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ABSTRACT

Three independent concanavalin A (con A)-resistant
éell lines were isolated from Chinese hamster ovary (CHO)
cells. CR-7.and BCR-Z were selected by iO and 14 passages
of wild-type <clone 1 (WT-Cl I), and wild-type <clone 2
(WP-C1 II) respectively, through a cyclic single step
procedure. ECR—l was selected following a single exposure
of an ethylmethane sulfonate (EMS) mutagenized wild-type,
clone 3 (WT-Cl.III) population to con A. All variants
were selected at 34% in the presence of 40 ug/ml con A.
The resistant lines showed a higher efficiency of colony
formation in the presence of the lectin than did the
wild—type cell lines. The variant DlO values were
2.5~-fold highei than those of wild-type lines.
Concanavalin,A resistance was found to be a stable property
of the variants. Studies with EMS mutagenized cells
suggested that the mutagen treatment increased the
frequency of con A-resistant cells in the population.
The variant lines had the properties of temperature-
sensitive (ts) cell lines as judéed by growth studies
performed on solid surfaces at the permissive (340, 37°)
and nonpermissive (390) temperatures, and by plating

efficiency experiments performed at 34° and 39°. CR—7 cells

showed ts growth properties in suspenéidn culture and an
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altered ability to incorporate DNA, RNA, and protein
precursors into acid precipitable material at the non-

permissive temperature. No change in the karyotype

of the variants was found. A con A-resistant revertant . -

was selected from the CR—7 population by taking
advantage of the ts growth properties of the CR—7 cell
line. The revertant (RCR—7) was found to have a wild-
type temperature growth range and to be more sensitive

“to con A than the parental variant CR-7. The D value

10
for RCR—7 was l.4 times that of wild-type cell lines
compared to the 2.5-fold increase observed with variant
éopulations. Experiments with pseudotetraploid cells
formed by hybridizing con. A-resistant and con A-sensitive
cells indicated that resistance to con A behaves as a
recessive trait; these hybrids (A-7, A-7B and A;7C)
exhibited wild~type sensitivity to con A and wild-type
growth properties at 39°.

The independently isolated variants, CR-7, BCR—2
and ECR—l were found td share a complex pleiotropic
phenotype.which included several altered membrane proper-
ties. The variants showed altered cellular morphologies
on solid growth surfaces, and CR-7 showed an altered
surface topography when studied with a scanning electron

microscope. The con A-resistant lines showed altered

levels of agglutination in the presence of con A and
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phytohemaglutinin -=P.  The lectin-resistant lines
showed an enhanced senéitivity to the membrane

active agents phenethyl alcohol and sodium butyrate.

The D, value for each drug was approximately 2.5-fold
higher with wild-type cell lines. Cell detachment
studies revealed that con A-resistant cell lines ad-
hered less tightly to growth surfacés than did wild-

type cells. The binding of labelled con A to wild-

type CHO cells at 4° exhibited poéitive cooperativity.
Variant cell lines exhibited altered lectin binding
properties. Concanavalin A-~resistant cell lines did
not bind con A in a cooperative fashion and bound
significantly less lectin than con A-sensitive cells

per cell surface area. Studies with fluorescent labelled
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con A revealed reduced receptor mobility properties on
con A-resistant cell lines. The revertant cell line
RCR-7 showed membrane-associated properties that were

very similar to the wild-type parental lines. Similarly,

somatic cell hybrids formed through the fusion of wild-
type and lectin-resistant cells possessed membrane-

associated properties that were very similar to pseudo-

diploid wild-type cells and control cultures of
pseudotetraploid hybrid cells.

Specific cell surface labelling techniques were
employed to examine the surface of con A-resistant,

-sensitive and revertant cell lines. Variant cells
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selected for resistance to the cytotoxic effects of con A
exhibited several alterations in surface labelling

patterns when compared to parental wild-type cells. The

most obvious difference was the presence of an additional
surface component with an apparent molecular weight

of 155 000 on resistant cells that was missing from wild-
type cells. In experiments @ith the galactose oxidase

-[3H]~ borohydride technique the novel component

accounted for 12 to 18% of the total labelled cell

surface glycoprotein on resistant cells. The lacto-
peroxidase'caﬁalyzed iodination of surface pblypeptides
and the metabolic incorporation of labelled glucosamine
into membfanes of resistant and sensitive cells also
indicated the presence of a high molecular weight surface o
structure (molecular weight of 150 000 to 155 000) on
resistant but not on wild-type cells. The revertant
cell line showed surface labelling patterns resembling

the wild-type population. In particular, the amount of

label associated with the extra glycoprotein detected
on resistant cells was markedly reduced on revertant
cells and accounted for only 2 to 4% of the total

labelled cell surface glycoprotein.

The con A-resistant cell lines were found to have
reduced levels of mannose transferase activity. The

incorporation of [14C1— mannose into 1lipid, lipid




oligasacdharide,'and glycoprotein fractions was found
to be reduced by 4 to 5, 3 to 6 and 2 to 3-fold
respectivelf in the three variants studied (CR—7,
BcR-2, ECR-1). Also, the revertant cell line (RCF-7)
incorporated mannose iqto all three fractions with
approximately the same efficiency as wild-type cell

lines.
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INTRODUCTION

The surface membrane serves as a liaison between
~ the cell and its environment. The membrane, therefore,
has been recognized as playing an integral role in the
regulation of growth and development of mammalian cells
(Ehrlich; 1957; Weiss, 1960). The intensive study of
differentiating cell systems and the in vitro study of
trénsforméd or neoplastic cells has'produced a consid-
erable body of evidence which supports the view that
changes in the regulatory processes involved in the
growth and differentiation of cells usually results in
- or from an alteration of the surface membrane (sée
reviews Wallach, 1972, 1975; Moscona, 1974; Barondes
and Rosen, 1976; Hughes, 1976; Marchase et al. 1976;
Nicolson, 1976a,b; Poste and Nicolson, 1976; Quinn,1976).
The plant lectins have proven to be powerful tools
for discerning changes in surface membranes of trans-
formed and differentiating cell systems (Bittiger and
Schnebli, 1976; Nicolson, . 1976a,b). Recently cell
lines resistant to the cytotoxic properties of plant
lectins have been selected (Wright, 1973a; Gottlieb et
al. 1974; Meager et al. 1975; Stanley et al. 1975a).
As lectins are known to manifest their cytotoxic effects
upon cells through specific binding to the cell surface

(Sharon and Lis, 1972), it might be expeéted that lectin-
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resistant cell lines may possess altered surface
membranes. Membrane variants of this type could prove

useful for the study of the structure-function relation-

ship of the cell membrane.

Wright (1973a)had previously shown that variants
resistant to the plant lectin, con A, could be selected
in cultures of CHO cells. These variants possessed a

complex pleiotropic phenotype. This thesis is a contin-

uation of that previous study. Independent con A-
resistant cell lines were selected by a cyclic single
step procedure and by exposing an EMS mutagenized
population to a single passage in con A. The independent

R—7, BCR-Z and ECR—l were found to6 share a

variants C
complex pleiotropic phenotype_whigh included ts growth i
properties and such altered membrane-associate properties
as: cell morphology, lectin agglutination, cell adhesion,

sensitivity to membrane active agents, con A binding

properties, and lectin receptor mobility properties.

A con A-resistant revertant was selected which showed
near wild-type sensitivity to con A and wild-type membrane

associated properties. Concanavalin A resistance and

the pleiotropic phenotype were found to be recessive in
somatic cell hybrids formed through the fusion of lectin-
sensitive and-resistant cell lines (Ceri and Wright,

.1977a, 1978a; Wright and Ceri, 1977a,b).




The altered meﬁbrane—associated properties common
to lectin-resistant cell lines prompted a biochemical
study of the surface membranes of wild—ty?e, variant,
and revertant cell lines. Modifications of the plasma
membrane of con A-resistant cell lines were shown by:
galactose oxidase - [3H]— borohydride labelling, lacto-
peroxidase catalyzed iodination, and metabolic

labelling procedures. The revertant cell line showed

wild-type like labelling patterns (Ceri and Wright,
1977¢c, 1978b).

The altered glycoprotein patterns detected on the

surface of lectin-resistant cell lines by surface
labelling procedures led to the study of glycoprotein
synthesis. As con A is known to specifically interact

with «-D mannopyranosyl and «=-D glucopyranosyl moieties

(Goldstein and Staub, 1970), the complex transferase
system that adds mannose to the core area of many surface
glycoproteins was studied. A marked inability to add

[l4C]- mannose to lipid intermediates and glycoprotein

fractions was found in con A-resistant cell lines. Again,

the revertant was found to have near wild-type activity.

h The above data is discussed both in terms of possible
models for con A-resistance and with regard to the
usefulness of con A-resistant cell :lines in the study
of the membrane's role in the regulation of growth and

development.
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Lectins are proteins possessing the unusual ability
to agglutinate or clump a wide variety of cells. The
majority of lectins have been isolated from plants and in
particular from the seeds of légumes. The word lectin is
derived from the Latin term, legere, to pick or choose |
and was first used by Boyd and Shapleiéh (1954) because
the proteins were specific for sugar binding.

Lectins have now been isolated from a wide variety
of sources, including: vbacteria (Gesner and Thomas,
1966; Gibbons et al. 1975), amoeba (Brown et al. 1975),
invertebrates (Marcha;onis and Edelman, 1968; Hammarstrdm
and Kabat, 1969; Miller et §_1~ 1976), cellular slime
molds (Barondes. and Rosen, 1976), cells grown in tissue
culture (Yamada et al. 1975; Nowak et al. 1976; Dysart
and Edwards, 1977), and from embryonic tissue at
specific points of development (Barondes and Rosen,
1976; Den and Malinzak, 1977). Also, a species specific
lectin-like activity found on sperm cells has been
described (Globe and Vacquier, 1977); this activity
was referred to as "Bindin".

The specific binding properties of lectins and their

unusual ability to agglutinate cells has led to an
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extensive study of these unique proteins. The reader
is directed to several excellent reviews on the study
of lectins (Boyd et al. 1962; Sharon and Lis, 1972;
Lis and Sharon, 1973; 'Nicolson, 1974; Chowdhury and
Weiss, 1975; Bittinger and Schnebli, 1976; Sharon,

1977).

Concanavalin A Purification and Characterization:

An agglutinin was originally described in the toxic

extracts of the Jack Bean (Canavalia einsformis) by

Assmann (1911). This toxic substances was called
concanavalin A (con A) and was first purified by Sumner

and Howell (1935, 1936).

Concanavalin A was isolated in large quantities using

standard protein isolation techniques (Sumner and Howell,
1935). The lectin was found to make up 2.5 to 3% by
weight of the total protein in Jack Bean meal (Sumner
and Howell, 1936). Affinity chromatography, utilizing
Sephadex dextran beads, is now used to obtain con A

in high yields (Agrawai and Goldstein, 1967). This
technique has also been applied to the isolation of
lectins with sugar binding specificities similar to

that of con A. For example, Sephadex affinity columns

have beeh used to purify the lentil lectins (Tiché
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et al. 1970; Howard et al. 1971; Young et al. 1971) and

the lectin from Pisum sativum (Entlicher et al. 1970).

Elution of the lectin can be achieved by adding
competing suga£s4(Agrawal and Goldstein, 1967) or by
lowering the pH (Olson and Liener, 1967).

Considerable information is now available re-
garding the physical structure of con A (see reviews,
Chowdhury and Weiss, 1975; Bittiger and Schnebli,

1976) . Cohcénav;lin A is made up of identical subunits
. of 25 500 M.W. vThe amino acid sequence of the poly-
peptide has been reported (Edelman et al. 1972).
Concanavélin A contains no covalently bound carbohydrate
(Le Vine et al. 1972). Concanavalin A exists as a
dimer below pH 5.6 with a molecular weight of 55 000
(Becker et al., 1971). The lectin forms a tetramer
having an approximate molecular weight of 112 000 from
pH 5.6 to pH 7.0 and tends to form larger aggregates
when the‘pH is greater than 7.0 (Agrawal and Goldstein,
1968; Kalb and Lustig, 1968; McKenzie et al. 1972).
Each subunit contains one sugar binding site as well
as a binding site for one mole each of calcium and
magnesium (Yariv et al. 1968). Treatment of con A
with EDTA leads tovthe loss of sugar binding, which

can only be regained by restoring calcium and magnesium
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to the system (Yariv et al. 1968; Uchida and Matsumoto,
1972). The two metal ions are not directly involved

in the binding, although they are required to main-

tain the binding configuration (Kalb and Levitzki,
1968; Richardson and Behnke, 1976).

Edelman's group (Becker et al. 1971; Edelman
et al. 1972) has proposed a model for the conformation

of con A based on X-ray crystallography. This model

has recently been supported by magnetic resonance
studies (Fuhr et al. 1976). Evidence gained by

other techniques indicates a difference in the structure
between soluble and crystalline con A (Hardman and
Ainsworth, 1973; Brewer et al. 1973). The exact con-

figuration of con A remains in doubt, although circular
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dichroism measurements (Pflumn et al. 1971), differential
U.V. spectroscopy (Hassing and Goldstein, 1970), and
temperature~jump spectroscopy (Loontiens et al. 1977)

reveal shifts in the molecular conformation of con A

with the binding of sugars.
Goldstein (So and Goldstein, 1967 a,b) was able to

show that con A binding specificity was directed prim-

arily toward «-D Mannose or «-D Glucose residues.
The C-3, C~4 and C-6 hydroxyl groups of the D-arabino-

configuration are the minimal essential configuration




features required to interact with con A, while
complete freedom of configuration around the C-2
position is permissable (Goldstein, 1975). Internal
«=D mannose residues, found in the core‘of oligo-
saccharides, were as potent as methyl-«-D mannoside

as an inhibitor of con A hemagglutination (Goldstein
gﬁ al. 1973). It would then appear that con A

can bind to either internal or exposed mannose residues

(Goldstein, 1975).

Concanavalin A as a Biological Tool

The specificity of the interactions of plant lectins
and the diverse effects they have upon cells have made
these proteins powerful tools in the study of many facets
of biology.

One of the first to recognize the potential of
lectins was Ehrlich (see Sharon and Lis, 1972). 1In
1891 Ehrlich showed that mice could be immunized against
the toxicity of ricin and abrin by pre-exposure
to low doses of the drug. He was also able to demon-
strate the neutralization of the toxin by serum
from iﬁmune animals. Therefore, by the use of lectins
he was able to demonstrate the fundamental properties

of the immune system.
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Lectins have become powerful tools in blood
typing. Landsteiner (Landsteiner and Raubitschek,
1908) first revealed that differences in hemagglutin-
ation existed between different lectins and different
species of erythrocytes. Blood group specific
lectins, however, were not found until the late

1940s (Renkonen, 1948,.1950; Boyd and Reguera, 1949).
An extensive list of lectin hemagglutination specific-
ities can be found in a review by Toms and Western
(1971) . |

By coupling lecﬁins to solid supports the binding
specificity of the lectins can be used in an affinity
chromatogfaphy system. Concanavalin<Arhas been bound
to form poly-l-leucyl-con A and Sepharose-con A
(Lloyd, 1970). These have been used in affinity
chromatography systems to isolate glycoproteins, cell

. membranes, and even to sort cells. Examples of the
uses to which con A-sepharose has been put are:
to fractionate IgG and IgM (Weihstein et al. 1972),
to isolate certain hormones (Dufau et al. 1972),

to separate N-Glycosidic glycoproteins (Krusius et al.

1976) ,to isolate carcinoembryonic antigens (Brattain et al.

1975) and to isoitate cellular coﬁ’A-receptors (Robinson

et al. 1976; West and McMahon, 1977).

11




Other lectins have also been used in affinity chroma-
tography systems. For example, PHA-agarose was used
to isolate interferon (Dorner et al. 1973) and insulin
receptors were purified on WGA-Sepharose (Cuatrecasas and
Tell, 1973).

Both bound and free con A have been used to isolate
cell membrane fractions (Parish and Muller, 1976,
Winquist et al. 1976; Barchi et al. 1977). Affinity
columns of con A-Sepharose have also been used to
isolate glycolipids in liposomes (Boldt et al. 1977).

Several ingenious techniques have been developed
to make use of con A in cell sorting. Concanavalin A
bound to fibers has been used to select mitotically
active cells in populations of intestinal epithelial
cells (Edelman, 1972); these have been shown to be the
stem or crypt cells which regenerate the cells of
the intestinal lining (Podolsky and Weiser, 1973).
Affinity columns have also been used to sort and separate
different cell types grown in tissue culture (Kinzel
et al. 1977).

Concanavalin A has been used to inhibit enzyme
activities by binding either to the cell membrane,

thereby altering required enzyme configurations or by

12




binding directly to some enzymes which are glycoproteins.
For example, con A alters cellular ion concentrations,
probably by affecting the sodium-potassium ATPase
(SWann et al. 1975; Carraway et al. 1975; Negendank and
Collier, 1976; Carraway and Carraway, 1976). The
lectin has also‘been shown to inhibit 5'~Nucleotidase
activity (Carraway et al. 1575; Carraway and Carraway,
1976, Kartner et al. 1977) and to alter some sugar
transferase activities (Painter and White, 1976; Young
et al. 1977). Concanavalin A has also been shown to
affect the cyclic AMP levels of cells by acting on

both ﬁhe cAMP—phosphodiesterase (Luly et al. 1976)

and adenylate cyclase (Michaelis and Michaelis; 1976)
activities.

Concanavalin A has been useful for studies on the
glycoprotein make-up of viruses. Becht (Becht et al.
1972) has scanned several virus species for lectin
binding potential. Several enveloped viruses were
agglutinated while non-enveloped viruses, like SV40
and'polio were not clumped. Enveloped virus infectivity
could be blocked by the addition of con A to virus
suspensions (Zarling and Tevethia, 1971). Polio viruses

which do not agglutinate, remained infectious after
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con A treatment. Treating cells with con A can
however, block polio infection (Okada and Kim, 1962).

This may indicate that a cell surface glycoprotein

may play a critical role in polio virus infectivity.
However, the toxic effects of con A were not taken
into consideration in this study.

Lectins have also been applied to monitoring

the surface membrane changes which might accompany

vi;us infection. Concanavalin A agglutinability has
been observed to increase as viral infection'proceeds
and virus specific antigens appear on the cell

surface (Becht et al. 1972; Poste, 1972; Penhoet

et al. 1974). Changes in agglutinability can be

seen prior to the insertion of virus specific proteins
into the cell membrane (Tevethia et al. 1972; Post

and Reeve, 1972; Poste, 1972; Poste and Reeve, 1974).
Poste, (1972) has proposed that the alterations may

be due to modifications on the cell surface produced

by lysosomal enzymes released during virus infection.
The binding of con A to the surface of virus

infected cells can. lead to the inhibition of virus

maturation and release (Rott et al. 1972; Stiz et al.
1977; Cartwright, 1977). Nicolson (1974) proposes

that the inhibition of virus release may be due to
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cross-linking of surface glycoproteins, which
prevents receptor movement required to allow the

insertion of viral specific proteins, and the

eventual budding of the new virus progeny.
Lectins are playing a major role in the development
of the field of immunology. As noted earlier lectins

were one of the first molecules used in detecting the

specificity of the immune system. Lectins are now
being used to study the central cells of the immune
system, the lymphocytes. The mitogenic activity of
phytohemagglutinin towards lymphocytes was first recog-
nized by Nowell (1960). Recently, Sharon (1976) has
shown that seventeen of thirty plant lectins assayed
for mitogenic activity stimulated lymphocyte DNA
synthesis. The investigation of lectins as mitogens

is a field of study in its own right and the reader

is directed to two key reviews by Cunningham (1974) and

Sharon (1976). There are, however, a few points to be

made. The first is-that non-mitogenic lectins are toxic
to cells even if they have the same sugar specificity as

a mitogenic lectin (Greene et al. 1976). This may indicate

that more than lectin binding is involved in the mitogenic

activity. Secondly, the Soybean agglutinin has been shown to
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be mitogenic for Soybean callus cells (Howard et al. 1977).
As these authors noted, the actual function of these

lectins in the plants is not known and the mitogenic

activity of these proteins may, in fact, be their central

functions.

Lectins as Membrane Probes

The use of lectins as probes in the study of the

structure~function relationship of membranes is probably
the major area of lectin research.
The importance of the cell membrane in the regulation
of cell growth was first recognized by Ehrlich (1957)
and Weiss (1960). The involvement of the cell membrane
in growth control, in neoplasia, and cell differentiation
has made the field‘of "Membranology" (Wallach, 1972) one 1}"
of the most active areas in biology. |
The first concepts of the cell membrane were based

essentially on static models (Danielli and Dawson, 1935;

Robertson, 1959), which presumed uniformity and constancy
of membranes. In contrast the current model of cell

surfaces is one of a dynamic, fluid, three-~dimensional

mosaic (Singer and Nicolson, 1972; Singer, 1974) which
would allow for the genetic and phenotypic diversity of
cells.

Several markers of membrane changes in both neoplastic
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cells and developing cell systems have been recognized
and their roles in the regulation of growth and develop-
ment are under study. Examples of such changes are: new
surface antigens oﬁ developing cells (fetal antigens) and
6n transformed cells (tumor antigens), novel glycoproteins
and glycolipids on cell surfaces, unusual cell mobility'
characteristics, altered patterns in cell adhesion,

and changes in enzymé aétivities (Moscana, 1974,

Nicolson, 1976a).- Several excellent reviews oh cell
surfaces are available (Bretscher, 1974; Hughes, 1976;
Quinn, 1976; Nicolsbn,'l976a) as are several reviews
discussing membrane alterations in neoplastic or
péthological states (Wallach, 1972, 1975; Nicolson, 1976b)
and membrane changes in development (Curtis, 1967;
Moscana, 1974; Marchase et al. 1976; Poste and Nicolson,
1976; Barondes and Rosen, 1976).

