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Abstract

Chapter One begins with an introduction to enzymology and leads into a discussion on BSSL

beginning with the physical properties and the source of the enzyme. The literature concerning

the kinetic properties of BSSL is reviewed, followed by a discussion on how the structure of

enzymes influences their catalytic activity and specificity. The use of X-ray crystallographic

techniques is addressed as a means of elucidating the three dimensional structure of enzymes.

The chemicals, apparatus and standard methodologies used in this present investigation are

described in Chapter Two. The means by which kinetic data measured for an enzyme-substrate

system are analysed and compared are also discussed.

chapter Three describes the purification of bile salt-srimulated human milk lipase (BSSL) from

whole human milk' A detailed study of the activity of the purified protein has been conducted

against both lipid and ester substrates in order to monitor the progress of the purification. A
further determination of the physical properties of the protein has also been conducted. Results

from these studies have identified the protein as BSSL.

In Chapter Four the methods used for determining the partial amino acid sequence of the enzyme

are described. This study has revealed interesting homologies with enzymes from other species.

The sequence of that part of the enzyme which includes the active site has been determined and

has been found to be identical to the consensus sequence found in the active site of pancreatic
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lipase, serine proteases and cholinesterases. It may therefore be postulated that the similarity

observed for some of the kinetic behaviour of enzymes arises from homology in their amino acid

sequences and, in particular, those portions of the protein comprising the active site.

The use of kinetic isotope effects, to gain insight as to the mechanism of BSSL catalysed

hydrolysis of lipid substrates, is the subject of Chapter Five. A mechanism has been proposed

which explains the observed effects and takes into account information from the literature. The

mechanism also incorporates findings made from the amino acid sequence study and the

literature reports on the residues involved in catalysis.

ChapterSix begins within aliteraturesurveyof detergentless microemulsions and continues with

an account of the kinetic properties of BSSL in this new and novel medium in which enzymic

reactions involving substrates of low water solubility may be conducted. The advantage of this

medium is that it allows one to monitor the reaction by spectrophotometric means. In more

traditional methods of assay of lipid substrates this is not normally possible.

This advantage has also been exploited in the srudy of the kinetics of BSSL against triolein in

reversed micelles, which is the subject of Chapter Seven. A detailed description is given of an

FT-IR technique which allows one to monitor the course of reaction of biologically imporunt

substrates.
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Introduction - Bile Salt-stimulated

Human Milk Lipase

The study of enzymes, or enzymology, is a subject which has a special interest, because it lies

on the borderline between the biological and physical sciences. Enzymes are of supreme

importance in biology and are universally present in living organisms. Life depends on a

complex network of chemical reactions brought about by specific enzymes, and any modification

of the enzyme pattern may have far reaching consequences for the living organism. If important

biological reactions were to proceed without catalysts no control could be exercised over their

rates. Maintenance of normal structure and function would become impossible and the organism

would die.

Enzymes are receiving increasing attention from physical scientists who seek information on

their phenomenal catalytic ability, especially as it relates to the mechanisms of enzymic action.

There has been no catalytic technique yet described in any situation that does not seem to be

employed, in some sense, by enzymes (Schowen, 1988). The catalytic efficiency of enzymes is

extremelyhigh. Theymaycatalysethetransformationof asmanyas l0000to 1000000moles

of substrate per minute per mole of enzyme. Enzymes have found application in the synthesis

of molecules which are difficult to prepare by the usual routes. Utilisation of their strict

specificity may be extended to the preparation of pure D or L stereoisomers.
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Chapter 1 lntroduction - Bile Salt-Stimulated Human Milk Lipase 2

In Britain, t€n companies, including British Petroleum (BP) and Imperial Chemical Industries

(ICI), have joined forces with three universities to set up a new research facility, named the Inter-

University Biotransformation Centre, to investigate the use of enzymes in industrial chemistry.

The remarkable catalytic efficiency of enzymes is seen as a natural resource, as real as coal or

oil, but renewable and possibly inexhaustible and capable of further improvement through

genetic engineering. Work is underway to find new enzymes which may produce products such

as pharmaceuticals and plastics. Enzymes are also important in the manufacture of food

ingredients and cosmetics, where their natural biological action is favoured over a harsher

chemical process. Research is currently underway in the laboratory in which this investigation

was carried out, to characterise the physico-chemistry of lingual lipases isolated from the tongue

of lamb and calf. These lipases have found application in the flavouring process of cheese

making and the dairy industry sees the benefit of funding investigative research designed to

better understand their products. Because enzymes are themselves natural products they are

appropriate for use in the international consumer climate that increasingly favours natural over

synthetic products.

An enzyme may be defined as "a protein with catalytic properties due to its power of specific

activadon" (Dixon and Webb, 1979). This definition rules out the myriad of non-protein

catalysts, such as Pd, zeolites and glutathione, and also excludes those protein catalysts which

do not function as activators, for example, cytochrome c which acts as a redox carrier.

This present investigation concerns some reactions of the bile salt-stimulated lipase (BSSL)

found in human milk. BSSL has been classed according to the guidelines set by the Enzyme

Commission in 1961 (Dixon and Webb, I979) as a glycerol ester hydrolase, E.C.3.1, an alkaline

nonspecificcarboxylesterhydrolase(BliickbergandHernell,lgSl). Thisenzymewasoriginally

found to occur only in the milk of the higher primates, i.e. man and the gorilla (Bliickberg et al.,

l98l), but not in that of the rat, guinea pig, rabbit, goat, pig, cow, horse or rhesus monkey.

These early findings suggested that it might be an evolutionary newcomer, but an enzyme with
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similarproperties has now been found in the milk of three carnivores, the dog and the cat (Freed

et a1.,1986), and more recently, the ferret (Freed and Hamosh, lggg).

Morphologically, the human brain is completely developed after the first 6-8 months of life after

birth. Accordingly, the appropriate nutrition of premature and new-born infants is of extreme

importance. The rapid growth of the foetus during the last months of pregnancy shows that the

accumulation of amino acids and the synthesis of protein proceed satisfactorily. Before birth,

glucose is the major energy source, and very little fat is delivered to the foetus during its intra-

uterine life. Fatty acids are supplied as free fatty acids from the marcrnal circulation.

Fat is the main energy source of the newborn infant and comprises 40 to 50 per cent of the total

calories present in human milk and most milk forrnulae. Newborn breast-fed infants consume

up to 7.5 g fatlkg body weight/day (an amount which corresponds to 0.5 kg/day for an adult!).

This fat, which provides the fatty acids necessary for brain development, is an integral part of
all cell membranes and is the sole vehicle for fat-soluble viamins and hormones in milk.

The abrupt transition from the high carbohydrate nutrition in the foetus to the high fat diet of the

newborn imposes a considerable challenge to the immature pancreas and to the enterohepadc

circulation of bile salts in the newborn. Some doubt has been expressed as to whether the

premature infant is able to metabolise fat. Grotte (1973), however, showed that premature

infants were able to grow and develop quite normally when they were given a complete

intravenous nutrition including fat.

The female mammary gland, Figure 1.1, develops in the adipose and connective tissue of the

breast. It does not reach full development until gestation and does not become truly functional

until the end of gestation. From the third week after fertili zation, the network of ducts present

in the breast increases in number and the blind extremity of each duct widens into a sac known

as an acinus, the inside of which is lined with cells which later become the secretory cells
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Figure 1.1 Cross sectional diagram of a t'emale mammary gland (adapted from Ribadeau-
Dumas, 1983)

(Ribadeau-Dumas, 1983). From the hundredth day before delivery, small quantiries ofcolostrum

can be obtained. The "coming in" of mature milk, which is marked by the rapid engorgement

of the acini and of the ducts as a result of swellin-s of the secretory cells, does not occur until two

to five days atter delivery. Bitman et at. (1983) compared the fat content of colostrum (3 days),

transitional (7 days) and mature milk (21, 42 and 84 days) and found thar this increased

significantly from 2.04 to 4.87 Vo (w/v). The fat in milk is contained within membrane-enclosed

milk fat globules. The core of the globules consists almost exclusively of triglycerides

containing more than 150 different fatty acids, although ten of these consrirute the major part.

Milk fat content and composition change during lactation but rhe better absorption of fat from

human milk is largely due to the distinctive structure of its triglycerides which cannor easily be

reproduced in formulae. The nearest that can be achieved is a composition in respect of fatty

acids which is similar to that of the "average" human milk. Lard is one of the few other natural

fats in which palmitic acid is esterified in the 2-position of the glycerol molecule, as it is in
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human milk. More than 25 percent of the fatty acids in human milk is palmitic acid (16:0)

esterified at the C2 position of the glycerol backbone (Breckenbrid,ge et al.,1969).

In addition to the changes in the concentration and composition of milk fat that are associated

with the stage of lactation and the length of pregnancy, there are diurnal and in-feed variations

of fat concentration. Fat content rises during the day; early morning milk has the lowest fat

content (Hamosh et aL.,1985).

Fat digestion requires adequate lipase activity and bile salt levels, the former for the breakdown

of triglyceride, the latter for emulsification of fat prior to and during lipolysis. In the newborn,

and especially the premature infant, pancreatic lipase and bile acid levels (the majorcomponents

of intestinal fat digestion) are low and the newborn depends on alternative mechanisms for the

digestion of dietary fat. Intragastric lipolysis is catalysed by lingual lipase, an enzyme secreted

by lingual serous glands, and by gastric lipase secreted from glands within the gastric mucosa.

These lipases, which appear before 26 weeks of gestation and have high activity levels at birth,

compensate for low levels of pancreatic lipase (Hamosh, 1982). The products of this lipolysis,

i.e. fatty acids and monoglycerides, compensate for low bile salt levels by emulsifying the lipid

mixture (Hamosh et al., 1975). Milk fat globules are resistant to the action of pancreatic lipase,

but are readily hydrolysed by lingual lipase, which penetrates into the core of the fat particles and

hydrolyses the triglyceride without disrupting the globule membrane (Parron et a\.,1982). Fat

digestion in the stomach is probably of much greater importance in the newborn (and especially

in the premature) infant than in the adult. Milk fat droplets are not a good substrate for

pancreatic lipase (Cohen et al. , 197 t) and so intragastric lipolysis is of special importance when

fat is fed exclusively as formula or milk.

Digestion by pancreatic lipase awaits secretion of the enzyme from the pancreas, which occurs

soon after free fatty acids are delivered into the small intestine from the stomach. The function

of this enzyme is to hydrolyse the products of digestion, and especially the esters in the primary

positions of acylglycerols. Intact globules remaining from exposure to lingual lipase will be
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more susceptible to attack by pancreatic lipase, probably because the surface of the globule is

altered by digestion products. Pancreatic lipase does not seem to digest secondary esters of

acylglycerols. Moreover, it is inactive at the concentration of bile saln necessary for the

formation of micelles and requires a protein cofactor to overcome this inhibition. Colipase

apparently recognizes and binds a triglyceride molecule in the presence of bile salts and the

lipase binds to this complex (Patton et al.,l98r; Jensen et al.,l9g2).

Human pancreatic juice also contains an enzyme, pancreatic carboxylester lipase (or

carboxylester hydrolase) which is stimulated by bile salts and has the ability ro hydrolyse retinyl

esters. Itistheonlyenzymeinthejuicewithactivityagainstcholesterylesrers(Bliickberg etal.,

1980). It readily hydrolyses long- chain triacylglycerols and is immunochemically identical to

one of the enzymes present in human milk, BSSL (Bliickberg et al., 1981). The

immunochemical identity of these two enzymes led Bliickberg et al. (198I) to question whether

BSSL had appeared in the milk of higher primates through expression of a gene for a pancreatic

protein in the mammary gland. While lipoprotein lipase in milk has no known physiological

function, BSSL is thought to have an important compensatory role in fat digestion in newborn

infants who are fed unprocessed human milk (Hamosh, 1981) and one has to speculate as to why

the carnivores are the only non-primate species whose milk has been found to contain this lipase.

The answer seems to lie not in the amount of fat in milk but in the composition of the milk, i.e.

the absence of short-chain fatty acids and very low levels of medium-chain fatty acids, with a

commensurate preponderance of long-chain fatty acids (Freed et a|.,1986). Alrhough the fat in

human milk may be absorbed to a greater extent than that in bovine milk because of the specific

configuration of these triglycerides, the marked improvementof fatabsorption afterfeeding fresh

human milk (Alemi et al.,l9Sl) is probably due to the presence of this specific BSSL. The

vegetable fat blends used in infant formulae are, however, hydrolysed to a great extent, even

without this enzyme.

The combined action of intragastric lipolysis and intestinal hydrolysis of fat by BSSL effectively

compensates for low pancreatic lipase activity and low levels of bile salts in the newborn. The
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mechanism of absorption of orally ingested fatdepends on the lengrh of the fany acids involved.

Short-chain fatty acids produced by digestion of triglycerides pass directly into the portal vein,

but long-chain fatry acids (greater than 12 carbon atoms long) are re-esterified to riglycerides

in the mucosal cells. They are then covered with a phospholipid and protein layer to form

chylomicrons (Frazer, 1958). This delicatestructure, wheresubstances of decreasing hydrophilia

occur from the particle surface to its centre, is the body's way of keeping the water-insoluble fat

in a fine and stable emulsion in water. The chylomicrons, which ue I 1111_or less in diameter,

are carried by the thoracic duct to the subclavian vein and into the general circulation. This

special way of transport conveys the fat, including the fat soluble vitamins A, D, E and K,

directly into the venous blood.

The chylomicrons are disintegrated in two different ways. The en zyme,lipoprotein lipase, which

is presentin various organs, hydrolyses theirtriglycerides. This reactionmakes the resulting free

fatty acids available for the tissues. In particular, they reach the mammary epithelial cells.

Medium-chain fatty acids (Cs to C1a) in human milk are synthesized de novo within the

mammary gland by rhe fatty acid synthetase complex (Thompson et al., l9g1). As the

chylomicrons disrupt, the milky lipaemic plasma rapidly clears and hence lipoprotein lipase is

also called "the clearing factor" (Engleberg, 1956).

Figure I .2 summarizes the location of the mammalian lipases which contribute to the breakdown

of fats in the suckling child.

The ingested lipid may be used as a functional component of all cells, since lipids are important

in many of the membrane-related activities of the cell. The bulk of the dietary lipid, however,

is usually used as an energy source, either immediately in many of the body tissues, or after

storage for a variable period of time in one of the fat depots (shenkin and wretlind, 1g7g). with
a normal diet, the plasma free fatty acids are not usually metabolized at maximal speed and about

50 percent of the energy needs are covered by carbohydrate.
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Figure 1.2 The location of the mammalian lipases which contribute to compensarory
mechanisms for fat digestion in a suckling child. The other way by which post-prandial
plasma is cleared is mediated by the liver (Olivecrona et al.,196l), where the triglycerides
are split and some of the fatty acids are liberated as free fatty acids.
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The effect of bile salts on the activity of BSSL is a problem that derives its interest from the fact

that the enzyme acts physiologically on the contents of suckling infants small intestine. As long

ago :rs 7927 , Freudenber g Q927) reported that BSSL was stimulated by the presence of bile salts

at 37 "C. He observed that when BSSL was supplemenred by the contents of duodenal juice it
broke down the fats in human milk within two hours. Attempts have been made, in this

laboratory and those of others, to elucidate the mechanism of stimulation (or activation) of BSSL.

Measurement of the activity of BSSL, in the presence of a wide range of concentrations of a

number of bile salts, has been made against several substrates. Typical stimulation (and

activation) profiles of the BSSL catalysed hydrolysis of three substrates, in the presence of

sodium taurocholate, TC, are shown in Figure 1.3.

It can be seen in Figure 1.3 that there is an apparent necessity for the presence of a minimum bile

salt concentration for the onset of activiry against the very hydrophobic substrates, cholesteryl

oleate and triolein. For the latter substrate, a threshold concentration of 2 mmol L-l TC had ro

be exceeded before any catalytic activity was obssrved, but for the more hydrophilic substrate,

4-nitrophenyl acetate (PNPA), there was significant activity even in the absence of bile salt.

Relatively water soluble substrates exhibit bile-salt-stimulated catalysed hydrolysis profiles

similar to those shown for PNPA, whereas lipids and other oil-phase substrates require a basal

concentration of steroidal surfactant to activate enzyme activity.

The degree of stimulation of BSSL activity against a substrate is dependenr upon the nature of

the bile salt. Indeed, the structure of the bile salt determines not only the magnitude of

stimulation of esterase activity but also whether activarion of lipase activity occurs at all. In the

case of lipase activity, only primary bile salts, such as cholate orchenodeoxycholate, activate the

enzyme. However, both primary and secondary bile salts (for example, deoxycholate) will
stimulate esterase activity. Figure 1.3 gives evidence of the stimulating and activating effect of
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Figure 1.3 Variation of the relative maximum activity of taurocholate stimulated BSSL
catalysed hydrolysis of three different substrates: o, 4-nitrophenyl acetate (O'Connor and

Wallace, 1984); v , trioleylglycerol (Hernell and Bllickberg, 1982); r, cholesteryl oleate
(Bliickberg et al., l98l).

the primary bile salt, TC. Figures l.4a-c compare the effect of taurodeoxycholate and TC on the

hydrolytic activity of BSSL against PNPA (O'Connor and Wallace, 1984) and of deoxycholate

and cholate againsr triolein (Wang, 1980).

O'Connor and Yaghi (1988) have investigated the effect of TC on the BSSL catalysed

interconversion of retinyl palmitate and retinol plus palmitic acid. Not surprisingly, it was found

that the ester:Ne reaction was stimulated by the presence of the bile salt. Conversely, however,

the rate of the acyl transfer reaction was entirely independent of the presence, or absence, of the

steroid - Figure 1.4c.

'When 
an enzyme, a cofactor (such as a bile salt), and a substrate are all present in solution, there

are three possible interactions that may result in activation of the enzyme. These interactions are

shown below.
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Figure L.4a-c Comparison between the effect of: a, taurocholate (TC), a, and

taurodeoxycholate, El, on the esterase activity against PNPA, (O'Connor and Wallace, l9g4); b,

of cholate, o, and deoxycholate, E, on the lipase activity against triolein, (Wang, 1980X c, the

ef'fect of TC on the interconversion of retinol plus palmitic acid and retinyl palmitate: o, ester

hydrolysis; El, ester formation (O'Connor and yaghi, lggg).
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studies in this laboratory (o'connor et al., 1986) have suggested that there may be two roles for

(a)
ENZYIVIE SUBSTRATEN

COFACTOR

the bile salt in the enzynie catalysed reaction; the first involves interaction (b) whereby rhe bile
salt binds to several sites on the enzyme, while the second involves interaction (c) which leads

to solubilisation of oil-phase substrates. Bile salts are surface active and ir has long been known
that surfactants can produce conformational changes in proteins. Thus, for interaction (b), it is
proposed that on binding to the enzyme, the bile salts induce a conformational change, possibly
by embedding their hydrophobic backbone into the enzyme to a depth dependent upon the nature

of the hydrophilic groups on the surfactant. This hydrophobic-hydrophobic inreraction is similar
to that proposed for the aggregation of bile salts into primary micelles - Figure 1.5.

Figure 1'5 Edge-on view of space fillin-e molecular models of cholate molecules showing
the differences between two possible hydrophobic-hydrophobic inreracrions; left hand side,
two cholate molecules; right hand side, the binding site on rhe enzyme which is subject to
bile salt stimulation- The stippled hemispheres represenr oxygen atoms, the light hemispheres
hydrogen atoms, and dark hemispheres carbon atoms. The shaded area on the enzvme
represents the carbon skeleton.

The critical micelle concentration, CMC, of bile salts is also dependent upon the number and

position of hydroxyl groups on the steroidal nucleus (o'Connor and wallace, lgg5a). Activiry
of BSSL against an oil-phase substrate, such as cholesteryl oleate, will occur only at a
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concentration of TC sufficient to solubilise the substrate. Excess bile salt then serves to activate

the enzyme catalysed reaction, possibly because of accompanying favourable conformational

changes within the enzyme. With the more hydrophilic substrate, PNPA, the enzyme shows

basal activity which is stimulated on addition of bile salt For this substrate, preliminary

solubilisation is unnecessary. The enzyme-TC binding constant has been measured by O'Connor

and Wallace (1984) and has a value of 3340 M-1. This strong interaction accounts for the

protection that bile salts afford the enzyme against several chemical and physical factors.

Hernell (1975) studied the activity of BSSL in the presence and absence of bile salts as afunction

of temperature. He also monitored the effect of pepsin, trypsin, and chymotrypsin, all of which

cause deactivation of BSSL by proteolysis.

1.3.2 The Effect of BSSL on Hydrophobic Substrates

The esterase activity of BSSL has been measured by O'Connor et al. (1936) as a function of

increasing acyl carbon chain length. The rate of hydrolysis was measured for several

4-nitrophenyl alkanoates with chain length, n, varying from I to 5. The logarithms of the rates

of hydrolysis are plotted against n in Figure 1.6a. The linear relationships observed in this plot

suggest that increasing substrate hydrophobicity effects a corresponding increase in BSSL

activity.

Wang et aI. (198T have conducted a similar study on the lipase activity of BSSL but the trends

which emerged were quite different from those in the esterase study. Short chain triacylglycerols

were hydrolysed more rapidly than long chain triacylglycerols.

Figure 1.6b shows the relative extent of lipolysis that had occurred after 10 min in the absence,

and presence, of 10 mmol L-l TC. It was also found that long chain unsaturated triacylglycerols

were attacked more readily than long chain saturated triacylglycerols. Comparison of the data

shown in Figure 1.6 shows that the lipase activity of BSSL is reversed with respect ro esterase

activity, if one considers the reaction against increasingly hydrophobic substrates. Lipase

activity decreases as the hydrophobicity of the lipid increases, whereasesterase activityincreases
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Figure 1.6a-b a, variation in log (rate of hydrolysis of 4- nitrophenyl alkanoates) catalysed by
BSSL in the absence, o, and in the presence, E, of TC (2 mmol L-l) (O'Connor et at., t986).
b, the relative extent of lipolysis (vd (rtw l0 min) of tributanoyl-, trihexanoyl-, trioctanoyl-,
tridecanoyl-, tridodecanoyl-, tritetradecanoyl-, trihexadecanoyl-, and trioctadecanoyl-glycerol
by BSSL in the absence, o, and in the presence, E, of TC (10 mmol L-I1 ladapted from Wang
et aL.,1983).

with more hydrophobic esters. This difference may be an indication that the enzyme-substrate

binding site for lipolysis may be different from that for esterolysis. Ir also reflects the relative

partitioning coefficients of the substrates into hydrophilic and hydrophobic environments and

probable micellisation of rhe substrates.
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The above in vitro observations lend insight into the in vivo lipolysis of milk fat triacylglycerols

by BSSL. It appears that the enzyme will hydrolyse more rapidly those human milk

triacylglycerols that contain shorter chain saturated and more chain-unsaturated fatty acids. The

physiological significance of this finding may be two-fold in its implications. The release of

shorter chain fatty acids may aid further emulsification of the long chain triacylglycerols which

may further assist hydrolysis and absorption. Moreover, the higher reactivity with the more

unsaturated triacylglycerols may be physiologically important for preferential recovery of the

essential fatty acids which, as discussed above, are relatively low in milk fat under normal

conditions.

1.3.3 The Effect of Surtadants on BSSL Activity

Human milk is considered to contain the correct balance of fully utilized nutrients required for

a growing, full-term infant. However, in addition to the beneficial vitamins and trace elements

which are present in small quantity, breast milk may be contaminated by a wide variety of

steroidal metabolites and environmental chemicals. Small molecules can significantly alrer

protein structure by interacting preferentially with some of the charged sites or by forming more

powerful hydrophobic bonds than exist in the structural protein molecule. Surfactants, whether

they be synthetic or naturally occurring, possess hydrophobic and hydrophilic regions and it is

known that they may form complexes with, and even denature, proteins at low concentration.

Since the nutrition and health of a suckling infant depend so markedly on the ability of a child

to absorb the nutrients in human milk, it was considered important to determine whether any of

the contaminants or steroids which may be presenr in rhe milk might affect the ability of BSSL

to carry out its digestive role. An investigation was therefore carried out on the possible role

played bycofactorsolutionsof the steroidal surfactants sodium-ursodeoxycholateand theglycine

and taurine conjugates of this 3cr,7p-dihydroxy bile salt; sodium lithocholate and pregnanediol

(the most abundant metabolite of progesterone in human pregnancy urine), which have identical

steroidal nuclei, substituted with a 3o-hydroxy group, but differing side chains situated on Cl7;

the steroidal antibiotic sodium fusidate, which has a Scr-hydrogen on the ring nucleus and a

planar trans ringsystem (O'Connor and Stockley, 1986); a range of nonionic, anionic, cationic
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and zwitterionic surfactants; and the phospholipid egg yolk lecithin (O'Connor and Walde,

1986). Reactions were carried out in the absence and the presence of 2 mmol L-l TC.

Over the concentration ranges used all the non-ionic surfactants and the steroids having a

buckled cis conformation were catalytic, but the linear steroidal antibiotic was inhibitory, as was

the phospholipid lecithin, at all concentrations investigated. Very dilute solutions of the cationic

and anionic surfactants were efficient catalysts but complete inhibition was observed as the

concentration was increased. The simultaneous presence of 2mmol L-l TC delayed the onset

of this inhibition but did not prevenr iL

These results suggested that inhibition of BSSL activity occurs when an optimal layer of charged

surfactant builds up on the surface of the substrate thereby preventing the enzyme from reaching

it. Conversely, bile salts stabilise the enzyme against deactivation by the monomeric surfactant

and/or lower the interfacial tension, thus allowing BSSL to compete favourably for the substrate

interface.

It was noted above that the activity of BSSL is affected by the presence of bile salts in the

contents of the small intestine and thus these surfactants a.re vital contributors to the nutritional

benefit of the enzyme. It now seems that the one essential criterion for BSSL stimulation is the

occulrence of an interaction between the enzyme and either the monomeric components of the

cofactor micelle or mixed micelle or of the micelles themselves. Both nonionic steroidal and

synthetic surfactants stimulate the enzyme but anionic synthetic surfactants cause inhibition.

White all surfactants should go to the interface with the ester substrate as their concentrations

increase until saturation of the interface occurs at the CMC, different surfactants, depending on

their structure, compete more or less favourably with BSSL for the substrate interface. The

reaction mechanisms were discussed in terms of the interactions between the amphiphiles and

BSSL, the amphiphiles and the substrate, and the enzyme and the substrate. It was concluded

that the daLa were well fitted by the "surface-as-cofactor" theory (O'Connor and Walde, 1986).
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1.3.4 The Effect of Proteins on BSSL Activity

In a review on milk proteins McKenzie ( 197 I ) stated, "In our greater knowledge of the chemistry

of individual proteins isolated from milk, we all run the real danger of losing sight of their natural

environment: milk itself. Only when we can understand the many reactions of whole milk will

we be able to say that we understand the proteins.". A major problem in the study of milk

proteins is their interaction with one another and with other small molecules. For this reason a

study was made on the effect of the interfacial interactions between BSSL and other

water-soluble milk proteins on the hydrolysis of the lipid, triolein, and the ester, pNpA. The

lipase reactions were carried out (O'Connor er aL, 1988) in the presence of l0 mmol L-l TC, a

concentration sufficient to achieve maximum activation of the enzyme, while the esterase

reacdons were carried out (O'Connor and Walde, 1986) in the presence (2 mmol L-l; and

absence of TC.

The protein content of human milk is a relatively constanr fraction of. ca 0.9 Vo (w/w) (Jensen,

1983). This quantity is only half as much as in bovine milk, and this difference reflects the

decreased need of human infants to add bulk as rapidly as calves. Atthough most of the proteins

are synthesized in the secretory cells of the mammary gland, breast milk contains virtually all

of the proteins found in blood, albeit in small quantities. The soluble proteins include, in

descending orderof quantity (w/w) immunoglobulin A, serum albumin and lysozyme (Ribadeau-

Dumas, 1983). In the environment of the breast, BSSL might possibly be affected by the

presence of other proteins. More importantly, in the duodenum, is activity may be altered by

the presence of digestive enzymes and other proteins.

Figure 1.7 shows the data for the esterase activity of BSSL (in the presence (2 mmol L-l) and

absence of TC) against PNPA and the lipase activity against triolein in the presence of the very

surface-active protein, melittin. Data obtained in the presence of other added proteins generally

followed similar trends to those shown in Figure 1.7.
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F'igure l.7a-b Effect of melittin on the relative initial rare of BSSL catalysed hydrolysis of;
a, PNPAatzl"Cintheabsence,a,and presence,E,of 2 mmolL-l TC; b,trioleinat3Z"C
in the presence of 10 mmol L-l TC, 0.1 M Tris-HCl buffer, pH 7.5. Data from O'Connor et al.,
1988; O'Connor and Walde, 1986.

In the absence of bile salt the added proteins generally inhibited the enzyme catalysed esterase

activity (O'Connor and Walde, 1986), and in the case of porcine pancreatic lipase, markedly so.

This inhibition was partially or completely relieved by the presence of the bile salt. It appears

that the bile salt competes with the enryme for the protein interface and, in a concentration above

its CMC, it clears the enzyme interface of protein. The bile salt thus acts as a general surfaclant,

separating the protein from the enzyme. One can conclude that lipase inactivation is not caused
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by the damage in interfacial tension arising from the presence of the protein, but to desorption

of lipase from its substrate. However, these reported resulrs have important implications in

assessing the comparative esterase activity of BSSL when whole milk is used as the source of

enzyme. The presence of added bile salt not only stimulates the acdvity of the enzyme,but also

renders ineffective the (usually) inhibitory action of the proteins which may be present. Of more

relevance to this present topic, however, is the fact that the protein-presence in human milk

stabilises the reaction mitieu.

When consideration was given to the lipase action of BSSL (O'Connor et al.,l9gg), it was

shown that melittin was capable of almost completely inactivating the enzyme, while lactoferrin,

pancreatic lipase and myoglobin were all partially inhibitory and the other proteins tested had

little effect. The degree of inhibition was found to be related to the surface hydrophobicity

and/or surfactant effect of the amphiphilic proteins. The extreme membrane-active properties

of melittin almost certainly contributed to the marked inhibitive effect of this protein on the

lipase activify.

Generally, it seemed that, with the exception of lactoferrin, milk proteins would not markedly

modify the contribution of BSSL to the digestive process which follows the suckling of a neonate

child.

Vitamin A is present in human milk as retinol (40-53 equivalents, pg dl-l), p-carotene

(16-2L pg dl-l) and retinyl esters which comprise 85-100 percenr of the total vitamin A content

(Gebre-Medhin er al-,1976). Gebre-Medhinetal. (1976) studiedpopulations of both Swedish

and Ethiopian mothers and found that with the latter group, whose nutritional status was less

satisfactory, there was an increase in the occurrence of p-carotene. However, because

p-carotene is inefficiently converted and absorbed, it may be a poor contributor to total vitamin

A activity (Nutritional Research council, 1980). chappell et al. (198T observed longitudinal

changes in vitamin A content of milk and also reported differences in the patrerns of changes

between mothers giving birth prematurely or at term. Their study emphasized the importance
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of considering the influence of both gestational age and posrparrum age in

milk-vitamin A.
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determinations of

There is evidence to suggest that the absence of vitamin A deficiency in privileged societies

among breast-fed infants may be attributed to at least two factors: first, the adequacy of vitamin

A supplied by human milk (Gebre-Medhin et al.,1976) and secondly, the efficient hydrolysis

of retinyl esters by BSSL and subsequent absoqption of vitamin A (Frederikzon et al.,1978).

This second factor would make a significant contribution to the amount of vitamin A available

to the infant because of the predominance of retinyl esters in the vitamin A content of human

milk presented to the suckling child. The vitamin A content of human and bovine milk is nearly

the same (Yamauchi, 1970). Retinyl esters must be hydrolysed before absorption (Ganguly,

1969), but it has been reported that infants utilize retinol palmitate rather poorly (Kahan, 1969)

suggesting that they have a limited capacity to hydrolyse this ester.

Frederikzon et aI. (1978) investigated the esterase activity (against retinyl palmitate) and lipase

activiry (against triolein) in the duodenal contents of infants who had been fed test meals of

pasteurized and fresh human milk. Duodenal contents collected one hour after feeding fresh milk

were found to hydrolyse retinyl palmitate several-fold faster than those obtained after feeding

pasteurized milk. It was concluded that BSSL was active in the infant's intestine, having

survived passage through the acid milieu of the stomach and possible attack by proteolytic

enzymes present in the intestinal tract. The enzyme was also found to contribute up to 50 percent

of the total lipase activity. Thus, feeding fresh human milk, instead of pasteurized human milk

or formulae, supplies the infant with an enzyme that will lead to an increase in the utilization of

fatry acids and vitamin A. It was suggested (Frederikzon et al., 1978) that the necessity for

efficient utilization of whatever retinol the milk conrained probably had considerable survival

value for the newborn and forced the evolution of BSSL in primates.

Whatever the physiological role of BSSL, knowledge of the utilization of retinol esters is

important in enhancing our ability to combat vitamin A deficiency in non privileged societies.

The role of BSSL in enhancing its absorption could be of great nutritional significance.
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the hydrolysis of the retinoid ester but also the acyl transfer reaction between retinol and palmitic

acid. At 37 'Cand in the presence of l0 mmol L'l TC, the equilibrium constant for the react^ion

+ cH3(cH2)rlcooH

was calculated to be 2.5 + 0.3 mmol L-1. In contrast to the hydrolysis of the chromogenic

4-nitrophenyl esters which had been previously studied and which, within experimental error,

were completely hydrolysed within the time scale of the experiments, it was found that the acyl

transfer role of BSSL was in significant competition with its esterase activity.

Typical concentration versus time plots for hydrolysis of retinyl palmitate and esterification of

retinol by palmitic acid are given in Figure 1.8.

In collecting the dara for these plots, cognisance was taken of the effect of TC on the relative

reaction pathways - Figure 1.4. The esterification reactions were carried out in the absence of

TC since the reacdvity was independent of the presence of the bile salq the hydrolysis reactions

were carried out in the presence of a saturating concentration (10 mmol t-l) of TC.

The derived Michaelis-Menten parameters (see Chapter Two, section 2.5) for the BSSL

catalyzed equilibrium reactions show that, although the turnover number, &"",, was 50 percent

higher for retinol as substrate (0.31 s-l cf. 0.22 s-l;, the efficiencies of the enzyme catalyzed

reactions, k"^/k^, were very comparable (203 and l8l mol L-ls-l for the hydrolysis and the

esterification reactions, respectively) thus reflecting the tighter binding of the enzyme for the

ester.



Chapter I lntroduction - Bile Salt-Stimulated Human Mitk Lipase 22

2

Time (h)

Figure l.8a-b Concentration versus time plots for the BssL catalysed: a, esterification of
retinol by palmitic acid; b, hydrolysis of retinyl palmirate. El, concentration of esrcr, o,
concentrationofalcohol' Bothreacdonsinthepresenceof0.045molL-lsubstrate,l0mmoll-l
Tc, 0'l mol L-l Tris buffer , p]Hl.5,37 "c (o'connor and yaghi, lggg).

Milk fat globules are secreted from the lactating cell by envelopment in plasma membrane and

some associated secretory membrane (Patton and Keenan, lgTs'). Human milk membranes,

secreted by the lactating cell, are composed of a complex mixture of proteins, phospholipids,

glycoproteins, triglycerides, cholesterol and enzymes. The membrane also contains

x
.Eac

A.,;=
€g so
E-

@u
U'g
o
l

I
a
'6
c

!, .g

Eg so
ct
C'
6
eo!



Chapter I lntroduction - Bile Salt-Stimulated Human Milk Lipase 23

sphingomyelin and phosphatidylcholine, which are important precursors for membranes and

cellular and brain growth. Eighty percent of the membranes are associated with the fat globules

(Huston and Patton, 1986), the rest with the milk serum. Although the structural role of

phospholipids in the milk membrane is recognized, their biological role has not been determined

conclusively. However, the phospholipids will contribute significantly to the emulsifying

properties of the membrane, thereby enabling the fat to remain dispersed throughout the aqueous

phase of the milk. A careful study on the fat globule size in human milk (Rue_eg and Blane,

1981) showed a predominance (70-98 7o) of small globules (l pn) and asub-population of large

particles (8-12 Fm). As lactation proceeds, the number of small globules decreases by a factor

of ten with a concomitant increase in the number of the medium sized particles which comprise

the largest amount of fat. Compared with bovine milk, human milk contains more small fat

globules, especially in the earlier stages of lactation. As lactation continues, the fat content in

milk increases and the fat globule membrane becomes thinner (Bitrnan et a|.,1983).

This membrane constitutes a barrier to lipolysis of the underlying triacylglycerols for the

enzymes in question, Patton (1982) had found that the non- ionic surfactant Triton X-100 was

an effective agent for releasing the membrane from goat-milk-fat globules and therefore

questioned whether naturally occurring steroidal surfactants might also remove the membrane

from milk-fat globules. Such an action should be relevant to the digestion of milk-fat by the

infant. The resulting study (Patton et al., 1986) showed that both taurodeoxycholate and

taurocholate were effective in removing globule membrane under conditions similar to those of

the infant's small intestine (2-6 mmol L-l bile salt, 37 'C). The amount of phospholipid which

was sedimented reached a maximum at I mmol L-l taurodeoxycholate, a concentration

comparable with that sufficient for activating human milk lipase to milk fat as a subsuate

(Hernell, I97 5) and the concentration present in digesta of the newborn (Watkins et aI., 1973).

However, the concentration of bile salts in human milk, ca I prnol L-1, is at least, two orders of

magnitude below that which would release measurable amounts of milk-fat globule membrane.
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More information on membrane behaviour is important because the membrane provides stability

for emulsions and is involved in creaming and other interfacial phenomena. One must also be

concerned about the possible effects of additives and supplements to human milk on the

membrane - a practice so popular in the newborn intensive care units for feeding high risk

infants. Since the membrane contains much more of the polar lipids than does the fat globule,

a detailed srudy was made on the effect of TC (walde et al., 1987a\ and BSSL (walde et al.,

1987b) on the stability of an artificial membrane (liposome) synthesized from egg phosphatidyl-

choline, egg-PC. Small, unilamellar vesicles, SUV, were loaded with 6-carboxyfluorescein, CF

(a relatively hydrophilic probe which would be encapsulared wirhin rhe aqueous core of the

SW) or with the more hydrophobic probe, bromothymol blue, BTB, which would be located

very close to the surface of the membrane. It was shown that the permeability of the vesicular

membrane changed as the total rc concentration increased.

The study showed that TC was incorporated in a stepwise manner into the phospholipid bilayer.

