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- ARSTRACT

v Phospholipase D:

A, Devélopment of a Continuous Spectrophotometric Assay.

R, ¥ineties with Long Chain Phosphatidylcholines

by

Jemmy Felix Takrama

-~ +
©
v

%&. A continuous spectrophotometric qethod for monitor-
ing phospholipase D-catalyzed hydrolysié of long acyl chain
phosphétidylcholin?é has beén formulated at - pH 8.0 in a
mixed detergéﬂt system using the coﬁpling enzymes choline
oxidase and peroxidase., Major emphasib is placed.on cabbage
phosnhollpase D but the potential of the peanut enzyme is
also indicated. Standard curves for nhosphauldylchollne

determination in both end-point and rate modes are presented

) ahd_applied to the estimation of that phospholipid in a

solubilized human erythrocyte membrane sample. In rate mode
e method is suitable for kinetic study of* phospholipase D

with phosphatldylchollnes in micellar form =

B. The rate rmethod was used in the study of the
kinetics of phospholipases D (cabbage and peanut) with lbng'
acyl chain phosphatidylcholines. Kinetic experiments were.
conducted at ‘constant bulk concentration of detergehts
(Do) and varying bulk substrate concentration (PC).

Initiel velocity and binding gstudies of PLD are consistent
with a rapid random equi}éh{ium mechanism where Ca>'

v
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“ interaction with enzyme constituiles an essential activating

system.

2+
In the presence of 1ncrea51ng amcunt of Ca  , the

Vmax was pTODOPulOHally increased for all phosphatlajlcno—

lines studied and hmapp was dependent on the amount of

Ca2+. The hydrolysis rate showed a,cooperative dependence

on Ca2+ concentration. The Ca2+-indu0ed enhancement of

4

PLD activity was correlated with the inéreé;e in the N
concentration of Caz+ associate& with the phbspholiﬁids.
Thus, activation of PLD is «due to an increase in Ymax as
well as alteratlon in afflnlty for phOSphOllpld substrate.
) The kinetic surves of initial rates versus sﬁbstraate
- concentration were biphasic in the gubstrate concentration
range of O to 2 mM with a high intial reaction rate phase
followed by a phase of lower rates as the detergents to PC
ratio decreased. Conversely, klnetlcs at constant
defergents to PC ratio showed a phase of low initial rate%
followed by a second hyperbolic phasé.
Observation of relatively large UV difference spectra

2+

due to Ca<’ interaction with PLD and/or PC mixed micelles

suggest that some.type of structural pertubations occurred
in the protein and mixed micelles. In;erpreted in terms of
flucfuations in the phospholipid environment, its influence
on PLP activi#y coqld/partly explain gome of the obserfed
trends in the kinetics. |

vi
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CHAPTER 1
INTODUCTION
: ¥ .

"The phospholipases catalyze the hydrolysis of
phospholipids which may be considered as derivativés of
glycerophosphate in which the two hydroxyls are esterified
to long-chain fgtty acids and the phosphoryl grdup forms a
phosphodiester bond with a polar moiety [1].. The acyl
esters at the sn-1 and sn-2 position are cleaved respective-
iy by phospholipase A,, (PLA1), and phospholipase A,
(PLA,). The enzyme fhaﬁ cleaves the phosphodiestér vond
on the glycerol side is designated C, (PLC), and on the
polar side phospholipase D (PLD). Enzymes that‘hydroiyzé
the remaining acyl group on lysophospholipids are'commonly
rreferred to as lysophospholipases.

The existence of the enzyme catalyzing the hydrolysis
~ of phosphatidylcholine (PC) to phosphatidic acid (PaA), plus
cnoline was predicted ovér 50 years ago by Contrardi and
Ercoli [2] and the first descfiﬁtion of the enzyme in carrot
roots and cabbage leaves was ;resented by Hanahan and
Chaikoff [3,4].

Phospholipases D belong to & class of enzynes which
function in a heterogeheous systen, cleaving water insoluble
substrates, In several studies, the adsorptfon of the
enzyme at the interface of lipid and water or oil and water .
was shown to be a crucial step for the performance of the
catalytic reaction [5]. Until recently, PLD was identified

only in plant tissues, however, additional information has

i



2
been gathered to indicate that such an enzyme is present in
,microorganisms [6,7,8,9,10] as well as in mammalia
[11,12,13]. _

Little is knéwn about the physiological role of PLﬁ in
cellular metabolism. However, from studieg of other enzymes
characterized as having phospholipid requirements e.g.,
ATPase, glucose-6-phosphate and A-hydroxybutyrate dehydrog-
enase, itﬁcan only Be speculated that PLD and the base
exchange enzymes may provide a meghanisn for regulating the
functional properties of membrane proteins by modulation of
thé polar portions of these pHospholipids[14].

No systematic study has been published to indicate the
éfficiency of the catalytic -reaction with well-defined
substrate éystems in which the aétual form and concentration
of the substrate and/or phospholipases D have been examined
[5]. Careful studies on fatty acid chain length dependence
have not been reported for these enzymes [1].

Earlier kinetic gtudy on PLA, and PLD was based on a
pH-stat assay which is limited:'in gensitivity and subject to
gizable experimental error, particularly at low initral

rates [15].

Phospholipases D Froh Cabbage and Peanut Seeds

PLD is found in a wide variety of higher plants [5]
and especially in the genus Brassica [19,20]. Varying
degreeé of PLD activity have been demonstrated in either or

both the soluble form or particulate form in carrot



3

seeds [20,21], cottonseeds [22,23] pea cotyledons [24],

1atex serum of Hevea brasiliensis [22,25], many bean

cofyledonS'[26], peanut seeds [27] and cabbage leaves
[19,21;22,24] to mention a few. Heller et al.[27] observed
that the enzyme in dry peaﬁuts wés soluble énd_showed
properties similar to those of the cabbage enzyme, but was
found to also act on cardiolipin and on phosphatidylglycerol
[28] in the absence of ether or anionic amphipathé.

Reports on substrate specificity of the phospholipases
D have been at times contradictory since the physical state,
and the source and purity of the enzymes are major factors
governing substfate specificity. 'The soluble enzyme from
cabbage leaves was capable of hydrolyzing naturally
occurring as well as synthetic phospholipids under various
conditions as tabulated by Heller [5]. 1In addition,
0-lysine or O-zlanine derivatives of phosphatidylglycerol
[29,350)] were also hydrolyzed. Cardiolipin resisted.the.

cabbage enzyme as did- phosphatidylglycerophosphate [31]. The
+

plastid enzyme from cabbage required ether but not_Ca2
although a crude mixture of soybean phospholipids was
degraded even-without ether [32].. Also degraded by the
soluble cabbage enzyme are monoacylgiycer0phosphorylcholine
(1ysolecithin), 1-alkenyl-2-acylglycerophospholipids
(plasmogens) as well as dialkyl derivatives of glycerophos-
pholipids (1,2-ditetradecyl-, 1,2—diﬂexyl—, 1,2-dioctadecyl-
‘gg—glycero—3—phosphorylcholines) [(19,33,34]. Waku and

Nakazawa [35] showed that the cabbage enzyme hydrolyzed
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various synthe®ic 1—alkyl;2—acylj and 1-alkenyl-2-acyl-sn—
glycero-3-phosphorylcholines at rates one-tanth to one-third
that of the 1,2-diacyl phos{;&haﬁtidylchélines. Purthermore,
PC, PS and PE in rat liver microsomes were hydrolyzed [36],
however PI hydrolysis has not been demonstrated with PLD,
[37,38].

’ Arbroad substrate specificity is also exhibited by the
soluble peanut enéyme. Agueous dispersions of‘P , PE, P53, PG
or diphosphatidylglycerol (cardiolipin) or as coigtifuents of
certain.lipoproteins (e.g. red cell membranes) were degraded
by fhe peanut enzyme [5]. The cabbage enzyme hydrolyzed SM
in the presence of Triton X-100 or SDS but the péghut enzyme
" aid not [39]. 1—Mono&cyl—glycérophosphorylcholine was slowly
degraded by the partially purified peanut enzyme [40].

.Thgre has been limited progress in the purification of
cabbage phospholipase D (PLD,), possibly-due to the fact
that the enzyme is very unstable and has not been purified %o
homogeneity. Following the first partial purification
reported by Dawson and Lbng [19]; further burification was
achieved by Yang et a2l. [41] and by Allg&er and Wells {42]
who reported a stable preparation and 680-fold:ﬁurificati0n
in the presence of 50% ethylene glycol. The enzyme was found
most-stable between pH 6.5 and 7.0 [41]. The molecular
weight of the purified cabbage enzyme was found to be 112, 500
+7500 on SDS-PAGE and 116,60016900 by sedimentation equili-

brium ultracentrifugation. In addition, determination of the
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molecular weight by the above methods in, the presence of
high concentrations of uréa indicatéd that PLD, is"an
oligomeric protein since smaller values were found in the
latter case [42].

The peanut engzyme is a much larger protein than %he
cabbage enzyme. The catalytically active form has a
molecular wéight of about 200,000 by gel filtration on
Sepharose-6B and smaller aggregrates are lnactive L43,44].
Aiso, the peanut phospholipase D (PLDP) is very sensitive
to surfactants, inactivated by serum albumin [46] and
inhibited by13—lipopro£eins [28]. TUnlike the cabbage enzyme
the amino acid composition of the purified pefnut enzyme has
been rgported [43]. ’ <

With phosphatidylcholine as substrate,'PLD from plant
sources have a strong dependence on Cé2+ [19,20,53] which
ig far more effective as an activator than any ion tested
[20]. The purified enzyme from cabbage was shown to have an
absolute requirement for calt [19,47] and it was suggestéd
that the optimal concentration of cation was proportional to
the concentration of PC. The peanut PLD 2lso had an
‘absolute requirement for Ca?+ 2+

it [27,45].

and g could not replace

Organic sblvents, particularly diethyl ether, ketones ¢
(n-dipropyl, methyl, pentyl), and esters (butyl acetate, *
ethyl butyrate) stimulate the activities of both .the cabbage
and peanut enzymes [19,20,28,33,49,50]. .

Anionic, cationic and nonionic detergents stimulate
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both the cabbage and peanut enzymes frequently in a superior
fashion compared to ether or other forms of activation [5].
mhe most potent and stimulating detergents of ﬁhe soluble
caboage enzyme were SDS, moanytylphosphorié acid,
phosphatidic ag&d, aﬁd triphosphoinos%t;de,.with SDS having
. the most dramatic effect [5]. SDS and taurocholate at PC/
detergent molar_ratios of 2:1 and 5:$,respectively, stimula-
ted QOnsiderably the hydrolysis of the phospholipid by the
peanut enzyme.' PA and deoxycholate (DOC),.were also ‘
effective [27,28,46].
N

Cationic amphipaths such as cetyltrlmethylammonlum
bromlde, cetylpyridinium chlorlde stearoylamlne or palmi-
toylamine, were potent inhibitors for the cabbage enzyme
[5,49]. In contrast to the cabbage enzyme, the PLD from
peanuts was activated by cefyltrimethyiammonium bromide or
by the nonionic’ Triton X-iOO though theig‘effects were only
one-sixth of the 0p£imal concentration of SDS [5]. p

SP0S beyond a relatively narrow ran;;’of concentrations
is inhibitory to the PLD hydrolytic reaction ¥7,27,28,34,46,
48]. Choline and ethanolamine inhibited the hydrolysis of
ultrasonically treated.particles of PC and SDS by the PLD
from cabbage at pH 5.4-5.8 [48]. -The plant enzymes, PLD,
andKPLDphave been shown to be inhibited by sub-stoichio-
metric concentrations of EDTA [51]. Por instance, a
homogenate of cabbage leaves which was shown to contain 40

2+

mM Ca°t was inhibited by only 10 mM EDTA [19]. Similarly,

the purified enzyme from ‘the same source, requiring 37.5 nM
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Ca.2+ for optimal activity, was totally inhibited only by

8.3 mM of EDTA [48]. ' .
p-Chloromercury bengoate)(p—CMB) but not thiol aiﬁ%lar

ting reagents such as iadoécetate, iodoacetamide, or -

N-ethylmaleimide inhibited the impure plant enzynes [41].

The use of diisépropylfluoroPhosphate (DFP) to investigate

the presence of an essential serine in PLDC failed to

confirm its existence [41].

A heat 1a§}le, dialyzable inhibitor isoclated from
cabbage leaves affected the activity of the enzyme from
cabbage only and not that of cotton seeds [22]. However,
Quarles and Dawson [24J could not detect any inhibitory .
substance in the leaf gxtracts.

Contrary to the observation of Dawson and Hemington
[48] that serum albumin protected the cabbage enzyme and JF
prevented its adsorption to charged surfaces such as glass,
the purified peénut geeds PLD was inactivated by serum
albumin [28,46]. |

It has long been recognlzed that phOSphOllpaSes D 1n
addltlon to their hydrolase act1V1ty, also exert a trans-
phosphatidylase activity in the presence of a large variety
of alcohols, thereby producing from PC compounds such as
phésphat}dyl ethanol, methanol, and isopropanol.

Recently, Kénfér [14J-distinguished betveen transphos-
phatidylation catalyzed by PLD and baée exchange activities
of a class of base exchange enzymes which have hitherto been

confused with the former., Accordingly, transphosphatidyla—
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2+ and weyer—‘

tion require much larger quantities of Ca
goluble precﬁrsofs than base‘exchange reactions. In
‘addition, PLD will inebrfo%ate gljcerol into phosphatidyl-
glyce£ol and simple’élcohbls into unnatural phospholipids
but the base exchange enzymes WLll Wet use these substrates.
In the absence ofva sultable alt:ohol PLD w':l.ll c:ata_lyze a
hydrolytlc reaction but the base exchange enzymes w1ll not
modlfy the strudture of a phOSphOllpld and the former

- -

possesses acidic. pH optima whereas the latter have alkaline

pH optima. : ¢

-

Agegregation States of Phospholipid-Detergent Mixtures -

Lipolytic enzymes have been repeatedly pbserved to act
preferentially on substrates which form aggregates in
aqueous environment, i.e:, monomolecular films, micelles,
liposomes, or other types'of dgspereions [51]: The
aggregate paﬁure of the substrate'introduces uncertainties
concerning the actual eoncentration of the substrate, and if
more than one aggregate form are pregent, which may have
different affinitiee for the enzyme, further complications
are introduced [52]. Investigators have spent much time and
efeort characterlzlng phOSDhOllpldS and phospholipid
aggregates and relatlng these findings to observed llpolytlc
kinetics [1]. It must be noted that since the bulk of work
was done on lipol&tic‘enzymes other than PLD, approaches te
elueidate the mede oftection of PLD naturelly followed

certain paths paved by studies on similar heterogeneous

-

i 0t



gystems [5].

: Detergent—phoépholipid mixed micelles that have often
been used in phospholip§se-assays offer the obvious
advantage that the physical state of the phospholipid
substrate can be controlled; in an excess of detergent, the
micelle structure should be similar no matter which
phospholipid is utilized. ,Th;s offers the potgntial of
standardizing the physical state of the‘substrate and .
lipid-water interface for comparing varying substrates [t].
On the other hand, detergents are not inert matrices and
often inhibit or activate the phospholipases, which can
interfere with any analysis. Though the non-ionic detergent
Triton X-100 is less inhibitory when used. in low concentra-
tionag, SDS, a potent ;ctivator routinely included in PLD .
assays [5,19,34] édds charge to the interface. Fortunately,
the diqpersive action of ‘SDS due to the reduction of inter—

facial packing was not evidenced in the 'case of PIrD, most
' 2+

: probably'due to the large concentration of Ca~" ions

required [5]. .

The surface charge is expressed in terms of zeta

potentials, which. influence the rates of hydrolysis of

- charged particles by phospholipase action [53,54,55].
. " . " .

Calcium reduced qr eliminated changes in the negative zeta

-

potential produced by negativgly éharged amphipaths leading
b L .
to the proposal that Ca2+ promoted the adsorption of the

enzyme onto the surface of the substrate and in its absence

- though adsorption still occurs it is agcomﬁanied by enzyme

. [

Phd a4
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_ mitoylphosphatidylcholine in water to be 4.7(x 1010 u at

10
denaturation [5].
Complete phase diagrams for all the commonly employed

detengent/phospholipid/wéter systems as a function of tempera-

. ture are unavailable, therefore a complete description of tne

aggregation states which occur in the mixture is limited.
However, information on the formétion of lipid detergent mixed
micelles available to date allows us to géneralize that above
some effective detergent to phospholipid molar ratio, all of
the phospholipid present as multibilayers vesicles, etc. is
converted to gixed micelles [57]. -This would normally corres—
pond tolthe amount oflggtergent necessary to form an optically
clear solution consisting of gtable isotropic m;xed micelles
[56,57].-Thermodynamic arguments [57] suggest that the monomer
concentrations of the individual detergents in a mixture
remain below the CMC's of the respective pure detergents.

gimilarly the monomer concentration of phospholipid is lowered

~in detergent mixed micelles. For long-chain diacyl phospho-

lipids, the monomer concentration is so low that it ckn be

ignored for most purposes [57]. For example, Smith

Tanford [58] have meas%;ed the upper limit for mono

25°¢.
Quantitative predictions about the therm dynamic
properties of mixed micelles are impossible gt the present
time since knowledge of the fepulsivé interactions between
1ike and unlike head groups is 1acking'[59j. Making the
agsumption that mixed micelles constitute a separate pﬂase,

the thermodynamic treatment 1s analogous to the treatment of
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liquid-vapour equilibria for liquid solutions [59]. I%
. should be noted that when mixed micelles are formed by
anphipaths with different heaé;groups, ideal mixing is not
to be expecied, however, when nearly ideal mixing occurs, one
‘can expect the mixed micelle to be intermediate in size
between the corresponding pure micelles L5Q]. Mixed
micelles differ greatly in size and structure depending on
the substance solubilized, the detergent, and the detergent/
solubilizate ratio [56].

