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Abstract

In recent years a novel mechanism by which proteins are anchored to cell 

membranes has been elucidated. In excess of 100 molecules of differing structure 

and function are known to be linked to the cell surface by these glycan phosphatidyl 

inositol anchors (GPI-anchors). These include cell adhesion molecules, complement 

regulatory factors, lymphocyte differentiation antigens and ectoenzymes.

The relatively recently discovered circulating enzyme; inositol specific 

phospholipase D (PIPLD) is now known to be capable of cleaving GPI anchors. The 

complete elucidation of the mechanisms of action and physiological function of 

PIPLD will therefore have important scientific and clinical implications.

In this work; the activity of PIPLD has been investigated. In addition to 

established methods of analysis, novel analytical systems called aqueous polymer 

phase systems were developed and adapted for this use. Proteins, membrane 

particles and cells partition in these phases on the basis of their relative 

hydrophobicity.

Alkaline phosphatase (ALP) was used as a model substrate representative of 

GPI-anchored molecules to investigate the activity of PIPLD in health and disease. 

The mechanism of action of PIPLD was studied by conducting in vitro experiments 

aimed at investigating the effect of PIPLD contained in serum on cultured cells, on 

prepared membrane fractions and on solubilised GPI-anchor containing molecules.

The serum ALP in hepatobiliary and bone disease is measured only as a 

raised activity however evidence shows that it is present in a range of molecular 

forms probably related to the specific disease and to mechanisms of production and



release. The various isoforms and the mechanisms underlying their formation were 

investigated. The enzyme was characterised and assay systems developed to 

examine its physiological function and its activity in disease. Patients with 

cholestasis and infections were investigated.

The range of PIPLD activity was measured in sera from apparently healthy 

subjects and shown to vary considerably with age and disease. Evidence has been 

provided which indicates that its principal site of synthesis is the liver and it has 

been shown to be of probable use as a marker of liver synthetic reserve. In addition 

PIPLD activity was shown to act as an acute phase reactant. These studies further 

emphasise the important role PIPLD plays in the metabolism of the groups of 

molecules linked to the cell surface by GPI anchors.
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Chapter 1 

Attachment of proteins to cell membranes

1.1 Attachment of proteins to cell membranes by specialised 

peptide sequences

A large number of cell surface molecules are attached to the cell membrane 

by moieties which undergo hydrophobic interactions with the lipid bilayer of the 

cell membrane. The more familiar anchoring mechanisms have for some time 

been known to be composed of hydrophobic amino acids undergoing non- 

covalent associations with the lipids of the cell membrane. These specialised 

peptides may span the lipid bilayer (Singer SJ, 1976 and 1987b) and may be 

attached to the cytoskeleton thereby fixing the anchored structure in space (Luna 

and Hitt 1992).

Initially before the structures of integral membrane proteins had been 

delineated, many predictions of membrane structure were made on 

thermodynamic grounds alone, several of these have been proven to be correct 

(Singer, 1971). The now outdated picture of membrane structure exemplified by 

the Danielli-Davson model (Danielli, JF and Davson H, 1935 [fig 1.1]) was 

accepted understanding up to just 35 years ago. It portrayed the membrane as a 

sandwich, consisting of the lipid bilayer flanked above and below by sheets of 

peptide chains (Danielli JF and Davson H, 1935). A model which fits more 

recent views of membrane structure was proposed in the mid-sixties (Lenard J 

and Singer SJ, 1966 and Wallach DFH and Zahler PH, 1966). In this model 

(fig 1.2), globular protiens were envisaged as penetrating the membrane lipid 

bilayer, either spanning it completely or partially dipping into it. In addition the
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Fig 1.1 and 1.2

The Davson-Danielli model (fig 1.1) and the lipid-protein mosaic model 

(fig 1.2) of membrane structure.

In the Davson-Danielli model (fig 1.1) the phospholipids are arranged in a bilayer 

configuration with the hydrophobic lipid tails oriented toward the inner part of the 

membrane whereas the polar headgroups face the hydrophilic aqueous exterior or 

the hydrophilic cytoplasmic interior of the cell. The membrane protein is arranged 

as monolayers sandwiching the interior lipid bilayer.

By contrast in the lipid-protein mosaic model (fig 1.2), the proteins are embedded 

as amphipathic molecules into the bilayer, either partially (so called monotopic 

proteins) or alternatively they span the bilayer (bitopic proteins) thereby 

communicating with both the interior and exterior environments of the cell.

MP; membrane protein 

FA; fatty acyl tails

PL; polar head groups of the phospholipids.
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Fig 1 ■’*
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Fig 1 2
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ionic groups were said to lie on parts of the molecule in contact with the aqueous 

phase whereas hydrophobic and nonpolar residues formed parts of the molecules 

in contact with the membrane lipids. This arrangement was said to relate to the 

amphipathic nature of integral membrane proteins. Also in these early studies, 

thermodynamic considerations predicted that the hydrophobic 'intramembrane' 

domain would have an a-helical configuration (Singer SJ,1971), now confirmed 

for many integral membrane proteins (Singer SJ, 1990 ). Perhaps the best worked 

out example of the structure of an integral membrane protein is that of the 

photoreaction centre (PRC) of the membranes of photosynthetic bacteria 

(Deisenhofer J et al 1985; Rees DC et al 1989). X-ray crystallography studies 

have shown that the subunits of the PRC complex traverse the membrane 11 

times and these transmembrane sequences are all in the a-helical configuration. 

In addition not one of the large number (about 150) of ionic residues is located in 

the interior parts of these helices.

Base sequencing of cDNA has resulted in the derivation of the amino acid 

sequences of a large number of integral membrane proteins. It was soon realised 

that sequences of amino acid residues spanning 15 to 20 amino acids in length 

occurred uninterrupted by ionic residues. These stretches corresponded to the 

intramembrane portions of these membrane bound proteins. The data were used 

to construct hydropathy plots of these stretches of hydrophobic amino acids 

(Kyte J and Doolittle RF, 1982., Engleman DM et al 1986) using a 

thermodynamic indexing system and a computer program.

The types of anchoring mechanism proposed have been classified into 

different groups; bitopic proteins belong to the group linked to the cell 

membrane by just one stretch of hydrophobic amino acids, whereas integral 

membrane proteins attached to the membrane by two or more such stretches of 

amino acids are called polytopic proteins (Blobel G, 1980). Fig 1.3 shows a

18



Fig 1.3

Topographical arrangement of the main types of integral membrane 

proteins.

Type I proteins are arranged with the N-terminal end and the major portion of the 

polypeptide chain protruding from the outer surface of the cell. Type II proteins 

are arranged in the opposite direction with their -COOH terminals ends lying on 

the outer surface of the cell. Both type I and type II proteins span the membrane 

bilayer with a single stretch of hydrophobic amino acids arranged in an a-helical 

conformation (fig 1.3a). Types III and IV have several intramembrane domains. 

Type IV are shown in cross section and may have two or more homologous 

domains surrounding a central aqueous transmembrane channel (fig 1.3b).

FA; fatty acyl tails

PL; polar head groups of the phospholipids
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Fig 1.3a

COOH

.COOH External cell su rface

Cytoplasm ic su rface

III
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Fig 1.3b

Homologous 
domains

Ctopiasmic cell 
surface

External cell surface

Aqueous
transm em brane
channel

IV
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schematic representation of the topographical arrangement of these different 

mechanisms. Bitopic proteins are further divided into class I or class II 

depending on the sidedness of the NH2-terminus. In class I proteins the NH2- 

terminus lies on the external side of the cell membrane whereas class II 

molecules contain their COOH-termini at this position (fig 1.3a). Types III and 

IV are polytopic proteins, in which the transmembrane hydrophobic portions of 

the molecule pass to and fro across the width of the membrane bilayer (fig 1.3a 

and 1.3b), the precise topographical arrangements of these latter groups are less 

well understood. Type I molecules are further divided into types la and Ib. The 

majority of type I membrane proteins are type la and include antigen recognition 

molecules, receptors for peptide hormones and growth factors (Raulet DH, 1989; 

Aguet M, et al 1988; D'Andrea AD, et al 1989; Claesson-Welsh L,et al 1989), 

cell adhesion and cell-cell recognition molecules and proteins exhibiting 

enzymatic activity at their cytoplasmic domains (Sorkin BC, et al 1988; Staunton 

DE, et al 1988; Doherty P, et al 1989; Hynes RO, et al 1989; Idzerda RL, et al 

1989; Schulz S, 1989; Charbonneau H, et al 1988; Hanks SK, et al 1988). In this 

type of transmembrane structure the transmembrane sequence lies in the middle 

or close to the -COOH end of the molecule ie., with a substantial extracellular 

portion. In addition it is thought to fulfil the requirements for signalling across 

the membrane, however the underlying mechanisms remain to be fully worked 

out. In type Ib molecules, which are fewer in number eg., the M2 protein 

encoded by the influenza virus and the H protein of the PRC (Hull JD, et al 

1988; Deisenhofer J, et al 1985), the transmembrane sequence lies close to the 

-NH2 end of the molecule and therefore a relatively short length of the molecule 

protrudes at the cell surface.

Unlike type Ib molecules, type II molecules (fig 1.3 a) have relatively short 

cytoplasmic domains at their NH2-terminal ends. The bulk of the molecule
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protrudes from the cell surface and for this reason this type of transmembrane 

protein is not thought to be involved in signal transduction but rather to act as 

ectoenzymes e.g., the glycosyl transferases (Larsen RD, et al 1989), or to be 

involved in extracellular binding mechanisms e.g., the transferrin or 

asialoglycoprotein receptors (Towbiidge IS, et al 1984; Shia MA, and Lodish HF 

1989). Takeyasu K, et al 1987; have shown that the b subunit of the Na'*’/K''' 

ATPase is also a type II protein.

At present the vast majority of poly topic proteins belong to class III, 

examples of such integral membrane proteins with more than one transmembrane 

stretch include; cytochrome P450 (Nelson DR and Strobel HW 1988), the M and 

L peptides of PRC (Deisenhofer J, et al 1985), leader peptidase of E. coli (Wolfe 

PB, et al 1983), rhodopsin (Ovchinnikov YA, 1982) and the adrenergic receptor 

(O'Dowd BF, et al 1989). Class IV proteins are distinguished from class III in 

that the group contains those membrane proteins which form water-filled 

channels, transporting small ions and hydrophilic molecules and allow water 

flow across the membrane (Fischbarg J, et al 1989). It has been suggested that 

this class of integral membrane protein is responsible for the translocation of 

proteins across the membrane (Singer SJ, et al 1987a,b). The previously held 

view of a rotating carrier protein translocating charged molecules across the 

membrane has largely been ruled out on thermodynamic grounds (Dutton et al 

1976). The idea that such translocation proteins would contain a central channel 

running down the transmembrane axis was predicted by Singer (Singer SJ, 

1971). Many of these type IV proteins are made up of homologous 

transmembrane aggregates surrounding the central channel (fig 1.3b), examples 

are thought to include the acetylcholine and glycine receptors (Unwin N, et al 

1988; Mitra AK, et al 1989; Grenningloh G, et al 1987; Langosch D, et al 1988), 

the histidine transport system of bacterial membranes and the synaptophysin
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protein of synaptic vesicle membranes (Ames G, 1986; Buckley KM, et al 1987; 

Thomas J, et al 1988). An outstanding exception among type IV membrane 

proteins are the porins, the group contains relatively few members consisting of 

proteins found on the outer surface of gram-negative bacteria and on 

mitochondria. This group differs from all other integral membrane proteins 

(classes I-IV); in that there are no uninterrupted stretches of hydrophobic amino 

acids, the secondary polypeptide structure is essentially a b-structure and the 

transmembrane trimer structure does not surround a single channel, instead each 

monomer forms its own channel, (Nabedryk E, et al 1988; Jap BK, 1989), 

consequently the porins have been classified as type IVb all other class IV 

members belong to type IVa (Singer SJ, 1990).

1.2 Attachment of proteins to cell membranes by specialised 

lipid anchors

In the classification of membrane bound proteins, monotopic proteins 

(partially imbedded or peripheral; Blobel G, 1980) are conspicuous by their 

absence, no examples of integral membrane proteins are known to be partially 

imbedded in the membrane. However a family of proteins are known which are 

linked to the membrane bilayer by lipid molecules covalently bound to the 

proteins with their protein sequences lying external to the membrane bilayer. The 

association is tenuous, the lipid-anchor is associated with only one half of the 

lipid bilayer of the membrane (Ferguson MAJ and Williams AF 1988; Cross FR 

1990, Towler et al 1988). Two types of lipid anchored molecules occur; those 

which are linked by their lipid anchors to the inner half of the lipid bilayer their 

protein portions lying on the cytoplasmic side of the membrane and those which 

are linked by lipid-anchors to the outer half of the lipid bilayer so that the protein
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portion of the molecule lies on the external surface of the cell. In the former case 

the molecules arise as soluble cytoplasmic proteins which are then altered by 

linkage to a hydrophobic moiety such as the myristyl acyl group. This is bound 

to the glycine NH2-terminus of proteins such as pp60^"*^^  ̂ (Resh MD 1989). 

These modifications are necessary for membrane linkage and the expression of 

neoplastic transforming activity associated with this molecule (Cross GAM et al 

1984; Kamps MP et al 1985). In the case of the ras p21 proteins, also lipid linked 

on the cytoplasmic side, it is thought that both famesyl and palmitoyl groups link 

p21 to the inner half of the lipid bilayer (Hancock JF et al 1989; Casey PJ et al 

1989).

In the case of membrane proteins linked by lipid anchors to the outer half 

of the membrane bilayer, a different mechanism containing a glycan 

phosphatidyl inositol (GPl) anchor has been shown to operate (Fergusson and 

Williams 1988; Cross 1990). In these situations attachment to the cell surface is 

established by covalent linkage of the protein to a relatively complex lipid. 

Hydrophobic interactions between the lipid anchor and the lipids contained in the 

outer half of the cell membrane are responsible for fixing the whole structure to 

the cell surface (Figl.4).

These lipid linked proteins come closest to a description of monotopic proteins 

(Blobel 1980). However they are neither integral nor peripheral membrane 

proteins and it has been suggested that they should be classified as type V with 

several subclasses to accommodate the variations found (Singer SJ 1990).

In this thesis, the mechanisms leading to GPl-anchor cleavage together 

with the significance of the GPl-anchor in the formation of isoforms of GPl- 

linked molecules are explored
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Fig 1.4

Schematic representation of the proposed structure of the glycan 

phosphatidyl inositol anchor (GPl-anchor) region of placental ALP.

The particular bonds cleaved by the enzymes PIPLC and PIPLD and following 

extraction with n-butanol under acid conditions are indicated by arrows. Extraction 

with n-butanol under alkaline conditions releases the whole molecule with the 

membrane associated moiety; 1,2-diacylglycerol (DAG) intact. The third hydroxyl 

group of glycerol is esterified with orthophosphoric acid, forming phosphatidic 

acid. Glucosamine and three mannose units linked by 1-4 glycosidic linkages make 

up the core of the glycan unit of the anchor, additional mannose units and a further 

phosphoethanolamine are probably linked to this glycan core. 

Phosphoethanolamine links the anchor to the -COOH terminal residue (Asp-484) 

of placental ALP.

P; phosphate.
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1.3 GPI-anchored proteins

In excess of 100 molecules of diverse structure and function are now 

known to be attached to the cell surface by glycan phosphtidyl inositol at the 

carboxyterminus of the polypeptide chain (Hooper, NM 1992). Examples of 

members of this group include molecules as different as decay accelerating 

factor, the thy-1 antigen found in mammalian brain and on T lymphocytes, the 

variant surface glycoprotein (VSG) of Trypanosoma brucei., cell adhesion 

molecules such as; the neural cell adhesion molecule; NCAM and the 

lymphocyte adhesion molecule LFA-3 , the folate receptor and ectoenzymes 

such as acetyl-cholinesterase, 5'-nucleotidase, trehalase, aminopeptidase and 

alkaline phosphatase (ALP; EC 3.1.3.1) (Low MG and Zilversmit DB 1980; Low 

MG 1987; Low MGand Saltiel AR 1988; Komoda T and Kitasato 1988; Low 

MG 1989; Turner JA and Hooper NM 1989; Doellgast G, Spiegel J et al 1977; 

Ferguson MAJ, Homans SW et al 1988; Cross GAM 1990; Roberts WL, 

Santikam S et al 1988; Ishihara A, Hou Y et al 1987 Thomas J, Webb W et al 

1987; and Hooper NM 1992).

The already extensive list (thoroughly reviewed in the above references) 

continues to expand and is particularly notable for its wide representation of 

GPI-anchored molecules across different species and tissues. Although no 

examples have been found in prokaryotic cells and higher plants it is 

nevertheless comprehensively represented in eukaryotic cells (Low MG 1987), 

indeed no exception has been found even among the lower eukaryotes and 

include several cell surface proteins in organisms with clinical significance such 

as malarial parasites (Haider K, Ferguson MAJ et al 1985; Haider K et al 1986; 

Smythe JA, Coppel RLet al 1988) and Toxoplasma (Nagel SD and Boothroyd JC 

1989; Tomavo S, Schwarz MK 1989). In addition GPl-linked molecules have
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also been found in Drosophila (Gnagey AL, Forte M et al 1987), Paramecium 

(Capdeville Y, Cardosa M-L et al 1987; Deregnaucort C, Keller A et al 1988), 

Dictyostelium discoideum (Sadeghi H, Da Silva AM et al 1988; Stadler J, 

Keenan TW et al 1989) and Saccharomyces cerevisiae (Conzelmann A, Spiazzi 

A et al 1988).

The great majority of GPl-anchor containing molecules so far identified are 

linked to the outer surface of the cell membrane. However some notable 

intracellular exceptions occur and include proteins in the secretory granules of 

adrenal and pancreatic cells (Touchier F, Bastiani P et al 1988; LeBel D, Beattie 

M etal 1988)

Certain cell surface molecules can occur as transmembrane or alternatively 

as GPI- linked forms, these being coded for by separate genes or arising from the 

same gene as a consequence of alternate splicing; NCAM and carcinoembryonic 

antigen (CEA) are such examples, both are members of the immunoglobulin 

gene super family (Williams A and Barclay A 1988; He H-T, Barbet J et al 1986; 

Hemperly J, Edelman G et al 1986; Barnett TR, Kretschmer A et al 1989; Hefta 

SA et al 1988; Takami N, Misumi Y et al 1988). LFA-3 and the human low 

affinity IgG Fc receptor type III, also belong to this group, existing as both GPI- 

1 inked and transmembrane forms (Wallner BP, Frey AZ et al 1987; Dustin ML 

Selvaraj P et al 1987; Seed 1987). In the case of the IgG Fc receptor, their 

differential expression on natural killer cells and lymphocytes respectively is 

thought to be related to different functions of these receptors, the two forms are 

encoded by different genes and differ by a few point mutations (Ravetch JV and 

Perussia B 1989).
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1.4 Structure of the GPl-anchor

The structures of the GPI anchors of several cell surface proteins have 

largely been worked out. These include the Thy-1 antigen, decay accelerating 

factor, acetylcholinesterase and ALP (Medof ME, Walter El et al 1986; Ogata S, 

Hayashi Y et al 1988; Homans SW, Ferguson MAJ et al 1988; Cross GAM 

1990; Roberts WL et al 1988). A large proportion of the early work in this field 

was carried out on the cell surface coat (VSG) of Trypanosoma brucei (Ferguson 

MAJ et al 1988; Homans SW, Edge CJ et al 1989). Estimates that this surface 

glycoprotein constituted some 10% of total cell protein (Low MG 1987; Cross 

GAM 1990) was mainly responsible for the early concentrated efforts on this 

organism.

Chemical composition data are available for a number of GPI-1 inked 

proteins including the VSG of Trypanosoma brucei. The data indicate that the 

core structure (ethanolamine-phospho-6Man al-2Man al-6Man a l-4  GlcN a l-  

6 Inositol) is largely preserved across wide evolutionary distances; from 

trypanosomes to man. Ethanol amine, glucosamine, mannose, innositol and 

phosphate were shown to occur in the molar ratios of 2:1:3:1:2 in ALP (Ogata S 

et al 1988). Similar ratios for ethanolamine and glucosamine were found for 

DAF (Medof ME et al 1986) and in squid glycoproteins (Williams AF et al

1988). In their studies on scrapie prion proteins, Stahl N, Borchelt DR et al 1987; 

1990, showed the presence of ethanolamine, myo-inositol, phosphate and stearic 

acid in the structure, the ethanolamine being present in a molar ratio of 2.8.

A schematic illustration of the structure of the GPl-anchor of human 

placental ALP (extensively used in experiments described in this thesis) is shown 

in fig 1.4. The fatty acyl residues of 1,2 diacyl glycerol dip into the membrane
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bilayer and here undergo hydrophobic interactions with the lipids of the outer 

half of the membrane bilayer. Human placental ALP has been shown to contain 

equal amounts of palmitic and stearic acids (Ogata S et al 1988). A phosphate 

group bridges the glycerol moiety with inositol which in turn links the 

phosphatidic acid part of the GPl-anchor with a glycan chain. The glycan chain 

consists of three mannose units and one glucosamine residue assembled through 

1 ;4 glycosidic linkages. The glucosamine residue links the membrane binding 

domain to the glycan chain via inositol, whereas the third mannose residue of the 

glycan chain is attached by a phosphate group to ethanolamine, this in turn links 

the anchor to the carboxy-terminal end of the polypeptide chain at Asp-484 

(Micanovic R, Gerber LD et al 1990; MicanovicR, Bailey CA et al 1990).

Although conservation of the GPl-anchor across a wide range of the 

evolutionary spectrum is reflected by a high degree of similarity in the 

composition and structural arrangement of the anchor across species, variation 

among branching residues associated with the core structure do occur and appear 

to be species, tissue or protein specific. For example, variable substitution with 

galactose residues has been found in the VSG of trypanosomes. This occurs at 

the 3 position of the first mannose residue leading from glucosamine (Ferguson, 

Homans et al 1988), such substitutions have not been found in mammalian 

anchors. This has led to the proposal, that specific galactosyl transferases are 

present in trypanosomes (Ferguson MAJ and Homans SW 1988; Fergusson MAJ 

, et al 1988). Other variations include a fourth mannose unit found to be present 

in rat brain Thy-1, but thought to be absent from rat thymocyte Thy-1. 

Additional mannose units and a further phosphatidylethanolamine may also 

branch from the mannose chain in human placental ALP (Moss DW, 1994 ).

31



The lipid fractions of GPI-anchors also show diversity across different 

species, some show diacylglycerol whereas others contain l-alkyl-2-acyl 

glycerol. In the blood borne form; the VSG of trypanosomes contain only 

dimyristoyl glycerol whereas the insect form contains only l-stearoyl-2-lyso 

glycerol (Ferguson MAJ et al 1985; Field MC et al 1991; Englund PT 1993). In 

this latter case an extra fatty acid (usually palmitate) is attached to inositol, such 

an arrangement has also been found in human erythrocyte acetylcholinesterase 

(Field MC et al 1991; Roberts WL et al 1988). The attachment of a third fatty 

acid to inositol reduces the anchor cleaving ability of inositol specific 

phospholipse C (PIPLC), however the cleaving effect of inositol specific 

phospholipase D (PIPLD) appears to remain unaffected (Rosenberry TL 1991; 

Roberts et al 1988). The mechanisms of PIPLC and PIPLD anchor cleaving 

activity and their effects on the generation of different isoforms of GPI-linked 

ALP is developed in this thesis.

1.5 Synthesis of the GPl-anchor

Processing of the GPl-anchor occurs in the endoplasmic reticulum 

(Butikofer G, Kuypers F, et al 1990; Hirose S, Ravi L, et al 1992; Kodukula K, 

Cines D, et al 1992), further modifications, such as the addition of the galactosyl 

side chain in the case of the VSG anchor is thought to occur in the golgi complex 

(Bangs JD Doering TL et al 1988). Primary translation products contain a 

hydrophobic COOH-terminal sequence and an N-terminal signal sequence. The 

latter directs the product to the endoplasmic reticulum for processing, while the 

former is cleaved just prior to the attachment of the GPl-anchor, this attachment 

occurs rapidly, within 60s (Bangs JD, Herald D et al 1985; Ferguson MAJ et al

1986). A number of hydrophobic COOH-terminal sequences have been studied,
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surprisingly there is a low degree of homology between them, the prerequisite 

for anchor addition appears to depend upon the degree of hydrophobicity rather 

than the exact identities of the residues in the sequence and a few residues 

upstream of these hydrophobic sequences. These conclusions have come 

predominantly from experiments in which the COOH-terminal sequences, 

mainly of placental ALP or DAF have been altered by site directed mutagenesis 

(Micanovic R, Gerber LD, et al 1990; Micanovic R, Kodukula K, et al 1990; 

Berger J, Howard , et al 1988; Berger J, Micanovic R, et al 1989; Kodukula K, 

Greber, et al 1992; Caras IW, Weddell GN, et al 1987;. Caras IW et al 1989; 

Moran P, Raab H, et al 1991; Moran P and Caras IW 1991a and 1991b; 

Kodukula K et al 1992). In all cases so far investigated, the anchor addition site 

is near the COOH-terminal end of the translation product. The site of attachment 

is usually a small amino acid; alanine, serine, glycine, cysteine, asparaginase or 

aspartic acid.

Anchor precursors have been studied for the VSG of tiypanosomes (Menon 

AK, Walter El et al 1988; Krakow JL, DoeringTL et al 1989; Mayor S et al 

1990a; Mayor Set al 1990b), these glycolipids have been categorised into 

glycolipid A (Also called P2) and glycolipid C (also called P3), the former has 

the same structure as the anchor on VSG, except that it lacks the galactosyl side 

chain and of course it is unattached to the protein, glycolipid C is identical to 

glycolipid A except that it contains an additional fatty acid linked to the inositol 

group, the significance of this to anchor cleavage and the similarity of this 

arrangement to mammalian acetylcholinesterase has been discussed above.

Recently much progress has been made in the elucidation of the 

mechanisms leading to GPl-anchor synthesis. The initial step is the formation of 

glucosaminyl-phosphatidylinositol via the transfer of N-acetylglucosamine
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(NAG) from UDP-NAG to phosphatidylinositol. which subsequently 

deacetylates (Doering TL, Masterson WJ, et al 1989 and 1990) 

phosphatidylinositol is derived from the endogenous membrane. Although this is 

a relatively uncomplicated sugar transfer reaction, three gene products are known 

to be involved in the reaction (Stevens VL, Raetz CR 1991; Sugiyama E, 

DeGasperi R, et al 1991; Lemansky P, Gupta D, et al 1991), why this should be 

remains unanswered

The donor of the mannosyl residues is now known to be dolichol- 

phosphoryl-mannose (DPM). Evidence for this was derived from several 

different studies, including the addition of radiolabelled DPM to trypanosome 

cell free systems (Menon et al 1990; Low MG, Dallner G et al 1991) and the 

study of mutant cell lines which are deficient in one of the steps of GPl-anchor 

biosynthesis. Mutant murine T-cell lymphoma cells are unable to express the 

Thy-1 antigen on their cell surface (Hyman R 1988). They have been classified 

into 9 complementation groups, 6 of which have an inability to link the GPl- 

anchor to the thy-1 antigen. The class E mutant cannot synthesise DPM, this was 

probably the first indication of the important role that DPM plays in the synthesis 

of the GPl-anchor (Cozelmann A, Spiazzi A et al 1986; Fatemi S, Haas R et al

1987). Additionally transfection with the DPM synthase gene from yeast resulted 

in normal GPl-anchor synthesis by mutant cells (DeGasperi R, Thomas LJ, et al 

1990).

It has been suggested that the phosphoethanolamine group of the GPl- 

anchor arises from phosphatidylethanolamine contained in the membrane. 

Support for this has come from studies of yeast mutants (Menon AK, Stevens VL 

1992).
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Interestingly in mammalian cells, notable differences occur along the GPl-anchor 

biosynthetic pathway, compared to that seen in trypanosomes. Firstly, the 

inositol group of mannosylated intermediates appear to be acylated and secondly 

they have more phosphoethanolamine groups than the completed GPl-anchor 

(Urakaze M, Kamitani T et al 1992; Hirose S, Ravi L et al 1992; Kamitani T, 

Menon AK et al 1992; Hirose S, Prince GM, et al 1992). In addition the 

straightforward sequential addition of three mannose units from DPM seen in the 

trypanosome system is complicated in the mammalian system by the possibility 

of the addition of a phosphoethanolamine residue directly after the first mannose 

residue has been added to the acylated glucosaminyl-phosphatidylinositol 

intermediate. Phosphoethanolamine units may be added to the mono, di or tri 

mannosylated derivatives resulting in several branch point intermediates with the 

capacity to be linked to protein Accumulation of these branch point 

intermediates have been found in T-cell mutants described above (Lemansky et 

al 1991; Hirose S, Ravi L, et al, 1992; Hirose S, Prince GM, et al 1992).

1.6 Function of the GPl-anchor

The conservation of the GPl-anchor over such large evolutionary distances 

suggests a selective advantage to those molecules which contain it. Although the 

precise physiological and biochemical functions of the GPl-anchor remain 

speculative, many proposals have been offered: for example in addition to its 

role of attaching cell surface molecules to the membrane surface, GPI-anchors 

are thought to act as space saving devices. In the case of the VSG of 

trypanosomes, in the region of 10 million GPI-linked molecules are estimated to 

be packed on the surface. This efficient packing is thought in part to be due to 

the smaller amount of space occupied in the membrane bilayer by the GPI-
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anchors of the VSG compared to transmembrane polypeptide anchors of other 

cell surface proteins (Hooper NM 1992).

Association of the GPl-anchor with just the outer half of the membrane 

bilayer allows GPI-anchored molecules considerable lateral mobility across the 

membrane surface. This is in sharp contrast to the situation with integral 

membrane proteins with polypeptide anchors some of which are held relatively 

static in space on the membrane surface due to linkage with the cell cytoskeleton. 

From experiments in which the diffusion of membrane bound proteins proteins 

was studied using a photobleaching/fluorescence recovery technique, diffusion 

coefficients in the range 1-4 x 10"  ̂cm^/sec were measured for a number of GPI- 

linked proteins such as the Thy-1 antigen, decay accelerating factor and ALP 

These diffusion coefficients are a magnitude higher than those obtained for 

integral membrane proteins and are similar for those obtained for lipids e.g., 2.2 

X 10“̂  cm^/sec for a lipid probe (Ishihara A, Hou Y et al 1987; Thomas J, Webb 

W et al 1987; Noda M, Yoon K et al 1987). Interestingly, variation in the mobile 

fraction was found for both the Thy-1 antigen and ALP; 50% and 80% 

respectively indicating that interactions with other moieties which interfere with 

diffusion may be involved (Cross GAM 1990).

The ability to move rapidly across the cell membrane confers several obvious 

advantages to membrane bound structures such as receptors, enzymes and cell 

adhesion molecules. For example, fewer molecules are needed to perform a 

particular function, leading to economy in both molecular synthesis and in the 

occupation of valuable space at the cell surface. Interactions between cells (and 

as suggested above, interactions with other moieties in the cell membrane) are 

made more efficient, relying to a lesser extent on chance interactions between 

counterpart moieties as is the case for structures relatively fixed in space by 

transmembrane anchors. A further advantage is that GPI-linked structures are
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capable of moving out of the vicinity of relatively fixed structures allowing them 

to carry out their functions free of hindrance.

It has been suggested that GPI-anchors may act as sorting signals, directing 

proteins to a particular location on the cell membrane, e.g., to the apical 

membrane surface of epithelial cells or the axonal membrane in hippocampal 

neurones (Lisanti MP and Rodriguez-Boulan E 1991). In an earlier study (Lisanti 

MP, Sargiacomo M et al 1988), six GPI-anchored proteins were shown to be 

restricted to the apical surface of polarised monolayers of a kidney cell line 

(Madin-Darby canine kidney (MDCK) cells). Additionally, evidence that GPI- 

anchors may be associated with sorting of membrane proteins came from two 

further experiments. In the first, DAF or recombinants in which the COOH- 

terminal 37 amino acids (GPl-anchor signal) were fused with the ectodomain of 

hepes simplex glycoprotein D resulted in this normally basolateral glycoprotein 

being transferred to the apical region of MDCK cells (Lisanti MP, Caras IW et al

1989). In the second set of experiments, addition of 53 COOH-terminal amino 

acids of the Thy-1 antigen to the normally basolaterally distributed vesicular 

stomatitis virus glycoprotein (VSV-G), effectively converting it into a GPI- 

anchored form resulted in an apical distribution also, whereas conversion of the 

GPl-anchor containing placental ALP to an anchor deficient form by addition of 

the transmembrane and cytoplasmic domains of VSV-G, resulted in an apical 

distribution pattern (Brown D, Crise B, et al 1989).

GPI-anchors are thought to be involved in a specialised high affinity uptake 

mechanism of small molecules by cells. The process is called 'potocytosis', a 

form of endocytosis which is independent of clathrin-coated pits ( Hooper NM 

1992). The folate receptor is a GPI-anchored structure which exemplifies this 

mechanism (Rothberg KG, Ying Y et al 1990). The receptor clusters on the cell
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surface in invaginations of the cell membrane, so called caveolae. Although the 

precise function of caveolae remain to be elucidated, it is thought that the 

function involves the concentration of molecules (in this case folate) prior to 

uptake by the cell. In the case of enzymes, potocytosis is thought to prevent the 

dispersion of small molecular weight products formed following enzymatic 

activity, here also there is a concentrating effect. Several GPI-anchored proteins 

are now known to cluster in caveolae and include ALP, 5' nucleotidase, DAF, the 

Thy-1 antigen and the scrapie prion protein (Rothberg KG et al 1990; Anderson 

RGW, Kamen BA et al 1992; Hooper NM 1992).

A further proposed function of GPI-anchors is in the mediation and 

regulation of hormone activity, including that of insulin, through the effect of 

phospholipases on the anchors (Romero G 1991).

More recently in in vitro studies, the GPl-anchor of ALP was shown to facilitate 

the initiation of mineralisation in bone (Harrison G, Shapiro IM et al 1995). 

Anchor-containing ALP produced results similar to ALP-rich matrix vesicles 

(MV's), which in calcifying cartilage are released into the matrix from 

chondrocytes, apatite formation then occurs around and within these particles. 

Significantly the mineralisation was of higher quality than that produced in the 

presence of GPl-anchor free ALP.

1.7 Alkaline phosphatase-a GPI-linked membrane protein

In experiments described in this thesis ALP was used as a model 

representative of GPl-anchor containing molecules (fig 1.4). Its biology has been 

extensively studied over a period spanning more than sixty years, despite this its 

physiological function remains an enigma. It is one of the most requested
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analytes for measurement particularly in the plasma of patients with liver or bone 

associated disorders. The clinical conditions in which high ALP levels are 

detected have been extensively documented (McComb RB, Bowers GN et al 

1979; Sebesta DG, Bradshaw FJ 1964; Kaplan MM and Righetti A 1969; Moss 

DW 1982, 1989 and 1992; Wootton AM, Neale G et al 1977; Seetharam S, 

Sussman NL et al 1986)

In various physiological or clinical conditions raised ALP levels are 

detected and often expressed merely as a raised serum activity. However it 

occurs in a number of molecular forms due to genetic and post-translational 

factors (Moss 1982). It is thought that during evolution, an ancestral gene 

eventually gave rise by gene duplication and mutation to the four genes encoding 

ALP. These have been cloned, sequenced and mapped to human chromosomes 

(Kam W, Clauser E, et al 1985; Millan J-L 1986; Henthom PS, Raducha M, et al 

1987; Millan J-L and Manes T 1988; Swallow DM, Povey S, et al 1986; Martin 

D, Tucker DF, et al 1987; Fishman WH 1990; Moss DW 1992). It is proposed 

that the common ancestral gene first gave rise to a tissue nonspecific gene and an 

intermediate intestinal gene via a precursor nonspecific gene. Intestinal and germ 

cell genes were then derived from the intermediate intestinal gene. The placental 

gene is thought to have arisen from the germ cell gene.

As its name implies the tissue nonspecific gene is expressed in a large 

variety of tissues, these include; liver, kidney, bone and early placenta among 

others (Moss DW 1992). Differences between isoforms found in these different 

tissues relate to post-translational modification, i.e., to differences in 

glycosylation. The tissue nonspecific gene has been mapped to chromosome 1, 

bands p36.1-p34, whereas the intestinal gene is located on chromosome 2, bands 

q34-q37, here also are located the genes encoding germ cell and mature placental
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ALP. The tissue nonspecific gene is additionally outstanding from the others in 

that it contains 12 instead of 11 exons and has longer introns (Harris H 1989).

The sequence homology between tissue nonspecific and intestinal ALP is 56.6%, 

this rises to 86.5% when intestinal and placental isoenzymes are compared and to 

98% in the case of placental and germ cell ALP.

Placental ALP is expressed in the syncitiotrophoblast of the placenta by the 

12th week of gestation (Warren RC, McKenzie CF 1985), but it is also expressed 

in small amounts in the lung and the cervix. It is the genotype of the foetus that 

determines the phenotype of maternal placental ALP, this is the case despite the 

fact that placental ALP does not cross the placental barrier nor does it occur in 

foetal blood (Harris 1989).

Placental ALP displays a high degree of polymorphism, with over 50 

known variant phenotypes (Donald LJ and Robson EB 1975). Interestingly none 

of the alleles are known to be associated with disease. There is no parallel 

polymorphism displayed by the other ALP genes, although instances of 

overexpression of both the intestinal and tissue nonspecific genes have been 

recorded, these examples were nonpathogenic (Wilson JW 1979; Nogueras LC, 

Lleida JV 1982; Panteghini M 1991).

The study of these multiple forms has made important contributions to the 

understanding and assessment of ALP activity in health and disease. Examples 

include the expected increased levels of the bone isoenzyme observed in 

growing children and the placental form measured in pregnant women. The 

association between ALP and bone calcification has its foundations in work 

carried out as early as the 1920's (Robison R 1923). The bone isoform is raised in 

the plasma in conditions in which increased osteoblastic activity occurs, these
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include; hyperparathyroidism, Pagets disease of bone and carcinomas with 

osteoblastic secondary deposits in bone. The rate of production of the isoenzyme 

may affect the degree of post translation modification (glycosylation) leading to 

an altered electrophoretic mobility (Koyama I, Miura M et al 1987). In contrast 

in conditions involving increased osteoclastic activity such as multiple myeloma 

or osteoporosis, bone ALP is usually normal in the absence of bony fractures 

(Schwartz MK 1973).

