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ABSTRACT 

CTP:phosphocholine cytidylyltransferase (CT), which catalyses a key regulatory step 

in the biosynthesis of phosphatidylcholine in mammalian systems, is regulated by 

reversible binding to membranes. A region in the protein is predicted to form an 

amphipathic a-helix which has been proposed to be involved in the lipid interactions. 

Various approaches were taken to identify and characterize the membrane-binding 

domain of CT: (I) While the yeast and rat CT's share a large central region of 

homology, the yeast protein lacks the putative amphipathic helical domain. The 

activation of rat-liver CT and yeast CT by lipid vesicles was compared. Unlike rat-liver 

CT, the yeast CT was not affected by non-anionic lipids and its activation by anionic 

lipids occurred at an optimum lipid concentration about 10 fold lower than for the rat 

CT, above which the activity declined. Thus, we concluded that yeast CT is activated 

by a different mechanism than is rat CT. (11) We obtained four synthetic peptides 

corresponding to portions of the amphipathic a-helix of CT. All four peptides 

converted from random coil in dilute buffer to >60% a-helix in the presence of anionic 

membranes, as assessed by circular dichroism. In the presence of anionic lipid 

vesicles, a tryptophan on these peptides was relatively inaccessible to the aqueous 

quencher iodide, but was quenched effectively by the lipid phase quencher 9,10- 

dibromophosphatidylcholine. These results suggest a role in membrane binding for 

the region represented by these peptides, and suggest that binding is induced by 

stabilization of an a-helical conformation. (Ill) The hydrophobic photoreactive 

radiolabelled probe 3-(trifluoromethyl)-3-(m[~~~l]iodophenyl)diazirine ([~*~I]TID) 

partitions into the membrane core, and upon irradiation, labels embedded regions of 

proteins. CT that was bound to phosphatidylcholine/oleic acid vesicles containing 

[~~~ I IT ID  became covalently labelled upon irradiation. Chymotrypsin digestion of 

[~~~IITID-labelled CT revealed that only fragments containing the amphipathic helix 
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contained significant label. A 62-residue synthetic peptide corresponding to the 

amphipathic helical domain of CT also becomes labelled by [ ~~~ I IT ID  in the presence 

of lipid vesicles. Thus, all results obtained indicate a membrane-binding mechanism 

for cytidylyltransferase involving the intercalation of the amphipathic a-helix region into 

the acyl chain core of the activating membrane. 
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CHAPTER ONE: INTRODUCTION 

1 .I Phosphatidylcholine in Mammalian systems 

Phosphatidylcholine (PC) is the major phospholipid present in mammalian 

membranes, and is also a main component of serum lipoproteins and lung 

surfactant. In recent years, a key role for PC has been demonstrated in the 

formation of lipid second messengers in the signalling pathway of many growth 

factors and hormones. Due to its obvious importance, the regulation of cellular 

PC metabolism has been of much interest. 

PC is the major phospholipid of biological membranes 

Biological membranes are a collection of proteins embedded in a bilayer 

structure composed of many types of lipid. Phospholipids play an important role 

in forming the basic bilayer structure. In most cases, PC is the predominant 

phospholipid. For example, in the red blood cell, 40 to 60 % of the phospholipids 

in each subcellular membrane are composed of PC. (Gennis, 1989). The 

presence of PC appears to be critical, as there are no known diseases relating to 

a defect in cellular PC levels or metabolism. Interestingly, PC is absent in most 

prokaryotic organisms. 

PC is the phospholipid component of serum lipoproteins 

Lipids such as cholesterol which are water insoluble are transported 

through blood in a lipoprotein complex. In the complex, a neutral lipid core of 

triglycerides and cholesterol-ester is solubilized by an outer monolayer of 

phospholipids and protein. PC is the main (-70%) phospholipid component 

1 



forming the outer monolayer. Minor components include sphingomyelin (1 0- 

15%), IysoPC (2-5%), phosphatidylethanolamine (PE; -3%) and anionic 

phospholipids (-5%) (Kostner, 1981). Liver cells are the major site for assembly 

of lipoprotein particles, and thus are responsible for PC synthesis above that 

needed for subcellular membranes. Blood levels of certain types of cholesterol- 

containing lipoproteins have been correlated with the risk of athlerosclerosis 

(Brown & Goldstein, 1983). 

PC is the phospholipid component of lung surfactant 

Surfactant is a proteinllipid mixture secreted by lung cells which reduces 

surface tension at the air : liquid interface by spreading in a phospholipid 

monolayer on the cell surface. The major component is PC (-70%), of which 

about half is the saturated species dipalmitoyl-PC. Phosphatidylglycerol (PG) is 

the major anionic lipid component (-1 0%), while phosphatidylethanolamine (PE), 

phosphatidylinositol (PI), sphingomyelin and cholesterol are present in small 

amounts. The protein component accounts for only about 10% of the mass (Yu 

et al., 1983; Possmayer, 1989). Surfactant production begins in the lung of the 

fetus just before birth. Its presence is crucial to newborns to prevent respiratory 

distress syndrome, a common condition in premature births (Fulmer & Crystal, 

1 976). 

PC is involved in signal transduction 

PC breakdown is important in the generation of lipid second messengers, 

which function in the transduction of intracellular signals for cell growth and 

regulation in response to extracellular stimuli (Exton, 1990; 1994). In the past 

decade, diacylglycerol formed by the breakdown of phospholipids has been 



recognized as an important second messenger. It has been found to activate a 

key cell regulatory protein, protein kinase C. Initial studies demonstrated the 

importance of phosphatidylinositol-4,5,-bisphosphate hydrolysis in producing 

diacylglycerol upon cell stimulation. It is now apparent that a major source for 

diacylglycerol involved in signal transduction is PC (Exton, 1990; 1994). Thus, 

upon stimulation by certain growth factors, cellular PC is broken down by 

activated phospholipases. As diacylglycerol is a direct substrate, PC 

biosynthesis may be a mechanism to attenuate the diacylglycerol signal (Pelech 

and Vance, 1989). 

PC hydrolysis can also produce arachidonic acid, the immediate precursor 

for the biosynthesis of the intercellular signalling molecules, prostaglandins. 

Arachidonic acid is a fatty acid that is esterified to the sn-2 carbon of the glycerol 

backbone of PC, and can be released by hydrolysis with an activated 

phospholipase A2. 

1.2 PC metabolism in mammalian systems 

1.2.1 PC synthesis via the CDP-choline pathway 

While there are a number of possible pathways for the synthesis of PC in 

animal cells, the key pathway is via CDP-choline, elucidated by Kennedy 

(reviewed 1989). This pathway is utilized exclusively for de novo PC synthesis in 

all tissues examined, with the exception of liver cells in which the methylation 

pathway also functions (Section 1.2.2). A mutation in the CDP-choline pathway 

in chinese hamster ovary (CHO) cells caused growth arrest and a large decrease 

in the cellular PC levels at the non-permissive temperature, demonstrating this 



route as the primary PC source (Esko and Raetz, 1980). 

The substrates and enzymes of this biosynthetic pathway are outlined in 

Figure 1 .I. In the first step of the pathway, choline taken up by the cell is quickly 

phosphorylated with ATP by the enzyme choline kinase to form phosphocholine. 

CTP:phosphocholine cytidylyltransferase then catalyzes the transfer of a cytidyl- 

group to phosphocholine to produce CDP-choline and pyrophosphate. The 

activated choline is then transferred from CDP-choline to diacylglycerol by 

cholinephosphotransferase to form the end product, PC. An interesting feature 

of this pathway is the involvement of both soluble (choline, phosphocholine, 

CDP-choline) and membrane-associated (diacylglycerol) substrates in the 

synthesis of the membrane phospholipid. As a result, the enzymes in the 

pathway are also both soluble (choline kinase) and membrane-embedded 

(choIinephosphotransferase). The medial step in the pathway is carried out by 

cytidylyltransferase, which can be found at both sites in the cell. 

1.2.2 Other pathways for PC synthesis 

A second major route for the synthesis of PC involves methylation of the 

head group of PE. PE-N-methyltransferase catalyzes three successive transfers 

of a methyl group from the donor, S-adenosylmethionine, to PE and the 

intermediates monomethyl- and dimethyl-PE to form PC (Fig. 1 .I). This 

biosynthetic route is active only in liver, where it accounts for only 20 to 40 % of 

PC synthesis (Ridgeway, 1989). 
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Lysophosphatidylcholine (IysoPC) is a breakdown product of PC which 

can be converted to PC upon addition of a fatty acyl chain (fatty acyl-CoA) by an 

acyltransferase. This acylation reaction is part of a deacylation/reacylation cycle 

that functions to control the fatty acid composition of PC (Choy & Arthur; 1989). 

Cells lacking a functional CDP-choline pathway (Esko et a/., 1982) or starved for 

choline (Terce et a/., 1994) are able to survive in the presence of IysoPC. 

1.2.3 PC catabolism 

PC is broken down in the cell by a group of enzymes known as 

phospholipases (Roberts & Dennis, 1989). Numerous sites on the PC molecule 

are subject to hydrolysis, and phospholipases are grouped according to the site 

hydrolysed and products formed (Fig. 1.1). Phospholipase A hydrolyses the fatty 

acyl bond, producing free fatty acid and IysoPC, which can be further degraded 

by a lysophospholipase A to a free fatty acid and glycerol phosphocholine. 

Phospholipase A1 and A2 hydrolyze the acyl chain at the sn-1 and sn-2 positions 

respectively of the phospholipid. Phospholipase C hydrolyses the 

glycerophosphate bond of PC, releasing diacylglycerol and phosphocholine. 

Phospholipase D hydrolyses the choline phosphate bond, releasing choline and 

phosphatidic acid. In unstimulated cells, the phospholipase A pathway appears 

to be the dominant basal catabolic route for PC (Morash et a/., 1988). All three 

phospholipases can be signal activated (Liscovitch, 1992; Exton, 1994). 



1.2.4 Regulation of PC levels 

The importance of PC in cells dictates a need for its levels to be well 

regulated. PC synthesis is required for progression of cells through the cell cycle 

(Terce et a/., 1994). As cells grow, there is a requirement for increased 

membrane mass, and thus an increased supply of the main phospholipid. As PC 

is broken down by phospholipases, due to basal turnover or for production of lipid 

second messengers, there must be a mechanism whereby the pool of lipid is 

replaced. In some cell lines PC biosynthesis is necessary for functions other 

than membrane biogenesis, such as surfactant production by lung starting 

immediately before birth, and lipoprotein secretion by liver. 

Coordinated regulation of PC metabolism has been demonstrated. 

Treatment of cells with an exogenous PC-specific phospholipase C greatly 

stimulated the biosynthesis of PC, demonstrating the presence of a regulatory 

mechanism for the cellular membrane composition (Kent 1979; Sleight & Kent, 

1983a). The breakdown of PC by signal-activated phospholipases was 

coordinated to an increase in PC biosynthesis (Tronchkre et a/., 1995). 

Conversely, artificial stimulation of the PC biosynthetic pathway by 

overexpression of a key enzyme resulted in a concurrent increase in PC 

breakdown, such that the overall cellular PC level was not greatly affected 

(Walkey eta/., 1994). Elucidation of the regulatory step in the PC biosynthetic 

pathway is central to understanding the control of cellular PC levels. 



1.2.4.4 CTP: phosphoc holine cytidylyltransferase is the key regulatory 

enzyme of the CDP-choline pathway 

Over many years of study it has become apparent that the key regulatory 

step for PC biosynthesis is that catalyzed by CTP:phosphocholine 

cytidylyltransferase (CT). Choline supplementation of rat hepatocytes resulted in 

only a slight increase in PC synthesis, but a great accumulation of cellular 

phosphocholine, the substrate for CT (Sundler & Akesson, 1975). Radiolabelled 

choline taken up by HeLa cells rapidly accumulated in the form of 

phosphocholine (Vance et a/., 1980). As the radiolabel disappeared from this 

substrate, it was rapidly converted to PC with no accumulation of CDP-choline. 

In the same study, addition of poliovirus stimulated PC biosynthesis at the CT 

step by increasing turnover of phosphocholine to PC. CT was thus suggested as 

the rate-controlling reaction of PC synthesis (Vance & Choy, 1979). Similar 

analyses of choline metabolites in myoblasts (Cornell & Goldfine, 1983) and lung 

type II cells (Post, eta/., 1982) corroborate these results. Since this initial 

hypothesis, there has been abundant evidence that the modulation of CT activity 

correlates with changes in PC synthesis, stimulated by phospholipase C (Sleight 

& Kent, 1980; 1983 a & b; Wright et a/., 1985; Watkins & Kent, 1991 ; Slack et a/., 

1991), fatty acids (Pelech et a/., 1983; Pelech et a/., 1984; Whitlon et a/., 1985; 

Aeberhard et a/, 1986; Tronchere et a/., 1991; Wang et a/., 1993a) or other 

mechanisms (Paddon & Vance, 1980; Esko & Raetz, 1980; Weinhold et a/. , 

1981 ; Pelech et a/., 1981 ; Pritchard et a/., 1982; Lim et a/., 1983; Sleight & Kent, 

1983c; Pelech et a/., 1984 ; Jamil et a/, 1990; Hatch et a/., 1991 ; Utal et a/., 1991 ; 

Weinhold et a/., 1994; Walkey, et a/., 1994). 



1.2.4.2 Regulation by other enzymes of the CDP-choline pathway 

The reaction catalyzed by choline kinase commits cellular choline to the 

CDP-choline pathway, directing it away from alternate metabolism to betaine. 

Hence, this enzyme was a candidate for regulation. Choline destined for PC 

synthesis is rapidly converted to phosphocholine by choline kinase under most 

conditions. However, there are systems where changes in the PC synthesis rate 

correlated with changes in cellular choline kinase activity (Teegarden et a/. , 1991 ; 

Kent, 1989). Gene induction and phosphorylation have been proposed to 

regulate choline kinase activity (Ishidate, 1989). 

Cholinephosphotransferase appears to be regulated only by substrate 

availability, and has been proposed to serve as the rate-limiting step for PC 

synthesis only in such circumstances where the diacylglycerol supply is limiting 

(Lim et a/., 1986; Cornell, 1989a; Jamil et a/., 1992; Walkey et a/., 1994). 

1.3 CTP:phosphocholine cytidylyltransferase 

It has become clear that a major mechanism for activation of CT is its 

reversible association with membranes (Vance & Pelech, 1984). Purification of 

the rat-liver enzyme in 1986 and the subsequent cloning, in 1987, of a yeast CT 

gene and in 1990 of a rat CT cDNA have lead to the production of tools such as 

CT-directed antibodies, expression systems and the study of mutants. With 

these new technologies in hand, recent studies have shown phosphorylation and 

lipid-association to be involved in a complex regulation of CT. It is apparent that 

the key signals for CT activation are the properties and lipid composition of the 

target membrane. An understanding of the mechanism of membrane binding 



and identification of the membrane binding domain of the protein are therefore 

central to the understanding of the regulation of the enzyme and PC metabolism. 

1.3.1 The key regulatory event for CT is its association with cellular 

membranes 

1.3.1 .I Initial Investigations of Lipid activation: 

Initial characterization of CT in rat-liver homogenates revealed that 

storage of the enzyme, or incubation at 37 "C for a few hours, resulted in an 

increase in the enzymatic activity (Schneider, 1963). Extraction of the lipids from 

the solution with acetonelbutanol abolished CT activity, which was returned by 

re-addition of the isolated lipid (Fiscus & Schneider, 1966). In the same study, 

analysis of the extracted lipid components revealed elevated levels of 

lysophospholipids, formed along with fatty acids from the breakdown of 

phospholipids. The necessity for an incubation period in order to produce 

activating lipids suggested that breakdown products, not the steady-state lipids 

themselves, were involved in this stimulation. Thus, a positive feedback 

mechanism for the stimulation of PC synthesis by its breakdown products was 

proposed (Fiscus & Schneider, 1966). A further study of rat-liver cytosolic CT 

suggested that the presence of IysoPE and fatty acids, produced from hydrolysis 

of PE by an endogenous phospholipase A upon incubation, could be responsible 

for CT activation (Choy & Vance, 1978). 

Lipid stimulation of CT activity was also observed in lung extracts. CT in 

the soluble fraction of fetal rat lung was stimulated 10-fold by addition of a 

chloroform/methanol extract containing total lung lipids (Stern et a/., 1976). 



Further investigation revealed that CT was activated -6-fold by addition of pure 

anionic phospholipids PI, and PG, but was not affected by PC or PE, and only 

slightly affected at high concentrations by IysoPC (Stern etal., 1976). The CT 

activity lost from rat lung extracts upon isopropyl ether extraction was restored by 

readdition of fatty acids (Feldman et a/., 1981). 

Addition of lipids to soluble extracts of CT from rat-liver or lung not only 

activated the enzyme, but induced the formation of large CT-lipid aggregates, 

suggesting that CT was binding to a lipidic structure (Stern et a/., 1976; Choy et 

a/., 1979). Lipid induced aggregation of rat-liver cytosolic CT was stimulated in 

vitro by PC, and phospholipase C treatment (forming diacylglycerol from 

phospholipids), but not by cholesterol or lysophospholipids (Choy et a/., 1979). 

Fatty acids were effective at inducing aggregation of cytosolic CT from rat liver 

(Pelech etal., 1983). Aggregation, and accompanying activation of CT from rat 

lung was induced by the anionic phospholipids PG, PI and cardiolipin, but not by 

PC alone, or IysoPC (Feldman et a/., 1978). Thus, selective activation of the 

enzymatic activity was accompanied by association of CT with lipids. 

1.3.1.2 The Translocation Model 

Early studies noted a bimodal distribution of CT in rat liver or lung 

homogenates, with a large percentage in the soluble and the remainder 

associated with membrane fractions (Schneider, 1963; Weinhold et a/., 1973). 

The subcellular distribution of CT in lung tissue varied with the developmental 

state: adult lung, with a higher CT activity, had a greater percent of microsomal 

CT than fetal lung (34% vs. 7%) (Stern et al., 1976). A correlation between the 

activity and membrane association of CT in these systems was not perceived at 



the time. 

A model for CT regulation involving interconversion between membrane- 

bound and soluble forms was first proposed based on studies of PC biosynthesis 

in phospholipase C-treated myoblast cells (Sleight & Kent, 1980). In this model 

system, PC was hydrolyzed by addition of exogenous phospholipase C, 

stimulating the cells to increase PC synthesis in order to maintain membrane 

integrity (Kent, 1979). PC synthesis, monitored by incorporation of [3~]choline, 

was stimulated at the step of CDP-choline formation. Total cellular CT activity 

measured in vitro was increased. A larger portion of the CT was associated with 

the membrane fraction in phospholipase C-treated cells (70%) than in control 

cells (30%). Membrane CT was fully active in the absence of added lipids, while 

soluble CT was inactive unless supplemented by lipids. Thus, a model was 

proposed in which soluble CT forms an inactive cellular reservoir, which can be 

recruited to the cellular membrane and activated when there is a requirement for 

increased PC biosynthesis. 

Translocation of CT to membranes, resulting in an activation of the 

enzyme and increased PC biosynthesis, has been demonstrated in many cell 

types (e.g. CHO cells, HeLa cells, rat lung, rat hepatocytes), and has been 

promoted by such stimuli as addition of exogenous phospholipase C, (Section 

1.3.1.4), fatty acids (Section 1.3.1.3), diacylglycerol (Section 1.3.1.4) and phorbol 

ester (Section 1.3.1.4). As well, physiologically relevant circumstances have 

been responsible for a change in the distribution of CT. In hepatocytes, inhibition 

of the methylation pathway for PC synthesis resulted in increased use of the 

CDP-choline pathway, and translocation of CT to the membrane (Pritchard et a/., 

1982). Liver from rats fed a high cholesterol and cholate diet had an increased 

PC synthesis rate, increased cellular CT activity and a higher distribution of CT 



on the membrane (Lim et al., 1983). Shortly after birth, a stage of lung 

development at which PC synthesis is elevated, CT membrane activity is 

increased (Weinhold et al., 1984). In hepatocytes starved for choline, thus 

unable to use the CDP-choline pathway, CT was located in the membrane 

fraction. Upon readdition of choline, PC synthesis was reinstated whereupon CT 

moved back to the soluble fraction (Yao etal., 1990; Jamil etal., 1990; Weinhold 

et al., 1994). In all cases studied, with the exception of choline starvation in 

which there is a lack of substrate, CT translocation to membranes correlated with 

increased enzymatic activity and an increased rate of PC synthesis. In these 

studies, CT translocation was assessed by separation of soluble and particulate 

cell fractions after treatment of intact cells with the various agents. Two methods 

for separation have been employed: 1) centrifugation of cell homogenates, or 2) 

digitonin permeabilization. The distribution of enzyme has been assessed by 

monitoring activity in these fractions, or more recently, by CT mass determination 

by immunoblotting approaches (Utal et al., 1991 ; Watkins & Kent, 1991 ; 1992; 

Wang et al., 1993a). Moreover, changes in CT intracellular distribution have 

been directly visualized in fixed cells via immunolocalization using fluorescent- 

tagged anti-CT antibodies (Watkins & Kent, 1992; Wang et all 1993a). 

An in vitm translocation assay was developed which enabled easier 

analysis of the translocation phenomenon. Isolated cell extracts were incubated 

with various effectors in vitro, then separated into soluble and particulate 

fractions by ultracentrifugation in order to localize the CT activity (Pelech et al., 

1984b, Weinhold et al., 1984). Translocation promotion by various lipid species 

was examined and compared directly, without interference by differential cellular 

uptake or potential secondary effects, in order to better understand the binding 

mechanism (Cornell & Vance 1987a). In this study, a variety of compounds with 



differing head group and acyl chain length functioned as translocation activators. 

Membrane binding was inhibited by detergents but not high ionic strength 

suggesting an important role for hydrophobic interactions (Section 1.3.2.3). 

Translocation of CT to membranes is reversible in vivo. CT returned from 

the membrane to the soluble fraction upon removal from cell culture media of the 

translocation stimulators oleic acid (Pelech et a/., 1984b; Houweling et a/, 1994), 

phorbol ester (Pelech et a/, 1984a), choline deficiency conditions (Yao et al, 

1990; Jamil et a/., 1993), or phospholipase C (Sleight & Kent, l983b; Wright et 

a/., 1985; Houweling et al., 1994). In vitm translocation of CT is also readily 

reversible upon removal of oleic acid with bovine serum albumin (BSA) 

(Weinhold et a/., 1984; Cornell & Vance 1987a). 

What are the cellular signal(s) that cause CT to translocate? There are 

many examples of translocation stimulators added exogenously to cells (see 

above). Although a phosphorylation mechanism was suggested to mediate 

these effects, it is apparent that a lipid signal is the main element responsible for 

CT translocation (Section 1.3.1.5). Two key potential activators of CT activity are 

free fatty acid levels (Section 1.3.1.3) and membrane diacylglycerol (Section 

1.3.1.4). Both of these activators are formed from the breakdown products of 

PC, suggesting a positive feedback mechanism to maintain PC levels. 

1.3.1.3 Fatty acids induce translocation 

Translocation of CT can be promoted by addition of exogenous fatty 

acids. Fatty acids were the predominant species extracted from lung cytosol 

that, upon readdition, activated lipid-free cytosolic CT (Feldman et al., 1981). 



Treatment of cells with fatty acids stimulated PC synthesis and promoted CT 

translocation to membranes (Pelech et a/., 1983; l984b; Whitlon et a/, 1985; 

Aeberhard et al., 1986; Cornell & Vance, l987a; Wang et a/., 1993a; Houweling 

et a/., 1994). Translocation of CT in vitro correlated with the free fatty acid 

content of the membrane fraction (Weinhold etal., 1984). While a selectivity for 

unsaturated over saturated fatty acids has been reported (Feldman et a/. , 1981 ; 

Weinhold et a/., 1984; Pelech et a/., l984b), in vitro studies demonstrated that 

both classes of fatty acid were effective translocation promoters (Cornell & 

Vance, 1987a). Differential solubility or effects of ~ a + 2  in the cell media, may be 

the source of apparent selectivity for unsaturated over saturated fatty acids in the 

cell culture systems. 

A role for fatty acid stimulation has been postulated in a physiological 

situation (Weinhold etal., 1984). Shortly after birth, PC synthesis increases in 

order to produce surfactant. The level of membrane-bound CT in rat lungs 

increased shortly after birth, with a coincident increase in free fatty acid levels. 

Thus, fatty acid levels may play an important role in regulation of CT in lungs of 

newborns. 

Fatty acids are a good candidate for the regulation of PC synthesis. They 

are direct breakdown products of PC, resulting from hydrolysis by phospholipase 

A. Thus, their production can lead to a positive feedback mechanism for the 

resynthesis of PC. 