Despite the preference of phospholipases for micellar
over monomeric substrates which are poorly attacked by théée
enzymes, many workers [42,60,61,62], with the anticipation
of extrapolatingvcléssical enzyme kinetics.to the lipolyvic
enzymes which funection in heterogeneous systems, resorted to
the use of short-chain phospholipids which are water
soluble. The diaéetyl—, dipropanoyl-, and_dibutanoyl—,
phosphatidylcholines are water soluble as monomers [63].

The dihexanoyl-, diheptanoyl-, and diocctanoylphosphatidyl-
cholines form micelles wﬁen dissolved in water at goncentrar
tions above their critical micelle concentration (GMC)
[64,65,66]. For these short-chain phospholipids, whether
monomeric or micellar forms preveil in solution depend on.
the phospholipid concentration and ii a ition, the trans-
formation between"tﬂem may not be sharp [67]. Purthermore,
" while the conformation of the phospholipid in micelles is
'similar to that in other aggregate forms of the phospholipid

it is probably not exactly the same for monomeric phospho-

lipids [68,69]. Also, since monomeric micelles are each’

- o e By . v A et e § e A it e - - —_
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éharacterized by their own kinetic constants [62], another
problem of phasg separation is introduced though chi can be
avoided by selecting conditions that either maximize or
minimize monomer concentration which is negligible for
normal phospholipids.

Notwithstandigg the above, micelles of synthetic
short-chain phospholipidé have the limitation that the
physical étate of the aggregate and the lipid-water
interface is totally control;éd by the phospholipid compo-
sition, so there is little to independently vary or control.
Fbr’normal long-chain phospholipids, either isolated from
natural sburces or synthesized, small uﬂilamellar, large
unilamellar, or multilamellar vesicles can be formed, but
again their characteristics are determined by the particular
phospholipid studied [1].

Obviously, the relevance of any kinetic ccnelusions
obtained from studies with synthetic monomeric substrates to
natural systems can be questioned [1]. Admittedly, Allgyer
and Wells [42] in their work with the cabbage fLD concluded'
that their anticipated simplifications in the kinetics by
using shorit-chain lecithins as substrates were not realized
and one should be cautious in extrapolating studies with

short chain subsbqatés to an interpretation of catalytic

events that occur with natural substrates [70].

Interactions Between Phospholipid Micelles, Proteins and

Cations

In e lipid/detergent dispersion, a mixed micelle is

/
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most pfobably the form which interacts with tﬁe enzyme; such
systems were analyzed by constructing ternéry ohase diagrans
(71,72,73,74].

Complexes of pC-8DS—Ca’’ (or Mg2+) adsorb PLD
purified from cabbage leaves [354,48]; peanut seeds L37-39!
or cottonseéds [75,76]. The enzymatic activity was
associated with these complexes. Ho#eVer, if the .PC (eag
lecithin) was replaced by di-Cy, alkyl aralogue of PC, no
adsorption to such complex occurs [34]. Heller et al.[51]

studied the properties of PC-SDS~Ca®’

, complexes using
proton magnetic resonance (PHR), and analytical ultracentri-
fugation with 20 mM egg yolk PC. Their results indicated
fhat iﬁ the absence of C%2+, non—homoseneoﬁs mixtures oI
PC-8DS aggregates existed when the SDS:PC wmolar ratio varied
from 0,25 to 2, and aggregates having high molecular weignis
coexisted with much smaller aggregates. PIR spectra

. . o + +
obtained in the presence of Ca2 2

indicated that Ca
forms complexes with PC~SDS micellies and tne arrangement or
PC molecules in unprecipitated ternary complexes was siuilar

to their nacking in the PC~3DS mixed micelles [34]. Heller

et al.[34] furthef observed that PLD (peanut) was sedluerted

quantitatively with PC—SDS-—Ca?+ agsregates, but not witn
2+

A

containing comnplexes, suggésting that Ca2+
conferred 2 spatial organization and/or surface charge
density upon the aggregated nicelles allowihg appronrriate
adsorption of the enzyme. Using radioactive PC, it was
observed that heavy aggregates composed of PC—SDS-Ca2+,

which sedinented at very low centrifugal forces vere
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unreactive as substrates for hydrolysis by the enzyme and
only the 'lighter’, 'goluble! aggregates were degraded.
" In recent studies, Rakhimov et al. [77] showed that
cat participates in the formation of a catalytically
active intermediary enzyme—sﬁbstrate complex with a strict

stoichiometric ratio of micellar substrate, SDS and Ca®'.

mhey further maintained that Ca.2+

is also necessary for
neutralization of the extra charge on the surface of
substrate micelles, production of an appropriate ionic
strength, and modification of the substrate phase surface at

the interface [77].

Approaches to the Solubilization of Phosphatidylcholines and

- the Determination of Phospholipase D Activity

Various procedures are used for solubilization of
compleXx 1i§ids, gsuch as addition of detergents or organic
solvents, emulsification,'ultrasonic irradiation or coating
on a solid surface [71,78-80].

.. Simple mechanical dispersion of '*purified' egg yolk
lecithin to form coarse liposomes, which are hardly affected
by the enzymes were used in many of the earlier studies.

The ether system whereby.fhe hydrolysis hag been
'demonstrated to occur at.the water-ether in%erface has also
been used by some investigators [28,34]. Here, a typical
reaction mixturé contained buffer, CaClz, EC (alone or
mixed with labelled substrate, 1 to 7 mM), and enzyme. Ether
was added in 0.1 to 1 vol. of the aqueous phasé resulting in

a biphasic system. Shaking was carried out at 25-30°C for
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10 to 60 min [41,45,48,81,82]. The reaction was then
terminated with acid (HClO, or c130000H), and the
agqueous phase extraéted with ether and products identified
by radiocactivity counts, TLC or chemical énalysis.

The monolayer system consists of a quantity of PC
([14C]methylcholine) alone or in a mixture wifhfan
appropriate amphipath spread in petroleum-ether
(b.p. 60- 80°C) - chloroform (4:1 byavol.) on a clean
water surface containing CaCl, and dimethylglutarate
buffer. The solvent is allowed to evaporate, a magnetic
stirrer is started for 1 min, stopped, and the surface
pressure adjusted to a desired value by moving the barrier.
The enzyme is then injected through the film, and stirring
is started again. The change in radioac?ivity due to the
removal of the [14C]choline from the film in free,
subphase-soluble form, is recorded continuouslj either aione
or in conjunction with alterations in surface pressure
‘[83,84]. Thisdprocedure has three principal disadvantages -
it requires sophisticated instrumentation that is not
cbmmercially avialable; the two-dimensional state of the
substrates makes data analysis and interpretation complex,
and finally, the substrate concentrations or actual amounts
of enzyme molecules involved in the catalysis are also
uncertain. ‘

currently, the most widely used procedure is the
detergent system. SDS, a potent activator of phospholipases
D and a solubilizing agent for PC has been routinely added

to the reaction mixture [27,28,45,46,48]. Some typical
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assay protocols (an extension of Heller's [5] list) are:

(2)

(p)

An acueous mixture of PC and SDS and Ca?+ with -
enzyme added to initiate the reaction [45,46,48].

Same as (a) except that PC suspension is ultrasonically
irradiated prior or after addition of SDS followed by

addition of enzyme [48].

(c) Mixing of solutions of PC and SDS in chloroform and

(d)

*
methanol, in appropriate molar proportions, removing
the organic solvents completely by N2 and freeze

2+

drying, then adding buffer, Ca“ , and enzyme in that

order [44]. Here also the reaction products were ana-

-lyzed as in the ether system.

More recently,-complete enzymatic systems have been
developed to assess PC concentration [85,86,99] and to

determine PLD activity [87]. Carman et al. [87]

T otmm———

develeped a continuous spectrophotometric assay for PLD
from cabbage using choline kinas, pyruvate kinase, and
lactate dehydrogenase to couple the release of choline
with the oxidation of NADH. The reaction mixture, in
addition to the above, enzymes contained Triton X-100
at a final concentration of 1 mM CaClz, MgCl2, KCl

but no SDS. Though these studies show that initial
rates were being measured, the presence of Mg2+ which
is obligatory for the system, could further complicate
the Ca2+—dependence of the enzyme in any rigorous

kinetic analysis.
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¥inetic Studies

Kinetic analysis has always played a key role in
studies of the mechanism of enzyme action. The Ca2+ re~
quirement for PLD from cabbage is complicated and the
concentration of Ca.2+ used in an experiment affects the pH
optimum of the enzyme. With PC and lysoPC, the optimum
calt concentration was found to be 25-40 mM for the
partially purified enzyme [24,48]. With dihexanoyl-PC as a
substrate, the more cat added, the lower the pH optimum,
an apparent Km for Ca2+ was found to be only 0.2t nM at pH
7.5 and rates plotted against substrate concentration showed
regions of parabolic and hyperbolic kinetics [42].

”PLD purified 240-fold from rat brain microsomes has
been shown to hydrolyze sonicated PC .and PE wi}h_Km values
of 0.75 and 0.91 mM in the presence of the detergents
piranol 2EM and cholate and about 4 mi Ca®’ at 37°C, mH
6.0 [11,89].

Numerous papers which deal with enzymes that act on
complex lipids contain irregular kinetic curves [90]. Chen
and Barton [34], using dialkyl analogues of PC containing
014, Cig OF Cig @as substrate for PLD,, found that
though higher concentrations of SDS were required than fof
the diacyi counterparts to obtain optimal stimulation, the
curves of rate against concentration of the ether analogues
in both aqueous (in presence of SDS) and organic (chloro-
form—ether, 1:10) systems were bifhasic, indicating an
inhibition by excess substrate.

Leibovitz—Ben Gershon et al., [91], investigating the
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kinetic properties of lysophospholipase D from rat brain,
found that the soluble form exhibited hyperbolic kinetics
only to a certain substrate concentration, above which it
became parallel to the abscissa, for the soluble enzyme, and
for the particulate enzyme the curves were biphasic. The
biphasic kinetics have been observed by several investi-

gators with lysophospholipase D from various sources [ 90,

reviewed in 92].

Mechanism of PLD Action

The catalytic mechanism of PLD has not Béen well
characterized. Due to the limited progress made in the
purification of this enzyme coupled to the heterogeneity of
the reaction mixture, kinetic studies have been very
difficult and therefore only fragmentary mechanistic infor-
mation is available.

Reduction pf a ldbile sulfhydryl group presumed as the
basis of dithiotﬁreitol activation of PLD, [42] and the
inhibition of the impure enzyme by p-chloromercurial
benzoate (but not other thiol reagents) [41] was suggessive
of the presence of an 'essential' SH. Hdﬁever, direct
measurements of SH in the highly purlfled peanut PLD failed
to show its presence [43]. Whether or not the thiol group
plays a catalytic role is unclear [1]. The exchange
reaction between the choline group of PC and free
[14c]choline has been used to support the possible
existence of a phosphatidyl-enzyme complex [41].

Based on recent stereochemical studies using diastereo-

o
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mers of PC that contain '©0 [94,95] and S [96], Bruzik and
msai [94,95] and Jiang et al. [96] concluded that both the
transphosphatidylation and hydrolysis reactions catalyzed by
the cabbage PLD proceed with an overall retention of
configuration and without appreciable exchange of oxygen
isotopes; a mechanism whereby a phosphatidyl-enzyme inter-
mediate is formed initially, which can then be transphospha-
tidylated to form phosphatidylethanoclamine or hydrolyzed to
phosphatidic acid seems most.probable._ |

Interfacial issues pervade the study of all phospho-
lipases, and the mechanism(s)“responsible for interfacial
activation continue to be actively investigated but present-
ly no consensus has been reached on a single explanation,
Apart from the importance of understanding the physical
basis for this phenoménon, interfacial activation can
represent an experimental complication of some magnitude
when studying the mechanism of catalysis [70]. The deter—
mination of interfacial area of an emulsion is difficult and
the representation of kinetic data in this manner has nosu
been widely used [97]. In addition, if detergents or other
additives are present the sﬁrface area of the emulsion does
not represent the true 'substrate' concentration since part
of thet surface is occupied by the detergent or the additiﬁe.
For these and other reasons [97] it is apparent that inter-
pretation of Michaelis pa;émeters is ambiguous when using

-~

lipolytic enzymes and insoluble substrates [70].
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Scope of Study

A continuous assay of very high sensitivity for mon-
toring the action of PLD on phosphatidylcholines of varying
‘chain lengths is developed at fixed total detergent concen-
tration. With this assay, the dependence of the rate of the
PLD-catalyzed reaction on subsirate and calcium ion concen—
trations is determined, with the aim of gaining some infor-
mation regarding the mechanism of action of this enzyme.

’To supplement the kinetic studies several physical
measureménts afe utilized: (a) UV difference spectroscopy
provides information on the interaction of calcium ion with
the enzyme and with the substrate micelles; bb) light §cat-
tering measurements are employed to ensure that optically
clear phospholipid solutions are being studied; (c) eritical
micelle coﬁcentrations of Priton X-100 in various

mixtures are determined to ensure that all kinetic studies

are carried out with substrate in the same phase.



CHAPTER II
EXPERIMENTAL

Materials ﬂ/

Phospholipase‘D from cabbage and peanut [ phosphatidyl-
choline phosphatidohydrolase, E C 3.1.4.4.] Type I, (634
p/mg protein, cabbage), Type IV (550 U/mg protein, cabbage)
and Type II (200 U/mg protein, peanutj, were purchased froum
Sigma Chemical Co., St. Louis, Missouri 63178, Some
preparations of cabbage PLD (Lot 1112103, b.3 U/mg solid,
Boehringer and Lot 102634, 0.52 U/mg solid, Calbiochem) were
also obtained inifially from Boehringer lMannheim Canada
Ltd., 1475 Begin, St. Laurent, Que H4R 1V8 and Calbiochen-
Behring; P.0. Box 12087, San Diego, CA. 92112.

Choline oxidase (COD) from Algaligenes species
[choline: oxygen 1-oxidoreductase, EC 1.1.3.17] and bovine
serum elbumin (BSA, Cohn fraction IV erystalline) were Sigma
Products. h

Torseradish peroxidasg (POD), [hydrogen peroxide oxido-
reductase, E ¢ 1.11.1.7] Grade II, 100 U/mg solid was
obtained from Boehringer-Mannheinm., i

Enzyme-units quoted in the text afg those defined by.
the respective supﬁliefs. ‘Unit definitions are as fbllows:
PLD (Sigma), one unlt ig the amount of ‘enzyme which will
liberate 1.0 nmole o? chollne ‘from L-0l-phosphatidylcholine
([14CJ—labelled) per hour at,pH 5.6 at 50°¢.  PLD

(Boehringer and Calbiochem) one unit is defined as the

21
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amount of enzyme‘tﬁat will hydrolyze 1.0 pmole of lecithin
pér m%nu%e at 2500, pH 7.0. Tor choliné oxidaSe; Qng unit
is thét amount of enzyme which éaéglyzes theffbrmaﬁion of
1.0 nmole of H202 from choline‘and H2Q per minute at

3700, pH 8.0. One unit of peroxidase is defined as that
gmouﬂt of enzyme which catalyzes the oxidation of 1.0 pmole
.ei;gaafécol bf H202lper minute at 2500, pH 7.0.

‘ L-0—-phosphatidylcholine, d;decanoyl, dimyristoyl,
dipalmitoyl and distearoyl (synthetic), sodium dodecyl-.
- gulfate (SDS) and Triton X-100 were Sigma products.
4—Aminoantipyréhe (AAP) and choline chloride were ﬁurchased

-

from ICN Pharmaceuticals, Inc., Plainview, ¥.Y. Sodiud
2-hydroxy—3,5—dichlorobenQ;nesul?onate (HDCBS) wes.
synthesized init}ally a8 described under methods but later
consignments wefe obtained from_Aldrich Chemical Compaﬁy Ny
Inc. P.0. Box 2060, Milwauked\WJ 53201. Coomassie Brilliant
Blue G-250 kCBBG) (Lot B9J) wgs obtained from Eastman Kodak
Co., Rochester ¥.Y. 14650; A1l other reagents were standard

reagent grade.

v

Apparatus
Spectrophotometers, Model 35 and Acta MVI, Beckman

fhstrumbn%s Inc., Analytical Instruments, Fullertoﬁ’Cali—
fornia; Shimadzu UV-240, Shimadzu Corpora%ion, Spectro—
pﬁotbﬁptric Instruments Plant, Anélytical Inst;umeﬂts
Di#iéion, Eyoto, jépan; and Hewlé%t—?ackafd 8451 A Diode

Array, Hewlett-Packard Scientific Instruments Division, 1601
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California Avenue Palo Alto, CA 94304, were all usell in the
studies. Vol i . .. a

Ail spectral scans and time vs colour deve10pﬁent'
studies were ﬁerformed in both Beckman 35 and Acta MVI. The
former is equipped with an electrical heating module while
the temperature of the ce%} chpartment Sf the latber was
maintained constant with a circulating water bath. Virtu- _
ally identical results were obtained on béth instruments.
Single wavelength and'two-wavelength readings were performed
.with_tbé Shimadzu UV-240, equipped with linear regression
autocaiculating”mechanism._

UV—diff:;enée'spectra were recorded using the single
bean Hewlett-Packard Instrument which™ Zs equipped with a
diode array detecfor‘ All absorbance measurements were made
using a standard quartz semimicro cuvettes (1 mL, 1-cm path-

“
length).

