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ABSTRACT 

In this study, synthetic routes to certain short acyl chain 

phospholipids were developed. Their inhibitory or substrate properties 

for phospholipase A were then examined. 
2 

An improved method for the acylation of glycerophosphocholine is 

described using a mixed fatty acid - trifluoroacetic acid anhydride. The 

This partial synthetic route is particularly suitable for obtaining 

short acyl chain phosphatidylcholines. A new pathway for constructing 

the unnatural sn-l-phosphatidylcholines is also described, starting from 

L-arabinose. This is converted first to a key intermediate, 2,3-0-

isopropylidene-sn-glycerol, which is then phosphorylated and transformed 

into sn-glycero-l-phosphocholine. This can be acylated as above to give 

sn-l-phosphatidylcholines. 

Routes to the short chain pho3phatidylethanolamipes were 

investig~ted and discussed. A procedure, using phospholipase D, was used 

to convert L-diC PC into L-diC PE in a transPhosPhatid1Ylation 
6 6 

reaction. F~iled attempts to obtain shorter chain homo logs by this and 

other methods are also detailed. 

The kinetics of inhibition of the phospholipase ~2 hydrolysis of 

L-diC PC by the D-isomer are also reported for the monomeric 
6 

concentration range. It was found that the D- enantiomer did not behave 

as a pure competitive inhibitor, and that an enzyme-substrate-inhibitor 

x 



xi 

complex can exist. ~he implications of these results with regard to PLA 
2 

hydrolysis of mixed micelles is discussed. 

The PLA substrate properties of both the anionic and 
2 

zwitterionic die PE~s were also studied. It was established that the 
6 

anionic die PE is either a very poor substrate relative to the 
6 

zwitterionic die PE, or acts as a competitive inhibitor towards its 
6 

hydrolysis. Similarly, the rates of base-catalyzed acyl ester hydrolysis 

are about 18 times greater for the zwitterionic than for the anionic 

die PEe The importance of a protonated amino group in both these 
6 

hydrolyses studies is noted. In addition, certain physical properties of 

die PE, such as its critical micelle concentration and carbon-I3 NMR 
6 

spectrum, are also given. 



INTRODUCTION 

Of all the naturally occurring phospholipids, phosphat idyl

cholines and phosphatidylethanolamines together comprise by far the 

major fraction. Their general structures are shown in Figure 1 as 

Fischer projections. They consist of a glycerol backbone esterified to 

two fatty acids and a phosphoryl group which is also esterified to 

either a choline or ethanolamine. The glycerol carbons are numbered 

according to the stereospecific numbering (sn) system for lipid nomen

clature (Hirschmann 1960). Thus, when the substituent at the glycerol-

2-carbon projecting out of the plane of the page toward the viewer is on 

the left, the top glycerol carbon is designated "sn-1." In moat 

naturally occurring phospholipids, the phosphate group is esterified to 

the sn-3 position. They are also said to possess the "L"-configuration 

in relation to that of L-glyceraldehyde. In the following discussions, 

these two designations will be used interchangeably. Accordingly, the 

opposite enantiomers will be said to possess the "sn-l" or ''D'' configu

ration. 

In establishing the precise structure of natural phospholipids, 

their chemical composition had to be determined. In addition, it was 

necessary to relate the sign of their rotation of polarized light to 

their absolute stereochemical configuration. This was first done by 

Baer and Kates (1950) through a total chemical synthesis of L-phospha

tidylcholine (L-PC) using intermediates of known stereochemical 

1 
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1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

l,2_dihexanoyl-sn-glycero-3-phosphoethanolamine 

Figure 1. Fischer projections of phospholipids of 8n-3 configuration. 
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configuration. The ''unnatural'', or D-PC's, have been prepared in an 

analogous manner. Modifications of procedures leading to both PC's and 

phosphatidylethanolamines (PE's) have been developed over the years (for 

reviews, see Kates 1977, Eibl 1980). It is not practical here to 

consider this body of information in detail. Since model membrane 

studies have constituted the major application of these compounds, the 

methodology has generally been tailored for the synthesis of long acyl 

chain derivatives. Short acyl chain phospholipids are more difficult to 

obtain through total synthesis, due mainly to purification problems 

resulting from their ability to partition appreciably in both organic 

and aqueous media. Interest in short acyl chain «9 carbons) phospho-

lipids arises largely from their water solubility for two reasons: 1) 

They serve well as substrates in studies of water-soluble phospho-

lipases. 2) their self-,ssociation behavior can be monitored as these 

molecules pass from soluble monomolecular dispersions to aggregate forms 

with increasing concentr~tion. Details of this process are of value in 

understanding membrane atd other vesicular assemblies. 

These considerations led to the successful development of par-

tial synthetic approache~ for short chain PC's of the sn-3 configu

ration. Similar routes 4ave been described for obtaining long chain 

mono- and mixed-acid PE's (Aneja et a 1. 1969a, Comfurius and Zwaal 1977, 

Hermetter, Stutz, and Paltauf 1983). The synthesis of short chain sn-3-

PE's has not been described. Likewise, partial synthetic schemes for 

the preparation of short-chain sn-l-PC's are non-existent. The 

potential value of these compounds in phospholipase A studies resulted 
2 

in attempts to develop more straightforward synthetic routes. 
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Total Synthesis of Phosphatidy1cholines 

The complete chemical synthesis of optically pure enan~iomeric 

pc's has been approached a number of ways with varying results. Since 

glycerol itself has no asymmetry, it must be suitably derivatized to 

create an asymmetric center at the 2-carbon having the desired configu-

ration. One then must decide whether to generate the fatty acyl esters 

first, followed by attachment of the head group, or the reverse process. 

Regardless, suitable blocking agents must protect functional groups not 

involved in a.given reaction. They must be removed quantitatively and 

specifically, with the intermediates retaining the desired configura-

tion. An example of this is the synthesis of a PC reported by Hirt and 

Berchtold (1958). A chira1 l,2-diacy1 glycerol is prepared and 

esterified to bromoethy1phosphoryldich1oride. This is followed by the 

replacement of bromine with trimethylamine. The synthesis10f the 

diacylglycerol, as described by Buchnea and Baer (1960), is shown in 
, 

Figure 2. sn-3-Trity1g1ycero1 is first synthesized from D~mannito1 

through the intermediate 1,2-0-isopropy1idene-sn-g1ycero1 ~Baer and 

Fischer 1939). The trity1 glycerol is acy1ated with the aplpropriate 

fatty acid chloride and pyridine as catalyst, then purified. Removal of 

the trity1 group is achieved by passage of this compound tt~rough a 

column of silicic acid which has been impregnated with boric acid. The 

pure 1,2-diacy1-sn-g1ycero1 is condensed with bromoethy1phosphory1-

dichloride as shown in Figure 3 (Eib1 et a1. 1967). Quaternization with 

trimethylamine yields the desired PC. 



CH2-OH 
I 

HO-C-H , 
HO-C-H 

I 
H-C-oH 

I 
H-C-OH 

I 
CH:rOH 

3 steps 
• 

o 
II 

R-C-CI 

5 

CH2 0H 

I 
• HO--C ....... H 

I 
CH:rO-Bz 

o 
) 

II 
I R-C-CI CH~O-C (C6HS) 

I 3 
HO--C ....... H 

2) HCI cas I 

• 

CHrO-Bz 

o 
II 

CH-O-C-R o I 2 
, II 

R-C-O __ C ....... H 

I 
CH 20H 

Figure 2. Synthesis of an enantiomeric 1,2-diacylglycerol from 
D-mannitol according to Buchnea and Baer(1960). 

Rand R' = alkyl chains 
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+ 

Figure 3. Synthesis of I-palmitoyl-2-stearoyl-sn-glycero-3-phospho
choline by method of Hirt and Berchtold (1958). 
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This lengthy, time-consuming route gives low yields with respect 

to starting 1,2-0-isopropylidene glycerol. Fortunately, sn-glycero-3 

phosphocholine (sn-3-GPC) has become available through de-acylation of 

egg PC (Brockerhoff and Yurkowski 1965). The sn-3-GPC can be re-

acylated to give the desired PC in a partial synthesis. However, the 

sn-l-PC's or those modified in the head group or glycerol backbone 

regions must still be obtained by total synthesis. 

A number of improved total synthetic routes for phospholipids 

have appeared in the literature (Eibl 1980). All require a diacyl-

glycerol (or some derivative) as an intermediate in the reaction 

sequence. More effective phosphorylating agents and selective 

protecting groups have increased yields and purity considerably. Diffi-

culties remain in applying these methods toward preparing short acyl 

chain sn-1-PC's, which are of special interest in this study. For 

instance, short acyl chain 2,3-diacy1-sn-glycero1 intermediates are 

prone to acyl migration, giving the 1,3-isomers under even mildly basic 

or acidic conditions (Crossley et a1. 1959). Basic proton acceptors in 

phosphorylating procedures may permit formation of sn-2-phospholipid 

impurities. The use of short-chain 2,3-diacy1-sn-glycero-1-iodohydrins 

(de Haas and van Deenen 1961) circumvents the acyl migration problem; 

however, their instability and extreme light sensitivity discourages 

their use in phospholipid synthesis. 

These circumstances gave rise to efforts in preparing the GPC 

moiety of sn-1 configuration. Subsequent acylation with the appropriate 

fatty acid would yield a PC readily purified by column chromatography. 
o 

GPC can also be stored for long periods as an organic solution at -20 • 
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Synthesis of 2,3-0-isopropylidene-sn-glycerol 

A key intermediate in the synthesis of chiral glycerides and 

phospholipids is an optically pure isopropylidene glycerol. The 1,2-0-

isopropylidene-sn-glycerol is readily obtained through acetonation of 

commercially availa~le D-mannitol, followed by sodium periodate cleavage 

and borohydride reduction (Eibl 1981), as shown in Figure 4. In 

contrast, the preparation of 2,3-0-isopropylidene-sn-glycerol from L-

mannitol by this route is complicated by the commercial unavailability 

of L-mannitol. It can be synthesized from I-arabinose, but only through 

a lengthy and tedious series of reactions (Kiliani 1922, 1925; Baer and 

Fischer 1939). A procedure starting from L-serine has been described 

which is simpler, but yields a 2,3-0-isopropylidene glycerol of low 

optical purity ([a]22 = -13~ (neat), Lok, Ward, and van Dorp 1976). 
D 

This compares with an [a]20 = +15.2 for the 1,2-0-isopropylidene 
rl 

glycerol from mannitol (Eibl 1981). Finally 2,3-0-isopropylidene 

glycerol has been synthesi~ed from ascorbic acid in a straightforward 

manner (Jung and Shaw 1980~. However, the reported optical rotation is 

also too low. It should b* noted that exposure of intermediates to 

acidic conditions must be ~voided, since they catalyze migration of the 

isopropylidene group leadi~g to racemization. Similarly, reactions 

involving transformations at an asymmetric center, as with the serines, 

may not proceed in a stereochemically pure manner. For these reasons, a 

relatively simple procedure yielding an optically pure 2,3-0-

isopropylidene-sn-glycerol was sought. 
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HO-~ H2 X 0-<; H2 
HO-CH Acetone O-C-H 

I ZnC~2 I HO-y H _____ ... HO-<;-H 
H-C-OH . H-C-OH 

I I 

H-c;-OH H-<;-OX 
~C-OH H2C-0 

D-mannitol 1,2,5,6 Di isopropylidene 

XO- yH2 
O-C-H 

CH20H 

1,2 - isopropylidene
sn-glycerol 

D-mannitol 

1) NaI04 • pH=6 

2) NaBH4, pH>8 I 

Figure 4. Synthesis of 1,2-0-isopropylidene-sn-glycerol from 
D-mannito 1 (Eib 1 1981). 
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Synthesis of glycerophosphocholine 

The first synthesis of sn-3-GPC was reported by Baer and Kates 

(1948) to confirm the structure and purity of GPC isolated from beef 

pancreas. The reaction scheme is given in Figure 5. Under anhydrous 

conditions, 1,2-0-isopropylidene glycerol was condensed with phenyl

phosphoryldichloride in the presence of quinoline. Further condensation 

with choline chloride gave the phosphodiester. This was isolated as the 

reinecke salt, converted to the sulfate salt, then subjected to hydro

genation for removal of the phenyl protecting group. De-acetonation 

gave the sn-3-GPC in about 35% yield from starting 1,2-0-isopropylidene 

glycerol. Since sn-3-GPC is now easily obtained by de-acylation of egg 

PC, the need for this cumbersome method was eliminated. However, 8n-l

GPC can only be prepared by total synthesis from the relatively inacces

sible 2,3-0-isopropylidene-sn-glycerol. The desire to overcome the 

disadvantages of the above procedure and improve overall yield provided 

the motives to develop an alternate synthetic route. 

Partial Synthesis of Phosphatidylcholines 

The most convenient partial synthetic routes to PC's of defined 

fatty acid composition employ GPC or its cadmium chloride adduct as 

starting material. Since only sn-3-GPC is readily available, only PC's 

of the sn-3 configuration are accessible by this approach. The acyla

tion is achieved by reacting GPC with an activated fatty acid (an 

anhydride, acid chloride, etc.) in the presence of a suitable catalyst. 

Anhydrous conditions are generally necessary. One example is the widely 

used procedure of Cubero Robles and van den Berg (1969) shown in Figure 



CH3.,. 0 -CH2 
.,.C~ I 

CH3 0 --C -- H 
I 
CH2 0H 

!. 
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CH3 '0 -- C -- H 0 
I' II 
CHi"01-0-CH2 CH2N(CH3}3 

OH E9 

50i 
2 

HCl 

Figure 5. Synthesis of sn-glycero-3-phosphocholine from 1,2-0-
isopropylidene-sn-glycerol (Baer and Kates 1948). 
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6. A mixture of a fatty acid anhydride and the tetraethylammonium salt 

of the same acid is added to a suspension of the dry cadmium chloride 

complex of sn-3-GPC in chloroform. After mixing 72 hours at room 

temperature, the product was purified by ion exchange and then silicic 

acid chromatography. Yields up to 90% (from starting GPC) were reported 

for a number of synthetic PC's. 

Modifications of this procedure include the omission of solvent, 

elevation of reaction temperature, use of alternate acylating agents, 

and selection of different catalysts. Such changes were prompted by the 

desire to improve yields, minimize by-products, and render the procedure 

suitable for inclusion of fatty acids differing in chain length or 

degrees of unsaturation. For example, a large excess of fatty acid 

anhydride over the stoichiometric amount was required to effect the 

normally sluggish introduction of the second fatty acid into GPC. This 

encumbers the purification and is inconvenient for the use of labeled or 

otherwise costly fatty acids. A second problem arises from the insolu-

bility of GPC in non-hydroxylic solvents that otherwise might serve as a 

o 0 
reaction medium. Thus, elevated temperatures were used (ca. 60 -80 ) to 

obtain a homogeneous "melt" of the fatty acid anhydride-GPC mixture. 

This condition has been shown to promote phosphoryl migration in GPC, 

allowing subsequent reaction with the anhydride to form 1.3-diacyl-PC's. 

which are very difficult to separate from the desired 1,2-diacyl 

products (Lammers et al 1978). Problems encountered using fatty acyl 

chlorides are even more severe, and have been summarized elsewhere 

(Yabusaki 1975). 
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Thus. the recent improvements of the procedure of Cubero Robles 

and van den Berg (1969) have alleviated many of the described difficul-

ties. Effective acylating agents include a mixed fatty acid trifluoro-

acetic acid anhydride (Pugh and Kates 1975) and a fatty acyl imidazolide 

(Warner and Benson 1977. Lammers et a1. 1978). Catalysts include 4-

dimethylaminopyridine (Yabusaki and Wells 1976, Gupta, Rsdhakrishnan, 

and Khorana 1977). 4-pyrrolidinopyridine (Patel, Morrisett, and Sparrow 

1979) and sodium methylsulfinylmethide (Warner and Benson 1977). 

Problems in solubilizing GPC still remain, although the use of warm 
o . 

(45 ) dimethylsulfoxide (Warner and Benson 1977) or warm mixtures of 

benzene-dimethylsulfoxide (Patel. Morrisett, and Sparrow 1979) have 

reportedly been successful. Since elevated temperatures are 

detrimental, the need to establish conditions permitting solubilization 

of GPC at or below room temperature still exists. These shoitcomings 

led to an examination of alternative methods for the partial synthesis 

of short acyl chain PC's from GPC. 

Partial Synthesis of Phosphatidylethanolamines 

Partial synthetic routes to phosphatidylethanolamine!s (PE's) of 

the natural sn-3 configuration are restricted to two general! approaches. 

The first parallels that for the preparation of PC's by acyl~tion of 

readily obtainable sn-3-GPC described above. However, the naturally 

found PE must have its amine group protected prior to deacylation. 

Common blocking groups include the phthaloyl (Aneja et ale 1969a) and 

trityl compounds (Aneja, Chadha, and Knaggs 1969b). After deacylation, 

the N-protected glycerophosphoethanolamine (GPE) is reacted with the 
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appropriate activated fatty acid, and the product purified by 

chromatography. Following amino group de-protection and a second 

purification, the diacyl PE is obtained. Conditions for unmasking of 

the amine must be compatible with the presence of fatty acids bearing 

other funct~vnal groups. In addition, overall yields suffer from the 

additional reactions involving amine protection relative to those of 

diacyl PC's. 

A second method of preparing PE's makes use of the enzyme phos

pholipase D. This enzyme, abundant in plant tissues and extracts, can 

catalyze the hydrolysis of the terminal phosphodiester bond of phospho

lipids to yield a phosphatidic acid and an alcohol. It can also 

catalyze an exchange reaction shown in Figure 7. The phosphatidyl 

moiety can be transferred to an acceptor primary alcohol such as 

choline, ethanolamine, methanol, etc. Thus, the enzyme can mediate the 

direct conversion of PC to PE by carrying out the transphosphatidylation 

of PC in excess ethanolamine. Conditions of this reaction utilizing 

various acceptor alcohols have been outlined (Comfurius and Zwaal 1977). 