1.3.1.4 Diacylglycerol induces translocation 

Activation of CT by diacylglycerol was initially proposed due to the 

promotion of a CT-lipid aggregate by a phospholipase C treated extract 



containing elevated diacylglycerol (Choy et a/., 1979). However, in the same 

study, exogenous diacylglycerol alone did not promote CT-lipid aggregation. 

Likewise, treatment of whole cells with phospholipase C increased the 

diacylglycerol content (Sleight & Kent, 1980), but the observation that a 

diacylglycerol suspension did not activate cytosolic CT prompted the conclusion 

that a transient decrease in PC levels triggered CT translocation in this system. 

Similar results were obtained with an in vitro translocation assay (Cornell & 

Vance; 1987a). Phospholipase C-treated membranes containing elevated 

diacylglycerol levels promoted CT binding in vitro while a suspension of 

diacylglycerol was ineffective. However, these authors noted that diacylglycerol 

alone does not form a stable membrane bilayer so addition of diacylglycerol in a 

suspension may not present an appropriate surface to activate CT. 

Diacylglycerol incorporated into sonicated PC vesicles was, in fact, capable of 

binding CT in vitro (Cornell & Vance, l987b). 

Diacylglycerol promoted CT translocation in vivo, independently of 

phospholipase C-treatment. Diacylglycerol containing short (8 carbon) fatty acyl 

chains, which is able to effectively enter the cell and become incorporated into 

subcellular membranes, promoted CT translocation in pituitary cells (Kolesnick & 

Hemer, 1990; Slack et a/., 1991). When added to neuroblastoma cells together 

with phospholipase C, this short-chain diacylglycerol caused no further increase 

in CT activity while oleic acid (Section 1.3.1.3) elevated CT activity. This implied 

a common mechanism of action for the phospholipase C and diacylglycerol, a 

mechanism not shared with oleic acid (Slack et a/., 1991). 

Diacylglycerol levels are altered by phorbol esters, which affect CT 

translocation. 12-0-Tetradecanoyl-phorbol-13-acetate (TPA) is a potent tumor- 

promoting agent, producing many cell responses including a stimulation of PC 



synthesis (Paddon & Vance, 1980) with a corresponding activation and 

translocation of CT (Pelech et a/, 1984a). However, TPA had no direct effect on 

CT membrane binding in vitro (Cornell & Vance, I987a; Kolesnick & Hemer, 

1990). Protein kinase C is activated by tumor-promoting phorbol esters such as 

TPA, suggesting a phosphorylation regulatory mechanism (see Section 1.3.1.5). 

However, no change in the in vivo phosphorylation level of CT was observed 

after treatment of HeLa cells with TPA (Watkins et a/., 1990). Treatment of 

pituitary cells with short-chain diacylglycerol produced a similar effect as TPA 

(Kolesnick & Hemer, 1990). TPA treatment of HeLa cells caused an elevation in 

cellular diacylglycerol levels which correlated to CT activation and translocation 

(Utal et a/., 1991). These results demonstrate that the key trigger for TPA- 

induced membrane binding was mediated by the lipid signal, diacylglycerol. 

Diacylglycerol is an ideal candidate for a physiological regulator of CT 

activity and PC synthesis. Diacylglycerol is a direct breakdown product of PC, via 

phospholipase C or the combined action of phospholipase D and phosphatidic 

acid phosphohydrolase, and could stimulate PC resynthesis via a positive 

feedback mechanism. Diacylglycerol is also a direct substrate for the resynthesis 

of PC, reacting with the CDP-choline formed by CT. Thus, elevated 

diacylglycerol levels would activate CT, leading to increased supply of CDP- 

choline. This process would enlarge both substrate pools for PC synthesis by 

choline phosphotransferase. 

I .XI .5 Role of phosphorylation in translocation 

Covalent modification by phosphorylation is a regulatory mechanism for 

many cellular proteins. Protein kinases, which catalyze this reaction, are a group 



of diverse and highly regulated enzymes that respond to various cellular signals 

by phosphorylating their specific target proteins. These proteins are 

dephosphorylated by separate enzymes, the protein phosphatases. 

A phosphorylationl dephosphorylation mode of regulation for CT was 

proposed on the basis of PC synthesis and CT activity modulation by protein 

kinase and phosphatase activators and inhibitors (Niles & Makarski, 1979; 

Pelech et a/., 1981; Pelech et a/. , 1982). Protein phosphatase inhibitors NaF and 

okadaic acid decrease cellular CT activity and membrane binding (Hatch et a/., 

1990; 1991). This suggested that phosphorylated CT, which would accumulate 

in the absence of active phosphatases, is more stable in its inactive, soluble 

form. Radiolabelled CT was isolated from cells grown in a [32~ ]~hos~ha te -  

containing media, directly demonstrating in vivo phosphorylation (Watkins & 

Kent, 1990). Okadaic acid treatment caused an increase in the 32~-content of 

soluble CT, and a decrease in membrane-bound enzyme (Hatch et a/., 1992). 

Phosphorylation levels in vivo were affected by treatment with phospholipase C 

(Watkins & Kent, 1991), oleic acid (Wang et a/., 1993a; Houweling et a/., 1994) 

or choline deprivation (Weinhold et a/., 1994). CT phosphorylation levels varied 

with the cell cycle in concert with activity of the enzyme, resulting in cyclic 

changes in the PC biosynthetic rate (Jackowski, 1994). In these cases, soluble, 

highly-phosphorylated CT was induced to translocate to the membrane, where it 

was dephosphorylated. Thus, dephosphorylation was proposed to be an 

important event in the membrane binding of CT. 

Dephosphorylation is not an essential trigger for membrane binding. In 

choline-deprived Hep G2 cells, dephosphorylation of CT preceded membrane 

translocation (Weinhold et a/., 1994). However, dephosphorylation occurred 

subsequent to translocation induced by oleic acid in rat hepatocytes, suggesting 



dephosphorylation is not a prerequisite for membrane binding (Houweling et a/., 

1994). Purified CT (Section 1.3.2.5), which is highly phosphorylated (MacDonald 

& Kent, 1994), was activated and bound to membranes in the absence of 

kinases and phosphatases (Weinhold et a/., 1986; Feldman & Weinhold, 1987; 

Cornell 1991a & b), also implying that a dephosphorylation event is not essential 

for membrane binding. The phosphorylated sites on CT were mapped to 16 C- 

terminal serine residues (MacDonald & Kent, 1994). Deletion mutants or Ser-to- 

Ala mutants lacking all phosphorylation sites had lipid-interacting characteristics 

similar to wild-type CT (Cornell et a/., 1995; Wang & Kent, 1995a & b; Yang & 

Jackowski, 1995). Although the dephosphorylation event that occurs upon 

membrane binding in vivo is not the key trigger for membrane binding or 

activation of CT, it may function to destabilize the soluble form of the enzyme 

and thus enhance the lipid signalling. 

The identity of the kinase(s) that regulate CT in vivo are not definitely 

known. Neither TPA stimulation of protein kinase C (Section 1.3.1.4), nor CAMP 

stimulation of protein kinase A (Jamil et a/., 1992) in cultured cells alter the 

phosphorylation state of CT. The sequence of CT (Kalmar et a/., 1990) contains 

consensus sites for casein kinase II and cdc2 kinase, which phosphorylate CT in 

vitro (Cornell et a/., 1995). 

1 .XI .6 Subcellular site of translocation 

Phospholipid synthesis is thought to occur on the endoplasmic reticulum 

membrane system (Vance et a/. , 1977). Cholinephosphotransferase, the last 

enzyme in the main PC biosynthetic pathway, is an integral membrane protein 

localized predominantly in the endoplasmic reticulum, with possible traces in the 



Golgi system (Cornell, 1989a; Vance & Vance, 1988). Upon fractionation of rat- 

liver or phospholipase C-treated Krebs II cells, membrane-bound CT colocalized 

with markers from the endoplasmic reticulum (Vance & Vance, 1988; Terc6 et 

a/., l988), with smaller amounts found in the Golgi system (Vance & Vance, 

1988), consistent with the idea of PC synthesis occurring mainly in the 

endoplasmic reticulum. However, CT in phospholipase C-treated CHO cells did 

not consistently colocalize with either of these organelles under multiple cell 

fractionation conditions, but did colocalize with the nucleus (Morand & Kent, 

1989). Development of CT-specific antibodies allowed the direct microscopic 

detection of the protein in fixed cells using a fluorescent-labelled antibody, a 

technique called immunolocalization. Membrane-bound CT in CHO cells that 

had been choline-starved or treated with phospholipase C, or HeLa cells treated 

with oleic acid, was immunolocalized to the nuclear envelope (Watkins & Kent, 

1992; Wang et a/. , 1993a). lmmunolocalization in unstimulated cells localized 

soluble CT to the nucleus in CHO cells, HepG2 cells, murine fibroblast cell lines 

(NIH-3T3 and L-cells) and in rat liver slices (Wang et a/., 1993b). Expression of a 

rat-liver CT cDNA with a deletion of a N-terminal nuclear localization signal in a 

CT-defective CHO cell line resulted in localization to both the cytosol and 

nucleus, but had no effect on enzymatic activity or cellular PC biosynthesis 

(Wang eta/., 1995). The physiological significance of CT localization to the 

nucleus is not apparent. 

1.3.1.7 Translocation as a common mechanism for protein regulation 

CT is not the only enzyme to be regulated by a change in its subcellular 

distribution. The terms ambiquitous (Wilson, 1978) and amphitropic (Burn, 1988) 



have been coined to describe a group of soluble enzymes that reversibly 

associate with membranes under the appropriate conditions. This regulatory 

mechanism has the advantage that the protein can change its distribution quickly 

and reversibly. Membrane association ultimately changes the activity of the 

protein, either by promoting a conformational change or by bringing the protein in 

close contact with its substrates or another regulatory protein. As these proteins 

often respond to levels of lipid activators, fluctuations in the membrane 

composition can play a key role in regulation. 

Protein kinase C, which plays an important regulatory role in cell growth 

and differentiation, is a prominent example of a protein regulated by translocation 

to activating membranes. The soluble protein is activated by binding with great 

specificity to membranes containing phosphatidylserine and diacylglycerol 

(Newton, 1993). Binding promotes a conformational change which activates the 

protein (Orr et a/., 1992). Thus, an increase in diacylglycerol levels resulting from 

cell stimulation promotes the translocation of protein kinase C to membranes, 

where it is active and able to phosphorylate its many substrates. 

Phospholipases and other lipases are generally soluble enzymes that are 

activated upon binding to membranes, where their substrates reside. As 

substrate concentration is varied, activity is greatly enhanced at the substrate 

concentrations where micelle or membrane formation occurs. This interfacial 

activation may be due to a high local concentration or specific orientation of the 

substrate occurring on the membrane, or may be the result of a conformational 

change occurring in the protein upon membrane binding. Binding and activity of 

phospholipases are greatly sensitive to properties of the lipid bilayer (Menashe, 

eta/., 1986; Rebecchi, et a/, 1992; Rao, et a/., 1993). 

Stimuli other than membrane composition causes some proteins to 



translocate. Pyruvate oxidase binds and is activated by membranes in the 

presence of its substrate, pyruvate, and its cofactor, thiamine pyrophosphate 

(Grabau et a/. , 1989). The affinity of synapsin I for synaptic vesicles appears to 

be regulated by phosphorylation (Scheiber et a/., 1986). Some proteins are 

localized to membranes via lipid modification. G proteins, Ras protein, and non- 

receptor tyrosine kinases, all of which are involved in signal transduction, are 

covalently linked to a myristoyl, prenyl or palmitoyl group which is thought to 

provide a membrane anchor. Palmitoylation is a reversible process, and 

enzymatic removal of the acyl chain can signal the protein to translocate to the 

cell cytosol, resulting in attenuation of signal transmission (Casey, 1995; 

Wedegaertner, et a/., 1995). 

1.3.2 Mechanistic studies of the Membrane activation of CT 

1.3.2.1 Purification of CT 

The purification of CT has enabled significant advances in the 

investigation of the mechanism of CT membrane-binding and activation. In vivo 

studies have established the physiological role for the enzyme regulation. 

However, an isolated, well defined system is needed to elucidate the membrane 

interaction and activation mechanisms, and the identity of possible lipid 

activators. Investigations of activating lipid species in cell extracts could be 

misinterpreted due to the presence of endogenous lipid species or lipases 

capable of changing the apparent lipid composition. 

Early attempts at CT purification produced an unstable enzyme that 

tended to aggregate (Choy & Vance, 1976) or was only partially pure (Choy et 



a/., 1977). The enzyme was purified to homogeneity from rat-liver cytosol by 

Weinhold et a/. (1986). The key step in the protocol involved the binding of 

cytosolic CT to an excess of PCloleic acid vesicles, and subsequent acid 

precipitation of the lipid-protein complex. After this stage, detergents were 

needed in the purification protocol and in the final column elution in order to 

stabilize the enzymatic activity. The purified enzyme contained traces of 

endogenous lipids (Cornell, 1991 b). Removal of the detergent and endogenous 

lipid in the purified enzyme was achieved by DEAE Sepharose chromatography, 

but produced a highly unstable protein that aggregated (Cornell, 1989b) and 

quickly lost activity (t% of 112 hr) unless activating lipid was restored (Cornell, 

1991 b). 

Purification of CT has led to many significant advances. It has allowed the 

mechanistic study of the enzyme in a controlled arena. Lipid vesicles or micelles 

of defined amounts and compositions have been utilized to investigate the 

selectivity and mechanism of CT activation (Feldman & Weinhold, 1987; Cornell, 

1991 a & b). A pure source of CT allowed the production of highly specific 

antibodies. This advance was important in the investigation of in vivo 

phosphorylation of CT (Section 1.3.1.5) and in the immunolocalization to the 

nucleus (Section 1.3.1.6). Protein sequence analysis of isolated CT segments 

allowed production of oligonucleotide probes, leading to the cloning and 

sequencing of CT cDNA from rat liver (Kalmar et a/., 1990). As a result of the 

cloning, techniques such as mutagenesis and overexpression were made 

possibfe, to enable dissection of the molecule's functional domains. 



1.3.2.2 Lipid activators 

CT is selective in its membrane interactions. The enzyme is not activated 

by PC vesicles alone, but requires the presence of certain lipid activators. Two 

classes of lipids appear to be the main activators for CT. Class I lipids are 

anionic phospholipids and fatty acids, and Class I1 lipids are neutral lipids with 

small polar head groups. 

Class I: Anionic lipids 

Fatty acids induce activation and translocation of CT in vivo (Section 

1 . X I  .3). In cell extracts, anionic phospholipids such as PI, PSI and PG were 

also effective at activating CT and causing translocation in vitro (Stern et al., 

1976; Choy & Vance, 1978; Choy et al., 1979; Feldman et al., 1981 ; Feldman et 

al., 1985). While vesicles containing PC alone were ineffective at activating 

soluble CT, addition of oleic acid to the vesicles greatly stimulated activity. CT 

activation by oleic acid in the absence of any phospholipid was greatly reduced, 

demonstrating the requirement for a membrane structure. PG vesicles alone 

activated CT, and addition of oleic acid to PG vesicles did not increase this 

activity (Feldman et al., 1985), suggesting the hrvo lipids have a common 

mechanism of activation, via their negative charge. 

Purified CT was activated by anionic lipid vesicles in vitro, but not by PC 

vesicles (zwitterionic) nor by oleic acid alone (Weinhold et a/., 1986; Feldman & 

Weinhold, 1987; Cornell, 1991 a & b). CT activity was sensitive to the mole % of 

oleic acid or PG up to 60 mol% above which CT was not activated further 

(Feldman & Weinhold, 1987). CT activity could also be stimulated by Triton X- 

100 micelles containing anionic lipid (Cornell, 1991 a). While an assortment of 



anionic lipids were capable of maximally activating CT, the relative effectiveness 

was dependent on the charge of the lipid head group. For example, the mole % 

cardiolipin (charge -2) required for full CT activation was 2-fold lower than that 

required of PG, PI, and PS (charge -1). PG, PI and PS have different polar 

head groups, yet were all equally effective at activating CT. Cardiolipin and PG 

have a similar head group structure, yet differ in their charge and activation 

potency. Increasing the ionic strength increased the mole % PG needed to 

maximally activate CT. These results suggest that CT does not recognize a 

specific lipid head group structure, but responds to the surface charge density of 

the lipidic surface. Physical association of CT with the micelles containing 

anionic phospholipid demonstrated that the active form of CT is bound to a lipid 

structure (Cornell, 1991 a). 

Class I1 Neutral lipids with small polar head groups 

Diacylglycerol induced translocation of CT in vivo (Section 1.3.1.4). As 

discussed (Section 1.3.1.4), diacylglycerol activated CT only when presented in a 

membrane environment. Monoacylglycerol and oleyl alcohol, like diacylglycerol, 

are uncharged and contain a small polar head group. These lipids promoted 

translocation of soluble CT in vitro (Cornell & Vance, 1987a). CT was physically 

associated with sonicated PC vesicles containing monoacylglycerol, oleyl alcohol 

or diacylglycerol in vitro (Cornell & Vance, 1987b). 

Purified CT was activated by PCIdiacylglycerol mixtures only when in 

vesicle form (Cornell, 1 99la). Similar results were obtained with oleyl alcohol. 

CT was activated to the same extent by monoacylglycerol, oleyl alcohol or oleoyl- 

methyl ester (Johnson & Cornell, unpublished observation). Thus, there is not a 

strict specificity for diacylglycerol. 



The requirement for a membrane structure for oleic acid and diacylglycerol 

activation suggests CT is not activated by direct binding of a monomer of 

activating lipid. Moreover, the lack of head-group specificity suggests CT does 

not possess a site designed to recognize a specific chemistry in an activator lipid 

molecule(s). Thus, lipid activators do not appear to directly activate CT, but their 

presence changes membrane properties which affects the CT-membrane 

interaction. 

1.3.2.3 CT membrane binding involves both electrostatic interactions 

and membrane intercalation 

The lipid bilayer is composed of a hydrophobic, acyl chain core with a 

polar surface composed of charged head groups. Proteins can interact 

electrostatically with the bilayer surface or embed themselves in the hydrophobic 

milieu. Peripheral membrane proteins, which interact exclusively with the 

membrane surface in an electrostatic manner, are diagnosed by their ability to be 

removed from the membrane in high pH or ionic strength media, conditions which 

do not disrupt the bilayer integrity. Proteins embedded in the hydrophobic 

membrane core are released only upon membrane disruption such as that 

caused by detergents. 

The membrane binding of CT has both electrostatic and hydrophobic 

components. Lack of specificity in the response to class 1 anionic lipids, as well 

as the effect of ionic strength, suggested that CT responds to the negative 

surface charge on membrane (Cornell, 1991 a). Lipids carrying a positive charge, 

for example sphingosine, antagonize the effect of anionic lipids, likely by 

neutralizing surface charge (Sohal & Cornell, 1990). These results imply 



importance of a negative surface charge density on the membrane, and suggest 

a role for electrostatic interactions between CT and the membrane. However, 

once bound, high ionic strength media was insufficient to remove CT from 

membranes (Cornell & Vance, 1987a & b). Detergents dissociated CT from the 

membrane, suggesting hydrophobic rather than electrostatic interactions mediate 

the binding. 

Involvement of both electrostatic and hydrophobic elements suggested a 

two step mechanism for CT binding in which anionic lipid vesicles promote 

electrostatic attraction of CT to the membrane surface, followed by penetration of 

a portion of the protein into the hydrophobic membrane core (Cornell, 1991 b). A 

similar two-component model for membrane-interaction has been proposed for 

other membrane-interacting proteins such as melittin (Dufourcq & Faucon, 1977), 

synapsin (Benfenati et a/., 1989) and sec A (Ulbrandt et a/., 1992). A unifying 

feature of CT activators is the ability to disrupt membrane packing, and thus 

facilitate intercalation of a portion of the protein into the hydrophobic acyl chain 

core. CT activity was greatly diminished in the presence of gel-phase 

membranes, and anomalously enhanced at the gel-to-liquid crystalline phase 

transition (Cornell, 1991 b). Small, highly curved vesicles were more potent than 

planar multilamellar vesicles (Cornell, 1991 b). A correlation between CT 

membrane binding and the content of hexagonal phase-forming lipids in target 

membrane has been discussed (Cornell & Vance, 1 987b; Jamil et a/. , 1 993). 

Bilayer phase and curvature, as well as the presence of class I1 lipids, influence 

membrane properties by disrupting the packing formation of the phospholipid 

lipid head groups and acyl chains of the membrane. The presence of anionic 

lipids in a membrane disrupts packing at the surface in addition to creating a 

negative surface charge. Phospholipases C and A2 are examples of other 



membrane-binding proteins sensitive to lipid packing (Menashe, et a/., 1986; Rao 

et a/., 1993). In order for the intercalation model to be feasible, there must exist 

a structural domain of CT that is stable in the hydrophobic membrane 

environment. 

1.3.3 A model for the structural domains of CT 

Determination of the amino acid sequence of mammalian CT enabled the 

formation of a model for domain structure and funct~on. The first amino acid sequence 

was established for CT from rat-liver by Kalmar et a/., (1 990) (Figure 1.2). The protein 

contained 367 amino acid residues, and had a calculated molecular weight of 41,720. 

The protein bound to vesicles or detergent micelles as a dimer (Cornell, 1989b). CT 

sequences have also been determined from mouse (Rutherford et a/., 1993), Chinese 

hamster ovary (CHO) cells (Sweitzer & Kent, 1994), and human (Kalmar et a/., 1994) 

sources. The four sequences are -95 % identical, with most changes being 

conservative. On the basis of structural predictions and sequence homologies, a model 

has been proposed for the domain structure of CT (Fig. 1.3) (Kalmar et a/., 1990). The 

model for CT contains three distinct domains, one of which has been proposed to 

contain a structural element capable of hydrophobic membrane interactions. 



Figure 1.2: Amino add sequence of rat-liver CT. 
Sequence d e ~ v e d  by Kairnar et al., (1 990) and revised by MacDonaM and Kent (1 993). 
Putative arnphipathic helix is in italics. Tandem 11 -mer repeats are underlined. 
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Flgum 1.3: Domain Structure tor mammalbn CT. 



1.3.3.1 Conserved catalytic domain 

The N-terminal two-thirds of CT (residues 1 to 230) forms a discrete, 

protease insensitive domain (Craig et al., 1994). This domain is homologous 

with yeast CT (Tsukagoshi et at., 1987) and a related B. subtilis glycerol 

phosphate cytidylyltransferase (Mauel et a/., 1991 ; Park et al., 1993). A single 

amino acid change in this region resulted in defective CTP binding (Veitch & 

Cornell, 1994), while deletion mutants composed of this domain alone are 

catalytically active (Wang & Kent, 1995b). Thus, the catalytic site is likely 

contained in this region. 

1.3.3.2 Phosphorylation domain 

The C-terminal 55 residues (31 5 to 367) contains many potential 

phosphorylation sites. The region is rich in serine-proline motifs that are potential 

substrates for cyclin dependent kinases, and contains potential sites for casein 

kinase II and glycogen synthase kinase II. This domain was highly 

phosphorylated in vivo, yet deletion mutants lacking this domain, although not 

phosphorylated, were fully active and capable of membrane binding (Section 

1.3.1.5). Thus, this domain is not directly involved in catalysis or membrane 

binding, but may play a role in modulating these functions. 



1.3.3.3 The proposed membrane binding domain containing a putative 

amphipathic a-helix 

The region linking the catalytic and phosphorylation domain (residues 230 

to 293) is predicted to be an extended helix (Garnier et a/., 1978; Chou & 

Fasman, 1978). The region contains an 1 1-residue motif repeated three times in 

tandem (Fig. 1.2). In the mouse gene, this region (residues 238 to 299) 

composes a separate exon (Rutherford, et a/., 1993), implying that it may 

function as a separate domain. When this putative helical sequence is presented 

as a helical wheel projection (Fig. 1.4) it is strikingly amphipathic, with a highly- 

charged polar face, and an opposing hydrophobic face. 

Figure 1.4: 
Helical wheel representation of residues 238 to 291 of CT. Hydrophobic residues are shaded. 



The amphipathic a-helix motif has been proposed to mediate lipid 

interactions of apolipoproteins (Segrest et a/., 1974), based on findings of 

increased helicity in apolipoprotein fragments upon membrane binding. These 

membrane-binding sequences formed helices with an asymmetric distribution of 

hydrophobic and polar amino acids, resulting in a large non-polar face, and an 

opposing polar face. This structure was proposed to bind to the phospholipid 

surface with the non-polar face interacting with the acyl chains of the membrane, 

and the polar residues interacting with the phospholipid head groups. Much 

physical evidence has accumulated to confirm the role of the amphipathic a-helix 

in the reversible binding of apolipoproteins (types A-I, A-Ill C-ll, C-Ill and E) to 

lipoprotein particles and PC membranes (Segrest et a/., 1990). The amphipathic 

a-helix has also been implicated in the membrane interactions of polypeptide 

hormones (Kaiser & Kezdy, 1984) and lytic peptides such as melittin (Terwilliger 

et a/., 1982). 