Initially, TC disturbed the outer layer of the vesicles, with a conesponding release of BTB,

without having an effect on the permeability of a water soluble substrate in the interior of the

liposome' At a higher concentration of TC, surfactant molecules were also associated, in a

second step, with the inner layer. Finally, when TC > CMC, the physicochemical properties of
the vesicles were so changed that mixed TC-PC micelles were formed. Active BSSL also

influenced the permeability of the liposomal membranes, suggesting that the enzyme interacted

with the phospholipid bilayer in the presence of TC. This interaction does not co'elate with a

substantial hydrolysis of the PC molecules and thus the effecr appeared to be physicochemical

and not chemical- Enzyme that had been inactivated by heat had no effect on the membrane,

presumably because it did not bind to the bile salt. The activity of the enzyme was also tested

against two synthetic substrates, 4-nitrophenyl acetate, PNPA, and 4-nitrophenyl palmitate,

PNPP, in the presence of the liposomes (Walde et al.,1987b). PNPA would have been presented

to the enzyme as a monomer, pNpp as a self_coiled aggregate.
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In the absence of liposomes, PNPP was much more rapidly hydrolysed than pNpA, reflecting

the difference in affinity of BSSL for the two substrates. Ir is unlikely that pNpA would be

intercalated into the hydrophobic domain of the lipid membranes and thus it was not surprising

that the order of addition of this relatively hydrophilic substrate and the bile salt to the vesicles

did not affect the measured activity. Conversely, it was found that with the more hydrophobic

PNPP, the order of addition was important. BSSL was nor acrive against pNpp if the substrare

were incorporated into the lipid bilayer of egg PC-SUV.

In the hydrolysis of PMA, addition of SUV to submicellar TC led to the formation of mixed

vesicles and consequently there was a reduction in the concentration of free TC and a decrease

in the activity of the enzyme. However, if a micellar solution of TC were added to the SUV, the

activity of BSSL against PNPA was enhanced. When PNPP was added to the SUV after TC had

been added, the substrate remained in the bulk water phase and could be attacked by BSSL, but

with diminished activitv.

Although it is uncertain whether these observadons may be of physiologicat significance, it is
probable that mixed micelles of bile salt-PC (or other lipophilic substances) are present in the

small intestine of the breast-fed neonate. Hernell (1985) noted that BSSL catalyses the

hydrolysis of micellar substrates and questioned whether it would also catalyse the hydrolysis

of lipids when they were in the liposomal phase. The present evidence for the inactivity of BSSL

against PNPP, when this substrate was partitioned into the phospholipid bilayer, suggests that

the answer will be in the negative. However, this study suggests that both the bile salt and the

enzyme play a dual role in fat digestion of the infanl Not only does the bile salt activate BSSL

in is lipase activity, but BSSL assists the surfactant remove the membrane from the surface of
the milk fat globules so that the underlying triacylglycerols are rendered more accessible ro

lipases of the milk and the infant.

It has been shown that human milk can Y'rll Giardia lamblia, a common pathogenic intestinal

parasite that frequently causes diarrhoea in humans. Giardia tambtia colonizes the upper small
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intestine where it is exposed to nutrients consumed by the host (including human milk in

breastfed babies), digestive enzymes and bile. In vitro studies (Gillin et a1.,1983) of the

Giardiacidal activity of human milk have shown that such activity did not depend on the presence

of secretory immunoglobulin-A, showing thatkilling was not antibody dependent. Fresh human

milk has no detectable Giardiacidal effect (Hernell et a|.,1986). However, rhis effect may be

induced by the production of free fatty acids released by the BSSL catalyzed hydrolysis of milk

triglycerides. Spontaneous, or bile salt independent, lipolysis occurs while milk is stored at4 "C

(Hernell et al., 1986). During such storage, human as well as bovine milk developed

Giardiacidal activity that may be prevented by pasteurization.

For the breastfed infant the presence of BSSL leads to improved resistance ro the parasite. The

effect may be of little significance, however, because in the stomach substantial amounts of free

fatty acids are released by lingual lipase (Hernell et a2.,1986). This means rhat when BSSL is

activated in the duodenum the fatty acid concentration in the lumen may already be sufficiently

high to prevent infection. It is interesting to note that the incidence of diarrhoeal disease appears

less prevalent in infants during the frst six months of life (Hernell et al.,19g6).

of Enzvmes

The structure of an enzyme moleeule may be considered under three different headings. The

primary structure describes the chemical structure of the polypepdde chain. This is determined

by analysing the sequence pattern in which the different amino acids are assembled to form the

chain. The chain itself can be folded and the nature of this folding is called the secondary

structure. The chain may be folded into a helix, especially the cr-helix, or laid out to form

sheets, both of which are common structural features of enzymes that were first described by

Pauling and Corey (1951). In turn, the chain (whether it be in the form of a helix, a sheet or

another secondary structure type) is repeatedly folded and the structure produced by the different

orientations of the secondary structure is termed the tertiary structure.
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The primary structure of BSSL is now known and the amino acid sequence at the active site is

Gly-Glu-Ser-Ala-Gly (Christie et a1.,1991) which is common to some other enzymes. This

sequence similarity, and its consequences, are discussed in Chapter Four. The proximity of other

amino acids to the active site can greatly influence the catalytic action of an enzyme.

Determining the secondary and tertiary structure of an enzyme can reveal the relative positions

of groups which, although far removed from the active site in the amino acid chain, may be very

near it and may play a role that is vital to the enzyme's catalytic function. Circular dichroism

studies on enzymes can reveal the nature of the secondary structure. However, to date no such

studies have been conducted on BSSL. X-ray crystallographic studies have been used to

determine the tertiary sructure of some lipases and these are discussed in section 1.4.1.

The primary, and to an extent, the secondary structure of an enzyme are fixed at the time of

synthesis. Modifications can be made to these features but during the course of the enzyme's

lifetime usually only changes in the tertiary structure are observed. Such conformational changes

can have a beneficial or deleterious effect on the activity of the enzyme.

Enzymes are dynamic moieties and the tertiary structure fluctuates and may even unfold. It is

well known that an unfolded polypeptide chain in vitro refolds into the native conformation

(which has an unique three dimensional structure and a specific function) only between a narrow

range of external "native" conditions such as temperature, pH, ionic strength, cofactors etc. Any
deviation from these native conditions on refolding may either enhance the catalytic activity of
an enzyme or reduce it. Taking advantage of this phenomenon has enabled biotechnologists to

altertheactivityandspecificityofsomeenzymesatwill. Forinstance,Brandts(1964)observed

that refolding proteins at elevated temperatures enhanced the stability of hydrophobic

interactions.

The effect of other proteins and bile salts on rhe activity of BSSL has been discussed above.

O'Connor and Wallace ( I 985a) ascribed the activating effect of bile salts on the activity of BSSL

to the strong enzyme-hydrophobic interaction of the bile salt which caused it to embed itself
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conformational change in the enzyme that rendered it more catalytically active.
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to induce a

Proteins have a complex structure and a high molecular weight and they usually include no, or
few, heavy atoms in their composition. Preparation of protein crystals which are suitable for
X-ray analysis is also very difficult. Therefore it is only in recent years that X-ray
crystallography has developed sufficiently so that it can be applied ro solving the three

dimensional structure of proteins. This may, in turn, lend great insight into the understanding

of biomolecular action and the mechanism of enzymic action. In particular, X-ray analysis leads

to the determination of spatial orientation of the active site with regard to the surrounding
polypeptide chains. Investigations have now observed that amino acids far removed from the

active site can play an important role in the catalytic process and in determining the substrate

specificity of the enzyme.

Brady et aI. (1990) reported the first high resolution X-ray determination of the three

dimensional structure of a lipase, namely Rhizomucor (formerly Mtrcor) meihei triglyceride

lipase' This is a relatively small enzyme composed of a single polypeptide chain made up of 269

amino acid residues (molecular weight, Mt,29 500). They determined the unit cell dimensions

to be a =71'6 A, b =75.0 A and c = 55.0 A. Assuming one morecule per asymmetric unit, the

total enzyme volume is 295 350 A3, or 295.4 nm3.

At the active site they found a trypsin-like catalytic triad (Ser..His..Asp) which was close ro, but
not exposed to, the surface of the enzyme. A very interesting observation was the existence of
a polypeptide chain which effectively formed a loop or flap like lid covering the active site. The
lid is folded back over the active site and stabilised by extensive hydrophobic and electrostatic

interactions' This lid effectively blocks access of the substrate to the active site, especially for
long chain esters and lipids.
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A concunent, but independent, study by Winkler et al. (1990) was conducted on human

pancreatic lipase. This enzyme is significantly larger than the R. meiheilipase, comprising some

449 amino acids, and has a molecular weight of 48 000. However, these workers observed the

same (Asp..His..Ser) triad at the active site and also a surface loop covering the active site with

a short one turn s-helix. Winkler et aI. wenton to propose that the characteristic property of
lipases to act on water insoluble substrates at or on water-lipid interfaces probably involves a

reorientation of this lid. They suggested that the repositioning of the lid may be necessary to

render the active site accessible to substrate.

The functional importance of this lid has been demonstrated by limited trypric digestion studies

of various lipoprotein lipases by Bengsston-Olivecr ona et al. ( 1986). They measured the lipase

and esterase activities before and after cleaving the polypeptide chain at specific localities using

a trypsin reagent. The chief cleavage site on the lipoprotein lipase corresponds to that of the lid

on the pancreatic enzyme. It was observed that the activity of lipoprotein lipase towards soluble

substrates was not affected by the cleava-ee, but it was substantially reduced with emulsions of

long chain triacylglycerols and phospholipids. It would appear that the productive formation of
an enzyme-substrate complex at the interface is impeded by this cleavage, consistent with the

involvement of the lid at the activation srep.

AnotherX-ray determination of the three dimensional strucrure of a lipase has been reported by

Schrag et al. (1991). They reported the crystal structure of a lipase produced from the fungus

Geotrichum candidum. The lipase has a molecular weight of 60 000 and consists of 544amino

acids. Unlike the above lipases, the catalytic triad of G. candidumis Ser..His..Glu with glutamic

acid replacing the usual aspartate. The enzymehas the overall dimensions 65 x 60 x 45 A. As

in the two other lipases, the active serine is inaccessible from the surface, being buried by two

a-helices from two different surface loops.

The question as to whether the lid wiu a dynamic moiety and accounted for the interfacial

activation of some, or possibly all, of the lipases was answered in an investigation by Brzozowski

et al. (1991). It should be noted that the work reported in Brady et al. (199U was compteted in
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the same research group as were the investigations of Brzozowski er aI. Inorder to investigate

the nature of the catalytic interaction and the structural changes associated with lipase activation,

they reacted the enzym e, R. meihei lipase, with a series of substrate analogues which irreversibly

bind to the active site. one compound, n-hexyl chlorophosphonate ethyl ester reacted

stoichiometrically and inhibited the enzyme fully and ineversibly. Crystals of the enzyme-

substrate analogue complex were then grown and subjected to X-ray analysis. It was noted that

the crystals possessed a different space group from that of the native enzyme.

The electron density map showed that the helical lid was well defined but had moved, exposing

the active site containing the substrate analogue. Brzozowski et al. were able to identify the

hinge regions about which the lid moved as a rigid unit. They observed rhat the exposure of the

catalytic residues was accompanied by a marked increase in the hydrophobicity of the

surrounding surface. As the helical lid rolled back from the active site, its hydrophilic side,

which is exposed to the solvent in the native enzyme, became partially buried in a polar cavity

which was previouslyfilled with well ordered water molecules. At the same time, the non-polar

underside of the lid became exposed, greatly increasing the non-polar surface around the active

site. Interfacial activation may then be explained by stabilisation of this non-polar surface by rhe

Iipid environment. The enzyme, now in a catalytically competent conformation, would be able

to attack the triglyceride molecules contained in the lipid phase. Brzozowski et al. propa.sed that

the structure of the enzyme-substrate analogue complex is equivalent to the activated state

generated by the oil-water interface.

As more X-ray crystallographic determinations of the structure of lipases are concluded the

mechanism of lipid activation will become clearer. The three dimensional structure of BSSL is

soon to be investigated by Bak er (1992) and their findings should help identify whether the mode

of activation of this enzyme is similar ro that of the other lipases.



2 Experimental - Apparatus, Materials

and Methods

2.1 Introduction

The chemicals used are listed, together with their sources and grades. The instrumentation

used is also recorded. Any standard methodologies are described but experimental methods

developed or modified specifically during the course of this investigation are included in the

appropriate chapter. An introduction to enzyme kinetics is included together with a discussion

on methods of kinetic analysis employed in rhis investigation.

2.2 Chemicals

Item Source

Acetic acid Laboratory grade

Acetonitrile Baker Analyzed Reagent, GLC 100 Vo

Affigel blue Biorad Laboratories

Aminopropyl columns Bond Elut" Analytichem International, kind

gift from Dr B. Grigor

Barbital, 5,5-diethyl-2,4,6!IH,3H,5H1- BDH Chemicals

pyrimidinitrion, veronal

Bile Salt-Stimulated Lipase (BSSL) Laboratoryexrractionandpurification,see

Chapter Three

Benzene Merck, 99.5 Vo analytical grade

3I
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(Bis-2-ethylhexyl)sodium Serva, Laboratory purified

sulfosuccinate, Aerosol OT

Bovine serum albumin Serva

Chloroform Shell, laboratory distilled and dried

Copper sulfate Baker Analyzed Reagent

Diethyl ether Shell, laborarory distilled and dried

Folin Ciocalteau BDH Laboratory Chemicals

phenol reagent

Heparin-Sepharose CL-68 pharmacia Fine Chemicals

n-Heptane BDH Laboratory Chemicals,

GLC > 99.5Vo

n-Hexane Shell, laboratory distilled and dried

Methylene chloride Laborarory grade

Milli-Q water Laboratory preparation

4-Nitrophenol Sigma

4-Nitrophenylalkanoates Sigma, or laboratory preparation where

indicated

rso-Octane Shell, laboratory distilled and dried

Petroleum ether

rsa-Propanol

Sodium carbonate

AnalaR, BDH Laboratory Chemicals

Shell, laboratory distilled and dried

BDH Laboratory Reagent

Sodium dihydrogen phosphate BDH Chemicals

Taurocholic acid Sigma, sodium salt, gg Vo

Triolein (1,2,3-Tri[(cis)-9- Sigma, > 99 Vo

octadecanoyll glycerol

Triolein (9-10 3H) 
New England Nuclear (NEN)

radiochemically labelled

Tritium, quenched liquid Amersham,exp. date lll2lgl
scintillation standard set

Tris(hydroxymethyl)aminomerhane (Tris) Sigma, 99.5 Vo

Trisodium citrate BDH Laboratory Reagent
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2.3 lnstrumentation

Conductivity meter Constructed by the Chemistry Department

instruments section

IIT-IR spectrophotometers Nicolet DX, Digilab FTS 60 and FTS 7

Liquid scintillation counters LKB Wallac BetaRac l2I9 and I2l4

NMR spectrometers Varian T60, Varian EM 360

pH meter Schott-Gerate, CG 837, Orion 520

Sonicator Kontes CA 1234

Thermostat baths Grant Instruments (Cambridge) Ltd WBl4

UV/Vis spectrophotometers Varian Cary 2L9 controlled by an Apple IIe

computer

Hewlett Packard Diode Anay FfP 84524

controlled by a HP 9000 series minicomputer

P
2.4.1 The Standard Enzyme Assay lor Activity Determination

A rapid and convenient assay method was necessary to monitor the enzyme activity during

the enzyme purification from whole human milk, discussed in Chapter Three. Prolonged

storage of even the purified enzyme results in a steady decrease in activity. To allow for this

decrease and also, very importantly, variations in the specific activity of the five different

enzyme preparations, roudne activity checks were conducted and the measured values

recorded s0 that absolute activities might be calculated.

The activity of the enzyme \4,as measured against the chromogenic ester substrate, 4-

nitrophenyl acetate (PNPA). The equation for the hydrolysis of PNPA is shown below.
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BSSL
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A stock solution of PNPA was prepared by dissolving 55 mg PNPA in 5 mL CH3CN. The

activity was determined by measuring the rate of production of the 4-nitrophenolate anion

from a solution of I mmol L-l PlrIPA, containing 1.7 Vo (v/v) CHTCN, at 37 "C by monitoring

the UV absorption at 400 nm. The cuvette contained:

3 mL Tris/HCl, 0.1 mol L-1, pH 7.4 containing 2 mmol L-l TC,

50 4 PNPA stock (60.7 mmol L-r; in CH3CN,

a pL enzyme solution.

t400 n- (pH 7.5, 4-nitrophenolate anion) = 15.7 x 103 L mol -l cm-I.

Plots of absorbance (proportional to the concentration of substrate by Beer's Law) versus time

gave straight lines for the first 10-15 percent. of the total reaction. The slopes of these lines

are equal to the initial reaction rates, -d[PNPA]ldt, or initial velocities, vo, which are the zero

order rate constants with units of Absorption Units per minute, AU min-I. Conversion of

these units to formation of product per minute and per trtL enzyme solution is given by

Equation 2.1.

/^\o.N--(( )fo\^-cn,1':--'l -('

tl
o

AOpm, 
x

min

,4,o.N-{( )Fon\._/

I

-X

8+oor-

(3050 x a)
a

ftmol pL -l min-l) (2.r)

where

AODffi.
mm

is the change in absorbance min-t corrected for the non-enzymaric hydrolysis of PNPA.
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By dividing this value by the protein content, mg pL-I, the specific activity can be determined

with units of pmol min-l mg-I, commonly abbreviated as U fig-I, where U is the international

activity unit, pmol min-I. O'Connor and Wallace (1985b) have previously shown that the

background rate of hydrolysis of 4-nitrophenyl alkanoate etsers at 37 oC were almost

independent of the carbon chain length of the substrate.

2.4.2 Buffer preparation

The following buffer solutions were accurately prepared and used in the purification of BSSL

as detailed in Chapter Three;

(i) Barbital buffer, 5 mmol L-', pH 7.4, containing 50 mmol L't NaCt.

9.20 g 5,5-diethyl barbituric acid

0.a0 g NaOH

29.0 g NaCl

Make up to 10.0 L with HrO and adjusr rhe pH with l0 Vo (wlv) NaOH solurion.

(ii) Barbital buffer, 5 mnol L-', pH 7.4 containing 2.0 mnnl L-I NaCl.

Dissolve 27.6 g NaCl in 250 mL 5 mmol L-l barbital buffer, pH7.4 conraining 50

mmol L-l NaCl.

(iii) Phosphate buffer, 20 mmnl L-t, pH 7.1.

10.3 g NaH2PO4.2H2O

19.0 g NarHPOa

Make up to 10.0 L with HrO and adjust the pH with 10 Vo (wlv) NaOH solution.

(iv) Tris/I{cl buffer, 0.1 M, pH 7.s, containing 2 mmol L-t taurocholate.

0.538 taurocholic acid (sodium salt), TC

6.0 g Tris base

Make up to 500 mL with H2o and adjust rhe pH with 0.1 mol L-l Hct.
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(i) Heparin-Sepharose

Freeze-dried heparin-Sepharose CL-68 (3 g) in 50 mL HrO was swollen for 15 min. The

slurry was washed with 200 mL H2O and 600 mL 5 mmol L-l barbital buffer, pH 7.4,

50 mmol L-l NaCl using a suction filter. The gel was then suspended in 30 mL 5 mmol L-l

barbital buffer, pH 7.4,50 mmol L-l NaCl and placed in a glass-column, diameter 1.6 cm,

length 5.5 cm. The column was equilibrated with 5 mmol L-l barbital buffer, pH 7.4,

50 mmol L-l NaCl. Equilibration was deemed to be complete once the conductivity of the

eluate equalled that of the eluant. The conductivity at 4 "C of 5 mmol L-l barbital buffer,

pH 7.4, 50 mmol L-l NaCl, was 4505 pS and that of 5 mmol L-l barbital buffer, pH 7.4,

2 mol L-l NaCl, was 120 000 pS.

Regeneration of the heparin'sepharose - The column was regenerated by washing with

alternate 10 column volumes of high pH 8.5 and low pH 5.5 buffer solutions containing

0.5 mol L-l NaCt.

Buffer pH 5-5 : 0.r mol L-l acetate buffer, 0.5 mol L-r Nacl

Buffer pH 8.5 : 0.1 mol L-l Tris buffer, 0.5 mol L-t NaCl

(ii) Affigel blue

4'8 mL of Affigel blue (Biorad) was placed in a plastic syringe and washed with l0 column

volumes of 20 mmol L-l phosphate buffer, pH 7.1, at aflow rate of 20 mL h-1.

Regeneration of the Affigel blue - the column was regenerated by washing with 2 bed

volumes of 6 mol L-l guanidine HCI and 6 mol L-l NaSCN in 0.02 mol L-l phosphate buffer,

pH 7.1.

1219 Liquid Scintiilation Counter

The LKB 1219 is an advanced liquid scintillation counter which is controlled by computer.

using the computer enables the measured counts to be corrected automatically for differences

in the level of quenching between samples. In theory, all of the samples prepared during the
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course of the investigation described in Chapter Five should be identical except for the level

of p-radiation contained in each. However, the level of quenching may vary between samples

due to small variations in the thickness of the walls of the glass counting vials and/or fogging

of the vials which will cause optical quenching. Differences in the composition of the

scintillation cocktail between separate preparations may cause some chemical quenching,

which will also reduce the fraction of radiation detected by the instrument.

A calibration curve was therefore established from counting vials of known activity and

containing varying levels of quench. A set of seven quenched tritium liquid scintillation

standards of accurately known activity (7903 DPS) was counted for 15 s while exposed to the

external standard. Each standard was counted again, this time for 300 s while shielded from

the external standard. Figure 2.1 shows a portion of the standard quench curve.

The external standards ratio technique was then used by the counter to evaluate the quench

levels in each experimental sample, by measuring the compton scattering spectrum of

JsO 400 ,150 5O0

Stondord eucnch poromatcr (Sap)

Figure 2.1 The standard quench curve measured using seven quenched tritium standards on
a LKB 1219.
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radium 226. This isotope is the external standard which is brought close to each vial, in turn,

and from the characteristics of the measured p-spectrum a standard quench parnmeter (SQp)

may be assigned to that vial and applied as a correction factor to the measured counts.

2.4.5 Preparation of 4-Nitrophenyl Propionate

In Chapter Six is described a study of the kinerics of BSSL catalysed hydrolysis of 4-

nitrophenyl propionate in detergentless microemulsion media. The substrate was synthesised

according to the following method. Propionic anhydride (ll mL) was gently heated with 4-

nitrophenol (10.1 B) until all the solid had dissolved. The solution was ser aside to stand for

two hours. The needle-like solid which fell from the solution as it cooled was filtered off

and washed with potassium carbonate solution.

/-\o.N1(,))-oH +
\-,/

o
\\
C-CHoCHa

o
C-CHcCHa

//
o

The product was recrystallised twice from ethanol and water. The melting point for the dried

4-nitrophenyl propionate was 64-66 "C. Literature 65-65.5 "C (Gerzenstein de Miltelman,

1945). An infra-red spectrum was measured with the 4-nitrophenyl propionate presented to

the instrument as a nujol mull between NaCl windows. The instrument was calibrated using

the 1601 cm-l absorbance band of polystyrene. The following signals were observed: v(N-O)

1540 cm-l (m); v(C-o) 1770 cm-l (s);6(C-O) l2l0 cm-l (m). There were no absorbance

bands observed at wavenumbers greater than 3100 cm-l indicating that phenol was absent and

that the sample was dry.

/-\?\o,*1r-o-c-cH2cH3 + 'c-cH2cHs

HO

in CDClr. The following series of signals was

nearest the NOr, integrated area ratio 2; 7.56,

A lH NMR spectrum was also measured

observed: 8.36, doublet, aromatic protons
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doublet, remaining two aromatic protons, integrated area ratio 2; 3.16, quartet, cH2 protons,

integrated ratio 2; 1.66, triplet, cH, protons, integrated area ratio 3.

The melting point, IR spectrum and lH MvtR data identified the product as 4-nitrophenyl

propionare and indicared ir ro be of high puriry.

Chapter Seven describes a new method for lipase assay using the FT-IR technique. The

method involved the assay of BSSL catalysed hydrolysis of triolein in reversed micelles.

Although this medium was of very low water content there still remained the necessity for

cell walls that were insoluble in water. Calcium fluoride was the chosen material for the

liquid cell windows because of its clear and flat optical window and also its very low

solubility in water.

The activity of BSSL against lipids is very low at room temperature. Therefore it was

necessary to design and have fabricated a cell holder that would allow accurarc temperature

control of the cell. The cell holder used recirculated watsr, from a thermostat bath, to

maintain accurate temperature control, within + 0.3 "C, of the FT-IR cell and contents. The

design facilitated easy insertion and removal of the cell and maximum thermal contact with

the cell to minimize the time taken for the temperature of the system to equilibrate. A
diagram of the cell holder is shown in Figure 2.2.

A selection of spacers was available so that the pathlength of light through the sample could

be varied from 0.025 to 2 mm. Typically a spacer thickness of 0.1 mm was used and the

corresponding cell volume wu 20 pL.

In a number of experimental situations it was imperative to have pure and dry solvents,

especially when conducting experiments in media of very low water content. In order to
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FT-IR liquid cell

Backing plate

Front plate

Figure 2.2 Diagram (rendered schemmatic) of the thermostatted FI-IR liquid cell holder.

The arrows indicate the direction of thermostatted water flow.

ensure that no water was present, solvents such as iso-propanol, iso-octane, chloroform,

benzene, hexane were refluxed over Cdz for one hour and then distilled. The dried reagents

were then stored over molecular sieve 12A in an airtight reagent bottle to ensure the reagents

remained dry.

(Bis-2-ethylhexyl)sodium sulfosuccinate (Aerosol-OT, or AOT) was purified by dissolving in

methanol (10 Vo w/v) with activated charcoal, filtering and drying under vacuum three times.

This method is similar to that used by Eicke and Christen (1973).

2.5 Kinetic Analysis

Once kinetic data were obtained it was necessary to be able to determine the rate equation in

order to extract the pertinent kinetic constants. This work envelops a very wide range of

experimental conditions. The reaction media include aqueous systems, emulsions,
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microemulsions and reversed micelles. However, under all conditions employed in this work

it. was found that the kinetics of BSSL could be modelled by the classical Michaelis-Menten

equation, The implications of the kinetic behaviour of an enzyme are best understood when

one considers the derivation of the Michaelis-Menten equation. What follows is a discussion

centered around the assumptions and mathemadcs that lead to the rate equation, the kinetic

constants therein and their implications.

2.5.1 Enzyme Kinetics

The rates of enzyme-catalysed reacdons show a characteristic dependence on substrate

concentration. Figure 2.3 shows a plot of the initial reaction rate, yo, versus substrate

concentration for an enzyme catalysed reaction.

7v-or: 
k*r[E]o

],.,.,-"0,o,.

kinetic orders

] 
""-

V ISImoxs J

Km

first order ronge

l-sl'-o

Figure 2-3 The effect of substrate concentration on the velocity of an enzyme catalysed
reaction,

At low concentrations of substrate the rate varies linearly with the concentration of substrate,

thus exhibiting first-order kinetics. The rate is also proportional to the enzyme concentration

and the rate equation in this domain can be expressed 8s vo = fttEltsl. The rate becomes

i
K

zero order ronge



Chapter 2 Experimental - Apparatus, Materiats and Methods 42

independent of substrate concentration (zero-order kinetics) at high concentrations and the

velocity is proportional to enzyme concenradon alone, vo =,t[E]. This diphasic dependence

of rate on substrate concentration was first observed by Henri (1902) and Brown (1902) who

suggested that an enzyme-substrate intermediate formed and that direct reactant to product

formation did not occur.

2.5.2 Michaelis-Menten Kinetics

In 1913 Michaelis and Menten (1913) developed a mathematical treatment that described a

mechanism which incorporated the concept of Henri and Brown for formation of an

intermediate complex between enzyme and substrate.

The Michaelis-Menten treatment assumes the reversible formation of an enzyme-substrate

intermediate followed by a first order decomposition of complex to product.

E +S
krt
t

k_r

k{
ES->E+P (2.2)

Here, E and S are the enzyme and substrate, P is the product and ES is the intermediate

complex, respectively. The assumption that the step represented by the rate constant &*2 is

ineversible is met, in practice, if the initial reaction rate is used as the measured parameter.

The overall velocity of this reaction may be expressed as

," = o!:: 
= ft.2 [ESJ (2.3)

In deriving an equadon for the velocity, yo, as a function of [S], [S] must be expressed in

terms of [ES] and these expressions substituted into Equation 2.3. The rate of production of

ES may be described by Equation 2.4, and the rate of loss of ES by the sum of its rate of

decomposition into free E and S and to formation of products is described by Equation 2.5.
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= ,t*1[El [Sl (2.4)

(2.s)

(2.6)

(2.7)

(2.8)

(2.e)

dtESl
dt

Usually, the concentration of the substrate is much greater than that of the enzyme, and it is

then permissible to apply the steady-state treatment in order to obtain the rate equation. The

reason that this can be done is that under these conditions the concentration of the enzyme-

substrate complex, ES, must be very much less than that of the substrate; the rate of change

of its concentration is therefore much less than that of the substrate. Thus

ry =r-1[ES1 +&*zlESl

# = t.r[E][s]-t-rlEsl-t.2[Es] =o

lEl" = [E] +[ES]

Elimination of [E] between Equations 2.6 and 2.7 gives

t*r([EJo -tES])tSI -(&_r *k*2)[ESJ =0

Rearrangment gives

lESl =
t*r [EJolsl

&-r *k*z*&*l[S]

The rate is

k,rk,ztEl" [s]

The concenration [E] that appeius in Equation s2.4 to 2.6 is the concentration of free enzyme,

and it may be very much less than the total concentration of enzyme, [E]o, since much of the

enzyme may be in the form of ES. Therefore the total concentration may be given by

vo = ft*2[ESl =
&-r *ka*&.1[S]

(2.10)
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k€[E].[s]

[(k-r *t*r)/&.tJ +[SJ

By collecting constants the equation may be more conveniently written

(2.1l)

(2.r2)

where V-o = t*2[EJo, with units s-l or min-I, &nd K*, known as the Michaelis constant, is

equal to (t_t + k*2)lk*1, and has units of concentrat^ion.

It can be readily seen that Equation 2.12 predicts the extreme types of behaviour for

enzymatic reactions behaving according to the Michaelis-Menten equation. Two limiting

cases of Equation 2.12 are of interest. If [S] " 1(,r,, the rate becomes V-o, which is therefore

called the limiting rate and is the maximal velocity for the actual concentration of enzyme

employed. If tsl <, K^,

and the kinetics become first order in substrate.

becomes

u. = 
u'3[t] 

=]E1"trl"K^K^

y_"x[s]
y^ - 

-

" [S] + [S]

(2.r3)

Also, when [S] = Kro, Equation 2.12 then

(2.r4)
V'max

=-
2

These relationships are shown in Figure 2.1. The curve is a rectangular hyperbola with an

asymptote at ymax and a value of K, = [S] when vo = V^o12. It is noted that in some kinetic

studies k*2 is called /<.u,. Also, the ratio k" /K^ has been termed the "catalytic efficiency",

and has units of an apparent second order velocity consunt, L mol-l s-l (= M-l s-l). Both k"u,

and k"^lK^ are used as comparative kinetic parameters.
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Equation

A number of assumptions has been made to facilitate the derivation of the Michaelis-Menten

equation. The direct proof of the existence of the enzyme-substrate complex became possible

with the development of spectroscopic techniques. By these means Chance (1943) first

demonstrated the existence, and monitored the kinetics, of a complex between peroxidase and

hydrogen peroxide. Many subsequent studies have provided additional evidence for the

existence of an enzyme-substrate complex. These studies include physical isolation of

complexes (Venkataraman and Racker, 1961) and X-ray crystallographic investigations

(Phillips, 1961) which gave precise details of the molecular structure of the enzyme-substrate

complex of lysozyme. The existence of an enzyme-substrate complex has been proven and

its properties are central to the mechanism of enzyme action.

The assumption that the step corresponding to breakdown of the ES moiety to products is

irreversible is not tenable, due to the very nature of a catalyst. However, the experimental

conditions are such that at the beginning of the reaction there is a zero concentration of P and

at small r the reverse reaction will be negligible.

While it is generally true that an enzyme binds only one substrate molecule this is not always

the case. However, this assumption may be applied to BSSL because investigations by

previous workers (Bliickberg and Hernell, 1981), the inhibition studies described in Chapter

Three and the amino sequence data summarised in Chapter Four indicate that BSSL possesses

only one active site.

The validity of the steady state assumption applied to the concentration of ES, as shown in

Equation 2.6, may be evaluated by considering two first order reactions in series.

kt ka
A -+B +C (2.1s)
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This mechanism gives

# =**1[Al

= ,t*1[Al - t*2 [B]

41 =,t*2[Bl
dt

when B is originally absent, integration of Equadons 2.16 andz.lT gives

(2.18)

dtBl
dt

(2.16)

(2.r7)

(2.re)

(2.20)

(2.22)

Now, by assuming that the intermediate species B attains a steady state concentration, it is

then of interest to consider the necessary conditions for this state. Consider the steady state

analogy to Equation 2.6,

+ =g = k*rtAl -k€tBI (2.2r)

Rearrangement gives

and from Equation 2.19

tA] = [A1o s-t'rt

[B] =S (e**rr -"*n',)
k*2-krl

[B] = 
t*t

tAl k e:

lBl =Iolo#r*',' (2.23)

Comparison of Equadon 2.23, which describes the change in concentration of B with time

upon application of steady state conditions, with Equation 2.20, for the general case, shows

the steady state assumption is valid when t >> llka2and k*2 r1 ,t+1, The former condition
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ensures that the pre-steady state period is very short and the system reaches the steady state,

in terms of [B], before measurements commence.

The second condition, k*2>> k,;,, results in the concentration of B rapidly falling to low values

which will not alter significantly until a more rapid decrease follows from depletion of A.

Now, if we relate this case to the reaction where A and B are assumed to be in equilibrium

with each other

k+t k$
A * B +C

k_L

and, once again, the steady state approximation is applied to B

g = o = r*1[Al -(]-l +&€)[B]
dt

rBl=ffi

(2.24)

(2.2s)

(2.26)

(2.27)

(2.28)

(2.2e)

and

4I.AJ
dt

Howevgr, assuming that A and

and

=# =&*zlBr =1n1 
fte&.r

B are in equilibrium with one another gives

lBl =
t*l[A]

k_r

-dfA] = 141&ir&.2dt k_r

By comparing Equadons 2.25 and 2.28 it becomes clear rhat the the equilibrium assumption

pre-supposes that the steady state approximation is true and that t+z )> k+1.
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The Michaelis-Menten reaction depicted in Equation 2.2 differs from Equaton2.Z4 only in

that the former includes the appearance of the enzyme. This added variable makes the

mathematical analysis of the time course reaction more difficult. Experimental studies by

Chance (1943) have shown that the concentration of the enzyme-substrate complex rapidly

attains a maximum value which remains virtually constant over the time interval during which

the initial rate of product formation may be measured. Figure 2.4 shows a time course plot

of an enzyme catalysed reaction in which [E]o " [S]o.

Figure 2.4 Time course (diagrammatic) of an enzyme catalysed reaction of the type shown
in Equation 2.2.

After an initial lag period, which is usually of the order of milliseconds, the concentration of

ES builds up to a nearly constant level. For clarity of presentation, the concentrations of E

and ES are shown greatly in excess of the values encountered experimentally.

2.5.4 The Determination of the Kinetic parameters, &nand 4^*
The difficulty in experimentally obtaining the value of the maximum velocity, and the curved

nature of the saturation curye shown in Figure 2.3, make desirable other methods for deriving

K,, and Vor*. A number of linear plots has been suggested to enable one more readily to
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determine these kinetic pruameters. One which is most frequently employed is that first

suggested by Lineweaver and Burk (1934). Equation 2.12 mry be written in reciprocal form:

1=K^l*
vo yor* [S]

and a plot of llvo versus l/[S] yields a straight line

to l/ymax.

I
v-* Q'30)

of slope Ko/V^ * and y-intercept equal

Figure 2.5 shows a schematic representation of a typical Lineweaver-Burk plot. The graph,

being linear, can be exuapolated even if no experiment has been performed at a saturating

substrate concentration. Any departure from linearity for a particular enzyme catalysed

reaction indicates that the assumptions inherent in the Michaelis-Menten equation are not valid

in that instance.

1

K

1

=- Vmox

.Kstope : JL
Vmor

x-intercept :

y-intercept

1

tsl
Figure 2.5 Diagram of l/vo versus l/[S] showing the determination of V^o and K.
(Lineweaver and Burk, 1934).

The experimental data for BSSL presented in Chapters Five, Six and Seven follow Michaelis-

Menten type kinetics and a double reciprocal plot of the data has been used to determine the

relevant kinetic constants for different reacdon conditions.
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The maximal rate, Vo',*, varies with the total concentration of enzyme present, but K, is

independent of enzyme concentration and is characteristic of the system being investigated.

In general, K. gives an indication of the affinity of the enzyme for the substrate. A low value

fot K^ indicates a high affinity of enzyme for substrate, whereas a high value indicates a low

affinity. The affinity may be related to the effectiveness of the binding between rhe enzyme

and the substrate.

From a practical viewpoint, a knowledge of the value of K^for an enzyme is invaluable when

assaying that enzyme. From rhe Michaelis-Menten equation, saturation is approached

tangentially, see Figure 2.3, and is only acheived at a substrate concentration of infinity.

However, if K^ is known, the equation enables the investi-9ator to calculate the concentration

of substrate which, for all pratical purposes, can be regarded as satuating the enzyme. For

example, if the initial substrate concentration [S]o = 100 K* then vo = 0.99 Vo'o, irrespective

of the actual concentration of enzyme, provided only that it is much less than the

concentration of substrate.



3 The Purification of Bile Salt-Stimulated

Human Milk Lipase

3.1 lntroduction

Milk has a unique significance as a food for the newborn, but even the protein content of milk

from different species differs widely in com position. Since various species of mammals are born

at widely different states of physiological maruriry, it is reasonable to speculate that the milk

proteins of a species are best suited to the nutrition of the young of that species. Because milk

is a whole food for the suckling infant it has many other constituents besides BSSL, including

carbohydrates, lipids, proteins, viramins and other enzymes.

The soluble proteins of human milk include, in descending order of quantity (w/w):

a-lactalbumin, lactoferrin, immunoglobulin A, serum albumin and lysozyme. Less than one

percent of the protein of human milk is made up of bile salt-stimulated human milk lipase

(glycerol ester hydrolase, E.C.3.1), an alkaline nonspecific carboxyl ester hydrolase (Bliickberg

and Hernell, 1981).

Human milk contains more than 20 enzymes which may be grouped according to their substrate

specificity (Shandani et al.,l9S0). There are enzymes which acr on carbohydrares, proteins,

51
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lipids and nucleotides, those which are antibacterial and others which have diverse functions.

Bilesalt-stimulatedlipase, BSSL, andserum-stimulatedlipoprotein lipase are the only two which

act on lipids. BSSL is one of the triad of lipases responsible for breaking down and helping in

the absorption of milk fats in infant-feeding. The remaining two are lingual lipase, which is

secreted from the base of the tongue, and pancreatic lipase. BSSL has long been known to

exhibit esterase activity in addition to lipase activity but the other two lipases were thought to

be more substrate specific. However, very recent work by Manuel ( 1991) has shown that lingual

Iipase (of the lamb and the cal$ also acts as an esterase; of particular importance in human

neonatal nutrition is the ability of BSSL to act against retinyl esters (Frederikzon et aI.,1978;

O'Connor and Yaghi, 1989).

In this chapter, the method used for the isolation and purification of bile salt-stimulated human

milk lipase from whole milk is described. Since it has been shown that the activity of BSSL is

affectedbythepresenceofotherproteins(O'ConnorandWalde,lgS6b; O'Connoretal.,1988),

it is important to obtain the enzyme in a pure form by separating it from the other components

of human milk in order to quantify accurately the activity against several subsrrates. Highly

purified preparations are essential for investigation of enzyme structure and determination of

enzyme characteristics, such N K^and V.o, and for studies on reaction mechanisms. It must

be noted, however, that the removal of an enzyme from its natural environment may give a

distorted impression of its characteristics in vivo and make more difficult the elucidation of its

physiological role.

