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ABSTRACT

This dissertation focuses on: (1) the synthesis of short acyl 
chain analogs of lecithin, lysolecithin and glycollecithin and (2)' the 
application of the above compounds to characterize the fatty acyl chain 

specificities of phospholipase A^ from Crotalus adamanteus venom.

Lecithins were synthesized by established partial synthetic 

methods. The periodate oxidation of sn-glycero-3-phpsphorylcholine 
followed by reduction with NaBH^ led to the synthesis of ethyleneglycol- 
phosphorylcholine. Subsequent acylation of ethyleneglycolphosphoryl- 
choline led to the preparation of glycollecithins of varying acyl chain 

lengths. Short acyl chain lysolecithins were prepared by the use of 
the tert-butyldimethylsilyloxy group. Studies on the products of the 

periodate oxidation of sn-glycero-3-phosphorylcholine led to some pro

vocative chemistry of the phosphorus ester bond adjacent to.hydroxyl 
functions. Various facets of the reactions involved in developing the 

synthetic procedures in this study are discussed.

The acyl chain specificities of phospholipase A^ were examined 

by steady state kinetic analysis using monomeric lecithins and glycol

lecithins as substrates. The effects of altering the fatty acyl chain 

lengths on the Vm and Vm/Km were studied. Effects of methyl branching 

on the acyl chain for a series of glycollecithins were investigated. 

Inhibition studies using hexanoyllysolecithin, ethyleneglycolphosphoryl- 

choline and acyl amides of varying chain length on the various

xiii



xiv
substrates were performed. Pseudo-thermoactivation parameters were 
determined for monomeric glycollecithins and lecithins. Solution 

rotamer populations of monomeric glycollecithins and lecithins were 
studied by proton magnetic resonance in order to deduce qualitative con
formational differences in the glycerol and ethyleneglycol backbones 

which might account for the differences in their rates of hydrolysis in 
terms of structure. Possible mechanisms for the rate enhancements with 

increasing acyl chain length for each substrate and interactions of the 

substrates with the enzyme which were consistent with the kinetic and 

solution substrate structure data are discussed.



INTRODUCTION

Among the various naturally occurring glycerophospholipids, the 

lecithins, due to their widespread presence in plants, animals and 
microorganisms (occurrence rare in bacteria) have attracted much inter
est as to their biochemical role(s). The basic structure of the leci
thin molecule is shown as a Fischer projection in Figure 1. The 

backbone of this molecule is formed by glycerol which is esterified 
with two fatty acids and a phosphate which is esterified to choline.

In naturally occurring lecithins the substituted glycerol moiety has 

the L- configuration or in other words they are derived from 

sn-glycero-3-phosphorylcholine. The prefix "sn" before the stem name, 

of the compound illustrates the "stereoSpecific numbering" system for 

lipid nomenclature (Hirschmann, 1960). Using this system for the 
lecithin molecule shown in Figure 1, the name 1,2-diacyl-sn-glycero-3- 

phosphorylcholine becomes evident.1

Elucidation of the structure of lecithins was determined by the 

classic chemical synthesis by Baer and Kates (1950a) of fully saturated 

lecithins with known composition and stereochemical configuration. This 

allowed for the first time a strict comparison of synthetic lecithins 

with the naturally occurring compounds. Other analogs of lecithins of

1. According to the tentative rules for lipid nomenclature of 
the International Union of Pure and Applied Chemistry, the International 
Union of Biochemistry (IUPAC-IUB), compounds such as lecithins, lyso- 
lecithins, phosphoglycerides and the "stereospecific numbering" sn sys
tem will be used interchangeably at times throughout the dissertation.

1
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Figure 1

a)

(2)

(3)

H M
HCOCR

0 I I
RCOC^H

H H
HCO-P-O-C-C-N(aL), 
H q H H

Fischer projection of 1,2-diacyl-sn-glycero-3-phosphoryl- 
choline illustrating "stereospecific numbering" system for 
lipid nomenclature.



interest to the lipid biochemist are the 1-acyl-2-hydroxy-sn-glycero-3- 
phosphorylcholines, 1-hydroxy-2-acyl-sn-glycero-3-phosphorylcholines 
commonly called 1 or 2-lysolecithins, 1,3-diacyl-sn-glycero-2-phos- 

phorylcholines commonly called B-lecithins, and the 1-acylethylene- 

glycol-2-phosphorylcholines or glycollecithins as shown in Figure 2. 

Glycollecithins per se have not been isolated from a natural source. 

However, ethyleneglycol has been identified as hydrolyzates of the 
lipids of mammalian tissues such as beef lung and in natural fats and 
oils (Bergelson, 1969). Studies on the properties of glycollecithins 

may provide additional information and insights into the physical, 

chemical and biological properties of lecithins.
The methods available for the preparation of synthetic leci

thins , lysolecithin and glycollecithins have been extensively reviewed 

(van Deenen anddeHaas, 1964; Slotboom and Bonsen, 1970; Jensen and 
Gordon, 1972; Slotboom, Verheij and de Haas, 1973). While these methods 

are capable of yielding the above compounds with long fatty acyl chains 

in a high degree of purity, with the exception of the 1,2-diacyl-sn- 
glycero-3-phosphorylcholines, they are not readily adapted for the 

synthesis of analogs with short fatty acyl chains.

The synthesis of the lecithin molecule may be approached in 

two ways:
1. a total chemical synthesis and
2. a partial synthesis by modification of naturally occurring : 

lecithins.
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CH-OCR

A. HO-CH
0
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D. H-C-0P-0-CH9CH9N(CH J  _

0. 0  ̂^
CH2~0-C-R

Figure 2. Structures of lecithin analogs.

A. 1 - Acyl - 2 - OH- sn- glycero - 3 -phosphorylchol ine. B. 1 - OH- 2 - Acyl - sn- glycero - 3 -phosphorylchol ine, 
C. 1-Acylethyleneglycol- 2-phosphorylcholine. D. 1,3- Diacyl - sn- glycero - 2 -phosphorylchol ine.



Total Chemical Synthesis

In the total synthetic approach, consideration must be given to 
the formation of the acyl ester bonds, the two phosphorus ester bonds, 

the choice of proper protecting groups in the intermediate compounds 

and their removal so that the final product will possess a given stereo

chemical configuration. ,
As to the question of which blocking groups are best for the 

synthesis of lecithins, the group(s) must be stable during all reactions 
of the synthesis and removed quantitatively by a reaction which does not 
affect the other bonds of the lecithin molecule. It would not be within 

reasonable limits to cover all of the presently known synthetic 
approaches and blocking agents used for the synthesis Of various phos- 

phoglycerides. For this, the reader is referred to the aforementioned 

reviews. It will, however, suffice to illustrate the synthesis involv

ing glyceroiodohydrins. (de Haas and van Deenen, 1961) . This is depicted 

in Figure 3.
Starting from racemic or optically active glyceroiddohydrin, 

two fatty acids are introduced either simultaneously or stepwise. Due 

to the greater reactivity of the primary hydroxyl group as compared to 
the secondary hydroxyl, selective acylation of the primary position is 

possible. Thus a subsequent acylation gives a mixed acid glyceroiodo- 

hydrin. Bird and Chadha (1966) suggested the use of glycerobromohydrins 

because of the lowered light sensitivity. However, the iodohydrins are 

preferred due to their better crystallization properties. This is 

especially critical in the synthesis of mixed acid diacyl halogenohy- 
drins since extensive crystallizations are necessary to free the .
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Figure 3. Glyceroiodohydrin synthesis of 1,2-diacyl-sn-glycero-3-
phosphorylcholine illustrating silver salt halide exchange 
reaction.



intermediate monoacylated product -from its isomer. The second step of 
this synthesis involves a silver salt halide interchange reaction be
tween a diacylglycero iodo or bromo hydrin and a suitable silver salt. 
The condensation can be carried out in two ways as shown in Figure 3. 

Condensation with silver dibenzylphosphate produces a phosphorus tri
ester containing two benzyl groups. One of these benzyl groups can be 

removed by a mild debenzylation procedure using Nal, Balg, LiF, or a 
similar salt (Zervas and Dilaris, 1955). The resulting diester is 

converted to a silver salt which can be condensed with an appropriate 

halogen derivative of choline. The alternative procedure involves sil
ver dibenzylphosphate being first coupled to the halogen derivative of 

choline again producing a phosphorus triester. After monodebenzylation . 

and conversion into a silver salt, this can be condensed with the 

appropriate diacyl glycerohalogenohydrin. Although the principle behind 
both methods is similar, the yields may differ since it is difficult to 
obtain anhydrous silver salts of a phosphodiester containing a choline ■ 

moiety. The high polarity and water solubility of short acyl chain 
intermediates make them difficult to purify. As an example, most short 

acyl chain intermediates are not easily extracted into organic solvents 

nor do they crystallize, but rather have an oil like character. More

over, the extreme light sensitivity and unstable nature of short acyl 

chain glyceroiodohydrins makes this synthetic approach unattractive.

Glycollecithins have also been prepared by total synthetic pro

cedures. Baer (1953) described the chemical synthesis of two glycol

lecithins, palmitoyl and stearoyl glycollecithins. The method involved 

the phosphorylation of a monoacylated ethyleneglycol with
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monophenylphosphoryldichloridate followed by reaction with choline 
chloride and hydrogenolysis to the glycol lecithin. The yields were 

80 to 90% of theory. Since then de Haas (1963). and Bonsen et al.
(1972a) have repeated these syntheses with slight modification. How

ever, the same aforementioned difficulties for. short acyl chain glycerol 
compounds makes this approach unattractive for the. synthesis of short 

acyl chain glycollecithins.

Partial Synthetic Approach

Because of the difficulties in working with short acyl chain 
glycerol intermediates for the chemical synthesis of lecithins, the 

partial synthetic approach which is based on mild deacylation of natu

rally occurring lecithins to sn-glycero-3-phosphorylcholine (GPC) 
followed by reacylation. has attracted much interest. Okui et al.
(1964a, 1964b) and Okui (1967) prepared GPC by deacylating lecithin with 
barium hydroxide. However, no conclusive evidence was presented regard
ing possible racemizations due to migrations of the phosphorylcholine 

moiety.
The choline phosphorus ester bond of sn-glycero-3-phosphory1- 

choline is susceptible to hydrolysis under both acid and basic condi

tions. The glycerol phosphorus ester bond is susceptible to 

intramolecular attack by the adjacent hydroxyl of the glycerol resulting 

in a phosphate and/or phosphorylcholine migration. Several studies have 

appeared on the possibilities of phosphate and phosphoryl group migra
tions under both acidic and basic conditions (Bailly and Gaume, 1935, 

1936; Bailly, 1938, 1939; Verkade, Stoppelenburg and Cohen, 1940;
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Chargaff, 1942; Baer and Kates, 1948, 1950b; Long and Maguire,. 1953).

It is evident from the above studies that conditions favoring the migra
tion of phosphate and phosphoryl groups must be avoided. This is 

critical in the preparation of sn-glycero-3-phosphorylcholine from 
natural sources.

Brockerhoff and Yurkowski (1965) devised a useful procedure for 
preparing GPC. Purified egg yolk lecithins were dissolved in diethyl- 

ether followed by addition of a methanolic solution of tetrabutyl- 
ammonium hydroxide for the deacylation. GPC was the only insoluble 
product formed and easily recovered in high yields. Analytical data 

as well as the expected optical rotation demonstrated the stereochemical 
purity. In addition, acylation of the GPC to a lecithin gave the ex

pected optical rotation and complete hydrolysis with phospholipase Ag 

again demonstrated the stereochemical purity.
Essentially two methods have been employed for acylating the 

hydroxyl groups of sn-glycero-3-phosphorylcholine: (1) Fatty acid

chlorides and (2) Fatty acid.anhydrides. In the preparation of fatty 
acid chlorides, oxalylchloride is the preferred halogenating agent since 

little color formation and polymerization occur (Mattson and Volpenheim,

1962). Fatty acid anhydrides are readily prepared using the coupling 
agent dicyclohexylcarbodiimide (Selinger and Lapidot, 1966).

Glycerophosphorylcholine prepared by the partial synthetic 

method is usually converted to the cadmium chloride adduct prior to 

acylation with fatty acid chlorides. There is no definite answer as to 
why the cadmium chloride adduct is preferred. One possibility is that 

since the cadmium chloride adduct is a powder, it has better dispersion



properties in organic solvents. The free phosphodiester of GPC is an 
oil. Another possibility is that the cadmium reduces the shielding 

effect of the positive charge on the quartemary nitrogen of the moiety 

(Hanahan and Brockerhoff, 1965). Both possibilities result in higher 

yiplds of 1,2-diacyllecithins.

Reacylation of free GPC with a three to six fold molar excess 
of fatty acid chloride without a proton acceptor such as pyridine has 
been reported (Tattrie and McArthur, 1957; Kogl, de Haas and van Deenen,

1963). This procedure required long reaction times giving rise to 
relatively large amounts of by-products. Some of these were phosphatid- 
ic acid, isomeric lysolecithin, choline chloride and choline esters of 
fatty acids. One of the major by-products, acyl chlorodeoxyglycero- 

phosphorylcholine, has been identified (Aneja and Chadha, 1971; Aneja, 
Chadha and Knaggs, 1973). The various by-products are shown in Figure

4. There is evidence (Brockerhoff and Yurkowski, 1965) that free GPC 

has at least one tightly bound water of hydration. The HC1 formed from 

the acylation of a hydroxyl with a fatty acid chloride along with the 

water may provide a sufficiently acidic condition to promote hydrolysis 

of the choline phosphorus ester bond giving rise to phosphatidic acid 

and free choline chloride. The choline chloride can thus be acylated. 

Baer and Buchnea (1959). improved this procedure by acylating synthetic 

GPC cadmium chloride adduct with a seven to ten fold molar excess of 
fatty acid chloride in the presence of pyridine with anhydrous chloro

form as solvent and glass beads for dispersion of the insoluble GPC 
cadmium chloride adduct. This procedure yielded 1,2-dimyristoyl, 

palmitoyl and oleoyl-sn-glycero-3-phosphorylcholines in 50-55% yield.
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Although these yields were higher-than those of Tattrie and McArthur 
(1957) and Kogl et al. (1963), the same by-products though in lesser • 

amounts, were formed.

The difficulties encountered in the reacylation of free GPC or 
its cadmium chloride adduct using fatty acid chlorides were overcome by 

Cubero Robles and de longh (1967) and Cubero Robles and van den Berg 
(1969). Free GPC or its cadmium chloride adduct was acylated with fatty 

acid anhydrides in the presence of an easily dissociable salt of the 

fatty acid in a molar ratio of 1:4:2, respectively. The reaction was 

carried out in vacuo for 48 hr at 70-80°. These investigators obtained 

optically pure 1,2-distearoyl- and 1,2-dioleoyl-sn-glycero-3-phosphoryl- 
cholines in 70-80% yields after chromatography over silicic acid. The 
preferred dissociable salt of the fatty acid is the tetraethylammonium 

salt. The main advantage of this method over the one using fatty acid 

chlorides is that considerably less by-products.are formed allowing 
easier purification and higher yields. However, there are no data 

available on whether the vigorous reacylation conditions using the 

fatty acid anhydride method (i.e., 48 hr at 80°C) can be used to synthe

size lecithins containing polyunsaturated fatty acids. In this respect 

the fatty acid chloride procedure of Baer and Buchnea (1959) may be 

preferred.
The preparation of 1-acyllysolecithins has been greatly simpli

fied by the use of phospholipase A^ (E.G. 3.1.1,4). In general, 

lecithins containing long acyl chains can' be quantitatively converted 
to 1- acyllysolecithin when phospholipase A^ is used in a moist diethyl- 

ether medium (Hanahan, 1957). By converting the -1-acyllysolecithin to



13
the cadmium chloride adduct followed by reacylation using another fatty 
acid chloride with dry chloroform as solvent and pyridine as a catalyst, 
the corresponding mixed acid 1,2-diacyllecithin can be prepared 
(Hanahan and Brockerhoff, 1960). This constitutes the normal route for 
the preparation of 1-acyllysolecithins and mixed acid 1,2-diacylleci- 

thins as shown in Figure 5. Cubero Robles and van den Berg (1969) 

acylated free 1-oleoyllysolecithin by heating it with excess stearic 

acid anhydride and sodium oxide at 75°C for 48 hr in vacuo. The

1-oleoyl-2-stearoyl-sn-glycero-3-phosphorylcholine prepared was shown 

to be optically pure by complete hydrolysis with phospholipase and 
fatty acid analysis. The acylation of short chain 1-acyllysblecithins 

with short chain fatty acid anhydrides may give rise to complications. 
Since short acyl chain esters are more reactive than longer chain 

analogs the possibility of acyl ester interchange, i.e., the inter- 

molecular reaction between the hydroxyl one 1-acyllysolecithin and the 

- acyl ester of another is enhanced. Another example is in the prepara

tion of l,2-diacyl-sn-glycero-3-phosphate. Bonsen et al. (1972b) found 

that in the acylation of sn-glycero-1 and 3-phosphates using the fatty 

acid anhydride method of Lapidot, Barzilay and Hajdu (1969) that the 
use of very short chain fatty acids (hexanoic acid and lower homologs) 

produced appreciable amounts of sn-1,3-diacylglycero-2-phosphate due 

to phosphate group migration. Unfortunately, due to the limited 

susceptibility of short acyl chain lecithins (two to six carbon atoms 

per acyl chain) towards hydrolysis by phospholipase A^, short chain 
lysolecithins have to be prepared by a total chemical synthesis as 

described by Bird et al. (1965). These investigators described the
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synthesis of 1 -butyryl-2 -oleoyl-sn-glycero-3-phosphorylcholine, •

l-Butyryl-2-oleoyl-sn-glycero-3-iodohydrin was prepared by established 

procedures and phosphorylated using the silver salt halide exchange 

reaction previously described. The 1-butyryl-2-oleoyl-sn-glycero-3- 
phosphorylcholine was isolated in 50% yield. Hydrolysis with 

phospholipase afforded the 1 -butyryl-2 -hydroxy-sn-glycero-3- 

phosphorylcholine. This synthetic scheme is summarized in Figure 6 . 
However, the extreme light sensitivity and unstable nature of short 

acyl chain glyceroiodohydrins makes this synthetic approach unattrac

tive.

Without deprecating the total synthetic approach for the synthe
sis of monoacid lecithins, it can be said that the partial synthesis 

is simpler. The synthesis of lecithins, lysolecithins and glycol- 
lecithins containing short fatty acyl residues is no trivial task.

With the exception of 1,2-diacyl-sn-glycero-3-phosphorylcholines, there 

are no partial synthetic methods available for preparing short acyl 
chain mixed acid lecithins, lysolecithins and glycollecithins. This 

along with the above discussion provides the rationale for the particu

lar synthetic procedures developed in this study.

Physical Properties of Lecithins
The lecithin molecule (Figure 1) is amphipathic consisting of 

a hydrophobic (nonpolar) and hydrophilic (polar) head group. In aqueous 

solution, any given lecithin molecule below its critical micelle con

centration (cmc) exists as a monomer. Above its cmc the tendency for 
the hydrophobic portion of the molecule to have the smallest possible
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contact with water and the hydrophilic polar head group becomes large 
and forces aggregation. In certain nonpolar organic solvents the 
opposite forces to the aforementioned forces in aqueous solution cause 

inverted aggregation. The various types of aggregate structures which 

can be formed are dependent upon the nature and length of the hydro

carbon chains. Some of these are depicted in highly simplified forms 
in Figure 7. Although little is understood about lecithin aggregates, 

it is well known that the physical properties of the lecithin aggregate 
can markedly influence its specificity as a substrate for phospholipase 

(Bird et al., 1965; Misiorowski and Wells, 1974; Poon and Wells,
1974; Wells, 1974d).

Phospholipase Ag 

Phospholipase Ag (E.G. 3.1.1.4) catalyzes the stereospecific 
hydrolysis of the fatty acyl ester bond at the 2 -position of various .

1,2-diacyl-sn-phosphoglycerides (van Deenen and de Haas, 1963, 1966) 

(Figure 8 ). The products of the reaction are a free fatty acid and a

1 -acyl- 2-hydroxy-sn-phosphoglyceride (lyso-phosphoglyceride). Phospho
lipase Ag activity is widely distributed in nature. Among the most 

potent known sources of the enzyme are snake: and bee venoms. Its pres
ence has also been detected in many mammalian tissues, higher plants 

and microorganisms (de Haas, 1974). In mammalian tissues, the enzyme * 

isolated from porcine pancreas occurs in a zymogen form and has been ' 

extensively studied and the reader is referred to reviews by Hanahan

(1971), Brockerhoff and Jensen (1974) and de Haas (1974) regarding this 

enzyme. Phospholipase Ag has been used as a tool both for determining
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the positional distribution of fatty acids in phospholipids and to 

simplify the synthesis of mixed acid 1 ,2 -diacyl-sn-phosphoglycerides. 

More .recently, phospholipase Ag has been used extensively to probe 
lipid-protein interactions (membranes). Since an important part of this 
study is devoted to studying the substrate acyl chain specificities of 

the C. adamanteus phospholipase Ag, the remainder of this discussion 

will be focused primarily on this enzyme.

Isolation and Characterization of Phospholipase Ag 
from C . adamanteus Venom

Saito and Hanahan (1962) first reported the partial purification 
of two proteins with phospholipase A^ activity from C. adamanteus venom. 
Wells and Hanahan (1969) purified the two proteins reported by Saito 

and Hanahan (1962) by a combination of gel filtration, chromatography 
on a weak cation exchange resin, DEAE cellulose and SE Sephadex chroma

tography and crystallization. The molecular weights of both proteins' 

were determined to be 30,000 as determined by sedimentation velocity 
and diffusion measurements, high-speed equilibrium measurements and 

amino acid analysis. Both proteins were indistinguishable by amino acid 

analysis but were clearly separated by disc gel electrophoresis. From 

their separation of DEAE cellulose the two proteins were designated as 

the a and 3 . forms. Both proteins had the same specific activities of 

3200 ijequivalents of fatty acid released/min per mg as assayed in 
ether-methanol solutions using egg yolk lecithins as substrate. Both 

phospholipases had no detectable free sulfhydryl groups. The two phos- 

pholipases had a high content of disulfide bonds, glycine and proline 

which could account for their high stability.. Recently, Wells (1975)



21
has described a procedure for obtaining these two phospholipases in 
high yields. Further, Rock and Snyder (1975) reported a rapid purifica
tion of the two phospholipases A 2 from C_.. adamanteus venom by affinity 

chromatography using racemic-1 -(9-carboxy) nonyl-2 -hexadecylglycero-3-' 
phosphorylcholine linked to AH-Sepharose.4B via the carboxyl group as 

the affinity ligand.