A two phase aqueous-ethyl ether system is used, with the enzyme and 

acceptor in the aqueous portion and the lipid dissolved in the ether 

phase. The reaction occurs at the interface, the product phospholipid 

partitioning in the ether phase, and purified by chromatography with the 

appropriate adsorbent. Although this is a somewhat more versatile route 

to obtaining PE and other phospholipids than the first method, its 

usefulness has been restricted to the preparation of long acyl chain 

phospholipids. The higher polarity of short acyl chain PE's creates 

purification problems requiring attention. One aspect of the current 
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investigation is the assessment of dihexanoylphosphatidylethanolamine as 

a substrate for phospholipase A. Since transphosphatidylation seemed 
2 

the most attractive route to this compound, efforts were made to opt i-

mize the conditions of this reaction. 

Physical Properties of Phospholipids 

Long chain Phosphatidylcholines 

Phosphatidylcholines are amphipathic molecules composed of a 

polar head group and glycerol backbone region and the non-polar fatty 

acid hydrocarbon chains. The behavior of these molecules in water is 

controlled by forces which try to minimize the free energy of the 

system. On one hand, the hydrophobic acyl chains tend to avoid their 

unfavorable contact with water, providing a strong driving force to 

self-associate in a p~ase separation process. This is opposed by the 

tendency of the soluble polar regions to modulate their degree of self-

contact due to charge-charge repulsion between the zwitterionic head 

groups. The net effect of these processes are aggregates whose struc-

tures depend primarily on the saturation and length of the fatty acids. 

Some examples are shown in Figure 8. PC's bearing fatty acids longer 

than nine carbons spontaneously assemble as multilamellar or bilayer 

structures in aqueous solutions. Upon ultrasonic irradiation, single-

walled vesicles form, composed of two closed, concentric monolayer 

"sheets" in continuous contact with each other at the terminal methyl 

regions of their constituent fatty acyl chains. The inner and outer 

surfaces of this spherical bilayer are comprised of the polar regions 

which sequester the hydrocarbon interior from the aqueous medium. The 
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water which solvates the charged cholines penetrates to the vicinity of 

the fatty acyl carbonyls, considered the hydrocarbon-water interface. 

The fluid-like hydrophobic interior contains the acyl chains aligned 

roughly parallel to each other. The width of this domain is approxi-

mately twice the length of the component fatty acids. The average 

surface area per PC molecule reflects the optimization of the balance 

between the attractive and repulsive forces described above. In unsoni-

cated dispersions, the multilamellar structures consist of stacked, 

concentric bilayers of different radii separated by solvent water. 

The structural analogy between these bilayers and biological 

membranes has led to extensive investigations of their properties to aid 

in understanding membrane function. For instance, these assemblies can 

undergo a phase transition from a crystalline or gel phase to a liquid 

crystalline form at higher temperatur~s, characterized by infreased 

mobility and disorder of the hydrocarbon chains and greater D~otion in 

the head group region. The temperature range in which this ~ccurs 

varies with the degree of unsaturation of the fatty acids, t1lle homo

geneity of the acyl composition, the presence of other lipidr' etc. 

Raman spectroscopy (Bunow and Levin 1977, Ye 11 in and Levin 11977), 

differential scanning calorimetry (Keough and Davis 1979, A190n and 

Sturtevant 1978), and nuclear magnetic resonance (Hauser et ale 1980) 

measurements have detailed motional and conformational differences 

amongst lamellar PC's possessing various degrees of fluidity. These 

have been summarized (Hauser et ale 1981) and include results of X-ray 

diffraction studies. 
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Long chain Phosphatidylethanolamines 

The same forces governing the assembly of long chain PC's 

require that the corresponding PE's adopt similar structures in aqueous 

media. However, the ammonium group, being less bulky than the 

trimethylammonium moiety of PC, results in a smaller head group area for 

PE in bilayer structures. Thus, if the fatty acyl chains are saturated, 

they will be more ordered than for the corresponding PC's (Marsh, Watts, 

and Smith 1983). If substantial amounts of unsaturated fatty acids are 

present, the PE's resist forming bilayers altogether, since the 

relatively small surface area of the polar region is unable to 

accommodate the bulkier unsaturated chains. Instead, a hexagonal H II 

phase resembling a cylinder forms (Cullis and de Kruijff 1978), or at 

low temperatures the hydrated bilayers transform into a different 

microcrystalline form (Hauser and Phillips 1979). X-ray crystal 

structures of some PE derivatives detail some intermolecular and 

hydrogen bonding interactions of the ethanolamine head group (Pascher, 

Sundell, and Hauser 1981, Hauser et ale 1981). The point here is to 

emphasize how a relatively small difference in the head group structures 

of PC and PE can give rise to profound differences in their phase 

behaviour. 

Short acyl chain phosphatidylcholines 

As one decreases the acyl chain length «9 carbons) of PC's, 

bilayer structures no longer form in aqueous solution. Instead, at low 

enough concentrations they exist as monomolecular dispersions in true 

solution. Upon increasing concentration, sequestering of the acyl 
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chains from water results in micelles, as the acyl chains are too short 

for stable bilayers to form (Israelachvili, Mitcnell, and Ninham 1976). 

The micelles may resemble spheres or ellipsoids with the head groups at 

the surface encompassing the hydrocarbon core. The radius of this core 

is equivalent to the length of the alkyl chains. Several theoretical 

treatments have been formulated which calculate optimal sizes and shapes 

for micelles of PC's of defined acyl composition (Tan ford 1972, 1974). 

Physical methods such as sedimentation, diffusion measurements, and 

light scattering have estimated micellar weights for dihexanoyl, 

diheptanoyl, and dioctanoyl PC's (Robolt and Schlamowitz 1961, Tausk et 

a1. 1974b, 1974c). The concentration ranges in which the monomer to 

micelle transitions occur for these and the four and five carbon diacyl 

PC's have been reported (Pieterson 1973, Wells 1974a, Tausk et ale 

1974a). Tbis critical micelle concentration (CMC) is found to depend 

critically on the acyl chain length. 

The widespread use of micellar PC's as substrates for pbospho-

lipases has provoked great interest in the micellization process. There 

is now evidence for the self-association of monomeric dihexanoyl (diC ) 
6 

PC below the CMC (Johnson, Wells, and Rupley 1981). For diC PC, 
6 

conformational differences in the acyl chain and polar regions between 

the monomeric and micellar species have been investigated and detailed 
1 

using Hand 
13 

C NMR (Schmidt et ale 1977, Burns and Roberts 1980, De 

Bony and Dennis 1981, Burns et ale 1982). Discussion of these results 

will be deferred to a later section. It can be concluded tbat micelle 

formation, including determination of micelle size and sbape and the 

concentration dependent heterogeneity of micellar weights are functions 
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of the acyl chain lengths of PC's. The manner and reasons for which 

phospholipsses distinguish among substrates in different aggregate forms 

is poorly understood. For the short acyl chain PE's, virtually no 

information is available on their physical or substrate properties, as 

their syntheses have not been reported. 

Phospholipase A 
~ 

Phospholipase A2 is a fatty acyl ester hydrolase which stereo-

specifically catalyzes the hydrolysis of esters at the sn-2 position of 

sn-3 phospholipids. It is ubiquitous in nature, having been isolated 

from mammalian tissues, such as the pancreas, along with the venoms from 

a variety of snakes and bees. These have served as the major sources of 

this relatively stable enzyme. All aspects of this enzyme from 

structure to mechanism have been reviewed recently (Verheij, Slotboom, 

and de Haas 1981, Slotboom, Verheij, and de Haas 1982), and we are 

concerned here primarily with the enzyme isolated from the venom of the 

Crotalus adamanteus (eastern diamondback) rattlesnake. References to 

the phospholipases A from other sources will be made chiefly for 
2 

comparative purposes. 

The PLA from ~ adamanteus venom has been isolated and purified 
2 

as two forms, designated a and ~ (Wells and Hanahan 1969), which are 
I 

chromatographically and electrophoretically distinct. Amino acid 

sequence analysis indicates that in the P form, a glutamic acid is 

substituted for a glutamine present in the a form (Heinrikson, Krueger, 

and Keim 1977). The two forms are otherwise indistinguishable, and are 

known to be active as dimers composed of identical 14,000 molecular 
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weight subunits (Wells 1971, Smith and Wells 1981). The amino acid 

sequence of the a enzyme has been reported, with certain domains 

exhibiting strong sequence homology with PLA 's from other sources, such 
2 

as the porcine pancreas (Puijk, Verheij, and de Haas 1977), Crotalus 

atrox venom (Randolph, Sakmar, and Heinrikson 1980), and Bitis gabonica 

venom (Botes and Viljoen 1974). 

The ~adamanteus PLA dimer is unusually heat stable, with each 
2 

subunit possessing seven disulfide bridges. The dimer will reversibly 

dissociate in 8 M urea or low (2.5) pH with loss of activity (Wells 

1971). Shen et ale (1975), using monolayer substrates, measured a 
-9 

dissociation constant for the monomer-dimer equilibrium of 2 x 10 M. 

However, using micellar diC PC as substrate, a constant specific 
8 -11 

activity was observed for protein concentrations as low as 10 M 

(Smith and Wells 1981). This, allong with ultracentrifugation studies, 

show that the enzyme is a dimer ~t catalytic concentrations, with 

dimerization an inherent property of the enzyme and not substrate 

I induced. 

; 

Kinetic mechanism -- monomeric supstrates 

Wells (1972), using monom~ric 1,2-dibutyryl-sn-glycero-3-

phosphocholine (diC PC) as substrate, performed a detailed kinetic 
4 

analysis of the C. adamanteus PLA. The addition of reactants was found 
- 2 

++ 
to be equilibrium-ordered, with Ca binding first to the enzyme in 

++ 
thermodynamic equilibrium with free Ca ,followed by addition of diC 4 

PC substrate. Product inhibition studies demonstrated the ordered 

release of products, with fatty acid released first, followed by the 1-
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but yryl-sn-g lycero-3-phosphocho line (lyso PC). The enzyme is maximally 

active at pH 8.0-8.5 and obeys normal Michaelis-Menten kinetics with 

monomeric substrates. A group with an appar,ent pK of about 7.6 in the 

enzyme appears to control enzyme activity. Chemical modification 

studies (Wells 1973a) and measurements of spectral perturbations of 

tryptophans induced by divalent cations (Wells 1973b) support this. 

Evidence suggests the possibility of only one active site, but two 

cation binding sites per enzyme dimer. Hydrogen ion, as an uncompeti

++ 
tive inhibitor with respect to Ca or substrate, appears to have an 

effect on the interconversion of central complexes and/or release of 

fatty acid (Wells 1974b). The lack of effect on the pH-independent rate 

constant byD 0 indicates that proton transfer is not involved in the 
2 

catalytic rate-determining step (Wells 1974b). Thus, the pH optimum 
++ 

measured and the absolute requirement for Ca . . hi h are ~n agreement w~t t e 

results of Roholt and Schlamowitz (1961) using £:. durissus terrificusi 

PLA • 
2 

Studies of monomeric substrate hydrolyses by PLA from Bitis 
2 

gabonica (Viljoen and Botes 1979) and porcine pancreas (Vo1werk et al. 
1 

1979) have been reported. For the porcine enzyme, thioester bonds 

replaced the acyl esters in short chain PC's, which allowed the use of a 
++ 

spectrophotometric assay. It was found that Ca and substrate added 

randomly to the enzyme, in contrast to the results for the venom PLA
2
" 

In general, the pancreatic enzymes had much lower activities toward 

monomeric acylester PC's than the venom PLA 's, preventing a detailed 
2 

kinet ic analysis. 
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Hydrolysis of aggregate substrates 

PLA 's, regardless of source, are characterized by a dramatic 
2 

enhancement of hydrolytic activity when their substrates pass from mono-

molecular to micellar dispersions in solution. This feature distin-

guishes this enzyme from other classical esterases, since the aggregate 

substrates are water insoluble. It was noted that not all types of PC 

aggregates served equally well as substrates. For instance, long chain 

PC's in bilayer form are rather poor substrates. Presumably, the some-

what close packing of the individual molecules limits access of the PLA 
2 

to the scissile acyl ester bond (van Deenen, de Haas, and Heemskerk 

1963). Introducing defects in the bilayer surface by incorporating n-

alkanols (Jain and Cordes 1973) or by raising to the phase transition 

temperature (Op den Kamp, Kauerz, and van Deenen 1975) leads to higher 

activity. Similar ef~ects were brought about by increasing the spacing 

between PC molecules through solubilization in "mixed micelles" with 

detergents (Deems, Eaton, and Dennis 1975). However, these systems 

suffer from disadvantages when attempting to measure kinetic parameters, 

such as the Michaelis constant (K ) or the maximal velocity (V). In 
M M 

bilayers, corrections must be made for the substrate bulk concentration, 

as only the outer half is presented to the enzyme. For mixed micelles, 

the non-substrates present may have some affinity for PLA • complicating 
2 

the measurement of the true enzyme-substrate interactions. 

The use of pure substrate micelles of short chain PC's offers 

Wells (1974a) studied the C. adamanteus PLA 
- 2 

some advantages. 

hydrolysis of diC -, die - and die - PC micelles and was able to deter-
468 

mine their respective K 's and V's. Interestingly, the V for micellar 
M M M 
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diC
S 

PC hydrolysis was about 3000 fold higher than for monomeric diC
4 

Pc. Using these substrates, this rate enhancement, or "interfacial 

activation" for the pancreatic PLA was reported by Pieterson et ale 
2 

(1974). Because of the relevance of this to the physiological 

substrates for PLA 's, the origin of this activating effect became the 
2 

focus of numerous investigations. Some approaches and theories about 

this are presented later. 

PLA - substrate specificities and inhibitory compounds 
2 

Other than PC's, a number of phospholipids and related analogs 

are attacked by PLA. For instance, PE, phosphatidylglycerol (PG), and 
2 

phosphatidylserine (PS) are also hydrolyzed stereospecifically (van 

Deenen and de Haas 1963). Negatively charged derivatives are poorer 

substrates for C. adamanteus PLA than the zwitterionic phospholipids. 
- 2 

Also, phospholipids with the head group esterified to the sn-2 position 

of glycerol are hydrolyzed stereospecifically, with only the fatty acid 

at the sn-l position being liberated. Based on this, the preliminary 

minimal substrate requirements consisted of a phosphoryl ester adjacent 

to an acyl ester bond, as shown in Figure 9A. Support for this derives 

from the observed PLA breakdown of mono- acyl ethylene glycol analogs 
2 

of phospholipids (van Deenen and de Haas 1963, Yabusaki 1975). Later, 

Bonsen et ale (1972a, 1972b) determined that the phosphoryl group could 

be replaced by a phosphonate or sulfonate group with substrate 

properties being retained (Figure 9B). Recent studies with the porcine 

pancreatic PLA show that n-alkanoyl thioglycol sulfates and diacyl 
2 

glycerosulfates (Figure 9C) can also be added to this list as substrates 
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(Hille 1983). As with the phosphoryl derivatives, these sulfates 

contain a negative charge and are adjacent to the susceptible ester 

bond. It is noteworthy that eliminating this charge through phospho-

triester substitution abolishes enzymatic activity. Recent studies have 

demonstrated a subtle but significant feature of the PLA active site-
2 

phosphate group interaction. In natural phospholipids, the phosphorus 

center is prochira1, with the non-bridging oxygen atoms 

indistinguishable. Resonance permits each to share the negative charge. 

Bruzik, Gupte, and Tsai (1982) generated a chiral center at phosphorus 

by synthesizing both diastereomers of l,2-dipalmitoy1-sn-g1ycero-3-

thiophosphocholine (DPPsC), as shown in Figure 10. They were designated 

. 31 
A and B based on the1r separate P-NMR signals. They incorporated a 

mixture of both diastereomers into mixed-micelles with the detergent 

Triton X-100, and subjected these t~ hydrolysis by PLA
2 

from four 

sources: bee venom, Naja naja venom, ~ adamanteus venom, and porcine 

pancreas (Bruzik, Jiang, and Tsai 1,83). In all cases, the B isomer was 

specifically degraded, although thEI! absolute configurations of each 

isomer were not resolved. This is mtrong evidence for chiral 

recognition of the phosphate group qy the catalytic center. In 
++ ++ 

addition, when Cd replaced Ca a~ cofactor, some loss of stereo-

++ 
specificity was observed, suggesting that Ca coordinates with the 

phosphate group in catalysis (Bruzik, Gupte, and Tsai 1982). Such 

stereospecificity was also reported for the bee venom PLA hydrolysis of 
2 

an sn-3-thiophosphoethano1amine mixture (Orr, Brewer, and Heney 1982). 

These data, combined with the previous findi~gs of stereo-

specific PLA hydro lyses of sn-2 and sn-3 phospho lipids, empha.s ize the 
2 



29 

CH2-R 

I 
R--C-aH e 

I 0 e 
CH~O-~-O-CH2CH2 N(CH3) 

II 3 
S 

R= palmltoyl 

Figure 10. Structures of both diastereomers of 1,2-dipa1mitoy1-sn
glycero-3-thiophosphocholine (Bruzik et ale 1983). 
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geometric constraints on the three-dimensional relationship between the 

phosphoryl and acyl moieties necessary for productive binding. 

Specifically, only certain configurational isomers may give rise to an 

unknown number of conformer populations compatible with productive 

binding. For a given substrate, these populations, as a subset of the 

sterically allowed conformations, might be further subdivided on the 

basis of unequal affinities for the active site and/or effects on the 

catalytic rate constant (k ). Aggregation processes, such as 
cat 

micellization, could restrict the number of conformers to those with 

better substrate properties. This could at least partially account for 

PLA 's preference for interfacial over monomeric phospholipids. 
2 

Spectroscopic techniques such as NMR have successfully detected motional 

restrictions and preferred orientations of interfacial phospholipids. 

However, the possible effects of micellar surface potential, types of 

counter ions present, and hydration state of the ester carbonyls on PLA 
2 

activity can be profound (Wells 1974b, Poon and Wells 1974, Allgyer and 

Wells 1979a). Also, the ~urface may induce a conformational change in 

certain PLA 's, leading to increased activity. Such considerations 
2 

discourage simplistic approaches to interpreting data on the lipolysis 

of aggregate substrates. 

