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ABSTRACT

A procedure has been established for the successful purification 
of phospholipase D from Savoy cabbage which utilizes two solution steps, 

gel-filtration chromatography, and hydrophobic affinity chromatography. 

Homogeneity of the purified protein was evaluated by polyacrylamide gel 

electrophoresis in the presence and absence of sodium dodecyl sulfate and 

by high speed sedimentation equilibrium ultracentrifugation. Amino acid 

analysis gave a minimum molecular weight estimate of 17,000. Molecular 

weight characterization of a stable oligomeric form of the protein gave 
values of 112,500 + 7,500 by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis and 116j600 + 6,900 by sedimentation equilibrium ultra- 

centrifugation. Sedimentation velocity ultracentrifugation of the pro

tein gave an S2Q w value of 5.59 x 10 sec.
Three methods of assaying phospholipase D hydrolytic activity 

were employed: a semi-quantitative method for expeditiously assaying

factions of a column eluate, a spec trophotome trie method, and a pH-stat 

technique. A preliminary kinetic characterization of the enzyme was 

accomplished using a short-chain synthetic lecithin, 1,2-dihexanoyl-sn- 

glycero-3-phosphorylcholine, as the substrate. The dependencies of the 

velocity of hydrolysis on substrate concentration, pH, calcium concentra

tion, and ionic strength were determined.

A thermodynamic theory for the aggregation of short-chain leci

thins was developed which predicts the existence of two micellar species 
above the critical micelle concentrationi The two micellar species are

5̂-viV-

X
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defined by different thermodynamic formulations. The first micellar 
species gives rise to the second and larger species through a phase 

transition which is expressed by a higher molecular packing density in 
the aggregate and a concomitant exclusion of water from the environment 

of the lecithin carbonyls. The characteristics of this theoretical 

model are consistent with the critical facets of existing physical data 
on the short-chain lecithins and with kinetic data on lecithin hydrolysis 

by Crptalus adamanteus phospholipase however, the model does not
predict a kinetically significant population of pre-micellar aggregates 

whose existence was postulated on the basis of the anomalous kinetic be
havior of phospholipase D.



I INTRODUCTION

Phospholipase D (phosphatidylcholine phosphatidohydrolase s EC 
3.1,4.4) catalyzes the hydrolysis of the ester linkage between the phos- 
phatidic acid and alcohol moieties of phospholipids, additionally this 

enzyme may catalyze a tranSphosphatidylatioh, a transferase reaction by 

which the phosphatidic acid moiety of the phospholipid substrate is 
transferred to an acceptor alcohol. These activities are depicted in 

Figure 1. The transphosphatidylation may be considered the general re

action with hydrolysis representing a specific case in which the 
acceptor alcohol is water.

The existence of a phosphatidylcholine hydrolase specific for the 
ester linkage between the choline and phosphatidic acid was postulated 

by Contardi and Ercoli (1932). Following the nomenclature established 

by this prediction, this enzymatic activity was often referred to as 

lecithinase C or phospholipase C (Hanahan and Chaikoff 1947a, 1947b,

1948; Rates 1954, 1956). An alternative assignment of nomenclature re
sulted from the order of discovery of the enzymes with Clostridium 

welchii a-toxin named lecithinase C or phospholipase C upon discovery 

in 1941 (MacFarlane and Knight 1941) before the first observation of 

phospholipase D activity (Hanahan and Chaikoff 1947a). The latter 

nomenclature eventually prevailed.

1
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Statement of the Problem

The original aims of this investigation were to develop a pro

cedure for the isolation of phospholipase D from cabbage and to provide 
a kinetic description of its mechanism of action by use of a short- 
chain, synthetic phosphatidylcholine substrate. The kinetic analyses 

were to be conducted within the monomeric concentration range of the 
substrate in order to obviate the ambiguities accompanying the use of an 

aggregated substrate, and there was no intent to consider aggregation 
phenomena. In preliminary kinetic determinations, phospholipase D 
demonstrated anomalous kinetic behavior which pointed out inadequacies 
of the commonly held view of phospholipid aggregation. Since a mecha
nistic determination in the absence of a sound appreciation of the sub

strate's physical state was unreasonable, the secondary focus of the 

investigation became an attempt to cogently describe short-chain phos

pholipid aggregation.

Occurrence

Since the first observation of phospholipase D activity in carrot 

root (Hanahan and Chaikoff 1947a), the enzyme has been demonstrated in a 

variety of domestic plants (Quarles and Dawson 1969a, 1969b; Dawson and 
Remington 1974; Tookey and Balls 1956; Heller, Aladjem and Shapiro 1968) 

especially those of the genus Brassica, in nearly fifty families of Far- 

Eastern plants (Vaskovsky, Gorovoi and Suppes 1972), and in several 

micro-organisms (Soucek, Michalec and Souckova 1967; Ono and White 1970; 

Antia, Bilinski and Lau 1970; Comes and Kleinig 1973; Cole, Benns and 

Proulx 1974; Yamaguchi et al. 1973). In mammals, phospholipase D
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activity has been recognized only in rat brain (Saito and Kanfer 1975) 

and in human eosinophil polymorphonuclear leukocytes (Kater, Goetzl and 
Austen 1976).

Isolation and Characterization
Early attempts at purification utilized the enzyme in the soluble 

fraction of the leaves of the Savoy cabbage. A partial purification of 
the cabbage enzyme was reported by Davidson and Long (1958) using heat 

coagulation, acetone precipitation, and adsorption on calcium phosphate 

gel for a 45-fold purification with 50 percent recovery of total activity, 
Dawson and Remington (1967) have reported a variation on this procedure 

by replacing the calcium phosphate gel adsorption with electrophoresis on 

an aqueous glycerol density gradient. Yang, Freer and Benson (1967) 

have extended the original procedure of Davidson and Long by chroma

tography on DEAE-cellulose to achieve a 110-fold purification with 20 

percent recovery of activity. Physical characteristics of the cabbage 

enzyme have not been determined.
More recent isolations of the enzyme have utilized a soluble 

fraction from fresh peanuts (Heller et al. 1968; Tzur and Shapiro 1972; 

Heller et al. 1974) and the growth medium of Streptomyces hachijoensis 

(Yamaguchi et al. 1973; Okawa and Yamaguchi 1975). Heller et al, (1974) 
have described a purportedly final purification of the peanut enzyme 

using ammonium sulfate fractionation, DEAE-cellulose and Sepharose 6B 

chromatography followed by two consecutive runs on preparative poly

acrylamide disc-gel electrophoresis. Assessment of final purity was 

made by analytical disc-gel electrophoresis, sedimentation equilibrium
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and sedimentation velocity ultracentrifugation. Analytical disc-gel 
electrophoresis is an ambiguous technique for assaying the homogeneity 

of the product of preparative disc electrophoresis. Molecular weight 
characterization of the protein is very unclear since large discrepancies 

exist between values determined by different methods: the sedimentation
equilibrium experiments demonstrated an apparent molecular weight which 
decreased with increasing centrifugation time eventually achieving a 

value of 22,000; sedimentation equilibrium in the presence of 8M urea 

gave a molecular weight of 48,000; and molecular weight on Sepharose 6B 

chromatography was 200,000. The protein was additionally characterized 

as to amino acid composition and isoelectric point (pH 4.65).

The phospholipase D from streptomyces hachijoensis was purified 

by Okawa and Yamaguchi (1975) using chromatography on DEAE-cellulose and 

Sephadex G-50 followed by isoelectric focusing. The purified preparation 

was found to be homogeneous by analytical disc-gel electrophoresis and 

immune diffusion analysis. The isoelectric point of the protein was 

found to be pH 8.6 and the molecular weight by sodium dodecylsulfate gel 

electrophoresis was 16,000. It has not been reported that this enzyme 

demonstrates the capacity for non-hydrolytic transphosphatidylation.

Physical Properties of Lecithins

The lecithins (1,2-diacyl-sn-glycero-3-phosphorylcholines) are a 
family of amphipathic phospholipids. Each has both hydrophobic and 

hydrophilic character. The hydrophilic tendencies reside in the glycerol 

and phosphorylcholine moieties which taken together comprise the polar 

head group of the molecule. This portion of the molecule is chemically
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invariant throughout the lecithin family. The hydrophobic tendencies of 

lecithins arise from the fatty acyl chains of the molecule. The length 

of the acyl chains may be varied to establish a homologous series, whose 
long-chain members express more dominant hydrophobic character.

, The amphipathic nature of lecithins is demonstrated by the var
ious aggregate forms they may assume in aqueous solution (Figure 2). In 

each case the hydrophobic portions of the molecules interact to reduce 

the extent of hydro carbon-water contact and the hydrophilic portions of 

the molecules still communicate with the aqueous phase.

The major aggregate forms become a significant portion of the 

lecithin population at the critical micelle concentration (CMC), The 

CMC represents a fairly narrow concentration range in which the physical 

properties of the solution change abruptly as a result of lecithin ag

gregation. Empirically the CMC may be established by plotting a physical 

property of the solution as some function of solute concentration, and 
extrapolating linear portions of the plot to intersect in the region of 

discontinuity. It should be noted that the discontinuity is only appar
ent; in this region the properties of the solution change dramatically 
but continuously (Kresheck 1975).

In addition to environmental influences of temperature, pressure, 

ionic strength, etc., the physical state of a lecithin in solution is 

dependent upon its concentration and the length of its acyl chains. The 
short-chain, synthetic homologues have been described as "soluble amphi- 

paths" (Gatt and Barenholz 1973), They are generally thought to exist 

as true monomeric solutions below their CMC's, while at higher concen

trations they form micelles. The higher homologues, dinonanoyllecithin



^  f\
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Figure 2. Schematic representation of lecithin structures in aqueous 
solution.
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(DiCg) and above, form liposomes instead of micelles at concentrations 

greater than their CMC's. Liposomes are aggregates of nonspecific size 
and shape consisting of essentially concentric bilayers. The long- 
chain homologues may also exist as unilamellar vesicles, which are pro

duced by ultrasonic treatment of liposomes and generally considered a 
metastable species.

All lecithin molecules in small aggregates and micelles reside 
in a primary lipid-water interface i.e., they communicate directly with 
the bulk solution, Liposomes (both unilamellar and multilamellar) and 
higher aggregate forms enclose internal aqueous phase(s), so that some 

portions of the lecithin populations in these aggregates reside in 
secondary lipid-water interfaces and are effectively sequestered from

direct contact with the bulk solution. Aggregates of the latter type
; .

may be transformed into the former by inclusion of a requisite concentra

tion of detergent as a dispersing agent. The mixed micelles produced in 

this fashion contain two surfactant components as opposed to the pure 

lecithin micelles formed spontaneously by the short-chain homologues.

The small aggregate form, introduced schematically in Figure 2, 

is a hypothetical structure which is distinguished from the other aggre
gate forms in that its constituent molecules are too few in number to 

assume a geometry which permits formation of an ordered multimolecular 
surface array. Although it has not been experimentally demonstrated that 
lecithins can assume the small aggregate form, it is obvious that such a 

form must exist, if only transiently, in the processes of micelle forma
tion and dissolution.
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Although the monomeric concentration region of the short-chain 

lecithins has not been critically studied, comparatively extensive data 

have been reported for the CMC and micellar weights of dihexanoylphos- 
phatidylcholine (DiCg), diheptanoyIphosphatidylcholine (DiCy), and di- 

octanoylphosphatidylcholine (DiCg). An apparent micellar weight for 
DiCg was calculated from sedimentation and diffusion data, and CMC deter

mined by refractive index measurements by Roholt and Schlamowitz (1961). 
Pieterson (1973) has reported CMC's for divaleroylphosphatidylcholine 

(DiC^) through DiCy determined by a spectrophotometric dye solubiliza

tion technique. Wells (1974) reported CMC's for dibutyrylphosphatidyl- 

choline (DiC^), DiC^ and DiCg determined by a fluorescent dye incorpora

tion technique. Tausk and his coworkers have published a series of 

articles on the physical properties of the short-chain lecithins: CMC's
of the Cg through Cg homologues were determined by surface tension 

measurements (Tausk et al. 1974a); micellar weights of DiCg and DiCy 
were determined by light scattering and ultracentrifugation (Tausk et al. 

1974b); and micellar weights of DiCg by light scattering (Tausk, Oud- 
shoorn and Overbeek 1974c).

Theory of Micellization

Historically micellization has been considered as either a phase 

separation process or a stepwise association process. In the phase 

separation model the chemical potential of the surfactant component in 

solution reaches a maximum at the CMC (saturation concentration) where 

it becomes equal to the chemical potential of the component in the micel

lar phase, thus the micellar solution is regarded as a two-phase system
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in which the micelle is a separate phase in equilibrium with the solution 

of free surfactant molecules at constant activity. Although some fea
tures of micelle formation are found to be consistent with this model, 

other experimental evidence is called upon to disparge its acceptance; 

the physico-chemical properties of the solution change rapidly but con

tinuously at the CMC, the monomer concentration is not constant above 

the CMC, but is found to increase slowly, and both the number and size 

of aggregates may increase at surfactant concentrations above the CMC.

The association model assumes that monomers and surfactant mole

cules in micellar aggregates are governed by the law of mass action 
. through an association-dissociation equilibrium which predicts large 
increases in the concentration of aggregate surfactant for small in
creases in monomer surfactant above the CMC. This model overcomes the 
objections raised above for the phase separation model; however, recent 
extensions and refinement of the phase separation model make the predic

tive dissimilarity of the two models less distinct (Christen and Eicke 

1974; Stigter 1974). This is expected as it has been recognized for 

some time that is is impossible to make a thermodynamic distinction 

between a one-phase system and a two-phase system ift which one of the 

phases is dispersed in approximately molecular dimensions, Thus valid 

thermodynamic treatment of the same solution as either a one-phase or a 

two-phase System must lead to identical theoretical formulations (Huis- 

man 1964),

Tanford has proposed a thermodynamic theory for micelle forma

tion which is based on a separate estimation of the contributions to the 

free energy of micellization arising from the hydrophobic component and
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from the head group repulsion (Tanford 1973, 1974a, 1974b). Both.hydro- 

phobic and head group contributions are calculated as a function of 

micelle size. This quantitative recognition of the size-dependency of 

the hydrophobic component represents an innovative refinement to the 

thermodynamic treatment of micellization. An intuitive truth that one 

or more dimensions of the micelle are always limited by the maximum ex
tension of a component hydrocarbon chain imposes a maximum size limita

tion on spherical micelles (Tanford 1972). Since most common small 
micelles exceed this spherical limitation, Tanford represents the micelle 
as an ellipsoid of revolution. Interestingly the model predicts that 
oblate ellipsoids will be more stable than prolate ellipsoids except
when the repulsion between head groups is very large.

)
A recent paper by Leibner and Jacobus (1977) contests the 

validity of the ellipsoidal model and concludes that the correct geo

metrical model for ionic surfactants is a hemisphere-capped cylinder.

The authors' basic criterion is that the correct model will demonstrate 

a maximal surface area per amphiphile. This naively ignores the counter

acting effort of the aggregate to minimize the area of hydrocarbon- 
water contact and wholly discredits their conclusion.