Reagents

All solutions were prepared using distilled deionized
yater and gll chemicals and enzymes were used without
furth&r purification. |

Thelbﬁffersrused inciude: (a) Sod;um acetate buffer
(0.2 M, pH 5.0 to pH 6.5); (b) B,A-dimethylglutarate buffer
(DM(_:- buffer) (10 mM, 0.2 M, pH 7.0) and (c) Tris-HC1l buffer
(50 mM, 0.4 M, pH 7;0 to pH 8.0). Thése buffer "solutions
were made usiﬁg a Radiometer model é6 pH meter equipped with

radiometric seni-microcombination electrode number Gk
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2301—0, The pH meter was standafdized with buffer solutions
of pH 9, 7 and 4 supplied by Fisher Scientific. All pH
measureﬁehts were dong at room temeprature;

<EiD (cabbage) solutions were prepared in 10 mN DMG
buffer, pH'7.0 containing 1 mg/mL BSA and used at room
tempefafuré on the day of preparatioﬂ. PLD {péanuts)
solutions were ﬁ;epared in 10 mM Tris-HC1 buffer, pd 8.0 but
without BSA. AR | 7

Working acetafe buffer &stépwisg assay): This was
pfépared to contain 0.3% Triton ¥-100 (w/v), 6 mM SDS, and
24 md AAP in 0.2 M acetate buffer, pH. 5.5.

Trig-HC1l Reagent (Tris Reagent) (stepwise‘assay): This
feagent was made o contain 0.2% Triton X—1CO (w/v), and 18
ni EDCBS in 0.4 M Tris-HCl buffer pH 8.,0; as well as 2.8,
U/mﬁ COD and 6.0 U/mL POD and stored in 'z brown botfiél

Tris Reagent (continuous assay): This was prepared to
contain 18 mM HDCBé, 4.8 m¥ AAP, 10 U/mL CQE and 20 U/nL PCD'
in 50 nM Tris-HCl buffer, pH 8.0. This reagent is stable
fTor at least four days when stored in a brown bottle at
49¢. Thefe is no nonenzymic coupling of AAP and HDCES at
thié »H éompared to that observed when this rezgent is
prepéred at pE 7.0 where.the stability a2lso reduces to less

than 24 hrs. vhen stored under the same conditions.

Scock PHOSDhatidylcholine Solutions:

(a) Low concentration PC standards

This solution was made to contain 70 AM dipalmitoyl
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phosphatidylcholine (DPPC) solubilized in 0.09% SDS-0.2%
mriton ¥-100 detergent mixture. Only these DPPC standards

were used in the development of the continuous assays.

(b) Intermediate Range PC Standards

These solutions, also made up in 0.09% SDS-0.25% Triton
ix-1oo, contain 0.83 mwM orel .67 mM of_éither didecanoyl |
phosphatidylcholiné (DDPC),-dimyristoyl phosphatidylcholine
(pMPC), dipalmitoyl phosphatidylcholine (DPPC) or distearoyl
phosphatidylcholine (DSPC).

-

(c) High PC Standards

Por these solutions, about 6.67 mM of the respective
phosphatidylcholines - DDPC, DMPC, DPPC and DSPC - were
solubilized in 0.09% SDS-0.2% Triton X-100.

‘d///// All the PC standards were prepared at room temperature
and twelve to eighteen hours of congtant stirring waé.
necessary to effect solubilization of DPPC and DSPC while
léss time (4 hr) was reguired for DMPC and DDPC %o obtain
-opticélly clear solutions. The low and intermediate range
standard solutions so made, remain clear indefinitely when.
étored at. 4°C. However, the high standards were clear
ohly for 3 days when .stored at room témperature, and slight
cloudiness which does not disappear even when:furthef

i

stirring occur thereafter. These high standards were not -
' ' ) &
gstored at 4°C since this permanent opalescence develops

N [

even faster. The int%rﬁediate-and.high standards were used
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for the kinetic studies. Only optically clear solutions
were used in all the studies. Serial dilutions of the PC

standards were made in 0.09% 8SDS-0.2% Triton X-100.

(d) Choline Chloride Standard

Fresh solutions were prepared to contain 70 uM choline
chloride in 0.09% SDS-0.2% Triton.X-100 and serial dilutions

were made in fhis detergent mixture.

(e) Calcium Chloride Solutions

A stock solution of 4.0 M CaCl, was made in water
from which other stgck solutions of required concentrations
were made.

Although stability guidelines haﬁé been given
previously [86] for our-stepwise assay, all enzyme

containing solutions and choline chloride solutions were

used only on the day of preparation.

Methods

(a) Synthesis of Sodium 2-hydroxy-3,5-dichlorobenzene—

sulfonatg ) -
| Synthesis of sodium 2-hydroxy-3,5-dichlorobenzene-
sulfonate was carried out by a modification of the method of
Artiss [98].
Five grams of 2—hydroxy—3,5—didhlo;obenzenesulfonyl
chloride were dissolved in 20 oL of water in a 25-mL round

bottom flask and warmed on a steam bath. Then 1.53 g (2
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equivalents) NaOH pellets were added then heated for 30 min
on the steam bath followed by suction filtration while hot
on a Whatman No. 2 filter paper. The filtrate was allowed.
to stand at room temperature overnight, The crystals formed
were filtered off and dried. The yield based on 2,4-di-
chlorobenzenesulfonyl chl%ride was 215. NMR spectra were
obtaineé on an EM 360 NMR spectrometer (Varian Industrial
Products) in deuterium oxide and are reported in ppm from
sodium trimethylsilylpropanesulfonate as internal standard.
.The product was an off-white solid, m.p. > 270°C, NMR 7.67
(d, § = 2.7 Hz, 1H), 7.74 (4, J = 2.7 Hz, 1 H). Experiment-
al results with our product was identical to those obtained

.using the preparation purchased from Aldrich.

L)

(b) Enzyme Activities

In order to obtain a suitable activity of PLD, the
units of the enzyme were adquted until an abgorbance at
‘510 nm greater than 0.9 was obtained upon completion of the
colour reaction using’theﬂ?o uM PC standard as sample. This
wag routinely checked for each purchase using the stepwise
assay and later the continuous rate method using two or
three representative time scans. This prqcedure was
necessary since we observed a change in suppliers cited
engyme activities since the two previous publications
[86,99] from.this laboratory under identical conditions.

The activity of the éoupling engymes were also checked

routinely with 70.uM choline chloride as sample.
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(¢) Measurement of Optical Clarity of PC Solutions

The ratios of the absorbance values at 700 nm fo absor-
hance values at 500 nm of golubilized lipid solutions were
used to measure light scattering by these solutions [100].
According to the Raleigh Rule for Light Scattering,

(K = ¢ A4, K = extinetion due to light scattering; ¢ =
gcattering constant;lA = waveleng%h in nm}, for scattering
light the ratio of ATOO/ASOO should equal

(500)4/(700)4 = 0.26. All our stock solutions showed no
absorbance at both 500 nm or 600 nm. ~On the other hand, PC
golutions deliberately pr;pared in the ‘presence of excess
CaCl, having observable turbidities gave ratios greater
than 0.45. TQ check whether light scattering effectslwere
present in our agsay protocol in the presence of CaClQ,
300 pnbLr of serially diluted PC solutions, 50 ulr of the
highest concentrations of CaCl, normally encountered were
mixed with 650 pL of Tris-HC1l buffer pH 8.0 and the
absorbance at 500 nm and 700 nm were measured. All
solutions in our range of PC and Ca012 concentrations do
not give any evidence of ligﬁt scattering by tﬁé Raleigh

method.

(d) The Stepwise Assay

The assay protocol was iQentical.to that reported
previously [86,99). 1In brief, 100 ulL.of working acetate

buffer, 300 nL of standard or sample.and 50 ulL of 0.3 M
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aqueous calcium chloride were mixed. The hydrolysis
reaction was initiated with the addition of 50 uL of PLD
solution. The reaction was allowed to proceed at 309C in \
o heating bath (dri-bath) for 15 min. at which %ime 500 uL
of Tris Reagent was added and mixed. The reaction mixture
was incubated for 12 min. at 37°C and then absorbvance ai
510 nm was measured in 1 cm cuvettes. A reagent blank in
which the sample was replaced by the appropriate detergent
mixture and PLD solution was replaced by DMG buffer
containing 1 mg/mL BSA was used to zero the instrument. A
phospholipase D blank in which only sample was replaced by
the detergent mixture and a sample.blapk‘in which only PLD
solution was replaced by DMG/BSA buffer were run at the same
time. The absorbance of the PLD blank was subtracted Irom
21l tests and standards while the absorbance of the sample
"planks was subtracted from the readings of their respective’
samples.

The Sigmé Type IV PLD.used for the bulk of this work
showed 2 null blank reaction. .However, the Sigma Type I,
the Boehringer and the Calbiochem PLD showed minimum blank

absorbancés of 0.022, 0.100 and .0.700, respectively.

{e) The Continuous Assay

Unless stated otherwise the procedure was as follows:
100 pL of 50 mM Tris-HCl buffer, pH 8.0, 300 uL of sample or’
standard or serial dilutions thereof, 500 pL of Tris

' Reagent, and 50 uL.Ca012'solution added according to that
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order and mixed. A baseline was recorded for 3 min. a%v
37°¢ then the reaction was initiated by addition of 50 ol
of the appropriate dilution of PLD, mixed and allowed to
proceed at 379¢ in thefrecording spectrophotometer. Base-
line correctiong were negligible except a2t high substrate
concentrations encountered in the kinetic study. Blanking
was performed as in the stepwise assay. For rate measure-
ments, the velocity of red dye formation was monitored at
510 nm for @imes up to 5 min, For end-point determinations

the absorbance at 510 nm was measured after 20 min.

_(f) critical Micelle Concentration Determinations

CMC for Triton X~100, and various mixtures of Triton

2+ was determined according to the

¥-100, SDS, DPPC and Ca
method of Rosenthal and Kousséle [101] based on the change
in absorption spectrum of Coomassie Brilliant Blue G—250.
The CBBG reagent was prepared as described by Bradford
[102]. Briefly, 100 mg of CBBG was dissolved in 50 mL 95%
ethanol. To this solution 100 mL 85% (w/y) phosphoric acid
was added. The resulting solution waé diluted to a final
voluﬁe of 1 litre. Final concentration of CBBG in the
reagent was 0.01% (w/v) and in the assay was 40 ppm (w/v).
Coﬁcentrations of the detergents énd PC stock solutions were
meintained as in our continuous assay described above.

The assay procedure was as follows: Varying concentra-

tions of detergent or mixtures were added in a’'volume of

0.2 ol to 4.8 mL of CEEG reagent. The solution was mixed
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briefly and an absorption spectrum was obtained against a
water blank. Alternatively, only absorptions at 470 nu and
620 nm were obtained simultaneocusly (dual-wavelength
measurements). The Agqo and Agoq were plotted
independently against detergent concentration.. The CMC can

readily be determined from this plot.

(g) UV.— Difference Spectroscopy

-Difference spectra were recorded by using the single
beam Hewlett-Packard Instrument described above. The data
analyzer was used to store the reference spectrum. Differ-
ence spectra were obtained by direct automatic subtraction

of the stored spectrum from the actual measured one. To

start with, the instrument is blanked with no cuvette in the
cell compartment in the relevant wavelength range. Then tne
quartz cuvette containing e.g. for calcium titrations with
enzyme, 50 oM Tris buffer, buffered enzyme/ solution, and
water were mixed and placed in the cell ompartmerﬂh The
reference spectrum was then recorded-and stored in the
memory. The same cuvetiteewas then washed and equal volures
~of Tris'buffer, enzyme solution and calcium solution as was

in the reference was placed in the cell‘compartment and the

(3]

difference spectrum recorded automatically using the alpha-
numeric'keyboard for the command. The solutions were not
stirred during recording of the actual difference spectrum.
In 21l cases, réco;@ings were repeated to check fof the

stabiiity of the measured signal. The observed differeuce
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signal was routinely'taken from the value of the absorption
maximum relative t the baseline. Difference spectra
obtained in either the presence or absence of 0.05 H NaCl in
the buffers to eliminate ionic strength changes were

identical.

(h) SDS-PAGE

SDS-polyacrylamide ge; electrophoresis was performed
with the Laemmli [88] gel system using 8% polyacrylamide
gels (14 x 10 x 0.15 cm) with dithiothreitol as protein
reductant.

a2+-éctivated or

To test for presence or absence of C
other proteases, SDS-PAGE was conducted on the enzyue
proteins in the présence and absence of 2.5 nM ca®t. Both
the Ca2+—treated and non-treated engymes were incubated

\fbr times of 0, 30 and 60 minutes at 37°C before being
mixed with an equal volume of sample buffer, boiled f min

and loaded on to the gel.

~

(i) Preparation of Human Erythrocyte Ghosts

Human erythrocyte ghosts were prepared as previously
described [99] by the method of hypotonic lysis [106] and
washed until white by multiple centrifugation-resuspension
cydies initially in 5 mM sodium phosphate buffér, pH 7.4,
containing 15 mM sodigm chloride and 0.1 mM EDTA. Pinally,
the ghost pellet was washed tyice with 1 aM Tris-HCl buffer
pH 8.0, containing 15 mM sodium chloride and 0.1 mM EDTA.

n
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The final pellet was diluted twofdld with 0.9% 8DS. Aliquots
of this stock solution were taken for total protein
determinations and the balance was diluted tenfold with 10%
mriton X-100 and water so that the final detergent
concentrations were 0.2% Triton-X—1OO and 0.09% SDS. This
golution and serial dilutions in the same detergent mixture

were asgayed for PC content.

(j) Protein Determination

Protein determinaﬁipn was performed by the method of
Peterson [107] without sample precipitation based on BSA

“gtandards.



CHAPTER III
RESULTS AND DISCUSSION

A. Development of the Continuous Lecithin Assay

Various chromogenlsystems have been utilized for thé |
POD catalyzed reduction of hydrogen peroxide to make the
reaction amenable to spectrophotometric analysis. Phenol
and AAP have been used extengively £or this purpose
[85,{08—111]. Barham and Trinder [112] reported that the
use of a crude sulfonic acid derivative of
2,4-dichlorophenol increased the sensitivity of their systenm
four—-fold over the corresponding phenol reaction, Artiss et
al. [86] found that the unreacted sulfuric acid in the
Barhem and Trinder [112] system had detrimental effects on
the buffering capacity of the Tris-HC1l buffer employed.
They isolated and characterized the sulfonated di;hloro—
phenol as its sodium salt, 2~hydroxy-3,5-dichlorobenzene—-
sﬁlfqnate. The use of HDCBS has bgen shown tp'éroducé a
several-fold increase in sensitivity over that of phenol
[86,113]. From comparative data of various ratios of AAP t0
HADCBS, Artiss et al. [86] decided on a molar ratio of
».4:9.0, AAP:HDCBS. Thus AAP and HDCBS have been kept at 2.4
and 9 mM, respectively, in the development of our’ continuous
‘assay. Similarly the optimization procedures were carried
out using L—drdipalmitoyl‘phosphati&ylcholine based on a
sample volume of 300 uL equivalent to about 70 uM substrate
and using the cabbage phospholipase D.

‘ 34
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b

SDS is a known achivator of PLD [7,27,28,34,45,46,48]
and a powerful membrane solubilizing agent [106], while
Triton X-100 has been reported to inhibit PLD activity
[114]. The use of SDS in our re€action mlxture is obvious,
and Triton X-100, however, was found necessary 1n!order to |
prevent turbidity upon addition ‘of calcium, an essential
activator of PLD [5] due to formation of calcium dodecyl-
sulfate.

Taylor et al, [99] studied the effect of various ratios
of SDS to Trlton X-100" in the sdlubilization of PC and thelr
effect on the hydrolysis rate o PLD, using the stepwise
assay developed in this laboratory [86]. Their results
showed that best results were obtained when PC was made up
in 0.09% SDS-0.2% Triton X-100. Consequently, we solubi-
lized all our PQ sdmples in a detergént mixture of 0.09%
SDS-0.2% Triton ¥-100, We, however, found that for the
continuous- assay, omission of Triton X-100 from the_Tris:
reagent component resulted in very large increases in
rates. Therefore, SD8 and Triton X-100 were only included
in the samples at the levels used previously.