As the sequence of CT contains no long stretches of hydrophobic amino 

acids, which would be indicative of a membrane spanning region, nor any 

consensus sites for the covalent attachment of a lipid anchor (myristoyl, palmitoyl 

or prenyl-group), the putative amphipathic helix region was proposed to mediate 

the membrane binding of CT (Kalmar eta/., 1990). In this model, the 

amphipathic a-helix would interact with the surface of activating membranes, its 

axis parallel to the membrane surface, which would enable its hydrophobic face 

to intercalate into the acyl chain core, and its polar residues to interact with the 

phospholipid head groups or a distinct region of the protein. This membrane 

binding would somehow facilitate activation of CT (Fig. 1.5). 



In this study, various approaches have been taken to elucidate the role of 

the putative amphipathic a-helix in the CT-membrane interaction. in chapter two, 

the lipid regulation of rat-CT and yeast-CT were compared. Yeast-CT lacks the 

putative amphipathic a-helix region. In chapter three, spectroscopic techniques 

were utilized to investigate the secondary structure and membrane interactions 

of synthetic peptides corresponding in sequence to the putative amphipathic a- 

helix region of CT. These analyses proved the presence of a helical motif and 

suggested its role in membrane binding. In chapter four, hydrophobic 

photolabelling probes were utilized, in combination with proteolysis, to identify 

the amphipathic a-helix region as the key domain involved in the intercalation of 

CT into activating membranes. 

Figure 1.5: Model for membransbound CT. 



CHAPTER TWO: COMPARISON OF THE LIPID INTERACTIONS OF 

RECOMBINANT YEAST-CT AND RAT-CT EXPRESSED IN COS CELLS 

2.1 Introduction 

CT regulation by translocation to membranes, and its importance in the 

regulation of PC synthesis, has been well characterized in mammalian systems 

(Chapter One). In yeast, PC synthesis proceeds via the CDP-choline pathway, 

or via the methylation of PE formed from PS decarboxylation or a CDP- 

ethanolamine pathway (Carman & Henry, 1989). Unlike most mammalian cells, 

yeast with a blocked CDP-choline pathway are able to utilize the alternate 

synthetic pathway to compensate (Nikawa et a/., 1983). Coordinate regulation of 

the alternate pathways is mediated by the availibity of the water-soluble 

substrates, choline and inositol. Choline supplementation, in the presence of 

inositol, represses the enzymes of the methylation pathway for PC synthesis 

(Carman & Henry, 1989), and induces the choline transporter and choline kinase 

activities (McMaster & Bell, 1994). Only at low exogenous choline concentrations 

did CT limit the rate of PC synthesis via the CDP-choline pathway (McMaster & 

Bell, 1994). The exact role of yeast-CT in regulation of PC synthesis is unclear. 

CT from rat-liver and yeast sources has been cloned and sequenced 

(Kalmar, et a/., 1990; Tsukagoshi, et a/., 1987). A large central domain of the 

two proteins shares 65% identity at the amino acid level (Fig. 2.1). From the 

point of divergence at the C-terminal domain, the rat CT contains a putative 

amphipathic a-helix that has been implicated in membrane-binding (Section 

1.3.3.3). The sequence of yeast-CT does not contain this putative amphipathic 



a-helix. 

The lipid activation and binding of recombinant rat-CT and yeast-CT has 

not been investigated. Therefore, the purpose of this study is three-fold. 

1) To confirm that the previously unstudied recombinant rat CT, 

overexpressed in COS cells, has the same lipid activation and binding 

characteristics as the protein from the natural source. 

2) To investigate the role lipids may play in modulating yeast-CT activity. 

3) To investigate the importance of the putative amphipathic a-helix region in 

membrane binding, the lipid activation of rat-CT and yeast-CT was compared. 

If the putative amphipathic a-helix domain is involved in the membrane- 

interactions of rat-CT, yeast-CT which lacks this region would not be expected 

to respond to lipids in the same way. 

In these studies, yeast-CT was modulated by lipids, but with 

characteristics different from rat-CT. 



Figure 2.1: Comparison of yeast CT and rat CT protein sequences and domain models. 
A) Protein sequence comparison of rat liver (Kalmar et a/., 1990) and yeast (Tsukagoshi eta/., 
1987) CTs. Asterisks indicate identical matches and dots indicate conservative changes. 6) 
Domain model comparison of rat and yeast CTs. 
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2.2 Experimental Procedures 

2.2.1 Materials: 

COS-1 cells and the pAX111 expression vector were gifts from Dr. Robert 

Kay (BC Cancer Research Center, Vancouver, BC). COS cells are derived from 

a monkey cell line, and have been engineered to support plasmid replication from 

a SV40 origin (Gluzman 1981). The pAX111 vector contains a human 

cytomegalovirus enhancer and promotor to drive transcription, and an SV40 

origin of replication to drive rapid replication in COS cells (Kay & Humphries, 

1991). The yeast-CT DNA was from Dr. S. Yamashita (Gunma University School 

of Medicine, Maebashi, Japan). The pAX111 -rat-CT and pAXl1 I -yeast-CT 

expression vectors were constructed by Dr. Gabe Kalmar as described (Johnson 

et a/., 1992). Phospholipids were from Avanti Polar Lipids (Alabaster, AL, USA). 

Sphingosine, oleic acid, mono-olein, oleyl alcohol, phospholipase C (from B. 

cereus) and choline kinase were from Sigma (St. Louis MO, USA). (3~jcholine 

chloride (80 CiImMol) was from New England Nuclear. Restriction enzymes and 

other DNA-modifying enzymes were from Pharmacia (Uppsala, Sweden) or BRL 

(Burlington, Ont.). Tissue-culture supplies were from Corning (Ithaca, NY, USA). 

Fetal-calf serum was from GIBCOILife Technologies (Burlington, Ont.). Other 

chemicals were from Sigma or BDH (Vancouver, BC). 



2.2.1.1 Preparation of sn-I ,2,diacylglycerol 

Diacylglycerol was prepared from egg PC by digestion with phospholipase 

C by the method of Myher & Kuksis (1979). Egg PC (1 mrnol, 0.74 g) in diethyl 

ether was vigorously mixed, in a 2 phase system, with -200 units phospholipase 

C (from B. cereus, obtained from Sigma) in 17.5 mM Tris, pH 7.4, 1 mM CaC12. 

After 20 hr, PC was completely converted to diacylglycerol, as analyzed by thin 

layer chromatography (TLC) (Section 2.2.3). The lipid was extracted three times 

with CHC13lMeOH (2:l) and dehydrated with excess Na2S04. The solvent was 

removed with a rotary evaporator and by evaporation under N2, and the resulting 

pure diacylglycerol was weighed, dissolved in CHC13 to 50 rnM and stored at 

-20•‹C under N2. 

2.2.1.2 Preparation of [3~]phosphocholine 

[3~]~hos~hochol ine was prepared from [3~]choline by reaction with 

choline kinase in the presence of ATP. 1 to 2 mCi [3~]choline in ethanol was 

dried under nitrogen and reacted with 0.3 units choline kinase for 1 h at 37 "C in 

the presence of 0.1 M Tris pH 8.0, 10 mM ATP, 10 mM MgC12. 

[3~]~hos~hochol ine was separated from unreacted [3~]choline on a Dower ion 

exchange column: choline eluted with H20, phosphocholine eluted with 50 mM 

NaCI. ~a+z-free phosphocholine (unlabelled) was added to give a final 

phosphocholine concentration of 10 to 15 mM and a specific activity of 10 to 15 

Cilmol. 



2.2.2 Protein Quantitation 

Protein was quantified by the method of Bradford (1976). Ovalbumin 

standards and protein samples were made to 100 pl. Coomassie Dye reagent 

(0.005% (wlv) Coomassie, 5% (vlv) Ethanol, 10% (vlv) H3PO4; filtered before 

use) was added, samples were incubated for 15 min at 37 "C, and the 

absorbance at 595 nm was measured. For a micro assay, 1 ml dye was added 

to proteins in the 0 to 25 pg range; for a macro assay, 3 ml dye reagent was 

added to proteins in the 0 to 100 pg range. 

2.2.3 Phospholipid Analysis 

Phospholipids in aqueous solution were extracted by the method of Bligh 

& Dyer (1959). To a 0.4 ml aqueous sample on ice was added 1.0 ml MeOH, 

0.5 ml CHC13, 0.5 ml CHC13, and 0.5 ml H20, vortexing after each addition. 

Samples were centrifuged at 2500 rpm for 5 min to encourage phase separation. 

The upper aqueous phase was removed, and the lower organic phase washed 

with 1.5 ml "theoretical upper phase" (MeOH:H20:CHC13, 48:47:3 ). This wash 

was repeated three times if aqueous samples were in phosphate buffer. The 

lower organic phase containing phospholipids was dried under nitrogen. 

Phospholipid phosphate was quantified by the method of Bartlett (1959). 

Standards of Na2HP04 in the range of 0 to 200 nmol phosphate were in a 

volume 120 pl. HC104 (0.5 ml) was added to dried lipid samples and standards, 

which were then incubated, covered, at 140 to 160 "C overnight. After samples 

had cooled, 4.4 ml ammonium molybdate (0.22% (wlv)), and 0.2 ml freshly made 

Fisk Subbarow solution (0.25% (wlv) 1-amino-2-napthyl-sulfonic acid, 0.5% (wlv) 



Na2S03, 15% (wlv) NaHS03lNa2S205 in H20) were added with vortexing, and 

the samples boiled for 10 min. After cooling, absorbance at 820 nm was 

measured. 

Lipid purity was analyzed by thin layer chromatography. Lipids (100 to 

200 nmol) were separated on pre-run, activated, glass-backed silica plates. 

Phospholipids and fatty acids were separated in CHC131 MeOHI NH3 (45:35:5 

volume ratio), while neutral lipids such as diacylglycerol were separated in 

hexane ldiethyl ether lacetic acid (60:40:1 volume ratio). Lipids were visualized 

with iodine vapour. 

2.2.4 Preparation of sonicated vesicles 

Lipids from CHC13 stocks were mixed in small round bottom flasks and the 

solvent evaporated under vacuum with a rotary evaporator for >I0 min. Lipids 

were hydrated by vortexing in TE buffer (10 mM Tris, pH 7.4, 1 mM EDTA), 

unless otherwise specified. The resulting suspension was sonicated on ice 

(Branson sonicator with a fine probe operating at 80% power output) until the 

turbid solution was clear: 10 to 20 min for lipid dispersion containing anionic 

lipids, 20 to 45 min for vesicles containing PC with neutral lipids. The sonicated 

solution was spun at 20,000g for 5 min in a bench-top microfuge to remove any 

titanium debris from the sonicator probe. The resulting small, unilarnellar 

vesicles containing PC alone or with neutral lipids were used the same day as 

preparation. Solutions containing anionic lipids were sometimes stored and used 

within a few days of preparation as they did not form any noticeable precipitate or 

become cloudy, and there was no noticeable difference in CT activation after one 

week of storage at 4 "C. 



2.2.5 CT activity assay 

The enzymatic activity of CT was analyzed by monitoring the incorporation 

of the radioactive substrate [3~]~hos~hochol ine into [~HICDP-C~OI~~~.  The 

solution, with a final volume of 50 PI, contained 20 mM Tris, pH 7.4, 87.5 mM 

NaCI, 12 mM MgC12, 3 mM CTP, 10 mM DTT, and variable amounts of lipid and 

enzyme. [3~]~hos~hochol ine (final concentration 1-2 mM) was added to start 

the reaction, which was incubated in a shaking 37 "C Hz0 bath for 10 to 45 min, 

then quenched by addition of 30 pI MeOHlNH3 (9:l). Samples were centrifuged 

at 20,0009 for a few seconds, and a portion of the supernatant was spotted on a 

silica plastic-backed TLC plate (Merck # 5748) and developed in 0.6 % (wlv) 

NaCl IMeOH lNH3 ( 5 5 1  volume ratio). The CDP-choline band was visualized 

with 0.02% (wlv in methanol) dichlorofluorescein under UV light, and the silica 

was scraped from the plate. [ 3 ~ ] ~ ~ ~ - c h o l i n e  was quantified by liquid scintillation 

counting. Units of CT activity are nmol CDP-choline formed per minute. 

2.2.6 Preparation of recombinant CT from COS cell culture 

2.2.6.1 Maintaining COS cells: 

COS cells were maintained as monolayers in Dulbecco Modified Eagle 

Medium (DMEM) with 5 % (vlv) Fetal Calf Serum (FCS) at 37 "C in 5% C02. 

When confluent, cells were released from plates by treatment with 0.05% (wlv) 

trypsin, 0.02% (wlv) EDTA in phosphate-buffered saline (PBS), diluted ten-fold 

with fresh media, and transferred to new plates. Cells were subcultured 

approximately every three days. 



2.2.6.2 Transfection with Recombinant DNA 

Cells (-1.5 x 106) were seeded on 10 cm plates 24 h prior to transfection 

with plasmid DNA. For transfection, cells were washed with TD (25 mM Tris, pH 

7.5, 140 mM NaCI, 5 mM KCI, 0.5 mM Na2HP04), then incubated with -10 pg 

DNA in a TS solution (TD with 1 mM MgC12, 1 mM CaC12) with DEAE-Dextran 

(0.5 mglml) for 10 min at room temperature, then 40 min at 37 "CI 5% C02. The 

DNA solution was removed, and cells were incubated with TSl20% (vlv) glycerol 

for 2 min, washed with TS and then with DMEM. Cells were treated with 100 pM 

chloroquine in DMEM 15% FCS for 2.5 h at 37 "CI 5% C02. Cells were rescued 

with DMEMI 5% FCS, transferred to 15 cm dishes after 24 h, and allowed to 

grow at 37 "CI 5% C02 until harvested. 

2.2.6.3 Preparation of COS cell cytosolic extracts 

Cells were harvested 72 h after DNA transfection using PBSl2.5 mM 

EDTA at 37 "C to release cells from dishes. Cells were pelleted at 1000g for 5 

min and resuspended in 1 .O ml homogenization buffer ( I  0 mM Tris pH 7.5, 1 mM 

EDTA, 3 mM MgC12, 1 mM PMSF, 2 mM DTT). All subsequent steps were 

performed at 4 "C. Cells were homogenized by 30 strokes of a Teflonlglass 

grinder. K2HP04 was added from a 2 MI pH 7.4 stock in 5 aliquots, vortexing 

after each addition, to a final concentration of 0.2 M phosphate. The sample at 

this stage was termed the "homogenate". 

For preparation of cytosol, the homogenate was centrifuged at 3000g for 

5 min, and the supernatant centrifuged at 100,000g for 1 hr. The high speed 

supernatant was termed the "cytosol". The high speed pellet was resuspended 



in homogenization buffer10.2 M phosphate by sonication for 30 s with a low 

power sonicator (Fisher Sonic Dismembrator, model 300), and this suspension 

was termed the "microsomal fraction". These fractions were aliquoted and stored 

at -80 "C. 

2.2.7 Assay for CT binding to Lipid-Enriched Microsomes: 

Sonicated dispersions of oleic acid, SOPC, SOPCIdiacylglycerol (2: I ) ,  or 

SOPClsphingosine (1:l) were prepared as described (Section 2.2.4). Rat liver 

microsomes were prepared from a homogenized rat liver by ultracentrifugation, 

as described for COS cell microsomes (Section 2.2.6.3). Microsomes (0.25 mg 

protein, 130 nmol lipid) were enriched with lipids (400 nmol) by incubation with 

the sonicated lipid suspension at room temperature for 30 min. The samples 

were cooled to 4 "C and centrifuged for 1 h at 100,000g. The supernatant was 

removed and the pellet resuspended by sonication in homogenization buffer with 

0.2 M phosphate. Under these conditions, the lipids sedimented in the 

"microsomal" pellet, except for a minor fraction of diacylglycerol, which floated on 

the top of the solution. To assay the membrane-binding of CT, 10 activity units 

(defined in Section 2.2.5; 0.15 - 0.25 mg protein) of COS cell cytosol containing 

expressed rat-CT or yeast-CT were added to the resuspended lipid-enriched 

microsomes. The mixture was incubated 5 min at 37 "C, cooled to 4 "C, and 

recentrifuged as above. The relative amounts of the added lipid found in the 

pellet and supernatant fractions were analyzed by extraction and TLC (Section 

2.2.3). Both fractions were assayed for CT activity in the presence of an 

optimum concentration of PCIoleic acid (1 :1) vesicles. 



2.3 Results 

2.3.1 Expression of Yeast-CT and Rat-CT in COS cells 

Yeast-CT and rat-CT were expressed in COS cells. CT activity in cytosolic 

extracts from COS cells tranfected with the pAX111 vector alone was 2-3 

unitslmg protein when assayed in the presence of a saturating concentration of 

PCIoleic acid (1 : 1) vesicles (Table 2.1). Transfection with the yeast-CT or rat-CT 

clones resulted in an elevation to -60 unitslmg in COS-cell cytosolic extracts 

prepared 72 h after transfection (Table 2.1). Yeast-CT and rat-CT were subject 

to stimulation by lipids (Table 2.1). The activities in the presence or absence of 

PCIoleic acid (1 : 1) vesicles differed by factors of 8 (yeast-CT) or 25 (rat-CT). 

The intracellular distribution of CT activity in the cells transfected with yeast-CT, 

rat-CT or the vector alone was similar; 80-90% was found in the cytosolic fraction 

obtained by high-speed centrifugation. This distribution is similar to that found in 

rat liver (Section 1.3.1.2). 



Table 2.1 : CT specific activity in transfected COS cell cytosols 

Ac t~vu  
. . 

Transfection No lipid + PCIoleic acid 

vector alone 0.4 i 0.3 2.4 * 0.7 

rat-CT 2.4 i 1.1 61 & 14 

yeast-CT 8 & 4  64*13  

Cytosols were prepared from transfected COS cells as described in Section 2.2.6. CT activity was 

assayed in the presence of optimal concentration of egg PCIoleic acid (1 :1) vesicles. Data are 

presented as activity unitslmg of cytosolic protein (means k S.D. of 3 - 6 separate transfections). 



2.3.2 Effect of oleic acid and sphingosine 

Sonicated unilamellar vesicles composed of egg PC and oleic acid (1 : 1 ; 

mol:mol) have been used as a standard for comparing the activation of purified 

rat liver CT by vesicles of different lipid compositions. PC/oleic acid vesicles 

stimulated yeast-CT and rat-CT activity up to 30-fold, whereas vesicles of egg PC 

alone had little effect (Fig. 2.2). The activation of yeast-CT, but not rat-CT, was 

decreased at lipid concentrations above 100 pM. In figure 2.2, the oleic acid 

content of the vesicles used was 50 mol%. The mole % of oleic acid in 

1-stearoyl-2-oleoyl-PC (SOPC) vesicles was varied between 0 and 50 % (Fig. 

2.3). Since yeast-CT was not stimulated at all by PC alone, the addition of oleic 

acid to the PC vesicles resulted in a more dramatic stimulation, compared to the 

oleic acid effects on rat CT. The activation of both CTs by oleic acid was 

completely blocked by incorporation of equimolar amounts of sphingosine into 

the vesicles (Fig. 2.4). This concentration of sphingosine should neutralize the 

negative charge of the fatty acid. Antagonism of anionic lipid activation by a 

cationic lipid suggests a role of the surface charge in the activation by oleic acid. 



Lipid conc. (uM) 

Figure 2.2: Dependence of CT activity on the concentration of egg PC/oleic acid or SOPC 
vesicles. 
Cytosolic extracts from COS cells expressing rat-CT (closed symbols) or yeast-CT (open 
symbols) were assa ed in the presence of the indicated concentration of egg PCfoleic acid (1 :1, 
rnollrnol, a, 0 ) or H OPC vesicles ( , Q ). Data are duplicate determinations of single 
experiments that were repeated three or four times with s~mihr results. 



Oleic acid (mole %) 

Figure 2.3: Dependence of CT activity on the mole % of olek acid in SOPC vesicles. 
Cytosoli extracts from COS cells expressing rat-CT (0 ) or yeast-CT 0 were assayed in the \ 1 presence of 1 M) tA4 SOPC vesicles containing the indiited mole % o o ic acid. Data are 
duplite determ~natbns of single experiments that were repeated three times wlh similar results. 
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Figure 2.4: Antagonism between oleic acid and sphingosine. 
Cytosolic extracts from COS cells expressing rat-CT a) or east-CT (0) were assayed in the b J presence of 100 fl vesicles containmg 50 mol% SO C a the indi ted mole % of oleic acid 
(OA) and sphingosine (Sph). Data are duplicate determinations of single experiments that were 
repeated twice with similar results. 



2.3.3 Effects of anionic phospholipids 

Vesicles composed of cardiolipin, PG, or PI were tested for activation of 

the CTs as a function of vesicle concentration (Fig. 2.5) or mole % anionic 

phospholipid in vesicles composed of variable ratios of anionic phospholipid and 

SOPC (Fig. 2.6). Rat-CT activity plateaued at 10 pM cardiolipin, -50 pM PG and 

-100 pM PI (Fig. 2.5A). On the other hand, the dependence of yeast-CT activity 

on anionic phospholipid concentration was biphasic, where the activation curve 

reached a plateau at 2-5 pM and declined at higher concentrations (Fig. 2.5B). 

The biphasic behavior was most pronounced for cardiolipin, and the least 

pronounced for PI. When assayed at the vesicle concentration optimum, 

determined from the data of figure 2.5 (100 pM for rat-CT), the activity 

dependence of rat-CT on the mole % of anionic phospholipids was saturable at 

-50 mol% for cardiolipin, PG, and PI (Fig. 2.6A). Cardiolipin produced the 

strongest stimulation. For yeast-CT, assayed at the optimal lipid concentration 

(5 pM), the mol % curve saturated at 25% cardiolipin and 50% PG or PI (Fig. 

2.6B). At higher than optimal lipid concentrations, (e.g. 25 and 100 pM) the mole 

% of anionic lipid required for maximal stimulation of yeast-CT shifted to lower 

values and the stimulation declined at high mole % of PI, cardiolipin or PG 

(results not shown). The loss of stimulatory effects of anionic phospholipids at 

high concentration is not due to metabolism of the added lipid to an inhibitory 

species. Extraction and TLC analysis of the lipids (Section 2.2.3) after incubation 

of cardiolipin, PI, PG or PCIoleic acid vesicles with COS-cell cytosol under 

conditions identical to the enzyme assay revealed no new species (results not 

shown). 
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Figure 2.5: Dependence of rat-CT (A) or yeast-CT (B) activity on the concentration of 
anionic phospholipids. 
Cytosolic extracts from COS cells were assayed in the presence of vesicles containing 
cardolipin (CL.0). PI, ( O ) ,  or PG ( W). Data are averages of two to four separate 
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Figure 2.6: Dependence of ratCT (A) or yeast-CT (B) activity on the mole % of anionic 
phospholipids. 
Cytosolic extracts from COS cells were assayed in the presence of 100 pM SOPC vesicles 
containing the indicated mole % of anionic lipid : cardioli in CL, 0 ), PI Q), or PO (m). The s . b  
single experiments that were repeated t w e  with similar results. 

I total lipid concentration was 1 in (A) and 5 pM in ( ) ata are dup icate determinations of 



2.3.4 Effects of neutral lipid activators 

It has been shown that CT from mammalian sources binds and is 

activated by cellular or liposomal membranes enriched with diacylglycerol or 

other neutral lipids with small uncharged polar head groups (Sections 1.3.1.4 and 

1.3.2.2). Anionic phospholipids are not needed in conjunction with the neutral 

lipid activator. Fig 2.7 compares the effects of three neutral lipids on the 

activities of yeast-CT and rat-CT: diacylglycerol (derived from egg PC), mono- 

oleoylglycerol and oleyl alcohol. The mol % of the neutral lipids was varied in 

SOPC vesicles up to 25%. All three lipids were activators of rat-CT activity 

(-1 0-fold stimulation). Diacylg lycerol and oleyl alcohol did not stimulate rat-CT 

above 25 mol%. Diacylglycerol is known to induce non-bilayer phases above 

25 mol% (De Boek & Zidovetzki, 1989), which could be related to the lack of 

stimulation. Yeast-CT activity was not affected by any of these lipids. Mole % 

curves were examined at three different total lipid concentrations (5, 25 and 

100 pM), and no effect on yeast-CT activity was observed. Diacylglycerol, 

monoacylglycerol and oleyl alcohol were not metabolized to other lipid species, 

as evidenced by extraction and TLC analysis of the lipids (Section 2.2.3) after 

incubation with COS-cell cytosols under conditions identical with the enzyme 

assay (results not shown). 



