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SUMMARY

//_\ ]
Part One of th? thesis escribes +he characteriza-

tion, partial purlFlcatlah and substrate spec1f1c1tv of a
lipolvtic enzyme from E. EEE&- Under conditions favouring
shospholipase Al activity, the crude lipolytic enzyme

also displaved lipase activity which was found to readily
attack meno- and diglvcerides, and to hvdrolyze tripalmitin
slowlf.\ A survey of the ootlmal condltlons for lipase
activitg revealed a reguirement for calcium, detergent, and

an alkaline pH. -Under the optimal conditions the crude enzyme
_hvdrolvzed both trloleln and tricaprvlin, but the latter
substrate was not qegraded by the partially purlfled enzyvme.
Llnase act1v1tv was sought and foundéd in E. coli B’I&TCC 11303),

015, XKi2, and Bfad, each grown to +he late féd phase.

A protocecl was established based on the work of
Scandella and Kornberg (176) for the partial purification of
_ coliform lipase. In +the absence of detergent the enzyme was -
found to be insoluble at all stages of purification, as is
the case for phospholipase Al. Lipase copurified with
phospholipase A; in addition, both activities occurred in
a single band follo&ing electrophoresis on SDS gels. 1 The
_enzyme extracted from these gels was resolved into four bands’

on urea gels, but no activity could be recovered from them.

E. coli lipase was shown to attack all three

positions of medium chain triglycerides, although activity

rowards the central ester was slower than towards the peripheral
-~
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esters. Because the sn-1 and sn-3 positions of triglycerides
are attacked at similar rates, it could be concluded that the
%ipase activity is not stereospecific. The purified enzyme
attacked diglvceride at the fastest rate, triglyecerides being
attacked somewhat more slowlv. Monoglycerides were degraded
at a rate of approximately 1/10 that of triglycerides. Other
esters such as methvl oleate and cetvl palmitate were readily
broken down, but not cholesterol oleate or +he water-soluble
é%tezﬂp—nitrophenylacetate. Coliform lipase carries out &

\ . . .
transacylation reaction in the presence of 40% ethanol as

acceptor and phosphatidyl ethanolamine Or triolein as donors.

b Part Two of the +hesis presents some results on the

characterization of a cvtosol lyvsophospholipase of E. coli

extracts. This enzyme manifes£s jrself between about pH 5.5
and 9, and is not stimulated by detergents but is inhibited

by positively charged detergents. Eigh concentrations of
Triton X-100 also jnhibit the enzyme. Some preliminary work
was carried out on +he purification of lysophospholipase
which revealed its partial resistance  to heat. Gel filtration

on Sephadex G-200 provided a rough estimate of its molecular

weight of 35,000. -
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GENERAL INTRODUCTION

This thesis is concerned mainly with the discovervy,
the isolation, and the properties of E. coli lipase,
phospholipase A and lvsophospholipase. To situate.this
studv in its proper context, one is compelled to review first
the present state of knowledge pertaining to the occurrence,
the properties, and the functions of these enzymes from -
different orggnisms, and then to focus on the coliform enzymes
in greater detail. Although the introduction is structured
in this 'mannexr, the author has had to cope with the over
abundant informaticn on the mammalian enzymes and the .

comparatively skim knowledge regarding the bacterial enzymes.

Particular attention has been given to the pancreatic
t

enzymes since these are generally representative_pf analogous
classes of enzymes from other sources; when not entirely
representative, they serve for comparison. Also, sone of

+he pancreatic enzymes have been highly purified and studied

in great detail. Information relating their structures and
catalvtic activities cannot be dismissed since it provides
basic understanding of lipolvtic phencmena. On the other

hand, descriptions of enzymes £rom other sources are not soO

detailed, but do take intc account variations in catalytic

requirements and modes of action.




In this review of the literature the author has
undeérlined evidence indicating +hat certain enzymes are
misnamed. The gquestion of whether a vhospholipase Al is
an enzyme distinct from lipase”is fevived, and whatever
results have been accumulated to answer this guestion are

also critically examined.

i 4
Finally, regarding E. coli, a detailed description
of the metabolism of phosphoqucerides is given, with

particular emphasis on breakdown, ané on this basis the

roles of various lipolyvtic enzymes are evaluated.

T



REVIEW OF THE LITERATURE

A. GENERAL OCCURRENCE AND PROPERTIES OF PHOéPHOLIPASES A.

Manv organisms poss\fs both phospholipase Al and

A2 activitles. However, much moig work has been done with the A2

\

species, probably because it is readily available .and can

be more easily purified from various snékefvenoms (l).
¥

\
l.. PHOSPHOLIPASE Al

Recent work on phospholipase has been well reviewed
(1-3). The flrst evidence for a phospholipase Al came from
Lloveras et al. (4) who showed that splenic extracts
preferentially hyérolyzed the saturated fatty acids fro;‘zﬁé\

1-position of purified eg§ volk lecithin. Other phospho- /

. . . . . [
lipases were then investigated in rat lung and liver homogesiies

(5,6) and in pancreatic +issue, where a heat-stable phospvho-
lipase A2 and a heat-labile phospholigase Al were identifiedj‘
(73. Other mammalian tissues in wRich phospholipases Al have j
been identified jnclude post-heparin human plasma (8-10) .,

rat and calf brain (11-12), and bovine adrenal medulla (13).

Most of the mammallan tissue phospholipases Al are localized

in the lvsosomal or microsomal fractlons, usually possess an

w ) _ .
acid pH optimum, and are either unaffected or inhibited by

Ca++ (1-3).




~

The mammalian phospholipases Al seem to be con-
siderably different from that of E. coli which is described
in a later section. Two phospholipases Al which have‘been
purified some 50-fold from rat and calf brain (12) are
both stimulated by neutral and anionic detergents, have an
optimal pH of 4.0, and show no Ca++ requirement. Both
‘preparations have a low lvsophospholipase activity; 1in
addition, the calf brain enzyme displavs a lipase éctivity.
Human brain phospﬁolipases'Al and A2 have optimal pH's near
5, and require no Cat+ (14). A phospholipase Al from rat
liver lysosomes was inhibited by Ca++ and EDTA, while its
A2 functional analogue showed only a partial inhibition (15).
A guinea pig pancreatic phosph&lipase Al which is more active
towards phosphatidyl inositol than lecithin, with an optimal

pH of 6.0, is also inhibited by Catt but not by EDTA (16}.

o

This enzvme, which is present in both mitochondrial and

microsomal fractions, is also heat labile.

On the other hand, rat liver microsomes and plasma
membranes (17) as well as myvocardial microsomes (18) have
phospholipases Al which are activated by Catt at optimal

pH's near 9.

Waite et al. (19,20) studied a phospholipase Al
which is solubilized by heparin from plasma membranes of rat
liver, and which catalvzes the hyvdrolysis of mono- and

diglyvceride, lyso PE, and is able to carry out a transacylation



of the acyl group from position 1 of these glycerides to an

acceptor monoglyceride.

As will be discussed in greéter detail later,
lipases usually display phospholipase Al activityv, and for
almost ten vears now the guestion has been posed as to whether
or not phospholipase Al is not just a lipase with broad
substrate specificity. Vervy recently, Van den Bosch et al.
(21) were able to purify pancreatic ph&spholipase Al activity
+o near homogeneity by subjecting acid tfeated tissue

cJ__e::.tract to sequential chromatography on CM-cellulose, DEAE-‘
© cellulose, and Sephadex A-50. The purified enzyme hvdrolyzes
pure phosphogl?cerides at ?osition 1 onlv, whereas 2-lysco-

phoséhoglycerides are hvdreclvzed at a rate 10 times less

than i-lvso analogues. In the presence of lysolecithin
the enzyme behaves as a phosphelipase B and h&drolyzes both
acvl ester bends of lecith;n before releasing the products.
The lvsophospholipase activity is inhibited by bile salts.
Interestiﬁgly, +he enzvme appears to he the same as the non-
specific esterase previeusly isolated by this group (22,23},
which had a strong lipolvtic activity towards tributvrin.

But the results of this'paﬁer are presénted and interpreted in
a wav that minimizes the importance of this lipase activity,
whereas, in fact, this activity is greater than both lyso-

phospholipase and esterase activities together. It is

unfortunate that this ambiguity exists, since the gquestion of



distincﬁion 5etween phospholipase Al and lipase 1is very much
a problem of the davy. This pancreatic enzyme is therefore a
non-specific ésterase possessing phospholipase Al and B,
lysophospholipases‘Al.and A2, lipase, and other esterolvtic

activities. Its discovery may provide an important stepping

stone for the understanding of lvpolytic activity.

2. PHOSPHOLIPASE A2

. -
The most fully characterized phospholipase R2 to

éate is that from porcine pancreas (24). A number of sucit
enzymes from various venoms have been studied guite in detail
and are found to resemble the porcine pancreas enzyme in
théir characteristics. The pancreatilc ohospholipase A2 is
stable to boiling, and resists denaturation with 8 M urea
(24). t requires Cat¥, which interacts with the enzyme
independeﬁtly of the substrate, and it is able to attack a
molecularly dispersed substrate, although at a slow rate (25).
Tts optimal ‘pH 1s near 8 in the presence of anionic

' getergents, but drops to 5.8 in their absence (25) .

This phosphollipase seems +0 attack its substrate
after having penetrated between the substrate mclecules at
the interface, since activity is inhibited by excess surface
pressure in a mo?olayer. £ is also stimulated by anionic ~
detergents and negatively charged phospholipid (26). These

substances seem to favour a wider spacing between long chain

[ R L E T M AL

N R
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phospholipid molecules, and thereby permit an easier
penetration of the enzyme. The stimulating effects of
Efalcohols, cholesterol, fatty acid ester unsaturation
(27,28), and Triton X-100 (29); which have‘be%f'studied with

various phospholipases A, allow the same conclusion.

- Crotalus adamanteus phospholipase A2 (30) as well

as the porcine pancreatic enzyme (24) are stereospecific.
The venom enzyme, however, 1is more active toward zwitterionic
phospholipid@\(Sl) whereas the acidic species are the

preferred choice of the pancreatic enzyme.

!

Thﬁéfi imum reguirement in order that a substance

S

ad'
be a substraté& for pancreatic phospholipase A2 Is that one
fatty acid ester bond be in a position adjacent to the alcohel-

phosphate ester function, with the acyl chain occupying a

correct stereochemical orientation (32,33). The phosphate
moiety can be replaced by a phosphonate or sulfonate grouwr, and
a sulfonvl ester jnstead of an acyl ester bond will not give

rise to any inhibition.

The complete amino acid seguence ©of pancreatic
phospholipase A2 has been elucidated by de Haas et al. (34).
Tt contains 123 amino acids in a single polypeptide chain,

with an additional seven amino acids on the N-terminal for

~

its zymogen (35), and six disulfide bridges (36). Zymogen
[ -]

precursors also exist for thislehzyme'in human (37) and
F

rat (38) pancreas. ' ) .

\

o |



The phospholipases A2 of venoms are a fairly
diverse group of proteins which show considerable variation
in molecular weights (from 14,500 to 30,000) (39-42) fand in theit
amino acid composition, in the known cases (40-49). Even
isoenzvmes from the same venom show variations: for example,

two isoenzymes from Agkistrodon halvs blomhoffi venom have

isoelectric points of 10.0 and 4.0 (43). A salient feature
of phospholipases A2 seems to be their thermostability which
is likelv due to their large content of disulfide bonds

(40,41) .




B. GENERAL OCCURRENCE AND PROPERTIES OF LYSOPHOSPHOLIPASES

Lysophospholipases are widely occurring and have
been observed in various animal tissues, insects, plants,
bacteria, algae, veast, molds, fungi, amoeba, and mycoplasma
(see introductions to refs. 82 and 84). Until recently,

only pértial purifications of this enzyme had been reported
(44,48, [

Lvsophospholipases from various sources vary
considerably in their substrate specificity, pH optimum, and
their response tc Cat+t and detergents. It 1is possible that
a number of these enzymes are simply carboxylesterases with
wide substrate specificities, particularly since their
substrates, lvsophospholipids, are slightly to completely

soluble.

The enzyme from Penicillum notatum which has been

purified to homogeneity (46) and which includes 30% neutral
sugars, 1s observed to also possess & phospholipase B
activitv. Van den Bosch et al. (22) purified to homogenelty
a beef pancreas phospholipase which, as mentioned previocusly,
seems very similar to the phospholipase 3l recently purified
from pancreas extracts by another procedure (21). The
substrate specificity of this enzvme extends over 2 wide

range and is more characteristic of a carboxvlesterase; It

hydrolyvzes triacetin, tributyrin, p-nitrophenyl acetate and
L)

¢
)
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p-nitrophenyl caprvlate (23) asvwell as 1- and 2- acyl

lysophospholipids and diacvl phospholipids (21} .

The beef pancreatic lvsophospholipase acgivity
(22) as well as that from ox pancreas (44) and rat liver
(47-49) have optimal pH's from G.E to 7.0. But this is not
the general rule, since this enzyme from rat brain (45).,
Mvcoplasma (50), microsomes of mosguito larvae (Slf} rat
‘aortae (52), and E. coli (53) exhibit broad pH optima in

+he alkaline pH range. .

Manyv ivsophospholipases have no Cat++ requirement,
such as the enzymes from beef pancreas (22}, horsefly (54),
rat intestinal mucosa {35), bfain (45), and Mycoplasma {50),
and ﬁost are inhibited by wvarious detergents which stimulate
phospholipases Al, such as deoxvcholate (22,45,47,50,55,57),

sodium dodecyl sulfate (54,56,58) and Triton X-100 (45,50).

The lysophospholipases which also possess phospho-
lipase Al activity, have 1ion and detergent requirements which
are guite different from the two activities. Tf the same site
of the enzyme 1is responsible for both activities then it 1s
possible that the difference between ﬁhe presenﬁe of one or
two esters 1n phospholipid must be ccompensated by ions and
detergents in order to make the interface functionally similar
in both cases. However, different sites for each activity

remains a very likely possibility.
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cC. GENERAL OCCURRENCE AND PROPERTIES OF LIPASES

1. DEFINITION OF LIPASES

The classification and nqmenclature of enzvmes depend
on the nature and type of reactionscatalyzed. In this
respect the ciassification of carboxvl ester hvdrolases is
difficult to organize since there are two types of'enzymes,-
esterases and lipases, hvdrolyzing closely related
substraées. Lipases and esterases have been differentiated
on the basis of various inhibitors (59), and on the length
of the fatty acyl moiety or the nature of the.alcohol molety
(59). But since lipases are rather unspecific enzymes,
rhede categories are misleading. The most valid approach
+o the classification seems to be_that of Desnuelle who
ook into account the vhvsical state of the substrate (60) .

that is,whether it is soluble or nct. HoOwever, even this

criterion is not entirely rel%éble since an increase in
concentration of an esterase substrate such as triacetin,
£or example, to oversaturétion of the Eulk phase will bring
about the formation of emulsified particles which can then
be hgd}olfzed bv lipases (61). Furthermore, the addition
of increasing amounts of sﬁort chain glvcerides to 2 fixed
volume of 0.1M NaCl brings about two mesomorphic trapsi-
\

tions. The first.1s an aggregated form of the glyvceride,

" between a molecularly dispersed solution and heterogeneous
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emulsion which remains isotropic. The second transition
following saturation is characterized by the appearance of
a second phase forming relatively large emulsified particles.

Pancreatic lipase is able to act against both these forms

(62).

The second edition of the report of the Enzyme
Commission of the International Union of Biocchemistry (63)

considers lipases (EC 3.1.1.3) as enzymes hvdrolyzing

glvcerol esters according to the following eguation:

triglvceride « H,0 —— diglvceride *+ & fatty

acid ion.

.

I+ is mentioned that pancreatic lipase acts only at an ester-
water interface with a preference for +he external links
in triglyceride molecules. Very appropriately, Desnuelle

(60) has criticized this definition on many points. The

eguation given is incorrect since most lipases hydrolvze

glvcerides bevond the diglyvceride stagée, and sometimes up

to the release of free glvcerol (64). Some lipases hvdrolvze
triglycerides under acidic conditions'where the released
fatty acids are not fully ionized. quthermore, lipases

. will often hydrolyze ester substraces other than glvcerides,

such as methvl esters for example.

s’

Lipases are ciassified as hvdrolases, and in most
cases the equilibrium is on the side of nvdrolysis because

of the high molar concentration of water. But the
L'
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participation of lipases in transfer reactions in which
molecules other than water act as'the acceptor for fatty
acvl radicals has been demonstrated (60). Furthermoré,“
since lipase activity occurs at an hvdrophobic interface,
this could restrict the concentrétion of water vicinal
to the active site in such a way as to promote synthetic

processes. This has been observed (65,66).

A classification of lipases must take into considera-
tion the tyve of lipase concerned since there are lipases
known to be specific for monoglvcerides, diglvecerides, and
even for classes of fatty acvl groups. Furthermore,
considerable variations are observed in the extent to which
water-solublg substrates are attacked; o resolve this
difficulty it may be necessary- to define lipases according

to their activity against 2 series of standard substratess

2. DISTRIBUTION OF LIPASES IN LIVING ORGANISMS * / ‘

o, {

The distribution of lipases has been reviewed quite:

£/
iv

EA|

ext

lv by Wills (6?). Thevy have been found in mMost
plants, or microorganisms checked for this enzvme.
£ the animal lipases, pancreatic lipase seems to have

/ ‘ received the most attenticn followed closely by a variety

of lipoprotein lipases. Lipases from microoxganisms

have more recently been investigateé because ¢ possibie
medical and industrial aéplication, particularly since many
of +hem are excreted into the culture medium, and are there-
fore more easily extractable; several have been purified

and <carefully investigated (60).
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There are three main groups of lipases in mammals;
those discharged into the digestive tract by specialized
organs, such a pancreatic, gastric, and intestinal lipases,

»
and those present in tissues and milk.

A large number of tissues are reported to contain
lipases; blood, most organs of the mammalian body, heart,
brain, arteries, lungs, adrenals and suprarenals, ovaries,
white and brown adipose tissues, and skin are among these
(see review, ref 60). Theigﬂphysiological functiens are
not alwavs known although in adipose tissue, lipase 1is very
responsive to energy requirements of the bédy, and under
second messenger control will function to increase the free

fatty acid supply (6S-70) .

Milk lipases have long been suspected of being an
important factor in causing spoilage of milk flavour during
storage. Thus both practical and theoretical reasons have

prompted an extensive study of +his enzyme (60).

The intracellular distribution of these enzymes is

guite often cvtosolic although they have been found in mito-
-

—
chrondria and microscmes (see review, ref £7) .

Plants have not been studied extensively with respect
ro tissue distribution of lipase, but the enzvme has heen
found in many seeds and their £lour, and aiso in fruit.
Castor bean lipase is perhaps exceptional to the others of

this group in that it has been guite well characterized

(see reviews, ref 60 and 67) -




Bacteria, yveasts and fungi all possess lipases.
Manvy of these éfe intracellular lipases, gut the majority
studied are extracellular, beirg discha;ged through the
external membrane into +he culture medium. These enzymes
are often inducible by various lipids and surfactants,

depending on the microorganisms (see review, ref 60}.

3. PANCREATIC LIPASE

(a) #URIFICATION

Early attempts at the purification of pancreatic
lipase go as far back és the early 1920's, but thev were
not successful. The first complete purification procedure
was published in 1957, by Sarcéa et al. (71) and was later

improved to the point of obtaining a chromatographically and .

electrophoretically pure preparation (72). A short time
later Basky et al. (73) obtained a preparation which was

homogeneous according to ultracentrifugation and free boundary
electrophoresis but which céntéined +wo inactive components

on the basis of starch gel electrophoresis and DEAE cellulose
chromatography. Recomb}nation of the-purified pancreatic

lipase obtained from the stfep Jjust prior to the DEAE cellu-

lose chromatography could restore 90% of the activity when added

+o the protein obtained as the seconé component.

ther purification methods were sought to improve

the yield, since gquantitles isolated by early procedures were

-
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insufficient for structural studies. One approach by
Sarda et al. (74) involved the addition of a partially
purified preparation to a Sephadex G-200 column, through
which the lipgse ran with the void volume. The enzyme, in
this case, wés in the form of an undefined high molecular
welght compleﬁ and was designated as the "fast lipase".
With this method most of .the protein-was rdgained by the
column so that a substantial purification was achieved.
The "fast lipase"” was then converted to a "slow lipase"

by a treatment tvpical gzhéhose disruptiné lipoproteins,
and had a molecular weight of 38,000. A later .paper by
t+his group, however, reported that there weré two components -

in this slow enzyme preparation (7%)..

Another "fast lipase” was obtaineé by Kimura et al.
(76) when bile was added to human pancreatic juice. A low - ‘
molecular weight lipase could be obtained by extraction with .

acetone. or phospholipaéelA digestion, and could also be

reconverted back to the high molecular weight form by incubating
with bile, lecithin, and phosphatidyl serine. Both these

forms were immunologically identical. These authors believe
that a lowlmolecular weight lipase 1s svnthesized in the
pancreas and 1S modified in the ducdenum by a process involving

the presence of bile, to confer greater stability.

vandemeers et al. (77) purified rat pancreatic

lipase to homogeneity as judged by céisc electrophoresis, and

N

+



were the first to submit a preparation to amino acid analysis.

Their purified enzyme also ‘contained 14% lipid.

Desnuelle's group separated two active components,
IA and LB, from porcine pancreas, with essentially the saﬁe
purification procedure reported eérlier by them, but
involving a longer DEAE cellulose column (75). The two
forms have slightly different isoelectric points, the LB
form being slightly more basic than the LA form. Both forms
were electrophoretically and ultracentrifugally pure, and
had the same specific activities. Since similar results
could be obtained by starting the purification from pancreatic
juice, the difference between these two forms 1is not likely
due to any lipid bound to one Or the other. The molecular
weights were estimated to be 48,000. amino acid analvses
revealed a verv similar residue composition between these

isoenzvmes, with a difference only in the isoleucine content.

The amino acid composition also showed a high degree of
homology with vandemeers' rat pancreatic lipase mentioned

previously. .

(b} PANCREATIC COLIPASE

As alreadyv stated, Basky et al. (7.3) reported that
purified porcine pancreatic liéase lost its activity ’
against a bile sait-stabilized triglvceride substrate after
_hav;ng been passed through a DEAE £ cellulose column. But

the lloase activity was recoverable after addition of a



<
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boiled pancreatic extract. Other studies with rat pancreatic
juice fractionations furthex confirmed these findings: only
54% of lipase activity was recovered from rat pancreatic

juice run on Sephade\ G-100 and G-75 coluﬁns, but the full
activity was present when the columns were, run in the presence
of sodiqﬁ taurodeoxycholate‘ét levels above its micellar
concentration (78). It was rationalized that the absence of
+the bile salt permitted a separation of a small molecular

weight lipase activator.

This small protein, called colipase, was purified
+o homogeneity on the basis of electrophoresis and ultra-
centfgéugatioﬁ analvses (79). It was foundéd to gpntain
neither me?hionine nor trvptophan. On the other @and, its
thermal stability is Qell accounted for by the existence
of five disulfide bridges. Erlanson et al. (80) found coli-
D& t& consist of a single polvpeptide chain with a molecular
weight near 10,000, as determined by several technigues (79).
An amino acxd analvsis revealed 21 acidic and 10 basic
residues, in agreement with the isoelectric point of this
protein which is 5.0. This relatively large percentage of
polar residues, in addition to the five disuifide  bridges,
seem to indicate a rather compact tertiary siructure.\ This
is further conLirmed by “he low frictional ratio of colipase

(£/f0=1.19), énd agrees well with the heat stability of this

protein. ,/
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Borgstrom et al. (81,82) carried out some experiments
with rat pancreatic juice to understand the function and
phvsiological importance of paqcreatic colipase. They found
lipase free of colipase and bile salts to be optimally active
at pH 9.0. When 1lmM sodiuam taurodeoxf%holate was added 1in.
the absence of colipase, the activity was almost completely
inhibited. If colipase was added in the absence of bile salt,
only a small stimulation, in the oFder of 1.3 to 1.4 was
noted (82). However, & most pronounced effect wa;pobserved
when both bile salts and colipase were added to the lipase:
the activity was consicderably stimulated and the optimal

pE was shifted to 6-7.

Inhibitoryv effects of taurodeoxycholate, taurocholic
acid, and of glycine conjugates of cholic and deoxycholic
acid, %p the absence of colipase, were found toqoccur at
concentrations in the vicinityv of their critical micelle
- concentrations (82,83). Other de£ergents such as sodium
dodecvl sulfate, N-dodecanoyl glvcine, N-decanoyl taurine,
and lysolecithin were inhibitory even in the presence of 2
colipase, but +hese inhibitions could be reversed if
conjugated bile salts were added. Desnuelle (84) was
recently able £§ conclude that lipase inhibition by tauro-
deoxgcholate at pE 6 was of the competitive tvype since the

addition of 2 moles of colipase per mole of iipase raised

the K fyom 0.15 mM to 3.2 mM.




Molecular weight determinations from gel filtfa;ion
experiments with different combinations of lipase and coli-
pase, and with or without bile salts, showed that in bile
salt solution colipase forms a dimer, and that in the lipase-

colipase complex these compounds are present in a ratio of

1:2 (82).

Colipases from human, rat and porcine pancreas were
found to’'be interchangeable, and complemented the Iipases
from all three sources (82). Porcine and bovine colipases

are also interchangeable (85).

(c) STRUCTURAL PROPERTIES RELATED TO CATALYTIC ACTIVITY

Garner and Smith (86) examined the two forms of
pancreatic lipase, LA and LB, for the presence of carbo-

/M hjﬁgate residues, since other pancreatic enzymes have been
{

\\ £ound to be glvcoproteins. After having identified the o
presence of carbohydrates bv staining lipases in acryl-
amide gels, these workers ran a 75% pure preparation of lipase
on an agarose column containing covalently linked concavalin A.
This Dhytopemagglutinin binds terminal ch—gluccpyranosyl,
~D-fructopyranosyl, and —D-mannopvranosvl residues of the
carbohvdrate moieties of glycgproteins (87). 99% of the lipase

//activity was bound, and both forms of lipase were recovered

after eluting with o-methvl mannoside. Two carbohydrate
components were jdentified by gas chromatography as mannese

and N-acetvl glucosamine. These were Lound in proportions of

-




4 moles and 3 moles respectively per mole of lipase; both
forms of the enzyme were found to be similar. Another group
partly=confirmed the results of Garner and Smith but found

other sugars as well (88).

-

Inéanéther approach, Verger et al. (75) reduced
both lipases with 2-mercaptoethanol, followed by an alkyla-
tion with acrylonitrile to cleave and stabilize the disulfide
bonds against disulfide interchange reactions, and then
subjected these preparations to tryvptic digestion. The peptides
eroduced were not éll\soluble, but 89 to 94% of the reducing
sugars were found %O be in the soluble fraction. Fractiona-
tion of the trvptic products revea}ed three glucopeptides fdr
lipase LA and one for lipase LB. All peptides were ﬁ

similar in amino acid seguencerp but different in their

carbohvdrate residues.

Pancreatic lipase was examined for the presence of

reactive thiocl groups. Both molecular species, LA and LB,

Tt
*
3
:
t
3
.

were each found to contain 2 SH groups by titration with
5,5'-dithiobis—(2—nitrobenzoic acid) , p—mercuribenzoate,

and N-ethvlmaleimide (89). However, only one SE group
reacted in the native enzYmg. The second ;eacted in the
presence of 0.3% sodium deodecyl sulfate or 8M urea. It
ceems therefore that one thiocl group 1is at +he surface of
the enzymé and, furthermore, in an nvdrophobic environment,
since no reactlion was observed with alkylating reagents such

as iodoacetate and iodoacetamide.



Both SH groups react-with phenvlmercuric chloride,
and advantage was taken of this reaction to prepare two well
defined S-substituted lipase derivatives: mono=-5-thio=-2-
nitrobenzoic acid (TNB) lipase, in which the SHl group was
selectively blocked by a TNB radical, and a diphenyl mercuric
(DPM) lipase in which the SHl;and SH2 groups were both
blocked by thé phenvlmercuric radical (90). These reactions
were fullv reversible in the presence of excess thiol. The
TNB lipase had a Km value of 10 £01d higher than the native
enzvme whereas the Vmax was unaffected, while the DPM lipase
showed a 40% decrease 1in vmax without a change of Km. These
results suggest that the SHl group 1is at or near the site
of attachment of the enzyme for the hvdrophobic interface,
whereas the SH2 group is near the catalvtic site. This
would put bothﬁgroups in an hydrophobic region of the

molecule.

* gince the enzyvme does not. require the SH groups

ey

for catalysis, it seemed plausible to search for a threonine
or serine residue which would become acviated to make the
acyl-lipase intermediate 1in catalysis.‘ But low concentra-
tions of diisopropylphosphofluoridate not onlv have been
found not to ifiibit the enzyme even in the presence of bile

e '
salts, but have often been used to stabilize the enzvme against
proteolyvtic contaminants. Higher concentrations of this

organophosphate were found to bind to a tyrosine residue not

involved in activity (91). In contrast, pancreatic lipase



was found to be inhibited by either an emulsion or a solution
of diethyl p-nitrophenyl phosphate (DNP), but only in the
presence of'at jeast 0.05% bile salts. It seems therefore
+hat this reagent has to be inﬁluded into micelles before

the inhibition can take place. The inactivation was found

to be pH dependent, with an optimum pH of 6.0, énd running
parellel to the release of 1 mole of p-nitrophenol for 1

mole of inhibited enzyme. BY using 32P—labelled DNP followed
by various proteolytic treatments it was possible to isolate
a radiocactive peptide containing a phosphorylated serine.