Properties and Mechanism of Action 
of Phospholipase Ag

Studies providing insights into the mechanism of action of 

phospholipase A^ from C. adamahteus venom have been made largely due to 
the availability of methods for obtaining highly purified forms of the 
enzyme (Wells and Hanahan, 1969; Wells, 1975). Wells (1971a) demon
strated the hydrolysis of 1,2-dipalmitoyl-sn-glycero^3-phosphorylcholine

by the C. adamanteus phospholipases Ag proceeded by O-acyl cleavage in
18the presence of Hg 0 in a diethylether-methanol system. Moreover, no 

acyl-enzyme intermediate could be demonstrated by performing trapping 

experiments and exchange reactions. However, unequivocal statements 

about the exchange experiments could not be made until an understanding 

of the enzyme -substrate-product interactions were established (Wells, 

1971a). As noted previously (Wells and Hanahan, 1969) , the molecular 

weights of the a and 3 forms of the phospholipases A^ from C. adamanteus. 

venom were determined to be 30,000. Subsequently, Wells (1971b) showed 
these phospholipases A^ to be composed of 15,000 molecular weight sub

units. In this same study both phospholipases showed reversible dis
sociation in 8 M urea or low pH and irreversible dissociation at high 

pH or in 6 M guanidine hydrochloride containing 0.1 M mercaptoethanol.
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Although the two proteins are composed of different subunits as shown 

by electrophoresis under a variety of conditions, each phospholipase 
in the dimeric state was determined to be composed of identical sub

units . Moreover, the loss of. enzymatic activity for each protein in 
solutions of varying urea concentrations and the inability to demon

strate dissociation of the proteins into monomers at concentrations 
used for assay suggested that the dimeric state is the enzymatically 
active form of these proteins. Shen et al. (1975) showed by a kinetic 
study of the hydrolysis of 1 ,2 -dioctanoyllecithin monolayers by the a- 

form of the C. adamanteus phospholipase that the dimeric form of the 
enzyme was the active state and in true equilibrium with the enzymati-: 
cally inactive monomer subunits.

Wells (1972) reported a detailed kinetic study of the phospho

lipase A^ catalyzed hydrolysis of dibutyryllecithin at monomeric con

centrations. The data presented were consistent with an ordered 

addition of reactants to the enzyme as well as ordered release of 

products. In summary, calcium ion adds first to the enzyme dibutyryl
lecithin adds second. Product inhibition studies with lysobutyryl- 

lecithin and dead end inhibition with butyramide were consistent with 

fatty acid being released first and lysobutyryllecithin second from 

the enzyme.
Moreover, it was shown that addition of calcium ion was at 

thermodynamic equilibrium as distinguished from other sequential or 

random mechanisms. The features of this mechanism were (1) the slopes 

of double reciprocal plots of the initial velocities as a function of 

calcium ion became zero at infinite substrate concentration and (2 )
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the intercepts of double reciprocal plots of the initial velocities at 

a function of substrate were independent of the calcium ion concentra

tion at infinite substrate concentration. In addition, this mechanism 

was observed from pH 7.0 to 9.0. Further, the enzyme catalyzed reaction 
had an absolute specific requirement for calcium and the pH dependence
of the reaction suggested a group with a pK = 7.6 was involved in the

catalytic step.

Taking advantage of the spectral properties of the phospho- 

lipases A^, Wells (1973a) showed that calcium binding induced a spectral 
change in the protein which was pH dependent. Moreover, evidence sug

gested the group involved in the spectral perturbation had a pK of 7.6. 
Barium and strontium ions caused similar spectral perturbations whereas 
zinc and cadmium caused spectral changes, which were interpreted as 

causing a conformational change in the binding site (Wells, 1973a). 

Chemical modification studies on the phospholip'ases (Wells, 1973b) 

showed that acyl at ion of a single lysine with ethoxyformic anhydride

led to loss of enzymatic activity and to loss of the calcium ion induced

spectral perturbations giving evidence for an essential amino group. In 

order to gain further support that the same group was responsible for 

the pH dependence on the enzymatic reaction and the calcium induced 

spectral changes, Wells (1974c) studied the effects of pH on the kinetic 

and spectral properties of the Ck adamanteus phospholipases in both 

H 2O and D^O. The results of this study (Wells, 1974c) showed that 

protonation of phospholipase A 2 does not inhibit the enzyme through an 

effect on substrate binding, but rather through an effect on the inter

conversion of the central complexes and/or fatty acid release.
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Moreover, the calcium induced spectral perturbations were the same in 
HgO and D2O. At high pH there was no deuterium isotope effect. Since 
D^O did not alter the pH independent rate constant, it was concluded 

that proton transfer was not involved in the rate limiting step in the 
enzymatic reaction.

The only other detailed study on phospholipase has been on 

the highly purified phospholipase A^ from porcine pancreas (de Haas 

et al., 1968a) where it occurs in,a zymogen form (de Haas et al.,
1968b). Although the pancreatic phospholipase A^ catalyzes the same 
reaction as the phospholipases A^ from C_. adamanteus venom, there is 

evidence that their mechanisms of action may be different (de Haas et . 

al., 1971; Wells, 1972; Verger, Mieras and de Haas, 1973; Pieterson, 

Vidal, Volwerk and de Haas, 1974; Pieterson, Volwerk and de Haas, 1974; 
Volwerk, Pieterson. and de Haas, 1974).

Kinetic Analysis of Aggregate Substrates

Normal steady state kinetic data may be obtained using monomeric 

substrates. This was demonstrated by Wells (1972) for the phospholipase 

A^ catalyzed hydrolysis of dibutyryllecithin monomers. However, poten
tial problems arise in applying classical Michaelis theory to aggregate 

substrates. Some of the questions which may complicate obtaining 

quantitative kinetic data on aggregate substrates have been pointed 

out (Roholt and Schlamowitz, 1961; Dawson, 1963a, 1963b; Tinker and 

Pinteric, 1971; Wells, 1972) and are as follows: (1) If there are

more than one aggregate form, what are the relative affinities of 

each for the enzyme? (2) What is the actual concentration of
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substrate the enzyme interacts with and how can it be measured? (3)

What influences do the accumulation of products, buffering agents, 

detergents, mono- and divalent cations have on the aggregation state(s) 

of the substrate(s)?
It is evident that in order to apply Michaelis' theory to aggre

gate substrates the maximal velocities (Vm) and the Michaelis constants 
(Km) must both be defined.

Above the critical micelle concentration of a substrate, two 
species, monomers and aggregate forms (micelles), are present. There 
are two models for micelle formation. First, the phase separation model 

for micelle formation states that the concentration of monomer remains 
constant at the cmc of the substrate. Secondly, the mass action model 

for micelle formation states that the concentration of monomer will 

continuously increase above the cmc. Regardless of which model one 

chooses, each species (monomer and aggregate) will have its own Vm and 

Km.
Wells (1974a) approached the kinetic analysis of aggregate 

substrates assuming the phase separation model for micelle formation.

The data presented showed that at infinite substrate concentration, 

the Vm was that for the hydrolysis of the aggregate substrate and that 

the monomer acted.as a competitive inhibitor of the hydrolysis of the 

aggregate substrate. Moreover, the Km determined for the aggregate was 

not the true Km but an apparent Km which included the true Km for the 

aggregate and the cmc and Km of the monomer.
Several studies (de Haas et al., 1971; Wells, 1972; Pieterson, 

1973) have shown that aggregated forms of short acyl chain lecithins
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are considerably better substrates than their monomeric forms in 

aqueous solution. The origin and interpretation of.these rate enhance
ments caused by aggregate substrates were explored by Wells (1974a). 
Using 1 ,2 -dibutyryl-, dihexanoyl- and dioctanoyllecithins at 45° both 
below and above their critical micelle concentrations, the kinetic 

data obtained showed the major source of rate enhancement of aggregate 
substrates was in a lower entropy of activation. This lowering of the 
entropy of activation was proposed to be caused by losses in rotational 

and translational degrees of freedom due to substrate aggregation. This 
phenomenon placed certain conformational constraints on the molecule 
which were more favorable for reaction (Wells, 1974a). Further, the 

data also suggested the existence of a negative surface potential at 
the surface of the lecithin aggregate which was sensitive to the addi

tion of mono- and divalent cations. Moreover, kinetic data suggested 

this negative surface potential could markedly influence the pH depen

dence of the reaction and the apparent kinetic mechanism. Thus pH 
studies on aggregate forms of lecithins were essentially uninterpret

able. These findings (Wells, 1974a) along with the aforementioned 

uncertainties for the kinetic analysis of aggregate substrates justifies 

the need of understanding the mechanism of action of phospholipase Ag 

at the monomeric level.

Substrate Specificities of Phospholipase Ag 
Van Deenen and de.Haas (1963) reported the action of the crude 

C. adamanteus phospholipases A^ found in the whole venom on various 

chemically modified phosphoglycerides as aqueous buffered emulsions.
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The limitations of using aggregated Substrates has been pointed out. 
Although van Deenen and deHaas .(1963) reported no kinetic data, the 

.following points were established: (1) Phospholipase hydrolyzed only

the fatty acid from 1 ,2 -diacyl-sn-phosphoglycerides in a stereospecific 
manner. (2) 1 ,3-Diacyl-sn-glycero-2-phosphorylcholines were hydrolyzed 
in a stereospecific manner as evidenced by production of an optically 
active lysolecithin. (3) Ethyleneglycol analogs of various phospho- 
glycerides were hydrolyzed. (4) The minimum structural requirements 

for an active substrate were illustrated as shown in Figure 9A to be a 

fatty acid ester bond adjacent to a phosphate ester moiety . The phosphate 

group required a negative charge since blocking the phosphate group to 

form a phosphotriester yielded an inactive substrate. Whether this 

modification involved an unfavorable steric factor for a productive 

enzyme-substrate complex or suggested a cationic site on the enzyme in 
which the substrate was linked by a calcium ion bridge to the enzyme 

was hot examined.. If the structure shown in Figure 9A was important 
either for binding with phospholipase A^ and/or in the catalytic step, 

modifications of this structure could more clearly define the substrate 

specificities for the enzyme.
Bonsen et ai. (1972a) reported the chemical synthesis of various 

lecithin analogs modified in the structure shown in Figure 9B. The 

lecithin.analogs were modified in the stereochemical configuration at 

the C- 2 positions of the glycerol, the acyl chain, the susceptible ester 

bond, the glycerol backbone and the phosphate moiety. Using the highly 

purified porcine pancreatic phospholipase A^, Bonsen et al. (1972b) 

studied the effects of the above mentioned chemical modifications on
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the lecithin structure to investigate their substrate and inhibitor 
properties. Micellar solutions of 1,2-diheptanoyl- and dioctanoyl-sn- 

glycero-3 -phosphorylcholines were used as control substrates. Further, 
the meaning of Vm, Ki and Km were not explored in detail. However, the 
minimal structural requirements for an active substrate were extended 
such that the original phosphate moiety determined by van Deenen and 
de Haas (1963) (Figure 9A) could be replaced by a phosphonate or sulfo

nate moiety as shown in Figure 9B.

Statement of the Problem 
The mechanism of action of phospholipase can be defined as 

those molecular interactions involved in the binding of one substrate • 
molecule through the catalytic conversion to the products and their 
subsequent release from the enzyme. A complete description of the 

mechanism of action of any enzyme would require a thorough knowledge of 

the following points as discussed by Mildvan and Cohn (1970, p. 38).

1 . The geometric and electronic structure at the active site 
of the enzyme and its complexes with substrates and 
products.

2. The affinity of the substrates and specificity of sub
strates.

3. The kinetic scheme of the reaction, i.e. the number and 
arrangement of chemical steps in the catalytic process. •

4; The chemical mechanism of each step, i.e. a description of 
the structure of the intermediate complexes, transition 
states, and electronic and atomic rearrangements involving 
the enzymes and substrates.

5. The rate constants of the individual steps and a rationale 
for the magnitude of the rates in terms of structure.
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It is thus obvious that a complete description of the mechanism 

of action of any enzyme represents a formidable task.
For phospholipase A 2 (C. adpmanteus), Wells (1972) has reported 

a detailed kinetic analysis and proposed a basic kinetic mechanism 
using monomeric dibutyryllecithin as substrate. Further, Wells (1974a) 

has compared by kinetic analysis the hydrolysis rates between monomeric 

and aggregated lecithins. The major.source of the enhanced rate of 

hydrolysis of the aggregated substrates was due to a much lower entropy 
of; activation (Wells, 1974a).

To date the two studies (van Deenen anddeHaas, 1963; Bpnsen 
et al., 1972b) on the substrate specificities of phospholipase have 

been performed using aggregate substrates. However, due to the pre
viously mentioned difficulties in obtaining kinetic data using aggregate 

substrates, it is obvious that a specificity study using aggregate 

substrates would be difficult to interpret.
An important aspect in elucidating the mechanism of action of 

phospholipase A^ would be a thorough description of the fatty acyl 
chain specificities in terms of the two fundamental steady state kinetic 

constants, Vm and Vm/Km. Inhibition studies with inhibitors and pseudo

thermodynamic activation parameters would also be useful information.

The fatty acyl chain specificities using monomeric substrate 
analogs have not been characterized for phospholipase A^. No kinetic 

data are available on the effects of altering the fatty acyl residues 

of monomeric substrates on the Km and Vm.
The significant differences in hydrolysis rates and ton values 

due to increasing the acyl chain lengths for a series of
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1 ,2 -diacyl^sn-glycero-3-phosphorylcholines at monomeric concentrations . 

(Pietcrson, 1973) implied that binding of the substrate to phospholipase 

(porcine pancreatic) was highly hydrophobic. However, this observa

tion was not explored in any detail. Further, glycollecithins which 
fit the minimum structural requirements for an active substrate for 
phospholipase are hydrolyzed but at much slower rates than the cor
responding diacyllecithin analogs (Bonsen et al., 1972b). Thus, kinetic 
studies with glycollecithins may provide additional insights into the 
substrate specificities of phospholipase Preliminary studies in

this laboratory showed that the Vm for a series of monomeric glycol

lecithins increased as the acyl chain length increased while the ton 
values for each glycollecithin analog remained relatively constant.

These studies justify the need for defining the acyl chain specificities 
for phospholipase A^ at the monomeric level.

Proton magnetic resonance studies on the solution rotamer 

populations between monomeric lecithins and glycollecithins may also 

provide some insight and a rationale for the differences in the magni

tudes of their hydrolysis rates in terms of their structure.

Understanding the phospholipase A^ substrate interactions 

preferably must be understood at the monomeric level before enzyme and 

aggregated substrate interactions are to be pursued in any great detail. 

In this respect a kinetic study of the fatty acyl chain specificities 
of phospholipase A^ at the monomeric level should not only further char

acterize its basic mechanism of action but may lead to an understanding 

of its. kinetic mechanism in heterogeneous systems and contribute to our 
current understanding of specific lipid-protein interactions.



MATERIALS AND METHODS

Materials
Anhydrous benzene was prepared by distilling from anhydrous 

calcium chloride. Anhydrous chloroform and carbon tetrachloride were 

prepared by distilling.from phosphorus pentoxide. Anhydrous N,N- 

dimethylformamide was prepared by distilling from calcium hydride. 

Anhydrous tetrahydrofuran was prepared by distilling from lithium 
aluminum hydride. All dry solvents were stored over molecular sieves 
Linde type 4A from Matheson, Coleman and Bell (East Rutherford, New 
Jersey) with the exception of chloroform which was freshly prepared. 
Anhydrous pyridine was prepared by refluxing over barium oxide for 2 hr 
followed by distillation and storage over potassium hydroxide pellets. 
All other solvents unless otherwise specified were of reagent grade 

and.used without further purification. Deuterated chloroform (CDCl^, 

99.8% D), methanol (CD^OD, 99.5% D) and deuterium oxide (99.87% D) 

were from Bio-Rad Laboratories (Richmond, California). Tetramethyl- 

silane was from Wilmad Glass Co., Inc. (Buena, New Jersey). Europium 

^chloride (anhydrous) was from Ventron Corporation (Beverly, Massachu

setts). Silicic acid, Silic-AR CC-7 was from Mallinckrodt Chemical 
Works (St. Louis, Missouri) . Aluminum oxide AG-7 was from Bio-Rad 

Laboratories. Silica gel G (Type 60) (according to Stahl) was from 

EM Laboratories, Inc. (Elmsford, New York) and prepared on glass plates 
to 0.5 mm thickness by established procedures and activated at 120°.
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Silica gel F-254 precoated sheets were from Bririkmann Instruments, Inc. 
(Westbury, New York). Imidazole and tetra-ethyl ammonium hydroxide 
(10% in water) were from Eastman Organic Chemicals (Rochester, New 

York). Tetra n-butyl ammonium fluoride was prepared as described by 
Corey and Venkateswarlu (1972) . Tert-butyldimethylchlorosilane was 

from PCR, Inc. (Gainesville, Florida). Tetra n-butyl ammonium hydroxide 
(25% in methanol) and dicyclohexylcarbodiimide were from Matheson, 

Coleman and Bell. 4-Dimethylamino pyridine was from Aldrich Chemical 

Co.," Inc. (Milwaukee, Wisconsin). Oxalylchloride, butyrylchloride and 
hexanoylchloride were from Eastman Organic Chemicals. Fatty acid 
chlorides were prepared by the method of Mattson and Volpenheim (1962). 
Propionic acid was from Mallinckrodt Chemical Works. Butyric acid, 

valeric acid and hexanoic acid were from Eastman Organic Chemicals. 
Alpha-methylvaleric acid, beta-methylvaleric acid and isobutylacetic 
acid were from ICN K § K Laboratories, Inc. (Plainview, New York).

Oleic acid and plamitic acid were from the Hormel Institute (Austin, 

Minnesota). All fatty acids were >98% pure. Fatty acid anhydrides were 

prepared by the method of Selinger and Lapidot (1966). Borasorb was , 

from Calbiochem (San Diego, California). Ion exchange resins, Bio-Rex 
70, sodium form, 20-50 mesh and AG3-X4, chloride form, 20-50 mesh, were 

from Bio-Rad Laboratories and converted to their respective hydrogen and 
hydroxide forms. Propionamide, valeramide and hexanamide were from 

Eastman Organic Chemicals. Butyramide was prepared by ammonolysis of 

ethylbutyrate from Aldrich Chemical Co., Inc. as described by Vogel 

(1962). All amides were recrystallized twice from methanol-ether 

and/or water. In cases where a slight odor of the corresponding acid
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could be detected in the amide, the amide was dissolved in distilled 

water and the pH of the solution adjusted to pH 8 with NaOH. The amide 

solution was then percolated over a mixed bed resin of Bio-Rex 70, 
hydrogen form and AG3-X4, hydroxide form and lyophilized followed by 
recrystallization. All other chemicals were of reagent grade and used 
without purification.

The distilled water available in this laboratory was found to 

contain variable amounts of volatile amines (Wells, 1972) and inorganic 

ions. Therefore, reproducible results were possible only when distilled 
water was purified by redistillation in a two-stage quartz still or 

passage through an organic filter and an. inorganic ion exchange resin, 
Continental Deionized Water Service (Tucson, Arizona). Unless other
wise stated, the highly purified water mentioned above was used for all 
operations in this study. •

The a and 3 forms of phospholipase A^ were purified from 

Crotalus adamanteus venom as described by-Wells and Hanahan (1969) and ' 

Wells (1975). Although identical results were obtained with both forms 

of phospholipase A^ (Wells, 1972) only the a form was used in this 

study. Lyophilized preparations of the enzyme were prepared after . 

thoroughly dialyzing against highly purified distilled water. Stock 

solutions of phospholipase A^ were freshly prepared in distilled water 
and the protein concentration determined by measuring the absorbance 

at 280 nm and using the molar extinction coefficient (EggQ = 22.7) pre

viously determined (Wells and Hanahan, 1969).
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All substrate analogs were prepared as described in the synthe

sis section of this study and thoroughly deionized by percolating over 
a mixed bed resin as described above.

Spectroscopic and Polarimetric Methods 

Optical rotations were performed on a Carl Zeiss OLD-4 
polarimeter, Carl Zeiss, Inc. (New York, N. Y.) . Infrared spectra were 

recorded on a Beckman IR-12 spectrophotometer, Beckman Instruments, Inc. 
(Fullerton, California). Proton magnetic resonance (pmr) spectra were 
recorded on Varian T-60 and HA-100 nmr spectrometers, Varian Associates 
(Palo Alto, California). For pmr spectra recorded on the HA-100 spec
trometer, the spectrometer was operated in the frequency sweep mode at 
an ambient probe temperature between 34 and 35°. Tetramethylsilane was 

used as an internal lock standard when organic solvents were used or as 

an external lock standard in a capillary when deuterium oxide was used. 

Chemical shifts were measured relative to tetramethylsilane by side 

band modulation techniques. All samples were dried over phosphorus 
pentoxide under vacuum (0.1 mm) at room temperature for 18-24 hr. Nmr 

sample tubes were flushed with dry nitrogen gas just prior to sample 

preparation. For compounds containing the tert-butyldimethylsilyloxy 

group, the dimethylsilyl signal was set at 0 . 0  ppm.