0 5 10 15 20 2-5 

Neutral lipid (mole%) 

Figure 2.7: Dependence of CT activity on the mole % of neutral lipid in SOPC vesicles. 

Cytosolic extracts from COS cells expressing rat-CT (continuous lines) or yeast-CT (broken lines) 
were assayed in the presence of 100 pM SOPC vesicles containing the indicated mole % of egg 
diacylglyceml (DAG, ), monosleoylglycerol (MG, 0 ), or oleyl alcohol (OH, Q ): Data are 
duplicate determinations of single experiments that were repeated three times w~th s~mltar results. 



2.3.5 Translocation to microsomes 

The preceding studies showed that yeast-CT and rat-CT activities have 

different sensitivities to lipid vesicles, yeast-CT being activated only by class I 

(anionic) lipids. We investigated whether yeast-CT and rat-CT can be 

distinguished by differences in enzyme binding to cell membranes enriched with 

lipids of class I or class II (neutral lipids). Microsomal membranes were used for 

this analysis, owing to the ease of separation of microsomal-bound CT from 

unbound CT. Microsomes were enriched with oleic acid, SOPC, diacylglycerol or 

sphingosine by incubation of the membrane suspensions with sonicated 

dispersions of oleic acid or sonicated vesicles of SOPC, SOPCIdiacylglycerol 

(2:l) or SOPCIsphingosine (1:l). The extent of incorporation of oleic acid and 

sphingosine from the vesicles to the microsomes was virtually complete, as 

assessed by TLC of lipids extracted from the sedimented microsomes or 

supernatants (Fig. 2.8). In some experiments, a small fraction of the 

diacylglycerol was not incorporated into the microsomes. Yeast-CT or rat-CT 

binding to the enriched microsomes was assessed by sedimentation and assay 

of activity in the supernatant and pellet fraction at an optimum concentration of 

PCIoleic acid vesicles. In preliminary experiments, rat liver and COS-cell 

microsomes showed equally effective capacity to bind CT after oleic acid 

enrichment. Rat liver microsomes were used, due to a more abundant supply. 

The results of the binding experiments are shown in Table 2.2. The CT 

activity endogenous to rat liver microsomes was subtracted from the total pellet- 

associated CT activity. The percentage distributions show that oleic acid 

promoted both rat-CT and yeast-CT binding. Diacylglycerol enrichment resulted 



in a moderate increase in rat-CT binding, but had negligible affect on yeast-CT 

binding. Assuming complete incorporation of the added PCIdiacylglycerol into 

microsomes, the diacylglycerol content was -25 mol% of the total phospholipid. 

This experiment cannot give a good quantitation of the relative potency of oleic 

acid and diacylglycerol, as the exact amounts of each lipid incorporated into the 

membranes is not known. However, it is clear that there is a difference in the 

binding response of yeast CT and rat CT to diacylglycerol-containing 

membranes. Controls in which PCIoleic acid vesicles were incubated with 

cytosolic rat-CT or yeast-CT in the absence of microsomes demonstrated that 

the sedimenting CT activity represents microsome-bound CT and not dense CT 

aggregates promoted by contact with lipids. Minimal CT activity (<lo%) 

appeared in the pellet after the standard centrifugation (results not shown). 



Figure 2.8: TLC of lipid extracted from enriched microsomes. 
Rat liver microsomes (0.4 mg protein, 130 nmol phospholipid) were incubated with 
0.4 p M o ~  of PClsphingosine (1 : I  ; Sph), PCldiacylglycerol(2:l; DAG), or oleic acid (OA) as 
described in Section 2.2.7, then centrifuged at 100 OOOg for 1 h. Lipids were extracted from 
the supernatant (S) and pellet (P) fractions and analyzed by TLC as described (Section 
2.2.3). Solvent: (a) CHCI3IMeOHINH3 (65:35:5 volume ratio), (b) hexaneldiethyl ether1 
acetic acid (60:40:1 volume ratio). 





Table 2.2: Yeast-CT and rat-CT translocation to lipidenriched rat microsomes. 

RAT-CT 

Enriched Lipid Sup. Pellet 

None 
(N=3) 

Oleic acid 
(N=2) 1.2 * 0.1 8.8 k 0.1 

YEAST-CT 

Sup 

8.3 * 0.7 

8.7 * 0.9 

2.1 * 1.0 

9.5 * 0.1 

9.0 * 0.3 

Pellet 

1.7 * 0.7 

1.3 * 0.9 

7.9 * 1 .o 

0.5 k 0.1 

1 .O 0.3 

Rat-CT or Yeast-CT (1 0 units; 0.1 5 - 0.25 mg) from COScell cytosolic extracts were incubated 

with 0.25 mg of untreated rat microsomes or microsomes enriched in the indicated lipid, as 

described in Section 2.2.7. The samples were centrifuged at 100 OOOg for 1 h, and CT activity 

was determined in the supernatant and pellet fractions under optimal conditions for enzyme 

activity. For comparison, the numbers presented (units of CT activity) have been normalized to 10 

units total. Recovery of added CT activity ranged from 60 - 90 %, except for yeast-CT treated with 

oleic acid, in which the recovery was 40 - 50 %. The lower recovery is due to the inhibitory effect 

of high concentrations of oleic acid in the membrane, see, e.g. Fig.2.2. 



2.4 Discussion 

2.4.1 Recombinant CT is activated by membrane in a manner similar to 

the native protein 

This report presents a study of the lipid activation of recombinant rat-CT, 

overexpressed -60-fold in a COS-cell system. A bimodal distribution of rat-CT 

was observed in this system, with the majority (80%) in the soluble fraction and a 

small fraction in the membrane, as has been previously noted (Section 1.3.1.2). 

The protein was not activated by membranes composed of PC alone, but was 

activated by membranes containing class I and class II lipid activators. The 

anionic lipids oleic acid, PI, PG, and cardiolipin stimulated rat-CT activity, as did 

the neutral lipids diacylglycerol, monoacylglycerol and oleyl alcohol. This is 

characteristic of CT activity in cell extracts, or purified from rat-liver (Section 

1.3.2.2). The observed antagonism between oleic acid and sphingosine has 

been previously documented for purified rat liver CT (Sohal & Cornell, 1990). An 

in vitm translocation assay demonstrated rat-CT binding selectively to 

membranes containing class I or class II activators, which has been previously 

documented in vitm for CT from HeLa cells (Pelech eta/., 1984b; Cornell & 

Vance, 1987a & b) or rat lung (Weinhold et a/., 1984). Thus, recombinant rat-CT 

appears to interact with membranes with characteristics similar to native CT. 

Subsequent studies have shown that the recombinant rat-CT used in this 

study (Kalmar et a/., 1990) contains two amino acid changes from natural CT, 

due to errors incorporated during PCR amplification of the clone (MacDonald & 

Kent, 1993). The mutant CT used in this study has membrane-interacting 



characteristics similar to naturally occurring CT, which suggests that the changed 

residues are not involved in the binding or activation of CT by lipids. The 

changes occur at positions 91 (Gly to Ser) and 114 (Ser to Cys) of CT, which 

both fall in the proposed catalytic domain (Section 1 .%XI). Consequences of 

these mutations have been investigated (Veitch & Cornell, 1994). The mutation 

at position 91, but not 114, resulted in a 20 - 50 fold increase in the Km for the 

CTP, suggesting defective substrate binding. 

2.4.2 Recombinant yeast-CT is responsive to the lipid environment 

The activity of yeast-CT, overexpressed -60 fold in the COS-cell system, 

was modulated by the presence of anionic lipids. The protein was located 

predominantly in the soluble fraction of the COS cells. Activity modulation was 

biphasic in that low amounts of anionic lipids caused enzyme activation, which 

diminished at higher lipid concentration. Cationic sphingosine antagonized this 

activation, suggesting that an electrostatic interaction was involved. Yeast-CT 

activity was unresponsive to non-anionic vesicles. An in vitro translocation assay 

demonstrated yeast-CT binding to membranes enriched in oleic acid, suggesting 

that physical binding may accompany activation. There are no other studies of 

the lipid activation of yeast-CT to aid in interpretation of the mechanism, nor is 

there any evidence that yeast-CT is regulated by membrane-binding in vivo. 

Thus, the results presented here are the first to demonstrate a potential 

regulatory mechanism for yeast CT by membrane composition. 

CT in yeast was located primarily in the membrane fraction of 

homogenized cells (Tsukagoshi et a/., 1991). However, when overexpressed in 

E.coli, the enzyme was recovered in the soluble fraction, similar to our results, 



suggesting that yeast possess a mechanism that promotes the membrane 

association of CT (Tsukagoshi et a/., 1991). Recent evidence points to the 

involvement of a lipid-binding, regulatory protein that targets CT (Skinner et a/., 

1995). Secl4p, which functions in vitm as a PI 1 PC transfer protein, is a 

peripheral membrane protein that is necessary for secretion from the Golgi 

system, a requirement which can be bypassed by mutation of enzymes in the 

CDP-choline pathway (Cleaves et a/., 1991). The amount of functional Secl4p 

protein appeared to control the PC content of the Golgi membrane in vivo: 

mutations led to an accumulation, and overexpression led to a decrease of PC 

synthesized via the CDP-choline pathway (McGee et a/., 1994). Secl4p inhibited 

CT activity, in vivo and in vitm, under conditions where Secl4p was PC-bound 

(Skinner et a/., 1995). Thus, PC levels in yeast Golgi may be regulated by a lipid- 

binding protein, which inhibits yeast-CT activity when PC levels are high. 

Whether the mechanism of this regulation involves the interaction of yeast-CT 

itself with lipids has not been established. 

2.4.3 Yeast-CT and rat-CT respond to lipids via different mechanisms 

Two striking differences between the lipid response of yeast-CT and rat- 

CT were discovered. 1) Yeast-CT appeared to be modulated only in response to 

anionic lipids (class I), whereas rat-CT activity is modulated by both anionic and 

neutral lipids such as diacylglycerol (class 11). 2) the activation of yeast-CT by 

anionic lipids occurred over only a small concentration range, and the maximum 

stimulation occurred at a 5-1 0-fold lower concentration than rat-CT. The 
' difference in response of the two enzymes was observed both in activation and 

membrane binding. There are no other studies on the mechanism of yeast-CT- 



membrane interactions to guide our explanations of the observed differences in 

lipid activation. The difference in the activation curves for the two enzymes 

suggests that yeast-CT does not interact with membranes via a mechanism 

similar to rat-CT, consistent with its lack of a potential amphipathic helix domain. 

However, lipid activation of yeast-CT suggests the protein may contain a distinct 

lipid-association domain. The finding that yeast-CT is modulated only by charged 

lipids suggests a role for electrostatic interactions in the protein-membrane 

interaction. The biphasic activation of yeast-CT by anionic lipids suggests that 

the protein may contain two lipid-interacting sites: a high-affinity stimulatory site 

and a low-affinity inhibitory site. 

In conclusion, while the results presented here demonstrate, for the first 

time, an activation of yeast-CT by lipids, we are unable to make any strong 

conclusions regarding a role for the putative amphipathic a-helix region for 

membrane interactions in rat-CT. 



CHAPTER THREE: ANALYSIS OF THE SECONDARY STRUCTURE AND 

LIPID-BINDING ABILITIES OF SYNTHETIC PEPTIDES CORRESPONDING IN 

SEQUENCE TO THE PUTATIVE AMPHlPATHlC HELICAL REGION OF CT 

3.1 Introduction 

Few studies had examined the details of membrane binding of CT at the 

molecular level. The protocol for purification (Weinhold et al., 1986) produced 

CT that was very dilute and bound to detergent micelles (Triton X-100) which 

interfered with analysis. This motivated us to design a model system involving the 

use of synthetic peptides to study the membrane-binding characteristics of CT. If 

the putative amphipathic helix operates as a discrete domain within the enzyme 

to mediate membrane-binding, it is possible that a peptide corresponding to this 

region would behave in a similar manner. Synthetic peptides have previously 

been used to study the membrane interactions of the proposed N-terminal 

binding region of influenza hemagglutinin (Lear & Degrado, 1987; Claque et a/., 

1991), the putative anionic lipid-binding region of the erythrocyte ~ a + 2  pump 

(Filoteo et al. , 1992), N-terminal signal sequences (Killian et a/. , 1990; McKnight 

et al. , 1 gW), peptides derived from ion-channel proteins (Agawa et a/. , 1991 ; 

Chung eta/., 1992), and other peptides which model the amphipathic helical 

structure (Kanellis et al., 1980; Anantharamaiah et al. , 1985; Epand et al. , 1987). 

Synthetic peptides based on the sequence of the proposed amphipathic 

a-helical, membrane-binding domain of CT allow us to address such questions 

as: 

Does this domain form an a-helical structure? 



Does this domain interact with membranes? 

What are the effects of CT lipid activators on the secondary structure 

of this domain? 

Does induction of a specific secondary structure coincide with 

membrane binding? 

How far into the membrane bilayer core does the domain penetrate? 

What components of this domain determine lipid specificity for binding? 

Do the lipids that stabilize a specific secondary structure correspond to 

those that are known to activate CT? 

In order to investigate the structural and membrane-binding characteristics 

of the proposed amphipathic a-helix found in CT we have analyzed four synthetic 

peptides that correspond in sequence to (i) a 33 residue portion of the helix 

containing the three I I-mer repeats (ii) a peptide with the same sequence as in 

(i), with 3 serine residues changed to alanine to increase the hydrophobicity of 

the non-polar face (iii) a peptide corresponding to the N-terminal33 residues of 

the amphipathic helical region of CT and (iv) a 62 residue peptide corresponding 

to the entire region (Fig. 3.1). The binding of the four peptides to vesicles was 

compared. Circular dichroism was used to analyze the influence of membranes 

on the secondary structure of the peptide. The membrane interactions of the 

peptide were studied by monitoring the fluorescence of a tryptophan residue on 

the hydrophobic face of the helix. The results support a model involving this 

amphipathic helical region in the membrane interactions of CT, and provide 

answers to the questions posed above regarding the mechanism. 



Figure 3.1: Amino acid sequence of the synthetic peptides. 
All peptides are acetylated on the N-terminus and aminated on the C-terminus. 
Underlines corresponds to residues changed from the original sequence. 
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3.2 Experimental Procedures 

3.2.1 Materials 

Egg PC, dioleoyl-PG, 1 -palmitoyl,2-oleoyl-PE, 1 -palmitoyl,2-oleyl- 

phosphatidic acid (PA), beef heart cardiolipin (CL), 1 -palmitoyl,2-stearoyl-6,7- 

dibromo-PC, 1 -palmitoyl,2-stearoyI-9,lO-dibromo-PC, 1 -palmitoyl,2-stearoyl- 

11,12-dibromo-PC were purchased from Avanti Polar Lipids (Alabaster, AL). 

Sp hingosine, oleic acid, oleyl alcohol, and o-phthaldialdehyde were from Sigma. 

sn-l,2-Diacylglycerol was generated as described (Section 2.2.1 .A). 

Microcon-1 00 filtration units were purchased from Amicon (Beverly, MA). Lipids 

were stored in CHC13 stocks at -20 "C under nitrogen. The concentration and 

purity of these stocks was checked periodically as described (Section 2.2.3). 

3.2.2 Peptide synthesis 

Peptides corresponding in sequence to different portions of the 

amphipathic helix region of CT (Kalmar et a/., 1990) were synthesized and HPLC 

purified by Dr. Ian Clark-Lewis and Philip Owen (Univ. of British Columbia) as 

described (Clark-Lewis et a/. , 1991). The sequences and calculated molecular 

weights corresponding to each peptide are shown in Figure 3.1. The peptides 

were acetylated on the N-terminus and aminated on the C-terminus to eliminate 

the charged groups. The peptides were stored as solids at -80 "C. For 

experiments, stock solution of the peptides (0.2 or 0.6 mM) were made in TE 

buffer (10 mM Tris-HCI, pH 7.4, 1 mM EDTA), or HEPES buffer (10 mM HEPES, 



pH 7.4). Pep33 required 3 or 4 equivalents of NaOH added from a 1 M stock for 

solubility. The peptide stocks were made by weighing I .OO to 2.50 mg of solid 

peptide to an accuracy of * 0.01 mg. The peptide was dissolved in the 

appropriate volume of buffer (0.4 to 1.0 ml) with an accuracy of * 0.005 ml to give 

a final concentration of 0.6 mM, which was confirmed by measuring the 

absorbance at 280 nm. The solutions were stored at -20 "C in aliquots which 

were thawed only once. 

3.2.3 Gel filtration analysis of peptide aggregation state 

A Sephadex G50 column (Icm x 30 cm) was equilibrated and eluted with 

TE buffer (1 0mM Tris, pH 7.4, 1 mM EDTA) at a flow rate of 0.4 mllmin. Peptide 

samples (100 pg, 25 nmol) were in 200 pI TE buffer with 10 % glycerol. Protein 

elution was monitored by UV absorbance at 280 nm. An molecular weight (Mr) 

scale for the column was calibrated with cytochrome C (12400), aprotinin (6500), 

insulin (5700), and insulin treated with 50 mM D l T  at 37 "C 2h to dissociate into 

p (3500) and a-(2200) subunits. Vo and Vt for the column were determined by 

using BSA (67000) and bromphenol blue (700), respectively. 

3.2.4 Peptide-Vesicle Binding Assay 

Peptide stocks and lipid vesicles (Section 2.2.4) used in this assay were 

made in 10 mM HEPES buffer, pH 7.4. Peptide (12 nmal) and varying amounts 

of lipid vesicles between 0 and 3600 nmol were incubated at room temperature 

for 10 min in a total volume of 200 pI 10 mM HEPES buffer, pH 7.4. Samples 

were then transferred to a Microcon-100 filtration unit (molecular weight cutoff of 



100,000 Da) and centrifuged at 3000g for 4 to 7 min, until all but 5 to 10 pl had 

gone through the filter. The filter was rinsed with 100 pI HEPES buffer and 

centrifuged again for 2 to 3 min. Lipid vesicles and bound peptide were 

recovered from the filter by rinsing with 100 pI HEPES buffer which was then 

transferred to another vial. Unbound peptide was in the flow-through fraction 

under the filter. Unbound peptide was quantified with the o-phthaldialdehyde 

assay (Section 3.2.5). Lipids interfered with quantification of peptide in the 

retentate. The amount of lipid-bound peptide was calculated as (nmol peptide 

added - nmol peptide in flow-through). Volume partition coefficients (Table 3.6) 

were calculated using the equation: (nmol bound peptidelvolurne lipid) 1 (nmol 

free peptidelvolume solution). Solution volume was 200 p1. Accessible lipid 

volume was estimated using a density of lglml, taking into account that only -% 

lipid would be on the outer monolayer of the vesicles, accessible to peptide. 

Control proteins cytochrome C, lysozyme and apolipoprotein A-l were quantified 

by the method of Bradford (Section 2.2.2). 

3.2.5 o-Phthaldialdehyde assay for peptide quantitation 

For the membrane-binding assay described, peptide was quantified with a 

fluorescence assay involving a reaction with o-phthaldialdehyde as described by 

Roth (1971). o-Phthaldialdehyde reacts with the amine groups of peptides to 

produce a fluorescent product. Peptide samples were in HEPES buffer, as Tris 

contains free amines and would interfere with the peptide assay. Standard 

curves composed of 0 to 6 nmol of the peptide to be assayed were analyzed with 

each experiment. To a 100 pI sample of peptide was added 0.5 m10.05 M 

Borate buffer, pH 10, and 0.5 ml0.5% (vlv) P-mercaptoethanol in ethanol, 



vortexing well after each addition. o-Phthaldialdehyde (10 mglml in methanol) 

was diluted 10-fold in 0.05 M borate, pH 10, and 0.5 ml of this solution was 

added to the peptide assay solution with vortexing. The samples were incubated 

at room temperature for exactly 20 min before measurement, as the fluorescence 

intensity decayed slightly over time. The fluorescence intensity (excitation at 340 

nm, emission at 440 nm) was proportional to the peptide concentration over the 

range used (0 to 6 nmol peptide). Fluorescence measurements were on a 

Perkin-Elmer MPF-44B fluorescence spectrophotometer. The presence of high 

amounts of lipids in the sample (>500 nmol) interfered with the fluorescence 

analysis. 

3.2.6 Circular Dichroism 

Sonicated lipid vesicles were prepared in TE buffer (10 mM Tris, pH 7.4, 

1 mM EDTA)as described (Section 2.2.4) except that the sonication times were 

extended to a minimum of 20 min to reduce absorption and light scattering by the 

lipids in the samples. All vesicles were used the same day as preparation. The 

samples for spectroscopy were in TE buffer with a peptide concentration of 

30 pM and lipid concentration of 4 mM, unless otherwise indicated. Background 

samples were composed of lipid vesicle suspensions lacking peptide. Samples 

were incubated for >10 min at room temperature before analysis. 

All measurements were taken on a Jasco 700 spectropolarimeter using a 

1 mm quartz cell at 25 "C. Each spectrum was measured twice at a 50 nmlmin 

scan rate in steps of 0.5 nm, and the two were averaged and smoothed. 

Background spectra of the lipid vesicles in buffer were subtracted from the 

peptide spectra. Values are expressed as mean residue molar ellipticity [el. The 



percent helix was estimated using the equation 8222 = (fh - i d N )  [8h 222 

where 8222 is the mean residue molar ellipticity at 222 nm; fh is the fraction in a- 

helical form; i is the number of helices, (assumed to be one); K is a wavelength- 

specific constant, with a value of 2.6 at 222 nm; N is the number of residues in 

the peptide; and Oh 222 is the molar ellipticity for a helix of infinite length at 

222 nm, and has a value of -39,500 deg-cm2ldmol (Chen ef a/., 1974; Chang el 

a/., 1978; Sonnichsen et at., 1992). 

3.2.7 Fluorescence Studies 

The samples in TE buffer contained 3.25 pM peptide and 0.5 mM lipid 

vesicles, unless otherwise indicated. At this concentration of well sonicated lipid 

vesicles (as described in Section 3.2.6), there was no interference from sample 

turbidity. For iodide quenching experiments, samples in TE buffer contained 

peptide, lipid, 10 mM Na2S203, and the indicated concentration of Nal added 

from a 4 M stock. NaCI, which does not quench fluorescence, was added to 

maintain a constant ionic strength of 0.2 M. When cesium was used as the 

quencher, CsCl was added from a 4 M stock, and NaCl was used to maintain 

constant ionic strength. In the case of quenching by brominated lipid, the 

specified dibromo PC was incorporated at the indicated mole % into lipid vesicles 

from a CHC13 stock as described in vesicle preparation (Section 2.2.4). Lipid 

and peptide were preincubated at room temperature for >10 min prior to 

recording spectra. 

Spectra were recorded on a PTI-LS100 fluorescence spectrophotometer 

or a Perkin-Elmer MPF-44B fluorescence spectrophotometer, with emission and 

excitation slit widths of 3 nm and 8 nm, respectively. Samples were at room 



temperature in a 1 cm quartz fluorescence cuvette. The excitation wavelength 

was 280 nm and the emission spectra were recorded from 300 to 440 nm. 

Spectra of background samples were recorded and the fluorescence in the 

absence of peptide was subtracted from the fluorescence obtained in the 

presence of peptide. 



3.3 Results 

3.3.1 Properties of the peptides 

The sequence of the synthetic peptides are shown in Fig. 3.1. When 

plotted on an helical wheel projection (Fig. 3.2), each peptide is observed to be 

highly amphipathic, with a highly-charged polar face and a non-polar face. Each 

sequence contains a tryptophan residue, found on the non-polar face of the 

proposed helix. The fluorescence of this tryptophan could be monitored to 

assess changes in the environment of the peptide. Four peptides corresponding 

to the putative amphipathic a-helix region of CT were studied: 

Pep33 corresponds to residues 256 to 288 in rat-liver CT. This peptide was 

the first chosen for study as it consists of three 11 residue repeats, which 

implied a functional role in the protein. The peptide, with a net charge of -2, 

contains nine negatively charged and seven positively charged residues. 

There are three serine residues in register which interrupt the othewise 

hydrophobic face of the helix. 

PepAla corresponds to the same sequence as Pep33, except the three 

serine residues on the hydrophobic face are changed to alanine. This 

peptide was designed to analyze the role of these serine residues. Alanine 

lacks the hydroxyl side-chain, thus would increase the hydrophobicity of the 

non-polar face of the helix. 

PepNHl corresponds to the N-terminal 33 residues of the amphipathic a- 

helix of CT (residues 236 to 268). This peptide, with a net charge of +3, 

has 8 negatively charged and 11 positively charged residues, as well as a 



histidine residue. As this region contained no tryptophan residue, a Trp 

residue was substituted for Phe at residue 263. Similar substitutions have 

been implemented in studies of other peptides, with no change in properties 

(Killian, et a/., 1990; McKnight et a/., 1991). 