Leétins are now being used as probes.of membrane
changes associated with neoplasia and cellular development.
For example, lectins can be used to measure.changes in
such membrane properties as agglutinability, distribution
~and mobility of receptors, and differences in the nature
of lectin binding.

Aub (Aub et al. 1965a,b) first demonstréted increased
agglutinability of transformed cells. Lectins agglutinated

both tumor cells (Burger and'Goidberg, 1967; Anzil et al.
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1977) and‘cells transformed by virus (Benjamin and
Burger, 1970; Ben-Bassat et al. 1970) to a greater
degree than nontransfdrméd cell types. Cells infected
with temperature sensitivé transforming viruses were
found to show increased levels of lectin agglutination
only at temperatures at which the virus was active
(Miki and Kuivata, 1976; Marciani and Okazaki, 1976).
The ability of cells to grow to high cell densities,
which is indicative of increased tumorgenicity (Aaronson
and Todaro, 1968a,b) has also been correlated with
increased agglutinability (Pollack and Burger, 1969;
Weber, 1973; Berman, 1975). However, several -exceptions
to this rule are known. Several examples of tumor cell
lines have been described which show lower levels of
agglﬁtination than do "normal" control cells (Gantt
et al. 1969; Swak and Wolman, 1972). Also, cell lines
showing high growth densities have been described with
agglutination properties similar to (Glimeluis et al.
1975) or lower than control lines (Hozumi et al. 1972).
Several authors have tried to relate the increase in
agglutination of transformed cells to changes in the |
surface topography that accompanies transformation.
For example, Noonan's group (vanVeen et al. 1976a,b) has

related the increase in agglutinability of CHO cells in
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dibutyryl cAMP to the morphological changes the drug
produces on cells in culture. Willingham and Pastan

(1974, 1975) have shown transformed cells possess many

more microvilli, which they claim play a central role
in making cells more agglutinable in the presence of

con A. Ukena and Karnovsky (1977) have studied eight
different cell lines with varying capacities to.be

agglutinated with con A. They were able to demonstrate

a positive correlation between the number of microvilli
on the surface of cells grown in monolayer culture and
the degree of agglutination of cells by con A. They 1
found however, the number of microvilli on the surface |
of cells in suspension, where agglutination studies are
carried out, was approximately the same for all cell
lines. They were also not able to detect changes in
the number of microvilli in thebpresence of con A.
Other groups have reported that transformed cells in

suspension have fewer microvilli than nontransformed

cells, and that it is the interactions along large smooth
ruffles on the surface of transformed cells that are
responsible for their increased agglutinability (Collard

and Temmink, 1976; Oppenheimer et al. 1977). It is

therefore apparent that the role of cell surface

architecture in cell agglutination is still not understood.
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Lectin agglutination has also been used to detect
membrane changes in differentiating systems. Moscana

(1974) has measured differences in con A agglutination

among different cell types of chick embryos. Changes in
agglutination patterns in con A, ricin, and wheat germ
agglutinin.have been used to monitor membrane changes

in the maturation of sperm (Nicolson et al. 1977).

Sperm maturation was followed from epididymal passage

through ejaculation with changes in lectin receptors
noted at various stages of development. Concanavalin
A agglutination has also been used to follow the
differentiation process in the cellular slime mold

Dictvostelium discoideum (Weeks, 1973; Weeks and Weeks,

1975; Kawai and Takeuchi, 1976). Preculmination cells
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were found to require fifteen times the con A concen-
tration to achieve maximal agglutination than did free
living amoeba (Weeks and Weeks, 1975). Barondes'

laboratory (Barondes and Rosen, 1976; Nowak et al. 1977;

Kabiler and Barondes, 1977) has made use of hemag-
glutination techniques to demonstrate the temporal presence

of lectins on the surface of preculmination slime molds,

and on chick embryo tissue.
A variety of techniques have been developed to
visualize the distribution and mobility of lectin binding

sites on the surfaces of cells. Light microscopes fitted

with ultraviolet light systems can be used to detect
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‘con A binding sites on the cell surface tagged with
fluorescein conjugated con A (Smith and Hollers,
1970). Binding sites can aiso be visualized in the
electron microscope. For example, con A can be made
electron dense with 3,3' diaminobenzidine after it has
been complexed with its binding site using peroxidases
(Bernhard and Avrameas, 1971). Ferritin :conjugated ..
con A can also be detected in electron micrographs
(Nicolson ana Singer, 19715.

Lectin receptors have been shown to be much
more clustered or patched on transformed cells than
"normal" cells at room temperature (Nicolson, 1971;
Martinez-Palomo et al. 1972; Comoglio and Guglielmone
1972) . These studies have now been applied to a large
number of different cell types (see review Nicolson,
1976b), and as is the case.so often with lectin research,
exceptions to the rule are found (Smith and Revel, 1972;
Collard and Temmink, 1974;VZagyansky et al. 1977). The
clustering of con A receptors is due to the redistribution
of lectin binding sites, and can be prevented by fixing
the surface membrane with glutaraldehyde (Nicolson, 1973;:
van Blitterswijk et al. 1976). These results‘woulé indicate
a greater freedom of movement of lectin binding sites on
transformed cell lines.

Controversy continues as to whether or not differences

exist in the number of lectin binding sites on transformed




cells as compared to "normal" cells. Theré is much
evidence to indicate that although transformed cells
are more agglutinable, they do not bind more con A
than do normal cells (see review Nicolson, 1976b).
Noonan and Burger (1973, 1974) have reported that
differences in the number of binding sites on transfofmed
- and non-transformed cells can be detected if binding
is done under conditions which prevent endocytosis and
non-specific binding of con A. Thé calculation of
cell surface areas from electron micrographs (Collard
andTEmmink,l975).has revealed that estimated éell
surface areas based on cells being perfect spheres may
grossly underestimate true cell surface areas. Based
on more accurate measurements of cell surface area
obtained by electron microscopic studies Coliard and
Temmink (1975) have reported that transformed 3T3 cells
bound seven times as much con A as did control 3T3
cells. |

Differences in both the number and nature of lectin
binding sites have been revealed using techniques which
reduce lectin endocytosis and non-specific binding.
High and low con A affinity binding sites have been found
Ain a number of cell lines (Reisner et al. 1976; Schmidt-
Ulbrich et al. 1976; Feller et al. 1977). Cooperativity

of lectin binding to cell surfaces and to enzymes has
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also been reported (Carraway et il; 1975; Carraway
and Carraway, 1976; Bornens et al. 1976; Wright and
Ceri, 1977a,b). Binding competition studies with
different lectins have also revealed specificity of
lectin binding sites (Gurd and Evans, 1976; Gurd,
1977).

Concanavalin A binding has been used to detect
changes in surface membranes during differentiation.
Differences in con A binding sites and in receptor

mobility have been found during the course of different-

iation of D. discoideum (Gillette et al. 1974; Monday

et al. 1976; West.and McMahon, 1977). The exposure of

con A binding sites was seen to vary during the course of
maturation of both sperm and egg cells (of different species),
énd to change at the time of fertilization (Yanogimachi and
Nicolson, 1976; Veron and Shapiro, 1977; Nicolson et al.
1977) . Changes in lectin binding sites can also be

detected during various stages of embryogenesis (Moscana,

1974; Neri et al. 1975; Oppenheimer, et al. 1977).

Lectins and Somatic Cell Genetics

‘Recent advances in the field of somatic cell genetics
(see reviews De Mars, 1974; Chu, 1974; Clements, 1975;
Siminovitch, 1976) have opened a new avenue for the
applicati§n of lectins to the study of the structure-

function relationship of the cell membrane. Despite early
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controversy regarding the nature of somatic cell mutants
(Szybalski et al. 1964; Breslow and Goldsby, 1969;
Mezger-Freed, 1971, 1972; Orkin and Littlefield, 1971;
Harrié, 1971, 1973, 1975), considerable evidence now
exists that true genetic mutants can be isolated in
tissue culture (Chu, 1974; De Mars, 1974; Clements,
1975; Siminovitch, 1976).

Membrane mutants have recently been selected by
using drugs which act at the cell surface. Ouabain
resistant cell lines, which possess an altered Na+/K+
ATPase activity are one example (Mayhew, 1972; Baker
et al. 1974). Membrane mutants have also been indirectly
selected, when drug resistance was found to be the
result of altered drug permeability. Cell lines selected
for resistance to actinomycin D (Bosmann, 1971) and
colchicine (Till et al. 1973; Ling and Thompson, 1974)
are examples of membrane mutants selected by chance
rather than design. It should be noted that a permeability
defect appeared to be expressed as a pleiotropic mutation
and in both cases affected the permeability of a number of
unrelated compounds.

The cytotoxic nature of con A was first used for
the selection of revertants of virus transformed cells.
Concanavalin A preferentially agglutinates transformed

cells (Benjamin and Burger, 1970; Ben-Bassat et al. 1970)




and is cytotoxic for transformed cells at concentrations

that do not affect "normal" control cells (Shoham et al.

1970). These properties allowed for the selection of
revertants from SV40 transformed populations (Ozannev
and Sambrook, 1971; Culp and Black, 1972; Wollman

and Sachs, 1972; Ozanne, 1973).

Wrigh£ (1973a) was the first to use the cytotoxic
properties of plant lectins for the selection of drug
resiétant cell lines. Several groups are now using
- lectins for the selection of cell variants and their

work is summarized below.

Ricin Resistant Cell Lines

Ricin and abrin are potent inhibitors of protein

synthesis in both whole cells and in cell free systems

(Lin et al. 1970). Both lectins contain two functionally

separate subunits. The B chain is responsible for the

sugar specific binding, while the A chain, which is

specifically taken into the cell, acts to block protein

synthesis by inactivating the 60S ribosomal subunit
(Olsnes and Pihl, 1973a,b; Sperti et al. 1973; Benson

et al. 1975; Olsmeset al. 1976; Sandvig et al. 1976).

The block in protein synthesis resulted from the enzymatic
modification of the 60S subunit by the A chain of ricin.

This led to the loss of the binding site for the elongation
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factor EF-2.(Olsmes and Pihl, 1973a,b; Sperti"gE al.
1973; Benson et al. 1975; Olsnes et al. 1976; Sanévi’g,
et al. 1976). This enzymatic modification was very
rapid, with a single A chain molecule able to inactivate
as many as 1,500 salt washed ribosomes per minute
 (Olsnes et al. 1975).

The first ricin-résistant cell lines were isolated
in murine lymphomas (Hyman et al. 1974) and in Chinese
hamster oVary cells (Gottlieb et al. 1974). Two classes
of ricin-resistant cell lines were isolated from Chinese
ha;ster ovary celis. The first class was found to bind
less ricin and a number of other lectins due to reduced
levels of sugars at the cell surface (Gottlieb et al.
1974). This class of mutant was found to possess reduced
N-acetylglucosamine transferase activity which is required
for the addition of sugars to the core region of glyco-
- proteins (Gottlieb et al. 1975). This defect resulted in
é shift toward lower molecular weights of cell surface glyco-
proteins. The second class of CHO ricin-resistant variants
was found to bind equal amounts of ricin, but to have a
reduced capacity to internalize ricin (Nigolson et al.
1975). Eleétron micrographs indicated an alteration
in the microtubule network whichlnight account for the
reduced lectin incorporation.

Two similar classes of ricin-resistant BHK cell lines

were isolated from methyl-N-nitro-N-nitrosoguanidine
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mutagenized populations (Meager et al. 1975). Those
cell lines which bound less ricin, were again found to
posséss lower levels of N-acetylglucosamine transferase
and to have a shift toward lower molecular weight glyco-
proteins at the cell surface (Meager et al. 1975;
Meager et al. 1976). Ricin sensitivity could be restored
to these variants by adding a ricin binding glycolipid
fraction from erythrocytes to the cell growth media
(Hughes and Gardas, 1976); This may indicate that
glycolipid binding sites may play a critical role in
ricin toxicity. Ricin-resistant variants were also
found to be less adhesive (Edwards et al. 1976) which
may be the result of alterations found in the surface
glycoproteins (Meager et al.1976).

Mouse L cells resistant to the cytotoxic effect of
ricin have also been isolated (Gottlieb and Kornfeld,
1976). The properties of the mouse L cell variants are
Quite distinct from those of the ricin-resistant cell
lines previously discussed. One of the variant clones
(clone 3) was found tq contain elevated levels of sialic
acid due to an increaséd sialyltransferase activity, which
led to a>shift in glycoprotein patterns towérd heavier
molecular weights. A second Vafiant (clone 6) had
reduced carbohydrate levels which corresponded with lower
activities of the galactose and N~acetyglucosamine

- transferases. The glycoprotein pattern was seen to shift
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toward lower molecular weights as a result'of these
alterations. Normal wild-type levels of ricin were
bound by clone 3lcells when excess sialic acid was
removed from the cell surface with neuraminidase. Drug
resistance, however, only dropped to levels which were
still forty to fortyffive:ﬂaldgreater than that of wild-
type cells. Clone 6 showed little difference in.ricin
biﬁdingfollowing neuraminidase treatment. No changes

in the mechanism of ricin endocytosis could be seen with
either variant type. The authors postulate two possible
explanations for these results. The first explanation
involves the existence of "productive" binding sites
which are responsible for the binding of the ricin
which will be taken into the cell. The gquantity of ricin
required to kill the cell is so small that the
identification of productive binding sites may prove an
impossibility. A second alternative presented by

the authors was the blockage of some unknown step in the
complex pathway that eventually leads to ricin toxicity.

-

Phytohemagglutinin-Resistant Cell. Lines

Unlike ricin, very little is known about the cytotoxic
nature of phytohemagglutinin (PHA). Isolated from

Phaseolus vulgaris, the lectin spécifically binds to

N-acetylgalactosamine (Borberg et al. 1966). PHA




preferentially killed transfprmed fibroblasts (Gail
and Boone, 1972), and was toxic to transformed lymphoma
cells at drug concéntrations which were mitogenic to
normal lymphoblasts (Dent, 1971). PHA, like ricin,
contains two subunits. The binding specificty and the
mitogenic activity are found on the same subunit (Allen
et al. 1969; Allan and Crumpton, 1971). However,
nothing is known of the toxic mechanism.

The first PHA-resistant cell lines_were isolated from
CHO cells by Wright (1973a). The altered sensitivity‘
of PHA-resistant cell lines to a number of membrane
active agénts suggested possible membrane alterations in
these cells. The PHA-resistant lines showed wild-type
sensitivity to con A; however, the cytotoxic mechanism
was altered since hapten inhibition of con A binding
did not protect the PHA-resistant cells but did protect
the wild type cells.

Chinese hamster ovary cells resistant to PHA have
also been isolated by Stanléy (Stanley et al., 1975a,b,c;
Juliano and Stanley, 1975; Stanley and Siminovitch, 1976).

The selection of PHA-resistant cell lines was carried out

by the method of Wright (1973a). Two classes of PHA-

resistant cell lines were isolated and separated on the
basis of their sensitivities to a number of different

lectins. The first class of PHA-resistant variants was
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found to have a reduced N-acetylglucosamine transferase
activity (Stanley et al. 1975c) similar to that seen
in ricin resistant cell lines (Gottlieb et al. 1975).
Further elegant studies by Schachter's group (Narasimhan
et al. 1977) have shown the GlcNAc-transferase
responsible for the addition of GlcNAc to core regions
of the glycoprotein to be defective. ©No analysis of
glycoprotein sugars was performed. However, changes
in surface glycoproteins were demonstrated by cell
surface labelling techniques (Juliano and Stanley, 1975).
The second class of PHA-resistant variants had normal
GlcNAc~-transferase levels (Stanley et al. 1975b), but
little is known of the biochemistry of these variants.

Evidence for the separation of PHA-resistant cell
lines into two classes, has come from some excellent
genetic studies carried out by Stanley (Stanley et al.
1975b; Stanley and Siminovitch, 1976, 1977). ‘These
studies have involved a number of other lectin resistant
cell lines whose properties have not yet been reported.
These lines include cells resistant to wheat germ
agglutinin, ricin, the lentil lectins, and con A.

The various lectin-resistant cell lines were grouped
according to their phenotype determined on the basis
of the response of a particular cell line to a number

of different lectins (Stanley et al. 1975b; Staniley
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Siminovitch, 1976). Eight to ten distinct groups have
been separated on this Basis, with PHA-resistant lines
belonging to two different groups (Stanley et al. 1975b).
Also, cell-cell hybridization studies have been used to
detect at least seven complementation groups (Stanley
and Siminovitch, 1977). Again, PHA-resistant lines
were found to belong to two separate groups (Stanley
and Siminovitch, 1977). The genetic data obtained from
the studies has shown that more than one lectin can

be used to select a particular phenotype and that one
lectin can be used to select more than one phenotype

(Stanley and Siminovitch, 1977).

Wheat Germ Agglutinin

Kornfeld's group (Briles et al. 1977) has recently

reported the isolation of WGA resistant CHO cells. Sialic
acid is intimately involved in the binding of WGA to
cell surfaces {Adair and Kornfeld, 1974; Cuatrecasas, 1973).
The resistant line was found to have reduced levels of
sialic acid in glycoprotein and glycolipid fractions.
The variants were found to have normal levels of glyco-
lipid and glycoprotein sialytransferase activities and
normal amounts of glycoprotein and glycolipid receptors
with in vitro assays. It is postulated that the lack

of sialic acid may be due to a loss of organization of
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the transferase system which is critical for opﬁimum
transferase activity (Arce et al. 1971; Wingquist and

Dallner, 1976).

Concanavalin A

Concanavalin A has been intensively studied, but

the mechanism of con A toxicity remains unknown. 1In

anima; studies con A has been found to associate with

" endoplasmic reticula and mitochondria (Tyan, 1974;

Napanitaya and Tyan, 1975; Napanitaya et al. 1976). ' The

presence of con A binding sites on eucaryotic ribosomes
has been suggested (Howard and Schnebli, 1977); although
no association of con A with ribosomes was observed

in histological studies (Napanitaya et al. 1976).

Unlike ricin, con A does not specifically block protein
synthesis (Nicolson et al. 1974) but acts to prevent
both DNA and protein synthesis within two hours of

lectin treatment of thymocytes (Shohom et al. 1970).

Recent studies have correlated con A toxicity with
the aggregation of the lectin into discrete patches or

"caps" (Forsdyke, 1977; Lustig et al. 1977). Lustig

(Lustig et al. 1977) has shown cell lysis to be preceeded

by cap formation. Forsdyke (1977).has reported that
complement played a major role in the inhibition of

lymphocytes by high concentrations of con A. The




éggregation of lectin binding sites may be analogous
to the aggregation of antibody binding sites required
for complement binding (Medicus et al. 1976).

Wright (1973a) was the first to select con A-
resistant cell lines. Mutants were selected by step-
wise or cyclic single-step procedures. The con A-
resistant variants were found to be temperature-sensitive
for growth (Wright, 1973a, 1975). ©No changes in the
glycosphingolipids were seen in the vafiant cell lines
(Yogeeswaran et al. 1974). The genetic and biochemical
properties of several independent con A-resistant cell
lines has suggested that these lectin-resistant cells
have a common pleiotropic phenotype (Ceri and Wright,
1977a; Wright and Ceri, 1977a,b; Ceri and Wright,
1978a,b). The pleiotropic phenotype involved changes
in: cell morphology, lectin agglutination, cell adhesion,
growth at various temperatures; reduced and altered

mechanism of con A binding, drug sensitivity and defective

receptor mobility. Concanavalin A~-resistance was found to be

recessive in somatic cell hybrids formed through the fusion

of con A-resistant and con A-sensitive cell lines (Wright and

Ceri, 1977b; Ceri and Wright, 1978a). The loss of con A
resistance in hybrid or revertant cell lines also led

to the loss of the pleiotropic phenotype (Wright and Ceri,
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1977b; Ceri and Wright, 1978a). The changes in the
con A-resistant phenotype have been correlated with
alterations in the glycoprotein make-up of con A-
‘resistant cell membranes tCeri and Wright, 1978b).
These changes in glycoproteins of the surface membrane
may result from alterations in the mannose transferase
-activities of con A-resistant cell lines (Krag et al.

1977; Wright, Ceri and Jamieson, 1978).
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MATERIALS AND METHODS

1. Cells and Culture Conditions:

Chinese hamster ovary (CHb) cell lines which were
originally established in Puck's laboratory (Puck et al.
1958) were used in this study. fhe wild-type CHO cell
line was obtainedvfrom-the University of Toronto,
Department of Medical Biophysics.

AUX Bl' a CHO auxotroph requiring glycine, adenosine,
and thymidine because of a defect in folic acid metabolism,
was isolated by McBurnéy and Whitmore (1974). The cell
line was kindly provided by Drs. Stanley and Siminovitch
from the Department of Medical Genetics, University of
Toronto.

HR—lOO is a CHO cell line selected for resistance to
hydroxyurea (Wright and Lewis, 1974; Lewis and Wright,
1974) in our laboratory by Mr. K.A. Goodridge. The
relative plating efficiency‘of HR—lOO in 100 ug/ml con A

4 for

was approximately one compared to a value of 10
wild-type cell lines.

With the exception of AUXBl, all cell lines were grown
in alpha minimal essential medium (=~mem) (Stanners et al.
1971) pius 10% (v/v) fetal calf serum (FCS) which was

- supplemented with Penicillin G (100 gnits/ml) and streptomycin

sulfate (100 ug/ml). . This was referred to as complete
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growth medium. Unless otherwise noted, all cell lines
were incubated at 34° in a 5% CO2 atmosphere.

