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SUMMARY

Transformed, embryonic and malignant cells give a high resolution

1H NMR spectrum which arises from lipids in the plasma membrane. Highly

purified plasma membranes were prepared from human acute leukaemic T

lymphoblasts (CCRF-CEM) in which the activity of the plasma membrane

marker enzyme, 5'-nucleotidase, was enriched 45—fold. Triglyceride and

cholesteryl ester each constituted about 4% of the total plasma membrane

lipid, and were present in all subcellular membrane fractions isolated.

Two-dimensional scalar correlated (COSY) NMR spectroscopy identified

triglyceride as the main plasma membrane component giving rise to the

NMR spectrum, while soluble non-membrane components accounted for 90% of

the remaining resonances in the spectrum of intact cells.

The role of the membranes in multi—drug resistance was investigated

using both whole cells and highly purified piasma membranes isolated

from human leukaemic lymphoblasts (CCRF-CEM). Cells were made resistant

to low levels of vinblastine (up to 20 ng/ml). Despite changes to the

high resolution 1H NMR spectrum no consistent changes to the

triglyceride or cholesteryl ester content were found in either plasma

membranes or whole cells with vinblastine resistance. Free cholesterol

and total lipid and protein levels were higher in vinblastine-resistant

cells whereas free cholesterol and total phospholipid were more abundant

in the plasma membranes. Some of the increased cellular protein and

lipid was accounted for by the presence of more mitochondrial profiles

and autophagocytic vacuoles in electron micrographs of drug resistant

cells.

Ether-linked phospholipids accounted for 13% of the total lipid in

sensitive cells and 22% in vinblastine-resistant cells. The increase in



the resistant cells was comprised of 1—0-alkyl phosphatidyl choline and

1-0-alkenyl phosphatidyl ethanolamine. Ether-linked lipids were also

present in the purified plasma membranes. l—O—alkyl triglycerides were

present in equal amounts in sensitive and resistant cell membranes, but

there was a three-fold increase in l-O-alkyl phospholipid and a 1.5—fold

increase in 1-0-alkenyl phospholipid in the resistant cell membranes.

Freeze-fracture electron microscopy showed alterations to the inner

face of the plasma membrane in drug—resistant cells. The presence of

bulges indicated that the area of this membrane face could be increased

by 4% and the possibility that this structural change could be

associated with the higher levels of 1-0-alkyl phospholipid is

discussed.

The structure and composition of the neutral lipid domains in the

plasma membranes of malignant cells resembles that of serum

lipoproteins. A study of lipoproteins in cancer patients was therefore

undertaken. An anomolous lipoprotein band (termed "proteolipid") was

isolated by density gradient centrifugation from the plasma of an

ovarian cancer patient 5 days after surgery. The proteolipid consisted

of cholesterol (free and esterified), phospholipid, triglyceride, and

contained an abnormally high glycolipid content. Some RNA was possibly

present, since two particle sizes (25 - 28 nm and 8 - 11 nm) disappeared

after ribonuclease treatment. An abnormal electrophoretic mobility also

characterised the proteolipid.

A long T2 relaxation time (> 800 ms) was recorded by 1H NMR

spectroscopy for the proteolipid fraction. The long relaxation time was

associated with a cross-peak (denoted Y), connecting resonances at 1.3

and 4.2 ppm in the ZD spectrum. This cross-peak and the long T2 have

been correlated with the metastatic capacity of cultured cells and human
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and rat tumours and arises from molecules on the cells' surfaces. No

long T2 was found in any other lipoprotein fraction or in plasma or

serum lipoproteins from normal human subjects. Blood samples taken from

the same ovarian cancer patient 7 - 9 months after surgery showed no

proteolipid containing a long T2 and a normal glycolipid content.

Moreover the two ribonuclease-sensitive particle sizes were now absent

and less of the electrophoretically abnormal band was also detected.

The nature of the resonance with the long T2 relaxation time was

studied in cultured cells of the rat mammary adenocarcinoma line,

R13762. Fucosidase treatment decreased the mean T2 value from 808 to 390

ms and removed the cross—peak Y. When fucosidase-treated cells were

injected into Fischer 344 rats the rate of metastasis and the size of

the metastatic deposits were markedly reduced. The incorporation of

[1-14C] fucose into the non-metastatic variant of the R13762 cells - J

clone — was only about half that of the metastatic cells, and in both

cases 51% of the label was recovered in a crude ganglioside fraction.

NMR analysis of this fraction showed the presence of a long T2 and

cross-peak Y in the sample from the metastatic cells.

It was possible to use serum from Fischer rats to detect the

presence of malignancy and identify the presence of metastasis. Normal

healthy rats have no ultracentrifugal fraction floating with low density

lipoprotein (LDL) density. Rats with primary tumours, whether derived

from fucosidase—treated R13762 cells, J clone cells, or R13762 cells

before metastasis could be documented, had an LDL fraction with a short

T2 relaxation time (< 400 ms). Rats with macroscopic metastases had not

only LDL but also an increased level of very low density lipoprotein

(VLDL) and less high density lipoprotein (HDL), especially HDLZ. The LDL

fraction from sera of rats with metastases had a long T2 relaxation



time which could be shortened by fucosidase treatment, and was not

found in any other lipoprotein fraction from normal or tumour-bearing

rats. NMR analysis of a crude ganglioside fraction from the LDL of sera

from rats with metastases demonstrated a long T2 value, which was again

shortened by fucosidase treatment. 1

Compositional changes were detected in rat lipoprotein fractions

after metastasis with the overall trend towards increased triglyceride

content at the expense of cholesteryl ester. The presence of a large

particle size (24 - 26 nm) with low electrophoretic mobility in the LDL,

and unusually small particles (8 - 9 nm) in the HDL3 was associated with

metastasis.

It is concluded that the rat model system, both in vitro and in

3119 is useful in studies of metastasis, and may be applicable to human

disease. Fucoganglioside in the tumour cell membrane appears to be

important in the metastatic process in humans and animals.
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1.1 MODELS FOR MEMBRANE ORGANIZATION

In 1855 NageIi first suggested the presence of a membrane on the

surfaces of uniceIIuIar plants, algae, fungi and mosses (Jain, 1972) and

in 1935 DanieIIi and Davson suggested that plasma membranes consisted of

a bimolecular 1ame11ar lipid layer, with protein films and/or

saccharides adsorbed on the polar surfaces (Figure 2, from Jain, 1972).

In this mode], the spread protein compIeter bIanketed the ionic heads

of the phospholipids. This mode] has been known ever since as the

"pauci-molecuIar“ or Davson-DanieIIi model. With the advent of

eIectron microscopy of thin sections of tissues and with X-ray

diffraction data, the pauci-moIecuiar mode] was supported and extended

to a genera] concept of a "unit membrane" structure (Robertson, 1960;

1963). In its origina] form it suggested that there was one basic

QQQQQ
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Lipoid

flflflflflfiflflflflfiflflflflflflflflfl
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Figure 2. (From Jain, 1972)

structure to which a1] membranes or most portions of all membranes of

a1] ceIIS and of a11 species conformed. An electron micrograph of a red
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Figure 3. (From Jain, 1972)

cell membrane is shown in Figure 3 (from Jain, 1972). The membrane has a

"raiTway track" appearance of dense Tines separated by Tess dense Tines.

The interpretation of this observation rests on the assumption that only

the polar parts of membranes are accessible to poTar staining reagents,

which show up as dark lines. Unstained portions are assumed to be due to

hydrophobic portions of Tipid. The Davson-DanielTi-Robertson model did

not satisfy requirements for hydrophobic and hydrophilic interactions

and required the molecules to be in a high free energy state. This is

because the non-poTar residues of the proteins are exposed to water

molecules and the ionic groups of the lipids and proteins are buried and

out of contact with water (Singer, 1971).

A number of other models were proposed to account for membrane

structure (Figure 4). Of these, the one deveToped by Benson (1966),

seemed most likely, thermodynamically speaking (Figure 4b, adapted from



 

:1
3

:1
3

°WW///%,—

 

 

 

Figure h. (Adapted from Bretscher, 1973)

1973). In this model, the protein is globular and in the interior of the

membrane to maximise hydrophobic interactions. The lipid molecules,

however, are not arranged in a bilayer. Their fatty acid chains are

individually intercalated into the fold of the protein chains, with the

polar heads of the lipids at the exterior surfaces of the membrane in

contact with the water. This structure generates a more or less uniform

Tipoprotein complex, and it was proposed that such complexes exist as

morphological subunits held together by hydrophobic interactions in the

plane of the membrane.



Intercalation of the fatty acid chains with the proteins, however, still

prevents the formation of the maximium number of the interpeptide

hydrogen bonds, and this would be thermodynamically unsatisfactory

(Singer, 1971).

It was concluded (Singer, 1971) that a mosaic structure of

alternating globular proteins and phospholipid bilayer was the only

membrane model among those analysed that was simultaneously consistent

with thermodynamic restrictions and with all the available evidence on

lipid and protein structure, organisation and lateral mobility. For

example, proteins that are tightly associated with the membrane

(integral membrane proteins) have been found to be structurally

amphipathic or asymmetric with regard to the hydrophilic and hydrophobic

portions of their structures, as are membrane lipids (Nicolson, 1976;

Morawiecki, 1964; Mathews §t_al., 1971).

The lipid-globular protein mosaic model was developed by Lenard and

Singer (1966) and later named the fluid mosaic model by Singer and

Nicolson (1972). These models are shown in Figures 5A and B

respectively, with proteins floating in a matrix of fluid lipid. The

propagation of lipid phase changes over large distances and the

unrestricted lateral diffusion of membrane components were implied.

1.2 MODIFICATIONS TO THE FLUID MOSAIC MODEL
 

1.2.1 Lipid Polymorphism

Most phospholipids spontaneously form the bi1ayers essential to the

fluid mosaic model matrix upon dispersion in aqueous media; however a

variety of non—lamellar structures may also be formed with specific

lipids under specific conditions (Cullis and de Kruijff, 1979). The

individual structures of non-bilayer conformations may be identified



 

Figure 5. (Singer and Nicolson, 1972)

unequivocally by X—ray-diffraction (Luzzati and Husson, 1962). The

inverted hexagonal (H11) phase (Figure 68) has been the subject of much

attention because of its suggested role in cell fusion, exo- and

endocytosis, transbilayer movements of lipids (flip—flop), facilitated

transport and protein insertion and orientation (Culiis and de Kruijff,

1979).

Phosphorous (31F) NMR spectra and freeze fracture electron-

microscopy yield an essentially diagnostic pattern for membrane systems

containing hexagonal phase lipid. The added dimension of rotational

motion that occurs along the cylindrical axis of the H11 phase gives

rise to a slightiy sharpened line shape (Figure 6B) but with a

characteristic 31P NMR spectrum which has reversed asymmetry compared to



bilayer spectra (Figure 6A, Cullis and de Kruijff, 1979). A variety of

structures available to phosphoiipids give rise to narrow, symmetric 31P

NMR spectra characteristic of isotropic averaging (Figure 60). These

forms include small bilayer vesicles, micelles, inverted micelles or

other lipid phases such as cubic or rhombic (Cullis and de Kruijff,

1979).

Metabolically active membranes, such as rat, beef and rabbit liver

microsomes demonstrate isotropic motion for a large fraction of the

endogenous phospholipids at 37°C (de Kruijff et_al., 1978; Stier gt_gl.,

1978). The structure giving rise to isotropic motion is induced by the

presence of membrane protein (possibly cytochrome P-450, Stier g£_gl.,

1978). Davis and Inesi (1971) concluded on the basis of proton (1H) NMR

Corresponding 3'P NMR spectra

Phospholipid phasesA

Phases where

isotropic motion occurs

as Cubic

b.Rhombk

c. Micellar. inverted micellar

d, Vesicles

v—SO ppm.—-« H—~

 

Figure 6. (From Culiis and Dekruijff, 1979)
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studies that some 20% of the sarcoplasmic reticulum lipid experienced

isotropic motion on the NMR time scale.

1.2.2 Restraints on Lateral Mobility
 

In many biomembranes the intrinsic proteins are not free to diffuse

readily in the plane of the membrane, as proposed in the fluid-mosaic

model. They are fixed in position as a result of either high protein

concentration, protein aggregation, lipid domain formation, restraint by

peripheral membrane components at the inner or outer membrane surfaces

or interaction with the underlying cytoskeleton (Nicolson, 1976) or a

combination thereof.

The co-operative lattice hypothesis of Changeux et_gl., 1967 argued

for both short—range and long range interactions between protein-lipid

units of a nmmbrane lattice. This hypothesis defined the interacting

units (protomers) of a membrane lattice as the "intramembranous"

segments of membrane protein associated with their boundary layer lipid

(Figure 7). In dynamic terms, however, the existence of such a boundary

layer is unlikely as evidenced by the rapid exchange (10'6 - 10'7 s or

greater) of molecules between boundary layer lipid and bulk bilayer

lipid in 2H NMR studies (Seelig and Seelig, 1978; Oldfield gt_gl., 1978)

2H NMR results of
and the electron spin resonance spectroscopy (ESR) and

Paddy and Dahlquist, 1982.

Another assumption of the fluid mosaic model is that the lipid

hydrocarbon chains in biological membranes are in a fluid, disordered

state. However, this is not always so e.g. in Acholeplasma laidlawii and

Halobacterium halobium large amounts of ordered lipid are present at

temperatures conducive to growth of the organisms (Steim et al., 1969;

Chapman and Urbina, 1971; Jackson and Sturtevant, 1978).
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Figure 7. Schematic representation of a section through a hypothetical membrane

'core', showing penetrating membrane proteins, P, with surrounding lipid boundary layers.

The proteins are shown as cylinders perpendicular to the membrane plane and the section is

parallel to the membrane plane. 122: Merged boundary layers ('coupled' protomers). §gttgm:

Protomers separated by 'fluid' lipid (from Wallach, 1975).

1.2.3 Asymmetry

Plasma membrane carbohydrates are found to be exclusively

associated with the outer half of the bilayer (Gahmberg and Hakomori,

1973). Membrane proteins exhibit an absolute asymmetry in that every

copy of a polypeptide chain has the same orientation in the membrane.

This asymmetry is maintained by the lack of transmembrane movement of

membrane proteins during their lifetime in the membrane (Rothman and

Lenard, 1977).

In contrast to the absolute asymmetry of membrane proteins,

membrane lipids exhibit partial asymmetry in that most lipid species are

found in both halves of the bilayer, but often at different

concentrations (Bretscher, 1973; Rothman and Lenard, 1977; 0p den Kamp,
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1979). The origins, mechanisms for maintenance, and functions of lipid

asymmetry are poorly understood. The localization of lipids in some

mammalian membranes from normal and malignant cells is presented in

Table 1. Most interesting is the destabilization of the lipid bilayer in

spicules of sickled red cells, expressed by the enhanced flip-flop of

phosphatidyl choline (PC) with the resulting exposure of phosphatidyl

serine (PS) in the outer monolayer. The spicules cause an enhanced

pro-coagulant activity of sickled cells (Franck et al., 1985).

Table 1. Preferential Location of Lipids in Some Mammalian Cell Membranes
 

 

 

 

Location Equally

Membrane Outside Inside Distributed References

Normal PC, SPH, LyPC PE, PS, Pl Renooij et al., 1976

Erythrocytes

glycolipids Gahmberg and Hakomori,

1973

cholesterol Fisher, 1976

Sickled Human PS PC Franck et al., 1985

Erythrocytes

Blood SPH PC, PE, P$,Pl Chap et al., 1977

Platelets PE PS, SPH PC Otnaess and Holm, 1976

Plasma membrane of SPH, PS, Pl PE, PC Sandra and Pagano,

malignant mouse unsaturated 1978.

cells (LM) fatty acid

Krebs ll ascites diacyl PC, 1-O-alkyl PC 1-0-alkenyl Record et al., 1984.

cell membranes 1-0-alkenyl 1-0-alkyl PE PE

PC, diacyl PE

PC = phosphatidyl choline; PE = phosphatidyl ethanolamine; P5 = phosphatidyl serine;

Pl phosphatidyl inositol; SPH = sphingomyelin; LyPC = lyso-phosphatidyl choline.

Membrane flip-flop also translocates pro-coagulant phospholipids

(mainly PS) in the intact platelet from the inside to the outside. Thus

the intact platelet becomes pro-coagulant. The trigger for the flip-flop
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mechanism is the simultaneous presence of small amounts of collagen and

thrombin (Hemker gt_al., 1983).

There is also some evidence to suggest that PS exposed on cell

surfaces plays a prominent role in the process of macrophage recognition

of “non-self", and can serve as a signal for triggering the recognition

of effete, damaged and pathological cells such as senescent and sickled

red blood cells and perhaps even tumour cells (Fidler, 1985).

1.2.4 Plasma Membrane Domains
 

Surface membranes have long been known to be heterogeneous in

composition (Karnovsky gt_gl. 1982) and in the malignant process they

are involved in asocial cell behaviour, invasiveness and metastasis

(Nicolson, 1984). These properties will be discussed in more detail in

Section 1.6.

Specialized plasma membrane areas clearly exist in cells which have

an obvious morphological orientation e.g. dorsal, ventral and

intracellular plasma membrane domains have been separated from HeLa

cells, a malignant line which adheres to the substratum in culture

(Mason and Jacobson, 1985).

Recent evidence suggests the presence of domains in the plasma

membranes of cells which do not exhibit an obvious orientation e.g.

single cell suspensions such as lymphocytes (Loor, 1980; Hoessli and

Rungger-Brandle, 1983). Transformed rabbit and calf thymocytes (Resch 3;

21., 1981, 1983; Szamel et_gl., 1981) mouse LM fibroblasts (Schroeder gt

al., 1982) and malignant mouse EL4 lymphoma cells (Szamel gt_gl., 1985)

all yielded plasma membrane domains with varying degrees of binding to

concanavalin A sepharose columns. The LM fibroblasts were separated into

two fractions differing in sialic acid and total lipid content and
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5'nucleotidase and Na+K+ ATPase activity (Schroeder gt_al., 1982). The

EL4 cells were fractionated into two plasma membrane domains with

differing phospholipid fatty acid and enzyme composition (Szamel gt_al.,

1985).

The anchorage of the malignant EL4 cell surface glycoprotein

antigen Thy—1 to the membrane is via an association with the 1,2-diacyl-

glycerol moiety of phosphatidyl inositol (PI) (Low and Kincade, 1985).

This domain is also present in normal mouse thymocytes. The function of

Thy-1 is unknown, but it is believed to be associated with cell

recognition processes (Williams and Gagnon, 1982; Williams, 1985). It is

not clear how and when Thy—1 is released from lymphoid cell surfaces,

but it is of interest that phosphatidyl inositol—specific phospholipases

C are activated during processes such as the mitogenic stimulation of

lymphocytes, resulting in accelerated PI turnover (Berridge, 1984).

The hydrophobic PI membrane anchorage domain has now been

associated with a number of proteins of widely differing origin and

function and its structure is shown below in (Figure 8), Low §t_al.,

1986.

1.3 MEMBRANE LIPIDS AND MOLECULAR MOTION

1.3.1 Cholesterol

The molecular motion of lipids in membranes can be defined as the

reciprocal of the structural order of the lipid components i.e. the

greater the disorder of the lipids, the more mobile is the membrane. The

structural order is the result of a complex combination of the effects

of such parameters as temperature, membrane curvature, the number and

position of double bonds and the orientation and motional freedom of the

lipid acyl chains (Smith, 1979; Seelig and Seelig, 1980). Of the lipid
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Figure B. Pl-PLC = phosphatidyl inositol-specific phospholipase C (Low et al., 1986)

components free cholesterol is regarded as the most influential in

decreasing the molecular motion of lipid acyl chains. It has been

demonstrated in artificial systems that cholesterol has a small

disordering effect below the phase transition temperature of

phospholipids and a large ordering effect above this temperature (Kawato

gfl;_gl., 1978; Oldfield and Chapman, 1972). In biological membranes,

cholesterol has an overall ordering effect resulting in decreased

molecular motion. The immobilization of acyl chains by cholesterol is

enhanced by the presence of oxygenated sterols (Rooney gt_al., 1985). Up

to a certain concentration, it is assumed that cholesterol is

distributed evenly between the phospholipids and that the molar ratio of



16

cholesterol to phospholipid is a good index of lipid molecular motion

(Cooper, 1978; van Blitterswijk gt_al., 1981). Most cellular cholesterol

is found in the plasma membrane (Yeagle, 1985).

The cholesterol molecule is believed to be oriented with its polar

hydroxyl at C3 abutting the aqueous interface on either side of the

bilayer and with its long axis parallel with the phospholipid acyl

chains i.e. perpendicular to the plane of the membrane (Figure 9, from

Coleman and Lavieties, 1981).

~4OA

O  
Figure 9. The proposed disposition of cholesterol in one bilayer leaflet of a

membrane, illustrating the condensing or clustering of neighbouring polar lipid moieties.

Also indicated is the coulombic attraction between polar lipid head groups, as well as the

possibility of their H-bonding with the sterol 3-0H group at the aqueous interface

(Coleman and Lavieties, 1981).
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The weak and non—specific association of cholesterol with

phospholipids resembles a solute-solvent type system, with cholesteroi

being able to diffuse freeTy from cholesterol rich to cholesterol poor

regions of membranes.

Cholesterol metabolism in cancer cells is abnormal. Loss of the

feedback regulation of cholesterol synthesis has been demonstrated in

hepatomas, precancerous liver, and leukaemias (reviewed by Coleman and

Lavieties, 1981), with subsequent accumulation of membrane cholesterol.

This increased membrane cholesterol is not always confined to the plasma

membrane but may also be found in intracellular membranes, such as those

of the mitochondria (Parlo and Coleman, 1984). The rate of cholesterol

biosynthesis in leukaemic cells may be 10 - 50 times higher than in

normal lymphoid cells and extremely low levels of serum cholesterol have

been found in leukaemias (van BTitterswijk gt;_al., 1981). Epidemio-

logical studies have suggested that there is some association, albeit

weak, between low serum cholesterol levels and the development of

cancer, in particular leukaemias (Dyer gt_gl., 1981) and colon cancer

(Sorlie and Feinleib, 1982). More recently, a small positive association

between high serum cholesterol levels and colorectaT cancers has been

established (Mannes et a1., 1986).

1.3.2 Acyl Chain Unsaturation
 

The degree of unsaturation of the membrane phospholipids has also

been reported to have important effects on the molecular motion of

lipids. For example, the introduction of a cis-double bond into a

saturated chain causes an increase in its specific volume with a

concomitant increase in the disorder of the surrounding membrane lipids.

The double bond has the greatest effect when it is introduced into a
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saturated chain e.g. when a stearoyl (18:0) chain is converted to an

oleoyl (18:1) chain (Barton and Gunstone, 1975). With the introduction

of a second and further double bonds, the effect on molecular motion

becomes progressively less pronounced (Stubbs gt;al., 1981).

The content of polyenoic fatty acids increases during in vivo and

in vitro stimulation of rabbit and calf lymphocytes and thymocytes with

Concanavalin A and mycobacterium calmette Guerin (Ferber gt_gl., 1975).

No particular fatty acid composition has been found to be unique to

malignantly—transformed cells, but some trends have been observed. An

increase in the ratio of oleic to polyunsaturated fatty acids has been

found in several virally transformed cell types (Pessin et_gl., 1978;

Yau and Weber, 1972; Horwitz et__al., 1974; Howard and Kritchevsky,

1969). A general trend in hepatoma as compared with normal liver plasma

membranes is an increased level of monounsaturated fatty acyl groups,

mostly oleic acid (18:1) in the phospholipids (Waite gfl;_al., 1977;

Bergelson and Dyatlovitskaya, 1973; van Hoeven §1L_al,, 1975). An

increased ratio of oleic acid to polyunsaturated fatty acid has been

demonstrated in microsomes (Waite e3;_al., 1977) and whole cells of

Morris hepatoma (Satouchi gt_gl., 1984).

Bergelson and Dyatlovitskaya (1973) found an increased level of

18:1 in the phosphatidyl choline of nephroma as compared with normal

kidney. Carruthers (1967) reported a higher degree of fatty acid

saturation in phosphatidyl choline, ethanolamine and serine of murine

squamous cell carcinoma than in normal or hyperplastic epidermis.

Sphingomyelin, however, was more unsaturated. An increased percentage of

unsaturated fatty acids is found in acute myeloblastic leukaemia cells

compared with normal mature neutrophils (Klock and Pieprzyk, 1979).
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The relationship between cancer and dietary fatty acids as

described in the literature is confusing. Unsaturated fats were more

effective then saturated fats in inducing mammary tumours in rats after

a single intragastric dose of 7,12-dimethyl-benz-(a)-anthracine (DMBA)

(Hopkins gt__al., 1976). However, marine oil rich in 20:5 and 22:6

omega-3 fatty acids reduced the amount of rat R3230AC mammary tumours

(Karmali gt;_al., 1984), possibly because of inhibitory effects on

arachidonic acid metabolism. Many transformed cells lack the ability to

convert dietary linoleic acid (18:2, n - 6) to gamma-linolenic acid

(18:3, n - 6) (Dunbar and Bailey, 1975). The outline of this pathway and

its relationship to prostaglandin (PG) formation is shown below (Figure

10). Some members of the PG 2 series suppress cancer cell proliferation

and the administration of gamma-linolenic acid has been found to inhibit

tumour growth in rats and some cultured human malignant cell lines

(Booyens g£_gl., 1984; Ghayur and Horrobin, 1981). The mechanisms of

action of fatty acids on cancer cell metabolism are far from understood.

linoleate A6 7-linolenale

1822 (11—6) desaturat ion 18:3 (71—6)

elongation

arachidonate A5 dihomo~y-linolenate

20:4 (n—6) desaturation 2023 (71—6)

1
Prostaglandins Prostaglandius

(PG. series) (PC, series)

Figure 10. (Dunbar and Bailey, 1975)
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1.3.3 Phospholipid Head Groups and Di- and Triacylglycerols

The two choline—containing phospholipids, phosphatidyl choline and

sphingomyelin comprise over 50% of the phospholipids of membranes. They

are highly dissimilar in physical properties (Barenholz and Thompson,

1980), with natural phosphatidyl choline having a low phase transition

temperature compared with sphingomyelin. Besides imparting molecular

order to bilayers, sphingomyelin is a powerful coupler of the two lipid

monolayers (Schmidt gt_gl., 1978). It can form separate domains under

certain conditions (Untracht and Shipley, 1977) and it seems to have

affinity to cholesterol in mixtures with other phospholipids (Demel gt

31., 1977) and proteins (Barenholz and Thompson, 1980). In various

processes where the relative content of phosphatidyl choline or

sphingomyelin is altered, their total amount remains almost constant

(Barenholz and Thompson, 1980). Changes in lipid molecular motion are

often expressed as changes to the phosphatidyl choline (lecithin) to

sphingomyelin (L/S) ratio. A number of analyses of whole cancer cells

and intracellular membranes have shown increased levels of sphingomyelin

(Wallach, 1975) when compared with normal cells of the same type. The

increases in sphingomyelin are quite dramatic in intracellular

membranes, such as mitochondria and nuclei, whereas cardiolipin tends to

be lower in tumour cell mitochondria (Wallach, 1975).

Altered phospholipid patterns in neoplasia appear to involve a

state of membrane "de-differentiation", that is, the distinctive lipid

patterns, which are characteristic of the different membrane types in

normal cells e.g. cardiolipin found only in mitochondria and high

sphingomyelin content in plasma membranes, are lost (Bergelson gt_gl.,

1970; 1974). All membrane subfractions from hepatoma cells have a higher

content of phosphatidyl serine than normal liver cells (Bergelson gt



21

al., 1970).

The high metastatic B16-F10 melanoma plasma membranes have lower

cholesterol/phospholipid ratios, lower arachidonic acid content and

higher phosphatidyl choline/phosphatidyl ethanolamine ratios than their

low metastatic counterparts (Schroeder and Gardiner, 1984); see Section

1.6 for a description of metastasis).

The small primary amine headgroup of phosphatidyl ethanolamine

forms hydrogen bonds with adjacent phosphate groups resulting in an

ordering effect (Shinitzsky, 1984). The conversion of phosphatidyl

ethanolamine to phosphatidyl choline by enzymic methylation, as observed

during the mitogenic stimulation of lymphocytes, and signal transduction

by hormones and neurotransmitters increases the molecular motion of the

plasma membrane lipids (Hirata and AxeTrod, 1980). The remaining common

phospholipids i.e. phosphatidyl serine, glycerol and inositol have

relatively unsaturated acyl chains and may be regarded as having a

disordering effect similar to phosphatidyl choline (Wallach, 1975).

Diacylgiycerol is formed in membranes as a result of phospholipase

activity during PI turnover in cellular responses to various stimuli.

Its presence can induce hexagonal phases in PE and PC under some

conditions and the area per polar lipid group is increased (Das and

Rand, 1986). The role of diacylglycerol in malignant transformation is

unknown. Diacylglycerol and triacylglycerol are non-bilayer forming

lipids (Gorrissen gt_gl., 1982). However high levels of triacyiglycerol

have been reported in membranes of foetal rat liver mitochondria, which

might account for the increased mitochondrial membrane permeability

observed in these cells (Harsas et al., 1985).
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1.3.4 Glycosphingolipids and Ether Lipids

Glycosphingolipids (GSL) can be subdivided into three major

families; neutral GSL, gangliosides and sulfato-GSL. Gangliosides are

characterised by the presence of siaTic acid, and sulfato GSL's contain

carbohydrates substituted with sulfate ester groups. The

glycosphingolipids are components of the outer half of the plasma

membrane (Gahmberg and Hakomori, 1973; Steck and Dawsen, 1974) with a

hydrophobic ceramide region similar to that of sphingomyelin (Figure 11)

and therefore they act as promoters of membrane structural order

(Feinstein §t_gl., 1975; Sharom and Grant, 1977; Tkaczuk and Thornton,

1979). The hydrophilic head groups containing carbohydrate chains are,

in contrast, highly mobile and oriented towards the cell exterior. Those

containing sialic acid (gangliosides) carry a net negative charge

(Grant, 1984; Lee et_gl., 1980). They are thus able to participate in

hydrogen bonding and ionic interactions (Sharom and Grant, 1978).

Glycerophospholipids and glycerolipids with ether linkages are

found in almost all animal cells. These lipids have one or more hydro-

carbon chains attached to glycerol through a dehydrated hemiacetal

(vinyl ether) or an ether linkage. The terms "alk-l - enyl“ and "alkyl'I

refer to the presence or absence of unsaturation at the 1 and 2 carbons

of the side chain as illustrated below (Figure 12) with the structures

of ethanolamine glycerophospholipids (GPE = sn-glycero-3-phosphoethanol-

amine). The ether-Tinked glycerophospholipids tend to be concentrated in

the plasma membrane (Horrocks, 1972; Cabot and Snyder, 1980). Such

lipids tend to pack less closely in a membrane and increase molecular

motion (Horrocks and Sharma, 1982). Because they lack a carbonyl group

at the 1-position, they have a lower surface potential (Boggs, 1980) and

form hydrogen bonds more readily with cholesterol (Brockerhoff, 1974).
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N—Acyl-sphingosinc (ccramidc) Glyoosphingolipid

CH,((.‘H,)n—CH=CH—CH—-CH—CH2 CHfiCthz—CH=CH—CH—CH—CH1

J)” L“ (3H J)“ rlm ('3
'C0 ICO slugar

R = Fatty acid II! II!

Figure 11. The structure of ceramide and glycosphingolipids (Wiegandt, 1985).

o
.

Hzc-O—C~CH2R o HzC-O—CH = CH R HZC-O—CHZCHzR
l .. I , . I

R'CHzc-o-c H o R'CH2C—O-C H chzc-o-c H o
I . l .. .

Hzc-o—ge-o-cmcnzwu; Hzc-O—ge-O-CHICHZNH; HzC-O-ge—O-CHZCHZNH,

I, 2—diocy1—GPE l—olk-Ii enyI-E—ocyv—GPE l-olkyl-Z—ocyl—GPE

Figure 12. Structures of ethano‘lamine glycerophospho‘lipids. GPE is an abbreviation

for 32-91ycero-3-phosphoethanolamine. The comon name for diacy‘l-CPE is phosphatidyl

ethanolamine and for alkenyl-GPE 1s ethano'lamine p‘lasma‘logen (Horrocks and Shanna, 1982).
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Ether-linked lipids generally tend to be present in higher levels

in neoplastic tissue, and recently the plasma membrane content of

1-alkyl—2,3,-diacyl-sn glycerols has been linked with metastatic

potential (see Section 1.6) in rat mammary carcinomas (Friedberg gt;al.,

1986). Little is known of the functions of ether lipids in either normal

or malignant cells. However, platelet activating factor (PAF or

PAF-acetether exhibits a broad spectrum of biological activities on

various cell types and organs. Specific binding sites have been

demonstrated on human platelets, polymorphonuclear neutrophils,

macrophages and lung. PAF is critical for the onset and perpetuation of

inflammation (Hanahan, 1986).

1.4 CELL SURFACE GLYCOSPHINGOLIPIDS AND CANCER
 

1.4.1 Alterations in Content and Cell Surface Exposure
 

0f the approximately 100 glycolipid structures presently known,

about half have been reported to be altered in content or cell surface

exposure in tumour cells, or not present in normal cells (Reading and

Hutchins, 1985). Transformation-associated glycosphingolipid (GSL)

alterations were first discovered in cultured cells in 1968 (Hakomori

and Murakami) and have been listed extensively in a review by

Yogeeswaran (1983). These changes include the reduction in the length of

oligosaccharide chains of neutral GSL and gangliosides (Brady and

Fishman, 1974; Itaya g3L_al., 1976) and fucolipids (Steiner .gt;_gl.,

1974). However, an elongation of the oligosaccharide chains of GSL was

noticed following viral transformation of two 3T3 mouse fibroblast lines

(Yogeeswaran et_gl., 1972). Occasionally precursor GSL accumulates as a

consequence of the loss of more complex GSL homologues (Hakomori and

Murakami, 1968; Brady and Fishman, 1974). Sometimes transformation
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resuTts in the appearance of new GSL's which are present in trace

amounts in progenitor cells (Gahmberg and Hakomori, 1975).

With the advent of cell surface labelling techniques e.g.

production of antibodies to GSL's, alterations in the organization and

cell surface exposure of GSL have been noted in severa] transformation

experiments, e.g. an increase in ceTT surface exposure of GMZ in the

transformed state of temperature sensitive SV40—transformed 3T3 cells

was correlated with a decrease in the chemical quantity of GMZ (Itaya

and Hakomori, 1976).

Hepatocarcinomas in animal model systems have eTevated tota]

ganglioside levels in a1] tumours. The ganglioside patterns show a

progressive simplification in structure (c.f., above) from hyperplasia

to malignant hepatoma. The gangTioside pattern of foetaT livers

resembled that of poorly differentiated hepatomas (Merritt §t__gl.,

1978). Both qualitative and quantitative fucogangTioside changes have

been observed in hepatomas compared with normal Tiver tissues (Baumann

et_al., 1979).

In contrast to the transformed cultured ceTTs and maTignant animal

tumours mentioned above, many of the GSL changes in human tumours are

quantitative rather than qualitative (Yogeeswaran, 1983). The

accumulation of a Targe variety of fucosylated neutral glycolipids and

gangliosides in human cancers to which specific monoclonal antibodies

have been raised has been listed in a review by Hakomori (1985). None of

these is the specific product of a given tumour. Some are present in

small quantities in stem ceTTS or in the normal tissue from which the

tumour was derived and others are present in unreTated cells in normal

tissues. The GSL antigens are often cryptic and hence immunologicaTTy

undetectabTe in norma] tissues.
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Qualitative changes in ESL do occur in some human cancers, and the

most interesting of these are the blood—group antigens. The latter are

gene-dependent carbohydrate structural determinants believed to confer

"individuality“ to cells, just as do histocompatibility antigens

(Yogeeswaran, 1983). Alterations of blood group antigens in human

tumours can be summarised as follows:-

(a) Deletion of blood group determinants has been noted in certain

tumours e.g. a reduction or absence of ABH isoantigenic activity in

carcinoma of the cervix, especially when metastatic (Davidsohn et_al.,

1969).

(b) A second type of change involving the accumulation of

precursor blood group substances includes Lewis antigen, precursor blood

group core structure, and precursor T antigen of the MN blood group

(e.g. Springer and Desai, 1977; Watanabe and Hakomori, 1976; Hakomori

and Andrews, 1970). Breast, colon and gastric carcinomas typically

involve precursor accumulation (Yogeeswaran, 1983).

(c) The third class of change in blood group determinants involves

the appearance of incompatible blood group substances in various human

tumours. These include the appearance of A—like antigen in tumours of 0

and B blood type individuals (Hakomori et_al., 1977; Hakkinen, 1970) and

an isomer of Lea seen in Leb group individuals (Yang and Hakomori,

1971).

1.4.2 Shedding of Cell Surface Components

The shedding of membrane components or domains from the cell

surface is generally a selective process which is of widespread

occurrence in normal and tumour cells, both in vivo and in vitro (Black,
 

1980). It may be an important determinant of the cell phenotype and may
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play a role not only in intercellular communication but also in the

generation and effectiveness of an immune response (Black, 1980;

Emersson and Cone, 1981; van Blitterswijk §t_gl., 1975).

Little is known of the differences between normal and tumour cells

in the mechanisms and purposes of spontaneous vesicle shedding. Detailed

lipid analyses of these vesicles and their parent plasma membranes

indicates little difference in composition between the two membranes in

normal mouse thymocytes (van Blitterswijk gt_gl., 1982). However, the

extracellular membranes exfoliated from leukaemic GRSL cells are

significantly different from the corresponding plasma membrane. The

cholesterol and sphingomyelin contents are relatively high and the

individual phospholipid classes, and their fatty acyl profiles are also

different (van Blitterswijk, 1982). In GRSL cells the vesicles form at

special domains on the cell surface which are enriched in cholesterol

and tumour antigens, as a result of some selective non—random process

(van Blitterswijk gt_gl., 1977; 1979).

Gangliosides are shed into the serum of cancer patients in much

larger amounts than found in normal controls (Katopodis gt_gl., 1982)

and are bound to lipoproteins in the serum (Dawson et_gl., 1976; van den

Bergh and Tager, 1976). The increased level of gangliosides in the

plasma of tumour-bearing animals (Kloppel 55:411., 1977; Lengle, 1979;

Skipski gt_gl., 1975b) as well as patients with human cancer (Kloppel et

21., 1977; Dnistrian §t_gl., 1982) has been well documented. In human

melanoma patients, ganglioside levels are increased both in plasma and

in erythrocytes. In particular, 603, a nmjor component of nmlignant

melanocytes, is increased in patients' plasma (Portoukalian gt_:gl.,

1978; Gupta gt_3l., 1979) have identified an antigen shed by human

malignant melanoma in cell culture which strongly reacted with a
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monoclonal antibody against this melanoma cell line.

The amount of gangliosides shed from tumour cells depends on cell

density, as demonstrated for mouse ascites hepatoma cells (Shaposhnikova

e£_al., 1984) and Ehrlich ascites carcinoma cells (Prokazova gt_gl.,

1984). Highly metastatic cells (Section 1.6, below) shed tumour cell

antigens including gangliosides, more readily than those of low

metastatic potential (Alexander, 1974; Kim §t_al., 1975).

Metastatic rat mammary carcinomas have less membrane—associated

glycocalyx and higher levels of circulating tumour antigens in serum

compared with non—metastatic controls (Kim ej;al,, 1975).

Skipski and co-workers (1975b) noticed that the tumour serum

ganglioside profile in malignant hepatoma closely resembled that of

tumour tissue and differed from that of normal serum.

1.4.3 Functions in Growth Control and Immune Recognition
 

Many tumour-associated antigens are GSL often containing large

amounts of the carbohydrate, fucose (reviewed by Marcus, 1984). A number

of mechanisms exist by which shed cell surface antigens can facilitate

tumour escape. A metastatic deposit (Section 1.6, below) of MC—3 sarcoma

in rats might avoid destruction by the host because it is enveloped by

soluble antigen shed from the cells which intercepts the host defences.

The rate of shedding of the antigen may determine the size of the tumour

that can escape from the immune defences (Alexander, 1974). On the other

hand, gangliosides shed by YAC-1 lymphoma cells surfaces show

significant inhibition of mitogen- and antigen-induced T-lympho-

proliferation (Ladisch gt_al., 1983).

Gangliosides substantially inhibit RNA, DNA and protein synthesis

and Ca2+ uptake into murine T lymphocytes following stimulation by
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2+ ionophore (Lengle et al., 1979;either Concanavalin A or Ca

Krishnaraj §t_gl., 1983). Human leukaemia cell gangliosides have also

been found to inhibit mitogen and antigen induced lymphocyte activation

(Gonwa §t_gl., 1984). Portoukalian and co-workers (1982) observed that

natural killer cell activity can be suppressed by GD3 ganglioside in

m.

Two mutants of murine metastatic tumours (MDAY-DZ) which were

poorly tumorigenic in normal hosts grew well in immunosuppressed

animals. No new antigens were detectable, but relative tumorigenicity

was correlated with the rate of tumour cell surface shedding (Dennis gt

21., 1981).

There is evidence for an antitumour effect of antiglycolipid

antibodies in vivo in animal systems (Young and Hakomori, 1981), Urdal

and Hakomori, 1980) and in human cancer patients (Hersey gj;gl., 1986).

Shed tumour GSL antigen or antigen—antibody complexes can mediate

blocking of cell—mediated immune reactions (Bonavida, 1974; Price and

Baldwin, 1977). Immune complexes in the sera of tumour-bearing hosts

contain tumour antigens of varying specificities (Loughridge and Lewis,

1971) or foetal antigens (Costanza gt;_al., 1973) or viral antigens

(Oldstone §t_gl., 1974). Although the immune complexes have been shown

to act as blocking factors in immune reactions the mechanisms are not

clear. To quote from Marcus (1984), "a role for gangliosides as

modulators of the immune response is an interesting possibility that is

not supported by physiologically relevant data at present".

Several lines of evidence, shown in Table 2, indicate that glyco—

lipids may regulate cell growth. A decrease or deletion of ganglioside

G in fibroblasts associated with oncogenic transformation may

M3 0r GM1

be related to a loss of growth control in those cells, since exogenous

addition of GM3 or GMl restored normal cell growth (Hakomori, 1985).
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Studies of ce11 growth in chemically defined media indicate that

exogenous addition of GM3 or GMl alters the binding affinity of ce11s to

p1ate1et—derived growth factor, epiderma1 growth factor, or fibroblast

growth factor via the inhibition of tyrosine-dependent phosphorylation

of the receptor (Bremer et a1., 1984).

Tab1e 2. Evidence that Glycolipids may ReguTate Cell Proliferation (from Hakomori, 1985)
 

 

1. Contact inhibition of ce11 growth accompanies changes of gTycolipid synthesis.

2. Various gTycoTipids are more highTy exposed at G1 phase, and some are more highly

exposed at 02 phase.

3. Butyrate induces cell growth inhibition and enhances gangTioside GM3 synthesis.

4. Retinoids induce contact inhibition, enhance GM3 synthesis and gTycolipid response.

5. Antibodies to GM but not to globoside, inhibit 3T3 and NIL ce11 growth and
3,

enhance GM3 synthesis.

6. Exogenous addition of g1yc01ipids incorporated into cell membranes inhibits ce11

growth through the extension of G1 phase.

 

The G1 phase of the ce11 cycle is the period prior to DNA synthesis and the 02 phase is

the period between DNA synthesis and mitosis (Watson, 1977). The abbreviated

representation of gangliosides e.g. GM3’ is according to Svennerhoim (1963) in the

lUPAC-IUB nomenclature of Tipids (1977).