Pep62 corresponds to the entire amphipathic a-helix region of CT (residues 

238 to 299), which constitutes a discrete exon in the mouse CT gene 

(Rutherford ef a/., 1993). This peptide, with a net charge of +I ,  contains 14 

negatively charged and 15 positively charged residues, as well as one 

histidine residue. 

In dilute buffer, the majority of each 33-residue peptide, Pep33, PepNH1, 

PepAla, eluted from a Sephadex G-50 gel filtration column with apparent 

molecular weights of approximately 8000 when compared to insulin a and p 

chains, aprotinin and cytochrome C standards (Fig. 3.3), demonstrating that the 

peptides are not associated in a large aggregate. The molecular weight of the 

peptide monomer is -4000. Thus, the peptides elute with an apparent molecular 

weight of a dimer. Approximately 5 - 10% of the PepAla eluted as a large 

aggregate (MW > 66,000) in the void volume of the column. Pep62 was not 

analyzed by gel filtration. 



Figure 3.2: Helical wheel projections of the peptides. 

Hydrophobic residues are shaded, demonstrating the amphipathic nature of the helix.Dotted 

lines indicate the approximate polar and non-polar interfaces. 
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log Mr 

Kav 

Pep33 0.202 

PepAla A 0.181 

PepNHl 0.170 

Figure 3.3: Determination of the aggregation state of the peptides by gel filtration. 
Pep 33 (m), PepAla (A), PepNHl(.),and the standard proteins cytochrome C, aprotinin, 
insulin and insulin a and b subunits (+) were chromotographed on a Sephadex G-50 
column as described in Section 3.2.3. An equation was determined to describe the linear 
plot of Kav versus log Mr for the standard proteins, and was used to calculate the 
apparent Mr for the peptides. 



3.3.2 Circular Dichroism Indicates a Propensity of the Peptides for a 

Helical Conformation 

The CD spectra were measured to determine the preferred secondary 

structure of the peptides, especially the propensity to form the predicted a-helix. 

All peptides in the simple TE buffer alone gave a CD spectrum that is indicative 

of a predominantly random structure with only a small amount of helix, 12-14% 

(Fig. 3.4, Table 3.1). Trifluoroethanol (TFE) is a solvent which promotes any 

favoured secondary structure in peptides and proteins by promoting 

intramolecular hydrogen bonding (Sonnichsen et a/., 1992). The presence of 

50% TFE in TE buffer changed the spectrum of each peptide to one indicative of 

an a-helical structure, with the characteristic minima at 208 nm and 222 nm (Fig. 

3.4). The helical content of the peptides in TFE was estimated to be 

approximately 50% (Table 3.1). 



Figure 3.4: Circular dichroism spectra of the peptides. 

CD spectra of peptide (30 pM) in buffer (solid line), in a 50% trifluoroethanol solution 

(- - - ), in the presence of PC vesicles (4 mM; .... ) or PG vesicles (4 mM;- . - . -). A, 

Pep33; B, PepNH1; C, PepAla; D, Pep62. 
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TABLE : 3.1 

Circular Dichroism Analysis of Peptides with Various Lipid Vesicles 

LIPID - [@I222 deg cm21dmol 
(Estimated % Helix) 

none 

PC/ 
diacylglycerol (3: 1 ) 

PC/ 
sphingosine (1 :1) 

PG 

PCIoleic acid (1 :1) 

in 50% TFE 

Samples contained 30 pM peptide and 4 mM lipid, unless otherwise indicated. Spectra were 
measured, and % helix estimated from [@I222 as described in Section 3.2.6. Pep33 data are from 
Table 3.2. Data for other peptides are average k range of 2 separate experiments, except for 
values without indicated error, which were performed only once 



3.3.3 Anionic Lipid Vesicles Promote an a-Helical Structure 

The preceding CD experiments show that the peptides do have the 

propensity to form an a-helical structure. Next, we sought to examine the effect 

of membranes, in the form of small unilamellar vesicles, on the secondary 

structure of the peptides in buffer. Fig. 3.4 shows the CD spectra of the peptides 

in the presence of lipid vesicles composed of PG, an anionic phospholipid. The 

presence of PG vesicles caused a change in each spectrum from that seen in 

buffer alone, to one characteristic of an a-helical structure. The percent helicity 

was similar to that obtained in the presence of 50% TFE. Addition of PCIoleic 

acid vesicles caused a similar change in the CD spectrum for all peptides (Table 

3.1). The CD spectrum of Pep33 was 50 to 60 % helical in the presence other 

anionic vesicles such as PA, PI, PS and PC/CL (Table 3.2). All of these lipids 

activate rat-liver CT (Section 1.3.2.2). Addition of PC vesicles to the peptide 

caused no change in the CD spectrum of Pep33 or PepNHI, and only a small 

change in the spectrum of PepAla or Pep62 from that in buffer alone (Fig. 3.4; 

Table 3.1). Other non-anionic lipid vesicles such as PCIPE, (3:1), PCIoleyl 

alcohol (1:1), as well as the cationic vesicles PCIsphingosine (1:l) did not cause 

a change in the CD spectrum of Pep33, indicating that the peptide remained in a 

predominantly random form (Table 3.2). Addition of PCldiacylglycerol or 

PCIsphingosine did not change the spectra of Pep33 or PepNH1, but did cause a 

small increase in the helical content of PepAla and Pep62. These results, 

summarized in Tables 3.1 and 3.2, show that there is a lipid induced change in 

the conformation of each peptide from a primarily random structure to an a-helix, 

and that this conformational change is selective for anionic lipid vesicles. 

Selectivity for anionic lipids is more pronounced for Pep33 and PepNHI. 
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TABLE 3.2: 

Circular Dichroism Analysis of Pep33 with Various Lipid Vesicles 

LIPID 

none 

PC 
PCIPE (1 : 1) 
PCldiacylglycerol (3: 1) 
PCIoleyl alcohol (1 : 1 ) 
PCIsphingosine (1 : 1) 

PG 
PCIoleic acid (1 : 1 ) 
PA 
PI 
PS 
PCICL (1:l) 

in 50% TFE 

- [@I222 
(deg cm2ldmol) 

ESTIMATED 
% HELIX 

Samples contained 30 pM peptide and 4 mM lipid, unless otherwise indicated. Spectra were 

measured as described Section 3.2.6. [@I222 is the mean residue molar ellipticity value 

calculated at 222 nm. % Helix was estimated from [@I222 as described in Section 3.2.5. 



The structural change of Pep33 induced by anionic lipids was examined in 

more detail. The effect of anionic lipids on Pep33 conformation was 

concentration dependent, saturating at a lipid to protein ratio of 33:l - 66:l (1 to 2 

mM PG), which corresponds to 60 - 120 peptide molecules for each vesicle, 

assuming 4000 PG molecules per vesicle (Fig. 3.5a). Pep33 conformation 

showed a dependence on the mole % of anionic lipid in the vesicles (Fig. 3.6a). 

The presence of PG (charge -1) at 30 mole% in PC vesicles caused little change 

in the peptide structure from that in the presence of PC, whereas, 40 mole% PG 

induced the maximal degree of helicity. PA (charge of -2) promoted a 

conformational change between 20 and 30 mole%. This suggests that there is a 

minimum charge required on the membrane surface for the peptide to assume 

an a-helical conformation. A similar sigmoidal charge dependence has been 

observed for the activation of the native CT enzyme (Cornell, 1991a). 
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Figure 3.5: Dependence of peptide properties on anionic lipid : peptide molar ratio. 
(A) Calculated helicity of Pep33 (30 pM) with various amounts of PG vesicles. Spectra were 
measured and percent helix calculated as described in Section 3.2.5. (6) Ratio of 
fluorescence intensity at 330 nm : 350 nm of Pep33 (3.25 pM) with various amounts of PG 
vesicles. Data are the average of 2 determinations. 
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Figure 3.6: Dependence of peptide properties on mole % anionic lipids in PC membranes. 
(A) Calculated helicity of Pep33 (30 pM) in the presence of egg PC vesicles with various 
mole % PG (0) or PA (0) (4 mM total lipid). Spectra were measured and percent helix 
calculated as described in Section 3.2.5. (B) Ratio of fluorescence intensity at 330 nm:350 
nm of Pep33 (3.25 pM) with various mole % PG (0) (0.5 mM total lipid). Data are the 
average of 2 determinations. 



3.3.4 Anionic Lipid Vesicles Promote a Blue Shift in the Fluorescence 

Emission 

The results of the CD experiments demonstrate that the peptides assume 

an a-helical conformation in the of presence vesicles, with selectivity for anionic 

lipid . Figure 3.2 shows that the helix formed by each peptide would be highly 

amphipathic, with a very highly charged polar face and a non-polar face. This 

leads to a model of peptide-vesicle interaction involving the hydrophobic face of 

the helical peptide interacting with the hydrophobic membrane. To investigate 

this possibility, we monitored the fluorescence of a tryptophan residue which 

resides in the non-polar face of the peptide helix. The tryptophan emission 

spectrum undergoes a characteristic shift in the emission maximum to a shorter 

wavelength and an increase in quantum yield when the residue shifts from an 

aqueous to a hydrophobic environment (Lakowicz, 1983). This "blue shift" in the 

tryptophan fluorescence would be evident if the aqueous peptide were to bind to 

lipid vesicles with its hydrophobic face intercalating into the membrane. 

Figure 3.7 shows the fluorescence spectrum of Pep33 in buffer, excited at 

280 nm. The spectrum of the peptide is indistinguishable from that of free 

tryptophan in an aqueous environment, with a characteristic emission maximum 

of 350 nm. Upon addition of PG vesicles (Fig. 3.7) the emission maximum 

shifted -20 nm to 330 nm, and the intensity of the fluorescence increased, 

indicative of a shift of the tryptophan to a more hydrophobic environment. This 

shift resulted in an increase in the intensity ratio of 330 nm : 350 nm (Table 3.3). 

Other anionic vesicles, such as PCIoleic acid caused a similar shift in the 

emission maximum of the fluorescence spectra (Table 3.3). However, addition of 

PC vesicles to the Pep33 caused no change in the fluorescence spectrum (Fig. 
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3.7; Table 3.3). Similarly, other non-anionic lipid vesicles such as PCIsphingo- 

sine, PC/diacylglycerol caused no change in the spectrum of Pep33 (Table 3.3). 

The tryptophan fluorescence of PepAlA and PepNHl was monitored in 

the absence or presence of various lipid vesicles. The spectra for these peptides 

in the absence of lipids were identical to that of Pep33 (Fig. 3.7, data not shown). 

For each peptide, addition of anionic vesicles composed of PG or PCIoleic acid 

increased the fluorescence intensity and shifted the emission maximum from 350 

nm to 330 nm, as demonstrated by the increased ratio of intensity at 330 nm : 

350 nm (Table 3.3). Non-anionic lipids, such as PCIdiacylglycerol or PC/ 

sphingosine caused no change in the fluorescence peak or intensity of PepNHl 

(Table 3.3). These non-anionic lipids did, however, slightly increased the fluore- 

scence intensity of PepAla and caused the appearance of second maxima at 330 

nm of equal or less intensity than the peak at 350 nm (Table 3.3). Thus, PepAla 

appeared to respond to these lipids, but to a lesser extent than to anionic lipids. 

For Pep33, the appearance of the peak at 330 nm was dependent on the 

concentration of anionic vesicles added (Fig. 3.5B). At a lipid to protein ratio of 

17:l (62.5 pM PG) the 330 nm peak consisted of a shoulder on the 350 nm peak. 

At a lipid to protein ratio of 33:l (125 pM PG) the spectrum showed a peak at 

330 nm, and further increases in the lipid concentration had no effect (Fig 3.58). 

An all-or-nothing change in the spectrum was observed in these fluorescence 

experiments as in the CD experiments between 30 and 40 mole% PG in PC 

vesicles (Fig. 3.6B). Thus, the induction of the helical conformation in the 

peptide, as observed in the CD experiments, correlated very well with a shift of 

the tryptophan to a more hydrophobic environment, as observed in the 

fluorescence experiments (Fig. 3.5 and 3.6). 
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Figure 3.7: Tryptophan fluorescence of Pep33. 
Fluorescence emission spectra of Pep33 (3.25 pM) in buffer, and in the presence of 0.5 mM 
DOPG or egg PC vesicles. The excitation wavelength was 280 nm. 



TABLE 3.3: Ratio of fluorescence intensity at 330 nm : 350 nm 

LIPID 

none 

PG 

PCIoleic acid (1 : 1) 

Lipid vesicles were present at 0.5 mM . Peptide concentration was 3.25 pM. Fluorescence 

spectra were measured as described in Section 3.2.7. Data are the average k standard deviation 

of 3-4 separate experiments, except for PepAla and PepNHl in the presence of PC, which was 

measured only once. 



3.3.5 Anionic Lipid Vesicles Shield the Peptide from Aqueous Iodide 

Quenching 

The tryptophan environment was also monitored by its accessibility to 

quenchers. An aqueous phase quencher, such as iodide, can quench the 

fluorescence of tryptophan upon collision with the molecule (Lakowicz, 1983; 

Eftink, 1991). If the tryptophan is not accessible to the aqueous environment, as 

is the case if the residue is buried in a membrane or in the interior of a protein, 

the aqueous quenchers will be less able to affect the fluorescence. 

Figure 3.8a shows the spectrum of the Pep33 in TE buffer + 0.2 M NaCI, 

which is identical to the spectra of peptide in TE. NaCl does not quench 

fluorescence, and was present to maintain a constant ionic strength among all 

samples. When NaCl was replaced by 0.2 M Nal, there was a 46% reduction in 

the intensity of the fluorescence at 350 nm. Figure 3.8b shows the spectrum of 

the peptide in similar buffer containing PG vesicles, with its characteristic peak at 

330 nm. Addition of iodide resulted in only a 15 % quenching of the fluorescence 

peak in this case, suggesting that the presence of the vesicles shields the 

tryptophan from the aqueous iodide. Similar results were observed for PepNHl 

and PepAla (Table 3.4). A decrease in the iodide quenching was also observed 

in the presence of PCIoleic acid vesicles, which were most effective shields for 

PepAla. For Pep33 and PepNH1, the quenching in the presence of non-anionic 

vesicles was similar to that obtained in the absence of lipid (Table 3.4). The 

presence of PCIdiacylglycerol vesicles slightly decreased the iodide quenching of 

PepAla, suggesting that the tryptophan is shielded to a greater extent than 

Pep33 in the presence of these vesicles. The presence of sphingosine did not 



affect the quenching by iodide. To ensure that anionic iodide was not interacting 

with the charged membrane surface, similar experiments were performed using 

the cation cesium as the aqueous quencher. Anionic vesicles protected all three 

peptides from quenching by Cs'. Non-anionic vesicles had no affect on Pep33 

or PepNHl while PC/diacylglycerol and PCIsphingosine protected PepAla from 

quenching by Cs+ (data not shown). 

A quantitative expression for this type of quenching is the Stern-Volmer 

plot, which relates the fluorescence quenching to the concentration of quencher 

by the following equation: Fo / F = KSv [quencher] + 1, where Fo is the peak 

fluorescence intensity in the absence of quencher, F is the peak fluorescence 

intensity in the presence of quencher, and Ksv is the Stern-Volmer quenching 

constant, which can be obtained as the slope of a plot of FdF vs. concentration 

of quencher (Lakowicz, 1983; Eftink, 1991). If a fluorophore becomes less 

accessible to the quencher, the lower quenching probability will be reflected in a 

lower Ksv value. Figure 3.9 shows the Stern-Volmer plot of iodide quenching for 

Pep33 in buffer and in the presence of PC, PG, or PCIoleic acid. The similar 

slopes for peptide in buffer and in the presence of PC suggest that the peptide 

tryptophan remains in a similar aqueous environment upon addition of PC 

vesicles. However, the slope is much lower for the peptide in the presence of 

either PG or PCIoleic acid vesicles, suggesting that the tryptophan is much less 

accessible to the aqueous environment in the presence of these anionic lipid 

vesicles. 



Figure 3.8: Quenching of tryptophan fluorescence of Pep33 by aqueous iodide. 

Fluorescence emission spectra of Pep33 (3.25 pM). The excitation wavelength was 280 

nm. Unquenched peptide was in 0.2 M NaCI. Quenched peptide was in 0.2 M Nal. (A) 

Pep33 in buffer. (B) Pep33 in the presence of 0.5 mM DOPG vesicles. 





TABLE 3.4: 

Quenching of Peptide Fluorescence by 0.2 M Aqueous Iodide 

LIPID 

none 

PG 1 5 * 2  

PCIoleic acid (1 : 1) 24 * 3 

PC 45 * 1 

PCIdiacylg lycerol (3: 1 ) 47 * 6 

PCIsphingosine (1 :1) 51 * 3  

% QUENCH 

Pe~Ala P ~ D N H ~  

55 * 2 58 * 1 

Lipid vesicles were present at 0.5 mM or 1 mM (for PCIoleic acid). Peptide concentration 

was 3.25 pM. Spectra were measured as described in Section 3.2.7. Data are the average i 

standard deviation of 2-4 separate experiments. % Quench = 100(1 - FIFO), where F is the 

fluorescence intensity of the quenched sample obtained in the presence of 0.2 M iodide, and 

Fo is the fluorescence intensity of the unquenched sample with 0.2M chloride in place of 

iodide. 



Figure 3.9: Stem-Volmer plot for iodide quenching of Pep33 tryptophan fluorescence. 
Samples contained 3.25 pM Pep33 in buffer (m), or in the presence of 1 mM vesicles 
composed of egg PC (o), egg PCloleic acid (1:1,+), or DOPG (+). Iodide concentration 
was as indicated. The ionic strength was kept constant at 0.2 M by the addition of NaCI. 



3.3.6 Fluorescence Quenching by Bromine-labelled PC demonstrates 

peptide intercalation 

There are two possible explanations for the lipid specific changes in the 

tryptophan environment: 1) The peptide binds to the lipid vesicles and the 

tryptophan residue, along with the non-polar face of the helix, intercalates into 

the hydrophobic interior of the membrane bilayer. 2) The tryptophan becomes 

shielded from the aqueous environment by other residues in the peptide upon 

the transition to a helical conformation. To discriminate between these two 

possibilities, we used a quencher that is located in the membrane bilayer - 9,10- 

dibromo PC. Quenching of the tryptophan fluorescence would occur only if the 

residue were intercalated into the hydrophobic core of the membrane bilayer, 

where the bromide is located. Figure 3.10 shows the spectra of the Pep33 with 

PCIPG vesicles containing either 50% egg PC (unquenched) or 50% 9,10- 

dibromo PC (quenched). The introduction of bromide into the bilayer quenched 

the fluorescence of the tryptophan, demonstrating the location of the tryptophan 

in the bilayer. The quenching efficiency of 9,lO- dibromoPC in PG vesicles was 

-60% for Pep33, PepNHl and PepAla (Table 3.5). Similar quenching results 

were seen for Pep33 when 9,lO- dibromo PC was incorporated into PCIoleic acid 

vesicles. Incorporation of 9,lO- dibromo PC into non-anionic lipid vesicles 

caused minimal or no quenching of PepNHl or Pep33, suggesting no peptide 

intercalation into these vesicles (Table 3.5). The fluorescence of PepAla, on the 

other hand, was quenched by 9,10- dibromoPC in PCIdiacylglycerol or 

PCIsphingosine vesicles. Thus, the tryptophan residue on the non-polar face of 

each of the peptide helices does intercalate into the hydrophobic bilayer of lipid 



vesicles. 

To examine the extent of intercalation of the tryptophan residue of Pep33 

into the bilayer, the amount of quenching by bromide at different positions on the 

fatty acyl chain of PC was analyzed (Fig. 3.10). PC with bromide at the 6,7- ; 

9,10- ; or 1 1,12- positions of the fatty acyl chain were incorporated into PCIPG 

vesicles. The 6,7- and 11,12- dibromo PCs quenched the fluorescence of Pep33 

tryptophan by 42 * 5% (N=3) and 38 & 2% (N=3) respectively, suggesting they 

are approximately equidistant from the fluorophore, whereas, the 9,10- dibromo 

PC quenching was more efficient (58%) suggesting it is closer to the fluorophore. 

Similarly, PepALA was quenched 46,65, and 45 %; and PepNHl quenched 37, 

56, and 34 % by 6,7-, 9,10- and 1 l,l2-dibromoPC respectively. A simple 

conclusion would be that the tryptophan intercalates to between the 6,7 and 

1 1,12 positions, near the 9,10 positions of the fatty acyl chain in the outer leaflet 

of the membrane bilayer. 
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Figure 3.10: Quenching of tfyptophan fluorescence of the Pep33 by 9,lOdibrornoPC. 
Fluorescence emission spectra of Pep33 (3.25 pM). The excitation wavelength was 280 
nm. Unquenched sample contained 0.5 mM egg PCIDOPG (1:l) vesicles. Quenched 
samples contained 0.5 mM vesicles composed of either 9,lOdibmmo PCIDOPG (1:1), 6.7- 
dibromo PCIDOPG (1 :1) or 1 1,12dibromo PCIDOPG (1 :A). 



TABLE 3.5: 

Quenching of Peptide Fluorescence by 50 mol% 9,lO-dibromoPC 

LIPID %QUENCH 

Pe~33  PepAla P ~ D N H ~  

PCIPG (1 : 1  ) 5 7 k 2  65*2  56 k 0  

PCIoleic acid (1 : 1  ) 67 3  NID NID 

PC 1 k 1  NID NID 

PCIdiacylg lycerol (3: 1 ) 8 * 2  36 * 5 10 

PCIsphingosine (1 : 1) 16&2  75 k 2  0 

Lipid vesicles were present at 0.5 mM. Peptide concentration was 3.25 pM. Spectra were 

measured as described in Section 3.2.7. Data are the average k standard deviation of 2-4 

separate experiments. For unquenched samples, PC indicates egg PC. For quenched samples, 

50% of all vesicles was composed of 9,lOdibromoPC, the remainder of the PC being egg PC. 

% Quench = 100(1 - FIFO), where F is the fluorescence intensity of the quenched sample obtained 

with vesicles containing 9,lOdibromoPC, and Fo is the fluorescence intensity of the unquenched 

sample with egg PC in place of 9,lOdibromoPC. 



3.3.7 Physical Binding of the Peptides to Vesicles 

To augment the spectroscopic studies, an assay was developed to directly 

examine the physical binding of the peptides to lipid vesicles. The binding of 

these peptides to PCIoleic acid (1:1), PCIPG, (anionic) and PC (non-anionic) 

vesicles was analyzed by an assay in which free peptide was separated from 

vesicle-bound peptide by filtration in a Microcon-100 filtration unit. With a 

molecular weight cut off of 100.000. the filter trapped >95% of JH-labelled lipid 

( [ m e t h y l - 3 ~ ] - ~ ~ ~ ~ ) .  85% of cytochrome C or lysozyme, non-membrane 

proteins, was recovered in the flow-through fraction when PG or PC vesicles 

were present. Only 15 % of apolipoprotein A-l , which is known to interact with 

PC vesicles (Wetterau & Jonas, 1982), was recovered in the flow-through 

fraction when PC vesicles were present. These analyses show that the binding 

assay is a valid monitor of peptide-lipid binding. Binding curves for the four 

peptides in PCIoleic acid and PC vesicles are shown in figure 3.1 1. The amount 

of each peptide retained with the lipid fraction increased with increasing amounts 

of PCIoleic acid. Partition coefficient values for the peptides in PCIoleic acid, 

PCIPG, and PC are given in Table 3.6. The values are obtained at 1ipid:peptide 

ratios which fall near the midpoint of the curves. 

The lipid selectivity observed in the spectroscopy studies was reflected in 

the binding properties of the peptides. All peptides bound to the anionic lipid 

vesicles PCIoleic acid and PCIPG. Over the 1ipid:peptide range tested there was 

no significant binding to non-anionic PC vesicles of Pep33 or PepNH1, the two 

peptides that demonstrated stringent lipid specificity in the spectroscopy studies. 

PepALA and Pep62 both bound to PC vesicles, but with less affinity than to the 



anionic vesicles. Pep62 had the highest affinity of the four peptides for all lipids. 

PepNH1 bound with high affinity only to anionic membranes. Pep33 had the 

lowest affinity for membranes, incompletely binding anionic lipids at the highest 

concentrations tested. 



