THE HUMAN MELANOMA-ASSOCIATED ANTIGEN p97 IS ATTACHED
TO THE PLASMA MEMBRANE BY A GLYCOSYL-
PHOSPHATIDYLINOSITOL ANCHOR
by
MICHAEL ROBERT FOOD
B.Sc., The University of Victoria, 1986

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF
THE REQUIREMENTS FOR THE DEGREE OF
MASTER OF SCIENCE
in
THE FACULTY OF GRADUATE STUDIES

(Biotechnology Laboratory and the Department of Microbiology)

We accept this thesis as conforming

to the required standard

THE UNIVERSITY OF BRITISH COLUMBIA
October 1992
© Michael Robert Food, 1992



In presenting this thesis in partial fulfilment of the requirements for an advanced
degree at the University of British Columbia, | agree that the Library shall make it
freely available for reference and study. | further agree that permission for extensive
copying of this thesis for scholarly purposes may be granted by the head of my
department or by his or her representatives. It is understood that copying or
publication of this thesis for financial gain shall not be allowed without my written

permission.

Department of _Mic RobHi0L0GY

The University of British Columbia
Vancouver, Canada

Date OCTOBEL 15,1942,

DE-6 (2/88)



i1

ABSTRACT:

Melanotransferrin, or p97 is a cell surface glycoprotein which was first
described as a marker antigen for human melanoma cells. Although p97 has
a high level of amino acid sequence homology to human serum transferrin
and lactoferrin its function has not yet been determined. One feature that
distinguishes p97 from the other members of the transferrin family is the
presence of a stretch of 24 hydrophobic amino acids at the C-terminus. In all
previous studies, this sequence was thought to form a proteinacious
transmembrane domain. In this study, however, sensitivity to bacterial
phosphatidylinositol-specific phospholipase C, biosynthetic labelling with
[3H]-ethanolamine, and partitioning in Triton X-114, were used to establish
that p97 is expressed at the cell surface as a glycosyl-phosphatidylinositol
anchored protein. As well, this anchor was shown to be present in p97 on
human tumor lines and it apparently confers no special intracellular
transport properties on the molecule. These findings raise important
questions about the function of p97 and the possible involvement of this
protein in a cellular iron uptake system that is independent from the

transferrin/transferrin receptor system.



e
ko
e

TABLE OF CONTENTS:

ABSTRACT.......ccccccvvmvennanns

00t el r et et rrr e et rrerertrersreserrssresretrorrsssrescssccssssrsrseee

.

LIST OF TABLES""'QQ".Q'000000tto"ooo'o'oo'o....o.ooo'oooo...ooooooooo'ooooooooottotttt00"'00000000000000.............1U

LIST OF FIGURES...--000000000'000000000000000000000000.00000000000000000000000000000000000'0000000000000000000000000000000 V

.o

.20

sesessene

RESULTS..."."."".n...n...nn............................................uu-




iv

LIST OF TABLES:

Table I: Summary of the properties of the MAbs used in this
Table II: Effect of various PI-PLC preparations and pronase on human and
mouse cell surface antigens.........coceueveeerivieieieiiieiet s 29

Table III: Effect of bacterial PI-PLC and pronase on human and mouse cell

SUIfACe ANEIZENIS....ucveieiiiectietetet ettt er s et 32

Table IV: Effect of bacterial PI-PLC on human p97 expressed on the cell surface

OF VATIOUS CHIO EI1OS. . oottt eeeeeeeeeeeeee e eeeesetsessessessesssessssssssssssssssssesneaanans 39

Table V: Effect of BFA on the transport of p97 to the surface of SK-MEL-28

Table VI: Effect of bacterial PI-PLC on human p97 expressed on the cell surface

Of various RUMaN INEESTINIAL LIIeS. . cuueeeierieeeerreneeeeeeeeeeeeeaeeeateaeeessssssssesnsannesesesnnnns 49



LIST OF FIGURES:
Figure 1: General structural features of GPI-anchors...........cccoeiiiiiinininnnnnen 8
Figure 2: Summary of cDNA constructs used to transfect CHO lines................ 16

Figure 3: Reactivity of various MAbs with surface antigens of SK-MEL-28

Figure 6: Titration of purified L235 MAD reactivity agéinst SK-MEL-28 cells...25

Figure 7: Titration of purified C MAD reactivity against SK-MEL-28 cells........ 26

Figure 8: Titration of purified OKT9 MAD reactivity against HuTu-80 cells....27

Figure 9: Effect of bacterial PI-PLC on cell surface antigens...........ccccoceoevereremnnce 30

Figure 10: Phase separation of p97 and TR in Triton X-114 solution................. 34

Figure 11: Summary of the development of the CHO line WTB expressing
RUMAN PO7 ..ottt bbb 36



vi

Figure 12: Summary of the development of the CHO line TRVB expressing

human p97 ...................................................................................................................... 37

Figure 13: Effect of bacterial PI-PLC on human p97 expressed on the cell

surface of various CHO 1INES....ccieeeeiieeeeeeeveeeeevereeneenes reeeeeeseseneransnaassaneteanannnnnnnnnnssaaas 38

Figure 14: Effect of bacterial PI-PLC on human p97 expressed on the cell
surface of SK-MEL-28 and p97aWTBC7 lines........cccovveerreererierenrinneriieneneesencnnens 40

Figure 15: Biosynthetic labelling of p97 with [3H]-ethanolamine in SK-MEL-28

Figure 16: Biosynthetic labelling of p97 with [3H]-ethanolamine in

PI7AWTBEC3 CeIIS......ooiiiiiniririiiinicicncir s st sasss s s s s anssens 44

Figure 17: Biosynthetic labelling of p97 with [3H]-ethanolamine in
PO7aTRVBCE3 CellS....ooniiiniiiiiii s 45

Figure 18: Reactivity of various MAbs with surface antigens of CaCo-2



vii

ACKNOWLEDGEMENT:

The efforts of Dr. Sylvia Rothenberger and Mr. Ian Haidl in developing
and performing the cell surface biotinylation experiments are gratefully
acknowledged. I would also like to thank Dr. W. A. Jefferies for providing the
opportunity, facilities, and guidance which enabled me to complete this work.
As well, T would like to thank my thesis advisory committee and my
colleagues in the laboratory for their contributions. Finally, I would like to
thank the players, training staff, and coaching staff of both UBC and
Meralomas Rugby Clubs for allowing me to continue playing rugby during

these difficult times.



viii

LIST OF ABBREVIATIONS:

The abbreviations used are: UVR, ultraviolet radiation; Tf, transferrin; TR,
transferrin receptor; MAb, monoclonal antibody; MAbs, monoclonal
antibodies; GPI, glycosyl-phosphatidylinositol; VSG, variable surface
glycoprotein; PI-PLC, phosphatidylinositol-specific phospholipase C; BFA,
Brefeldin A; ATCC, American Type Culture Collection; DMEM, Dulbecco's
Modified Eagle Medium; FBS, Fetal Bovine Serum; CHO, Chinese Hamster
Ovary; FACS, fluorescence activated cell sorting; SDS-PAGE, sodium dodecyl
sulfate-polyacrylamide gel electrophoresis; biotin, biotinamidocaproate N-
hydroxysuccinimide ester; PMSF, phenylmethylsulfonylfluoride, MEM,

Minimum Essential Medium.



INTRODUCTION:

The increase in the occurence of skin diseases in many industrialized
nations has been attributed in large part to the increased exposure of the
population to ultraviolet radiation (UVR) present in sunlight (1). The
damage which results from this exposure to UVR can include: erythema,
sunburn, photodamage, photocarcinogenesis, eye damage, immune system
alterations, and chemical hypersensitivity (2). The most common skin
cancers produced by exposure to UVR are the non-melanoma skin cancers,
which are termed basal cell and squamous cell carcinomas (2). These cancers
have been associated with repeated sun exposure (3). The less common skin
cancer, cutaneous malignant melanoma, has been associated with shorter,
more intense exposure to the sun (4). This form of skin cancer is both rapidly
increasing and highly fatal, in fact, it has been suggested that by the year 2000,
approaching 1 in a 100 caucasians will develop malignant melanoma, and 20-
30% of these people will ultimately die from it (5). The variety of risk factors
which contribute to the development of malignant melanoma have not been
completely described.