During the purification procedures, the characteristics of the enzyme (e.g. its stability under the

conditions of the purification procedure) must be taken into consideration. Therefore, in order

to minimize loss of activity of the enzyme, the temperature of the medium was usually kept at

4 "C. Also, since the enzyme-activity diminishes at extremes of pH, the solutions used in the

present purification were maintained within the pH range 7.1 to 7.5, except when the method

dictated otherwise.
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3.2 Methods of Purification

Bl?ickberg and Hernell (1981) reported a method for purifying this enzyme in which they used

human whey as starting material. Chromatography on heparin-sepharose and Affi-Gel blue was

used. Chromatography on heparin-Sepharose separated almost all the lactoferrin from the lipase,

while chromatography on Affi-Gel blue removed the albumin. The purified lipase was found

to be a single chain glycoprotein with a molecular weight of 90 000 daltons as determined by

sodium dodecylsuphate polyacrylamide gel electrophoresis (SDS-PAGE). The enzyme had a

specific activity of 30 U (mg protein)-l (1 mmol L-l 4-nitrophenyl acerate (pNpA), pH7.4,

I mmol L-l TC, 25 "C) (Frederikzo n et aI.,l97g).

Wang (1980) also utilized human whey as a starting material but his procedure for purification

of this enzyme combined affinity chromatography on concanavalin A-Sepharose and

cholate-Sepharose. This study indicated that the enzyme had a molecular mass of 125 000

daltons when measured by SDS-PAGE. The difficulties encountered during the separation were

the loss of activity on the concanavalin A-Sepharose and the prolonged dialysis which was

necessary to remove cholate from the purified enzyme. Therefore, at a later date, Wang and

Johnson (1983) reported another method for purifying BSSL, in which they used human skim

milk as the starting material. Once again, they used cholate-Sepharose affinity chromatography

for partial purification of the enzyme but then the cholate was removed with Bio-Rex 5 anion

exchange resin. The final step in the purification was chromatography on heparin-Sepharose.

The enzyme was found to have a molecular weighr of 125 000 daltons and a specific activity of
52 U (mg protein)-l (1 mmol L-l PNPA, 2 mmol L-l TC, pH 2.5, 25 "C).

The purification procedure used in this work followed the general outline of Bliickberg and

Hernell's method, but some modifications suggested by Walde (14) have been incorporated. The

method employs affinity chromatography, a very elegant separation procedure, that is the only

technique enabling purification of almost any biomolecule on the basis of its biological funcrion
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or individual chemical structure. The molecule to be purified is specifically and reversibly

adsorbed by a complementary binding substance, or ligand, covalently attached to a support

matrix, see Figure 3.1. In this work two examples of affinity chromatography have been

employed. One involves the ligand heparin (heparin Sepharose affinity chromatography) and

the other (Affi-Gel blue affinity chromatography) employs a convalently bound dye, Cibacron

Blue F3GA.

lelute with competitive

\ tioano

4\TV'-4 --=-1L+_i

Figure 3.1 Schematic representation of affinity chromatography.

Heparin, used clinically as an anticoagulant and antithrombotic agent (specifically for the

reduction of clotting in the blood), consists of between 50 and 200 alternating sulfated

glucosamine units and glucuronic acid units. This ligand is covalently bound to an immobile
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support matrix (crosslinked agarose beads) which is then packed into a chromatographic column

(for the method, refer to section 2.4.3). The mixture of components is then applied to the

column, of which the majority have no affinity for the heparin. Flowever, the desired protein,

BSSL, has a strong heparin affinity and binds to it while the bulk of the other contaminants are

washed away leaving BSSL to be eluted from the column. One of the other milk proteins to bind

strongly to heparin is lactoferrin (Bliickberg and Hernell, l9g0).

The enzyme may then be liberated from the column in a number of ways. Clearly, eluting with

a molecule which competes for the bound protein, such as free heparin (see Figure 3.1), would

be successful. However, once the enzyme was eluted from the column one would then be faced

with the problem of removing the competitive counterligand which, in the case of heparin, is

very difficult because of its variable and large size. In this investigation BSSL was eluted from

the column by applying a salt gradient. Under these conditions, BSSL was eluted but the

lactoferrin was not. This first chromatographic step effectively removed all of the lactoferrin,

but a significant amount of albumin was found to be present in the sample.

Affi-Gel blue affinity gel is a crosslinked agarose bead with covalently attached Cibacron blue

F3GA dye which has a very high affinity for albumin (>l I mg ml-l). The procedure employed

is similar to that used for heparin Sepharose. The only difference is that although the albumin

and the enzyme bind to the dye, BSSL binds more weakly and thus may be eluted with a

relatively dilute salt solution. Conversely, the binding of albumin is so strong that an exuemely

high concentration of salt or chaotropic agent is required to desorb it.

Two specific examples of affinity chromatography performed in tandem, with centrifugation,

dialysis and precipitation techniques have been shown to rerurn BSSL in high yield and with high

specific activity. Additional modifications were trialled in subsequentpurifications, in attemp$

to improve the purity of the final product without compromising the yield.
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3.3 Protein Determination - Lowry Method

The standard method developed by Lowry et al. (1951) for the measurement of protein content

was used. Bovine serum albumin (BSA) was used as the standard for determining the protein

concentration in solutions. This method was applied to calculate the protein concentration in

human milk at each step of the purification procedure. For this purpose the following reagents

were prepared.

ReagentA 0.5 gCuSO4.5H2O

I g sodium citrate

100 mL Milli-Q water

ReagentB l0gNarCO3

2 g NaOH

500 mL Milli-Q H2O

Reagent C 100 mL Reagent B

2 mL Reagent A

Reagent D I mL Folin - Ciocalteau phenol reagent

I mL HrO

A stock solution of BSA was prepared by dissolvingT.4 mg BSA in 5.5 mL HrO. The molar

absorptivity coefficient of bovine serum albumin, at 280 nm and 25 "C, is 0.66 mg-l cm-l mL.

The absorbance of the stock solution was 0.751 and, therefore, its concentration was calculated

to be 1.138 mg ml-r.

3.3.1 Procedure

The following method was used to establish a calibration curve of absorbance at l.650no, against

concentration of bovine serum albumin.

Reagent C (2.5 mL) was added to 0.6 mL protein solution and allowed to sund at25 " C for l0

min. Reagent D (250 pL) was then added and the solution was allowed to stand for 30 min ar

56
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25"C. The absorbance of the solution was measured at 650 nm. The results obtained are shown

in Table 3.I and Fieure 3.2.

At each stage of the purification procedure of the human milk enzyme, stock solutions, in

conditions similar to those described above, were prepared and the protein content was

determined by interpolating the absorbance of the sample onto rhe calibration line shown in

Figure 3.2. The results are summiuised in Table 3.2.

3.4 Purification of the Enzyme

For the development of the method and for the first purification undertaken, freshly expressed

human milk from multiple donors was kindly provided by St. Helen's Hospital. No details

regarding the status of lactation, gestation period or nationality of the donors were given. The

milk was stored at 4 " C for 2 h before commencement of the purification procedure. The activity

and the protein content of the milk sample was monitored at each stage of the purification

procedure. This was done in order to determine the purification factor, which was calculated as

the percentage recovery of activity divided by the percentage recovery of protein. This factor

gives an indication as to the effectiveness of each purification step in terrns of minimising

activity loss while removing unwanted protein.

The milk (128 mL) was centrifuged at l0 000 g for 55 min ar 4 "C. The cream (-9.7 g) was

removed with a wide spatula and the skim milk (115 mL) was a-djusred to pH 4.7 with dilute

HCl. Initially the pH of the skim milk was 7.35.

Table 3.4 shows that quite an appreciable loss in activity occurred on removal of the cream.

However, because there was a significant loss of protein, see Table 3.2, theesterase activity of
the cream had only a moderate specific activity. Also, because the volume of cream removed

was small compared with the total this meant that the amount. of activity lost at this step in the

purification represented only 5-10 vo of the total activity in the milk.
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Table 3' 1. The data used for the construction of the protein-calibration curve (Figure 3.2), using
the Lowry method. Bovine serum albumin (BSA) was used as the protein staniard.
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protein content
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Figure 3'2 The protein calibration curve determined using the Lowry method, with bovineserum albumin as standard. The data are taken from rauL g.t.
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After acidification, the milk was held at37 "C for 30 minutes to precipitate the caseins. The

solution became cloudy and the precipitated caseins were removed by centrifugation at l0 000 g

for 45 minutes at 4 "C. Then the whey (109 mL) was dialyzed overnight against 5 mmol L-l

barbital buffer, pH7 .4,containing 50 mmol L-l NaCl. The buffer was changed four times during

the course of the dialysis.

Table 3.2. The protein content of human milk measured at each step of the purification
procedure using the Lowry method.

Sample*
lcm

A
650 nm

total
volume
(mL)

protein
content

(mg ml--l)

total
protein
(mg)

;r.rl, whole milk
pL skim milk
pL whey

,nL dialysed whey
pL dialysed centrifuged

whey
pL heparin-Sepharose I

(9_16)

pL dialysed heparin-
Sepharose I

pL Affi-Gel blue I(a)
pL Affi-Gel blue I(b)
pL heparin-Sepharose II

(0-20)

pL dialysed heparin-
Sepharose II

100 pL Affi-Gel blue tr(a)
100 pL Affi-Gel blue II(b)

2.5

5

8

10

10

*50

50

0.290
0.272

0.318

0.281

0.272

0.r32

0.108

0.150

0.182
0.105

0.092

0.141

0.r79

t28
115

109

ls3
150

40

48

t4
t7
46

50

l6
12

3s.7
20.5

t2.2
8.6

8.4

0.8r

0.69

0.36

0.50
0.65

0.59

0.31

0.38

4527

2358
1334
1316

1257

33

33

5.0

8.5

30

29

4.9
4.6

100

100
*50

50

numbers in parentheses refer to pooled fractions - see discussion 3.4.2 below.

3.4.2 Column Chromatography

Once the suspended solids had been removed from the milk the dialysed centrifuged whey could

then be applied to a sequence of affinity columns without risk of column blockages.
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a) Heparin-Sepharose I(a).

The dialyzed whey (153 mL) was centrifuged at 8 000g for45 minutes at4"C. The supernatant

was filtered over a paper filter and the filtrate of centrifuged, dialyzed whey (150 mL) was

passed through a column of heparin-Sepharose at a flow rate of l0 mL h-1. The eluant was

collected in a fraction collector which wiu set to collect 90 drops per fraction. The volume of

each fraction was approximately 5 mL thou-eh this value was variable due to the composition of

the drops affecting the drop size and therefore volume. The column was then washed with

barbital buffer (5 mmol L-t, pH 7.4,50 mmol L-l NaCl) until the eluant was clear.

The activity of the collected fractions was checked against PNPA as substrate by using 5 pL

samples. No significant activity was found in fractions I to25. Fractions 25 to 42contained an

increasing level of activity as the column became fully loaded. These fractions were pooled and

stored at 4 "C for one week while awaiting further purification (see section d). The activity of
these pooled fractions represented approximately one quarter of the total activity originally

placed onto the column.

The enzyme was eluted from the column by use of a sodium chloride gradient as shown

diagrammatically in Figure 3.3. The main activity was found in fractions 9 to l6 which were

pooled (40 mL) and dialyzed against 20 mmol L-l phosphare buffer, pH7.1, overnight.

b) Affi-Gel blue I(a).

The dialyzed heparin-Sepharose I fractions (a8 mL) were elured through rhe Affi-Gel blue

column at a flow rate of l0 mL h'I. No activity passed through the column during loading of the

first 6 fractions. However, appreciable and increasing leakage was observed with the remaining

fractions, 7 to 21. The activity bound to the column was eluted, first with 13 mL phosphate

buffer (20 mmol L-1, pH 7.1) ano then with 25 mL phosphate buffer (20 mmol L-1, pH 7.1)

containing 1.4 mol L-l NaCL The activity was detected in the first three eluted fractions

(14 mL).
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Pcristaltic
pumP

hcparin-Scpharosc
column

Figure 3-3 Diagram of the apparatus used for the sodium chloride gradient. The arrows
indicate the direction of flow.

c) Affi-Gel blue I(b).

The Affi-Gel blue I was regenerated using the method discussed in section 2.4.3. The leaked

fractions 7 to2l were put onto this regenerated column once more. This time no activity leakage

was observed. The bound activity was eluted with phosphate buffer (20 mmol L-1, pH 7.1) as

described above, and was detected in fractions I to 4 (17 mL).

The eluted fractions I to 3 from the Affi-Gel blue I(a) were pooled wirh fracrions I to 4 from the

Affi-Gel blue I(b) (total volume with washings, 32 mL) and were dialysed overnight at 4 "C

against milli-Q water which was changed four times. The dialysed enzyme solution, 3g mL, was

then freeze-dried to return a yield of 22.7 mg of white fluffy solid. The protein content of this

solid was 77 percent by weight so the yield of BSSL is 17.5 mg.

Yield of BSSL: 17.5 mg; protein content =77 Vo (w/w);specific prorein acriviry: 42.4 pmol

min-l mg-l (l mmol L-l pNpA, pHl.5,2 mmol L-l TC,37 "C).

5 mM Ba$ital
buffcr pH7.4
2 M NaCl

5 mM Barbital
buffer pH 7.4
5O mIVl NaCl
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d) Heparin-Sepharose II

The heparin-Sepharose I column used above was regenerated (see section 2.4.3),and is hereafter

denoted heparin-Sepharose II. The pooled fractions 25 to 42,which conrained the activiry that

had leaked through the heparin-Sepharose I column (see section a), were then loaded onto the

regenerated column at a flow rate of l0 mL h-1. The activity of the collected fractions (90

drops/fraction) was measured and only minimal activity passed through the column, indicating

that all the enzyme had become bound onto the column. The adsorbed enzyme was then eluted

by use of a salt gradient (shown in Figure 3.3). The activity was elured into fractions 14 to20,

total volume 40 mL' The fractions were pooled and dialysed overnight against 20 mmol L-l
phosphate buffer, pH7.l, which was renewed four times.

e) Affi-Gel blue II(a)

The dialysed heparin-Sepharose II fractions (48 mL) were loaded onto a fresh Affi-Gel blue

column. Activity checks showed that no enzyme passed through into fractions 1 to 6. However

minimal activity was measured in fractions 7 and 8. The amount of activity which was not

adsorbed by the column gradually increased and fractions 9 to 35 were retained for recycling (see

section f below). The adsorbed enzyme was eluted with 20 mmol L-l phosphate buffer, as above,

into fractions I to 4, total volume 16 mL.

0 Affi-Gel blue II(b)

The pooled fractions 9 to 35 which had leaked through the first pass through the Affi-Gel blue

column were put onto the same column which had first been regenerated, in accord with the

method set out in section 2.4.3, at a flow rate of 8 mL h-I. No activity was detected in the eluted

fractions during loading indicating that all the activity had become bound to the column. Elution

of the adsorbed enzyme was performed (as described in section b) into fractions I to 3, volume

12 mL.

The fractions of eluted enzyme from the Affi-Gel blue II (a) and (b) columns were pooled, total

volume 43 mL (including washings), and set to dialyse against water for 18 h. The dialysed
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enzyme solution, volume 49 mL, was then freezs dried to yield 14.4 mg of fluffy white solid.

The protein content of a solution prepared from the solid showed that it consisted of 8l percent

protein. Therefore, the yield of BSSL was 11.7 mg.

Yiefd of BSSL: ll.7 mg; protein content = 8l ?o (w/w); specific protein activity: 28.4 pmol

min-l mg-l (l mmol L-l pNpA, pH 7.5, 2 mmol L-l Tc, 37 "C).

The specific activity obtained for this separation was lower than that obtained in the Affi-Gel I(b)

step. This is in direct contrast to expectations. The extra purification steps required to recover

activity from the leaked fractions ought to have enhanced the specific activity. This result

therefore suggests that although the purity of the BSSL obtained is higher, its specific activity

was deleteriously atfected due to the repeated column chromatography. In turn this may cause

unfavourable changes in the conformation of the enzyme (induced, perhaps, by the longer

exposure to very concentrated salt solutions) or further autoinactivation of the enzyme because

of the extended time period of the separation.

Table 3.3 summarizes the data obtained for isolation and purification of bile salt-stimulated

human milk lipase from whole human milk. The flow chart presented in Figure 3.4 summarises

the procedure for the separation and purification of BSSL.

3.5 MolecularWeightDetermination

The molecular weight of the purified enzyme was determined using two methods. First, by

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) following the merhod

set out by Laemmli (1970), and secondly by gel filtration. These two methods differ in that the

SDS-PAGE is run in reducing conditions in which any sulfide bridges linking rwo or more

protein units will be cleaved. This method results in a lower apparent molecular weight value

than would be returned by gel filtration which runs under non-reducing conditions.
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Table 3.3. Summary of the data obtained for isolation and puritication of bile salt-stimulated
human milk lipase from whole human milk.

Sample* Total Specific Recovery

activity activity of activity
(pnol min-l) ftrnol min-l mg-l) go)

Recovery Purifi-
of protein cation

(Vo) factor

Whole milk
Skim milk
Whey

Dialysed whey

Dialysed centri-

fuged whey
*Heparin-sepharose 

I
te-161

Affi-Gel blue I(a) [l-3]
Affi-Gel blue I(b) [2-5]*Heparin-Sepharose 

II
[r4-20]

Affi-Get btue II(a) [2-4]
Affi-Gel blue II(b) [l-3]

4839

3s65

2286

2292

2196

9ll

190

397

805

135

IM

1.06

1.51

t.7I
r.74

r.75

27.6

38.0

46.7

30.9

27.5

3t.4

100.0

73.0

47.2

47.4

45.4

18.8

3.9

8.2

16.7

2.8

3.0

r00.0

52.r

29.2

28.8

27.4

0.72

0.11

0.19

0.66

0.1I
0.10

1.0

1.40

l.6l
r,64

r.66

26.r

35.9

43.8

25.2

26.0

30.7

The numbers in parentheses refer to pooled fractions - see discussion 3.4.2 above

A 1 mm thick gel consisting of a 7-15 Vo gradientacrylamide separating gel, with a4 Vo stacking

gel on top, was used. The BSSL samples and known molecular weight standards were dissolved

in SDS dissociation buffer and loaded onto the gel. Fractionation was accomplished by running

the gel at 5l mA for 3 hours. The gel was then fixed in gel fix before staining with Coomassie

blue for 20 minutes. Finally, the gel was destained to allow visualisation of the fractionated

bands before being dried down onto a piece of 0.3 mm Whatman chromatography paper which

acted as a support. The most intense band on the gel indicated a protein with a molecular weight

equal to 120 000 daltons. The lower molecular weight bands are probably due to impurities

and/or degradation producs that formed during the purification procedure.
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hmherhrificatio
(optional)

sec gection 3.7

Bile Salt-Stimulated
Human Milk Lipasc
(35.9 U mS'' n3 mg)

Figure 3.4 Flow chart representation of the purification procedure.
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To identify which band on the SDS-gel corresponded to BSSL, the active site on the enzyme was

labelled with a radioactive tracer, [,3-3H]-diisopropylfluorophospharc (3H-DFP). Studies by

Bliickberg & Hernell (1981) showed that BSSL was completely, and irreversibly, deactivated

upon incorporation of slightly less than stoiciometric amounts of DFP into the active site of the

enzyme.

An aliquot (100 pil., 100 /Ci) of radioactively labelled DFP [,3-3H]DFP (NEN, Dupont 3 Ci

mmol-I1 was combined with l0 pL of unlabelled DFP (10.86 gmol L-l in fso-propanol) and

78 pL (70.9 pcillOO nmoles) were added ro the BSSL enzyme (=2 mgin I mL of 5 mmol L-l

sodium barbital, 0.1 mol L-l NaCl, plHi .4). The enzyme was incubated (final concentration 0.1

mmol L-l npp) for 30 min at 37 "C. The kinetics of inactivation were monitored by activiry

measurements against PNPA as substrate to ensure that complete incorporation of J3HlOfe naO

occuned. This was evidenced by complete loss of enzymic acrivity. Figure 3.5 shows the

inactivation profile.

100

02468
Time (min)

Figure 3.5 Deactivation profile, determined from the esterase activity, resulring from [3H]-
DFP incorporarion into the active site of BSSL.

An aliquot of the labelled preparation was analysed by SDS-polyacrylamide gel electrophoresis

on a llVo acrylamide gel. Protein was detected by Coomassie blue staining and radioactive
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bands detected by fluorography using sodium salicylate. The visualised SDS-PAGE gels

indicated (data not shown) that all the [3H]DFP incorporarion was into rhe 120 000 dalton band.

Hence only BSSL was radioactively labelled, as expected, and the protein corresponding to the

band at 120 000 was identified as being BSSL.

3.5.2 Gel Filtration Molecular Weight Determination

In order to follow the enzyme during the gel filtration it was necessary to label radioactively the

active site with a radioactive tracer. The enzyme was labelled as described above in section

3.5.1. The labelled enzyme solution was applied to a gel filtration column (1.6 x 22 cm) af

Sephadex G-25 equilibrated with 0.1 mol L-r NH4HCOT. Fractions (0.75 mL) were collected

as the protein content was recorded and aliquo6 taken for determination of the radioactivity and

the esterase activity. Plots of protein content and esterase activity versus fraction number and

molecular weight are shown in Figure 3.6.

Moleculor weight (kDo)

669 ,[43 66
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0.02

20 40 60 80
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Figure 3.6 A series of plos displaying protein content, esterolytic activity and molecular
weight of the protein fractions collected from the gel filtration of BSSL from separation I.
Radioactivity was detecred in fractions 52-56.
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The esterase activity data were normalised to that contained in 250 pL. This was done because

the volumes of the aliquots assayed varied due to the large range of activities contained in the

fractions.

The apparent molecular weight of the predominant protein is at 330 000 daltons, nearly three

times that observed in the SDS-PAGE gels (see section 3.5.1). It is important to note thar the

whole of the esterase activity and the radioactivity corresponds to this protein band. The massive

discrepancy between this molecular weight estimation and the SDS-pAGE determination

suggests that BSSL runs as at least a dimer under the non-reducing conditions used in gel

filtration and further suggests that BSSL may be made up from two or more protein moieties

linked by disulfide bridges which are easily cleaved under the reducing conditions experienced

in SDS-PAGE (Thomas,1974). In the situation that disulfide bonds become broken then it has

been found that the mobility of a protein in sodium dodecyl sulfate is generally proportional to

its sub-unit molecular weight.

Anothercause for the observed dissimilarity in molecular weightmay be due to the shape of the

protein. The mobility of a protein through a gel depends strongly not only on its molecular

weight but also on the shape of the protein. A study by Guy et al. (1981) on the human

pancreatic carboxyl-ester hydrolase has shown the protein to have an ellipsoidal shape with an

axial ratio higher than 10, i.e. it is almost a rod. Consequently, it elutes much earlier on gel

filtration than would be expected for a globular protein; it elutes as if it were a globular protein

with a molecular weight of about 300 000 daltons although it is a monomer of 100 000 daltons.

By using this analogy, then, the milk protein may also be monomeric. The effect of bile salt on

the molecular weight was also investigated. Gel filtration of BSSL in the presence of l0
mmol L'l cholate showed that the predominant protein band shifted only slightly to a higher

molecular weight of -380 000 daltons (data not shown).
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3.6 Comparison of Results with Literature Data

A summary of the optimal steps of purification and the results obtained in this investigation,

compared with those reported elsewhere, are given below.

a) Present work . Separation I

Main steps: heparin-Sepharose I, heparin Sepharose II, Affi-Gel blue I, Affi-

Gel blue II

Starting Material: 128 mL human milk

Protein content

(Lowry): 4527 mgl128 ml, 35.4 mg ml,-l

Purified BSSL: 23.0 mg, 0.51 Vo of the roral milk protein

Purified from

I mL milk 0.18 mg BSSL

Recovery of activity: 18 vo (r mmol L-l p},IpA, pH ?.5, 2 mmol L-l TC, 3j "c\

Purification facror: 43.8 (best value), 34.1 (average value)

Specific activity of

the purified BSSL: 46.7 (bestvalue), 35,9 (average value) U (mg protein)-l (l mmol

L-l pNpA, pH7.s,2 mol L-l Tc, 37 "c)

Molecular weight: 120 000 daltons

b) Walde and O'Connor (1984)

Main steps: heparin-sepharose, Affi-Gel brue I, Affi-Gel blue II
Starting material: 6l mL human milk

Protein content

(Lowry): l59Zmgl6l mL milk,26.l mg ml.-l

Purified BSSL: 7 .2 mg,0.45 Vo of the total milk protein

Purified from

I mL milk: 0.12 mg BSSL
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Recovery of activity: 23 Vo (l mmol L-l PI.IPA, pH 7.5, 2 mmol L-l TC, 25 "C)

Purification factor: 5l

Specific activity of

the purified BSSL: l8 U (mg protein)-l (1 mmol L-l PI.IPA, pH 7.5, 2 mmol L-l TC,

25"C)

Molecular weight: I l0 000 daltons

c) Bllickberg and Hernell (1981 and 1983)

Main steps: heparin-Sepharose I, Affi-Gel blue, heparin Sepharose II

Starting material: 58 mL human milk

Protein content

(Lowry): 1300 mg/58 mL milk, 22.4mgmL-r

Purified BSSL: 3.0 mg BSSL, 0.23 Vo of the total milk protein

Purified from I mL

milk: 0.05 mg BSSL

Recovery of activity: 26 Vo (tnolein, pH 9.0, 56 mmol L-r TC, 37 "C)

Purification factor: 113

Specific activity of

the purified BSSL: 30 U (mg protein)-r (PNPA, pH7.4), (1983)

Molecular weight 125 000 daltons

d) Wang and Johnson (1983)

Main steps: cholate-Sepharose, Bio-Rex 5 anion exchange resin, heparin-

Sepharose

Staning marerial: 450 mL human skim milk

Protein content

(Lowry): 4640 mgl450 mL skim milk, 10.3 mg ml--l skim milk

Purified BSSL: 3l mg, 0.67 Vo of the total skim milk protein
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Purified from I mL

skim milk: 0.07 mg BSSL

Recovery of activity: 40 vo (l mmol L-l pNpA, pH 7.5, 2 mmol L-l Tc, zs "c)

Purification factor: 59

Specific activity of

the purified BSSL: 52 U (mg protein)-l (l mmol L-l pNpA, pH7.5,2 mmol L-l Tc,

25"C)

Molecular weighfi 125 000 daltons

e) Wang (1980)

Main steps: concanavalin A-sepharose 48, cholate-sepharose 48

Starting material: 880 mL human milk

Protein content

(Lowry): 12600 mg/880 mL milk, 14.3 mg ml,-l

Purified BSSL: 32 mg,0.Z5 Vo of the total milk protein

Purified from I mL

milk: 0.04 mg BSSL

Recovery of acrivity: 37 vo (r0 mmol L-l triolein, pH g.5, 20 mmol L-l Tc, 37 "c)

Purification factor: 150

Specific activity of

the purified BSSL 64.9 U (mg protein)-t (to mmol L-l triolein, pH 8.5, 20 mmol L'l
TC,37 "C)

Molecular weight: 125 000 daltons

From this comparison it can be seen that the purest fraction obtained in this investigation had a

specific activity of 46.7 U (mg protein)-I, comparable with that reported by Wang and Johnson

(1983),52 u (mg protein)-l (1 mmol L-l pl..IPA, pH 7.5,2 mmol L-l Tc,25 "c), although less

of the total activity was recovered. The surprising result that emerged from these data was the
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amount of BSSL recovered per mL of whole milk (0.23 mg ml-l). In this investigation it was

more than twice that obtained by Walde and O'Connor (1984) (0.12 mg ml-l) and at least four

times those obtained by other workers. The purification factor was smaller than that of some of

the other investigations, but the specific activity of the recovered enzyme was higher. More

enzyme of high specific activity is recovered per mL of whole milk if one uses the procedure

outlined in Figure 3.4. Table 3.4 shows the literature data for initial acrivity in whole milk.

Table 3.4 Values of initial activity in whole milk used in this present study and data from
other investigations.

Investigators Substrate Temp.
("c)

Activity fu.cnol
product released per
min per mL of milk)

Wang & Johnson

(1983)

Bliickberg &
Hernell (1981)

Wang (1980)

Walde &
O'Connor (1984)

Clark et al. (1984)

Clark et al. (1984)

Yaghi (1989)

Present work

I mmol L-l plvpA

(2 mmol L-l TC)
triolein

l0 mmol L-l triolein
(20 mmol L-r TC)

1 mmol L-l ptwA
(2 mmol l-l rC)

PNPA

triolein
I mmol L-r pNpA

(2 mmol L-l TC)
1 mmol L-l pl.,IpA

(2 mmol L-r TC)

37

25

37

9.04

17.7

6.30

9.30

4.68

1.55

4t.5

37.8

22

37

37

37

37

These data show that, even when allowing for the effect of temperature, the acdvity present in

whole milk also varies by a factor of up to lO-fold. The pooled milk from New Zealand mothers

(Walde and O'Connor, 1984 and this work) seems particularly rich in BSSL. A further

epidemiological study of the BSSL activity in the milk of mothers of various erhnic groups living

in New Tr..aland may reveal interesring racial differences.
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The comparison given in section 3.6 shows that the molecular weight which has been separately

determined for different samples varies between 90 000 to 125 000 daltons. The molecular

weight determined for our sample was 120 000 daltons. It is also known that BSSL is a

glycoprotein (wan-e, 1981). It would be interesting to investigate whether the difference in

molecular mass is related to the initial activity in the whole milk and whether, in turn, this is

related to the carbohydrate content of the enzyme. It may also be possible that the molecular

mass is related to the technique used for purification of the enzyme.

The total amount of purified BSSL obtained in the procedure detailed in section 3.4 was only
29 mg(ofwhich -S0vowasprotein)andduringthecourseofthisinvestigationitwasneccessary

to obtain more enzyme. A further four purifications were carried out and in the last two of these,

modifications in procedure were incorporated in a deliberate attempt to increase the specific
activity of the enzyme obtained. Table 3.5 details the characteristics of the whole milk and the

purified enzyme foreach separation and also Iists any modifications made to the method. These

modifications are discussed inmore detail in the nextsection. The numbering of the separations

from I through V is arbitrary although section 3.4 describes in detail the procedures used in
separation I which is defined as the standard purification procedure. Separations II and III
followed these procedures exactly.

To some extent the benefiE and detriments of the modificarions made to the standard method

will be obscured by factors beyond the author's control. These include the method and length

of storage before the commencement of separation (Hamosh et al.,l9g4), the number of weeks

post-partum (Brown et al.,1983) and gestation periods (Pamblanco et a|.,19s7). Nevertheless,

the number of separations performed allows a rudimentary statistical approach to be taken when

considering the differences in the specific activity, protein content and molecular weight data

presented in Table 3.5.
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3.7.2 Effect of Extended Dialyses - Separation lV

The dialysis steps outlined in section 3.4 were extended from 14-16 h (overnight) to 62-66 h

(over three consecutive nights) in separation IV. Longer dialysis allowed more time for salts,

or any other dialysable impurities, to be removed from the milk solutions. Thereby it was hoped

to raise the specific activity of the purified BSSL because i) the amountof impurities would have

been reduced, and ii) with the removal of more salts, their inhibiting effects would be minimised.

The whole milk used in this separation exhibited a noticeably lower specific activity than that

listed for separation I, presumably due to factors discussed in section 3.7.1,ie. as a direct result

of freezing the milk prior to separation. Table 3.5 shows that the protein content of the purified

enzyme was unaffected and that a sizeable decrease in the specific activity was observed and of

a magnitude greater than that attributable to an intially small activity of the whole milk.

Furthermore, the molecular weight of the predominant protein was reduced from 120 000 daltons

to 85 000 daltons. These observations are consistent with a paftial breakdown of the enzyme,

possibly as a result of action by a protease. Extended dialysis would allow any prorease

contaminant to work on the enzyme for a longer period (the toml dialysis time was now I 14-

126 h instead of 42-48 h spent previously). It is of great inreresr thar high enzymic acriviry had

been retained even though the enzyme molecule had clearly been cleaved. This observation

suggests that the general morphology had not been drastically disrupted and that the active site

remained intact.

An additional purification step, at the penultimate stage of the purification (see figure 3.4), was

introduced. The pooled fractions, eluted from the final Affi-Gel blue column, were collected and

passed through a second heparin-Sepharose column. This step was introduced in the expectation

of an increase in the specific activity by removal of any lactoferrin that might have eluted with

the enzyme in the earlier chromatographic steps. Although an increase in specific activity was

obtained,itwasat.theexpenseofyieldofpurifiedprotein. Approximatelyonehalfoftheprotein
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was lost as a result of introducing this step while the purity was increased by less than 20 percent

compared with the protein obtained from separation I. Since the BSSL obtained in separations

I to III was of acceptable purity (protein content > 75 Vo) and the SDS-PAGE showed the

presence of relatively minor protein impurities) this additonal step was deemed to be cost

ineffective.

3.7.4 Kinetic Profiles for the Proteins from Separations l. lV and V

Since the major thrust of this study was to elucidate reaction mechanisms it was essential to

determine the kinetic behaviour of the BSSL from each separation. Comparative measurements

were made from determination of the esterase activity against PI.IPA (section 2.4.1) and the

lipase activity against triolein (section 5.4).

Figure 3.7 shows the esterase activity at various concentrations of taurocholate for the protein

from separations I,IV and V (full activity profiles for the products from separations II and III

were not obtained). In order to make this comparison, the initial rates which were obtained were

all normalised to 100 percent relative activity for each separation product. Table 3.5, however,

contains the specific activity data.
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Figure 3.7 Esterase activity of BSSL obtained from
taurocholate concentration.
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The three activity-taurocholate concentration profiles are almost superimposable, indicating that

esterolytic activity of the three enzyme preparations is essentially concordant.

Figure 3.8 shows plots of the lipase activity measured as a function of taurocholate concentration

for the products from separations I, IV and V. The lipase assay was performed in an emulsion

of triacylglyceride and BSSL dissolved in buffer. For a description on the methodology, see

section 5.4. Once again, the data were normalised to 100 percent relative activity. All three

profiles are generally very similar in shape and percent relative activity. The increase in lipase

100

from; O seporotion I

v seporotion lV

Y seporotion V

05101520

fTourocholote] (mmot t-l)
Figure 3.8 Lipase activity of BSSL obtained from separations I, IV and V plotted against
taurocholate concen tration.

activity is not linear with respect to increasing taurocholate concentration at values lower than

l0 mmol L-1. This apparent lag phase of BSSL activation in response to increasing taurocholate

concentration has been noted previously by Wang and Lee (1985) and attributed to interactions

between the taurocholate and otherconstituents in the assay mixture. These interactions reduce

the "effective" taurocholate concentration available to activate the enzyme so a lag phase is

observed.

These profiles illustrate the difference between stimulation and activation of enzymic activity.

Figure 3.7 shows that the esterase activity is stimulated by the presence of bile salts, since even
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in the absence of taurocholate, there is some BSSL activity and on the addition of bile salt this

activity is stimulated. BSSL shows no lipase activity in the absence of taurocholate. However,

in the presence of bile salt there is a consequential activation and maximum activity is reached

at a bile salt concentration approximately equal to 10 mmol L-1.

3.7.5 The lnfluence of Dialysis on the Activity of BSSL Once Stimulated by the

Presence of Taurocholate

It had been observed that a taurocholate concentration of 1 mmol L-l was sufficient to stimulate

fully the esterase activity of BSSL. It was of interest to determine whether or not this level of

activity was maintained when fully activated enzyme was introduced into a solution containing

no taurocholate. Two experiments were designed to answer this question.

The esterase activity of an aliquot of BSSL solution (2mglmL in 0.1 M Tris/HCl buffer, pH7 .a)

containing 4 mmol L-l taurocholate, an amount, sufficient to stimulate fully the enzyme, was

measured using the method described in section 2.4.1 with one alteration. Tris/HCl buffer

containing no taurocholate was used for the assay. The final concentration of taurocholate in the

assay mixture was now in the micromolar range, a level far below that for which maximum

activity stimulation was observed. However, the rate of hydrolysis of PNPA refurned from this

determination was the same, within experimental error, as that returned for the standard method.

A more thorough invesdgation was conducted as follows. A solution of BSSL (0.2 mg/ml in

0.1M TrislHCl buffer, pH7.4),containing 4 mmol L'l taurocholate, was prepared. This solution

was divided into two parts, A and B. The activity of the BSSL in both parts was measured

against PNPA (as per the method described in section 2.4.I) and the values returned were taken

to reference subsequent activity measurements. Part A was then placed in dialysis tubing and

set aside to dialyse against 0.1 M Tris/HCl at4"C. PartB was stored at4"C and served as a

control sample. At various times dialysis was stopped and the volume of contents of the dialysis

tubing measured. The esterase activity of part A was determined and then corrected for dilution

using the measured volume change. The activity of part B was determined at the same time. The
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activity values for parts A and B were then normalised to 100 Vo. All activity measurements

were made in duplicate and if the difference between the two determinations was greater than

5 percent then the measurement was repeated.

Figure 3.9 shows a plot of the esterase activity of the BSSL in parts A and B as a function of

time. The trace corresponding to the dialysed sample follows very closely the activity trace for

the control BSSL solution. This similarityin theloss inesterase activity, due to autoinactivation,

suggests that once BSSL is fully activated by the presence of taurocholate, the removal of

taurocholate from the solution does not cause release of the activator from the enzyme. A strong

BSSUtaurocholate interaction must be responsible for this observation.
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Figure 3.9 Comparison
A, and a control, part B.

3.8 Conclusion

50 100 150 200

Hours (h)

between the esterase acitivity of a dialysed solution of BSSL, part

Inspection of Table 3.5 suggests that the slightly lower specific activity of the whole milk may

be related to the fact that the whole milk used in these separations underwent prolonged storage

either prior to the commencement of the purification procedure or during it, as in the case of

separation IV, in which extended dialyses were employed in order to increase the protein purity.

This treatment seems to have resulted in some breakdown of the protein. This conclusion is
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supported by the fact that only in these three separations was there a protein band observed in

the SDS-PAGE at a molecular weight of 85 000 daltons.

However, thekinetic behaviourof the protein from each separation, although of slightlydiffering

specific activity, exhibited very similar kinetic behaviour in both lipase and esterase activity. It

is also interesting to note that the BSSL isolated from these three separations has the lowest

specific activities.

BSSL has been isolated from human milk in a highly pure form. The initial concentration of

BSSL in the whole milk was only 0.51 Vo of. the total protein content whereas it was

approximately 80 Vo ptne after purffication. The isolated enzyme has been characterised

physically (molecular weight, protein content, activity) and kinetically (esterase and lipase

activities) to ensure that it was pure and that the protein isolated was BSSL.



4 The Amino Acid Sequence of BSSL

4.1 Introduction

Perhaps the most fundamental and interesting question in the study of enzymes is how the

molecular structure accounts for the remarkably high and specific catalytic activity. When

one considers that BSSL is a molecule with a molecular weight of 120 000 daltons it would

seem that there was little likelihood of finding an answer to this question, since the

determination of the complete chemical and geometrical structure of such large molecules

would appear to be an impossible task.