AUXBl was routinely grown in complete growth
medium supplemented with thymidine (10 ug/ml) and adenoéine,
(10 ug/ml); The medium did not have to be supplemented
with glycine because the amino acid is a normal constituent
of the medium. |

Cell lines were routinely grown on 16 oz Brockway -
bottles. Cells were grown to monolayers and then removed
either by trypsinization (addition of 0.05% trypsin
in Duibecco's phosphate buffered saline fo cell cultures
previously grown on solid surfaces) (Dulbecco and Vogt,
1954), or by incubating the cells with 0.04% EDTA in
Dulbecco's phosphate buffered saliné (PBS) for approximately
10 minutes. The cells were diluted in isotonic saline
and counted in a particle counter (Coulter Electronics
Ltd.). Approximately 104 cells‘were routinely subculturéd
in 40 ml of «-mem in a 16 oz Brockway bottle.

Suspension cultures of CHO cells were initiated
'by adding 1 x lO7 cells to 200-250 ml of complete growth
medium in 500 ml medium bottles. Cultures were incubated
in a 34° water bath and stirred continuously by a Teflon
coated magnetic stirring bar. Cultures were routiﬁely

5

maintained at 1 to 5 x 10~ cells/ml by periodic dilution

with fresh medium.
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Concanavalin A medium:

Concanavalin A medium was routinely prepared by
the method of Wright (1973a). Concanavalin A was
added to complete growth medium to a final concentration
of 40 ug/ml con A. The medium was incubated at 37°
overnight and the resulting precipitate was removed |
either by centrifugation or by‘filtration. Wright (1973a)
has previousiy shown less than 5% con A is lost in this

precipitate at con A concentrations less than 60 ug/ml.

Mycoplasma Assays:

Cell lines were periodically tested for Mycoplasma

contamination by routine plating techniques (Crawford,

1968) . Cultures are also tested for Mycoplasma by

determination of uridine phosphoylase activity (Levine,
1972). All cell lines used in this study gave negative

tests for Mycoplasna.

Somatic Cell Hybrids:

In order to determine the behaviour of the con A
resistant trait in the presence of a wild-type genome,
the CR—7 cell line was hybridized with a wild-type CHO
line by means. of Sendai virus-mediated fusion (Kao et al.
1969). TUnfortunately the con A-resistant cell lines
carry no additional markers which can be used in hybrid.

selection. Therefore, it was necessary to construct a
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con A-sensitive cell line carrying two markeré which
could be used for selection purposes. To this end the
codominant ouabain resistant marker (Baker et al. 1974)
was added to the AUXBl cell line which carries a
recessive auxotrophic lesion in folic acid metabolism
(McBurney and Whitmore, 1974).

The AUXBl-OR cell line was selected for growth in
2 mM ouabain (Baker et al. 1974; Mayhew, 1972) by Mr.
K.A. Goodridge. The AUXBl-OR plated with an efficiency
of one in 2 mM ouabain which was a concentration

capable of reducing the plating of WT-Cl I to 10-4.

The hybridization was carried out by incubating 3 x lO5

R

' R
AUXB,-0" cells with an equal number of either the C -7

1
or WI-Cl I population in a 6 mm diameter well of a 96
well Linbro plastic tray containing 0.2 ml of growth
medium supplemented with 0.04 mM adenosine and 0.04 mM
thymidine. The cells were incubated overnight at 340,
after which time the medium was replaced with PBS (0.2 ml)
and the cells placed at 4° for 10 minutes. The buffer
was replaced with 0.2 ml of a 1:10 dilution of the stock
Sendai (Lot 134-1, Connaught Med. Res. Labs) virus
preparation in PBS. This was incubated an additional 10
minutes at 4°. Next, the virus suspension was removed |
and warm growth medium was added. ' The cells were incubated
for another 4 hours at 34° after which time the
cells were washed with PBS, removed with a trypsin

solution, and plated in 60 mM culture dishes containing




5 ml of growth medium lacking adenosine and thymidine
.but supplemented with 2 mM ouabain. After 10 days a
number of colonies appeared on the plates containing
the selective medium; these colonies were pickéd with
sterile Pasteur pipettes and indepéndently-grown to
partial monolayers in 60 mm plates in the presence

of normal growth medium. The potential hybrids were
cloned, the karyotypes were examined and the cells were
retested for the ability to form colonies in éelective

medium.

Cell Cloning:

'Routinely cell suspensions were diluted to 5 cells/
ml with «-mem and 0.2 ml of the suspension was dispensed
into each well of a 96 well Linbro dish. After |
approximately 8-10 days incubation at 340, wells showing
a single colony were trypsinized. The cells were
remo&ed and added to 60 mm plastic tissue culture dishes

containing normal growth medium.

Cell Viability
Cell viability was measured by the trypan blue dye
exclusion test (Phillips, 1973). This test is based upon

"the finding that viable cells do not take up trypan
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blue whereas non-viable cells readily internalize the
dye. A stock solution of trypan blue was prepared as

a 0.4% solution of dye in PBS at pH 7.2. The viability
test involved pelleting cells after two washes in PBS.
One ml of PBS was added to the pellet and 0.1 ml of the
stock dye solution added prior to the dispersion of the
pellet with a Pasteﬁr pipette. :Abdrop of the suspension
was placed on a hemocytometer and the viability counts

were made 4 minutes after cell dispersion.

Plating Efficiency:

The plating efficiency (PE) of a cell population
was defined as the fraction of cells in the population
which would give rise to colonies when plated on a sblid
growth surface. To determine the plating efficiency
of a population approximately 300 cells were added to
a 60 mm tissue culture diéh containing S ml of growth
medium. The cells were incubated 8 to 10 days ét 340,
after which time the medium was drained from the plates
and the cells were stained with a saturated solution
of methylene blue in 50% ethanol. Only colonies
containing greater than 50 cells per colony were routinely
scored. The PE was determined by dividing the number of
colonies by the number of cells plated. The PE of wild-
type CHO cells typically ranged between 0.75 - 0.90 when

the cells were incubated at 34; 37 or 39°.
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Drug Sensitivity Tests:

The sensitivity of a cell population to a drug was
determined from the relative plating efficiency of the
cell line in the presence of varying concentrations of
the drug (Thompson and Baker, 1973). The relative plating
efficiency (RPE) was defined as the PE in the presence
of a concentration of the drug divided by the PE in the

absence of the drug.

Growth Curves:

Growth curves were obtained by seeding 5 x 104
~exponentially growing cells in 5 ml «-mem + 10% FCS in

60 mm tissue culture dishes. The plates were incubated

at 34° overnight. In drug-sensitivity tests the drug

was added after an initial 24 hour growth period in the
absence of the drug and in temperature-sensitivity

studies a sample of the cells were shifted to the non
permissive temperature only after the cells were first
incubated at 34° for 24 hours. Cell growth was measured

by trypsinizing duplicate plates at specific time intervals,
diluting the cells with isotonic saline, and estimating

the cell number with the aid of an electronic particle

counter (Coulter Electronics). The doubling time was

 determined from a plot of log cell number against the
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Karyotype Analysis:

Cell lines exponentially growing on 16 oz Brockway
bottles were blocked in metaphase by adding 0.5 ug/ml
colchicine to the growth medium. The cells were
incubated for one to two hours in the presence of the
drug before being trypsinized and &ashed once with PBS.
Chromosomes were then stained by the method of Rothfels
and Siminovitch (1958). This involved suspending cells
in hypotonio sodium citrate for 10 min. before pelleting
in a conical centrifuge tube. The cell pellet was
rinsed without oisruption, with 1 ml of 50% acetic acid.
The cells were then resuspended in a small volume of
aceto-orcein stain (1% orcein in 50% acetic acid).
Chromosome squashes were prepared by pressing firmly on
a coverslip placed on a drop of the stained cell suspension
on a microscope slide. The slide was examined with a
microscope and photographs were taken of 50 to 100
metaphase cells. Enlarged prints were made ond the
number of chromosomes/céll oounted.

Incorporation Studies:

Incorporation of (6-3m) thymidine, (5-3H) uridine
and L—(4,5—3H)'leucine'intovacid precipitable material was
measufed for a 15 minute pulse in cell suspensions
maintained in growth medium at 34° and 39°. The various

labelled macromolecular precursors were added during




44

the pulse to a final concentration of 1.0 uCi/ml.

The cells were collected by filtration onto glass fiber
filters, washed with PBS, incubated in ice~cold 10%
trichloroacetic acid for 10 minutes, and finally washed
with 70% ethanol. Dried filters were solubilized with
1.0 ml of NCS overnight before a toluene-based
scintillation fluid was added (Lewis and Wright, 1974;

Ceri and Wright, 1977a).

Ceil Agglutination Studies:

Cells growing exponentially in suspension culture
at 34° were collected by centrifugation, washed with
PBS and suspended in 0.154 M NaCl solution at 2 x 10°
cells/ml. For the agglutination assays (Ceri and Wright,
1977a) 0.5 ml of the cell suspension and 0.5 ml of a
0.154 M NaCl soluton containing varying concentrations of
con A were added to a 10 x 35 mm tissue culture dish.

' The con A treated suspension was slowly agitated at room
temperature for 10 minutes and then examined with a
light microscope for cell clumping. Agglutination was

scored qualitatively on a scale of - to ++++ (no

agglutination to virtually complete agglutination).
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Cell Detachment Studies:

Cell adhesiveness was determinéd by measuring the
rate of cell detachment from growth surfaces, using the
method of Pouysségur and Pastan (1976). Approximately
6 x lO4 cells of each cell type was plated on 60 mm
culture plates and incubated overnight at 34 or 39°.

To carry out cell detachment studies the medium was

drained from plates, the cells were washed with PBS,

and the plates weré incubated at the appropriate temperature
in 2 ml of PBS containing 0.03% trypsin. At various time
intervals the trypsin was removed, cell aggregates

were disperéed by pipetting, and the number of cells in
suspension were counted with an electronic cell counter

(Coulter electronics).

Concanavalin A Binding Assay: '

In preparation for con A binding experiments cell
lines were grown on 60 mm tissue culture plates to a
cell density of approximately 1.8 x 106 cells/plate.
Cultures were cooled to 0° for 5 minutes prior to con A
binding in order to reduce non-specific endocytosis
(Noonan and Burger, 1973, 1974; Bornens et al. 1976).
The cells were washed three times with én ice cold
0.154 M NaCl solution and incubated at 4° for five minutes

in PBS containing the appropriate concentration of 3H—




labelled con A in a final volume of 2.0 ml. The cells were
then washed five times in ice-cold 0.154 M NaCl aﬁd
solubilized in 1 ml of 10% triton X-100 for 60 min. at
37°. The digested samples were added to a cocktail
(Aquasol) and.counted on a scintillation counter. The
amount of non-specific binding was determined by carrying
out binding studies in the presence of 0.2 M methyl

«=D manndside. The quantity of binding in the presence
of the inhibitor routinely averaged 5% of the binding
that occurred in the absence of the hapten; this was
considered non-specific binding and was routinely

subtracted from all samples (Wright and Ceri, 1977a,b).

Concanavalin A Receptor Mobility:

Concanavalin A receptor mobility was measured as the
ability of cells to aggregate fluorescent labelled con A
into discréte aggregates or "caps" as previously described
(Aubin et al. 1975; Ceri and Wright, 1978a,b). In brief,

5

cells were added to glass coverslips at 5 x 10~ cells/

cm? and incubated overnight in growth medium at.34°. The
medium was removed from plates and the cells were washed
twice with PBS. They were theh incubated at 4d for 30
minutes in buffer containing 60 ug/ml fluorescent con A.

Excess label was removed and the cells were washed twice

with PBS. Capping was allowed to take place by incubating

46




cells in PBS for one hour at 34°. Coverslips were
mounted directly on slides to dry without prior
fixing'of cells. A Zeiss fluorescent microscope was
used to examine the slides. The percentage of cells
showing tight cap formation was routinely determined by
séoring at least 200 cells of each cell type. Also
experiments were repeated for each cell type at least

- three times{

In experiments where colchicine treated cells

5

were assayed for capping, 10 ° M colchicine was added
§

to the buffers at each stage of the capping experiment.

Protein Determinations:
Protein content was determined by the method of Lowry

et al. (1951) using bovine serum albumin as a standard.

Membrane Isolation Techniques:

Cell surface membranes were isolated using the
agueous two-phase polymer system of Brunette and Till
(1971). Briefly this procedure involved washing suspension
grown cells in PBS and resuspending the cell pellets in
a hypotonic ZnCl2 (1 mM ZnClz) solution fdr swelling.
The swollen cells were then ruptured with a tissue

homoginizer and the membranes and other large cell debris
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were collected by low speed centrifugation. This pellet
was then resuspended in a dextran-polyethylene glycol
emulsion and the purified membrane preparations were
removed from the interface that forms between the

dextran and polyethylene glycol after centrifugation.

Cell Surface Labelling Studies

A. Labelling of Cell Surfaces by Metabolic Incorporation
Logarithmic suspension cultures of WT-Cl I, CR-7 and
RCR-7 cells growing in a «-mem supplemented with 10%
fetal calf serum were labelled by the addition of 2 uCi/
ml [3H]— glucosamine to CR-7 and RCR-7 cells for one
generation period (Juliano et al. 1976; Ceri and Wright,
1978b). The cells were harvested by centrifugation and
washed three times with PBS. Membrane fractions were
'isolated by the Burnette and Till method (1971) and the
protein extracted in 0.0625 M Tris-HCl pH 6.8 containing
2% SDS, 10% glycerol, and 5% 2-Mercaptoethanol (Laemmli,
1970) . Gel electrophoresis was carried out on 7.5%.acryl->
amide gels, also by the method of Laemmli (1970). The gels
were run at 4 ma/tube until the tracking dye reached the
bottom of the tube. The gels were fixed overnight in
50% TCA, suspended for five minutes in a lO%»ethanol
solution and frozen on an aluminum gel slicer pre-cooled

in an ethanol-dry ice bath. The gels were sliced in 1.5 mm

48
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sections which were digested in counting vials by adding
0.2 ml H202 to each vial and incubating the sealed vials
for three hours at 70°. The vials were then cooled and
counted in a liquid scintillation counter after the addition
of a toluene based cocktail (Ceri and Wright, 1978b). The
l4C channel was set at a pulse height of 100-1000 divisions
(4.5% gain) and counted a 14C standard with 60% efficiency.
Tritium was counted at 50-1000 divisions (60% gain) with
39% efficiency.
B. Galactose Oxidase - [BH]—Borohydride Labelling

Cell surface labelling of galactose and galactosamine
residues was performed by the galactose oxidase - [3H]—
borohydride method (Gahmberg and Hakomori, 1973; Ceri and
Wright, 1977b, 1978b). Exponentially growing suspension
cultures containing approximately 2 x 105 cells/ml in «-mem
+ 10% filtered FCS were harvested by centrifugation and washed
three times in PBS. Labelling was performed as described by
Gahmberg and Hakomori (1973) with approximately 20 units of
galactose oxidase (by definition one unit produced a & A425
of 1.0/min at pH 6.0 at 25° in a peroxidase and o-tolidline
system (Gahmberg and Hakomori, 1973)). The labelling period at
37° was reduced to 1.5 hours. The cells were then washed and
resuspended in 1 ml of PBS containing 1 mCi of tritiated sodium
borohydride for 30 min. at room temperature. The cells were

washed five times and the proteins extracted by the method of

Laemmli (1970). In some cases membranes were isolated by the
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Brunette and Till (1971 method prior to protein extraction.
The various samples were subjected to electrophoresis, the
gels were sliced and the radioactivity in the

samples was determined by methods previously described

(see metabolic labelling).

Lactoperoxidase~-Catalyzed Iodination

Logarithmic suspension cultures of WT-Cl I and
CR-7 were harvested and washedvtwice in PBS prior to
the labelling of tyrosine and histidine residues of surface
proteins by the lactoperoxidase-catalyzed iodination
procedure (Sefton et al, 1973; Ceri and Wright, 1978b).
Iodination was carried out in 2.0 ml of PBS containing
sodium iodide (5 nmol), lactoperoxidase (15 ug), glucose

125 I (100 uCi). Glucose oxidase (0.025

(10 uM) and Na
units; 1 uM of glucose oxidized per min at 25° per unit)
was added to prime the reaction. The reaction was

allowed to proceed for 10 min. at 25° after which time the
reaction was stopped by diluting the reaction mixture

with ice-cold PBS. The cells were washed three times,

and the labelling of cell surfaces was assayed as

previously described (see metabolic labelling) .
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Mannose Transferase Assay

Cells for mannose transferase assays were grown
on 100 mm tissue culture plates in alpha medium
supplemented with 10% FCS. Cell lines which were being
directly compared were always grown to the same cell
density. Cells were harvested with PBS containing 2 mM
EDTA, washed with PBS, and diluted with hypertonic
Tris buffer (20 mM Tris-HCl, pH 7.4) for swelling. The
cells were lysed with a tissue homogenizer and following
a low speed centrifugation step, membranes were separated .
into a crude membrane fraction by centrifugation at
100,000 x g for one hour (Krag and Robbins, 1977). The
mannose transferase assay was carried out in 20 mM Tris-
HC1 buffer (pH 7.4) containing 0.2 mM MgCl2, 0.2 mM
MnClz, 0.15 M NaCl, 10 uM UDP-N-Actylglucosamine, and
2 uM GDP-[14C]— mannose (179 mCi/mM, 5 x 104 cpm) .
Approximately 200 ug of membrane protein was added to the
assays which were incubated for the desired time period
in a shaking water bath at 34°. The reaction was term-
inated by the addition of 20 volumes of chloroform:
methanol (2:1 by volume). The amount of [l4C]—mannose
incorporated into lipid, lipid-oligosaccharide, and
glyéoprotein was determined after the separation of these
three fractions on the basis of differential solubility

(Behrens et al. 1971, Waechter et al. 1973). This involved




the extraction of the lipid fraction in the chloroform
methanol (2:1) which was used to terminate the reaction.
The resulting pellet containing the lipid-oligosaccharide
and glycoprotein was then washed and further extracted
with chloroform: methanol: water (1:1:0.3 v/v) to yield
the lipid oligosaccharide and glycoprotein fractions.
Both lipid-containing fractions were dried over a N,
stream and counted in a toluene based cocktail. The
glycoprotein fraction was solubulized in 10% SDS prior
to counting in a toluene based cocktail. All samples
were done in duplicate and the results were usually

within i10%.

Sources of Material

Most biochemicals and all enzymes were purchased
from Sigma Chemical Co., St. Louis and all radiochemicals,
with the exception of 34-concanavalin A (0.5 mCi/mg
lectin) which was obtained from New England Nuclear,

were purchased from Amersham/Searle Ltd.

Cell Growth Material

Material Source

alpha-minimal essential medium Flow Labs, Rockville
fetal calf serum GIBCO Ltd. Or Reheis

Chemical Co. Denver
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Penicillin G

Streptomycin

Brockway bottles

Culture Plates (60, 100 mm)
Linbro cloning dish #IS-FS-96-TC
Cover Slips

Spinner Bottles

Experimental Material

Material

Acrylamide

Colchicine

Concanavalin A

3H-—Concanavalin A
Flo;receinbound concanavalin A
Ethyl methane sulfonate

NCS Tissue solubilizer
N,N'-methylene-bisacrylamide

Plant lectins: lentil lectsin,
SBA, and WGA

PHA-P
poP

POPOP

GIBCO Ltd.

GIBCO Ltd.
Brockway Glass Co.
Lux Sci. Corp.
Linbro Chem. Co.
Corning Glass Co.

GIBCO Ltd.

Source

Eastman Kodak Ltd.
BDH Labs, To.
Biochim. Cal.

New England Nuclear
Miles-Yeda
Eastman Kodak
Amersham/Searle

Eastman Kodak Ltd.

Miles Yeda
Difco Chem
Fisher Chem. Co.

Fisher Chem. Co.




Sendai wvirus Lot #134-1
Toluene
Triton X-100

Trypan Blue

Connaught Labs, To.
Fisher Chem. Co.
Baker Chem. Co.

Matheson Coleman and Bell
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RESULTS

Section 1 Selection of Independent Concanavalin A=~

Resistant and -Sensitive Cell Lines

A. Selection of Independent Wild-Type Populations:
Independent varianﬁs, resistant to the cytotoxic
effects of the plant lectin, con A, were required for
a comparative analysis of the lectin-resistant pheno-
type. Therefore, three indepndent wild-type populations
were isolated for variant selection by isolating
independent clones of wild-type cells (see Methods
section) from a heterogenous wild-type Chinese hamster
ovary population, which had been in continuous culture
for more than one year. Three clones were selected and
designated wild-type clone 1 (WT-Cl I),wild-type clone

2 (WT-Cl II), and wild-type clone 3 (WT-Cl III).

The sensitivities of the three wild-type populations

to con A were determined by standard plating techniques.
Figure 1 shows the sensitivity of the three wild-type

clones to con A to be nearly identical. The DlO value,

which was defined as the drug concentration which reduces

the plating efficiency of the cells to ten percent of
control values, was found to be approximately 18 ug/ml
con A for each of the three clones. If cytotoxicity of

con A is dependent on the specific binding of the lectin
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Figure 1 Effects of various concentrations of con A

on the colony-forming ability of wild-type cell

lines in the presence and absence of 10_2M methyl o«-

D-glucose.

©, wr-cl1 1; @, wr-cl II; A WTr-Cl III; @ , WI-Gl I +

hapten; B8 , WT-C1l II + hapten.
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to «-D mannopyranosyl, =-D glucopysanosyl and other
related sugars, then the addition of these sugars should
reduce the cytotoxic effect of con A. The specificity
of the drug cytbtoxicity was demonstrated (Figure

1) using methyl «-D glucose'(Wright, 1973a) to reduce

con A killing.

B. Selecton of Concanavalin A-Resistant Variants:

Concanavalin A—resistaht cell lines were selected
from each of the three independent wild-type populations,
as summarized in Figure 2.v

The cyclic single-step method (Wright, 1973a, 1975;
Ceri and Wright, 1977a, 1978a) was used to select lectin-
resistant cell lines from WT-Cl I and WT—Cl II populations
(Figure 2).. Variant selection involved the following
procedure: cells obtained from exponentially growing

6 cells in

cultures of each clone were seeded at 2 x 10
16 oz Brockway bottles containing 40 ml growth medium
with 40 ug/ml con A. The célls were incubated at 34°

for three to five days. The medium containing the lectin
iwas then replaced with fresh medium lacking con A.