In liver disease, activity of the liver isoenzyme is usually raised in the 

plasma. In intra- or extrahepatic obstruction seen in certain forms of 

hepatobiliary disease, relatively high amounts of ALP are liberated into the bile, 

some of which spills over into the plasma and can be identified as the liver 

isoform. A high molecular mass isoform is frequently present and is thought to 

be formed from membrane fragments, so called koinozymes, containing ALP in 

association with other membrane bound enzymes such as gamma- 

glutamyltransferase, 5' nucleotidase. Lipoprotein-X may also be associated 

(Brocklehurst D, Lathe GH, et al 1976; Crofton PM and Smith AF 1981). This 

'biliary' isoenzyme suggests the presence of obstructive liver disease (Taswell 

HF and Jeffers DM 1963) and has been used as an indication of liver métastasés 

(Viot M, Joulin C, et al 1979).

Failure to express the tissue-nonspecific gene leads to congenital 

hypophosphatasia, a rare condition, but the only known case where severe 

consequences follow in the absence of ALP expression. The disease is 

genetically heterogeneous and as far as is known, no harmless mutations occur 

(Henthorn PS, Raducha M, et al 1992; Brydon WG, Crofton PM et al 1975; 

Moss DW 1992).
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In certain malignant conditions there is an increased level of ALP in the 

plasma, it may follow gene derepression, gene overexpression, or clonal 

expansion of ALP producing cell lines e.g., the SAOS-2 cell line, see chapter 5. 

(Goldstein DJ, Rogers C, et al 1982). It may originate from tissues normally 

associated with the isoenzyme or alternatively may arise from ectopic sites, post 

translational changes may give rise to further atypical forms (Koyama I, Miura 

M et al 1987) These studies have aided in the investigation of the genetic 

mechanisms underlying malignant change (Moss 1992). Examples of 

inappropriate expression of ALP reflecting underlying malignant conditions 

include; the Regan, Nagao and Kasahara isoenzymes.

Although the relationship between particular clinical conditions and raised 

levels of ALP in the serum or plasma have been known for some time, the 

mechanisms underlying the release and subsequent organisation of ALP molecules 

into new molecular forms which may be characteristic of the underlying disease 

process are poorly understood. The unravelling of these mechanisms could lead to 

a better understanding of the disease processes themselves and provide further 

information toward aiding diagnosis and assessing prognosis and treatment. These 

mechanisms are explored in this thesis.

The experiments described in this thesis were designed to address a number 

of questions many of which centre around the presence of a GPl-anchor within the 

structure of the molecule.

Does the GPl-anchor have any affect on the release of molecules like ALP?
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• Can differential cleavage explain the presence of isoforms, such as the 

hydrophilic form of ALP which is the predominant isoform found circulating 

in the plasma and the high molecular mass form which predominates in bile?

• Are the bile/serum differences due to a factor (e.g., enzymatic) present in 

serum?

• Can the presence or absence of a GPl-anchor on ALP explain the observations 

seen in cholestasis?

In order to address these initial questions it was proposed to;

• Develop methods for the characterisation of GPl-anchor containing and 

anchor-free forms.

• Investigate the presence of the factor in serum and its presence or absence in 

bile.

• Characterise the serum factor (which appears to be PIPLD)

• Develop methods for its routine analysis.

• Study the variations of this factor in disease.
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Chapter 2

Materials and Methods

2.1 Materials

Poly(ethylene) glycol 6000 (PEG; lot numbers. 6834240J and 3439792M) 

was obtained from BDH, Poole, U.K. and Dextran T500 (M wt, 500,000., lot 

number 0106905) from Pharmacia Ltd., Milton Keynes, U.K.

Phospholipase D extracted from Streptomyces chromofuscus and 1,10- 

phenanthroline were obtained from Sigma Chemicals, Poole, U.K. Inositol- 

specific phospholipase C extracted from Bacillus thuringiensis was purchased 

from Peninsula Laboratories Ltd., Merseyside, U.K.

Triethylamine and phthalic anhydride were obtained from BDH Ltd., U.K. and 

palmitoyl chloride from Sigma chemical Co Ltd, U.K.

All other reagents used were of analytical grade.

2.2 Biological fluids and tissues

Human serum was collected by venepuncture from healthy volunteers or 

from serum samples sent to the laboratory for routine analysis.

Bile was drained directly from T-tubes in situ inserted in patients recovering 

from cholecystectomies.

All sample fluids were analysed immediately or stored at -30^C. Term 

placentae were checked for abnormalities directly following delivery and then
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used immediately for the preparation of a placental membrane fraction or 

frozen to -30°C or -70°C for future use.

2.3 Preparation of human placental membrane fraction

The method described by Doellgast et al 1977, after some modification was 

used to prepare a membrane fraction of human placenta. This fraction was used 

as a substrate which contained GPI-linked ALP in incubation experiments, or 

as a substrate for the preparation of soluble GPl-anchor containing of GPl- 

anchor free isoforms following extraction with n-butanol, detergents or 

following treatment with phospholipases.

Frozen full term placentae were thawed, and then homogenised in a Waring 

blender in chilled homogenising buffer (cooled to 4°C) and containing 250 

mmol/L sucrose, 5 mmol/L MgCl2, 24 mmol/L KCl and 50 mmol/L Tris-HCl 

(pH 7.5). The homogenate was filtered through muslin and the filtrate was 

subjected to centrifugation at 12 000 x g for 20 min at 4®C. The resultant 

supernatant was then further centrifuged at 100 000 x g for 1 h at 4°C. The 

pellets were washed with homogenising buffer three times and then finally 

resuspended in the same buffer to give a protein concentration of 50 mg/ml. 

After aliquoting into suitable portions, these substrate suspensions were stored 

at -30OC.

In experiments in which human placental membrane was incubated with 

human serum, bile, enzyme preparations or buffer, 200 \iL portions of the 

suspension were pelleted and then resuspended in the appropriate fluid. 

Incubations were carried out at 37^C unless otherwise stated.
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2.4 Butanol extraction of ALP from prepared human 

placental membrane

Butanol extraction of ALP from human placental membrane fraction (P- 

ALP) under alkaline (yielding GPl-anchor intact molecules, Palk-ALP) or acid 

(yielding GPl-anchor cleaved molecules, Pac-ALP) conditions was carried out 

essentially by a previously described method (Malik AS, Low MG 1986) 

following modification.

Human placental membrane fractions were incubated in 60 mM Tris 

(adjusted to pH 8.4 or pH 5.2) male ate buffer with butanol, previously 

equilibrated with the same buffer and arranged in a butanol:aqueous phase 

volume ratio of 2:1 for 1 h at 37°C. The mixture was continuously mixed on a 

rotamixer. After incubation the mixture was cooled to 4®C and then subjected 

to centrifugation at 100 000 x g for 1 h at 4®C, to remove any trace of 

membrane fragments.

Any n-butanol dissolved in the aqueous phase was removed by dialysis against 

60 mM Tris maleate buffer at 4°C. The dialysis buffer was changed at least 

five times.

Fractions of ALP solutions to be used in partition experiments were redialysed 

against the buffer solutions used to prepare the phase systems (see below).

2.5 Preparation of SAOS-2 cells

SOAS-2 cells, an osteoblast-like osteosarcoma cell line was obtained from 

The Public Health Laboratory Service, Porton Down, U.K. The cells were 

seeded in 75 cm flasks and took 2 - 4  weeks to grow to confluence in McCoy's 

medium containing 15% foetal calf serum (Gibco, U.K.). The cells were then
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released from the flask surface with a rubber policeman and suspended in 

isotonic phosphate buffered saline, containing 150 mM sodium chloride in 

lOmM sodium phosphate buffer pH 7.5. The cells were then washed and 

resuspended in the same buffer. Each flask contained about 1x10% cells. 

Aliquots of the final suspension each containing 1x10? cells were then added 

to microfuge tubes and centrifuged at 2000 x g for 3 min at 4°C. The 

supernatant was discarded and the pellet of cells resuspended in the appropriate 

fluid; human serum or bile, enzyme preparations or buffers. Incubations were 

carried out at 37^C unless otherwise stated.

2.6 Preparation of aqueous polymer two phase systems

2.6.1 Buffer solution for the preparation of phase systems

The buffer solution for the preparation of phase systems contained 150 mM 

sodium chloride, dissolved in 10 mM sodium phosphate buffer pH 6.8. (phase 

system buffer)

Solutions containing 10 mmol/L Na2HP04.12H20 + 150 mmol/L NaCl and 

10 mmol/L NaH2P04.2H20 + 150 mmol/L NaCl were made up in deionised 

water and titrated against each other to pH 6.8 at 20®C using a pH meter.

2.6.2 Preparation of bulk aqueous polymer phase systems

Aqueous phase systems were prepared by mixing together 30% (w/w) 

stock solutions (made up in phase system buffer) of the hydrophilic polymers 

polyethylene glycol (PEG) 6000 and dextran T500, and adding appropriate
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quantities of the same buffer to give the required composition of the 'bulk 

phase systems'. These systems were made up in 250 mL glass centrifuge tubes. 

The tubes were sealed and the phase solution thoroughly mixed.

The phase systems were then subjected to centrifugation at 5000 x g for 1 h at 

20^C in a MSE Mistral 6L centrifuge to accelerate and ensure complete phase 

separation.

The equilibrated top phase was then removed with a glass pipette and stored 

separately. A small amount of the top phase is left behind at the horizontal 

interface to prevent contamination of the top phase with bottom phase during 

pipetting. This remaining fraction was then pipetted off along with a small 

fraction of the bottom phase at the horizontal interface and discarded. This 

procedure avoids contamination of either equilibrated phase with the other, 

which would lead to relatively large errors in the partitioning experiments 

carried out in the working phase systems (see below). These occur because the 

exponential change brought about in the parameters governing partition by 

changes in polymer composition makes these systems very sensitive to even 

small changes in polymer composition (see chapter 4).

2.6.3 Preparation and classification of working aqueous polymer 

phase systems

Working phase systems (i.e., those phase systems used in experiments) 

were prepared by mixing together equal volumes (0.6 mL or 0.4 mL) of 

equilibrated top and bottom (bulk) phases at 20^C. The top and bottom phase 

volumes of the bulk phase systems are not always equal, the relative volumes 

depend critically upon the concentration of the polymers in the phase system.
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Phase systems are referred to in an abbreviated form which relates to the 

composition of their parent bulk phase systems: D = dextran % (w/w) and P = 

PEG % (w/w). Thus 5D/4P represents a working phase system made from a 

bulk phase system containing 5% dextran and 4% PEG, a 5D/5P system 

contains 5% dextran and 5% PEG, etc.

The chosen composition of the buffer solution (150 mmol/L sodium 

chloride and 10 mmol/L sodium phosphate, pH 6.8) and concentration of the 

polymers used for experiments described in this thesis result in phase systems 

in which the distribution of ions between the phases is such that there is little or 

no electrostatic potential difference between the upper and lower phases, 

leading to so called 'noncharge sensitive phases' (see chapter 4).

2.6.4 Standardisation of dextran by polarimetry

Dextrans obtained from commercial sources contain bound water: the 

amount varies from batch to batch. In order to avoid marked differences in the 

polymer composition of similar phase systems when different batches of 

dextran are used, it is necessary to standardise each batch of dextran.

The actual amount of dextran present in a solution made from a particular 

batch was deduced by measuring its optical rotation in a three phase 

polarimeter (Hilger and Watts).

The polarimeter was set to zero using water in the polarimeter cell (4 

decimetres long).
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The optical rotation of a 1% (w/w) solution of dextran in water was then 

measured. (Dissolving dextran in saline or phase system buffer did not show 

different rotation).

For each batch of dextran, at least three separate determinations were carried 

out.

The amount of dextran was then calculated from the following equation;

(a)TD = alOO/Lc

(a)^^ = specific rotation, (T = temperature, D = sodium D line). The specific 

rotation of dextran = + 199® (Walter H 1977).

L = cell length in decimetres, c = concentration of test solution in g/lOOg and a 

= measured rotation.

Different batches of PEG 6000 may also affect the partitioning behaviour 

of phase systems. PEG 6000 contains molecules which range in molecular 

weight between 6000 and 7500 (BDH Ltd UK.). In the experiments presented 

in this thesis the same batches of PEG and dextran were used throughout.

2.6.5 Synthesis of PEG-palmitate

In some phase systems, the top phase was made more hydrophobic by the 

addition of small quantities (0.1% final concentration in each working phase 

system) of the PEG bound ligand PEG-palmitate.

PEG-palmitate partitions almost entirely into the top phase and thereby 

maximises the partition of hydrophobic moieties into this phase. PEG-
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palmitate was synthesised by the method of Shanbhag and Johansson 1974, 

following some modifications.

In partitioning experiments it is desirable for each PEG-palmitate molecule 

to contain one palmitate moiety per molecule, otherwise undesirable 

aggregation may occur. As is evident from the general formula for PEG;

0H-(CH2-CH2-0)nCH2-CH2-0H 

n = the monomer number.

the only two chemically reactive groups, the hydroxyl groups, lie at either end 

of the molecule. It is possible therefore under the appropriate conditions to 

esterify palmitic acid to both ends of the molecule. This was avoided by 

carefully adjusting the quantities of the reacting substances in the mixture so 

that a bias toward estérification of just one end of the PEG molecule was 

achieved.

PEG (60 g) dissolved in 400 ml of toluene was heated in a multiport flask, 

connected to a reflux condenser. The first 70 ml of toluene was distilled off and 

discarded, this ensured the removal of moisture from the mixture.

The base catalyst tri ethyl amine (1 g) was then added drop wise to the 

mixture from a dropping funnel. (It is important that the catalyst is dry before 

addition to the distillation mixture. This was achieved by adding 10 mL of 

tri ethyl ami ne to 2 g of phthalic anhydride in a distillation flask. The distillate 

boiling over between 85°C and 95®C was condensed and collected in a small 

flask the outlet of which was plugged with sodium sulphate to prevent influx of 

moisture).

51



Palmitoyl chloride (2.75 g dissolved in 30 mL of toluene) was then added 

dropwise to the distillation mixture which was continuously mixed by means of 

a motorised stirrer.

The mixture was refluxed for 20 min and filtered.

After the mixture had cooled to room temperature, precipitation of the 

derivatised PEG-palmitate was encouraged by cooling on ice.

The derivative was then recrystallised five times from absolute ethanol. The 

purified precipitate was collected by suction filtration. Any excess ethanol was 

removed by rotary evaporation conducted at 80^C. 53.7 g of the derivative was 

recovered.

2.6.6 Analysis of the derivatised PEG-palmitate

Confirmation that PEG-palmitate synthesis was achieved and that the mono 

derivative was specifically formed was obtained by analysis of the product by 

infrared spectroscopy and gas-liquid chromatography respectively.

2.6.7 Infrared Spectroscopy of PEG-palmitate

After mixing with dried potassium bromide, samples of PEG or the PEG- 

palmitate derivative were compressed into discs and scanned by infrared 

spectroscopy.(SP 200 Pye Unicam Ltd U.K). Scanning was carried out 

between 650 and 5000 wave numbers (cm“ )̂.

The estérification of PEG with palmitic acid was confirmed by the appearance 

of a peak between 1700-1800 wave numbers (cm"^) representing the -C=0-
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group in the ester linkage of PEG-palmitate. This group assignment was absent 

from the infrared spectrum of unesterified PEG. The fingerprint region of the 

spectrum lies between 650 and 1530 wave numbers and is diagnostic of the 

PEG 6000 backbone.

2.6.8 Analysis of PEG-palmitate by GLC

The palmitate esterified to PEG was first liberated by hydrolysis:

75 mg of PEG-palmitate was dissolved in 0.75 mL of alcoholic potassium 

hydroxide. 10 mg of stearic acid was added as internal standard and the 

mixture was refluxed for 2 h and left to cool to room temperature.

The released palmitate was then converted to the free acid by acidification 

with 2N HCl. The free fatty acid was extracted into petroleum ether (40/60). 

This extraction procedure was carried out three times and the organic phases 

were pooled.

The methyl ester of the free fatty acid was then synthesised:

The pooled petroleum ether phases were taken to dryness under nitrogen 

and then 5 mL of sulphuric acid (5%) in dry methanol was added to the 

residue. Nitrogen gas was blown into the tube which was then immediately 

sealed. The tube was immersed in a water bath where it was heated for 3 h at 

70^C with continuous shaking. Once cooled to room temperature, 8 mL of 

petroleum ether and 5 mL of water were added. After thorough mixing, the 

aqueous phase was removed and the organic phase was washed with a further 3 

mL of water.
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The organic phase was then dried over anhydrous sodium sulphate and blown 

to dryness under nitrogen. The resulting residue was redissolved in 0.5 mL of 

cyclohexane.

GLC analysis of the palmitic acid derivative was carried out by injecting 2 

mL of the derivatised palmitate onto EGSSX columns in a PYE 103 GLC 

machine with flame ionisation detectors and nitrogen used as carrier gas.

By this technique, 39.6% of the -OH groups of PEG were found to be 

esterified with palmitic acid.

2.6.9 Determination of partition in aqueous phase systems

Samples containing ALP were added to prepared working phase systems 

which were then thoroughly mixed for 1 min. An aliquot (20 }iL) was removed 

immediately for determination of total enzyme activity. The phases were then 

allowed to stand for the required partition time or subjected to centrifugation at 

5000 X g for 5 min at 20°C in a temperature controlled centrifuge. Samples (20 

pL) of top and bottom phases were then removed for measurement of enzyme 

activity.

The partition is expressed as the percentage of total activity recovered in 

the top and bottom phases with activity collecting at the interface calculated by 

difference.

54



2.6.10 Partitioning assay for PIPLD in serum

In experiments designed to develop a method for the assay of PIPLD in 

serum (see chapter 6), some modifications of the method described above were 

required. When the incubation mixtures were analysed by phase partitioning, 

the substrate concentration was raised to 2400 U P-ALP to compensate for the 

additional dilution. In addition, deoxycholate (1%) was substituted for nonidet 

P40, since the latter detergent was found to interfere with partitioning. 

Otherwise the procedure described above was followed.

2.7 Partition in Triton X-114 phase systems

Solutions containing ALP were partitioned in the Triton X-114 system 

described by Bordier C 1981 after some modification. The detergent Triton X- 

114 and buffer are used to construct the phase system. The cloud point of these 

phase systems lies above 30^0, consequently the temperature must be raised 

above this point before phase separation can occur (Bordier 1981).

400 |iL (or 750 |iL in some experiments) of 1.25% Triton X-114 solution in 

Tris-HCl, 0.1 mol/L, pH 8.4, was added to 300 jlL (or 1.0 ml in some 

experiments) of the test sample in a microfuge tube.

The tube was first incubated on ice for 10 min, this ensures that the phase 

system is kept below its cloud point thereby preventing the phases from 

forming which allows a uniform mixing of the sample in the phase solutions. 

Phase separation is then promoted by transferring the tubes to a waterbath 

maintained at 37^0. The tubes are immersed for 15 min with continuous 

mixing.

100 |il of the mixture was immediately removed for measurement of total ALP 

activity.
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The tubes were then subjected to centrifugation at 12 000 x g for 3 min which 

speeds separation of the phases.

100 |iL of the top phase was then removed for the measurement of ALP 

activity and the remainder was discarded. The remaining Triton X-114-rich 

bottom phase was washed free of residual buffer by carefully (without mixing) 

adding 500 |iL of buffer onto the surface of the bottom phase. The buffer was 

then removed and discarded.

The bottom phase (total volume about 40 }iL) was dissolved in 300 \iL of 

buffer (by thorough mixing) in preparation for measurement of ALP activity.

2.8 Measurement of ALP activity

ALP activity was measured by the Scandinavian recommended method 

(Committee on Enzymes of the Scandinavian Society for Clinical Chemistry 

and Clinical Physiology, 1974).

20 mL of the test sample was added to 1 mL of diethanolamine buffer (DEA) 

which contains 1.01 mol/L DEA and 0.505 mmol/L MgCl2. Following 

equilibration at 37°C, 100 mL of 0.11 mol/L paranitrophenylphosphate (PNPP) 

substrate solution was added. The reaction rate was determined by continuous 

measurement of paranitrolphenol release at 405 nm.

2.9 Gel filtration chromatography of ALP iso forms

Portions (200 |iL) of test samples; bile, serum or supernatants from cell or 

membrane preparations were applied to a Sepharose 6B column (500 x 10 mm) 

equilibrated with 0.1 mol/L Tris-HCl/NaCl buffer (pH 8.0). elution at 4®C was 

carried out with the same buffer. The flow rate was set at 6 mL/h and the
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fraction volume was 2 mL. High molecular mass fractions of ALP eluted 

between 10 - 24  mL, whereas low molecular mass fractions were collected 

from 26 - 42 ml.

In each study, recoveries of ALP activity from the column were found to be in excess
of 97% of total added ALP activity.

2.10 Gradient gel electrophoresis of ALP isoforms

Portions (20 |iL) of various samples including bile, serum and the 

supernatants from cell or membrane preparations or GPI-anchor-containing P- 

ALP (P-ALP substrate; see below), GPI-anchor-free P-ALP or mixtures of 

serum and GPI-anchor-containing P-ALP, were separated by electrophoresis 

on 3-30% (w/v) polyacrylamide concave gradient microgels run in a Micrograd 

System (Flowgen Instruments, Sittingboume, U.K.) for 20 min at 200V in Tris,

0.09 mol/L, borate 0.08 mol/L buffer (pH 8.4), cooled to 5®C.

Gels were stained for ALP activity by immersion in a solution containing 50 

mg sodium a-naphthyl phosphate and 70 mg Fast Blue BB (diazotised 4'- 

amino-2'-5'/diethoxybenzanilide) in Tri s/borate buffer (pH 8.4) for 1 h. The 

gels were then washed in deionised water and destained and fixed with three 

changes of methanol/acetic acid/water (5:1:5 v/v).

Quantitation was carried out by densitometry (Gelman Sciences ACD 2020 

densitometer).
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Chapter 3 

ALP isoforms in human tissues

3.1 Introduction

ALP is present in body fluids such as plasma and bile or in 

supernatants collected following extraction of membrane fractions prepared 

from tissues or cells grown in culture. As outlined in chapter 1, the structure 

and composition of these isoforms depend upon the tissue or cell type and 

increased levels in the plasma of a particular isoenzyme or various atypical 

forms of ALP may be present in the plasma in disease. In addition the 

biological release mechanisms or specific conditions of physicochemical 

extraction, may also lead to the production of different isoforms (Low MG, 

Prasad ARS 1988; Malik AS, Low MG 1986).

The data presented below are from investigations which sought to 

examine the various isoforms of ALP in different human tissues and ALP in 

human serum, bile and in extractions from human placental cell membranes 

were studied.

3.2 Column chromatography of ALP isoforms

3.2.1 Methods

200 p.1 aliquots of human bile or serum were fractionated by size 

exclusion chromatography on Sepharose 6B columns according to the 

method outlined in sec; 2.9.
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Total ALP activity was then measured in each fraction (sec 2.8).

3.2.2 Results

Fig 3.1 illustrates the elution profiles of ALP activity in specimens 

of human bile or serum fractionated by gel filtration.

ALP in bile eluted between 10 and 24 mL whereas the activity in serum 

emerged from the column subsequently, collecting in the fraction between 

26 and 42 mL. This demonstrates that ALP in bile is present as a higher 

molecular mass form compared to the serum isoform. By comparing with 

the elution of molecular weight markers on the same column, these fractions 

corresponded to molecular masses of > 500 kDa for ALP in bile and 170 

kDa for the serum isoform.

These distinct differences in the molecular mass forms of ALP in 

human bile and serum were consistently found in a relatively large number 

of bile and serum samples. Fig 3.2 shows the activity of ALP eluting in 

fractions 8-9 and 16-18 (high and low molecular mass peaks respectively) 

measured in 22 separate samples of bile or serum.Taking the means of the 

data, it shows that > 98% of the total activity of ALP measured in human 

bile is present as a high molecular mass isoform, with < 2% of the total 

occurring as the low molecular mass form. The situation was found to be 

almost exactly opposite in the case of human plasma where only trace 

amounts of the high molecular mass form were detected.
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Fig 3.1 and 3.2

The distribution of ALP activity in human bile and serum.

Bile (o) or serum (o) was fractionated by size exclusion chromatography on 

Sepharose 6B columns (fig 3.1). A high molecular mass isoform was collected in 

fractions 8-10, whereas a low molecular mass form eluted in fractions 16-18. The 

mean ± S.D., of six separate samples are shown in fig 3.2.

The recovery of total ALP activity added to the sepharose 6B column was 97.7%.
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3.3 Polyacrylamide gel electrophoresis of B-ALP and S- 

ALP isoforms

3.3.1 Methods

Samples of human bile and serum (20 |iL portions) were pipetted 

onto 3-30% polyacrylamide non-denaturing gels and electrophoresis and 

subsequent staining of the gels was carried out as outlined in sec; 2.10.

3.3.2 Results

Fig 3.3 shows that the different isoforms of B-ALP and S-ALP 

were clearly distinguished. B-ALP remained close to the origin 

corresponding to a molecular mass of > 500 kDa whereas S-ALP penetrated 

the gel further and corresponded to a molecular mass close to 170 kDa, in 

agreement with the gel filtration data.

3.4 ALP isoforms extracted from human placenta

3.4.1 Methods

Human placental membrane fraction was prepared as described in 

sec 2.3. The purified membrane fraction was then extracted with n-butanol 

(sec 2.4). The extraction procedure was carried out under acid (pH 5.2) or 

alkaline (pH 8.4) conditions by resuspending the purified membrane 

fractions in Tris-maleate buffer adjusted to the appropriate pH.

63



Fig 3.3

Gradient gel electrophoresis of ALP contained in human bile and serum run 

on 3-30% concave gradient polyacrylamide gels under nondenaturing conditions. 

ALP in bile only just penetrated the gel and corresponded to a molecular mass of > 

500 kDa whereas ALP in serum migrated to a position corresponding to a 

molecular mass of 170 kDA.

64



Serum B i l e

65

—  500 kDa

  200 kDa

—  150 kDa



Following removal of dissolved n-butanol from the aqueous phase 

by dialysis (sec 2.4), 20 |xL portions of each supernatant were subjected to 

gradient gel electrophoresis under non denaturing conditions (sec 2.10)

3.4.2 Results

3.4.2.1 Gradient gel electrophoresis of P-ALP

Fig 3.4 shows a gradient gel electrophoresis pattern of human 

placental ALP (P-ALP), extracted with n-butanol in 60 mM tris-maleate 

buffer adjusted to pH 8.4 or pH 5.2.

P-ALP extracted under alkaline conditions (Palk-ALP) produced a band 

which remained near the origin of the gel and corresponded to a molecular 

mass of between 480 - > 500 kDa.

By contrast the band produced by P-ALP extracted under acid (Pac-ALP) 

conditions was widely separated from the former and of much lower 

molecular mass, (about 170 kDa).

3.4.2.2 Fractionation of P-ALP by gel filtration chromatography

Confirmation of the result obtained by gradient gel electrophoresis 

was obtained by fractionation of the extracted P-ALP on Sepharose 6B 

columns.

Palk-ALP eluted predominantly as a high molecular mass fraction from the 

Sepharose 6B column, whereas the acid extract was relatively retarded on 

the column (Fig 3.5).
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Fig 3.4

Gradient gel electrophoresis of human placental ALP run on 3-30% concave 

polyacrylamide gradient gels under nondenaturing conditions.

Placental ALP was extracted with n-butanol under alkaline conditions (pH 8.4; GPI- 

anchor containing); lane 1 and under acid conditions (pH 5.2; GPI-anchor free); 

lane 2.
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Fig 3.5

Distribution of placental ALP following separation on Sepharose 6B 

columns.

The high molecular mass isoform eluted between fractions 11 and 13, 

corresponding to a molecular mass of about 480 kDa. The low molecular mass 

isoform had a molecular mass of 170 kDa.

The recovery of ALP activity was found to be 98,3% of the total activity added to the 
column.:

69



Fig 3.5

2001

150 -

t t  100-

5 0 -

0 1 0 2 0

Fraction number

70



There was good agreement with the electrophoresis procedure with respect 

to the molecular masses of each isoform.

3.5 Partition of ALP isoforms in Triton X-114 phase 

systems

3.5.1 Methods

These detergent based systems are composed of Triton-X114 mixed 

in a buffer solution (sec 2.7). The more hydrophobic molecules partition into 

the detergent phase leaving the more hydrophilic molecules to collect in the 

aqueous phase. A series of Triton-Xl 14 phase systems were made as 

described in sec 2.7 and aliquots of the extracted supernatants were 

partitioned in these systems.

3.5.2 Results

3.5.2.1 Partition of P-ALP in Triton X-114 phase systems

Fig 3.6 shows the partition profile of P-ALP molecules extracted 

under acid or alkaline conditions in these phase systems.

The higher molecular mass fraction which was extracted under alkaline 

conditions, partitioned predominantly into the more hydrophobic detergent 

phase (>90%), whereas the low molecular mass acid extract which 

penetrated the gradient polyacrylamide gel partitioned mainly into the 

hydrophilic aqueous phase (almost 70%).
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Fig 3.6

Distribution of GPI-anchor containing placental ALP (extracted with n- 

butanol at pH 8.4) and anchor-cleaved placental ALP (extracted with n-butanol at 

pH 5.2) following partition in Triton-X-114 phase systems. GPI-anchor containing 

ALP partitioned predominantly into the detergent based bottom phase whereas the 

anchor-cleaved isoform collected mainly in the more hydrophilic top phase.

Each bar represents the mean ± S.D., of three separate experiments.
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Fig 3.6
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Fig 3.7

Distribution of B-ALP and S-ALP in Triton-XI14 phase systems. B-ALP 

partitioned predominantly into the detergent based bottom phase, whereas S-ALP 

partitioned maximally into the hydrophilic top phase.

Each bar represents the mean + S.D., of three separate experiments.
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Fig 3.7
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Fig 3.7 shows the partition of B-ALP and S-ALP in identical phase

systems.

The partition profile of B-ALP (83.1% — 0.85 S.D., n = 6 in the hydrophobic 

detergent phase) was closely similar to that of the high molecular mass, 

alkaline extracted fraction of P-ALP, whereas the partition of S-ALP (100% 

± 0.00 S.D., n = 6 in the non detergent hydrophilic phase) was similar to that 

of the acid extracted isoform of P-ALP.

3.6 Discussion

These studies showed that in plasma the predominant ALP isoform 

is of relatively low molecular weight when compared to ALP in bile (figs 

3.1-3.3). It is thought that the circulating isoform in blood is a dimer (Moss 

DW 1994) of molecular mass about 170 KDa, which was confirmed by the 

data shown in figs 3.1-3.3. Higher molecular mass forms are rarely found in 

proportions exceeding 5% of total plasma ALP activity and are made up of 

aggregated forms and membrane bound forms, so called 'koinozymes', 

which are membrane particles formed as a consequence of cell damage and 

disintegration, visualised by electron microscopy (De Broe ME, Borgers M 

et al 1975).

In human bile, the predominant isoform is of higher molecular mass, the 

opposite of the situation found in the plasma, (figs 3.1-3.3). Lower 

molecular mass forms were present in very small amounts and were not 

detected beyond 2% of total activity.

The large difference in the molecular mass distribution of ALP 

activity between bile and serum may be explained by postulating the 

presence of the hydrophobic GPI-anchor domain in the structure of the
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Fig 3.8

Proposed mechanism for the formation of high molecular mass isoforms of 

GPI-anchor containing molecules including B-ALP.

Molecules such as ALP released with their GPI-anchors intact, associate via their 

hydrophobic fatty acyl tails forming large molecular mass aggregates containing a 

central hydrophobic core surrounded by a hydrophilic shell made up of glycoprotein 

in contact with the aqueous medium. Other moieties may associate with this 

structure, such as cholesterol, cholesterol esters, phospholipids, lipopoproteins and 

bile acids. Hydrophobic molecules or moieties being arranged within the 

hydrophobic core whereas hydrophilic structures orientate within the hydrophilic 

shell.

FA; fatty acyl groups,

G; glycerol

I; inositol

GN; glucosamine

M; mannose

E; ethanolamine

Pr; GPI-linked protein
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Fig 3.8
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B-ALP molecules contained in the bile fluid, the whole structure being 

released from the bile canalicular surface with its GPI-anchor intact, 

whereas ALP in plasma circulates without such an anchor. This situation 

would allow B-ALP molecules to associate through their hydrophobic 

anchors with each other and/or with other hydrophobic moieties such as 

lipids or lipoproteins to form high molecular mass micelles or micellar-like 

complexes, such an arrangement is illustrated in fig 3.8. A similar 

arrangement is present in bile itself, occurring during the process of fat 

solubilisation. Bile is a complex mixture of lipids, proteins, fat soluble 

vitamins electrolytes and bile acids and among its principal functions is the 

solubilisation of dietary fat through the process of micelle formation. These 

structures have a hydrophobic core and a hydrophilic exterior brought about 

by the specific orientation of molecules such that hydrophobic molecules or 

their hydrophobic moieties lie inside the micelle structure whereas their 

hydrophilic components face the external aqueous medium (Balistreri WF 

andRej 1994).

Although the precise mechanisms of release of B-ALP from the bile 

canalicular membrane have not been fully elucidated, it is likely that the 

detergent properties of the bile acids are implicated in the extraction of 

anchor-containing B-ALP from the membrane surface.

Extraction of P-ALP from a purified fraction of human placental 

membrane with n-butanol in the presence of an alkaline buffer system, 

yielded a high molecular mass isoform (figs 3.4-3.5). Although unlikely to 

be identical, the mechanisms operating here are probably similar to the 

situation described for bile. Extraction with an organic solvent capable of 

disturbing membrane structure is likely to lead to the release of GPI-anchor 

intact P-ALP molecules.
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Evidence which supports the postulate that a hydrophobic moiety is 

associated with the released P-ALP was provided by the partition profile of 

this isoform in the Triton X-114 phase system (fig 3.6). The higher 

molecular mass isoform partitioned predominantly into the hydrophobic 

detergent phase confirming a high degree of hydrophobicity. The data 

shown in fig 3.7 showing that B-ALP like Palk-ALP (extracted under 

alkaline conditions) partitions predominantly into the detergent rich 

hydrophobic phase adds further support to the view that B-ALP has an 

associated hydrophobic moiety. In contrast Pac-ALP (extracted under acid 

conditions) and the isoform of ALP circulating in plasma were both shown 

to be of lower molecular mass and of lower hydrophobicity suggesting that 

the mechanisms underlying their production are different to the model 

presented above for B-ALP and Palk-ALP and consistent with the view that 

they do not contain an associated hydrophobic moiety. It has been suggested 

that extraction with n-butanol under acid conditions may activate a 

phospholipase capable of cleaving the GPI-anchor (see chapter 5). The 

mechanisms leading to the release and to the formation of isoforms of GPI- 

anchor containing ALP are developed further in later chapters of this thesis.
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Chapter 4

The partition of isoforms of ALP in aqueous polymer phase systems

4.1 Introduction

In this chapter, experiments are described in which the different isoforms of 

ALP were examined using novel phase partitioning systems, called aqueous 

polymer two phase systems. These highly sensitive systems were developed and 

adapted to probe the relative hydrophobicity of the isoforms of ALP. The result is 

the production of systems capable of detecting and separating molecules on the 

basis of the presence or absence of their intact GPI-anchors.

4.1.1 Background to aqueous polymer two phase systems

The separation of mixtures of biological materials into their component parts 

is of importance in many areas of biology and medicine. Phase systems have long 

been used for separation and purification purposes in analytical and preparative 

chemistry. Such phase systems invariably contain an organic solvent as one of the 

phases and these solvents are well known for their deleterious effects on many 

biological materials. Additionally in such phase systems most biological materials 

would partition into the aqueous phase thereby precluding separation.

Phase systems which do not contain organic solvents, i.e., totally aqueous 

phase systems, also exist and more recently have been adapted for purification 

procedures. Although interest in these systems has increased only in the last few 

years, their existence has been known for some time. Systems composed of gelatine
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and agar in aqueous solution were first described by Beijerinck near the end of the 

last century (Beijerinck MW 1896 and 1910). However only relatively recently 

have such systems been considered for use in the separation and analysis of 

biological materials (Albertsson P-A 1971 and 1985; Walter H, Krob EJ et al 1976; 

Raymond FD and Fisher D 1980a; Raymond FD and Fisher D 1980b Raymond FD 

and Fisher D 1981; Brooks DE, Seaman GVF 1971; Fisher D and Sutherland lA 

1989; Youens BN, Cooper WD et al 1989; Fisher D, Raymond FD 1991; Raymond 

FD, Moss DW et al 1993, Raymond FD, Fortunato et al 1993 a and 1993b, 

Raymond FD, Fortunato et al 1994; Raymond FD Moss DW et al 1994). Albertsson 

showed that the incompatibility between many hydrophilic polymers is a general 

phenomenon and he constructed two phase and multiple phase systems from a 

series of polymers including Ficoll, methylcellulose, PEG, and DEAE-dextran. 

Aqueous phase systems containing one or more polymers have been used in the 

separation of whole cells, viruses, bacteria, cell membranes, cell organelles and 

macromolecules (Albertsson P-A 1985).

In experiments described in this thesis, aqueous polymer phase systems 

consisting of mixtures of the hydrophilic polymers polyethylene glycol (PEG) and 

the polyglucose, dextran, mixed together in aqueous solution have been used. 

Although each polymer is separately soluble in aqueous solution to high levels of 

concentration (in excess of 50%), when mixed together, in relatively dilute 

concentrations (in the region of 5-10%) they separate to give two phases. The top 

phase is rich in PEG whereas the bottom phase is rich in dextran. Solubility in 

aqueous solution allows these systems to be buffered and made isotonic. This 

makes them suitable for the partition of delicate biological materials such as cell 

membrane particles, cell organelles, whole cells and biological molecules which 

distribute (partition) between the phases and the interface.
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Fig 4.1 illustrates the top and bottom phase compositions of a typical phase 

system containing 7% (w/w) dextran and 4.4% (w/w) PEG. The most abundant 

component in either phase is water.

The important physical and chemical characteristics of these phase systems 

are described by the phase diagram, which is unique for the particular batch of 

polymers used in the construction of these systems (Fig 4.2).

PEG and dextran resolve into two phases only above certain 'critical' 

concentrations. If these critical concentrations are plotted against each other a 

curved line called a binodial is obtained. Mixtures of PEG and dextran with 

concentrations represented by points which lie above the binodial will separate to 

give two phases, whereas those lying below it fail to resolve into two phases.