However, the number of building blocks of which proteins are constituted, the amino acids,

is finite so the task may then be reduced to a determination of the order of the amino acids.

This process is called the protein amino acid sequence analysis.

The partial amino acid sequence of BSSL has been determined. This study was undertaken

by Dr. D. Christie, Department of Biochemistry, University of Auckland. Dr. Christie also

carried out many of the kinetic assays associated with this determination. The results have

been reported by Christie et al. (199I). Therefore, this chapter is included only as an

8l
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overview of the technique and of the results obtained, particularly where they are of relevance

to the interpretation of the kinetic results described hereafter.

4.2 The Primary Structure (Amino Acid Sequence) of Proteins

The determination of the amino acid composition of a protein represents the first step in

attempts to understand its structure. These determinations are generally made after acidic

hydrolysis.

For example, the amino acid analysis of BSSL has been performed by Blfickberg and Hernell

(1981). In their determination, they prepared hydrolysed samples of BSSL by using constant

boiling hydrochloric acid, in vacuo at 110 oC for between 24 and 48 h. The time is varied,

both to estimate the rate of destruction of labile amino acids, e.g. serine, threonine and

tyrosine, and to ensure the complete hydrolysis of more stable peptide bonds, particularly

those involving isoleucine and valine residues.

This treatment completely hydrolysed the protein, and the amino acid composition was then

measured spectrophotometrically or analysed by chromatographic means. They found that

BSSL contained eighteen different amino acids with an unusually high percentage of proline,

which accounted for more than 10 percent of the total number of residues. This investigation

also revealed that the combined amount of acidic residues, f.a. glutamic acid and aspartic acid,

represented approximately 20 percent of the protein. The isoelectric point of BSSL is

approximately 4 and the high percentage of acidic residues accounts for this low value.

The next step requires determination of the sequence of the amino acids in the peptide chain

or chains. This determination presents many difficulties, because there exist many

possibilities for isomerism arising from the nature of the amino acids present and their

positions relative to one another. To illustrate the problem, consider a polypeptide containing

20 different amino acids in which each residue occurs only once. There is the possibility of

factorial 20, or approximately 2 x 1018, different compounds, each one of which contains the
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identical amino acids in the same proportions. Such a polypeptide would have an approximate

molecular weight of only 2 000 daltons. Clearly then, when considering a large protein such

as BSSL, with a molecular weight of 120 000 daltons, the magnitude of the problem becomes

enonnous.

Fortunately, however, there exists a number of methods by which the amino acid sequence

of a protein may be elucidated. The general method of determination is as follows:

l. paftial cleaving of the peptide bonds in the protein (either by partial acid

hydrolysis, by action of proteolytic enzymes, or by specific chemical cleavage);

2. isolation of the resulting peptides in pure form;

3. determination of the sequences of the smaller peptides; and finally,

4. deduction of the complete sequence from the sequences of peptides of overlapping

structures.

Partial acidic hydrolysis of the peptide chain may be obtained by limiting the time of

hydrolysis. However, this method is usually timited to smaller peptides and is seldom used

for larger peptides or proteins. The method results in low yields of peptides, and larger

peptides are seldom obtained in significant yield. Moreover, the hydrolysis is essentially

random, with the result that a mixture of many components is oblained and these are difficult

to isolate in pure form.

Action of proteolytic enzymes on proteins results in only limited cleavage, producing

relatively large fragments in good yield. Since each peptide fragment must be isolated in pure

form, usually by chromatographic or ionophoretic methods, the smaller the number of

fragments then the more simple is the problem of purification.

The use of different proteolytic enzymes will result in hydrolysis of only certain types of

Peptide bonds. For example, trypsin catalyses the hydrolysis of peptide bonds which involve

participation of the carboxyl group of lysine or arginine residues. Thus, from a knowledge

83
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of the composition of these amino acids in a given protein, the number of bonds susceptible

to trypsin may be calculated. Each peptide resulting from the action of trypsin should

terminate in an arginine or lysine residue (with the possible exception of the original carboxyl-

terminal residue).

Different proteinases, such as chymotrypsin, pepsin, papain, etc, can hydrolyse peptides or

proteins at other loci in the peptide chain. For the complete sequence determination of a

protein, at least two different forms of enzymic hydrolysis must be used in order to deduce

the structure by the method of overlapping sequences.

A specific chemical method of value for cleavage at methionine residues has been the use of

cyanogen bromide (CNBr) in acidic solution, e.g. 70 Vo formic acid. Since most proteins

contain relatively few methionine residues, this method offers an approach to obtaining large

peptides. This was true in the case of BSSL (Christie et aI., 1991) in which methionine

comprises only 1.6 percent of the total number of residues (Bliickberg and Hernell, 1981).

4.3 The Partial Amino Acid Seguence of BSSL

The enzyme was purified from fresh human milk using the procedure described in Chapter 3.

The enzyme was dialysed extensively, freeze-dried and stored at 4 oC.

For determination of the residues in the active site, the enzyme was labelled with [3H]npp

and further purified by chromatography on a Sephadex G25 column, in the manner described

in Chapter 3. The SDS-PAGE analysis, described in secrion 3.5.1, indicated rhar [3H]DFp was

incorporated solely into the protein band corresponding to BSSL at a molecular weight of

120 000 daltons. The results from the gel filtration, showing the protein content, esterase

activity and radioactivity, are given in section 3.5.2. The protein fractions corresponding to

peak esterase activity and radioactivity were pooled ready for sequence determination.
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Sequence Analysis

The procedure for the preparation of CNBr-cleavage of peprides of [39]OfP-labelled BSSL

and the protein amino acid sequence analysis is described in detail in Christie et al. (1991).

Cleavage of the protein at methionine residues with CNBr resulted in conversion of all of the

[39]nf'p-taUelled material to low molecular weight marerial, as indicated by SDS-PAGE. The

action of CNBr resulted in the formation of 6 peptides comprising 146 residues. The CNBr

peptides were isolated in pure form by reverse phase HPLC and subjected to automated

sequence analysis.

4.4 Results

Sequence analysis of a l3n]nFP-labelled peptide indicated that the acrive site serine was

contained in the sequence Gly...Glu...Ser...Ala...Gly. These residues, whose associated

functional groups may have mechanistic significance, are shown in Figure 5.9. The sequence

Gly...Glu...Ser...Ala...Gly is a consensus sequence which is also found in the acrive sirc of

pancreatic lipase, serine proteases and cholinesterases.

A search of the NBRF protein sequence database with each of the sequences revealed

sequence similarity with a putative rat lysophospholipase. The observed sequence identity for

these alignments corresponded to 82 out of 99 residues. This correspondence represents 83

percent identity.

Further purification of the J3ulore-hbelled material, and subsequent sequence analysis,

revealed that in addition to the sequence similarity between rat lysophospholipase, this

sequence showed homology with regions of human butyrylcholinesterase and electric ray

acetylcholinesterase (68 percent identity).
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It has been proposed by Christie et al. (1991) that BSSL and human pancreatic carboxyl-

esterhydrolase are likely to be identical, representing the species counte{parts of rat

lysophospholipase. It was also proposed that BSSL is a new member of a supergene family

which includes cholinesterases.

4.5 Other Investigations on BSSL and Related Enzymes

A number of reports concerning the amino acid structure of BSSL and related enzymes has

appeared in recent literature.

Hui and Kissel (1990) reported that there was a high level of homology between the primary

structures of BSSL and the rat cholesterol esterase, suggesting that these enzymes may be

identical. This proposal was also made by Christie et al. (199D (see above) in a concurrent,

but independent, study. Hui and Kissel were able to confirm their proposal by the isolation

and sequence analysis of cDNA encoding the human pancreatic esterase. Nilsson et aI.

(1990) also compared the sequences of the peptides in BSSL and in the human pancreatic

carboxyl ester hydrolase and found that the two enzymes are in fact identical and coded for

by the sirme gene. They, too, drew the same conclusion as Christie et al. (1997) that the milk

enzyme is a new member of the supergene family of serine proteases.

Chemical modification and site-specific mutagenesis techniques were employed in a study of

the pancreatic cholesterol esterase conducted by DiPersio er aI. (1990). The enzyme was

modified chemically by reaction wittr [3H1OFP, subjecred to CNBr digestion and the peptides

were purified by HPLC. A single [3H]nfp containing fragment was obtained for sequence

determination. DFP bound to a Serine residue within the serine esterase homologous domain

of the protein. Cholesterol esterase was then expressed with the Serine residue replaced with

either threonine or alanine by site-directed mutagenesis. This substitution resulted in the total

loss of enzymic activity for catalysing the hydrolysis of 4-nitrophenyl butyrate and cholesteryl
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llacloleate and ll4cltysophosphatidylcholine, thereby providing experimental evidence that

the Serine was catalytically essential.

A further study involving site-specific mutagenesis of this enzyme was conducted by DiPersio

et al. (199I). Comparison of the sequences of rat pancreatic cholesrcrol esterase with that of

acetylcholinesterase and cholinesterase revealed that there were two histidine residues in

common. However, only the protein domain around one residue showed any homology

between the three enzymes (47 percent). Substitution of this histidine by either glutamine,

arginine, alanine, serine, or aspartic acid abolished the activity of cholesterol esterase for

catalysed hydrolysis of 4-nitrophenyl butyrate and cholesterol llacloleate. In contrast,

mutagenesis of the other histidine residue had no effect on the cholesterol esterase activity.

4.6 Concluding Remarks

Determination of the amino acid sequence of the active site and the amino acid composition

of BSSL and establishing the residues critical to the catalytic process of related enzymes has

provided invaluable evidence which may be used postulating a scheme for the mechanism of

the enzymic action of BSSL. Such a scheme is described in the next chapter.

It has been observed that BSSL and the rat lysophospholipase enzyme show a high degree of

homology. Comparison of the amino acid sequences of enzymes in different species'has

shown that, in many cases, the sequence of an enzyme may be handed down essentially

unchanged by the copying process, even over periods of millions of years and vast numbers

of generations.



5 The Hydrogen/Deuterium Kinetic

lsotope Effect

5.1 Introduction

In investigations of reaction mechanisms the effect of substitution of chemically identical atoms

of different mass can give information about the rate determining step in the reaction. If the

subsdnation occurs on one of the atoms involved in a bond which is cleaved in the rate

determining step, a significant change in the reaction velociry may be observed. The magnitude

of this primary isotope effect depends on the change of mass. Substitution of deuterium for

hydrogen (a doubling of mass of the relevant atoms) can cause quite appreciable rate reductions,

sometimes up to l0 fold. The reductions in rate occasioned by the different isotopes of carbon

or oxygen are much smaller. For example, the upper limits of some primary kinetic isotope

effects can be estimated as;

,"t tr, 
k

= 1.50 "'k 
= r.z5

"ak

too& 
= l.l9ttok=10,^k tork

although these values are also dependent on the other atom involved.

Consider the transference of an H or D atom. If it is found that the H atom is transferred six to

ten times more rapidly than the D atom then this comprises good evidence for a mechanism in

which the H or D atom is directly involved in bond-breaking or bond-making in the rate

88
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determining step of the reaction. This situation is termed a primary kinetic isotope effect.

Secondary kinetic isotope effects arise from isotopic substitution of an atom which is not directly

involved in the bond-breaking or breaking-making process. The magnitudes of these secondary

kinetic isotope effects are much smaller than those observed forprimary effects, and are usually

in the range of 1.02 to 1.40 (Melander& Saunders, 1980; Kuby, 1991), depending on the identity

of the isotopic atom.

A brief discussion on the cause and implications of isotope effects is given below. Kuby ( l99l )

has recently provided a comprehensive and detailed treatise on this subject.

The origin of the kinetic isotope effect is the difference in the reactivity of, for example, a C-H

bond and a C-D bond. The vibrational frequencies observed by infrared spectroscopy are

approximately 2900 cm-l for C-H and 2100 cm-l for C-D. The zero point energy of bond

vibration, e, is given by

" = lhu
2

,=l tr2nlm

"=h tr4nrlm

(5.1)

where ft is Planck's constant and v is the vibration frequency. From Hooke's law the vibrational

frequency is

(s.2)

where kt is the force constant of the bond and m is the mass of the atom. By combining

Equations 5.1 and 5.2, itfollows that

(5.:)

The force constants of C-H and C-D bonds are very nearly equal (for simplicity, and in

accordance with the Born-Oppenheimer principle, they are assumed to be so) and the zero point
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energy is inversely proportional to the square root of the mass. Accordingly, the zero point

energy of the C-D bond should be ll{2 times that of the C-H bond, which coresponds very

closely to the relative energies calculated from the above infrared frequencies:

EH-c = 17.4 kJ mol-l and ED-c = 12.6 kJ mol-l

Figure 5.1 shows schematically the relationship between zero-point energies and energy of

activation. In the transition state the vibration is transformed into translation and there is no

difference between the transition state energies of C-H and C-D, provided that only motion of
the isotopic atom in the reaction coordinate mode is considered..

Tronsition stote of
C-D or C-H

G* for C-H
Zero point

\.-t +
G* for C_D

Zero point C-D

Progress of reoction -+

Figure 5.1 The reaction profile (rendered schematic) for the dissociation of C-H and C-D
bonds showing the relationship between zero point energy and activation energy.

From the difference in G* for the two bonds (4.81 kJ mol-l) it is possible to calculate the ratio

of rate constants for reactions whose rate determining step involves breaking of the substituted

bond. By applying rhe Eyring equation

I

c|lt-
G)c

trj

k =}{rao*nr
h

(5.4)
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one can derive

H k _ ,cjrnrr-r
t" fi = (cj -c!r>tnr = r.e4 (at2elrg

Hk

-=l
Dt

(s.s)

(s.6)

(s.7)

Kinetic isotope effects of this magnitude are often found in reactions involving C-H versus C-D

bonds.

When one considers which bonds are to be broken and formed in lipolytic action and the

experimental errors involved in making such measurements, then substitution of the potentially

reactive hydrogen atoms with deuterium atoms is the preferred choice and may be accomplished

simply by using DtO as solvenl Larger relative kinetic isotope effects may be observed by

substitution of the hydrogen atoms with tritium atoms. However, there are practical

disadvantages in using this radioactive nuclide. Moreover, the physical properties of 3HrO vary

quite considerably from those of lHrO.

However, there are some difficulties in interpreting deuterium isotope effects if DrO is used both

as solvent and as reactant. Firstly, the nature of the isotope effect, whether it be a solvational

isotope effect or as a result of breaking or forming O-D versas O-H, is difficult to distinguish

when water is both the reactant and the solvent in the reaction under study. This is especially

so in this present study where the deuterium, or protium, is labile. Furthermore, there are both

primary and secondary isotope effects to be considered, depending on the degree and position

of deuterium exchange on the enzyme surface. Because of these difficulties, the term solvent

isotope effect is employed to describe the gross effect observed in this work (Bell ,lg73).
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The second difficulty arising from the nature of solvent used in this study arises because water

plays an extremely important role in enzyme conformation. D2O also has quite different

properties from H2O. D2O forms stronger hydrogen bonds with itself than does H2O and most

compounds are less soluble in D2O than in HrO (Kirshenbaum, 1951). It has ahigher molar heat

capacity, viscosity and temperature of maximum density, all factors which contribute to the

greater structural organisation of heavy water. The enzyme may, therefore, undergo many small

but significant structural changes if the solvent is changed from HrO to D2O. A protocol for
overcoming this potenrial difficulty is described in secrion 5.5.

The assay method used in this work was an adaptation of the standard lipase assay procedure

developed by O'ConnQr et a|.,1988. The hydrolysis reaction was carried out in an emulsion

formed by sonication of a substrate with the enzyme. The substrate was radioactively labelled

in such a way that the fatty acid products retained the label, allowing the rate of their production

to be monitored. At various time intervals, aliquots of the reaction mixture were removed and

quenched by dissolution in a denaturing buffer. A two phase liquid-liquid partition sysrem was

used to separate the fany acid from the unreacted triolein. Liquid scintillation counting was then

used to measure the degree of lipolysis. Because the measured radioactivity of the aqueous

phase is proportional to the amount of fatty acid produced as the reaction proceeds, the rate

constants for the hydrolysis of the lipid may be evaluated.

5.3.1 The Choice of Substrate

The substrate chosen for the lipase assay was 1,2,3_tri[cis(9,10(n)_3H)_octadecenoyl]glycerol,

or triolein, shown below.

cH2oco(cH2)7c3H = C3H(CH 2)7CH'

CHOCO(CHr)'C3u = C3H(CH ).Cn.,

CH2OCO(CH2)7C3H = C3H(CH 2)7CH.'

triolein
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Because BSSL is devoid of any positional specificity for the hydrolysis of triolein (Hernell,

1985) the hydrolysis reaction can proceed to completion, with the fat being broken down to

glycerol and three oleic acid molecules.

cH2oH

cH2oH

cH2oH

glycerol

+ 3 HOOC(CH2)7C3H = C3H(CH2)7CH3

oleic acid

Since the substrate degrades slowly in air the triolein/3H-triolein mixture was stored at -10 "C

in dry benzene in an atmosphere of nitrogen.

5.3.2 The Reaction Conditions

Because triolein is a lipophilic substrate, the presence of a bile salt in the reaction mixture was

necessary to activate the enzyme (see Figure 3.8 which shows the activity profile of BSSL

against triolein as the concentration of taurocholate was varied). The amount of taurocholate

required for maximum bile salt rate stimulation of BSSL is l0 mmol L-1. This value was adopted

for all the lipase assay work.

Since the enzyme is water soluble but the lipid is not, the substrate must be prepared in such a

way that the surface area available for contact with the enzyme is maximised. Therefore, an

emulsion was prep.ued by sonicationa of the lipid in the presence of a naturally occurring

surfactant L-a phosphatidylcholine, or lysolecithin. Bovine serum albumin (BSA) was also

added to the mixture as a fatty acid receptor, thereby preventing product inhibition. BSA also

aids in the emulsification of the reaction mixture.

aSonication is a method of mixing a solution. In this case, an inert metal probe was placed into
the medium and caused to vibrate at ultrasonic frequencies. This vibration results in vigorous mixing
of the reaction milieu. The technique is especiatly useful for mixing biphasic solu[ions.
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The pH of the solvent in which enzyme reactions were carried out was critical. However, if the

reactions were performed in deuterium oxide the measurement of acidity was made in terms of
pD. Reactions in these two solvents should be conducted in buffer with the same acid to base

ratio but this does not imply that the pH meter reading in DrO is equal to the pH meter reading

in H2O. If the acid to base ratio present in each solvent is the same then the effective acidity is

also the same. Whereas, if the kinetic parameters of the BSSL catalysed hydrolysis of triolein

are compared when the pH meter reading in HrO equals that in DrO, then one is comparing the

rate at an arbitrary acidity (which in this study is equal to pH 7.5) in one solvent to the rate at a

different acidity in the other. The actual acidities are not the same when the pH meter readings

are the same because the solvents have different acid and base properties. In the case of buffers,

acidity constants are not equal in H2o and D2o (i.e. Ks+ Ks, Bell (1g73)) and therefore an

adjustment is necessary,

A study of the measurement of acidity in deuterium oxide solutions has been conducted by

Glasoe and Long ( 1960). They found that the pH meter reading was 0.40 pH units lower in D2O

solution than in HtO solution and that the relation between pH and pD may be represented as

pD = pH meter reading + 0.4 (5.8)

where the "pH meter reading" is obtained with an apparatus standardised to read pH in HrO

solutions. The values of pD reported here are those obtained after taking into account the

relationship in equation (5.8). Hence the buffer rarios are slightly different in HrO and D2O so

as to allow for [DrO+] = [H3O*J.

The study in D2O had to be carried out in the absence of exchangeable hydrogsn atoms on any

other solubilisate in the reaction mixture. Consequently, it was necessary to remove any labile

hydrogens from the reagents which were used in the D2O assay, and which were present in any

appreciable concentration. The buffer used in this work was tris(hydroxymethyl)aminomethane,

with D2O until the lH MrtR showed there to be no further decrease in the amine hydrogen
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signal. The lH NMR spectra measured after the Tris had been exchanged a number of times

showed that after the fourth exchange no decrease in the NMR signal was observed.

5.4 Experimental

5.4.1 Purification of the Substrate

Non-radioactively labelled triolein was spiked with triolein which had been tritium labelled on

the protons attached to the carbon atoms at positions 9 and l0 on the free fatty acid chains, as

shown above. This was done immediately on receipt of the labelled triolein from the

manufacturer so that non-enzymatic hydrolysis of the substrate would result in only very low

quantities of labelled product. Dilution was necessary because the labelled triolein was

purchased carrier free. The amount available was only 37 nanomoles, all of which would have

been hydrolysed within seconds in the presence of BSSL, or within hours in the presence of a

trace of moisture.

Although the triolein solution was stored at -10 oC some degradation had taken place before

commencement of this investigation. In order to derermine the extent of hydrolysis during

storage of the solution of radioactively labelled triolein, an aliquot (10 4) of the solution was

mixed with four parts methanol:chloroform:n-heptane (1.41:l .25:l) and one parr 0.1 mol L-l
potassium carbonate, 0.1 mol L-l sodium borate buffer (pH 10.5). The two phases were

separated and the radioactivity of each determined by liquid scintillation counting. The rario of
the total activity in the two phases showed that approximately 10 percent of the triolein had been

converted into oleic acid. Thus, the substrate would have consisted of a maximum of 90 percent

triolein and probably some mono- and di-glycerides. Given the non-specific nature of the BSSL

catalyst for these substrates it was not essential to separate the triolein from is degradation

products if consideration were only given to the nature of the substrate. However, the presence

of oleic acid resulting from the hydrolysis of triolein in the reaction mixture could cause product

inhibition and would also increase the background level of radioactivity, thereby lowering the

accuracy of the kinetic parameters to be determined from the results. Therefore it was
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considered necessary to purify the triolein/3H-triolein solution. The unlabelled triolein used in

subsequent dilution of the radioactive stock solution was not tested for the presence of hydrolysis

products since it was newly purchased just prior to the commencement of the kinetic assays.

A convenient method of lipid separation using bonded phase columns has been published by

Kaluzny et al. (1985). Commercially available Bond Elut columns were used. Aminopropyl

columns (100 mg) were washed twice with n-hexane (400pL) under vacuum, care being taken

not to allow the columns to air dry. An aliquot ofthe stock solution of triolein corresponding to

30 mg was dried down under nitrogen and redissolved in chloroform (500 pt y. Triolein (3 mg)

in chloroforrn (50 pil-) was applied to column a (Figure 5.2) which was held under vacuum and

the chlorofonn was sucked through,leaving the oleic acid and the mono-, di and tri-glycerides

on the sorbant- The neutral lipids were eluted from the sorbant with a 2:l chloroform:rso-

propanol mixture (800 pL). To remove the fatty acid a 2 7o acetic acid solution in diethyl ether

was applied to the column and the eluate was set aside.

A second chromatographic step described by Kaluzny et al. was used to separate the mono- and

di-glycerides from the tri-glyceride. Although it was noressenrial to this study rhat the lipids be

purified further, from the point of view of the substrate specificity of BSSL, it was considered

desirable to obtain a substrate solution consisting of pure triglyceride. This was because the

possibility of any oleic acid contamination remaining afterthis second step would be minimised.

The eluate containing the lipids was evaporated

(200 pL), and applied to two new columos, b, in

adaptor (as shown in Figure 5.2).

to dryness in air, redissolved in n-hexane

tandem, sealed at the joint with a Bond Elut

A I Vo diethyl ether, l0 7o methylene chloride solution in n-hexan e (L.2 mL) was then passed

through the two columns and the eluate containing the pure triglyceride was saved. The columns

were regenerated by washing in reverse elution order, and the process was then repeated until

sufficient 3H-rriolein for use in this study had been purified.
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Figure 5.2 A schematic diagram of the apparatus used to purify the 3H-triolein.

The composition of the purified triglyceride was tested using the method described above and

was found to contain no oleic acid.

5.4.2 Reagent Preparation

The following solutions were prepared.

t. BSSL solurions,

2.0 mg ml--l in tH-Tris/Hcl or D-Tris/DCl buffer conraining 20 mmol L-l taurocholate
0.1 mg ml--l in lH-tris/Hcl or D-Tris/DCl buffer containing 20 mmol L-l taurocholate

2. sodium Taurocholate,20 mmol L-l in Tris-HCl or DCI buffer
3. Buffer solutions,

lH-Tris/HCl buffer, 0.1 mol L-1, pH 7.5

D-Tris/DCl buffer, 0.1 mol L-r, pD 7.5

Quench buffer, 0.1 mot L-l sodium borate/sodium carbonate buffer, pH 10.5

4. Bovine serum albumin solutions,

1 7o solution in lH-Tris/HCl 
or D-Tris/DCl buffer

4 7o solurion in lH-Tris/HCl or D-Tris/DCl buffer
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Triolein solution,

0.2 g ml--l in benzene spiked with 3H-triolein, final activi ty 46.3 x 106 Bq g-t

Lysolecithin, 3 mg m[,-l in chloroform containing 0.27o lH-Tris/FICI 
or D-Tris/DCl buffer

(this phospholipid was insoluble in dried CHClrb)

7. Organic reagenL MeOH: CHCI3: CrHru = l.4l : LZ5: I (by volume)

Because of their nature, some of these solutions had to be made up freshly every two to three

days, especially the lysolecithin and the BSA solutions. When not in use, the reagenn were

stored at 4 " C with the exception of the solution of triolein, which was stored at - I 0 " C.

5.4.3 Preparation of the Substrate Emulsion

The concentrations of the substrate employed in this study were in the range 0.141 and 33.g

mmol L-I. To achieve such a broad range of concenrrations, various dilutions of the 0.2 g ml--l

stock solution wers necessary. Working solutions of triolein, 20 mg ml--l and l0 mg ml-l,
dissolved in benzene and spiked with 3H-triolein (activity 46.3 x 106 Bq g-l) were prepared.

Triolein solution (various amounts depending on the final concentration desired) and lysolecithin

solution (an amount equivalent to that of triolein) were placed in a 1.5 mL Eppendorf tube and

dried under a stream of nitrogen for 10 minutes, leaving a small drop of triolein in the base of
the tube.

Tris buffer (630 pL) and BSA solution (120 pL, ! Vo) wercadded and the mixture was sonicated

in an ice bath for four minutes in bursts of 30 s on, 30 s off, so as to avoid overheating of the

sample and possible triolein breakdown (since the sonicator probe administers an appreciable

amount of energy to the substrate mixture). The initially clear solution rapidly became cloudy,

then white' as the triolein became dispersed in the aqueous phase. BSA (150 pI-,42o) was then

added and the whole mixed by inversion.

blt *as observed that lysolecithin would not dissolve in dried CHCI3. However, addition of 2 fuof water per mL of CHCI, effected complete dissolution of the phospholipid, presumably by rhe
formation of reversed micelles.

5.

6.
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The substrate emulsion (450 gL) was transferred to a 1.5 mL Eppendorf tube and placed in a

waterbathatST.5"C(vialA). Toanotherl.5mLEppendorftubewasaddedthelipasesolurion,

typically 40 pl,followed by Tris buffer, typically 360 pL, containing TC (20 mmol L-l) and this

tube was also placed in the water bath at 37.5"C (vial B). Afrer allowing 5 min for temperature

equilibration of the mixtures, 4A0 pL of the substrate emulsion from vial A was added to the

enzyme solution in vial B and the whole was vortexed for 5 s and returned to the water bath.

This moment was considered to be zero reaction time.

At various times the reaction mixture was first briefly shaken, then a 60 pLaliquot of reaction

mixture was removed and placed into a 1.5 mL Eppendorf tube containing 250 pL of the quench

buffer. An infinite time sample was also prepared by removin ga60 pLaliquot after the reaction

had been allowed to proceed for 90 min. On exposure to the solution at pH 10.5, the BSSL was

instantly denatured and the reaction quenched. Atthis pH, the oleic acid is deprotonated thereby

making it more hydrophilic. Because the BsA was introduced into the reaction mixture as a fatty

acid receptor it was important also to denature this protein, as well as the enzyms, in order to

release all the bound fatty acids so that they might be extracted in a reproducible manner. The

organic reagent (l mL) was then added to the contents of the tube which was vortexed for l0 s
and then placed in a water bath set to 25 "C. After 5 min the tube was vortexed for a further 15

s to ensure that the sodium oleate had partitioned into the aqueous (upper) phase. The tubes were

then centrifuged in a minicentrifuge for l0 min at 2000 g.

It was necessary to maintain the quenched reaction mixture at25"cin order to ensure efficient

and reproducible partitioning of the sodium oleate into the aqueous phase. In early experiments

it was found that any change in the ambient temperature influenced the extraction efficiency, thus

introducing a variable error into the results. This phenomenon is discussed in section 5.5.2.
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A control sample was included to deterrnine the extent of hydrolysis in the absence of enzyme

and/or any ciury-over of unreacrcd lipid into the aqueous phase during the extraction procedure.

Substrate emulsion (30p11was added to a 1.5 mL Eppendorf tube rogether with Tris-HCl buffer
(30 p11. The fresh substrate emulsion contained no hydrolysis products and the count rates

received from this sample were used to correct the count rates received from the other samples.

A significant change in this value between experiments signified either that one or more of the

reagents needed replacing or that an error had been made in the preparation of the substrate

emulsion. A background sample was included in the protocol so as to indicate any

contamination of the reagents used. This sample consisted of 60pL Tris-HCI added to a 1.5 mL

Eppendorf tube. The control and background samples were prepared as described above by

addition of quench buffer and organic reagent, followed by temperature equilibration, vortexing,

temperature equilibration and centrifugation.

A 100 gL sample from the top (aqueous) layer of each tube was placed into scintillation vial
inserts. Scintillation fluid (3 mL) was added and then the scintillation cocktail was vortexed for
10 s and the radioactivity determined in an LKB Wallac 12lg liquid scintillation counter. Each

sample was counted for 120 s with the instrument set to record only those radiations within the

energy range greater than five percent of the maximum p radiation energy and less than orequal

to the maximum p energy (Ep (3D = 0.186 Mev). This energy window filtered out the

background electronic noise at low energies and any background radiation of energies higher

than that of tritium, such as cosmic rays and leakage from the external standard source. The

counter was also set to count the external standard source for 15 s for each vial to determine the

level of quench in each vial- The counts were corrected for variations in the amount of
quenching by using the standard quench curve which had been prepared as described in section

2'4'5 and which was stored in the instrument. The validity of the stored quench curve was

checked from time to time by running one of the quenched standards.
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Substrate

The activity of BssL against triolein was measured as a function of varying substrate

concentration in both DrO and HrO as solvent. Each run was performed in triplicate and the

results were averaged. If the scatter in the results was greater than 5 percent then a further

measurement was taken and the nearest three values averaged. Generally, the variation between

replicates was well within 2 percent of their average. However, at low concentrations of triolein

the scatter in the data became more pronounced due to the low rates of hydrolysis. As a result,

the lowest concentration of triolein trialled was 0.2g2 mmol L-1.

5.5 Results

Concentration of BSSL

The rate of lipolysis needed to be high enough to allow for its easy and accurate measuremenl

while maintaining the quantity of BSSL used at an economically viable level. From a stock

solution (2 mg ml-l) of BSSL, a 0.1 mg ml--l working solution was prepared and a series of
experiments was carriedoutin whichthe finalconcentration of BSSLin the reaction mixture was

varied between 1.25 and 15.0 pg mL-I. Figure 5.3 shows the dependence of the initial reacr.ion

rates on the BSSL concentration. The concentration of substrate was maintained at a constant

value of 16.9 mmol L-1.

An interesting conseqluence of the linearity displayed in Figure 5.3 is that enzyme saturation had

been achieved at this concentration of substrate (16.9 mmol L-l; for all the enzyme

concentrations Ested. This situation is depicted in Figure 2.3. Hadthis not been the case, the

curve would have reached a limiting value at high concentrations of B5SL due to the

concentration of the ES complex becoming dependent on the concentration of substrate, in
addition to its dependence on the concentration of BSSL.

t0l
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Figure 5.3 A plot of the measured initial reaction
BSSL catalysed hydrolysis of triolein, [rriolein] =

rates versus enzyme concentration for the
16.9 mmol L'', pH = i.5, t = 37.5 oC.

A final BssL concentradon of 5.0 pg ml--l was chosen as being most suitable. A higher

concentration of BSSL caused the reaction rate to become too fast to monitor it accurately. Since

the assay method involved handling of many aliquots of the reaction mixture samples there

existed a limit on how rapidty samples could be removed, quenched and vortexed. Maximum

efficiency was acheived if removal of samples were limited to approximately one every 90 s.

Also, it was extremely desirable to set limits on the amount of enzyme used. Lower

concentrations of BSSL (ca lpg ml-l) returned an unacceptably high experimental enor in the

measured activity of samples at the beginning of reaction, especially if the initial concentration

of substrate were also small.

The stock solution of BSSL was kept at the relatively high concentration of 2 mg m1--l in order

to minimise auto-inactivation of the enzyme. A working solution was prepared once every Z-3

days by taking 40 d-of the stock BSSL solution and diluting it to 800gL in Tris/HCl buffer, pH

7'5, containing 20 mmol L-l sodium taurocholate. This resulted in a final concentration of BSSL

of 0' l mg mL-I. A gradual loss of activity with time was observed, due to auto-inactivation, so
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the activity of the enzyme was checked daily. Each day, the activity of the stock and working

BSSL solutions were measured against PNPA, using the standard assay method described in

section 2.4.7, and any activity changes were compensated for either in the amount of BSSL

added to the reaction mixture (le. by addition of a constant number of activity units of BSSL

rather than a constant volume) or by applying a correction factor to the measured rate data. This

latter method was also used to compensate for the different specific activities of the various

enzyme separations, as listed in Table 3.5.

The radioactivity data recorded for each sample was used to determine the total amount of oleic

acid produced by the BSSL catalysed hydrolysis of triolein as a function of incubation time. It
is important to note that these data represented only a fraction of the total amount of oleic acid

produced, because not all of the reaction mixture was sampled. It was imperative to determine

what this fraction was, so that correction factors could then be applied to these data to take into

account the lack of 100 percent extraction of oleic acid. The actual amount of hydrolysis that

had taken place was then able to be determined. Any correction factors that were applied to the

data are discussed below.

a) variations in the Activity of the stock8sst solution.

Any variations in the activity of the BSSL solurion, whether it be due to auto-inactivation or due

to different specific activities of the different enzyme preparations used, were monitored by

determining the esterase activity of BSSL against PNPA using the rnethod described in chapter

Two (see section 2.4.I). All activity measuremenn were determined for 60,uL aliquoa of
reaction mixture. Therefore the total amount of oleic acid produced was a factor of
800 pll60 pL times thar sampled.

b) Partioning of the Oteic Acid into the Aqueous lnyer.

After quenching and subsequent work up of the reaction sample, the radioactivity of a 100 pL

aliquot of the extracted product of hydrolysis was measured, see section 5.4.5. The efficiencv
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of extraction of the oleic acid product into the upper layer directly influenced the percentage of
product sampled in the 100 gL. Furthermore, the total volume of the upper aqueous layer was

600 pL, so only one sixth of the total volume was sampled. The fraction of the total oleic acid

radioactivity thar was sampled needed to be determined quantitatively.

The rationale behind the experimental protocol described below is as follows. If an atiquot of
radioactively labelled oleic acid is used to form the emulsion in place of triolein, the percentage

of oleic acid sampled in the 100pL aliquotremoved from the aqueous layer may be determined.

The amount of radioactivity in a known volume of the oleic acid emulsion could be measured.

Another aliquot of oleic acid emulsion could then be subjected to the extraction procedure

outlined in section 5'4.4 and the radioactivity of a l00pL aliquot of the aqueous layer measured.

The percentage of the total amount of oleic acid sampled in the 100 pL aliquot could then be

easily calculated.

A sample of radioactively labelled oleic acid was obtained by hydrolysing a stock solution of
triolein as follows. A 100 gL aliquot of the triolein solution (0.2 s ml.-l) was added to an

Eppendorf tube and dried under a stream of dry nitrogen (oxygen free) for l0 min. Concentrated

sodium hydroxide (500 pL, ca 20 mol L-l) was added and the mixture heated gently over a

bunsen burner for 10 min. On cooling, waxy crystals of sodium oleate formed. Hexane (S mL)
was added and the whole vortexed to remove any unreacted lipid. The radioactivity of the lipid
extract indicated that the hydrolysis reaction had gone approximately 90 percent to completion.

This result in itself highlights the efficiency of BSSL as a lipase. BSSL catalyses the hydrolysis

of triolein at a physiological pH and temperature which are in vivid contri$t to the extreme

reaction conditions employed above. A further hexane extraction, 5 mL, and two subsequent

extractions into chloroform' 5 mL each, ensured that aII the unreacted triolein and mono- and di-
glycerides were removed (as indicated by absence of activity in the final organic extract) and that

the aqueous phase contained only glycerol and sodium oleate. The aqueous phase was then

acidified with concentrated HCI and the oleic acid was extracted into chloroform, l0 mL. A 1.5

mL aliquot of the chloroform extract was dried down under a stream of nitrogen while being
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maintained at a temperature of 30 "C, on a water bath, so as to ensure that the oleic acid remained

liquid (m.p. oleic acid, 13 "C). At this point, a pure sample of oleic acid was obtained. The

purified 3H-oleic acid was then redissolved in I mL of benzene.

A suspension identical to that prepared for the substrate during the kinetic runs was prepared

using 3H-oleic acid instead of 3H-triolein. A 60 pI-aliquot of the 3H-oleic acid solution was

placed into a 1.5 mL Eppendorf tube. Lysolecithin solution (60 pLl was then added and the

whole dried down under a sream of dry nitrogen. The mixture was redissolved in Tris buffer

(630prl containing 20 mmol L-l sodium taurocholate. Two aliquots of BSA solution were then

added (120 1L, 1Vo followed by 150 pil-, 4 7o) and the whole sonicated for 4 min. These

additions were made in order to ensure that the composition of the 3H-oleic acid emulsion

prepared here was identical; mutatis mutandis,to the reaction mixture emulsion sampled during

the assay. As a result, the extraction of the oleic acid from this sample, in terms of partitioning

of the product, very closely modelled the extraction of oleic acid from the assay samples.

To determine the fraction of oleic acid that is extracted from the emulsion, four samples of oleic

acid emulsion (10, 20,40 and 60 pL) were each subjected to the extraction procedure. Control

samples were prepared in triplicate by adding a 60 pL aliquot of the oleic acid emutsion to a vial

containing 3 mL of scintillation fluid (by measuring the activity of these control samples the

count rate colresponding to 100 percent extraction of oleic acid could be measured). The

method used for determination of the activity was as described above in sections 5.4.5 and 5.4.6.

The results for the extracted samples and the controls are given in Table 5.1.
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Liquid scintillation counting

Figure 5.4 A flow diagram which outlines the experimental procedure adopted to
determine the efficiency of extraction of oleic acid fiom the reiction medium. The
radioactivity in samples 1-3 represent 100 percent extraction of oleic acid whereas the
radioactivity contained in samples 4-7 we determined by the amounr of oleic acid extracted
from the original aliquot.