Ruckenstein and Nagarajan (1975) have proposed a treatment of 
micellization that is substantially similar at the outset to Tanford's: 

the standard chemical potential per amphiphile Of aggregates was dis

sected into size-dependent and size-independent terms. It was shown 

that the total concentration of single amphiphiles in a micellar solu
tion possesses a critical value below which the distribution of aggre

gates is a monotonic decreasing function of size, and above which the



12
size distribution function exhibits two extrema and the contribution of 

larger aggregates becomes more important. The relationship between this 

critical concentration and the CMC has been described (Ruckenstein and 
Nagarajan 1976). A statistical mechanical treatment of this model has 

been presented and may ultimately allow unambiguous probing of the 
molecular origins of the observed thermodynamic effects (Nagarajan and 
Ruckenstein 1977).

Israelachvili, Mitchell and Ninhan (1976) have composed a theory 

to account for the self-association of amphiphiles into micellar and bi

layer structures. They utilized a modification of Tanford’s thermo

dynamic formulation and imposed specific geometric packing constraints 
in their treatment.

Kinetic Analysis of Aggregating Substrates

In kinetic analyses utilizing a substrate which may exist in a 
variety of forms in solution (from monomer to complex aggregate), it is 

advantageous to study the monomer system first in order to determine the 

kinetic mechanism of the catalytic event. Armed with monomer character

ization, the study of simple aggregate systems becomes reasonable. The 
differences in monomer and aggregate kinetics may be ascribed to physical 

differences of the two substrate forms and their effect on the enzyme.
The initial study of an isolated element followed by series expansion of 

the scope of the investigation is an approach which is basic to all 
science, and perhaps the only means of defining casual relationships 

in complex systems. Unfortunately, this approach is often ignored in 

favor of cataloging and reporting phenomenology.
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The Henrl-Michaelis-Menten equation (1) predicts a hyperbolic

. a,

dependence of velocity (v) upon the active substrate concentration (S) 

in a region where the kinetic parameters (Michaelis constant) and 
Vmax (maximal velocity) are constant. In the concentration region below 

the CMC of a short-chain lecithin, there is presumable only one species 
(monomer) and therefore these conditions are satisfied. As abnormal 

trends are not easily recognized in a hyperbolic plot, deviations from 

hyperbolic character may be observed graphically as non-linear behavior 

in any of the linear transformations i.e,, Lineweaver-Burke, 1/v vs_1/S; 
Hanes-WoOlf, S/v vs_ S; Woolf-Augustinsson-Hofstee, v v s  v/S; or Eadie- 

Scatchafd, v/S V£ v. The latter two plots are more reliable in recog

nizing behavior which deviates significantly from the theoretical because 

both plotted variables are influenced in the same direction by abnormal
trends in velocity, while the Lineweaver-Burke plot is the least reli

able (Segel 1975).
Pieterson (1973) has used the initial point of deviation from 

hyperbolic character with pancreatic phospholipase Ag to define CMC's 

for DiCg, DiCg and DiCy. He reported values of 54, 7.5 and 1.3 mM, . 
respectively. Wells (1972, 1974) using Crotalus adamanteus phospholipase 

Ag reported deviations above concentrations of 75 and 10 mM, respectively, 

for DiC^ and DiCg. The demonstration of invariant kinetic parameters in 

these regions does not mean the substrate is necessarily physically 

homogeneous but it indicates that the physical parameters to which the 

enzyme is sensitive are relatively unchanging for the substrate species
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which interacts with the protein, and that the concentration of that 

species increases linearly with total substrate concentration.

In a concentration range where at least two substrate species 

are known to exist, as is the case above the CMC’s of the short-chain 

lecithins, a plot of velocity vs_total substrate concentration may be 
hyperbolic if the enzyme’s affinities for the two species are very dif

ferent. The hyperbola, however, does not pass through the origin and 

therefore linear-transformation replots will not be linear unless the 

substrate concentration plotted is that of the active species rather than 
the total substrate concentration. If the affinity of the. enzyme for 

both species is of comparable magnitude, deviate behavior may not be 

evaluated by linear graphic representation and must be done by fitting 
calculated and experimental data using a combined rate equation which 

accounts for the kinetic influence of both species (Wells 1974),

Kinetic constants have been reported for the activity of phos

pholipases Ag on the short-chain, micellar lecithins: for DiC^ and DiCg
i

with the C_. adamanteus enzyme (Wells 1974) and for DiCg, DiCy and DiCg 

with the pancreatic enzyme (Pieterson 1973).

Kinetic analyses of substrate aggregates may be complicated by 

aggregate heterogeneity and by interfacial phenomena. Aggregate hetero

geneity, i.e., more than one aggregate form arising from substrate self- 

association (Tinker and Pinteric 1971), must be considered if the enzyme 

discriminates between the forms. Also, other solution components may 

shift the equilibrium between coexisting forms to present an additional 
complication. Interfacial phenomena reflect the peculiar character of 

the lipid-water interface and arise from the substrate molecular
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conformation and multimolecular array assumed in the aggregate Surface, 

The character of the interface may profoundly affect the kinetic traits 

of the system and, in turn, may be distinctly altered by changes in the 

concentrations of other solution components. This allows some solutes 

to demonstrate multiple kinetic effects e.g., divalent cations which 
directly affect the enzyme may also alter the properties of the inter
face so that the affinity of the enzyme1 for the aggregate is changed 

(Wells 1974).

Kinetic consideration of an enzyme's activity on higher aggre
gates (vesicles and liposomes) is significantly more complex than con
sideration of micellar systems, since these higher forms have internal 

aqueous phases not in direct communication with the bulk aqueous phase. 
Therefore, long-chain lecithins are frequently used in conjunction with 
a detergent which renders them micellar. Kinetic analysis of mixed 

micellar systems is both common and commonly misinterpreted; that the 

aggregate form may be altered by changing either the ratio of substrate 

to detergent or their combined concentration is often not appreciated.

Product accumulation in the aggregates, which is generally not a 

problem with the short-chain lecithins because of rapid exchange in and 

out of the micelle, must be considered when using the long-chain leci
thins either as vesicles or mixed-micelles because the products are vir

tually insoluble. This is a concern even in initial velocity studies 
because of the sensitivity of the interface to alteration of its con

stituent molecules and the possible amplified expression of such an al
teration in kinetic studies.
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As noted above, the effect of concentration of a short-chain 
lecithin on the rate of hydrolysis by the phospholipases may be de
scribed by simple kinetic theory in regions both below and above the CMC; 

however, a transition region exists between these two concentration ranges 
which has not been fit by any model. This is demonstrated by Wells' 
data on DiC^ (Figure 3). Below the CMC (10 mM) there is a linear de
pendence of S/v on S, and above 25 mM there is also a linear portion; 
however, the region between 10 and 25 mM is clearly anomalous. Anomalous 

kinetic behavior around the CMC of lipid substrates is essentially uni

versally observed. Likewise, it is universally ignored.

Phospholipase D Assays

All reported assays for phospholipase D activity are static i.e., 

the progress of the reaction is followed by removing aliquots from the 

reaction mixture or stopping the reaction at time intervals after initia

tion and subjecting the aliquots to further analysis to determine product 

or reactant concentration. The products of both hydrolase and trans

ferase activity have been estimated by use of thin layer chromatography 

in conjunction with quantitation of individual phospholipid components 
by either determination of phosphorous content or by utilizing radio- 

active substrates (Yang et al. 1967; Stanacev, Stuhne-Sekelec and Doma- 

zet 1973). Additionally, hydrolase activity has been frequently assayed 

by estimation of free base (choline or ethanolamine) by classical solu

tion methods (Hanahan and Chaikoff 1947b; Davidson and Long 1958; Kates 

and Sastry 1969),



s/v

Figure 3

Assays conducted at pH 8.0 and 45 
with 1 mM Ca+2

s
S/V vs S plot for phospholipase catalyzed hydrolysis of DiC^ from Wells (1974).
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Kinetic Observations on Phospholipase D 

Kinetic parameters and pH dependencies have been reported for 

both hydrolase and transferase activities of the cabbage phospholipase 

D; however, to date all published work has dealt with heterogeneous and 
water^insoluble substrates and utilized impure enzyme preparations, and 
therefore is not subject to unambiguous interpretation.

Dawson and Remington (1967) have reported several characteristics 

of the hydrolytic activity of cabbage phospholipase D on egg lecithin 
suspensions and ultrasonically treated lecithins. Ca was found to be 
essential for hydrolysis with an optimum concentration about 40 mM. The 

reaction had a sharp pH optimum at pH 5.4. Hydrolysis was stimulated by 
diethyl ether and by anionic amphipathic substances such as dodecyl sul

fate, phosphatidic acid, triphosphoinositide and monocetyl phosphoric 

acid. The rate of product formation was not linear with time of incuba

tion. Quarles and Dawson (1969b), also utilizing egg lecithin as sub

strate, found the pH optimum of the reaction was shifted with the addi

tion of anionic amphipathic activators. The magnitude of the shift was 

dependent upon the specific anion used and its concentration. The 

shifts in the pH-aetivity profiles could not be correlated with changes 
in the surface Ca concentration or the surface pH of the substrate

particles. Long, OdaviS and Sargent (1967) found the action of phos-
||

pholipase D upon lysolecithin required the presence of Ca with optimum 
around 25 mM. A broad pH optimum about pH 5.8 was observed. Product 

formation was not linear with incubation time.

The first observations of transferase activity by phospholipase 

D were reported by Yang et al. (1967) and Dawson and Remington (1967).
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A variety of water-soluble primary alcohols e„g„» methanol, ethanol, 

ethanolamine, ethylene glycol, glycerol, propanol and propanediol, are 

active as acceptors for the phosphatidyl group transfer. When both 
acceptor alcohol and water are present, the transphosphatidylation is 
usually the preferred reaction6 With the cabbage enzyme equal hydrolase 
and transferase rates were observed at inclusion of 0.68, 0.31 and 1.1 

percent by volume, respectively, ethanol, ethanolamine and glycerol 
(Yang et al. 1967).

Yang et al. (1967) observed exchange between the choline of 
phosphatidyl choline and isotopically labelled free choline that depends 

absolutely on the presence of phosphatidyl choline and enzyme. Substi

tution of phosphatidic acid for phosphatidyl choline did not yield any 

radioactive phosphatidyl choline. These results indicate that phos

phatidic acid is not involved in the exchange reaction and that under 
these conditions the reaction yielding phosphatidic acid from phos

phatidyl choline is not reversible. They proposed a mechanism in which 

a phosphatidyl-enzyme complex is an intermediate as depicted by the 

following reactions:
phosphatidyl choline + enzyme $ phosphatidyl-enzyme + choline (2)
phosphatidyl-enzyme + water phosphatidic acid + enzyme (3)

phosphatidyl-enzyme + alcohol -> phosphatidyl-alcohol + enzyme (4)

This reaction scheme makes provision for the observed capacity for both 

hydrolase and transferase activities.

Phospholipase D was found to be nearly completely inhibited by
-510 M p-chloromercuribenzoate, but not affected by iodoacetamide, 

iodoacetic acid, and N-ethylmaleimide. The protein was protected from
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inhibition by p-chloromercuribenzoate with addition of reduced gluta- 

thion (Yang et al« 1967). The inhibition by p-chloromercuribenzoate 

indicates that a sulfhydryl function may be involved at the active site 
of the enzyme, and that the phosphatidylenzyme complex formed in equation 

2 may be a thioester which is subsequently cleaved by water or alcohol 
as depicted in equations 3 and 4.

Saito, Borque and Kanfer (1974) compared the hydrolase and

transferase activities of cabbage phospholipase D using asolectin-

phospholipid microdispersions as substrates and choline or ethanolamine

as acceptor molecules. The optimum pH of hydrolase activity was around

pH 5.6, while the transferase optimum was about pH 9.0. The optimum
■H-concentration of Ca was about 4 mM in the transferase reaction and 

greater than 28 mM in the hydrolase reaction. The rate of the trans

ferase reaction did not demonstrate a linear dependence upon the protein 

concentration, and neither the transferase nor hydrolase rates were 
linear with respect to time of incubation. The import of these obser
vations is difficult to assess because the hydrolytic rates reported are 

50-100 times higher than the transfer rates, so that at pH 9.0 (optimum 
for the transfer reaction) the reported residual hydrolytic rate is 

still three times higher than the transferase rate. Additionally, this 

observation of a preference for hydrolysis is in direct conflict with 

earlier observations (Yang et al. 1967) that the transfer reaction is 

preferred. Some kinetic observations have been made on phospholipase D 

from sources other than cabbage, notably Heller, Mbzes and Peri (Abramo- 

vitz) (1976) using the peanut enzyme, and Okawa and Yamaguchi (1975) 

using the enzyme from Streptomyces hachijoensis. Unfortunately the
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complexity of the substrate dispersion systems prohibits singular inter
pretation of the data, or calculation of meaningful kinetic parameters.



MATERIALS AND METHODS

Materials
Phospholipase D (grade B), lyophilized, salt-free, and free of 

choline destroying activity, was purchased from Calbiochem (San Diego, 
California). It was isolated, according to the manufacturer, from cab
bage by the heat coagulation and acetone precipitation procedures of 

Yang (1969). Different lots gave essentially identical results. TES 

(N-tris(hydroxymethyl)methyl-2-amino-ethane sulfonic acid), buffer grade, 

was from Pierce Chemicals Co, (Rockford, Illinois), Ethylene glycol, 

analytical grade, was from Mallinckrodt, Inc. (St. Louis, Missouri).
1,3-diaminopropane was from Aldrich Chemical Company, Inc. (Milwaukee, 

Wisconsin). Sephadex G-200 was from Pharmacia Fine Chemicals, Inc.
I

(Piscataway, New Jersey). Agarose Bio-Gel A-5m was from Bio-Rad Labora- 
tories (Richmond, California), Acrylamide and N ,N '-methylene-bisacrya- 

mide were recrystallized from chloroform and acetone, respectively, 

before use. Dialysis tubing was prepared by boiling in a 50 percent 
ethanol solution and a 1 mM EDTA solution followed by rinsing in dis

tilled water. Short-chain lecithins (l,2-dipropionyl-sn-glycero-3- 

phosphorylcholine, 1 ,2-dibutyryl-sn-glycero—3-phosphorylcholine, 1 ,2- 

divaleroyl-sn-glycero-3-pho spho rylcholine, 1 ,2-dihexanoyl-sn-glycero- 

3-phosphorylcholine, and 1 ,2-diheptanoyl-sn-glycero-3-phosphorylcholine) 

were prepared as described by Wells (1972) and Yabusaki (1975). 1,2-

Dihexanoyl phosphatidic acid was prepared from sn-3-glycerobromohydrin 
(Bird and Chadha 1966).and dibenzyl phosphate by the method of

22
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Hessel et al. (1954). It was isolated as the barium salt and gave 

analyses of P, 6.19%; Ba, 26.7%;[a] + 9.3° (c 8.5 chloroform as free
acid). Distilled water was further cleansed by passage through an 

organic filter and an inorganic ion exchange resin from Continental 

Deionized Water Service (Tucson, Arizona). This highly purified water 

was used in all instances. All other chemicals were of reagent grade 
and used without further purification.