Phase systems of various total compositions e.g., ai^ a2, a], will have top and 

bottom phase compositions of ti, t2, t] and bi, b2 and b] respectively. The lines on 

which these systems lie are called tie lines and points along each line represent 

phase systems of different total composition but of the same top and bottom phase 

composition under equilibrium conditions ( Therefore, ai, al l and a% 2 all have top 

and bottom phase composition of ti and bi). However each system will differ in top 

and bottom phase volume in proportion to their relative position on the tie line. 

Therefore a phase system which lies one third along the length of a particular tie 

line will have the volumes of the top and bottom phases divided into one third and 

two thirds of the total volume respectively and one which bisects the tie line exactly 

will have equal top and bottom phase volumes (e.g., ai .i). If the polymer 

composition of such phase systems were to be reduced, they will come to lie on 

progressively smaller tie lines and there will come a point when the solution only 

just separates into two phases of equal volumes - point C, "the critical point" which 

is defined as the point at which the top and bottom phases just separate into two 

phases and at which point both phases are of equal volume and composition. As the
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PEG rich

Dextran rich

Top p h ase  com position

0.14%  Dextran (w/w) 
8.29%  PEG (w /w ) 
91 .5%  W ater (w/w)
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in te rface

B o tto m  p h a se  
com position

15.9%  Dextran (w/w) 
0 .68%  PEG (w /w ) 
83 .4%  W ater (w /w)

Fig 4.1

Composition of the top and bottom phases of an equilibrated aqueous polymer two 

phase system containing in total 7% (w/w) dextran and 4.4% (w/w) PEG dissolved in 

water, (data from Albertsson 1971)
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Fig 4.2

Phase diagram of PEG 6000 (batch no; 367827 BDH Ltd)and dextran T500 

(batch no; 11648 Pharmacia Ltd) dissolved inl50 mM NaCl/100 mM 

sodium phosphate buffer, pH 6.8 at 25

85



polymer compositions are progressively increased (as to a% to ai) they are said to 

be placed at increasing distances from the critical point.

Various physical properties are changed with increasing distance from the critical 

point, they include an increase in density and viscosity particularly of the bottom 

phase and an exponential increase in the interfacial tension (Albertsson 1985). 

Unlike phase systems containing organic solvents, aqueous polymer phase systems 

have very low interfacial tensions, some orders of magnitude lower than their 

organic solvent system counterparts (1 x 10"^ "0.1 dyne/cm for aqueous phase 

systems compared to 1 - 20 dyne/cm in organic solvent based systems). These low 

interfacial tensions are an important factor in the suitability of aqueous polymer 

phase systems for the partitioning of delicate biological materials. The denaturing 

effect of relatively high interfacial tensions seen in organic solvent based systems is 

not a feature of aqueous polymer phase systems.

When the phase systems are first mixed and then allowed to stand, 

separation of the phases begin with the appearance of a general turbidity caused by 

the formation of an extensive interface which permeates throughout the phase 

system. This is followed by the formation of droplets of one phase in the other. In 

the top phase dextran rich droplets partition toward the forming horizontal interface, 

while in the bottom phase PEG rich droplets partition toward the top phase. The 

dynamics of this process called phase separation is complex and is described in 

detail elsewhere (Raymond FD et al 1980a; 1980b; 1981; Fisher D, Raymond FD et 

al 1991; Youens BN et al 1989, Raymond FD and Fisher D 1995). When phase 

separation is complete i.e., both top and bottom phases are clear of droplets and the 

phase system has reached its equilibrium position, the concentration of molecules 

which are soluble in the phases, such as proteins, are measured. Particulate 

materials are measured during the nonequilibrium stage, since as described below, 

at equilibrium all particles are present at the horizontal interface.
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The critical point is a convenient reference point from which changes in 

various parameters are described. For example, as the polymer concentration is 

increased, (i.e, the phase system is moved further from the critical point), the 

interfacial tension between the phases increases as does the speed of phase 

separation. This is of particular significance when particulate materials are being 

partitioned, such as cells or macromolecular conglomerates. As the interfacial 

tension increases, such particles attach with increasing avidity to the network of 

interfaces, so that at equilibrium, almost all the partitioned material is found at the 

horizontal interface and little or none is suspended in either phase. The degree of 

interface interaction appears to affect the phase separation process itself, 

accelerating it as the degree of particle surface and polymer interface interaction is 

increased (Raymond FD 1995). In addition, ions in the buffer solution partition 

differently between the phases so that increasing distance from the critical point 

leads to an increasing electrostatic potential difference between the phases. By 

manipulating the concentration and composition of the mixture of ions added to any 

given phase system, it is possible to produce phase systems with an appreciable 

electrostatic potential difference between the phases so that biological materials 

partitioned in such phase systems do so on the basis of the amount of charge 

associated with their structure. Such systems have been labelled 'charged phase 

systems'. The composition of the buffer solution may be arranged so that virtually 

no electrostatic potential difference occurs between the phases. In such phase 

systems, called; 'noncharged phase systems', biological materials being partitioned 

separate between the phases with respect to differences in their relative 

hydrophobicities.

The sensitivity and specificity of these phase systems may be further 

increased by the addition of small concentrations of polymer bound ligands such as 

antibodies or fatty acids, which partition preferentially into one phase or the other.
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Such additions (mainly to noncharged phase systems) convert aqueous polymer 

phase systems into affinity phase partitioning systems.

In experiments described below, small amounts of the PEG-bound ligand PEG- 

palmitate (see chapter 2 sec 2.6.7) were added to selected phase systems. This 

affinity ligand, partitions maximally into the top phase further increasing its 

hydrophobicity and as described below this has provided a very useful tool for the 

detection and separation of GPI-linked molecules.

Another important feature of aqueous polymer phase systems is that they 

consist of little or no detergent action, so that the structure and conformation of 

biological substances added to them are maintained in or close to their native state. 

Indeed the polymers constituting these phase systems are used as protective and 

storage agents for a whole range of biological materials (Albertson 1985). This 

compatibility with biological materials makes them suitable for the study of ALP 

isoforms, the structures of which are affected by detergent action.

In these studies, noncharged and affinity phase partitioning systems have 

been found to be particularly useful in the investigation of the different isoforms of 

ALP. As described later, soluble molecules such as proteins are considered to 

partition only between the two phases, whereas particulate materials such as cells 

partition between the two phases and the interface between the phases. Although 

these principles generally hold true, the studies reported below show for the first 

time an interesting system in which different isoforms of the enzyme alkaline 

phosphatase (EC 3.1.3.1; ALP) partition in noncharged aqueous phase systems as 

soluble or particulate-like forms and that affinity partitioning systems may be used 

to detect and isolate molecules containing GPI-anchors.
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4.2 Results

4.2.1 Partition of ALP isoforms in non-charged aqueous polymer two phase 

systems

4.2.1.1 Methods

Extraction of human placental membrane with n-butanol to produce GPI- 

anchor intact (Palk-ALP, extracted under alkaline conditions) and anchor cleaved 

(Pac-ALP, extracted under acid conditions) P-ALP was carried out as described in 

sec 2.4. Aqueous polymer two phase systems were prepared as described in sec 2.7.

A series of 1.2 g non-charged phase systems with the polymer compositions 

indicated were prepared. These were arranged at increasing distances from the 

critical point (5D/4.5P to 7D/7P).

20 |iL aliquots from samples of bile, serum or extraction's obtained from 

placental membrane fractions were partitioned in triplicate. Partitioning 

experiments were carried out as described in sec 2.7. Centrifugation at 20°C was 

applied to accelerate phase separation.

4.2.1.2 Results

Fig 4.3 shows the partition profiles of isoforms of ALP in human bile, in 

human serum and extracted from human placenta with butanol under alkaline 

conditions (Palk-ALP)in a series of aqueous polymer two phase systems placed at 

increasing distances from the critical point ( from 5D/4.5P to 7D/7P).
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In the top phases of all the systems examined the placental isoform showed 

the highest partition followed by the serum isoform. B-ALP produced the lowest 

top phase partitions.

In the phase systems closest to the critical point, (5D/4.5P), S-ALP and B- 

ALP could not be separated showing almost identical partitions of 51.3 + 1.1% 

S.D., (n=6) and 50.2 ±  0.9% S.D., (n=6) whereas Palk-ALP was concentrated in the 

top phase to a level of about 70% (Fig 4.3a).

As the polymer concentration was increased, the top phase partitions of each 

isoform were found to decrease. However although the partition coefficients of each 

isoform fell to below about 20% in the 7D/7P phase systems, the relative positions 

of the isoforms remained the same with Palk-ALP showing the highest top phase 

partition and B-ALP showing the lowest. In addition differences between B-ALP 

and S-ALP became apparent with increasing polymer composition. These 

differences were most pronounced in phase systems placed at intermediate distances 

from the critical point (5D/5P and 5D/5.5P) and were considerably diminished in 

phases with higher polymer concentrations ([6D/6P and 7D/7P], Fig 4.3a).

Decreasing top phase partition with increasing polymer concentration was 

followed by concomitant increases in bottom phase (Fig 4.3b) and interface (Fig 

4.3c) partition.

In the bottom phases the increased partition was greatest for the serum isoform, 

followed by the placental isoform and then the isoform contained in bile. Partition 

coefficients for B-ALP remained low in all the bottom phases examined. In phases 

close to the critical point, changes in bottom phase partition were less pronounced, 

indeed in the case of B-ALP bottom phase partition actually fell in the 5D/4.5P to 

5D/5.5P phase systems and in the systems furthermost away from the critical point 

B-ALP only climbed to levels closely similar to those achieved in the 5D/4.5P 

systems (close to the critical point).
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Fig 4.3

The partition of P-ALP (#), S-ALP (a ) and B-ALP (g) into the top phase 

(4.3a), bottom phase (4.3b) and interface (4.3c) in aqueous polymer phase 

systems containing different polymer compositions and placed at increasing 

distances from the critical point.

Each point represents the mean ±  of six separate experiments.
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Fig 4.3a
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Fig 4.3b
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Fig 4.3c
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At the horizontal interface, the partition of B-ALP differed dramatically 

from S-ALP and Palk-ALP, accumulating at a level of 28.3% ± 5.0% S.D., (n=6) in 

the 5D/4.5P phase system and rising to a level of 73.7% + 0.4% S.D., (n=6) in the 

5D/5.5P phase system. Increasing the polymer composition further did not result in 

further significant increases in the interface partition of B-ALP which remained 

close to a saturating partition coefficient of between 70% and 75% (Fig 4.3c).

The partition to the interface of both S-ALP and Palk-ALP remained low in 

all the phases examined and in the case of S-ALP there were no significant 

differences in interface partition coefficients between the different phase systems. 

However Palk-ALP partition to the horizontal interface, although relatively low, 

showed a steady and significant increase in interface partition with increasing 

polymer concentration (rising from 0.0% in the 5D/4.5P system to 25.7% +. 0.91% 

S.D., (n=6) in the 7D/7P system).

4.2.2 Partition of ALP isoforms in affinity aqueous polymer phase systems

4.2.2.1 Methods

Similar phase systems to those described above were prepared for these 

experiments (5D/4.5P to 7D/7P), however they were converted to affinity phase 

systems by the addition of PEG-palmitate to give a final amount of 0.1% in each 

phase system. PEG-palmitate (10 |xL) was added from a 12% bank solution, to 

phase systems prepared by adding 0.59 mL of top phase to 0.60 mL of bottom 

phase.
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4.2.2.1 Results

Fig 4.4a shows that the top phase partition of B-ALP and P-ALP extracted 

with butanol under alkaline conditions were considerably increased compared to the 

PEG-palmitate free phase systems (compare figs 4.3a and 4.4a). The effect of PEG- 

palmitate on Palk-ALP and B-ALP was particularly evident in phase systems far 

from the critical point (6D6P and 7D/7P) in which top phase partitions were 

considerably lower in the PEG-palmitate free phase systems. Thus in the 7D/7P 

phase system, the partition of Palk-ALP and B-ALP, rose from 17.6% ±  1.3% S.D., 

and 3.1% + 0.9% S.D., in the PEG-palmitate free phase systems to 78.4% + 1.2% 

S.D., and 58.3% ±  0.8% S.D., in the systems containing PEG-palmitate 

respectively. In phase systems of lower polymer concentration, top phase partition 

levels were even higher reaching a maximum of 92.5% ±  4.6% S.D., for P-ALP in 

the 5D/4.5P phase system and 73.3% ± 5.1% S.D., for B-ALP in the 5D/5.5P phase 

system.

When compared to their PEG-palmitate free counterparts, the increases in 

top phase levels of B-ALP and Palk-ALP in phase systems containing PEG- 

palmitate were mirrored by decreases in bottom phase and interface partition 

However in the case of Palk-ALP, additional partition into the top phases in the 

PEG-palmitate containing systems was balanced predominantly by decreases in 

bottom phase partition whereas in the case of B-ALP, the additional top phase 

partition was balanced by a decrease in interface partition (Figs 4.4b and 4.4c).

The partition profile of S-ALP was strikingly different from B-ALP or P- 

ALP in that ALP in serum did not show a substantial change in partition following 

the addition of PEG-palmitate (Figs 4.3 and 4.4).
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Fig 4.4

The partition into the top phase (4.4a), bottom phase (4.4b) and interface (4.4c) in 

aqueous phase systems of different polymer compositions containing PEG-palmitate 

(0.1%) of P-ALP (#), B-ALP (■) and S-ALP (A). Each point represents the mean ± 

S.D. of six separate partitions.
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Fig 4.4a
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Fig 4.4b
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Fig 4.4c
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4.2.3 Partition of P-ALP extracted with butanol under acid or alkaline 

conditions in noncharged aqueous polymer phase systems.

4.2.3.1 Methods

Extraction of human placental membrane fraction with n-butanol under 

alkaline or acid conditions was carried out as described in sec; 2.4. Aliquots (20 |iL) 

of each extract was added to 6D/6P noncharged phase systems either containing or 

free of PEG-palmitate (0.1%). Partition was carried out as described previously (sec 

2 .6).

4.2.3.2 Results

Fig 4.5 shows the partition of P-ALP extracted with n-butanol under alkaline or acid 

conditions in 6D/6P noncharged phase systems in the presence or absence of PEG- 

palmitate (0.1%)

In the case of P-ALP extracted under alkaline conditions (fig 4.5a), partition of 

Palk-ALP in the PEG-palmitate containing system gave very high top phase 

partitions (mean=95.1% + 3.2% S.D., n=6). In contrast the pattern of partition in the 

similar system not containing PEG-palmitate was very different, a much lower top 

phase partition was obtained (about 50%) together with a considerable increase in 

bottom phase partition (mean=43.2% ± 3.8% S.D., (n=6)) compared to 4.0% + 

1.8% S.D., (n=6) in the PEG- palmitate containing system.

The partition profile of P-ALP extracted with n-butanol under acid conditions, 

shown in Fig 4.5b,.was very different to that obtained for Palk-ALP. The partition 

profiles of P-ALP in the PEG-palmitate containing and PEG-palmitate free systems 

were nearly identical. Top phase
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Fig 4.5

The partition of P-ALP, extracted with butanol under alkaline (pH 8.4) conditions 

(GPI-anchor containing (4.5a), and under acid (pH 5.2) conditions (4.5b; GPI-anchor 

deficient), in 6D/6P aqueous phase systems containing (+PP) and not containing (-PP) 

PEG-palmitate (0.1%). Each point represents the mean ± S.D. of six separate 

partitions.
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Fig 4.5a
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Fig 4.5b
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partition was 42.3% ± 2.1% S.D., (n=6) and 42.6% ± 1.9% S.D., (n=6) and bottom 

phase partitions were 51.9% + 2.8% S.D., (n=6) and 52.1% ±  1.8% S.D., (n=6) in 

the PEG-palmitate containing and free systems respectively.

4.2.4 The partition of P-ALP in aqueous polymer phase systems following 

incubation with PIPLC

4.2.4.1 Methods

Human placental membrane fraction was incubated with an exogenous 

source of inositol specific phospholipase C (PIPLC) (sec 5.2.7). This enzyme is 

known to selectively cleave GPI-anchors (Low MG et al 1980; Malik. AS et al 

1986).The ALP released into the supernatant was then partitioned in 6D/6P 

noncharged phase systems either containing or free of added PEG-palmitate.

4.2.4.2 Results

Fig 4.6 shows the partition profile of PIPLC released P-ALP in these phase 

systems.

No significant difference was detected in the respective partition coefficients of P- 

ALP released by PIPLC in the PEG-palmitate containing and PEG-palmitate free 

phase systems. In addition, the pattern of partition was almost identical to that 

shown by P-ALP extracted with butanol under acid conditions (compare figs 4.5b 

and 4.6). Top phase partitions were 38 7% ± 2.4% S.D., (n=6) and 39.1% ± 2.3% 

S.D., (n=6) and bottom phase partitions were 56.8% + 3.4% S.D., (n=6) and 55.9% 

± 1.8% S.D., (n=6) in the PEG-palmitate containing and PEG-palmitate free phase 

systems respectively.
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Fig 4.6

The partition of P-ALP following incubation with PIPLC in 6D/6P aqueous polymer 

phase systems containing (+PP) and not containing (-PP) PEG palmitate (0.1%). 

Incubation of CPI-anchor containing P-ALP with PIPLC results in hydrolysis of the 

phospho-glycerol band which releases diacylglycerol from the anchor. Each point 

represents the mean ± S.D. of six separate partition experiments.
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Fig 4.6
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4.2.5 The partition of B-ALP in aqueous polymer phase systems following 

incubation with PIPLC.

4.2.5.1 Methods

Human bile was substituted for P-ALP and incubated under the same 

conditions described above, the incubates were then partitioned in identical phase 

systems (6D/6P noncharged systems either containing or not containing 0.1% PEG- 

palmitate) (Fig 4.7).

Top phase partition of B-ALP in the presence of PEG-palmitate was, like P-ALP, 

again considerably reduced falling from 95.1% ± 3.2% SD., (n=6) to 22.3% ± 3.5% 

SD., (n=6) following incubation with PIPLC.

As with P-ALP the pattern of partition of PIPLC treated B-ALP was similar in the 

PEG-palmitate containing and PEG-palmitate free phase systems (panels C and D 

in fig 4.7). The highly contrasting patterns of B-ALP untreated with PIPLC are 

shown for comparison in panels A and B in fig 4.7.

4.2.6 The partition of ALP isoforms in noncharged aqueous polymer phase 

systems with time

4.2.6.1 Methods

20 |iL aliquots of either serum, bile or Palk-ALP were partitioned in a series 

of 5D/5.5P noncharged aqueous polymer phase systems and the activity of ALP in 

top and bottom phases was measured by sampling at different time intervals. Total 

activity added was measured as before by sampling directly after the phases were 

mixed.
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Fig 4.7

The partition of B-ALP into the top phase (solid bars), bottom phase (hatched bars) 

and interface (shaded bars) in 6D/6P aqueous phase systems before (A and B) and 

after (C and D) incubation with PIPLC and in the absence (A and C) and presence 

(B and D) of PEG-palmitate (PP; 0.1%). Each bar represents the mean ± S.D. of six 

separate partitions.
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Fig 4.7
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Fig 4.8

The partition of B-ALP (4.8a), P-ALP (4.8b) and S-ALP (4.8c) into the top phase (#), 

bottom phase (■) and interface (A) of 5D/5.5P aqueous polymer phase systems with 

time.

Each point represents the mean ± S.D. of six separate experiments.
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Fig 4.8a
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Fig 4.8b
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Fig 4.8c
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4.2.6.2 Results

Fig 4.8a shows the partition with time of B-ALP in 5D/5.5P phase systems. 

There was a rapid movement of ALP activity from top phase to bottom phase within 

the first minute. This was followed by partition of B-ALP principally from the 

bottom phase to the interface over the next 20 min. Interface levels then continued 

to increase over the next 70 min reaching 66.3% ±  3.5% S.D., (n=6) at 90 min, 

whereas bottom phase and top phase levels were 15.1% ±  4.2% S.D., (n=6) and 

7.0% ± 3.2% S.D., (n=6) respectively.

The partition of Palk-ALP showed a different pattern (fig 4.8b), top phase 

and bottom phase partitions fell about equally within the first 20 min (58.0% + 

3.2% S.D., (n=6) to 49.9% + 3.1% S.D., (n=6) in the top phases and 33.4% ±  2.4% 

S.D., (n=6) to 23.1% + 2.1% S.D., (n=6) in the bottom phases) with a concomitant 

increase at the horizontal interfaces. However after this small but significant 

increase in interface partition early in partition time, the levels of activity in both 

phases remained about constant.

In the case of S-ALP (fig 4.8c), little or no interface partition was observed 

to occur with time and although some exchange of ALP appeared to occur early in 

the partition process, this remained below 10% and partition coefficients remained 

nearly constant throughout the time course.

4.3 Discussion

Partition of soluble substances such as small protein molecules in 

PEG/dextran aqueous phase systems are said to occur principally between the top 

and bottom phases, with no involvement of the interface (Albertsson PA 1985).
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Furthermore in noncharged phases, such molecules are thought to differ in their 

partition due to differences which are related to their relative hydrophobicities. The 

top phase is the more hydrophobic of the two phases so that molecules which are 

relatively more lipophilic partition preferentially into the top phase.

The data shown in fig 4.3 indicates that the different isoforms of ALP have 

their highest affinities for different parts of the phase system.

In phase systems not containing PEG-palmitate, affinity for the top phases followed 

the sequence Palk-ALP > S-ALP > B-ALP (Fig 4.3a). This sequence was 

maintained in phase systems close to and far from the critical point. This suggests 

that Palk-ALP is the most lipophilic of the isoforms of ALP studied and that B-ALP 

is the most hydrophilic with S-ALP occupying an intermediate position. 

Additionally fig 4.3a clearly shows that these differences are most pronounced in 

particular phase systems, these being the 5D/5P and 5D/5.5P phase systems (phase 

systems placed at intermediate distances from the critical point) where the greatest 

difference between partition coefficients of the different isoforms occurred. These 

data indicate that windows of polymer composition occur which are optimal for the 

detection and separation of the different isoforms. These windows are related to the 

relative hydrophobicity/hydrophilicity (hydrophile-lipophile balance [Raymond FD 

1995]) of the molecular species being partitioned.

The isoform with the greatest affinity for the bottom phases was S-ALP. 

Affinity for the bottom phases followed the sequence S-ALP > Palk-ALP > B-ALP 

(Fig 4.3b). This suggests that S-ALP is the most hydrophilic whereas B-ALP is the 

least hydrophilic of these isoforms. A contradiction to this conclusion is that B-ALP 

has the lowest top phase partition, indicating that it has a higher degree of 

hydrophilicity compared to S-ALP. This incongruent result is explained by the 

unusual partition profile of B-ALP which showed a high degree of affinity for the
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interface. The affinity for the interface followed the sequence B-ALP > Palk-ALP > 

S-ALP (Fig 4.3c).

The different patterns of partition shown by these isoforms indicates that separate 

mechanisms of partition operate for the different isoforms of ALP which appear to 

be related to their hydrophile-lipophile balance and/or to their relative affinity for 

the interface. This complex pattern of partition which includes accumulation of 

ALP molecules at the interface distinguishes this system of ALP isoforms from the 

partition of soluble molecules.

In the case of B-ALP, the pattern of partition appears to be related to the partition 

profiles observed when particles such as cells are added to these systems (Raymond 

FD et al 1980a; 1980b; 1981; Youens et al 1989; Fisher D et al 1991; Raymond FD 

et al 1995), they partition between the top and bottom phases and the interface. It is 

this interface partition which distinguishes cell partition from the partition of 

soluble molecules, the latter showing insignificant interface partition. Various 

properties come into play during the partition of particulate material, these may be 

divided into those properties related to the phase system on the one hand and to the 

surface properties of the particles on the other. In the case of the phase system, the 

polymer composition and the types and concentration of dissolved salts are 

probably the most important factors, these determine the interfacial tension and the 

electrostatic potential difference between the phases respectively. In the case of 

particles such as cells, the surface properties are the overriding influences 

determining partition and these are governed by structures close to or at the cell 

surface (Raymond FD et al 1995). In phase systems containing salts which partition 

unevenly between the phases (charged phase systems), the electrostatic potential 

difference between the phases results in particles partitioning on the basis of their 

charged properties. This factor is determined largely by the amount of N-acetyl- 

neuraminic acid residues (sialic acid) at the cell surface. In noncharged phase 

systems (containing salts which partition about evenly between the phases), the size 

and relative hydrophilicity of the particle surface become important factors in
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determining the pattern of partition. Although the exact contribution of individual 

structures in the particle surface to the partition profile are complex and therefore 

difficult to assign, it seems likely that in the case of cells, the fatty acid composition 

of the lipid bilayer and the type and concentration of glycoproteins on the cell 

surface play important roles in determining the degree of interaction with the 

polymer interfaces and consequently the partition coefficient of the particular 

population of particles.

It has previously been demonstrated that significant accumulation at the 

interface requires the partitioning species to exceed the critical size of 30 nm 

(Tilcock C, Cullis P et al 1989;). Interaction of B-ALP with the interface suggests 

the presence of large aggregates of the enzyme. Although the activity of Palk-ALP 

with the interface was low in all the phases studied, there was nonetheless, a 

significant and steady increase in interface partition as the polymer concentration 

was increased. This indicates that Palk-ALP is present in molecular aggregates 

which span about and below the critical size required for interface interaction. The 

insignificant interaction of S-ALP with the interface suggests that the isoform in 

serum circulates in a low molecular mass form. In studies presented in this thesis 

(chapter 3), gradient gel electrophoresis in nondenaturing gels and size exclusion 

chromatography on sepharose 6B columns of human bile have shown that B-ALP is 

present in human bile exceeding a molecular mass of 500 kDa and therefore present 

in the form of large aggregates. P-ALP extracted with butanol under alkaline 

conditions also forms large molecular mass complexes ranging from 480 to 500 

kDa showing Palk-ALP to be present in the form of a range of intermediate to large 

size particles, whereas S-ALP was consistently found to be of low molecular mass 

(170 kDa).

As discussed in the previous chapter, postulating the presence of a GPI- 

anchor in the case of B-ALP and Palk-ALP but its absence from S-ALP can explain
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the presence of particulate forms of ALP isoforms. The large B- 

ALP/lipid/lipoprotein complexes interact with the interfaces not only on the basis of 

exceeding the critical size required for interface interaction but also, like cells, on 

the basis of surface properties (Raymond FD et al 1981 and 1995) i.e., B-ALP 

complexes of differing composition probably interact to different degrees with the 

polymer interfaces, in much the same way as different cell types, this in turn would 

lead to different partition coefficients.

Evidence that this is the case is shown in fig4.8. Interaction of particulate material 

with the developing interface is known to influence the rate of phase separation, the 

greater the degree of interaction the greater is the speed by which phase separation 

proceeds. Interestingly differences in the interface-particle surface interaction does 

not appear to affect the equilibrium composition of the phases but merely 

accelerates the rate at which it is reached. Association with the interface therefore 

links phase separation to partition. It follows therefore that in a noncharged aqueous 

polymer two phase system, the equilibrium position of all particles interacting with 

the developing interface is inevitably the horizontal interface, the different partition 

coefficients measured for different particle types under nonequilibrium conditions, 

develop due to differences in the speed with which they reach there, which in turn is 

determined by the relative strength of their interactions with the developing 

interface. This property was exploited to study the nature of the different isoforms 

of ALP. In the case of B-ALP, partition proceeded increasingly toward the 

horizontal interface with time, only about 20% of total added activity was present in 

the top phase throughout the time course of the experiment, by 20 min about 50% of 

the activity measured in the bottom phase at 3 min had partitioned to the horizontal 

interface and by 90 min 65% of the total activity added reached the horizontal 

interface. As shown in fig 4.3c, this is close to the maximum interface partition 

coefficient measured at equilibrium for B-ALP in this phase system. This kinetic 

pattern of partition reflects the different types of B-ALP particles present in the bile 

fluid. The largest of the particles interact first and are cleared early from top and
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bottom phase to the horizontal interface. These are followed by particles of a 

smaller size and at or near the limit required for interface association together with 

larger particles which due to composition (less hydrophobic; Raymond et al 1995) 

interact later (their weaker association can occur due to a lower speed of phase 

separation at this time). Finally activity which remained suspended in either phase 

represents very small particles perhaps composed of a few molecules only.

In the case of Palk-ALP, interface interaction was significant but less 

pronounced compared to B-ALP. During the first 20 min, ALP activity from each 

phase fell by about 10%. However unlike the situation with B-ALP, no further 

accumulation of ALP at the horizontal interface occurred, the activity remained at 

about 20% (fig4.8b) even when measured at 90 min. This pattern suggests that 

Palk-ALP particles are smaller than B-ALP, the largest of which (in excess of 30 

nm) are cleared from top and bottom phases by interaction with the developing 

interface within the first 20 min. Further heterogeneity between the remaining 

particles is suggested by the distribution of activity between the two phases, the 

more hydrophobic particles (the more abundant) being suspended in the more 

hydrophobic top phase.

The situation with S-ALP is different again, less than 6% of the total added 

activity partitioned to the interface, this occurred within the first 10 min of partition 

time and probably represents ALP associated with larger moieties able to interact 

with the interface e.g., membrane particles, lipoprotein particles etc. Following this, 

the level of ALP activity in both phases remained constant and presented a pattern 

consistent with the partition of soluble molecules. In addition the situation found 

with P-ALP was reversed; the more hydrophilic bottom phase contained the largest 

share of the total activity, consistent with the absence of a hydrophobic GPI-anchor 

in this isoform.
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In order to examine the importance of GPI-anchors in determining the 

partition of different ALP isoforms, the phase systems were modified to allow the 

detection and separation of GPI-linked and nonlinked molecules by making the 

GPI-anchor itself the discriminating factor in partition. This was achieved by adding 

to the phases a small quantity of PEG-palmitate which partitions maximally into the 

top phase. The presence of this PEG-bound fatty acid increases the hydrophobicity 

of the top phase and maximises the partition of hydrophobic moieties into the top 

phase. PEG-palmitate is known to interact with hydrophobic moieties on cells, 

liposomes and proteins (Raymond FD et al 1980a; Shanbagh VP et al 1974; 

Eriksson E 1975 Raymond FD et al 1995) and it can detach cells and other particles 

from the phase interface (Raymond et al 1995).

These studies are the first to show the effect of this PEG-bound ligand on GPI- 

anchor containing molecules (Raymond FD, Moss DW et al 1994). As shown in fig 

4.4, the addition of small quantities of PEG-palmitate to noncharged phases 

containing either B-ALP or P-ALP extracted under alkaline conditions and 

considered to have GPI-anchors resulted in dramatic increases in top phase 

partitions compared to the partition of these isoforms in similar phases free of PEG- 

palmitate (fig 4.3). In sharp contrast, the partition of S-ALP thought to be GPI- 

anchor deficient was little affected by the addition of PEG-palmitate. PEG- 

palmitate therefore has a profound effect on the partition of those molecules 

containing GPI-anchors in their structure. This can be explained by assuming an 

association between the hydrophobic palmitate residue esterified to PEG and the 

hydrophobic GPI-anchor. B-ALP and Palk-ALP which contain GPI-anchors follow 

PEG-palmitate into the top phase whereas S-ALP without such an intact anchor is 

unaffected.

In order to determine the strength of this hypothesis, this theme was pursued 

further by comparing the partitioning behaviour of GPI-anchor deficient and GPI- 

anchor containing molecules of the same isoform in identical phase systems either
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containing or free of PEG-palmitate. The data shown in fig 4.5a shows that P-ALP 

extracted under alkaline conditions and therefore containing a GPI-anchor, collected 

almost exclusively in the top phase following partition in the PEG-palmitate 

containing phase system this pattern being distinguished from its much lower 

partition in the PEG-palmitate free system (comparing figs 4.3 and 4.4 also shows 

this to be the case over a large range of different phase systems). In sharp contrast, 

the almost identical patterns of partition of GPI-anchor deficient Pac-ALP (butanol 

extraction of purified human placental membrane under acid conditions) obtained 

between PEG-palmitate containing and PEG-palmitate free phase systems (fig 4.5b) 

supports the view that the GPI-anchor is indeed the moiety with which PEG- 

palmitate interacts during partition. Removal of the GPI-anchor effectively removes 

the effect of PEG-palmitate.

The mechanism surrounding the cleavage of the GPI- anchor during butanol 

extraction under acid conditions has attracted much investigation. It has been 

proposed that an endogenous phospholipase is activated during the extraction 

procedure. The mechanism is discussed in further detail in chapter 5. There is 

however clear evidence that an exogenous source of phospholipase (e.g., PIPLC) 

can cleave the GPI-anchor releasing 1,2, diacylglycerol and the protein as products 

(Jammerson R and Low MG 1987), in this case GPI-anchor deficient P-ALP.

The experimental data shown in fig 4.6 further demonstrate that the GPI- 

anchor is the determining factor in the difference in partitioning behaviour observed 

in phase systems containing PEG-palmitate. Removal of the GPI-anchor by 

treatment of human placental membrane with the GPI-anchor cleaving enzyme; 

PIPLC, resulted in a reduction of the almost maximum top phase partitions seen 

with the anchor containing isoform to levels similar to those seen in the PEG- 

palmitate free phase systems and to levels almost identical to P-ALP extracted with

122



butanol under acid conditions. Therefore the specific removal of the GPI-anchor 

again resulted in the neutralisation of the PEG-palmitate effect during partition.

That these effects are not related specifically to P-ALP i.e., are not isoenzyme 

specific is demonstrated by the results shown in fig 4.7. When P-ALP was 

substituted with B-ALP, similar changes in partition behaviour to those described 

above were observed. Thus the high partition coefficients obtained when B-ALP 

was partitioned in PEG-palmitate containing phases (fig 4.7, panel B) were 

abolished when B-ALP pre-treated with PIPLC was partitioned in identical phase 

systems (fig 4.7, panel D). The partition of B-ALP in PEG-palmitate free phases is 

shown for comparison [panel A]). In addition the pattern of partition of PIPLC 

treated B-ALP was similar in PEG-palmitate containing and free phase 

systems.(compare panels C with D) further confirming that the GPI-anchor and 

PEG-palmitate are the interacting pair which leads to the high top phase partitions 

which distinguish GPI-anchor containing molecules from anchor-free forms.

Although the presence of PEG-palmitate dramatically changes the partition 

profile of GPI-anchor containing molecules making their detection easy, aqueous 

phase systems are able to detect GPI-anchor intact molecules even in the absence of 

PEG-palmitate, demonstrating further their high degree of sensitivity toward 

changes in molecular structure. Thus in the data shown in fig 4.5, small but 

significant changes between the partition profiles of GPI-anchor intact and GPI- 

anchor cleaved P-ALP molecules were observed in 6D/6P phase systems not 

containing PEG-palmitate. A similar difference was observed in the case of the 

isoform in bile (fig 4.7, compare bile and bile + PIPLC). These differences are 

considerably enhanced in the presence of PEG-palmitate which in every study 

proved to be the most effective factor in detecting and separating anchor-intact from 

anchor-deficient molecules.
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Chapter 5 

The release of membrane bound GPI-Iinked ALP and the 

formation of isoforms

5.1 Introduction

The presence of normally membrane bound or intracellular molecules in the 

plasma or serum, raise questions relating to the mechanisms underlying their 

release. Numerous examples are known and include enzymes such as creatine 

kinase, acid phosphatase and alkaline phosphatase. Many of these circulating 

substances are measured analytes and can provide useful diagnostic and/or 

prognostic information. Notable examples include the measurements of acid 

phosphatase producing metastatic cells and the more specific prostatic specific 

antigen in the diagnosis and prognosis of prostatic carcinoma, creatine kinase 

from skeletal muscle following crush injuries and rhabdomyolysis, creatine 

kinase is also raised in the muscular dystrophy's, especially Duchenne's type 

and in viral myositis, polymyositis and malignant hyperthermia (Jones MG and 

Swaminathan R 1990; Lang H 1981; Lang H and Wurzburg U 1982; Lott JA 

and Wolf PI 1986; Teitz NW 1990) and the CKMB or CK2 isoenzyme of 

creatine kinase released as a consequence of myocardial infarction (Lee TH 

Goldman L 1986 and 1990; Leung FY, Galbraith LV et al 1989; Lott JA 1984; 

Lott JA, Stang JM 1980 Lott 1986).

Elucidation of the various mechanisms underlying the release of these 

molecules into the circulation may provide important clues to the 

pathophysiology of the particular condition and lead to an improved 

interpretation of the results which would consequently aid diagnosis and
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prognosis of disease. Among the most important factors thought to play a part in 

the release of enzymes of diagnostic importance are changes in production 

following induction by external factors such as toxins, hormones or drugs and 

leakage from sick, damaged or dying cells (Bouma JMW, Smit ML 1988; 

Friedel R, Diederichs F et al 1979; Kristensen SR, Horder M 1983; Moss DW 

1988 and 1994), as in the case of hepatocytes or myocardial cells following, for 

example, viral hepatitis and myocardial infarction respectively.

The rate of removal of these molecules will also influence circulating levels and 

thereby influence interpretation of the results. In the case of enzymes this route 

is thought to be less important with the notable exception of intestinal ALP, the 

circulating level of which is increased and sustained in liver cirrhosis caused by 

chronic liver disease. The mechanism leading to reduced clearance of the 

enzyme is thought to be due to less effectively operating or reduced numbers of 

asialogycoprotein receptors on the hepatocyte membrane (Moss DW 1994).

The mechanism underlying the release of enzyme molecules from cells has 

for some time been considered to be simple diffusion, the released enzymes 

passing from the damaged tissue, into the ECF and then into the general 

circulation. The assumption is that the greater the damage to the tissue source of 

the enzyme, the lower will be the concentration gradient. Although this is 

undoubtedly the case for cytosolic enzymes, data presented in this thesis show 

that more complex molecular events may precede the entry into the circulation 

of membrane bound enzymes.

As discussed previously some enzymes such as acetylcholinesterase, 5'- 

nucleotidase and ALP are attached to the outer surface of the cell membrane 

(Low MG 1989; Cross GAM 1990; Roberts WL 1988; Low MG et al 1988; 

Raymond FD et al 1991). These so called ectoenzymes operate with their active 

sites directed externally from the cell. As a consequence the widely held view
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that simple leakage from a cell whose integrity is affected by some physical or 

pathological process as the sole mechanism leading to the accumulation of 

enzyme molecules in the circulation requires reconsideration. It is entirely 

possible that specific cleavage of these molecules from the cell surface may 

additionally take place. Cleavage may occur for physiological or pathological 

reasons and could occur at different rates and give rise to different forms of the 

enzyme.