0 0.25 0.5 0.75 1.0 1.25 1.5 

PCIoleic acid (umol) 

Figure 3.11 Binding of peptides to vesicles as a function of the amount lipid. 
Peptide (12 nmol) was incubated with PCloleic acid (A) or PC (8) vesicles of the indicated 
amount. The unbound peptide was separated from the vesicles by filtration and quantified 
as described in Section 3.2.4. Pep33 (a). PepAla(0). PepNHl(0) and Pep62(A). 
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Table 3.6: Partition coefficients for the peptides 

PEPTIDE 

PEP 33 

PEP ALA 

PEP NH1 

PARTITION COEFFICIENTS 

PCIoleic acid (1 : 1) PCIPG (1 :1) - PC 

PEP 62 8400 k 400 -1 50,000* 3100 * 71 

Binding of peptides to vesicles was analysed by a filtration assay, as described in 

Section 3.2.4. Partition coefficients were determined as described in Section 3.2.4 from 

the midpoints of the binding curves, where >20% and <90% of the peptide was bound. 

There are three exceptions to this: ' the value obtained for Pep62 binding to PCIPG, 

which is anomolously high, as less than 10% of the peptide was recovered in the 

unbound fraction. ** Partition coefficients for PC of Pep33 and PepNHl are estimates, 

as < 10% of these peptides bound to lipid. Data are averages of 4 to 8 determinations. 



3.4 Discussion 

We have used circular dichroism to study the secondary structure, and 

fluorescence to study the membrane interactions of peptides derived from the 

proposed amphipathic a-helical membrane binding domain of CT. The results of 

these spectroscopic experiments have led to three major conclusions about the 

membrane binding characteristics of these peptides. 1) The peptides interact with 

membranes in an a-helical conformation. 2) A portion of the peptides intercalate 

into the hydrophobic core of the membrane. 3) The peptides interact with higher 

affinity for anionic membranes. These results implicate a membrane-binding role 

for the corresponding region of CT. 

3.4.1 The peptides interact with membranes in an a-helical 

conformation 

The results of the CD studies demonstrate that the peptides, while random 

in buffer solution, form an a-helical structure in the presence of anionic 

membranes. In all cases examined, the lipid vesicles that caused a change in 

the fluorescence properties of the peptides also promoted the helical 

conformation. For Pep33, there was a close correlation between the lipid to 

protein ratio required, or mole % anionic lipid required for maximum induction of 

helix and for complete disappearance of the 350 nm tryptophan emission peak. 

These observations argue that the peptide binds to and intercalates into these 

vesicles as a helical structure. 

The percentage a-helix in the anionic membrane-bound structures was 



estimated to be 55-70%, while in buffer solution the peptides were only -14% 

helical. For both forms of the peptides, the remainder of the structure seems to 

be largely random with 4 0 %  p-sheet structure, by comparison to the reference 

polylysine spectra of Greenfield and Fasman (1969). Similar estimations for 

percentage helicity were obtained by CD for other membrane binding 

amphipathic peptides: a peptide derived from the N-terminal region of influenza 

hemagglutinin was 45% helical (Lear & DeGrado, 1987); model ion-channel 

peptides were 60-70% helical (Agawa et a/. , 1991, Chung et a/. , 1992); and 

peptides modelled from apolipoproteins were up to -50% helical (Kanellis et a/. , 

1980; Anantharamaiah et a/., 1985; Epand et a/., 1987; Yoshimura et a/., 1992). 

The solved NMR structures of SDS-bound PepNHl and a 22mer peptide, 

corresponding to the C-terminal two-thirds of Pep33, demonstrate a-helical 

conformations over >80% of each peptide, confirming these CD results (Dunne, 

Cornell, Johnson, and Tracey, manuscript in progress). In addition, preliminary 

NOESY data derived for Pep62 indicate an a-helical structure over the entire 

length of the peptide. 

3.4.2 The peptides intercalate into the hydrophobic core of the 

membrane 

Once the helical structure of the peptides was confirmed, the tryptophan 

located in the non-polar face proved to be a useful handle in assessing the 

location of the non-polar helix face with respect to membranes. The maximum 

fluorescence emission wavelengths and quenching abilities of iodide 

demonstrated that the tryptophan was less accessible to the aqueous 

environment in the presence of anionic lipids, while the quenching abilities of the 



hydrophobic dibromo PCs in anionic lipid vesicles confirmed the location of t b  

tryptophan in the hydrophobic interior of the membrane. 

The use of the three dibromo-PC's, with the bromine quencher at different 

positions in the membrane, allowed us to localize the depth of intercalation of the 

tryptophan. The bromines in 9,10-dibromo PC, which was the most efficient 

quencher of the tryptophan in the peptides, have been localized by x-ray 

diffraction to 8 A from the bilayer center, or 7 A from the headgroupl hydrocarbon 

boundary (Wiener & White, 1991). The bromines in 6,7-dibromo PC and 11,12- 

dibromo PC have been localized to 11 A and 6.5 A , respectively, from the center 

of the bilayer, or 4 A and 8 A , respectively, from the headgrouplhydrocarbon 

boundary (Mclntosh & Holloway, 1987). Quenching by these two lipids was 

approximately the same, but less than that of the 9,IO-dibromo PC, suggesting 

that the tryptophan was located at a position approximately equidistant from the 

two probes. This would place the tryptophan at the same depth in the bilayer as 

the 9 position on the fatty acyl chain, 9 A from the bilayer center or -6 A from the 

headgrouplhydrocarbon boundary. In studies of a model ion-channel peptide 

that interacts with the membrane via an amphipathic helical structure 

intercalating on the surface of the bilayer, a tryptophan on the hydrophobic face 

of the helix was found to intercalate to 7-9 A from the bilayer center (Chung et a/., 

1992). These results are similar to ours, which lends support for our model of 

the peptide helix interacting parallel to the membrane surface, with its 

hydrophobic face intercalated. 



3.4.3 The peptides interact selectively with anionic membranes 

We have found, in binding, CD, and fluorescence studies, that these 

peptides respond preferentially to anionic lipid vesicles. In the case of Pep33 or 

PepNH1, vesicles composed of zwitterionic lipids or cationic lipids caused no 

change in the fluorescence characteristics or secondary structure relative to that 

of the peptide in buffer solution, demonstrating an inability to induce an a-helical 

structure which predicates membrane intercalation. These peptides were unable 

to physically bind to non-anionic membranes. In the case of PepAla and Pep62, 

non-anionic membranes caused a small change in the spectroscopic properties, 

and indicated an increase in helicity to -25 %. These peptides bound to PC 

vesicles, but with lower affinity than to anionic vesicles. 

Pep33 interacted with a variety of anionic lipids, showing no preference for 

any specific head group, which demonstrated that the peptide is indeed 

responding to the negative charge on the lipids. There was a minimum surface 

charge required on the membrane for peptide binding, as illustrated by the 

sigmoidal dependence of the percentage a-helical structure on the mole % PG or 

PA in the zwitterionic PC membrane. Furthermore, the maximal helicity (60%) 

was achieved at a lower mole % of PA (charge of -2) than PG (charge of -1). 

These responses to the negative surface charge were also reflected in the shift 

of the fluorescence emission spectra, which occurred at the same mole % as the 

helical conformational change. 

While lipid selectivity has been demonstrated for other membrane-binding 

amphipathic a-helical peptides, these CT peptides appear to have a more 

stringent requirement for anionic lipids. Apolipoprotein-derived model 

amphipathic helical peptides (Kanellis et a/. , 1980; Anantharamaiah et a/. , 1985; 



Epand et a/., 1987), the N-terminal peptide from influenza hemagglutinin, (Lear & 

DeGrado, 1987) and model ion channel peptides (Agawa et a/., 1991 ; Chung et 

a/., 1992) all bind to the non-anionic PC vesicles in an amphipathic a-helical 

conformation. The PhoE model signal peptide (Killian et a/., 1990), mellitin 

(Dufourq & Faucon, 1977) and a model fusogenic peptide (Yoshimura eta/., 

1992) are examples of amphipathic helical peptides that preferentially interact 

with anionic lipid vesicles, but each peptide also interacts with PC vesicles to a 

lesser extent. 

The CT peptides interact preferentially with anionic vesicles. This lipid 

selectivity is not just due to a "non-specific" electrostatic attraction because 

Pep33 and PepAla each have a net charge of -2, and thus should be attracted to 

positively charged vesicles. There must be some specific feature in the structure 

which confers this lipid selectivity. In the theoretical CT amphipathic a-helical 

structure (Fig. 3.2), there exists a cluster of cationic lysine residues at one 

interface of the non-polar and polar face, which could function to attract the 

peptide to a negatively charged membrane surface. These lysine clusters are a 

key feature of the apolipoprotein amphipathic a-helix (Segrest et a/., 1990). 

Unlike the apolipoprotein amphipathic a-helices, CT contains an anionic cluster 

at the other interface. Possibly the negative surface charge requirement on the 

membrane involves a localized decrease in the pH near the membrane surface, 

leading to protonation of acidic residues on the peptide. This would increase the 

positive charge on the peptide, leading to stronger electrostatic binding to the 

negatively charged membrane. Interestingly, the two peptides with the highest 

affinity for anionic membranes, PepNHl and Pep62, both contain a histidine 

residue which would be located near the membrane surface. This residue could 

be a candidate for a protonation event. Alternatively, protonation could neutralize 



a negatively charged residue, facilitating its intercalation into the hydrophobic 

bilayer. Membrane insertion promoted by protonation of a peptide was enhanced 

by the presence of anionic lipids in the membrane (Leenhouts et a/., 1995). 

3.4.4 Determinants of membrane affinity 

The relative affinity of the peptides for lipid vesicles reflected the 

importance of both hydrophobic and electrostatics interactions. PepNHl, 

containing the N-terminal portion of the amphipathic helix, has a net positive 

charge (+3) while the C-terminal derived 33-mer peptides Pep33 and PepAla 

have a net negative charge (-2). PepAla has a more hydrophobic polar face than 

PepNHl, and has a much higher affinity for non-anionic membrane, with which 

PepNHl did not measurably interact (Fig 3.1 IA). However, PepNHl had a 

higher affinity than PepAla for anionic lipids (Fig 3.1 1 B), suggesting that charges 

on the peptide may influence the interaction with anionic membranes. The size 

of the hydrophobic face is also important in determining membrane affinity. 

Pep33 did not completely bind to the anionic lipids over the 1ipid:peptide range 

tested, and did not measurably interact with non-anionic vesicles. Substitution of 

three serine residues for alanine residues in PepAla, which would effectively 

increase the hydrophobic face of the helix, increased the affinity of the peptide 

for all lipids and caused an observable association of the peptide with PC. This 

finding therefore suggests that the role of the three serine residues that interrupt 

the hydrophobic face of the amphipathic a-helix is to lower the hydrophobicity 

and in this way, contribute to the determinants of lipid selectivity for CT binding. 

Pep62 had the highest affinity of all peptides for both anionic and non-anionic 

lipids. This may reflect both a larger hydrophobic interaction, due to the larger 



hydrophobic face, and a larger number of charged residues involved in 

electrostatic interactions. A 22-mer peptide, encompassing the latter two-thirds 

of Pep33, was even less responsive to lipid vesicles as assessed by CD and 

fluorescence, needing higher concentrations of 100% anionic vesicles to respond 

(Cornell & Johnson, unpublished observation). All peptides contain a lysine 

cluster at the non-polartpolar helical interface, which has been proposed to 

extend the hydrophobic face via the long hydrocarbon chains (Segrest et a/., 

1990, 1992; Mishra et a/., 1994). Thus, these results agree with the suggestion 

(Segrest eta/., 1992) that the hydrophobicity of the helix is a main determinant 

for membrane affinity, but implicate a role for electrostatics in determining 

selectivity for anionic membranes. 

3.4.5 Relation to the Native Cytidylyltransferase 

This study presents evidence for a CT domain that may be responsible for 

the binding and activation of the enzyme by anionic lipid vesicles. Presumably, 

the mechanism whereby anionic phospholipid vesicles activate CT involves 

stabilization of the a-helical conformation of residues 236-299. Stabilization of 

an a-helix transforms this region into a highly amphipathic structure, the non- 

polar face of which can readily intercalate into the hydrophobic core of a 

membrane. 

The membrane interactions of the isolated domain of CT mimic in several 

respects the interactions of the native enzyme. The interactions of both seem to 

involve electrostatic and hydrophobic components. (Sections 1.3.2.3 and 3.4.4). 

Like the peptide, CT responds poorly to PC vesicles, while anionic lipid vesicles 

promote enzyme binding and are potent activators. For both the peptide and the 



enzyme, the negative surface charge on the membrane rather than the chemical 

structure of the head groups is a determining factor in the binding (Cornell, 

1991 a; Section 1.3.2.2). The CT-membrane interaction also involves a 

hydrophobic component, and previous observations have suggested an 

intercalation of a portion of the enzyme into the bilayer (Section 1.3.2.3), an 

event that is observed for the peptide. Thus, it is reasonable to propose that the 

region of CT that is represented by these peptides is involved in membrane 

binding. 

One major difference in the membrane-binding characteristics of CT and 

the peptides is that the enzyme is activated by a second class of lipids, those 

with small polar head groups, such as diacylglycerol and oleyl alcohol, when 

present in a PC membrane (Section 1.3.2.2). These lipids had minimal effect on 

the peptides, either in the CD structural analysis or in the fluorescence 

characteristics above that seen for PC alone. Thus, this region may not contain 

all of the elements necessary to impart the lipid specificity of the native CT. 

Possibly, a separate domain exists in the enzyme which is responsible for 

interactions with this class of activators. Removal of the amphipathic a-helical 

region by chymotrypsin degradation produces fragments unable to bind to either 

class of activating lipid (Craig et a/, 1994), suggesting that this is the main 

domain which mediates lipid binding. Thus, although the amphipathic a-helix is 

required for CT-membrane interactions, it is not sufficient. There may be another 

distinct region of the protein which is involved in imparting the actual specificity 

for these neutral, polar, lipids. 



CHAPTER FOUR: IDENTIFICATION OF THE MEMBRANE BINDING DOMAIN 

OF NATIVE CT BY HYDROPHOBIC PHOTOLABELLING 

4.1 Introduction 

Chapter Three demonstrated that synthetic peptides corresponding to 

the amphipathic helix domain of CT bind to lipid vesicles in a helical 

conformation. However, it has not been shown directly using the whole 

enzyme that the amphipathic a-helix contacts and intercalates into the 

membrane. To obtain sufficient pure enzyme for this study, we have 

expressed recombinant rat-liver CT in insect-derived cells using a 

recombinant baculovirus system. These cells were grown in suspension, and 

produced large amounts of CT. 

Using purified, recombinant CT, we have applied the technique of 

hydrophobic photolabelling (reviewed by Brunner, 1993) to directly determine 

the regions of the CT protein that intercalate into the hydrophobic core of the 

membrane. The hydrophobic probes 3-(trifluoromethyl)-3-(m-[l25l]iodo- 

pheny1)diazirine ([~~~IITID) and 1 1 -14-[3-(trifluoromethyI)diaziriny~pheny~- 

[23~]-undecanoic acid ([~HITUA) partition specifically into the hydrophobic 

membrane core (Brunner eta/., 1980; Brunner & Semenza, 1981, Brunner, 

1989). Photoactivation of the diazirine functional group produces a highly 

reactive carbene species which has the potential to react non-selectively with 

any molecule in the vicinity. Thus, any regions of the protein which are 

embedded in the hydrophobic core of the membrane should become labelled 

by the probe. This technique has been used to identify membrane interacting 



regions of integral membrane proteins, such as bacteriorhodopsin (Brunner et 

a/., 1985), a light-harvesting protein B870 (Meister et a/., 1985), the nicotinic 

acetylcholine receptor (Blanton & Cohen, 1992.); as well as amphitropic 

intercalating proteins such as synapsin I (Benfenati et a/., 1989), Sec A 

(Ulbrandt et a/., 1992) and a soluble fragment of hemagglutinin (Harter et a/., 

1988; 1989). In a few cases the pattern of labelling was dissected (Brunner et 

a/., 1985; Meister et a/., 1985; Blanton & Cohen, 1992; Harter et a/., 1989). 

The labelling of the membrane fragment showed a periodicity of -3.6, highly 

suggestive of an a-helical conformation for the lipid-embedded peptide. 

Using a combination of photolabelling and proteolysis, we have 

determined that a region of CT does indeed penetrate into the hydrophobic 

core of the membrane and this region corresponds to the amphipathic helical 

region of the protein. One objective was to identify the amino acids with 

covalently bound label, to generate proof that the domain was bound as a 

helix. However, this latter objective was not acheived due to low incorporation 

of radioactivity. 



4.2 Experimental Procedures 

4.2.1 Materials 

A 62 residue peptide corresponding to the putative amphipathic helix 

region of CT (residues 238 to 299) was as described (Section 3.2.2). [ ~ ~ ~ I ] - T I D ,  

[~HIDPPC and [14~]oleic acid were from Amersham, and (3~1-Triton X-100 was 

from DupontINEN. Egg PC was from Avanti. sn-112,-diacylglycerol was 

generated by digestion of egg PC using phospholipase C as described (Section 

2.2.1.2). Oleic acid, a-Chymotrypsin (Type II: from bovine pancreas), Ovalbumin, 

Sephacryl-S400-HR, and the goat-anti-rabbit horseradish peroxidase antibody 

were from Sigma. PVDF was from Biorad. BSA (fraction V, fatty acid free) was 

from Calbiochem. CT recombinant baculovirus, T. ni cells and antiserum raised 

against a C-terminal peptide of CT were kindly provided by Dr. Claudia Kent (U. 

Michigan). [~HITUA was provided by Dr. J. Brunner (Zurich, Switzerland). 

Apolipoprotein A-1 was kindly provided by Dr. R.J. Cushley (Simon Fraser U.) 

Rabbit antiserum against the N-terminus of CT was as described (Cornell et a/., 

1995). Rabbit antiserum raised against a 33 residue peptide corresponding to a 

portion of the amphipathic helix domain of CT (residues 255 to 288) was 

generated by Dr. Adrienne Drobnies as described (Johnson et a/., submitted). 

Electrophoresis reagents were Molecular Biology Grade purchased from BRL or 

Sigma. 



4.2.2 Preparation of Recombinant CT from insect cells using a 

baculovirus expression vector 

The expression and purification of recombinant rat-liver CT from insect 

cells using the baculovirus system is based on the protocol described by 

MacDonald and Kent (1 993). This group based their purification scheme on that 

described for purification from rat liver by Weinhold et a/. (1 986). 

4.2.2.1 Maintaining T.ni cells 

Insect cells of the T. ni cell line were maintained as monolayers in 

Complete Graces Media (Graces media supplemented with yeastolate, 

lactalbumin hydrolysate,lO % (vlv) fetal calf serum) at 28 "C. When confluent, 

cells were loosened from flasks, centrifuged 2 min at 2009, resuspended and 

diluted in fresh media, and transferred to new flasks. To establish T. ni cells in 

suspension, 1 x 107 cells from monolayer culture were collected and centrifuged 

2 min at 2009, and resuspended in 100 ml fresh media (cell density of 1 x 10 5 

cellslml) in a 100 ml spinner flask. Cells were grown in spinning suspension at 

28 'C until cell density reached 1.5 xi06 cellslml, at which time portions of the 

cell suspension were centrifuged and diluted into fresh media. 

4.2.2.2 Maintaining virus stocks 

Stocks of recombinant baculovirus encoding rat-liver CT were stored at 4 

'C in the dark. Virus amplification and determination of virus titer by plaque 



assay were performed as outlined by Summers (1987). The titer of the virus 

stock used was -108 pfu (plaque-forming units per ml). 

4.2.2.3 Infection of Insect cells with CT recombinant baculovirus 

For infection, T. ni cells in suspension were grown to a density of 1.5 to 2 x 

106 cellslml in complete Graces medium. The day before infection, the cells 

were diluted two-fold in order to be in optimum growth phase for infection. On 

the day of infection, 3 x 10 8 cells of >90% viability were pelleted and 

resuspended in the virus stock solution (60 ml) with a multiplicity of infection of 

20 virus particles per cell. This solution was diluted to 300 ml with Serum-free 

media (SF900) to a final cell density of -106 cellslml and transferred to 3-100ml 

spinner flasks. Cells were incubated at 28 "C until harvested. 

4.2.2.4 Harvesting cells and preparation of cell cytosol 

Cells expressing recombinant CT were harvested 65 to 70 hr after 

infection. The cell suspension was centrifuged 5 min at 1000g, cell pellets were 

washed with PBS and recentrifuged for 3 min at 200g. After this stage, all steps 

were performed at 0 to 4 "C, and the following protease inhibitors were added to 

all buffers immediately before use: 2.5 pglml leupeptin, 2 pglml chymostatin, 1 

pglml antipain, 2 pglml pepstatin, 1 Opglml paminobenzadine, 10 pglml 

benzamidine, 2 mM PMSF. The cell pellet was resuspended in 12 ml 

homogenization buffer (10 mM Tris, pH 7.5, 0.2 mM EDTA, 30 mM NaCI, 2 mM 

DTT, protease inhibitors) and homogenized with 30 strokes of a glass 

homogenizer. The NaCl concentration in the cell homogenate was brought to 



0.15 M by stepwise addition of a concentrated (1.2 M) NaCl solution. The cell 

homogenate was centrifuged for 1 hr at 100,000g to separate the cytosolic 

fraction (supernatant) from the microsomal fraction (pellet). 

4.2.2.5 Purification of Recombinant CT from Insect Cell Cytosol 

To the insect cell cytosol was added PCIoleic acid (1 :2) vesicles at a ratio 

of 450 nmole PC per mg cytosolic protein. Typically 120 to 180 mg of protein 

was present, and 10 to 15 ml of a sonicated PCIoleic acid suspension (5mM PC, 

10mM oleic acid, 50 mM Tris, pH 7.5, 1 mM EDTA, 0.15 M NaCI, 2 mM DTT, 

protease inhibitors) was added to the cytosol. The mixture was stirred 1 hr, after 

which the pH was adjusted to 5.0 with dropwise addition of 1 M acetic acid. After 

stirring on ice a further 10 min, the PCIoleic acid vesicles, along with the CT, 

were precipitated from the acidic solution by centrifugation for 20 min at 20 000g. 

The resulting pellet was washed with buffer A (50 mM Tris, pH 7.5, 1 mM EDTA, 

0.15 M NaCI, 2 mM DTT, protease inhibitors) and recentrifuged. The pellet was 

then suspended in 0.3 ml octylglucoside extraction buffer (buffer A 150 mM 

octylglucoside) per mg cytosolic protein. The solution was stirred 30 min and the 

insoluble material was removed by centrifugation for 20 min at 20 000g. To this 

octylglucoside extract was added 1/10 th of a volume of PCIoleic acid vesicles 

(5mM PC/ 10 mM oleic acid in the buffer described above). The solution was 

applied to a 36 ml (1.6 x 18 cm) DEAE-sepharose column (pre-equilibrated with 

Buffer A) at a 0.5 mllmin flow rate. The column was washed at 1 mllmin with two 

volumes of buffer A, two volumes buffer A 10.3 M NaCl (total NaCl concentration) 

and eluted into 40 fractions of 2 ml with buffer A I 0.4 M NaCl I 50 mM 

octylglucoside. CT enzymatic activity was assayed (Section 2.2.5) in each 



fraction, and the active fractions pooled, diluted 2.5 fold in buffer A, and loaded 

onto a 36 ml(1.6 x 18 cm) hydroxylapatite column at a flow rate of 0.5 mllmin. 

The column was washed at 1 mllmin with two volumes buffer A, two volumes 

buffer P (buffer A with 0.2 M Na2HP04, pH 7.4), two volumes buffer PI 50 mM 

octylglucoside and eluted into 70 fractions of 1.5 ml with buffer PI 0.05 % (vlv; 73 

mM) Triton X-100. Enzymatic activity of CT was measured in each fraction. The 

active fractions were pooled, aliquoted and stored at -80 "C. Typical yields were 

-35 ml of -0.5 mglml protein with a specific activity of -2000 activity unitslmg 

protein. 

4.2.3 Gel filtration analysis of CT binding to PCloleic acid vesicles 

The association of CT with PCloleic acid vesicles was analyzed by the method 

described by Cornell (1991a). CT was incubated with PCloleic acid vesicles (1:350 

protein to lipid molar ratio, 4 mM total lipid) or with Triton-X1 00 micelles (1 0 mM) for 10 

min at room temperature. [~HIDPPC, or [14~]oleic acid and [JHl~riton X-100 were 

included in trace amounts. [JHl~riton X-100 was vortexed into the sample, and 

[~HIDPPC or [14c]oleic acid was added to the solvent-mixed lipids prior to evaporation 

and sonication. The sample was loaded on a Sephacryl-S400 column (44.5 cm x 1 cm) 

that had been pre-equilibrated with column buffer (10 mM Tris, pH 7.5, 1 mM EDTA, 

0.5 mM Triton X-100, 2 mM DTT), and run at 0.3 mllmin. Fractions (-0.9 ml) were 

collected and samples analyzed: 1) for 3~114~-labelled lipid by scintillation counting; 

and 2) for CT by gel electrophoresis and subsequent densitometry of the Coomassie- 

stained gels. The void volume and total volume of the column were identified using 

Blue-Dextran and [ 3 ~ ] ~ l ~ c e r o l ,  respectively. 