Cabbage PLD has been reported to exhibit optimum
activity at bH 5.5 but to be less stable at tﬁat pH‘fhan at
pF 7.0 [115]. In previous stepwise assays [86,99,110,116,
1171, reagents containing COD.and POD. were prepared at pH

-

8.0 since these two enzymes show Op tivities in the‘

range of pH 7-8 [118]. The PLD hydroly step was carried

*

~ oy
o]
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out separately at some pH around 5.5. However, it has been
shown that the pH optimum of PLD, can be shifted to 6.6 |
with the addition of SDS [119]. Calcium has‘beqn demonstra-
ted to modulate the pH-dependence of the cabbage enzyme; a
pH optimum of 6.25 was exhibited at high CaCl, concentra-
tion and an optimum of 7.25 was displayed at very low
calcium concentrations using dihexanoyl phosphatvidylcholine

as substrate [42].

Optimization Strategy .

/ Following these report;;aﬁd in addition to our prelim-
i;ary studies showing that PLD, hydrolysis ié possiéle'
between pH 7 and 8, we thought it expedient to develbﬁla
continuous assay for cabbage PLD by judiciously controlling
cost of choline oxidase and its:steep loss in relative- -
éctivity below pH 8.0 made the latter pH seem appropriate
for formulation of a continuous assay.

In our optimization procedures for both the -continuous

end-point and rate methods, the concentration of Ga?+

.3DS, and Triton X-100 were chosen such that-levels adequate

-

. ] . N
for PLD activation but §imultaneously low enough to avoid

‘calcium dodecylsulfate precipitation, and Triten X-100

inhibition of the PLD .ctivity,werelmqintained, Under these

c1rcumstances, it was p0551ble t®"comnbine enzymes and modu-
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[99]. See Table Ia and b. |

Variation of COD and POD Activities

To optimize the activities of the coupling enzymes,
each coupling enzyme was aésayed using the same buffer, pH,_
temperature, and substrate concentrati&ns that were employed
to determine the primary enzyme as_indicated by McClure
[120].- Furthermore, we.found the effect of varying the
activities of the two coupling enzymes preferable to the
usual practice of adding excess coupling enzymes in order to
miniﬁize cost.

The effects of COD and PCD were individually examnined
on the complete reaction system such that the corncentration
of all the reaction components were held constant at their
level norﬁally encountered while the activities of the
fespective coupling enzymes were varied. From the results
of.these‘expériments, Table IIa, b, Figure-1a, b and .Figure
2a, b,'optimal values of 10 unité and 5 units per assay of
POD and: COD respectively were estimated and used in our

final assay protoéol.

24

Variation of Ca Levels

Thé data in Table III and Figure 3a, b show the effect

of'Ca?+

on the rate of hydrolysis of PC. From those
results, we decided on 10 mM Ca.2+ for the quantitation of
PC for both end-point (Figure 3a) and rate (Figure 3b)

assays. Calgium concentrations greater than 12.5 mM lead to '
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Table Ia

Standard Curve W?ta for Phosphatidylcholine or Choline®

Least Square Parametersb:

Method Substrate A | B e
Continuous Choline 13.00+0.01 0.012+0.000 0.9999
Stepwise® PC 13.2140.27 -0.040+0.002 0.9989
stepwised pC 12.04+0.07 -0.012+0.000 0.9999

continuous (Endpoint) PC  14.91#0.15 = 0.010+0.001 0.9998
Continuous (Endpoint) PC  14.19+#0.09 -0.041+0.001 0.9999
Continuous (Rate) pC  3.50+0.09  0.000+0.001 0.9987

Continuous (Rate) PC 3.99+0.20 -0.002+0.001 * 0.9967

[}

2puns were formulated as in standard procedures, see text.

bpata were fitted to the equation A = A[Substrate] + B

by least analysis with the coeffic?é%t of regression shown in
column 5. Uncertainties in A and B are root mean square
deviations. , Unit}s for the least square constants for A are,
mM and mM 'min ' . Similarly, the units for the ,
intercept B, are expressed in absorbance and absorbance/min
for the endpoint and rate modes respectively.

CpLp (cabbage) from Sigma. Fydrolysis at 5.5.

dpr,p (cabbege) from Boehringer. Hydrolysis at 5.5.
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-

Table IIa

-~

The Hydrolysis Reaction Rates of Various POD Activities

nits of N | Activities®
POD per‘assay . A ' AA/min
2 0.858+0 .003 | 0.103+0.003
5 | 0.965:0.005 0.105:0.002
7 - - . o.116io,ooi
10 | 1.023+0.003 0.121+0.000
15 © 0.977+0.013 0.128+0.003

20 0.990+0.000 0.127+0.000

2conaltions: PC: 70 nM, Ca®’: 9 mM, COD: 4 Units,
PLD (Type Iv): 35 Units, pH 8.0. All are continuous time
gecans which levelled off after 20 min.

i; . o : ' -;‘

Ny /
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Table IIb-

The Hydrolysis Reaction Rates of Various COD Activities

Units of . Activities®

COD per assay A Ab/min
— ) A . .
2 - C 0.950+0.005 0.109+0.001
PR © 1.02040.005 0.135+0.005
5 - 1.027+0.008 : 0.146+0.011

6 - 0.972+40.011 0.139+0.005 -

SConditions: PC: 70 uM, Ca': 9 mM, POD: 10 Umits,

PLD (Type IV): 35 Units, pH 8.0. All are continuous time
scans which levelled off after 20 min,

.
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Figure 1

Variation in Peroxidase Activity

~

‘Legdgd;

Erzyme activity was varied using 70 uM PC sample at
4 Units{choline oxidase, 9 mM Ca,2+ and 35 Units PLD (Type
IV). Error estimates are given in Table II(a). Top graph
represents the continuous endpoint method and bottom diagram
repreéents the rate method. Both determinations were made

under same conditions.

N/
)
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Figure 2
;Lriation of Choline Oxidase Activity

Legend:

| AEnzyme activity was varied using 70 wl PC sample at
10 Units peroxidase, 9 mM ca?t and 35 Units PLD (Type IV).
FBrror estimates are given in Table II(k). Top graph
represents the continuod‘ endpoint method and bottom graph

represents the rate method."‘Boﬁh determinations were made

under same conditions.”

~r
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Table III

The Hydrolysis Reaction as a Function of Calcium Concentra-

tion®

Concentration

of Calcium (mM) Absorbance? - AA/min®
0.0 0.042+0.005 0.000+0 .000
2.5 0.830+0.008 ' 0.080+0.003
5.0 ©0.95240.004 0.173+0.003
7.0 0.969+0.001 -
7.5 R 0.226+0.003
9.0 0.967+0.004 -
10.03 0.984+0.004 | 0.241+0.001

12.5 0.983+0.016 0.240+0.006

2conditicng: PC: 70 uM, COD: 5 Units, POD: 10 Units,
PLD b(Type IV): 35 Units, pH 8.0.

CEndpoint method. :

Rate method.
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Figure 3(a)

-

‘ Detefmination of Optimum Concentration of Ca2+ (End-Point

Mgtkﬂ)

-

Legend: .

Optimum Ca?+ concentration was determined using 70 nil
‘ fc gample at 10 Units péroxidaée, 5 Unité choline oxidase
and 35 Units PLD activity. The reaction mixture was |
. incubated at 37°C/20min. and absorbance read at 510 nm.

Error margins are given in Table III.
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Pigure 3(b)

]

Determination of Optimum Concentration of Ca®’ (Rate

Method) _
L Y - '

;Leg-endi ; ' -

Optimum calt

concentration was determined uging 70 uM
PC sample at 10 Units péroxidase, 5 Units choline oxidase

-~

and 35 Units PLD activity. The reaction rates were-

3

egtimated from the slopes of the time scans up to 5 mins.,

Error margins are givén in Table III.
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Pprecipitation in the end-point method on cooling after full

colour development. It is evident from these studies -that

thé combined use 6f SDS and Ca?+

as activators of PLD has
drastically cut'down the calcium reguirement fér the enzymg.
Thus a 3- to 6~fold lower calcium concentration was used in‘
this work compared to 30 mM [99], 40 mM [87j and 55 nM [86]

that have previously been used by us and others.

Time for Hydrolysis in EdePoint Mgthod

; The time for cqmplete hyd?olysis was determined from
replicatg_time scans, using thé High standard as a sample,
an assessment similar to the criterioﬁ used by Takayama et
al.[109]. TFigure 4 shows that the reaction was complete for
botﬁ highést-and lowest level standards withi%\15-20 min.

The trace on this graph were taken from single time scans

‘for the respective concentrations.

Summary -
Based on the foregoing considerations and results our

Tris Reagent was @aderup to contain 20 U/mL POD, 10 U/mL
COD, 18 mM HDCBS, and 4.8 mM AAP in 50 mM Tris-HCl buffer,

" pH 8.0, The final concentrations of components in a

fégéﬁidn,mixturelfor both end-point and continuous assays is '
as follows: 5 U COD; 10 U POD, 9 mM HDCBS, 2.4 mM AAP, 10 mM
ca®*, 0.94 uM SDS and about 0.96 mM Triton X-100 (based on
average formula Qeight [56]) and an appropriate dilution of

PLD added last to initiate the reaction. A short lag period
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Figure 4

- Time Dependence of PC Hydrolysis

Legend:

Shown are representatlve rise curves at 37 C at 510
‘nm, for two levels of phOSphatldlehOllne .67 HM (Lower)

and 70 uM (Upper curve).
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of less than 30 secowds was'followed by a constant rate Of‘b
~ colour development whieh was linear fo} at least 5 min and
gradually levelled of £ as-gupstrate was being depleted (see
Figure 4). It should be noted that SDS and Triton X-100
concentration have been cut to half froﬁ their previous
values of 1.9 mM and 1.73 nM reepectiVely reported in our
stepwise assays [99,117].
- Typical standard curves are presented in Figure 5 and
Pigure 6 }or both end-point and rate determinations, respec-—
tively, the data for which are presented in Table Ib (col: 5
‘ and 6,ree§ectively). The best fit lines were obtained
through linear regression analysis with the least square
constants shewn in Table Ta lines 5 and 6, respectively.
-Err;; limits on the ﬁerametefs are root mean squares [123].

A comparison between the molar extinctions and absor-
bances produced by PC standards and choline chloride
standards (Table Ib, col. 1. and 5; and Table‘fe, col. 3) for
the seme amount'of PC or choline chloride for the end-point
method euggest that.all the PC was hydrolyzed by PLD. Artiss
et al. [86] and Artiss [98] observed about 80% hydrolysis in
their stepwise assay, this may probably.be due to the high

concentrations of detergents included in the reaction

‘mixture as noted by Taylor et al. [?9].
~J

Initial Rates Mesurement for PLD

The continuous rate assay was also linear with phospho~

lipase D concentration_ﬁdL substrate concentrations greater

\
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s Figure 5

gtandard Curve for End-Point Determination of PC

Legend:
Shown is a- typical standard curve for end-point

determination of PC at standard assayvconditidns. Each

standard was measured in duplicate.

S—
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Figure 5

DPPC, pM
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Figure 6 -

gtandard Curve for Rate Determination of PC

Legend: 'S

Shown ts a typical standard curve for rate determina-
tion of PC at standard rate assay conditions. Each standard

was measured in duplicate.
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than were used in the development of the method.

Figure 7 (upper line), illustrates the rate of hydro-
lysis with increasing enzyme concentration with 0.125 mM PC
as substrate. The linearity shown on this plot indicates
that initial rates of reaction are being measured. By decing
such plots, one can also get an estimate of engyme activity
under these conditions using éhe rate assay. Data for
FPigure 7 are posted in Table IV.

Though the assay was designed and optimized for the
cabbage enzyme, Figure 7 (lower line), shows that it can
equaily be applied to.the peanut enzyme. The lower rate
observed for the peanut enzyme is not surprising since the
enzyme has been reported to have a lower specific activity
than its cabbage counterpart [46], although the specific
activity quotgdfgy the maufacturer, was 36% of.that of the
cabbage enzyme at pH 5.5. The peanut enzyme could not be
used in the end-point method due to its lower specific
activity plus the fact that very high concentrations of this
enzymeﬂiould not be prgpared since such solutions are
visibly opalescént. Thisg %imits the amount of enzyme that
can conveniently be utilized in our assay protocol without
seriously jeopardizing optical clarity of the reaction

mixture.

Defermination of Lecithin in . .Human Erythrocyte Membranes

The sensitivity and versatility of the end;point and

rate methods are illustrated by application to the determi--
'.



60 N
FPigure 7
PC Reaction Rate as a Function of PLD Concentration

‘Legend:
.Shown is the rate of hydrolysis as a function of cabbage
PLD (O) and peanut PLD (O) concentration with

0.125 mM PC concentration.
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PABLE IV
The Hydrolysis Rate as a Function of PLD Concen‘bratipna
PLD, 'Reaction Rate o PLDP Reaction Rate
ng protein/ml AA/min pg protein/mL AA/min
1,22 0.03%4+0.002 5.5 4  0.008+0.000
x . |
2.44 0.068+0.001 11.1 0.017+0.000
[ Y
3,66 0.110+0.000 16.6 0.025+0.000
4.66 0.150+0.000 - 22.2. 0.935+o.ooo '

£

®Gonditions: PC: 0.125 mM, ce?t: 9 mM, COD:'S’-U\n'its,
POD: 10 Units, pH 8.0. Standard rate method.
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“nation of PC content of soluEilizeh huean erythrocyte'

, membranes. PLD from micreg;al origin,has been used to
determine- total choline-containing phospholipids in various
b;giegical samplés [86,109,111]. In contrast, the cabbage
PLD used in the present determination is specifie for PC
under the conditions of the assay [86!95,117].

In these experiments with the erythfoycyte'membranes,
the washed packed ghosts were golubilized to contain a final
detergent concentration of 0.09% SDS-0.2% Triton X-100 (see
Methods) and serial dilutions in #he game detergent mixture
were used for the PC assays. Taﬁle V shows the results with
both end-point and rate‘methods. Based on the standard
curves (Table Ta iines 4 and'7) run alongside the membrane
_eemples, values.of‘856114 and 857+70 nmol/mL packed ghosts
were estimated respectively for the end«point and rate
'determinations for a ghost sueﬁeneion containing 4.7ib.1 ng
fproteln per millilitre. A

These results could also be expressed as 182+7 and -

.182+19 nmol/mg_membrane proteln respectively. Qhese values -

compare very well w1th those obtained under .otherwise

gimilar condltlons buE using the stepwise assay bf'Taylor et
al, [9§j whlch was 184+11 nmol/mg membrane pnp%eln. The

s%rlking agreement with the latter determlnatlon [99]

1ndicates that the full potentlal of the stepw1se reactlon

has been realized in our contlﬁuous methode. ‘
The slightly larger qncerta;nlty margln in the rate
"methoq compared to.the'end-pbint method mey-be dﬁe:to the

N Al . . ¢
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heférogeneity of the phospholipids in the membrane sample and
more im@ortantly the fact that only a small fraction was
hydrolyzed in the former case.

It may be interesting to note that PC determination in
erythrocyte membranes had hitherto involved tedious
procedures including ifiitial phospholipid extraction into
organic solvent, thin-layer chromatographic separation of
compenents, elution of thewseparated zones and phosphate
determination on the eluents [121,122]. This work thus

represents the first rate method for PC determination.

Initial Probléms with PLD P

It nay bé wprthwhile at this point to mention sone
initial problems encountered in the use of PLD.

Earlier phospholipases D obtained from Sigma showed
about 7-fold less activity than expected (using manufact-
urer's protocol) as such new orders were suspended. New
enzymes were- obtained from Calbiochem. Thése enzymes-
exhibited very poor solubility, had a strong rotten cabbage
smell withsvery high blank reaction. ﬁiaiysis far 17-24 hrs
followed by bench-top centfifugafion were sufficient to
correct for the blank readingg, but mugh.activity was iost
that'way. The use of the Calbiochem enzyme was discontinued.

" Enzyme purchases from Boe?ringe: Mennheim showed -
'.toléréblé blank absorbances,.though the preparation-was not
particularly éoluh}é aﬁd moderéte concentrations had to be

used for good results. Some work was done with this enzyme_ -

T .
.
- . ( Y
. .
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(Table Ia line 3). _ - ' .
Purchases of <enzymes from Sigma were resuned when we
were sent a free test enzyme (Type I) which we found to show

twice the activity quoted. Type I enzyme was purchased until

"it was withdrawn from the market then substituted with the

Type IV. The Tyre IV enzyme was very soluble, easier to
handle, and showed no blank absorbances even at nigh
concentrations. Assay optimizatioﬁ was carried out witn this

P

The peanut PLD was also a Sigma product, Tyre II was

found active while the Type III inapﬁropriate since very long

lag phases, never encounfered with any of the PLD, or the

Type II PLD were displayed. Though the Type II and Type

pl

IITI solutions were siightly opalescent, the Type II was used .,

for all reactions involving the peanut enzyme.