The rate of release could have important consequences for interpretation of 

the level of enzyme found in the circulation. In addition cleavage of the 

ectoenzyme at different sites will give rise to different isoforms, the types and 

relative proportions of which may be related to the physiological or pathological 

process itself and therefore could have important implications for diagnosis 

and/or prognosis of disease.

The observations (presented in previous chapters) that only GPI-linked ALP 

is present in human bile whereas predominantly GPI-anchor free ALP circulates 

in the blood indicates that different mechanisms of release operate in these 

different fluids and/or that post release modification of circulating ALP occurs 

in blood. Although the precise physiological mechanisms of release have not 

been elucidated, the view that GPI-anchored molecules are released from the 

cell surface by the action of an inositol specific phospholipase C was for some 

time firmly held (Low MG et al 1980, Kominami T, Miki A et al 1985; Miki A 

Kominami T et al 1985; Irvine RF et al 1977 and 1978). This conclusion was 

reached principally from experiments which used an exogenous (bacterial) 

source of PIPLC to cleave GPI-anchor containing proteins or in studies which 

attempted to elucidate the mechanism underlying the cleaving effect of n- 

butanol on membrane associated GPI-anchors. However, data presented in this 

thesis and elsewhere have shown that a different phospholipase which circulates
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in the plasma of man and many mammals also has GPI-anchor specificity 

(phosphoinositol specific phospholipase D; PIPLD) (Davitz MA, Herald D et al 

1987; Low MG, Prasad ARS 1988; Raymond FD et al 1991; Davitz MA, Hom J 

et al 1989; Huang K-S, Li S et al 1990; Raymond FD, Fortunato G et al 1993; 

Raymond FD et al 1993b; Raymond FD et al 1994)

In this chapter studies are presented which explore the mechanisms leading 

to the release of membrane bound ALP and those underlying the formation of 

isoforms

5.2 Results

5.2.1 Changes in molecular weight distribution of ALP following 

incubation of a mixture of human bile and serum

5.2.1.1 Methods

Human bile and serum samples were collected and stored as described in sec

2.2. 0.5 ml of each fluid was mixed with the other and incubated at 37°C for 2h. 

The mixtures were then cooled by plunging into ice. The relative amounts of the 

different isoforms in the mixtures were assessed by size exclusion 

chromatography. 200 |iL portions of each sample were passed down Sepharose 

6B columns (sec; 2.9). 30 fractions were collected and assayed for ALP activity.

127



5.2.1.2 Results

The data illustrated in fig 5.1 show the distribution of ALP activity in a mixture 

of human bile and serum previously incubated together at 37°C for 2h and 

following gel filtration The endogenous ALP activities present in bile and in 

serum alone are superimposed for comparison.

There was an increase in the relative proportion of the low molecular weight 

isoform and a concomitant decrease in the high molecular weight form 

indicating a conversion of the high to the low molecular weight isoform 

following incubation.

5.2.2 Partitioning of ALP isoforms purified by gel filtration in Triton

X-114 and aqueous polymer phase systems

5.2.2.1 Methods

In these studies a further modification to the partitioning method in Triton 

X-114 phase systems was introduced to account for the large dilution factor 

produced by gel filtration.

1.0 ml portions taken from each fraction which eluted from the sepharose 6B 

column were each mixed with 750 |iL of a 1.25% Triton X-114 solution made 

up as described before (sec 2.7).

The mixtures were placed on ice for 10 min and then incubated at 370C for 15 

min with continuous mixing. 100 |iL was then immediately removed from the 

mixture for measurement of total ALP activity. Following centrifugation to 

accelerate separation of the phases, 500 pL of the top phase was removed for 

measurement of ALP activity. The remainder of the top phase was discarded
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Fig 5.1

The distribution of ALP activity after gel filtration in bile (O), serum (□) and a 

mixture of bile and serum (#) following incubation at 37°C for 2h. Each point 

represents the mean of two separate experiments.
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and the surface of the bottom phase was cleared of residual top phase by careful 

washing with buffer as described in sec; 2.7. 710 |iL of Tris-HCl buffer was 

then mixed with the bottom phase in which ALP activity was then measured.

5.2.2.2 Results

Aliquots of the eluant taken from individual fractions were then partitioned 

in Triton X-114 phase systems in order to test for relative hydrophobicity (fig 

5.2).

ALP contained in fractions taken from eluates corresponding to the high 

molecular weight isoform (fractions 8-9) partitioned predominantly into the 

detergent rich bottom phase (83.6% ±1.2 S.D., n=4), whereas the low molecular 

weight isoform (fractions 16-18) was found mainly in the aqueous top phase 

(81.2% ± 3.6% S.D.,n=6).

Partitioning in 5D/5.5P noncharged aqueous polymer phase systems 

containing PEG-palmitate (0.1%) resulted in the high molecular weight isoform 

collecting predominantly in the more hydrophobic top phase whereas the low 

molecular weight activity was found mainly in the bottom phase (fig 5.3).

5.2.3 The effect of bile and serum on GPI-linked ALP on whole cells

The data presented above came from experiments aimed at examining the 

effect of factors contained in serum or bile on solubilised molecules of ALP 

contained in these same fluids.

In the following experiments the effect of bile and serum on GPI-linked ALP 

bound to living cells was studied
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5.2.3.1 Methods

SAOS-2 cells, a human osteoblast-like osteosarcoma cloned cell line was 

prepared as outlined in the general methods section (sec 2.5). After washing x3 

in phosphate buffered saline, the final suspension contained about 1x10? cells 

suspended in 0.5 ml portions of either human bile or serum. These were 

incubated at 37®C for various times (indicated in the legends), the suspensions 

were then centrifuged at 4000 x g for 2 min and the supernatants subjected to 

gel filtration on a Sepharose 6B column (sec; 2.9).

S.2.3.2 Results

Increased activity of ALP was measured in the supernatants recovered from 

both bile and serum incubates.

Fig 5.4 shows the activity of ALP found in the different fractions separated on a 

sepharose 6B column contained in supernatants taken from incubations 

containing SAOS-2 cells with bile (fig 5.4a) or serum (fig 5.4b).

The isoform released into the supernatants of the incubates containing 

SAOS-2 cells and bile eluted within fractions 6-11 (between 10 - 24 ml). This 

corresponds to a relatively high molecular mass isoform (> 500 kDa; [fig 5.4a]). 

By contrast, ALP corresponding to both high and low (26 - 42 ml, about 160 

kDa) molecular mass isoforms eluted from the column containing the 

supernatants taken from the incubations containing serum and SAOS-2 cell (fig 

5.4b).

In each case an increased amount of ALP was released from the cells with 

longer incubation times (3h vs 25h).
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Fig 5.2

The partition in Triton X-114 phase systems of ALP isoforms in a mixture of 

bile and serum following elution from a sepharose 6B column. The high 

molecular mass (Mr) isoform which eluted first from the column partitioned 

predominantly into the hydrophobic detergent phase whereas the low molecular 

mass isoform collected in the aqueous top phase.

Each bar represents the mean + S.D., of three separate experiments.
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Fig 5.3

The partition of ALP isoforms contained in a mixture of bile and serum 

following elution from a sepharose 6B column in 5D/5.5P noncharged aqueous 

polymer phase systems containing PEG-palmitate (0.1%). The high molecular 

mass (Mr) isoform partitioned mainly into the top phase whereas the low 

molecular mass form showed high bottom phase partitions.

Each point represents the mean + S.D., of three separate experiments.
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Fig 5.4

Gel filtration profile of ALP activity following elution through Sepharose 6B 

columns, in supernatants taken from samples containing SAOS-2 cells. Human bile 

(5.4a) or serum (5.4b) was incubated at 37°C with SAOS-2 cells for 3h (O) and 25h 

(•) . ALP activity in bile only (□), serum only (O) and in the supernatant from cells

incubated with isotonic buffered saline (□) are also shown for comparison. Each 

point represents the mean of two separate experiments.
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Fig 5.4b
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5.2.4 The effect of bile and serum on membrane bound placental ALP.

Similar experiments to those described above were carried out on membrane 

fragments isolated from human placenta. These were aimed at investigating 

whether the release of ALP from the membrane required the presence of whole 

cells or simply the presence of membrane attached ALP.

5.2.4.1 Methods

0.5 ml portions of bile and serum were incubated with purified membrane 

fractions of human placenta prepared as described in sec; 2.3. Incubations were 

carried out at 37®C. and 200 jiL portions from each of the supernatants were 

passed down separose 6B columns, and each fraction was analysed for ALP 

activity as described above.

5.2.4.2 Results

Fig 5.5 shows the gel filtration profiles of ALP contained in the supernatants 

of the incubates containing human placental membrane fragments and either 

bile (fig 5.5a) or serum (fig 5.5b) mixed together. In the case of the bile 

incubate, again only high molecular mass isoforms were detected whereas, as in 

the case of the incubation containing SAOS-2 cells and serum (fig 5.4b), the 

incubate containing human placental membrane and serum also released ALP 

molecules into the supernatant corresponding to both low and high molecular 

mass isoforms (fig 5.5b).
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Fig 5.5

Distribution of ALP activity after gel filtration following incubation of human 

placental membrane fraction with human bile at 37°C for 3h (®) (5.5a), and human 

serum for 2h at 37°C (5.5b). Bile and serum samples were also treated under the 

same conditions without added placental membrane (□)• Each point represents the 

mean of two separate samples.
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5.2.5 The effect of temperature on the conversion of high to low 

molecular mass isoforms of ALP

5.2.5.1 Methods

Aliquots of pooled human serum of low endogenous ALP activity were 

incubated with human placental membrane fractions for 2h at 0®C or 37^0. 

After

centrifugation the resultant supernatants were passed down Sepharose 6B 

columns and ALP activity was measured in each fraction.

In a further study, pooled human serum was divided into two portions, one 

was then subjected to heating at 60^C for 30 min, to destroy any enzyme 

activity after which it was plunged into ice while the other was kept on ice 

throughout.

Aliquots (0.5 mL) of each serum sample were then added to 0.5 mL portions of 

bile and the mixtures were incubated for 2h at 37^C. A portion (0.25 mL) from 

each mixture was then subjected to gel filtration, followed by measurement of 

ALP in the eluant.

5.2.5.2 Results

Fig 5.6 shows that the supernatant from the incubation mixture containing 

placental membrane fragments and serum carried out at 37®C contained both 

high and low molecular weight isoforms of ALP, whereas the supernatant from
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Fig 5.6

Gel filtration profiles of ALP activity in the supernatant of samples following 

incubation of membrane fragments with serum for 2h at 0°C (O) and 37°C ( •) . Each 

point represents the mean of two separate experiments.
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the incubation performed at O^C contained mainly the high molecular mass 

isoform and relatively small amounts of the low molecular mass form.

The high molecular weight isoform associated with bile alone was the only 

isoform which eluted from the column containing the heated serum and bile 

incubate, whereas when untreated serum was substituted for heated serum, both 

high and low molecular mass forms eluted from the column (fig 5.7).

5.2.6 Partition of ALP released from SAOS-2 cells and human 

placental membrane fraction following incubation with human serum

5.2.6.1 Methods

Noncharged phase systems arranged at increasing distances from the critical 

point were prepared (sec 2.6) with the following compositions; 5D/4.2P, 

5D/4.5P and 5D/5P.

Aliquots (20 |il) taken from incubation mixtures described below were 

partitioned in 1.2g systems and partition was carried out as described before.

5.2.Ô.2 Results

The partition profiles of ALP released into the supernatant following 

incubation of SAOS-2 cells and human placental membrane fragments with 

human serum are shown in figs 5.8a and 5.8b respectively.

In each phase system ALP released from both SAOS-2 cells and from 

human placental membrane fractions showed a high affinity for the bottom 

phase. In the case of SAOS-2 cells incubated with human serum (fig 5.8a) 

bottom phase partition coefficients ranged from 72.3% + 2.3% S.D., n=6, in the
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Fig 5.7

Gel filtration profiles of ALP activity in the supernatants of samples following 

incubation of bile with serum at 37°C for 2h, the serum being preheated (O) or not 

preheated ( • )  to 60°C prior to incubation. Each point represents the mean of two 

separate experiments.
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Fig 5.8

The partition in aqueous polymer phase systems of ALP released from (5.8a) SAOS-2 

cells and (5.8b) human placental membrane following incubation with human serum. 

Each bar represents the mean ± S.D. of six separate partitions.
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Fig 5.8b
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5D/4.2P phase systems to 86.6% + 0.5% S.D., n=6, in the 5D/5.5P phase 

systems whereas top phase partitions remained relatively low ranging from 

25.7% + 1.7% S.D., n=6, to 19.8% ± 0.6% S.D., n=6, in the 5D/4.2P to 5D/5P 

phase systems respectively.

The pattern of partition of ALP released from human placental membrane 

by serum was remarkably similar (fig 5.8b), bottom phase partitions were 

relatively high ranging from 78.2% + 1.6% S.D., n=6, to 86.1% + 0.5% S.D., 

n=6, in the 5D/4.2P to 5D/5P phase systems whereas top phase partitions were 

significantly lower ranging from 22.7% + 1.7% S.D., n=6, to 11.1% + 0.9% 

S.D., n=6, in the same phase systems.

5.2.7 Partition of ALP released from SAOS-2 cells and human 

placental membrane fraction following incubation with PIPLC from 

Bacillus Thuringiensis

5.2.7.1 Methods

SAOS-2 cells or fractions of purified human placental membrane, prepared 

as described before, were each incubated at 37®C for Ih with 200 pL of 

phosphate buffered saline containing 0.4U of PIPLC purified from Bacillus 

thuringiensis (Pininsula laboratories, Europe Ltd, St Helens U.K., Lot no; 

801063). ALP released into the supernatant was collected as described before 

and partitioned (sec 2.6.9) in 5/4.2P, 5D/4.5P and 5D/5P phase systems (fig 

5.9).
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Fig 5.9

The partition in aqueous phase systems of ALP released from (5.9a) SAOS-2 cells 

and (5.9b) human placental membrane following incubation with inositol specific 

phospholipase C from Bacillus thuringiensis. Each bar represents the mean ± S.D. 

of six separate partitions.
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Fig 5.9b
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Fig 5.10

The partition in aqueous phase systems of ALP released from (5.10a) SAOS-2 cells 

and (5.10b) human placental membrane following incubation with phospholipase D 

from Streptomyces chromofuscus. Each bar represents the mean ± S.D. of six 

separate partitions.

157



Fig 5.10a

I Top phase 

0  Bottom phase

5 D / 4 . 2 P  5 D / 4 . 5 P 5 D / 5 P

Phase system

158



Fig 5.10b
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5.2.T.2 Results

In the case of SAOS-2 cells (fig 5.9a), top phase partitions ranged from 58% 

+ 1.0% S.D., n=6, in the 5D/4.2P phase systems to 41.2% + 0.7% S.D., n=6 in 

the 5D/5P phase systems and bottom phase partitions ranged from 40.9% + 

1.2% S.D., n=6, to 57.4% + 1.6% S.D., n=6, in the same phase systems.

When SAOS-2 cells were replaced by human placental membrane in similar 

experiments (fig 5.9b), the pattern of partition was similar with higher top phase 

partitions measured in each phase system compared to the incubations 

containing human serum described above. Top phase partitions ranged from 

52.6% ± 0.8% S.D., n=6 to 40.7% ± 0.7% S.D., n=6, in the 5D/4.2P to 5D/5P 

phase systems respectively.

5.2.8 Partition of ALP released from SAOS-2 cells and placental

membrane following incubation with phospholipase D from Streptomyces 

choromofuscus

5.2.8.1 Methods

Identical phase systems to those described above were used to partition ALP 

contained in the supernatants of incubations containing mixtures of SAOS-2 

cells or human placental membrane with 200 pL of PBS containing a purified 

preparation of phospholipase D (11.5 units) extracted from Streptomyces 

chromofuscus (Sigma Chemical Co. Ltd U.K., Lot no; 68F02231). This 

preparation contains inositol specificity.
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5.2.S.2 Results

Fig 5.10a shows the partition profile of ALP released from SAOS-2 cells by 

phospholipase D from Streptomyces chromofuscus. As in the case of the serum 

incubations, there was a high affinity for the bottom phases with bottom phase 

partition coefficients ranging from 72.7% + 1.4% S.D., n=6, to 90.3% + 1.7% 

S.D., n=6, in the 5D/4.2P to 5D/5P phase systems respectively. Top phase 

partitions were concomitantly low ranging from 17.3% + 0.8% S.D., n=6, in the 

5D/4.2P systems to 8.7% + 1.2% S.D., n=6, in the 5D/5P phase systems.

A similar pattern of partition was obtained when ALP released into the 

supernatant of a similar incubation mixture but containing a human placental 

membrane fraction instead of SAOS-2 cells was partitioned in identical phase 

systems (fig 5.10b).

5.2.9 Partition of ALP released from SAOS-2 cells and human 

placental membrane following incubation with phospholipase C from 

Bacillus Cereus

5.2.9.1 Methods

In these incubation experiments the source of the phospholipase enzyme was 

Bacillus cereus, incubation mixtures contained 10 units of enzyme activity 

(Sigma Chemical Co, U.K.). Partition experiments identical to those described 

above were then carried out.
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Fig 5.11

The partition in aqueous polymer phase systems of different polymer 

compositions of ALP released from SAOS-2 cells (5.11a) and human placental 

membrane (5.11b) following incubation with phospholipase C extracted from 

Bacillus cereus.

Each bar represents the mean ± S.D., of six separate experiments.
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Fig 5.11b
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5.2.9.2 Results

ALP was released from both SAOS-2 cells and human placental membrane 

following incubation with phospholipase C extracted from Bacillus cereus. The 

partition profiles in each case are shown in fig 5.11a (phospholipase C and 

SAOS-2 cells) and fig 5.11b (phospholipase C and human placental membrane). 

Top phase partitions in the case of SAOS-2 cells ranged from 49 3% + 1.1% 

S.D., n=6, to 38 6% + 1.5% S.D., n=6, in the 5D/4.2P to 5D/5P phase systems 

respectively while bottom phase partitions ranged from 52.4% + 0.4% S.D., 

n=6, to 59.9% + 0.7% S.D., n=6 in the same phase systems. ALP released from 

human placental membrane showed similar partition profiles ranging from 

52.2% + 0.6% S.D., n=6 to 40.2% +1.1% S.D., n=6, in the top phases and 48 

4% + 0.9% S.D., n=6, to 59.6% + 1.4% S.D., n=6 in the bottom phases of 

identical phase systems. These results are similar to those obtained following 

incubation with the phosphoinositol-specific phospholipase C preparation from 

Bacillus thuringiensis. Contamination of this preparation of phospholipase C 

with a phosphoinositol form has previously been reported (Sykes, E Kiechle FL 

etal 1986).

5.2.10 Gradient gel electrophoresis of ALP released from human 

placental membrane by phospholipase treatments

5.2.10.1 Methods

20 pL aliquots taken from the supernatants of each of the incubations 

containing human placental membrane fractions and the different bacterial 

phospholipase preparations described above were subjected to gradient gel 

electrophoresis on 3-20% polyacrylamide concave (nondenaturing) gels (sec
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Fig 5.12

Gradient gel electrophoresis (in 3-20% concave gradient gels) of ALP released from 

human placental membrane fragments by PLC from Bacillus cereus (lane 1), PIPLC 

from Bacillus thuringiensis (lane 2) and PLD from Streptomyces chromofuscus (lane 

3). Lane 4 represents a control in which membrane fragments were treated with 

buffer alone.
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5.2.10.2 Results

Fig 5.12 shows that each phospholipase preparation released ALP of the 

same molecular weight (170 kDa), from human placental membrane. The 

control incubations which contained PBS buffer instead of enzyme solution 

showed little or no release of ALP.

5.2.11 The effect of 1,10-phenanthrolme on the release of ALP by 

phospholipase D from Strepton^ces chromofuscus

5.2.11.1 Methods

Human placental membrane fractions (sec; 2.3) were each incubated with 200 

pL suspensions containing phospholipase D (10 units) in phosphate buffered 

saline extracted from Streptomyces chromofuscus . To each enzyme preparation 

was also added the specific inhibitor of PIPLD; 1,10 phenanthroline, to give an 

inhibitor concentration of 50 mM in the final incubation mixture. In matched 

controls, an equivalent volume of PBS buffer instead of inhibitor was added. 

Incubations were carried out as before at 3?0C for Ih after which the 

supernatants were prepared and collected as described before (see methods). All 

samples were subsequently kept on ice. 20 pL samples were then placed on 3- 

30% polyacrylamide nondenaturing concave gradient gels and electrophoresis 

carried out as described before (sec; 2.10). The gels were then stained for ALP 

activity.
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Fig 5.13

Gradient gel electrophoresis (on 3-30% concave gradient gels) of ALP released 

from human placental membrane fragments following incubation with 

phospholipase D from Streptomyces chromofuscus in the presence (light band) 

or absence (dark band) of the PIPLD inhibitor 1,10 phenanthroline.
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5.2.11.2 Results

Fig 5.13 shows the gradient gel electrophoresis pattern of ALP contained in the 

supernatant of the incubations containing or deficient in the PEPLD inhibitor,

1,10-phenanthroline. In the absence of the inhibitor ALP appears as a single 

band corresponding to a molecular weight of about 170 kDa. The addition of 

inhibitor resulted in a very much reduced density band corresponding to the 

same molecular weight (see also Raymond FD, et al 1993).

Densitometric analysis of these bands showed that inhibition of release was 

almost complete with the sample containing inhibitor showing less than 5% of 

the total ALP activity released from the membrane in the sample free of 

inhibitor.

5.2.12 The effect of 1,10 phenanthroline on the GPI-anchor cleaving 

activity in human serum

5.2.12.1 Methods

A serum bank sample with low endogenous ALP activity was divided into 

two portions, to one was added aliquots of 1,10 phenanthroline while to the 

other was added an identical volume of buffer. The final concentration of 

inhibitor in each incubation sample was arranged to be 50 pM.

Human placental membrane fractions, SAOS-2 cells and samples of human bile, 

prepared as described before were then each incubated at 37®C for 2h, (20 min 

in the case of SAOS-2 cells) with 0.5 ml fractions of human serum either 

containing or free of 1,10 phenanthroline. The supernatants recovered from each 

test sample were then each subjected to gel filtration on sepharose 6B columns 

and ALP in each fraction was measured (sec; 2.8,2.9).
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Fig 5.14

Gel filtration profile of the distribution of ALP activity, following incubation of a 

mixture of bile and serum for 2h at 37°C in the presence ( • )  and absence (O) of 1,10- 

phenanthroline. Each point is the mean of two separate experiments.

172



fig 5.14

501

40-

>
o
CO

CL

<

1 0 -

0 1 0 2 0

Fraction number

173



5.2.12.2 Results

Effect on soluble ALP in bile

Fig 5.14 shows the effect of 1,10-phenanthroline on the GPI-anchor cleaving 

activity in serum on the high molecular mass fraction of ALP contained in bile. 

Taking the areas under the curves, nearly 70% (69.53%) of the total ALP 

activity in bile was converted from the high molecular mass isoform (eluting 

between fractions 7-11) to the low molecular mass form (eluting between 

fractions 14-18). In the presence of 1,10-phenanthroline, this was considerably 

reduced to less than 25% (22.4%).

Effect on membrane bound ALP

In the incubations containing SAOS-2 cells (fig 5.15) the solubilisation of 

low molecular weight ALP (fractions 14-18) was inhibited in the presence of

1,10-phenanthroline. However the high molecular weight isoform (fractions 7- 

11) was nevertheless released into the supernatant. These changes were evident 

after 20 min incubation at 37®C

Fig 5.16 shows the data from similar experiments in which the incubation 

mixture contained human placental membrane instead of SAOS-2 cells. A 

similar result was obtained, solubilisation of the low molecular weight isoform 

(peaking at fraction 16) was clearly inhibited by the presence of 1,10- 

phenanthroline in the incubation mixture but the inhibitor did not prevent the 

release of the high molecular weight isoform (peaking between fractions 9-10).
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Fig 5.15 and 5.16

The distribution of ALP activity following gel filtration after incubation of SAOS-2 

cells (5.15) and human placental membrane fraction (5.16) with serum in the presence 

(O) and absence (0) of 1,10-phenanthroline. (M) is the ALP activity in serum alone

and (O ) is ALP activity in buffered saline added to cells. Each point is the mean of 

two separate samples.
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Fig 5.16
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Fig 5.17

Molecular weight distribution of PIPLD activity in human serum.

The distribution of ALP activity in the supernatants from incubations 

containing human serum fractionated by gel filtration and human placental 

membrane fractions. The supernatants were then subjected to gradient gel 

electrophoresis on non-denaturing polyacrylamide gels (3-30% concave 

gradients). The lower mlecular mass isoform of ALP occurred in sample 

incubations containing fractions 13-17 (25-34 mL) (A). Gel B shows the 

gradient gel electrophoretic patterns of the same fractions not incubated with 

human placental membrane fractions.

Alb: albumin.
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5.2.13 Molecular weight distribution of the cleaving activity in human 

serum

5.2.13.1 Methods

250 jiL of human serum was fractionated on a sepharose 6B column as 

described before (sec 2.9) a portion (0.5 mL) of each fraction was then 

incubated with human placental membrane fraction at 37®C for 4 h. Following 

centrifugation, 20 pL from each incubation was subjected to gradient gel 

electrophoresis (on 3-30% concave gradient polyacrylamide gels). The gels 

were then stained for ALP activity (sec 2.10)

Control gels in which the incubations did not contain placental membrane were 

included.

5.2.13.2 Results

Fig 5.17 shows that the ALP solubilising activity occurred mainly between 

fractions 12 and 18, corresponding to fractions collected between 25-34 ml. 

Both high and low molecular weight isoforms were solubilised when human 

placental membrane was incubated with aliquots of these fractions..

Comparison with molecular weight markers run on the same gel filtration 

columns showed that the GPI-anchor cleaving activity occurs in the molecular 

weight range 100-200 kDa.

No solubilisation of either high or low molecular weight ALP was observed in 

the control gels.
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5.3 Discussion

In experiments described in chapter 3, human bile was found always to 

contain predominantly a high molecular mass isoform (> 500 kDa) of ALP, 

whereas serum samples contained only the low molecular mass form (170 kDa). 

These observations indicate that different mechanisms of release operate in 

these different fluids and are consistent with the view that a GPI-anchor 

cleaving activity is present in the plasma. The data shown in fig 5.1 provides 

evidence for this view; incubating a mixture of bile and serum together at 37®C 

resulted in the conversion of the high molecular weight isoform of ALP 

normally present in bile to one of lower molecular weight, similar to that 

normally found circulating in the plasma, demonstrating that there is an activity 

present in serum capable of breaking down cell-free GPI-anchor containing B- 

ALP to a smaller apparently GPI-anchor free form. Removal of the lipid rich 

GPI-anchor results in a loss of relative hydrophobicity. The relative 

hydrophobicity of the two fractions of ALP eluting from the gel filtration 

column was tested by partitioning in Triton X-114 (fig 5.2) and aqueous 

polymer phase systems (fig 5.3). Together these experiments confirmed that 

during the incubation, there was a conversion of the more hydrophobic GPI- 

anchor containing isoform to the more hydrophilic GPI-anchor free form.

Although the data described above provide clear evidence that a GPI-anchor 

cleaving activity is present in the serum which can act on soluble GPI-anchor 

containing molecules, they do not explain how these molecules may have been 

released into the plasma or into the bile fluid. In an attempt to investigate this, 

experiments were prepared in which SAOS-2 cells (an osteosarcoma cell line in 

which the cell surface is packed with GPI-linked ALP) were incubated with bile 

or serum. As shown in fig 5.4a and 5.4b, only the high molecular weight 

isoform was released into the supernatant of the bile incubate, whereas both

181



high and low molecular weight forms were found in the supernatant of the 

serum incubate. In the case of bile, these results are consistent with a detergent

like action (possibly involving the bile acids) associated with bile which results 

in the direct solubilisation of ALP molecules from the cell surface with their 

GPI-anchors intact and in addition an absence of the GPI-anchor cleaving 

activity in the bile fluid (Raymond FD et al 1991). The appearance of both high 

and low molecular mass isoforms in the serum incubate was unexpected. The 

data indicates that in addition to a GPI-anchor cleaving activity, demonstrated in 

the experiments described above, serum, like bile, also contains a detergent like 

action capable of releasing high molecular weight forms of GPI-anchor 

containing molecules from the membrane surface. Whether the substrate for the 

circulating GPI-anchor cleaving activity is the GPI-linked molecule at the cell 

surface (i.e., acts directly on membrane bound GPI-anchor containing 

molecules) or whether it acts only on the released high molecular weight 

(soluble) forms or whether the true case is a combination of these effects 

remains to be answered.

Evidence is presented above which shows that the GPI-anchor cleaving

activity in human serum has enzymatic activity. This was demonstrated by

comparing the pattern of released ALP isoforms following the incubation of

human placental membrane fragments with serum at O^C and at 37^0 (fig 5.6).

The production of the low molecular weight isoform was significantly reduced

at the lower incubation temperature. Further evidence for such enzymatic

activity is shown in fig 5.7. No conversion of the GPI-anchor containing

isoform to the low molecular weight anchor-free form was observed in a

mixture of human bile and serum when the serum was pre heated at 60®C prior

to incubation thereby destroying any anchor cleaving activity due to enzyme 
*

function.
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Specificity of the GPI-anchor cleaving activity in human serum

The GPI-anchor is susceptible to cleavage by PIPLC and PIPLD. These 

phosphoinositol specific phospholipases act at sites separated by just a single 

phosphate group (see fig 1.3; chapter 1). Indeed The first clues which gave rise 

to the discovery that certain cell surface structures may be linked by a 

specialised GPI moiety came from experiments in which bacterial 

phospholipase C was shown to be capable of selectively releasing ALP from the 

surfaces of mammalian cells (Slein MW, Logan GF 1963).

Cleavage of the GPI-anchor at different sites results in the release of 

different isoforms, in this case the solubilised products differ by a single 

phosphate group. Fig 5.18 illustrates further the cleavage mechanisms leading to 

the release of these different isoforms. In the case of PIPLC; cleavage of the 

glycero-phosphate bond results in the formation of 1,2 diacyl glycerol and the 

enzyme protein (solubilised ALP with a terminal phosphate group at the 

COOH-terminal end) as products. PIPLD which hydrolyses the phoso-inositol 

bond releases phosphatidic acid and ALP without a COOH-terminal phosphate 

but with an inositol moiety instead.

Investigation of the precise enzymatic mechanisms operating physiologically 

would be promoted if these products of phospholipase activity, which differ 

only slightly in structure, could be identified and separated. Such procedures 

require the application of techniques of high resolving power.

In the previous chapter aqueous polymer phase systems were described which 

were able to separate ALP isoforms which contained and were free of GPI-
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Fig 5.18

Proposed mechanisms of action of PIPLC and PIPLD.

PIPLC cleaves the GPI-anchor at the phospho-glycerol bond releasing the 

enzyme protein (with remnant anchor) and 1,2 di acyl glycerol as products. 

PIPLD hydrolyses the adjacent phospho-inositol bond releasing the enzyme 

protein (with remnant anchor) and phosphatidic acid as products.
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anchors. The principal addition to the phases facilitating this separation was a 

small amount of the polymer bound ligand; PEG-palmitate.

ALP released following cleavage by PIPLC or PIPLD is devoid of the principal 

hydrophobic section of the GPI-anchor so that separation by PEG-palmitate 

action cannot take place. However as described in the introduction of this 

chapter, these phase systems are highly sensitive, their physicochemical 

properties vary exponentially with polymer composition and by adjusting the 

polymer composition in small steps, it is possible to find 'windows' of polymer 

concentrations which may separate soluble molecules or particulate materials 

which differ only slightly in structure. In this way aqueous polymer phase 

systems were organised to separate the products of PIPLC and PIPLD 

hydrolysis.

Unlike the partition of macromolecular complexes or biological particles, 

soluble proteins partition increasingly from the top phase into the bottom phase 

as the polymer concentrations are increased, there being little or no involvement 

of the interface in the process. This was found to be the case when ALP released 

from SAOS-2 cells or placental membrane fragments by human serum, PIPLC 

or PIPLD (figs 5.8-5.11) was partitioned in such phase systems.

The data depicted in figs 5.8-5.11 however show that the pattern of partition of 

GPI-anchor deficient molecules produced by the action of phospholipases of C 

or D specificity is markedly influenced by the presence or absence of a terminal 

phosphate group. Distinct differences were observed in the partition between 

ALP released following incubation with PIPLC on the one hand and by PIPLD 

or human serum on the other. Low top phase partition coefficients were 

characteristic of ALP released from SAOS-2 cells or placental membrane 

fragments by human serum, the top phase partitions ranging between about 20% 

to 25% in the different phases (fig 5.8a) whereas higher top phase partitions 

were shown by ALP released by PIPLC, top phase partitions ranged between
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about 41% and 60% (fig 5.9a). Significantly when the partition profiles of ALP 

released from SAOS-2 cells and human placental membrane fragments 

following incubation with PIPLD purified from Streptomyces chromofuscus 

(figs 5.8 and 5.10) were compared with those obtained for serum and PIPLC, 

they were found to be almost identical to those obtained for the serum incubate. 

This similarity between the partition profiles observed for ALP released by 

PIPLD and human serum supports the view that the activity in serum 

responsible for cleaving GPI-anchors is a PIPLD rather than a PIPLC.

These experiments clearly demonstrate that aqueous polymer phase systems 

have the degree of sensitivity required to detect the difference between PIPLC 

and PIPLD activities. Whether the phases are sensitive to the phosphate group 

directly or to changes in conformation of the protein brought about by the 

presence or absence of the phosphate group will require further investigation. 

The resolving power of these phase systems is further emphasised by the 

inability of more conventional techniques such as gel filtration chromatography 

and gradient gel electrophoresis to separate these activities. Fig 5.12 shows that 

ALP released following incubation by PIPLC, PIPLD and human serum 

resulted in the migration of a single band in each case corresponding to a 

molecular weight of about 170 kDa.

The effect of 1,10-phenanthroline on GPI-anchor cleaving activity

A useful tool to these studies is the availability of a specific inhibitor for 

PIPLD; 1,10-phenanthroline (Low MG et al 1988; Davitz MA et al 1989; 

Raymond FD et al 1991). The inhibitory effect of this chelating agent on PIPLD 

activity is demonstrated by its effect on the GPI-anchor cleaving activity of
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PIPLD from Streptomyces chromofuscus on human placental membrane 

fragments (fig 5.13); the release of ALP was clearly inhibited.

The experimental data illustrated in figs 5.14-5.16 provide further evidence 

that the GPI-anchor cleaving activity in human serum is a PIPLD. Conversion 

of the high molecular mass isoform in bile to a lower molecular mass form seen 

when bile and serum were incubated together was inhibited in the presence of 

1,10-phenanthroline (fig 5.14). Interestingly, the solubilisation of the low 

molecular mass isoform of ALP from human placental membrane fragments and 

from SAOS-2 cells by human serum was also inhibited, but the high molecular 

mass isoform was nevertheless released (figs 5.15-5.16). This suggests that 

there is a duality built into the mechanism of GPI-anchor release, with the 

release of the high molecular mass ALP being dependent on activities other than 

PIPLD. However this evidence does not conclusively prove that the high 

molecular mass isoform is the only substrate for PIPLD, not least because the 

agent/s responsible for the release of the high molecular mass fraction have yet 

to be fully determined and no known inhibitor of this release process is known.

Further characterisation of the GPI-anchor cleaving activity by gradient gel 

electrophoresis of fractionated serum after incubation with human placental 

membrane fractions showed that the GPI-anchor cleaving activity has a 

molecular mass of 100-200 kDa (fig 5.17 and Raymond FD et al 1991). It 

appears that the GPI-anchor cleaving activity may also be present in an 

aggregated form, other workers have described a GPI-PLD in the plasma of 

several species which tends to aggregate (Low MG Prasad ARS; Huang K-S et 

al 1990).
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Chapter 6

Development of a routine method for the assay of PIPLD in 

serum

6.1 Introduction

Having explored the mechanisms involved in GPI-anchor cleavage, 

isoform production and PIPLD activity, the development of a standard 

method for the measurement of PIPLD activity was pursued with a view to 

further characterising the enzyme and investigating its activity in health and 

disease. In previous chapters, different methodologies were used in the 

investigation of the different isoforms of ALP, each provided data on 

different aspects of these structures (e.g., size and relative hydrophobicity) 

which has helped in the characterisation of the different isoforms.

Various factors need to be addressed in the development of a standard 

method for the measurement of GPI-anchor cleavage. As described in 

previous chapters some challenges such as the distinction between PIPLC 

and PIPLD cleavage required the introduction of novel methods; thus 

aqueous polymer phase systems were employed to detect and separate 

product molecules which differed by just a single phosphate group.(chapters 

4 and 5). One of the most important factors in the development of enzyme 

assays is the availability of a substrate material upon which the enzyme may 

act and which will provide reproducible results. Such a preparation was made 

and consisted of a suspension of GPI-anchor containing ALP molecules 

extracted and purified from human placenta. Using this preparation the action 

of PIPLD was followed by measuring the production of GPI-anchor deficient
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ALP molecules (the product). GPI-anchor cleavage was detected and 

measured by two different approaches; one involved distinguishing product 

from substrate by differences in their molecular size, while the other 

exploited alterations in the relative hydrophobicity of the substrate molecule 

following hydrolysis of the GPI-anchor.

6.2 Methods and Method Development

Gradient gel electrophoresis, partitioning in the Triton X-114 phase 

systems densitometric measurements and measurement of ALP activity were 

carried out as described in chapter 2.

6.2.1 Enzyme source

A standard enzyme source was prepared by pooling serum samples which 

were shown to have a normal biochemical profile and a low endogenous total 

ALP activity (< 75 lU/L).

6.2.2 Preparation of the substrate

The standardisation of human placental membrane fraction and SAOS-2 

cells as substrates was attempted but abandoned. In the case of human 

placental membrane, large batch to batch variation in the substrate available 

to PIPLD action was observed. This may have been due in part to the 

presence of both inside-out and right side-out vesicles in the same sample, the 

former of which do not present with ALP on theit surfaces. In addition
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variations such as particle size and particle aggregation could limit the 

efficiency of PIPLD action and consequently affect reproducibility.

SAOS-2 cells were excluded as a standard substrate because of their high 

cost and their relatively slow rate of growth to confluence (>21 days).

Solubilised human placental ALP with its GPI-anchor intact was chosen 

the substrate because of the ready availability of human placentae and the 

abundance of ALP in the tissue. The membrane fraction of human placenta 

was extracted with n-butanol under alkaline (pH 8.4) conditions (sec; 2.4). 