The cells were allowed to recover and aftgr about seven
days they were removed with phoSphate—buffered saline
containing 2 mM ethylene—diaminete£raacetic acid, and

6

were again incubated at a density of 2 x 10 cells/bottle
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Figure 2 Summary of the selection procedures used
to isolate three independent concanavalin A-resistant

cell lines.
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iﬁ the presence of 40 ml of‘medium containing 40 ug/ml
con A. This procedure of exposing the cells to medium
containing lectin followed by a récdvery period was
performed four times. From this point on the cells
were continually cultured in medium containing 40 pg/
ml con A. Each time a monolayer formed the cells were

® cells were placed into medium

removed and 2 x 10

containing 40 ug/mlvlectin. The number of independent .

times the cells were eXpbsed to medium containing con

A was recorded. The selected cultures designated A

and B were subcultured 10 and 14 times, respectively,

(Figure 2) in the presence of con A. Thereafter, the

cultures were kept in normal growth medium. Culture A

was selected from WT—gl I, while culture B was selected

from WT-Cl II. The cell lines CR—7 and BCR-2 used in

this study were cloned from cultures A and B respectively.
The WT—gl IITI population was mutagenized wiﬁh

ethylmethane suiﬁonate(EMS) prior to the selédtion of a

con A-resistant variant (Figure 2). Mutagenization was

carried out by exposing 1 x lO6 cells growing exponentially

on a 100 mm tissue culture plate at 34° to 300 ug/ml EMS.

The treated cells were trypsinized, washed with PBS, re-

suspended in fresh growth medium, and incubated at 34°

for 10 days to permit regrowth of surviving cells.

Plating efficiencies performed on an aligquot of these cells
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showed a fraction survival of colony forming ability
of 0.2. The resulting mutagenized population was

trypsinized and 1 x lO6 cells were added to several

lOO-mm culture plates containing 25 ml of medium with
40 ug/ml con A. After the incubation in the presence
.of drug containing medium for twelve days one plate
was observed to have a single colony. The lectin-

containing medium was then replaced with fresh growth

medium minus the drug and the cells were grown to a
partial monolayer. The population wés cloned and
named ECR-l.

The sensitiviﬁy to con A of the three ihdependent
con A-resistant cell lines was determined by plating
experiments (Figure 3). The variants CR—7, BCR-2
and ECR—l appeared to be 2.5-fold more resistant to N
con A than were their wild-type parental lines; their
Dig values were 45, 48 and 45 pg/ml con A as compared to

18 ug/ml for wild-type cell lines (Table I). Again, the

specificity of con A cytotoxicity was demonstrated by
the inhibitory effect of methyl «-D glucose (Figure 3).

An alternate procedure was used to analyze the

sensitivity of cells to the cytotoxic properties of con A.
Incubation of con A in growth medium containing serum

results in the formation of a fine precipitate which can
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Figure 3 Effects of various concentrations of con A
on the colony-forming ability of con A-resistant cell

2M of the

lines in the presence and absence of 10~
hépten inhibitor methyl «-D glucose @-. CR—7;-,
acR-2; A, ECR-1; @ c®-7 + hapten [ BcR-2 + hapten.

The da.shed line represents the sensitivity 6f the wild-

type population with the data taken from Figure 1.
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TABLE 1

Concanavalin A Sensitivity of Wild-Type and Concanavalin

A-resistant Cell Lines

*

Cell Line DlO Vvalue (pg/ml con A)
Wr-Cl I 18 + 1.25
WT-Cl1 IT 18 + 1
WT-Cl III 18 + 1
cR-7 | | 45 + 3
BCR-2 48 + 4
EcR-1 45 £ 3
*

D value is defined as the concentration of drug which

10
reduces the plating efficiency of cells to 10% of the

value of control experiments. Data is derived from 5

plating experiments with each cell line.

i

‘
-
|

|
[
i

|
L
P




67

be removed by centrifugation or filtration. Wright
(1973a) has previously shown that when medium prepared

at an initial concentration of 50 pg/ml con A was freed
of precipitate and diluted to one-half its initial
concentration, it had approximately the same effect on the
plating efficiency of CHO cells as medium containing 25
pg/ml con A. It would appear, therefore, that the
precipitate did not contain an appreciable proportion of
con A. Furthermore, less tﬁan 5¢ of labelled con A

added to 50 ug/ml cold con A was recovered in the
resulting precipitate (Wright, 1973a). To test the
possibility that the interaction between lectin and

serum components may be responsible for the differential
killing effect of con A for variant and wild-type cells,
the cytotoxicity of con A was examined by a second
proqedure in the absence of serum {(Ozanne and Lurye,
1974). WI-Cl I and CR—7 cells were plaﬁed in complete
growth medium for two hours. The medium was then replaced
with medium minus serum but containing appropriate
concentrations of con A. The plates were then incubated
at 34° for 48 hours. The medium containing drug was

then removed from plates, fresh medium plus serum was
added back to the plates, and the plates were incubated at

O

34° to allow the growth of surviving cells. After eight

b
|
3
i
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tb ten days the resulting colonies were. stained with
methylene blue and counted. Highér concentrations of
lectin were required to cause a significant reduction

in colony forming ability of both wild-type and variant
cells (Table II); this was probably due to the short
exposure time to con A (48 hours). Longer exposure times
were not possible because survival in medium lacking

serum decreases dramatigallyafter 48 hours. The CR—7
population was found to be less sensitive to con A than
WT-Cl I cells when assayed in this manner (Tabie II). WT-
Cl I cells plated with an efficiency of about 1% after
exposure to 100 pg/ml con A, whereas the plating efficiency
of CR—7 was not significantly affected by treatment with
the same lectin concentration. This experiment suggests
that serum components are not required for the cytotoxic
action of the lectin. Furthermore, these results indicate
that the small amount of serum removed as a precipitate during
the preparation of medium supplemented with con A in the
 first method used to determine con A sensitivity (Figures 1
and 3) ma& not be important in the cytotoxic action of the
lectin.

The stability of the con A-resistant phenotype was
tested'by maintaining the variant in continuous culture
without exposure to the selective agents. At selected
ﬁime‘intervals the plating efficiency of the variant was

determined and compared to the plating efficiency at the




TABLE II

The sensitivity of WI-CL I and cR-7 cells to the presence

of con A in the absence of serum.

*
Concentration of lectin PE of WTCl I PE of CR-7
50 ug/ml 0.8 0.98
100 ug/ml ' 0.023 0.95
200 pg/ml 0.0014 0.60
300 ug/ml 0.0006 0.21

. _
- PE or plating efficiency (see Methods section).
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time of selection. Little change in the resistance
of the variants was seen over an 18 month test period,
(Table III). For example, c®-7 which showed a relative
plating efficiency of about 40% in 30 ug/ml con A
when first selected showed relative plating efficiencies
of 40%, 38% and 42% after 2, 12 and 18 months of
continuous culture in the absence of con A.

Concanavalin A-resistant cells have previously
been reported to be present in a wild-type CHO populatioh

5 (Wright, 1973a,

at a frequency of approximately 1:10
Stanley and Sminovitch, 1976). Wright (1973a) found

that the mutagen, MNNG had little effect on the frequency
of appearance of con A-resistant cells in a population.
He also reported (Wright, 1975) that the ability to form
colonies in medium containing con A significantly
increased with increased exposureAtime to the lectin;

as a gradual increase in the number and degree of
resistant cells in the population probably occurs during
the selection procedure. The mutagen EMS was shown to
increase the mutation frequency of several other lectin-
resistant cell lines (Stanley and Siminovitch, 1976).
.The effect of EMS on the frequency of con A-resistant
cells in a population was determined by comparing the

rate at which mutagenized and contrel cultures of WT-

€l III acquired con A-resistance in the cyclic single
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TABLE III

Relative Plating Efficiences of Concanavalin A-resistant
Cells After Periods of Time Without Exposure to

Concanavalin A.

Cell Line  Time in Culture RPE " (30ug/ml RPE (40ug/ml
'(months) | con A) con A)

cRo7 0 40.5 18.0
cR-7 2 40.0 16.0
cR-7 12 39.0 18.5
cR-7 18 41.6 17.2
BcR-2 0 47.5 23.0
acR-2 6 48.8 22.1
BcR-2 18 47.0 23.0
ecR-1 0 | 42.4 18.0
BcR-1 6 | 43.2 17.1
EcR-1 18 42.0 18.3

*
RPE or relative plating efficiency (see Methods section)
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step selection procedure (Wright, 1975). In agreement
with the previous study by Wright (1975) con A
resistance in the WT-C€l III population was found to
increase gradually with successive passages in the
presence of lectin (Figure 4). The Dlo value increased
from 18 ug/ml before lectin exposure to 24, 31 and

45 ug/ml con A after 3, 5 and 7 passages respeétively in
con A. The EMS treated WT-Cl III population showed a
very rapid increase in con A-resistance (Figure 5).

For example, after three passages in coﬁ A the DlO

value for EMS treated WT-Cl III was 42 ug/ml as compared
to 24 ug/ml con A found with nonmutagenized control
cells after the same number of passages in the lectin.
The final D,, value obtained by WT-Cl III (45 ng/ml

con A) after seven passages in the presence of the
lectin was similar to the value observed with EMS
treated WT-=Cl III (42 ug/ml) after approximately three

passages. Since significantly more passages in the

presence of the lectin was required for the nonmutagenized

cells to reach the same level of resistance that was
achieved by the EMS treated population, it appears that

EMS treatment increases the frequency of lectin-resistant

cells in the population. This conclusion is also supported

by the finding that the EMS treated population showed

a small but significantly higher plating efficiency
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Figure. 4 The plating efficiency of WI-Cl III in
varying concentrations of concanavalin A after
successive passages in 40 pg/ml con A.

A, no lectin exposure; O, 3 passages in lectin;
f)r 5 passages in lectin O 7 passages in lectin.
The data presented is typical of that obtained in

three separate experiments.
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Figure, 5 Plating efficiency of EMS treated WT-Cl III
in varying concentrations of concanavalin A after
successive passages in lectin.

2&, no lectin exposure; (), 3 passages in lectin;

[(J, 5 passages in lectin; {, 7 passages in lectin.

The data presented is typical of that obtained in three

separate experiments.
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(approximately 2.5-fold) than nonmutagenized cells even

before any exposure to con A occurs (Figures 4 and 5).

C.Analysis of the Karyotype of Concanavalin A-Resistant
Lines:

The con A-resistant variants were examined for
the mean number of chromosomes per cell by arresting cells
in mitosis with colchdcine, staining the chromosomes,
and examining chromosome squashes with the use of
photomicroscopy techniques (see Methods section). The
three variants and the wild-type cell lines (¢l I, Cl II
and Cl III) were found to have a mean chromosome number
of 21 (Figure 6). This result‘agrees with the pseudo-
diploid chromosome number reported for CHO cells (Puck
et al.1958). Chromosome squashes of WI-Cl I and cR-7 cells

are presented inFigure 7.

D, Growth Properties of Concanavalin A-~Resistant Cell Lines:
Wright (1973a, 1975) had previously shown that

con A-resistant cel; lines possessed temperature sensitive
(ts) growth propertieé. The variant lines CR-7, BCR-Z

and ECR-l were tested for ts growth properties by

shifting plates containing approximately lO5 cells per
plate from 34° to the desired growth temperature. The

- respective wild-type controls were treated in an identical

manner. Duplicate samples of each cell line were
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Figure 6 Chromosome number distribution of WT-C1l I,
CR—7, BCR-2 and ECR-l cell lines. Similar distributions

were obtained with WT-Cl II and WT-Cl III.
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Figure 7 Aceto-orcein stained metaphase cells of

Wr-Cl I and cR-7.
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trypsinized, diluted with isotonic saline, and counted

in a cell counter (Coulter Electronics) at specific

time periods. All cell lines showed good growth at 34°
(Figure 8) with doubling times of 18 to 24 hours. The
doubling times were observed to decrease at 37° for all

cell lines. Growth rates ranged from 15 hours for

wild-type cells to 22 hours for EC:-1 cells. The doubling

time for wild-type cells at 39° was approximately the

same as that seen at 37°. The con A-resistant lines
however, showed a marked inability to proliferaté at 39°.
The variant cells increased slightly in cell number
within the first 24 hours (BCR—2) to 36 hours (CR-7,
ECR—l) of incubation and then ceased.

Temperature sensitive growth in suspension cultures
was also measured with WT-C1l I and CR-7 cells. WT-Cl I
and CR—7 cells doubled in 22 and 26 hours respectively

at 34° (Figure 9). The doubling time of WT-€l I

decreased to 18 hours at 39°. The CR—7 population increased
only slightly during the first 24 hours at 390, after
which time a decrease in cell number was observed. Trypan

Blue dye exclusion tests revealed that greater than 90%

© for 48 hours were viable

of WI'-C1l I cells kept at 39
while only 1% of CR-7 cells treated in the same manner
excluded the dye and were considered to be viable cells.

These results indicate that the variants exhibit ts




R R
Figure 8 Growth curves for WT, CR—7, BC"-2 and EC -1

cell lines at 34, 37 and 39°.

0, 34°; A, 37° ana @ 39°.

The WT growth curve is representative of data obtained

in numerous growth curves with all three wild-type cell

lines.
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Figure 9 Growth in suspension culture of WT-Ccl I
and CR—7 cell line.
A, c®-7 at 34°%;4 cR-7 at 39°; @, wr-el T at 34°;

@, wr-c1 1 at 39°.
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properties. The ts property of CR—7 cells was further
characterized by assaying the ability of the cell line

to synthesize DNA, RNA, and protein at the non-permissive
temperature. The amount of labelled precursor incorpor-
ated during a 15 minute pulse was measured in aliquots

of cells taken from a spinner of CR—7 cells shifted to

39°, Figure 10 indicates that the temperature change

produced increases in the rate of deoxythymidine (TdR)
and leucine incorporated within the first few hours,
followed by a marked decline in the incorporation of
these precursors over a period of about four days.
Incorporation of uridine declined immediately after

the temperature shift. In control experiments with
wild-type cells, increased rates of TdR, uridine, and
leucine incorporation were observed during the first two

to four hours after temperature shift-up, followed by a

constant rate of precursor incorporation/cell during the
four day experiment. The WT-Cl I cells showed normal
doubling rates over this time span. These results suggest
that the amount of labelled precursor incorporated into

macromolecules by the CR—7 population after shift up declines

and resembles the reported properties of other ts mammalian
cell variants maintained at non-permissive temperatures

(e.g. Thompson et al. 1971).



Figure 10 Incorporation of TdR, uridine, and leucine

into acid precipitable material by CR—7 cells after
shift-up to the non-permissive temperature (39°).

2&, TdR;(), uridine, {f] , leucine. The points
represent the mean of duplicate samples from a single
experiment. Similar data was obtained in two other

experiments.
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The ability to form colonies on a solid surface at

34°

and 39° was determined by plating cells at various
cell numbers in normal growth medium on 60 or 100 mm
tissue culture plates and in 16 oz. Brockway bottles.
The colonies were stained after ten days of growth and
those containing 50 or more cells were counted (see
Methods section). At permissive temperatures 76% of
WT-Cl I and 81% of WI-Cl II cells formed colonies while
70% of CR—7 and 62% of BCR—Z cells were able to form
colonies (Table IV). Both wild-type lines plated with
greater than 80% efficiency at 39°. The variants, how-
ever, showed a dramatic reduction in colony forming
ability at the non-permissive temperature. cR-7 cells were
found to be more sensitive to the non-permissive temper-
ature than were BCR—Z cells (Table IV). Acell density effect
on cell plating was also observed in both cell lines.
CR—7 cells, for example showed a plating efficiency

that ranged from approximately 2 x 1075 when 10°

cells were plated to 4 x 10"4 cells when 5 x lO6 cells
were laid down. ECR—l also showed ts plating efficiencies
(Table IV); however the ts property exhibited by this
line was not characterized in the same detail as the

other two variant lines. Figure 11 shows the colony

forming ability of CR—7 at 34 and 39°.
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TABLE IV

Plating Efficiency at 34 and 39° at Various Cell

Concentrations

$# of col P.E. # of col P.E.
Cell line No of cells @ 34 @ 34 @ 39 @ 39

laid down

Wr-cl I 1 x 10° 762 0.76 810 0.81
Wr-cl II 1 x 10° 815 0.82 - 843 0.84
cR-7 1 x 10° 701 0.71  None -
CR-7 1 x lO4 ND ND | None -
cRo7 1x10°  ND ND 2 2 x
cR-7 5 x 10° ND ND 38 7.6 x
cR-7 1 x 10° ND ND 105 1.1 x
Rz 5 x 10° ND ND 2260 4.5 x
BcR-2 1 x 10° 623 0.62 None -
BCR-2 1 x 10% ND ND None -
BcR-2 1 x 10° ND ND 10 1 x
BCR-2 5 x 10° ND ND 410 8.2 x
BCR-2 1 x 10° ND ND 1231 1.2 x
gcR-1 1 x 103 720 0.72 None -
EcR- 1 x 10° ND ND 45 4.5 x

ND - not determined

10~
10°
10°

10

10~

10°

10

10
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Figure 11 Plating of CR—7 cells at 34 and 39°.

3 4

A) 2 x 10° cells B) 2 x 102 cells c) 2 x 10% cells.







E. Isolation of Concanavalin A-Resistant Revertants
Concanavalin A-resistant revertants were selected

from the CR-7Apopulation by taking advantage of the ts

growth properties of this cell line (Ceri and Wright,

1977a). This was accomplished by incubating 2 x lO6

CR—7 cells on Brockway bottles at the non-permissive

temperature. Colonies appeared after approximately

14 days at 390, A portion of the cells from some of

these colonies were removed with sterile Pasteur pipettes,

added to 60 mm tissue culture plates, and grown to

monolayers at 39°. The plates were used to seed Brockway

bottles, which were maintained at 390. Cloned lines

designated RCR—7, RCR~7b, and RCR-7c were selected from

these populations (see Methods section). The ts revertant

cell lines were then cultured at 34°. The growth properties

of the three revertant clones were compared to the

parental CR—7 population (Figure 12). The RCR—7 cell

line showed a doubling time at 34° of 19 hours. The

doubling time for RCR—7 decreased to 17 hours at 39°. The

cell lines RCR—7B and RCR-7C showed growth properties

similar to RCR—7 at 340, however the doubling times of

these cell lines were fouﬁd to increase when incubated

at the non-permissive temperature. RCR-7B and RCR—7C

were able to proliferate at the non-permissive temperature

but their growth rates were reduced when compared to the

parental wild-type cells.
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Figure 12 Growth curves of'CR47, RCR-7, RCR—7B and

RCT-7C at 34 (@) and 39° (Q).
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Wright (1975) has previously shown a correlation
between the degree of con A-resistance and the ts growth
property of variant cell lines. The revertant cell
lines were tested by standard plating techniques to
determine if the loss‘of the ts growth property was
accompanied by a change in con A resistance. RCR—7
was more sensitive to the cytotoxic effects of the lectin
than was the parental variant line CR—7(Figure 13). The
D10 value for RCR-7 (Table V) was 25 ug/ml con A
which was intermediate between the DlO values of wild-type
lines (18 ug/ml con A) and the variant CR—7 cell line
(45 ug/ml con A). The RCR—7B and RCR—7C cell lines were
considerably more resistant to con A thanvwﬂmaRCR—7 cells
(Figure 13). The DlO values approached those of con A-

resistant cell lines and were approximately twice the

values found with wild-type cell lines.

F..Somatic Cell Hybrids

Spmatic cell hybrids were formed through the fuéion
of wild~-type clone I or CR—7 cells with an auxotrophic
CHO cell line (McBurney and Whitmore, 1974) containing an
ouabain resistant marker (AUXBl—OR) (Wright and Ceri,
1977b; Ceri and Wright, 1978a; see Methods section). The
hybrid A-W was formed through the fusion of two con A-

sensitive cell lines, WP-Cl I and AUXB —OR (see Methods

1

97
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Figure 13 Plating efficiencies of WI-Cl I (Q), cRay
(@), RC®-7 (®), rRcR-7b (@) and RcR-7¢ (A) in

varying concentrations of con A.
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A-Resistant Cell Lines.

TABLE V

Cell Line

Con A-Sensitive Lines

Wr-Cl I

WT-€1 II

WT-Ccl LII

rcR-7

A-W

A-7

A-7B

A-7C

Con A-Resistant Lines

C

R

-7

BcR-2

EcR-1

*

Values were obtained from a minimum of five killing

curves done on each cell line.

Values® of Concanavalin A-Sensitive and Concanavalin

DlO (g Con A/ml)

18
18
18
25
18
18
25

20

45
48

45

100




section). It is apparent from Figure 14 that the

~ A-W hybrid was approximately as sensitive to the toxic
action of con A as were the pseudodiploid wild-type
cells. Also, three other hybrid lines (A-7, A-7B,

A-7C) were independently selected through the fusion

of CR-7 cells with the lectin—sensiﬁive AUXBl-QR cell
line; these hybrid lines were approximately as sensitive
to the presence of con A as were the A-W hybrid cells
and the pseudodiploid wild-type cells (Figure 14). The

D values of con A for A-7, A-7B, and A-7C (Table V)

10
were estimated to be 1.0, 1.4, and 1.0 times the wvalue
observed with either A-W hybrids or with wild-type cell
lines. Therefore in agreement with other stﬁdies
(Stanley et al. 1975c¢; Stanley and Siminovitch, 1976;
Ceri and Wright, 1978a) the con A-resistant phenotype

behaved as a recessive trait in somatic cell hybrid

studies.