In all kinetic studies (next section) carried out with

"these enzymes, the activities were norfhalized as per mg'

protein. . ,
. _ =
. . \

B. Kinetics With Long Chain Phosphatidylcholines

Kinetic Approaches

An overview of our kinetic studies of phospholipase D
with phosphatidylcholine in the presence of calcium illus-

traté a key role by the metal modifier, Based on the

observed kinetic and supplimentary physical evidence, a rapid -

random equilibrium mechanisf is the simplest model that
adequately d%scribes the data.
' "Monomeric substrates would have been the most appropri-

&
. -
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ate system to test the general modifier model. Unfortunate-
1y, such an approach is not feasible due to the pyriazcé of
limitations of this substrate mentioned earlier. This
necessitates the.use of a micellar system. 2Ry the nature of
the micellar system,lbinding of enzyme to the substrate
involves two ordered steps: initial binding tc the interface
ana_secondary binding within the interface [15]. There are
+hree variabdes involved in experiments with
detergent/phospholipid mixed micelles (15]: D, (total
'detergent concenﬁ;ation comprising L (sSps concentfation)
and T, {(totel Triton i—1OO concentration)), S, (total
“substrate concentration and Xs (surface substrate concen-
tration, PC as'moléafraction of PC plus detergents). If one
is_fixed and the other two are varied, th™e tyres of.
experiments can be performed.

In case I, the surface concentration of substrate,
R
3

ig fixed and the bulk concentration of substrate,

and of detergents, D_. are varied, This is &dcom-

o’ 0

plished experimentally by increasing the concentrations of
phospholipid and detergents proportionally. In case II, the

bulk concentration of substrate, 5, 1s fixed but the -

surface concentration of substrate, Xs and thé bulk con-

centration of detergents, D, are varied. Thig is accom-

plished expe;imeﬁtally y just increasing the concentration
of detergents. In case III, the bulk concentration of
detergents, D ig;fixed.and the bulk concentration of *

substrate, §_ and its surface concentration, X_ are

0 5]

varied. This is accomplished experimentally by just

-

'J

.t
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increasing the phoépholipid concentration.
Case I and II are not feasible in our assay systen
since SDS and Triton X-100 are activator and inert matrix

L

respectively only in a narrow range of coﬁcentrations and
neither can be added in arbitrary eicess. For examﬁle,
doubling or tripling the Triton X-100 level from that used
in the standard rate assay retulted in a 5- or 20-fold,
respe§§ively, lower rate for the 70 uM PC standard. With
SpS, similar but less dramatic differencés in rates were -
observed between 0.1 and 1.5 mM detergent in the cuvette. In
addition, calculation of surface concentration of substrate
(as in case I) should really utilize the concentration of
micellar Triton X-100 and SDS under the conditions cf the
experiments. In fact, these cannot be assumed to be egual
to ;he:CMC [15]. Furthermbre, any values obtained at
cgﬁgtant bulk concentration of substrate (case II) may not
be ;gmpletely #alid as the surface areas may actually.change
as the surface céncentration of substrate changes.

Pinally, calcium moéificétion of the substrate may -introduce
further ancertaintiés with regard to the surface N
concentration. - ’

Case III 'is she gimplest approach and circumvents
obvious pitfalls due to experimental design. This last case
4s tﬁe approdbﬁ adopted in all our kinetic studies. AE; :
expefiments #ére‘conducﬁed only once where'qualitatiVe
observationﬂof kinetic trends were thé objective Eut in

4 .‘l > . -
duplicates or triplicates, where uncertainties are indi-
- . : . N

cated, for estimation of kinetic constants. Replications of

,ihdividual experiments were not'conductéd on different days



69
since about four calcium ion concentrations were used to span
similar subsirate.concentration ranges with similar trends
. being observed. 1In addition, measured velocities were
dependent on the enzyme preparations used.

Vinetics of PLD;Catalyzed HAydrolysis of Phosphatidylcholines

of Varying Chain-Lengths

Two differéﬁt ranges of substrate concentratifn have beeﬂ
used in this kinetic study: (12 High substrate, low molar
detergent ratio stocks (DO:PC 2 1:1)rwhere the highest sub-
substrate cuvette congéntration-#as 2 mM.. (2) Intermediate
substrate, medium molar defergent ratio stocks (DO:PC 2 8:1)
where the highest substrate cuvette concentration was 0.25 oM.
A.}ﬁ;’substrate, nigh molar detergent ratio stocks (D :PC 2
90:1) was used in the development of the assay.

w . A
\ .

Hvdrolysis as a Funchion of Jigh Phosphatidylcholine

Concenératié%s ‘ - b

Pigure 8 shows the DPPC concentration -dependence of
intial Welocity at various fixed_concentfations of calciumsy -~
(2.5, 5, and 10 mM). The family of[ curves generated show
gsimilar characteristics: The veloétty risgs.to a maximum
(peak) and falls again at higher concentrations of substrate
. tending to zero. ;lso,,the peak velocities of the curves move
2+ '

to higher v' and S, values as Ca“ is increased. Similar

- -’

. :
velocity-substrate profiles were obtained in the PLD *
hydrolysis of the o& phosphatidylcholines employed under
identical conditions, Unless otherwige stated all reactions

wefeiﬂonducted using the caﬁbgge enzyme. The results for

-
-
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Figure 8

Tnitial Rates as -a Function of High Concentration of DPPC at

. + \
Various Ca2 Concentrations.

4

Legend: .

[ ==Shil = At )

-

Tnitial rates were determined by standard rate assay for

high substrate concentration (DO:PC 2 +:1) at ca2t

concentrations of 2.5 oM (0), 5 =M (O) and 10 mM (A).
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these other phosphatidylcholines are illustrated in Figure 9
(DDPC); Figure 10 (DMPC) Figure 11 (DPPC, PLDP). Data for
Figﬁres 8-11 are given in Tables VIa, b, ¢. DSPC solufions
at this detergent/phospholipid ratio were turbid and not
used jM~this case.

In order to elininate the possibility that the courled
rate assay had any influénce on the unexpected kfﬁetic
behaviour ottained using the high subsfrate concentration
samples, similar rate measurenents.were conducted but by tne
stepwise assay using short tine incubation followed by 1~
min boiling to terminate the reaction. Similar results
wére obtained. Figure 12 comparesgthe results of both spep~

wise and rate asseys.” Fer the sterwise assay, the pe .
. ' . lw

. L3 .
velocity occurs at a substrate concgentration wnich was two
times higher than for the continuous rate aséaj. It must
however, be recalled that at hydrolysis, the detergent

concertration for the stepwise assay is tyice ag high as for -

the continuous assay. It should notd? efore come as a

surprise wken these two peak velocitiés and practically both
curves coincide when the DPPC congéntration was expreégbd as
mole f}action of the micellar substrate (Figure 13, Table
'VI(d))-. Therefore, it 1s caoncluded that the rates measured
in *the continuous assays are not artefacts of the coupling
enzymes. ’

Prom the results of Figure 8-13, it i< evident that
maximal PC hydrolysis depends upon the relative concentrg—
tions of both c2°" and PC. A charpcteristic feature oI

these curves is that the velocity curves obtained with
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Figure ©

Tnitial Rates as a Function of High Concentration of DDPC at

- . 2+ s . .

Various Ca Concentrations.

& _ )
Legend: N : ’

Initizl rates were determined by standard rate assay for

high substrate concentration (Dd:PC d 1:1) at ca2t

concentrations of 0.5 mM (O), 2.5 ot {(A) and 10 ui (Q).
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Figure 10 : ~.

Initial Retes as a Function of High Concentration of DMPC- at

Ca2+ Concentration of 5 oM.

Legeﬁd:
Initial raftes were termined by standard rate assay for
. high substrete concentratign (D _:PC * 1:1) at ca’t

concentration o? 5 mM.
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- Figure 11
Initial Rates as a ﬁhnctign of High Concentration of DPPC at

Various Ca2+ Concentrations for the Peanut PLD.
o

Legend:

Initial rates were ®etermined by standard rate assay for
a2£

-

high substrate concentration (DO:PC d 1:1) at C
concentrations of (2) 10 mM and (b) 0.5 mM using the peanut

PLD.
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" PAFLE VI(a) - '
PLDc Hydrolysis of High Concentration of DPPC

. ;"A\f
(DO:PC > 1:1)

[nppc]? AA/min/mg protein
mM Ca = 0.5 oM Ca = 2.5 oM Ca = -5 oM Ca = 10 oM ]
0.050 0.307 | 6.660 14.754 21.189
0.100 | 0.350 .  9.8% . 20328 38520
0.200 ©  0.372 f2.9t0 . 34.426 . 59.836
0.400 0.410 8.566 . ..36.721  81.967
0.500 .  0.25 5.799 26.230 " 80.574
0.750 0.246 2.521  16.082, 48.036
i.ooo_ | 1.516 4344 23T
1.670 o ' 2.172 | 4:713
2.0 | 1.762  3.852

85tandard rate assay conditions and concentrations
expressed as final cuvette concentrations. Data for
Figures 8, 14, 17a, b.
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o
TARLE VI(Db)
PLD, Hydrolysis of High Concentration of DDPC

- (Dg:PC > 1:1) and DMPC (DO:PC > 1:1)2

P

[DDPC]% - AA/min/mg protein 'DMPC
~ 7 oM Ca=0.5mM- Ca=2.5mM Ca=10mM Cas=5 ai
0.050 0.399 - 8.471 50.823 ;‘3;576 '
0.100 ' 0.896 _‘ 18.635 ° - 71636 | '5.922
0.200 1.377 42.836 116.166 8.984
0,400 - 3.176 56.651 ~ 195.505 . 7.026
”’7;;255‘- 3.995 N 49.129 212.246 5.019
0.750 j§§60 33.882 199.903 o 1L857
1,000 7.260 27.590 152.348 |
1.250 .4.526 , 24+, 201 136.084 ;
1.670 3.146 . 113.021
2.000 1.876 ey, o 54,696 ) ‘
=X

@5tandard.rate assay conditions and concentrations
expressed as final cuvette concentrations. Data for
Figures 9, 10, 15 and 16,
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Table VI{c)

PLD_ Hydrolysis of Tich Concentration of DPRC (D :PC * 1:1)

[DPPC] " AA/min/mg protein®-’

mM Ca2+ =-d.5 mM "Ca?+ = 10 oM

5 0.050  0.0048  o.465

oot ket -

S 0.100 0.0109 ‘ 0.887 |
0.200 0.0147 1.360
Q.400 ' 0.0109 - 1.940
‘ 0.500  0.0094 2.013
0.750 10.0061 ‘ 1.220
1.000 - - 0.0056 . . 0.544
1.250 | " N 0.237
1.670 A 0.094
£ 2,000 - ' "~ 0.050

.

2pLD peanutsz+used.~~standard rate assay conditions.
DPPC and Ca“" .concentrations are final cuvette
concentrations., Data for Figure 11.

S
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Figure 12
Comﬁarison_of DPPC HYdrolysis by the Standard Rate Assay and

2+

the Stepwise Assay at 10 nM Ca“' Concentration.

Legend: e

¢ The initial rate measurement curve (0O) presented here is
the seme as in Pigure 8 for [Ca2+] = Yé mM, The stepwise
assay (Q) was conducted by short tihme incubations (3 min)
followed by 15 min colour develoﬁmeﬁt at [Ca2+]=

10 mM, N

-

X

" )
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Pigure 12
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Figure i3
Compariscn of the Standard Rate Assay and the Stepwise Assay

with DPPC Conceﬁtration Expressed as Surface Concentration.

¢

Legend:
Conditions are same as in Figure 12. Symbols stand for rate

(3) and stepwise (O).
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Pable VI(d)
Stepwise® Hydrolysis of High PC Standards (D_:PC 2 1:1)

at [Ca®t] = 10 oM.

*

nPRC mol. fraction AS{Ob‘ A/Amax
mM ’ XS
0.100 0.026 0.065 . 0.165
0.134 1 0.034 . 0.100 0255
0.200 £ 0.050  ou127  0.323
0.400 o.ossi O oz _ 0.606
0.800 . 0.174 4 0.3% . 1.000
1.000 0.209 0.324 0.824
1.500 0.285  0.166 0.422
2,000 0.345 0.013 0.033

=

83tepwise assay using short tidh\ggcufétion for 3

. min, followed by boiling for 1 min, then colour
development carried out for 15 min. Cuvette concen-
trations of DPPC posted. : .

,_bNét absorbances posted, blanks were run for each.
DPPC concentration.
Data for Figures 12 and 13.
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higher fixed,Ca2+ concentration are shifted upward ahd are
dependehtfon total Ca2+ concentration even at very low

values of PC. These results would be consistent only if the
concentration of the reactive species were proportional to the

2+

‘amoynt of Ca®’ in the system. This means that the reactive

species is not free P¢ (micellar but uncomplexed) The
inﬁibitorj effect 2t high PC concentration seen in Figure 8-13
could arise in various ways: (1) uncomplexed PC might act as 2
competitive inhibitor by binding to the catalytic site of the
enzyme (2) uncomplexed PC, by complexing free cact, might
-reduce the cbncentration of an essential activator as well as
form inactive enzyme—Ca?+- Pb complexes, (3) Since the

enzymes used were impure, presence of proteases 1in these
preparatidn could cause digesti@p of the phospholipases, with
consequent loss in activity, or (4) a decrease in water

. activity as a consequence oI increase in the molar fraction of
phospholipid might cause a change in the staté_pf aggregation
of the substrate pdésibly by formation of more extended
micellar forms, which are poorly attacked by the
phospholipases,

The last factor, documented by Winsor [124] for micel-
lar transitions in isotropic aqueous detergent solutions, is
not sufficient to explain the observed imhibition of enzyme
activity at high substrate concentratlon. " Furthermore, light
geattering experlments conducted on our reaction mixture, but
excluding the enzymes, indicated that there was no particles
detgctable within the concentration rangéé of.PC and ca®t

used. The third factor ébove, influence of protease, was

tested on SDS-PAGE (see Methods)., The enzyme preparations
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weré Round tq be free of any proteases as evidenced by similarl
gel pétferns in the présence or absence of calcium over a
range of incubation times at 37°C. Both alternatives (19
and (2) seem plausible on the basis of existing data. In
previous studies with phospholipases b_[51,77], Ca2+,
detergent, PC and enzyme have béen implicated in tﬁe catalytic
reaction. Chen and Barton [34] have also documented the
inhibition of PLD by excess substrate. In a similar
investigation, Nakagaki et el. [125] analysed the interfacial
reaction of PLD by measuring .the fluérescence change of - )
8-amino-1-naphthalenesulfate present in the micelle solu-
tion. Their results indicate that with increasing init}al
molar fraction of lecithin, the rate constant of the,ehzymic
process decreased, and an initial slow reaction occurred in
tHe mixed micelle solution with large initial molar fraction’
lecithin [125].

In order to gain farther iﬁforﬁati9n about the inhibi-
tory effect at high PC concentration, piots of the reciprocal
velocity against - -total PC (Dixoq plot) were made. Figure‘14
(DPPC), Figure 15 (DDPC) and Figure 16 (DMPC) demonstrate that
in?ibitibn by PC was markédly biphasi¢ indicating among o6ther
factors that inhibition at the‘catalytic gite aimoét certainly
takes place.. As 48 usual in the case of subgtrate inhibition,
.the reaction rate approacheéufﬁeJM{chaglis—Menten value when
subs?rate concentration is small, but épﬁroaches'zero ingtead
of Vmax when subétrate'cdnceﬁtration is large [1?6].

To gain mofe insight into the roiesjbf ca®t in the

>
hydrolysis the reaction rates were plotted as a function of

2+

Ca“" concentration at various fixed values of PC concen—
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Figure 14
£ J . .
A Plot of Reciprocal Initial Rates as a Function of DPPC
Concentration (Dixon Plot) at Various Ca2+ Concentrations.

Legend: _ .
- ‘ .
Reaction conditions same as for Figure 8. Symbols stand
for Ca®* concentrations of 2.5 mM (0), 5 mM (O) and 10 mM

).
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FPigure 15
A Plot of Reciprocal Initial Rates as a Tunction of DDPC

Concentration (Dixori Plot) at Two Concentrations of cast,

<

Legend: .

Reaction conditions same as for Pigure 9. Symbols stand
for cat concentrations of 2.5 mM (A) and 10 nM (©O).: Plot
for Ca2+ concentration of 0.5 mM not shown due to wide

scale disparity.
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Figure 16

A Plot of Reciprocal Initial Rates as a Function of DMEC

2+

Concentration (Dixon Plot) at a Ca Coqcentratidn of 5 mM.

Legend:

' Resction conditions same as for Figure 10 and at calt

concentration of 5 oM.

e —r e e e}
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Figure 17

2+

Initial Rates as a Function of Ca Concentration at

Various High Concentrations of DPPC.