;

These results are therefore fyllv consistent with the view
that lipase is active exclusively on substrates in an
emulsified or micellar state, and that a serine 1is involved

in the activity of the enzyme, Very possibly as an acvl

acceptor.
L S

A histidine residue has also been found to be
“involved in lipase activity }92). The pH dependence of the
reaction with tributyrin is consistent with the participa-
tion of one essential ionizable group with a pXK af 5.8 which
must be-unprotonated; only the imidazole ring of.héstidine
ionizes in this pHE range. Furthermore, a Strong correlation
was established between the rate of enzyme inactivation and
the rate of oxidation of a histidine residue in photo-
oxidative assays; three ot;er residues were also photooxidized,

but without such a good co;relation as that obtained wilth

histidine.

/\\\\__,
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Tt seems likely therefore, that pancreatic lipase,
like a number of esterases and proteases with esterolytic

activity, is a "serine-histidine” enzyme.

-

Dufour et al. (93) investigated the role of the
c&rboxyl groups in the activity Qf tﬁe enzyme. They based
their studies on a report by Hoare and Koshland (94) who
woﬁked with‘other carboxvl esterases and proteases. This
approacﬁ consists in reacting the préteins with a carbo-
diimide, followed by condensation with a nucleophile. In
this way 14 carboxyvl éroups reacted rapidly with N-ethyvl-N'-
{3-dimethylaminopropyl) carbodiimide (EDC) and glycine ethyl
ester. A more bulky carbodiimideand nucleophile; l-cyclo-
hexyl-S-(2—morpholinyl-(4)-ethy1)carbodii@}dep-toluene
sulfonate (CMC) and norleucine methyl ester, reacted with
only 5 carboxyl groups. In both cases lipase activity was
completely abolished, suggesting that at least one of these
carboxvls 1s essehtial. However, this group must have a
structural role since the enzyme with 5 modified groups was
£fully titratable with diethyl-p-nitrophenyl phosphate'in the
same way that the catalytic site of the native enzvme 1is
+itratable. The S-modified-g;oup—enzyme was also more rapidly
denatured in 8M urea +han the native enzyme, again supporpin%

_a structural role for the essential carboxyl(s).

e

\/> ) e
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Since a maximum of 14 carboxyls reacted with EDC
out of a total of 41, the majority of carboxyvls must be
"huried™ in the lipase molecule. The 5 groups reacting

with CMC must be less sterically hindered than the others;////”/

- - .v/
Work on the primary structure of pancreatic lipases
LA and LB shows that the molecules consist of single
polvpeptide chains with serine at the N-terminal and a half

cvstine at the C-terminal.

(d) GENERAL REQUIREMENTS AND SUBSTRATE SPECIFICITY

(i) OPTIMAL pH AND COFACTOR REQUIREMENTS

Lipase activity is stimulated by various lons

and bile salts, which, in some cases, bring about shifts in

v
.

the optimal pH. Borgstrom (95) studied how the optimal pH

of lipase activity of rat pancreatic ﬁuice is affected in the
presence of varying concentrations of taurocholic acid. The
pH optimum of lipase without detergent is situated at

about pH 8. This optimum shifts downward with increasing

taurocholate concentrations, to its lowest at pH 6 in

C/

the presence of 0.2% taurocholate. At higher concentrations

of detergent a second pH optimum develops at pPH 9.0.

Without calcium salts pancreatic lipase is reported
to hvdrolyze triolein only as far as diolein (96). The
addition of large concentrations of this cation permits
lipolysis to progress to the monoglvceride stage. Further-

more, calcium ions have been found to stabilize this enzyme

‘\



against heat denaturation {97). In the presence of deoxycho-
late lipase is inactive unless calcium is also present (98).
Since the Km is found to vary proportionately to the
reciprocal value of the Cat+ concentration whil; the Vmax
remains constant, it is likely that the Cat+ is bohnd by the
enzvme rather than by the substrate. Therefore calcium 1is
postulated as being necessary for the adsorption of the
enzvme at the triglyvceride-water interface in the alkaline

pH range, to compensate for the electrostatic rgbulsion

existing between the negatively charged lipase molecule and

the anionic group of the bile salts at this interfacé.

With a simple system composed of two reactants,
triglvceride and water (stabilized by NaCl and a trace of
oleate), Benzonana et al. (45) showed that the addition of
Ca++ and deoxvcholate did not appreciably increase the
initial rate of lipolysis, but rather preventg@ the inhibitory
effect of long chain soaps; in +he absence of deoxycholate
+he reaction rate drops after a few seconds, but in its
presence the rate remains cogstant for several minutes. OCn
the gther hand, high concentrations of this bile salt are
inhibitory, possibly by a Competitive effect_exerted by bile

salt micelles.

The presence of NaCl 1is essential to pancreatic
lipase activity in a system of water and triglyvcerides (99),

and is observed to affect +he initial rate of the reaction.
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although.this NaCl effect is not clearly understood, it is
suggested that it may be due to a minimum ionic strength
requirement of the aqueous phase before lipase can become

active. The optimal concentration of NaCl was found to be

7 mM.

(ii) FATTY ACID CHAIN AND ALCOHOL MOIETY
SPECIFICITIES

In studving the specificity of pancreatic lipase
towards different fatty acid chains of triglycerides one
has to keep in mind various problems wﬁich complicate the
interpretatiocn o% data; for example, optimal concentration
of bile salts, calcium ions, and hydrogen-ions vary

&

Also, the glvcerides used may be liguid or sclid at the

considerably with the length of the agyl chain (100,101).

assay temperature SO +hat the reaction site would be a
liguid/liguié interface in one case, and a solid/ligquid

interface in the second case (102,103).

I+ is in the light of this that one must weigh the
résults indicating that shorter chains in triglycerides are
preferentially hvdrolyzed by pancreatic lipase at an
increasing rate from C2 to C4. Assavs with mixed triglvcericdes
show similar rates of hvérolysis for saturated chains from

-
C12 to C18 as well as for oleoyl and linoleovl chains

(104,105).
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Mattson and Volpenheim (103) have studied how the
hvdrolvsis rate is affected with esters of primary n-alcohols
containing 1 to 18 g?rbons esterified to fatty acids with
2 to 18 carbons. Thev found that the speed of hydrolysis
is influenced independently by both the acvl and the alkyl
chains. Regardless of the fatty acid moiety, the rate of
hvdrolysis decreased as the alcohol chain length increased
from ethanol to pentanol, methanol being a less suitable
substrate than ethanol, and then increased until the highest
rate was obtained with heptanol. For the fatty acid

component there was a progressive increase in the rate of

~

hydrolﬁgis with Cq and C, fattyv acid chains, a large drop of
1
3
activity ét\cs, followed bv a gradual increase from this peint

S —

on to C12‘ The highest activity was obtainéé with the C12
chain, the C4 chain's activity following closely. According
to this data the highest rate for anv of these esters shotld

be with heptvl dodecanoate, and indeed, this was observed (103) .

Branching of the aliphatic chain in the neighbéur—
hood of the carboxyl, such as with 2,2-dimethyl stearic. acic
esters, causes resistance te lipolysis, probébly because of
.steric hindrance (;06,107}. The polvenoic acids of marine

oils which have double bonds in position 4 or 5 (108) or trans-

3-enoic esters of Grindelia oxvlepis seed oil{(;09) are all

4

fairlv resistant to lipase hvdrolysis. “




Brockerhoff (110) has ca&ried out a most comprehensive
stuéy with monoenoic, polvenoic, methyl-branched, w-cvelo-
hexyl, and w-phenyl acids esterifiéd to p-chlorobenzyl
alcohol of s—fluoroethanol. He essentially confirmed the
above-mentioned findings, and further found that multiple
branching of the fatty acid moieties introduced greater
resistance, with almos£ no activity remaining when an ester
of cvclohexylacetic acid was +he substrate. The inhibition
observed with w-phenvl groups disappeared gradually as the
chain was lengthened to'CG, with an abnormally high rate~of

hvdrolysis being obtained with a 8 carbon chain. The

enzyme also attacked formates rapidly. The author concludes

Ll AANSF T AR
araas

that steric hindrance is responsible for inhibitio?i¥53/;o

CS’ in the case of substituted acvl residues. 4T

(11i1) POSITIONAL AND STEREQSPECIFICITY

Much work has been carried out and many methods have

been used to determine the positional specificity of pancreatic

lipase on glychides. The literature pertaining to this work
.

has been rev%gzéd bv Desnuelle and Savary (lQZ). It is now

well understood that the ester bonds in the o-positions of

triglycerides are hvdrolyzed first, and that the ‘enzyme 1is

not stereospecific since both positions 1- and-B— are attacked

at the same rate (111). o, 3-diglycerides formed are broken

down at a slower rate than triglvcerides and release S-monoc-

LY

glycerides. Glycerol can be released very slowly from



e-monoglycerides which may form by isomerization from

f-monoglycerides (102,112,113).

(iv) THE PHOSPHOLIPASE Al ACTIVITY OF PANCREATIC
LIPASE

Porqine pancreatic lipa;e was fouﬁ% to hydrolyze
the fatty acid ester bond at the 1-position of synthetic
phosphatidylcholine, and'to be nonstercospecific towards
this substrate since it also hydislyied the ester in position
3- of a sn-2,3-diacyl phosphatidylcholine {l14). A more
detaileé study of this phospholipase Al activityv has been
carrie@ out by Slotboom et al. (115) in which they found this
enzyme to hydrolyze exclusively the l1-position, regardless of
the chain length at position 2- OT the distribution of
saturated and unsaturated fatty acid moieties between vositions

1- and 2-.

Contrary to most phospholipasesAl which are sterec-
specific, the phospholipase Al activity of pancrea?ic lipase
js not stereospecific, which is in accord with the non-
stereospecificity displaved towards glycerices (115). Furiher-
more, anionic phosphoglycerides were found to be degraded
more rapidly than zwitterionié phosphoglycerides, whereas
lysophosphoglycerides were almost inactive as substrates

{1135).
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If position 2- of a 2—deoxy—phospholi§id is
occupied ey an aliphatic chain, there results no lipolytic
activity; but an ether linkage in this position renders
the ester of position 1- liable for 50% of the activity
observed with the corresponding phospholipid (115}. The
compound, l,3—diacyl—sn—glycero—2—phosphory1choline is ngt
hvdrolyzed by pancreatic lipase, even if two fatty acid ester
linkages at primary hydroxyls are available; however, the

regmoval of the negative charge by substituting the phospha-

tidate with two methyl groups favours attack bv the enzyme (115)

L] -

(e) PHSICO-CHEMICAL ASPECTS RELATED TO SUBSTRATE
REQUIREMENTS

The concept that pancreatic }ip;se acts only at

an oil-water interface, and would conseguently be adapted to
‘thls functlon, has been cuestloned by Entressanéles et al.

(62) gince they observed enzvmatlc activity on micellar Y
triacetln in the presence of 0.1M NaCl. Brockerhoff (116}
later found that the hvdrolvsms of olelc ac1d esters

deoended on the nature of the alcohol, the rate of the reaction
being influenced by jnductive effects and steric hindrance.
Lipolysis coula start with a. nucleophlllc group of the -

enzyme attacking the carbonvl carbon of the substrate. If

this is the rate-limiting step, the reaction should accelerate

when the carbon is made more electrophilic. This was indeed

found tq be the case; the aliphatic and hydroxyl groups

vsamNs T P2

N

3
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kept the activity low, whereas alkoxy, halogens, cyanide,

phenvl, and N02 substituents increased the activity. There-
fore, the result of activation or deactivation by
neighbouring ester or hydroxyl groups explains the
éccumulafion of diglvcérides and monoglycgriées during
pancreatic hydrélvsis. This theory also expléins the slowness
with which the o-bound fatty acid in Jecithin is attacked,
although tﬁe structure of the leci;hin micelle may—also be
partially responsible for this effect. Since the.phosphate
group has a high electron’ density and negative charge it
deactivates the ester group. Removal of the negative charge
on the phosphate, such as in tﬁe gompound.diphenyl'phospha-
tidate, diminishes this inhibition.

This . inductive effect does not exp;ainewhy lypolvsis
does neot start at;the B-ester of triglyceridg;\the carbonyl
group of which must be even more electrophilig‘than those
in the crpési}ions, sinis it is flanked bf two activating
groups. The reason given is an inhibition through steric
hindrance; this'is further supported with the substitution
~of the two methyl groups of isopropvl oleate, an inactive
suﬁstrate, with fluorine [(EéC)z—CHO;T: which should have a
hiéhly actiéating effect on thisg~substrate, and vet does not.
However, 1l,3-difluoroisopropvl ;leate is definitelv split by

lipase (116). A similar situation arises with phenvl oleate

which is not hvdrolvzed as compareﬁ'td p-nitrophenyl oleate
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which is.

. . ]
gsince the effects of the substitutents are not,

additive, it must be supposed that these substrates 1mpose
their ﬁharacteristics on -the structure of the lipid-water
intérphase. Therefore steric hindrance -may not be the only
factor causing deviations from the inductive effect theory

-~

(116) . .

Whether or npt lipase will be active against an
ester seems to depend primarily on.the hydfophobicity of
tﬁe molecule rather than the chain length or the structure ?
of the alcoholic molety {(117) . For exémplg, when the -
substrate tFipropionin is emulsifijed in a solution of an
iphibitor such as triacetin, the ighibitor will distribute

jtself between the two phases according to 1its lipophilic

and hydrophobic character. It will not only dilute that

Y

emulsion, but if it is moré hydroﬁhilic +han the substrate;
i+ will concentrate in the interface and disvlace the |
substrate; Tf this interpretation is correct, any substance
+hat can be absorbed by the emulsified substrate should
inhibit'lipolysis, and such is found to be the case;
diethvlether ig  found to be a better inhibitor than the
completely water-soluble dimethyl ether and diethylene

glycol. Among alcohols tested, butanol is the most

lipophilic and +he best inhibitor.
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mhe use of monolavers to study lipolytic activity

provides a simple systlem which is stable in the absence

of tensioactive compounds, aﬁd_in which all substrate
'moleculés are in contact with the solvent containing the
enzyme (118). Accordingly, the technigue has been used to
studv the effect of surface‘pfeésure on lipase hvdrolyvsis
of ester monolavers (119). The substrates 1,3-dihexanoyl-2-
butvl ether and %rihexanovl glvcerol wpge used. A considerable
activity 1ncrease was found from 10 to 20 dvnes/cm, with a
sharp maximum at 7“ dvnES/cm,uollowed bv a rapid drop at

S -
higﬁér\pressures. Interestingly, this maximal lipase actzvxtv
_ for both substraées was attalned at Pearlv the same surface
pressure which, ho@ever} represents widelv different surface

14 andil.42 ﬁ 1014 molecules/cm2

densities (1.84 x 10
respectively) and molecular areas (54 32 respectively) for
these snbstanges.- Therefore activit& of -a'lipase on a
substrate monolaver is not confrolled by the surface density
but rather by other parameters cloée%y relat;d to su;face
pressure. This could come about by the existence of reversible
transconformatlons of the lipase molecules leading'to at least
three states: a native and inactive stake Favouréd by high
£film pressure, 2 slightly modified and active state favoured

by intermediary values of\?ressure and energyv, and finally a

_ L .
denatured and therefore inactive state favoured by low pressure.

This hvpothesis is fu;}her supported by results

showing an irreversible 1nact1v£tlon of lipase 1in svstems
1:\
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containing a hydrocarbon—waéer interface where the free
inﬁerfacial energy can be expected to be especially high
(i.e. a low pressure) 1120). Kinetic Studies show that
taufocholate and.albumih can prevent but cannot reverse the
unfolding of the enzyme; this is how these agents canlhave

an "accelerating" effect on lipolysis.

Bile salts may also prevent the blocking of oil-

water interfaces by denatured protein, since they have been
shown to be able to even clear agsig;erface that is alrgady
blocked (121). In addition, bile salts form mixed micelles
with fattv acid and soaps., and ther fore accelerate the i

diffusion of these compounds from an hvdrophobic interface

into water (122).

At phvsiological concentrations bile salts inhibit
lipolysis, probably by blocking the interface themselves.
The substrate displacement effect is possibly combined with
electrostatic repulsion of the enzymelsince conjugated

bile acids, which are much stronger acids, are also much

better inhibiltors (99) .

It is generally accepted that esterolysis catalvzed
by enzymes is in principle reversible but that usually the
excess of water is so high as to preclude any significant
resyntpesis. 'However, rhere have been a number of accounts
in the pasﬁ concerggiggthe svnthesis of triglycerides by
lipase (60). This may be related to the comparatively low

.
L8

bt ]



concentration of water near the interface of the emulsified
o0il droplets. Aan acldic pH with unionized fatty acids mayv

further help this phenomenon.

4. OTHER MAMMALIAN LIPASES

There are a multitude of other lipases which have
been identified in most organs of mammals. Theilr distribution
and their properties have been reviewed by many authors {60,

67,102,123) and will be summarized only brigfly here.

Monoglyceride lipases have now béen observed in a
number of mammalian tissues (124-129). Some have been shown
+o0 be without effect on 1oné chain di- and trigiycerides
(130) or to be devoid of esterase activity (131}, but may
attack methvl and ethyl esters and short chain di- and
triglvcerides (130). A few of these enzymes have been

partially purified (130,132,133).

Lipoprotein lipase £rom rat (134) and human (135)
postheparin plasma has been purified to_homogeneity. It
requires the presence_of lipoprotein, with maximumal stimula-
tion provided by high density lipoprotein, to be active
ggainst triglvcerides; however, it will hvdrolyze di- and
monoglyvceride without +his cofactor. This enzyme is able R
to break down glycerides to fattv acids and glycerol,

although the degradation of monoglvceride is slow (134).

some authors have found this lipase to attack triglycerides

»

N
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preferentially at position'l-, to release sn-2,3-diglycerides

(136). This may be an important step to avoid the stimulation

of phospholipid biosvnthesis.

There are also a profusion of other lipases in post-
heparin plasma as well as in most other tissues some of which
are\under second messenger control (see revigys, ref 60,67,

102,123).

5. PLANT LIPASES

Among plant lipases, castor bean lipase from dormant
castor beans has been studied the most, and only this lipase

will be considered here.

(a) FUNCTION, ISOLATION AND PROPERTIES OF CASTOR BEAN \
LIPASE :

This enzyme has only been_partially purified (137,
138), mainly because it is insoluble in water. Electron
microscopy shows that this enzvme is bound to membranes of
+he oil-containing organelles of the seed, the spherosomes
(138,139). This lipase hvdrolvzes short and long chain
triglvcerides at an optimal pH of 4.2 {138). The assays
require no added emulsifiers or fatty acid acceptors (140,141)
because it contains a natural one, 2 cyclic tetramer of
ricinoleic acid (142} (which is extractable by dry butanol
from a lyophilized powder). Other amphipaths can stimulate

the activity of this lipase, but not as well.
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A protein cofactor has also been found for this
enzyme (143). It can| be obtained bv centrifugation of a
} .

self-digest preparati%n at pH 6.0, and purified from the

‘'supernatant with DEAE wellulose chromatography. This

cofactor is a small heat-sta lvcoprotein which appears

to be related to some of the castoX allergens (142} .

)

(b) SUBSTRATE SPECIFICITY OF CASTOR BEAN LIPASE

Castor bean lipase was origipally believed to be
— -
devoid of substrate positional specificity since mono- and
diglvcerides do not accumulate as products of triglvceride
hvdrolysis (144). The enzyme was later thought not to cleave
secondarv ester bonds (1453) and such release of fatty acids :
: ﬁfgf;gfjijign\i was attributed to isomerization of the mono-
/and digIvcerides "prevailing at ac1d pH. It has recently

been found, however, that.l,2- dlglvcerldes do not isomerize

appreciably under these conditions, and that both ester

bonds of 1,2-diglycerides are hvdrolyzed at the same rate
(146)}. The enzyme also attacks the esters of 1- and 2-mono-
glvcerides. The appearance of 1,3-diglvcerides unéer ~ .
certain conditions in the hvdrolysis products was found to
occur bv a synthesis of 1,3- -diglyceride from 1-monoelyceride
and fatty acid. Hydrolysis finally runs to completion

because the reaction is ijrreversible after the release of

free glycerol.

o
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I+ is interesting to see how this enzyme has its own
emulsifier in addition to a protein cofactor. 1In this
respect, although this is a plant lipase, the enzyme acts
in a way not very different from pancreatic lipase. However,
there is one major difference ih that this lipése is
extremely insoluble, whereas panc;eatic lipase is a soluble

enzyme. Their structures, therefore,-must be quite different.

6. LIPASES .FROM MICROORGANISMS

. A number of microbial lipases have been purified to

homogeneity, some 6E7which have been crystallized (see

review, ref 60). Since many of these are extracellula;,

their purification from cell—fr§e culture media has been
. . "

possible with conventional technidues used for soluble

enzymes.

(a) STRUCTURAL PROPERTIES OF SOME MICROBIAL LIPASES

Present knowledge concerning the structure of
microbial lipases is very incomplete. Many extracellular
lipases are glycoproteinsg or otherwise contain a poly-
saccharide moiety which is not covalently bound to the

protein. The lipase from Rhizopus arrhizus is linked to a

sugar moiety which accounts for 8,500 out of.the total
molecular weight of 43,000 (147). However, this sugar
moietv is not covalently bouné ané can be separa%ed from
the protein by heating or bv cold 5% trichloracetic acild

precipitation. The sugar—-free form of the enzyme is as
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active as the native enzyme, SO that the sucar moiety does

not constitute a structural requirement for activity.

The lipase from Torulopsis ernobii, with an iso-

electric point of 2.95 and a molecular weight of 43,000
consists of a single peptide chain of 36% residues (148)
compris;ng 3 half cvstines; no free SH groups were reported,
however. There is a sugar moiety gssociated with this enzvme
which consists of 36 moles of mannose per mole of enzvme. An

extracellular lipase produced by Candida cylindracea,

which has been purified to homogeneity (194) was found to
have a high content of hvdrophobic residues and to contain

the sugars mannose and xvlose (150).

A lipase from Rhizopus delemar was recently purified

and other minor contaminating lipase components were
eliminated (151,152).. This livase, with a molecular weight
of 41,000, was shoﬁn to have.a high content of apdlar
residues, suggesting the presence og a hvdrophobic region
capable of interaction with water-soluble and lipid-soluble
reagents. Various amino acid residues:were therefore modified
according to their degree of disclosure in an oil or in a
water phase; this procedure led to the finding of two
essential trypﬁophan residues, one modified from the olive
oil side at the interface of the emulsion, and the other,
thought £o0 be the binding site, was modified from either the

water or oil side (132). These residues seem to be buried

N
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in the lipase molecule since they are not reactive unless

substrate is added and the enzyme-substrate complex is

fdrmed.

The lipase of Geotrichum candidum, purified to

homogeneity {153), and with a molecular weight of 27,500,
contains 18.9% c-helix, as estimated by circular dichroism
(154). Amino acid analysis revealed 224 residues comprising,
six half cystines per molecule. Neither sugar nor lipid
could be detected. The enzyme is stable up o 60°C, anéd 1is
not further stabilized by Cat+. The addition of 8M urea

is inhibitory, and is observed to induce a distinct change in
the circular dichroism spectrum, indicat}ng a considerable
alteration in the enzyme structure (154). However, upon
decreasing the urea concentration by dilution, +he enzyme

is able to revert back to its active form.

0i et al. (155) crystallized two extracellular lipases

from Penicillum crustorum, iipase I and II, with molecular

weights of 29,006 and 32,000 respectively. Lipase I
hvdrolyzed substrates more typical of lipases'such as olive
o0il, while lipase II hvdrolyzed tributyrin more efficiently.
Both enzymes were activated by Ca++ and inhibited by sodium |
laurvl sulfate. These twO enzvmes are interesting because
they are interconvertible with respect to their substrate

specificity. Lipase I changed to lipase II after prolonged

incubation with Ca++, Or treatment with sodium deoxycholate,




EDTA, or p-chloromercuribenzoate; exposure of lipase II
to hyvdrogen peroxide or sodium borohvdride brought about a
conversion to lipase I. The mechanism underlving these

transformations is not yet understood.

(b) GENERAL REQUIREMENTS OF SOME MICROBIAL LIPASES

Perhaps the most interesting aspect concerning
microbial* lipases studied so far is gheir substrate speci-
ficities. These show considerable species variation, and
: o
in some cases differ substantially from mammalian lipases.
Alford et al. (156) have carried out a survey of 83
microorganisms for the presence of extracellular lipases.
They retained 13 of these as possessing sufficient lipolytic
activity to warrant further inveégiégtion{ Iﬂ this group,
the enzymes from Pseudomonas fragi, gseﬁdomcﬁas.flucrescens,
. - ~ =
Pseudomonas geniculata, Candidalipolvtica, Phyaomyces nitens, s

. P —— A - -
.. . A< LT =
Mucor sufu, Penicillum roqueforti; "Rhizopus oligosporus, - ‘

Chaetostvlum fresnei, and Thamnidium elegans all 3 splaved

substrate specificity characteristics of_ pancreatic lipase,
and attacked primarily the 1-position of triglycerides (156) .

The lipases of Staphylococcus aureus and Aspergillus flavus

were found to have no positional specificity towards
triglyceriaes, hvdrolvzing the estefs at the 2-position at
about the same rate as for the'l—position (156) . ‘lleither of
these two enzymes weré inhibited by diisopropylffluoro—

phosphate, an inhibitor specific for esterases, and without

)
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effect on lipases (156). And &et, the S§. aureus enzyme attacked

water—-soluble substrates such as Tween-20 and -80 (156).

The thermophilic fungus Humicola langinusa S$-38,
whose lipase has also been purified to homogeneity (153), has

no apparent positional specificity with either tr}glycerideg
or phospholipids (156). 1In a hbmologous series of tri- )
glycerides with chain lengths from C, to ClS trilaurin was
hvdrolvzed at the fastest rate. Methvl laurate and ethyl
myristate were also the favoured sﬁbstrates in a series.
The esters of both positions of phosphatidylethanolamine
were degraded.. In addition, the watgr-solub}e substrates
nethvl butvrate, Soan—90 and Tween-20 were attacked. The
activity was inbi ed by n-alcohols, fatty acids and other
surfactants, ;ith anionié amphipaths being meore potent-@
inhibifors tggn neutral detergents (160). fhe n-alcohol

inhibitions were r,eversmble by an addition of more substrate, - ‘

but not by enzvme. On the other hand, fatty acid and blle
salt inhibitions could be overcome bv the addition of Cat+,

but apparently, not by substrate.

The three ester bonds of long chain triglycerides are

-l

hydrolyvzeé by the lipase from Candida cylindracesz, with a

preference for palmitic and 6leic esters over stearic
esters when the three are present in the same glyceride (64)
A hvdrolysis of the ester in the 2-position of 1,3-dihexadecyl

ether-2-cleovl glvcerol was used .to indicate that position 2
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is hvdrolyzed in the absence of isomerization. The pH
optlmum of 5.2 of this lipase lncreases to 7.2 in the

presence of an ermulsifier such as pOl‘Nanl alcohol. Sodium

-~ taurocholate is stimulatory only when polyvinyl alcohol i5

- o
also present; alone, this bile salt is inhibitory.

The lipase of Geotrichum candidun is unusual in

+hat it has a high degree of specificity for -unsaturated
fatty acid esters of the cis-9 and cis,cis—-9,12 types,‘bup'

has no positional specificity (156,161). Petroselinate

/

(cis-6), vaccenate (cis-11)} or trans 1somers were not

hvdrolyzed by this enzyme (162). A series of trlacvlglvcerols

containing, in approximately equal amounts, chains 12:0, 14:0,

16:0, and 69'12 18:2, randomly mixed, and only one positional

isomer of 18:1 (with unsaturation varied ffém Az to Ale)}
were rested as substrates for this lipase (163). Analysis of

the products revealed that only small gquantities of any of

-~

the 18:1 isomers were releaseé, except in the ‘case of the Ag
lS:l_contalnlng triglyceride, whichswas rapidly hvdrolyzed

~
to vield the unsaturated acid. The é9,12 18:2 ester was also

hydrolyzed at the same rate as the Ag 18:1. This more ‘detailed
study confirmed the remarkable specificity of this lipase for

cis-9 fatty acid unsaturation. This enzvme also discriminated

. . L9,12 . .
bhetween c1s,ClS and trans,trans b4 ! 18:2 geometrlc 1SOmMErs,

with a preference for the cis,cis; however, 2 mixture of

cis,trans and trans,cis isomers were attacked at the same

" rate (164). ) .