Purified
3H- ofeic acid
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Table 5.1 The level of radioactivity measured in three control samples (representing 100
percent extraction) containing the same amount of oleic acid, and foui extracied samples of
differing oleic acid conrenl

Sample
number

Activity in
100 pL aliquot

(Bq)

Volume of oleic
acid emulsion

(lL)

#Activity corrected Oleic acid in Extraction
100 pL aliquot efficiency

(Vo) (Vo)

for aliquot volume
(Bq)

100
100
100

100
100
100

60
60
60

10

20
40
60

I
2
3

4
5

6

7

6r.26
125.0
247.9
364.8

3236
3226
3271

367.8
375.0
371.8
364.8

rL.4
l1.6
I1.5
I1.3

68.4
69.6
69.0
67.8

# this column.ontuinr th

values are normalised to a sample of 60 pL.

The radioactivity measured in the control samples 1,2 and3 represent 100 percent extraction of
oleic acid' as the radioactivity contained in these samples was introduced into scintillation fluid
directly, bypassing the extraction procedure. Samples 4 to 7 indicate the radioactivity contained

in the 100 PL aliquot removed from the aqueous layer after extraction of the oleic acid contained

in four different volumes of the oleic acid emulsion.

The column corresponding to the percentage oleic acid in the l00gl. aliquot shows that between

I 1'3 and 1 I '6 percent of the total amount of the hydrolysis product is sampled. The extraction

efficiency indicates the total amount of the oleic acid contained in the aqueous layer as a
percenrage, which is simply a factor of six times that contained in the 100 pL aliquot, because

the volume of the aqueous layer equalled 600 gL.

The partitioning of the oleic acid into the aqueous phase was very nearly constant over a wide
range of concentrations- The average amount of the oleic acid sampled in the 100 pL aliquot of
aqueous layer expressed as a percentage of the total present in the whole sample was l l.5
percent' A correction factor was applied to the data to allow for this. The average exfaction
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efficiency was 68.7 percent but this value was observed to be dependent upon temperature.

Thermostatting the extraction medium ensured that the extraction efficiencies were reproducible

and constant.

A marked difference in the initial reaction rates was observed as the solvent was changed from

HrO to DtO. Figure 5.5 shows typical reaction rate profiles for the BSSL catalysed hydrolysis

of triolein in H2O and DrO at one substrate concentration (16.9 mmol L-l;. The rate of lipolysis

of triolein in H2O was far greater than that observed in D2O at any given concentration of
substrate.

1 25000
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75000
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25000

0

40 60

Time (min)

tn
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Figure 5.5 Reaction profiles for the BSSI' catalysed. hydrolysis of triolein in H2O, O, and
DzO, o, [triolein] = 16.9 mmol L-1, [HrO*] = [D3O+] = 16-1.s mol L-1, t = 3Z.S oC.

The initial rates of reaction were determined by measuring the slope of the rate curve over the

first 5- 10 minutes using least squares analysis. Table 5.2 lists the range of triolein concentrations

trialled, together with the measured initial reaction rates, yo. The initial rate data for all

concentrations of triolein assayed in H2O and DrO are given in Appendix 5.2a and 5.2b
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respectively. These data are used in section 5.6.3 to determine the kinetic parameters V-o
and K^.

Table 5.2 The variation in the initial reaction rate constants, v6, for the BSSL catalysed
hydrolysisoftrioleininH2oandDro, [triolein]=16.9mmolL-1, pH=pD= j.5, t=37.5t.

ltrioleinl
(mmol L-l)

Initial rate, yo (Bq s-l)
Hzo Dzo

0.0

0.282

0.706

1.69

2.82

4.24

5.65

8.47

11.3

16.9

25.4

33.8

0.0

14.5

33.0

63.0

92.1

110

r23
140

r46
r55

158

163

0.0

n.d

n.d

22.9

28.9

38.6

41.0

46.5

49.1

52.1

55.6

55.9

n.d no data due to unacceptable scatter in results

Plots which show the dependence of the rate of reaction on the concentration of substrate in HrO

and D2O as solvent are shown in Figure 5.6. Both curves exhibit the hyperbolic dependence of
vo on the initial concentration of triolein which is typical of Michaelis-Menten type kinetics. At
the lowest concentrations of triolein used it was not possible to determine the rate constants in

DrO because the scatter in the results was too great.

There was a marked difference between the activities of BSSL in HrO and in DrO. To what this

effect may be attributed required close scrutiny because there exists the possibility of
misinterpreting kinetic isotope effects, especially in enzyme systems. Some possible factors
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Figure 5.6 The dependence of vo on the initial substrate concentration for the BSSL
catalysed_hydrolysis of triolein in H2o, a, and Dzo, o, [Hro*] = [D3o+] - l0-7.s mol L-1,
t = 37.5 oC.

which may have caused the observed loss in activity have been investigated and discounted.

When interpretion of the kinetic results of enzymic reactions in DrO is made, it must be bome

in mind that DrO may change the hydrogen bonded structure of the enzyme and cause partial

inactivation- However, it is known that the BSSL used in these experiments was notirreversibly

inactivated. When the enzyme was first dissolved in D2O buffer and then tested against pNpA

in H2O it was found to exhibit the same activity, allowing for auto-inactivation, after minutes

only or after many days following preparation of the BSSL solution. It is reasonable to assurne

that the rate of H2O percolation into the interstices of the protein, with accompanying

displacement of D2O, would be slow and therefore this explanation cannot account for the

observed loss of activity against triolein in D2o. Furthermore, BSSL that had been solubilised

in D2O from minutes only to many days returned the same activity against triolein in the
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emulsion assay, suggesting that no enzyme inactivation had occurred (again allowing for

autoinactivation).

Temperature effects on the activity of BSSL are also well known. For instance, irreversible

deactivation occurs rapidly at temperatures grearer r.han 40 "C. As a simple check, BSSL that

had been dissolved in DrO was heated to various temperatures ranging from 30 to 55 "C and then

an aliquot was tested for activity against PNPA, using the method described in section 2.4.1. The

results are shown graphically in Figure 5.7 and indicate almost total loss in acrivity at

temperatures greater than or equal to 50'C, a figure comparable with that found by O'Connor and

Longbottom (1986) for BSSL activity in H2O.

J0 40 50

Incubotion temperoture ('C)

Figure 5.7 The temperature dependence of enzyme activity againsr pNpA for BSSL
dissolved in D2O.

If the hydrogen bonded nature of the enzyme had been substantially altered in D2O, then the

degree of unfurling of the enzyme with a rise in temperature would have been reflected in a

difference in the deactivation-temperature profile from that observed for BSSL which had been

dissolved in H2o. This result also confirms that some of the hydrogen bonded water molecules

remained at the end of the lyophilising step in the purification of the enzyme.
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As a final check, aqueous solutions of BSSL were used for the assay in D2O for some of the

kinetic runs. The amount of the aqueous solution added was minimised by preparing a more

concentrated working solution of the enzyme in H2O. Because such a small amount of the

aqueous enzyme solution was used the dilution of the DrO by water was negligible. The same

result was obtained as when BSSL dissolved in DrO was used. Similarly, when enzyme that had

been dissolved in DrO was used in the HzO assay a rate characteristic of the HrO assay was

obtained.

Thus, from all these experiments and observations, it seems clear that a change in solvent from

HrO to DrO alone did not cause any major conformational change in the enzymewhich affected

the kinetics in any profound way.

The amphiphilic nature of the bile salt introduces another possible complicating factor. Studies

by Wang and Lee ( 1985) have shown that there was a direct interaction between the activator and

both BSA and the triacylglyceride substrate. This finding is borne out in the lipase activation

curve, shown in Figure 3.8, by the presence of a lag phase. Hence the concentration of the bile

salt in the reaction mixture can only be considered as nominal. Any interaction with other

constituents, such as BSA and/or the triolein, in the reaction mixture will influence the lipotytic

activity by lowering the effective taurocholate concentration in the reacdon mixture. The

concentration of BSA was kept constant in all experiments but since the triolein concentration

was varied, the possibility of a "variable sink" for the activator existed and needed to be

investigated.

However, the results shown in Figure 3.8 do show that maximal BSSL activation occuned at a

taurocholate concentration of 10 mmol L-1, as has been observed by other workers (Hernell,

1975; Blickberg et a1.,1980; Freed et a1.,1986). Furthermore, the study by Wang and Lee

(1985) showed that the taurocholate had relatively low affinity for the triacylglyceride substrate.
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Consequently, activator deprivation of BSSL due to varying amounts of substrate, if it occuned

at all, appears to have been minimal under the experimental conditions.

A preliminary investigation was made to measure the affinity of BSSL for the activator. An

enzyme solution was prepared by dissolving BSSL in 0.1 mol L-l Tris buffer, pH 7.5, containing

10 mmol L-l taurocholate, which was then dialysed against H2O over a period of days. During

this period the activity of the enzyme was measured against PNPA using the standard method

described in Chapter Two (see section 2.4. 1). The results showed azero decrease in activity with

time of dialysis after correction had been made for changes in volume and for auto-inactivation

of the enzyme with time. The results are shown graphically in Figure 3.9.

This evidence suggests that the taurocholate binds to BSSL relatively strongly and that once the

enzyme is 100 percent activated by taurocholate, its removal from solution will not affect the

activity of the enzyme. Moreover, it should be noted that in all experiments in this chapter the

BSSL is dissolved in Tris buffer containing 20 mmol L-l taurocholate.

In the absence of identification of any other cause, it must therefore be assumed that the

differences between the initial rates of hydrolysis measured for the reactions in D2O and in H2O

be attributed solely to a solvent isotope effect. The analysis which follows is based on this

assumption.

An easy way to demonstrate graphically the difference between the activity of BSSL in HrO and

in DrO as solvent is to compare the Lineweaver-Burk plots for the data. Lineweaver-Burk plots

of llvoversus l/[triolein] in the two solvents are shown in Figure 5.g.

The value of Vo'o (or k"",) is the rate constant for deacylation of the Michaelis-Menten complex.

The rate constant for the acylation step may be given as V^olK^. The values for K^and V.o
may be determined, in this present study, from the initial rate data measured as a function of
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substrate concentration, from the double reciprocal plot of llvoversus l/[triolein] (see section

2.5) shown in Figure 5.8.

1/eo

(" aq-t)

ul2J1

1/[triotcinJ (ror L mot-r)

Figure 5.8 Double reciprocal plots of the rate data for the- BSSL catalysed hydrolysis of
triolein: H2O, o; DzO, o, tH:O*] = [D3O+] - 10-7.5 mol L-1, t = 32.5 t.

Since both Ko, and V*o may be detennined from the presenr data, the solvent isotope effect for
the rate determining acylation of the enzyme and deacylation of the enzyme steps may be

calculated from the relationships used by Stout el ar. ( 1985). They measured the solvent isotope

effects for the cholesterol esterase catalysed hydrolysis of 4-nitrophenyl butyrate. In their

analysis, they calculated the solvent isotope effect for rate determining enzyme acylation from

equadon (5.9)

oy^o lx^1 =

and that for the rate determining enzyme deacylation step from equation (5.10)

(s.e;
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Dv 
='max

v H:o
max

l15

(s.10)
v Dzo

max

By using this convention of expressing isotope effects as a ratio, then a value of unity calculated

from either of these equations ((5.9) or (5.10)) implies rhe absence of a solvent kineric isotope

effect in the enzyme acylation and deacylation steps, respectively.

Table 5.3 contains the constanB Vo'* and Kn for the reactions carried out in H2O and D2O and

the calculated values for the solvent isotope effects for the acylation step, using Equation 5.9, and

for the deacylation step, using Equation 5.10.

Table 5'3 The t*t#y,rn t?lgt: y-"1, the Michaelis Menten conslants, Km, the solvent isotope
effect for acylation,.DTv^olKr), ana tne s_olvent isotope effect for oeacyiarion, Dv**,-il; il;
BSSL catalysed hydrolyiis of triolein in Hro ano nro. The errors are calculated from the
standard deviation in the slope and y-intercdpt of the Line*eaver-Burk plot.

Kinetic
Parameter

Solvent
HzO DzO

Vo.,o (Bq s-l)
K. (mmol L-l)

Solvent Isotope Effects;
Acylation
Deacylation

194+5
3.48 + 0.10

2.63 + 0.11
3.14 t 0.16

61.8 + 1.6
2.91 + 0.15

5.7 Discussion

Deuterium solvent isotope effects on the catalytic constants of BSSL have been determined by
measuring the enzymic activity against triolein in H2o and D2o at various concentrations of
substrate' The magnitude of the solvent isotope effect values for the two steps, whatever they

may be, are sufficiently large to conclude that proton transfers are involved in both steps. The

magnitude of the effect for the second step is greater than that for when the first step is rate

determining.
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Abouakil et al. (1989) conducted an investigation, part of which involved a study of the solvent

isotope effect of the BSSL catalysed hydrolysis of 4-nitrophenyl acetate in H2O and DrO.

However, in their study they did not include stringent checks as to the source of the observed

isotope effects, such as those mentioned previously in this chapter. Nevertheless, because of the

similarity between their investigation and this present study, the present data are analysed in a

similar fashion so that comparison between the two sets of data may be made. They analysed

their data in the same manner as Stout et al. (1985) and expressed their results in terms of

equations (5.9) and (5.10). The solventisotope effects claimed for acylation and deacylation by

Abouakil et al. were2.96 and 1.72 respectively. There are several possible explanations which

may account for the larger values obtained in this present study. First, the nature of the

hydrogenic sites involved in the reaction with a more lipid substrate a.re more critical to the

process than is likely to be the case with PNPA. Moreover, not only were the physical properties

of the reaction media different in each case (the ester assay was carried out in aqueous

conditions), butthe intrinsic properties of the substrates were also significantly different. Hence,

it is unrealistic to draw conclusions from the differences in the absolute values obtained in the

two studies.

In the present study, the ratio of the values of K. in the two solvents does not vary significantly

from unity. The Michaelis Menten plots of vo versils triolein concentration, shown in Figure 5.5,

show very similar turnover points for both HrO and DrO and this similarity is reflected in the

comparable values of K^ for the BSSL catalysed hydrolysis of triolein in H2O and DrO.

5.7.1 The Reaction Mechanism

The values for the isotope effects for the deacylation step and the acylation step differ

signilicanfly from unity, indicating that the mechanism by which the hydrolysis reaction takes

place involves bond making and/or breaking steps in which H-O and D-O bonds are implicated.

The active site of BSSL has been identified and it contains the following amino acid residues

Gly...Glu-..Ser...Ala...Gly (see ChapterFour) which are shown diagrammaticallyin Figure 5.9.

116
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Figure 5.9 The amino acid sequence at the active site of BSSL showing the side chain
functional groups.

The basic group is represented by B" in Figure 5.10. Srudies by O'Connor and Wallace (198a)

have implicated the imidazole group on the histidine residue (pK^=6.00, white et aL (196g))

in the role of base.

A further study by Abouakil et al. (19SS) also implicated the histidine residue in this role. They

treated BSSL with ethoxyformic anhydride which resulted in carbethoxylation of the histidine

residues. This chemical modification led to complete inhibition of the enzyme. It was further

observed that among the nine histidine residues modified in this manner only one was essential

for enzymic activity.

Studies on BSSL inhibition by diisopropylfluorophosphate, DFP, conducted in Chapter Three

(section 3.5. I ) showed that the enzyme was completely and ineversibly deactivated on exposure

to DFP. This reagent specifically binds to serine (Dixon and Webb, 1969). This observation

implicates the hydroxyl group on this residue as being crucial to the catalytic activity of the

enzyme. However, it is important to note that inhibition by DFP does not prove that a specific

serine residue is directly involved in catalysis, since the atrachment of the bulky diisopropyl-

phosphoryl group to a residue close to the active site might also cause inhibition by blocking the

approach of the substrate to the enzyme.

rL7



Chapter 5 The Deuteium Secondary lsotope Effect I l8

However, the mechanism proposed below is not dependent on the exact nature of the active

residue, but it must contain an H-O nucleophile (or an enzyme-bound H2O as nucleophile).

From the diagram of the amino acids at the active site above, there are two nucleophilic

functionalities, the carboxylic acid on the glutamic acid residue (p4 = 4.25, White et al. (1968))

and the hydroxyl on the serine residue (pK. = 9.15, White et al. (1968)). Formation of an acyl-

enzyme intermediate is therefore possible via the hydroxyl side chain on the serine residue or the

carboxylic acid side chain on the glutamic acid.

One other requirement of the mechanism is that there be a basic group in close spatial proximity

to the active site residue. This base group may be quite distant from the active site in terms of

the number of residues along the peptide chain, yet still be placed close spatially to the active

site due to folding in the secondary and tertiary structure of the protein.

One proposed mechanism is shown diagrammatically in Figure 5. 10 and is an adaptation of that

proposed for the serine esterases, cholinesterase and acetylcholinesterase, and a serine protque,

a-chymotrypsin (Dixon and Webb, 1979). In Chapter Four it was noted that there was amino

acid sequence homology with some of these enzymes. The enzyme binds the substrate,

presumably at the serine, forming the acyl-enzyme complex with concomittant release of a

monoglyceride, diglyceride or glycerol (depending to what extent the substrate had previously

been hydrolysed). The enzyme then deacylates with hydrolytic cleavage at the enzyme-substrate

ester bond, and the release of oleic acid and regeneration of the enzyme. It is at the deacylation

stage that it is proposed that water becomes directly involved in the mechanism (water is

involved in the acylation of the enzyme also, since the serine O-H becomes O-D in the presence

of DrO).

The deacylation step involves the cleavage and formation of hydrogen/deuterium bonds, from

oxygen and to base, repectively, so the isotope effect observed here may be accounted for in the

mechanism shown below. The isotope effect observed for acylation, although slightly smaller,

is still significant and may be accounted for by rapid proton-deuteron exchange at the hydroxyl
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Fiqfre 5.10 Diagrammatic representation of the proposed mechanism for the catalytic action
of BSSL against triolein. B" represents a basic group in close spatial proximiry.

group on the serine residue. This group is but one of many on the surface of the enzyme

possessing labile protons. These will come into rapid equilibrium with the deuterons in the

solvent D2O. Thus, the observed result is a consequence of a solvent kinetic isotope effect.

If an enzyme-bound H2O molecule acts as a nucleophile rather than the serine O-H, then the

enzyme surface would be acting as a csfactor. Such a mechanistic system has been observed
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previously forthisenzyme. A study of the interactionsofBsSLwithanumberofsurfactants

(O'Connor and Walde, 1985) showed that the kinetic behaviour of BSSL in their systems could

be modelled by including the formation of an enzyme-surface complex in the Michaelis-Menten

kinetic scheme. The mechanism which includes an enzyme-bound H2O acting as the nucleophile

is shown in Figure 5.11.

nF| \l
O:C-O-R'

\
\t.^

-o! { -\.H- : 'H-------B
ii 1

Fn{l-O-C10-B'
t\.o \ /-l

Y i - H-B+i r ^1^^^^

1.,

k1

--
k-1

Figure 5.11 The mechanism for the hydrolysis of triolein in which the nucleophile is an

enzyme-bound H2O molecule.

This mechanism does not involve covalent acylation and deacylation of the enzyme. The

substrate reacts with water that is hydrogen bound to the enzyme surface and no direct enzyme-

substrate bonds are formed. However, kinetic isotope effects will be observed for each step

shown in Figure 5.ll and may account for the isotope effects observed. However, it is then

difficult to account for the very specific position of the active site on the enzyme, as determined

in the amino acid sequence. Sites of enzyme-bound HrO molecules would be expected to be
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plentiful. Thus, the presence of only one active site at the location of serine suggests that it is

indeed the serine, or the carboxylic acid 0-H moiety on the glutamic acid residue, that acts as

the nucleophile.

The mechanism proposed in Figure 5.10 accounts for the observed solvent isotope effects and

includes features implicated by other work in this study (see section 6.6). It also takes into

consideration the mechanistic requirements for the activity of BSSL reported in the literature.

5.8 Concluding Remarks

The nature of the reacdon medium in which the triolein assays were conducted requires

comment. Essentially the reaction mixture consisted of triolein dissolved in oil droplets

suspended in a water rich continuous phase containing the enzyme and the other hydrophilic

components. Although sonication significantly reduces the size of the droplets and increases the

surface area for reaction, there is no justification for concluding that all droplets are of uniform

size. It should be noted, however, that all experiments were subjected to a standardised

procedure. Thus there was present in the aqueous phase quite a potpourri of surface active

species.

Investigations presented in subsequent chapters address the issue of structure of the reaction

medium. These later results do not mitigate against the conclusion arising from these present

data, which were obtained in media subjected to comparable external factors. We may conclude

that both the rate determining acylation and deacylation steps in the BSSL catalysed hydrolysis

of triolein are subject to solvent kinetic isotope effects.



6 The Stability and the Kinetics of Esterase Activity

against 4-Nitrophenyl Propionate of BSSL in

Detergentless Microemulsion Media

6.1 lntroduction

Enzymic conversion of lipids and esters in aqueous media has always been disadvantaged

because water is not the ideal medium for most organic processes. The water solubility of the

lipid and ester substrates, especially those with long hydrocarbon chains, is usually very low.

Performing enzymic reactions in non-aqueous solvents is one means by which the substrate

solubility may be increased. The presence of water is essential, however, not only because

it is a reactant in the hydrolysis reaction but also because BSSL is water soluble and is rapidly

inactivated by contact with an organic solvent. Furthermore, water is absolutely essential for

enzymic activity because it participates in the non-covalent interactions (such as hydrogen

bonding, hydrophobic and van der Waal's interactions) that maintain the naturally occurring

and catalytically active conformation of the enzyme. The question then becomes not whether

water is required, but how much of it is necessary. It would seem reasonable to assume that

r22
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the amount of water required by an enzyme, such as BSSL, should be limited to that with

which it comes into direct contact. This quantity would be extremely small as it would be

the equivalent of one or two monolayers effectively hydrating the enzyme surface. It follows,

then, that. the nature of the bulk solvent will be very important. It must be of such a

hydrophobic nature rhat it does not partition into it the layer of essential water surrounding

the enzyme, thus preserving the intrinsic conformation and activity of the enzyme.

The so called "detergentless microemulsions", comprising water, a hydrophilic agent (such as

iso-propanol), and a hydrocarbon solvent, provide a microheterogeneous medium into which

the hydrophilic enzyme and a hydrophobic substrate may be solubilised. The discovery of

microemulsions, first reported by Hoar and Schulman (1943), and their subsequent

characterisation, have led to the development of a new area of biocatalytic research-

Furthermore, the use of microemulsion systems enables the study of enzyme behaviour under

conditions more akin to those experienced in vivo. This situation is especially true for lipases,

as these enzymes act on, or near to, the aqueous/organic medium interface, ie. on the surface

of biological membranes or inside them. The catalytic and physical properties of enzymes

have previously been observed to be altered radically when they are dissolved in media of low

water content. For example, in a study by Zaks and Klibanov (1984) on porcine pancreatic

lipase in media with a water content of only 0.015 percent it was observed that the enzyme

became extremely heat stable and far more selective with respect to the substrate specificity.

The lipase, like nearly all other enzymes, loses all catalytic activity at 100 "C in an aqueous

system. However, in a 99.985 % organic medium, the enzyme had a half life of many hours

at this elevated temperature, depending on the solvents used.

This chapter describes a study of the stability and the kinetics of the activity of BSSL in the

water-in-oil microemulsion system formed by mixing n-hexane, iso-propanol, and water. The

objective of this study was to investigate the suitability of detergentless microemulsions as a

possible medium for enzymatic catalysis. The study therefore entailed measurements of the

catalytic properties of BSSL and of its stability in this unusual milieu.
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6.2 Microemulsions

Since their discovery, microemulsions have attracted much interest from researchers interested

in the experimental and theoretical aspects of their formation and stabilisation (Shinoda and

Kuneida, 1973), their application to enzymology (for reviews see Waks, 1986 and

Khmelnitsky et al., 1988) and even such diverse applications as enhanced oil recovery

technology (Miller and Qutubuddin, 198?). Much interest had been derived from the fact that

the microemulsions were stabilised without the presence of a "soap".

The physical structure of a microemulsion is shown in Figure 6.1 and may be described as

a free water droplet "coatsd" with surfactant molecules (which act to stabilise the water core)

suspended in a bulk organic solvent. It would appear that microemulsions should have

physical characteristics very similar to those of reverse micelles. This is indeed the case.

However, an important distinction, which is not relevant to the present discussion, is given

in Chapter Seven (see section 7.2).

isapropanol

Figure 6.1 The structure of a microemulsion, a water droplet stabilised by adsorbed iso-
propanol, shown with p-nitrophenol adsorbed at the interface.

The use of detergentless microemulsions has the added advantage that the very existence of

Y
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an oiUwater interface means such experiments ought to mimic more accurately the conditions

in which an enzyme will function in vivo.

It has been previously noted that microheterogeneous media often cause enhanced enzymic

activity. One cause of this enhancement is that the confined environment of the

microemulsion imposes limitations upon the degree of spontaneous fluctuation which may

disturb the catalytic conformation of the active site in water (Wombacher, 1983 and Ferst,

1977>. This phenomenon is shown in Figure 6.2.

Active lnactive

€--e

Figure 6.2 The active and non-active forms of an enzyme and how it may be locked into

its active conformer in a microemulsion.

Another proposal is that the properties of water in a confined environment are vastly different

from those encountered in water as the bulk phase (O'Connor and Wiggins, 1988). Whether

or not the properties of this ordered water are deleterious or beneficial to enzymic activity

demands experirnental investigation.
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6.3 The Experimental Conditions

The microemulsion system formed by mixing n-hexane, iso-propanol and water was chosen

for this investigation. This system has been well characterised, and results from a number of

studies into its suitability to enzymology have been published in recent literature.

The physical properties of the n-hexane/iso-propanoVwater system were first characterised by

Smith et aI. (1977) by the use of spectroscopic and ultracentrifugation techniques. Their

experiments included a study of a range of short chain alcohols including l-propanol, iso-

propanol, ethanol and r-butanol but only the first two of these stabilised the microemulsion,

although all are miscible in both the water and the oil phases. Ethanol and r-butanol,

however, are preferentially miscible in water and n-hexane, respectively. Partitioning of fsa-

propanol into both the oil and aqueous phases results in a decrease in the difference of the

chemical potential of both phases, thus preventing spontaneous aggregation and phase

separation.

Further studies by Khmelnitsky et a/. (1989) revealed the presence of distinct regions into

which the physical properties of the ternary systems could be grouped. Figure 6.3 shows the

ternary phase diagram determined for the n-hexane, iso-propanol and water ternary system.

In region a, unstable opaque macroemulsions are formed and these rapidly separate out to

form two layers upon standing. In regions b, c and d, however, the solutions which are

formed are stable and optically transparent. Solutions containing low mole fractions of n-

hexane, characteristic of the compositions in region d, are comprised of normal ternary

solutions of n-hexane, iso-propanol and water and in this region no microstructures were

detected. The transparent, stable microemulsions formed in region b may be visualised as

aqueous microdroplets dispersed in an n-hexane-rich medium. Solutions found in region c

are transitional between the relatively highly structured microemulsions found in region b and

the ternary solutions in region d. Region c is characterised by the presence of H-bonded
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n-Hexane

Figure 6.3 n-Hexane/iso-propanoVwater (0.05 M Tris/HCl buffer, pH 8.0) temary phase

diagram measured at25 "C. Adapted from Khmelnitsky et al., (1988). Phase structure (Smith

et aI.,1977) is as follows: a, unstable macroemulsions; b, stable transparent microemulsions;

c, H-bonded aggregates of water and iso-propanol; d, normal ternary solutions.

aggregates of iso-propanol and water dispersed in an n-hexane rich medium.

The microstructure of solutions found in region b has been investigated by Khmelnitsky at a/.

(1989). The model developed by these workers is shown in Figure 6.1. The enzyme

molecule is enveloped by a water-rich layer, thus tbrming a spherical droplet which is

stabilised by alcohol molecules adsorbed at its surface. This protective layer separates the

enzyme from the denaturing effects of the outer organic phase and this separation makes it

possible for the encapsulated enzymes to retain their catalytic activity, observed

experimentally by Khmelnitsky et al. (1988) for oxidation of cholesterol catalysed by

cholesteryl oxidase.

An important advantage of using solvent systems such as those under study here is that the

enzyme may be recovered very easily after each run simply by evaporating off the organic

solvents. This is possible because no surfactant is introduced into the system. This
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advantageous feature was not of importance in this study because of the scale of the reactions

under investigation. In some cases, only 5 pg of BSSL was used in a run, but if such

reactions were to be performed on a larger scale, for example in an industrial application, then

enzyme recovery would become important.

The group of microemulsion compositions used in this study was chosen in order to reflect

the unique characteristics of the three distinct regions in the ternary phase diagram shown in

Figure 6.3. The labelled points on the phase diagram show the compositions of the ternary

systems used and Table 6.1 lists their molar compositions and relative volume percentages'

Table 6.1 Mole fraction composition of the ternary solutions formed on mixing n-hexane,

r,so-propanol and water.

System Composition: mole fraction

n-hexane rsa-propanol water

Composition: volume (7o)

n-hexane lso-propanol water"

I
2

3

4

5

6

7

8

9

10

11

I2
13

t4
15

0.061

0.265

0.356

0.409

0.470

0.561

0.106

0.136

0.220

0.356

0.409

0.106

0.2r3
0.318

0.220

0.424

0.470

0.432

0.455

0.416

0.372

0.500

0.553

0.568

0.492

0.s08

0.682

0.674

0.584

0.697

0.515

0.265

0.212

0.136

0.114

0.067

0.394

0.31I
0.212

0.152

0.083

0.2r2
0.1r2
0.098

0.083

15.8

45.9

55.7

58.9

64.4

7l.r
23.4

27.r

37.8

53.4

56.9

19.8

34.1

47.2

34.4

65.3

47.8

39.7

38.4

33.4

27.7

64.6

64.4

57.2

43.4

4r.5

74.7

63.4

50.8

63.8

18.9

6.3

4.6

2.7

2.2

r.2

t2.0

8.5

5.0

3.2

1.6

5.5

2.5

2.0

1.8

* 
water = 0.05 mol L-l TriVHCl buffer, pH 7.5
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A series of experiments was conducted in order to evaluate both the suitability of this novel

medium for activity measurements with BSSL and to develop the experimental method.

Therefore both the physical and the chemical properties of BSSL had to be taken into

consideration. These factors included the temperature and pH optimum of the enzyme

together with its activity dependence upon the bile salt concentration in this medium.

6.3.2 The Choice o'l-Substrate

The class of substrate chosen for this investigation was a series of 4-nitrophenyl alkanoate

esters. They possess both the necessary facile ester bond and a chromophoric group, the 4-

nitrophenyl moiety, which turns bright yellow in solutions of pH greater than 6.5. The

production of the 4-nitrophenolate anion was monitored with time by observing the change

in the absorbance (in the near ultra violet), thereby allowing the kinetic parameters for BSSL

catalysed hydrolysis in this medium to be determined. Experiments were conducted on

substrates of carbon chain length varying from two (acetate) to sixteen (palmitate). Results

from this study are discussed in section 6.5.2.

4-Nitrophenyl propionate, PNPP, was the choice for the study of the kinetics of BSSL in the

microemulsion medium. The substrate was synthesised as described in Chapter Two (see

section 2.4.5). Since the pKu of 4-nitrophenol is 7.15, the product of ester hydrolysis in

acidic solution is the colourless phenol. A pH of.7.5, that at which BSSL exhibits maximum

activity, was chosen for the aqueous phase, thereby making it possible to follow directly the

reaction kinetics by monitoring the change in absorbance with time. The reaction under study

is given below.

BSSL

-_:}
HO\c/.CH2CH3

ll
o

/..--.\t t \\
o"r.r--{ ( )Fo- .,,cHzc\ + Hro

' \t'--,/,2 -C
ll
o

/r-"\,o,N-{( ))-oH
\-,/
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At the experimental conditions employed in this investigation the position of the equilibrium

between 4-nitrophenol and 4-nitrophenolate anion (shown below) will be constant. The pH

of the water pool is maintained at a constant value. As a consequence the fraction of the

protonated form relative to the deprotonated form will also be constant.

Hro

6.3.3 Order o'l_Addition of lhe Components of lhe Microemulsion

Initial experiments showed that the order of addition of the components of the composition

influenced the rate of hydrolysis. In order to ascertain the cause of this effect, a series of

experiments was conducted in which the initial conditions were varied.

A sequence of increasing volumes of iso-propanol was added to separate aqueous solutions

of BSSL and the activity of the enzyme a_gainst 4-nitrophenyl propionate was then monitored.

The activity of BSSL decreased by only a small degree up to a concentration of iso-propanol

equal to approximalely five percent. The time delay taken before kinetic measurements

commenced also influenced the measured rates of hydrolysis, f.e. the longer the delay, the

lower the observed reaction rate. This phenomenon was studied in detail as a function of

solvent composition and is discussed in section 6.6. However, exposure of the enzyme to

high concentrations of iso-propanol caused it to be inactivated rapidly, thereby suggesting that

the order of addition of n-hexane, iso-propanol and water might influence the kinetic

measurements. Indeed, preparation of a ternary system by addition of BSSL, then lso-

propanol and then n-hexane resulted in the observation of very slow and variable rates of

hydrolysis. Interestingly, once the BSSL had been inactivated by exposure to a sufficiently

high concentration of lso-propanol, addition of TC did not restore the enzymic activity.

Under these conditions, which resulted in a substantial portion of the enzyme being

inactivated, the concentration of the enzyme which remained active was considerably lowered.

o.r$* + oH o,*-$o-
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Howsver, the addition of n-hexane to an aqueous solution of BSSL, followed by vigorous

shaking, resulted in only a small loss of activity, possibly caused by only localised

denaturation at the interface of the two solvents. The far greater loss of activity observed in

the presence of a similar volume of added iso-propanol may be explained in terms of the

greater water miscibility (and therefore greater BSSl/rso-propanol contact) of iso-propanol

with water compared with that of n-hexane with water. Experiments were conducted which

showed that reproducible results were obtained if the addition order was: first, the aqueous

solution of BSSL, then n-hexane and finally iso-propanol.

A further interesting observation noted during these experiments was that the enzymic activity

of BSSL in aqueous solutions was considerably enhanced in the presence of very small

quantities of iso-propanol (less than 0.5 percent v/v). The level of stimulation of BSSL

activity was in the order of that attained by the presence of taurocholate.

However, if BSSL had been first activated by the presence of taurocholate, small additions

of lso-propanol caused a much smaller decrease in enzymic activity and the onset of

inactivation occurred at a higher concentration of iso-propanol. A possible origin of these

effects is discussed in section 6.6.

6.3.4 The Experimental Method

A small volume of a stock solution of BSSL in buffer was placed in a spectrophotometric vial

and then the taurocholate solution in Tris/FICI buffer pH 7.5 was added. The volumes of the

BSSl/taurocholate solutions added were varied, depending on the volume of the water pool

and the total volume of the composition under investigation. Further additions of buffer (0.05

mol L-l Tris/HCl, pH 7.5) and, when necessary, taurocholate solution were made to dilute the

BSSL and taurocholate to the required concentration. This procedure was necessary in order

to accommodate the wide variation of water-pool volumes in the 15 mixtures of different

composition which were used.
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The n-hexane was introduced on top of the aqueous layer, vortexed for approximately five

seconds and then the iso-propanol aliquot was quickly added. The whole was vortexed for

a further 15 seconds and equilibrated to 37 "C in the thermostatted cell holder of the Cary 219

spectrophotometer. The time required to reach this temperature was kept to a minimum by

pre-equilibrating all the solvents used in the mixture, with the exception of the stock solution

of BSSL. Using a micro temperature probe, the equilibration time was determined to be one

minute. The initial delay time was kept constant as, in some cases, it was found that this

parameter had a marked influence on the rate of the hydrolysis reaction. This factor is further

discussed in section 6.6.

The reaction was initiated by adding the substrate as a solution in iso-propanol. The volume

of this addition was kept to a minimum so that it had minimal effect on the temperature of

the solution. The reaction was monitored, after a fifteen second delay, by measuring the

change in absorbance. Typically, absorbance readings were made every ten seconds over a

five minute period.

6.4 Results: The Activity of BSSL in the nHexane/isoPropanolMater

Ternary System

6.4.1 The Determination of the Molar Extinction Coefficient for 4-Nitrophenol

In order to quantify the absorbance results, it was necessary to determine the molar extinction

coefficient, s, of 4-nitrophenol (PNP). The wavelength of maximum absorbance (1,^o) for

the 4-nitrophenolate anion, PNP-, in aqueous systems is at 400 nm and the corresponding

value of e is 15700 L mol-lcm-I. However, this latter value was of little relevance in the

medium presently under investigation, due not only to the probable displacement of the

position of equilibrium between the phenol and the phenolate anion (shown above) but also

to solvent effects on the absorbance. It was necessary, therefore, to determine the value of

the molar extinction coefficient in this medium and also to ascertain whether this value was

constant over all the solvent compositions employed in this study.
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The UV spectra of different concentrations of PNP (ranging from 0 to 0.25 mmol L-l) were

recorded for solvent system 10. The most prominent feature is the very large absorption band

at 210 nm but of more use to this present study is the band at 315 nm. This band is the

displaced and intensified band of benzene, normally observed at 254 nm. The electronic

environment of the phenoVphenolate anion hybrid influences l,-* and e. The l,o'o of PNP

in system I is at 315 nm, an 85 nm shift further into the UV compared with the value

observed in aqueous systems.

Figure 6.4 shows the linear dependence of the absorbance at 315 nm on the concentration of

PNP dissolved in the microemulsion corresponding to system l0 in Table 6.1.

0.10 0.1s o.20 0.25

IPNPP] (mmot t-r)

Figure 6.4 A Beer's Law plot showing the linear dependence of absorbance at 315 nm on
the concentration of PNP dissolved in microemulsion svstem 10.

The spectral parameters of PNP wers measured at two other points on the three phase diagram

corresponding to systems 4 and 5. Using Beer's Law, the three values for e were calculated.

The range in values was within five percent and their average was equal to 7009 L mol-lcm-I.

This was the value adopted to quantify results from subsequent experiments. There was no

significant shift in L-* between the three solvent systems trialled.
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6.4.2 The Effect ol_the Degree of Mixing of the Components g[-!he Microemulsion

Although in the literature it is stated that only "vigorous handshaking for several seconds" was

sufficient to form a stable microemulsion (Khmelnitsky et aI., 1988) it was necessary to

validate this. A series of test runs was therefore performed in order to evaluate the effects

that different mixing methods had on the measured rate.

Into four 1.5 mL spectrophotometric vials were placed the reagents colresponding to system

10. This system was chosen for these preliminary experiments as its composition is

representative of the microemulsion region b in Figure 6.3. The reaction was initiated by

addition of the substrate and a different method of mixing was used for each vial. The initial

concentration of PNPP was the same for all mixing methods and equal to 2.0 mmol L-1. The

concentration of BSSL was 25 pg ml--l over the total microemulsion volume.

Table 6.2 shows the initial change in absorbance per minute obtained for reactions carried out

in vials in which the contents had been mixed by inversion, vigorous shaking, sonication and

vortexing for 10 s intervals, respectively. There is no difference in these data within

experimental error.

Table 6.2 Comparison between rates of reaction obtained from identical reaction mixtures

subjected to different mixing protocols. System 10.

Mixing method Reaction rate
(AU min-r)

Inversion
Vigorous shaking
Sonication
Vortexing

0.0878
0.0892
0.0887
0.0903

6.4.3 The Concentration gf_Enzyme

The concentration of BSSL used in the kinetic assays was varied since the enzyme activity

was observed tcl be strongly dependent on the composition of the ternary solution. For those
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experiments where measurements were taken at different concentrations of enzyme, the rate

of the hydrolysis reaction was observed to be first order with respect to the concentration of

BSSL in all solvent systems.