Iron is required by all cells (6), consequently many different systems
have been developed to obtain iron from the environment. Two problems
which any system must address are that free iron is toxic and that iron
chemistry favors the production of insoluble and inaccessible hydroxides (7).
Iron is a component of a large number of proteins with essential cellular
functions, thus, it is absolutely required for cell proliferation (6). Iron
transport into microorganisms can be mediated by a high affinity system
consisting of a soluble iron ligand (siderophore), a membrane bound receptor
(ferri-siderophore), and an enzymatic release mechanism, as well as by an

iron reductase system (8).



In vertebrates, the iron requirement is thought to be provided by the
binding of iron to the major serum iron transport protein called transferrin
(Tf). The Tf molecule is a monomeric glycoprotein of 80,000 daltons
molecular mass (9). It can reversibly bind two Fe3+ ions per molecule,
simultaneously with two CO32- ions (9). Evidence from the Tf sequence and
proteolytic digestion suggest that the molecule can be subdivided into two
homologous domains of approximately 340 amino acids which share 35-40%
sequence identity to one another (9). Each domain has a single iron binding
site which suggests that the transferrins evolved by gene duplication of a
single iron binding domain (9). The currently accepted view is that soluble Tf
binds iron and this complex interacts with the transferrin receptor (TR) on
the plasma membrane (10). The TR is composed of two identical disulfide
linked polypeptide chains, each with a molecular mass of 95,000 daltons (10).
The efficiency of this mechanism is increased because the TR can bind two
molecules of iron-Tf per receptor (6). After binding, the iron-Tf/TR complex
remains membrane associated and is concentrated in coated pits and
internalized. The resulting endosomes become acidified and the iron, likely
Fe3+, is released from the complex (10). The apotransferrin remains bound to
the receptor and is recycled to the cell surface where it is released at neutral
pH and can participate in the binding and uptake of additional iron into the
cell (6). The iron in the acidified endosome is transported across the
endosomal membrane by an uncharacterized mechanism, where it serves as a
substrate for the biosynthesis of iron containing proteins or is stored in
ferritin deposits (10). Although cellular iron uptake has been shown to be
mediated mainly by the Tf/TR pathway (11), there is evidence for non-Tf

mediated pathways of iron incorporation in leukemic cells (12), HeLa cells



(13,14), and in hepatocytes (15). In human melanoma cells, a non-Tf
mediated pathway has also been investigated (16-19).

Melanotransferrin, also known as the human melanoma-associated
antigen p97, was one of the first cell surface markers associated with human
skin cancer (20). The p97 molecule was characterized using monoclonal
antibodies (MAD) raised against melanoma cells (20-22), including the SK-
MEL-28 cell line, and p97 has been termed a melanoma specific marker. It
was shown to be a monomeric membrane bound protein with a molecular
mass of 97,000 daltons (23). The p97 molecule was proposed to be both a
predictive marker for melanomas, and the target site for immunotherapy
(24). Subsequent work with p97 on SK-MEL-28 cells revealed that it was
capable of binding iron (25). Furthermore, p97, like Tf and the TR, is a
sialoglycoprotein, which is encoded on chromosome 3 in humans (26). The
primary structure of p97 deduced from its mRNA sequence (27) indicated that
it belongs to a group of closely related iron binding proteins found in
vertebrates. This family includes serum Tf, lactoferrin, and avian egg white
ovotransferrin. The human p97 and lactoferrin molecules are known to
share 40% sequence identity (9). In contrast to the other molecules of the Tf
family, p97 is the only one which is directly associated with the cell
membrane, which has implications for the evolution of the Tf family and,
potentially, for iron transport mechanisms in general.

The p97 molecule was described independently by other investigators.
It was shown that p97 was the same as the gp95 molecule (23), described by
Dippold (28). Subsequently, the gp87 molecule was also shown to be identical
to the p97 molecule (29). More recently, a unique tumor antigen of human
melanoma was described in detail, and designated gp90 (30). This antigen was

shown to be expressed in high quantities on the surface of a wide variety of



cultured cells, but only in small quantities on cells of a limited range of
normal tissues (30). It was not until 1989 that it was demonstrated that this
unique antigen was in fact p97 and not a new melanoma-associated antigen
(31). One benefit of these studies is that a large number of unique MAb to p97
were generated, which collectively defined many different epitopes of the
molecule.

The distribution of the p97 molecule has been described in considerable
detail over the last twelve years. The first quantitative analysis of p97
expression in normal and neoplastic tissues showed that it was present in
large amounts in most melanomas, some tumors and certain fetal tissues, but
in normal tissues it was expressed in small amounts (21). Further work by
the same group again demonstrated that p97 was expressed by cells from
melanoma tumor biopsies but not in normal adult tissues (22). One
interesting observation was that p97 was present in high quantities in the
fetal colon, lung and umbilical cord (22). In subsequent years the distribution
of the p97 molecule continued to be investigated, most notably in the form of
a comparative study of antigen expression in a variety of cell types (32). The
P97 molecule was again shown to be present on the cell surface of a number
of melanoma and other cancer lines, and absent on the cell surfaces of a wide
variety of normal adult tissues (32). An exhaustive study of the expression of
the p97 molecule in cultured tumor and normal cells (30) showed that p97
was expressed at a high level in cell lines ranging from melanoma to colon,
kidney and lung cancer; moreover, in normal cells, only melanocytes, kidney
epithelium and fibroblasts showed a degree of p97 expression. It has been
suggested that the distribution of expression of the p97 molecule indicates

that p97 is actually an oncogene.



The situation is not as clear as the majority of these results would seem
to indicate. It has subsequently been shown that the p97 molecule is
expressed on endothelial cells of the human liver (33). The localization of the
p97 molecule was also shown to be distinct from that of Tf and the TR (33).
As well, p97 was found to be present on central vein walls in fetal liver tissue,
which was not demonstrated previously (33). These findings are important
because they are the first reports of the presence of the p97 molecule on the
cell surface of tissues which were previously believed to express none of the
molecule. In our own laboratory, it has been shown that the p97 molecule is
expressed by capillary endothelial cells in the normal human brain (Food et
al, unpublished observations). As with the liver data, this finding contradicts
previously published data. It would appear, then, that the p97 molecule may
be distributed in normal tissues as well as in all of the cancer tumors and cell
lines which have been previously described.

While p97 does not appear to be as strictly tumor specific as was once
believed, there have been several investigations on the possible
immunotherapeutic properties of the molecule. It was shown that conjugates
of an anti-p97 MAb and the toxin, ricin A-chain, were useful in killing
human melanoma cells which expressed p97 at more than 80,000 molecules
per cell (34). This effect was not evident in cells which expressed less than
5,000 molecules of p97 per cell, indicating that the presence of p97 at low
levels in normal tissues may not be a factor when considering the efficacy of
immunotoxins (34). The construction of a recombinant vaccinia virus, which
was shown to cause infected tissue culture cells to express p97 at a high level,
allowed the investigators to attempt to immunize against melanoma (35). It
was found that the immunization of both mice and monkeys with the

recombinant construct resulted in both humoral and cell mediated immune



responses (36). Monkeys are known to express a low level of cross-reactive
p97 (36), therefore, it appears that the low level of p97 expression in normal
tissues does not interfere with the therapeutic effect being investigated.
Another model involving mouse melanoma metastases has also been
investigated (24). In this case the generation of a T-cell population reactive to
p97 was observed, after immunization with the recombinant vaccinia virus
construct. The result of subsequent adoptive therapy experiments was that
pulmonary melanoma metastases were eradicated in mice treated with these
T-cells (24). There appears, then, to be some potential for the use of p97 as a
target for various therapeutic reagents despite differing interpretations of the
normal distribution status of the molecule.

In addition to the Tf-like domain, the deduced sequence of p97 has a
hydrophobic segment at its C-terminal which was thought to allow the
molecule to be inserted into the plasma membrane (27). Using the Eisenberg
algorithm (37), which predicts membrane associated domains, analysis of the
putative proteinacious membrane attachment segment of the p97 molecule
has been completed (Food et al, unpublished observations). This analysis
suggests that the putative transmembrane domain of the p97 protein will not
act as a membrane anchor, which implies that p97 is anchored to the plasma
membrane by a different mechanism. Though the results of this analysis
have never been interpreted in this manner, further investigation revealed
that if a hydrophobic-like transmembrane region is present in a monomeric
protein but not predicted to be a hydrophobic transmembrane domain by this
algorithm, the examined protein is likely attached by a glycosyl-
phosphatidylinositol (GPI) anchor. This analysis has been consistent for a
number of GPI-anchored proteins, including Thy-1, Ly-6 and Qa-2 (Food et al,

unpublished observations).