Analytical Procedures 

Analytical procedures were performed using the methods described 
by Dittmer and Wells (1969). Elemental analyses were performed by the 
Clark Microanalytical Laboratory, Urbana, Illinois.
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Chromatography

Column chromatography using silicic acid and neutral aluminum 

oxide were used to purify the various products and intermediates 

(Sweeley, 1969). Thin-layer Chromatography on silica gel G and silica 
gel F-254 precoated sheets were used to identify final products and 
monitor reactions. The molybdenum blue reagent (Dittmer and Lester, 

1964) was used to detect phosphorus containing lipids. Choline contain
ing phospholipids were detected using the Dragendorff reagent (Wagner, 
Horhammer and Wolff, 1961). In the case of paper chromatography the 

molybdate spray reagent of Hanes and Isherwood (1949) was used to 
detect phosphate esters. Solvent systems used are described in the 

text.

Preparation of Egg Yolk Lecithins 

Typically four dozen hen's egg yolks were homogenized with one- 

half their volume of distilled water and extracted by the method of 

Bligh and Dyer (1959). The crude phospholipid fraction prepared from 

this extract was subj ected to acetone precipitation and the lecithins 
purified as described by Wells and Hanahan (1969). The purified leci

thins showed a single spot on thin-layer chromatography and gave as

typical results: P, 4.03%, N, 1.81%; N:P molar ratio = 0.99; choline:?
22molar ratio = 1.01; fatty acyl ester:P molar ratio = 2.03; [a]g^ =

+6 .6 ° (c, 4.5, chloroform:methanol, 1:1 v/v).

Preparation of Egg Yolk 1 -Acyllysolecithins 

Hen's egg yolk lysolecithins were prepared by action of the 
purified Crotalus adamanteus phospholipase (Wells and Hanahan, 1969;



Wells, 1975) on egg yolk lecithins in a moist ether medium (Hanahan, 

1957). Typically, egg yolk lecithins were percolated over a mixed bed 
ion exchange resin of Bio-Rex 70 H+ and AG3-X4, OH using chloroform: 
methanol:water, 5:4:1 v/v and taken to dryness under reduced pressure. 
The deionized lecithins were dissolved in anhydrous diethylether using 

1 ml of diethylether per 0.025 mmole of lecithin. Then 0.015 ml of a 
10 ^ M CaCl2 solution per ml of diethylether used was added followed by 
the addition of phospholipase (50-100 pg in solution). Conversion 
of the egg lecithins to the lysolecithins was monitored by thin-layer 
chromatography and was usually complete in 18 hr. Then 5 ml of 2,2- 

dimethoxypropane were added and allowed to react for 1 hr to convert 

the water into acetone ane methanol and the solvents removed under re

duced pressure. The lysolecithins were further purified by dissolving 

the reaction mixture in a minimum of chloroform and precipitation with 

an excess of diethylether. This procedure is repeated several times 

to rid the mixture of the free fatty acids which remain in the ether
phase. The purified egg lysolecithins showed as a single spot on

2 2thin-layer chromatography and gave [“15 4 5 = '3-7° (c, 4.5 chloroform: 
methanol 9:1 v/v). The pmr spectrum (methanol-d^) showed the absence of 

the low field acylated C-2 methine proton multiplet at 65.31 and the 

infrared spectrum in chloroform-d^ showed the carbonyl ester stretching 

band intensity to be approximately one-half that of lecithin.

Preparation of sn-Glycero-3-phosphorylcholine 

sn-Glycero-3 -phosphorylcholine was prepared from egg yolk leci

thins by the method of Brockerhoff and Yurkowski (1965). The purified
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product was percolated over a mixed bed ion exchange resins Bio-Rex 70,
H+ and AG3-X4, OH in distilled water and lyophilized. The purified

product showed as a single spot on thin-layer and paper chromatography

and gave the following results: pmr (B^O) 53.63 [s, 9H, NCCH^)^], 4.1
[m, 4H, CH2 -N, CH2 -0)], 4.33 (m, 3H, CHg-O-P, H-C>, 4.72 (m, 2H,

7 7
-P-O-CH2 ) ; [“ 1 5 4 5  " -3.0° (c, 2.5, water); 11.45% P CgH^O^PN requires
11.27% P.

Enzyme Assays .

Hydrolysis of substrate analogs were measured using a Radiometer 

(Copenhagen) TTA31 microtitration assembly previously described by Wells
(1972). The Radiometer pH-stat consisted of a Titrator, type TTTlc,

Titrigraph, type SBR-2c and Syringe burette, type SBU-la. The glass bu

rette unit supplied by:the company was replaced with a 25 microliter 

syringe, Hamilton Co., Inc. (Whittier, California) which was connected 
by 0.025-in. i.d. Teflon tubing to the reaction vessel. Full displace

ment of the syringe drive motor corresponded to the addition of approxi

mately 10 microliters of titrant. The reactions were carried out in a 

total volume of 1.0 ml in an atmosphere of nitrogen. Except in the 
cases of the temperature studies, reactions were carried out at 40°C. 

Temperatures were held constant to ± 0.01° by a Lauda K-2/R thermostatic 
bath, Brihkmann Instruments, Inc. (Westbury, New York) . In the case of 
the temperature studies, the electrodes were restandardized with buffer 

for each temperature. The pH was maintained by the addition of 0.05 N 

NaOH. After all reactants except the enzyme were added to the vessel, 

a baseline was recorded for 3 to 5 min. The reaction was initiated



. 39
by the addition of enzyme. The amount of enzyme varied according to 
the substrate but was added in a volume from 5 to 25 microliters and 
the rate was followed for at least 5 minutes. The amount of base added 
during the reaction was less than 1 0 microliters so that dilution was 
negligible. The reaction was linear up to at least 5% hydrolysis of 
the substrate so that under.all conditions reported only initial veloci

ties were were observed. The reaction mixture consisted of substrate, 

calcium chloride, enzyme and other additions when appropriate. Under no 

circumstances were any buffering agents added. All reactions were run 
at saturating levels of calcium chloride (1 mM) . Unless otherwise 

stated, all data were obtained at pH 8.0. Temperature studies using
1 -octanoy1 ethy1 eneglyco1 - 2 -phosphory1 choline and 1 ,2 -dihexanoyl-sn- 
glycero-3-phosphorylcholine were carried out at 5° intervals from 25° 

to 40°.

Treatment of the Data 

Kinetic data were analyzed as previously described (Wells,
1972). For determinations of the Vm and Km for each substrate analog, 

the double reciprocal plotting method of Lineweaver and Burk (1938) was 
employed. For the temperature studies using 1 -octanoylethyleneglycol-

2 -phosphorylchoTine and 1 ,2 -dihexanoyl-sn-glycero-3-phosphorylcholine, 

lines were fitted through the experimentally determined points of the 

Lineweaver Burk plots by a linear regression unweighted least squares 

analysis program on a Wang model 600 programable calculator, Wang 

Laboratories, Inc. (Tewksbury, Massachusetts). The data showed the Vm 

for each substrate increased as the temperature increased. However,
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there was no general trend (i.e., to higher or lower values) for the Km 
values as the temperature increased. For octanoylglycollecithin the Km 

values varied between 25 and 33 mM and 3.7 and 4.8 mM for dihexanoyl- 
lecithin. These Km values agree closely with previously determined 
values for these same substrates in the laboratory (i.e., 25.6 and 

28.5 mM for octanoylglycollecithin and 3, 3.8, and 4 mM for dihexanoyl- 
lecithin all at pH 8.0 and 40°). This suggested that it was reasonable 

to assume that the Km values for the above substrates were relatively 
constant as a function of the temperature ranges studied. Thus 

Lineweaver-Burk plots were replotted from the conclusions drawn from the 

above initial least squares analysis of the above temperature studies 

and the previously determined Km data by forcing Km to be constant for 

all temperatures. This is shown on pages 8 6 and 87. The Km values 

chosen for octanoylglycollecithin and dihexanoyllecithin were mean 
' values determined from the above mentioned data on the Km determina
tions.

Using the Vm and. Vm/Km values from the plots shown on pages 

8 6 and 87, Arrhenius plots were determined. Lines were fitted through 
the experimentally determined points by the linear regression unweighted . 
least squares analysis program mentioned above. Standard deviations of 

the estimate of the least squares fit line through the experimentally 

determined points of log Vm and log Vm/Km versus 1/T x 10 ^ were 0.037 

and 0.0366 for octanoylglycollecithin and 0.007 and 0.016 for dihexa

noyllecithin. Activation energies were calculated in the usual way 

(Frost and Pearson, 1961). The significance of the determined pseudo-. 
activation parameters will be deferred to the Results and Discussion
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sections. The kinetic equations used in this study were derived by 
Wells (1972) by the method of King and Altman (1956) as described for 

bireactant mechanisms by Cleland (1963a-c). The number of measurements, 
concentration ranges for each substrate analog used and standard devia
tions of the various kinetic parameters will be discussed in the 
Results section dealing with the General Observations of the Enzyme 

Assays.

Syntheses

1 ,2 -Diacyl-sn-glycero-3-phosphorylcholines .

A slight modification of the procedure described by Cubcro 
Robles and van den Berg (1969) was used to synthesize the 1,2-diacyl- 

sn-glycero-3-phosphorylcholines. As an example, the synthesis of 1,2- 

dihexanoyl-sn-glycero-3-phosphorylcholine will be described.
In a 250 ml round bottom flask, 10 mmoles of hexanoic acid were 

dissolved in a minimum of methanol and neutralized to pH 7.5 with 
tetraethylammoniumhydroxide (10% in water). The water in this salt 
mixture was removed by azeotropic distillation with benzene under re

duced pressure. Then 5 mmoles of sn-glycero-3-phosphorylcholine were 

added as'a methanolic solution and the solvent removed under reduced 

pressure. The GPC tetraethylammoniumhexanoate mixture was rendered 

anhydrous by repeated addition of anhydrous benzene followed by removal 

of the solvent under reduced pressure. After the removal of the last 

addition of benzene, 50 mmoles of hexanoic anhydride were added and 
the mixture placed under vacuum (100 mmHg) on a rotating film evapora
tor. The mixture was kept at 60°C under vacuum with constant rotation
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of the flask for 48 hr or until no. more 5n-glycero-3 -phosphorylcholine 
or lysolecithin could be detected by thin-layer chromatography. When 
the reaction was completed, the mixture was dissolved in chloroform 

and applied to a 200 gm Silic-AR CC-7 silicic acid column then chloro
form: methanol 1:1 (v/v). The latter eluate was collected in fractions. 

The fractions containing the product as determined by phosphorus analy

sis and thin layer chromatography were combined and the solvents re
moved under reduced pressure. The residue if slightly yellow, was 
treated with activated charcoal, DARCO G-60 from Matheson, Coleman and 

Bell in methanol (ylOO mg), filtered through three layers of Whatman 

No. 1 filter paper and the solvent removed under reduced pressure. The
colorless oil was taken up in a minimum of deionized distilled water

+ ■and percolated over.a mixed bed ion exchange resin Bio-Rex 70, H and 
AG3-X4, OH and the eluate lyophilized. The final product was a color

less oil. Yield 3.9 mmoles 78% based on sn-glycero-3-phosphorylcholine. 

The product showed a single spot on thin layers of silica gel G in the • 

solvent system chloroform:methanol:water 65:25:4 (v/v) and analyzed 

for 6.7% P. ^20^42^9^ requires 6 .6 % P.
22The final product also gave the following results: =

+11.4° [c, 2.3, chloroform:methanol 1:1 (v/v)]; pmr (methanol-d^) 60.9 

(t, 6H, 2 -CH3, Jvic = 6 Hz), 1.2-1.8 [m, 12H, 2 -(CH^)^-], 2.33 (2t,

4H, 2 -$-CH2, Jvic = 6 Hz), 3.22 [s, 9H, N(CH3)3], 3.63 (m, 2H, CH^-N),

3.93 (doublet of doublets, 2H, CH^-O-P, Jp_pj = 6 . 8 Hz), 4.35 (octet,
0

2H, CH7 -0C, J m = 12.0 Hz, J ■ = 7.0, 3.5 Hz), 4.28 (m, 2H,, z  gem v i e

O-P-O-CH^-), 5.25 (m, 1H, H-C); ir (chloroform-d^) 1060, 1090 cm 1
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(P-O-C, C-O), 1170 an' 1 (C-0), 1265 an' 1 (P=0), 1735 an" 1 (CO). In 

same instances it was necessary to rechromatograph the final product, 
due to formation of lysolecithins during chromatography on Silic-AR 

C O 7. In these cases, the loading factor was 1 gm of aluminum oxide 
per mg of phosphorus. The sample was applied in chloroform and the 
column eluted in succession with 1 0 ml per gm of aluminum oxide with 
chloroform, chloroform:methanol 18:1 (v/v) and chloroform:methanol 6 : 1  

(v/v). The latter eluate was collected in fractions. The isolated 
product was treated as described above.

In a similar manner the following 1 ,2-diacyllecithins were 

prepared. All showed single spots on thin layers of silica gel G in 
the solvent system chloroform:methanol:water 65:25:4 (v/v). The polari
ty of the solvent required to elute the product decreased as the chain 

length of the fatty acyl chains increased.

1 .2 -Dipropionyl-sn-glycero-3-phosphorylcholine

Yield 2.8 mmoles (56% based on sn-glycero-3-phosphorylchOline).
77Found 8.0% P C^H^OgNP requires 7.99% P. [a] ^ 6 = +12.4° (c, 1.1, 

Chloroform:methanol 1 : 1  v/v); pmr (methanol-d^) 61.18 (t, 6H, 2 -CH^,

J . = 7 Hz), 2.41 [quartet, 4H, 2 -(CH.)-, J • = 7 Hz], 3.3 [s, 9H,V  X U  Lu \i J -V m*

N(CH3)3], 3.76 (m, 2H, CH^N), 4.0-4.6 (m, 6H, CH2 -Q-P, P-0-CH2,

CH2 -0?), 5.4 (m, 1H, H-C).

1.2-Dibutyryl-sn-glycero-3-phosphorylchotine

Yield 3.7 mmoles (74% based on sn-glycero-3-phosphorylcholine).
77Found 7.6% P C^H^OgNP requires 7.5% P. [a] ^ 6 = +12.4° [c, 1.4,
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chloroform:methanol 1:1 (v/v) ], pmr (methanol-d^) 60.94 . (t, 6H, 2 

-CH-, J - = 6 Hz), 1.64 (sextet, 4H, 2 -CH7-, J • = 6 Hz), 2.32 (two«J V -Lv Lt v ±C
triplets, 4H, = 6 Hz), 3.3 [s, 9H, N(CH3)3], 3.68 (m, 2H, CH^-N),

0
4.32 (m, 2H, 0-P-0-CH7),. 4.35 (octet, 2H, CH^-OG, J = 12.0 Hz, J . =v ’ 2 . ’ ’ 2 ’ gem ’ vie
7.0, 3.5 Hz), 5.3 (m, 1H, H-G); ir (chloroform-d^) 1060, 1090 cm ^ 
(P-0-C-, C-0), 1180 cm" 1 (C-0), 1270 cm' 1 (P=0), 1735 cm' 1 (C=0).

1 ,2-Divaleroyl-sn-glycero-3-phosphorylcholine .
Yield 3.3 mmoles (67% based on sn-glycero-3-phosphoryIcholine).

??Found 6.98% P C^g^gOgNP requires 6.99% P. [ a ] = +11.8° [c, 1.3,

chloroform:methanol 1:1 (v/v)]; pmr (methanol-d^) 60.9 (t, 6H, 2
0

-CH3), 1.2-1.8 [m, 8H, 2 -(CH^-], 2.4 [t, 4H, 2 (£-CH2)], 3.3 [5, 9H, 

N(CH3)3], 3.74 (m, 2H, CH^N), 3.9-4.6 (m, 6H, CH^-O-P, P-O-CH^,

CH2 -0^), 5.38 (m, 1H, H-C).

1 - Acyl- 2-1 ertbutyld imethylsilyl-sn-glycero- 
3-phosphorylcholines

In a 100 ml round bottom flask were placed 1.75 mmole of puri

fied hen's egg yolk lysolecithins prepared by the action of purified 
phospholipase (Wells and Hanahan, 1969) on hen's egg yolk lecithins. 

The lysolecithins were dried over phosphorus pentoxide under vacuum.

Then 13 mmoles of t ert - butyl - dimethyl chloros ilane (tBDMCS) in 40 ml of 
1 M imidazole in anhydrous dimethylformamide were added to the dried 

lysolecithins. The reaction flask was stoppered and put under magnetic 

stirring at room temperature overnight. The course of the reaction was 
monitored by Silica gel G or Silica gel F-254 thin layer chromatography



using the solvent system chloroform:methanol:water (65:25:4 v/v). Com

plete derivatization as judged by thin layer chromatography was accom

plished in 18-24 hr. The reaction mixture was diluted which chloroform 

and applied to a Silic-AR CC-7 column (120 gm) and eluted with 1 liter 
of chloroform,. 1 liter of chloroform:methanol (4:1 v/v) and chloroform: 

methanol (1:3 v/v). The first two eluants were collected in bulk and 
10-15 ml fractions were collected using the last solvent system. 
Fractions were assayed for phosphorus and checked by thin layer chroma
tography. After combining the appropriate fractions the solvents were 

removed under reduced pressure (35-40°C). The slightly yellowish oil 
was treated with DARCO G-60 charcoal in methanol and the 1 -acyl-2- 
tBD^-sn-glycero-3 -phosphorylcholih.es were isolated as a colorless 

waxy oil which was soluble in diethylether, chloroform, and methanol.

Pmr (methanol-d^) 60.0 [s, 6H,. SiQCH^)^], 0.58 (t) overlapped by (s)

(12H, CH3-, Si[C(CH3)3]}, 1.5 [s, 28H, -(C^)^-], 2.5 (t, 2H, -^-CH^,

3.4 [s, 9H, N(CH3)3], 3.68-4.7 (m, 9H, CH^N, CH^OP, H-G, CHg-oE, ' 

P-0-CH2); ir (chlorofom-d^ 1060, 1099, 1145 cm" 1 (P-O-C, C-0), 1255 '

cm" 1 (P=0), 1729 cm" 1 (C=0), 2859, 2930 (C-H); [a] 5 4 5 = +13.65° (c,
3.9, chi or of orm: methanol 1:1 v/v).

1-Hydroxy-2-tert-butyldimethylsilyl-sn- 
glycero-3-phosphorylcholine

Five mmoles of 1 -acyl-2-tBDMS-sn-glycero-3-phosphoryIcholines

were dried under reduced pressure in a 100 ml round bottom flask. Then
.33 ml of saturated anhydrous potassium carbonate in methanol solution

were added and the reaction allowed to proceed at room temperature under
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magnetic stirring for 0.5 hr or until no more starting material could 

be detected by TLC. The reaction was then neutralized to pH 7 with 
several ml of glacial acetic acid-methanol 1 : 1  (v/v) solution and the 
solvent removed under reduced pressure. The resulting residue was 
purified in two ways. The residue was applied in chloroform:methanol 
(9:1 v/v) to an aluminum oxide (neutral) column preequilibrated with the 
same solvent using a loading factor of approximately 83 gm of aluminum 

oxide per mmole of phosphorus. The column was eluted in succession with 
10 ml per gm of aluminum oxide of chloroform:methanol (9:1 v/v), 
chloroform:methanol (3:1 v/v) and chloroform:methanol (1:1 v/v). The 
latter solvent was used to collect fractions. The fractions were as

sayed for phosphorus and checked by thin layer chromatography. After 

combining the appropriate fractions the solvents were removed under 

reduced pressure and the residue treated with DARCO G-60 charcoal in 
methanol. The 1-hydroxy-2-tBDMS-sn-glycero-3-phosphorylcholine was 

isolated as a colorless waxy oil. The other purification procedure was 

performed on a Silic-AR CC-7 column using a loading factor of 1 gm 
Silic-ARCC-7 per mg phosphorus the residue is dissolved in chloroform, 

filtered and applied to the column. The column is eluted with chloro

form 10 ml/gm of Silic-AR G O  7 followed by chloroform:methanol ■ (1:9 v/v). 

Fractions are collected and assayed as described above using the alumi

num oxide column. The 1 -hydroxy-2 -tBDMS-sn-glycero-3-phosphorylcholines 

can be further purified by dissolving in a minimum of chloroform or 
methanol and precipitating with an excess of diethylether. This proce

dure yields the 1 -hydroxy-2-tBDMS-sn-glycero-3-phosphoryIcholine as a 

white waxy powder which can be dissolved in chloroform and stored at
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-20°C. Yield 4.5 mmoles (90% based on 1 -acyl-2-tBDMS-sn-glycero-3- 

phosphorylcholines). Pmr (methanol-d^) .60.0 [s, 6H, Si(CH^)^]? 0.81 
[s, 9H, SiC(CH^)^], 3,3 (s) overlapped by multipiets from 3.3-4.5 19H, 

N(CH3)3, CH2N, CH2OP, CH2OH, H-C, P-OCH2; ir (chloroform-d^) 1060,
1094 cm' 1 (P-O-C, C-O), 1250 cm" 1 (P=0) ,' 3190-3490 Broad (H bonded OH);

7 7M 5 4 6  = -1 2 .6 ° (c, 1 .8 , chloroform:methanol 1 : 1  v/v) ; C^H^O^NPSi 
(M = 389.5). Anal. C = 43.2, H = 9.3, N = 3.6, P = 7,95. Found C =

44.2,. H = 9.26, N = 3.16, P = 8.0.

1 - Palmitoyl - 2 - tert -butyl dime thyls ilyl - sn- 
glycero - 3-phosphorylchol ine

1,2-Dipalmitoyl-sn-glycero-3-phosphorylcholine was prepared by

the method of Cubero Robles and van den Berg (1969) and converted to

1 -palmitoyl-2-OH-sn-glycero-3 -phosphorylcholine by the action of

purified phospholipase A 2 (C. adamanteus). The purified 1-palmitoyl-
2 22-OH-sn-glycero-3-phosphorylcholine had a specific rotation M  5 4 5  ~ 

-4.25° (c, 3.5, chloroform:methanol 9:1 v/v) (literature [a]^ = -3.1° c, 
3, chloroform:methanol 9:1 v/v} (Hanahan and Brockerhoff, 1960).