ALP without its GPI-anchor was also extracted from placenta under acid (pH 

5.2) conditions; a comparison of the two forms allowed verification and 

assessment of the conversion of anchor-containing to anchor-free forms.

6,2.3 Assay of PIPLD activity in human serum

The assay relies on the principle that lipophilic, high molecular mass GPI- 

anchor-containing ALP, which acts as substrate is converted to a low 

molecular mass, more hydrophilic product by PIPLD activity in serum 

following incubation at 37®C. The amount of conversion is taken as a 

measure of the amount of PIPLD activity.

In order to measure this, methods to separate the lipophilic high 

molecular-mass substrate from the relatively low molecular-mass hydrophilic 

product were employed following incubation of the substrate with the PIPLD 

source. Two principles were assessed; the first was separation of product 

from substrate on the basis of molecular size by gradient gel electrophoresis 

followed by quantitation by densitometry. The second exploited the relative 

differences in hydrophobicity between product and substrate by partitioning 

in (a) Triton X-114 phase systems, in which the more hydrophobic GPI- 

anchor containing substrate ALP molecules collecdhor-free hydrophilic
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molecules collect in the top phase or (b) aqueous polymer phase systems 

containing added PEG-palmitate, a system designed to separate and collect 

anchor-containing molecules in the top phase while anchor-free molecules 

partition into the bottom phase (see chapter 4). In all cases a correction was 

made for the relatively low amount of endogenous low molecular-mass ALP 

contained in the serum sample.

6.2.4 Partitioning in aqueous polymer phase systems

Aqueous polymer phase systems were prepared from 30% (w/w) stock 

solutions of PEG 6000 and Dextran T500 as described in section 2.6.

Working phase systems were constructed by mixing together equal volumes 

(0.4 ml) of top and bottom phases together.

Affinity phase systems were prepared by adding PEG-palmitate from a 10% 

stock solution made up in noncharged buffer to give phase systems each 

containing PEG-palmitate to a final concentration of 0.1%.

Partitioning was carried out as described before, but when the incubation 

mixtures were analysed by phase partitioning, the substrate concentration was 

raised to 2,400 U P-ALP to compensate for the additional dilution. In these 

phase systems deoxycholate was added (1.0%) to reduce the particle size of 

the isoforms so that a more appropriate relationship may be drawn with the 

polyacrylamide gradient gel technique. In the latter 1.0% Nonidet P40 was 

added to reduce particle size (see below). Deoxycholate was used in the 

phase systems instead of Nonidet P40 because the latter was found to affect 

the process of phase separation itself and therefore interferes with 

partitioning.
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6.2.5 Method adopted for the routine assay of PIPLD

As a result of the experiments described below, separation in gradient gels 

following incubation of serum with the substrate was adopted as the routine 

procedure. The following protocol was used for the routine measurement of 

PIPLD activity in serum. 20 |iL of serum and 20 pL P-ALP substrate 

(containing about 800 U P-ALP) were incubated together in 100 pL Tris 

buffer (0.1 mol/L, pH 7.5 and containing 1% v/v Nonidet P40 or 1% v/v 

deoxycholate) at 37®C for 60 min. After incubation the mixture was cooled to 

O^C and separated by polyacrylamide concave gradient gel electrophoresis 

in Tris-borate buffer which was free of detergent. Densitometric analysis was 

performed to quantitate the distribution of ALP activity between the 

separated zones of P-ALP substrate and product.

6.3 Results

6.3.1 The effect of detergents on the electrophoretic mobility of P- 

ALP isoforms

Figs 6.1 and 3.4 show the separation on concave gradient polyacrylamide 

gels of GPl-anchor-containing and anchor-free P-ALP (which differ from 

each other by the presence or absence of phosphatidic acid) prepared by 

extraction from human placental membrane with n-butanol under alkaline 

(pH 8.4; fig 6.1, lane 1) or acid (pH 5.2; fig 6.1, lane 4) conditions 

respectively. The isoforms appeared as separate bands corresponding to 

molecular weights; 480 - > 500 kDa (GPl-anchor-containing) and 170 kDa 

(GPl-anchor-free) forms. As in previous studies (chapters 3-5), detergents
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Fig 6.1

Electrophoresis on a 3-30% concave gradient polyacrylamide gel of GPI-anchor 

containing (lane 1) and GPI-anchor free (lane 4) placental ALP following extraction 

with n-butanol under alkaline (pH 8.4) and acid (pH 5.2) conditions, respectively. 

Lanes 2 and 3 show the effect of adding the detergent Nonidet P40 (1%) and 

deoxycholate (1%), respectively to the mixtures with anchor-containing placental 

alkaline phosphatase. The effect of these detergents on anchor-free placental alkaline 

phosphatase is shown in lanes 5 (Nonidet P40, 1%) and 6 (deoxycholate, 1%).
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were excluded from buffers or incubation mixtures in order to preserve the 

integrity and native conformation of the isoforms under study.

The addition of the detergents Nonidet P40 (1%; lane 2) or deoxycholate 

(1%; lane 3) to the incubation mixtures was found to increase the conversion 

of the substrate to the product from 20% to 66.5% and 60% respectively. In 

addition these treatments allowed greater penetration of the high molecular- 

mass fraction into the gel making it more discrete and shifted its molecular 

mass range from 480-> 500 kDa to 220-400 kDa (fig 6.1; lanes 2 and 3).

There was no observable effects of these detergent treatments on the 

electrophoretic profile of GPI-anchor-free molecules (fig 6.1; lanes 5 and 6).

The presence of detergents in the gels themselves or in the electrophoresis 

running buffer was avoided because it caused a further reduction in size of 

the high molecular mass complexes to the extent that they approached the 

size of the anchor-free isoform, thereby preventing a distinction between 

substrate and product.

6.3.2 Partitioning of the standard preparations o f  P-ALP in two 

phase systems

Partitioning of the standard preparations (anchor-containing and anchor- 

free isoforms) of P-ALP in Triton X-114 phase systems and in aqueous 

polymer phase systems allowed a comparison and verification of the 

electrophoretic procedure adopted .for the routine analysis of PIPLD activity.
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Fig 6.2

Partition of the standard preparations of GPI-anchor containing human 

placental ALP (extracted with n-butanol at pH 8.4) and the anchor-free isoform 

(extracted with n-butanolat pH 5.2) in Triton X-114 phase systems. The 

anchor-containing isoform partitioned predominantly into the detergent based 

bottom phase whereas the anchor-free form partitioned mainly into the aqueous 

top phase.

Each bar represents the mean ± S.D., of three separate experiments.
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Fig 6.3

Distribution of GPI-anchor containing placental alkaline phosphatase (extracted with 

butanol at pH 8.4) and anchor-free placental alkaline phosphatase (extracted with 

butanol at pH 5.2) after partition in 5D/5.5P aqueous polymer phase systems 

containing PEG-palmitate (0.1%). Each bar represents the mean ± S.D. of three 

separate partition experiments.

199



Fig 6.3

1001

80-

60

ca
Q. 40

2 0 " ■  Top phase 

Q  Bottom phase 

Interface

A n c h o r -c o n ta in in g
ALP

A n c h o r - f re e
ALP

2 0 0



In the Triton-X114 phase systems, anchor-containing molecules collected 

mainly in the detergent based bottom (fig 6.2) phase, and the partition was 

similar to that obtained with a previously prepared batch of P-ALP (see fig 

3.6)

As found previously, in aqueous polymer phase systems containing PEG- 

palmitate, anchor-containing molecules collected mainly in the more 

hydrophobic top phase whereas anchor-free molecules accumulated in the 

bottom phase. The data shown in fig 6.3 shows the partition profile of the 

standard preparation of P-ALP in a 5D/5.5P affinity phase system containing 

0.1% PEG-palmitate.

Gradient gel electrophoresis was used routinely to check the type of P- 

ALP isoform present in either phase i.e., the proportion of high or low 

molecular mass isoforms.

The activity of PIPED in serum was then assessed by incubating human 

serum with GPI-anchor containing substrate and then measuring the degree 

of conversion of high molecular mass P-ALP to its low molecular mass 

isoform in the incubation mixture by partitioning portions of the mixture in 

Triton X-114 and aqueous polymer phase systems and by separation of the 

isoforms in the mixture by gradient-gel electrophoresis (sec; 2.10).

6.3.3 The effect of temperature on PIPED activity

Anchor-containing P-ALP was incubated with human serum at 3?0C or 

0°C for Ih. Following polyacrylamide gradient-gel electrophoresis (Fig 6.4),
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Fig 6.4

Electrophoresis on a 3-30% concave gradient polyacrylamide gel showing the 

conversion of high molecular mass anchor-containing placental alkaline phosphatase 

substrate preparation (lane 1) to the low molecular mass anchor-free isoform (lane 2) 

following incubation with human serum at 37°C for Ih. Lane 3 shows the absence 

of conversion following incubation at 0°C for Ih and lane 4 shows serum alone.
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quantitation by densitometry showed that at 3?0C, a substantial amount of 

the substrate (lane 1); 62%, of the total P-ALP activity was converted to the 

anchor-free product (lane 2). In contrast incubation at O^C resulted in little or 

no conversion of substrate to product (lane 3), in this experiment, 92% of the 

substrate remained in the anchor-containing state after incubation. Lane 4 

shows the endogenous ALP activity in the serum sample.

Partition of the isoforms contained in the mixture incubated at O^C in 

Triton-X114 phase systems resulted in an accumulation of 66.0% ±  0.58 

S.D., (n=3) of the added activity in the hydrophobic detergent based bottom 

phase whereas only 28% + 0.8 S.D., (n=3) of total activity collected in the 

same phase following incubation at 37^0 (Fig 6.5a).

Fig 6.5b shows the partition of the mixtures incubated at 0°C and 37^0 in 

aqueous polymer phase systems. In this case the high top phase partition 

(92.0% ± 4.7% S.D., (n=3)) of the mixture incubated at O^C contrasts with 

the lower top phase partition coefficient of 54.0% + 0.2% S.D., (n=3) of the 

mixture incubated at 37^0. As in the case of the Triton X-114 phase systems, 

gradient-pore gel electrophoresis confirmed the presence of almost entirely 

the anchor-containing high molecular mass isoform in the more hydrophobic 

top phases whereas the anchor-free form collected mainly in the bottom 

phases.

6.3.4 Direct effect of serum on partitioning

The effect of serum exclusive of its PIPLD activity in the assay systems 

becomes evident by comparing the separation of serum free anchor-
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Fig 6.5

Distribution of placental alkaline phosphatase in Triton X-114 phase system (6.5a) 

and in 5D/5.5P aqueous polymer phase systems (6.5b) containing 0.1% PEG 

palmitate, following incubation of the anchor-containing isoform with serum at 0°C 

and 37°C. Each bar represents the mean ± S.D. of three separate partition 

experiments.
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Fig 6.5b
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containing and anchor-free P-ALP extracts, with separation of the mixtures of 

these substrates incubated with serum at 0°C.

A comparison of fig 6.2 with fig 6.5a reveals a lower recovery of P-ALP 

in the bottom (hydrophobic) phase of the Triton X-114 phase system 

containing serum as opposed to anchor-containing P-ALP substrate alone and 

incubated at 0®C. The P-ALP activity collecting in the detergent phase 

reduced from 94.6% + 3.3% S.D., (n=3) in the serum free incubate to 66.6% 

±  0.58% S.D., (n=3) in the mixture containing serum. The presence of serum 

appeared to reduce the hydrophobicity of the GPI-linked substrate in the 

Triton X-114 phase systems.

In contrast this interference was not observed to occur in aqueous polymer 

phase systems (compare figs 6.3 and 6.5b), where partition profiles of 

anchor-containing P-ALP were similar in the serum-free incubate and the 

serum-containing mixture incubated at 0®C.

6.3.5 Conversion of substrate to product with time

The conversion of GPI-anchor containing P-ALP substrate to anchor-free 

product by serum at 37®C was measured at different time intervals (Fig 6.6). 

The degree of conversion increased linearly between 20 and 90 min, after 

which a plateau was reached. Under the conditions of the experiment the 

plateau was reached after about 65% conversion.

A time of 60 min was therefore chosen as the standard incubation time for 

subsequent experiments. This ensures that the time at which PIPLD activity 

is measured lies on the linear part of the reaction curve.
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Fig 6.6

Conversion of the hydrophobic, high molecular mass placental ALP to the 

hydrophilic, low molecular mass anchor-free isoform following incubation with 

human serum at 37°C for different periods of time. The high and low molecular 

mass isoforms were separated by gradient gel electrophoresis and quantitation was 

carried out by densitometry. Each point represents the mean of two separate 

experiments.
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Fig 6.6
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6.3.6 The effect of serum dilution on PIPLD activity

Fig 6.7 shows the effect of progressive dilution of the serum on the 

conversion of anchor-linked to anchor-free P-ALP There was a progressive 

reduction in conversion but activity was measurable at considerable levels of 

dilution, e.g., a 70-fold dilution of the serum still produced measurable levels 

of conversion of the substrate to the anchor-free product.

6.3.7 The effect of substrate concentration on PIPLD activity

The result of increasing substrate concentration in the incubation mixtures 

containing undiluted and diluted serum (x2 and x4) is shown in fig 6.8. 

Dilution of the serum four-fold resulted in a near saturation of the 

phospholipase between 1800 U/1 and 2500 U/1 of substrate activity.

6.3.8 The effect of 1,10-phenanthroIine on PIPLD activity

The addition of the specific inhibitor 1,10-phenanthroline to the mixtures 

prior to incubation at 37°C resulted in a linear inhibition of the conversion of 

anchor-containing substrate to anchor-free product (Fig 6.9). A conversion of 

60.4% ±  0.5% S.D., (n=3) in the absence of inhibitor was reduced to 30% ±

0.8% S.D., (n=3) by the addition of 1.0 mmol/1 of 1,10-phenanthroline.
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Fig 6.7

Effect of serum dilution on the conversion of the hydrophobic, high molecular mass 

placental ALP to the hydrophilic, low molecular mass following incubation with 

human serum at 37°C for Ih. The high and low molecular mass isoforms were 

separated by gradient gel electrophoresis and quantitation was carried out by 

densitometry. Each point represents the mean of two separate experiments.
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Fig 6.8

The conversion of the hydrophobic, high molecular mass placental ALP preparation 

to the hydrophilic, low molecular mass isoform as a function of substrate 

concentration following incubation at 37°C for Ih with undiluted serum (#) and with 

serum diluted x2 (■) and x4 (A). P-ALP converted is expressed as activity in U/L 

for the cleaved fraction. Each point represents the mean of two separate experiments.
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Fig 6.8

"U
0)4-»k .
0)
>
c
o
Ü

<
I

Û.

14001

1 2 0 0 -

1000 -

800-

600-

400-

200
0 1 0 0 0 2 0 0 0 3 0 0 0

Substrate Concentration (U/L)

215



Fig 6.9

Inhibition by 1,10-phenanthroline of the conversion of the hydrophobic, high 

molecular mass placental ALP preparation to the hydrophilic, low molecular mass 

isoform following incubation with human serum at 37°C for Ih. The high and low 

molecular mass isoforms were separated by gradient gel electrophoresis and 

quantitation was carried out by densitometry. Each point represents the mean of two 

separate experiments.
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6.3.9 Stability of PIPLD activity under different storage conditions

The effect of different storage times and different temperatures (+20^0, 

+40C and -20°C) on the GPI-anchor cleaving activity in serum is shown in 

fig 6.10. GPI-anchor cleaving activity was preserved in serum stored at 

-20^0 even when measured after 90 days storage.

Storage at +20°C for up to 24 h did not affect GPI-anchor cleaving 

activity. However after this time the activity was found to reduce rapidly with 

less than 50% of original activity present between 3 and 4 days.

When serum was stored at +4°C, full GPI-anchor cleaving activity was 

maintained for up to 3 days and less than 50% of activity was present 

between 9 and 10 days

As a consequence of these experiments, blood samples for PIPLD assay 

are kept at 4°C directly after collection and the serum is separated within 2 h 

of collection, the serum is then assayed for PIPLD activity either directly or 

stored below -20°C.

The between-run reproducibility of the chosen routine method of analysis 

for PIPLD activity was 9% CV, at a mean percentage conversion of 44.9% 

(n=12) and within run repeatability was 6% CV at a mean percentage 

conversion of 41.4% (n=12).
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Fig 6.10

Conversion of the hydrophobic, high molecular mass placental alkaline phosphatase 

to the hydrophilic, low molecular mass isoform following incubation for Ih at 37°C 

with sera stored for different times at -20°C (#), 4°C (O) or 20°C (A). The high and 

low molecular mass isoforms were separated by gradient gel electrophoresis and 

quantitation was carried out by densitometry. The activity of ALP stored at -20°C 

remained stable when measured after 120 days. Each point represents the mean ± 

S.D. of three separate experiments.
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6.4 Discussion

As shown previously (chapter 3), partition of anchor-free and anchor- 

containing P-ALP can be distinguished by partitioning in Triton X-114 phase 

systems. However the partitioning of these molecules in biological fluids 

such as serum appears to be best suited to aqueous polymer phase systems 

(Figs 6.3 and 6.5b). The apparent reduction in hydrophobicity of the anchor- 

containing substrate when added to Triton X-114 phases is probably related 

to interactions between serum proteins and P-ALP substrate trapped within or 

associated with hydrophobic domains of the serum proteins. These relatively 

hydrophilic serum proteins with their associated P-ALP molecules then 

partition into the aqueous phase of the Triton -X I14 phase system. By 

contrast in fully aqueous polymer phase systems, the large difference in 

relative hydrophobicity between the phases does not exist. Both polymers are 

relatively hydrophilic and in addition the principal factor controlling 

partitioning of the GPI-anchor-containing protein is the presence of PEG- 

palmitate which probably undergoes a specific affinity-interaction with the 

GPI-anchor, resulting in the almost complete collection of anchor-containing 

substrate molecules in the top phase and the absence of significantly 

detectable serum protein effects on the partition of P-ALP.

In addition partitioning in aqueous polymer phase systems confirms that the 

GPI-anchor cleaving activity in serum is a PIPLD rather than a PIPLC 

because the pattern of P-ALP partition follows more closely that obtained 

following treatment by bacterial PIPLD rather than by PIPLC (see chapter 5 

and Raymond FD et al 1993).

The improved resolution of the different molecular mass bands following 

the use of detergents in the incubation medium facilitated interpretation
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allowed more precise quantitation by densitometry thereby contributing to the 

adoption of the gradient-gel electrophoresis method as the method of choice 

for the routine analysis of PIPLD activity in serum.

The increased conversion of P-ALP substrate following the addition of 

detergent to the incubation medium suggests that the enzyme acts less readily 

on GPI-anchored molecules held together in aggregated forms by 

hydrophobic interactions. These micelles appear to protect the phospho- 

inositol bond from hydrolysis probably by steric hindrance (see fig 3.8). This 

observation may be providing an insight into the physiological mechanism of 

PIPLD in the circulation. The uncontrolled action of a GPI-anchor cleaving 

activity in vivo would have crippling consequences for every membrane 

bound GPI-anchored structure resulting in a short functional life for many 

important molecules, such activity would result in considerable morbidity 

and would probably be incompatible with life (see table 1). It is possible that 

PIPLD may act only on GPI-anchored molecules discharged into the 

circulation for example to facilitate their clearance from the circulation. This 

hypothesis is supported by the results from experiments in which SAOS-2 

cells when incubated with serum showed the presence of both high and low 

molecular mass forms of ALP in the supernatant and that an increase in the 

level of the low molecular mass isoform can only take place if the high 

molecular mass isoform is present. This indicates that PIPLD cannot act 

directly on cell membranes, a view also held by Haung et al 1990, who were 

unable to show the release GPI-anchored molecules from HeLa cells.

The lack of conversion of P-ALP substrate to anchor-free product when 

incubations with serum were carried out at 0®C provided strong indication 

that the cleaving activity in serum has enzymatic activity (Figs 6.4 and 6.5). 

This was confirmed by the experiments in which the cleaving activity was
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inhibited by a specific inhibitor of PIPLD and abolished by preheating the 

serum sample at 60®C prior to incubation with P-ALP substrate (figs 6.9 and 

6.4 respectively and chapter 5)

From the studies described above it was concluded that partitioning in 

aqueous polymer phase systems would allow verification of the 

electrophoresis technique which was adopted for routine analysis due to its 

rapidity, convenience and improved resolution following the addition of 

detergent to the incubations.

223



Chapter 7

Inositol specific phospholipase D activity in health and disease

7.1 Introduction

In previous chapters, experiments are described which were aimed at 

examining the mechanisms of action of the circulating enzyme PIPLD.

It has been mentioned previously that GPI-anchors have been proposed to be 

involved in many processes besides the anchoring of molecules to the cell 

membrane, these include functions such as endocytosis and the mediation of the 

action of hormones such as insulin through the action of phospholipases on GPI- 

anchors.

The many different types of structures now known to be linked to cell 

membranes by GPI-anchors, made inevitable attempts to answer questions 

relating disease processes to the structure and function of the GPI-anchor, 

including its mechanisms of release. The work described in this thesis has 

pointed to the importance of PIPLD in these processes.

In this chapter data are presented which represents the first demonstration of 

the pathophysiological importance of PIPLD. This was greatly facilitated by the 

establishment of a method of analysis for PIPLD activity, (described in chapter 

6).

In order that questions of clinical significance could be addressed, a strategy 

was formulated which set out to establish: \

1. The range of PIPLD activity in the normal population.
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2. If the level of PIPLD activity showed any relationship to the amount of GPI- 

linked molecules released into the circulation.

3. The site of PIPLD synthesis.

4. Whether the level of PIPLD activity varies with disease.

In order that measured analytes may be of diagnostic use, their levels in the 

blood should reflect or relate to a pathological process, not necessarily occurring 

in their cells of origin but if the latter is the case it is probably more useful in 

determining the mechanisms underlying the particular pathology. For example, 

isoenzyme determinations of ALP provide clinically useful information when 

raised levels of ALP are measured in bone disease reflecting increased 

osteoblastic activity or in hepatobiliary disease reflecting increased production 

of the enzyme by hepatocytes, as in cholestasis (Moss DW 1994; McIntyre N 

and Rosalki S 1994; Brensilver HL, Kaplan MM 1975; Rosalki SB 1976). The 

literature is full of examples and indeed this principle applies to many 

diagnostic tests carried out routinely e.g., measurements of serum CKMB in 

relation to myocardial infarction (Lee TH et al 1986; Galbraith LV et al 1989; 

Lott JA 1986), Bence-Jones protein in urine and raised serum immunoglobulin 

in patients with B-cell malignancies (Hoffbrand AV and Pettit JE 1993; 

Whicher JT 1994; Challand GS and Jones JL 1994), to name a few.

It was considered that answers to the questions posed above addressing 

clinical significance could provide further insights into the physiological 

mechanisms of release of molecules linked to the cell surface by GPI-anchors 

and thereby presents the possibility that the level of PIPLD activity could
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influence the interpretation of biochemical tests in which GPI-linked molecules 

such as ALP are involved as markers of disease.

Because it was considered that the liver was the likely source of PIPLD 

synthesis, the activity of PIPLD was measured in groups of patients with liver 

disease.

7.2 Methods

7.2.1 Subjects

Serum samples were collected from apparently healthy subjects undergoing 

health screening and shown to be free of overt disease by clinical examination 

and conventional laboratory investigation. The latter included a full blood count 

and biochemical profile.

In addition serum was also collected from patients being investigated for 

hepatobiliary and other diseases.

7.2.1.1 Normal controls

A total of 63 healthy subjects were recruited into the study, ranging in age 

from 25 to 89 years.

7.2.1.2 Patient groups

The following patient groups were entered into the study:
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i) 29 patients with liver cirrhosis confirmed by histology and caused by 

chronic viral hepatitis. Of this group 12, 9, and 8 patients were allocated to 

grades A, B, or C, respectively, of the Child-Turcotte classification (Child CG 

and Turcotte J 1964). This classification is based on a number of criteria; the 

nutritional status of the patient, the serum bilirubin and albumin concentrations 

and the severity of the ascites and encephalopathy. Each criterion is judged on a 

three point scale. Progression from grade A to C marks increasing severity of 

liver disease with patients belonging to Child's Grade C (albumin <30 g/L, 

bilirubin > 50 |imol/L and ascites) showing the worst prognosis in addition 

patients in this group show the greatest mortality following surgical procedures. 

Overall, surgical procedures carry a mortality rate of 30% for non-bleeding 

cirrhotics with 10% in Child's Grade A and 76% in Child's Grade C (Sherlock S 

and Dooley J 1993; Kumar P and Clark M 1994). In this series, none of the 

patients in Child's Grade A had detectable ascites whereas 5 patients in Grade B 

and all the patients in Grade C had ascites.

ii) 20 patients with primary hepatocellular carcinoma and concomitant 

cirrhosis, confirmed by histology. Of this group, 14 and 16 patients 

corresponded to stages 1 and 2 of the Okuda classification (Okuda K, Obata H 

et al 1984). This classification is based on serum bilirubin and albumin levels 

above or below 30 mg/1 and 30 g/1 respectively, the presence or absence of 

ascites, tumour size bigger or smaller than 50% of the whole liver area 

measured planimetrically using computed tomography scans.

iii) 11 patients with acute viral hepatitis.

iv) 20 patients with bronchopneumonia.
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7.2.2 Ethics committee approval and patient consent

Full approval by the local ethics committee was obtained prior to 

commencing the study and informed consent was obtained from all subjects.

7.2.3 Measurement of PIPLD activity

The method described in chapter 6 was used to assay PIPLD activity in all 

serum samples.

7.2.4 Statistical analysis

A 'Statworks 1.2' program on an Apple Macintosh computer was employed. 

Control and experimental groups were compared by a two-sample t-test. The 

data were checked for normality and the 95% confidence interval of the mean 

was calculated for each group of subjects in which PIPLD activity was 

measured.

7.3 Results

7.3.1 Activity of PIPLD in healthy subjects

Fig 7.1 shows the activity of PIPLD measured in healthy subjects of 

different ages.
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Fig 7.1 Range of PIPLD activity in the normal population

Inositol-specific phospholipase D (PIPLD) activity measured, as percentage 

conversion of high molecular mass placental alkaline phosphatase to lower molecular 

mass forms, in the sera of disease free (normal) individuals of different ages, divided 

into three separate age groups; (A, normal young); (# , normal middle-aged); (■, 

normal elderly). Each bar represents the 95% confidence interval of the mean.
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A strong negative correlation between PIPLD activity and age was observed 

(correlation coefficient, r= -0.8, P <0.001). The percent conversion of the high 

molecular mass P-ALP substrate to the low molecular mass product ranged 

from nearly 70% in some subjects to less than 10% conversion in others.

The total of 63 healthy subjects were divided into three groups by age, this 

allowed an appropriate group to be used as an age matched control in studies 

involving patients.

20 individuals composed the youngest normal age group which showed a 

mean PIPLD activity of 54% and the 95% confidence interval of the mean was 

51.5-57.55%. The mean age of this group was 33.2 years; range 24 - 42 years.

In the normal middle-age group (mean age 58 years; range; 50-65 years; n=ll), 

the mean PIPLD activity was observed to fall to 40.2% and the 95% confidence 

interval of the mean was 37.4-42.9%.

32 individuals were grouped into the normal elderly controls (mean age 80.6 

years; range 72-89 years). In this group a further decline in PIPLD activity was 

measured, to give a mean of 27.2% and 95% confidence interval of the mean of 

23.0%-31.4%.

7.3.2 Activity of serum PIPLD in patients with advanced liver 

cirrhosis

PIPLD was measured in a group of patients with advanced liver cirrhosis 

caused by chronic viral hepatitis (fig 7.2). A mean activity of 16.9%, with 95%
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Figs 7.2 - 7.4

Serum inositol-specific phospholipase D (PIPLD) activity (7.2) and indices of liver 

function (7.3) and (7.4) measured in patients with liver cirrhosis caused by chronic 

viral hepatitis. (O, age-matched controls); (0 , liver cirrhosis). Each bar represents 

the 95% confidence interval of the mean. Alb - albumin, CHE - plasma 

cholinesterase, AST - aspartate-aminotransferase, GOT - gamma-glutamyl transferase, 

ALP - alkaline phosphatase, ALT - alanine-aminotransferase. Bars represent the 

respective reference ranges.

232



Fig 7.2

50 1

ôo

o
>
c
oo

2 0 -
CL
- J
<

■

CL

1 0 -

e «

Contro l Liver
G ro u p C i r rh o s i s

233



Concentration (g/L)
MO COO o Olo o>o o 00o COo o

o

toU)

>
U " ZI(5‘

CO



Fig 7.4

6001

500-

400-

300 -

20 0 - àA

CHE AST GOT ALP ALT
( U/ d L)

235



confidence interval of the mean=12.5-21.2% was measured, this being 

significantly lower than the appropriate age matched control group (P <0.001).

The lowered levels of PIPLD in these patients were accompanied by lower 

levels of liver derived serum cholinesterase and albumin (figs 7.3 and 7.4), these 

being expected in conditions leading to lowered levels of liver synthetic reserve. 

In addition significant correlation was obtained between serum PIPLD activity 

in these patients and their serum albumin levels (P<0.03).

Other markers of liver disease showed changes indicative of liver cell 

damage; for example, levels of alanine and aspartate transaminase (ALT and 

AST respectively), y-glutamyltransferase (GOT) and total ALP were all raised 

above their respective normal ranges (Fig 7.4).

7.3.3 Activity of serum PIPLD in patients with hepatocellular 

carcinoma

PIPLD activity was found to be significantly reduced (mean 17%, 95% 

confidence interval of the mean=l 1.7-23.5%) in the group of patients with 

primary hepatocellular carcinoma with concomitant cirrhosis (Fig 7.5) when 

compared to the appropriate age matched controls (P <0.001). The level of 

PIPLD activity was almost identical to that measured in the group of patients 

with extensive cirrhosis following chronic viral hepatitis infection (Fig 7.2). 

Similarly in this group of patients, the level of serum albumin (fig 7.6) was also 

found to be reduced while other markers such as ALT, AST, GOT and ALP 

were again found to be raised (Fig 7.7).
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Figs 7.5 - 7.7

Serum inositol-specific phospholipase D (PIPLD) activity (7.5) and indices of liver 

function(7.6) and(7.7) measured in patients with hepatocellular carcinoma, HCC. (O, 

age-matched controls); (0 , hepatocellular carcinoma). Each bar represents the 95% 

confidence interval of the mean.

Alb - albumin, AST - aspartate-aminotransferase, GGT - gamma-glutamyl transferase, 

ALP - alkaline phosphatase, ALT - alanine-aminotransferase. Bars represent the 

respective reference ranges.
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7.3.4 Activity of serum PIPLD in patients with acute viral hepatitis

In contrast to the patients with chronic liver disease, patients diagnosed with 

acute viral hepatitis were found to have PIPLD levels significantly raised (P 

<0.001) in serum above those of age matched controls (fig 7.8). In this group 

the mean PIPLD activity was 53.9%, 95% confidence interval of the 

mean=48.8-58.9%, n=ll).

7.3.5 Activity of serum PIPLD in patients with pneumonia

In this study, 20 elderly patients with pneumonia but with no evidence of 

liver involvement, showed serum PIPLD levels significantly raised above age 

matched controls (P <0.001). The mean PIPLD activity was 40.6%, 95% 

confidence interval of the mean=3 5-46.2% (fig 7.9).

7.3.6 C-reactive protein in patients with acute viral hepatitis and 

pneumonia

Fig 7.10 shows the C-reactive protein (GRP) levels measured in the serum 

of patients with pneumonia (fig 7.10a) and acute viral hepatitis (fig 7.10b) were 

expectedly raised. The serum GRP levels measured in each of the subjects 

within the respective control groups was found to be < 2 mg/L (NR, 2-10 mg/L).

Although levels of serum PIPLD and GRP were both raised in these groups 

of patients, no significant correlation occured between them.
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Fig 7.8

Serum inositol-specific phospholipase D activity measured in patients with acute viral 

hepatitis. (O, age-matched control group); (®, patient group). Each bar represents the 

95% confidence interval of the mean.
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Fig 7.9

Serum inositol-specific phospholipase D activity measured in patients with 

bronchopneumonia. (O, age-matched control group); ( • ,  patient group). Each bar 

represents the 95% confidence interval of the mean.
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Fig 7.10

Correlation between PIPLD activity and C-reactive protein in patients with 

pneumonia and acute viral hepatitis.

The percentage conversion of high molecular mass placental ALP substrate to 

the low molecular mass product by serum is shown plotted against CRP levels 

measured in the same samples in patients with pneumonia (7.10a) and acute 

viral hepatitis (7.10b).

No significant correlation was found.
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Fig 7.10a
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Fig 7.10b
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Fig 7.11

Correlation between serum PIPLD activity and total ALP activity in patients 

with chronic viral hepatitis and hepatocellular carcinoma.

Percentage conversion of high molecular mass placental ALP substrate to the 

low molecular mass product by serum is shown plotted against total serum 

ALP activity measured in the same samples in patients with chronic viral 

hepatitis (7.11a) and hepatocellular carcinoma (7.1 lb).

No significant correlation was found.
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Fig 7.11a
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Fig 7.11b
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Fig 7.12

Correlation between PIPLD activity and total ALP activity in patients with 

pneumonia and acute viral hepatitis.

Percentage conversion of high molecular mass placental ALP substrate to the 

low molecular mass product by serum in the same samples is shown plotted 

against the total serum ALP activity measured in patients with pneumonia 

(7.12a) and acute viral hepatitis (7.12B).

No significant correlation was found.
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Fig 7.12a
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Fig 7.12b
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7.3.7 Correlation’s between serum PIPLD and total ALP activity

Fig 7.11a and 7.11b show correlation plots between PIPLD and total ALP 

activity measured in the serum of patients with low PIPLD levels (with cirrhosis 

due to chronic viral hepatitis and hepatocellular carcinoma respectively). No 

significant correlations were drawn. Similarly no significant correlations were 

obtained when ALP and PIPLD activity were compared in patients with acute 

conditions in whom relatively high levels of circulating PIPLD persist (fig 7.12a 

and 7.12b). No significant correlation between ALP and PIPLD activities in the 

respective control groups was found and a correlation coefficient of 0.18 was 

obtained for the group as a whole.

7.4 Discussion

The data presented in this chapter, provides evidence showing that the level 

of sereum PIPLD activity varies considerably within the normal population and 

that it's level of activity is significantly altered in disease.

The strong negative correlation seen with age was an unexpected finding. 

Although many analytes are found to decrease in their measured levels with age, 

few if any match the scale of depreciation shown by circulating PIPLD. It is 

well known that certain analytes, for example, plasma albumin, transferrin and 

haemopexin, show small decreases with age whereas many others including 

prealbumin, a  1-antitrypsin and caeruloplasmin are said to show no change with 

age (Freeman H and Cox ML 1984). These established data serve to emphasise 

further the extraordinary nature of the age related decrease in serum PIPLD 

activity.
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It is possible that with increasing age the amount of PIPLD synthesised is 

decreased directly, or alternatively an increasing level of nonfunctional enzyme 

may be produced or that a combination of these occurs, further investigation in 

this area may clarify the situation. It has been demonstrated that normal liver 

volume decreases with age and recent estimations indicate reductions in volume 

by as much as 37% occur between the ages of 24 and 90 years (James OFW 

1992). Although at first sight such a considerable reduction in liver volume with 

age might be considered a plausible explanation for the level of reduction in 

PIPLD activity, however it does not explain why other liver derived proteins are 

not likewise affected. If reduced liver volume is an involved factor it is probably 

only a partial contributor.

The liver is known to have a very large synthetic reserve which is compromised 

only after severe or long-standing hepatic disease (Balisteri WF et al 1994). 

Albumin is quantitatively the most important serum protein synthesised by the 

liver (its only source of synthesis) and the synthetic reserve for this protein is 

substantial, adequate synthesis continuing until extensive hepatocellular injury 

occurs. Although the level of albumin in the circulation may be influenced by a 

number of extrahepatic factors so that hypoalbuminaemia may result from poor 

nutrition, protein losing enteropathies, the nephrotic syndrome, hormonal 

factors and plasma oncotic pressure, nevertheless it is considered to be an 

excellent indicator of the severity of chronic liver disease (Podosky DK and 

Isselbacher KJ, 1994). In the patient with ascites the increased volume of 

distribution and an absolute reduction in protein synthesis are thought to 

contribute to the hypoalbuminaemia. In this study serum albumin has been iised 

together with levels of serum cholinesterase as an index of liver synthetic 

function in chronic liver disease. Serum cholinesterase is synthesised by 

hepatocytes and although care should be taken in the interpretation of a low 

level in relation to liver disease since this result may be found in cardiac disease
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which complicates liver disease, it is nevertheless postulated to be a useful 

measurement of hepatic function (Balestreri WF et al, 1994).

The reduced levels of PIPLD activity found in patients with chronic liver 

cirrhosis and hepatocellular carcinoma with concomitant cirrhosis suggests that 

the liver is the likely site of PIPLD synthesis and the principal source of plasma 

PIPLD, with as in the case of albumin and liver derived cholinesterase, reduced 

synthesis occurring in advanced liver disease. This is supported by the 

significant correlation between albumin and PIPLD activity found in the cases 

of advanced liver cirrhosis. It follows that this relatively recently discovered 

phospholipase may serve as an additional marker of liver synthetic reserve. This 

data was published in Clinical Science (see Raymond FD et al 1994). More 

recently support for these conclusions came from a similar study (Maguire GA 

and Gossner A, 1995). These authors also found a reduced PIPLD activity in 

liver disease and concluded that the liver is the likely source of the circulating 

enzyme.