Initiation of Purification

The lyophilized product of Calbiochem was used as enzyme source. 
The crude enzyme (1 gram) was suspended in 100 ml diethyl ether, col

lected by filtration through sintered glass, resuspended, and collected 
again. The ether-insoluble residue was dried on the filter under an 

atmosphere of nitrogen. The dry powder was then suspended in 40 ml of a 
solution of 50 mM sodium acetate and 25 mM of calcium chloride (pH 5.0) 

in a Potter-Elvehjen homogenizing flask and dispersed by gentle movement 
of the Teflon pestle. The insoluble material was separated by centrifu

gation at 13,000 g for 10 minutes at 4°C. The supernatant solution (I) 

contained essentially all the phospholipase D activity and was subjected 

to ammonium sulfate fractionation. Solid ammonium sulfate (20.64 gram) 

was dissolved in 40 ml of sodium acetate-calcium chloride buffer and 

chilled. Solution I was stirred on an ice-bath, while the ammonium 

sulfate-buffer mixture was added dropwise over a 10 minute period. The 

final mixture (45 percent saturation in (NH^^SO^ at 0°C) was stirred an 

additional 15 minutes on the ice-bath and then centrifuged at 13,000 g 
for 10 minutes. The pellet was collected and resuspended in 5.0 ml of
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0.05 M TESj 50 percent ethylene glycol (v/v), 0.001 M EDTA, 0.04 percent 

NaN^ (w/v) (pH 6.5) buffer (TES-EG buffer), This suspension was allowed 
to stand at room temperature for 20 minutes, then centrifuged at 27,000 
g for 10 minutes. The supernatant solution (II) was decanted and ap
plied to a Sephadex G-200 column.

Gel Filtration

Sephadex G-200 was swollen in 0.02 percent NaN^ as recommended 

by the manufacturer. The gel was fined by gravity sedimentation with 

decantation of the supernatant. Following each decantation, volume was 
restored by addition of TES-EG buffer. After three decantation and re

placement steps, the gel slurry was degassed and packed into a 2,5 cm 

glass column (Glenco Scientific Inc., Houston, Texas) while pumping out 

from the column bottom at a rate corresponding to a pressure head of 10 

Cm. When the gel column was of sufficient height, the upper flow adaptor 

was applied and the column was equilibrated by downward flow of approxi
mately two column volumes of TES-EG buffer at a rate of 17 ml/hr. Both 

downward and upward column flow were accomplished by pumping both ends 
of the column simultaneously with a peristaltic pump (Buchler). This 

technique reduced the likelihood of gel collapse and was necessitated 
by the high viscosity of the buffer. Solution II was applied to the 

column using upward flow at a rate of 16 ml/hr and elution with TES-EG 

buffer was continued at this rate. The eluate was collected in 5 ml 

fractions, and the peak phospholipase D activity was found at a relative 

elution volume, elution volume/void volume, of approximately 1.57. The 

fractions containing phospholipase D activity were pooled and concentrated
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to approximately 3 ml using Amicon Ultrafiltration Cells, Models 52 and 
12, containing PM-30 Diaflo Ultrafiltration Membranes (Amicon, Lexington, 

Mass,)- This solution (III) was subjected to hydrophobic affinity 
chromatography.

Affinity Chromatography
A modification of the technique of Shaltiel and Er-el (1973) was 

used to synthesize a y-aminopropane-agarose gel. One volume (120 ml) of 

Bio-Gel A-5m (100-200 mesh) in an equal volume of water was activated by 

the addition of 24 gm of finely divided cyanogen bromide, while main
taining the temperature at 20°C by the addition of ice and the pH near 

10.5 - 11.0 by the addition of 6 N NaOH. All procedures utilizing 
cyanogen bromide were conducted in a hood. The cyanogen bromide was 
divided by use of a mortar and pestle previously chilled in a freezer; 

this allows adequate pulverization with negligible sublimation. The 

reaction was reasonably complete within 10 minutes and was terminated by 
filtration and washing of the gel with 8 volumes of ice-cold water. The 

activated gel was suspended in one volume of cold 0.1 M NaHCO^ (pH 9.0) 

and combined with one volume of water containing 240 millimoles of 1,3- 

diaminopropane. The pH of the diamine was adjusted to pH 9.0 with 6 N 

HC1 before addition to the gel mixture. The coupling mixture was stirred 

slowly at 4°C for 18-20 hours. The product was subsequently washed with 
400 ml volumes of water, 0.1 M NaHCOg, 0.05 M NaOH, water, 0.1 M acetic 

acid, and finally water again. The y-aminopropane agarose was fined and 

degassed in 1,0 M NaCl, 0,04 percent NaN^ and packed in a 1.5 x 60 cm 
glass column (Glenco). The gel column was equilibrated with three
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column volumes of TES-EG buffer at a flow rate of 39 ml/hr. The con

ductivity of the eluate was monitored by use of a Radiometer conductivity 

meter (Type CDM2e equipped with conductivity electrode CDC114). Solution 

III was applied to this column and elution was initiated with TES-EG 

buffer at the same flow rate. The eluate was collected in 6.5 ml 

fractions. When the eluate optical density dropped below 0.05, a linear 
salt gradient was started using 350 ml of TES-EG buffer and an equal 
volume of TES-EG buffer enriched to 0.05 M in NaCl. The phospholipase 
activity was eluted in a peak centered around an approximate conductivity 
of 580 micromho. The active fractions were combined (Solution IV) and 

concentrated as described above, and stored at -18®C.

Gel Electrophoresis

Analytical disc gel electrophoresis was conducted by the method 

of Ornstein (1964) and Davis (1964). Sodium dodecyl sulfate (SDS) gel 

electrophoresis was conducted by the method of Laemmli (1970).

Ultracentrifugation

Ultracentrifugation was conducted in a Spinco Model E analytical 

ultracentrifuge equipped with electronic speed control. In all sedi

mentation velocity and.sedimentation equilibrium runs, data were col

lected using the photoelectric scanner. All analyses were conducted at 

20.0°G. Solvent densities were determined in a 10-ml specific gravity 
pycnometer tube (Ace Glass, Inc., Vineland, New Jersey). The capillary 

was calibrated with distilled water. Volume measurements were performed 
in a water bath (Canon Instrument Co., State College, Pa.) maintained at 
20 + 0.02°C. The pycnometers were weighed on a single pan Ainsworth
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balance, type 21N (Wm„ Ainsworth and Sons, Inc., Denver, Colorado). The 

reproducibility of densities was + 0.0002 gm/ml. Solvent viscosities 

were determined in a Canon-Ubbelohde capillary viscometer, type 50, L33 

(Canon Instrument Co.). Measurements were performed in a water bath 

maintained at 20 + 0.02oC. Viscosities were calculated by comparison 
to the outflow times and density of water and were reproducible to 
+ 0.28%. In all cases the solution’s density and viscosity were assumed 
to be identical to those of the solvent. A partial specific volume, v, 
of 0.75 was assumed. Sedimentation equilibrium ultracentrifugation of 
bovine serum albumin in TES-EG buffer was conducted to determine if the 

assumed value of v was to be a likely source of error as a result of the 
anomalous solution characteristics of ethylene glycol. The effect of 

ethlene glycol on v was found to be negligible. In sedimentation equi

librium runs a double-sector cell, equipped with sapphire windows, was 

filled with 0.12 ml of sample solution in the right-hand sector and 0.15 

ml of the final dialyzate of the sample solution in the left-hand sector. 

In systems containing ethylene glycol, it was necessary to use a Kel F 

centerpiece, since filled— Epon centerpieces commonly developed leaks 

after exposure to the solvent for more than 24 hours. The transient 
time to attain equilibrium was shortened by overspeeding at 1 .5-2.0 times 

the estimated equilibrium speed until a plateau region is no longer ob
served. Equilibrium was assumed when scans at two hour intervals were

identical. The optical density at various radial positions in the cell
2was determined and a plot was made of log^Q.D^gQ versus r , and the

slope of the plot, ^ , was substituted into equation 5 to cal-
d(r )

culate the molecular weight.
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M 2RT
(1-Vp)wz 2.303 U S8-&?.!.4(0 (5)

Sedimentation velocity runs were conducted at 60,000 rpm using double- 

sector cells with sapphire windows. The rotor was accelerated at 12 

amperes and zero time was taken as the time at which the rotor attained 

40,000 rpm. Scans were initiated at regular time intervals. Since the 
scanner does not give an instantaneous picture, the elapsed run time 

was measured from zero time to the time at which the boundary was 

scanned. The radial distance, r , of the boundary from the center of 
rotation was measured and a plot was made of log r versus the elapsed 

run time. The slope of the plot, -- — , was substituted into equation
6 to calculate the observed sedimentation coefficient.

obs
1

A
dr
dt

2.303 , d log r x 
60a)2 ( dt ■

This value was corrected to standard conditions by use of equation 7,
1-vp,

20 ,w S°bs c 5 ?' (^ ) ( 20,w
1—vPT,sol

) (7)

Enzyme Assays
Three types of phospholipase D assays were employed: a semi-

quantitative method for expeditiously assaying fractions of column 

eluate, a speetrophotometric method, and a pH-stat technique. All 

methods assayed hydrolytic activity by quantitating the liberation of 

hydrogen ions from the phosphatidic acid product.

In the semi-quantitative plate assay, an indicator-substrate 
soup (0.1 mM methyl red, 50 mM calcium chloride, 1 mM DiCg, and 0.5 mM 

dithiothreitol, pH 6.5) was dispensed in 0.1 ml aliquots into the wells
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of a Incite, microdilution plate, "U" type (Scientific Products, McGaw 

Park, Illinois) with a 0.1 ml automatic pipette. The microdilution plate 

had 96 wells of 6 mm diameter and approximately 0,25 ml capacity. One 

microliter aliquots from column fractions were serially injected into the 

wells, and the reaction was allowed to proceed at room temperature for 

approximately 15 minutes. Substrate hydrolysis demonstrating phospho
lipase D activity was indicated by the development of a red color. 

Activity was evaluated on a scale of 1, 2, 3 or 4 corresponding to in
creasing red-color intensity. Those wells injected with inactive frac
tions remained a pale yellow which was obviously distinguishable from 

the active fractions. This technique easily permitted assay of all 
fractions of a given column in 30 minutes.

In the spectrophotometric assay a pH indicator (phenolsulfon- 
phathalein) was used to buffer the reaction aid the rate of disappear

ance of the basic form of the indicator was used to measure the rate of 

hydrolysis of the substrate. The reaction cuvette contained 1.0 ml of a 

solution of substrate, calcium chloride, dithiothreitol and 1 mM phenol- 

sulfonphthalein adjusted to pH 7.5. The reference cuvette contained 

only 1 mM indicator, pH 7.5. Both cuvettes were stoppered. The reac

tion was initiated by addition of enzyme solution to the reaction cuvette 

The absorbance at 595 nm, which is near the absorption maximum (558 nm) 

of the basic form of the indicator and in a region where absorption of 
the acidic form is negligible, was measured on the 0 .1-absorbance slide- 

wire of a Cary Model 15 spectrophotometer. A change in absorbance of 

0.01 corresponded to the production of 1.16 nanomoles of phosphatidic 
acid. Although the spectrophotometric assay was more sensitive, the
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pH^-stat assay was employed for most kinetic determinations to eliminate 

the ambiguity introduced by inclusion of the indicator dye.

In the pH-^stat assay, hydrolysis of substrate was measured using 

a Radiometer (Copenhagen) TTA31 microtitration assembly after the tech

nique employed by Wells (1972) for the measurement of phospholipase 
activity. The glass buret unit supplied by the company was replaced 

with a 25—pi syringe (Hamilton Company, Inc., Whittier, California) 
which was connected to the reaction vessel by small diameter Teflon 
tubing. Full displacement of the syringe drive corresponded to the 
addition of approximately 10 yl of titrant. The reaction was contained 

in a volume of 1.0 ml at 30°C under an atmosphere of nitrogen. Plastic 

reaction vessels were used in place of the standard glass vessels.
Glass electrode, type G2222C, and calomel electrode, type K4112, both 

from Radiometer, were used. The glass electrode was siliconized prior 

to use and the stems of both electrodes were masked with Teflon tape.

The pH was maintained by addition of 0.025 M NaOH; the amount Of base 

added corresponds to the amount of product formed. Unless otherwise 

stated, all data were obtained at pH 7.25. The reaction mixture con

sisted of enzyme, substrate, calcium chloride, dithiothreitol and other 

additions when appropriate. The reaction was commonly initiated by ad

dition of enzyme and was found to be linear for at least 10 minutes with 
some curious exceptions which will be discussed in detail later. Dupli
cate assays were reproducible within 10 percent. The identity of the 

phosphatidic acid produced was verified on thin-layer chromatography 
using synthetic dihexanoyl phosphatidic acid as a standard. This 

flexible assay technique was eminently suited for kinetic determinations



and did not suffer from the unwieldy nature characteristic of the pub
lished phospholipase D assay methods.

Vapor Pressure Osmometry
Osmometry was accomplished with a Hewlett-Packard Model 302B 

vapor pressure osometer (Hewlett-Packard Analytical Instruments„
Avondale, Penn.) fitted with an aqueous probe and thermostated at 3 7 +  
0.2°C. Solutes were dried down from methanol solution under nitrogen 
and kept under vacuum over phosphorous pentoxide until a constant 
weight was achieved on subsequent daily weighings. Concentration 

series were prepared by weight dilution method.
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Protein Concentrations

All protein concentrations were determined spectrophotometrically 
1%assuming ^ g Q 1^ • 00 •

Substrate Purity
Synthetic lecithins were checked for purity by thin layer 

chromatography and optical rotation as described by Wells (1972) and 

Yabusaki (1975).

Computer Methods

Computations were performed on a Wang Model 600 14TP desk top 

calculator equipped with extended memory module (Wang 618-4) and Model 

612 flat bed plotter (Wang Laboratories, Inc., Tewksbury, Massachusetts). 

Programs were written in this laboratory as required. /



RESULTS

Enzyme Purification

The results of two representative experiments are presented in 
Table 1, The purification steps through application of Solution II to 
the Sephadex G-200 column must be accomplished within 4 or 5 hours as 
the activity was labile during these solution steps. An elution profile 

of Sephadex chromatography is presented in Figure 4. The first 80 mis 
of column eluate were collected in bulk. The gel filtration product was 

relatively stable and could be stored at -18°C for one week without loss 

of activity. The combined active fractions of two Sephadex columns were 

pooled before hydrophobic affinity chromatography. Concentration of 

these pooled Solutions III to 3-5 mis was required to achieve sufficient 

resolution on the affinity column. An elution profile of the affinity 
column is presented in Figure 5, the arrow marks the point at which the 

gradient was started. In this column fractions 65 through 80 were com

bined and concentrated. Storage at -18* for several months resulted in 
no loss of activity. Enzyme activity could not be eluted under any condi

tions from affinity gels prepared from the longer-chain homologues 

(diaminobutane or diaminopentane) of 1 ,3-diaminopropane, and activity 

was not retained by a gel prepared from the shorter homologue, ethylene 

diamine.

The inclusion of ethylene glycol in the buffers at all stages 
after the primary solution steps is fundamental to the success of this 

purification. Gel filtration without ethylene glycol gave poorer recovery
32



Table 1. Purification of Phospholipase D from Savoy Cabbage»

Step Volume
(ml)

Total
Protein3
(mg)

Percent
Protein

Total
Units3

Percent
Activity

Specific
Activity3

Purification

Crude suspension 40 2862.0 100.00 37.00 100.0 0.01 1.0
40 2634.0 100.00 33.18 100.0 0.01 1.0

13,000 g supernatant (I) 40 1024.0 35.78 35.26 95.3 0,03 2.7
40 824.0 31.28 30.62 92.3 0.03 2.9

Resuspended ammonium 5 89.0 3.11 15.08 40.7 0.17 13.1
sulfate precipitate (II) 5 94.0 3.57 14.85 44.7 0.16 12.5
Sephadex G-200 (III) 59 7.0 0.24 13.78 37.2 1.97 152.0

54 7.1 0.27 9.56 28.9 1.35 106.0
Hydrophobic affinity (IV) 100 2.4 0.04 21.11 30.1 8.80 680,0

a. Assuming = 10<>0
bo One unit of enzyme activity equals hydrolysis of 1.0 ymoles/minute

c. Units of specific activity are pmoles/minute/mg using spectrophotometric assay (Conditions: 
0.6 mM DiCg, 0.4 mM CaClg, lO-5 M DTT, 30.0°C)

ww
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FRACTION NUMBER

Figure 4. Chromatography of phospholipase D on Sephadex G-200.