One mmole of 1 -palmitoyl-2-OH-sn-glycero-3 -phosphorylcholine 

was taken to dryness in a 50 ml round bottom flask and dried over PgO^ 
under vacuum. Then 9 mmoles of tert-butyl-dimethylchlorosilane dis

solved in 15 ml of 1 M imidazole in DMF was added followed by an addi

tional 16 ml of 1 M imidazole in DMF. The reaction was allowed to 
proceed under magnetic stirring at room temperature overnight. Analysis 

by TLC showed the reaction to be complete. The reaction mixture was 

diluted with chloroform and applied to a 95 gm Silic-AR C O 7 column.

Bulk fractions of chloroform (600 ml) and chloroform:methanol (4:1 v/v)



(600 ml) were collected and 15 ml 'fractions were collected using 
chloroform:methanol (1:3 v/v). After assaying the fractions for phos
phorus and checking by TLC the appropriate fractions were combined and 
the solvents taken off under reduced pressure. The product was taken 
up in methanol and treated with charcoal DARCO G-60 filtered and taken 

to dryness under reduced pressure. The 1-palmitoyl-2-tert-butyldi- 
methylsilyl-sn-glycero-3-phosphorylcholine was isolated as a colorless 

waxy oil. Yield, 0.85 mmole (85%) based on 1-palmitoyllysolecifhin. 
The product showed a single spot on thin layers of Silica gel G and 
F-254 in the solvent system chloroform:methanol:water (65:25:4 v/v) 

and gave the following results: pmr (methanol-d^) 60.0 [s, 6H,

Si(CFL)?], 0.8 [t, 3H, CH overlapped by s, 9H, SiC(CH-) ], 1.0-1.6  ̂ z 3 J 3
0

[broadened singlet, 26H, -(CHg)^^-], 2.2 (t, 2H, ^-CH^), 3.1 [s, 9H,
0

N(CH3)3], 3.4-4.4 (m, 9H, ai2N, CH^-OP, H-C, P-CH^); ir
-1 -1 chloroform-d^) 1055, 1095, 1145 cm •L (P-O-C, C-0), 1255 cm  ̂ (P=0),

1729 cm" 1 (C=0), 2860-2960 cm" 1 (C-II); [ a ] ^  = +13.2° (c, 4.2,

chloroform:methanol 1:1 v/v); CggH^^OyNPSi (M = 597.89). Anal. C =

58.3, % =  10.S, N :̂..2..3, P - 5.2. Found C = 57.9, H = 10.41, N =
2.2, P = #14. .

In order to show that no isomerizations took place in the

desilylation procedure of 1 -acyl-2 -tert-butyldimethylsilyl-sn-glycero-
3-phosphoryIcho1 ine using dry hydrogen chloride gas the following

experiment was conducted.
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Desilylation of the l-Palmitoyl-2-tert- 
butyldimethyls ilyl-sn-glycero-3-PC

In a 10 ml test tube, 0.140 mmole of l-palmitoyl-2-tBDMS-sn-
glycero-3-phosphorylcholine were dried overnight over P^O^ under vacuum
then dissolved in 2 ml of anhydrous chloroform and chilled to 0°C on
an ice bath for 10 min. Dry hydrogen chloride gas was bubbled through

the mixture for 30 min then flushed with dry nitrogen gas for 1 0  min.
to remove the excess HC1 gas. An excess of diethyl ether was added and

the product precipitated out and was isolated by centrifugation. The

above procedure was repeated 3 times. Final yield of product was .113
2 2mmole (81%) and gave the following optical rotation: [ a ] = -4.3°

(c, 3.5, chloroform:methanol 9:1 v/v) which was identical to the start

ing 1-palmitoyl-2-OH-sn-glycero-3-phosphorylcholine.

1 -Acyl-2-hydroxy-sn-glycero-3-phosphorylcholines

As an example, the synthesis of the hexanoyl analog will be 

described. One mmole of 1 -hydroxy-2-tBDMS-sn-glycero-3-phosphoryl- 

choline was dried over phosphorus pentoxide under vacuum. Then 2 • 

mmoles of 4 - dime thy laminopyr idine were added to the dried 2-tBDMS-GPC 
along with 5 ml of anhydrous chloroform. One mmole of hexanoic anhy

dride was added along, with an additional 5 ml of anhydrous chloroform 

and the mixture allowed to react at room temperature under magnetic 

stirring. The extent of the reaction was monitored by silica gel G 

thin layer chromatography. In some instances an additional portion of 

hexanoic anhydride was needed to allow the reaction to proceed to com

pletion. The reaction was usually completed in 18 to 24 hr. The reac

tion mixture was then applied to a neutral aluminum oxide column using
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a loading factor of 2 gm of aluminum oxide per mg of phosphorus. The 

column was eluted in succession with chloroform ( 1 0 ml per gram of 
aluminum oxide), chloroform:methanol 18:1 (v/v) ( 1 0 ml per gram of 
aluminum oxide) chloroform:methanol 4:5:1 (v/v).. The latter solvent 
system was collected in fractions. Fractions were analyzed for phos
phorus and by thin layer chromatography. The fractions containing the 

product were combined and the solvent removed under reduced pressure.
The product showed as a single spot on thin layers of silica gel G in 

the solvent system chloroform:methanol:water 65:25:4 (v/v) and gave the 

following results: pmr (methanol-d^) 60.0 [s, 6H, S i ( C H g ) , 0.81 '

[triplet overlapped by singlet, 12H, -CH^, SiC(CH^)^], 1.27 [m, 6H,

-(CH2)3-], 2.24 (t, 2H, ?-CH2), 3.18 [s, 9H, N(CH3)3], 3.43-4.28 (m, 9H, 
CH2N, CH2 -0P, P-0-CH2, H-C, CH2 -0C); ir (chloroform-dx) 1065, 1090 cm"1 . 

(P-O-C, C-0), 1255 cm- 1 (P=0), 1730 cm" 1 (C=0). Yield 0.77 mmoles (77% 

based on 1-hydroxy-2-tBDMS-sn-glycero-3-phosphorylcholine). Found 
6.3% P C2 QH^gOgNPSi requires 6.36% P; = +l-9° (c, 5, chloroform).

In a similar manner the propionyl analog was synthesized. The 

1 -propionyl-2-tBDMS-sn-glycero-3-phosphorylcholine showed a single spot 
on thin layers of silica gel G and gave the following results: pmr

(methanol-d4) 60.0 [s, 6H, Si(CH3)2], 0.81 [s, 9H, SiC(CH3)^], 1.02 

(t, GIL, J • = 7 Hz), 2.6 (quartet, 2H, -CH?-, J = 7 Hz), 3.18 [s,O V1C A v1C
9H, N(CH3)3], 3.43-4.28 (m, 9H, CH2N, CHg-OP, P-0-CH2, H-C, CH2 -GC).

Yield 0.67 mmole (67% based on 1 -hydroxy-2-tBDMS-sn-glycero-3-phos-
22phorylcholine). Found 6.9% P C^yH^gOgNPSi requires 6.96% P; ta ] 5 4 5 = 

-0.5° (c, 4, chloroform).
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In a 50 ml round bottom flask, 0.55 mmole of l-hexanoyl-2-tBDMS- 

sil-glycero-3-phosphorylcholine were dried over P^Og under vacuum, dis
solved in 1 0 ml of anhydrous chloroform, and placed on an ice bath 
under magnetic stirring. Then dry HC1 gas was bubbled through the mix
ture for 30 min then dry nitrogen gas for 1 0 min to remove the excess 

HC1 gas and the solvent removed under reduced pressure. A minimum of 
chloroform was added to the gummy residue and an excess of diethylether 

added to precipitate the hexanoyllysolecithin.' The ether was decanted 
and the residue dissolved in chloroform:methanol ,9:1 (v/v) and applied 

to a 25 gm neutral aluminum oxide column. After successive bulk elu

tions with 250 ml each of chloroform:methanol 9:1 and 9:2 (v/v), 10 ml . 
fractions were collected using chloroform:methanol 2:1 (v/v). Fractions 

were analyzed for phosphorus and by thin layer chromatography. The 

fractions containing the product were combined and the solvents removed 

. under reduced pressure. The final product was a colorless oil. Yield, 
0.165 mmole (30% based on 1-hexanoyl-2-tBDMS-sn-glycero-3-phosphoryl- 

choline). The hexanoy1lyso1ecithin showed a single spot on thin layers • 

of silica gel G in the solvent system, chloroformmethanol :water 65:25:4 
(v/v) where its was approximately half that of 1 ,2 -dihexanoyl-sn-

glycero-3-phosphorycholine and gave the following optical rotation:
7 7[ajs^g = -3.7° [c, 5.2, chloroform:methanol 9:1 (v/v)]. Since the 

purified product gave the expected optical rotation and showed as a 

single spot on thin layers of silica gel G where it gave an value ' 

consistent for such a compound, no analytical data were obtained.
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(

EthyleneglycoIphosphory1choline - .
• j

With constant stirring, a solution of 10 g (38.9 mmoles) of 

. sn-glycero-3 -phosphorylcholine in 150 ml of water was added to an ice- 

cold solution of 40 mmoles of NalO^ in 150 ml of water. After mixing 
at room temperature for 3 hr, the reaction mixture was diluted with 900 
ml of absolute ethanol, and the precipitated NalO^ removed by filtra
tion. To the filtrate was added slowly, with mixing, 80 mmoles of 

NaBH^ in 25 ml of 1 M NaOH. After 3 hr at room temperature, the reac

tion mixture was adjusted to pH 7 with concentrated HC1, and the solvent 

removed in vacuo at 40°C. The resulting yellowish oil was dissolved 
in 150 ml of water and treated overnight with 35 g of Borasorb (Cal- 
biochem, San Diego, California) with constant stirring to remove 
borate. The Borasorb was removed by filtration, washed with water, 

and the combined filtrate and washings were lyophilized. The residue 

was dissolved in a minimum volume of. water and passed through a mixed 

■ bed ion-exchange resin (25 g each,of Bio-Rex 70-H+ and AG3-X4-OH , Bio 
Rad Laboratories , Richmond, California) and the eluate lyophilized. 
he residue was dissolved in 1 0 ml of methanol, filtered, and dried in 
vacuo to yield 5.08 g of a colorless semicrystalline material (22.4 

mmoles, 56.4% yield).
The product showed a single spot on thin.layers of Silica Gel G 

in the solvent systems chloroform:methanol:acetic acid (95:35:4 v/v) 

and.methanol:water (7:3 v/v) and by paper chromatography in the solvent 

system n-butanol:acetic acid:water (5:2:3 v/v) where its R_g (0.41) was 

distinctly different than that of glycero-phosphorylcholine (0.33).

Pmr (methanol-d^) 63.3 [s, 9H, N(CH^)^], 3.8 (m, 4H, CH^-OD, -CHg-N),
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4.1 (m, 2H, Chg-O-P), 4.4 (m, 2H, P-O-CHg-). The material was con

verted onto its CdCl2 complex for P analysis. Found 6.06% P,
(CyH^gOgPN)2 (CdCl2 )j, 1036, requires 5.97% P.

1 -Acylethyleneglycol-2-phosphoryIcho1 ines

As an example, the synthesis of the butyryl analog will be de

scribed. The procedure was adapted from that of Cubero Robles and 

van den Berg (1969). Butyric acid (2.3 mmoles) was neutralized with 
tetraethyl ammonium hydroxide, and the solution dried in vacuo. The 

salt was added to 2.3 mmoles of ethylene glycol pho sphoryIcho1 ine which 
had been dried over PgO^. The mixture was rendered anhydrous by addi
tion of anhydrous benzene followed by removal of the solvent in vacuo. 

This step was repeated several times. After removal of the last addi

tion of benzene, 15 mmoles of butyric anhydride were added and the 
mixture placed under vacuum (100 mrnHg) on a rotating film evaporator. • 

The mixture was kept at 60°C under vacuum and with constant rotation of 
the flask for 60 hr. Then the reaction mixture was dissolved in chloro

form and applied to a column of Silic-AR CC-7 (100 gm) . The column was 

eluted in succession with 1 liter of chloroform, 500 ml of methanol, 

and 10% water in methanol (v/v). The latter eluate was collected in 

fractions. The tubes containing the product, as determined by phos

phorus analysis, were combined and the solvent removed in vacuo. The 

residue was treated with a mixed bed ion-exchange resin (see above).
The final product was colorless oil. Yield, 0.53 gm (1.77 mmoles)

76.9% based on ethylene glycol phsophorylcholine. The product showed a 

single spot on thin layers of silica gel G in the solvent systems



described above and analyzed for 10.47% P. C-jjI^O^PN requires 10.42%
P. Pmr (methanol-d^) 61.0 (t, 3H, -CH^), 1.6 (sextet, 2H, -CHg-),

82.3 (t, 2H, -C-CH2-), 3.2 [s, 9H, N(CH^)g], 3.6 (m, 2H, , 4.05

(m, 2H, -CH2 -0-P), 4.25 (m, 4H, Chg-O-E-, O-P-O-CHg-).
In a similar manner the following compounds were prepared.

All showed single spots on thin layers of silica gel G. The polarity 

of the solvent required to elute the product from Silic-AR C O  7 decreases 
as the chain length of the fatty acyl chain increases.

l-Acetylethyleneglycol-2-phosphorylcholine

Yield 60.8%; 11.42° P; CgH^O^PN requires 11.51% P. Pmr 

(methanol-d4) 62.05 (s, 3H, CH^), 3.2 [s, 9H, N(CH3)3], 3.6 (m, 2H,
9CH2 -N), 4.1 (m, CH2 -0-P), 4.2 (m, 4H, CHg-O-C-, 0-P-0-CH2) .

1-Hexanoylethyleneglycol - 2-phosphorylchol ine

Yield 73.8%; 10.06% P. Pmr (methanol-d^) 61.3 [m, 4H,

-(CH2)2-], 1 . 6  (m, 2H, &C-CH2-), 2.3 (t, 2H, 3.25 [s, 9H,

N(CH3)3], 3.65 (m, 2H, CHg-N), 4.0 (m, 2H, CHg-O-P), 4.3 (m, 4H,

CH2 -0 -&, 0-P-0-CH2).

1 -Octanoylethyleneglycol-2 -phosphorylcholine

Yield 71.3%; 9.05% P; C^^gO^PN required 8.77% P. Pmr • 

(methanol-d^) 60.9 (t, 3H, -CH3 ),1.5 [broad s, 10H, -(CH2 )g],2.3 (t.
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1-Oleoylethyleneglycol-2 -phosphorylcholine

(This reaction was conducted at 250C.) Yield 38.9%; 6.40% P; 
C2 5H 5 0O6 PN requires 6.29% P. Pmr (methanol-d^) 60.9 (t, -CHy), 1.3 
[broad s, 22H, - ( C H ^ ^ ]  , 2.0 (m, 4H, CH2 -C=C-CH2), 2.35 (t, 2H,

E-CH2), 3.2 [s, 9H, N(CH3)3], 3.65 (m, 2H, CH2 -N), 4.15 (m, 2H,

CH2 -0-P), 4.25 (m, 4H, 0-P-0-CH2-), 5.35 (t, 211, -GH=CH-).

Methyl-branched Glycollecithins

1’-Alphamethylvaleroylethyieneglycol-.2-phosphorylcholine yield 

48.5%. 1 -Betamethylvaleroylethyleneglycol-2-phosphorylcholine yield 

72%. 1 -Isobutylacetylethyleneglycol-2-phosphorylcholine yield 84.5%.
The aforementioned procedures used to synthesize and purify the. 

acetyl-, butyryl-, hexanoyl- and octanoyl-glycollecithins were used to 

synthesize the methyl-branched glycollecithins. Since the alphamethyl-, 
valeroyl-, betamethylyaleroyl- and isobutylacetyl-glycollecithins 

showed as single spots on thin layers of silica gel G in the two solvent 

systems, chloroform:methanol:water 65:25:4 (v/v) and methanol:water 

7:1 (v/v), it was assumed these analogs would give the expected analyti

cal and pmr spectra like their straight chain ..homologs.

The results of this study demonstrate the utility of the par

tial synthetic approach for the synthesis of lecithins, lysolecithins 

and glycollecithins containing short fatty acyl residues. In addition, 

two new partial synthetic procedures are described. The use of the 

tert-butyldimethylsilyloxy group for the synthesis of short acyl chain 
lysolecithins is demonstrated by the preparation of the propionyl and 

hexanoyl homologs. The preparation of glycollecithins by acylation of .



ethyleneglycolphosphoryIcholine prepared by the periodate oxidation of 
sn-glycero-3-phosphorylcholine followed by reduction with sodium boro- 

hydride demonstrates the utility of this, procedure- Moreover, it seems 

probable that the above method for the preparation of glycollecithins 

could be used for the preparation of ethyleneglycol analogs of other 
phospholipids starting from suitably protected phosphoglycerides. 
Finally, it should be mentioned that the data reported in this study 
also provide further insights into understanding the chemical reactivi

ties of lecithins.



RESULTS

General Properties of Short Acyl Chain Analogs of 
Lecithin, Lyso'lecithin and Glycollecithlns

The high polarity of short acyl chain analogs of lecithin, 
lysolecithin and glycollecithin requires the use of methanol or 

methanol/water mixtures as solvents during purifications on Silic-AR 
CC-7. This was especially the case when purifying butyryl and shorter 

chain analogs of lysolecithin and glycollecithin. It was found that the 
use of these polar solvents eluted inorganic materials from, the Silic-AR 
CC-7 which were potent inhibitors of the phospholipase from Crotalus 
adamanteus■venom. Wells (1972) noted similar difficulties in purifying 

dibutyryllecithin and butyryllysolecithin. Moreover, these polar sol

vents sometimes concomitantly eluted tetraethylammonium ions or salts 

which seemed to enhance hydrolysis of the acyl esters of the products 

during storage. Therefore, in some instances, a second purification of 
the isolated products using neutral aluminum oxide column chromatography 

was necessary to remove the lysolecithins formed. The inorganic inhibi

tors could only be removed by percolating all lecithins, lysolecithins 

and glycollecithins over a mixed-bed ion exchange resin (see Materials 

and Methods) using highly purified distilled water as an eluting sol

vent. All the compounds synthesized in this study were colorless oils 

and very soluble in water.
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1,2-Diacyl-sn-glycero-3-phosphorylcholiri.es

In all cases the phosphorus analysis, optical rotations, pmr 
and ir spectra were consistent with that expected for the desired 
diacyll’ecithin. All products showed a single spot on thin layers of 

silica gel G where the values increased as the length of the fatty 

acyl chain increased. In addition, the polarity of the solvent required 
to elute the products from Silie-AR CC-7 decreased as the chain length 
of the fatty acyl residues increased. However, in the case of chroma

tography on neutral aluminum oxide, all diacyllecithins eluted from the 

Column with chloroform:methanol 6:1 (v/v) .
In.order to maximize the yields of the diacyllecithins, a slight 

modification of the procedure described by Cubero Robles and van den 
Berg (1969) was used. It was found that the free phosphorus diester of 

sn-glycero-3 -phosphorylcholine worked best for the acylation reactions 

rather than the cadmium chloride adduct. The free diester of GPC is 
solubilized by the fatty acid anhydride forming a homogeneous oil when 

the reaction is complete. The fatty acid chloride acylation method of 

Baer and Buchnea (1959) was not employed due to the by-products which 

can be formed. These by-products become a greater problem when trying 
to purify lecithins containing short fatty acyl residues. The overall ' 
yields of the diacyllecithins ranged from 56 to 78% based on the 
starting sn-glycero-3-phosphorylcholine.

1-Acyl-2-1 ert-butyldimethyls ilyl-sn- 
glycero-3-phosphorylcholines

The tert-butyldimethylsilyloxy group was selected for detailed 

study in the protection of the secondary hydroxyl of egg yolk
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lysolecithins which were to serve as intermediates in the synthesis 

of short acyl chain lysolecithins. Initial experiments were not promis
ing since egg yolk 1 -acyllysolecithins were nearly insoluble in anhy

drous DMF. However, it was observed that the presence of imidazole in 
DMF solubilized the lysolecithins. Moreover, the concentrations of 
both the imidazole and tert-butyIdimethyIchlorosilane in DMF proved to 
be critical for reaction to take place. It was found that a 1 M 

imidazole in DMF containing the lysolecithins in the presence of 6 to 

8 equivalents of tert-butyIdimethylchlorosilane gave complete derivati- 

zation at room temperature in 18 to 24 hr. In addition to showing a 

single spot on thin layers of silica gel G, the purified product was 
optically active. The pmr spectrum showed singlets at 5 (ppm methanol- 

d^) 0.0 Si(CH^ ) 2 6H, 0.58 SiC(CH^)^, -CH^ triplet overlapped by a 
singlet, 12H and the absence of the single low field methine proton 

multiplet at 5.24 ppm indicative of an acylated C-2 of the glycerol 

backbone. The ir spectrum showed the presence of the P=0 and C O  at 

1255 and 1729 cm ^ respectively.

1-Hydroxy-2-tert-butyld hnethylsilyl-sn- 
glycero-5-phosphoryIcholine

Deacylation of the 1-acyl-2-1 BDMS-sn-glycero-3-phosphoryIcho- 

lines to the 1 -hydroxy- 2 - tBDMS - sn- glycero - 3 -pho sphory Ichol ine was 

accomplished using a saturated methanolic solution of anhydrous potas

sium carbonate. This procedure did not hydrolyze the tert-butyIdi- -' 

methylsilyloxy group. The final product showed a single spot on thin 
layers of silica gel G in the solvent system, chloroform:methanol:water 

65:25:4 (v/v) as well as giving the expected analytical data. The pmr



spectrum showed singlets at 6 (ppm methanol-d^) 0.0, Si(CH^)2 ' ^

0.81 SiCfCHj)^? 9H. The ir spectrum showed the absence of the carbonyl 
ester band at 1729 cm and the presence of the P-O-C, C-0, 1060, 1094 

cm ^ P=0, 1250 cm ^ and the H bonded hydroxyl 3190-3490 cm ^ functional 
groups.