The range of concentrations of BSSL employed in this study was from 5 to 50 pg ml--l

calculated over the total volume. The enzyme, being water soluble, partitioned into the

aqueous phase but the water pools are randomly mixed with the other components of the

microemulsion. Consequently, it was valid to express the concentration of BSSL over the

total volume of the mixture.

When determining the kinetic piuameters, the concentration of BSSL was taken into account

so that the determined values were directly comparable between the fifteen solvent systems

which were trialled.

6.4.4 The Optimum Concentration of Taurocholate

In order to determine the concentration of bile salt that would afford maximum stimulation

of BSSL activity against PMP, a series of preliminary measurements of enzymic activity at

various taurocholate concentrations was performed. Once again, consideration was given to

the partitioning of the bile salt into the aqueous phase and, in these experiments, the

concentration of sodium taurocholate was calculated only with respect to the volume of the

water pool. Sodium taurocholate concentrations within the range of 0.5 to 20 mmol L-l were

trialled. Figure 6.5 shows the effect of taurocholate concentration on BSSL catalysed

hydrolysis of PNPP. Maximum stimulation was observed in solutions containing 10 mmol L-l

taurocholate in the water pool. However, the reliability of this value needs to be appraised

in terms of the activity profiles shown in Figure 6.5.

The two sets of results shown in Figure 6.5 differ greatly with respect both to the onset of

maximum enzyme activity and also to the levels of basal activiry, i.e. the activity of BSSL

against 4-nitrophenyl propionate in the reaction mixture containing no bile salt. In qualitative
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Figure 6.5 The dependence of the rate of BSSL catalysed hydrolysis. of PNPP on the

concentration of taurocholate in the water pool for two different microemulsion compositions'

o, microemulsion system 8; v, microemulsion system l'

terms only, the profiles are similar. Both have an initial tag phase where increasing

concentrations of taurocholate have no effect, followed by a sharp increase in rate

enhancement with increasing concentration of bile salt. Finally the rates reach similar plateau

values.

System I corresponds to a ternary solution in which the components are randomly

interdispersed and, therefore, the bile salt is not concentrated within a water pool' The

concentration of taurocholate in the water component at which the activity of BSSL reaches

its maximum is approximately 10 mmol L-1. However' when the concentration of bile salt

is expressed over the total volume ir is equal to only r.89 mmo1 L-1. In all subsequent kinetic

runs canied out in a solvent composition corresponding to a ternary system the concentration

of activator employed was equal to 2 mmol L-l over the whole composition volume'

The activation profile corresponding to system 8 shows that there is no activity in the absence

of bile salt. In fact, a threshold concentration of I mmol L-t (over the water-pool volume
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only) was required before the BSSL catalysed hydrolysis reaction could proceed. This

observation may be explained by considering the structure of the microemulsion shown in

Figure 6.1. The enzyme will interact with the substrate more frequently and favourably

should it be near or at the interface. The presence of bile salt may enhance the

hydrophobicity of the enzyme, as discussed in Chapter One (section 1.4) for other similar

enzymes, encouraging the passage to, and residency at, the water-oil interface.

6.4.5 Substrates with Different Alkyl Chain Lengths

This study compared the relative activities of BSSL towards substrates differing only in the

carbon chain length of the ester. These experiments with 4-nitrophenyl alkanoates of varying

chain length were conducted exclusively in system 6. The other substrates which were trialled

were 4-nitrophenyl acetate (n=2), butyrate (n=4), caproate (n=6), caprate (n=10), laurate

(n=12) and palmitate (n=16). The method used is that described in section 6.4.6.

The kinetic behaviour of BSSL towards these substrates as the concentration of taurocholate

was varied is shown as a plot of carbon chain length (n) versrs relative activity in the

presence of taurocholate in Figure 6.6.

4 6 I 10 12

Corbon choin length (n)

Figure 6.6 The variation of the relative reaction rate of 4-nitrophenyl alkanoates with the

carbon chain length, n.
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The initial rate of reaction against 4-nitrophenyl acetate, propionate and butyrate was almost

constant. The rate constant for the hydrolysis of 4-nitrophenyl caproate was only 37 percent

of that determined for 4-nitrophenyl propionate. A substantial decline in activity was

observed with the caprate and the laurate substrates. Tnro acivity was observed against the

palmitate ester. Because of the very low initial rates measured in the cases of the caprate,

laurate and palmitate esters there was an accompanying high enor.

This trend would appear to be the reverse of that discussed in Chapter One for the BSSL

catalysed hydrolysis of 4-nitrophenyl alkanoates in aqueous systems. However, that study

only included the acetate to the valerate (n = I to 5) esters so it is not possible to make a

conclusive comparison. However, it has previously been observed that an investigator can

"fine [une" the substrate specificity of an enzyme to suit product requirements. Zaks and

Klibanov (1986) conducted a study on changes in the substrate specificity of cr-chymotrypsin

and observed specificity reversal on changing the solvent from water to octane. A similar

situation may occur in the case of BSSL. Another explanation may involve the partitioning

coefficients of the different 4-nitrophenyl alkanoate esters berween the aqueous and the

organic pseudophases. This possibility is explored in more detail in the discussion section 6.6.

However, the curve shown in Figure 6.6 is very similar to that shown in Figure 1.6 depicting

the relative extents of lipolysis of a series of triacylglycerols (Wang et al., 1983). In its

esterase activity in microemulsion media, BSSL appears to adopt its lipolytic characteristics.

6.4.6 The Dependence of the Rate of Hydrolysis on the Concentration of Substrate

and Composition of the Ternary System

The rate constant for hydrolysis in each of the fifteen solvent compositions wils determined

for up to ten different substrate concentrations within the range of 0.25 to l0 mmol L-1. All

experimental measurements were made in duplicate and averaged if they agreed within five

percent. If the scatter in the results was greater than this value, then a further measurement

was made and the closest two results were averased. All rate constants measured for the
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BSSL catalysed hydrolysis of PNPP were corrected for the contribution of hydrolysis in the

absence of enzyme. It was necessary to determine this background rate constant for each

different solvent composition, since the corrections, although small in all cases, were

appreciably different.

A set of typical results for microemulsion system l0 is given in Table 6.3. The initial rate

and kinetic data for the remaining fourteen microemulsion compositions are given in

Appendix 46.4.

Tabte 6.3 The dependence of the initial rate constants for the BSSL catalysed hydrolysis of

PNPP on the concentration of substrate for microemulsion system 10.

Composition volumes; 784 tril- n-hexane, 638 prl rso-propanol, 47 pL water

IPNPPI
(mmol L-r)

Initial rate (vo)

(AU min-l)
1/[PNPP]

(L mmol-r)

llvo
(min AU-r)

0.25

0.50

1.0

1.5

2.0

3.0

5.0

7.5

10.0

0.0209

0.0355

0.0591

0.0841

0.0902

0.113

0.129

0.142

0.149

4.0

2.0

1.0

0.67

0.50

0.33

0.20

0.13

0.10

47.9

28.r

16.9

11.9

1l.l
8.89

7.77

7.05

6.70

Figure 6.7 shows the dependence of initial reaction rate on the concentration of substrate for

system 10.
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Figure 6.7 The dependence of initial velocity, vo, on the concentration of 4-nitrophenyl
propionate for system 10.

6.4.7 Kinetic Analysis

The enzymic reaction followed Michaelis-Menten kinetics (see discussion on enzyme kinetics,

section 2.5) for a1l 15 compositions of the ternary systems trialled. Lineweaver-Burk plots

of l/vo versus I/[PNPP] were used to determine the constants K, and V-o for each solvent

composition. Figure 6.8 shows the Lineweaver-Burk plot of the initial rate constant data

given in Table 6.3 corresponding to the kinetic data measured for system 10.

Because there was such a range in the measured rates of hydrolysis for the fifteen

compositions the concentration of enzyme was varied to obtain a reaction rate that was

conveniently measurable. In order that the different values for Vo,* and K' might be directly

compared, the units were changed from AU min-l to gmol min'lmg-I, or U mg-I. This unit

conversion normalised all the measured kinetic parameters to a constant amount of enzyme.

Table 6.4 includes the values of V,oo (AU min-l and gmol min-lmg-l) and K^(mmol L-l; for

the l5 ternary compositions. The concentration of enzyme used in the assay is also tabulated

in Table 6.4. The data given under the column heading &u, are discussed in section 6.5. The
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(min AU

I/[PNPP] llor t- mot-l1

Figure 6.8 Lineweaver-Burk plot of the initial rate data shown in Table 6.3 corresponding

to system 10.

values for V*o versus the molar ratios of n-hexane, isa-propanol, and water are plotted as a

three dimensional surface in Figure 6.9.

A large variation in the kinetic parameters is observed as the composition of the

microemulsion was changed. A large maximum is observed in the ternary solution region d,

system l, in which BSSL is randomly interdispersed with n-hexane, isa-propanol and water.

Another maximum is observed in the microemulsion region b, system 13, in which BSSL is

encapsulated within a water pool.

6.5 The Stability of BSSL in the nHexane/isoPropanol/VVater Ternary

System.

It was noted that in some of the ternary systems, the initial rate of hydrolysis tended to

decrease if there were a delay in initiating the reaction after preparation of the reaction

medium, thus indicating that inactivation of the enzyme may have been occurring. A series

of experiments was therefore designed to examine this effect and to identify the inactivation

more clearly.



142

\o
\d
c
9(J
a,)
ch

tr

!)

b0

.2

+F
j

- 
H

kv.\ .t
Yg

: *E
'T. hH
-HFA d E

dEE
(Heo

_toF
'-1BE;i55H 

- 
at>o-.=>a)l-Ht-- ((l L.

- o(l)reEHge

79trY-^

l.|xo

='E- 
a

ilE3
q)(Jv
<€xa)} U€

* aan :*

Ki neti c Measu rements i n Detergenfless M i croem ulsions

o\ c.l \o H \o \o o rn o r- oo \n |.n a !i|.
0o \o v ac \o c.) c\ € !n r+ t \n F \o !n

- e.l Cfi tf, rn \O f- OC O\ O d (\l Cfi tf \n
------

c-r r,n v \o + cn - o m Gl € c! !+ e.)
efl oo f- f- c- oo o c-) o o\ f- rn H o c|o
ora6r\ocooN=-c}ooo-ro
O-OOOOOOOOOOOOO

crt s rn oo o\ \n - o \n o\ Gl o o\ o\ o\r.j a v? q \ c.! ol og .i oq c! - c.! c1 c\l
eq r-- <- oo c{ (\l c.t (\l cet - - H - - rr

clrc\lON \O f\- !nti
o\ €) OO i C! CO O tr- - r \O d (fl Gl rn
\a) C! F \O f'- c.l en Ol (fr O \O C\ OO (\l Of
r,-C-IHOOOO-OHOO-OO

\O \O \n C- eq ca \O - -1 f- f- $ € o\ €
\O lln C{ - \O C.l O C\l - f\ -i f- C{ C* €(\H-C\l(\l-<-(\--*O-OO
vvvvvvvvv

-I'IOOOCOO\NO\N\NOOOOd d r/i \n |qn' (n c\l rn c{ ol r., i \ rn

c.) OO tr- c\l (\l - \O { C\l OO \n f- C{ $ .+
rn C- O\ rn O cfl t+ .+ F- eA q S O (\l -\o'f, cq r o oo \o \o tn \o c{ r- o\ rn o\

-ii<--

€ O\ C- f- (\l cA $ e oO $ C* € crl \O (\l\n ln \n \O c.) c.r cn C\ f- OO O O\ (\l H c.l
- 

.f \.l f- o\ * (\l crl c.) r- r- - o d o
-'-r(\ - 

dd-

Chapter 6

$t^
cia)^ u,

C).t)
(,)

tr

F,

O.

q)
.t)

a.)
U'

I
't

(n
v)

q.)

?
c)
(,)

l-r

o
C)

o)
E
x
c)

c.)

q)

c
cA
tr

a
q)

L

ELq)

q)

tr

v)
gn
(J

=YJ(-{r\
- e?)

rc cq

\o?
€,E
€;1
r'l )'
-th

. E-

oo
tr

(!

E

.l)
g

Lr
g
c)

0.)

M

a!JaEcq cogS

*
|L{

B

L

I
A
'4

c)

x
a)

I

'l

5
0)

u)

O

q)
u)
h

U)



Chapter 6 Knetic Measurements in Detergentless Microemulsions 143

(1.rmol min-1 mg-1)

Water

n-Hexane

,so-Propanol

Figure 6.9 The three dimensional surface representing the catalytic activity for the BSSL

catalysed hydrolysis of 4-nitrophenyl propionate plotted as a function of the composition (in

mole fractions) of the system n-hexane/iso-propanoUwater (Tris/HCl buffer, 0.1 mol L t, pH

7.5) at37 "C.



Chapter 6 Knetic Measurements in Detergenttess Microemulsions lM

6.5.1 The Exoerimental Procedure

A concentration of 4-nitrophenyl propionate equal to 5.0 mmol L-l was chosen for all

reactions. The experimental procedure followed that described in section 6.3.4 and the

reaction was iniriated by addition of substrate. However, the time of initiation was delayed

for various periods after prior formation of the ternary system containing the enzyme. This

time-delay is defined as the microemulsion lifetime, t . At zero time delay tm was equal to

/o, and the concentration of active BSSL was at its maximum. The values of r* chosen

depended on the relative stability of the individual microemulsion systems. In some systems

little inactivation was observed even at hi-eh values of t- (tens of hours) at37 "C.

6.5.2 Results and Kinetic Analysis

The level of inactivation was measured for each different solvent composition at various

values of r,rr. Table 6.5 lists the measured initial rates of reaction after different time delays

for solvent system 4. The inactivation data for the solvent systems is given in Appendix

A6.4. The rate of inactivation was found to follow first order kinetics. The linear plot of

loglgvo versus tm corresponding to solvent system 4 is shown in Figure 6.10. The slope of

this plot gives the value of the first order rate constants for inactivation, ft;,,.

Values of &1r, are given in Table 6.4 and are plotted against the molar ratios of n-hexane, lso-

propanol, and water as a three dimensional surface, in Figure 6.11.

A large maximum is observed in the ternary solution region d, system 2, for a solvent

composition very similar to that seen for the maximum in the V^oversus solvent composition

profile shown in Figure 6.6. The lowest value for the inactivation rate constant is found in

the microemulsion region b, system 13, for which the second, and lower, activity maximum

was observed in the activation plot.
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Table 6.5 The rate daia, measured as a function of the time delay before the reaction was

initiated, for microemulsion system 4.

Composition volumes: 1767 pL n-hexane, ll52 pL iso-propanol, 8l pL water

tm

(min)
vo

(AU min-r)

Relative activity
(vo)

logto relative

activity

0.00

7.33

12.5

19.8

30.0

45.0

0.0748

0.0461

0.0226

0.0126

0.0048

0.0012

100

6r.6
30.2

16.8

6.42

1.60

2.00

L.79

1.48

r.23

0.81

0.2r

2.O

't
-t, 1.5o
o
+,o 1.0ol-
x
f o.u
oJ

30
Time (min)

Figure 6.10 The plot of the logle relative reaction rate against the time delay, to,, for the

BSSL catalysed hydrolysis of PNPP in system 4.
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/saPropanol

Figure 6.11 The three dimensional surface describing the inactivation kinetics for the BSSL
catalysed hydrolysis of 4-nitrophenyl propionate plotted as a function of the composition (in
mole fractions) of the system n-hexane/iso-propanoUwater (Tris/HCl buffer, 0.1 mol L t, pH
7.5) at 37 "C.

K'n (s-t)

0.9

0.6

0.3

Water

n-Hexane
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6.6 Discussion

6.6.1 The lnteraction of BSSL with Organic Solvents

The activity of BSSL showed a strong dependence on the presence of rso-propanol. In the

presence of very small concentrations of iso-propanol in the reaction medium the catalytic

activity of BSSL was greatly enhanced. Starting at a critical concentration of iso-propanol

between five and ten percent, and at higher concentrations, this trend was dramatically

reversed and the enzymic activity rapidly decreased. In contrast to this observation, the effect

of BSSL exposure to comparable concentrations of hexane was quite minimal. The cause of

these effects may be discussed in terms of the relative hydrophobicity of the solvents.

BSSL in its fully active native state is surrounded by a hydration shell of water molecules

attached to the enzyme surface by hydrogen bonds. The presence of this hydration shell is

indispensible for supporting the native protein conformation. In the presence of an organic

solvent, the solvent molecules tend to displace water from the hydration shell, thus distorting

the finely balanced interactions responsible for maintaining the native conformation of the

protein molecule. The degree of this displacement is dependent on the relative hydrophilicity

of the organic molecule concerned and the intrinsic ability of the enzyme to retain its

hydration shell. This ability may be related to the surface hydrophobicity of the protein. The

destruction of the hydration shell is one of the main reasons for protein denaturation by

organic solvents (it is well known that enzymes in a fully dehydrated state exhibit only

negligible, if any, catalytic activity).

The observed dependence of the activity of BSSL on the concentration and nature of organic

solvent may now be rationalised. Iso-propanol has a greater ability than hexane to strip water

molecules from the hydration layer of BSSL, and possibly also to remove interstitial water,

because of its more hydrophilic nature.

The ability of organic solvents to remove, or disrupt, the hydration shell of BSSL did show

a dependence on the concentration of added taurocholate. When taurocholate was present in
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the reaction medium, however, a higher concentration of iso-propanol was required to

inactivate the enzYme.

The interaction of BssL with taurocholate has been studied in great detail. In a report by

O'Connor et al. (1986) it was proposed that on binding to the enzyme the taurocholate induces

a conformational change by embedding its hydrophobic backbone into the hydrophobic

backbone of the enzyme. This interaction is shown dia-erammatically in Figure 1.5' The

result of this interaction is a nett increase of the surface hydrophilicity of the enzyme. The

stabilising effect of taurocholate, noted above, may be explained in terms of the enhanced

ability of the more hydrophilic enzyme to keep its hydration shell, thus preventing the

denaturing effect caused by the stripping with organic solvents.

A recenr study by Khmelnitsky er aI. (1991) investigatin*e the relationship between surface

hydrophobicity of a protein and its stability against denaturation by organic solvents supports

this assumption. They used a-chymotrypsin and covalently modified it with a strongly

hydrophilic modifier, pyromellitic dianhydride. The reaction is shown below.

o
tl

ENZYI\4E_NH-C

ENZYME-NHz
Hro

---------)>

There are fifteen accessible surface amino groups on o-chymotrypsin so the three charged

carboxylic groups introduced at the protein surface resulted in a pronounced increase in the

hydrophilicity of the u-chymotrypsin molecule.

Khmelnitsky et aI. (1991) found that the hydrophilisation of the enzyme enabled it to endure

much higher concentrations of organic solvents without loss of catalytic activity compared

with the narive enzyme. This result clearly showed that the hydrophilisation of the protein
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surface brought about a significant increase in the stability of the protein against the

denaturating stripping by organic solvents.

Therefore, by analogy, the accompanying increase of hydrophilicity induced in the BSSL

molecule by binding of taurocholate explains the increased stability of this enzyme to fso-

propanol.

Ir is interesting to note that very small concentrations of iso-propanol (< 0.5 7o) stimulated

the activity of BSSL, although higher concentrations caused inhibition. However, there was

no stimulation of enzymic activity on exposure to similar concentrations of hexane. The

major differences between these two organic solvents is that iso-propanol possesses an

hydroxyl group (and therefore has the ability to act as a competing nucleophile) and it is more

hydrophilic than hexane. There is the possibility that iso-propanol could compete with water

as the attacking nucleophile on the intennediate enzyme-substrate complex (see Figure 5.10).

The hydrophobic carbon chain of iso-propanol may embed itself into hydrophobic sites on the

enzyme, leaving the O-H exposed, which can then act as the nucleophile in competition with

HrO. The analogous situation to this is shown in Figure 5.11 for the case of enzyme-bound

HzO. A similar phenomenon has been observed by O'Connor and Walde (1986a) to occur

in BSSL solutions containing surfactants and is known as the "surface as cofactor" theory.

The substrate reacts with the enzyme-bound iso-propanol and it is possible that this may lead

to an enhancement in the rate of the degradation of this complex to products, perhaps due to

steric factors which, when considering the bulk of the propyl group, may make the ester a

better leaving group than the corresponding acid.

There still remains the dilemma, however, that smaller concentrations of iso-propanol enhance,

but higher concentrations inhibit, the activity of the enzyme. The existence of coupled

enzyme activity enhancement (due to mechanistic implications) and inhibitory (due to enzyme

denaturation) processes, would explain the observed behaviour.
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6.6.2 The Dependence of the lnitial Rate of the Hydrolysis Reaction on the Length

st_I@Alkyl Chain

It. was proposed above that the apparent reversal of the trend of the activity dependence on

the length of the carbon chain of the 4-nitrophenyl alkanoate esters observed in Figure 6.6

was due to the substrate specificity of BSSL being reversed, as had been observed for other

enzymes in non-aqueous media. The explanation of this phenomenon requires consideration

of the application of the Michaelis-Menten model for reactivity in detergentless microemulsion

media.

Enzyme (E)^r + Substnie (S)w

,tl
Ps ll tast

tl

Substnte (S)o

tasl

(l(n)"

En4yme-Substrate

conplex (ES)"

(Michaelis corplex)

slo,v

----> Ptoducts (P)

ka

(6.1)

(6.27

The notation w and o indicate whether the species concerned is located in the water droplet

pseudophase or the organic phase, respectively. Because the enzyme-substrate complex must

be formed in the water droplet, it is denoted (ES)o,, and the Michaelis constant is (K-)*. The

first order rate constant for the reaction within the Michaelis complex is k""" The term P, is

the partition coefficient for the substrate between the two phases and is defined as

The introduction of the partition coefficient into the Michaelis-Menten treatment may be used

to explain why lower rates of reaction were returned for the more hydrophobic substrates.

The Michaelis-Menten equation is reproduced here in the from derived by Martinek et al.

(198 1),

P- = 
[S]*

' [s]o

, lpl k"u, [El1[S11
tr=f,-=_
" dt (K 

^)upp 
+ [S]r

where the subscript T indicates that the concentrations are expressed over the total volume

of the microemulsion medium. This form of the Michaelis-Menten equation is related to that
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given in equation (2.I2) s Vo'* = ,t".1[EJ. The parameter (Ko,)unn is termed the apparent

Michaelis constant. It is related to the parameter (K,,)rr shown in the reaction scheme above,

as follows (Fletcher et a1.,1985; Martinek et aI., 1984)

(Krn )opp =
(K,, )* [1 + Y (P, - l)] (6.3)

Ps

where Y is the volume fraction of the water droplet. For substrates that are freely water

soluble, i.e. P, >> 1, then the relationship shown in equation (6.3) may be simplified to

(K-)upp = (Kr)*Y (6.+1

For an oil-soluble substrate, i.e. P" << 1, the relationship becomes

(K",)*(l -Y)
(K.)"pp = (6.5)

(6.6)

Ps

= (K^)nlP, when Y (< I

In the case of the solvent compositions corresponding to microemulsions, Y was in the range

0.016 - 0.085 and so the assumption Y < I applies. From this discussion it is clear that the

magnitude of the measured kinetic parameters is strongly influenced by the relative

partitioning of the different 4-nitrophenyl alkanoate esters between the water droplet

pseudophase and the continuous oil phase. The parameter Ps determines whether equation

(6.4) or equation (6.6) applies.

Consider, for example, the least and most hydrophilic esters used in this study, the acetate and

the palmitate. The 4-nitrophenyl acetate ester is relatively water soluble and equation (6.4)

states that the apparent Michaelis constant will be less than the "true" value within the

microemulsion. The very hydrophobic palmitate ester would have an apparent Krn which

would be much greater than (K.)* because the value of P, would be very small for such a

hydrophobic substrate.
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6.6.3 The Activity and Stability Characteristics of BSSL in Detergentless

Microemulsions

The most important result of this study was that BSSL retained catalytic activity in

microemulsion media of low water content. The enzyme exhibited significant activity in

these microheterogeneous media although the water content was less than two volume percent.

In contrast, in homogeneous water-organic mixtures with such a low water content, enzymes

usually become inactive (Martinek and Semenov, 1981). The magnitude of the enzymic

activity showed a strong dependence on the composition of the ternary system in which the

hydrolysis reaction was carried out. The stability of BSSL in this reaction milieu also showed

a strong dependence on the composition of the ternary solution. Rates of inactivation ranged

from the very low (the measured values being comparable with those observed in aqueous

solutions, especially in the microemulsion region b) to the very high, with the enzyme

becoming rapidly inactivated in the ternary solution region d.

Maximal activity against 4-nitrophenol propionate was observed in the ternary solution region

d of the phase diagram shown in Figure 6.3. Comparison of this value with the V-o

determined for the enzyme in aqueous media showed that the BSSL activity in this region was

approximately 85 percent of that in aqueous solution. In this region there is no ordered

structure of the solvent mixture.

In light of the interaction between BSSL and iso-propanol being very deleterious to the

enzyme at relatively low concentrations of iso-propanol, it was somewhat suqprising to

observe an activity maximum in this region. Hewever, because of the lack of partitioning

of the substrate and the enzyme into separate phases, the two may more readily interact and

therefore the hydrolysis reaction proceeds at an accelerated rate.

The rate of BSSL inactivation was at a maximum in the ternary solution region d, system 2,

at a solvent composition very similar to that for the activity maximum, system 1. It is

interesting to note that the enzyme is least stable in the region where its activity is at a
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maximum. It is believed that the same close contact between BSSL and the reaction milieu

also explains this phenomenon. The lack of structure in the ternary solution region allows

ready access of rso-propanol to the enzyme and, in turn, this leads to rapid inactivation.

Another activity maximum, approximately 29 percent of that observed in aqueous solution,

was observed in region b, the microemulsion region. In this region the enzyme is

encapsulated within a water droplet. The existence of an interfacial barrier means that the

enzyme and/or the substrate must traverse it for the hydrolysis reaction to proceed. The

observed activity decrease in the microemulsion compared with aqueous media may be

attributed to this. Furthermore, it is expected that partitioning of the iso-propanol between the

water droplet and the oil phase will be less than 100 percent. into the oil phase due to the

miscibility of iso-propanol in water. This factor may also have contributed to the lower

values of Vor* measured in this region. It is important to note, however, that the relative

amounts of hexane and water, when compared on a volume/volume basis, would favour an

almost complete partitioning of the iso-propanol into the oil phase.

Results obtained from the stability study show that there is also significant inactivation of

BSSL in region b which coresponds to the region of maximum activity. However, the rate

of inactivation is at its lowest in this region. This is because the enzyme is in its most stable

state when it is wholly encapsulated within a microemulsion and is thus isolated from the

denaturing effects of the organic solvents. Even under these conditions, inactivation still

occurred, probably at the interface.

The value of K,n was also observed to be dependent on the composition of the reaction

medium. Inspection of Table 6.4 shows that the magnitude of K^ could be related to the

region of the pertinent solvent composition in the three phase diagram shown in Figure 6.3.

Systems I through 4 all fall within the ternary solution region d and the measured values for

K^, although rather variable, are of similar magnitude, i.e. within the range 3.53 - 8.98.

Next, consider the solvent compositions corresponding to region c. In this region the values
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of. K^are all very similar with an average value of 2.66 mmol L-1, and the range in values

is within + 7 percent. Finally, the values for K^ measured in the microemulsion region b,

with the exception of systems I and 9 which lie very close to region c, are also quite similar

at an average of 1.37 mmol L-1.

The Michaelis constant, Knt, is the dissociation constant for the ES complex to the enzyme

plus substrate. The lower the value of K*, the greater the amount of ES complex that is

available to form products (this has led to the concept of "better binding-better catalysis",

Roberts, 1977). As such, K, is a measure of the affinity the enzyme has for the substrate

under specific reaction conditions. The observation of a trend is therefore compatible with

the Michaelis-Menten theory. The reaction conditions in each different solvent system in a

given region in the three phase diagram are similar and this is reflected, although not

perfectly, in the kinetic data. Comparison of results obtained from the different regions shows

clearly that the affinity of BSSL for PNPP is greatest in region b, and least in region d.

This enhanced affinity occurs in spite of the increased partitioning of the substrate into the

organic phase in region b. However, in this region the fso-propanol is also partitioned

favourably into the organic phase. Therefore the enzyme is more protected from denaturation

than it is in region d, in which the enzyme-substrate affinity is weaker.

Khmelnitsky et al. (1987) investigated the kinetic and stability properties of the trypsin

catalysed hydrolysis of N-benzoyl-L-arginine ethyl ester in the system hexane/,ro-

propanoVwater (0.05 mol L-l Tris-HCl buffer, pH S.0). They measured the activity and

stability of trypsin as a function of solvent composition. The activity of the enzyme increased

with increasing water content. Khmelnitsky et aI. observed only one activity maximum,

which was in the solvent system corresponding approximately to system l0 (microemulsion

region b) in this present study. The magnitude of the corresponding Vn.,* was of the same

order of magnitude as that measured in aqueous solutions. In further contrast to this present

study, the rate constant for inactivation was at a minimum over a range of compositions
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spanning regions d, c and b. The approximate location of their stability maxima (f.e. tio

minima) were at solvent systems corresponding to compositions I and 9. Similar results were

obtained for another enzyme, laccase, in a study by Khmelnitsky and Gladilin (unpublished

results).

In another study by Khmelnitsky er a/. (1988) the cholesterol oxidase catalysed oxidation of

cholesterol was studied in detergentless microemulsions formed by mixing n-hexane, iso-

propanol and water. The kinetic profile of the activity of this enzyme was in stark contrast

to that described in their two previous studies, but was remarkably similar to that shown in

Figure 6.9. Two activity maxima were observed. The largest of these was located in the

ternary solution region d (conesponding to system l). The other maximum was located in

the microemulsion region b (conesponding to system 10) and was significantly smaller. The

stability profile of the rate constant for inactivation of cholesterol oxidase measured at

different solvent compositions showed a large maximum in region b corresponding to system

10, the same composition in which the enzyme showed an activity maximum. Khmelnitsky

er a/. suggested that this was an artifact caused by the high concentrations of cholesterol used

in their stability study and that at the cholesterol concentrations used, which were 50 - 100

mmol L-1, the intrinsic surface active properties of the substrate caused the system to be

quarternary.

The Khmelnitsky studies conducted on three different enzymes all led to the observation of

an activity maximum in the microemulsion region b. These data, combined with the activity

profile compiled from this present work, show evidence of a general pattern in behaviour.

For hydrophilic enzymes, the solvent compositions corresponding to system l0 and 13 afford

the optimum reaction conditions in which to conduct enzymic reactions in microemulsion

media. Furthermore, since maximum enzyme stabilities are observed at these same solvent

compositions, it seems that there is a synergism between enzymic activity and stability.
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As more studies are conducted in these interesting media, especially those involving enzymes

which have industrial significancs, other ,eeneral commonalities between different enzymes

may become apparent.

6.7 Concluding Remarks

It has been shown that BSSL retains its catalytic integrity when dissolved in ternary solutions

composed of n-hexane, iso-propanol and water and that, when optimising the reaction

conditions in which to conduct an enzyme-substrate reaction, choice of a solvent composition

conesponding to system 13 would be a good starting point.

On the basis of comparison of the results presented in this chapter with those from the

literature, it is concluded that microemulsions provide a convenient means for carrying out

enzymatic reactions in media of low and controlled water content. The high concentrations

of the organic components mean it is possible to conduct biocatalytic transformations of

lipophilic substrates. Moreover, since the microemulsions are optically transparent, they

become attractive media for kinetic studies on lipolytic enzymes.

Finally, a significant benefit to be accrued from conducting enzymic reactions in these solvent

systems is the potential ease of recovery of the enzyme on completion of the experiment

although this procedure was not attempted in this study, due to the very small scale of the

experiments conducted (for example, the amount of BSSL used in a typical experiment was

only 50 pg)"



7 Fourier Transform Infra Red

BSSL Assay in Reversed Micelles

7.1 Introduction

The problem of poor water solubility of lipid substrates was addressed in Chapter Six and the use

of detergentless microemulsions was explored as a technique for rapid lipase assay. However,

it was observed that only shorter chain esters could be assayed in this manner, i.e. those with a

chain length of up to six. Difficulties with the assay of triglyceride substrates and longer chain

esters still remained.

A method frequently described for the assay of lipid substrates is that of liquid scintillarion

counting, but because of the limited availability of radioactive substrates, this method is

generally restricted to assays for hydrolysis of triolein. Resuls obtained using this technique are

described in Chapter Five.

This chapter describes a simple and fast spectrophotometric method for measuring the lipase-

catalysed hydrolysis of triglycerides in reversed micelles. The infrared spectrum of the reaction

mixture is recorded over the time course of the reaction. The rate of hydrolysis can be followed

by monitoring spectral changes in those regions of the spectrum corresponding to hydrogen-

t57
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oxygen stretching (between 3750 and 3000

(between 1800 and 1600 cm-r).

FTIR Lipase Assay in Reverse

cm't; and carbon-oxy-een double

Micelles 158

bond stretching

The kinetics of formation of reversed micelles, together with a discussion of their structure,

including such properties as their aggregation number and dimensions, as well as the

microenvironment of the water pool, have been investigated in many laboratories throughout the

world (see, for example, reviews by Waks, 1986 and Martinek et a1.,1986).

Reversed micelles are formed spontaneouslywhen surfactants are dissolved in non-polarorganic

solvents. Reversed micelles are closed, almost spherical, aggregates of surfactant molecules of

diameter - 15-20 A. ttre hydrophilic headgroups of the surfactant form the inner core of the

reversed micelle while the hydrophobic "tiails" form an outer shell exposed to the organic solvent

(Figure 7.4). The most important feature of reversed micelles is their abiliry to solubilise

considerable amounts of water; up to 70 water molecules for each surfactant molecule,

depending on the surfactant used. Figure 7.1 shows the changes that the reversed micelle

undergoes as water is taken up into the inner core.

\ )l
-------<r-wnrEH O'--

/p?1\
( (\

Figure 7.1 Solubilisation of water by a reversed micelle showing the significant increase in
both micelle dimensions and the surfactant aggregation number.

Depending on the amount of water added, the diameter of the aqueous cavity of hydrated
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reversed micelles can increase from l0-100 A. Figure 7.2 shows the effect of changing water

and surfactant content on the structure of a reversed micelle system.

WATER

Figure 7.2 Cross sectional representation of the influence of changing water and surfactant
content on the structure of reversed micelles. See text for explanation of a, b and c. Adapted

from Martinek et a/. (1989).

Examination of Figure 7.2 reveals three main features: a, if the water content is increased while

the surfactant concentration is maintained at a constant level the degree of hydration increases

and there results an increase in micellardimensions. The number of micelles present, therefore,

decreases; b, if the concentrations of water and surfactant are increased in equal proportion then

the dimensions of the micelle remain constant but there is an increase in the number of micelles

present; c, if the concentration of surfactant is increased while the concentration of water is kept

constant the micelles decrease in size but the number of micelles increases. The degree of

hydration of the surfactant is expressed as the ratio of water concentration divided by the

concentration of surfactant and is denoted wo = [H2O]/[surfactant].
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The most important feature of reversed micelles from the standpoint. of this study is their ability

to entrap proteins, and other species that may be insoluble in the organic phase, into the aqueous

water pool. Inclusion of the protein into reversed micelles occurs spontaneously either on

addition of a lyophilised enzyme preparation or injection of a stock protein solution into a three

component system comprising organic solvent plus surfactant plus water. Mild shaking or

mixing helps esrablish equilibrium.

There exists considerable controversy in the literature as to the structural changes which

accompany the entrapment of proteins into reversed micelles. There are two main opposing

models being discussed in the literature. Luisi and co-workers have proposed (Zampiei et al.,

1986) a "water shell" model in which entrapment of a protein molecule is accompanied by an

increase in the micelle size and the micelle contains more surfactant and more water than the

unfilled micelle. These changes occur as a result of redistribution of these micellar components

berween filled and unfilled micelles. Figure 7.3a shows the water shell model.

However, the Russian group, led by Martinek, has su-Qgested (Levashov et a1.,1982) that the

relative sizes of the micelle and the protein determine the structure of the protein containing

micelle. An increase in size occurs only when the inner cavity of the empty micelle is smaller

than the protein molecule, resulting in an increase in the aggregation number and the degree of

hydration of the surfactant. This is called the "induced fit" model and is shown in Figure 7.3b'

They go further to say that if the size of the initial water cavity is approximately the same size

as, or is larger than, the protein molecule then no significant increase in its size occurs on

encapsulation of the protein. This situation is shown in Figure 7.3c and is called the "fixed size"

model.

Shapiro et aI. (1989) studied the changes that occur to the magnetic properties of individual

segments of the AOT molecule on micellar encapsulation of a protein using nC MrrIR. Their

results showed that the boundary of the water cavity was shifted outward and the alkyl chains

of the surfactant become flooded by water molecules on entrapment of a protein. This
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Figure 7.3 A diagrammatic representation of three different models that depict the changes that

occur to a reversed micelle upon encapsulation of a protein: a, the water shell model; b, the

induced fit model; c, the fixed size model. Modified from Martinek et al. (1989).

observation supports the fixed size model and may explain why the outer size of the reversed

micelle does not change on insertion of a bulky protein molecule.

Studies on the mechanism and rates of formation of reversed micelles show thatthe rate of water

uptake is dependent on wo and is accelerated by the presence of proteins (Magid et aL.,1988).

Water encased in reversed micelles is a unique solvent which exhibits properties that may differ

markedly from those of bulk water. For example, studies conducted by Menger et al. (1973) and

Fendler (1976) showed that the polarity of water in a water pool lay between those of methanol

and water and, depending upon the value of ro, could even attain values corresponding to that

of benzene. It was observed that the polarity of the water pool decreased at low values of wo.
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Furthermore, from ESR experiments conducted on cr-chymotrypsin solubilised within the

aqueous core, Beglo nogova et ar. ( I 983) also observed that the polarity increased with increasing

wo values, the limiting value being that of bulk water.

Bachmann et at. (1991) recenrly investigated a reversed micellar system in which the reversed

micelle hosts a reaction which yields the very surfactant which builds the micelle. They

observed that the micelle mediated hydrolysis of octyloctanoate afforded fresh octanoate which

spontaneously assembled into new micelles'

Ir is clear that the reversed micelle medium provides great flexibility in the choice of

experimental conditions that are accessible within the water pool and enzyme chemists have been

able to develop reversed micellar systems in which their enzymes have exhibited quite novel

properties when compared with their behaviour in bulk media.

Solubilisation of proteins in reversed micellar solutions has received much interest for a variety

of reasons. For example, enzymes have been applied in organic syntheses (Klibanov e t aI., 1977 :

Martinek et al., 1987) and it has also been argued that reversed micelles may bear some

similarity to the microenvironment of certain proteins in vivo. Because of the existence of

discrete compartments in the reversed micellar system, it has been proposed that such systems

may mimic water-membrane interfaces (Montal, 1984).

The key properties of reversed micelles from the point of view of the enzyme chemist are, first,

thatthey are optically transparentso the spectralcharacteristics of any species may be monitored.