1.5 EXTRACELLULAR LIPIDS
 

1.5.1 Serum Lipoproteins — Norma] Structure and Function

A11 norma] human lipoproteins have their origin in the intestine or

Tiver, or both. Four major classes of plasma Tipoproteins have been

defined (Tab1e 3, from Herbert et__gl., 1983) and appear to have a

pseudomicellar form. Neutra] lipids, in particular choTesteryT esters

and triglycerides are maintained in the core of particles in a stable

form through interactions with the apolipoproteins and phospholipids,

which are more polar. Unesterified choTestero] (of intermediate
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polarity) is also present in these complexes, and together with

phospholipids and apolipoproteins forms an outer shell surrounding the

hydrophobic core (Jackson gt_al., 1976).

Digested dietary fat is incorporated into chylomicra in the

intestine and apoproteins of the A group are synthesised there. The C

and E apoproteins are acquired from the plasma or lymphatic fluid.

The liver secretes triglyceride into the circulation primarily in

very low density lipoprotein (VLDL) particles. A catabolic cascade in

the plasma progressively decreases the core triglycerides of VLDL (and

hence the particle size) to form intermediate (IDL) and low density

lipoproteins (LDL).

Table 3. Chemical and Apolipoprotein Composition of the Lipoprotein Classes

as Percent of Dry Weight

 

Chylomicrons VLDL LDL HDL

Lipoprotein constituents

Unesterified cholesterol 1 - 2 k - 7 5 - 8 3 - 5

Phospholipid 4 - 6 15 - 22 16 - 25 26 - 32

Protein 1 - 2 6 - 10 18 - 22 45 - 55

Esterified cholesterol 1 - 2 15 ~ 22 45 - 50 15 - 20

Triglyceride 85 - 95 #5 - 65 3 - 9 2 - 7

*
Apolipoprotein components

A-l Major Minor Trace Major

A-ll Major Minor Trace Major

A-IV Major Trace Absent Minor

B Major Major Major Minor

C-l Major Major Trace Minor

C-II Major Major Trace Minor

C-III Major Major Trace Minor

D Unknown Minor, Trace Minor

if present

E Minor Major Minor Minor

 

"major" refers to proteins comprising 5 percent or more of the total

protein in mesenteric lymph chylomicrons and plasma VLDL, LDL and HDL

(from Herbert et al., 1983).
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The major protein components of high density lipoproteins (HDL) are

synthesized by both liver and intestine but details of the intracellular

assembly and transcellular secretion of HDL are not known. HDL particles

contain more protein and less lipid than the other classes of plasma

lipoproteins (Table 3) and are subdivided into fractions (HDL3, higher

density; HDL lower density). There is evidence for the interconversion2,

of VLDL to HDL and HDL2 in human plasma (Rye and Barter, 1986) and
3

animal systems (Jansen gt_al., 1980; Groot gt_gl., 1983) since VLDL and

HDL2 plasma levels are inversely correlated (Patsch gt_gl., 1978).

Most of the apolipoproteins, which are located primarily on the

particle surface, readily exchange among lipoproteins (Herbert gt_gl.,

1983). The cholesteryl ester exchange protein, identified in the sera of

all species but the rat (Barter and Lally, 1978) and the pig (Ha gt_gl.,

1981) promotes rapid equilibration between cholesteryl esters in all

lipoprotein fractions. Exchange and net transfer of triglycerides

between lipoprotein classes is mediated by a separate transfer protein

(Rajaram ej;gl., 1980).

The most obvious important function of the plasma lipoproteins is

the solublisation and transport of the neutral plasma lipids. Another

major function of lipoproteins is in regulating cellular cholesterol

metabolism. Most LDL is thought to be catabolized by extrahepatic

tissues, approximately one-third by a highly specific receptor—mediated

process (Brown and Goldstein, 1976) and the remainder by a receptor—

independent pathway (Shepherd §t_gl., 1979). Cellular bound gangliosides

enhance the uptake of LDL into human fibroblasts by the

receptor-independent pathway (Filipovic gt_gl., 1981) and there is some

evidence that glycolipids can be transferred from cells to serum HDL3

(Kwok et al., 1981). The regulation of cellular cholesterol levels is
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achieved by feedback inhibition of B-hydroxy-B-methy]qutary1-CoA

reductase, the rate-limiting step on the pathway to cholestero]

synthesis, and by down-reguiation of LDL receptors (Brown and Go1dstein,

1976).

Changes in membrane cho1esteroi can be brought about by the

formation or hydrolysis of cholesteryi esters. The elimination of

excessive membrane cholesterol is brought about by its esterification

and exclusion from the cell membrane (Brown gt_gl., 1975; Arbogast gt

21., 1976). Simi1ar1y, esterification and de-esterification of serum

cho1ester01 serves to provide a constant cholestero] to phospholipid

ratio in membranes of blood cells by cho1ester01 and phosphoiipid

exchange between serum and the ce11 membranes (Owen gt_gl., 1984). HDL

particles have also been observed to bind to cells (Mi11er gt_gl., 1977)

and to participate in the regu1ation of cholesterol content by

facilitating cholestero] egress.

Lipoprotein triglyceride is a source of acy] chains for membrane

lipids. Norma11y, in vivo, lipoprotein triglyceride is broken down at

the endothelial surface by lipoprotein lipase and the resu1ting fatty

acids incorporated into cells (Jackson gt;_gl., 1986). However, in

cultured ce11s, especially when grown in medium containing serum from

patients with hypertriglyceridaemia, trig1yceride from lipoproteins can

be accumulated directly into the ce115 without prior hydr01ysis (Howard

gt_gl., 1976).

A list of other cellular functions reguiated by normal p1asma

lipoproteins, without uptake of intact lipoprotein particles into the

cell is shown in Table 4.



Tab1e 9. Regulation of Cellular Functions by Exogenous Normal Plasma Lipoproteins
 

Cell Activity

2+
Mg -ATPase

Adenylate cyciase

Lipogenesis

Phosphoprotein phosphatase

Prostacyclin production

Immunoregulation

Procoagulant monokine production

Tumour killing

Aggregation

Noradrenaline-response

Infectious agent

Infectious agent

Complement-mediated lysis

Stimulated by phytohaema-

gglutinin, pokeweed mitogen

and ailogenic cells

Phosphatidyl inositol turnover,

DNA synthesis

Pre-replicative protein

synthesis, DNA synthesis

Stimulating or

Inhibiting Lipoprotein

va,wL

VLDL, LDL, HDL

VLDL

LDL, HDL

HDL

HDL, LDL

VLDL, IDL, LDL, HDL

LDL

LDL

B lipoproteins

VLDL, HDL

HDL

HDL

LDL

LDL

VLDL

Cell or Cellular Function

Erythrocyte membrane

Rat liver plasma membranes,

Adipocyte

Erythrocyte membrane

Endothelial cells

Lymphocyte

Monocyte (in the presence of

lipoprotein-triggered lymphocytes)

Activated peritoneal macrophages

Platelet

Smooth muscle cell

Xenotropic type C virus

Trypanosoma brucei

Erythrocyte

Human T lymphocyte

Human T lymphocytes,

mitogenica11y stimulated

Foetal rat hepatocytes

Selected

References

Shore and Shore, 1975

Ghiselli §t_§l., 1981

Thomopoulos g£_gl., 1978

Hui and Harmony, 1979

Fleisher g£_gl., 1982

Hui §t_gl., 1980

Levy et al., 1981

Chapman and Hibbs, 1977

Hassall §£_gl., 1983

Bloom §t_§l., 1975

Kane Sflilil°2 1979

Rifkin, 1979

Rosenfeld e_til., 1983

Curtiss and Edgington,

1976

Akeson et al., 198%

Leffert and Weinstein,

1976

17
8
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1.5.2 Serum Lipoproteins and Cancer
 

Only a limited number of reports are available regarding plasma

lipoprotein levels in cancer patients. Unusually low values for HDL were

reported in a variety of cancer patients with a wide range of ages and

at different stages of the cancer by Nydegger and Butler (1972). Some of

the lowest values obtained were for subjects with intestinal and colon

cancer and in advanced breast cancer (Barclay et 31., 1970). Many normal

subjects who were members of families (first degree relatives) in which

there was a high cancer incidence were found to have HDL levels as low

as those in patients with overt disease (Barclay and Skipski, 1975;

Barclay §t_al., 1970).

In normal men but not in normal women with positive family

histories of cancer, high levels of VLDL co-exist with the low levels of

HDL The reciprocal relationship between VLDL and HDL2 was observed in2.

both men and women with cancer (Barclay and Skipski, 1975) and has also

been observed in patients with hyperlipidaemia and severe a—lipoprotein

deficiency (Tangier disease), both inherited disorders (Levy gfl;_al.,

1966), Frederickson et_al., 1967).

The same relationship was found between VLDL and HDL2 in rats with

tumours (Barclay and Skipski, 1975), except hepatomas, where the HDL

increased (Narayan, 1971; Narayan and Morris, 1970). Similar lipoprotein

alterations were found with SV40F tumours in Syrian hamsters (Cox and

Gbkcen, 1975) and murine leukaemia (Damen §t_al., 1984).

Lipoproteins also occur in ascites fluid with some intraperitoneal

tumours. VLDL, LDL and HDL fractions have been isolated from Ehrlich

ascites tumour fluid in mice (Mathur and Spector, 1976). The lipid

composition and the electrophoretic patterns of intact particles and

apoproteins are similar to lipoproteins of the blood plasma of the
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tumour—bearing mice (Mathur and Spector, 1976). These authors suggested

that tumour ascites lipoproteins might be derived from the circulation

of the tumour-bearing host and supply the growing tumour with lipid.

Growth of GRSL ascites tumour in mice was accompanied by alterations in

the serum lipoprotein pattern which preceded the same lipoprotein

profile in the ascites fluid (Damen et_al., 1984).

It is interesting that non—plasma lipoproteins, as well as

conventional lipoproteins have been implicated in immunoregulation.

Yamazaki and co-workers (1977) demonstrated that VLDL and LDL but not

HDL or the delipidated fractions of ascites fluid from MM46

tumour-bearing mice inhibit antibody—dependent macrophage-mediated

tumour lysis in vitro. Since human plasma lipoproteins have been

implicated in regulation of cytoxic capacity of macrophages (Chapman and

Hibbs, 1977), it may be that lipid metabolism is of significance in the

biology of neoplasia.

1.6 MALIGNANT TRANSFORMATION AND PROBLEMS IN ITS DETECTION AND
 

TREATMENT

Transformation from health to malignancy is a multi—stage process.

The currently accepted first step, initiation, involves alterations at

specific sites of genes in normal cells, collectively called proto-

oncogenes (Bishop, 1983; Weinberg, 1982; Balmain, 1985). The initiating

agent can be any one of a number of chemical agents, viruses or forms of

ionizing radiation. If the modification of DNA is perpetuated in

subsequent cell generations, then the cells can sometimes become

transformed. Transformed cells, and those derived from tumours or

premalignant tissue exhibit unlimited proliferative potential

(immortality) both in vitro and in vivo (Newbold et al., 1982) in
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contrast to normal diploid mammalian cells in culture where the life

span is limited and the cells eventually senesce.

Immortality is believed to be a prerequisite for malignant

transformation although insufficient by itself (Newbold et_gl., 1982).

The next stage in this process involves further changes to the

“initiated" cells caused by agents, either endogenous or exogenous,

called tumour promotors. Tumour promotion is partially reversible

(Miller and Miller, 1986) and poorly understood. For transformed cells

to progress further to the state of nmlignancy, however, all of the

following biological processes must be brought into operation:- (1)

biological autonomy (2) uncontrolled cellular proliferation (3) asocial

cell behaviour and (4) invasiness and metastasis.

Benign tumours can grow quickly and sometimes be life-threatening,

using processes (1), (2) and (3) listed above. However, only malignant

tumours have the capacity to invade surrounding tissues and to send

cells to begin new tumours at distant sites. This process is called

metastasis and it is the major cause of death in patients with cancer.

The major obstacle to the treatment of metastases is due, however, to

the heterogeneity of the cells populating both primary and secondary

neoplasms. Cells obtained from individual tumours exhibit differences

with respect to cell surface properties, antigenicity, immunogenicity,

growth rate, karyotype, sensitivity to cytoxic drugs and the ability to

invade and metastasise (Fidler, 1985).

Different mechanisms have been proposed for the spread of cancer

cells (Nicolson and Poste, 1982; Figure 13). "Random" metastasis of

tumour cells from a malignant primary tumour populated by cells with

similar metastatic properties is shown in Figure 13A. The "non-random"

formation of metastases via selective survival of specialized
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Figure 13. P = primary tumour, S = secondary tumours. In A the primary tumour is

homogeneous, but in B it is heterogeneous and contains both metastatic and non-metastatic

subpopuiations of tumour cells (Nicoison and Poste, 1982).

subpopuiations or clones of tumour cells that possess differing

metastatic properties is shown in Figure 138.

Any metastatic cancer ceil must have properties which aliow it to

detach from the tumour mass, invade adjacent tissues and penetrate into

the blood or contiguous body cavities. Metastatic ceiis often travel in

the circulation as small clumps of celis calied emboii. One single ceil

can form a metastasis, yet such a tumour then develops the heterogeneity

that characterizes malignant tumour cell populations (Fidier, 1985;

Fidler and Talmadge, 1986). Blood-borne cancer cells begin their escape

from the bloodstream by attachment to the endotheiiai ceils that line

the blood vessei. Once attached, the tumour cells induce the endotheiial
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cells to retract, exposing the underlying basement membrane. The tumour

cells invade the space between the endothelium and the membrane and

digest the membrane, a110wing the cells to pass through. Once through

the membrane, they mu1tip1y and establish new tumours.

In addition to tumour heterogeneity and metastasis, the development

of drug resistance in the cancer patient is also a major 1imitation to

chemotherapy. Despite numerous in vitro studies of this phenomenon the

mechanisms involved are not fu11y understood. There have been numerous

reports in the 1iterature of mamma1ian ce11 lines, selected in vitro,

that were highly resistant to a cytotoxic antibiotic or p1ant a1ka1oid

and invariably showed cross-resistance to other compounds structura11y

unre1ated to the initial inducing agent (reviewed by Riordan and Ling,

1985). This phenomenon of mu1ti-drug resistance is a special phenotype

the c1inica1 significance of which is slowly being unravelled.

Ce11 lines resistant to colchicine, vinca alkaloids and anthra—

cyc1ines have several features in common. These include decreased

ce11u1ar accumulation of the drugs, cross-resistance to drugs other than

the origina] selective agent, and over production of a 170,000 dalton

g1ycoprotein (the P-glycoprotein where the P stands for "permeabi1ity")

in the plasma membrane (Juliano and Ling, 1976; Beck ‘et_;al., 1979;

Riordan et_gl., 1982; Bied1er gt_gl., 1983) and overproduction of a

19,000 dalton protein in the cytoplasm (Meyers and Biedler, 1981). There

is also a decrease in a family of proteins of molecular weight 70 -

80,000 (Shen gt_gl., 1986). More recent1y amplification of specific DNA

sequences has been shown to correlate with resistance to adriamycin and

colchicine in Chinese hamster cells (Roninson gt_gl., 1984; Gros g3;gl.,

1986). A1though the gene product has not been identified, there is good

circumstantia] evidence to link it with the P—g1ycoprotein (Marx, 1986).
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Karyotypic features associated with gene amplification have also been

associated with multi-drug resistance by Baskin gt_gl., 1981 and Kopnin,

1981.

The currently prevailing hypothesis of multi-drug resistance is

that it is the result of the over-expression of the P—glycoprotein genes

and others closely associated with it (Riordan and Ling, 1985). Recently

a model has been proposed in which P-glycoprotein (the P now stands for

“pump") functions as an energy-dependent export pump to reduce

intracellular levels of drugs in resistant cells (Gerlach et al., 1986).

1.7 NMR ANALYSIS OF CANCER CELLS
 

1.7.1 The NMR Experiment

Many of the physical measurements on cancer cells in the past,

using fluorescent probes or spin labelling techniques have failed to

produce consistent information about the neoplastic state of cells (van

Blitterswijk, 1984; Spiegel et_gl., 1981). In contrast, NMR probes, such

as deuterium (2H) are non-perturbing (Chapman and Hayward, 1985) and

naturally occurring isotopes e.g. carbon (13C) or protons (1H) may be

used for motional studies. Information about membrane dynamic order

(i.e. the rate of molecular motion of specific classes of molecules) can

be obtained from these NMR experiments.

Basically, three NMR techniques can now be used in the study of

tumours and/or cells.

(1) Magnetic Resonance Imaging:- This usually involves 1H NMR and
 

essentially measures 1H density. Special pulse sequences and rapidly

changing magnetic field gradients are employed to “see“ a slice through

a given anatomical part (Valk et al., 1985).
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(2) Broadline NMR Spectroscopy:- In large molecules or large

assemblies such as membrane bilayers the overall rate of motion is often

too slow to average the dipolar interactions effectively and the

resonances can be rather broad. The proton magnetic resonance spectrum

of R13762 rat mammary adenocarcinoma cells has been separated into its

dipolar broadened (("broadline") and non-dipolar—broadened ("high—

resolution") contributions (Bloom et_§l., 1986). Quantitative analysis

of the narrow methylene peak, which has been used to characterize the

metastatic properties of the R13762 cells showed that it contained 7% of

all the protons in the cell (Bloom et al., 1986).

(3) High Resolution NMR Spectroscopy. The NMR spectra obtained from
 

small molecules in non—viscous solvents comprise narrow lines, often one

group for each chemically distinct site in the molecule (Abragam, 1983).

Figure 14 shows a high resolution 1H NMR spectrum of triolein in

chloroform, with assignments. The characteristic frequency of a

particular line in the spectrum is usually expressed as the chemical

shift in parts per million (ppm). The multiplicity of some of the lines

centred around the chemical shift values is due to interaction between

the spins themselves. These so-called spin-spin coupling constants occur

over only a few bonds, and thus are helpful in characterising the atoms

1H ofneighbouring that of interest (Farrar and Becker, 1971) e.g. the

the terminal methyl group are coupled to the two protons of the adjacent

methylene giving rise to a triplet (Figure 14).

In addition to 1H, there are many other magnetically actiVe nuclei.

A partial listing, with relevant properties, is given in Table 5,

showing that as the NMR frequency decreases, so does the detection

13 15
sensitivity. Low isotopic abundances can make nuclei such as C and N
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CH2

'C“b 

 

 

PPM

400 MHz 'H NMR spectrum of txiolcin in CDCI3. The inset is an expansion of the region

from 0.77 to 0.92 ppm

Figure 14. (Mountford et al., 19863)

rather difficult to detect. 0n the other hand, isotopic enrichment in

these elements offers a means to observe particular compounds with

little interference from a natural abundance background. The 1H nucleus

can be detected with the greatest sensitivity of all to isotopes listed

because of its frequency and abundance.

The NMR experiment involves excitation of a nuclear spin system.

After excitation the system returns to equilibrium, a process known as

relaxation. Two main types of reiaxation can be measured:- the T1 or

longitudinal or spin lattice relaxation and the T2, known as the

transverse or spin-spin relaxation. Usually the larger the molecule the

less its mobility and thus, the shorter will be its T2 value and vice
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versa. By modification to the pulse sequence it is possible to minimize

the contribution from large molecules and observe signals due only to

compounds of long T2 (Brindle gt_al., 1979).

In 1H NMR, suppression of the resonance due to H20 is a Inajor

problem. Without some means of suppression, this resonance can dominate

the spectrum by factors of thousands (hydrogen in water is 110 M). A

variety of methods exists. The simplest method to reduce the intensity

Table 5. Nuclei of Potential Interest for NMR Studies of Cancer Cells
 

NMR Frequency Natural Sensitivity

Nucleus at 2.35 T (MHz) Abundance (%) Relative to H
 

1;H 100 99.98 1.00

31F 94.1 100.0 0.83 _2

23p 40.5 100.00 6.63 x 10_2

13Na 26.5 100.00 9.25 x 10_2

20 25.1 1.11 1.59 x 10_3

15H 15.4 0.015 9.65 x 10_3

39N 10.1 0.37 1.04 x 10_4

41K 4.67 93.1 5.08 x 10_5

K 2.56 6.88 8.40 x 10

 

of the water peak is to replace H20 by heavy water (DZO)' Although

deuterium has a magnetic moment, it resonates at a very different

frequency from that of 1H (Table 5). When the heavy water technique is

undesirable, or ineffective, various irradiation methods may be used to

minimize the height of the H20 resonance.

1.7.2 High Resolution 1H NMR Studies of Intracellular Components in

Cancer Cells

Agris and Campbell (1982) have used 1H NMR at 470 MHz to follow the

metabolites and changes in lipids in Friend leukaemia cells during their

erythroid-like differentiation. Addition of dimethylsulfoxide to these
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cells leads to the production of globin and haemoglobin. Using a spin

echo technique they were able to follow the time dependence of a variety

of resonances. Resonance assignment was made by comparison with the

corresponding spectra of cell extracts; in all, some 64 resonances were

assigned to 12 amino acids and 19 compounds involved in intermediary

metabolism. The most dramatic effect seen during the differentiation was

a four-fold increase in the concentrations of glycerophosphorylcholine

and phosphorylcholine. A concomitant increase in resonances attributed

to the methylene groups of triglyceride was also reported.

1H NMR of the water in cancer cells was one of the first

applications of the NMR technique in oncology (Damadian, 1971). Early

reports suggested that cancerous tissue had T1 and T2 values for water

significantly longer than those of normal tissue (Damadian, 1971;

Damadian gt_al., 1973). Subsequent studies pointed out that cancerous

tissue contained increased amounts of water which could be responsible

for the longer T1 values (Inch gt_gl., 1974). As time has gone on, it

has become clear that the correlations between water relaxation

parameters and pathological states are at best vague, and that

significant differences in sample preparation and methods of measurement

make comparison of results difficult (Bottomley et al., 1984, 1987;

Turner, 1985).

1.7.3 High Resolution 1H NMR Studies of Lipids in Cancer Cells

Block and co-workers, who first reported the existence in cancer

cells of a high resolution NMR spectrum, compared the intact EL4 cell

line with extracted cellular lipid. Based on these data they suggested

1
that non-water H NMR signals from tissue might reflect some

pathologically relevant information (Block et al., 1974, 1977; Block,
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1976). Other reports of a high resolution lipid spectrum include

non-transformed cells such as fibroblasts (Nicolau gt_gl., 1975, 1978;

Mountford gt_al., 1980), peripheral blood B lymphocytes, and stimulated

T and B lymphocytes (Mountford gt;31., 1980, 1982b).

1H NMR lipid spectra from intact cells and tumours wereNarrow line

considered by most as unlikely, since to generate such a spectrum the

lipids had to be able to tumble independently of the cell or tumour.

Most scientists familiar with the NMR technique considered that such

signals could only be from liposomes or fat droplets in the cytoplasm

and therefore would be of little relevance to cellular mechanisms.

The 1 H NMR spectrum of an excised solid tumour is remarkably

similar to that obtained from a suspension of the same type of cells

grown in culture (Mountford .gt;_al., 1984b, Figure 15A and B). This

spectrum is characteristic of lipid molecules, and can be enhanced in

resolution by Lorentzian-Gaussian deconvolution methods to expose at

least four resonances under the broad methylene peak at 1.2 ppm

(Mountford gt_al., 1984a, Figure 150). It is these four resonances which

provide information on the cells' ability to metastasise or survive drug

therapy i.e. its resistance (Mountford gt_gl., 1984b; Mountford gt_al.,

1986a).

In the resolution-enhanced CPMG spectra of cells of the rat mammary

adenocarcinoma metastatic line R13762, four resonances at 1.22, 1.23,

1.25 and 1.27 ppm were resolved under the broad acyl chain envelope (1.2

ppm). Each of these four resonances showed two rates of decay. (These

resonances were referenced to the methyl peak at 0.85 ppm. In this

thesis the reference is to the external standard of sodium 3—(trimethyl—

silyl)propanesulfonate which gives a chemical shift of 0.91 ppm for the

methyl resonance).
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Figure 15. #00 MHz 1H NMR spectra of the mammary adenocarcinoma cell line J clone in

PBS-D20. Data were recorded with the sample spinning at 37°C. The water peak was

suppressed by gated irradiation: #00 Hz sweep width, 1.6k5 s acquisition time, 64

accumulations. (A) A solid tumour excised from a Fischer rat. The 90° pulse with was 9.5

us and a line broadening of 3 Hz was applied. (B) J clone cells (1 x 108) were suspended

in 0.“ ml of PBS-D20, pulse width was 8.5 us, and a line broadening of 3 Hz was applied.

(C) A Lorentzian Gaussian resolution enhancement (k = -11 Hz, 9 = 0.0“ and a = 1.64 s) was

applied to the free induction decay recorded for the J clone sample above. The four

resonances resolved under the -CH2- are plotted on an expanded scale (Mountford g£_§l.,

1986a)

The long T value (799 ms) of the resonance at 1.25 ppm

2

distinguished the cells with metastatic potential from the

non-metastatic variant J clone (Table 6). The resolution-enhanced

Spectra of the J clone cells also had four resonances at 1.22, 1.23,

1.25 and 1.27 ppm, but the resonance at 1.25 ppm did not have the long

T observed in the metastatic parent line (Table 6).

2
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Table 6. Transverse Relaxation Parameter (To) for the Methylene
L
 

Resonance in 13762 and J Clone Cells
 

 

Chemical shift T2 (miliseconds)

 

(ppm) 13762 cells J clone cells
 

Unmodified Spectra

1.2 21 i 3 32 i 6

86 i 16 154 i 18

Resolution-enhanced Spectra
 

1.22 19 i 4 50 t 14

99 i 27 136 i 42

1.23 42 i 12 63 i 17

167 i 64 224 i 44

1.25 28 i 3 55 t 13

797 i 106 117 t 20

1.27 31 i 4 38 t 9

162 i 52 157 i 36

 

Values for T2 were calculated by a least-squares

2
method. All values gave an r greater than 0.98.

Results are expressed as the mean i standard error for

three experiments (from Mountford et al., 1984b).

The human leukaemic T cell line CCRF-CEM can be made resistant to

the anti-cancer drug vinblastine by culturing in an increasing sub-

lethal concentration of the drug. Figure 16 shows the spectra of the

sensitive parent line compared with lines resistant to 10 and 20 ng/ml

vinblastine, called VBL10 and VBL20 respectively. The most notable

change is an increase in the intensity of the -CH2- resonance at 1.2 ppm

upon the development of drug resistance. Kinetic studies, in which

vinblastine is added directly to the cells in the NMR tube (Mountford gt

31., 1986a), indicate a difference between resistant and sensitive

cells in the behaviour of this resonance on exposure to the drug. Using
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Figure 16. Comparison of the 400 MHz H NMR spectrum of CCRF-CEM lines resistant to

(A) 20 ng/ml vinblastine, and (B) 10 ng/ml vinblastine with (C) the sensitive parent line.

Spectra were collected at 37°C on a Bruker WM #00 MHz spectrometer with the residual water

suppressed by selective gated irradiation (Mountford et al., 1986a)

resolution enhancement, changes in intensity of the resonance at 1.25

ppm can be followed for an hour (Figure 17). This peak, generally the

most intense and best resolved, is affected by vinblastine differently

in the resistant cells compared to the sensitive line. At 40 ng/ml of

vinblastine there is a marked decrease in intensity relative to

resistant cells in the absence of drug, whereas there is little
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difference in the behaviour of this peak in sensitive cells with or

without drug.

1.8 THE AIMS OF THIS THESIS

Previous work has established that a high resolution 1H NMR

spectrum is typical of transformed or malignant cells but not of resting

T lymphocytes (Mountford et_al., 1982b). Moreover the resonances in the

methylene region are probably from lipid in the plasma membrane of the

cell (Mountford §t__al., 1982b). The existence of rapidly tumbling

domains having no diffusive exchange with the rest of the bilayer was
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Figure 17. Kinetic effect of vinblastine on the methylene resonance at 1.25 ppm,

obtained with Lorentzian-Gaussian resolution enhancement (K = 11 Hz, 9 = 0.04; a '= 1.6“

seconds). Vinblastine is added to the NMR tube at 0 min at a concentration of 20 ng (I)

and 150 ng (0 )/ml. The control sample (V ) has no drug. Sensitive CCRF-CEM cells were

compared with cells resistant to 20 ng/ml vinblastine (Mountford et al., 19863).
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suggested by selective and non-selective T1 measurements on cell

suspensions (Mountford et al., 1984a). Such domains could be responsible

for the narrow line width of the resonances. A number of questions

remain:—

1. What is the identity of the lipid(s) giving rise to the signal

in the methylene region and how do such lipids change with the

physiological state of the cell i.e. with metastasis and drug

resistance?

2. Is the location of such lipids in the plasma membrane of the

cell, as has been suggest by paramagnetic probe experiments

(Mountford et al., 1982b)?.

3. What is the nature of the rapidly tumbling lipid domains in

the membranes? What architecture would allow such motion and

how are its lipid components arranged?

4. Is the molecule responsible for the long T2 relaxation value

in metastatic cells part of the same lipid domain and what is

the identity of the molecule generating the long T2 value?

5. What relationship do cancer cells have with surrounding cells,

tissues and body fluids, such as blood?

An hypothesis was proposed that the domain should have a

lipoprotein—like structure with hydrophobic lipids inside and more polar

lipids and proteins in an outside shell. By a combination of lipid
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analysis, biochemical techniques, NMR and electron microscopy the

presence of such a structure was confirmed on or close to cancer cell

membranes and in the serum of cancer patients and rats. The resonance

responsible for the long T2 in tumours and cultured cells was found to

be generated by the methyl protons of fucose.
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2.1 CELL LINES AND CULTURE METHODS

2.1.1 Transformed Lymphocytes and Fibroblasts

Normal T and B lymphocytes were isolated in an interface layer by

centrifugation over Ficoll—Paque (Boyum, 1976) from fresh human “buffy

coat" supplied by the Red Cross Blood Bank, Sydney, Australia. After

dilution in 0.9% NaCl, the lymphocytes were washed free of platelets by

repeated centrifugation at 500 g for 5 min. The cells were exposed to

pokeweed mitogen (2 ug/ml; Grand Island Biological 00., Grand Island,

N.Y.) followed by incubation in medium for 5 days at 37°C.

Chicken embryo fibroblasts were prepared from 10 day old

embryonated eggs (Simpson and Hirst, 1961). Primary cultures were used

and harvested by mild trypsinisation.

2.1.2 Human T Leukaemic Lymphoblasts and the Establishment of
 

Vinblastine-Resistant Cell Lines
 

CCRF-CEM human leukaemic T lymphoblasts were originally derived

from a patient with acute lymphoblastic leukaemia and have been

maintained in culture for many years (Foley gt_gl., 1965). These cells

were cultured in RPMI medium containing 10% foetal calf serum, with a

doubling time of about 24 h. Dr K.T. Holmes of this laboratory made

these cells resistant to 3 20 ng/ml of vinblastine by culturing cells in

the continuous presence of increasing, but sublethal concentrations of

the drug. All experiments were performed on cells which had been grown

in drug—free medium for at least two weeks, by which time the

vinblastine concentration inside the cells was estimated to be less than

0.5 ng/ml.

The vinblastine—resistant CCRF-CEM cells exhibited the "multi-drug“

resistant phenotype i.e. they were resistant to a number of other drugs
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structurally unrelated to vinblastine. This was quantified by incubating

cells at a concentration of 2 x 105/ml in the presence of each of the

drugs in 3.5 cm3 well culture plates. Growth at 72 h was determined by

hand—counting using a haemocytometer and viability measured by trypan

blue exclusion.

The degree of cross-resistance to a range of anti—cancer drugs

including vincristine, daunorubicin, VP16, Ara-C and actinomycin D is

shown in Table 1 for CCRF—CEM resistant to 20 ng/ml of vinblastine

(VBL20) and compared with the sensitive parent cells.

Table l Cross~Resistance of CCRF-CEM Cells Resistant to ZO/ng/ml VBL

 

IC 6

 

50

Drug (ng/ml) Degree of Resistance

Vinblastine 6O 20

Vincristine 65 60

Actinomycin D 40 6

DaunorUbicin 90 4

VP16 600 2

Ara—C 3 l

 

alC50 is the dose of the drug which inhibits cell growth by

b
50% after 72 h. The degree of resistance is obtained by

dividing the IC5 for the resistant line by the ICso for
0

the sensitive line. VBL = vinblastine.

Vinblastine-resistant lymphoblasts, called VBL7, 15 and 20 in this

thesis, grow with a normal doubling time (24 h) in the presence of 7, 15

or 20 ng/ml of vinblastine. The IC50 of sensitive CCRF-CEM cells (Beck

gt_al., 1979) is around 3 ng/ml vinblastine, and the IC50 values of the

sensitive and resistant cells are shown in Table 2, as follows:-
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Tabie 2 Definition of VBL and lCrn Values
JU
 

Maximum VBL Concentration in which

 

Agra (ng/ml) Norma] Growth Rate occurs (ng/mi)
3

CCRF-CEM 3 5

(sensitive cells)

VBL7 16 7

VBL15 38 15

VBL20 55 20

 

VBL = vinbiastine

Hence the VBL20 ceiis are eighteen—foid iess sensitive to

vinbiastine than the parent 1ine ceiis. Measurement of Coulter volume

showed no size difference between resistant and sensitive 1ymphob1asts.

Polyacryiamide gei eietrophoresis by Marien Dyne of this iaboratory

showed the 1eve1 0f P—giycoprotein in VBL20 ceiis to be 3-f01d higher

than in the sensitive celis. 0ver~producti0n of this giycoprotein is

characteristic of the muiti-drug resistant phenotype (Juiiano and Ling,

1976).

2.1.3 Rat Mammary Adenocarcinoma Lines
 

The cultured rat mammary adenocarcinoma metastatic cei] line,

R13762 and the non-metastatic clone "J cione", were supplied by Dr I.

Ramshaw, Austraiian National University (Ramshaw gt_gl., 1982). Celis

were grown in RPMI-1640 medium supplemented with 10% foetal calf serum

(FCS) at 37°C and were maintained in the iogarithmic phase of growth

with a doubling time of 17 h. The lightiy adherent monolayers could be

dislodged by tapping the flask sharply on a padded surface.
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2.2 SUBCELLULAR FRACTIONATION

2.2.1 Crude Plasma Membranes
 

Cells (2 x 108) were washed three times in saline then resuspended

in 4 volumes of cavitation buffer (100 mM Tris-HCl pH 7.4, 10 mM MgCl2,

10% (w/v) sucrose and 1 mM phenylmethyl sulfonyl fluoride (PMSF,

protease and phospholipase C inhibitor) evaporated from acetone

solution. The cells were disrupted in a Parr Pressure Bomb under 800 psi

of nitrogen for 15 min. Cellular disruption was monitored by phase

contrast microscopy. The suspension was centrifuged for 5 min at 1000 g

to remove nuclei and unbroken cells. The pellet was again disrupted in

the Pressure Bomb in 4 volumes of cavitation buffer., The bulked

supernatants (termed the total homogenate) were centrifuged at 130,000 g

for 90 min (Ti 50 rotor, 4°C) to obtain the crude plasma membrane

pellet. The 130,000 g supernatant included a floating opalescent

lipoidal layer at the top of the liquid (termed floaters).

2.2.2 Purified Plasma Membranes
 

Cells (4 - 6 x 109) were treated as above with the addition of 10

uM leupeptin (a protease inhibitor) as well as PMSF to obtain a total

homogenate and a crude plasma membrane pellet. This pellet was

resuspended in 3 ml phosphate buffered saline (PBS) pH 7.4 per 109 cells

by four up-and-down strokes at 1100 rpm in a Braun homogenizer at 4°C.

The suspension was further fractionated by sucrose density gradient

centrifugation according to the method of Iwanik gt__gl’ (1984). A

discontinuous gradient was formed using 7 ml of 60% sucrose, 7 ml of 48%

sucrose, 8 ml of 30% sucrose and 8 ml 10% sucrose in PBS pH 7.4. 3 ml

of crude membrane suspension was layered on top of each gradient and

centrifugation carried out at 4°C for 2 h in a Beckman SW28 rotor at
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106,000 g. The membrane bands from the gradients were removed by

aspiration and diiuted 1:4 with 10 mM Hepes, pH 7.2, before

re-centrifugation at 130,000 g for 60 min (Beckman Ti 70 rotor, 4°C).

The membrane peiiets were resuspended in 10 mM Hepes, pH 7.2 for marker

enzyme assay. A11 marker enzyme activities except 5'nuc1eotidase and

NADPH cytochrome c reductase were assayed on membranes which had been

frozen overnight at -70°C. Little Toss of activity occurred.

2.2.3 Marker Enzymes

The purity of the plasma membrane preparations was assessed by

calcuiating the specific activity of the marker in the inembrane and

dividing by that in the homogenate. Enzyme activities were used oniy

over the range of linearity with membrane or homogenate concentration

and time. Protein content was measured with the Bio—Rad Coomassie Biue

protein assay kit using bovine serum albumin as a standard. The

following three enzymes were used as plasma membrane markers:- (1)

5'nuc1eotidase (E.C.3.1.3.5) assayed by the radiometric method of Newby
 

et a1., 1975. (2) Na+K+ adenosinetriphosphatase (E.C.3.6.1.3) measured
 

as the difference in activity obtained in the presence and absence of

ouabain in the foliowing reaction:—

50 u] 5 mM ATP, 2 mM EGTA in reaction buffer (see beiow),

10 u] 20 mM MgCT in 10 mM Hepes pH 7.2,
2

15 u] 7 mM ouabain or H20,

25 u] sample.

Incubation was for 30 min at 37°C and Pi release was measured

coTorimetricaTTy by the method of Ames (1965). Minus enzyme and minus

substrate bTanks were included. The reaction buffer consisted of 100 mM

Hepes pH 7.2 containing 160 mM NaCT and 60 mM KC]. (3) y-Glutamyl
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transpeptidase (E.C.2.3.2.2). This was measured colorimetrically
 

according to the method of Jacobs (1971).

The lysosomal marker, acid phosphatase §£.C.3.1.3.2) was measured
 

in the following reaction mixture:-

50 ul p-nitrophenyl phosphate (10 mM) in Pipes Buffer,

100 mM, pH 5.3 containing 2 mM MgCl2,

25 pl membrane preparation,

25 ul H20.

Incubation was for 30 min at 37°C and Pi release was measured by

the method of Ames (1965). Minus enzyme and minus substrate controls

were included.

Cytoplasmic contamination was determined by lactate dehydrogenase
 

(E.C.1.1.1.27) (Boehringer-Mannheinl GmbH diagnostica lactate dehydro-

genase test kit, catalogue No.124907).

Spectrophotometric methods were used to determine NADPH-cytochrome

 

 

c reductase (E.C.1.6.2.4), the marker for endoplasmic reticulum

(Sottocasa et al., 1967), and cytochrome c oxidase (E.C.1.9.3.1), the

mitochondrial marker (Wharton and Tzagoloff, 1967). Nuclear

contamination was assessed by the presence of 05A, measured

fluorimetrically by ethidium bromide binding (Brunk et al., 1979).

2.2.4 Supernatant from VBL20 Cell Homogenates
 

Cells (2 x 108) were washed three times in 0.9% NaCl, then lysed

for 20 min at 4°C in 2 ml 020. The resulting homogenate was centrifuged

at 130,000 g for 60 min at 4°C to sediment the membrane pellet, and the

supernatant fraction was removed and used immediately for NMR

spectroscopy.
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2.3 LIPID ANALYSES

2.3.1 Lipid Extraction and Total Lipid Weight
 

Membranes or homogenates were extracted with 7 volumes of distilled

methanol containing 0.1 mg per ml sample of butylated hydroxytoluene

(BHT) for 15 min with stirring, followed by the addition of 14 volumes

of chloroform (Mallinckrodt, nanograde). Stirring was continued for 1 h

at room temperature (Gottfried, 1967). After filtration through a

sintered glass filter, the non—lipid contaminants were removed with

coarse Sephadex G25 chromatography (Williams and Merrilees, 1970). The

sample was evaporated to dryness on a rotary evaporator and taken up in

CHCl ' MeOH (19:1 v/v) for storage at -20°C in the dark. An aliquot was3.

pumped dry and weighed on a Mettler HK60 electronic balance.

2.3.2 Cholesterol

The total cholesterol was measured after saponification of dried

lipid with 33% ethanolic KOH for 16 ii at 37°C. The hydrolysate was

diluted 1 in 10 with freshly distilled isopropanol and the total

cholesterol was measured by the fluorimetric method of Heider and Boyett

(1978). Free cholesterol was measured on unhydrolysed lipid and

cholesteryl ester content calculated by subtracting free cholesterol

from total cholesterol.

2.3.3 Di- and Triacylglycerols
 

Triacylglycerol was determined colorimetrically (Sigma Diagnostic

Kit 405) using the molecular weight of triolein (885). Diacylglycerol

was measured in neutral lipid extracts obtained from total lipids by

silica gel column chromatography. Neutral lipids were eluted with 10 ml

chloroform/gm adsorbant, concentrated under vacuum and applied to a 0.5
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mm thin layer chromatography (TLC) plate (Merck Silica gel G 00). The

solvent system used was benzenezisopropanoleZO (100:10:0.25 by volume).

After visualisation of the bands with iodine vapour the area

corresponding to 1,2 diacylglycerols was scraped from the plate and

eluted with equal volumes of diethyl ether, chloroform and methanol.

Diacylglycerol was then quantitated with the Sigma Diagnostic Kit 405.

No 1,3-diacylglycerol was detected.

2.3.4 Fatty Acids

Fatty acids were estimated as methyl esters, prepared by hydrolysis

of total lipids dissolved in benzene for 1.5 h at 110°C with 14% boron

trifluoride in methanol (Morrison and Smith, 1964). Analysis was by gas

liquid chromatography on a Carbowax 20 M Capillary column using a

Hewlett Packard 5890 Gas Chromatograph. The temperature was programmed

for 1 min at 80°C followed by an increase at 3°C/min to 220°C. The

temperature was then maintained at 220°C until the completion of the

analysis. 25:0 fatty acid was added to each sample before methylation as

an internal standard.

2.3.5 Total Lipid Phosphorus and Phospholipid Composition
 

Total lipid phosphorus was determined colorimetrically on the total

extracts (Duck—Chong, 1979) based on a phosphorus content of 4% by

weight and a mean molecular weight for phospholipid of 750.

Polar lipids were separated from total cell lipids by

chromatography on a silica gel 60 (Merck) column. Neutral lipids were

eluted with 10 ml CHCl3/g adsorbant and polar lipids were eluted with 15

ml MeOH (+ a drop of H20) per g adsorbant. The polar lipid fraction was

evaporated to dryness, redissolved in a small volume of CHCl3zMeOH (2:1
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by volume) and up to 200 pg was loaded on one corner of a 10 x 10 cm

plastic—backed TLC sheet (Merck), which was developed in two dimensions.

The solvent systems used were (i) CHCl3zMe0HzHAczH20 (25:8:8zl by

volume) and (ii) tetrahydrofuran:dimethoxymethanezMeOH:HZO (20:12:8z2 by

volume). The spots were visualised by dipping the TLC sheets in spray

reagent (Dittmer and Lester, 1964). Since phosphatidic acid and

cardiolipin do not separate well in this solvent system, the identity of

cardiolipin was confirmed using CHCl3zMe0H:NH40H (7.5 N) (65:25:5 by

volume) as the second solvent. Each spot was cut out of the sheet and

the silica gel eluted from its backing into a test tube with CHCl3zMeOH

(2/1). After evaporation of the solvent, the phosphorus content was

estimated in the presence of the silica gel by the method of Duck—Chong

(1979). The TLC sheets were run in duplicate.