4.2.4 Partial digestion of CT with chymotrypsin 

CT was partially digested with chymotrypsin as previously described 

(Craig et a/., 1994). CT (-20 pg) was mixed with PCIoleic acid (1 : 1 ) vesicles at a 

protein to lipid molar ratio of 1:300, and incubated with chymotrypsin at the 

indicated chymotrypsin:CT mass ratio for 10 to 15 min at 37"C, at which time the 

reaction was terminated by addition of PMSF to a final concentration of 2 mM. 

Samples were prepared for electrophoresis by extensive dialysis against 10 mM 

Tris, pH 7.5, 0.5 mM EDTA, 0.005 % (wlv) SDS, 2 mM DTT, 0.5 mM PMSF. 

Samples were concentrated in a Savant Speed-Vac evaporator prior to addition 

of sample buffer, and were electrophoresed on a 12 % polyacrylamide gel as 

described (Section 4.2.5). 

4.2.5 Gel Electrophoresis 

Three SDS-PAGE systems were employed in these studies: 

1) A 12% polyacrylamide gel by the method of Laemmli (1 970) was employed to 

analyze CT, and was used to characterize the high molecular weight 

chymotrypsin fragments of CT. In this system a -6 cm separating gel was 

composed of 0.375 M Tris, pH 8.7, 0.1% (wlv) SDS, 12% (wlv) acrylamide, 

0.32% (wlv) Bis-acrylamide. Acrylamide polymerization was achieved by addition 

of a 10% APS solution (0.07% (wlv) final concentration) and TEMED (0.2% (vlv) 

final concentration). This gel was overlaid with a -1 cm stacking gel composed 

of 0.125 M Tris, pH 6.8, 0.1 % (wlv) SDS, 4% (wlv) acrylamide, 0.1 % Bis- 

acrylamide, APS (0.05% (vlv)) and TEMED (0.1% (vlv)). Protein samples were 



loaded on the gel after boiling 5 min in sample buffer 1 (65 mM Tris, pH 6.8, 4% 

(wlv) SDS, 1 % (vlv) p-mercaptoethanol, 1 0% (wlv) glycerol, -0.001 % (wlv) 

bromphenol blue), and electrophoresed in running buffer (25 mM Tris, pH -8.3, 

192 mM glycine, 0.1% (wlv) SDS) at 200 V, for 1.5 to 2 h at room temperature. 

2) A 16 TI 3 C1 Tricine gel of Schagger and von Jagow (1 987) was employed to 

analyze the low molecular weight chymotryptic fragments of CT. In this system a 

-5cm separating gel was composed of 1 M Tris, pH 8.25, 0.1 % (wlv) SDS, 16% 

(wlv) acrylamide, 0.5 % (wlv) Bis-acrylamide, 13.3%(w/v) glycerol. Acrylamide 

polymerization was achieved by addition of a 10% APS solution (0.05% wlv final 

concentration) and TEMED (0.1 % vlv final concentration). This gel was overlaid 

with a -1.5 cm stacking gel of 0.74M Tris, pH 8.25, 0.07% (wlv) SDS, 3.8 % 

(wlv) acrylamide, 0.12 % (wlv) Bis-acrylamide, APS (0.048% (wlv)) and TEMED 

(0.096% (vlv)). Proteins were loaded on the gel after boiling in sample buffer II 

(50 mM Tris, pH 6.8, 4% (wlv) SDS, 2 % (vlv) p-mercaptoethanol, 12 % (wlv) 

glycerol, -0.001 % bromphenol blue). The gel was electrophoresed with an 

anode buffer of 0.2 M Tris, pH 8.9, and a cathode buffer of 0.1 M Tris, 0.1 M 

Tricine, 0.1% (wlv) SDS, pH - 8.25, at 50 V through the stacking gel, 100-150 v 

through the separating gel, for 3-5 h at room temperature. 

3) A 16 T I  6 C + spacer Tricine gel of Schagger and von Jagow (1987) was 

employed to analyze synthetic peptides derived from CT. In this system a -5cm 

T refers to the total percent (wlv) concentration of both acrylamide monomers. C refers to the 
percent of total acrylamide that is the crosslinker bisacrylamide. 



separating gel was composed of 1 M Tris, pH 8.25, 0.1 % (wlv) SDS, 15.5% (wlv) 

acrylamide, 1 % (wlv) Bis-acrylamide, 13.3%(w/v) glycerol. Acrylamide 

polymerization was achieved by addition of a 10% APS solution (0.05% wlv end) 

and TEMED (0.1% vlv end). This gel was overlaid with a -1 cm spacer gel of 1 

M Tris, pH 8.25, 0.1 % (wlv) SDS, 10 % (wlv) acrylamide, 0.3 % (wlv) Bis- 

acrylamide, APS (0.05% (wlv)) and TEMED (0.1 % (vlv)). This gel was overlaid 

with a stacking gel of 0.74M Tris, pH 8.25, 0.07% (wlv) SDS, 3.8 % (wlv) 

acrylamide, 0.12 % (wlv) Bis-acrylamide, APS (0.048% (wlv)) and TEMED 

(0.096% (vlv)). Proteins were loaded on the gel after boiling in sample buffer 11, 

described above. The gel was electrophoresed with the anode and cathode 

buffers described above at 70 to 80 V at 4 "C for -1 5 hr. 

4.2.6 lmmunoblotting 

After separation by electrophoresis as described above, proteins were 

transferred to PVDF membrane using a Pharrnacia LKB Novablot system at 2 m~ l cm2  

for 1 to 1.5 hr with a minimum amount of transfer buffer (39 mM Glycine, 48 mM Tris, 

0.0375% (wlv) SDS). The membrane was incubated in "blotting buffer" (TBS: 20 mM 

Tris, pH 7.4, 0.15 M NaCI), 0.05 % (wlv) Tween-20, 5% (wlv) skim milk powder) for 2 hr 

at room temperature with agitation. The membrane was then incubated overnight at 4 

"C with the primary antibody, diluted as indicated with blotting buffer. The membrane 

was washed with blotting buffer at room temperature, and subsequently incubated for 

1.5 hr with a 112000 dilution of the goat peroxidase-conjugated secondary antibody. 

The membrane was washed with each of: blotting buffer; TBS/O.O5% Tween-20; and 

TBS; then developed with 1.6 mM diaminobenzadine in 50 mM Tris, pH 7.6, 0.03 % 

(wIv) NiCI, 0.03 % (vlv) H202. The reaction was stopped with excess water. 



4.2.7 Sequence analysis 

For N-terminal sequence analysis, chymotryptic fragments of CT were 

electrophoresed in the 16Tl3%C Tricine gel system (Section 4.2.5) and 

transferred to PVDF membrane (Section 4.2.6). Protein was stained with 0.1 % 

(wlv) Amido Black dye in methanollacetic acidIH20 (45: 1 O:45 volume ratio). 

Sequencing was performed by Dr. R. Aebersold at University of Washington 

(Seattle, WA). 

4.2.8 Protein and Radioactivity quantitation 

To visualize protein, gels were stained with 0.01 % (wlv) Coomassie-blue 

in methanollacetic acidIH20 (431 0:45 volume ratio). The protein associated 

with the bands was estimated using a Microtek Scanmaker densitometer with 

NIH image software. 1251-labelling of protein was visualized by autoradiography 

and quantified by gamma-counting of the excised bands. 3~4abe l l i n~  of protein 

was visualized by fluorography, and quantitated by liquid scintillation counting of 

the excised bands, after dissolution in 0.5 ml H202 overnight at 70 "C. For 

fluorography and autoradiography, the Coomassie-stained gels were dried and 

exposed to preflashed Reflections film with an intensifying screen (Dupont) at - 
80•‹C for the indicated time. For fluorography, the 3 ~ -  labelled gel was soaked in 

1 M salicylate for 30 min prior to drying. 



4.2.9 Photolabelling experiments 

4.2.9.1 [~HITUA Photolabelling of CT 

[3H]TUA (1 mol%) from a toluenelethanol stock was added a PCloleic 

acid mixture in CHC13. Sonicated vesicles were prepared from this solution as 

described (Section 2.2.4) in a dimly-lit room. CT (10 pg) was added to PCIoleic 

acidl[3H]TUA vesicles (300 nmol) in 10 mM Tris, pH 7.4, 1 mM EDTA, 1 mM DTT, 

and the solution was incubated 10 min at room temperature. Samples were 

transferred to a 1 ml quartz cuvette and irradiated for 10 min at room 

temperature using a 100 W Hg lamp with a filter to exclude light ~ 3 0 0  nm. 

Samples were prepared for electrophoresis by extensive dialysis against 10 mM 

Tris, pH 7.5, 0.5 mM EDTA, 0.005 % SDS (wlv), 2 mM DTT, and concentrated in 

a Savant Speed-Vac evaporator prior to addition of sample buffer. Samples were 

electrophoresed on a 12 % polyacrylamide gel (Section 4.2.5). 

4.2.9.2 [I~~UTID Photolabelling of CT 

[ ~ ~ ~ I I T I D  (0.2 to 2 mol% of total lipid) was preincubated 10 min at room 

temperature with sonicated PCloleic acid (1 :1) vesicles in 10 mM Tris, pH 7.4, 1 mM 

EDTA, 1 mM DTT. CT (-20 pg per lane on gel) was added so that the final Triton-X1 00 

concentration was <20 mol% of the total lipid, and the CT:lipid molar ratio was 1 :300. 

After a 10 min incubation at room temperature, the proteinllipid mixture was transferred 

to a 1 ml quartz cuvette. Samples were irradiated for 10 min at room temperature using 

a 100 W Hg lamp with a filter to exclude light <300 nm. At this stage, some 

photolabelled samples were digested with chymotrypsin (Section 4.2.4). 



Samples containing whole or digested CT were prepared for electrophoresis by 

extensive dialysis against 10 mM Tris, pH 7.5, 0.5 mM EDTA, 0.005 % SDS (wlv), 2 

mM DTT, 0.05% BSA (fatty acid free). For chymotrypsin-digested samples, 0.5 mM 

PMSF was included in the dialysis buffer. Samples were concentrated in a Savant 

Speed-Vac evaporator prior to addition of sample buffer. CT and large fragments were 

separated on a 12 % polyacrylamide gel (Section 4.2.5). Small CT fragments were 

separated on a l6.5%T I 3%C Tricine gel system (Section 4.2.5). In both cases, the 

portion of the gel containing the bromphenol blue dye-front was excised, as it contained 

labelled lipid present in the sample. 

4.2.9.3 [~~SIITID Photolabelling of Peptide 62 

Peptide 62 (see figure 3.1, Section 3.3.1), was added to preincubated 

[~~~ I IT ID  and PCloleic acid in 10 mM Tris, 1 mM EDTA (1 :200 peptide to lipid 

molar ratio). The sample was incubated 10 min, transferred to a 1 ml quartz 

cuvette and photoreacted as described (Section 4.2.9.2). 

Samples containing peptide were delipidated prior to electrophoresis by 

precipitation with cold acetone at -80•‹C for 3 to 8 hours, followed by a wash with 

cold diethyl ether. The resulting precipitate was resuspended in sample buffer 

and electrophoresed overnight at 4•‹C on a 16.5%TI 6% C polyacrylamide gel 

with a spacer gel (Section 4.2.5). 



4.3 Results 

4.3.1 Gel filtration analysis of CT binding to PCIoleic acid vesicles 

Our objective was to photoreact CT with [ ~ ~ ~ I I T I D  under conditions 

where all of the CT was in the membrane-bound form. The purified CT was 

obtained bound to Triton-XI 00 micelles, to which we added egg PCloleic acid 

vesicles containing traces of [ ~ ~ ~ I I T I D  resulting in a PCloleic acidfiriton-XI00 

ratio of 21211. This mixture forms vesicles that fully activate CT (Cornell, 

l99la). Sephacryl S400 gel filtration chromatography was used to analyze 

the degree of binding of CT to the vesicles under photolysis conditions (Fig. 

4.1). In the presence of Triton-XI00 micelles alone, CT eluted slightly ahead 

of the peak of Triton-X1 00 radioactivity (Fig. 4.1A). Since Triton-X1 00 was in 

large excess (10 mM), the bulk of the detergent was in the form of a protein- 

free micelle (90 000 daltons). CT associates with Triton-XI00 as a 84 kDa 

dimer (Cornell, 1989b), thus the few micelles containing protein would be 

significantly bigger and elute earlier. The size of Triton-XI 00 micelles 

containing a CT molecule was previously estimated at -2 x 105 daltons, by 

Sephacryl S-400 chromatography (Cornell, 1 991 a). 

In the presence of PCloleic acidflriton-XI 00 (212/1), the conditions used 

for the photolabelling reaction, CT eluted earlier than in the presence of 

Triton-X1 00 alone (Fig. 4.1A and B). [14~]oleic acid was incorporated into 

the vesicles as a tracer. In some experiments, [~HIDPPC was instead 

incorporated into the vesicles and eluted at the same volume as did the oleic 

acid, demonstrating that the two lipids remain complexed. [14c]oleic acid or 



[~HIDPPC, along with a small amount of the Triton-X1 00, eluted early in the 

column presumably as large vesicles in the absence (data not shown) or 

presence of CT (Fig. 4.1 8). In the presence of PCIoleic acid, CT eluted from 

the column as a single peak corresponding exactly to the peak of 

radiolabelled [14~]oleic acid, and much earlier than the peak of [ J ~ l ~ r i t o n -  

X100 present in the sample. No CT protein eluted in fractions between 26 to 

29 ml where CT was found when mixed with Triton-XI00 only (Fig. 4.1A). We 

conclude that 100% of the CT in the sample was bound to PCIoleic acid 

vesicles under these conditions which were the same as those used in the 

photolabelling experiment. 



Volume Eluant (ml) 

Triton 
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Figure 4.1: Gel filtration analysis of the binding of CT to PC1 oleic acid vesicles. 
The samples applied to the Sephacryl-S400 column were prepared and 
chromatographed, and fractions were analysed for radioactivity and CT as described in 
Section 4.2.3. [14~]oleic acid was incorporated into the vesicles and [ 3 ~ ] ~ r i t o n - ~ 1 0 0  
was added to the samples in trace amounts. A) Chromatography of CT plus 10 mM 
Triton X-100. B) Chromatography of CT plus 4 mM PCIoleic acid (1:l) vesicles. The 
lipid to protein molar ratio in this sample was 350:l; the Triton X-100 content was 20 
mol% of the total amphiphile. CT protein (*), [ 3 ~ ] ~ r i t o n - ~ 1 0 0  (a), [14~]oleic acid (A). 



4.3.2 [I~~IITID labelling of CT in the presence of PCloleic acid vesicles 

Purified CT was photoreacted with [I~~IITID incorporated into PCIoleic 

acid vesicles (1: 1). Irradiation of the enzyme under the conditions described 

did not affect the CT activity (data not shown). Electrophoresis was utilized to 

separate the protein from lipid, which migrated at the dye front and contained 

>99% of the label. As seen in figure 4.2, CT was significantly labelled by 

[~~~I ITID.  CT contained 0.03 to 0.05% of the total label added. When 

0.2 mol% [ ~ ~ ~ I ] T I D  was used, approximately 1 in 5000 CT molecules became 

labelled, while at 1 mol% [~~~IITID, an estimate of 1 in 650 CT monomers 

had label associated. The lack of stoichiometric labelling of CT does not 

imply that 100 % of the molecules present are not bound and intercalated in 

the membrane. TID photolabelling is a trace labelling technique. When TID 

is activated by irradiation, the carbene formed reacts quickly and with low 

specificity with any molecule in the vicinity. It can react with rnethylene groups 

of the acyl chains of lipid and, as the lipid is in large excess, the bulk of the 

label becomes lipid associated. To demonstrate the selectivity for membrane 

interacting proteins, a soluble protein, ovalbumin, was subjected to 

photolabelling under the same conditions as CT. Ovalbumin was not 

significantly labelled by the probe (Fig. 4.28, lane 2). Apolipoprotein Al, which 

associates with PC, is also thought to interact with membranes via an 

amphipathic helix (Segrest eta/., 1994). When reacted with [ ~ ~ ~ I ] T I D  in the 

presence of PC vesicles under the same conditions as CT, this protein was 

labelled to approximately the same extent as CT (Fig. 4.28, lane 3). These 

results confirm that the membrane-bound form of CT is embedded in the 



hydrophobic core of activating membranes, as opposed to interacting only 

with the membrane surface. 



Figure 4.2: [ 1 2 s l ] ~ ~ ~  labelling of CT and control proteins. 

Proteins were labelled with [ 1 2 5 1 ] ~ ~ ~  (0.2 mole %, 3 pCi) in vesicles as described in 

Section 4.2.9.2. Samples were electrophoresed on a 12% acrylamide gel. (A) Gel 

stained with Coomassie blue. (B) Autoradiograph of dried gel, exposed for 20 hr. 

Lane 1: CT (20 pg) labelled in the presence of 0.75 mM PCIoleic acid (1:l). Lane 2: 

Ovalbumin (12 pg) labelled in the presence of 0.75 mM PCIoleic acid (1:l). Lane 3: 

Apolipoprotein A-1 (1 1 pg) labelled in the presence of 0.5 mM PC. The positions of 

molecular weight standards are shown. Under these gel conditions, Apolipoprotein A-1 

(28 kDa) appears to run fast relative to the molecular weight standards. 





4.3.3 [~HITUA labelling of CT in the presence of PCloleic acid vesicles 

Purified CT was photoreacted with [~HITUA incorporated into PCIoleic 

acid vesicles (1:l) under conditions similar to the [ I ~ ~ I ] T I D  experiment. 

Electrophoresis was utilized to separate the protein from lipid, which migrated 

at the dye front and contained >99% of the label. CT was significantly 

labelled by I~H]TUA (Fig. 4.3, lane 3). CT contained 0.04 % of the total label 

added. When 1 mol% [~HITUA was used, approximately 1 in 500 CT 

molecules became labelled. TUA photolabelling, like TID, is a trace labelling 

technique. To demonstrate the selectivity for membrane interacting proteins, 

ovalbumin and apolipoprotein Al were subjected to photolabelling under the 

same conditions as CT. The Coomassie-stained gel revealed protein bands 

at -28 kDa, 45 kDa and 42 kDa in lanes 1, 2, and 3 respectively. Ovalbumin 

was not significantly labelled by the probe in the presence of PCIoleic acid 

(Fig. 4.3, lane 2), while apolipoprotein Al became covalently labelled in the 

presence of PC vesicles under the same conditions as CT (Fig. 4.3, lane 1). 

The results with this second probe confirm that the membrane-bound form of 

CT is embedded in the hydrophobic core of activating membranes, as 

opposed to interacting only with the membrane surface. 



Figure 4.3: PHITUA labelling of CT and control proteins. 
Proteins were labelled with [ 3 ~ ] ~ ~ ~  (0.5 molOh) in PCloleic acid vesicles as described 
in Section 4.2.9.1. Samples were electrophoresed on a 12% acrylamide gel. The 
fluorograph of the dried, salicylate-soaked gel, exposed for 9 days, is shown. Lane 1: 
Apolipoprotein A-1 (10 pg) labelled in the presence of 0.5 mM PC. Lane 2: Ovalbumin 
(10 pg) labelled in the presence of 0.75 mM PCloleic acid (1:l). Lane 3: CT (10 pg) 
labelled in the presence of 0.75 mM PCloleic acid (1:l). 



4.3.4 Chymotrypsin Fragmentation Pattern of CT 

The products of partial proteolysis of CT by chymotrypsin have been 

previously characterized (Craig et a/., 1994). Under those conditions, CT was 

digested from the C-terminus to produce discrete fragments of -39, 35, 30, 

28, and 26 kDa which contained the N-terminal domain but were missing 

different lengths of the C-terminal region, as mapped using antibodies 

directed against these regions. The C-terminal residue of each fragment was 

estimated (Fig. 4.4) based on the apparent molecular weight, CT amino acid 

sequence and chymotrypsin selectivity for large, hydrophobic amino acids. 

The two largest fragments contained the amphipathic helix region of CT, while 

the -30, 28 and 26 kDa fragment were missing most or all of this region. 

Under the current digestion and electrophoresis conditions, fragments of 39, 

35 and one in the 30 to 26 kDa region were produced (Fig. 4.6A)2 , along with 

a faint band migrating immediately behind the dye front (Fig. 4.6A, lane 3). To 

further investigate this band, we used a Tricine gel system, which effectively 

separates low molecular weight proteinslpeptides. Separation revealed four 

previously uncharacterized low molecular weight CT fragments with apparent 

molecular weights of -19, 17, 15 and 11 kDa. (Fig. 4.5A). The largest of the 

fragments reacted with an antibody directed against the C-terminal 13 

* The purified CT contains an endogenous protease which partially digests the protein during the 
incubation at 37 "C (Fig. 4.6A, lane 2). A number of different proteases have been shown to 
produce similar fragmentation patterns for CT, suggesting that there are a few very sensitive sites 
in the native protein (Craig and Cornell, unpublished observation). 



residues of CT (Fig. 4.5B) and all fragments reacted with an antibody directed 

against a 33 residue peptide of the amphipathic helix domain (Fig. 4.5C). 

Sequence analysis revealed that all four fragments have the same N-terminal 

sequence, beginning at Thr226. This position lies 10 residues N-terminal to 

the amphipathic helix domain. As the largest fragment (Map = 19 kDa) 

reacted with the C-terminal antibody, it is assumed to comprise the entire C- 

terminal region, giving it a calculated molecular weight of 16,200. The 

apparent discrepancy in electrophoretic mobility may be attributed to its highly 

phosphorylated state (Cornell et a/. , 1995; MacDonald & Kent, 1994). The 

three smaller fragments appear to be produced by progressive digestion of 

the C-terminus from the 16.2 kDa fragment. The molecular weights of these 

fragments have been estimated at -14, 12 and 9 kDa based on potential 

cleavage sites. The lowest molecular weight fragment would approximately 

comprise the amphipathic helix region with a 10 amino acid extension at the 

N-terminus. The exact C-terminal residue is not known. Thus, in addition to 

the susceptible C-terminal cleavage sites which yield the 39 and 35 kDa 

fragments upon digestion, a main site for cleavage of CT by chymotrypsin is 

at Tyr225, producing an N-terminal26 kDa fragment and a series of low 

molecular weight fragments derived from the C-terminal portion containing the 

amphipathic helix domain. 



Figure 4.4: Proposed CT fragments generated by chymotryptic digestion. 
The large 39, 35 and 26 kDa fragments were mapped by Craig et a/. (1994). The N- 

terminal residues of the low molecular weight fragments of Map= 19, 17, 15 and 1 1 kDa were 
determined by N-terminal sequencing. The 19 kDa fragment contains the C-terminal residues 
(determined by antibody mapping, Fig. 4.5), and has a calculated molecular weight of 16,200. The 
exact molecular weights of the smaller fragments remain undetermined. All low molecular weight 
fragments contain the amphipathic helix region as determined by antibody mapping. 



Figure 4.5: Antibody mapping of the low molecular weight chymotryptic fragments of 

CT. Undigested CT (4 pg, lane I ) ,  CT (12 pg) digested by chymotrypsin at 1:10 

(chymotrypsin:CT) mass ratio (lane 2) or 1:8 ratio (lane 3), were electrophoresed on 

16.5% T 13% C Tricine gel system as described in Section 4.2.5. The gel was 

Coomassie-stained (A), or transferred to PVDF membrane and immunoreacted with a 

11200 dilution of antibody directed against the amphipathic helix region (B), or a 111250 

dilution of antibody directed against the C-terminal region (C). 





4.3.5 Localization of [I~~IITID Labelling on the CT Protein 

To establish which region of CT becomes membrane embedded, the 

protein was labelled with [~*~ I ]T ID in the presence of PCloleic acid vesicles 

followed by digestion with chymotrypsin to produce the series of characterized 

fragments. The fragments were separated by 12 % Laemmli SDS-PAGE and 

the label analyzed by autoradiography (Fig. 4.6). Low protease concentration 

produced the 39 and 35 kDa fragments containing the proposed amphipathic 

helical domain (Fig. 4.6, lane 2). These fragments were both associated with 

[~~~IITID. At high chymotrypsin:CT ratios, the 26 kDa fragment was the 

dominant protein formed (Fig. 4.6A, lane 3). This fragment, which lacks the 

entire amphipathic helix region had only a small amount of label associated 

(Fig. 4.6B, lane 3). Also evident in this lane is a protein band at the dye front 

corresponding to the low molecular weight fragments of CT. As seen in the 

autoradiograph this band was highly labelled by [~*~I]TID. 