In early efforts to define PLA substrate specificities, 
2 

chemically modified substrate analogs were prepared, including the 

optical antipodes of the natural substrates. As might be expected, many 

possessed inhibitory properties (Bonsen et ale 1972a, 1972b, van Deenen 

and de Haas 1963). Some of these are shown in Figure 11. Replacing the 

sn-2 acyl ester linkage with an amide group yields an inhibitor with a 
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Structures of some inhibitors of Phospholipase A • 
(A) 1-acyl-2-acylamido-2-deoxy-sn-glycero-3-phosphocholine. 
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higher affinity for the active site than the substrate (Bonsen et ale 

1972b). The ether and alkyl analogs are somewhat less potent inhibitors 

of the porcine pancreatic PLA • 
2 

In mixed-micelle studies, these authors 

found that the optical antipodes of the sn-3-PC's (sn-1-PC's) are pure 

competitive inhibitors with respect to the substrates and bind to the 

pancreatic PLA with equal affinity. Inhibition in the monomeric 
2 

substrate concentration range was not studied. Results from such work 

have established regions of substrate molecules important for binding 

and catalysis. In some cases, they have served as "substrate diluent" 

molecules in mixed micelles for investigating interfacial activation 

mechanisms for PLA 's (Wells 1978, Slotboom et ale 1976). Aside from 
2 

this, as pointed out by various researchers, the unfavorable CMC/K. 
1 

ratios limit their usefulness in this area (Slotboom, Verheij, and de 

Haas I 1982). 

Interfacial activation of phospholipase A -- Bome theories 
~ 

The activating effect of aggregate substrates on PLA , as 

ment~oned, has been intensely studied and reviewed in detai1
2

(see Verger 

and d~ Haas 1976, Slotboom, Verheij, and de Haas 1982). No universal 

agree~ent currently exists on the origin of this phenomenon, or if a 

singl¢ mechanism applies to PLA 's from different sources. 
2 

Investigators of the porcine and bovine pancreatic enzymes, for 

example, cite their activation to arise from their "adsorption" to the 

surface of the aggregate substrate. The PLA undergoes a conformational 
2 

change to a more active form before "finding" individual substrate mole-

cules in the interface. A model illustrating this, proposed by Verger, 
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van-Dam Mieras, and de Haas (1973), is shown in Figure 12. The kinetic 

expression for the reaction includes this enzyme-interface binding 

dissociation constant (K ) in addition to the usual K. Thus, the 
D M 

interface may be treated as a cofa~tor. Measurement of this surface 

adsorption step requires the independent variation of both the 

substrate concentration and concentration of total surface components. 

The substrate must therefore be dispersed with non-substrates, such as 

inhibitory analogs or detergents. As anticipated, inclusion of these 

substrate "diluent" molecules will most likely alter surface properties 

compared to pure substrate aggregates. Data from these systems can be 

disputed on the grounds that one cannot avoid varying the substrate 

concentration and "interfacial quality" simultaneously. Despite this 

drawback, this approach has been used to argue for PLA adsorption to , 2 

interfaces (Deems, Eaton, and Dennis t975, Slotboom et ale 1976). 

More convincing evidence of this stems from chemical modifica-, 

tion of the amino terminal residues of porcine pancreatic PLA (van Dam-
2 

Mieras et ale 1975, Slotboom, van Dam-!Mieras, and de Haas 1977). Eight 

residues form a hydrophobic '~nterfacT Recognition Site" (rRS) which 

"anchors to" or "penetrates" micellar rurfaces in a reversib Ie 

adsorption process. The enzyme then c~talyzes the hydrolysis of the 

individual substrates. Modification of this region abolishes the PLA 's 
2 

ability to degrade interfacial substrates, although activity toward 

monomeric lipids is unaffected. Spectroscopic data shows evidence of 

protein conformational changes, although how this results in higher 

activity is not well defined. 



Figure 12. Model illustrating the action of a soluble enzyme at a 
lipid-water interface (Verger et ale 1973). 
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In contrast to this, studies with C. adamanteus PLA provide no 
- 2 

evidence for nc.n-opecific adsorption to lipid-water surfaces, despite 

its increased activity toward aggregate substrates. Wells (1974a) found 

a much lower entropy of activation for the reaction toward micellar vs. 

monomeric PC. This could be due to micellar substrates being ordered in 

more favorable conformations for hydrolysis. Other evidence suggests 

that dehydration of the ester carbonyls upon aggregation improves 

substrate properties (Schmidt et ale 1977, Allgyer and Wells 1979a). In 

mixed-micelle studies with dibenzoyl-PC and diC PC, Wells (1978) found 
• 6 

no evidence for surface 

In summary, one 

adsorption by ~ adamanteus PLA
2
• 

can say that all PLA 's prefer aggregate 
2 

substrates, although the mechanism(s) responsible for this have proven 

to be very elusive. The development of new approaches may shed some 

light on this issue. 

Determination of lipase specificities 

Lipases are acylglycerol hydro lases catalyzing the hyd.roty8i8~of 

fatty acyl esters from mono-, di-, and triglycerides. They are respon-

sible for a number of functions related to lipid metabolism, such as 

fatty acid release f.or oxidation in energy production, formation of 

diglycerides for phospholipid biosynthesis, and lipoprotein metabolism. 

This enzyme has been isolated from several mammalian sources, with much 

interest devoted toward determining its substrate specificities (for 

review, see Jensen, De jong, and Clark 1983). These specificities 

follow from acylglyceride structure. Triglycerides bearing three 

different fatty acids possess asymmetry at the glycerol-2-carbon. 
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Fischer projections of a mono-, di-, and triglyceride are given 1n 

Figure 13. Their structures and configurations are designated based on 

the stereospecific numbering system (sn) described for phospholipids. 

With X , X , and X representing palmitoyl, stearoyl, and oleoyl groups, 
1 2 3 

respectively, the triglyceride becomes I-palmitoyl-2-stearoyl-3-oleoyl-

sn-glycerol. Lipases can hydrolyze such triglycerides in one or more 

specific manners. The specificities are: 1) positional, where the 

lipase preferably attacks a primary or secondary acyl ester, or is 

random. 2) preference for one or more types of fatty acids, regardless 

of position. 3) stereospecificity, where hydrolysis at one -sn-

position is faster than at the others. A fourth type, substrate 

specificity, denotes a lipase's discrimination amongst triglycerides, 

diglycerides, and monoglycerides. Finally, a lipase may show 

combinations of any of the four. Jensen, De jong, and Clark (1983) have 

recently described methods for determining lipase specificities. One 

begins by analyzing the digestion products from lipolysis of either 

natural acylglycerols of known structure or synthetic ones. Fatty acyl, 

substrate, and positional specificities can readily be determined, while 

stereospecificity is more difficult to characterize. Digestion of 

synthetic, enantiomeric triglycerides provides a quick answer, but their 

preparation is so difficult that alternate methods have been developed. 

If a lipase is stereospecific, lipolysis of either racemic or monoacid 

triglycerides yield diglyceride products of a given enantiomeric 

configuration. These can then be phosphorylated and subjected to 

stereospecific hydrolysis by either PLA or phospholipase C (Brockerhoff 
2 

1965, Myher and Kuksis 1979). Separation and analysis of these products 
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(B) 2-stearoyl-3-o1eoyl-sn-glycerol 
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will indicate even partial stereospecificity. This is outlined in 

Figure 14, taken from Jensen, De joug, and Clark (1983). Diglyceride 

digestion products can also be tritylated, which substantially increases 

the optical rotation of each enantiomer. Using shift reagents, these 

trityl derivatives can be distinguished ba~ed on characteristic NMR 

spectra (10k 1979). Recently, Akesson et al. (1983) used enantiomeric 

alkyldiacylglycerols and alkyl monoacylglycerols as substrates for 

discriminating between fatty acyl and stereospecificities of four 

different lipases. One interesting result was that the lipases studied 

hydrolyzed enantiomeric monoalkylacylglycerols stereospecifically. 

However, the effects of substituting an ether for an ester linkage here 

on lipase-substrate interactions must be further studied. 

Attention in this laboratory has been focused on lipid 

digestion, absorption, and compositionl in the suckli,ng rat. About 70% 

of their energy is derived from the lipids of the mother's milk, the 

major portion being triglycerides (Ro~os et al. 1963). Of their total 

fatty acid composition, medium chain ~ength fatty acids (8-12 carbons) 

represent about 35%, esterified primartly to the glycerol 1 and 3 

positions (Fernando-Warnaku1asuriya et!al. 1981, Staggers, Fernando

Warnakulasuriya, and Wells 1981). Inieial absorption and digestion 

of these triglycerides is accomplished by lipases secreted from the 

serous glands of the tongue (lingual lipase) and pancreas (pancreatic 

lipase). Lingual lipase is active in the suckling rat stomach and is 

responsible for much of the triglyceride hydrolysis (Hamosh and Scow 

1973), with pancreatic lipase(s) active in the small intestine (Bradshaw 

and Rutter 1972). Studies have found that lingual lipase shows a 
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Jensen et a1. 1983. 
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preference for liberating medium-chain fatty acids from stomach 

triglycerides (Helander and Olivecrona 1970). These medium chain acids 

are transported by the portal vein to the liver for oxidation. The 

remaining acylglycerols pass to the small intestine where they are 

either hydrolyzed by pancreatic esterase(s) or absorbed. 

Lingual lipase may also be stereospecific for the sn-3 position 

of the triglycerides in combination with its apparent acyl specificity 

(Paltauf, Esfandi, and Holasek 1974). Such a combination may be best 

resolved through digestion of chiral synthetic triglycerides containing 

the appropriate mixture of fatty acids esterified to designated glycerol 

carbons. To date, this approach has not been reported for these 

enzymes. 

Chiral Triglyceride Synthesis 

The preparation of enantiomeric triacylglycerols of positional 

and stereochemical purity is a formidable task owing to the unstable 

nature of acylglycerol intermediates. As with phospholipid synthesis, 

one starts with an optically active glycerol derivative, such as 1,2-0-

isopropylidene-sn-glycerol and esterifies sequentially with activated 

fatty acids. Methodologies have been reviewed by Jensen (1972) and 

Jensen and Pitas (1976). The synthesis of 3-stearoyl-2-linoleoyl-sn

glycerol (Figure 15) serves as an example (Buchnea 1971). 1,2-0-

isopropylidene glycerol (Baer and Fischer 1939) is acylated with 

stear6yl chloride to give the 3-acy1 derivative. The isopropylidene 

group is removed at low temperature to minimize acyl migration. 

Reaction with trityl chloride gives the 1-trityl-3-stearoyl-sn-glycerol. 
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Further reaction with linoleoyl chloride yields the 3-stearoyl-2-

linoleoyl-1-trityl-sn-glycerol. This is passed through a silicic acid 

column containing boric acid for removal of the trityl group, giving the 

3-stearoyl-2-linoleoyl-sn-glycerol. 

Although this reaction scheme appears straightforward, the puri-

fication of intermediates is not. Intramolecular acyl migration is a 

serious problem occurring under a variety of conditions, as discussed 

below. Thus, compounds such as the l-trityl-3-stearoyl glycerol are 

generally isolated by low temperature fractional crystallization from 

suitable organic solvent mixtures. Depending on the amounts of 

impurities present or types of fatty acids used, this process may be 

only partly successful or give poor recoveries. For instance, 1,2-

diacylglycerols are quite soluble in solvent systems used for recrystal-

lizing the I,3-isomers. Acylglycerol intermediates containing short or 
I 

medium chain «12 carbons) fatty acids have lower melting points and 
, 

higher solubilities in these solvents than the long chain derivatives. 

Ala(I' , in the author's experience, free fatty acids are not always quan

titatively removed by this method. Despite these limitations, crystal-

lization is still the most successful method for purification of 

gly~erides where conventional chromatography is not possible. 

Newer methodology has partially alleviated some of these 

problems. The use of the trityl group for hydroxyl protection is now 

more common, due to its base stability, superior crystallization proper-

ties of trityl-acylglycerols, and strict specificity for primary 

hydroxy Is. While acyl chlorides are still widely used, other coupling 

agents are now available. As described for phospholipid synthesis, 
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other routes to the 1,2- and 2,3-0-isopropy1idene-sn-glycerols have been 

reported, along with procedures for obtaining the enantiomeric 1(3)-

trityl-sn-glycerols (Virtanen et al. 1980). Sensitive analytical 

methods for detecting isomerizations, acyl migration, and other side 

reactions have been developed where impurities of a few per cent or less 

can be observed. They include NMR and ~R(Lammers et al. 1978, Lok, 

Ward, and van Dorp 1976), HPLC (Ponpipom and Bugianesi 1980), and TLC 

(Freeman and Morton 1966). Such methods have brought to light the 

magnitude and conditions promoting acyl migration during synthesis. The 

severity of this problem, which restricts the number of synthetic 

approaches available to the lipid chemist, warrants some discussion. 

Rearrangements between 1- and 2-monoglycerides were studied and 

quantitated (Serdarevich 1967, Wolfenden, Rammler, and Lipmann 1964). 

An equilibrium mixture consists of 90% of the 1(3)-acylglycerol and 10% 

of the 2-acyl isomer, regardless of ~nitial concentrations. Both basic 

and acidic conditions promote this, including exposure to silicic acid 

adsorbents during chromatography. Fok diglycerides, acyl migration 

gives an equilibrium ratio of 60:40 ~or the 1,3:1,2 isomers. Migration 

rates depend on temperature, concenttation and type of catalyst, 

solvent, etc. Also, shorter chain fatty acids are more reactive 

" 
(Serdarevich 1967). Pluckthun and Dennis (1982) established that 

conditions for acylating lysophospholipids caused 5% acyl migration, 

with the base catalysts such as 4-dimethylaminopyridine being 

responsible. These points clarify some difficulties in preparing chiral 
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mixed-acid triglycerides uncontaminated by positional isomers due to 

acyl migration. 

Statement of the Problem 

Despite the preponderance of information accumulated in this 

laboratory on the mechanism of action of ~adamanteus PLA , the 
2 

phenomenon of interfacial activation remains unsolved. More unambiguous 

evidence supporting or refuting PLA adsorption to lipid-water inter-
2 

faces is necessary to identify its possible role in this mechanism. The 

use of mixed micelles containing the substrate L-diC PC and non-
6 

substrate D-diC PC seemed an attractive approach, in analogy with 
6 

similar work described earlier (Deems, Eaton, and Dennis 1975, Wells 

1978). The identical physico-chemical properties of the D-enantiomer 

compared to the substrate obviates the problem of modulating 

"interfacial quality" when changing concentrations of both substrate sind 

total micellar PC. As a component of mixed micelles, the D-diC PC isi 
6 

reported to be a pure competitive inhibitor of the porcine pancreatic 

PLA hydrolysis of the substrate L-diC PC, with both possessing 
2 6 

identical affinities for the enzyme (Bonsen et ale 1972b). We felt itl 

was imperative to establish the nature and magnitude of this inhibition 

in the monomeric concentration range for C. adamanteus PLA before 
- 2 

proceeding to the mixed micellar studies so that the true binding could 

be measured in the absence of surface effects. As mentioned, there are 

a number of undesirable features of the current, total synthetic routes 

to short chain, D-PC's. Considerable time and effort was spent in 

developing methodology facilitating access to these and similar lipids. 
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Among them are the short chain PE's, whose substrate properties for PLA 
2 

have not been fully investigated, but would yield information on the 

relationship of head group structure to PLA activity. More direct 
2 

partial synthetic routes to short chain PC's and PE's were examined. 

Also reported are the attempts to prepare phospholipid analogs, such as 

derivatives of 1,2-cyclohexanediol, as possible substrates for PLA • 
2 

The more facile pathways described for phospbolipid synthesis 

have parallel applications in constructing mixed-acid, enantiomeric 

triglycerides. These are valuable as substrates for lipases which 

appear to exhibit combinations of stereospecificity with positional or 

fatty acyl specificity. An example is suckling rat lingual lipase, 

which shows an apparent preference for hydrolyzing medium chain length 

acids from natural triglycerides, along with a possible stereo-

specificity. The composition of the requisite, synthetic triglycerides 

for resolving this must include medium chain (8-12 carbons) acids at 

different "sn" positions in combination with the appropriate long chain 

acids. Attendant synthetic problems include those associated with use 

of medium chain acids, since intermediates bearing these are very 

difficult to purify because of their solubility properties. 



MATERIALS AND METHODS 

Materials 

Acetone was dried and purified by distillation from anhydrous 

potassium carbonate and storage over molecular sieves, type 4A from 

Matheson, Coleman, and Bell (East Rutherford, NJ). Other solvents kept 

over sieves after drying and distilling were: acetonitrile (distilled 

from phosphorus pentoxide (p 0 », benzene (anhydrous calcium chloride), 
2 5 

dimethylformamide (calcium hydride), carbon tetrachloride (p 0 ), ethyl 
2 5 

acetate (anhydrous potassium carbonate), and dimethyl sulfoxide (barium 

oxide). Pyridine was purified by refluxing 4 hours over barium oxide, 

then distilling and storing over potassium hydroxide. Triethylamine 

(from potassium hydroxide), chloroform (P 0 ), and trifluoroacetic 
2 5 

anhydride (p 0 ) were distilled immediately before use. The following 
2 5 

solvents were also redistilled immediately before use, with the middle 

fractions being retained: methanol, phosphorus oxychloride, 

bromoethanol, methanesulfonyl chloride, and short chain fatty acids 

(butyric, valeric, hexanoic, heptanoic, and octanoic). Anhydrous ethyl 

ether was from Mallinckrodt (St. Louis, MO). Deuterated methanol 

(CD OD, 99.5% D) and chloroform (CDCl • 99.8% D) were from Aldrich 
3 3 

Chemical Co. (Milwaukee, WI). Deuterium oxide (D 0, 99.8% D) was from 
2 

Bio-Rad (Richmond, CA). Imidazole was from Eastman Organic Chemicals 

(Rochester. NY) and recrystallized from chloroform-carbon tetrachloride. 