Legend:

Reaction conditions same as for Figure 8 and at DPPC
concentrations of (a): 0.05 mM (O), 0.10 mM (©) and 0.20 mM
A); (b): 0.40 M (0), 0.75 nM (A) and 1.00 mM (C1).
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Figure 17
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tration. TFigures 17a, b show a sigmoidal dependency of
velocity on Ca2+ concentration. This is a strong indica-

. K

tion that the reaction involves at. least two typ¥s of <alcium

binding, consistent with the multiple role of catt

suggested
vy deller [51] and Rakhimov [77]. .E?Fording to Gutfreund
[127], an illustrative procedure obtained by plottiﬂg a family
of curves of-ﬁelocity,agéinst metal ion concentration would
help in distinguishing between the mechanisms with cqmpuiéor&
order or'random order of addition cf substrate. Such piotg}
according o Gutfreund [127] give one of two results in
clear-cut cases. (1) If the substrate has to be associated

with a metal ion before it will combine with the enéyme

“
(compulsory order) then at low metal-ion concentravion the

family of curves are}superimposed, and the velocity'is
dependent on substrate—metal complex and independent of free
metal or free substrate concentration. (2) If, however, the
free substrate will combine with thejenzyme; either with the
same or a slightly different affinity as.thefmetal—substrate
complex, but foém‘an unreactive enzyme-substrate complex, then
the family of curves would depidt this fact. At a constant
total metal—ién concentration, increasing total substrate
concentration will cause and increase in the reaction velocity
until the substrate concentration becomes as large and larger
than the metal concentration, then the reaction velocity will
decrease. The free substrate can behave as a cbmpetitive
inhibitor for the metal ion—substraté complex [127]. Our data
so plotted (Figures 172, b) is indicative of a random order
mechanism whereby free substrate as well as metal-substrate

conmplex both bind to the enzyme and in addition an inactive
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metal-subsirate-enzyme complex is formed.

Hydrolysis as a Function of Intermediate Range Yhospha-

tidylcholine Concentrations

~ Following the observation of the diminshgd enzyme
activity a2t high substrate concentration, wgvincreased the
total detergent to substrate ratio to about 8:1. In other
words we reduced the inifial molar fraction of substrate
tnough the total detergent concentration at hydroly31s re-
mained unaltered. Under these conditions the velocity-sub-
sfrate relatiénsﬁips were hyperbolic and-showed saturating
kinetics for all the phosphatiﬁylcholines studied. These

gelocity—substrate curves for the various phosphatidylcho-

lines are shown in Figures 18 through 22 and data are given in
mables VII a2-e. There are some apparent inconsistencies in
the Tables VII when comparison is made with corresponding

entries in‘Tébles VI. TFor ex;mple, with 0.1 mM DPPC in the

presence of 2.5 mlM Ca?+

different velocities are reported‘in
Table VIa-and VIIa. This sin_lplyaref-lects the fact that
different enzyme preparations were used and illustrates.the
need to avoid comparison of absolute velocities from Téble to
Table. However, comparison of veloci%ies within a Table is
valid. Double reciprocal plots.of the above data are plotted
as shown in Fig&bes 23 through 27, and Pigure 28 ié a.similar
plot of 1/v against 1/}{S (mole fraction at [ca®t] = 10.mM)
for +the phospholipids. One striking feature common to all
the phosﬁhétidylcholines is the linearity of these plots at
2+

high Ca“" concentration. These plots become progressively
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Figure 18
Intial Rates as a Function of Intermediate Concentration.of

DPPC =2t Various Ca?*EQOncentrationsp

Legend:
" Initial rates were determined by standard rate assay for

intermediate DPPC concentration (DO:PC > 8:1) at cast

concentrations of 2.5 mM (a), 5 nM (O) and 10 =nM (O).
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TFigure 19
Tntial Rates as a Function of Intermediate Concentratioﬁ'of

- 2+

DPPC with the Peanut PLD at Various Ca Concentrations.

~ Legend:
Tnitial rates were determined by standard rate assay for

intermediate DPPC concentration (DO:PC > 8:1) at various
Ca2+_concentrations of 0.5 mM'(Q), 2.5 mM (A) and 5 mM (C)

using the peanut PLD.
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Figure 19
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Figure 20 {/
Intizl Retes as a Function of Intermediate DDPC Concentrétion
a?+ Concentrations.

a2t ¥erious C

]

Legend:

Initial rates were determined by standard rate assay for
. - Q
intermediate DDPC concentration (D, :PC » 8:1) at various

»
ca3t concentrations of 0.5 mM (A), 2.5 oM (O) and 10 mM (O)

¥
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" Figure 20
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Figure 21
Tntial Rates as a Function of Intermediate DMPC Concentration

at Various Ca.2+ Concentrations.

-

Legend: | - . }
_ Initiel rates were determined by standard‘rate assay for

intermediate DMPC concentration (D :PC 2 8:1) at various

ca?* concentrations of 2.5 mM (4), 5 mM (O) and 10 mM (0).

B
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Figure 22
Intial Rates as a Function of Intermediate DSPC Concentration

2+

at Various Ca Concentrations. ‘

Legend:

Initial rates were determined by standard rate assay for
intermediate DSPC concentration (D :PC * 8:1) at various

ca®t concentrations of 2.5 mM (0), 5 mM (A) and 10 nM (O).
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Table VII{a)

PLD, Hydrolysis of Intermediate Concenitration of DPPC

(D :pC 2 8:1)%@

0

[prpC] AA/min/mg protein
mM Ca = 2.5 nM Ca=>5mnM Ca=10aM Ca= 20 mM
0.050 2.094 7.199  15.506+0.188  18.519
0.083 3.139 12,712 24.16&ip.161 32.329
0.100 3.453 15.542 28.798+0.000 35.782
0.125 | 4.002 16.871 54.173+0.355  49.592
2 '
0.167 4.316 $ 19.460 41.039+0.079 +65.286
0.250 3.672 21.883 47.866+0.784 40.176
. 2gtandard rate assay conditions. DPPC and Ca?+ :

concentrations are final cuvette concentrations.
Reactions at [Ca] = 10 mM are duplicate runs.
Data for Figures 18, 23 and 29.
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mable VII(b)

(DO:PC > 8;1)%

Hydrolysis of Intermediate Concentration of DPPC

[DPPC] AA/min/mg protein
mM Ca=0.5mM Ca=2,50M Ca=5mnd Ca= 10 oM
0.050 0.0115 0.2517 0.4371 0.5035
0.0853 0.0150 0.4056 0.6993 0.8378
0.100 0.0154 0.4545 0.8091 0.8916
0.125 0.0157 0.5594 0.9650 1.1189
-0.167 0.0182 ‘ 0.6923 1.1629 1.1608
. 0,250 0.0182 0.7517 1.4909 1.6224

%3tandard rate assay conditions.
concentrationsg are final cuvette
Data for Figures 19 and 24.

’

DPPC and Cast
concentrations.
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Table VII(c)

.« PLD Hydrolysig of Intermediate Concentration of DDPC

(DO:PC x»g:1)%

DPPC AA/min/mg protein

mM Ca = 0.5 oM fa = 2.5 oM Ca = 5 mil Ca = 10 oM
0.050 0.078+0.026 3.860+0.088 10.593+0.258 17.365+2.480
0.083 0.191+0.010 6.645+40.548 18.065+0.207  25.630+0.827
0.125 0.31540.005 8.006+0.822  21.393+0.103  35.242+1.137
0.167 0.46510.610 10.547+0.305 25.21710.000 40.513+0.207
0.250 0.68540.013 34.002+0.517

11.975+0.266

41.236+0.9350

and 31.

83tandard rate assay conditions.
concentration are final cuvette concentrations.
entries are duplicate runs.

DPPC and Ca

24

All

Data for Figures 20, 25,
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Table VII(d)
PLD Hydrolysis of Intermediate Concentration of DIMPC

(DO:PC > 8:1)28

DMPC AA/min/mg protein

mM Ca = 2.5 oM Ca =5 mM Ca= 10 nM
0.050 1.205+0.100 3.425+0.013 8.080-_50.703
0.085  1.594+0.088 5.496+0.075 1174440301
0.125 1.822 - 8.043+0.063 17.064+0.251
0.167 2.233 - | 9.787+0.427 22.836+0.502
0.250 3.7114 - 10.816+0.075 | 25.57140.025

2Standard rate conditions with concentration expressed
as final cuvetteé concentration. Values with uncertain-
ties were duplicate runs. Data for Figures 21, 26 and 32.
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Table VII(e)

PLD Hydrolysis of Intérmediate Concentration of DSPC

(D :PC 2 8:1)%

DSPC AA/min/mg protein

mM Ca = 2.5 oM Ca = 5.0 oM Ca =10 oM
0.050 1.017+0.002 2.:792+0.000 6.042+0.000
0.083 1.20840.042 4.406+0.136 10.000+0.000
0.125 1.42740.010 .  5.354+0.146 15.958+0 . 208
0.167 1.354+0.000 - 5.625+0.083 16.529+0.154
0.250 0.813+0.104 4.65240.123 & ° 18.833+0.333

8standard rate conditions with concentrations expressed
as final cuvette conceniration. All values were
duplicate runs. Data for Figures 22, 27 and 33.
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Pigure 23
Double Reciprocal Plots of Initial Rates Azainst Intermeaiate-

2+

Concentration of DPPC at Various Ca Concentraticns.

Legend:
Reection conditions were same as in Figure 18. The

symbols stand for 2.5 mM (A) 5 mM (O) and 10 M (O) of calt

concentration.
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Figure 24
Double Reciprocal Plots of Initial Rates Against Intermediate

Concentration of DPPC at Various Caz+ Concentrations for

the Peanut PLD.

Legend:
Reaction conditions are same as in Figure 19. The
symbols stand for 2.5 nM (O) end 5 mM (@) of Ce?" concen-

tration. The plot for Ca2+ concentration of 0.5 mM no%t

shown due to wide scale disparity.

‘i‘
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. . rigure 25

Double Re

Concentration of DDPC at Various Ca?+ Concentrations.

Legend: B
Reaction conditiors were same as in Figure 20.

‘ta) Ce?t concentration is 0.5 mM. (b) The symbols stand for

2.5 oM (Q) S oM (a) and 10 mM (O) of ‘Ca~t concentration.

Q

‘proéal'Ploté of Initial Rates Against Intermediate

K
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Figure 25
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"TFigure 26

Double Reciprocal Plots of Initial Rates Against Intermediate

2+

Concentration of DMPC at Two Ca Concentrations,

Legend:
Reaction conditions were same as in Figure 21. Symbols

stand for 5 mM (D)'énd 10 nM (O) of Ca®t concentrations.
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Figure 27
. Double Reciprocal Plots of Initial Rates Against Intermediate

a?+

Concentration of DSPC at Various C Concentrations.

Legend:
Reaction conditions were same as in Figure 22. The

symbols gtand for 2.5 mM (0) 5 mM (A) and 10 mM (O) of Ca?*

concentration,
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Tigure 28
Double Reciprocal Plots of Initial Rates Against Intermediate
Concentration of Substrate Fxpressed as ["ole Fractions at

2+

10 mM Ca Concentration.

Legend:

Initial rates were determined by the standard rate assay
for the various phospholipids. Mole fractions were expressed ,
as the ratio of the phospholipid concentration to
phospholipid plus total detergent concentration per reaction
mizxture. The symbols stand for DSPC (A), ﬁﬁPC (O), DDPC (o7

\
and DPPC (@) concentration.
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Table VIII

Xinetic Parameters For PLD Catalyzed Hydrolysis Of Phosphe-
“»,.

tidylcholinesa
Substrate éa?+ Km&PP Vmax _r2
PDPC 2.5 0.45+0.04 39.2+0.4 0.9918
5.0 0.28+0.03 71 444 .1 0.9909
) 10.0 . 0.17+0.02 78.7+2.3 0.9914
DMPC 5.0 0.44+0.05 34.3+2.3 0.9954
10.0 0.37+0.04 66.7+3.6 0.9961
DPRC” 2.5 0.5140.03 2.82+0.1 0.9992
5.0 0.;210;02 4.140.1 0.9992
DPRC 2.5 0.20+0.01 10.4+0.2.  0.9990
5.0 0.43+0.19 72.5+18.5  0.9795
10.0 0.35+0.02  125.0+4.4  0.9976
DSPC 2.5 0.0440.,01 1.9+0.05  0.9921
5.0 o.2sip.63 16.0+1.0 0.9937
10.0 0.40+0.05 55.0+3.5 0.9946

8pata in Tables VII (a-e) were treated by linear regres-
sion analysis fgr the Michaelis-Menten model, Correlation
coefficients, r%, are noted. Except as noted the .
cabbage enzyme was used. Kinetic runs were individual or
duplicate measurements each substrate-concentration.as
noted in Tables VII (a-e). ' '

bPeanut phospholipase D was used.
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parabolic as the metal ion concentration is loweréd. In the
region where [ca®t] >> [pc] the reciprocal plots are
reasonably linear and extrapolates to 1/Vmax .and -1 /kn®PP,
Note that the reciprocal plots for [Ca2+} < 5 mlH apprdach
.l%nearity only at high values of 1/[PC] and cannot reliably-be
extrapolated to obtain -1 /kn®PP, Table VIII shows the
kinetic parameters estimated from the double reciprocal plots
of the data in Tables VIIa-e. The ¥n®PP decrease for both
DDPC and DMPC as Ca.2+ concentration 1is increased. However,

. with DSPC the trend is reversed with increasing Ca.2+
concentration. With DPPC, the’Kmapp increased from 0.197 mM
at [Ca2+] = 2.5 oM %o 0.428 nM at [Ca2+] = 5.0 mM then
decreased to 0.350 mM at [Ca®t] = 10 mM for the cabbage
enzyme. As noted earlier, the extrapolation of the double
reciprocal plots for [CaT] < 10 mM which allows éstimation

4

of Kn?PP may not be completely valid and these valﬁes
actuall& change depending on the number of data ﬁéints con-
gidered for linear regression analysis. On the other hand,
kn®PP values obtained at [Ca®T] = 10 mN which took all the
data points into consideration may be a more reliable estimate
of this parameter (Table IX). The Vmax values are
well-behaved as this gquantity increases proportionally with

increasing Ca.2+

concentration for all the phosphatidylcho-
lines (Table VIII).
By virtue of our experimental approach, calculation of

the apparent surface Michaelis constant (Km®PP, mole
’ [

fraction) and Vmax was possible. These values are alsgo shown
in Table IX as mole fractions. These parameters expressed in

terms of the molar fraction of substrate may be a common
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Table IX
¥inetic Parameters For PLD Catalyzed Hydrolysis Of Phospha-

tidylcholines in Terms of Surface Concentrationa

Substrate Km®PP Kmappb‘ Vmax r2
Mole fraction mM, Bulk conc.

DDPC 0.10+0.01 0.17+0.02 86.2+2.5 0.9915
DMPC '0.24+0.02 0.37+0.04 82.6+4.0 Q.9961
PPRC 0.23+0.02 0.35+0.02  153.,945.0 0.9976
DSPC 0.26+0.03 0.40+0.05 69.4+4.5 -~ 0.9945

2% inetic data from Table VII (a-ej were used only for
runs in the presence of 10 mM Ca” . Substrate.concen—

tration were converted to mole fractions (of PC:total of

PC + detergents) and subjected to linear negressiBB
analysis for the Michaelis-Menten model. The Kn®
Vaiﬁss given in column 2 are mole fractions whereas the
Km*F® values given in column 3 are the values in ml
taken from Table VIII. '

bThe values arise from the regression with mole
fractions.
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Pigure 29

24

Initial Rates as a Function of-Ca Concentration at

Various Intermediate Concentrations of DPPC.

Legend:

Reaction conditions were seme as in Figure 18. Symbols
stand for 0.050 mM (A), 0.083 mM (©) and 0.125 mM (O) DPPC.

Other DPPC concentrations not shown for clarity.
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FPigure 30

24+

Initial Rates as a Punction of Ca Concentration at a Fixed

Concentration of DPPC for Both Cabbage and Peanut PLD.

h

.Legend:.

Initial rates were determined by the standard rate assay
using 0.125 mM DPPC (D :PC * 8:1) for both .the peanut and
cabbage PLD. See data in Table VII(f). .

b}
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Figure 31
Initial Rates-as a Function of Ca2+ Concentration at

" Various Intermediate Concentrations of DDPC.

Legend:

Reactlon condltlons were game ‘as in Figure 20. -The

symbols S't:and for 0.050 ‘mM (A), 0,125 mM (1:1% and O, .250 oM (©)

of DDPC. Other DDPC concentrations not shown for clarity.

.




AA/MIN/MG PROT.

42.0

336
2521
16.8 |

84|

134
Figure 31

CALCIUM (mM)



135 . .
Figure 32
Initial Rates as a Function of Ca2+ Concentration at

Various Intermediate Concentrat{%ns of DMPC.

| Legend: N
Reaction conditions were same as in Figure 21. The
symbols stend for 0.050 mM (0), 0.125 mi. (0) and 0.167ml (A)

DMPC. Other DMPC concentrations were not shown for clarity.
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Figure 33
Ini%ial Retes as a FPunction of Ca,2+ Concentration at g
Various Intermediate Concentrations of DSPC.

'

Legend:
Reaction conditions were same as in Figure 22, Symbols

'_stand for 0.050 mM (O), 0.083 mM (O) and 0.167 uM (A). Other

-

[/pSPC concentrations not shown for clarity.