Classically, plasma membrane associated proteins are imbedded in the
membrane via a hydrophobic interaction between the lipid bilayer and either
an alpha helical transmembrane polypeptide segment or a less complex
stretch of hydrophobic or uncharged residues (38). Recently, however, many
proteins have been described that are attached to the plasma membrane via a
GPI-anchor (38). Proteins with GPI-anchors have been detected in a variety of
organisms ranging from mammals to protozoa, insects, slime molds, and
yeast, but not fungi, bacteria and higher plants (38). As well, GPI-anchored
proteins have been described in a variety of cell types, exhibiting considerable
diversity in both functional and evolutionary terms (39).

The general structural features of GPI-anchors have been summarized
(Figure 1). Briefly, the C-terminal amino acid of the protein is linked through
the o-carboxyl group via an amide linkage to the amino group of the
- phosphoethanolamine moiety of the GPI-anchor. The
phosphoethanolamine moiety is then linked to a glycan, usually consisting of
mannose and glucosamine, while the glucosamine is linked glycosidically to
the inositol-containing phospholipid. The anchoring of the protein to the
plasma membrane is carried out by phosphatidylinositol (38). The complete
structure of several GPI-anchored proteins have been determined including
the variable surface glycoprotein (VSG) from Trypanosoma brucei (40) and
mammalian Thy-1(41). It is not surprising that the generalized structure for
GPI-anchors is based on work done on these two molecules (38).

Many different procedures have been developed for the identification
of GPI-anchored proteins. The most commonly used technique involves the
use of the bacterial enzyme phosphatidylinositol-specific phospholipase C (PI-
PLC) for the release of the GPI-anchored protein from the cell surface (38).

Another technique involves biosynthetically labelling cells with radiolabelled



Figure 1: General structural features of the GPI-anchor.

The general structure of the GPI-anchor with the sites of enzyme action
indicated. This figure has been adapted from the review of Ferguson and
Williams (47). Abbreviations: AA: carboxy-terminal amino acid; EtN:
ethanolamine; P: phosphate; glycan: variable carbohydrate portion; GlcNH):
glucosamine. Cleavage sites shown include: HNO2: nitrous acid
deamination; GPI-PLD: site of GPI-PLD activity; PI-PLC/GPI-PLC: site of PI-
PLC/GPI-PLC activity; PLAD: site of phospholipase A2 activity.
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anchor components ([3H]-ethanolamine, [3H]-fatty acids, [3H]-inositol, [32P]-
phosphate) (38). A further method involving cross reactive determinants on
the released proteins has also been utilized. Generally, the presence of a GPI-
anchor is proven by a variety of these methods rather than one in particular.
The biosynthesis of GPI-anchored proteins has also been described in
some detail. It is known that the attachment of the protein to the GPI-anchor
occurs within a minute of completion of polypeptide synthesis (42). Due to
this rapid processing time, it is thought that the protein is attached to a
preformed GPI-anchor, in the endoplasmic reticulum by a transamidase (38).
The signal which directs the attachment of the GPI-anchor to the protein is
thought to exist in the C-terminal region of the protein (38). There is no
consensus sequence for the GPI-anchor attachment, the only features that
occur regularly are that the C-terminal residues are moderately hydrophobic
and that there are a pair of small residues placed 10-12 amino acids to the N-
terminal side of this hydrophobic domain (43,44). It is thought that these are
the only requirements for GPI-anchoring, and no other motifs are necessary
(44). There have been experiments where the C-terminal regions of GPI-
anchored proteins are switched with the same regions of standard
hydrophobic transmembrane proteins, resulting, after processing, in the
attachment of a GPI-anchor to these proteins (45). After the GPI-anchor has
been attached to the protein there can also be post attachment events such as
the addition of sugar side chains (38). There can also be defects in the GPI-
anchor machinery which can, in some cases, result in the release of soluble
forms of the protein. In fact, 8 different complementation groups with defects
in the production of the Thy-1 molecule have been produced by
immunoselection (46). Since the defect in only one of these classes is in the

structural gene of Thy-1, the biochemical defects in each of the remaining
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classes should constitute different elements of the GPI-anchor biosynthetic
pathway.

One of the most interesting features of GPI-anchored proteins is that
they can be released from the cell surface by the action of specific
phopholipases. Several of these enzymes have been characterized, with the
most common the bacterial PI-PLC. These enzymes cleave between the
glycerol backbone and the phosphate group of the GPI-anchor (Figure 1) (47).
There are also eukaryotic GPI-PLC which are membrane bound and cleave
only GPI and not PI as is the case for the bacterial PI-PLC (38). These enzymes
cleave the GPI-anchor at the same place as the bacterial PI-PLC (Figure 1). The
final group is the eukaryotic GPI-PLD type of enzymes. Once again these
enzymes are specific to the GPI-anchor only (38), cleaving between the
inositol and the phosphate (Figure 1). While this enzyme has been found in
the mammalian plasma, its activity on proteins from intact cell membranes is
not known (48).

The fungal metabolite Brefeldin A (BFA) is known to have many
different effects on the secretory pathway of mammalian cells (49). The effects
of BFA are still a matter of some debate, but they can be briefly summarized in
this manner: BFA affects the early secretory pathway, resulting in the
inhibition of protein transport and the disassembly of the Golgi apparatus
(50). It is the loss of the coat protein B-cop from Golgi membranes in the
presence of BFA, followed by formation of tubular connections between the
Golgi cisternae which results in movement of Golgi enzymes to the ER (49).
It is also known that BFA affects the trans-Golgi network and the endosomal
system (49). While BFA is known to inhibit the transport of membrane and
secreted proteins to their appropriate destinations the effect on GPI-anchored

proteins is not well documented.
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In this work, the structure which is responsible for the attachment of

the p97 molecule to the surface of melanoma cells was investigated.
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MATERIALS AND METHODS:

Cell culture and Flow Cytometry:

The human melanoma line SK-MEL-28 (HTB 72) and the mouse
lymphoma line EL-4 (TIB 39) were obtained from the American Type Culture
Collection (ATCC). These lines were maintained in Dulbecco's Modified
Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 20
mM HEPES, 100 U/ml penicillin, 100 pg/ml streptomycin, 2 mM L-
glutamine, and 50 pM 2-mercaptoethanol. The Chinese Hamster Ovary
(CHO) cell lines WTB and TRVB were obtained from Dr. F. Maxfield of New
York University, New York City. These lines were maintained in Hams F12
medium supplemented with 10% FBS, 20 mM HEPES, 100 U/ml penicillin,
100 pg/ml streptomycin, and 2 mM L-glutamine. The transfected WTB and
TRVB cell lines expressing human p97 were grown in the same media with
the addition of G418 sulfate (Gibco) at a concentration of 800 pg/ml. All cell
lines were incubated at 37°C in a 5% CO2 humidified atmosphere. When
necessary, adherent lines were released by treatment with versene.

L235 is a hybridoma cell line (HB 8446) from ATCC secreting a mouse
MADb (IgG1) that reacts with the human p97 molecule. OKT9 is a hybridoma

cell line (CRL 8021) from ATCC that produces a mouse MAb (IgGq) that reacts
with the human TR. The T24/31.7 cell line was obtained from Dr. R. Hyman,
of The Salk Institute, in San Diego. This hybridoma secretes a rat MADb (IgG1)
which reacts with mouse Thy-1. The yE1/9.9.3 cell line was obtained from Dr.
F. Takei of The University of British Columbia, in Vancouver. This
hybridoma secretes a rat MAb (IgG1) which reacts with the mouse TR. In
most cases tissue culture supernatants were used as the source of antibody.
The reactivity of the various MAbs to the human and mouse antigens

of interest in this study were investigated. In these experiments the cells were
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counted (106 cells/tube) and washed twice in fluorescence activated cell
sorting (FACS) buffer, which consisted of DMEM containing 0.5% (wt/vol)
bovine serum albumin, 20 mM HEPES, and 20 mM NaN3. The cells were
incubated with the various MAbs for 45 min at 4°C, then washed and labelled
with the appropriate fluoresceinated secondary antibody for 45 min at 4°C.
The cells were then washed and fixed in 1.5% (vol/vol) p-formaldehyde in
PBS. A Becton-Dickinson FACScan flow cytometer was used to measure 5000
events per sample. The conversion of log scale to linear scale values was
accomplished by using the formula: linear mean fluorescence = 10 (log mean
fluorescence/256 channels) (51). The fluorescence intensities were
normalized with respect to unstained control samples and presented as mean
linear fluorescences.