The increased activity of PIPLD seen in patients with more acute conditions 

such as acute viral hepatitis and ongoing chest infections points to the possible 

role of PIPLD as an acute phase reactant, increasing its circulating level in the 

event of tissue damage or inflammation (Figs, 7.8 and 7.9). The acute phase 

response encompasses a range of physiological changes including fever, 

changes in electrolyte balance, endocrine changes, leukocytosis and, pertinent to 

the discussion here, increased synthesis by the liver of some 30 or more plasma 

proteins (Thompson D, Milford-Ward et al, 1992) and include proteins such as 

C-reactive protein (GRP), a  i-acid glycoprotein, serum amyloid A (SAA), the 

complement proteins, haptoglobin and many others. These proteins have been 

defined as those plasma proteins increasing in concentration by at least 25% in 

the first 7 days following tissue injury (Kushner I, 1982). It is now clear that 

regardless of the type of initiating event (e.g., trauma, surgery or infection), the

257



macrophage or monocyte is the cell which elicits the acute phase response (Koj 

A, 1985; Gaul die J, 1991; Baumann H and Gaul die J, 1994), releasing cytokines 

at the inflammatory focus which induce the synthesis of acute phase proteins in 

the liver. These initially released or 'early' cytokines are interleukin-1 (IL-1), IL- 

6 and tumour necrosis factor (TNF), each is thought to induce a different set of 

acute phase proteins. In addition there appear to be various categories of 

mediators involved in this mechanism (some not appearing in this initial wave) 

e.g., the IL-6 type cytokines which include other factors such as leukaemia 

inhibitory factor (LIF), oncostatin M (OSM) and ciliary neurotrophic factor 

(CNTF) enhance the production of fibrinogen, haptoglobin and the major 

antiproteases such as a  i-antitrypsin, a  i -antichymotrypsin and a 2 -  

macroglobulin, the IL-1 type cytokines which include TNF-a and TNF-P in the 

group enhance the synthesis of a seperate set of proteins including a  1-acid 

glycoprotein, CRP, complement component C3 and haptoglobin. The cytokines 

therefore act as stimulators of various acute phase proteins genes. Other factors 

such as the glucocorticoids and growth factors including hepatocyte growth 

factor (HGF), fibroblast growth factor (FGF) and insulin serve to modulate the 

cytokine action (Baumann H, 1994). The picture that emerges then is one of an 

integrated system of released factors which together orchestrate and manage the 

acute phase response, the cytokines accelerate the pace whereas the 

glucocoticoids and growth factors place a break on the system thereby 

preventing its uncontrolled extension. It is possible that PIPLD synthesis and 

release from the liver is controlled by these mechanisms, its function may be 

related to the removal of GPI-anchor containing molecules from the circulation 

(i.e., a modulator function) or following activation (discussed further in chapter 

8) it may be involved in the release of other (GPI-linked) moieties required in 

the acute phase response. As shown above, those patients with pneumonia and 

acute hepatitis, in addition to raised levels of PIPLD also, expectedly, showed 

high levels of CRP (fig 7.10). However there was a lack of correlation between
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CRP levels and PIPLD activity in the same patients. The most likely 

explanation is that different molecular mechanisms control the increasing 

appearance of these molecules in the circulation during the acute phase 

response. As described above different groups of mediators act on different 

acute phase protein genes at different times and there is disparity in the rate at 

which different proteins are synthesised and therefore in their levels reached in 

the circulation. There is, for example, about a xlOOO increase in the circulating 

level of CRP and SAA following modest amounts of inflammation, whereas a l-  

antichymotrypsin and a  1-antitrypsin show only a x2-5 increase for the same 

degree of inflammation, ceruloplasmin and C3 produce even smaller 

increments, reaching about 50%. In addition the response times between these 

different groups vary, e.g., for CRP and SAA, this amounts to 6-lOh, for a l -  

acid glycoprotein some 24h and for C3 this is delayed for 48-72h (Thompson D 

et al 1992). Therefore although raised levels of both CRP and PIPLD were 

measured in those patients with acute hepatitis and pneumonia, the presence of 

these variables within the acute phase response is the likely reason for a lack of 

correlation between them.

The ability of PIPLD to cleave GPI-anchors continues to attract questions 

regarding its in vivo function. The large decrease in activity with age suggests 

that its GPI-anchor cleaving effect may likewise be affected. However 

(whatever its true physiological function), there appears to be no correlation 

between PIPLD activity and the level of total ALP in the plasma (fig 7.11). This 

appears to hold true in health and disease. Thus total ALP levels in the 

circulation were not limited, even in the elderly population of subjects or 

patients with chronic liver disease, where serum PIPLD levels were found to be 

very low.

In chapter 5, in vitro experiments were described which indicated that 

PIPLD may not act directly on GPI-anchored ALP but may instead involve a
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two stage process requiring the release of GPI-linked molecules into the 

circulation to occur prior to PIPLD cleavage, therefore the concentration of ALP 

in the circulation will depend upon the first stage of this mechanism rather than 

the degree of PIPLD activity present in the plasma. This may explain the lack of 

correlation between the activities of ALP and PIPLD The possible mechanisms 

are developed further in the next chapter.

Although the precise physiological function of circulating PIPLD remains to 

be determined, from the data presented in this chapter, it nevertheless appears, 

due to its wide variation in health and disease to have pathophysiological 

importance. Studies are now continuing into its use in assessing the extent and 

severity of several disease processes including the release and modulation of the 

soluble forms of adhesion molecules (Raymond FD manuscript in preparation 

1995, Seth R, Raymond FD et al 1991).
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Chapter 8

Summary and Discussion

In this thesis experiments are described in which the activity of the 

relatively recently discovered circulating enzyme PIPLD was investigated. 

These studies have shown that PIPLD is likely to play a pivotal role in the 

metabolism of the important groups of molecules linked to the cell surface by 

GPI-anchors. Using ALP as a model representative of GPI-anchor containing 

molecules, they offer an explanation for the presence of different isoforms of 

GPI-linked molecules which may appear in the circulation or which may be 

generated in in vitro experiments.

Cellular constituents (intracellular or membrane bound) may appear in the 

circulation and their circulating levels determined by a number of factors 

including; normal turnover, diseased or dying cells, clearance mechanisms 

which may be dependant on normal renal or liver function and in the case of 

cell surface molecules, factors related to the mechanisms of release and any 

subsequent modification of the released molecules. In this work the factors 

involved in these latter mechanisms have received particular attention.

The mechanisms underlying release and/or modification of GPI-anchor 

containing molecules can give rise to the formation of different isoforms 

which may have implications for diagnosis and prognosis of disease. In the 

case of ALP, correlation of the various isoenzymes with particular diseases 

particularly hepatobiliary and bone diseases is well established (see 

introduction and Moss 1982). However the significance of different isoforms
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in relation to health and disease is less clear, although indications of their 

importance have previously been highlighted e.g., in patients with liver 

cirrhosis or on haemodialysis, a variant form of intestinal ALP is sometimes 

seen which contains a GPI-anchor which correlates differently to the anchor- 

free isoform which is often raised in these conditions (Van Hoof VO, 

Hoylaerts MF et al 1989; Kuwana T, Rosalki SB et al 1990) and the 

occurrence of high molecular weight ALP (associated with membrane 

particles formed from disrupted cells or due to regurgitation from the bile ; see 

below) is thought to be a sensitive marker of cholestasis and metastatic 

infiltration of the liver (Crofton PM, Elton RA et al 1979; Voit M, Joulin C et 

al 1979). However even in these few cases, the task of relating the occurrence 

of these isoforms to disease has been hampered by a lack of understanding of 

the detailed molecular mechanisms underlying their metabolism. In this 

regard, the development and adaptation of aqueous polymer phase systems in 

identifying and separating the isoforms of ALP and in particular; GPI-linked 

ALP from anchor-free forms (facilitated by the use of affinity phase systems 

containing PEG-palmitate [see chapter 4 and 5]) has contributed significantly 

to these studies. A methodology has therefore been introduced, developed and 

adapted which may be used further in the study of GPI-linked molecules.

As discussed in the introductory chapter, Blobel's classification of 

membrane proteins (Blobel 1980) places most integral membrane proteins into 

the category of bitopic (in which the anchoring mechanism spanning the lipid 

bilayer contains a single stretch of hydrophobic amino acids, arranged in an a- 

helical configuration), or polytopic proteins (as for bitopic proteins but the 

anchoring domains span the bilayer more than once). ALP and other GPI- 

anchored proteins are excluded from these classes and are considered by some 

to be examples of monotopic proteins, (partially imbedded or peripheral 

membrane proteins), whereas others, perhaps more accurately, because the
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GPI-anchoring mechanism confers neither a peripheral or integral 

arrangement as it inserts into only one half of the lipid bilayer, prefer to place 

GPI-linked molecules in a separate class (class 5 in the Blobel scheme). These 

anchoring mechanisms of ectoproteins are important in the consideration of 

soluble forms of these membrane proteins which may be produced as a 

consequence of particular release mechanisms. These mechanisms are clearly 

different in the case of bitopic ectoproteins such as the adhesion molecules 

VLA-4 (Raymond FD et al, submitted for publication), ICAM-3 (Raymond 

FD, submitted for publication 1995) and ICAM-1 (Seth R, Raymond FD, et al 

1991), and the ectoenzyme GGT (Reghetti ABB, Kaplan MM et al, 1972; 

Kryszewski AJ, Neale G et al, 1973; Huseby NE, Vik T 1978) on the one 

hand and GPI-anchored proteins such as ALP on the other (chapters 3, 5 and 

6).

Detergent action disrupts membrane structure therefore any structure 

anchored by means of hydrophobic interactions with the membrane lipids 

including bitopic and GPI-anchored proteins may be released by detergent 

action with their anchoring domains intact. This is illustrated by the observed 

increases seen in the plasma levels of GGT, 5' nucleotidase and ALP in 

obstructive liver disease, the increases are thought to be largely due to 

detergent action, probably mediated by the bile acids (Righetti ABB et al 

1972; Kryszewski AJ et al 1973; Huesby NE et al 1978; Moss DW 1994 ). 

GGT and 5'nuceotidase activities in liver tissue fall with concomitant 

increases in plasma levels, indicating leaching of these enzymes from the liver 

with little or no immediate replacement. In the case of ALP, however, there is 

an increase in activity in the liver tissue itself in addition to the raised levels 

seen in the plasma. This is now known to be due to increased synthesis of 

ALP during cholestasis, again probably induced by bile acids (Wooton AM, 

Neale G et al 1977; Hatoff DE, Hardison WGM 1979). Therefore the raised
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plasma ALP levels seen in cholestasis come from both preformed and newly 

synthesised ALP.

The experimental data contained in chapter 5, demonstrate that bile releases 

membrane bound molecules mainly or perhaps exclusively by a detergent-like 

action. Incubations containing placental membrane fractions or intact SAOS-2 

cells and bile fluid always resulted in the release of high molecular weight 

isoforms. In addition bile itself was never found to contain significant 

amounts of low molecular weight isoforms. Taking these facts together it can 

be concluded that the factor (shown in the case of serum to be PIPLD), 

involved in the conversion of high to low molecular weight forms of GPI- 

anchor containing molecules is absent from bile (data in chapters 3, 5 and 

Raymond et al 1991). Although the structure of the anchoring mechanisms in 

the case of bitopic proteins and GPI-linked molecules are different, 

nevertheless in the case of detergent mediated solubilisation, the general 

phenomenon of aggregation of the released molecules to form larger 

molecular weight complexes appears to apply in both cases. In the case of 

GGT, hydrophobic interactions between stretches of the molecule containing 

hydrophobic amino acids with other similar molecules or with lipoproteins are 

thought to give rise to the high molecular weight complexes of GGT seen in 

serum. GGT enters the plasma compartment either due to direct leakage from 

damaged cells or due to membrane turnover or by regurgitation from the bile 

in cholestasis. Once in the blood stream, it continues to circulate as a high 

molecular weight isoform (Mwt about 300 kDa), this is possible because the 

plasma is normally devoid of endoprotease activity, therefore apparently no 

mechanism is present in the plasma capable of removing the hydrophobic 

anchor from this bitopic protein. The case of GPI-linked proteins sharply 

contrasts this situation; although the detergent solubilisation of the membrane 

associated molecules may be similar in both cases, the mechanisms underlying
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specific release and the subsequent fate of released molecules, once in the 

circulation, appear to be quite different.

Evidence that different mechanisms in the release and/or processing of GPI- 

linked molecules operate came from several lines of investigation; the 

presence of different isoforms in different body fluids (bile and serum) 

indicated that different mechanisms of release occur. By studying the different 

isoforms of ALP using aqueous polymer phase systems (chapters 4 and 5) the 

specificity of the cleaving mechanisms of the GPI-anchor was determined. As 

described in chapter 5, PIPLC and PIPLD can both cleave the GPI-anchor, 

however they act on different sides of the same phosphate group with the 

release of soluble forms of ALP from cell surfaces or prepared membrane 

fractions which differ only slightly in structure (by a single phosphate group at 

the COOH-terminal end of the molecule) (fig 1.3). PIPLC cleaves the 

glycerol-posphate bond which results in the release of the enzyme protein 

(with its COOH-terminal phosphate bond intact) and 1,2 diacyl glycerol 

(DAG) as products. PIPLD on the other hand cleaves the inositol-phosphate 

bond releasing the enzyme protein (without its COOH-terminal phosphate 

bond attached) and phosphatidic acid as products. By comparing the 

partitioning characteristics of ALP released from membrane fragments and 

SAOS-2 cells by purified fractions of bacterial PIPLC or PIPLD with that of 

ALP released from the same substrates following incubation with human 

serum, it was confirmed that the GPI-anchor cleaving activity in plasma has 

inositol phospholipase D specificity (chapter 5).

In previous studies the specificity of the GPI-anchor cleaving enzyme was 

detected by the incorporation of radiolabelled moieties into the surface coat of 

trypanosoma brucii prior to extraction of the coat protein; the variant surface 

glycoprotein (VSG), and its use as a substrate (Ferguson MAJ and Williams 

1988; Cross GAM 1990; Huang K-S et al 1990). In these procedures which
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were tedious, lengthy and carried the disadvantage of the use of radioactive 

reagents, the lipid by-product i.e., DAG or phosphatidic acid was measured. 

The use of aqueous polymer phase systems allowed an easy distinction 

between the two types of phospholipase activities and a rapid, safe and simple 

procedure for analysing the type of enzyme activity operating in vivo .

The question whether PIPLD directly controls the level of GPI-linked 

molecules circulating in the plasma is difficult to answer. In the clinical 

studies described in chapter 7, no significant correlation could be 

demonstrated between ALP and PIPLD activity. Even in sera taken from the 

elderly population or in patients with chronic liver disease such as cirrhosis 

caused by chronic viral hepatitis and hepatocellular carcinoma, where PIPLD 

levels were shown to be very low, the total serum ALP activity was not 

limited. The explanation for this probably lies in the underlying mechanisms 

controlling the release of GPI-anchored ALP. Although the incubation of bile 

with serum resulted in a conversion of the high molecular mass isoform of 

ALP in bile to a lower molecular mass form, in the experiments in which 

SAOS-2 cells or placental membrane fractions were incubated with human 

serum (chapter 5) suggest that at least two components are involved in the 

mechanisms controlling the release of ALP from the membrane surface. In the 

supernatants of these serum incubations the low molecular mass isoform was 

never found in isolation, both high and low molecular mass isoforms appeared 

together in the incubation supernatant, indicating that the released high 

molecular mass isoform acts as a substrate for PIPLD. Therefore the first 

component of the release mechanism involves secretion of the molecule with 

its GPI-anchor intact, while the second cleaves the anchor from the released 

molecule, perhaps as a prelude to its removal from the circulation (This model 

explains why mainly low molecular mass ALP is found in normal serum). The 

finding that the appearance in the incubation medium of the low molecular
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mass isoform but not the high molecular mass form can be prevented by 

inhibiting PIPLD with 1,10-phenanthroline in those incubations containing 

serum and SAOS-2 cells or human placental membrane fractions (chapter 5) 

adds further to the evidence that a two stage process is involved in the 

mechanism of release. The lack of correlation between PIPLD activity and 

total ALP levels (chapter 7) indicates that the first component of the release 

mechanism is the rate-limiting step which therefore controls the final 

concentration of circulating ALP.

A generalised scheme by which ALP is released from hepatocytes is 

illustrated in fig 8.1. B-ALP is found mainly at the canilicular surface of the 

hepatocyte, ALP is passed into the bile fluid due to normal membrane 

turnover (Fig 8.1) with its membrane anchoring domain intact. B-ALP in bile 

then aggregates to form large molecular mass complexes, other hydrophobic 

moieties from the bile fluid may be included in these complexes. The 

experiments described in chapter 4 indicated that B-ALP complexes must be 

in excess of 30nm in diameter because this is the minimum size required 

before interactions with the polymer interfaces in aqueous polymer phase 

systems can occur (Tilcock C et al 1989). and as shown in chapter 4 B-ALP 

partitioned predominantly to the interface. (The contrasting case is illustrated 

by smaller complexes formed by purified anchor-containing P-ALP extracted 

from placental membrane fraction and suspended in buffer, which were not 

equally able to interact with the polymer interfaces as their sizes extended 

below the critical size required for surface interactions to occur). ALP 

therefore passes into the gut as macromolecular complexes. A small amount 

of ALP may be released into the circulation either directly from the sinusoidal 

side of the hepatocyte or less likely by regurgitation from the bile fluid 

(because the plasma and bile compartments are kept separated by tight 

junctions between hepatocytes). The GPI-anchor is then cleaved by circulating
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Fig 8.1

Proposed in vivo mechanism for the release of ALP from hepatocytes. 

Circulating PIPLD can cleave the phosphoinositol bond. This may occur directly 

or following release of the molecule with its GPI-anchor intact from the siusoidal 

side of the cell. Normal membrane turnover results in a low baseline plasma level 

of ALP which is predominantly the anchor-free isoform. Detergent action of the 

bile fluid probably mediated by the bile acids results in ALP being released with 

its GPI-anchor intact from the canalicular membrane surface. No PIPLD is present 

in bile leading to an absence of GPI-anchor free forms and the presence of high 

molecular mass isoforms which form by hydrophobic interactions between their 

lipid tails. Little or no spillover occurs from the bile into the plasma as these two 

compartments are kept isolated by tight junctions between the cells. The low 

amount of high molecular mass isoforms in the circulation are removed by the 

reticuloendothelial system (RES) following the removal of phosphatidic acid from 

their GPI-anchors by PIPLD.

FA; fatty acyl groups, G; glycerol, P; phosphate. I; inositol, GN; glucosamine, M; 

mannose; E; ethanol amine, ALP; enzyme protein.
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PIPLD and the hydrophilic product is removed from the circulation, in the 

case of ALP probably predominantly by the reticuloendothelial system.

In cholestasis (fig 8.2), the concentration of the bile acids is increased, this 

has several effects there is an increased synthesis of ALP for reasons 

described above leading to raised intracellular levels of ALP followed by a 

redistribution of ALP to the sinusoidal surface of the hepatocyte. The 

detergent action of the bile is also enhanced, leading to increased 

solubilisation of membrane bound ALP from the canalicular surface, the level 

of ALP in the bile fluid therefore rises. In addition the tight junctions between 

the cells become more permeable, this leads to regurgitation of B-ALP from 

the bile into the plasma. As a consequence of biliary regurgitation, the bile 

acid content of the plasma is also increased leading to an enhanced detergent 

effect on the sinusoidal surface of the hepatocyte. The level of high molecular 

weight ALP in the plasma therefore rises and is added to by a rising number of 

koinozymes as liver damage progresses. Circulating PIPLD then cleaves the 

GPI-anchors of these isoforms to produce the hydrophilic form, (fig 8.2).

The inability of PIPLD to cleave membrane bound ALP directly may be 

explained by the clustering of molecules on the cell surface or their 

sequestration into membrane invaginations, so called caveolae (Hooper NM, 

1992), the resulting steric hindrance preventing access of PIPLD to the GPI- 

anchors. However it is possible that direct action of PIPLD on membrane 

bound GPI-anchored molecules may occur in vivo, thus PIPLD in plasma may 

need converting to an activated form and/or requires the cleavage site on the 

substrate to be activated or exposed before it can act. Because of the wide 

range of important molecules linked to the cell surface by GPI-anchors, it 

follows that uncontrolled release from the membrane surface would lead to 

obvious undesirable consequences. Interestingly support for the view that
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Fig 8.2

Proposed in vivo mechanisms for the release and the distribution of ALP 

isoforms in biliary cholestasis.

Stagnation of bile during cholestasis results in an increased release of ALP due to 

detergent mediated action on the canalicular membrane of the hepatocyte, leading to a 

high concentration of high molecular mass isoforms in the bile fluid. Regurgitation 

through leaky tight junctions results in overspill of this isoform into the plasma. The 

raised circulating bile acids also give rise to increased detergent mediated release of 

ALP from the siusoidal membrane surface, these molecules add to the high molecular 

mass pool in the plasma. PIPLD converts this isoform into the low molecular mass 

form. The total plasma level of ALP is therefore high in cholestasis but the ratio of 

high to low molecular mass forms depends upon the severity of the cholestasis. The 

aggregated ALP which remains in the bile is eventually passes into the bowel with the 

bile fluid. Circulating anchor-free ALP is removed by the RET. Unlike some other 

GPI-linked molecules ALP levels continue to rise as cholestasis advances due largely 

to increased synthesis probably also mediated by the raised bile acid levels.

FA; fatty acyl groups, G; glycerol, P; phosphate. I; inositol, GN; glucosamine, M; 

mannose; E; ethanolamine, ALP; enzyme protein.
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PIPLD cannot act directly on membrane bound GPI-anchored molecules but 

may need activation to elicit this action came from studies which showed that 

PIPLD did not release ALP from intact HeLa cells but did so following cell 

lysis with detergent (Huang K-S et al 1990; Low MG 1989). The studies 

described in chapter 5 showed that ALP may be released from SAOS-2 cells 

without lysis indicating that the release mechanisms may be cell-type 

dependant. It is possible that factors which may activate PIPLD are accessible 

on the cell surface of particular cell types or that the topography of GPI-linked 

molecules on particular cells is such as to allow access of PIPLD to the 

cleavage site. In a study in which Scallon et al 1991, determined the primary 

structure and functional activity of a PIPLD, they transfected COS cells with a 

gene encoding placental ALP and/or PIPLD (pBJ1682). When COS cells were 

transfected with PALP cDNA alone, PALP was detected mainly in the cell 

lysate, however transfection with both PALP and pBJ1682 gave much higher 

concentrations in the medium compared to PALP transfection alone. In 

addition dual transfection produced higher levels in both cell lysates and 

medium, indicating that in the presence of intracellular PIPLD, PALP was 

continuously produced and secreted. Interestingly the PIPLD secreted into the 

medium was incapable of cleaving PALP from the surface COS cells, in 

agreement with the experiments described in chapter 5.

The diacylglycerol and phosphatidic acid moieties released following 

PIPLC and PIPLD activity respectively are known to be biologically active 

molecules able to act as a second messengers in cells. It is possible that 

endogenous PIPLD activity may be involved in the generation of intracellular 

signalling mechanisms following cleavage of membrane associated GPI- 

anchored molecules, however to date no such activity has been proven. That 

GPI-anchors are involved in cellular functions which are mediated by 

signalling mechanisms such as cell proliferation and lymphokine production
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has been demonstrated, for example in T-lymphocytes, human monocytes and 

thymic epithelial cells following treatment with antibodies specific for 

particular GPI-linked structures such as the Thy-1 antigen, LFA-3 and CD24, 

responses included transient increases in cytoplasmic [Câ "*"] concentration 

(Robinson PJ 1991). The involvement of PIPLD in mediating GPl-anchor 

function in cell signalling remain speculative.

In conclusion in this thesis experiments have been described in which the 

activity of PIPLD and its probable physiological and pathophysiological role 

were investigated.

The precise physiological function of PIPLD is under further study but it 

now seems likely that it plays an important role in the physiological 

mechanisms associated with GPI-anchored molecules.

Novel methods have been developed for investigating GPI-linked 

molecules and these have been applied in supporting and constructing a 

standard assay for PIPLD activity.

The underlying mechanisms resulting in the formation of different isoforms 

of ALP has been investigated and these findings have implications for all GPI- 

anchor containing molecules.

The pathophysiology of PIPLD activity was studied, its range of activity 

was measured in the normal population and in disease conditions, the latter 

included chronic and acute conditions. It was shown to correlate significantly 

and negatively with age.
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Evidence was provided which shows that the liver is the likely site of 

PIPLD synthesis and that this enzyme activity may be of use as an additional 

marker of liver synthetic reserve.

The clinical studies also show that in acute conditions PIPLD behaves like 

an acute phase reactant.

Further studies into the biological role of PIPLD and its activity in health 

and disease are continuing.
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Summary

A reproducible substrate for the assay of phosphatidylinositol-specific phospholi
pase D (PIPLD) can be prepared by extracting alkaline phosphatase from placental 
tissue with «-butanol under alkaline conditions. The alkaline phosphatase thus 
prepared retains its hydrophobic glycan phosphatidylinositol (GPI) anchor and 
aggregates into high forms. Incubation with serum hydrolyses the phosphate 
inositol linkage by PIPLD action, producing a less lipophilic, non-aggregated 
isoform of alkaline phosphatase. Three methods of measuring the amount of this 
isoform produced after a timed incubation with serum are described and compared: 
two types of phase partitioning systems, and electrophoresis and densitometry of the 
products after gradient-pore electrophoresis. All give comparable and reproducible 
measurements of PIPLD; however, the electrophoretic method is preferred for 
routine analysis.

Introduction

A large number of proteins are now known to be attached to the outer surfaces 
of cells by a glycan phosphatidylinositol (GPI) linkage. The diverse proteins 
anchored in this way include decay accelerating factor (DAF), neural cell adhesion
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molecule (N-CAM), acetylcholinesterase and other enzymes including alkaline phos
phatase (EC 3.1.3.1; ALP) [1-8]. Measurement of the activity of ALP in serum is 
of great diagnostic importance in hepatobiliary and bone diseases, in which it 
primarily reflects the activity of the hepatocytes and osteoblasts, respectively, from 
which the enzyme originates. However, the existence of the specific attachment of 
ALP to cells raises questions as to whether the process of cleavage of the anchor and 
release of ALP into the plasma might itself influence the levels of activity reached 
and thus affect the clinical interpretation o f ALP measurements. Furthermore, ALP 
can exist in several isoforms in plasma, particularly in hepatobiliary disease. Differ
ential cleavage of the GPI linkage may explain the nature and appearance of these 
isoforms, and their possible significance in diagnosis [9].

The GPI linkage may be cleaved by a phosphatidylinositol-specific phospholipase 
C (PIPLC) present in cells, or by a phosphatidylinositol-specific phospholipase D 
(PIPLD) that has been shown to be present in the plasma of various species [10-13]. 
The source and function of the circulating PIPLD have not yet been established. The 
identification of the reaction products o f the phospholipases and the measurement 
of phospholipase activity present several analytical challenges. Firstly, a reproduci
ble substrate preparation is needed that contains a GPI-linked protein on which the 
phospholipase to be measured can act. Secondly, methods are needed by which the 
products of phospholipase action can be measured; products which, in the case of 
PIPLC and PIPLD, differ only as the result of the cleavage of the phosphate-glycerol 
bond by PIPLC, rather than the phosphate-inositol bond hydrolysed by PIPLD.

We now describe a method for the measurement of PIPLD activity in serum in 
which the substrate is a GPI-containing preparation of human placental alkaline 
phosphatase. Detection and measurement of GPI-deficient ALP molecules produced 
from this substrate by the action o f PIPLD in serum can be achieved by exploiting 
either the resulting change in molecular size of the placental ALP or its altered 
hydrophobicity.

Materials and Methods

Preparation o f substrate
Human placental ALP (P-ALP) with its GPI anchor attached was obtained by 

homogenizing fresh placenta, and recovering the membrane fraction by ultracen
trifugation. The membrane fraction was extracted with «-butanol under alkaline (pH 
8.4) conditions [9]. This preparation was used as the substrate for PIPLD assay. 
Anchor-free P-ALP was obtained by extraction under acid (pH 5.2) conditions [9] 
and was used to verify the identity of the product of PIPLD action.

Assay o f phospholipase D activity in serum
In principle, the serum sample is incubated at 37°C with the anchor-containing 

P-ALP substrate. The degree o f conversion o f the lipophilic, high substrate to 
hydrophilic, lower product is taken as a measure of the PIPLD activity of the 
serum sample.

As a result of the experiments described below, the following conditions were 
chosen for the routine analysis of sera. P-ALP substrate (20 pi, containing about 800
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U P-ALP) and 20 fd serum are incubated in 100 1̂ Tris buffer, 0.1 mol/1, pH 7.5, 
at 37®C for 60 min. Detergent (1% v/v Nonidet P40) is added to the reaction mixture. 
After incubation, the mixture is cooled to 0°C then separated on gradient-pore poly
acrylamide gel electrophoresis in Tris-borate buffer. The distribution o f ALP activity 
between the separated zones of P-ALP substrate and product is determined by den
sitometry.

Identification and measurement o f the products o f PIPLD activity 
Two principles were compared, based respectively on the difference in molecular 

size between the substrate and product, and on their different degrees of hydro
phobicity. Thus, the proportion of the aggregated, high substrate converted into 
the low Mr product was measured by densitometry of the respective P-ALP zones 
located after electrophoretic migration into gradient-pore polyacrylamide gel. Alter
natively, hydrophobic substrate and hydrophilic product were partitioned in Triton 
X-114 [9,14,15] or aqueous-polymer [16-21] two-phase systems. In each case the 
amount of product was corrected for the relatively low endogenous, hydrophilic, low 
Mr alkaline phosphatase activity of the serum sample.

Gradient gel electrophoresis 
Twenty microliters of each sample, comprising, respectively, substrate (anchor- 

containing P-ALP), anchor-free P-ALP extracted at pH 5.2, and the mixture of sub
strate P-ALP and serum following incubation, were separated electrophoretically on 
a 3-30% (w/v) polyacrylamide concave-gradient microgel in a Micrograd System 
(Flowgen Instruments, Sittingboume, UK) for 20 min at 200 V in Tris, 0.09 mol/1, 
borate 0.08 mol/1 buffer (pH 8.4), cooled to 5®C. The gel was then stained for ALP 
activity by immersion in a solution of 50 mg sodium a-naphthyl phosphate and 
70 mg Fast Blue BB salt (diazotized 4 ' -amino-2 ' -5 ' -diethoxybenzanilide) in 
Tris/borate buffer (pH 8.4) for 1 h and was then washed in deionized water. Quanti
tation was carried out on a Gelman Sciences ACD 2020 densitometer.

Triton X-114 partitioning 
Substrate and product were partitioned in the Triton X-114 system described by 

Bordier [14] and Malik and Low [15], with some modification. A solution o f 400 
/il 1.25% Triton X-114 in Tris-HCl, 0.1 mol/1, pH 8.4, was added to 300 /il of the 
test sample in a microfuge tube. The tube was incubated on ice for 10 min and then 
at 37°C for 15 min with continuous mixing. An aliquot (100 /il) of the mixture was 
immediately removed for measurement of total ALP activity. The tubes were then 
centrifuged at 12,000 x  g for 3 min to separate the phases. An aliquot (100 /il) of 
the top phase was removed for measurement of ALP activity and the remainder was 
discarded. The remaining Triton X-114-rich bottom phase was washed free of resid
ual buffer by carefully adding 500 /il of buffer. The buffer was then removed and 
discarded. The bottom phase (total vol. ~  40 /il) was dissolved with 300 /il of buffer 
and mixed thoroughly in preparation for measurement of ALP activity.

Partitioning in aqueous polymer systems 
Phase systems were prepared by mixing together 30% (w/w) stock solutions of the
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hydrophilic polymers, PEG 6000 and Dextran T500, dissolved in buffer containing
0.15 mol/1 NaCl and 0.01 mol/1 sodium phosphate, pH 6.8, and appropriate quan
tities of the same buffer. The phases were separated by centrifugation and working 
phase systems were made up by mixing together equal volumes (0.40 ml each) of top 
and bottom phases.

Phase system composition is referred to in an abbreviated form in which D = % 
(w/w) Dextran and P = % (w/w) PEG, e.g. the 5D/5.5P phase system found to be 
optimal in this work contains 5% Dextran and 5.5% PEG. In some phase systems 
the top phase was made more hydrophobic by a small addition of the PEG-bound 
ligand PEG-palmitate. PEG-palmitate was synthesized by the method described by 
Shanbagh et al. [22] and was added from a 10%-stock solution in 0.15 mol/1 NaCl 
and 0.01 mol/1 sodium phosphate buffer (pH 6.8) to give a final concentration of
0.1% in each phase system.

To determine partition, samples containing substrate and/or product were added 
to each working phase system directly before mixing. When the incubation mixtures 
were analysed by phase partitioning the substrate concentration was raised to 2,400 
U P-ALP to compensate for the additional dilution. In addition, deoxycholate (1% 
w/v) was substituted for Nonidet P40 since the latter detergent was found to interfere 
with partitioning. Phase systems were thoroughly mixed for I min and an aliquot 
(20 /il) was removed immediately for determination of total P-ALP activity. The 
phases were then centrifuged at 5,000 x g- for 5 min at 20°C in a temperature- 
controlled centrifuge. Samples of top and bottom phases (20 /tl) were then removed 
for measurement of P-ALP activity. Activity collecting at the interface was 
calculated by difference.

500 kDa

200 kDa 

150 kDa

Fig. 1. Electrophoresis on a 3-30% concave gradient polyacrylamide gel of GPI-anchor containing (lane 
1) and GPI-anchor free (lane 4) placental alkaline phosphatase following extraction with butanol under 
alkaline (pH 8.4) and acid (pH 5.2) conditions, respectively. Lanes 2 and 3 show the effect of adding the 
detergent Nonidet P40 (1%) and deoxycholate (1%), respectively to the mixtures with anchor-containing 
placental alkaline phosphatase. The effect o f these detergents on anchor-free placental alkaline phospha

tase is shown in lanes 5 (Nonidet P40, 1%) and 6 (deoxycholate, 1%).
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Measurement o f ALP activity
The Scandinavian recommended method [23] was used. Briefly, 20 1̂ of each sam

ple was added to 1 ml of diethanolamine buffer (DEA) containing 1.01 mol/1 DEA 
and 0.505 mmol/1 MgCl2. Following equilibration at 37°C, 100 fil of 0.11 mol/l 
paranitrophenylphosphate substrate solution was added. The reaction rate was 
determined by continuous measurement o f paranitrophenol released at 405 nm.

Results

The two isoforms of P-ALP extracted from human placental membrane by 
butanol at pH 8.4 and pH 5.2, which differ from each other by the presence or ab
sence of phosphatidic acid, respectively, were widely separated by electrophoresis on 
polyacrylamide gradient-pore gels (Fig. 1). The structural integrity and conforma
tions of these isoforms were maintained by excluding detergents from the gels and 
buffers during electrophoresis. The isoforms appeared on the gel as bands cor
responding to Mr about 170,000 (anchor-free isoform; extracted at pH 5.2) and 
480,000-500,000 (anchor-containing isoforms; extracted at pH 8.4).

100

■  TOP PHASE 

□  BOTTOM PHASE

Anchor-containing
ALP

Anchor-free
ALP

Fig. 2. Distribution of GPI anchor-containing placental alkaline phosphatase (extracted with butanol at 
pH 8.4) and anchor-free placental alkaline phosphatase (extracted with butanol at pH 5.2) after partition 

in the Triton X-114 phase system. Each bar represents the mean ±  S.D. of 3 separate partitions.
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Fig. 3. Distribution of GPI anchor-containing placental alkaline phosphatase (extracted with butanol at 
pH 8.4) and anchor-free placental alkaline phosphatase (extracted with butanol at pH 5.2) after partition 
in 5D/5.5P aqueous polymer phase systems containing PEG-palmitate (0.1%). Each bar represents the 

mean ±  S.D. of 3 separate partitions.

500 kDa

200 kDa 

150 kDa

Fig. 4. Electrophoresis on a 3-30% concave gradient polyacrylamide gel showing the conversion of high 
A/r anchor-containing placental alkaline phosphatase (lane 1) to the low anchor-free isoform (lane 2) 
following incubation with human serum at 37°C for 1 h. Lane 3 shows the absence of conversion follow

ing incubation at 0°C for 1 h and lane 4 shows serum alone.
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The high molecular mass fraction of P-ALP probably consists of aggregates of 
anchor containing molecules associated with each other through interaction of their 
hydrophobic tails. The addition of detergent to the incubation medium (Nonidet 
P40,1%, or deoxycholate, 1%) increased the rate o f conversion of the substrate from 
20% to 66.5% and 60%, respectively. Furthermore, the addition of detergent to the 
high molecular mass fraction prior to electrophoresis reduced the range of its molec
ular mass to about 220,000-400,000, an observation consistent with the existence of 
complexes held together by hydrophobic interactions which are disrupted by deter
gent action. In addition to showing greater penetration into the gel, the band cor
responding to the high molecular mass fraction was more discrete when detergent 
was present (Fig. 1). This improved resolution allowed more precise quantitation of 
the substrate and product isoforms by densitometry, and this addition was subse
quently incorporated into the assay procedure.

Partitioning in the two-phase systems provided independent verification of the 
separation of the ALP isoforms observed on gradient-pore electrophoresis. Parti
tioning in the Triton X-114 phase systems resulted in a high bottom-phase accumula-

O 40-

TOP PHASE

□  BOTTOM PHASE

0 "C 37 "C

SERUM INCUBATION (°C)

Fig. 5. Distribution o f placental alkaline phosphatase in the Triton X-114 phase system following incuba
tion of the anchor-containing isoform with serum at 0°C and 37°C. Each bar represents the mean ±  S.D.

of three separate partitions.
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tion of anchor-containing molecules, whereas anchor-free molecules collected 
mainly in the top phase (Fig. 2). In aqueous polymer phase systems containing PEG 
and Dextran, and those to which the hydrophobic ligand PEG-palmitate was added 
(0.1%), anchor-containing molecules collected predominantly in the top phase and 
anchor-free molecules in the bottom phase (Fig. 3). The isoforms present in each 
phase were shown to correspond to high or low fractions by gradient-pore gel 
electrophoresis.

The activity of PIPLD present in serum was studied using these three methods of 
measuring the extent of hydrolysis of the P-ALP substrate. After incubation of 
anchor-containing P-ALP with human serum, aliquots of the mixture were subjected 
to gradient-pore gel electrophoresis and to phase partitioning in Triton X-114 and 
aqueous polymer phase systems.

Gel electrophoresis showed that incubation of anchor containing P-ALP with 
human serum at 37°C resulted in a substantial conversion of the high molecular mass 
isoform into the low molecular mass form (Fig. 4). That this activity is enzymatic 
was indicated by the lack of conversion when the incubation was carried out at 0®C

1001
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2 0 -
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S e r u m  In cu b a t io n  (°C)
Fig. 6. Distribution of placental alkaline phosphatase in 5D/5.5P aqueous polymer phase systems contain
ing PEG palmitate (0.1%) following incubation o f the anchor-containing isoform with serum at 0“C and 

37°C. Each bar represents the mean ±  S.D. of three separate partitions.
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(Fig. 4, lane 3). Densitometric measurements indicated that, at 37°C, 62% of the P- 
ALP substrate activity was converted to the anchor-free form, whereas, at 0°C, 92% 
remained in the anchor-containing form.