G. Analysis of the Karyotype of Somatic Cell Hybrids:

The mean chromosome number of the somatic cell
hybrids was determined as described in the Methods section.
The model chromosome number of the hybrids approached a
mean value of 42, which was twice the wvalue of a
pseudodiploid cell line (Figure 15). The chromosome

numbers in the hybrid cells did show some variability,
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Figure 14 Plating efficiency of somatic cell hybrids
A-W, A-7, A-7B and A-7C in varying concentrations of

concanavalin A.

Q©, a-w; O, 2-7;Q, a-783; A, a-7c.
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Figure 15 Chromosome distribution in somatic cell

hybrids A-W, A-7, A-7B and A-T7C.
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but this was consistent with the reported decrease

in chromosome stability observed in hybrid CHO clones
(Baker et al. 1974; Worton et al. 1977). Representative
chromosome squashes of A-W and A-7 are presented in

Figure 16.

Growth Characteristics of Somatic Cell Hybrids

Resistance to the cytotoxic properties of con A
seen in the variant CR—7, behaved as a resessive property
in somatic cell hybrids (Figure 14). The growth
properties and plating efficiencies of the hybrids were
studied at the non-permissive temperature to determine
if the ts growth properties of CR—7 (Figure 8) also
behaved as a recessive marker in hybrids. The growth
responses of A-W and A-7 at 34, 37, and 39° are shbwn
in Figures 17a and b, respectively. The growth properties
of both cell lines closely resembled those of wild-type
cells (Figure 8); doubling time decreased at 37 and 39°
when compared to the growth rate at 34°. Also, the
ability of various hybrids to form colonies on solid
surfaces was tested at 34 and 39°. The hybrids (A-W,
A-7, A~7B and A-7C) showed approximately the same
plating efficiency at both temperatures (Table VI) It
would appear therefore that hybrids formed by the fusion

of con A-resistant and con A-sensitive cell lines behave
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Figure 16 Aceto-orcein stained metaphase cells of

hybrid lines A-W and aA-7.
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Figure 17 Growth curves of somatic cell hybrids A-W

and A-7 on plates at 34 (@), 37 (A), and 39° (Q).
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TABLE VI

111

Plating Efficiency of Hybrid Cell Lines at 34 and 39°.

No. of Cells

Cell Line No. of Col PE _ No, of Col PE
Laid Down at 34° at 34° at,39O at 39°
A-W 1 x 103 420 .42 560 .56
A-7 1 x 10° 380 .38 510 .51
A-7B 1 x 103 320 .32 470 .47
A-7C 1 x 10° 280 .28 360 .36
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as lectin-sensitive populations both in their response
to the drug and in their ability to proliferate at 39°.
Based on the D10 values (Table V) the cell lines
can be roughly divided into con A-resistant lines
(CR-7, BCR-Z, and ECR-l) and con A-sensitive cell lines
(Wr-Cl I, II, and III, RCR—7, A-W, and A-7). "These

cell lines were characterized further.




Section 2 Altered Membrane-Associated Properties of

Concanavalin A-Resistant Cell Lines

Concanavalin A causes a wide variety of effects upon
mammalian cells in culture by binding to specific
carbohydratemoiétiescnxthe cell surfaée (Sharon and Lis,
1972). Therefore, it might be expected that cells
resistant to the cytotoxic properties of con A would
possess alterations at the level of the plasma membrane.
The cell lines previously discussed have been separated
into lectin-sensitive and lectin-resistant cell lines.
(Table V). These cell lines were further studied for

possible alterations in membrane-associated properties.

A Morphology:

Morphology differences may reflect actual changes
in the composition or conformation of cell surface
structures, since it is known that modifications to the
cell surface usually lead to changes in morphology
(Wright, 1973b; Wright et al. 1973; Hanneberry et al.
1975).

The morphologies of the three wild-type clones
(Figure 18) are similar, showing a tight growth pattern

with little evidence of cells aggregating to form clumps.
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Figure 18 Morphology of near confluent cultures of
WI-Cl I (a), WI-Cl II (b), and WT-Cl III (c) grown

on plates at 34°. Magnification: 160 X.
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Although the morphology of each of the three
variant cell lines is distinct; a marked differenbe
between the variants and the parental wild-types is
obvious (Figﬁre 18 and Figure 19). CR—7 (Figure 19a)
cells formed large clumps or spheres of cells which
appeared loosely attached to the cells on the
substratum. The cells on the subs%ratum tended to grow

-in a more disorganized criss-cross pattern that that

observed with wild-type cells. Similar to CR—7, the
ECR—l cells (Figure 1l9c) grew in a more disorganized
criss-cross fashion. Large multicellular clumps or
spheres of cells were present; however, cell aggregation
was less pronounced in ECR-l than iﬁ CR—7. The
appearance of BCR-Z (Figure 19b) cultures was quite
different from cultures of either the wild-type or the
other two lectin-resistant cell lines. BCR-2 cells did
not form large multicellular clumps, and the shape of

the individual cells was distinctly more "fibroblast-

like" when compared to parental wild-type cells.
There is a considerable controversy concerning the
role played by surface topography on the interaction of

con A with cells (Willingham and Pastan, 1974, 1975;

Collard and Temmik, 1975; Oppenheimer et al. 1977a, b).
Pastan's group (Willinghamland Pastan, 1974, 1975)

believes that the presence of an increased number of




Figure 19 Morphologies of near confluent cultures of
the variant cell lines CR—7 (a), BCR-Z (b) and ECR—l (c).

Magnification 160 X, 600 X, and 320 X respectively.







microvilli is responsible for increased con A

agglutination of transformed cells. Other groups
(Collard and Temmink, 1975; Oppenheimer et al. 1977a, b)
have implicatea large smooth surface areas in the
agglutination of transformed cells by con A. Preliminary
studies on the surface topography of WI-Cl I and CR~7
cells were carried out following the procedures of
Collard and Temmink (1975). Coverslip cultures, seeded
with 5 x 105 cells, were incubated overnight in complete
growth medium. The cells were washed with PBS and

fixed 5 min. in 2.5% gluteraldehyde. Cells were then
dehydrated in successive baths of increasing ethanol
concentration. The dehydrated specimens were critical-
point dried and coated with gold prior to being studied
in a Phillips scanning electron micraoscopa. Duplicate
fields of each cell type were prepared on three separate
occasions. Typical surface morphologies were as shown
in Figure 20. The WT-Cl I cells were found to possess

a relatively smooth surface with large blibs‘and surface
rills (Figure 20 a). The surface of CR~7 was rougher

in comparison with many more small blibs and microvilli
present (Figure 20b) Although these results are pre-
liminary and restricted to just WT Cl I and CR—7 they

do indicate possible interesting differences in the
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Figure 20 Scanning electron micrographs of a)
WT-Cl I and b) CR_7 cells grown on coverslips at 34°.

Magnification: 30,000 X.
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surfaces of con A-resistant and sensitive cell lines.

B Cell Agglutination Properties:

Lectins, by definition, possess the ability to
agglutinate cells, and these molecules are often used
as tools oOr probesin investigations concerning cell
surfaces (Sharon and Lis, 1972; Nicolson, 1974). The
results of con A agglutination experiments with con A-
resistant and sensitive cell lines are shown in Table
VIII. Higher concentrations of con A were required to
agglutinate the variant populations. For example,
in the presence of 500 ﬁg/ml con A virtually 100% of
the wild~type cells were agglutinated, whereas only 50%
of the variants CR—7 and ECR—l were clumped. It should
be noted that BCR—Z cells consistently formed many small
clumps when suspended in buffer without lectin; there-
fore, although BCR—Z cells appeared to resemble CR—7
and ECR—l in these studies, it was not possible to
estimate agglutination accurately.

The revertant cell line RCR—7 behaved like a wild-
type population in con A sensitivity tests (Figure 13).
It also showed an agglutination profile which was indist-
inguishable from the original parental wild-type cell
line (Table VII).

Both wild~type ~ wild-type (A-W) and wild-type -
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TABLE VII

Cell agglutination in the presence of concanavalin A.

Con A conc. (ug/ml)
Cell line 0 50 250 500 750 1000

wild-types (I,

IT, & III) - - +++ +4+++ +44+ +4+++
R

c -7 - - - ++ +++ +4+4++
= :

EC -1 - - - ++ +++ ++++
R

RC -7 - - ++ +4++ +44+ ++++

A-W - + +++ ++++ 4+ +4+++

A-7 - + +4++ +++4+ ++++ ++++

BCR—Z cells consistently form many small clumps of

cells when suspended in buffer minus lectin. Although

BCR—Z cells appeared to resemble CR—7 and EcR-1 cells
in these studies it was not possible to estimate
agglutination accurately. Data presented was obtained

from at least three agglutination experiments with each

cell line.




variant (A-7) hybrids were more easily agglutinated
in the presence of con A than con A-resistant cell lines.
The hybrids, in fact, were consistently found to
agglutinate at slightly lower concentrétions of the
lectin than pseudodiploid wild-type or revertant cell
lines. The mechanism responsible for the increased
agglutinability of the hybrid cells is not understood.
Pretreatment of the cell surface with trypsin can
lead to a change in the agglutination patterns of cells
(see review Schnebli, 1976). As seen in Table VIII higher
concentrations of con A were required to agglutinate
both WT~-Cl I and CR—7 cells after treatment with 0.15%
trypsin for 15 min. at room temperature; however CR—7
cells still required higher lectin concentrations to

show agglutination than did wild-type cells.
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Clearly, con A-resistant cells are less:easily agglutinated

in the presence of con A than are con A-sensitive cells.
In contrast to these observations, the con A-resistant
cell lines were found to agglutinate more readily with the
lectin Phytohemagglutinin~-P, (PHA) than did wild-type cells
(Table IX). For example, in the presence of 64 ug/ml
PHA, con A-resistant cells exhibited essentially 100%
agglutination, whereas the parental wild-type lines

showed less than 50% clumping.




TABLE VIIT

Concanavalin A agglutination after trypsin treatment.

A) No Trypsin Treatment.

Cell line 0 50 250 500
WI-Cl I - - ++ Qe
cRo7 - - - ++

Data is representative of two separate experiments.

750

et

+++

e+

++

1000

++++

++++

+4++

++++
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TABLE IX
Cell agglutination in the presence of Phytohemaglutinin-P.
PHA~P Concentration (ug/ml)

Cell line 0 16 32 64 128 320

Wild-type (C1l

I & ITI) - - - ++ ++++ F+++
CR-7 - - - ++++ ++++ ++++
ECR-1 - - ++ ++++ ++++ ++++

BCR—2 cells consistently form many small clumps of cells
when suspended in buffer minus lectin. Although BCR—Z
cell appeared to resemble CR-7 and ECR—l cells in these
" studies it was not possible to estimate agglutination

accurately.
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These studies indicate that the lectin agglutination

pro?erties of the con A-resistant variants are distinctly

different from the sensitive cell lines.

C Cell Adhesion:

The ability of cells to adhere to a substratum is
a property of ﬁhe cell;ﬁémbrane. Cell variants with
reduced ability to attach to growth surfaces have
been selected (Pouysségur and Pastan, 1976; Hynes, 1976;
Klebe et al. 1977). Adhesion to solid surfaces can be
quantitated by measuring the raté}at which cells are
removed from a solid growth surface with a trypsin
solution (Pouysségur and Pastan, 1976).

The rate at which con A—resistant variants detached
in ﬁhe presence of 0.03% trypsin (see Methods section)
was much greater than the rate observed with wild-type
cell lines (Figure 21). For example, after 40 min
of trypsin treatment approximately 60% of CR-7 cells
and 40% of BCR-2 and ECR—l cells had detached, while
oniy 10% of wild-type clones I, II, or III had lifted
from the plates (Figure 21).

The RCR—7 cell line showed greater cell adhesion
than did the C°-7 line from which it was derived. While

60% of CR—7 cells detached after 40 min. only about 15%
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Figure 21 Kinetics of detachment of wild-type (@),
c®-7 (@), Bc®-2 (@), ec®-1 (@), rc®-7 (@),

A-W (A), and A-7 ({)) cells from a plastic tissue
culture plate with PBS containing 0.03% trypsin.
Cells were incubated at 34° for 24 hours in normal
growth medium prior to experiment. ?oints represent
the mean of duplicate points from a single experiment.

Similar data was obtained in three separate experiments.
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of RCR—7 cells detached after identical treatment
(Figure 21). The reduced cell adhesion property
observed with CR-7 was not expressed in the hybrid
A-7, which was formed through the fusion of a CR—7
cell with a wild-type cell. The A-7 detachment kinetics
were very simila: to those observed‘with the pseudo-
diploid wild-type cells and with the wild-type -.Wild-
type (A-W) hybrid cell line (Figure 21). |

Since con A-resistant cells show ts growth properties
the detachment kinetics of CR—7 and WT-Cl I cell lines were
compared when cells were incubated for 24 hours at 34° or 39°.
Figure 22 shows the detachment kinetics of CR-7 cells
grown at 34 and 39° to be markedly different. Approximately
50% of the CR-7 cells grdwn at 34° lifted from the
growth surface after 15 minutes in the trypsin solution
while only 15% of the CR—7 cells maintained at 39°

detached under the same conditions. A very slight decrease

in the numbers of wild-type cells released after growth
at 39° was also observed (Figure 22). These results point
to a difference in adhesive properties between con A-

resistant and con A-sensitive populations; furthermore

this cell surface property may be expressed as a ts

- function in variant cells.
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Figure 22 Detachment kinetics of wild-type (@) and
cR-7 () cells méintained at 34° and wild-type Q)
and CR—7 (A) cells maintained at 39° for 24 hours
before detachment assay in 0.03% trypsin. Points
represent the mean of duplicate values from a single

experiment. Data is typical of two individual experiments.
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D Sensitivity to Membrane Active Agents:
Variants selected for resistance to one drug

often exhibit altered responses to a number of unrelated

drugs (Bosman, 1971; Wright, 1973a; Ling and Thompson,
1974; Wright and Lewis, 1974; Ceri and Wright 1977a,
1978a). Previously, Wright (1973a) had reported that

con A-resistant CHO cell lines showed "collateral

sensitivity" to a number of membrane active agents.
Sodium butyrate alters the surface membrane of cells
(Wright, 1973b; Simmons et al. 1975). The mode of
action of the drug appears to be through the modification
of glycosyl-transferases (Fishman et al. 1974).

| Phenethyl alcohol (PEA) has also been shown to be a
membrane active agent (Wright et al. 1973; Nunn, 1977).
The treatment of CHO cells with 0.1% PEA for 8 hours
resulted in significant changes in the glycoprotein
pattern of the cell surface (Figure 23, Ceri and Wright,

1977b), as determined by galactose oxidase -[3H]—

borohydride labelling (see Methods section).
Drug sensitivity was assayed by determining the

plating efficiency of cells in the presence of varying

concentrations of sodium butyrate or PEA. Figure 24
shows data from a typical plating experiment with WT-C1l I
and CR-7 cells plated in the presence of various

concentrations of phethyl alcohol (Figure 24a) or sodium
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Figure 23 Sodium dodecyl sulphate polyacrylamide gel
electrophoresis of CHO cells pretreated with 0.1% PEA
(A) and untreated control cells (B). Galactose oxidase
-[3H]- borohydride surface labelling was performed as
described in Methods except cells were labelled from

plates instead of from suspension cultures.
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Figure 24 Relative Plating Efficiency of Wr-¢l I Q)
and cR-7 (A) cells in varying concentration of

Phenethyl alcohol ( a) and sodium butyrate (b).
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TABLE X

Sensitivity of con A-resistant and sensitive lines to
the membrane active agents Phenethyl Alcohol and Sodium

Butyrate.

Cell Line Dlo(mM;Phenethyl Alcohol) . Dlo(mM;Sodium Butyrate)

Wwr-cl I 5.1 0.74
WI-Ccl II 5.1 | 0.74
Wr-cl IIT 5.1 0.73
cR-7 2.1 0.34
BcR-2 2.0 0.33
ECR-1 1.8 0.35
rcR-7 4.6 0.70
A-W 4.2 0.70
A-7 4.0 0.68

The plating efficiency of each cell line was determined

by plating varying numbers of cells in the presence

of various concentrations of each of the drugs. The
concentration of drug that reduced colony-formation to 10% of
controls was defined as the D10 for that particular drug.

Data was obtained from duplicate plating experiments performed

with each drug on all cell lines.
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butyrate (Figure 24b). The Dlo values of CR-7 and
WT-Cl I cell lines in PEA were found to be 2.1 and

5.1 mM, while in sodium butyrate the D values were

10
0.34 and 0.74 mM respectively. The D10 values of the
other con A-sensitive and -resistant cell lines were
calculated in a similar manner and are presented in
Table X. The resistant cell lines BCR—2 and ECR—l
behaved similarly to the CR-7 cell line and were 2 to
2.5 times more sensitive to the drugs than the parental
wild-type cells. The revertant and hybrid cell lines,
which behaved as wild-type populations in con A
sensitivity'tests, élso showed "wild-type" levels of
sensitivity toward PEA and sodium butyrate.

These results agree with those of a previous report
(Wright, 1973a) which showed con A-resistant cells were
significantly more sensitive to a number of membrane

active agents.

E Sensitivity to Plant Lectins

Lectin-resistant cell lines often show altered
sensitivities toward other plant lectins (Wright, 1973a;
Stanley et al. 1975b; Stanley and Siminovitch, 1976).
The relative sensitivities of cR-7 and WT-Cl I cells
toward the lentil lectins.(LCH—A, LCH-B), soybean

agglutinin (SBA), wheat germ agglutinin (WGA) and phyto-
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TABLE XT

Relative Sensitivity of CR—7 Cells to Plant Lectins

Lectin Relative Sensitivity of CR-7 Cells
LCH-A R
LCH-B R
SBA ' S
WGA S
PHA-P S

R: CR-7 cells pléted at an efficiency of at least 75% at
iectin concentrations which reduced WT-Cl I plating
efficiency to less than 1%.

S: CR—7 and WI~Cl I plated at approximately the same

efficiency at all lectin concentrations tested.
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hemagglutinin~P (PHA-P) were assayed by plating cells
in varying concentrations of the drug. CR—7cellswere:&mnd
to be cross-resistant to the lentil lectins but both
cell lines showed similar sensitivities to the other
\

lectins tested (Table XI). It should be noted that con A

and the lentil lectins bind specifically to mannose

while SBA, WGA, and PHA-P show binding specificities
for GalNAc, GLcNAc, and GalNAc respectively (Sharon and

Lis, 1972).

F Concanavalin A Binding Studies:

The resistance of the variant cell lines to the
cytotoxic effects of con A and the reduced agglutinability
of these cell lines may result from a reduction in the
ability of variant cells to bind con A. Wright (1973a)
has previously tested for differences in con A binding at
room témperatureYﬁthlectin—resistant cell lines, but was

unable to demonstrate significant changes. It is now

clear that it is very important to block endocytosis of
labelled con A during binding studies (Norman and Burger,1973,

1974). The method previously employed by Wright (1973a) did

not prevent endocytosis, and subtle differences in con A
binding may have been masked. Preliminary binding
studies were carried out with wild-type cells (Noonan

and Burger, 1974) to determine if saturating binding




Figure 25 Time course concanavalin A binding study at 4°
with WT C1I cells pretreated 40 min with 10 mM

sodium azide (A and untreated WI-Cl I(Q)) cells.

The experiment was carried out in the presence of

100 ug cold concanavalin A.
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could be achieved under conditions in which endocytosis
was likely to be inhibited. A time course binding study
was carried out at 4° in the presence and absence of

10 mM of the metabolic inhibitor sodium azide (Figure
25). It was observed that in the absence of the
inhibitor saturation binding was not obtained; however
when cells were pre~treated for 40vminutes with 10 mM

sodium azide and then assayed in the presence of the

inhibitor, saturation binding occurred after approximately

five minutes. This time period was routinely used in
all binding studies. |

The diameters of each cell type was determined in
order to compare the gquantity of con A bound per cell
surface area. An average of 200 cells of each cell type
were measured with a light microscope fitted with a
micrometer. The average cell diameter was used to
calculate the cell surface area, assuming the cells were
smooth spheres (Collard and Temmink, 1975). The values

for the cell surface areas are presented in Table XII.

The binding of labelled con A to wild-type CHO cells

as a function of lectin concentration is shown in Figure
26. Apparently, the binding curve obtained was not
hyperbolic and suggested that con A was binding to

cells with positive cooperativity. When the data was

analyzed for possible cooperative effects by means of a
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TABLE XIT

Cell surface areas of concanavalin A-resistant and

concanavalin A-sensitive cell lines.

Cell line Surface Area (uMz)

cR-7 1150

BcR-2 | 1145

EcR-1 1120

WI-Cl I 850 -
WI-Cl II 854

WI-€1l III 850

rCR-7 1010

A-W 1110

A-7 1510

#R8-100 940
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6 wild-

Figure 26 3H—Labelled con A bound per 1.8 x 10
type cells at various concentrations of lectin. Inset:
data presented in the form of a Hill plot. Hill

coefficient was calaculated to be 1.8.
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Hill plot (Hill, 1913), it became obvious that a
significant amount of lectin was bound to the cells
in a cooperative manner (Figure 26, see inset); the
Hill coefficient was calculated to be 1.8.

When the binding of labelled con A to CR—7 cells
was examined as a function of lectin concentration
(Figure 27) the binding curve appeared to be hyperbolic.
The data from Figure 27 was analyzed by a Hill Plot
and a Hill coefficient of 1.0 was calculated, indicating
a lack of cooperativity in the binding of labelled con
A to the variant cells (Figure 27, see insert).

The data in Figures 26 and 27 were also analyzed-
by Scatchard plots (Scatchard, 1949); the data is
showh in Figure 28. Clearly, the con A was bound to
wild-type cells in a cooperative fashion, as judged
by the non-linearity of the Scatchard plot. Conversely
a linear Scatchard plot, which indicates lack of
cooperativity, was obtained when the lectin~resistant
cells were incubated in the presence of labelled con A.
By extrapolation to the abscissa the Scatchard represent-

ation provides an estimate of the amount of lectin bound

per culture at saturation binding. Although it is
difficult to extrapolate a non-linear Statchard plot to

the abscissa it was still possible to estimate that
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Figure 27 3H—Labelled con A bound per 1.8 x 10
variant cells at various concentrations of lectin.