For some of the procedures in this work it was necessary to have a
source of purified MAD. The tissue culture supernatants for MAb 1235, C and
OKT9 were centrifuged and filtered. The MAbs were then purified with a
Protein G Sepharose column (MAbTrap G/Pharmacia) by the procedure
recommended by the manufacturer. The purified MAb were then tested: for
purity by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) under denaturing conditions, for protein concentration by
spectrophotometry, and for activity by FACS.

Sensitivity of p97 to release by bacterial enzymes as shown by Flow Cytometry:

The purified PI-PLC used in this work was the kind gift of Dr. M. G.
Low, of Columbia University in New York City. This enzyme was isolated
from culture supernatants of Bacillus subtilis (BG2320), transfected with the
PI-PLC gene from Bacillus thuringiensis, purified according to Low (52). A
titration of purified bacterial PI-PLC activity on p97 on SK-MEL-28 cells ranged
from 64% release (0.17 U/106 cells), to 88% release (0.85 U/100 cells), and 95%



14

release (1.7 U/106 cells). The purified PI-PLC was used at a concentration of
1.7 U/106 cells (17 U/ml) in FACS buffer. The crude PI-PLC was the
unpurified culture supernatant from the Bacillus subtilis (BG2320)
transfected with the PI-PLC gene from Bacillus thuringiensis. In the
experiment 100 ul of the culture supernatant was used for 106 cells. The
pronase used in this study was the Type XIV Protease from Streptomyces
griseus (Sigma) at a concentration of 1 mg/ml in FACS buffer. In
experiments involving these enzymes the cells were counted, washed twice
in FACS buffer and then incubated with the enzyme preparation for 1h at
37°C. The cells were then labelled for, and analyzed by, FACS, as described in
the flow cytometry section.
Phase partitioning in Triton X-114:

To investigate p97 partitioning in Triton X-114, the cell surface proteins
of 8.0 x 106 cells were labelled with 0.4 mg biotinamidocaproate N-
hydroxysuccinimide ester (biotin, Sigma) as described (53). The cells were
washed several times in DMEM, divided into two samples that were
incubated for 60 min at 6°C, in the presence or absence of PI-PLC (1.7 U/106
cells) respectively. Both the cell supernatant and the cell pellet were
subsequently processed. The cells were washed once more and lysed in a
buffer containing 10 mM Tris-HCI1 pH 7.4, 150 mM NaCl, 1% Triton X-114, 1
mM phenylmethylsulfonylfluoride (PMSF) and 100 pg/ml lysine to block
biotin. Triton X-114 (Sigma) was precondensated as described (54). The same
buffer was added to the supernatant. The samples were centrifuged at 12,000 g
for 10 min at 4°C to remove the cell nuclei and cell debris. The phase
separation was obtained by incubation at 30°C followed by a centrifugation at
3000 g for 3 min at room temperature. The samples were re-extracted 3 times

in order to improve the separation and the corresponding phases were
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pooled. The samples were precleared for 2 h with washed protein A-agarose
and subsequently divided into two halves for immunoprecipitation of p97
and TR using L235 and OKT9 MADb respectively, followed by protein A-
agarose precoated with rabbit anti-mouse IgG (Jackson ImmunoResearch).
After immunoprecipitation, the samples were washed 6 times in 50 mM Tris-
HCI pH 6.5, 150 mM NaCl, 2 mM EDTA, and 0.5% NP-40. The proteins were
eluted from beads in SDS-PAGE loading buffer and separated on an 8% SDS-
PAGE gel under reducing conditions. The proteins were transferred onto
Immobilon membranes (Millipore) by electroblotting, and detected using
peroxidase-conjugated streptavidin (Jackson ImmunoResearch) and the
chemiluminescence ECL Western blotting detection system (Amersham)
using the conditions recommended by the manufacturers.
Construction of transfectant cell lines expressing human p97:

The bacterial neomycin resistance gene, which confers resistance to
G418 (Gibco) in mammalian cells, was contained in the pWJ218 construct
(Figure 2A) from Dr. W. A. Jefferies and Dr. S. Kvist (unpublished). The
human p97 expression vector pSV2p97a (Figure 2B), containing the entire
coding region of p97 ¢cDNA driven by the SV40 early promoter, was obtained
from Dr. G. Plowman and Dr. K. E. Hellstrom, of Bristol-Meyers Squibb in
Seattle (55). These plasmids were cotransfected into the WTB and TRVB lines
by the Lipofectin method (Gibco) following the procedure recommended by
the manufacturer. Using the appropriate antibodies, cell populations
expressing p97 were analyzed by flow cytometry. These populations were
further sorted for cells that expressed higher levels of p97 and then were sub-
cloned by limiting dilution. The resultant cell lines were analyzed by FACS to
ensure high expression levels of p97. The sensitivity of the p97 expressed by

these lines to release by PI-PLC was then determined by FACS.
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Figure 2: Summary of cDNA constructs used to transfect CHO lines.

A: pWJ218: This plasmid contains the neo-phosphotransferase gene located in
the Tn 5 element, which confers resistance to the antibiotic G418 (geneticin),
driven by the SV-40 early promoter.

B: pSV2p97a: This plasmid contains the entire coding region of the p97 gene,

driven by the SV-40 early promoter/enhancer.
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Cell surface biotinylation, PI-PLC treatment, and immunoprecipitation:

Surface proteins of 3.0 x 106 cells were labelled with 0.2 mg biotin
(Sigma) as described (53). The cells were washed several times in DMEM,
divided into two samples that were incubated for 60 min at 6°C in the
presence or absence of PI-PLC (1.7 U/106 cells) respectively. Both the cell
supernatant and the cell pellet were subsequently processed. The cells were
washed once more and lysed in 50 mM Tris-HCI pH 7.4, 150 mM NaCl, 2 mM
EDTA, 0.5% NP-40, 1 mM PMSF and 100 pug/ml lysine to block the excess of
free biotin. The same buffer was added to the supernatant. The samples were
centrifuged at 12,000 g for 10 min at 4°C to remove the cell nuclei and cell
debris. The samples were precleared for 2 h with washed protein A-agarose.
The p97 was immunoprecipitated with MAb 1235 followed by protein A-
agarose precoated with rabbit anti-mouse IgG (Jackson ImmunoResearch).
After immunoprecipitation, the beads were washed 6 times in 50 mM Tris-
HCl pH 6.5, 150 mM NaCl, 2 mM EDTA, and 0.5% NP-40. The proteins were
eluted from the beads in SDS-PAGE loading buffer and separated on an 8%
SDS-PAGE gel under reducing conditions. The proteins were transferred
onto Immobilon membranes (Millipore) by electroblotting, and detected
using peroxidase-conjugated streptavidin (Jackson ImmunoResearch) and the
chemiluminescence ECL Western blotting detection system (Amersham)
using the conditions recommended by the manufacturer.
Biosynthetic labelling with [3H]-ethanolamine:

The cell line monolayers were biosynthetically labelled for 24 h with
[3H] ethan-1-ol-2-amine hydrochloride (20 pCi/ml, 30.4 Ci/mmol,
Amersham) in DMEM containing 5% dialyzed FBS, 20 mM HEPES, 100 U/ml
penicillin, 100 pug/ml streptomycin, 2 mM L-glutamine, and 50 uM 2-

mercaptoethanol. The cells were washed in PBS and lysed in 50 mM Tris-HCl
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pH 7.2, 150 mM NaCl, 2 mM EDTA and 0.5% NP-40 with 40 pug/ml PMSF.
The lysates were then cleared by centrifugation prior to the
immunoprecipitation. The primary antibodies used were the 1235 for p97
and the OKT9 for the human TR. Protein A-agarose (BioRad) coated with
rabbit anti-mouse IgG antibody (Jackson ImmunoResearch) was added to the
samples and incubated for 8 h at 4°C. The resulting complex was washed in
50 mM Tris-HCl1 pH 6.5, 150 mM NaCl, 2 mM EDTA, and 0.5% NP-40 and
resuspended into SDS-PAGE loading buffer. The samplés were
electrophoresed under reducing conditions on a 10-15% gradient SDS-PAGE
gel. After fixation the gel was treated with Amplify (Amersham), dried, and
autoradiographed.

Effect of BFA treatment on the transport of p97 to the cell surface:

The fungal metabolite BFA was obtained from Dr. F. Tufaro, of the
University of British Columbia, in Vancouver. The experiment involved
incubating the SK-MEL-28 cells with bacterial PI-PLC (1.7 U/106 cells) for 1 h at
37°C and then washing and incubating the cells at 37°C with 5.0 ug/ml BFA in
the regular SK-MEL-28 tissue culture media. The cells were removed after 0,
20 and 40 h, and then were stained with the appropriate primary and
fluoresceinated secondary antibodies, and then were washed, fixed and
analyzed by FACS for cell surface p97 expression.