Tert-butyldimethylchlorosilane was from Aldrich. Tetramethylsilane was 

46 
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from Wilmad Glass Co., Inc. (Buena, NJ)'. Palmitic, oleic, and stearic 

acids were from Nu-check (Elysian, MN). Fatty acid chlorides were 

prepared as described by Mattson and Volpenheim (1962), and anhydrides 

according to Selinger and Lapidot (1966). Darco G-60 charcoal was from 

Matheson, Coleman, and Bell (Norwood, OH). Phosgene and triethylamine 

gases were from Matheson Scientific (East Rutherford, NJ). Tetra-n-

butyl ammonium fluoride was prepared according to Corey and 

Venkateswarlu (1972). L(+)-arabinose was from Aldrich and recrystal

lized according to Bates (1942) to give [«]22 c +104.5
0 

(4% aqueous 
D 

solution, 24 hr). Triphenylmethyl chloride and p-nitrobenzoyl chloride 

were recrystallized as described in Vogel (1962). Silica Gel G for 

thin-layer plates was from EM Laboratories (Elmsford, NY). An aqueous 

slurry of silica gel was spread (0.5 mm thick) on glass plates and 

o 
dried. After activating at 110 (4 hr), they were stored in a 

dessi1cator containing anhydrous calcium sulfate. Florisil was from 

Flori,din Co. (Hancock, WVa). Silicic acid (Cc-7) and neutral alumina 

(AG-7) were from Bio-Rad. Grade III deactivated alumina was prepared by 

mixiJg activated (110
0

, 2 hr) alumina thoroughly with 6% water (w/w). 

DE-23! diethylaminoethyl cellulose was from Whatman, LTD (England) and 

washe'd prior to use (Rouser et a1. 1969). AG 3X-4A and Bio-Rex 70 

resin~ were from Bio-Rad and washed thoroughly (Vanderhoff et a1. 1970) 

before being converted to the desired ionic forms. Distilled water was 

further purified and de-ionized by passage through an organic filter and 

inorganic ion exchange resin, Continental Deionized Water Service 

(Tucson, AZ). All other materials were of reagent grade or better. 
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Methods 

Hen's egg yolk PC was extracted by the method of Bligh and Dyer 

(1959) and purified by aluminum oxide chromatography according to Wells 

and Hanahan (1969). Choline p-toluenesulfonate was synthesized 

according to Rosenthal (1966), and dried 48 hr over P 0 in vacuo 
2 5 

immediately before use. 1,2-dimethylethenylene phosphorochloridate (2-

chloro-4,5-dimethyl-1-oxo-1,3,2-dioxaphosphole) was prepared immediately 

before use as described by Ramirez et a1. (1976). ~ Bromoethyl-

phosphoryldichloride was synthesized according to Hirt and Berchtold 

(1958). 3-sn-GPC was prepared by de-acylation of purified egg yolk PC 

according to Brockerhoff and Yurkowski (1965), and purified by repeated 

precipitation by ethyl ether from a methanol solution. It was converted 

to its cadmium chloride adduct by the method of Chadha (1970). 4,5-

Monoisopropylidene-l,1-diethyl mercaptal1arabinose was synthesized 

according to English and Griswold (1948) and gave an [a]22 ... +7.3 (C, 
i D 

o 
8.5 in CH OH), mp ... 75 • 

3 
This compares ~ith the values (English and 

Griswo ld 1948)[a] 22 '" +7.6, mp 
D 

cyclohexanediols were prepared 

o 
D 75.6 • I Both cis- and trans- 1,2-

as descri,bed in Vogel (1962). 

Lyophilized Crotalus adamanteus snake venom was obtained from 

the Miami Serpentarium (Miami FL), and tbe phospholipase A purified as 
i 2 

described by Smith and Wells (1981). Only the a ,form was used in 

subsequent studies, with the protein concentration determined by 

measuring the absorbance at 280 nm using the extinction coefficient of 

E1% ... 22.7 (Wells and Hanahan 1969). Lyophilized cabbage leaf extract 
280 

containing phospholipase D, along with pancreatic and Rhizopus delemar 

lipases were from Boehringer Mannheim (West Germany). 
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Chromatography 

Column chromatography using silicic acid and neutral alumina 

(pre-equilibrated with the corresponding sample loading solvents) was 

used to purify product and intermediate synthetic compounds (Sweeley 

1969). Florisil column chromatography was occasionally used to rid 

preparations of acylglycerol intermediates of free fatty acids. Non-

lipidic phosphate" esters were chromatographed on Whatman No. 1 paper and 

visualized by spraying with the molybdate reagent of Hanes and Isherwood 

(1949) and heating. For TLC, a modified Dittmer-Lester molybdenum blue 

reagent spray (Ryu and Mac Coss 1979) was used to detect phosphorus 

containing lipids. A ninhydrin spray ( 0.4g ninhydrin in 116 ml 

isopropanol-pyridine-acetic acid- water, 90:4:12:10,{v:v:v:v» was used 

to locate phospholipids containing primary amines, and Dragendorff 

" reagent (Wagner, Horhammer, and Wolff 1961) for choline containing 

phospholipids. Neutral lipids were visualized with ultraviolet light 

after spraying with a 0.1% aqueous solution of 8-anilino-l-naphthalene 

sulfonic acid (ANS) (Gitler 1972). Those bearing the trityl group were 

visualized (yellow color) by spraying with 10% aqueous HCI, followed by 
o 

heating to 100 Recrystallization of acylglycerols was performed 

essentially as described by Jensen and Pitas (1976). Gas-liquid 

chromatography (GC) for identification and quantitation of fatty acid 

methyl esters was conducted on a Shimadzu GC mini 1 gas chromatograph 

equipped with a Shimadzu C-R 1 A recording data processor. Column 

adsorbents, methylation, and transmethylation procedures were used as 

described by Fernando-Warnakulasuriya et ale (1981) and Staggers, 

Fernando-Warnakulasuriya, and Wells (1981). 
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Spectroscopic and Analytical Methods 

Total phosphorus was determined according to Wells and Dittmer 

(1969). Infrared spectra were recorded on a Beckman IR-12 spectrometer. 

Proton magnetic resonance spectra were recorded on a Varian T-60 or a 

Bruker WM-250 equipped with a Bruker Aspect 2000 data collection system. 
13 

Carbon-13 ( C) magnetic resonance spectra were recorded on a Bruker WM-

250 instrument at 62.9 MHz. All chemical shifts are reported relative 

to tetramethylsilane (TMS) either as an internal or external standard, 
13 

as designated. For C spectra, either CD OD or CDCl signals were used 
3 3 

as an internal lock. Optical rotations were measured in a 1 dm cell 

with a Zeiss OLD 4 polarimeter at 546 nm. The CMC of diC PE was 
6 

determined by measuring the enhancement of ANS fluorescence (Wells 

1974a). The dissociation constant (K ) and pK of the diC PE amino 
a a 6 

group was measured by mid-point titration with aqueous sodium hydroxide 
o 

in a Radiometer pH stat at 25. Duplicate titrations were corrected for 

solvent blank. Base catalyzed hydrolysis was measured by pH stat 

titrations at the desired pH. The requisite amounts of PE or PC in 

chloroform were dried in the reaction vessel under a stream of nitrogen 

and placed under high vacuum for 30 min. 
o 

solution was allowed to equilibrate at 25 

After H 0 addition, the 
2 

for 10 minutes before 

adjusting the pH. The base concentrations used ranged from 0.015 to 

0.05 N. Rates were corrected for residual CO absorption through blank 
2 

titrations. 



Enzyme assays 

PLA hydrolysis was monitored by continuous titration of 
2 
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liberated fatty acids (NaOH) in a Radiometer pH stat as described by 

Wells (1972). Samples (1.5 ml) were kept under a nitrogen or argon 

atmosphere throughout the assay. For the diC PC assays, either stock 
6 

aqueous solutions were prepared daily using distilled, deionized water, 

or the requisite amount of diC PC in chloroform was dried in the 
6 

reaction vessel immediately before the assay. Chloroform samples of 

diC PE were evaporated in the reaction vessel directly before each 
6 

assay. Calcium chloride was present always at saturating concentrations 

(1.0-1.5 mM). After adjusting to the desired pH, the background rate of 

base catalyzed hydrolysis of substrate or inhibitor was measured. The 

reaction was initiated by the addition of enzyme, with initial rates 

being linear for at least 20 minutes. The concentration of NaOH titrant 

was checked weekly using a freshly prepared di-potassium phthalate 

standard solution. Electrodes were standardized as needed using buffers 

at the appropriate pH. 

Lipase digestions were carried out as follows: The acylglycerol 

derivative (20-30 ~moles) in chloroform was taken to dryness in a pH 

stat reaction vessel. A solution (1.3 ml) containing 150 mM NaCI, 8 mM 

CaCI , and 13 mM sodium taurocholate at pH 5.3-5.7 was added and the 
2 

mixture sonicated for 30 seconds (3 times) with ice cooling. The 

o 
solution was brought to 37 and 0.2 ml of the sodium taurocholate 

solution containing 50-80 ~g of the appropriate lipase was added. With 

stirring, the reaction proceeded from 5 to 15 min as desired, with the 
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pH then being lowered (2.5) by addition of HCI. After cooling the 

mixture was extracted with ethyl ether (3x). After drying over Na SO , 
2 4 

the volume was reduced and the sample chromatographed on thin-layer 

plates (silica gel G), visualized, and extracted for GC analysis. 

Data analysis 

PLA kinetic assays were performed such that initial velocity, 
2 

steady state conditions existed during the portion of the reaction 

studied. Less than 10% of substrate was consumed, allowing product 

inhibition and sample dilution (through base addition) to be negligible. 

Data were plotted as Lineweaver-Burke double reciprocal plots, with 

apparent K 's and V 's calculated by least squares analysis of these 
M M 

plots, or by analysis of direct linear plots (Cornish-Bowden 1979). 

Values f~r other constants were determined as described in the Results 

using the appropriate equations (Dixon and Webb 1964, Segel 1975). 

Assays w~re performed in at least duplicate, with results being 

reprodudl.b Ie within 15%. 

SYntheses 

2,3-0-isqpropylidene-sn-glycerol 

The sodium periodate oxidation of 4,5-monoisopropylidene-L-

arabinose diethyl mercaptal was carried out essentially according to the 

procedure of LeCocq and Ballou (1964). Fifty-eight g of sodium 

periodate was dissolved in 550 ml of water and chilled in ice to about 

o 
5 C. With stirring, 26.6 g of 4,5-monoisopropylidene-L-arabinose 

diethyl mercaptal was added in portions, maintaining the temperature 
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o 
between 10 and 15 c. After a further 15 min at this temperature, 1400 

ml of absolute ethanol was added, and the solution filtered to remove 

sodium iodate. To the cold cherry red filtrate was added cautiously 

14.5 g of sodium borohydride in water. The solution was stirred an 

additional 2 hr at-room temperature, then neutralized with acetic acid. 

The volume was reduced in vacuo to approximately 350 ml to remove 

ethanol, and the aqueous solution extracted six times with chloroform. 

The combined chloroform extracts were dried over sodium sulfate, and 

then magnesium sulfate. The chloroform was evaporated in vacuo, and the 

resulting syrup distilled in vacuo to yield 6.2 g of pure 2,3-0-
o 22 

isopropylidene-sn-glycerol (52% yield); bp 94-95 C (15 mm); [,,] ] CI 

D 

-14.5 (in substance). Overall yield from L-arabinose CI 15-25%. 

sn-Glycero-l-phosphocholine 

The procedure of Sarma et ale (1978) was used with slight 

modification. Under a dry nitrogen atmosph~re, a solution of 2,3-0-

isopropylidene-sn-glycerol (26.5 mmoles, 3.2, ml) and triethylamine 

(2.67 g, 1 molar equivalent) in 30 ml of dry, ethyl ether was added 

dropwise to a stirred solution (95 ml) of 1,~-dimethylethenylene 
o 0 

phosphorochloridate (26.5 mmoles, 3.4 ml) at, 22 C. After 2 hr at 22 C, 

the triethylammonium chloride (3.35 g) was filtered (under N ) and 
2 

washed with ether. The combined filtrates were evaporated and the 

residue (92% yield) was placed under vacuum (0.1 mm) for 1 hr. Sixty-

five ml of dry acetonitrile was added, followed by choline p-toluene-

sulfonate (26 mmoles, 7.15 g) and triethylamine (5.24 g, 52 mmoles). 

The mixture was stirred at 22
0

C for 36 hr under nitrogen. Water (170 
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o 
ml) was added and the solution was heated to 70 C for 7 hr, followed by 

evaporation of the solvents under reduced pressure. The residue was 

taken up in a minimal amount of chloroform and loaded onto a column of 

400 g silicic acid (CC-7) packed in chloroform. The column was eluted 

successively with chloroform (1.5 1), then mixtures of ch10roform-

methanol (100:2, 1.5 1; 100:7, 1.5 1; 7:1, 1.5 1; 4:1, 1.5 1; 1:1,3 o. 
Methanol was passed through the column unti.l all desired product was 

eluted. The solvent was evaporated under reduced pressure and the 

residue was taken up in 50 ml of methanol and treated with Darco G-60 

charcoal. After filtration and evaporation, the 2,3-0-isopropylidene-

sn-glycero-1-phosphocholine product, a colorless, viscous syrup, was 
o 

taken up in methanol and stored at -20 C until converted to l-sn-GPC. 

TLC on silica gel G plates in the solvent system methanol-water 75:25 

showed a single phosphorus- and choline-positive spot with R = 0.23. 

This was essentially identical to 

phosphocholine. The pmr spectrum 

the R for sn-glycero-l
F 

F 

(D 0) compared with that of 3-sn-GPC 
2 

except for the presence of two peaks: &1.95 and &2.03 (2s, 6H, C(CH ) ) 
3 2 

corresponding to the acetone group. 

Yield = 14.9 mmoles (57%) [a]22 '" +4.8 (c, 3.0 in H 0). 
546 2 

To remove the acetone group, the 2,J-0-isopropylidene-sn-

glycero-l-pbosphocholine was dissolved in 50 ml of water and the pH was 

lowered to 2.3 with HCl (Baer and Kates 1948). After 15 hr, the 

solution was neutralized with AG 3X-4A resin (20-50 mesh, OH form) and 

centrifuged. The supernatant was lyophilized and the sn-glycero-l

phosphocholine (14 mmoles) was stored in methanol at -20°C. 
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[a] 5 = +3.0 (c, 2.5 in H 0) 
2~6 2 

(for 3-sn-GPC [al = -3.0 (c, 2.5 in H 0». 
546 2 

This was converted to its cadmium chloride adduct for analysis of 

phosphorus. Calculated for (C H 0 NP). (CdCl) (llOO:P, 5.62% 
8 22 7 2 2 3 

found: 5.55%). 

Acylation of sn-glycero-3-phosphocholine 

A.Use of p-nitrophenyl ester of fatty acid. As acylating agents, 

the nitrophenyl esters of certain fatty acids were employed. These were 

condensed with dry GPC or its cadmium chloride adduct in the presence of 

base catalyst. Examples are given using hexanoic acid in the synthesis 

of diC PC. 
6 

In a 100 ml Ebrlenmayer flask were combined 1.17 gm (10 mmoles) 

hexanoic acid, 2.06 gm (10 mmoles) dicyclohexylcarbodiimide, 1.39 gm (10 

mmoles) p-nitrophenol, 2.2 ml triethylamine, and 40 ml dry ethyl 

acetate. The flask was stoppered, mixed, and set overnight at room 

temperature. The precipitated dicyclohexylurea was removed by 

centrifugation and the ethyl acetate evaporated. The crude p-

nitrophenyl hexanoate was dissolved in 10 ml anhydrous DMF and added to 

2.21 gm (4.17 mmoles) of the dried cadmium chloride adduct of sn-

glycero-3-phosphocholine «GPC) (CdCl» suspended in 12.5 ml 
2 2 3 

anhydrous DMF in a 50 ml round-bottom flask. Imidazole (0.85 gm, 12.5 

mmoles) was added with a stirring bar, the flask stoppered, and heated 
o 

to 65 with magnetic stirring for 48 hr or until no further reaction 

took place as evidenced by TLC. After cooling, the mixture was diluted 

with an equal volume of chloroform and loaded onto a 150 gm silicic acid 
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(cc-7) colUL.n pre-equilibrated with chloroform. Chloroform (1 liter) 

and chloroform-methanol (4:1, 1 liter) were passed through the column, 

followed by chloroform-methanol (1:1, 1.5 liters) at which point 

fractions were collected. Chloroform-methanol (1:2) was run through the 

column until all diC PC was eluted. The pure diC PC fractions were 
6 6 

o 
pooled and the solvents evaporated under reduced pressure (35-40). The 

yellowish residue was dissolved in 100 ml of methanol and treated with 2 

gm of Darco G-60 charcoal. After filtering and evaporating the solvent, 

the diC PC was dissolved in a minimal amount of water and loaded onto a 
6 

mixed bed AG 3X-4A, Bio-Rex 70 column (10 gm each) pre-equilibrated in 

water. Water was passed through the column until all diC PC eluted, 
6 

and the solution lyophilized. Phosphate assay showed 1.27 mmoles diC 
6 

PC (30% yield from starting GPC) which gave a single spot on TLC in the 

solvent system chloroform-methanol-water (65:25:4) when visualized with 

molybdenum blue reagent. 

[a]22 = +11.8 (c, 2.3 1.n chloroform-methanol 1:1). 
546 

In an attempt to improve the yield, the p-nitrophenyl ester of 

hexanoic acid was purified before reacting with GPC. 

In a 100 ml Ehrlenmayer flask were added 1.16 gm (10 mmoles) 

hexanoic acid, 2.06 gm (10 mmoles) dicyclohexylcarbodiimide, 1.74 gm 

(12.5 mmoles) p-nitrophenol, and 40 ml dry ethyl acetate. The mixture 

was allowed to stand 48 hr at room temperature, the dicyclohexylurea 

removed by centrifugation, and the solvent evaporated. The crude ester 

was dissolved in a minimal amount of chloroform, then loaded onto a 175 

gm silicic acid column (CC-7) pre-equilibrated in chloroform. As 

chloroform was passed through, the yellow ester band was visually 
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followed as it eluted through the column. Fractions were collected, and 

those containing pure ester were combined and the chloroform evaporated. 

TLC on silica gel G plates showed a single spot of R a 0.8 in the 
F 

solvent chloroform-methanol (19:1) when visualized with ANS. 

Yield = 1.96 gm (8.28 mmoles), 83% from hexanoic acid. 