Inset: data presented in the form of a Hill plot.
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Figure 28 Data from Figure 26 (), wild-type cells)

and Figure 27 (A, variant cells) plotted according

to Scatchard's equation: r/c=nK - rK where, r
represents the amount of lectin bound, ¢ is free lectin
concentration, n is the amount of lectin bound at
saturation and, K is the apparent association

constant for lectin-receptor site binding. Each
point’represents the average of duplicate points from

a single experiment; similar data has been obtained

in 3 separate experiments.
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approximately 4.5 ug/ml con A was bound/l1.8 x lO6

wild-type cells at saturation binding. Assuming a
molecular weight of 110 000 for con A (Sharon and Lis,
1972) an estimated 1.6 x 104 con A molecules of con A
were bound/um2 of wild-type surface area, which was
calculated at 854 um2 (Table XII). As indicated in

Table XIII identical results were obtained with all

three wild-type cell lines (Cl I, Cl II and Cl TII). .

By extrapolating the Scatchard plot obtained with
CR—7 (Figure 27) it was determined that 2.5 ug/ml
con A bound to 1.8 x lO6 CR—7 cell at saturation binding.
The surface area of the CR—7 cell was estimated at
1150 um2 which meant that 6.5 lO3 molecules of lectin
were bound/um2 surface area of variant cells at
saturation binding.

» The wild-type cell line was therefore capable of

binding approximately 2.5 times more lectin/surface

area than was the CR-7 population.

Similar differences in the ability to bind con A
were found when the other independently isolated variants

were studied. When the binding of 3H—con A to BCR—Z

(Figure 29) and ECR—l (Figure 30) was examined as a
function of lectin concentration, the binding curves
obtained appeared to be hyperbolic. When the binding

data from these variants was analyzed by Hill plots




Figure 29 3H-labelled con A bound/l.8 x 106 BCR-2

cells at various concentrations of lectin. The inset
in the upper part shows a Hill plot of the data. The
Hill coefficient which represents the slope of this
plot was calculated to be 1.0. The inset at the bottom
presents the data according to Scatchard's equation:
r/c=nk-rk where, r, represents the amount of lectin
bound, ¢, is the free lectin concentration, n, is the
amount of lectin bound at saturation and, k, is the
apparent association constant for lectin: receptor
site binding. Each point represents the average of
duplicate points from a single experiment; similar

data has been obtained in 3 separate experiments.




155

- 00P 0S¢  00¢ 0Ge 00¢ (0]¢]] 00l 0og 0]
T . j ' J y ' — A
460
(@]
) o
o |
O
0
101 3
<
Q
=
g1 F
o
o
| el
-
o
.o._v - .N >~
| 10 g
. I o Q
.||:m bo 0
_ -+ ol =u
Nl'




6 gcRo;

Figure 30 3H—labelled con A bound/1.8 x 10

cells at various concentrations of lectin. The

inset in the upper part shows a Hill plot of the

data. The Hill coefficient was calculated to be 1.0.

The inset at the bottom presents the data according

to Scatchard's equation . Each point represents

the éverage of duplicate points from a single experiment;

similar data has been obtained in 2 separate exXperiments.
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(Figures 29 and 30; see insets) a Hill value of 1.0
was obtained, indicating that the labelled con A was
probably binding to non-interacting lectin sites at

the surface of these con A-resistant variants. Scatchard

plots (Figures 29 and 30; see insets) of the binding

curves were linear, again indicating the lack of a

cooperative binding mechanism in the mutant cell line.

By extrapolation of the Scatchard plot to the abscissa

it was determined that BCR—Z and ECR—l bound approximately

2.1 and 2.3 ug/ml con A/1.8 x 10°

cells respectively
(Figures 29 and 30; see insets). These values represent
6.3 x 106 molecules and 6.9 x lO6 molecules of con A
bound/variant cell surface. The surface areas of BCR—Z
and ECR—l were calculated to be 1145 um2 and 1120 umz,
therefore at saturation binding BcR-2 bound 5.5 x lO3
molecules and ECR—l bound 6.2 x 103 molecules of con A/
um2 of surface area. It is clear, therefore, that con A-

resistant lines bind con A in a non-cooperative fashion

and bind a maximum of 5.5 to 6.5}(103 molecules of

lectin/um2 of cell surface area.
As an additional control for the differences in binding

mechanism between wild-type cells and those lines selected

for their resistance to con A, binding studies were
also carried out with a cell line selected for resistance

to the toxic action of an unrelated drug, hydroxyurea.
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The cell line HR-lOO was selected in our laboratory
by Mr. K.A. Goodridge by using previously published

selection procedures (Wright and Lewis, 1974; Lewis

Wright, 1974). The HR-IOO cell line is highly resist-
ant to the toxic effects of hydroxyurea and exhibited

a wild-type sensitivity to con A.

The binding of labelled con A to HR-lOO cells as

a function of lectin concentration is shown in Figure

31. The’binding curve obtained appeared to be sigmoidal
and suggested that con A was binding Qith positive
cooperativity. Analysis of the binding curve by the
Hill plot (Figure 31, see inset) indicated a significant
amount of lectin was bound to the cells in a cooperative
manner. The Hill coefficient was calculated to be 1.7.
The non-linearity of the Scatchard plot (Figure 31, see
inset), also indicated that the lectin bound to mR-100
cells in a cooperative fashion. As with the wild-type

population, it was difficult to extrapolate the non-

linear Scatchard plot to the abscissa, however it

was possible to estimate that approximately 5.2 ug/ml

6

con A was bound per 1.8 X 10  cells at saturation.

This represents approximately 1.6 X 107 molecules of
lectin bound per cell. If the cell surface area of 940

umz for HR—IOO is taken into consideration it then

represents 1.7 X 104 molecules of lectin bound/um2

surface area. Therefore it is apparent that HR—lOO,



6 aR100

Figure 31 3H—labelled con A bound/1.8 x 10

cells at various concentrations of lectin. The inset
in the upper part shows a Hill plot of the data. The
Hill coefficient was calculated to be 1.7. The

inset at the bottom presents the data according to
Scatchard's equation. Each point represents the
average of duplicate points from a single experiment;

similar data has been obtained in 3 separate experiments.
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a variant selected for resistance to a drug other thancon A,.exs

hibited a binding mechanism similar to that found for the 3
independent wild-type population studied, and bound
approximately the same amount of con A/surface area as
wild-type cells.

The binding of labelled con A to RCR-7 cells was
studied to determine if the return to con A-sensitivity
also resulted in a return to a cooperative binding
mechanism.

The binding of labelled con A to RCR—7 cells as a
function of lectin concentration is shown in Figure 32.
The binding was not hyperbolic; when the data was
analysed for possible interactions between binding
sites by the Hill and Scatchard plots (Figure 32; see
insets) it was clear that the lectin bound to theA
intact cells in a cooperative manner. The Hill co-
efficient was calculated to be 1.4 as compared to 1.8
with wild-type cells and 1.7 for HR—lOO cells (Table
XIII). This indicates that the interactions between con
A binding sites in tﬁe revertant may not be gquite as
strong as the cooperative interactions observed in the
wild-type case.

An estimate of the amount of bound con A derived

from the non-linear Scatchard plot revealed that about
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Figure 32 3H—labelled con A bound/1.8 x 10 rcR-7 cells
at various concentrations of lectin. The inset in the
upper part shows a Hill plot of the data. The Hill
coefficient was calculated to be 1.4. The inset at

the bottom presents the data according to Scatchard's
equation. Each point represents the average of

duplicate points from a single experiment; similar

data has been obtained in 3 separate experiments.




50

Jdo
e [/ <
i
[+ ] [+ ] .///. -
° ile}
/ )]
/
/ J
/ [
°
of ie
/ (4V]
°
(] l.
.
|® o
|® -
\
° 2 oe X
° \
. . a—O)
Mm o -
© O O
¢ o O
|> t..lO
>
o
o
-
— @) — -]
Y M. - 0
o
n
[ W'}
N
< o
- o
n .&m"’
c
o
1 1 1 1
Q o o (®)
< 2] o -

(B ) punog Y ujDADUDOUO)

150 200 250 300 350 400

100

Concanavalin A (pg/ml )




5 ug/ml con A bound per 1.8 X 106 cells. This value
corresponds to 1.5 X\lo7 moleculés df lectin bound
per céll, and when the cell surface area (1010 umz)
was considered, it was Ealculated that approximately
1.5 X 104 molecules of lectin was bound/um2 surface
area.
These results which are similar to the data obtained
with wild-type cells strongly suggest that a return to
a con A—senéitive phenotype (RCR—7’cells) was accompanied
by a change to a 'wild-type' mechanism of con A binding.
Both hybrid cell lines A-W, formed by the fusion of
2 lectin-sensitive cell lines, and A-7, formed by the
fusion of a lectin-sensitive and a lectin-resistant
cell line, showed wild-type sensitivity to con A (Table
V). Binding studies were carried out to determine if
the hybrid cells showed a'wild-type' binding mechanism
for con A.
The results of lectin binding studies are shown
in Figures 33 and 34. Clearly the binding data obtained
with the two hybrid cell lines was similar. An analysis
of the binding data by Hill and Scatchard plots
(Figures 33 and 34, see insets) indicated that con A bound
to both hybrid lines with positive cooperaﬁivity. The
interactions between con A binding sites in the pseudo-

tetraploid cells, however appeared to be weaker than those
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Figure 33  “H-labelled con A bound/1.8 x 105 a-w

cells at various concentrations of lectin. The inset
in the upper part shows a Hill plot of the data. The
Hill coefficient was calculated to be 1.3. The inset
at the bottom presents the data according to Scatchard's
equation. Each point reéresents the average of

duplicate points from a single experiment; similar data

has been obtained in 3 separate experiments.
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6 A-7 cells

Figure 34 SH-labelled con A bound/1.8 x 10
at various concentrations of lectin. The inset in

the up?er part shows a Hill plot of the data. The Hill
coefficient was calculated to be 1.3. The inset at the
bottom presents the data according to Scatchard's
equation. Each point represents the average of duplicate

points from a single experiment; similar data has been

obtained in 2 separate experiments.
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of the pseudodiploid cells. For example, the Hill co-
efficients (Figures 33 and 34; see insets) for both A-W
and A-7 were 1.3 as compared to 1.8 for wild-type cells.
The reason for these weaker interactions is not yet known.
Once again the lack of linearity with Scatchard plots
(Figures 33 and 34, see insets) made it difficult +o ac-
curately determine the maximum amount of lectin bound. It
was possible, however, to estimate that approximately 4.4
and 8.0 ug/ml of con A bound to 1.8 X 106 cells of A-W
and A-7 hybrid lines, respectively. These values represent

7 . molecules of con A bound/cell surface.

1.7 ¥ 10
When the cell surface areas of A-W (1110 umz) and A-7
(1510 um2) were considered, it was calculated that

4 4 molecules of con A

approximately 1.5 x 10" and 1.6 x 10
were bound per umz cell surface area of A-W and A-7 cells
respectively. Again these estimates of con A bound/cell
surface area closely reflect the values found with the
wild-type cells as summarized in Table XIII.

The con A-resistant cell lines were found, therefore,
to bind con A by an altered mechanism when compared to

wild-type cell lines, and to bind significantly less c¢on A

than wild-type cells.

G. Concanavalin A Recpetor Mobility:

Alterations in the surface membrane of mammalian cells
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TABLE XIII

Summary of Concanavalin A Binding Experiments.

Cell Lines Hill coefficient Concanavalin A molecul.es/um2
surface area (x 10 )

a) Concanavalin A-Resistant Lines

e 1.0 6.5
BCR-2 1.0 5.5
BcR-1 1.0 6.2

b) Concanavalin A-Sensitive Line

Wild-type* 1.8 ' 16.0
HY-100 1.7 17.0
RCR-7 | 1.4 15.0
AW 1.3 15.0
A-7 1.3 | 16.0

* The same results were obtained with WT~Cl I, WI-C1 II, and
WI-Cl III populationms.
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result in important changes in the fluidity and receptor

mobility properties of these membranes (Rutishauser et al.
1974; van Veen et al.1976; Albrecht-Buehler and Chen,

1977). The mobility of con A receptors on the surface
membrane can be visualized by binding fluorescent
conjugated con A (fl-con A) to cells at 4° and then

shifting them to normal growth temperatures to observe the
redistribution of lectin binding sites (see Methods section).

The ability of CHO cells to aggregate fl-con A into
ticht aggregates or "caps" has previously been reported
(Aubin et al. 1975; Storrie, 1974).

Typical cap formation with wild-type CHO cells is
shown in Figure 35. Experiments with WT-Cl I, WT-Cl II
and WI'-Cl III cells indicated that greater than 95% of
the cells produced tight caps after incubation for 1
hour at 34° following fluorescent con A binding
(Figure 36).

A significant difference in cap forming ability
was observed when con A-resistant cells were analyzed
by this technique. Most of the lectin resistant cells
showed a more random distribution of label over the
cell surface, with some patching observed at contact
points between adjacent cells (Figure 37). Approximately
10, 15 and 25% of the CR—7, BCR—2 and ECR-1 populations
exhibited an ability to form caps (Figure 36). Increasing

the incubation period to more than 3 hours did not increase




Figure 35 Cap formation on parental wild-type CHO
cells. Experiments were performed as described in
Methods section. More than 200 cells of the wild~-type
Cl I, C1 II, and Cl III) were examined in each of

3 separate experiments.

Magnification: a) 240 X; b) 700 X.
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Figure 36 Percent cap formation on wild-type (&), RCR-7
(B), A=W (C), A-7 (D), c"=7 (E), ECT-1 (F) and BC®-2 (G)
populations. Experiments were performed as described in
Methods section. More than 200 cells of each cell line

were examined in eachof three separate experiments.
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Figure 37 Typical lectin.distribution on variant cell
line (CR-7). Experiments were performed as described

in Figure 35. Magnification; 1,600 X.
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the proportion of variant cells which showed tight caps.
The revertant cell line RCR—7 and the hybrid cell
lines A-W and A-7 exhibited wild-type membrane properties
in previous studies (Ceri and Wright, 1977a, 1978a; see
previous studies this thesis). Their ability to aggregate

lectin receptors was also found to be similar to the wild-

type cell lines (Figure 36). RCR-7 was found to aggregate

fl-con A into tight caps (Figure 38) in approximately 95%

of cells kept one hour at 34° (Figure 36). Similarly, the
hybrid cell lines capped fl-con A (Figure 36). Perhaps it
should be noted that the RCR—7 and hybrid cell lines also
showed a cooperative con A binding mechanism (Table XIII).
The regulation of surface receptor movement may be ac-
complished through a cytoskeleton system located below the
surface membrane (Edelman, 1974, 1976). The disruption of
the microtubule formation with colchicine led to the loss
of cap formation and the random distribution of fl-con A

on the surface of various CHO cell lines (Aubin et al. 1975).

The effect of colchicine on con A-resistant and -sensitive
cell lines was studied to determine if the difference in

capping in the variant cell lines involved altered micro-

tubules. The cell lines were pre-treated with colchicine as
previously described by Aubin (Aubin et al. 1975). The lectin
distribution on colchicine treated WT-C1l I seen in Fig-

ure 40 typifies the results obtained with the other cell lines
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Figure 38 Cap formation in RCR—7 cell lines.

periments were performed as in Figure 35.

Magnification:

1,400 X.

Ex-.
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Figure 39 Cap formation in the hybrid cell line A-7.
Experiment performed as in Figure 35.

Magnification: 1,000 X.

\







Figure 40 Cap formation of WT-Cl I cells treated with
-5

10 M colchicine. Experiments were performed as in

Figure 35. Magnification: 750 X.
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(WT-C1 II and IIT, c-7, BcR-2, ECR-1, A-W, and A-7). The
lectin appeared evenly distributed over the entire cell
surface. These resulfs suggest that the differences in
capping previously observed with the con A-resistant cell
lines probably do not involve obvious changes in the micro-
tubule system. This point is supported by the observation
that WI-Cl I and CR-7 cells exhibited similar sensitivities
to colchicine toxicity in plating efficiency experiments
performed in the presence of colchicine (Figure 41).

Thé lack of cooperativity in con A binding observed
with con A-resistant cell lines (Table XIII) may in
part be due to the loss of lectin receptor mobility of
these cell lines (Figure 36). Perhaps receptor site . :
mobility is .an important part of the apparent cooperative
lectin binding mechanism observed with con A-sensitive
cell lines. To test this point the binding of labelled
con A to WP-Cl I cells was characterized after the
mobility of surface components was blocked by first
fixing the cell surface for 60 minutes with 3.0%
gluteraldehyde (Nicolson, 1972; Van Blitterswijk et al.
1976). When the data was analyzed (Figure 42), the
- binding curve appeared to be hyperbolic; this result
suggested.that the binding of lectin occurred without
bpositive cooperativity. Further analysis of the data

by Hill (1913) and Scatchard (1949) replots (Figure 42;
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Figure 41 Plating efficiency of WI-Cl I ({)) and

CR—7 (A) cells in varying concentrations of colchicine.
Points represent the mean of duplicate points from a
single experiment. Similar results were obtained in

two separate experiments.
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see insets) again indicated the lack of cooperative
lectin binding. Therefore, the gluteraldehyde treatment,
which results in the loss of receptor mobility of wild-
type cells (Nicolson, 1976a) also leads to the loss of
cooperative binding of con A (Figure 42). This suggests
that the loss of receptor mobility on con A-resistant
cell lines may be at least .partly responsible for the

loss of the cooperative con A binding mechanism.

H. Concanavalin A-Resistant Phenotype
Independent con A-resistant cell lines share a
complex phenotype which is not observed with con A-

sensitive cell lines (Table XIV). The results presented

in this section supports the view that con A is an excellent

selective agent for obtaining mammalian cells with
altered membrane-active properties and provides
convincing evidence that the altered cellular properties
exhibited by the lectin-resistant cell lines are directly

related to con A resistance.
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Figure 42 3H-labelled con A bound to 8 x lO6

gluteraldehyde fixed WT-Cl I cells at various
concentrations of lectin. The inset in the upper
part shows a Hill plot of the data. The Hill co-
efficient was calculated to be 1.0. The inset at

the bottom presents the data according to Scatchard's
equation. Each point represents the average of

duplicate points.
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TABLE XIV

Pleiotropic Changes of the Concanavalin A-Resistant Phenotype

Membrane Property Cell Lines
wr cB-7  BcR-2  mcR-1  rcR-7  a-7

Altered morphology on
solid surfaces (in

comparison to WT-clones) + + +

Relative cell adherencel L 0.44 0.66 0.61 0.97 0.94

D,, PEA | 5.1mM2.1mM 2.0mM  1.8mM  4.6mM  4.0mM
Dlo NaButyrate .73mM . 34mM . 33mM .35mM .70mM  .68mM
Cooperativity of

lectin binding +ve None None None +ve +ve

Con A bound {molecules/
umz surface area) (X10~3)16 6.5 5.5 6.2 15 16

Receptor mobility
(¢ capping) >90 10 15 25 >90 >90

Agglutination in 500 ug/
ml Con A 100% 50% ND 50% 100% 100%

lcell detachment in 0.03% trypsin after 40 min. at 34°

relative cell number attached to plates following treatment.
‘ND — not done
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Section 3 Surface Membrane Alterations on Concanavalin

A-Resistant Cell Lines

Many of the altered cellular properties exhibited
by con A-resistanﬁ cell lines should be due to changes
in the surface carbohydrate-containing structures (Ceri
and Wright, 1977a, 1978a). Cell surface labelling
techniques were used to demonstrate glycoprotein changes
on the surface of ricin-resistant (Gottlieb et al. 1975),
PHA~resistant (Juliano and Stanley, 1975) and WGA-
resistant (Briles et al. 1977) cell lines. Since con A
is known to interact with cell surface glycoproteins
(Sharon and Lis, 1972) there was a very good possibility
that con A-resistant cell lines would also show obvious
changes in surface glycoproteins. To test this poséibility
three distinct surface labelling techn;ques were used to
examine the surfaces of wild-type, con A-resistant and
revertant ceil lines.

A Galactose Oxidase - [3H] - Borohydride Labelling
Galactose and galactosamine residues at the cell
surface were labelled using the galactose oxidase - [3H] -
borohydride method (Gahmberg and Hakomoxi, 1973; Ceri
and Wright, 1977b; Ceri and Wright, 1978; see Methods

section). The results of the galactose labelling of WT-Cl1l I




194

Figure 43 Sodium dodecyl sulfate polyacrylamide gel
electrophoresis of‘wild type (@) and cRo7 (©)
preparations labelled by the galactose—oxidase—[BH]—
borohydride technique as described in the Methods
section. The gels contained 7.5% acrylamide. Bovine
serum albumin, oval bumin, myoglobin and cytochrome

c with molecular weights of 68 000, 44 500, 17 800
and 12 400 respectively were used as standards. Also
included were the E. coli RNA polymerase B', B, o and
o subunits (kindly provided by Dr. C.T. Chow) with
molecular weights of 165 000, 155 000, 95 000 and

39 000 respectively. The molecular weights indicated
by the arfows represent the relative positions of the
B' and o subunits and ovalalbumin respectively.

The data is typical of seven separate labelling experiments.
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and variant CR—7 are shown in Figure 43. Labelled
glycoprotein peaks I, II, III, IV, V, and VI with
apparent molecular weights of 140 000, 120 000,

95 000, 67 000, 50 000, and 40 000 were found on both
wild-type and the variant cell line. The molecular
weights were determined by comparing the diétance a
particular peak‘moved in a gel with the distance that

known molecular weight markers migrated in the gel.