1 -Acyl-2-tBDMS-sn-glycero-3-phosphorylcholines from '
Hydroxy- 2 - tBDMS - sn- glycero - 3 -phosphorylchol m e

Acylation of 1 -hydroxy-2-tBDMS-sn-glycero-3-phosphoryIcholine
with a fatty acid anhydride in the presence of 4 -dimethylaminopyridine

and anhydrous chloroform as solvent yielded the 1 -acyl-2-tBDMS-sn-

glycero-3-phosphorylcholine. The propionyl and hexanoyl analog were

synthesized using this procedure in 67-77% yields based on the starting

1-hydroxy-2-tBDMS-sn-glycero-3-phosphorylcholine. Both products showed

single spots on thin layers of silica gel G in the solvent system,
chloroform:methanol:water 65:25:4 (v/v). The products gave the expected

pmr spectra with singlets at 6 (ppm methanol-d^) 0.0 Si(CH^)2 6H and

0.82 SiC(CH^)^ 9H. There was no C-2 methine proton multiplet at 5.24
ppm suggesting no acylation of the C-2 hydroxyl.

1-Acyl-ethyleneglycol-2-phosphorylcholines 

The phosphorus analysis and pmr spectra for acetyl-, butyryl-, 

hexanoyl-, octanoyl-, and oleoyl-glycollecithins were consistent with 

that expected for the desired product. All glycollecithins showed a 

single spot on thin layers of silica gel G where the values in

creased. Moreover, the polarity of the solvent required to elute the 
products from Silic-AR CC-7 decreased as the chain length of the
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fatty acyl residues.increased. No attempts were made to acylate the 
cadmium chloride adduct of ethyleneglycolphosphorylcholine for the 
same reasons as pointed out for the.synthesis of the diacyllecithins.
The glycollecithins could not be stored in water solutions without 

appreciable hydrolysis and consequently were stored in methanol solu
tions at -20°C. The overall yields of the glycollecithins ranged from 
39 to 84% based on the starting ethyleneglycolphosphorylcholine.

Periodate Oxidation of sn-Glycero-3- 
phosphorylcholine

During the course of the synthesis of ethyleneglycolphosphoryl- 

choline it was of interest to isolate and characterize the product of 

the periodate oxidation of sn-glycero-3-phosphorylcholine. The possi

bility of performing a reductive amination on the expected product, a 

free O-phosphorylcholine glycolaldehyde with a short alkyl chain primary 
amine, to produce an alkylamino ethyleneglycolphosphofylcholine as a 
potential inhibitor of phospholipase was reasonable. However, the 

expected product, free O-phosphorylcholine glycolaldehyde could not be 
isolated. The product isolated was determined to be a hemiacetal as • 

shown in Figure 10. Since the step immediately following the periodate 
oxidation of GPC was the addition of absolute ethanol to precipitate 

the sodium iodate salt, these findings are in accord with the evidence 

(March, 1968) that aldehydes in alcoholic solution exist in equilibrium 
with a hemiacetal in the presence of acids as catalysts. However, these 

results were provocative since the pH of the periodate oxidation reac
tion mixture of GPC was near neutrality. Further, the 0 -phosphorylcho- 

line.glycolhemiacetal (Figure 10) in aqueous solution showed no
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Figure 10. O-phosphorylcholine glycolhemiacetal isolated from periodate 
oxidation of sn-glycero-3-phosphorylcholine.
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detectable aldehydic protons in its pmr spectrum; and the ir spectrum 
showed no aldehydic carbonyl-stretching band. When the O-phosphoryl- 
choline glycolhemiacetal was dissolved in an excess of water then 

lyophilized the isolated product was determined to be a hydrated 0 - 

phosphoryIcho1ine glycolaldehyde. These data suggested the equilibrium 
lies far towards the hydrated aldehyde and/or hemiacetal. The pmr 

spectrum of the hydrated 0 -phosphorylcholine glycolaldehyde showed a 
single low field proton triplet at 5.5 ppm in D^O. This corresponded 

to the proton on the C-l carbon with J = 5 Hz. This proton was coupled 
to the C-2 protons which gave a doublet of doublets at 4.2 ppm with 
J = 5 Hz. Data suggesting true exchangeability between the hydrated 

aldehyde and certain hydroxylic solvents to form the hemiacetal came 

from pmr measurements. This is summarized in Figures 11-13. A 

plausible mechanism for such an exchange is shown in Figure 14. Mien 

DL-a-glycerophosphate was oxidized by periodate, a hydrated glycol

aldehyde phosphate was produced. The pmr spectrum showed a single low 
field proton triplet at 5.5 ppm J = 5 Hz in D^O and a doublet of 
doublets 2H, at 4.2 ppm J = 5 Hz. These observations provide some 

provocative chemistry of the periodate oxidation of GPC and DL-ct- 
glycerolphosphate. .

Nanze and Rosenberg (1968) isolated a 2-phosphonoacetaldehyde 

as an intermediate in the degradation of 2 -aminoethylphosphonate by 

Bacillus cereus as shown in Figure 15. The 2-phosphonoacetaldehyde was 

a free aldehyde in D2O solutions as determined by pmr which showed a 
triplet 1H at 9.58 ppm and a doublet of doublets at 3.03 corresponding 
to the methylene adjacent to the aldehydic proton,(Nanze arid Rosenberg,
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N(CH )

CHOgOC^N(CH^

Figure 1 1 . O-phosphorylcholineglycol O-ethyl hemiacetal after exchang
ing with water.

Numbers refer to chemical shift of designated protons in ppm. In all 
experiments the O-phosphorylcholine glycolaldehyde (hydrated) was ex
changed with excess of indicated solvent at room temperature 18-24°. 
Solvents removed by lyophilization or reduced pressure. Repeated and 
dried over P^Og at 0.1 mmHg.
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H C , O M e
| ' O H

HOD

5.5

Figure 12. 0-phosphory1cholineglycol hydrated aldehyde after exchanging 
with methanol.

Numbers refer to chemical shifts of designated protons in ppm.
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N(CHJ.

4.2

5.5

HOD

Figure 13. O-phosphorylcholinegylcol hydrated aldehyde after exchanging 
with D^O.

Note decrease in HDO peak. IIDO peak attributed to 0.2% Hi in 99.8% 
deuteriumoxide. Numbers refer to chemical shift of designated protons 
in ppm.
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1968). Further, the infrared spectrum showed an aldehydic carbonyl 
stretching band at 1704 cm (Nanze and Rosenberg, 1968) . Moreover,

x.

on standing overnight in DgO, the signal of the methylene group dis

appeared suggesting the proton a to the carbonyl had been exchanged 

(Nanze and Rosenberg, 1968). This would be expected since these protons 

are considered acidic. Both the hydrated O-phosphorylcholine glycol- 
aldehyde and the glycolaldehyde phosphate in this study did not exchange, 

their methylene protons. Even at pH values,as low as 0.5, the hydrated 
glycolaldehyde phosphate did not exchange its methylene protons with 
D^O nor did this perturb the equilibrium towards the free aldehyde as 

determined by pmr. Titration of the hydrated O-phosphorylcholine 

glycolaldehyde showed one titratable group with a pKa below 1. Titra

tion of the hydrated glycolaldehyde phosphate showed two titratable 
groups; one with a pKa =6.3 and the other less than 1. The interpreta

tion of these results will be deferred to the Discussion section.

General Observations of the Enzyme Assays 

The rates of hydrolysis for all substrates were linear with 

respect to the enzyme concentration used. It was also noted that the 

absolute maximal velocities of any given substrate varied from time to 

time. However, the relative Vm and Km for all substrates under the 

same conditions on a given day was constant. That is, for any series of 

lecithins or glycollecithins the observed Vm and Km values increased 

and decreased respectively as the fatty acyl chain length of the sub

strate analogs increased. At least two measurements were performed for 

any given concentration of substrate. Duplicate assays of the



measured initial velocities for any given substrate at a given concen

tration were reproducible to within 5-101. Standard deviations of the 
ton values determined for the various substrates were reproducible with

in 10 mM. As examples, the standard deviations in the ton values deter

mined from Lineweaver-Burk plots at pH 8.0 and 40° were ±7.3 mM for 
dibutyryllecithin, ± 1 mM for dihexanoyllecithin, and ±4 mM for 
octanoylglycollecithin. The concentration range for each substrate 

analog varied according to the chain length of the fatty acyl residue. 

The. concentrations (mM) used to. measure initial velocities in order to 

determine the Vm and ton by the method of Lineweaver and Burk (1938) for 

each substrate are given below. The numbers refer to the mM concentra

tion of the substrate analog used. Butyrylglycollecithin (40, 60, 70, 
80); hexanoylglycollecithin (10, 20, 30, 40, 60, 80); octanoylglycol
lecithin (10, 15, 20, 25, 30); alphamethylvaleroylglycollecithin (20, 
40, 60, 80); betamethylvaleroylglycollecithin (20, 40, 60, 80); 

isobutylacetylglycollecithin (20, 40, 60, 80); dipropionyllecithin 

(25, 30, 35, 45, 55); dibutyryllecithin (12.5, 15, 25, 35, 45); 
divaleroyllecithin (3, 6 , 9, 12, 15, 20); and dihexanoyllecithin (0,5, 

1, 2, 4, 6 ). Solutions of substrate, calcium chloride, NaOH and enzyme 

were always freshly prepared thus discrepancies were attributed to 

electrode and instrumental responses.

General Assumptions 

The results reported here were obtained by assuming the pro
posed ordered bi-ter mechanism presented by Wells (1972) for the phos- 

pholipase A^ catalyzed hydrolysis of monomeric 1 ,2 -dibutyryllecithin.



The maximum velocities at infinite substrate concentrations are denoted 
Vm. The Michaelis constant Km for each substrate represents the major 
concentration of substrate at which the velocity is half maximal and 
therefore represents the apparent dissociation constant for the enzyme- 

substrate complex under steady state conditions. Vm/Km denotes the 
apparent first order rate constant for the reaction of enzyme with sub
strate at low substrate concentrations. The proposed mechanism and the 

two fundamental kinetic constants above are summarized in Figure 16.

Monomeric Nature of Substrate Analogs 
It was necessary to show that all substrate analogs in the 

concentration range used to measure initial velocities were monomeric 
in nature. The four 1 ,2-diacyllecithins, dipropionyl-, dibutyryl-, 

divaleroyl-, and dihexanoyl-lecithins and the six glycollecithins, 

butyryl-, hexanoyl-, octanoyl-, a and g-valeroyl-, and isobutyacetyl- 
glycollecithins gave linear Lineweaver-Burk plots. There were no 

observable deviations from linearity which are indicative of aggregation 

(Wells, 1972; Pieterson, 1973). The following critical micelle concen

trations for 1 ,2 -diacyllecithins in water have been reported: dibuty-
ryllecithin 80 ± 5 mM at 45° (Wells, 1974a); divaleroyllecithin, 54 mM 

at 40° (Pieterson, 1973); dihexanoyllecithin, 9.8 ± 0.1 mM at 45°

(Wells, 1974a), at 37°, 9.5 mM (Pieterson, 1973); 10.4-11.0 mM (Roholt 
and Schlamowitz, 1961) at 20°. Initial velocity hydrolysis rates of 

all the substrates were measured below the critical micelle concentra

tions mentioned above. Taking this into account along with the



72

E + Ca >

k 2

E - Ca

E - Ca + S is E - Ca - S
k4 - ^

• E - Ca - S t 5 E - C a  - LPC + FA
k 6

E - Ca - LPC 1 ?

h

E - Ca + LPC

E - Ca 5?
t
K 1 0

E + Ca

where E = phospholipase , Ca = Calcium, S = Substrate (diacyl-
lecithin or glycollecithin) , FA = Fatty Acid, LPC = Second Released
Product (Ethyleneglycolphosphorylcholine or lysolecithin).

Assuming the above mechanism:

■̂5 ^ 7
V m - ( k 5 + k7) (1 )

+ kp)

Vm _ y r k5 v  
m  3 (3)

Figure 16. Proposed mechanism for C. adamanteus phospholipase cata
lyzed hydrolysis of diacyllecithins and glycollecithins with 
kinetic constants in terms of individual rate constants.
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linearity of the Lineweaver-Burk plots, it was reasonable to assume all 

substrates were monomeric in the concentration ranges studied.

Initial Velocity Data on Substrates 
Table 1 summarizes the kinetic constants obtained from double 

reciprocal plots of the initial velocities as a function of substrate 
concentration at infinite calcium ion concentrations for the various 

substrate analogs used in this study. The data show that as -the chain 

length of the fatty acid acyl residue hydrolyzed for glycollecithins 

and diacyllecithins increases the Km decreases and the Vm increases for 

each substrate. Further, these data show that the largest changes among 

the various substrate analogs are in the maximal rates of hydrolysis 
(Vm) and in the apparent first order rate constant for the reaction 
of substrate with the enzyme at low substrate concentration (Vm/Km) 

rather than in their Km values. For monomeric glycollecithins increas
ing the acyl chain length by 4 carbon atoms results in a 16 and 30 fold 
increase in Vm and Vm/Km respectively while the Km values vary only 2 

fold. For monomeric diacyllecithins, increasing each fatty acyl chain 

by 3 carbon atoms results in 100 and 3500 fold increases in Vm and Vm/Km 

respectively while the Km values vary only 33 fold. The rate enhance

ments are even more striking when comparing glycollecithins and 

diacyllecithins with respect to the length of the fatty acyl chain 

hydrolyzed. For example, the rate enhancement between.monomeric 

hexanoyl-glycollecithin and dihexanoyllecithin is 2 0 0 0 0  fold in the 

maximal rates of hydrolysis while the difference in Km is 10 fold 

(Table 1). Figure 17 shows a plot of the log Vm/Km versus the number
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Table 1. Kinetic constants for the various glycollecithin and diacyl- 
lecithin analogs at pH 8.0 and 40°.

Examples of the standard deviations for the Km values for the substrates 
are discussed in the section on General Observations of the Enzyme 
Assays. Duplicate assays for initial velocity measurements at a given 
substrate concentration were reproducible within 5-10%.

Substrate Km (mM)
Vm

sec"i/mole enzyme
Vm/Km 

molefl sec"!

Butyrylglycollecithin 47.6 0.05 1 . 0 0

Hexanoylglycollecithin 38 0.17 4.5

Octanoylglycollecithin 25.6 0.77 30.2
Diprop ionyllecithin 125 3.2 25.2

Dibutyryllecithin 47.6 13.2 276

Divaleroyllecithin 16 152 9470

Dihexanoyllecithin 3.8 338 88,900
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Figure 17. Plot of log Vm/Km versus number of carbon atoms in acyl
chain hydrolyzed for glycollecithins and diacyllecithins at 
pH 8.0 and 40°.

o refer to lecithins. A refer to glycollecithin.



q£ carbon atoms in the acyl chain hydrolyzed for each substrate analog. 
The slope of the line for the diacyllecithins is approximately 3 times 
greater than for the glycollecithins. An interesting feature is that 
the two lines intersect at a value of a formyl ester. Figure 18 shows 
a plot of the log Vm of lecithin monomers (taken from data in Table 1) 
and the log Vm of lecithin aggregates versus the number of carbon atoms 
in the acyl chain hydrolyzed. The log Vm data for lecithin aggregates 

was taken from a study by Wells (1974a). There are no kinetic data on 

phospholipase A 2 (C..adamanteus) using monomeric dioctanoyllecithin.
This is because the critical micelle concentration of dioctanoyllecithin 

is so low that the experimental assay procedure used in this study 

cannot be employed. However, if one extrapolates the log Vm for leci
thin monomers (dashed line in Figure 18), both the log Vm of monomeric 
and aggregated lecithins intersect at a value of eight carbon atoms in 

the acyl chain hydrolyzed. The interpretation of these results, will 
be deferred to the Discussion section.

Methyl-branched Glycollecithins 

The data obtained from kinetic analysis of straight acyl chain 

glycollecithins and diacyllecithins suggested the importance of methy

lene groups for productive binding of substrates to the enzyme. Bonsen 

et al. (1972b) using aggregated substrates and the porcine pancreatic 

phospholipase A^ showed that the presence of two methyl groups at the 

carbon atom adjacent to the susceptible acyl carbonyl of a diacyl- 
lecithin produced an inactive substrate. However, the presence of one 

methyl group in the above position greatly diminished the hydrolysis
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Number of Carbons in Acyl Chain Hydrolyzed
Figure 18. Plot of log Vm of monomeric lecithins and log Vm of aggregated lecithins versus number of 

carbon atoms in the acyl chain hydrolyzed at pH 8.0 and 45° (aggregates), 40° (monomers).

Log Vm aggregate data were taken from Wells (1974a). ■<1
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rate. The results were attributed to steric hinderance of the suscep
tible ester bond. However, no conclusions were drawn as to the possible 
influence the methyl branching on the susceptible ester chain may have 

had on the physical properties of the substrate aggregates in affecting 
the hydrolysis rates. There are no data on the effects of methyl 

branching on the susceptible acyl ester chain for monomeric substrates. 

It was therefore of interest to study the effects of methyl groups on 

the a, 3 and y positions as referenced to the acyl ester carbonyl on 

the Vm and Vm/Km for monomeric glycollecithins. The information derived 
from such a study might give a more definitive assessment as to the 
steric or inductive effect requirements of the susceptible acyl ester 
at the catalytic site of the enzyme. Table 2 shows that Vm and Vm/Km 
for a-valeroyl-, g-valeroyl- and isobutylacetyl-glycollecithin as 

referenced to hexanoylglycollecithin increase as'the methyl group is 

moved away from the ester carbonyl. Since duplicate assays for these 

substrates were reproducible to within 10% the differences in the Vm 

and Vm/Km values (Table 2) for g-methylvaleroyl- and isobutylacetyl 
glycollecithins are probably not significant. However, a methyl group 

at the alpha position decreases the Vm and Vm/Km by approximately 10 

and 1 0 0  fold respectively when compared to the straight acyl chain gly- • 

collecithin analog (Table 2). The relatively similar values for the 

rates of hydrolysis and entropies of activation for the alkaline hy
drolysis of ethyl esters of n-valeric and a-methylbutyric acids at 

25° as referenced to ethylbenzoate (Hammett, 1940) would tend to argue 
against the deactivating inductive effect of the alpha methyl group on 

the acyl residue as a cause for the decrease in hydrolysis rate by



Table 2. Kinetic constants for methyl-branched glycollecithins at pH 8.0 and 40°.

Substrate
Vma

sec‘l/mole enzyme
Kn
(mM)

Vm/Km 
(mole"! sec~l)

Vm a,3,Y 
Vm C6EGPC

Vm/Km a,3 ,y 
Vm/Km C6EGPC

Hexanoylglycollecithin 0.25 90 , 2 . 8 1 . 0 1 . 0

d-Methylvaleroylglycollecithin 0.03 1 2 0 0.25 0 . 1 2 0 . 1

3 -Methylvaleroylglycollecithin 0.19 1 1 0 1.72 0.76 . 0.14

Isobutylacetylglycollecithin. • 0.24 1 2 0 2 . 0 0.96 0.7

^Reproducibility of the initial velocity hydrolysis rates are discussed in the section oh General 
Observations of the Enzyme Assays.
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phospholipase Ag. Thus it would be more reasonable to attribute the 

decrease in hydrolysis rate of an alpha methyl group to steric and/or 
orientation requirements.

Inhibition by 1 -Hexanoy1 -2-hydroxyl-sn~ 
giycero-3-phosphorylcholine'

Wells (1972) showed 1-butyryllysolecithin to be a product 

inhibitor of the phospholipase catalyzed hydrolysis of 1 ,2 -dibutyryl- 

lecithin monomers. Since 1,2-dihexanyollecithin appeared to be the 
most active monomeric substrate in this study, it was of interest to 
study hexanoyllysolecithin, as an inhibitor on a series of 1 ,2 -diacyl- 
lecithins. However, because of the limited amounts of the hexanoyllyso

lecithin (see Synthesis section) a detailed kinetic analysis was not 

carried out. The data presented in Table 3 show qualitatively that 

although the inhibition is greatest for the shortest acyl chain analog, 

dibutyryllecithin. However, it would appear that since duplicate assays 
of the relative velocities for any given substrate were within 5-10% 

and no detailed analysis was carried out the differences in percent 
inhibition (Table 3) caused by hexanoyllysolecithin are not significant 

enough to conclude that the inhibition is greatest for the shortest 

chain substrate analog. The data do suggest that hexanoyllysolecithin 

is a relatively poor inhibitor of phospholipase A^. Roholt and Schlamo- 

Witz (1961) found hexanoyllysolecithin to be a poor inhibitor of 
dihexanoyllecithin hydrolysis by the phospholipase A^ of Crotalus 

durissus terrificus venom. Further, these data suggest that although 
the presence of the C-l acyl chain of a lysolecithin results in a poor
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Table 3. Inhibition of 1 ,2-diacyllecithin hydrolysis by 1-hexanoyl- 

2-hydroxy-sn-glycero-3-phosphorylcholine at pH 8.0 and 40°.

Substrate (mM)a 0

Relative Velocity
+ 1 0  mM 

Hexanoyllysolecithin
Percent^
Inhibition

Dibutyryllecithin (45) 1.41 0.79 44
Divaleroyllecithin (15) 0.83 0.73 1 2

Dihexanoyllecithin (4) 1.85 1.47 2 0

aSubstrate concentration values were at Km concentrations. Examples of 
the standard deviations in the Km values and reproducibility of the 
relative rates for duplicate assays are discussed in the section on 
General Observations of the Enzyme Assays.

^Standard deviations of the percent inhibitions were determined to be 
±17%.
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binding, the second acyl residue (the susceptible acyl ester) greatly 
enhances productive binding.