GPC was then acylated as above using 3.45 mmoles (GPC) (CdCl), 8.28 
. 223 

mmoles (20% excess over GPC hydroxyls) p-nitrophenyl hexanoate, and 10 

mmoles (0.704 gm) imidazole in 20 ml anhydrous DMF. 
o 

After 30 hr at 65 

the diC PC was purified and de-ionized as above to give 1.67 mmoles 
6 

(48.4% from GPC). 

B.Use of mixed fatty acid-trifluoroacetic acid anhydride as 

. acylating agent. Four short acyl chain diacyl-sn-3-PC's were 

synthesized by utilizing a mixed anhydride in acylating free sn-3-GPC 

dissolved in JlOhydrous trifluoroacetic acid. The synthesis of the 

dihexanoyl anrlog is given as an example. 

vacuo 

; 

Two mmoles of GPC was dried in a 50 ml round-bottom flask in 

over P~) for 24 hr. Under dry nitrogen atmosphere, 50 mmoles 
25 

(3.7 ml) of t~ifluoroacetic acid (freshly distilled under anhydrous 

conditions) w.s added, and the flask was stoppered and shaken until all 

GPC dissolvedJ, The flask was chilled in an ice bath, and a stirring bar 

was introduced, followed by an addition funnel. Eight mmoles (1.0 ml) 

of freshly distilled hexanoic acid and 8 mmoles (1.13 ml) of trifluoro-

acetic anhydride (freshly distilled from PO) were mixed briefly in the 
2 5 

funnel, then added dropwise to the chilled, stirred GPC solution under 

nitrogen. After an additional 20 min at room temperature, the flask was 
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chilled in an ice bath. Methanol (1.0 ml) was added and the solution 

was reduced to approximately half its volume in vacuo at 40
0

C. The 

residual solution was diluted with two to three volumes of chloroform 

and applied to a column containing 100 g of silicic acid packed in 

chloroform. The column was eluted successively with chloroform (1 

liter), chloroform-methanol 4:1 (1.5 liters), then chloroform-methanol 

4:7, at which point fractions were collected. The fractions were 

checked by TLC, and those containing pure dihexanoyl-sn-glycero-3-

phosphocholine were pooled and the solvent was evaporated in vacuo. The 

residue was taken up in 25 ml of methanol, treated with charcoal, 

filtered, and the solution was then evaporated in vacuo. The 

phosphatidylcholine was dissolved in a minimal amount of water and 

percolated over a mixed bed AG 3X-4A, Bio-Rex 70 (15 g each) de-ion!zing 

column. Two-hundred ml of water was passed thrlough the column, and the 

eluent was lyophilized. The resulting dihexanoyl-sn-glycero-3-

o i 
phosphocholine was stored in methanol at -20 c.! It showed as a single 

spot when visualized with Dittmer-Lester reagen~ (1964) on silica gel G 

plates chromatographed in the solvent system chl,oroform-methanol-water 

(65:25:4). The optical rotation is given in Tabte I. The diheptanoyl 

and dioctanoyl compounds were prepared in a similar manner with yields 

as shown in Table I. 

This procedure was also used to acylate the 1-sn-GPC to give the 

2,3-dihexanoyl-PC in similar yie Id. 

22 
[a]546 = -11.4 (c, 2.3 in chloroform-methanol 1:1) 



TABLE I. Yields and optical rotations of lecithins synthesized. 

Lecithin % Yield a 22 
[a] 546 

Dibutyroyl 74 '+12.5 (3.8 in chloroform: methanol-l:l) 

Dihexanoy1 71 +11.8 (c,2.3 in chloroform: methanol-l:l) 

Diheptanoyl 70 +11.5 (c,IO in chloroform : methanol-4:1) 

Dioctanoyl 79 +11.0 (c,9 in chloroform: methanol-I:l) 

a Based on glycerophosphorylcholine 

VI 
\0 



Synthesis of dihexanoylphosphatidylethanolamine 

Cabbage leaf extract containing phospholipase D was gently 
o 

homogenized (50 mg/ml) at 4 in 0.05 M acetate buffer, pH 5.0, 

60 

containing 0.025 M CaCl. The homogenate was spun at 10,000 RPM (10 
2 

min.) and the supernatant used directly in the transphosphatidylation 

reaction (Allgyer and Wells 1979b). One mmol of dihexanoylphosphatidyl-

choline was dissolved in 15 ml PIPES buffer containing 1 mM CaCl and 
2 

10% (v/v) ethanolamine at pH 7.5. Diethyl ether (1.5 ml) was added, 

followed by the cabbage leaf extract. The reaction was stirred for 

several hours at room temperature until judged complete by thin layer 

chromatography (silica gel G, CHC1 :CH OH:H 0, 65:25:4), then stopped by 
3 3 2 

the addition of 1 ml of 1 M EDTA, followed by solid NaCl until the 

solution was nearly saturated. The solution was then extracted with 

chloroform (50 ml, 2X), and chloroform:methanol, 4:1 (50 ml, 2X). The 

combined extracts were dried (Na SO ) and evaporated. The residue was 
2 4 

dissolved in a minimal volume of chloroform, and loaded onto 40 gm of 

washed DE-23 (acetate form) pre-equilibrated with chloroform. In 

succession, the column was eluted with chloroform (500 ml); 

chloroform:methanol (12:1, 600 ml), which elutes unreacted dihexanoyl-

phosphatidylcholine; chloroform:methanol (9:1, 600 ml, and 6:1, 600 ml), 

which elutes the unreacted ethanolamine; and finally, chloroform: 

methanol (4:3) which elutes the dihexanoylphosphatidylethanolamine and 

minor amounts of the lyso compound. The solvents were evaporated under 

reduced pressure, and the lyso compound was removed by loading the 

residue (in chloroform) onto an activated CC-4 (100
0

, 18 hr.) silicic 

acid (Mallinckrodt, St. Louis, MO) column (50 gm) packed in chloroform. 
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The column was eluted with chloroform:methanol (5:1), and fractions 

containing pure dihexanoylphosphatidylethanolamine were collected and 

the solYents evaporated. Dihexanoylphosphatidylethanolamine was 

de-ionized on a mixed-bed Bio- Rex 70 and AG 3X -4A column (10 gm each) 

in the solvent chloroform:methanol:water (5:4:1). The yield ranged from 

50 to 75%, based on dihexanoylphosphatidylcholine. 

22 
[u] = + 10.53 (c, 1.28 in CHCl

3
). 

546 

Chiral, mixed acid triglycerides 

The enantiomeric triglycerides l-palmitoyl-2-0Ieoyl-3-decanoyJ.-

sn-glycerol and 1-decanoyl-2-oleoyl-3-palmitoyl-sn-glycerol were 

synthesized from the optically active isopropylidene glycerols or 

similar chiral starting materials. The preparation of the 1-palmitoyl-

2-0Ieoyl-3-decanoyl-sn-glycerol is described, with the opposite 

enantiomer having been synthesized in a similar manner. 

3-0-trityl-sn-glycerol. 2,3-0-isopropylidene-sn-glycerol was 

converted to 3-0-trityl-sn-glycerol as described by Baer and Fischer 

(1945) for the optical antipode. The 2,3-isopropylidene glycerol was 

esterified with p-nitrobenzoyl chloride and de-acetonated to give the 1-

nitrobenzoyl glycerol. Reaction with trityl chloride and removal of the 

nitrobenzoyl group under alkaline conditions afforded the 3-0-trityl-sn-

glycerol in about 40% overall yield. 

In a second procedure, L-arabinose was converted to its 1,1-

diethyl mercaptal derivative by reaction with ethyl mercaptan in HCI 

with Znel catalyst. The diethyl mercaptal arabinose (17.7 gm, 69 
2 
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mmoles) was dissolved in 95 ml dry pyridine. Trityl chloride (19.3 gm, 

69 mmoles) was added and the mixture stirred magnetically for 3 days. 

It was then poured into 300 ml ice water, mixed, and the aqueous phase 

removed. After extraction of the aqueous portion with ether, the 

extract was added to the pasty precipitate along with 300 ml more ether. 

The resulting solution was washed with cold 0.5 N HCI until the washings 

remained acidic. The ether phase was then washed consecutively with H 0 
2 

(100 ml, 2x), sodium bicarbonate (200 ml of 5% solution, Ix), then H 0 
2 

(100 ml, 2x). After drying (Na SO ) and evaporation, the crude 5-0-
2 4 

trityl-1,1-diethyl mercaptal arabinose was placed under vacuum. R was 
F 

ca 0.5 (TLC, G plates, hexane-ether 4:6). TLC in hexane-acetone (7:3) 

showed the trityl arabinose derivative (R ... 0.35), triphenylcarbinol 
F 

(R = 0.56) and unreacted diethyl mercaptal arabinose (R = 0.09). 
F F 

The crude product Iwas dissolved in hexane-ether (3:1) and loaded onto an 

alumina (450 gm) column equilibrated in same solvent. The column was 

eluted with hexan~-ether (5:2) to remove most triphenyl carbinol, then 

with hexane-ether 1(1:1) to elute the trityl arabinose derivative. 

Fractions were pooled, and the solvents evaporated. The residue was 

dissolved in a minimal amount of chloroform and precipitated with excess 
o 

petroleum ether at, -20. TLC (hexane-acetone, 7 :3) showed minor amounts 

of triphenylcarbino 1. 

2 Yield'" 19.0 gm (38 mmoles, 55%) 
[ (1] 2 546 ... +105.6 (e, 2.5 in CHCl

3
) 

5-0-trityl-l,1-diethyl mercaptal arabinose (19.0 gm, 38 mmoles) 

o 
was dissolved in 190 ml ethyl acetate at o. Lead tetraacetate (29 gm) 

was add~d in two portions, and the solution mixed 1 hour. A few drops 
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of saturated cqueous oxalic acid were added to destroy excess lead 

tetraacetate. The lead diacetate was filtered, and the precipitate 

washed with ether (230 ml). The organic layer was washed with H 0 (2S0 
2 

mO, sodium bicarbonate (0.25 M) until basic, then H 0 (200 mO. After 
2 

drying (Na SO ) 4 gm of sodium borohydride (in 30 ml ethanol) was added 
2 4 

to the organic phase and mixed 1 hour. The organic layer was washed 

with H 0 (200 ml, 2x) and dried (Na SO). TLC (hexane-ether 6:4) showed 
2 2 4 

mostly trityl-O-ethylene glycol (R = 0.47) and small amounts of 3-0-
F 

trityl glyceroL (R a 0.14). The solvents were evaporated and the 
F 

residue dissolved in hexane-ether (100 ml, 1:1) and applied to 290 gm 

neutral alumina (de-activated to Grade III). Hexane-ether (1:1) was 

passed over the column until all 3-0-trityl glycerol eluted. The 

appropriate fractions were pooled and the solvent evaporated. 

2 Yie ld = 1.84 gm (S.S mmo les, IS%) 
[a] 

2 = +18.S (pyridine) 
S46 

I-palmitoyl-3-trityl glycerol. 3-0-trityl glrcerol (1.0 gm, 3 

mmoles) was dissolved in 20 ml dry toluene. Pyridine (0.26 ml) was 

added and the solution cooled to 0
0

• Palmitoyl Chlo~ide (0.93 ml, 3 

mmoles) in 10 ml toluene was added dropwise (S minut~s). After 1 hour 
o 

at 0 and I hr at room temperature, TLC (hexane-ether-acetic acid, 

70:30:1) showed mostly monoacyl and some diacyl tritYl glycerol. The 

mixture was diluted with ether (SO ml) and washed with ice-cold O.S N 

H SO (3x), H 0 (Ix), S% sodium bicarbonate (Ix), then H 0 (2x). After 
242 2 

drying, the solvent was evaporated and the residue re-dissolved in 

ether-hexane (7:3) and passed quickly through a Florisil column (40 gm) 

to remove palmitic acid. The eluent containing the I-palmitoyl-3-
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trityl-sn-glycerol was evaporated, the residue dissolved in hexane, then 

loaded onto a 60 gm neutral alumina column (Grade III) equilibrated in 

hexane. Hexane-ether (85:15) was passed through to remove diacyl-trityl 

glycerol. The monoacyl trityl-glycerol was eluted with hexane-ether 

(1:1). The solvent was evaporated to yield 1.07 gm (1.87 mmoles, 62%) of 

I-palmitoyl-3-trityl-sn-glycerol. PMR (250 MHz) spectrum showed traces 

of the low field (5.2-5.4 ppm) glycerol C-2 methine proton, indicative 

of an acylated C-2 hydroxyl. 

I-palmitoyl-2-oleoyl-3-trityl-sn-glycerol. I-palmitoyl-3-trityl-

sn-glycerol (1.87 mmoles) was dissolved in dry benzene (10 ml), 

containing 0.32 ml dry pyridine. Oleoyl chloride (0.68 ml, 2 mmoles) in 

benzene (4 ml) was added and mixed overnight at room temperature. The 
o 

mixture was then heated to 40 (2 hr) And checked on TLC for 

completeness. If necessary, a second portion of oleoyl chloride (1 

mmole) was added with pyridine. The reaction was washed with dilute 

aqueous acid and base (as for the mono-acyl derivative) and dried 

(Na SO ). The solvent was evaporated and the residue taken up in a 
2 4 

minimal amount of hexane-ether (85:15) and loaded onto 45 gm neutral 

alumina in the same solvent. Hexane-ether (85:15) was passed through 

the column to elute the I-palmitoyl-2-oleoyl-3-trityl-sn-glycerol. After 

evaporation, the product weighed 1.277 gm (1.52 mmoles, 81%). GC 

analysis showed palmitate to comprise at least 49% of total esterified 

fatty acid, the rest being oleate. Limited digestion with lipase from 

Rhizopu6 delemar showed between 5% and 10% of total fatty acid released 

as oleate, the remainder being palmitate. 
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l-palmitoyl-2-oleoyl-3-decanoyl-sn-glycerol. De-tritylation of 

l-palmitoyl-2-oleoyl-3-trityl-sn-glycerol was performed according to Lok 

(1978). The 3-trityl-l-palmitoyl-2-oleoyl-sn-glycerol (1.125 gm, 1.3 

mmoles) was dissolved in anhydrous ethyl ether (22.5 ml). Trifluoro

acetic anhydride (1.7 ml) and trifluoroacetic acid (0.6 ml) were added, 

and the mixture left 4 hr at room temperature. After evaporation, the 
o 

residue was dissolved in 25 ml petroleum ether and cooled to -20 to 

precipitate triphenylcarbinol. This did not work, and after 

evaporation, the residue was dissolved in a minimal amount of hexane-

ether (9:1) and loaded onto 100 gm neutral alumina (Grade III) in the 

same solvent. Hexane-ether (9:1) eluted triphenylcarbinol, with the 

trifluoroacetyl derivative of the diglyceride coming off with hexane-

ether (1:1). The trifluoroacetyl group was removed by dissolving the 

residue in nanograde methanol (7 ml), 7 ml dry hexane, and 3.5 ml dry 

pyridine. After 10 minutes, the solvents were evaporated and the 

residue placed under high vacuum. 

Crude yield = 0.53 gm (0~9 mmoles, 66%) 

1-palmitoyl-2-oleoyl-sn-glycerol (0.53 gm, 0.89 mmoles) was 

dissolved in 10 ml dry benzene. Dry pyridine (0.15 ml, 2 mmoles) was 

added, followed by the dropwise addition of 0.3 ml (1.5 mmoles) decanoyl 

chloride in 3 ml dry benzene. After 24 hr at room temperature, and 3 hr 
o 

at 40 , TLC showed no further reaction. After cooling, a few drops of 

methanol and pyridine were added and the solution stirred 1 hr to 

destroy excess decanoyl chloride. After evaporation, the triglyceride 

was purified on alumina (40 gm) in hexane-ether (85:15). TLC of the 



triglyceride in hexane-ether-formic acid (80:20:2) showed a spot 

migrating ahead of the triglyceride which GC analysis showed to be 

methyl decanoate. The triglyceride was further purified by 
o 

precipitation with 95% ethanol-acetone (9:1) at -20 • 

Yield a 0.51 gm (0.68 mmoles, 76%) 

66 

GC analysis of esterified fatty acids gave 33.9% decanoic acid, 33.5% 

oleic acid, and 32.6% palmitic acid. Limited digestion with lipase 

(Rhizopus delemar) showed 30-35% of released fatty acid was oleic acid, 

indicating substantial acyl migration of oleate to the primary hydroxyl 

positions during synthesis. 

The I-decanoyl-2-o1eoyl-3-palmitoyl-sn-glycerol was synthesized 

in a similar manner beginning with 1-0-trityl-sn-glycerol, prepared by 

the procedure of Baer and Fischer (1945) or Virtan~n et ale (1980). 

2-0ctanoyl-l-trans-cyclohexanediol phosphocholine 

1,2-trans-cyclohexanediol (2.32 gm, 20 mmoles) and 2.1 gm dry 

o 
pyridine were dissolved in 50 ml ethanol-free dry chloroform at 4 • 

Octanoyl chloride (4.23 gm, 26 mmoles) in 10 ml chloroform was added 
o 

dropwise, the reaction left at 4 for 1 hr, then overnight at room 

temperature. TLC (G plates) in hexane-ether-acetic acid (70:30:1) 

ehowed the mono-acyl cyclohexanediol derivative at R "" 0.32. The 
F 

chloroform was evaporated, and the sample dissolved in hexane-ether 

(95:5), then loaded onto a silicic acid (CC-7) column (80 gm) in the 

same solvent. Hexane-ether (70:30) was passed through, with octanoic 

acid (octanoyl chloride) eluting first (R = 0.69, hexane-ether-acetic 
F 

acid (70:30:1), followed by the mono-acyl cyclohexanediol derivative. 
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After evaporation,the product weighed 3.15 gm (14.7 mmoles, 74% from 
-1 -1 

diol). IR showed stretchings at 1742 cm (CaO, ester), 3635 cm (0-
-1 

H), and 2875, 2950 cm (C-H). This was converted to the phosphocholine 

derivative as follows. 

p-Bromoethylphosphoryldichloride (4.6 gm, 19 mmoles) and 4~6 gm 

o 
dry pyridine (58 mmoles) were mixed with absolute chloroform at 0 • 

With stirring, 3.15 gm (13 mmoles) of monooctanoyl-trans-l,2-

cyclohexanediol in 50 ml absolute chloroform was added dropwise. After 

o 
6 hr at room temperature and 12 hr at 40 , the solution was cooled to 
o o. 0.1 N KCI solution (15 ml) was added to hydrolyze the remaining 

phosphory1ch1oride (1 hr). Methanol (25 ml) and concentrated HCI (to pH 

3) were added and the solution shaken. The organic phase was removed, 

evaporated, and the residue dried in vacuum over PO. The residue was 
2 5 

dissolved in absolute chloroform (25 ml), then 10 m1 trimethylamine in 
1

0
. 