N
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Rhlzopus arrhizus produces a lipase which has a -

substrate specificity very similar to that of pancreatlc o .
lipase, hydrolyvzing only the external chains af triglvcerides

(165), as well as the ester of pos;tlon 1- of phospho-

glycerides (115). In fact this enzvme has been found suitable

et

for the analv51s of fatty. acid distribution 1in most glvcerollplds_
since it also attacks sulfollplds, dlgalactosvl dlglvcerldes,

di- and triglucosyl diglvcerides and phosphoglucollplds

(166) .

r

The extracellular lipase of Pseudomonas fragi, which

is verv unstable, has been purified to homogeneity in a very ..
low vield (167). This enzvme, with an optimal pE of §.6,
hvérolyzes the esters of positicons 1- and 3- of mono-, &i-

#

and triglvcerides, but is w;thout effect on methyl esters

and lecithin. . ' o _ : | ‘

The homogeneouslv pure (168,169) enzyme from Mucor
jaﬁanicﬁs with an Optlmﬁl/EE of 7.0 ané an isoelectric point
of 3.8, is inhibited by E%urochdlate and NaCl (169). Tri-
-caorvlln is most rapidly hvdrolvzec among triglycerides, with
tricaprin and t&llaurln next in order (168). But the
interesting point concerning this enzyme is that it hydrolyvzes
a serum-activiated oil gmulsion 10 times faster than one
without serum; i£ sherefore behaves much like & lipéprotein
lipase (165). Narasaili et al. (17) have also purified

-

from Pseudomonas M-12-33 2 lipase which acts as a lipo-

protein lipase.
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..Many of the lipases from microorganisms are very
different in their characteristics, and, often, the work
s

carried out with them. is ratber fragmentary, so that

. I . . L
comparisons are difficult.

The suéar mbietieé thgt many of these enzymes POSSess,
if they are ﬁot related to catalvtic activity, as one'gxaﬁple
suggests, méy b% ﬂZces§ary for their discharge‘fromhfhe cell
aftér synthesis. Thelr structures which include a high
content of hyvdrophobic res{dues imply that they function at
an inperface,ip a way similaf to otherfmamgé%ian lipases.-
However, the widelvariatioﬁs in'substréte specificities from
one species to another show that the basic mechanism for
lipolytic activity must be quite eas@ly'adéptgble.

-
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D. THE CATABOLISM OF PHOSPHOGLYCERIDES IN E. COLI

'

Enzvmes for the complete degradation of phospho-
glycerides hava been found in E. coli. Their sequential

"activities are shown in Scheme I. \5

1. PHOSéhOLIPASES A AND LYSOPHOSPHOLIPASES

. fhe presencef}n E. coli oreparations of 2 phospho-
llpasejﬁ with broad substrate specificity was reported’igg_
1969 bv independent workers (53,58) Shortly‘efter, he
positional spec1f1c1tv ané general requirements of thiS\
phosnhollpase activity were descrlbed by Droul\ and Fung.(SS)
It appeared from these earlier studles that E. coli w
.equipped wfth at least two enzvmes each attacking a diTferent
acvl ester bond of phosphpglycerides according to the

following reactlons {cf scheme I, reactions 1 and 2):

phosphoglyceride Phospholipase Al——‘;-z—lvso derivative

: o ’ . ;.
- phosphoglyceride Phospholipase Az—%Zl.-lyso derivative

The predominant activity displayed was that of phospholipase
51:" ‘Both act1v1t1es requlred ca++, ah anionic detergent,

and an‘alkatine pH. A less pronounced actmvztv was detectable
\ﬂ
at pH 4.5 - 6§ in the absence of detergents (33), but was

absent when sodium laurvl sulfate was added (53) or when
phosphate buffer was replaced by malate (171}. In E. coli W

spheroplast preparations, addition of deoxyc¢holate did not

-

abolish the acid phospholipase al ‘activity, but shifted

et
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. L, . .
its optimum to a lower pH (172). It is difficult to conclude

'qnlthe basis of the evidence at hand, whether there are both

an acid and an alkaline phospholipase Al, or whether certain
buffer-detergent—catlon combinations in the assay medium
would not result simply in an inhibition of a single enzvme

-

between pH 6 and 7.5. 7
\ L

Lvsophosoholx&ase activity (cf Scheme I, reaction
3 or 4) has also been detected in E. colil (173). The enzyme(s)
has an alkéiine pH optimum, OT cation requirement, is

inhibited bv anionic detergents, and is present in both the

cvtosel and the particulate f£raction (53,174).

. Working with E. géli 0118, Bernmard et al., (175)
assigned the positional specificity offﬁyospholipase A to
positioe 2 of phosphoglyceridesxmeinly on the basis that the
hvdrolysis of 5272[1-14C-oleoy1]-PE resulted in the appearance '

of labelled lyso-PE as product. It is difficult to reconcile

rheir results with those obtained by other workers using

various E. coli strains (53,172,176}, and very likely, the

position of the label in their substrate was incorrectly

Since‘these earlie; studies, several types of coli-
form phospholipases A have been reported, some of which
resemble those already descrlbed A detergent-resistant
phosphollnase A present in the 105,000 x g pellet of E. coli

K12 was observed to be heat-stable, stimulated by organlc

Y e
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splvents, and to catalvse transacylation reactions (174).
This enzyme is likely the same-as the phospholipase Al
mentioned previously (53,56,58). In addition, a detergent-,
sensitive phospholipase A was identified which was inhibited
by various detergepts, organic solvents, heat treatment, and
showed no ion requirement for activity ‘(1743- The detergent-
resistant enzvme, active in the alkaliné pH range, attacked
both phosphatidyl glyvcerol and phosphatidyl ethanolamine,
while the detergent—sensitive enzvme with an optimal pH at
6.5 - 7.0 was active onlf against phosphatidyl glvcerol.
Surely these two phospholipases must be différent since a
mutant which had no detergent—re51stant activity did possess
a normal detergent-sensitive phospholipase A. There is also
genetic evidence indicating that phosphollpase Al and A2
\together with at least one lvsophosohollnase are linked to

a single enzvme, since in mutants lacklng detergeﬁt -resistant
activity {177), the two phoqpholipase A activities disappear
together with much of the 1ysdpﬁospholipase éctivity. Also
in normal strains,*phospholipases Al and A2 shew similarities
in optimum pHE (56), localization in the membrane fraction

(178), and susceptibility to trypsin treatment (177)-.

(a) PURIFICATION AND PROPERTIES OF E. CQLI PHOSPHO-
LIPASE Al

. From the foregoing presentation one may surmise

that although several types of phospholipase A activities




- 51 -

have been reported, most of these can probegly be a§cribed
-+0 a single enzyme with_broad specificity.. However, this
idea cannot be convincingly defended in the light of other
results obtained by Scandella and Xornberg (176) who
purified E. coli phospholipase Al to near homogeneity.

: Theirﬁhigﬁly pﬁrified.enzyme, which reqﬁires Cca++ and has

an optimal pH of 8.4, hvdrolyzes only the i-acvl ester of
phosphatidyl glycerol, phosphatidyvl ethanolamine and cardio-
lipin at comparable rates for each substrate. Since the
D-isomer of phosphatidvl choline was not attacked, the enzyme
seems to be stereospecific. Furthermore, triolein was not
hgdrolyzed under their incubation condition;, so that this
énzyme was considered to be a true phospholipase Al as has

been postulated for other organisms (12,14—16).

The fact that the capalytic properties of this

purified enzyme were studied under‘rather limited incubation
conditions mav be a point to consider if one is to attempt an #
eventual reconciliation between conclusions derived from

genetic and sub—-gellular stuéies and those of Scandella aﬁd

Kornberg. However, at the moment the better evidence favours

the existence of phospholipase 21 and A2 as separate enzymes.

Again, whether lipase activity is associated with coliform
phospholig?se Al remains to be fe;ther determined. Studies

entertaining this idea are described elsewhere in this thesis. ~
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This phospholipase Al which is very-tightly bound
to the mémbrane, could be purifieggto near homogeneity only
aﬁter solubilization of the whole membrane in a buffer :
containing EDTA, sodium dodecyl sulfate and butanol (176);
Unlike the crude enzvme, purified phospholipase Al is
inhibited by SDS and vet is stable in its presence since
the activity‘can be reéoéere@ by washing off thé SDS with
butanol at room temperature. The enzyme tends to aggregate
in aguecus solutions and shows a strong affinity for phos- L//

pholipid in a way similar to other structural oroteins (179,
.
180), so that it may have & structural as well as a
-4

" catalyvtic fqle;

in addition to 1ts phospholipase Al activity, the
purified enzyhe exhibits a strong lvsophospholipase activity

towards l—-acvl lvsophosphatides (176). A similar situation g ‘

is found in the case of pho%pholipase A2 from Vipera

;oaleétinae (purified to homogeneilty, a8 judged by electro-

phoresis),vwhich also possesses 2 lvsophospholipase activity
(181} . . _ -—
(b) SUBCELLULAR DISTRIBUTION OF PHOSPHOLIPASES A AND

TYSOPHOSPHOLIPASES; POSITIONAL SPECIFLICITIES OF
IYSOPHOSPEOLIPASES. ‘

p—

Results already described indicated that phospho-
lipases A, depending on the tvpe, may be found in the

cvtosol or may be particulate—bound. Lvsophospholipase

is also_partly soluble. More detailed studies by white et al.

-
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* {182} and Bell et al. (183) have indicated that whereas most

of the enzymes synthesizing phosphoglycerides are present

on the inner membrane of E. coli, phospholipase Al is

located on-the exterior laver of the envelope. Recentl?,
Albright e;-al. {(178) were able to separate-three_subcellular.
fractions of E. coli, the cell wall, the inner membrane, and

the cy%fbol,cand to localize various phospholipid-hydrolyzing
activities within them. They found phospholipase and
lfsophospholipase Al activities®*(cf Scheme I, reactions 2 *\\
and 4) which seem to correspeond to Scandella's enzvme, and

are located in the cell wall fracticr. 1In addition, these
workers observed a phospholipase A2 activity in the cell wall
with properties very similar to the Al activity with respect ' :
to calcium and detergent requirements, pH optimum, and heat
stability. A strong lvsophospholipase A2 activity {ct

Scheme I, reaction 3) was detected in the inner membrane,

in addition to a low level of another~lysdphospholipase Al '

activity present in both the inner membrane and the cytosol.

LT

The latter activity was distinguishable from that found in
the wall on the basis of its heat lability and different

optimal conditions.

(c) IS PHOSPHQLIPASE 3l A PHOSPHOLIPASE B?

Tnterestingly, the highly purified coliform
phospholipase a1l (176), like its recently isolated pancreatic

homologue {21), is very active as a lvsophospholipase.

am,

=
{
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Unfortunately, the E. coli lysophospholipaée activiEQ'Bf
phospholipase Al was characterized only with l-acvl lyso
deriVatives; Nevertheless, it is clear from the foregoing
discussion that E. coli possesses a phospholipase A2 activity
having a subcellular distribution and assay requirements very
similar to phospholipase Al. Albright et al. (178) even
suggest that the same énzyme may be involved with both these
activit;es. On +his basis it would seem reasonable to

propose the renaming of phospholipase Al as phospholipase B,

implving that it catalyzes the following reaction:

phosphoglyceridephosPhOIlpase E;phosphodiester +» 2 fatty acids

The hydrolysis‘of the second ester may, however, require an
acyl migration to position 1. The term phospholipase B |
as it was used by Dawson (184) and Beare and Kates (183)

to describe an enzyme present in P. notatum (and not as used
by some authors to describe lysophospholipase) can no loﬁger
be automatically considered an unresolved mixture bf
phospholipase A and lyéophospholipase. Often, detergents
are added to a preparation to inhibit lvsophospholipase,

and phospholipase A then appears as a distinct activity.
However, selective inhibition by a detergent cannot be

taken as valid proof for the existence of two enzymes since
only one of the activities of a single enzyme may . be
abolished in thiglway. This is precisely the case for purified
pancreatic phospholipase Al, the lvsophospholipase activity of

which is selectively inhibited by bile salts (21).
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2. DEGRADATION OF WATER-SOLUBLE PRODUCTS

once phosphoglycerides are degraded by the combined
action of phospholipase A and lysophospholipase of phospho-
lipase B, water—soluble phosphodiesters areé produced. These
phosphodiesters can be further broken down by cytosolic
phosphddiesﬁerases and phosphatases g8,178) according to

the reactions 5 and 6 of Scheme I:/

glvcerophosphorvf PhOSPhOdleSteras—g‘»glvceronhosohate + X P
~5

glycerophosphate phosPhatasS;glycerol + phosphate

Thus it appears that E. coli is equipped with enzymes capable
of completelv degradlng phosphollnlds. Whetheg\éhese enzymes <
actually operate in the normal turnover of phosphoglvcerldes

in viable cells will be discusséd shortly.

3. OTHER LIPOLYTIC ENZYMES

phospholipase C. reported to occur in some E. coll
-

. strains (58, 175 186) lS not found in most others studied

and is therefore not an enzyme typical of this organism (193).

A phosphatidate phosphohydrolase_requiring Mg+f and
detergent has been characterized in the particulate fraction
of E. coli K 12 (187). It hydrolyzes both phosphatidjic acid .
and its lysoc analogue. The function of this enzyme is unclear
at the moﬁent since svnthesis of phosphogl;Zerides in E. ¢oli
does not apparently depend on diglvcerides (188). Furthermore,
diglycerides represeﬁt a metabolically inactive pool in noxrmally

growing cultures of this organism.(189).
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A lipase has also been found \in E. coli (190),
the detailed description of which is presented in this .

thesis.

A cardiolipin-specific phospholipase D (cf
Scheme I, reaction 7) requiring Mg++ has been found in

Haemophilus parainfluenzae bv Ono -and White (191). ©Until

recently, however, the occurrence of yhis enzyme was not,

or possibly could not be extended to other bacterial species.
This méy have been due to a lack of ATP in the assay medium.
Recently Cole et al. (192) detected a cardiolipin-specific
phospholipase D in cell-free extracis and cytosolic prepara-
tions of E. coli. in freshlv prepared extracts, the enzyme
required -only Mgt+, whereas in preparations +hat had been
frozen and ;nged several'times or stored frozen for
prolonged periods, there was an additional requiremént for
ATP. The catalyvtic and physiological properties éf this

enzvme are being further studied in our laboratory.

4. PHYSIOLOGICAL ROLE OF 7, IPOLYTIC ENZYMES IN E. COLI

g?n\\ Although the presence of lipolytic enzymes‘Can be
readilv demonstrated in E. coli extracts, the p£§siological
role of some of tﬁese enzymes remalns unclear. A detailed
study of phosphoglyceride turnover in cold-shocked and

normally growing E. coli 015 cells (193) failed to indicate

a sparing of acvl moieties relative toO phosphorus. Also a

parallel decrease in labelling of acyl chains at positibns
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1l and 2 was noticéd when labelled cells were chased under
thesé conditions. -Phospholipid turnover was accompanied by
an accumulation of oﬁly very small amounts of free fatty
acids, and no lysophosa?bglyceridés were detected as iﬁter-
mediate breakdowﬁ products. On this basis, involvement of
phospholipaée A (or perhaps phospholipase B) activity in
phosphoglyceride turnover could not be readily ascertained
although this enzyme is known to be very active in cells

subjected to adverse conditions (176,192).

On the other hand, Aibara et al. (195) observed that

in cells grown at 40°C and then chased at 20°C, éhere

resulted an increase in ;he levels of Eigfvaccenic acid in

PE and PG. Although most of their data could be explained .
: Ay

in terms of a‘éé novo svnthesis of more highly unsaturated

species, the authors‘cdnciﬁaed that a deacylation—regcylation- !l

cycle, as depicted in Schemes I ané II, reactions ¥ 2 and

8, occurred:

Scheme IT

phosphoglyceride Phosphollpaseggaf

—

atty acid +lysophosphoglyceride

Scheme I, reactions 1 or 2

lysophosphoglyceride acyltrénSferaES;phosphoglyceride

Scheme I, reaction 8
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This cvcle 533&& then accounﬁ in bart for the increase in
gigfvaccenic'acid in position 1 of pg. The conclusion of
Aibara et al. assigns a significant role to both phospho-
lipase Al and a lvsophosphoglyceride acvlating enzyme also
prgsent in E. gg;i.(58,173,176) but is incompatible with

the result§ obtained by Bright—Gaertner and Proulx (193).

Possibly a shift-down in temperature constitutes
a condition which activates phospholipaée A in whole cells;
however, it seems that one consequence of cold éxposure is
to decrease polyglycerophosphatide turnover in-l4C—laﬁelled
and 32P-labelled cells (193{. There is no obvious explanation
for the differences in results obtained by these two groups,
except that manipulation of the cells in one case may have

caused more damage to the membranes than in the other.

The proper detection of phospholipase A activity
in 14C—acetate—labellec}, growing cells would likely be
impaired by an jnduced oxidation of fatty acids reléased
duriﬁg the chase. This point was examined in detail by
audet et al. (196) who used, in addition to wild E. coli B,
two mutant strains, B fad and X 19, lacking g—-oxidation
enzymeé. Phospholipase A was active in at least one of the
strains tested, i.e. E. col: B fad. This strain, however, .
possessed a defective cell envelope. During growth it
;eleased,lypopolysaccharide, iipids, and protéins, including

phospholipase Al into the medium. The normal B strain was

IR A Y
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characterized by a much jower -level of phospholipase A
activity in vivo, if any, and a much less Dronounced tendency
to release envelope materlals durlng growth Strain K 19

displayed no apparent phosphollpase activity and-a completely

stable cell envelope under chase conditions.

This study and another .(176,194) indicate that
under usual culture conditions cells possessing normal
envelopes do not epparently depéﬁ%.on phospholipase A for
lipid turnover. This conclueion.invi£e5 the important
guestion: What +hen is the role of phospholipase A in -

E. coli?

The presence of phospholipase Al and A2 at the
exterior surface pf the cell (178}, and the resistance of
these enzvmes as well as E. coli itself to bile salts are

probably not inconsequent to the natural hab:.tat of this “

organism, the gut, where it thrlves symblotlcally. There, 3
these enzymes likely act on ohosphollnld—biie salt micelles

and procure for the cell fatty aczds ‘that it would otherwise
synthesize at the expense of energy, or alternatlvelw, that

can serve as an energy soeurce. In consort with phospho-

lipase A activity, .the lvsonhosmhoglvcexlde acvlatlng enevme

may serve to incorporate exogenous fattv ac1ds or anuroorlate

1yso derivatives into phosphogl&cerides of the envelope. At .
any rate, there is as vet no convincing evidedce’favouring

P

the involvement of a deacylation—réacylatioh cycle acting on
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endogenous lipids, irrespective of which phospholipase A may

be implicated. The role of phospholipase A in E. coli would

<~ then ‘appear to be similar to that of itsllvsosomal homologue,

but bringing .about a digestion of extrinsic material at the

. . L ¥
envelope surface rather than inside the cell.

-

If phospholipase A is not" implicated in the normal

-

turnover of E. coli lipids, how can one explain the loss

-

of. counts in the polvglvcerophosphatide fractions noticed

during chase of labelled cells (193,197-199)2
\

" The turnover of PG could be largely accountable

by its comversion to cardiolipin. However, a turhover
T . -
independent of thie conversion has ‘been proposed. Recent

ctudies in this laboratory by Audet and also by Ballesta

et al. (200) revealed that in]l4c—glycerolf;abelled cells,'

—

- . ' '
rhe unacvlated glycerol mo;etv of PG turns over at a rate *~
about twice that of its acvlated counterpart. Ballesta et. al.

:also‘showed that 140 glvcerol readllv 1ncornorates into the ///,
A AR 4
‘1

distal glygerel of PG in a mutant lacking glvcerokinase.

They proposed a simple exchange mechanism, as indicatedain
: £ ; : . T ot
the following reaction: Rt

- R s » - ’ . -
' PG + glycerol®* —= PC* + glycerél

]
Al

The authorg did not, however, rule ocut an alternative pathway

implicating the reversal of cardidli@&n syntheiis:

“n.

Cardiolipin =+ glycerol*———a‘éG + PG* “ .

< 4 .
. 4 .
. . P
» - . >
. - . b r - U
° >

LN
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Also to be considered is that the sum of the
cardlollpln svnthase and the cardiolioin—speéific phosphé-
lipase D act1v1t1es is equivalent to a phosphollnase D

attack on PG. In wild type stralnf’gggsg§51ng the glvcerdklnase,

'~ the uneven turnover of the glycerol moigties in PG could then

be at least uartlv e\plalned bv a net ohosnholloase D break-
down of PG and some reincorporation of the PA product lnto PG.

These points need further confirmation.

The ultimate catabolic drain in- polvglvcero-

phosphatide metabolism could again involve cardiolipin-specific

phospholi?ase D. , One product of this reactioem, PA, can be

degraded further to diglyc ide and to fasty acid, or converted

-

+o PE, according tq’react' ns outlined in Scheme I.
~ . . F\ ‘ -~

Fas

Ly




E. gIMS OF THE PRESENT INVESTIGATION .
L. 3 .
1. To further characterize certain lipolytic'enzymes T

of E. coli, notably a phospholipase al, a lipase, and a

lvsophospholipase.

2. To isolate the lipase and.study its properties

with. respect to substrate and positional specificities a
) ' 4
well as stereospecificity.

c

-

3. To begin work on the purification of lvsophos-—

pholipase and establish some of its properties.
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PART ONE

E. COLI LIPASE ;
— -

SECTION I'Lé&HE CHARACTERIZATION OF LIPASE ACTIVITY IN E;'COLI:
PROPERTIES OF THE CRUDE ENZYME

1. MATERIALS
N

_ Escherichia colil 015 was obtained from the Department

of Microbiolegy of the University of/pttawa, while Escherichia

coli Bfad and K19 were a generous gift from Dr. J.E. Cronan.

The‘ggraiﬁs,'KIZ (ATCC 25404)b,ahd B (ATCC 11303 and ATCC

23226) were purchased as lvophilized pellets from the American
f -

Type and Culture Collection. Escherichia coli B (ATCC 11303)

was also bought from-Generai Bio;hemicals as frozen sediments
of cells cultured to the mid log or late log phase. Stock
cultures of these strains were maintained on nutrient agar

slants.

The substrates trilZ= C—palmitoyl]-glycerol,.
tri[lvl4c-oleoyl]—glycerol, and tri[l-l4c—capr910yl]—glycerol
were purchased from ﬁqw England Nuclear Corporation; their
purity was ascertqined by thin laver chromatography.
l-l4c;pa1mitic acid and 1-t%c-linoleic acid were b ught from

i\lear |

amersham and Searle quporaiion, or New England Nuc

Corporation.

.
The detergents were procured <rom various sources:
hexadecvlpyridinium chloride from Eastman-Kodak Co., Triton

x-100, from Canadian Laboratory Supplies Ltd., sodium

dodecyl sulfate from Fisher Scientific Co.., sodium
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glvcocholate from K and K Las?ratories Inc., and sodium
taurocholate (ox bile extsact3 from Sigma Chemical Co.
The taurocholate was purifiéd by dissolving in hot ethanol

apné by decolorizing with activated charcoal. The almost

"

colourless solution was evaporated to drvness, and the
residue was used for the enzyme studies. A purer grade of
sodium taurocholate was also purchased from K ‘and K v

Laboratories.

4

-

The cofactors CoR and ATP, as well as the lvo-
- ._/\

philized Crotalus adamanteus snake venom were bought from

Sigma Chemical Co.

- Unlabelled phosphatidyl ethanolamine and phosphatidyl
choli&giﬁere exfracted-from rat liver and quantified as

described for radicactive analogues in the methods section

following. ) : ‘ ‘

2. METHODS

(2) PREPARATION OF E. COLX CELLS
i

E. coli cultures were prepared in shallow flasks
containing one litre of nutrlent broth and incubated at 37°%¢
with shaking. The cultures were started with 3-5 ml broth ~

inosulums. The nutrbaﬂ?nedlum consisted of 15 @ bacto- '

T -
&

peptone, 1l g yeastagxtract, 5 g NaCl, and 20 g glucose,

per.:isre, autoclaved 20 minutes at lZlOC._ The glucose

toclaved separately. The cells were ;;3%? 7 hours,
o

Wthh coincided with the late ng phase.

AN

“ N -

-

\
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The purity of the cultures was verified by Gram
stain and by streaking cells.onto an agar plate from which
eight individual colonies were transferred to a MacConkey
plate. A cloudy red appearance in the area of cell growth
indicatéd enteric bacteria. A streak from the colonies on
a citrate slant differentiated be#ﬁfgn Aerobacter, which

causes a colour change from green to blue, and E. coli,

which does not grow in this medium.

-

The cells were harvested by centrifugation at
8,000 x g for 15 min. at 4OC, resuspended 1in either buffer '
or water, and stored at -20°C when not used immediately.

Commercial preparatlons were kept at this same temperature.

(b) PREPARATION OF HOMOGENATES FOR ASSAY OF LIPOLYTIC
ENIYMES S

cell suspensions were submitted to ultra sonic ‘
N >

oscillation in ice with a Biosonik II cell disruptor for two
. ! ' T
to four perlods of 5 minutes at 70 kevcles. The temperature

of the sonicate was maintained below 22°C.

The protein concentrati&n of the sonicated cell
preparation was detérmined accord /é to the method of Lowry
et al. (202). The sonicates were ther—wsed as such or else
further diluted to known concentrations of)protein. The pH
values of tpe'homogenates were acdjusted as required\for

. 1 -
the assays. : .
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(c) EXTRACTION OF LIPIDS

Lipids were extracted according to the method pf
Bligh and Dyé} (203). This involved firs; +he addition of a
mixture of redistilled chloroform - methanol (l:2) so that
the final proportions were water - chloroform - methanol?
0.8:1.0:2.0. This solﬁtion was stirred for about 1 minute.
One volume of chloroform was then added, and stirring was
continued another minute before the final addition of
1 volume of water and a few drops of 1IN HCl. The latter has
the effect of lowering the pH and preventing jonization of the
fattv acids, whlch assures thelr quantltative extraction.
After another minute of stlrrlnq the tubes were centrlfuged
at 2,000 rpm for 5 minutes to separate two phases. The lower

chloroform phase was removed with a Pasteur pivet. The

remaining water - methanol phase was re-extracted with 1 voliume

of chloroform, and pooled with the first extract. The solvent !
t
, ! -
was evaporated under reduced pressure, at 35-40°C, and the

remaining lipids were stored under nitrogen at -20°C when

nécessary.

N

(3) SEPARATION OF LIPIDS

Liplids were routinely separated by thin layer
chromatégquhy (TLC) on 20 x 20 cm or 5 x 20 cm plaﬁsé coated
with 0.5 mm silica gel G. The slurry was prepared by mixing
thoréughly 50 g of silica gel G_withq}oo ml of watert After
dryving at room temperature the plateé were activated 1 to 2

hours at 110°¢c and stored in a Adesiccator up to a maximum of

24 hours.



Phospholipids were separated with the solvent system

chloroform - methanol - water, 65:25:4 (system a); the Rf )

alues of various standards are given in table l Neutral:
lipids were separated with three systems. Svstems B and c
consisted of petroleum ether (b.p. 600—90 y - ether - formic
acid, in the propqrtions 75:25:1.5 and:65:35:l.5, respectiv;iy.
Sys#em D was made of petroleum ether (b.p. 600—900) - '
ether —.acetic acid, 90:10:1. The Rf vaﬂpés for lipids
separated in these systems are listed in table 2. Other

chromatographic systems periodically used are described for-

each experiment when applicable.

»

(e) QUALITATiVE AND QUANTITATIVE ANALVYSES

Lipid components on TLC plates were located by
exposure to iodine vapour, most, of which was subsegquently
removed by aeration. Radioactive lipids wer® locaEFd by -
scan;inq the plates w1th a Nuclear Chicago ActlgraDH'III
radioscanner. For preparative work, nitrogen- -containing
phospholipids were detected by spraving with Ponceau red b

(0.005% Ponceau red and 0.1% uranyl nitrate in .01N HCLl); ~

the stain was then removed by the Bligh and Dver extraction.

; Phosphollolds were quantified by determining the

amount of phosphorus present, with either of two methods. In

the first procedure, aligquots of DhOSDhOllDld were digested

1l
'

in concentrated perchloric acid to oxidize the organic

) . —
materlalf the neutraleed w1th 12N NaQH, aﬁd brouqht to ?

known vplume. T

3

amount of phosmhorus present was estimated

Uy
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TABLE 1

=§f values for. Thin Layer Chromatography of Phosphoglvcerides

*

+ phospholipid . Rf values
cardiolipin .74
phosphatidyl ééhanolamine .49
\phosphatidyl glvcerol .37
phosphatidyl choline . .25 “
lvsophosphatidyl ethanolami&e .20
1ysopho§phatidyl glvcerol .15
“1vsophosphatidyl choline .10

* o —
solvent system A: chloroform - methanol - water,

£5:25:4. Plates were coated with silica gel G.
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* TABLE 2

Rf values for Thin Layer Chromatography of Neutral Lipids

*
Rf wvalues

neutral lipids B C D

triglvceride .75 .85 .40 .‘\
methyl esters .73 .79 5L

fatty acids .50 .61 2&3

1,3-diglyceride .18 .45 -.

1,2-diglyceride .06 .40 -

monoglvceride .03 .09 -

dialkylmondacyl glvcerol - ‘ - . .61 ~

* 9 | ] o,_=
Systems B and C: petrol'eum ether {B.P. 607-90")~

cther-formic acid, 75:25:1.5, and 65:35:1.5, 4 ‘

respectively. System D: petroleum ether (B.P.

]

Gﬂp—909)-ether—acetic acid 90:10:1. 2ll plates

were coated with silica gel G.

Q
&
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by the method of Fiske and Subbarow (204). If the amount of
- material was small, digestion was carried out in 10N
sulfuric acid, and phos?ﬂofus_wés determined according to

the method of Bartlett (205) .