Inhibition by Amides 

Wells (1972) showed butyramide to be a linear dead end inhibitor, 

of phospholipase with respect to dibutyryllecithin as substrate.
The inhibition patterns exhibited by butyramide (Wells, 1972) suggested 

butyramide complexed with the enzyme-calcium-1 -butyryllysolecithin 

intermediate. Since the maximal rates of hydrolysis increased as the 

length of the fatty acyl residues increased it was of interest to obtain 
a relative assessment of the inhibition by fatty acyl amides of varying 
chain lengths for each of the substrate analogs. Following Wells (1972) 

the equation for the initial velocity pattern for a dead end inhibitor 
such as an amide with a diacyllecithin or glycollecithin as a variable 

substrate at infinite calcium is given as:

1 - ^  1 ■ ii ■* .,\-i - ' - mv V, PC V, K.1 1 i

where Kp^, PC are the Km and concentration of substrate respectively. 

Vp is the maximum velocity in the foward direction, I, the amide 

concentration and

•k-C + ^
. T -h-ry1 w
where K. is the true inhibition constant for the amide. At infinitei

1 1substrate, —  = ^- and after rearranging, the equation can be written: 
v . V1 , •



It is apparent that when the substrate concentration is equal to its 
Km that = -I. It should be noted from equation (2) that the true 
inhibition constant for an amide is multiplied by (kg + ky)/kg and the 

observed inhibition constant is not a true but a K^'. All amides 
were shown to be linear inhibitors. Table 4 summarizes the amide 

inhibition data as a function of chain length. It should be noted that 
the substrate concentrations used were very near to their Km values jus

tifying the use of equation (3) except for dipropionyllecithin. For all 
substrates the relative K^' values for each amide were similar in 

value and followed the order: hexanamide < valeramide < butyramide <

propiohamide. Assuming these amides complex with the enzyme calcium 

(second released product) intermediate in the ordered product release 
mechanism (Wells, 1972) as shown in Figure 16 these data suggest since 
all substrates give nearly the same values for K^' that the steady 

state concentration of the enzyme-calcium-(second released product) 

intermediate is independent of the chain length.

Inhibition by EthyleneglycoIphosphoryIcho 1 ine 
Ethyleneglycolphosphorylcho1ine at a concentration of 0.5 M did 

not inhibit the hydrolysis of 25 mM octanoylglycollecithin. In the 
presence of 10 mM hexanamide and 0.5 M ethyl eneg lycolpho sphory Icho 1 ine, 

the inhibition of the rate of hydrolysis of 25 mM octanoylglycollecithin 

was the same as that with 10 mM hexanamide alone. These observations 

show that although ethyleneglycolphosphorylcholine is a product of the
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Table 4. Inhibition of glycollecithin and diacyllecithin analogs by 

various fatty acyl amides at pH 8.0 and 40°.

K;i’ mM Amide 3̂

Substrate^ Km mM (Substrate) mM c3 C4 C5 C 6

Dipropionyllecithin 125 54 57 27.1 7.9 0 . 8

Dibutyryllecithin 47.6 45 59 29.1 8.5 1 . 2

Divaleroyllecithin 16 15 53 26.7 7.3 1 . 2

Dihexanoyllec ithin 3.8 4 58.5 27.7 8.7 2 . 8

Hexanoylglycollecithin 38.5 40 71.4 28.5 15.8 3.6

Octanoylglycollecithin 25.6 25 70 28 15.4 4.0

aBxcept for dipropionyllecithin, substrate concentrations were at Km 
values. Kj_' values determined by plots.of reciprocal initial veloci

ties versus amide concentration and equation -I = K^'fl + ^bsfrate)^ '

= propionamide, C4 = butyramide, C5 = valeramide, C5 = hexanamide. 
Standard deviations of the Kj_' of each amide for lecithins as sub
strates were determined to be: C3 = ±2.7 mM; C4 = ±1.1 mM; C5 ^ ±0.3
mM; C6 = ±0.3 mM. For glycollecithins as substrates, standard devia
tions of the Kq' of each amide were: C3 = ±0.1 mM; C4 = ±0.4 mM;
Cg = ±0.3 mM; = ±0.3 mM.
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hydrolysis of glycollecithins, it-is a very poor inhibitor and suggests 

the importance of an ester carbonyl function for binding. The inhibi- . 

tion studies with 1-hexanoyllysolecithin (Table 3) further substantiates 

the importance of a carbonyl group for binding.

Activation Energies 
Another approach to investigate possible mechanisms to account 

for the differences in the magnitude of the rates of hydrolysis between 
monomeric diacyllecithins and glycollecithins was to compare the acti

vation energies for the hydrolysis of dihexanoyllecithin and octanoyl- 

glycollecithin monomers. Lineweaver-Burk plots of initial velocities : 

for octanoylglycollecithin arid dihexanoyllecithin hydrolysis at various 
temperatures assuming constant Km's are shown in Figures 19 and 20.. As 

previously discussed. Km values for both substrates were forced to be 
constant (see General Observations on the Enzyme Assays) . It is real

ized that this operation forces all the temperature dependence into the 

activation enthalpy for Vm. It is understood that a more extensive 
analysis would be to determine the activation enthalpies for Vm and 

Vm/Km by fitting all the data. This would take into consideration 12 

and 15 data points for dihexanoyllecithin and octanoylglycollecithin 

respectively at the given four temperatures. This should give a set of 
parameter estimates with a basis in a reasonable model and a substantial 

set of data points (Rupley, 1975). Arrhenius plots were plotted using a 

linear regression unweighted least squares fit through the experimental

ly determined points (see Treatment of the Data). From the temperautre 

dependence of Vm or Vm/Km the activation energies at 40° for
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Figure 19. Temperature dependence of phospholipase A 2 catalyzed hydrol
ysis of dihexanoyllecithin at pH 8.0, 1 0 ~ 3  m CaCl2 •
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Figure 20. Temperature dependence of phospholipase A 2 catalyzed hydrol
ysis of octanoylglycollecithin at pH 8.0, 1 0 “3 M CaCl2 .



dihexanoyllecithin and octanoylglycollecithin were calculated to be .8 . 0  

and 9.2 kcal/mole using Vm and 10.5 and 8 . 1  kcal/mole using Vm/Km re
spectively. These values agree closely to the value of 10.2 kcal/mole 
for dibutyryllecithin monomers at 45° (Wells, 1974a). Taking into ac
count these closely related values for the activation energies for di
butyryllecithin, dihexanoyllecithin and octanoylglycollecithin, it would 
be reasonable to assume similar values for all monomeric substrates used 

in this study. If a constant enthalpy of activation, which may not be 

justified is assumed, then this taken along with the Vm and Vm/Km data 
for each substrate analog (Table 1) give the results shown in Table 5, 
Whether the temperature dependence of Vm or Vm/Km is determined, the • 
most striking difference between monomeric diacyllecithins and glycol- 

lecithins is in the entropy of activation. For both glycollecithins and 

diacyllecithins lengthening the fatty acyl chains resulted in higher 

rates of hydrolysis due to more favorable entropies of activation. Fur
ther, the assumption of a constant enthalpy of activation forces the 

entropy of activation to parallel the free energy of activation. Fur

ther, the free energies of activation were considered as a function of 

the number of methylenes in the acyl chain hydrolyzed and in the total 
substrate for both lecithins and glycollecithins at pH 8.0 and 40°.

The Vm and Vm/Km data for each substrate in Table 1 were used to calcu

late the free energies of activation per methylene unit in the acyl 
chains. Table 6 summarizes these results. The results show that the 

free energies of activation in terms of Vm or Vm/Km per methylene in the 

acyl chain hydrolyzed or total substrate for both glycollecithins and 

lecithin are relatively the same.



Table 5: Activation energies for hydrolysis of diacyllecithins and glycollecithins at pH 8.0, 40°.

Substrate
AH* kcal/mole AF* kcal/mole AS* e.u./mole
Vm Vm/ton ■ yy/. Vm Vm/Km Vm Vm/Km

Octanoylglycollecithin^ 9.9 8 . 6 7.18.3 16.2 -27 -24.3

Dihexanoyllecithin3- ‘ 7.4. 7.5 16.3 1 2 . 8 -28 -17

Butyrylglycollecithin^ ' 9.9 8 . 6 2 0 . 2 18.4 -33 -31.3

Hexanoylglycollecithin^ 9.9 8 . 6 19.5 ' 17.4 -31 -28.:

Octanoylglycollecithin3 9.9 8 . 6 18.5 16.3 -27.5 -25

Diprop ionyl lec i thin*3 7.4 7,5 17.6 16.3 -33 -28'

Dibutyryllecithin3 7.4 7.5 1 6 . 8 14.9 -30 -23.6

Divaleroyllecithin*3 7.4 7.5 15.2 12.7 -25 -17
bDihexanoyllecithin 7.4 7.5 14.8 11.3 -23.6 - 1 2

^Values calculated from the temperature dependence of Vm or Vm/Km.

^Values calculated at 40° using energies of activation from temperature dependence of Vm or Vm/Km for 
dihexanoyllecithin and octanoylglycollecithin and Vm and Vm/Km values from Table 1 .

00
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Table 6 . Free energies of activation per methylene unit in acyl chain 

hydrolyzed and in total substrate from Table 1 at pH 8.0,
40°.

AF*/CH2 (kcal/mole/CH2 )a
Substrate Vm Vm/Km

Diacyllecithins in terms of 
acyl chain hydrolyzed

1.0 ±0.33 1.7 ± 0.3

Diacyllecithins in terms of 
methylenes in total 
.substrate

0.5 ± 0.33 0.9 ± 0.3

Glycollecithins 0.43 ±0.04 0.5 ± 0.07

aValues of AF* per methylene were calculated using the equation,
AF* - AF| = -RT (Inkq - lnk2 ). and k2 were the values of Vm and . 
Vm/Km from Table 1 . R = 1.9872 cal/deg. mole and T the absolute tem
perature in degrees Kelvin. The aF* differences were divided by the 
differences in the number of methylene between homologous substrates. 
Standard deviations in the AF*/CH^ are given above.
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Pmr Data

Taking advantage of the monomeric nature of lecithins in 
methanol (Kellaway and Saunders, 1970a, 1970b; Misiorowski and Wells, 
1973; Yabusaki and Wells, 1975) and their interactions with Lanthanide 

ions in methanol (Misiorowski and Wells, 1973; Yabusaki and Wells, 1975) 
the possibility of deducing qualitative conformational differences in 

the glycerol and the ethyleneglycol backbones of 1 ,2 -diacyllecithins 

and glycollecithins respectively was pursued by pmr spectroscopy.

Figure 21 shows the pmr spectrum of the glycerophosphorylcholine portion 

of 1 ,2 -dibutyryllecithin in methanol-d^ with the assignments for the 

various protons. Attention will be focused on the and protons 

of the glycerol moiety. For a more rigorous discussion on the various 

proton assignments, the reader is referred to articles by Birdsall et 

al, (1972), Dufourcq and Lussan (1972) and Yabusaki and Wells (1975).
The protons (Figure 19) give an octet at 4.35 ppm which corresponds 
to the AB part of an ABX (where X = Cg proton) spin system and are 
superimposed on the C choline proton multiplet at 4.32 ppm. The ob-P
served coupling constants for the CL protons are J = 12.-0, J .r & 1 1 gem ’ vie
7.0, 3.5 Hz. (The factoring of this octet is shown in Figure 21.)

These values agree closely with those reported by Birdsall et al.

(1972) (Jgem = 11.9, Jv^c - 7.0, 3.2 Hz) and Dufourcq and Lussan (1972) 

(Jgem = 12.5, Jyic" 7.3, 3.25 Hz). The protons at 4.06 ppm are 
chemically equivalent giving the observed doublet of doublets corres
ponding to an AgX (X = Cg proton) spin system with observed vicinal
coupling constants = 5.8 Hz. Geminal coupling between these two

31protons is not observed. These protons are characterized by a P-H
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Figure 21. Partial 100 MHz pmr spectrum of 100 mM dibutyryllecithin in 
methanol-d^.

Glycerophosphorylcholine moiety with proton assignments.
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spin coupling = 6 . 8  Hz clearly seen by homonuclear spin decoupling
of the C2 protons. In order to see more clearly the glycerol pro
tons which were superimposed on the choline protons the use of a 

lanthanide ion induced isotropic shift phenomenon was pursued. Figure 

22 shows the same pmr spectral region as Figure 21 for dibutyryllecithin 

in methanol-d^ in the presence of 10 mM EuCly The choline protons

shift 49 Hz to higher field exposing the protons octet. The vicinal 
coupling constants do not change. This suggests the average rotamer 

populations about the k°nd are not affected by the presence of
the eupropium ion. This also supports the contention that the inter

action of eupropium ion and other cations is primarily associated with 
the phosphorylcholine moiety (Yabusaki and Wells, 1975).

Figure 23 shows the partial pmr spectrum of ethyleneglycol- 
phosphorylcholine in methanol-d^ with the various proton assignments. 

The Cg protons at 4.1 ppm give six lines corresponding to sxi 2 

(or A^Xg) (B,X = protons) spin system with observed vicinal coupling 
constants Jv^c = 6.0 Hz. This spin system, is common for the methylene 

protons in freely rotating molecules of the type X-CH^-G^-Y where X 

and Y denote different magnetically inactive groups. (Jackman and Stem- 

hill, 1969). The methylene protons are identical in chemical shift 

with the choline protons giving a 4 proton multiplet at 3.82 ppm.

The.C, protons would also be expected to give a similar spin system as
_L

the C2 methylene progons. Upon acylation of the hydroxyl of 
ethyleneglycolphosphorylcholine, the methylene protons become iden

tical in chemical shift with the C choline protons giving a 4 proton
' P

degenerate multiplet at 4.22 ppm. The Cg protons remain at 4.04 ppm
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Figure 22. Partial 100 MHz pmr spectrum of glycerophosphorylcholine
moiety of dibutyryllecithin in methanol-d. in the presence 
of 1 0 mM EuCly

Isotropic shift exposes protons.
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Figure 23. 100 MHz pmr spectrum of ethyleneglycolphosphorylcholine in
methanol-d^.
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and give the identical A'2̂ 2 sP^n system and observed vicinal coupling 
constants. This suggests that free rotation about the bond is the
same as in ethyleneglycolphosphorylcholine. This is shown in Figure 24 

for 1-butyrylglycollecithin. The interpretation and significance of the 
C1 and protons of the glycerol moiety.and the protons of the 

ethyleneglycol moiety will be deferred to the Discussion section of 

this study.
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Figure 24. 100 MHz pmr spectrum of 1-butyryl-ethyleneglycol-2-phospho-
rylcholine in methanol-d^.



DISCUSSION

In summary, the periodate oxidation of sn-glycero-3-phosphoryl- 

choline followed by reduction with NaBH^ has led to the synthesis of 
ethyleneglycolphosphorylcholine. Subsequent acylation of ethylene- 

glycolphosphorylcholine has led to the preparation of glycollecithins 
of varying chain lengths. The use of the tert-butyldimethylsilyloxy 
group was demonstrated by the preparation of short acyl chain lysoleci- 
thins. The acyl chain specificities of phospholipase (C. adamanteus) 
were examined by kinetic analysis using monomeric lecithins and 

glycollecithins. The effects of altering the fatty acyl chain lengths 

on the Vm and Vm/Km were studied. The effects of methyl branching for 
a series of glycollecithins were investigated. Inhibition studies using 

hexanoyllysolecithin, ethyleneglycoIphosphoryIcho1 ine and acyl amides 

of varying chain length on various substrates were performed. Pseudo- 

thermodynamic activation parameters were determined for lecithins and 
glycollecithins. Solution rotamer populations of monomeric lecithins 

and glycollecithins were studied by proton magnetic resonance. Elabora
tion and possible conclusions on the various facets of the synthetic 

procedures and the kinetics of the acyl chain specificities of phospho

lipase Ag will be discussed in the ensuing paragraphs

Syntheses^

Due to the aforementioned difficulties for the total chemical 

synthesis of short acyl chain analogs of lecithin, lysolecithin and

98.
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glycollecithin, the procedure finally adopted was the partial synthetic 
approach. In summary, the procedure of Cubero Robles and van den Berg 

(1969) was used to synthesize 1 ,2-diacyl-sn-glycero-3-phosphorylcho- 
lines. The design behind the use of the tBDMS protecting group for 
the synthesis of short chain lysolecithins was as follows:

1 . preparation of 1 -acyl-2-tBDMS-sn-glycero-3-phosphorylcholines,

2. deacylation of the 1-acyl- 2-tBDMS -sn-glycero-3-phosphoryl- 

cholines, - .
3. reacylation of the 1 -hydroxy-2-tBEMS-sn-glycero-3-phosphoryl- 

choline, and
4. deprotecting the 2-hydroxyl of the tBDMS group.

The preparation of 1-acylethyleneglycol-2-phosphorylcholines involved 

direct acylation of ethyleneglycolphosphorylcholine prepared by perio
date oxidation of sn-glycero-3-phosphorylcholine followed by reduction 

with sodium borohydride. It would be proper to discuss in detail some 

of the chemistry and problems encountered in developing the conditions 

for each of the above procedures.

Deacylation
The use of tetra-n-butylammonium hydroxide (25% in methanol) at 

a final concentration of 1.0 M in diethylether has been described for 
the deacylation of egg yolk lecithins for the preparation of sn-glycero- 

3-phosphorylcholine (Brockerhoff and Yurkdwski, 1965) . When the above 

method was used for the deacylation of the 1 -acyl-2-tBDMS -sn-glycero-3- 

phosphorylcholines, considerable amounts of GPC were formed. At lower 

concentrations of tetra-n-butylammonium hydroxide in diethylether,



hydrolysis of the tBDMS group occurred. Ogilvie and Imacha (1973) 
showed that 0.5 N NaOH in ethanol:water (1:1) at 220C for 24 hr and 
9 M ammonium hydroxide at .60oC for 1 hr promoted 80% and 6 % hydrolysis 
of the tert-butyldimethyls ilyloxy groups respectively in tBEMS protected 

nucleosides. These conditions however, would favor hydrolysis of the 

choline phosphate ester bond as well. Wells (1974b) reported the cal

cium enhancement of the amine catalyzed methanolysis of lecithins as a 
phospholipase model system. It was of interest to determine whether 
the reaction conditions of this system could be used to deacylate the 
1-acyl-2-tBDMS-sn-glycero-3-phosphorylcholines. However, in a methanol- 

ic solution containing 25 mM 1 -acyl-2-tBDMS-sn-glycero-3-phosphory1 - 

cholines, 1 0 nM n-octylamide and 100 mM calcium chloride, deacylation 

was very slow and hydrolysis of the tBDMS group occurred to an appre

ciable extent. A possible explanation is that the bulky tBDMS group 

sterically hinders the nucleophilic attack of the methanol on the C-l 
acyl ester of the calcium lecithin complex described by Yabusaki and 

Wells (1975). Corey and Venkateswarlu (1972) reported that a methanolic 
solution of potassium carbonate to be a sufficient base for normal 
acetate saponification and did not hydrolyze the tBDMS group on a 

hydroxyl function. In this study, a saturated methanolic solution of 

potassium carbonate provided a selective reagent for deacylating acyl- 
ester groups without removing the tBDMS group. The 1 -hydroxy-2-tBDMS- 

sn-glycero-3-phosphorylcholine was recovered in 70-90% yields based on 

the starting 1-acyl-2-tBDMS-sn-glycero-3-phosphorylcholines.



101
Reacylation

Reacylation'of 1-hydroxy-2-tBDMS-sn-glycero-3-phosphorylcho1 ine 
using fatty acid chlorides in the presence of pyridine and anhydrous 
chloroform, as solvent could not be effected to any appreciable extent. 
Moreover, the numerous by-products which can be formdd in the above 
reaction as noted in the Introduction in the acylation of GPC made this 

procedure unattractive. Emmons, McCallum and Ferris (1953) showed that 

trifluoroacetic anhydride reacts readily with carboxylic acids to form 

mixed anhydrides. The possibility of reacting the 1-hydroxy-2-tBDMS- 

sn-glycero-3-phosphorylcholine in the presence of trifluoroacetic 
anhydride and a fatty acid was pursued. Under these relatively mild 
conditions, little acylation occurred and the hydrolysis of the tBDMS 

group occurred as judged by the formation of GPC. Another approach 
which seemed attractive was the use of activated esters of 3 -hydroxy- 

pyridine. These esters have been extensively used in peptide synthesis 

(Taschner and Rzeszortarska, 1965). The esters are readily prepared 

by coupling a N-carbobenzyoxy protected peptide and 3-hydroxypyridine 
with dicyclohexylcarbodihmide in ethyl acetate in the presence of tri- 

ethylamine. In acetylation reactions of alcohols, the 2-acetoxypyridine 

is more reactive than the 3-isomer (Fieser and Fieser, 1967). There

fore a 2 -0 -fatty acyl ester of 2 -hydroxypyridine was of interest as an 

acylating agent for the 1 -hydroxy-2-tBDMS-sn-glycero-3-phosphorylcholine 

as shown in Figure 25. This procedure was tried in the presence and 

absence of anhydrous triethylamine and various organic solvents such as 

DMF, anhydrous chloroform and methylene dichloride. The tBDMS group 

was stable under these conditions but little acylation could be
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Figure 25. Use of activated ester of 2-hydroxypyridine for acylation of 
1 -hydroxy- 2-tBDMS-GPC.
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effected. Acylation of the 1-hydroxy-2-tBDMS-sn-glycero-3-phosphoryl- 

. j
choline using the fatty acid anhydride method of Cubero Robles and
van den Berg (1969) was also attempted. In this procedure, complete
acylation occurred, however, considerable amounts (up to 50%) of the
diacyllecithin was produced. , On thin layers of silica gel G, the 1,2-
diacyllecithins and the 1 -acyl-2-tBDMS-lysolecithins have nearly ,

identical R^ values in the solvent system, chloroform:methanol:water

65:25:4 (v/v). The presence of the diacyllecithin was confirmed by the
pmr spectrum of the isolated products. The low field C-2 methine proton

multiplet at 5.24 ppm (methanol-d^) was present; indicative of an

acylated C-2 hydroxyl. Moreover, the integration ratios of the

SiC(CH^)^ and Si(CH^-^2 Protons were much lower than the expected 3:2
ratio. The apparent lability of the tBDMS group to the conditions of

the fatty acid anhydride in the presence of the tetraethylammonium salt

of the fatty acid made this procedure unattractive. One possibility for
the hydrolysis of the tBDMS group comes from considering the reaction

mechanism. The formation of 1 mole of free fatty acid per mole of
anhydride may provide a sufficiently strong acid media to hydrolyze the

tBDMS group. This is depicted in Figure 2.6.,
Stoffel, Zierenberg and Tuhggal (1972) described the acylation

13of 1-steroyllysolecithin with C-labelled fatty acid chlorides.in

chloroform using dimethylaminopyridine as a base. Although no mention 

was made as to which isomer (2, 3, or 4) of dimethylaminopyridine was 

used, the 4 - dimethylaminopyridine was chosen in this study due to the • 

activating inductive effect by the pyridine ring. Since the use of any 
procedure which liberated acid was not agreeable due to possible
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cleavage of the tBDMS group the use of a fatty acid anhydride was 
chosen. Considering a possible mechanism for the acylation of the 
1-hydroxy-2-tBDMS-sn-glycero-3-phosphorylcholine using a fatty acid 

anhydride and 4 -dimethylaminopyridine, no free acid is produced as shown 
in Figure 27. The 1 -hydroxy-2-tBDMS-sn-glycero-3 -phosphorylcholine was 

effectively acyl at ed using this procedure in anhydrous chloroform as 

solvent. The utility of this procedure is demonstrated by the synthe

sis of the propionyl and hexanoyl analogs.