2.3.6 Total Ether-linked Lipids
 

Total lipid extracts (1 - 2 mg) were fractionated by silica gel

Sep-Paks (Waters), with the neutral lipids e1uting in 10 ml CHCl3 and

the polar lipids in 15 ml MeOH containing a drop of H20. l-O—alkenyl and

l-O-alkyl lipids were estimated in both the neutral and polar fractions

by the colorimetric method of Blank et al., 1975.

2.3.7 Ether-linked Phospholipid Species

Guinea pig pancreas was homogenized and freed of Tow Inolecular

weight contaminants by Sephadex G-25 column chromatography to obtain a

crude preparation of phospholipase A1, which was stored at -70°C until

required (El Tamer gt_gl. 1984; Fauvel gt_al. 1981). Each polar lipid

sample was split into three fractions of about 200 ug of lipid, and

analysed by methods based on that of E1 Tamer et al., 1984. Sample A was
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chromatographed by TLC in two dimensions using the solvent systems (i)

CHCl3zMeOHzNH4OH (7.5 N) (90:54:11 by volume) and (ii) CHCl3zMeOH2HAc:

H20 (90:40:12:2 by volume). The phosphorus content of the spots was

estimated as in Section 2.3.5 and this analysis provided a measure of

the total phospholipid content. Two samples, B and C, were then treated

with phospholipase A1 for 4 h (El Tamer §t_al., 1984) to remove the acyl

chain from position 1 of the diacyl phospholipids. Corresponding

lyso-compounds were formed. One enzyme-treated sample, B, was subjected

to TLC as for sample A. The difference between the phosphorus content of

the spots in A and B gave a measure of the diacyl content of the

component phospholipids. Sample C was run first in the acidic solvent

(ii), then the TLC sheet was placed in a closed container with HCl fumes

for 10 min to hydrolyse the 1-alkenyl-2-acyl species. The 1-alkyl-2-acyl

species remained intact. The TLC sheet was then run in solvent (1) in

the second direction and the difference between the phospholipid

components of B and (I was due to the 1-alkenyl-2-acyl moieties (the

plasmalogens) in the original sample. The phospholipids measured in

sample C were the l-alkyl-Z-acyl species. Only the choline and

ethanolamine glycerophospholipids contained l-alkyl and l-alkenyl

species. The remaining phospholipid species were degraded fully by

phospholipase A1, in agreement with the findings of El Tamer g£_gl.

(1984) and Diagne et_al. (1984), for phospholipids from a number of

human, rat and guinea pig tissues.

2.3.8 Gangliosides and Neutral Glycosphingolipids

8)
 

Washed cells (5 x 10 or lipoprotein fractions were extracted with

CHCl :MeOH by the method of Gottfried (1967). The filtered extracts were
3

evaporated to dryness and partitioned three times between CHCl3zMe0H
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(2:1) (5 volumes) and H20 (1 volume). The organic phase was kept aside

for neutral glycosphingolipid analysis, whereas the aqueous phase was

evaporated to a small volume (rotary evaporator, 50°C) and dialysed

overnight against distilled H20 at 4°C. The dialysate was evaporated to

dryness and transferred to a small vial in CHCl3zMe0H (2:1) through an

Acrodisc filter for storage at -20°C. This fraction is the crude

ganglioside fraction. Quantitation of gangliosides (by the colorimetric

resorcinol method) was performed as described by Bergelson (1980) for

the plasma specimen on day 5 (Chapter 5). Neutral glycolipid was

estimated by the colorimetric orcinol method (Hildebrand gt_gl., 1971).

The more sensitive and specific fluorimetric determination for

sphingosine was required for detection and quantitation of both acidic

and neutral glycolipids at 9 months (Naoi gt_gl., 1974; see Chapter 5).

Sphingomyelin was removed from the organic phase lipids before

sphingosine determination by silica gel column chromatography. The

column was poured in diethyl ether and washed with CHCl3. Neutral lipids

were eluted with 15 ml CHClB/g adsorbant and glycolipids with 35 ml/g of

acetonezMeOH (9:1, v/v).

The ganglioside fraction was spotted on high performance thin layer

chromatography (HPTLC) plates (Merck Silica Gel 60), developed in

55:45:10 by volume, and sprayed withCHCl :Me0H:0.02% aqueous CaCl
3 2’

resorcinol reagent. Plates were heated at 100°C for 15 min (Svennerholm,

1957). The organic phase glycolipid fraction was spotted on HPTLC plates

also and developed in CHCl3zMe0H:H20, 50:21:3 by volume and sprayed with

diphenylamine reagent to detect neutral glycolipids (Vance and Sweeley,

1967).

Ganglioside standards were purchased from Supelco (GMl’ GDla’ Gle

+ G and bovine brain mixture). These abbreviations for gangliosides
le
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follow the nomenclature system of Svennerholm (1963), IUPAC-IUB

Commission on Biochemical Nomenclature (1977). GM1 = II3 Neu Ac

. _ 3 3 , _ 3

GgOse4Cer, Gdla - IV Neu AcII Neu Ac GgOse4Cer, Gle — II (Neu

Ac)2-GgOSe4Cer; Gle = IV3 Neu Ac, 113 (Neu Ac)2-GgOse4Cer.

Neutral glycolipid standards were also purchased from Supelco and

included stearoyl sphingosine, monogalactosyl and glucosyl stearates,

globotriaosyl ceramide = Gal (a1-4) Gal (81-4) GlcCer and globotetraosyl

ceramide = GalNAc (81-3) Gal (cl-4) Gal (81-4) GlcCer.

2.4 ELECTRON MICROSCOPY

2.4.1 Transmission Electron Microscopy of Cells and Membranes

Membrane fractions (Chapter 3) were fixed by suspension in 1.8%

glutaraldehyde in 50 mM phosphate buffer pH 7.4.' They were then

sedimented by centrifugation at 40,000 g for 30 min at 4°C, post-fixed

with 1% osmium tetroxide in PBS, and stained en bloc with aqueous uranyl

acetate, dehydrated through a graded series of acetone/H20 and embedded

in Spurrs resin. Ultra-thin sections were cut, stained with uranyl

acetate and lead citrate, and examined in a Philips 400 electron

microscope at 100 kv.

The pellets of 106 cells were washed with phosphate buffered saline

(PBS) and then fixed with 2% glutaraldehyde in PBS, and post-fixed with

1% osmium tetroxide in PBS. The remaining procedure was the same as that

for membrane fractions.

2.4.2 Freeze Fracture of Whole Cells
 

For freeze fracturing, unfixed cell concentrates in PBS were frozen

in liquid nitrogen—cooled Freon 22 and fractured at —100°C in a Balzer

Freeze Etch Unit (BAF300). Replicas were examined in a Philips 400
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electron microscope operating at 100 kV. The terminology of Branton gt

21- (1975) is used in referring to membrane fracture faces.

The increase in surface area of the plasma membrane of the

resistant cells (Chapter 4) was modelled as a number of hemispheres, and

calculated by Ineasuring distance (X) in the direction of the shadow

through to midpoint of the elevated areas (bulges). The radius (r) of

the hemispheres was derived trigonometrically from the platinum shadow

arriving at an angle of 45°. The surface area of a hemisphere would

contribute an increase in surface area of Mr2 - IIr2 = Hrz. A second

measurement was made to ensure that in most cases the value of X which

is the area of shadow plus the diameter was greater than the diameter of

the hemisphere at right angles to the direction of shadowing. A total of

2 “2 of a cell membrane was measured containing 67 bulges. Stereo pairs

at i 6° were taken of the area measured and the cell curvature was found

to be negligible therefore calculations were of a non—curved surface.

2.4.3 Sizing of Lipoprotein Particles by Negative Staining
 

Lipoprotein fractions were dialysed against 0.9% NaCl for 2 h at

4°C. The preparations were stained with 1% sodium phosphotungstate (pH

7.3) and the electron micrographs obtained with a Philips 400 electron

microscope operating at 100 Kv and a maximum working magnification of X

92,000. Calibration of the magnification scales was performed using

crystalline catalase. For the distribution of particle diameters 300 -

400 particles were measured from electron micrographs using an ocular

magnifier (X 8) with a scale of 0.1 mm divisions.
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2.5 ELECTROPHORESIS OF LIPOPROTEINS, AND DETERMINATION OF APOPROTEIN

CONTENT

Isolated lipoproteins and proteolipid were examined by

electrophoresis on 1% agarose with 1 M barbital buffer, pH 9.0. Gels

were stained with oil red 0 and positions of apo—A and apo-B containing

lipoproteins were ascertained from a normal plasma control. Apo A and B

were quantitated in human samples using antibodies (Muir and Hensley,

1977).

2.6 TOTAL PROTEIN ESTIMATION
 

Cells, homogenates and membranes were dissolved in 0.16 N NaOH for

30 min at 37°C, neutralised with HCl, then the protein content was

estimated using the Bio-Rad Coomassie Blue Reagent (Bio-Rad 500—0001)

with bovine serum albumin as standard. Lipoproteins were assayed without

NaOH treatment.

2.7 LACTATE ASSAY METHOD AND RIBONUCLEASE AND LIPOPROTEIN LIPASE

TREATMENTS 0F PROTEOLIPIDS
 

A U.V. spectrophotometric method was used to measure lactate

(Boehringer—Mannheim U.V.-Test Kit (L-lactic acid) No. 137984) in cell

supernatants and lipoprotein fractions.

Either ribonuclease A (RNase A) 0.024 IU, Sigma, E.C.3.1.1.34) or

lipoprotein lipase (4.2 IU, bovine pancreas, Boehringer-Mannheim,

E.C.3.1.27.5) was added to 1 ml of proteolipid complex (Chapter 5) which

contained 367 ug protein, and then incubated for 1 h at 37°C prior to

study.
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2.8 RNA AND DNA ANALYSIS OF LIPOPROTEINS
 

2.8.1 RNA

In the 5 day sample (Chapter 5) RNA was determined by the orcinol

method on intact lipoprotein and corrected for glycolipid content (Almog

and Shirey, 1978). RNA was also extracted from lipoproteins and

proteolipids as described by Wieczorek gt_al. (1985) and the absorption

at 260 nm measured.

A variety of standard methods such as phenol-CHCl3 and

guanidine-HCl extraction was used to assess the presence of RNA in the 9

month lipoprotein specimens in Chapter 5 (Maniatis,et_al., 1982; Cheley

and Anderson, 1984). Similar methods were employed on the rat

lipoprotein fractions in Chapter 7. In addition, nucleic acid was

determined by following the exact procedure of Wieczorek §t_al. (1985),

to the conclusion of the oTigo-dT column chromatography stage.

More specific methods were also applied. Lipoprotein samples were

extracted to remove lipid and protein and taken to the final ethanol

precipitation stage (Wieczorek gt__al., 1985). The samples were

evaporated to dryness and suspended in 10 pl of 10 mM Tris-HCl 1 mM

disodium EDTA pH 7.5. An aliquot (1 pl) of each sample was used to test

for the initiation of cDNA synthesis. This procedure was carried out at

Biotechnology Australia Pty Ltd. Globin mRNA (50 ng) was allowed to

react alone and mixed together with the proteolipid fractions from the

patients (Chapter 5) to check that there was no inhibition of the

incorporation of [32P]-d-ATP into the globin mRNA/cDNA hybrid. A

reaction mixture containing no RNA or sample was included as a blank.

The samples were spotted on a PEI cellulose TLC plate (Merck) and

32
resolved in 0.2 M KH2P04, pH 3.5. P incorporated into DNA/RNA hybrids

remains at the origin and radioactivity was detected by autoradiography
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of the TLC plate. The plate was cut into pieces and the 32P-cpm in each

fraction was determined by Cherenkov counting.

2.8.2 DNA

The lipoprotein fractions in Chapter 5 were tested for the presence

of DNA at Biotechnology Australia Pty Ltd. An aliquot (1 ul) of the same

extracts as used for RNA determination was digested with restriction

endonucleases EcoRI and BamHl. The fragments were tested for

incorporation of [32P]-dATP into DNA with DNA polymerase 1 using

chromatography on 1% agarose gels (Maniatis 53:111., 1982). Undigested

controls were included, and control DNA (17 ng pUR291) was run

separately in the presence and absence of proteolipid fractions to test

for inhibition of the reaction. The incorporation of radioactivity was

detected by autoradiography.

14
2.9 THE DISTRIBUTION OF LABEL FROM C FUCOSE IN R13762 AND J CLONE
 

CELLULAR COMPONENTS

Cells were grown for 48 h in RPMI medium with 10% foetal calf serum

containing 0.2 uCi L-[1-14C] fucose (Amersham) (55 mCi/mmol) per 100 ml

of cell suspension. Cells were split into 2 batches.

1. The first batch was washed in saline, disrupted by sonication,

and protein was precipitated with 1% tungstophosphoric acid in 0.5 M

HCl. The precipitate was washed twice with tungstophosphoric acid and

twice with CHCl3zMe0H (2/1, v/v). The organic solvents were evaporated

to dryness in a scintillation vial and aqueous supernatant (1.5 ml)

added to it, together with 10 ml ACS scintillant. The protein pellets

were dissolved in 400 pl 3N NaOH at 60°C and neutralised after 1 h with

600 pl 2.7 N HCl then mixed with 10 ml of ACS scintillant. Samples were
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counted on a Rack-Beta scintiTTation counter. No quenching was observed

with a blank containing tungstophosphoric acid.

2. The second batch of washed celTs was extracted with CHC13zMe0H

by the method of Gottfried (1967). The fiTtered extract was evaporated

to dryness and partitioned three times between CHC132Me0H (2:1) (5

voTumes) and H20 (1 voTume). The organic Tayer was dried over Na2 504,

then evaporated to dryness in a scintilTation via], to which 1 m1 H20

and 10 m1 ACS scintiTTant were added. The methanoT-HZO phase was

dialysed overnight against distiTTed H20 at 4°C, evaporated to 1 m1 and

mixed with 10 m1 ACS scintiTTant. The samples were counted in a

Rack-Beta scintiTTation counter.

2.10 ISOLATION OF LIPOPROTEINS AND PROTEOLIPIDS
 

2.10.1 Cancer Patients and ControTS
 

The totaT lipoprotein was isoTated from plasma c011ected into EDTA

by f10tation as described by Gonstein et_gl. (1983). A NaCT soiution of

density 1.006 g/m1 at 20°C containing 0.01% EDTA was prepared according

to the method of Hatch and Lees (1968). This soTution was adjusted with

soTid KBr to make density soTutions of 1.221, 1.063 and 1.019 g/m1 at

20°C. These soTutions were chiTTed to 4°C, then Tayered above 3 m1 of

totaT Tipoprotein adjusted to density 1.225 with s01id KBr and chi11ed

to 4°C. The gradient steps were each about 2.2 m1. The gradients were

centrifuged at 4°C at 105,000 9 (max.) for 17 h using a Sorva11 AH627 0r

Beckmann SN28 head with 17 m1 buckets. The proteoTipid fraction was

visible as a white band between the LDL (orange) and HDL (yeTTow)

fractions. A11 bands were coTTected at 4°C by aspiration and diaTysed

overnight against 0.9% NaCT containing 0.24 mM disodium EDTA (pH 7.4)

and 0.01% sodium azide at 4°C. They were stored at this temperature
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until chemical analysis or NMR spectroscopy was carried out. Samples

(0.5 ml) for NMR were further dialysed for 2 h against 020 - 0.9% NaCl

containing 0.01% azide.

2.10.2 The Rat Model System
 

Sera were collected from blood clotted at room temperature. Solid

KBr was added to the sera at the rate of 0.3517 g/ml, and the solution

was then chilled to 4°C. A NaCl solution of density 1.0063 g/ml at 20°C

containing 0.01% EDTA was prepared according to the method of Hatch and

Lees (1968). This solution was adjusted with solid KBr to make density

solutions of 1.125, 1.085 and 1.063 g/ml at 20°C. These solutions were

chilled to 4°C, then layered above 4 ml of serum per 17 ml

ultracentrifuge tube. The gradient steps were each 4 ml and the tubes

were filled to the top with d 1.063 g/ml solution. The serum in one tube

per treatment was pre—stained with Sudan black (Terpstra §t_gl., 1981)

to aid in the location of the lipoprotein bands, which are colourless in

rats. The gradients were centrifuged at 105,000 g for 24 h. Lipoprotein

fractions were collected at 4°C by aspiration.

The fractions were dialysed overnight against 0.9% NaCl containing

0.24 mM disodium EDTA (pH 7.4) and 0.01% sodium azide at 4°C and stored

at this temperature until chemical or NMR analysis was carried out.

Samples (0.5 ml) for NMR were further dialysed for 2 h against 0.9%

NaCl-D 0 containing 0.01% azide.
2

2.11 ANIMAL EXPERIMENTS

2.11.1 Animals

Female Fischer 344 rats were bred in the Ludwig Institute for

Cancer Research (Sydney Branch). Rats used in experiments were 12 - 16
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weeks old. They were fed standard rat chow and acidified water .ag

libitum.

2.11.2 Fucosidase Treatment of Cells
 

R13762 cells (1 x 108) were incubated at 37°C with a-L-fucosidase

in PBS (Sigma, bovine epididymus E.C.3.2.1.51, 0.125 unit) for 30 min

and then cells were washed several times in phosphate buffered saline

(PBS), or PBS—D 0 for NMR experiments. Viability of the cells as
2

determined by trypan blue exclusion was not diminished by this treatment

despite a temporary clumping of the cells during incubation.

Fucosidase was used without further purification. Less than 0.06%

proteinase activity was detected using bovine serum albumin as

substrate, and B—N-acetylglucosaminidase activity was less than 0.1%. a

and B—galactosidase, a-mannosidase, and B-fucosidase activities were

all < 0.2% of the a-fucosidase activity. The latter activities were

supplied by Sigma.

2.11.3 Experimental Metastasis
 

Fucosidase—treated R13762 cells (called FT) were suspended (1 x

107/ml) in RPMI-1640 medium and injected into the mammary line of ten

rats. Similarly, R13762 cells were washed as above and incubated in the

absence of enzyme for 30 min in PBS at 37°C prior to injection into ten

control rats (MET 2). A second set of controls consisting of unwashed

cells was injected into a further ten animals (MET 1). Untreated J clone

cells (107) were also injected into ten animals as above (called JC).

Primary tumours were first evident in the inguinal area of the

mammary line approximately 10 days after injection of cells. Animals

were sacrificed 4 weeks after inoculation. Tumour diameters were



74

measured with calipers and all animals were examined for macroscopic

metastases in the lymph nodes, lungs, gut, liver and mesentery with

metastases being found only in axial lymph nodes. No examination for

micrometastases was carried out.

Untreated R13762 cells (MET 1) injected into the mammary line of

the rats resulted in an 80% rate of lymph node metastasis, compared to

70% for the cells incubated in PBS for 30 min (MET 2). All animals in

each treatment bearing secondary tumours were exsanguinated and the sera

bulked separately. Cells incubated in fucosidase prior to injection had

only a 20% metastasis rate and the sera from the eight rats with tumours

but no metastases were bulked (FT). No J clone-treated rats formed

metastases and sera from all tumour-bearing animals was bulked (JC).

All the bulked serum samples were then subjected to density

gradient centrifugation to obtain lipoprotein fractions.

2.12 NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY
 

2.12.1 Preparation of Samples

8
)

 

(a) Cells (0.5 - 1.0 x 10 were washed three times in PBS-020,

then resuspended in about 400 pl of PBS-020 and transferred to the NMR

tube. Cell viability was assessed both before and after each experiment

by the Trypan blue exclusion test. Only data obtained from cells with at

least 90% viability were used. The longest time for which this was

achieved was 3 — 4 h.

(b) Triolein (Sigma) was dissolved (20 mg/ml) in CDCl3 (99.96%

isotopic purity, supplied by Wilmad Glass Co.) and the solution was

degassed while freeze-thawing four times with liquid nitrogen.

(c) Liproproteins and Proteolipids: Samples (0.5 ml) were dialysed
 

at 4°C for 2 h against a small volume of DZO-NaCl containing 0.01%
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azide.

(d) Crude Ganglioside Fractions and Organic Phase Lipids: These

samples were evaporated to dryness in a small vial and dispersed in 0.5

ml D 0 with alternate vortexing and heating (60°C). They were then
2

rapidly transferred to the NMR tube. When ganglioside fractions or

proteolipids were treated with fucosidase, they were re-dialysed against

D20 or DZO-NaCl (0.9%) to remove free fucose before NMR spectra were

acquired.

2.12.2 I Relaxation Times
2

This method is described in Mountford et;_al. (1984a). 1H NMR

spectra were recorded at 37°C unless stated otherwise using a Bruker NM

400 spectrometer equipped with an Aspect 2000 computer. All peaks were

referenced to aqueous sodium 3 —(trimethylsilyl)propanesulfonate, as an

external standard. This substance gives a chemical shift of 0.91 ppm for

the methyl resonance used as a reference. In CDCl3 solutions the

residual CHCl resonance at 7.26 ppm was used as an internal chemical
3

shift reference. Spectra were recorded with the 2HOH peak suppressed by

selective gated irradiation (Jesson g£_al., 1973).

The CPMG pulse sequence (Brindle ej;_gl., 1979) was used for

spin-spin relaxation measurements, 90;-(r-180;—r)n—echo. A delay of 7.5

seconds was left between pulse trains to allow re-equilibration of

magnetisation. An interpulse delay, I, of 1 ms was employed. The

frequency domain spectrum was obtained for different values of n from

the Fourier transform of the trailing edge of the nth echo. Eight echoes

were recorded for each value of n, and the delay list repeated a further

seven times to give a total of 64 accumulations for each value of n. The

initial value of n was repeated at the end of the list to confirm that
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the sample had not altered over the time taken to collect the data.

SeTective and non-seTective inversion-recovery spin-Tattice relaxation

experiments were carried out as described by Brown and Davis (1981) and

Farrar and Becker (1971) respectively, in the absence of water

suppression. A selective puise of 12 ms (yBl/Zn m 20 Hz) was calibrated

to 90° for the water peak and used to irradiate the -CH2- peak at 1.2

ppm.

The FID obtained was manipulated by either a Tine broadening of 3

Hz or a Lorentzian-Gaussian resoTution enhancement. The latter is of the

form exp[-nn(t ~t2/(2 ga)-ga/2)], where K is the usual Tine broadening

function, g is the fraction of the free induction decay (FID) to be

resoTution—enhanced, and a is the acquisition time for the F10. Typica]

values were K = —11 Hz, 9 = 0.04 - 0.08, a = 1.64 5.

2.12.3 Two-dimensionai ScaTar-correiated Spectroscopy (COSY)

1

 

H NMR spectra were recorded on a Bruker WM—400 spectrometer

equipped with an aspect 2000 computer. Spectra were measured at 37°C and

were referenced to aqueous sodium 3-(trimethyTsi1y1)propanesuifonate as

an external standard. COSY spectra were recorded with a puTse sequence

modified as described in Cross gt;_gl. (1984) to compensate for rf

inhomogeneity. The complete sequence is:- '

[(M2) ¢<n/2) (“90.1414(w/2)w(«/2)¢_90.(«/2)w(m/2)¢+9001-t2
where phase angTes ¢ and w are cycled as in a conventionaT COSY

experiment (Bax gt_gl., 1981). The compensated COSY pulse sequence gives

greatly improved results with inhomogeneous suspensions of ceils

compared to the conventionaT uncompensated pulse sequence. The duration

of 2D experiments is limited by ceTT viability. Acquisition of 32 free

induction decays for each 200 increments in t1 resulted in a total

acquisition time of approximateTy 3 h. The resuTting 200 x 2048 data
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point matrix was zero filled and Fourier transformed to 1024 x 1024 data

points for each two—dimensional spectrum. A Lorentzian-Gaussian window

function (Ferrige and Lindon, 1978) was used in the t2 domain with

sine-bell weighting in the t1 domain. The choice of window function in

the t2 domain was dictated by the requirement that the resolution

enhancement of procedure used did not substantially degrade the signal

to noise ratio.

NOTE: In previous publications, e.g. Mountford gt_gl., 1984b, resonances

have been referenced to the methyl peak at 0.85 ppm. In this thesis and

associated publications however, references are to the external standard

of sodium 3-(trimethylsilyl)propanesulfonate which gives a chemical

shift of 0.91 ppm for the methyl resonance.
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3.1 INTRODUCTION

The high resolution 1H NMR spectrum obtained from a suspension of

cancer cells or an excised soTid tumour is characteristic of lipids

(Mountford gt_al., 1982b). Other rapidly dividing cells have been shown

to give a simi1ar high resolution 1H NMR spectrum (Block, 1973; Nicoiau

§t_al., 1975, 1978; Mountford §t_al., 1982a). The first evidence that

the lipids responsibie were located in the plasma membrane was obtained

by comparing the 1H NMR spectrum of isolated membrane ghosts with that

of the intact viable celTs (Mountford gt__al., 1982b). To further

determine if the ce11u1ar Tipid present in the high resoTution 1H NMR

spectrum was part of the plasma membrane, intact cells were exposed to

153 3+ or 54 n2+
either Gd M . The Tocation of these radioactively Tabeiied

54Mn2+

membrane whereas the 153Gd3+ seTectiveTy bound to the membrane

metals indicated that was abTe to pass through the plasma

(Mountford §t_al., 1982b). These experiments paraTTeT those described by

Bergeison and Barsukov (1977) where Gd3+, unable to pass through the

vesic1e bilayer, broadened oniy the externa] Tipid moiecuies. In

contrast Mn2+, which is abie to pass through the bilayer, broadened a1]

resonances.

Most lipid moTecuies in the plasma membranes of ce1ls should

generate a 1H NMR spectrum of width about 10 KHz, even when the

membranes are in the Tiquid-crystaTTine state (Wennerstrbm and Lindeom,

1977; UTmius g£_gl., 1975; Bloom et_3l., 1977), due to the Tack of

averaging of dipoTar interactions to zero. In contrast, the narrow lines

originating from the membranes of cancer ceils are less than 10 Hz wide.

There are two potentia] mechanisms that can account for the narrow

lines associated with the protons in this system. The first invoTves

lipid molecules located at positions in the plasma membrane such that
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the principal axis of motional averaging makes an angle 6 with the

external magnetic field close to the “magic angle". The second

possibility is that the narrow lines are quasi-Lorentzian in nature

(Bloom gt_al., 1978; Nennerstrbm and Ulmius, 1976), and arise from small

structures which retain their integrity within the plasma membrane, or

closely associated with it, but allow molecules within them to tumble

isotropically and produce narrow resonances. To test these two

possibilities selective and non—selective T1 experiments were undertaken

on a suspension of cells (Mountford gt_gl., 1984a). Similar values were

obtained for the selective and non-selective T1 measurements, indicating

that lipids at the "magic angle" were not the source of the narrow 1H

resonances. The probability is that the lipids giving rise to the narrow

lines tumble isotropically, and are in domains which are not in

diffusive exchange with other lipids in the plasma membrane bilayer

(Mountford gt_§l., 1984a).

A major problem encountered in studies of cell or tissue samples is

the resolution and assignment of proton resonances to particular

cellular constituents. Lorentzian-Gaussian resolution enhancement of the

lipid methylene proton resonances near 1.2 ppm resolves four peaks, at

1.22, 1.23, 1.25 and 1.28 ppm, each of which can be examined separately

in an NMR relaxation experiment (Mountford gj;_al., 1984a, Chapter

1.7.3). However assignment of the resonances to specific protons is

difficult from one-dimensional spectra. Chemical shifts may be displaced

for molecules within the cell or tissue as a result of interactions

between cellular constituents (Daniels §§;§l., 1976, 1978). Differences

in magnetic susceptibility inside and outside the cell can also lead to

perturbation of chemical shifts (Fabry and San George, 1983).

In contrast two—dimensional scalar correlated spectroscopy (COSY)
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provides much information not available from a one—dimensional spectrum

(Wagner et_gl., 1981; Arseniev gt_al., 1982) by generating spectra which

allow spin system assignments based on spin-spin (scalar) coupling. By

use of a modified pulse sequence (Cross et_al., 1984) it has been found

that suspensions of intact viable cancer cells may be studied by

two—dimensional NMR methods.

In this Chapter, two—dimensional scalar correlated spectroscopy

shows that the NMR spectrum in rapidly dividing cells arises

predominantly from triacylglycerol. Since cells in tissue culture have a

tendency to accumulate cytoplasmic lipid droplets containing

triacylglycerol (Rosenthal, 1981; Schneeberger et_al., 1971; Stubbs gt

al., 1980) or diacylglycerol (Homa et_al., 1983; Rosenthal, 1981) it was

necessary to develop a methodology for the preparation of highly

purified plasma membranes to confirm the cell surface as a location for

the isotropically tumbling lipid domain.

3.2 RESULTS

3.2.1 Chemical Analysis of Crude Plasma Membranes
 

The chemical analyses of the crude plasma membranes isolated from

cancer cells and other embryonic or transformed cells known to give

narrow NMR lines are shown in Table 1. The triacylglycerol

(triglyceride) contents of the membranes are comparable in most cases,

with chicken fibroblasts and stimulated human lymphocytes showing the

highest values and greatest variation. Cholesteryl ester levels were

variable, with large standard errors for each cell type. The free

cholesterol levels were more uniform, both within and between cell

types.
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Table 1. Neutral Lipid Composition of Membranes from Different Cell Types.
 

Crude plasma membranes were isolated from 2.5 x 108 cells as described in

Chapter 2.2.1. Membranes from the 13762 and J clone cell lines were purified

4-fold with respect to plasma membrane markers. The values represent the mean i

S.E. as determined from assays run in duplicate on the number of experiments

indicated in parentheses. Data are expressed as nmol/mg of lipid. The

abbreviations used are: PBL, peripheral blood lymphocytes; PWM, pokeweed

mitogen; VBL, vinblastine.

 

Free Cholesteryl

Cell Type Triglyceride Cholesterol Ester

nmol/mg lipid

Rat mammary adenocarcinoma

Metastatic line 13762 (3) #3 i 4 278 i 21 #5 i 7

Non-metastatic J Clone (3) 38 i 3 236 i 9 6 i 6

CCRF-CEM

Sensitive (5) #7 i 2 167 i 31 28 i 11

Resistant to 20 ng/ml (5) 44 i 8 182 i 41 48 i 23

(VBL20)

Chicken Fibroblast (2) 81 i 18 191 i 22 55 i 25

a
Human PBL stimulated with (2) 245 i 15 256 i 17 1# - 290

PWM

 

a
The range of values has been indicated due to large variation in results.

3.2.2 Isolation of Purified Plasma Membranes from VBL7 Cells
 

Subcellular fractionation was carried out on CCRF-CEM cells made

resistant to 7 ng/ml vinblastine (VBL7) (Chapter 2.1.2). Discontinuous

sucrose gradient centrifugation of crude membrane preparations resulted

in the formation of three visible bands (Bl - 3) and a pellet (B4) on

the bottom of the tube (flow diagram, Figure 1; details, Chapter 2.2.2).

Bl contained the most highly purified plasma membrane fraction.
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HASHED CELLS

DISRUPTION BY NITROGEN

CAVITATION (TNTCE)

SPIN 1000 g a°c

NUCLEI , CELL /

DEBRIS (DISCARD)

TOTAL HOMOGENATE

SPIN 1ao,ooo g 1 h u°c

FLOATERS AT

TOP OF TUBE,

SUPERNATANT

CRUDE PLASMA MEMBRANES

HOMOCENIZE IN PBS

LAYER ON TOP OF DISCONTINUOUS SUCROSE GRADIENT JISPIN_106,OOO g 2 h 4°C

MEMBRANE BANDS

 

 

 

  

Figure 1. Flow diagram of the steps involved in the isolation of purified plasma

membranes.
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The extent of the purification was determined by markers for plasma

membrane and other cell constituents (Table 2). Band 1 (Bl), at the

junction of the 10 — 30% sucrose layers had the highest enrichment in

the plasma membrane marker, 5'nucleotidase (45-fold), and was enriched

in the other two plasma membrane markers to the same extent as band 2

(82). Band 1 was therefore regarded as the purest plasma membrane-

containing fraction. Recovery of 5'nucleotidase activity in this

fraction was 45 i 9% of that in the homogenate and recovery of protein

was 1.5 i 0.4%. Although the enrichment of 5'nucleotidase activity above

that in the homogenate was approximately 45—fold, the ratio of plasma

membrane markers to cytoplasmic, mitochondrial, and nuclear markers was

many times greater. The major contamination appeared to stem from

endoplasmic reticulum as evidenced by the enrichment of NADPH cytochrome

c reductase activity. Even so, the ratio of 5'nucleotidase activity to

endoplasmic reticuluni marker in band 1 was 11:1. Bands 2 - 4 were

mixed membrane bands containing varying levels of mitochondrial,

endoplasmic reticulum, lysosomal, and/or nuclear membranes in addition

to plasma membrane.

3.2.3 Electron Microscopy of Purified Plasma Membranes 

Additional confirmation of the purity of the plasma membrane

fraction was obtained by transmission electron microscopy. Band 1 was

comprised of membrane vesicles and whorls, some containing electron

dense material (Figure 2A). No lipid droplets were seen in the membrane

preparations. They were visible however in sections of whole VBL7 cells

(Figure 28). Electron dense material was aiways seen around the outsides

of the plasma membrane vesicles (Figure 2A). This type of material has

been reported before in leukaemic lymphoblast plasma membranes (e.g.



 

 

 

 

9
Table 2. Marker Enzyme Activity of Membrane Fractions from VBL7 Lymphoblasts. Plasma membranes were isolated from 4.5 x 10

cells by disruption using nitrogen cavitation followed by fractionation on a sucrose density gradient. The enzyme

activities were determined as described in Section 2.2.3 for the initial suspension (homogenate) after cell

disruption and the four density gradient bands as well as the supernatant from the density gradient centrifugation

and a band of lipid which separated on top of the supernatant (designated floaters). The enrichment was calculated

by the specific activity of the marker in each fraction divided by that in the homogenate. The values represent

mean t S.E. of two experiments. Band 1 is at the interface of the 10 and 30% sucrose layers; band 2 is at the

interface of the 30 and 48% layers; band 3 is at the interface of the 48 and 60% sucrose layers; and band 4 is the

pellet at the bottom of the 60% sucrose layer. (N.D. = not detected).

Enrichment

Enzyme Marker Band 1 Band 2 Band 3 Band 4 Floaters Supernatant

5‘-Nucleotidase 44.9 t 17.7 19.4 t 5.0 15.5 i 2.2 14.6 t 5.3 0.46 1 0.09 ND

Y-Glutamyltranspeptidase 12.6 i 3.3 11.1 i 2.9 5.0 i.0.4 0.6 i 0.6 ND 0.15 i 0.15

+ +
Na , K adenosine- 10.5 i 3.4 14.4 i 5.0 5.8 i 2.5 2.4 i 0.3 ND ND

triphosphate

Acid phosphatase 1.2 i 0.4 1.9 t 0.1 1.4 i 0.1 1.0 t 0.4 1.1 i 0.3 2.0 t 0.9

Lactate dehydrogenase 0.009 i 0.001 0.08 i 0.01 0.087 t 0.005 0.035 1 0.004 3.0 i 1.2 2.5 i 0.7

NADPH cytochrome c 4.0 i 0.2 6.8 t 1.4 9.0 i 0.6 6.7 i 2.6 1.5 i 0.2 0.9 t 0.2

‘ reductase

Cytochrome c oxidase 0.39 t 0.3 3.5 i 0.7 7.2 i 1.2 6.4 i 0.6 ND ND

DNA 0.079 i 0.007 0.11 i 0.02 0.39 i 0.03 1.1 i 0.5 0.021 t 0.004 0.015 t 0.003

 

98



Figure 2. Transmission electron microscopy of (A) purified plasma membranes (Bl) from

VBL7 cells and (B) sections of VBL7 cells, showing nucleus (N) lipid droplets (LD), <

mitochondria (M), endoplasmic reticulum (E), autophagocytic vacuoles (AV) and Golgi ‘

apparatus (G). The bars = 1 uM.
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Torrent-Quetglas gt__al., 1981) and since Melera and Cronin—Sheridan

(1976) reported cytoplasmic RNA associated with purified human

lymphocyte plasma membranes the possibility that it was RNA was

investigated. Band 1 membranes from VBL7 cells were incubated for 30 min

at 37°C with RNase A (0.24 IU, Sigma, E.C.3.11.34) before fixation, but

subsequent thin sections revealed no disappearance of the electron-dense

particles. No significant DNA contamination was present in band 1 (Table

2) and all cells used were mycoplasma-free.

3.2.4 Chemical Analysis of Purified Plasma Membranes

Chemical analysis of the major lipids (Table 3A) demonstrated that

the mean levels of free cholesterol and cholesteryl ester in the mixed

membrane bands (B3 - 4) approximated those found for the crude membrane ~

preparations of VBL20 cells (Table 1). In contrast, the mean level of

free cholesterol and cholesteryl ester in the Bl and 82 fractions was

higher. Some cholesteryl ester was detected in all the bands. The

presence of large amounts of free cholesterol is in itself an indication

of membrane purity (Yeagle, 1985) since the plasma membrane is the major

site of cholesterol accumulation. The decrease in free cholesterol from

Bl to B4 reflected the level of plasma membrane enrichment. In contrast,

the cholesterol-to-phospholipid ratio showed an increase over the

homogenate in bands 1 and 2.

The triglyceride content of bands 1 - 3 (Table 3B) was similar

within experimental error but the content of triglyceride in B4 was

elevated. Recovery was highest in fractions Bl - B3 (fraction 84

represents only a very small proportion of recovered protein).

Triglyceride accounts for 4.2% by weight of the total lipid in the

plasma membrane (Bl). It is very unlikely that triglyceride was trapped
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Table 3A Cholesterol and Phospholipid Composition of Membranes from VBL7 Lymphoblasts.

The lipid composition was determined for the homogenate and membrane bands

obtained by density gradient centrifugation, as well as for the supernatant

fraction and a band of lipid which separated on top of the supernatant

(designated floaters). The values represent the mean t 5.0. as determined from

assays run in duplicate on up to 8 different extractions (data are expressed as

nmol per mg of lipid).

Free Cholesterol Cholesterol to

Fraction Cholesterol Ester Phospholipid Phospholipid Ratio

Homogenate 121 i 23 56 i 24 577 i 154 0.22 t 0.02

Floaters 16 i 4 20 i 9 125 t 34 0.11 i 0.01

Supernatant 93 t 34 21 i 7 426 i 131 0.22 t 0.01

Bl 222 i 26 67 1 19 719 i 8 0.28 i 0.01

32 202 i 25 54 i 13 617 i 139 0.34 i 0.05

B3 165 i 29 68 i 6 708 i 97 0.23 i 0.05

B4 178 i 3 17 t 2 943 i 30 0.19 i 0.01

Table 3B Triglyceride Composition of Membranes from VBL7 Lymphoblasts. (data are
 

expressed as nmol per mg of lipid or protein).

 

Fraction Lipid Protein Recoverya

Homogenate 120 t 44 70 i 17 -

Floaters 303 i 25 132 t 76 37 i 12

Supernatant 152 i 54 18 i 1 39 i 14

B1 48 i 8 73 i 12 10 i 4

82 49 i 12 72 i 10 10 i 2

B3 55 i 8 69 i 2 11 t 2

B4 77 i 5 92 i 36 7 t 3

 

6Distribution of triglyceride was measured as a % of the total triglyceride

recovered. The 1000 g pellet was not assayed. Molecular weights of

triglyceride = 885, cholesterol = 387, cholesteryl ester = 650, phospholipid =

750.
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in the membrane bands from the triglyceride-rich floaters and

supernatant fractions since for Bl the ratio of the plasma membrane

marker 5'nucleotidase to the cytoplasmic marker lactate dehydrogenase

was 5000:1. Moreover no lipid droplets were seen in B1 by electron

microscopy (Section 3.2.3).

3.2.5 Comparison of 1H NMR Spectra of Intact Cells and Purified

Plasma Membranes

The fraction (Bl) was obtained from cells of the EBV-transformed B

cell line (JP) lysed hypotonically in 10 mM Hepes, pH 7.2 rather than by

nitrogen cavitation as in Chapter 2.2.2. It was enriched about 30—fold

in the plasma membrane marker 5'nucleotidase and was re-suspended in

PBS-D20 for NMR analysis. The 1H NMR spectra of JP cells and purified

plasma membranes are compared in Figure 3A and B and can be seen to be

almost identical in the 0 - 2.5 ppm regions. The region of 2.5 — 4 ppm

in the purified membranes was obscured by residual sucrose, hence that

portion of the spectrum is not included for comparison.

3.2.6 Identity of the Resonances in the 1H NMR Spectrum of Cells

The 1 H NMR spectrum of a suspension of VBL20 cells is compared with

the 400 MHz COSY spectrum of the same cells in Figures 4A and B. The 400

MHz COSY spectrum of triolein in CDCl3 is presented in Figure 4C. The

off-diagonal cross-peaks, labelled A-G, indicate spin-spin coupling

between protons on adjacent carbon atoms. The connectivities

corresponding to each acyl chain cross-peak (A-F), summarized in

Structure 1 (phospholipid) and Structure 2 (triglyceride), can be seen

in the spectrum of the leukaemic T cell line VBL20 (Figure 4B)

confirming the assignment of lipid acyl chain resonances in the spectrum
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1
Figure 3. #00 MHz H NMR spectra of (A) purified plasma membranes from JP ce'l‘ls,

8
suspended in PBS-020; (8) JP cells (1 x 10 ) suspended in PBS-020.
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of cancer cell plasma membranes. Two-dimensional NMR spectroscopy also

identified the lipid acyl chains as components of triglyceride.

Triglyceride possesses a unique cross-peak G' at 4.3 ppm resulting from

the geminal protons of carbons 1 and 3 of the glycerol backbone

(Structure 2 and Figure 4C). This resonance is 0.1 ppm downfield from

the corresponding glycerol resonance (Structure 1) in the phosphatidyl-

choline spectrum. Furthermore, no cross-peaks from a glycerol methylene

adjacent to a phosphatidylcholine group, H, (Cross gt_gl., 1984) were in

evidence in the cell spectrum, nor was the cross—peak J due to the

choline head group. The cross—peak group D is not present in Figure 4C

as triolein has only one olefinic group in each acyl chain. However, the

absence of C in the cell spectrum (Figure 4B) was unexpected and while

this cannot be due to the complete absence of carbon-carbon double bonds

(evident by the presence of D) it may suggest a low level of olefinic



Figure #. Symmetrized COSY Spectra. (A) 1H NMR spectrum (#00 MHz) of a suspension of

VBL20 cells (1 x 108) in PBS-D20. (B) COSY spectrum of the same VBL20 cell suspension. (C)

Triolein in CDCl3 solution (20 mg/ml). Lipid acyl chain and glycerol backbone

connectivities are indicated. (D) Supernatant from VBL20 cells (2.0 x 108). The COSY

spectrum was recorded as for VBL20 cells. The assignments of the cross-peaks are shown in

Structure 2 which is described in the text. All spectra were obtained at 37°C except for

triolein which was measured at 25°C. Sine-bell and Gaussian (line broadening = -16,

Gaussian broadening = 0.22) window functions were appiied in the t1 and t2 domains,

respectively (Cross gt_al., 1984 and Chapter 2.12.3). Lipid acyl chain and glyceroi

backbone connectivities are indicated.