&

{£) LIQUID SCINTILLATION COUNTING

A Beckman LS 133 liguid ccintillation counter was
used to estimate the radiocactivity present in various samples.
The scintillation mixturérconsisted of 0.5% 2,5-diphenvl
oxazole (PPQ) in toluene, to which 100 ml of methanol and 3.5
ml of glacial acetic acid were added per litre. The mixture
was suitable for counting maté}ial not gfeviously eluted from
silidé gel (206). Counting was performed by the external
standard method in the earlier work, and bv channels' ratio
for fhe rest. Quench curves were prepared’either £rom our own
chloroform-quenched samples or from Amersham and Searle OTr
- ~

N
\
=

Beckman quenched standards.

(g) DPREPARATION OF FATTY ACID-LABELLED PHOSPHOGLYCERIDES

l—[l—l4c-palmitoyl]-phosphatidyl ethanolamine, and
2*[ll4C£linoleoyl]—phosphatidyl choline wefe prepared by first
sonicating over_g;salt-ice.pixtufe during 5 to 10 minutes
25 uCi of l-lféréalmitgc-aciq or 1-l4c-1linoleic acid in 5 ml
of a puffer containing 0.12%M XC1, 0.002M MgCl,, 0.2M Bris,
75 mg ATP, 2.5 Mg q§§, and 1N HClC/Fo-pH\7.4. The sonicate
was then added to 3 ml of a rat liver homogeﬂate prepared

by homogenizing.2.5 g of liver from a young rat (about

150-300 g) in.10 ml of the Tris-KCl buffer. This ﬁreparation

L B - -




was incubated at 37°%c for 45 to 60 minutes. The reaction
was stopped by adding the solvents for Bligh and Dver
extraction (203), and following extraction, lipids were

separated on silica gel G plates with system A.

The nitrogen-conpaining phospholipids, PE and PC,
were identified bv spraying the TLC plates with a solution
of Ponceau red. The 1ig®ds were eluted and rechromatographed

a few times until chromatographical%y pure.
[ -
The distribution of 1abelfin the ester positions
(
of PE and PC were determined by a modification of white and
‘cucker's method (207). A phospholipasg A2 solution was :
prepared by adding 3-4 mg/ml of lvophilized venom from :

Crotalus adamanteus to 0.1M Trjs buffer at pH 7.2, containing

0.01M Ca++, and heating at 60° for 10 minutes to destroy a
o ;

lvsophospholipase which may be present. Aliquots of the ‘

phospholipids were dissolved -in 2 ml ether, to which 30 ®1
of thebphospholipase A? solution were tfansferred, followed
3
. . . . ! J
by incubation with agitation at room temperature for up to

10 hours. At the end of the incubaéion period the mixtures
were_evaporated to dryness.g The lipids were separated by

PLC in system A, and iadividual specles were identified by
radioscanner. If any unhvdrolyvzed phoséholipid remagned, it
was eluted and subjected to another period of degradation,
sihce results of only 2 partial breakdown of thé phospholipids

may reflect the substrate specificity of venom phospholipase

22 and mask the true isotope distribution. :
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With this method\ 1- 14 Cc-palmitic acid ester was

found to be dlstrlbuted in the 1- -position gf 1- [1— C—palmitofij#

phosphatldvl choline and 1- [l- 4e- oalmltovl] phosphatidyl
ethanolamine in proportions of 91% and 94% respectively.
2—[114C—1inoiéoyl]-phosphatidyl cholin; checked in a similar
manner- had 9% of the label in position 2-. Specific
activities were estimated by counting an amount of liﬁid

assessed by_dqtermining lipid phosphorus (204) .

(h) PREPARATION OF FATTY ACID-LABELLED GLYCERIDES

l—[114C+palmit0yl]—g—acyl glycerol and 2=[l—l4c-
Linoleoyl]-l-acyl glvcerol were prepared by hvdrolyvsis of
i .
1-Ti-T%c-palmitovl J-PE and 2-[1-1%¢c-1inoleoyl]l-PC with

phospholipase C from Bacillus cé}eus. Phospholipase C was

pre?ared\gccording to the method of Chu (208) , g;om the

cell-free incubation medium of Baclllus cereus. The culture

medium (209) consisted of 10 g pea%one, 10 g veast extract,
5 g NaCl, and 0.4 g NaH,PO,, adjusfled to pH 7.2 with 0.1N.
NaOH. After having grown the bacteria for 18 hours, the
medium was clarified at 4°c by 2 20 minute centrifugatién at
18,000 x g. 60 g of (NH,),SO, were added per’EOO ml of
medium and this was stirred at 4°leor 16 hours. The
precipitate was collecteg at 40°c fav a 20 minutfe centrifuga-
10% at 18,000 x g, and dissolved in 2 ml 0. 1M Tris ?uffer

"t pH 7.2. The enzyme could be stored 3 - 4 months or more
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The PE was dissolved in Slml ether, to which was
added 3 ml of 0.1M Tris containing 0. OlM Catt at pH 7.4, and
1 ml of'ﬁhe phospholjpase C preparation. Incubatzon was
carried out for 4 hours at 37%¢. " The etﬁer was then
eﬁaporaﬁed and a Bligh and Dyer extraction was carried out
with the.;emaining water phase.. The lipids were separated:
on TLC plates prepared from a slurry of;silice gel G made
with a 0.4M boric ecitholution instead of water; and run
in a system of chloroform - acetone, 96:4, ;eccording to the
method of Thomas et al. (210). The presence of bg;xc ac1d
in the silica gel prevents acvl mlgratlon known to occur on
TLC plates. This permitted a maximal recowery-of €§b .
sn*l 2-diglvcerides. This solvent system is élsq ver;
useful for seoaratlon of sn-l 2- andé sn—l}B-diglyceride .
isomers.a(Rf values - .36 and .52 respectlvelv). _The

spec:.tlc actlvn.tv and percentage J.sotooe dlstrlbutlon of ‘

these g¢glycerides was determlned on the Darent PE " as
- '

_ described previously. ’ - .

~

l-El—l4C—palmitoyl]—glycerol was prepareé from
1- [l— C—palmltovl]-DC which was sequentially subjected to
Dhosohollpase A2 and phospholipase o treatments, as qutlined

above. The specific aqt1v1tv was agaln measured from Ege ) )

1

parent onsphollpldu ; »
s l.
. bt
[ “ -
gy ‘\ i : . :
o,\\' ‘. = '\J % w f} el
] - £
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3. RESULTS AND DISCUSSION

(z) THE FIRST OBSERVATIONS-OF LIPASE ACTIVITY

-Initially, E. coli 015 homogenates were tested for

lipase activity under assay conditions suitable for phospho-

L

lipase Al (53,56). These assay conditions were chosén on

the supposed basiéRthat woth activities were due to a single

~ enzyme. A number of glvcerides were tried as potential
substrates for this enzvme, but they were not all attacked.
These results, shown in table.B, also include the percentage

of fatty acid‘produced by degradation of_l-[l-l4c-oalmltovlj-PE

to show that phospholipase Al was indeed active under these

conditions.

-~

-3

I+ is rather remarkable that despite the prélonged
incubation times used, triglycerides were not hvdéreolvzed, o
except perhaps tripalmitin, which was attacked very slowly.

On the other hand, dlglvcerldes and monoglvcerldes were
readily hyvdrelyzed. The results with 2- FL— 4e- linoleoylj-

diglyceride could indicate an attack at both the l- and 2-

positions since labelled fatty acid and ménoglyceride products
were obtained. However this result had to be interprgted with
caution because the product of an attack at position 1 of
diglyvcerides ié a 2- monogliyceride which can isomerize to 2

1- monoglyceride under alkaline coﬁditions (113). Further-
more, the hydrolysis rates at either position could not be
deduced from such prolonged anubatlon conditions and other
1nadequac1es of the preliminary procedure used. In the light

of this, the 1l- positicnal specificity suggested by the

-
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"TABLE 3

Hvdrolvsis of Various Lipids by E. coli Homogenates

Percent dpm recovered as product

Substrate - FA DG MG
_pi 14 . -
tri-T1-""C-palmitovl]-glvcerol 6 2 4
tri-[l—l4c—oleoyl]-glycerol 0 0 0
tri—[l-l4C—capryloyl]—glycerol 0 0. 0
l—[1-14C‘palmitoyl]—2-acyl 31 - 0
glycerol
1—acy1-2—[l-l4c—1inoleoyl]— 32 - 12
‘ glvcerol a
1-[1-t4c-palmitoyl]-glycerol 32 - -
l—[l-l4C—palmitoyl]—phospha- 49 - - -
\ tidvl ethanolamine 3
-‘ E

The incubations contained the following amounts of substrate:
0.65 nmoles tri—[l-l4c-palmitoyl]—glycerol (sp. act. = 21.7 uCi/ e:
pm) ; 0.3évgmoles tri-[l—l4c—oleoyl]—glycerol (sp. act. = 38 uCi/ :
pym); 1.3 nmoles tri—[l—l4c—capryloyl]-glycerol (sp. act. =

8.43 pCi/um); 36.5 nmoles l—[l—l4c—palmitoyl]—2 acvl-glvcerol
(sp. act. = 6.7 x 10° dpm/um); 25,000 dpm 1-acvi-2-[1-1%c-

linoleoyl]-glvcarol (underdetermined sp. act.); 280 nmoles of

l—[l—l4c—palmitoyl]—glycerol (sp. act. = 5 x 104 dpm/um) ;
36.5 nmoles of l-[1—14C-palmitoyl]-phosphatidyl ethanolamine
(sp. act. = 6.7 x 10° dpm/um) . The lipids were dissolved in
0.3 ml ether and mixed with 2 ml of incubation mixture
comprising 1 ml of E. coli 015 homogenate (32 mg protein),

5 mM Ca++, and 0.6% sodium dodecyl sulfate (w/v), in 0.1M
Tris, pH 8.0. The incubations were carried out at 37°% for

4 hours, with shaking.
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results obtained with substrates labelled in position 1-

is neither contradictory nor necessarily exclusive.

These preliminary results did suggest that mono-
and diglyvceride, but not triglyvceride, constitute the reafﬁ
substrates for coliform lipase. This would not have beeh
an ususual case since a number of well characterized mammalian
lipases hydrolvze preferentially mono-= andxdiglycerides, with

little activity against triglvceride (211). It will be seen

jater, however, that E. coli lipase can attack triglvcericdes

under proper assay conditions. >

Since the~li agtivity revealéd ar this time was
directed towards either diglvcerides or monaglycerides, a
possibility exiséed that these substrates were transformed to
phosphoglycerides prior to attack. Diglvyceride phosphokin;gg\¥
activity has been shown/to occur in E. coli (212), and
endogenous ATP levels could be sufficient to allow this
conversion. To test this possibility and to further define
the positional specificity of coliform lipase, the time

-

course of the reaction with l—[l—l4c—palmitoyl]—diglyceride
was studied. Resélts in figure 1 reveal that at no time
during the incubation were 1abelled monoglyceride OT phospho-
élycefide detected, although such products were systematically
sought. conseqguently, the diglyceride was hy@rolyzed
directly, without formation and degradation of an intermediate
phosphoglyceride by the combined action of several enzymes.
Also the results do strongly suggest that lipase activity is

directed mainly towards the 1- position of diglycerides,

A3
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FIGURE 1 P

Time study of thé hvdrfolvsis of l-[l—l4c-palmitoy1]-2 acyl
gl¥cercl. The reaction conditions were the same as those

described under table 3 for this substrate.
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although small amounts of labelled 1- monoglyceride may

havé been formed and then rapidly degraded. The results

could also be explained on the basis Fhat both ester positions
are hvdrolyzed Prior to release of the deacylated product

from the enzvme. This would be a very unusual mode of action
for a lipase although it is the case for phoépholipase B
activity on phosphoglycerides. This point will be treated

in greater detail in a later section.

Under similar assay conditions, E. coli B was shown

‘attack diglvcerides and PZ in a manner similar to that

seen Yith E. coli 015. Since this strain is most commoh and
can be purchased as large scale cultures, it was chosen for

our later purification studies.

(b) THE EFFECT OF CALCIUM

At this stage a systematic examination of the optimal
conditions for lipase activity was carried out. In preliminary
experiments a number of additives were varied to see whether
triglyvcerides could be hvdrolvzed by E. coli preparations.
Among the conditions found to be important for optimal lipase
activity with these substrates was the Ca++ concentration

and thé\type of detergent used.

As can be seen in figure 2, there was little orx no
basal activity in the absence of added Cat+. Stimulation
by this cation was intense up to a concentration of 50 mM and
progressed slowly thereafter. A concentration of at least

50 mM was adopted for most of our subseguent studies.
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FIGURE 2

The effect of calcium concentration on hvdrolvsis of tri[l—l4c-

oleoyll-glvecerol. The incubation mixture contained, in a

total volume of 2 ml, 70 rimoles of tri-[l—l4c-oleoyl]—giycerol

(sp. act. = 1.4 x 106 dpm/um), 5 mg protein from an E. coli B

(ATCC 11303) homogerate, 2.5% sodium taurocholate, varied

amounts of Cat++, and 0.025M 7Tris buffer, pH 8.4, Incubations

were agitated for 30 min. at 37%.
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It is doubtful that the hlgh Cat+ concentration reflects
an entirely specific catalytic requ1rement of the enzvme.
The high ifonic strength of the medium mav have secondary
effects on the enzyme conformation or on the type cf substrate
aggregation which favoﬁrs activitv. Also, a more etfectlve
. blndlng of cat+ with the fatty acid product may be a°
contributing factor which reduced product inhibiticon. At any
\rate, l1ittle hvdrolysis of triglyceride occurs when the Ca.-'i'-+
concentratlon is below 10 m, andsone can therefore conclude
- that our initial assay medium was inadeguate with respect to . - -/

ca*+ concentration.

(c) THE EFFECT OF DETERGENTS

PR LT NN

Results in table 4 reveal the effect of wvaricus
detergents on the hvdrolysis of trloleln. Only anionic
detergents were stimulatory; .TO activity was obtained with

either neutral or cationic surfactants. At concentrations

/f“—7:f—\Q$ 0.5% (w/v) the highest rate of hvérolysis was obtained

;<y///ﬁith sodium dodecyl sulfate (sDsS). Higher concentrations of
sDS caused the formation of calcium precipitates ané results
became variable. Problems of this type were also epcountered

with sodium desoxvcholate.
sodium glycocholate, and more effectively sO, sodium

taurocholate could be used up toO concentrations of 2.5% (w/Vv).
The effect of increasing taurocholate concentrations is

jliustrated in figure 3. ©on the basis of the results obtained
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TABLE "4
s A

The Effect of Various Detergents on Lipase Activity

umoles of tri-

. 14 v
concentration [1-""c-oleoyl]-glycerol

detergent g/100 ml hvdrolvzed/g protein/min
none - 0
hexadecvl pvridinium .
chloride 0.5 0
Triton X-100 - 0.5 b
Sodium dodecyl sulfate 0.5 21.6
Sodium glycocholaée 0.5 10.3

Sodium *taurocholate 0.5 16.1

The incubation conditions were as stated for Figure 2,
except that 0.25M Cat++ was used, and the concentration

and tvpe of detergent was varied.

.




FIGURE 3

Effect of taurochelate concentration on hvdrolyvsis of
tri[l—l4c—oleoyl]glycerol. The incubation conditions were
as stated for figure 2, except that 0.25M Ca++ was used,

and the tauroéholate concentration was varied.

i L
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a level of 2.5% taurocholate was adopted as a conditién for
most of our stu§ies. However, such a high concentration of
+his detergent caused certain difficulties.” The detergent
aggregated with part of the diglyvceride and triglyvceride to
form a tenacious complex. It is not §&ear how the complex
formed - perhaps it formed during appiication of the lipid
extract on the silica gel plates.’ This material remained
a+ the origin and initiallvy was mistaken as monoglvceride.
Later work showed however that it could be dissociated by
Bligh and Dver extraction from the_silicé gel, after which the
di- and Eriglycéridés ran to their expected positions on TLC
plates. The amount of complex formed was variable but was
usually within 10% of the fixed total glyceride counts added.

Initial measurements of lipase activity based on triglyceride
\

i .

disappearance varied accordingly, but were reprocducible within
10-20%. Much less %ariation was noticed if enzyme actdivity

T was calculated on the_basis of fgttf acids released, for these
do not form stable complexes ditﬁ detergents, 2as control
experiments did show. AL any rate, ‘this is the most COMmMOn
method of expressing lipase activity, énd was conseguently

adopted for most of our later work. The variation in this

case was always within 10%.

(4) THE EFFECT OF DE

€

a studv of the effect of pH on lipase in the range
from 5.5 to 10.5 revealed maximal activity at alkaline pH (c.f.
figure 4). No optimum could be found, with the activity

increasing continuously up to PH 10.5, the highest rested.-
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FIGURE 4

The effect of pB\on the hvdrolvsis of tri-[l—l4c-oleoyl]—
glvcerol by E. coli Lipase. The incubation mixtureé -
contained, in a total volume of 2 ml, 70 umoles of Fri[l—
14C—oleoyl]-glycerol (sp. act. = 1.4 x 105 dpm/um), 5 mg
protein from an E. ggii B (ATCC 11303) homogenate, 2.5%
taurocholate, 0.25M Ca++, buffered as follows: 'pH 5.5'-.
6.5, with 0.05M histidine monohvdrochloride-NaOQH; pH 7.0 -
9.0, with 0.05M Tris-ECl; pH 9.5, with 0.05M glvcine-

NaOH. Incubations were agitated for 30 min. at 37%.

A
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Pgst this point the activity couldé no longer be measured
accurately because of the occurrence of interfering non-
enzymétic hydrolysis of the substrate which became
considerable. Because an optimal pH could not be found,

and since a glyvcine-NaOH buffer was used from pH 9.5 fo

10.5, a possible stimulatory effect produced by glycineuwas
investigated by examining the activity in that same pE .
range with the use of a NaHCO3-Na2C03 buffer. This confirmed
the first results, §howing +hat the activity was indeed

- yerv marked up to that pH, and that the glyvcine buffer was
without enhanci% effect. Assays were nevertheless routinely

carried out at 8.4 which is the optimal pH for phos-

-

pholipase al.

(e} vmax AND Em

gince lipases act against insoluble substrates,

kinetic data must be interpreted differently than with

enzymes acting on soluble substrates. Benzonana and

Deénuelle (213) found that the initial rate of lipolysis
) id ,

in an emulsion stabilized by deoxycholate is controlled by

the area of the glyceride-water interface in one volume

anit of emulsion. all other faétors being constant, this

ninterface concentration” plays the sane role as the substrate

concentratién in ordinary aqueous'solutions: when it is

increased for a fixed amount of lipase, more enzyﬁe molecules

are adsorbed at the interface and catalyze the reaction.

The reaction rate increases to 2 maximal .value (Vvmax)
. ™~
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corresponding to complete adsorption. Similarl';rf a Km
(emulsion) of lipase can be defined as the concentration at
rhe interface for which +he rate is Vmax/2. The concentra-
tion at this interface can vary not only according to the
amount of substrate added, bu* also to the degree of
dispersion. 1In a number of preliminary experiments with
different substrates the dispersion was accomplished by
detergent addition followed by sonication fox various times.
However, with the high concentration of raurocholate there
appeared to be no requirement for additional dispersion by
sonication. Consequently, +his step was omitted and
variations in lipase activity which did occur within 10% v
were attributed to factors other than the degree of dispersion,
such as recovery of fatty acid product, which was within
90-95%. The intercepts of the 1/V and -1/Km axes were

determined by regression analvsis.

Approximate Vmax and Km values for tri—[l—l4c-
oleovl]-glycerol and tri-[114C-capryloyl]—glycerol were
determined for E. coli B (ATCC 11303) lipase by Lineweaver—
Burke plots (figures 5 and 6) under the optimal assay
conditions just established. The values obtained for both
substrafes were sufficiently alike {trioclein : Vmax = 1.2 x
10”8 units/g protein, and Km = 4.2 X 10”8 moles/litre;
rricaprylin : vmax = 2.3 x ld_suﬁits./g protein,
and Km = 5.0 x 10-6 moles/litre) to indicate similar rates’
of hydrolysis and equal affiﬁities of the enzyme for both

tvpes of emulsion.




- 87 -

FIGURE 5

Lineweaver-Burk plot of E. coli B (ATCC 11303) lipase
activity on tri-[l—l4c—oleoyl]—glycerol. The incubatién
mixtures contained, in a total volume of 2 ml, varving
amounts of tri[l—l4c—oleoyl]-glycerol (sp.-act. = 33.4 x 10°
dpﬁ/um),.z.Q mg protein from an E. coli B (ATCC 11303)
homogenate, 2.5% taurdchélate, and 0.05M Ca++ in 0.025M Tris
buffer, pHE 8.4. Thé incubations were agitated at 37°% for
30 min. The Vmax was found to be 3.2 x 1078 units/g protein,

.and the Km was 1.2 x 10°° moles/litre.
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FIGURE 6

Lineweaver-Burk plot of E. coli B (ATCC 11303) lipase

‘activity on tri[1—14C-capryloyl]—glycerol. The incuba-

tion conditions were the same as those described under

figure 5, except that the substrate was tri-[1-T4¢-
caprylovliglvecerol (sp. act. = 18.1 x 106~dpm/um). The
Vmax was found to be 2.3 x 109 units/g protein, and

the Km was 5.0 x lO-6 moles/litre.
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(f) OCCURRENCE OF LIPASE IN VARIOUS E. COLI STRAINS

»

Approximate values of Vmax were determined for lipase
from various strains of E. coli B by using a concentration of
substrate approximately 10 times the Km value establishéd
with E. coli B (ATCC 11303) and other optimal conditioms
stated previocusly, except for the calcium coﬁéentration which
was_increased to 0.25M. For this purposé, homogenates of
each strain were preparxed in an identical manner Irom batches
of E. EEEE B (AfCC 11303), 0153, X1l2 and ®Bfad, each grown to
t+he late log phase, and diluted to give approximately equal
concentrations of protein. The results, reported in table 5,
do not show great differences in the levels of lipase amongst
rhese strains, the activities being only slightly higyer in
E. coli B (AZCC 11303) and 015. The Bfad strain, a mutant
incapable of B-oxidation, had the lowest activity, i.e., half

that found in E. coli B8 (ATCC 11303).

(g) SUBCELLULAR DISTRIBUTION OF LIPASE ACTIVITY

The subcellular distribution of lipase activfty_was
examined with E. colil 0l5. Cells re-suspended in water (pH 5.5)
were sonicated 10 min. The homogenate was then centrifuged
at 100,000 x g during 90 minutés, separated 1into supernatant
and pellet fractions, and assaved. 85% of the activity was
found associated with the pellet. Furthermore, the protein
obtained after precipitation with a saturating concentration

of ammonium sulfate from a cell-free culture medium, followed

‘e
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TABLE 5

Lipase Activity in Different Strains of E. coli

pmoles of tri—[l-l4c-oleoyl]glycerol

E. coli strain hvdrolvzed/g protein/min
B (ATCC 11303) 46.0
015 37.0 ‘
K 12 28.4
B fad _ . 23.0

The incubation c%ndlblons were the same as that
given under figure 2, except that varlous strains
of E. coli were used as indicated, and 0.25M

Ca++.




by dialysis, -sfiowed.no lipase activity. This enzyme is

therefore not excreted normally into the culture medium,

in cdmparison to a number of other microbial lipases

(156).

'
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. . 2
SECTION II - TEE PARTIAL PURIFICATION OF E. COLI LIPASE

\\'/ i

1. MATERIALS

'Acrylamide, N,N'—methylenebisacrylamide and Coomagsie
Brilliant Blue were obtained from Bio-Rad Laboratories, the
N,N,N',N'—tetrémethylénediamine (Temed) from Eastman Kodak,
and 8-mercaptoethanol, ammonium peﬁsuifate, trichloroacetic
a;id, glyéerol, and bromophenol blue from Fisher Scientific
Co. The écrylamide solution was filtered through a Nalge

- .
disposable filter unit with a 0.2 micron membrane.

Other chemicals used have previcusly been listed

under "Materials" in the previous section.

2. METHODS
(a) THE ASSAYS

The assavs for phospholipase A, were carried out in

a 2 ml volume, with conditions similar toO those of Scaﬁdella
and Kornberg (176); this included 150 nmoles of l—tl—l4C-
palmitoyl]-PE (specific activity = 2 X 105 dpm/umole) , with

50 mM Ca++ and 0.05% Triton %-100 in 0.025M mris-HC1l buffer

at pH B8.4.

The lipase assav conditions, also in a 2 ml volume,
consisted of 55 nmoles of tri-[l-l4c-oleoyl]-glycerol (specific
activity = 1.4 x lO6 dpm/urmole) with 0.25M Ca++, 1.5% tauro-

cholate, and 0.025 M Tris-HCl buffer at pH 8.4. The
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raurocholate was used at +his concentration rather than at its
optimal concentration of 2.5% to further reduce the complex
with bile salt which tends to form at the origin of TLC

plates.

The incubations were cgrried out for 30 minutés at
37OC. The assay conditions are summarized in table 6. The
amount of profein added to each assay depended on the particular
purificati&n fraction peing assaved. The assays wefe repeated
when necessary until a protein concentration range was found
that gave less than 15% of the totél radicactivity as fatty
acid counts. Under these conditions the extent of hvdrolvsis
was linear with protein concentration and with time for at

P

jeast 40 minutes.

In later work, the assays were carried out by finding
ymax values for a ‘given amount of protein of each fraction,

with Iineweaver-Burk plots. Tnitial velocities representing

less than 15% hvdrolysis for 2 given time wWere again used.

As will be discussed in the next section on substrate speci-
ficity, lipase activity was found to be higher agalnst methvi-
l-l4c-oleate than against tri[l-l4c—oleoyl]—giycerol. This
substrate was then ased to assay the iipase since it permitted
the use of much less enzyme. Furthermore, methvl oleate

was hvdrolyzed in the presence of Triton X-100, so that the
same buffer could be used for both phospholipasé al and

lipase assays.



- 94 -~

TABLE 6

Assay Conditions Used for Phospholipase Al and Lipase

o
During Purification /J h N
: 7 — —
Phospholipase Al n Lipase
14 . . 14 '
150 nmoles 1-[1-7"C-palmi- 55 mmoles tri[l- c-cleovll-
tovl]-PE glyvcerol
50 ™M Ca 250 mM ca
0.05% Triton X~100 1.5% taurocholate
0.025M Tris-HCl, pH 8.4 0.025M Tris-HC1l, pH 8.4
various protein ‘ " various protein
-concentrations concentrations
30 minutes at 37°¢ 30 minutes at 37°%¢
strong agitation - - ' strong agitation
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. (b} PROTEIN DETERMINATIONS \5,/

The protein concentrations of the various fractions

_—

were determined by the method of Lowryv (202), btt‘Pnly after

.

prior precipitation with cold trichloroacetic acid. to remove

any interfering compounﬁs, such as Tris for example (214,
215). The brdtein was left to precipitate out at 00-40C

for 30-45 minutes and centrifuged 10 minutes at 25,000 x g,

or kept-at-4?é‘6vernight and centrifuged 15 minutes at 3,000
x g.; After discafdiﬁg the supernatant, l ml NaOH was added
and tﬁé tubes were heated in a boiling water bath for 10-15
minﬁte§ to dissolve the protein. The_;owry protein determina-
tion was then performed as usual, except thétwa 2% Na2C03
éolution Withéut NaQE was uéed instead of the usual 2%

NaZCOB in 0.1N NaOH.

(¢} ELECTROPHORESIS !

(i) BUFFERS AND GELS

The buffers used for electrophoresis on SDS gels
and the solutions involved in the préparation of the gels
were those used by Scandella and Kornberg (176) who modified
the Tris-glycine discontinuous buffer,system of Jovin et al.
(216). The difference-wé%ysimply in the ad@ition of 0.1%
SpS in the gel and running buffer. Also, stacking (upper)

gels were not made.

"
ks
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The composition of the solutions and buffers used
are qiﬁen in tables 7 and 8; the gel solutions were never
stored more than two months, while the ammonium persulfate
was prepéred fresh evefytime. The solutions used in the
preparation of +the SDS gels (table 8} were +raken out of
refrigerated storage and left to warm to room temperature SO
that they coulé be de-aerated by vacuum as efficiently as
éossiblé; this is important because oxygen inhibits proper
polymerizétion, and air bubbles ﬁay become trapped in the

gels.

" The..composition of urea gels (table 9} was ad%%ted
for our purposes from the system of Widnell ané Unkeless 7517).
The solutions used in fhe preparation of these gels were
also allowed to warm to Toom remperature prior to de-aeration
The gels were polvmerized 30-45 minutes after lavering with
:75% acetic écid. Pre-electro?horesis was carried .out for
2 hours at 3 ma/gel in a solution of 35% acetic acid in order
to.eliminate artifacts. Here urea was not added t&IEhe pre-
-electrophores%s solution because the urea in the gels 1is

r

not mobile.
-

(ii) SAMPLE PREPARATION

The samples for SDS gels were prepared by adjusting
the protein concéntratibn to a maximum of 4 mg/ml (200 ug/Sb uld .
For each gel to be run 50 vl aliguots of protein were incubated

2t 37°C for 1 hour with 50 4l of 2% SDS at pH 7.0. 40 ul of




TABLE 7

sition of Electrophoresis Buffers

Compo

Running buffers W Pre—electrophoresis
Upper Lower “buffer
2.88 g glycine’ 60 ml 1IN HCL 45'§093$§;?
(38.4 mM) {.06N) : :
0.6 g tris solid tris to 1.0 g SDS
(5.5 mM) ’ pH §.1 i (0.1%)
1.0 g SDS 10N HC1l to
(0.1%) A pH 8.9
5
Al ’-\

The amounts given are Per litre.
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TABLE 8

Composition of the SDS Gel Solutions and Final Gel

gel solution (per 100.ml)l

15 g Acrylamide

0.533 g Bis!