Eluate fractions were assayed for phospholipase D activity by use of 
colorimetric plate assay.
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Figure 5. Hydrophobic affinity chromatography of phospholipase D on y—amino—propane agarose.

Eluate fractions were assayed for phospholipase D activity by use of colorimetric assay. Arrow 
marks point of gradient initiation. UJLn

C
O

N
D

U
C

T
IV

IT
Y

 
(m

ill
im

ho
s)



36
and resolutions and the phospholipase D activity could not be recovered 
from the hydrophobic affinity column in the absence of ethylene glycol.

The stabilization of proteins, particularly oligomeric proteins, by 

polyhydric alcohols is a rather general phenomenon (Bradbury and Jakoby 

1972; Shifrin and Parrott 1975; Timasheff, Frigon and Lee 1976a), and 

ethylene glycol apparently constrains phospholipase D to a single aggrega

tion state which thereby permits purification with reasonable recovery.
The use of 50 percent ethylene glycol in the buffer solutions presented 
two technical problems; high buffer viscosity and high susceptibility to 
bacterial contamination. The viscosity problem on gel filtration was 

managed as described in Methods; additionally all columns were run at 

room temperature to not aggravate the condition. Bacterial growth, 

which was particularly a problem in the Sephadex gel in spite of the use 

of sodium azide, was managed by filtering all buffer solutions prior to 

deaeration using a Millipore filtration apparatus (Millipore Filter 

Corp., Bedford, Massachusetts), and by maintaining buffer flow through 

the column at all times. The affinity gel was recovered after each use 

and stored in 0.04 percent sodium azide and 1.0 M sodium chloride at 

4°C. No attempt was made to recover the Sephadex gel.

Gel Electrophoresis Analysis

Analytical polyacrylamide gel electrophoresis of the purified 

protein gave a single visible band following staining with Coomassie 

Brilliant Blue. A photograph of a disc gel is shown in Figure 6 . A 

spectrophotometric scan of a typical gel is presented in Figure 7. This 
gel was scanned again at lOx sensitivity and secondary peaks were weighed
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Figure 6. Disc gel electrophoresis of purified phospholipase D.



GEL AXIS

Figure 7. Spectrophotometic scan of purified phospholipase D on disc gel. 

The arrow indicates the position of the tracking dye.
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in comparison to the main peak. Assuming equivalent protein staining, 

contamination in the preparation estimated by this method was less than 

1.2 percent. Analytical gels were run using 5, 12 and 15 percent 

acrylamide in addition to the standard 7.5 percent gels. Only a single 

protein band was visible on each of these .gels.

Polyacrylamide gel electrophoresis in the presence of SDS also 
gave a single visible band. Calculation of a molecular weight estimate 
from SDS gel electrophoresis data gave a value of 112,500 + 7,500.

Ultracentrifugation
The purified protein was subjected to sedimentation velocity 

ultracentrifugation in TES-EG buffer. A plot of log r versus elapsed 

run time is presented in Figure 8 . Analysis of the plot as an unweighted 
linear regression gave a correlation coefficient of 0,9998. The ob

served sedimentation coefficient was calculated from the slope of this 

plot and corrected to standard conditions to give a s^^ w value of 

5.59 x 10™13 sec.

High speed sedimentation equilibrium ultracentrifugation of the 

purified protein was conducted at 16,000 rpm in TES-EG buffer. A plot 

of the data generated from a representative scan after attainment of 

equilibrium is shown in Figure 9, the correlation coefficient of the 

plot was 0.9970. Calculation of a molecular weight estimate from sedi
mentation equilibrium data gave a value of 116,600 +6,900 (average of 
six scans).
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Figure 8. Sedimentation velocity ultracentrifugation of purified phospholipase D: plot of
log r vs elapsed run time.

The circles represent the experimental data and the line is a least squares line with correla
tion coefficient of 0.9998. 4>O
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Figure 9. Sedimentation equilibrium ultracentrifugation of purified phospholipase D: 
plot of log O.D. vs r .

The circles represent the experimental data and the line is a least squares plot with 
correlation coefficient of 0.9970. -OH
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Amino Acid Analysis

The amino acid composition of a single 24-hour hydrolysate of the 
purified protein was determined by Dr. R. L. Heinrikson of the University 

of Chicago. The results of that determination are shown in Table 2.

The values are reported on the basis of residues per three residues 

of methionine and give a minimum molecular weight estimate of 17,000.

Kinetic Assays

The purified protein was routinely stored in the TES-EG buffer 

from which it was concentrated; however, since primary alcohols act as 
acceptor molecules in the transphosphatidylation reaction, the protein 

was removed from ethylene glycol solution prior to use in kinetic experi
ments by dialysis into 10 percent (w/v) inositol. Inositol, a fully 
secondary and polyhydric alcohol, maintained the stability of the pro

tein but did not have a direct kinetic effect. The inositol-protein 

solution could not be stored at -18° because the solution precipitated 

inositol and froze, but storage at 4° for a month resulted in no ap

preciable loss of activity.

Dithiothreitol (DTT) resulted in activation of the purified pro

tein, presumably through reduction of a labile sulfhydryl group, and
-5was routinely included in kinetic assays at 10 M, which was twice the 

concentration required for maximal activation.

Ionic Strength Effect

Increasing the ionic strength of the reaction mixture produced a 
decrease in the velocity of phospholipase D hydrolysis of DiC^ so that 
the log of the velocity depended linearly upon the square root of the
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Table 2. Amino Acid Composition of Purified Phospholipase D.

Amino Acid Residues/3 Residues Methionine

Arginine 7
Lysine 8

Histidine 5
Aspartic acid 18
Threonine 7
Serine 11

Glutamic acid 17

Proline 9

Glycine 16.

* Alanine 12

Valine 10

Methionine 3
Isoleucine 8-9

.

Leucine 11

Tyrosine 6

Phenylalanine 6
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2ionic strength (I), where I = 1/2 E m.z. and m. is the molal concentra- 

th i 1 1 1
tion of the i species and is its valence. This is illustrated in 
Figure 10o

The effects of electrolytes on a reaction can be divided into 

two categories, known as the primary and secondary salt effects; the 
former refers to the influence of ionic strength upon the activity coef

ficients (f) of the reactive species, whereas the latter is concerned 

with changes in the actual concentrations of reacting ions resulting 

from the addition of electrolytes. From Debye-Huckel theory it can be 
shown that at low electrolyte concentrations the primary salt effect on 
the rate of a reaction is in the form

log k = log kQ 4- 1.018 zazb (I)1/2 (8)

where z and z, are the valences of the reactive ions, k is the observed a b
rate constant, and k is the rate constant at infinite dilution.o

Secondary salt effects may result from the addition of electro

lyte changing the actual concentration of either the active substrate 
species or the catalytically active species. The latter is important 

when the catalytically active species is produced by dissociation of a 

weak acid or base since the degree of dissociation can be influenced by 

the ionic strength of the solution. The specific effect is dependent 

upon the valences of the species participating in the dissociation 

equilibrium but the source of the effect may be illustrated by example. 

If we assume that the reaction proceeds through nucleophilic attack by 

RO , then

aR0~ * aH+ = (R0~) (H*) fR0~ • y
a aR0H ^R0H') fR0H

(9)



Figure 10. Ionic strength effect of the velocity of phospholipase D hydrolysis of Dic6 • 

Velocity (V) of Dic6 hydrolysis at varying ionic strength. corrected for the velocity at2 
zero ionic strength (V ) using spectrophotometric assay with 1 mM DiC6 and 0.25 mM Cf2 
• • ; using pH-sta~ assay 1 mM Dic6 and 2 mM ca+2 e e , 4 mM DIC6 and 2 mM Ca 
c c, 20 mM DiC6 and 2 mM ca+2~. Variation in ionic strength accomplished by 
addition of KCl. All assays conducted at pH 7.25 and 30°. ' 
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Figure 10. Ionic strength effect of the velocity of phospholipase D hydrolysis of DiC^.
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Solving for (RO ) and taking the logarithm

log (RCf) = log K + log + log - - — -H ?  -jr (10)
( H ) ’ R0~ ° H

Utilizing the Debye-Huckel limiting law for the variation of activity 

coefficient with ionic strength in dilute solution and assuming the 
activity coefficient for the undissociated molecule to be unity, then

log (R0~) = log K + log - M P  + 1.018 (I)1/2
a (Hi

(ID
which differs from the classical expression by the last term. If the 

velocity of the reaction is proportional to the concentration of nucleo

phile and the primary salt effect remains constant, then at constant pH
1/2log k = log ko + 1.018 (I) ' (12)

Consideration of other dissociation equilibria produce equations of the
1/2same form, although the coefficient of (I) and its sign may vary. 

Consideration of this effect or the primary salt effect at ionic strength 

above 0.01 molal has no theoretical justification since the Debye-Huckel 

theory is only applicable in dilute solutions.

The concentration of the active species in a self-associating 

substrate system may also be influenced by the electrolyte concentration. 

Tausk et al. (1974a) have shown that the effect of an inert electrolyte 

on the CMC of DiC, is described by

CMC
CMCC/=0

(13)

where C^ is the electrolyte concentration and b is a constant which de
pends on the salt studied. This relationship was empirically established
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on the behavior of the predominant micellar aggregates and need not apply 
to aggregate forms other than classical micelles.

It is apparent that the inhibitory salt effect demonstrated for

phospholipase D and DiC^ does not fit equation 13 and therefore does not

result from changing the concentration of a large aggregate species.

However, since the valences of the participating species define the co
l/2efficients of (I) in equations 8 and 12 for a primary salt effect or 

a secondary salt effect resulting from changing the concentration of a 
catalytically active species, at present it is not possible to establish 
one of these as the cause of the observed effect.

Monomeric lecithin would not be expected to exhibit a primary 

salt effect, since the lecithin molecule is zwitterionic and has no net 

charge at this pH. However, if the participating substrate in an aggre

gate form, the interaction of the enzyme and the aggregate may demon

strate a salt sensitivity either as a result of the polar-head-group 

surface array or orientation of the polar group dipole out of the plane 

of the aggregate surface. Association of the substrate into small ag

gregates is also expected to be sensitive to ionic strength, but the 

nature of that sensitivity has not yet been elucidated. Likewise, the 

association state of the protein is expected to be altered by changes in 

ionic strength. It is apparent that the observed effect may have a com

plex causality and reflect a combination of factors rather than a single 
effect. Additional data on whether the. effect results from an alteration 

of Vmax, Km, or both would be informative, as would demonstration of 

consistency (or lack thereof) among other short-chain lecithin substrates.
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pH and Calcium Dependence

The pH dependence of the velocity of phospholipase D hydrolysis 
+2of DiCg in 0.5 mM Ca is illustrated in curve A, Figure 11. The reac

tion displayed an apparent optimum around pH 7.25, and ascending and 

descending limbs with approximate pK’s of 6.5 and 8.1, respectively.

This behavior is consistent with a diprotic model in which only the

singly protonated enzyme form displays activity. The pH dependence of
+2the reaction velocity at high Ca concentration (50 mM) is illustrated 

in curve B, Figure 11. This curve may be resolved into two approximately 
bell-shaped curves, one with an apparent optimum at 6.25 and a second 

with an apparent optimum at 7.25 as was demonstrated at low Ca . Cal

cium appears to bind to the protein with low affinity and convert the 

7.25-optimum form into the 6.25-optimum form. This conversion was not 

achieved with high concentrations of monovalent cations. Full explana

tion of the conversion between enzyme forms and of the optima displayed 

require more extensive kinetic studies.
+2As a result of the compound effects of Ca , velocity versus

+2(Ca ) plots below pH 7.0 were not hyperbolic. This is demonstrated
+2in a direct plot of the velocity dependence upon Ca concentration at 

pH 6.2 in Figure 12. The initial velocity of DiCg hydrolysis by phos
pholipase D above pH 7.0 showed a hyperbolic dependence upon calcium 

concentration when the ionic strength was maintained at a constant
value. This is illustrated in a Woolf-AuguStinsson-Hofstee replot in

+2Figure 13. This analysis gave a Kn +2 (K for Ca ) of 0.21 mM. Kineticua m _
+2determinations were commonly made at pH 7.25 and at low Ca concentra

tions
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pH

Figure 11. The pH dependence of the velocity of phospholipase D 
hydrolysis of DiC^.

Assays conducted on pH-stat with (A) 1 mM DiC, and 0.5 mM Ca 
2 mM DiC^ and 50 mM Ca+ .

+2 and (B)
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Ca+2 CONCENTRAT ION (fill)

Figure 12. The Ca dependence of phospholipase D hydrolysis of DiC, 
at pH 6.2. 6

Assays conducted on pH-stat with 0.5 mM DiC^ and KC1 used to maintain 
constant ionic strength.
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Figure 13. The Ca dependence of phospholipase D hydrolysis of DiC, 
at pH 7.5. 6

Spectrophotometric assays conducted with 1 mM DiC,, 1 mM phenol red with 
KC1 to maintain constant ionic strength.
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Substrate Dependence

The dependence of initial velocity of DiCg hydrolysis at various 
concentrations on the amount of phospholipase D added is illustrated in 

Figure 14A. The velocity at each concentration was found to be a linear 
function of enzyme addition. Since the substrate at these concentrations 

was expected to be monomeric, the data of Tausk et al. (1974a) predict a 

CMC of 12,5 mM under these conditions and the lowest reported value for 

the CMC of DiCg in low salt as measured by a physical method is 9.5 mM 
(Pieterson 1973), the dependence of the velocity upon substrate concen
tration was expected to be hyperbolic as predicted by the Henri- 

Micaelis-Menten equation. When the slopes of the plots in Figure 14A 
were replotted as a function of substrate concentration (Figure 14B), 

the dependence of velocity upon substrate concentration was found to be 
parabolic, and the dependence of the square root of the velocity upon 

the substrate concentration was linear. This anomalous behavior repre

sented a signfleant departure from predicted DiC^ kinetic character.

To establish that this unusual conduct was not the result of product 

activation of the enzyme, the dependence of initial velocity upon con

centration was determined in the presence of 0.2 mM DiC^-phosphatidic 

acid. The resulting data demonstrated the same V and dependencies

on substrate concentration indicating that product activation was not a 

factor. Inclusion of high salt (up to 0.2 M KC1) did not abolish the 

parabolic dependency of V upon S. At higher concentrations of DiC^ the 
velocity dependence upon (S) went through an inflection point and became 
hyperbolic in character (see Figure 15). Using a phase-separation model, 
i.e., the substrate concentrations were corrected by subtracting a



Figure 14. The dependence of the velocity of phospholipase D hydrolysis of DiC6 on enzyme 
concentration and substrate concentration. 