 

W“!

c
m

 

  9L  
 
 

9444

F

  

 

 
 

  
 

 

x
v
;

 



93

groups or that this cross-peak was not observed for dynamic reasons. The

cross—peak G is rarely observed in cell systems. However in the 20

spectrum of triolein in CDCl3 (Figure 4C) this cross-peak is much less

intense than 6' and its absence in cell spectra may be due to a low

signal to noise ratio.

In order to determine which cross—peaks in the cell spectrum

originated from non-membrane components such as metabolites, cell

lysates were examined. After the membranes and nuclei were spun down as

in Chapter 2.2.4, the supernatant, which contained only soluble

components, accounted for all the remaining cross-peaks not generated by

the triglyceride molecule in this cell line except that connecting

resonances at 1.7 and 3.0 ppm (Figure 4D). This latter cross-peak had

the same chemical shifts as one occurring in the 2D spectrum of a

ganglioside mixture, and had thus been tentatively assigned to the

oligosaccharide head group of a ganglioside. Lactate was present in the

cell supernatant at 220 ug/lO8 cells and might account for the

cross-peak connecting resonances at 1.3 ppm and 4.2 ppm.

The amounts of free cholesterol and cholesteryl ester were variable

in the crude plasma membrane preparations (Table 1). A cross-peak

connecting resonances at 0.9 and 1.4 ppm from the methyl and methine

protons of the alkyl side chain of the cholesterol ring system, denoted

Z in Figure SB, can be observed in the spectra of many cancer cells.

This suggests the presence of cholesterol and/or cholesteryl ester in

the neutral lipid domain of the rat mammary adenocarcinoma cell line J

clone (Figure SB). In contrast, the VBL20 cell line (Figure 4B and C)

did not display this cross-peak, the absence of which may be accounted

for by a difference in cholesterol and/or cholesteryl ester composition

or by the location of the free cholesterol in the bilayer rather than in
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the neutral lipid domains.

Human lipoproteins are rich in cholesteryl ester and triglyceride.

A possibility for the anomalously narrow 1H NMR lines in cancer cells is

that the neutral lipid domains may be akin to those in lipoproteins. The

COSY spectrum in Figure 5A shows that, except for the cross-peaks G and

D (which has a very low intensity in the J clone cells and is not always

observed), the cell spectrum was accounted for in terms of the

triglyceride-rich VLDL spectrum plus that of the cellular metabolites.

The two-dimensional NMR spectra of diacylglycerols (diglycerides)

were essentially indistinguishable from those of triglycerides since the

acyl chain connectivities were identical. TLC quantitation of 1,2

diglycerides in the crude membranes of the J clone and VBL20 cell lines

(Methods, Chapter 2.3.2) has shown levels less than 5% of the

triglyceride content. 1,3 diglycerides and monoglycerides were not

detected.

3.3 DISCUSSION AND CONCLUSIONS
 

For the first time, a highly purified plasma membrane fraction has

been prepared from an ALL cell line. The nitrogen decompression method

of cellular disruption was found to provide a better yield of broken

cells and intact nuclei than other disruption techniques, such as

hypotonic lysis, or mechanical homogenisation. Moreover large cell

numbers (4 — 6 x 109) could be treated as one batch thus speeding up the

isolation procedure. Other advantages of the method were the inert

atmosphere used, the lack of localised heating, and the isosmotic

conditions during lysis of the cells (Wallach and Kamat, 1964, 1966).

A comparison of membrane preparations from lymphoid cells of

various types was published by Monneron and d'Alayer (1978). The purity
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Figure 5. Symetrised COSY Spectrum. (A) VLDL in NaCl -DZO (from healthy human donors)

(8) A suspension of J clone cells (1 x 108) in PBS-D20. Window functions (line broadening

= -16, Gaussian broadening = 0.22) were applied in the t1 and t2 domains, respectively.

Lipid acyl chain and glycerol backbone connectivities are as indicated. 2 denotes the

cross-peaks between the methyl and methine protons of the alkyl side chain of the

cholesterol ring system.
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and yield of .the VBL7 membranes compared favourably with the best

membrane preparations described. The VBL7 membranes were enriched

45-fold in 5'nucleotidase with a 45% recovery of activity and 1.5%

recovery of total protein. Enrichment of other lymphoid plasma membranes

in the activity of 5'nucleotidase above that in the homogenates varied

from 3.9 - 36-fold. Recovery of 5'nucleotidase activity in plasma

membranes ranged from 0.7 to 55% of that present in the homogenate and

recovery of protein ranged from 0.5 - 2.1% (Monneron and d'Alayer,

1978).

No extrinsic plasma membrane marker was used such as 125I—labelling

by lactoperoxidase-catalysed radioiodination or wheat germ agglutinin,

thus the possibility of some activation of 5'nucleotidase during

purification cannot be ruled out.

The cholesterol to phospholipid ratio of the most highly purified

plasma membrane fraction, B1 was 0.28. This is lower than published

values for other human lymphoid cells, both cultured and circulating

(Table 4). The parameter usually quoted to describe membrane "fluidity“

or molecular motion is the cholesterol/phospholipid ratio (Van

Blitterswijk, 1984). By this criterion VBL7 leukaemic lymphoblasts have

unusually mobile lipids in their plasma membrane.

The triglyceride and cholesteryl ester content of plasma membranes

has been reported only rarely in the literature and then only for rat

and mouse liver. Some of the few available data are listed in Table 5A

so that they can be compared with the data in Table 33. There is a wide

range of values for rat liver and hepatomas obtained in different

laboratories.

Triglyceride and cholesteryl ester comprised 4.2% and 4.4% of the

total lipid weight in lymphoblast plasma membranes. The corresponding
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Table 4 Cholesterol/Phospholipid Molar Ratios in Plasma Membranes from Human Lymphoid

 

 

 

Cells

Non-cultured Human Cells

Leukaemic

CLL 0.38 Marique and Hildebrand, 1973.

0.54 Liebes et al., 1981.

ALL 0.39 Petitou et al., 1978.

Hairy Cell 0.66 Liebes et al., 1981.

Cultured Human Lymphoblastoid Cell Lines

Molt 4F 0.# Pratt et al., 1978

Burkitt's Lymphoma 0.56 Boland and Tweto, 1980.

Normal

Lymphocytes 0.67 Petitou et al., 1978.

0.55 Liebes et al., 1981.

Monocytes 0.60 Liebes et al., 1981.

 

CLL = chronic lymphoblastic leukaemia; ALL = acute lymphoblastic leukaemia.

figures are 7.0% and 2.5% for mammalian liver plasma membranes (Table

SB). On a protein basis the amount of triglyceride in lymphoblast plasma

membranes (73 nmol/mg) is comparable with that of most hepatomas (Table

5A). On a lipid weight basis the amount of triglyceride (48 nmol/mg) is

about half of the mean value for the livers and hepatomas, but the

cholesteryl ester (67 nmol/mg) is equal to the highest value on Table

5A.

Chang liver cells (a virally-transformed human cultured cell line)

and fresh rat liver hepatocytes were donated to this laboratory by the

Commonwealth Health Department. Both gave high resolution 1H NMR

spectra, similar to those of the cells listed in Table 1. This is

consistent with their having a relatively high triglyceride content in

their plasma membranes such as found by van Hoeven and Emmelot (Table

5A).
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Table 5.

A. Triglyceride and Cholesteryl Ester Content of Plasma Membranes from
 

Mammalian Liver

 

Cholesteryl Cholesteryl

Triglyceride Ester Triglyceride Ester

(n/mol/mg protein) (n/mol/mg lipid)

Rat Liver 35 3 77 8

Rat Hepatoma 484A 111 61 122 67

Mouse Liver 43 8 _ 85 16

Mouse Hepatoma 147042 45 21 81 37

Mouse Hepatoma 143066 65 32 122 56

(Data calculated from van Hoeven and Emmelot, 1972)

Rat Liver 5.6 2.1

Rat Hepatoma 7288TC 0.7 0.9

(Data calculated from Upreti et al., 1983)

Rat Liver 96 47

(Data calculated from Keenan and Morré, 1970)

Rat Liver 61 23

(Data calculated from Lee et al., 1973)

 

B. Triglyceride and Cholesteryl Ester Profiles of Isolated Subcellular
 

Membrane Structures of Mammalian Liver (taken from van Hoeven and

 

Emmelot2 1972)

Weight % of Total Lipid

Triglyceride Cholesteryl Ester

Plasma Membranes 7.0 2.5

Lysosomal Membranes 2.5 8.0

Nuclear Membranes 4.0 1.0

Endoplasmic Reticulum Membranes 5.0 1.0

Golgi Membranes 16.0 4.5

Mitochondrial Membranes 9.0

(triglyceride, cholesteryl ester and

fatty acid)

 

Elevated levels of triglyceride have been found in a 9-fold

enriched plasma membrane preparation from the rat mammary adenocarcinoma

J clone subline. Chemical analysis showed the Bl fraction to contain 183

nmol/mg of lipid which is higher than the levels for liver in Table 5A.



99

The data thus support the NMR assignments in Figure 5.

The data in Table 3B suggest that triglyceride is present in all

membrane fractions and indeed increased amounts of triglyceride have

been found recently in mitochondrial membranes of rat liver, the rapidly

dividing foetal cells containing four times as much as the adult cells

(Harsas gt_gl., 1985). Triglyceride is present as a major component in

all other membrane fractions in mammalian liver (Table 5B, data from van

Hoeven and Emmelot, 1972). Cholesteryl ester is present in smaller

amounts.

There is biochemical evidence for heterogeneity in protein and

lipid components of plasma membranes (de Pierre and Karnovsky, 1973).

The use of multiple plasma membrane markers is widespread, so that the

distribution of all the fragments of the plasma membrane can be followed

during gradient separations. The enrichment of band 1 in Table 2 is

45—fold with respect to 5'nucleotidase activity but only 13-fold and

11—fold with respect to y-glutamyl transpeptidase and Na+K+ ATPase

respectively. Both of these last two enzymes appeared uniformly

distributed in bands 1 and 2. Moreover the cholesterol/phospholipid

ratio appeared to be higher in band 2 than band 1 (Table 3A). The

non-uniform recovery and enrichment of plasma membrane markers has often

been reported in cell membranes from lymphoid cell lines (e.g. Koizumi

gt_al., 1981; Maler and Riordan, 1980; Monneron and d'Alayer, 1978).

While differences in stability of marker enzymes during the isolation

procedure might contribute, the domain structure of the plasma membrane

predisposes toward the isolation of membrane vesicles of different

enzymic composition, such as those separated from murine T lymphocytes

by Hoessli and Rungger-Brflndle (1983).
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CONCLUSIONS

Chemical analysis of VBL7 plasma membranes from T leukaemic

lymphoblasts has detected the presence of unusually high levels of

triglyceride and cholesteryl ester. The presence of these lipids

provides an explanation for the narrow 1H NMR resonances originating

from the plasma membranes of embryonic and transformed cells. Since

triglycerides and cholesteryl esters are regarded to be non-bilayer

components, they are likely to exist as separate neutral lipid domains

in or attached to the plasma membrane. These neutral lipids are also the

major components of the serum lipoproteins which bind to receptors on

cellular surfaces (Brown et al., 1975). The 1 H NMR spectrum of cancer

cells is accounted for mainly in terms of the triglyceride - rich very

low density lipoprotein spectrum plus that of the cellular metabolites.

Properties of the various lipoproteins and their resemblance to cell

surface domains will be considered further in later Chapters.
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4.1 INTRODUCTION

Vinblastine (Figure 1) is an alkaloid from the plant, Vinca rosea

linn., which has been extensively employed in cancer chemotherapy

because of its wide spectrum of activity. The antitumour effect has been

attributed to its high affinity for tubuTin, the basic protein subunit

of microtubules. As a result the mitotic spindle is disrupted and cells

are arrested in metaphase (Jackson and Bender, 1978).

 

I H0 cooc
CH3 ”3

Figure 1. Structure of vinblastine.

One feature associated with the use of vinblastine is the

development of muTti-drug resistance (Chapter 1.6). This means that

tumour celTs become resistant not only to vinblastine, but also to

structurally unreTated drugs such as the anthracyclines and coTchicine.

Most studies of vinca alkaToid resistance in vitro are undertaken

on cultured ceTTs resistant to very high leveTs of drug e.g. in the

ug-mg/ml concentration range which is 100 - 1000-fold more resistant

than the sensitive cell lines. However, resistance to lower leveTs of
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drug is more likely to be encountered in cancer patients.

Increased vinblastine binding has been reported in membrane

vesicles from multi-drug resistant human KB carcinoma ce115, compared

with sensitive ce11s (Cornwell gt_gl., 1986). It is possible that the

binding site is the P-g1ycoprotein, which is over-produced in drug-

resistant cells (Juliano and Ling, 1976) and which may function as an

ion pump on the plasma membrane (Gerlach gt_al., 1986).

When human Teukaemic lymphoblasts (CCRF—CEM) are made resistant to

very low 1evels of vinb1astine (10 - 20 ng/ml; 5 - 20-fold) changes in

the cellular lipid spectrum can be detected by 1H NMR spectroscopy

(Chapter 1.7.3; Mountford et;_al., 1986a). An immediate effect was

noticed on the methy1ene resonances in ceTTs chaTTenged with

vianastine. This effect was different in sensitive and resistant ceTTs.

The methylene resonance in the spectrum of leukaemic 1ymphob1asts

made resistant to 7 ng/ml vinb1astine (VBL7) originates from neutral

1ipid forming part of an isotropically-tumbling plasma membrane domain

(see previous Chapter). A comparison of the lipid composition of plasma

membranes from vianastine-resistant cells with those from the sensitive

parent line CCRF—CEM is reported in this Chapter.

The development of drug resistance has been associated with the

appearance of a1tered microtubule and mitochondrial-associated proteins

(Gupta and Gupta, 1984; Gupta gt_gl., 1985). Moreover, in multi-drug

resistant cells, active transport mechanisms have been proposed to

account for the reduced accumu1ation of drugs such as daunomycin,

vincristine and vinblastine which is typica] of such cells (reviewed by

Danp gt_al., 1983). This suggests that not only the permeability of the

plasma membrane and the production of the P-glycoprotein, but also the

functional integrity of the intrace11u1ar membranes invoived in energy
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production are important in the mechanism of multi-drug resistance. To

this end the composition of whole cells, both sensitive and resistant,

was investigated in addition to plasma membrane studies.

Evidence is provided in this chapter for alterations to the lipid

content of both whole cells and purified plasma membranes when leukaemic

lymphoblasts are made resistant to low levels of vinblastine. Cellular

accumulation of the drug might consequently be affected.

4.2 RESULTS

4.2.A COMPARISON OF THE LIPID COMPOSITION OF SENSITIVE AND
 

RESISTANT WHOLE CELLS
 

4.2.A.1 The Neutral and Total Phospholipid Composition of Whole
 

fls.
The generation and characterisation of human acute leukaemic

lymphoblasts resistant to 7, 15 and 20 ng/ml of vinblastine (called

VBL7, 15 and 20) is described in Chapter 2.1.2.

The total lipid, protein and cholesterol content were all

significantly higher in VBL20 cells than the sensitive parent line

CCRF-CEM. Phospholipid, cholesteryl ester and triglyceride mean values

were also higher, but more samples need to be analysed to establish a

statistical difference. The raised lipid, protein, cholesterol and

phospholipid content suggested that membrane material might be increased

inside resistant cells since the size of these cells is not larger

(Chapter 2.1.2).
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Table 1 Whole Cell Lipid and Protein Composition of Sensitive and VBL20 Cells.
*

Results are means i $.D. from at least 5 experiments. Indicates

 

resu1ts significantly different by the Mann-Whitney U Test. For

the purposes of calcu1ation, phosphorus was assumed to constitute

4% of phospholipid. The molecular weights of phospholipid,

triglyceride, and cholesteryl ester were taken as 750, 885 and 650

 

respective1y.

SENSITIVE RESISTANT

*
Total ipid 1.37 1 0.23 1.97 i 0.46

(mg/10 cells)

*
Free cho esterol 231 i 40 320 t 135

(nm01/10 cells)

Ester ch lesterol 1h2 i 53 162 t 56

(nm01/10 cells)

Phospho1'pid 940 i 185 12k5 t 261

(nm01/10 cells)

Triglyce ide 135 i 25 172 i 48

(nm01/10 cells)

*
Protei 2.62 i 0.4 0.54 i 0.7

(mg/10 ce115)

Cholesterol (921) 0.22 i 0.05 0.29 i 0.05

Phospho1ipid (m01)

 

4.2.A.2 Transmission Electron Microscopy of Thin Sections of Cells

The observation that VBL20 ce1ls contained more lipid and protein

and hence possibly more membranes (Table 1) 1ed to the examination of

sensitive and resistant ce1ls by transmission electron microscopy. Two

major differences were observed. The sensitive ce11s appeared to have

mitochondria] profiles where the cristae were either absent or poorly

developed (Figure 2A), despite the doub1e membrane remaining intact.

This is normal for mitochondria of leukaemic 1ymphob1asts (Schumacher 3;

El. 1973). In contrast, the mitochondria] profi1es of the resistant
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Figure 2. (A) Transmission electron micrograph of sensitive CCRF-CEM cells

illustrating degenerate mitochondrial profiles (DM) and an autophagocytic vacuole (AV).

Bar = l u m. (B) VBL20 cells showing increased numbers of mitochondrial profiles (M). A

number of small autophagocytic vacuoles (AV) can be seen in the top right hand cell. Bar

1pm.
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cells appeared more numerous and to have well developed cristae (Figure

2B). Vinblastine-resistant cells were found to have increased

respiratory capacity when compared with sensitive cells. This study is

included in Appendix 1. In addition, autophagocytic vacuoles bounded by

a single membrane were seen more frequently in resistant cells. Thus

increased organellar content was consistent with the increased

cholesterol, total lipid, total protein and phospholipid levels (Table

1).

4.2.A.3 Phospholipid Species Composition of Whole Cells
 

The total lipid of most membranes consists of 50 — 80% by weight of

phospholipids and changes in these can affect [nembrane permeability.

Differences in the relative quantities of phospholipid species between

sensitive and VBL20 cells were observed (Table 2). The resistant cells

contained 2.5% more SPH, 2% more CL, 4% less PE and 1% less PS, but no

significant differences in PI or PG content. The increase by 4% in the

positively charged phospholipids (PC + SPH) was balanced by a 5%

decrease in negatively charged phospholipid (PE + PS). The increase in

cardiolipin, a mitochondrial inner membrane marker (Krebs gt_al., 1979)

is in accord with the suggestion in Figure 2A that there are more

mitochondria with cristae in VBL20 cells.

4.2.A.4 Ether—linked Phospholipid Species Composition of whole

Cells

The structure of ether-linked lipids is shown in Chapter 1.3.4. The

ether—linked phospholipid content of the resistant cells was 34% of the

total phospholipid compared with 24% in the sensitive cells. In terms of

total cell lipid these figures were 22% for resistant cells and 13% for
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Table 2 Phospholipid Species Composition of Sensitive and
 

VBL20 Whole Cells

 

Sensitive Resistant

(% by weight of total)
 

Origin + Lyso PC 0.3 t 0 0.2 i 0.1

Sphingomyelin (SPH) 3.0 t 0.2 5.5 i 0.3

Phosphatidyl Choline (PC) k4.3 i 0.1 45.5 i 1.4

Phosphatidyl Ethanolamine (PE) 30.7 i 0.1 26.6 i 0.4

Phosphatidyl Serine (PS) 5.8 i 0.4 #.9 i 0.1

Phosphatidyl lnositol (PI) 7.7 i 0.4 8.1 i 0.1

Phosphatidyl Glycerol (PC) 1.3 i 0.9 0.9 i 0.0

Cardiolipin (CL) 6.8 t 0.1 8.7 i 1.2

 

sensitive cells.

Differences were also found when the individual phospholipids were

separated into their 1,2—diacyl, l-O-alkenyl-Z-acyl and 1—0-alkyl—2—acyl

components (Methods, Chapter 2.3.7). Resistant cells had 10% more

l—O-alkyl-Z—acyl PC and 27% more l-O-alkenyl-Z-acyl PE with concomitant

decreases in 1,2-diacyl PC (10%) and 1,2-diacyl PE (27.5%). The amounts

of l-O-alkenyl-Z-acyl PC and l—O-alkyl-Z-acyl PE remained the same

(Table 3). 0f the phospholipid assayed in Table 2, only PE and PC

contained measurable amounts of ether—linked species.
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Table 3 Distribution of Acyl and Ether-linked Chains in
 

Whole Cell Phospholipid Analyses of Sensitive and
 

Resistant Lymphoblasts

 

(% by weight of phospholipid)

Sensitive Resistant

% of PC or PE % of PL % of PC or PE % of PL
 

 

BE

1,2-diacyl 80.2 i 4.9 35.5 70.6 1 k.7 32.1
1-0-alkenyl 5.1 i 1.0 2.3 5.1 i 3.4 2.3

1-O-alky1 14.7 t 3.4 6.5 24.3 i 1.6 11.1

BE

1,2-diacyl 50 t 7.5 15.4 22.5 i 9.0 5.9

1-O-alkenyl 42.8 i 7.2 13.1 69.7 i 9.2 18.5

1-0-alky1 7.1 i 0.3 2.2 7.8 i 0.2 2.1

 

PL = phospholipid.

4.2.B COMPARISON OF THE LIPID COMPOSITION OF PURIFIED PLASMA
 

MEMBRANES FROM SENSITIVE AND VINBLASTINE-RESISTANT CELLS
 

4.2.8.1 The Isolation of Purified Plasma Membranes from Sensitive

and VBL15 Cells

Since lipid changes were observed in whole cells made resistant to

vinblastine, it was pertinent to examine which of these was located in

the plasma membrane. Alterations to the structure or composition of this

membrane might affect permeability to the drug.

Membrane fractions were obtained by sucrose density gradient

centrifugation (Methods, Chapter 2.2.2) from sensitive CCRF-CEM cells.

The distribution of marker enzyme activity from the sensitive cells is

shown in Table 4. Band 1 at the junction of the 10 - 30% sucrose layer
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was the purest plasma membrane—containing fraction and although the

enrichment over the homogenate is 32-fold, the ratio of plasma membrane

markers to cytoplasmic, mitochondrial, and nuclear markers is many times

greater. The major contamination arose from the endoplasmic reticulum as

is evident by the enrichment of NADPH cytochrome c reductase activity.

Even so, the ratio of plasma membrane to endoplasmic reticulum markers

in band 1 was 19:1. There was no mitochondrial contamination in band 1

since no cytochrome c oxidase activity was detected.

Bands 2 — 4 were mixed membrane bands containing varying levels of

mitochondrial, endoplasmic reticulum, lysosomal, and/or nuclear

membranes in addition to plasma membrane. The recovery of

5'-nucleotidase in band 1 of the sensitive cell membranes was 59.5% and

the sensitive cell membrane purification was comparable with that for

VBL7 cell membranes (Chapter 3.2.2).

Membrane fractions were also obtained from cells which were more

resistant to vinblastine (VBL15) compared with those used in Chapter 3

(VBL7). The distribution of marker enzymes and degree of purification of

the plasma membrane fraction, Bl, from VBL15 cells was similar to that

obtained from both the sensitive and VBL7 cells.

4.2.3.2 The Neutral, Total Phospholipid and Ether-linked Lipid
 

Composition of Purified Plasma Membranes
 

A comparison of the composition of all subcellular fractions

obtained from sensitive cells and resistant (VBL15) cells is presented

in Table 5. Fraction Bl was the purest plasma membrane band in both

cases.



Table 4 Marker Enzyme Activity of Membrane Fractions from Sensitive Lymphoblasts. Plasma membranes were isolated from 4.5 x 109 celis

by disruption by nitrogen cavitation followed by fractionation on a sucrose density gradient. The enzyme activities were

determined as described in Section 2.2.3 for the initial suspension (homogenate) after cell disruption and the four density

gradient bands as weil as the supernatant from the density gradient centrifugation and a band of 1ipid which separated on top

of the supernatant (designated floaters). The enrichment was calculated by the specific activity of the marker in each

fraction divided by that in the homogenate. The values represent mean i S.E. of two experiments. Band 1 is at the interface

of the 10% and 30% sucrose 1ayers; band 2 is at the interface of the 30% and 48% layers; band 3 is at the interface of the

48% and 60% sucrose layers; band 4 is the pellet at the bottom of the 60% sucrose layer. ND = not detected

 

 

ENRICHMENT

Enzyme Marker Band 1 Band 2 Band 3 Band 4 Floaters Supernatant

5‘-Nucleotidase 32.5 i 7.5 23.3 t 7.9 18.2 i 6.5 20.4 0.065 t 0.065 0.22 i 0.04

Y-Glutamyl transpeptidase 7.1 i 0.8 10.1 i 1.2 2.8 t 0.1 1.1 t 0.2 ND 0.075 t 0.075

Na+, K+ adenosinetriphosphatase 8.0 i 0.1 9.4 i 1.5 3.1 t 0.3 2.5 i 1.7 ND ND

Acid phosphatase 0.62 i 0.12 1.65 i 0.20 0.43 i 0.01 0.15 t 0.15 0.5 i 0.1 0.83 t 0.07

Lactate dehydrogenase 0.0029 x 0.0010 0.051 i 0.003 0.026 1 0.002 0.0032 i 0.0032 2.2 1 0.1 2.5 i 0.3

NADPH Cytochrome c reductase 1.7 i 0.3 5.6 i 1.7 3.58 i 0.08 2.25 i 0.10 0.73 i 0.34 1.66 t 1.10

Cytochrome c oxidase NIL 2.0 i 0.6 3.6 i 0.6 2.3 t 0.1 ND ND

DNA 0.06 i 0.01 0.09 i 0.03 0.39 i 0.02 1.5 i 0.7 0.009 t 0.002 0.008 t 0.002

 

ZI
I
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Triglyceride was present in all membrane fractions of both

sensitive and resistant cells, although the highest concentration was

again in the supernatant and floaters fractions (c.f. Chapter 3). No

difference was observed between sensitive and resistant cells in the

levels of triglyceride present in any of the membrane fractions although

the floaters and homogenate from the sensitive cells had a higher

content (Table 5).

Small amounts of cholesteryl ester were present in all membrane

fractions from the sensitive cells, but none was detected in the VBL15

membrane fractions (Table 5). Since cholesteryl ester was present in

VBL7 membranes (Chapter 3), it is unlikely that the cholesteryl ester

content of the membranes is correlated with drug resistance. In contrast

to cholesteryl ester, free cholesterol was present in larger amounts in

all VBL15 membrane fractions, including the plasma membrane (Bl). Total

phospholipid was also higher in the plasma membrane fraction (Bl) and B3

and B4 membrane fractions from VBL15 cells.

The cholesterol to phospholipid ratio was highest in the 81 and 82

fractions in both sensitive and resistant cells (Table 6) as a

consequence of their high plasma membrane content. There was no

difference in this ratio between sensitive and resistant plasma

membranes (Bl). The triglyceride to phospholipid ratio was lower in the

Bl fraction from the VBL15 cells than in the sensitive cell 81 fraction.

This was the result of an increased phospholipid content rather than

decreased levels of triglyceride (Table 5). Similar amounts of

triglyceride were recovered in membrane fractions from both sensitive

and VBL15 cells.
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Lipid Composition of Membrane Fractions from Sensitive and VBL15

Lymphoblasts. The lipid composition was determined for the homogenate

and membrane bands from the density gradient centrifugation, as well as

for the supernatant fraction and a band of lipid which separated on top

of the supernatant (designated floaters). The values represent the mean

i 8.0. as determined from assays run in duplicate on up to 8 different

extractions (data are expressed as nmol per mg of lipid). Values marked

(*)

resistant plasma membranes. ND = Below the level of detection i.e. < 1.0

nmol/mg lipid.

A. SENSITIVE CELL MEMBRANES

are regarded as being significantly different in sensitive and

 

 

 

Free Cholesteryl

Fraction Cholesterol Ester Triglyceride Phospholipid

Homogenate 127 i 25 52 i 19 157 i #1 677 i 29

Floaters 20 i 8 21 i 1 540 i 86 88 i 43

Supernatant 60 i 33 34 i 8 189 i 85 215 i 136

B1 * 186 i #1 22 i 3 63 i 19 * 585 t 54

32 200 i 13 3# i 7 51 i 16 6h2 i 129

B3 156 i #4 21 i 6 62 i 24 653 i 138

84 66 i 26 40 i 20 68 i 31 29# i 80

B. VBL15 CELL MEMBRANES

Free Cholesteryl

Fraction Cholesterol Ester Triglyceride Phospholipid

Homogenate 206 i 7 ND 82 i 2 622 i 3

Floaters 46 i 27 12 t 9 288 i 16 252 i 80

Supernatant 77 i 22 70 i 10 291 201 i 30

B1 * 273 i 4 ND 66 i 1 * 770 i 25

32 272 ND 53 t 6 578 i 191

B3 281 t 13 ND 76 i 5 1027 i 56

EA 178 t 45 ND 71 i 1 850 i 114
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Table 6 Lipid Ratios and Triglyceride Recovery in Membrane Fractions from Sensitive
 

and VBL15 Lymphoblasts.

A. SENSITIVE CELL MEMBRANES

 

Cholesterol to Triglyceride to % Triglyceridea

Fraction Phospholipid Ratio Phospholipid Ratio Recovery

Homogenate 0.19 t 0.02 0.20 i 0.04 -

Floaters 0.24 i 0.04 3.86 i 0.76 37 i 9

Supernatant 0.27 i 0.07 0.39 t 0.08 34 i 4

Bl 0.32 t 0.08 0.12 t 0.02 8 i 3

82 0.33 i 0.05 0.08 i 0.03 10 1 4

BB 0.24 i 0.08 0.10 t 0.05 6 i 3

B4 0.23 i 0.02 0.10 i 0.06 5 i 3

 

B. VBL15 CELL MEMBRANES

 

Cholesterol to Triglyceride to % Triglyceridea

Fraction Phospholipid Ratio Phospholipid Ratio Recovery

Homogenate 0.31 1 0.002 0.012 t 0.00 -

Floaters 0.23 t 0.05 1.43 t 0.13 * 26

Supernatant 0.30 i 0.07 1.15 52

B1 0.35 i 0.009 0.09 i 0.003 6

82 0.47 t 0.10 0.09 t 0.03 5

B3 0.27 i 0.01 0.07 i 0.003 6

B4 0.21 t 0.03 0.08 t 0.009 6

 

a
Distribution of triglyceride is measured as a % of the total

*
triglyceride recovered. The 1000 g pellet was not assayed. Since one

supernatant assay for triglyceride was lost, a recovery for only one

membrane fractionation was obtained in the VBL15 cells.

The lipid and protein contents of the plasma membrane (Bl) fractions

isolated from sensitive cells and cells with varying degrees of

resistance are presented in Table 7. The cholesterol to phospholipid

ratio was similar, within experimental error, in all lines. Triglyceride

and cholesteryl ester levels showed no trends, but free cholesterol and

total phospholipid were higher in the plasma membranes of all the drug

resistant cells (VBL7 - 20). The ether—linked lipids showed some

significant differences, with almost three times the l-O-alkyl

phospholipid content in the resistant cell membranes. A smaller increase

in 1-0-alkenyl phospholipid was observed also (Table 7).



Table 7 The Lipid Composition of Lymphoblast Purified Plasma Membranes Showing Varying Degrees of Resistance

to Vinblastine. All comparisons are made with 81 fractions isolated from cells as in Chapter 2.2.2. The

results are means and standard deviations of at least three experiments and are expressed as nmol/mg

total lipid. The values for the ether lipids and protein/lipid ratios are presented as a composite of

resistant and sensitive cell membrane values as indicated by the brackets. Two sets of data were obtained

from sensitive cells analysed some years apart and grown in different batches of foetal calf serum. T6 =

triglyceride; CHOL = free cholesterol, CE = cholesteryl ester; PL = phospholipid. Molecular weights

assumed for ether-linked T6 = 871 and for ether-linked PL = 736.

 

Protein to Cholesterol 1-0-alkyl 1-0-alkenyl

Sample Lipid Ratio to PL ratio TG CHOL CE PL TG PL TG PL

5 ,t, 0.23 t 0.02 51 t 25 140 i 2 18 i 0 596 i 67
e"5:1‘ve 0.78 t 0.19 96 1 26 99 x 41 < 1 32 1 5
°e ‘ 0.32 i 0.08 63 i 19 186 i 41 22 i 3 585 i 50

VBL7 0.31 i 0.002 48 x a 222 1 26 67 i 19 719 i 8

VBL15 0.48 i 0.13 0.35 i 0.01 66 i 1 273 i 4 < 1 770 i 25 85 i 19 275 i 78 < 1 41 t 0

VBL20 0.32 1 0.04 70 i 15 263 i 50 < 1 807 i 71

 

9
H
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A comparison of the ether-linked phospholipid content of purified

plasma membranes and whole cells, calculated from Tables 3 and 7 in this

Chapter, is presented in Table 8. In both cases the content of 1-0-alkyl

phospholipid was higher in drug—resistant cells. The 1-0-alkyl

phospholipid formed a higher proportion of the total phospholipids in

purified plasma membranes than in whole cells. Conversely the alkenyl

phospholipid was lower in plasma membranes.

4.2.8.3 The Fatty Acid Composition of Plasma Membrane Lipids

Alterations to the fatty acyl chain composition also occurred in

cells with low level resistance to vinblastine (Table 9). The total fatty

acid content of the purified plasma membrane fraction, Bl, was about 7%

higher in the proportion of unsaturated chains which was spread over the

following fatty acids:- 16:1, 18:1 (11), 20:4, 22:5, 22:6 and 24:1. This

was largely at the expense of a 4.1% decrease in the content of a single

fatty acid, 18:0. The double bond index for plasma membranes from

sensitive cells was lower than that from resistant cells (Table 9).

4.2.8.4 Plasma Membrane Structural Studies using Freeze-fracture

Electron Microscopy

Studies on the structure of the inner and outer bilayer halves of

lymphoblast plasma membranes were pursued by freeze-fracture electron

microscopy (Figure 3A, B).

The faces developed from the fracture through the hydrophobic

interior of the lipid bilayer of the plasma membrane are the outer or

exoplasmic face (EF) and the inner or protoplasmic face (PF). Smooth

fracture faces are considered to be formed by lipid bilayers (Verkleij

and Ververgaert, 1978) and the intramembranous particles (IMPS) observed
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Table 8 Distribution of Acyl and Ether-linked Phospholipid Chains in Purified

Plasma Membranes Compared with Whole Cells. Results are as % of total

phospholipid weight. Values for the whole cells were calculated as PE+

PC only; however most ether-linked phospholipid is associated with

these head groups (El Tamer et al., 1984)

1-0-alkyl 1-0-alkenyl 1,2-diacyl

Sensitive plasma membranes 16.7 5.4 77.9

Resistant plasma membranes

(VBL7, 15, 20) 35.8 5.4 58.8

Sensitive whole cells 8.7 15.4 75.9

VBLZO whole cells 13.2 20.8 66.0

Table 9 Total Fatty Acid Composition of Plasma Membranes from Sensitive and
 

VBL15 Cells.

% COMPOSITION IN

 

 

FATTY ACID PLASMA MEMBRANE

METHYL ESTER SENSITIVE VBL15

14:0 2.4 i 0.2 2.2 t 0.4

16:0 29.0 t 1.0 29.7 i 1.5

16:1 1.1 i 0.1 1.5 i 0.2*

18:0 18.7 i 0.3 14.6 i 0.4+

18:1(9) 17.4 i 0.8 17.0 i 0.5

18:1(11) 5.4 t 0.4 6.6 1 0.1*

18:2 1.7 i 0.1 1.9 i 0

18:3(6,12) 2.7 i 0.5 2.2 i 0.2

20:4[20:3(8,14)] 4.9 t 0.2 5.8 i 0.3*

22:4 1.9 i 0.3 2.1 i 0.14

22:5 3.4 i 0.3 4.7 i 0.7*

22:6 4.0 i 0.2 5.7 i 0.9*

24:1 1.0 t 0.2 2.2 t 0.7*

Double Bond Index 35.3 i 1.0 41.2 i 3.7
 

Less than 1% of the following fatty acids was detected:- 8:0, 9:0,

12:0, 15:0, 17:0, 18:3 (9,15), 20:0, 20:1, 20:3 (11,17), 20:5, 22:0,

24:0. *denotes a significant increase; +denotes a significant

decrease. Values are means and standard deviations of three

experiments. Double Bond Index = e Niwi

M.
1

N, = number of bonds in fatty acid chain; M_ = molecular weight
1 1

W = percentage by weight of fatty acid in a given mixture.

_
n
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appear to be proteins intercalated in the membrane (Murphy and Swift,

1983). IMPS can also be formed by lipopolysaccharides in the outer

membrane of E. coli and by artificial lipid model systems (Verkleij,

1980).

The PF and EF faces of the resistant cells (VBLZO) had 56% and 68%

more IMPS respectively than the sensitive cells (Figure 3A and B). This

increase in intramembranous particles could possibly reflect the

increased P-glycoprotein content of the membranes, which has previously

been associated with altered drug uptake (Beck §t_gl., 1979). The PF

face of the plasma membrane of resistant cells was characterised by the

presence of elevated IMP free regions or bulges (Figure 3B). The PF face

of the sensitive cells did not have these elevated regions (Figure 3A).

The additional surface area provided by the bulges was calculated to be

approximately 4% (method of calculation is in Chapter 2.4.2).

4.3 DISCUSSION AND CONCLUSIONS
 

Changes in cellular and plasma membrane phospholipids are observed

in vinblastine-resistant ICCRF-CEM cells. The multi-drug resistant

phenotype is associated with a 3—fold increase in 1-0-a1kyl phospholipid

in the plasma membrane, probably phosphatidyl choline, by analogy with

the changes in whole cells lipids. Ether—linked phosphoTipids account

for 13% of the total lipid in sensitive cells and 22% in resistant

cells.

The changes in cellular ether-linked phospholipid composition due

to drug resistance can be considered in the light of the distribution of

phospholipids found in the plasma membranes of the neoplastic Krebs II

ascites cells (Record at al., 1984). Differences in phospholipid



12C)

 

Fi ure 3. Freeze fracture replicas of the protoplasmic face of the plasma membrane of
___9.__

CCRF-CEM. A (left): Sensitive cells. B (right): Vinblastine resistant cells (VBLZO). Arrow

indicates the direction of shadowing. Bar = 1 um.
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subclasses between resistant and sensitive cells reflect differences in

total membrane composition and are expressed both as a percentage of the

phospholipid species and as a percentage of the total phospholipid in

Table 3.

Some interesting speculations can be made if the known asymmetry of

the ether-linked phospholipids in Krebs II ascites plasma membranes is

applied to vinblastine-sensitive and -resistant lymphoblasts (Table 10).

The 1,2-diacyl PE and PC found on the external face is decreased by

12.9% when the cells become resistant to vinblastine (sum of -3.4 and

—9.5, Table 10). The 1-alkyl, 2—acyl PC (an inner face phospholipid)

increases by 4.6%. The l—O-alkenyl PE (plasmalogen), located on both

faces, increases by 5.4% and if there is an even distribution, this

implies a 2.7% increase in both halves of the bilayer. The net loss of

major phospholipids from the outer half of the bilayer is therefore

10.2% and there is a concomitant gain of 7.2% lipid to the inner half of

the bilayer (Table 10).

When the asymmetry of the phospholipids in Krebs II ascites plasma

membranes is applied to the purified lymphoblast plasma membranes, there

has been a 19.1% increase in an inner face component (l-O-alkyl

phospholipid) at the expense of an outer membrane component (1,2-diacyl

phospholipid) with vinblastine resistance (Table 8).

Thus analyses of both whole cell and plasma membrane lead to one

possible explanation for the increased area of the inner half of the

bilayer due to the elevated particle free regions or "bulges“ seen by

freeze fracture electron microscopy, viz. an increase in l-O—alkyl

phosphatidyl choline in the inner half of plasma membrane (Figure 3).

Detailed studies on the asymmetry of phospholipids in lymphoblast plasma

membranes are need to confirm this hypothesis. l-O—alkyl phosphatidyl
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Table 10 Distribution of Acyl and Ether-linked Chains in Whole Cell Phospholipid Analyses

of Sensitive and Resistant Lymphoblasts and Their Hypothetical Asymmetry in the

Plasma Membrane

 

 
 

 

 

 

+

(% by weight of phospholipid) Difference

Sensitive Resistant Expressed As % Membrane

*

% of PC or PE % of PL % of PC or PE % of PL Total PL Face

ES

1,2—diacyl 80.2 i 4.9 35.5 70.6 t 4.7 32.1 - 3.4 outer

1-0-alkenyl 5.1 i 1.4 2.3 5.1 i 3.4 2.3 nil outer

1-0-alkyl 14.7 t 3.4 6.5 24.3 i 1.6 11.1 + 4.6 inner

BE

1,2-diacyl 50 i 7.5 15.4 22.5 t 9.0 5.9 - 9.5 outer

1-0-alkenyl 42.8 i 7.2 13.1 69.7 i 9.2 18.5 + 5.4 both

1-0-alkyl 7.1 t 0.3 2.2 7.8 i 0.2 2.1 - 0.1 inner

+ *

Difference between resistant and sensitive; Lipid as located in Krebs ll ascites cells

(Record et al., 1984); PL = phospholipid.

choline is thought to be a precursor of platelet—activating factor

(Diagne gt_gl., 1984), but its significance in drug resistance awaits

further investigation.

Ether—linked lipid levels are often elevated in cancer cells

(Snyder, 1972). Diacyl and ether-linked phospholipids are membrane

components, and plasma membranes, in particular, are rich in ether-

linked phospholipids (Record gt_al., 1984). Ether-linked phospholipids

pack less tightly in membranes and could increase molecular motion

(Horrocks and Sharma, 1982). Increased impermeability of membranes has

been linked with increased ether- lipid content because of the lower

surface potential of these lipids and their capacity to form hydrogen

bonds with cholesterol (Brockerhoff, 1974). A mixture of diacyl and

ether-linked phospholipids can also increase the stability of plasma
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membranes because of the resistance of ether lipids to phospholipases

(Horrocks and Sharma, 1982).

Since no larger cell size was apparent for the resistant cells,

their increased levels of protein, total lipid, free cholesterol and

phospholipid suggest two possibilities: (1) that more membranes were

present per cell or (2) that existing membranes were packed with more

lipid and protein. Transmission electron microscopy suggested the

presence of more mitochondrial profiles and autophagocytic vacuoles

within resistant cells (Figure 2). The appearance of “bulges“ on the

internal face of the plasma membrane of the resistant cells and a

greater number of intramembranous particles on both faces in freeze-

fracture electron micrographs are also consistent with these membranes

containing more lipid and protein (Figure 3).

No difference in cholesterol to phospholipid ratio was observed in

vinblastine-resistant lymphoblast plasma membranes (Table 6). Thus

membrane lipid order by this criterion (van Blitterswijk, 1984), is

unchanged. Attempts by others to correlate the physical state of the

bilayer with drug resistance have produced conflicting results (Ramu gt

al., 1983; Wheeler gt_gl. 1982; Rintoul and Center, 1984). There are few

data in the literature relating lipid changes to multi-drug resistance

in purified plasma membranes. One report showed that phosphatidyl serine

in the plasma membranes of sensitive murine fibroblasts treated for 4 h

with 100 um vinblastine decreased by 4% (Schroeder gt_al., 1981).

No change in cellular (or plasma membrane) triglyceride content was

found in resistant leukaemic lymphoblasts (Tables 1 and 7). Most studies

on lipids have used whole cell analyses. In one study, a 3.6—fold

increase in cellular triglyceride content was observed in doxorubicin-

resistant P388 mouse leukaemic cells (Ramu et al., 1984).
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Cellular cholesterol and phospholipid both increased in resistant

lymphoblasts (Table 1), resulting in a constant cholesterol to

phospholipid ratio. These findings are similar to those for doxorubicin

resistance in rat glioblastoma cells (Vrignaud gj;§l., 1986).