Expression of p97 on human tumor lines in a PI-PLC sensitive form:

The human duodenal adenocarcinoma line HuTu-80 (HTB-40) and the
human colonic adenocarcinoma line CaCo-2 (HTB-37) were also obtained
from the ATCC. These lines were maintained in minimum essential media
(MEM) with Earl's balanced salt solution supplemented with 20% FBS, 20
mM HEPES, 100 U/ml penicillin, 100 pg/ml streptomycin, 2 mM L-

glutamine, and 0.1 mM non-essential amino acids. The cell lines were
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screened by a panel of MADb and the results were visualized by FACS. The
sensitivity of the p97 to release by PI-PLC was then determined by FACS.
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RESULTS:
Antibodies and Enzymes:

The MAbs used in this work are summarized in Table I. The reactivity
of these MAbs with various human and mouse surface antigens are
presented in Figures 3 to 5. By comparing Figure 3 (SK-MEL-28) with Figure 4
(p97aTRVBc3), it was apparent that there were four different MAb available
which reacted with p97. The MADbs 96.5 and 133.2 were not available for large
scale use, thus only the L235 and C MAb were considered for this study. It is
interesting to note that the MAb A was extremely reactive to the SK-MEL-28
cells, but not to the p97aTRVBc3 cells, indicating that it was specific for a
melanoma associated antigen that was distinct from p97. In Figure 5 it is
shown that the anti-mouse MAbs are specific for the mouse antigens and that
the anti-human MAbs show no cross reactivity with the mouse antigens.
The reverse is the case in Figure 3, where the anti-human MAbs are specific
for the human antigens, while the anti-mouse MAbs show no cross reactivity
with the human antigens.

The purified MAbs were titrated against the culture supernatants in
Figures 6 to 8. In Figure 6 the purified 1.235 MAD is shown to react reasonably
well to p97. The same is not the case for the C MAb, where it appeared that
the activity of the purified MAD is somehow impaired by the purification
procedure (Figure 7). For this reason the L.235 MAb was chosen to be the anti-
p97 MAD for this study. The titration of the anti-TR MAb, OKT9 provided an
interesting result (Figure 8). The use of serum free tissue culture media
instead of serum containing media did not impair the ability of the
hybridoma cells to produce active MAbs. In the future this media will be

used to produce MAbs in our laboratory.
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Figure 3: Reactivity of various MAbs with surface antigens of SK-MEL-28

cells.

The cell surface antigens were labelled with the primary and the appropriate
fluoresceinated secondary antibody. After washing and fixing, the samples
were analyzed by FACS. The results were converted to linear scale and

normalized with respect to unstained negative control samples.
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Figure 4: Reactivity of various MAbs with surface antigens of p97aTRVBc3

cells.

The cell surface antigens were labelled with the primary and the appropriate
fluoresceinated secondary antibody. After washing and fixing, the samples
were analyzed by FACS. The results were converted to linear scale and

normalized with respect to unstained negative control samples.
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Figure 5: Reactivity of various MAbs with surface antigens of EL-4 cells.

The cell surface antigens were labelled with the primary and the appropriate
fluoresceinated secondary antibody. After washing and fixing, the samples
were analyzed by FACS. The results were converted to linear scale and

normalized with respect to unstained negative control samples.
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Figure 6: Titration of purified L235 MAD reactivity against SK-MEL-28 cells.

Tissue culture supernatants of the L235 MAb were centrifuged and filtered.
The MADb was then purified with a protein G column (Pharmacia). The MAb
was then diluted in FACS buffer and incubated with SK-MEL-28 cells. The
appropriate fluoresceinated secondary antibody was then used. After washing
and fixing, the samples were analyzed by FACS. The results were converted
to linear scale and normalized with respect to unstained negative control

samples. 1235
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Mean Linear
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40 1
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Figure 7: Titration of purified C MAD reactivity against SK-MEL-28 cells.

Tissue culture supernatants of the C MAb were centrifuged and filtered. The
MAD was then purified with a protein G column (Pharmacia). The MAb was
then diluted in FACS buffer and incubated with SK-MEL-28 cells. The
appropriate fluoresceinated secondary antibody was then used. After washing
and fixing, the samples were analyzed by FACS. The results were converted

to linear scale and normalized with respect to unstained negative control

samples. C
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Figure 8: Titration of purified OKT9 MAD reactivity against HuTu-80 cells.

Tissue culture supernatants of the OKT9 MAb were centrifuged and filtered.
The MAD was then purified with a protein G column (Pharmacia). The MAb
was then diluted in FACS buffer and incubated with HuTu-80 cells. The
appropriate fluoresceinated secondary antibody was then used. After washing
and fixing, the samples were analyzed by FACS. The results were converted
to linear scale and normalized with respect to unstained negative control

samples.
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The effects of the various PI-PLC preparations and pronase on the
human and mouse cell surface antigens of interest were investigated (Table
II). While the crude and pure PI-PLC produced similar results, it was clear
that the pure PI-PLC did not affect the TR as much as the crude PI-PLC did.
This was perhaps due to contamination of the crude PI-PLC preparation with
non-specific proteases from the recombinant Bacillus subtilis which was used
to produce the PI-PLC. The purified PI-PLC preparation was selected for use
in this work, due to the apparent lack of contamination with proteases, and is
referred to as simply PI-PLC in subsequent text, Tables and Figures.

Release of p97 by bacterial PI-PLC:

Studies have shown that bacterial PI-PLC can cleave GPI-anchors and
release the proteins in a soluble form from intact cells. This cleavage is the
most common criterion used in GPI-anchor identification (38). The
sensitivity of p97 to treatment with purified bacterial PI-PLC was tested by
staining SK-MEL-28 cells with the 1235 MADb and measuring the surface
expression of p97 by flow cytometry. The release of p97 by bacterial PI-PLC
treatment is represented by the profiles in Figure 9. The results were
converted from logarithmic to linear scale and are expressed as a percentage
of the control (Table III). These values indicate that the amount of p97
expression on SK-MEL-28 cells was decreased to 10% of initial levels by
treatment with bacterial PI-PLC. In contrast, the expression of the human TR
on SK-MEL-28 cells was not at all changed by treatment with bacterial PI-PLC.
An example of a protein known to be GPI-anchored is Thy-1, the mouse
lymphocyte antigen (56). The release of Thy-1 by bacterial PI-PLC treatment is
also represented by the profiles in Figure 9, and summarized in Table IIl. The

expression of Thy-1 on the EL-4 cells was reduced to 30% of initial levels by
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Table II: Effect of various PI-PLC preparations and pronase on human and

mouse cell surface antigens.

Cells were incubated for 1 h at 37°C in the appropriate enzyme preparation.
The human p97 was labelled with the L235 MADb, the human TR was labelled
with the OKT9 MAD, and the human fibronectin receptor was labelled with
the antisera from Telios. The mouse Thy-1 was labelled with the T24/37.1
MAD, the mouse TR was labelled wih the yE1/9.9.3 MADb, and the mouse H-2b
was labelled with the 20-8-4s MAb. The appropriate fluoresceinated secondary
antibodies were then used. After washing and fixing, the samples were
analyzed by FACS. The results were converted to linear scale and normalized
with respect to unstained negative control samples and the values expressed

as percentages of untreated positive control samples.

Enzyme Fluorescence Intensity (% of control)
Treatment Human Mouse
p97 TR FNR | Thy-1| TR H-2b
Crude PI-PLC | 22 89.5 101 22 77 93
Pure PI-PLC 2 90 101 21 98 95
Pronase 72 1 190 115 1 92
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Figure 9: Effect of bacterial PI-PLC on cell surface antigens.

SK-MEL-28 cells were treated with (c,f), and without (b,e), bacterial PI-PLC.
The cells were then labelled for human p97 with the L235 MAb (b,c), and for
human TR with the OKT9 MAD (e,f). The negative controls (a,d) were no first
antibody stainings of SK-MEL-28 cells which were not treated with bacterial
PI-PLC. EL-4 cells were treated with (i,l), and without (h, k), bacterial PI-PLC.
The cells were then labelled for mouse Thy-1 with the T24/37.1 MAD (h,i),
and for the mouse TR with the yE1/9.9.3 MAD (k,1). The negative controls
(g,j) were no first antibody stainings of EL-4 cells which were not treated with
bacterial PI-PLC. After incubations with the appropriate fluoresceinated
secondary antibodies, the cells were washed, fixed and analyzed by FACS. The

log scale profiles are presented in this figure.
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Table III: Effect of bacterial PI-PLC and pronase on human and mouse cell

surface antigens.