Separation of the isoforms was also observed when the incubation mixtures were 
partitioned in Triton X-114 and aqueous polymer phase systems (Figs. 5 and 6, 
respectively). In the Triton X-114 phase system, 66% ±  0.58 S.D. (n = 3) of the ALP 
activity of the mixture incubated at 0°C was recovered in the hydrophobic bottom 
phase and was found to be anchor-containing by gel electrophoresis, whereas after 
incubation at 37°C, only 28% ±  0.8 S.D. (n = 3) was measured in the bottom phase.

With the aqueous polymer phase system, the fraction of P-ALP activity present 
in the more hydrophobic top phase fell from 92% ±  4.7 S.D. to 54% ±  0.2 S.D. 
(rt = 3) following incubation at 0°C and 37°C, respectively. A small amount o f the 
activity in the top phase was attributable to the anchor-free population when a 
sample of the top phase was examined by gel electrophoresis.

The lower recovery of anchor-containing P-ALP in the hydrophobic phase of the 
Triton X-114 system compared with the corresponding recovery in the hydrophobic
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Fig. 7. Conversion o f the hydrophobic, high placental alkaline phosphatase to the hydrophilic, low 
Mr anchor-free isoform following incubation with human serum at 37°C for different periods of time. 
The high and low M f isoforms were separated by gradient gel electrophoresis and quantitation was car

ried out by densitometry. Each point represents the mean o f two separate experiments.
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phase of the aqueous polymer system, was found to be due to the effect of serum 
in the former system. The addition of serum to the Triton X-114 system reduced the 
hydrophobicity of the substrate (compare Figs. 2 and 5). The P-ALP activity 
recovered in the hydrophobic phase was reduced from 94.6% ±  3.3 S.D. in = 3) in 
the serum-free incubate to 66.6% ±  0.58 S.D. (n = 3) in the mixture containing 
serum and incubated at 0°C. This interference was not observed in the aqueous poly
mer phase system, where partition into the hydrophobic top phase was similar for 
the serum-free incubate and for the mixture containing serum and incubated at 0°C 
(compare Figs. 3 and 6).

The degree of conversion of the P-ALP substrate when incubated with serum at 
37°C increased linearly with time between 20 and 90 min (Fig. 7), after which a 
plateau was reached at about 65% conversion. P-ALP conversion was progressively 
reduced with serum dilution but activity was measurable even at a 70-fold dilution 
(Fig. 8). The conversion was linearly inhibited by the specific inhibitor o f PIPLD, 
1,10-phenanthroline [10]. Conversion was reduced from 60% ±  0.5 S.D. (n = 3) to 
30% ±  0.8 S.D. in = 3) by the addition of 1.0 mmol/1 inhibitor (Fig. 9). Figure 10
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Fig. 8. Effect of serum dilution on the conversion o f the hydrophobic, high placental alkaline phos
phatase to the hydrophilic, low isoform following incubation with human serum at 37°C for 1 h. The 
high and low isoforms were separated by gradient gel electrophoresis and quantitation was carried 

out by densitometry. Each point represents the mean of two separate experiments.
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Fig. 9. Inhibition by 1,10 phenanthroline of the conversion of the hydrophobic, high placental alka
line phosphatase to the hydrophilic, low isoform following incubation with human serum at 37°C for 
1 h. The high and low isoforms were separated by gradient gel electrophoresis and quantitation was 

carried out by densitometry. Each point represents the mean of two separate experiments.

shows the effect of increasing substrate concentration on anchor cleavage determin
ed at three different dilutions of a serum sample. Saturation of the phospholipase 
in serum was approached, but not reached, with the 4-fold diluted serum.

Figure 11 shows the effects o f different storage times and temperatures on PIPLD 
activity in serum. The activity is preserved at -20°C, even when measured after 90 
days of storage. Short-term storage at room temperature (24 h) or at 4°C (48 h) does 
not affect the enzyme activity, whereas long-term storage at room temperature and 
4°C markedly reduces PIPLD activity. The between-run reproducibility of the 
chosen method of assay of PIPLD activity was 9% CV, at a mean percentage conver
sion of 44.9% (n = 12). Within-run repeatability was 6% CV at a mean percentage 
conversion of 41.4% {n =12).

Discussion

The method described here for the measurement of PIPLD activity in serum 
depends on the difference in physical properties between the substrate and products
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Fig. 10. The conversion of the hydrophobic, high alkaline phosphatase to the hydrophilic, low 
isoform as a function of substrate concentration following incubation at 37"C for 1 h with undiluted 
serum ( • )  and with serum diluted x  2 (■) and x 4  (A). P-ALP converted is expressed as activity in lU/I 

for the cleaved fraction. Each point represents the mean of two separate experiments.

accompanying hydrolysis, rather than on measurement of either product by chemical 
means. The different physical measurement principles, size-dependent separation by 
gradient-pore electrophoresis or hydrophobicity-dependent partitioning in two dif
ferent phase systems, give corresponding results. Of the two partitioning approaches, 
that involving the aqueous solutions o f PEG and Dextran (with added PEG- 
palmitate) is less susceptible to the effects on partitioning of the serum sample than 
the Triton X-114 system. Furthermore, comparison of the distribution o f the ALP 
activity in the PEG-Dextran phase system confirms that the phospholipase activity 
in serum does indeed have PIPLD specificity, rather than PIPLC specificity, since 
it resembles the distribution found in previous studies on partitioning in this system 
following hydrolysis by bacterial PIPLD, and not that resulting from the action of 
PIPLC [24], For routine analysis, the rapidity and convenience o f electrophoretic 
separation of the products of hydrolysis by PIPLD makes it the method of choice.

The accelerating effect of detergents on the action of PIPLD on the substrate 
suggests that the enzyme acts less readily on GPI-anchored molecules that are
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Fig. 11. Conversion o f the hydrophobic, high placental alkaline phosphatase to the hydrophilic, low 
Mf isoform following incubation for 1 h at 37°C with sera stored for different times at -20°C ( • ) ,  4°C 
( □) or 20®C (A). The high and low isoforms were separated by gradient gel electrophoresis and 
quantitation was carried out by densitometry. The activity of ALP stored at -20°C  remained stable when 

measured after 120 days. Each point represents the mean ±  S.D. of three separate experiments.

aggregated by hydrophobic interactions to form complex structures resembling 
micelles. The lower reactivity may be the result of steric hindrance. This observation 
may also be relevant to the action of PIPLD in plasma in viVo. Earlier work on the 
solubilization of ALP from SAOS-2 cells by serum indicated that lower M ,̂ 
hydrophilic ALP did not increase without the release also of high M ,̂ lipophilic 
ALP [9], implying that PIPLD cannot act directly on ALP in situ in cell membranes. 
A similar conclusion has been reached by Huang et al. [11]. The apparently high 
plasma activity of PIPLD, if capable of acting directly on cell-bound molecules, 
would in any case be difficult to reconcile with an extended functional life of en
zymes and receptors anchored to the outer surfaces of cells by GPI linkages. If, how
ever, such molecules must first be shed into the circulation before being hydrolysed 
by PIPLD, the latter could act as a stage in their removal from the plasma.

Studies on the levels of PIPLD activity in plasma in health and disease are conti
nuing and may provide some indications of the origin and physiological role of the 
enzyme.
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1. We report the first demonstration of the patho
physiological importance and clinical applications of 
the relatively recently discovered circulating enzyme, 
phosphoinositol-specific phospholipase D. This enzyme 
is known to cleave the large variety of important cell- 
surface molecules linked to the cell membrane by 
glycan-phosphatidylinositol linkages (glycan- 
phosphatidylinositol anchors).
2. When measured in the sera of healthy individuals, 
phosphoinositol-specific phospholipase D activity was 
found to show a strong negative correlation with age, 
the degree of depreciation being greater than that 
measured for most other analytes.
3. (Serum phosphoinositol-specific phospholipase D  
activity was considerably depressed in patients 
presenting with conditions leading to reduced liver 
synthetic reserve, such as hepatocellular carcinoma or 
liver cirrhosis caused by chronic viral hepatitis, and 
correlated with reduced albumin levels in these con
ditions, indicating that the liver is the site of 
phosphoinositol-specific phospholipase D synthesis 
and that phosphoinositol-specific phospholipase D  
may be used as an additional marker of liver syn
thetic reserve.
4. When measured in patients with acute liver dis
ease, such as acute viral hepatitis, or in patients with 
bronchopneumonia, phosphoinositol-specific phospho
lipase D activity was found to be significantly raised, 
demonstrating features characteristic of an acute- 
phase reactant.
5. These findings indicate that, besides its patho
physiological importance, phosphoinositol-specific 
phospholipase D and the measurement of its activity 
in serum may have a useful place in the investigation 
of a range of clinical conditions, including tissue 
injury and inflammation.

INTRODUCTION
Phosphoinositol-specific phospholipase D  (PIPLD) 

is a relatively recently discovered circulating

enzyme [1], which has been shown to be present in 
the plasma of many mammals including man [1-5]. 
It has a molecular mass in the range 100-200 kDa 
[3, 4]. However, it is clearly heterogeneous with 
respect to size and can be present in the form of 
molecular aggregates [2, 5]. More recently, it has 
been purified from human plasma [4] and bovine 
serum [5]. The precise physiological role of this 
plasma protein and its origin are so far unknown; 
however, it seems likely that it plays a pivotal role 
in the metabolism of an important group of mole
cules which contain a unique moiety, a so-called 
glycan-phosphatidylinositol (GPI) anchor.

In excess of 1()0 molecules of diverse structure 
and function are now known to be attached to the 
cell surface by GPI at the C-terminus of the poly
peptide chain [6-18]. Members of this family 
include molecules as different as decay-accelerating 
factor, the Thy-1 antigen, the adhesion molecules 
LFA-3 and NCAM, the folate receptor, the variant 
surface glycoprotein of Trypanosoma brucei and the 
enzymes acetylcholinesterase, 5'-nucleotidase, treha- 
lase, aminopeptidase and alkaline phosphatase 
(ALP; EC 3.1.3.1) [6-18].

The GPI anchor consists of the following sub
units: a phosphoethanolamine bridge linking the C- 
terminal amino acid of the protein to a glycan, 
which contains a core of three mannose units and a 
glucosamine; the latter is linked to the inositol 
residue of a phosphatidyl lipid, the fatty acids of 
which dip into the outer half of the membrane 
bilayer, and thereby anchors the whole structure by 
hydrophobic interactions with the membrane lipids 
[13-16].

In addition to their role of anchoring molecules 
to cell sufaces, GPI anchors have been proposed to 
be involved in many other functions, including 
endocytosis [15], and the action of various 
hormones, including insulin, these being mediated 
through the action of phospholipases on GPI 
anchors [19].

PIPLD is able to hydrolyse the bond linking the

Key words: cirrhosis, hepatitis, hepatocellular carcinoma, inositol-specific phospholipase D, pneumonia.
Abbreviations: ALP alkaline, phosphatase; CRP, C-reactive protein; GPI, glycan phosphatidylinositol; PIPLD, phosphoinositol-specific phospholipase D. 
Correspondence: D r Frank D. Raymond, D epartm ent of Chemical Pathology, Royal Postgraduate Medical School, Du Cane Road, London W I2  ONN, U.K.
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terminal phosphate and inositol of GPI-containing 
proteins, producing phosphatidic acid as the non
protein product [1-5]. The diagnostic use of measure
ments of the levels of these released molecules in 
serum or plasma depends on the ability to relate the 
measured levels to physiological or pathological 
changes in the cells from which the specific molecule 
originates. For example, in the case of ALP, most 
clinically useful applications are interpreted as 
reflecting increased production of the enzyme in 
osteoblasts, or in hepatocytes in response to choles
tasis [20]. The existence of specific binding to cell 
membranes raised the possibility that the process of 
release may itself be modified in disease, or even 
become rate-limiting. Furthermore, the presence or 
absence of the GPI anchor in the released molecules, 
or its differential modification during or after release, 
may contribute to the generation of protein iso
forms [3], which may have diagnostic implications.

We have recently developed novel methods for 
the quantification of PIPLD activity and analysis of 
the products of its action [21-23].

METHODS
Subjects

Serum samples were obtained as part of the 
clinical biochemical investigation of patients with 
hepatobiliary and other diseases, or from apparently 
healthy subjects undergoing health screening; the 
latter were shown to be free of overt disease by 
clinical examination and conventional laboratory 
investigation. The following subjects were recruited 
into the study: (i) 63 healthy subjects, (ii) 29 patients 
with liver cirrhosis confirmed by histology and due 
to chronic viral hepatitis, with 12, nine and eight 
patients corresponding to stages A, B and C, re
spectively, of the Child-Turcotte classification [24] 
[this is based on serum bilirubin and albumin 
concentrations, the severity of ascites and 
encephalopathy and the nutritional status (each 
criterion is judged on a three-point scale)], (ii) 20 
patients with hepatocellular carcinoma and con
comitant cirrhosis, confirmed by histology, with 14 
and six patients corresponding to stages 1 and 2 of 
the Okuda classification [25] (based on serum albu
min and serum bilirubin concentrations above or 
below 30g/l and 30 mg/1, respectively, the presence 
or absence of ascites and tumour size smaller or 
greater than 50% of the complete liver area 
measured planimetrically using computed tomo
graphy scans); in addition, (iv) 11 patients with 
acute viral hepatitis and (v) 20 patients with 
bronchopneumonia were also included.

Informed consent was obtained from all subjects 
included in the study, and the study was approved 
by the local ethics committee.

M easurement of PIPLD activity
PIPLD activity was measured as described pre

viously [22]. Briefly, a substrate consisting of GPl- 
anchor-retaining molecules of ALP was prepared by 
extracting human placentae with aqueous n-butanol 
at alkaline pH. In contrast to the usual procedure 
carried out at acid pH, the whole protein-GPl 
complex is recovered under these conditions. 
Because of the presence of the hydrophobic 
membrane-anchoring domain, alkaline-extracted 
placental ALP molecules aggregate into high- 
molecular-mass complexes that migrate only a short 
distance into gradient-pore polyacrylamide gels on 
electrophoresis. When the substrate is incubated 
with a serum sample (20/̂ 1 containing about 800 
units of placental ALP substrate and 20/il of serum 
were incubated in 100 ml of 0.1 mol/1 Tris buffer, 
pH 7.5, for 60min at 37°C), hydrolysis of the GPI 
moiety by serum PIPLD destroys the ability of the 
placental ALP to aggregate. Hydrolysed substrate 
molecules then appear as more rapidly migrating 
zones of about 170 kDa on gel electrophoresis. The 
relative proportions of aggregated and non-aggre- 
gated placental ALP are determined by staining the 
gel to demonstrate the ALP activities of the 
hydrolysed and unhydrolysed zones and measuring 
their intensities by densitometry. A correction is 
applied to allow for the relatively low endogenous 
ALP activity of the serum sample. PIPLD activity is 
expressed as the percentage conversion of the high- 
molecular-mass (GPl-anchor-retaining) substrate 
into low-molecular-mass (GPl-anchor-depleted) pro
duct under the conditions of incubation.

Statistical analysis
A two-sample r-test was applied to compare 

control and experimental groups. The data were 
checked for normality. A ‘Statworks 1.2’ program 
was used on an Apple Macintosh computer. The 
95% confidence interval of the mean was claculated 
for each group of subjects in which PIPLD activity 
was measured.

RESULTS
Sera from healthy subjects showed a marked fall 

in PIPLD activity with age (corrlation coefficient 
r=-O .S , P <0.001). The total number of healthy 
subjects (n=63) included in the study were divided 
into three groups by age, so that an appropriate 
group could be used as an age-matched control in 
studies of patients. In the normal young group 
(mean age 33.2 years; range 24-42 years, n = 20) the 
mean activity of PIPLD was 54.5% and the 95% 
confidence interval of the mean was 51.5-57.5%. 
This fell to a mean level of 40.2% (95% confidence 
interval of the mean = 37.4-42.9%) in the normal 
middle-aged group (mean age 58 years; range 50-65 
years, n= 11) and further to 27.2% (95% confidence 
interval of the mean = 23.0-31.4%) in the elderly 
group (mean age 80.6 years; range 72-89 years, 
n = 32) (Fig. 1).
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Fig. I. PIPLD activity measured, as percentage conversion of 
high-molecular-mass placental ALP to lower-molecular-mass forms, 
in the sera of diseasofree (normal) subjects of different ages, 
divided into three separate age groups (A> normal young; # ,  
normal middle-aged; ■ ,  normal elderly). Each bar represents the 95% 
confidence interval of the mean.

No correlation was found between serum PIPLD  
activity and serum ALP activity.

In a group of 29 patients with liver cirrhosis 
caused by chronic viral hepatitis, activities of 
PIPLD in serum were significantly lower (mean 
activity =  16.9%, 95% confidence interval of the 
mean =  12.6-21.1%) compared with the appropriate 
age-matched control group (P <  0.001) (Fig. 2) 
Lowered activities of PIPLD in these patients were 
accompanied by the expected lowered levels of liver- 
derived serum cholinesterase and albumin. In addi
tion, levels of albumin and PIPLD were signifi
cantly correlated (P<0.03). In a further study, sera 
from 20 patients with primary hepatocellular carci
noma showed a similar reduction in the level of 
PIPLD activity to that seen in the cirrhotic group 
(mean =  17.6%, 95% confidence interval of the 
mean =  11.7-23.5%); levels were again significantly 
lower than that of the corresponding healthy 
control group (P<0.(X)1; Fig. 3). Again, lowered 
levels of serum albumin were found in this group of 
patients. Other markers (alanine and aspartate 
transaminase, y-glutamyltransferase and total ALP) 
were found to be raised above the upper limit of 
their respective normal ranges in both groups of 
patients (Figs. 2 and 3), showing changes indicative 
of liver damage and frequently seen in conditions 
associated with liver cirrhosis [26].

In contrast, in a group of 11 patients with acute 
viral hepatitis, the mean serum PIPLD activity was 
significantly raised (mean =  53.9%, 95% confidence 
interval of the mean=48.8-58.9%) above the mean 
of the age-matched control group (P <  0.001; Fig. 
4fl). In a further study, which included 20 elderly 
patients with pneumonia but without any evidence 
of liver involvement, serum PIPLD activity was 
again found to be raised significantly (mean =  40.6%,

5% confidence interval of the mean =  35.0-46.2%) 
above that of the age-matched control group 
(P<0.(X)1; Fig. 46). In addition, C-reactive protein 
(CRP) was also raised in all the patient samples 
examined in these two latter groups. However, there 
was no statistically significant correlation between 
PIPLD activity and CRP levels.

DISCUSSION
The strong negative correlation of PIPLD activity 

with age (Fig. 1) was surprising; although other 
plasma protein levels fall with age, few parallel the 
scale of decrease in PIPLD activity measured. 
Plasma albumin, transferrin and haemopexin, for 
example, show only slight decreases, whereas many 
others, including prealbumin, a ̂ -antitrypsin and 
caeruloplasmin, are reported to show no changes 
with age [27]. This makes the change in PIPLD 
activity with age all the more remarkable. It 
remains to be investigated whether the fall in 
PIPLD activity is related to reduced production of 
enzyme protein or to production of increasingly 
non-functional PIPLD or to reduced liver volume 
with age, or to a combination of these. It has 
recently been estimated that liver volume decreases 
by as much as 73% between the ages of 24 and 90 
years [28]. However, it seems unlikely that the 
reduction in liver volume with age is the sole 
explanation for the falling PIPLD levels measured; 
as already mentioned, the plasma levels of other 
liver-derived proteins remain relatively unaffected.

The lowered levels of PIPLD measured in the 
sera of patients with liver cirrhosis and primary 
hepatocellular carcinoma with concomitant cirrhosis 
suggest that, as for cholinesterase and albumin, the 
liver is a likely source of plasma PIPLD, with 
reduced synthesis occuring in advanced disease. This 
indicates that this relatively newly discovered circu
lating enzyme may be of use as an additional 
marker of liver synthetic reserve.

Interestingly, it has previously been shown that 
purified murine islets of Langerhans express PIPLD  
activity [29].

In contrast to the groups of patients with chronic 
liver disease, serum PIPLD activity and CRP levels 
were found to be raised in patients with acute viral 
hepatitis and bronchopneumonia (Fig. 3). This sug
gests that, in addition to being a putative new 
marker for hepatic synthetic reserve, PIPLD dis
plays properties in acute conditions resembling 
those of an acute-phase protein, its level being 
raised after disease-related tissue damage and 
inflammation. Although levels of both are raised, 
the lack of correlation between CRP and PIPLD  
levels indicates that different mechanisms control 
their increasing blood levels during the acute-phase 
response. (Different controlling mechanisms may 
also be involved in the release of GPI-linked mole
cules from the cell surface.) Although in à number 
of subjects, particularly the elderly, PIPLD activity
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in serum was found to be markedly reduced (Fig. 1), 
this does not seem to limit the levels reached by 
ALP in serum, since no correlation was observed 
between the two activities. An explanation for the 
lack of correlation might be that, in vivo, plasma 
PIPLD may not act directly to release ALP and 
other GPI-anchored, ectoproteins from cells or that 
it requires an activating mechanism to come into 
play before it can do so. Studies in vitro on the 
serum-mediated release of ALP from SAOS-2 cells 
[3] have demonstrated that PIPLD-hydrolysed 
ALP in the medium was always accompanied by 
GPI-retaining forms and that the isoform found in 
serum is usually GPI-anchor-free [22, 23]. This 
suggests that two components are involved in the 
mechanism of release, the first releases the molecule 
with its GPI-anchor intact, and the second cleaves

the GPI-anchor of the released molecule, perhaps as 
a prelude to its clearance from the circulation. The 
lack of correlation between PIPLD activity and 
total ALP levels indicates that the first component 
of the release mechanism is the rate-limiting step 
which therefore controls the final concentration of 
circulating ALP. The inability of PIPLD to cleave 
membrane-bound ALP directly may be explained by 
the clustering of molecules on the cell surface or 
their sequestration into membrane invaginations, so- 
called caveolae [15], the resulting steric hindrance 
preventing access of PIPLD to the GPI anchors. 
However, it is also possible that PIPLD acts dir
ectly on membrane-bound GPI-linked molecules in 
situ, but requires to be activated and/or requires the 
cleavage site on the substrate to be activated or 
exposed before it can act. Because a wide range of
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important molecules are linked to the membrane 
surface by GPI anchors, uncontrolled release would 
lead to obvious undesirable consequences.

Although the physiological role of PIPLD in 
plasma remains uncertain, a function in the meta
bolism of the widely distributed and biologically 
important GPI-linked ectoproteins is likely. Its 
counterpart in cells, inositol-specific phospholipase 
C, produces diacylglycerol as one reaction product, 
which functions as a second messenger in the trans
mission of some receptor-mediated signals. How
ever, there is as yet no evidence that the phos
phatidic acid produced extra- or peri-cellularly by 
the action of PIPLD has such a role. The age- and 
disease-related changes in serum PIPLD levels that 
are reported here are of potential pathophysio
logical importance, and studies continue into the 
function and mechanism of action of PIPLD, and in 
particular its use in assessing the extent and severity 
of several disease processes.

ACKNOWLEDGMENTS
The work performed at the University of Naples 

was supported by funds from the CNR Targeted 
Project ‘Prevention and Control of Disease Factors’ 
(FATMA), subproject ‘Alimentation’, and ‘Clinical 
Applications of Oncologic Research’ (ACRO), sub- 
project 4. F.D.R. was supported by a Special Health 
Authority Grant.

REFERENCES
I. Davitz MA, Hereld D, Shah S, Krakow J, Englund PT, Nussenzweig V. 

A glycan-phosphatidylinosltol-specific phospholipase D in human serum. 
Science (Washington DC) 1987; 238: 81-4.

2. Low MG, Prasad ARS. A phospholipase D specific for the phosphatidylinositol 
anchor of cell surface protiens is abundant in plasma. Proc Natl Acad Sci USA 
1988; 85: 9804 .

3. Raymond F, Datta H, Moss D. Alkaline phosphatase isoforms in bile and 
serum and their generation from cells in vitro. Biochim Biophys Acta 1991; 
1074: 217-22.

4. Davitz MA, Hom J, Schenkman S. Purification of a 
glycosyl-phosphatidylinositokpecific phospholipase D from human 
plasma, j Biol Chem 1989; 264:13760-4.

5. Huang K-S, Li S, Wen-jian CF, Hulmes JD, Reik K, Pan YC-E, Low MG. 
Purification and characterisation of glycosyl-phosphatidylinositol-specific 
phospholipase D .J Biol Chem 1990; 265: 17738-45.

6. Low MG, Zilversmit DB. Role of phosphatidylinositol in attachment of 
alkaline phosphatase to  membranes. Biochemistry 1990; 19:3913-18.

7. Low MG. Biochemistry of the glycosyl-phosphatidylinositol membrane protein 
anchors. Biochem J 1987; 244: 1-13.

8. Low MG, Saltiel AK. Structural and functional roles of 
glycosyl-phosphatidylinositol in membranes. Science (Washington DC) 1988; 
239; 268-75.

9. Low MG. The glycosyl-phosphatidylinositol anchor of membrane proteins. 
Biochim Biophys Acta 1989; 988:427-54.

10. Komoda I. Topics of recent progress for alkaline phosphatase isoenzymes. 
Kitasato Arch Exp Med 1988; 61; 21-8.

11. Hooper MM, Turner JA. Hydrolysis of the glycosyl-phosphatidylinositol 
anchors of renal microvillar peptides by a plasma phospholipase D. Biochem 
Soc Trans 1989; 17: 864-6.

12. Doellgast GJ, Spiegel J, Guenther RA, Fishman WH. Studies on human 
placental alkaline phosphatase. Purification by immunoabsorption and 
comparison of the ‘A’ and 'B' forms of the enzyme. Biochem Biophys Acta 
1977; 484: 59-78.

13. Ferguson MA|, Homans SW, Dwek RA, Rademacher TW.
Glycosyl-phosphatidyl moiety that anchors Trypanosoma brucei variant surface 
glycoprotein to  the membrane. Science (Washington DC) 1988; 239: 753-9.

14. Cross GAM. Glycolipid anchoring of plasma membrane proteins. Annu Rev 
Cell Biol 1990; 6: 1-39.

15. Hooper NM. More than just a membrane anchor. C urr Biol 1992; 2: 617-19.
16. Roberts WL, Santikarn S, Reinhold VN, Rosenberry TL. Structural 

characterisation of the glycoinositol phospholipid membrane anchor of human 
erythrocyte acetylcholinesterase by fast atom bombbardment mass 
spectrometry. I Biol Chem 1988; 263: 18776-84.

17. Ishihara A, Hou Y, Jacobson K. The Thy-I antigen exhibits rapid lateral 
diffusion in plasma membrane of rodent lymphoid cells and fibroblasts. Proc 
Natl Acad Sci USA 1987; 84: 1290-3.

18. Thomas j, Webb W, Davitz MA, Nussenzweig V. Decay accelerating factor 
diffuses rapidly on HeLa cell surfaces. Biophys J 1987; 51: 522.

19. Romero G. Inositolglycans and cellular signalling. Cell Biol Int Rep 1991; 15: 
827-52.

20. Moss DW. Perspectives in alkaline phosphatase research. Clin Chem 1992; 38- 
2486-91

21. Raymond FD, Moss DW, Fisher D. Phase partitioning detects differences 
between phospholipase-released forms of alkaline phosphatase—a GPMinked 
protein. Biochim Biophys Acta 1993; 1156; 117-22.

22. Raymond FD, Fortunato G, Moss DW. A method for the assay of 
phosphatidylinositol-specific phospholipase D activity in serum. Clin Chim 
Acta 1993; 215: 139-52.

23. Ryamond FD, Moss DW, Fisher D. Separation of alkaline phosphatase isoforms 
with and w ithout glycan-phosphatidylinositol anchors in aqueous polymer 
phase systems. Clin Chim Acta 1994 (In press).

24. Child CG, Turcotte J. Surgery and portal hypertension. In: Child CG, ed. The 
liver and portal hypertension. Philadelphia: WB Saunders, 1964.

25. Okuda K, Obata H, Nakajima Y. Ohtsuki T, Okasaki N, Ohnishi K. Progress 
of primary hepatocellular carcinoma. Hepatology 1984; 4 : 3-6s.

26. Podolsky DK, Isselbacher KJ. Cirrhosis of the liver. In: Wilson JD, Petersdorf 
RG, Martin JB, Fauci AS, Root RK, eds. Harisson's principles of internal 
medicine. 12th ed. New York: McGraw-Hill 1991: vol. 2, 1340-52.

27. Freeman H, Cox ML. Plasma proteins. In: Hodkinson M, ed. Clinical 
biochemistry of the  elderly. Edinburgh: Churchill Livingstone, 1984; 46-74.

28. James OFW. In: Brocklehurst JC, Tallis RC, Filit HM, eds. Textbook of 
geriatric medicine and gerontology. Edinburgh: Churchill Livingstone, 1992.

29. Metz CN, Yiying Z, Guo Y, Tsang TC, Kochan JP, Altszuler N. Davitz MA. 
Production of the glycosylphosphatidyl inositol specific phospholipase D by 
islets of Langerhans. J Biol Chem 1991; 266:1773-36.



Biochimica et Biophysica Acta, 1156 (1993) 117-122
© 1993 Elsevier Science Publishers B.V. All rights reserved 0304-4165/93/$06.00

117

BBAGEN 23724

P h a s e  p a r t i t i o n i n g  d e t e c t s  d i f f e r e n c e s  

b e t w e e n  p h o s p h o l i p a s e - r e l e a s e d  f o r m s  o f  a l k a l i n e  

p h o s p h a t a s e  -  a  G P I - l i n k e d  p r o t e i n

F.D. Raymond D.W. Moss “ and D. Fisher
" Department o f Chemical Pathology, Royal Postgraduate Medical School, London (UK) and   ̂Department o f  Biochemistry 

and Molecular Cell Pathology Laboratory^ Royal Free Hospital School o f  Medicine, London (UK)

(Received 5 February 1992)
(Revised manuscript received 1 June 1992)

Key words: Alkaline phosphatase; Glycan phosphatidylinositol-specific phospholipase D; Glycan phosphatidylinositol-specific
phospholipase C; Aqueous phase system; Partitioning

A number of enzymes are known to release alkaline phosphatase and other glycan phosphatidylinositol-anchored proteins from 
membrane surfaces. We describe a novel approach to detect and measure these activities by partitioning in aqueous phase 
systems. The procedures avoid the complications of micelle-formation involving hydrophobic molecules that may arise with 
detergent-based partition systems and can clearly distinguish between inositol-specific phospholipase C and D activities.

Introduction

In the past decade a unique structure by which 
various groups of protein molecules are anchored to 
the outer surface of the cell has been elucidated. These 
‘anchors’ belong to a class of molecules called glycan 
phosphatidylinositols (GPI anchors) [1-7]. Cell-surface 
molecules as diverse in structure and function as decay 
accelerating factor, the lymphocyte adhesion molecule 
LFA-3, the variant surface glycoprotein of Try
panosoma brucei and the enzymes 5 '-nucleotidase, 
acetylcholinesterase and alkaline phosphatase (ALP; 
EC 3.1.3.1) are all examples of GPI-linked molecules. 
The structure involves linkage of the protein via an 
oligosaccharide to phosphatidylinositol. GPI-linked 
molecules are anchored to the outer half of the mem
brane bilayer only. This arrangement allows a high 
degree of lateral mobility and exposes the molecule to 
the action of enzymes such as the phospholipases C 
and D [8]. Phosphoinositol specific forms of both en
zymes are capable of cleaving GPI anchors [9,10]. An 
inositol specific phospholipase D has been purified 
from human plasma [11] and bovine serum [12].

Correspondence to: F.D. Raymond, D epartm ent of Chemical Pathol
ogy, Royal Postgraduate Medical School, Du Cane Road, London 
W12 ONN, UK.

The differential action of phospholipases and deter
gents on membrane-bound alkaline phosphatase ap
pears to give rise to the various isoforms of this enzyme 
that are present in human plasma and bile [13]. How
ever, the separation and characterization of these iso
forms present some difficulties. They mainly differ in 
hydrophobicity, but the interpretation of separations 
based on partitioning between detergent-containing 
phases may be complicated by micelle formation be
tween the detergents and the isoforms being separated. 
Furthermore, the products of the action of inositol- 
specific phospholipases C and D on GPI-anchored 
molecules differ only by the presence or absence of a 
terminal phosphate group, so that methods of high 
resolving power are required.

We now describe a novel way of examining the 
activities responsible for GPI-anchor cleavage, illus
trated by the release of alkaline phosphatase from 
whole cells and cell membranes. The procedure in
cludes partitioning in aqueous two-phase systems, 
formed by mixing aqueous solutions of the hydrophilic 
polymers, polyethylene glycol (PEG) and dextran, above 
critical concentrations (typically about 5% w /w ). 
Macro-molecules, such as proteins and nucleic acids, 
partition between the PEG-rich top phase and the 
dextran-rich bottom phase [14-16]. This partitioning 
can be selected to be sensitive to charge, hydrophobic
ity and size by appropriate choice of the concentration
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and molecular weights of the polymers, and the con
centration and types of salt present. Such systems have 
also been used to separate whole cells, organelles and 
membrane fragments [16-22].

Materials and Methods

Poly(ethylene glycol) 6000 (PEG; lot. No. 6834240J) 
was obtained from BDH, Poole, UK and Dextran T500 
(lot No. 0106905) from Pharmacia, Milton Keynes, UK. 
PIPLC from Bacillus thuringiensis was obtained from 
Peninsula Laboratories, Merseyside, UK. Phospho
lipase C from Bacillus cereus and phospholipase D 
(PLD) from Streptomyces chromofuscus were supplied 
by Sigma, Dorset, UK.

A human osteosarcoma cloned cell line (SAOS-2) 
was obtained from the Public Health Laboratory Ser
vice, Porton Down, UK, and grown to confluence in 
McCoy’s medium containing 15% fetal calf serum (15% 
v/v; Gibco, UK). The cells were detached physically 
from the flask surface with a rubber ‘policeman’ and 
the resultant suspension was centrifuged at 2000 X g  
for 10 min at 4°C. After discarding the supernatant the 
cells were washed three times in isotonic phosphate 
buffered saline (0.01 M sodium phosphate and 0.15 M 
sodium chloride, pH 7.5). In each experiment cells

were distributed into microfuge tubes each containing 
approx. 1 ■ 10̂  cells.

The cell suspension was centrifuged at 4000 X g for 
2 min at 4°C. After the supernatant had been dis
carded, each pellet was resuspended in 200 /il of 
human serum or phosphate-buffered saline solutions 
containing one of the following enzymes: PIPLC, PLC 
or PLD. A membrane preparation from human pla
centa was made as described previously [13], and the 
pellets were resuspended in the same solutions as 
above. All incubations were carried out at 37°C for 1 h 
at pH 7.5 with the exception of PLD which was incu
bated at pH 6.8.

Phase systems
Phase systems were made by mixing together 30% 

(w/w) stock solutions of PEG and dextran made up in 
buffer containing 0.01 M sodium phosphate and 0.15 
M sodium chloride and appropriate quantities of the 
same buffer. After equilibration to 20°C and thorough 
mixing, the phases were separated by centrifugation, 
also at 20°C. Working phase systems were reconsti
tuted by adding together 0.6 ml of top and bottom 
phases.

Three different phase systems were prepared with 
the following compositions: 5% dextran and 4.2% PEG
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Fig. 1. The partition in aqueous phase systems of ALP released from (A) SAOS-2 cells and (B) human placental membrane following incubation 
with human serum. Each bar represents the mean + S.D. of six separate partitions.
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(5D/4.2P), 5% dextran and 4.5% PEG (5D/4.5P) and 
5% dextran and 5% PEG (5D/5P). Increasing polymer 
composition in these phase systems increases their 
distance from the critical point, i.e., that point on the 
phase .diagram at which the compositions and volumes 
of both phases are equal. It produces top and bottom 
phases that are of increasing difference in composition.
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Fig. 2. The partition in aqueous phase systems of ALP released from 
(A) SAOS-2 cells and (B) human placental membrane following 
incubation with inositol specific phospholipase C from Bacillus 
thuringiensis. Each bar represents the m ean±S.D . of six separate 

partitions.

In addition, the low concentration phosphate buffer 
provided phase systems with a low electrostatic poten
tial difference between the phases, so-called non-charge 
sensitive phase systems [14,15].

Measurement o f  partition
10 t̂l of supernatant was added to a working phase 

system. After mixing thoroughly for 1 min, 20 ^1 of the 
mixture was removed immediately for measurement of 
total enzyme activity. After centrifugation at 5000 X g  
for 5 min at 20°C in a temperature controlled cen
trifuge, 20 jji\ portions of top and bottom phases were 
removed for determination of enzyme activity. Parti
tion was expressed as the percentage of total ALP 
activity measured in top or bottom phases.

Measurement o f  A L P  activity
ALP was measured by the Scandinavian recom

mended method [23]. Briefly, a. 20 p \  portion of the 
test sample was added to 1 ml of diethanolamine 
buffer (DEA) containing 1.01 M DEA and 0.505 mM 
MgClj. Following equilibration at 37°C, 100 p.\ of 
para-nitrophenyl phosphate (PNPP) substrate solution 
(0.111 M) was added. The reaction rate was deter
mined by continuous measurement of the release of 
paranitrophenol at 405 nm.

Gradient gel electrophoresis
3-20% or 3-30% polyacrylamide concave gradient 

microgels were used; 20 p,\ volumes of serum or super
natant from cell or membrane preparations were ap
plied to the gel. Electrophoresis was carried out in a 
Microgel system (Flow Distributors, Sittingbourne, 
Kent, UK) for 20 min at 200 V. Tris 0.09 M, borate
0.08 M (pH 8.4), cooled to 5°C was used as running 
buffer.

Gels were stained for ALP by immersion in a mix
ture containing 50 mg sodium a-naphthylphosphate, 70 
mg Fast Blue BB salt (diazotized 4'-amino-2',5'-di- 
ethoxybenzanilide) and Tris-borate buffer for 2 h. Af
ter washing with deionised water, the gels were 
destained and fixed with three changes of methanol/ 
acetic acid/water (5:1:5  by vol.).