An increased sphingomyelin content and a decrease in the

negatively-charged phospholipids, PE and PS were found in drug resistant

lymphoblasts (Table 2). No change in phospholipid species was observed

in rat glioblastoma cells made resistant to doxorubicin (Vrignaud et

31., 1986). An increased sphingomyelin content was, however, observed by

Ramu EIL_212 (1984) with drug resistance. Sphingomyelin is found in

greater concentration in the outer leaflet of plasma membranes, with the

ratio of SPH to PC being proportional to the phospholipid structural

order (Barenholz and Thompson, 1980). Decreased membrane permeability

has been linked with increased sphingomyelin content (Brockerhoff,

1974).

No differences were found in whole cell fatty acids between

sensitive and vinblastine-resistant lymphoblasts (data not shown) and

only small differences in the purified plasma membrane lipids (Table 9),

with polyunsaturates increasing at the expense of 18:0. However,

Vrignaud gt__al. (1986) found that drug resistant cell lipids were

characterised by a decrease in 2023 fatty acid and 2— to 3-fold increase

in the polyunsaturated fatty acids, especially 20:4 and 22:6.

The lipid analyses in this Chapter were undertaken to investigate

the changed intensity of the lipid methylene resonance detected by 1H

NMR spectroscopy with drug resistance (Mountford gt__al., 1986a).

Triglyceride indicating the presence of neutral lipid domains (Chapter

3) was found to an equal extent in both sensitive and resistant cells

and membranes. Bilayer or monolayer lipid acyl chains, because of their
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relative immobility do not contribute substantially to the high

resolution spectrum, but constitute much of the broad, low resolution

portion of the spectrum (Bloom §t_gl., 1986). Although the location of

ether lipids in the neutral lipid domains of the plasma membrane is

unknown, it seems unlikely that the NMR spectral changes can be

explained by gross compositional changes, but rather result from a

subtle rearrangement of membrane components as demonstrated by

freeze-fracture electron microscopy (Figure 3).

CONCLUSIONS

The lipid analysis of whole cells and plasma membranes, combined

with electron microscopic studies as presented in this Chapter have

shown that membrane lipids are involved in the multi-drug resistance and

that the lipid content, especially the ether-linked phospholipids,

sphingomyelin and cholesterol might alter membrane permeability. In a

recent publication, Gerlach and co-workers (1986) have proposed that the

P-glycoprotein functions as an ATP-dependent pump at the plasma membrane

which effects rapid drug efflux. While undoubtedly this pump would

contribute to the diminished accumulation of vinblastine in resistant

lymphoblasts (it is overproduced 3-fold in these cells; Chapter 2.1.2)

it cannot be regarded as the sole mechanism. The structural and lipid

compositional changes in the plasma membrane discussed in this Chapter

and the increased mitochondrial function (Appendix I) may also play an

important role.



126

CHAPTER FIVE

A PROTEOLIPID IN CANCER CELLS IS THE ORIGIN OF THEIR HIGH RESOLUTION

NMR SPECTRUM AND IS FOUND IN THE PLASMA OF A PATIENT WITH

MALIGNANT DISEASE
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5.1 INTRODUCTION

Triglyceride-rich domains were shown to be present in or on the

plasma membrane of embryonic and transformed cells, including cancer

cells, in Chapter 3. Since serum lipoproteins contain a core of

triglyceride and cholesteryl ester, surrounded by a shell of

phospholipid, protein and cholesterol (Herbert et_gl., 1983; Chapter

1H NMR1.5.1), normal human blood lipoproteins were characterised by

methods and chemical analysis. Comparisons were made between the

properties of the triglyceride-rich domain found in cancer cells, and

the serum lipoproteins (Williams gt_gl., 1985; and Chapter 3). The EU

scalar correlated NMR spectra of cancer cells or solid tumours were

similar to those obtained from very low and low density lipoproteins

(VLDL and LDL). However, the long T2 relaxation value observed for

neutral lipids in the methylene region of spectra from metastatic cancer

cells (> 400 ms, Mountford §t_al., 1984b), was not observed for any of

the normal serum lipoproteins studied. None of the lipoprotein classes

gave a T2 longer than 250 ms (Williams §t_gl., 1985). It was therefore

proposed that an abnormal lipoprotein is responsible for the 1H NMR

spectrum in metastatic cancer cells.

Lipoprotein metabolism is deranged in patients with cancer (Barclay

and Skipski, 1975). A correlation between cancer in humans and

experimental animals and a new type of particle, “neoproteolipid”, was

established in the 1970's (Skipski gt_gl., 1971). The properties of the

isolated complex met the definition given by Folch and Lees (1951)

vizz- "Proteolipids are lipoproteins having as constituents a lipid

moiety and a protein moiety but, while other known lipoproteins are

soluble in water or salt solution, proteolipids are insoluble in water

and soluble in chloroform-methanol mixtures; i.e. their solubilities are
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akin to those of lipids". Neoproteolipids were found in lipid extracts

of tumours, and in larger amounts in tissues and sera from tumour—

bearing animals or patients compared with healthy individuals. The

complexes contained polypeptide, fatty acids, sphingosine bases,

carbohydrates, cholesterol and phosphorus (Skipski gt_al. 1975a).

An RNA-proteolipid complex containing phospholipid, cholesterol,

peptide, RNA and a high proportion of neutral glycolipid was recently

isolated from the serum of patients with malignant diseases and from the

medium from cultures of malignant cells (Nieczorek gt_al., 1985). Since

the high resolution 1H NMR spectrum froni malignant, transformed and

embryonic cells arises predominantly from neutral lipids (Chapter 3) and

the neutral lipid domain in the plasma membrane resembles a lipoprotein—

like entity (Williams §t__al., 1985), the origin of the long T2

relaxation value was sought among lipoproteins and proteolipids in the

serum of patients with cancer.

In this Chapter, the isolation and characterisation of the

proteolipids and other lipoproteins from the plasma of a patient with a

borderline ovarian tumour is described. In addition, NMR methods have

been used to define the properties of the tumour biopsy and the

lipoproteins and proteolipids, which have been further studied by lipid

analysis, electron microscopy and biochemical assays. The plasma

lipoproteins and proteolipids of the patient were studied 5 days after a

total hysterectomy and salpingo-oophorectomy and again at 7 and 9 months

after surgery.

Biopsy samples of tumours on both ovaries of this patient were

examined and long T2 values of 850 and 650 ms recorded. These figures

are consistent with the malignant and metastatic phenotype. In previous
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work in this laboratory (Mountford gt_gl., 1986b), one hundred and fifty

human biopsy samples excised from patients with malignant primary

tumours in the colon, breast and ovary have been examined by NMR

methods. Only two samples (both coion) were shown to have the malignant

but non-metastatic phenotype (Mountford gj;§l., 1986a; Mountford gj;gl.,

1986b).

5.2 RESULTS

5.2.1 The Patient

A 31 year 01d nu11iparous woman (C) presented in September 1985

with a 12 month history of intermittent pain in the right iliac fossa.

Clinical examination revealed a right ovarian mass. At 1aparotomy, there

were multilobulated tumours involving both ovaries with adherent

omentum, and peritoneal nodules over the rectosigmoid and biadder. Total

abdominal hysterectomy, biiateral saipingo-oophorectomy and infracoiic

omentectomy were performed, and the post—operative recovery was

uneventful. Histoiogica] examination revealed bi1atera1 proliferating

serous cystadenomas of the ovary with omenta] implants and florid

reactive mesothelia] proliferation. She remains we11 without therapy,

and there have been no clinical signs of recurrent tumour. Preoperative

CA 125 1eve1 was 123 U/ml and levels have f1uctuated between < 6 — 66

U/m] in the past 12 months.

5.2.2 Separation of Plasma Lipoproteins: T2 Reiaxation Values
 

5 days after surgerx: Total lipoproteins were isoiated from p1asma
 

collected within 5 days of surgery by methods described in Chapter

2.10.1. Subfractionation of the total lipoprotein on a KBr gradient

revealed the presence of an opaque band below the LDL band but above the
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HDL at approximately 1.085 g/ml density. This opaque band is called a

proteolipid, to distinguish it from the normal lipoproteins and to be

consistent with the literature e.g. Wieczorek gt;_gl., 1985. All

lipoprotein fractions and the regions between visible bands on the KBr

gradient were collected (Figure 1A and B).

NMR studies, including T2 relaxation times, were performed on all

fractions. The 1H NMR spectra and T2 relaxation profiles for resonances

in the methylene region are shown in Figure 2 for the total plasma

lipoprotein fraction (including the proteolipid), the isolated

proteolipid complex and LDL and VLDL from the patient. A long T2 of 852

ms was recorded for the opaque proteolipid band. The region between the

opaque band and the HDL also generated a long T2 of 970 ms (Table 1A,

Figure 2). None of the conventional lipoproteins generated a long T2

relaxation value (Table 1A, Figure 2). This long T2 was measured not

only in the isolated complex and total lipoprotein fraction, but also in

the excised tumours (T2 850 and 650 ms) from this patient. The opaque

band was named proteolipid 1, and the region below, where no bands were

visible, was named proteolipid 2. The two proteolipid fractions, and the

normal lipoproteins were further studied by electron microscopy, NMR and

chemical analysis. Proteolipids and 1 and 2 were pooled for lipid

analysis.

VLDL and chylomicra ran together at the top of the KBr gradient.

This fraction had a T value of 199 ms 5 days after surgery (Figure 2).
2

Insufficient sample was recoved to carry out a complete lipid analysis.

9 months after surgery: Proteolipid 1 was visible to the naked eye
 

on the KBr gradient in plasma taken 7 and 9 months after surgery. Again

nothing was visible in the area between the proteolipid 1 band and HDL.

Both proteolipid 1 and proteolipid 2 were collected for study. Similar



131

   

  

  

'I Chylomlcra + VLDL

LIDL ---"----'i’

WG‘up! N

Proteolpldl’fl

 

 

                

 

Figure l. (A) A schematic representation of the location of the various plasma

lipoprotein and proteolipid complexes when the total lipoprotein of a patient with

malignant disease is fractionated on a KBr gradient, showing fractions 1 - 5 collected for

further analyses. (B) A photograph of the gradient, stained with Sudan black, obtained

from the patient 9 months after surgery.
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Table 1 Plasma Lipoproteins from a Patient with Operable Ovarian

Tumour

A. I” Relaxation Values (ms) of Resonances in the 1.30 - 1.35 ppm

L

 

Region

Post Operative LDL Proteolipid 1 Proteolipid 2 HDL

5 Days 111 852 970 154

9 Months N.M 167 N.D N.M

 

B. Total Plasma Lipid (ug/ml plasma)
 

 

Post Operative LDL Proteolipids (1 + 2) HDL

5 Days 580 #86 1062

9 Months 761 301 1112

 

N.D = not detected; N.M = not measured.

fractions were observed in gradients from both the 7 and 9 month

samples. However, less proteolipid 1 and increased amounts of LDL and

HDL were visible compared with the 5 day sample. These visible

Vdifferences in lipoprotein and proteolipid content have been quantified

and are shown in Table 18. The T2 relaxation time of proteolipid 1 nine

months after surgery was 167 ms (Table 1A). The amount of proteolipid 2

was insufficient for the acquisition of an NMR spectrum.

5.2.3 1H 1D and 2D COSY NMR Spectroscopy of Proteolipids and

Lipoproteins

5 days after surgery: The 1D 1 H and 2D COSY NMR spectra of
 

proteolipids 1 and 2 were similar, and the spectrum of proteolipid 2 is

shown in Figure 3A. 2D COSY methods allow assignments of resonances
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Figure 2. #00 MHz H NMR spectra of the methylene region of: (1) total lipoprotein

fraction (including proteolipid) isolated from the plasma 5 days after surgery; (2)

proteolipid 2; (3) lipoproteins (LDL and VLDL) which were isolated from the same plasma

sample. The spectra are resolution enhanced by the Lorentzian-Gaussian method using LB =

-12; GB = 0.08. Below the NMR spectra are the results of the CPMG T2 relaxation experiment

(Mountford et al., 198ka). The natural log of each peak height is plotted against the

delay between the first pulse and the n'th echo. The T
2

values are calculated using a

2
least squares method where r z 0.98. The longest T2 (ms) values of each profile are as

follows: (1) a = an, b = 181, c = 730, d = 660, e = 226; (2) a = 68, b = 63, c = 671, d =

970, (3) VLDL = 199, LDL = 111.
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based on spin-spin (scalar) coupling. The off diagonal cross-peaks

denoted A-G indicate spin coupling between protons on adjacent atoms.

The presence of cross-peaks A-E (as summarised in Structure 2, Chapter

3) and cross-peak G' (at 4.3 ppm) which is unique to triglyceride,

indicated the presence of this neutral lipid in proteolipid samples both

5 days and 9 months after surgery (Figures 3A, B). Cross—peak Z denotes

scalar coupling between methine and methyl groups on cholesterol. It

remains to be determined if this is due to free or esterified

cholesterol or both. In contrast to the cell spectrum (Figure 3C), the

assignments for which have been documented previously (Chapter 3),

cross-peak F was not observed in the spectra of the proteolipid

complexes (Figure 3A and B).

The main difference between the spectra obtained from the

proteolipid fractions at 5 days and the normal plasma lipoproteins is a

cross-peak (Y) connecting resonances at 1.3 and 4.2 ppm. This doublet

which is clearly seen in the resolution-enhanced lD spectra of

proteolipid complexes (Figures 4A and B) was not present in the ID

.spectra of the VLDL, LDL or HDL fractions from this patient or from

normal subjects (Williams et_gl., 1985). Cross—peak Y indicates covalent

linkage between a methine and methyl group in a compound such as fucose

rhamnose, threonine or lactate and was evident in the spectrum of cells

from the metastatic rat mammary adenocarcinoma line, R13762 (Figure 3C).

Lactate was found only in the ultracentrifugal residue at the bottom of

the tube in gradients used to isolate proteolipids.

9 months after surgery: Neither the long T2 relaxation value nor
 

cross-peak Y, connecting resonances at 1.3 and 4.2 ppm was observed in

any of the fractions isolated from the KBr gradient, including

proteolipid 1 (Figure 38, Table 1A). Resolution enhancement of the
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Figure 3. 400 MHz H NMR 10 and ZD COSY spectra of proteolipid particles suspended in

NaCl/DZO, and a suspension of cultured cells. $ine-be11 and Gaussian (L8 = -30, GB = 0.25)

window functions were app1ied in the t1 and t2 domains respectively. Cross-peaks are

assigned as previously described (Chapter 3), with reference to the labelled Structure 2.

(A) ProteoIipid 2 iso1ated from the plasma of the patient 5 days after surgery. (B)

Proteolipid 1 isolated 9 months after surgery. (C) A suspension of rat mammary

8
adenocarcinoma R13762 cells (1 x 10 ) in PBS/DZO. The arrows indicate cross-peaks due to

metaboIites.
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methylene region of the proteolipid spectrum showed that the resonances

at 1.33 and 1.35 which were responsible for the long T2 relaxation value

were no longer present (Figure 4C).

The 2D NMR spectrum of the proteolipid complex obtained at 9 months

was much weaker than that obtained from the 5 day proteolipid fractions.

Cross-peak G' from the triglyceride backbone was not present nor is

cross peak E at this contour level. The latter cross—peak could be

observed at a lower contour level.

Attempts were made to identify RNA and the lipid contributions to

the four methylene resonances which occurred at 1.33, 1.31, 1.28 and

1.26 ppm in the spectrum of the proteolipid complex (Figures 2 and 4).

Ribonuclease (RNase A), an enzyme which hydroiyses ribonucleic acids,

had no effect on any of these resonances. Lipoprotein lipase, which

degrades triglycerides to monoglycerides plus free fatty acids caused

resonances a and b at 1.26 and 1.28 ppm to decrease significantly in

intensity. These two resonances had a short T2 of less than 200 ms.

5.2.4 RNA and DNA Content of Proteolipids and Lipoproteins

5 days after surgery: Using the orcino] method on intact
 

proteolipid, with corrections for glycoTipid, 4.1% by weight of the

proteoiipid was found to consist of RNA. This is considerably lower than

the 11 - 14% quoted by Nieczorek §t_al. (1985). Since the orcinoT method

only detects ribose, this assay does not establish the presence of

intact mRNA. RNA was therefore also extracted by the method reported by

Wieczorek and the absorbance at 260 nm recorded. No nucleic acid was

found. The presence of a residue, insolubTe in aqueous solutions, was

noted.

9 months after surgery: Several conventional extraction techniques
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1:4 153 :12

PPM

Figure 4. #00 MHz 1H NHR spectra of proteolipidsz- the resonances under the composite

(-CH2-) peak were resolved by application of the Lorentzian-Gaussian enhancement technique

(Mountford g£_gl., 198ka). The methylene region (1.2 - 1.h ppm) of the resolution enhanced

spectrum is plotted on an expanded scale. (A) Proteolipid 1 from plasma 5 days after

surgery. (B) Proteolipid 2 from plasma 5 days after surgery. (C) Proteolipid 1 from plasma

9 months after surgery.
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(Methods, Chapter 2.8.1) were employed and followed by measurement of

the absorbance at 260 nm. No RNA was detected. The method of Nieczorek,

to the completion of the oligo-dT cellulose chromatography stage was

also unsuccessful.

More specific methods were employed in an effort to detect RNA. The

results of oligo-dT primed cDNA synthesis experiments used to detect

polyA+ mRNA in the proteolipid and lipoprotein fractions 1 — 5 (Figure

1) isolated from the patient (C) are shown in Figure 5A (Methods,

Chapter 2.8.1). Lipoprotein fractions (1 - 5, see Figure 1) from the

serum (not plasma) of another cancer patient, P, are also included. By

comparison with the blank and the globin standards little or no oligo-dT

primed cDNA synthesis was catalysed by any of the gradient fractions

from patients C or P and there is no indication of any larger amounts

present in the proteolipid fractions C3 and P3. Given that about 5 ng of

globin mRNA can readily be detected by this method and that the samples

were extracted from 3 ‘- 11 nfl of plasma or' serum it is possible to

establish a mRNA content of less than 20 - 90 ng/ml serum. This is well

below the lower limit of 200 ng/ml set for cancer patients by Wieczorek

e£_gl. (1985). Similarly low values were obtained in fresh sera from

cancer patients and media from cultured cancer cells.

The presence of DNA was sought in extracts of lipoprotein and

proteolipid fractions C and P (1 — 5) after digestion with restriction

endonucleases. The ability of the fragments to initiate the

incorporation of [32P]-dATP into DNA using DNA polymerase 1 (Methods,

Chapter 2.8.2) is shown in Figure SB. Significant incorporation of

radioactivity is visible in fractions CZ, 4 and 5, but little is seen in

the proteolipid fraction C3, or in C1. Some incorporated radioactivity

is visible in all bands P1 - 5, but most seems to be in P5 (HDL). The
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Figure 5. (A) Incorporation of [32P]-dATP into cDNA using RNA extracted by the method

of Wieczorek §t__al. (1985), from lipoprotein fractions isolated by density gradient

centrifugation. Cl - 5 are VLDL, LDL, proteolipid 1, proteolipid 2 and HDL samples taken

from the ovarian patient 9 months after surgery; P1 - 5 are similar samples taken from

another ovarian patient. 0 = globin mRNA (50 ng), included as a control. BL = blank

containing no RNA. The position of the cDNA/RNA hybrids is marked by <. (B) The

incorporation of [32P]-dATP into DNA using DNA polymerase and fragments of the same

extracts used in (A). Each sample was run as three lanes. From the left, these were

undigested, EcoRl digested and BAMHl digested.
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smearing of the radioactivity indicated on the gel shows that the DNA

did not consist of discrete species, but was similar to genomic complex

DNA which might originate from cellular debris. DNA was also found in

fresh unfractionated serum from cancer patients and in supernatants from

cultured cancer cells. A very small amount was also detected in sera

from normal volunteers. Accurate quantitation was not possible by this

method.

5.2.5 Sizing of Proteolipid Particles by Electron Microscopy
 

5 days after surgery: From electron micrographs two main particle

 

sizes, 16 - 23 and 25 - 28 nm, were identified in proteolipid 1 (Table

2). In contrast, proteolipid 2 contained equal amounts of 8 — 11 and 16

— 23 nm diameter particles plus a smaller number of the 25 - 28 nm size

particle (Table 2).

Both proteolipid samples were treated with RNase and the NMR

signals did not change (Section 5.2.3, above). However after RNase

treatment, proteolipid 1 lost most of the 25 — 28 nm sized particles and

proteolipid 2 lost all the 8 — 11 nm sized particles.

7 months after surgery: The proteolipid 1 band contained only 16 -

 

23 nm particles. Over 50% of the particles in the proteolipid 2 band

contained 16 — 23 nm sized particles (Table 2). The particles not

present in the plasma taken 7 months after surgery are those removed by

RNase treatment of the day 5 sample.

5.2.6 Apoproteins and Electrophoretic Mobility of Proteolipids

5 days after surgery: Proteolipid 1 contained only apoprotein B

 

whereas proteolipid 2 had equal amounts of both apoproteins A and 8.

Both proteolipids 1 and 2 had a component of unusual electrophoretic

mobility which ran ahead of pre-B (Table 3 and Figure 6).
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Table 2 Particle Sizes (nm) of Plasma Lipoprotein Fractions Determined
 

bx Electron Microscopx
*

% of Total Counted

 

 

 

4 - 7 8 - 11 13 - 5 16 - 23 25 - 28

DAY 5

LDL 3 8k 12

Proteolipid 1 untreated #8 40

+ RNase 1 5 80 9

Proteolipid 2 untreated 41 6 38 13

+ RNase 3 2 84

HDL 49 37 3 9

7 MONTHS

LDL 1 92 5

Proteolipid 1 1 k 91 3

Proteolipid 2 28 5 53 11

HDL not done

 

*
At least 200 particles were sized in each sample.

7 months after surgerx:
 

Only apoprotein B was present in

proteolipid 1 (Table 3), but trace amounts of apoproteins A and B were

recorded in the proteolipid 2 fraction. The component with the unusual

mobility was also decreased in proteolipid 1 and had disappeared from

proteolipid 2.

Table 3 Apoprotein Content of Plasma Lipoproteins (mg protein/ml plasma)

 

 

Unknown

Apo A1 Apo B (> pre 8 mobility)

DAY 5

LDL < .002 .124 -

Proteolipid 1 .002 .072 +++

Proteolipid 2 .016 .013 +++

HDL 1.6h8 .002 -

7 MONTHS

LDL < .002 .129 —

Proteolipid 1 < .002 .021 +

Proteolipid 2 < .002 .008 -

HDL not done

 



142

 
Figure 6. E1ectrophoresis patterns of lipoproteins isolated by KBr density gradient

centrifugation from the plasma of an ovarian cancer patient 5 days after surgery. Samples

were run on agarose and stained with oil red 0. From the top the sampies are VLDL,

proteolipid 1 (P1), HDL, LDL, proteoiipid 2 (P2) and a normal patient's serum as a

control. The arrow indicates the origin.
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5.2.7 Chemical Analyses of LDL, HDL and Proteolipids

The lipid and protein content of the proteolipid 1 + 2 complexes

and the adjacent LDL and HDL fractions from the plasma of the ovarian

tumour patient are shown on Table 4. Small amounts of ether—linked

lipids (0.4 — 0.6%) were found in all fractions listed in Table 4.

The proteolipid composition in both 5 day and 9 nmnth specimens

resembled that of the patient's LDL samples obtained at the same times,

except that the protein content of each of the proteolipid samples was

higher than its corresponding LDL fraction (Table 4). Lipoprotein (a)

which floats with a density similar to the proteolipids (Kostner, 1983)

also resembles normal LDL in composition, except for a higher protein

content. This lipoprotein is included for comparative purposes in Table

4. No tests were performed to ascertain its presence in the patient's

plasma.

Substantially elevated levels of glycolipid, both neutral and

acidic, were identified in all lipoprotein and proteolipid fractions in

the day 5 plasma specimen. No glycolipids were present in the

proteolipid complexes 9 months after surgery and the lipoproteins had

only trace amounts, comparable with normal levels (Table 4). The

composition of all plasma fractions changed between the 5 day and 9

month specimens. The cholesteryl ester levels increased to the upper

limits of normal whilst the protein levels dropped to below normal

(Table 4). Free cholesterol and triglyceride levels remained unchanged

and within the normal range throughout the time period. HDL phospholipid

was markedly increased after 9 months. The contribution of total lipid

from the proteolipid fraction to the plasma lipid decreased after 9

months (Table 18) with a concomitant increase in LDL and HDL.



Table 4 % Lipid Composition by Weight of Plasma Lipoproteins from a Patient with Borderline Ovarian

Tumour Compared with those from Healthx Females

 

Cholesterol
Glxcoligid

Protein Triglyceride Ester Cholesterol Phospholipid Acidic Neutral

at

5 Days 17 8 14 7 29 1 21+

9 Months 8 7 51 10 24 0.2 0.1

NORMALa 18 - 22 3 - 9 18 - so 5 - 12 1e - 28 0.2 0.3

Proteolieid 1 + 2

b

5 Days 21 7 12 7 27 5 17

9 Months 12 8 42 9 29 < 0.1 < 0.1

Lieoerotein (a)° 26 3 32 11 20 0.15 0.25

fl

5 Days 47 5 9 2 25 1 10

9 Months 25 6 25 3 42 0.2 0.2

NORMALa 45 - 55 2 - 7 15 - 21 3 - 7 26 - 42 N.F 0-15

 

aLiterature values see references Barclay and Skipski, 1975; Herbert et al., 1983; Clarke et al.,

b

1976 and Simons et al., 1970. h% of total weight allocated to RNA as determined by the Orcinol

method. cSee references Kostner, 1983, Albers et al., 1975 and Simons et al., 1970.

N.F = quantitative data not found in literature.

1
7
1
7
1
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Little change was noted in the fatty acid content of the plasma

lipoproteins over the 9 month period. However, significant changes were

noted in the fatty acid composition of the combined proteolipid

fractions. Increases were recorded for 16:0 (21 to 46%), 18:0 ( 8 to

22%), 18:1(11) (< 1 to 6%) with corresponding decreases in 18:1(9) (17

to 6%), 18:2(6) (26 to 5%), 18:3 (5 to < 1%) and 20:4 (8 to 3%). The

double bond index was subsequently calculated and noted to decrease from

51% to 15%.

5.3 DISCUSSION AND CONCLUSIONS
 

Magnetic resonance spectroscopy can identify abnormal lipoproteins

in the plasma or serum of patients with premalignant and malignant

tumours. Two proteolipid complexes, containing a high proportion of

particles 8 — 11 nm and 25 - 28 nm in size respectively, were isolated

from the plasma of a patient with a borderline ovarian tumour 5 days

after surgery. These complexes which generated a characteristically long

T relaxation value (> 400 ms) were disrupted by RNase. None of the
2

conventional lipoproteins had a T2 value in excess of 200 ms. Chemical

analysis of the proteolipid complexes showed a 22% glycolipid component.

The composition of the isolated proteolipid complexes (shown in Table 4)

is similar to that reported by Wieczorek et_gl. (1985), except that

these authors did not document the presence of triglyceride or acidic

glycolipids (gangliosides) and found little apoprotein A or B (TabIe 5).

The presence of these proteins (Table 3) might indicate contamination of

the proteolipids with adjacent LDL and HDL fractions.

The RNA in the proteolipid complex cannot be isolated and

quantified by normal procedures (Wieczorek, personal communication),

since the lipid and polypeptide moieties are particularly difficult to
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Table 5 Composition of RNA-proteolipid Complex in Serum and in the Media of Cultured
 

Malignant Cell Lines (from Wieczorek et al., 1985).

 

% of Total Weight
 

RNA-proteolipid
 

In Serum Secreted by LDL HDL

 

2

Component (n = 62) Cells (n = 8) in Serum in Serum

Oligopeptide 12.8 - 15.1 15.# - 18.1

RNA 11.5 - 11.8 13.9 - 14.3

Cholesterol 2.3 - 3.9 4.2 - 6.5 8 8.5

Cholesteryl Ester 8.# - 9.7 0.8 - 1.7 37 18

Phospholipids* 29.9 - 37.# 28.5 - 3#.1 22 21.5

Glycosphingolipids+ 24.1 - 37.6 28.1 - 32.2 NP NP

Apolipoprotein A: > 2 50

Apolipoprotein B: > 2 25

 

*

NP = not present; Spingomyelin, phosphatidylcholine and inositol phospholipids;

+ +

Ceramide hexasaccharides; +Detected by the use of rabbit antisera (Behring).

remove. Without adequate purification the RNA is insoluble in aqueous

media and is lost. Since the extraction procedures used were probably

inadequate, the presence of RNA in the proteolipids isolated from

patients with malignant disease has not yet been confirmed.

Nine months after surgical resection of all tumour a visible

lipoprotein band, possibly Lp(a), persisted in the plasma but neither

the long T relaxation value nor the 8 — 11 or 25 - 28 nm sized

2

particles were present.

The proteolipid particles which remained after 9 months (16 - 23 nm

size) contained less of the unusual component with > pre-B mobility and

no measurable glycolipid. Collectively these data suggest that it was

the 8 - 11 and/or 25 - 28 nm particle sizes which carried the glycolipid

and long T2 value. The disruption of these particles by RNase suggests

that RNA was indeed present in these complexes. These data thus support

the report of Wieczorek and colleagues that mRNA is associated with
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certain proteolipid complexes. However they reported that RNase did not

affect the RNA in the intact complex, findings which are not in

agreement with the observations above.

Lipoprotein (a) (Lp(a)) has many characteristics which are

comparable with proteolipids 1 and 2 (Kostner, 1983; Albers EI;_El-5

1975), viz. it floats between LDL and HDL2 at a density of 1.085 g/ml;

it contains mostly apo B as well as a peptide named apo (a) (sometimes

called sinking pre—B) and moves with an electrophoretic mobility of

pre-B, which is similar to that assigned for proteolipids 1 and 2.

Antibody tests for apo (a) have not yet been carried out on proteolipids

1 and 2.

LP(a) is acidic, subject to self—aggregation and ready degradation

and is 25 nm in size - slightly larger than conventional LDL. The origin

and function of the LP(a) particle are unknown but raised levels

constitute a risk factor for myocardial infarction (Kostner, 1983;

Albers §t_al., 1975). No study has linked LP(a) with cancer, however it

is reported to adsorb plasma proteins. The above factors suggest that

proteolipid 1 [night be LP(a) aggregated with a Inalignancy-associated

proteolipid constituting the opalescent band on the KBr gradient at 5

days.

Elevated levels of glycolipid, both neutral and acidic, were

identified in lipoprotein and proteolipid fractions in the first plasma

specimen (day 5). Neutral glycolipid represented 24 - 38% of serum

proteolipid as described by Wieczorek (Table 5) and was also a major

component of neoproteolipids w and S (Skipski gt__gl., 1975a).

Accumulation of a large variety of fucosylated glycolipids and their

sialosylated derivatives (fucogangliosides) has been found iri a wide

variety of human cancers, particularly those originating from such
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endodermal epithelia as the gastrointestinal tract and lung and from

mammary epithelium which are the sites of the most common human cancers

(reviewed by Hakomori, 1985). Tumour cells shed their surface components

(membrane vesicles, glycolipids, glycoproteins and certain enzymes) to a

greater extent than normal cells (Yogeeswaran, 1983) and in plasma,

glycolipids are usually associated with lipoproteins (van den Bergh and

Tager, 1976). The increased level of gangliosides in plasma of

tumour-bearing animals (Kloppel gt_al., 1977; Lengle, 1979; Skipski et

21., 1975b) and in cancer patients (Dnistrian gt_al., 1982; Kloppel gt

al., 1977; Portoukalian gt_gl., 1978) has been well documented. The

functions of glycolipids in growth control and immune recognition have

been reviewed in Chapter 1.4.3.

CONCLUSIONS

High resolution 1H NMR studies have shown that the spectrum of a

proteolipid complex, isolated from the plasma of a patient with

malignant disease, is directly comparable with that obtained from intact

cancer cells and solid tumours. The long T2 relaxation time and cross-

peak Y in 20 COSY spectra have been shown previously to be linked with

the metastatic potential of cancer cells (Mountford §t__al.,1984b;

Mountford gt__al., 1986a). The proteolipid contains cholesterol,

phospholipid, triglyceride, glycolipids, ether-linked lipids and an

apoprotein of unusual electrophoretic mobility. Two different particle

sizes are associated with the proteolipid fractions (8 — 11 and 25 - 28

nm). The presence of mRNA has yet to be confirmed. In the one patient

studied in detail, the serum proteolipid disappeared within 7 months of

removal of the tumour.
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6.1 INTRODUCTION

Plasma membrane turnover i.e. the synthesis, incorporation, and

release of surface macromolecules (“shedding") from viable cells is of

particular importance to tumour cells (Black, 1980). Several steps in

cancer metastasis have been identified as involving the plasma membrane

(Poste and Nicolson, 1980; Fidler, 1985; Nicolson, 1984; Holmes §t_al.,

1986; Chapter 1.6). Shedding phenomena important to the metastatic

process include the release of cell surface components such as

proteases, adhesion molecules, tumour associated antigens which block

the hosts' immune mechanisms, and factors which promote tumour embolus

formation (Black, 1980).

Highly metastatic cells, for example, shed antigenic glycoproteins

and gangliosides more readily than those of low metastatic potential

(Alexander, 1974; Klfll ej;_al., 1975). By the inhibition of antigen-

induced lymphoproliferation (Ladisch §t_al., 1983) such antigens might

protect the tumour cells from immune destruction during circulation in

the bloodstream. In another example, plasma membrane vesicles shed into

the blood of guinea pigs, mice and humans bearing tumours were found to

have pro—coagulant activity (Dvorak et_gl., 1983). The ability to form

emboli is typical of cells with the highly metastatic phenotype.

1
High resolution H NMR signals (T relaxation times > 400 ms)

2

indicating metastatic potential have been located in the plasma membrane

of R13762 rat mammary adenocarcinoma cells (Mountford Sl;fll- 1984b) and

human tumours (Mountford gt_gl., 1986b). Cells which were not capable of

generating secondary deposits (non—metastatic J clone) had a T2 of less

than 400 ms. High resolution signals with a T2 relaxation time > 400 ms

have been found in the plasma of a patient with malignant disease

(Chapter 5). The origin of the NMR resonances has been identified as a
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6.2 RESULTS

6.2.1 Removal of the Cell Surface Marker In Vitro by Fucosidase
 

Treatment

The 10 1 H NMR spectrum of the rat mammary adenocarcinoma R13762

cell line is shown in Figure 1. The composite resonance at m 1.25 ppm is

predominantly due to fatty acyl chain (-CH2~) resonances of neutral

lipids. This resonance can be resolved into several components

(Mountford gt___al., 1984a), by Lorentzian-Gaussian deconvolution

techniques (Figure 1A) and the T2 values of these component peaks

measured by the CPMG pulse sequence. The long T2 value (> 400 ms) of the

resonance at 1.33 ppm has previously been shown to correlate with

metastatic behaviour in the experimental rat model. A contour plot of

the 400 MHz 2D COSY spectrum of R13762 metastatic cells is shown in

Figure 2. The lipid connectivities have been described previously

(Chapter 3).

Cross—peak Y is of particular interest since it connects resonances

at 1.3 ppm and 4.2 ppm and appears in the spectra of all metastatic

cells and tumours studied so far. It coincides with the resonance at

1.33 ppm observed in the resolution enhanced spectrum (Figure 1A).

Cross-peak Y is consistent with a methyl-methine coupling on either

fucose, rhamnose, lactate or threonine.

To distinguish between the four molecules possibly responsible for

cross-peak Y, the R13762 cells were treated with fucosidase. The treated

cells were then washed to remove any free fucose. Two control samples

were also studied. The first was untreated in any way and the second was

incubated in the absence of the fucosidase for the same time as the

enzyme treated cells in order to control for possible loss of the

relevant molecule by surface shedding.
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Figure 1. #00 MHz 1H NMR spectra of a suspension of R13762 cells (1 x 108) in

PBS-020. The resonances under the composite (-CH2-) peak were resolved (Mountford M”

1984b) by application of the Lorentzian-Gaussian enhancement technique. The methylene

region (1.2 - 1.“ ppm) of the resolution enhanced spectrum is plotted on an expanded

scale. (A) Untreated cells. (B) Cells treated with fucosidase.
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The resonance at 1.33 ppm remained in both control samples (Figure

1A) but was significantly reduced in intensity after fucosidase

treatment (Figure 13). The measured T2 values for both control samples

were > 700 ms, whereas the cells treated with fucosidase gave a mean T2

of 390 ms (Table 1).

When a vertical slice was taken through the COSY contour plot at

4.2 ppm, cross-peak Y (at 1.3 ppm) was clearly observed in the untreated

R13762 cells (Figure 2A). However this cross-peak was not seen in cells

after treatment with fucosidase (Figure 23). Although the enzyme

contains minor contamination from different glycosidases, other

carbohydrate molecules do not have a resonance in this region of the NMR

spectrum. Rhamnose, an isomer of fucose, occurs only in plants

(Wiegandt, 1985).

Threonine was eliminated as a possibility because the cross—peak

connecting the a and 6 CH protons at 4.1 and 4.3 ppm respectively was

absent. Free lactate in the medium surrounding the cells in the NMR tube

has been measured biochemically and found to be the same concentration

in both the metastatic R13762 and non-metastatic J clone cells, under

the conditions of the NMR experiment (263 i 1 ug/lO8 cells). Despite

similar levels of free lactate, the T2 value for R13762 cells was more

than double (760 ms) that measured for J clone cells (325 ms),

indicating that lactate is not responsible for the long T2 of the

resonance at 1.33 ppm.

It appears therefore that the nucleus responsible for generating

the long T2 and cross—peak Y is removed by fucosidase treatment.
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Figure 2. 400 MHz 1H NMR 20 COSY spectrum of a suspension of R13762 cells (1 x 108)

in PBS-020. Sine-bell and Gaussian (LB = -30, GB = 0.25) window functions were applied in

the t1 and t2 domains respectively. Cross-peaks are assigned as previously described

(Chapter 3). Cross-peaks due to metabolites are marked with arrows. A vertical slice

through the COSY contour plot at k2 ppm yields the chemical shifts of all the protons

coupled to that peak. Crosspeaks G and G' are the vicinal methylene-methine and geminal

methylene couplings respectively, in the glycerol portion of the triglyceride molecule.

(A) Untreated cells. (B) Cells treated with fucosidase.
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6.2.2 Removal of Metastasic Capacity In Vivo by Fucosidase
 

Treatment of Cells Prior to Inoculation
 

Animals were divided into three groups of ten. Untreated R13762

cells injected into the mammary line of the rats subsequently resulted

in the formation of macroscopic lymph node metastases in eight out of

ten animals, compared with seven out of ten from the cells incubated in

PBS for 30 minutes (Table 1). The sizes of the resulting primary tumours

were similar in each case after four weeks (4 - 5 cms).

Cells incubated with fucosidase prior to injection produced smaller

primary tumours after four weeks (3 - 4 cm) and only two out of the ten

rats had visible lymph node metastases, and these were in a single lymph

3
node. Metastatic deposits in these two animals were 1.0 cm in volume

compared to a mean of 63 cm3 in the two control groups (Table 1).

Table 1 Effect of Fucosidase on the Metastasising Capacity of R13762 Cells
 

 

 

Diameter Metastatic Rats with +

Primary Depogits Metastases T2

Treatment of Cells Tumour (cm) (cm ) (TO/group) (ms)

None 4 - S Gk i 6 8 760 i #8

lncubated in PBS at 4 - 5 62 i 6 7 857 t 80

37° for 30 min

without enzyme

lncubated in PBS at 3 - 4 1 i 0.1 2 390 i 65

37° for 30 with 0.07

units fucosidase

 

Cells (1 x 107) were injected into the mammary line fat pad of Fischer

rats. Animals were sacrificed 4 weeks after the initial injection and

examined for macroscopic metastases. The volumes of the metastatic

deposits are means 1 standard deviations of the total secondary tumour

volumes in the animals bearing metastases. The differences in sizes of

metastatic deposits between the two control groups and the fucosidase

treated group was found to be significant (P < 0.01) by the Wilcoxon
+

ranking test. Mean t 5.0. of 3 samples.
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Thus the exposure of R13762 cells to fucosidase prior to injection

into the fat pad of the mammary line reduced their metastatic but not

tumorigenic property in vivo. It therefore seemed important to

investigate how long these cells took to refucosylate cell surface

molecules in vitro.

6.2.3 Regeneration of the Cell Surface Marker In Vitro
 

The R13762 cells which had been treated with fucosidase were

cultured in enzyme free medium for a further 24 hour period and the NMR

experiments repeated. The long T2 relaxation value and cross—peak Y in

the ZD COSY spectra were again apparent after 24 hours in tissue culture

and the doubling time of these cells was the same as the parent cells

(approximately 17 hours).

6.2.4 Cellular Uptake of 14C Fucose
 

The highly metastatic R13762 cells and the non—metastatic J clone

cells were incubated with L-[1—14C] fucose. Other workers have

previously shown that there is insignificant conversion of labelled

fucose into other sugars, amino acids or glycogen in cultured cells or

rat tissues (Atkinson and Summers, 1971; Coffey gt_al., 1964; Kaufman

and Ginsberg, 1968; Bosmann gt_gl., 1969; Bekesi and Winzler, 1967). The

R13762 cells incorporated almost twice as much label, although the same

distribution among the various lipid and protein components of the cell

was recorded for both cell lines (Table 2). The majority of the fucose

was incorporated into the non-protein fraction (mean of 62%) and a mean

of 87% of this was found in the crude ganglioside preparation.
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14
Table 2 Distribution of C Fucose in R13762 and J Clone (JC) Cellular
 

Component . Cells were incubated with 0.2 u Ci L-[1-1#C]fucose

per 100 ml of medium for 48 h and the uptake of label recorded

in the total protein and lipid components of the cells. The

incorporation of label was further measured in the neutral and

ganglioside subfractions of the lipid components. (dpm =

disintegrations per minute). Results are means i $.E. of

duplicates.

R13762 (Metastatic) JC (non-metastatic)
 

Total uptake 253h1 i 1925 1#892 i 751

8
(dpm per 10 cells)

% dpm in protein 38.5 i 0.1 37.0 i 2.7

% dpm in lipid 61.5 i 0.1 63.0 i 2.7

% dpm in subfractions of lipids
 

gangliosides 86 i 6 88 i 2

other lipids 14 i 6 12 i 2

 

6.2.5 NMR Spectroscopy of a Crude Ganglioside Fraction
 

The gangliosides isolated from the R13762 cells were found by TLC

to be a nfixture, but the dominant band had the same Rf as the GM1

standard. NMR analysis of the total ganglioside fraction showed the

presence of a long T2 (N 1000 ms) and the cross-peak Y was present in

the 2D COSY spectrum. No long T2 was found in the organic phase lipids,

which would include neutral lipid, neutral glycolipid and phospholipid.

These data indicate that fucogangliosides are key molecules in the

metastatic process and have a long T2 relaxation value comparable with

that of the intact cells.
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6.3 DISCUSSION AND CONCLUSIONS

The rat R13762 metastatic cell line has a long T2 relaxation value

not observed in the non-metastatic phenotype J clone (Mountford gt_gl.,

1984b), whether grown in vitro or in vivo. Since fucosidase treatment of

R13762 cells removes the fucose resonance and the associated long T2 for

one generation of cells only, daughter cells produced after injection of

7 cells into the rat should have the fucose-the original 1 x 10

containing molecule on their surface if cellular fucosylation capacity

is normal. This suggests that the state of the cells' surface at the

time of injection into the animal is critical in the generation of

metastases.