In a separate experiment, CT was photolabelled by [~~~ I IT ID  in 

presence of PCloleic acid vesicles, digested with chymotrypsin, and the 

fragments separated by the Tricine gel system to analyze the low molecular 

weight fragments. Autoradiography revealed that the fragments at 19, 17, 15 

and 11 kDa all contained [ ~ ~ ~ I I T I D  label in high levels (Figure 4.7). These 

fragments encompass the amphipathic helix region of CT. Whole CT, as well 

as the 39, 35, 26 kDa fragments, was also evident on this gel. In a separate 

experiment, the label associated with each fragment was quantitated (Table 

4.1). The 39 and 35 kDa fragments contained as much or more label as the 

whole CT (1 10-1 70 cpmlpg), while the 26 kDa fragment which is the dominant 



protein on the Coomassie-stained gel contained less label (70 cpmlpg). The 

low molecular weight fragments were more enriched in label than the whole 

CT molecule (500 -1200 cpmlug). This pattern is consistent with the 

amphipathic helix region, contained in the low molecular weight fragments but 

lacking in the 26 kDa fragment, playing the key role in membrane 

intercalation. 



Figure 4.6: Analysis of the high molecular weight fragments derived from [ 1 2 5 1 ] ~ ~ ~  

labelled CT. CT (20 pg per lane) was photolabelled with [ 1 2 5 1 ] ~ ~ ~  (-4 pCi) in the 

presence of 0.75 mM PCloleic acid. Lane 1: undigested sample. Lane 2: digestion by 

an endogenous protease. Lane 3: digestion by chymotrypsin at a mass ratio of 1 : 100 

(chymotrypsin:CT). Proteins were separated on a 12% gel as described in Methods 

section. A) Gel stained with Cwmassie blue. B) Autoradiograph of dried gel, exposed 

for 20 hr. The position of molecular weight standards is shown. 





Figure 4.7: Analysis of the low molecular weight fragments derived from [ 1 2 S ~ ~ ~ ~  

labelled CT. CT (20 pg per digested lane) was photolabelled with [ 1 2 5 1 ] ~ ~ ~  (0.2 mole 

%, -3 pCi per digested lane) in the presence of 0.75 mM PCIoleic acid. Lane I: 

undigested sample (-1.5 pg). Lane 2: digestion by chymotrypsin at a mass ratio of 

1:100 (chymotrypsin:CT). Lane 3: chymotrypsin:CT ratio of 1:30. Proteins were 

separated on a 16.5%T /3%C Tricine gel as described in Methods section. A) Gel 

stained with Cwmassie blue. B) Autoradiograph of dried gel, exposed for 3 days. 





TABLE 4.1: Extent of [ I 2 5 l ] ~ l ~  Labelling of the Fragments of CT 

FRAGMENT % DISTRIBUTION CPM 1 ug TID:PROTEIN 
OF PROTEIN protein MOLAR 

RATIO 

undigested CT - 110 1 :4600 

peptide - 870 1:3100 

CT or peptide was photolabelled in the presence of PCIoleic acid with 0.2 mole% [ 1 2 5 1 ] ~ ~ ~ .  

An aliquot of the CT sample was removed (undigested CT), the remainder digested with 

chymotrypsin, and the fragments separated by electrophoresis as described in Methods 

section. Protein was quantified by densitometry of the Coomassie stained gel, normalized to a 

CT standard. The percent distribution of protein mass among the fragments is given. 1251 

was quantified by gammacounting of the excised bands. T1D:protein molar ratio was 

calculated. Moles of CT were estimated from the quantified mass of protein using the 

estimated true molecular weights for each fragment of 16, 14, 12 and 9 kDa. Moles of TID 

was calculated from CPM and specific activity of the [ 1 2 5 1 ] ~ ~ ~ .  



4.3.6 Photolabelling of CT in the presence of PCldiacylglycerol vesicles 

In addition to anionic lipids, typified by PC/oleic acid vesicles, CT is also 

activated by membranes containing diacylglycerol. Since the synthetic 

peptides corresponding to the amphipathic a-helix domain did not bind 

preferentially to vesicles containing diacylglycerol (Chapter 3), it was possible 

that domains in CT outside this region might be labelled by [ I ~ ~ I ] T I D  when 

CT was bound to diacylglycerol-containing vesicles. To probe this interaction, 

[ I ~ ~ I ] T I D  labelling of CT was attempted in the presence of egg 

PC/diacylglycerol vesicles (4:l). CT was subsequently digested with 

chymotrypsin and the fragments separated on the 16%T/ 3%C Tricine gel 

system. The fragmentation pattern of CT and [ ~ ~ ~ I I T I D  labelling patterns 

obtained in the presence of PC/diacylglycerol (data not shown) were identical 

to those obtained in the presence of PC/oleic acid (Fig. 4.7). The whole 

enzyme and the large 39 and 35 kDa fragments contained associated label. 

The low molecular weight fragments including the amphipathic helix region of 

the enzyme contained the large majority of the label, while the 26 kDa 

fragment lacking this region was not highly labelled. Thus, the intercalation of 

CT into PC/diacylglycerol membranes involves the same amphipathic helix 

region involved in interaction with anionic membranes. 



4.3.7 Photolabelling of a Peptide Corresponding to the Entire 

Amphipathic Helical Domain 

Analysis of digested, photolabelled CT supports our hypothesis for the 

amphipathic helix region as the membrane-binding domain. To further 

substantiate this model, we obtained a 62 residue peptide corresponding in 

sequence to the entire proposed amphipathic helical domain of CT (residues 

238 - 299). This peptide has a partition coefficient for PCloleic acid vesicles 

of -8400, and adopts a helical conformation in response to lipid vesicles or 

detergent micelles, as analyzed by CD (Section 3.3.3) and NMR (Dunne, 

Cornell, Johnson and Tracey, unpublished). This peptide was photoreacted 

with [~~~ I IT ID  in presence of PCIoleic acid and was separated from lipid on a 

16.5%T, 6% C Tricine gel system. The peptide was highly labelled by 

[ ~ ~ ~ I ] T I D  (Table 4.1). The efficiency of [ ~ ~ ~ I ] T I D  incorporation into the 

peptide was 0.05 to 0.08%, slightly higher than that obtained for the whole 

enzyme. The radioactivity per pg of peptide was similar to that obtained for 

the low molecular weight fragments of CT. At 0.2 mol% [1251]TlDl 1 in 3100 

peptide molecules became associated with [ ~ ~ ~ I ] T I D .  These results confirm 

that this region of the protein can intercalate into membranes independently of 

the rest of the protein. We attempted N-terminal sequencing of [~~~I ITID 

labelled peptide, as well as the low molecular weight chymotrypsin fragments, 

to identify the labelled amino acids, but the degree of labelling was 

insufficient, and all cycles in the Edman degradation contained background 

levels of radioactivity. 



4.4 Discussion 

4.4.1 The CT-membrane interaction involves intercalation into the 

hydrophobic membrane core 

We have used the photoreactive probes [~~~IITID and [~HITUA to 

investigate the mechanism of the CT-membrane interaction. The fact that 

*~I]TID and [~HITUA significantly label CT suggests a mechanism of 

membrane interaction whereby the protein intercalates into the hydrophobic 

membrane core. It is well accepted that CT interacts with membranes, but the 

mechanism of membrane interaction is not known. There are several lines of 

evidence to suggest that the binding is not solely a peripheral charge 

interaction between protein and lipid head groups, but that penetration into 

the hydrophobic core is involved (Section 1.3.2.3). While ionic strength 

effects the enzyme activity (Cornell, 1991a), high salt is insufficient to extract 

enzyme from the membrane; detergents are needed (Cornell & Vance, 

1987b). Intercalation was postulated due to dependence of activity on a fluid 

membrane phase, enhancement of activity at the phase transition and 

dependence on bilayer curvature (Cornell, 1991 b). Intercalation has been 

demonstrated for synthetic peptides corresponding in sequence to a proposed 

membrane-binding region of the protein (Chapter 3; Johnson & Cornell, 

1994). Thus, although previous studies had suggested that the protein is 

embedded in the hydrophobic core of the membrane, this had never been 

demonstrated directly using the purified native enzyme. 

The degree of labelling with [ ~ ~ ~ I ] T I D  is consistent with an interaction 



of CT involving membrane intercalation. While the [ ~ ~ ~ I I T I D  labelling 

efficiency depends on the mole percent and type of protein in the membrane 

as well as the reaction efficiency of TID under the irradiation conditions used, 

a range of 0.5 to 0.01 % of the [ 1 2 5 1 ] ~ ~ ~  generally becomes incorporated into 

membraneembedded proteins (Brunner, 1993). The [ ~ ~ ~ I ] T I D  labelling 

efficiency of CT, 0.03 to 0.05%, falls within this range. A bromelain-released 

soluble fragment of hemagglutinin lacking the trans-membrane anchor (BHA2) 

was [ ~ ~ ~ I ] T I D  labelled with an efficiency of 0.025% using conditions similar to 

ours (Harter et el., 1988). The key region of BHA2 labelled by [ ~ ~ ~ I ] T I D  was 

a small membrane-interacting region proposed to be involved in fusion. 

4.4.2 The amphipathic helix of CT is the key region involved in 

intercalation 

The results obtained using proteolysis of CT in combination with 

photolabelling demonstrate the key role of the amphipathic helix region in the 

membrane intercalation of the protein. The 39 and 35 kDa N-terminal 

fragments containing this region were associated with the hydrophobic 

photolabel, while the 26 kDa fragment lacking this region contained a low level 

of labelling. We have identified low molecular weight fragments that had not 

been previously characterized (Craig eta/., 1994) due to the gel conditions 

and antibodies used for detection in that study. These fragments, with 

molecular weights in the range of -9 kDa to 16 kDa, comprise the entire 

amphipathic helix region as well as various lengths of the C-terminal domain. 

The persistence of these fragments demonstrates the resistance of the 

amphipathic helix region to digestion, consistent with a membrane-bound 



location where it would be inaccessible to the protease. The high [ ~ ~ ~ I ] T I D  

labelling of the low molecular weight fragments comprising the amphipathic 

helix region demonstrates the key role for this region in CT membrane 

binding. A synthetic peptide corresponding in sequence to the amphipathic 

helix region became labelled to the same extent as these fragments, 

substantiating our conclusion that this region functions as the key membrane 

binding site for CT. The same region of CT is labelled by [ ~ ~ ~ I ] T I D  whether 

the lipid vesicles contain oleic acid or diacylglycerol, suggesting a common 

mechanism of binding to the two different classes of activating lipids. It 

remains to be explained why this region on its own does not interact with 

PCIdiacylglycerol vesicles. This region is required for diacylglycerol binding 

(Craig et a/., 1994), but is not sufficient (Chapter 3). 

There is some label found in the 26 kDa fragment, which appears to be 

more than just background. [ ~~~ I IT ID  has a partition coefficient for egg PC or 

red cell membranes of 4 x 104 (Brunner & Semenza. 1981), which in our 

system (500 pI solution volume, - 0.17 mg lipid) would result in 93% of the 

TID partitioning into hydrophobic core of vesicles, and 7% in the aqueous 

phase. Lack of significant labelling of ovalbumin suggests that this small 

amount of free TID does not contribute to the labelling of soluble proteins. CT 

is not a soluble protein, and the proximity of the N-terminal region to the 

vesicle may contribute to the small amount of labelling. When labelling the 

integral Fo subunits of E.coli ATP synthase, a peripheral F1 subunit (P) 

became associated with a low level of label, suggesting that [ ~ ~ ~ I J T I D  can 

potentially react with peripheral membrane proteins (Hoppe et a/., 1984). 

While the N-terminal region of CT does not associate with membranes on its 



own (Craig et a/., 1994; Cornell et a/, 1995; Wang & Kent, 1995b), a small 

portion could penetrate the membrane as this region is held in close proximity 

to membrane surface by the amphipathic helix. However, a truncation mutant 

lacking the amphipathic helix and C-terminal phosphorylation region was 

constitutively active in the absence of membranes (Wang & Kent, 1995b), 

suggesting that lipid is not directly required for catalysis. Non-membrane 

proteins have been photolabelled with [ ~~~ I IT ID  in the absence of lipid. It is 

thought that [ ~~~ I IT ID  probes for hydrophobic patches or pockets in the 

soluble proteins. Hydrophobic sites in calmodulin (Krebs et a/., 1984), 

troponin C (Buerkler & Krebs, 1985) and lactalbumin (Van Ceunebroeck etal., 

1986) involved in the interaction with target proteins have been labelled by 

[ ~ ~ ~ I I T I D  in a ~ a + 2  dependent manner in the absence of lipids. A 

cytochrome P-450 (Frey et a/., 1986) and an H+-ATPase from yeast (Seto- 

Young etal., 1992) are both labelled in their membrane-embedded regions 

and in a soluble region attributed to hydrophobic substrate-binding pockets. 

While the active site of cytochrome P-450 would be designed to 

accommodate its hydrophobic substrates, the active site for the H+-ATPase 

may more closely resemble the active site of CT which is also involved in 

nucleotide reactions. While little is known about the environment of the active 

site of CT, there may exist a hydrophobic pocket involved in substrate binding 

or interaction with the hydrophobic face of the amphipathic a-helix domain 

when the protein is in the soluble form. 



CHAPTER 5: CONCLUDING DISCUSSION 

5.1 The amphipathic a-helix region of CT plays a key role in the membrane 

interactions 

The results in this thesis have established a key role for the proposed 

amphipathic a-helix region of CT in its membrane interactions. Spectroscopic 

studies of synthetic peptides demonstrated that the region is indeed capable of 

forming a helical conformation, and is induced to form this structure by anionic 

lipids. These same peptides intercalated to the acyl chain core of lipid vesicles 

with a selectivity for anionic lipids, supporting an intercalation event for the 

protein. In a different approach, the photoreactive probes [ I~~I ]T ID and [~HITUA 

were utilized to investigate the membrane interaction of native CT. [~*~I]TID and 

[~HITUA significantly labelled CT, establishing a mechanism of membrane 

interaction whereby the protein intercalates into the hydrophobic membrane core. 

CT proteolytic fragments and a synthetic peptide containing the amphipathic a- 

helix were highly labelled, while the fragment lacking this region contained a low 

level of labelling. Resistance of the amphipathic helix region to proteolysis in the 

presence of lipids, demonstrated by the persistence of the low molecular weight 

fragments, implied a membrane-bound location where it would be inaccessible to 

the protease. Thus, proteolysis in combination with photolabelling has 

demonstrated the key role of the amphipathic helix region in the membrane 

intercalation of CT. 



Additional evidence to support involvement of the putative amphipathic a- 

helix region of CT in membrane binding has emerged recently. 1) The 

amphipathic a-helix region of CT was observed to have sequence homologies 

with the sequence of oleosin, a protein which is also proposed to interact with 

membranes via an amphipathic a-helix (Li et a/., 1993). 2) Chymotrypsin 

proteolysis of CT produced discrete fragments that were mapped to the N- 

terminus and were missing various amounts of the C-terminal region of the 

protein. Those fragments which lacked all or part of the putative amphipathic 

helical region were unable to bind to lipid vesicles in vitm (Craig et a/., 1994). 3) 

Antibodies directed against a 10 amino acid segment of this region inhibited 

membrane binding (Wieder eta/., 1994). 4) Overexpressed in COS cells (Cornell 

et a/., 1995) or CHO cells (Wang & Kent, 1995b), or purified from a baculovirus 

overexpression system (Yang et a/., 1995), CT deletion mutants lacking this 

domain had a decreased association with the membrane fraction of cells, and 

were unable to translocate in response to stimuli. While these results provide 

indirect evidence for an involvement of the amphipathic helical domain in CT- 

membrane interactions, an indirect effect of this helical region on the membrane 

binding was not ruled out until it was shown by hydrophobic photolabelling to be 

directly associated with the membrane. 

5.2 An amphipathic a-helix model is consistent with other known features 

of CT membrane interactions 

In addition to the data presented in this thesis, previous observations are 

consistent with a mode of interaction involving an amphipathic helix domain lying 

with its axis parallel to the surface of membrane, with the non-polar face 



embedded to the acyl chain region of the membrane, and polar face interacting 

with lipid head groups, the aqueous solution or a distinct part of the protein. 

Such a model involves hydrophobic intercalation, as was proposed for CT based 

on the dependence of the activity on lipid phase and other parameters that 

disrupt membrane packing (Section 1.3.2.3). The amphipathic helix domain 

does not form a specific "binding pocket" designed to interact with a specific 

head group or with lipid monomers, but rather forms a relatively non-specific, low 

affinity hydrophobic surface, consistent with the lack of monomer activation and 

lipid head-group specificity of CT (Section 1.3.2.2). This model of interaction with 

the membrane could be readily reversible as demonstrated by the reversible 

association of apolipoprotein A-1 with lipoprotein particles. An amphipathic helix 

has the potential to convert between a structure compatible with a soluble or a 

membrane-bound form, upon structural reorganization (see below Section 5.3). 

5.3 Amphipathic a-helices have been proposed to mediate membrane 

binding of other proteins 

The amphipathic a-helix structure mediates the membrane interactions of 

several other proteins. A few key examples are discussed below. 

Apolipoproteins: 

The original model for amphipathic a-helices as membrane-surface 

interacting motifs was proposed for apolipoproteins (see Section 1.3.3.3). These 

protein components of serum lipoproteins stabilize the lipoprotein structure. 

Apolipoproteins of types A (I & II), C (I, 11, 111, & IV) and E are exchangeable, in 

that they move from one lipoprotein to another, binding to a PC membrane 
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surface (reviewed by Segrest et a/. , 1992, 1994). These types of lipoproteins 

contain 11- or 22-mer repeats in the amino acid sequence which correspond to 

amphipathic helix motifs. Studies of proteolytic digestion fragments and synthetic 

peptides have identified regions of each protein capable of membrane binding, 

all of which correspond to regions predicted to form an amphipathic a-helix 

(Segrest et a/., 1992). Circular dichroism studies have demonstrated that these 

regions are stabilized in a helical conformation upon membrane binding (e.g. 

Mao et a/., 1977; Sparrow, et a/., 1985; Sparrow, et a/., 1992). Recently, the 

NMR structures of two SDS-bound, synthetic peptides corresponding to 

membrane-binding regions of Apolipoprotein C-1 confirmed the adoption of a 

helical structure upon binding to a hydrophobic surface (Rozek et a/., 1995). The 

first crystal structure of an apolipoprotein was reported for insect apolipophorin- 

Ill, an exchangeable protein involved in lipid transport via a lipoprotein complex 

(Breiter et a/., 1991). The solution form of insect apolipophorin (from L. 

migratoria) is a five amphipathic-helix bundle with the hydrophobic faces in the 

interior. Reversible membrane binding, for this and other apolipoproteins, has 

been proposed to involve the helices spreading on the membrane surface to 

expose the hydrophobic faces to the membrane without disrupting the secondary 

structure (Segrest et a/., 1992; Breiter et a/., 1991). 

Pymvate oxidase 

Pyruvate oxidase is an amphitropic protein which, upon binding 

substrates, associates and is activated by membranes. Activation is promoted 

by many different amphiphiles, including detergents, fatty acids and phospholipid, 

with very little head group specificity, although there is a slight preference for an 

anionic surface (Blake et a/, 1978). The binding is proposed to be hydrophobic in 



nature (Blake et a/., 1978). The C-terminal portion of the protein contains the 

membrane-binding region, demonstrated with a deletion mutant (Grabau & 

Cronan, 1986), and by covalent labelling with [14~]lauric acid (Hamilton etal., 

4986). Proteolysis of the substrate-bound enzyme, releasing the 23 C-terminal 

residues, mimics membrane-binding for enzymatic activation, suggesting that this 

domain may serve an auto-inhibitory function (Recny et a/., 1985). The released 

peptide associated with PC vesicles (Zhang & Hager, 1987), and contains a 

putative amphipathic a-helix (Recny et a/., 1985). Introduction of a helix- 

disrupting proline residue in the middle of this proposed helix abolished 

membrane-binding and activation of the protein, without affecting its activation by 

proteolysis, suggesting an important role in membrane binding for this helical 

structure (Grabau etal., 1989). These results have led to a model for the 

activation of pyruvate oxidase in which substrate binding to the soluble protein 

induces a conformation change that exposes a lipid binding site, the amphipathic 

helix. Membrane binding prevents interaction of this region with the catalytic 

region of the protein and thus activates the enzyme (Recny et a/., 1985; Hamilton 

et a/., 1986; Grabau et a/., 1989). 

Triglyceride Lipase 

The crystal structure of lipases bound to a lipid substate analog led to a 

model whereby an amphipathic helix, together with the catalytic site, forms a 

hydrophobic face for the interaction of lipase with membranes (Brzozowski et a/., 

1991 ; van Tilbeurgh et a/., 1992). In the soluble form of these lipases, the 

hydrophobic active site is covered by the hydrophobic face of a small 

amphipathic helix. Upon membrane binding, the helix flips open to expose the 



hydrophobic surfaces to the membrane surfaces, thus allowing the active site to 

access the lipophilic substrate. 

Prostaglandin H2 synthase- 1 

In its crystal structure, a bundle of short amphipathic helices mediates the 

interaction of a prostaglandin H2 synthase-I with a hydrophobic surface (Picot et 

al., 1994). This protein is permanently bound to the endoplasmic reticulum 

membrane, and thus does not have an alternate soluble conformation. In the 

crystal structure, the protein interacted with the hydrophobic detergent surface in 

a dimer form, via a series of four short (8 - 10 residue) amphipathic a-helices . 

5.4 How does membrane binding of the amphipathic helix induce 

activation of CT 

As little is known about the conformation of the soluble form of CT, it is 

difficult to propose what conformational changes are involved in the 

interconversion between active, membrane-bound CT and inactive, soluble CT. 

CT is a dimer in its active membrane-bound form (Cornell, 1989b) as well as its 

inactive cytosolic form (Weinhold eta/., 1989), eliminating a role for 

oligomerization in the activation of the enzyme. A mechanism involving a 

structural reorganization of the amphipathic helix, similar to that of prolipase or 

apolipophorin, could account for the conversion of CT between membrane-bound 

and soluble forms. How this could cause activation at the catalytic site is 

unknown. 

The amphipathic helix region has been proposed to form an autoinhibitory 

domain, which is displaced from the catalytic domain upon membrane binding, 



thereby activating the enzyme (Wang & Kent, 1995b). This type of model has 

been proposed for pyruvate oxidase (Section 5.3) and is also evident for another 

membrane-activated enzyme, protein kinase C (Orr et a/., 1992). However, 

removal of an autoinhibitory domain by proteolysis or mutation is expected to 

result in a constitutively active enzyme, as observed for pyruvate oxidase. While 

a constitutive activation of CT was reported for a mutant lacking the entire C- 

terminal amphipathic helix region (Wang & Kent, 1995b), studies with similar 

deletion mutants (Cornell et a/, 1995; Yang etal., 1995b; Veitch & Cornell, 

unpublished observations) and chymotrypsin proteolysis (Craig et a/., 1994) 

suggest that removal of the lipid binding domain results in an inactive enzyme 

that is unresponsive to lipids. Alternately, the membrane-binding event may 

induce a secondary event in the catalytic region of CT which stimulates activity. 

It has recently been shown that membrane-binding greatly increased the affinity 

of CT for CTP (Yang etal., 1995b), suggesting that membrane binding induces a 

change in the active site, thereby activating the enzyme. In summary, at this time 

there is conflicting data on the mechanism whereby the lipid binding domain of 

CT regulates the catalytic domain. 

In 1990, Kalmar et a1 (Kalmar et a/, 1990) proposed that a putative 

amphipathic a-helix between residues 238 and 300 of rat-liver CT might mediate 

the reversible binding of CT to target membranes. They proposed a model for 

the membrane-bound form of the enzyme in which the amphipathic a-helix would 

lay parallel to the membrane surface with its hydrophobic face penetrating into 

the lipid acyl chains. The work in this thesis has validated this model. Using 

synthetic peptides I have established that the region between 238 and 300 is a- 

helical, but only in the presence of membranes containing "activating" lipids. 



Furthermore, using lipid fluorescence quenchers and photoreactive probes I have 

demonstrated that the hydrophobic face intercalates into the outer monolayer of 

lipid bilayers. Thus, the mechanism whereby anionic lipids stimulate the 

activation of CT is to stabilize an a-helical conformation in this domain, which 

creates a hydrophobic binding site leading to membrane intercalation. The 

structural changes involved in this reversible interaction, and the mechanism 

whereby these changes activate the enzyme are now key questions in the 

elucidation of the regulation of PC metabolism by this enzyme. 
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