Secondly, the reversed micelles form and attain equilibrium very quickly, so kinetic

measurements, for example, may start immediately. Thirdly, the dimensions of the reversed

micelles are widely and easily variable, as seen in Figure 7.2. As mentioned in section 7.2,the

degree of hydration of the surfactant alters not only the size, but also, more importantly, the

properties of the micromedium within the water pool.
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The kinetics of a number of enzyme-substrate systems in reversed micelles have been studied

(for reviews see Luisi, 1985; Martinek et a1.,1986; Luisi & Magid, 1986). One of the most

striking effects is the apparent enhanced activity, or superactivity, that is observed for some of

the entrapped enzymes. For example, the catalytic activity of peroxidase (oxidation of

pyrogallol) entrapped in reversed micelles formed from a number of different surfactanUoil

systems, including Aerosol-OT (AOT) in octane, was more than 100 times greater than the

activity of the enzyme when assayed in an aqueous system (Klayacho et aI., 1984). Other

enzymes possessing similarly high superactivities in the micellar medium are acid phosphatase

and laccase (Martinek et aI.,1989). A further advantage of these systems is that, in addition to

increased activity of the enzyme, its stability may be enhanced, as discussed in section 6.1-

Infra-red specrroscopy is a technique specifically designed for the spectral analysis of samples,

most commonly solids, for the pulpose of their identification and characterisation. Therefore,

commercial instruments commonly available are not intended to be used for time resolved

analysis, nor do their configurations incorporate features that facilitate such analysis to the extent

thatis possible, for example, with ultra-violeUvisible spectrophotometers. However, with fourier

transformation it is possible to record a whole infra-red spectrum in less than one minute and so

it is now possible measure the rates of relatively fast reactions.

7.5 The Experimental Method

7.5.1 Choice of the Reversed Micellar System.

The reversed micellar system chosen for this study was that formed by mixing a small volume

of water with a solution of AOT in iso-octane. This system has been well characterised and is

that most widely used in protein solubilisation studies. The preference for AOT is due to its high

water solubilising potential and to the relatively large area in the ternary phase diagram in which

the mixing of water, AOT and lso-octane forms reversed micelles. The former of these

properties was of particular benefit to this study in that a wider range of ruo values was attainable.
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Figure 7.4 shows the AOT molecule and the orientation it is proposed by Martinek et al. (1989)

to ,lssume at the oiUwater interface. Also shown is the expulsion of water from the inner cavity

of a reversed AOT micelle on incorporation of a protein in accord with the fixed size model.
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Figure 7.4 The AOT molecule showing the probable orientation it assumes at a water/lipid

interface. The depicted expulsion of water from the inner cavity of the micelle is in accord

with the fixed-size model.

It was also important that the medium be stable up to at least 37.5 t. Zulauf and Eicke (1979)

used photon correlation spectroscopy (which relates the amount of light scattered by the sub-

microscopic micelles first to mobility and then to size) to determine the influence of temperature

on the physical properties of AOT reversed micelles.

They reported variations in micellar size (Stokes radii, rr) as a function of varying water content

and temperature. Micellar size was observed to increase with increasing woand increasing

temperature, though to a far lesser degree. From their data they were able to construct a plot of

rh versus t, for wo values ranging from 0 to 66, which showed that reversed micelles were stable

over the desired temperature range up to a value of wo equal to 50. Their data are shown in

Figure 7.5.
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Figure 7.5 The dependence of the size of AOT reversed micelles on the value of wo and

temperature (adapted from Zulauf and Eicke, 1979).

7.5.2 Preparation of Reversed Micellar Solutions

The reversed micellar solutions were prepiued by injecting a buffered stock enzyme solution

(2.0-10.0 mg ml--r in TriyHCl buffer, pH 7.5) into, rypically, 500,uL AOT (100 mmol L-t; in rso-

oclane, with a microsyringe. The desired water content and/or snzyme concentration was set by

an additional injection of the same buffer into the micellar solution. The whole was shaken by

4020 60
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hand for at least 30 s or until a clear solution had formed. It has been shown previously by

Zulauf and Eicke (1979) that the final size of the micellar aggregates was independent of the

method of mixing and that, in particular, sonication of reversed micellar solutions did not reduce

the size of the aggregates.

The reaction was initiated by the addition of, typically, 500 pL triolein (100 mmol L-t) in iso-

octane. Atl of the reagents used, except for the stock enzyme solution, were kept in a water bath

maintained at 37.5 oC to reduce the necessary equilibration time required before kinetic

measurements could begin. An aliquot of the reaction mixture was transfered by syringe to the

liquid sample cel (the cell itself was thermostatted to 37 .5'C - see section2.4.7) which was then

placed in the sample cavity of the instrument.

7.5.3 Selection of the FT-IR Conditions

Unless otherwise stated the cell pathlength was 0.01 cm. This corresponded to a cell volume

of approximately 20 fl,. To allow for temperature equilibration and stabilisation of the

atrnosphere in the cell cavity of the instrument there was a 1.5 min delay before measurements

were taken. The spectrum of the empty liquid cell was used as the background for all

measuremgnts.

The greater the number of scans that are taken the greater the signal to noise ratio. However, a

compromise had to be made between this and the time taken to obtain a spectrum, which became

an importantconsideration when makingkinetic measurements. All the spectra presented in this

work consist of 16 scans. A computer averaged the l6 interferograms, then converted them by

Fourier Transform from a time domain to a frequency domain and finally [o a wavenumber

versus percentage transmittance plot. The percent transmittance data were converted to

absorbance by dividing by 100 and then applying equation 7.1.

A =log,o
I

T

where A is the absorbance and I is the transmitance.

(7.1)
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7.6 Results

Before undertaking any kinetic measurements in the reversed micellar system, its spectral

characteristics were first investigated by FT-IR. The following series of experiments was run

to identify regions in the infra-red spectrum that, when monitored with time, would reflect the

production or consumption of reaction species. Additionally, because of the structural

complexity of the components of the reaction mixture it was necessary to identify the origin of

the various peaks that were observed experimentally. The FT-IR spectra were recorded for the

following components and mixtures:

l.

2.

Empty CaF, cell - this spectrum shows the optical window of the cells - Figure

7.6a;

Cell + iso-octane - iso-octane is the component present in the reaction medium

in the highest concentration and together with the windows of the liquid cell,

determined the optical windows available for use in this study - Figure 7'6b;

Cell + AOT in isa-octane (50 mmol L-t; - Figure7.6c;

Cell + triolein in iso-octane (50 mmol L't) - Figure 7.6d;

Cell + oleic acid (150 mmol L't) in i.ra-octane - the concentration of oleic acid

in the reaction mixture after complete hydrolysis of triolein (50 mmol L-I) is

equal to 150 mmol L-r- Figure 7.6e;

Cell + AOT (50 mmol L-t) + triolein (50 mmol L-l) in jso-octane - Figure 7.6f;

Cell + AOT (50 mmol L't) + triolein (50 mmol L-t) in fso-octane + Tris/HCl

buffer, pH 7.5, (wo = 11.1) - Figure 7.69; and

cell + AoT (50 mmol L-t) + oleic acid (150 mmol L'1) in iso-ochne +

Tris/HCI buffer, pH 7.5, (wo = 11.1) - Figure 7.6h.

3.

4.

5.

6.

7.

8.

The FT-IR spectrum of the empty CaF, cell was chosen to be used as the background spectrum

for all measurements. A dme of at least one minute was required for complete purging of the

sample cavity i.e. until successive IR spectra of the sample cavity were identical. This time
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delay removed the possibility of interference from atmospheric water and COr, which may have

introduced small errors in the measured band intensities at small reaction times.

The spectrum depicted in Figure 7.6a shows that the CaF, cell windows have a clear optical

window extending from 1000 cm-r to 4000 cm-t. However, the band width of this optical

window is significantly reduced in the presence of iso-octane - Figure 7 .6b. Iso-octane absorbs

strongly in the following regions; 2850-297Ocm't, v(C-H): 1.464cm't, 1392 cm-r and 1367 cm-t,

6(C-H); and skeletal C-H vibrations in the region 1290-1150 cm-t. These absorptions

significantly reduce the regions in the infra-red spectrum that may be used to monitor the kinetics

of hydrolysis.

More peaks are observed in the spectrum of AOT (50 mmol L't; in rso-octane - Figure 7.6c. The

quite broad peak at 1?30 cm'I is due to the C=O stretching of the AOT molecule. The stretching

due to S=O and C-O are covered by the alkyl deformations arising from the lsa-octane and also

rhe AOT itself. The spectrum of triolein (50 mmol Lt) in iso-octane is shown in Figure 7.6d.

The triolein C=O stretch is observed at 1751 cm-r. ff all of the triolein present in the reaction

mixture were completely hydrolysed, the final concentration of oleic acid would be 150

mmol L-t. Figure 7.6e shows the infra-red absorption bands of oleic acid (150 mmol L-t) in fso-

octane. The peak position conesponding to the acid carbonyl stretch is at 1714 cm'I.

Figure 7.6f shows the effect of AOT on the triolein spectrum. The v(C=O) peak position is

independent of the presence of AOT but the peak is slightly broadened to lower wavenumbers.

The spectrum shown in Figure 7.69 shows the strong water absorption band at 3400 cm-r,

v(O-H). Figure 7.6h shows the IR spectrum for the whole reaction mixture, but with the

omission of BSSL which does not register any absorbance at the very low concentrations used

(data not shown).
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Figure 7.6a-c The specual charateristics of: a, the CaF, cell windows (this spectrum was

used as a background for all subsequent spectra); b, the cell containing iso-octane; c, the cell

containing a solution of AOT (50 mmol L t) in iso-ochne.
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3000 2000 1 000
Wovenumbers (cm- 1 )

Figure 7.6d-f The spectral charateristics of: d, the cell containing a solution of riolein
(50 mmol L'1) in isa-octane; e, the cell containing a solution of oleic acid (150 mmol L-r) in

iso-octane; f, the cell containing a solution of AOT (50 mmol L't) and triolein (50 mmol L-r)

in iso-octane.
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4000 3000 2000 1 000
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Figure 7.69 & h The spectral charateristics of; g, the cell containing a solution of AOT (50

mmol L'r) and triolein (50 mmol L-r) plus Tris/HCl buffer, pH ?.5, (wo=l1.1) in iso-octane;

h, the cell containing a solution of AOT (50 mmol L't) and oleic acid (150 mmol L-I) plus

Tris/H0 buffer, pH7.5, (wo=11,1) in iso-octane.
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The amount of product formed and reactant consumed in the hydrolysis reaction could be

followed qualitatively by monitoring the intensity of those peaks listed in the previous section'

However, quantitative analysis required that the molar extinction coefficients of the reaction

species be known.

A Beer's Law plot was therefore constructed by plotting the intensity of absorption against

concentration for four different concentrations of triolein and oleic acid. The range of

concentrations trialled spanned those likely to be observed during the course of the hydrolysis

reaction and these measurements were made in iso-octane and in an iso-octane solution of AOT

(50 mmol L-').

The triolein C=O(st) peak at l75l cm-t shows the expected tinear dependence on triolein

concentration in iso-octane, Figure 7 .7 . T\e absorption data for triolein dissolved in iso-octane

1 850 17 00 1 550

Wovenumbers ("--1)

Figure 7.7 The carbonyl absorbance peak at triolein concentrations of 0, 10, 20, 35 and

50 mmol L-r in isa-ocnne.
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and in a solution of AOT (50 mmol L-t) in iso-octane were coincident (Figure 7.8), indicating

that the triolein is partitioned into the bulk organic phase. Althou-eh this was to be expected, it

was necessary to confirm it, especially in view of the earlier discussion that the polarity of water

in the water pool is lower than that of bulk water. From the calibration curve for triolein

dissolved in a solution of AOT (50 mmol L't) in iso-octane a value of 1646 L mol-rcm-r was

obtained for the extinction coefficient at l75l cm-'. The contribution from triolein to the acid

C=O(st) at 1714 cm-t was negligible.

Ganguly and Mohan (19S8) have proposed that the partitioning of the oleic acid is between the

micellar interface and the bulk lso-octane. Comparison of the infrared spectrum for oleic acid

dissolved in lso-octane with that for oleic acid dissolved in the AOT solution in iso-octane (50

mmol L-t) supports this conclusion. The contribution from AOT to the acid C=O(st) peak

al 1714 cm-r, although constant at constant concentration, needed to be subtracted from the data.

Alrhough the position of the peak was independent of the solvent used, a decrease in intensity

was observed in the AOT solution and the peak was broader.
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Figure 7.8 The Beer's law plot of
concentration of triolein dissolved in
(50 mmol L't).

the absorbance of the triolein carbonyl peak versas the

iso-octane, o, and in rso-octane containing AOT, V,
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Figure 7.9 shows the spectral dependence of the absorption band at 1714 cm-t on the

concentration of oleic acid dissolved in iso-octane.

1 850 17 00 1 550

Wovenumbers ("m- 1)

Figure 7.9 The carbonyl absorbance at oleic acid concentrations of 0, 35.5, 70.9, 106.4 and

150 mmol L-t in iso-octane.

Figure 7.10 shows the relationship between concentration and oleic acid concentration for data

measured in iso-octane and in a solution of AOT in iso-octane (50 mmol L't). In the latter case,

the data were measured from the difference spectra. The molar exctinction coefficient. for oleic

acid in a solution of AOT in iso-octane (50 mmol L't) was calculated tobe743 L mol-rcm-r.

7.6.3 The FT-IR Spectra of the Reversed Micellar System at Different Values of wo

The FT-IR spectrum of the reversed micellar system which formed at each different wo value was

also recorded. The concentration of water present in the water pool changes as the lipase

catalysed hydrolysis reaction proceeds and it was imperative to determine whether, and if so,

to what extent, the IR spectrum of AOT changed as a result of this.

Figure ?.11 shows the range between 3800 cm-t and 3000 cm'r where the predominant feature

is the O-H stretching band of water at 3450 cm't. On plotting the optical density at 3450 cm'r
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Figure 7.10 The Beer's law plot of the absorbance of the oleic acid carbonyl peak versas

the concentration of oleic acid dissolved in iso-ochne, O, and in iso-octane containing AOT,

V, (50 mmol L't).

as a function of wo, a straight line is obtained (data not shown) with a positive y-intercept

indicating that the reaction mixture contained small amounts of water. The iso-octane was

laboratory distilled and dried (see section 2.4.7). The infra red spectrum of iso-octane showed

it to be dry, see Figure ?.6b, and this result would suggest that the AOT used was not completely

anhydrous. However, calculation of the amount of water present showed that it was too small

to influence the calculated values of wo given in Table 7.2 in section 7 .6.6.

In Figure 7 .12 we shown the carbonyl stretching band, v(C=O), of the two carbonyl groups on

the AOT molecule (see Figure 7.2) at 1751 cm-t and the bending mode, 6(O-H), of the added

water at 1645 cm-t. The water peak shows a linear dependence on lvo, as expected, but the

intensity of the carbonyl peak is almost independent of wo. A small variation in the intensity of

the carbonyl peak was observed when going from w;- 0 to 5.56. As such a transition in wo was

not encountered under normal experimental conditions, the intensity of the carbonyl peak can

be said to be almost con.stant and independent of the value of wo. This observation is important

as this latter peak was monitored in the kinetic experiments outlined in the next section.
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Wovenumbers (cm- 1)

Figure 7.11 Effect of wo on the v(O-H) stretching band at 3450 cm-r. Values for wo from

lowest absorbance to highest are; 0, 5.56, 11.1,16.7,22-2,33.3 and 50'

Wovenumbers ("m- 1 )

Figure 7.12 Effect of wo on the v(C=O) stretching band at l?51 cm't. Values for w. from

lowest absorbance to highest are; 0, 5.56, ll.L, 16.7, 22.2 and 50.
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It was observed that the spacer thickness, ie pathlength, needed to be reduced from 0-1 mm to

0.055 mm for values of wo greater than 22.2 due to the increase in contribution to the water

stretching peak at -3450 cm-t.

7.6.4 Kinetic Measurements in Reversed Micelles

Initial rate measurements were the most reliable means of determining the kinetics of BSSL

catalysed hydrolysis of triolein. This was because reversed micellar systems are very susceptible

to pH artifacts that may impair or accelerate the hydrolysis reaction. It has been shown recently

by Walde et al. (1991) that the production of large amounts of fatty acids may influence the

apparent pH in the water pool. By incorporating an acidlbase indicator, phenol red, into reversed

micelles they were able to determine the effect of fatty acid production on the pH of the water

pool by monitoring the UV absorption of this molecule which is pH dependent. Although the

water pool was buffered to pH 9 wirh 0.1 mol L-t Tris/HCt the pH shifted downwards to 5, the

value of pK" of the fatty acids released during the course of the lipase catalysed hydrolsis

reaction. For this reason initial rates were used to determine the kinetic parameters of BSSL in

this medium.

Although initial rates were used to calculate the activity, the reaction was monitored for at least

two hours. This enabled the region of tinearity to be more clearly identified since there were

variations in the time period over which the increase/decrease of product/reactant was linear,

depending upon the value of wo and the concentration of BSSL used-

In initial experiments, the reaction was monitored for time periods up to three days after intiating

the reaction in order to determine the extent of hydrolysis. From calculations using the

absorbance data it was determined that only 85 percent, approximately, of the hydrolysis reaction

was completed. Thus, some factor such as breakdown of the micelles, thereby allowing BSSL

to come into direct contact with the denaturing isa-octane, or product inhibition, perhaps induced

by the increasing amount of free fatty acids produced, prevented the reaction going through to
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completion. However, since good linearity was observed over the first 20-35 minutes of reaction

time it was possible to determine the initial rates of hydrolysis'

In an attempt to extend the degree of hydrolysis beyond the apparent maximum of 85 percent,

bovine serum albumin (BSA) was added to the reaction mixture. The required concentration of

BSA sufficient to alleviate the problem of first, product inhibition, and secondly, the influence

of the fatty acids on pH, was calculated to be approximately 10 mmol L-r. However, addition

of BSA caused the reaction mixtures to become cloudy upon mixing. BSA assisted the

emulsification process in the'H-triolein assay but in this system its disruptive properties were

a disadvantage.

For quantitation of the reaction, the spectral changes occurring between 1700 and 1775 cm-r were

monitored. Figure 7.13 shows the FT-IR spectra recorded at increasing reaction times for the

BSSlcatalysed hydrolysis of triolein in AOT reversed micelles in the region 1700 to 1775 cm-t.

An isosbestic point is observed at 1737 cm-t though its position and quality were quite variable,

depending on the experimental conditions, eg. initial concentration of triolein and value of w..

The carbonyl stretching peaks for triolein and oleic acid, although well resolved, are not "clean"

peaks, due to the AOT carbonyl stretch having a wavenumber intermediate between them and

appearing as a shoulder on both. The presence of an isosbestic point allowed the reaction to be

monitored simply in terms of the conversion from triolein (with its peak maximum at 175 t cm-t)

to oleic acid (with its peak maximum at I714 cm'r). On the basis of Beer's law and the molar

extinction coefficients of triolein and oleic acid it was possible to determine the concentrations

of the two compounds at any time during the course of the reaction. Subtraction of the AOT

carbonyl peak area from absorbance measurements allowed the rate of decrease in concentration

of triolein and the rate of oleic acid production to be determined. The time course plot of the

BSSL catalysed hydrotysis reaction at an initial concentration of triolein equal to 50 mmol LI

is shown in Figure 7.14 .
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Figure 7.13 The spectral changes observed in the carbonyl stretching region during the

BSSL catalysed hydrolysis of triolein.

Thekinetics of hydrolysis could also be determined by monitoring the IR spectrum at 3450 cm't.

However, the change in concentration of HrO during the course of the reaction is quite minimal.

For example, in an hydrolysis experiment with an initial wo= 11.1, an initial concentration of

triolein of 50 mmol L'r and a total reaction mixture volume of 2 mL, complete hydrolysis would

result in the reduction of the concentration of water of less than 30 percent , ie the wo would then

be 8.1. Therefore, the associated spectral change would be too small to measure at small

reaction times.

It was necessary to reach a compromise in the concentration of BSSL dissolved in the water pool

so that suitable rates of hydrolysis were obtained without consuming too much enzyme. The rate

of the hydrolysis reaction was measured over a wide range of enzyme concentrations. Table 7.1,
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0,5

Time (min)

Figure 7.14 The time course plot of the BSSL catalysed hydrolysis of triolein.

IBSSLI =99 pg mL, [triolein] = 59 mmol L'r,wo = ll.l, t=3'7 oC.

and the corresponding Figure 7.15, show the effect of BSSL concentration on the rates of BSSL

catalysed hydrolysis of triolein.

Table 7.1 The effect of BSSL concentration on the rate of hydrolysis of triolein in reversed

micelles. BSSL was added in l0 pL aliquots from stock solutions.

wo = 11.1, [triolein] = 56 mmol L-t, t =37.5 
oC, reacdon mixture volume = 1 mL

IBSSLI
in stock in reaction
solution mixture

(mg mL-') (sg mL-')

Rate of Hydrolysis Specific Activity

(mAU min-t) (mmol L-lmin't) @rnol min-t) funnol min-tmg-t)

0.4

o.3

o.2

0.1

:f

I
E(,
tt

o()
c
oa
o
anIl

0.25
0.50
1.0

2.0
5.0

10

l5
20

2.48

4.95
9.90

19.8

49.5

99.0
t49
198

n.d
u0.84

2.73

6.32
t7.5
34.4
43.2

42.4

0.1 13

0.368
0.838
2.35

4.63
5.81
5.71

0.1l3
0.368
0.838
2.35
4.63
5.81
5.71

22.8
37.2
42.3
47.5
46.8
39.0
28.8

n.d. no data recorded (rate of reaction at this enzyme concentration too low).
# one point measurement taken at 2 h (0.1008 AU/120 min)
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Figure 7.15 The dependence of the rate of hydrolysis,

concentration of BSSL.

o, and specific activity, E, on the

The variation observed in the measured specific activity for different BSSL concentrations is

particularly interestin-9, since the specific activity of an enzyme should be constant and

independentof enzyme concentration. This variation andits possiblecause are discussed further

below.

It was observed that the rate of hydrolysis was linearly dependent on, and the specific activity

almost independent of, the concentration of BSSL between clearly defined limits. At low

enzyme concentrations, below 1.0 mgmL-I, the reaction rate increased exponentially with

enzyme concentration. At a concentration of enzyne between I mg ml--r and 10 mg mL-I, the

reaction rate was approximately linearly dependent on enzyme concentration and it then began

to level out, reaching an almost constant value at enzyme concentrations equal to or greater than

15 mg ml-'t. At these high concentrations of enzyme the reversed micelle solution was slightly

turbid in appearance.

These observations may be rationalised as follows. There appeared to be a threshold

concentration of enzyme below which the observed rate of hydrolysis was zero. This may be

a
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because a small percentage of BSSL is inactivated by contact with the iso-octane upon its uptake

into the reversed micelles. This inactivation nay also account, at least in part, for the reduction

in BSSL activity against triolein in reversed micelles as compared with other media. The

appearance of a plateau in Figure 7 .I5, athi-eh concentrations of BSSL, may indicate a saturation

effect, in which the maximum number of enzyme molecules that may exist in a reversed micelle

at this value of wo is exceeded. Excess enzyme would then become inactivated in the bulk

solvent and/or be precipitated from solution, consistent with the observation of acloudy reaction

mixture at very high enzyme concentrations.

Another explanation for the reduced specific activity at high concentrations of BSSL may be a

change in the pH of the water pool. It has been observed previously that pH effects have led to

unexpected results in the solubilisation of proteins at high concentration. Using phenol red as

a pH probe, Walde et al. (1991) observed a shift in pH of the water pool in a reversed micellar

system upon encapsulation of increasing concentrations of cr-chymotrypsin. In this present set

of data, high BSSL concentrations equal to or greater than 15 mg ml.-r and may have caused the

activity loss observed in Figure 7.15 due to this effect.

At BSSL concentrations within the range 5-10 mg ml.'r the reaction rate was sufficiently rapid

to enable meaningful time resolved measurements over short experimental times, while being

sufficiently frugal in the amount of BSSL used in each experiment. Unless otherwise stated the

concentration of the stock BSSL solution used in subsequent experiments was 5 mg ml--t.

7.6.6 The lnfluence of w" on the Rate of Hydrolysis

A preliminary investigation sought to identify the optimum value of wo for subsequent

experiments. The value of wo which afforded the greatest rate of BSSL catalysed hydrolysis of

triolein was determined by trialling a wide range of water pool volumes. Results are given in

Table 7 .2 and a plot of the activity versus wo is shown in Figure 7.16. The data in this table

represent the relative volumes used. The overall concentration of BSSL present at each wo value

was constant and equal to 49.5 pg ml-'t.
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20 30 40 50

wo ([H2o],/[Aor])

Figure 2.16 The dependence of the rate of BSSL catalysed hydrolysis of triolein and the

specific activity of BSSL on w".

The "bell shaped" profile shown in Figure 7.16 is typical for plots of enzyme activity versus

water content for enzyme reactions in media of this type (Zaks and Klibanov, 1984; Martinek

et a1.,1989). The maximum observed activity of BSSL for this system occurred at a value of

16.7. All subsequentkinetic measurements in reversed micelles were therefore conducted atwo=

16.7.

The rate of BSSL catalysed hydrolysis of triolein was measured for concentrations of triolein

ranging from 10 to 100 mmol Lt. It was not possible to measure reaction rates accurately at

smaller concentrations of triolein due both to lack of signal strength and the very small changes

in spectral intensity observed with time.

In Chapter 5 the value of K^ for the BSSL catalysed hydrolysis of triolein was determined as

3.14 mmol L't. Thus, at the concentrations of triolein used in these current experiments,

measurements of the activity would generally have been made in the plateau region of the
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Michaelis-Menten plot, i.e. the rate would have exhibited relatively low dependence on the

concentration of added substrate.

Figure 7.17 shows the dependence of the rate of the hydrolysis reaction on the concentration of

triolein at the substrate concentrations that were accessible in this present study. The initial rates

for the BSSL catalysed hydrolysis of triolein in reversed micelles measured at substrate

concentrations ranging from l0 to 100 mmol L-r, are given in Table 7.3.

40 60

[rriotcin] (mmot t-r)

Figure 7.17 The dependence of the rate of the BSSL catalysed hydrolysis of triolein and

the specific activity of BSSL on the concentration of substrate.

The rate was independent of the concentration of triolein at substrate concentrations greater than

30 mmol L-r, within the experimental error. Because the rates of reaction were monitored at

concentrations of triolein considerably greater than the previously determined value of K,, the

accuracy of any such determination from the data presented here will suffer. The reasons why

this is so are discussed in section 7.7.

Also included in Table 7 .3 we the reciprocals of the substrate concentration and initial rate

which are used in the Lineweaver-Burk plot shown in Figure 7.18. The values of V,"" and K'
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derermined from the y-intercept and slope of the best fit line shown in Figure 7.18 are 57.5

tmol mintmg-r and 5.53 mmol L't respectively.

1/u

(min mg

-0.025 0.000 0.02s 0.050 0.075 0.100

1,/[triolein] (x toJ u-11

Figure 7.18 Lineweaver-Burk plot of the BSSL catalysed hydrolysis of triolein in reversed

micelles.

The value for V-o determined in Chapter 5 for the assay of triolein in HrO media was 70.0 + 1.8

gmol min-tmg-t lfrom Table 5.3). The activity of BSSL in the reversed micelles is 17.9 percent

lower than in the aqueous emulsion medium in which the triolein assay was conducted in

Chapter 5. This drop is quite appreciable and possible explanations as to why this effect is

observed, and the significance of this observation, are discussed in section 7.7. The value forK,

measured in Chapter 5 was 3.48 + 0.10 mmol L-I. The two values for K, differ significantly and

suggest that the affinity of the enzyme for the substrate in reversed micelles is greatly reduced

in this medium.

7.7 Discussion

The values of V.o and K, measured in this present study differ from those determined in Chapter

5 for the same enzyme-substrate pair. FigureT.lT shows that the rate had reached a plateau at
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less than 60 panol min-rmg-r and so, empirically, a value for V.", of 57.5 /rmol min'Img-t is

reasonable. Howsver, the inherentenor in these derived kinetic parameters becomes appreciable

when working at concentrations of substrate far in excess of the K, of the enzyme-substrate pair.

This is because, at a substrate concentration equal to K,, the rate of reaction (in a reaction

-eoverned by Michaelis-Menten kinetics) would be equal to half the maximum rate. At substrate

concentrations three times the value of K,, the predicted rate would then be 75 percent of the

maximal rate. Clearly, if the concentration of substrate is si,snificantly greater than K., then the

measured rates of reaction will be a high percentage of the maximum rate, thus increasing the

enors in the determined values of K" and V.*. Table 7.4 shows the theoretical dependence of

the initial rate on the concentration of substrate.

Table 7.4 The theoretical dependence of the initial rate on the concentration of substrate for
a reaction governed by Michaelis-Menten kinetics, calculated using the Michaelis-Menten

equation (section 2.5.D.

voIS]

100 K'
l0 K^
3K^

K^
0.33 K,
0.10 K,

0.99 y,*
0.91 y,o*

0.75 y''o
0.50 yro
0.25 V^o
0.091 y.*

The error in the measured initial rates was also larger in this present study compared with that

observed in Chapter 5. This was due to the manner by which the rate was measured. In order

that the amount of product formed might be determined, it was necessary to subtract the spectral

contribution of the AOT C=O suetch from the measured time-course spectra and this operation

increased the experimental error associated with the measured result. Replicate FT-IR

measurements taken at one reaction time showed this error to be equal to five percent at substrate

concentrations equal to, or greater than, 30 mmol L'r. The elTor at lower substrate concenlrations
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was approximately seven percent. The greater elTor at lower concentrations of triolein was a

consequence of relatively increased error in measurements of absorbance change in the slower

reactions. However, the values of the derived kinetic parameters determined in this present study

and those determined in Chapter 5 were significantly different and require explanation. Since

the same enzyme-substrate pairwas employed in both these studies, any differences in thekinetic

behaviour must be accounted for in terms of differences in the reaction media.

The maximum activity of BSSL in the reversed micelle medium was observed to be lower than

that previously determined in Chapter 5 for the assay carried out in oil-in-water emulsions. This

observation has kinetic significance, since the discrepancy between the two results lies well

outside the experimental error associated with the two values.

The structure of reversed micelles is depicted in Figure 7.19 and shows three possible

orientations that an enzyme molecule may assume once it has been encapsulated, depending on

the relative polarity of the enzyme surface. If the protein is strongly hydrophilic, then it will be

completely encapsulated within the water pool and may be quite remote from the substrate

dissolved in the bulk organic solvent. If the enzyme is hydrophobic, it may become lodged

within the water/iso-octane boundary. BSSL is a hydrophilic enzyme and so it is reasonable to

assume that the enzyme adopts the orientation represented in Figure 7 .I9a. If BSSL is to interact

with triolein, then in both media types (i.e. reversed micelles and oil-in-water emulsions) either

the enzyme must diffuse through the aqueous phase, or the water pool, to the interface, or triolein

7'?*<( l\

C\r

JLU^1%-<
(\

G \U-
rytf

i

Figure 7.19 The relative orientations

and c, a hydrophobic enzyme molecule

(average) of: a, a hydrophilic; b, a surface active;

within the water pool of a reversed micelle.
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must diffuse through the aqueous phase, or the water pool, to the enzyme. However, in the case

of reversed micelles, the presence of a barrier may explain the observed decrease in BSSL

activity against triolein in reversed micelles.

The structure shown in Figure 7.19 for reversed micelles is almost the reverse of the situation

existing for the oil-in-water emulsion system described in Chapter 5. In the latter case, the

substrate was dispersed as a fine emulsion in the bulk aqueous phase. Because triolein was not

dispersed as an organic solution but as an oil, there was no barrier to prevent access of substrate

to the enzyme. This rationale also accounts for the dissimilarity of the two values for K,.

Greater enzyme-substrate affinity would be expected in the absence of any barrier to interaction.

The lipase activity of BSSL showed a strong dependence on the value of wo in the reversed

micellar systems. BSSL activity increased rapidly to a maximum at a value of wo equal to 16.7.

At values of w. greater than 16.7 the activity of the enzyme dropped off rapidly. As was shown

in Figure 7.5, the size of the reversed micelle increases with increasing wo. This observation

supports the supposition that BSSL orients itself within the water pool in accord with Figure

7.I9a. As the value of wo increases beyond the value where the activity is at its maximum, the

enzyme becomes more remote from the substrate due to the concomittant increase in the size of

water shell which envelops the enzyme. The low enzyme activity observed at values of wo less

than 1 1. I may be due to incomplete hydration of the enzyme. As a consequence, portions of the

enzyme may become exposed to the organic solvent and partly denatured. Also, since exposure

of the enzyme to AOT has been shown by O'Connor and Walde (1986) to inhibit activity, then

at low values of vvo, when BSSL may be embedded within the AOT shell, an associated loss in

activity would occur. Also, a very small water pool would allow more rapid increase in the

concentration of fatty acid leading to product inhibition after a relatively short time.
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Reversed micelles have been shown to be a suitable medium for carrying out BSSL assays of
lipophilic substrates. The reversed micelles formed in the manner described in this chapter are

optically transparent, and spectroscopic analysis may be used to monitor reactions occurring

within them. The use of FT-IR to monitor the reaction was found to be a convenient and simple

method and has the advantage of universal application to any substrate possessing the ester

carbonyl group. In the case of BSSL, however, some drawbacks became apparent.

The intrinsic lack of spectral change observed when only small changes in productconcentration

are measured is an important limiting factor to the quality of the derived kinetic constants. Use

of greaterconcentrations of enzyme ineach assayis an obvious way of overcoming the problem,

but because only very limited amounts of BSSL may be obtained from human milk, the dilemma

is noteasily solved. Moreover, if one considers the specific activity of BSSL in this medium (see

Table 7' l and Figure 7 -15), then the enzymeconcentration employed in this study was optimal.

However, this assay method is of great benefit to those enzyme chemists studying the kinetics

of enzymes commercially available in relatively large quantities.

l9l



Future Investigations

An interesting study would involve the hydrophilisation of BSSL in order to preserve its activity

in organic media. Instead of using the spatial separation of the denaturing organic solvent and

the enzyme, as was used in this present study by use of reversed micelles and detergentless

microemulsions, the aim would be to use hydrophilisation techniques whereby a suitable

hydophilic compound is bound to the enzyme. This technique has been successfully employed

by Khmelnitsky er al. (1991) in the case of a-chyntotrypsin.

The milk used in this study as the source for enzyme in separations II, III and V showed varying

quantities of initial BSSL activity. It would be of interest to determine whether or not the BSSL

activity in the whole milk may be related to ethnicity. A statistically significant number of

samples would need to be surveyed, and full details concerning the ethnic background, time of

lactation, weeks post-partum, time of expression, etc would need to be recorded.

The influence of iso-propanol on the catalytic activity of BSSL revealed an interesting property

(see Chapter Six). This effect should be investigated more rigorously and include a study of the

effectof otheralcohols andenvironmental contaminants,e.g. caffeine and nicotine which appear

in mothers milk. This study would have interesting applications concerning the nutrition of a

suckling child, particularly in the case of mothers who drink alcohol or smoke while breast

feeding. The study could be further extended to investigate the effects of other environmental

contaminants, such as pesticide residues.
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Appendices

These appendices contain the experimental data that was referred to, but not listed, in the text.

The data that were used to construct the various plots in the text are included. In cases where

a plot is presented in the text, but the data did not originate from this study, please refer to

the relevant literature reference.

Data Relatingto Figures

The order of the appendices follows that in the text and the tables are grouped by chapter.

As appropriate, the number associated with an appendix heading relates to the correspondingly

numbered figures in the text. For example, data pertaining to Figure 6.6 in the text is found

under the appendix heading Table F6.6.

Data Relatingto Tables

The experimental data from which tables of the derived kinetic data were constructed are set

out as illustrated by the following example. Table 6.4 contains derived kinetic parameters

from fifteen sets of experimental data. The corresponding appendix headings for these data

are included within Tables T6.4.1to T6.4.15.

r93
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Table F2.1 The standard quench curve data measured using seven quenched tritium standards

on a LKB 1219 liquid scintillation counter.

Standard Number Standard quench parameter Efficiency of counting Deviation
(Vo) (Vo)

1

2

J

4

5

6

7

531

s04

471

429

386

320

263

59.4

54.2

47.r

38.4

29.0

76.4

8.9s

-0.07

0.15

-0.13

0.29

-0.08

-0.79

0.74

Table F3.5 The kinetics of deactivation of BSSL on incorporation of [3H]DFP into the active

site. The BSSL activity versus PNPA was measured at various times for a solution of BSSL

in the presence (BSSL + [3n]nFp) and absence (BSSL alone) of [3rrJnrp.

Time of activity

measurement (min)

Relative activitY (V")

BssL + [3r{PrP BSSL alone

0.00

1.40

2.60

3.50

4.10

5.65

6.s0

7.00

100

67.r

28.9

0.00

0.00

0.00

100

100

to:

Dashes signify that no activity data was recorded at ths time indicated.
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Table F5.6 Esterase acriWy and protein contont data for the fraefions collecred during the
gel filrratlon of [3ttjoFp-lateiteU BSSL. Radioactivity w,as detecred in frac,tions SZ , 55.

Fraction
number

Esterase ac{vity
(AU min-^)

Prqtein cootofit
(Aaso n-)

0
20
30
35
4CI

42
M
46
48
50
5?
53
54
s5
56
57
58
59,

60,

61
62
63
&
67,

12
74
7s
76
n
78
79
80
82
83
8-4

8s
,86
'87

88
89
90
95

100

0.106
0.1CI9

0.142
Q.t47
o.rxT
0.173
0.168
4.2r2
a.2n
ae47
0.4s3
t.s9
450
6"74
1.rt
6.,23

5.n
4.44
2.n
2.16
r.vl
1.19
r.02
0,463
0.211
0.1,95
0,191
j0-189

0,181
0.1,80
0.166
0.166
0-156
0.156
0.165
0.166
0.166
0.166
0;166
0.166
0.166
0,166
0.166

0.015
0.01s
0.016
0.015
0.0-16
0.020
0.023
0.028
0.026
4,fr22
a,agz
0.050
0.067
0.0?1
0,064
CI,037

0.0.55
0"053
0.049
0.038-
0.0.30
0.025
0.023
0,019
0.016
0.018
0,020
a.a26
0,035
0.028
0,.022
0.021
0.019
0.020,
0.024
0.025
0.023
0o19
0.017
0.01s
0.014
0.013
0.013
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Table F3.7 The esterase activity versur PNPA data (AU min-l and relarive to maximum) for
BSSL obtained from separations I, IV and V measured at different concentrations of
taurocholate.