14C

When the cells were grown in vitro in medium supplemented with

fucose, twice as much 14C fucose was incorporated into the highly

metastatic R13762 cells compared to the non-metastatic JC cell line.

Subfractionation of the R13762 cellular components located 62% of the

label in the lipids, 87% of which was located in the ganglioside

fraction. The long T2 relaxation value which has proven to be an

excellent metastatic marker in the rat mammary adenocarcinoma model can

therefore be generated by the methyl protons on fucogangliosides.

Fucosyltransferase A and B activity is present in the plasma

membranes of malignant cells (Chatterjee and Kim, 1978) and the

fucosyltransferase B activity has previously been shown to be 7-fold

higher in metastasising tumours (Chatterjee and Kim, 1978), an

observation not confirmed by Dennis and Kerbel (1981). The former report

14C fucose
is consistent with the significantly higher incorporation of

in the R13762 metastasising cells.

The glycolipids of a murine lymphoma line with low and high

metastatic variants has been investigated (Murayama et al., 1986).
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Differences in the position of their sialic acid residues were revealed,

as welT as the presence of high quantities of the neutral glycoiipids

(Gg3Cer and Gg4Cer) in the low metastatic variant, Eb. A comparison of

rat and murine cell lines with different metastatic potential showed

that higher degrees of sialylation could be linked to metastatic

potential (Yogeeswaran and Salk, 1981), although this simple correlation

was not found in all studies (reviewed by Nicolson, 1982). The wheat

germ lectin—resistant variant of MDAY—DZ showed greatly reduced

metastatic potential correlated with lack of fucosylation (Dennis and

Kerbel, 1981). These observations are consistent with the finding that

the metastatic R13762 cell line incorporates more 14C fucose into

fucoganglioside than the non-metastatic J clone cell 1ine. Increased

ganglioside leveTs have been found also in plasma membranes of primary

and secondary tumours of rats bearing metastatic mammary carcinomas

(Skipski gt_al., 1981).

Migratory inhibition factor (MIF) pTays an important role in

celiular immune systems by modulating the function of the macrophages.

L-fucose has been found to inhibit the MIF present in ascites fluids of

ovarian cancer patients (Fahlbusch and Tittel, 1986). Low levels of

serum a-L-fucosidase have been associated with epithelial ovarian cancer

(Barlow and Bhattacharya, 1983). It can be postulated that there would

be a resultant increase in serunl fucose and celiular surface fucose

(Lynch e1;_gl., 1985) which might render the surrounding macrophages

unresponsive to MIF. Others have reported that serum fucose levels in

patients are a guide to recurrent malignant disease (NaHack fl”

1978).

The roTe of fucoproteins in the generation of the long T2 and the

metastatic process has yet to be evaluated. Alterations to the cell
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surface glycoproteins have been described in metastatic clones of the

R13762 NF rat mammary adenocarcinoma line (Steck and Nicolson, 1984).

Fucosylated derivatives of the major sialoglycoprotein (ASGPl) on R13762

cell surfaces have now been sequenced (Hull gflLjil. 1984). Cells from

DMBA8 and MAT13762 rat mammary lines showed increased binding of

fucose—specific lectin to more highly metastatic variants (Ramshaw and

Badenoch-Jones, 1985).

Proteolipids have been isolated from the plasma of a patient with

malignant disease (Chapter 5) which contained a high percentage of

glycolipid, a long T2 relaxation time and a cross-peak Y when examined

by 2D NMR spectroscopy - all observations consistent with the

involvement of fucolipids in these complexes. If the fucose is shed in

the form of proteolipid complexes from malignant cells, it is possible

that the proteolipids might contribute to the immunosuppression of the

host (Marcus, 1984; Chapter 1.4.3).

CONCLUSIONS

The NMR data presented in this Chapter indicate that the long T2

relaxation value (500 — 800 ms) observed in metastatic rat mammary

adenocarcinoma cells is removed by treatment with fucosidase. ZD scalar

correlated NMR (COSY) spectra of fucosidase-treated cells show that a

cross-peak, consistent with scalar coupling between the methyl and

methine groups on fucose and usually associated with malignancy and

metastatic ability, is absent. Metastases were observed in only two out

of ten rats injected subcutaneously with fucosidase-treated cells

compared to eight out of ten with untreated cells. NMR studies on

isolated cellular lipids identified the long T2 relaxation value only in

the ganglioside fraction. This fraction accounts for 51% of the total

14C labelled fucose incorporated into the cells.
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7.1 INTRODUCTION

Rat mammary adenocarcinoma cells (R13762), and solid tumours grown

aiong the mammary line of Fischer rats by injection of R13762 cells have

a high resoiution 1H NMR signal containing resonances with a long T2

relaxation time (Mountford gt_al., 1984b). A range of human tumours in

patients with metastases was also found to have T2 vaiues of > 400 ms

(Mountford gt;ial., 1986b) as did proteolipid compiexes found in the

plasma of a cancer patient (Chapter 5). These resonances disappeared

after removai of the tumour (Chapter 5) and proteolipids have been

detected in the medium from cultured maiignant ce11 lines (Nieczorek gt

21., 1985). It is likely, therefore, that the source of the molecuies

generating the iong T2 in serum is the tumour tissue.

The spectrum of fucoiipid exhibits resonances responsible for the

long T2 in R13762 cultured ceiis (Chapter 6). Fucose was aiso present in

one ciass of the "neoproteoiipids" described by Skipski gt_al. (1975a).

These particles were found in large amounts in lipid extracts of various

human and animal tumours, including mouse mammary adenocarcinoma.

Neoproteoiipids found in red blood cell lipids and serum lipoproteins

from both humans and experimental animals were quantitatively reiated to

tumour growth (Skipski gt_al., 1975a).

Plasma hyperlipidaemia is a we11 documented phenomenon associated

with tumour growth in both humans and experimental animals, with reports

of increased VLDL lipid and decreased HDL2 being the most frequent

(Barclay and Skipski, 1975). However no detaiied study of the effects of

tumour progression and metastasis on 1ipoprotein distribution has been

reported.

Experiments investigating the possibility that there are

proteoiipid compiexes in the serum of rats with mammary adenocarcinoma
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which are involved in the metastatic process are presented in this

Chapter. There are differences in lipoprotein biochemistry between the

rat model system and that of humans e.g. rats and mice (especially

females) frequently have little or no low-density lipoproteins because

of the high efficiency of chylomicron and VLDL remnant clearance from

the circulation and the absence of cholesteryl ester exchange proteins

(Oschry and Eisenberg, 1982; Barclay and Skipski, 1975). Nevertheless,

the cell surface signal for metastasis (the long T2 relaxation time) has

now been identified in the LDL fraction of serum from rats with

secondary tumours.

7.2 RESULTS

7.2.1 Alterations to Serum Lipoproteins in Tumour-bearing Rats and
 

Further Changes Associated with Metastasis
 

When pre—stained serum bulked from ten normal, healthy Fischer 344

female rats was subjected to density gradient centrifugation only three

lipoprotein bands were visible:- VLDL (d < 1.063 g/ml), HDL2 (d 1.125 —

1.083 g/ml) and HDL3 (d 1.225 - 1.125 g/ml) (Figure 1A; Methods, Chapter

2.10.2). The HDL and HDL3 layers formed a continuous staining zone

2

above d 1.225 g/ml. There were no visible LDL or HDL1 bands and the

ultracentrifugal residue at the bottom of the tube (d 1.225 g/ml) showed

little staining (not included in Figure 1). .

Eight out of ten rats injected with the highly netastatic cell

line, R13762, had macroscopic axillary node metastases by 4 weeks after

inoculation. However, two out of ten of the animals still had primany

tumours and no visible metastases. Lipoproteins isolated from the bulked

sera of animals with primary tumours only showed the presence of a new

band in the LDL region (d 1.083 - 1.063 g/ml) (Figure 13). The top half



 
Figure 1: Lipoprotein fractions isolated from rat sera by KBr density gradient

centrifugation. From the left the gradients are from (A) control rats; (B) rats injected

with R13762 cells, but with primary tumours only; (C) rats injected with R13762 cells and

bearing metastases in the lungs and lymph nodes; (D) rats injected with R13762 cells

bearing 2.5 times the burden of metastases with some f0und in the liver in addition to the

lymph nodes. The position of the bottom of each step on the density gradients is indicated

(<)-
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of the HDL2 region was less heavily stained, and the lower half was

distinguishable as separate from the HDL3 band.

Lipoproteins isolated from the bulked sera of rats with metastases

contained visibly larger amounts of particles in the LDL region and the

entire HDL2 region became only faintly visible (Figure 1C). In serum

fractionated from an animal 5 weeks after injection of cells and showing

advanced metastatic disease with liver involvement, 2.5 times the volume

of metastatic deposits shown in Table 2 were present. The HDL2 region

had disappeared completely and the LDL band was even more pronounced and

floated with a slightly lower density (Figure 10).

The VLDL band became more heavily stained in a thin film at the top

in animals bearing primary tumours only, compared with controls. The

entire band became heavily stained in the animals with metastases

(Figure 1C and D). When these animals were near to death their serum

became of milky appearance and most of the HDL region disappeared. The

VLDL band became milky and the LDL band slightly reduced in intensity

(not shown in Figure 1). Overnight fasting did not alter the

distribution of lipoproteins in sera from either normal or

tumour—bearing rats.

7.2.2 Quantitation of the Hyperlipidaemia in Tumour—bearing Rats
 

Changes to the lipoprotein components were quantified in the sera

of rats injected with non-metastatic J clone cells (JC) and R13762 cells

rendered non-metastatic by fucosidase treatment (FT). The results were

compared with those obtained from rats injected with untreated R13762

cells (MET 1) and bearing macroscopic metastases. As a control for

fucosidase treated cells, animals were injected with R13762 cells which

were washed and incubated in phosphate buffered saline in the absence of
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enzyme. These animals also bore metastases (MET 2).

All rats with primary tumours but no metastases had LDL in their

serum whether they were injected with ma1ignant but non-metastatic J

clone cells (JC), with fucosidase-treated R13762 cells (FT) or with

untreated R13762 cells, where serum was collected prior to the

observation of metastases (Figure 18). The relationship between tumour

burden and amount of the various lipoproteins as judged by their total

lipid content is quantified in Table 1.

Table 1 The Distribution of Lipid in Rat Lipoproteins According to

Tumour Burden

 

 

Animals Diameter Volume of

(10 per of Primary Secondary Total Lipid (ug/ml serum)

Treatment) Tumour Tumours VLDL LDL HDLA HDLfi TOTAL
L D

3
(cm) (cm )

*
Control NIL NIL 304 112 1284 1717 3417

JC 2 NIL 405 222 1055 1495 3177

FT 3 - 4 NIL 863 384 406 1404 3057

MET 1 4 - 5 64 2251 690 99 990 4030

MET 2 4 - 5 62 2250 566 426 1266 4778

 

*
No band visible. Control: healthy rats. JC: rats injected with J clone

cells. Primary tumours present only, and regressing. FT: rats injected

with 13762 cells treated with fucosidase. Primary tumours present only.

MET 1: rats injected with 13762 cells; primary and secondary tumours

present. MET 2: as for MET 1, but cells were washed in PBS before

injection.

In animals injected with the non-metastatic J clone cells (JC) a

small burden of regressing primary tumours was evident after four weeks.

VLDL lipid was increased by 50%, LDL was doubled and HDL2 and HDL3 were

decreased to 82% and 87% when compared with the levels in the control

rats (Table 1).
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Rats injected with fucosidase-treated R13762 cells (FT) to remove

their metastatic potential (Chapter 6) carried a greater tumour burden

than the JC rats, but no metastases. VLDL and LDL lipids were almost

3-fold higher than in control animals and HDL2 and HDL3 lipids were

reduced to one third and 82%, respectively, of those found in control

animals (Table 1).

Even more dramatic changes were observed in both groups of animals

with metastases (MET 1 and MET 2). VLDL and LDL levels were increased an

average of 8-fold and 6-fold respectively. HDL2 and HDL3 lipids

decreased on average to 20% and 66% of those in the controls (Table 1).

The total serum lipoprotein lipid was raised (hyperlipidaemia) in MET 1

and MET 2 rats.

The primary tumour size ranges and mean volumes of secondary

tumours produced are shown in Table 1. Ten rats were used for each

treatment. Overnight fasting did not alter the distribution of

lipoproteins in sera from either normal or tumour-bearing rats.

7.2.3 Size Distribution of Particles in Lipoprotein Fractions

The sizes of the lipoprotein particles in each fraction on the KBr

gradients were measured from electron micrographs and the variations

were associated with tumour burden. The particle diameters measured in

the LDL, HDL2 and HDL3 fractions are plotted as a function of percentage

distribution in Figure 2. The ranges of sizings used for reporting the

results approximate the ranges for rat and mouse lipoproteins in the

literature (e.g. Camus gt__gl., 1983; Oschry and Eisenberg, 1982).

Insufficient numbers of particles were found in the gap region of

gradients from normal animals (corresponding to LDL in tumour-bearing

animals) for accurate sizing.



169

 

 

 

     

LDL HDL2 HDL3

25~ — .

20- ,\ — _

z 15- I \

Q I \
5 1o» - .
e I \
E 5.. I

<5 ./ \
0 3-“ . 'Y"("5 o

25- - -

E n; ‘
LIJ H"
0 20' I“: " ’ g
I ' - :':
w I - sa
0‘ '5” {a " t" ’

:31 52‘
10- .‘: * '5 r. ’ 52H

\-. l: l-. - :h
iv 15 r.‘ g a

3' \a V“ : £\
5»— \= - '-. _ 5'".

{J \"-. .7] ‘-.‘ s ,I'. \\ A‘
., " -. ‘?\ J". “1-- ,? .""""«?JA’V \-

o 10 20 30 0 1o 20 30 o 10 20 30

PARTICLE SIZE (nm)

Figure 2. Size Distribution of Lipoprotein Particles Isolated by Density Gradient

Centrifugation. Lipoprotein fractions were dia1ysed against 0.9% NaCl for 2 h at “°C. The

lipoprotein particl es were exami ned by negative staining electron microscopy.

ControI ———-— ; J Clone _._.—._ ;

Fucosidase Treated -—_——- ; R13762 with Metastases munu-u-u...



170

The VLDL fraction from aII treatments contained a vast range of

particle sizes with no real maximum in the percentage distribution of

any particular size. Most particIes feII within the expected range for

VLDL (> 28 nm). Most LDL particIes aTso fell within the expected range

for LDL (18 - 27 nm). However examination of the size which occurred

most frequently revealed a change with the appearance of visible

metastases. In animaIs with primary tumours on1y (JC and FT) the maximum

in the percentage distribution (modal value) occurred at 20 — 22 nm

(Figure 2). This shifted to a larger size (24 — 26 nm) in the LDL from

animals with metastases (Figure 2).

The HDL fraction for the controI rats lay nmstIy in the range
2

expected for HDL1 and HDL2 (9 - 17 nm). In animaIs with smaII primary

tumours (JC) there was an increase in Iarger HDL2 particles (18 — 27 nm)

and an increase in modaI value from 11 nm in the control to 13 nm

(Figure 2). With higher tumour burden (FT) and metastasis, however,

there was a pronounced shift to larger particle sizes with modaI value

of 16 nm.

The HDL fractions of the control rats and those with primary
3

tumours only (JC and FT) had a modaI vaIue of 9 - 11 nm (Figure 2). In

metastatic samples there was a marked shift to a smaIIer particle size

(8 - 9 nm), which resembles that of chylomicron remnants (Redgrave,

1970).

7.2.4 Electrophoresis of Rat Lipoproteins

Changes in apoprotein composition were not evaIuated but

differences in electrophoretic mobility on agarose gels were observed in

fractions from rats with metastases. Lipoprotein fractions isolated from

rats bearing primary tumours only (JC) differed from those of control
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_F_igture 3. Electrophoresis of Rat Serum Ligoproteins Isolated by Density Gradient

Centrifugation. The sampIes from the top are:- (1) VLDL and (2) the area in the region of

IJJL from normal rats. Tracks 3 - 6 are VLDL, LDL, HDL2 and HDL3 from rats injected with

non-metastatic J cione (JC) ce‘lls and tracks 7 - 10 are HDL3, VIJJL, LDL and HDL2 from rats

injected with metastatic R13762 ceHs (NET 1). The arrow indicates the origin.
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rats only in the mobility of the LDL fraction (Figure 3). The

differences are not quantitative as a very heavy load was applied to the

gel to show the presence of triple bands in the control LDL area,

probably representing trace amounts of a mixture of VLDL, LDL and

chylomicra (Chalvardjian, 1971). Only one band could be detected in the

J clone LDL fraction running in the 8 position, which was typical of LDL

(Koga gt;31., 1969).

The LDL isolated from animals with metastases also migrated as a

single band but was much less mobile than the JC LDL (Figure 3). It

barely moved from the origin, which could reflect the larger particle

size (Figure 2), or a lesser particle charge. HDL2 from animals with

metastases was more mobile than that from JC or control animals despite

the larger particle size (Figure 2).

7.2.5 NMR Identifies the Presence of a Metastasis Marker similar

to that on Tumour Cell Surfaces in the Serum LDL Fraction

from Rats Bearing Metastases
 

The methylene resonance of cancer cells and serum proteolipids can

be resolved into several components by Lorentzian-Gaussian deconvolution

techniques (Chapters 5 and 6). LDL isolated from rats with metastases

had a similarly composite resonance which could be resolved into three

main components (Figure 4A). In the same animals the VLDL fraction could

be resolved into two components (Figure 4B). The resonances in HDL

fractions from animals with metastases could not be further resolved.

All lipoproteins isolated from normal rats or from animals with primary

tumours only (JC, FT) produced a single resonance around 1.25 ppm

(Figure 4C). When the LDL sample in Figure 4A was treated with

fucosidase, and redialysed before NMR spectroscopy to remove free
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1.34 1.28 1.20

PPM

Figure 4. #00 MHz 1H NMR Spectra of Lipoproteins Dialysed against NaC] - 020 for 2 h.

Reso‘lution enhanced spectra were plotted over the methy‘lene region (1.2 - 1.“ ppm) on an

expanded scale for (A) LDL from rats injected with metastatic R13762 ceiis; (B) VLDL from

rats injected wi th metastatic R13762 ce‘l‘ls; (C) LDL from rats injected with non-metastatic

J cione cel‘ls (JC).
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fucose, the spectrum changed to resemble that in Figure 43, with only

two components resolved.

The T relaxation times of the resonances around 1.33 ppm for
2

Tipoproteins isolated from normal, primary tumour-bearing and

metastasis-bearing rats are shown in Table 2. Only the LDL fraction from

rats with metastases had a T2 of > 400 ms, which is the same as that

from metastatic R13762 cells (Mountford §t__al., 1984b). When this

fraction was treated with fucosidase, as above, the T2 decreased from

522 - 96 ms.

Table 2 1» Values (ms) for Lipoproteins lso1ated from
I.

Rats with Differing Tumour Burdens
 

 

Treatment VLDL LDL HDL2 HDL3

Control 288 -* 193 170

JC 265 237 165 195

FT 278 272 251 118

MET 1 294 522 250 242

MET 2 270 502 268 250

 

* 1
Insufficient sample to give H NMR signal. The

treatments and tumour burdens of the rats are the

same as in Table 1.

Two dimensional COSY experiments on the isolated lipoproteins

resulted in 2D spectra ‘dominated by lipid connectivities from tri-

glyceride i.e. A,B,C,E,F,G,G‘ (Chapter 3; Figure 5). Cross—peak Y,

connecting resonances at 1.3 and 4.2 ppm, appeared in the spectra of all

malignant and metastatic cells and tumours studied thus far, and was

removed by treatment with trypsin (Holmes gt_gl., 1986) and a-L-fuco-

sidase (Chapter 6). This cross—peak was present in the 20 spectrum of

LDL in Figure 5, but was very difficult to distinguish from the

background noise.
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A-G' (see Chapter 3 for structure to indicate connectivities).
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7.2.6 NMR Identifies the Serum Metastasis Marker in a Crude
 

Ganglioside Fraction Isolated from LDL
 

A crude ganglioside preparation was made from the LDL of rats with

metastases derived from injected R13762 cells. Two main resonances could

be resolved in the methylene region at 1.27 and 1.24 ppm (Figure 6A and

B). The longest T2 value was 600 ms. After treatment with fucosidase the

resonance at 1.27 ppm was greatly diminished and the T2 was now 190 ms

(Figure 6C). The resonance giving rise to the long T2 in R13762 cells

has been identified as derived from fucose and has been isolated from a

crude ganglioside fraction extracted from these cells (Chapter 6).

7.2.7 Lipoprotein Compositional Changes in Relation to Tumour
 

811512

With the exception of VLDL and the ultracentrifugal residue, the

lipid and protein composition of the individual lipoproteins was found

to vary substantially with increasing tumour burden. Although no

lipoprotein bands were visible by staining in the LDL region from

control rats, this area of the gradient was collected and analysed.

A decrease in total protein content compared with the control is

apparent in the HDL and LDL fractions from rats with even the smallest

tumour burden (JC) (Table 3). This was most evident in the HDL2

fraction, where a further decrease occurred with metastasis.

Triglyceride levels in the HDL fractions were altered little with

the presence of small primary tumours (JC) but were elevated

substantially with increasing tumour burden in FT, MET 1 and MET 2

samples. Again the most obvious increase was with the HDL2 fraction in

animals bearing metastases (x 13.5 of the control, Table 3). The LDL

fraction showed a progressive increment in triglyceride content from JC
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1
Figure 6. ‘H30 MHz H NMR Spectra of:- (A) a crude ganglioside fraction (in 020)

isolated from the LDL of rats injected with metastatic R13762 cells (MET 1) and resolution

enhanced on an expanded scale in (B). The resolution enhanced spectrum of the same

ganglloside sample after fucosidase treatment is shown in (C).
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to MET 2 and MET 1 where the level reached twice that of the control.

Increased triglyceride tended to be compensated by decreased

cholesteryl ester in all LDL fractions from animals with tumours, but

only in the HDL fractions from animals with metastases. In these animals

the cholesteryl ester was reduced to an average of 25% and 89% of the

controls in the HDL2 and HDL3 fractions respectively. Some reduction in

cholesteryl ester was also noted in the VLDL fractions from all

tumour-bearing animals.

Free cholesterol levels were lower than the control in the HDL

fractions of animals with metastases (Table 3), but higher in the LDL

fractions of all animals with tumours. Phospholipids showed no uniform

changes in the HDL3 and LDL fractions but decreased about 3.5-fold in

the HDL2 fraction of animals with metastases. Some increase in

phospholipid occurred in the VLDL from all animals with tumours.

The most curious feature of the HDL2 fractions (Table 3) was the

marked change in composition with metastasis from HDLl-like (Oschry and

Eisenberg, 1982) to VLDL-like particles with very high triglyceride and

very low protein and cholesteryl ester levels. These particles were

smaller than VLDL (Figure 2) but must contain some unusual molecular

packing or some other component, such as glycolipid to make them float

at HDL2 density.

7.2.8 Fatty Acid Profiles of LDL Fractions
 

The fatty acid composition of lipoproteins isolated from rats with

the differing tumour burdens described in Table 2 was examined to

ascertain if any particular fatty acid was associated with the long T2

value (Table 2). Considering their different compositions (Table 3), the
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Table 3 Percentage Composition of Rat Lipoproteins with Increasing Tumour Burden

 

 

 

 

 

Protein TG CE CHOL PL

VLDL

Control 2 82 8 2 5

JC 3 81 4 4 8

FT 4 80 3 4 9

MET 1 6 78 5 3 9

MET 2 2 84 2 3 9

EL

Control 13 37 41 2 7

JC < 0.1 53 27 7 13

FT 2 65 15 6 12

MET 1 4 75 12 3 7

MET 2 5 69 12 4 11

HDL
———2

Control 31 6 30 7 26

JC 15 8 33 9 34

FT 13 22 31 8 26

MET 1 3 82 6 2 7

MET 2 < 0.1 80 9 3 8

HDL
———3

Control 48 5 19 4 24

JC 27 5 29 4 35

FT 22 31 19 3 25

MET 1 24 31 17 2 25

MET 2 29 32 17 1 21

RESIDUE

Control 94 5 < 1 < 1 1

JC 98 1 < 1 < 1 < 1

FT 80 19 < 1 < 1 1

MET 1 96 3 < 1 < 1 < 1

MET 2 73 27 < 1 < 1 < 1

 

T6 = triglyceride; CE = cholesteryl ester; CHOL = free choIesterol; PL =

phospholipid. The treatments Iisted are the same as in the legend to

Table 1.
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fatty acid composition of alT LDL fractions was remarkably similar with

the dominant species being 16:0, 18:1(9), 18:0, 18:2, 20:4 and 22:6

(Table 4). In LDL from control rats the level of 18:2(6) was reduced to

73% of the average for tumour-bearing rats in favour of the appearance

of small amounts of 12:0, 14:0, 15:0, 20:3 and 22:3. The content of 20:4

was highest in the JC rats.

Table 4 The Fatty Acid Composition (%) of LDL Isolated
 

from Normal and Tumour-bearing Rats
 

 

 

 

 

 

Treatment

Fatty Acid Control JC FT MET1 MET 2

12:0 1.9 < 1 < 1 < 1 _

14:0 2.9 < l < 1 < 1 < 1

15:0 1.5 < 1 < 1 < 1 < 1

16:0 24.7 20.4 22.1 22.8 23.6

16:1 1.8 1.2 1.1 < 1 < 1

18:1(9) 16.3 16.1 18.7 20.1 17.9

18:1(11) 2.9 2.3 2.4 3.2 2.2

18:0 11.4 9.7 8.9 10.6 9.0

18:2(6) 15.9 19.7 23.2 22.1 21.4

18:3(6,12) — - - < 1 1.5

20:3(11,17) 1.9 < 1 < 1 < 1 -

20:4 + 20:3 11.9 20.2 12.4 9.1 11.4

(8,14)
20:3(8,14)

22:3 1.4 < 1 < 1 < 1 < 1

22:6 4.8 4.8 6.5 4.7 9.7

 

The treatments of the rats and their tumour burdens

are described in Table 1.
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7.3 DISCUSSIONS AND CONCLUSIONS
 

Some surface molecules on R13762 cells are characterised by a long

T relaxation time. When Fischer 344 rats were injected with these
2

cells, metastases formed, and the serum LDL fraction isolated from the

animals contained the same resonances which were responsible for the

long T2 value in the injected cells. The presence of cross-peak Y, as

detected by 20 NMR experiments, and which connects the resonances

believed to be responsible for generating the long T2 value (Holmes et

31., 1986) could not be ascertained unequivocally. Nevertheless the

occurrence of a fucosidase-sensitive resonance with a T2 of 600 ms in a

ganglioside fraction derived from the LDL of R13762-injected rats

suggests that fucolipid might be responsible for the signal in serum as

it is on the cell surface (Chapter 6). The differences in chemical shift

between the resonance responsible in the serum LDL (1.33 ppm) and the

isolated ganglioside fraction (1.27 ppm) might be explained by

environmental differences.

The lipid and protein composition of the individual lipoproteins

was found to vary substantially with increasing tumour burden. This is

in contrast to the hepatoma 7288C in rats when no compositional changes

were recorded (Clarke and Crain, 1986). The hepatomas grew in situ and

did not form metastases.

The LDL fraction of rats with metastases is peculiar in that the

triglyceride to cholesteryl ester ratio is higher than in the control

rats or those injected with the non-metastatic J clone or fucosidase-

treated cells (Table 3). There was no sign of particles with HDL1

mobility in the LDL fraction (a1, Chapman, 1980). The decreased

cholesteryl ester with secondary tumour burden is consistent with

changes in the cholesteryl ester levels in the human proteolipid
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monitored in the serum of a patient after surgical resection of a

borderline ovarian tumour (Chapter 5).

Further comparisons can be made between the LDL and HDL fractions

from rats with metastases and the proteolipid 1 and 2 fractions isolated

from the plasma of an ovarian tumour patient (Chapter 5). Both

proteolipids 1 and 2 contained glycolipid and showed a long T2

relaxation time. Proteolipid 1 contained a high proportion of a particle

(25 - 28 nm) larger than conventional LDL as did the rat LDL fraction.

The proteolipid 2 ran closer to HDL on the density gradient and had a

high proportion of very small particles (8 — 11 nm) as in the rat HDL3

fraction. However no long T2 was noted in the rat HDL3 fraction.

Attempts by conventional techniques to find RNA in the lipoproteins

isolated from rat sera were unsuccessful (Materials and Methods, Chapter

2.8). However, as in Chapter 5, this result cannot be regarded as a true

negative, since conventional techniques cannot be used to isolate

proteolipid-bound RNA (Wieczorek, personal communication). Both human

proteolipids (Chapter 5) and LDL from rats with metastases showed

electrophoretic abnormalities when compared with normal LDL.

In rat mammary adenocarcinoma the increase of VLDL and LDL at the

expense of HDL2 and HDL3 was proportional to the tumour burden with

marked changes following metastasis. Increases in low density

lipoprotein levels have also been reported in in mice bearing the GRSL

ascites tumour (Damen g3;_al., 1984), to a minor extent in Morris

hepatoma-bearing rats (Clarke and Crain, 1986), and in some human cancer

patients (Barclay and Skipski, 1975).

The relationship between the HDL and lower-density lipoproteins is

not well understood. Increased serum triglyceride levels are believed to

be the result of defective catabolism rather than elevated hepatic
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synthesis of triglyceride-rich Tipoproteins (Damen §t__gl., 1984).

Lipoprotein Tipase is the key enzyme responsible for the hydrolysis of

triglycerides in chyTomicrons and VLDL (Nilsson-EhTe §§;_gl., 1980).

During hydrolysis of the triglyceride core the redundant surface

constituents e.g. phospholipids and cholesterol form discoid particles

which are transferred to HDL (Patsch §t_gl., 1978). HDL wiTT a1$o accept

cholesterol and phospholipid from plasma membranes of tissues (Damen gt

gl., 1985).

The phosphoTipids and cholesterol in HDL become substrates for

lecithin-choiesteroT acyltransferase (LCAT) and generate cholesteryl

‘esters which are then systematically removed from the HDL by a process

in which hepatic Tipase is thought to be involved (van ToT gt_gl.,

1980). Hepatic lipase has been proposed to act in opposition to

Tipoprotein Tipase in a cycle of HDL3 - HDL2 interconversions (Jansen gt

31., 1980; Groot 93:31., 1983).

In mice bearing GRSL tumours [14C]ch01esteryi ester TabeTTed HDL

was converted into lipoproteins of Tow density (LDL + HDL1 (Damen gt

31., 1985). The cause was postuTated to be impaired removal of HDL by

decreased hepatic lipase activity. Both overaTT tissue Tipoprotein

Tipase (Damen gt__gl., 1984) and adipose tissue Tipoprotein lipase

(Lanza-Jacoby §t_gl., 1982) decrease in GRSL murine tumours and AC33

rat mammary tumours respectiveTy. Deficiency in both hepatic and

Tipoprotein lipases is supposed to cause an accumulation of HDL which is

then converted, by some as yet unidentified process to LDL or HDLl. The

possibility that the extra LDL or some part of it might arise from the

tumour cells in rats and mice has not been addressed in the literature

on the subject.
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CONCLUSIONS

The chemical, morphological and magnetic resonance properties of

rat serum lipoproteins a110w the distinction to be made between hea1thy

rats, those bearing only a primary tumour and those with macroscopic

secondary malignant deposits (metastases). Female Fischer 344 rats

bearing maIignant primary mammary adenocarcinomas have low density

lipoprotein (LDL) present in their serum whereas in the normal healthy

controls this lipoprotein is absent. After the phimary tumour has

metastasised the LDL particles increase in size from 20 - 22 to 24 — 26

nm, decrease in electrophoretic mobility, and NMR spectroscopy records a

T re1axation parameter in excess of 500 ms from a Ino1ecu1e on the
2

particles' surface. A combination of NMR and Iipid 1501ation methods

identifies a source of the long T2 value as fucoganglioside. The NMR

signa] unique to animals bearing metastases was not detected in any

other Iipoprotein fractions and was removed by fucosidase treatment of

both the LDL particles and the isolated ganinosides.
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"If ye kin make a model, ye understand it,

if ye kanna ye dinna"

Attributed to Lord Kelvin

8.1 TUMOUR CELLS HAVE "MAL"—ADJUSTED MEMBRANES
 

Plasma membrane domains containing neutral lipid have been

identified in embryonic, transformed and malignant cells (Chapter 3). A

modification of the fluid mosaic model, described in Chapter 1.2.1 is

suggested to accommodate the chemical and NMR data presented in this

thesis.

Only a very small proportion of triglyceride can be incorporated

into bilayers where it exhibits motional behaviour similar to that of

phospholipid acyl chains (Gorrissen gt_al., 1982) and would therefore

not give a high resolution 1H NMR spectrum. 2H NMR studies have shown

that a maximum of 0.7 mol percent of triolein can be incorporated into

egg lecithin bilayers in the presence of cholesterol (Gorrissen §t_al.,

1982). However, triglyceride accounts for 4.9 mol percent of the major

lipids in VBL20 plasma membranes (Chapter 3), and thus a non-bilayer

structure is required to account for its presence.

The most appropriate non-bilayer structures containing triglyceride

with a high resolution spectrum are the serum lipoproteins. It is

proposed that particles similar to lipoproteins are found in or attached

to the plasma membranes of malignant cells. In Figure 1 these are shown

incorporated into the Fluid Mosaic Model structure, and it is suggested

that they be termed Malignancy-associated Lipoproteins (MAL). The term

"lipoprotein“ is used in preference to "proteolipid“ (Wieczorek et al.,



 

Figure l. Malignancy-associated Lipoproteins accommodated in the fluid mosaic model.

1985) because there is no precedent for the use of the latter word to

denote the abnormal LDL fraction from rats. Furthermore, it is desirable

to use the same terminology for rats and humans, since the particles are

malignancy and metastasis markers in both.

From experiments using radiolabelled and paramagnetic metal ions

(Mountford gt_al., 1982b) it can be deduced that the MAL are either

embedded in, or attached to the outer surface of the malignant cell

membrane. The geometry of the attachment of the MAL to the bilayer

remains to be elucidated, as does the existence of specific receptors

for MAL.

In Figure 1 the size of the MAL membrane domain has been drawn as

slightly larger than conventional LDL i.e. 25 - 28 nm in a nmmbrane

about 9 nm thick. The data in Chapters 5 and 7 indicate that the 1H NMR

signal for MAL in serum is associated with either an HDL-sized particle
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(8 - 11 nm diameter) or a slightly larger than LDL-sized particle (25 -

28 nm diameter) or both. Whilst the MAL particle has not been visualised

on cell surfaces by nmthods other than NMR, it is assumed that the

dimensions are similar to those identified in the serum and the diameter

is thus proposed be in the range of 8 - 28 nm.

8.2 COMPARISON WITH THE METAMORPHIC MOSAIC MODEL

Cullis g1;al, (1986) have also proposed a modification to the fluid

mosaic model for membranes which they term the "metamorphic mosaic

model" (Figure 2). The term "metamorphic" was introduced to acknowledge

the ability of lipids to adopt a variety of structures e.g. inverted

micelles, cylinders and the H11 phase, in addition to the bilayer. The

original term "mosaic" in the Singer-Nicolson model was used to describe

89339
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Figure 2. Metamorphic mosaic model (Cullis et al., 1986).
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the varied pattern created by the proteins situated, in and protruding

through, the lipid bilayer.

The metamorphic mosaic model presents explanations for a variety of

membrane events e.g in region 1, Figure 2, an exocytotic event is

proceeding via an intermediate inverted micellar or inverted cylinder

structure, whereas in region 2, an inverted cylinder structure allows a

stable, semi-fused interbilayer connection to exist, possibly

corresponding to a tight junction. In region 3 enhanced permeability to

divalent cations is proposed to proceed via an inverted micellar

intermediate.

In contrast to the predominantly neutral lipids found in the MAL

domains (Figure 1), the lipids which can induce such non-bilayer

structures as in Figure 2 are the phospholipids PE, PS, PA and CL, or

cholesterol and long—chain fatty acids under some conditions. Also, in

contrast to Figure 1, the formation of non-bilayer structures is

proposed in normal as well as neoplastic cells and is believed to be

both localised and/or transitory during such processes as membrane

fusion and other membrane contact phenomena (Cullis et al., 1986).

8.3 THE COMPOSITION OF MAL
 

The chemical and physical structure of MAL as determined in

Chapters 5 and 7 is believed to be similar to conventional serum

lipoproteins (Herbert et_gl., 1983). The neutral lipids (triglycerides

and cholesteryl ester) tumble isotropically in a central spherical core,

surrounded by a shell of glycolipid, phospholipid, free cholesterol and

protein. The main differences from normal lipoproteins are the large

amounts of glycolipid on the particle surface (the antenna-like

projections in Figure 1) and the presence of DNA. DNA (Chapter 5) has
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been depicted in Figure 1 as being in the core of the particle where it

is protected it from destruction by deoxyribonucleases.

The nature of the protein in the MAL particles is unknown. The

presence of Apo A and B might indicate contamination by LDL and HDL. Apo

(a) content has yet to be determined. The abnormal electrophoretic

mobility of both human and rat MAL suggests the presence of protein or

lipid of unusual charge or an unusual particle size, or both.

DNA of unknown origin was found in MAL and other lipoproteins in

human serum (Chapter 5). No convincing evidence for the presence of

intact RNA was found. This finding differs with that of Nieczorek gt_al.

(1985), who reported polyA+ mRNA inside proteolipid particles, but not

in conventional serum lipoproteins from cancer patients. The extrusion

of DNA and RNA from cells is a controversial topic, with some critics

claiming that the nucleic acids are debris from dead cells. However

evidence has accrued over the years that DNA and RNA can leave living,

intact eukaryote cells, both normal and malignant (Stroun gt_gl., 1977;

reviewed by Adams, 1985). RNA and DNA are released both separately and

together as complexes (Stroun §t_gl., 1977; Khandijian and Turian, 1976)

with lipid and protein (Adams, 1985). Biological functions have also

been recorded for this type of complex, involving the alteration of

immune responses (Valentine and Lawrence, 1969; Heller gt_al., 1973) and

increases in the proliferation rate of normal bone marrow cells

(Wieczorek, 1983). The origin and function of DNA, and the presence of

RNA in MAL have not been resolved at present.

One component on the surfaces of metastatic cancer cells which is

unique to MAL is fucose (Figure 1). The NMR profile of this MAL shows a

long T2 relaxation time and the presence of cross-peak Y in 2D COSY

experiments. Both of these parameters are fucosidase—sensitive (Chapter
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6). The fucosylated molecule has been identified by NMR spectroscopy in

the crude ganglioside fraction of metastastic R13762 cells. However the

contribution of protein-bound fucose to the NMR experiments is not

known. Chemical confirmation of the presence of fucose and the identity

of the fucomolecule(s) responsible for cellular Inetastatic potential

await completion of further experiments.

8.4 THE ORIGIN OF MAL

There is circumstantial evidence presented in this thesis that MAL

in the serum is shed from MAL on the surface of tumour cells. Moreover,

MAL in the serum has been used to model the characteristics of MAL on

the cells. Wieczorek et_gl. (1985) identified proteolipid in the medium

from cultured malignant cells and concluded that the particles were

extruded by the cells. The composition of proteolipid in the cell media

was the same as that in patients' serum. The NMR parameters

characteristic of fucomolecules associated with the metastatic process

in cells are also present in MAL found in the serum of human cancer

patients or rats bearing metastatic tumours (Chapters 5 and 7).

Fucosidase treatment of the serunl MAL resulted in the same spectral

changes as shown by the cell-associated MAL. MAL was only found in the

serum of rats with tumours and in patients with tumours or shortly after

their removal.

Many questions remain to be answered on the origins of MAL. At what

stage of tumour development does the fucosylated molecule appear which

is a marker for metastasis? Is the complete MAL shed intact from cells

into the blood or only some components of it? Since there is

interconversion of normal lipoproteins in serum it is possible that MAL

formation, or some part of the process, is the result of deranged
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lipoprotein metabolism in cancer patients.

8.5 CELL SURFACE PROPERTIES AND METASTASIS
 

Treatment of metastatic cells with fucosidase reduced their

metastatic but not their tumorigenic capacity, both in vivo and in

Vitro. The possible importance of the cell surface in determining the

particular properties of metastatic cells has been the basis for a

number of investigations in recent years (reviewed by Turner, 1982).

Some of these experiments are listed in Table 1. Turner concluded that

 

 

Table 1 Effect of Modifying the Cell Surface on the Subsequent Metastatic Behaviour

Change in Surface Change in Metastatic

Treatment Properties - In Vitro Behaviour - In Vivo

* 1

Trypsin decreased H NMR signal decreased number of lymph nodules

Trypsin decreased surface charge decreased number of lung nodules

Neuraminidase

In Vitro culture

Heparin

Cytoskeletal

disrupting agents

Vesicle fusion

Tunicamycin

Trasylol

decreased surface charge

decreased ConA agglutination

increased surface charge

decreased cell adhesion,

migration, and ability to

aggregate

increased sensitivity to immune

lymphocytes

decreased cell adhesion and the

expression of surface

glycoproteins

increased cell adhesion

decreased lung retention of

labelled cells

increased number of lung nodules

increased organ retention of

labelled cells

decreased retention of labelled

cells in lungs and in the number of

of lung nodules

increased retention of labelled

cells in lungs and in the number of

lung nodules

decreased the number of lung

nodules

increased retention of labelled

cells in lungs and in the number of

lung nodules

 

*

Except for Holmes et al. (1986) , all references are listed by Turner (1982).
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no evidence exists to suggest that metastatic transformation is

accompanied by the appearance of any common specific surface feature.

The occurrence of an NMR signal from fucosylated molecules has been

noted in many human tumours (Mountford gt__gl., 1986b), in cultured

cancer cells with metastatic potential, and in the serum from rats with

metastatic tumours derived from the same cultured cells. Although no

metastases were detected outside the pelvic region in the patient with

borderline ovarian cancer in Chapter 5, it is still possible that the

tumours had the potential for metastasis. The latter is a multi-stage

process, as described in Chapter 1.6, with one step involving the

invasion of surrounding tissues. Histologically the cells from the

ovarian tumours apparently lacked invasive capacity and the prognosis

for this patient is good. However multiple foci were present in the

pelvis, so that either the tumours were multifocal in origin, or cells

had become detached from the primary tumour and seeded elsewhere. No

invasive property would be required for this migration. (It is

conceivable therefore that borderline ovarian tumours carry the ability

to immunosuppress the host but not the capacity to invade).

Many fucoproteins and fucolipids defined by monoclonal antibodies

have been listed as tumour-associated markers (reviewed by Hakomori,

1985). MAL have been found in the plasma and serum of a number of other

cancer patients, but the study is incomplete and has not been included

in this thesis. Extensive clinical trials are needed to determine if the

presence of MAL in human sera is a reliable indicator of the metastatic

potential of tumours. It is likely that fucosylation is one of the steps

necessary for metastasis, and that it affects the host's immune response

(references are provided in Chapter 6). However, both of these

hypotheses await proof.