The molecular weight markers that were used included
bovine serum albumin (68 000), ovalbumin (44 500),
myoglobin (17 800) and cytochrome c¢ (12 400). Also
included were the E. coli RNA polymerase gl, B, and o
suﬁunits (kindly provided by Dr. C.T. Chow) with
molecular weights of 165 000, 155 000, 95 000, and 39 000
fespectively.' A typical standard curve indicating the
relative positions of the various molecular weight markers
is shown in Figure 44. 1In six separate experiments

peak II appeared as a well defined sharp peak with CR-7

~cells whereas this peak was observed to be more broadly
labelled with wild-type cells. Also a single broad

peak III, with an apparent molecular weight of 95 000,

labelled with the parental wild-type population appeared
as two separate peaks with apparent molecular weights

of 105 000 and 90 000 with CR;7 cells. However a very
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" Figure 44 Molecular weight standard curve in 7.5%

polyacrylamide gels. Points represent the g8', 8,

¢ and = subunits of E. coli polymerase and bovine
serum albumin, ovalbumin, myoglobin, and cytochroﬁe
c with molecular weights of 165 000, 155 000,

95 000, 39 000, 68 000, 44 500, 17 800, and 12 400

respectively.
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obvious difference between wild-type and resistant cells
was the presence of a labelled peak, designated S, with
an apparent molecular weight of 155 000 on CR—7 cells
which was absent from WT-Cl I. The results from six
separate experiments have indicated that the S peak on
C?-7 cells accounted for 12 to 17% of the total labelled
cell surface glycoprotein (Table XV).

Although surface labelling procedures label the
surface membrane in the majority of the cell population,
it has been reported that they may also label internal
sites in a small subpopulation of nonviable cells
(Juliano and Behar-Bonnelier, 1975). The altered cell
surface labelling patterns obtained with CR—7 cells
are probably not due to the labelling 6f internal sites
of a small sub-group of variant cells because the
labelled patterns obtained from protein extractions
from either whole cells or from purified membrane
prepaéations (see Methods) were very similar (Figure
45).

The galactose-oxidase - [3H] ~ borohydride labelling
patterns obtained from comparisons of BCR-Z with its
parental line WT-Cl II (Figure 46) and from ECR-l with
its parental line WT-Cl III (Figure 47) were essentially

similar to those of WT-Cl I and CR—7. Again, the same

major peaks I to VI were present in all parental and
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Figure 45 Sodium dodecyl sulfate polyacrylamide gel
electrophoresis of whole cell extracts of cR-7 Q)
and extracts of surface membrane preparations of CR-7

(@) labelled as described in Figure 43.
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Figure 46 Sodium dodecyl sulfate polyacrylamide gel
electrophoresis of Wr-cl II (@) and BcR-2 ©)
preparations labelled as described in Figure 43.

Data is typical of three separate labelling experiments.
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Figure 47 Sodium dodecyl sulfate polyacrylamide
gel electrophoresis of WI-Cl III (@) and gcR-1
() preparations labelled as described in Figure
43. Data presented is typical of two labelling

experiments.
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variant céll lines. Subtle differences in the proportions
ahd exact molecular weights of the peaks do exist between
the three independent wild-type populations. Such
variaﬁces in the cell membrane glycoprotein labelling
patternshave previously béen noted between subpopulations
of CHO cell lines by other workers too (Juliano and
Stanley, 1974; Juliano et al. 1976). As with CR-7 cells
the major difference in labelling patterns between con A-
resistant and wild-type cells was the presence of the S
peak (molecular weight 155 000) only on the surface of

con A-resistant cell lines (Figures 46 and 47). Furthermore
it is apparent from Table XV that the proportion of cell
surface label associated with the S glycoprotein was
approximately éhe‘same for the three independently selécted
variant cell lines.

1257 Labelling

B Lactoperoxidase -
A second cell surface labelling procedure was used

to study the surface membrane proteins. The amino acids,

tyrosine and histidine, in the surface polypeptides of

WIT-Cl I and CR—7 cells were labelled with 1251 using

the lactoperoxidase procedure (Sefton et al. 1973;

Ceri and Wright, 1978b). Figure 48 indicates that there

are some significant differences in the labelling patterns

obtained with these two cell lines. For example, in
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TABLE XV

Percent of cell surface label associated with the S peak

Cell Line 'S as a % of total label
cRo7 12 to 17
R
BC -2 15 to 18
ECcR-1 15 to 17

The data was obtained from five labelling experiments with

cR-7 and two labelling experiments with BcR-2 and ECR-l.
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Figure 48 Sodium dodecyl sulfate polyacrylamide gel
electrophoresis of wild type (@) and cR-7 )
preparations labelled by the lactoperoxidase catalyzed
iodination technique as described in the Methods
section. The gels contained 7.5% acrylamide. The
molecular weight standards that were used in these
experiments are described in Figure 43. (4 ) locates
the position of a labelled peak on CR~7 cells which is

missing from wild-type cells. Similar data was obtained

in two labelling experiments.
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experiﬁents with CR—7 cells an enhancement bf label
associated with peak B was routinely noted when
comparisons were made with the wild-type cell 1line.
Also, in comparisons between wild-type and CR-7 cells,
peak C normally moved a little slower and peak B
slightly faster in the wild-type preparations. Of
particular interest was the presence of a labelled peak
with a mblecular weight of approximately 150 000 which
was seen anly on CR-7 cells (see,A). The extra protein
peak observed with CR-7 cells may correspond to the
glycoprotein component found to be present on the
variant cells but missing from wild-type cells in the
galactose—oxidase - [3HI - borohydride experiments
(Figﬁres 43, 45, 46). Although this extra protein peak
may not represent the same structure labelled by the
previous procedures, the similarities in apparent

molecular weight estimates suggest that they may be part

of the same glycoprotein.

C Metabolic Labelling

Cell surfaces were also examined by the metabolic
incorporation of labelled glucosamine followed by
membrane isolation and SDS gel electrophoresis (Juliano
et al. 1976; Ceri and Wright 1978b). Again, clear

differences in the labelling patterns of wild-type and
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con A-resistant cells were observed (Figure 49). These
differences in the labelled peaks support the findings
of the previous experiments; there are significant
modifications in the glycoprotein component of the
resistant cells. For example, with this labelling pro-
cedure it was routinely observed that the prominent
peak designated Y moved a little faster in experiments
with membranes from variant cells compared to wild-
type cells. It is élso important to note that similar
to the findings provided by the two previous surface
labelling techniques the metabolic incorporation study
revealed that the lectin-resistant cells contained a
labelled peak with an appareﬁt molecular weight of
approximately 155 000, which was missing from the
iabelling pattern of wild-type cells. Furthermore,

the results of the metabolic incorporation experiments
firmly suggest that the extra cell surface component, S,
observed in previous cellvsurface labelling experiments
probably resulted from a cellular biosynthetic alteration
in resistant cells rather than the alternative possibility
of an unusual conformational change in variant cells

leading to an increase in surface labelling activity.

D Labelling of a Concanavalin A-Resistant Revertant

The surface labelling of a revertant cell line,
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Figure 49 Sodium dodecyl sulfate polyacrylamide gel

electrophoresis of wild-type membrane preparations
(@) labelled by the incorporation of 14C—-gluco—
samine and CR—7 membrane preparations () labelled by
the incorporation of 3H—glucosamine performed as
described in the Methods section. Similar data was

obtained in two other labelling experiments.
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R . . . .
RC"-7, was carried out to determine if reversion to
con A-sensitivity was accompanied by a reversion to

a 'wild type' glycoprotein surface labelling pattern.

The labelling of the RCR—7 line with the galactose-
oxidase - [3H] - borohydride method yielded a pattern
very similar to that of wild-type and variant cell lines

(Figure 50). Glycoprotein peaks I to VI with apparent

molecular weights ranging from 140 000 to 40 000 were

present on the cell surface. However, the glycoprotein
pattern-obtained with RCR—7 cells shares some of the
characteristics normally observed with either the wild-
type or CR-7 cell lines (Figure 43). For example,

peaks II and III resemble the broad peaks obtained with
the wild-type population. Also, the novel glycoprotein
with an apparent molecular weight of 155 000, only
observed on con A-resistant cell lines, was found at
the surface of RCR—7 cells, but at a very reduced level.

In three separate experiments in which RCR—7 cells

were labelled, the novel glycoprotein peak accounted
for two to four percent of the total labelled cell

surface glycoprotein; this represents only about ten to

twenty percent of the label normally associated with
the extra peak in con A-resistant cell lines (Table XV).

RCR-7 cells were also labelled by the incorporation
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Figure 50 Sodium dodecyl sulfate polyacrylamide gel
| electrophoresis of RCR—7 preparations labelled by the
| galactose—oxidase—[3H]—borohydride technique as , % 
described in Figure 43. WI-Cl I and CR—7 control

patterns are seen in Figure 43, Similar data was

obtained in two labelling experiments.
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of labelled glucosamine. SDS gel electrophoresis of
glucosamine labelled membranes of WI-Cl I and RCR—7

cells are presented in Figure 51. The patterns of the

two cell lines were very similar, but again the

RCR—7 pattern was intermediate to the wild-type and
CE7 patterns. For example, like the labelling pattern
with the CR—7 membranes, the peak designated Y moved

a little slower in the preparation of wild-type cells as

compared to the revertant. Also, in agreement with the
galactose oxidase - [3H] - borohydride labelling
procedure the novel 155 000 molecular weight protein
was present in RCR—7 cells but at much reduced levels.
The S peak appears as a small but distinct shoulder

on the first major peak of RCR—7 cells but is missing
from the labelling profile observed with wild-type cells
labelled by the same procedure (Figure 51).

The cell surface labelling studies reported in this

section are consistent with the point of view that cell

lines selected for con A-resistance possess

alterations in the glycoprotein composition of the

plasma membrane.
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Figure 51 Sodium dodecyl sulfate polyacrylamide gel
electrophoresis of wild-type membrane preparations

(@) labelled by the incorporation of 14C—glucosamine
and RCR—7 membrane preparations ({)) labelled by the
incorporation of 3H-glucosamine performed as described
in the Methods section. Similar data was obtained in

two other labelling experiments.




Rf Value

61¢




Section 4 Altered Mannose Transferase Activity of

Concanavalin A-Resistant Cell Lines

Resistance to a number of lectins has been attributed
to altered mechanisms of cell surface glycosylation
leading to surface sugar changes and reduced levels of
lectin binding (Gottlieb and Kornfeld, 1975; Stanley et al.
1975a). Altered glycosylation of these variants has
been determined by carbohydrate analysis (Gottlieb et
al. 1974) and by cell surface labelling methods (Gottlieb
et al. 1975; Juliano and Stanley, 1975). Altered glycosyl-
transferase activities have been demonstrated in PHA,

WGA, and ricin-resistant cell lines. For example,
resistance of some ricin and PHA-resistant cell lines has
been attributed to very low levels of GlcNAc transferase
activity.(Gottlieb et al. 1975; Meager et al. 1975;
Stanley et al. 1975c). Also sialyltransferase changes
have been associated with ricin-resistant mouse L cells
(Gottlieb and Kornfeld, 1976) and WGA-resistant CHO

cell lines (Briles et al. 1977).

Surface labelling experiments with con A-resistant
cell lines (Ceri and Wright, 1978b; results section 3 of
this thesis) have strongly suggested that the variants
contained significant modifications in cell surface

glycoproteins. These changes suggest that the variants
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may possess altered glycosyitransferase activity. The
specificity of con A for «=-D mannopyranosyl and «-D
glucopyranosyl moieties (Goldstein and Staub, 1970) led

to the study of the mannose transferase system in con A-
resistant and sensitive cell lines.

The addition of mannose to form the core region

of glycoproteins involves the transfer of mannose from

GDP-mannose to lipid carriers, which include mannosylpho-
sphyoryldolichol and an oligosaccharide-pyrophosphoisoprenol
lipid (see.reviews Lucas and Waechter, 1976; Waechter

and Lennarz, 1976). A terminal glucose residue must be
added to the oligosaccharide-lipid prior to the transfer

of the core region to the polypeptide (Robbins et al.
1977). Each step of the complex transferase system was
assayed by measuring the incorporation of [14C]—mannose

into lipid monosaccharide, lipid oligosaccharide, and glyco-

protein fractions following the methods of Behrens

(Behrens et al. 1971) and Waechter (Waechter et al. 1973;
see methods section).

The incorporation of 14C—mannose into the lipid
monosaccharide fraction of WT-Cl I and CR—7 is shown in

Figure 52. Both WT-Cl I and CR—7 incorporated 14C

mannose into the lipid-monosaccharide fractions; however,

the level of incorporation was 4- to 5-fold higher with
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Figure 52 Incorporation of [14C]—mannose into the

% lipid monosaccharide fraction of Wr-cl I (@) and
CR—7 (O) cell lines. Cell lines. were grown to a
final concentration of 2 x 106 cells/plate. Points
represent the mean of duplicate points from a single

experiment. Similar results were obtained in three

other experiments.
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WI-Cl I than with CR~7 membrane extracts. A marked
difference in the amount of 14C—mannose incorporated

into the lipid—oligosaccharide'fraction was also seen

(Figure 53). The level of mannose incdrporation into
lipid oligosaccharide was almost 6-fold greater in
wild-type membrane fractions. In spite of the much

14

reduced levels of C-mannose incorporated into the

lipid fraction with CR-7 membrane preparations,

the levels of mannose incorporated into glycoprotein
showed only a 2-fold difference between CR-7 and WT-C1l I
preparations (Figure 54).

The ability to incorporate 14C--mannoSe into lipid-
monosaccharide, lipid-oligosaccharide, and glycoprotein
fractions was also compared in the con A-resistant
variants BCR—2 and ECR—l and their respective wild-type
lines, WT-Cl II and WT-Cl III. Similar results to those
observed with WI-Cl I and CR-7 were obtained with these

two variant lines (Figures 55 and 56). For example, the

incorporation of l4C—mannose into the lipid-monosaccharide
fraction was approximatley 5-fold lower in both BCR—2

(Figure 55a) and ECR—l (Figure 56a) in comparison to

the parental wild-type populations. Both cell lines
also showed a 4-fold reduction of [14C]—mannose
incorporated into the lipid oligosaccharide fractions as

compared to wild-type levels (Figures 55b ahd 56b). Also
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Figure 53 Incorporation of [14C]-mannose into the

lipid oligosaccharide fraction of Wr-Cl I (&) and
CR—7 () cell lines. Cells were grown to a final
concentration of 2 x lO6 cells/plate. Points represent

the mean of duplicate points from a single experiment.

Similar results were obtained in three other experiments.
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Figure 54 Incorporation of [14

Cl-mannose into the
glycoprotein fraction of WI-Cl I(@) and cRoy ®)
cell lines. Cells were grown to a final concentration
of 2 x 106 cells/plate. Points represent the mean of

duplicate points from a single experiment. Similar

results were obtained in three other experiments.
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Figure 55 Incorporation of [14C]—mannose into lipid
(a), lipid oligosaccharide (b) and glycoprotein
fractions of WT-Cl II () and (c) BCR»2 (®) cell lines.
Cells were grown to a final concentration of 6 x lO5
cells/plate. Points represent mean of dﬁplicate points

of a single experiment. Similar results were obtained

in two other experiments.




23

(5.01%) pajoiodiodu|- TL

30 40

(min)

20
Time

10



231

4C]—mannose into lipid

Figure 56 Incorporation of [l
(a) , lipid oligosaccharide (b), and glycoprotein (c)
fractions of Wr-Cl III @) and ECR-1 (© cell lines.
Cells were grown to a final concentration of 6 x 105
cells/plate. Points represent mean of duplicate points
of a single experiment. Similar results were obtained

in two other experiments.
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the incorporation of labelled mannose into the glyco-
protein fraction of these 2 variants was reduced to
about a third when compared to the incorporation of
iabel into the glycoprotein fraction of the respective
wild-type lines (Figures 55c and 56c).

Therefore it would appear that the con A-resistant

lines possess a lesion in the complex glycosyl

transferase system required for the addition of mannose

to the core region of glycoproteins. The mannose
transferase activity of RCR—7 cells was also assayed and
compared to WT-Cl I populations to determine if the

return to con A sensitivity (Table V) and near con A-
sensitive surface labelling (Figures 50 and 51) also
resulted.in a return to near normal transferase activities.
Figure 57 reveals that the levels of l4C-mannose in-
corporated into lipid, lipid-oligosaccharide, and glyco-

protein fractions were almost identical in RCR-7 and WT-

Cl I preparations. It would appear that the loss of
con A resistance was accompanied by the return to normal
levels of mannose transferase activity.

It is apparent that the con A-resistant phenotype

involves an altered mannose transferase activity. The
return to normal lectin sensitivity is accompanied by

normal mannose transferase activity.
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Figure 57 Incorporation of [14C]—mannose into lipid

(a), lipid oligosaccharide (b) and glycoprotein (c)
fractions of WI-Cl I (A and rRcR-7 cell lines. (Q)

Cells were grown to a final concentration of 6 x 105
cells/plate. Points represent mean of duplicate points

of a single experiment. Similar results were obtained

in two other experiments.
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DISCUSSION

A. Selection of Concanavalin A-Resistant Cell Lines
Concanavalin A is an excellent selective agent
for obtaining lectin-resistant mammalian cell lines
(Wright, 1973a, 1975; Ceri and Wright, 1977a, 1978a;
Figures 2 and 3). Although the three variant cell lines
described in this thesis were isolated from independent
wild-type cell lines by different selection procedures,
the Dlo values (45, 48 and 45 ug/ml con A for CR—7,
BcR-2 and ECR~1) for each variant line was similar. The
con A-resistant cell lines exhibited a 2.5-fold increase
in resistance to the lectin when the DlO values of
variant and wild-type cell lines were compared.
Concanavalin A-resistant cell lines have also been
isolated by Baker's laboratory (Krag et al. 1977) by
using methods previously described by our laboratory
(Wright, 1973a, 1975; Ceri and Wright, 1977a). Although
very little is known about these variants, Stanley
(Stanley et al. 1975b) has indicated that the con A-
resistant cell lines isolated by Baker were approximately
1.7-fold more resistant to con A cytotoxicity than the

parental wild-type CHO cells.




In general, alterations in phenotype can be brought
about by one of two fundamental processes. A variant
phenotype can result from a true mutation, that is a
stable change in the base sequence of the DNA molecule,

‘or a phenotypic change might be accomplished by a shift
in the genetic expression of a particular genotype (Ceri
and Wright, 1977a; Harris, 1975; Mezger-Freed, 1972). It
is becoming more and more clear that most stable pheno-
typic variants selected in cell culture are the result

of actual mutations as opposed to epigenetic events

(see review by Siminovitch, 1976).

A number of genetic guidelines have been proposed
(Chu, 1974; De Mars, 1974; Siminovitch, 1976) to determine
whether or not a particular variant phenotype results
from a mutational or epigenetic event. The con A-
resistant trait was found to be stable for almost
two years in cell culture (Table II); revertants have
been selected that are con A-sensitive (Figure 13); and
the proportion of lectin-resistant cells in a population
was increased after mutagen treatment (Figures 4 énd 5).
These findings are consistent with the view that the con
A-resistant phenotype is the result of a mutational event.

Mammalian cells selected for resistance to the lectins

PHA, WGA, SBA and LCA have stable phenotypes and the
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proportion of cells in a population which exhibits
resistance to these lectins is increased by EMS treat-
ment (Stanley et al. 1975b; Stanley and Siminovitch,
1977; Wright, 1973a). PFurthermore, con A-resistance
was found to behave as a recessive trait in somatic
cell hybrids (Figure 14). Similarly, other lectin-
resistant cell lines (WGA, SBA, LCH and con A~resistant)
were also found to be recessive in hybrid studies
(Stanley et al. 1975b; Stanley and Siminovitch, 1977).
Although these observations do not entirely rule out

a possible stable epigenetic mechanism they provide
strong support for the'idea that resistance to most

lectins is a result of a mutational event.

B. Pleiotropic Phenotype of Concanavalin A-Resistant
Cell Lines

The three independent con A-resistant cell lines
were found fo possess similar alterations in some of
their fundamental biological properties (Wright et al.
1376; Ceri and Wright, 1977a,c, 1978a; Wright and Ceri,
1977a,b; Results section 1 and 2 this thesis). Among
the altered properties exhibited by con A-resistant
variants was an inability to proliferate at 39°. The

selection of con A-resistant cell lines was first




performed at 34° (Wright, 1973a) because it was
postulated that con A-resistance could result from
membrane changes that would not significantly affect

the proliferation of cells at the selection temperature
(340) but would alter the growth characteristics of

the cells at some other non-permissive temperature.
Growth studies with con A-resistant cell lines on plates
previously revealed a general correlation between

lectin resistance and altered growth properties at 399 in
over 200 clones studied (Wright, 1973a, 1975). The
variant cell lines used in this study also showed ts
growth properties (Figure 8, Table III). The range of
temperatures over which the cells are sensitive

appears to be narrow, as all variant lines showed good
growth at 37°. The ts property of the CR—7 cell line
was also tested in suspension culture. This cell line
showed a marked inability to incorporate DNA, RNA and
protein precursors into acid precipitable material in
temperature shift-up experiments (Figures 9 and 10).
Furthermore, Stanley (Stanley et al. 1975b) reported
that con A-resistant cell lines used in her study of
lectin resistance also showed ts growth properties.
Unfortunately very little data on the cellular properties

of these variants has been reported.
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Lectin-resistance was also accompanied by obvious
modifications to some cellular membrane-associated
properties. For example, con A-resistant cell lines
contained marked changes in cellular morphology when
cultured on plates (Figure 19). Altered cellular

morphology has been used as an indicator of membrane

changes induced by chemical modification with membrane

active agents (Wright, 1973b; Wright et al. 1973;

Fishman et al. 1974; Hanneberry et al. 1975; Van Veen

et al. 1976 a,b; Ceri and Wright, 1977b). Electron micro-
scopy studies (Figure 20) also suggested that important cell
surface changes occur on con A-resistant cells, and although
these studies were of a preliminary nature, they indicate
that the variants should be very useful in future studies
on determining a possible role of surface topography in

the interaction of con A with the cell (eg. Collard

and Temmink, 1975).