Ny d
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TABLE VII(f)
Rate of DPPC Hydrolysis as a Function of Calcium Concentration. |

PR
For PLDC an PLDp

"

[Calcium] " AA/min/mg protein
. PLD, | - PLD,,

0.0 . 0.000+0.000 ' b.pooio.ooo

2.5\\) . . 5.815+0.000 0.446+0.001

5.0 14.,900+0 232 1.144+0.030
\7.5 _ 24:036io.127 '; ~ 1.525+0.058
10.0 S 28.741+40.000 . 1.é4zio;ooo
12.5 | 31.412+0,382 1.65$5Q<o14
15.0 ' 32.14140.076 . 1.724;8/000
18.0 . 34.209+0.201 1.83340.043 °

. )

8DPPC concentration was 0.125 mM (D_:PC » 8:1). .
Standard rate concentration and cafcium concentrations s
are cuvette concentrations.
Data for Pigures 30, 44 and 45
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denominator for comparing the velocity dependency on subsirate
concentratien for PLD catalyzéd hydrolysis in reaction carried
out at different deterzent to PC ratios for phosphatidyl-

cholines of varying chain length.

a?+

The rate dependence on C concentration for the

ﬁhosphatidy}cholines at various fixed concentrations of PC are
‘shown in #igures 29 through 33 (data taken from Tables VIIa-e
or £). Similar to comparable profiles obtained using the high
substrate solutions (DO:PC > 1:1) (Figures 17a,b) these

éurves were also sigmoidal and the v increased with increasing

2+

PC concentration at a fixed Ca concentration. In order to

determine whether the systematic curvature of the v against
Ca2+ plots are indicative of coopefativé binding of C§2+

to the components of the reaction system, and if so;ﬂéstimate.
the extent of cooperative binding, the data-for DPPC (DO:PC

2 8:1, Table VIIa,b) were fitted to a Hill equation. These

plots were linear. Figure 34 and Figure 35 show some -

representative plots. Data for these plots are shown in
Py

Table X. A Hill coefficient, n of 2.5+0.1 and [ca™ 1y 5

e
value at one—half maximal velocity of 6.2+0.2 mM were esti-

0.5 valges).

It is not possible o compare Vmax valuesAfor'the

mated (See Table X for, the various ng and [Ca%f]

various substrates since, as noted earlier, comparison of
individual measured rates from enzyme preparation to
preparation is not-valid., However:-for a given substrate

comparison of the Vmax's obtained for various Ca2+

2

concentrations iigzalid. Some trends are apparent but
discussion of Ca

“effects is postponed until some of the
physical data concerning interactions amongst various

components is considered.
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/J ' Figure 34
Hill Plots for ca2t Binding for Various Intermediate Concen-

trations of DPEC.

Tegend:

Reaction conditions were standard rate assay conditions.
Data shown in Table X. Original data taken from Table VII(a).
A Hill coefficient of 2.4 was estimated in both (a) 0.050 mK
and (b) 0.100 WM DPPC and coefficient of linear correlation of
0.9992 (a) and 0.9987 (b)'were estimated.
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Figure 35
Hill Plots for Ca?+ Binding at a Fixed Intermediate Concen-

tration of DPPC for Both Cabbage and Peanut PLD.

Legend:

Reaction conditions were standard rate assay conditions
at 0.125 mM DPPC using both the cabbage and peanut PLD. Data
shown in Table X. Originel data taken from Table VII(f). A
Hill coefficient of 2.5 (O) and 2.6 (O) and correlation

coefficients of 0.9993 and 0.9999 were estimated, respectively.
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fahle X

—_

;:Ra for Hill Plots -

L]

/

-

Log[ca2t]. Log v/(Vmax - v) ,
(a) . (b) () *
/ .
(
0.398 -0.920 -1.000 ~0.482 ‘\\\\:ftfﬁj;f'
0.699 ~0.233 -0.160 0.242 .  =0.130
0.875 0.744 0.341
1.000 0.589 0.495 1.017 0.661
1.100 1.259 1.208 0.942
- 7
-//\éCondltlons :PLD,, [DPPC] = 0.050 mM, standard rate
assay n. = 2.4%[ca] = 6.0 mM :
H 0.5
chndltlonstLD [DPPC) = 0.100 mM, standard rate
assay ng = 2.4 fCa 0.5 = 6.2 mM ‘
CConditions: PTD [DPPC] = 0.125 uM, standard rate
assay ny = 2.5 fCa]O 5 = 4.0 nM .
dCOndlthgs +2LD [pPPC] = 0.125 mM, standard rate
assay np ¢fCa O 5 = 5.9 mM -

Data for FPigures 34 and 35.
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Physical- Measurements

4

vetermination of CHC as a Probe of the Physical State of

PC-SPS-Triton Mixture ) LY ' - .

cMC determlnatlons are. usually made on the basisg of &
sharp change i the colligative propertles, surface ten51on, -
solubilization of a hydroPhoblc dye or conduct1v1ty of a
detergent solution with respect to concentration [128]

The absorption spectrun of Coomassie Brilliant Blue o

G-250 (CBBG) show two major peaks at 655 nm and 465 nn.

N Blndlng of monomerlc nonionic detergent e.g£., Trlton X-1OO

cause no change in the CRBG spectrum, however, at the onset
of micelle formation, & shift and concominant proport;onalr
inerease at 620 nm and decrease at 470 nm are observed in
;absorptioniwith incredsing micelle formation (see Figﬁre |
36).2 This pattern of abgkrpfion results in a sharp break in
zhe concentration-dependént absorbance of fhe detergentTCEBG
;j solution at the critical. micelle concentrétion ofethe
detergent [101]: :Determination qff%he CMC for Triton X-lOO,
and various mixtures o} Triton X;1OO and SDSvand PC were
made from plots of the Agpp and A47O w1th resPect to

concentratlon as shown in Flgure 37&,_ ';'We observed e peak

at Agyo instead of Agop when 3 _?_ leed with Iriton

X-100. CNé for SDS alohe S i hbe’ determlned by thls

oy e
' method as no sharp break in abgijptlon lB caused by +his .
anionic detergent as_ also-: reported by Roeenthal and

¥oussalle [101].. »The CMC reported in Pable XI are in terms o+
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Figure 36:

ftion Spectra of Coomassie Brilliant Blue G-250 and its
Mixture with mriton X-100. ¢

s

e ot

Légend: “
| (1) Absorption spectrum of pyre Coomassie Brilliant Blue
¢-250 (CBRG); (2) absorption spectrum;gf CBBG plus 0.006%
.Tri‘l':on X-100; (;) Y sorption spectrum of CBBEG plus 0.03%

Triton X-100. SReé text for details.

LA
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Figure 37
CMC Determination of Triton X-100 and SDS-Triton X-100 Mixture

Legend:
CMC's were determined by the method of Rosanthal and

.
Xoussalle [101]. (a) Triton X-100 alone. (b) Mixture of
TritorioSDS~PC (70 uM). See text for details.

9

o
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Tablp XI
CMC Values for Various Mlqures of PC--SDS—Trlton-Ca2+
—_
Line Detergent Mixture (b) (c)
1072 x CMC 1077 x CMC
o VA

1 ™ 10.0 -
o 7%-PC (70 uM) . 10.6 9.6
-—I—_-/ N ’
3 TX-SDS - 3.0 4.5
4 TX-SDS-PC 1.2 5.1
5  TX-SDS-PC - SR, o 6.9

6 TX-SDS-PC-Ca (70 mM)? 1.6 4 -

L 3

"

8pY is abbreviation for Triton X100, concentrations are
expressed as % Triton X-100 in the detergent mixture.
All entries are accurate to +0.0003.

o

Line 1: 0.2% Triton X-100.

Line 2: 0.2% Triton X-100 containing 70 uM DPPC.

Line 3: 0.09% SDS-0. 2% Triton X-100.

Line 4: 0.09% SDS-0.2% TPTriton X-100 containing 70 uM DPPC.
Line 5 O 09% SDS-0.2% Triton X-100 containing 0.83 mM DPPC
Line 6: 0.09% SDS-O. 2% Triton X-100 containing 70 uM DPPC
and 9 mM ca”". : ‘

®Line 2:°0.3% Triton X-100" containing 70 nM DPPC.

Line 3: 0.03% Triton X-100.

Line 4: 0. 03% SDs-0. 3% Priton containing 70 uM DPPC.
Line 5: 0.03% SDS-0.3% Triton containing 0.83 mM DPPC.

N
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of percent Triton X-100 in the various mixtures.

Consistent with thermodynamic prediction, the CMC for
" Triton X-100 decreased as SDS and PC were introduced inté
"this deteréent.‘ Obviously the ‘ratio of Tritoan—1OO to SDS
affects the CMC for Triton ¥-100. The variation in CMC for
mriton X-100 with adducts‘is indicative of mixed micelle
formation [59]. By the dynamics of detergent-CBBG inter-
action, a change in absorption occurs because‘at this point
the dye is transferred_completely from a hydrophilic to ;\*-\\ .
hydrophobic environment agssumed to be the micelle interior
[101]. The variation of the CMC for Triton in the presence
of addﬁcts provide evidence that the microscopic

organization of the components in‘ény one mixture is unique.

v

UV Difference Spectroscopic Siudies

In order to understand the interaction of PLD with PC

2+

-
rixed micelles znd Ca observed from our kinetic studies .

a?+

we studied the binding of PLDc to C and to its

substrate micelles by UV difference spectréscdby. Also,
éi::igthe phospholipases D obtained from commercial sources
were_.used without further purification, 'SDS-PAGE was |
conducted to check whether or not these enzyﬁes show any
unusual electroplioretic mobilify patterns; Results of the
SDS-PAGE 'Indicate clearly that both PLD, and PLDyp are *
not hpmogeneous. }

From our UV difference spectroscopy studies Figure 39b

shows the Ca’*-induced difference spectrum of PLD,. " Two

Q.
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Figure 33

Tnzyme Proteins Rftained Via foomassie BElue on SDS-PACE -

Legend:

Gel was stained for proteins with Coomassie Blue
according to the procedure of Laemmli [88]. ~

To lanes 2, 4 and 5 was added 10 ug, 10 nug and 5 ng of
PTN,, PR, end PLD, respectively, solubilized in the
Laemmli [88] sample buffer. To lanes 1 and 3 was added 20 pe
0of the stendard protein mixture containing myosin, B-galac-
tosidase, phosphorylase b, bovine albumin, ovalbumin and
carbonic anhydrase with molecular weights of 205,000,
116,000, 97,400, 66,000 45,000 and 29,000 daltons,
respectively, solubilized in the Laemmli [88] sample buffer.
ianes 1 and 2 were run on one slab and laneg 3-5 on another
slab alongside each other in one electrophorectic cell, "he

two slabs were cut and joined together for the photograph.
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Figure 38
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Figure 39

UV Difference Absorption Spectra of Ca?* Interaction with.

Cabbage PLD.

' §
Legend: . ,

~ The reference speétrum contained 0.5 mg/mL PLD (950 ulL)
and 50 nl of water (top figure); the sample contained 0.5
“mg/ml PLD (950 pL) and 50 il (2 M) CaCl, and tf‘i'ef\difference
) N

spectrum obtained by automatic subtractiah of reference from

gample spectrum is shown in bottom figure.
: -

ot

‘\\\J;/;/
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distinct peaks apﬁéar at 280 nm and 292 nm with a minimumr
between 260 and 270 nm. Figure 39a shows the reference
spectrum dug to PLD absorption alone,_shéwing the normal
protein peak at 278 nm., Protein concentrations between 0.5;
1.0 mg protein/mL which give absorbances up to 1.2 at 240
nm, produce well-defined difference spectra in the presence

a?+

of 0.1 MC . Quantitative measurements for the

interaction of enzyme and Ca?+

were not made éiﬂce the
maximal amplitudes of the difference peaks were relatively
small. Purthermore, the purity of the enzyme was not ascer-

32+ used to

tained. Despite the high concentration of C
induce the difference spectra, only about 5 nM EDTA waé
sufficient to nullify the difference spectrum.

‘Binding of PLD to PC mixed micelles by UV difference
spectra could not be demonstrated conveniently'bossibly be-
cause any spectral. changes produced as a result-of inter-
act&on weré being masked by the strong and broad absorbances
at 278 nm by both PLD and Triton..

Ca?+

-induced difference spectra of PLD-PC solutions
wére unstable to about 10 min, followed by a constant
straight line indicating that the spectroscopic signal then
corregponded to a stable mixture:l the saturation of binding
sites. Of course, the inital disproportionate change in the
difference spectra might have been due to the complication
introduced Ey the enéymic reagtion. Though_no quantitative

information can be obtained under these circumstances the

appearance‘of a-difference signal is indicative of complex

b
i

*
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formation with the PLD-PC mixtures.
In order to gain more insight into Ca2+—micelle

2+

interaction, Ca“® perturbations of Triton-SDS detergent

micelles were studied. Results of this study indicate that

Ca?+

readfiy binds to these detergent micelles. Figure 40
.shows the Ca?+—inauced difference spectra of Tritbn—SDS
‘micelles. A sharp pe;k at 288 nm was characteristic of

a2t titrations of the Triton-SDS micelles. As would be

C
expected if the pertubations were Ca?+—induced, addition
of EDTA totally abolished this peak (see Figure 40). Whefi
varying emounts of Cé?+ were added to the detergent mixed
micelles;'increasing differences in the spectrum of the

micelles were observed until the micelles became saturated.
A plot of the change in absorbance against the negative log

of the concentration ¢f metal ion permits an estimation of
the dissociation constant [129]. In Figure 41 the ckange in-
absqfﬁgnce at 288 nm divided by the maximal absorbance i
change is plotted against the neéétive'log of the metél
chloride concentration for a typical titration as demonsira-
ted by Suelter and Melander-[130]. Thé experimental data
are fitted with a theoretical éurve of the form of eguation
oK = pMet + log[e/(1-4)]
where o = AA/aAmax [129] (AA/AAmax represents the fraction
of miéelle—metal cbmplex). ‘The midpbint of the curve shown
by-the small vertical line gives the digsociation constant
[130]. 1In this study 5.69 pmoles of total d%tergent
~micelles weré titrated with'Ca?+ concentrations up to a

concentration of 20 mM. A%mean dissociéffbn constant for
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Figure 40

24

UV Difference Absorption Spectra of Ca Interaction with

SpS-Triton ¥-100 Detergent Mixed Micelles.

Legend:

The reference medium contained 5.69 umoles of total
detergent (0.09% SDS-0.2% Triton ¥-100) (900 uL) and 100 1L
water. Sample volume contained 5.69‘ﬁﬁoles of total detergent
plus 20 mM CaCl,. (1) (Baseline (reference-minus reference
spectrum), (2) Qa2+—induced difference spectrum (samjle
spectrum minus re?erence) and (3) difference spectrum in (2)

plus about 5 mM EDTA (no volume correction wade, 20 uL .added).

.Q! .
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Figure 40
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Figure 41

2+

Determinetion of Ca® Binding Constant to SDS-Triton X-100

Detergent Mixed Micelles by UV Difference Spectroscopy.

Legend:

iConditions,same as in Figure 40. ca?t titrations were
made at constant fotal detergent concent;ation (5.69 pmoles)._
 Oné determintaiton'fpf each CaCl2 concentration. The
. maximum change in ebsorbance at 283 nm was taken as the
amplitude of the measured signal for each CaCl, concentra-

tion.

Y
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Figure 41
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2+ . - 2+ '
Ca"-detergent micelle complex of 4.8+40.8 mM Ca (four
determinations) were estimated. <"As observed earlier with the
Ca2+-induced difference spectra, EDTA completely abolished
the difference spectra of Triton-SDS mixed micelles.
Ca2+—induced PC mixed micelle difference spectira

could not be demonstirated. This may be due to the low

threshold of Ca required to initate precipitation of Ca2+—

PC aggregates. Fertqnately, however, it ie.known both from

the effect of Ca2+

on the electrophoretic mobility of
lecithin particles [53] and surface potential of le01th1n
fllms [131] that the metal is adsorbed by counter ion
attraction at the lecithin/water interface-bht this would
only be of 31gn1flcance 'at much higher concentration of cal-
ciun [132].. Hauser and Dawson [132] observed limited
adsorption oﬁ Ca?+ to pure lecithin,.however, they noted a
considerable amount bound when SDS was introduced Into the
substreﬁe phaee. In fact numerous studies have now shown
that a2 binds to zwitterionlc phosphoplipids [133-140].
Several NMR, studies eleo indicate Ca®t bin@ing‘to ;;g
lecithin [136 139} "

Structural consequences of the metal binding to
leeithin 1q§icate that DPPC bllayerselmmersed in a1 mM
Ca2+ solﬁtion would separate indefinitely and higher con~
centrations of CaCl, caused 2 progreesive deérease in
bilgger eeﬁaration due to the iohic-screening of electro-

gtatic repulsion between bilayers-charged ‘by the adsorption

o divalent cations [135,141]. Further studies by Lis et al.

t"

a
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[153] concluded that the association of calt with lecithin

cannot be described either in terﬁgjof an "association con—
stant" or a characteristic surface potential as these
factors are strongly inflﬁenced by the ionic conditions. 1In
another development, Lis et al.[134] showed the preferred
order of Ca2+ binding to differentwsjntﬁetic phosphatidyl—
cholines in the sequence DOPC < DLPC < DMPC =~ DPPC = DSPC.