20 g glycerol

gel buffer (pef 100 ml)

18.15 g tris
0.23 ml Temed?
0.4 g SDS

iN HC1 to pHE 8.9

1 volume

[ap° solution (per 100 ml)

0.3 g AP

(&

L]

\

.

Bis :.N,N'—methylenebisacrylamide
Temed = N,N,N',N'-tetramethylenediamine

AP = ammonium persulfate-

final gel composition
Acrvlamide . 7.5%
Bis 0.26%
Givecercl 10%
Tris 0.375M
Temed 0.115 ml%
SDS 0.1%
EC1l .to pH 8.9

AP 0.075%

N
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»

TABLE 9

"

Composition of the Urea Gel solutions and Final Gel

——

gel solution (pexr 100 ml)

10 g Acrylamide
0.267 g Bis'

48 g urea

46.7 ml glacial '
acetic acid final gel composition
I
=2 { )
0.8 ml Temed | Acrylamide 7.5%

H20 +to 100 ml

Bis  0.267%

Acetic acid 35%

.  Urea 8m

AP solution (per 100 ml) Temed 0.6%
AP 0.375%

| P

1.5 g AP’

48 g urea

' Bis = N,N‘—methylenebisacrylamide
2 Temed = N,N,N‘,NF-tetramethylenediamine

3 ap = ammonium persulfate

/ \
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upper gel buffer were then added, along with 5 ul of 0.05%
bromophenol blue (a tracer dyve which moves with the solvent
front), and 1 drop of glycerol;' These were mixed thoroughly,
added pnto the éels (170 ul/gel}, and lavered with upper

_ running wuffer, to the top of the tubes. The chambers of the’
apparatus were £illed with their respective buffers, and

the gels were run at Sm temperature, at 2 mA/gel, until the

dve reached the edge of the tubes (3-4 hours).

The samples for urea gels were prepared DY dissolving
the lvophilized protein to approximately 5 mg/ml in phenol—

acetic acid - H,0 (2:1:1, W, V, V) containing oM urea. 20 to

30 pl of this protein solution (100-150 ug protein) were

added to each gel and lavered with 75% acetic acid. The gels

were run with 10% acetic acid 1n both chambers for 3 hours at

-

3 mA/gel, with the cathode in the bottom, 2as opposed to the

-

connections for the SDS gels.

(iii) STAINING THE GELS

Both tvpes of gels were removed from the tubes
with a 22 G - 1% in. needle svringe, and cut at their dve .
front. Those gels from which the bands were to be extracted
for a;;ays were frozen at -20°%c in inéividual sealed tubes.
The other gels were fixed immediately in 12.5% trichloroacetic
acid at 650C for 30 minutes, then stained under similar
conditions with a solution containing 0.2% Coomassie brilliant

blue, 45% ethanol, and 10% acetic acid. The background dve
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was removed with a solution of 25% ethénol and 10% glacial
acetic acid, destained once during 20 minutes, and again
for 30 minutes at GS?C. The destaining process was then
_pursued at the same temperature by changing a solution of

10% acetic acid every 30 minutes, until the background dve

" was washed out. The gels were then stored refrigerated in

3% acetic acid.

(iv) EXTRACTION OF PROTEIN FROM THE GELS

Portions of the unstained gels were cut with a
razor blade according to the Rf values found for the stained
bands. Eguivalent fractions were pooléd, and their proteln
was extracted by homogenizing the gel pieces twice in cold
5% butanol, centrifuging 5 minutes at 3,000 x g, and
lvophilizing the pooled supernatants. sps, which 1is
inhibitorv to purified phospholipase Al, was removed from
+he samples 5§ washing with 3-4 ml of butanol; the protein
was collected as 2 precipitate ané dissolved in a fixed

volume of water.

All solutions used in the preparation of gels were
filtered with Whatman XNo 1 filter paper, except the acrylamide
solution which was passed rhrough a Nalge disposable filter
unit with a 0.2 micron plain membrane prior to the addition

of glvcerol. Proportional volumes of each solution were

-

~
s
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measured ,({@ble 8) and both buffer and gel solutions were
mixed:; thié was cooled on ice, along with the ammpnium
persulfate just prior to adding them together to prevent

as much as possible the dissolution of air which occurs

more rapidly in the cold. The refrigeration of the selutions
on ice Qas necessarv to slow down the polymerization process
sufficiently to allow enough time for the pouring and lavering
of the gels with a few milliliters of water; this last step
is reqﬁired for the obtention of a flat surface. The tubes
used fér the gels measured about 7.5 cm long, with a 0.5 ¢cm
internal diameter. The polvmerization process was left to
proceed during 45 to 60 minutes, and the gels were then run
immediately in pre-electrophoresis buffer (in both upper and
jower chambers of the apparafus) at 3 éA/gel for 2 hours,

to remove residual peroxides which can cause artifacts;
Scandella and Kornberg (176) found this step essential.

The gels were then stored in pre—electrophoresis-buffer for

a maximum of two days before using.

3. PROCEDURE 1

The procedure used by scandella and Xornberg (176)
for phospholipase AL purification 1is summarized in Scheme III.

The initial steps of this procedure appeared to have general

applicability for extraction of SDS-resistant membrane

proteins such as the lipase described in this study. In

initial attempts to purify lipase, therefore, this procedure




SCHEME IIX

Summary of the Purification for E. coli-

Phospholipase Al According to Scandella

and Kornberg - Procedure 1

1 1b of E. coli B cells (ATCC 11303) (late log)

resuspended in 1 % of 0.1M Tris, pE 7.5

STEF I Homogenized in a Manton-Gaulin homogenizex;

centrifuged at 8,000 x g for 30 minutes.

pellet,

Resuspended in 500 ml water and

autolvzed 1 hr. at 20%¢; centf&fuged

at 8,000 x g for 30 minutes.

N

d
pellet

Resuspended in 500 ml of 0.03M Tris

pH 8.4; ©PpH readjusted to 8.4 by

adding solid Tris base;

EDTA and SDS added to £inal coqcentration

of 1 mM and 10 mg/ml, respectively;

30 min. stirring at 20°C, then chilled

to OOC, and butanol added to

saturation (0.15 volume);

Centrifuged at 30,000 x g for 1 hour

l

supernatant (500 ml)



STEP IV

STEP VI
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(SCHEME TII cont'd)

Added 1 ml of 1M MgC12 and 50 ml of 1M
CHSCOONa, pPH 5.2 (£inal conc. of
2 mM ané 91 mM respectively;

Stirred at 2°c for 1 hr and centrifuged

at 8,000 x g for 15 minutes.

supernatant

added 750 ml acetone (-15°¢C) over a
5 min interval, chilleé preparation
to —lSOc; stirred 30 min. and

centrifuged at §,000 x g for 15 min.
peliet (acetone paste); mavy be stored at -15°c.

Resuspended 1n 40 ml of 0.03M Tris
pE 8.4, containing 1mM EDTA and

10 mg/ml SDS, and saturated with ‘

hutanol;

stirred 30 minutes at OOC, centrifuged

at 8,000 x\g for 10 minutes.

supernatant \\3

added .08 ml 1M MgC12 + 4 ml 1M CH3COONa

{£inal conc. of 2 mM and 91 mM
respectively);

Cooled toO -BOC.
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(SCHEMF III cont'd)

STFEP VI

v rractionated with acetone by peristaltic
(continued)

pump at 0.3 ml/min.

Stirred 20 min.

at 3°C after

each addition;

centrifuged each

fraction at §,000
" x g for 5 min.

12 ml acetone — FTRACTION I
10 ml acetone — FRACTION II
[T-lz ml acetone-— FRACTION III

pellet

<
STEP VII Resuspended in 1 ml 2H,O, lvophilized;

Disperseé finely in 10 ml butancl and

incuba+ted 1 hr. at ZOOC;

Centrifuged at 5,000 x g for 15 minutes.

pellet

STEP VIII Residual butancl removed by vacuum;

pellet resuspended in 1 ml AE,0

= Up to O.S'mg protein incubated for

60 minutes at 37OC;EE 0.1 ml of
1% SDS, then lavered onto 10%
acrylamide ggls, and run for 3 hrs.
. at 20°C at 2 mA/gel.
Gels fractionated and extractedrwith
5% butanol;
Extract lyophilizea and washed with
butanol to remove the SDS.

purified enzyme.
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served as general guideline. The method was adapted for 350 -

100 g of E. coli cells.

The first step involved cell disruption until a
decrease of 95% in OD660 was obtained. In the original
procedure this necessitated two passages through a Manton-
Gaul%n homogenizer. Homogenates of this tvpe could not be
prep§;gd in our laboratory for lack of reguired eguipment,
so that in our‘early work modifications were introduced to

disrupt the cells. E. coli cells grown to the mié log phase

and purchased as & frozen seéimengiwere thawed in 0.1M Tris
buffer, pH 7.5. This suspension was sonicated during two

to four periods 8f 5 minfifes each at 70-80 Kecveles in a salt-
jce mixture such that the temperature did not rise above

22°C. A maximum pf -3% decrease in OD660 was obtained. The
procedure was +hen carried@ through to step IV without
modificgtion. Results summarized in table 10 indicate some
degree oOf purification; bY contrast, these £irst four stepns
were reported by §pandella'and Kornberg teo increase +he specific
activity of phosphalipase Al some 135 fold. ‘It is interesting
+o note however, that Ehe bulk of the lipase activity was
recovered An the acetone paste (step Iv). This prompted

our continued use of the Scandella-Xornberg procedure, at

1least as a model system for’lipase purifiéétion. rFurther
modifications of step one were tried in an attempt to adeguately

disrupt the cells. Accordingly, suspensions of commercial

cells were prepared as described earlier. Lysogzpe (1 mg/ml)

s be~vt 1A MNIT S
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TABLE 10

purification of E. coli Lipase by a Method

Based on the Procedure of Scandella and Kornberg

Lipase Specific purification Percentage of
— -

_ Activity . _
Fraction (units/g protein} Factor Total Units
1 - homogenate 6.3 x 1072 | 1 100
2 - 5,000 x g pellet 8.5 " 1.5 87
3 - §,000 x g pellet ‘ -
after autolysis 9.6 " 1.5 88
4 - acetone paste*  104.6 " 17, o 62

)

*« . .
values calculated from ’&I}\C}ther preparation. ‘
¥

\ -
Details are given in the&;EKt; one unit is defined as one

umole of fatty acld ester hyvdrolyzed per gran of protein -

per minute.
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and EDTA (20 mM) were added to the suspension and incubated
30 min. at 37°¢ prior to sonication for different times.
Results in table 1l ipdicate a maxima@ g34% decrease of oD660
after 20 minutes of sonication. The resulting homogenate
hecame very viscous upon standing briefly but could be
clarified by adéing 50 wg/ml of' DNAse anéd 5 mM MgCl,
followed by stirring for 30 minutes at room remperature. T@e .
p;ocedure monitored at the initial and %inal steps for both .
lipase and phospholipase Al indicated that most of the
activity couid be recovered in the particulate;fraction after
centrifuging at 30,000 x g X 30 min. However,:when steps II

to VI were followed through without modification, the cdegree

of purification of either enzyme was ﬁotaas impressive as

rhat obtained by Scandella and Xornberg for phospholipase Al.

Saliant results are summarized in +able 12..

Most of either activity was recovereéd in the. first

acetone fraction of step VvI. Bv.contrast Scamdella and

Kornberg obtained the bulk of the phospholipase Al activity ‘
in acetoné fraction A II. Several attempés to'reproduce
their acetone fractionatlon were unsuccessful. Alsc, the
steps prior to the acetone fractionation were not entirely .,
reproducible since substantial iosses of phospholipase al
resulted from the addition of Maglz and acetate to the
material Obtainedﬁfrom step V (cf’ Scheme III). 10% of

the phospholipasé Al purified some 30 fold was recovered
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TABLE 11

Effect of Lvsozyme Treatment and Sonication on *he

Optical Density of an E. coli Cell Suspension

Description of

Treatment 0D at 660 nm Percent Decrease in OD
Resuspended cells - .540 Q .
EDTA - lysozyme .328 g . 38
5 min. sonication .260 . 52
10 " . .175 . 68
15 " " .096 .82

. . .
20 ® " .088 84

L4

An EDTA — lysozyme trgatment was carried out during . i
20 minutes at pH 7.5 with 20 mM EDTA and 1 mg/ml of

lysozyme. The sonication was performed by 2 Biosonvk

IT cell disruptor at 70-80 kcvcles over a salt-ice

mixture. ?he readings were taken on aliguots diluted

50 times.
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in the precipitate resulti
clear from these initial.,s

Kornberg procedure would I
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ng from these additions. 1t was
tudies that the Scandellé and

eqgquire further modifications before

a substantial purification of lipase resulted. why steps II

onwards could not be repro
purification remaing uncile
tha* the authors, whose pr
chose Manton-Gaulin homoge

A
alternative methods of cel

duced in the phospholipase Al
ar. It is perhaps fortuitous
ocedure was used in thesé studies,
nization as an initial step since

1 disruption almost egually

effective in terms of decrease in 0OD660 did not vield

material that could be appropriately processed in subseguent

steps. -

For later studie
and possible copurificatio
were made with the Grain P
treat freshly grown cells

by Scandella and“Kornberg.

4. PROCEDURE 2

STEP I

s involving purification of lipase
n of phospholipase Al, arrangements
rocessing Corporation, Iowa, to

in a manner identical to that used

-

Late log cells passed twice throuch a Manton-Gaulin

<

homogenizer prior to freez

ing were purchased from the Grailn

processing Corporation, Iowa, as a frozen paste. Portions

of the preparation were suspended in '0.1M Tris buffer, oH 7.5,

and sonicated at 90 Keveles during the thawing out process

and for an additional 5 to 10 minutes while the temperature

was maintained below 22°c.




STEP II

A pellet was collected at 8,000 x g X 30 minutes,

resuspended in water (15-20 mg protein/ml) and incubated
-

30 minutdmat 37°C to.allow autolysis. The particulate

material was recovered by centrifugation at §,000 x g for
30 min. and was resuspended to half the homogenate volume
in 0.03M Tris, pH S8.4. The pH was adjusted to 8.4 with

solid Tris base when regquired.
STEP III :

EDTA and SDS were then used in wvarious portions in
an attempt to solubilize the entire cell envelope with
minimal inactivation of the lipase Or phospholipase Al. In
preparation A, 0.8 mM EDTA and 0.75% spS were added to the
suspension; 1in preparation B, 5 1 mM EDTA and 1.2% SDS,

and in preparation C. 26 mM EDTA and 1.2% sps. This was

followed by stirring for 30 minutes at room temperature Lo’
permit complete diséolution of the material. After cooling
+he solubilized material to 0-2°c on ice, saturating amounts
of butanol cooled to —lSoc were addedé (0.15 volumes), and
stirring was continued for another 30 minutes. The suspensidn,
whieh at this point usually became guite viscous wWas

clarified by sonication for a few seconds at 90 Kevcles.
Tnactive proteins which had precipitated were removed by
centrifugation at 38,000 x g for 40 minutes, and most of the

activity was recovered in the supernatant.



- 113 -

STEP IV

More proteiﬁ Qas removed from this fraction by
adding 1M MgC12 and 1M sodium acetate, pH 5.2, to final
concentrations of 2 mM and 91 mM respectivelv. This step
produces conditions of high ionic strength and low pH,
which in the presence of saturating amounts of butancl
causes proteins of low lipid affinity to precipitate.
Scandella and Kornberg reported a 90% decrease in proteln
concentration and only 2 62% loss of phospholipid at this
step. The precipitate was removed by centrifugation at

15,000 x g for 20 minutes.
STEP V

The supernatant proteln was recovered by precipita-

£ion with 1.5 volumes of acetone precooled to -lSOC, added

over a 5 minute interval, while the temperature of the
preparation was gradually lowered to -15°c ané stirred for
30 minutes. The precipitate was collected by centrifugation

a+ 8,000 g for 15 min.

STEP VI

The acetone paste was washed twice with distilled
water previously adjusted to pH 7. Tt was found that about

75% of the protein in the acetone Dpaste was water-soluble

and contained enzyme of low specific activity.

Scheme IV summarizes the steps involved for procedure

2 (Preparation C) which gave the highest purification factor.

-~
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STEP II

STEP III
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SCHEME IV

Summary of the

Purification Procedure

for E. coli Lipase - Procedure 2

Fresh E. coli B (ATCC 11303) cells (late log)

homogenized by Manton-Gaulin homogenizer, and frozen.

<
pelled_

!

pellet.

Sonicated during thawing out process plus

an additional 5-10 ‘minutes, in 0.1M
Tris, pH 7.5: centrifuged at §,000 x g

for 30 minutes..

Resuspended in water and autolvzed

o : -0 . -
30 minutes at 37 °C: centrifuged

at 8,000 x g for 30 minutes.

Resuspended in0.n3% Tris, pH 8.4;

pH readjusted to 8.4 bv adding

s6lid Tris base.

Solubilized particulate material by

addition of 26 mM EDTA ané 1.2% SDS;

“\\\\ Part of the proteiln precipitated by addition

!

Supernatant

of butanol (at -15°¢c) to saturation
and removed by centrifugation at

38,000 x g for 40 min.

-



STEP IV

-4

Super

N
pel

d
mar
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(SCHEME IV cont'd)

added 1M MgCl, (0.2 ml/100 ml) .and
M CHSCOONa, pH 5.2 (lg ml/100 ml)
to final concentrations of 2 mM and
91 mM réspectively.

Stirred at 0-2°c for 1 hr., and

centrifuged at 12,000 x g for 10 min.

-

natant

added 1.5 wvolumes of acetone, precooled
o -lSOC, over a 5 min. interval;
Stirred 30 min. at 0°c and centrifuged

at 8,000 x g for 15 min.

let {acetone paste)

Resuspended in 40 ml water and
centrifuged at 30,000 x g for

30 min.

+3ally purified enzyme (pellet)
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5. RESULTS AND DISCUSSION

(a)} DISCUSSION OF THE PROCEDURES

Results in table 13 reveal the extent of purification

obtained with the several modified procedures used. The

latter are essentially very similar to the Scandella-Kornberg
procgddié and therefcre not all steps were monitored for

both lipase and phospholipase Al éct%vities. It is only with
preparation B that a systematic examination of the various
steps for lipase activity was made. It may be underlined,
however, that little purificatlion, oI in our case, loss of
phospholipase Al activitonccurs prior to Step IV (196) .

This was also the case with our own procedures monitored

for lipase activity.

Step V allows a recdbvery of 70-90% of the lipase
enzyme-in the acetone paste with a purification factor of
about 50 fold. Washing +he acetone paste with distilled
water increases the purification by at least two fold, but
there is some loss of enzyme with low specific activity
in the washings. Also, +his step may cause some inactivation
as well since not all the remaining activity 1is recovered

in the washed precipitate (Preparation B, table 13).

The high concentration of EDTA used in procedure C
did not permit proper assay of lipase activity in steps prior
to V. It is seen, however, that once the acetone paste is

washed with water the resultant material (Step vIy is
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TABLE 13

+

Lipase Activitifes and Recoveries in various Preparations

at Different Stages of Purification

Lipase
Preparation Specific Activities purification Percentage of
and Fraction . . .
(units o/protein) Factor Total Units

PREPARATION A

homogenate 0.044 P 1 100

~ washed acetone ‘

-paste 1.50 - 34 6.4 ‘
PREPARATION B

homogenate 0.018 _ 1 100

butanol

precipirate _

(discarded) 0.006 - 5.3

acetone paste 0.89 49 73

washed acetone

paste 1.87 104 35

washing from ~

acetone paste 0.27 10 20
PREPARATION -C

-

homogenate - 0.033 1 100

washed acetone :

paste g8.50 258 24

Details of the procedure are given in the text; Preparation A
had 0.8 mM EDTA and 0.75% SDS added to its solubilization
buffer, whereas preparation B had 2.1 mM and 1.2%, and
preparation C had 26 mM and 1.2%, respectively; assays

were performed under conditions given in table 6; one

unit of' enzyme had been defined under table 9.
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purified some 260 fold with respect tO 1ipg§e activity. The
recoveries in this fraction were lower than for Preparation B.
The increased concentrations of SDS and EDTA used in step‘III

of Preparations B and C were advantageous. This is likély
hecause of an increased solubilization of envelope matefial

and greater dissociation of hydrophilic proteins from hvdrophobic

3
proteins which can then be separated in subseguent steps.

Scandella ané Kornberg make no mention of freezing
any of the fractions prior to prodessing up to step V. In our
case thé Manton Gaulin homogenate was Of necessity frozen prior
to processing, and this couléd possibly result .in artificial

aggregations of proteins reguiring more drastic dissolution
. W i

-

methods.

Tn all of the firnal fracéions {isolated'in Step VI)
both lipase and phospholipase Al activities were detected.
This was not sufﬁrising since our procedure:fas Enly slightly
different from that_of geandella and Kornberg. Results in
table 14 do in fact reveal a copurification of phespholipase
Al and lipase activity for both Procedures,l.and 2. The '
ratio of phospholipase Al/lipase remains about the same in
the homogenates and in the f£inal fractions. In fact, in all
fractions 4ssaved for both enzymes throughout the various
purification studies, the rates of activities remained

relatively constant. On this basis it can be tentatively

proposed that there is at least one enzvme in E. coli

EVERTEYE N
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TABLE 14

Ratio of Phospholipase Al to Lipase Activity

Ty
“;+ various Stages of Puxification

’Specific Activities | Ratio
Fraction .- (units/g protein) (phospheclipase Al/lipase)
Phospholipase Al Lipase
PART A
1 - homogenate 0.36 0.022 - 1.6 x 10
2 - 8,000 x
g pellet 0.67 0.032 2.1 "
3 - 8,000 xg
to 30,000 x , .

g pellet o L1.32 0.026 5.1 "
4 ~ Acetone '

fractionation,

fraction I 19.58 0.472 4.2 "
PART B Y,
PREPARATION B
5 - Washed acetone _

paste - 91.00 S 1.87 5.7 "
PREPARATION C )
6 - homogenate 1.50 0.033 4.5 "
7 - washed acetone

paste 361.00 8.500 4.2 "

pPart & shows some fractions obtained £rom the purification_of
phospholipase Al according to procedure 1, whereas Part B
1ists fractions from lipase purification of two preparatlons,
according to Procedure 2. Assays were performed under the -
conditions given in table 6, except tha;‘l,3—l4c—glycerol

PE (sp.act. = 2.1 % 106 dpm/um) and l-laé—acetate labelled

PZ (sp.act. = 2.6 x 106 dpm/um) were used for phospholipase

Al assays; all activities in Part B were determined by

lLineweaver Burk plots; one unit has been defined in table 1l.



possessing both lipase and phospholipase Al activity. 1In

our case at least, the recdveries of activities after step v
were low and not all losses were accounted for. Thus it is
possible that enzymes exist which possess only one of the

e

activities and are’ lost of inactivated in steps prior to V. ’

‘Attempts to further purify the enzyme obtaineé from
.Procedure 2, Drenaratlon C, by the acetone fractlonatlon
procedure of Scandella and Kornberg f{cf Scheme III, steps . g
v andKVI) were wi@hou£ succésg. As with earlier preparations,
‘most ofhtﬁe lipase and phosphclipase activities preciéitated
in the first acetone £raction (Scheme ‘III, step VI, Fraction I),
togethe;_wi£h the kailk of the protein, and little or no 3

further purification was obtained. . -*

-

(b) ELECTROPHORESIS STUDIES ON PARTIALLY DPURIFIED LIPASE

The enzvme preparation from Procedure 2, Preparation cC
was delipidated by resuspending the Drec ipitate in a minimal
volume of water and freezing +his suspension as a thin{ film.

’ ~
after lvophilizatien, 10 ml of butanol were added to the d&ry
protein. The mixture was vortexed ané given short bursts
of sonication with a small pfobe to obtain the finest dispersion
possible. After 1 hour incubation the delipidated protein
was recove*ed by centrifugation at 5,000 x g for 5 minutes.

The residual butanol in the precipitate was removed under

vacuum. The samples were prepared‘ahd applied on a series

/
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of gels as described in the methods section. Results shown
in figure 7 reveal that the semipurified preﬁération of

- " - + - . + : .
Preparation’ ¢ contained 5 major components which stained

with Coomassie blue. Ficure 7 also includes a tracing of

*
- :

.

+he densitometric Man of this separatipﬁ. The peak observed
at 0 centimeters did not corresponé to a protein bandﬂand‘
was an artifacé. The uns;ained gelén 1 cm in parallel, weéé
cut into slices agdtéimiiar fraétioné were homogenized twice
with 1 ml per slice of 5% cold butanol: after céntrifugation
the supernatants were collected, lvophilized, and washed with
o ml butanol at room temperature to remove the remaining
SPDS in the extracts. The residual butanol was then removed
under vacuum. The eluted material from each fraction was
assaved for both lipase* and phospholipase activities: The

-

bulk of both activities was recovered in a single band (bandé a,

figure 7) with an RE value between 0.70 and 0.80 (c.f. table 18). ‘

The fractions above andé below this band had low levels of either
‘activities, but this was thought to arise from a slight over-
-

lapping of the active band into these fractions due to

unavoidable inaccuracies in cutting the gels. In all runs no

*
n modified lipase assay procedure was used (c.f. methods,
Section III, paragraph (p). Studies described later indicated
that purified coliform lipase was more active against methyl
oleate in buffer containing Triton X-100 than against trioclein
in buffer containing taurocholate. (The Vmax for methyl oleate M
was about 13 times greater than that for triolein). Since the
amount of enzvme in each sample was small, the activity was
measured against methyl oleate in Triton X-100.



FIGURE 7 |
1
!
SDS polvacrylamide gel of collform lipase and its densi-

tometric scan. The details of the gel preparatLOn,ére

given in methods ang in the text. The gel and densitometric

scan sHow the protein bsnds obtained by electrophoresis of

‘the washed acetone paste of Preparation C (table 13) which

- - was obtained by following purification Scheme IV. The
activity was recovered in band 4. The peak observed at 0

- €entimeters did not correspond to a protein band ané was

an artifact.
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TABLE 15 -

phospholipase Al and Lipase Activities 1in SDS Disc

Gel Electrophoresis Fractions

S
Counts per min. of Product
L 1a_ . - : . .
[1,3- C—glycerol]-lyso PE l—l4c-ole1c acid from .
RE values £rom [1,3‘14C-qucerol]—PE methyl-l-l4c-oleate
~ ¥

.57 - .70 ) 106 733

‘.70 - .78 1424 ' © 2087

.78 - .84 427 - 506
7

The incubation medium contained 19.4 nmoles [1,3-14C—
glycercl]-PE (sp.act. = 2.06 x 108 dpm/¥m) OT 7.1 nmoles
methyl1l—l4c-oleate (sp. act. = 5.6 x 106 dpm/um}, some

of the protein extracted from each fraction, 0.05M Cat+,

0.05% Triton X-100 and 0.025M Tris, pH 8.4. . The ‘

incubations were carried out at 37°c with shaking during

30 minutes. ~
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activity was found above an Rf of‘.53. ,;

pPart of the proteiln extracted from the active band

s

(band D, rig. 7} wgs run on urea gels prepared as described
in methods. Four bands were obtained cloée together, the
fourth, being the largest. The densitometric scan of this
gel, reproduced in figure §, permits j@entification of the
bands. The peaks appearing between 5 and 6 centlmeters in
figure 8§ were artifacts since no Coomassie blue stain
corresponded with them. The pattern obtained shows’étriking
similarities to the results of Scandella and Keornberg (176{,
which suggests the enzyme in band 4 on SDS gels could have
reached a stage of purification close +o that obtained by
t+hese workers. Urea gel electrophoresrs irreversibly destroved
all enzvmatlc activity, thus preventing‘identification of the

.. . n
band containing the lipase.

The specific activitG{of the phospholipase Al and
lipase in band © (figure 7) could not be accuratelv determined,
unfortunately.l standard methods fox protein deeermlnatlon
such as the Lowryv method, the biuret method, Or methods based
on direct measurement of light absorprion,at 280 mu were not
satisfgctory. Materials eiuted from the gels interfered with
colour development O contributed to the absorption at 280 my
such that Beer's Law was not followed; sometimes the results
,,indiéated that more protein was recovered in this RE .75

fractlon than had been added to the entire gel. Because of

thlS the protein was determined by densitometric"scanning
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FIGURE §

Densitometric scan of a urea gel with coliform lipase.
The details of the gel preparation are given in methods
and in the text. Because of the dense background tint
of the gel, it céuld not be reproduced here, and only
the densitomgtric scan has been included. Thé densi-~
tometric scan shows the bands obtained after extracting
band d (c.f. figure 7) from SDS gels and running on urea
.gels; the enzvme added to urea gels was irreversibly
inactivated. The Peaks obtained between S and 6 centi-
meters were artifacts since no Coomassie blue stain

corresponded with them.

al
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of the Coomassie blue stain (cf fig. 7) and weighing
the areas of the paper corresponding to the peaks. The
protein was estimated from albumin standards subjected to
the same electrophoretic and staining procedures. Linearity
was displaved oniv above 3 pg of albumin; thus the method
was not sensitive enough to give an accurate estimate of the
amount of protein in the peak containing the enzyme. Further-
more, somenproteins tend to absorb more Coomassie blue dve
than others so that the relationship of colour density to
protein concentration is not alwavs linear. We have not tried
to verifv this situation with any of the protelns sepafated

on these gels.