Cell agglutination properties are often used to

demonstrate membrane changes during normal cellular
differentiation and in the transformation of normal cells
to a neoplastic state (see review Nicolson, 1974). The

con A-resistant cell lines showed a marked decrease in

agglutinability by con A (Table VII). Also,pretreatment

of cells with trypsin did not alter the relative




differences in agglutination between wild-type and
variant cell lines. It is interesting to note that
the con A-resistant cell lines were more agglutinable
than the wild-type population by the lectin PHA (Table IX)..
These results indicate changes exist in the cell surface
carbohydrate and/or carbohydrate-containing structures
on con A-resistant variants.

The ability of cells to adhere to growth surfaces
is a property of the plasma membrané (see review
Hynes, 1976). The altered cellular adhesive properties
of the variant cell lines (Figure 21) further suggests
that con A-resistant variants poésess altered surface
membranes. This view is supported by a recent study
on cell adhesion of membrane variants selected for
resistance to PHA and colchicine (Juliano, 1978). The
adhesive property of the CR—7 cell line was found to be
dependent upon the temperature at which the cells were
previously maintained (Figure 22). CR-7 cells placed
at the non permissive temperature for 24 hours prior to
detachment studies were more tightly bound to the sub-
stratum. This is an important observation since it
indicates that a ts change occurs at the cellular membrane
of con A-resistant cells. This membrane change may be

involved in the ts growth properties exhibited by con A-
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resistant cell lines (Figures 8 and 9).
Surface membrane modifications often lead to changes

in the sensitivity to various drugs (Bosmann, 1971;

Biedler'gg al. 1975). For example, cell lines selected
for resistance to colchicine are usually cross-resistant
to a number of unrelated drugs (Bech-Hansen et al.
1976), and contain significant changes in cell surface

glycoproteins (Ling, 1975; Juliano et al. 1976; Juliano

and Ling, 1976). Concanavalin A-resistant variants
exhibit collateral sensitivity to a number of unrelated
agents (Till et al. 1973; Wright, 1973a; Ceri and Wright,
1977a, 1978a). 1In this study con A-resistant cell

lines were shown (Figure 24, Table X) to exhibit an
increased sensitivity to the membrane-active agents

PEA (Wright et al. 1973) and sodium butyrate (Wright,
1973b). The relative sensitivity of one of the con A-
resistant cell lines, CR-7, to several lectins was also

examined (Table XI). The variant cells were cross-—

resistant to the lectins that share the same sugar binding
specificity as con A (LCH-A and LCH-B) but exhibited a

'wild-type' sensitivity to lectins which do not bind

the same sugars as con A (WGA, SBA, PHA). This data
suggests that con A cytotoxicity was dependent upon the

binding of =-D mannopyranosyl or related structures and




that there was a defect in the availability of these
particular residues on con A-resistant cells. Similar
results with PHA were previously reported by Wright
(1973a) . However the con A-resistant cell iines

used by Stanley (Stanley et al. 1975b) exhibited an
increased resistance to PHA and several other lectins as
well.

The binding of con A to the cell surface of intact
cells was carried out at 4° to reduce endocytosis and
hon specific binding (Noonan and Burger, 1973, 1974;
Bornens et al. 1976). These studies revealed that
con A~resistant cell lines bound less lectin/surface
area and bound the lectin by a different mechanism
than wild-type cells (Figures 26 to.34; Wright and
Ceri, 1977a,b). Lectin-sensitive cell lines bound
approximately 2.5 times more con A/unit area than con A-
~resistant cells. Also, analysis of the data showed that
con A-sensitive cells bound con A with positive cooperativity
whereas the resistant cell lines appeared to be binding
to independent nqn—interacting receptor sites at the cell
surface. The lack of cooperativity in lectin binding
with con A-resistant cells may be due to alterations in
cell surface structures which prevent or modify the

ability of the variant cell membrane to undergo the




conformational changes detected with con A-sensitive
cells. A reduction in the amount of lectin bound to

the surface of resistant cells as compared to lectin-

sensitive cells suggests that the con A-resistant cell
surface either contains carbohydrate modifications or

that some potential receptor sites exposed on con A-

sensitive cells are present but not available for con

A binding with lectin-resistant cells due to the

alterations at the variant cell surface. Some recent
lectin binding studies from other laboratories have also
suggested that membrane conformation changes can occur
(Reisner et al. 1976; Bornens, et al. 1976; Rutishauser
et al. 1974). Furthermoré,»Stanley and Craven (1977) have
recently reported that WGA-resistant cell lines exhibited
altered cooperative effects in the binding of WGA.

Alterations in cell surface structures can lead to
changes in surface fluidity and feceptor mobility

characteristics of cells (Albrecht-Buehler and Chen, 1977;

Rutishauser et al. 1974; Van Veen et al. 1976 a,b).
Therefore, the receptor mobility properties of lectin-

resistant and -sensitive cell lines were examined. The

mobility of lectin receptors was greatly reduced on con
A-resistant cell lines (Figure 36). Although more than

90% of the wild-type cells aggregated fl-con A into discrete
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caps less than 10, 15 and 25% of c®-7, BcR-2 and EcR-1
lines respectively, were able to form caps. There did
not seem to be obvious changes in the microtubule
arrangement in the variant cells since lectin-resistant
and sensitive cell lines exhibited similar plating
efficiencies in the presence of colchicine (Figﬁre 41)
and the distribution of fl-con A on lectin-sensitive
and resistant cell lines were very similar after colchicine
treatment (Figure 40). Also, an examination of tubulin
with fluorescent antibody techniques did not reveal any
modifications in the arrangement of microtubules in the
variant cell lines (D. Brown, Univ. Ottawa, personal
communication). It seems possible that lack of cooperativity
in the binding of con A to resistant cells may be due, at
least in part, to the reduced mobility of lectin receptor
sites on variant cell lines. This point is supported byv
the observation that immobilization of wild-type cell
surfaces with gluteraldehyde (Figure 42) leads to a non-
cooperative mechanism of lectin binding and to a small
reduction in the amount of con A bound/cell surface area.
It is clear from the discussion presented so far that
con A is an excellent selective agent for obtaining lectin-
resistant cell lines with altered membrane-associated

properties. The results presented in this thesis indicate




that the interesting cellular properties exhibited by
the variant cell lines are directly related to the con
.A—resistant phenotype and are not due to a trivial
property of the selection technique (Ceri and Wright,
1978a). This statement is supported by the following:
observations; 1) three con A-resistant cell lines
selected from independent wild-type clones by single
step (ECR-l) or cycling (CR—7, BCR—Z)'methods possess
changes in growth and membrane-associated properties;

2) the selection of revertant cells (RCR-7) which
exhibited a near 'wild-type' sensitivity to cbn A
cytotoxicity also showed growth and membrane-associated
properties that were very similar to parental wild-type
cells; 3) somatic cell hybrids formed ﬁhrough the fusion
of wild-type and lectin-resistant cells exhibited a

con A-sensitive phenotype, and possessed growth and
membrane-associated properties that were very similar to
pseudodiploid wild~type cells and control cultures of
pseudotetraploid hybrid cells; 4) important differences
in the mechanism of lectin binding and the amount of
lectin bound/cell surface area are found to exist between
con A-resistant and -sensitivé cell lines. These results
also support the view that a single pleiotropic mutation
was responsible for the complex phenotype exhibited by

the various con A-resistant cell lines.




Perhaps it should be noted that the studies
reported in this thesis do not rule out the possibility

of eventually isolating a distinctly different class

of con A-resistant variant which would possess another
unique set of altered cellular properties since it
is reasonable to expect that more than one type of

cellular change could lead to a con A-resistant pheno-

type (Wright, 1975; Stanley et al. 1975b; Stanley and

Siminovitch, 1977).

C. Altered Surface Mémbranes of Concanavalin A-Resistant
Cell Lines

The results discussed above clearly indicate that
altered membrane properties are associated with con A-
resistance. The altered membrane properties of the
con A-resistant cell lines probably result from
alterations to the glycoprotein and perhaps to the glyco-'

lipid components of the plasma membrane as the carbohydrate

moieties of these structures are involved in lectin
binding. The biochemical characterization of the cell

surface membrane by specific cell surface labelling

techniques clearly show alterations in +he glycoprotein
composition of the variant cell lines when compared to

parental wild-type lines (Ceri and Wright, 1978b; results
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section 3, this thesis). Although there were several
changes in the galactose oxidase —[3H]—borohydride

labelling patterns of con A-resistant

cell lines, the obvious difference between variant
and wild-type cells was the presence of an additional

surface component, with an approximate molecular weight

of 155 000 on lectin-resistant cells which was missing

from wild-type cells. This novel protein designated,

S, accounted for 12 to 17, 15 to 18, and 15 to 17%

of the label associated with the surface of CR—7,‘BCR—2,
and ECR—lcells respectively. Comparisons of tabelling
patterns from whole cell extracts and purified membrane
preparations indicated that. the S peak was not the
result of labelling non-surface components. Furthermore,
surface labelling by lactoperoxidase iodination, and
metabolic incorporation techniques confirmed the
presence of an additional component of an approximate

molecular weight of 150 000 to 155 000 on the surface

of variant cells. This would suggest that the glycoprotein
resulted from altered glycoprotein synthesis. If

the altered surface labelling patterns observed with the

three independent variants are involved in the expression
of the complex lectin-resistant phenotype, it would be

expected that a revertant cell line would exhibit labelling
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patterns similar to the patterns observed with wild-type
cells. This expectation was realized in the surface
labelling studies carried out with the rRCR-7 cell 1line.
In particular, it is interesting to note that the label
associated with the S glycoprotein was greatly reduced
and accounted for only 10 to 20% of the label associated
with the peak on CR—7 cells.

Alterations in cell surface glycoproteins have also
been observed in ricin, PHA and WGA-resistant cell lines
(Gottlieb et al. 1975; Juliano and Stanley, 1975;

Meager et al. 1976: Gottlieb and Kornfeld, 1976;

Briles, et al. 1977). These changes have involved
either a decrease in glycosylation of the surface glyco-
proteins, which correlates with a reduced GlcNAc trans-
ferase activity (Gottlieb et al. 1975; Stanley et al.
1975¢c; Meager et al. 1976), or an altered sialic acid
content resulting from changes in thesialyltransferase
system (Gottlieb and Kornfeld, 1976; Briles et al. 1977).
The altered glycoprotein patterns observed with the con
A-resistant cells are obviously very different from those
obtained with cell lines selected for resistance to other
lectins.

Mammalian cells selected for resistance to actinomycin

D or colchicine have also exhibited interesting changes




in surface glycoproteins (Bosman, 1971; Ling, 1975;
Juliano et al. 1976). For example, some recent studies
with colchicine-resistant CHO lines have shown the
presence of a novel glycoprotein with a molecular
weight of approximately 170 000 at the surface of
colchicine-resistant but not wild-type cells (Juliano
et al. 1976; Juliano and Ling, 1976). Perhaps there
are some impbrtant similarities between the mechanism
responsible for the surface changes reported for these
variants and the con A-résistant cell lines described
in this thesis. Noonan's laboratory (Van Veen et al.
1976a,b) has suggested thét novel surface components
may be involved in membrane changes observed with CHO
cells grown in the presence of dibutyryl-cAMP . They
suggest that these novel proteins may be involved in
regulating membrane fluidity through a mechanism
resembling the anchorage hypothesis proposed by Edelman's
laboratory (Edelman, 1974, 1976; McCain et al. 1977).
Anchored lectin receptors have been implicated in the
alterea con A capping properties of transformed cell
lines (Lotem et al. 1976). Also, the involvement of
the LETS (large external transformation sensitive)
protein in modulating membrane fluidity has been demonstrated

(Chen et al. 1976; Albrecht-Buehler and Chen, 1977).




Similar studies with the S glycoprotein are currently
being attempted in our laboratory. For example, it
would be interesting to determine if the addition of a
purified preparation of S glycoprotein to wild-type
cells would alter the lectin receptor mobility or

con A binding characteristics of these cells (eg.

Lipkin and Knecht, 1976).

Alterations to membrane lipid fractions have been
reported for cells resistant to lectins and other
drugs (Hughes and Gardas, 1976; Gottlieb and
Kornfeld, 1976; Whatley et al. 1976; Ng et al. 1977).
A preliminary study of the glycosphingolipids of con A-
resistant and wild-type cells cultured in this laboratory
failed to show significant changes (Yogeeswaran et al.
1974) . Howevér, a more comprehensive study on the
lipids (neutral, phospholipid, and glycolipid) of the

variant and parental wild-type cell lines is now in

progress in our laboratory.

D. Mannosyl Transferase Alterations in Concanavalin A-

Resistant Cell Lines

The alterations to the glycoprotein fractions of
ricin, PHA, and WGA-resistant cell lines were associated
with altered glycosyltransferase activities (Gottlieb

et al. 1975; Juliano and Stanley, 1975; Meager et al.




1976; Briles et al. 1977). The specificity of con A

for =-D mannopyranosyl moieties prompted a study of the
mannosyl transferase system in the lectin-resistant
variants. The con A-resistant cell lines all showed a
marked inability to incorporate [l4C]-mannose into

lipid, lipid-oligosaccharide, and glycoprotein fractions.

A 3 to 5-fold reduction in the incorporation of mannose
into 1lipid and lipid—bligosaccharide fractions was observed,
while the incorporation into glycoprotein was reduced

2 to 3-fold. A revertant cell line, which possessed

near wild-type surface labelling patterns (see Section

3; Results), was also fouhd to possess mannosyl transferase
activities which closely resembled those of wild-type

cell lines. Very similar results were recently reported by
Krag's group (Krag et al. i977) for con A-resistant

cells selected by procedures previéusly described by our
laboratory (eg; Wright, 1973a, 1975). 1In both studies the
level of [14C]—mannose incorporated into glycoproteins

on variant cells was unexpectedly high considering the
marked inhibition of mannose incorporation into the lipid
fractions. Since GDP-mannosevcan be converted to GDP-
fucose by a multienzyme epimerase reaction (Sharon,

1975) glycoproteins were isolated from wild-type and CR—7
cellsfollowingincorporatimnoflabelfrmnGDP—[l4C]-mannose

and extraction of lipid linked intermediates. Hydrolysis




of the glycoproteins was carried out by Dr. J.C.
Jamieson (Department of Chemistry); the label was
present mainly as mannose and fucose and the amount
of label in fucose was greater in glycoproteins isolated
from CR-7 cells than glycoproteins isolated from wild-
type cells (Wright, Ceri, and Jamieson, 1978). These
experiments suggest that the unexpectedly high levels
of [14C] label incorporated into variant cell surface
glycoproteins may be due, at least in part, to a greater
than 'wild-type' conversidn of mannose to fucose
(which is transferred to cell surface glycoproteins
without a lipid intermediate step). Perhaps it should be
noted that detailed attempts to determine cell surface sugar
composition from variant and wild-type cells is currently
underway (Blaschuk, Wright and Jamieson).

Recent collaborative studies between our laboratory
and Dr. Jamieson's laboratory have shown that con A-
resistant cell lines also contain important changes inA
glycosidase activities (Blaschuk, Wright and Jamieson,
1978) . Although the work is still in progress it is
clear that changes in these enzyme activities would
ultimately lead to important modifications in cell
surface carbohydrate content. It is clear that the

alterations in the biosynthesis of surface glycoproteins

1
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on con A-resistant cell lines is more complex than the
changes reported in ricin and PHA~-resistant cell lines
(Gottlieb et al. 1975; Stanley et al. 1975c). it
appears that con A-resistant cells contain an alteration
to an early step in the regulation of glycoprotein
biosynthesis. An altered glycoprotein synthesis
regulatory mechanism has also been suggested for WGA-

resistant cell lines (Briles et al. 1977).

E. Conclusion

The changes in several different enzyme activities
associated with the biosynthesis of surface glycoproteins
in the lectin-resistant cell lines suggests that the
primary alteration in con A~resistant cells is probably
located in a mechanism that regulates the levels of
these enzyme activities. Such a change would directly
lead to altered cell surface glycoproteins and to
modifications in various cell surface-associated properties
in variant cell lines.

Although the cytotoxic property of con A was first
described in 1911 (Assimann, 1911) the mode of action
that eventually leads to cell death remains unknown
(Nicolson, 1974; Fordsdyke, 1977; Lustig et al. 1977).
Lectins like con A interact with mammalian cell surface

oligosaccharide chains (Bernhard and Avrameas, 1971;
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Goldstein and Misaki, 1970). Concanavalin A specifically
binds to =-D mannopyranosyl and «-D glucopyranosyl
groups (Goldstein and Staub; 1970). These sugars are
involved in the binding of con A to CHO cell surfaces
(Figures 26 to 34) and in the cytotoxic response
observed when CHO cells are cultured in the presence of
the lectin (Figures 1 and 3). These results are
supported by studies carried out with different cell
lines by many laboratories (see reviews, Sharon and Lis,
1972; Nicolson, 1974). However, it has also been
observed that lectins, including con A, enter the cell
after short periods of incubation at 37° (Noonan and
Burger, 1974; Hyman et al. 1974) and probably bind

to various intracellular organelles (Napanitaya et al.
1976). It should also be noted that addition of con A
to cultured somatic cells eventually leads to significant
reduction in DNA and protein synthesis but the mechanism
involved in this inhibitory process is not understood
(Nicolson, 1976a). The lack of information concerning

a mode of action for con A killing with mammalian cells
in culture makes it very difficult to identify which of
the membrane property changes are most likely to play an

important role in con A-resistance.

Undoubtedly the cellular membrane and many fundamental

membrane-associated properties are altered in variant

cell lines. Also, these changes are observed with
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independent con A-resistant cell lines and are not

found with wild-type, revertant, or hybrid cell lines,
which exhibit greater sensitivity to con A cytotoxicity
(Table V). It is clear that the cell surface alterations
described in this thesis are an important part of the
general con A-resistant phenotype. However, it is

not yet clear which of the many dhanges is/are directly
responsible for the lectin-resistant property and

which of the alterations are by -products of the
pleiotropic mutation.

It could be suggested that the reduction in lectin
binding with con A-resistant cells at 4° would lead to
a resistant phenotype; the variants, which show a 2.5-
fold increase in resistance also bind approximately
2.5-fold less con A/cell sufface area as compared to
wild-type cells.- However, it should be noted that
significant differences in lectin binding are not
observed when experiments are carried out at room
temperature (Wright, 1973a) where endocytosis and non-
specific binding can occur (Noonan and Burger, 1974). Also
preliminary studies on con A permeability has indicated
that reduced but significant amounts of the lectin can
enter variant cells after an exposure to labelled con A

for approximately 1 hour at room temperature (Wright,
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qnpublished data). Therefore it is likely that the
interesting modifications observed in con A-binding
experiments with variant cell lines play a minor role
in determining the resistant phenotype.

Recently studies on con A cytotoxicity have shown
that an inverse relationship exists between the
ability of cells to cap fl- con A and their sensitivity
to the cytotoxic property of the lectin (Forsdyke,
1977; Lustig et al. 1977). These investigations
suggest that the reduced ability of con A-resistant
cells to aggregate lectin receptors into discrete caps
(Figure 36) may be important in determining the lectin-
resistant properfy. Although the altered mechanism
responsible for the reduced capping on variant cells is
not known some recent studies with ﬁhe LETS protein
suggest a possible mechanism (Albrect-Buehler and Chen,
1977) . These studies have shown that the presence of an
extra glycoprotein on the surface of a bell may lead
to alterations in the local fluiditf properties on the
cell surface. This suggests that the novel glycoprotein,
S, found on the surface of con A-resistant cells but
not con A-sensitive cells may play an important role in
changing the surface mobility properties of lectin
receptors on the variant cell lines; this alteration

could lead to a reduction in lectin capping and
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cytotoxicity (Forsdyke, 1977; Lustig et al. 1977).
Although it cannot be determined which of the many
cell surface modifications is/are directly involved in
allowing the variant cell to proliferate in normally
cytotoxic concentrations of con A, the data presented
in the thesis clearly supports the initial hypothesis,
that cell lines selected for resistance to con A possess
altered cell membranes and important changes in membrane-
associated properties. The isolation and characterization
of lectin resistant cell lines was undertaken in order
to establish a biochemical and genetic system to study
some of the key cell functions associated with the
cellular membrane. It is interesting to note (Table
XVi)that the altered cellular properties observed with
independently isolated con A-resistant cell lines
closely resemble many of the fundamental changes found
to be associated with malignant transformation or
repofted to occur during normal differentiation of
mammalian cells (Moscana, 1974; Marchase et al. 1976;
- Nicolson, 1976a,b). It is clear that con A-resistant
variants provide a novel opportunity for investigations

into membrane structure-function relationships.




TABLE XV1I

Correlation of Membrane Alteration in Con A-Resistant,

Neoplastic, and Differentiating Cell Systems.
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Membrane-Associated Lectin- Neoplasticl Differentiating2
Property Resistant Cells Cells
Cells
Modified Adhesion + + +
Altered Mobility of
Surface Components + + +
3 Altered Agglutination
Properties + + +
4 Altered %
Enzymes + + +
5 New Antigens ND + +
6 Modified Glycoproteins + + +
7 Modified Glycolipids in progress + +-
8 Altered Lectin Binding + + +
9 Altered Permeability
or Transport ND + +

* . . . .

Altered glycosidase activities have been found in the variants
as well as altered secretion patterns of these enzymes
Wright and Jamieson, 1978).

lSee reviews Nicolson, 1976a,b.

2See reviews Moscana, 1974; Marchase et al. 1976.

ND

- not determined.

(Blaschuk,
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