Removal of the tert-Butyldimethylsilyloxy Group

Corey and Venkateswarlu' (1972)" in synthesis of prostaglandins re
ported the use of fluoride ion in the form of tetra-n-butyl - ammonium 
fluOride in an aprotic solvent such as tetrallydrofuran for the removal 

of the tBDMS group. The high value of the Si-F bond energy (ca. 135 
kcal/mol) suggested the use of fluoride in this process. Investigations 

on the use of aqueous acetic acid solutions (65 to 80%) along with other 
procedures which proved both successful and unsuccessful, have been de

scribed for the removal of the tBDMS group (Corey and Venkateswarlu,

1972; Ogilvie and Imacha, 1973; Ogilvie et al. 1974a,b; Dodd, Golding and 
loannou, 1975). The use of any acidic procedure under protic conditions 

was not desirable due to the possibility of acid hydrolysis of the 

product. Contrary to Corey and Venkateswarlu (1972) who observed 

fluoride ion to be very effective in cleaving the tBDMS ethers in pros

taglandin intermediates, fluoride ion was very slow in promoting, 

cleavage of 1 -aCy1-2-tBDMS -sn-glycero-3-phosphoryIcho1 ines» At least 

10 equivalents of tetra-n-butylammonium fluoride in THF and 24 to 36 hr
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of reaction time as opposed to 2 to 3 equivalents and 1 hr (Corey and 
VenlcateSwarlu, 1972) reaction time were required to remove the tBDMS 
group from 1-acyl-2-tBDMS -sn-glycero-3-phosphorylcholines. A possibili
ty is that steric hinderance is a factor,in the cleavage of the tBDMS 

group. This aspect was considered in the deacylation of 1-acyl-2- 
tBDMS - sn- glycero - 3 -phosphorylchol ines using the calcium amine catalyzed 

methanolysis reaction described by Wells (1974b). Another factor which 

might be considered is the greater stability of the tBDMS group on a . 

secondary hydroxyl.

Examination of the desilylation of the tert-butyldimethylsilyloxy 

group with tetra-n-butylammonium fluoride in an aprotic solvent such 
as THE led to the possibility of using this'procedure for the synthesis 
of 1,2-diacyl (mixed acid) lecithins. This possibility arises because 

the mechanism of removal of the. tBDMS group presumably involves attack 
of fluoride anion on the Si-0-bond with the formation of an alkoxide 
salt. The addition of a fatty acid anhydride or chloride directly to 

the reaction mixture would presumably result in an acylation as shown 
in Figure 28.

Considerable time was devoted to the use of this intermediate. 

After numerous attempts it was found that 2 products were formed in 

approximately a 50:50 ratio during the acylation as judged by thin layer 
chromatography. The values were too close to be resolved by column 

chromatography on silicic acid. After combining those fractions which 

contained the two compounds optical rotations were taken. The specific 
rotations were too low for the compounds to be 1 ,2 -diacyl-sn-glycero-3- 

phosphorylcholines. One possibility is that the compound with the



Figure 28. Proposed mechanism of acylation after desilylation using 
fluoride ion in THF.



higher value was a 3 -lecithin (1,3-diacyl-sn-glycero-3-phosphoryl- 

choline). The possibility that fluoride ion in THF is a .sufficiently 

strong base to promote a phosphorylcholine isomerization has not been 

pursued. Similar conclusions.were reported by Dodd et al. (1975) in 
examining the potential use of the tBDMS group to aid in the synthesis 
of 1,2- and 1,3-diacylglycerols. It was proposed that fluoride ion in 

THF was sufficiently basic to catalyze equilibration of a 1,3-diacyl- 
glycerol with a 1 ,2 -diacylglycerol as shown-in Figure 29. Dodd et al. 
(1975) thus concluded that the tBDMS group could not be used for pro

tecting hydroxyl groups in molecules where the possibilities of an 

acyl migration exist. Similarly, Corey and VenkatesWarlu (1972) ob
served that fluoride ion in THF was a sufficiently, strong base to 
affect the beta-ketol system in attempts to remove the tBDMS protecting 
group from a prostaglandin intermediate compound. Attempts to desily- 
late the l-acyl-2-tBDMS-sn-glycero-3-phosphorylcholines by. catalytic

hydrogenation in ethanol (10% P-charcoal) at high pressures (30-40
2 ’lbs/in ) failed. The mild acid conditions of boric acid in triethyl-

borate (Chacko and Hanahan, 1968) failed to cleave the tBDMS group.

Dodd et al. (1975) . also - observed that a 1 ,3-distearoyl-2-tBDMS-glyc

erol was not effectively desilylated using acetic acid:water:THF (3:1:1) 

at 25 or 100°C for 24 hr. Moreover, 80% acetic acid in water at 100°C 

for 15 min failed to remove the tBDMS group. In the same study, hydro

gen fluoride [1.5 M (300 molar excess) ] in aqueous ethanol at 25°C for 

24 hr was only partially effective in removing the tBDMS group. Fur

ther, anhydrous HF-pyridine in THF gave similar results. In this study 

it was found that the tertbutyldimethylsilyloxy group could be removed
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effectively from 1 -acyl-2 -tert-butyldimethylsilyl lecithins by passing 

dry hydrogen chloride gas at 0°C into a solution in anhydrous chloroform 

for 30 min. To show that no isomerization took place, l-palmitoyl-2- 
tBDMS-sn-glycero-3-phosphorylcholine was desilylated using the above 

procedure. The isolated product gave the same specific rotation as 
1 -palmitoyllysolecithin thus demonstrating the utility of this proce- . 
dure. Although hydrogen chloride is a weak acid in an aprotic solvent 
such as chloroform, these results suggest the Si-Cl bond energy is rela

tively high and thus drives the desilylation reaction.

Periodate Oxidation of sn-Glycero-3-phosphorylcholine

The results of the periodate oxidation of sn-glycero-3-phos- 
phorylcholine provided some interesting chemistry of the phosphorus 

ester bonds of O-phosphorylcholine glycolaldehyde and glycolaldehyde 

phosphate when compared to 2 -phosphonoacetaldehyde isolated by Nanze . 
and Rosenberg (1968). The pmr and ir data presented by Nanze and 

Rosenberg (1968) showed the 2-phosphoacetaldehyde (Figure 15) existed 

as a free aldehyde in aqueous solution. However, in this study, both 

the glycolaldehyde phosphate and the O-phosphorylcholine glycolaldehyde 

were shown by pmr to exist as hydrated aldehydes in aqueous solution 
in addition to exhibiting the ability to form hemiacetals in certain 

alcohol solutions. These data stimulated some interesting speculations 
about the compounds. The chemical difference between the 2-phosphono- 

acetaldehyde isolated by Nanze and Rosenberg and the glycolaldehyde 

phosphate isolated in this study was in the difference between a phos- 

phonate and phosphate bond respectively. The use of CPK space filling



models can help to explain these differences. In the hydrated 0- 

phosphorylcholine glycolaldehyde and glycolaldehyde phosphate a seven 
membered ring can be formed with a hydrogen bond between the C-l 
hydroxyl and the phosphate oxygen whereas in the phosphonoacetaldehyde, 

a hydrogen bonded six member ed ring system cannot be formed without 
introducing excessive strain into the G-P bond as shown in Figure 30. 
Recently, Kluger, Wasserstein and Nakaoka (1975) have shown that 
acetonylphosphonate (Figure 31) has two titratable groups with pK 

values of 6.3 and 1.2. For acetonylphosphonate in aqueous solution the 
equilibrium lies far towards the keto tautomer as evidenced by the 
carbonyl stretching band in the ir spectrum. Examination of the enol 

tautomer of acetonylphosphonate by use of CPK space filling models 

shows that formation of the hydrogen bond between the enol OH and the 

phosphoryl oxygen is more facile than with phosphonoacetaldehyde, how

ever, still required straining of the C-P bond. The formation of the 

seven membered hydrogen bonded ring system in the hydrated O-phosphoryl- 

choline glycolaldehyde and glycolaldehyde phosphate may provide the 

driving force for catalysis of hydration and exchangeability in the ■ 

formation of hemiacetals. An attractive mechanism in which the hydrated 
aldehyde serves as a bifunctional catalyst in proton donation and ac

ceptance is shown in Figure 32. This provocative structure and mecha
nism along with the aforementioned data on the acetonylphosphonate 

(Kluger et al., 1975) are consistent with the low pK values for 0- 

phosphorylcholine glycolaldehyde and glycolaldehyde phosphate. Fur

ther, the results of this study may justify the need to understand
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Figure 30. Proposed hydrogen bonded structure for phosphorylcholine glycolaldehyde and glycol- 
aldehyde phosphate based on CPK space filling models.

Phosphonoacetaldehyde (hydrated) cannot form hydrogen bonded 6 -membered ring.
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in even greater detail the chemistry of organo-phosphate and phosphonate 
compounds with neighboring carbonyl and hydroxyl functions.

Acyl Chain Specificities of Phospholipase Ag 
Following the overall pathyway for catalysis by the C. ;

adamanteus phospholipase A^ (Wells, 1972; Figure 16), the purposes of 
this study were to (1 ) define within the limits of the available assay 

procedures the fatty acyl chain specificities of the C_„ adamanteus 
phospholipase A^ in terms of the two fundamental steady state kinetic 

constants, Vm and Vm/Km using monomeric glycollecithins and diacyl- 

lecithins as substrates; and (2 ) establish a relationship between the 
solution structures of the substrates and their specificities as deter

mined by kinetic analysis.

First, it is necessary to define what we mean by specificity 
and determine which kinetic constant (equations 1-3) of Figure 16 most 

Suitably expresses the specificity.
One procedure would be to define the acyl chain specificities 

in terms of binding as reflected in their relative Km values (Table 1). 
However, this is open to certain criticisms (Bender, Kezdy and Gunter, 

1964). First, one must assume that the Km values are true equilibrium 

binding constants and do not contain any rate constants of subsequent 

steps. Equation 2 of Figure 16 shows that for phospholipase Ag Km is 

a complex constant and not a simple dissociation constant. For phos

pholipase Ag direct measurement of binding of each substrate is not 
possible since the presence of calcium would initiate hydrolysis of the 

substrate. Even if the binding of substrates were possible,
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determining the fraction of substrates which were productively bound 
would be hampered by those substrate molecules which were nonproductive- 
ly bound (Huang and Niemann, 1952). Thus the observed binding constant 

would be larger than the binding constant for productive binding since 

it could include multiple forms of binding (both productive and nonpro
ductive) . Moreover, if nonproductive binding was to predominate, the 

binding constant for productive binding may be too small to make a sig

nificant contribution to the observed binding constant. It must be 
realized that the binding of a substrate to a protein may have no in
herent relation to eiizymatic activity. This is exemplified by the fact 

that derivatives of amino acids in the D-configuration bind very well 
to chymotrypsin but are hydrolyzed very slowly or not at all (Ingles 

and Knowles, 1967).
The use of Vm (equation 1 of Figure 16) to define the acyl 

chain specificities is not unequivocal since both kg and ky may be 

affected by the aforementioned multiple forms of binding. Moreover, 

chemically there are no appreciable differences of each acyl ester as 

a leaving group in a mechanism. This is exemplified in the similar 

specific rates of the saponification by sodium hydroxide in 85% ethanol- 

water at 25° of the ethylesters of propionic, n-butyric, n-valeric, n- 

hexanoic and n-octanoic acids (Hammett, 1940). Further, the difference 
between the entropy of activation of each aforementioned ester and 

that of ethyl benzoate is nearly constant (Hammett, 1940). Thus, it 

would be reasonable to assume once the susceptible ester bond was in 
the correct orientation for nucleophilic attack at the catalytic site 

of phospholipase the individual catalytic rate constant for
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hydrolysis would be the same for all substrates. However, the data 

presented in Table 1 show that the Vm are different for each substrate. 
Thus other factors which might contribute to the Vm for each substrate 

make defining specificity in terms of Vm difficult.

Examination of equation 3 of Figure 16, Vm/Km, shows that kg is
a second order rate constant for the reaction of substrate with the
enzyme calcium intermediate thus leading to reaction and significant at

low substrate concentrations. If multiple forms of binding are taken

into account then following Bender and Kezdy (1965), it is reasonable to
postulate only one mode of binding for any given substrate leads to . .

reaction, then the ratio Vm/Km (equation 3, Figure 16) can be stated to
be proportional to velocity of the above mode of binding leading to

reaction, Vp, divided by the binding constant of this productive mode.

For more rigorous treatment of this relation the reader is referred to

the article by Bender and Kezdy (1965). It thus appears for the above

reasons that for phospholipase A„ the acyl chain specificities are
z  . . .

best defined in terms of Vm/Km.

Based on the assumption that for phospholipase the acyl 
chain specificities are best defined in terms of Vm/Km, the data pre

sented in Table 1 and Figure 17 show that increasing the chain length 

of the acyl residue hydrolyzed and/or fatty acyl amide (Table 4) for 
both glycollecithins and diacyllecithins results in more productive 

complexes and/or inhibitor complexes with the enzyme. Further, the 

presence of two acyl chains in the substrate appears to enhance produc

tive binding. However, for both glycollecithins and diacyllecithins 

the.presence of two acyl ester carbonyl groups by themselves are no
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more effective than a single carbonyl group when one extrapolates to a 
formyl ester in the acyl residue hydrolyzed (Figure 17). This would 
suggest that a limited number of methylenes in the acyl residue hydro

lyzed dre not required for a productive binding. In terms of the acyl . 

residue hydrolyzed, dibutyryllecithin and dihexanoyllecithin react 300 

and 2 0 , 0 0 0  times faster than their respective glycollecithin analogs in 

spite of the same Km for the butyryl analogs and a 10 fold difference 
for the hexanoyl analogs (Table 1).

For glycol lecithins, each additional methylene unit on the acyl 
residue may result in more productive binding on the protein. For 

diacyllecithins, interaction of the (glycerol) acyl methylenes with 

the protein in addition to those on Cg (glycerol) cause further produc
tive binding of the substrate. The fact that dipropionyllecithin which 
has only one methylene in the susceptible acyl residue is 25 times 

greater in Vm/Km than butyrylglycollecithin (Table 1) which has two 

methylenes, suggests the importance of the (glycerol) acyl residue 

for productive binding. This becomes more apparent when comparing 

butyryl glycollecithin with dibutyryllecithin (Table 1). Here in terms 

of the acyl residue hydrolyzed the chain lengths are equal. However, 

the presence of the second butyryl residue in dibutyryllecithin gives 

almost a 300 fold enhancement in Vm/Km over the glycol analog. It was 
not possible to determine whether Vm and Vm/Km becomes constant at a 

given number of methylenes in the acyl residue. Extrapolation of Vm 

and Vm/Km towards longer chain lengths for both glycollecithins and 

diacyllecithins becomes impossible because the one concentration values
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for these longer chain analogs become so low that the assay conditions 

for monomeric species are no longer feasible.

Inhibition studies with fatty acyl amides of varying chain 

length also support the existence of a hydrophobic site on the enzyme. 

Assuming the amides complex with'the enzyme-calcium second released 
product intermediate (Wells, 1972), the data presented in Table 4 
show all substrates give relatively the same Jh 1 for any given amide.

This would suggest that for diacyllecithins as substrates the steady 
state concentration of the enzyme-calcium-lysolecithin intermediate is 

independent of chain length. There are no unequivocal data which show 

the release of fatty acid to be rate limiting. However, if the release 
of fatty acid were rate limiting and the amides were behaving as analogs 
of the fatty acids, then one would expect the K V  values (Table 4) to 
follow the order: hexanamide > valeramide > butyramide > propionamide.

The data show this is not the case. The decreasing K^T values due to 

increasing chain length of the amide correlates well with the decreasing 

Km and increasing Vm and Vm/Km for each diacyllecithin as the acyl 
chain length increases. These data suggest that the methylene inter

actions of the amide and/or methylene-methylene (chain-chain) inter

actions between the acyl chains of the lysolecithin and the amide- 

result in greater binding.
For glycollecithins, ethyleneglycolphosphorylcholine is a prod

uct of the hydrolysis by phospholipase A^. However, at 0.5 M, ethylene
glycolphosphorylchol ine did not inhibit the hydrolysis of 25 mM 

octanoylglyeollecithin. In the presence of 10 mM hexanamide and 0.5 M 
ethyleneglycolphosphorylcholine the observed inhibition was the same as



for 10 iriM hexanamide alone. If the amide inhibition of glycollecithins 

assumes the amides complex with the enzyme-calcium-ethyleneglycolphos- 
phorylcholine then ethyleneglycolphosphorylcho1 ine added exogenously (1 ) 
does not bind to the enzyme, (2) has a very small binding constant to 

the enzyme, or (3) binds in a unproductive mode. It is not unreasonable 

to assume that for glycollecithins, the presence of the acyl ester 

group orients the ethyleneglycolphosphorylcholine moiety to assume a 
specific orientation on the enzyme. After the catalytic step and the. 
subsequent release of fatty acid the ethyleneglycolphosphorylcholine 

which is assumed to be in the same orientation as in the enzyme - calcium- 
glycollecithin intermediate can complex an amide to form the 
enzyme-calcium-ethyleneglycolphosphorylcholine-amide complex. Free 

ethyleneglycolphosphorylcholihe added exogenously to the system would 

not be able to productively bind since no fatty acyl group was present. 

to orient a specific binding. Another possible mechanism is to consider 

after the catalytic step and the release of the fatty acid of a glycol- 

lecithin, the ethyleneglycolphosphorylcholine is also released and 

cannot bind since it does not have an acyl residue. The amide could 
then bind to the acyl chain binding site thus causing inhibition. The 

decreasing IC ' values (Table 4) due to increasing amide chain length 

correlate well with the decreasing Km and increasing Vm and Vm/Km 

values for hexanoyl- and octanoyl-glycollecithins respectively and again 

support the existence of a hydrophobic substrate binding site. These 

observations are similar to those by Wells (1972) who observed that 

sn-glycero-3-phoSphofylcholine at a concentration of 0.5 M did not 

inhibit the hydrolysis of dibutyryllecithin by phospholipase A^.
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Although sn-glycero-3-phosphorylcholine was not a product in this 

system, the absence of any acyl group which might be required to orient 
the glycerophosphorylcholine moiety on the enzyme would result in no 

binding or nonproductive binding.

Before proceeding it is worth summarizing the experimental ob
servations of this study and mentioning some of the salient properties 

of phospholipase (C. adamanteus).
With regard to the substrates, if the acyl chain specificities 

are defined in terms of Vm/Km: (1 ) the presence of two acyl chains in
the substrate greatly enhances the Vm/Km for the substrate (Table 1).
(2) Increasing the acyl chain length increases Vm/Km for all substrates 
(Table 1). (3) The presence of two acyl ester carbonyl groups by

themselves is no more effective than a single carbonyl group when one • 
extrapolates to a formyl ester in the acyl chain (Figure 17). Thus a 

productive binding can occur without the presence of a methylene unit 
in the acyl chain. (4) Both sn-glycero-3 -phosphorylcholine (Wells,

1972) and ethyleneglycolphosphorylcholine do not inhibit the phospho

lipase A^ catalyzed hydrolysis of diacyllecithins and glycollecithins 

respectively. This would suggest that an ester carbonyl function is 

required for a productive binding. (5) Dead end inhibitor studies with 
fatty acyl amides of varying chain length show that increasing the 

chain length decreases the relative 1 for the amide (Table 4). •

With regard to phospholipase A^: (1) Wells (1971bj and Shen
et al. (1975) showed the dimeric state which was composed of identical

15,000 MW subunits to be the enzymatically active form with a •
9^association = 2.0 x 10 M for the dimer at pH 6.0 in the presence of
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7 x 10 ^ M calcium chloride. (2) The spectral properties (Wells,

1971c) showed the tryptophans to be in a peculiar environment but 
these arise only from subunit interactions attendant on dimer formation,

(3) Cation induced spectral perturbation studies (Wells, 1973a) showed 
that the active site is formed upon interaction of the subunits to form 

the dimer and each subunit has a tryptophan and lysine essential for
v .

catalytic activity. It is understood that there is a limited amount of 

physical and chemical information regarding the structure of the C. 
adamanteus phospholipase Ag.

However, based on the above mentioned properties of phosphor ' 

lipase (see also Introduction) and the kinetic data discussed thus 

far, a plausible model can be proposed for the substrate binding re

gion. In this model it is proposed that the interaction of the two 

identical subunits of phospholipase A^ to form the dimeric state (Wells, 

1971b; Shen et al., 1975) results in the formation of a cleft. This 

cleft will be referred to as the substrate binding region and can be 

envisaged as follows (Figure .33). Each subunit has a region of the 

cleft which forms an acyl chain binding site designated by 1 and 2 .