By comparing the weight bf the. active peak from the
densitometric scan of the gel (cf f£ig. 7) to thé weight total
of all the peéks combined, it was estimated that the
semipurified enzyme was about 7% pure. This estimate, however,
could not serve to calculate accurately the aﬁount of protein
in the eluted sample since the efficiency of elution is
undeterminable. This efficiency is bournd to varyv with each
type of protein. Scandella and Kornberq, for the same procedure,
indicate 2 SOé - 100% recovery of activity for the combined
electrophoresis and elution steps. This is gquite a wide range
of variation and it is uncertain whether the authors imply

in their statement, enzyme inactivation or incomplete elution

of the enzyme. On the basis of a similar densitometric

A |



measurement of protein these authors obtain an extra 4—fold'
purification of their phospholipase Al enzyme, which is
attributed to a gel electrophoresis method which we have
followed literallv. The authors do not describe any.
diffgculties with the protein determination involved; -howeyer,
gross inaccuracies are inherent in their metﬂod of p;otein
assay. Estimates of specific activity in our case, based

on the densitometric assay procedure, indicated a decréase

to about half the value found priocr to electrophoresis for

both lipase and phospholipase al.

At this éoint,,attempts to further purify the
lipase - phospholipase Al preparation were discontinued. In’
summaryv, it can be concluded thét the first five steps of
the procedure described by Scandella and Kornberg can be
applied to the purificatién af lipase activity after relatively
minor modifications. These steps afford a 200-25C fold
copurification of lipase and phospholipase Al activities and
one can therefore suggest that both activities are catalvzed
bv a single enzyme; indeed more.extensive purification is
reguired to validate such a conclusion. It 1is unéortunate that
Scandella and Xornberg did not rest their more highly purified
phospholipase Al preparations for lipase activit& under varied

hl

conditions. The type of detergent used and the substrate

chosen appear to be important factors even for the detection

of coliform lipase activity. Nevertheless, our own results do
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indicate that lipase and phospholipase)\have similar electro-
phoretic properties which again favours th\&r association

. N I
with a single enzvme.

The acetone fractionation used by Scandella and
Kofnberg could not be adapted for lipase purification. In

.our hands at least, this procedure dié@ not work for phospho-

-~

lipase Al purification either. The first acetone fraction

precipitating most of the protein also precipitated most of

the phospholipase Al such that little purification qccurred.
L)




SECTION III: SOME PROPERTIES OF SEMIPURIFIED COLIFORM LIPASE

1. MATERIALS

The radiochemicals cholesterol—l—l4c-oléate
(sp. act. = 53.5 uCi/umolel, 1—14C—acetate (sp. act. =
212 pwCi/umole and 1,3—14C-glycerbl (sp. act. = 57.5
uCi/pmole) were purchased from New Engiand Nuclear. Cetyl
alcohol ané p-nitrophenylacetate were obtained from Sigma
Chemicals, methyl oleate from Nutritional Biochemicals
Corporation, and 1,3-dipalmitvl glvcerol diether and sn-1,2-
diacvl glvcerol from Serdary Research Laboratories. Pancreatic
lipase containing 230 units/mg was bought from Worthington

Biochemical Corporation. .

The reagents used in sviithesizing esters, namely
rrifluorcacetic acid, palmitovl chloride, and trifluoro-

acetic anhvdride were Eastman Xodak products purchased from

Fisher Scientific.

Other chemicals and reagents used in these experiments

have been described in a previous section.

2. METHODS

(a) PREPARATION OF SUBSTRATES

4
l-l4C—acetate—labelled PE and [l,B-l C-glycerol]-PE
were prepared by growing cultures of E. coli B in the presence

of appropriate radiochemicals. 250 ml of medium (described
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previously)} were autoclaved with 250 uCi of 1-14C-acetate

(sp. act. = 2.2 uCifumole), oOT 250 uCi of L,3-14-glycerol

(sp. act. = 57.5 pCi/umole), inoculated with a 5 ml broth
culture and grown for 7 hours at 37°c with shaking. The

cells were collected by 15 minute centrifugation at 10,600

x g, and resuspended in a known volume of water. Their lipids
were extracted by the method of Bligh and Dver (;03) (degpribed'
previously}, and, separated by TLC with silica gel G and sol?ent
system A (cf methods, Section I). caution was observed

not to overload the plates to permit a good separation of PG
and PE. The percentage distribution of the l—l4c-acetate

1abel in PE prepared in this way is equal in both acyl
positions, as was previously determiﬁeé in our laboratory

(193). 1- e %ge\ate labelled sn-1, 2-diglvceride was obtained
by the action of B. Cereus Dhosphollnase C on the l—l C-acetate-

labelled PE, as has been previously described (c.f. methods,

Section I).

Methyl—l—léc—oleate was prepared by carrying out
alkaline methanolvsis of tri-[l—l4c-oleoyI]—glycerol ﬁy the
method of Marshall and Kates (220). This consisted in
dissolving the lipid material in 0.5 ml CHClB—methanol (?:3),
and mixing with 0.5 ml of 0.2M dry methanolic NaOH. nfter
standing at room temperature for 15 minutes, 1 ml CHC137
methanol (4:1) and 0.9 ml water were added. This mixture was

stirred, then centrifuged to separate out a methanol-water

J
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phase @Qp'top) and a chloroform phase, as in the.Bligh and
Dver extractien. The 1ipid material was collected from the
CHdl3 phase. The methyl—l—l4c-oleate formed was checked by
TLC and found to be ;ure. The required specific activity was

optained by diluting with non-labelled methvl oleate.

2-[1—%4C-palmitoy1]-l,3—dipalmityl glycerol diether,

2-[1L4C—palmitoyl]—l,3—dipalmitoyl glycerol, and sn—3[l-l4c-

palmitoyl]—l,z—diacyl glvcerol were synthesized by the method

of Bourne et al. (221).. This consisted in reacting 1 ml of

trifluorcacetic anhydride during some 10 minutes with 4 umeles
4 .- . . - . ;

of,l—l C-palmitlc acid which haé been diluted to the required

specific activity with unlabelled palmitic acid. The mixture

contalnlng the mixed anhvdrlde'was added to 2 mmoles of @

“either 1,3-dipalmitoyl glvcerol dlether fl 3-dipalmitovl

' ~

lvcerol (dipalmitin), or sn -1,2-diacyl glucerol {from pig
P . - F.

—— A

llver) . The 1,3- d:.oalmltovl ‘dlvcerol was prepared by ourlfv:.ng ‘

the 1, 3 isomer of a mlxture of commercial 1,2 and 1,3-dipalmitin
by TLC in system ¢ (¢f methods, Section I). The reaction

was allowed o Droceed f6r 1% hour at 35- -40°C with occasional
shaking in é vessel plugged with an anhydrous CaCl, tube. The
contents were then added to 4 ml 0.1M NaHCOB, and the lipids
were extracted twice with dietﬁyl ethdér. The products were
_isolated by chromaﬁograph& in systems B, C and/or D (cf

methods, Section I) and were radiochemically‘pure.
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4
Cetyl-l—l‘C—palmitate-and.1-stearoyl—2-oleoyl-3—[l—l4c-
palmitoyl]-glycerol were svnthesized by reactiné,cetyl

alcohol or l—stearofl—2-oleoyl-glycerol with l-l4c—palmitoy1 chloride.

che 1-14copalmitoyl chloride syntheis (222) involved
refluxing l—l4c—palmitic acid, diluted to a known specific
activity with unlabelled palmitic,xd%gtﬂzﬁ excess (about 1 ml)
thionvl chloride during one hour at about 77°% in a wax bath.
2 ml of toluene “(b.p. 110-111°C) were then ddded to the
reaction mixture and-distillation was carried out until all the
thionvl chloride and most of the toluene were gone. The
addition of toluene permitted the complete removal of thionvl
chloride. The contents Were then diluted to.a,measured volume

with toluene, and stored at -20% for future use. -

20 umoles of cetvl alcohol were dissolved in 2 mi

- . . -
trifluoroacetic acid, andé this was added to 60 pmoles of
1-14C—palmitoyl chloride (from which toluene had been evaporated

with a stream of nitrogen). The reaction flask was stoppered ‘

with a CaCl2 +ube, and the reaction was allowed to proceed for
3i%hours at 10°%c. The reaction mixture was then added to

5 ml of 0.1M NaHCOé and extracted twi?é with ;HClB. The product
was purified with TLC svstem B, until radiochemically vpure

cetyl4l-l4c—palmiéate was obtained.

(b)” PHOSPHOLIPASE Al AND LIPASE ASSAYS

Vmax in Soth cases were determined by Lineweaver-Burkf

ploté. The assay conditions for these as well as for time course



studies were similar, except for thersubstrate éoncentrations,
: o -
Phospholipase Al assays were carried out essenti&lly
according to the method described earlier with 1,3—14C—glycerol
‘ o .
PE (sp. act. = 2.06 x 106 dpm/um) . The activities wexe
calculated from the amount of PE whicﬂ disappearéd @uring-the
incubation. 'Any‘non—enZQmatié 1oss of PE was corrected from
two recovery bqnﬁrols performed for each experiment.- ihe
incubation meé&a c&nﬁainéd varving amounts of substrate, with
0.05M Ca++ and 0.05% Triton X-100 in a 0.025 M Trie buffer at
pﬁ 8.4. The tubes were %ncubated 15 minutes at TOC Gith

-

shaking.

The lipase assay media contained substrate and protein 4;!
in vqrious_concentraﬁions as indicated in each of the tables,
and 0.25M Ca++, 1.5% raurocholate, and 0.025M Tris, pE 8.4, '

in 1 or 2 ml f£inal volumes. The incubatlons were carried ocut
with shaking at 37°%¢ for various periods Rf time. - T~

. R —,
The esterase assay with ;—nltrophenylacetate was

arried out essentially according to the method df:Huggins and

// Lapides (223), wiﬁh +he same incubation medium'as‘tﬁat used '
s for the lipase assays just described, exce?t that the pH :
was lowered to 8 in order to reduce the rate of non-enzvmatic

hydrolysis which takes place at alkaline pH. Hyvérolysis was

measured by continuous reading of the change in optical

N

)

density, with a Carxy 15 Spectrophotometer at 405 um, using
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-
Py
-

tandem cells (cf figure. 9). The arrangement permittea . v
G
an\automatic'subtractlon of the non-enzymatic hvdrolvsxs of

_ p—nitrophehylacetate-wh;ch ocsurs at alkaline pH.

In order to be able to dissolve the_p;nitrophenyl—
acetate, a stock solution iOO times more concentrated %as
prepared in lolml methanol. Prior to incubatﬁon; 1 ml of
this was added to 99 ml of distilled water byﬁplacing the
£i§ of the pipet under the water surface. Tﬁis'ensures a ;? .

rapid mixing which prevents the formation of a substrate

precipitate on +he surface of the water. : .o

3. RESULTS AND DISCUSSION

(a) GLYCERIDE POSITIONAL SPECIFICITY

In the'first section of this +hesis on the identi-

fication and properties of E. coli lipase, some preliminary

information was obtained on the positional specificity of

coliform lipase. The-resulkts in table 3, Section I, show an
attack at position 1 since no labelled monoglycgrides were
produced from l—[l—14 oalmltovl] -2 acyl glvcerol. Upon
;incubation of the crude lipase with 2-[1-14c linoleic}-1l-acvl
glvcerol, however, both labelled fatty acid and monoglvcerlde
were observed, thus suggesting a possible attack a£ ppsition 2.
However, ifnterpretation of the results was comullcated by

the p0551bilitv of acyl migration in the substrate, particularly

with the long 1ncubatlon Derlods used, and this prevented-a i

definite conclusion regarding positional specificity.
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)
FIGURE 9
#andem cell system to measure esgsrase activity. The
incubation medium (cell D} contained 36 or 144 nmoles
P-nitrophenyl acetate, 85 ug protein (from acetone
fraction I-of Step VT éberdlng to purlflcatlon Scheme
III), 0.25M Ca++, l 5% taurocholate, 0.025M Tris at
PE 8.0, and water to complete the volume to 2 6 ml.
Incubatlons were carried- out for 30 minutes at room

e

'temperature, with contlnupus reading in a Carry 15

double beam spectrophotometer, at 405 nm.

s
[y
I
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T

A time studv wzth 1- fl-l C-rmalmitovl]-2-acyl glycerol’

(flgure 1, Sectlon I) 1nd1cated hvdrolysis only at position 1
since no labelled MG product could be ﬁetected at any tlme.
However, this result obtained with whole cell homogenate 1

also explainable on the basis of a hydrolysis ‘at both ester ~__.
positions Prior to release of produc;s from the enzyme. A
second possibility allowing aﬁtaék‘at poéition 2 would imply
the presence of a distinct, very active MG liéase in homo-
genates, prevénting accumulation of meonoglycerides. A third -
possibility exists where the positional specificity is linked

to fattyv acid specificity; in this case attack of position 2

' . N A
would occur only if thesproper acvl group was the substituent.

Results in figure 10, with a partially purified
lipase, indicate an approximately equal rate of FA and MG
production from 1‘4C—acetaté—1abelil.ec1 DG. This preparation
guite obviously lacked a very active monoglvceride lipase.
mhe results also indicate that the products'can be released

from the enzyme when only one of the ester positions has been

attacked.

Results in figure 11 indicating the kinetics of
2—[l—l4c-palmitoyl]rl,3-dipalmitoyl glycerol hydrq}ysis‘bﬁ
pancreatic lipase were entirely aS'ekpectéd.- Since pancreatic
lipase attacks only +he outer ester positions of TG, tﬁe

substrate used did contain label only 1in p051t10n 2- otberwise

labelled FA production should have been noted.
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FIGURE 10
e _ X
Time}study of E. coli lipase activity on l—l4c—acetate—'

iabelled diglyceride. The incubation medium contained
~~

16 nmoles l-l4c-acetate-labelled sn 1,2~-diglvceride
(sp. act. = 2.45 x lO6 dpm/um) and 0.08S5 mg protein

(from acetone fraction 1 of Step VI according to purifica-

tion Scheme III}, 0.25M Ca++, 1,5% taurccholate, ana

.
0.025M Tris, PH 8.4, in a total volume of .2 ml. The

incubations were shaken at 37°C for the indicated.times.

W
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FIGURE 11

14C—palmitoyl]-

l,3-dipalmitovl glvcerol. The incubation medium g@ntained
1 nnole of é—tl-l4c-palmitoyl-l,3—dipalmitoyl]glycerol

{sp. act. = 15.4 x iOG dpnm/um}, 0.043 mg pure pancreatic

"lipase (230 units/mg), 0.0SM Ca++, 1.5% taurocholate,

and 0.025M Tris, pHE 8.4, in a 2 ml volume. The incubations

were shaken at 37°C" for the indicated times.
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Results estaﬁlished in figures 12 and 13 with this
substrate reveal that initially the main product of triglvceride
hydrolysis was labelled DG, but there was at that time a
significant production of 1abelled fattyv acid as well. Within
2 hours, however, DG levels fell substantialiy,eand both MG

anéd FA accumulated.
&

o

Thin layer chromatography analvsis of the diglyceride'
produced in the initial stages of the hydrolysis of tri-[ll4c—
oleofl]—glycerol under identical conditions indicated that it
consisted mainly of the 1,2 species, but scﬁe 1,3 species
(about 5 percent of the total diglyceride) was also detected
(cE figure 14). The Vmax obtained for 2—[1—14C—palmitoyl]—l;
3-dipalmitoyvl glycerol (0.23 units/g protein;
cf figure 15) showed that hydrolysis of thé labelled ester
proceeded at & considerably slower rate than 1/3 of the Vﬁax
for tri-[ll4c—palmitoyl]—glycerol (Vmax = 4.4 units/g protein/
min.; cf figure 16) which would have been expected hadlthe

.

hvdrolysis rate been equal for all positions.

These results indicate +hat the main activity of
the lipase 1is exerted at the 1 (3) position of tri- or di-
glvcerides but the 2 position is also attacked at a slow rate.
This_hyd;olysis at position 2 likely involves & direct action
of the lipase rather +hat an indirect mechanism proceeding
oﬂiy after non-enzymatic isomerization of 1abelled 1,2-
diglycerides te\}abelled l,3—diglycerides. Under similar

incubation condi&ipns (pE 8 instead of 8.4 used in our case)
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FIGURE 12

Time study of E. coli lipase activity on 2—[l-l4c-palmitoyl]—
1,3-dipalmitoyl glycerol. The incubation mediuﬁ contained

1 nmole 2—[1—}4C—palmitoyl]-l,3—dipalmitoy1 glycerol (sp.

act. = 15.4 x lOG'dpm/Um), 0.08 mg protein (165 units/é protein),
0.25M Cat+, 1.5% taurocholate, and 0.025M Tris, pH 8.4, -

in a 2 ml volume.' The incubations were shaken at 37°C for

the indicated times.
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FIGURE 13

Time study of E. coli lipase activity on 2-[1-14C—palmitoyl]-
1,3-dipalmitoyl glycerol, with results expressed as

percentage of products. The incubation conditidgs,&ereitﬁe'

Same as given under figure 12.
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FIGURE 14

Radlochromatogram of products obtained after oO Rinutes
ncubatlon of collform llDase act1v1tv wzth tr1[l 14
oleovl]- glvcerol. The incubation medlum contained 15
nmoles tri—[l~% C—oleo?l]-glycerol (sp. act. = 5.9 x 106
dpm/um), 34 ug protein (22@ units/g¢ protein), 0.25M
Ca++, 1.5% taurocholate, and 0.05M Tfis, PH 8.4, in a
total volume of 2 mi.- The incubation was shaken 30 min.
at 37°C. The extracted lipids were chromatographed on

a boratg—impregnéted silica gel G‘platg developé& in
System C (cf methods, Section I). The lipid species
were identified from standards run concurrently on the same

plate.
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FIGURE 15 L
-~ - Lineweaver-Burk plot-of E. coli lipase activity on

-2-[1—14C-p§lmitoyl]-l,3-dipélmitoyl glycerol Qith.l.S%
téurocholate. The incubation media containea from 024

to g_énnmoles 2—[1-14C—palmitoyl]—f,3-palmitoyl'élycerol

- (sp. acF. :ol§.4_x 106 dpm/ﬁm), 0.047 mg protein (228‘units/9
protein), 0.25M Ca++, 145% taurocholate, and .025M

', Tris, pH 8.4,'in %(l‘ml volume‘at'37oc. The Vmax found
wag 0.23 uhits/g protein.
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TIGURE 16
- v ) d.‘
- . Lineweaver-Burk plot of E. coli lipase activity on tri-

[l—L4C—palmitoyl}-glycerol with 1.5% taurocholate. The
incubation conditions were as given under table 18. The

Vmax found was 4.40 x lO_6 moles/g protein.
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" Entressangles et al. (62) observed no more than 6% isomeriza- <
tion of 1,2-diglycerides after 45 minutes of incubaiion;
These same conditions howevef, did lead to considerable

isomerization of 2-acvl MG.

Hs

Additional proof of hvdrolysis at position 2 of
triglyceridés was sought with the use of 2-{1—14C-palmitoyl]-sn—
1,3-dipalmityl glvcerol diether as substrate. The Qﬁvantage
of using this tvpe of substrate is tﬁat #he products of the
;eaction are stable, and this allows cleafer conclusions 3
g0ncerning the positiongi specificity oflthe eRTITME - One
has to concede, however, the possibility that the enzyme may
diseriminate against oT change its specificity towards the

- ether tvpe of substrates. Using such 4 substrate, Mattson

~—

. - [
ané\yOlpenheim (219) showed that t+he 2 position of TG was

arILIA

definitely not attacked by pancreatic lipase whereas Benzonana
and Esposito (64) indicated that the lipase of candida

cvlindracea which lacks stereospecificity, readily attacks

the 2 position of TG.

o

Results %ﬁth E. coli lipase definitely indicated

hvdrolysis at position 2 of 2—[1-—14 —palmitoyl]-sn—l,3—

*

dipalmityl glycerol diether {(cf  figure 17). . TH\\\\\

(b) STEREOSPECIFCITY | o c
" 1
r * .

studies with labelled glycerides have indicated SO

far that the coliform lipase is sl;ghtly\giZierent from o

o . : . . o

* pancreatic lipgse since 1t hes thesability hyvdrolyze the
- i f

) .

<
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FIGURE 17 .
/ ’
Time study of E. coli lipase on 2-[1-14C-palmitoyl]-sn—
1,3—dipalﬁityl-glycerol diether. The incubation medium
Contained 17.8 nmoles of 2—[l—l4c-palmitoyl]—sn-l,3-
" dipalmityvl glycerol diether {sp. act. = 2.25 x 106 épm/um)
and' 0.085 'mg protein (from acetone fraction I of Step VI,
according to purification Scheme III), 0.25M.Ca++; 1.5%

taurocholate, and 0.05M Tris buffer,p¥ 8.4, in a 2 ml

volume. The incubations were shaken at 37°%c fory the

indicated times.

5'9
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ester at position 2 of glycerides, but £his at a'rate slower
than that for the esters of the outer positions. The -
pancreatic lipase lacks stereospecificity since it hvdrolvzes
both the 1 and 3 positions of triglycerides.’

To see whether coliform lipase attacked position
3 of triglycerides, a mixture of hepatic l,2—diglyceridgs
was acvlated with palmitoyl chloride (cf Methods for ,
details of preparation} and the sn—BCyiatty acid-labelled
triglycefide sﬁecies resulting were used as substraté.
Results of figure 18 show an accumulatibp of radiocactive FA
right from the onset of incubation and one must conclude
therefore’ that position 3 is attacked. Initially, the
laselled FA'aﬁd DG productions are apéroximately equal, which

means that the 1 and 3 positlons are hydrolyzed at similar

ETYRIvY.

rates. One may recall that the main DG species produced

initially \s 1,2-DG. After prolonged incubat@sn the labelled

——

"DG productfgn falls and there is an accumulatiom of labelled

4 »

MG. The tvpe of MG produced was not .chzracterized; however

! .
jt is likely a 3-monoacvl glvcerol sin%e the thermodynamniss

of acyl migration favour 9 to 1 the formation of species ‘ﬁ

4
with a peripheral ester (224). The last result therefore
further reveals that coliform lipase;can catalvze a hydrolysis
1 o . ’ 5
at position 2 of giyvcerides. Also one can suggest from the :

+ime course study that MG hydrolysis-proceeds at a slower

rate than the other glvcerides since it did accumulate.

!

5
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'FIGURE 18

Time study of E. coli lipase activity on sn-3-[1-14c-
palmitoyl]-1,2-diacyl lycerol.. The inéubation medium
contained 0.8 nmo%?g’;§L3—[1—14C~palmitoyl]-i,2~diacyl
glycérol (sp. act. - 15.1 x 106 dpm/um) with 0.075 mg
protein (228 units/g protein), 0.25M Ca++, 1.5%
taurochola£e and.0.0ZSM Tiis, PE 8.4, in a 2 ml volume.

.
The incubations were shaken at 37°C for the indicated

times.
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The sn1§ fatty acid-labelled substrate used in this

last studv was a mixture of triglycerides, some of which may
‘ )

not have been optically active. However, when l-étearoyl—z—
oleoyl-S*[ll4c—palmitoyl]—glycerol was used as substrate,
there resulted an accumulation of labelled palmitic acid at’
a rate of approximately 1.1 units/g protein, whereas

a rate of 4.4 units/q-protein was noted when tri-[l—l4c—
palmitoyl]-glycercl was used. If we consider +hat the latter
substrate can release three moles of labelled. fatty aciés

per mole of substrate, this again indicates that hvdrolysis

at positions 1 and 3 proceed at app?bximately similar rates.

o

On the basis of these results, therefore, it seems

‘that coliform lipase is not stereospecific.

(c) SUBSTRATE SPECIFICITY ,

(1) GLYCERIDE SPECIFICITY

Perhaps the first question that comes to mind in
terms of substrate specificity of a lipase is whether it - .

, . + 3 .
hydrolyzes glyceride species other than triglvceride. This ‘
4

has been alrgady partially answered for E. coli livase,

-

particularly in terms of positional specificity.

# >
In the present study the relative initial rates of
hvdrolysis forssimilar conceng;ations of labelled triglyceri&e,
diglyceride and monoglvceride by E. coli lipase are compared

(cf _table 16). The triglyceride and monoglvceride are.of
- . . ‘

i
e
H
A
'
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TABLE 16

Comparison of Initial Rates of Hvdrolvsis of E. coli

Lipase Activity Against Various Glvcerides

moles FA released per g protein

Substra®e after 10 min. after 20 min.
{
l—[l—l4cﬂoleoyl]—glycerol 2 x 1078 6 x 107°
¢ " -
1-14C—acetate-labelled f
diglyceride 33 ¢ " 61 "
tri-[l¥l4c-oleoyl]— . :
glycerol v 20 , " . 46 "
>

. ——
The incubation medium contained 7.65 nmoles l-[l—l4C—olgoyl]-

-

glycerol (sp. act. = 2.0 x 106 dpm/ym) or 8.153 nmoles of

1—14C-acetate-labelled diglvceride (sp. act. = 2.4 X 106

gdpm/um) or 7.65 nmoles tri—[l-l4CToleoyl]—glycerol {sp. act. =

; } bl
5.9 x lO6 7Pm/um), 34 pg protein (228 units/g protein),

0.25M Ca++{ 1.5% taurocholate and 0.25M Tris, pH 8.14, in

a total wvolume of 1 ml’. The incubations were shaken at

jndicated times. . - -y

LS




P

- 151 -

the oleovl ester type wher
from E. colif PE as a’ éﬁodu
Preferably, labelled dicle
attempts to syntﬁeéize thi

pancreatie lipase on label

ful, the vields being very

eas the dlglvcgrlde-orlglnated ;w
ct of phosphollpase C degradatlon.:
ln_shou;d have been used, but

S substraté by the action of

led triolein were not very success=

poor. Results in table.lS show

that triolein was hvdrolvzed at a rate 1.5 times

faster thaﬁ,tripalmitin.
of C16 fattv acids and the

have been expecteé to be h

E. coll PE contains a majorré

refore the value found here would

igher with diolein than that with

z

diglvceride reported in table 16. It can be tentatively

concluded therefore that 4

hvdrolyzed of the glvcerid

L It is also inter
taﬁie 16 that there is a h
rate approximately 1/10 th
One can conclude therefore
prefers as substrate digly
and then monoglvceride. S
degradea monoglvceride (cf

that our purification proc
s
- (ii) ACYL CHAIN

iglvceride was the most rapidly

es.’

esting to note in Lge results of

vdrolyvsis of MG froceedigg at a

e rate found for triglyvceride.

’ thaéhatr semlpurlfled lipase

ceride, followedé by trlglvcerlde

ince -the rcrude homogenate readily
table 3. Section 1) it is likely

edure eliminated a MG lipase.

Although an exte
specificity was not made,

lipase prefers long chain

(-] - .
species is not attackéed by-

-

LENGTH SPECIFICITY.

nsive study of acyl chain length
it appears that the pur&fied coliform
esters since the tricaprvloyl

the enzyme (cf  table 173.( -

/
{
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TABLE 18

ar
’

summary of vmax for E. coli Lipase Activity

with Various Substrates

Substrate Detergent

tri[l-l4c—palmitoyl]-

gly;erol 1.5% taurocholate

tri—[l—l4c-oleoyl]-
"glvcerol "

cetyl-l-l4c-pa1mitate "

-

methyl—l—l4c-oleate "

methyl—l—l4c-oleate

[1,3—14C—glycerol]—
phosphatidvl

ethanolamine

The incubation conditlons yere &S given

vmax

(units/g protein)

}

0.05%% Triton X-100

in table 17.

361

N
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Crude homogenate however did hvdrolvze tricaprylin (cf . ’
figure 6, Section 1), and very likely another enzvme wWas

involved in this case or else the.purificétion of-this

lipase brought about some changes in its properties.

Possibly a tvpe of protein or specific cofactor (a colipase)

may have been eliminated.

.~

(iii) ESTER TYPE SPECIFICITY

The coliform lipase was found to be guite active
against single esters such as methyl-l—l4c—oleate and cetyl-
l-l4c-palmitate, but was inactiveﬁagainst cholesteryl-l—l4c—
oleate or the water-soluble ester, p-nitrophenylacetate

(cf rables 17 and 18 and figures 16, and 19~-23). It thus

behaved as a true iipase-with no cholesterase activity.