50 ml chloroform were added at -10. After reacting overnight at room 

temperature, more trimethylamine (5 ml) was added and the vessel sealed 
o 

and reacted at 60 oVlernight. A white precipitate formed and settled 

out. The solvent was evaporated and 3.8 gm silver acetate in 90% aqueous 

methanol were added. ! After stirring 1 hr, the solution was filtered, 

the precipitate washep with chloroform, and the combined filtrates 

evaporated. The crud~ product was dried under high vacuum. TLC 

(chloroform-methanol-water, 65:25:4) showed a phosphate-positive spot 

(R = 0.88) and a phosphate-choline positive spot (R '" 0.31). The 
F F 

material was dissolved in a minimal amount of chloroform and loaded onto 

300 gm silicic acid (CC-7) in the same solvent. Chloroform-methanol 

(4:1) was passed through to elute the faster migrating phosphate 
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derivative, then chlorofo.rm-methanol (1:1) was eluted through the column 

to give the 2-octanoyl-1-trans-cyclohexanediol phosphocholine. 

M.W. - 425 Yield = 1.1 gm (20% from o~tanoyl-cyclohexanediol) 

This material was de-ionized on a mixed bed column (AG 3X-4A and Bio-Rex 

70) in the solvent chloroform-methanol-water (5:4:1). No other 

analytical data were obtained. 



RESULTS AND DISCUSSION 

Reaction conditions 

It was found that the succeRS of acylation and phosphorylation 

procedures required that these couplings be effected under anhydrous 

conditions using moisture-free solvents and reagents. Consequently, 

great care was taken to ensure that solvents were purified and kept dry, 

and that solid reagents were thoroughly dried under vacuum in the 

presence of suitable desaicants. 

Purification procedures 

In order to obtain reproducible data in PLA hydrolysis assays, 
2 

one of the conditions to be met required that phospholipid substrates be 

freed of inhibitory contaminants or other materials interfering with the 

sensitivity of the pH stat electrode. Repeated encounters with problems 

in these areas led to the evolution of satisfactory purification 

protocols for obtaining reliable data. Following acylation of GPC, for 

example, care had to be taken to ensure complete removal of excess fatty 

acid from the phospholipid by passing sufficient quantities of 

chloroform or chloroform-methanol (4:1) through silicic acid columns. 

Reagent grade chloroform contained non-volatile organic impurities which 

imparted a yellowish color on lipid preparations following solvent 

evaporation from column fractions. An amine odor was occasionally 

detected in reagent grade methanol. Therefore, both solvents were 

redistilled for all chromatography. Silicic acid released contaminants 
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inhibiting PLA which had to be removed by percolating the substrates 
2 

over a mixed-bed (AG 3X-4A, Bio-Rex 70) de-ionizing column. With water 

as eluting solvent, diC PC came off as a very broad peak, forcing 
6 

rather large vo lumes of water to be eluted over' several hours. This 

extended period of contact between the diC PC and these de-ionizing 
6 

resins often permitted noticeable degradation to the lyso derivative. 

Thus, mixtures of chloroform-methanol-water (5:4:1) were substituted as 

eluents allowing the lipid to pass through in a much smaller volume. 

These de-ionizing resins, if not properly washed, released materials 

which apparently "buffered" the PLA -substrate assay solutions whereby 
2 

the electrode response to pH changes was sluggish. As described by 

Vanderhoff et al. (1970), the resins were thoroughly washed with aqueous 

ammonia, acetic acid, and methanol before being converted to the proper 

ionic states for de-ionization in order to eliminate these impurities. 

Syntheses 

Acylation of GPC 

p-Nitrophenyl ester of fatty acid. Originally, it was hopea 

that condensation of GPC could be effected with the p-nitrophenyl esters 

of both long and short chain fatty acids in good yields. The diC PC 
6 

was synthesized first in establishing a suitable general procedure, due 

chiefly to its value as a substrate for PLA. The reaction scheme is 
2 

outlined in Figure 16. In our first attempts, the crude, unpurified 

ester was used in the acylation. The insolubility of GPC even in warm 

(65
0

) solvents such as dimethylformamide (DMF) suggested using its 
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Figure 16. Acylation of glycerophosphocholine (GPC) with fatty acid 
p-nitrophenyl esters. 
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cadmium chloride adduct instead. Although this initially formed an 

insoluble suspension in warm DMF, the fortuitous choice of imidazole as 

condensation catalyst also led to appreciable solubilization of the GPC 

salt. The crude p-nitropheny1 ester of hexanoic acid was added (20% 

molar excess over GPC hydroxy1s) and the reaction allowed to proceed as 

indicated. We were not able to obtain yields higher than about 30% from 

starting GPC following column chromatography. It was suspected that the 

fatty acid-p-nitrophenol coupling prior to the acylation was not 

quantitative, whereby the active ester might then be the limiting 

reagent. We therefore purified the active ester (silicic acid) and 

determined that recoverable yields ranged from 70-85% from starting 

fatty acid. Using the purified ester in 20% excess over free OR or GPC, 

yields improved to nearly 50% relative to GPC. Longer reaction times 

and further additions ~f active ester did not increase yields 

appreciably. Optical rotations were found to be satisfactory. Small 

scale attempts were mkde to prepare diC -, diC -, and diC -PC's by 
. 14 16 18 

this method. As judge~ by TLC of the reaction mixtures, the acylations 

proceeded poorly relat~ve to the diC
6 

PC preparations. No attempts were 

made to optimize cond~tions for this. 

Mixed trifluord.acetic acid-fatty acid anhydride. A procedure 

was successfully developed for acylating free GPC with a mixed fatty 

acid-trif1uoroacetic acid anhydride, as outlined in Figure 17. The 

success of this synthesis is made possible by the discovered solubility 

of GPC in trifluoroacetic acid. This could be due to salt formation 

between the two species, since the pK of the trifluoroacetyl group is 
a 
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Figure 17. Acylation of glycerophosphocholine with a mixed fatty acid
trifluoroacetic acid anhydride. 
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lower than that of the phosphoryl oxygen. This provides a convenient 

reaction medium, allowing maximal yields of product. In cases where 

more than two mmoles of GPC are to be acylated, one should dry the GPC 

over some glass beads (3-4 mm diameter) to allow more rapid 

solubilization. This minimizes any acid-catalyzed phosphoryl migration 

that might occur. 

The reactivity of the mixed anhydride is demonstrated by the 

facile acylation of the poorly reactive secondary hydroxyl of GPC. The 

mixed anhydride can also be prepared and purified by distillation in 

vacuo in greater than 70% yield (Emmons, McCallum, and Ferris 1953), 

with the unreacted fatty acid being recoverable. The use of the 

purified mixed anhydride lowers the excess of acylating agent needed to 

about 1.5 equivalents per hydroxyl of GPC to obtain comparable yields. 

In the initial efforts to develop a facile, high-yield procedure 

for acylating GPC, certain reagents having demonstrated merit in peptide 

bond formation were selected to prepare fatty acid active esters. Their 

structures are given in Figure 18. No success was achieved in preparing 

the hexanoyl ester of N-ethyl-5-phenyl isoxazolium-3'-sulfonate with 

dicyclohexylcarbodiimide (DCC) as coupling agent. Using the cadmium 

chloride adduct of GPC in warm DMF, only minor conversion to the diC PC 
6 

was noted following addition of the crude hexanoy1 esters of 2-hydroxy-

pyridine and N-hydroxysuccinimide. Inclusion of I-hydroxybenzotriazole 

as catalyst was ineffective. These failures were attributed largely to 

the insolubility of free GPC or its CdC1
2 

salt in DMF. Substituting 

imidazole as catalyst aided in dissolution of the (GPC) (CdC1 ) , but 
223 

afforded only modest improvements of the estimated (TLC) yield of diC
6 



1-hydroxybenzotriazole 

O 
.... OH 

;..- I 
~ 

2-hydroxypyridine 

N-ethyl-S-phenyl isoxazolium-
3' -su lfonate 

N-hydroxysuccinimide 

Figure 18. Some reagents used in attempts to promote the acylation 
of glycerophosphocholine. 
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PC. The p-nitrophenyl ester of hexanoic acid, while reacting sluggishly 

with the (GPC) (CdCl) without catalyst, was superior to the above 
2 2 3 

reagents when imidazole was present. However, we were not satisfied by 

the maximal yields (50% from GPC) attainable by this route. In pursuit 

of other possibilities, it was noted that a mixed trifluoroacetic acid-

. . d 14 . . fatty aCl.d anhydrl.de was use to prepare a C-labeled dl.oleoyl-PC (Pugh 

and Kates 1975). Although this method gave polyunsaturated diacyl PC's 

free of double bond isomerizations, the yields (12-24% from GPC) were 

rather poor. This procedure was first attempted in this laboratory 

using different solvents and base catalysts, with unsatisfactory 

results. It was deemed worthwhile to establish conditions exploiting 

the high reactivity of this mixed anhydride, due to the favorable 

properties of the trifluoroacetyl moiety as a leaving group during 

acylation. Thus, the solubilization of free GPC in anhydrous 

trifluoroacetic acid was instrumental in promoting the success of the 

acylation reaction. If indeed the trifluoroacetyl salt of GPC forms, 

the negative charge on the phosphate group will be eliminated. As 

reported by Eibl (1980a), removal of this charge from the vicinity of 

the secondary hydroxyl of l-acyl-sn-glycerol-3-phosphoric acid 

bromoalkyl esters by conducting the acylation in the presence of . 

perchloric acid gave high yields of the mixed-acid diacyl products in 

short reaction times. Thus, a second advantage is realized by using 

acidic conditions. 

At the time we reported this work (Kanda and Wells 1981), we 

found the procedure to be less successful for the synthesis of saturated 

or unsaturated long acyl chain PC's (yields of 40% or less from GPC). 
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This may be due to the lower reactivity of the long acyl chain mixed 

anhydrides and their partial insolubility in the GPC-trifluoroacetic 

acid medium. Longer reaction times are also required, which permit 

acid-catalyzed phosphoryl migration, as evidenced by increasing amounts 

of 1,3-diacyl PC's with time (TLC). No evidence for phosphoryl 

migration was observed with short chain fatty acids based on TLC and 

optical rotation. 

sn-1-Phosphatidylcholines 

2,3-0-isopropylidene-sn-glycerol. The procedure described here 

for preparing 2,3,-O-isopropylidene-sn-glycerol represents an alternate 

route to that using L-mannitol (Baer and Fischer 1939, Figure 19). The 

overall yield here from L-arabinose ranged from 15 to 25% in several 

preparations. Although this is slightly lower than the yield (ca. 30%) 
I 

from L-arabinose through the intermediate L-mannitol, one can avoid the 

lengthy series of reactions in preparing L-mannitol. The preparation of 

2,3-0-isopropylidene-Sn-glYCelrOl from L-serine (Lok, Ward, and van Dorp 

1976) is somewhat more facile with higher yield (45%), but we have been 

unable to obtain a product with a [a]~2 higher than -13.3. This may be 

due to the difficulty of obta~ning optically pure L-serine, or 

racemizations occurring durink stereochemically impure transformations 

at the asymmetric center in this synthesis. In the procedure reported 

22 
here, the [a] varied from -14,2 to -14.5 in different preparations, 

D 

compared to +14.5 reported for the optical isomer (LeCocq and Ballou 

1964). The specific rotation of the 2,3-0-isopropylidene-sn-glycerol is 

dependent on the optical purity of the 4,S-monoisopropylidene-L-
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Figure 19. Reaction scheme for the preparation of 2,3-0-isopropylidene
sn-glycero I (IV). 
Reaction (1), formation of 1,I-diethyl mercaptal L-arabinose 
(II) from L-arabinose (I) and ethyl mercaptan in HCI with 
ZnCl2 catalyst. In reaction (2), (II) is converted to its 
4,S-monoisopropylidene derivative (III) by condensation with 
acetone in the presence of copper sulfate (CuS04) catalyst. 
The ketal (III) is then cleaved with sodium periodate (NaI04) 
and reduced with sodium borohydride (NaBH4) to yield the 2,3-
O-isopropylidene-sn-glycerol (IV). 
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arabinose diethylmercaptal, and often, two or more recrystallizations of 

this compound from ethyl ether-petroleum ether are necessary to achieve 

the desired purity (English and Griswold 1948). It was also determined 

that 3 molar equivalents of sodium periodate relative to the 4,5-mono

isopropylidene-L-arabinoae diethylmercaptal gave the best yield of 

product, probably due to the consumption of periodate by one or more of 

the sulfur atoms (Nicolet and Shin 1939, Bonner and Drisko 1951). 

sn-Glycero-1-phosphocholine. The successful use of the 1,2-

dimethylethenylene phosphorochloridate function in preparing 1-sn-GPC is 

in accordance with its application toward the synthesis of other similar 

unsymmetrical phosphodiesters (Sarma et ale 1978). The synthetic scheme 

is out1ined in Figure 20. Due to the insolubility of choline tosylate 

in ether, the 2,3-0-isopropylidene-sn-glycerol was condensed first with 

the phosphorochloridate. The choline tosylate did, however, dissolve 

completely in acetonitrile in the second condensation reaction. Removal 

of the 1-methylacetonyl blocking group under slightly basic conditions 

afforded the 2,3-0-isopropylidene-sn-1-GPC in good yield following 

column chromatography. The presence of appreciable amounts of 

triethylammonium- and choline-containing salts in the reaction mixture 

sometimes required larger amounts of chloroform-methanol (1:1) than 

stated here to be eluted through the column to separate these from the 

desired 1-sn-GPC derivatives. 

Established methods for preparing the sn-1 enantiomer of PC's 

described the condensation of a 2,3-diacyl-sn-glycerol with an 

~prropT.iat~ rhoflphoryJ.ating ag~nt. The instability of short chain 
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Figure 20. Synthesis of I-sn-GPC from 2,3-0-isopropylidene-sn-glycerol. 
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diacyl glycerols to acyl migration and the prQblems associated with 

purification of the phosphorylated derivatives rendered this general 

pathway unsuitable for obtaining 2,3-dihexanoyl-sn-l-PC. This led to 

the successful synthesis of I-sn-GPC from the corresponding 2,3-0-

isopropylidene-sn-glycerol in good yield, which could then be acylated 

to give the desired sn-l-PC. 

The low optical purity of 2,3-0-isopropylidene-sn-glycerol 

obtained by other methods was unacceptable, as enantiomerically pure sn-

I-PC was required for the PLA inhibition studies. The high optical 
2 

purity of the 2,3-0-isopropylidene-sn-glycerol prepared using L-

arabinose follows from avoiding two conditions. First, no 

transformations are effected at the eventual glycerol asymmetric carbon 

during the synthesis. Second, caution is taken to avoid exposure of the 

isopropylidene moiety to acidic conditions and possible racemizations. 

In fact, since this procedure was first reported (Kanda and Wells 1980), 

the neutralization of the sodium borohydride reduction with acetic acid 

has been omitted. 

The major problems were encountered in converting the 

isopropylidene glycerol to the sn-l-GPC. Most were caused either by the 

water solubility of the intermediates or the difficulty of introducing 

the trimethylamine function in generating the choline moiety. An 

example is the phosphorylation procedure, using p-bromoethylphosphoryl-

dichloride, analogous to that shown in Figure 3. The work-up of the 

condensation reaction as described for the diacylglycerol cannot be used 

when the isopropylidene glycerol is phosphorylated because it partitions 

into the aqueous phase. The intermediate sn-glycero-l-phospho-2'-
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bromoethanol could only be isolated as the crude barium salt (Figure 

21). Reaction with trimethylamine was carried out in an organic solvent 

mixture, as for PC synthesis, to complete the choline moiety. This step 

was largely unsuccessful, yielding a mixture of phosphate- and choline-

containing salts along with sn-l-GPC. These could not be separated 

either by silicic acid chromatography using an ethanol-water gradient 

(Cubero-Robles and Roels 1971) or isolation of GPC through precipitation 

of its cadmium chloride complex. Similar results were obtained when 

monophenylphosphoryldichloride was used in place of the p-bromoethyl 

derivative (Baer, Buchnea, and Newcombe 1955). It was noted by Eibl 

(1978) that condensation of diacyl ~lycerols with phosphorus oxychloride 

was superior to using p-bromoethylphosphoryldichloride. The scheme is 

depicted in Figure 22. The resulting phosphomonoester can be converted 

to the desired phospholipid by further reaction with a second alcohol, 

followed by cleavage of the oxaf or dioxaphospholane ring. Although 

both PC~ and PE's were obtained in good yield, attempts to apply this 

method toward sn-l-GPC SynthesiJ yielded an inseparable mixture. 

The disappointing resul~s of the attempted nucleophilic 
j 

displacements of bromine by trim~thylamine prompted development of a 

different strategy to obtain GP~. This displacement could be bypassed 

by reacting an active isopropylidene glycero-phosphomonoester directly 

with the choline moiety. Ramirez and co-workers had reported the 

successful conversion of a number of alcohols into unsymmetrical 

phosphodiesters using derivatives of the cyclic enediol phosphoryl group 

without purification of intermediates (Ramirez and Marecek 1978). Some 
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of these are shown in Figure 23. In phosphodiester synthesis, one could 

first condense an isopropylidene glycerol with the acetoin enediol 

cyclopyrophosphate, giving displacement at the phosphorus with ring 

retention. A second coupling with choline would be accompanied by ring 

op~ning in phosphotriester formation. The acetoin protecting group can 

be removed under mildly basic conditions to afford the isopropylidene

GPC. 

Excellent yields were reported for several phosphodiesters, due 

to the very high reactivity of the cyclic enediol phosphoryl function. 