Cells were incubated for 1 h at 37°C in FACS buffer and 17 U/ml PI-PLC or 1
mg/ml pronase. The human p97 was labelled with the L235 MAb and the
human TR was labelled with the OKT9 MAb. The mouse Thy-1 was labelled
with the T24/37.1 MADb while the mouse TR was labelled with the YyE1/9.9.3
MADb. The appropriate fluoresceinated secondary antibodies were then used.
After washing and fixing, the samples were analyzed by FACS. The results
were converted to linear scale and normalized with respect to unstained
negative control samples and the values expressed as percentages (t+s.d.) of
untreated positive control samples. The data presented here are the result of

five independent experiments.

Antigen Cells Treatment | Fluorescence Intensity
(% of control)
p97 SK-MEL-28 PI-PLC 10.8+2.6
- p97 SK-MEL-28 Pronase 82.6x17.7
TR SK-MEL-28 PI-PLC 120.5+16.2
TR SK-MEL-28 Pronase 15.9410.8
Thy-1 EL4 PI-PLC 32.5+64
Thy-1 EL-4 Pronase 136.4+20.2
TR EL4 PI-PLC 93.1194
TR EL4 Pronase 1.9+1.0
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treatment with the bacterial PI-PLC, while the expression of the mouse TR on
the EL-4 cells was not changed by the bacterial PI-PLC treatment.

To further support the conclusion that the bacterial PI-PLC preparation
does not contain a non-specific protease activity, pronase was used to treat
cells which were then stained for either the human (p97 or TR) or the mouse
(Thy-1 or TR) antigens. The human TR was sensitive to the effects of this
enzyme, while p97 was relatively insensitive (Table III). The Thy-1 molecule
was PI-PLC sensitive and pronase resistant on the mouse lymphoma line EL-
4, while the mouse TR was pronase sensitive and PI-PLC resistant (Table III).
The results of these control experiments are in agreement with published
data (56).

Partitioning in Triton X-114:

The technique of phase separation in Triton X-114 can be used to assess
the amphipathic or hydrophilic character of a protein and is especially useful
to identify GPI-anchored proteins (38). This technique is based on the ability
of the detergent Triton X-114 to partition into two phases: a detergent rich
phase and a detergent poor phase. Amphipathic proteins which possess a
hydrophobic membrane anchor primarily partition into the detergent rich
phase, whereas hydrophilic proteins partition into the aqueous phase.
Proteins with intact GPI-anchors will also partition into the detergent rich
phase.

In order to investigate p97 partitioning in Triton X-114, the cell surface
proteins were labelled with biotin, washed, and incubated in the presence or
absence of bacterial PI-PLC. Both the cell supernatant and the cell pellet were
processed for phase separation. The p97 and TR were immunoprecipitated by
MADb 1235 and OKT9, respectively, followed by Protein A-agarose. The

proteins were transferred onto a membrane by electroblotting and detected
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Figure 10: Phase separation of p97 and TR in Triton X-114 solution.

SK-MEL-28 cell surface proteins were labelled with biotin. The cells were
subsequently washed in DMEM and incubated in the presence (+) or absence
(=) of PI-PLC (1.7 U/106cells) for 1 h at 6°C. Proteins from the cell pellet (P) or
the cell supernatant (S) were separated in Triton X-114 solution, and p97 and
TR were immunoprecipitated from both the aqueous phase (A) or the

detergent phase (D), as described in the Materials and Methods.
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using peroxidase conjugated streptavidin and the chemiluminescence ECL
Western blotting detection system. Figure 10 shows that all p97 molecules
expressed at the surface of untreated human melanoma SK-MEL-28 cells
partition into the detergent-rich phase. No p97 was detected in the
supernatants of untreated cells. Treatment with bacterial PI-PLC led to the
partitioning of p97 into the aqueous phase of the cell supernatant sample,
indicating that the protein was cleaved from the plasma membrane and
released as a hydrophilic form. No p97 could be detected in the bacterial PI-
PLC treated cell pellet, indicating that most molecules were bacterial PI-PLC
sensitive and that p97 is not simultaneously expressed in a transmembrane
and GPI-anchored form at the cell surface. In contrast to p97, the TR, which is
inserted in the membrane through a hydrophobic peptide segment, is not
affected by bacterial PI-PLC. The amphiphilic structure causes the protein to
partition in both phases after separation.

Construction of transfectant cell lines expressing human p97 and sensitivity
of p97 to release by bacterial PI-PLC:

In order to examine whether the processing signals for GPI-anchor
attachment reside in the p97 sequence, and to demonstrate clearly the
specificity of the L235 MAD used in this study, the p97 cDNA was transfected
into the CHO lines WTB and TRVB. After sub-cloning by limiting dilution,
four lines (p97aWTBc3, p97aWTBc7, p97aTRVBc3, p97aTRVBc6) which stably
express p97 were isolated. The development of these cell lines from the
parental CHO lines is summarized by the FACS profiles in Figures 11 and 12.
The treatment of these lines expressing human p97 with bacterial PI-PLC
resulted in a decrease in p97 expression at the cell surface (Figure 13). The
expression of p97 decreased to less than 20% of untreated levels in all four of

the transfectant cell lines (Table IV).
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Table IV: Effect of bacterial PI-PLC on human p97 expressed on the cell surface

of various CHO lines.

Cells were incubated for 1 h at 37°C in FACS buffer and 17 U/ml PI-PLC. The
human p97 was labelled with the L.235 MAb. The appropriate fluoresceinated
secondary antibody was then used. After washing and fixing, the samples
were analyzed by FACS. The results were converted to linear scale and
normalized with respect to unstained negative control samples and the
values expressed as percentages (+s.d.) of untreated positive control samples.

The data presented here are the result of three independent experiments.

Antigen Cells Treatment |Fluorescence Intensity
(% of control)
p97 p97aWTBc3 PI-PLC 6.844.0
p97 p97aWTBc7 PI-PLC 7.515.1
p97 p97aTRVBc3 PI-PLC 13.9+4.3
p97 p97aTRVBc6 PI-PLC 19.4+103
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Figure 14: Effect of bacterial PI-PLC on human p97 expressed on the cell
surface of SK-MEL-28 and p97aWTBc7 lines.

Cell surface proteins were labelled with biotin and the cells incubated in the
presence (+) or absence (=) of bacterial PI-PLC (1.7 U/106 cells) for 1 h at 6°C.
Subsequently, p97 was immunoprecipitated from the cell pellets (Panel A) or
from the cell supernatants (Panel B) and detected as described in the Materials
and Methods. The cell lines analyzed were 1: WTIB, 2: p97aWTBc7, 3: SK-
MEL-28.
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The effect of bacterial PI-PLC and the specificity of the L235 MADb was
further characterized in Figure 14 where surface proteins from either WTB,
p97aWTBc7 or SK-MEL-28 cells were labelled with biotin and p97 was
immunoprecipitated and analyzed on SDS-PAGE under reducing conditions.
The proteins were transferred onto a membrane by electroblotting and
detected wusing peroxidase conjugated streptavidin and the
chemiluminescence ECL Western blotting detection system. A single protein
of 95-97,000 daltons molecular mass was immunoprecipitated from the cell
line transfected with the p97 c¢cDNA that was absent in the parental
untransfected cell line WTB. The same protein was detected in the human
melanoma cell line SK-MEL-28. Treatment of both SK-MEL-28 or the
transfected p97aWTBc7 cells with bacterial PI-PLC resulted in a large loss of
the protein from the cell surface (Figure 14A). The released protein could be
recovered in the cell supernatant (Figure 14B). Under the conditions used in
this experiment, no difference in the molecular mass between the plasma’
membrane associated form and the released form could be detected.
Biosynthetic labelling:

It can not be excluded from the FACS and the biotinylation
experiments that the decrease in the expression observed after bacterial PI-PLC
treatment is an indirect effect due to the association of p97 with another PI-
PLC sensitive protein at the cell surface. To address this issue, the cells in
culture were biosynthetically labelled with [3H]-ethanolamine, which is
known to be a component of the phospholipid moiety of GPI-anchored
proteins (38). The cells were lysed, p97 or TR were immunoprecipitated, and
run on SDS-PAGE under reducing conditions. The p97 and TR molecules
were immunoprecipitated by the L235 and OKT9 MADbs respectively, in the
SK-MEL-28 cell line (Figure 15). The p97 is labelled by the [3H]-ethanolamine
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Figure 15: Biosynthetic labelling of p97 with [3H]-ethanolamine in SK-MEL-28

cells.