Panel A: The dependence of velocity on enzyme concentration. These data were obtained by 
conducting assays as a function of added enzyme at various fixed concentrations of DiC6 ; 
1 mM e e; 2.5 mM• •; 4 mM 0 0; 8 mM 0. D. The lines represent un
weighted least squares plots with correlation coefficients, 0.9963 + .0025. Panel B: The 
dependence of the velocity 0 0 and the square root of the velocity 6 ;6. 
upon substrate concentration] These data were obtained from the slopes of the lines in 
Panel A. The line of the vl 2 plot is a least squares line, r2 = 0.9955. All assays con
ducted with 4 mM ca+2, 0.067M Na2so4 at pH 7.25 and 30°. 
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Figure 15. The dependence of the velocity of phospholipase D hydrolysis
of DiC, on substrate concentration, b

+2The circles represent experimental data. Conditions: 2 mM Ca , 0.1 M
KC1, pH 7.25 and 30° on pH-stat. The curve was calculated from the 
Henri-Michaelis-Menten equation assuming phase-separation model and 
neglecting monomer contribution, using a critical concentration of 
4.3 mM and Vmax and Km estimates of 339 ymoles/min/mg and 2.66 mM, 
respectively.
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"critical concentration," the data above 5 mM were fit to the Eadie- 
Scat chard replot (V/S vs V) assuming various values of the critical 

concentration« The best fit (correlation coefficient of 0.9937) was 
achieved with a critical concentration of 4.3 mM, Vmax of 338 ymole/min/ 

mg and Km of 2.64 mM. No kinetic contribution from monomer was con
sidered. Estimates of Vmax and Km by the method of Eisenthal and 

Co mis h-Bowden using the same critical concentration were 339 pmole/ 

min/mg and 2.66 mM respectively. These values were used to generate 

the solid curve drawn in Figure 15.

As mentioned above, the C. Adamanteus phospholipase A^ data for 

hydrolysis of DiC^ (Wells 1974) demonstrate hyperbolic behavior in two 

regions, one below 10 mM and one above 25 mM. When the data between 10 

and 25 mM were reappraised, parabolic V vs (S) dependence and linear 
vs (S) dependence were disclosed.

A parabolic dependence of velocity of phospholipase D hydrolysis 

on substrate concentration was also demonstrated using DiC^ at concentra
tions well below the CMC in 0.01 M KC1. These data are presented in 

Figure 16. When the hydrolysis of DiC^ was conducted in 0.1 M KC1, the 

dependence of V on (S) was hyperbolic at low concentrations and parabolic 

at higher concentrations. Inflection from hyperbolic to parabolic be

havior occurred at approximately 10 mM. When the data below 10 mM were 

plotted as S/V vs S (Hanes-Woolf), the estimates of Vmax and Km were 

2.64 ymoles/rnin/mg and 1.36 mM, respectively, and the correlation coef

ficient of the plot was 0.9899. Estimates of Vmax and Km by the method 

of Eisenthal and Cornish-Bowden were 2.71 and 1.55, respectively.
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S (MM)

Figure 16. The dependence of velocity of phospholipase D hydrolysis of
DiC, on substrate concentration.4

1/2Velocity O--------O and velocity _ A  A  dependence upon sub
strate concentration with 1 mM Ca+ and 10 mM KC1. The line of the 
vl'2 plot is a least squares line, r^ = 0.9929.
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Reappraisal of the (% Adamanteus phospholipase data for 

hydrolysis of DiC^ (Wells 1972) demonstrated a parabolic V vs (S) de
pendence above 80 mM»

A parabolic dependence of velocity on substrate concentration 
was also demonstrated for DiCj. hydrolysis by phospholipase D above 2 mM 
(see Figure 17). Although the data below 2 mM deviated from parabolic 
behavior, they could not be fit to a hyperbola.

The behavior of DiC^ was analogous to that of DiCg: a parabolic

dependence of velocity on substrate concentration was demonstrated at 

concentrations below an inflection point (see Figure 18). Above the 

inflection the dependence of V on (S) was hyperbolic and could be fit to 

a linear replot (Eadie-Schatchard) using a phase-separation model, assum

ing a critical concentration, and neglecting kinetic contribution from 

monomer. The Eadie-Schatchard plot gave a best fit (correlation coef

ficient of 0.9823) with a critical concentratin of 0.63 mM, Vmax of 205 
umoles/min/mg and Km of 1.42 mM. Estimates of Vmax and Km using the 

method of Eisenthal and Comish-Bowden and the same critical concentra
tion were 197 and 1.29, respectively.

Multiple site enzymes which demonstrate positive cooperativity 

with respect to substrate binding may yield sigmoidal velocity curves 

which are in some respects similar to the velocity curves of the phos

pholipases A^ and D. The degree of site-site interaction of such an 

enzyme may be characterized by use of the logarithmic Hill plot, i.e., 

a plot of log ( y ) vs log (S). The data for phospholipase D

hydrolysis of DiC^ and DiCy did not give linear Hill plots, nor did the 

data for phospholipase A^ hydrolysis of DiC^ and DiC^.
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Figure 17. The dependence of the velocity of phospholipase D hydrolysis 
of DiCj. on substrate concentration.

1/2Velocity O --------O and velocity A ------- A
strate concentration with 2 mM Ca and 0.1 M KC1.
V plot is a least squares line, r^ = 0.9987.
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Figure 18. The dependence of the velocity of phospholipase D hydrolysis 
of DiC-, on substrate concentration.

1/2Velocity O O and velocity & ------&  dependence upon substrate
concentration with 2 mM Ca and 0.1 M KC1. The line of the 2 plot 
is a least squares line, r = 0.9985.
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Unusual Kinetic Effects

Under certain conditions at low substrate concentrations two un

usual kinetic effects were observed: hyperactivity associated with sub
strate addition to the reaction mixture, and a lag response of reaction 

velocity after enzyme addition. The latter phenomenon is demonstrated 
by Figure 19. Trace A represents the hydrolysis of 1.0 mM DiC^ and was 
linear for more than twenty minutes. Trace B represents the hydrolysis 
of 0.5 mM DiCg under otherwise identical conditions and displayed a time- 

dependent increase in reaction velocity. This curve can be fit to an 

equation which describes product formation (Pr) as a function of time

(Pr) = vft - 1/k (vf - vo) (1 - e kt) (14)

where v^ and v^ are initial and final velocities respectively and k is . 

a complex rate constant which depends upon substrate concentration. This 

equation was derived for an enzyme which exists in two kinetically differ

ent conformations with the equilibrium between conformations being in

fluenced by substrate, and the rate of conversion from one conformational 

form to another being slow relative to the catalytic reaction (Frieden 

1970). The circles in Figure 19 represent the theoretical calculation 

for a k value of 0.1075 which corresponds to a t^y^ 6.45 minutes.

This phenomenon was found to be independent of enzyme concentration but 
was dependent upon the nature of the incubation vessel: the data in

Figure 19 were collected in a standard, glass reaction vessel, in plastic 
vessels the effect was shifted to lower substrate concentrations. To 

eliminate the influence of glass on the reaction, all other kinetic data 

were collected using plastic reaction vessels and Teflon-masked electrodes
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T im e  ( m i n )

Figure 19. Phospholipase D hydrolysis of DiC^ as a function of time: 
lag phenomenon.

+2Conditions: 0.21 pgrams phospholipase D, 10 mM KC1, 1 mM Ca , pH 7.25 
and 30° on pH-stat with glass reaction vessel. Panel A: trace of assay 
of 1 mM DiC^. Panel B: trace of assay of 0.5 mM DiC^. Circles are
values calculated from fit to equation 14 with k = 0.1075.
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In kinetic assays the reaction mixture including all components 

except enzyme was routinely preincubated for 6-8 minutes prior to initia

tion of the reaction by addition of enzyme. This method was adopted 
initially to insure complete temperature equilibration prior to initia
tion of the reaction; however, it was found that when the phospholipid 
substrate was added just prior to the enzyme addition, the resultant 
velocity was much higher than expected (hyperactivity); and was not 

linear, but declined with time (decay)= The phenomenon of hyperactivity 

decay is demonstrated in Figure 20. Trace A depicts the assay trace re

sulting from 8 minute preincubation of 1.0 mM DiC^ prior to enzyme addi
tion. Trace B depicts the assay trace resulting from simultaneous ad

dition of enzyme and substrate following 8 minute preincubation of all 
other components. The tangents to Trace B at various times were taken 

as instantaneous velocities (v^) and analyzed by use of another form of 

equation 14 (Frieden 1970)
- k tvt = vf + (vo - v£) e (15)

A plot of In (v - v£) versus t allowed trace B and others generated in 

the same fashion to be resolved into two first-order processes; a slow 

process with a t^^ approximately 76 seconds and a fast one with a 

tl/2 approximately 13 seconds. The half-times of both processes were 
independent of enzyme concentration. The response of the titration ap

paratus was found to be in the form of a first-order process with a t ^ ^  

dependent upon the proportional band used. Measurements of the instru

ment response gave a minimum t^^ value of 6 seconds, thus it was not



Figure 20. Phospholipase D hydrolysis of DiC^ as a function of time: 
hyperactivity decay phenomenon,

+2Conditions: 0,27 pgrams phospholipase D, 1 mM DiC^, 10 mH KC1, 1 mM Ca ,
pH 7.25 and 30° on pH-stat. Curve A represents the trace of assay 
initiated by addition of enzyme with substrate and other additions pre
incubated. Curve B represents trace of assay initiated by simultaneous 
addition of substrate and enzyme.
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Figure 20. Phospholipase D hydrolysis of DiC^ as a function of time: 
hyperactivity decay phenomenon.
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possible to distinguish between the instrument response and the fast 
process in Trace B.

If substrate was added to the reaction mixture at various times 
prior to the addition of enzyme» the initial rates declined as the 

elapsed time between substrate and enzyme additions was increased. If 
the velocity attained when the elapsed time between additions was 8 
minutes was taken as v^ in equation 15 and v^ was taken as the instan

taneous velocity 30 seconds after addition of enzyme, the data could be 

analyzed by use of equation 15. A plot of ln(v^ - v^) versus the elapsed 
time between substrate and enzyme additions was linear (correlation 

coefficient of 0.9609) demonstrating a first order decay with a 

73 seconds. This corresponded to the slow process in trace B, Figure 20.

Similar analysis of hyperactivity using phospholipase D and DiC^ 

demonstrated a first-order decay with a i^/2 ^  seconds. The hyper
activity decay phenomenon was also qualitatively demonstrated with phos
pholipase D and DiC^.

The phenomenon of hyperactivity decay appears to result from the 

first-order transition of one substrate species into another physical 
form where the initial species exhibits a higher specific activity than 

does the final. The transition is initiated by dilution of substrate 

into the incubation vessel and continues until an apparent equilibrium 

condition is achieved; therefore, the transition most probably represents 

an aggregate dissolution.

An attempt to observe the dissolution of micelles upon dilution 

was made using the fluorescent dye ANS (8-anilino-l-napthalenesulfonic 

acid) which demonstrates an enhanced fluorescence (excitation 375 nm and
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emission 495 nm) in the presence of lipid aggregates (Wells 1974), A 
time-dependent decay of fluorescence upon dilution of an ANS-lecithin 
mixture would correspond to the disappearance of lecithin aggregates; 
however, no decay of fluorescence was observed in this time frame upon 
dilution of a DiC^ and ANS mixture to final concentrations of 0.5 and 
0.1 mM, respectively. In a similar experiment, Pieterson (1973) ob

served no time—dependent effects upon the dilution of DiC^, DiC^ or DiCy 

into a cell containing Rhodamine 6G solution and therefore concluded that 
the lecithin micelles decomposed instantaneously upon addition. These 

observations suggest that neither the initial nor the final substrate 

species involved in the hyperactivity decay transition is of sufficient 

size to bind significant quantities of the dyes, i.e ., neither is a 

large aggregate. Hence, if either of the species is an aggregate, it 
must be a small aggregate form.

Aniansson et al. (1976) have recently developed a theory of the 
kinetics of micellar equilibria which is based upon the analogy between 

diffusion processes and the rate equations for the series of bimolecular 

equilibria by which micelles are formed or dissolved. Using ultrasonic 

absorption, T-jump and P-jump techniques, they have characterized two 

fast relaxation processes related to micellar equilibria in solutions of 

sodium alkyl sulfates. The faster of the two processes has been ascribed 

to the exchange equilibrium of amphiphilic ions to and from micelles, and 

the slower process has been attributed to the micellization-dissolution 

equilibrium. The relaxation times they observed for these processes were 

more than two orders of magnitude shorter than that observed for the slow



process in the hyperactivity decay phenomenon; however, at present no 
analogous data exist on the kinetics of lecithin micellar equilibria.

It is clear that the hyperactivity decay phenomenon represents a 
substrate kinetic effect under conditions where no such effect has been 

reported. The more complete understanding and characterization of the 
phenomenon require the application of techniques for the observation of 
fast relaxation processes.

Vapor Pressure Osmometry

The kinetic anomalies demonstrated by phospholipase D on the 
short-chain lecithins could be most simply explained by postulating the 

existence of a premiceliar aggregate, i.e., an aggregate substrate form 

occurring below the respective substrate CMC's. The existence of pre- 
micellar aggregates has been recently demonstrated in aqueous solutions 

of a variety of substances which associate by hydrophobic interactions. 
Kresheck (1975) has reviewed the limited literature on the phenomenon 

and concluded that premicellar association is to be fully expected al

though the details of the process are at present incompletely understood 

In an effort to demonstrate the existence of a short—chain lecithin pre

micellar aggregate form by a physical technique, the concentration 
dependencies of the osmotic pressure of solutions of lecithins were 

measured in concentration ranges below their CMC's.

The general equation describing the concentration dependence of 

osmotic pressure is
o

tt/c = RT(1/M + Bc+ Cc + . . .) (16)

where it is the osmotic pressure, c is the concentration of solute, M is 

the molecular weight of the solute, and B and C are the second and third

66
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virial coefficients. The form of this equation adapted to use in vapor 
pressure osmometry is

V/C = (V/c) (1 + Be + Cc2 + . . .) (17)
where V is the microvolts of bridge imbalance and the meaning of the 

other symbols are unchanged. Use of equation 17 allows virial coef

ficients to be obtained from vapor pressure osmometry data independent 

of any calibration.

Vapor pressure osmometry measurements were made on glycerophos- 

phorylcholine (GPC)> DiC^ $ DiC^ and DiC^ at concentrations below the CMC 
of DiC^. The lower limit of instrument use was approximately 10 milli- 
molal as a result of non-linear effects apparently related to heat 
losses at lower concentrations. This prevented the use of DiC^ and DiC^ 

since the CMC's of these solutes are at or below this limit. The data 

were analyzed according to equation 17 by plotting V/c versus c and cal
culating a least squares line for the plot (the third virial coefficient 

was assumed negligible). The slopes of these lines were used to cal

culate the second virial coefficients, which were corrected for the den- 

sity of solvent. The Second virial coefficients obtained were GPC,

9.27 ml/gm; DiC^, 9.16 ml/gm; DiC^, 2.19 ml/gm; and DiC^, -5.26 ml/gm.

