzyme was most active at pH valuespelieve that the activity here is catalyzed by two enzymes
between 3.5 and 5.0, where 30% of #®3:rac-LPG was (Franson & Waite, 1973). The percentage %f]LPG and
converted tosn-3:racBMP (data not shown). [1“C]LPG recovered was approximately equal at all times

Further studies of the transacylase required some knowl-tested during the experiment. The percentages of radiola-
edge of the PLA(s) that formed the precursor for transacy- beled fatty acid are also similar. These results suggest that
lation, LPG. The partially purified phospholipase hydrolyzes there is a lysophospholipase present as well, since the major
PG preferentially (Table 2). Both PE and PC were hydro- radiolabeled metabolite recovered using either substrate was
lyzed, while PI, PA andsnl:sn1'-BMP were poor sub-  free fatty acid. This observed lysophospholipase activity may
strates. The optimal activity of the phospholipase was found be a separate enzyme or may be an inherent property of the
at 4.5 where 63% of the PG was hydrolyzed [data not shown PLASs.
and Franson and Waite (1973)]. Since both radiolabeled fatty Since both PLA and PLA activities are present, it is
acid and lysolipid were found, the partially purified PLA important to determine if the transacylase has a preference
preparation may have contained both RLAnd PLA for LPG with the acyl group esterified at ths1 or the
activity. Phosphatidylglycerol was synthesized with either sn2 position. The acyl-LPG was prepared as before by
[**C]C16:0 esterified at thesnl position or fH]C18:2 porcine pancreatic PLAhydrolysis. The 2-acyl-LPG was
esterified at thesn-2 position so these two phospholipase synthesized in a similar fashion using the lipase frBm
activities could be examined further. The hydrolysis of this delemarwhich cleaves only primary esters. The hydrolysis
mixed labeled substrate was studied with respect to time buffer contained borate to minimize acyl migration that could
(Figure 7). The level of PLAactivity was measured by cause the 2-acyl-LPG to isomerize to 1-acyl-LPG. Controls
the release offC]C16:0 and JH]LPG, while PLA, was run with purified PLA and lipase demonstrated that little
determined by the release 8H]C18:2 and [*C]JLPG. This acyl migration had occurred. The acylation of the two
experiment demonstrated that both Rlakd PLA activities isomers of LPG to BMP, described in Figure 8, shows that
are present. Since our previous work showed that alveolarthe partially purified transacylase does not differentiate with
macrophage granules contain separate Pad PLA, we regard to location of the acyl group.
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Table 4: In Vitro Metabolism of Monohydroxylated Analoys

4% lysophospholipid % BMP analog
LPG 14
39 LPEG 5
£y LP(1,3)PD 9
p LP[(R)1,2]PD 9
g 2% LP[(S)1,2]PD 12
o

2LPG or lyso derivatives of monohydroxylated ¢ 10° dpm, 1
nmol) and 30 nmol of RAW 264.7 lipid was sonically dispersed in
water. The partially purified transacylase (2§) was added, and the
] e e pH was lowered with the addition of 2@L of 1 M sodium acetate
PE PI PG PC FFA  None (pH 4.5). Phospholipids were extracted as before after 45 min in a
FicURe 9: Reconstitution of transacylase activity with single S"aking 37°C water bath and resolved with chromatography system
phospholipid classes. [1,238]-sn-3:rac-LPG (1 x 1C° dpm, 100 D. Ra(_jloac_tlvg pr_oducts were scraped, and radioactivity was quantitated
pmol) and 1 nmol of various individual lipid classes were incubated Y !lquid scintillation counting.
with 5 ug of the partially purified transacylase for 45 min at pH

4.5. The results are expressed as the percentage of total radioactivitySuggests that the P(1,2)PD and PEG can be metabolized by
the same pathway as is PG but that the head group
modification reduces the extent of metabolism. Only 1%

1% 4

0%

Table 3: Uptake and Metabolism of PG and PG Analogs by RAW

264.7 Celld )
© —_— — of P(1,3)PD or LP(1,3)PD was metabolized to the BMP
0 apm cell % conversion“ srn1lrac % snsrac
precursor associated to product product product ﬁga;l%gp r-gpeet’seer]::ees?gl’s,t::a?:Ze’fop:séi?il:)?]g?)?tt:]:tffzg(;r?;zﬁgylase