‘vmax values for methy}rl—l4C-oleate have been
compared with 1.5% taurocholate and 0.05% Triton X-100 as

emulsifiers {(cf +able 18 and figures 21 and 22). With Triton

¥-100 one £inds the vmax about one third lower. Und?r these
detergent conditions no activity was detectable agaihst

triolein in the presence of 0.05% Triton x-100. These results

point to the role of detergenté in organizing and orienting insoluble

substrates and. products at +he micelle water sinterface with the

enzyme. The enzyme may have a preference for negatively charged

micelles.
as gseen from +he results in +able 18, the semipurified -

lipase preparation hvdrolyzed PE at a rate 1.6 to 4 times

faster than that for methyl oleate, depending on the detergent
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FICGURE 19

Lineweaver-Burk plot of E. coli lipase activity op tri-[1-
14C—oleoyl]-glycerol with 1.5% taurocholate. The incuba-
tion conditions were as given in table 18. The Vmax

found was 6.49 x 10-5 units /g protein.
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Lineweaver-Burk plot of E. coli lipase activity on cetvl-

1- 4C—palmitate with '1.5% taurocholate. The incubation

conditions were as given in table 18. The Vmax found

was 2.36 x lO—S'units/g protein,
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FIGURE 21

-

Lineweaver-Burk plot of E. coli lipase activitv on methyvl-
lrl4c—oleate with 1.5% taurochdlate. The incubation
conditions were as given in table 18. The Vmax found was

2,27 x 107% units/g protein.
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FIGURE 22 -

Lineweaver-Burk plot of E. coli lipase activity on methyvl-
1- 4C—oleate with 0.05% Triton X-100. fThe incubation

conditions were .as given in table 18. -The Vmax found was

9.52 x 107° wunits/y protein.
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ry

FIGURE 23

Lineweaver-Burk plot of E. coli lipase activity on 1,3-14C-

glvcerol-PE with 0.05% Triton X-100. The incubation condi-

tions were as given in table 18. The Vmax found was -3.61 x

10_4 units/g protein. ¢

-
4
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conditions used. Assuming there 1is Bnly one enzyme, one

can ask at this stage whether it is ippropriate to cesignate
our enzvme preparation a lipase or a phospholipase A. k\\
Probably the latter designation wogld be more appropriate,
although it conveys the idéa'of a much more specific enzyme
than is actually found in E. coli. The assumption that

on}y one enzvme is involved for both lipase and phospholipase
activities is substantiated to some extent by éhe fact that
both activities copurify 50-200 fold, depending on the’
procedure used, and follewing SDS electroohoreSLS both

activities are recovered in a single band.
I

(iv) EFFECT OF pH

Thé effect of pH on semipurified coliform lipase
)
with methylél—l4c—oleate|és substrate produced results
es§entially similar to those observed with the homogenate
{cf figure 4, Section 1), but with one significant
difference: this time an optimum was fouﬁdrnear pH 9.C
(cf figure224).‘ Although incubation conditions were not

exactly the same, none of these differences seemed obvicusly

conducive to a change in optimum pH.

(v) OTHER ACTIVITIES OF COLIFORM LIPASE

Quantitative results in table 19 indicate the
ability of coliform lipase to transacvlate when ethanol is
] . . 14
the acceptor and either l—[l-l4c-palm1toy]-PE or tril[l-""cC-

oleovl]-glycerol are the donors. This is indicative that an

+ -
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FIGURE 24

The effect of—pH on the hvdrolvsis of methyl-l—l4c-oleate
by partially purified coliform lipase. The incubation
medium ébntained'G.l nmeles methyl—l—l4c—oleate (sp. act. =
5.7 x lO6 dpm/um), 0.023 mg protein (228 units/g protein).,
0.25M Ca’’, 0.05% Triton X-100 and .025M histidine
HCl1-NaQHE ét pH 6.0, 0.025M Tris at pH 7.0, 7.5, 8.0, 8.5,
9.0, and 0.025M glycine-NaOH at pH 10.0, in 1 ml volumes.

The incubations were shaken at 37°C for 30 min.

%
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TABLE 19

Ethyl Ester Formation by Partially Purified

E. coli Lipase in the Presence of 40% Ethanol

nmoles methvl

Substrate esters produced
14 .
1-[1- c-palmitoyl]-PE 14.3
tri—[l-l4c-oleoyl]-glycerol 1.4

The incubation mixtures contained 0.15 rmoles

l-[l-l4c—pa1mitoyl]—PE (sp. act. = 0.2 X 10° dpm/um) ,

0.05M Cat+, 0.05% Triton X-100, aqd 0.025M Tris,

p8 7.5, or 27.4 nmoles tri—[l—l4C—oleoyl]-glycerol
(sp. act. = 1.14 dpm/umole), pE 7.5. Both systems
contained 0.§'mg protein (from actetone fraction I
of step VI, acébrding to purification Scheme III}),

and the total volumes were 2 ml. The incubations

ayere shaken 2 hours at 37°C.

-



acyl-enzyme intermediate is formed duringlhydrolysié of

phosphatidyl ethanolamine oOT triglycerides.
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PART TWO

E. COLI LYSOPHOSPHOLIPASE

1. INTRODUCTION \

An accumulation of lysophosphoglycerides in a cell

can bring about its lysis. Lysophospholipase is believed to

l/ —k"“‘-/

play an important role in the maintenance of the integrity
of the cell by hydrolyzing lysophospheolipids to non lvtic
products. In accord with this function +his enzvme 1S
involved in the complete hreakdown and turnoﬁer-of phospho-
lipids. Desplte its importance, lvsophospvholipase has not
received much attention; in fact, at the time this wOork was
carried out there were only two reports describing its
pﬁrification. proulx and Fung (56) and also Doi et al. (174) -
reported some of its characteriﬁpics in several strains of

E. coli. The present work characterizes further +his enzyme

in E. coli B (ATCC 11303), and describes our attempts at 1ts

purification. I+ is now known that phospholipase al, purified

+o near homogeneity (176), possesses Strong 1vsophospholipase
activity; however, the latter enzyme being stronglv membrane-
bound, is found exclusively in the particulate material after
high speed centrifugation. The present section describes our
attempt to purify £he 100,000 x g supernatant lvsophos-

pholipase which is devoid of phospholipase Al activitv.
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Upon studving lvsophospholipase activity, we
encountered an acvltransferase activity which could rein-
corporate fatty acid liberatea from lysophosphoglyceride
into diacylphosphoglyceride. The latter enzyme has been
reported earlier (225). We examined brieflv a few of the
properties of +his acvltransferase, but Gur aim was really
to eliminate its activity since it interfered with ﬁroper

lvsophospholipase assay.

2. MATERIALS

The solvents heptane and isopropvl alcohol, and the
phosphonic acid.used for the Dole and Melnertz {226) fatty
acid extraction procedure, and the reagent dimethvlformamide,
used for affinity chromatography, were purchased from Fisher
Scientific. The CNBr-activated Sepharose 4B was obtained
from Pharmacia. The source of the other materials used was

given in previous sectdons.

3. METHODS

(a2) SUBSTRATE PREPARATION

The substrate]:[l-lqc-palmitoyl]—lyso lecithin was

prepared by the action of Crotalus adamanteus venom on

l-[l—l4c—palmitoyl]-lecithin (the preparation of the latter
compound has heen described in 2 previous section), according
to an adaptation of the methods of White and Tuckgr {207) '
and Hildebrand and Law (227), as previously described for

+he analvsis of the distribution of 1abel in the fatty ester

positions of PC and PE.
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(b} LYSOPHOSPHOLIPASE ASSAYS

The assays for lysophospholipase were carried out
w in 2 ml volumes comprising & £inal concentration of 0.05M
phbsphate or Tris buffer, pH 7.2, unless otherwise specified,
with two different concentrations cf the enzyme to be assavyed,
in a range giving linear hvdrolysis with protein concentra=
tion for at least 30 minutes. The substrate l—[l—lqc—palmitoylj-
lyso-PC, with specific activities of 5 or 8 X lO4 dpom/Lm,
was added in concentrations of 0.25 imoles per assay. The
incubations were stopped after 30 minutes bv the addition of
1ipié extraction solvents. The homogenates assaved were "
prepared by sonication, as previously described; trheir protein

\‘\ilfboncentrations were in the range cf 25-32 mg/ml.

{¢) LIPID EXTRACTIONS

In some experiments the lipids were extracted by

+he method of Bligh and Dver (203), chromatographed by TLC,

and scanned by radioscanner, 2as described previously. when it
was not necessary to examine the products of the reaction
on TLC, and particularly to simplify the assays for the
numerous fractions obtained dufing the purification procedures,
+he Dole ané Melnertz procecure (226) was used to extract
the fattv acids. This consisted in a2dding 10 ml of an

* I

extraction mixture made up of 40 volumes of isopropvl alcohol,

10 volumes of heptane, and 1 volume of 1.23M H3P04, to the
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2 ml assay mixtures. After stirring and waiting 4-5
minutes, 4 ml distilled water and 6 ml heptane were added
and stirred over the vortex. As soon as the phases had
separated (after about 1 minute), the upper heptane phase
containing the fatty acids was removed as ;ompletely as
possible with a Pasteur pipet, and added into scintillation
vials cogtaining secintillation fluid. This procedure was
found to extract 85%: 2.4% of l—lﬂc—palmitic acid, and no
l-[l—l4c—palmitoyl]—lyso BC.

(&) IDENTIFICATION OF LYSOPHOSPHOLIPASE ACTIVITY IN
COLUMN CHROMATOGRAPHY FRACTIONS

In order O determine which fractiens from column
chromatography contained activity prior to the determination
of their specific activities, 0.4 ml of each fraction were
incubated 30 minutes at 37°c with 1.6 ml of 0.05M phosphate
buffer, pH 7.15. The fatty aclds were then extracted by
+he Dole and Meinertz procedure just described, and 1 ml

.
aliquots of +he heptane phases Were removed anc counted.

This permitted 2 relatively rapid ijdentification of the

fractions containing the activity.

(@) AFFINITY CHROMATOGRAPEY

Affinity chromatography was attempted once only in
a batch procedure. 0.57 g of CNBr. activated Sepharose 48
were swollen in distilled water for 1% hours, while some pre-

swollen Sepharose 2B was used in a parallel experiment as 2
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/

control tg account for the non specific pinding of proteiln

to this tvpe of gel; both gels were subjected to identical
preparative treatments. Since the activated Sepharose is
Dacki/ga with dextran and lactose as gtabilizers, these had
to be\ngghéa away before proceeding with the coupling. This
was done‘gﬁ washing each gel solution with 114 ml each of

107 °M HCl. \Then 5 ml of the coupling solution, made up of

144 Lmole\‘of 1L-PE and 1 volume of a solutien containing.ﬂ.EM '
NaHCO3 and 1.0M NaCl, and 1 volume of dimethylformamide were
added to the activated Sepharose 4B, while the same coupling
solution free of 1,-PE was added to +he Sepharose 2B. The gels
were stirred constantly in this reagent for two hours at room
remperature, +hen washed twilce with the binding soluticn free
of L-PE to remoée +he excess L-PE from the Sepharése 4B.

The remaining actilve groups were wlocked by reacting the gels
£or 1% hours in 3 ml cf 1M ethanolamige at pE 8.0. The gels

were then washed 3 times with 5 ml of 0.15M acetate puffer,

on 5.0, at 0°C. | ‘

Once prepared, these Sepharose gels were reacted 15

minutes at 0°c with aliguots fyom a 100,000 x g supernatant in
0.15M acetate puffer, pH 5.0. This pH was selected because
lysophospholipase is not very active at pH 5.07 in this way
the L-PE bound to +he gel would not be hvdrolvzed. Of.course,
success would depend on whether the enzyme is able to bind

L-PE at that pH. The solutions were +hen centrifuged to
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separate the Sepharose with its bound protein from +he lvso-
phospholipase which remained in the supernatant. This unbound
lvsophospholipase was assaved after dialvsis agalnst 0.05M
phosphate buffer, pH 7.15. The amount of enzvme bound to
Sepharose was found by caléulating the decrease in the
specific activity of lysophospholipaée remaining in sclution,

as compared to that of the control with Sephadex 2B

(€Y PREPARATION OF DIALYSIS TUBING

prior to use, dialysis tubes were treated to remove
heavv iens which are sometimes bound to them and inhibit
enzvmes. The procedure consisted in boiling the tubes for
10 mihutes in a solution containing 9 g NaHCO. and 1.4 g
EDTA per liter, followed by two 10 minute boiling periods in
distilled wateg._ The tubes were rinsed well'with distilled
water between each hoil. After this rreatment they were

stored refrigerated in the buffer to be used.

4. RESULTS AND DISCUSSION

T - ACYLTRANSFERASE

Upon assaving lysophospholipase with the substrate
l—[1—14C—palmitoyl]—lysolecithin at various pH's and at
relatively high concentrations of enzyme, radiocactive products
other than l—l4c-palmitic acid were observed. These were

jdentified by TLC as pC and PE mainly (cf figure 23).
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FIGURE 25
(A) control: inactive enzyme + ATP + CoA.

(B) E. coli B homogenate + ATP + CoA.

Transacylase activity in E. coli B. The incubation
mixtures contained. 0.4 nmoies of l-[l—l4c-palmitoyl]-

lyso PC (sp. act. = 5 x 10% ‘dpm/um), 25-32 mg protein

from an E. coli B (ATCC 11303) homogenate, and 0.05 M
phosphate buffer, pH 6.0. In addition, the incubation
-mixture of (A) contained 2 ml of methancl-chloroform (25:1)

to inactivate the enzvme, and that of (B) .contained 0.6 mg

CoA and 15 mg ATP. The TLC plates were developed‘in

chleoroform - methanol - water 12:6:1.

S
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Such results were attributed to the presence of an acvl-
transferase activity which could acvlate endogenous
-lysophosphoglyceride as well as the added substréte.
Both E. coli B (ATCC 11303) and 015 were found to give

similar results. However, +rain B seemed to contain

g
v

endogenous ATP and Coa which were not strictly required
as additives for acylation, but which markedly increased
PE (and PG) formation, in E. coii 015 extracts.
&
This acyltransferase seems +o be active over
a wide pE range, since we- observed it both at pH's

6.0 anéd 8.0, although it was more prominent at the latter

o
pE. Sodium dodecyl sulfate, at pH_S.O, was able to

inhibit completely +his activity.

Since this acvltransferase activity was present
over most of the pH range of lysopﬁospholipase, it was
important to determine to what extent it might,interfere
with our lysophospholipase assavs. It was soon reélized,
ﬂowever, that this acvltransferase activity was much lower
than that of lysophospholipase. Thus, atrrelatively low
protein concentrations, lysophosphélipase copld be assaved

: ¥
without interference from the acvltransferase.
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-
‘A(" R

II-—LYSOPHOSPHOLIPASE

(a) PROPERTIES

(i) SUBCELLULAR DISTRIBUTION

The first aspect of the properties of lvsophos-
pholipase exémined was its subceliular distribution. Now
+hat it is known that phospholipase Al, a strongly membrane-
bound enzyme has lvsophospholipase activity, the picture
provided in table 20 is more revealigg; the lvsophospholipase
activity due to phospholipase Al remaine@ in the 100,000 x g
pellet, while a "soluble” lysophospholipase was récovered in
the supernantant. Furthermore, all the sedimentable lyso-—
phospﬁolipase could actually be removed by a centrifugation
of 50,000 x g; the supernatant f£rom such a centrifugation
was alsd devoid of phospholipase Al activity. Therefore, any
particulate material removed by centrifugation at speeds above
30,000 x g and up to 100,000 x g (the highest used) afforded
a small purification factor for this enzyme, while it removed

phospholipase Al.

(ii) EFFECT OF pH

The pH curve obtained (cZ ‘figure 26) with the
substrate l—[l—l4c-palmitoyl]—lyso pC and a homogenate of

E. coli B (ATCC 11303) shows‘a broad optimum between pH 5.5

and 9.0. A slightly different, pH curve of E. coli 015

-lysophospholipase was obtaiped by proulx and Fung (56) and

Vv




- 173 -

TABLE 20

Subcellular Distribution of Lysophospholipase

Specific Activity purification  Fpercentage of

Fraction (units/min) Factor Total Units
homogenate 6.7 ‘ 1 © 100
100,000 x g

supernatant 9.2 | - 1.4 64.3
100,000 x g _

pellet 5.0 T 39
. 4 v

The specific activitiés were determined by incubating 0.25
pmeles l—[l:l4c—palmitoyl]—lysolecithin (sp. act. = 8 X 10
" dpm/pm) in 2 different concentrations of protein for eaph'
fraction in a range where the hydrolysis was linear with
protein concentration for at least 30 minutes, and $.023M
Tris, pE 8.0. The incubations were shaken‘at §7OC for.

30 min.
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FIGURE 26

The effect of pH on the hvdrolysis of l-[l—l4c-palmitoyl]—
lysolecithin by E. coli lysophospholipase. The incubgtion
:medium contained, in a 2 md volume, 0.5 ymoles of
l—[l—l4c—palmitoyl]—lysophosphatidyl choline (sp. act. =

5 x 104 dpm/um), 25=32 mg protein from an E. coli B
homogenate, and 0.025M of the following buffers- pH‘4.5 to
5.5 with acetate, pH 6.0 to 7.0 with carbonate; pH 7.5
to 2.0 with Tris, and pH 9.5 to 10.5 with carbonate.

The inqubations were shaken at 37°% during 2 hours.

-
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also by U. Rapp (228) using l—[1-14c-stearoyl]-lyso—PE
instead of lysolecithin as substrate; under their conditions,
one optimum appeared at pE 10, with activity being prominent
approximately from pH 5.0 to at least 11 {the highest pH

tested). On the other hand, Doi et al. (174) obtained an

optimum between 9.5 and 9.7 with washed E. coli K12. Also
with the lvso-PE substrate, Albright et al. (178) found three
PH optima‘for this enzyme, depending on which subcellular

fraction of E. coli was used; these includeé optima at

pE 8.5, 9.0, and 10. -

For mest of our experiments, the incubation media
were buffered at pH 7.2 which was within the optimal range

when lvso PC was used as substrate.

(iii) DETERGENT EFFECTS

The effects of various detergents on lvsophospho-
lipase activity in homogenates were then examined. ProulX
and Fung (56) hadé previously found a 95% inhibition of

lysophospholipase with 0.5% deoxycholate or sodium lauryl

it

sulfate. Table 21 shows that neutral detergents such as

Triton X-100 and Cutscum 2are not inhibitory at 0.01 andg 0.1%
concentrations whereas & cationic detergent such as cetyl-
trimethylammonium chloride inhibits the activity even at a
concentration of 5 mg/100 ml {0.01%). although not shown

in table 21, we have also observed a.92% inhibition of the
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TABLE 21

Effect of Cationic and Neutral Detergents

on Lysophospholipase Activity

Concentration Percent hvdrolysis oI
Detergent (mg/100 ml) l—[114C-palmitoyl]-lysolecithin
none - 35.5 ;
cetvltrimethyl S 29.4
ammonium 25 : 24.5 ’
chloride 50 18.6
Triton X-100 5 38.8
25 41.2
50 35.7
Cutscum 5 39.8 :
25 41.8 :
50 37.0 z

The incubation media contained 0.5 vmole of l—[ll4c—
palmitovl]-lysolecithin (sp. act. = 5 x 10° dpm/um) ,
25-32 mg protein from an E. coli B homogenate, 0.25M
phosphate buffer, pH 6.5, and the detergents~listed in
the table, in a 2 ml volume. The incubations were

shaken at room temperature for 2 hours.

/S
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lvsophospholipase activity present in a 30,000 x g supernatant

~in the presence of 6% Triton X-100.

(iv) ION REQUIREMENTS

Our own results as well as those of others reveal
that lvsophospholipase, an enzyme with a high specific activity,

can be detected in E. coli in the absence of added ions.

The ion effects were further tested with an enzyme preparation
which had been precipitated with ammonium sulfate, followed
by dialysis. AS shown in table 22, the enzyme had no apparent

cation reguirement.

(b) PURIFICATION oF LYSOPHOSPHOLIPASE

(i) INTRODUCTION

Having established some of the properties of coliform
lvsophospholipase, we proceeded with its purification. From,
an examination of the subcellular distribution of this enzyme
(c£ table 20}, we observed that 393 of its activity remained
in a 100,000 x ¢ pellet. Since we know from the work of
Scandella and Kornberg (176) that phosphclipase Al 1is
predominantly 2 lysophospholipase, i+ is not surprising to
£ind considerable activity residing in the high speed pellet.
Considering these results we decided to approach the purifica-

tion of the supernatant enzyme as with soluble enzymesS.

A
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TABLE 22

Effect of Various Cations on Lvsophospholipase Activity

a~

Concentration Specific Activity

Ions {raM) (units/g protein)

none - 66

Cat+ 1 4
10 69
100 65

Mg++ 1 63
10 66
100 67 *

R+ 1 61 .
10 67
100 67

NH4+ 1 67 .- '%
10 "~ 58 s
100 67 Z

1 .
The incubation medla contained 0.25 unmole l—[l-‘4c-palmitoyl]—
lysolecithin (sp. 2ct. = 8 X lO4 dpm/um), 8.8 mg proteln
of a partially purified fraction (details in text), .025M

Tris, pH 7.2, and the cations 1isted in the table, in a

2 ml volume. The incubations were shaken at 370C fon\BD

v
N

minutes.
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(ii) ACID PRECIPITATION S

54 g of E. coli B {ATCC 11303).were'resu§pend@§
in water to vield a volume of 80 ml in 1 mM EDTA, and
sonicated during four periods of 5 minutes each over a
salt-ice mixture. 20 ml of glyvcerol were then added (20§
glvcerol) as a protective measure for the enzvme. The
preparation was subjected te a 1 houf autolysis at 37°% to
reduce its viscosity. 5 ml aliquots were removed and
sﬁbjected to acid precipitation by slowly stirring in 1M
acetic acid until the vE's 4.0, 4.5, 5.0, and 5.5 were
reached. All volumes were then completed to 10 ml with 1M
acetate buffers at their corresponding pH'S. Each solution
was centrifuged at 100,000 x g during 90 minutes, the
fractions separated, the pellets were resuspenééd in )
distilled water,-and all samples were dialvzed against
distilled water before assaving. All the pelleté were
practically devoid of activity, whereas interesting informa-
+ion was obtained from +he supernatants; +he latter reéults

are shown in table 23 and suggest that the pk of the enzume

is close to 5.0. Below +his value, at pH 4.0, & 7-£fold

purification was obtained, but with a very poor vield.

(iii) EFFECT OF HEATING

Preliminary experihents indicated that part of the
lysophospholipase was relatively heat stable, but this

property could not be exploited with much advantage. An
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TABLE 23 TN

Acid Precipitation of Lvsophosphclipase

Specific Activity purification Percentage of
Fraction (units/< protein) Factor - Total Units
homogenate 6.2 1 100
100,000 x g -
90 min. /

supernaiant \\

pE 4.0 45.3 7.3 . 11

pH 4.5 . 26.4 4.3 10

pE 5.0 1.2 0.2 B

pH 5.5 §.2 1.3 12

-

The different pH's were obtained bv slowly stirring 1M

acetic acid into aliguots of supernatant until the
desired pH was reached, and 1M acetate buffer at the
corresponding pH'S was added to fixed volumes. The
incubation media were as described@ under table 20,
except that 0.025M phosphate bhffér, pH 7.2 was used

instead.

-
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homogenate was prepared by resuspending 30 g of E. coli B
(ATCC 11303) paste in 100 ml of @istilled water, and
sonicating during four periods of 5 minutes over a salt-ice
mixture. The preparation was then incubated at 37°¢ for

1 hour to allow autolvsis.

The.homogenate was then heated in a water bath at
SSOC £or 5 minutes, and then allowed to cocl at room
temperature for 1 hour, since slow cooling 1s known to favour
renaturation of some heat-denatured proteins. A 100,000 x g =
90 minute supernatant was recovered from this préparation andé
assaved. From the results in table 24, this supernatanﬁ.
showed a 4-fold purification factor, with 44% yield.
Considering both the purificaticn factor. ané the vield, this
method seemed to be most promising as an initial purification;
however, it coulé not be combined satisfactorily in a
purification scheme, since the vields and purification facéors
obtained by procedures follewing this one were particularly

low. ”

(iv) AMMONIUM SULFATE PRACTIONATION

Fractionation with (NH4)2504 as a means of purifica-
tion was tested. A 10Q,000 x g, 90 minute supernatant in 0.05M
phosphate buffer, pH 7.13, was used for these experiments.

Tn a4 first attempt, precipitates were collected by cen?rifugation
after salt additions at o°c representing 25%, 502 and 75%

saturation. The pellets were resuspended in distilled water



TABLE 24

Effect of Heat as a Purification Step for

Lfsophospholipase

Specific Activity Purification Percentage of

Fraction (units/a protein) " Factor Total Units
A - homogenate 20.2 1 100
B - homogenate o=

autolvzed 1 hr 20.2 1 100

at 379C
¢ - homegenate

heated 5 min. 7.4 0.4 - 37

at §gec
D - 100,000 x g = R

90 min
supernatafit from 80.8 4 44

fraction C

H
<

)

—

The assay conditions were +he same as given under table 20
except that 0.025M phosphate puffer, pH 7.2 was used

instead.
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and, along with the supernatant from the 75% saturation, were
dialvzed against distilled water before assqying. The
results obtained from these fractions are listed in table 23,
Part A. Theyv show that the activity fell with the
precipitates over a range between 25 to 75% saturation, with
three times more enzyme Gistributed in éhe 50-75% range.

This suggests first that lvsophespholipase érecipitated in a
range of saturation which overlapped Fetween the fractions,

arbitrarily chosen (cf table 25, Part A, fractions D and E},

~ -

and secondly that the enzyme is orecipitated in the same range
as most of the protelns fyom this supernatant, since the -
acceptable 43% recovery for fraction E {cf £able 25, Part A)
is matched bw only a 1.3 fold purificatfon facteor. We

+herefore pooled fractions D anéd E, added phosphate buf fer,

T

]

pE 7.25, to & 0.05M concentratlon, and attempted another
(NH4)ESO4 fractionation. This time p;ecipitates were collected
a+ 45%, 55%, 63%, and 100% saturation. However, ithe activity
was found scattered among +wo fractions which precipitated
;between 45-55% and 65-100% saturation. .(Cf +able 25, Part B).
2 3i7'£old purification was obtained from the 65% to 100%
saturation fraction, with 2 yigld_of only 14% of the total

units.

The results as a whole indicated that ammonium
sulfate 1s not particularly useful in the fractionation of
this lysophospholipase, since a very limited purification was

rd

obtained at sizeable losses ip activity.
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TABLE 25

Ammonium Sulfate Fractionation of Lvsophospho-

Y

lipase from a 100,000 x g supernatant

Specific Activity Purification Percentage of -~

Fractions (units/g protein) Factor Total Units
PART A ' ' °
Q ~
A - homogenate : §.2 1.0 ) 100
B - 100,000 x § - - .
supernatant 10.6 1.3 ’ 67
C - 0-25% (NH4)2804 pellet 0 ~ ; 0 _ 0
D - 25-50% " " -8.4 1.0 15
E - 50-75% " " 10.5 1.3 43

F - 75% (NH4)2SO4

supernatant ’ 0 0 ' 0

PART B )

G - Pooled fractions

D& E 9.9 1.2 57
g - 0-£5% pellet from G 5.7 0.7 10
T - 45-55% " o 16.2 2.0 8
J ~ 55-65% " L R 0 | 0
X - 65-100% " noom 30.2 3.7 14

PART A: Fractionations obtained directly with the 100,000 x ¢
supernatant.

PART B: Fractionations obtained after, pooling fractions D & E

of Part A.

The incubation conditions were the same as given in table 20,

except that 0.25M phosphate buffer, pH 7.2, was used instead.
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Praction D from table 24 which h#d been obtained
from heating a homogenate, was subjected to ammonium sulfate
fractionation after carrying out a Gdelipidation with
i-butanol, but without success; Very little activity
remained, and ﬂo significaﬁt increase in specific activity
was observed. An acid precipitation on a supernatant similar

to that of fraction D, table 24, was egually unsuccessful. b

(v) AFFINITY CEROMATOGRAPEY

Affinity chromatography was briefly examined as a
.
potential method for the purification of lysophospholipaée;
A lvso pE-substituted Sepharose 4B was useéd in a batch
procedure for this experiment, the details of which have been
describeé under "Materials and Methods". The results were |
obtained by measuring the decrease in specific activity of
1lvsophospholipase from a high speed supernatant after naving
exposeé it to the substituted Sepharose for 15 minutés at i

el

. . - . X s
pH 5.0. Since +he Sepharose was substituted with a substrate

rather than a competitivé inhibitor (none of the latter were
available at the time), this acid pH, at which lysophos-
pholipase is inactive, wWas chosen to prevent the hvdrelysis

of the substituent. approximately 253 of the enzyme became
bound to the substituted Sepharose, when compéred to a cbhtrol
of Sepharose 2B. However, a large amount of non specific
binding of protein also occurred, so that the decrease 1in

+he specific activity of the supernatant was not significant.
E
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The method did not seem helpful for purifying lvsophospho-

lipase, and was not further explored.