The second virial coefficient (B) serves as a convenient measure 

of solution non-ideality. For an ideal solvent B = 0. The excluded 

volume effect and other non-ideal behavior which result in a decrease in 

the solvent chemical potential result in a positive value of B. Negative 

deviations from ideality (negative values of B) may be caused by two 
phenomena: charge fluctuations in macro-ion solutions and self

association of solute molecules (Tanford 1961). If charge fluctuations
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did contribute in this case, the contribution would not be expected to 

change with increasing acyl chain length. However, a contribution from 

solute-solute association which resulted from a hydrophobic interaction 
would be expected to increase (making B more negative) with increasing 

chain length. Since the vapor pressure osmometry analysis demonstrated 

a decreasing second virial coefficient (B for GPC > DiC^ > DiC^ > DiC^) 
with increasing acyl chain length and a negative falue of B for DiCj., 
the negative influence on the second virial coefficient appears to re

sult from a higher degree of self-association in solutions of the longer 
chain lecithin homologues. As these vapor pressure osmometry data were 
collected well below the CMC's, this implies some degree of self

association below the CMC's of these short-chain lecithins.

Theoretical Model

Tanford's thermodynamic model for micelle formation by single- 

chain surfactants predicts aggregates of various sizes at all surfactant 

concentrations with both the number and size of these aggregates small 

at low concentrations. It was decided to extend Tanford's theory to 

short-chain lecithins to determine if kinetically significant numbers of 

an aggregate form would be predicted below the CMC, and to determine if. 

a change in form or concentration of aggregate species would be pre
dicted which correlated with the parabolic velocity data of the phos

pholipases Ag and D.

The formation of aggregates of size m from amphiphile monomers 

can be expressed in terms of a set of equilibrium constants
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K = ^2- (18)

where is the mole fraction of monomer and Xm the mole fraction of 
amphiphile incorporated in aggregates of size m. The mole fraction 
terms are simply defined by

. 00

X_ + Z Xm + Xs = 1 (19)
1 m=2

where Xs is the mole fraction of solvent. The identity mAG° = -RTlnKmm
allows the fundamental equation for aggregate formation to be obtained. 
Thus

lnXm = -mAG®/RT + mlnX^ + Inm (20)

where AG^ is the unitary free energy of transfer of a single amphiphile 

from aqueous -solution to an aggregate Of size m. Once AG^ is defined as 

a function of m, equation 20 becomes a distribution function and gives 

the amounts of amphiphile incorporated into aggregates of various size. 

Above a critical concentration (ccr£t; of Ruckenstein and Nagarajan 1976) , 
an optimal aggregate size m* can be defined for a single value of In X^ . 

by setting the derivative of In X^ with respect to m equal to zero.
This gives an alternative expression of equation 20:

dAG° „
— T T  = RT/ni (1 + In X - In m) (21)dm m

when m = m* (Tanford 1974a).

Since Tanford*s treatment employs size-dependent expressions for 

both the hydrophobic and head group contributions to the free energy, the 

geometry of the model must be understood. The alkyl chains of the con

stituent amphiphiles form a hydrophobic core in the aggregate, surrounding
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the core are the hydrophilic head groups which extend into the aqueous

°3medium. The volume of the hydrophobic core in A for an aggregate 
containing m amphiphiles is given by

vhc = 2m (27.4 + 26.9n,) (22)

where nc is the number of carbon atoms of a single alkyl chain which 

enters into formation of the hydrophobic core, e.g,, for DiCg n£ = 5 

since the carbonyl group does not contribute,

A primary determinant of the shape of the aggregate is the fact 

that one dimension of the hydrocarbon core cannot exceed the length of 
two fully extended alkyl chains. This immediately establishes a limita

tion on the size of aggregate which can assume a spherical geometry. 

Aggregates above the spherical limit are assumed to be of a regular 

shape, and calculations were made for both oblate and prolate ellipsoids 
of revolution (conceptually, an oblate ellipsoid results from rotation 

of an ellipse about its minor axis, while a prolate ellipsoid results 

from rotatOn of an ellipse about its major axis) with the semi-minor 

axis b limited by the actual length of an alkyl chain. The actual 

length of an alkyl chain is expected to be close to the optimal length 

based on configurational energy alone and can be estimated from the 

relation

b = P(1.5 + 1.265 nc) (23)

where the parameter p is the ratio of the length of a flexible chain to 

the length of a fully extended chain. Having defined b as a physical 

parameter inherent to the amphiphile and having established the hydro

carbon core volume v^c as a function of the aggregation number, the 

semi-major axis a is established by the relationships
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vhc = 4/3ira2b (24)

and v^c = 4/3Tr ab2 (25)
for oblate and prolate ellipsoids, respectively. These values of the 

semi-axis define the surface of a smooth hydrocarbon core and are in

creased by a factor 6r^c to account for the distance of closest approach
 ̂ O

of water molecules (1.5 A), and the undulating or rough character of the 

core surface. The latter arises from the lack of close contact between 
the alkyl chains of neighboring amphiphiles at the point of emergence 

from the core surface which essentially produces a surface larger than 
the time-averaged smooth surface. This increase in area resulting from 

surface roughness is incorporated into the model as a contribution to 
6r^c. . Tanford has obtained reasonable results with a roughness contribu-

O O
tion of 1.5 to 2.5 A (6r^c of 3 to 4 A). The enlarged semi-axes a^ and 

b^ (a^ = a + 6r^c; b^ = b + 6r^) how define a surface of water contact 
through use of the relationships

2area = 2trâ l n l -
e
E (26)

and 2area = 2irb̂ + 2jalbl sin -1 e (27)

for oblate and prolate ellipsoids respectively, where e is the 

eccentricity,

e = /(a2 - b2) / a^ (28)

These areas are divided by the aggregation number m to give the area
o 2

per molecule A ^  in A in an aggregate of size m at the distance of

closest approach of water molecules to the core surface.

In a like manner the semi-axes a and b are increased by a factor
6r, to allow estimation of the hg area per molecule A ^ CAL L l i t S  i C V t U L  U J -
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polar head group- The enlarged semi-axes a^ and b2 (a^ = a + dr^ j 
b2 = b + 6r^g) are substituted for a^ and b^ in equations 26, 27 and 28 
above. ;

Tanford (1973, 1974a, 1974b) divides AG° into two components:

AG° = AU° + W (29)m m m

where AU^ is the purely hydrophobic component representing the free 
energy of transfer of the hydrocarbon tail from water to the hydrophobic 

core of the aggregate and is the headgroup contribution to the free 
energy reflecting the repulsion between head groups on the aggregate sur

face.
The critical concept in estimation of AU* is the recognition 

that aggregate formation does not completely remove alkyl chains from 

water contact, thus the hydrophobic contribution is given by

AU° = A + B(nc - 1) + C(AHm - D) (30)

The first two terms constitute a constant (independent of aggregate size) 

contribution which represents free energy gained from complete immersion 

of the alkyl chains in the hydrophobic core, and the third term is the 

size-dependent positive contribution to the free energy which represents 

the residual area of water-hydrocarbon contact. The value of the con

stant B which represents the methylene groups contribution ( (n^-1) is 

the number of methylene carbons in a single alkyl chain) was established 
from the slope of a plot of RT In at the CMC’s versus n^ for various

diacyl-phosphatidyl-cholines. The derived value of -1196 cal/mole is 85 

percent of twice the value of -t700 which Tanford (1974a) used for single

chain amphiphiles. This is consistent with the idea that the two alkyl
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chains on the same molecule in the monomeric state tend to associate 
with each other and thus reduce the free energy gained by transfer to a 

hydrocarbon environment (Tanford 1973)« The constant A constitutes the 

methyl groups contribution to the free energy. An initial estimate of 
the value of this constant was also taken as 85 percent of twice the 

value Tanford utilized (-2000 cal/mole). The relationship given by 
Tanford (1974a) between the free energy of transfer and the surface 
area of contact between water and hydrocarbon in the aqueous phase

establishes an initial estimate for the value of C (25 + 5 cal/mole per
°2 °2 A )= Another slightly higher estimate (33 cal/mole per A ) of this

°2value also exists (Hermann 1972). The value of D was taken as 41A , 

equal to the limiting area of a lecithin molecule at the oil-water
interface (Taylor et al. 1973) and was essentially identical to twice

Va : °2the value Tanford chose (21 A ) as the surface area per chain when all 

solvent contact would be avoided. Tanford's (1974a) best, estimate of
o

the value of 6r ^  (3 A) was used in the calculation of A^ „

W^» the repulsive, polar-head-group contribution to the free 

energy, was calculated from the relationship

Wm " RT <E/Aan + F/Â > (31)
where A ^  is the area per polar head group at a distance of 6r^g beyond 
the smooth hydrocarbon core. An initial estimate of the values of E and 

F was calculated from the fit of equation 31 to the low pressure region 

of the tt-A curves of diacylphosphatidylcholines at the oil-water inter

face. Figure 21 demonstrates the surface pressure versus area per mole

cule isotherm for l,2-distearoyl-sn-glycero-3-phosphocholine at the 

heptane-water interface (Llerenas and Mingins 1976). The area per
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Figure 21. Surface pressure versus area per molecule isotherm for 1,2-
distearoyl-sn-glycero-3-phosphocholine at the heptane— 0.01 M 
NaCl interface from Llerenas and Mingins (1976).
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molecule and the surface pressure of the phase transition are dependent 

upon the temperature and the phosphatidycholine chain length; however, 
at low surface densities, i.e., at molecular areas larger than the area 
of the phase transition, the phosphatidycholine isotherms are expanded 

and only slightly dependent upon chain length or salt concentration for 
a given temperature (Taylor et al. 1973). To obtain a value of 6r^ 
molecular models were constructed of the four statically acceptable 
conformations for diheptanoyl phosphatidic acid-C which have a parallel 
arrangement of the acyl chains as determined by intramolecular energy 
minimization calculations (Vanderkooi 1973). The choline residue was 

added assuming a gauche conformation (Sundaralingam and Jensen 1965) and 

the distance from the a-methylene carbon to the midpoint of the phosphate- 

quaternary nitrogen dipole was measured. The average value of this
O

distance (5 A) was taken as 6r ^  and used in the calculations of A^.

The full statement of the free energy of transfer

AG” - A + B(nc - 1) + G(AHm - D) + RT (E/A^ + F/A^) (32)
was used to calculate AG6 as a function of m. For calculations abovem
the critical concentration of Ruckenstein and Nagarajan (1976), equation

21 was used to calculate In for a given value of m*. Equation 20 
was used with m = m* to obtain the value of In in equilibrium with In 

X^*. With In X^ fixed, equation 20 was then used to obtain X^ as a func
tion of m. These values of X^ were summed over a range of m (routinely 

defined by In X^ > -50) to give ZX^. The number average (m^) and 

weight average (m^) aggregation numbers were calculated from the 
relationships
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and

Z X / Z X / m 
m=2 m m=2 m
Z mX / Z X . 

m=2 m m^2 m

(33)

(34)

The value of m* was then incremented and the calculations repeated until 

the range of substrate concentration to be considered was exceeded.
Below the critical concentration Of Ruckenstein and Nagarajan 

the distribution function was monotonically decreasing and did not dis
play a maximum of In X^ or an optimal aggregate size m*. For calcula

tions in this range, given values of In X^ were used with equation 20 
to determine X^ as a function of m, after which the remaining calcula
tions were identical.

The calculated values of m , m and CMC (defined as the value ofXI w
h  + EXm where ZX^ is 5 percent of X^) were compared to experimental 
data. The adjustable parameters (C, E and F of equation 32) were changed 

and the calculations iterated until a best fit of the calculated values 

and experimental values was obtained.

The experimental values chosen to fit for DiC^ aggregation were 

nr of 34-37 for an aggregate concentration of 0-25 mM as was the observa

tion of Tausk et al. (1974b); and CMC of 10.5 mM, the value calculated 
13from the • C-NMR data of Schmidt et al. (1977). The CMC for DiC^ has

been variously reported from 7.5 mM to 14.6 mM (Roholt and Schlamowitz

1961; Pieterson 1973; Wells 1974; Tausk et al. 1974b); since the data
generated from the theoretical model are to be eventually compared to

13equivalent data generated from the C-NMR determinations of Schmidt et al 

(1977), the use of the value calculated from their data is clearly de

sirable to maintain internal consistency. Excellent agreement with
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these values of the CMC and was obtained using the following values

for the parameters of equation 32: A, ^3478; B, -1216; C, 28.5; D, 41;

E, 95; and F, 32,143. Plots of AG° versus m for DiC, both as oblatem b
and prolate ellipsoidal aggregates are' presented in Figure 22. A clear
preference for oblate ellipsoids Was demonstrated at all m values. The
distributions of aggregates at different concentrations as predicted
by this calculation are presented as plots of InX^ versus m in Figure

23. The first concentration to exhibit two extrema in the distribution

function is 5.0 mM; this represents the critical concentration (ccrj_t-)
as defined by Ruckenstein and Nagaraj an (1976) and its relationship to

the calculated CMC is consistent with their observations. As can be

seen from Figure 23 and Table 3, the distribution of aggregate sizes

does not change dramatically with increasing concentration above the CMC

As mentioned above the velocity data for phospholipase A^ and

DiCg have not been fit to any model. Calculating the velocity of the

reaction as a function of total substrate concentration using

(mon) (agg)
^ o n  Kmon + vagg %agg 
m m m m

vt = ----------- — -- -----— —  (35)1 + (Son) + (agg)
Kmon Ragg
m m

the phase separation model does not demonstrate even qualitative agree

ment with the observed data, as the velocity curve it predicts is hyper
bolic from the CMC and the observed velocity curve between 10 and 25 mM 

is parabolic. The observed velocities of phospholipase A^ hydrolysis of 
DiC^ and the values calculated from the phase separation model are pre

sented in Table 4.
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Figure 22. A versus aggregation number plot for DiC
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Figure 23. Calculated distribution of DiC, aggregate sizes at various 
millimolar concentrations.



Table 3. Aggregate Distribution Characteristics

Total
Concentration

(mM)
mn mw

Aggregate
Concentration

(mM)
Monomer

Concentration
(mM)

m*

2,5 2.1 2.2 * 2.5 — -

5-° (Ccrit) 3.8 8.2 * 5.0 14

8.0 25.7 26.9 * 8.0 27

10.5 (CMC) 32.9 33.9 0.5 10.0 34

50.0 37.0 38.0 38.5 11.5 38

* Aggregate concentration less than 0.5 umolar
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Table 4. Observed and calculated velocities for the hydrolysis of DiC, 
by Ch adamanteus Phospholipase

Substrate
(mM)

Observed
Velocity
(ymoles/
min/mg)

Calculated Velocity •to
Phase

Separation
Theoretical

Model^
C-NMR

Analysis^

2 2.3 2.3 2.3 2.3
4 3.4 3.5 3.5 3.5
6 4.1 4.1 4.1 4.1
8 4.5 4.6 4.6 4.6
9 4.8 4.9 4.8 4.8

10 5.5 14.4 4.9 4.9
12 7.4 108 21 21
14 33 200 73 74
16 " 105 290 134 152
18 245 380 221 238
20 348 465 298 334
25 671 675 522 608
40 1220 1250 1176 1256
60 1885 1910 1928 1950
80 2450 2470 2470 2459

100 2950 2955 2856 2931

a« Calculated from equation 25 with Km°n = 4 mM, = 58 mM, V™ 011 =m m m
6.9 ymoles/min/mg, = 9500 ymoles'/min/mg

b. Calculated from equation 36 with K = 4  mM, K = 3 mM, K =
JMT ^ MTT ^5 mM, v = v = 6.9 ymoles/min/mg, v = 5600 ymoles/min/mg m m  m
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Having achieved agreement between the observed DiC^ values of 

CMC and and the predicted values of the theoretical model, the cal
culated concentrations and specific physical parameters of the aggregates 

(Agm» m^ and m^ ) were examined to determine if a correlation could
be established between the calculated change in a given parameter and 

the change in velocity demonstrated with phospholipase between 10 and 

25 mM total substrate concentration. Neither the aggregate concentration 

nor the physical parameters of the aggregates exhibited a change which 

could be related to the DiC^-PLAg kinetic results and calculation of 
the velocity of the reaction as a function of total substrate concentra
tion using equation 35 gave results essentially indistinguishable from 
the phase separation model when the same values for the kinetic constants 
were used.