_3H1- ‘rac-
ﬁsﬂ}zﬁﬁgﬁf& ;‘S ;12 38 }8 glycerol. Although not shown in the table, much of each
[1-*H]PEG 60 7 80 20 monohydroxylated analog was converted to PC. Previously,
[1-3H]I=3’(1,2)PD 64 5 77A 23 Waite et al. (1987) found that the macrophage converted
EjfﬁS]'F,'?i'gg';(l’z)PD 5443 1f’ NNA N,\’?A alkyl-PG to alkyl-PC and not to BMP. It seems that the
[1,2,33H]lysoP(1,3)PD 45 <1 NA NA polar head group as well as the radyl composition may

aRAW 264.7 cells were cultured in 35 niroulture dishes with 5 determine the intracellular fate of internalized PG.
x 10° dpm [1,2,3*H]PG, [1,2,32H]P(1,3)PD, [1,2,3H]P(1,2)PD, or When these PG analogs were used as substrates for the

[1,2,3°H]PEG for 20 h in 2.5 mL of medium. The cells were then transacylase preparation, all were acylated (Table 4). In this
Crima s wat sty TG v oy o G o1 G258, e 1.2- and 1,3 propanediol derivatves were acylated
its analogs were scraped and quantitated by liquid scin’tillaﬁom\, to the same extent and, We_re somewhat better substrates than
not assayed. the ethylene glycol derivative. It appears, therefore, that the
transacylase does not prefer either of the two hydroxyls of
the head group moiety and that differences obtained with

intact cells (Table 3) are not at the enzyme level.

A study was conducted to examine the acylation of [1,2,3-
3H]-sn-3:rac-LPG to form [1,2,3*H]BMP using individual
phospholipid species, or free fatty acid, as acyl donors. PE pscussioN
and, to a lesser extent, Pl functioned as acyl donors, whereas
other phospholipids were not suitable substrates (Figure 9). In this study, we have separated and partially purified
These data contrast with what was observed using the intactenzymes that we postulate catalyze the first two steps in the
fraction 1, where PC and PG (as well as PE) acted as acylconversion of PG ten-1-BMP (Scheme 1). The combina-
donors (data not shown). This may be due to the loss of tion of these two enzymes yields the-3-BMP, a proposed
additional transacylase(s) in delipidation or chromatography. intermediate in the synthesis ef:1-BMP. These two, PLAs

The location of the acyl groups esterified to BMP is and LPG transacylase, are recovered primarily in a lipid-
depicted at then-2 andsn-2' positions in Scheme 1 primarily ~ filled, lysosome-enriched fraction of the RAW 264.7 cells.
on the basis of the prevalence of unsaturated fatty acidsBoth enzymes are optimally active in the acidic pH range,
esterified at secondary positions of the glycerols. In order as expected of lysosomal enzymes. Thus far, we have not
to determine the location fatty acid esterification, monohy- been successful in reconstituting the complete system that
droxylated analogs of PG were synthesized. Table 3 would yieldsn-1-BMP. The presumed reorienting enzyme
describes the results of the metabolism of these monohy-(step 3, Scheme 1) is yet to be detected.
droxylated PG analogs by the RAW 264.7 cells after 18 h. We previously found both PLAand PLA in rat liver
Each of the compounds tested was readily taken up by thelysosomes and BAL macrophage granules (Franson et al.,
cell as described by the percent of cell-associated radiolabel. 1970; Franson & Waite, 1973). While the evidence pre-
Lyso-monohydroxylated analogs were not stereospecifically sented here for two separate enzymes for the RAW 264.7
labeled; therefore, the stereoconfiguration of products could cells is less direct, the currently used PLA preparation has
not be determined. As described in earlier results, soth  properties similar to those of the BAL macrophage. The
3:sn1'-PG and 1l-acybn3:rrac-LPG were readily converted  PLA; has been purified and characterized by us and by the
to snlrrac-BMP as the product. All three analogs that group of Hostetler (Huterer et al., 1993; Robinson & Waite,
contain a free hydroxyl on the carbon adjacent to the 1983; Hostetler et al., 1982). Both groups found that the
phosphoester [P(1,2)PD, LP(1,2)PD, asmi3-PEG] were observed specificity toward different substrates was depend-
converted to the corresponding BMP analog, although the ent on the physical state of the substrate. Detergents and
extent of their metabolism was +@0% of that of the parent  cations drastically altered the activity of the PL{Robinson
compound. Also, the backbone glycerol of these products & Waite, 1983). The latter effect could be attributed to a
was determined to have am1 stereoconfiguration. This change in the potential (surface charge) of the substrate.
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Hostetler et al. (1982) reported that the purified RlaAso speculation will require studies with fluorescently labeled
had significant lysophospholipase and transacylase activity, substrates for verification of the cellular site of metabolism.
contrary to our observations with this enzyme. While we
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