194

8.6 A MODEL FOR SURFACE MEMBRANES IN DRUG-RESISTANT CELLS

Changes to the lipid composition and structure of plasma membranes

from vinblastine-resistant leukaemic lymphoblasts have been identified

in this thesis. Cholesterol, phospholipid and ether—linked phospholipids

are all present in greater quantities and might affect the permeability

of the bilayer. The inner half of the bilayer of resistant cell

membranes contains 4% extra lipid detectable as particle-free bulges by

freeze—fracture electron microscopy (Chapter 4). A likely candidate for

inclusion in the membrane lipid bulges is l-O-alky-Z—acylphosphatidyl

choline, if its plasma membrane distribution is similar to that found in

another malignant cell line (Record gt__al., 1984). Asymmetric

distribution of the extra cholesterol and phospholipid found in the

vinblastine—resistant lymphoblast membranes is also possible. None of

these lipids gives a high-resolution 1H NMR spectrum, thus any direct

effects of their increased membrane content would not produce spectral

changes.

The structure of the P—glycoprotein in the plasma membranes of

cells with the multi-drug resistant phenotype has been depicted by Marx

(1986), Figure 3.

mfi’lwmn-mu—wo

Figure 3. Model of the human P-glycoprotein. NTP = binding sites for nucleoside

   
triphosphates (Marx, 1986).
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To this membrane model, MAL, as depicted in Figure 1, can now be

added, as well as bulges to the inner half of the bilayer. The function

of MAL in drug resistance is not known, although alterations to this

1H NMR in vinblastine-resistant cells (Chapterdomain were detected by

1.7.3). Whether the membrane lipid bulges are related to the increased

P-glycoprotein content of the membranes or to cytoskeletal changes

induced by vinblastine remains to be elucidated.

It is hoped that the work presented in this thesis will lead to the

development of a simple serum test for the detection and monitoring of

malignancy and metastasis. In addition, trials will assess the

possibilities of improved combination chemotherapy, using the knowledge

gained of lipid and mitochondrial alterations in multi-drug resistant

cells.
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‘ SUMMARY

Human leukaemic T lymphoblasts made resistant to low levels (20 - 40

‘ ng/ml) of vinblastine have altered respiratory capacity. Cellular oxygen

uptake was greater in resistant cells compared with sensitive cells, and

vinblastine (40 ng/ml) caused immediate inhibition of oxygen uptake in

sensitive cells, but not in resistant cells. Isolated mitochondria reflected

the changes observed in the intact cells. Rates of oxidation of cytochrome c,

succinate and glutamine were higher in mitochondria from resistant cells and

were little affected by challenge with vinblastine, whereas vinblastine at 40

ng/ml was completely inhibitory for sensitive cell mitochondria. Azide

inhibited vinblastine efflux from sensitive and resistant cells in both the

presence and absence of glucose. Levels of protein, total lipid, free

cholesterol and cardiolipin were elevated in vinblastine-resistant

lymphoblasts.

INTRODUCTION

Cellular resistance to anticancer drugs has long posed a problem in

cancer management. Cell lines resistant to colchicine, vinca alkaloids and

anthracyclines have several features in common. These include decreased

cellular accumulation of drug, cross resistance to drugs other than the

original selective agent (1,2), and over production of a 170,000 dalton

glycoprotein in the plasma membrane (3).

In resistant cells active transport mechanisms involving energy

- metabolism have been proposed to account for the reduced cellular accumulation

of drugs such-as daunomycin, vincristine and vinblastine. (Review, see

reference 1). However the roles of respiration and glycolysis in the

acquisition of drug resistance have not been investigated.

The suggestion that cancer cells could have an impaired respiratory

capacity and that inhibitors of mitochondrial respiration and oxidative

phosphorylation might in general have anticancer effects was proposed as early

0158—5231/86/080295—11$01.00/0
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as 1930 (4). The vinca alkaloid anticancer drug vinblastine, is known to cL
a slight inhibition of respiration in L1210 leukaemic cells and an increahg
aerobic glycolysis (5). In addition, oxygen uptake in the presence of glurf
was partly inhibited in Sarcoma 180 and three Morris hepatoma lines by

vinblastine and fluoropyruvate (6). These effects were reversed by glutamag
Skoda and co—workers (7) found that vinblastine but not vincristine inhibid
the maturation of the precursor of mitochondrial aspartate aminotransferasfi
key enzyme in cancer cell respiration of glutamine. ‘

Since vinblastine has some effect on the respiration of malignant call
we investigated the possibility that cellular resistance to vinblastine wet
linked with respiration. Using a human acute lymphoblastic leukaemic T cell
line, CCRF-CEM, made resistant to low levels of vinblastine (20 - 40 ng/mlf'
provide evidence that cellular resistance to vinblastine in vitro is

associated with altered respiratory function which could affect drug efflue

  

   

   
  

MATERIALS AND METHODS

Cell Culture: The acute lymphoblastic leukaemic T cell line, CCRF-C‘LT
was cultured in RPMI-1640 medium supplemented with 10% foetal calf serum. 6
doubling time was approximately 24 hours. -

Dru Resistance: Lymphoblasts were made resistant to vinblastine by :7
growing cells in the presence of increasing but sublethal concentrations .§
the drug. The 1C5 (3) of CCRF-CEM cells not previously exposed to vinblaflz
was 3 ng/ml. The goncentration of vinblastine in the growth medium was
increased stepwise until, after a period of some weeks, cells were able to
grow in 20 or 40 ng/ml of drug with a normal doubling time. The cells are .
designated VBL—20 or 40, respectively. All experiments described below we~*
carried out with cells maintained in drug-free medium for at least two we¢
The resistance was not completely stable e.g. in VBL-20 there was a decree;
in IC from 60 to approximately 30 ng/ml over an 8 week period. The f
p-glyégprotein reported by Beck et al. (3) is increased by three fold in W
VBL-20 cells compared with sensitive cells (our unpublished data).

Electron Microsco : The pellets of 106 cells previously washed with-
phosphate Buiierea saline (PBS) were fixed with 2% glutaraldehyde in PBS,:*
post—fixed with 1% osmium tetroxide in PBS, and stained en bloc with 0.5%
aqueous uranyl acetate, dehydrated through a graded series 0? acetone and'i
and embedded in Spurrs resin. Ultra thin sections were cut, stained with ”
uranyl acetate and lead citrate, and examined in a Philips 400 Electron
Microscope at 100 kv.

Li id Anal sis: Total lipid, phospholipid, triglyceride, cholesterol ;
cholesterol ester were all estimated as described previously (8). Cardiolid
was estimated in polar lipid extracts, separated from the total cell lipid
silica gel column chromatography. The individual phospholipid components .T
separated on plastic-backed silica gel (Merck) TLC sheets run in two
directions, and the phosphorus content estimated for each spot (9).
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Cell Res iration: Cell respiration was measured at 37°C in 2 ml volum s

in a Rank oxygen electrode. Optimum rates were obtained using 0.5 - 1 x 10

cells. Oxygen uptake was measured in salt medium (8 mM morpholinopropane

sulfonic acid (MOPS) pH 7.4 containing 145 mM NaCl. 5.6 mM KCl, with or

without 10 mM glucose). The cells were washed three times in 0.9% NaCl before

use. The trypan blue exclusion test was used to determine cell viability at

the end of the experiments.

Cytochrome c Oxidase Activity: This was measured in cell homogenates,

obtained by freeze-thawing in’liquid nitrogen, and in isolated mitochondria by

a spectrophotometric method (10). Linearity of enzyme activity with both time

and protein concentration was established.

Lactate Production: This was measured in salt medium at 37°C using a UV

spectrophotometric kit method (Boehringer-Mannheim, 139084).

Protein: The protein content of cell homogenates and mitochondria was

measured u51ng the Bio-Rad dye reagent (Bio-Rad 500-0001), with bovine serum

albumin as a standard.

Mitochondrial Isolation: Mitochondria were isolated from cells by the

method of Carpentieri and Sordahl (11) in medium containing 0.25 M sucrose, 5

mM Tris—HCl, 5 mM EGTA and 0.5% bovine serum albumin. Mitochondria were washed

and resuspended in the same medium, but without EGTA. Respiratory activity was

measured in a Rank oxygen electrode at 37°C in a 1.4 ml volume. The assay

medium consisted of 0.25 M sucrose, 1.0 mM Tris-HCl (pH 7.2), 75 mM KCl, 2 mM

Pi, 5 mM MgCl2. Succinate (2 mM) or glutamine (5 mM) were used as substrates.

Uptake and Export of Vinblastine: Both sensitive and VBL—ZO resistant

cells were suspended for 1h in RPMT’growth medium at 37°C with 20 ng/ml

vinblastine containing 0.063 uCi/ml of [G- H]vinblastine sulphate. The cells

were then washed twice in saline and once in MOPS salt medium at 4°C. They

were made to a volume of 2 ml with salt medium alone (control) or with the

addition of glucose and/or azide and incubated at 37°C for 20 min. Cells were

pelleted by centrifugation at room temperature for 5 min. The cell pellets

were dissolved in 3N NaOH at 60°C, neutralized with HCl and ACS scintillant

added to both pellets and supernatants. Radioactivity was then counted in an

LKB type 1217 Rackbeta scintillation counter.

Statistics: Unless stated otherwise figures in the text are means i

standard dev1ations from the mean.

RESULTS AND DISCUSSION

Differences in Cellular Oxygen Uptake

The deregulation of cholesterol synthesis in tumour cells leads to the

diversion of mitochondrial citrate from participation in the TCA cycle (review

see reference 12). The utilization of glucose as a respiratory substrate

precursor is diminished and respiration can be supported by glutamine via

mitochondrial aspartate aminotransferase activity (12). The possibility of a

number of conflicting pathways operating simultaneously led us to believe that
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differences in oxygen uptake between sensitive and resistant cells might::

more easily reveaied in the absence of exogenous substrates. Oxygen uptaea

therefore measured in sait medium rather than in RPMI-1640 growth medium,“

contains abundant respiratory substrates including giucose and glutaminefi;

rate for the VBL-ZO ceils was found to be doubie that of the sensitive céti

For 8 experiments the rates were 57.7 i 22.2 and 105 t 17.7 nmoi 02 per hit

ce115 per min for sensitive and resistant ceils respectively. Intactness'i

cells was confirmed by trypan blue exclusion and by the faiiure of added”

succinate to enhance the rate of oxygen uptake.

This difference in oxygen uptake couid reflect iess endogenous

respiratory substrate(s) in the sensitive ceiis. If this were true the

addition of a respiratory substrate such as glucose to the sa1t medium 55f?

restore both ceii lines to similar1y high rates of oxygen consumption. 1'

However, aithough the sensitive ce1is increased their oxygen consumption“

100% when giucose was added to the sait medium, we found that the VBL-ZO"

reduced the rate by 21% indicating their preference for utiiisation of g?

for either aerobic glycoiysis and/or mitochondriai citrate export (12).

highiy giycoiytic tumour ceiis usuaiiy have poorly deveioped mitochondrii

it was not surprising that the sensitive ce11s had a greater rate of 1act1

production (374 i 9 ug/lO8 ce11s/h) in sait medium than VBL—20 ce1is (17&5“

ug/lO8 ceiis/h).

Effects of Vinbiastine on Ceiiuiar Oxygen Uptake

Sensitive and resistant ceiis were treated with varying 1eve15 of ‘

vinb1astine (from 20 - 1060 ng/mi) during respiration in sa1t medium with{

qucose. In sensitive ceiis 20 ng/m1 VBL was sufficient to reduce the ox}{

uptake to 84% 0f the initiai value. However, when a further 20 ng/m1 was‘j

the rate dropped to zero (Fig. 1). Higher concentrations (e.g. 200 ng/mlf‘

resu1ted in rates immediateiy dropping to zero. The effect of adding

vinbiastine couid not be overcome by subsequent addition of 5 mM glutaminaf

VBL-40 ceiis, on the other hand, responded very different1y with no :

inhibition being detected below 260 ng/ml. A siight decrease in the rate"

noted with higher concentrations of the drug, but 28% of the initial ratef

stii] present at 1060 ng/mi. Once again glutamine did not restore the actt

when added after the vinbiastine. U

Chemicai Anaiysis of Ceiis

Analysis of whoie ceiis (Table 1) showed that the protein content oft:
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Fig. 1

TABLE 1.
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VINBLASTINE (ng/ml)

Effects of vinbiastine on the oxygen uptake of VBL-40 and
sensitive ceils in sait medigm (no glucose). Rates of oxygen uptake
are expressed as nmoi/min/lo ceils.

Lipid and protein content of sensitive (CCRF-CEM) and resistant

ce115 (VBL-ZO). Results are means 1 5.0. from at ieast 5

experiments, except cardioiipin which was from 2 experiments.

*Indicates resuits significantiy different by the Mann-Whitney U

Test. For the purposes of calcuiation, phosphorus was assumed to

constitute 4% of phospholipid. The mo1ecu1ar weights of

phosphoiipid trigiyceride, and choiesterol ester were taken as 750,

885 and 650 respectiveiy.

 

SENSITIVE RESISTANT

Tota1 gipid 1.37 i 0.23 1.97 1 0.46*
(mg/10 celis)

Free chogesteroi 231 i 40 320 1 135*
(nmo1/10 ceiis)

Ester chgiestero1 142 i 53 162 i 56

(nm01/10 ce1is)

Phospho1'pid 940 t 185 1245 i 261
(nm01/10 ceiis)

Triegcegide 135 i 25 172 1 48
(nm01/10 ceiis)

Protei 2.62 i 0.4 4.54 i 0.7*
(mg/10 ceiis)

Cardioiipin 6.8 t 0.1 8.7 i 1.2*
(% of phosphoiipid)
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resistant cells was increased. The total lipid content of the cells was

elevated also with significant increases in free cholesterol and cardioli ‘

which resides in the inner mitochondrial membrane (13). Because of its ef .

on the cytoskeleton, vinblastine treatment results in the accumulation of

secretory vesicles containing VLDL in mouse hepatocytes (14) and it is

possible that a similar interference with lipoprotein metabolism accounts‘}

the increased cholesterol content observed in the resistant cells. ‘

Fractionation of cellular membranes on a sucrose density gradient

revealed that the increased cholesterol content, noted in Table 1, occurrii

membrane fractions enriched in both plasma membrane and mitochondrial marfi

enzyme activities (our unpublished data). When tumour cell mitochondria wan

enriched with cholesterol they displayed increased succinate and glutaminéf

linked respiratory capacity with enhanced ADP-ATP exchange and increased

mitochondrial ATPase activity (15). The behaviour of the mitochondria frmfi

resistant cells might be explicable on the basis of an increased cholesteri

content. This has yet to be proven on purified mitochondria. Although the’

values were higher, the triglyceride, cholesterol ester and phospholipid f

content of VBL-20 cells was not significantly increased (Table 1). This

contrasts with the 3.6 fold increase in cellular triglyceride content obsff

in doxorubicin-resistant P388 mouse leukaemia cells (16).

Ultrastructure of Sensitive and VBL Resistant Cells
 

Examination of CCRF-CEM sensitive and resistant cells by transmission)

electron microscopy revealed two major differences. The sensitive cells

appeared to have mitochondrial profiles where the cristae were either ab5”7

or poorly developed (Fig. 2A), despite the double membrane remaining intanl

This is normal for mitochondria of leukaemic lymphoblasts (17). In contra“

the mitochondrial profiles of the resistant cells appeared more numerousvg’

have well developed cristae (Fig. 28). Autophagocytic vacuoles bounded by i

single membrane were seen more frequently in resistant cells. An increasefl‘

organellar content is consistent with the increased cellular lipid and prwl

content of resistant cells (Table 1).

 

  

 
Fig. 2 D> A. Transmission electron micrograph of sensitive CCRF-CEM

cells illustrating degenerate mitochondrial profiles (DM)
and an autophagocytic vacuole (AV). Bar = 1 pm.

B. VBL—20 cells showing increased numbers of mitochondrial
profiles (M). A number of small autophagocytic vacuoles
(AV) can be seen in the top right hand cell. Bar = 1 um.
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Effects of Vianastine on MitochondriaT Respiration

The involvement of mitochondria in cellular resistance was further

investigated using biochemicaT techniques. The activity of the inner

mitochondria] membrane marker cytochrome c oxidase was found to be higher {I

the resistant ceTls. The means and standard deviations of the activities or

sensitive and VBL-20 ce11 homogenates were 4.5 i 0.3 and 7.8 1 2.3 nmoT

substrate oxidised per min per mg protein respective1y or 11.8 i 2.6 and

1 15.8 nmol per 108 ceTTs respectiveTy (6 experiments).

Because cytochrome c oxidase activity in homogenates might be influena

by the presence of activators or inhibitors, mitochondria isoTated from

sensitive and resistant ceTTs were examined. Mitochondria isolated from

  
   

     

   

1 v

sensitive and resistant ceTTs have cytochrome c oxidase activities of 16.6i

0.9 and 34.6 t 10.0 nm01 substrate oxidized per min per mg protein

respectiveTy.

Rates of succinate oxidation by mitochondria were compared using

suspensions of simiTar purity (i.e. where the increases in specific activt;

of cytochrome c oxidase from homogenate to mitochondria were simiTar). The,‘

rate of oxygen uptake using succinate as substrate by mitochondria isoTatmfi

from VBL-ZO resistant ceTTs (84 i 18.4 nmoT Oz/mg protein/min) was doublet?

of sensitive ceTT mitochondria (41.3 i 2.2 nmo] 02/mg protein/min).

Mitochondria isoTated from sensitive and resistant ceTTs had simiTar

respiratory contro] ratios 2.1 :.04 and 2.0 i .05 respective1y.

In contrast to the findings of Carpentieri and SordahT, who studied be?

normaT and Teukaemic Tymphoid ceTTs (11), we found that gTutamine acted as

substrate (respiratory contro] ratio 2.2) in both sensitive and resistant

ce115 with rates of about han the succinate rate. Vianastine added at 20

ng/mT finaT concentration caused 50% inhibition of sensitive ceTT state 3 V

respiration using glutamine as substrate (Fig. 3). As in the wh01e celTs, hf

ng/m1 caused 100% inhibition. In mitochondria from VBL-40 ce115 the rates 0?

oxidation of succinate and glutamine were higher than in VBL-20 mitochondrfl;

and there was a 37% inhibition of state 3 respiration by 20 ng/mT vinblasti

(Fig. 3). Further aliquots of drug to 100 ng/m1 caused no additional decnnl

in respiration, but respiratory controT was Tost. Higher concentrations wei‘

not tested.

Thus mitochondria iso1ated from resistant ceTTs have higher rates of

oxidation of succinate, cytochrome c and gTutamine and are resistant to the

effects of vianastine, thereby paraTTeTing the differences observed with

whoTe ceTT oxygen uptake.
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Fig. 3 Effects of vinblastine on the state 3 respiration of
mitochondria isolated from sensitive CCRF-CEM cells and VBL-4O cells
using glutamine (5 HM) as substrate. The rates of oxygen uptake are
expressed as nmol/mg protein/min.

The Role of Respiration in Drug Efflux

Sensitive and VBL-20 cells were incubated with [3H] labelled vinblastine

(20ng/ml) for 1h in growth medium. The cellular accumulation of drug was

nine—fold greater in the sensitive cells compared with the VBL-20 cells (5.4 1

0.08 ng/h/lO8 cells and 0.6 t 0.1 ng/h/108 cells respectively). Decreased

‘cellular accumulation of drug is typical of cell lines resistant to

colchicine, vinca alkaloids, and anthracyclines (1).

Leakage of vinblastine was then studied by transferring the

vinblastine-loaded cells to drug-free salt medium. The efflux from VBL-ZO

cells was three-fold greater than from the sensitive cells (Table 2). The

 

addition of azide or glucose either separately or together enhanced lactate

production in both cell types (Table 2). Drug efflux, however, was diminished

by about 50% with azide and the stimulus induced by glucose was also

abolished. Ouabain inhibited lactate production by 11% in both cell types but

did not reduce vinblastine efflux.

Metabolic inhibitors such as azide stimulate the accumulation of

anthracyclines and vinca alkaloids in Ehrlich ascites and P388 leukaemia cells

(1,2). Glucose enhances drug efflux in the presence of respiration inhibitors

in these cells, suggesting that glycolysis is the main source of energy for

active export (1,2). Our results in Table 2, however, show that in CCRF—CEM

lymphoblasts the correlation of drug efflux is with respiratory capacity

rather than glycolysis.

In conclusion, we have demonstrated that vinblastine (40 ng/ml) causes

total and immediate arrest of oxygen uptake in cultured sensitive CCRF—CEM

cells and their isolated mitochondria. However, neither the oxygen uptake of
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TABLE 2. Reiease of [3H] vinbiastine and 1actate into sait medium by sensi.

and VBL-20 ceiis. Lactate production and isotope distribution in;

and supernatants were measured after 20 min incubation at 37°C. 1”

represent the means i standard errors of two separate experimenix

SENSITIVE VBL-ZO
  

% [3H] Vinbiastine Lactate % [3H] Vinbiastine Lac'i

in Supernatant (pa/108 ceiis) in Supernatant (pg/108 a
 

Controi 9.5 i 0.5 91 27 i 2 67;

+ 10 mM azide 4.5 i 0.5 146 13 i 1 145‘

+ 10 mM giucose 13 i 1 492 41 t 1 402

+ 10 mM giucose -'+ 10 mM azide 6 i o 605 30 1 1 546

+ 1.5 mM ouabain 12 i 0 81 25 i O 60

 

ceiis resistant to 20-40 ng/mi of vinbiastine nor the respiration of theim

isoiated mitochondria was greatiy affected. Interestingiy, the vinbiastiyfi

resistant 1ymphob1asts appeared to have greater numbers of mitochondriaI-i

profiies with intact cristae and their mitochondria dispiayed enhanced it

respiratory chain enzyme activities i.e. from cytochrome c and succinatevt

oxygen and from giutamine to oxygen. ,

In addition to the increased p1asma membrane p-giycoprotein which is

beiieved to be involved in controi of membrane permeability (18) we have.$*

that there is aiso a respiration-dependent, active outward transport mec;

for vinbiastine in leukaemic lymphobiasts. The increased activity of this.

effiux mechanism can now be linked with the greater respiratory capacity.u

resistant ceiis in the presence of vinbiastine.
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The phosphoIipid and ether Iinked phosphoTipid content of Ieukaemic
Iymphocytes aIters when the ceIIs become resistant to Tow TeveIs of the
anti—cancer drug, vianastine. SphingomyeIin and cardioIipin increase, and
phosphatidyI ethanoIamine and serine decrease in resistant ceITs. In addition,
increases in 1-aIkyI-2-acyI phosphatidyI choIine and l-aIkenyI-Z-acyI
-phosphatidy1 ethanoIamine are concomitant with decreased 1,2—diacy1
phosphatidyI choIine and ethanoIamine. Changes to the uItrastructure of the
inner haIf of the pIasma membrane biIayer, as a consequence of drug resistance,
are iIIustrated by freeze—fracture eIectron microscopy. © N85AudmficPrms,Inc

 

The deveIopment of muIti-drug resistance in the cancer patient is a major

Iimitation to chemotherapy. Despite numerous in vitro studies of this phenomenon

the mechanisms invoIved are not fuIIy understood. However, ceII Iines resistant

to coIchicine, vinca aIkanids and anthracycIines have severaI features in

common. These incIude decreased ceIIuTar accumuIation of drug, cross resistance

to drugs other than the originaI seIective agent, and over production of a

170,000 daIton egcoprotein in the plasma membrane and a 19,000 daIton protein

in the cytopIasm (1-5).

Increased sphingomyeIin to phosphatidyI choIine ratios have been reported

in ceITuIar Iipids from P388 murine Ieukaemia ceIIs made resistant to

doxorubicin (6) and a higher degree of structuraI order has been shown in the

pIasma membrane Iipids of these ceIIs (7). In another study sensitive murine

fibrobIasts treated for 4 h with 100 uM vianastine showed decreased pIasma

membrane phosphatidyI serine (8T.

 

ABBREVIATIONS ALL: acute IymphobIastic Ieukaemic; PL: phosphoIipid; PE:
phosphatidyT ethanoIamine; PC: phosphatidyI choIine; PS:
phosphatidyI serine; SPH: sphingomyeIin; PI: phosphatidyI
inositoT; PG: phosphatidyI egceroI; CL: cardioIipin.
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Copyright © 1985 by Academic Press, Inc.
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The purpose of the present study was to characterise the cellular

phospholipid and ether—linked phospholipid content of vinblastine sensitive and '

resistant human ALL T lymphocytes as an indication of plasma membrane V

differences. In addition to confirming the increased sphingomyelin content

reported for resistant P388 cells (6‘ we found decreased phosphatidyl

ethanolamine and serine and increased cardiolipin. A significant increase in

ether-linked phospholipid was recorded with cellular resistance to low levels of;

vinblastine (20 ng/ml‘. This observation, together with the altered plasma

membrane topography demonstrated by freeze-fracture, has not been reported

before.

MATERIALS AND METHODS

Cell Lines and Tissue Culture

Cells of the acute lymphoblastic (ALL‘ T cell line CCRF-CEM, both sensitlvw

and resistant to vinblastine (described below‘, were grown in RPMI-1640

supplemented with 10% foetal calf serum as previously described (93.

 

Development of Vinblastine Resistant Cells .

The cultured human leukaemic T cell line CCRF—CEM was made resistant to 20

ng/ml of vinblastine by growing cells in the continuous presence of increasing,‘

sublethal concentrations of drug. All experiments were performed on cells which’

had been grown in drug-free medium for at least two weeks, by which time the

vinblastine concentration inside the cells was estimated to be less than 0.5

ng/ml.

Li id Isolation

LlplaS were isolated from whole cells as previously described (10).

Phos holi id Com osition

Polar lipids were separated from total cell lipids by chromatography on a

silica gel 60 (Merck) column, then fractionated by two-dimensional TLC. The

solvent systems used were (i) chloroform : methanol : acetic acid : water i

(25:8:8:1 v/v) and (ii) tetrahydrofuran : dimethoxymethane : methanol : water

(20:12:8z2 v/v). The phospholipid content of each TLC spot was determined by

method of Duck-Chong (11).

Alkenyl and Alkyl Phospholipid Determination 4

Polar lipid extracts from whole cells were analysed by two dimensionalTltv

essentially according to the method of El Tamer et al. (12). The acyl chain in

position 1 of the diacyl phospholipids was hydrolysed by phospholipase A from

guinea pig pancreas, followed by acid fume hydrolysis of the l—alkenyl-Z-acyl

species. The l—alkyl—Z-acyl species remained intact.

Electron Microscopy .

Un ixe ce concentrates in phosphate buffered saline were frozen in

liquid nitro en—cooled Freon 22 and fractured at -100°C in a Balzer Freeze Etc?

Unit (BAF300g. Replicas were examined in a Philips 400 electron microscope

operating at 100 kV. The terminology of Branton et al. (13) is used in referrifi

to membrane fracture faces. '

The increase in surface area of the plasma membrane of the resistant cell;

was modelled as a number of hemispheres, and calculated by measuring distance .
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(X) in the direction of the shadow through to midpoint of the eTevated areas
(bulges).The radius (r) of the hemispheres was derived trigonometricalTy from
the platinum shadow arriving at an angle of 45°. The surface area of a
hemisphere would contribute an increase in surface area of 2nr2—Hr2=nr2. A
second measurement was made to ensure that in most cases the value of X which is
the area of shadow plus the diameter was greater than the diameter of the
hemisphere at right angTes to the direction of shadowing. A total of 2 “2 of a
celT membrane was measured containing 67 bulges. Stereo pairs at i 6° were taken
of the area measured and the cell curvature was found to be negligible therefore
caiculations were of a non-curved surface.

RESULTS

Phospholipid Analysis

Separation of the phospholipids by TLC, revealed differences in the

relative quantities of lipid between sensitive and resistant cells. The

resistant cells contained 2.5% more SPH, 2% more CL, 4% less PE and 1% less PS

(Table 1), but there were no significant differences in P1 or PG. The increase

in the positively charged phosphoTipids (PC + SPH) by 4% is balanced by a 5%

decrease in negatively charged ohosphoTipid (PE + PS).

More striking differences were recorded when PE and PC were separated into

their 1,2-diacy1, 1-alkenyl-2—acyl and 1—alkyl-2 acyl components (Table 2).

Resistant cells had 10% more 1-alkyl—2-acyl PC and 27% more 1-alkenyl-2—acy1 PE

with concomitant decreases in 1,2—diacy1 PC (10%) and 1,2-diacy1 PE (27.5%). The

amounts of 1—alkenyl—2—acyl PC and 1—alkyl—2-acyl PE remained the same.

The ether-Tinked phospholipid content of the resistant cells was 34% of the

total phosphoTipid compared with 24% in the sensitive ceTTs.

TABLE 1

PHOSPHOLIPID COMPOSITION

 

 

SENSITIVE RESISTANT

(% by weight of total)

Origin + Lyso PC 0.3 t 0 0.2 i 0.1

Sphingomyelin (SPH) 3.0 t 0.2 5.5 t 0.3

Phosphatidyl Choline (PC) 44.3 i 0.1 45.5 t 1.4

Phosphatidyl Ethanolamine (PE) 30.7 _ 0.1 26.6 t 0.4

Phosphatidyl Serine (P5) 5.8 0.4 4.9 i 0.1

Phosphatidyl Inositol (PII 7.7 i 0.4 8.1 i 0.1

PhosphatidyT Glycerol (PG) 1.3 i 0.9 0.9 i 0.4

Cardiolipin (CL) 6.8 i 0.1 8.7 i 1.2
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TABLE 2

DISTRIBUTION OF ACYL AND ETHER LINKED CHAINS IN PHOSPHOLIPIDS

0F SENSITIVE AND RESISTANT LEUKAEMIC LYMPHOCYTES
 

 

 

 

 

DIFFERENCE+
(% by weight of PhosphoIipid) EXPRESSED *

SENSITIVE RESISTANT AS % TOTAL MEMBRANE

% of PC % of PL % of PC % of PL PL FACE

3g
DiacyI 80.2 i 4.9 35.5 70.6 t 4.7 32.1 - 3.4 outer

I-O—aTkenyI 5.1 i 1.4 2.3 5.1 i 3.4 2.3 niT outer ’1

l-O-aIkyI 14.7 i 3.4 6.5 24.3 i 1.6 11.1 + 4.6 inner r

g;
DiacyI 50 t 7.5 15.4 22.5 i 9.0 5.9 - 9.5 outer .1

1—0—a1kenyI 42.8 i 7.2 13.1 69.7 i 9.2 18.5 + 5.4 both :

I-O—aIkyI 7.1 1 0.3 2.2 7.8 1 0.2 2.1 — 0.1 inner I
+ Difference between sensitive and resistant; 9:

* Lipid as Iocated in Krebs II ascites ceIIs (19). I“

Freeze Fracture ETectron Microscopy

The faces developed from the fracture through the hydrophobic interior of].

the Iipid biIayer of the pIasma membrane are the outer or exopIasmic face (EF)

and the inner or protopIasmic face (PF). Smooth fracture faces are considered I

be formed by Iipid biIayers (14) and the intramembraneous particIes (IMPS)

observed appear to be proteins intercaIated in the membrane (15). IMPS can also:

be formed by Iipoponsaccharides in the outer membrane of E. coIi and by

artificiaI Iipid modeI systems (16).

The PF and EF faces of the resistant ceIIs have 56% and 68% more IMPS

respectiver than the sensitive ceIIs. The PF face of the pIasma membrane of

resistant ceIIs is charaterized by the presence of eIevated IMP free regions 0%

bnges (Fig. 18). The PF face of the sensitive ceIIs does not have these

eIevated regions (Fig. 1A). The additionaI surface area provided by these buIHJ

is caIcuIated to be approximater 4% (see MateriaIs and Methods).

DISCUSSION

An altered phosphoIipid composition and a higher ratio of SPH to PC

accompanies ceITuTar resistance to vianastine (20 ng/mT) in the ALL T ceIIII:
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Fig. 1. Freeze fracture repTicas of the protopIasmic face of the

pIasma membrane of CCRF—CEM. A(Teft): Sensitive ceIIs. B(right);

Vianastine resistant ce‘l‘ls. Arrow indicates the direction of

shadowing. Bar = 100nm.

CCRF—CEM. The ratio of SPH to PC has been reported by Schmidt gt_al. (17) to be

inverser proportionaT to the phosphoTipid structuraI order. In addition a

decrease of 5% in the negatively charged phosphoTipids occurs with drug

resistance.

The noveI finding reported here is the aIteration in ether and acyT

phosphoTipid composition. These ether-Tinked Iipids which are often eIevated in

cancer ceIIs (18) account for 13% of the totaT phosphoTipid in sensitive cells

and 27% in resistant ceIIs. DiacyI and ether-Tinked phosphoIipids are membrane

components, and pIasma membranes, in particuIar, are rich in ether—Tinked

phosphoIipids (19). Thus any changes detected in whoIe ceII ether-linked

phosphoTipids wiTI reerct changes, qualitativer at Ieast, in the pTasma

membrane (19).

Changes in ceTTuIar phosphoTipid composition due to drug resistance have

been considered in the Tight of the distribution of phosphoIipids in the pIasma

membranes of Krebs II ascites ceIIs (19) (TabTe 2). Differences in phosphoTipid

subcIasses between resistant and sensitive ceTTs are expressed as a percentage
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of the totaI phosphoIipid and some interesting observations are made, using the !

assumption that membrane Iipid distribution in Ieukaemic Iymphocytes resembles

that of Krebs II ascites membranes.

The 1,2—diacyI PE and PC found on the externaI face is decreased by 12.9%

when the ceiTs become resistant to vinbiastine. The 1-aIkyI, 2-acyI PC (an inner

face phosphoIipid) increases by 4.6%. The l-O-aIkenyI PE (pIasmaTogen), Iocated on

both faces, increases by 5.4% and therefore we have assumed an even distribution‘

of a 2.7% increase in both halves of the biIayer. The net 1055 of major

phosphoIipids from the outer haIf of the biIayer is therefore 10.2% and there is;

concomitant gain of 7.2% Iipid to the inner haIf of the biIayer (TabIe 2). V

The overaII increase in phosphoIipids as suggested by these caIcuIations to

be Iocated on the inner face of the membrane couId eprain the eIevated

particIe-free regions on the PF face of the piasma membrane in the eIectron

micrographs. These eIevated areas of Iipid were caIcuIated to increase the surfai

area by about 4%.

The increase in intramembranous particIes in both PF and EF faces couId
i

reerct the increased p—egcoprotein content of the membranes, which has ;

previousiy been associated with aItered drug uptake (1). However, it must now beé

considered that increased IeveIs of ether Iipids wouid aIso aIter permeabiIity

since ether Iipids do not pack as cIoser in membranes as the corresponding diacyT

species (20).

Two recent reports have Iinked increases in ether-containing membrane Iipidsi

with tumour progression (21,22). We have shown a simiIar association between drug

resistance and ether-Iinked phosphoIipid and this raises the question of whether 4

ineffective chemotherapy is Ieading to tumour progression.
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Human blood lipoproteins have been characterised by 1H NMR methods and chemical analysis, and com-

parisons made with the properties of the triglyceride-rich plasma membrane domain found in cancer cells.

By means of selective and non—selective T1 experiments, the lipids in HDL and LDL are shown tobe in

diffusive exchange. In contrast, the lipids of Chylomicra and VLDL do not exhibit lipid diffusion, and there-

fore resemble the neutral lipids of cancer cell plasma membranes. 2D scalar correlated NMR (COSY) spec-

tra of cancer cells or solid tumours are similar to those obtained from VLDL and LDL. The long T2 relax-

ation value observed for neutral lipid methylenes in metastatic cancer cells (> 300 ms) was not observed

for any of the 4 lipoproteins studied. None of the lipoprotein classes gave a T2 longer than 250 ms.

Lipoproiein 2D NMR

1. INTRODUCTION

High-resolution 1H NMR spectra generated

from lipids in the plasma membrane of cancer cells

[1] are an indication of the biological status of

those cells. The spectra have been used to monitor

metastatic potential [2] and the onset of drug

resistance (unpublished).

Two dimensional (2D) NMR [3] and chemical

analysis of highly enriched plasma membranes

have identified the membrane domain in question

to be rich in triglyceride, with varying amounts of

cholesterol ester [4]. Until recently triglyceride and

cholesterol ester were considered unusual com-

ponents of membranes [5].

The neutral lipid in the plasma membrane has an

NMR linewidth of 10—30 Hz, and the application

of selective and non-selective T1 techniques [6] has

+ To whom correspondence should be addressed

* Present address: Departments of Haematology and

Oncology, Royal Melbourne Hospital, Parkville,

VIC.3052, Australia
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Triglyceride (Cancer cell) Plasma membrane

detected no diffusive exchange with other lipids in

the conventional bilayer [7]. Furthermore, the

neutral lipids are able to tumble isotropically and

independently of other membrane components [7].

Human lipoproteins provide a range of protein

and lipid compositions and many of their proper-

ties are well documented [8—10]. These particles

have been studied by 7",, T2 and 2D NMR methods

to determine if they provide a good model for the

triglyceride rich plasma membrane domain in

cancer cells.

2. MATERIALS AND METHODS

2.1. Preparation of lipoprotein fractions

Human blood (200 ml) was allowed to clot at

room temperature for 2 h. Chylomicra were

separated by flotation [11] and the remaining

lipoprotein fractions were isolated according to

Hatch and Lees [12]. All samples were dialysed

against EDTA-Naz in D20 (0.18%, pH 7.4)

followed by 0.9% NaCl/0.01°70 NaN; in D20 prior

to NMR analysis.

00145793/85/5330 © 1985 Federation of European Biochemical Societies 159
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2.2. NMR spectroscopy

1H NMR spectra were recorded at 37°C using a

Bruker WM—400 spectrometer equipped with an

Aspect 2000 computer. 2D scalar correlated spec-

troscopy (COSY) experiments [3] and T1 and T2

measurements [7] have been described previously.

2.3. Cell culture

The cell line used for NMR analysis was the rat

mammary adenocarcinoma line, J clone. Cells

were grown in RPMI-1640 medium as described

[7]-

2.4. Chemical analyses

The protein content of the lipoprotein suspen-

sions was obtained with the BioRad protein assay

kit using bovine serum albumin as standard. The

method of lipid extraction from dialysed lipopro-

tein samples was that of Gottfried [13], carried out

at room temperature and in the presence of BHT

(2,6-dibutyl-p-cresol). Non—lipid contaminants

were removed by the method of Williams and Mer-

rilees [14]. The lipid content of the extract was ob—

tained by weighing an aliquot of the total lipid ex-

tract. The free cholesterol content of the lipid ex-

tracts was determined using an enzymic

fluorometric method [15]. Total cholesterol con-

tent was measured by the same fluorometric

method after saponification of the samples.

Cholesterol ester content was calculated as the dif-

ference between total and free cholesterol content.

Table 1

Chemical analysis of lipoprotein fractions
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Lipid phosphorus was determined on the total lipid

extracts by a colorimetric method [16].

Triglyceride content was determined by using a

colorimetric kit (Sigma technical bulletin no.405'

[1983]).

3. RESULTS

The 4 main classes of human lipoproteins were

isolated. Chemical analyses of protein and lipid

content of the lipoprotein subclasses indicate that

the fractions isolated are comparable with the

literature. Cholesterol ester levels are lower than

expected, and protein levels exceed those previous-

ly reported [8—10] (table 1). No attempt was made

to purify the fractions. The sizes of the particles in

each lipoprotein fraction, as determined by elec-.

tron microscopy, are within the published values

(table 1).

The 400 MHz 1H NMR spectra of these 4 frac-
tions are shown in fig.1 along with that obtained ‘
for a suspension of J clone cells. All spectra exhibit

characteristics of a lipid spectrum with the -C = C-,

-N(CH3)§, (-CH2),' and CH3 groups at 5.2, 3.2, 1.2

and 0.85 ppm, respectively [7]. However the HDL

spectrum is very broad and it appears that the lipid ,

spectrum is superimposed on a broad protein spec-7

trum [17].

T1 experiments were undertaken to determine if

diffusion was taking place between the lipids.z

Based on the experiments by Brown and Davis [6],j

 

 

 

070 by wt3

Chylomicra VLDL LDL HDL

Free cholesterol 0.15 i 0.04 1.2 1- 0.12 2.2 i 0.07 0.01 i 0.0

Cholesterol ester ND 3.1 i 0.06 6.9 i 0.30 0.1 i 0.02

Phospholipid 5.2 i 1.8 28.8 i 0.33 41.7 i 0.22 1.7 i 0.23

Triglyceride 61.8 i 3.9 49.3 1 2.7 15.6 i 0.59 0.3 i 0.02

Protein 32.9 i 6.7 17.6 i 1.8 33.6 i 3.7 97.9 i 0.70

Particle sizeb (nm) 26—274 22—54 8—22 3—4
 

“ The values represent the mean i SE of 2 experiments except for Chylomicra which is the mean 1:

SD for 3 experiments

b Particles were measured by negative staining electron microscopy. The preparations were stained

with 1% ammonium molybdate solution (pH 8) and the electron micrographs obtained with a

Philips 400 EM, operating at 100 kV and a maximum working magnification of 92000
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VLDL
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Fig.1. 400 MHz 'H NMR spectra of chylomicra, VLDL,

LDL, HDL and of the rat mammary adenocarcinoma

cell line, J clone. Data were recorded at 37°C, with the

sample spinning, using a sweep width of 4000 HZ. A line

broadening of 3 Hz was applied.
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the observation of single—exponential behaviour

along with identical T, values for selective and

non-selective inversion recovery experiments in-

dicates that no exchange exists between protons

contributing to the broad methylene resonance at

1.2 ppm [7]. This was the case for both chylomicra

and VLDL, which had T1 values of 0.55 i 0.02

and 0.50 i 0.02 s, respectively. In contrast LDL

and HDL methylenes did not exhibit single ex-

ponential behaviour. Instead an initial rapid decay

was observed due to transfer of magnetisation be-

tween the component lipids whilst the slope at

longer times averages out over all orientations.

Non-selective T1 values for LDL and HDL were

0.37 i- 0.02 and 0.34 i 0.02 s, respectively. The

result for HDL and LDL was typical of that

reported by Brown and Davis [6] for

phospholipids.

Application of the CPMG pulse sequence to

measure T2 relaxation [7] showed that none of the

4 classes of lipoproteins has a T2 in excess of

250 ms.

2D NMR clearly identifies the main component

of chylomicra and VLDL to be triglyceride (fig.2).

Triglyceride exhibits a unique cross-peak (G ’) link-

ing resonances at 4.1 and 4.3 ppm resulting from

the geminal coupling of protons on carbons l and

3 of the glycerol backbone (structure, fig.2) [4].

This resonance is 0.1 ppm downfield from the cor—

responding glycerol resonance in the phosphati-

dylcholine spectrum [3]. All the cross-peaks

marked in the chylomicra and VLDL spectra

(fig.2) may be accounted for by triglyceride except

for that denoted Z, which is from coupling be-

tween the methyl and methine protons of the alkyl

side chain of the cholesterol molecule.

The spectra of LDL and HDL (fig.3) differ from

the chylomicra and VLDL in that the unique

triglyceride cross-peak G’, between 4.1 and

4.3 ppm is absent. However, a similar pattern is

evident at a lower chemical shift and this may be

due to phospholipid head groups or to protein.

The acyl chain resonances A and B are less intense,

and cross-peaks E and F from methylenes close to

the carbonyl are absent altogether. The spectra of

LDL and HDL are generally broader (as is also evi-

dent in the 1D spectra, fig.1) which is a reflection

of their increased protein content (table 1).