However, these phosphorylating agents are very moisture sensitive 

requiring anhydrous conditions for their preparation. Both the cyclic 

enediol pyrophosphate and the cyclic enediol phosphoroimidazole are 

solids which are rather inconvenient to handle (Figure 23). Thus the 

phosphorochloridate derivative was selected since it was more readily 

prepared as a liquid in high yield (Ramirez et al 1976) and is more 

reactive. Both 2-3-0-isopropylidene-sn-glycerol and choline p

toluenesulfonate were sequentially coupled to the phosphorochloridate Ln 

a "one-pot" synthesis, requiring no purification of intermediates. 

After silicic acid chromatography, the acetone group was quantitatively 

removed by aqueous HCl or acetic acid to give the pure sn-1-GPC. This 

compound, although greatly facilitating access to short acyl chain 1-sn

PC's, also makes available 1-sn-PC's in general merely through 

acylation. Mixed-acid 1-sn-PC's and the lyso derivatives can also be 

obtained from these in a procedure described by Smith and Kuksis (1978). 
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Figure 23. Phosphorylating agents prepared from the acetoin enediol 
cyclophosphoryl function (Ramirez and Marecek 1978). 



Monooctanoyl-l,2-cyclohexanediolphosphocholine 

The mono acylation of both the cis- and trans-l,2-

cyclohexanediols proceeded smoothly, with minimal formation of the 
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diacyl products. Phosphorylation (Figure 24) with the ~-bromoethyl-

phosphoryldichloride was less successful, due partly to the problems in 

purifying intermediates. Their water solubility prevented backwashing 

of the organic phase with aqueous solutions (Hirt and Berchtold 1958) 

for removal of polar impurities. Attempts to precipitate the 

bromoethylphosphoryl derivative as the barium salt were not effective. 

After hydrolysis of the remaining phosphorylchloride, all solvents were 

evaporated and the residue dried. The quaternization with 

trimethylamine was carried out, which allowed the resulting 2-octanoyl-

l-cyclohexanediolphosphorylcholine to be purified by column 

chromatography. 

Although overall yields were poor here, no attempt was made to 

prepare these derivatives using the ~yclic enediol phosphoryl agents in 

phosphodiester formation. This was cllue to their apparent very poor sub

strate properties for PLA , the inves~tigation of which had originally 
2 

provided the impetus for their preparation. 

Short acyl chain phosphatidylethano14mines 

We utilized the transphosphatidylation reaction of phospholipase 

D to convert die pe to die PEe The reported yields were possible only 
6 6 

when the die PE was salted out of the reaction mixture into the organic 
6 

phase. This salting out procedure was not effective for shorter chain 

homo logs, giving poor recoveries. The material obtained was heavily 
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Figure 24. Synthesis of 2-octanoyl-l-trans-cyclohexanediol 
phosphocho line. 
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contaminated with unreacted ethanolamine, which was very difficult to 

remove by DEAE cellulose chromatography. 

Interest in diC PE suggested that the amination method 
4 

described by Eibl (1980) for PE synthesis be used to convert a dibutyryl 

glycerophosphoric acid bromoethyl ester to the corresponding diC PE. 
4 

This route would circumvent the extraction difficulties and ethanolamine 

impurity attendant with the transphosphatidylation reaction. 

One way of doing this applies a series or partial synthetic 

steps, as shown in Figure 25. Egg PC can be converted to the egg 

phosphatidic acid bromoethyl ester by reaction with PLD in the presence 

of bromoethanol. This can then be de-acylated as in the preparation of 

GPC, re-acylated to give the dibutyryl compound, and then aminated in a 

solvent mixture containing ammonia as described by Eibl (1978). An 

advantage he:e is that by generating the ami~e function last, its 

protection during de-acylation and re-acylation becomes unnecessary, as 

with previous partial synthetic methods. Unfortunately, we were not 

able to effect the transphosphatidylation of egg PC to the bromoethyl 

analog, even after several adjustments of the bromoethanol concentration 

and the addition of large quantities of PLD. Extended reaction times 

merely led to formation of phosphatidic acid instead. 

Therefore, we sought the acquisition of the dibutyryl glycero-

phosphoric acid bromoethyl ester through total synthesis. 

Glycerophosphoric acid bromoethyl ester was synthesized from 1,2-0-

isopropylidene-'sn-glycerol alld isolated as its barium salt, as shown in 

Figure 26. This was acylated to give the dibutyryl derivative which was 

purified by silicic acid chromatography. This compound was dissolved in 
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mixtures of chloroform-DMF-isopropanol-aqueous ammonia of various 

proportions in the amination. The amount of chloroform was adjusted to 

prevent the mixture from separating into two phases. Primary alcohol 

solvents were avoided to prevent formation of fatty acyl methyl esters 

as mentioned by Eibl (1978). When no apparent reaction occurred at room 

temperature after 24 hr, the concentration of ammonia was increased. 
o 

After little progress, the temperature was raised to 55. This led to 

acylester decomposition after a short period of time without amination. 

Further adjustments of temperature, ammonia concentration, and solvent 

mixtures with different preparations were not promising. Only 

negligible amounts of diC PE ever appeared on TLC. We thus abandoned 
4 

further efforts to resolve these obstacles. It must be remarked that 

Eibl obtained only long acyl chain PE's by this procedure, while noting 

failure to prepare the short chain derivatives without providing details 
I 

(Eibl 1978). It appears that the transphosphatidylation reaction of 

diC
4 

PC, with resolution of the puri~ication problems, holds the most 

promise for acquiring diC
4 

PE, and e,forts in this direction should 

continue. 

Chiral triglycerides 

Trityl-O-glycerol. 3-0-trity~-glycerol was successfully 

prepared from the 2,3-0-isopropylidene-sn-glycerol according to Baer and 

Fischer (19~5). Because of the number of steps required and the 

relatively low «40%) overall yield, an alternate method was attempted. 

It was noted that tritylation of the C
5

-OH of 1,l-diethylmercaptal-L

arabinose followed by oxidation of the appropriate vicinal hydroxyls and 
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reduction would also yield the 3-0-trityl-sn-glycerol. This pathway is 

given in Figure 27. Although the 5-0-trityl-1,1-diethylmercaptal-L-

arabinose was obtained in modest yield, oxidation with lead tetraacetate 

gave mostly the trityl-O-ethylene glycol following reduction. The poor 

yield of the 3-0-trityl-sn-glycerol necessitated that large amounts of 

starting 1,1-diethylmercaptal-L-arabinose be required for this method to 

be a practical source of 3-0-trityl-sn-glycerol. We initially attributed 

the cleavage results to the trans orientation of the hydroxyls in the 

" vicinal glycol moiety to be cleaved. Criegee, Buchner, and Walther 

(1940) measured the relative rates of vicinal diol cleavage by lead 

tetraacetate in the cis- and trans-isomeric pairs of a number of sugars 

and cyclic compounds. They found that the cis-diols, where the 

hydroxyls are closer together, are cleaved much more readily. This 

would be consistent with the observed trityl-O-ethylene ?lycol as the 

major product here, since it requires cleavage of a cis-diol. However, 

subsequent efforts demonstrated preferred trans-glycol cleavage for a 

number of other compounds, especially when catalyzed by base or acid 

" (Criegee and Buchner 1940, Bell, Rivlin, and Waters 1958). FurthermorEI, 

roughly equimolar quantities of trityl ethylene glycol and 1-trityl-snl 

glycerol were obtained upon lead tetraacetate cleavage of 1,6-ditrityll 

D-mannitol (Virtanen et ale 1980), despite cleavage of a trans-glycol 

yielding the trityl glycerol and cis- glycol cleavage necessary for the 

trityl ethylene glycol. Perhaps selection of another sugar with the 

requisite stereochemical configuration and hydroxyl orientations is 

necessary to render the 3-0-trityl-sn-glycerol more accessible by this 

method. 
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The 1-0-trity1-sn-g1ycero1 was also prepared by two methods. 

The procedure of Baer and Fischer (1945) starting with 1,2-0-

isopropy1idene-sn-g1ycero1 gave results similar to those for the 

oppos~le isomer described above. Another method via the 1,6-ditrity1-D

mannitol (Virtanen et a1. 1980) was also used, as shown in Figure 28. 

D-mannito1 is first reacted with trity1 chloride to yield the 1,6~ 

ditrity1 derivative. Column chromatography (silicic acid) was only 

partially successful in separating the l,6-ditrityl mannitol from the 

other reaction products, giving only a 28% overall yield. After lead 

tetraacetate oxidation and borohydride reduction, the resulting 1-0-

trity1-sn-g1ycero1 was separated from the trity1-0-ethy1ene glycol by

product by alumina column chromatography. Yields ranged from 30-40% 

from starting 1,6-ditrity1-D-mannito1. 

Acylation of r-rity1 glycerol. The 1(3)-0-trity1-sn-g1ycero1s 

were sequentially acy1ated with pa1mitoy1 chloride, then 01eoy1 chloride 

to give the respective mixed-acid derivatives essentially as described 

earlier by Buchnea (1971, 1974) and shown in Figure 29. Stoichiometric 

amounts of pa1mitoy1 chloride were reacted with the trity1 glycerols to 

minimize formation of the dipa1mitoy1 derivatives, which were unable to 

be separated from the monopalmitoy1 trity1 glycerols by fractional 

crystallization (Jensen and Pitas 1976). This separation was achieved 

by deactivated (Grade III) alumina chromatography. When required, 

F10risi1 chromatography was used to remove excess palmitic acid. The 

mono pa1mitoy1 trity1 glycerols were acy1ated with oleoyl chloride, with 

the mixed-acid diacyl tr1ty1 glycerols purified on alumina. Digestion 
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Figure 28. Synthesis of 1-trity1-sn-glycerol (Virtanen et al. 1980). 
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• 

Figure 29. Synthesis of !-palmitoyl-2-o1eoyl-3-trityl-sn-glycerol. 
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with pancreatic lipase, which is specific for primary ester hydrolysis, 

showed up to 10% of the oleic acid to be present at the glycerol 1(3) 

positions. Thus, acyl migration appeared to occur either during the 

second acylation, or in the purification of the mono-palmitoyl trityl-

glycerol. 

l(3)-Palmitoyl-2-0Ieoyl-3(l)-decanoyl-sn-glycerol. Completion 

of the chiral, mixed-acid triglycerides required the removal of the 

trityl group, followed by acylation with decanoyl chloride, as shown in 

Figure 30. De-tritylation (Lok 1978) was hampered by the failure of the 

o 
product triphenylcarbinol to precipitate in petroleum ether at -20 • 

This forced the trifluoroacetyl-blocked diglyceride to be 

chromatographed on alumina to remove the triphenylcarbinol. After 

removal of the trifluoroacetyl group and acylating with decanoyl 

chloride, the product triglycerides were purified first by column 

chromatography (alumina), then by precipitation in ethanol-acetone 

mixtures. Although total fatty acid analysis showed that the decanoic,i 

palmitic, and oleic acids were present in the triglycerides in equimolat 

amounts, GC analysis of fatty acids liberated by lipase digestion 

indicated substantial acyl migration had occurred either prior to or 

during acylation with decanoyl chloride. 

As can be seen from these results, the problems plaguing the 

acylation and purification are hardly resolved. Upon mono-acylation of 

the trityl glycerols, crystallization of the monoacyl trityl glycerol 

with hexane-95% ethanol mixtures always gave a precipitate containing 

the diacyl-trityl-glycerol impurity. One possibility is that the 
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Figure 30. De-tritylation of l-palmitoyl-2-oleoyl-3-trityl-sn-glycerol 
(10k 1978) followed by re-acylation with decanoyl chloride. 
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crystallization took place at the improper temperature, which may be 

critical. The appearance of both the diacyl and monoacyl trifyl 

glycerols in the supernatant also discouraged further efforts, since 

establishing conditions of crystallization necessary for complete 

separation would inevitably lead to poor recoveries of the monoacyl 

trityl glycerols. Chromatography with Florisil and alumina were 

effective for isolating the monoacyl trityl glycerols. However, 

acylation with oleoyl chloride, purification by chromatography, and 

lipase digestion of the product suggested acyl migration of the 

palmitoyl group to the secondary hydroxyl had occurred. It had been 

reported that alumina chromatography can promote this, although only 

traces of the low field C-2 methine proton were present afterward in the 

NMR spectrum of the 1(3)-palmitoyl-trityl glycerols, indicative of a 2-

acyl ester. It is possible that during acylation with oleoyl chloride. 

which required elevated temperature and somewhat long reaction time, 

further migration took place. It may be useful to select a method 

allowing this second acylation to be effected more rapidly at lower 

temperature. 

Finally, during the de-tritylation procedure (Lok 1978) the ~n

ability to precipitate the liberated triphenylcarbinol in petroleum 

ether was very detrimental. Separation of this and the trifluoroacetyl 

derivative of the diacyl glycerol product was achieved by alumina 

chromatography. The removal of the trifluoroacetyl group and acylation 

with decanoyl chloride gave the triglyceride which was purified as 

described. Limited lipase digestion and product analysis gave evidence 

of further migration of the oleoyl moiety to the position originally 
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occupied by the trityl group. One possibility is that the labile 

trifluoroacetyl ester decomposed during chromatography following de-

tritylation. This could then be followed by migration of the oleoyl to 

the primary hydroxyl, which would be favored as dictated by the 60:40 

equilibrium ratio of 1:3 to 1:2 diacyl glycerols. It may be advisable 

to chromatograph the mixture on silicic acid impregnated with boric 

acid, which reportedly prevents acyl migration. 

DiC PE - Physical Studies 
-~ -

o 
The pKa of diC PE was determined to be 9.4.±. 0.05 in water at 25 • 

6 
For this titration a concentration of 0.77 mM, well below the critical 

micellar concentration (see below), was used. For all subsequent studies, 

it was assumed that this pKa changed neg ligib ly in the presence of low 

salt concentrations « 100 mM NaC!). 

I The critical micelle concentrations of a number of short chain phos-

phatidrlcholines in aqueous solution have been measured by a variety of 

techniques and have 

(Tauskl et ale 1974a, 

been shown to depend critically on acyl chain length 

Pieterson 1973, Wells 1974a). It was expected 

that ~he net charge on the ethanolamine head group would influence the 

solubiility in water and hence alter the critical micellar concentration. 

At pH !7.2 (20 mM sodium phosphate buffer), the critical micellar concen

tration of the zwitterionic diC PE was determined to be 5.3 .±. 0.2 mM. 
6 

Interestingly, at concentrations higher than about 10 mM, the zwitterionic 

diC
6 

PE becomes insolub leo This may not be unexpected, as it has been 

found that long acyl chain ethylene glycol phosphorylethanolamines are 

difficult to disperse at neutral pH because of their insolubility (van 
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Deenen and de Haas 1963). In contrast, at pH 11.5 (20 mM sodium phos-

phate buffer), where the amino group is completely deprotonated, the 

critical micellar concentration is 11.0 ± 0.5. A major part of this 

difference may be the resistance toward micelle formation by the anionic 

species because of charge-charge repulsion of the phosphate groups. 

Also, at pH 11.5, samples containing up to 20 mM lipid were completely 

solub Ie. 
13 

The proton-decoupled C spectrum of diC PE was obtained in the 
6 

solvent system CDCl :CD OD:D 0 (50:50:15) to ensure solubilization of 
3 3 2 

the lipid as monomers as described earlier (Murari et al. 1982). The 

resonances were assigned based on comparison with spectra of egg PE 

(Murari et al. 1982) and diC PC 
6 

(Burns and Roberts 1980), and are 

given in Table II. The carbonyl carbon and a-methylene resonances of the 

acyl chains are magnetically non-equivalent, while the remaining carbons 

are magnetically equivalent at this resJlution. This is consistent with 

the lipid being monomeric in both solve~ts (Burns and Roberts 1980). 
; 2 3 

Table III lists the values for the J and J 
13 I (13)C-(31)P (13)C-

for the backbone and headgroup Cresonances. These are compared 
(3l)p 

to the values for egg phosphatidylethano~amine. It is known that the 

values for 3J couplings depend on the dihedral angles of the 
(13)C-(31)P 

planes of the P-O-C and O-C-C bonds (Kar!plus 1959). 

The value for 3J for C -P is similar for both egg and 
B 

dihexanoylphosphatidylethanolamine, suggesting a largely trans 

orientation of the glycerol backbone carbon-carbon bonds relative to the 

3 
plane of the C-O-P bonds. However, the J for C -P couplings are 

fJ 
smaller for the diC PE, suggesting a larger fraction of gauche rotamer 

6 
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Table II. 13C- NMR shift assignments for dihexanoy1phosphatidy1ethano1-
amine. Spectra were collected in CD30D:CDC13:D20 50:50:15, and reported 
as ppm from TMS. The designation of the alkyl side chain carbons is 
given be low. 

a P Y Ill-I II) 

sn-l H2COC(O)CH2CH2CH2CH2CH3 
I 

sn-2 CH3CH2CH2CH2CH2(O)COCH 
I 

sn-3 H2COPOCH2CH2NH 2 

Carbon atom 

1. Backbone 

H2C (sn-1) 

HCO (sn-2) 

H2COP (sn-3) 

2. Headgroup 

POCH2 

CH2N 

3. Alkyl side chain 

a (sn-2) 

a (sn-1) 

Ill-I 

4. Carbonyl 

sn-l 

sn-2 

Chemical shift 

62.21 

70.03 

63.18 

61.14 

39.85 

33.60 

33.45 

23.95 

30.62 

21.63 

13 .02 

173.81 

173.45 
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Table III. Carbon-phosphorous coupling constants for 

dihexanoylphosphatidylethanolamine (DiC6 PE) compared to egg yolk 

phosphatidylethanolamine (egg PE) (data from Murari et ale 1982). Both 

spectra were collected CD30D:CDC13:D20 50:50:15. The carbon designation 

used is shown below. 