SK-MEL-28 cell monolayers were biosynthetically labelled in duplicate with
[3H]-ethanolamine and proteins were immunoprecipitated with the
appropriate MAb. These complexes were separated on a 10-15% SDS-PAGE
gel and autoradiographed. In Lanes 1 and 2 p97 was immunoprecipitated
with the 1235 MAb. The observed difference in labelling intensity may be due
to slight differences between the individual plates used in the
immunoprecipitation. Laneé 3 and 4 show the immunoprecipitation of the

human TR with the OKT9 MAD.
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(lanes 1+2) while theTR is not (lanes 3+4). The p97 in both the p97aWTBc3
line (Figure 16: lane 3) and the p97aTRVBc3 (Figure 17: lane 3) line was also
labelled by the [3H]-ethanolamine.

Effect of BFA on the transport of p97 to the cell surface:

The effect of the fungal metabolite BFA on the transport of p97 to the
cell surface was also investigated. The SK-MEL-28 cells were treated with PI-
PLC (1.7 U/106 cells) in DMEM and then were allowed to recover in the
presence or absence of BFA. It is clear that the 5 ug/ml BFA concentration
disrupted the transpdrt of the p97 molecule to the cell surface (Table V). The
results of these experiments with regards to the blocking of surface expression
of a GPI-anchored protein by BFA are in agreement with previous work on
alkaline phosphatase (57).

Expression of p97 on human tumor cell lines in a PI-PLC sensitive form:

The presence of p97 on the cell surface of two different human
intestinal tumor lines was investigated using a variety of MAb against p97.
The results of these experiments were consistent for both lines in that p97 was
expressed at a fairly low level compared to the human TR (Figures 18,19).
The effects of bacterial PI-PLC treatment on these antigens are summarized in
Table VI. It is again evident that p97 is sensitive to treatment with PI-PLC,

while the TR is not sensitive to the effects of this enzyme.



Figure 16: Biosynthetic labelling of p97 with [3H]-ethanolamine in
p97aWTBc3 cells.

WTB (Lane 1,2) and p97aWTBc3 (Lane 3,4) cell monolayers were
biosynthetically labelled with [3H]-ethanolamine and proteins were
immunoprecipitated with the appropriate MAb. The complex was then
analyzed as in Figure 14. Lane 3 shows the immunoprecipitation of p97 with
1235 MADb. Lanes 1 (1.235), 2 (OKT9), and 4 (OKT9) indicate that the MADb used

in this experiment do not cross react with labelled hamster antigens.
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Figure 17: Biosynthetic labelling of p97 with [3H]-ethanolamine in
p97aTRVBC3 cells.

TRVB (Lane 1,2) and p97aTRVBc3 (Lane 3,4) cell monolayers were
biosynthetically labelled with [3H]-ethanolamine and proteins were
immunoprecipitated with the appropriate MAb. The complex was then
analyzed as in Figures 14 and 15. Lane 3 shows the immunoprecipitation of
p97 with L235 MAb. Lanes 1 (L235), 2 (OKT9), and 4 (OKT9) indicate that the

MADb used in this experiment do not cross react with labelled hamster

antigens.
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Table V: Effect of BFA on the transport of p97 to the surface of SK-MEL-28

cells.

SK-MEL-28 cells which had been treated with 17 U/ml PI-PLC for one h at
37°C were then allowed to recover at 37°C with 5.0 ug/ml BFA in DMEM or
DMEM alone. At various times (0, 20, 40 h) cells were removed and
incubated with the L235 MADb. After incubation with the appropriate
fluoresceinated secondary antibody, the cells were washed, fixed, and analyzed
by FACS. The results were converted to linear scale and normalized with
respect to unstained negative control éamples, and the values expressed as

percentages of untreated positive control samples.

Treatment Treatment Time (h) % of p97 remaining

Initial Recovery on cell surface

No No A 0 100.00

No No 20 100.00

No No 40 100.00
PI-PLC No 0 2.30
PI-PL.C No 20 8.81
PI-PLC No 40 52.80
PI-PLC BFA 0 2.30
PI-PLC BFA 20 0.30
PI-PLC BFA 40 0.00

No BFA 0 100.00

No BFA 20 49.83

No BFA 40 15.00
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Figure 18: Reactivity of various MAbs with surface antigens of CaCo-2 cells.

The cell surface antigens were labelled with the primary and the appropriate
fluoresceinated secondary antibody. After washing and fixing, the samples
were analyzed by FACS. The results were converted to linear scale and

normalized with respect to unstained negative control samples.
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Figure 19: Reactivity of various MAbs with surface antigens of HuTu-80 cells.
The cell surface antigens were labelled with the primary and the appropriate
fluoresceinated secondary antibody. After washing and fixing, the samples

were analyzed by FACS. The results were converted to linear scale and

normalized with respect to unstained negative control samples.
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Table VI: Effect of bacterial PI-PLC on human p97 expressed on the cell surface

of various human intestinal lines.

Cells were incubated for 1 h at 37°C in FACS buffer and 17 U/ml PI-PLC. The
human p97 was labelled with the L235 MADb and the human TR was labelled
with the OKT9 MAb. The appropriate fluoresceinated secondary antibodies
were then used. After washing and fixing, the samples were analyzed by
FACS. The results were converted to linear scale and normalized with
respect to unstained negative control samples and the values expressed as
percentages (+s.d.) of untreated positive control samples. The data presented
here are the result of three independent experiments, with the exception of

the HuTu-80 p97 determination which was completed once.

Antigen Cells Treatment | Fluorescence Intensity
. (% of control)
p97 CaCo-2 PI-PLC 35.0+224
TR CaCo-2 PI-PLC 94.0+179
p97 HuTu-80 PI-PLC 15.4
TR HuTu-80 PI-PLC 87.018.1
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DISCUSSION:

In this work it is shown that p97 is attached to the cell surface via a GPI-
anchor. The first section demonstrates that p97 is sensitive to the effects of
bacterial PI-PLC. This technique is commonly used to test for the presence of
a GPI-anchor. In this case p97 was clearly shown to be sensitive to the effects
of purified bacterial PI-PLC in the human melanoma line SK-MEL-28 (Figure
9, Table III). The effect was not due to contaminating protease activity, as was
shown by the relative insensitivity of p97 to pronase. The human TR was
used as an example of a typical transmembrane protein, which was bacterial
PI-PLC resistant and pronase sensitive. The detergent Triton X-114 was used
to partition the p97 and TR, a further test for the presence of a GPI-anchor
(Figure 10). It is clear from this experiment that p97 possesses a lipid anchor,
which permits it to partition in the detergent phase of the pellet after no
bacterial PI-PLC treatment, and the aqueous phase of the supernatant after
bacterial PI-PLC treatment.

The specificity of MAb L235 for p97, and the presence of the
information necessary to confer GPI-anchor attachment in the p97 cDNA, are
proven by the transfections of the CHO cells with the p97 cDNA. As well, the
machinery responsible for the synthesis of the GPI-anchor, and its attachment
to the p97 protein, is shown to be present in the CHO line, in a form that
recognizes some signal on the p97 pre-protein. The data for the transfectant
cell lines where bacterial PI-PLC release was visualized by FACS (Figure 13,
Table IV), by cell surface labelling (Figure 14), and the biosynthetic labelling
with [3H]-ethanolamine (Figures 16,17), all indicate that the L235 MADb
recognized the protein product of the p97 cDNA. It is also clear from these
figures that the expression of p97 by the transfectant lines is considerably

greater than for the melanoma line. Since the experiments showed that the
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same form of the p97 molecule was present on the transfectant lines as on the
melanoma line, it is presumed that this form maintains the properties of the
molecule. These lines should, therefore, be useful in the study of the
functional aspects of the p97 molecule.

It was also demonstrated by biosynthetic labelling that p97 is not simply
associated with a GPI-anchored protein at the cell surface (Figures 15-17). The
presence of [3H]-ethanolamine in the p97 from both melanoma and
transfected CHO lines indicated that p97 is indeed GPI-anchored. The
significance of this GPI-anchor with respect to intracellular transport was
investigated with BFA (Table V). It is obvious that the lipid anchor does not
enable the p97 molecule to procede to the cell surface via a transport
mechanism distinct from the standard protein pathway, as is the case for
cholesterol and phosphatidylethanolamine (58,59). To complete the
investigation, the presence of p97 in a bacterial PI-PLC sensitive form on two
human intestinal carcinoma lines was demonstrated (Figures 18,19 and Table
VD).