The 2D COSY spectra of the lipoproteins (figs

2,3) may be compared with that obtained from a
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Fig.2. Symmetrised COSY spectra of chylomicra, VLDL and a suspension of .1 clone cells (1 x 103 cells) in phosphate-I. -

buffered saline in D20. Spectra were obtained at 37°C with the sample spinning and the residual HOD peak suppressed:

by gated irradiation. Lipid connectivities are indicated, and cross-peaks are designated according to the structure. Sine-2

bell and Gaussian (LB = — 16, GB = 0.22) window functions were applied in the T1 and T2 domains, respectively, of

the J clone spectrum, and sine-bell in both dimensions for the lipoprotein data. Z denotes the cross-peak linking the

methyl and methine protons of the cholesterol alkyl chain.
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Fig.3. Symmetrised COSY spectra of LDL and HDL in

phosphate—buffered saline in D20. Spectra were

obtained at 37°C with the sample spinning and the

residual HOD peak suppressed by gated irradiation.

Lipid connectivities are indicated, and cross-peaks are

designated according to the structure in fig.2. A sine-bell

window function was applied in both the T1 and T2

domains.
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suspension of rat mammary adenocarcinoma cells

(J clone, fig.2). All the cross—peaks from the

triglyceride molecule are present in the cells with

the exception of G which is probably due to a lack

of signal-to-noise. Cross-peak Z from the

cholesterol alkyl chain is also visible in the cell

spectrum. The remaining cross-peaks in the cell

spectrum have been shown to arise from

cytoplasmic components [4].

4. DISCUSSION

It was our intention to establish if any of the 4

main classes of lipoprotein resembled the

triglyceride rich membrane domain found in the

plasma membranes of cancer and other rapidly

dividing cells [1]. Based on 2D NMR experiments,

T1 measurements and chemical analyses, both

chylomicra and VLDL exhibit properties similar to

the cancer cell membrane domain.

LDL and HDL have more phospholipid than

triglyceride (table 1), with ratios of 2:1 and 10: 1,

respectively. Since phospholipid is a major consti-

tuent of the surface of all the lipoprotein particles,

it is reasonable to assume that both lateral diffu-

sion and exchange of lipid between particles could

occur. However, in the case of the VLDL and

chylomicra this diffusion is undetected since both

particles are predominantly triglyceride. From

these considerations the cell membrane domain ap-

pears more similar to VLDL and chylomicra than

LDL or HDL, since no diffusive exchange of lipids

has been observed in the cells and much of the 1H

NMR signal arises from neutral lipids. Until the

cell membrane domain is isolated we are unable to

establish its exact lipid and protein composition.

Another observation of particular interest to us.

was the absence of a long T2 in any of the 4 classes

of lipoproteins. Clearly the long T2 measured for

the triglycerides in the plasma membranes of

cancer cells with the capacity to metastasize is due

to a characteristic not present in lipoproteins from

healthy donors.

It has been shown by others that many cancer

patients have elevated levels of VLDL [18], and

that most cancer cells have an increased number of

LDL receptors on the cell surface which bind both

LDL and VLDL [19]. Although a correlation be-

tween lipoprotein uptake and cancer was first

postulated in the 1960’s, only recently has the con-
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nection between altered uptake and cellular

behaviour patterns been made [20]. We do not yet

know if the neutral lipids that give rise to the long

T2 values observed in cancer cell membranes are

present in the lipoproteins of the cancer patient.

Lipoproteins from the serum of patients with

various types of cancer are now being investigated.
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High-resolution proton nuclear magnetic resonance studies show that the spectrum of a proteolipid com—

plex, isolated from the serum of patients with malignant diseases, is directly comparable with that obtained

from intact cancer cells and solid tumours. These NMR signals have previously been shown to reveal difier-

ences between cancer cells with various biological characteristics such as metastatic capacity and drug sensi-

tivity. The proteolipid contains cholesterol, phospholipid, triglyceride, glycolipids, ether-linked lipids, and

an apoprotein of unusual electrophoretic mobility. We have yet to confirm the presence of the mRNA re-

ported by others. NMR spectroscopy could be used as a rapid method of identifying the presence of this

proteolipid complex in human serum and aiding the diagnosis of malignant disease.

NMR Proteolipid

1. INTRODUCTION

High—resolution 1H NMR signals from cancer

cells correlate with their metastatic ability [1] and

drug sensitivity [2] as well as being able to show

malignant change prior to histological identifica—

tion [3]. The origin of the NMR signal is the

plasma membrane [4] and 2D NMR methods iden-

tify neutral lipid as being primarily responsible for

this spectrum [5]. Lipoprotein complexes which

have a core of neutral lipid [6] have been shown to

have similar yet different characteristics to the

plasma membrane lipid domain responsible for the

high-resolution NMR spectra from malignant cells

[7]. An RNA-proteolipid complex has recently

been isolated from the serum of patients with

malignant diseases and in the medium from

cultures of malignant cells [8].

We have isolated a proteolipid and the remain-

ing lipoproteins from the plasma of a patient with

an ovarian tumour. The various lipoproteins, pro-

teolipid, and a tumour biopsy have been studied by

NMR methods. The proteolipid complex has been

* To whom correspondence should be addressed

( Human serum) Malignancy

characterised further by lipid analysis, electron

microscopy and biochemical assays.

2. MATERIALS AND METHODS

2.1. Isolation of lipoproteins and proteolipid

The total lipoprotein fraction was isolated as

described by Goldstein et a1. [9] from the serum of

a patient with an ovarian cancer. An opalescent

band, visible between LDL and HDL and contain-

ing the proteolipid complex, was isolated from the

total lipoprotein fraction on a KBr gradient [8].

2.2. Chemical analysis

Total protein, lipid, triglyceride, phospholipid,

free and esterified cholesterol were measured as

described in [1]. RNA was determined by the or-

cinol method [10] with corrections for glycolipid

interference. Extraction and quantitation of

gangliosides (assumed to be mainly monosia-

loganglioside as judged by thin-layer chroma-

tography) were performed as described [11].

Neutral glycosphingolipid was estimated by the or—

cinol method [12]. Total O-alkyl and O-alkenyl

glycerolipids were determined as already reported

Published by Elsevier Science Publishers B. V. (Biomedical Division)
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[13]. Isolated lipoproteins and proteolipid were ex-

amined by electrophoresis on 1% agarose with 1 M

barbital buffer, pH 9.0. Gels were stained with oil

red O and positions of apo A- and apo B-

containing lipoproteins were ascertained from a

normal plasma control.

2. 3 . Electron microscopy

Particles were examined by negative-staining

electron microscopy. The preparations were

stained with 1% sodium phosphotungstate (pH

7.3) and the electron micrographs obtained with a

Philips 400 electron microscope, operating at

100 kV and a maximum working magnification of

X 92000. For the distribution of particle

diameters, 400 particles were measured from elec-

tron micrographs.

2.4. NMR spectroscopy

1H NMR spectra were recorded at 37°C using a

Bruker WM-4OO spectrometer equipped with an

Aspect 2000 computer. 2D scalar correlated spec-

troscopy (COSY) experiments [14] and T1 and T2

measurements [15] have been described.

2.5. Enzyme studies

Either RNase A (0.024 IU, Sigma, EC 3.1.1.34)

or lipoprotein lipase (4.2 IU, bovine pancreas,

FEBS LETTERS July 1986

Boehringer-Mannheim, EC 3.1.27.5) was added to

1 ml of proteolipid complex which contained

367 pg protein, and incubated for 1h at 37°C

prior to NMR study.

3. RESULTS AND DISCUSSION

3.1. Chemical analysis

The lipid, protein, and nucleic acid content of

the band containing the proteolipid complex and

the remaining lipoproteins isolated from the serum

are shown in table 1. The composition of the

isolated proteolipid complex is similar to that

reported by Wieczorek et al. [8] except for a con-

siderably smaller RNA content as measured by the

orcinol method. This method does not confirm the

presence of intact mRNA, since it detects only

ribose. In addition, triglyceride and ether—linked

lipids as well as gangliosides and an apoprotein

with an unusual electrophoretic mobility (> pre-fl)

are present in this complex (table 1).

Glycolipid, both neutral and acidic, constitutes

20% of the proteolipid complex. It is also present

in the LDL (23%) and HDL (11.2070) fractions of

the plasma. Glycolipids are only present in trace

amounts in lipoproteins from healthy donors [16].

However they have been found in neoproteolipids

W and S [17] which were isolated from tumours

Table 1

Lipoprotein and proteolipid complexes isolated from the plasma of a patient with an ovarian tumour

 

Size Longest Percentage of total weight

 

 

(nm) T2 (m5)

RNA Protein Trigly— Gangli— Neutral Phos- Cholesterol Ether-

ceride oside glyco— pho- linked

sphingo- lipid Free Ester- lipid

lipid ified

VLDL and

chylomicraa 26—156 188 — apo B

LDL 19— 23 111 nil apoB 15.7 14.2 1.1 21.9 26.8 6.6 13.2 0.4

Proteolipid 22— 25 852 4.1 apo A 13.5 4.5 15.5 25.2 6.1 10.7 0.4

and apo B 19.9

8— 11 unknown

HDL 6— 9 154 nil apoA 45.2 8.7 1.3 9.9 23.8 1.9 8.4 0.6

 

3 Protein and lipid not quantitated due to a low yield
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and the serum of cancer patients. The relationship

between the nucleic acid containing proteolipid

and the neoproteolipid complexes is unclear since

no nucleic acid analysis was undertaken on the

latter.

3.2. Electron microscopy

From electron micrographs two particle sizes,

8—11 and 22—25 nm, in approximately equal

numbers were identified in the opalescent band

containing the proteolipid complex. We consider

these two particle types to differ from the conven-

tional LDL and HDL, since unusual elec-

trophoretic mobility is observed in the opalescent

band but not in LDL or HDL bands which are

located on either side (table 1).

3.3. NMR spectroscopy

The NMR method used to distinguish metastatic

cells from their malignant but non-metastatic

counterparts in rats is the Meiboom—Gill modifica-

tion of the Carr-Purcell (CPMG) pulse sequence

which provides a spin-spin (T2) relaxation time

[15]. In metastatic cells the longest T2 is of the

order of 0.4—1 5 whereas in non-metastatic cells

and normal serum lipoproteins [7] it is less than

0.25 s [1].

The 1H NMR spectra and T2 relaxation profiles

of resonances in the methylene region are shown in

fig.1 for the total plasma lipoproteins (including

the proteolipid complex), the isolated proteolipid

complex alone and VLDL and LDL, from the

same patient. Only the proteolipid complex has a

long T2 relaxation value of 0.85 s which contrasts

with the lipoproteins which are all less than 0.2 5

(table 1). Resonances c and d in the spectrum of

the proteolipid, both of which have a long T2, are

not present in the spectrum of any conventional

lipoproteins. This long T2 can be measured not on-

ly in the isolated complex and total lipoprotein

fraction, but also in the serum and the tumour

itself. Biopsy samples of tumours on both ovaries

from this patient were examined and T2 values of

0.85 and 0.65 3 recorded.

Cells and tumours both gave identical values for

the selective and non-selective spin-lattice (T1)

relaxation experiments [15]. The same phenome-

non was observed for the proteolipid complex

where the T1 was found to be 0.45 5. These

measurements rule out either diffusion or spin ex-
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Fig.1. 400MHz 1H NMR spectra of the methylene

region of: total lipoprotein fraction (including the

proteolipid complex) isolated from the plasma (1); the

opalescent band (containing the proteolipid complex)

isolated from the total lipoprotein fraction on a KBr

gradient [8] (2); lipoproteins (LDL and VLDL) which

were isolated from the same plasma sample (3). The

spectra are resolution enhanced by the Lorentzian-

Gaussian method described in [15] using LB = —12;

GB = 0.08. Below the NMR spectra the results of the

CPMG T2 relaxation experiment executed as described

in [15] are shown. The natural log of each peak height

is plotted against the delay between the first pulse and

the nth echo. The T2 values are calculated using a least

squares method where r2 _>_ 0.98. The longest T2 (ms)

values of each profile are as follows: (1) a = 84, b = 181,

c = 730, d = 660, e = 226; (2) a = 68, b : 63, c = 671,

d = 970; (3) VLDL = 188, LDL = 111.

change between the molecules generating the spec-

trum. This was not the case for LDL or HDL from

healthy donors where not only did the selective and

non—selective measurements differ but a non-

exponential decay was observed in the selective T1

experiment [7]. This is an interesting comparison

since the proteolipid is isolated between these two

fractions on the KBr gradient. Nevertheless it is

another physical measurement whereby the cells

and tumours show identical behaviour to the pro-

teolipid complex.

Attempts were made to identify the origins of

the four methylene resonances which occur at 1.33,
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1.31, 1.28 and 1.26 ppm in the spectrum of the

proteolipid complex. RNase A had no effect on

any of these resonances. This is consistent with the

report by Wieczorek et a1. [8] that RNase did not

affect the nucleic acid content of the intact parti—

cle. Lipoprotein lipase, which degrades tri-

glycerides caused resonances a and b at 1.26 and

1.28 ppm to decrease significantly in intensity.

These two resonances have a short T2 of less than

200 ms.
The assignment of resonances a and b to

triglyceride is confirmed by 2D NMR methods

(fig.2). 2D scalar correlated spectroscopy (COSY)

methods allow assignment of resonances based on
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spin-spin (scalar) coupling. The off diagonal cross

peaks denoted A—G (fig.2) indicate spin-spin

coupling between protons on adjacent atoms.

The presence of cross peaks A—E (as summa-

rised in scheme 1), and the cross peak 6’ (at

4.3 ppm) which is unique to triglyceride, indicate

the presence of this neutral lipid. In contrast to the

cell spectrum, the assignments for which have been

documented previously [5], cross peak F is not

0
H F B C D C B A
C-CH,—CH,-(CH,)‘-CH,— CH=CH-CH,-CH=CH—CHZ'(CH,)3—CH,

 

 

    
 

CH,—o—

G | f?
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Fig.2. ‘H NMR spectra (400 MHZ) of: proteolipid complex isolated on a KBr gradient [8] from the lipoprotein fraction

of a patient with an ovarian tumour. Suspended in NaCl/DzO (1); a suspension of the rat mammary adenocarcinoma

J clone cells (l X 108) suspended in PBS/D20 (2). The one—dimensional spectra, transformed with a 3 Hz line

broadening, are shown above the 2D scalar correlated spectroscopy (COSY) spectra executed as described in [14]. A

Gaussian window function was applied in the t2 domain (LB = — 16; GB = 0.22) and a Sine-bell in the t1 domain. Lipid

acyl chain and glycerol connectivities assigned A—G are shown in scheme 1. 2 denotes the cross peak between the methyl

and methine protons of the alkyl side chain of the cholesterol ring system. Y is yet to be identified. The arrows in the

cell spectrum point to cross peaks previously assigned to metabolites in the cell’s cytoplasm [5].
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observed in the spectrum of the proteolipid com-

plex. The absence of this cross peak is likely to be

due to a lack of signal since G’ is only just ob-

servable and triglyceride accounts for 18% of the

total lipid in the proteolipid complex. Resonances

c and d at 1.33 and 1.31 ppm have yet to be

definitively assigned, but have chemical shifts con-

sistent with the cross peak Y (fig.2).

We conclude that a proteolipid complex similar

to that reported by Wieczorek et al. [8] accounts

for almost all of the NMR signals from the plasma

membrane of cancer cells, and for the unusually

long T2 relaxation value. Our data strongly suggest

that a proteolipid is the plasma membrane lipid do-

main that gives high-resolution 1H NMR signals.

The presence of a proteolipid complex containing

nucleic acid in the plasma membranes may provide

an interesting explanation for the altered biological

status of cancer cells as observed by NMR.

Furthermore, these observations may be rele-

vant in NMR imaging which currently does not

satisfactorily distinguish malignant from benign

tumours [18]. Our data suggest that depending on

the amount of proteolipid present in a tumour and

its surrounds, the T2 relaxation value will have

contributions from this complex and may

therefore be useful in tumour imaging.
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Some biological characteristics of cancer cells and

solid tumors are identifiable by the high resolution

NMR relaxation behavior of their nonaqueous compo-

nents. Chemical analysis and two—dimensional scalar

correlated (COSY) NMR spectroscopy show these res-

onances arise from neutral lipid in the plasma mem-

brane. Triglyceride is shown to be the main plasma

membrane component giving rise to the NMR spec-

trum, while soluble nonmembrane components account

for 90% of the remaining resonances in the spectrum

of intact cells. The presence of triglyceride has been

detected by chemical analysis in highly purified plasma

membranes from two different cell lines. The COSY

spectra of cancer cells are comparable with that ob-

tained for the triglyceride-rich very low density hu-

man lipoprotein.

 

The high resolution 1H NMR spectrum of a suspension of

cancer cells or an excised solid tumor is characteristic of lipids

(Mountford et al., 1980, 1982b). Lorentzian-Gaussian resolu-

tion enhancement of the lipid methylene proton resonances

near 1.2 ppm resolves four peaks, at 1.22, 1.23, 1.25, and 1.28

ppm, each of which can be examined separately in an NMR

relaxation experiment. In transverse relaxation measure-

ments, each of these shows several relaxation times, T2. We

recently reported that the resonance at 1.25 ppm, which shows

a multiphasic plot, has a longest T2 (denoted T21) of the order

of 400—800 ms when the cells were known to have the capacity

to generate secondary growths in other parts of the body

(metastasize). In contrast, cells which remained as malignant

but nonmetastatic primaries gave a T2, of less than 200 ms

for the same resonance (Mountford et al., 1984a, 1984b).

Furthermore, the behavior of these four methylene resonances

is indicative of the exposure of the cancer cells to vinca

alkaloid and other related anticancer drugs.1 Identification of

the chemical species which give rise to the NMR spectrum,

and hence provide an indication of the biological capabilities

of the cells, is therefore important.

We have established previously that these lipids are in or

attached to the plasma membrane, tumble isotropically, and
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are in domains which are not in diffusive exchange with other

lipids in the plasma membrane bilayer (Mountford et al.,

1984a, 1984b).

Chemical analysis of a crude plasma membrane preparation

(enriched in plasma membrane markers 4-fold) from the rat

mammary adenocarcinoma cell lines 13762 and J clone

showed a significant quantity of triglyceride present in both

cell lines, with the metastatic line 13762 having significantly

more cholesterol ester. Other rapidly dividing cells have been

shown to give a similar NMR spectrum (Block, 1973; Nicolau

et al., 1975, 1978; Mountford et al., 1982b) and we have now

extended the analytical studies to verify the presence of

triglycerides in the crude plasma membrane preparations of

all the rapidly dividing cells which we have investigated that

give the NMR spectrum. In addition a highly purified plasma

membrane, which is enriched 45-fold in plasma membrane

markers, has been analyzed to ensure that the presence of

triglyceride is not due to a contaminant.

The one-dimensional 1H NMR spectra of cancer cells have

narrow lines (510 Hz). However, assignment of the reso-

nances to specific protons is difficult from one-dimensional

spectra. In contrast, two-dimensional scalar correlated spec-

troscopy (COSY) provides a great deal of information not

available from the one-dimensional spectrum (Wagner et al.,

1981; Arseniev et al., 1982) by generating spectra which allow

spin system assignments based on spin-spin (scalar) coupling.

Using a modified pulse sequence (Cross et al., 1984) we have

found that suspensions of intact viable cancer cells may be

studied by two-dimensional NMR methods. Two-dimensional

scalar correlated spectroscopy has verified that the NMR

spectrum arises predominantly from triglyceride in the plasma

membranes and from soluble non-lipid components.

EXPERIMENTAL PROCEDURES

Cell Lines and Culture

Human peripheral blood lymphocytes, stimulated by pokeweed

mitogen, were supplied and grown as previously described (Mountford

et al., 1982b). The preparation and culturing of chicken embryo

fibroblasts followed reported procedures (Mountford et al., 1982a).

VBL20 is the acute lymphoblastic leukemic T cell line (CCRF-CEM)

which has been made resistant to 20 ng/ml of the anti-cancer drug

vinblastine. The cultured rat mammary adenocarcinoma metastatic

cell line 13762 and the nonmetastatic clone, J clone, were supplied

by Dr. I. Ramshaw, Australian National University and grown as

previously described (Ramshaw et al., 1982). All cells were grown at

37 ”C in RPMI 1640 medium supplemented with 10% fetal calf serum.

Cells were maintained and studied in the logarithmic phase of growth.

The doubling time was 24—36 h.

Preparation of Samples for NMR Spectroscopy

Cell samples were prepared for NMR experiments as previously
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described (Mountford et al., 1982b, 1984a). The samples were kept at

37 °C in the NMR tube for 1 h prior to commencement of the
experiments to allow establishment of a stable state following increase
in cell-cell contact. Cell viability was measured before and after each

experiment. Only those data obtained from cells with at least 90%
viability were used. The longest time for which this could be achieved
was 3—4 h.

Triolein (Sigma) was dissolved (20 mg/ml) in CDC13 (99.96%

isotopic purity, supplied by Wilmad Glass Co.) and the solution was
degassed while freeze—thawing four times with liquid nitrogen.

Very low density lipoprotein (VLDL2) from healthy human donors
was isolated by previously reported methods (Hatch and Lees, 1968).

The particle size was measured by electron microscopy to be 27—32

nm, with a total variation of 22—54 and 31-78 nm on two experiments,

which is within the normal range for human VLDL. The preparations
were negatively stained with 1% ammonium molybdate solution and
the electron micrographs were obtained with a Philips 400 EM
operating at 100 ku and a working magnification X 92,000.

NMR Spectroscopy

‘H NMR spectra were recorded at 37 “C (cells, supernatant, and
VLDL) or 25 °C (triolein) using a Bruker WM 400 spectrometer.

Peaks were referenced to aqueous sodium 3-(trimethylsilyl)pro-
panesulfonate or to the residual CHC13 resonance at 7.26 ppm as
external or internal chemical shift references. The Meiboom-Gill
modification of the Carr-Purcell pulse sequence (CPMG) (Meiboom
and Gill, 1958) was used for spin—spin relaxation measurements as

described (Mountford et al., 1984a) and the COSY spectra were
recorded with a pulse sequence modified to compensate for radiofre-
quency inhomogeneity (Cross et al., 1984).

Membrane and Supernatant Preparations

Supernatant from VBL20 Cells—Washed cells (2.0 X 105) were

lysed for 20 min at 4 °C in 2 ml of D20. The homogenate was
centrifuged at 130,000 X g for 60 min and the supernatant fraction

was removed.

Membrane Isolation—The preparation of crude plasma membranes
was accomplished as reported (Mountford et al., 1984b) with cell

disruption by nitrogen cavitation at 800 p.s.i. for 15 min. The purifi-

cation of the plasma membrane similarly involved cell disruption by
nitrogen cavitation at 800 p.s.i. (15 min) of cells (4.5 X 109) washed

three times in saline. The disruption was effected in a Parr pressure

bomb with the cells suspended in 4 volumes of buffer consisting of
100 mM Tris-HCl, pH 7.4, 10 mM MgC12, 10% (w/v) sucrose, 10 MM
leupeptin, and 1 mM phenylmethylsulfonyl fluoride. The cell lysate
was centrifuged at 1000 X g (4 °C) for 5 min and the pellet was
disrupted as before by nitrogen cavitation. The combined lysates
(total homogenate) were again centrifuged at 1000 X g for 5 min. This

pellet of unbroken cells and nuclei was discarded. The membranes
were then sedimented by centrifugation of the 1000 X g supernatant
at 140,000 X g for 1 h (4 °C) and resuspended in phosphate-buffered
saline, pH 7.4. The suspension was further fractionated according to
the method of Iwanik et al., 1984. The membrane bands from the

sucrose density gradients were removed by aspiration and diluted 1:4
with 10 mM HEPES, pH 7.2. All marker enzyme activities except 5’
nucleotidase and NADPH cytochrome c reductase were assayed on
membranes which had been frozen overnight at —70 ”C.

Marker Enzymes

The purity of the plasma membrane preparation was assessed by

calculating the specific activity of the marker in the membrane and
dividing by that in the homogenate. Protein content was measured
with the Bio-Rad protein assay kit using bovine serum albumin as a
standard. The following marker enzymes were assayed according to
methods which have already been described: 5’ nucleotidase (Newby
et al., 1975), Na“, K+ adenosinetriphosphatase (Ames, 1965), and y-

glutamyltranspeptidase (Jacobs, 1971) as plasma membrane markers;

acid phosphatase (Ames, 1965) as the marker for lysosomes; lactate

dehydrogenase (Boehringer Mannheim GmbH diagnostica lactate
dehydrogenase test kit, catalogue No. 124907), as a cytoplasmic
marker; NADPH-cytochrome c reductase (Sottocasa et al., 1967) as

the marker for endoplasmic reticulum; and cytochrome c oxidase
 

2 The abbreviations used are: VLDL, very low density lipoprotein;
HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; CPMG,
Meiboom-Gill modification of the Carr-Purcell pulse sequence.
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(Wharton and Tzagoloff, 1967) as the mitochondrial marker. DNA

was used as the nuclear marker (Brunk et al., 1979).

Chemical Analysis

Membranes were resuspended in 10 mM HEPES, pH 7.2, and the
lipid was extracted (Gottfried, 1967; Williams and Merrilees, 1970).

Values and standard errors were determined from assays run in

duplicate on at least two different extractions. The free cholesterol

and total cholesterol contents of the lipid extracts were determined
by an enzymic fluorimetric method (Heider and Boyett, 1978). Cho-
lesterol ester content was calculated by subtracting the free choles-
terol from the total cholesterol content. Lipid phosphorus was deter-

mined colorimetrically on the total extracts (Duck-Chong, 1979),
based on a mean molecular weight for phospholipid of 750. Triglyc-

eride was also determined colorimetrically (Sigma Diagnostic Kit

405) using the molecular weight of triolein (885).

RESULTS AND DISCUSSION

The 400-MHz COSY spectrum of triolein in CDC13 is
compared with that obtained from a suspension of cells in
Fig. 1, A and B. The off diagonal cross-peaks, labeled A—G,

indicate spin-spin coupling between protons on adjacent car-

bon atoms. The connectivities corresponding to each acyl
chain cross-peak (A—F), summarized in Structures 1 (phos-
pholipid) and 2 (triglyceride), can be seen in the spectrum of
the leukemic T cell line VBL20 (Fig. 18) confirming the
assignment of lipid acyl chain resonances in the spectrum of

cancer cell plasma membranes.

Two-dimensional NMR also identifies the lipid acyl chains
as components of triglyceride. Triglyceride possesses a unique
cross-peak G’ at 4.3 ppm resulting from the geminal protons
of carbons 1 and 3 of the glycerol backbone (Structure 2 and
Fig. 1A). This resonance is 0.1 ppm downfield from the
corresponding glycerol resonance (Structure 1) in the phos-

phatidylcholine spectrum. Furthermore, no cross-peaks from

3 glycerol methylene adjacent to a phosphatidylcholine group,
H, (Cross et al., 1984) are in evidence in the cell spectrum,

nor indeed is the cross—peak J due to the choline head group.
The cross-peak D is not present in Fig. 1A as triolein has

only one olefinic group in each acyl chain. However, the
absence of C in the cell spectrum (Fig. 13) is unexpected and
while this cannot be due to the complete absence of carbon-
carbon double bonds (as evidenced by the presence of D) it

may suggest a low level of olefinic groups or that this cross-
peak is not observed for dynamic reasons. The cross-peak G
has never been observed for a cell system, possibly because of

restricted motion of the glycerol backbone. Restricted motion
may also explain the absence of cross-peaks from phospho-
lipid headgroups and backbone.

In order to determine which cross-peaks in the cell spectrum
originate from nonmembrane components such as metabo-

lites, we lysed the cells. After the membranes and nuclei are
spun down, the supernatant, which contains only soluble
components, accounts for all of the remaining cross-peaks not
generated by the triglyceride molecule in this cell line except
that connecting resonances at 1.7 and 3.0 ppm (Fig. 10). This
latter cross-peak has been tentatively assigned to a resonance
arising from the oligosaccharide head group of gangliosides,
which display the same cross-peak.
The amounts of free cholesterol and cholesterol ester were

variable in the crude plasma membrane preparations (Table
I). A cross-peak connecting resonances at 0.9 and 1.4 ppm
from the methyl and methine protons of the alkyl side chain
of the cholesterol ring system, denoted Z in Fig. 2B, can be
observed in the spectra of many cancer cells. This suggests
the presence of cholesterol and/or cholesterol ester in the
neutral lipid domain of the rat mammary adenocarcinoma
cell line 13762 (Fig. 2B). In contrast, the VBL20 cell line (Fig.
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FIG. 1. Symmetrized COSY spectra. A, triolein in CDC]; so-

lution (20 mg/ml). Lipid acyl chain and glycerol backbone connectiv—

ities are indicated. The assignments of the cross-peaks are shown in

Structure 2 which is described in the text. A Sine-bell window
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TABLE I

Neutral lipid composition of membranes of various cell lines

Crude plasma membranes from 2.5 X 105 cells were prepared as

described by Mountford et al., 1984b. The 13762 and J clone cell lines

were enriched 4—fold and the other cell lines were prepared similarly.

The analyses were carried out as described under “Experimental

Procedures,” and the values represent the mean t SE. as determined

from assays run in duplicate on the number of experiments indicated

in parentheses. Data are expressed as nmol/mg of lipid. The abbre-

viations used are: ALL, acute lymphoblastic leukemic; PBL, periph-

eral blood lymphocytes; PWM, pokeweed mitogen.
 

- Free

Cell line Triglyc- ch0]es- Cholesterol

eride ester

terol
 

Rat mammary adenocarcinoma

Metastatic line 13762 (3) 86 i 9 278 i 21 45 t 7

Nonmetastatic J Clone (3) 77 i 6 236 i 9 6 i- 6

All T cell CCRF-CEM

Sensitive (5) 94 t 5 182 i 41 28 i 11

Resistant to 20 ng/ml VBL (5) 88 i 16 167 i 31 48 i 23

Chicken fibroblast (2) 163 i 36 191 i 22 55 i 25

Human PBL stimulated with (2) 491 i 25 256 i 17 14—290‘'

PWM

“ The range of values has been indicated due to large variation in

results.

 

1, B and C) does not display this cross-peak, the absence of

which may be accounted for either by dynamic effects or a

difference in cholesterol and/or cholesterol ester composition.

Low levels of diglycerides have also been found in the

membranes of some cancer cell lines.3 Their two-dimensional

spectra are essentially indistinguishable from those of triglyc-

erides since the acyl chain connectivities are identical.

The chemical analyses of the crude plasma membranes of

some cancer cells and of other rapidly dividing cells known to

give narrow NMR lines are shown in Table I. The membrane

triglyceride content and composition are comparable in most

 

3L. C. Wright, G. L. May, and C. E. Mountford, unpublished

experiments.

 

function was applied in both the t1 and t2 domains. B, a suspension

of VBL20 cells (1 x 108 cells) in phosphate-buffered saline in D20.

Spectra were obtained at 37 “C with the sample spinning and sup-

pression of the residual HOD peak by gated irradiation. Sine-bell and

Gaussian (line broadening = —16, Gaussian broadening = 0.22)

window functions were applied in the t1 and t2 domains, respectively

(Cross et al., 1984). Lipid acyl chain and glycerol backbone connec-

tivities are indicated. (VBL20 is the acute lymphoblastic leukemic T

cell line CCRF-CEM which has been made resistant to 20 ng/ml of

vinblastine). C, supernatant from VBL20 cells (2.0 X 108). After

washing, cells were lysed for 20 min at 4 °C in 2 ml of D20. The

homogenate was centrifuged at 130,000 X g for 60 min and the

supernatant was removed. The COSY spectrum was recorded as for

VBL20 cells.
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FIG. 2. Symmetrized COSY spectra. A, VLDL in D20 (from

healthy human donors). B, a suspension of 13762 cells (1 X 105 cells)

in phosphate-buffered saline in D20. Spectra were obtained at 37 °C

with the sample spinning and suppression of the residual HOD peak

by gated irradiation. A Sine-bell window function was applied in both

the t1 and t2 domains for A; and Sine—bell and Gaussian (line broad-

ening = —16, Gaussian broadening = 0.22) window functions were

applied in the t1 and t2 domains, respectively, for B. Lipid acyl chain

and glycerol backbone connectivities are indicated. Z denotes the

cross—peaks between the methyl and methine protons of the alkyl

side chain of the cholesterol ring system.

cases, with chicken fibroblasts and stimulated human lym-

phocytes showing the greatest variation. Furthermore, choles-

terol ester and free cholesterol levels display an even greater

variability as evidenced by the standard errors.

The chemical analysis of the neutral lipid from the plasma

membrane of the VBL20 cell line, purified 45-fold on a sucrose

gradient, has confirmed the presence of unusually high levels

of triglyceride in the plasma membrane. The extent of the
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enrichment and purity was determined by markers for plasma

membrane and other cell constituents (Table IIA). Band 1, at

the junction of the 10—30% sucrose layer, is shown to be the

purest plasma membrane-containing fraction and, although

the enrichment over the homogenate is approximately 45—

fold, the ratio of plasma membrane markers to cytoplasmic,

mitochondrial, and nuclear markers is many times greater.

The major contamination appears to stem from endoplasmic

reticulum as evidenced by the enrichment of NADPH cyto-

chrome c reductase activity. Even so, the ratio of plasma

membrane to endoplasmic reticulum markers in Band 1 is

11:1. Bands 2—4 are mixed membrane bands containing vary-

ing levels of mitochondrial, endoplasmic reticulum, lysosomal,

and/or nuclear membranes in addition to plasma membrane.

Chemical analysis of the major lipids (Table IIB) demon-

strated that the levels of free cholesterol in the mixed mem-

brane bands (B2 and B3) were in agreement with those found

for the crude membrane preparations of VBL20 cells (Table

I). In contrast, the level of free cholesterol in the B1 fraction

was considerably higher and no cholesterol ester was detected

in any of the bands. The presence of large amounts of free

cholesterol is in itself an indication of membrane purity

(Haeffner et al., 1982) since the plasma membrane is the

major site of cholesterol accumulation. The decrease in free

cholesterol from B1 to B4 reflects the level of plasma mem-

brane enrichment. In contrast, the cholesterol-to-phospho-

lipid ratio shows an increase over the homogenate in bands

1—3. The levels of triglyceride in the bands (Table IIC) are

most interesting since two of the mixed membrane bands (B2

and B3) again show agreement with those measured in the

VBL20 crude membrane preparations (Table I) while triglyc-

eride in B4 is slightly elevated and the purest plasma mem-

brane-containing fraction (B1) has the highest levels of tri-

glyceride. It is very unlikely that triglyceride has been trapped

in the membrane bands from the triglyceride-rich floaters and

supernatant fractions since for B1 the ratio of the plasma

membrane marker 5’ nucleotidase to the cytoplasmic marker

lactate dehydrogenase is 5000:1. The data further suggest that

triglyceride may be present in all the membranes and indeed

increased amounts of triglyceride or diglyceride have been

found recently in mitochondrial membranes of rat liver, the

rapidly dividing fetal cells containing four times as much as

the adult cells (Harsas et al., 1985). It has been suggested by

others (Verkleij, 1984; Sen et al., 1981) that membranes

containing increased proportions of neutral lipids such as

triglycerides would exhibit changes in their permeability prop-

erties reflecting a decrease in the bilayer content of the

membranes.

We have also found elevated levels of triglyceride in a 9-

fold enriched plasma membrane preparation from a rat mam-

mary adenocarcinoma 13762 subline. Chemical analysis shows

the B1 fraction to contain 376 nmol/mg of lipid. The data

thus support the NMR assignments in Fig. 2.

The T2] of greater than 600 ms, found to correlate with the

presence of malignant cells with the capacity to metastasize,

is very long and can only be accounted for by fast molecular

motion in an unusual environment (Mountford et al., 1984a).

The location and environment of the triglyceride in the mem-

brane has been investigated by spin-spin relaxation experi-

ments. Different solvent systems have been studied in an

attempt to determine the type of environment conducive to

this type of relaxation mechanism.

Triglycerides (and diglycerides) as well as cholesterol esters

of differing acyl chain content in CDC13 were found to give a

single exponential decay with the T2 varying from 1 s to 300

ms. (The acyl chains from cholesterol esters and triglycerides
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TABLE II

Analysis of neutral lipid from a highly purified plasma membrane of VBL20 cells

TABLE IIA

Marker enzyme activity

Plasma membranes were isolated from 4.5 X 109 cells by disruption by nitrogen cavitation followed by
fractionation on a sucrose density gradient. The enzyme activities were determined as described under “Experi-
mental Procedures" for the initial suspension (homogenate) after cell disruption and the four density gradient
bands as well as the supernatant from the density gradient centrifugation and a band of lipid which separated on

top of the supernatant (designated floaters). The enrichment was calculated by the specific activity of the marker
in each fraction divided by that in the homogenate. The values represent mean t SE. of two experiments. Band
1 is at the interface of the 10 and 30% sucrose layers; Band 2 is at the interface of the 30 and 48% layers; Band 3

is at the interface of the 48 and 60% sucrose layers; and Band 4 is the pellet at the bottom of the 60% sucrose

 

 

 

 

layer.

Enrichment
Enzyme marker

Band 1 Band 2 Band 3 Band 4 Floaters Supernatant

5’-Nucleotidase 44.9 d: 17.7 19.4 i 5.0 15.5 i 2.2 14.6 i 5.3 0.46 i 0.09 ND”
'y-Glutamyltranspeptidase 12.6 i 3.3 11.1 i 2.9 5.0 i 0.4 0.6 i 0.6 ND 0.15 i 0.15
Na+,K+ adenosinetriphosphatase 10.5 i 3.4 14.4 i 5.0 5.8 t 2.5 2.4 i- 0.3 ND ND
Acid phosphatase 1.2 i 0.4 1.9 i 0.1 1.4 i 0.1 1.0 i 0.4 1.1 i- 0.3 2.0 i 0.9
Lactate dehydrogenase 0.009 1- 0.001 0.08 i 0.01 0.087 t 0.005 0.035 t 0.004 3.0 i 1.2 2.5 i 0.7
NADPH cytochrome c reductase 4.0 i 0.2 6.8 i 1.4 9.0 i 0.6 6.7 i 2.6 1.5 i 0.2 0.9 t 0.2
Cytochrome c oxidase 0.39 i 0.3 3.5 i 0.7 7.2 i 1.2 6.4 i 0.6 ND ND
DNA 0.079 i 0.007 0.11 i 0.02 0.39 i 0.03 1.1 i 0.5 0.021 t 0.004 0.015 t 0.003

TABLE IIB TABLE IIC

Cholesterol and phospholipid composition

The homogenate and four membrane bands from the density
gradient centrifugation were analyzed according to the methods de-
scribed under “Experimental Procedures” and the values represent
the mean t SE. as determined from assays run in duplicate on two
different extractions. No cholesterol ester was detected in the bands.
Data are expressed as nmol/mg of lipid.
 

Cholesterol-to-
Free

 

Fraction cholesterol Phospholipid phospholipid
ratio

Homogenate 122 i 12 1010 i 16 0.12 i 0.01

B1 263 i 50 1403 i 71 0.19 i 0.05

B2 184 i 10 856 i 95 0.22 i 0.02

B3 157 i 30 922 i 201 0.17 i 0.01

B4 75 i 5 1101 i 15 0.07 i 0.01
 

were found to behave identically). Neutral lipids with one

double bond at position 9 generate two clusters of resonances
at 1.28 and 1.30 ppm from the nuclei at positions 2—7 and 12—
17, respectively, in the chain (Frost and Gunstone, 1975). The

results of a CPMG experiment, over the delay range 0—2 s for
triolein (18:1) in chloroform, is shown in Fig. 3A.

The metastatic 13762 (Fig. 3B) and nonmetastatic J clone
lines (Fig. 3C) both have four resonances under the broad
methylene envelope at 1.2 ppm. CPMG experiments over the
delay range 0—200 ms generate two rates of decay for each of
the four resonances. A long T21 for the resonance at 1.25 ppm

identifies the metastatic line 13762 from its nonmetastatic
counterpart J clone. In contrast to the triglyceride in CDClg,
these resonances cannot readily be followed over the delay
range 200—2000 ms due to lack of signal intensity. Other cell

lines, including human ovarian and colon cells (Mountford,

et al., 1984b), have been found to demonstrate a similar

pattern whereby the metastatic cells generate a T21 of greater

than 400 ms while their nonmetastatic counterparts have a
T21 of less than 200 ms.4 Triolein dispersed in D20 does not
yield a T2 in excess of 200 ms.

Human lipoproteins are rich in cholesterol ester and tri-
glyceride and have been shown to give narrow line 1H NMR
spectra. A possibility for the anomalously narrow 1H NMR
lines in our cells is that the neutral lipid domains may be akin
to those in lipoproteins. The COSY spectra in Fig. 2 show

Triglyceride composition

The homogenate and four bands were analyzed, as well as the
supernatant from the density gradient fractionation and a band of
lipid which separated on top of the supernatant (designated floaters).
The methods are as described under “Experimental Procedures” and
the values represent the mean t SE. as determined from assays run
in duplicate on two different extractions.
 

 

Fraction Lipid Protein Recovery“

nmol/mg nmol/mg %

Homogenate 274 i 18 130 i 25
Floaters 640 i 17 893 i 26 54 i 5”

Supernatant 297 i 187 31 i 12
B1 139 i 30 378 i: 193 13 i 3

B2 79 i 17 230 i- 71 11.5 :1.5

B3 90 i 14 173 i- 21 12.5 i 1.5

B4 114111 130135 9:1
 

" Distribution of triglyceride is measured as a per cent of the total
triglyceride recovered. The 1000-g pellet was not assayed.

b Recovery in supernatant floaters plus supernatant.

‘ ND, not detected.

that, except for the cross-peaks G (which have never been -
observed for a cell system) and D (which has a very low ,

intensity in the 13762 cells and is not always observed), the
cell spectrum is accounted for in terms of the triglyceride-rich
VLDL spectrum plus that of the cellular metabolites. If lipo-
proteins are implicated, it is conceivable that protein confor-
mational changes may account for the lengthening of T23
encountered in the living cell.

In conclusion, a narrow NMR resonance originating from

the plasma membrane of a cancer cell is unexpected, but it is
explicable in terms of fundamental physics and chemistry.
We have shown that there is chemical evidence for the pres-
ence of neutral lipid domains in the plasma membrane. The
NMR signal can be accounted for by isotropically tumbling
lipid which is not in diffusive exchange with the more con-
ventionally structured membrane lipid. The type of lipid,
identified by chemical analysis and two-dimensional NMR, is

triglyceride (and diglyceride) and free or esterified cholesterol.
Other neutral molecules will be attracted preferentially to
 

‘ L. Kean, K. T. Holmes, P. G. Williams, G. L. May, M. Dyne, and

C. E. Mountford, unpublished experiments.  
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FIG. 3. Transverse relaxation data, in which the natural log of the -CH2- intensity is plotted against

the delay between the first pulse and the nth echo in the Meiboom-Gill modification of the Carr-
Purcell pulse sequence (Brindle et al., 1979). A, triolein in CDCl;, solution (20 mg/ml). B, a suspension of
13762 cells (1 X 108 cells) in phosphate-buffered saline in D20. C, a suspension of J clone cells (1 X 103 cells) in

phosphate-buffered saline in D20. The cell samples were prepared and the pulse sequence was executed as described
under “Experimental Procedures.” Spectral accumulations (32) were recorded with the water resonance suppressed

by gated irradiation (Jesson et al., 1973) in the case of B and C. No resolution enhancement is applied to A, while
B and C have Lorentzian-Gaussian resolution enhancement (line broadening = —11, Gaussian broadening = 0.04).
The chemical shifts are denoted beside each plot.

the oily membrane domain of the type described above. If this
domain were large enough to traverse the plasma membrane,
it could be a method of transporting many different types of
molecules, including anesthetics and drugs into the cell.
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