Carbon Coupling Constant 

DiC6 PE Egg PE 

CB (3 JC ) 
cp 7.8 7.5 

CA (2JC cp ) 4.2 4.7 

C (2JC ) 
a cp 5.2 4.8 

Cfi (3 JC ) cp 5.6 6.2 
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populations for the short chain analog. The egg PE apparently prefers a 

more fully extended conformation of the head group, possibly resulting 

from steric restrictions imposed by the longer acyl chains. 
2 

J couplings have not been correlated with specific 
C-P 

2 
. populations, and the values of the J for the C and 

PC A 
conformational 

C couplings fall within a fairly narrow range for both samples. While 
a 

choline-containing phospholipids show coupling between nitrogen and 

. 13 14 
adjacent carbons, well-def1ned C- N couplings for diC PE were not 

13 14 6 
observed. This is consistent with the lack of C- N coupling in egg 

PE (Murari et al. 1982) due to asymmetry at the nitrogen nucleus. 

Enzyme assays 

A number of difficulties were encountered during attempts to 

collect reproducible data on the PLA hydrolysis of the short chain PC's 
2 

and PE. As mentioned earlier, all synthetic lipids were required to 

undergo the stringent purification procedures described above. Storage 

o . 
of methanol stock solutions of substrates (-20 ) eve~tually resulted 1n 

breakdown after a few weeks which was reflected in decreased velocities. 

Substrates were found to be stable in chloroform under these conditions 

and were checked periodically on TLC. Aqueous stock solutions of diC 
6 

PC prepared for enzyme assays gave reproducible results only if used on 

the same day. Likewise, fresh dilutions of PLA frozen stock solutions 
2 

lost activity after one day. To avoid preparing fresh solutions daily, 

plastic tubes containing enough aqueous PLA for a single assay were 
2 

stored frozen, and thawed immediately before PLA addition to the 
2 

reaction vessel. The pH stat electrodes were standardized as needed 
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against buffer solutions of known pH. All aqueous solutions were 

prepared using the distilled, de-ionized water described above. For the 

PLA and base-catalyzed hydrolyses of diC PE, the water was boiled (15 
2 6 

min) under continuous flushing with nitrogen to remove dissolved carbon 

dioxide. Upon cooling, the water was stored in a vessel protected from 

atmospheric CO by an ascarite filled drying tube. Only by following 
2 

these procedures could reliable data be obtained. 

PLA
1 

- Kinetics of Inhibition by D-DiC PC 
!!. 

We have investigated the inhibition of phospholipase A 
2 

hydrolysis of L-pnosphatidylcholines by the corresponding D-enantiomers 

in the monomeric substrate and inhibitor concentration ranges (less than 

7.5 mM total lipid concentration) in order to avoid complications due to 

interfacial effects. A plot of reciprocal velocity vs. reciprocal 

aubstrate I(L-Die PC) at different concentrations of D-DiC PC is shown in 
6 6 

Figure 31.: The absence of effects of inhibitor concentration on V 
m 

indicated 'competitive inhibition. However, when the slopes were 

replotted las a function of D-DiC PC concentration (as shown in Figure 
. 6 

32), the hiyperbo!ic shape of the replot indicated that simple 

competitive inhibition was not operative. Such plots can arise from 

systems d+splaying partial competitive, or 'simple intersecting 

hyperbolic competitive' inhibition, as described by Segel (1975). The 

distinguishing feature of this mechanism is that an ESI complex exists. 

Thus, even at saturating levels of substrate, the inhibitor can still 

bind to the enzyme and affect its affinity for the substrate. The 

equilibria corresponding to this mechanism are shown below: 
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Figure 31. Lin~weaver-Burke plot of Phospholipase A2 hydrolysis of 
L-D1C6 PC in the presence of the indicated concentrations 
of D-DiC6 PC. 
The line was drawn from parameters calculated from non-linear 
least squares analysis of the data. 
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Figure 32. Replot of the slopes of the Lineweaver-Burke plot of Figure 
31 vs. the concentration of D-DiC6 PC. 
The line was drawn from parameters calculated from a non
linear least squares fit of the data to equation 2. 
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K - k 
s P 

E + S < ES > E + P 

+ + 

I I 

K 11 oK. H i 1 

oK k 
'S P 

E1 + S < 
I> ES1 > E1 + P 

Where E refers to the enzyme-calcium complex. This is justified since 

calcium is present at saturating concentrations and it adds to the 

enzyme before the substrate (Wells 1972). The equations (Segel 1975) 

describing this mechanism are as follows: 

[I] 
{l +- } 

1 K K 1 1 
= 6 + 

v V [I] [S] V 
m {l+ } m 

oK 
i 

and the slope of l/v vs l/[S] plots is given by 

{1 + 
K 

Slope = B 

V 
m {l+ 

[I] 

K. 
1 

[I] 

oK 
i 

} 

} 

K and V were determined from data obtained in the absence of the 
8 m 

(1) 

(2) 

inhibitor. a and Ki were determined by non-linear least squares fitting 
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of equation 2 to the data as shown in Figure 32. The resulting kinetic 

parameters are given in Table IV. 

Since it is known that phospholipase A from ~ adamanteus is 
2 

active as a dimer composed of identical subunits (Smith and Wells 1981), 

two possible explanations for the observed data can be proposed. 1) 

Assuming that only one subunit is catalytically active during a 

hydrolytic event, binding of the inhibitor at a site on the non-

catalytic subunit could alter the conformation of the dimer and thereby 

affect the affinity for the substrate. 2) The inhibitor may bind at an 

"allosteric" type site on the catalytic subunit and affect the affinity 

of the enzyme for the substrate. At the present time we can only be 

sure that an ESI complex exists, but can draw no inferences about its 

structure. 

This behavior of the enzyme introduces new complications into 

the study of the hydrolysis of mixed-micellar systems. One proposed 

mechanism of the interfacial activation of phospholipase A requires, as 
2 

a first step, binding of the enzyme to the lipid-water interface, 

follov~d by formation of the enzyme-substrate complex in the interface 

and subsequent hydrolysis (Verger, van Dam-Mieras, and de Haas 1973). 

Such binding to the interface might lead to a conformational change in 

the enzyme, resulting in increased activity. Alternatively, the 

interface may restrict the number of conformations of substrate 

molecules to those resulting in a much higher fraction of productive 

collisions with the enzyme leading to hydrolysis (Wells 1974a). 

Evidence exists to support both of these proposals. 



III 
Table IV. 

Kinetic parameters of Phospholipase A hydrolysis of L-DiC PC in the 
presence of D-DiC PC. 2 6 

6 
K and V were determined from data obtained in the absence of 

s M 
the inhibitor. K and a were determined from non-linear least squares 

i 
fitting of equation 2 to slope replots. 

K = 4.36 :!:.. .072 mM 
s 

-1 -1 
V = 1200 .±. 120 ;equiv min mg 

max 
K = 0.24 .±. 0.01 mM 

i 
a = 4.70 .±. 0.14 
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In order to determine whether the formation of an enzyme-

interface complex is an obligatory intermediate in the overall reaction, 

one could study the hydrolysis of micelles composed of substrate and 

'diluent' molecules, such as the sn-1-phosphatidylcholines (Deems, 

Eaton, and Dennis 1975). It might be possible to determine whether this 

binding existed, provided that the sn-l-enantiomer behaved as a pure 

competitive inhibitor. Since this is not the case, as determined in 

this study, one cannot use the sn-l-enantiomer to investigate this 

problem. A physical description of the inhibition in the monomeric 

concentration range requires simple diffusion of substrate and inhibitor 

molecules to and from their respective binding sites. In the mixed-

micelle, the organization of the substrate and inhibitor in the 

interface could clearly alter each one's access to its corresponding 

binding site on the enzyme. This also depends on the topographical 
I 

relationship of the substrate and inhibitor binding sites of the dimeric 
; 

enzyme, since the enzyme will most likely approach interfacial lipid 

molecules in some preferred, albeit unknown, matner. Thus, the net 

effect of the surface on these parameters may complicate the analysis of 

resulting studies prohibiting a reasonable desc~iption of the molecular 

events taking place. Hopefully, a high resolut~on crystal structure of 

the enzyme incorporating substrate and analog mdlecules will be 

available in the future to aid in our understanding of this unusual and 

interesting problem. 
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DiC~ PE - PLA
l 

and Base-catalyzed Hydrolyses Studies 

Detailed studies of C. adamanteus phospholipase A catalyzed hy-
- 2 

drolysis of short chain phosphatidylcholines have been reported (Wells 

1972, Wells 1974a). In the monomeric substrate concentration range, the 

enzyme obeys normal Michaelis-Menten kinetics, with characteristic K 
m 

and V values for each substrate. The enzyme is maximally active at pH 
m 

8.0-8.5, with a group of pK about 7.65 controlling this activity (Wells 

1974b). This information allowed us to investigate the phospholipase A 
2 

hydrolysis of dihexanoylphosphatidylethanolamine at different pH values. 

The primary aim was to compare the substrate properties of the zwitter-

ionic and anionic forms, since both contained the minimal structural 

requirements as established earlier (van Deenen and de Haas 1963). In 
++ 

all studies, Ca was present at saturating concentrations (1.0-1.5 mM). 

Data were collected for hydrolysis of monomeric substrate at pH 7.0 

(predominately the zwitterionic form) and 9.5 (at least 50% anionic 

form, and the highest pH at which reliable kinetic data could be 

collected). In both cases double reciprocal plots were linear (data not 

shown). The apparent kinetic constants derived from non-linear least 

squares fitting of the data are given in Table V, along with the slopes 

of reciprocal plots constructed using these constanta. Based on the pH 

dependence of V , as analyzed previously for for phosphatidylcholine 
m 

analog (Wells 1974b), the value for the pKa of the enzyme was found to 

be 7.5, in good agreement with the earlier analysis. However, the pH 

dependence of the apparent K and K Iv are not in agreement with the 
m m m 

results of the studies using phosphatidylcholine. In that case K Iv 
m m 

was independent of pH, which is clearly not the case here, and the pH 
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Table V. pH dependence of kinetic constants for the hydrolysis of 

monomeric dihexanoylphosphatidylethanolamine by ~ adamanteus 

phospholipase A2• Reactions were carried out in 1.5 mM CaC 12 and 0.1 M 

NaCl. Km and Vm were calculated from non-linear least squares analysis 

of the rate vs substrat~ concentration over the range of 0.5 to 2.5 mM. 

pH 

7.0 

9.5 

V 
m 

(umoles/min/mg enzyme) (mM) 

2.9 ±. 0.15 0.80 ±. 0.001 

11. 9 ±. 1.2 10.2 ±. 0.07 

0.27.:t0.01 

0.86 .:t 0.06 



115 

dependence of K was the same as for V , which is also not the case 
m m 

here. Thus the value of the predicted K (3.2 mM), based on the value 
m 

at pH 7.0, is much smaller than observed (10.2 mM). One possib Ie 

explanation is that the anionic form of the substrate is a competitive 

inhibitor of the hydrolysis of the zwitterionic form. This would be 

consistent with earlier data showing that anionic phospholipids are poor 

substrates for the enzyme (van Deenen and de Haas 1963). Alternatively,. 

the anionic form may simply be a poor substrate with a higher K than 
m 

the zwitterionic form. Attempts to analyze these possibilities show 

that the kinetic equations are extremely complex, and it does not appear 

possible to distinguish between them. 

The rates of alkaline hydrolysis of long chain phospholipids in 

bilayer and mixed-micellar form has been reported (Kensil and Dennis 

1981). It was found that monomeric diC PC was hydrolyzed more readily 
6 

than either micellar long chain PC or PE. It was also observed that 

micellar PC was hydrolyzed more rapidly than micellar PE, repulsion 

between the negatively charged PE headgroup and hydroxide ion being at 

least partly responsible. Earlier it had been noted that the observed 

rates of alkaline hydrolysis for monomeric diC PC are higher than for 
4 

micellar diC PC (Wells 1974a). The net electrical neutrality of PC 
8 

suggests that the effects of surface ~ounterion binding, dielectric con-

stant, and solvent penetration of the micellar interface clearly 

influence the hydrolytic rates. 

Using monomeric diC PE we examined the effect of net molecular 
6 

charge on alkaline hydrolysis and compared the results with those for 

monomeric diC PC. The pH dependence of the second order rate constant 
6 
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is shown in Figure 33. For die pe the observed rate constant (0.19 + 
-1 -1 6 

0.03 sec M) remains essentially constant in this pH range. The 

rates of sn-1 and sn-2 ester hydrolyses were not distinguished, but have 

been reported to be nearly equal for Triton X-100 micelles of 

dipalmitoylphosphatidylcholine (Kensil and Dennis 1979). In distinct 

contrast, the observed rate constant for die PE hydrolysis decreases 
6 

with increasing pH. Since the concentration of the anionic species 

increases with pH, it appeared as though it was hydrolyzed more slowly 

than the zwitterion species. The total reaction rate can be expressed 

as the sum of the individual reactions: 

d [PE ] 
T 

dt 

- + 
= k1 [OH ][PE ] + 

~I· 0 

- 0 
k2 [OH ] [PE ] 

Where PE and PE are the zwitterionic and anionic forms of 

phosph~t~dyletha~olamine respectively. Based on the ethanolamine pKa of 

9.4, we can calc,late the concentration of each relative species at a 

given pH. Using all six possible pairs of rate equations from the four 
, 

pH values studie~, values for k 
1 

and k 
2 

could be determined. Based on 
, -1 

had a value of 0.70 ± 0.021 sec this analysis, k· 
1 

i -1 

-1 
M , and k 

2 
a value 

of 0.040 ± 0.011 sec 
-1 

M The line in Figure 33 represents the 

calculated pH dependence of k for die PE. The results show that the 
obs 6 

zwitterionic species is hydrolyzed at a rate approximately 18 times 

faster than the anionic species and about 3-4 times faster than the 

choline analog. Apparently, the anionic die PE species is hydrolyzed 
6 

at a rate 10-fold higher than anionic egg PE (pH = 12.7) contained in 
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Figure 33. pH dependence of the observed rate constant for alkaline 
hydrolysis of DiC PC (I:J) and DiC6 PE (.). 
The line through tRe DiC6 PC data,represents the average of 
all data, while for DiC PE the l~ne represents the rate 
calculated assuming dif~erent rates of hydrolysis of the 
zwitterionic and anionic species. 
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mixed micelles with Triton X-lOO (Kensil and Dennis 1981), assuming that 

the negative charge in the interface does not raise the pKa of the 

ethanolamine group to such an extent as to cause appreciable amounts of 

the zwitterionic species to still be present at this pH. This 

comparison suggests that features of the lipid-water interface combine 

with charge-charge repulsion to lower rates of hydroxide ion attack on 

aggregate phospholipids. This is consistent with the observations of 

Wells (1974a) measuring alkaline hydrolysis of monomeric and micellar 

short chain phosphatidylcholines. 

We can only speculate on the mechanism whereby protonation of 

the nitrogen in diC PE allows for increased rates of hyroxide ion 
6 

attack. Possible intramolecular electrostatic or hydrogen bonding 

interactions between the protonated nitrogen and the phosphate can be 

considered •. Such "folding back" of the charged nitrogen in crystal 

structures of phosphatidylcholine and phosphatidylethanolamine is known 

(Hauser et al. 1981). The resulting charge neutralization, which would 

reduce charge-charge repulsion between the phosphate and OH , could 

facilitate access of hydroxide ion to the acyl ester bond. The 
3 

J( ) ( ) couplings in the diC PE head group show that an 
13 cp- 31 P 6 

appreciable population of gauche conformers exists, thus increasing the 

probability of nitrogen-phosphate interaction. 

For phosphatidylcholines, such C-P couplings indicate a larger 

fraction of trans conformers compared to phosphatidylethanolamine 

(Murari et ale 1982). In the case of phosphatidylcholine, electrostatic 

attraction may be opposed by steric constraints imposed by the bulky 

trimethyl-ammonium group. The absence of intramolecular charge 



119 

neutralization in anionic diC PE may cause rates of hydroxide attack 
6 

t,o be lower due to OH -phosphate charge repulsion. 

Although the results of the phospholipase A stu~ies do not 
2 

allow an unambigous answer as to whether the anionic species is a 

competitive inhibitor or a poor substrate, they illustrate the 

importance of the protonated amino group for productive enzyme-

substrate interaction. 

The sensitivity of the chemical and enzymic properties of 

phosphatidylethanolamine to the protonation state of the amino group 

offers some interesting possibilities for modulation of its biological 

properties. 

Conclusions 

In this study, we have described more facile pathways to the 

synthetic short acyl chain PC's and PE's. The intermediate l-sn-GPC 

should also serve well as starting material for the partial synthesis of 

!-sn··PC's in general. The limitations of current procedures in 

preparing mixed-acid, chiral triglycerides illustrate the necessity for 

strategies which obviate the acyl migration problem. This is imperative 

for precise description and quantitation of component specificities for 

lipases exhibiting specificity combinations for triglycerides. 

Acylation procedures employing neutral or mildly acidic conditions might 

be useful. 

The results of the kinetic investigation of PLA were somewhat 
2 

provocative. It was clearly demonstrated that the D-diC PC is not a 
6 

pure competitive inhibitor of the PLA hydrolysis of the L-enantiomer. 
2 
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as previously stated (Bonsen et ale 1972b). This is not surprising, 

when considering other studies on PLA substrate specificity. The 
2 

results of Bruzik et ale (1983) provided evidence for chiral recognition 

of the phosphoryl group by the enzyme in addition to the known absolute 

stereospecificity for hydrolysis of sn-3-phospholipids. It is unlikely 

that the same spatial relationship between the phosphoryl group and the 

sn-2 acyl chain is possible for both the D- and L-PC's when interacting 

with the PLA active site. Therefore, it seems unreasonable for both 
2 

isomers to have equal affinities for the active site, as postulated by 

Bonsen et ale (1972b). In addition, we have shown that an ESI complex 

can exist, supporting the presence of additional lipid binding sites on 

the dimeric PLA • 
2 

The importance of the protonated amino group of die PE in PLA 
6 2 

and alkaline hydrolyses is notable. The intramolecular charge 

neutralization in the head group of zwitterionic PE is suggested to be 

responsible for allowing increased attack by hydroxide ion on 

neighboring acyl esters. A similar effect was noted by Eibl (1980a), 

where phosphate oxygen protonation of l-acyl-3-sn-glycerophosphoric acid 

bromoethyl esters greatly increased the efficiency of the acylation of 

the secondary hydroxyl. The sensitivity of PLA to the phospholipid 
2 

head group structure and charge suggests that this region is more 

critical in modulating substrate properties than previously thought. 

Its chemical modification may serve to further define this interaction. 
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