Results and Discussion

Generally, the partition of protein molecules changes 
increasingly from the top phase into the bottom phase 
as the distance from the critical point is increased
[14,15]. ALP released from SAOS-2 cells and from 
human placental membrane by each of the treatments 
applied followed this rule (Figs. 1-3, 5). However, 
distinct differences between the partition of ALP re
leased by human serum or PLD on the one hand, and 
by PIPLC on the other, were observed. In the case of 
serum, ALP released following incubation with SAOS-2
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Fig. 3. The partition in aqueous phase systems of ALP released from (A) SAOS-2 cells and (B) human placental membrane following incubation 
with phospholipase D from Streptomyces chromofuscus. Each bar represents the mean + S.D. of six separate partitions.

cells partitioned with high affinity into the bottom 
phase (Fig. la); bottom phase partition coefficients 
ranged from 72.3 ± 2.3% S.D., n = 6, in the 5D/4.2P  
system to 86.6 ± 0.5% S.D., n = 6, in the 5D /5P sys
tem. The top phase partitions remained low ranging 
from 25.7 ± 1.7% S.D., n = 6 in the 5D/4.2P system, 
to 19.8 ± 0.6% S.D., n = 6 in the 5D /5P  systems. High 
bottom phase affinity was also observed when placental 
ALP released by incubation of human placental mem
brane with serum was partitioned in these phase sys
tems (Fig. lb). The bottom phase partitions ranged 
from 77.2 ± 1.6% S.D., n = 6, to 86.1 ± 3.4% S.D., 
n = 6 in the 5D/4.2P to 5D /5P  systems, while top 
phase partitions ranged from 22.7 ±1.7%  S.D., n = 6, 
to 11.1 ± 0.9% S.D., M = 6, in the same phase systems.

This low top phase, high bottom phase partition 
profile was in contrast to that observed when ALP 
released from SAOS-2 cells or placental membrane by 
inositol specific phospholipase C was partitioned in 
these three phase systems. In this case, ALP released 
from both substrates partitioned to a much greater 
degree into the top phase (Fig. 2). Top phase partitions 
ranged from 58.7 ± 1.0% S.D., « = 6 in 5D/4.2P to 
41.2 ±0.7%  S.D., n = 6 in the 5D /5P  systems for 
SAOS-2 cells and 52.6 ± 0.8% S.D., n = 6 to 40.7 ± 
0.7% S.D., n = 6, in the 5D/4.2P to 5D /5P  systems, 
respectively, for placental membrane.

Interestingly, ALP was released from SAOS-2 cells 
and placental membrane by incubation with phospho

lipase D extracted from Streptomyces chromofuscus (a 
preparation not known to exhibit phosphoinositol 
specificity). Partition of this product produced similar 
partition profiles to those obtained with ALP released 
following incubation with serum (Fig. 3). It is possible 
that the enzyme preparation from Streptomyces chro
mofuscus contains some phosphoinositol specificity, ei
ther inherently or in the form of a contaminant. Evi
dence for this is presented in Fig. 4. We were able to

150 kDa —  

2 0 0 kDc—

Fig. 4. Gradient gel electrophoresis (in 3-30%  concave gradient gels) 
of ALP released from human placental membrane fragments by PLD 
from Streptomyces chromofuscus without (lane 1) and with (lane 2) 

1,10 phenanthroline (50 pM )  added to the incubation mixture.
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Fig. 5. The partition in aqueous phase systems of ALP released from (A) SAOS-2 cells and (B) human placental membrane following incubation 
with phospholipase C from Bacillus cereus. Each bar represents the m ean±S.D . of six separate partitions.

inhibit the activity of this preparation by the addition 
to the incubation mixture of 1,10-phenanthroline, an 
agent known to inhibit phosphoinositol specific phos
pholipase D [8].

Phospholipase C extracted from Bacillus cereus also 
released ALP from SAOS-2 cells and from placental 
membrane (Fig. 5). The partition profiles were almost 
identical to those obtained following incubation with 
the phosphoinositol-specific preparation from Bacillus 
thuringiensis (Fig. 2). Contamination of the Bacillus 
cereus preparation of phospholipase C with a phospho
inositol-specific form has previously been reported [24].

The wide difference in partition behaviour between 
ALP released by serum or PIPLC contrasts with the 
similar partitions obtained with ALP released by serum 
or the phosphoinositol-specific activity in the PLD 
preparation from Streptomyces chromofuscus. This 
lends support to the view [8] that the activity in serum 
responsible for GPI-anchor cleavage is not a phospho
inositol-specific phospholipase C but rather a phospho
inositol-specific phospholipase D. We have previously 
shown that such an activity present in serum can cleave 
ALP from SAOS-2 cells and can be inhibited by the 
chelating agent 1,10-phenanthroline [13].

Partitioning in these phases therefore clearly distin
guishes between ALP released by the action of PIPLD 
or PIPLC. Since these enzymes cleave GPI-anchored 
molecules on opposite sides of the bridging phosphate 
group, it follows that partitioning in these phases can

distinguish between molecular forms of ALP which 
differ in structure by just a single phosphate group. It 
is possible that the presence or absence of the phos
phate group determines conformational changes in the 
protein to which the phases are sensitive.

Our studies have also shown that the resolution 
between the activities of PIPLC and PIPLD, clearly 
obtained by aqueous phase systems, could not be 
demonstrated by other more conventional techniques 
such as electrophoresis. Electrophoresis of super
natants, following incubation of human placental mem
brane with PIPLC, PLD, or PLC on gradient gels 
resulted in the migration of a single band in each case, 
corresponding to ALP with a relative molecular mass 
of approx. 170 kDa (Fig. 6).

Interestingly, it has been suggested that the PIPLD 
in plasma needs to be activated before it can release 
GPI-linked proteins from the cell surface in vivo [12]. 
Support for this view came from elegant studies which 
showed that phosphoinositol specific phospholipase D 
activity did not release GPI-linked ALP from the intact 
cell surface of HeLa cells but did so following cell lysis 
with detergent [12,25]. The fact that we obtained re
lease of GPI-linked ALP from intact SAOS-2 cells 
without prerequisite lysis indicates that PIPLD activity 
may be dependent on the type of cell on which is acts. 
It is conceivable that factors responsible for activation 
of the enzyme are accessible on the surface of particu
lar cell types and/or that the topography of mem-
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Fig. 6. Gradient gel electrophoresis (in 3-20%  concave gradient gels) 
of ALP released from human placental membrane fragments by PLC 
from Bacillus cereus (lane 1), PIPLC from Bacillus thuringiensis (lane 
2) and PLD from S. chromofuscus (lane 3). Lane 4 represents 

membrane fragments treated with buffer alone.

brane-bound ALP on SAOS-2 cells facilitates access of 
PIPLD to cleavage sites and thereby allows release of 
GPI-linked ALP.

These studies suggest that partitioning in aqueous 
phase systems distinguishes between different molecu
lar forms of ALP released from the cell surface by 
different enzymes. Thus, the method could be used as 
an assay for a specific enzymatic activity and in the 
examination of the molecular mechanisms related to 
such an enzymatic activity. Similar studies are in 
progress to extend the investigation of the role of 
PIPLD and other mechanisms in the release of GPI- 
anchored molecules in health and disease.
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Alkaline phosphatase is anchored to cell membranes by a glycosyl-phosphatidylinositol anchor and is present in bile and 
plasma in various isoforms. The formation of these isoforms depends upon mechanisms of release and subsequent 
complex formation. Evidence is presented for an enzymatic activity possibly a glycosyl-phosphatidylinositol-specific 
phospholipase D (GPI-PLD), in serum that releases an isoform incapable of further complex formation, whereas such 
an activity is absent from bile.

Introduction

The increased activity of alkaline phosphatase (ALP; 
EC 3.1.3.1) in plasma that results from intra- or ex- 
trahepatic bihary obstruction is now known to result 
largely from an increased synthesis of the enzyme by 
hepatocytes [1,2]. However, since ALP is normally a 
component of the plasma membrane of cells, its ap
pearance in the blood plasma also involves processes of 
release from its binding sites. Furthermore, ALP occurs 
in plasma and bile in various isoforms. ALP is now 
known to belong to the category of proteins that are 
incorporated into cell membranes through a glycosyl- 
phosphatidyhnositol tail at the carboxyterminus of the 
polypeptide chain [3-9]. A glycosyl-phosphatidyl- 
inositol-specific phosphohpase D (GPI-PLD) present in 
plasma or serum has been suggested as an agent in the 
release of ALP and similarly bound proteins [14]. Here 
we present further evidence for such an activity and its 
imphcations in the formation of ALP isoforms.

Materials and Methods

A membrane preparation from human placenta con
taining ALP was prepared by a modification of the

Abbreviations: ALP, alkaline phosphatase; GPI-PLD, glycosyl-phos- 
phatidylinositol-specific phospholipase D.

Correspondence: D.W. Moss, Departm ent of Chemical Pathology, 
Royal Postgraduate Medical School, Du Cane Road, London W12 
ONN, U.K.

method of Doellgast [9,10]. Full-term human placentae 
frozen to — 30°C  immediately after dehvery were 
thawed and homogenized in a Waring Blendor with 
ice-cold buffer containing 250 mM sucrose, 5 mM 
MgClj, 24 mM KCl and 50 mM Tris-HCl (pH 7.5). The 
homogenate was passed through mushn and centrifuged 
at 12000 X g  for 20 min at 4®C. The resulting super
natant was then centrifuged at 100 000 X g  for 1 h at 
4®C. The pellets were washed, resuspended in homoge
nizing buffer to give a protein concentration of approx. 
50 m g/m l and stored at —30® C. In experiments 200 ju.1 
of this preparation were pelleted and resuspended in the 
appropriate fluid (bile, serum or buffer).

Serum with low alkahne phosphatase activity was 
obtained from healthy volunteers or selected from blood 
specimens sent to the laboratory for routine chemical 
analysis. Bile was drained directly from patients re
covering from cholecystectomy with T-tubes in situ. The 
bile was used directly or stored at —30® C.

A human osteoblast-like osteosarcoma cloned cell 
line (SAOS-2) (Pubhc Health Laboratory Service, Por
ton Down, U.K.) was grown to confluence in McCoy’s 
medium containing 15% fetal calf serum (Gibco, U.K.; 
15% v/v). Each flask (75 cm) contained approx. 1 • 10* 
cells. The cells were released from the flask surface 
using a rubber ‘pohceman’. The suspension was centri
fuged at 2000 X g  for 10 min at 4®C. The supernatant 
was discarded and the cells were resuspended in iso
tonic phosphate-buffered sahne, pelleted, washed again 
and resuspended in the same buffer.

The suspension was divided into microfuge tubes 
each containing approx. 1 • 10  ̂cells and centrifuged for
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2 min at 4000 X g. The resulting supernatants were 
discarded and the pellets were resuspended in 0.5 ml of 
bile or serum. Incubations were carried out at 37 °C 
unless otherwise indicated. 1,10-Phenanthroline (Sigma 
Chemicals, Poole, U.K.) was added to some incubations 
to produce a final concentration of 100 juM from a 
stock solution containing 100 mM in 0.1 M Ths- 
HCl/NaCl buffer (pH 8.0). Serum plus inhibitor was 
incubated for 10 min at 4®C prior to addition to cells 
or bile. At the concentrations used, 1,10-phenanthroline 
was shown to have no measurable effect on ALP activ
ity.

Measurement of ALP activity
ALP was measured by the Scandinavian recom

mended method [11]. Briefly, 20 /il of the test sample 
was added to 1 ml of diethanolamine buffer (DEA) 
containing 1.01 M DEA and 0.505 mM MgCl2. The 
mixture was preheated to 37 °C and 100 fil of para- 
nitrophenylphosphate (PNPP) substrate solution (0.111 
M) was then added. The reaction rate was determined 
by continuous measurement of the release of paranitro
phenol at 405 nm.

Gel filtration chomatography of ALP
200 p\ portions of bile, serum or supernatant from 

cell or membrane preparations were applied to a Seph- 
arose 6B column (500 X 10 mm) equilibrated with 0.1 M 
Tris-HCl/NaCl buffer (pH 8.0) and eluted with 0.1 M 
Tris-HCl/NaCl buffer at 4°C. The flow rate was 6 
ml/h, fraction volume 2 ml. A high molecular-weight 
fraction of ALP eluted between 10-24 ml; a low molec- 
ular-weight fraction was collected from 26-42 ml.

Gradient gel electrophoresis
20 jul portions of bile, serum or supernatants from 

cell or membrane preparations were apphed onto 3-30% 
or 3-20% polyacrylamide concave gradient micro gels 
and electrophoresis was carried out in a Micrograd 
system (Flowgen Instruments, Sittingbourne, U.K.) for 
20 min at 200 V using Tris 0.09 M, borate 0.08 M (pH 
8.4), cooled to 5®C, as running buffer.

Gels were stained for ALP by immersion in a mix
ture of 50 mg sodium a-naphthyl phosphate and 70 mg 
of fast blue BB salt (diazotized 4'-amino-2',5'-di- 
ethoxybenzanilide) in Tris/borate buffer for 2 h, then 
washed in deionised water, destained and fixed with 
two to three changes of methanol/acetic acid/water 
(5:1:5 v/v).

Triton X-114 partitioning 
The methods reported by Bordier [12] and by Malik 

and Low [10] were followed, with some modification. 
750 jal of 1.25% Triton X-114 solution in Tris-HCl 
buffer (pH 8.0) was added to 1 ml of the test sample in 
a microfuge tube. The mixture was placed on ice for 10

min and then at 37 ®C for 15 min with continuous 
mixing. 100 p\ of the mixture was immediately removed 
for measurement of total ALP activity. The tubes were 
then centrifuged at 12000 X g for 3 min to separate the 
phases. 500 jal of the top phase were removed for 
measurement of ALP activity, the remainder being dis
carded. 500 jLil of buffer were carefully layered on the 
remaining Triton X-114 rich phase without mixing and 
the layer was then removed and discarded. 710 jal of 
Tris-HCl buffer were added to the bottom phase (total 
vol. approx. 40 jal) and mixed thoroughly in preparation 
for measurement of ALP activity.

Results and Discussion

Gel filtration of human bile from each of six differ
ent subjects resulted in the isolation of ALP in a high 
molecular-weight form only, eluting between 10-24 ml 
(Afj > 500000). In contrast, the molecular size of the 
major part of the enzyme in sertim which eluted be
tween 26-42 ml is of the order of M, 160000, with 
typically less than 5% in the high molecular mass form 
(Fig. 1). These findings were supported by gradient gel 
electrophoresis of bile and serum (Fig. 1). ALP from 
bile which eluted as the high molecular-weight fraction 
partitioned predominantly into the relatively hydro- 
phobic detergent phase of a Triton X-114/aqueous 
two-phase system (83.06% ± 0.85 S.D., n = 6). In con
trast, the low molecular-weight fraction from serum 
partitioned entirely into the non-detergent, relatively 
hydrophilic phase (100% ± 0.00 S.D., n = 6).

These observations can be explained by postulating 
that ALP is released from the bile-canalicular surface of 
the hepatocyte into the bile complete with its hydro- 
phobic, membrane-binding domain. The presence of the 
hydrophobic domain allows the molecule to undergo 
complex formation, with itself or with lipid and/or 
lipoprotein components of bile. In contrast, the pres
ence in serum of predominantly lower molecular-weight 
ALP indicates that the hydrophobic domain is lost 
during and/or subsequently to the release of ALP from 
the surfaces of cells (hepatocytes or osteoblasts); com
plex formation is therefore no longer possible. This 
postulate is supported by evidence for the presence in 
plasma of a GPI-PLD [13-15], which can cleave the 
membrane anchor of ALP. The present hypothesis thus 
requires the presence of GPI-PLD activity in serum, but 
its absence from bile.

When a mixture of bile and serum was incubated, 
there was an increase in the proportion of low molecu
lar-weight ALP and a reduction in that of the high 
molecular-weight form (Fig. 2). After incubation, the 
relative hydrophobicity of the two forms of ALP in the 
mixture was tested. Partitioning in a Triton X-114/ 
aqueous two-phase system after gel filtration of the 
mixture showed that the high molecular-weight fraction
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partitioned predominantly into the bottom phase 
(83.6% ± 1.2 S.D., n = 3), while the low molecular- 
weight fraction was found mainly in the top phase 
(81.2% ± 3.6 S.D., n =  3). This indicates that conversion 
of already-solubilized, high molecular-weight hydro-
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Fig. 2. The distribution of ALP activity after gel filtration in bile (o ), 
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phobic ALP into a smaller hydrophilic form can take 
place.

The effect of bile and serum on ALP bound to the 
cell membranes was examined by incubating these fluids 
with SAOS-2 cells, the latter being selected because they 
contain relatively high amounts of ALP. Incubation 
resulted in an increase in the activity of ALP in serum 
or bile. However, the increase in activity was solely in 
the high molecular-weight form in the case of bile, 
whereas both the high and lower molecular-weight frac
tions increased on incubation in serum (Figs. 3 and 5).

The results with bile are in agreement with the pos
tulated absence of phospholipase from this fluid. How
ever, in the case of serum, the results indicate that 
serum has a direct solubilizing effect on membrane- 
bound ALP, releasing ALP molecules with their anchors 
intact, giving rise to high molecular-weight forms and in 
addition, lower molecular-weight ALP is also produced. 
Whether the high molecular-weight form is released first 
and then becomes the substrate for phospholipase ac
tion, or whether phospholipase acts directly on mem
brane-bound ALP, or whether there is a combination of 
these effects are open questions. Huang et al. [16] have 
reported that no GPI-linked ALP was released from the 
cell surface when HeLa cells were incubated with par
tially-purified GPI-PLD in culture and medium. Thus, 
GPI-PLD may not act on enzyme molecules anchored 
in the external leaflet of cell membranes, perhaps 
favouring an indirect mechanism.
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Similar results were obtained when bile or serum was 
incubated with an ALP-containing membrane fraction 
prepared from human placenta. Only high molecular-

weight ALP was obtained in the case of bile (Fig. 4), 
whereas both high- and low molecular-weight isoforms 
were eluted by serum (Fig. 6). This indicates that the
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Fig. 4. Distribution of ALP activity after gel filtration following 
incubation of human placental membrane fraction with human bile at 
37 °C  for 3h (•). Bile was also treated under the same conditions 
without added placental membrane (□). Each point is the mean of two 

separate samples.
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absence ( • )  of 1,10-phenanthrohne after 20 min incubation at 37 °C . 
(□) is ALP activity in serum alone and ( a )  is ALP activity in buffered 
saline added to cells. Each point is the mean of two separate samples.
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conversion of high to low molecular-weight alkaline 
phosphatase isoforms does not require the participation 
of intact cells, but again leaves open the question of
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in the presence (•) and absence (O) of 1,10-phenanthroline. Each 

point is the mean of two separate samples.
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whether release of intact molecules (e.g., by detergent
like action) must precede digestion by phospholipase.

Further evidence that phospholipase activity is re
sponsible for the appearance of low molecular-weight 
ALP in serum is that addition of 1,10-phenanthrohne, 
which has been shown to inhibit GPI-PLD activity
[14,15], inhibited both the solubilization of the low 
molecular-weight isoform from cells (Fig. 5) and mem
brane fragments (Fig. 6) by serum, and the conversion 
of high- to low molecular-weight isoforms when bile 
and serum were incubated together (Fig. 7).

Similar inhibition was also obtained when serum was 
incubated with human placental membrane fragments 
at 0°C  instead of at 37°C; or when the serum was 
preheated to 60 ®C for 30 min, thereby destroying any 
phosphohpase activity, cooled and then incubated with 
bile at 37°C (Fig. 8).

In a further attempt to characterize the activity in 
serum responsible for solubilizing ALP, serum was 
fractionated on a Sepharose 6B column and the individ
ual fractions were tested for ALP-solubilizing activity 
by incubating them with a placental membrane prepara
tion. Fractions collected between 25-34 ml solubihzed 
high and low molecular-weight ALP (Fig. 9).

The factor in serum responsible for the cleavage of 
ALP anchors therefore occurs in the range M̂ . 100-200 
• 10 .̂ This is consistent with the finding by Davitz et al. 
[15] of a GPI-PLD in serum which has a 110 • 10 ,̂ 
However, the factor is clearly heterogeneous with re
spect to size, and other authors [14,16] have shown that 
GPI-PLD from several species tends to aggregate. In 
addition, factors responsible for direct solubiUzation,
i.e., giving rise to high molecular-weight ALP isoforms, 
are also present within this range. We have not isolated

these factors but it is possible that bile salts may be 
impUcated. Isolation and characterization of the factors 
involved in direct solubilization will be of obvious ad
vantage in the investigation of the detailed steps leading 
to the formation of ALP isoforms.
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Abstract

Alkaline phosphatase (ALP) isoforms can be distinguished from each other by their parti
tion characteristics in aqueous two-phase systems composed of water-soluble polymers, the 
phases of which are differentially sensitive to the presence of glycan-phosphatidylinositol 
anchors. Compared with detergent-based systems, the aqueous polymer systems have the ad
vantage that micelle formation does not take place. Partition of anchor-intact and anchor- 
degraded molecules in the latter systems is further improved by attachment of a hydrophobic 
ligand to one of the phase forming polymers. In this way, anchor-intact molecules can be 
separated from molecules with degraded anchors in a single partition step. The method has 
been used to confirm that ALP in human serum is predominantly anchor degraded, whereas 
in bile it retains its anchor intact.

Keywords: Alkaline phosphatase; Glycan-phosphatidylinositol anchors; Aqueous phase 
systems; Partitioning

1. Introduction

Alkaline phosphatase (ALP, EC 3.1.3,1) belongs to a growing list of diverse pro
tein molecules that are known to be attached to cell membranes via a glycan-
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phosphatidylinositol (GPI) tail at the carboxy terminal end [1-6]. ALP found in 
body fluids such as plasma or bile, or present in supernatants after extraction from 
membrane fractions prepared from tissues or cells, occurs in various isoforms. The 
structure and composition of these isoforms depends upon the tissue or cell source 
and on the biological release mechanisms or the specific conditions of physico
chemical extraction [7,8]. An example of the latter is the different isoforms obtained 
after butanol extraction at high and low pH which has been attributed to activation 
of inositol-specific phospholipase in acid conditions [7]. In addition, the methods 
used for detection may affect the native state of these isoforms; e.g. procedures 
which include detergents can interfere with structures held together by hydrophobic 
interactions, thus modifying the isoforms originally present.

Inositol-specific phospholipases (PIPL) degrade the GPI anchor by removing the 
terminal diacylglycerol (PIPLC) or phosphatidic acid (PIPLD), thus reducing the 
lipophilicity of the molecule. Evidence has been produced for the presence in plasma 
or serum of a glycan-phosphatidylinositol specific phospholipase D (PIPLD) [8-11] 
which may act by cleaving GPI anchored molecules during or after release from the 
membrane surface in vivo [8,9]. Such an activity, although present in plasma, was 
shown to be absent from bile [12].

We have previously shown that aqueous two-phase systems constructed from 
water-soluble polymers can be used to distinguish between the closely similar prod
ucts of the action of phospholipases C and D on GPI-anchored molecules [13]. 
Because they are constituted from polymers miscible in aqueous solution, aqueous 
two-phase systems can be buffered and made isotonic. Unlike partition systems con
taining organic solvents they are non-denaturing towards biological substances and 
consequently have been used to separate cells, cell organelles, membrane particles 
and soluble tissue components [13-15,17-27]. We now report a further extension 
of this novel approach. ALP has been used as a model protein representative of GPI- 
anchored molecules. Its various isoforms have been partitioned in aqueous two- 
phase systems containing the polymers poly (ethylene glycol) and dextran. In particu
lar, we demonstrate that the ability of the system to separate anchor-intact and 
anchor-degraded isoforms is greatly enhanced by modifying one of the phase- 
forming polymers by the attachment of a hydrophobic ligand.

2. Materials and methods

Poly(ethylene glycol) 6000 (PEG) (lot No. 3439792M) was obtained from BDH, 
Poole, UK and Dextran T500 (lot No. 0106905) from Pharmacia Ltd., Milton 
Keynes, UK. Inositol-specific phospholipase C (PIPLC) was purchased from Penin
sula Laboratories Ltd., Merseyside, UK.

2.1. Sources o f  alkaline phosphatase
Bile was drained directly from patients recovering from cholecystectomy with T- 

tubes in situ. The bile was used at once or stored at -30°C. Serum was obtained from 
blood samples sent to the laboratory for routine chemical analysis. A preparation 
of cell membranes was made from human placenta as described previously [12].
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Butanol extraction of ALP under acid or alkaline conditions from the placental 
membrane fraction was carried out essentially by the method described by Malik and 
Low [7] with a few modifications. Incubations of membrane fragments in 60 mmol/1 
Tris (adjusted to pH 8.4 or pH 5.2) maleate buffers with «-butanol were carried out 
for 1 h at 37°C. After incubation the mixture was cooled to 4°C and subjected to 
centrifugation at 28,000 x g for 5 min at 4°C. The aqueous phase was removed and 
centrifuged at 100,000 x g for 1 h at 4°C to remove any trace of membrane 
fragments. Butanol dissolved in the aqueous phase was removed by dialysis at 4°C, 
the dialysis buffer, 60 mmol/1 Tris maleate, being changed several times. Fractions 
of the ALP solution to be used in partition experiments were redialysed against the 
buffer used to prepare the phase systems.

2.2. Phase systems
Phase systems were prepared by mixing together appropriate quantities (w/w) of 

buffer containing 0.15 mol/1 NaCl and 0.01 mol/1 sodium phosphate (pH 6.8) and 
stock solutions of 30% PEG and 30% dextran made up in the same buffer. At these 
concentrations, the distribution of ions between the phases is such that there is little 
electrostatic potential difference between the upper and lower phases, thus providing 
so-called non-charge-sensitive phase systems. After temperature equilibration to 
20°C, the phases were separated by centrifugation. Working phase systems were 
made up by mixing together equal volumes (0.60 ml) of top and bottom phases.

Phase system compositions are referred to in an abbreviated form (D = % (w/w) 
dextran and P = % (w/w) PEG), e.g. a 5D/4.5P phase system contains 5% dextran 
and 4.5% PEG, a 5D/5P system contains 5% dextran and 5% PEG. Increasing the 
polymer composition increases the differences in composition between the top and 
bottom phases (described as tie lines of increasing length) which is reflected in an 
exponential increase in the interfacial tension [14].

PEG-palmitate was synthesised by the method described by Shanbagh and 
Johansson [15] and was added from a 10% stock solution made up in the same buffer 
as the phases to give a final concentration of 0.1% in each phase system. Samples 
containing ALP were added to each working phase system directly before mixing. 
Phase systems were thoroughly mixed for 1 min and an aliquot (20 /a1) was removed 
immediately for determination of total enzyme activity. The phases were then allow
ed to stand for the required partition time at 20°C, or centrifuged at 5000 x g for 
5 min at 20°C in a temperature controlled centrifuge. Samples of top and bottom 
phases (20 /il) were then removed for measurement of enzyme activity. Results are 
expressed as the percentage of total activity recovered in the top and bottom phases.

2.3. Measurement o f ALP activity
The Scandinavian recommended method was used [16]. Briefly, 20 1̂ of phase sol

ution were added to 1 ml of diethanolamine buffer (DEA) containing 1.01 mol/1 
DEA and 0.505 mmol/1 MgCl], Following equilibration at 37°C, 100 pil of 0,11 
mol/1 paranitrophenyl phosphate (PNPP) substrate solution were added. The reac
tion rate was determined by continuous measurement of paranitrophenol release at 
405 nm.
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3. Results

The isoforms of ALP in human bile (B-ALP) and serum (S-ALP) and from human 
placenta (P-ALP) extracted with butanol under alkaline conditions can be 
distinguished from one another by their phase partitioning characteristics in non
charge-sensitive phase systems. Fig. 1 shows the results of partitioning these iso
forms in phase systems of increasing polymer composition (from 5D/4.5P to 7D/7P). 
The placental isoform was concentrated in the top phase to a much greater degree 
than either the serum or bile isoforms. For example, in the 5D/4.5P system the top 
phase partition of P-ALP was about 70%, clearly higher than the identical 50% parti
tions of S-ALP and B-ALP (Fig. la). On increasing the polymer concentration the 
partition of each isoform decreased, with a concomitant increase in partition into 
the bottom phase (Fig. lb) and at the interface (Fig. Ic); pronounced differences be
tween S-ALP and B-ALP in the top phase were then also apparent. In all the phase 
systems examined, the relative order of top phase partitions and therefore affinity 
for the top phase was always P-ALP > S-ALP >  B-ALP.

In the bottom phases, S-ALP was the isoform which accumulated to the greatest 
degree and did so increasingly as the polymer composition was raised (increasing 
from 41.3% ±  2.7% S.D. {n = 6) in the 5D/4.5P to 78.6% ±  1.1% S.D. (n = 6) in the 
7D/7P systems). The affinity for the bottom phase was found to follow the sequence 
S-ALP > P-ALP >  B-ALP.

B-ALP differed strikingly from both S-ALP or P-ALP in that it accumulated prin
cipally at the horizontal interface (Fig. Ic), its interface partition rising from 
28.3% ±  5.0% S.D. (n = 6) in the 5D/4.5P phase system to saturating levels of 
73.7% ±  0.4% S.D. (n = 6) in the 5D/5.5P system. There was also some increase in 
the amount of P-ALP at the interface with increase in polymer concentration; how
ever, this was relatively low compared with B-ALP (0.0% in the 5D/4.5P system, to 
25.7 ± 0.91% S.D. {n = 6) in the 7D/7P system), while in the case of S-ALP, activity 
at the horizontal interface remained low in all the phases examined. The affinity for 
the interface therefore follows the sequence B-ALP >  P-ALP >  S-ALP.

We were able to distinguish anchor-intact from anchor-degraded molecules by 
making the lipophilic fatty acyl-glycerol moiety of the GPI anchor (attached to P- 
ALP and B-ALP but not to S-ALP) the discriminating factor in partition by adding 
PEG-palmitate to the phase systems. In the case of B-ALP and P-ALP isoforms (the 
latter prepared under alkaline conditions) high top-phase ALP activities were found 
in all the phase systems which contained PEG-palmitate (Fig. 2a). This was in sharp 
contrast to the lower top phase partitions of those isoforms measured in similar 
phase systems not containing PEG-palmitate (Fig. la). In addition, in the PEG- 
palmitate containing phases, the activities of B-ALP and P-ALP previously 
measured in the bottom phases and at the horizontal interfaces (Figs. lb, Ic), were 
substantially reduced (Figs. 2b, 2c). Unlike B-ALP and P-ALP, ALP in serum did 
not show a substantial change in partition after the addition of PEG-palmitate (Figs. 
1, 2).

In order to examine further the significance of GPI anchors in the partition of 
ALP isoforms, P-ALP molecules with and without intact GPI anchors were



F.D. Raymond et al. /  Clin. Chim. Acta 227 (1994) 111-120 115

80 n

60-

g
c
o

40 ■
Cs.

5D/4.5P 5D/5P 5D/5.5P 6D/6P 7D/7P

60-

40 -

2 0 -

5D/4.5P 5D/5P 5D/5.5P 6D/6P 7D/7P 5D/4.5P 5D/5P 5D/5.5P 6D/6P 7D/7P

Phase System

80-1

60-

c
5  40-
rs.

2 0 -

5D/4.5P 5D/5P 5D/5.5P 6D/6P 7D/7P

Phase System

Fig. 1. Partition into the top phase (A), bottom phase (B) and interface (C) in dextran (D) and PEG (P) 
aqueous phase systems of anchor-retaining placental alkaline phosphatase (P-ALP: • )  and of serum (S- 
ALP: A) and bile (B-ALP: ■) alkaline phosphatases. Each point represents the mean ± S.D. of six sepa
rate partitions. Polymer compositions are abbreviated as in ‘Materials and methods’.
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Fig. 2, Partition into the top phase (A), bottom phase (B) and interface (C) in aqueous phase systems con
taining PEG palmitate (0.1%) of anchor-retaining P-ALP (• ) ,  B-ALP (■) and S-ALP (A). Each point 
represents the mean ±  S.D. of six separate partitions. Abbreviations as in Fig. 1 and ‘Materials and 
methods’.
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Fig. 3. Partition of P-ALP in 6D/6P phase systems, (A) containing and (B) not containing PEG-palmitate 
(0.1%). P-ALP was partitioned following extraction with butanol, under alkaline (pH 8.4) conditions 
(contains an intact GPI-anchor), under acid (pH 5.2) conditions (GPI-anchor degraded) and following 
enzymatic cleavage with PIPLC from a human placental membrane fraction. Each point represents the 
mean ± S.D. of six separate partitions. Abbreviations as in Fig. 1 and ‘Materials and methods’.

prepared by extraction with butanol from human placental membrane under alka
line and acid conditions (pH 8.4 and 5.2, respectively) [7]. In addition, anchor- 
degraded P-ALP was also prepared by incubating human placental membrane 
preparations with an exogenous source of PIPLC, an enzyme known selectively to 
cleave GPI-anchors [2,7]. The three preparations were then separately partitioned 
in identical phase systems (6D/6P) in the presence and absence of 0.1% PEG- 
palmitate (Fig. 3). In the case of P-ALP extracted under alkaline conditions (and 
therefore containing an intact GPI anchor), very high top-phase partitions 
(95.1% ± 3.2% S.D., n = 6) were measured in the presence of PEG-palmitate, 
whereas P-ALP extracted under acid conditions (i.e. containing degraded anchor) 
gave a much lower top phase partition and a partition profile which was almost iden
tical to that shown by P-ALP released from placental membrane following incuba
tion with PIPLC (Fig. 3a). The partition profiles of each extract in 6D/6P phase 
systems not containing PEG-palmitate are shown in Fig. 3b.

In a further study, B-ALP was substituted for P-ALP and partitioned as described 
above following incubation with PIPLC. Again, top phase partition in the presence 
of PEG-palmitate of B-ALP, like P-ALP, was considerably reduced following treat
ment with PIPLC and almost identical patterns of partition were obtained in PEG- 
palmitate-containing phases and in phases containing unmodified PEG. The highly 
contrasting patterns of partition of B-ALP untreated with PIPLC are also shown for 
comparison (Fig. 4).
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Fig. 4. Partition into the top phase (■), bottom phase (E3) and interface (03) of B-ALP in 6D/6P aqueous 
phase systems before (A and B) and after (C and D) incubation with PIPLC and in the absence (A and 
C) and presence (B and D) of PEG-palmitate (PP; 0.1%). Each bar represents the mean ± S.D. of six 
separate partitions. Abbreviations as in Fig. 1 and ‘Materials and methods’.

4. Discussion

The data in Figs. la - lc  show that each isoform has its highest affinity for a dif
ferent part of the phase system (P-ALP for the top phase, S-ALP for the bottom 
phase and B-ALP for the interface). This suggests that separate mechanisms of parti
tion are in operation for these different isoforms. Partition mechanisms have 
previously been reviewed [20-23,25,26].

We showed earlier, by gel electrophoresis under non-denaturing conditions, that 
ALP in serum is present in a low molecular mass form of about 170 kDa whereas 
in bile its molecular mass is in excess of 500 kDa [12]. Under the same conditions, 
P-ALP showed molecular mass forms which ranged from 170 to 340 kDa. Size ap
pears to be a factor in determining interaction with the interface [17,27] with B-ALP, 
the largest of the isoforms (>500 kDa), interacting to the greatest extent, P-ALP 
(170-340 kDa) to a lesser degree, while S-ALP (170 kDa) shows no interface interac
tion. B-ALP is thought to be present with its hydrophobic GPI-anchor intact and 
can consequently form complexes with itself and/or with other moieties such as lipo
proteins. P-ALP extracted with butanol under alkaline conditions, but not under 
acid conditions, can similarly form complexes by self-association via attached GPI- 
anchors. However, intact GPI-anchors do not generally appear on ALP molecules 
in serum. Therefore, it appears that the presence or absence of intact GPI-anchors 
on ALP may be a factor in determining its partition behaviour by controlling the 
formation of particular species.

The addition of small quantities of PEG-palmitate to the phase systems 
dramatically affected the partition behaviour of GPI anchor-intact molecules as op
posed to anchor-degraded forms: intact anchor-containing P-ALP and B-ALP gave
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high top phase partitions in PEG-palmitate containing phases when compared with 
similar phase systems not containing PEG-palmitate (Fig. 2). However, the partition 
of S-ALP, thought to be GPI-anchor deficient, was little affected. PEG-palmitate is 
known to increase the hydrophobicity of the top phase, to interact with hydrophobic 
moieties on proteins, cells and liposomes [15,22,28,29] and to detach cells from the 
interface in two-phase systems [20-27] thereby increasing partition into the top 
phase.

The increased top phase partitions of B-ALP and P-ALP in PEG-palmitate con
taining phase systems probably occurs because of hydrophobic interactions between 
the GPI-anchor of ALP and the palmitic residue of PEG-palmitate. The experimen
tal data shown in Fig. 3 provide supportive evidence for this view: placental ALP 
extracted with butanol under alkaline conditions (and therefore containing an intact 
GPI-anchor) partitioned almost exclusively into the top phase in the 6D/6P phase 
system containing PEG-palmitate (Fig. 3, pH 8.4). In contrast, anchor-degraded P- 
ALP (extracted with butanol under acid conditions) gave a quite different pattern 
of partition, with high bottom phase and low top phase partition (Fig. 3, pH 5.2). 
That the intact GPI-anchor is the determining factor in this difference in partition 
behaviour was further demonstrated when P-ALP extracted from a placental mem
brane preparation with the GPI-anchor cleaving enzyme PIPLC was partitioned in 
identical phase systems (Fig. 3, PIPLC). The partition profile of this extract was 
almost identical to that of the anchor-degraded form extracted with butanol under 
acid conditions. In the case of bile (Fig. 4), the high top phase partition in the PEG- 
palmitate containing phase system (bile 4- PP) was abolished when the bile was 
pretreated with PIPLC prior to partition (bile -h PIPLC + PP). That PEG-palmitate 
and the GPI anchor of B-ALP are the interacting pair involved in producing high 
top phase partition is emphasised by the observation that the pattern of partition 
of B-ALP pretreated with PIPLC in PEG-palmitate-containing and PEG-palmitate- 
free phase systems are almost identical.

Aqueous polymer phases are highly sensitive separating systems; for example, 
even in the absence of palmitate, the aqueous phase systems described are capable 
of detecting intact GPI-anchors. Thus, a small but significant difference between the 
partition profiles of anchor-intact and anchor-degraded P-ALP molecules was 
observed in 6D/6P phases not containing. PEG-palmitate (compare Fig. 3b, pH 8.4 
and pH 5.2). A similar difference was seen between B-ALP treated and not treated 
with PIPLC (Fig. 4, bile and bile 4- PIPLC). These differences are greatly enhanced 
by the use of PEG-palmitate which is the most effective factor in separating anchor 
intact from anchor-degraded molecules.
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