Concentration of
taurocholate (mmol L-l)

Separation I
(AU min-l) (vo)

Separation IV
(AU min-r) (vo)

Separation V
(AU min'r) (7o)

0.000

0.196

0.392

4.784

1.96

3.92

0.171

0.770

1.03

1.06

0.919

0.727

t6.t
72.6

97.0

100

86.6

71.7

0.057

4.172

0.338

0.307

0.274

0.250

16.9

50.9

100

94.7

81.0

73.9

0.138 t2.5
0.807 73.4

1.10 100

1.07 97.0

0.900 81.8

0.765 69.s

Table F3.8 The lipase acdvity versus triolein data (Bq s-l
BSSL obtained from separations I, fV and V measured
taurocholate.

and relative to maximum) for
at different concentrations of

Concentration of
taurocholate (mmol L-1)

Separation I
(Bq s-r) (vo)

Separation IV
(Bq s-r) (vo)

Separadon V
(Bq s-i) (vo)

0.00

2.00

5.00

10.0

15.0

5.80

8. l0
338

869

671

0.67 4.00

0.93 4.00

35.0 44.0

100 273

77.2 2t7

1.47 15.0

r.47 29.0

19.0 266
100 988

79.5 811

1.52

2.94

26.9

100

82.r
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Table F3.9 Esterase aotivity yer-,nr.s PNPA data measured at difBrent'times for a soh$ioo sf

BSSL containing tqsrocholafo that had beel extecsively diatysed and a control spjution

Time
(h)

Re-lative activity ( 7o)

Dialysetl samplo Conuol samplc

0.00

6.00

2t.g
32.5

49.0

50.5
'19.0

r42
l6r
180

tn
223

100

985
95,,0

98.2

94.0

93.6

94.9

88"1

8e.8

88.1

89.9

97.0

100

99.0

98.0

9?.0

95.8

94,7

93.9

90.3

90.1

87.8

86-.I

84.9,
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Table T3.5I SEPARATION I

Separation began with 128 mL whole human milk

Yield = 23 mg protein

= 0.51 Vo of totat milk protein{F

= 17.9 Vo of total milk activitfF

Specific Activity 37.6 V min'r (average); 35.g U min'l (weighted average);
46.7 lJ min'l (best value).

Summary of the data obtained for isolation and purification of bile-salt-stimulated human milk lipase
from whole human milk in separation I.

Sample* Total Total Specific Recovery Recovery Rrrifi-
protein activity activity of activity ofprotein cation
(mg) (U rnin-l) 6U minl mg-l) (7o) (vu) factor

Whole milk
Skim milk
Whey

Dialysed whey

Dialysed centri-

tuged whey

Heparin-Sepharose I
te-t6l

Affigel blue t(a) [1-3] S.0 190

Affigel blue I(b) [2-5] 8.5 397

Heparin-Sepharose II 29 805

[r4-20)
Afftgel blue tl(a) [2-4] 4.9 135

Affigel blue lr(b) [-3] 4.6 lu

4527 4839

2358 3565

1334 2286

1316 2192

1257 2196

1.06

1.51

r.7t
1.67

r.75

100.0

73.0

47.2

45.3

45.4

18.8

3.9

8.2

16,7

2.8

3.0

100.0

52.r

29.2

28.8

27.4

0.72

0.ll
0.19

0.66

0.11

0.10

1.0

1,40

l.6l
t.57
1.66

26.1

35.9

43.8

25.2

26.0

30.7

33 9l I 27.6

38.0

46.7

30.9

27.5

31.4

JL
trThese values are based on those for whole milk. The protein and activity yields with respect to skim

milk are 0.98 ?o and 243 % respectively.
tThe 

numbers in parentheses refer to pooled fractions.
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Table T35II SEPARATION II

Separation began with 120 mL whole human milk

Yield = 2l mg protein

= 0.48 Vo of total milk proteinir'

= 16.4 Vo of total milk activitviF

Specific Activity 30.7 U min'r (average);2g3 U min'r (weighted average);
343 U min{ (best value).

Summary of the data obtained for isolation and purification of bile-salt-stimulated human milk lipase
ftom whole human milk in separation II.

Sample* Total Total

protein activity
(mg) (U min-l)

Specific Recovery Recovery

activity of activity of protein
(U min-l mg-r) (vo) (%)

PuriR-

cation

factor

Whole milk
Skim milk
Whey

Dialysed whey

Dialysed centri-

tuged whey

Heparin-Sepharose I
Ir2-201

Affigel blue I(a) [24] 3.6 t 19

Affigel blue I(b) [l-4] 4.3 94
Heparin-Sepharose II 38 942

L7-r4l
Affigel blue II(a) [-4] 10.4 357
Affigel blue II(b) [2-3] 2.8 7g

4346 3955

1995 3067
1403 2067

1346 1916

1313 1950

0.91

1.54

t.47

1.42

1.48

22.2

33. l
71.9

24.8

14.3

28.0

r00.0

77.5

52.r

48.4

49.3

8.2

3.0

2.4

23.8

9.0

2.0

100.0

45.9

32.3

31.0

30.2

0.35

0.08

0.r0
0.87

0.24

0.06

1.0

1.69

1.61

1,56

1.63

23.4

37.5

24.4

2'1.4

37.6

32.9

l5 325

JL
rrThese values are based on those for whole milk. The protein and activity yields with respect to skim

milk are 1.05 Vo and 21.1 70 respectively.
*The 

numbers in parentheses refer to pooled fractions.
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Table 35III SEPARATION III

Separation began with 117 mL whole human milk

Yield = 19 mg protein

0.49 Vo of total milk protein{F

205 Vo of total milk activitfF

Specifrc Activlty 335 U min-r (average'S;342 U min'r (weighted average);
39.1 U min'l lbest vatue).

Summary of the data obtained for isolation and purification of bile-salt-stimulated human milk lipase
ftom whole human milk in separation III.

Sample* Total

Protein

(mg)

Total Specific Recovery

activity activity of activity
(U min-r) (U min-r m*'t; Vo)

Recovery Purifi-
of protein cation

(Vo) factor

Whole milk
Skim milk
Whey

Dialysed whey

Dialysed centri-

tuged whey

Heparin-Sepharose I
[r4_231

Affigel blue I(a) [2-5]
Affigel btue I(b) [3-5]
Heparin-Sepharose II

17-l1l
Afhgel blue II [l-3]

38s5

2320

1600

1515

t4t9

34

9.5

4.7

ll

5.2

316r

2419

1977

1784

1599

r024

323

184

237

r42

0.82

1.04

1.24

l.l7
1.13

30.1

34.0

39.r

21.5

27.3

100.0

76.s

62.5

56.4

50.6

32.4

r0.2

5.8

7.5

4.5

100.0

60.2

41.5

39.3

36.8

0.88

0.25

0.12

0.29

0.13

1.0

t.27
1.51

1.4
1.38

36.8

40.8

48.3

25.9

34.6

values arc based on those for whole milk. The protein and activity yields with respect to skim
milk are 0.82 Vo and 26.8 70 respectively.

tThe 
numbers in parentheses refer to pooled fractions.
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Table 3.5IV SEPARATION IV

Separation began with 109 mL whole human milk

Yield = 32 mg protein

0.81 Vo of total milk proteiniF

193 Vo of total milk activitvif

Specific Activity 2A.9 U min-l (average); 21.2 U min'l (weighted average);
23.3 U min'r (best vatue).

Summary of the data obtained for isolation and purification of bile-salt-stimulated human milk lipase
from whole human milk in separation IV.

Sample*

201

Total Total Specific Recovery Recovery
Protein activity activity of activity of protein
(mg) (U min-I; (U min-r mg-r) (vo) (vo)

Pudn-

cation

factor

Whole milk
Skim milk
Whey

Dialysed whey

Dialysed centri-

tuged whey

Heparin-Sepharose I
ll l-l5l

Affigel blue I [2-5]
Heparin-Sepharose II

3980 3542

247 2915

l8l5 2465

1827 2079

1775 2034

2r 623

10.8 248

59 1372

100.0 100.0

lt6-2sl
Affigel blue II(a) [3-7] tZ.3

26.4 38.7

23.3 8.r

44.6 1.29

0.53 33.2

0.27 2s.9

1.48 26.2

0.31 26.7

0.23 18.3

0.89

1.19

1.36

t.t4
Lt5

29.7

?3.0

82,3

69.6

58.7

57.4

17.6

7.0

61.5

45.6

45.9

1.0

r.34
1.53

1.28

287

Affigel blue II(b) [-4] 9.2 150 16.3 4.2

.JL
rrThese values are based on those for whole milk. The protein and activity yields with respect to skim

milk are 1.37 Vo and 23.5 70 respectively.
*The 

numbers in parentheses refer to pooled fractions.

CONCLUSION
The prolonged dialyses resulted in more isolated protein but a much recluced specific activity.
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Table 3.5V SEPARATION V

Separation began with 155 mL whole human milk

Yield = 12 mg protein
020 Vo of total milk proteiniF
7.9 Vo of total milk activitviF

Specific Activity = 42,7 V min'l (note that only one value is obtained as only one set
of pooled fractions was obtained at the final purification step).

Summary of the data obtained for isolation and purification of bile-salt-stimulated human milk lipase
from whole human milk in separation V.

Sample* Total Total Specific Recovery
Protein activity activity of activity
(mg) (U mtn-t) (U min'r mg'r; (Vo)

Recovery Purifi-
of protein cation

(Vo) factor

Whole milk
Skim milk
Whey

Dialysed whey
Dialysed centri-

tuged whey

Heparin-Sepharose I

tt6-301
Affigel blue I(a) [2-6] 10.8

Affigel blue I(b) [2-5] 8.6

Heparin-Sepharose II 39

l2r-29)
Affigel blue II(a) [1-3] 7.7
Affigel blue II(b) [l-3] 5.4

Heparin-Sepharose III lZ.O

t7-l ll

5859

3363

2396

2396

2284

69

w5
5046

3680

3477

3453

1689

412

294

I l8l

308

208

512

1.10

1.50

1.54

1.45

l.5l

24.5

38. l
34.2

30.3

40.0

38.5

42.7

100

78.3

57.r

s3.9

53.6

26.2

6.4

4.6

r 8.3

4.8

3.2

7.9

100

57.4

40.9

40.9

39.0

1.00

1.36

1.40

t.32
t.37

1.18 22.2

0.18 35.6

0.15 30.7

0.67 27.3

0.13 36.9

0.09 35.6

Q.20 39.5

JLrrThese values are based on those for whole milk. The protein and activity yields with respect to skim
milk are 0.36 7o and 10.1 7a respectively.

*The 
numbers in parentleses refer to pooled fractions

CONCLUSION
Introduction of an additional heparin-Sepharose column step in the purification resulted in 18.9 Vo

increase in specific activity and a 48 zo decrease in the protein yietd,



Table F5.3
of, enzyme.

[Triolein] =

Appendices

Initial rates for the BSSL catalysed hydrolysis of triolein at various concentrations

16.9 mmol L-1, [TC] = 10 mmol L-1, t = 37 t.

lBssl.l
0rg ml-l)

Initial rate
pq s-r)

0.0
t.25
2.50
5.00

10.0
15.0

0.0
30.3
8s.7

155
329
460

Table F5.7 Initial rate data for the BSSL catalysed hydrolysis of PNPA (BSSL dissolved in
DzO) as a function of temperature.

[BSSL] = 3.3pg mL-I, IPNPAI = I mmolL-1, [TCl = 2mmol L-1, t=37 oC.

Initial rate,. vo
(AU min-r)

Temperature
( oc)

Relative activity
(vo\

30.0
35.0
37.5
40.0
45.0
50.0
55.0

0.339
0.641
0.892
0.8s3
0.320
0.0750
0.0M6

38.0
7r.9

100

95.6
3s.9

8.41

5.01
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Table T6.4.la The activity data recorded as a function of the concentration of 4-nitrophenyl
propionate in system l.

IPNPPI
(mmol L-l)

l4PNPP]
(L mmol-l) tau 

vriin-rl llvo 
,

(min AU-')

0.250
0.500
1.00
1.50
2.00
3.00
5.00
7.s0

10.0

4.00
2.00
1.00
0.667
0.500
0.333
0.200
0.133
0.100

0.0178
0.0318
0.0590
0.077 |
0.102
0.131
0.151
n.d.
n.d.

56.3
31.5
16.9
13.0

9.82
7.6r
6.62
n.d.
n.d.

n.d. no data available as the rate of reaction was too rapid to be monitored accurately.

Regression and Lineweaver-Burk data derived from values in Table A6.4.Ia:

y-intercept (l/ymax) = 3.76 min AU-l Vo'o = 0.266 AU min-l
slope (K,, lVm') = 13.3 AU L mmol-Imin-l K^ = 3.53 mmol L-l

Table T6.4.1b The stability data recorded as a function of the microemulsion lifetim€, /-,
for system l.

tm
(min) (nu 

uriin-1) Relative activity
(vo)

logro relative
activity

0.00
4.25
8.50

r2.0
2r.0
26.5

34.s

0.r52
0.0982
0.0504
0.0258
0.0105
0.0061

0.0016

100

64.6
33.r
17.0
6.9
4.0
1.1

2.00
1.81
1.52
r.23
0.84
0.60
0.02

Regression and stability data derived from

slope = -0.056 min-l

valttes in Table A6.4.1b:

kin = 0'933 x l0-3 s-l
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Table T6.4.2a The activity data recorded as a function of the concentration of 4-nitrophenyl

propionate in system 2.

IPNPPI
(mmol L-l)

l/[PNPP]
(L mmol-l) reuuriin'rl

llvo 
!

(min AU-')

0.250
0.500
1.00
1.50
2.00
3.00
5.00
7.s0

10.0

4.00
2.00
r.00
0.667
0.s00
0.333
0.200
0.133
0.100

0.0052
0.0110
0.0195
0.0273
0.0322
0.0512
0.0633
0.0704
0.0716

193

91.0
5r.4
36.6
31.1
19.6
r5.8
t4.2
14.0

Regression and Lineweaver-Bark data derived from values in Table A6.4.2a:

y-intercept (l/ymax) = 6.41 min AU-l

slope (K,, lLmu) = 45.8 AU L mmol-lmin-l

Vro = 0'156 AU min-l

K^ = 7.14 mmol L-l

Tabte T6.4.2b The stability data recorded as a function of the microemulsion lifetim?, t^,

for system 2.

tm
(min) teu 

vriin-r) Relative activity
(vo)

logts relative
activitY

0.00
3.75
6.2s
8.75

14.0
17.3
28.8

0.0641
0.0420
0.a223
0.0167
0.0069
0.0041
n.d.

100
65.5
34.8
26.r
ll
6.4
n.d.

2.00
r.82
r.54
r.42
1.0
0.81
n.d.

n.d. no data available as the rate of reaction was too slow to be monitored accurately.

Regression and stability data derived from values in Table A6.4.2b:

slope = -0.071 min-l &in = 1'18 x l0-3 s-l
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Table T6.4.3a The activity data recorded as a function of the concenration of 4-nitrophenyl
propionate in system 3.

tPNPPI
(mmol L-l)

1/[PNPPI
(L mmol-l) (nu 

urfiin-rl llvo 
,

(min AU-')

0.2s0
0.s00
1.00
1.50
2.00
3.00
5.00
7.50

10.0

4.00
2.00
1.00
0.667
0.500
0.333
0.200
0.133
0.100

0.0065
0.0t24
0.0234
0.0300
0.0386
0.0498
0.0686
0.0764
0.0789

150
80.9
42.8
33.s
25.9
20.r
t4.6
13.1

12.7

Regression and Lineweaver-Burk dan derived from values in Table A6.4.3a:

y-intercept (l/y-o) = 6.4! min AU-l
slope (K, /yn"x) = 36.5 AU L mmol-lmin-l

Vo'* = 0.156 AU min-l
K,n = 5-69 mmol L-l

Table T6.4.3b The stability data recorded as a function of the microemulsion lifetime, r.,
for system 3.

tm
(min)

vo Relative activity logro relative
(AU min-') (Vo) activity

0.00
3.00
4.75

10.0
13.0
20.0

0.0684
0.0415
a.$42
0.0164
0.0r06
0.0046

100

60.7
50.0
24.0

15.5

6.7

2.00
r.78
r.70
1.38

1.19

0.83

Regression and stability data derived from values in Table A6.4.3b:

slope = -0.058 min-l &in = 0.925 x l0-3 s-l
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Table T6.4,4a The activity data recorded as a function of the concentration of 4-nitrophenyl
propionate in system 4.

IPNPP]
(mmol L-l) teu'riin-ll

llvo
(min AU-^)

l/[PMP]
(L mmol-r)

0.250
0.500
1.00
1.50
2.00
3.00
5.00
7.50

10.0

4.00
2.00
1.00
0.667
0.500
0.333
0.200
0.133
0.100

0.0059
0.0109
0.0219
0.03s3
0.0463
0.0597
0.0758
0.0806
0.0816

r70
91.5
45.6
28.4
21.6
16.8
13.2
12.4
12.3

Re gre s sion and Linew eaver- B urk data. derive d from value s in Table A6.4.4 a:

y-intercept (l/ynar() = 4.60 min AU-l
slope (K, lv^u) = 4I.3 AU L mmol-tmin-l

Vro
K^=

= 0.217 AU min-l
8.98 mmol L-l

Table T6.4.4b The slability data recorded as a function of the microemulsion lifetimg, tg'
for system 4.

tm
(min) teu 

uriin-l1 Relative activity logro relative
(7o) activity

0.00
7.33

12.5

19.8
30.0
45.0

0.0748
0.0461
0.0226
0.0126
0.0048
0.0012

100

61.6
30.2
16.8

6.4
1.6

2.00
r.79
1.48
r.23
0.81
0.21

Regression and stabiliry data derived from varues in Table A6.4.4b:

slope = -0.041 min-l k,n = 0.674 x 10-3 s-l



Appendices 2tr

Table T6.4.5a The activiry data recorded as a function of the concentration of 4-nitrophenyl
propionate in system 5.

IPNPPI
(mmol L-l)

1/[PNPP]
(L mmol-t) Ceuuriin-rl

llvo 
t

(min AU-')

0.250
0.500
1.00
1.50
2.00
3.00
5.00
7.50

10.0

4.00
2.00
1.00
0.667
0.500
0.333
0.200
0.133
0.100

0.0204
0.04t7
0.0663
0.0924
0.108
0.t24
0.162
0.t71
0.r74

49.1

24.0
15. I
10.8

9.27
8.09
6.r7
5.84
5.76

Regression and Lineweaver-Burk data derived from values in Table A6.4.5a:

y-intercept (t/yo,&() = 3.95 min AU-l
slope (K, lv^o) = 11.0 AU L mmol-lmin-l

= 0.253 AU min-l
2.79 mmol L-l

Table T6.4.5b The stability data recorded as a function of the microemulsion liferime, r*
for system 5.

V.*
K^=

tm
(min) (nu 

vriin-ry Relative activity
(vo)

logls relative
activity

0.00
5.33

10.5
15.0
2r.0
35.0

0.t62
0.123
0.100
0.0955
0.0490
0.0274

100

75.8
61.7
58.9
30.2
16.9

2.00
1.88
r.79
r.77
1.48
r.23

Regression stability data derived from values in Tabre A6.4.5b:

slope = -0.023 min-l ka = 0.376 x 10-3 s-l
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Table T6.4.6a The activiry data recorded as a function of the concentration of 4-nitrophenyl
propionate in system 6.

IPNPP]
(mmol L-r) leuvriin'rl

llvo 
r

(min AU-')
lllPNPPl

(L mmol-l)

0.250
0.500
1.00
1.50
2.00
3.00
5.00
7.sa

10.0

4.00
2.00
1.00
0.667
0.500
0.333
0.200
0.133
0.100

0.013s
0.0237
0.0382
0.0506
0.0604
0.0772
0.0984
0.1t2
0.130

74.1
42.2
26.2
19.8
16.6
12.9
r0.2
8.9s
7.7r

Regression and Lineweaver-Burk data derived from values in Table A6.4.6a:

y-intercept (l/yna,() = 7.51 min AU-l
slope (K, lV^o) = 16.9 AU L mmol-lmin'l

Vo,o = 0.133 AU min-l
K,o = 2-25 mmol L-l

Table T6.4.6b The stability data recorded as a function of the microemulsion lifetims, t^,
for system 6.

tm
(rnin)

vo , Relative activity logrg relative
(AU min-') (Vo) acriviry

0.00
5.50

15.0
40.0
60.0
8s.0

100

0.0984
0.0922
0.0780
0.0608
0.0461
0.0393
0.0290

100

93.7
79.3
61.8
46.9
39.9
29.5

2.00
1.97
1.90
r.79
r.67
1.60
1.47

Regression and stability data derived from values in Table A6.4.6b:

slope = -0.0050 min-l tin = 0'084 x l0-3 s-l
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Table T6.4.7a The activity data recorded as a function of the concentration of 4-nitrophenyl
propionate in system 7.

2r3

IPNPPI
(mmol L-t)

l/[PNPP]
(L mmol-l) tnu 

u,iin-rl llvo
(min AU-')

0.250
0.500
1.00
1.50
2.00
3.00
5.00
7.50

10.0

4.00
2.00
1.00
0.667
0.500
0.333
0.200
0.133
0.100

0.0076
0.0143
0.0260
0.0364
0.0439
0.0506
0.0630
0.0672
0.0682

130
69.9
38.5
27.5
22.8
19.8
15.9
14.9
r4.7

Regression and Lineweaver-Burk data derived from values in Table A6.4.7a:

y-intercept (l/y-*) = 9.42 min AU-l
slope (Ko, lv^u) = 30.2 AU L mmol-lmin-l

V-o = 0.106 AU min-l
K^ = 3.21mmol L-l

Table T6,4.7b The stability data recorded as a function of the microemulsion lifetime, t ,
for system 7.

tm
(min) teu'riin-rl

Relative activity logrs relative
(Vo) acriviry

0.00
8.00

15.0
25.0
33.5
54.0
77.0

0.0641
0.0626
0.0454
0.0338
0.02ss
0.0164
0.0077

100
97.7
70.8
52.7

39.8
25.6
l2

2.00
1.99
1.85

1.72
1.60
1.41

1.10

Regression and stability data derived from values in Tabre A6,4.7b:

slope = -0.012 min-l &i,, = 0.203 x l0-3 s-l
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Table T6.4.Ea The activity data recorded as a function of the concentration of 4-nitrophenyl
propionate in system 8.

2t4

IPNPPI
(mmol L-l)

l/[PNPP]
(L mmol-l) tnu 

o,iin'rl l/vo 
,

(min AU-')

0.250
0.500
1.00
1.50
2.00
3.00
5.00
7.s0

10.0

4.00
2.00
r.00
0.667
0.500
0.333
0.200
0.133
0.100

0.0181
0.0331
0.0572
0.0781
0.1 l0
0.1 l8
0.1r9
0.1s8
0.t67

55.2
30.2
r7.5
r2.8
9.07
8.47
8.40
6.35
6.00

Regression and Lineweaver-Burk data derived from values in Tabte A6.4.ga:

y-intercept (llv^o) = 4.53 min AU-l
slope (K,, l7o'') = lzj AU I, mmol-lmin-l

V.o
K^=

= 0.221AU min-l
2.80 mmol L-l

Table T6-4-8b The stability data recorded as a function of rhe microemulsion lifetime, ,m,
for system 8.

tm

(min) tau 
vriin-rl Relative activity logro relative

(vo) activity

0.00
5.50
9.50

r3.3
22.0
31.5
50.0

0.121
0.1 l0
0.0880
0.0857
0.0797
0.0676
0.0464

r00
9t.4
73.0
7r.l
66.r
56.1
38.5

2.00
r.96
1.86
r.85
t.82
r.75
1.59

Regression and stability data derived from values in Table A6.4.gb:

slope = -0.0078 min-l k^= 0.131 x 10-3 s-l
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Tabfe T6.4.9a The activity data recorded as a function of the concentration of 4-nitrophenyl
propionate in system 9.

IPNPPI
(mmol L-l)

1/[PNPP]
(L mmol-l) tnuuriin'rl

Ilvo 
,

(min AU'')

0.250
0.500
1.0
1.5

2.0
3.0
5.0
7.5

10.0

4.00
2.00
1.00
0.667
0.500
0.333
0.200
0.133
0.100

0.0085
0.0133
0.0250
0.0333
0.0479
0.0593
0.0772
0.0881
0.0996

120
75.2
40.0
30.0
20.9
t6.9
12.9
tt.4
10.0

Regresston and Lineweaver-Burk data derived from values in Tabl.e A6.4.9a:

y-intercept (l/ynor) = 9.02 min AU-l
slope (K,,, llro,.o') = 28.4 AU L mmol-lmin-l

V.o = 0.111 AU min-l

Kn = 3.15 mmol L-l

Table T6.4.9b The stability data recorded as a function of the microemulsion lifetime, r-,
for system 9.

tm
(min) tnu 

uriin-rl Relative activity logls relative
(7o) activity

0.00
7.s0

15.0
30.0
45.0
60.0
85.0

r00

0.0786
0.0644
0.0579
0.0468
0.0336
0.0278
0.0222
0.0199

100
81.9
73,4
59.5
42.8
35.4
28.2
25.3

2.00
1.91
1.87
1.78
1.63
1.55
1.45

1.40

Regression stabiliry data derived from values in

slope = -0.0060 min-l

Table A6.4.9b:

kin = 0'100 x l0-3 s-l
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Table T6.4.lOa The activity data recorded as a function of the concentration of 4-nitrophenyl
propionate in system 10.

2r6

IPNPPI
(mmol L-1)

l/[PNPP]
(L mmol-l) teu 

vriin-rl llvo 
,

(min AU'')

0.250
0.500
1.00
l.s0
2.00
3.00
5.00
7.s0

10.0

4.00
2.00
1.00
0.667
0.500
0.333
0.200
0.133
0.100

0.0209
0.0355
0.059r
0.0841
0.0902
0.1 l3
0.t29
0.r42
0.149

47.9
28.2
16.9
11.9
l l.l
8.89
7.78
7.05
6.70

Regression and Lineweaver-Burk data derived from values in Table A6.4.10a:

y-intercept (Lll/o'o() = 5.65 min AU-l
slope (K, llro.u,.) = 10.7 AU L mmol-lmin'l

V.o = 0.177 AU min-l
Km = 1.89 mmol L-l

Table T6.4.10b The stability data recorded as a function of the microemulsion lifetime, t^,
for system 10.

tm
(min) teu'tiin-rl

Relative activity logrg relative
(vo) activity

0.00
5.50

10.3

40.0
90.0

120
150

0.127
0.120
0.122
0.0690
0.0456
0.0269
0.0183

100

94.2
96.3
54.3

3s.9
21.2
t4.4

2.00
t.97
1.98
r.74
1.56
1.33
r.16

Regression and stability data derived from vahtes in Tabre A6.4.10b:

slope = -0.0056 min-l kin = 0.093 x 10-3 s-l
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Table T6.4.1la The activity dara recorded as a function of the concentration of 4-nitrophenyl
propionate in system 11.

IPNPPI
(mmol L-1)

l/[PNPP]
(L mmol-l) (eu 

vriin-r) llvo 
,

(min AU-')

0.250
0.500
1.00
1.50
2.00
3.00
5.00
7.50

10.0

4.00
2.00
1.00
0.667
0.s00
0.333
0.200
0.133
0.100

0.0204
0.0312
0.0518
0.0653
0.0703
0.0838
0.0935
0.109
0.1 16

49.0
32.1
19.3
15.3
14.2
11.9
r0.7
9.r7
8.6r

Regression and Lineweaver-Burk data derived from values in Table A6.4.IIa:

y-intercept (l/y-*) = 8.55 min AU-l
slope (K,, lvm') = 10.5 AU L mmol-lmin-l

V^o = 0.117 AU min-l
Kn = 1.22 mmol L-l

Table T6.4.11b The stability data recorded as a function of the microemulsion lifetime, r-,
for system 11.

tm
(min) teuvriin-rl

Relative activity
(Vo)

logro relative
activity

0.00
10.5

35.0
90.0

t20
150
200

0.0940
0.0814
0.0562
0.0360
0.0237
0.0187
0.0130

100

86.6
59.8
38.3
25.2
19.9
13.8

2.00
t.94
1.78
r.58
1.40
1.30
l.l4

Regression and stability data derived from values in Tabte A6.4.I Ib:

slope = -0.0043 min-l kn = 0.072 x 10-3 s'l
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Table T6.4.12A Tihe activity data recorded as a funotion of the concentration of 4-nirophutyl

propionate in sYstem 12.

lPNPPl.
(mmol L')

1/tPNPPl
(L mmol-')

Yor
(AU min-^)

llvo ,
(rnin AU-')

o250
0.500
1.00
1.50
2.40
3.00
5.00
7.54

10.0

4"00
2.00
1.00
0.667
0,5'00
0.333
0.200
0.133
0.100

0.0138
a.0224
0.0343
0'0391
0,0519
0.0588
0.0603
0.0 40

0.06?4

72.5
44.6
29.2
2s.6
19.3
t?.0
16.6
r5.6
14.8

Regrecsian and Lineweever'Burk data defived from values tn Table A6'4'I2a:

y-intercept (l/VrnnJ = 13.5 min AU-l

slope (Kr, /ybal() = 14.9 AU L mmorlmin'l

V-* = 0.0740 AU ulin-l

K^ = 1.11 mnol L-l

Table T6.4.12b The stability data re.corded aS a function of the microernulsion lifetfuue' 1.,

for system 12.

lo916 re-lative
activity

tn
(min) teuufiin rt

Relative aeflvity
(%\

0.00
40.0
75.0

105

135
180

0.06ICI
0.0468
0.0335
0.0260
0.01.9?
0.0133

100
60"3
54.9
42.6
t2.3
21.8

2.A!0

r.78
r.74
1.63

1.51
734

Regression and st4bitri:ty futa deriued from ualues in Table A6.4.12b:

slope = -0.0035 min I &in = 0.CI58 x l0-3 s-l
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Table T6.4.13a The activity data recorded as a function of the concentration of 4-nitrophenyl
propionate in system 13.

IPNPPI
(mmol L-l) (nukin-lt

llvo 
,

(min AU-')
l/[PNPP]

(L mmol-l)

0.250
0.500
1.00
1.50
2.00
3.00
5.00
7.50

10.0

4.00
2.00
1.00
0.667
0.500
0.333
0.200
0.133
0.100

0.0210
0.0345
0.0s44
0.0649
0.0844
0.089s
0.103
0.11I
0.1 l8

47.6
29.0
18.4
t5.4
I1.9
tr.2
9.76
9.0r
8.47

Regression and Lineweaver-Burk data derivedfromvalues in Table A6.4.13a:

y-intercept (l/ymoJ() = 7.83 min AU-l
slope (K. /y-o,() = 10.1 AU L mmol-lmin-l

Vo.* = 0.128 AU min-l
K,, = 1.29 mmol L-l

Table T6.4.13b The stability data recorded as a function of the microemulsion lifetime, t*,
for system 13.

tm
(min) cau 

vriin-11 Relative activity
(vo)

logls relative
activity

0.00
4.50
9.00

14.5

34.0
52.5
86.0

200

0.0999
0.0976
0.0997
0.0889
0.0858
0.0834
0.0710
0.0617

100
97.t
99.8
89.0
85.9
83.5
7r.I
61.8

2.00
1.99
2.00
1.95
1.93
1.92
1.85
r.79

Regression stability data derived from values in Tabre A6.4.13b:

slope - -0.0011 min-l &io = 0.018 x l0-3 s-l



Appendices

Table T6.4.14a The activity data recorded as a function of the concentration of 4-nitrophenyl
propionate in system 14.

IPNPPI
(mmol L-1)

l/[PNPP]
(L mmol-l) tnu'riin-rl

llvo 
,

(min AU-')

0.250
0.500
1.00
1.50
2.00
3.00
5.00
7.50

10.0

4.00
2.00
1.00
0.667
0.500
0.333
0.200
0.133
0.100

0.01l9
0.0230
0.0344
0.0385
0.0462
0.0549
0.0560
0.0686
0.0722

84.0
43.5
29.1
26.0
2r.7
18.2
t7.9
14.6
13.9

Regression and Lineweaver-Burk data derived from values in Table A6.4.14a:

y-intercept (l/ym",() = 12.6 min AU-I
slope (K,, lV^*) = 17.4 AU L mmol-lmin-l

V^* = 0.0796 AU min-l
K^ = 1.39 mmot L-l

Table T6.4.14b The stability data recorded as a function of the microemulsion lifetims, t^,
for system 14.

tm
(min) ceuuriin-rl

Relative activity logle relative
(7o) activiry

0.00
20.0
40.0
75.0

105

r20

0.0s60
0.0455
0.0391
0.0238
0.0r34
0.0r00

100

79.5
69.8
42.5
23.9
17.9

2.00
1.90
1.84
1.63
1.38
1.25

Regression and stability data derived from values in Table A6.4.14b:

slope = -0.0062 min-l tin = 0.104 x l0-3 s-l
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Table T6.4.15a The activity data recorded as a function of the concentration of 4-nitrophenyl
propionate in system 15.

tPNPPI
(mmol L-l)

l/[PNPP]
(L mmol-l) teu 

uriin-rl llvo 
,

(min AU-')

0.250
0.500
1.00
1.50
2.00
3.00
5.00
7.50

r0.0

4.00
2.00
1.00
0.667
0.500
0.333
0.200
0.133
0.100

0.0144
0.0238
0.0398
0.0463
0.0526
0.0560
0.0714
0.0812
0.0843

69.4
42.0
25.1
2t.6
19.0
t7-9
t4.0
12.3

11.9

Regression and Lineweaver-Burk data derivedfrom values in Table A6.4.15a:

y-intercep[ (llZo,u) = ll.4 min AU-l
slope (K. lv^o) = 14.7 AIJ L mmol-lmin-l

V^* = 0.0881 AU min-l
Kn = 1.29 mmol L-l

Table T6.4.15b The stability data recorded as a function of the microemulsion lifetime, to,,for system 15.

tm
(min) ceu 

uriin-rl Relative activity logrs relative
(vo) activiry

0.00
5.00

14.5

36.s
54.5
68.5
85.5

704

0.0759
0.0669
0.0631
0.0493
0.0319
0.0347
0.0282
0.a228

100

88.1
83. l
65.0
42.0
45.7
37.2
30.0

2.00
1.95
r.92
1.81

r.62
1.66
1.57
1.48

Regression and stabiliry data derived, from values in Table A6.4.15b:

slope = -0.0050 min-l tio = 0.083 x l0-3 s-l
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Table F6.4 Absorbance versus concentration data for the Beer's Law plot shown in Figure
6.5.

TPNPI
lmmol L-l)

Absorbance
(AU)

Corrected
absorbance (AU)

Table F6.5 The dependence of the rarc of the BSSL catalysed hydrolysis of pNpp on the
concentration of taurocholate in the water pool for solvent systems t anO S"

0.000
0.011
0.032
0.064
0.096
0.128
0.160
0.192
0.224
0.2s6

[Taurocholate]
(mmol L-l)

0.05
0.11
0.26
0.49
0.70
0.95
1.15

r.36
r.57
r.77

System I

0.00
0.06
0.21
0.4
0.65
0.90
l.l0
l.3l
t.52
1.72

System 8
Initial rate, yo (AU min

0.000
0.500
1.00

2.50
5.00
7.50

10.0
15.0
20.0

0.0396
0.0337
0.0329
0.0366
0.0346
0.0416
0.145
0.t49
0.157

0.000
0.000
0.0252
0.0848
0.1 19

0.rr7
0.t24
0.1l8
0.121
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Table F6.6 The dependence of the rate of the hydrolysis reaction on the length of the alkyl
chain on the ester.

Carbon chain
length (n)

Initial rate
(AU min-r)

Relative initial
rate (vo)

I
2

4
6

l0
12

16

0.0943
0.0984
0.09s5
0.0369
0.0068
0.0051
0.000

95.8
100

97.1

37.5
6.9
5.2
0.00

Table fi.2 The dependence of the rate of BSSL catalysed hydrolysis of triolein on wo. The
time versrs absorbance (1714 cr-l) data at six values of wo. 

- 
No ctrange in absorbance was

noted for values of wo .equat to 0.0, M.4, 55.6 and 66.7.
IBSSLI = 49.5 pg mL-', lrriolein] = 50 mmol L-1, JTC1 = l0 mmol L-1, t = 37 oC.

#Absorbance (AU) for each value of woTime

(min) s.56 l1. t 16.7 22.2 27.8 33.3

0.00
1.00
3.00
s.00
7.00
10.0
t2.0
15.0
16.0
20.0
25.0
30.0
40.0
4s.0
50.0
60.0

0.00

o.orru

0.0762

o.tot

0.126
0.143
0.150

0.r73

o.rru

:oo

0.080s

o. ttt

0.280

o.to,
0.401
0.M6

0.537

o.uM

0.00
0.0158
0.0s27
0. r08
0.t44
0.178

0.238

0.276
0.34r
0.376
0.439

0.s22

o.ton

:oo

0.a625

o.otru

0.134

o.ru,
0.18 I
0.190

0.238

o.tuo

:oo

0.0219

o.ortt

0.0s73

o.osot
0.0843
0.0991

0.1 17

o. trt

:oo

o.oono

o.ott t

0.033r
0.0418

0.0483
0.0503

# Dashes indicate that no data was recorded at that time.
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Table T7.3 The clependence of the rate of BSSL catalysed hydrolysis of triolein on the

concentration of subitrate. The dme versus absorbance (1714 cm-t) data at six initial

concentrations of triolein.

TBSSL] = 49.5pg ml-l, [TC] = l0 mmol L-1, wo= 16.7, t = 37 oC-

Time

(min) r0.0 20.0 30.0 50.0 75.0 100.0

rAbr*bunce (AU) for each initial concentration of triolein (mmol L-')

1.00
3.00
5.00
7.00
10.0
12.0
16.0
20,0
2s.0
30.0
45.0
60.0

0.009
0.050
0.073
0.093
0.1 19

0.129
a.144
0.r59

0.r73

o.ro,

0.01I
0.047
0.065
0.1 10

0.146
0.168
0.206
0.264

0.294
0.362
0.392

0.010
0.057
0.094
0.157
0.189
0.212
0.261
0.316
0.391
0.409
0.473
0.510

0.016
0.053
0. r08
0.r44
0.178
0.238
0.276
0.341
0.376
0.439
0.522
0.569

0.010
0.041
0.080
0.122
0.202
0.259
0.315
0.382
0.440
0.511
0.625
0.694

0.011
0.044
0.092
0.r39
0.199
0.237
0.300
0.359
0.419
0.508
0.595
0.668

Dashes indicate that no data was recorded at that time.

Table FT.g The absorbance of the triolein carbonyl peakversus the concentration of triolein

dissolved in isa-octane and in rso-octane containing Sb mmot L-l AOt.

lTrioleinl
(mmol L-l)

Absorbancol25l .o,-l
Triolein in iso-octane Triolein in iso-ochne

containing AOT

0.00
10.0
20.0
3s.0
s0.0

0.000
0.182
0.351
0.594
0.823

0.000
0.168
0.307
0.619
0.841
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Table F7.f0 T,he absorbance of the oleie acid carbonyl p'eak versas the concentration o,f oleic
acid diesolved in isa-sckne and in r.ro-octafle containing 50 mmol L'l AOT.

lOleic acidl
(mmot L-l;

Absorbancgrz.r+ cn-t
Oleic acid in iso-scta,ne Oleic acid in isa.octane

eontaining /q"OT

0.00
35.5
70.9
r,06

r,50

0.00
a347
CI602

0.859
r.25

0.00
0,244
0.483
o808
1.16

Table w.l4 The dme sourge dara for the BSSL catalysed hydrolysis of triolein. The
dependenoe o,f the absorbance of the oleic acid carbonyt peak at 1714 cm-l on reaction time.

Absorbancexlt4 en-r
(Au)

Time
(rnin)

0.00
1.00
3.00
5.00
7.00

10.0
12.0
16.0
20.0
30.0
60.0

0.00
0.019r0
0.106
0.153
,0.196

4"241
ai.27A
0.301
0.334
0.363
0.435
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