Each site has a limited number of methylene subsites which are desig

nated A^,B^,C^,... and A^,B^,C2 ,.... It was not possible to determine 
an exact number of methylene subsites however, the data presented in 

Table 1 would suggest at least six.
Thus far, this model is consistent with the observations that 

the two tryptophans (Wells, 1971b, 1973a) are in a peculiar environment 

such as the interior of this cleft. The red shift in the spectrum of 

these tryptophans upon dimerization of the two subunits could be
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Figure 33. Scheme of proposed model of substrate binding region of £. 
adamanteus phospholipase A^.

1 and 2 refer to the identical subunits. ... and A2 ,B2 ,C2 ...
refer to methylene subsites. A. Proposed mode of productive diacyl- 
lecithin binding. B. Proposed mode of productive glycollecithin bind
ing. C. Proposed mode of binding of amide with 1-acyllysolecithin.
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attributed to placing the tryptophans in an environment of lower 
polarity than water (Wells ̂ 1971c). This would be consistent with the 
type of environment the methylene units of an acyl chain would prefer. 

Further, when the dimeric state of phospholipase is dissociated into 

monomers, the cleft which is the proposed substrate binding region is 

destroyed. Further, chemical modification studies (Wells, 1973b) also 
showed the active site is formed upon the interaction of the subunits 
to form the dimer. This would be consistent with the fact that both 
the enzymatic activity and the spectral peculiarities of these trypto
phans are abolished (Wells 1971b; Shen et al., 1975).

Using the above model of the substrate binding region, plausible 

modes of binding of the substrates and amides can be proposed. For 

diacyllecithins it is proposed that productive binding occurs only when 

the acyl chains on the C-̂  and of glycerol interact with sites 1 and 

2 respectively (Figure 33). Although it is not possible to determine 

whether the and Cg acyl chains could interact with the opposite 2 

and 1 sites respectively, such an interaction would be considered non

productive. The proposed productive mode of binding would be consistent 

with the stereospecificity of the hydrolysis.of the acyl ester of 

1 ,2 -diacyl-sn-glycero1-3-phosphoryIcholines, since 3 ,2 -diacyl-sn- 
glycerol-1-phosphorylcholine would put the C^-acyl ester in a different 

configuration in three dimensional space. This can easily be seen by 

use of models. For glycollecithins, the acyl chain may interact with 

both sites 1 and 2 but productively only with site 2 (Figure 33).
With regard to the amide inhibition data, it is proposed that 

the amides interact with site 2 for diacyllecithins assuming the amides
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are acting as analogs of the fatty acid hydrolyzed and complex with the 

enzyme -calcium-1-acyllysolecithin intermediate (Wells, 1972) as shown 
in Figure 33. For glycollecithins, the amides could bind to either 

site 1 or site 2 or both; however the interaction with site 2 would 

cause inhibition. It is possible however, that binding of the amide to 
site 1 causes a conformational change in the protein such that the 
glycollecithin cannot bind to site 2 , however, there are no data 
available as to where the amides actually do bind.

Three other observations should be mentioned at this point. . (1) 

Wells (1972) showed that sn-glycero-3-phosphorylcholine did not inhibit 

the hydrolysis of dibutyryllecithin whereas 1 -butyryllysolecithin did 

inhibit. (2) Inhibition studies with 1 -hexanoyllysolecithin showed 
it was a relatively poor inhibitor of diacyllecithin hydrolysis by 
phospholipase (3) Ethyleneglycolphosphorylcholine which is a prod

uct of the hydrolysis of glycollecithins did not inhibit the hydrolysis 

of octanoylglycollecithin (see Results). These data stimulate some 

interesting speculation about the binding of substrate to the enzyme.
The data presented in Table 2 on methyl-branched chain glycollecithins 

would suggest that there is a steric requirement of the acyl ester 
carbonyl in interactions with the catalytic site of the enzyme. Al
though the phosphorylcholine moiety must be present for a diacyllecithin 

or glycollecithin to act as a substrate: the presence of an acyl ester 

group is also required. In the proposed model (Figure 33) it is 

possible that lysolecithins bind to both sites 1 and 2. The fact that 

lysolecithins are not hydrolyzed whereas glycollecithins are suggests
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a very exacting orientation requirement for the susceptible acyl ester 
and the phosphorylcholine moiety at the active site. .

The proposed model for the substrate binding region (Figure 33)
i

conforms with the avialable data and suggests that the substrate 
binding region of the £. adamanteus phospholipase is hydrophobic in 
nature. However, Wells (1974a) showed no fluorescence enhancement of 

Y-anilino- 1 -naphthalenesulfonic acid (ANS) upon interaction with
-3phospholipase Ag at pH 8.0 either in the presence or absence of 1 x 10 

M calcium chloride. Although such fluorescence enhancement (Edelman 
and McClure,. 1968) has been interpreted to indicate binding of ANS 

to hydrophobic regions of a protein, the results obtained by Wells 
(1974a) do not preclude the proposed model of the substrate binding 

region.
Considerations of the conformational states in solution of mono

meric glycollecithins and diacyllecithins which might account for the 

differences in the maximal rates of hydrolysis (Table 1) by phospho

lipase Ag were explored by proton magnetic resonance spectroscopy.

It is realized that the conformational state(s) of the substrate in 

solution may not be the same as in the enzyme-calcium-substrate com

plex. Therefore, these experiments may not be justified simply because 

the conformational states of the substrate in solution may be very 

different than in the enzyme-calcium substrate complex. If these con

siderations are ignored, then structurally, the difference between a 
glycollecithin and a diacyllecithin resides in a -Cl^-OCOR group as 
shown in Figure 34. Figures 21 and 24 show that the C^ methylene proton 
resonances of monomeric dibutyryllecithin and butyrylglyCollecithins in
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Figure 34. Structural differences of glycollecithln and diacyllecithin.

Arrows refer to bonds in which free rotation has been inferred by pmr 
analysis.
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solution.are clearly different. The six line (or (where
B,X = protons) spin, system for the protons at 4.04 ppm of 
butyrylglycollecithin with observed vicinal coupling constants for 
both products = 6.0 Hz shows their chemical equivalence and is.

indicative of a. freely rotating system about the C^-C^ bond (Jackman 
and Sternhill, 1969). However, the protons of dibutyryllecithin are 

chemically nonequivalent. The C-̂  protons of dibutyrylleqithin give an 

octet at 4.35 ppm corresponding to the AB part of an ABX (where X = Cg 

proton) spin system with observed vicinal coupling constants Jv^c =

7.0, 3.5 Hz. The chemical nonequivalence of methylene protons near an 

asymmetric center however, is a fairly common occurrence even when ; 
assuming fast rotation about the C^-C^ bond. This may result because 
no two conformers are mirror images, unequal populations of conformers 

even when assuming fast rotation and/or slow rotation caused by low 
temperature or bulky substituents (Silverstein and Bassler, 1967).

The Cj methylene protons however are chemically equivalent giving the 

observed doublet of doublets at 4.06 ppm corresponding to an AgX'(X =

Cg protons) spin system with observed vicinal coupling constants J =

5.8 Hz. Conformational studies about the C^-C^ and C^-C^ bonds of the 
glycerol backbone of diacyllecithins in solution have been analyzed 

(Birdsall et ad., 1972). The component vicinal coupling constants 

determined by Abraham and Gatti (1969) were used to study the conforma

tions for rotations about the C^-Cg and C^-C^ bonds of the glycerol 

moiety. By measuring the averaged vicinal coupling constants for the 
C-̂  protons, and Jg-̂ , the fractional populations of the various 

minimum energy staggered rotamers shown in Figure 35, were assessed.
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Figure 35. Minimal energy staggered conformations deduced from averaged 
vicinal coupling constant analysis by Birdsall et al.
(1972).

Rotamers 1,2,3 for rotations about (L -C2 glycerol bond. Rotamers 4,5,6 
for rotations about C^-C^ bond.
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It was concluded that rotamer 2 had the largest fractional population. 
However, rotamer 3 in which the fatty acyl chains are in a sterically 

hindered gauche position also had a large fractional population. These 
data are consistent with the observed vicinal, coupling constants, the 
nonequivalence of the protons, and implied hydrophobic interactions 
between the two acyl chains could dictate the rotamer populations about 

the C^-Cg bonds. Further, using the same component vicinal coupling 

constant analysis for the conformational rotamers about the C^-Cg bond, 
Birdsall et al. (1972) performed a similar analysis for rotations about 

the Cg-C^ bond of the glycerol moiety. Results showed rotamer 6 (Fig

ure 35) to be significantly populated. From the chemical equivalence 
of the Cj protons it would be reasonable to assume free rotation occurs 
about the Cg-C^ bond.

Recent potential energy calculations for the various conforma

tions diacyllecithins might assume (Gupta and Govil, 1972; McAllister, 

Yathindra and Sundaralingam, 1973; Vanderkooi, 1973) lend support to the 
pmr data. The most significant feature of the calculations by Gupta 

and Govil (1972) is that a considerable amount of flexibility is pre
dicted for the polar end of the molecule when rotations about the two 

P-0 bonds are considered. Nonbonded potential energy calculations by 

McAllister et al. (1973) indicate that intramolecular stacking of the 

acyl chains not only stabilizes but also restricts the favored confor

mations to a limited number of possibilities. The:two major conforma

tions predicted show that the conformation about the C^-C^ bond of 

the glycerol moiety mainly determined the relative orientations of the 

two fatty acyl chains, and is instrumental in promoting interactions
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between them (McAllister et al., 1973). The preferred conformations 
predicted for the glycerol backbone (McAllister et al., 1973) by non
bonded potential energy calculations agree very closely to the confor

mational, rotamer populations deduced from the pmr data (Birdsall et 
al., 1972), Assuming the aforementioned model (Figure 33) of the sub
strate binding region of phospholipase A^ (C. adamanteus), how can one 
explain the rate enhancements (Table 1) between monomeric glycolleci- 
thins and diacyllecithins as a function of increasing acyl chain 
length?

One possibility that should be considered are the free energies 

of activation per methylene unit in the acyl chain hydrolyzed as ■ 
summarized in Table 6 . Experimental measurements (Benjamin, 1964; 

Gorkhill, Goodman and Tate, 1967) suggest that on the average the free 

energy, -AF, obtained by the transfer of a linear hydrocarbon chain 

from an aqueous to a nonpolar solvent increases by approximately 0 . 8  

kcal/mole for each additional methylene group added to the chain.
For glycollecithins and lecithins the free energies of activation AF 
per methylene unit in the acyl chain agree closely within the limits 

of the experimental measurements by Benjamin (1964) and Gorkhill et al. 

(1967). The data for glycollecithins (Table 6 ) are consistent with a 

mechanism in which the hydrophobic binding energies of each methylene 

group are utilized directly to decrease the free energies of activation. 

However, for diacyllecithins, the slightly higher values of the free 

energies of activation per methylene unit in the acyl chain hydrolyzed 
are not consistent with the above mechanism. The fact that the free 

energy.of activation (Table 5) for dipropionyllecithin which has one
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methylene in the acyl: chain hydrolyzed or two in terms of the total 

substrate.is the.same as that for octanoylglycollecithin suggests that 
the mechanism for productive binding of substrate involves more than 

just hydrophobic interactions of methylene units with the enzyme.

Another mechanism which should be considered comes from observ
ing the large differences in the entropies of activation for the 
hydrolysis of monomeric glycollecithin and diacyllecithins (Table 5).

For both glycollecithin and diacyllecithins lengthening the acyl chain 
resulted in higher rates of hydrolysis due to more favorable entropies 

of activation. Before proceeding it is worth discussing the physical 
meaning of the entropy of activation in terms of transition state 
theory. Following Jencks (1969) the activation entropy includes steric 

and orientation requirements including losses of translational and 

rotational degrees of freedom in the transition state. Other factors 

which may affect the entropy of activation include the entropy of dilu

tion, concentration effects and solvent effects; however, it is not 

possible to assess the magnitudes of these effects on the rates of 

hydrolysis of the substrates by phospholipase Ag.

The reaction between glycollecithins or diacyllecithins and 

the phospholipase A^-calcium intermediate proceeds by O-acyl cleavage 

(Wells, 1971a) with no evidence for an acyl-enzyme intermediate.

Let us assume that the transition state can be defined in terms of the 
reacting water molecule and the susceptible acyl ester carbonyl in the 

enzyme-calcium-substrate complex as follows (Figure 36). This require

ment for orienting the water molecule and the susceptible acyl ester 

carbonyl with respect to the groups of the catalytic site would involve
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Figure 36. Scheme of transition state of susceptible acyl ester bond 
for phospholipase A 2 (C. adamanteus) in 
enzyme-calcium-substrate complex.

N refers to catalytic nucleophilic group of enzyme, Ca is calcium ion, 
R refers to acyl hydrocarbon chain.
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freezing a number of single bonds of the substrate molecule in the 

transition state such that reaction could take place. Experimental 
determinations (Bartlett and Hiatt, 1958) of the entropy of activation 

associated with the freezing of rotation of one bond have been reported 
to be 4 to 6 e.u. Approximate calculations (Scheraga, 1961) give values 

of 2.5 to 7.5 e.u. per single bond for the entropy associated with 
torsional oscillations. Although it is not possible to assess the 
number of single bonds which must be frozen for both glycollecithins 
and diacyllecithins in the transition state of the 

enzyme-calcium-substrate complex the values presented in Table 5 

suggest that it is not unreasonable to attribute the differences in 
entropies of activation (Table 5) to rotational entropies owing to 

torsional oscillations about single bonds.
For glycollecithins the rate enhancements (Table 1) due to 

increasing acyl chain lengths may be attributed to contributions by 

each additional methylene unit to increase the acyl chain interactions 
with the enzyme resulting in decreasing the rotational entropies about 

specific single bonds of the enzyme-calcium-glycollecithins complex to 

orient properly the water molecule and the susceptible acyl carbonyl 
for reaction in the transition state. However, for the diacyllecithins 

three interactions must be considered: (1 ) interactions between the

and acyl groups through intramolecular chain-chain interactions,

(2) intermolecular acyl chain interactions with the enzyme, and (3) both 

(1) and (2). In all cases, the interactions would increase with 
increasing chain length resulting in greater decreases in the rotational 

entropies about specific single bonds of the
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enzyme-calcium-diacy1 1 ecithin complex to orient properly the water 

molecule and the acyl ester carbonyl for reaction. Another possible 
mechanism is that the above interactions force the Cg acyl ester into 

a strained orientation or configuration resembling the transition state., 
This could represent a conversion of the binding energies into a strain • 
and distortion energy (Jencks, 1969) to lower the activation energy.

On the other'hand, glycollecithins which lack the adjacent O^OCOR 

groups would have little of the strain or distortion energy. Further
more, if we assume a substrate with a short acyl residue has a certain 

binding energy AF^, then a substrate with a longer acyl residue would 
have an additional binding energy AFg from increased methylene inter
actions with the protein (Figure 37). If this energy is used to induce 

strain energy AFgg to decrease the free energy of activation, it will 

not necessarily appear in the observed binding constant. Thus for 

glycollecithins increasing the acyl chain length results in larger 

binding energies which are converted to larger strain energies. For 

diacyllecithins the interactions of both acyl chains with the protein 
and with increasing acyl chain lengths results in an even larger strain 
energy AF^g giving a larger increase in reaction rate as shown in 

" Figure 37.
Assuming that multiple forms of binding for any given substrate 

occurs for phospholipase A^ and that only one mode of binding leads to 

the catalytic reaction, the data presented are consistent with a 

mechanism in which monomeric lecithins form more productive complexes 
with the enzyme than glycollecithins. Further, increasing the fatty 
acyl chain lengths for both lecithins and glycollecithins increases
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Figure 37. Scheme showing how enzyme-substrate binding forces may be 
utilized to induce strain in enzyme-substrate complex.
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these productive modes of binding to the enzyme. Furthermore, mecha

nisms. which might account for the. above productive modes of binding can 

be summarized. (1 ) the hydrophobic binding energy of each methylene 

in the acyl residues (i.e.,. conversion of this binding energy to a 
strain energy) and/or free energies of transferring each methylene unit 

in the acyl residue from an aqueous to a nonpolar environment may be 
used to decrease the free energies of activation. (2) Decreasing the 
rotational entropies about specific bonds of the enzyme-calcium-substrate 
enzyme-calcium-substrate complex due to interactions of increasing acyl 

chain for both glycollecithins and lecithins with the enzyme catalytic 
site may result in bringing the susceptible ester bonds to resemble the 
transition state. It is assumed this process occurs faster for leci

thins. (3) For lecithins, the interactions of both acyl chains with 

the protein and/or acyl chain-chain interactions of the lecithin with 

the enzyme may further decrease the above mentioned rotational entropies 
[see (2) above] or the presence of the C-l glycerol acyl chain along 

with the orientation and steric requirements at the active site forces 

the susceptible ester to resemble the transition state. However, there 
are presently no methods to assess the magnitudes of these mechanisms.

Wells (1974a) reported that the major source of rate enhancement 

for the hydrolysis of aggregated substrates as compared to monomeric 
substrates by phospholipase Ag was also in the entropy of activation.

This lowering of the entropy of activation by aggregated substrates was 

attributed to losses in the rotational and translational degrees of 
freedom and/or conformational entropies of the substrate molecule upon 
aggregation. If the orientations of the water molecule and the
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susceptible ester bonds dictated by aggregation were the ones preferred 

by the enzyme, then the number of productive complexes resembling or 
reaching the transition state would b e  larger than for monomeric sub
strates resulting in a large rate enhancement.

Figure 18 shows that at a value of eight carbon atoms in the 
acyl chain hydrolyzed and extrapolation of the log . Vm monomer line re

sults in the log Vm for both dioctanoyllecithin monomers and aggregates 

to be the same. In terms of the substrate interactions with the enzyme 

this suggests that the steric and orientation requirements of the 
susceptible ester bond at a value of eight carbon atoms and the various 
interactions the substrates might assume with the enzyme are such that 

dioctanoyllecithin monomers and aggregates lead to having nearly 

identical Vm's. It is not unreasonable to postulate that for monomeric 

lecithins, all of the hydrocarbon chains of the substrate aie required 

to interact with the enzyme for a productive binding leading to reac
tion. However, in terms of an aggregated substrate it is difficult to

I
envision all of t h e  hydrocarbon chains having to penetrate into the 

substrate binding site for a productive complex. It is not.impossible 
however, that eight carbon atoms in the susceptible acyl chain is the 

limit where this interaction could occur. However, this would imply 

there is a huge hydrophobic pocket which could accommodate a dioctanoyl

lecithin aggregate. The hydrophobic interactions which would have to 
be considered would be: (1 ) interactions between the acyl chains of

the lecithin with the enzyme, (2 ) acyl chain-chain interactions of the 

substrate, and (3) both (1) and (2). Another possibility which cannot 
be eliminated is that even in a solution of glycollecithin and lecithin
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which are presumed to be monomeric by criteria of physical measure
ments, small aggregates (such as trimers,-hexamefs) may exist and are 

the forms of substrates which form the productive complexes leading 

to reaction. However, there are no methods to test this possibility.

Conclusions

The efforts of this study have led to two new partial synthetic 

procedures: (1 ) the preparation of glycollecithins with a variety of
acyl residue compositions and (2) the use of the tert-butyldimethyl- 
silyloxy group for the preparation of short acyl chain lysolecithins is 

demonstrated. The advantages of the above procedures are that they 

greatly simplify the preparation of glycollecithins and lysolecithins 

with short acyl chains. The high water solubility of these compounds 

may make them interesting substrates or inhibitors of the various 
phospholipases or be used in complex enzyme systems which require phos

pholipids as cofactors. Further, the well-defined chemical composition 
of the above compounds may make them ideal for physical studies. Areas of 

biochemistry which may benefit by the use of the above compounds are in' 

studies on lipo-protein systems and factors controlling blood coaggula- 

tion. Finally, the synthetic procedures have contributed to the under
standing of some of the chemical reactivities of lecithins and provided 

some provocative thoughts about the chemistry of phosphate and phospho- 

nate compounds with neighboring carbonyl and hydroxyl functions. It 
is hoped that this study will help justify the need to understand in 

more detail the chemistry of organo-phosphorus compounds in general.
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The results of this study further characterize the mechanism 

of action of phospholipase (C. adamanteus) in terms of the fatty 

acyl chain specificities using monomeric glycollecithins and diacyl- 
lecithins as substrates. The data presented are consistent with a 
mechanism in which the catalytic;specificity is manifested in the 
ability of the enzyme-calcium intermediate to form a productive 
enzyme-calcium-substrate complex. Although a detailed study of the 

pseudo-thermodynamic activation parameters was not carried out, it 
appears the major source of rate enhancement between monomeric glycol

lecithins and lecithins are in the lower entropy of activation as the 

acyl chain length of the substrate increases. Pmr studies on the solu
tion rotamer populations between monomeric lecithins and glycollecithins 
were performed to provide a possible rationale for differences in the . 
magnitudes of their hydrolysis rates by phospholipase A^ in terms of 

their structure. Moreover, based on the results of this study and the 
available data on the properties of the C. adamanteus phospholipase A^,

'a plausible model for the substrate binding region is proposed which is 

open to direct test by X-ray crystallographic studies.
More extensive work is needed in characterizing the polar head 

group specificities using monomeric substrates and the design and syn

thesis of reversible and irreversible active site inhibitors so that 

true equilibrium binding constants and possibly the thermodynamics of 
these bindings can be established. Further, more extensive studies 

are needed on the chemistry of phospholipase A^ (G. adamant eus) such as 

sequence work, chemical modifications, and X-ray crystallographic data 

so that more structure and function relationships between other
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phospholipases and enzymes in general may be established. This study 
notably demonstrates the potentials of"using monomeric substrate:ana
logs and inhibitors which eventually may lead to an understanding of 
the phospholipase catalyzed hydrolysis of substrates in heterogeneous 

systems and contributes to our current knowledge of specific lipid- 

protein interactions at the monomeric level. .
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