They also demonstrated that different density of bound
L}

"charge are in propertion to the_surface density of phoszphe-

tldvlchollne on the bileyer surface: at room temperature
they go as DOPC < DLPC <, DHMPC ¢ DPPC < DSPC [1;4] There-
fore as should be expected in the presence of anionic

amphipaths the density of bound &valent cation would be

" augrented correSpond'ingly. | 0

Summarizing the binding data, it is clear tnat

. s + A ~ .
extensive binding between Ca2 and the reaction couponents

"does pccur congistent with existing data. 1In effect the

preserce of ca2+ ions does have a distinct influence in

the eezyme—lipid interface interactions thougir our results
do not allow a definite conclusion aﬁout tne exact loeat?oh
of the group either ©on the enzyme or the interface respon-

gible for these interactions. ™he nost obvious conclusion .

therefore is that PLD spec1f1cally binds to Ca2 ions and . /
to the residual Ca2+—mod1f1ed lipid-w ter interfaces -
through electrostatic and hydrophobic interactions. The -t

extensive binding prevalent in this reactlon qystem would

offer a more plausible explanantlon of the nonclas31cal

ikiei;ﬁis observed in this study.
‘ J 3 | . > v | . |
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2+

Cooperativity in Ca” Binding -

Despite the linearity of our Hill plots (Figure 34,
Figure 35) in the light of our experiments especially con—
sidering the multiple role of the metal modifier, it cannot
be certainly concluded that the’PLD from cabbage and peanut
are neceséarily al}Psteric enzymes. Allgyer and Wells [42]
observed non-hyperbolic rate dependence on C32+ at pH < 7

and assumed this as due to the compound effect of Ca2+.

‘ Vincent*a%d Thellier [143], from their mathematical analysis

of enzymes in structured media and Michaelis-Menten kinet-
ics, concluded that in a struétured system the apparent
kinetic parémeters are generally quite diffefeht from the
actual molecular parameters of the catalyzing proteins, a
blph&SlC klnetgé\gurve may correspond to a 51ngle mechanism,
and a sigmoidal glnetlc curve may be obtained with a
perféctly hyperbolic enzyme.A Furthermore, as has been
pointed out elsewhere [144] cooperativity may also depend

upon the kinetic stePa themselves, rather than upon

alteration of cooperativity?’ekisted in binding or upon
ally

"

;Qteractions of multiple cafallytic or regulatory sites. For
-;xémple, 2 monomeric enzyme or an oligomeric enzyme with
indepedent qites'having gisubstrate and effector that follow
a random, steady-state addition or which undergoes a slow

transition in the presence of substrate will-gﬁve°rise to

second-order rate equations'[144,145].

L)

S S Lo
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Analysis of Data

Owing to the complekity and many poorly understood
problems in catalysis of phospholipids by lipeolytic enzyces,
various experimentai designs and provisions'[15;51,60—62,
103-105) have been mad;-to'amend data aqglysis to the
classical Michaelis-lMenten model. Recently,'the "dual phos-
pholipid model"‘[1,15,10$;105] was advanced for the kinetics
of cobra venom phospholipas;A2 with phosphelipids where
it was'suggested that the enzyme binds a ppospholipid
molecule ih the first step, then the interfacial enzyme

. binds a second phospholipid in the“interfaéé. However in
'thesefapproaches the role‘of the metai mcdifier. was consid-
ered as just essential to enzyme activation.

Our expgy{;ental data is consistent with the rapid

random equilibrium model [16,17,18,146] in which ca<t, PC,
and PC-Ca2t bind to free enz;me and™elso to Cast-PLD
complexes.:ﬂihe Ca2+ is obligatory for catalyfic activity
?s-well as for thé\forq%tion of the PCfCa?+ compiex;but
not for -ligand binding to the catalytic site. Baseé on the

observed experiméntal evidence, a kinetic scheme is hereby

proposed as summarized below: N
S )
. 4
i K, .
Ky
/ Y Lo
.' SA

AE —= ~AE(SA) KA PA
‘ a Ksa _—qali_ ‘ .

¥ineticScheme: General model describing the equilibria
. among the various: enzyme states.
3 .

-
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L///E'L’he following symbols as used stand for: E, free enzyme; S,
PC-38DS Triton {micelle); A, free ca®t; P, products; and
AR, AE(SA) and PA are intermediate complexes.

-

The reaction

-

represents an essential activation system where A is
bllgatory for catalytic activity as weil .as for fo%matlon
of SA. This means that all ligands bind in a rapid random
equilibrium manner, but only the AE(SA) complex breaks down
to yield products.

In general, the dlagnostlc .features of the rapid random
equlllbrlum model are as follows [16 ‘

(a) The ascending portlon of e Vv versus S éu;ves
arg concave or Sigmoidal. ' |

(b) The v versus §, curves have g peak and the v

ersuﬁ’io.curves do noti and |

(c) the ascénding-pértion of the v versus AO curves
are always ‘sigmoidal.
Accordlng to this model the termlnal portlon of the v versﬁs
So profile reflect the unmodified enzyme, and the terminal
portion of the v versus A, curves reflect the médified
enzyme [16]. ﬁurthermore,-this model does not assume an

" enzyme.with multlple 1nteract1ng subuqata.‘ T

Using the equilibria in the kinetic scheme above,
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the relevant rate equations can be derived which express the

LY

velocity of PC hydrolysis in terms of the ligand concentra-

tions and equilibrium 63“&2;?ts. Using the general

equilibrium treatment, the Zeneral velocity equation is
v:'kp[AE(SA)]' L B R B R N (1)

where Y

13

. E, = [E] + [AE] + EgE(SA)]

,

[aB(sa)] = [aE][sAl/kg, ¥ -

(48] = [A)[E]/K, and
! f
[sa] = [allsl/k, = | .
P

Rearranging and substituting concentrations of all the

species in the equilibria, the velocity equation becomes

- i * — (

=
i

Vmax[SAj U ¢~
‘,KSA(1 + KA/[A]J + [sa] '

“

Equation (2) expresses the fact that [Sily the phospholipid-
2+
Ca

complex, is the substrate for fHese enzymes. This'

explaing why double reciprocal plots of v versus Sy become
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increasingly non-linear at low activator concentration at
the‘;igh substrate concentration regions (Figures 23—, 27).
As noted by Lis et al. [134] the amount of cationic material
' bouedland evenfﬁaliy desorbed from zwitterion phosphatidyl-
cholines is not emall, bgt is the same magnitude as that
" which is in golution betweep bilayers.'-ﬁy analogous
regsoning, c ion‘binding behaviogr ceuld be similar in 7
ﬁicelles of the samegihbspholipid; Under these circum-
stances if the Ca2 —-phospholipid interaction become

-

comparable or greater than that of the enzyme, the majority

of EEE/Ca?+

will be %ound by the phospholipid and not to
the enzyme. Hence little hydrolysis at hi#h substrate
concentration should not be unexpected. In a éfagig?'way,
activation by metal ion at consgant substrate concentfatiop
.ie.reflected in the competition term (1 + K,/[A]) in
equation (2). This term tends to increase the veloeity
proportionally with increasing A, (Pable VIII). Obviously
the term KA/[A] implies that the rate is %pro in the

absence of activator [126].

The actlvatlng effect is best apprecﬂated when the rate

equatlon is expressed in terms of free S ~and free A.

-

v [412[5] e (3)
Vmax K Kq, (K, + [4]) + [4]°[s] “

Obvioualy the velocity depends on the [A]2} This depen—

dence has been shown to be true when the reciprecal of

~

gl



Figure-

Plots of Reciprocel Initial Ratus Agzinst Reciprocal of the
Square of Ca?+ Concentration at Various Intermediate
Concentrations of DPPC.

Y - | .

N . .

Legend; :
Reaction conditions same as for Figure 18. Syzmbols stand

for 0.083 mM (O), 0.100 m¥ (e), 0.125 oM (Ai and 0.167 aM (O)

DPPC.
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¢ Figure 4% :
Double Reciprocal Plot of Initial Rates Against Ca.2+
» b -

Concentration at a Given Concentration of Intermediate.

DPPC.

Legend:
Reaction conditions were ag in Figunggéo (cabbage enzyme).
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Figure 43 -
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velocity and the réciprocal of the square of metal ion were
plotted and found to be linear (Figure 42). On tﬁe other
-hand, Pigure 43 shows the double reciprocal plot for veloci-
ty versus calcium concentration which is clearlg-non-linear
while the same data plotted as a function of the reciprocal
of the square of 0a?t was lfnear.(Figure 4%). It must
however, be noted that total métal ion coqcentration, Ay
was plotted instead of free [A] predicted from the equation.

At high concentrations of metal ions, that is when |
Ao >> So’ the following approximations made by Loﬁdon
and Steck [16] apply:

['sﬂ:s}rﬂ _s. and [s]=o0

0 o o

Equation (2) then becomes

v = Vmaxso

whq;e . -

app . -
km?PP = ko (1 + K, /(A ~ S.))

The Km®PP term reflects the dependence of this constant on
Ca2+ concentration as)shown‘in Table VIII. With DDPC and

2+ concentra-

DMPC, km®PP ig inversdly proportional-fo Ca
tionmand directly progrotional for DSPC but this variation—
.is not fut for DPEC.

' - L) - -
onclusion, it is clear from our studies that the
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- Figure 44
Plot of Reciprocal Initial Rates Against Réciprocal of tﬁe
Sguare of Ca?+ Concentration at a Fixed Conceﬁtration'df

Tntermediate Concentration of DPPC.

Legend:.

Reacticn conditions were as in Figure 30 (cabbage.enzyme)

..

~

L&
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nonclassical kinetics observed may be due’ to kinetic cooper-
ativity [144], a Uhenomencn due to the alteration of cataly-
tic constants as substrate and ef ector binéd with the nain-
‘tenance of raﬁid egetlibrium binding. -

. At any ratgpno meaningful informafion regarding the
cqmpleﬁe'descriptioﬁ of the mechanism of action of an enzyme
can be obtained until the following fazctors are known [148]:
(a) the geogfiicde and electrdnie structure at the active
site of the?zy;le'and of its complexes with substrates and
products; (b) the affinity of substrates and specificityfofl.
substrates; (c) the kinetic scheme of the reaction; (d) the‘

chemical mechanism of each. step; (e) the rate constants of
1

the individual steps; and (£) a rationale for the magni%ude

',,;—\:::ll Despite the lack of any extensive characterization of

the phosphqplipases D, the identification of 2 genepsl‘rapid

of the rate constants in terms of structure. : *\\

random equilibrium modelkfhat fit PC hydrolysis data is one

—
[}

step in the complete elucidation of the mode of sction of

these 1ipolytic enzymes. This model has not been previously

con51dered for micellar substrates and llpoljtlc en/ymes but

its cons1stenoy with data in *he foregplnn work suggests
-

tqat 1t mnerits conswde;atlov

N

The complex kinetics of phospholipases D, observed
—fig X&EEE mlght be physiologically important, in that the PLD
could allow a more sensitive regulation of phosphatidyl-
choline content in biological ;embranes in response to

- - » N L3 ‘\ -
fluctuations in calcium concentration, In fact, there is
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sufficient evidence to shcw thet changes in intracellular
calcium levels may be assoc1aued w1th the regulaulon of
pumerous celluler functions including alteravions oI
membrane permeability and flexibility [147, 148] and that
these responses nay be mediated by alteratlons ir" the state
of calcium-responsive membrane protelns. Our observatlons ?
. .that enhanced enzyme acrivity'was associated with increases
in calcium‘concentrationland alteration in Ce.2+ associated ~
" with the phospholipids and with the enzyme nay be indicative
of the fact that such 1nterfa01al fluctuations could
substantially regulate the act1v1t3 of this enzyme in vivo.
.Naturally cccurring membranes are considered as mixed
micellar aggregates [59]; thus our results whieh indicated
that the ratio of the detergents to phoephatldylchorlne
determlned the react1V1ty of these enzymes. In addition,
the equally high efficiency of catalysis-of human
erythrocyte ghost phosnhatldylchollnes hydroly31s under our
assay condltlons is indicative of a good emulatlon of some
of the propertiee of the natural system. Hence the observed
kinetics nontheless giues some insigh’t into the regqleting
role of Ca?+ in the phyeiologicel state for these enzymes..
Generalli speaking, we can also speculate that fLD
‘tcgether'witn the base exchange enzymes and phospholipid
exchange proteins mdy be important-in intracellular
metabolism of phospholipids, regu%ation:of membrane

composition and ‘maintenance of membrahe asymmetry.

¥y
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Conclusions

p

1. A simple, sensitive and rapid spectroghotometric assay
. £
for determination of PC has been developed in a contin-

»

wous end-point and rate-modes, and the latter found

jsuitable for kinetic analysis of phospholipases D.

q

2. Kinetic curves of-initij} rates versus substrate con-

centration were biphasidé in the substrate concentration

fange of 0 to 2 mM,'but'hyperbolic at concentrations

below p .25 mM,

v

3. The reactivity of both the cabbage PLD and peanut PLD .
towards the phosﬁhatidylchoiines studied was similar

though the cabbage enzyme was several-fold more active.

4. Direct -calcium binding to cabbage PLD.has been demon-
strated by UV difference spectroscopy.

/
R ] . —

A B

" 5. Ca101um—1nduced enhancement of PLD activity was
correlated with the 1ncrease in the concentration of'

caloiun associated with the'phospholipids.

*

Py

6. Initial ve1001ty and binding data. flt a rapid random

equlllbrlum mechanism for PLD. '

-

7. The responsiveness of PLD to calcium levels in vitro

.. ~

may be physiolegically.important as one means TOT

- . . N— .
regulation of PC content in membranes. -

- '
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APPENDIX

mhe following experiments were conducted on the recomnmen

~

dation of the External Examiner, Dr. J. H. Kanfer.

e

Kinetics of the PLD Catalyzed &ydrolvs1s of the

'PhosnhauldyWChollnes at Constant Total Deteraenus £0 PC

Ratio.

-

.The hy@rolysis reactions ﬁerelcarried oat at a-constant
ratio of D,:PC - 1:1, u51ng thé standard rate assay\
rable A shows the data for both DPPC and DDPC* at 2.5 mil.
cat conceﬁé}atlon Comparable data obtainéd prev1ously"
at constant total detergents concentrataon but at varjlna‘
D,:PC ratio (D PC z :1) are shown in Wables VI(a) and
vI(b) ([ca®*] = 2.5 mH) (Text) for DPRC and DDEC,
respectively..

Flgure A.1 shows a\plof\bf the hydrolys;s rate versus
substrate concentration for both DPPC and.DDPC. These

curves are biphasic, with one phase dlstlngulshable €%low

" 0.4 mM, and the second phase above 0.4 mM PC. This biphasic

characteristic may be due to the cﬂanging total-detergents
congentrations when fhe DO:?C rat%o is held constant.
Experiments condutted with 0.8 mM DPPC, at a constant

D,:PC = 4:1 alab exhibit similar trends but with no
measurable rapes beloq'Q:2 mM,PCL Similarly, experimenta

“ —_—
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[ oamrm 4
PLD, Catalyzed Hydrolysis of DPPC and DDPC at Constant

o
Total Detergents to PC Ratio® -

[Substrate] - . AA/min/mg préntein, for
(mM) 135i§3; ﬁppc', S 5DBC
. . ;
0.05 : 0.000 - 1.405%0.045
0.t0 ‘- ~ 0:000 - -1.586i6.035
0.20 | 0.000 1.354+0.022
10.40 | 0.115+0.030 o 1.380+0.025
0.60 0:541+0.050 | | 1.94310;662
0.80 | 1.016+0.136 I 2.92410.102
1.00 " 1.13140.218 3.658+0.165
1.25 1.344+0,278 . 4.506+0.311
1.50. . o 1.639+0.279 | | 5.646+0.423
15 2.09820.327 | 6.342+0.374
2.00 2.148+0.389 6.759+0.114

b
Faor

JBal1a entries are triplicate run'é using the standard
rate assay. ‘ ’

_—
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Figure A.1
' . .
PLD, Catalyzed Hydrolysis of DPPC and DDPC at Constant
Total Detergents to PC Ratio.

Legend: - ] /
Initial rates were .measured using the standard rate
assay but keeping DO:PC = 1:1 in the substrate range

3.2+

between 0.05 --2.0 mM at 2.5 nl c concentration.

Symbols represent (O) DPPC and (O) DD2C. .
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with DMPC at constant DO%PC = 1:1 showed noc measurablé
rates at 2.5 oM Ca2+ throughout the entire substrate‘r%nge
(i.e., 0.05 - 2.0 mM). Attempis to use higher_Ca2+
concentrations resu;ted in turbiditieé in the reaction
mixtures. .
| Conclusions from thesé experiments enlighten us on the
kinetic trends observed in Figurés 8-11 {(Text). Consequent-
ly, the drastic fall in enzyme activity observed beyond the
peak rates (Figures 8-11) may be indicative of the effect of
decreasing DO:PC ratio aloné the substrate range studied,

so that at a minimum ratio of 1:1, the substrates becanme

least susceptible to PLD attagk.

e
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