In addition to the fact that the above model could not explain 
the DiCg-PLAg kinetic data, three additional observations indicated 

that this model was too simple to account for the thermodynamics of 

short-chain lecithin aggregation.

First, when calculations for DiC^ aggregation were attempted

using the same values for the adjustable parameters of equation 32 as

were used for DiC^ above, the calculated CMC agreed with the experimental

CMC, but the dependence of mw/mn °h aggregate concentration did not
agree with the experimental data (Tausk et al. 1974b). The calculated

values of m /m were very close to 1.02 over the entire concentration w n
range, whereas the experimental values range from 1.49 to 2.12. Altera

tion of the adjustable parameters did not produce the observed heter-
geneous distribution. Tanford (1974a) generated m /m values less thanw n
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1.10 and 1.26 for oblate and prolate ellipsoids, respectively.

Nagarajan and Ruckenstein (1977) generated values less than 1.03 with 

their statistical thermodynamic treatment.
Second, ^H-nuclear magnetic resonance studies of the aggregation

of DiCg and DiC^ in aqueous solution (Hershberg et al. 1976) suggest the

existence of two micellar species at high concentrations. HMR spectra

for solutions of DiC^ and DiCy at concentrations up to four times the

respective CMC’s indicate a rapid exchange of lecithin between the

monomeric and micellar states as established by the magnitude of the

change of the chemical shifts upon micelle formation. The a-methylene
protons of the carboxylic acid side-chains demonstrate a single averaged
multiplet spectrum made up of two partially overlapping triplets in this

concentration range. At approximately four times the CMC the appearance
of an additional splitting of the a-methylene signals indicates the

existence of two magnetically distinct environments in the aggregated

state. The magnitude of the splitting indicates the individual lecithin

molecules are in slow exchange between the two environments.
13Third, C-nuclear magnetic resonance studies of the aggregation 

of DiCg in aqueous solutions (Schmidt et al. 1977) suggest the existence 

to two micellar species, the second becoming equal to the first at 4.8 

times the CMC. This data will be discussed in detail below.

The existence of a second micellar species was incorporated into 

the model by assuming that a "phase transition" occurs when the aggregate 
reaches a critical size (m^). Precedence for such a phase transition is 
clearly found in monolayer studies at both the oil-water (Taylor et al. 

1973, Llerenas and Mingins 1976; see Figure 21) and air-water interface
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(Cohen et al. 1976). Two different methods of introducing the phase 
transition were utilized.

In the first method, it was assumed that the transition resulted 

from a change in the polar-head-group interaction which in effect re

duced the head group repulsion, W^. For purposes of calculation this 

was incorporated into the model by assuming that the values of E and F 
in equation 32 change (becoming E' and F*) at some m = mc» which has the 

effect of reducing AG^ at all values of m equal to and greater than m^. 
This essentially produces a bimodal micellar distribution, i.e., two 

discrete micelle populations exist above the CMC. For purposes of il
lustration the population of smaller micelles was called micelle I (MI) 
and the population of larger micelles, micelle II (Mil). By adjusting 

mc, E* and FV» this model allowed a reasonable fit to the experimental 
data for DiCy.

This bimodal model was applied to DiC^ in two ways. In the first,

the phase transition was assumed to occur in both DiCy and DiC^ micelles

when the areas per polar head group (A^) are the same. For DiCy m = 161
°2corresponds to an = 101 A , which is achieved with DiC^ when = 132. 

Using this technique the calculated distribution of monomer, micelle I, 

and micelle II (arising from the phase traiisition) shown in Figure 24 

was obtained. Although this calculation gives the correct CMC, the m^ 

distribution is too heterogeneous when compared to experimental, i.e., 
experimental 34-37, calculated 34-100 in the micelle concentration range 

of 0-25 mM. The other approach was to choose the values of m^, E* and F' 
such that the correct m distribution was approximated and sufficient • 

micelle II was present to be significant in the kinetic calculations.



Total DiCg concentration (mM)

Figure 24. Concentrations of various species present in DiC^ solutions as a function of total 
concentration calculated with emphasis on area-dependence of phase transition.
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The distributions of monomer, micelle I and micelle II calculated by this 
technique, which utilized a value of m^ = 80, are shown in Figure 25. 

Again the correct CMC was calculated and ny varied from 41-47 in the 

concentration range of 0-25 mM micelle, in better agreement with 

experimental data.

Assuming that larger micelle (micelle II) is the form of the sub

strate responsible for the high rate of hydrolysis and using the cal

culated concentrations of the substrate distributions, an attempt was 
made to fit the observed DiCg-PLAg kinetic data using the following 
equation:

(mon) (MI) (Mil)
^ m o n  jrm 0 n  + yMI gMI + -yMII jrMII 
 ̂ m m

(mon) (MI)
1 + Km0n + KMI m m + K

(Mil)
Mil

(36)

Both approaches achieved excellent agreement with the experimental data 

above 16 mM total substrate, although a discrepancy was demonstrated 

between 10 and 16 mM (Allgyer and Wells 1977). The concentration of 

micelle II in this region is quite low (< 0.09 mM) and may be consumed 

too rapidly to be detected by the enzyme assay employed.

Tausk et al. (1974c) have characterized the association of DiCg 

at room temperature in 0,2 M Lil (since DiCg is not soluble at room 

temperature). They reported that the weight average micellar weight 

increases strongly with the concentration (ny changes from 500 to 5000 
over a concentration range of CMC to 20 mM). Also this strong dependence 

of aggregation number on concentration implies large polydispersity of 

aggregate size at a given concentration (Tausk et al. 1974b). Attempts



Total D iC q concentration (mM)

Figure 25. Concentrations of various species present in DiC^ solutions as a function of total 
concentration calculated with emphasis on kinetic significance of micelle II.
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to reproduce the observed DiC0 m values by adjusting m , E ’ and F’o W  C
were totally unsuccessful. Since the model should be valid for each of 
the short-chain lecithins, the failure of this model to predict the ob

served DiCg distribution indicates this model is inadequate to explain 

the thermodynamics of short-chain lecithin aggregation.

In the second method of introducing a phase transition into the

model, it was assumed that above some critical size (m )AG° decreasedc in
with increasing m tending to a finite limit (AG^) as m . This treat
ment is applicable to aggregates in which growth occurs by lengthening 
without change in the cross-sectional area normal to the long axis. 

Israelachvili et al. (1976) have developed the applicable equations on 
the basis of .the relationships

s-ii\ (37)

5 , am (s-xp
31nX1 (38)

and yc = y° + akT/N JN 00 (39)
where N is the aggregation number; N, the mean aggregation number; k, 

Boltzmann's constant; S, the total amphiphile concentration in mole 

fraction units; and X̂ ., the mole fractions of amphiphile as monomer 
and as aggregate of size N, respectively; a, a constant characteristic 

of the amphiphile; and y® , the self free energies of amphiphile con
tained in aggregates of size N and of infinite size, respectively. From 

these expressions a distribution function equivalent to equation 20 is

obtained:
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= e NY ' (40)

where Y = X1 exp (y" - y%) / kT (41)
and - y”) / kT = AG° / RT (42)

Equation 37 can be expanded to give

S = X. + e“a Z IH® (43)
N=mG

This, summation can be carried out to give a specific expression for the 
total aggregate concentration:

m
V Ce - “

S " X1 1 - Y  ̂ 1 + m (1-Y) ^ (44)

which with equation 38 gives a specific expression for the mean aggrega

tion number (Israelachvili et al. 1976):

-c + r-r c i + mc(l - Y) + Y (45)

Use of the latter two equations allows calculation of the aggregated 

amphiphile concentration (S - Xj) and N for given values of m^, a and Y

without requiring numerical integration over a large range of N.

The dependence of InX^ on N as described by equation 40 is 
demonstrated in Figure 26 at various Y values. These curves are com

pletely general in that they may be used to describe this type of ag

gregation in any applicable system; changing mc simply alters the point 
of initiation of the calculation, and changing the value of a moves the 

curves vertically but does not alter their shape. The range of Y values 

that pertain to a particular amphiphile is determined by the value of 

AG^ and the monomer concentration (X^) range which is physically
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Calculated distribution of aggregate sizes as a function of 
Y values using value of a = 16.50.
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achievable (see equation 41). For example, the approximate Y values at
the CMC are 0.88 for DiCg, 0.90 for DiCy, and 0.98 for DiCg.

In calculating the aggregate contributions at a given monomer

concentration, equation 20 with AĜ V established by equation 32 was used

for aggregation numbers, up to m and the summation of these mole frac- 
mc Ctions ( £ X ) defined the contribution of micelle I. Above aggregate 
m=2 m

size m , equation 44 was used to calculate the concentration ( £ X )
m=mc

of the second type of aggregate (micelle II) in equilibrium with the 
given concentration of monomer. The values of a, m^, and AG^ were then 
adjusted to achieve a best fit to experimental data over the range to 

total substrate concentration employed.
For DiCg a reasonable fit to the PIA^ kinetic data (see Table 4) 

was achieved with values of AG^/RT = 8.49, u = 15.32 and m^ = 53 using 
equation 36 to calculate the resulting velocity. The dependence of the 

concentrations of micelle I and micelle II on the total substrate con

centration as predicted by this analysis is demonstrated in Figure 27.

An attempt was made to fit the DiCy aggregate weight data of 

Tausk et al. (1974b) by using

a
\  "! xm + 5

oo
£

m=mc
Xm

£
m-2

Xm

(46)

to approximate the average aggregate weight. Good agreement between the 

calculated values (solid line in Figure 28) and the experimental values 
(solid circles) was achieved with a = 16.50, AG”/RT = 10.44 and m^ = 60.
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Figure 27. Concentrations of micelle I and micelle II present in DiC, solution as a function 
of total concentration as calculated from fit of theoretical model to PLA„-DiC, 
kinetic data. 2 6

VOro



Figure 28. DiC^ weight average aggregation number as a function of aggregate mole fraction.

The solid circles are the experimental values of Tausk et al. (1974b) and the solid line 
represents the calculated values generated by the theoretical model using the approximation 
of equation 46. .
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The DiCg aggregate weight data of Tausk et al. (1974c) were fit 

by assuming that micelle I makes a negligible contribution to the aggre

gate population and that m^ is approximated by N. Good agreement between 
the calculated values (solid line in Figure 29) and the experimental 

values (solid circles) was achieved with a = 23.40* AG^/RT = 12.31 and
m = 100.c

13C-Nuclear Magnetic Resonance Evidence 

While the theoretical model discussed above was in the latter 

stages of development additional nuclear magnetic resonance data on the 
aggregation of DiCg became available. It was apparent after close exam

ination that these data provided valuable evidence on the number and 
distribution of aggregate forms above the CMC and therefore are included 
herein.

13Schmidt et al. (1977) have measured the C-nuclear magnetic

resonance chemical shifts of the carbonyl carbons of DiC^ as a function
13of concentration in aqueous solutions. The DiCg was specifically C- 

enriched at either the a or. 3 carbonyl. Their data are plotted as a 

function of concentration in Figure 30 with the shift measured with 

respect to the pure monomer resonance. The shifts of the a and g carbonyl 

resonances (Ao^g and AgQ^g respectively) both describe hyperbolic curves 

indicating saturation phenomena. These data were fit to an equation of 
the form

obs
Aa(S)
Ks + (S) (47)

and its linear transformation
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Figure 29. DiCg average aggregation number as a function of aggregate mole fraction.

The solid circles are the experimental values of Tausk et al. (1974c) and the solid line repre
sents the calculated values generated by the theoretical model using the approximation of m~ - N.

voUi



Total D iCc concentration (mM)
13Figure 30. The C-NMR carbonyl chemical shifts as a function of total DiC, concentration from 

the data of Schmidt et al. (1977).

Curve A represents the shifts of the a carbonyl resonance with respect to the pure monomer 
resonance, the squares represent the experimental data and the solid line represents the values 
calculated from the least squares fit of the experimental data to equation 48. Curve B repre
sents the shifts of the 8 carbonyl resonance with respect to the pure monomer resonance, the 
circles represent the experimental data and the solid line represents the values calculated 
from the least squares fit of the experimental data to equation 48. Curve C represents the 
values calculated from equation 50 assuming a single micellar environment.

VOCTx
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-K + Act (48)

where S is Stotal

*obs iVs (S)
- CMC, Act is a constant characteristic of the resonance.

and K is a constant characteristic of the specific lecithin's self

association and represents the total aggregate concentration at one-half

the maximum shift. The value of the CMC which gave a best fit of the ot-
2carbonyl resonance data (r = 0.9959) was 10.5 mM. The K value wass

36.7 mM aggregate or 47.3 mM total concentration. Similar analysis of

the 8-carbonyl resonance data "gave a Kg value of 37.4 mM aggregate (CMC =
210.5 mM and r = 0.9552).

The chemical shift of nuclei in fast exchange between two environ
ments is described by

PAVA + FBVB (49)

where and are the mole fractions in either form, and are 
their respective pure shifts, and V ^ g is the observed chemical shift 

(Hershberg et al. 1976). If the shift is measured with respect to the 
pure A resonance, equation 49 reduces to

AVobs " PB4VB <50>

These equations may be used to describe a situation in which the two

environments A and B correspond to monomer and micelle, and P. and P_
A D

represent the mole fractions of lecithin in monomeric and micellar 

environments, respectively. It is then obvious from equation 50 that 

the concentration of one-half maximal shift (Kg) will represent a mole 

fraction of lecithin in the micellar form of 0.5. This of. course occurs 

at a total concentration of two times the CMC. The plot generated by
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use of equation 50 and a single micellar environment with a shift AV^ =
Aa is shown in curve C, Figure 30. It is obvious that this plot does not 
describe the experimental data accurately since both a and 8 resonances 
of Did- demonstrate a K of approximately 47 mM total concentration as 

compared to a Kg value of 21 mM demonstrated by the single micelle plot. 
Therefore, these K values are not consistent with a monomer and single 

micelle system, but they can be explained by postulating two aggregate 

species above the CMC.

where P^, Pg and P^ are the mole fractions in each form; V^, Vg and 
are their respective pure shifts; and species A corresponds to monomer 

lecithin, species B to micelle I, and species C to micelle II. The re

duced form of equation 51, measuring the shifts with respect to the pure 
monomer shift becomes

infinite concentration when P ^ ^  approximates unity) from the linear 

transformation replot of the a carbonyl data. This gave a value of 

AVm h  =2.78. To qualitatively establish the shape of the distributions 

two different assumptions were used:

To consider two aggregate species, equation 49 must be expanded
to

(51)

(52)

The value of AV^^ was established as Aa (the chemical shift at

s

monand
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Use of either of these assumptions allowed the observed data to be re

solved into the micelle I and micelle II contributions. In both cases 

the concentration of micelle I arose first above the CMC, and the micelle 

II concentration arose later to exceed the micelle I concentration at 3 

to 5 times the CMC. This observation allowed A V ^  to be estimated by 
assuming the contribution of micelle II to the observed resonance was 

small at concentrations very near the CMC (less than 0.4 mM aggregate).
A plot of estimated AV^. versus aggregate concentration was linear at 
these low concentrations, and extrapolation to zero aggregate concentra
tion gave a good estimate of A V ^  (AV^. = 0.80).