Unlike Tf, which is a soluble protein whose uptake is mediated by the
TR, p97 is expressed at the cell surface. The structure of the GPI-anchor
confers important biophysical differences between this and the conventional
method of protein anchoring (e.g.: anchor via a protein transmembrane
hydrophobic region), therefore, the finding that p97 is GPI-anchored has
several consequences. A major feature of GPI-anchored proteins which
distinguishes them from other membrane proteins is their ability to be
released from membranes by the action of bacterial PI-PLC. The identification
of mammalian GPI-anchor hydrolysing enzymes (48) suggests that one
function of the anchor might be to allow the rapid release of the protein. The

GPI-anchor could provide a very specific way for a cell to regulate the
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expression of p97 at the cell surface at a post-translational level, using the
anchor as a quick release method of down regulation at the cell surface, or up
regulation of the protein in circulation (39). In fact, the GPI-anchor of p97
may be present to allow the cell to release a soluble form of p97 in response to
a cue or signal. The existence of soluble p97 in the spent tissue culture
medium of human melanoma cells has been previously documented (29).
We have also detected a water soluble form of the p97 protein in tissue
culture medium, and the source from which this form of the p97 molecule
originates is currently under investigation (data not shown).

A further consequence of lipid anchoring is an inherent increase in
lateral mobility in the plane of the membrane and exclusion from coated pits
involved in receptor mediated endocytosis (38). It has been shown that the
GPI-anchored folate receptor is excluded from the clathrin coated pits, but
associates with small invaginations on the cell surface termed caveolae,
which are capable of mediating the internalization of its ligand (60-62). It has
also been shown that a GPI-anchored form of CD4 is internalized by a
mechanism which is different from that of the folate receptor in that the
receptors are clearly internalized in vesicles (45). It is possible that p97 could
be directly involved in iron uptake in melanoma cells. While cellular iron
uptake has been shown to be mediated mainly by the Tf/TR pathway, there is
evidence for a non-Tf mediated pathway of iron incorporation in various cell
lines (12-15). Since iron is an absolute requirement for cell growth, there are
several potential consequences of a p97 mediated iron uptake system in terms
of the development of melanoma. Melanoma cells may have a growth
advantage over normal cells by combining two iron uptake pathways, one

which is mediated by TR and the other which is mediated by p97.
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Alternatively, p97 could deprive normal cells surrounding the tumor of their
iron supply, resulting in cell death and the further expansion of the tumor.

The potential iron uptake capacity of p97 has been investigated. It was
suggested that p97 was responsible for an iron uptake activity evident in SK-
MEL-28 cells (16). In a subsequent report by the same group (17), it was stated
that p97 was not contributing to iron utilized by the cell. The next report
from this group concluded that p97 was not involved in the uptake of iron
from inorganic complexes (18). The most recent report from this group
investigated the effect of ferric ammonium citrate and desferrioxamine on
the uptake of iron by the SK-MEL-28 cells (19). It is suggested that the iron
uptake evident is due to the processes described previously (16). This group
have not yet demonstrated that the non-Tf bound membrane iron uptake
activity is due to the action of p97. An experiment which might address this
problem is to examine the activity of this non-Tf bound membrane uptake
system after treatment with bacterial PI-PLC. Presumably, if p97 was
responsible for the observed activity, the iron uptake activity would be
abolished by the bacterial PI-PLC treatment. One further problem which is
apparent in these papers is that the iron uptake component which is
attributed to p97 is stated to be pronase sensitive (16). The data presented in
this work indicate that p97 is relatively insensitive to the effects of pronase. If
both sets of data are correct, one possible explanation for this situation is that
the activity which they attribute to p97 is not due to p97, but some other non-
Tf membrane iron uptake system.

The original description of the iron binding capacity of p97 was done
on SK-MEL-28 cells which were incubated with [°9Fe] as FeCl3, and then cell
lysates were exposed to various MADb and the mixture was passed over a

column (25). While it was clear that p97 could bind iron, the number of
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atoms of iron bound per molecule of p97 was not known. It was recently
suggested that only one functional iron-binding site exists on the p97
molecule (63). It is thought that the iron binding properties of the N-terminal
site of p97 are conserved, but those of the C-terminal site are not (63). Since
the purification scheme used in this experiment appears to isolate only the
membrane bound form of p97, perhaps the result is only applicable to the
GPI-anchored form of p97 and not the soluble form of p97. An interesting
study would be to carry out the same iron binding experiment on bacterial PI-
PLC released, purified p97. It is possible that the presence of the plasma
membrane so close to the C-terminal site is the only factor preventing the
interaction of the iron with the binding site (64). Alternatively, the p97
molecule may only require the N-terminal site for whatever function it is
involved in (63).

One area of concern in regards to the single atom of iron/p97 molecule
hypothesis is the wavelength used to measure the amount of iron bound.
The electronic absorption spectrum of iron-saturated human serum Tf has
been reported to peak at 464 nm (63) or 473 nm (65). Unfortunately, similar
data does not exist for the p97 molecule. The single atom of iron/p97
molecule determination used the Amax of 464 nm (63), while another group
has suggested that the Amax of 420 nm is more appropriate for p97 (65). This
group worked with site directed mutants of the N-terminal half of human Tf.
In one of these mutants (D63S) the aspartic acid (Tf) to serine (p97) switch
which is evident when comparing the C-terminal regions of Tf and p97 was
put in the N-terminal half of the Tf, and the resulting molecule was
investigated. It was found that the Amax of this mutant Tf was 420 nm (65).
For this reason, it is not completely convincing that there is only one atom of

iron bound to the p97 molecule (R. T. A. MacGillivray, personal
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communication). It remains to be seen if p97 has one or two functional iron
binding pockets, and if it makes a difference to the function of the molecule.

There is an experiment which can be completed using cell lines
produced in this work which might directly address the question of the
function of p97. It would involve using the parental CHO line TRVB (66),
which expresses no functional TR, and the transfectant CHO lines
p97aTRVBc3 and p97aTRVBc6, which express high levels of p97. The
experiment would involve incubating samples of both the transfected and
untransfected TRVB lines with [29Fe] as FeCl3 and then washing the cells and
measuring the amount of iron internalized. If p97 does indeed contribute to
the iron uptake capacity of the p97aTRVB lines it would follow that the
amount of labelled iron internalized would be far greater than for the
parental TRVB line. A useful positive control would be the CHO line WTB
which expresses functional hamster TR, and should take up the iron by the
standard Tf/TR pathway. A further control could be the use of PI-PLC on the
p97aTRVB line immediately before the incubation with the labelled iron,
which should decrease the amount of iron internalized, if p97 does contribute
to iron uptake.

One further consequence of the GPI-anchor of p97 is in the potential
cellular distribution of the protein. In polarized epithelial cells, it is known
that GPI-anchored proteins can be localized to the apical membrane (67,68).
Presumably, if expressed, p97 will be apically distributed in these cells. The
CaCo-2 cell line has been used as a model system for studying the transport of
iron across epithelial cell monolayers (69). Given that p97 is present in a PI-
PLC sensitive form on the surface of the CaCo-2 cells, it is possible that this
system could be used to investigate the potential iron uptake capacity of p97.

The experiment would involve treating cells with, or without, bacterial PI-
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PLC and observing the effect on iron uptake. If the expression of p97 was too
small to make a serious contribution to the measurable iron uptake, it would
be possible to transfect the CaCo-2 cells with the p97 ¢DNA in the same
manner as the CHO lines were in this work, to make a system which might
better demonstrate the effect. This experiment could extend the work with
the iron uptake in the p97aTRVB cell lines to a more physiological situation.
The final functional implication of the GPI-anchor of p97 is that it may
participate in signal transduction. There is evidence that GPI-anchored
proteins can be complexed to protein tyrosine kinases, however, it is not
known how these GPI-anchored molecules can transduce signals (70). This
may be important for the role of p97 in melanomas, and may contribute to
cancer progression. It is known that PI turnover is important for vision in
Drosophila and cell proliferation in some cultured cells (71). Perhaps the
most important part of the p97 molecule is the 1,2 diacylglycerol products
which result from the reaction catalyzed by PI-PLC, and not the soluble p97

released.
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CONCLUDING STATEMENT:

The major finding in this work is that the human melanoma-
associated antigen p97 is attached to the plasma membrane via a GPI-anchor.
At the present time investigations are being carried out in our laboratory to

determine both the distribution and the function of the p97 molecule.
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