{vi) GEL FILTRATION

Since nore of the conventional methods worked as
initial steps, gel filtration was tried on crude high speed.
supernatant fractions. 25-30 g E. coll B (ATCC'll303) were
resuspended to 100 ml in distilled water, ané subjected to
freezing and thawing three times, followed by 10 minutes of
sonication (4 pericds of 2% minutes each) over a salt-ice
mixture. The 100,000 x g — 60 minute supernatént frém this
preparation was theﬁ concentrated from 90 to 18 ml in an
Amicon cell with a PM-10 membrane. To lé ml of this
concentrate were added 5 ml of 0.2M phoswphate buffer, for a
final concentration ofvo.OSM phosphate, PH 7.15. 15 ml of
this preparation were added onto a 2.5 cm chromatography
coluﬁn cbntaining 83 cm of Sepha§e§ G-200 fine, for a total

volume of 407;5 cm3. The column was eluted at a flow fate of

8.8 ml/kr., controlled by a Perpex peristaltic pump, with a

0.05M phosphate buffe; at pH 7.15; fractions were collected

every hour. The void volume (Vo) of the columm was determined

at 167 ml with blue dextran. The empty circles of figure 27
represents %he'elution profile of the lysophospholipase :
activity obtained with this column. Peak A (cf figure 27)

w;s eluted with the voié volumet thus indicating a molecular

weight of 800,000 oxr greater, +he excluded molecular weight
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FIGURE 27

Elution profile of lysophospholipase on Sephadex G-200.
.The enzyvme preparation added to the column was a 106,000 X
- 60 minute supernatant obtained from an E. celi B

homocenate. The assavs were performed with 0.25 uymoles of
l-[l-l4c—palmitoy1]-lyso PC (sp. act. = 8§ x i04 dpm/um) to
which was added 1 ml of 0.05M phosphate buffer, pH 7.2,
and 1 ml from each fraction. The incubations were shaken
at 37°% during 30 min. The protein determinations were
according to the method of Lowry (202) and the 0D was read
at 280 nmm. oo , lysophospholipaée activity profile;

®&——@ : Protein concentration profile.

v
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for Sephadex G-200. Since a second peak, peak B (cf figure
27}, with a somewhat greater activity was also;present, it
was reasoned that peak A could have consisted of a lipo-
protein complex of sorts, perhaps containing the same enzyme
as found in peak B. In fact, the eluate of peak A was
somewhat turbid and contained much more lipid than that from

peak B, as judged by thin laver chromatography of the lipid

material extracted by the method of Bligh and Dyver (203).

The specific activity of peak B was only 1.5 times
+that found for the homogenate. 1In addition, although the
total units recovereé from this chromatography were not
calculated, 1t is obvious from the distribution of the
recovered activity shown as peaks A_and.B (cf figure 27)
t+hat each accecunts for a considerable portion of the total

activity.

There exists also the possibility that peaks A and ‘

B represent two guite different lyscphospholipases. This
possibility was not eliminatéd, but some aspects of this
problem were examined. Possibly peak 2 represented small
-fractions of membrane which might contain phospholipase Al

and the 1ysophosphoiipase activity that 1is associated with

this enzvme. Accordingly, eluate was tested from each peak

for coliform phospholipase AL with two assay procedures;

the first involved the method of Proulx and Fung (56) with

the substrate l-[l—l4c-palmitoyl]-lecithin (specific activity =

7.7 x 105 dpm/rm), and the second, that of Scandella and
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4

Kornberg (176) with l—[1—14C—palmitoyl]—phosphatidyl ethanol-
amine (specific activity = 6.6 X 105 dpm/um) . No hvdrolysis
was observed in either case. The lysophospholipasﬁ activity
of phospholipase al was therefore not implicated in either

of these peaks. Attempts were made to convert the cvtosol
lvsophospholipase into a single form. This was carried out
by lvephilizing a 100,000 x‘g.— 90 minute supernatant ‘
obtained from 27 g of E. coli B (ATCC 11303) and extracting
+he material twice with l-butanol which had been preccooled

to -20°c, to remove most of the lipid. The residual butanol
was washed off with acetone at -20°¢c, ané in turn,.any
residual acetone was removed under reduced pressure. The

drv proteln was resuspended in 0.05M phosphate buffer, pH 7.15,
and an aliguot from this preparation was subjected to chroma-
tography‘on Sephadex G-200 in a way similar to the one just
described, with the exception that the column was run upside
down 1in tﬁe hope of improving the resolution. The column
dimensions were 2.5 cm in width, with 81.5 cm of Seprhadex G-200
fine, for a total volume of 400 cm3. The void volume, Vo,
Qas determined at 173 ml with blue dextran. The flow rate
this time was 9.9 ml/hr., and fractions were again collected

every hour.
i

This time less protein nad been applied to the
column, again in an effort to increase the resolution. The

two peaks obtained did separate better. The elution profile
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for this chromatography is shown in figure 28. It is quite
noticeable that peak A was considerably diminished whereas
peak B remained. It is unkﬁown whether peak A was converted
to peak:B since results in table 26 indicated that butanol
treatment caused a ioss of nearly 50% of the activity from
the 1001000 x g supernatant, with a concomi;ant decrease in
the specific aétivity. On the other hand, the fractions
collected under peak B showed a specific activity nearly
twice that of the homogenate oOr the butanol-treated prepara-

tion, but with only 28% of the total units remaining.

Because cf the better separation obtained with the
butanol extracted enzvme, it was possible to make a rough \
estimate of the molecular weight of peak B (cf figure 28)
bv calculating the Kav with the eguation Kav = %%E%%, where
Ve (306.9 ml) is the elution volume of Peak B, Vt (400.1 ml)
the total column volume} and Vo (173.0 ml) is the void -
volume. The Xav for peak B (cf figure 28) was calculated
a2t 0.59, which, according to a graph of the relationship
petween elution behaviour and molecular weight for Sephadex
c—-200 (229), corresponds to & molecular weight of 35,000.

% seems therefore that thelcytosolic lysophospholipase is

a relativelv small moleculers although this figure 1is only

very approximate.

No further attempts tO purify the cvtosol

lvsophospholipase were made.

e




- 191 -

FIGURE 28

Elution profile of lvsophospheolipase on Serhadex G-
200, after delipidation with l-butancl. The enzvme
preparation added to the column was a 100,000 x g -

60 minute supernatant from an E. coli B homogenate
which was lvophilized ang delipidated with l-butanoil
prior to running (see teﬁt for details). The assayvs
and protein determinations were perfo;med as described
under figure 27. O————=0 , lysophospholipase elutien

profile; ¢—— ¢, protein concentration profile.
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TABLE 26

o r

’ Effect of 1-Butanol Delipidation Followed by

Sephadek G-200 Chromatography on Lvsophospho-

lipase
Specific Activity Purification percentage of
(units/g protein) Factor Total Units
homogenate 7.1 1 * 100 >
&g
100,000 x g -
90 min.
supernatant _ 12.0 . < 1.7 64
. butanol-treated
supernatant 6.9 1 : 37
peak B, f
figure 28 13.6 1.8 28
e

The assay conditions were the same glven under table 20,

except that 0.025M phosphate buffer, pE 7.2 was used

-

instead.
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GENERAL DISCUSSION

Al LIPASE

A

1. COPURIFICATION OF LIPASE AND PHOSPHOLIPASE Al

wWwhen this study began, E. coli had already been

3.
shown toO possess phospholipase Al as a predominant lipolvtic ' \QF
enzvme. Since in many species this enzyme is also associateq
with triglvceride hydrolyvsis, a search for lipase activity
in cell-free extracts of E. coli seemed an appropriate
research course’to follow. The initial studies de;cribed in
+his thesis, did uneguivocally demonstrate the presence of .
lipase activity in several E. celi strains as well as the
general properties of the c;pde enzyme 1n one of the strains.'

This lipase displayed actiéity;on tri-, di-, and monoglvcerides
when propexr conéitions for asséy were applied. A reguirement
was found for detergents, bhile salts being most suitable,

ané calcium ions. AR alkaliné pH was also needed but no

-

definite optimum was revealed. The enzyme seemed to have a

preference fcr +he outer ester positions of glvcerides

although the 2 position was also attacked more slowly. 1In

most respects the E. coli enzyme resembled the pancreatic

lipase, now So well characterized.

At this point the purification of coliform lipase
was envisaged with the aim of establishing its properties
more clearly and seeing if a copurification of phospholipase

al would result. Just as this study was getting'underway;
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scandella and Kornbery§ (176) published a method for the '
purification of E. ggii phoséholipase Al. Their conclusion
regarding substrate specificity of this enzyme was that 1t
was devoid of lipase activity. ©On the basis of this
conclusion one nad to accept that coliform lipase was indeed
é distinct enzyme. Yet the conditions emploved to demonstrate
lipase activity in the purified phospholipase Al preparation
(176) were Very limited; triolein was the only substrate
tried and Triton-x—loo was the only solubilizing agent used.
Results presented in Fhis thesis did clearly indicate that
crude lipase was active against triglvcerides only if proper

detergents were emploved, such as raurocholate.

The research aim at +his point was revised sléghtly.
The intention was now to repeat the purification of Scandella
and Korﬁberg and check whether the enzyme isclated possessed
both phospholipase Al ané lipase activities when pfoper
assay conditions were used for each. It was reasoned +hat if
indeed distinct enzymes were involved, separation of the
activities would unavoidably result at some stage of the
purification. However, since beth lipase and phospholipase al
were membrane wound, and detergent;resistant, at least some
of the initial steps used by Scandella and Karnberg might
also serve for purifid@tion of li?ase. Many difficulties

were met in attempting to repeat the procedure'of Scandella

and Xornberqg. However, the results of this thedis indicdte




- 1985 -

clearly that insofar as their method was reproducible, a

copurification of phospholipase Al ané lipase occurred.

Step one of their procedd%e called for Manton-
Gaulin homogenization which we could not perform in our
laboratory. The result of this process was to reduce the
.optical density of the suspension by 95%. Attempts to
replace this type of homogenization by combining ultra-
sonication and enzymatic hydrolysis resulted in substantial
decreases in optical density ofﬂtﬁe medium (S5). However,
further steps in the isolation procedure could not blend with
+his modification and no substantial purification cccurred.
cells that had been passed through a Manton-Gaulin homogenizer
wyere subseguently purchased from Grain Pr&cessing Corporation,
Iowa, and were received as a frozen paste. Whether the
freezing was a cause oI not, the Scandella—-Koxrnberg procedure,
unmodified, could not be successfully applied to these

]
homogenates. It is not clear whether frozen homogenate was ~

used in the original procedure {176).

Ope aspect that appears to be very critica;/in the
purification is the degree of envelope disruption brought
'ébou;, not only by mechanical means, but-by chemical agents
such as EDTA and SDS (cf tep III of purification Procedure
2, Scheme IV). Tn the original procedure (176) 1 mM EDTA .

and 1% SDS were used whereas increasing these concentrations to

26 mM and 1.2% respectively, greatly improved the purificatiozn
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/

in our case, Vvery 1ikely because of better dissofution of
+he envelope. The imnlicatidn here is that much of the
anvelope protein is comple\ed tOgether with non—proteinacious
meteriai via cation brldglng, and hvdrophoblc disruptive
é%ents are insufficlent per == se to dlssoc1ate the constituents.
Once metal chelation oCCurs, the detergents rogether with
butanol can extract out the enzyme.from the other envelope

material.™

After obtaining an acetone paste (Step V, Scheme Iv)
according to the origlnal method (176) and washing this
orecxnltate w;th water, much of the soluble nroteln was
elimineted, and the remaindng insoluble protein containin&
the pnospholipase Al - lipase activities became purified
some two fold further. This sten had not been described

previously. Up to this point the procedure of Scandella and

Kornberg was found to be reproducible but only with some
significant medifications."These investigatore were able

to increase thelr purif £ication factor bevond this point Ssome
17-fold by éirst dissolving the acetone precipitate in an
EDTA - SDS - butancl- -containing puffer, and removing much

of the unwanted Droteln bv . DIEClDltatlon with 0.002M MgCl2
and 0.09M sodium acetate. The resulting supernatant was .
‘fractionated into three parts by'gradual addition of cold N
acetone. The further purified material was found in the

second acetone fractign.. We were totally unsuccessful in

L] .
attempting to repeat +his part of the procedure. A loss of -
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up to 40% of the activitv resulted with the MgC12 - acetate
precipitation, and the activity remaining in the supernatant
k|

'Was DreCLthated in the first acetone fractlon with most of .

the protein, and little or no surther purification.

Disc gel electrophoresis was carried out on the
material obtained after washing the acetone paste (Step V,
Scheme IV). The.lipase and phospholipase Al activities were
both present in a sinéle Droteih band (Rf value, 0.75) which
indicated very strongly that both these activities were
associated with tHe same enzyme. However, definite proof in
this respect 1is la%}ing because this active material, when
extracted from the gel and rerun on urea gels, produced one
major and three minoxr Droteln bands.— Thus +he material
jsolated from the SDS gel was no%{ﬁure Nevertheless our

protein separation patterns on both the %sps ‘gels and the

urea gels were very similar to those obta:.ned by ‘Scandella and ‘

Kornberg for which they claimed purification oF phospholipase

Al to near homogenelty.

It 1is unsortunate that the common brotein estimation
methods were 1nadeauate for the material extracted from the
gels. It appeared that contaminants extracted from the gels
interfered with proper colour development in the common
spectrometric methods available. Scandella and Kornberg used

a densitometric method for estimating protein in the gel

based on the intensity of staining of the proteins DY Coomassie

s
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biUe. We adopted this method but found it tO be quiﬁe'crude.
When proteln was estimated in this way the spe01f1c activity
of the final fraction obtained after SDS gel electrophoresrs _ ’
‘showed a 5 fold loss rather than a gain. Such a result |
may have been due to incomplete extraction of the enzyme
from the gel (whereas +the protein was estimated directly

on the.gel), or to 1nact1vatlon during electrophoresrs.

The lipase activity in the materlal eluted from sSDS
gels was assaved with methvl oleate because the enzyme waé
found.to be some 10-15 +imes more active-against this
subpstrate than against trloleln. In fact, however, RO
lipese.activitv in the eluted material was detected with
triolein, llkelv because there was.a loss of enzyme activity

" during electrophoresis. .The results do indicate semi-
'quantltatlvelv that phosoholiéese A is the predominant

activity associated w1th our purest fraction obtained although

considerable lipase actlvn.tv is also seen when simple esters ‘

§FCh as methyl oleate are used. In the fractron reoresentlng
a 200 *old purification of phospholipase A, there was lipase
_activity agalnst methyloleate only some 3-4 fold less, and
against'triolein, some 50 times less. On the basis.of the
evidence presented'in rhis” thesils, and since the work of
Scaﬁdel%gdand Kornberg also clearly showed that their

purlfreé material was more active as & lvsoohosohollpase than

‘a phosoholloase Al, one can propose +hat there exists in
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E. coli an enzyme with general lipolyﬁic_activity attacking
acyl esters from Dhosphog1§cerides and neutral lipids.
Further work by other“workers in thlS laboratory with
material prepared by Procedure 2 (cf , Scheme IV) and carried
through the electrophoresis step g%rther showed that phos-
pholipase Al (with 1- [l -14 epalmltovl] -PE as substrate),
phospholipase A2 (with 2-[-14 -oleovl] -PE as substrate),
lysopﬁbsphollpase (with 1-[-14 —palmltovl] 1vsolecithin

as substraée), and lipase (with methvl- 1—14 -oleate, but not
'triole%n, as substrate) were all associated with the same ‘
band. When'szP—PE was used as substrate some labelled water-
soluble products were found which indicated either phospho-
lipase B activity or sequential hvdrolvsis of both acyl eeter

positions of PE. Since °2P—1yso PE appeare@ as a major
/

product in this hydrolysis the latter conclusion seems most

appropriate. . : ‘

Slnce the recoveries of phospholipase and lipase

activities in the prepared material were low it is possible
that enzymes with more specific lipolvtic activities were
elminated. 1In the case of lipase this may well be,

. \-'a" . . -
especially since digfarded non-active fractlions were assayed

with triolein only.

Conflrmatlon of the presence of 2 Iipase activity in

E. coli, hydrolyzing ‘mono-, di- and trlglvcerldes, which is

related to detergent- resistant phospholipase Al his been




reported by Dol and N031ma (231), they observed a total

., absence of triglycerlde-hvdrOIVZLng activity in an E. coli
"™ ——

mutant deficient in 'detergent-resistant phospholipase al,
and a‘reduced activity against mono- and diglycerides. This
also suggested that more than one'enzyme'in E. coli can
attack the latter glvcerides. Genetic evidence also exists
favouring the occurrence o€ both phospholipase Al and AZ

together since both activities are absent in mutants lacking

deterqent—reéistant phospholipase activity (177). Bernard
et al. (175) found 2 membrane bound phospholipase A2
activity in E. coli 0118 which seemed similar to phospho-

LN

lipase Al.

2. SUBSTRATE REQUIREMENTS FOR E. COLI LIPASE ACTIVITY

Perhaps the most interesting feature of coliform
lipase is 1its activity agailnst a wide range of neutral
1ipid substrates which are attacked under various incubation
conditfﬁns. Unéder assay conditions for phospholipase Bl in
homogenates,‘established by Fung and Proulx'{53,56), with
10 mM $DS and 10 mM Ca++ at PH 8.4, tripalmitin was slowly

’

nvdrolyzed, but not triolein OT rricaprylin (cf table 3,
sec;ion T). But after establishing optimal condltlons'for
lipase with 2.5% raurocholate and 0.25M Catt, .triolein and ¢
trlcaprvlln were attacked at similar rates, but no actlylty
could be observed against trlo;lmltln On the'othef hand,
diglycerides and monoglycerides were hvdrolyzed under both

sets of conditions.
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Once the lipase had been purified'up to the yashed
acetone paste, activity against tricaprvlin was no, longer
present, and monoglvceride hyvdrolysis was slower than di- or
ﬁryglyceriée breakdown. The latter result suggested that
anoﬁher lipase atﬁackiné short chain triglyvcerides - possibly
a monoglvceride lipase, may have been eliminated from this

preparation.

Upon testing various substrates with the partially
purified coliform lipase we also-found activity against
methyvl oléate'in the presence of tither taurocholate or
Triton X-100, whereas +riolein was not hydrolyzed in the
presence‘of +he last detergent. Furthermore, methyl oleate
was sivdrolyzed some 3 times more rapidly with taurccholate

as detergent. These results are difficult to explain and

point the inherent difficulties in interpreting kinetic

data of lipid (hvdrophobic) systems.

’ 5

——

rthe literature reveals a number of partially pufified/
A

phosphollipase Al preparatlons which alsc hvdrolyze

triglycerides at a slower rate than phospholipids (12;14,16),

and not all under the same optimal conditicns. A possibly 2/,

more dramatic example of such a situation occurred when N

van den Bosch et al. (21) purified a pancreatic phospho—

lipase A, and a non;specific esterase (22,23) 5y twWOo

different'methéds, only to later realize that both activities

were the result of +he same enzyme. changes in the relative

-
-4
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rates of ﬁydrolysis of PG and PE have also been observeé
with phospholipase Al from B. megaterium spores when a
neutral or ionic detergent was used {230); PG was attacked
400 times more rapidly than PE in the presence éf Triton X-100,
but this difference fell to +wofold in the presence of sodium
taurocholate. It would appear in this ‘case that a net
negative charge at the surface oﬁ +he micelles was one factor
influencing the rate of phospholipase A activity. A similar
situation seems to arise in the case of E._coli activity
since hvdrolysils of feutral lipids is favoured by conferrin?
negative charge to the micelfles with anionic detergent ‘

adédition.

I+ may be appfopriate to note also that coliform
phospholipids are all acidic and equally well attacked by
phospholipase Al. Phosphatidyl choline, however, is also
a good substrate for coliform phospholipase A (53) although
there is at the moment no precise data indicating whether
or not hydrolysis of this substrate is favoured by anionic
detergents O whether it is as extensive as that of other

negatively charged substrates.

o]

. coli lipase 1is interesting with respect to

substrate positional specificity. Our results in figures 12
and 13, and the hydrolysis found against 2—[1-C14palmitoyl]—l,3-
dipalmityl glycerol diether indicate 2 slow but direct

hvdrolysis of position 2 of triglyvcerides. This is interesting




in comparison to the positional specificity of pancreatic
iipase which hvdrolvzes exclysively the'peripheral esters of
triglycerides (102,111 and figure 11). Brockerhoff (116)

found the_ra;e of hvdrolysis of esters by pancreatic lipase

to be influenced by inductive effects, and postulated

steric hindrance as preventing an attack at position 2 of
triglycerides. Clearlv, if this hypothesis 1is correct, E.‘ggii
lipase must have a different active site ‘structure than
pancreatic lipase because it is able to hydrolvze position 2.
Nevertheless, Brockerhoff's postulate that steric hindrance
plays a role may still be valid since activity against this
position is slower than at position 1 even though'it is flanked
py esters. Accdrding to Brocke;hoff's theory, the hvdrolytic
reaction 1S accelerateé when the carbon being attacked is made
more electréphilic. This occurs most stéongly at the central
ester of triglvcerides because of the electrophilic properties
pf‘the neighbouring ester groups- Steric hindrance may there-

fore exert an influence onh E. coli lipase by slowing down the

reaction rate at position 2 of triglycerides.

Scandella and Kornberg reported ﬁhospholipase al
to be stereospecific since it hydrolyzed only 2% of D- isomer
of »C. The authors unfortunately do not state to what extent
hvdrolysis of the L- isomer occurred under their conditions.
At any rate theirs is the only study to date indicating

spereospecificity for a phospholipase Al. The rate of hvdrolysis
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at position 3 of 3—[1—C14—palmitoyl]-l;séearoyl-Z-oléoyl
glycerol was approximately 1/3 that féund for the releése

of 1-ct%_oleic acid from tri—[l-Cl4—oleoyl]—glycerol.

Also studies on the rate of‘hvdrolysis of'3—[l-Cl4—palmitoyl]7
1,2-diacyl glycerol 1nd1cate +hat labelleé DG -does not
accumulate as final product, and that the initial rates of"
production of labelled DG and FA are equél.- Thus hvdrolysis
of the exterior_positioné must have been eguivalent. These
results are further supported by the time study with 2-[1-C}4—
palmitoyl]—l,3—dipalmitoyl glyéerol‘which indicated no
Aaccumulation of diglyveride as £inal product. It is evident
from this that the purified lipase has no stereospecificity.
This could be taken as an 1nq1catioﬁ +that triglyceride lipése
is indeed dl‘ferent from phospholloase Al but our own evideﬁce
with a pa;tially purified 200 fold DurlFled enzvme does not
support this conclusion. ©ur results wzth the llD%;ér;;thltv

invite a veinvestigation of the stereosoec1f1c1tv/g;

phospholioase Al of E. coli. ’ ) .

Slotboom et al. (115) studied a similar situation
with lipases from pork aancveas and from the- mola Rhizopus
arrhizus. They found both enzymes to completely hydrolyvze
racemlc mixtures of phospholipids, which confirmed thelr

lack of stereospecificity found against triglycerides

(113,165} .




3. THE ROLE OF LIPOLYTIC ENZYMES IN E. COLI

White et al. {182) and Bell et al. (183) have found

+he enzymes of the innerchtoplasmid membrane involved in
the biosyntheses ef PA, CDP-diglyceride, PE, PG and di-PG,
to have specific activities at least ten timeslthoée observed
* in the celi wa%l. Thus svnthesis of lipid occurs mainly in

the inner membrane, but the phospholipid composition and
content of inner and outer_membréﬁes seems similar (232),
which implies a highly dvnamic tganslocation of phospholipids
between both membranes of the cell (233). ©On the other hand,
the catabolic enzyme phospﬁolipgéé Al'shows-the highest
specific activity in the outer membrane (183). Lipase activity,

. ’
however, has not vet been jdentified with a particular membrane

R . é .
although 2t s an envelope enzyme. In a study of the enzymes

involved in the catabolism of phospholipids in three sub-
cellular fractions of E. Egli, +the cell wall, the inner membrane,
and the cvtosol, Albright et al. (178) found.phospholipase'

al, lvsophospholipase Al and phospholipase A2 activities
associated with the cell wall. The inner membrane possessed

a strong lysophospholipase A2 activity in additien tO a low
lysophospholipase Al activity. An activity similar to the
latter was-also preseﬁt in the cyﬁosql, but with different

heat stability and optimal conditions. Upon examination

of the substrate specificities reported by others for these

enzymes, these authors surmised that the phospholipid
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degradation must be complex.

Phospholipases do not seem to be involved in release
of phage ) since mutants devoid of detergent-resistant and
detergent-sensitive phospholipase Al release the phage particles
with the same burst size as wild-tvpe host cells (234) .

However, thg detergent-resistant activity seems to be involved
in the release of fatty acids upon infection since the mutants

did not release any fahty acids.

A study of phosphoglyceride turnover 1in colé-shocked
and normally growing E. coli 015 cells (193) failed to clearly
implicate phosp olipase Al because the turnover of acvli
moieties was egual O +hat of phosphorus. Furthermore, the
turnover rate of both acvl positions of phosphoiipids was

found equal, no lysophospholipids were detected as inter-

mediate products; and vervy little free fatty acids accumulated.

Because induced g-oxidation in E. coli could mask
the release of fatty acids by phospholipase Al, Audet et al.
(196) examined two mutant strains devoid of g-oxidation.
enzymes, B £ad and X 19, for evidence of phospholipase
activity. B fad was found to possess an active phospholipase 2,
but this was attributed to 2 defective cell envelope since
liposaccharide, lipids and proteins, including phospholipase al,
were released into the culture medium during growth of this

strain; X 19, on +he other hand, displayed no apparent
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phospholipase activity. Other studies as well (176,194)
have indicated that cells with normal envelopes growing under

usual culture conditicns do not use phospholipase A for their

L~

lipid turnover.

-

The evidence discussed to date does not clarify the
role of phospholipase & ©or lipase in E. coli. At best i£
shows a lack of involvement of phospholipase A in neormal
rhospholipid turnover in E. géli. Considering the work of
Doi and Nojima with detergent-resistant phospholipase A=
deficient mutants mentioneé previously (231), as well as the -
data presented in‘this thesis, all of which tend to show a
physical associatioﬁ of lipase and vhospholipase Al aqtivities,
one is compelled to Propose the existence of a non-speciéic
lipolytic enzyme acting at the exterior of the cell. Such an \

enzvyme, stimulated by bile salts present in the gqut, the

natural habitat of E. coli, is likely involved in procuring

for the cell exogenous fatty acids and phospholipid breakdown
products. These can be used for energy DPUIDOSES or for
resynthesis of phosphoglycerides compatible'with the

structural reguirements of the envelope.

B. LYSOPHOSPHOLIPASE

part of the results of +thig thesis have concerned

t+he further characterization of a cytosol lysophospholipase
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of E. coli extracts. Recently, Doi and Nojima (235) published
their results on a 500-fold purification of the same enzyme‘

and confirmed and extended the preliminary results observed

in this study. '
=
o

The cvtosol lvsophospholipase is an enzvme which
remains in the post-100,000g supernatant. When this super-
natant was added tola Sephadex G-200 column two peaks of
activity (cf ‘figure 27) appeared, the first being exclﬁded
from the Sephadei gel. This first peak activity (peak A) was
possibly a lipoprotein complex of sorts resembling peak B
invcatalytic requirements. After delipidating a .iyophilized
high'spee&ksppernatant'with cold l-butanol a decrease in
peak A activiéy'relat;ye_to B occurred, but because this
treatmens Eaused a lo;s~§% tg;al activity., dn actual
'convefsidﬁ;éf tﬁé%édtiﬁiégés from péék A to B could not be
concluded. There is no evidence, therefore, to preclude
the possible presence of two lysophospholipases in this

high speeé fraction.
N

.

Doi and Nojima also found lvsophospholipase to be
active over a wide pH range, from about pH 5.0 to at least
11, with an ﬁptimuﬁ at approximately pH 9.5 when l-acyl PE
‘was thé substrate. Similar results were obtained by U. Rapp
in our laboratory (unéﬁbliéhed results). The activity

against ivsolecithin,” on the other hand, does not show a
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-sharp ootimum as such, but is egually high over the whole

,
range from pH 5.5 to 9.5.

Low concentrations of ionic detergents were found to
inhibit iysophosphollpase activity, whereas neutral ones
at the same concentrations were withcut effect. However, &
6% concentration of Triton X-100 inhibited 92% of lysophos-
pﬁolipase ectivity. Doi and Nojima found a twofold -
stimuletion with 23 mM sodium cholate, although sodium dodecvl
selfate at 2 mM was totally inhibitory with their pgrified
ensyme. They also found Triton X-100 inhibiting activity

gradually with increasing concentration. .

; Lvsophosmholipasekourified by Doi and Noi}ﬁgrfy:

hvdrolvzed both l-advl and 2- acvl -GPE, but didé not hvdrolvte o

\ ha EXER
o ,

phOSDhOllpldS in the absence of detergent oI in the presence

of 50% methanol {incubation system for detergent- resxstant

phospholipase A) or 5% sodium taurocholate. We also ald
not observe activity against phosphollolds in the presence
of either Triton. X-100 or sodium dodecyl sulfate at the

concentrations used for phospholipase Al, assays.

* A highly <interesting characteristic of Doi and
Nojima's purified enzyme was that it also hydrolyzed 1 acyi
glycerol, but not di- and triglycerides. Again, one sees
the involvement of a phospholipid catabolic enzyme in neutral

-

1ipid metabolism; the significance of this 3s hard to assess
J .



at the moment. In the-case of phospholipase Al - lipase
activities, the site of action inyol&ed‘seems to be at the
exterior® surface of the cell where exogenous'lipid
degradat;on would occur. Theuintgrior location of lyso- c 4
éhospholipase - monéglyceride'lipase implies a function
in relation to endogenous lipid metabolism yet none of the
lipid turnover studies with isotope lébe1led cells seems

to’ support the involvement of anyl of these enzvme activities

in the no 1 metabolism of E. soli.
”~

A+
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