With both AV^£ and AV^^ established by extrapolations to zero and 

infinite aggregate concentrations respectively, equation 52 was used to 
resolve the observed data quantitatively. Figure 31 depicts the con
centrations of each species as determined by this analysis, this dis

tribution is to be compared to the theoretical distribution of Figure 

25. A parallel analysis of the g carbonyl resonance data gave essen

tially identical results. The DiC^-PLAg kinetic data may be fit to this 

distribution as is shown in Table 4.

This analysis essentially confirms the salient aspects of the 

theoretical model, I.e., the existence of two micellar species above the 

CMC and their distribution as a function of total concentration.



Total D iCc- concentration (mM)

Figure 31. Concentration of micelle I and micelle II present in DiC^ solution as a function of 
total concentration as calculated from l^C-NMR data of Schmidt et al. (1977).
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DISCUSSION

Purification and Characterization 

A procedure has been established for the successful purification 
of phospholipase D. The interesting aspect of the purification is that 
inclusion of ethylene glycol in the buffer solutions is mandatory to in

sure the stability of the protein during the chromato graphic separations. 

Equilibrium sedimentation ultracentrifugation of phospholipase D in the 

absence of ethylene glycol demonstrated large polydispersity.

The stabilizing influence of high concentrations of polyhydric 

alcohols from ethylene glycol to polyethylene glycol on the quaternary 

structure of oligomeric proteins appears to be a general phenomenon 
(Shifrin and Parrott 1975). Timasheff et al. (1976b) have shown that a 

variety of proteins in glycerol and sucrose solutions are preferentially 
hydrated, i.e., the cosolvent is partially excluded from the immediate 

domain of the protein. They have also described the mechanism by which 
preferential hydration can exert a stabilizing influence on oligomeric 

proteins by increasing the protein self-association constant. In a self- 

associating protein system, the variation of the association constant 
(kaPP) ^ t h  the cosolvent concentration (ax) is related to the change in 

the number of cosolvent molecules bound (Av^) during formation of a 

protein-protein bond by

^d Ina xx
:(o) v (53)
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where and represent the extent of preferential interaction

between the cosolvent component (x) and the protein subunit in the oligo

meric and monomeric states, respectively (Timasheff et al. 1976b). Self- 

association of the protein must result in a decrease in the area of 

protein-solvent contact which means that the absolute value of v^°^ will 
be less than that of v^m^. Thus, if v^™^ is negative, i.e., there is a 

deficiency of the cosolvent in the immediate vicinity of the protein 
relative to the bulk solvent composition, by equation 53 Av^ assumes a

positive value as does ^ *—  . Hence, protein self-association is en-
x

hanced by the presence of the cosolvent. Presumably such a mechanism is 

responsible for the stabilizing effect of ethylene glycol on phos
pholipase D. Preliminary SDS gel electrophoresis experiments in the 

presence of high concentrations of urea indicate that phospholipase D 
is an oligomeric protein and that the molecular weight estimates by 

ultracentrifugation (116,600) and SDS gel electrophoresis (112,500) 

without urea are of an associated species.

The homogeneity of the purified protein was evaluated by analyt

ical gel electrophoresis, SDS gel electrophoresis and high speed sedi

mentation equilibrium ultracentrifugation. The observation of a single 

visible band upon SDS gel electrophoresis and upon analytical gel elec
trophoresis using gels of four different acrylamide contents testify to 

the purity of the preparation. Likewise, the linearity of the plots of 
the sedimentation equilibrium data is indicative of a homogeneous 

preparation. Having a pure protein affords the opportunity of charac

terization by a multitude of physical techniques. Pursuit of other
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facets of this study has permitted only preliminary physical characteri

zation of phospholipase D. The remainder awaits those who follow.

Kinetic Observations
Phospholipase D hydrolysis of the short-chain lecithins (DiC^» 

DiC5» DiCg and DiC^) demonstrated in each case a parabolic dependence of 
velocity upon substrate concentration over a limited concentration range 
With DiCg and DiCy the velocity could be conveniently measured at higher 

concentrations (above the parabolic region) and the dependence of veloc

ity was found to be hyperbolic. In the case of DiC^, a hyperbolic 

velocity dependence was demonstrated at substrate concentrations below 

the parabolic region. The possibility that the parabolic transition 
region with phospholipase D results from a cooperative enzyme phenomenon 

rather than a cooperative substrate phenomenon must be considered. 

Theoretical analyses of the behavior of hysteretic, allosteric, 

oligomeric enzymes (Kurganov et al. 1976a, 1976b, 1976c) and hysteretic, 

monomeric enzymes (Ainslie, Shill and Neet 1972) provide a variety of 

models relating transients and cooperativity through enzyme isomeriza- 
tions. Although a cooperative enzyme phenomenon cannot be rigorously 

excluded since there is no single criterion applicable to all models 
of enzyme cooperativity, several observations suggest that a cooperative 
enzyme effect may not be involved: (a) transient effects (hyperactivity
decay) are observed only at low substrate concentrations and with in

adequate substrate preincubation; they are not dependent upon enzyme 

concentration; and no transient effects are observed under the condi
tions employed to demonstrate the dependence of velocity upon substrate



104
concentration; (b) the velocity of DiC^ hydrolysis at various concentra
tions was a linear function of the amount of enzyme added; (c) Hill plots 
of the velocity data for phospholipase D hydrolysis of DiC^ and DiCy were 
not linear; (d) different salt effects were observed on DiC^ and DiC^, 
i.e., the dependence of velocity upon DiC^ concentration below 10 mM was 
parabolic in 0.01 M KG1 and hyperbolic in 0,1 M KC1, while inclusion of 

high salt (0.2 M KC1) did not alter the parabolic dependence of velocity 

upon DiCg. concentration. Additionally, a parabolic transition region is 

routinely observed with other phospholipases, flanked on either or both 

sides by regions of hyperbolic dependence of velocity upon substrate con

centration. The anomaly of the phospholipase D data is not that the 

parabolic region exists, but that it occurs well below the CMC.

Pieterson (1973), investigating the hydrolysis of DiC^, DiC^ and 

DiCy by porcine phospholipase A^, has used the initial deviation from 

hyperbolic character in the "monomeric" regions, i.e., the beginning of 

the parabolic transition, as a kinetic determinant of the critical con

centration for micelle appearance (the CMC). The positive deviation of 

the velocity in this region has been assumed to represent appearance of 
a more active substrate form (Wells 1974) , although the character of its 
appearance has not been specifically understood. The fitting of the 
theoretical model to the PLA^-DiC^ data confirms the validity of this 

assumption and quantitatively describes the appearance of the aggregate 

species thus providing a much more explicit understanding of the activity 

of this aggregate system.

The phospholipase D velocity data also demonstrate positive 

deviations which presumably may represent an analogous phenomenon, i.e.,
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a critical concentration at which a more active substrate form makes its
appearance. The current theoretical model for short-chain lecithin
aggregation does not predict a kinetically significant population of
aggregates in this concentration range; however, the vapor pressure
osmometry data presented herein suggest that a small aggregate form may

exist below the CMC. In the case of DiC^ and DiCy, where the apparent

Km's and Vmax's have been determined at higher substrate concentrations,
an upper estimate of the concentrations of the active substrate species

(S*) in the parabolic region may be calculated. This estimate provides
a relatively accurate description of the shapfe of a plot of S* versus

£>totals but the concentration values obtained must be corrected by a

factor of Knr /Km  ̂as a result Of uncertainty in the Km deter-true apparent
mination. The uncertainty in the Km determination results from not

having an accurate estimate of S* concentration at any total substrate

concentration. This information is beyond the limits of kinetic analysis

and must be obtained from physical data which at present are non-existent.
The two most attractive physical approaches are nuclear magnetic reso^
nance and vapor pressure osmometry. Hershberg etal. (1976) noted a

1slight concentration dependence of the chemical shifts for the H 

resonances of DiC^ below the CMC but did not quantitate the dependence.

The vapor pressure osmometry described in this thesis represents only a
i

poor attempt at application of this technique as the accessible instru

ment was not of sufficient sensitivity to allow the technique to be 

fully exploited. The more refined application of both these techniques 
should be enlightening.
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Theoretical Model

A theoretical model of lecithin aggregation was developed to 

determine if a change in form or concentration of aggregate species 

would be predicted which could explain the parabolic kinetic behavior 
observed at the CMC with phospholipase and below the CMC with phos
pholipase D. The model matured by stages as existing inadequacies were 
recognized and corrected. The initial model was based on an adaptation 

of Tanford's thermodynamic formulation and predicted a single-mode, 
narrow aggregate distribution consistent with the reported DiC^ distribu

tion. This model did not predict the heterogeneity observed in the DiCy 

and DiCg distributions, nor was it consistent with the FLA^-DiC^ kinetic 

data.

The second model incorporated a second micellar species (micelle

II) which arose from the first (micelle I) through a phase transition.

Micelle II was conceived under the same thermo dynamic constraints as

micelle I and also appeared as a narrowly distributed species. Assuming

that micelle II was responsible for the high velocities observed above
DiCg data adequately. The bi-

modality produced in the aggregate distributions of this model was
1consistent with the H-HMR data of Hershberg et al. (1976), and pro

vided the heterogeneity required by the DiCy physical data. However, 
this model failed to predict the strong dependence of DiCg aggregation 

number on concentration. This failure lead to the generation of the 

final model of this study.

In the final model the second micellar species still arises from 

micelle I by a phase transition but its behavior is defined by a

the CMC, it was possible to fit the PLA.-
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thermodynamic formulation attributable to Israelachvili et al. (1976) 
rather than that of Tanford which applies to micelle I, The charac
teristics of this model are consistent with the critical facets of the 
physical data for DiC^, DiC^ and DiCg and provide a reasonable fit to 

the PLAg-DiCg kinetic data. The kinetic fit was achieved by use of the 

accepted form of the Henri-Michaelis-Menteri equation for the considera
tion of three substrate species. Single values of Km and Vmax were used 

for each of the three substrate species. The values of these kinetic 

constants which produced a fit to the PLA^-DiC^ data indicate that the 

rate enhancement observed above the CMC is totally attributable to the 

appearance of micelle II.

As the mechanism of interfacial activation of lipolytic enzymes 
in general and phospholipases A^ specifically (Wells 1974; Verger,

Mieras and deHaas 1973) has been the subject of much debate, it would 
be advantageous to know the differences in the physical characteristics 

of a lecithin molecule that is an element of a micelle I aggregate com

pared to one that is an element of a micelle II aggregate.. Although 

micelle I is rather well defined geometrically as a result of the ap

proach employed in its thermodynamic formulation, micelle II is not.
The H-NMR data of Hershberg et al, (1976) gave an indication of 

the rate of exchange between substrate forms: they calculated the upper

limit for the lifetime in the environment representing micelle II as ap

proximately five times that for the environment representing micelle I.

Schmidt et al. (1977) have concluded through an argument which
13will not be reiterated here, that the C carbonyl aggregation shifts 

can be solely attributed to changes in their hydration. They have
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13defined a hydration fraction (F^ q ) using the C carbonyl shifts of 

monomer in aqueous solution as the fully hydrated reference state and 

the carbonyl shifts in carbon tetrachloride solution as the fully "un

hydrated" reference state9 such that

5A “ 5CC14

6m  “ 6cci4
(54)

where 6^ is the carbonyl chemical shift in the aggregate state; 6^,^ , 
the shift in carbon tetrachloride; and 6^, the monomer shift. Ex

plicitly A is the fraction of carbonyls in the aggregate that are tl̂ v
hydrogen bonded at a given time relative to the hydrogen bonding ex

perienced by the monomer carbonyl. Schmidt et al. also defined a water 
exclusion fraction

Fex (55)

which can be proportionally related to the molecular packing density in

the aggregates. The values of F calculated for the a and 8 carbonylsex
of micelle I and micelle II are given in Table 5, as are the unresolved 

values reported by Schmidt et al. It is recognized that these values are 

approximate, since small contributions from other shift mechanisms cannot 

be entirely excluded; however, it is apparent that this analysis demon

strates a low molecular packing density in micelle I with approximately 

15 percent of the water molecules excluded from the carbonyl environment, 

and a high packing density in micelle II with approximately 50 percent of 

the water molecules excluded. This observation is consistent with the 
concept of the micelle I to micelle II transformation resulting from a 

phase transition with a concomitant exclusion of water.
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Table 5. Calculated Fractions of Water Molecules Excluded,

Aggregate Carbonyl Fex

Micelle I a 0.16
6 0.13

Micelle II a 0.55
e 0.43

Micelle a a 0.47
e 0.35

a. The values reported by Schmidt et al. (1977).



110
The micelle I to micelle II phase transition obviously achieves 

an increased (larger negative) free energy of transfer on monomer 

lecithin into the aggregate through an increase in the hydrophobic 

contribution (AU^) and/or a decrease in the head group repulsion term 
(W^), although at present it is not possible to specifically establish 
the source of the alteration.

Taylor et al. (1973) have reported that the dharcter of the two- 
dimensional phase transition demonstrated by phosphatidylcholines at the 
oil-water interface is dependent upon chain length and temperature. The 

longer the chain and the lower the temperature, the more the phase changes 

approximate a classic first-order phase transition implying the forma

tion of highly aggregated clusters in the condensation process. As the 

chain shortens, and the temperature rises, the transition becomes one of 

degenerate first-order indicating the formation of smaller clusters dur

ing the transition. It appears from these observations that the two- 

dimensional phase transition at the oil-water interface may be the most 

appropriate model for investigating the micellar phase transition. The 
appropriate tool for the theoretical consideration of phase transition 

is statistical mechanics. Statistical mechanical models of the mono- 
layer phase transition have been proposed by Marcelja (1974), Scott 

(1975), and Nagle (1976), which consider excluded volume interaction, 
rotational isomerism, attractive van der Waals interaction, and headgroup 

interaction with varied emphasis. Application of these treatments to 

shorter-chain lecithins should provide a fundamental understanding of 
the micellar phase transition.
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The model described herein represents the first attempt to estab

lish a thermodynamic theory for the aggregation of short-chain lecithins. 

It apparently provides as accurate a description of DiC^, DiCy and DiCg 

aggregation as is attainable with existing physical data. Recognition 
of the bimodality in the distributions of DiCg and DiCy should eventually 

elicit more accurate measurement and interpretation of these systems and

thereby allow additional refinement of the theoretical model. It would
13of course be advantageous to have C-NMR analysis applied to DiC^»

DiCg and DiCy to provide a clearer understanding of the differences 
demonstrated by alteration Of chain-length. Essentially no physical 

data exist for the DiC^ and DiC^ systems and therefore a comparison of 
these lecithins with the model's predictions is not feasible. The 
existence of a kinetically significant population of pre-micellar aggre
gates, which was postulated on the basis of the kinetic anomalies 

demonstrated by phospholipase D, is not predicted by the current model 

although that refinement may be painlessly incorporated if substantiated 

by physical measurements. The ultimate goal is that the theoretical 

model be generalized so that it is able to describe by a consistent set 

of thermo dynamic equations all aggregation states for lecithins of any 

chain-length. After all, it is fundamental to science that the be

havior of complex systems may be described by simple basic principles, 

the challenge and the joy of the profession arise from the pursuit of 

those principles.
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